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In brief
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Anatolian-farmer-related ancestry as well
as his potential male-pattern baldness
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SUMMARY

The Tyrolean Iceman is known as one of the oldest human glacier mummies, directly dated to 3350-3120 cali-
brated BCE. A previously published low-coverage genome provided novel insights into European prehistory,
despite high present-day DNA contamination. Here, we generate a high-coverage genome with low contam-
ination (15.3x) to gain further insights into the genetic history and phenotype of this individual. Contrary to
previous studies, we found no detectable Steppe-related ancestry in the Iceman. Instead, he retained the
highest Anatolian-farmer-related ancestry among contemporaneous European populations, indicating a
rather isolated Alpine population with limited gene flow from hunter-gatherer-ancestry-related populations.
Phenotypic analysis revealed that the Iceman likely had darker skin than present-day Europeans and carried
risk alleles associated with male-pattern baldness, type 2 diabetes, and obesity-related metabolic syndrome.
These results corroborate phenotypic observations of the preserved mummified body, such as high pigmen-
tation of his skin and the absence of hair on his head.

INTRODUCTION

The Tyrolean Iceman (hereafter referred to as the Iceman),
also known as “Otzi,” is the world’s oldest glacier mummy.
Radiocarbon dating and stable isotope analysis have revealed
that the Iceman lived during the Chalcolithic (Copper Age) in
the Southern slopes of the eastern Italian Alps."? His remains
were found in the Italian part of the Otztal Alps in 1991 and
were directly dated to 3350-3120 calibrated BCE. In 2012,
Keller et al. published the first whole-genome sequence of
the Iceman.® Comparative analyses based on autosomal
data reported a close genetic affinity between the Iceman
and present-day Sardinians. These findings were, however,
published before genomes from a larger number of ancient
western Eurasian individuals became available. Genomic
data from European ancient individuals from 3000 to 4000
BCE, who we consider contemporaneous populations to the
Iceman, showed that the genetic similarity between the
Iceman and present-day Sardinians is due to common genetic
components that were geographically widespread across
Europe during the Neolithic period.*® The geographic region

of the Alps, where the Iceman was discovered, remains, how-
ever, rather understudied.

The first Iceman genome from 2012 was generated using the
ABI SOLID sequencer platform, which requires complex compu-
tational infrastructure at high economical cost.” It had relatively
low coverage (7.6 x) compared with the high-coverage genome
generated in this study and showed the presence of modern
human DNA contamination. Therefore, thanks to the recent
development of sequencing technologies (lllumina technology)
with higher output and lower cost, which have become standard
in the field of ancient DNA research,® we produced a new high-
coverage genome for the Ilceman (15.3x coverage) from the
same left iliac bone sample used for the 2012 study, with minimal
modern human contamination (0.5% =+ 0.06%). We found that
the Iceman shows unusually high early Neolithic-farmer-related
ancestry among the analyzed European individuals from the 4"
millennium BCE. Moreover, we show that the two ancestry com-
ponents from European hunter-gatherer-related ancestry and
early Neolithic-farmer-related ancestry present in the Iceman ad-
mixed rather recently before the Iceman’s death (56 + 21 gener-
ations ago, namely 4880 + 635 BCE), suggesting the survival of
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hunter-gatherer groups south of the Alps as late as 5000 to
4000 BCE.

RESULTS

A new high-coverage genome

We obtained two samples of the left iliac bone and the surround-
ing tissue for a series of four extractions each in order to improve
the amount of recovered ancient DNA and reduce modern hu-
man DNA contamination. In order to identify the extracts with
the highest human DNA content for further processing, we
compared the percentage of mapped human reads (i.e., endog-
enous DNA) after shotgun sequencing on an lllumina HiSeq plat-
form, ranging from 1.58% to 51.02% endogenous human DNA
(Table S1), for DNA libraries generated from these eight extracts
(Table S1A). From the best two extracts (1412E2 and 1412E3),
four double-stranded DNA libraries were generated with uracil
DNA glycosylase (UDG), which reduces substitutions due to
ancient DNA damage (i.e., deaminated cytosines) at the end of
DNA fragments.’® We then performed paired-end shotgun
sequencing on a total of 36 lllumina HiSeq sequencing lanes
for all four libraries (Tables S1B and S1C). We processed the
raw sequencing data with EAGER 1.92.2"" and obtained a com-
bined alignment with average genomic coverage of 15.3x after
removing duplicates. In the end, we obtained 45.4% endoge-
nous human DNA content (Table S1), with more than 90.6% of
the genome covered by at least five reads (STAR Methods).
We estimated the contamination level in the high-coverage
genome using ANGSD based on the heterozygosity on the
haploid X chromosome.'? The high-coverage Iceman genome
has 0.5% + 0.06% contamination, 10X less than the contamina-
tion level found in the previously published genome sequence®
(7.5% =+ 0.25%) (Table S2).

