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Abstract

This study investigates the influence of climate and subsistence on the genetic variation of pre-

historic individuals of Europe. Partial genomes from more than 100 individuals were analyzed,

originating from a region spanning from north-western Anatolia, over Germany to Lithuania. The

data is spread over a period of more than 10,000 years and thus covers the phases before and after

people started to become sedentary. To fill temporal and geographical gaps, 27 individuals were se-

quenced specifically for this study. For this purpose, a hybridization-based enrichment process was

used in combination with next-generation sequencing to obtain predefined genomic segments from

ancient DNA (aDNA). These regions consist of over 400 functional markers, 68 non-recombinant

Y markers, and more than 5,000 neutral regions of 1kb in length. The data set was completed by

genomes of three modern reference populations. These made it possible to calculate haplotype- and

frequency-based neutrality tests such as the integrated haplotype score or Tajima’s D and thus to

be able to detect signals of past selection events. Using the allele frequencies of the ancient genomes,

the timing of possible selection processes could be narrowed down.

The analyzes focused on three main topics: 1.) the development of skin, eye and hair color phe-

notypes in Europe; 2.) The development of Europe’s predisposition to type 2 diabetes and the

metabolic syndrome; and 3.) The development of the immune system with respect to autoimmune

diseases. The historical focus was on the influence of subsistence and the transition to farming on

the evolutionary processes.

The results suggest that a high proportion of the genetic variation in genes associated with the

energy and fat metabolism has been affected by adaptations to the local climate in Central Europe.

Furthermore, clear indications were found that due to the reduced UV radiation in Central and

Northern Europe, depigmentation of the skin had already begun before the onset of the Mesolithic.

On the basis of the available data, it can be assumed that the the shift in diet and lifestyle that ac-

companied the transition to farming partially reinforced already existing selection pressures. Thus,

with the Neolithic, a significant increase in allele frequencies associated with lighter pigmentation

phenotypes was found. This is probably due to the reduced vitamin D content in the diet. Further-

more, evidence was found that indicates a metabolic adaptation to a plant-rich diet. For the later

Neolithic and Bronze Age periods, an increase in allele frequencies has been found in genes that

enhance protection against infectious diseases. A connection with the increasing population density

and a sedentary lifestyle is very likely here.
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1 Demography and Sample grouping

1.1 Introduction

The aim of this study is to investigate the influence of subsistence and eco-region on the genomes

of European populations. Studies have shown that genetic variation in European populations is the

product of migration and admixture of several ancient populations. There is also evidence suggesting

that selection shaped regions of the genome in response to new environments and living conditions.

To shed further light on the development of the genomes of Central European populations, a di-

achronic data set was used, consisting of genome-wide data of more than 100 ancient samples. This

data set spans from the early Mesolithic to the Bronze Age, and covers an area from north-western

Turkey, to the Baltic and western Russia. A pre-selected set of markers associated with distinct phe-

notypic traits was analyzed, accompanied by genome-wide data from an extensive reference set of

modern-day populations. The set of markers was selected to address long-standing questions related

to the population history of Europe, and the transition to farming. This first chapter addresses the

demographic background of the samples and explains the reasoning for the sample groupings, which

provides the foundation of this study. The following chapters will discuss the methods that were

used in this study and subsequently the specific questions relating to the selected markers.

The first inhabitants of Europe

The emergence of the first anatomically modern humans (AMH) is estimated to have happened

over 300,000 years ago in Africa [Schlebusch et al., 2017]. This is more than 250,000 years before

AMH settled in Europe [Haber et al., 2016] and more than 280,000 years before the migration to the

Americas [Slatkin and Racimo, 2016]. The specifics of how and when exactly AMH migrated out of

Africa are still part of debate, but it is estimated to have happened between 80,000 - 50,000 years

ago [Seguin-Orlando et al., 2014]. Early on, during the migration, AMH met other hominins, such

as Neanderthals that already lived outside of Africa for thousands of years. Neanderthal remains

were found all over western Eurasia, from France to southern Siberia. The oldest confirmed Nean-

derthal bones were found in Croatia and Italy, with an estimated age of 130,000 and 120,000 years

respectively [Hublin, 2009]. The interactions between AMH and Neanderthals led to interbreeding,

with the result that Neanderthal ancestry still can be traced in the genomes of modern populations

[Green et al., 2010, Reich et al., 2010]. The fact that this ancestry can be found in populations from

Central Europe as well as South-east-Asia it is assumed that these interactions occurred during a

time before the initial split of the populations, which became ancestral to Central Europeans and

South-east Asians [Fu et al., 2015].

Approximately 45,000 to 40,000 years ago, modern humans started to arrive in Central Europe. The

population density is estimated to have been low and people are assumed to have lived in small

bands as hunter-gatherers. However, some form of cultural complexity can be assumed from the

cave paintings and figurines that can be found all over western Eurasia. From the depicted scenes in

those paintings, as well as from bones found at Palaeolithic sites, it is assumed that early Europeans

were big game hunters that relied on aurochs, mammoth, horses, and other mega-fauna of that era
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in addition to plant-based foodstuff that could be gathered [Weiss et al., 2004, Jones, 2015].

Climatic and geological data show that there was a cooling period starting around 27,000 years ago,

with its maximum around 19,000 years ago [Clark et al., 2009]. This time is known as the Last

Glacial Maximum (LGM). During that time, vast parts of northern Europe were trapped under ice

sheets and therefore uninhabitable. With the incoming cold it is assumed that the local hunter-

gatherers retreated further south to more suitable climate zones [Tallavaara et al., 2015]. When the

climate started to warm again, re-population began and people moved back northwards, following

the melting ice-sheets. This period was interrupted around 14,500 years ago by a cooling period,

the Younger Dryas, which peaked between 13,000 and 11,700 years ago, before the warming of the

climate continued [Yang and Fu, 2018].

Hunter-gatherers of Mesolithic Europe

After the retreat of the ice sheets from central Europe, the tundra vegetation that was predomi-

nant before the LGM, populated with herds of big game such as reindeer and horse, decreased and

forestation of the land took place [Shennan, 2009]. In general it is assumed that the majority of

Mesolithic hunter-gatherers were nomadic people who depended on seasonal movements of game

and the general availability of food in their habitat [Wellington, 2004]. As the environment changed,

people had to adapt to new conditions. This can be seen in the middens of late Palaeolithic/early

Mesolithic settlements, where a diversification of the animal remains can be seen [Dobrovolskaya,

2005]. While the reliance on seafood appears to increase in coastal regions [Richards et al., 2005],

freshwater fish and sea fowl were also increasingly included in their diets [Eriksson et al., 2003a,

Lillie and Jacobs, 2006, Fischer et al., 2007]. For some parts of Europe sea mammals such as dol-

phins, whales and seals provided a food-source [Fischer et al., 2007, Richards and Hedges, 1999].

In addition, plant components were used such as fruits, berries, roots and tubers, as well as nuts.

There is evidence that hunter-gatherers of the Mesolithic had settlements specifically for harvesting

hazelnuts, which likely were roasted to be made durable [Holst, 2010]. Further evidence indicated

that starchy plants were ground into flour for further preparation since 30,000 years ago [Revedin

et al., 2010]. However, none of these resources were managed in a way that led to domestication.

The only domesticate that is associated with hunter-gatherers is the dog [Driscoll and Macdonald,

2010, Botigué et al., 2017].

Data from charcoal and pollen suggest that forests were deliberately burnt, either to drive out game

so it could be slaughtered in large numbers, or to stimulate growth of desired plants in the following

season [Scott, 2017]. From people in marine habitats, elaborate fish traps that use the tides to

catch fish are known from the late Mesolithic in the Netherlands and Denmark [Wellington, 2004].

The broadening of the dietary spectrum as well as the increasing warmth is believed to have caused

an increase in population size [Flannery et al., 1969, Cochran and Harpending, 2009, Crombé and

Robinson, 2014]. Compared to population sizes today, the numbers of hunter-gatherers in Europe

were still low. Estimations for the British Isles suggest that there were approximately 5,500 or

less residential hunter-gatherers at a time [Wellington, 2004]. However, since these estimates of a
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population size are based on artefact distributions and hunter-gatherers are thought to have been

nomadic, with few settlements in continuous use and low numbers of cemeteries, the data has to be

assessed with caution [Orschiedt et al.].

The general consensus is that hunter-gatherers lived in small bands with a territory of at least 80-

100km in diameter with a loose connection to a larger group. The size of the territory assumed

for the entire group is estimated between 50,000km2 to 230,000 km2 [Crombé and Robinson, 2014].

Mesolithic settlements are often found around lakes and rivers, suggesting the use of water trans-

portation with dugout canoes [Crombé and Robinson, 2014] while the dispersal of raw materials

among vast territories indicates elaborate trading networks [Rigaud et al., 2015]. From the upper

Palaeolithic towards the later Mesolithic a decline in the number of cultural artefacts can be noted

for Central Europe, even though the complexity and specialization of tools increased [Crombé and

Robinson, 2014].

The Neolithic Transition

The overall mobility of hunter-gatherers is assumed to have been high, but towards the late Mesolithic

an increase in permanent settlements can be noted, particularly when relying on aquatic resources

[Eriksson et al., 2003b, Boroneanţ and Dinu, 2006]. When the abundance of food was high enough,

people gave up the nomadic lifestyle. This trend started even earlier in the Levant and the Fertile

Crescent [Cochran and Harpending, 2009]. Over 12,000 years ago, people of that region started

to experiment with new forms of subsistence. Although several plant management techniques were

already used in earlier periods [Revedin et al., 2010], the increasing reliance on these techniques

was new. Also noticeable was that people started breeding animals in captivity. This was done on

multiple occasion in various areas of the Fertile Crescent, as zooarchaeological investigations have

shown [Rigaud et al., 2015]. It is assumed that these techniques in combination with the fertile

soil of the area and the mild climate were some of the driving factors during this process, although

specifics are still being debated [Scott, 2017].

Many of the animals and plants that became domesticated were already used as prey or were har-

vested in their wild forms. It is therefore unclear if the increasing population size influenced the

decision to invest in new forms of subsistence, or if the disappearance of the great game herds form

the region was the driving factor behind the development. In contrast, there is a consensus regarding

the geographic origin of the first domesticated animals and plants. The Fertile Crescent offered an

environment where several major factors came together that made the domestication possible: a

favorable climate, fertile soils and a wild populations of crops that could be managed. Among the

first crops that were domesticated were emmer, einkorn, barley, lentils, peas, chickpeas and bitter

vetch as well as flax [Scott, 2017]. All these plants grew as wild forms in the area, yet not in central

Europe. The same appears true for animals. The aurochs and the boar were native to Central

Europe, while sheep and goat were not. Several studies showed that the founder populations that

are ancestral to first European domesticates, originate in the Fertile Crescent [Scheu et al., 2015,

Zeder, 2011, Ottoni et al., 2012, Pedrosa et al., 2005].
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Figure (1) Map showing the spread of the Neolithic in Europe, incl. important sites from which

genomic data is published. Colors indicate isochrones, with numbers giving approximate arrival times

of the Neolithic culture (in years BCE). Map taken from [Broushaki et al., 2016]

Thus, the abundant availability of these animals and plants was likely the main reason why the

domestication of animals and plants developed in this particular geographic area. It was probably a

process of trial and error that took place several times, in several locations, with varying results. Not

all attempts were successful and in some sites the sedentary lifestyle was abandoned again after a few

generations [Weiss et al., 2006, Scott, 2017]. However, some people managed to develop a functioning

strategy that led to a permanent sessile lifestyle with a farming-based ecology [Redding, 1988]. The

sedentary lifestyle was characterized by the construction of permanent shelters in the form of stone

houses where people were living off the crops and animals they were managing. Another key innova-

tion of that time was the development of pottery. Over 1,000 years after the emergence of farming,

pottery started to appear in the core region of the Neolithic. This advancement was likely based on

clay coated baskets that were used for storage and transportation and became widespread around

6,700 BC [Gheorghiu, 2009]. The invention of pottery and its widespread use had a large impact on

the early farmers. It enabled direct cooking, storage and transport as well as the fermentation of

food and beverages [Scott, 2017].

The onset of the Neolithic is assumed to be accompanied by an increase in population size [Bellwood

and Oxenham, 2008] and several changes in lifestyle. Child birth intervals decreased, possibly due

to the necessity to carry from one place to another being removed [Bocquet-Appel, 2011]. Some

scholars assume that the investment in offspring was lower in farming populations so that children

became useful or productive at an earlier age compared to nomadic groups [Shennan, 2009]. When
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skeletal remains of early farmers were compared to remains of contemporary hunter-gatherers an

overall decline in health and stature could be noticed in the farmers [Eshed et al., 2010, Ash et al.,

2016, May and Ruff, 2016, Latham, 2013]. It is assumed that denser settlements led to a higher

pathogenic load and germs were able to manifest themselves, since the number of hosts was now high

enough compared to the smaller hunter-gatherer communities. The close proximity of domesticated

animals further increased the pathogen exposure. Many diseases are assumed to have originated

in animals, and with the domestication the opportunity to transfer to new hosts was created. In

addition, a denser settlement structure introduced the problem of waste disposal, which had only

been a minor challenge in nomadic cultures where sites were changed on a more or less regular basis

[Harper and Armelagos, 2010].

New sources of food were another major influence on the decreasing health. By investigating zooar-

chaeological remains as well as isotopic data, the vast contrast between the diets of early hunter-

gatherers and the diet of early farmers becomes obvious [Richards et al., 2003, Weiss et al., 2004].

The reliance on seasonal food rich in game, fish, as well as roots and tubers, shifted towards an

agrarian diet rich in grain and high in carbohydrates. Micro-nutrients such as iron and vitamin

D have an important role in body maintenance and the immune system. Estimations show that

the diet of early settlers had a lower amount of iron, zinc and vitamin A compared to the hunter-

gatherer equivalent [Larsen, 2006, Carrera-Bastos et al., 2011]. Yet, despite the declining health and

the increased mortality, the farming communities grew continuously and farming started to emerge

in regions outside the core zone.

Around 8,200 BC Neolithic settlements started to spread further west and finally reached the Aegean

coast of Anatolia and Greece [Özdoğan, 2011b]. From there it started to further spread into the

Mediterranean along the coastlines and northwards towards the Balkans, following the Danube. By

the end of the seventh millennium BC, settlements appeared in northern Macedonia, and by 6,000

BC, in the southern Hungarian plain [Orton, 2012]. The settlements between modern-day Serbia

and Hungary dating to this period are assumed to belong to the same cultural complex, based on

the similarities of the found artefacts. It is named Starĉevo-Körös-Cris complex, after its eponymous

sites at the village Starĉevo near Belgrade and the sites at the Körös river in Hungary as well as the

Cris-culture of Romania [Luca et al., 2010b].

The first farmers of Central Europe appeared around 5,700 BC in the Hungarian Plain as a succes-

sor of the Starĉevo-Körös-Cris culture [Price et al., 2001]. Until 5,000 BC, settlements with similar

pottery emerged in areas further west. Based on the similarities this cultural complex is termed Lin-

earbandkeramik (LBK) culture. They were equipped with a basic set of tools that allowed them to

farm on the fertile loess soils along the main rivers [Vanmontfort, 2008]. Isotope data suggests that

manuring with the waste of their cattle to increase the fertility of the soil was widespread [Sjögren

et al., 2016, Bogaard et al., 2013]. The main domesticated animal of these early farmers was cattle,

yet sheep, goat and pigs were held as well [Oelze et al., 2011]. Likely the animals lived among the

farmers in their wooden long-houses. It took time and the refinement of the farming techniques until
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farming spread further north. During the early time settlement sizes increased constantly up until

5,000 BC when several settlements were abandoned and a decline in overall population size in the

farming communities is assumed [Shennan et al., 2013]. This decline in settlement size goes along

with a regional diversification of the LBK culture [Bentley et al., 2012].

Population genetic history of Europe

How exactly farming arrived in Europe was part of a longstanding debate [Svizzero, 2017]. For a

long time it was unclear, to what extend the change in subsistence was mediated by the arrival of mi-

grants from the core-zones of the Neolithic transition, and what role local populations had. In 2009,

Bramanti et al. [2009] could show, based on mitochondrial genomes from European hunter-gatherers

and early farmers, that the early farmers were no descendants of local hunter-gatherers, but rather

newcomers to the area. This was later confirmed by Skoglund et al. [2012] using genome-wide data,

as well as in several subsequent studies [Lazaridis et al., 2014, Hofmanová et al., 2016, Lipson et al.,

2017]. Genomic studies of early farmers from the Fertile Crescent and the adjacent areas revealed

that the early farmers were not a homogeneous population [Broushaki et al., 2016, Lazaridis et al.,

2016]. It became evident that in several regions local hunter-gatherers had independently converted

to a sessile lifestyle, despite widespread cultural similarities in the Pre-Pottery Neolithic core zone.

The source population from which Central European farmers derive most of their ancestry could

be placed in the broader Aegean region including North-western Anatolia and the Greek mainland

[Hofmanová et al., 2016, Omrak et al., 2016]. From there, people started to migrate towards Central

Europe along a mainland route following rivers such as the Danube as well as along the Mediter-

ranean coastlines [Olalde et al., 2015]. Although they must have encountered local hunter-gatherers

during their migration, hunter-gatherer ancestry in early farmers increases only very little during

the early Neolithic in Central Europe [Hofmanová et al., 2016]. When analyzed jointly in a principal

component analysis, early Neolithic farmers of Central Europe cluster tightly with early Neolithic

farmers from the broader Aegean region on the lower right of the plot, in contrast to Central Eu-

ropean hunter-gatherers, which are distributed at the opposing end of the PCA plot [Haak et al.,

2015, Lipson et al., 2017].

Studies of the genomes of European hunter-gathers show that there was a potential reduction in ge-

netic diversity after the LGM [Fu et al., 2016]. There is evidence indicating that, after the ice-sheets

retreated, Europe was repopulated from different refugia [Villalba-Mouco et al., 2019]. Potentially

due to local differences in admixture between people from different refugia and in addition to varying

drift and isolation by distance, hunter-gatherers of Europe also developed some form of population

structure. It seems that individuals from an area between the Iberian peninsula in the southwest,

the Baltic region in the northeast, and the Balkans in the south-east share more common ancestry

compared to individuals from east of this region [Mathieson et al., 2018]. Therefore, individuals that

fall on the extreme sides of this spectrum are often referred to as Western Hunter-Gatherers (WHG)

and Easter Hunter-Gatherers (EHG) [Haak et al., 2015]. Local ancestry is variable and is often

described as tending more to one side or another, often in correlation with the individuals place of

origin [Mathieson et al., 2018, Mittnik et al., 2018]. While hunter-gatherers of Latvia were found to
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share more ancestry with WHG samples compared to EHG samples, Scandinavian hunter-gatherers

could be placed on the spectrum in between EHG and WHG [Günther et al., 2018].

Even though farming spread throughout most of Central Europe, the hunter-gatherers did not dis-

appear completely. They coexisted with the incoming farmers for at least 2,000 years [Bollongino

et al., 2013] and during that time started to admix [Lipson et al., 2017]. This can be seen in genomes

from the middle and later Neolithic period, where alongside ancestry of early Neolithic farmers,

hunter-gatherer ancestry started to re-appear. When ancient ancestry is modeled in modern-day

populations, a south to north cline of increasing hunter-gatherer ancestry becomes visible [Lazaridis

et al., 2014]. This cline is, to some extent, negatively correlated with the arrival of farming in the

respective areas. The highest degree of ancient farmer ancestry is estimated for the people of Sar-

dinia, while the highest degree of hunter-gatherer ancestry was estimated for modern-day Latvians.

During these modeling approaches it became evident that modern-day European populations can

not be described as descendants of only these two ancient populations [Lazaridis et al., 2014]. A

third component was identified as ancestry related to people originating from the Pontic Caspian

steppe region [Allentoft et al., 2015, Haak et al., 2015]. Based on genomic data, it could be shown

that this ancestry component was introduced to Central Europe during the late Neolithic and Early

Bronze Age and it increased throughout Europe and subsequently reached the Iberian peninsula and

the British Isles [Brace et al., 2018, Olalde et al., 2018].

The steppe ancestry component was associated with the ”Yamnaya” or ”pit-grave culture”. This

cultural horizon is mainly defined by its unifying burial culture, where an ochre-smothered body was

placed in a pit, which was covered by a burial mound, often referred to as a kurgan [Heyd, 2012].

How this steppe ancestry component was introduced into Europe is still being debated [Kristiansen

et al., 2017, Heyd, 2017]. Genetic studies indicated a substantial migration [Haak et al., 2015] that

was potentially biased towards migrating males [Goldberg et al., 2017]. However, the majority of

individuals associated with cultural complexes dating to the Late Neolithic or later periods, such as

Corded Ware or Bell Beaker, show signs of ancestry related to Neolithic farmers from the broader

Aegean region, local European hunter-gatherers, and people from the Pontic Caspian steppe [Olalde

et al., 2018].

Migrations and admixture formed the genomes of European populations in a way that is still visible

today [Lazaridis et al., 2014, Haak et al., 2015]. Nevertheless, there is strong evidence indicating

that selection also played a role. Migrations into new environments as well as changes in subsistence

are assumed to have created selective pressures, which led to adaptations that shaped the pheno-

types seen in recent populations [Bersaglieri et al., 2004a, Alonso et al., 2008, Pickrell et al., 2009,

Hudjashov et al., 2013, Wang and Speakman, 2016]. The plethora of evidence in relation to selection

is based on inferences from modern-day data, while only a few studies have used ancient DNA to

investigate potential adaptations [Wilde et al., 2014, Mathieson et al., 2015, Loog et al., 2017].

To shed further light on the effect of new living conditions on the genomes of early Europeans, either

caused by migration or the transition to farming, a capture array was composed. This array contains

7



a set of markers, related to genes that are associated with visible phenotypes, the immune system

and detoxification of xenobiotics as well as the energy metabolism. While some of these markers can

be used to reconstruct the appearance of ancient individuals, several other SNPs are associated with

medical conditions such as auto-immune diseases, drug resistance and the metabolic syndrome.

This capture array was applied to a set of ancient samples that was accompanied by additional

literature data, to create a data set that can be used to investigate for signs of selection by tracing

changes in allele frequency data over time. To be able to estimate allele frequencies, the grouping

of the sample is crucial. To ensure that only samples that originate from the same population back-

ground were grouped together, the archaeological data was compared to results from population

genetic analysis.
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1.2 Archaeological background

Ukraine

The site of Lesnik cave is located near Odessa on Crimea, Ukraine. The sample (Lec2) was found

in a cave, known as ”bear cave”, because remains of Palaeolithic brown bears were found [Ridush,

2009]. It was not directly dated, but based on contextual finds it was placed in the early Mesolithic

or late Palaeolithic of the region.

Latvia

The site of Zvejnieki is located in northern Latvia some kilometers inland of the coast. The sam-

pling site is a cemetery that was in use for several thousand years, from the middle Mesolithic until

Neolithic times. In addition to the cemetery, settlement sites are known. The oldest samples date

to 7182±107 cal BC. Isotopic data from the remains found suggest a diet rich in protein from mam-

mals and freshwater fish. Even though the site is located on the mainland, seal remains were found,

which suggest either the use of coastal resources or at least contact with other hunter-gatherers from

coastal regions [Eriksson et al., 2003a]. The samples that were used in this study span over a time

between 3890±67 cal BC to 7182±107 BC. In total there were six samples that yielded enough DNA

to be sequenced (see table: 1).

Russia

The sites of Minino are located in north-west Russia in the upper Volga region near the shores of

lake Kubenskoye (see figure: 2). They consist of a burial complex that was used during the late

Palaeolithic, throughout the Mesolithic, and into Neolithic times. The main part of the site is a

Mesolithic cemetery which was discovered in 1984. Based on isotopic data it was suggested that the

people buried at the sites relied on a diet rich in meat with additional plant food [Dobrovolskaya,

2005], but also rich in freshwater resources [Wood et al., 2013]. Five samples from those sites were

sequenced for this study. The ages range from 5650-4600 cal BC to 8671±48 cal BC (see table: 1

for more detail).

Austria

Seven samples were taken from Asparn-Schletz in Austria. The site, which is associated with the

later stages of the Linearbandkeramik culture, dates are estimated between 5,150 and 5,050 BC.

It is located in a loess-soil region and was enclosed by a 2m deep ditch, probably for protection.

Remains of 67 people were uncovered, but it is believed that up to 300 people were buried there.

The site is assumed to be the scene of a massacre, where a whole village was destroyed. Analysis

of strontium isotopes further suggest that all the individuals found at the site, were of local origin.

The remains include adults and children and display signs of blunt force trauma. Based on the sex

and age distribution of the remains it is assumed that young women were kidnapped, as this group

is under-represented. The bones of the adults display signs of work, associated with plowing and

general farming [Teschler-Nicola et al., 1999, Christensen, 2004, Lidke, 2005].
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Kleinhadersdorf in Austria is a cemetery that is also associated with the Linearbandkeramik - cul-

ture. The next settlement is only 3km away and the general area was densely populated, because of

its fertile loess-soil. However it is not possible to associate the cemetery with one of the settlements.

The first graves were found in 1931 and after several excavations, 62 individuals could be excavated.

All bodies were buried in a squatting position, which is a feature typically associated with the LBK

culture. It is assumed that there were up to 200 burials at the site, which was in use during the

earlier phase (Flomborn phase) of the LBK culture. Nearly half of the individuals found, displayed

sings of caries. Signs for other diseases, often associated with malnutrition, were also found [Lenneis

and Neugebauer-Maresch, 2015].

Germany

Two samples originate from the northern German site of Criewen, northeast of Berlin at the border

to Poland. The samples were found in separate graves, associated with an non-agricultural context,

and were dated to 4770±40 cal BC (Gr1) and 4600±60 cal BC (Gr2). Based on the anthropological

analysis, both samples were assumed to be male. One of the samples was buried with ca. 3,000

perforated shells of the river nerite Theodoxus fluviatilis [Street et al., 2001].

Another site from northern Germany is Groß Fredenwalde. On this site, nine individuals were

found in at least three distinct graves. The site was used in a period between 6,400 BC to 4,900

BC, which overlaps with the arrival of agriculture in the area ca. 5,200 BC. The sample that was

prepared for this study dates to 6200 – 5400 cal BC and is associated with a pre-agricultural phase

[Terberger et al., 2015].

One sample originates from the Große Ofnet Höhle, Germany. This, too, is a unique site com-

pared to other Mesolithic sites from central Europe. The sample was found among 33 others in nests

of heads that were separated from the bodies, all facing west. Some assumed female skulls had grave

goods in the form animal teeth and mollusk shells. There are clear signs of trauma and theories

range from cannibalism to a war-like massacre. This was considered a novelty, since not many signs

of intergroup violence are known form the Mesolithic. The site dates to 7720±80 calBP [im Walde

et al., 1986, Orschiedt, 1998].

The Blätterhöhle in Hagen, Germany, shows signs of sporadic occupation since the Mesolithic.

Several fireplaces that date to the Mesolithic can be found around the cave and in front of its main

entry. The cave was not used as a permanent settlement, but rather as temporary shelter and as

a secondary burial site. For this purpose, remains were relocated from elsewhere into the cave.

Interestingly, it was not only used by hunter-gatherers and farmers in different periods, but also at

the same time for around 2,000 years. If whole bodies, or just skulls and certain bones were brought

into the cave, is difficult to say, because of the state of preservation of the remains in the cave. The

cave was filled with debris and the presence of badgers and smaller rodents led to disturbance of the

layers and the bones therein. The 11 samples included in this study fall between 8652±58 cal BC

and 3020±61 cal BC [Orschiedt et al., Bollongino et al., 2013].
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In Germany near the town Landshut lies the burial site of Essenbach-Ammerbreite. This site,

too, is associated with the LBK culture. The site is not completely excavated, but 29 individuals

were found so far, with the youngest being approximately six years of age. [Bickle and Whittle,

2013]. Another burial site in close proximity is the site of Dillingen near Ulm. This site was used

during the middle and later LBK phases and 27 individuals could be excavated. Strontium isotope

analysis of the site showed that all females buried were non-local, in contrast to only half of the

males. Only 300m south of the burial site, houses surrounded by palisades were uncovered. Along-

side these houses which seem to date to the same time as the burial ground, another 20 skeletons

were found, some of which displayed signs of violence[Bickle and Whittle, 2013, Bentley et al., 2002].

One of the most interesting early neolithic sites in Germany is Herxheim in Rhineland-Palatine.

The site dates to the earlier LBK phase and was occupied until the later LBK phase. It was en-

closed by a mound with palisades and a surrounding ditch. The remains of up to 450 individuals

were uncovered and most of them displayed signs of violence. The sites purpose is still debated,

but a ritualistic character is generally assumed [Orschiedt and Haidle, 2006]. The majority of the

remains showed signs of alteration. People were decapitated, limbs were cut off and bones were

opened. There is a discussion as to whether the abundance of cut marks found can be interpreted as

signs of cannibalism. The fact that long bones were opened or shattered point in the same direction,

since it is assumed that this was done to get access to the bone marrow. All individuals found at the

site have died in a relatively short period of time during the later LBK phase. Differences in pottery

styles found in the ditches, as well as Strontium isotope analysis, suggest that the people found at

the site came from a broader area [Orschiedt and Haidle, 2006, Zeeb-Lanz et al., 2008, Turck et al.,

2012, Haack, 2016].

The youngest site is located in northern Germany in the Tollense valley near the river Weltzin. It

dates to the later Bronze Age period, 1129 – 924 cal BC. The remains found were scattered over a

broad area and are assumed to be the result of a war-like conflict between larger groups. The bones

have various marks that are believed to be the results of extreme violence and in many cases the

likely cause of death. The marks consist of fractures, blunt force trauma or even arrow tips that

stayed stuck in the bone. Isotopic data of the remains suggest that the people relied on C4 crop

plants such as millet as main food resource [Jantzen et al., 2011].

Serbia

Eight samples with a hunter-gatherer background originate from the Iron Gates area in Serbia,

near the Romanian border. The samples come from two different sites, Vlasac and Lepenski

Vir, that were 2km apart from each other and were part of the Phd Thesis of Zuzana Hofmanova

[Hofmanová, 2016]. The Iron Gates area was densely populated by hunter-gatherers that lived in

settlements nested along the Danube river that are assumed to have been permanent. It is thought

that the area surrounding the settlements provided its inhabitants with enough food and therefore

allowed for a fully sedentary lifestyle. Inhabitants relied heavily on fish from the river, but also
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on game and plants from the nearby forests [Bonsall et al., 2004]. The site of Vlasac is older then

Lepenski Vir, with the six samples from the site being estimated to date 7400 and 6200 BC. The

majority of samples from Lepenski Vir were estimated to be younger, with the exception of Lepe51,

which dates to 7940 – 7571 cal BC. Therefore, they fall into the transitional period where agriculture

arrived in Serbia. There is evidence of contact between the hunter-gatherers and incoming farmers,

since remains from that period include not only hunter-gatherers, but also farmers and individuals

of mixed parents [Mathieson et al., 2018, Hofmanová, 2016]. Furthermore, there are at least 15

sites in close proximity that show cultural similarities. However, several differences regarding burial

practices were confined to specific sites only [Boroneanţ et al., 2012].

Figure (2) Sampling sites of the samples that were prepared in ancient DNA laboratory in Mainz

Turkey

Aktopraklik is an early farming site in the Marmara region of north-western Anatolia. The site is

located near lake Ulubat, west of Bursa, and was occupied since approximately 6,500 BC. The full

’Neolithic package’ can be found at the site, with domesticated animals and plants as well as pottery.

Isotopic studies showed that the people relied on a terrestrial based diet, that consisted mainly of

C3 plants and the animals that consumed them [Budd et al., 2013]. The people lived in oval huts

with sunken floors and buried their dead in cemeteries, instead of below the houses [Özdoğan, 2011a].

The site of Barçin (Barçin Höyük) is also located in the Marmara region of north-western Anatolia.

Possibly, the occupation started a bit earlier compared to Aktopraklik, at approximately 6,600 BC.

It is located on a plain further inland, near the shores of lake Iznik, north-east of Bursa. The people
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of Barçin were farmers and lived in rectangular houses. Most of their dead were buried in-between

houses in courtyard areas or in the fill of abandoned houses. The occupation is assumed to have

ended after 600 years, but re-occupations frequently occurred throughout later periods [Gerritsen

et al., 2013, Weninger et al., 2014].
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1.3 Methods

For this study, 27 samples were newly sequenced, while the rest of the data was collected in the

context of other projects in the Palaeogenetics group, or added from literature sources. The wet-lab

methods described in the following paragraphs only concern the newly sequenced samples. From

the read-processing onwards,, all described methods apply to all samples, since they were all newly

aligned for this work.

1.3.1 Sawing and Milling

After UV radiation of 30 min from each side, the surface of the samples was removed via rotating

blade (Electer Emax IH-300, MAFRA), or in case of teeth, via sandblasting (P-G 400, Harnisch

& Rieth, Winterbach, Germany). Afterwards samples were cut into smaller pieces for the milling

process. Pieces were again UV-radiated for 30 min before pulverization by milling was performed in

a ceramic shakers (MM200, Retsch) with ceramic balls until the sampling material was completely

pulverized. After milling, a blank control was processed alongside the Samples in each step as de-

scribed in [Scheu et al., 2015].

1.3.2 DNA Extraction

DNA extraction was performed as described in [Scheu et al., 2015], [Hofmanová et al., 2016] and

[Broushaki et al., 2016]. The powdered sample was mixed with EDTA (5ml-15ml, 0.5M, Am-

bion/Applied Biosystems, Life technologies, Darmstadt, Germany), N-Laurylsarcosine (250µl, 0.5%;

Merck Millipore, Darmstadt, Germany) and Proteinase K (30µl, 18Uµl; Roche, Mannheim, Ger-

many) and incubated on a shaker at 37� for 48h in order to dissolve the powder. DNA was isolated

with a phenol-chloroform (Roth, Karlsruhe, Germany) extraction step and washed and concentrated

to a volume between 150µl to 300µl using an Amicon Ultra-15 Centrifugal Filter Unit (Merck Milli-

pore, Darmstadt, Germany).

1.3.3 Library preparation

Libraries for all Samples were prepared after [Kircher et al., 2011] with slight modifications as men-

tioned in [Broushaki et al., 2016] and [Hofmanová et al., 2016]. During the adapter ligation, the

amount of adapter mix used was adjusted according to the sample preservation to prevent adapter-

dimer formation during the library PCR. The amount of primers, and therefore indexed adapters,

used during the PCR-step was also adjusted accordingly as well.

1.3.4 Quantification and Quality control

For quality assessment, the amount of DNA for each library was measured with the QuBit fluro-

metric system (dsDNA HS assay, Invitrogen). The fragment-length distribution of each library was
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measured with the BioAnalyzer High Sensitivity Kit (HS, Agilent Technologies) and the amount

of unique molecules was determined via quantitative real time PCR (qPCR) as described in [Hof-

manová et al., 2016] on a Step One PlusTM Real Time PCR-System (Applied Bisosystems, Thermo

Fisher Scientific). In addition to the quality assessment, a library from each sample and extraction

was sequenced on a Illumina MiSeq at StarSEQ GmbH (Mainz, Germany) in a shallow 50bp shot-

gun approach to determine its endogenous DNA-content, by aligning the resulting reads against a

reference Genome and calculating the ratio of mapped reads vs. total reads sequenced.

1.3.5 Nuclear Capture enrichment

The in-solution capture enrichment [Gnirke et al., 2009] of the pre-selected nuclear markers [Veeramah

et al., 2018] was performed according to the manufacturers protocol with some alterations as de-

scribed in [Veeramah et al., 2018]. Sequencing was performed on an Illumina HiSeq 2000 with 100

base pair single end runs in Rapid mode at the sequencing facilities of the University of Mainz.

1.3.6 Read processing

Sequenced reads were demultiplexed at the sequencing facilities and were provided in the fastq for-

mat. This is a text-based format which stores the bases of each read with the corresponding quality

values as a phred-score. Processing of the reads was conducted as described in [Broushaki et al.,

2016], [Hofmanová, 2016] and in [Sell, 2017].

Residual adapter bases at the 3’ end of the reads were removed as described in [Kircher, 2012].

