Highlights

e Population-level palaeogenetic inference on the evolution of lactase persistence from
three Bronze Age regions in Europe

e Genomic data of Bronze Age warriors from Tollense, the oldest large-scale conflict site
north of the Alps

e Novel method indicates that Bronze Age warriors represents an unstructured population
of mainly male individuals

e Adult lactase persistence frequency in Tollense (7.1%) is significantly lower than today

e Expansion of eastern European steppe ancestry did not cause a large shift in LP allele
frequency in other parts of Europe

e Selection coefficient estimate of 6% over the last 3.000 years

Genomic data from an ancient European battlefield indicates on-going
strong selection on a genomic region associated with lactase
persistence over the last 3,000 years
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Summary

Lactase persistence (LP), the continued expression of lactase into adulthood, is the most
strongly selected single gene trait over the last 10,000 years in multiple human populations. It
has been posited that the primary allele causing LP among Eurasians, rs4988235-A (Enattah et
al. 2008), only rose to appreciable frequencies during the Bronze and Iron Ages (Mathieson et
al. 2015; Olalde et al. 2018), long after humans started consuming milk from domesticated
animals. This rapid rise has been attributed to an influx of peoples from the Pontic-Caspian
steppe that began around 5,000 years ago (Allentoft et al. 2015; Furholt et al. 2016). We
investigate the spatiotemporal spread of LP through an analysis of 14 warriors from the Tollense
Bronze Age battlefield in northern Germany (~3,200 BP), the oldest large-scale conflict site
north of the Alps. Genetic data indicate that these individuals represent a single unstructured
Central/Northern European population. We complemented these data with genotypes of 18
individuals from the Bronze Age site Mokrin in Serbia (~4,100 to ~3,700 BP) and 37 individuals
from eastern Europe and the Pontic-Caspian Steppe region, predating both Bronze Age sites
(~5,980 to ~3,980 BP). We infer low LP in all three regions, i.e. in northern Germany,
south-eastern, and eastern Europe, suggesting that the surge of rs4988235 in central and
northern Europe was unlikely caused by Steppe expansions. We estimate a selection coefficient
of 0.06, and conclude that the selection was on-going in various parts of Europe over the last
3,000 years.

Results and Discussion
The majority of the Tollense samples are male and unrelated

We enriched DNA from 21 samples from the Tollense battlefield for 5 MB of putatively neutral
regions and 487 phenotypically informative loci associated with metabolic syndrome, adult
lactase persistence (LP), non-infectious and inflammatory diseases, and eye, skin and hair
pigmentation (Veeramah et al. 2018). Of the 21 samples, two showed evidence of high
contamination (> 9% based on mtDNA) and one was not involved in the battle but rather dated
to the Neolithic period. We analyzed the data of 14 of the remaining individuals for which we
successfully enriched DNA at targeted regions to a mean depth > 4x (Table 1 and Supplemental
Table 1). We detected no close relatives among these 14 individuals (Supplemental Figure 1).
Surprisingly, two of these individuals were women, consistent with a male-dominated but not
exclusively male battle.

Tollense sample shows no structure

Projected onto a principle component analysis (PCA) plot trained on modern samples, all
Tollense individuals fall within the range of central and northern European variation, suggestive
of little or no genetic substructure (Figure 1). Multiple lines of evidence corroborate that
impression: First, the spread of he Tollense samples on the PCA matches that of other ancient
population samples of similar age, namely the Lech valley in Bavaria (~4,700 to ~3,250 BP;
Mittnik et al. 2019) and Mokrin in Serbia (~4,100 to ~3,700 BP; Zegarac et al. 2020). Second,
only seven (0.4%) out of the 1,638 D-statistics (Green et al. 2010) of the form D (Tollense1,
Tollense2; Test_Population, YRI), were statistically significant with an absolute Z-score cut-off of
3, and none were significant after correcting for multiple testing (Supplemental Table 2). Among
the ten highest D-statistic values, six indicated that WEZ35 was more distant from various
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European population samples than the other battlefield samples. Third, F , between random
partitions of the Tollense sample were generally lower than those between random partitions of
a modern 1000 Genomes CEU sample of the same size (P(F Tollense < F, CEU) = 65.57%,
65.42%, 65.65% and 65.35% for partitions of 4/10, 5/9, 6/8 or 7/7 individuals). Finally, we failed
to reject Hardy-Weinberg equilibrium (HWE) using a novel method that accounts for genotyping
uncertainty in ancient samples (see Methods). Specifically, we tested for a deficit of
heterozygous genotypes as quantified by the inbreeding coefficient F, which is expected to be
positive among samples from a structured population due to the Wahlund effect, but for which
we estimated F = 0.0 (MAP, 90% CI 0.0 - 1.6-10", Figure 2a). Contrasting this model with strict
HWE, the latter received 99.94% posterior support. The Tollense individuals thus conform to a
sample from a single, unstructured population.



