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Abstract

Genome sequencing of the 5,300-year-old mummy of the Tyrolean Iceman, found in 1991 on a glacier near the border of
Italy and Austria, has yielded new insights into his origin and relationship to modern European populations. A key finding of
that study was an apparent recent common ancestry with individuals from Sardinia, based largely on the Y chromosome
haplogroup and common autosomal SNP variation. Here, we compiled and analyzed genomic datasets from both modern
and ancient Europeans, including genome sequence data from over 400 Sardinians and two ancient Thracians from
Bulgaria, to investigate this result in greater detail and determine its implications for the genetic structure of Neolithic
Europe. Using whole-genome sequencing data, we confirm that the Iceman is, indeed, most closely related to Sardinians.
Furthermore, we show that this relationship extends to other individuals from cultural contexts associated with the spread
of agriculture during the Neolithic transition, in contrast to individuals from a hunter-gatherer context. We hypothesize that
this genetic affinity of ancient samples from different parts of Europe with Sardinians represents a common genetic
component that was geographically widespread across Europe during the Neolithic, likely related to migrations and
population expansions associated with the spread of agriculture.
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Introduction

The Tyrolean Iceman is a well-preserved natural mummy that
was discovered on a glacier near the Austrian-Italian border in
1991. Subsequent analyses revealed that the remains were from a
~45-year-old male, with a '*C dating estimated age of 3,300
years, making it the oldest human mummy discovered in Europe
to date [1-3]. This spectacular discovery provided a unique view
of the cultural and socio-economic context of the Central
European Alpine region during the late Neolithic and Copper
Age (e.g. [4]). More recently, the publication of the Iceman’s
nuclear genome sequence allowed us to address the question of his
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origin from a genomic perspective, revealing a surprising genetic
affinity with individuals from Sardinia [5]. The Iceman’s Y-
chromosome linecage was determined to be G2a-L91, which is
found at appreciable frequencies only in Corsica and Sardinia but
is rare elsewhere in Europe [5]. Furthermore, in a principal
component analysis including more than 1,300 Europeans, the
Iceman clustered outside of the genetic variation of the continental
Europeans and close to individuals from Sardinia. However,
although a previous study on bone and tooth stable isotope
compositions concluded that the location of the Iceman’s origin
could be restricted to a few valleys close to the discovery site [6],
the question of whether this signal reflects an ancestry component
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Author Summary

The analysis of the genome of the Tyrolean Iceman, a 5,300
year old mummy from Central Europe, revealed a
surprising recent common ancestry with modern Sardin-
ians for this ancient genome. However, this study was
limited both by the availability of data from Sardinians and
by a lack of genomic data from other ancient European
samples. Here, we use genomic data from modern
Sardinians and from ancient European individuals from
different geographic regions and cultural contexts, to
demonstrate that this ancestry component is shared
among individuals associated with the onset of agriculture
in Europe. Our results thus suggest that the Iceman’s
Sardinian ancestry actually reflects a more widespread
genetic component related to the migration of people
during the Neolithic transition in Central Europe.

more widespread in Europe during the Neolithic could not be
answered from the analysis of a single individual.

Most studies of the genetic structure of prehistoric European
populations to date have described patterns of variation in the
mitochondrial DNA (mtDNA), primarily due to the limitations of
sequencing the nuclear genome from ancient samples with low
endogenous DNA contents. Nevertheless, the limitation of only
investigating the maternal lineage has been offset by the capacity
to investigate larger sample sizes, both spatially and temporally
distributed, which has yielded considerable insight into the genetic
history of Europeans [7-12]. More recently, and subsequent to the
publication of the Iceman’s genome, two additional studies of
ancient Europeans have expanded the view to include autosomal
loci [13,14]. The publication of these autosomal datasets, together
with recently available whole-genome sequencing datasets from
modern Europeans, therefore allows a re-examination of the
Iceman’s ancestry together with these new data. In particular,
under the hypothesis that this Sardinian-like ancestry component
was more widespread in Neolithic Europe, we would expect that
individuals from a similar time period as the Iceman but a different
geographic origin would show a comparable pattern of relatedness
to Sardinians. To address this hypothesis, we compiled and
analyzed datasets from modern and ancient Europeans, including
previously unpublished whole genome sequencing data from 452
Sardinians, as well as ancient DNA data from two 2,500-year-old
ancient Thracian individuals from Bulgaria, which we will refer to
as Thracians. These datasets allow us to address the question of
the Iceman’s ancestry and its implications with respect to the
genetic structure of Neolithic Europe.

Results

Datasets

We compiled several sets of single nucleotide polymorphism
(SNP) genotype data for our analysis. For each dataset, data from
the ancient genomes was merged into a reference set of modern
populations, using only SNPs present in the modern data. Three
complementary reference datasets were used: SNP array genotype
data from the Human Genome Diversity Panel (HGDP); high
coverage whole-genome sequencing data from Complete Geno-
mics (CG); and low coverage whole-genome sequencing data from
the 1000 Genomes project and Sardinians (1000G/Sardinia). For
the 1000G/Sardinia dataset only population-level allele frequency
data was used, to circumvent lower genotype accuracy in the low-
coverage experimental design. Although the CG dataset does not
include individuals from Sardinia, we included it to investigate the
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relationship of the ancient individuals with Eurasians using high-
coverage whole-genome data. The ancient genomes we used
comprised both previously published and newly generated data. In
addition to the Iceman genome, we included partial genomic
DNA data from five individuals distributed across Europe
(Figure 1A). We broadly classified all ancient samples into
hunter-gatherers (HG) or farmers (F), based on the context of
their respective cultural attributes. The HG group included a
7,000-year-old Mesolithic individual (branal) from the Iberian
Peninsula [14], as well as a Neolithic Swedish individual (gv70)
from Sweden [13], both previously published. Both of these studies
included data from more than one HG individual in their analyses.
However, given that the results in both studies suggested
comparable ancestry for the HG samples, we focused only on
the individual with the highest coverage for our analysis. The
remaining four individuals were classified as farmers. The F group
included the Iceman, a Neolithic Swedish farmer (gok4) from the
same study as the Swedish hunter-gatherer [13], and new DNA
sequencing data from two ancient Thracian Iron Age individuals
from Bulgaria (P192-1, K8) [15]. A summary of the final datasets is
shown in Table 1.