Paired-end runs, obtained from different projects of the Palaeogenetics group were collapsed into

one read, prior to further steps, by using the ea-utils package [Aronesty, 2013]. Afterwards, merged

paired-end reads could be treated as single-end reads. Each library was aligned against the human

reference build GRCh37/hg19 by using the burrows-wheeler aligner (BWA) [Li and Durbin, 2009]

with the aln option with default parameters. The samtools package [Li et al., 2009] was used to

transfer the alignment into a smaller binary format and also to apply a quality filter of a minimum

mapping-quality of 25. After the removal of duplicate reads with MarkDuplicates from the picard

tools package (picardtools, http:// broadinstitute.github.io/picard), reads shorter than 30bp were

removed from the alignment, using a custom python script. Alignments of libraries belonging to one

sample were merged with MergeSam of the picard tools package. The merged files were re-aligned

around known indels using GATK [DePristo et al., 2011]. Depth of coverage was calculated using a

custom python script.

1.3.7 Estimating contamination

Estimating contamination in ancient samples is a crucial point to prevent a bias in downstream anal-

ysis. To determine contamination rates in the samples, contammix version 1.0-10 [Fu et al., 2013]

was used. Contamination is estimated in a likelihood-based approach using all reads that align
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against the mtiochondrial genome. First, all of the reads in the sample were re-aligned against the

revised Cambridge Reference Sequence. In a next step, the consensus sequence for each sample was

built. This sequence was then used, in combination with a set of reference sequences, to determine

the amount of reads that align against the consensus sequence vs. the amount of reads that align

to any of the reference sequences.

1.3.8 Variant Detection

Determination of diploid genotypes was performed in a similar manner as described in [Hofmanová

et al., 2016] and [Broushaki et al., 2016] using the software package ATLAS [Link et al., 2017]. The

software incorporates sequencing errors and postmortem damage (PMD) during the variant detec-

tion and is able to correct for the false positive identification of heterozygous sites [Kousathanas

et al., 2016]. First, PMD was estimated for each sample separately. The sequencing error rate

was determined using the BQSR option since not all samples were male which prevented the RE-

CAL approach on the male X-chromosome. If no sufficient amount of reads was present for one

sample, samples that were sequenced together on the same lane or flow-cell were pooled together.

Since they were processed in the same run, the sequencing error should not differ between samples.

BQSR-tables were converted for each sample and genotypes were called separately for every possible

position. The VCF-files were filtered for minimum depth of two reads per base and a minimum

genotype quality of 30.

1.3.9 Mitochondrial haplogroups

In order to determine the mitochondrial haplotypes of each sample, the reads that aligned against

the mitochondrial chromosome were realigned against the revised Cambridge Reference Sequence

(rCRS). Therefore all reads that mapped against the mt-chromosome were extracted from the align-

ment, while bamToFastq was used to transform the reads into the fastq format. With the samse

option of bwa, the reads were aligned against the rCRS. The variant detection was performed on

the new alignment with GATKs Unified Genotyper [McKenna et al., 2010] with the ploidy set to

one, since the mitochondrial chromosome is a uniparental marker. Variant calls were filtered for

a minimum depth of two and a minimum genotype quality of 30. Haplotypes were determined by

using the HaploGrep 2.0 Website [Weissensteiner et al., 2016].

1.3.10 Sex determination

In order to determine the sex of each sample, the approach of [Skoglund et al., 2013] was applied

to the aligned genomes. In this approach the ratio of reads aligned to the Y-chromosome compared

to the reads aligned against all sex-chromosomes is calculated. If the lower bound of the confidence

intervals lies above 0.075, the sample is considered male, if the upper bound of the confidence interval
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falls below 0.016, the sample is considered female.

1.3.11 Principal Component Analysis and Clustering

To visualize the affinities of the samples ,based on their genetic data, a principal component analysis

(PCA) was performed for all ancient samples in addition to a reference data set with modern-day

samples. This allows clustering of the ancient samples in reference to the recent individuals. The

PCA was conducted using LASER version 2.02 [Wang et al., 2014] with modern data from [Hellen-

thal et al., 2014] as reference. The reference data set was sub-sampled to only include individuals

from western Eurasia. The reference space is generated by a standard PCA, based on the genotypes

of the modern data. In a second step for each ancient individual, a PCA is performed where the

reference data is sub-sampled to resemble the coverage pattern of the ancient sample. This data is

then used in a Procrustes analysis with respect to the reference data to project the ancient samples

onto the contemporary data. The input is generated from BAM-files by performing a pileup over

every position of the reference data.

1.3.12 Model based clustering

The model based clustering approach of ADMIXTURE [Alexander et al., 2009] was used to deter-

mine ancestral components in the ancient samples. For each sample the bases of the reference data

set were called using the majority rule where at each position the bases with the highest occurrence

is picked. If two bases are present at equal frequencies, a base is picked at random. Each base

was duplicated, producing a pseudo-diploid call. This data set was merged with selected reference

samples from [Lipson et al., 2017] and [Mathieson et al., 2015] using plink version 1.9 [Purcell et al.,

2007]. During merging, the data set was filtered for linkage disequilibrium in a sliding window ap-

proach with a window size of 200 and r2 set to 0.5 . The whole data set was used in 100 consecutive

unsupervised runs with components K set to three and a random seed. The best fit was determined

using pong [Behr et al., 2016].
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1.4 Results

1.4.1 Coverage

Coverage and depth varied among samples depending on the bone element they were taken from.

Samples taken from petrous bone had a significant higher coverage compared to samples taken

from other bones (Ø 98.13%±2.10, Ø 71.12 ± 40.09 respectively, p≤0.0010,). Similarly, the average

depth was higher for samples taken from petrous bone (Ø 36.29 ± 20.25) compared to samples taken

from other elements (Ø 11.05 ± 11.20, p≤0.001). The sample with the highest average depth with

94.14±64.47 was VLASA4. It also had a coverage of 99.6%. The sample with the lowest coverage

and depth was Fre3. This Mesolithic sample had a coverage of 1.05% and an average depth of

1.17±0.48.
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1.4.2 Contamination

The overall rate of contamination in the samples, estimated from mitochondrial DNA, was low. The

estimates varied between 0.038% and 46.77%, where the sample with the highest contamination rate

(Bla75) was a clear outlier. The next highest contamination rate was found in the sample WEZ48

with 7.91 %. The average contamination rate for all samples was 2.06 %. When the outlier was

removed, the average contamination rate went down to 1.56 %. When samples were grouped ac-

cording to their bone elements, it became evident that the average contamination rate in samples

taken from petrous bone was significantly lower compared to samples taken from other bone parts

(1.2%, 2.4% respectively, p=0.001).

1.4.3 Sex determination

Males and females were present at all sites were multiple samples were taken from. In total, 61.7%

of the samples were male, while 38.3% were female. Two sites show a particularly biased sex ration:

at the early Neolithic site of Kleinhadersfor in Austria one male was found among seven sequenced

samples, while at the Bronze Age site of the Tollense valley only two females were found among the

18 sequenced samples .Two sites show a particularly biased sex ration: at the early Neolithic site of

Kleinhadersfor in Austria one male was found among seven sequenced samples, while at the Bronze

Age site of the Tollense valley only two females were found among the 18 sequenced samples. The

sample from the site in Criewen (Gr2), which was found buried with a rich decoration of mollusk

shells and teeth had in earlier studies been described as male [Street et al., 2001], but was identified

as female in this analysis.

1.4.4 Mitochondrial haplogroups

The majority of the samples with a hunter-gatherer background, were assigned to a U haplogroup

(83 %). Of those U haplogroups, 62 % were assigned to U5, while 38 % were assigned to U4. The

only other haplogroups found were H, K1, T2 and R0. All samples from the Minino were assigned

to haplogroup U4.

Among the early Neolithic samples, 13 major haplogroups were found. K1a was assigned to 28.21 %

of the samples, while T2 and U5 were assigned to 12.82 % each. 10.26 % were assigned to haplogroup

Jc1, while the rest had either H2 HV1, J2b, N1a1, U3, U4, W, W1, X or X2. Of the 11 samples

that date to the Middle/Late Neolithic period, 10 samples yielded sufficient data to determine mi-

tochondrial haplogroups. The sample Bla75 was excluded, due to high contamination rates and low

coverage. For those 10 samples, the haplogroups H1b, H5, J12c and U5 were each found twice, while

T2ba and H2a were found in one sample each. The samples from the Bronze Age battlefield dis-

played a high heterogeneity in their distribution of haplogroups. T2b was present at a frequency of

16.67 %, while U2e and J1c were found at 11.11 %. All other haplogruops, namely H1c, H27, H2a1,

I1a1a, I4a, J2b1a1, K1c1, T1a1, U4b, U5a and V3a were assigned once each (see table: 1 for details).
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1.4.5 Model-based clustering

In samples that were found in Central European hunter-gatherer context, the blue component was

maximized, while in the hunter-gatherer samples from the Russian site of Minino, as well as the

Ukrainian sample and one sample from Zvejnieki in Latvia (Zv317), an additional orange compo-

nent was present at intermediate levels. In all but one case (Lec2), the orange component was

bigger compared to the blue component. All samples originating from an early farmer context, were

dominated by a green component, but the majority of these samples also displayed small amounts of

the blue component that was maximized in Central European hunter-gatherers. The samples from

Barçin had the lowest amount of blue components, compared to the other early farmer samples.

The samples dating to the Middle Neolithic mainly originated from the Blätterhöhle. Only one

sample from the Tollense Valley fell into that period. All of those samples displayed a blue compo-

nent. A further seven samples also showed amounts of the green component that was maximized

in early farmers. One sample also displayed low to medium amounts of the orange component that

was also present in the hunter-gatherers from Russia. Two samples displayed no other component.

The Bronze Age samples from the Tollense Valley displayed all three components, to almost equal

amounts.
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Figure (3) Results from the ADMIXTURE run with components K set to three. Samples are

displayed without the reference data set and are grouped by location.
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1.4.6 Principal component analysis

All samples that date prior to the bronze age clustered outside of the variation of the modern Cen-

tral European reference data. Samples that were associated with early European farmers, clustered

to the lower left of the plot. This cluster is located in close proximity to modern-day individuals

from Sardinia and contains the samples from Asparn-Schletz (Austria), Kleinhadersdorf (Austria),

Dillingen-Steinheim, Essenbach-Ammerbreite and Herxhheim (all Germany) who are all associated

with the Linearbandkeramik culture of central Europe. Samples from Barçin and Aktopraktlik

(North-western Turkey) were also part of the same cluster to the lower right of the plot. Two

samples from Lepenski Vir (LEPE39 & LEPE53) also fell within this cluster, associated with early

farmers.

Samples associated with a hunter-gatherer context from Southern and Central Europe, as well as

from the Baltic, clustered left of the modern-day European reference. However, there were two

exceptions. The sample Fre3 from Groß Fredenwalde in Germany was placed in the middle of the

plot, above the Central European Reference. Sample Zv317 from the Baltic site in Latvia also fell

outside the other Central European hunter-gatherer samples.

The hunter-gatherers found in Minino, Russia, clustered above the European reference data set. The

sample from Lesnik Cave also fell within this cluster, as well as the Zv317 sample from Zvejnieki,

Latvia.

One smaller cluster could be determined below the Central European reference data set, between

the early farmer cluster and the European hunter-gatherer cluster. The samples in this cluster were

mainly from the Blätterhöhle in Germany and date to the Middle Neolithic. Two samples from the

Tollense Valley also fell into that cluster (WEZ16 and WEZ56). One of the samples dates also to

the late Neolithic (WEZ16), while the other dates to the Bronze Age. Another cluster could be

identified, on top of the Central European Reference data set. All samples in this cluster originate

from the Bronze Age sampling site int the Tollense valley.
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Figure (4) Plot of the first two principal components from a PCA of the ancient samples prepared

in the laboratory in Maniz with additional data for individuals with steppe ancestry labeled ’Yamnaya’

from Mathieson et al. 2015, projected onto contemporary reference data from Hellenthal et al. 2014.
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1.5 Discussion

Grouping of the samples

The aim of this study was to identify the influence of subsistence and eco-region on the genomes of

early Europeans. To be able to track changes in allele frequencies over time, the samples had to be

joined in groups. This was done based on the archaeological context the samples were found in, as

well as population genetic analysis.

Based on the high contamination rate of over 45% and the very low coverage and sequencing depth,

the sample Bla75 from the Blätterhöhle was excluded from further analysis. The sample Fre3 from

Groß Fredenwalde in Germany was also excluded. The sample was found in a Mesolithic hunter-

gatherer context, yet due to the very low coverage and sequencing depth, this could not be confirmed

on the basis of PCA. The sample fell within the variation of the European reference population, when

projected onto the PCA-plot. Since this could be caused by either the low coverage or contamina-

tion, the sample was excluded.

The division of early farmers and hunter-gatherers based on the archaeological context was mirrored

by the clustering approaches. The two sample groups were clearly distinguishable on the PCA plot,

where they appeared on opposite sides of the plot. Confirming previous studies [Lazaridis et al.,

2014, Haak et al., 2015], the early farmers clustered on the lower left of the plot, while samples from

a hunter-gatherer context clustered to the upper and middle left. Separation of the samples was

furthermore reinforced by the ADMIXTURE results. The mitochondrial haplogroups determined

for the samples were also in accordance with previous findings [Bramanti et al., 2009].

Two groups of hunter-gatherers

Based on the PCA and ADMIXTURE analysis, the hunter-gatherers could be subdivided in two

groups. On the PCA plot the hunter-gatherer samples appeared in two clusters. One to the middle

left of the European reference data and one on the upper left. These two clusters were also found

in the ADMIXTURE analysis, where the samples from the lower PCA-cluster were described by

the blue component, while the upper PCA-cluster was described as a mixture between the blue and

the orange component. The blue-orange cluster consisted of all samples from the Russian site of

Minino, as well as the Ukrainian sample from the Lesnik Cave, Crimea (Lec2), and one sample from

the Latvia site of Zvejnieki (Zv317). Because of their eastern European origin and in accordance

with literature [Haak et al., 2015, Mathieson et al., 2018], the group was termed Eastern Euro-

pean hunter-gatherer (EHG). The blue cluster consisted of samples from Central and Southern

Europe. Since the hunter-gatherer sample from the Loschbour in Luxembourg Lazaridis et al. [2014]

also clustered among these samples, the group was termed Western European hunter-gatherers

(WHG). In addition to the Loschbour individual, two additional sample from the literature were

added to the group. A Swiss hunter-gatherer from the ”Grotte du Bichon” [Jones et al., 2015] and

one individual from a site in Spain [Olalde et al., 2014].

31



The northernmost sampling site with samples clustering with the WHG, is located in Latvia (img.:

2). All samples but the before-mentioned Zv317 sample can be considered WHG, based on the PCA

and the ADMIXTURE plot. Five samples in the WHG cluster originate from Germany. Two are

from the northern German sampling site of GroßFredenwalde (Gr1, Gr2), one is from the Central

German site Große Ofnet Höhle and another two are from the Blätter Höhle in Hagen (Bla20, Bla45).

All of those samples date to the Mesolithic, except the Bla45 sample. This sample is from the Middle

Neolithic period, when the Blätter Höhle was used simultaneously by hunter-gatherers and farmers

[Orschiedt et al., Bollongino et al., 2013]. Interestingly, the sample showed no early farmer related

components in the ADMIXTURE plot. This may be due to the fact that the used capture approach

has not enough resolution, or the samples ancestors didn’t experience any admixture from early

European farmers.

Two groups of early farmers

The early farmers samples were also subdivided into two groups. However, no division was possible

based on the PCA and ADMIXTURE analysis alone. This is due to the fact, that early farmers of

Central Europe were direct descendants of early farmers from the broader Aegean region in north-

western Anatolia and mainland Greece [Hofmanová et al., 2016]. Therefore, samples were grouped

according to their dating and location. For the first group, samples from the two Turkish sites in the

eastern Marmara region, Aktopraklik and Barçin [Hofmanová, 2016, Hofmanová et al., 2016] were

combined with the Neolithic samples from Serbian site Lepenski Vir, based on their close proximity

in age and location. For their south-eastern European origin the group was termed South-eastern

European Farmers (SEF). The samples span over an age of approximately 1,000 years, from 5633

– 5535 cal BC to 6683 – 6533 cal BC. But all except one sample from Aktropraklik were older than

6000 BC and thus pre-date the central European Neolithic samples by 500 years.

For the second early farmer group, the samples from Austria and Germany were grouped together.

The samples from the sites in Asparn-Schletz (Austria), Kleinhadersdorf (Austria), Herxheim (Ger-

many), Essenbach-Ammerbreite (Germany) and Dillingen (Germany) were all associated with a

LBK context. In addition to the samples produced in the ancient DNA facilities in Mainz, two

additional samples from the literature were added to the group. Both samples were also associated

with the LBK culture of central Europe. One originates from Stuttgart in Germany [Lazaridis et al.,

2014] and the other one from a site in Hungary [Gamba et al., 2014]. Due to the Central European

origin, the group was termed Central European Farmers (CEF). Including the literature data,

the group size reached 29 samples, making it the biggest group in the study.

The Middle Neolithic samples (MN) were grouped together, mainly based on the dating. Although

they formed a loose cluster on the PCA plot, the samples could not be grouped on a genetic basis

alone. All but one sample from that period originated from the Blätterhöhle in Germany. The ma-

jority of those samples was characterized by a poor preservation, leading to poor sequencing results.

The low coverage and sequencing depth of those samples made their placement on the PCA plot.

The low resolution also affected the ADMIXTURE run. However, all samples were dated between
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3,800 BC and 3,000 and were found mainly at the Blätterhöhle in Hagen. They therefore fall into

the Middle to Late Neolithic period in Germany, but predate the arrival of steppe-related ancestry

in the area [Haak et al., 2015]. The only sample not from the same site was a female (WEZ16) from

a burial site in the Tollense Valley in northern Germany. On the PCA plot this sample also fell in

the loose cluster between WHG and early farmers and dated to the same period and was therefore

included in the group.

The classification of the last group was based mainly on the archaeological context. All samples

from this group were found at the Bronze Age battlefield at the Tollense Valley, in the Weltzin

river [Brinker et al., 2013]. Therefore, the group was termed Weltzin (WEZ). The results from

the PCA as well as the ADMIXTURE analysis further emphasize the grouping. All samples were

composed of three components and plotted on top of the Central European reference population,

which is consistent with other samples that post-date the arrival of steppe-related ancestry in Central

Europe [Allentoft et al., 2015, Olalde et al., 2018]. This also suggests that some population continu-

ity between the people of the Tollense Valley and the populations of Central Europe can be assumed.

Conclusion

A total of 101 samples was divided into six groups, based on the archaeological background, the

dating of the sample, and the population genetic analysis. The hunter-gatherers could be divided

mainly based on the PCA and ADMIXTURE analysis. The early farmers in this data set were

divided mainly based on the archaeological context and the dating of the samples. One group

mainly consisted of Central European farmers, who all have been dated between 5,500 BC and 5,000

BC. Another group of early farmers was composed of Southern European farmers, from the broader

Aegean region and Serbia. Two more groups were formed, one consisting of all samples dating to the

Middle Neolithic, while the other group consisted entirely of remains from a Bronze Age battlefield

from northern Germany. All subsequent analyses, described in the following chapters are based on

the groups, identified here.
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2 Methods used for the analyses of the functional markers

2.1 Introduction

Detecting selection in population genetic data is challenging, due to the variety of influences that

can impact allele frequencies. To disentangle these various signals and identify markers that were

affected by selection, a special set of methods is required. This chapter describes the methods that

were applied to this dataset and how they are equipped to the task.

Natural selection is often described as the non-random development of an allele in a population,

in consequence to its phenotypic effect. If the effect of the phenotype is positive on the organisms

fitness, in terms of survival or reproductive success, the frequency of the associated allele increases.

If the effect is detrimental, the associated allele frequencies will decrease over time [Gillespie, 2004].

Any locus in the genome could be affected by selection, if the locus is polymorphic and at least one

allele has a phenotypic non-neutral effect. Variation in a population at a specific locus can arise from

novel mutation or via introduction by admixture. The majority of new mutations is assumed to be

deleterious and is therefore purged from the population gene pool. This process is often referred to

as ’background selection’. If a new mutation increases to high frequencies or reaches fixation in a

population due to positive selection, it is described as a ’hard sweep’. In contrast, an incomplete

or partial sweep that leads to elevated or intermediate frequencies is often described as ’soft sweep’

[Pritchard et al., 2010].

It is challenging to detect selection and the methods that can be applied vary with the available data.

Before the availability of genome-wide data, measures of population differentiation, such as Fst, were

often used to identify loci that deviate from neutral expectations. Neutral expectations describe the

null-model which assumes a large but finite population size, non-overlapping generations, and drift

as the only factors acting on allele frequencies. Drift is the effect of the ’random sampling’ of alleles

during the formation of a new generation [Hamilton, 2011]. If the assumption of random mating is

not violated, the strength of drift is only dependent on the effective population size (Ne). The time

to fixation in generations (Tfixed) of an allele at the frequency p due to drift can be estimated by

the formula from Kimura and Ohta [1969]:

T fixed =
−4N e(1− p)ln(1− p)

p
(1)

According to this formula, a small population size can increase the effect of drift, while a larger

population size will reduce the effect. Over time, drift leads to the decrease in diversity in an

isolated population. In addition to drift, other processes can also affect the genetic diversity in a

population [Felsenstein, 2005]. For example, during migration, diversity is often reduced. When a

sub-population branches of and settles in a new environment, only a fraction of the original diversity

will be present. This is known as ’Founder effect’ and can be observed in populations worldwide. Es-

timates could show, that genetic diversity is decreasing with increasing distance to Addis Abeba [Li

et al., 2008]. This is believed to be a direct result from serial founder effects after the Out-of-Africa

migration. Furthermore, it was found that after the split of the first populations to migrate out
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of Africa, the sub-populations that became ancestral to modern-day South-East Asians experienced

more drift, than Central European populations [Coop et al., 2009].

If a population increases in size after an initial settlement, allele frequencies can rise rapidly in

frequency, while others will decline. In contrast, a rapid decline in population size or ’bottleneck’,

also leads to a loss in diversity, similar to the founder effect. If two populations are isolated, due

to distance or a physical barrier, drift and the differential demographic history will increase their

genetic distance [Hamilton, 2011]. This phenomenon can be visualized in a PCA plot, where the

Euclidean distance between the principle components of the samples correlate with the geographic

distance [Novembre et al., 2008].

Neutrality tests

To be able to distinguish between signs originating from demography and genuine signs of selection,

a multitude of tests was developed, many of which are based on the idea that selection distorts pat-

terns of neutral variation [Barreiro et al., 2008]. If an allele is under selection it will rise in frequency,

but because of varying recombination rates, other frequencies of variants that are located in close

proximity on the same chromosome will also increase. This can be measured in the site frequency

spectrum (SFS) which sums up the number of derived alleles at each frequency for a specific site.

Selection at at locus in combination with hitch-hiking of linked alleles will shift the SFS. Under

neutral conditions, new mutations can arise, increasing the numbers of low-frequency-alleles at a

certain locus, while selection will decrease this number. The SFS is often also used in simulation

and modeling approaches, where an explicit scenario is simulated and the generated data is compared

to observed variation. Thereby, parameters that shaped a the populations SFS can be estimated

[Gutenkunst et al., 2009].

Another method relying on the SFS is Tajima’s D [Tajima, 1989]. This estimator compares the

mean number of pairwise differences, with the number of segregating sites for a defined window at

the chromosome. If D is close to 0, neutrality can be expected as both measurements are equal. A

D-value smaller than 0 indicates the presence of rare alleles at elevated frequencies. This can be

caused by a selective sweep, or bottleneck, followed by population growth. In general, this suggests

a loss of variation. D-values higher than 0 indicate the presence of rare alleles at low frequencies and

a general increase in variation. This can be a sign for balancing selection, but also for a decline in

population size. Tajima’s D is often used in a sliding window approach. Windows of a fixed size are

shifted across the chromosome in small steps. The distribution of values is then used to determine

outliers in the extreme ends. By comparing the results to each other it is possible to distinguish

selection that only affected certain loci, from demography, which often has a broader impact on the

whole genome.

To be able to calculate Tajima’s D, the phase of each genotype has to be known. Phasing genotypes

describes the process of determining which allele originates from which parent. This also allows the

assignment of haplotypes. Haplotypes are neighboring alleles that are inherited jointly due to link-
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age. Strong selection in a population on a certain allele leads to the development of long haplotypes.

Several statistics that try to detect selection, rely on the identification of haplotypes. Garud et al.

[2015] developed a method that measures the haplotype homozygosity at a certain locus (H). In ad-

dition, this methods can also be used to calculate the combined haplotype homozygosity of the most

frequent two (H12) and three (H123) haplotypes. By dividing the frequencies of the second by the

first most frequent haplotype (H2 H1), it is possible to estimate if balancing or directional selection

affected a locus. A high H2 H1 value indicates, that more than one haplotype is present at high

frequency. This, in combination with a high H12 value, suggests balancing selection. In contrast, a

low H2 H1 value in combination with a high H12 value indicates, that only one haplotype is present

at high frequency, suggesting directional selection. Similar to Tajima’s D, this approach is done in

a sliding window approach, so outliers can be determined.

In addition to haplotype frequencies, their length is also used to measure neutrality in populations.

Selection of a beneficial allele causes alleles in linkage disequilibrium to rise along in frequency,

thus creating long homozygous haplotypes. Extended haplotype homozygosity (EHH) is defined by

measuring the distance outwards from the core (selected) allele in both directions. The distance is

defined by the probability that any two randomly chosen chromosomes in a population, carrying

the core region, are identical by descent for the whole region. The long-range haplotype test (LRH)

can for example be used to compare the frequency of a haplotypes with the EHH, and thus identify

haplotypes that are long as well as common [Sabeti et al., 2002]. When a sweep is complete, recom-

bination will start to break down the haplotype structure and mutations will start to appear. This

allows to estimate the time that has passed since a potential sweep. Another method based on the

EHH is the integrated haplotype score (iHS) [Voight et al., 2006]. The iHS calculates the area under

the curve, defined by EHH for a core SNP in a population. As the score incorporates the EHH for

the derived and the ancestral allele, knowledge of the alleles state is required. This can be gained

by comparing the genotype data to an ancestral outgroup, such as the genome of a chimpanzee or

an ancient hominin. In a similar approach, Ferrer-Admetlla et al. [2014] computed the number of

segregating sides by length (nSL), which also compares haplotypes for the ancestral and derived

alleles and came to similar results as when using the iHS. Other methods compare haplotype length

in different populations (cross-population extended haplotype homozygosity or XP-EHH) which can

lead to a deeper understanding of the haplotypes age and history [Zhong et al., 2011].

With the wide availability of genome-wide data in combination with increasing computational power,

new methods are constantly being developed, that can trace more nuanced forms of selection [Field

et al., 2016]. The majority of adaptations is assumed to originate from subtle shifts in frequencies,

at quantitative trait loci [Schrider and Kern, 2017]. The majority of phenotypes is affected by vari-

ation at several loci, thereby extending the potential ’target’ of selection. This also allows for a

much faster adaptation on a population level, compared to phenotypes resulting from single loci.

While the vast majority of selection tests is done using modern-day data, some studies have relied

on ancient DNA. Here, a different approach is needed. While approaches relying on modern data try

to detect signs resulting from past or ongoing selection, ancient DNA can provide a window back in
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time. Wilde et al. [2014] used ancient samples from the Pontic-Caspian steppe region and analyzed

markers related to pigmentation phenotypes, that were indicated to be under selection in European

populations. Under the assumption of population continuity, they modeled the development of the

allele frequencies for the markers over time. This allowed for a comparison between the estimated

frequencies and frequencies obtained from a modern-day population of the area. By using binomial

sampling, drift and population growth could be simulated over time. Potential uncertainties of the

sampling were incorporated, as the initial frequencies for each SNP were estimated by drawing a

random number from a beta-distribution, that was based on the allele counts. Based on the results,

drift as the only explanation had to be rejected, thus reinforcing the evidence for selection at pig-

mentation related loci.

A different approach was used by Mathieson et al. [2015]. Based on previous publications [Lazaridis

et al., 2014, Haak et al., 2015], they developed an explicit demographic model. Under the assump-

tion, that Central European populations can be modeled as a mixture of three ancient source groups,

namely Central European hunter-gatherers, early Neolithic farmers, and late Neolithic/early Bronze

Age people from the Pontic-Caspian steppe region, they inferred the admixture proportions for

four Central European populations. Frequencies for genome-wide SNPs were estimated, based on

genotype-likelihoods, obtained from ancient samples originating from the three source groups. By

relying on the estimated admixture proportions, expected frequencies for the modern populations

were modeled as a linear combination of the frequencies in the three ancient groups. By comparing

observed and expected frequencies, outliers could be determined. This led to the identification of

a set of SNPs that presumably was under selection during the past 8,000 years. These SNPs were

related to phenotypic traits associated with food processing, depigmentation, and immunity, among

others.

For this study, a combination of different approaches was chosen. As the data set does not include

samples from the Pontic-Caspian steppe region, an approach as described in Mathieson et al. [2015]

could not be applied. However, the Bronze Age samples from the Tollense Valley provided the op-

portunity for a forward-simulation approach as described in Wilde et al. [2014]. Based on previous

studies, continuity between populations from the Bronze Age to modern-day populations of Central

Europe can be assumed to some extent. This allows to investigate potential selection over the last

3,000 years [Haak et al., 2015]. In addition, four neutrality test were applied to the reference data

(iHS, nSL, Garud’s H, Tajima’s D), to analyze if the SNPs of the capture array fall in regions, that

deviate from neutral expectations. While iHS and nSL are well suited to identify variants that rose

from a very low to a very high frequency, they can be unsuitable for detecting selection on standing

variation [Hancock et al., 2010]. Therefore Tajima’s D and Garud’s H-statistics were also applied,

as they are equipped to identify diversifying selection as well [Garud et al., 2015], while relying on

a fixed window size for computation. The frequencies obtained from the ancient samples in combi-

nation with additional summary statistics then were used to determine the time during which the

changes in frequency may have occurred.
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2.2 Capture design

The capture array, described in Veeramah et al. [2018], was designed to allow demographic inferences

and the investigation of phenotypic traits. The array consists of 5,000 regions of 1,000 base pairs that

are located in functionally neutral regions of the genome (hence named: neutralome), in addition

to over 480 regions associated with phenotypic markers and Y-chromosomal SNPs. The phenotypic

markers can be grouped into three sets. A set of over 100 markers associated with pigmentation of

skin, hair and eyes and some other visible phenotypes. A set of over 180 markers, associated with the

energy metabolism and processing of foodstuff. The majority of these markers was chosen for their

known association with the metabolic syndrome and type-2-diabetes. A third set consists of over 80

markers associated with the immune system and the detoxification of xenobiotics. Several of these

markers are furthermore linked to autoimmune diseases, such as asthma, Chron’s disease, Coeliac’s

disease or multiple sclerosis. In contrast to other capture arrays, this array was deliberately chosen

to include lesser SNPs to ensure a higher sequencing depth at similar sequencing costs.

2.3 Reference populations

Genotype calls from the latest phase of the 1000 Genomes project [Consortium et al., 2015] were

used as modern reference data. As a representation of a modern-day Central European population

the Utah Residents with Northern and Western European Ancestry (CEU) were chosen. This group

consists of 99 individuals. In order to be able to detect differences between modern-day populations,

two additional data sets were added. As a population from Sub-Saharan Africa, the Yoruba from

Ibadan in Nigeria (YRI - 101 individuals) were used and as a representative of an East Asian

population, the Southern Han Chinese (CHS - 105 individuals) group was used.

2.4 Population genetic estimations

2.4.1 Allele frequencies

Allele frequencies (p) were estimated based on allele-counts (np, nq), obtained from the genotypes

called by the ATLAS software as follows, given the alleles p,q:

p =
np

np + nq
(2)

A 95% confidence interval (CI) was calculated using:

CI = p± 1.96 ∗
√
p ∗ ((1− p)/n) (3)

If an allele reached fixation in a group, equation 3 would result in a CI of 0. In these cases the CI was

defined by the 2.5th quantile of the beta-distribution, determined by the counted alleles (beta(np+1,

nq+1)). Differences between allele frequencies were detected by Fst in combination with Fisher’s

exact test, based on the allele counts for each group. Differences were deemed significant, when the

result of the Fisher test was p≤0.05 and the Fst was ≥ 0.
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2.4.2 Mean difference of allele frequencies

To determine the mean difference in allele frequencies for a set of markers between groups, an iter-

ative approach was used. For each SNP, a random number was drawn from a uniform distribution,

defined by the SNPs confidence intervals in each group, before the average difference between groups

was determined. This was repeated for 10,000 times and the mean and standard deviation were cal-

culated based on the computed results of each group. Differences between groups were determined

by absolute distance between the group means, as a function of the combined standard errors. The

resulting Z-score was transferred into a p-value.

2.4.3 Fst

The fixation index Fst was estimated as a measure of genetic distance. The index was estimated

following the argumentation in Bhatia et al. [2013] as this interpretation (equation 4) allows more

accurate estimations even if sample size differs between populations. This is important since sam-

ple size varies across ancient sample groups and fluctuations in coverage reinforce these differ-

ences. Estimations were conducted using the a python scrip, relying on the scikit-allel library

(https://github.com/cggh/scikit-allel/tree/v1.1.8).

F st =
(p̃1 − p̃2)2 − p̃1(1−p̃1)

n1−1 − p̃2(1−p̃2)
n2−1

p̃1(1− p̃2) + p̃2(1− p̃1)
(4)

Fst is calculated based on the estimated allele frequencies (p1, p2) and the numbers of samples (n1,

n2) in each group.

2.4.4 Pairwise Fst comparisons

To investigate if differences between two groups at certain loci were larger than expected under a

neutral model, a pairwise comparison of Fst values was used. First, the average Fst was calculated

over all functional loci under investigations (f-Fst). For comparison, the same number of loci was

drawn at random from the neutralome, and the average Fst was calculated in an iterative approach

10,000 times (n-Fst). Then the distance of the f-Fst to the mean of the n-Fst was calculated as a

function of the standard error of the n-Fst distribution. The resulting Z-score was transferred into

a p-value.

Since the Fst was calculated based on frequencies, groups were filtered for a minimum of eight alleles.

Only pairings with the majority of alleles present were included in the calculations. The SNPs in

the neutralome were filtered to only include bi-alleleic SNPs that were polymorphic in all reference

populations. Insertions as well as deletions were excluded from all calculations.
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2.4.5 Hardy-Weinberg equilibrium

The Hardy-Weinberg equilibrium was calculated based on the genotype data, to determine if a

genotype was present in excess. Calculations were performed using the scikit-allel python library

(https://github.com/cggh/scikit-allel/tree/v1.1.8).

2.4.6 Neutrality tests

All neutrality tests were calculated based on the genomes of the reference groups. To be able to

calculate iHS and nSL-scores, the state (ancestral/derived) of each allele must be determined. To

determine states, the human ancestor alignment from the 1000Genomes project was used [Consor-

tium et al., 2015]. For each allele where information was available, the state was assigned using

PLINK 1.9 [Purcell et al., 2007]. Since information was not available for all alleles, some regions

of the genome were excluded from the analysis. The standardized integrated haplotype score (iHS)

was calculated as described in [Voight et al., 2006], using a python script relying on the scikit-allel

library (https://github.com/cggh/scikit-allel/tree/v1.1.8). The same script also calculated the stan-

dardized number of segregating sites per length (nSL) as described in [Ferrer-Admetlla et al., 2014].

Both iHS and nSL were calculated for each SNP that was polymorphic in the reference data and for

which a state could be determined.

Tajima’s D [Tajima, 1989] and Garud’s H-statistics [Garud et al., 2015] were calculated on the

standard 1000Genomes data, without determining ancestral and derived states. Both tests were

calculated in a sliding window approach with a window size of 400 SNPs, similar to [Garud et al.,

2015]. The windows were shifted in steps of 50 SNPs. For each SNP in the capture array the highest

test result was determined for each population.

For all four tests, extreme high as well as extreme low outliers indicate deviations from neutrality.

Values higher then 2 or lower then -2 for Tajima’s D, iHS and nSL are known to violate neutrality

under several demographic scenarios. Here, significance was determined per chromosome if values

were in the highest or lowest 2.5 percent of distribution of results and above 2 or below -2 for Tajima’s

D, iHS and nSL. The scripts used for these calculations can be found on the supplementary DVD.

2.4.7 Averaged expected heterozygosity or gene diversity De

The averaged expected heterozygosity or gene diversity De for a given locus or gene, was calculated

based on Nei [1973], using formula 5, were pi is the allele frequency of the ith of n alleles, at the lth

of m loci.

