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from Central Europe (Figs. 2 and 3 and fig. S5B) (2, 21, 22). Overall,
SBA and ABA appeared to have different distribution patterns in
Italy and to reflect those present in Europe as a whole: more common
in North Italy and across the continent in the case of the former,
more localized in the south of Europe and Italy in the case of the
latter. Similar results were obtained when other Southern European
ancient sources replaced ABA in the proximate analysis (see fig. S5,
C to E, Materials and Methods, and the Supplementary Materials).

Modeling the ancestry composition of

ancient Italian samples

To obtain temporal insights into the emergence of the differences
between Northern and Southern Italy in relation to SBA and ABA
ancestries, we performed the same qpAdm analysis on post-Neolithic/
Bronze Age Italian individuals (data file S4). Iceman and Remedello,
the oldest Italian samples included here [3400 to 2800 Before Common
Era (BCE)], were composed of high proportions of AN (74 and 85%,
respectively). The Bell Beaker samples of Northern Italy (2200 to
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Fig. 3. Admixture events inferred by GT. (A) Dates of the events inferred in the
GT noltaly analysis on all the Italian clusters (labels as in Fig. 1A and data file S1; full
results in fig. S8 and data file S5; see Materials and Methods and the Supplementary
Materials); lines encompassed the 95% confidence interval. GT events were distin-
guished in “one date” (black squares; 1D in data file S5) and “one date multiway”
(white squares; 1 MW). (B) Correlation values between copying vectors of first source(s)
identified by GT and the best proxy in the noltaly analysis (circles) or the best proxy
among ltalian clusters (diamonds). (C) Same as in (B), referring to second source(s)
copying vectors. Empty symbols refer to additional first (B) and second (C) sources
detected in multiway events. African best proxies in (B) for clusters Sltaly1 and Sitaly2
were plotted on the 0.90 boundary for visualization only, the correlation values
being 0.78 and 0.87, respectively. The symbols referring to the best Italian proxies
for the African sources identified for clusters Sltaly1, Sltaly2, Sicily1, and Sardinia3 in
(B) are not included as the correlation values are lower than the African ones
and below the threshold used in the figure. The colors of the symbols refer to
the ancestry to which proxies were assigned (see Materials and Methods and the
Supplementary Materials).
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1930 BCE) were modeled as ABA and AN + SBA and WHG. Although
ABA estimates in these samples were characterized by large standard
errors (SE), the detection of steppe ancestry, at approximately 14%,
was more robust. In contrast, Bell Beaker samples from Sicily (2500 to
1900 BCE) were modeled almost exclusively as ABA, with less than
5% SBA (data file S4). Despite the fact that the small number of SNPs
and prehistoric individuals tested prevents the formulation of con-
clusive results, differences in the occurrence of AN ancestry, and
possibly also of Bronze Age-related contributions, are suggested to
be present between ancient samples from North and South Italy.
Differences across ancient Italian samples were also supported by
their projections on the PCA of modern-day data (Fig. 2I). Remedello
and Iceman clustered with European Early Neolithic samples, together
with one of the three Bell Beaker individuals from North Italy, as
previously reported (23), and modern-day Sardinians. The other two
Bronze Age North Italian samples clustered with modern North
Italians, while the Bell Beaker sample from Sicily was projected in
between European Early Neolithic, Bronze Age Southern European,
and modern-day Southern Italian samples (Fig. 2I). These results
suggest a differentiation in ancient ancestry composition between dif-
ferent areas of Italy, dating at least in part back to the Bronze Age.

Historical admixture
To investigate the contribution of historical admixture events in
shaping the modern distribution of ancient ancestries and the ob-
served population structure, we characterized admixture events for
Italian and European populations using GLOBETROTTER (GT)
(Fig. 3, fig. S8, and data file S5)(22). We discuss here the results based
on the nonlocal (2) (GT “noltaly”) analysis of the FMD (data file S5)
as it provides a wider coverage at the population level; concordant
results were found when the HDD was similarly analyzed (data file S5).
We ran the analysis excluding the Italians as donors to reduce
copying between highly similar groups (Fig. 3). The events detected
in Italy occurred mostly between 1000 and 2000 years ago (ya) and
extended to 2500 ya in the rest of Europe (Fig. 3A and fig. S8). The
profile of inferred sources varied across Italy. Clusters from the
Caucasus and North-West Europe were identified for many Italian
clusters as best proxies for the admixing sources in agreement with
previous studies (21), while Middle Eastern and African groups were
detected for Southern Italy and Sardinia (Fig. 3, B and C). When
Italian clusters were included among putative sources, they were as
good as, or better proxies than, clusters from the Caucasus and the
Middle East. On the other hand, North-West European and African
clusters were mostly confirmed as better proxies than groups from
any other area (Fig. 3, B and C), as observed when GT was run includ-
ing all clusters as donors (“GTall” analysis; data file S5). Overall, these
results supported a scenario in which gene flow mostly occurred
between Italian and African/other Eurasian populations. SBA and
ABA ancestries were detected in Italian and non-Italian best proxies
(Figs. 2D and 3 and data file S5), which suggests that part of these
ancestries arrived from outside Italy in historical times (21), but
also that these components were already present in Italian groups
at the time of these admixture events. The timing of the admixture
events and the sources involved differ between Northern and Southern
Italian clusters, pointing to different admixture histories for the two
areas. Episodes of gene flow were also detected in Sardinia, combining
signals from both the African continent and North-West Europe.
MALDER results for the more recent episodes replicated the admixture
pattern identified by GT (fig. S8 and data file S5).
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The Neanderthal legacy across Italy and Europe