Iceman within contemporary Europe

We used the unsupervised clustering algorithm ADMIXTURE
[16] to investigate the relationship of the Iceman with 11
European, Middle Eastern and North African populations in
HGDP, using only SNPs discovered in non-European populations
to avoid biases from differential relatedness of European
populations to the discovery populations. Ancestral clusters were
inferred for the modern samples only, with the number of
ancestral clusters £ ranging from £=2 to k= 8 (Figure S1). We then
determined the most likely cluster proportions of the Iceman using
the inferred ancestral cluster allele frequencies from the modern
samples. At smaller £ values, estimated ancestry proportions of the
Iceman match those of other individuals from Southern Europe,
including a small estimated proportion of Middle East-related
ancestry (Figure S1). For higher values of £, the majority of the
Iceman’s ancestry is composed of the Sardinian-related cluster,
with a small proportion of the Basque-related cluster (Figure 1B).
Principal component analysis (PCA) recapitulates this picture, with
the Iceman clustering close to the Sardinian individuals, although
somewhat shifted towards the Northern Italian individuals (Figure
S2).

To determine the relationship of the Iceman with the CG
genomes, we quantified the rate of derived allele sharing with each
of the modern samples (Figure 2A, Figure S3). The highest sharing
was found with European genomes (TSI, CEU), consistent with
the European origin of the Iceman. However, within Europe we
did not observe a noticeable difference between the Southern
European TSI and the Northwestern European CEU. To further
investigate this result, we computed the D-statistics [17,18] of the
configuration D(Outgroup, Iceman; Population 1, Population 2),
where populations 1 and 2 correspond to a pair of modern
populations. When we test the configuration D(O, Iceman; TSI,
CEU) we find no significant deviation from zero (D= —0.007,
7= —2.07), indicating that neither CEU nor TSI are more closely
related to the Iceman (Figure S4). Interestingly, the European
ancestry segments from the Mexican genomes (MXL) show the
highest overall derived allele sharing within Europe (Figure 2A).
Combining across all MXL European tracts, the D tests of the
form D(O, Iceman; MXL.EUR, CEU/TSI) are both significantly
different from zero (Zcpuy= —7.16, Zrsi= —5.14) (Figure S4),
indicating a closer relatedness of the Iceman with the MXL
European segments than either CEU or TSI. One possible
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Figure 1. Geographic origin of ancient samples and ADMIXTURE results. (A) Map of Europe indicating the discovery sites for each of the
ancient samples used in this study. (B) Ancestral population clusters inferred using ADMIXTURE on the HGDP dataset, for k=6 ancestral clusters. The

width of the bars of the ancient samples was increased to aid visualization.

doi:10.1371/journal.pgen.1004353.g001

explanation for this observation would be that the source
population for the European admixture in Mexicans was indeed
more closely related to the Iceman than either the TSI or the
CEU. However, we do not find a difference in relatedness between
modern Iberians and either the TSI or CEU in the 1000G/
Sardinia dataset described below. Gene flow from a more distantly
related population into TSI or CEU after their split from the
ancestral population of the MXL European segments would also
cause a decrease in matching with the Iceman. A related
explanation is that the excess sharing results from comparing only
double European segments in the Mexican individuals to those of

Table 1. Summary of datasets.

the whole genome in CEU and TSI. Since our local ancestry
inference masks segments that are not clearly of European
ancestry, any non-European ancestry in the CEU or TSI would
lead to excess sharing of the European tracts in the MXL and the
Iceman. For example, we and others have previously reported a
gradient of North African ancestry within Europe and this may be
a source of differential non-European ancestry among the CEU,
TSI, and double European segments in the MXL. North African
gene flow into Europe likely occurred after the death of the
Iceman, so he would not carry many North African segments and
thus would appear more closely related to the high-confidence

Number of SNPs in final merge

Sample Region Age [Years] Group*
HGDP' CcG 1000G/Sardinia
Iceman Austria/ltaly 5,300 F 162,537 3,730,194 7,974,125
ajv70 Sweden 5,300-4,400 HG 12,931 387,642 730,201
gok4 4,921£50 F 7,250 220,491 434,348
branal Spain 6,980£50 HG 3,996 123,938 225,271
P192-1 Bulgaria 2,800-2,500 F 1,270 40,022 75,510
K8 2,450-2,400 F 1,046 32,767 59,128

*HG: Hunter-gatherer; F: Farmer.
Tonly SNPs ascertained in non-European populations.
doi:10.1371/journal.pgen.1004353.t001
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Figure 2. Allele sharing and D-tests with whole-genome datasets. (A) Normalized derived allele sharing rate of the Iceman with Eurasian
whole genomes from Complete Genomics. Each circle represents the rate of sharing with a particular genome, grouped by population of origin.
Positions on the y-axis have added jitter for ease of visualization. Populations with EUR suffix correspond to the European ancestry tracts of
individuals of populations with known European admixture (ASW, MXL). Due to differences in admixture proportions among individuals from those
populations, the total number of observations varies between individuals, indicated by the size of the circles. (B) D-test results for the ancient samples
compared to populations from the 1000 Genomes project and Sardinia. Each panel shows results for a particular ancient sample, grouped by cultural
context. Diamonds indicates the value of the D-statistic for a single D-test involving the ancient sample and a pair of modern populations, shown on
the left and right of the panels. Significance at Z=3 is indicated with filled diamonds, and the line shows the corresponding standard error of the D-
statistic. Plot colors indicate different pairs of geographic regions within Europe (blue: Europe S/Europe N; green: Europe S/Europe S).

doi:10.1371/journal.pgen.1004353.9002

European segments in the MXL. Another potential source of non-
European ancestry in modern day Europeans is gene flow from
other parts of Asia (e.g., the Finns appear to carry significant
amounts of non-European Eurasian ancestry - see below).

