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1. INTRODUCTION 
Genomic composition of present-day human populations has been shaped by past 
demographic events such as migrations, bottlenecks, founder events and admixing 
of different groups. Studying these processes and understanding the history of 
our species, although still challenging, have become easier thanks to the 
advancements in sequencing technologies and ancient DNA (aDNA) applications 
along with new data analysis and modelling methods. Although aDNA is now a 
crucial tool for this endeavour, its availability is limited due to different geo-
graphical locations having varying conditions for long term survival of DNA 
causing both quality and quantity issues in many cases. DNA degradation occurs 
due to chemical processes related to these conditions and it is more prevalent in 
older samples. In addition, warmer climates usually prevent aDNA preservation 
entirely. Therefore, modern human genomes are still widely studied to under-
stand our past as they bear signals of these ancient events. 

The evolution of phenotypic features termed ‘anatomically modern’ extends in 
African fossil record back to at least 300,000 years before present (Hublin et al. 
2017). Most genetic variation outside Africa derives from the recent “out of Africa” 
event, with two possible major routes of dispersal into Eurasia either through Sinai 
peninsula to the Levant (the ‘Northern Route’) and or through Bab el Mandeb 
strait of the Red Sea to Arabia (the ‘Southern Route’) 50,000–100,000 years ago 
(Derricourt 2005; Armitage et al. 2011). There is still no full consensus yet on these 
routes on the basis of current archeological and genetic evidence (Reyes-Centeno 
et al. 2015). After the out of Africa event, different population splits accompanied 
by evolutionary forces such as genetic drift and natural selection contributed to the 
diversity of human genomes worldwide. A defining period for the establishment of 
the present-day gene pools in certain continental regions such as Europe, South 
Asia and Africa was the migration and mixing of human populations that happened 
after the Neolithic. Populations settled in the Near East and Eurasian steppe 
admixed with autochthonous populations all over West and South Eurasia and 
the long wave of these migrations reached as far as East and South Africa. 

The main aim of the thesis is to provide insights into the ancient Eurasian 
components of the contemporary human populations with a specific focus on 
South Asian and Ethiopian populations utilizing modern human genomes. 
Although aDNA has already proved to be valuable for this purpose, modern 
human genomes can also be seen as a data source made up of a combination of 
ancient layers which can be ‘excavated’. In this light, South Asian genomes have 
been demonstrated to be composed of South Asian (S) and West Eurasian (N) 
components admixed in the last 10,000 years (Reich et al. 2009). Ethiopians have 
been characterized as having multiple distinct African ancestry components and 
a Eurasian component derived from the Near East 3,000 years ago. This thesis 
includes a closer look at the demography of these two major components of South 
Asian populations (REF I), methodological approaches to improve selection 
detection in admixed populations and possible selection signals from South Asian 
genomes (REF I, II), and insight into the origins of Eurasian component of 
Ethiopians (REF III) with the help of local ancestry inference methods.
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2. LITERATURE OVERVIEW  

2.1. Post-Neolithic admixtures 

After the out of Africa event, founder populations were settled in Eurasia 
followed by the Neolithic transition 10,000–15,000 years ago which marked the 
beginning of human agricultural practice in the Near East (Bocquet-Appel 2011). 
Major migrations from the Near East to Europe, Asia and Africa coupled with the 
spread of agriculture in the Neolithic and post Neolithic era molded the mosaic of 
the contemporary human genomes (Figure 1) (Lazaridis et al. 2014; Lazaridis et 
al. 2016). Among the affected populations were South Asian populations which 
were admixed with farmers from Near East and Eurasian steppe (Reich et al. 
2009; Narasimhan et al. 2019), and Ethiopians which were admixed with Eurasian 
sources possibly from the Levant (Pagani et al. 2012; Hodgson et al. 2014; 
Lazaridis et al. 2016).  

Figure 1. A simplistic model of post-Neolithic migrations. Arrows indicate direction 
of gene flow. Information is based on Pagani et al. 2012, Lazaridis et al. 2014, Metspalu 
et al. 2018, Narasimhan et al. 2019. Colors solely indicate time periods and are not linked 
to inferred genetic components. 
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It is possible to detect and dissect these contributions in modern human genomes 
and study these components which were brought from elsewhere to shed light into 
past demographic events (Pagani et al. 2015). This approach is especially important 
when aDNA availability is limited. It is also viable to interpret natural selection 
acting on these components both to discover potential signals and to distinguish the 
source of adaptive variations in human genomes (Hodgson et al. 2014). 
 
 

2.2. Complex demography of South Asia 

After dispersal to Eurasia from Africa, South Asia was occupied by anatomically 
modern humans at least for 36,000–38,000 years based on fossil evidence while 
archaeological findings suggest 50,000 years or more (Mellars et al. 2013; Bae 
et al. 2017). Studies have shown that modern South Asian genomes are composed 
of autochthonous South Asian (S) and West Eurasian components (N), with 
proportions varying in the Indian cline defined by a diverse population structure 
(Reich et al. 2009; Chaubey et al. 2011; Metspalu et al. 2011) (Figure 2). These 
two components represent one of the deepest splits after the out of Africa event 
with an at least 40,000-year difference. A recent study based on available aDNA 
from the region detailed this composition in more detail, specifically defining 
three major ancestral sources as autochthonous South Asian (South Asian hunter-
gatherer), Indus Periphery and Steppe Middle and Late Bronze Age (Steppe 
MLBA) (Narasimhan et al. 2019). Yet there are still no ancient genomes in 
unadmixed form available to represent the ancient autochthonous South Asians. 
This is possibly due to the hot and humid conditions which prevail in this 
geographic region being unfavorable for skeletal and DNA preservation. This 
hurdle combined with the complex demographic history and diverse selective 
forces in South Asia makes disentangling the compound of genetic ancestries in 
the South Asian genomes a challenging task. 
 

Figure 2. Components of South Asian populations. Model of South Asian genomes as 
a mixture of “Ancestral North Indian” (ANI) and “Ancestral South Indian” (ASI) 
components demonstrated in the context of a phylogenetic tree. Dashed color gradient 
represents varying proportions of ANI and ASI ancestries. Branch lengths are not 
proportional to split times. Information based on Reich et al. 2009, Chaubey et al. 2011, 
Metspalu et al. 2011. 

African European

ANI ASI

AndamaneseSouth Asian
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2.3. Genomic mosaic of Ethiopians 

Ethiopia and the Horn of Africa, exhibiting great diversity in culture and language 
among its inhabitants, lies in Africa closest to Arabian peninsula as a Southern 
bridge point out of Africa (Pagani et al. 2012). Based on archeological and genetic 
findings, it is considered to be a strong candidate route during human expansion 
from Africa to Eurasia 50,000 to 100,000 years ago (Armitage et al. 2011; Pagani 
et al. 2015). Aside from the archeological and linguistic clues related to migration 
patterns which formed the contemporary Ethiopian populations, recent genetic 
studies suggest precolonial gene flow both from within Africa and from Eurasia 
dating back to 3,000 years ago (Pagani et al. 2012; Pickrell et al. 2014; Lazaridis 
et al. 2016), which is also supported by linguistic evidence (Kitchen et al. 2009). 
Although a Levantine based source is suggested for this recent Eurasian 
admixture, it is difficult to pinpoint the exact source given the subtle differences 
in genetic variation for the possible candidates. 
 
