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LIST OF ABBREVIATIONS

AK — Aukstaiciai

BC - before Christ (used to indicate that date is before the Christian era)
BMI — body mass index

CEU - Utah Residents with Northern and Western European Ancestry
CHD - Coronary heart disease

DNA - Deoxyribonucleic acid

EHH - extended haplotype homozygosity

FADS - fatty acid desaturases

FIN — Finnish in Finland)

Fst - fixation index

his - integrated haplotype score

HLA - Human Leukocyte Antigen

IBD - identical by descent

LD - LINKAGE disequilibrium

MAF - minor allele frequency

MDS - multidimensional scaling analysis

MtDNA - Mitochondrial DNA (also seen as mDNA)

RFLP - Restriction Fragment Length Polymorphism

SFS - site frequency spectrum

SNP - Single nucleotide polymorphism

STR - short tandem repeat

WHR — waist-to-hip ratio

XP-EHH - cross-population extended haplotype homozygosity
YRI - Yoruba in Ibadan, Nigeria

ZM — Zemaigiai

1KGP — 1000 genome project



INTRODUCTION

The last decade has seen a dramatic increase in the number of human genomic data that
has allowed us to study the adaptive history of human populations. Notably, identifying variants, that
are subject to selection and are likely to be of functional value, can lead to insights into how genes
influence phenotypic variation in humans. Such variants include those that predispose or protect
individuals from disease and therefore give information about the development of therapeutic and
preventive strategies and support biologically informed drug discovery (Benton et al., 2021).

Local adaptation occurs when individuals in a population have higher average fitness in their
local environment than individuals from other populations of the same species due to genetic
variation. It is driven by natural selection that differs among populations and leads to genetic and
phenotypic population differentiation over time. Differences in genetic diversity are not limited to
populations with different backgrounds or the same continent but can also be found within a
population (Jakkula et al., 2008). Linguistic, cultural, or geographical differences determine unequal
genetic diversity between and within populations. Geographical barriers are considered to be one of
the leading causes of genetic diversity in populations (Ashraf and Galor, 2013).

Natural selection has been little studied at the micro-geographic level through dense
sampling. Even though exploring how genetic diversity is distributed in geographically close
populations, we may complement studies that aim to identify patterns of variation on a larger scale
(macro-regional, continental or global) (Esoh et al., 2021).

Lithuania consists of two main ethnolinguistic groups: Aukstaigiai and Zemaigiai. No studies
concerning the internal heterogeneity or the potential presence of footprints of natural selection in
genomes of inhabitants of these regions have been reported, as lithuanians are considered a highly
homogeneous population (Kasperaviciaté and Kucinskas, 2002). In the research conducted by A.
Urnikyté (2019), quantitively slight differences between ethnolinguistic groups were detected, and
weak signals of genetic structure were found. However, how these groups differ is yet to find out. In
this work, high-density single-nucleotide polymorphisms (SNP) genotyping data of 424 Lithuanian
individuals was applied to detect specific genome regions affected by positive natural selection in
the main ethnolinguistic groups of Lithuania. The characterization of genetic diversity especially
analysing geographically specific regions, may aid in a much better understanding of the
microevolutionary processes affecting local human populations (Urnikyté et al., 2019).

The work is relevant because such research expands knowledge of basic science and helps
to understand links between natural selection and diseases and the evolutionary mechanisms that
lead to the fact that predisposition to certain diseases is different at the individual and the population

level.



AIM AND TASKS

Research Question/Hypothesis:
The main objective of this research is to analyze signatures of positive natural selection of two main
ethnolinguistic groups, Zemaiciai and Aukstaiciai, from genome-wide SNP genotyping data. The

main question is whether natural selection is acting equally on genomic groups under study.

Tasks:
1. To perform population genetic structure analysis of the Lithuanian population.
2. To infer relatedness from genomic data in the Lithuanian population.
3. To investigate signals of positive natural selection in two main ethnolinguistic groups of the
Lithuanian population.
4. To identify top significant candidate genomic regions and pathways enriched for signals of

positive selection in the Lithuanian population.



1. LITERATURE REVIEW

1.1. The genetic prehistory of Balts

The archaeological records of The eastern Baltics populations show that the first settlement
in contemporary Lithuania was founded relatively late. Early inhabitants in this area were reindeer
hunters who came to the Eastern Baltic region after the retreat of the continental ice sheet ~12 000
years before today, at the end of the last glaciation As climate conditions improved around 7,500-
10,000 years before present in the Eastern Baltic region, the first stable settlements appeared
(Gimbutiené, 1985). The oldest settlements in southern Lithuania are about 2,000 years older than
the first settlements in Latvia and Estonia (Rimantiené, 1996)

Genomic ancestry studies show that Present-day Europeans have predecessors in three
profoundly separated source populations: European hunter-gatherers who inhabited the European
continent during the Upper Paleolithic period, Europe's first farmers who migrated from Anatolia
across Europe at the beginning of the Neolithic Age around 8,000 BC, and populations from the
Pontic Steppe that reached continental Europe in the final Neolithic and early Bronze Age around
4,500 years ago (Lamnidis et al., 2018). Subsequently, most present-day Europeans can be
considered a mixture of these three ancestral populations (Patterson et al., 2012).

However, this particular model is inadequate for Baltic populations, from whom lithuanians
originated. Anthropological and genetic studies proved that early farmers expanded from Anatolia
and mostly replaced hunter-gatherer populations in Europe in the Neolithic period's final years
(Lazaridis et al., 2014). The study published in 2017 by Jones et al. provides information that farmers
did not mix with hunters-gatherers in the Baltic as they did in Western and central Europe. Therefore,
until the great migrations during the Bronze Age, the Baltic hunter-gatherer genome remains
exceptionally unchanged (Jones et al., 2017; Mittnik et al., 2018).

After the Neolithic period, historical records reveal that Finno-Ugric tribes enter the Baltic
region from the East around 6000-5000 BC. Finno-Ugric-speaking ethnic group is viewed as the
ancestors of modern Estonians (Laitinen et al., 2002). The migration wave of steppe pastoralists
considered the Indo-European languages in Europe came from the South around 1000 years later
(Haak et al., 2015). The genetic component brought by the steppe nomads spread and can be
detected in modern-day European populations in a decreasing northeast to the southwest gradient
(Lazaridis et al., 2014). It can be found in the genome of present-day latvians and lithuanians
(Cesnys and Bal&itiniené, 1988).

However, local hunter-gatherers societies were not replaced entirely, left a lasting genetic
impact on the ancestry of Eastern Baltic occupants, and can explain why modern-day Eastern Baltic
populations' genetic signature is remarkably unique (Haak et al., 2015).

This theory was confirmed by A. Urnikyté (2019). In her research, she included ancient

individuals from different periods throughout Western Eurasia to distinguish the genetic signature
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prehistoric sources that shape the specificity of present-day lithuanians (Urnikyté et al., 2019). Three
main different archaic genetic signatures were found: the Early to Middle Bronze Age Steppe
pastoralists, pre-Neolithic Hunter-Gatherer groups, and Late Neolithic Bronze Age Europeans. It
confirmed the theory that Neolithic movements from Anatolia, which contributed to genetically
differentiated populations in Europe, are not particularly prevalent in Lithuania. This research
confirmed the unique genetic distinctiveness of lithuanians when compared to European populations
(Mittnik et al., 2018).

The Baltic tribes were completely differentiated around 2000—-1500 years before the present.
According to the collected data, around 500 BC, Finno-Ugric tribes were still living in the northern
Curonian lands and Latvia's entire territory to the north of the Daugava River. When the tribes of
Semigalian, Selonian, Curonian and Latgalian people and their languages began to blend into the
one population in the north, the formation of the Latvian nation began. East Baltic tribes remained in
the South and constituted a rise to the Lithuanian population (Kucinskas, 2001).

The Lithuanian population was divided into two large groups. One of them was the group
who lived around the mouth of Nemunas river called Zemaigiai ("Lowlanders"), and another group
was the AukStaiciai ("Highlanders") who inhabited lands further upriver to the east. Both of these
groups were composed of several tribal territories or lands. The territory of Lithuania was also
surrounded by other Baltic tribes that were closely related to the lithuanians. The Scalvians,
Yotvingians were living in the west and southwest. The Prussians were inhabiting the territory of
today's north-eastern Poland and the Kaliningrad. The Curonians occupied the lands along the
western coast of present-day Latvia and Lithuania (Kasekamp, 2018).

The formation and relationships of Baltic tribes led to the development of the different
Lithuanian dialects and, eventually, to the regional linguistic differentiation. There are six different
dialects distinguishable in present-day Lithuania: three groups from Zemaigiai (north, west, and

South) and three groups from Aukstaiciai (west, south, and east (Urnikyté et al., 2019).
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Figure 1.1: The map of the Baltic tribes. The Eastern Balts are shown in brown tones, and the
Western Balts are shown in green. The boundaries are approximate based on a map by Marija
Gimbutas, published in The Balts (1963).