We then investigated the relationship between the Iceman and
all pairs of European populations in the 1000G/Sardinia dataset
as described above. We find that all significant tests fall into one of
two categories, involving either the Finns (FIN) or Sardinians
(Table S1, Figure S5). In all tests involving the FIN the Iceman is
significantly more closely related to the non-Finnish population,
irrespective of which population is used. Furthermore, the Iceman
1s always significantly more closely related to Sardinians than any
other European population (Figure 2B), consistent with a more
recent shared ancestry with Sardinians. To further investigate this
scenario, we modeled the relationship of the Iceman with the
modern populations using TreeMix [19]. The maximum-likelihood
tree without migration edges shows the expected relationships
corresponding to the three continental groups included in this
dataset (Figure 3A). Within the European clade, we find a North-
to-South pattern of population splits starting with the FIN as
outgroup to all other Europeans. Importantly, the Iceman
consistently forms a clade with the Sardinians within the group
of Southern Europeans (98% bootstrap), in agreement with the
results of the D-test. Bootstrap support is high (>95%) for all other
splits, with the exception of the edge grouping T'SI with Sardinians
and the Iceman, which is slightly less supported (89%). The long
branch to the Iceman is likely a consequence of higher error rates
and/or reduced heterozygosity in the ancient sample, mimicking a
population exhibiting increased genetic drift and differentiation
(e.g. see also [20]). Examination of the residuals (Figure 3A inset)
indicates some population relationships that are not fully resolved
by the simple tree model (e.g., FIN and Asian populations).
Allowing for up to five migration edges on the tree, we recover
mixture events consistent with previous results (Figure 3B; see
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below for discussion). Nevertheless, the clade Iceman/Sardinians
remains strongly supported (>96% bootstrap) for all models
irrespective of the number of mixture events included (Figure S6).

To gain further insight into the demographic history of the
Iceman, we used a coalescent-based method [21] to estimate
divergence times between the Iceman genome and the genomes of
the individuals in the CG and 1000G/Sardinia datasets. We find
that the estimated divergence times between the Iceman and the
CG genomes are within the expected range for an individual with
European ancestry, and in line with recent results based on the
whole-genome sequencing data [22,23] (Table S$2). Within
Europe, most individuals show estimates between 3,000 and
4,500 YBP, roughly corresponding to the age of the Iceman. In
addition, a recent study on genetic ancestry in Europeans inferred
from patterns of identity-by-descent across the genome also
indicates a signal of demographic events in a shared ancestral
population with a comparable age [24]. For the 1000G/Sardinia
dataset, we estimated divergence times comparing the Iceman to
population-representative genomes, constructed by randomly
sampling alleles proportional to their frequency in each popula-
tion. The divergence times we obtain are in line with the times
estimated from the CG genomes, with higher estimates for
Northern European populations, in particular the FIN (9,196
YBP; Table S3). In Southern Europe, both Sardinians and TSI
show very low estimates (TSI 1,709 YBP; Sardinia 2,321 YBP).
Surprisingly, we found that the divergence from Iberians (IBS) was
higher than the FIN from Northern Europe (13,806 YBP; CI
1,957-29,739)). A possible explanation could be the presence of
non-European ancestry in the IBS, through gene flow from North
Africa as previously described [25] and discussed above.

Relationship with other ancient genomes

The results described in the previous section strongly suggest
that among contemporary European populations, Sardinians are
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most closely related to the Iceman. To investigate whether other
ancient Europeans show a similar pattern, we compiled genomic
data from five additional individuals of varying ages and cultural
contexts and merged them with the Iceman datasets (T'able 1). We
first inferred ancestral clusters for these individuals using the
HGDP ADMIXTURE methodology described above. We find
that at low values of £, ancestry proportions are similar among the
different ancient samples, and comparable to other European
populations. We note that at k=3, populations from Southern
Europe show a small proportion of ancestry related to Middle
Eastern populations, which is absent from the two hunter-gatherer
(HG) individuals, but present in the farmer (F) individuals at a
comparable level (Figure S1). At £=6, the HG group can be
distinguished from the farmers by a smaller proportion of the
Sardinian component, which is also the dominant component in
both the Iceman and the Swedish farmer (gok4) from the F group
(Figure 1B). Within the I group, gok4 has a slightly lower
proportion of the Sardinian cluster than the Iceman, and most
closely resembles the Tuscans and Northern Italians, in agreement
with the results of Skoglund et al. [13]. Both of the HG individuals
have previously been shown to cluster with Northern European
populations (16, 17), and in concordance with these results we find
the highest proportion of Northern European/Russian ancestry in
those individuals. Interestingly, the Iberian HG (branal), which was
discovered geographically close to contemporary Basque popula-
tions, also shows the highest proportion of Basque ancestry. For
the Thracian individuals from Bulgaria, no clear pattern emerges.
While P792-1 still shows the highest proportion of Sardinian
ancestry, A8 more resembles the HG individuals, with a high
fraction of Russian ancestry. Because those two individuals also
had the lowest number of SNPs, we wanted to investigate the
accuracy of cluster assignments from the modern individuals. We
inferred ancestry proportions for each modern individual for all
SNP subsets corresponding to the ancient samples, and calculated
the root mean squared error (RMSE) per population and £ value
compared to the full dataset. We find that the accuracy is very
high for the Iceman (RMSE<=0.01) and remains high for gok4
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and the HG samples (RMSE< = 0.05 for most clusters; Figure S7).
Both ancient Thracians show RMSE values between 0.05 and
0.10, suggesting greater uncertainty in the estimates for those
samples, also seen in the PCA results for those samples (Figure S2).
We then used the 1000G/Sardinia dataset to gain further
insight into the relationship of the other ancient genomes with
Sardinia. Using the D-test as described above, we observe a strong
differentiation between HG and farmer individuals in their affinity
with the modern European populations. We find that the HG
individuals are always significantly closer to Northern European
populations (FIN, CEU, GBR) (Figure 2, Figure S5), whereas the
farmer individuals generally show a closer relationship with
Sardinia than with the other European populations. For gok4 the
pattern is particularly striking, closely resembling the Iceman in its
relationship with Sardinians. Results for P7/92-1 also follow this
pattern, although some comparisons fail to reach significance,
likely because of reduced power due to a lower number of SNPs.
However, results are inconclusive for the other Thracian
individual (K9), where all but one comparisons are non-significant
(2.<=23) (Figure S5), again likely due to a smaller number of SNPs
in this sample. Results from the TreeMix analysis for each ancient
genome show a similar picture. In the HG group, the Iberian
branal forms an outgroup to all other European populations (100%
bootstrap), whereas ajp70 splits after the FIN but before other
Northern Europeans (95% bootstrap) (Figure S8). In the F group,
both gok4 and P192-1 form a clade with Sardinians like the
Iceman, although with less bootstrap support (gok4 83%, P192-1
56%). Finally, although A& clusters with Northern European
populations, its position in the tree is not resolved (3% Bootstrap).
We note however that despite the reduced number of SNPs for A8,
the relationships among the modern populations are consistent
with the full dataset and generally well supported (bootstrap >
90%), except within the Southern European group (minimum
bootstrap 53%). It is therefore possible that the inconclusive
pattern for A8 either reflects a possible higher level of modern
DNA contamination (see Table S4 in [15]) or a more complex
relationship to the modern populations included in the analysis.
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Signals of admixture