 

2.4. Dissecting Eurasian component  
in modern populations 

2.4.1. Local ancestry inference 

Genomes can be seen as a blend of different ancestral contributions; these 
ancestries can be identified and studied independently with different methods. 
Global ancestry inference refers to estimating proportions of different ancestries 
in admixed individuals. A notable approach used for this purpose is population 
structure inference tool STRUCTURE which uses a Bayesian algorithm to define 
K number of clusters (populations) and probabilistically assigns individuals to 
these clusters (Pritchard et al. 2000). ADMIXTURE is a similar method later 
implemented with the same basis but relies on maximum-likelihood instead of 
sampling the posterior distribution which allows it to be run on datasets with 
hundreds of thousands of markers (Alexander et al. 2009). Local ancestry 
inference, on the other hand, is the estimation of ancestry for genomic segments 
in admixed genomes based on reference populations. Several algorithms have 
been proposed for this task. Some notable examples are PCAdmix which uses a 
principal component analysis (PCA) based approach (Brisbin et al. 2012), ELAI 
and MOSAIC which both use a two-layer hidden Markov model (HMM) (Guan 
2014; Salter-Townshend and Myers 2019) and RFMix which uses a random 
forest trained by reference panels (Maples et al. 2013) (Table 1). 
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Software Algorithm Phasing Genetic map Ancestral sources 
PCAdmix PCA Required Required Predefined 
ELAI two layer HMM Not required Not required Predefined 
MOSAIC two layer HMM Required Required Not predefined 
RFMix Random forest Required Required Predefined 

 
More in detail, PCA is used in the PCAdmix method to assess the contribution of 
each SNP to the ancestry classification of a genomic region. Obtained principal 
components (PCs) are used as weights to get the weighted average of predefined 
windows of SNPs, and these averaged scores are fed to a hidden Markov model 
(HMM) as the observed values to obtain posterior probabilities for the ancestry 
of each window (Brisbin et al. 2012). ELAI, on the other hand, uses source popu-
lations to model two linkage disequilibrium levels of “within” and “between” 
haplotype groups thanks to the two-layer HMM model. In these two layers, 
clusters are labelled to demonstrate ancestral alleles and multiple clusters under 
the same label over neighbouring markers demonstrate ancestral haplotypes. The 
upper layer clusters represent populations, or structure closer to the root of a 
coalescent tree, and the lower layer clusters represent within population haplo-
types, or structure closer to the tip of a coalescent tree. Aside from the benefit of 
fine-tuned local ancestry inference, ELAI can also be applied to unphased diploid 
data unlike many other methods, eliminating the need for phasing the genomic 
data and thus, phase uncertainty (Guan 2014). 

After ancestral assignment is achieved with any given method, it is possible 
to study a particular ancestry by creating “masked” genomes which consist only 
of genomic chunks belonging to the target ancestry/ancestries. 
 
 

2.4.2. Allele frequency-based analyses 

Once the ancestral components are extracted, they can be characterized from a 
demographic perspective. Most analyses regarding population structure are based 
on differences in variant frequencies between different groups. Based on the 
allele data, dimension reduction techniques such as principal component analysis 
(PCA) and uniform manifold approximation and projection (UMAP) are com-
monly used in population genetics as initial screening methods to assess popu-
lation structure (Cavalli-Sforza et al. 1994; McInnes et al. 2018; Diaz-Papkovich 
et al. 2019). As genomic data is difficult to summarize due to its multidimensional 
characteristic, these feature extraction approaches are useful for both interpretation 
and visualisation of variation among human populations. Additionally, softwares 
such as ADMIXTURE are used for clustering to estimate individual ancestries 
with a maximum-likelihood approach based on SNP data (Alexander et al. 2009). 
F-statistics, based on shared genetic drift, have also been used widely to test hypo-
theses about admixture between populations as shared drift between different 

Table 1. Comparison of four local ancestry inference methods. 
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populations is a sign of shared evolutionary history (Reich et al. 2009; Patterson 
et al. 2012). In further detail, f-statistics compute allele frequency correlations 
among two, three or four populations to provide insight into population splits and 
admixture events. f4-statistic (or D-statistic) measures average correlation of 
allele frequency differences between population A and B, and population C and D 
denoted with the commonly used notation f4(A, B; C, D). If true phylogeny for 
these populations is as ((A,B),(C,D)), then we expect f4(A, B; C, D) to be zero 
and f4(A, C; B, D) and f4(A, D; B, C) to be positive. In the same spirit, f2-statistic 
can be defined as f2(A, B) = f4(A, B; A, B) and f3-statistic can be defined as 
f3(A; B, C) = f4(A, B; A, C). Additionally, if population A is an admixture of 
ancestral A1 and A2 populations with proportions 𝑎 and (1-𝑎) respectively, then 
f4(A, B; C ,D) is expected to be 𝑎f4(A1, B; C, D) + (1-𝑎)f4(A2, B; C, D) (Lipson 
2020). 
 
 

2.4.3. Detecting natural selection 

As human populations dispersed around the world, they were subject to different 
environmental conditions, diets and pathogens. Different selective forces have 
acted on human phenotypes in different environments which consequently con-
tributed to the genomic diversity we observe. Studying these adaptive changes is 
crucial for better understanding of evolutionary mechanisms and advancing 
medicine. In terms of genomics, an allele whose frequency is changing faster or 
longer towards the same direction is considered to be under selection. To detect 
this in the human genome, different methods have been used, which are frequency-
based, linkage disequilibrium-based, population differentiation-based, composite 
and more recently machine learning-based methods (Vitti et al. 2013; Sheehan 
and Song 2016). A notable example for frequency-based methods is population 
branch statistic (PBS), which compares pairwise FST values between three popu-
lations to detect whether a locus has an unusual amount of genetic drift in the 
target population compared to the other two. PBS has been shown via simulation 
studies to have strong power to detect recent natural selection (Yi et al. 2010). 

Selective sweeps in the genome occur when a beneficial mutation increases 
in frequency and becomes fixed, causing the genetic variation to be reduced in 
the genetic neighbourhood of the mutation due to linked alleles. The increase of 
the frequencies of alleles linked to the beneficial allele is called genetic hitch-
hiking. One way to detect selective sweeps is linkage-disequilibrium based 
approaches such as cross-population extended haplotype homozygosity (XP-
EHH) (Sabeti et al. 2007). The EHH (extended haplotype homozygosity) statistic 
part of XP-EHH computes the probability that two extended haplotypes around a 
locus are the same given that both have the same allele, to quantify reduction in 
haplotype diversity. In other words, it provides a homozygosity metric for 
extended haplotypes instead of alleles. XP-EHH compares the EHH between two 
populations at the same SNP (Wagh et al. 2012). Therefore, it can detect selective 
sweeps by detecting alleles which have risen to high frequency or fixation in one 
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population, yet observed as polymorphic in the other. Although commonly used 
in selection studies, efficacy of these methods in admixed populations is under-
studied and it remains a challenge to identify whether a detected signal is due to 
selection after or before the admixture event (Huerta-Sánchez et al. 2013; 
Hodgson, Pickrell, et al. 2014; Huerta-Sánchez et al. 2014). 
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3. AIMS OF THE STUDY 

The aim of this thesis is to characterize demographic and adaptive features of 
ancient Eurasian components in modern human populations with a particular 
focus on South Asia and Ethiopia with the help of available genomic data and 
methods for local ancestry inference in admixed individuals. More specific goals 
of each publication are as follows: 
 
First study (REF I) investigates the past demographic events in South Asia by 
creating surrogates of ancient South Asian and West Eurasian components which 
constitute the contemporary genomes in the region. It aims to provide insights on 
how the diverse variation in South Asian genomes came to be and to explore 
possible recent selection signals by detecting imbalances in the reconstructed 
components. 
 
Second study (REF II) expands on the idea of the first one and investigates whether 
ancient components carved out of modern genomes can be used to improve 
detecting selection in admixed individuals. It provides comparative analysis on 
how reliable selection signals in admixed genomes are and additionally, tries to 
detect first possible selection signals in the South Asian component of modern 
South Asians. 
 
Third study (REF III), similarly to the first two, utilizes local ancestry inference 
and allele sharing methods to study the Eurasian component in modern Ethiopian 
genomes. It aims to pinpoint the source of the Eurasian admixture with the help 
of available modern and ancient genomes. 
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4. MATERIALS AND METHODS 

All data used in the three publications have been obtained from the literature. No 
new sample collection or genetic data generation was undertaken. Samples used 
in this thesis can be seen in the Appendix section. Below is the basic workflow 
(Figure 3) followed by a summary of methods used, detailed information can be 
found in the original manuscripts. 
 