De = 1− 1

m
∗

m∑
l=1

n∑
i=1

∗pi
2 (5)

To prevent confusion with Tajima’s D, the gene diversity is referred to as De hereafter. In order
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to acknowledge possible uncertainties in frequencies resulting from sampling, De was computed in

an iterative approach. A random value was drawn from a uniform distribution, defined by the 95%

confidence interval for each SNP in each group, for the locus under investigation. The mean and

standard deviation were calculated for a set of 10,000 calculations for each group. This also allowed

for the calculation of a Z-score, based on the distance between two means, as a measure of their

combined standard deviations. Subsequently, the Z-score was translated into a two-sided p-value.

2.5 Phenotypic predictions

2.5.1 Predictions of N-acetyltransferase 2 phenotpyes

Acetylation phenotypes for the N-acetyltransferase 2 gene were predicted using the NAT2PRED

webtool (http://nat2pred.rit.albany.edu/) described in Kuznetsov et al. [2009]. Genotype informa-

tion for each sample was obtained from the variant calls produced by the ATLAS software and

transformed into the input format, needed for submission to the webtool.

2.5.2 Predictions of hair and eye color with the HirisPlex webtool

Hair and eye color phenotypes for the ancient samples were predicted using the HirisPlex webtool

(https://hirisplex.erasmusmc.nl/), described by [Walsh et al., 2014]. Genotype information for each

sample was obtained from the variant calls produced by the ATLAS software and transformed into

the input format, needed for submission to the webtool.

2.6 Tracking changes in allele frequencies over multiple loci

To take the varying coverage of the ancient samples into account, score-calculations were not pre-

formed based on the genotype data. Instead, a single allele, determined as the most common allele

at the locus in the alignment, was used. To allow comparison, the reference data was treated similar.

For the reference data, one allele was sampled for each locus for each individual from the VCF. If

the individual was homozygous at a locus, one allele was chosen at random.

2.6.1 Genetic risk scores

To compare individual type 2 diabetes risks between sample groups, three different genetic rsik

scores were calculated according to Meigs et al. [2008], Cornelis et al. [2009], and Hivert et al. [2011].

The unweighted genetic risk score sums up the number of risk alleles present at each locus in each

individuals. To account for missing data, the generalized risk score (GRS) was calculated, following

Cornelis et al. [2009]. Here, the sum of risk alleles is divided by the number of loci for which data

was present, and is then multiplied by the total number of SNPs for each score (see equation 6,

where m is the number of covered SNPs). Only samples where more than half of the SNPs were

covered were considered.
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GRS = ntotal ∗ (
1

m

m∑
i=1

arisk) (6)

2.6.2 Pigmentation score

Similar to the GRS, the pigmentation score sums up the number of derived alleles for a set of SNPs.

A total of 42 loci was chosen, based on their high difference in derived allele frequencies in the CEU

and YRI reference populations (see table 2). The score is calculated as described in formula 7, where

n is the total number of sites, while m denotes the sites that are covered by data in the sample, and

ader is the number of derived alleles.

Pigsc = n ∗ (
1

m

m∑
i=1

ader) (7)

Only scores for samples with more than half of the SNPs covered (at least 25) were taken into

account.

Table (2) SNPs used to calculate Pigmentation score with chromosome, position, ID, gene and

derived allele.

Chr Position rs ID Gene derived allele

5 33948589 rs35395 SLC45A2 C

5 33951693 rs16891982 SLC45A2 G

5 33958959 rs28777 SLC45A2 A

9 12675264 rs10960751 TYRP1 C

9 12675284 rs10960752 TYRP1 A

9 12703484 rs2733831 TYRP1 G

9 12704725 rs2733832 TYRP1 T

11 88557991 rs10831496 GRM5 A

12 89299746 rs642742 KITLG C

14 92773663 rs12896399 SLC24A4 T

15 28131633 rs2703969 OCA2 A

15 28226541 rs12914687 OCA2 T

15 28235773 rs1800404 OCA2 T

15 28288748 rs7170869 OCA2 A

15 28335820 rs4778138 OCA2 A

15 28356859 rs1129038 HERC2 T

15 28359258 rs12593929 HERC2 A

15 28364059 rs7494942 HERC2 G

15 28365618 rs12913832 HERC2 G

15 28374012 rs3935591 HERC2 C

15 28412447 rs8043281 HERC2 G

15 28422026 rs6497284 HERC2 T
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Table 2 continued from previous page

Chr Position rs ID Gene derived allele

15 28427986 rs7170852 HERC2 A

15 28468723 rs3940272 HERC2 G

15 28494202 rs2240203 HERC2 T

15 28513364 rs916977 HERC2 C

15 28516084 rs8039195 HERC2 T

15 28526228 rs16950987 HERC2 G

15 28530182 rs1667394 HERC2 T

15 29261716 rs4424881 APBA2 C

15 48392165 rs1834640 SLC24A5 A

15 48400199 rs2675345 SLC24A5 A

15 48414969 rs2433354 SLC24A5 C

15 48418645 rs2675347 SLC24A5 A

15 48419386 rs2555364 SLC24A5 G

15 48420744 rs2675348 SLC24A5 A

15 48426484 rs1426654 SLC24A5 A

15 48433494 rs2470102 SLC24A5 A

15 48445387 rs2675349 SLC24A5 A

15 48461146 rs3817315 SLC24A5 C

20 32785212 rs6119471 ASIP C

20 32856998 rs6058017 ASIP A

2.7 Beta-binomial forward simulation

The beta-binomial simulation approach as described in Wilde et al. [2014] tests if changes in allele

frequencies over time can be the result of drift, or if selection must be invoked. Under the assumption

of population continuity and exponential growth, frequencies are modeled over time to be compared

to observations from a modern-day population. Frequencies are modeled by binomial sampling from

the previous generation. The initial frequency at the start of the simulation is drawn at random

from a beta-distribution that is defined by the allele counts in the ancient population, plus one, to

account for possible sampling uncertainties (beta(np+1, nq+1)).

Here, the Bronze Age samples from the Tollense valley were used as proxy of an population ancestral

to the Central Europeans from Utah (CEU) from the 1000Genomes project. A generation time of 25

was assumed and simulated over a time of 3150 years. All allele counts were taken from the variant

calls produced with the ATLAS software [Link et al., 2017]. The frequencies for CEU were taken

directly from the latest VCF-files.

Since the initial population size of the Bronze Age population, from which the Tollense samples

originate, is unknown, 50 even-spaced loq10 values were used. For the final population size, 10% of
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the census population of Germany were assumed (rounded to 8,000,000 Individuals). To estimate

the effect of drift and selection, 50 even-spaced values between 0.1 and -0.1, plus 0, were used as

selection coefficients (S). For each combination of initial population size and selection coefficient,

10,000 simulations were run, with the final allele frequency being stored for each locus. To analyze if

the frequency estimated for the Central European reference group could originate from the distribu-

tion of frequencies estimated during simulations, a Z-score was calculated. This score described the

absolute distance between the mean of the simulated frequencies and the frequency estimated for

the reference group as a measure of the standard deviation of the simulated frequencies (equation

9). This Z-score was then translated into a two-tailed p-value (see. equation 10).

P (N) =

(
n

N

)
∗ pN (1− p)n−N (8)

Z =
|X − f |

δ
(9)

p = 2 ∗ cdf(Normal, Z) (10)

The simulation model was tested with allele counts from the neutralome portion of the capture

array. Under the assumption of neutrality, variants for which drift was rejected during simulations

can be seen as false positive results. In combination with the results of the functional markers,

a false discovery rate (FDR) could be calculated by dividing the percentage of SNPs where drift

was rejected for the functional markers, by the same percentage of SNPs for the neutral markers.

P-value thresholds of p=0.05, p=0.01 and p=0.001 to determine the significance of the differences in

frequencies were tested (see figure: 5). Since FDR was lowest at a p-value threshold of p≤0.001, this

value was chosen to determine significance. Since the number of SNPs indicated as selected during

simulations did not differ above an initial population size of 625, the largest number with the lowest

FDR was chosen. Consequently, all selection coefficients were estimated for an initial population

size of 1456 individuals.
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Figure (5) Percentage of SNPs where drift was rejected during beta-binomial simulations for each

initial population size for neutral and functional markers. Results are shown for three different

p-value thresholds, incl. false discovery rates (FDR).
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3 The history of the Central European pigmentation phenotypes

3.1 Introduction

This chapter investigates the development of the visible phenotype of European populations. It is

assumed that a lightening in pigmentation has occurred early after humans migrated out of Africa,

in response to the lower UV radiation at higher latitudes and was further intensified by changes in

diet during the Neolithic [Yang et al., 2018].

Pigmentation in humans is a complex phenotype that shows great variation among populations. Dark

pigmentation is thought to be the ancestral phenotype and under functional constraint in Africa. It

probably arose when early hominins became hairless in favor for a better thermo-regulation [Jablon-

ski and Chaplin, 2000]. Without a protective hair-coat the skin became exposed to UV radiation. A

dark complexion is thought to be protective, not only against sunburn but also against DNA-damage

and photo-degradation of micro-nutrients such as flavins, carotenoids, tocopherol and folate. The

photolysis of folate can have a direct influence on reproduction by influencing male fertility and

causing embryonic defects such as spina bifida, therefore maintaining a dark skin was likely benefi-

cial [Jablonski, 2012].

Most skin and hair pigmentation in mammals is caused by melanin. It occurs in two forms: the

dark black/brown eumelanin and the reddish/yellow pheomelanin. [Sturm, 2006]. Melanin is syn-

thesized in melanosomes inside the melanocytes in the skin, at the boundary between the dermis

and the epidermis, as well as in hair follicles and the iris. In the skin the melanosomes containing

the melanin are transported and stored in neighboring keratinocytes. Variation in pigmentation

is caused by the differential distribution and size of the keratinocytes and the amount of melanin

stored in them, while the number of melanin producing melanocytes is roughly the same between

individuals regardless of the degree of pigmentation [Lin and Fisher, 2007].

Genetics of pigmentation

Pigmentation is a polygenic trait that is regulated by a number genes [Branicki et al., 2009]. Effects

of variations in the genes involved are often assumed to be additive. Almost all genes involved in

creating the pigmentation phenotype are polymorphic. Variation can therefore affect the process

during each stage with varying severity. Most of the alleles associated with depigmentation are

derived, since the ancestral state is assumed to be a dark-skinned phenotype [Crawford et al., 2017]

The melanocortin-1 receptor gene (MC1R) encodes a trans-membrane receptor that plays an impor-

tant role in the activation of many transcription factors. That transcription factor in turn activate

the transcription of various genes involved in the synthesis and distribution of melanin. A variety

of variants is known in the MC1R locus that impair the function of the receptor [Ibarrola-Villava

et al., 2010].

Antagonists of MC1R regulate the gene’s activity. While the α-melanocyte-stimulating hormone

leads to an increased production of eumelanin [D’orazio et al., 2006, Barsh et al., 2000] the agouti
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signaling gene (ASIP) encodes an antagonist that leads to an increased synthesis of pheomelanin

[Furumura et al., 1996]. Mutations in the ASIP gene can lead to its inactivation resulting in dark

hair and brown eyes [Kanetsky et al., 2002]. Polymorphisms in MC1R are also associated with hair

color variation. Several variants in the coding region are associated with red hair, fair skin, freckles

and an impaired tanning response [D’orazio et al., 2006].

Transcription factors activated by MC1R lead to the expression of the TYR gene. This gene encodes

tyrosinase, a protein that is involved in the hydroxylation of tyrosine to dopaquinone, which is a

precursor to melanin [Land and Riley, 2000]. The TYR gene is also highly polymorphic and variants

can have a direct effect on the amount of melanin produced. The tyrosinase related proteins 1 and

2 (TYRP1 and TYRP2 or dopachrome tautomerase DCT) are assumed to help stabilize the tyrosi-

nase, while also regulating melanin synthesis in favor of the darker eumelanin [Land and Riley, 2000].

Tyrosinase activity is affected by the OCA2 gene, named after the abnormal pigmentation phenotype

- oculocutaneous albinism type II. It encodes for a P-protein that is among other things involved

in the transport of the tyrosinase as well as regulating the melanosomal pH. Melanogenesis is a

pH dependent process in which a shift in the pH-value can affect the amount and form of melanin

produced [Ibarrola-Villava et al., 2010]. The OCA2 gene is assumed to be regulated by HERC2, a

gene located in close proximity. Polymorphisms in both genes have been shown to be tightly linked

to eye and hair color phenotypes [Donnelly et al., 2012]. A haplotype, including SNPs from both

genes and associated with blue eyes, occurs at high frequency in Europe, but is almost absent in

other parts of the world [Duffy et al., 2007, Eiberg et al., 2008, Donnelly et al., 2012]. The OCA2

gene is highly polymorphic in populations outside of Africa, with different variants known to affect

pigmentation [Candille et al., 2012].

The acquisition of melanogenic enzymes as substrate for melanogenesis is regulated by membrane-

associated transporters. Two of those are members of the solute-carrier family, SLC24A5 and

SLC45A2. Variants within those two genes (rs1426654, rs16891982) have the strongest association

with pigmentation variation between African and European populations with the derived alleles be-

ing almost fixed in Europe, but at low frequencies in other parts of the world [Ainger et al., 2017,

Deng and Xu, 2018]. It is assumed that the effect on pigmentation is caused by a down-regulation

of the available substrate.

Additional genes as RAB27A, KITLG and MYO5A play a role in the transport and binding of

the maturated melanosomes in the keratinocytes. Variations in these genes can lead to a disrupted

melanin transport and impaired binding [McEvoy et al., 2006, Ainger et al., 2017]. Several other

genes are associated by regulating the expression of other pigmentation related genes or through

still unknown associations [Alonso et al., 2008].

The vitamin D hypothesis

The variation in pigmentation is strongly correlated with UV radiation and thereby with latitude
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[Chaplin, 2004]. Dark skinned phenotypes are more common near the equator, while pigmentation

levels decrease in regions further north. According to a widely accepted theory, vitamin D defi-

ciency due to lower UV radiation at higher latitudes caused a selection pressure that has led to

the development of a depigmented phenotype [Jablonski and Chaplin, 2000, Yuen and Jablonski,

2010]. Vitamin D is synthesized in the skin at spectral range from 255-330nm, with an optimum

at 295nm (UVB). During synthesis a precursor is converted into previtamin D3, which in turn is

further converted into vitamin D. After exposure to sunlight the serum vitamin D levels peak with

a 24-48h delay. As a lipid-soluble molecule, vitamin D can accumulate in adipocytes, where it can

last for several month [Mostafa and Hegazy, 2015].

While the high UVB radiation necessitates a protective function of the skin to prevent DNA damage

and folate photolysis near the equator, the radiation that reaches the dermal layers is still high

enough to ensure vitamin D synthesis in these regions [Chaplin, 2004]. At higher latitudes, however,

UVB radiation is reduced due to the inclination of the earth’s axis to the sun, increasing exposure

times necessary to maintain healthy vitamin D levels. Only during a period between March and

October the UV radiation is high enough for a sufficient vitamin D synthesis in Boston [Holick et al.,

1987]. Comparative studies between women of African and European descent in the US have shown

that dark skin is associated with a lower vitamin D level in the blood when exposed to the same

dose of UVB radiation [O’Connor et al., 2013].

Vitamin D plays an important role in the human organism by influencing the calcium level in the

blood, as it is an important cofactor in the intestinal calcium absorption. Consequently, a vitamin

D deficiency can have severe impact on bone health. Insufficient amounts of vitamin D can cause

rickets in children as well as osteomalcia in adults, resulting in an insufficient calcium dosage lead-

ing to softening and subsequent deformation of the bones [Holick, 2004]. Vitamin D deficiency is

in addition linked to heart disease, with low levels of vitamin D increasing the risk of myocardial

infarction by a factor of 2.4 [Wagner et al., 2008, Holick, 2007, Bikle, 2008, Aranow, 2011, Hewison,

2012]. Furthermore, there are indications that vitamin D can promote an adequate response to

infection [Holick, 2004]. Even though vitamin D synthesis as a driving force for the depigmentation

in humans outside of Africa is a widely accepted theory, it is still part of an ongoing debate [Nessvi

et al., 2011, Ahn et al., 2010, Wang et al., 2010, Robins, 2009, Yuen and Jablonski, 2010].

Selection on pigmentation phenotypes

It is assumed that the pigmentation phenotype is affected by selection on a worldwide scale. For

regions near the equator, a functional constraint is assumed that is affected by purifying selection,

thereby preventing light skin associated variants from segregating. Outside of Africa the pigmenta-

tion phenotype is assumed to have been affected by at least three major selective sweeps [Deng and

Xu, 2018, Sturm and Duffy, 2012, Beleza et al., 2012, Pickrell et al., 2009, Coop et al., 2009, Alonso

et al., 2008].
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Comparative studies have identified variants in genes that occur at elevated frequencies in both

East Asian and European populations. SNPs in the KITLG gene are believed to be affected by a

selective sweep in all non-African populations. This is likely to have happened before the initial split

of the ancestral populations moving further apart after their initial migration out-of-Africa [Lao

et al., 2007, Coop et al., 2009, Pickrell et al., 2009]. Other genes also affected by such a theorized

early sweep are ASIP and BNC2. In both genes variants have increased in frequency in East Asian

and European populations while being present at low frequencies on the African continent [McEvoy

et al., 2006].

In European populations, SLC24A5 and SLC45A2 are referred to as the golden genes associated with

skin depigmentation [Deng and Xu, 2018]. The derived allele at the SNP rs1426654 in SLC24A5 is

almost fixed in European populations but nearly absent in populations outside of Europe [Soejima

and Koda, 2007]. Furthermore, haplotype diversity surrounding SLC24A5 is low in populations of

European ancestry [Canfield et al., 2013, Giardina et al., 2008]. The diversity of SNPs in SLC45A2

shows a similar pattern in Europe. Several SNPs can be found at high frequencies almost exclusively

in European populations [Nakayama et al., 2002]. This pattern is assumed to have been shaped by

selection since the last glacial maximum, approximately 19,000 years ago [Beleza et al., 2012]. Other

loci with a Europe-specific variation include the genes OCA2/HERC2, TYR, TYRP1, and MC1R.

Some of these variants contribute also to the variation in hair and eye color that is highest among

European populations [Branicki et al., 2009, Donnelly et al., 2012, Duffy et al., 2007, Alonso et al.,

2008].

In East Asian populations different variants in the same genes were indicated as potential targets of

selection. Variants associated with a light skinned phenotype in TYR, MC1R, TYRP1 and OCA2

have increased in frequency in East Asian populations, leading to population specific distribution

[Beleza et al., 2012, Norton et al., 2006]. This can be interpreted as a sign for the convergent evo-

lution of a light skinned phenotype in East Asia and Europe.

Research suggests that selective pressure has affected variants in different genes at different times

since the last glacial maximum in Europe. Age estimations for variants in SLC24A5 and SLC45A2

vary, but 20,000 years or less seems most likely [Beleza et al., 2012, Soejima and Koda, 2007, Norton

et al., 2006]. Timing estimates for the selective sweeps suggest that variants in both genes started

to be affected by positive selection between 19,000 and 11,000 years ago [Beleza et al., 2012]. These

estimation could suggests that selection on these variants was at least partially influenced by the

onset of the Neolithic.

Ancient DNA and the pigmentation phenotype

The gradual lightening of pigmentation in Europe could be directly studied in the last decade for

the first time. The reason for this is the advance in sequencing technologies that are giving rise to

a vast amount of new data [Marciniak and Perry, 2017]. First estimates for the timing of selective
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sweeps could be validated with data from the respective periods.

Consistent with the theory of an early onset of depigmentation in humans, the first people that

arrived in Central Europe, approximately 40,000 years ago, were already carrying derived alleles for

some of the pigmentation related SNPs. Nevertheless, they are assumed to have still maintained a

relatively dark skinned phenotype, compared to modern-day populations, as they were still carrying

ancestral variants for the major causative alleles in SLC24A5 and SLC45A2 [Fu et al., 2016]. First

evidence of derived alleles for SLC45A2 were found in ancient genomes from Scandinavia dating to

9,000 BP while being absent or present at low frequencies in the rest of central Europe until the

Late Neolithic [Gamba et al., 2014, Günther et al., 2015, Mathieson et al., 2015, Allentoft et al.,

2015, González-Fortes et al., 2017]. Derived alleles in SLC24A5 were also nearly absent in Mesolithic

times in central Europe, but arrived at high frequencies with the farmers from the Aegean region,

8,000 years ago [Olalde et al., 2014, Lazaridis et al., 2014, Hofmanová et al., 2016].

A study addressing selection in European populations based on ancient DNA data found evidence

that variants in SLC45A2 were under selection in Europe during the Neolithic [Mathieson et al.,

2015]. In contrast, they could not find evidence for a selection affecting SLC24A5, as predicted by

studies using modern data [Beleza et al., 2012, Sturm and Duffy, 2012]. Therefore they concluded

that selection may have affected SLC24A5 variation in early farmer populations already during their

migration towards Central Europe, introducing variants already at a high frequency [Mathieson

et al., 2015]. Strong signals of selection on SLC45A2, TYR and a variant in HERC2 were also found

in ancient samples from the Ukraine [Wilde et al., 2014].

Frequencies of variants in the OCA2/HERC2 gene complex, associated with a blue eye color and

blond hair, were found to be high in hunter-gatherers of Central Europe [Brace et al., 2018, Olalde

et al., 2014, Mathieson et al., 2015]. This is consistent with estimations from recent data that placed

the origin of this phenotype to Europe [Duffy et al., 2007]. Phenotypic reconstructions based on an-

cient DNA suggested that some of the hunter-gatherers of Central Europe had a unique appearance

as a result of a dark skin tone in combination with light eyes and a light hair color [Brace et al.,

2018, Olalde et al., 2014]. In contrast, hunter-gatherers from Russia were assumed to have had a

lighter skin tone with almost exclusively dark hair and dark eye color [Mathieson et al., 2015]. In

comparison, the pigmentation phenotype of the early farmers of Europe was assumed to be relatively

light, but still darker compared to today’s populations of Central Europe [Mathieson et al., 2015,

Hofmanová et al., 2016].

This is especially interesting since the first farmers of Europe were descendants of populations that

originated in lower latitudes compared to hunter-gatherers of Europe from the same period [Hof-

manová et al., 2016, Lazaridis et al., 2016]. This difference may be explained by the differences in

subsistence and diet between the groups. While hunter-gatherers probably relied on a wide variety

of foodstuff, depending on season and habitat, the early farmers were producing most of their food

themselves by relying on domesticated plants and animals, supplemented only occasionally with
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additional hunting or fishing. Consequently, the hunter-gatherer diet was estimated to be richer

in supplementary vitamin D, originating from sea- and freshwater fish as well as from game meat.

This is further emphasized by the fact that vitamin D levels are higher in wild game compared to

domesticated animals [Chen et al., 2007, Lu et al., 2007].

As a result the need to synthesize vitamin D may have been comparatively low in hunter-gatherers.

The shift to a new diet, low in vitamin D, during the onset of farming facilitated the need for an

optimization of the vitamin D metabolism [Fischer et al., 2007, Richards and Hedges, 1999, Richards

et al., 2003]. This argument is reinforced by findings that show the consequences of malnutrition in

early farming groups [May and Ruff, 2016, Armelagos et al., 1991]. As indicated by skeletal remains,

the body size and bone health was deteriorating in some early farming communities, compared to

contemporary hunter-gatherers [Garn and Leonard, 1989, Cochran and Harpending, 2009].

In contrast to skin color, the development of light hair- and eye color cannot be explained by the vi-

tamin D hypothesis alone. One possible supplementary explanation is sexual selection [Frost, 2006],

but a linkage to other phenotypes is also possible [Donnelly et al., 2012]. Moreover, some variants

highly associated with light eye color or blond hair may have additional associations with traits such

as skin color, which pose as additional selection criteria.

After the onset of the Neolithic in Europe, the gradual depigmentation further increased subse-

quently creating the now-present phenotype with its still visible latitudinal cline. Although the

depigmentation was already well advanced at the end of the Bronze Age, evidence suggests that

selection may have still been ongoing over the past 2,000 years [Field et al., 2016].

The data set presented in this work presents the opportunity to shed further light on the development

of the pigmentation phenotypes of Central Europe. By applying neutrality tests to the genome-wide

reference data signs under potential selection could be identified. The diachronic character of the

ancient DNA data allowed to track changes in allele frequencies over time between groups that also

varied in subsistence. This made it possible to correlate potential selection to specific period in time

and form of subsistence.
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3.2 Hypotheses

The following hypothesis will be tested in this chapter:

1. The light skinned phenotype developed outside of Africa, following a stepwise model. The first

selective sweep happened before the split of the ancestral populations of Central Europe and

East Asia.

Derived alleles are found in all non-African groups in the data set. Frequencies for the af-

fected alleles are similar in all groups, except for the African reference group.

2. Early Neolithic farmers were affected stronger by the decreased UV radiation outside of Africa,

than Mesolithic hunter-gatherers. Thus, depigmentation was already advanced in early farming

populations arriving in Europe, compared to the hunter-gatherers, leading to the development

of a differing phenotype.

Derived alleles are present at higher frequencies int the early farmer groups of the data set in

comparison to the hunter-gatherers. Signs of non-neutrality can be expected for some of the

alleles were differences can be found between groups.

3. Blonde-haired and blue-eyed phenotypes originated in Europe before the onset of the Neolithic

and rose in frequency over time.

Derived alleles in related genes such as TYRP1, HERC2 and OCA2 can be found in the

Central European hunter-gatherers at elevated frequencies, in contrast to the Easter Euro-

pean/Russian hunter-gatherers. In addition, derived alleles are absent or at low frequencies

in the early farmers from the Aegean/Balkan region and only slightly increased in the early

farmers of Central Europe.
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3.3 Results

3.3.1 Allele frequencies

The data set presented here consists of 103 SNPs in 13 genes, for which the frequencies of the derived

alleles were estimated. Significant differences were found between the distributions of the derived

alleles between the three modern-day reference groups (CEU - CHS: stat: 3666.0, p≤0.0001; CEU

- YRI: stat: 2979.0, p≤0.0001; CHS - YRI: stat: 4362.0, p≤0.0500, see figure: 6). While in the

African reference group the number of alleles that were fixed at 0 was highest, the number of derived

alleles fixed at 1 was higher in the Central European reference group. In the Chinese reference group

the number of derived alleles that reached fixation was lower compared to the Central European

reference group, while it was higher compared to the African reference (see figure: 7). For all three

reference groups, significant differences between the distribution of the functional allele frequencies

could be found, when compared to the distribution of the same number of neutral allele frequencies

(Mann-Whitney U p≤0.0050).

Figure (6) Kernel-density-estimation plot for derived allele frequencies in the three reference

groups. CEU: Central European reference, YRI: Afircan reference group, CHS: Chinese reference

group.

Several significant differences in allele frequencies were found between the ancient sample groups,

when compared to the Central European reference group. The highest number of differences was

found between the early farmers of Central Europe (CEF) in comparison to CEU (35 SNPs, 91.43%

lower, 8.57% higher), followed by the Central European hunter-gatherer group (33 SNPs, 90.91%

lower, 9.09% higher). Between the hunter-gatherers of Eastern Europe/Russia, 25 SNPs (84.00%

lower, 16.00% higher) were at significantly different frequencies compared to CEU, while the Bronze
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Figure (7) Kernel-density-estimation plot for derived allele frequencies of randomly drawn neutral

alleles in the three reference groups. CEU: Central European reference, YRI: Afircan reference group,

CHS: Chinese reference group.

Age group had different frequencies for 5 SNPs (80.00% lower, 20.00% higher), all located in the

SLC45A2 gene (see table: 3).

In each ancient sample group except the Middle Neolithic farmers, one SNP was found to deviate

from Hardy-Weinberg-Equilibrium. In the early farmer group from the Aegean/Balkan region, the

SNP rs139335 in the gene TYR displayed an excess of homozygous genotypes. In all other groups an

excess of heterozygous genotypes was detected: In the Eastern European/Russia hunter-gatherers

for the SNP rs26722 in the gene SLC45A2; In the Central European hunter-gatherers, the Central

European farmers and the Bronze Age group for the SNP rs4911414 in the gene ASIP (see table:

4).
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3.3.2 Neutrality tests

A total of 56 SNPs in nine genes deviated from neutral expectations in the Central European refer-

ence group, as indicated by at least one of the tests. In the African reference group, 21 SNPs in seven

genes were found to deviate from neutral expectations, indicated by at least one of the neutrality

tests. In the Chinese reference group, 26 SNPs in eight genes were identified by at least one test

to have developed under non-neutral conditions. When results for each groups were compared a

certain overlap could be found. From all 56 SNPs that were indicated by one of the tests, 28 were

unique to the Central European reference group, while ten also deviated from neutral expectations

in the Chinese reference group, additional six in both, the Chinese and the African, as well as 12

also in the African reference group. Three SNPs deviated only in the Chinese reference group, but

not in any other groups, while six SNPs were unique in the African reference group. Two SNPs were

identified as non-neutral in the Chinese and the African group but not in the Central Europeans

(see figure: 8 and table: 5).

Figure (8) Venn diagram of the number SNPs that deviated from neutral expectations in each of

the three reference groups. CEU=Central Europeans, YRI=Africans, CHS=Chinese.
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3.3.3 Average expected heterozygosity De

SNPs located in the ASIP gene

The gene diversity De calculated for all SNPs in the ASIP gene revealed that diversity was ele-

vated or high in all groups. The highest De in the reference groups was estimated for the Cen-

tral European group (De: 0.2538±0.0142), followed by the African reference (De: 0.2347±0.0147)

and the Chinese reference group (De: 0.2147±0.0122). The highest value for the ancient sample

groups was found for the Bronze Age group (De: 0.3736±0.0473), followed by the Middle Neolithic

group (De: 0.3479±0.0580). The lowest value was estimated for the Central European farmers (De:

0.2503±0.0330). For the farmers from the Aegean/Balkan region, a higher value was estimated (De:

0.3207±0.0675), while the two hunter-gatherer groups were found to have a diversity intermediate

between the two early farmer groups (EHG - De: 0.2796±0.0554; WHG - De: 0.2982±0.0352).

Significant differences were found between the Chinese reference group and the Bronze Age group

(p≤0.0010) as well as the African reference group (p≤0.0050, see figure: 9).

Figure (9) Average expected heterozygosity De for all groups for the SNPs in the ASIP gene. P-

values for differences between groups are displayed in the heatmap. Significant values are highlighted

by black stars.

SNPs located in the OCA2 gene

The average diversity was lowest in the Central European reference (De: 0.2340±0.0084) group

for the OCA2 SNPs, followed by the African reference group (De: 0.2654±0.0069). The Chinese

reference group had the highest value from the three references (De: 0.3332±0.0061). In the an-

cient sample groups, the highest diversity was found for the farmers from the Aegean/Balkan region

(De: 0.3549±0.0334), followed by the Middle Neolithic group (De: 0.3465±0.0354) and the hunter-

gatherers from Eastern Europe/Russia (De: 0.3135±0.0323). The hunter-gatherers from Central

Europe had a similarly high diversity (De: 0.2768±0.0262) compared to the Central European

farmers (De: 0.2761±.0227), with a slightly higher diversity found in the Bronze Age group (De:

0.2916±0.0309). For the European groups, significant differences were found between the Central Eu-

ropean reference group and the farmers from the Aegean/Balkan region (p≤0.0100) and the Middle

Neolithic group (p≤0.0500). Additionally, the Central European reference group had a significantly

different diversity compared to the African reference (p≤0.0500) and the Chinese reference group
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(p≤0.0001, for details see figure 10).

Figure (10) Average expected heterozygosity De for all groups for the SNPs in the OCA2 gene. P-

values for differences between groups are displayed in the heatmap. Significant values are highlighted

by black stars.

SNPs located in the HERC2 gene

For the SNPs in the HERC2 gene, the average diversity was lowest in the Central European refer-

ence group (De: 0.1896±0.0074), while highest in the hunter-gatherers from Eastern Europe (De:

0.3431±0.0280). In the two non-European reference groups, the diversity was similar (YRI - De:

0.2771±0.0063, CHS - De: 0.2840±0.0040). In the remaining ancient sample groups, the diversity

was highest in the Middle Neolithic group (De: 0.3633±0.0299) followed by the hunter-gatherers

of Central Europe (De: 0.3121±0.0216). The early farmers from the Aegean Balkan region had

a slightly higher diversity (De: 0.2940±0.0293) compared to the Central European farmers (De:

0.2673±0.0190), while diversity was lowest in the Bronze Age group (De: 0.2507±0.0258). The

diversity in the Central European reference group was found to be significantly lower, compared to

all ancient sample groups, except the Bronze Age group (EHG: p≤0.0001, WHG: p≤0.0001, SEF:

p≤0.0100, CEF: p≤0.0100, MN: p≤0.001), as well as both other reference groups (CHS: p≤0.0001,

YRI: p≤0.0001). Between the ancient sample groups, the differences between the Middle Neolithic

group and the Central European farmers (p≤0.0500), as well as the Bronze Age group (p≤0.0500)

were also significant (for detail see figure: 11).

SNPs located in the TYRP1 gene

Diversity for the TYRP1 gene was lowest in the Chinese reference group, followed by the African ref-

erence. For all groups of European origin, an elevated De was estimated (EHG - De: 0.3551±0.0408,

WHG - De: 0.3392±0.0300, SEF - De: 0.4125±0.0303, CEF - De: 0.3767±0.0231, MN - De:

0.3778±0.0411, WEZ - De: 0.3777±0.0336, CEU - De: 0.3447±0.0080, YRI - De: 0.1739±0.0114,

CHS - De: 0.1054±0.0070). Significant differences between the Chinese reference group, as well as

the African reference group and every other group, were found (p≤0.0500, for details see figure 12).
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Figure (11) Average expected heterozygosity De for all groups for the SNPs in the HERC2 gene.

P-values for differences between groups are displayed in the heatmap. Significant values are high-

lighted by black stars.

Figure (12) Average expected heterozygosity De for all groups for the SNPs in the TYRP1 gene.

P-values for differences between groups are displayed in the heatmap. Significant values are high-

lighted by black stars.
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SNPs located in the SLC245 gene

For the SLC24A5 gene, diversity was lowest in the Central European reference group while highest in

the Central European hunter-gatherer group. In the ancient sample groups, the lowest diversity was

estimated for the Central European farmers, followed by the farmer group from the Aegean/Balkan

region (EHG - De: 0.2744±0.0310, WHG - De: 0.3674±0.0196, SEF - De: 0.1882±0.0273, CEF - De:

0.1277±0.0163, MN - De: 0.3487±0.0337, WEZ - De: 0.2122±0.0253, CEU - De: 0.0257±0.0033,

YRI - De: 0.2577±0.0061, CHS - De: 0.2768±0.0059). The majority of comparisons led to significant

results (for details see figure: 13).

Figure (13) Average expected heterozygosity De for all groups for the SNPs in the SLC24A5

gene. P-values for differences between groups are displayed in the heatmap. Significant values are

highlighted by black stars.

SNPs located in the SLC45A2 gene

The lowest gene diversity De was estimated for the Central European reference group (De: 0.1024±0.0079)

for the locus SLC45A2. The highest diversity was found for the Chinese reference group (De:

0.2935±0.0105) with a slightly lower De found for the African group (De: 0.2608±0.0121). In the

ancient sample groups, higher diversity was estimated for all groups, compared to the modern ref-

erence groups (EHG - De: 0.3655±0.0514; WHG - De: 0.3029±0.0422; SEF - De: 0.4178±0.0390;

CEF - De: 0.4115±0.0239; MN - De: 0.3403±0.0565; WEZ - De: 0.3111±0.0515). In comparison,

the diversity estimated for the Central European reference group was found to be significantly lower,

compared to all other groups (see figure 14).

SNPs located in the MC1R gene

The diversity across the SNPs in the MC1R gene were lowest in the African reference group

(0.0198±0.0038), while being similarly low in the Central European (0.1095±0.0099) and Chi-

nese reference group (0.1172±0.0046). The lowest diversity in the ancient sample groups was

found in the Central European farmers (0.0964±0.0179), followed by the Central European hunter-

gatherers (0.1716±0.0294). In the Eastern European/Russian hunter-gatherers an elevated diversity

was found (0.2411±0.0388) that was even higher in the early farmers from the Aegean/Balkan

region (0.2953±0.0729) the Middle Neolithic group (0.3071±0.0442), and the Bronze Age group
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Figure (14) Average expected heterozygosity De for all groups for the SNPs in the SLC45A2

gene. P-values for differences between groups are displayed in the heatmap. Significant values are

highlighted by black stars.