To further investigate the history of the populations in the
1000G/Sardinia dataset, we investigated patterns of admixture.
We first turned to the TreeMix analysis of the merged dataset with
the Iceman described above, allowing up to five mixture events.
The first four inferred edges are highly significant (p<<10~'" for
m=1 to m=4), the last one however to a much lesser extent
(p=0.009). In addition, both the amount of variance explained
and the residuals do not change substantially after m=4,
indicating possible issues with overfitting the model at m=15. We
therefore report estimates of the tree with four inferred mixture
events in the remainder of this section. The first inferred edge
corresponds to sub-Saharan African admixture in Southern
European populations (edge weight w=0.027), which is consistent
with previous estimates of 1%—3% sub-Saharan African ancestry
in those populations via North African gene flow [25,26]. We also
infer that the FIN trace around 7% of their ancestry (w=0.075) to
present-day Japanese (JPT), consistent with evidence of circum-
polar gene flow [27]. A higher similarity of Finns with Asians than
other European populations has also been observed previously, in
particular in Eastern Finns [28]. At m =3 migrations, an edge is
added between the ancestral Europeans and the TSI, with a
surprisingly high proportion (w=0.35) (Figure 3B), which is
somewhat more difficult to interpret. The last edge added
corresponds to a mixture of an Iceman-related population and
the Bantu-speaking Luhya (LWK) from Eastern Africa (w=10.03).
The LWK have previously been reported as showing a signal of
gene flow of possible Neolithic Middle Eastern or European origin
[29], which would be consistent with the observed signal (see also
[30,31]).

We proceeded to investigate these signals of admixture in a less
parameterized way, using f3 statistics [18]. We calculated f; for all
populations in the 1000G/Sardinia dataset as targets, using two
sets of combinations of source populations. In the first set, we use
all pairs of remaining modern populations as potential sources,
whereas in the second analysis, we always use the ancient samples
as one of the source populations. We find a large number of
significant tests (Z=—3), which we group based on interpretation
(Table S4, S5). A large fraction of these reflect the migration edges
inferred in the TreeMix analysis. We find evidence for admixture in
the LWK using any of the non-African population as source
populations (max Z=—9.7), which remains significant if we
replace the non-Africans with either HG or F ancient samples
(max Z = —3.4). The TSI show the signature of African admixture
as described when using CEU, GBR or Sardinia as European
source populations (max Z = —4.4), whereas for the IBS only YRI
and GBR as source populations gives a significant result (Z = —
3.4). We also confirm the Asian-related admixture in the FIN
when using the other Northern European populations as one
source (max Z = —5.8). The remainder of the significant results
within Europe follows the pattern of a south-to-north gradient of
genetic similarity, with Sardinians and Finns at either ends of the
gradient (Sardinia — IBS/TSI — CEU/GBR — FIN), consistent
with a model of isolation by distance as previously described [32—
34], For example, all f; tests using Sardinians as one source
population and T'SI/IBS as the target population are significant
irrespective of which Northern European population is used as the
other source (Table S4), whereas for the CEU/GBR, all tests of
the form f3(CEU/GBR;Europe S,FIN) are significant. A comple-
mentary explanation suggested by recent results would be a
scenario of increasing levels of admixture between arriving farmers
and local HG populations during the Neolithic transition [13,18].
In the case of this second scenario, we would predict that replacing
one modern European source population with its corresponding
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ancient sample of HG or farmer origin should show comparable
results in the f; test. This is indeed what we observe in the majority
of the cases. For example, tests using either TSI or IBS as target
population remain largely significant if we replace Sardinians with
the Iceman as one of the source populations. In addition, in tests
with CEU or GBR as target populations, the HG samples gjv70
and branal can replace the FIN, whereas the Iceman and P792-1
from the farmer groups can replace the southern source
populations (Table S5). However, while the strongest signal using
the modern populations is observed with the Sardinians as
southern source (e.g. f3(CEU;Sardinia,FIN), Z=—25.4), tests
using the HG samples only reach significance with the TSI as
the second source population. Taken together, these results suggest
that the observed patterns can at least in part be explained by
different levels of HG ancestry proportion in Northern versus
Southern Europe, as previously suggested [13,18].

The HGDP dataset also contains genotype data for Neander-
thal, Denisova, and Primate samples in addition to modern
humans. We therefore used this dataset to perform PCA as
previously described [35]. Specifically, we first built the PCA space
using only data from Denisova, Neanderthal and Chimpanzee,
and we then projected all modern individuals as well as the Iceman
onto the first two inferred principal components. In agreement
with previously reported results, modern human samples separate
into three distinct clusters (Figure S9). We see that all non-African
populations are shifted towards the Neanderthal in PC space,
whereas populations from Oceania form their own cluster with an
additional shift towards the Denisovan. The Iceman clearly falls
within the cluster of the non-African populations (except Oceania),
indicating a shared signal of Neanderthal admixture with other
European and Asian samples. To confirm this signal, we merged
data from both the Neanderthal and the Denisovan genome with
the CG dataset and carried out D-tests as described above. In
particular, we calculated all D-statistics of the form D(O,archai-
c;Ilceman,modern), where ‘archaic’ represents either Neanderthal
or Denisova and ‘modern’ represents all modern populations in
the CG dataset (Figure S10). To eliminate potential confounding
due to shared DNA damage patterns between the Iceman and the
archaic hominins, we excluded all transition sites for this analysis.
We find that both Neanderthal and Denisovan are significantly
more closely related to the Iceman than to African populations,
consistent with previously reported results for modern non-
Africans [36]. However, all D-tests involving another non-African
population do not significantly deviate from zero, suggesting that
the Iceman genome contains levels of archaic ancestry that are
comparable to that of other non-African populations.