Genetic ancestry analysis
It has been shown that early Neolithic European farmers derived
most of their ancestry from early Anatolian farmers, suggesting
that farming spread with people from the Near East through Ana-
tolia and the Balkan peninsula starting around 7000 BCE.**'®
The arrival of farmers in Europe is followed by an increasing
amount of admixture with local hunter-gatherers at variable
levels during the initial expansion'*'® and subsequently into
the 4" millennium BCE. By the end of the 4™ millennium BCE,
admixture between early Neolithic-farmer-related ancestry orig-
inating from Anatolia and European hunter-gatherer-related
ancestry had become prevalent in most parts of Europe.®'*'®
Later, beginning from 2900 BCE, herders from the Pontic-
Caspian steppe introduced substantial levels of so-called
“Steppe-related ancestry” throughout Europe.’” After the 3™
millennium BCE until present day, all three ancestry components
are found in almost all European populations.’®

We examined the Iceman’s ancestry makeup in the context of
those three ancestral components with corresponding represen-
tative proxies—western hunter-gatherers (“WHGs”), early
Neolithic farmers from Anatolia (“Anatolia_N") or Germany
(“Germany_EN_LBK?”), and herders from the Samara region
(“Russia _Samara_EBA_Yamnaya”)—together with ancient
populations from Germany, the northern Iberian Peninsula, Italy,
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and Sardinia also dated to the 4" millennium BCE (Figure 1;
Table S3).

Projecting both the high-coverage and the previously pub-
lished® lceman genome on modern western Eurasian genetic
variation using principal-component analysis (PCA) (STAR
Methods), the high-coverage genome is slightly shifted
compared with the previously published one® (Figure 2). The
high-coverage genome of the Iceman clusters between the
two groups in the PCA formed by (1) Middle-Neolithic and Chal-
colithic Europeans dated to the 4™ millennium BCE and by (2)
early Neolithic European farmers, which in turn fall closely
together with earlier farmers from Anatolia. In the genetic affinity
test, the high-coverage Iceman genome shows a similar pattern,
presenting the closest genetic affinity to contemporaneous
Europeans from the 4™ millennium BCE and early Neolithic Euro-
pean farmers (Figure S1).

In the PCA (Figure 2), the high-coverage Iceman genome lo-
cates closer to the cluster of early Neolithic Farmers from Europe
(farmers associated with Linear Pottery culture, in short “LBK”
hereafter) and Anatolia_N than other Middle-Late Neolithic
to Chalcolithic Europeans (Spain_MLN, ltaly_Sardinia_N, Italy_
Sardinia_C, ltaly_N.SG, Germany_MN_Baalberge, Germany_
MN_Salzmuende, Germany_MN_Esperstedt, Italy_Broion_CA.
SG),%""820 indicating that the Iceman may have more early
Neolithic-farmer-related ancestry than other tested European in-
dividuals from the 4™ millennium BCE.

To calculate the exact proportions of ancestral components in
the Iceman and other contemporaneous ancient European
groups, we applied gpAdm modeling to test three proxies for
the early Neolithic-farmer-related ancestry —Germany_EN_LBK,
Anatolia_N, and Germany_EN_LBK_Stuttgart.DG (a 7,000-year-
old high-coverage shotgun genome from the LBK culture in Ger-
many) (Tables S3 and S4). We found that the Iceman derives
90% + 2.5% ancestry from early Neolithic farmer populations
when using Anatolia_N as the proxy for the early Neolithic-
farmer-related ancestry and WHGs as the other ancestral
component (Figure 3; Table S4). When testing with a 3-way
admixture model including Steppe-related ancestry as the third
source for the previously published® and the high-coverage
genome, we found that our high-coverage genome shows no
Steppe-related ancestry (Table S5), in contrast to ancestry
decomposition of the previously published Iceman genome.*'”
We conclude that the 7.5% Steppe-related ancestry previously
estimated for the previously published Iceman genome® '’ is
likely the result of modern human contamination.