 

 
 

4.1. REF I 

In this study, we first simulated proxies for European, Asian and African popu-
lations via ms software (Hudson 2002) with model parameters from (Jouganous 
et al. 2017) with the following command line with seeds (x x x) ranging from 1 
to 22 in the form of chromosomes: 
 

ms 80 1 -t 6493.248 -r 5861.96 10000000 -I 4 20 20 20 20 -n 1 8.977 -n 2 4.175 -n 3 
2.104 -n 4 5.457 -g 1 267 -g 2 172.35 -g 4 235.5075 -m 1 2 1.889 -m 2 1 1.889 -m 1 
3 0.216 -m 3 1 0.216 -m 2 3 0.496 -m 3 2 0.496 -es 0.0038236 4 0.70 -ej 0.007647201 
4 2 -ej 0.007647201 5 1 -ej 0.034 1 2 -em0.0956 2 3 7.124 -em 0.0956 3 2 7.124 -ej 
0.0956 2 3 -en 0.239 3 1 -eA 0.006882481 4 10 -eA 0.006882481 5 10 -p 15 -seeds x 
x x 

 
An Indian-like population was generated as an admixture of ancient European 
(N) and ancient Asian (S) simulated populations. We performed local ancestry 
deconvolution on the Indian-like proxy via PCAdmix (Brisbin et al. 2012) with 
window size 10 and default parameters and obtained masked genomes (MASK_S, 
European chunks masked out and MASK_N, Asian chunks masked out) based 
on ancestry assignment of genomic chunks to assess if we can retrieve proxies 
for the two ancient sources. We set 95% threshold for the PCAdmix fbk output 
as a confidence limit below which the ancestry assignment was deemed as not 

REF I Simulated genomes + 
South Asian genomes

- Perform demographic analyses
- Investigate the West Eurasian and South Asian 
components
- Investigate post-admixture selection

- Perform selection scans
- Investigate detecting pre-admixture selection

- Perform demographic analyses
- Investigate the Eurasian component

Simulated genomes + 
South Asian genomes

Ethiopian genomes

REF II

REF III

Local ancestry 
inference to obtain 

ancestral surrogates

REF I

REF II

REF III

Figure 3. Basic workflow of the three studies. 
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reliable, and we used only chunks assigned with a probability above this threshold 
while creating the MASK haplotypes. Additionally, we generated ancestral random 
breeders (ARBs) by replenishing the masked haplotypes (MASK_S and 
MASK_N) from other masked donors within the same population to acquire full 
genomes for the ancient proxies. ARBs, therefore, can be seen as a set of random 
breeders of ancestral source populations with genomes without gaps. We tested 
our approach with PCA and ADMIXTURE on these simulated data to demon-
strate that proxies for the ancient components can be retrieved as MASK and 
ARB haplotypes. We applied our method on real genomes using SNP array data 
of 565 contemporary samples from South Asia (Li et al. 2008; Altshuler et al. 
2010; Metspalu et al. 2011; Basu et al. 2016; Pathak et al. 2018) along with 
additional 404 contemporary and 360 ancient samples (Behar et al. 2010; 
Yunusbayev et al. 2012; Behar et al. 2013; Haak et al. 2015; Yunusbayev et al. 
2015; Mörseburg et al. 2016; Narasimhan et al. 2019) and 1000 Genomes data 
(1000 Genomes Project Consortium et al. 2015). We performed local ancestry 
deconvolution on admixed South Asian genomes via PCAdmix (Brisbin et al. 
2012) with French and Paniya as proxies for West Eurasian (N) and South Asian 
(S) components of South Asian genomes, respectively, to obtain MASK and ARB 
haplotypes. Since ARB production may introduce spurious allele frequency 
shifts, we used ARBs only for PCA and ADMIXTURE analyses as we demon-
strated them to be viable for these methods via simulations. For frequency-based 
methods such as f3 and f4-stats, qpAdm and qpGraph, we used AdmixTools 4.1 
software (Patterson et al. 2012) utilizing MASK haplotypes. We additionally 
investigated post-admixture selection on South Asian genomes. For this purpose, 
we defined the metric Ancestral Haplotype Frequency Difference (AHFD) which 
evaluates deviations from N and S ancestry on genomic regions based on local 
ancestry assignment since high deviations from the ancestry proportion would 
point towards recent selection after admixture. 
 
 

4.2. REF II 

In this study, we used a subset of the data from REF I to first simulate 500 samples 
as an admixture of real French and Han genomes using the forward-simulator 
software admix-simu (Williams 2016). We performed local ancestry inference in 
the same manner as REF I via PCAdmix (Brisbin et al. 2012) and additionally 
using ELAI (Guan 2014) with German and Japanese as proxies for N and S 
ancestries to obtain MASK and ARB haplotypes. We performed population 
branch statistic (PBS) analyses on MASK_N, naive (population simulated as an 
admixture of French and Han) and French (source) populations with outgroups 
Yoruba and Japanese [PBS(N, Japanese, Yoruba)]. We also performed PBS on 
MASK_S, naive and Han (source) populations with outgroups Yoruba and German 
[PBS(S, German, Yoruba)]. Cross-population extended haplotype homozygosity 
(XP-EHH) was performed on ARB_N, naive and French (source) populations 
with Japanese outgroup. XP-EHH was also performed on ARB_S, naive and Han 
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(source) populations with German outgroup. We used ARBs for XP-EHH as the 
method requires full haplotypes. To compare the results, we used Spearman’s 
correlation coefficient and bootstrapping to acquire confidence intervals. We 
additionally performed 50 kb window-based comparisons for the PBS results of 
MASK, naive and source populations by calculating true positive rates (TPR) and 
false discovery rates (FDR). After demonstrating improvement in detecting pre-
admixture selection with PBS on simulated genomes, we applied this approach 
on real South Asian genomes. First we performed PCAdmix on real South Asian 
genomes using French and Paniya as proxies for N and S ancestries, respectively, 
to acquire MASK_S and MASK_N haplotypes. We performed PBS on retrieved 
MASK_S haplotypes to report the first possible selection signals on the S com-
ponent of contemporary South Asian genomes. 
 
 

4.3. REF III 

In this study, we used 1704 modern and ancient samples including 5 contemporary 
Ethiopian populations (Amhara, Gumuz, Oromo, Ethiopian Somali and Wolayta) 
(Pagani et al. 2015) and a number of reference populations (Li et al. 2008; Behar 
et al. 2010; Pagani et al. 2012; Patterson et al. 2012; Pickrell et al. 2012; Behar 
et al. 2013; Lazaridis et al. 2014; Raghavan et al. 2014; 1000 Genomes Project 
Consortium et al. 2015; Mathieson et al. 2015; Allentoft et al. 2015; Gallego 
Llorente et al. 2015; Jones et al. 2015; Pagani et al. 2015; Broushaki et al. 2016; 
Fu et al. 2016; Hofmanová et al. 2016; Kılınç et al. 2016; Lazaridis et al. 2016; 
Omrak et al. 2016; Haber et al. 2017; Lazaridis et al. 2017; Lipson et al. 2017; 
Skoglund et al. 2017; Harney et al. 2018; Feldman et al. 2019). We used 
MALDER software for dating the admixture event and determining the number 
of waves of admixture (Pickrell et al. 2014). We performed local ancestry 
inference via PCAdmix as in REF I with CEU (Utah residents with ancestry from 
northern and western Europe) and Gumuz (Ethiopian population with the lowest 
Eurasian component content) populations as proxies for Non-African (NAF) and 
African (AF) components, respectively, to retrieve masked NAF (AF assigned 
chunks masked out) and AF (NAF assigned chunks masked out) haplotypes.  

In addition, we classified ancestry assigned windows as high confidence non 
African (NAF) (assigned to non African with >90% confidence), low confidence 
non African (X) (assigned to non African with 51–90% confidence), high con-
fidence African (AF) (assigned to African with >90% confidence) and low 
confidence African (Y) (assigned to African with 51–90% confidence) based on 
PCAdmix fbk threshold to account for possible biases introduced via local 
ancestry deconvolution and demonstrated that X and Y results do not deviate 
much from the analyses run using only the genetic components inferred with high 
confidence. To put it another way, X and Y components which include ancestral 
assignments with low confidence (unlike NAF and AF) did not have additional 
genomic regions which can alter the results. 
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We utilized PCA for initial screening and ADMIXTURE for supervised 
clustering analysis. Additionally, we performed outgroup f3 statistic analysis via 
POPSTATS software (Skoglund et al. 2015) and f4 statistic analysis along with 
qpWave and qpAdm via Admixtools 4.1 (Patterson et al. 2012) to assess demo-
graphic model and admixture events. We also replicated the local ancestry 
deconvolution procedure using ELAI (Guan 2014) and retained the same f4 
results. 
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5. RESULTS AND DISCUSSION 

This section includes the summary of the three scientific publications with novel 
discoveries. Original articles can be examined for detailed information. 
 
 

5.1. Investigating demography and post-admixture 
selection in South Asian genomes (REF I) 

5.1.1. Demographic assessment of genomic components of South Asia 

After demonstrating that proxies for ancient components can be recovered from 
admixed genomes via simulations both in the form of masked (MASK) and 
complete (ARB) haplotypes (see Materials and Methods), we performed PCA 
with ARB and contemporary real genomes as an initial screening (Figure 4). On 
PCA space of the first two components, reconstructed ARB_N haplotypes are 
placed between Near East and Pakistan samples and ARB_S haplotypes are 
placed further down the Indian cline as expected. Separation of N and S clusters 
is observed both on the first PC, which differentiates West and East Eurasian 
populations, and on the second PC, which differentiates East Asia and Andaman 
following the placement of real genomes from which they were constructed. 