1.2. Structure of the Lithuanian population

The influence of the different tribes of Balts suggested a theory that lithuanians could be a
heterogeneous population. All ethnolinguistic regions in the state have distinct dialects and
differences in cultures and traditions. However, collected anthropological data of the Lithuanian
population led to the conclusion that differences between Aukstaiciai and Zemaiciai disappeared in
the Middle Ages. Onwards, the Lithuanian nation was viewed as a very homogeneous population
(Cesnys and Balgitiniené, 1988).

To investigate whether the influence of the different tribes can be demonstrated in the gene
pools of current Lithuanian ethnolinguistic groups, individuals from six different ethnolinguistic
groups were analyzed. Physical features (dermatoglyphics), serological markers (12 blood group
systems, 3 systems of serum proteins), and modern DNA markers (mtDNA, genomic Y chromosome
markers, and whole-genome markers: STR, SNP) were studied.

The first research that detected differences between occupants of the separate geographic
regions in Lithuania was conducted by N. Klevcova and V. Kucdinskas (1987) and focused on
phenetic distances - dermatoglyphic features of fingers and palms. Lithuanian regions were found to
differ significantly. It was noticed that according to dermatoglyphic features, maximum genetic
distances were found between south AukstaiCiai and other Lithuanian ethnolinguistic groups
(Kucinskas, 2004).



Differences between ethnolinguistic groups were also determined by studying the distribution
of ABO and Rh (D) blood groups in the Lithuanian population. Based on the obtained results,
Zemaigiai is the most homogeneous as an ethnolinguistic group and as a region (Kuginskas et al.,
1994). These results confirm that the Zemaigiai are autochthons and that Aukstaigiai is eastern Balts
that immigrated later (Kuc€inskas, 2004).

By analyzing Alu sequences, statistically, significant differences were determined between
Northern Zemaitija and Southern Aukstaitija, and results of the first mtDNA restriction fragment
length polymorphism studies (RFLP) showed minimal differences between Aukstaigiai and Zemaiciai
(Kuc€inskas, 2001, 1994).

Ethnolinguistic groups were studied by mtDNA and Y chromosome, and statistically significant

Domarkiené I. (2014) conducted exciting research to find clinically significant and specific for
the Lithuanian population genomic markers of Coronary heart disease (CHD). No statistically
significant differences between Aukstaiciai and Zemaigiai were found. Consequently, it can be said
that according to the number of tested risk alleles per person, the Lithuanian population is
homogeneous.

A group of 253 individuals was also studied using whole-genome SNP analysis. A dendrogram
of six Lithuanian ethnolinguistic groups was formed using a hierarchical clustering method based on
genetic distances (Fig. 1.2). Three groups were formed: Northern, Western, Southern Zemaitija,
Eastern and Western Aukstaitija, and Southern AukStaitija. The last group (Southern Auks3taitija-
Dzikija) has the most considerable distance from the other two groups (Uktveryté, 2014).

Summarising the obtained results from all of the researches, it was stated that the southern
Aukstaiciai group stood out from all Lithuanian ethnolinguistic groups (Kucinskas, 2017). Knowing
the tribes that were inhabiting Lithuania, the differences could be explained by the fact that the
Northern Zemaigiai and the inhabitants of the Curonian Spit of Latvia have taken over a part of the
ancient Curonian gene pool. The data of the southern Aukstai€iai suggest that they inherited part of
the Jotvingian gene pool (Kucinskas, 1994).

The most recent study was conducted by A. Urnikyté (2019), and results display lithuanians
as a homogeneous population. She also concluded that the genetic differentiation between the

Lithuanian ethnolinguistic groups is quantitatively small, even if statistically significant.
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Figure 1.2: Dendrogram of Lithuanian ethnolinguistic groups, composed based on autosomal SNP
data. Ethnolinguistic groups are separated into clusters by the lines in the picture on the right
(Uktveryté 2014).

1.3. Natural selection

Natural selection is the primary source of evolution. Individuals who are better adapted to their
environment tend to survive and reproduce more successfully, changing the distribution of heritable
biological traits in the population. Other factors, for example, mutation and genetic drift, are also
critical evolutionary factors. However, selection plays a unique role in driving adaptation, the
evolutionary changes in response to environmental stimuli. Therefore, studying natural selection is
critical in understanding how populations adapt to the environment (Balding et al., 2019). For
example, the indigenous Bajau ("Sea Nomads") people of Southeast Asia practice a traditional
marine hunter-gatherer lifestyle and are the first known people genetically adapted to diving (llardo
et al., 2018).

Detection of selection signals also is very significant in the medical field. As selection acts on
the phenotype, segments subject to selection are often of functional importance. For example, it can
be associated with resistance to pathogens or genetic diseases (Balding et al., 2019). Pathogens
have been shown to harbour genes that are continually evolving. As immune systems and host
genes themselves adapt over time, evolution gives them the ability to remain virulent. Pathogens
indeed are thought to be the primary selective pressure that has left its mark on the human genome.
It is suggested that the mortality of diseases such as plague explains the presence of widespread,

unidentified selection signals in the human genome (Corona et al., 2018).
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1.4. The different types of natural selection

The types of natural selection have been clearly described by Kimura (1983). The removal of

deleterious mutations is called negative or purifying selection because if a mutation is deleterious, it

soon disappears from the population. In the same way, the selection of favorable mutations is called

positive selection. However, the most common instance in evolution is so-called neutral selection.

Typically, selection could be classified into these types (Loewe, 2008):

Stabilizing selection - the stabilization of the most common variant in the population. This
selection occurs when the population stabilizes on a variant that is not an extreme case. Itis
one of the most common natural selection types because most variants do not change
drastically in frequency.

Directional selection - selection in which one of the alleles and its variants are favored,
resulting in a shift toward that allelic variant over time.

Disruptive selection - this selection occurs when a change in the environment increases the
rare variant's fithess. The most common variant becomes relatively more minor compared to
the formerly rare variants.

Balancing selection - in this selection, all alleles in the population remain stable because they
are approximately equal in fitness, so all alleles remain in the population, increasing

variability.

Although many different types of selection processes are recognized, most research has

focused on developing methods to detect instances of positive selection (Fan et al., 2016). One

reason for this is practical, as detecting positive selection may be more accessible due to the more

conspicuous signature it leaves in the genome (Vitti et al., 2013). A positive selection might be the

main focus of many research pieces because it could be considered a primary driver of local

adaptations, especially in human history (Figure 1.3) (Fan et al., 2016; Vitti et al., 2013).
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Figure 1.3: Examples of recent human local adaptation. Each example includes the candidate gene

under selection, the phenotype, and/or the selective pressure (Fan et al., 2016).

Positive natural selection can lead to a smaller genomic diversity at the selected locus and loci
linked to it. That produces a characteristic signature of increased expected haplotype homozygosity.
Detection of indication of positive selection in genomes is accomplished by searching for signatures
caused by selective sweeps. These selective sweeps are commonly classified into two types - soft
and hard. Classification is based on their influence on the population. Hard selective sweeps
influence the population and leave the selected region only in the population of interest. That is called
fixating. On the contrary, soft selective sweeps fixate only partially. Hard selective sweeps can be
recognized as an excessive number of variants in low frequencies (Pavlidis and Alachiotis, 2017).

Selective sweeps are significant in the modern world, especially as they are considered critical
factors in disease-causing bacteria and viruses' ability to affect their hosts and remain despite the
medicines used to treat them. Bacteria, and especially pathogenic bacteria, live very shortly,
meaning that natural selection will cause beneficial allele, which makes bacteria more pathogenic,
disperse rapidly, and the less dominant haplotypes will be diminished. The promise of very fast
change combined with intense selection pressure from external forces such as antibiotics or
antivirals results in many selective spreads. Natural selection and the brief life spans of the
pathogens have caused selective sweeps in influenza and Toxoplasma gondii (Kirkpatric, 2016).

The selective sweeps in bacteria have proven to be harmful to humans, but selective sweeps

can help humanity likewise. For example, there is evidence that the selective sweeps should be held
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accountable for uniting a differing population into what we know as modern-day corn. Farmers
selected only optimal offspring’s applying artificial pressure and forced a rapid evolution of corn. The
optimal traits are chosen, and the intense evolutionary pressure produced a selective sweep. The

selective sweep, in this case, proved most beneficial to humans (Kirkpatric, 2016).

1.5. Methods to detect positive natural selection

Selective sweeps alter many measures of genetic variation. Most commonly, methods that
focus on three different measurements are used in the analysis: linkage disequilibrium (LD), site

frequency spectrum (SFS,) and population differentiation-based tests.