(0.3364±0.0417). Since the diversity varied among the groups of the data set, several of the esti-

mated diversities differed significantly (for details see figure 15).

Figure (15) Average expected heterozygosity De for all groups for the SNPs in the MC1R gene. P-

values for differences between groups are displayed in the heatmap. Significant values are highlighted

by black stars.

3.3.4 Pairwise Fst comparison

SNPs located in the ASIP gene

Significant differences could be found when the Central European group was compared to the East-

ern European/Russian hunter-gatherers (Diff: -0.1409 p≤0.0005) and the African reference group

(Diff: -0.2343, p≤0.0001) for the average Fst values for the SNPs in the ASIP gene (see figure: 16).

SNPs located in the OCA2 gene

For the SNPs in the OCA2 gene, three pairings were found, where the average Fst was higher, com-

pared to neutral loci when compared to the Central European reference group (CEF - Diff: -0.0202,
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Figure (16) a) Pairwise Fst comparison between SNPs in the ASIP gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.

p≤0.0500, CHS - Diff: -0.2918, p≤0.0001, YRI - Diff: -0.2104, p≤0.0001, see. figure: 17).

SNPs located in the HERC2 gene

For the SNPs located in the HERC2 gene, the average Fst was higher than across neutral variants

for all but the Bronze Age group and the Central European hunter-gatherers when compared to the

Central European reference group (EHG - Diff: -0.1648, p≤0.0001, SEF - Diff: -0.0691 p≤0.0001,

CEF - Diff: -0.0522, p≤0.0001, CHS - Diff: -0.2081, p≤0.0001, YRI - Diff: -0.4612, p≤0.0001, see

figure: 18).

SNPs located in the TYRP1 gene

When the average Fst across the nine SNPs located in the TYRP1 gene was compared to average

neutral Fst values, significant differences between the Central European reference and the Central

European farmer group (-0.0315, p≤0.0100), the African reference group (-0.2466, p≤0.0001) and

the Chinese reference group (Diff: -0.3813, p≤0.0001) could be found (see figure: 19.

SNPs located in the SLC24A5 gene

Comparison of average Fst values revealed that the average Fst values across all loci in the SLC24A5

gene were significantly higher compared to average Fst values drawn at random from the neutralome

regions between the Central European reference group and the Central European hunter-gatherers

(Diff: -0.3290, p≤0.0001), the African reference group (Diff: -0.4102, p≤0.0001), and the Chinese

reference group (Diff: -0.2619, p≤0.0001, see figure: 20).

SNPs located in the SLC45A2 gene
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Figure (17) a) Pairwise Fst comparison between SNPs in the OCA2 gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.

Figure (18) a) Pairwise Fst comparison between SNPs in the HERC2 gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.
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Figure (19) a) Pairwise Fst comparison between SNPs in the TYRP1 gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.

Figure (20) a) Pairwise Fst comparison between SNPs in the SLC24A5 gene and SNPs ran-

domly drawn from the neutralome. b) Absolute differences between Fst values. Significant values are

highlighted by a black star.
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For the SLC45A2 gene significant differences were found between the Central European reference and

every other group in the data set (EHG - Diff: -0.5116, p≤0.0001, WHG - Diff: -0.5416, p≤0.0001,

SEF - Diff: -0.2424, p≤0.0001, CEF - Diff: -0.4093, p≤0.0001, WEZ - Diff: -0.0878, p≤0.0001, YRI

- Diff: -0.4314, p≤0.0001, CHS - Diff: -0.5256, p≤0.0001, see figure: 21).

Figure (21) a) Pairwise Fst comparison between SNPs in the SLC45A2 gene and SNPs ran-

domly drawn from the neutralome. b) Absolute differences between Fst values. Significant values are

highlighted by a black star.

SNPs located in the MC1R gene

During pairwise Fst comparisons of the MC1R SNPs the early farmers from the Aegean/Balkan

region and the Bronze Age group had to be excluded from the analysis, since only one SNP could be

genotyped in a sufficient number of samples. Significantly higher neutral Fst values were found four

comparisons; between the African reference group and the early farmers from Central Europe (diff:

0.1187, p≤0.0100), the hunter-gatherers of Central Europe (diff: 0.1366, p≤0.0085) and the East-

ern European/Russian hunter-gatherers (diff: 0.1175, p≤0.0500). A significantly higher neutral Fst

was also found between the early farmers and the hunter-gatherers of Central Europe (diff: 0.0577,

p≤0.0500, see figure: 22).

3.3.5 Pigmentation Score

Among all groups investigated here, the African reference group led to the by far lowest pigmenta-

tion scores (6.02±3.73). In the groups of European origin, the lowest value for the mean score was

calculated for the Iberians from Spain (IBS) with 32.02±4.58, followed by the Toscani from Italy

(TSI) with 32.79±4.79. The mean values for the scores of the Central Europeans (CEU), British

(GBR) and Finish (FIN) were all close with 36.45±3.59, 37.16±3.04 and 37.82±2.59 respectively.
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Figure (22) a) Pairwise Fst comparison between SNPs in the ASIP gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.

When coordinates were assumed for each groups location of origin (as specified by the 1000Genomes

project), the latitude corresponded almost linearly with the mean values of the pigmentations scores

of each group. The score increases with distance to the equator (R=0.942, p<0.05, table: 6). The

opposite could be observed for the variance within each group, with a negative Pearson’s R of -0.939

(p<0.05).

In the ancient sample groups, the Central European hunter-gatherers produced the lowest mean

score (23.37±7.06), followed closely by the Eastern European/Russian group (23.84±5.33). Both

early farmer groups had higher mean scores (SEF: 30.50±3.30, CEF: 27.57±5.20) compared with the

hunter-gatherer groups, with the Central European farmers having a lower mean score compared to

the farmers from the Aegean/Balkan region (see table 6). In the Middle Neolithic group, the scores

were increased (29.96±4.01) compared to the Central European farmer group, but lower compared

to the mean values calculated for farmers from the Aegean/Balkan region. The highest scores for

any ancient sample group was calculated for the Bronze Age group (35.02±2.33), with a mean score

falling between the range of reference samples IBS, TSI on the lower end, and CEU, GBR and FIN

on the higher end (table: 6, figure: 23).
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Figure (23) Pigmentation score for ancient samples and reference samples from the 1000Genomes

project. Orange line = median score, green triangle = mean score.

Table (6) Mean and median Pigmentation score results with variance for ancient samples and

reference.

Group ID Median Mean Var Lat. Long.

EHG 21.000 23.841 28.451 - - Ancient

WHG 25.200 23.371 49.892 - -

SEF 29.636 30.497 10.870 - -

CEF 26.442 27.568 27.016 - -

MN 27.659 29.964 16.076 - -

WEZ 35.318 35.024 5.436 - -

YRI 6.000 6.020 13.920 - - Africa

IBS 33.000 32.019 20.972 40.291 -3.193 Europe

TSI 34.000 32.794 22.911 43.458 11.207

CEU 37.000 36.455 12.915 52.364 6.211

GBR 38.000 37.165 9.237 53.475 -1.389

FIN 38.000 37.818 6.714 63.558 26.516

R 0.914 0.942 -0.939 Correlation

P 0.030 0.017 0.018 w. latitude
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3.3.6 Phenotypic predictions with the Hirisplex webtool

From the eight samples in the Eastern-European hunter-gatherer group, two did not yield enough

data for a prediction (Min5 and Min8). Results for the other samples were uniform: Dark hair-color

in combination with brown eyes was estimated to be the most possible phenotype for all samples.

This is in contrast to the Central European hunter-gatherers. In this group, 14 of the 25 samples

had sufficient data for a prediction of eye-color and hair-shade. For six of those samples, a hair-color

estimation was possible. Five out of 14 samples were most likely blue-eyed and had a dark hair-

shade. Three samples were estimated to have had a light/blond hair-shade with most likely brown

eyes. The rest of the samples was most likely brown eyed and dark haired.

In the early farmer group from the Aegean/Balkan region, hair-color could only be predicted for

one sample out of 14. Four samples did not yield enough data for any prediction while the rest had

sufficient data for eye-color and hair-shade predictions. All of these ten samples were most likely

brown-eyed. Three of the ten samples had a high probability of being light haired while the rest was

most likely dark haired.

Eye color could be predicted for all samples in the Central European farmer group, while hair-color

could be predicted for all but three samples. Only four of the 28 samples were likely to have had

a lighter hair shade, all other samples were estimated to have been dark haired. All but four sam-

ples were have probably been brown-eyed. The four samples that were probably blue-eyed had also

high probabilities for a light hair shade and/or color. All other samples were most likely dark-haired.

From the Middle Neolithic group, only four samples yielded enough data for eye-color and hair shade

predictions. For two samples, a hair-color could also be estimated. All samples had high probabil-

ities of having been brown eyed. Two samples were estimated to have been light haired, while the

other two had most likely black hair.

For the Bronze Age group, predictions for nine samples were possible. Only one sample was assumed

to have had dark hair, while the rest had higher probabilities for being light haired. Three samples

were predicted to have been blue eyed, while the rest had higher probabilities for brown eyes. The

sample that was most likely dark haired was also estimated to have had brown eyes as well (see table

7).

Table (7) Results for phenotypic reconstructions from the HirisPlex webtool. Values in cells report

the probabilities for each phenotype. Only the highest probabilities were reported. The color scheme

in the cells corresponds to the predicted phenotypes.

Sample ID Eye color Hair color Hair shade Group

Zv317 1.00 0.88 0.99 EHG

Min10 0.98 0.70 0.99 EHG

Min11 0.98 0.69 1.00 EHG

Min2 0.99 0.90 1.00 EHG
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Table 7 continued from previous page

Sample ID Eye color Hair color Hair shade Group

Min3 0.99 0.85 1.00 EHG

Lec2 NA 0.49 0.95 EHG

Bichon 0.78 0.44 0.75 WHG

Bla20 0.72 NA 0.97 WHG

Gr1 0.59 NA 0.66 WHG

Gr2 0.67 0.55 0.94 WHG

GrO1 0.80 0.60 0.92 WHG

LEPE18 0.74 NA 0.83 WHG

LEPE52 0.74 NA 0.82 WHG

Losch 0.71 0.61 0.97 WHG

VLASA10 0.95 NA 0.95 WHG

VLASA32 0.95 NA 0.91 WHG

VLASA41 0.98 0.71 0.99 WHG

VLASA44 0.95 NA 0.91 WHG

VLASA4 0.96 NA 0.95 WHG

Zv162 0.89 0.77 1.00 WHG

AKT16 0.89 NA 0.60 SEF

AKT20g 0.74 NA 0.82 SEF

AKT26g 0.97 NA 0.79 SEF

AKT6g 0.96 NA 0.79 SEF

BAR11 0.89 NA 0.68 SEF

BAR15 0.99 NA 0.91 SEF

BAR20 0.74 NA 0.74 SEF

BAR32 0.71 NA 0.66 SEF

Bar8 0.99 NA 0.91 SEF

LEPE53 0.60 0.68 0.57 SEF

281-19-6 0.99 0.63 0.93 CEF

282-104-4 1.00 0.73 0.98 CEF

282-126-16 1.00 0.75 0.98 CEF

282-126-7 0.94 0.52 0.83 CEF

282-13-7 0.99 NA 0.99 CEF

282-23-1 0.92 0.45 0.74 CEF

282-88-2 0.85 0.76 0.97 CEF

282-94-11 1.00 0.83 0.99 CEF

7034 0.99 0.62 0.94 CEF

Asp10 0.61 NA 0.61 CEF
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Table 7 continued from previous page

Sample ID Eye color Hair color Hair shade Group

Asp1 0.97 0.45 0.66 CEF

Asp2 0.99 0.54 0.96 CEF

Asp3 0.89 0.49 0.62 CEF

Asp4 0.81 0.43 0.74 CEF

Asp6 1.00 0.78 0.98 CEF

Asp8 0.88 0.49 0.58 CEF

Dil15 0.68 0.53 0.84 CEF

Dil16 0.94 0.47 0.73 CEF

Ess7 1.00 0.88 0.99 CEF

Klein10 0.92 0.44 0.61 CEF

Klein1 0.74 0.43 0.56 CEF

Klein2 0.91 NA 0.96 CEF

Klein3 0.97 0.60 0.84 CEF

Klein4 1.00 0.83 0.99 CEF

Klein5 0.90 0.70 0.99 CEF

Klein8 0.92 0.52 0.77 CEF

LBK 0.99 0.75 0.99 CEF

NE1 0.90 NA 0.96 CEF

Bla32 0.95 0.64 0.99 MN

Bla59 0.87 0.72 1.00 MN

Bla10 0.67 NA 0.63 MN

Bla13 0.73 NA 0.68 MN

Wez51 0.86 0.74 0.98 WEZ

WEZ53 0.68 NA 0.65 WEZ

WEZ54 0.60 NA 0.81 WEZ

WEZ56 0.45 NA 0.89 WEZ

WEZ57 0.68 NA 0.72 WEZ

WEZ64 0.68 NA 0.62 WEZ

WEZ71 0.91 NA 0.96 WEZ

WEZ74 0.75 NA 0.69 WEZ

Wez83 0.79 NA 0.56 WEZ

3.3.7 Beta-binomial simulation

All changes in frequencies for the pigmentation related SNPs could be explained by drift during the

simulations (see figure: 24).
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Figure (24) Negative log10 p-values for beta-binomial simulation results for the pigmentation re-

lated SNPs at initial populations size of 1456 individuals for a selection coefficient of S=0. Threshold

of p≤0.001 is indicated by red line.
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3.4 Discussion

Pigmentation in humans is a highly variable trait that differs between populations. The highest pig-

mentation rate is found in populations living near the equator, from where it declines with increasing

latitude [Canfield et al., 2013]. Differences in pigmentation are mainly caused by the ratio of eu-

melanin to pheomelanin and their cumulative amount. From the genes regulating the synthesis and

distribution of melanin, several SNPs are known to have an effect on the pigmentation phenotype.

The impact of selection on these genes during human evolution, likely contributed to the differen-

tiation between populations [Sturm and Duffy, 2012]. This chapter investigates the development

of the human pigmentation phenotype in European, focusing on skin, hair and eye pigmentation.

Neutrality tests were applied to a pre-selected set of relevant markers using an extensive data set

of three modern reference populations from Africa, Central Europe and East Asia. Allele frequency

data from six ancient European sample groups, dating from the Mesolithic to the Bronze Age, was

used to track changes in frequencies through time. In addition, genotype data from the ancient

samples was used for phenotypic reconstructions. By applying these methods to this hetero-chronic

data set, strong evidence for selection on different genes associated with pigmentation, could be

found.

The results show that the pigmentation lightening in Central Europe was a gradual process. Over

the course of time several alleles in associated genes experienced changes in frequencies. When alleles

in a gene had reached high frequencies, derived alleles in other genes began to increase as well. Since

anatomical modern humans are assumed to originate in Africa, their ancestral pigmentation pheno-

type is believed to be dark, similar to modern day populations living near the equator [Jablonski

and Chaplin, 2000]. The true state of pigmentation can only be assumed, since even for sub-Saharan

African populations variation in pigmentation phenotypes are known [Crawford et al., 2017].

The results indicate that depigmentation was already advanced during the Mesolithic in Europe.

The pigmentation-scores show that an increased number of derived alleles were already present in

both hunter-gatherer groups of the data set (EHG: 23.84±5.33, WHG: 23.37±7.06) compared to the

Africa reference group (6.02±3.73). The scores further show, that derived alleles were present at an

even higher level in the early Neolithic (SEF: 30.50±3.30, CEF: 27.57±5.20) and later groups (MN:

29.96±4.01, WEZ: 35.02v2.33). In addition, the variance in the groups decreased over time, indicat-

ing that the range of pigmentation phenotypes became more homogeneous. The mean pigmentation

score in the Bronze Age group was similar to the European reference groups (36.45±3.59), suggest-

ing that the level of depigmentation reached during the Bronze Age, was probably very similar to

modern-day Central European populations. However, while the pigmentation-score results cannot

be translated to a direct phenotype, a correlation with latitude can be found for the modern-day

European populations (R:0.9420, p≤0.0500), similar to the correlation found for pigmentation in

Europe [Deng and Xu, 2018].

Data indicated that a substantial amount of variation at pigmentation-related loci was and still is
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influenced by selection in all three reference populations and their ancestors [Lao et al., 2007, Rees

and Harding, 2012, Yang et al., 2018]. Comparisons of the distributions of allele frequencies in the

three reference groups showed that the frequencies of the pigmentation-related SNPs were differently

distributed for all groups compared to frequencies of functionally neutral SNPs (Mann-Whitney-U:

CEU - p≤0.0005, YRI - p≤0.0001, CHS - p≤0.0500). These differences are unexpected under the

assumption of neutrality for the pigmentation related SNPs. Furthermore, the generally lower num-

ber of derived alleles found in the African population indicates that a functional constraint prevents

new mutations from segregating, confirming studies by [Hudjashov et al., 2013]. Neutrality tests

applied to the Central European reference group identified SNPs that deviated from neutral expec-

tations in 10 out of 14 pigmentation-related genes. In comparison, the number of SNPs identified

as non-neutral was lower in both non-European reference groups. This result can be explained by

the design of the capture array, which was specifically designed to investigate SNPs under potential

selection in European populations. In populations with different ethnic backgrounds the genetic

variation that influences pigmentation phenotypes can differ [Deng and Xu, 2018].

Early selective sweeps affecting the pigmentation phenotype

The combination of results for SNPs in the genes ASIP, IRF4, and KITLG show that derived alleles

at these loci increased in frequency before the Mesolithic in Europe. Changes in ASIP probably

occurred earlier, compared to the SNPs in IRF4 and KITLG, which display a unique frequency

distribution in Europe.

For the SNP rs6119471 in the ASIP gene, which has a strong effect on pigmentation, changes in

frequency likely occurred even before the ancestors of East Asians and Central Europeans became

separate populations over 40,000 years ago. Non-neutrality was found for the SNP by a high H12

value (0.5391 P98.8110) in the Central European reference group. Derived alleles occurred at low to

intermediate frequencies in the African reference group (0.27±0.06), while they were fixed in both

the Central European and the Chinese reference groups. No copies of the ancestral allele could be

found in any of the ancient sample groups. This suggests that the derived allele reached fixation

early, probably due to positive selection. The ASIP gene functions as an antagonist for the MC1R

gene and is involved in eumelanogenesis by down-regulating the expression of the tyrosinase gene

[Scherer and Kumar, 2010]. The SNP is used in skin color predictions to discriminate between a dark

and non-dark pigmentation phenotype [Walsh et al., 2017, Spichenok et al., 2011]. For individuals

who are homozygous for the G allele a dark skin tone is assumed [Hart et al., 2013]. Even though a

certain variance in pigmentation phenotypes is expected for the ancient samples based on the allele

frequency data and the Pigmentation score results, the absence of the G allele in all ancient sam-

ples groups indicates that none of the individuals had a very dark skin tone, similar to modern-day

sub-Saharan populations.

Since the derived allele was fixed in all non-African groups, an early onset of depigmentation can be

assumed. The fact, that the SNP is polymorphic in the African reference group, could indicate that

selection affected a standing variation after anatomically modern humans migrated out of Africa,
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rather than on a de-novo mutation. Although the derived allele also reached fixation in the Chinese

population, no deviations from neutrality were found. If the variant reached fixation during an early

time, as the data suggests, the time may have been long enough to reintroduce diversity around the

locus in the Chinese group.

Results similar to rs6119471 were found for SNPs in the KITLG gene. Two of the three SNPs in

the gene that is associated with skin and hair pigmentation, were found to deviate from neutrality

in all three reference groups. While rs4590952 occurred at high frequency in the African reference

group (0.74±0.06), it was present at lower frequencies in both non-African reference groups (CEU:

0.21±0.06 , CHS: 0.20±0.05). For rs642742 an inverted pattern was found, with a lower frequency in

the African group (0.06±0.03) and a higher frequency in both non-African groups (CEU: 0.82±0.05,

CHS: 0.80±0.05). These results indicate that different forms of selection affected the alleles in the

three populations. Previous work suggests, that a selective sweep affected alleles associated with

depigmentation in the KITLG gene in European populations, starting approximately 32kya [Beleza

et al., 2012]. Estimations place the split between East Asian and Central European populations

between 40kya to 80kya [Fu et al., 2016]. Based on this data, the results could originate from a con-

vergent evolution in the Central European and Chinese reference groups. This is further emphasized

by the differences found in frequencies between two of the ancient sample groups and the Central

European reference. For rs4590952, a higher frequency was found in the Central European hunter-

gatherers (0.50±0.26). In contrast, a lower frequency for rs642742 was found in Central European

farmers (0.57±0.15). These results show, that even though the frequencies between the Chinese and

the Central European reference population are highly similar, they varied in previous populations

over the last 8,000 years in Europe. Population stratification, caused by migration or population

growth or decline, can have a strong effect on allele frequencies that are not fixed. In addition, the

sample size of the groups (16.67 sample on average) also has to be taken into account. Interestingly,

an association with thermogenesis via brown adipose tissue is also known for variants in the KITLG

gene. Previous research suggests that these variants were also under selection approximately 30-

58ky ago [Yang and Fu, 2018]. It is therefore possible that selection affected variation in KITLG at

different times for based on different pressures.

Another SNP that did not display any significant differences in frequency towards the Central Eu-

ropean reference group since the Mesolithic was rs1540771. For this SNP, extremely low haplotype

frequencies in the gene interferon regulatory factor 4 (IRF4) were found, as indicated by H12 val-

ues (0.0179, P1.1311). The derived allele was found at low frequency in the African reference group

(0.07±0.04), at intermediate frequency in the Chinese (0.24±0.06), and at elevated frequency in the

Central European reference group (0.55±0.07). The derived allele at the SNP is associated with a

decreased tanning response as well as the presence of freckles in people of European descent [Han

et al., 2008]. Previous research suggested that the SNP may have been under positive selection in

European populations [Sulem et al., 2007]. This could explain the results found in the data set, as

extreme low H12 values are the result of high haplotype diversity [Ferrer-Admetlla et al., 2014]. This

high diversity could be explained by diversifying or balancing selection at the locus. In combination,
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these results indicate that selection started to affected pigmentation related loci soon after humans

arrived at higher latitudes. Selection apparently intensified as humans migrated further north. The

need to synthesize vitamin D was probably further increased after humans started to live as farmers

[Beleza et al., 2012].

Selection on depigmentation in Europe since the Mesolithic

For the majority of SNPs identified as non-neutral in the Central European reference group, differ-

ences in allele frequencies could be found among the ancient sample groups. Changes in diet that

are thought to have accompanied the Neolithic transition likely intensified the selective pressure on

the pigmentation phenotype [Beleza et al., 2012]. Research suggests that the diet of early farmers

was substantially depleted in micro-nutrients compared to contemporary hunter-gatherers. The in-

creased amount of vitamin D consumed by hunter-gatherers is believed to have lessened the selective

pressure caused by the lowered UV radiation [Sturm and Duffy, 2012, Hlusko et al., 2018]. Therefore,

hunter-gatherers could maintain a darker complexion even at higher latitudes in comparison to the

early farmers [Marciniak and Perry, 2017].

One of the genes that was probably affected early after the adoption of agriculture is SLC24A5.

Differences between the hunter-gatherers of Central Europe and early Neolithic and later groups

were especially prominent in this gene. For the majority of variants under investigation in this

data set, the derived allele had reached fixation in the Central European reference group, which in

turn resulted in a low gene diversity (De: 0.0257±0.0034). Even though diversity was significantly

higher in all ancient sample groups (p≤0.0500), only the Central European hunter-gatherers had

a functional Fst that was significantly higher compared to neutral expectations compared to the

Central European reference (diff: -0.3977, p≤0.0001). Deviations from neutrality were detected for

all variants in the SLC24A5 gene in the Central European reference group (between H12: 0.6959,

P99.8216 - H12: 0.827, P99.9825), confirming previous evidence of selection at this locus [Hancock

et al., 2011, Sturm and Duffy, 2012, Beleza et al., 2012]. It is assumed that while each variant

adds variable amounts to the overall impact, the SNP rs1426654 has the strongest effect and can

explain 25-38% of variation in eumelanin levels between populations of European and African de-

scent [Lamason et al., 2005]. Frequencies for this variant were already at modern-day levels in both

early farmer groups in the data set (SEF: 0.96±0.08, CEF: 0.96±0.05, CEU: 1.00±0.02), but low

in the Central European hunter-gatherers (0.19±0.15), confirming previous findings [Gamba et al.,

2014, Lazaridis et al., 2014, Hofmanová et al., 2016]. The adoption of agriculture is assumed to

be accompanied by a diet depleted in micro-nutrients and vitamin D [Larsen, 2006, Carrera-Bastos

et al., 2011]. It is highly likely that this increased the selective pressure already present for the

pigmentation phenotype. Selection of rs1426654 is estimated to have started between 19,000 and

11,000 years ago [Beleza et al., 2012]. It is therefore possible that selection predates the onset of

farming approximately 12,000 years ago. This could be further investigated if allele frequency data

from hunter-gatherers ancestral to the early farmer populations were available.

However, the frequencies of the derived allele at rs1426654 were also high in the hunter-gatherers
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from Eastern Europe/Russia. This might be explained by their assumed habitat being located at

higher latitude than that of the Central European hunter-gatherers. It is possible that their diet’s

vitamin D content was not high enough to compensate the effect of the lowered UV radiation. In

addition, demographic factors need to be taken into account. The age of the derived alleles in

SLC24A5 is assumed to be old. For several variants in SLC24A5, derived alleles are also present in

the African reference group and are known to be polymorphic in other African populations [Crawford

et al., 2017]. A decline in population sizes was estimated for the last glacial maximum, followed by a

re-expansion during the Mesolithic and later times [Tallavaara et al., 2015]. This could have led to a

differential distribution of alleles in the population ancestral to the hunter-gatherers of Central and

Eastern Europe. If the derived alleles were already at elevated or high frequencies in the Eastern

European/Russian hunter-gatherers, drift could have increased them further in a short time span,

depending on the population size. This process could furthermore have been accelerated by selection.

Even though depigmentation was probably already advanced in early farmers arriving in Central

Europe, the allele frequencies found in this study show that a darker phenotype compared to modern-

day populations of the area can be assumed. Between the groups of the Early Neolithic and the

Bronze Age several differences in frequencies were found. These differences included SNPs in the

genes SLC45A2 and TYR. Both genes are assumed to have undergone selection during the course

of the Neolithic in Europe [Wilde et al., 2014].

All of the six SLC45A2 SNPs in the Central European reference data set occurred at high frequency,

close to fixation, which resulted in a low diversity (De:0.1023±0.0078). In comparison, the diversity

was significantly higher in all ancient sample groups (between WHG - De: 0.3029±0.0422 and SEF

- De: 0.4178±0.0390, p≤0.0005). The SNPs in the SLC45A2 gene were the only SNPs where the

frequencies in the Bronze Age group differed significantly from the Central European reference. Fst

comparisons further show that the functional Fst at the SLC45A2 locus was higher in all ancient

sample groups compared to neutral Fst values in comparison to the Central European reference

group (between WHG - diff: -0.6341, p≤0.0001 and WEZ - diff: -0.0910, p≤0.0001). In addition

to these differences, deviations from neutrality were found for all six SNPs in the Central European

reference group (D: -2.5516, P0.0380, H12: 0.7474, P99.9848, H1 H2: 0.0102, P0.3124). These findings

confirm previous reports of strong positive selection on the gene in Europe [Hancock et al., 2011,

Wilde et al., 2014, Mathieson et al., 2015]. The differences in frequencies and diversity between the

Bronze Age group and the Central European reference indicate that selection may have been ongoing

at these loci beyond the Bronze Age, as suggested for pigmentation in previous studies [Field et al.,

2016]. However, this could not be reinforced by the beta-binomial simulations. The strength of

selection on rs16891982 in SLC45A2 is assumed to have been similar compared to rs1426654 in the

SLC24A5 [Hart et al., 2013].

In contrast to variants in the SLC24A5 gene, the haplotype structure around rs16891982 suggests an

European origin with subsequent selection [Beleza et al., 2012]. Thus, the data in this study could

confirm the assumption, that the timing of selection was later than for variants in SLC24A5 [Sturm
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and Duffy, 2012, Gamba et al., 2014]. This stepwise process of selection on pigmentation genes could

result from a persistent selective pressure, originating from the combination of an agriculturalists

diet and the lowered levels of UV radiation in Central Europe. When pigmentation related variants

in genes such as SLC24A5 reached high frequencies, selection apparently started to affect variants

in other genes, such as SLC45A2 or TYR.

Another variant that increased in frequency over the course of the Neolithic was rs1042602 in the

TYR gene. The derived allele is associated with light pigmentation and the presence of freckles

[Sulem et al., 2007]. In the data set the derived allele first appeared in the early farmers of Central

Europe (0.11±0.10) and increased in frequency towards the Bronze Age group (0.33±0.28). It was

found at an intermediate frequency in the Central European reference group (0.40±0.02), but was

absent in the all non-European reference groups. The absence of derived alleles in both hunter-

gatherer groups suggests that the mutation first occurred in a farmer population. Estimations of

the allele’s age between 6,100 and 15,600 years are consistent with an origin of the derived allele in

a farming population or its immediate predecessors. Subsequent selection in Europe was indicated

by high iHS and nSL scores in the Central European reference group (iHS: 2.2912, P98.8646; nSL:

2.6302, P99.6343). Selection on variants in the TYR gene was reported previously for a time-frame

similar to the presented data [Wilde et al., 2014]. In contrast to the SNPs in SLC45A2, variation in

the TYR gene had already reached modern-day levels in the Bronze Age group.

Hudjashov et al. [2013] theorized that the relaxation of a functional constraint enabled mutations in

the TYR gene after humans migrated out of Africa. The results for the African group where devia-

tions from neutrality (iHS: 2.2912, P98.8646; nSL: 2.6302, P99.6343) in combination with the absence

of derived alleles were detected furthermore indicate a functional constraint in Africa on variants in

the TYR gene. This pattern could result from purifying selection, purging alleles associated with a

lighter phenotype from the population.

The development of eye and hair color phenotypes in Europe

Similar to pigmentation of the skin, hair and eye color are also defined by the amount and type of

melanin present in the cells [Sulem et al., 2007]. For eye color, the majority of variation in Europe

can be attributed to mutations in the OCA2/HERC2 genes [Scherer and Kumar, 2010]. The HERC2

gene is located in close proximity to the OCA2 gene and contains a promoter region that influences

the expression of OCA2 [Ainger et al., 2017]. The majority of variation of eye color in Europeans

is explained by variants in the OCA2/HERC2 genes. In addition, variants in other genes, such as

rs1408799 in the TYRP1 [Sturm and Duffy, 2012] or rs2402130 in the gene SLC24A4 [Sulem et al.,

2007] are also influential. Several studies suggest that light hair and eye color were under selection

in Europe over the last 10,000 years [Sturm and Duffy, 2012, Wilde et al., 2014, Günther et al.,

2018]. Many of these variants are also known for having an influence on hair color too [Sturm and

Duffy, 2012].

Previous work suggests that hunter-gatherers of Central Europe had a unique appearance, with a

darker skin tone, and for some individuals, a light hair and eye color [Mathieson et al., 2015]. This
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was confirmed for the Central European hunter-gatherers of this data set. The hirisplex results

indicate that blue eye color was a common trait and while light hair shades were present, blond

hair color was only found once. This is a clear contrast to the early farmers of the Aegean/Balkan

region, where the data indicated only dark eyed phenotypes with few lighter hair shades. In the

early farmers of Central Europe light eye and hair color both occurred; interestingly only in the

same individuals. It can be argued if these phenotypes in the early farmers were introduced by ad-

mixture with contemporary hunter-gatherers during the migration towards Central Europe [Lipson

et al., 2017] or if they are the result of population stratification. Selection may have also played a

role in increasing these phenotypes as indicated by the data for several SNPs in the genes OCA2,

HERC2 as well and TYRP1. By the time of the late Bronze Age, 3,000 years ago, light eye and

hair color was fairly common as seen in the data from the Tollense Battlefield presented in this study.

The capture array contained 37 SNPs located in the OCA2/HERC2 gene complex. For the 16 SNPs

in the OCA2 gene an intermediate diversity was found in the Central European reference group (De:

0.2340±0.0084). The diversity in all ancient sample groups was similar, except for the early farmers

from the Aegean/Balkan region (De: 0.3549±0.0334, p≤0.0050) and the Middle Neolithic group (De:

0.346±0.0354, p≤0.0500) where a higher diversity was found. For five out of 15 SNPs deviation from

neutrality were found in the Central European reference group. The results indicate, that different

forms of selection affected these alleles during different times. For two SNPs high H12 (rs1800401 -

H12: 0.765, P99.9340; rs4778136 - H12: 0.7476, P99.9154) and low H2 H1 values (rs1800401 - H2 H1

: 0.0142, P0.8291; rs4778136 - H2 H1 :0.0149, P0.9054) indicate directional selection. The frequencies

for the SNPs in the Central European reference group were high for rs4778136 (0.93±0.04), and low

for rs1800401 (0.05±0.03). No significant differences were found for any ancient sample group in

comparison to the Central European references. Therefore, it can be assumed that frequencies for

the two SNPs were constant over the last 8,000 years in Europe. This indicates that selection at

these loci happened before the Mesolithic. Selection in hair and eye pigmentation was previously

suggested for the Mesolithic and earlier in Europe [Günther et al., 2018, Beleza et al., 2012].

Similar results were found for two different SNPs, only here the neutrality tests were consistent

with diversifying of balancing selection (rs7495174 - D: -2.1901, P1.0415; rs1545397 - H12: 0.0143,

P0.7157; H2 H1: 0.8621, P99.7154). The frequencies for the two SNPs were also similarly distributed

in the Central European reference (rs7495174 - 0.94±0.03, rs1545397 - 0.08±0.04) and no significant

differences could be found for any ancient sample group in comparison. Apparently, two different

forms of selection led to a similar outcome in allele frequencies which were maintained over the last

8,000 years.

The only SNP that deviated from neutrality and also differed in two of the ancient sample groups

was rs4778241. The SNP was at high frequency in the Central European reference (0.84±0.05) while

at intermediate frequency in the early farmers of Central Euorpe (0.50±0.21) and the Eastern Eu-

ropean hunter-gatherers (0.50±0.30). The early farmer group of Central Europea was also the only

group were a Fst value was found for the OCA2 SNPs towards the Central European reference that
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was significantly higher compared to Fst values across neutral regions (diff: -0.0202, p≤0.0500). The

SNP is located on a 166kb long haplotype described by Eiberg et al. [2008], alongside several SNPs

in the HERC2 gene. The haplotype (H1) is one of four (out of ten) haplotypes associated with light

hair and eye color. For 19 of the 21 HERC2 SNPs in the capture array high negative Tajima’s D

values were found in the Central European reference group (between rs1129038 - D: -2.069, P1.7366

and rs7494942 - D: -2.2876, P0.6043). This inclueded all of the SNPs located on the H1 haplotype.

The frequencies of the HERC2 SNPs in the Central European were high for most alleles, which

resulted in a lowered diversity (De: 0.1896±0.0074). For all ancient sample groups the diversity was

significantly higher in comparison (between MN - De: 0.3633±0.0299 and WEZ - De: 0.2507±0.0258,

p≤0.0050). Fst comparisons show that for both early farmer groups and the Eastern European

hunter-gatherers the Fst across the functional markers was higher then expected under neutrality

(EHG - diff: -0.1648, p≤0.0001; SEF - diff: -0.0691, p≤0.0001; CEF - diff: -0.0522, p≤0.0001). These

results show that in contrast to the majority of the OCA2 SNPs, selection on HERC2 was more

recent as frequencies were affected since the early Neolithic, over 8,000 years ago and the diversity

was still higher in the late Bronze Age. Selection on HERC2 was previously reported for a similar

time frame [Wilde et al., 2014]

In addition to the OCA2 and HERC2 SNPs, three SNPs in the TYRP1 gene (rs1408799, rs10960751,

rs10960752) showed extreme iHS values in the Central European reference group. The SNP rs10960751

had one of the most extreme iHS results of all SNPs in the capture array (iHS: -4.2692, P0.0056). Inter-

estingly, a similar extreme value for the SNP was found in the African reference group (iHS: -4.2692,

P0.0056), while the SNP was at elevated frequency in the Central European reference (0.63±0.07),

but at low frequency in the African reference group (0.03±0.06). The majority of the SNPs in the

TYRP1 gene were at similar frequencies in the Central European reference group, which resulted

in a high diversity (De: 0.3447±0.0080) that was matched in all ancient sample groups (between

WHG - De: 0.3392±0.0300 and SEF - De: 0.4125±0.0303). These results, in combination with the

iHS values indicate that balancing selection affected the SNPs. Selection on TYRP1 was previously

reported [Alonso et al., 2008] with and estimated start of the sweep between 19,000 and 11,000 years

ago in Europe [Beleza et al., 2012]. These estimates are consistent with the results found in this data

set. No significant diffrences in allele frequencies could be found in any ancient sample groups when

compared to the Central European reference group, except for the early farmers of Central Europe.