Compared with the Iceman, the analyzed contemporaneous
European populations from Spain and Sardinia (ltaly_Sardi-
nia_C, ltaly_Sardinia_N, Spain_MLN) show less early Neolithic-
farmer-related ancestry, ranging from 27.2% to 86.9% (Fig-
ure 3A; Table S4). Even ancient Sardinian populations,” who
are located further south than the Iceman and are geographically
separate from mainland Europe, derive no more than 85%
ancestry from Anatolia_N (Figure 3; Table S4). The higher
levels of hunter-gatherer ancestry in individuals from the 4™
millennium BCE have been explained by an ongoing admixture
between early farmers and hunter-gatherers in the Middle and
Late Neolithic in various parts of Europe, including western Eu-
rope (Germany and France), central Europe, lberia, and the
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Figure 1. Geographic location of the Iceman and analyzed published ancient western Eurasian groups

See also Table S3.

Balkans.>'*""° Only individuals from ltaly_Broion_CA.SG found

to the south of the Alps present similarly low hunter-gatherer
ancestry as seen in the Iceman.?’ We conclude that the Iceman
and ltaly_Broion_CA.SG might both be representatives of spe-
cific Chalcolithic groups carrying higher levels of early
Neolithic-farmer-related ancestry than any other contempora-
neous European group. This might indicate less gene flow from
groups that are more admixed with hunter-gatherers or a smaller
population size of hunter-gatherers in that region during the 5
and 4™ millennium BCE.

Recent admixture between early farmers and hunter-
gatherers in southern Europe
Given the high proportion of early Neolithic-farmer-related
ancestry in the Iceman genome, we also tested if using the early
Neolithic-farmer-related ancestry as a single source is sufficient.
We found that gpWave results suggest neither Anatolia_N nor
Germany_EN_LBK as an appropriate single source, confirming
that the European hunter-gatherer-related ancestry is low but
significantly present in the Iceman’s genome (p < 0.05; Table S6).
We estimated the admixture date between the early Neolithic-
farmer-related (using Anatolia_N as proxy) and WHG-related
ancestry sources using DATES®® to be 56 + 21 generations

before the Iceman’s death, which corresponds to 4880 + 635
calibrated BCE assuming 29 years per generation®® (Figure 3B;
Table S7) and considering the mean C14 date of this individual.
Alternatively, using Germany_EN_LBK as the proxy for early
Neolithic-farmer-related ancestry, we estimated the admixture
date to be 40 + 15 generations before his death (Table S7), or
4400 + 432 calibrated BCE, overlapping with estimates from
nearby Italy_Broion_CA.SG, who locate to the south of the
Alps”182% (Figure 3B).

While compared with the admixture time between early
Neolithic farmers and hunter-gatherers in other parts of southern
Europe, for instance in Spain and southern Italy, we found that,
particularly, the admixture with hunter-gatherers as seen in the
Iceman and Italy_Broion_CA.SG is more recent (Figure 3B;
Table S3), suggesting a potential longer survival of hunter-gath-
erer-related ancestry in this geographical region.

Effective population size and heterozygosity

The high-coverage genome allows for additional analyses, such
as estimating effective population sizes through time and
genome-wide heterozygosity, that are not possible with lower-
coverage or SNP-captured genomes. Specifically, we estimated
the population-size history of the population represented by the

Cell Genomics 3, 100377, September 13, 2023 3
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Figure 2. Principal-component analysis (PCA)

We project the high-coverage Iceman genome, the previously published Iceman genome, and related published ancient western Eurasian individuals onto

present-day western Eurasian populations. See also Table S3.