To further investigate possible proxies for reconstructed haplotypes, we per-
formed outgroup f3 analysis as f3(X, Y; Yoruba) with X being MASK_S and 
MASK_N populations and Y being all other populations including ancient 
samples from Narasimhan et al. (2019). Based on this, closest proxies to MASK_S 
were other MASK_S populations followed by Southern Indian populations (such 
as Paniya, source used for ancestry deconvolution, and Irula) and Han and Onge. 
Closest ancient proxies were Saidu Sharif samples from Pakistan (500–300 BCE) 
and Indus diaspora samples from Iran (2550–2450 BCE). Similarly, closest 
proxies for MASK_N were mainly other MASK_N populations along with 
French (source used for ancestry deconvolution) but additionally ancient 
Eurasian samples such as Steppe_EMBA (Yamnaya Early-Middle Bronze Age).  

To test the expected tree-like behaviour of the masked proxies, we calculated 
D-statistics in form of D(Gujaratis_N, French; Onge, Mbuti; Z=–0.827), 
D(Gujaratis_N, French; Han, Mbuti; Z=0.152), D(Irula_S, Onge; Steppe_EMBA, 
Mbuti; Z=0.270), D(Irula_S, Onge; French, Mbuti; Z=–2.357) using Gujaratis_N 
as a representative of MASK_N and Irula_S as a representative of MASK_S 
populations. The insignificant deviations from zero (absolute value of Z score 
< 3) demonstrate that the deconvolution approach produced relatively clean MASK 
haplotypes without admixture. To investigate the phylogenetic relationship 
between the S component, Onge and Han, we also obtained D(Irula_S, Han; 
Onge, Mbuti; Z=0.268), D(Irula_S, Onge; Han, Mbuti, Z=–0.068) and D(Han, 
Onge; Irula_S, Mbuti; Z=–0.348), which suggest that Irula_S, Onge and Han do 
not conform to a bifurcating tree as each forms an independent basal lineage, as 
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also seen from the PCA plot (Figure 4). On the other hand, qpAdm analysis 
showed relatively clean MASK_N haplotypes whereas MASK_S haplotypes had 
a varying amount of West Eurasian admixture. This might both be related to the 
deficiency in ancestry deconvolution method or to a Neolithic/pre-Neolithic West 
Eurasian gene flow to the S component. 
 

Figure 4. PCA of reconstructed South Asian components and contemporary 
populations. Each point is a haploid ARB (colored) or modern (grey) sample. Insets (N 
and S) zoom on ARB_N and ARB_S clusters respectively. Figure from Figure 1 (Yelmen 
et al. 2019), licenced under CC BY-NC 4.0. 
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We additionally tried to produce a demographic model of MASK haplotypes and 
possibly relevant populations using gpGraph to gain further grip on N and S 
ancestries. We were able to model a simpler tree structure for MASK_S haplo-
types whereas we couldn’t produce fitting models for MASK_N, although 
invoking multiple admixture events improved the fit. This suggests a relatively 
unadmixed S component and multiple waves of arrival for the N component in 
the region. Moreover, we were able to model both N and S components in a 
broader picture without any f2 and f4 outliers and demonstrated again S, East 
Asia and Andamanese as a trifurcation (Figure 5).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. gpGraph model of N 
and S components. Other 
models with different Andama-
nese, Han and S splits yielded f4 
outliers and poorer fit. Final 
score: 3061.001, degrees of free-
dom: 2, no f2 outliers, no f4 out-
liers, worst f-stat: 1.747. Figure 
from Figure 2 (Yelmen et al. 
2019), licenced under CC BY-
NC 4.0. 
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5.1.2. Differences in phenotype-informative  
SNPs between components 

We collected a list of phenotype-informative SNPs from the literature (Mathieson 
et al. 2015; Gelabert et al. 2017; van de Loosdrecht et al. 2018) and identified 
differences in allele frequencies for these SNPs between MASK_N and MASK_S 
haplotypes to detect alleles which were brought to South Asia via the N ancestry. 
For this purpose, we followed the same local ancestry inference approach we used 
for the array data but instead utilized 1000 Genomes sequence data to increase 
SNP coverage. Deconvolution was applied to GIH population (Gujarati Indian in 
Houston, TX), with TSI population (Toscani in Italy) as a proxy for the N source 
and ITU (Indian Telugu in the UK) as a proxy for the S source. Instead of directly 
interpreting the distinction, we compared the allele frequency difference of the 
selected SNPs between GIH_N and GIH_S against source populations TSI and 
ITU, to take possible local ancestry deconvolution missassignments into account. 
We detected that the rs16891982 (G) allele, located on the SLC45A2 gene and 
associated with skin and hair pigmentation in Europeans, is possibly linked with 
the arrival of N ancestry. Also lactase persistence allele rs4988235 (A) related to 
the MCM6/LCT gene seems to be linked to the N ancestry, but frequencies for 
this allele were very similar for ITU and TSI, suggesting this link might be an 
artifact of poor ancestry deconvolution. It is important to underline here that ITU 
is not the best option for the local ancestry deconvolution step due to high West 
Eurasian admixture, yet it was the optimal choice within available 1000 Genomes 
data. 
 
 

5.1.3. Post-admixture selection 

Following the Out-of-Africa dispersal and their initial departure, populations 
carrying the ancestral N and S components would have been exposed to different 
environmental conditions. When the N component arrived in South Asia, it likely 
underwent allele frequency shifts due to different selective pressures in this new 
environment. To investigate this, we defined a new metric, ancestral haplotype 
frequency difference (AHFD), which assesses local admixture imbalance between 
ancestral components. We examined the regions with the highest admixture 
imbalance and found excess N ancestry for SETD5 (possibly involved in insulin 
sensitivity) (Palmer et al. 2015; Walford et al. 2016), ZNF (possibly related to 
colorectal cancer due to diet) (Figueiredo et al. 2014) and HLA (immunity 
connected) (Fairfax et al. 2012) genic regions. For the tests highlighting the 
excess of S ancestry, one key finding was the region containing SLC45A2 gene 
which has been reported to be related to eye and skin pigmentation in West 
Eurasians (Mathieson et al. 2015; Crawford et al. 2017; Martin et al. 2017) 
(Table 2). 
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Table 2. Top five hits for N and S excess regions. Positive values are N excess whereas 
negative values are S excess. Table from Table 1 (Yelmen et al. 2019), licenced under 
CC BY-NC 4.0. 

Com-
ponent 
 

Position 
(Chr:Start-End) 
(GRCh37) 

Number of populations 
with significant AHFD 
values 

Genes (±50 kb 
region) 

Number 
of 10 
SNP 

regions 

N 

3:9,363,925–
9,595,374 

22 (percentile = 99.9949) THUMPD3,  
SETD5-AS1

2 

6:84,399,772–
85,572,756 

21 (percentile = 99.9814) SNAP91, RIPPLY2, 
CYB5R4, MRAP2, 
CEP162, TBX18 

2 

6:30,079,993–
30,257,693 

21 (percentile = 99.9814) TRIM31, TRIM40, 
TRIM10, TRIM15, 
TRIM26, HLA-L 

2 

14:97,636,701–
97,715,909 

19 (percentile = 99.9383) Intergenic 1 

19:23,930,879–
24,368,053 

18 (percentile = 99.9195) ZNF681, ZNF726, 
ZNF254 

1 

S 

5:33,944,217–
34,032,014 

−21 (percentile = 0.0057) RXFP3, SLC45A, 
AMACR, C1QTNF3, 
ADAMTS12 

2 

20:652,097– 
694,894 

−16 (percentile = 0.038) SRXN1, SCRT2, 
SLC52A3 

1 

8:116,208,407–
116,308,464 

−16 (percentile = 0.038) Intergenic 1 

9:12,276,668–
12,460,256 

−15 (percentile = 0.0757) Intergenic 2 

8:54,578,044–
55,071,319 

−14 (percentile = 0.1268) ATP6V1H, RGS20, 
TCEA1, LYPLA1, 
MRPL15

1 

 
 

5.2. Detecting selection in admixed populations (REF II) 

After investigating post-admixture selection in South Asian populations, the next 
step would be to focus on selection before the admixture. However, research on 
selection detection in admixed populations is limited. Selection signals detected 
in an admixed population might be due to adaptation which happened in one of 
the ancestral groups, or signals present in the ancestral groups might cancel each 
other, rendering them undetectable in the admixed population. This study 
evaluates the effectiveness of the local ancestry deconvolution approach explained 
in REF I to detect selection in components of admixed genomes. 