Table 1. Samples analyzed and frequency of the LP allele (rs4988235-A) in different cultures.
Frequencies incl. 90% Credible Intervals (Cl) for NGS data were estimated based on genotype likelihoods
using ATLAS. Frequencies based on pseudo-haploid (PH) calls and PCR data were estimated from allele
counts taken from genotypes and a 90% CI was calculated based on the Beta distribution. Sample
location as well as replication status of the LP genotype are given in Supplemental Table 3. N: number of

individuals, *: family graves with high degrees of relatedness.

Sample Reference Sample age [calBP] N 13.910*T allele 90% ClI Genot
frequency yping
East European Eneolithic This study 5,200-5,978 2 0 0.000-0.602 PCR
(Steppe)
Usatovo This study 4,950-5,450 1 0 0.000-0.842 PCR
Yamnaya This study 4,480-5,378 13 0 0.000-0.132 PCR
Early Catacomb Culture This study 4,341-4,674 8 0 0.000-0.206 PCR
Developed Catacomb This study 4,250-4,564 2 0 0.000-0.602 PCR
Culture
Yamnaya-Poltavkinskaja This study 4,450-4,884 6 0 0.000-0.265 PCR
Late Catacomb Culture This study 3,975-4,706 5 0 0.000-0.3085 PCR
East European Steppe: Allentoft et al. 2015, Jarve et al. 2019, 4,277-5,471 37 0 0.000-0.040 NGS
3600-2300 BCE Lipson et al. 2017, Mathieson et al. 2015, (PH)
Mathieson et al. 2018, Narasimhan et al.
2019, Olalde et al. 2018, Schroeder et al.
2019, Wang et al. 2019
Area of Corded Ware Allentoft et al. 2015, Fernandes et al. 4,250- 4,833 55 0,018 0.000-0.027 NGS
Culture: 2900-2300 BCE 2018, Gamba et al. 2014, Jones et al. (PH)
2017, Mathieson et al. 2015, Mathieson
et al. 2018, Mittnik et al. 2019,
Narasimhan et al. 2019, Olalde et al.
2018, Sanchez-Quinto et al. 2019,
Schroeder et al. 2019, Skoglund et al.
2014
Rest of the Mokrin (Bronze Age Zegarac et al. 2020 4,100- 3,700 18* 0,046 0.001-0.145* NGS
continent Serbia)
Tollense This study 3,100-3,200 14 0,071 0.009-0.235 NGS
Prague (Jinonice, Olalde et al. 2018 4,200-3,700 14 0,101 0.031-0.227 NGS
Zahradnictvi and Kobylisy,
Ke Stirce Street)
Bedfordshire, Biddenham Olalde et al. 2018 3,130-3,206 6 0,140 0.028-0.358 NGS
Loop
Lichtenstein Cave, Late Schilz 2006; Seidenberg 2016 3,000-2,700 34* 0,294 0.2-0.42* PCR
Bronze Age in Germany
Kivutkalns, Baltic Bronze Mittnik et al. 2018 2,730-2,560 8 0,575 0.364-0.77 NGS
Age in Latvia




Early Medieval Bavarians Veeramah et al. 2018 ~1,500 21 0,524 0.4-0.647 NGS

Szolad (northern ancestry), | Amorim et al. 2018 1,500 13 0,727 0.567-0.856 NGS
Early Medieval in Hungary
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Figure 1: PCA of modern and ancient Europeans. Black squares: ancient samples from the Lech
Valley in Bavaria, blue squares: ancient samples from Mokrin in Serbia, red circles: Tollense samples
from this study. Ancient samples are projected onto modern reference sample space. Colored circles
correspond to the 70% density contour lines of the ancient groups.

Tollense population is from Central / Northern Europe

The ancestry of the 14 Tollense individuals is central to northern European, as indicated by
several analyses. First, the 70% density contour in the PCA shows a slightly more northern
center for the Tollense sample than for those of the Bavarian Lech Valley and Serbian Mokrin
individuals (Figure 1). Second, the Tollense sample appears closest to 5th century Bavarians
(Veeramah et al. 2018) and modern central and northern Europeans when quantified with Fg.,
although all European populations have overlapping confidence intervals (Figure 2b). Finally,
the same clustering was obtained with a Treemix analysis (Figure 2c, Supplemental Figure 2) at
the maximum likelihood estimate of five migration events, of which an event between the
Finnish and an east Asian population was the only one involving Europeans.
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Figure 2: Tollense samples show no population structure. A) Posterior density of inbreeding
coefficient F. B) F¢; between Tollense samples at 5K neutralome against 5th century Bavarians (mGE),
Dutch (GONL), Danish, Turkish (TUR) and Eurasian+YRI 1000 Genomes populations, excluding
transition SNPs. C) TreeMix analysis with zoom on European populations allowing five migration events
with an unrooted tree. CEU: Utah residents with northern and western European ancestry

Based on archeological finds at the battlefield, it has been hypothesized that some of the
warriors came from southern central Europe, i.e. south-eastern Germany and Bohemia (Uhlig et
al. 2019; Terberger et al. 2014; Jantzen 2011). Carbon and Strontium isotope ratios further
suggest a mixture of locals and non-locals (Price et al. 2019). While it is possible that our data
are insufficient to resolve genetic affinities at such a small geographic scale, it appears likely
that the Tollense individuals were sampled from a relatively homogeneous population with a
high degree of continuity to those living in the same broad region today. But we caution that a
strong correspondence between the material culture and genetic ancestry is only expected
under conditions of strict and enduring population separation.