1.5.1. Linkage disequilibrium-based methods

Most of the LD-based methods focus on finding a specific signature of a selective sweep of a
particular LD pattern, which occurs between SNPs in the neighbourhood of the target site for positive
selection. It focuses on the loci of beneficial mutation. When mutation rises in frequency, LD levels
rise on each side of the particular area. In contrast, decreased LD levels are spotted between sites
located on different sides of the selected region. The high LD levels on different sides of the selected
locus can be detected because of the recombination in the genome. It lets existing polymorphisms
on the same side of the sweep avoid the sweep. However, polymorphisms located on the different
sides of the chosen locus require a minimum of two recombination occurrences to avoid the sweep.
Since the recombination is happening independently, the observed value of LD is reduced between
SNPs located on different sides of the positively selected mutation (Pavlidis and Alachiotis, 2017).

LD-based methods to detect natural selection are very handy for identifying variants with a
partial or incomplete selective sweep. A new mutation rises to a reasonable frequency in the
population rather than achieving fixation. One of the developed tests is extended haplotype
homozygosity (EHH). It estimates the probability that two randomly selected haplotypes are identical
up to a distance x around a particular candidate single nucleotide polymorphism (SNP) called the
core SNP. The rate at which EHH decays to 0 with respect to x reflects the core SNP's age, and that
depends on selection strength (Sabeti et al., 2002). The slow decay of EHH shows the recent
selection. So, the region surrounding the selected allele often is more depleted of variation and
recombination, and in that case, EHH decays more slowly than under selective neutrality. Therefore,
a raised level of EHH around a core SNP helps detect loci under positive selection (Balding et al.,
2019).

The method widely used to detect natural selection is the cross-population extended haplotype
homozygosity (XP-EHH) statistic. This method takes into comparison lengths of haplotype between
populations to control local variation in recombination rates (Vitti et al., 2013).

Another analysis based on EHH is the Rsb test, used to detect such signatures of recently or
almost completed selective sweeps. This test finds haplotypes that are selected positively in one
population by estimating the length of haplotypes around each allele at a core SNP, then comparing

13



these lengths between populations. The Rsb test can detect genetically differentiated regions across

the two populations (Pavlidis and Alachiotis, 2017).

1.5.2. Site frequency spectrum-based methods

Site frequency spectrum (SFS) based methods rely on the belief that frequency of variants is
affected by selective sweeps in predictable ways, i.e., a higher proportion of high and low-frequency
variants and a smaller proportion of intermediate-frequency variants. Many tests compare different
estimates of scaled measures of genetic diversity (8) depending on the different SFS aspects. The
estimates of 8 should result in similar values when neutral because if selective sweeps occur, the
estimates are unequal. Other tests that compare the SFS with neutral assumptions of specific
genomic regions based on the entire data set or data from a second population can be used. Parts
that experienced natural selection will deviate strongly from neutral assumptions. However, the
frequency spectrum gets back to baseline gradually. The alterations, however, can be distinguished
even after several hundred thousand years in human populations, meaning that it stays for
thousands of generations (Pavlidis and Alachiotis, 2017).

The pioneer method to detect a signal of natural selection was Tajima's D statistics, and it is
the most commonly used test. Tajima's D test depends on analyzing the number of pairwise
differences between individuals compared to the total nhumber of segregating polymorphisms
(Tajima, 1989). When studying a sample, low-frequency alleles contribute less to the number of
pairwise differences than do alleles of intermediate frequency. An excess of rare alleles inflates the
value disproportionately to the former. In such a way, smaller (more negative) Tajima's D values
indicate an excess of rare alleles, indicating a positive selection or population expansion. Several
variations of this method have been developed to account for each allele's polarity and to measure

the frequency of rare alleles in different ways (Vitti et al., 2013).

1.5.3. Population differentiation-based methods

Tests on population differentiation are based on the assumption that populations occur in
diverse environments and different selection regimes. When positive selection is suspected,
advantageous alleles and variants linked to it are at very high frequencies in applicable populations,
while intermediate to low frequencies are expected in contrast. Thus, disproportionately high
population differentiation is expected for these loci compared to neutral loci. The simplest method is
to perform a comparative analysis of nucleotide diversity between regions of genomic populations.
If the incidence of SNP in a single population is very high compared to the other group of people, it
can be assumed that the reason is natural selection (Weigand and Leese, 2018).

Wright's fixation index (Fsr) is the most advanced population differentiation-based method
used to detect the signature of selection using genome data. This method is based on the variance

of allele frequencies and can be used to compare those frequencies within or between the
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populations. Large values of Fsr statistic signify strong differentiation between populations and

suggest the directional selection. Comparatively small values indicate that the compared populations

are homogeneous and indicate balancing or directional selection in both (Vitti et al., 2013).

Table 1. Overview of different methods commonly applied to detect micro-evolutionary patterns of

positive selection (based on Weigand and Leese, 2018).

Method Type of data § Method Type of data § Method Type of data

disequilibrium- @ Site frequency spectrum-

Linkage

based methods

based methods

Population differentiation-

based methods

LRH Haplotypes Tajima's D | Genotypes or | FDist Allele
allele frequencies
frequencies

iHS Haplotypes Fu and Li's | Genotypes or i BayeScan | Allele

tests allele frequencies
frequencies

XP-EHH Haplotypes Fay and | Genotypes or # FLK Allele

Wu's H allele frequencies
frequencies

Rshb Genotypes CLR Allele

or frequencies
haplotypes

H12 Genotypes XP-CLR Allele
frequencies

w statistic | Haplotypes Pool-HMM | Pooled
sequence
data with the
quality score

HapFLK Genotypes
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CLR, composite likelihood ratio test; FLK, extended Lewontin and Krakauer test; iHS,
integrated haplotype score; LRH, long-range haplotype test; XP-CLR, cross-population

composite likelihood ratio test; XP-EHH, cross-population extended haplotype

homozygosity.

1.6. Challenges in detecting natural selection

While each method of natural selection detection has its specific strengths and limits, there are
many challenges that these tests share, particularly in interpreting their results. There might be many
other probable explanations other than natural selection for the observed genomic outcomes. For
instance, demographic events (migration, expansions, and bottlenecks) can frequently produce
selection-mimicking signals(Vitti et al., 2013). In the past, many researchers have attempted to
reduce the chances of this risk by comparing locus-specific data with genome-wide data because
demographic events are thought to influence the genome as a whole. In contrast, selection usually
works in a more targeted approach. However, in recent years, some have challenged this outlier
approach, arguing that if a selection is ubiquitous, then distributed patterns of genetic hitchhiking
would be misinterpreted as reflecting demographic events (Vitti et al., 2013).

Another recurring challenge that researchers have to deal with when detecting natural
selection is systematic biases that might be present in the study's data. Most selection studies are
known to use SNP data (Vitti et al., 2013). The data is collected by the usage of genotyping arrays
specifically created to detect known polymorphisms. Based on the used SNP detection protocols,
some of the low-frequency alleles might remain undetected, and they end up excluded from datasets.
That means generated data do not represent the full degree of genetic diversity. This disadvantage
is recognized as ascertainment bias. To reduce the weight of ascertainment bias, it is essential that
the SNP detection protocol is acknowledged and that correct statistical measures would be taken
(Balding et al., 2019).

For the results to be correct and significant, it is crucial that the specific time at which a selective
sweep occurred is considered because the different characteristics analyzed in the tests show other
detection rates for younger and older events of positive selection. For example, LD based EHH
method can provide information on a natural selection that began <30 thousand years ago, while
Tajima's D statistics can identify signals that are as old as 250,000 years (Vatsiou et al., 2016).
Figure 1.4 shows the time-scale during which different classes of tests are best able to detect

selection.
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linkage disequilibrium; LRH, long-range haplotype test; SFS, site frequency spectrum; XP-CLR,
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homozygosity (Weigand and Leese, 2018).

1.7. Review of the relevant studies

Investigating the role of natural selection in influencing adaptations to the environment, diet,
and diseases in humans is a prevalent issue. Populations must adjust to new environmental
conditions with varying climatic conditions and food resources. This type of environmental and
nutritional stress typically induces genetic adaptation (Vasseur and Quintana-Murci, 2013). An

illustration of such a mechanism is the evolution of fatty acid desaturases (FADS) genes. Because
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of exposure to a protein-rich diet and the low temperature of the Greenland Arctic region, these
genes are impacted and produce positive selection signals in Inuit populations (Fumagalli et al.,
2015).

The characterization of these adaptive events represents a highly anticipated opportunity to
explore the genetic basis of human adaptation and its crucial medical implications, turning out to be
considerably necessary for evaluating the genetic causes behind human diseases (Piras et al.,
2012).