27 

5.2.1. Forward simulation-based PBS comparison 

After creating a French-Han admixed population with forward simulations (as a 
subtle mimicry of South Asian N and S admixture), we performed local ancestry 
inference as described in Materials and Methods which yielded MASK_N (S 
ancestry chunks masked out) and MASK_S (N ancestry chunks masked out) 
genomes. This allowed us to make comparisons between PBS results of MASK 
and naive (French-Han admixture) populations against source populations (French 
or Han). Overall SNP by SNP PBS comparison showed significantly higher 
correlation for MASK and source populations compared to naive and source 
populations. As PBS scores below a certain threshold can be disregarded as 
definitely uninformative, we additionally made comparisons based on positions 
which have PBS values above 99% threshold in source populations. These loci 
showed significantly higher correlation for MASK_N_ELAI and MASK_S_ELAI 
(masked populations generated based on ELAI) whereas MASK_N_PCAdmix 
and MASK_S_PCAdmix (masked populations generated based on PCAdmix) 
performed poorly (Figure 6). This difference is due to false negatives, meaning 
that PBS score is high for a given position for the source population but low for 
the MASK. 

Figure 6. Comparing PBS values for each position with PBS score above 99% thres-
hold. SNPs above threshold were selected based on Han and French source populations. 
a) Han vs naive (correlation coefficient: 0.409, 95% confidence interval: 0.377–0.441, p-
value <2.2e16, n=2529), Han vs MASK_S_ELAI (correlation coefficient: 0.510, 95% 
confidence interval: 0.479–0.542, p-value <2.2e16, n=2529), Han versus 
MASK_S_PCAdmix (correlation coefficient: 0.210, 95% confidence interval: 0.169–
0.252, p-value <2.2e16, n=2529). b) French vs naive (correlation coefficient: 0.400, 95% 
confidence interval: 0.367–0.436, p-value <2.2e16, n=2530), French versus 
MASK_N_ELAI (correlation coefficient: 0.452, 95% confidence interval: 0.422–0.483, 
p-value <2.2e16, n=2530), French versus MASK_N_PCAdmix (correlation coefficient: 
0.394, 95% confidence interval: 0.354–0.432, p-value <2.2e16, n=2530). Figure from 
Figure 1 (Yelmen et al. 2021), licenced under CC BY-NC 4.0.  

a.

b.
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5.2.2. Forward simulation-based XP-EHH comparison 

For XP-EHH, we generated ancestral random breeders (ARBs) as described in 
REF I as XP-EHH cannot be performed with MASK haplotypes due to the intro-
duced missing portions. Similarly to the PBS case, we compared naive and ARB 
XP-EHH results against the source populations (French and Han). Comparisons 
showed that correlation between naive and source populations is higher than the 
correlation between ARB and source populations, suggesting utilizing ARBs 
does not improve XP-EHH results possibly due to ARB production procedure 
disrupting haplotypic structure. Additionally, although having better XP-EHH 
results than ARBs, naive populations also failed in having good correlation with 
the source populations. In other words, “true” selection signals that were present 
in the ancestral populations were mostly not caught either by ARB or naive popu-
lations. In addition, we detected false positive signals for both naive and ARB 
groups. 

Remarkably, we could identify genomic regions with a signal of positive 
selection (>2 XP-EHH score) for the admixed population, although we did not 
simulate any selection, which suggests that signals detected in admixed popu-
lations via XP-EHH might not be related to selective pressures on that population 
but rather be due to one of the ancestral populations. More intriguingly, some 
signals we detected in the admixed population were not detected in the source 
populations which is possibly due to admixture events causing pseudo XP-EHH 
signals. Therefore, we urge future studies to be cautious while performing XP-
EHH on admixed populations. 
 
 

5.2.3. A case application on real South Asian genomes 

Population genetics of South Asian populations is rather intricate due to multiple 
waves of Eurasian gene flow to the region (Narasimhan et al. 2019). Although 
recent studies based on aDNA have helped us to better understand the overall 
picture, there is still a lack of aDNA for the autochthonous South Asian compo-
nent. Therefore, we applied our local ancestry inference-based method on real 
South Asian genomes to detect possible selection signals on the South Asian 
component. For this purpose, we initially created MASK_N and MASK_S haplo-
types following the same procedure as simulations and performed PBS on 
MASK_S haplotypes, as we demonstrated MASK_S to be a close proxy for the 
South Asian component of contemporary South Asian genomes in REF I (see 
Materials and Methods). We detected selection signals for SNPs within 50 kb 
range of HLA-G, HLA-F, TRIM31 and TRIM40 genes linked to immune system 
(Ishitani et al. 2003; Rajagopalan and Long 2012; Fu et al. 2017; Liu et al. 2017; 
Zhao et al. 2017; Lin and Yan 2019), KCTD6 linked to sweet taste signalling (Liu 
et al. 2013), ACOX2 linked to branched fatty acid processing (Bjørklund et al. 
2015; Vilarinho et al. 2016), DOK5 linked to signal transduction (Favre et al. 
2003) and CDH4 possibly linked to brain segmentation (Babb et al. 2005). 
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However, especially HLA related signals must be taken with a grain of salt as 
genotyping for those regions is known to be problematic, which in turn might 
have partly affected the local ancestry deconvolution process. It is also essential 
to note that even though an initial ancestry deconvolution might improve detection 
compared to using admixed South Asian genomes, these selection signals might 
still be false positives. 
 
 

5.3. Origins of the Eurasian admixture  
in Ethiopian genomes (REF III) 

Similarly to South Asian genomes, Ethiopian genomes can be characterized by 
two major components; a local African (AF) and a Non-African (NAF) that arrived 
during post Neolithic migrations from West Eurasia. This study delves into 
possible sources for the NAF component using local ancestry inference-based 
approaches, akin to REF I and II, on modern Ethiopian populations. 
 
 

5.3.1. Disassembling the Ethiopian genome 

After creating masked non African (NAF) and African (AF) haplotypes from 
available data for contemporary Ethiopian genomes via PCAdmix, we first tested 
the assumption that Eurasian component is due to a single major admixture event 
that took place 3,000 years ago. We didn’t find signatures for multiple waves 
except for Wolayta population which showed an additional more recent gene 
flow. Confirming the relatively homogenous nature of NAF component, we 
projected masked NAF onto PCA space obtained through whole genomes. PCA 
indicated Anatolian Neolithic (Anatolia_N), Minoans and North African Jews to 
be the closest proxies for NAF (Figure 7). We further confirmed this affinity with 
outgroup f3 statistics. Although whole Ethiopian genomes showed higher affinity 
to Levant than Anatolia (as also reported by Lazaridis et al. 2016), the masked 
NAF component showed the opposite pattern. Additionally, based on top scoring 
populations for NAF ancestry in outgroup f3 analysis, Minoans were as close as 
Anatolia Neolithic samples (Z score <1) to the NAF ancestry. North African 
Jews, in particular Tunisian Jews, also showed high affinity to the Ethiopian NAF. 

To further inspect the Eurasian component of Ethiopians in finer detail, we 
also performed f4 statistics as f4(Pop A, Pop B; Test, Mbuti) with Pop A and Pop 
B as candidates and Test as Amhara (representative whole Ethiopian genomes) 
or Amhara NAF (masked NAF haplotypes). Whole genome Amhara were signifi-
cantly closer to Levantine ancestry than Anatolian one (closer to Levantine 
Chalcolithic than Levantine Neolithic) whereas the NAF component showed 
higher allele sharing with Anatolian Neolithic again. It is important to underline 
that these findings should not be interpreted as a direct link between Ethiopian 
NAF component and Anatolia Neolithic, but rather as a proximity between these 
two considering available modern and ancient genomes.
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Figure 7. PCA of modern West Eurasian populations along with ancient genomes 
and masked NAF haplotypes. PCA was performed with modern genomes (grey) and 
ancient and masked NAF were projected onto this PCA space. Figure from Figure 2 
(Molinaro et al. 2019), licenced under CC BY 4.0. 
 