Major allele frequency increase before the Medieval period

To compare LP frequencies temporally and spatially, we determined rs4988235-A allele
frequencies (also known as -13,910*T) using a Bayesian estimator in various ancient,
post-Neolithic population samples with more than 5 individuals per site. We estimated low
frequencies for both Tollense (7.1%; N=14) and Mokrin (4.6%; N=18) samples (P(fy,o«n <
froiense) =0-889). However, we caution that various individuals at the Mokrin site are close
relatives. These estimates are consistent with those of other Bronze Age populations, albeit with
a lack of high quality data for comparison (Table 1). For instance, data from somewhat older
sites in the UK (N=6; Olalde et al. 2018) and Czechia (N=14; Olalde et al. 2018) indicate allele
frequencies of 17% and 10%, respectively, which are not significantly different from those of
Tollense (P(fyx < froense)=0-225; P(fe,ecnia < froiense)=0-33). However, these samples do not
originate from a single time point or location, and are based on extremely low allelic depth, few
individuals, or both. The highest Bronze Age frequency (29%; N=34; Schilz 2006, Seidenberg
2016) was observed for the Lichtenstein Cave in Germany, a family grave site a few centuries
younger than Tollense.

Markedly higher frequencies are observed from more recent samples, suggesting ongoing
strong selection on the rs4988235-A allele during the intermediate period. A sample from Latvia,
dating to about 2,730-2,560 BP (P(f ... < froiense)<10>; N=8; Mittnik et al. 2018), and a Medieval
sample from southern Germany (~1,500 BP; P(fg,any < fronense)<10”%; N=21; Veeramah et al.
2018) both have a frequency of roughly 57%, and a sample with northern European ancestry
from an Early Medieval cemetery in Hungary has a frequency of 73% (P(f )<107;

Latwa ToIIense
N=13; Amorim et al. 2018).



These frequency estimates indicate that while the rs4988235-A allele had reached frequencies
that make it detectable in small sample size ancient DNA studies by the beginning of the Bronze
Age in various parts of Europe, it had not reached the frequencies observed in population
samples dating from the Iron Age or later. Such a pattern is consistent with selection starting as
early as the Neolithic, but also indicates continuing strong selection during and particularly after
the Bronze Age.

Selection is ongoing and strong after the Neolithic period

To quantify the selection strength on the rs4988235-A allele since the Bronze Age, we treated
the Tollense individuals as sampled from an unstructured population with broad continuity to
modern central/northern Europeans and examined allele frequency changes in the intervening
130 generations for all phenotypically relevant loci genotyped. We used the unrelated 1,000
Genomes CEU samples as a modern reference population sample and employed two
complementary methods: i) a Bayesian approach (ApproxWF, Ferrer-Admetlla et al. 2016)
under an additive model (dominance coefficient of h=0.5) and a constant population, the size of
which we estimated based on allele frequencies at neutral loci, and ii) forward simulations under
a model of exponential population growth (Wilde et al. 2014).

Both methods identify two alleles influenced by strong positive selection: the LP causing allele
rs4988235-A, and rs7570971-C, which occurs almost exclusively on the same haplotype as
rs4988235-A, and additionally plays a role in total serum cholesterol reduction (Zhang et al.
2013). Persuasive evidence for a functional role in LP strongly indicates that selection is acting
on the rs4988235-A allele, rather than the linked rs7570971-C allele (Lewinsky et al. 2005;
Leseva et al. 2018). Within 3,000 years, sample counts for these alleles increased from 2/26 to
144/192 and 2/28 to 134/190, respectively. ApproxWF estimates a selection coefficient of
around 5% for rs7570971-C and 6% for rs4988235-A, also when assuming dominance (h=1,
Figure 3b and c). Consistent with the low frequency we report here for the Bronze Age, these
estimates are a bit higher than recent estimates from modern (e.g. Stern et al. 2019, 1.6%) and
ancient data (e.g. Mathieson & Mathieson 2018, 1.8%).

The forward simulation approach additionally rejected genetic drift as the only explanation for
the inferred frequency change of the derived allele at rs5743810 (p-value<0.001). This locus is
located in the toll-like receptor gene complex (TLR6) and is associated with pathogen pattern
recognition and innate immune response. Notably, none of the other 440 tested loci showed a
significant signal of selection between the period of the Tollense site (3,200 BP) and today.
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Figure 3: Lactase persistence distribution and selection in Europe. A) Map of lactase persistence in
the Bronze Ages sites of Tollense and Mokrin, in Eneolithic and Early Bronze Age samples from eastern
Europe and the Pontic-Caspian Steppe area, and an Early Medieval sample from Bavaria. Red
corresponds to the ancestral and yellow to the derived allele associated with LP. The shaded shape
encompasses the samples from the east European Steppe. B) For each phenotypic locus we show the
posterior selection coefficient and the false discovery rate (FDR) as inferred with ApproxWF. Loci
identified as under selection by forward simulations approach are colored. Open circles show estimates
obtained under a dominant model (h=1). The dashed line indicates the 5% FDR cutoff used. C) Posterior
densities estimated by ApproxWF under the additive (h=0.5, solid) and dominant (h=1, dashed) model for
the loci identified as under selection by both methods.