This led to a significant higher Fst value for the TYRP1 SNPs, compared to neutral SNPs (diff:

-0.0369, p≤0.0018) towards the Central European reference. This shows that the TYRP1 SNPs that

seemed to be under selection, were already at frequencies similar to those found today in Europe,

over 7,500 years ago, before the first farmers arrived.

Interestingly, differences were only found for the Central European farmers, but not for the early

farmers of Aegan/Balkan region. The farmers of the Aegean/Balkan regions are closely related

to the ancestral populations that migrated north and became the first farmers of Central Europe

[Hofmanová et al., 2016]. These differences may have originated due to population stratification
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during the migration. Loss of diversity during migration due to serial found effects or increased drift

in smaller populations are factors that can have a severe influence on allele frequencies [Hamilton,

2011]. Apparently, due to admixture or selection in Central Europe during the Neolithic, the fre-

quencies for the SNPs in the TYRP1 gene increased over time. All three TYRP1 SNPs indicated

as selected by the results have strong associations with eye and skin color in European populations

[Sulem et al., 2007, Alonso et al., 2008, Zhang et al., 2013].

Depigmentaion of the skin is widely attributed to the need to synthesize vitamin D at higher lat-

itudes and thereby correlates with latitude [Jablonski and Chaplin, 2000]. This correlation is not

equally strong for eye and hair color, although the highest phenotypic variation is found in popula-

tions with European ancestry [Sturm and Larsson, 2009]. In addition, the architecture of hair and

eye color phenotypes is more complex in comparison to pigmentation of the skin. The majority of

variants associated with skin depigmentaion is assumed to be additive. Several variants with varying

small effects are known [Crawford et al., 2017]. For eye color, over-dominance of alleles associated

with dark pigmentation phenotypes is assumed for a vast number of SNPs [Ainger et al., 2017]. No

phenotypic advantageous are known for light hair and eye color, which makes the identification of

potential selective pressures even harder. Different theories were proposed to explain the signs of

selection found for these traits.

Since a high number of SNPs associated with eye and hair color are also known to affect skin pig-

mentation [Crawford et al., 2017] a correlation was assumed [Sulem et al., 2007]. It was suggested

that hair and eye color were a by product of skin depigmentaion and thereby also influenced by

the need for vitamin D. This is contrasted by the often spotty distribution of eye and hair color

phenotypes across Europe, for which only a weaker correlation with latitude can be found [Sturm

and Duffy, 2012]. Others suggested that demographic factors were the major drivers of diversifica-

tion for these phenotypes [Jablonski and Chaplin, 2017]. It was assumed that the relaxation of the

functional constraint on pigmentation phenotypes outside of Africa allowed variants to segregate.

Since these variants were neutral they could rise in frequencies and were subsequently shaped by

drift and demographic history. This is contrasted by the clear signs of selection found in this and in

previous studies [Wilde et al., 2014, Mathieson et al., 2015, Sturm and Duffy, 2012].

Frost [2006] suggested that the diversity of eye and hair color in European population can be ex-

plained by sexual selection. The theory is based on the assumption that hunter-gatherer men had

a higher mortality, caused by the dangers of hunting. Based on their scarcity, men could assert a

higher mate preference. This led to the selection of phenotypes that had a signaling factor and stood

out of the mass. The assumed scarcity of men was less severe in latitudes closer to the equator,

since food sources were more abundant. In addition, signaling of group affiliation was also assumed.

However, these conditions would have not persisted after the adaption of agriculture, as the need

to hunt was moderated by food production. This stands in contrast to the results present here.

Several alleles in HERC2 and TYRP1, indicated as selected by the neutrality tests results, increased

in frequency over the last 7,500 years since the Neolithic arrived in Central Europe.
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It is possible that the variants associated with light eye and hair color are related to additional

phenotypes. Variants in the gene MC1R have a strong association with red hair and light eyes, in

addition to increase resistance to cold-stress related pain [Liem et al., 2005]. The exact function of

the HERC2 gene is still unknown [Ibarrola-Villava et al., 2010]. Even though it is closely related to

pigmentation phenotypes, it was suggested that the HERC2 gene is also involved in spermatogenesis,

among other functions [Jablonski and Chaplin, 2000]. For the OCA2 gene a connection to neurode-

velopment via an association to its neighboring gene GABRB3 was proposed [Delahanty et al., 2016].

The GABRB3 gene is assumed to affect cognitive abilities and has association to autism and bi-

polar disorder [Delong, 2007]. Additional research is needed to identify the underlying mechanism

that led to the distribution of pigmentation phenotypes in European populations. With a broader

understanding of gene function and their interactions, it may be possible to shed further light on

the development of hair and eye color related phenotypes.

Conclusion

Pigmentation in humans is a polygenic trait. Variation in many genes is known to affect skin hair

and eye color phenotypes to a varying degree. Vitamin D deficiencies at higher latitudes are as-

sumed to have led to a decreased pigmentation in Central Europe over the last 40,000 years. This

chapter investigates the development of pigmentation phenotypes in Europe by applying statistical

tests to a diachronic data set consisting of over 100 ancient samples ranging from the Mesolithic to

the Bronze Age. By using neutrality tests on modern-day reference populations potentially selected

alleles could be identified. The ancient DNA data then could be used to track changes in allele

frequencies over time narrowing down a time-frame in which selection may have occurred. Thereby

it could be shown, that depigmentation was a gradual process that started early after humans had

migrated to habitats at higher latitudes. Signs of selection were found for a variant in the ASIP gene

with a strong effect on skin pigmentation, while it was found fixed in all non-African populations of

the data set, indicating selection had affected this allele over 40,000 years ago. As humans moved

further north, depigmentaion also increased. The results show that derived alleles in KITLG and

IRF4 increased in frequencies before the onset of the Mesolithic.

Pigmentation-score results indicate that depigmentation was already advanced in the hunter-gatherers

of Mesolithic Europe, while an even lighter pigmentation phenotpye can be assumed for early farm-

ers. The data is consistent with the assumption that a vitamin D depleted diet increased to selective

pressure in early farming groups propelling depigmentaion even further. Strong evidence was found

for a selection of variants in the SLC24A5 gene, after the onset of the Neolithic. These variants

were introduced to Central Europe at high frequencies by migrating farmers. Additional evidence

suggests selection also affected variants in TYR and SLC45A2 over the course of the Neolithic until

the late Bronze Age. Based on the genetic data of the Bronze Age, samples a phenotype highly sim-

ilar to today can be assumed for that time. The loss of genetic diversity over time shows, that the

majority of alleles associated with skin depigmentation were affected by positive directional selection.
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For the alleles associated with eye and hair color phenotypes a different picture emerged. Signs of

selection could be found for variants in OCA2, HERC2 and TYRP1 associated with light eye and

hair color. Comparisons of Fst values and measurements of genetic diversity indicate that a major

proportion of these alleles was under selection even before the Mesolithic. Genetic diversity in OCA2

and TYPR1 as well as Fst values for HERC2 show, that higher similarities can be found between

hunter-gatherers and modern populations of Central Europe, compared to the early farmer groups

of the area. This could indicate that selection on light eye and hair color phenotypes was driven by

a European specific factor, uninfluenced by the Neolithic.

To further investigate the development of pigmentation phenotypes in Europe, additional research

is needed. The increasing availability of full genome data of ancient individuals can be used in the

future to apply haplotype based test directly to ancient samples. This could help to create a more

nuanced picture of potential selection events, their timings and strength. Time series data from

hunter-gatherers pre-dating the onset of farming in Central Europe and the Near East could also be

highly valuable to this work. With a higher resolution data set it could be determined if selection

increased on variants in genes such as SLC24A5 after the adoption of farming, or if it selection was

already ongoing prior to the Neolithic. Further investigations in the genes related to eye and hair

color phenotypes are also needed to be able to identify the underlying mechanism that led to the

distribution seen today in Europe.
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4 The influence of subsistence and climate on the energy metabolism

4.1 Introduction

This chapter investigates the differential prevalence of civilization diseases associated with the energy

metabolism, such as the metabolic syndrome and type 2 diabetes. Several theories have tried to ex-

plain why these diseases are more widespread in some populations compared to others. While some

theories suggest that adaptations to previous life conditions have led to adaptations detrimental in

a modern lifestyle [Neel, 1962], others propose that the differential distributions were the outcome

of drift, influenced by the various populations histories [Speakman, 2006]. In this study, ancient

DNA is used to test hypotheses related to the differential distribution of risk alleles associated with

civilization diseases, with a focus on European population history.

After the Neolithic transition, the Industrialization is thought of as the other major transition since

the Palaeolithic [Armelagos, 2009]. The steady refinement and improvement of tools and processes

since the adoption of agriculture was suddenly accelerated in an unprecedented speed. New advance-

ments in almost every sector transformed populations around the globe. Agricultural productivity

was further increased by the development of fertilizers and their industrial production, while tech-

nological advancements led to a reduction of physical labor in almost every profession. This allowed

for populations to grow, leading to increased urbanization. Advances in the medical field, in the

form of vaccinations, antibiotics, or general new treatments such as radiation therapy, as well as

increased sanitation, promoted an increase of the overall life expectancy [Cochran and Harpending,

2009]. As a result, the average lifespan in the west has increased to roughly 80 years since the end

of the second World War [Wang et al., 2012].

However, as prosperity increased, a number of new health threats arose. While infectious diseases

were steadily declining, obesity, cardiovascular disease (CVD) and type 2 diabetes (T2D) took their

place. Especially in westernized countries they have increased strongly. After becoming the number-

one causes of non-violent deaths, they are now seen as a global health threat. Estimates predict a

doubling of the prevalence of T2D in the time-span from 2000 to 2035, rising from 171mio cases to

366mio worldwide [Carrera-Bastos et al., 2011]. T2D is a metabolic disorder that is characterized

by high blood-sugar levels, insulin resistance, and a relative lack of insulin production [Gross et al.,

2004]. The growing epidemic of T2D is in addition fueled by a parallel epidemic of obesity. While

500mio people were obese in 2005, this number climbed to 700mio in only 10 years [Diamond, 2003,

Prentice, 2005]. Simultaneously, also the number of CVD-cases rose in Europe and the US [Cordain

et al., 2005]. The contributing factors that can lead to CVD and T2D, are summarized as the

Metabolic Syndrome (MetS). The metabolic syndrome is diagnosed by the presence of any three of

the following five conditions: (i) obesity, defined by a Body Mass Index (BMI) above 30 kg/m2 or a

significant deviation from the population middle, (ii) elevated triglyceride levels, (iii) reduced levels

of high-density lipid (HDL) cholesterol (”good” cholesterol), (iv) elevated blood pressure and (v)

elevated fasting glucose levels [Brown and Walker, 2016, Milici, 2010].
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Environmental factors influencing the risk of MetS developement

A variety of environmental factors contribute to this epidemic: Nutrition, next to low amounts of

physical activity, is among the main contributors. The over-abundance of high-caloric food has cre-

ated an environment in which the general energy intake is not met by the level of physical activity.

The per capita consumption of refined sugar per year in the US has increased from 55.5kg in 1970

to 69.1kg over the next 30 years [Cordain et al., 2005]. Before that, consumption rates were con-

siderably more stable; e.g., annual consumption rates in England in the 1820s have been estimated

at 6.8kg per capita [Cleave, 1974]. Large proportions of daily meals consumed today consist of

highly refined grains, added sugars, fat, and salt in quantities unknown before the industrialization.

Refined grains and sugars have the ability to raise the blood sugar level at much faster rates than

for example whole grain products [Greenwood et al., 2013].

To be able to categorize how various foods affect the blood-sugar level, the glycemic index (GI) was

developed. This index ranks foods between 0 and 100, with 100 leading to the fastest increase of the

blood-sugar level. Food with a GI below 55 is considered low-glycemic, while foods with a GI above

70 are considered high-glyecmic [Cordain et al., 2005]. Processing of grains has an increasing effect

on the GI, while the additional fiber in the whole grain flour lowers the GI [Liu et al., 2000]. The

reason for this is that it takes the body longer to digest fiber and access the carbohydrates, which

slows down the increase in blood-sugar. To take all this into account, the glycemic load is used to

describe the overall ability of food to raise the blood-sugar level (GI x total amount of carbohy-

drates in diet). The regular consumption of high-glycemic foods, such as soft drinks or white bread,

will lead to constantly increased blood sugar levels, which in turn will trigger an increased insulin

secretion by pancreatic β-cells [Greenwood et al., 2013]. If insulin levels are constantly high, cells

can build up resistance over time. This will cause the pancreas to increase insulin secretion even

further to meet demands created by food consumption. The resulting chronic hyperglycemia and

hyperinsulinemia can trigger several hormonal and physiological changes, and can finally result in

pancreatic β-cells ceasing insulin production altogether [Cordain et al., 2005, Greenwood et al., 2013].

Obesity, caused by nutrition and general energy imbalance, plays a key role in the MetS and is a

major risk-factor for developing T2D. Similar to diabetes, the prevalence of obesity is increasing

rapidly. With the majority of meat coming from factory farms, the amount of fat in a serving of

beef has increased. Prior to this development, most cattle were held on free-range farms. Today,

the majority is stable farmed and raised on a diet of corn in a much shorter amount of time. The

animals grown this way have a much higher fat content, visible in the ”marbled meat” that origi-

nates from fat being lined in between the muscle tissue [Cordain et al., 2005]. Besides obesity, the

saturated fats from meat and dairy products can have additional negative effects on health, visible

in the positive correlation between the consumption of saturated fats and coronary heart diseases

[Mozaffarian et al., 2010].

Next to saturated fats, also other fats can have detrimental effects on health. Heated plant oil, widely

available since the 1950 as margarine or baking fat, contains a large amount of trans-fatty acids as
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a by-product of the production process. Theses trans-fatty acids are associated with increasing the

risk of cardiovascular diseases by affecting the balance between low-density-lipoprotein (LDL, ”bad”

cholesterol) and high-density-lipoprotein (HDL, ”good” cholesterol), while also increasing triglyc-

eride levels and causing systemic inflammation [moz, Mozaffarian et al., 2010, Mensink and Katan,

1990]. Apart from inflammation, clogging of arteries through cholesterol can narrow their diame-

ter, subsequently increasing blood pressure [Blaustein et al., 2006]. Additional factors part of the

westernized lifestyle that add to the risk of developing MetS are inactivity, alcohol consumption,

lack of sleep, high stress, and smoking [Vancampfort et al., 2011, Carrera-Bastos et al., 2011]. The

rapid increase of civilization diseases among developing countries unaffected before is seen as a direct

result of advancing globalization [Littlewood, 2004].

Genetic factors involved in the MetS and T2D developement

While the environmental causes for T2D and MetS are well known, the genetic component is far

less understood. Nevertheless, population, family and twin-studies have shown that genetic factors

indeed contribute to the disease risk, e.g., the heritability of T2D is estimated to range between 20%

- 80% [Meigs et al., 2000]. The risk to develop T2D is increased threefold in first degree relatives

of T2D patients, compared to unrelated people [Florez et al., 2003]. In general, MetS and T2D are

complex diseases that are not caused by a single mutation or an alteration of a single gene. Instead,

a whole cascade of variants influences different aspects that all contribute a small proportion to

the increased risk [Vassy et al., 2012]. Many of the genetic factors identified today originate from

genome-wide association studies (GWAS) where large datasets of patients and controls were geno-

typed and compared after correcting for population stratification. These studies have identified a

plethora of variants and genes that are associated with different aspects of the diseases. One of the

major variants associated with T2D risk is rs7903146, located in the transcription-factor 7-like 2

(TCF7L2) gene. This gene is highly polymorphic and influences several pathways and thereby regu-

lates glucose metabolism in the pancreas and liver [Facchinello et al., 2017]. Interestingly, additional

variants in the gene are known for their association with other diseases, including schizophrenia [Liu

et al., 2017], multiple sclerosis [Vallee et al., 2018] and cancer [Torres et al., 2017].

Several gene variants have been found to be associated with an increased risk for insulin resis-

tance. Variants in the krüppel-like factor 14 (KLF14) gene, for example, were identified to be linked

to reduced insulin action in Europeans [Voight et al., 2010]. Furthermore, gene expression was re-

duced in adipose and muscle tissue in T2D patients [Yang et al., 2015]. Other variants associated

with insulin resistance were found in genes such as glucokinase regulator (GCKR), insulin receptor

substrate 1 (IRS1), insulin-like growth factor 1 (IGF1), melanocortin 4 receptor (MC4R) and tran-

scription elongation regulator 1-like (TCERG1L) [Brown and Walker [2016] and the sources therein].

Obesity, as one of the greatest risk factors in MetS and T2D, has also been found to be affected

by genetic variation. SNPs found in the gene that transcribes the fat mass and obesity associated

protein (FTO), are linked to insulin resistance as well as abdominal fat mass [Brown and Walker,

2016]. Carriers of this risk allele have, on average, a higher body-mass-index, compared to non-
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carriers. Other studies have identified SNPs associated with an increased risk for hypertension.

Variants in the genes angiotensie (AGT) and cytochrome P3A5 are associated with salt retention in

the kidneys.

The mutations in the cytochrome gene are causing the protein to be ineffective, allowing higher rates

of salt to be excreted which in turn can lead to an Na2+ imbalance in a low-sodium environment

[Bochud et al., 2009].

Another indicator for the genetic component in MetS and T2D is the fact that groups with different

ethnic backgrounds have different susceptibilities for developing them [Congdon, 2006]. A compari-

son of groups in the UK and the US showed that populations of African descent have higher rates

of T2D, compared to populations of European or Asian ancestry [Maty et al., 2010]. A similar case

was found for inhabitants of small pacific islands, where extremely high rates of obesity and T2D

were found after people were introduced to a westernized diet [Jowitt, 2014]. By comparing risk

allele frequencies among worldwide populations, a pattern emerged which showes a decrease in risk

alleles from Africa over Europe towards East-Asia [Chen et al., 2012].

Explanations for the worldwide differences in MetS prevalence

The genetic background leading to different prevalences in MetS in worldwide populations has been

the focus of a debated since it was first noticed. In 1962, Neel released a study called ”A thrifty

genotype rendered detrimental by progress” [Neel, 1962]. He claimed that the widespread rise in

T2D was caused by a mismatch of genetics and environment. Humans spend most of their history

as nomadic hunter gatherers, which allowed plenty of time for adaptive mutations to rise in fre-

quency. Hunter gatherers were prone to seasonal fluctuations in food-availability, which created a

cycle of feast and famine. According to theory, reoccurring famine would have created a selective

pressure high enough to favor energy efficient variants, which led to the now predominantly present

phenotype. The resulting faster increase in body mass would have been especially beneficial for

childbearing women, allowing them to sustain enough energy even during food shortages, and thus

to maintain the health of the child. These ”thrifty genes” that allowed for the storage of energy

for times of need would become detrimental after the onset of the Neolithic, when food production

lead to a more stable environment. Neel interpreted the time since hunter-gatherers became sessile

farmers as to short for a reversing the genetic effects on those variants. The westernized lifestyle is

thought to have further increased the bias between genes and environment.

His theory was met with interest, but also criticism and before the availability of genetic data

related to the subject, the hypothesis was hard to test. Critics of Neel’s theory argued that there

is no evidence for periodic feast and famine in hunter-gatherer societies and by comparing recent

hunter-gatherers with pre-industrialized farmers, no significant differences in food availability could

be determined [Benyshek and Watson, 2006]. Others assumed that the opposite to Neel’s theory

was more likely, with famine being more prominent and more severe in early agricultural societies

[Speakman, 2006]. It is easy to imagine that a crop failure, caused by a drought or a pest, could

have a harsh impact on early farmers, while hunter-gatherers were more flexible due to their mobility.
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A similar by theory Colagiuri and Miller [2002] states that variants linked to insulin resistance were

beneficial as long as humans lived as hunter-gatherers, because they were an adaptation to a diet

high in protein, but low in carbohydrates. Even after the onset of the Neolithic, theses variants were

not detrimental, since the carbohydrates consumed until the Industrialization had a low glycemic

index. Only after the Industrialization these mal-adaptations became visible.

In contrast to Neel, Cochran and Harpending [2009] suggest that protective variants increased dur-

ing the Neolithic as an adaptation to the new carbohydrate-rich diet. As a result, populations that

never, or only recently, adopted farming were more prone to T2D. This would also explain the high

rates of T2D in aboriginal people of Australia, where agriculture was absent before the colonization

of the continent by Europeans.

As one of Neel’s biggest critics, Speakman formulated his own theory [Speakman, 2006]. He argued

that there was no feast or famine present in hunter-gatherer societies and thus no selective pressure

that increased the frequency of thrifty variants. If a periodically occurring feast was the norm since

early in the history of humans, thrifty variants should be fixed by now. He did, however, assume a

functional constraint on variants related to the energy metabolism taking place early in the history

of the genus homo, which prevented energy efficient variants to segregate. According to him, this

was caused by the need to be able to flee in case of a predator attack, which was less likely to be

successful for an obese person. This constraint was lifted when early humans started to use tools

and manage fire. Since then, variants related to the energy metabolism were only affected by drift

[Speakman, 2008, 2018].

Others arguments state that the differences in susceptibility to MetS and especially obesity were

mainly caused by the adaptation to different climate zones [Sellayah et al., 2014]. The clinal distri-

bution observed for some of the aspects linked to MetS are thought to have arisen in consequence

to changes in the energy metabolism, linked to thermogenesis. In contrast to adaptations to the

extreme cold, were increased fat layers for heat protection are reported [Makinen, 2010], adaptations

to moderate cold have been associated with differential distribution of brown adipose tissue (BAT)

as well as an increased metabolism [Bakker et al., 2014]. Sellayah et al. [2014] argue that these

adaptations could have affected several different genes involved in adipose-tissue distribution and

energy metabolism in correlation with climate variables in each distinct habitat.

In another theory, the distribution of MetS and T2D risk alleles has been linked to differential expo-

sure to various diseases in different environments. Since people migrated out of Africa and settled in

new climate regions, they were exposed to new diseases. Depending on the exposure, energy efficient

variants became beneficial since they allowed the carriers immune system to react even when energy

intake was hindered [Wells, 2008]. The spread of obesity was furthermore linked to occurrences of

tuberculosis. It is assumed that the pro-inflammatory characteristics associated with excess body-fat

helped in combating the infection by increasing the immune response, thus making obesity advan-
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tageous in areas with high rates of tuberculosis [Roth, 2009]. Even an association with dairying

was proposed [Allen and Cheer, 1996, Cheer and Allen, 1997] according to which the increase in

glucose levels in the blood, created by increasing dairy consumption, could have led to the selection

on protective variants in dairying populations. Dairying itself is assumed to have caused the increase

of a variant that is known to cause lactase persistence in humans [Bersaglieri et al., 2004b]. This is

often discussed as an example for culture-gene co-evolution [Gerbault et al., 2011].

The differential susceptibility to high blood pressure is believed to be linked to the need for salt-

retention in hot and wet climates. Diets in hunter-gatherer societies are low in sodium. Variants

related to an increased excretion of sodium were therefore assumed to be detrimental, which led to

a functional constraint. After the migration of humans to cooler climate-zones, this constraint was

lifted and allowed for the increase in frequency of ”non-retaining” variants. Salt-retaining variants

in combination with a high sodium diet, are assumed to be linked to increased risk of hypertension

[Young et al., 2005].

Testing the hypotheses

With genetic data becoming more easily available, several studies have investigated the distribu-

tion of MetS-related loci in worldwide populations. Data indicates that a selection for a variant in

TCF7L2 in Europeans may have occurred in the last 8,000 years [Helgason et al., 2007]. The selected

variant was found to be protective against T2D, suggesting that carriers of the SNP were more likely

to have an increased BMI, yet less likely to develop T2D. This is an example for the complexity of the

underlying genetics of T2D and the MetS, which are only partially understood. Other studies have

used known risk alleles to test the ”thrifty gene” hypothesis directly, but could not find an excess

of risk alleles in favor of protective alleles [Ayub et al., 2014, Wang and Speakman, 2016]. Patterns

indicating varying degrees of selection were found for both protective and risk alleles in different

populations. Ségurel et al. [2013] investigated the influence of subsistence on the distribution of

frequencies in a set of ten T2D related SNPs in two neighboring populations in Central Asia. They

found evidence suggesting that selection affected protective variants after the onset of the Neolithic.

These patterns were visible in both populations, indicating that subsistence was not necessarily the

driving force but rather factors that correlated with eco-region and climate.

An association with the climate was also found for variants in AGT which are known to be associate

with hypertension [Balam-Ortiz et al., 2012]. The frequencies of the risk alleles were found to be

negatively correlated with latitude, suggesting a pattern facilitated by salt-retention in warm wet

climates [Young et al., 2005]. Studies using ancient DNA have furthermore provided evidence for

selection affecting markers related to energy metabolism and the processing of foodstuff. Mathieson

et al. [2015] found signs for selection affecting lactase persistence and the fatty acid metabolism

related to decreased triglyceride levels in the blood. However, so far, ancient DNA has not been

used to specifically test for hypotheses related to the prevalence of MetS and T2D. This dataset, for

the first time, offers the possibility to test specific hypotheses related to the distribution of MetS risk

alleles. The availability of allele frequencies of hunter-gatherers as well as early and later farmers
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from Europe allows to investigate the potential influence of the Neolithic as well as the possible

effect of climate variables.
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4.2 Hypotheses

The data set described here consists of 197 loci associated with MetS, T2D, and the general pro-

cessing of foodstuff, genotyped in 102 ancient samples. This extensive data set, in combination with

genome-wide data from three reference groups was used to test the following hypotheses:

1. The high prevalence of MetS and T2D are caused by alleles that were beneficial during a time

when humans lived exclusively as hunter-gatherers and were exposed to periodic cycles of feast

and famine (Neel’s original thrifty gene hypothesis)

If true, most, if not all, risk alleles are found in the ancestral state. A high number of risk

alleles is found in hunter-gatherer groups compared to farmer groups. After the onset of the

Neolithic the frequency of the risk alleles declines with time.

2. The pattern of risk and protective alleles was shaped by a selection associated with eco-region,

rather than subsistence.

If true, high similarities between the distribution of frequencies in the Central European hunter-

gatherer group and the Central European reference group can be found. Probable differences

in frequencies between hunter-gatherers and early farmers decline over time.

3. The distribution of allele-frequencies related to MetS and T2D were only affected by drift.

If true, no patterns of selection are detectable by any approach and the differences in Fst is

similar between MetS and neutral SNPs.

4. The distribution of risk alleles associated with hypertension was shaped by a relaxing of the

functional constraint on salt-retention, after the out-of-Africa migration.

If true, the associated alleles differ in distribution from the other MetS risk alleles. All groups

have similar allele frequencies and a difference between the African and non-African groups is

visible by means of frequency and Fst.
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4.3 Results

4.3.1 Allele frequencies

Loci related to the metabolic syndrome

A total of 187 SNPs located in 105 genes were investigated in association with the MetS and T2D.

Of all risk alleles, 118 were in the ancestral state, while the remaining 69 were derived. Significant

differences were found in the distribution of risk allele frequencies between the Central European

reference group (CEU) and the African reference group (YRI, p≤0.01), as well as to the Chinese

reference group (CHS, p≤0.05), but not between the Chinese and the African group (see figure 25).

No significant differences were found when comparing the distributions of the same number of SNPs

randomly drawn from the neutralome (see figure 26). For every group investigated here, the distri-

bution of the risk allele frequencies differed significantly from a distribution of frequencies of SNPs

randomly drawn from the neutralome (p≤0.05).

Among the European groups, the highest number of differences in comparison to the Central Euro-

pean reference group was found for the Central European hunter-gatherers (WHG), with 40 SNPs

(55% higher, 45% lower), followed by the Central European farmers (CEF) with 26 SNPs (58%

higher, 42% lower). For the Eastern European/Russian hunter-gatherers (EHG) 25 SNPs (32%

higher, 68% lower) were detected to be different to the CEU reference, 13 SNPs for the farmers from

the Aegean/Balkan region (SEF, 79% higher, 21%) and seven for the Bronze Age group (WEZ, 43%

higher, 57% lower). Of all the SNPs found to differ from the CEU reference in the three farmer

groups, only one was found to differ in all groups, while five were found to differ in both CEF and

SEF, and three were different in CEF as well as WEZ. Among the hunter-gatherer groups, 12 SNPs

were found to differ in WHG as well as EHG in comparison to the CEU reference.
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Figure (25) Kernel density estimation plot of MetS related risk allele frequencies for the three

reference groups.

Figure (26) Kernel density estimation plot of randomly drawn frequencies from the neutralome

to match the number of MetS SNPs.

Calculations of the Hardy-Weinberg equilibrium (HWE) resulted in significant results for every

group, except the Middle Neolithic group. In the Eastern European/Russian hunter-gatherers,

the SNP rs7756992 in the gene CDKAL1 was found to have a deficit of heterozygous genotypes
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(p≤0.05). The only other SNP found with less heterozygotes than expected was rs11196199 in the

TCF7L2 gene in the Central European farmers (p≤0.01). For the Central European farmer group,

the SNPs rs6698181 in the gene PKN2, rs2943641 in the gene IRS1, and rs6446482 in gene WFS1

were found with an excess in heterozygotes (p≤0.05 each). Similarly, in the early farmer group from

the Aegean/Balkan region the SNPs rs3758391 (SIRT1, p≤0.05) and rs7395662 (MADD, p≤0.05)

were found to have an excess of heterozygous genotypes. The only SNP that was found to have a

heterozygote excess in more than one group was rs864745 in the gene JAZF1, found in the Central

European hunter-gatherers (p≤0.05) and the Bronze Age group (p≤0.05). Six SNPs were identified

in the Central European reference group that deviated from HWE. For all six SNPs (rs7903146,

rs12255372 (TCF7L2), rs11257622 (CDC123), rs1529927 (SLC12A3), rs174570 (FADS2), rs1552224

(CENTD2)), an excess of homozygous genotypes was determined (see table 9 ).

Derived alleles were absent in all groups dating before the Bronze Age for the SNP rs4988235, which

is highly associated with lactase persistence in Europeans. In the WEZ group, derived alleles were

found at 0.14±0.18, In the CEU reference group the frequency was at 0.74±0.06, while no derived al-

leles were found in any other reference group. Of the remaining five MCM6 SNPs, all but rs16855656

were found at significantly higher frequency in at least two ancient groups compared to the CEU

reference (see table: 8). SNPs in the ALDH2 and ADH1B genes did not show significant deviation

from the Central European reference in any ancient sample group.
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4.3.2 Neutrality tests

In the Central European reference group, 54 SNPs in 34 genes were identified to deviate from neutral

expectations by at least one neutrality test (for details see table 10 and 8). Of those SNPs, 19 differed

between one or more ancient sample group and the Central European reference group. The highest

number of non-neutral SNPs was identified in the Chinese reference group, while the lowest number

was found in the African reference group (see figure 27).

Figure (27) Venn diagram of the number of SNPs that deviated from neutral expectations in each

of the three reference groups. CEU=Central Europeans, YRI=Africans, CHS=Chinese.
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4.3.3 Average expected heterozygosity De

SNPs associated with the TCF7L2 gene

The lowest gene diversity was estimated for the SNPs in the TCF7L2 gene of the African refer-

ence group (De: 0.2255±0.0062), followed by the hunter-gatherers of Eastern Europe/Russia (De:

0.2757±0.0273). The highest diversity was found for the Chinese reference group (De: 0.0485±0.0041).

For all remaining European groups, similarly elevated values were estimated, with the Central Euro-

pean hunter-gatherers at the lower end (WHG - De: 0.3135±0.0194, SEF - De: 0.3513±0.0259, CEF -

De: 0.3275±0.0165, MN - De: 0.3576±0.0314, WEZ - De: 0.3533±0.0230, CEU - De: 0.3558±0.0070).

The diversity in the African reference groups was significantly lower compared to all other groups

(p≤0.0010) except for the Eastern European/Russian hunter-gatherers. The diversity in the Chi-

nese reference group was higher compared to every other group (p≤0.0001). Differences among the

European groups were only found between the Central European reference group and the Eastern

European/Russian hunter-gatherers (p≤0.0500, for details see figure 28).

Figure (28) Average expected heterozygosity De for all groups for the SNPs in the TCF7L2 gene.

P-values for differences between groups are displayed in the heatmap. Significant values are high-

lighted by black stars.

SNPs associated with the FTO gene

For the SNPs in the FTO gene, the highest diversity was found for the European groups (EHG - De:

0.3328±0.0467, WHG - De: 0.4309±0.0178, SEF - De: 0.4258±0.0292, CEF - De: 0.4174±0.0258,

MN - De: 0.3542±0.0456, WEZ - De: 0.4318±0.0231, CEU - De: 0.4677±0.0060). While the diver-

sity was also elevated in the African reference group (YRI - De: 0.3277±0.0086), it was lowest in the

Chinese reference group (CHS - De: 0.2320±0.0126). The diversity in the African reference group

was significantly lower compared to all other groups (p≤0.0500), except the Middle Neolithic group

and the hunter-gatherers of Eastern Europe/Russia. A similar result was found for the Chinese

reference group (p≤0.0500), except that here the diversity was also lower compared to the Middle

Neolithic group. Between the European groups, significant differences were found only between the

Central European reference group and the Eastern European hunter-gatherers (p≤0.0500), and the

Central European reference group and the Middle neolithic group (p≤0.0500, for details see figure

29).
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Figure (29) Average expected heterozygosity De for all groups for the SNPs in the FTO gene. P-

values for differences between groups are displayed in the heatmap. Significant values are highlighted

by black stars.

SNPs associated with the AGT gene

For the AGT gene, the highest diversity was found in the European groups (EHG - De: 0.3541±0.0424,

WHG - De: 0.3229±0.0399, SEF - De: 0.3089±0.0545, CEF - De: 0.3545±0.0318, MN - De:

0.3564±0.0486, WEZ - De: 0.3289±0.0428, CEU - De: 0.3484±0.0098). In both non-European

reference groups a comparatively lower diversity was found (YRI - De: 0.2224±0.0112, CHS - De:

0.2662±0.0127). BWhile the European groups did not differ significantly, the diversity in the African

reference group was found to be significantly lower in comparison to all European groups (p≤0.0500),

except the farmers from the Aegean/Balkan region. The Chinese group differed in comparison to

the Central European reference group (p≤0.0005), as well as to the farmers from the Aegean/Balkan

region (p≤0.0500, for details see figure 30).

Figure (30) Average expected heterozygosity De for all groups for the SNPs in the AGT gene. P-

values for differences between groups are displayed in the heatmap. Significant values are highlighted

by black stars.

SNPs associated with the MCM6 gene

For the MCM6 gene, the diversity was estimated to be similar in all groups, except for the Cen-
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tral European and the African reference groups, where a lower diversity was found (EHG - De :

0.3200±0.0471, WHG - De: 0.3119±0.0383, SEF - De: 0.3953±0.0489, CEF - De: 0.3189±0.0287,

MN - De: 0.3468±0.0531, WEZ - De: 0.3596±0.0458, CHS - De: 0.3480±0.0054, CEU - De:

0.2300±0.0138, YRI - De: 0.2741±0.0098). Between the ancient sample groups, no significant differ-

ences could be found, while the Central European reference group differed from both early Neolithic

farmer groups (SEF: p≤0.0010, CEF: p≤0.0500), the Bronze Age group (p≤0.0500) and the Chinese

reference group (p≤0.0001). Furthermore, the African reference differed from the Chinese reference

group (p≤0.0001) and from the early farmers from the Aegean/Balkan region (p≤0.0500, for details

see figure 31).

Figure (31) Average expected heterozygosity De for all groups for the SNPs in the MCM6 gene. P-

values for differences between groups are displayed in the heatmap. Significant values are highlighted

by black stars.