Discussion

The discovery of a genetic affinity between the Iceman and
modern-day Sardinians showcased both the power and some of
the remaining limitations of the availability of nuclear genomic
data from historical human samples [5]. While the result was
unexpected with respect to the known history and geographic
location of the individual at the time, the broader interpretation of
the finding was hindered by the question of how representative this
single individual really was for the Central Alpine region. Partial
genomic sequences from ancient individuals published after the
Iceman’s genome have shed additional light onto the genetic
structure of Neolithic Europe, in particular with respect to the
relationship between the hunter-gatherer populations descending
from the first Europeans and individuals associated with the spread
of farming during the Neolithic transition [7,8,13,14]. Here, we
compiled large-scale genomic datasets, including both recently
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published and newly generated data from ancient Europeans, to
reexamine the evidence for the Iceman’s relationship to Sardinia
and to address the question of the broader historical context of this
relationship. Our results using both the HGDP array data and
whole-genome sequencing data confirm the Iceman’s genetic
relationship with Sardinian populations. For example, in the
1000G/Sardinia dataset, which we expect to provide the highest
statistical power due to the large number of markers, we found
that the Iceman consistently forms a clade with Sardinians,
irrespective of the number of migration edges we allow in the
model. The less parameterized D-test results also confirm this,
with all pairwise comparisons involving Sardinians being highly
significant (Figure 2; —10.2=Z2=-17.7).

The results of the analyses including additional ancient genomes
provide mounting evidence that the Iceman’s genetic affinity with
Sardinians reflects an ancestry component that was widespread in
Europe during the Neolithic. Despite their different geographic
origins, both the Swedish farmer gok4 and the Thracian P192-1
closely resemble the Iceman in their relationship with Sardinians,
making it unlikely that all three individuals were recent migrants
from Sardinia. Furthermore, P192-1 is an Iron Age individual from
well after the arrival of the first farmers in Southeastern Europe
(more than 2,000 years after the Iceman and gok), perhaps
indicating genetic continuity with the early farmers in this region.
The only non-HG individual not following this pattern is A8 from
Bulgaria. Interestingly, this individual was excavated from an
aristocratic inhumation burial containing rich grave goods,
indicating a high social standing, as opposed to the other individual,
who was found in a pit [15]. However, the DNA damage pattern of
this individual does not appear to be typical of ancient samples
(Table S4 in [15]), indicating a potentially higher level of modern
DNA contamination. On the other hand, the Swedish and the
Iberian hunter-gatherers show congruent patterns of relatedness to
the modern populations of Northern Europe, which is consistent
with the previous results using those samples.

Sardinians have long been recognized as forming a distinct
outlier within contemporary European genetic diversity (e.g. [37]),
often interpreted as a consequence of genetic isolation and/or
founder effects in the demographic history of the island. It is
thought that permanent settlement of the island was established by
around 10,000 YBP, and recent results from both genetic and
cranial morphological data suggest population continuity since the
Neolithic [38—40]. Our results support this continuity and indicate
that gene flow from mainland Europe during the time of the
spread of agriculture in Europe contributed significantly to the
present Sardinian gene pool. It is important to point out that this
does not imply that early Palaco-Mesolithic settlers did not
contribute to the genetic diversity observed in Sardinia today. In
fact, D’Amore et al. argue for a substantial contribution of
Mesolithic settlers, but also find evidence for a later contribution of
people from the mainland during the Bronze and early Copper
Ages, which is compatible with the age of the farmer individuals
analyzed here [38]. We therefore hypothesize that Sardinia, by
remaining largely isolated from the later events that shaped genetic
variation in mainland Europe, provides a modern-day “snapshot”
of the genetic structure of the people associated with the spread of
agriculture in Europe (see also [18]).