Eastern Europeans steppes are not the source for lactase persistence

Based on imputed data, Allentoft et al. (2015) reported a low allele frequency (5%) of the
rs4988235-A allele in Bronze Age Europeans, similar to that reported here, but a much higher
frequency (~25%) among Bronze Age samples from the Pontic-Caspian Steppe, indicating a
possible steppe origin of lactase persistence. Since imputing allele presence in ancient samples
using modern reference individuals may be problematic in regions of strong recent selection, we
investigated this hypothesis by genotyping the rs4988235 locus using PCR in Eneolithic and
Early Bronze Age samples from eastern Europe and the Steppe region. The maijority of the
sampled individuals were buried in barrow graves dating from the end of 4" mill. BCE to the end
of the 2" mill. BCE and are representative for the Early Bronze Age in Eastern Europe. (Figure
3a, Table1). We could not detect the rs4988235-A allele among any of these samples (N=37),
suggesting that the frequency of this allele was very low, possibly close to zero, and almost
certainly lower than the 5.4% previously reported for a geographically, culturally and temporally
diverse sample with “Steppe ancestry” (Mathieson et al. 2015). Additionally, we re-analyzed
published data from the Eastern European steppe area (5600-4300 BP) and that of the Corded
Ware Culture in Central and NE Europe (4900-4300 BP) -based on pseudo-haploid random
allele picking- obtaining frequencies of 0% and 1,8% respectively; this corresponds to a single
LP-associated allele in 92 individuals (Table 1). While these estimates are not directly
informative about the origin of the rs4988235-A allele, they appear inconsistent with a major
contribution of the Steppe-associated expansion to the high frequencies observed after the
Bronze Age in Europe.



The time course of selection

While the LP-causing rs4988235-A allele has been under very strong natural selection at the
broad geographic scale of western Eurasia, considerable uncertainty and debate remains
concerning the underlying drivers and spatiotemporal distribution of that selection, and the role
demographic processes played in shaping allele frequencies (Walker and Thomas 2019). When
considering the underlying drivers of selection, it is important to recognize that the date or origin
of the rs4988235-A allele, the timing of selection on LP (whether constant from some point in
the past, or episodic), and the first observation of that allele in ancient DNA data, are distinct
and probably all separated by thousands of years. Linkage disequilibrium studies (Bersaglieri et
al. 2004; Gallego Romero et al. 2011; Liebert et al. 2017) indicate an allele origin in the last
20,000 years, perhaps in the Holocene. Evidence of milk consumption from analysis of fatty
acids deposited on pot sherds (Craig et al. 2005; Evershed et al. 2008; Salque et al. 2013), and
from archaeological herd kill-off profiles (Vigne and Helmer 2007) dates back to the Early
Neolithic in Anatolia, the Levant, and south-eastern Europe. However, even if strong natural
selection favoring LP has been operating since the Early Neolithic, we would expect sigmoidal
allele frequency trajectories, and so low and barely detectable frequencies for up to several
thousand years. Thus, low frequency estimates until the later Bronze Age (Burger et al. 2007;
Mittnik et al. 2019; Olalde et al. 2018; Allentoft et al. 2015; Mathieson et al. 2015; Stern et al.
2019; Segurel et al. 2020; this study) are not necessarily inconsistent with selection on LP
starting when or shortly after milk became a significant dietary component.

To illustrate this, we inferred the age of the rs4988235-A allele from the Tollense data using a
novel Bayesian method and assuming a selection coefficient of 6% since the mutation occurred
(Figure 3). The inferred allele age is highly dependent on the unknown effective population size
between the time of mutation and the Bronze age, as well as the dominance coefficient h.
Assuming dominance (h=1), the maximum a posteriori (MAP) estimate varied between 3550
(90% CI 3200-5100) and 7140 (90% Cl 5525-7650) years BP for population sizes 2N=10? and
2N=10°, respectively, and was about 20% older when assuming additivity (h=0.5). In line with
the low frequency for the Tollense sample, these estimates are considerably younger than
recent estimates from modern data (e.g. Stern et al. 2019, 17500 BP). However, we note that all
such estimates make strong assumptions about the demographic history, the strength of
selection, as well as the origin of the selected allele.

The Bronze Age therefore represents an important waypoint at which the rs4988235-A allele
became sufficiently common to be detectable in reasonably sized ancient DNA samples. Data
from the Bronze Age can then serve as a starting point to quantify selection reliably in
subsequent times. The Tollense sample, consisting of individuals that most likely died in a battle
within a short period of time, possibly on the same day, is well suited for this. The inferred
selection coefficient of 6% between Tollense (~3,200 BP) and today is high, especially
considering that the advancement of agricultural skills and the increase in dietary breadth since
the Neolithic should have produced alternatives to milk consumption.