4.3.4 Pairwise Fst comparisons

SNPs associated with the TCF7L2 gene

A significantly higher average Fst across the functional SNPs compared to the neutral SNPs was

found between the Eastern European/Russian hunter-gatherers and the Central European reference

group (diff: 0.0995 p≤0.0001), the Central European farmer group (0.0636 p≤0.0500), the farmer

group from the Aegean/Balkan region (diff: 0.0636 p≤0.0500), the Bronze Age group (diff: 0.1444

p≤0.0001) and the African reference group (diff: 0.2223 p≤0.0001). The onyl other group with an

exclusive European pairing with a significant higher average functional Fst consisted of the Central

European hunter-gatherers and the farmers from the Aegean/Balkan region (diff: 0.0535 p≤0.0500).

All other pairings with significant differences included the Chinese reference group were the average

functional Fst was always greater than the average neutral Fst (YRI - diff: 0.2268 p≤0.0001; CEU -

diff: 0.1825 p≤0.0001; WEZ - diff: 0.2259 p≤0.0001; CEF - diff: 0.1465 p≤0.0001; SEF - diff: 0.1207

p≤0.0050).

SNPs associated with the FTO gene

Three pairings were found with significant differences in the pairwise comparisons at the FTO loci.
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Figure (32) a) Pairwise Fst comparison between SNPs in the TCF7L2 gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.

In all pairings, the Fst across the functional SNPs was found to be significantly higher and the

pairings always included the Chinese reference group (CEU - diff: 0.0896, p≤0.0100; WEZ - diff:

0.1383, p≤0.0010; SEF - diff: 0.1042, p≤0.0500).

SNPs associated with the AGT gene

All pairings for which significantly higher Fst values were found for the functional SNPs in the AGT

gene, included either the Chinese (WHG - diff: 0.2057, p≤0.0001; CEF - diff: 0.1063, p≤0.0100;

CEU - diff: 0.1031, p≤0.0050; EHG - diff: 0.1693, p≤0.0050; YRI - diff: -0.1175, p≤0.0010) or

the African reference group (CEF - diff: 0.1391, p≤0.0050; CEU - diff: 0.1323, p≤0.0050; EHG -

diff: 0.1930, p≤0.0050; WHG - diff: 0.2284, p≤0.0001). None of the pairings between the European

groups showed any significant differences.

SNPs associated with the MCM6 gene

All pairings for which significant higher Fst values were found for the functional SNPs in the AGT

gene, included either the Chinese (WHG - diff: 0.2057, p≤0.0001; CEF - diff: 0.1063, p≤0.0100;

CEU - diff: 0.1031, p≤0.0050; EHG - diff: 0.1693, p≤0.0050; YRI - diff: -0.1175, p≤0.0010) or

the African reference group (CEF - diff: 0.1391, p≤0.0050; CEU - diff: 0.1323, p≤0.0050; EHG -

diff: 0.1930, p≤0.0050; WHG - diff: 0.2284, p≤0.0001). None of the pairings between the European

groups showed any significant differences.

SNPs related to obesity

The investigation of the obesity related SNPs resulted in 18 pairings where the average functional

Fst was significantly higher compared to the average neutral Fst. The Chinese reference group was
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Figure (33) a) Pairwise Fst comparison between SNPs in the FTO gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.

Figure (34) a) Pairwise Fst comparison between SNPs in the AGT gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.
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Figure (35) a) Pairwise Fst comparison between SNPs in the MCM6 gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.

found to differ in Fst values compared to all groups, except the Central European farmers (EHG -

diff: 0.1010, p≤0.0010; WHG - diff: 0.0882, p≤0.0050; SEF - diff: 0.1189, p≤0.0001; WEZ - diff:

0.0684, p≤0.0050; CEU - diff: 0.0474, p≤0.0500; YRI diff: 0.0611, p≤0.0500). The remaining 12

pairings all consisted of groups of European origin. Four pairings included the Central European ref-

erence (EHG - diff: -0.0634, p≤0.0000; CEF - diff: -0.0109, p≤0.0500; SEF - diff: -0.0180, p≤0.0500;

WHG - diff: -0.0450, p≤0.0001), while the rest consisted exclusively of ancient sample groups. Of

those parings, three included the Central European hunter-gatherers and one of the farmer groups

(WEZ - diff: -0.0258, p≤0.0500; CEF - diff: -0.0943, p≤0.0001; SEF - diff: -0.0750, p≤0.0050), while

two included the Eastern European/Russian hunter-gatherers and one of the farmer groups (WEZ -

diff: -0.0648, p≤0.0010; CEF - diff: -0.0489, p≤0.0500). Furthermore, all comparisons between the

farmer groups resulted in significant differences (WEZ - SEF diff: -0.0363, p≤0.0050; SEF - CEF

diff: -0.0241, p≤0.0500; WEZ - CEF diff: -0.0283, p≤0.0050).

SNPs associated with type 2 diabetes

The assessment of the SNPs exclusively associated with T2D resulted in 15 pairings with significant

higher Fst values across the functional SNPs compared to the neutral SNPs. Six of those pairings

included the Chinese reference group (CEU - diff: 0.0380, p≤0.0500; YRI - diff: 0.0781, p≤0.0100;

WHG - diff: 0.1246, p≤0.0001; WEZ - diff: 0.0514, p≤0.0500; EHG - diff: 0.1384, p≤0.0001; CEF -

diff: 0.0566, p≤0.0500), three included the Central European reference group (WHG - diff: 0.0625,

p≤0.0001; EHG - diff: 0.0832, p≤0.0001; CEF - diff: 0.0170, p≤0.0100), and an additional two

pairings included the African reference group (EHG - diff: 0.0653, p≤0.0500; WEZ - diff: 0.0578,

p≤0.0500). Four pairings consisted exclusively of ancient sample groups; three included the Bronze

Age group (EHG - diff: 0.0430, p≤0.0100; WHG - diff: 0.0477, p≤0.0005; CEF - diff: 0.0186,
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Figure (36) a) Pairwise Fst comparison between SNPs related to obesity and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.

p≤0.0500), while one was between the early farmers and the hunter-gatherers of Central Europe

(diff: 0.0705, p≤0.0001).

SNPs associated with hypertension

For six pairings significantly higher Fst across the functional SNPs were found compared to the

neutral SNPs. Only one pairing consisted exclusively of ancient sample groups (CEF - WHG diff:

-0.1201, p≤0.0500), while the rest always consisted of at least one reference group. One pairing

included the African reference (CEF - diff: -0.1953, p≤0.0500), while the rest always included the

Central European reference (YRI - diff: -0.2126, p≤0.0100; WHG - diff: -0.1331, p≤0.0001; CHS -

diff: -0.1661, p≤0.0500; CEF - diff: -0.0454, p≤0.0100).

4.3.5 Mean difference of risk allele frequencies

When considering a subset of obesity-related SNPs, an higher average frequency in obesity risk al-

leles was found for the Central European hunter-gatherer group (diff: -0.0850 ± 0.0185, p≤0.0001),

while a lower average frequency was found in the Central European farmer group (diff: 0.0494 ±
0.0160, p≤0.0050), compared to the Central European reference group (see figure: 39). The Central

European hunter-gatherer group was furthermore found to have an higher average frequency of risk

alleles compared to the African (diff: -0.0900 ± 0.0187, p≤0.0001) as well as the Chinese reference

(WHG diff: -0.1061 ± 0.0188, p≤0.0001).

By comparing the frequencies of a subset of 27 T2D related SNPs in each of the ancient sample groups

to the Central European reference group, only the hunter-gatherer groups were found to have a sig-
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Figure (37) a) Pairwise Fst comparison between SNPs related to T2D and SNPs randomly drawn

from the neutralome. b) Absolute differences between Fst values. Significant values are highlighted

by a black star.

Figure (38) a) Pairwise Fst comparison between SNPs related to hypertension and SNPs ran-

domly drawn from the neutralome. b) Absolute differences between Fst values. Significant values are

highlighted by a black star.
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Figure (39) Results of iterative approach to determine the mean difference of risk allele frequencies

of all obesity related SNPs between all ancient sample groups and the reference groups.

nificantly lower average risk allele frequency (EHG - diff: 0.0627±0.0267, p≤0.0500; WHG - diff:

0.0346±0.0173, p≤0.0500). The same was true for the comparison between the ancient sample groups

and the Chinese reference group (EHG - diff: 0.0671±0.0265, p≤0.0500; WHG - diff: 0.0396±0.0176,

p≤0.0500). In comparison to the African reference group, all groups but the early farmer group from

the Aegean/Balkan region and the Middle Neolithic group, had a significantly lower average risk

allele frequency (EHG - diff: 0.1322±0.0263, p≤0.0001; WHG - diff: 0.1037±0.0175, p≤0.0001; CEF

- diff: 0.0742±0.0166, p≤0.0001; WEZ - diff: 0.0982±0.0240, p≤0.0001; see figure: 40).
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Figure (40) Results of iterative approach to determine the mean difference of risk allele frequencies

of all obesity related SNPs between all ancient sample groups and the reference groups.

4.3.6 Genetic risk score determination

Three genetic risk scores according to Meigs et al. [2008], Cornelis et al. [2009], Hivert et al. [2011]

were determined for each sample in the reference and the ancient data. For the African group,

significantly higher average risk scores determined according to Cornelis et al. [2009] and Hivert et al.

[2011], were found. Risk scores were non-significant if the African reference group was excluded from

the analysis (table: 11). None of the group pairings showed significant dissimilarities for the risk

score determined according to Meigs et al. [2008]. When comparing the distribution of risk score

results between each ancient sample group and the Central European reference group, significant

differences were found for the Middle Neolithic group for the Cornelis et al. [2009] and Meigs et al.

[2008] risk scores (p≤0.05 and p≤0.005 respectively) and the Central European hunter-gatherer

group for theHivert et al. [2011] risk score (p≤0.05 see table: 12 as well as figure: 41 - 43).
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Figure (41) Box plot of risk score results, determined as described in Cornelis et al. [2009].

Orange line=mean score, green triangle=median score

Figure (42) Box plot of risk score results, determined as described in Hivert et al. [2011]. Orange

line=mean score, green triangle=median score
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Figure (43) Box plot of risk score results, determined as described in Meigs et al. [2008]. Orange

line=mean score, green triangle=median score

Table (11) Results of ANOVA for the three different risk scores

Group Stat P

All 6.5798 0.0000 Cornelis et al. [2009]

Non-African 1.9556 0.0610

Europe 1.7036 0.1223

All 13.9759 0.0000 Hivert et al. [2011]

Non-African 2.9544 0.0053

Europe 1.3194 0.2504

All 1.7359 0.0884 Meigs et al. [2008]

Non-African 1.6638 0.1175

Europe 1.4999 0.1801
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Table (12) Results of Mann-Whitney U test for the three different risk scores

Group Stat p Score

EHG 323.500 0.194 Meigs et al. [2008]

WHG 935.500 0.150

SEF 476.000 0.063

CEF 1149.000 0.131

MN 114.000 0.005

WEZ 738.000 0.331

EHG 271.000 0.069 Hivert et al. [2011]

WHG 818.000 0.034

SEF 595.000 0.330

CEF 1203.000 0.213

MN 260.000 0.053

WEZ 819.000 0.431

EHG 289.500 0.100 Cornelis et al. [2009]

WHG 875.500 0.126

SEF 509.500 0.364

CEF 1272.000 0.174

MN 253.500 0.043

WEZ 635.500 0.100
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4.3.7 Beta-binomial simulations

For two SNPs drift (S=0) was rejected during beta-binomial simulations as an explanation for the

changes in allele frequencies over time. For both SNPs (rs4988235 in MCM6 and rs7570971 in

RAB3GAP1) a similar selection strength of 2.00±0.80 was estimated. Furthermore, the SNPs were

found to be in linkage disequilibrium in the Central European reference population (R2 = 0.7849,

D’ = 0.9439).

Figure (44) Negative log10 p-values for beta-binomial simulation results for MetS associated SNPs

at initial populations size of 1456 individuals for a selection coefficient of S=0. Threshold of p≤0.001

is indicated by red line.

Figure (45) P-values from beta-binomial simulations for each selection coefficient for an initial

population size of 1456 individuals for the two SNPs were drift was rejected.
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4.4 Discussion

The differential distribution of MetS susceptibility in worldwide populations has long been debated.

While some theories assume that selection has shaped these patterns, others suggest that differential

population histories allowed for drift to create these differences. This chapter investigates the history

of selected risk alleles with known associations to civilization diseases. Neutrality tests were applied

to genome-wide data from three reference populations to identify loci that underwent potential se-

lection. Ancient DNA data was used to track changes in allele-frequencies over time and thereby

correlate signals of selection with a specific time frame. While the majority of alleles likely developed

under neutrality, several alleles show signs consistent with selection during both early and later times.

The neutrality tests show that 54 SNPs in 34 genes in the Central European reference group deviate

from neutral expectations. These results indicate that the majority of SNPs under investigation,

developed under neutral conditions unaffected by selection. Differences at these loci between popu-

lations can be attributed to their differential histories. Varying population sizes, growth and decline,

expansion and admixture can all have an effect on allele frequencies in a population [Hamilton, 2011].

Depending on the initial frequency of the allele, drift, in combination with these factors, can lead to

a high degree of differentiation. Nevertheless, the comparison of the distribution of allele frequencies

shows that differences between risk allele frequencies were higher than randomly drawn neutral allele

frequencies in the Central European and the African reference group. Similarly, the average risk

scores calculated for the African reference groups were higher compared to the non-African groups.

These results, in combination with the neutrality tests, indicate that in addition to demographic pro-

cesses, also selection played a role in shaping the distribution of risk alleles in worldwide populations.

These signs of selection contradict the ’Predatorial release hypothesis’, which suggests that differ-

ences in risk allele frequencies arose only through drift and demography after a functional constraint

was lifted from these genes [Speakman, 2006]. The abundant similarities in allele frequencies for

the alleles for which deviations in neutrality were found in the Central European group, between all

the European groups of this data set further suggest, that changes in allele frequencies affected by

potential selection occurred before the Mesolithic. This can be interpreted as in accordance with

Neel’s original thrifty gene hypothesis [Neel, 1962]. However, it has to be considered that risk as

well as protective variants seemed to be affected alike [Ayub et al., 2014], thus contrasting Neel’s

proposed increase in thrifty, and therefore risk-increasing alleles.

Early selection on the energy metabolism was probably linked to climate

Several alleles deviated from neutral expectations in both, the Central European and the Chinese

reference group. While three SNPs were indicated in the Central European group by high iHS and/or

nSL values, all but two SNPs led to high H12 values or additionally high Tajima’s D values in the

Chinese population. For the three SNPs identified in the Central European group, lower risk allele

frequencies were found, compared to the other non-European reference groups, while no differences

were detected between any of the ancient sample groups, when compared to the Central European
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reference.

Compared to the Central European group, the average risk allele frequency in the AGT gene was

higher in both non-European reference groups (YRI - diff: -0.2043±0.0093, p≤0.0001; CHS - diff:

-0.2189±0.0097, p≤0.0001), while no significant differences could be found between the ancient sam-

ple groups and the Central European reference group. The average Fst across the AGT SNPs did

not exceed Fst values of similar numbers of neutral SNPs between the European groups, while a

generally higher diversity was measured at the loci (between: SEF - De: 0.3104±0.0551 and MN -

De: 0.3561±0.0483) compared to the African reference group (De: 0.2224±0.0112, p≤0.0500). The

diversity in combination with the Fst comparisons for the European groups indicate that changes

in the AGT gene probably occurred prior to the Mesolithic, as results between groups are highly

similar. These results support the salt-retention hypothesis[Nakajima et al., 2004, Thompson et al.,

2004]. According to this hypothesis, it was advantageous to retain sodium, which was scarce in

hunter-gatherer societies. The AGT gene encodes the protein angiotensinogen, which is a precursor

for angiotensin. Angiotensin plays a crucial role in the renin-angiotensin system, which is involved,

among other things, in controlling the blood volume via mediating renal functions [Ramalingam

et al., 2017]. It was assumed that retaining sodium, which was scarce in hunter-gatherer societies,

was advantageous, and associated variants were selected in hot climates. After a migration to more

moderate climate-zones several of these variants became disadvantageous and were selected against,

or were affected by drift.

In a similar fashion, high iHS (2.7834, P99.6769) and nSL scores (2.7504, P99.7448) indicate deviations

from neutrality for the SNP rs2612067 in the high mobility group gene 2 (HMGA2) in the Central

European reference group. The risk allele (G) was found at low frequency in the Central European

reference group (0.11±0.04) and the Chinese reference group (0.12±0.04), yet at an intermediate fre-

quency in the African population (0.42±0.07). Similar to the SNPs in the AGT gene, no differences

could be found for any ancient sample group when compared to the European reference group. The

SNP is associated with an increased risk for developing T2D [Pierce et al., 2011], while the HMGA2

gene acts as transcriptional regulating factor that was also indicated for an involvement in cancer

growth [Fedele et al., 2006], and an association with bone mineral density [Kuipers et al., 2009].

This connection could be a potential explanation for the deviations from neutrality and the lower

frequencies for the SNP outside of Africa. The reduced UV radiation in habitats further away from

the equator is assumed to have led to depigmentation of the skin, to enable to synthesize sufficient

amounts of vitamin D [Jablonski, 2012]. The role of vitamin D and its involvement in calcium

absorption is crucial in bone formation and general bone health [Wagner et al., 2008]. Additional

selection on genes related to bone mineral density or bone health in general in the same context is

therefore likely.

Results for a number of other SNPs might also be explained in a similar context. For over 20 SNPs,

deviations from neutrality were found in the Central European reference group, while no significant

differences in frequencies could be found between any ancient sample group. The majority of those
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SNPs had a strong association with the energy and fat metabolism and obesity. For example, for

six SNPs in the gene encoding the fat mass and obesity-associated protein (FTO), high positive

Tajima’s D values (between 2.4611, P99.1529 - 2.6723, P99.5403) for the Central European reference

group indicated an unusual high diversity at the locus. Variants in the gene have a strong association

with obesity [González et al., 2012]. For the SNP rs9939609, an additive increase in obesity risk by

23% was estimated per risk allele [Kilpeläinen et al., 2011, Rankinen et al., 2010]. A high diversity

was also found in all ancient sample groups, indicated by De values (between MN 0.3542±0.0456 and

WEZ: 0.4677±0.0060). This high diversity in the ancient sample groups, in combination with the

high Tajima’s D values in the Central European reference group, indicates diversifying or balancing

selection at the locus. Considering the data, these changes probably occurred during an early time

period, yet after the split between the populations ancestral to East Asians and Central Europeans

between 40ky and 80ky ago. This was indicated by a significant lower diversity found for the Chi-

nese reference group compared to all European groups, except for the Eastern European/Russian

hunter-gatherers De: 0.2320±0.0126, p≤0.0500).

Obesity-related SNPs are assumed to be the target of selection in response to cold stress in humans

and that not an increased fat mass, but the ratio and distribution of brown adipose tissue (BAT) was

affected by selection [Sellayah et al., 2014]. BAT or brown fat, together with white adipose tissue, is

the main component in the adipose organs in almost all mammals and is relevant for energy storage

and crucial for thermogenesis [Gesta et al., 2007]. It is actively involved in heat production using

energy stored in the white adipose tissue. Several of the SNPs for which non-neutrality was detected,

were located in genes with a direct association to the BAT metabolism, such as FTO [Ronkainen

et al., 2016], MC4R [Berglund et al., 2014], UCP1 [Nishimura et al., 2017] and CDKN2A [Rabhi

et al., 2018]. Comparative studies showed that a higher amount of BAT was found in Central Euro-

peans than in East Asians [Bakker et al., 2014]. Considering all non-neutral SNPs without significant

differences among the European groups, the average risk allele frequency was slightly higher in the

Chinese group than in the Central European reference (diff: 0.0211±0.0058, p≤0.0005).

This difference was assumed to explain the differential cold tolerance between individuals from both

populations. In Central Europeans, a higher amount of BAT was found, which was associated with

an increased cold tolerance and an increased metabolic rate [Bakker et al., 2014]. The differen-

tial distribution of BAT, which seems to correlate with climate variables, is a potential factor that

could explain part of the variance in MetS susceptibility found between people of different ethnic

backgrounds [Sellayah et al., 2014]. In addition, the previously mentioned AGT gene also has an

association with the fat metabolism and is, as a precursor for angiotensin II, directly involved in the

browning of white adipose tissue [Colin Bell et al., 2002, Brown, 2006]. After the migration to more

moderate climate zones, when the functional constraint on variants in the AGT gene was lowered,

selection could have affected alleles associated with BAT in European populations. This, in turn,

could contribute to an explanation of the differences in hypertension-susceptibility between people

of different ethnic origin [Colin Bell et al., 2002, Brown, 2006].

In addition to potential selection on genes associated with BAT, an overall selection on SNPs re-
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lated to the energy metabolism could be explained by selection in response to a colder climate. A

response to cold-stress could have caused an increase in the average metabolic rate. Such an in-

creased metabolic rate is known from humans living in colder climate zones, compared to humans

originating from areas closer to the equator [Daanen and Van Marken Lichtenbelt, 2016]. Glucose

plays a crucial role as energy supplier in generating heat [Morrison, 2016]. Genes involved in insulin

response and blood glucose levels are therefore a potential target of selection in response to tempera-

ture dependent stress. In this context, polygenic selection can be assumed, as adaptations to climate

and eco-region often are mediated by subtle shifts in allele frequencies [Hancock et al., 2010]. The

neutrality test results also indicate an increase in diversity rather than a strong directional selection.

Interestingly, of all the potentially non-neutral variants without differences in frequencies between

the European groups, only two reached fixation (rs1802295, rs7227255). In both cases, the risk allele

was lost from the population.

Selection during the early Neolithic was probably mediated by a shift in diet

Differences among the ancient sample groups could be detected for 23 SNPs that also deviated from

neutrality in the Central European reference group. Based on these differences, the SNPs could be

grouped in three clusters: (A) difference were found in one or both of the hunter-gatherer groups,

(B) differences were found in only one or both of the early farmer groups, (C) differences were found

in multiple groups regardless of subsistence.

Set A, which differed only in the early farmer groups, consisted of five SNPs (rs1799883 (FABP2),

rs6536991 (UCP1), rs4655518 (LEPR), rs17782313 (MC4R), rs7578326 (IRS1)). Interestingly, all

five SNPs are connected to the lipid metabolism or obesity [Meyre et al., 2009, Hancock et al., 2011,

Ramos et al., 2012, Rohde et al., 2017]. Furthermore, all SNPs are indicated as non-neutral by either

high positive Tajima’s D values, low H12 values, or high iHS/nSL score results. These results, in

combination with the low to elevated frequencies in the Central European reference (0.25±0.06 –

0.66±0.07) and the Central European hunter-gatherers (0.02±0.04 – 0.48±0.14), are indicative of di-

versifying selection in response to the Central European climate, similar to the other fat-metabolism

related SNPs. These findings are reinforced by two genes previously identified as potential targets of

selection in response to climate variables [Hancock et al., 2011]. For the SNP rs1799883 in the gene

encoding the fatty acid binding protein 2 (FABP2), for which an association with weight manage-

ment was previously mentioned, a positive correlation with climate is indicated. Similar results were

found in the same study for the SNP rs4655518 in the leptin receptor gene (LEPR). The fact that

the majority of the SNPs differed only in the early farmers of Central Europe, but not in the early

farmers of the Aegean/Balkan region can probably be explained by the lower number of samples that

could be successfully genotyped for the loci in comparison in the Aegean/Balkan group. Although it

can not be ruled out that other effects played an additional role. Since the Central European farmers

are considered descendants of early farmers from the Aegean region [Hofmanová et al., 2016] that

migrated northwards, it is possible that alleles were lost during the migration. Serial founder effects

during migration, as well as population expansion, can have severe effects on allele frequencies in a

population [Hamilton, 2011].
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For set B, where differences were only found in the early farmer groups, an opposite pattern was

observable based on seven SNPs. All were found to deviate from neutrality in the Central Euro-

pean reference group by at least one of the tests, while differences in frequencies were only found

in one or both hunter-gatherer groups. Two of those SNPs (rs10923931, rs1493694) were located in

the gene that encodes the neurogenic locus notch homolog protein 2 (NOTCH2). Previous reports

suggest strong linkage for those SNPs outside of Africa and an association with T2D [Zeggini et al.,

2008]. This could be confirmed in the data set where both SNPs occurred at the same frequencies

in the Chinese and the Central European reference groups (rs10923931 - CEU: 0.08±0.04, CHS:

0.04±0.03; rs1493694 - CEU: 0.08±.04, CHS: 0.04±0.03), but not in the African group (rs10923931:

0.37±0.03, rs1493694: 0.62±0.03). The frequencies in the African reference group further indicated,

that a higher diversity was present at this locus than in the non-African groups. No differences

in frequencies could be determined between the Central European reference group and any ancient

sample group, except for the two hunter gatherer groups. In both groups the frequencies were signifi-

cantly higher (rs10923931 - EHG: 0.57±0.26, WHG: 0.44±0.16, rs1493694 - EHG: 0.50±0.31, WHG:

0.47±0.18). The high negative Tajima’s D value (-2.047, P1.8006) for rs1493694 and the high H12

(0.5189, P98.4756) and low H2 H1 (0.0144, P0.7822) values for rs10923931 further indicate directional

selection. There is strong evidence linking the NOTCH2 gene and the LEPR gene to bone mineral

density, osteoporosis and general bone health [Kapur et al., 2010, Stathopoulos et al., 2013, Kim

et al., 2008, Hannema et al., 2016, Richert et al., 2007, Yang et al., 2017, Koh et al., 2002, Lee et al.,

2014]. This potential connection could explain the differential pattern observed for the frequencies

at this locus in the data set. Research suggests that deteriorating bone health was a strong selective

pressure [Rees and Harding, 2012]. As calcium is crucial for bone mineral density, the increased

need to synthesize vitamin D at higher latitudes and its connection to the calcium absorption is

thought to be the driver of depigmentation in Europe [Jablonski, 2012, Sturm and Duffy, 2012].

It is therefore realistic to assume that selection affected other variants associated with bone health

outside of Africa. This theory is further reinforced by the high H12 (rs10923931: 0.6416, P99.1405,

rs1493694: 0.6340, P99.0205) and low H2 H1 (rs10923931: 0.006, P0.2781, rs1493694: 0.006, P0.2695)

values found for both NOTCH2 variants in the Chinese group. Thus, directional selection may have

affected these variants not only in European but also in East Asian populations. In addition, differ-

ences in diet may explain the higher frequencies in the hunter-gatherer groups. Similar to variants

related to pigmentation, it is possible that the higher vitamin D content in the hunter-gatherer diet

lessened potential selective pressures affecting variants associated with bone health [Jablonski and

Chaplin, 2012].

The results for the SNP rs174570 in the FADS2 gene encoding the fatty acid desaturase 2 indicate

selection related to dietary customs. In the central European reference group, the C allele was found

at high frequency (0.84±0.05), together with high iHS (2.1127, P98.2953) and nSL (2.3381, P99.1808)

scores. In addition, an excess of homozygous alleles was found for the SNP. In comparison, no sig-

nificant differences in allele frequency were found in any of the farmer groups, but a significant lower

frequency was found in both hunter-gatherer groups (EHG: 0.17±0.21, WHG: 0.35±0.16). The C
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allele, among other SNPs in the FADS1/2/3 gene cluster, is known to have a positive influence on the

ratio of long-chained polyunsaturated fatty acids (LCPUFAs) in breast milk [Morales et al., 2011]. If

LCPUFAs are not synthesized, they also can be obtained directly from animal-based protein. Adap-

tations of the FADS2 gene have been found for diets relying mostly on animal protein such as known

from the Inuit [Fumagalli et al., 2015], as well as for mostly vegetarian diets of societies originating

from South-East Asia [Kothapalli et al., 2016], with opposite effects. An increase in frequency during

the early Neolithic seems therefore possible in response to the shift in diet towards a more cereal

based nutrition [Richards et al., 2003]. The lowered amount of animal protein could have rendered

an increased synthesis of LCPUFAs beneficial, as it would have increased the nutritional value of

the infant’s diet.

Strong signals of selection on lactase persistence

Strong evidence of selection was found for a SNP strongly associated with lactase persistence in

Europeans. The SNP rs4988235 is located in the micro-chromosome-maintenance gene (MCM6),

upstream of the gene that encodes the lactase-phlorizin hydrolase (LPH) [Enattah et al., 2002]. As

LPH is responsible for hydrolyzing lactose into glucose, a decline in LPH activity after weening

causes the inability to digest lactose as an adult. Digesting lactose without a functioning LPH can

lead to nausea, internal distress, and diarrhea shortly after ingestion [Heyman, 2006]. As the allele

is dominant, one copy of the derived allele is enough for the LPH activity to persist into adulthood.

Presumably, it regulates the expression of the gene encoding the LPH, up-regulating its expression

[Troelsen, 2005]. The derived allele (A) was absent in both non-European reference populations,

but present at high frequency in the Central Europeans (0.74±0.06). In addition, very high iHS

(2.8087, P99.6986) and nSL (3.313, P99.9484) scores for the European reference indicate a strong de-

viation from neutrality. The derived allele was also absent in all ancient sample groups, with the

exception of the Bronze Age group, where it was found at low frequency (0.14±0.18). In addition,

during beta-binomial simulations the allele was also indicated as a target of selection. A selection

coefficient of 2.00±0.80% was estimated for an initial population size of 1456 people. These findings

were consistent with previous studies that report the absence of the derived allele during the early

Neolithic [Burger et al., 2007, Plantinga et al., 2012]. This shows a sharp increase in frequency for

the SNP over the past 3,000 years in Central Europe. Furthermore, investigations of the locus using

modern as well as ancient DNA found strong evidence for selection affecting the locus [Bersaglieri

et al., 2004b, Mathieson et al., 2015], consistent with the findings in this study.

The rs182549 SNP is found on the same haplotype as rs4988235, associating it also with lactase

persistence in Europeans [Enattah et al., 2002]. Similar neutrality test results (iHS: -3.3647, P0.0878,

nSL: -3.377, P0.0773) and frequencies were found in the Central European reference (0.74±0.06) and

the Bronze Age group (0.25±0.30), while the derived allele was absent in all other groups, except for

the hunter-gatherers (EHG: 0.08±0.16, WHG: 0.07±0.13). This result is striking, as it indicates a

different origin for both variants, since the derived allele was absent in both hunter-gatherer groups.

The development of lactase persistence in Europe is often described as gene-culture coevolution

[Gerbault et al., 2011]. It is thought to have created a nutritional advantage by allowing adults to

consume dairy products. The consumption of cow’s milk probably yielded a higher total energy per
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cow, compared to consuming its meat. Although not uncontroversial, a beneficial increase in cal-

cium intake, supplementing the reduced vitamin D absorption present at high latitudes, is theorized

[Smith et al., 2009, Itan et al., 2010].

The complex nature of the MetS genetics is underlined by the fact that the allele at rs4988235 asso-

ciated with lactase persistence was found to be protective against MetS [Friedrich et al., 2014], while

also being associated with an increase in BMI [Kettunen et al., 2009]. Furthermore, another SNP

was found to be in strong linkage with the rs4988235 SNP (R2 = 0.7849, D’ = 0.9439). The SNP

rs7570971 is located in the gene encoding the RAB3 GTPase activating protein catalytic subunit

1 (RAB3GAP1) and the distribution of frequencies among the groups in this data set was highly

similar compared to rs4988235 (WEZ: 0.14±0.14, CEU: 0.71±0.06, absent in all others). Similar

to rs4988235, the allele was also indicated as under selection during the beta-binomial simulations.

A similar selection strength was estimated for the allele (2.00±0.80%). A high nSL score (2.3702,

P99.2456) indicates non-neutrality in the Central European reference group. In combination, the

results further indicate that selection affected not only the lactase gene but also RAB3GAP1. As

the SNP is associated with positive effects on the fatty acid ratio in the blood [Kalsbeek et al., 2018]

and milk contains approximately 400 different fatty acids [Lindmark Månsson, 2008], this could have

been advantageous in connection with dairying.

Conclusion

This study shows that, besides factors such as diet and exercise, the differential susceptibility to

MetS and T2D between populations is determined by genetics. While these differences may have

arisen due to different population histories and drift, other theories suggest that selections in favor

of a thrifty energy metabolism played a role. In this chapter, a set of predefined markers with a

strong association to MetS risk was used to investigate the development of associated allele fre-

quencies in European populations. Based on neutrality tests it could be shown that the majority of

SNPs under investigation evolved under neutral conditions. Differences in frequencies found between

populations can therefore be attributed to differential demographic histories that shaped these popu-

lations. However, a number of SNPs was found to deviate from neutral expectations. The frequency

data obtained from these ancient sample groups could be used to determine the period in time when

a potential selection may have occurred.

A large proportion of SNPs appear to be affected by selection in response to climate variables, after

humans left Africa. Several loci with an connection to brown adipose tissue (BAT), such as the FTO

gene, appeared to be selected during an early time, leading to a uniform distribution of frequencies

among the European groups.

Differential distribution of BAT is known to influence cold tolerance, as differences between popula-

tions from different climate zones show. Adaptations to cold stress might further offer an explanation

for the signs of selection found for other SNPs with an association to the energy metabolism. So

are increased metabolic rates often found in people living in cold climate regions [Makinen, 2010,

Daanen and Van Marken Lichtenbelt, 2016]. The data further indicates that more regional selec-
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tion occurred during the Mesolithic and later times in Central Europe, affecting the genomes of the

local hunter-gatherers and, after their arrival, also the early farmers. In addition to cold stress, the

lowered UV radiation in regions further away from the equator might have had an effect on variants

associated with MetS and T2D. A possible example can be found in the data indicating selection

in the locus of the variant of the HMGA2 gene. While the variant is known to increase the risk for

developing T2D, the gene is known to influence bone mineral density.

The lowered vitamin D content assumed for the diets of early farmers compared to contemporary

hunter-gatherers may have increased the selective pressure on variants associated with the vitamin

D and calcium metabolism. The data indicates that selection occurred in the early Neolithic and

later periods on variants in NOTCH2 and LEPR, two genes with an association to bone mineral

density and osteoporosis. Further evidence indicates that selection affected the FADS1/2 gene family

during the same time. The gene influences the ratio of LCPUFAs in breast milk which can either be

synthesized or supplemented from animal protein in the diet [Morales et al., 2011]. The plant-based

diet of the early farmers is assumed to have rendered the variants beneficial, as they increased the

nutritional value of the infants diet during nursing [Mathieson and Mathieson, 2018].

The strongest signals of selection were found for SNPs associated with lactase persistence into adult-

hood and blood lipid levels. The derived allele at rs4988235 was absent in all groups dating prior to

the Bronze Age, where it was found at low frequencies. This shows that the allele sharply increased

in frequency during the last 3,000 years in response to directional selection. In addition, a SNP

in the RAB3GAP1 gene was found in linkage with rs4988235. The SNP has a positive effect on

cholesterol and lipid levels in the blood [Bersaglieri et al., 2004b, Kalsbeek et al., 2018], which could

be a connection to the consumption of milk and dairy products.

For a further understanding why selection affected alleles with an association to MetS and T2D

risk, additional investigations in the underlying networks of genes involved are needed. With deeper

knowledge of the actual function of the identified risk alleles, additional analyses can be designed to

make use of the rapidly increasing body of ancient genome data. An increased sample size would also

allow a more detailed investigation of polygenic selection, as certainties of frequency estimates would

increase. Furthermore, epigenetic studies of ancient genomes could also increase our understanding

of differential gene expression between different ancient populations.
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5 The influence of subsistence and climate on the immune system

5.1 Introduction

The immune system

The immune system has always been a potential target of adaptations. This chapter investigates

the influence of subsistence and eco-region on the history of SNPs in genes associated with the im-

mune system and drug-metabolizing enzymes, in regard to the impact on auto-immune diseases still

relevant today.

The body’s ability to defend itself against pathogens can be categorized roughly in three major

components: The physical barrier in form of the skin and mucous membrane, the innate immune

system, and the adaptive immune system. While the innate immune system is present at birth and

only discriminate between self and non-self, it is involved in the broad-range responses. In contrast,

the adaptive immune system, acquired during a person’s lifetime, can differentiate between different

pathogens and tailor its response accordingly [Campbell et al., 2003]. Since the body is constantly

exposed to a variety of pathogens, a highly functional immune system is crucial for survival.