However, most of the studies focusing on natural selection have targeted the adaptations that
evolve throughout distances that extend hundreds to thousands of kilometers. Just a few of these
studies have explored variation at microgeographic scales as small as tens of kilometers as it has
been assumed that excessive rates of gene flow will limit adaptive divergence at fine spatial scales
(Richardson et al., 2014). With an increasing amount of genetic data collected from hundreds and
thousands of individuals, it can be stated that most if not all human populations display at least some
degree of genetic population structure, even at small scales (Pankratov et al., 2020). Actually, many
studies have accentuated that the genetic structure of the population should always be considered
when investigating genetic associations and natural selection signals because if undetected, it may
give false-positive results, even in datasets representing one nation or ethnic group (Kerminen et al.,
2019).

However, more information about the effects of structure on population genetic analyses is
needed. Further research may help answer many questions, such as whether local groups within a
country may actually be different in their evolutionary histories, particularly in more recent times, and
would help determine if analyzing such groups separately might offer more information into the
population's past (Pankratov et al., 2020).

Several studies can already be found that demonstrate the importance of sampling strategies
that consider the substructure of relatively homogeneous groups of individuals. The population
substructures were detected in geographically and culturally homogeneous population isolates such
as Iceland and Finland. It confirmed that even inhabitants of the isolated region should not be
considered a single population (Pistis et al., 2009).

Studies of natural selection also benefit from the clustering of human populations into
subgroups. For example, one study examined genetic structure within Cameroon that might
determine differences among Cameroon ethnic groups in genome-wide malaria association studies
in Saharan Africa. Three regions of Cameroon and three ethnic groups were included in the study
population. Model-based clustering revealed differential ancestry proportions among ethnic groups.
Strong selection signatures were found in the Human Leukocyte Antigen (HLA) - malaria-resistant
gene region. It confirmed the long-standing knowledge that natural selection affected African
populations in this genomic region due to immense disease pressure. The results also showed that
regions affected by natural selection were, in fact, different between the different ethnic groups.

These selection signatures implicated genes associated with disease response (Esoh et al., 2021).
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Modes and targets of positive selection were also investigated in five groups that were living
in Ethiopia. Group-specific and standard signals of selection were found. It was associated with
vitamin B's metabolism from foods, ultraviolet response, and skin pigmentation standing out as a
common pathway, probably in response to high ultraviolet irradiation. In genes such as IFNA, MRC1,
immunoglobulins, and T-cell receptors, strong selection signals were identified, as they contribute to
pathogen defence (Walsh et al., 2020).

The research for signatures of natural selection was also conducted in Estonia. They
concluded that different regions of Estonia differ in both adequate population size and signatures of
natural selection. Performed analysis showed that South-East Estonia strongly genetically
differentiates from the other parts of the country. Researchers found that expression levels of the
EPM2A gene, which is associated with Lafora disease, were elevated in this region, as well as levels
of the GRMS5 gene, which has been shown previously to be a potential target of natural selection for
the pigmentation phenotype (Pankratov et al., 2020).

A precise understanding of fine-scale genetic population structure is also essential in the
medical field as better results in diagnostic and treatment of the disease might be more successful
when individuals with a disease can be compared to healthy individuals with the same genetic
background. Finnish population considered a homogeneous population, can be divided into small
genetic populations that are geographically clustered. Finnish population was divided into 52
subgroups, and the groups followed the old dialect areas of Finland. Geographical isolations of
Finland due to the country's very Nordic location and cultural isolation because of religious and
linguistic boundaries led to the enrichment of disease-causing genes and the loss of others.
(Kerminen et al., 2019).

To conclude, the observations presented in these studies suggest that population stratification
should be taken into account while conducting genetic research. Even small populations that occupy
the relatively small area with no solid geographic barriers might be genetically structured and exhibit
interregional differences such as potential action of natural selection. Consequently, detailed
knowledge of the regional genetic differentiation in such populations can be crucial to minimize the

risk of false-positive results in genetic studies (Pistis et al., 2009).

19



2. METHODS

2.1. Study samples

The analysis was conducted with samples of 425 individuals from six ethnolinguistic groups
collected in the Lithuanian population. The samples were grouped by dividing Lithuania into two main
regions (Aukstaitija and Zemaitija) and then subdivide each region into smaller groups by dialect.
Samples were collected from three groups of Aukstaitija (western (n = 79), southern (n = 67), and
eastern (n = 79)) and three groups of Zemaitija (northern (n = 79), western (n = 43), and southern (n
= 78). Participants of the study had to confirm affiliations with a particular ethnolinguistic region for
at least two generations in the past. Genomic DNA for this study was extracted from venous blood.
Genotyping was executed with the Illlumina HumanOmniExpress-12 v1.1 and the Infinium
OmniExpress-24 at the Department of Human and Medical Genetics, Institute of Biomedical
Sciences, Faculty of Medicine, Vilnius University, Lithuania. The individuals all contributed DNA
samples voluntarily and provided written informed consent. The ethical approval of this study was
provided by the Vilnius Regional Research Ethics Committee No. 158200-05-329-79.

The data used in this research were collected in 2011-2013, during the LITGEN project (VP1-
3.1-SMM-07-K-01-013).

All the genotyping data used in this study have been downloaded and are freely available at
https://figshare.com/articles/Patterns_of _genetic_structure_and_adaptive_positive_selection_in_th

e_Lithuanian_population_from_high-density SNP_data/7964159.

North Zemaitija

East Aukstaitija

west 74 South Zemaitija .
est Zemai |%a

West Aukstaitija

South AukStaitija

Figure 2.1. Map of the sampling sites. The number of samples per region is indicated in circles
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2.2. Quality control of data

Quality control of the dataset was performed using plink v1.09 software (Chang et al., 2015)
based on the standard manufacturer recommendations. The criteria for the exclusion process was:
1) individuals with a missing rate >10%; 2) SNPs with a missing rate >10%; 3) SNPs with minor allele
frequency (MAF) <0.01; 4) SNPs deviating from Hardy—Weinberg equilibrium (P <0.0001). After
quality control, one person was removed, 424 individuals and 589 752 SNPs remained in the dataset
of the study.

Multidimensional scaling analysis (MDS) was executed to test population stratification
between different ethnolinguistic groups. Only SNPs with pairwise r? < 0.5 were used in this analysis.
Pruning analysis was performed using plink (v1.09) command: plink --file data --indep-pairwise 50 5
0.5. After pruning, 300129 SNPs remained for subsequent analysis. MDS was also performed using
plink (v1.09) —mds-plot and —cluster options, visualized by R programming language (R Core Team,
2018). Individuals outside of their expected group clusters were excluded from further analysis. Eight

individuals were identified as outliers and removed, leaving the dataset with 416 samples.

2.3. Relatedness

The kinship and the inbreeding (F) coefficients were calculated using the SEEKIN
(SEquence-based Estimation of KINship) (Dou et al., 2017) and plink (v1.09) (Chang et al., 2015)
software, respectively, to ensure that individuals participating in the study are unrelated. Based on
the results of this analysis, individuals with inbreeding coefficients higher than that expected for
second cousin mating offspring (F values = 0.0156)) were removed for all subsequent analyses. In
pairs where values of kinship coefficient > 0.0084 (2nd-degree relative) were detected, one individual

from each such pair was removed to minimize sample loss.

2.4. Detection of Natural Positive Selection

The original Lithuanian SNP genotyping data were merged with the 1000 Genomes Project
(1KGP) phase 3 data set (Auton et al., 2015). Three populations were selected in particular: Africa,
including the Yoruba in Ibadan, Nigeria (YRI), Finnish in Finland (FIN), Europe, including Utah
residents with ancestry from northern and western Europe (CEU). SNP data sets were merged for
analysis using only a common subset of SNPs, and quality control was repeated using the same
criteria as in the analysis above. The generated dataset consisted of 249,794 distributed genome-
wide in a total of 712 individuals. For this purpose, the plink (v1.90) command —merge was used.
For analyses that require phased data, phasing was done using Beagle software with default
parameters (Browning and Browning, 2007).

For finding signatures of recent positive selection, the two EHH-based metrics were

calculated using the REHH v3.0.1 package in R (Gautier et al., 2017). The Rsb and XP-EHH scores
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were computed. Both methods are based on the differentiation between the population of interest
and reference populations. The analysis was carried out between all possible pairs of populations
among Aukstaigiai (AK), Zemaigiai (ZM), CEU, FIN, and YRI. To identify differentiated regions of the
genome, an exclusion method was chosen based on the empirical distribution of the data. P values
were calculated according to the Rank scores method, proposed to provide a better comparison to
the rest of the genome (Pybus et al., 2014). For identification of SNPs under selection in Aukstaiciai
and Zemaigiai, while comparing it to the populations of 1KGP, only positive Rsb and XP-EHH values
were considered. While comparing ethnolinguistic groups Auks$taigiai and Zemaiciai directly,
negative values were also included. Genomic regions that carry an unusually high density of SNPs
with highly positive values suggest that a selection event is likely to have occurred in one population
but not the other.