Drivers of Selection

Beyond milk being a nutrient-dense and relatively nutrient-balanced food, various explanations
have been offered for the strong selection inferred for LP. These include improved calcium
absorption by supplementing vitamin D-poor diets at high latitudes (Flatz and Rotthauwe 1973),
the supply of a relatively pathogen-free fluid (Cook & Al-Torki 1975; Cook, 1978; Gerbault et al.
2011), the suppression of malaria symptoms through a reduction of p-aminobenzoic acid
consumption (Cordain et al. 2012; Lokki et al. 2011), improvements in gut health through
galactose and galacto-oligosaccharides reshaping the colonic microbiome (Cederlund et al.
2013; Gibson et al. 2017; Wahlqvist 2015; Knol et al. 2005; Walker and Thomas, 2019; Segurel
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et al. 2020), avoidance of diarrhea under famine conditions (Sverrisdottir et al. 2014), and
increased economic efficiency of calorie production for dairy farming (Ingold 1980). It is unlikely
that any single one of these factors has acted alone over the whole period from the Neolithic to
modern times. However, the inference of an on-going, and possibly increased selection
coefficient from the Bronze Age to at least Medieval times could be interpreted as favoring
factors related to increases in population and settlement density, such as those concerning
pathogen loads (Sverrisdottir et al. 2014; Walker and Thomas 2019). In this context, it is
interesting to note that among the other >400 functional loci we examined, the only other allele
reaching significance in terms of a signature of selection is the derived allele at rs5743810 in the
toll-like receptor gene complex (TLR6), which is associated with pathogen pattern recognition
and innate immune response. Although difficult to test explicitly, there remains a strong
possibility that selection on the rs4988235-A allele is modulated by other genetic factors through
a pleiotropic network, possibly in relation to epidemic disease resistance in the context of milk
drinking.

Demography and selection

Aside from strong natural selection, demographic processes such as migration and population
range expansion — leading to allele surfing (Klopfstein et al. 2005; Edmonds et al. 2004) — will
have shaped the distribution of the rs4988235-A allele (ltan et al. 2009). It is not clear if the
northwestern distribution of this allele in Europe is primarily the result of these processes, or
spatially structured selection strengths shaped by, for example, different traditions of milk use,
different climates and ecologies, or different levels of incident ultraviolet radiation. However, it is
noteworthy that there has been little genetic turnover between the Tollense population sampled
in this study and populations in the same region today, yet we still infer a high selection
coefficient. The same applies to the Mokrin site in Serbia, where a major population shift is
equally unlikely — leaving natural selection as the main explanation for the observed allele
frequency change over the last few millennia.

Final Remark

The somewhat similar inferred rs4988235-A allele frequencies between the early Middle Ages
and today at different locations does not exclude the possibility of ongoing selection during that
period (Montalva et al. 2019), since this likely represents the transitional phase of the sigmoid
frequency trajectory expected for a dominant trait. For LP, it now seems likely that the phase of
most rapid frequency rise was between 4,000 BP and 1,500 BP. We contend that research
should be focused on this phase to better understand the evolutionary history of the most
strongly selected single gene trait in Holocene western Eurasia, and many other parts of the
world.
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Star Resources

Deposited Data

Tollense capture raw data

This study

PRJEB38406

PCR genotype estimates of 37
individuals from the following
cultures: Eneolithic, Usatovo,
Yamnaya, Early Catacomb
Culture, Developed Catacomb
Culture,
Yamnaya-Poltavkinskaja, Late
Catacomb Culture

This study

Supplementary Table 1

Human reference genome NCBI
build 37

Church et al. 2011

GRCh37

Unrelated CEU from 1000
Genomes

1000 Genomes Project
Auton et al. 2015

NA06984, NA06985, NA06986,
NA06989, NA06994, NA07000,
NAQ7037, NA07048, NA07051,
NAQ7056, NA07346, NA07347,
NAOQ07357, NA10847, NA10851,
NA11829, NA11830, NA11831,
NA11832, NA11840, NA11843,
NA11881, NA11892, NA11893,
NA11894, NA11918, NA11919,
NA11920, NA11930, NA11931,
NA11932, NA11933, NA11992,
NA11993, NA11994, NA11995,
NA12003, NA12004, NA12005,
NA12006, NA12043, NA12044,
NA12045, NA12046, NA12058,
NA12144, NA12154, NA12155,
NA12156, NA12234, NA12249,
NA12273, NA12275, NA12282,
NA12283, NA12286, NA12287,
NA12340, NA12341, NA12342,
NA12347, NA12348, NA12383,
NA12399, NA12400, NA12413,
NA12414, NA12489, NA12546,
NA12716, NA12717, NA12718,
NA12748, NA12749, NA12750,
NA12751, NA12760, NA12763,
NA12775, NA12778, NA12813,
NA12814, NA12815, NA12827,
NA12828, NA12829, NA12830,
NA12842, NA12843, NA12872,
NA12873, NA12874, NA12889,
NA12890, NA12891, NA12892