If the physical barriers are breached and the immune system detects a pathogen, a cascade of re-

sponses is set in motion, depending on the pathogen as well as the tissues concerned. A high number

of genes and regulatory pathways are involved in orchestrating an appropriate response [Alper et al.,

2008, Brodin and Davis, 2017]. Since the human body is constantly exposed to a wide variety of

pathogens, the immune system is under continuous pressure. Consequently, pathogens exert a high

selective pressure on the immune system [Prugnolle et al., 2005, Wang et al., 2007, Hancock et al.,

2010, 2011] Genetic variation, for example, strongly correlates with immune responses and the re-

gional pathogen load in global populations [Fumagalli et al., 2011].

The epidemiological transitions

The co-evolution between humans and pathogens likely went through several key-stages. Omran

[2005] proposed a model that describes three major transition in the exposure of humans to pathogens

since the initial out-of-Africa migration. According to this model, the first transition correlated with

the Neolithic transition, the second happened during the industrial revolution, roughly 200 years ago,

and the third transition is associated with the rise of modern medicine and advances in sanitation.

It is assumed that when humans lived as hunter-gatherers, the pathogen load was approximately

similar for all populations and only correlated with climate-variables, but increased drastically with

the onset of the neolithic [Armelagos, 2009].

This increase was linked to four main reasons: increasing population density, animal domestication,

food storage and permanent settlements. (1) Increasing population density was a direct consequence

of the active management of crops and animals that allowed more people to be fed from a piece of

land compared to previous forms of subsistence. In addition, the sessile lifestyle allowed for shorter

birth-intervals as small children did not need to be carried during migration periods. Based on
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modern-day observations it is assumed that nomadic hunter-gatherers timed their birth-intervals to

approximately four years to avoid carrying more than one small child [Diamond, 2002]. These factors

allowed for an increase in population growth after the advent of agriculture. This led to the emer-

gence of crowd diseases, which were probably uncommon during the Mesolithic. The small group

sizes of hunter-gatherer bands prevented the spread and the re-infection associated with crowd dis-

eases such as measles or smallpox, as their dying out would have simultaneously killed the pathogen

[Diamond, 1998].

(2) The domestication of animals led to an increased risk of zoonoses, diseases that spread from

one species to another. During the early Neolithic and for a long time afterwards, early peasants

lived in close proximity to their livestock. This allowed for parasites and other pathogens, that were

previously confined to wild animals, to cross the species barrier, exposing humans to pathogens they

had not encountered before [Cook, 2015].

(3) The storage of food for longer periods than before increased the exposure to pathogens and toxins

[Harper and Armelagos, 2010]. The availability of grains and the introduction of pottery enabled

people to store food for later consumption. Depending on the storage conditions, mold and bacteria

could infest the food. In addition, the stored food most likely attracted rodents that are known

vectors for diseases [Morand et al., 2015].

(4) The permanent settlements of early farmers and their livestock increased the risk of unsanitary

conditions. While hunter-gatherers inhabited each camp site probably only for a limited amount of

time, waste and waste-management were only minor problems. A sessile lifestyle increased the risk

of contaminating a water- or food source with fecal matter from humans and animals, posing an

additional health threat [Diamond, 2002].

While a direct association with infectious diseases is not clear, evidence indicates a population

decline in Europe during the later course of the early Neolithic, [Shennan et al., 2013, Kristiansen

et al., 2017]. The development of a highly functional immune system was a response to the constant

exposure to pathogens, and the role of the Neolithic is thought to have been crucial during this

process.

The fact that large-scale animal domestication originated in Eurasia and was absent in the Amer-

icas led to a smaller risk of zoonoses in the New World. As a consequence, the immune system of

the indigenous people was not prepared for the germs that were brought along by the European

migrants, causing epidemics and the subsequent deaths of millions of native Americans [Diamond,

2002]. Genomic studies have shown that Amerindian populations have reduced variation at the

HLA-regions in their genomes compared to Eurasian populationss [Cochran and Harpending, 2009].

Variation in these regions is directly linked to variation in immune responses and is thought to be

under balancing selection [Prugnolle et al., 2005].
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The hygiene hypothesis

Our highly functional immune system has ensured our survival in environments with varying pathogen

exposure, but it has likely also led to problems in recent times of high sanitation standards [Zuck-

erman et al., 2014]. This idea is summarized in the ’hygiene hypothesis’, first proposed by Strachan

[1989] who noticed a higher prevalence of asthma in urbanized populations. He found a negative cor-

relation between the exposure to infectious agents during childhood and the development of asthma

later in life. This hypothesis was later adopted to a broader range of autoimmune diseases such as

Type one Diabetes (T1D), hay fever and other allergies, and chronic inflammations such as Crohn’s

diseases and ulcerative colitis [Okada et al., 2010]. It is assumed that the immune system is adapted

to an environment with a high pathogen exposure, which is no longer the case. The lack of exposure

during early childhood hinders sufficient ”training” of the immune system, which in turn leads to

an overreaction caused by the inability to distinguish between self and non-self.

The hypothesis is backed up by findings that the diversity in genes associated with immune re-

sponses increases with the diversity of pathogens found in a specific environment [Fumagalli et al.,

2011]. In addition, many risk alleles associated with autoimmune diseases are linked to immune

responses [Brinkworth and Barreiro, 2014, Karlsson et al., 2014]. For example, alleles in the gene

encoding the SH2B adaptor protein 3 (SH2B3) are associated with an increased activation of the

NOD2 pathway, which is involved in creating an inflammatory response to the presence of bacteria

[Zhernakova et al., 2010]. In addition, the allele is also increasing the risk to develop coeliac disease.

Coeliac disease is characterized by a chronic intestinal inflammation, triggered by the consumption

of gluten, a protein commonly found in cereal [Dubé et al., 2005]. Moreover, alleles associated with

inflammatory bowel syndrome (IBS) are associated with leprosy, although not all IBS risk alleles are

protective against leprosy [Karlsson et al., 2014]. IBS describes several conditions, such as Crohn’s

diseases or ulcerative colitis, were the immune system attacks the gastrointestinal system, causing

chronic inflammation [Baumgart and Sandborn, 2012]. In addition, some risk alleles associated with

Crohn’s disease are known to increase resistance against norovirus infections and show signs of recent

positive selection [Raj et al., 2013].

The old friends hypothesis

The ’old friends’ hypothesis was proposed as a contrast to the ’hygiene’ hypothesis with its strong em-

phasis on the Neolithic [Rook et al., 2003]. The ’old friends’ hypothesis also states that the immune

system developed in response to co-evolving pathogens. However, since humans lived the majority

of their history as hunter-gatherers, environmental bacteria and parasites, such as helminthes (e.g.,

hookworms, roundworms etc.), were the main drivers of this arms race, as opposed to infectious

crowd-diseases during the Neolithic [Rook, 2012]. A connection between parasites and auto-immune

diseases could be shown in Italy, where incidences of multiple sclerosis (MS) increased after the

successful eradication of malaria [Bitti et al., 2001, Sotgiu et al., 2008]. Furthermore, a deliberate

infestation of IBS patients with helminthes has been shown to alleviate symptoms [Summers et al.,

2005, Ramanan et al., 2016], further supporting the evidence for a link between parasites and im-

munity [Afifi et al., 2015]. Parasitic helminths are known to cause a down-regulation of the immune
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response in the host, reducing the inflammation. Infestations with this parasite are furthermore

negatively correlated with allergy and asthma prevalence [Yazdanbakhsh et al., 2002]. Helminth

infections were common prior to the 1940’s in almost all populations and with their decline, allergies

and autoimmune diseases rose in frequency [Elliott et al., 2000]. Thus, the association of a rural

upbringing and a decreased prevalence of asthma could also be caused by the increased presence of

parasites rather than infectious diseases Strachan [1989].

77 Numerous studies have found signs of selection on SNPs associated with autoimmune diseases

[Prugnolle et al., 2005, Wang et al., 2007, Hancock et al., 2010, 2011, Fumagalli et al., 2011], but

only a few have attempted to time the selective sweeps [Raj et al., 2013, Zhang et al., 2013]. Raj

et al. [2013] found evidence for selection on multiple alleles associated with IBS and estimated a

rather recent sweep time of 1200 to 2600 years ago. Signs of selection for a risk allele in the SH2B3

gene associated with coeliac disease and T1D can be found in several studies Mathieson et al. [2015],

Zhernakova et al. [2010], Pickrell et al. [2009], indicating a recent increase in allele frequency. These

results concur with the ’hygiene’ hypothesis, since an older sweep time would be expected in the

context of the ’old friends’ hypothesis.

The effect of food-storage on drug metabolizing enzymes

In addition to auto-immune related genes, genes involved in the drug metabolism, encoding so-

called drug metabolizing enzymes (DME), were identified as potential targets of recent selection

[Akey et al., 2002, Sabeti et al., 2006, Pimenoff et al., 2012]. It was estimated that variants in genes

in the cytochrome P450 family and in the N-acetyl-transferase 2 gene (NAT2), that are associated

with a decreased protein activity, increased in frequencies during the last 8,000 years [Patin et al.,

2006, Janha et al., 2014]. As this increase in frequency coincides with the Neolithic in Europe, it

may have been influenced by the consumption of stored food. The decreased protein activity causes

a slower metabolization rate of the enzyme’s substrate. Possible benefits of a slower metabolism

could include, for example, a slower built-up of toxins in the liver when consuming fungi-infested

stored food. The resulting higher tolerance would increase the amount of food a person could ingest

compared to someone with a faster metabolism [Janha et al., 2014]. Today, many of these variants

are known to affect the drug-response in patients [Wadelius et al., 2007, Shuldiner et al., 2009] as

well as increase the personal risk for diseases such as various forms of cancer, Alzheimer’s disease,

or Parkinson’s [Breyer et al., 2009, Zhou et al., 2012].

Although studies using ancient DNA investigated SNPs related to DME, immunity, and auto-immune

diseases [Olalde et al., 2014, Mathieson et al., 2015], none of the hypotheses have been formally tested

with samples from the relevant periods. Therefore, the data presented here gives an opportunity

to use genomic data from early Europeans, dating to different periods of time and stemming from

various subsistence backgrounds, to assess the influence of subsistence on the development of the

immune system.
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5.2 Hypotheses

The dataset presented here consists of SNPs associated with the immune system as well as different

autoimmune diseases such as Crohn’s disease, coeliac diseases, asthma, and multiple sclerosis. In ad-

dition, it contains SNPs associated with drug metabolizing enzymes, which are thought to have been

involved in the detoxification of xenobiotics. With samples from different subsistence backgrounds,

dating to different periods of time, it is well equipped to test the following hypotheses:

1. The Neolithic lifestyle had a major impact on the development of the immune system and led

to an increase in risk alleles associated with autoimmune diseases (’Hygiene’ hypothesis).

If true, allele frequencies in immune system associated SNPs differ between hunter-gatherers

and early farmer groups, and risk allele frequencies increase with time.

2. Parasites had a much stronger impact on the development of the immune system compared to

the infectious diseases emerging in the Neolithic (’Old friends’ hypothesis).

If true, only minor differences between the hunter-gatherer and farmer groups of Europe exist.

No major changes in allele frequencies or diversity coincide with the onset of the Neolithic.

3. Food storage had a major impact on alleles in genes encoding drug metabolizing enzymes.

If true, allele frequencies in SNPs associated with drug metabolizing enzymes will differ between

hunter-gatherers and early farmer groups. Allele frequencies increase further over time as food-

storage persists.
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5.3 Results

5.3.1 Frequencies

For this study, a total of 82 SNPs in 41 genes were analyzed. When compared to the Central Eu-

ropean reference group (CEU), the highest number of differences in frequencies was found for the

African reference group (YRI) with 52 SNPs (65% higher frequency, 35% lower frequency), followed

by the Chinese reference group (CHS) with 48 SNPs (48% higher, 52% lower). For the ancient

sample groups, the highest number of differences compared to CEU was found in the Central Euro-

pean farmer group (CEF) at 21 SNPs (48% higher, 52% lower), followed by the Central European

hunter-gatherers (WHG) with 20 SNPs (60% higher, 40% lower). For the farmer group from the

Aegean/Balkan region (SEF), 11 SNPs (45% higher, 55% lower) differed in frequency, compared to

CEU. The Bronze Age group also differed by 11 SNPs (WEZ, 64% higher, 36% lower) from the CEU,

while the hunter-gatherer group from Eastern Europe/Russia differed by 10 SNPs (90% higher, 10%

lower). Between the African and the Chinese reference groups, 37 SNPs differed significantly in

frequency (see table: 13).

Deviations from HWE were found for two SNPs in the Central European reference group. For

the SNP rs16947 an excess of homozygous genotypes was found, while for rs2188962 an excess of

heterozygous genotypes was determined. In the early farmer group of Central European an excess

of heterozygous genotypes was found for rs1135840, while in the Eastern European/Russian hunter-

gatherer group an excess of heterozygous genotypes was found for the SNP rs11096955 (see table:

14).
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5.3.2 Neutrality tests

In the Central European reference group, 25 SNPs in 14 genes were identified to deviate from neutral

expectations by at least one neutrality test (for details see table 15 and fig 46). In the Chinese

reference group, eight SNPs were found to deviate from neutrality, of which six deviated also in the

Central European reference group. For the African reference group, two SNPs were identified, of

which one was also found in the Central European reference.

Figure (46) Venn diagram of the number of SNPs that deviated from neutral expectations in each

of the three reference groups. CEU=Central Europeans, YRI=Africans, CHS=Chinese.
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5.3.3 Average expected heterozygosity De

SNPs located in the CYP2C19 gene

The diversity estimated for the SNPs in the CYP2C19 gene varied strongly between the groups.

While a low diversity was found for the African (0.1973±0.0067) and Central European refer-

ence group (0.1744±0.0082), the diversity in the Chinese reference group was slightly elevated

(0.2338±0.0055). In the ancient sample groups the diversity also varied, but was generally higher,

compared to the non-African reference groups (EHG: 0.2743±0.0326, WHG: 0.2205±0.0218, SEF:

0.3248±0.0300, CEF: 0.2021±0.0210, MN: 0.3602±0.0375, WEZ: 0.3200±0.0284). In comparison,

the diversity in the Central European reference group was found to be significantly lower, compared

to Eastern European/Russian hunter-gatherers (p≤0.500), the early farmers from the Aegean/Balkan

region (p≤0.0005), the Middle Neolithic group (p≤0.0001), the Bronze Age group (p≤0.0001), as

well as the Chinese reference group (p≤0.0001). Additional pairings also led to significant results

(for details see figure: 47)

Figure (47) Average expected heterozygosity De for all groups for the SNPs in the CYP2C19

gene. P-values for differences between groups are displayed in the heatmap. Significant values are

highlighted by black stars.

SNPs located in the NAT2 gene

The diversity found for the SNPs in the NAT2 gene was elevated in all groups. The highest di-

versity could be found in Europe, in the Middle Neolithic group (0.3716±0.0456), while the lowest

diversity was found in the Chinese reference group (0.2393±0.0094). The lowest diversity in the

ancient sample groups was found for the two hunter-gatherer groups (WHG: 0.2923±0.0273, EHG:

0.3126±0.0463), while a similar high diversity was found for the two early farmer groups (SEF:

0.3277±0.0342, CEF: 0.3225±0.0167). For the Bronze Age group, as well as the Central European

and the African reference group an also similar diversity was estimated (WEZ: 0.3383±0.0325; CEU:

0.3385±0.0073, YRI: 0.3386±0.0102). The Chinese reference group was found to have a significant

lower diversity, compared to all other groups, except both hunter-gatherers (p≤0.0500, see figure:

48).
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Figure (48) Average expected heterozygosity De for all groups for the SNPs in the NAT2 gene. P-

values for differences between groups are displayed in the heatmap. Significant values are highlighted

by black stars.

SNPs located in the TLR10 gene

An elevated diversity was estimated for all groups, when the SNPs at the TLR10 locus were consid-

ered. The highest diversity was found in the Bronze Age group (0.4157±0.0388), while the lowest

diversity was estimated for the African reference group (0.2365±0.0082). All other groups had

a similar high diversity (EHG: 0.3678±0.0454, WHG: 0.4190±0.0369, SEF: 0.4092±0.0409, CEF:

0.4030±0.0356, MN: 0.3653±0.0641, CEU: 0.3780±0.0149, CHS: 0.3683±0.0081). The diversity in

the African reference group was found to be significantly lower, compared to all other groups of the

data set (p≤0.0500, see figure: 49)

Figure (49) Average expected heterozygosity De for all groups for the SNPs in the TLR10 gene. P-

values for differences between groups are displayed in the heatmap. Significant values are highlighted

by black stars.

5.3.4 Pairwise Fst comparisons

SNPs located in the CYP2C19 gene

During the investigations of the CYP2C19 related SNPs, four group pairings were found where the

average Fst differed significantly between the functional and the neutralome SNPs. In comparison
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to the Central European reference group, the Bronze Age group (diff: 0.0197, p≤0.0500) as well as

the early farmers from the Aegean/Balkan region (diff: 0.0443, p≤0.0100) had a significantly higher

average Fst across the functional SNPs. Furthermore, significant differences were found between

the African reference group and the hunter-gatherers from Eastern Europe/Russia (diff: 0.1851,

p≤0.0500). The average Fst across the functional SNPs compared between the early farmers from

the Aegean/Balkan region and the Chinese reference group was significantly lower than the neutral

SNPs (diff: -0.0929, p≤0.0500, see figure: 50).

Figure (50) a) Pairwise Fst comparison between SNPs in the CYP2C19 gene and SNPs ran-

domly drawn from the neutralome. b) Absolute differences between Fst values. Significant values are

highlighted by a black star.

SNPs located in the NAT2 gene

The pairwise Fst comparisons identified 9 group pairings, where the average Fst values differed sig-

nificantly between the functional and the neutral SNPs. Four of the pairings included the Chinese

reference group (EHG - diff: 0.2816, p≤0.0001; SEF - diff: 0.1452, p≤0.0500; WEZ - diff: 0.2005,

p≤0.0001; CEU - diff: 0.1123, p≤0.0001; CEF - diff: 0.1902, p≤0.0001), while the other five con-

sisted only of groups of European origin and always included the Central European hunter-gatherer

group (EHG - diff: 0.1375, p≤0.0050; CEU - diff: 0.0957, p≤0.0500; WEZ - diff: 0.0999, p≤0.0500;

CEF - diff: 0.1122, p≤0.0500, see figure: 51).

SNPs located in the TLR10 gene

The Fst across the TLR10 SNPs was significantly higher compared to the Fst across neutral SNPs

between the Central European reference group and the Central European hunter-gatherers (diff:

-0.2014, p≤0.0001), the early farmers of Central Europe (diff: -0.1153, p≤0.0001), the Bronze Age

group (diff: -0.0934, p≤0.0001), the African reference group (diff: -0.2697, p≤0.0001) and the Chi-

nese refenrece group (diff: -0.1389, p≤0.0050, see figure: 52).
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Figure (51) a) Pairwise Fst comparison between SNPs in the NAT2 gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.

5.3.5 NAT2 acetylation-phenotype prediction as described in Sabbagh et al. [2009]

A NAT2 acetylation-phenotype could be predicted for 23 samples. For one sample from the Eastern

European/Russian hunter-gatherer group, a rapid-metabolising phenotype was predicted, while for

all other samples either a slow or intermediate phenotype was predicted (see table: 16).

5.3.6 Beta-binomial simulations

The results of the beta-binomial simulations for the immune related SNPs indicated that for the SNPs

rs5743810 (TLR6) and rs11096955 (TLR10) drift (S=0) was not sufficient to explain the changes in

allele frequencies observed between the Bronze Age group and the Central European reference group.

For a initial populations size of 1456 individuals selection coefficients of S: 1.00±0.45% (rs11096955)

and S: 1.60±0.80% (rs5743810) were estimated (for details see figure: 53 and 54).
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Figure (52) a) Pairwise Fst comparison between SNPs in the TLR10 gene and SNPs randomly

drawn from the neutralome. b) Absolute differences between Fst values. Significant values are high-

lighted by a black star.

Figure (53) Negative logtextsubscript10 p-values for beta-binomial simulation results for the SNPs

associated with the immune system at initial populations size of 1456 individuals for S=0. Threshold

of p≤0.001 is indicated by red line.
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Table (16) Results from the NAT2 phenotype prediction webtool NAT2PRED. Phenotypes were

predicted based on six SNPs. Probabilities for slow (S), intermediate (I) and rapid (R) metabolizing

phenotypes are given.

Sample genotype p(R) p(I) p(S) prediction Group

Min11 1,3,3,1,3,1 0.00164 0.00118 0.99718 S EHG

Min3 1,1,1,1,2,1 0.97994 0.01221 0.00785 R

Zv317 2,2,2,1,2,2 0.00001 0.00126 0.99873 S

Losch 1,2,1,1,2,1 0.00201 0.99646 0.00153 I WHG

281-19-6 1,2,2,1,2,1 0.00100 0.99696 0.00203 I CEF

282-104-4 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

282-126-16 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

282-126-7 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

282-23-1 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

282-94-11 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

7034 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

Asp1 2,1,1,1,1,1 0.06598 0.92143 0.01260 I

Asp2 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

Asp8 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

Dil15 2,1,1,2,1,1 0.00095 0.99704 0.00200 I

Dil16 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

Klein10 2,2,2,2,2,1 0.00001 0.00126 0.99873 S

Klein1 2,1,1,2,1,1 0.00095 0.99704 0.00200 I

Klein8 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

NE1 1,2,2,1,2,1 0.00100 0.99696 0.00203 I

Bla32 2,2,2,2,2,1 0.00001 0.00126 0.99873 S MN

Wez51 1,2,2,1,2,1 0.00100 0.99696 0.00203 I WEZ

WEZ59 2,2,2,1,2,2 0.00001 0.00126 0.99873 S

Figure (54) P-values from beta-binomial simulations for each selection coefficient for an initial

population size of 1456 individuals for the two SNPs were drift was rejected.
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5.4 Discussion

Genes involved in immune responses and pathogen recognition have always been thought of as poten-

tial targets of adaptations. The human body is constantly exposed to a wide range of environment-

specific pathogens and therefore has to rely on a highly functional immune system. Research indicates

that the prevalence of autoimmune diseases originates in a highly functional immune system that is,

as a consequence of considerably reduced pathogen load, under-challenged in modern westernized

societies, [Afifi et al., 2015]. The underlying reasons leading to the differential development of the

immune system in populations around the world is still part of debate [Cochran and Harpending,

2009]. While the pathogen load of an environment correlates with climate variables, e.g. humidity

and temperature [Prugnolle et al., 2005], it is assumed to have increased after the transition to farm-

ing [Armelagos, 2009]. The deteriorating hygienic conditions that are believed to have accompanied

the transition from a hunter-gatherer to a farming lifestyle are seen by some researchers as one of

the three major epidemiological transitions in human history [Armelagos, 2009]. This is thought to

have led to several adaptations in the immune system as well as in genes encoding drug metabolizing

enzymes (DMEs).

The data set described here was used to investigate if alleles associated with the immune system

and drug metabolizing enzymes were influenced by selection. Neutrality tests were applied to the

extensive reference data while the frequency data of the ancient sample groups was used to narrow

down a time window where changes in frequencies may have occurred. Thus it was possible to

correlate some of the observed changes in frequencies with changes in subsistence as well as with

climate regions during different periods in time.

Neutrality tests identified 25 SNPs located in 15 genes to deviate from neutral expectations in the

Central European reference group. High test scores, as found in the border areas of the results dis-

tribution for each chromosome, are inconsistent with neutrality under several demographic models

and can therefore be considered as indications of selection [Akey et al., 2002, Sabeti et al., 2006,

Voight et al., 2006, Garud et al., 2015]. This furthermore implies, that the majority of SNPs under

investigation did not deviate from neutral expectations. Differences between groups found for those

SNPs can be attributed to demographic processes and their general unique histories.

The SNPs discussed in this chapter can be divided into two groups: SNPs related to the immune sys-

tem and auto-immune disease, and SNPs related to DMEs. While for both sets of SNPs deviations

from neutrality could be determined in the Central European reference population, the variation in

frequencies was higher for the immune system related SNPs among the ancient sample groups. These

results indicate that changes in allele frequencies occurred at loci related to the immune system, most

likely in response to selection, in Europe over the course of the last 10,000 years. Remarkably, only

two SNPs could be found where one of the alleles reached fixation in the European reference group.

In both cases, the alleles were also fixed in all ancient sample groups.
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One of those SNPs was found in the caspase 12 gene (CASP12). For rs497116, high negative Tajima’s

D values in the Central European (-2.3463, P0.3251) as well as the Chinese reference group (-2.2390,

P1.1137) indicate, that directional selection affected the locus outside of Africa. The allele frequencies

found for the SNP in all non-African groups were furthermore consistent with this assumption. In

all of these groups, the derived A allele had reached fixation. While the ancestral G allele was still

present in the African reference group, the derived A allele had also reached elevated frequency (0.74

± 0.04). The derived allele at the locus is a mis-sense mutation that leads to a premature stop of the

genes transcription, thereby rendering the resulting protein inactive [Saleh et al., 2004]. The CASP12

gene is involved in the mediation of inflammation responses, following infections. The inactivation

of the gene leads to an increased inflammatory response, rendering the A allele a beneficial mutation

[Man and Kanneganti, 2016], while the G allele is associated with an increased sepsis risk [Saleh

et al., 2004]. Age estimations for the derived allele suggest, that it first appeared between 500k and

100k years ago in Africa, with a subsequent selective sweep starting between 100k to 50k years ago

[Wang et al., 2006, Xue et al., 2006, Hervella et al., 2012]. These estimates could be substantiated

by the results presented here, which furthermore indicate that the A allele was affected by an early

sweep, probably reaching fixation before the initial split of the Central European and East Asian

populations roughly 40ky ago [Yang and Fu, 2018].

The rest of the immune system related non-neutral SNPs could be divided into three groups. In one

group, the frequencies of the SNPs in the Central European hunter-gatherers were already similar

to the reference group, yet different from at least one early farmer groups. In another group, the

frequencies in the Central European hunter-gatherers differed from the reference, but not from the

early farmer groups. In the third and largest group, the SNPs differed in both, the early farmers

as well as the hunter-gatherers, and sometimes also in the Bronze Age group in comparison to the

modern-day frequencies.

The first group consisted of two SNPs. One SNP was rs2058660 in the Interleukin-18 Receptor

Accessory Protein-Like gene (IL18RAP). High iHS values in the Central European (2.0972, P98.2229)

and the African reference group (2.0072, P97.6297) indicated non-neutrality for this SNP. The derived

G allele occurred at low frequency in the African group (0.06±0.03), but was slightly elevated in the

Central European reference group (0.21±0.06) as well as in the Central European hunter-gatherer

group (0.27±0.17). In contrast, no copy of the derived allele could be found in the Central European

farmer group. However, for the early farmer group from the Aegean/Balkan region, where only one

sample for the SNP could be genotyped, one copy of the derived allele was found. It is possible

that the allele has been lost during the migration, as a consequence of a founder effect, especially

if it was present at low frequency in the initial population, leading to its absence in the Central

European farmer group of this data set. These results show that derived alleles were absent in the

new arriving farmers, but again rose in frequency to a level previously found in hunter-gatherers

already living in Central Europe for several thousand years. The allele could have been re-introduced

into the farmer groups as admixture with local hunter-gatherers increased during the later Neolithic

[Lipson et al., 2017]. The G allele at the locus is associated with an increased response to infectious
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diseases such as leprosy, while also being associated with increasing the susceptibility to Chron’s

disease [Franke et al., 2010, Liu et al., 2012]. The high iHS score, in combination with the high

H2 H1 values (0.7473, P98.3121), indicate a balancing, rather than a strong directional selection at

the locus. Similarly, Zhernakova et al. [2010] found signals indicating a selective sweep at the locus

during the last 6,500 years. These signals could be explained by selection affecting the locus in early

farming populations of Central Europe, in response to a selective pressure that already affected local

hunter-gatherers.

The second SNP in the group was rs12103 in the cleavage and polyadenylation-specific factor 3-like

gene (CPSf3L). The T allele at the locus is associated with an increased pathogen defense, medi-

ated by an inflammatory response. Via the same mechanism, the allele increases the risk for IBD

[Ye and McGovern, 2016]. Signs of non-neutral development were found by high iHS values in the

Central European reference group (2.8293,P99.7939), as well as high negative Tajima’s D values in

the Chinese reference (-2.455, P0.1895). The risk-increasing allele had almost reached fixation in the

African (0.96 ± 0.03) and the Chinese reference group (0.99 ± 0.02) while it was at an intermediate

to low frequency in the Central European reference group (0.17 ± 0.05). A significantly higher

frequency was found in the Central European farmer group (0.36 ± 0.20) compared to the Central

European reference group, suggesting a decrease in frequency to a level similar to the Central Euro-

pean hunter-gatherers 0.25 ± 0.30) after the early Neolithic. The high frequencies in combination

with the deviations from neutrality in the non-European reference groups could be caused by a func-

tional constraint, associated with an increased pathogen load in warmer climates [Dunn et al., 2010].

During the migration to environments of higher latitudes, this constraint might have been lifted and

the T allele became detrimental, potentially leading to a subsequent decrease in frequency over time.

The second group contained two SNPs whose frequencies only differed when compared between the

Central European hunter-gatherers and the Central European reference group. One SNP (s415890)

was located in the gene which encodes the ribonuclease T2 (rnaset2), while the other (rs3184504)

was found in the gene encoding the SH2B adaptor protein 3 (SH2B3). Both SNPs were present

at similar intermediate frequencies in the Central European reference group (0.45±0.07, 0.48±0.07,

respectively), where a high nSL score (2.15, P98.6054) was found for rs3184504, while one of the

highest Tajima’s D values was measured for rs415890 (3.4297, P99.7313). No differences were found

between the European reference and any of the ancient sample groups, except for both hunter-

gatherer groups. For rs3184504, no risk-associated alleles were present in any of the hunter-gatherer

groups, while for rs415890 the risk allele was found at high frequencies (EHG: 0.80±0.25, WHG:

0.77±0.16). The high positive Tajima’s D value is indicative of balancing selection, which could

further explain the intermediate frequencies found for both SNPs in the European reference group.

The SNP rs3184504 was previously identified to have one of the strongest associations with Coeliac’s

disease [Hunt et al., 2008], as well as being associated with type 1 diabetes [Ferreira et al., 2010].

In Contrast, for rs415890, an association with increased risk for Chron’s disease is known [Franke

et al., 2010]. Moreover, both SNPs are known to be involved in mediating immune reactions via up-

regulation of inflammation (SH2B3) [Zhernakova et al., 2010] or the activation of T-cells in response
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to parasite infections (rnaset2) [Thorn et al., 2012]. Both associations could explain why selection

may have affected these alleles. These results were further confirmed by previous studies suggesting

that selection affected both loci in association to infections after the onset of the Neolithic [Raj

et al., 2013, Zhernakova et al., 2010].

The remaining six non-neutral SNPs were all located in two gene families and the allele frequencies in

the Central European reference group were found to differ from all ancient sample groups, including

the Bronze Age group.

The SNPs rs601338 and rs281379 are located in the gene encoding the enzyme galactoside 2-alpha-

L-fucosyltransferase 2 (FUT2) and are associated with Crohn’s and Coeliac’s disease [Franke et al.,

2010, Parmar et al., 2012]. While the risk allele (A) at rs601338 was present at similar frequency in

the African (0.53 ± 0.07) and the European reference group (0.54 ± 0.07), the distribution differed

for rs281379. Here, the risk allele (A) frequency was higher in the European group (0.58 ± 0.07) than

the African reference group (0.18 ± 0.05). Both SNPs were found on the same holotype spanning 400

SNPs, for which a high Tajima’s D value was detected (2.6573, P99.1294) in the Central Europeans.

In contrast to the other reference groups, no copy of the risk alleles could be found in the Chinese

group. The intermediate frequencies, in combination with the high Tajima’s D values in the Central

European reference group, can be seen as evidence for balancing selection at this locus. No copy of

the risk-increasing alleles could be found in the hunter-gatherer groups. However, the genotyping

success was low for rs601338 in both groups. While no data was available for the early farmers

from the Aegean/Balkan region, the risk allele was already present at elevated frequencies for both

SNPs (rs281379: 0.37±0.14, rs601338: 0.38±0.34) in the Central European farmers, although at

significant lower frequencies than today. These findings could confirm previous reports suggesting

that the FUT2 gene experienced selection during the Neolithic [Raj et al., 2013].

The FUT2 gene is known for its involvement in the release of the ABO antigens in humans [Paré

et al., 2008]. The presence of the risk alleles is associated with an inactive FUT2 gene, which pre-

vents the release of the ABO antigens. This so-called non-secreter phenotype is associated with

protection against norovirus infections, due to noroviruses using these antigens as receptors [Smyth

et al., 2011]. This could explain potential selection, as norovirus infection cause severe stomach

flu [Koch-Institut, 2017]. An untreated infection can lead to severe dehydration in children and

thus poses a serious health threat. The norovirus is still common in Europe where it affects mostly

infants and elderly people. It is transmitted via fluids from person to person or via contaminated

food sources [Bernard et al., 2014], but it can also be present in livestock [Mattison et al., 2007].

The signals of non-neutrality, in combination with the absence of the risk alleles in hunter-gatherers

and the subsequent increase in frequencies over time, are nevertheless indicative of a selective sweep

associated with the Neolithic.

Similar to the SNPs in FUT2, four SNPs in the toll-like receptor gene complex yielded high nSL

scores in the Central European reference group. Three SNPs were located in TLR10 (rs11096955,
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rs11096957, rs5743618; nSL: -2.5454, P0.8031; -2.4662, P0.9519; -2.2933, P1.3801, respectively), and one

SNP was located in TLR6 (rs5743810; nSL: 2.18, P98.8994). Furthermore, selection was also indicated

by the simulation results for the SNPs rs11096955 and rs5743810. The changes in frequencies over

the last 3,000 years since the late Bronze Age could only be explained if selection coefficients of

1.00±0.45% (rs11096955) and 1.60±0.80% (rs5743810) were assumed. The toll-like receptor genes

are associated with pathogen pattern recognition and thereby trigger an immune 166response and

mediate inflammation [Ozinsky et al., 2000, Delneste et al., 2007, Jiang et al., 2016]. A high diversity

was detected for the TLR10 SNPs in the Central European reference group (De: 0.3780±0.0149),

which, in combination with the high nSL score results, indicates diversifying or balancing selection.

For genes involved in immune responses and pattern recognition, gene diversity frequently corre-

lates with pathogen diversity, and signs of selection at TLR genes were found in various populations

[Karlsson et al., 2014, Hancock et al., 2011, Novembre and Han, 2012].

While diversity was high in all ancient sample groups too (De: between MN: 0.3653±0.0641 and

WHG: 0.4190±0.0369), significant differences between frequencies in comparison to the Central Euro-

pean reference indicate changes over time. For the Central European hunter-gatherers (diff: -0.1153,

p≤0.0001) as well as the Central European farmers (diff: -0.2014, p≤0.0001) and the Bronze Age

group (diff: -0.0934, p≤0.0001), average Fst values estimated for the TLR10 SNPs exceeded neutral

Fst values compared to the Central European reference group. These results show that the changes

in frequencies occurred after the onset of the Bronze Age in Europe and can not be explained by

drift alone. Previous studies suggest that diversity found in TLR genes in modern populations was

partially influenced by introgression from archaic hominins outside of Africa [Jagoda et al., 2017].

In combination with the high diversity found for all European groups, this indicates that selection

affected a standing variation in Europe.

The fact that all these SNPs are associated with the susceptibility for infectious diseases such as

malaria, tuberculosis and leprosy [Schurz et al., 2015, Wong et al., 2010], could furthermore explain

the comparatively late change in frequencies in the data set. The assumed increase in pathogen load

during the early Neolithic had probably already led to an increase in selective pressure on variants

associated with the immune system. This pressure could have intensified during later periods when

population size and mobility started to increase [Linderholm et al., 2014]. The late Neolithic and

Bronze Age period are known for demographic changes and vast migrations [Allentoft et al., 2015].

Both factors could have increased the pathogen load while simultaneously providing a vector for

pathogen propagation [Diamond, 1998]. It is not clear since when certain diseases were common

in Europe, but it is assumed that leprosy was present since the late Neolithic [Stone et al., 2009,

Köhler et al., 2017], while tuberculosis is assumed to be much older [Karlsson et al., 2014]. While

neither of the diseases are immediately deadly, they can severely impact reproduction and fitness,

either in form of a decline in health, or through ostracism and social stigma know from leprosy.