Iceman and the two source populations represented by an early
Neolithic farmer from Stuttgart in Germany (“Germany_EN_
LBK_Stuttgart.DG”) and by a Mesolithic hunter-gatherer from
Loschbour in Luxembourg (“Luxembourg_Loschbour.DG")'®
using MSMC2.?* The demographic histories estimated using
the aforementioned three ancient high-coverage genomes share
the same population bottleneck between 25,000 and 200,000
years ago, similar to that obtained from a present-day Sardinian
individual, and they show a slight population size increase in a
recent time epoch from 20,000-25,000 years ago (Figure S2).
We observe a higher population size in recent times for
the Iceman and the Germany_EN_LBK_Stuttgart.DG individ-
ual (both with high early Neolithic-farmer-related ancestry)
compared with the Luxembourg_Loschbour.DG hunter-gath-
erer, which is possibly linked to the larger population size of early
farming populations versus the hunter-gatherer populations in
recent times.?®

We estimated the rate of heterozygosity for the Iceman,
Germany_EN_LBK_Stuttgart.DG, Luxembourg_Loschbour.DG,
and a present-day Sardinian individual and plotted the per-chro-
mosome estimate together with the standard error calculated
from a weighted jackknife procedure in Figure S3 (Table S8).
Both Germany_EN_LBK_Stuttgart.DG and the Iceman show

4 Cell Genomics 3, 100377, September 13, 2023

higher heterozygosity levels than Luxembourg_Loschbour.DG,
but the Ilceman shows a relatively lower level than Germany_
EN_LBK_Stuttgart.DG. This is consistent with the supposed
relative isolation of the Iceman and the low WHG-derived
ancestry seen in his genome.

New insights into the phenotypic traits and local
ancestry assignments of the Iceman

The high-coverage genome allows us to investigate SNPs of
phenotypic significance with sufficient coverage on individual
allelic sites. We analyzed 147 SNPs of phenotypic interest, sum-
marized in Table S9, including phenotypic sites examined in the
previously published genome.®> We newly reported alleles for
phenotypic traits of the Iceman related to reduced hair curliness,
black hair color, obesity-related metabolic disorders, reduced
freckling, and male-pattern baldness (Tables S9 and S10), in
addition to the previously reported phenotype of possibly light
skin pigmentation, brown eyes, and blood type O from Keller
etal.® (Table S9).

In particular, five SNPs (rs4988235, rs1050152, rs1495741,
rs4751995, rs174546) assumed to be related to the adaptation to
an agricultural lifestyle®® suggest that the lceman was a compara-
tively slow metabolizer with low concentrations of animal-oriented
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fatty acids but high concentrations of plant-oriented fatty acids
and may have had an intermediate high-density lipoprotein-
cholesterol concentration level in general (Tables S9 and S10).
While genetic information cannot yet be used to completely
reconstruct the appearance of an individual, genetic models exist
for specific phenotypic features. Among those, skin pigmentation
is a relatively well-understood trait that can be inferred from ge-
netic data. We examined 170 skin pigmentation-associated
SNPs from the UK Biobank genome-wide association study
(GWAS) for skin color®”?® and retrieved diploid genotype informa-
tion from 154 biallelic sites in Iceman. Each phenotype-informative
SNP has a different effect size, i.e., the variance in pigmentation ex-
plained by individual SNPs is different. Thus, we combined the ef-
fect size of each pigmentation-informative SNP together with all
examined effective alleles as an indication for the final phenotypic
trait. To take effect size impact into consideration, we calculated a
weighted genetic score given the individual SNP weight from the
UK Biobank GWAS-estimated effect sizes,””*® which is the
weighted proportion of dark pigmentation alleles used as an
indicator of skin pigmentation. The weighted genetic score of
dark pigmentation in the Iceman is estimated to be 0.591, higher
than the score of present-day southern European populations
taking Sardinians as an example (Table S11), which the Iceman
shares closest genetic affinity to (Figure S1) and which represent
the highest level of pigmentation among modern-day European

tral origin. We assigned local ancestry

tracts across 22 autosomes of the Iceman
using RFMix*° (Figure 3C), employing an imputed and phased
dataset as the reference for WHG and the early Neolithic-
farmer-related ancestry (STAR Methods). The WHG ancestry
tracts have an average length of 1.174cM on average across
22 autosomes, close to the expected tract length calculated
from admixture time and the WHG admixture proportion
(1.754cM). In total, genomic tracts of the early Neolithic-
farmer-related ancestry account for 91.4% of the genome, with
the remaining genomic chunks being assigned to WHG origin
(in 8.6%), in line with the global ancestry estimation from gpAdm
(90%/10%; Table S4). Based on the assigned local ancestral
tract distribution, we inferred two farmer’s diet-related SNPs
(rs1495741, rs174546) mentioned above to be of LBK farmer
origin, as expected.