 

5.3.2. Possible link to Sea People 

As Minoans and Tunisian Jews appeared to be the closest proxies for the Ethiopian 
NAF component, a tentative link between these three groups on a historical trade 
route bridging Crete (cradle of Minoan culture) with the Levant (Cross and Stager 
2006; Ben-Shlomo et al. 2011; von Rüden 2014) and a seafarer nomad group in 
the Mediterrenean called the Sea People could be made. Although the origins of 
these nomads is still a topic of debate, it is known that they fought the Hittites, 
Egyptians and Levantines and were possibly settled in Palestine in the first 
millennium BCE (Bryce 2010). According to Egyptian inscriptions, the Sea 
People settled in Palestine were Denyen, which was supposedly linked to the tribe 
of Dan (from which Ethiopian Jews are thought to descend from) and Peleset 
tribes which were linked to the Philistines from the Levant (Cline 2014; D’Amato 
et al. 2015). These connections may point towards a contribution of the Sea People 
to an interim Minoan-like ancestry in the Levant, which arrived in Ethiopia ~3000 
years ago through stepwise movements from that area. In addition, some Iron 
Age samples with high Anatolian-like ancestry have recently been discovered in 
the Levant, appearing and disappearing in the archeological record within a few 
century span (Feldman et al. 2019). These samples can be modelled as having 
80% Anatolian Neolithic ancestry and ~20% Iranian Neolithic or CHG compo-
nents and are similar to Ethiopian NAF with f4 statistics. This further strengthens 
the possible link between Ethiopian NAF and the Sea People.
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6. CONCLUSIONS 

The results presented in this thesis show that: 
• For admixed populations with deeply divergent ancestries, such as South 

Asian and Ethiopian populations, local ancestry deconvolution methods can 
be effectively used to create proxies for the ancestral components which can 
be utilized for demographic and functional analyses (REF I, REF III). 

• West Eurasian ancestry is likely to have arrived in South Asia in multiple 
waves and the South Asian component can be defined as a three-way split 
with East Asia and Andamanese ancestries (REF I). 

• High frequency West Eurasian-specific functional alleles in SLC45A2 and 
SLC24A5 genes related to skin pigmentation in Europeans show post-
admixture purifying and positive selective pressures in South Asian genomes, 
respectively (REF I). 

• Before performing PBS, a preliminary local ancestry deconvolution step can 
improve selection detection and help with identifying the source of selection 
in admixed populations, especially by reducing false positive signals (REF II). 

• XP-EHH signals detected in admixed populations can reflect selection 
pressures that acted on one of the ancestral populations instead of reflecting 
selection on the admixed population. Additionally, XP-EHH might produce 
pseudo selection signals due to shifts in allele frequencies related to admixture 
events. Therefore, XP-EHH must be used cautiously on admixed populations 
(REF II). 

• The Eurasian component of Ethiopians has higher affinity to Anatolian 
Neolithic ancestry instead of previously suggested Levantine, with Minoans 
and Tunisian Jews being the closest available proxies (REF III). 
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7. EXTRAS 

7.1. Creating artificial genomes for population genetics 
(REF X) 

The sample data used in the research articles of this thesis were accessible from 
their corresponding publications. However, the vast majority of human genomic 
data are either not publicly available or subject to lengthy application procedures 
and ethical clearances related to valid privacy concerns. This creates a scientific 
barrier for researchers in terms of time and resources. To overcome the problem 
without infringing privacy of genetic donors, we tested the potential of generative 
neural networks for creating realistic artificial genomes (AGs) (Yelmen et al. 
2021). We implemented a generative neural network (GAN) (Goodfellow et al. 
2014) and a restricted Boltzmann machine (RBM) (Smolensky 1986, Teh et al. 
2001) model for human SNP data. Due to computational and algorithmic limi-
tations, we were able to generate short genome chunks instead of whole genomes. 
We demonstrated that these chunks (AGs) are capable of imitating real genomes 
in terms of allele frequencies, population structure, linkage blocks, pairwise 
haplotype distances and natural selection signals, with little to none privacy 
leakage from original training genomes. Additionally, we showed that AGs can 
be used for improving imputation quality of low frequency alleles when used as 
augmentations to real reference panels, and RBM latent space can be utilized to 
encode the real genomic data for further analysis of the training dataset. With 
further improvements to the models we proposed, AGs have the potential to be 
used as high quality, anonymous and easily accessible surrogates of genomic 
databases, hence eliminating a significant obstacle from scientific research. 
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8. APPENDIX 

Table 3. Samples used in the three studies with their corresponding sources. 

Population 
Sample 

size Source Population
Sample 

size Source 
Birhor 16 Basu et al. 2016 Algerian 7 Lazaridis et al.2014 

Brahmin_Guj 20 Basu et al. 2016 Amhara 24 Pagani et al. 2015 
Irula 20 Basu et al. 2016 BantuKenya 6 Patterson et al. 2012 
Iyer 19 Basu et al. 2016 BantuSA 8 Patterson et al. 2012 

Jamatia 18 Basu et al. 2016 Biaka 20 Patterson et al. 2012 
Jarawa 19 Basu et al. 2016 Canary_Islander 2 Lazaridis et al. 2014 
Khatri 19 Basu et al. 2016 Egyptian 100 Pagani et al. 2015 

Maratha 7 Basu et al. 2016 Egyptian 12 Behar et al. 2010 
Onge 17 Basu et al. 2016 Esan 8 Lazaridis et al. 2014 
Pallan 20 Basu et al. 2016 Esomali 24 Pagani et al. 2015 
Paniya 18 Basu et al. 2016 Ethiopians 19 Behar et al. 2010 
Santhal 20 Basu et al. 2016 Gambian 6 Lazaridis et al. 2014 

UP_Low_Caste 5 Metspalu et al. 2011 Gumuz 24 Pagani et al. 2015 
Chamar 10 Metspalu et al. 2011 Hadza 5 Pickrell et al. 2012 

Dharkars 11 Metspalu et al. 2011 Jew_Ethiopian 7 Lazaridis et al. 2014 
Dusadh 6 Metspalu et al. 2011 Jew_Ethiopian 13 Behar et al. 2010 
Kanjars 8 Metspalu et al. 2011 Jew_Libyan 9 Lazaridis et al. 2014 
Gujjar 15 Pathak et al. 2018 Jew_Moroccan 6 Lazaridis et al. 2014 

Kamboj 14 Pathak et al. 2018 Jew_Moroccan 16 Behar et al. 2010 
Ror 15 Pathak et al. 2018 Jew_Turkish 8 Lazaridis et al. 2014 

Gujaratis 100 Hapmap3 Jew Tunisian 7 Lazaridis et al. 2014 
Burusho 25 Li et al. 2008 Ju_hoan_North 5 Patterson et al. 2012 
Brahui 25 Li et al. 2008 Kenya_400BP 1 Skoglund et al. 2017 
Sindhi 24 Li et al. 2008 Khomani 11 Lazaridis et al. 2014 
Kalash 23 Li et al. 2008 Libyan 5 Lazaridis et al. 2014 
Pathan 22 Li et al. 2008 Luhya 8 Lazaridis et al. 2014 
Balochi 24 Li et al. 2008 Luo 8 Lazaridis et al. 2014 
Makrani 25 Li et al. 2008 LWK 80 The 1000 Genomes Project
French 28 Li et al. 2008 Malawi_Chencherere_5200BP 2 Skoglund et al. 2017 

Sardinians 28 Li et al. 2008 Malawi_Fingira_2500BP 1 Skoglund et al. 2017 
Adygei 17 Li et al. 2008 Malawi_Fingira_6100BP 2 Skoglund et al. 2017 

Palestinians 46 Li et al. 2008 Malawi_Hora_8100BP 2 Skoglund et al. 2017 
Han 44 Li et al. 2008 Malawi_Hora_9000BP 1 Skoglund et al. 2017 

Japanese 28 Li et al. 2008 Mandenka 17 Patterson et al. 2012 
Yorubas 21 Li et al. 2008 Masai 12 Lazaridis et al. 2014 

Hungarians 19 Behar et al. 2010 Mbuti 10 Patterson et al. 2012 
Lezgins 18 Behar et al. 2010 Mende 8 Lazaridis et al. 2014 

Armenians 19 Behar et al. 2010 Moroccans 10 Lazaridis et al. 2016 
Turks 19 Behar et al. 2010 Moroccans 10 Behar et al. 2010 

Jordanians 20 Behar et al. 2010 Mota 1 GallegoLM et al. 2015 
Iranians 19 Behar et al. 2010 Oromo 24 Pagani et al. 2015 

Georgians 10 Behar et al. 2013 Somali 13 Lazaridis et al. 2014 
Turkmens 20 Yunusbayev et al. 2012 South_Africa_2100-1200BP 3 Skoglund et al. 2017 

Tajiks 15 Yunusbayev et al. 2012 Tanzania_Luxmanda_3100BP 2 Skoglund et al. 2017 
Chechens 20 Yunusbayev et al. 2012 Tanzania_Pemba 2 Skoglund et al. 2017 
Germans 13 Yunusbayev et al. 2015 Tanzania_Zanzibar 2 Skoglund et al. 2017 
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Population 
Sample 

size Source Population
Sample 

size Source 
Tunisian 8 Lazaridis et al. 2014 Iraqi_Jews 11 Behar et al. 2010 
Wolayta 24 Pagani et al. 2015 Italian_North 20 Patterson et al. 2012 