Building on the results of previous studies, we outline a simplified
scenario for the demographic history of Europe during the Neolithic
in Figure 4. It is important to note that this illustration is a
simplification and certainly not adequate to explain the full
complexities of European demographic history. For instance, a
recent study using mtDNA data from 364 prehistoric Europeans
suggests a number of marked shifts in the genetic makeup of
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Neolithic Central Europeans, particularly during the Middle and
Late Neolithic stages (<6,000 YBP) [41]. It nevertheless provides a
reasonable outline consistent with the broad patterns of ancestry
presented in this and other recent studies, in particular with respect
to the observed Sardinian aflinity of the early farmers. In agreement
with previous studies, we find that both HG individuals closely
resemble each other in their relationships with modern Europeans
despite considerable geographic distance, suggesting relative
homogeneity in the HG gene pool prior to the spread of farming
in Northern and Western Europe (Figure 4A) [7,42]. Furthermore,
there is a large body of evidence (reviewed in [42]) suggesting a
genetic contribution of early Neolithic farmers originating in the
Middle East during the initial spread of agriculture into Southeast-
ern Europe. While we do find that a small proportion of a Middle
Eastern ancestry component distinguishes the farmer individuals
from the HG in the ADMIXTURE analysis (Figure 1A; Figure S1,
k=13), they generally resemble Southern European populations
rather than Middle Eastern ones. A possible explanation for this
observation could be that there was an initial wave of migration
from the Middle East into Southeastern Europe during the early
Neolithic transition, followed by a subsequent expansion of a
derived Southern European population with some fraction of
Middle Eastern ancestry towards Central and Northern/Western
Europe (Figure 1B and 1C). The secondary expansion would
include substantial migration to Sardinia, leading to the observed
genetic affinity of the ancient farmers descending from these
migrants to present-day Sardinians. Interestingly, a recent study of
mitochondrial genomes from 39 ancient individuals from Central
Europe [11] suggests that early Neolithic mtDNA lineages in
Central Europe introduced by the first farmers from the Middle
East were largely replaced by events during the Middle Neolithic
starting around 4000 BC, which would be consistent with this
scenario. Differential levels of admixture of the expanding farmers
with local hunter-gatherer populations then establish the main
pattern of genetic diversity observed in Europe today, together with
additional migration events (such as the ones suggested in [41] as
mentioned above), but excluding Sardinians due to their subsequent
isolation (dashed line, Figure 4D). For example, one such later
migration event would be the expansion of the Bell Beaker culture
described in Brotherton ¢ al. [11], where we also find that the IBS
show a closer relationship with the CEU/GBR than the TSI
(Figure 3). On the other hand, a recent preprint analyzing newly
sequenced ancient European genomes suggests three ancestral
populations for modern Europeans [43], a hypothesis that was not
addressed in our study given the limitation of the ancient samples
available. Nevertheless, the main results in that study are largely
consistent with the results presented here. For example, the authors
suggest that early farmers from Central Europe already show
evidence of admixture with European hunter-gatherers, and that
Sardinians derive ~90% of their ancestry from this early farmer
population, consistent with our basic model described above [43].
Finally, an important caveat with analyses based on allele sharing
such as the D-test is their sensitivity to confounding factors such as
correlated errors in a pair of samples used in the test [44]. This is
particularly a problem when using one ancient sample as an ingroup
in the D-test, since correlated DNA damage patterns, or differences
in sequence quality between the ancient samples, can lead to an
over- or underestimation of allele sharing between them, respec-
tively (e.g., also discussed in [44]). The exclusion of all transition sites
from the analysis is commonly used to circumvent this problem;
however, other more subtle biases shared among the ancient
samples cannot be ruled out. For example, after excluding all
transition sites, we find that the test D(O,Iceman;gok4,Sardinia) is
significantly negative (D= —0.05, Z= —3.0), indicating that the
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Figure 4. A simplified model for recent demographic history of Europeans. The panels indicate a possible demographic scenario consistent
with the observed signals. (A) Mesolithic HGs present in mainland Europe prior to the arrival of agriculture. (B) Initial spread of farming from the
Middle East beginning from 7,000 YBP into SE Europe. (C) Expansion of farming to N Europe from SE European gene pool and establishment of main
S-N gradient of genetic diversity. Wave of migration also reaches Sardinia. (D) Continuous population expansion and admixture with local HGs as well
as additional migrations continues to shape genetic diversity in mainland Europe, but Sardinia remains mostly isolated (IBD: isolation by distance).

doi:10.1371/journal.pgen.1004353.9004

Iceman is more closely related to the Swedish farmer. However, the
test D(O,Iceman;branal,Sardinia) shows an even stronger signal in
the same direction (D = —0.09, Z = —3.5), which would suggest that
the Iceman is also more closely related to the Iberian hunter-
gatherer than to Sardinians. Given the observed discontinuity in the
relationship of hunter-gatherers and farmers with modern Europe-
ans, we believe that this pattern is at least in part due to
unaccounted biases as described above. We therefore did not
analyze the relationship of more than one ancient sample combined
with modern samples using D-tests throughout the study. The
aforementioned issues also highlight the need for improved
statistical methods that will allow the analysis of ancient and
modern samples in joint fashion, while at the same time accounting
for differences in data quality and biases due to DNA damage and
differences in sequencing technology. The incorporation of these
methods with additional genomic and archaeological data from key
spatial and temporal points will be crucial in the quest to disentangle
the complex population history of the European continent.

Materials and Methods

Sequencing of Thracian individuals
The two individuals from Bulgaria used in this study originate
from two separate excavations, both associated with Iron Age
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Thracian culture. The first individual (P192-1) was excavated from
a pit sanctuary near Svilengrad, Bulgaria, dated to 800-500 BCE.
The other individual (K8) was found in the Yakimova Mogila
Tumulus in southeastern Bulgaria, dated to 450-400 BCE. DNA
was extracted from teeth using clean room procedures to prevent
contamination, following an established protocol [45]. Following
the extraction, end-repair and dA-tailing of purified DNA was
performed using the Next End Prep Enzyme Mix (New England
Biolabs) and following the manufacturer’s instructions. Illumina
paired-end adapters were ligated, purified and amplified using
standard protocols. Ancient DNA in the library preparation was
subsequently enriched with WISC, a novel capture protocol using
RNA probes transcribed from a modern human DNA library [15].
Pre-capture libraries were then sequenced on the Illumina HiSeq
(2%x90 bp paired end), whereas post-capture libraries were
sequenced on the Illumina MiSeq (2x150 bp paired end).

Ancient genome data processing

The ancient genome data used for this study come from a
number of different sources, which differ both in sample
preparation as well as sequencing technology. In order to
minimize biases due to these differences as much as possible, we
applied very stringent quality control filters during the processing
of the different datasets, using the same processing pipeline for
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each sample when possible. For all samples, pileup files from the
aligned reads (reference genome build hg18) were obtained using
the ‘mpileup’ command of SAMtools [46], removing PCR
duplicates (http://picard.sourceforge.net) as well as low quality
alignments (MQ<30) and bases (base quality<<30). Due to the
higher coverage of the Iceman genome, we performed diploid
SNP genotype calling using the Bayesian algorithm implemented
in ‘beftools’” of the SAMtools suite. For all other ancient samples,
haploid genotypes were obtained by randomly sampling reads if
positions were covered by multiple reads. For all analyses involving
only one ancient sample, we excluded DNA damage sites (C>T/
G>A transitions) where the ancient sample shows the damage
allele (T'/A). For analyses including multiple ancient samples, all
transitions were excluded.