DISCUSSION

The reconstruction of a high-quality genome of the Iceman using
lllumina sequencing enabled reanalyses providing novel insights
into the phenotypic traits and genetic history of this individual.
Contamination estimates showed that the high-coverage
genome is almost free of contamination, in contrast to the previ-
ous genome showing around 7% of human DNA contamination.

Unlike previous analyses performed on the previous
Iceman genome,’’ we found no evidence for the presence of

Cell Genomics 3, 100377, September 13, 2023 5
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Steppe-related ancestry in the high-coverage one. Instead, his
genome is best modeled as a genetic mixture between European
hunter-gatherer-related ancestry and early Neolithic-farmer-
related ancestry. The absence of Steppe-related ancestry is
consistent with the dating of this individual preceding the arrival
of Steppe-related ancestry in central and southern Europe.'’
We found that the Iceman, together with the contemporary
Italy_Broion_CA.SG located to the south of the Alps, carries the
largest proportion of early Neolithic-farmer-related ancestry
among all contemporaneous European individuals analyzed so
far, suggesting that these individuals were relatively isolated
from other European individuals who were more genetically ad-
mixed with ancient European hunter-gatherers. The remote loca-
tion of Alpine valleys might contribute to such an isolation. We did,
however, not find lower levels of genetic diversity in the lceman
genome compared with other early European farmers (repre-
sented by LBK farmers in Germany), with no signs of inbreeding.
Altogether, these observations add nuance to our understanding
of the mixture processes underlying the rise of the European hunt-
er-gatherer-related ancestry throughout Europe during the 5™ and
4™ millennium BCE.>'>"77'93" While the general trend of rising
European hunter-gatherer-related ancestry has been described
throughout Europe, the presence of individuals with low European
hunter-gatherer-related ancestry south of and within the eastern
Italian Alps suggests regional heterogeneity in Late Neolithic
Europe.

The high-coverage genome yielded further novel insights into
the possible phenotypic traits of the Iceman, especially for
complex traits regulated by multiple SNPs in the genome. We
found that SNPs associated with an agricultural diet were pre-
sent in the Iceman genome, two of which are assigned to local
ancestry tracts of farmer origin, in line with the estimated high
early Neolithic farmer ancestry. Our estimation of skin pigmen-
tation for the Iceman based on over 100 regulatory SNPs
related to that trait suggests that he displayed a rather dark
skin, as also displayed by the actual mummy.** While this
was discussed as a result of the mummification process it-
self,®® our findings indicate a relatively dark skin complexion
during his lifetime. Additional support for this assumption
comes from a previous histological analysis of the Iceman’s
skin, where a small layer of brown melanin granules had been
identified in the stratum basale of the epidermis.®* The appear-
ance of the baldness-related allele in the high-coverage Iceman
genome may be related to the fact that almost no human hair
was found with the otherwise well-preserved mummy.** Similar
approaches like polygenic risk score and heritability calculation
on other ancient high-coverage genomes might allow a more
accurate reconstruction of complex phenotypic appearance
such as skin pigmentation®® of ancient human individuals.

Limitations of the study

This study produced a high-coverage genome for the Tyrolean
Iceman that enabled the detection of high Anatolian-farmer-
related genetic ancestry in his genome; a single individual has,
however, limited resolution in representing the population history
of his time and region. Nevertheless, another individual from
Broion Italy, bordering the southern Alps, presents similarly
high Anatolian-farmer-related ancestry, supporting the observa-
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tion for the Iceman genome. Future studies with a denser sam-
pling from the southern Alps will be needed to replicate our find-
ings and show if the Iceman was an outlier or a representative of
his population.

Moreover, this study makes exploratory analyses on cross-
comparing genetic-predicting scores of phenotypes based on
high-coverage ancient genomes. For instance, we estimate
the possible phenotypes based on the presence of pheno-
type-related alleles and the prediction on skin pigmentation
based on polygenetic risk sores. We caution that the actual
phenotype is a combined effect from genetic mechanism and
environment exposures through gene-by-environment interac-
tion,*® and multiple SNPs could be responsible for the heritabil-
ity of complex traits like male-pattern baldness®” and skin
pigmentation.?” Here, direct observation of the actual mummy
allows us, however, to validate some of the findings such as
pigmentation and baldness, corroborating the genetic predic-
tion based on the genomic data. However, genomic data
from ancient mummies is rather exceptional. In most ancient
DNA studies, the predictive accuracy of ancient polygenetic
scores for complex traits should be interpreted carefully
together with various confounding factors, such as allelic turn-
over®® or population stratification.®®
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human archaeological skeletal material This study Iceman