In contrast, negative values suggest a selection event in the latter population, but not the
former (Liu et al., 2013). Regions of interest that were detected by Rsb analysis were defined as
those containing at least four neighbouring SNPs exceeding the threshold of Rsb = 4, as suggested
by authors of the software. Regions found by performing XP-EHH analysis were considered as
candidate region if it contains at least four SNPs located at the 0.1% top extreme of the XP-EHH
genome-wide empirical distribution. Genomic regions detected by both methods were selected as
candidate regions and interrogated for genes.

Older natural selection signals were determined by Tajima's D neutrality statistical method.
Tajima's D estimates were calculated using VCF-kit software, selecting a 100 kb sliding window
across all autosomes with a 10 kb step size (Cook and Andersen, 2017). Outliers of the results were
determined from the empirical distribution of Tajima's D p values calculated according to the Rank
scores method. Only negative Tajima's D values were considered to represent signatures of positive
selection (Vitti, Grossman, and Sabeti, 2013). Results with p values <0.01 are included in the further

analysis. Genes were annotated using SNPnexus web-based software (Oscanoa et al., 2020).
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3. RESULTS

3.1. Population Structure and relatedness within the population

The presence of related individuals in a dataset can influence genetic research results
(Cadzow et al., 2014). First, an analysis of genetic relatedness between pairs of individuals in the
Lithuanian population was performed by calculating kinship and inbreeding (F) coefficients.

A total of 4 individuals were identified with an F greater than that typical of second-generation
cousin marriages (0.0156). After investigating kinship coefficients, 14 pairs of individuals appeared
to be related (kinship coefficient > 0.0084). The estimates of F and kinship were sometimes negative
but were increased to zero. Often such negative values can merely reflect random sampling error
(Li et al., 2011). The average kinship coefficient among the studied persons of the Lithuanian
population was set at 0.00074, the average F - 0.0022 (Table 2). The coefficients calculated within
the ethnolinguistic groups showed that Zemaiciai are more related to each other than individuals in
the AukstaiCiai group. A total of 4 individuals were identified with an F greater than that typical of
second-generation cousin marriages (0.0156). After investigating kinship coefficients, 14 pairs of
individuals appeared to be related (kinship coefficient > 0.0084). To minimize sample loss, only one
individual from each pair was removed.

To characterize the ethnolinguistic groups in Lithuania, multidimensional scaling (MDS)
analysis was applied (Figure 3.1). Eight outliers were identified in this step and removed from
subsequent analysis. As expected, MDS analysis showed that ethnolinguistic groups in Lithuania
form a single cluster. That shows that the Lithuanian population is homogeneous. The list of

individuals identified as outliers and removed from the data set can be seen in Appendix 1.

Table 2. Average kinship and inbreeding coefficients determined within the populations of interest

. Number of {\verage. A.vera'ge Individuals
Population |, .. inbreeding kinship
individuals . . . . F > 0,0156
coefficient F | coefficient
Aukstaiciai 223 0.0012 0.00096 1
Zemaidiai 200 0.0033 0.00087
Lietuviai 423 0.0022 0.00074
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Figure 3.1. MDS analysis of the Lithuanian ethnolinguistic groups. Individuals from each
group are depicted by the different colored dots: PA — south Aukstaigiai, PZ — south Zemaigiai, RA

— east Aukstaigiai, SZ — north Zemaigiai: VA — west Aukstaiciai, VZ — west Zemaidiai

3.2. Candidate Regions of positive selection between the ethnolinguistic
groups and 1KGP populations

In the studied populations of the Lithuanian ethnolinguistic groups, areas of the genome
affected by positive natural selection were identified based on large-scale SNP genotyping data. Rsb
and XP-EHH were calculated between all possible pairs of populations under study to detect
putative recent selective events unique to each ethnolinguistic group in the context of 1KGP
populations: CEU, FIN, YRI. The distribution of natural selection signals detected by pairwise
genome-wide XP-EHH and Rsb analysis is shown in the Manhattan plots in Figures 3.2 and 3.3,
respectively. In the analysis of the identified candidate regions for natural selection, more attention
was given to regions containing genes that are involved in human adaptation, such as pathogen

resistance, diet, climate, or pigmentation.
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Figure 3.2. Manhattan plots of -log10 transformed XP-EHH p-values across the autosomes. (a) XP-
EHH in AK-CEU, (b) XP-EHH in AK-FIN, (c) XP-EHH in AK-YRI, (d) XP-EHH in ZM-CEU, (e) XP-
EHH in ZM-FIN, (f) XP-EHH in ZM-YRI. In each plot, green dots indicate 0.1% outlier regions
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Figure 3.3. Manhattan plots of -log10 transformed Rsb p-values across the autosomes. (a) Rsb in
AK-CEU, (b) RSB in AK-FIN, (c) RSB in AK-YRI, (d) RSB in ZM-CEU, (e) RSB in ZM-FIN, (f) RSB
in ZM-YRI. In each plot, green dots indicate SNPs exceeding the threshold
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XP-EHH analysis aided in the identification of 64 candidate regions possibly affected by
recent positive natural selection in populations of interest. The exact number (64) of the regions was
detected in both ethnolinguistic groups, Aukstai¢iai and Zemaigiai. Using Rsb analysis, 54 candidate
regions were detected in the Aukstaigiai population and 70 in the Zemaigiai population. The genomic
regions used in the subsequent analysis were the ones detected by both EHH-based methods. In
conclusion, 34 genomic regions putatively under selection were found in the ethnolinguistic group of
Aukstaiciai, and 38 regions in the group of Zemai&iai (Appendix 2). Some of these overlap in both
groups meaning that they are not population-specific. Unique signals detected in each ethnolinguistic
group and significant SNPs detected using each method are summarized in Table 3.

The strongest signal in Aukstaiciai ethnolinguistic group was detected in chromosome 10 at
a ~148 kb region. No protein-coding genes were identified in this specific region. However, this
region reported being associated with body fat distribution, measured by waist-to-hip ratio (WHR)
adjusted for body mass index (BMI), as well as elevated levels of high-density lipoprotein levels
(Pulitetal., 2019; Richardson et al., 2020). Another top significant signal was spotted in chromosome
1, region 94550555 - 94575440, size ~24 kb. Here, SNP variants rs4147825
(NC_000001.10:9.94560938G>A) and rs4147823 (NC_000001.10:9.94561272A>C) was identified
in gene ABCA4. This gene provides instructions for producing a protein found in the retina, the
specialized light-sensitive tissue that lines the back of the eye (Tracewska et al., 2019). The region
in the 7th chromosome detected in this study harbours many genes. The one gene SMKR1 is
associated with a prudent diet consisting of fruits, vegetables, whole grains, legumes, nuts, fish, and
low-fat dairy products (Guénard et al., 2017). Another gene in the same region that was found
analyzing the AukstaiCiai population was the gene NRF1 (variant rs754386,
NC_000007.13:9.129214174G>A), and it can be linked to BMI. Also, region 27124745 - 27164220
in chromosome 9 harbours gene TEK, where Upstream transcript variants were identified rs2232419
(NC_000006.11:¢9.28367768G>A), provides instructions for making a protein called TEK receptor

tyrosine kinase (Limaye et al., 2009).