1000 Genomes Eurasian Yoruba

1000 Genomes Project
Auton et al. 2015

NA18486, NA18488, NA18489,
NA18498, NA18499, NA18501,
NA18502, NA18504, NA18505,
NA18507, NA18508, NA18510,
NA18511, NA18516, NA18517,
NA18519, NA18520, NA18522,
NA18523, NA18853, NA18856,
NA18858, NA18861, NA18864,
NA18865, NA18867, NA18868,
NA18870, NA18871, NA18873,
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NA18874, NA18876, NA18877,
NA18878, NA18879, NA18881,
NA18907, NA18908, NA18909,
NA18910, NA18912, NA18915,
NA18916, NA18917, NA18923,
NA18924, NA18933, NA18934,
NA19092, NA19093, NA19095,
NA19096, NA19098, NA19099,
NA19102, NA19107, NA19108,
NA19113, NA19114, NA19116,
NA19117, NA19118, NA19119,
NA19121, NA19129, NA19130,
NA19131, NA19137, NA19138,
NA19141, NA19143, NA19144,
NA19146, NA19147, NA19149,
NA19152, NA19153, NA19159,
NA19160, NA19171, NA19172,
NA19175, NA19184, NA19185,
NA19189, NA19190, NA19197,
NA19198, NA19200, NA19201,
NA19204, NA19206, NA19207,
NA19209, NA19210, NA19213,
NA19214, NA19222, NA19223,
NA19225, NA19235, NA19236,
NA19238, NA19239, NA19247,
NA19248, NA19256, NA19257

Turkish genomes

Alkan et al. 2014

06A010111, 08P210611,
24D220611, 25A220611,
31P140611, 32A140611,
33M140611, 345291210,
35C240511, 381220611,

425291210, 485210611,
50G301210, 52C130611,
57M220611, 65A220611

5th century Bavarian individuals

Veeramah et al. 2018

AED_106, AED_1119,
AED_1135, AED_204,
AED_249, AED 432, AED_92,
ALH_10, ALH_1, ALH_2,
ALH_3, NW_255, STR_241,
STR_248, STR_266, STR_300,
STR_316, STR_393, STR_480,
STR 486, STR 502

Prague (Jinonice, Zahradnictvi
and Kobylisy, Ke Stirce Street)

Olalde et al. 2018

17195, 17196, 17197, 17198,
17199, 17200, 17201, 17202,
17203, 14886, 14888, 14889,
14890, 14891, 14945

Bedfordshire, Biddenham Loop

Olalde et al. 2018

17575, 17576, 17577, 17578,
17580, 17626, 17628

Kivutkalns, Baltic Bronze Age in
Latvia

Mittnik et al. 2018

Kivutkalns153, Kivutkalns164,
Kivutkalns194, Kivutkalns19,
Kivutkalns207, Kivutkalns215,
Kivutkalns222, Kivutkalns25,
Kivutkalns42

Szolad (northern ancestry), Early
Medieval in Hungary

Amorim et al. 2018

S72, SZ3, SZ4, SZ5, SZ9,
SZ11, 8213, SZ15, SZ16,
S718, SZ30, SZ38, SZ45
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Genome DK (Danish)

Besenbacher et al. 2015

only allele frequencie

s available

GONL (Dutch)

Francioli et al. 2014

gonl-100c, gonl-101c
gonl-102c, gonl-103c,
gonl-104c, gonl-105c,
gonl-106c¢, gonl-107c,

gonl-108c, gonl-109¢c

, gonl-10c,

gonl-110c, gonl-111c,
gonl-112c, gonl-113c,
gonl-114c, gonl-115¢
gonl-116c¢, gonl-117c,

gonl-118c, gonl-119¢

, gonl-11c,

gonl-120c, gonl-121¢c
gonl-122c, gonl-123c,
gonl-124c, gonl-125c,
gonl-126¢, gonl-127c,

gonl-128c, gonl-129¢

, gonl-12c,

gonl-130c, gonl-131c
gonl-132c, gonl-133c,
gonl-134c, gonl-135c,
gonl-136¢, gonl-137c,

gonl-138c, gonl-139¢c

, gonl-13c,

gonl-140c, gonl-141c
gonl-142c, gonl-143c,
gonl-144c, gonl-145c,
gonl-146¢, gonl-147c,

gonl-148c, gonl-149¢c

, gonl-14c,

gonl-150c, gonl-151¢c
gonl-152c, gonl-153¢c
gonl-154c, gonl-155c,
gonl-156¢, gonl-157¢

gonl-158c, gonl-159¢

, gonl-15c,

gonl-160c, gonl-161c
gonl-162c, gonl-163c,
gonl-164c, gonl-165c,
gonl-166¢, gonl-167c,