Chemicals, peptides, and recombinant proteins

USER enzyme New England Biolabs Cat# M5505

Uracil Glycosylase inhibitor (UGI) New England Biolabs Cat# M0281

AccuPrime Pfx DNA polymerase Invitrogen Cat#12344024

Phusion High Fidelity DNA polymerase Thermo Scientific Cat# F530S

1x Tris-EDTA pH 8.0 AppliChem Cat# A85690500

0.5 M EDTA pH 8.0 Life Technologies Cat# AM9261

10x Buffer Tango Life Technologies Cat# BY5

Isopropanol

Ethanol

Proteinase K

Guanidine hydrochloride
3M Sodium Acetate pH 5.2
Tween-20

5M NaCl

ATP 100 mM

1 M Tris-HCI pH 8.0

GeneAmp 10x PCR Gold Buffer

dNTP Mix

T4 DNA Polymerase

T4 Polynucleotide Kinase
Bst 2.0 DNA Polymerase
Quick Ligation Kit

Merck

Merck

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs

Cat# 1070222511
Cat# 1009832511
Cat# P2308

Cat# G3272

Cat# S7899

Cat# P9416

Cat# S5150

Cat# R0441

Cat# 15568025
Cati# 4379874
Cat# R1121

Cat# M0203
Cat# M0201
Cat# M0537
Cat# M2200L

Critical commercial assays

MinElute PCR Purification Kit QIAGEN Cat# 28006
Deposited data
Raw and analyzed data This study ENA: PRJEB56570

Software and algorithms

EAGER v1.92.2
AdapterRemoval v2.2.0
BWA v0.7.12
dedup v0.12.2
snpAD

Eigensoft v7.2.1
DATES v753
admixtools v5.1
Schmutzi

ANGSD v0.910
contamMix 1.0-10
RFMix v2.03-r0
MSMC2
GLIMPSE

Peltzer et al."
Schubert et al.*°
Li and Durbin®’
Peltzer et al.""

Pruefer?

Patterson et al.*®

Narasimhan et al.?”

Patterson et al.*

Renaud et al.*®

Korneliussen et al."?

Fu et al.*®

Maples et al.”®
Schiffels and Wang*’

Rubinacci et al.*®

https://github.com/apeltzer/EAGER-GUI
https://github.com/MikkelSchubert/adapterremoval
http://bio-bwa.sourceforge.net
https://github.com/apeltzer/DeDup
https://bioinf.eva.mpg.de/snpAD/
https://github.com/DReichLab/EIG
https://github.com/priyamoorjani/DATES
https://github.com/DReichLab/AdmixTools
https://bioinf.eva.mpg.de/schmutzi
http://www.popgen.dk/angsd/index.php/ANGSD
https://github.com/plfiohnson/contamMix
http://med.stanford.edu/bustamantelab/
https://github.com/stschiff/msmc-tools/
https://odelaneau.github.io/GLIMPSE
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed and will be fulfilled by the lead contact, Johannes Krause (krause@
eva.mpg.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Sequencing data are available at the European Nucleotide Archive (ENA) under ENA: PRJEB56570.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Genome generation

A bone biopsy was taken from the Iceman’s left ilium (0.1 g) under sterile conditions in the lceman’s preservation cell at the South
Tyrol Archaeological Museum in Bolzano, Italy. DNA was extracted at the Institute for Archaeological Sciences, University of
Tubingen, Germany, by using two powdered samples (1411 and 1412) of bone material and surrounding tissue from pelvic bone
for a series of four sequential extractions each to reduce contamination and maximise the recovery of endogenous DNA. We followed
the extraction protocol by Dabney et al.,*® and varied incubation times and temperatures in four test extractions. In the first extraction
(E1) the samples were incubated for 10 min with the extraction buffer at 37°C. The samples were then centrifuged and the extraction
buffer removed. These steps were then repeated for a second extraction (E2). In the third extraction (E3) the incubation time was
elongated to an overnight incubation at 37°C; and for the last extraction (E4) one hour at 56°C was used. From each of the extractions,
we took an aliquot of 10ul to build a double-stranded, dual-indexed DNA library,*®*' for which shallow shotgun sequencing was
performed on an lllumina HiSeq platform in order to identify the optimal extracts for deeper sequencing. The resulting reads were
processed with the EAGER'" pipeline, revealing the highest percentage of mapped reads to the human reference genome for the
extracts 1412E2 and 1412E3 (Table S1). Of these two extracts, four additional double-stranded DNA libraries were prepared with
uracil DNA glycosylase (UDG) treatment.’®*" To generate a high coverage genome, we then subjected the libraries to paired-end
shotgun sequencing on a total of 36 lllumina HiSeq sequencing lanes.