27



approaches in two ethnolinguistic groups of the Lithuanian population

a b Reference
Population |CHR [START  [END SN SNP Genes
(XPEHH) (Rsh) |Population
1| 94550555 | 94575440 5 10{cEU ABCA4
4| 23822328 | 23901275 5 6|CEU PPARGCLA
5| 70025867| 70997465 4 FIETY MECC2
NRF1, UBE2H,
ZC3HCY,
KLHDC10,
TMEM203,
SSMEM1, CPAZ,
Aukitaitiai 7| 129199328| 129979363 |4/11 4/5  |CEU, FIN CPA4, SMKR1
ZNF79, RPL12,
9| 130172485 | 130311404 4 4|cEu LRSAMI,
FAM129E
o] 27124745 | 27164220 9 5[FiN TEK
[ o
10| 33296362 | 33444837 7 10|CEU NA
18| 22133526 | 22491296 4 10|CEU NA
77863068 | 77924890 13 17|cEU AKS
53846965 | 53854488 4 5|CEU GPR75-ASE3
CACNBA, STAM2,
2| 152919055| 153391282 9 4|FIN EMNL
5LC3IBA10,
2| 196328390 | 197078179 9 5| YR DNAHT, STK17E,
HECW?2
3| 1316884 | 1323078 G 5|cEU CNTNG
3| 153507426| 153538769 8 5|CEU NA
5 4| 124337522| 124387560 9 10{cEU NA
emalclal 4| 32504107 | 32640624 5 7[FIn A
HLA-DME, HLA
6| 32002001 | 32974934 7 4|CEU DA, BRD2, HLA
DOA
6| 57121684| 57182068 11 10{cEU PRIM2
6| 11643081 | 11764205 6 7[FIN ADTRP
11| 43201350 | 43550070 6 4|cEu API5, TTC17
12| 84152210 84164303 8 5|CEU NA
12| 104808716| 104845732 6 4|FIN NA
12| 113124351 | 113208518 6 a|FIN RPH3A
15| 48042146 | 48122127 12 a|FIN SEMAGD
a, b - significant SMPs detected in each region identified by using ether XP-EHH or Rsb analysis;

c- NA, no protein-coding genes detected in this region

Table 3. Non-overlapping genomic regions under positive selection identified with two EHH-based
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In the ethnolinguistic group of Zemaigiai, the strongest signal was detected in chromosome
1, region 77863068 - 77924890 (size ~61 kb). This site harbors the gene AK5, and four transcript
variants were identified here (rs12034899 (NC_000001.10:9.77903611A>G), rs6658302
(NC_000001.10:9.77908985A>G), rs10873941 (NC_000001.10:9.77902981G>A ), rs12407481
(NC_000001.10:¢9.77904451G>A)). This gene encodes a member of the adenylate kinase family,
which regulates the adenine nucleotide composition within a cell by catalysing the reversible transfer
of phosphate groups among adenine nucleotides. The AK5 can be associated with BMI (Pulit et al.,
2019). The second strongest signal was observed in chromosome 15. Here the gene SEMAGD can
be found (non-synonymous variant rs532598 (NG_029119.2:9.586669G>A)). The mutations in this
specific gene are associated with traits such as pork consumption, fish and plant-related diet, oily
fish consumption (Niarchou et al., 2020). Many genes in the group of Zemaiciai were linked to the
BMI and body composition (DNAH7, HLA-DMA, STAM2, STK17B), however non-synonymous

variants were not detected.

3.3. Adaptation within the Lithuanian population

Using the same two XP-EHH and Rsb methods of analysis, candidate regions putatively
affected by natural selection were identified, comparing two ethnolinguistic groups of Lithuania,
Aukstaigiai, and Zemaigiai. Positive scores suggest that selection is likely to have happened in
population Aukstaigiai. In contrast, negative scores suggest the same about population Zemaiiai
(Figure 3.4) (Sabeti et al., 2002). Outliers were detected using the same thresholds as in analysis
using 1KGP populations.

Seventeen candidate regions possibly under the positive selection were found - 7 in the
Aukstaigiai group and 10 in Zemai&iai. All genomic regions detected in the Aukstaigiai population
were unique in comparison with the results collected in the previous step, while 5 regions in the

Zemaigiai population were already detected (Table 4).
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Figure 3.4. Manhattan plots of selection signatures determined by comparing AK and ZM groups
using (a) Rsb and (b) XP-EHH approaches

The strongest signal in the Aukstaigiai population, while comparing it to Zemaiciai, was
identified in chromosome 9 (size ~86 kb). This region does not harbour any protein-coding genes,
but three intron variants were detected here (rs4271029, rs10869119, rs7851511). They do not have
any reported clinical significance. The same situation is in another significant region, 30805404 -
30850795 in  chromosome 5. In the chromosome 1, \variant rs12029094
(NC_000001.10:¢9.215889410G>A) were found in gene USH2A, which is known to be associated
with vision problems (Huang et al., 2018).

In the Zemaigiai ethnolinguistic group, the strongest signal was observed in chromosome 1,
region 77820127 — 77955556. Here the gene AKS5 can be found. The same putatively under natural
selection region was recognized while comparing Zemaiciai to 1KGP populations. A significant
signal was also detected in chromosome 11, where olfactory receptor family member gene OR9G4
(with coding sequence variants rs513873 (NM_001005284.1:c.128T>C) and rs11228763
(NM_001005284.1:¢.128T>QC)) is located. The chromosome 12 harbours the gene RPH3A, which
can be linked to the protein and fat intake (also detected in the previous analysis) (Liu et al., 2020).
For the gene DNAJBS in chromosome 3, two non-synonymous variants rs2981026 and rs13071640
were found. Connection of this gene and BMI were reported (Pulit et al., 2019). Chromosome 8 in
the region 10072350 — 102554217 have the gene MSRA. Non-synonymous variants in this gene are
reportedly linked to the fish-based diet (Niarchou et al., 2020).
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Table 4. Genomic regions under positive selection identified with two EHH-based approaches within

the Lithuanian population

a b
Population |CHR| START END S Genes
(MPEHH) | [Rsh)
FTPMN14, CENPF, KCNKE2Z,
1 | 214543098 | 216219781 & 7 KCTD3, USH2A
5 30805404 30850745 9 11 ‘A
5 65624559 B5660141 5 4 NA
AukStaitial | g | 47114400 | 47128729 4 9 GPR110
g 71193615 71280103 10 10 A
STOX1, DOXS0, DDX21,
10 | 70636836 | 70802518 4 5 KIAALI79
12 | 111352848 | 120012168 4 g WA
1 77820127 77955556 18 30 AKS
3 | 128169862 | 128182378 & 4 DNAJBR
3 1310741 1323078 10 10 CNTNEG
4 | 124371328 | 124387560 5 & WA
o & 57112128 | 57182068 12 10 PRIM2
femaidial
7| 103153462 | 103210068 4 7 RELM
8 10072350 | 102554217 9 15 MSRA
11 | 56481768 | S6683750 15 15 ORSG4
12 | 113100994 | 113228994 11 16 RPH3A
15 | 51502844 51594572 4 b CYP19A1
a, b - significant SNPs detected in each region identified by using ether XP-EHH or Bsb analysis;
C- MA, no protein-coding genes detected in this region

3.4. Genetic hitchhiking by Tajima's D statistics

Tajima's D statistics analysis was performed to find older signals of natural selection. This
method is appropriate for detecting evidence of positive selection in human populations occurring
within the past 250,000 years or roughly 10,000 generations and runs by identifying a surplus of low-
to-intermediate frequency variants (Cadzow et al., 2014).

Taking into account the empirical distribution of p values less than 0.01, 25 regions of the
genome with extremely negative Tajima's D estimates were identified as potential sites affected by
natural selection areas for the Lithuanian population (see Table 5). 14 regions were identified in the
Aukstaigiai population and 19 in the Zemaigiai group. Tajima's D analysis was also performed for the
CEU and FIN populations in order to compare and identify specific areas for the ethnolinguistic
groups (see Figure 3.5). While comparing the Aukstai¢iai and Zemaiciai populations, seven genomic

regions were recognized as overlapping, and many detected sites were also found in 1KGP
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populations. A total of 7 specific genome regions were identified, 5 in the Aukstaiciai and 2 in the

Zemaiciai population.
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Figure 3.5. Manhattan plots of the log-transformed Tajima's D p-values (a) In AK, (b) In FIN, (c¢) In
ZM, (d) In CEU. In each plot, green dots indicate 0.1% outlier regions

After the genomic annotation, more than one gene was identified in many genetic domains.
The strongest signals specific to the AukstaiCiai population were found on the 16th chromosome
(67330000-67510000), which had 35 windows in the region, the value of p was 0.0005, and it is
harbouring genes such as LRRC36, ZDHHC1, HSD11B2. Based on the previously conducted
researches, those genes can be associated with BMl and WHR (Ng et al., 2017). KCTD19 is another
gene in the same region, and some non-synonymous variants in this gene are known to cause
hypothyroidism (Kichaev et al., 2019). Another strong signal with 30 windows was found in
chromosome 10 with PNLIPRP3, PNLIP genes, also linked to BMI. A strong signal was also identified
on chromosome 1 (49990000- 50120000) on the AGBL4 gene.

The two unique regions in the Zemaigiai population were at chromosomes 6 (27740000 —
27890000) and 19 (39010000 - 39110000). The site in the 6th chromosome, with 30 windows,
includes many genes, and based on gene enrichment, they might be linked to skin and connective

tissue diseases (Johannesdottir et al., 2012).