Iceman. Genotype calling was performed using BAM files
containing the already aligned reads [5]. Raw genotype calls from
beftools were filtered using ‘vcfutils.pl” included in SAMtools. The
final variants had to pass the following filter criteria in addition to
the default filters:

Phred-scaled variant quality score >40
Read depth =6 or =30

Distance from gaps =5 base pairs

Not within repeat regions (hgl8 ‘simpleRepeat’ table, UCSC

genome browser)

Swedish genomes. Sequencing reads were obtained from
the European Nucleotide Archive (ENA), for two samples, Ajv70
(accession ERS084011) and Gok4 (ERS084013). Reads were
aligned to the reference genome using bwa [47] with default
options.

Iberian genomes. The aligned and processed sequencing
reads from [14] were filtered according to the criteria described
above.

Thracian genomes. After merging of overlapping paired end
reads (SeqPrep, https://github.com/jstjohn/SeqPrep), the se-
quencing reads were aligned to the reference genome using bwa
with seeding disabled. Pre-and post-capture BAM files from the
same sample were then merged and processed as described above.
Details on analyses of ancient DNA damage patterns can be found
in Table S4 of [15].

Archaic hominins. Sequencing reads from the Neanderthal
genome project aligned to the human reference genome (hgl8) in
BAM format were obtained from ftp://ftp.ebi.ac.uk/pub/databases/
ensembl/neandertal/BAM_files/Neandertal.bam. BAM files from
the low coverage Denisova genome aligned to hgl8 were obtained
from ftp://hgdownload.cse.ucsc.edu/gbdb/hg18/denisova/SL3003_
SL3004_100122-hg18.bam.

Modern population datasets and processing

For all population genetic analyses, data from the ancient
genomes was merged with three different reference datasets of
present-day human populations, using only autosomal data. We
followed the approach of Skoglund et al. [13] and used only
variants found in the respective reference dataset, and removing
any genotypes with a mismatching alternative allele in the ancient
samples.

HGPD. Data for 934 unrelated samples from the HGDP
from 52 populations, genotyped on the Affymetrix Axiom
Human Origins SNP array was obtained from ftp://ftp.cephb.
fr/hgdp_suppl0/. This dataset was designed for population
genetic studies by including 13 different SNP panels with well-
defined ascertainment schemes. We used the combined data for
all panels (all_snp.* files) as the master dataset for merging with
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the ancient genomes, after removing SNPs with >10% missing
data. For all subsequent analyses, the relevant subset of SNPs
corresponding to the desired ascertainment scheme was then
extracted from the master dataset. Individuals used for SNP
discovery in the ascertainment panels were excluded from all
analyses.

Complete Genomics genomes. Whole-genome sequence
data of 46 samples from 10 populations sequenced to high
coverage by Complete Genomics [48] was used for the merge with
the ancient samples. Individuals with diploid data were converted
to haploid genomes by randomly sampling one allele at all
heterozygote genotypes. For the individuals of populations with
known recent admixture (African-Americans/ASW; Mexicans/
MXTL), we created virtual individuals from inferred local
admixture tracts for each admixture source populations. For each
genome and each source population, we extracted all variants that
were homozygous for the respective ancestry and set all other
genotypes to missing.

1000 Genomes and Sardinia. The data for this combined
dataset were obtained from low-coverage whole-genome se-
quencing. Therefore, we restricted the analysis to population-
level by using only allele frequencies and not individual
genotypes. We obtained allele frequency data from 452 unrelated
Sardinian individuals sequenced to low coverage as part of the
SardiNIA project [49,50], which was combined with data from
the 1000 Genomes project. Data from the phase 1 release, which
comprise 1,092 individuals from 14 populations, were obtained
from the project fip site (ftp://ftp.1000genomes.ebi.ac.uk).
Population allele frequencies were calculated for each SNP,
excluding related individuals, for a final dataset of 841
individuals. Both datasets were merged, excluding variants failing
QC filters in any dataset or with mismatching alternative alleles.
To further minimize potential biases from the merging of the two
datasets, we further removed all variants not passing the more
stringent “‘strict” accessibility mask from the 1000 Genomes
project. The remaining variants were converted to hgl8
coordinates using the /#flover tool from the UCSC genome
browser (http://genome.ucsc.edu/) for the final merge with the
ancient genomes.

Population structure

The unsupervised maximum-likelihood clustering algorithm
implemented in ADMIXTURE [16] was used to cluster each
ancient genome with populations of European and Middle Eastern
origin in the HGDP dataset. In order circumvent the problem of
differing overlap of variants of the ancient samples with HGDP,
we first inferred ancestral clusters for the contemporary popula-
tions only, and subsequently determined the most likely cluster
memberships for each ancient sample using the ancestral allele
frequencies of all overlapping. An additional advantage of this
strategy 1is that the genotypes of the ancient samples do not
influence the clustering solution for the modern individuals. Initial
clustering of the 263 contemporary individuals was performed for
k=2 through £=28 ancestral clusters by running ADMIXTURE
with default settings. In order to maximize the accuracy for the
mitial clustering, we used all SNPs where a genotype was observed
for any ancient sample prior to removal of damage SNPs. For each
value of K, ten replicate runs were performed, and the run with
the greatest likelihood was selected for further analysis. The cluster
membership proportions for each ancient sample were then
obtained by maximizing the log-likelihood function (equation 2 in
[16]) using the subset of SNPs with genotype data in the respective
ancient sample, and the corresponding ancestral allele frequencies
inferred from the modern samples (the P matrix of the
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ADMIXTURE output). The optimization was implemented using
the FRAPPE EM algorithm (equation 4 in [16]). In order to
evaluate the accuracy of the inferred clusters for the ancient
samples, we repeated the procedure described above for all 263
modern samples and for each subset of SNPs corresponding to the
six ancient samples. Cluster assignment accuracy was then
determined by calculating the root mean standard error (RMSE)
for all combinations of modern population, number of ancestral
clusters and ancient sample SNP subset used.

In addition, we also performed principal component analysis
(PCA), separately for each ancient genome together with the 263
contemporary individuals, using only non-missing SNPs of the
respective ancient sample. The initial PCA was performed using
the modern samples only, followed by projection of the ancient
samples onto the inferred principal components. All analyses were
carried out in R using singular value decomposition (‘svd” function)
on the genotype matrix.