METHOD DETAILS

Bioinformatic processing

We processed raw sequencing data per sequencing lane following the pipeline in EAGER 1.92.2,"" with adaptors removed by Adapt-
erRemoval v2*? reads mapped to the human reference genome by BWA v0.7.12° and polymerase chain reaction (PCR) duplicates
removed by Dedup v0.12.2."" We merged sequencing data for each sequencing library and performed duplication removal again for
each individual-library-based BAM (Table S1). Across four sequencing libraries, there are 2,221,240,494 sequencing reads in total,
out of which 1,008,074,503 reads mapped to the human reference genome hs37d5. Then, we merged four individual-library-based
BAM files (after removing duplicates), and ended up with 707,832,853 reads (Table S1), based on which we ran Dedup v0.72.2""
again, and finally obtained 678,475,568 reads for genomic coverage calculation and downstream analyses.

We called diploid genotypes with snpAD*® using a minimum base quality (Phred-scaled) of 30 and a minimum mapping quality
(Phred-scaled) of 30. It resulted in 1,062,059 SNPs overlapping with the 1240k SNP panel. The diploid genotype was later merged
with a publicly released dataset of ancient and present-day individuals for the same set of ~1.24million SNPs (https://reich.nms.
harvard.edu/allen-ancient-dna-resource-aadrdownloadable-genotypes-present-day-and-ancient-dna-data, v44.3) and individuals
from Saupe et al. 2021.?" The details of analyzed genetic groups in this study are summarised in Table S3. We estimated nuclear
contamination using ANGSD v0.910."% We estimated mitochondria contamination using schmutzi*® and contamMix 1.0-10.°°

Principal component analysis (PCA)

We carried out a principal components analysis using smartoca v16000 from the eigensoft v7.2.1 package** with “Isproject: YES”
and no shrink mode. The PCA is based on 68 western Eurasian populations in the Human Origins datasets (Table S3).* 134851 We
projected our new high coverage Iceman genome and the previously published Iceman shotgun genome data from Keller et al.
2012° onto the PC space calculated from modern western Eurasians. We used DataGraph to visualize the PCA results.

Outgroup f; statistics

We examined the genetic affinity of the high coverage Iceman genome to previously published relevant ancient genetic groups and
worldwide modern populations utilizing outgroup fs(lceman, Ancient populations; Mbuti.DG) and outgroup fa(lceman, Modern
population X, Mbuti.DG) statistics. We used the qp3Pop v435 programs in the AdmixTools v5.1 package®’ for the f; statistics
calculations. Modern population X and Mbuti.DG are from Simons Diversity Genome Project (SGDP).*?
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qpAdm and qpWave analyses

We modeled the ancestry of the high coverage Iceman genome using gpAdm v810 and gpWave v410 in the AdmixTools-5.1 pack-
age.”” We tested various two-way combinations of WHG/Luxembourg_Loschbour.DG and Antolia_N/Germany_EN_LBK/
Germany_EN_LBK_Stuttgart.DG>"%16:19:22.5354 for |ceman and five contemporaneous ancient groups around the 4™ millennium
BCE from southern Europe (Italy_N.SG,?° Italy_Broion_CA.SG,?" Italy_Sardinia_C,%" Italy_Sardinia_N,%” Spain_MLN®>'618:5% e
used a list of 13 ancient populations as our default outgroup list, including Ethiopia_4500BP_published.SG°, Russia_Ust_
Ishim.DG>’, Russia_Kostenki14°®, Belgium_UP_GoyetQ116_1_published_all’®, Czech_Vestonice16°®, Russia_MA1_HG.SG"°, Spai-
n_EIMiron®®, Italy_North_Villabruna_HG®®, Iran_GanjDareh_N*°°, Israel_Natufian_published*>, CHG®®, EHG®"%, Levant_N.* To
replicate the modeling results of the previously published Iceman genome® in Haak et al. 2015,"” we also applied the same ‘09’

and ‘09N’ outgroup list used in Haak et al. 2015,"” and summarized corresponding modeling results in Table S5.