YRI 80 The 1000 Genomes Project Italian_South 2 Lazaridis et al. 2014 
Abkhasian 9 Lazaridis et al. 2014 Italian_South 2 Lazaridis et al. 2016 

Anatolia_BA 1 Lazaridis et al. 2017 Jew_Georgian 7 Lazaridis et al. 2014 
Anatolia_ChL 1 Lazaridis et al. 2016 Jew_Georgian 4 Behar et al. 2010 
Anatolia_EBA 2 Lazaridis et al. 2017 Jew_Iranian 9 Lazaridis et al. 2014 

Anatolia_N 24 Mathieson et al. 2015 Jew_Iranian 4 Behar et al. 2010 
Anatolia_N 9 Kilinc et al. 2016 Jew_Iraqi 6 Lazaridis et al. 2014 
Anatolia_N 2 Omrak et al. 2016 Jew_Iraqi 11 Behar et al. 2010 
Anatolia_N 2 Hofmanova et al. 2016 Jew_Yemenite 8 Lazaridis et al. 2014 

Armenia_ChL 5 Lazaridis et al. 2016 Jew_Yemenite 15 Behar et al. 2010 
Armenia_EBA 3 Lazaridis et al. 2016 Lebanese 7 Behar et al. 2010 

Armenia_MLBA 8 Allentoft et al. 2015 Levant_BA 3 Lazaridis et al. 2016 
Armenia_MLBA 1 Lazaridis et al. 2016 Levant_ChL 21 Harney et al. 2018 

Armenian 10 Lazaridis et al. 2014 Levant_N 13 Lazaridis et al. 2016 
Armenian 19 Behar et al. 2010 Maltese 8 Lazaridis et al. 2014 
Bedouin 44 Patterson et al. 2012 Natufian 3 Lazaridis et al. 2016 

CEU 90 The 1000 Genomes Project Palestinian 38 Patterson et al. 2012 
CHG 2 Jones et al. 2015 Sardinian 27 Patterson et al. 2012 

Croatian 10 Lazaridis et al. 2014 Saudis 20 Behar et al. 2010 
Cypriot 8 Lazaridis et al. 2014 SHG 6 Mathieson et al. 2015 
Druze 39 Patterson et al. 2012 Sicilian 11 Lazaridis et al. 2014 
EHG 3 Mathieson et al. 2015 Sidon_BA 5 Haber et al. 2017 

English 10 Lazaridis et al. 2014 Spanish 53 Lazaridis et al. 2014 
Europe_EN 1 Lazaridis et al. 2014 Spanish_North 4 Lazaridis et al. 2014 
Europe_EN 21 Mathieson et al. 2015 Steppe_BA 30 Mathieson et al. 2015 
Europe_EN 6 Lipson et al. 2017 Steppe_BA 18 Allentoft et al. 2015 

Europe_MNChL 21 Mathieson et al. 2015 Steppe_Eneolithic 3 Mathieson et al. 2015 
Europe_MNChL 3 Allentoft et al. 2015 Steppe_IA 1 Mathieson et al. 2015 

French 29 Lazaridis et al. 2016 Syrians 16 Behar et al. 2010 
French 25 Patterson et al. 2012 Ukrainian 9 Lazaridis et al. 2014 

Georgians 20 Behar et al. 2010 Villabruna 1 Fu et al. 2016 
Greece_Minoan_Lassithi 5 Lazaridis et al. 2017 WHG 1 Lazaridis et al. 2014 
Greece_Minoan_Odigitria 5 Lazaridis et al. 2017 WHG 1 Mathieson et al. 2015 

Greece_Mycenaean 4 Lazaridis et al. 2017 WHG 1 Mathieson et al. 2015 
Greece_N 3 Hofmanova et al. 2016 Yemenese 10 Behar et al. 2010 
Greece_N 1 Lazaridis et al. 2017 Darra_i_kur_MBA 1 Narasimhan et al. 2018

Greek 20 Lazaridis et al. 2014 Belt_Cave_Iran_Mesolithic_LC 1 Narasimhan et al. 2018
Hungarian 14 Lazaridis et al. 2014 Ganj_Dareh_N 3 Narasimhan et al. 2018

IBS 49 The 1000 Genomes Project Ganj_Dareh_N_father.of. 
I1947_father.of.I1952

1 Narasimhan et al. 2018 

Iran_ChL 5 Lazaridis et al. 2016 Ganj_Dareh_N_son.of.I1946_
brother.of.I1947

1 Narasimhan et al. 2018 

Iran_N 5 Lazaridis et al. 2016 Hajji_Firuz 5 Narasimhan et al. 2018
Iran_N 3 Broushaki et al. 2016 Hajji_Firuz_BA 1 Narasimhan et al. 2018
Iranian 20 Behar et al. 2010 Hajji_Firuz_C 1 Narasimhan et al. 2018
Iranian 30 Lazaridis et al. 2016 Indus_diaspora 2 Narasimhan et al. 2018

Shahr_I_Sokhta_BA1 2 Narasimhan et al. 2018 Sintashta_MLBA_o2 2 Narasimhan et al. 2018
Tepe_Hissar_C 12 Narasimhan et al. 2019 Sintashta_MLBA_o2_ 

brother.of.I1057
2 Narasimhan et al. 2018 



35 

Population 
Sample 

size Source Population
Sample 

size Source 
Tepe_Hissar_C_LC 1 Narasimhan et al. 2019 Sintashta_MLBA_o3 2 Narasimhan et al. 2018

Ak_Moustafa_MLBA1 1 Narasimhan et al. 2019 Steppe_EMBA 24 Narasimhan et al. 2018
Alpamsa_BA_Alakul 1 Narasimhan et al. 2019 Steppe_MLBA_East 15 Narasimhan et al. 2018

Dali_EBA 1 Narasimhan et al. 2019 Steppe_MLBA_West 38 Narasimhan et al. 2018
Kairan_MLBA_o 2 Narasimhan et al. 2019 West_Siberia_N 3 Narasimhan et al. 2018

Kairan_MLBA_o_LC 1 Narasimhan et al. 2019 Dashti_Kozy_BA 3 Narasimhan et al. 2018
Kanai_MBA 1 Narasimhan et al. 2019 Sarazm_EN 2 Narasimhan et al. 2018

Kyzlbulak_MBA2 1 Narasimhan et al. 2019 BMAC 17 Narasimhan et al. 2018
Maitan_MLBA_Alakul_o 2 Narasimhan et al. 2019 Geoksiur_EN 10 Narasimhan et al. 2018
Oy_Dzhaylau_MLBA_o2 2 Narasimhan et al. 2019 Geoksiur_EN.1d.rel.of.S8502 2 Narasimhan et al. 2018

Satan_MLBA_Alakul 1 Narasimhan et al. 2019 Gonur1_BA_LC 16 Narasimhan et al. 2018
Steppe_MLBA_East 15 Narasimhan et al. 2019 Gonur1_BA_o 2 Narasimhan et al. 2018
Steppe_MLBA_West 23 Narasimhan et al. 2019 Gonur1_BA_o2 2 Narasimhan et al. 2018

Talapty_MLBA 1 Narasimhan et al. 2019 Gonur1_BA_sibling.I1781_LC 1 Narasimhan et al. 2018
Taldysay_MLBA1 1 Narasimhan et al. 2019 Indus_diaspora 1 Narasimhan et al. 2018
Taldysay_MLBA2 1 Narasimhan et al. 2019 Parkhai_EBA 1 Narasimhan et al. 2018
Unknown_MLBA 1 Narasimhan et al. 2019 Parkhai_EBA_LC 1 Narasimhan et al. 2018
Zevakinskiy_LBA 6 Narasimhan et al. 2019 Parkhai_EN 4 Narasimhan et al. 2018

Zevakinskiy_MLBA 1 Narasimhan et al. 2019 Parkhai_LBA 1 Narasimhan et al. 2018
Aligrama_IA 3 Narasimhan et al. 2019 Parkhai_LBA_o 1 Narasimhan et al. 2018
Butkara_IA 3 Narasimhan et al. 2019 Parkhai_MBA 1 Narasimhan et al. 2018

Butkara_IA_mother.I6549 1 Narasimhan et al. 2019 Sumbar_LBA 1 Narasimhan et al. 2018
Loebanr_IA_father.I6292 1 Narasimhan et al. 2019 Tepe_Anau_EN 3 Narasimhan et al. 2018
Pakistan_IA_Aligrama_all 1 Narasimhan et al. 2019 BMAC 26 Narasimhan et al. 2018