Allele sharing and admixture

Patterns of admixture among ancient and modern populations
were inferred using a number of related approaches. For the
individual-level datasets (CG), we quantified the amount of
derived allele sharing between the ancient and modern genomes.
For each ancient genome, we extracted all variants showing the
derived allele and calculated the proportion of variants with
matching alleles for each of the modern genomes. The sharing rate
was normalized by the rate for the individual with the lowest
sharing rate with the Iceman (NA18508, YRI), for easier
comparison among different ancient genomes.

For population-level datasets (1000G/Sardinia), we used
TreeMix [19] to infer a maximum-likelihood population tree and
putative admixture events. The program was run separately for
each ancient genome together with the contemporary populations,
using only SNPs without missing data in the ancient sample. For
the HGDP dataset, only the Iceman was used due to the low
number of SNPs for the other ancient samples. The maximum
number of migration edges added was 5, and we selected the run
with the maximum likelihood from 10 replicate runs for each
migration edge parameter. The number of SNPs used for the LD
correction was adjusted to the total number of SNPs for each
ancient sample (Table S6).

Additionally, we used formal tests of admixture as implemented
in the three- and four-population tests [17,18] for all datasets.
Standard errors for the statistics were determined using a weighted
block jackknife, with a window size of 5 Mb.

Estimation of divergence times

Divergence times of the Iceman with contemporary genomes
was estimated using a previously described coalescent method
[13,21], based on the number of concordant and discordant
genealogical topologies. For the CG dataset, divergence time was
calculated in turn for each genome, using the two gene copies of
the modern genome at each SNP to determine concordant/
discordant status. Heterozygous sites were randomly assigned to
the two resulting haploid genomes. For the 1000G/Sardinia
dataset no individual-level genotypes were available, so we used a
slightly modified approach. For each modern population, two
virtual haploid genomes were generated by randomly sampling
alleles with probability equal to their derived allele frequency at
each SNP, and divergence time was estimated as above. Under the
assumption of panmixia in each population, the resulting times
can be interpreted as the divergence of an average individual from
that population to the Iceman. The resulting coalescent times were
converted to time in years using population-specific effective
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population sizes for African, European and Asian population from
Gronau et al. 23] (Africa: 29,300 (23,900-35,200); Europe: 5,800
(900-11,500); Asia: 3,000 (300-6,600)), assuming a generation
time of 25 years. For the lower and upper bounds of the converted
divergence time we combined the uncertainty of both our
divergence estimates and the effective population size estimated
by Gronau et al. [23].

Supporting Information

Figure S1 ADMIXTURE results for HGDP. Panels show the
results for ADMIXTURE runs for k=2 to £=8 ancestral clusters
on the HGDP individuals, and the corresponding cluster
proportions inferred for the ancient samples.

(PDF)

Figure 82 PCA results for HGDP. Panels show the results for
PCA on the HGDP individuals for subsets of SNPs with data in
the respective ancient sample. Each point represents an individual,
with plot symbol and color indicating population of origin. The
position of the ancient samples was inferred by projecting onto the
PC space calculated using the modern samples only.

(PDF)

Figure 83 Derived allele sharing with CG genomes. Normalized
derived allele sharing rate of the Iceman with the full set of whole
genomes from Complete Genomics. Each circle represents the rate
of sharing with a particular genome, grouped by population of
origin (circle color). Positions on the y-axis have added jitter for
case of visualization. Population names with suffix correspond to
the respective ancestry tracts (EUR: European; YRI: African;

NAH: Native American) of individuals of populations with known
recent admixture (ASW, MXL).

(PDF)

Figure S4 D-tests of Iceman with European populations from
CG. Each diamond indicates the value of the D-statistic for a
single D-test involving the Iceman and a pair of modern European
populations, indicated on the y-axis. A significant deviation from
the x =0 line indicates a closer relationship of the ancient sample
to one of the populations in the tested pair. Significance at Z =3 is
indicated with black diamonds, and the line shows the corre-
sponding standard error of the D-statistic. Populations with EUR
suffix correspond to the European ancestry tracts of individuals of
populations with known European admixture (ASW, MXL).
(PDF)

Figure S5 D-tests of ancient samples with European populations
from 1000G/Sardinia. In each panel, diamonds indicate the value
of the D-statistic for a single D-test involving the respective ancient
samples and a pair of modern European populations. Significance
at Z =3 is indicated with filled diamonds, and the line shows the
corresponding standard error of the D-statistic. Plot colors indicate
different pairs of geographic regions within Europe.

(PDF)

Figure S6 Results of TreeMix analysis of the Iceman with
1000G/Sardinia. Shown are maximum-likelihood trees and the
matrices of pairwise residuals for all models allowing from m =0 to
m=>5 mixture events.

(PDF)

Figure 87 RMSE for HGDP cluster proportions. Panels represent
the results for ancestral cluster membership accuracy for each subset
of SNPs corresponding to the ancient samples. Accuracy is measured
as root mean square error (RMSE) of cluster membership
proportions for each population of origin and value of .

(PDE)
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Figure 88 Results of TreeMix analysis of the ancient samples
with 1000G/Sardinia. Shown are maximum-likelihood trees and
the matrices of pairwise residuals for all ancient samples,
without mixture edges. Bootstrap support for the position of
the ancient sample is indicated by the numbers next to the
branches.

(PDF)

Figure 89 PCA with archaic hominins and Iceman in HGDP.
Plot symbols indicate the position of an individual, projected onto
PC space inferred using Chimp, Neanderthal and Denisova.
Individuals are colored according to continental region of
origin.

(PDF)

Figure S10 D-tests of archaic hominins with CG populations
and Iceman. In each panel, diamonds indicate the value of the D-
statistic for a single D-test involving the respective archaic hominin
sample and pairs of Iceman/CG population on the y-axis. A
significant shift to the left (D<<0) indicates a closer relationship of
the ancient sample to the Iceman compared to the modern
population. Significance at Z = 3 is indicated with filled diamonds,
and the line shows the corresponding standard error of the D-
statistic. Plot colors indicate geographic origin of the CG
population.

(PDF)

Table S1 D-Tests of Iceman — 1000G/Sardinia with outgroup.
(XLSX)
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