DMEs

Similar to the immune-related genes, genes encoding DMEs show high variability among worldwide

populations. Almost all of these DMEs have a naturally occurring substrate, and variation in these
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genes is often linked to differences in enzyme activity [Nebert and Dieter, 2000]. Differential enzyme

activity manifests in distinct phenotypes, which are characterized by the speed of the metabolic

reaction. In some cases, a high enzyme activity can lead to severe reactions in response to a drug

dosage that has no side-effects in patients with a slower metabolism [Sistonen et al., 2009]. For

several DME encoding genes, signs of selection were found, which in some cases could be dated

to the last 10,000 years [Janha et al., 2014]. Based on this, a connection of the Neolithic to the

selection on DMEs has been suggested [Magalon et al., 2008, Podgorná et al., 2015]. For the genes

NAT2 and CYP2C19 it was assumed that food storage, which increased during the Neolithic, led

to the built-up of toxins in the food due to infestation by fungi and bacteria [Janha et al., 2014].

Phenotypes associated with a slower metabolization rate became beneficial as the decreased enzyme

activity prevented a rapid uptake of the toxins for the carriers. Others have suggested that the

pattern of diversity found for the NAT2 gene can be explained entirely by demographic processes

[Sabbagh et al., 2008]. While the highest diversity is found in Africa, it decreases with increasing

distance as predicted by migration and serial founder effects [Luca et al., 2008].

The capture array that was used to build this data set contained eigth SNPs located in the NAT2

gene. For all SNPs, high positive Tajima’s D values were found in the Central European reference

group (between 2.5078, P98.9493 - 3.1218, P99.8009). The general estimated diversity was high in

the Central European group (De 0.3385±0.0073), as well as in all ancient sample groups (WHG-

De: 0.2923±0.0273, MN - De: 0.3716±0.0456). For the Chinese group, the estimated diversity was

significantly lower compared to all groups (p≤0.0500) except the hunter-gatherers. These results

indicate that the NAT2 locus was under selection in European populations.

Average Fst estimates for the locus suggest a selection scenario associated with subsistence. The

Central European hunter-gatherers were the only group, for which a higher-than-expected value was

found under neutrality (diff: 0.1123, p≤0.0005) when compared to the Central European reference

group. Previous research furthermore indicates, that the NAT2 gene underwent selection in response

to different forms of subsistence in populations relying on agriculture, as well as in hunter-gatherers

[Sabbagh et al., 2011, Podgorná et al., 2015]. In addition, the gene was suggested to be the target

of selection in Europe [Magalon et al., 2008], with an estimated sweep-time starting ca. 6,000 years

ago [Luca et al., 2010a]. Other theories state that the gene was not under strong selection until the

Bronze Age in Europe and that factors unrelated to diet had a stronger influence [Mathieson and

Mathieson, 2018]. Diversity and Fst estimates based on the data presented here are more consis-

tent with an earlier sweep time, most likely during the early Neolithic, as no significant differences

could be found between any ancient sample groups dating to the Neolithic or later compared to the

modern-day Europeans.

Interestingly, no significant differences in diversity of Fst could be detected between the Early and

Middle Neolithic groups and the Bronze Age group although increasing admixture is known to have

happened after the first farmers arrived in Central Europe [Allentoft et al., 2015]. It is furthermore

possible, that a re-emergence of hunter-gatherer related ancestry in European farmer populations
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influenced the allele frequencies at the NAT2 locus during the Middle Neolithic [Lipson et al., 2017].

While this is indicated by the slightly increased diversity found for the gene in the Middle Neolithic

group compared to the early Neolithic groups, the high variance and bad preservation in the Middle

Neolithic group prevented a conclusive statement.

A similar scenario was proposed for variation in the CYP2C19 gene, were an increase in slow

metabolising phenotypes was associated with the Neolithic lifestyle [Janha et al., 2014]. Here, the

results indicate that the majority of diversity found at this locus in European populations could be

explained without the assumption of selection. The average diversity was found to be low in the

Central European reference group (De: 0.1744±0.0082) while a high variation was detected for the

ancient sample groups (between WHG - De: 0.2205±0.0218 and MN - De: 0.3602±0.0375). For all

but one SNP, neutrality could be assumed based on the test results, while for rs4304692 elevated H1

(0.3564, P97.8143) and low H2 H1 values (0.0203, P1.2776) showed that a low haplotype diversity was

found surrounding the SNP. In addition, this SNP was suggested to be under selection during the

last 10,000 years [Janha et al., 2014]. It was assumed, that the slow metabolizing phenotype the SNP

is associated with prevented a rapid activation of potential toxins originating from food storage. The

results described here are consistent with such a scenario; lower frequencies were found for the SNP

in the Central European hunter-gatherers (0.62±0.19) as well as in the Central European farmers

(0.80±0.11) compared to the Central European reference (0.91±0.04).

Furthermore, and in addition to elevated frequencies (0.79±0.06), neutrality tests led to similar re-

sults in the Chinese reference group (H1: 0.3564, P97.8143, H2 H1: 0.0203, P1.2776). This could be

the result of an early selection, dating before the split of the populations that became ancestral to

Central European and South-east Asians roughly 40ky ago [Yang and Fu, 2018], that was contin-

uous and potentially later intensified in Central Europe. Alternatively, a convergent evolution of

the allele in both populations could explain the results. The derived allele was also found at inter-

mediate frequency in the African reference group (0.47±0.07), which suggests that it is rather old.

Nevertheless, the low H21̋ values in both non-African populations indicate, that directional rather

than diversifying selection affected the CYP2C19 gene, leading to an increase in slow metabolizing

phenotypes. A recently found high variation at the CYP2C19 homologue in ancient goat genomes

[Daly et al., 2018] was interpreted as coevolution under the assumption that selective pressure has

originated from toxins in plant residuals used as fodder.

A selection in response to subsistence was furthermore proposed for the variation in the CYP2D6 gene

[Fuselli et al., 2010]. A high haplotype diversity for the SNP rs1135840 was detected in the Central

European reference by high Tajima’s D values (2.5604, P99.0301), accompanied by high H2 H1 values

(0.7778, P97.5865). The overall lack of success in genotyping for the variants prevented the detection

of consistent changes in allele frequencies between the ancient sample groups and the European

reference. Only for rs16947 a significant lower frequency could be found in the Central European

hunter-gatherers (0.26±0.25) compared to the European reference group (0.68±0.07). Therefore, it

could not be determined if a potential selection affected the alleles in response to different subsis-
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tence regimes, or if changes in frequencies might have occurred during an earlier time as seen for

other DME genes such as CYP3A4 and CYP3A5.

For one SNP in each of those genes deviations neutrality was found in the Central European ref-

erence, indicated by high negative Tajime’s D values (rs2740574 -2.4820, P0.0657; rs776746 -2.3769,

P0.2555) in addition to low H2 H1 values (rs2740574: 0.0061, P0.0922; rs776746: 0.0255, P2.3848). Sim-

ilar results were identified for the Chinese reference based on high H12 (rs2740574: 0.6721, P99.4524;

rs776746: 0.6519, P99.2812), accompanied by low H2 H1 values (rs2740574: 0.0127, P0.952). The an-

cestral alleles for the SNPs rs2740574 in the gene CYP3A4 and rs776746 in the gene CYP3A5 were

present at high frequencies in the African reference group (rs2740574: 0.77 ± 0.06 , rs776746: 0.84

± 0.05), yet at low frequency in the European reference group. In the Chinese reference group, the

ancestral allele was at intermediate frequency for rs776746 (0.27 ± 0.06), and absent for rs2740574

(0.00 ± 0.02). Since deviations from neutrality were found for both SNPs in the Chinese and the

European reference populations, a shared history of the derived alleles is possible. This scenario was

further emphasized by the frequencies in the ancient sample groups. For rs2740574 no derived alleles

could be found in any of the ancient samples (EHG: 0.00 ± 0.60, WHG: 0.00 ± 0.46, CEF: 0.00 ±
0.46, MN: 0.00 ± 0.84); however, the overall genotyping success was low. For rs776746 ancestral

alleles were present at low frequency in the ancient samples (EHG: 0.00 ± 0.60, WHG: 0.03 ± 0.06,

SEF: 0.04 ± 0.07, MN: 0.17 ± 0.30, WEZ: 0.11 ± 0.15), while the frequency in the early farm-

ers of central Europe was significantly higher, compared to the Central European reference. This

increased frequency could be caused by lineage sorting during the initial migration process when

allele frequencies are often prone to changes. The low H2 H1 values found for both SNPs in the

Central European reference, in combination with the low frequencies of the ancestral alleles, indicate

directional selection of the derived allele. Based on a similar pattern found in the Chines group,

an early selective sweep is highly likely. This is further supported by the frequencies found in the

ancient sample population.

While a connection to salt retention was discussed previously for the SNPs in CYP3A4/5 [Thompson

et al., 2004], this could not be confirmed by additional work [Ho et al., 2005]. Instead, a connection

between CYP3A4/5 and the vitamin D metabolism is suggested [Wang et al., 2013], assuming it to

be the target of selection since humans migrated to regions at higher latitudes [Jablonski and Chap-

lin, 2000, Robins, 2009, Yuen and Jablonski, 2010]. Both CYP3A genes are futhermore involved in

metabolizing the active form of vitamin D3 to a yet unknown metabolite [Baranyai, 2014]. Thus, a

down-regulation of these genes could lead to a higher level of available vitamin D circulating in the

blood [Roizen et al., 2018]. This, in turn, could explain why these alleles may have been beneficial

after humans migrated into regions with lower UV radiation levels farther from the equator. The re-

sults are also consistent with the age estimation of 76,000 years for the derived allele of the rs776746

SNP [Bains et al., 2013], suggesting that the potential sweep occurred during the first migrations.

These findings, in combination with the results discussed in chapter 3, provide additional evidence

in favor of the vitamin D hypothesis.
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The results for the SNP rs2248359 can be interpreted in a similar context. The SNP is located in

the gene CYP24A1, which encodes an enzyme that relies, among others, on 1,25-dihydroxyvitamin

D3 as substrate [Jones et al., 2012]. The SNP was found at an elevated frequency in the Central

European reference group 0.61±0.07), while an unusually high haplotype diversity was detected

through low H12 values (0.0198, P1.3945). These results indicate balancing or diversifying selection,

in contrast to the SNPs in the CYP3A4/5. Similarly, no differences were found between any of

the ancient sample groups and the Central European reference group. This could indicate that the

diversification occurred early at this locus, in connection to the viatmin D metabolism, similar to

the SNPs in CYP3A4/5. Interestingly, diversity was also high for the region surrounding the SNP

in both non-European reference groups, while the frequency found in the Chinese reference group

was similar to that in the European reference (0.64±0.07). Derived alleles were also present in the

African reference group (0.34±0.05), indicating that a potential selection affected a standing varia-

tion rather than a de-novo mutation.

Conclusion

The occurrence of pathogens and toxins varies considerably in correlation with environmental factors

and has always posed as a threat to humans. A dependable defense mechanism was therefore crucial

for survival, and associated genes have always been seen as target of potential selections [Hancock

et al., 2011]. Genes associated with the immune system and the detoxification of xenobiotics are

assumed to have been under strong selective pressure. Adaptations in immune-related genes are

thought to have led to a hyper-protective immune system that can cause auto-immune diseases in

westernized societies [Raj et al., 2013]. In this chapter, the influence of subsistence and climate

regions on the evolution of alleles in genes associated with immune-responses and DMEs was tested.

Neutrality test were applied to an extensive reference data set, while frequency data obtained from

ancient sample groups was used to narrow down a time period in which changes in allele frequencies

may have occurred. The results of this study show that the majority of SNPs under investigation

developed under neutral expectations. For the immune related SNPs where neutrality was rejected,

changes in allele frequencies could be assigned to different periods in time, as well as to different

environmental variables.

The results indicate that selection affected gene variants associated with increased inflammatory

responses, occurring while, or shortly after humans migrated out of Africa. Additional signals of

more regional selection were detected for Central Europe. This indicates an adaptation of the im-

mune system to the regional parasite or pathogen spectrum, which later also affected the genomes

of early farmers after their arrival. Signs of non-neutrality in combination with the frequency data

furthermore indicate that variants in the genes SH2B3 and RNASET2 were selected during the early

Neolithic.

Differences in frequencies between the hunter-gatherers and early farmers of Central Europe indi-

cate a selective pressure originating from the Neolithic lifestyle rather than the European eco-region.

Furthermore, the frequencies found in the early farmer groups were highly similar to modern-day

frequencies in Central Europe. Up until the early Neolithic, only SNPs associated with increased
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inflammation responses appear to be affected by selection while selection on variants associated

with crowd diseases such as tuberculosis or norovirus infections emerged at a later time. There is

strong evidence that SNPs in the TLR and FUT1/2 gene family were affected by selection during

the late Neolithic and Bronze Age. These results confirm earlier theories suggesting that increasing

population size and mobility lead to the spread and perseverance of crowd diseases absent before

the Neolithic [Armelagos, 2009].

This study furthermore found evidence indicating that variants in DME encoding genes were under

selection since humans left Africa. Strong sings of non-neutrality were found for variants in genes

such as CYP3A4/5, CYP24A1, CYP2C19, and NAT2. The allele frequency data from the ancient

sample groups places changes for NAT2 and CYP2C19 in the early Neolithic. This confirms earlier

assumptions that slow metabolizing phenotypes were selected for in both genes in Central Europe.

For the remaining variants, an early sweep time was indicated, probably close to the migration out

of Africa. All three genes have a strong association to the vitamin D metabolism. Similar to genes

such as SLC24A5 and SLC45A2 [Sturm and Duffy, 2012], selection in favor of an optimized vitamin

D metabolism is highly likely.

Future research needs to incorporate additional results from different sources. Environmental DNA

taken alongside the samples from sampling sides could provide a valuable insight into to the coevo-

lution of humans and pathogens. Dental calculus can also be used to investigate dietary habits as

well as pathogen levels. Here a direct estimation of the pathogen load accompanying different forms

of subsistence could help understand the rate of exposure early humans have experienced.
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6 Synthesis discussion and conclusion

Over the last decade, the advances in sequencing technology have increased the number of available

human genomes, ancient and recent alike, at incredible speed. Especially the field of ancient DNA

has led to several break-through studies that helped to shed light on the demographic histories of

populations. This data showed that the genetic variation in Central European populations living

today was strongly impacted by migration and admixture followed by population growth, mainly

since the last glacial maximum, approximately 19,000 years ago [Gamba et al., 2014, Fu et al., 2016].

In addition to demography, the selection in, and adaptations to new environments are likely to have

played a role in recent human evolution [Hancock et al., 2010]. Several studies using ancient and

recent data have found strong signs indicating that present day phenotypic diversity was affected by

selection [Hudjashov et al., 2013, Wilde et al., 2014, Mathieson et al., 2015].

Adaptations are assumed to have occurred in response to new environments. For many markers, a

strong correlation with geography can be found, indicating selection in response to regional variables

[Hancock et al., 2011]. For a long time the influence of the Neolithic on the genetic variation found

today has been debated [Harper and Armelagos, 2010]. Several theories suggest that the drastic

shift in lifestyles during the Neolithic, going from hunter-gatherers to sedentary farmers, imposed a

strong selective pressure on the genomes of early humans [Ségurel et al., 2013]. The new plant-based

diet, the increasing population size and the close proximity to domesticated animals is thought of as

a new and unique environment that impacted the health of the early farming communities [Harper

and Armelagos, 2010, Ash et al., 2016].

This study investigated the impact of climate and subsistence on the genomes of early Europeans. A

specially designed capture array was used to compile a diachronic data set based on partial genomes

from over 100 individuals. This data was obtained from individuals from the Mesolithic, predating

the arrival of agriculture, as well as early and later Neolithic and Bronze Age farmer groups. This

enabled the examination of allele frequency changes over time for alleles with known associations

to traits assumed to have undergone selection. The phenotypic markers of the capture array can

be grouped into three sets: 1) markers associated with pigmentation and other visible traits; 2)

Markers associated with the energy metabolism with a known correlation to type 2 diabetes and the

metabolic syndrome, as well as markers associated with the processing of foodstuff; and 3) markers

associated with the immune system and the detoxification of xenobiotics. By applying neutrality

tests such as iHS and Tajima’s D to a reference data set of genome-wide data of recent populations,

it could be determined if the markers under investigation deviated from neutrality, thus indicating

selection. Allele frequency data of the ancient samples was used to narrow down a time frame during

which these changes may have occurred.

The majority of SNPs appear to be unaffected by selection despite being specifically chosen based

on assumptions of selection as well as high population differentiation. This shows that a large pro-

portion of the genetic and phenotypic variation is the result of differential demographic processes,
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drift, and admixture. However, for a subset of markers strong deviations from neutrality were found,

and changes in frequencies could be attributed to different periods in time. The results of this study

strongly indicate that lowered UV radiation, colder climate and the local pathogen load were driving

factors of selection outside of Africa. In addition, the increasing pathogen load and the smaller di-

etary spectrum associated with the Neolithic transition further increased existent selective pressures.

The vast majority of selection events that dated prior to the Neolithic correlated with a range of

climate variables. As humans moved to higher latitudes, they experienced a colder climate with a

stronger seasonality. Adaptations to cold-stress are known from several mammals to varying degrees

[Makinen, 2010]. Selection in response to a colder climate could explain changes in allele frequen-

cies for a large fraction of SNPs associated with the energy metabolism in this data set. Similarly,

increased metabolic rates can be found in humans inhabiting colder regions in comparison to people

from warmer climate zones [Makinen, 2010]. Especially brown adipose tissue (BAT) has an impor-

tant role in cold tolerance and higher levels are known to occur in Central European populations

compared to South-East Asians [Bakker et al., 2014]. This indicates that the lipid metabolism could

have been under selection for a better distribution of brown adipose tissue rather than increased fat

storage. For several SNPs in related genes (e.g., FTO) signs of an early selective sweep, predating

the Mesolithic, were found. It appears that while some genes were under selection in all non-African

groups of the data set, others have only been affected in European populations. This may be the

result of selection in response to the local climate. For other SNPs related to the energy and lipid

metabolism frequencies found in the Central European hunter-gatherers were highly similar to those

found in Central Europe today. Also other genes may have been under selection because of an asso-

ciation with BAT. A recent study suggested a link of the KITLG gene to the BAT metabolism [Yang

et al., 2018], which is otherwise mainly associated with pigmentation phenotypes [Ainger et al., 2017].

In addition to a colder climate, living at higher latitudes is accompanied by lower UV radiation.

This is assumed to have created a substantial selective pressure on the vitamin D metabolism. Vi-

tamin D has several biological effects and is highly associated with the absorption of calcium and

thereby plays a crucial role in bone formation and general bone health [Holick, 2004]. In this study

strong evidence could be found that the reduced vitamin D synthesis at higher latitudes led to se-

lection on the vitamin D metabolism at several levels. Variants in the genes CYP3A4 and CYP3A5

seemed to be selected shortly after humans migrated out of Africa, over 80kya. While the direct

effect of the two variants is unclear, both use vitamin D as substrate and are directly involved in

the vitamin D metabolism [Baranyai, 2014]. Skin depigmentation also seems to have started during

that time. Evidence for selection was found for a variant in the ASIP gene that was at fixation

in all non-African populations of this data set. In addition, it could be shown that depigmenta-

tion increased as humans migrated further north. In comparison to the African reference group,

an increased number of derived alleles were present in the Mesolithic hunter-gatherer groups. In

comparison to modern-day populations of Central Europe the frequencies were lower though, indi-

cating a darker complexion for the hunter-gatherers. Depigmentation is believed to be the result

of selection towards a higher functioning vitamin D synthesis at lower UV radiation [Jablonski and

175



Chaplin, 2012]. Furthermore, other variants located in genes such as HMGA2 with an association to

bone mineral density appear to have been selected during the same time span. Interestingly, variants

associated with a light hair and eye color in genes such as OCA2, HERC2 and TYRP1 were present

in the Mesolithic in Central Europe, yet not in Eastern Europe/Russia. Selection was indicated for

several of these variants by neutrality test results. It is still unclear why these variants may have

been selected since no phenotypic advantage of light hair or eyes is known today [Sturm and Duffy,

2012]. Additional research is needed for a better understanding of the functions of the genes involved.

In addition to selection in response to a colder climate and lower UV radiation, several immune-

related variants associated with an increased pathogen resistance seemed to have undergone selection

prior to the Mesolithic. A variant in CASP12 showed signs of an early selective sweep, probably

shortly after humans left Africa. Further evidence indicated that selection affected variants in the

PULS1 gene in European populations prior to the Mesolithic. As the local pathogen level correlates

with climate variables such as temperature and humidity [Hancock et al., 2011], it is possible that

selection occurred in response to local pathogen levels during migrations.

While the majority of selection events observed in this study that pre-date the Neolithic transi-

tion could be correlated with climate variables, selection occurring after the Neolithic transition is

strongly influenced by additional factors that arose in connection to the adoption of the new agri-

culturalist lifestyle. This new lifestyle was characterized by living sedentary in close proximity to

livestock, increasing population sizes and a cereal-rich diet. This newly created environment with

its altered living conditions is assumed to have further increased already existing selective pressures.

In the data of this study, the influence of the Neolithic on the genomes of early humans in Central

Europe is clearly visible.

Several immune-related SNPs were indicated as selected after the onset of farming. Interestingly,

differences could be found regarding the phenotypic relevance of the SNPs. Sings for selection on

variants in SH2B3, RNASET2 and FUT1/2 could be dated to the early Neolithic, while variants

in TLR genes seemed to be under selection during the Bronze Age and even later periods. These

results indicate that different selective pressures affected the immune system during these different

time periods. While the SNPs in SH2B3 and RNASET2 are associated with an increased inflam-

matory response following infections [Zhernakova et al., 2010, Thorn et al., 2012], the variants in

FUT1/2 increase protection against norovirus infections [Smyth et al., 2011, Parmar et al., 2012].

A connection to sanitary conditions of early sedentary farming life is very likely. In contrast, the

variants in the TLR genes are associated with pathogen pattern recognition and an increased pro-

tection against crowd diseases [Delneste et al., 2007, Schurz et al., 2015]. This may be the result of

increasing population sizes and higher mobility during later periods [Armelagos et al., 1991, Linder-

holm et al., 2014, Sjögren et al., 2016], as population sizes were likely too small for crowd diseases

to persist until after the Neolithic transition [Harper and Armelagos, 2010].

The change in diet proposed for the Neolithic [Richards et al., 2003] also seems to have had a sub-
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stantial influence on the genomes of the early farmers investigated in this study. This influence was

visible on multiple levels. The ingestion of food stored prior to its consumption appears to have

created a selective pressure on genes involved in the drug metabolism. Food storage is believed to

have led to the accumulation of toxins from fungi and bacteria. It was proposed that this led to

adaptations in cytochrome P450 genes that created a higher tolerance towards those toxins [Magalon

et al., 2008, Luca et al., 2008, Janha et al., 2014]. Results for several SNPs in the genes NAT2 and

CYP2C19 confirm these assumptions and signs of diversifying selection could be observed for both

genes in the data set, dating to the early Neolithic.

It appears that the dietary spectrum of the foods consumed furthermore had an influence on genetic

variation in early humans in Europe. Compared to contemporary hunter-gatherers, early farmer

communities are assumed to have had a reduced dietary spectrum [Richards and Hedges, 1999, Fis-

cher et al., 2007, Oelze et al., 2011], resulting in a reduction in micro-nutrients. The depletion of

vitamin D is assumed to have further increased the already present selective pressure on the vita-

min D metabolism. This could explain the signs of selection found for variants in the NOTCH2

and LEPR genes, that correlated to the early Neolithic. Both genes have a known association with

bone mineral density and osteoporosis [Kapur et al., 2010, Stathopoulos et al., 2013]. In addition,

strong evidence was found for selection on pigmentation-related genes between the early Neolithic

and the Bronze Age. Signs of non-neutrality for variants in the gene SLC24A5 indicate selection

for the gene. The majority of derived alleles located in this gene were already present at high fre-

quencies in the early farmers of this data set. It appears that strong directional selection affected

these variants shortly after humans adopted farming. In contrast, a much higher variation was still

present in the hunter-gatherers groups, probably due to the higher vitamin D content in their diet.

The data further shows that other genes were affected by selection during later periods. Derived

alleles increased in frequency in the TYR gene until they reached modern-day levels in the Bronze

Age group. Variation in the SLC45A2 gene was also affected during the Neolithic, but selection

probably started later compared to TYR. Although derived alleles were present at high frequencies

in the Bronze Age group, variation was still higher compared to today. This indicates that selection

may have affected the gene beyond the Bronze Age. Nevertheless, a pigmentation phenotype similar

to today can be assumed for the individuals from the Bronze Age group based on the presented data.

Further evidence for adaptation to the Neolithic farming-based diet through selection was found in

variants in the FADS1/2 genes. The gene is known to influence the levels of long-chained polyun-

saturated fatty acids (LCPUFSs) in breast milk [Morales et al., 2011]. While LCPUFAs can be

supplemented from animal protein, they can also be synthesized. In this case, an adaptation to a

diet depleted in LCPUFAs, similar to other populations [Fumagalli et al., 2015, Kothapalli et al.,

2016], is likely. Increased synthesis of LCPUFAs would have the benefit of raising the nutritional

value of breast milk for the newborn. Selection on additional, diet-related SNPs could be traced to

the Bronze Age. One of the strongest signals of selection was found for SNPs related to lactase persis-

tence into adulthood, confirming previous studies [Bersaglieri et al., 2004b]. This is likely connected

to dairying. The selection on lactase persistence in Europe was previously described as an example
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for gene-culture coevolution [Gerbault et al., 2011]. In addition, a variant in the RAB3GAP1 gene

was selected with similar strength during the same time. The variant has beneficial influences on

lipid levels in the blood and reduces cholesterol [Bersaglieri et al., 2004b]. Since the allele was found

in linkage with the lactase variant and milk is a rich source of fat, selection in the same context is

very likely.

This study investigated the influences that affected human genomes during the population history

of Europe. It provides insights into the environmental factors that affected genetic variation and

thus increases the understanding of the role of the Neolithic in this process. Challenges during this

work were the scarcity of high quality data. While a data set of over 100 individuals is not small,

some groups were underrepresented. The sample quality of the Middle Neolithic group was lower

compared to the other groups, which led to exclusion from some of the analyses. An extensive anal-

ysis of more samples of this period is of particular interest as admixture between early farmers and

local hunter-gatherers already occurred at this point in time [Lipson et al., 2017]. Such data would

allow the investigation of the influence of admixture on alleles that were presumably under selection.

Decreasing sampling costs will hopefully contribute to providing a higher numbers of full-genomes

sequences of ancient samples, enabling future research to be conducted on data sets with a higher

resolution.

Increasing the sample size of available data would furthermore enable a finer resolution of studies

such as this one. In addition, approaches as in Veeramah et al. [2018] or Amorim et al. [2018], where

multiple samples from the same site and time are sequenced, provide new opportunities. Higher res-

olution data will allow for a more detailed analysis of local adaptations in the future. Full genomes

also allow the direct application of haplotype based tests on ancient samples. With refined labora-

tory methods it will be possible to acquire data from individuals of under-sampled areas. Data from

Mesolithic samples pre-dating the adoption of agriculture in the core-zone of the Neolithic are still

scarce. Such samples would allow exploring the possibility that effects commonly attributed to the

Neolithic have a different origin, investigating if, for example, depigmentation was already advanced

in the ancestral populations of the first farmers. With dense time-series data of ancient genomes it

might be possible to narrow-down the origin and trace the subsequent spread of variants that are

assumed to have originated in Europe.

To further investigate the impact of the Neolithic on the immune system, environmental DNA offers

a new opportunity. Broad-scale sampling could increase the knowledge about the pathogen environ-

ment during that time. By correlating the environmental pathogen load with the genetic variation in

humans, the coevolution of the host-defense mechanism could be studied directly. DNA from dental

calculus can also provide insight in the same context. In addition, also epi-genetic research based on

ancient samples could contribute to the understanding of the recent evolution of the immune system.

Methylation patterns from ancient genomes could be used to investigate differential gene expression.

It has been shown that differences in methylation patterns between archaic hominins and anatomi-

cal modern humans were associated with differential adaptations [Gokhman et al., 2014]. A better
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understanding of gene functions and their networks would also allow a more focused investigation

of selection. Detailed knowledge about the interaction of genes with different environmental factors

could increase the understanding of why and how selection occurred.

An increased focus on archaeological and isotopic evidence should also be considered to improve

the understanding of regional lifestyles and how they may have influenced local environments. This

could help to investigate local differences and their effects. For example, it is still discussed if lactase

persistence occurred in communities that practiced dairying or if dairying increased in response to

people being able to digest milk [Gerbault et al., 2011]. Only an interdisciplinary approach to the

investigation of the past can provide a detailed picture.
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Complex signatures of selection for the melanogenic loci tyr, tyrp1 and dct in humans. 2008.

Alper Scott, Laws Rebecca, Lackford Brad, Boyd Windy A, Dunlap Paul, Freedman Jonathan H, and Schwartz

David A. Identification of innate immunity genes and pathways using a comparative genomics approach. Proceedings

of the national academy of sciences, 105(19):7016–7021, 2008.

Amorim Carlos Eduardo G, Vai Stefania, Posth Cosimo, Modi Alessandra, Koncz István, Hakenbeck Susanne, La Rocca

Maria Cristina, Mende Balazs, Bobo Dean, Pohl Walter, and others . Understanding 6th-century barbarian social

organization and migration through paleogenomics. bioRxiv, page 268250, 2018.

Aranow Cynthia. Vitamin d and the immune system. Journal of investigative medicine, 59(6):881–886, 2011.

Armelagos George J. The paleolithic disease-scape, the hygiene hypothesis, and the second epidemiological transition.

In The hygiene hypothesis and Darwinian medicine, pages 29–43. Springer, 2009.

Armelagos George J, Goodman Alan H, and Jacobs Kenneth H. The origins of agriculture: Population growth during

a period of declining health. Population and environment, 13(1):9–22, 1991.

Aronesty Erik. Comparison of sequencing utility programs. The Open Bioinformatics Journal, 7(1), 2013.
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Fu Wenqing, D OĆonnor Timothy, and Akey Joshua M. Genetic architecture of quantitative traits and complex

diseases. Current opinion in genetics & development, 23(6):678–683, 2013.

Fumagalli Matteo, Sironi Manuela, Pozzoli Uberto, Ferrer-Admettla Anna, Pattini Linda, and Nielsen Rasmus. Sig-

natures of environmental genetic adaptation pinpoint pathogens as the main selective pressure through human

evolution. PLoS genetics, 7(11):e1002355, 2011.

Fumagalli Matteo, Moltke Ida, Grarup Niels, Racimo Fernando, Bjerregaard Peter, Jørgensen Marit E, Korneliussen

Thorfinn S, Gerbault Pascale, Skotte Line, Linneberg Allan, and others . Greenlandic inuit show genetic signatures

of diet and climate adaptation. Science, 349(6254):1343–1347, 2015.

Furumura Minao, Sakai Chie, Abdel-Malek Zalfa, Barsh Gregory S, and Hearing Vincent J. The interaction of

agouti signal protein and melanocyte stimulating hormone to regulate melanin formation in mammals. Pigment cell

research, 9(4):191–203, 1996.

Fuselli Silvia, Filippo de Cesare, Mona Stefano, Sistonen Johanna, Fariselli Piero, Destro-Bisol Giovanni, Barbujani

Guido, Bertorelle Giorgio, and Sajantila Antti. Evolution of detoxifying systems: the role of environment and

population history in shaping genetic diversity at human cyp2d6 locus. Pharmacogenetics and genomics, 20(8):

485–499, 2010.

Gamba Cristina, Jones Eppie R, Teasdale Matthew D, McLaughlin Russell L, Gonzalez-Fortes Gloria, Mattiangeli
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Uitterlinden André G, Kant Sarina G, Oostdijk Wilma, Bakker Egbert, and others . Novel leptin receptor mutations

identified in two girls with severe obesity are associated with increased bone mineral density. Hormone research in

paediatrics, 85(6):412–420, 2016.

Harper Kristin and Armelagos George. The changing disease-scape in the third epidemiological transition. International

Journal of Environmental Research and Public Health, 7(2):675–697, 2010.

Hart Katie L, Kimura Shey L, Mushailov Vladimir, Budimlija Zoran M, Prinz Mechthild, and Wurmbach Elisa.

Improved eye-and skin-color prediction based on 8 snps. Croatian medical journal, 54(3):248–256, 2013.

Helgason Agnar, Pálsson Snæbjörn, Thorleifsson Gudmar, Grant Struan FA, Emilsson Valur, Gunnarsdottir Steinunn,

Adeyemo Adebowale, Chen Yuanxiu, Chen Guanjie, Reynisdottir Inga, and others . Refining the impact of tcf7l2

gene variants on type 2 diabetes and adaptive evolution. Nature genetics, 39(2):218, 2007.

Hellenthal Garrett, Busby George BJ, Band Gavin, Wilson James F, Capelli Cristian, Falush Daniel, and Myers Simon.

A genetic atlas of human admixture history. Science, 343(6172):747–751, 2014.

Hervella Montserrat, Plantinga Theo S, Alonso Santos, Ferwerda Bart, Izagirre Neskuts, Fontecha Lara, Fregel Rosa,
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Olalde Iñigo, Broomandkhoshbacht Nasreen, Candilio Francesca, Cheronet Olivia, and others . The genomic history

of southeastern europe. Nature, 555(7695):197, 2018.

Mathieson Sara and Mathieson Iain. Fads1 and the timing of human adaptation to agriculture. Molecular biology and

evolution, 35(12):2957–2970, 2018.

Mattison Kirsten, Shukla Anu, Cook Angela, Pollari Frank, Friendship Robert, Kelton David, Bidawid Sabah, and

Farber Jeffrey M. Human noroviruses in swine and cattle. Emerging infectious diseases, 13(8):1184, 2007.

Maty Siobhan C, James Sherman A, and Kaplan George A. Life-course socioeconomic position and incidence of

diabetes mellitus among blacks and whites: the alameda county study, 1965–1999. American Journal of Public

Health, 100(1):137–145, 2010.

May Hila and Ruff Christopher. Physical burden and lower limb bone structure at the origin of agriculture in the

levant. American journal of physical anthropology, 161(1):26–36, 2016.

McEvoy Brian, Beleza Sandra, and Shriver Mark D. The genetic architecture of normal variation in human pigmen-

tation: an evolutionary perspective and model. Human molecular genetics, 15(suppl 2):R176–R181, 2006.

McKenna Aaron, Hanna Matthew, Banks Eric, Sivachenko Andrey, Cibulskis Kristian, Kernytsky Andrew, Garimella

Kiran, Altshuler David, Gabriel Stacey, Daly Mark, and others . The genome analysis toolkit: a mapreduce

framework for analyzing next-generation dna sequencing data. Genome research, 2010.

Meigs James B, Cupples L Adrienne, and Wilson Peter WF. Parental transmission of type 2 diabetes: the framingham

offspring study. Diabetes, 49(12):2201–2207, 2000.

Meigs James B, Shrader Peter, Sullivan Lisa M, McAteer Jarred B, Fox Caroline S, Dupuis Josée, Manning Alisa K,

Florez Jose C, Wilson Peter WF, D’Agostino Sr Ralph B, and others . Genotype score in addition to common risk

factors for prediction of type 2 diabetes. New England Journal of Medicine, 359(21):2208–2219, 2008.

Mensink Ronald P and Katan Martijn B. Effect of dietary trans fatty acids on high-density and low-density lipoprotein

cholesterol levels in healthy subjects. New England Journal of Medicine, 323(7):439–445, 1990.
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in europe over the last glacial maximum. Proceedings of the National Academy of Sciences, 112(27):8232–8237, 2015.

Terberger Thomas, Kotula Andreas, Lorenz Sebastian, Schult Manuela, Burger Joachim, and Jungklaus Bettina.

Standing upright to all eternity–the mesolithic burial site at groß fredenwalde, brandenburg (ne germany). Quartär,

62:133, 2015.

Teschler-Nicola M, Gerold F, Bujatti-Narbeshuber M, Prohaska T, Latkoczy Ch, Stingederº G, and Watkins M.

Evidence of genocide 7000 bp–neolithic paradigm and geo-climatic. Coll. Antropol, 23(2):437–450, 1999.

Thompson Emma E, Kuttab-Boulos Hala, Witonsky David, Yang Limei, Roe Bruce A, and Di Rienzo Anna. Cyp3a

variation and the evolution of salt-sensitivity variants. The American Journal of Human Genetics, 75(6):1059–1069,

2004.

Thorn Andrea, Steinfeld Robert, Ziegenbein Marc, Grapp Marcel, Hsiao He-Hsuan, Urlaub Henning, Sheldrick
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