32



Table 5. Genomic regions exhibiting positive selection and identified by Tajima's D method. The

windows indicate the number of Tajima's D p values in the top 0.1 %. The number of windows in that

genetic domain is indicated in parentheses

CHR START END WINDOWS POPULATION p value Genes
1 49550000 | 50120000 4 (33) AK 0.009 AGEL4
1 36350000 | 36450000 5(15) ZK, CEU 0.009 AGO3
2 179470000 | 179650000 | 9/7 (12/12) AN, CEU, ZK 0.001/ 0.005 TTH
2 227580000 | 227690000 2(11) ZK, FIN 0.009 IR51
3 131250000 | 131380000 474 (5/5) AK, ZK 0.004) 0.006 CPME4
RAB43, I5¥1-RAB4A3, 15Y1
3 128790000 | 128890000 1(20) ZK, FIM, CEU 0.004 ' CNBP ' '
3 143550000 | 143650000 1(8) ZK, CEU, FIMN 0.007 SLCOAS
HYAL1, HYALZ TUSCZ,
RASSF1, ZMYND10,
3 50340000 | 50480000 5/4 (11/6) AK, ZK, CEU 0.001,/0.001 MPRLZ, CYB361D2,
HK¥cos-LUCAT1.5,
TMEM115, CACHAZDZ2
ARHGEF38, INT512,
4 106570000 | 106680000 2(11) AK 0.008
G5TCD
4 171540000 | 172050000 202 (4/4) AK, ZK 0.008,/0.004 LINCO2431
& 35260000 | 35360000 1/1 (8/10) AK, CEU, FIN, ZK | 0.006/0.005 ZNF76, DEFG, PPARD
HIST1HZBL HIST1H2AL
HIST1H3H, HIST1HZ24],
HIST1HZBM, HIST1H4],
HIST1H4K, HIST1HZAK,
& 27740000 | 27850000 & (30) ZK 0.002 HIST1HZBN, HIST1H2AL,
HIST1H1E, HIST1HA3I,
HIST1H4L, HIST1HA,
HIST1H2AM, HIST1HZBO,
ORZB2
FAM200A, ZNFESS, G51-
7 99140000 | 99330000 | 1043 (19/19) AK, CEU, FIN, ZK  |0.005/0.0007 259H13.10, 25CAN2S,
CYP3AS, CYP3AT
7 151750000 | 151880000 4(12) ZK, FIN 0.006 GALMT11, KMT2C
8 93770000 | 93900000 474 (11/11) AK, ZK, CEU 0.007/0.005 TRIOK, AC117834.1
9 125450000 | 125560000 3(8) AK 0.009 OR1L4, OR1LG, ORSC]
10 118180000 | 118330000 & (16) AK 0.004 FMLIPRF3, PMLIP
LCOR, Cl0orfl2, 5LIT1,
10 SE650000 | SBTS0000 2(17) ZK, CEU 0.008 ARHGAP19-SLIT1
11 62210000 | 62330000 /4 (4/4) AK, FIN, ZK 0.007/0.001 | AHNAK, EEF1G, MIR3654
RF11-8459H4.2, RNF121,
11 71630000 | 71740000 2(22) AK, FIN 0.004 IL18BP. NUMAL,
11 92040000 | 92140000 110y ZK, FIN 0.008 FAT3
15 69620000 | 659750000 4 (10) ZK, CEU 0.004 FAQRS, KIF23, RPLF1
KCTD1S, LRRC36, TRPP3,
16 67330000 | 67510000 B (35) AK 0.005 ZDHHCY, H5D11B2,
ATPEVOD]
15 35010000 | 35110000 1(8) ZK 0.005 RYR1, MAP4K], RYR1
20 14060000 | 14170000 2(6) ZK, CEU, FIN 0.007 MACRODZ
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DISCUSSION

The aim of this study was to analyze signatures of positive natural selection of two main
ethnolinguistic groups, Zemaigiai and Aukstaigiai, from genome-wide SNP genotyping data.

A similar analysis was already performed by A. Urnikyté in 2019. However, in that study, the
Lithuanian population was considered homogeneous, and the ethnolinguistic division of Lithuania
was not considered. In this study, the MDS analysis of six Lithuanian ethnolinguistic groups
according to the wide-scale SNP markers confirmed the homogeneity of the studied Lithuanian
population.

A. Urnikyté, in her dissertation, by increasing the sample size to 399 individuals and covering
the whole genome, were able to detect weak signals of genetic structure in the Lithuanian population,
providing new insights to any genetic analysis in the future because population structure analysis is
crucial to the design, for proper analysis, and interpretation of genetic association and natural
selection studies (Esoh et al., 2021).

In the analysis of positive natural selection, using large-scale SNP genotyping data and three
statistical methods, specific areas of the genome affected by positive natural selection candidates in
the two different ethnolinguistic groups were identified. The work identified candidate genes involved
in human adaptation: diet, body mass index, and other traits.

In the population of the Aukstaiciai, gene SMKR1 were detected as putatively under natural
selection, using EHH-based methods. This particular gene might be associated with the prudent
dietary pattern, meaning that more fruits, vegetables, whole grains, legumes, nuts, fish, and low-fat
dairy products are consumed compared with other foods (Guénard et al., 2017). On the other hand,
in the ethnolinguistic group of Zemaigiai, genes located in the candidate regions that seem to be
linked to the diet were also found (SEMAG6D and MSRA). However, these genes are associated with
more fish, meat, particularly pork, related diets (Niarchou et al., 2020). This scenario is highly
possible because, based on the researches of Lithuanian ethnologists, it is highly inevitable that the
basis of people’s diet consisted of food products and dishes determined by natural and economic
conditions. People ate what they produced on their farms or got from nature. Moreover, as Zemaitija
is next to the sea is highly possible that more fish were consumed in this region (Senvaityté, 2014).

A strong significant signal was observed in chromosome 9 in the gene TEK with three SNP
variants while comparing Aukstaiciai with 1KGP populations. This gene encodes a receptor that
belongs to the protein tyrosine kinase Tie2 family. Mutations in this gene are associated with
inherited venous malformations of the skin and mucous membranes (Limaye et al., 2009). The
different variant SNP actually can be associated with trans-fatty acid levels. This is correlated with
the diet patterns in a population (Mozaffarian et al., 2015).

In the ethnolinguistic group of Zemaiciai, the top significant signal was detected in
chromosome 1, in the region harbouring gene AK5. This gene is highly associated with obesity and

BMI (Pulit et al., 2019). Actually, in both ethnolinguistic groups, many genes associated with weight
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were found (NRF1, DNAH7, HLA-DMA, STAM2, STK17B, DNAJB8), and even some genes were
detected using Tajima’s D (LRRC36, ZDHHC1, HSD11B2, PNLIPRP3, PNLIP). The hypothesis
suggests that frequency in those genes actually might rise because our ancestors have undergone
a positive selection for genes that favored energy storage as a consequence of the cyclical episodes
of famine and surplus (Sellayah et al., 2014).

SNP variants in the AK5 gene are also possibly connected to the circadian rhythms in the
population, particularly morningness. Two more regions in chromosome 2 were also harbouring
genes related to this trait (GPR75-ASB3, HECW2) (Hu et al., 2016). What caused the variants in
those genes to rise in frequency cannot be determined. One of the environmental conditions affecting
circadian rhythms is temperature. Higher temperatures are usually associated with morningness,
and based on the meteorological conditions of Lithuania, the average temperature in Zemaitija is
noticeably higher than in Aukstaitija (Bukantis and Kazys, 2020).

On chromosome 11, the olfactory receptor gene OR9G4 was found, with two SNP variants,
while comparing groups of Aukstaigiai and Zemaigiai directly. The effect of natural selection has only
been identified for specific olfactory receptor genes. Why natural selection affects some olfactory
receptors is not fully elucidated but is related to nutrition and health (Gilad et al., 2003).

In the 12th chromosome region 113124351- 113209519, the gene RPH3A was identified in
the Zemaiciai group, and it is connected to that can be linked to protein and fat intake (Liu et al.,
2020). The region of Zemaitija, located along the Baltic sea, probably was rich in the presence of
marine food resources (Kucinskas, 2017). As fish is high in fat and protein, the diet based on it might
be the reason why this region is putatively under natural selection.

The signals of natural selection were already identified in the Lithuanian population, where
all ethnolinguistic groups were treated as a single group (Urnikyté et al., 2019), a comparison of the
results of that study and the analysis conducted in this thesis were available. The genes detected by
both analysis were OR2B6 (olfactory receptor gene), MINK1 and ENO3 (associated with diseases).
SLC24A5 gene is known to be linked with the pigmentation of the skin and the TYRP1 gene
associated with hair and iris color in European populations (Hider et al., 2013). Even more,
overlapping gene regions were found when comparing Tajima’s D statistic results for evidence of
older positive selection between populations. The fact that these two pieces of research complement
each other increases the reliability of the results. Nevertheless, the fact that new genes under
selection were found when analyzing ethnolinguistic groups instead of the lithuanians as a single
population confirms that population structure should always be considered when working with
genetic data.