gonl-168c, gonl-169¢c

, gonl-16c,

gonl-170c, gonl-171¢c
gonl-172c, gonl-174c
gonl-175c, gonl-176¢,
gonl-177c, gonl-178c,
gonl-179c, gonl-17c, gonl-180c,

gonl-181c, gonl-182¢c
gonl-183c, gonl-184c
gonl-185c¢, gonl-186¢
gonl-187c, gonl-188c

gonl-189c, gonl-18c, gonl-190c,
gonl-191c, gonl-192¢
gonl-193c, gonl-194c
gonl-195¢, gonl-196¢,
gonl-197c, gonl-198c,
gonl-199c, gonl-19c¢, gonl-1c
gonl-200c, gonl-201c,
gonl-202c, gonl-203¢c
gonl-204c, gonl-205¢
gonl-206c¢, gonl-207¢

gonl-208c, gonl-209¢

, gonl-20c,
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gonl-210c, gonl-212¢
gonl-213c, gonl-214c
gonl-215c, gonl-216¢
gonl-217c, gonl-218¢c
gonl-219c, gonl-21c, gonl-220c,
gonl-221c, gonl-222c,
gonl-223c, gonl-224c,
gonl-225c, gonl-226¢
gonl-227c, gonl-228¢
gonl-229c, gonl-22c, gonl-230c,
gonl-231c, gonl-232c,
gonl-233c, gonl-234c,
gonl-235c, gonl-236¢
gonl-237c, gonl-238¢c
gonl-239c, gonl-23c, gonl-240c
gonl-241c, gonl-242¢
gonl-243c, gonl-244¢
gonl-245c, gonl-246¢,
gonl-247c, gonl-248c,
gonl-249c, gonl-24c, gonl-250c,
gonl-25c, gonl-26¢, gonl-27¢
gonl-28c, gonl-29c, gonl-2c,
gonl-30c, gonl-31c, gonl-32¢c
gonl-33c, gonl-34c, gonl-35¢
gonl-36¢, gonl-37c, gonl-38c
gonl-39c, gonl-3c, gonl-40c,
gonl-41c, gonl-42c, gonl-43c
gonl-44c, gonl-45c, gonl-46¢
gonl-47c, gonl-48c, gonl-49¢
gonl-4c, gonl-50c, gonl-51c,
gonl-52¢, gonl-53c, gonl-54c
gonl-55c, gonl-56¢, gonl-57¢
gonl-58c, gonl-59c, gonl-5c,
gonl-60c, gonl-61c, gonl-62¢c
gonl-63c, gonl-64c, gonl-65¢
gonl-66¢, gonl-67c, gonl-68c
gonl-69c, gonl-6¢, gonl-70c,
gonl-71c, gonl-72c, gonl-73c
gonl-74c, gonl-75c, gonl-76¢
gonl-77c, gonl-78c, gonl-79¢
gonl-7c, gonl-80c, gonl-81c,
gonl-82c, gonl-83c, gonl-84c
gonl-85c, gonl-86¢, gonl-87¢
gonl-88c, gonl-89c, gonl-8c,
gonl-90c, gonl-91c, gonl-92¢c
gonl-93c, gonl-94c, gonl-95¢
gonl-96¢, gonl-97c, gonl-98c
gonl-99c, gonl-9c

Lech Valley Bavarians

Mittnik et al. 2019

AITI_119, AITI_2, AITI_40,
AITI_43, AITI_50, AITI_72,
AITI_78, AITI_98, AITI_65adult,
AITI_66, AITI_92, AITI_95,
OBKR_80, OBKR_117,
OBKR_2, OBKR_50,
OBKR_67, OBKR_9A,

POST 28, POST_44,

POST 50, POST 6, POST 35,
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POST_99, UNTA58_ 153,
UNTA85_1412,
WEHR_1192SkB,
WEHR_1415adult,
WEHR_1586

Mokrin

Zegarac et al. 2020

MOK10B, MOK12, MOK13,
MOK14, MOK15, MOK16A,
MOK17A, MOK18A, MOK19A,
MOK20, MOK21A, MOK22,
MOK23, MOK24A, MOK25A,
MOK26A, MOK27, MOK28A,
MOK29A, MOK30, MOK31,
MOK32, MOK33, MOK9B

East European Steppe:
3600-2300 BCE

Allentoft et al. 2015, Jarve et al.
2019, Lipson et al. 2017,
Mathieson et al. 2015, Mathieson
et al. 2018, Narasimhan et al.
2019, Olalde et al. 2018,
Schroeder et al. 2019, Wang et al.
2019

RISE547.SG, RISE5S52.SG,
10374, 11917, 12105, 14110,
15118, 15119, ILK001, ILK002,
ILKOO03, 15882, 18745, 111501,
111531, 111732, 111735, 111736,
111734, RISE1166.SG,
AY2001, AY2003, RK1001,
RK1003, RK4001, RK4002,
SA6001, SA6002, SA6003,
SA6004, SA6010, SA6013,
S1J002, SIJ003, 202002,
12791_published,