Saidu_Sharif_IA 11 Narasimhan et al. 2019 Dzharkutan1_BA_LC 1 Narasimhan et al. 2018
Saidu_Sharif_IA_LC 1 Narasimhan et al. 2019 Dzharkutan2_BA 2 Narasimhan et al. 2018
Saidu_Sharif_IA_o 1 Narasimhan et al. 2019 Kashkarchi_BA 2 Narasimhan et al. 2018

SPGT 36 Narasimhan et al. 2019 Sappali_Tepe_BA_o 1 Narasimhan et al. 2018
Udegram_IA_1d.rel.I6900 1 Narasimhan et al. 2019  

Udegram_IA_father.or. 
son.I1799 

1 Narasimhan et al. 2019    

Udegram_IA_LC 2 Narasimhan et al. 2019  
Udegram_IA_son.I13262 1 Narasimhan et al. 2019  
Afanasievo_1d.rel.I3950 1 Narasimhan et al. 2019  
Afanasievo_son.I3388_ 
son.I3950_brother.I3949

1 Narasimhan et al. 2019    

Afanasievo_son.I3388_ 
son.I3950_brother.I6714

1 Narasimhan et al. 2019    

Krasnoyarsk_MLBA_ 
father_or_son.I6718 

1 Narasimhan et al. 2019    

Krasnoyarsk_MLBA_o 1 Narasimhan et al. 2019  
Petrovka 3 Narasimhan et al. 2019  

Preobrazhenka_MLBA 1 Narasimhan et al. 2019  
Sintashta_MLBA_ 

1d.rel.I1086 
1 Narasimhan et al. 2019    

Sintashta_MLBA_ 
1st.degree.rel.I1055 

1 Narasimhan et al. 2019    

Sintashta_MLBA_ 
1st.degre e.rel.I1084 

1 Narasimhan et al. 2019    

Sintashta_MLBA_ 
brother.of.I1053 

1 Narasimhan et al. 2019    

Sintashta_MLBA_o1 4 Narasimhan et al. 2019  
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SUMMARY IN ESTONIAN 

Iidsete Euraasia mõjude iseloomustamine tänapäeva inimgenoomides 

Tänapäeva inimpopulatsioonide genoomset koostist on kujundanud mineviku 
demograafilised sündmused nagu ränded, pudelikaelad, asutajaefektid ja eri-
nevate gruppide segunemine. Nende protsesside uurimine ja meie liigi ajaloo 
selgitamine pakuvad endiselt väljakutseid, kuid on muutunud lihtsamaks tänu 
sekveneerimistehnoloogiate ja vana DNA (aDNA) meetodite arengule ning uutele 
andmeanalüüsi ja modelleerimise meetoditele. Ehkki aDNA on nüüdseks selles 
ettevõtmises hädavajalik tööriist, on selle kättesaadavus piiratud, kuna erinevates 
geograafilistes asukohtades on DNA pikaajaliseks säilimiseks erinevad tingi-
mused, mis põhjustab paljudel juhtudel nii kvaliteedi- kui kvantiteediprobleeme. 
DNA lagunemine toimub nende tingimustega seotud keemiliste protsesside tõttu 
ja on valdavam vanemates proovides. Lisaks ei säili aDNA soojemas kliimas 
tavaliselt üldse. Seetõttu uuritakse tänapäeva inimeste genoome meie mineviku 
mõistmiseks endiselt laialdaselt, kuna neis on jäljed nendest iidsetest sünd-
mustest.  

“Anatoomiliselt moodsaks” nimetatud fenotüübiliste tunnuste evolutsioon 
ulatub Aafrika fossiilide põhjal vähemalt 300 000 aasta taha. Enamik geneeti-
lisest varieeruvusest väljaspool Aafrikat pärineb hiljutisest “Aafrikast välja” 
sündmusest, mille kaks peamist võimalikku levikuteed Euraasiasse olid kas üle 
Siinai poolsaare Levandi piirkonda (“põhjapoolne tee”) ja/või üle Punase mere 
Bab el Mandebi väina Araabiasse (“lõunapoolne tee”) 50 000–100 000 aastat 
tagasi. Praeguse arheoloogilise ja geneetilise tõendusmaterjali põhjal ei ole nende 
teede osas endiselt täielikku konsensust. Pärast Aafrikast välja sündmust mõju-
tasid maailma inimgenoomide varieeruvust erinevad populatsioonide lahkne-
mised koos evolutsiooniliste jõududega nagu geneetiline triiv ja looduslik valik. 
Teatud mandripiirkondade nagu Euroopa, Lõuna-Aasia ja Aafrika tänapäeva 
genofondi tekkimise defineeriv periood oli neoliitikumi-järgne inimpopulat-
sioonide ränne ja segunemine. Lähis-Ida ja Euraasia stepi populatsioonid segu-
nesid kohapealsete populatsioonidega üle kogu Lääne- ja Lõuna-Euraasia ning 
nende rännete pikk laine ulatus isegi Ida- ja Lõuna-Aafrikani.  

Doktoritöö peamine eesmärk on tänapäeva inimgenoome kasutades uurida 
süvitsi iidseid Euraasia komponente tänapäeva inimpopulatsioonides, kesken-
dudes Lõuna-Aasia ja Etioopia populatsioonidele. Ehkki aDNA on selleks juba 
väärtuslikuks osutunud, võib ka tänapäeva inimgenoome vaadelda andmete alli-
kana, mis koosneb iidsete kihtide kombinatsioonist, mida saab “välja kaevata”. 
Sellele vastavalt on näidatud, et Lõuna-Aasia genoomid koosnevad Lõuna-Aasia 
(S) ja Lääne-Euraasia (N) komponentidest, mis on viimase 10 000 aasta jooksul 
segunenud. Etiooplasi on iseloomustatud kui segu mitmest eristatavast Aafrika 
põlvnemiskomponendist ja Euraasia komponendist, mis pärineb 3000 aasta 
tagusest Lähis-Idast. Käesolev doktoritöö hõlmab lähemat uurimust Lõuna-Aasia 
populatsioonide kahe peamise komponendi demograafiast (REF I), metodo-
loogilisi lähenemisi valiku tuvastamise parandamiseks segunenud populat-
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sioonides ja võimalikke valiku signaale Lõuna-Aasia genoomides (REF I, II), 
ning sissevaadet etiooplaste Euraasia komponendi päritollu (REF III) lokaalse 
põlvnemise tuletamise meetodite abil. 

 
Käesoleva doktoritöö peamised järeldused on järgmised: 
 
• Tugevalt erinevate põlvnemisallikatega segunenud populatsioonide puhul 

nagu Lõuna-Aasia ja Etioopia populatsioonid saab lokaalse põlvnemise selgi-
tamise meetodeid efektiivselt kasutada põlvnemiskomponentide lähenduste 
loomiseks, mida saab kasutada demograafilistes ja funktsionaalsetes ana-
lüüsides. 

• Lääne-Euraasia komponent jõudis Lõuna-Aasiasse tõenäoliselt mitme lainena 
ning Lõuna-Aasia komponenti võib defineerida kui kolmest lahknemist Ida-
Aasia ja Andamani komponentidega.  

• Kõrge sagedusega Lääne-Euraasia-spetsiifilised funktsionaalsed alleelid 
SLC45A2 ja SLC24A5 geenides, mis on seotud naha pigmentatsiooniga 
eurooplastel, näitavad vastavalt segunemisjärgset puhastumist ja positiivse 
valiku survet Lõuna-Aasia genoomides.  

• Enne populatsiooni haru statistiku (PBS) arvutamist võib esialgne lokaalse 
põlvnemise selgitamise samm parandada valiku tuvastamist ja aidata kindlaks 
teha valiku allikat segunenud populatsioonides, eriti valepositiivsete sig-
naalide vähendamise teel.  

• Segunenud populatsioonides tuvastatud populatsioonidevahelise pikenenud 
haplotüübi homosügootsuse (XP-EHH) signaalid võivad peegeldada valiku-
surveid, mis toimisid ühele eellaspopulatsioonile, mitte valikut segunenud 
populatsioonis. Lisaks võib XP-EHH anda pseudo-valikusignaale segune-
misega seotud alleelisageduste muutuste tõttu. Seega tuleb XP-EHH meetodit 
segunenud populatsioonide puhul kasutada ettevaatusega.  

• Etiooplaste Euraasia komponent on lähedasem Anatoolia neoliitilisele kom-
ponendile kui varem pakutud Levandi allikale, lähimad kättesaadavad vasted 
on minoalased ja Tuneesia juudid.  
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