This study only focused only on the positive selection, but other forms of adaptation may
provide additional insights into the ethnolinguistic groups in Lithuania. The main disadvantage of this
study is the inability to identify rare variants based on large-scale SNP genotyping data. The use of
next-generation sequencing data would address this shortcoming. Functional validation of the

identified variants is also required.
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CONCLUSIONS

After analyzing the genetic structure of the Lithuanian population using high-density SNP
genotyping data and performing MDS analysis to investigate their genetic similarity, the

evident homogeneous genetic landscape across the six ethnolinguistic groups was detected.

The calculations of kinship and inbreeding coefficients within the ethnolinguistic groups

detected that individuals in the group of Zemaigiai are more closely related than Aukstaigiai.

Unique signatures of positive selection in the Lithuanian ethnolinguistic groups were

investigated over different time frames using three statistics: XP-EHH, Rsb and Tajima’s D.

Candidate regions for positive selection in the ethnolinguistic group of AukstaiCiai were
identified that are related to BMI (NRF1, LRRC36, ZDHHC1, HSD11B2, PNLIPRP3, PNLIP),
diet (SMKR1) and other traits (TEK, USH2A, KCTD19).

In the ethnolinguistic group of Zemaigiai candidate regions harboured genes associated with
fish-rich diet (SEMA6D and MSRA), circadian rhythms (AK5, GPR75-ASB3, HECW?2) and
genes linked to BMI as well as in AukS$tai€iai population (DNAH7, HLA-DMA, STAMZ2,
STK17B, DNAJBS).
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SUMMARY

The main purpose of this master thesis is to analyze signatures of positive natural selection
of two main ethnolinguistic groups, Zemaigiai and Aukstaigiai, from genome-wide SNP genotyping
data. The main question is whether natural selection is acting equally on genomic groups under
study.

Identifying positive natural selection in the human population provides an opportunity to
understand the phenotypes of modern humans and their ability to adapt to changing environmental
conditions. The genome areas affected by the natural selection identified in this research fill the
knowledge gaps in this area and help determine their effect on the phenotype and identify adaptive
alleles.

Genome-wide high-density SNP genotype data in 425 individuals from six geographical
regions in Lithuania were used to find signatures of natural positive selection in the Lithuanian
population and check for population structure. The results show that Lithuania is a homogeneous
population and that all ethnolinguistic groups form one cluster. Different genomic regions under
natural positive selection were detected in Aukstaiciai and Zemaiciai ethnolinguistic groups. Among
the top signatures of positive selection detected in the ethnolinguistic populations, we identified
several candidate genes related to diet (SMKR1, SEMA6D and MRA), body mass index BMI (NRF1,
LRRC36, ZDHHC1, HSD11B2, PNLIPRP3, PNLIP, DNAH7, HLA-DMA, STAM2, STK17B,
DNAJBS).

The results support the theory that positive natural selection can occur even at the micro-
geographical levels. Dependency on an ethnolinguistic region might be considered an important

factor for the genetic data analysis.
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Magistrins darbas
Kandidatiniy teigiamos gamtinés atrankos veikiamy genomo sric¢iy nustatymas
Lietuvos populiacijos etnoligvistinése grupése, panaudojant plataus masto vieno

nukleotido polimorfizmo genotipavimo duomenis

APIBENDRINIMAS

Pagrindinis magistrinio darbo tikslas - iSanalizuoti dviejy pagrindiniy etnolingvistiniy grupiy -
Zemaigiy ir Aukstaiciy - teigiamos gamtinés atrankos veikiamas genomo sritis panaudojant plataus
masto vieno nukleotido polimorfizmo (VNP) duomenis. Pagrindinis klausimas - ar natdrali atranka
vienodai veikia tiriamas etnolingvistines grupes.

Teigiamos natdralios atrankos nustatymas zmoniy populiacijoje leidzia iSanalizuoti zmoniy
fenotipus ir kaip jie geba prisitaikyti prie kintangiy aplinkos salygy. Siame tyrime nustatytos natiralios
atrankos paveiktos genomo sritys uzpildo Sios srities Ziniy spragas ir padeda nustatyti jy poveikj
fenotipui bei nustatyti adaptacinius alelius.

Plataus masto VNP duomenys buvo surinkti atlikus 425 asmeny, i85 SeSiy Lietuvos
geografiniy regiony, genotipavimg ir buvo panaudojami natiralios gamtinés teigiamos atrankos
signalams surasti ir populiacijos struktUrai patikrinti. Rezultatai rodo, kad Lietuva yra vienalyté
populiacija ir visos etnolingvistinés grupés susigrupuoja vieng klasterj. Skirtingi natdralios teigiamos
atrankos genomo regionai buvo aptikti Aukstai¢iy ir Zemaigiy etnolingvistinése grupése. Tarp
stipriausiy etnolingvistinése populiacijose nustatyty teigiamos atrankos paveikty genomo regionuy,
nustatyti keli, kuriuose aptinkami su Zmoniy mityba susije genai (SMKR1, SEMAGD ir MRA) ir su
kiino masés indeksu (KMI) susije genai (NRF1, LRRC36, ZDHHC1, HSD11B2, PNLIPRP3, PNLIP,
DNAH7, HLA- DMA, STAM2, STK17B, DNAJBS).

Rezultatai patvirtina teorijg, kad teigiama natdrali atranka gali atsirasti net mikro-

geografiniame lygmenyje.
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APPENDICES

Appendix 1. Individuals in the Lithuanian population filtered out after data Quality control

ID Kinship F MDS outlier
781 with ID 785 (0.255) 0.01562 NO
875 with ID 886 (0.2516) 0.01584 NO
972 - 0.02488 NO
1271 - 0.01852 NO
1074 with ID 1105 (0.5012) - YES
1105 with 1D 1074 (0.5012) - YES
333 with ID 813 (0.5001) - YES
813 with ID 333 (0.5001) - YES
1401 with ID 356 (0.3843) - YES
1158 duplicate - YES
356 with ID 1401 (0.3843) - YES
1158 duplicate - YES
294 with ID 793 (0.2485) - NO
748 with ID 867 (0.2203) - NO
1061 with 1D 1056 (0.1416) - NO
197 with ID 246 (0.1268) - NO
348 with ID 376 (0.2452) - NO
665 with ID 616 (0.2478) - NO
423 with ID 429 (0.2742) - NO




Appendix 2. Genomic regions under positive selection identified with two EHH-based approaches in

two ethnolinguistic groups of the Lithuanian population

a b
CHR START END Il 2L Population Genes
(XPEHH) | (Rsh) c
ANKRD35,
PIAS3,
Aukstaiciai - NUDT17,
1 145564518 | 145730160 7 7 oy POLRIC
RNF115,
CD160, PDZK1
1 94550555 94575440 5 10 A“kétEaL'Jc'a' - ABCA4
Aukstaiciai -
4 23822328 23901275 5 6 oy PPARGCIA
Aukstaiciai -
4 8557853 8647103 8 6 iy GPR78, CPZ
Y
5 50012019 50340102 28 27 ! ztEaL'Jc'a' PARPS
Aukstaiciai -
5 150381243 | 150402490 10 9 . GPX3
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5 70975867 70997465 4 4 u ‘?:I'C'a' A
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6 27220890 27925367 7 13 o HISTIHAL
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6 28130194 28869173 40 15 o KSCANS,
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SCAND3,
OR5V1,
OR12D3,
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Aukitaitiai- | ORIIAL
6 29323838 29528318 4 13 i OR10C
OR2H1,
MAS1L, UBD,
GABBR1
Aukstaiciai -
7 129199328 | 129350170 4 4 oy NRF1
NRF1, UBE2H,
ZC3HC1,
Aukstaiciai - KLHDC10,
7 129187430 | 129979363 11 5 Ny TMEM208,
SSMEM!,
CPA2, CPA4
Aukstaiciai - DEFAL
8 6817024 6886095 7 6 DEFA1B,DEFA
CEU
3
Aukstaiciai- | L
9 12352971 | 129826261 5 9 oy LURAPIL,
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COX6A2,
ZNF843,
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PEN1, ENO3,
SPAG7,
CAMTAZ,
INCAL,
Aukstaiciai -
17 59315145 59345321 8 8 . BCAS3
Aukstaiciai -
18 10424829 10473726 6 7 oy APCDD1
18 22133526 22491296 4 10 A“kztEal'Jc'a' ) NA
ACSS1, VSX1,
Aukstaidiai - ENTPDG6,
20 25027630 25249734 14 19 oy AL035257 1,
PYGB
VSX1,
Aukitaiciai - | ENTPDG
20 25043111 25581424 28 26 Ny PYGB,
ABHD12,

GINS1, NINL
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