15884 _publishedRISE547.SG,
RISE552.SG, 10374, 11917,
12105, 14110, 15118, 15119,
ILKOO1, ILK00Z2, ILK003, 15882,
18745, 111501, 111531, 111732,
111735, 111736, 111734,
RISE1166.SG, AY2001,
AY2003, RK1001, RK1003,
RK4001, RK4002, SA6001,
SA6002, SA6003, SA6004,
SA6010, SA6013, SI1J002,
S1J003, 202002,
12791_published,

15884 published

Area of Corded Ware Culture:
2900-2300 BCE

Allentoft et al. 2015, Fernandes et
al. 2018, Gamba et al. 2014,
Jones et al. 2017, Mathieson et al.
2015, Mathieson et al. 2018,
Mittnik et al. 2019, Narasimhan et
al. 2019, Olalde et al. 2018,
Sanchez-Quinto et al. 2019,
Schroeder et al. 2019, Skoglund et
al. 2014

17207, 17208, 17209, 17278,
17289, 17212, 16695, 16696,
17040, 17044, 17045, 17195,
17196, 17200, 17201, 17202,
17203, 17213, 17286, 10805,
Ajvide52.SG, Ajvide58.SG,
RISE1.SG, RISE94.SG, 13529,
12365, 14178, 12741, 14629,
15015, 15043, 15520, 15521,
15523, 15525, 15529, 16534,
16581, 12786, N44.SG, N45.SG,
N47.SG, N49.SG,
RISE1159.SG, RISE1162.SG,
RISE1163.SG, RISE1164.SG,
RISE1167.SG, RISE1170.SG,
RISE1171.SG, RISE1172.SG,
RISE1173.SG, RISE1248.SG,
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RISE1249.SG, RISE1250.SG,
ans016.SG
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Oligonucleotides

MYBait kit Arbor biosciences;
https://arborbiosci.com/genomics/t
argeted-sequencing/mybaits/myba
its-custom/

P5 and P7 Meyer and Kircher (2010);

IDT, Leuven, Belgium

IS4, IS5, IS6 and IS7

Meyer and Kircher (2010);
IDT, Leuven, Belgium

Software and Algorithms

ATLAS

Link et al. 2017

TreeMix Pickrell and Pritchard 2012
plink2 Chang et al. 2015
approxWF Ferrer-Admetlla et al. 2016
laser2 Wang et al. 2015
ADMIXTOOLS Patterson et al. 2012
yHaplo* Poznik 2016

scipy.stats python library

numpy python library

https://docs.scipy.org/doc
https://numpy.org/

bwa aln Li and Durbin 2009

GATK McKenna et al. 2010

Samtools Li et al. 2009

VCFtools Danecek et al. 2011

picard-tools https://broadinstitute.github.io/pica
rd/

contamMix ﬁ et al. 2014

Other

Agilent 2100 Expert Bioanalyzer
System and High Sensitivity
DNA Analysis Kit

Agilent Technologies

Amicon Ultra-15 Centrifugal
Filter Units

Merck Millipore, Darmstadt,
Germany

AmpliTaq Gold ® Buffer Il (10x)

Life Technologies ™

AmpliTag Gold ® DNA
Polymerase

Life Technologies ™

ATP Solution (100 mM)

Life Technologies ™

Bovine Serum Albumin (BSA)
(20 mg/ml)

Roche Diagnostics

Bst Polymerase, Large Fragment
(8 U/l

New England Biolabs GmbH

dNTPs (each 10 mM)

Qiagen, Hilden, Germany

dNTPs (each 25 mM)

Agilent Technologies

EDTA (0.5 M), pH 8.0

Ambion/Applied Biosystems, Life
Technologies ™, Darmstadt,
Germany

Herculase Il Fusion ® DNA
Polymerase

Agilent Technologies

Herculase || Reaction Buffer

Agilent Technologies
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https://docs.scipy.org/doc
https://numpy.org/
https://broadinstitute.github.io/picard/
https://broadinstitute.github.io/picard/

MgCl, (25 mM)

Life Technologies ™

MinElute ® PCR Purification Kit

Qiagen, Hilden, Germany

MSB ® Spin PCRapace

Invitek, Stratec Molecular, Berlin,
Germany

Sodium N-lauryl sarcosinate

Merck Millipore, Darmstadt,
Germany

Nuclease-free H,O

Life Technologies ™

PEG-4000

Thermo Scientific ™

Proteinase K

Roche Diagnostics, Mannheim,
Germany

Phenol/chloroform/isoamylalcoh
ol (25:24:1)

Roth, Karlsruhe, Germany

Qubit ® Fluorometric quantitation
and dsDNA HS Assay Kit

Invitrogen ™

T4 DNA Ligase (5 U/pl)

Thermo Scientific ™

T4 DNA Ligase Buffer (10X)

Thermo Scientific ™

T4 DNA Polymerase (5 U/ul)

Thermo Scientific ™

T4 Polynucleotide Kinase

Invitrogen ™

Tango Buffer (10x)

Life Technologies ™

ThermoPol Buffer (10X )

New England Biolabs GmbH

Trichlormethan/Chloroform

Roth, Karlsruhe, Germany
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