Local ancestry decomposition

To examine the ancestral tracts of specific ancestry, we decomposed the high-coverage lceman genome using RFMix,*° which iden-
tifies genomic chunks of contiguous ancestry of a given phased genome using a reference panel of phased haplotypes from two or
three source populations. As Rfmix requires more than one phased genome for each source population as reference, we used four
ancient genomes'®'? as the WHG source, and 14 ancient LBK genomes® %% as the early Neolithic farmer source. Low coverage
WHG and LBK genomes were imputed and phased with GLIMPSE®' using 1000 Genomes as a reference panel. The high coverage
genome Luxembourg_Loschbour.DG from Luxembourg (22x, 6221-5986 calBCE®?) and Germany_EN_LBK_Stuttgart.DG from
Germany (19x, 5307-5071 calBCE)'® were called and phased following the same strategy as described for the high-coverage Iceman
genome. We applied DATES?? to estimate the admixture date in the Iceman using the same set of reference individuals, and
estimated the expected average length of WHG ancestry tract by 1/admixture date * (1 - WHG ancestry proportion).

Effective population size estimates

We estimated effective population sizes using MSMC2°* for the high coverage lceman and a modern Sardinian genome,®* as well as
for Luxembourg_Loschbour.DG and Germany_EN_LBK_Stuttgart.DG that represent ancient European hunter-gatherer and early
Neolithic farmer populations respectively. As MSMC2 requires high coverage genomes, we randomly chose a high coverage modern
Sardinian genome (SS6004474) published in Pruefer et al. 2014,°* together with the high-coverage ancient genomes
Luxembourg_Loschbour.DG and Germany_EN_LBK_Stuttgart.DG. We followed the MSMC2 tutorial (https://github.com/stschiff/
msmc-tools/blob/master/msmc-tutorial) for preparing individual masks and used VCF files with reliable diploid genotype calls
from snpAD. For Sardinian SS6004474, we used masks as described in Supplementary section 5b of ref. 52 instead of individual
masks. Together with negative universal masks (https://github.com/wangke16/MSMC-IM/tree/master/masks), we generated the
required format of input files for MSMC2 using generate_multihetsep.py. We run MSMC2 using command line msmc2 -1 0,1 —o out-
file.msmc2 input.chr*.multihetsep.txt.

Phenotypic SNP analyses

We first examined a list of 147 SNPs encoded for traits related to diabetes, male-pattern baldness, metabolic disorders, skin/hair/eye
pigmentation and agriculturalist’s diet etc. In particular, we examined the list of SNPs across the whole genome for Type 2 diabetes
and male-pattern baldness phenotypic trait based on previous findings from GWAS studies. (https://www.ebi.ac.uk/gwas/api/
search/downloads/studies_alternative). For each locus, we report the risk allele and called genotype in the Iceman genome, as sum-
marized in Tables S9 and S10. We also examined five SNPs (FADS1/rs174546, SLC22A4/rs1050152, MCM®6 (LCT)/rs4988235, NAT2/
rs1495741, PRLP2/rs4751995), which are related to putative agricultural adaptations as summarized in Mathieson et al. 2018.2°
Meanwhile, we examined 170 skin-pigmentation related SNPs analyzed in Ju and Mathieson 2020,%” and calculated the polygenic
genetic score by a weighted sum for dark pigmentation phenotypic trait in the Iceman, Germany_EN_LBK_Stuttgart.DG,
Luxembourg_Loschbour.DG and Sardinian SS6004474.

Estimates of heterozygosity

We estimate average heterozygosity levels for the Iceman, Germany_EN_LBK_Stuttgart.DG, Luxembourg_Loschbour.DG and a
modern Sardinian individual by taking the fraction of the number of heterozygous sites over the total number of sites across 22 au-
tosomes. We also estimated heterozygosity by applying a set of filters for ancient genomes, which filtered out regions of low mapp-
ability and sequence complexity, indels, and unusually high or low coverage after correcting for local GC content as described in
Supplementary section 5b of ref. > We calculated error bars for our heterozygosity estimates via weighted jackknife following
formulas provided here (https://reich.nms.harvard.edu/sites/reich.nms.harvard.edu/files/inline-files/wjack.pdf).
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