The variation in ancestry composition reported across Italy and
Europe is expected to influence other aspects of the genetic profiles
of European populations, including the presence of archaic genetic
material (4). We investigated the degree of Neanderthal ancestry in
Italian and other Eurasian populations (data file S1) by focusing
on SNPs tagging Neanderthal introgressed regions (24). SNPs were
pruned for linkage disequilibrium (LD), and a final set of 3969 SNPs
was used to estimate the number of Neanderthal alleles in samples
genotyped for the Infinium Omni2.5-8 Illumina Beadchip. Asian and
Northern European populations had significantly more Neanderthal
alleles than European and Southern European groups, as previously
reported (25, 26), with significant differences also highlighted within
Italy (Fig. 4, A and B). Contributions from the African groups may
have influenced these patterns, particularly in Southern European
populations (2) (Figs. 2 and 3). However, differences within Europe
and Italy were still present once individuals belonging to clusters with
African contributions were removed (see fig. S9, A and B, Materials
and Methods, and the Supplementary Materials). Ancient samples
have been reported to differ in their amount of Neanderthal DNA
partially because of the variation in proportion of the “Basal Eurasian”
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lineage, which harbors only a negligible fraction of Neanderthal
ancestry (4). Consistent with this (4), we found the estimated amounts
of Basal Eurasian and Neanderthal to be negatively correlated across
modern-day European clusters and populations (Fig. 4C and fig. S9,
E to H). Our estimation of Basal Eurasian ancestry might be affected
by non-Eurasian contributions, which could therefore be partially
responsible for the observed Neanderthal patterns. The correlation
between the Basal Eurasian component and Neanderthal allele sharing
was still present once populations with African and East Asian con-
tributions (Fig. 3 and fig. S8) were removed (Fig. 2 and fig. S9D).
These results suggest that the pattern of Neanderthal ancestry ob-
served in Italy and across Europe has been shaped by different factors:
variation in the amount of Basal Eurasian present in ancient sources,
variation in the ancient ancestry composition of modern samples,
and variation in the historical contribution from Africa and East Asia.

The variation in Neanderthal ancestry was also evident when
SNP frequencies were evaluated. A total of 144 SNPs were identified
among the Neanderthal-tag SNPs showing the largest differences
in allelic frequency in genome-wide comparisons across Eurasian
and African populations (Materials and Methods; Supplementary
Materials, Neanderthal-tag SNPs within the top 1% of the genome-wide
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Fig. 4. Neanderthal ancestry distribution in Eurasian populations. (A) Neanderthal allele counts in individuals from Eurasian populations, sorted by median values on
3969 LD-pruned Neanderthal tag-SNPs. CEU, Utah Residents with Northern and Western European ancestry; GBR, British in England and Scotland; FIN, Finnish in Finland;
IBS, Iberian Population in Spain; TSI, Tuscans from Italy; ITN, Italians from Northern Italy; ITC, Italians from Central Italy; ITS, Italians from Southern Italy; SAR, Italians from
Sardinia; CHB, Han Chinese. (B) Matrix of significances based on Wilcoxon rank sum test between pairs of populations including (lower triangular matrix) and removing
(upper) outliers (see Materials and Methods and Supplementary Materials; dark blue, adjusted P < 0.05; light blue, adjusted P > 0.05). Colored squares at the sides of the
heatmap refer to the populations compared, as per Fig. 4A. (C) Correlation between Neanderthal ancestry proportions and the amount of Basal Eurasian ancestry in
European clusters (see Materials and Methods and the Supplementary Materials). (D and E) Neanderthal allele frequency (AF) for selected SNPs within the indicated genes:
(D) high-frequency alleles in Europe and (E) North-South Europe divergent alleles. (F) Comparisons between Northern European and Italian populations (excluding Sardinia).
Bars refer to comparison for reported pairs of populations; the number of NTT SNPs is reported within bars. Each section of the circos represents a tested chromosome;

points refer to NTT SNPs. Colors are the same as for bars; igr, intergenic region variant.
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distributions of each of the 55 pairwise population comparisons—
NTT SNPs; fig. S91, data file S6). The top 1% of each distribution was
significantly depleted in Neanderthal SNPs (Materials and Methods,
Supplementary Materials, and data file S6), in agreement with a
scenario of Neanderthal mildly deleterious variants being removed
more efficiently in human populations (27).

The 50 genes containing NTT SNPs were enriched for phenotypes
related to facial morphology, body size, metabolism, and muscular
diseases (Materials and Methods, Supplementary Materials, and
data file S6). A total of 34 NTT SNPs were found to have at least one
known phenotypic association (data file S6) (28). Among these, we
found Neanderthal alleles associated with increased gene expression
in testis and in skin after sun exposure (SNPs within the IP6K3 and
ITPR3 genes), susceptibility to cardiovascular and renal conditions
(AGTRI), and Brittle cornea syndrome (PRDM5) (24). NTT SNPs
between European and Asian/African populations included previ-
ously reported variants in BNC2 (29) and SPATA18 genes (30, 31)
(Materials and Methods, Supplementary Materials, and Fig. 4D),
while 80 NTT SNPs were involved in at least one comparison between
Northern (CEU, GBR, and FIN) and Southern European populations
(IBS and Italian groups). Among these SNPs, three mapped to the
Neanderthal introgressed haplotype hosting the PLA2R1 gene (32),
the archaic allele at these positions reaching frequencies of at least
43% in Northern European and at most 35% in Southern European
populations (Fig. 4, E and F). Ten SNPs showed an opposite frequency
gradient: seven mapped to one Neanderthal-introgressed region
spanning the OR51F1, OR51F2, and OR52R1 genes (Fig. 4, Eand F),
and the other three identified regions hosting the AKAP13 gene,
within one of the high-frequency European Neanderthal introgressed
haplotypes recently reported (Fig. 4, E and F) (31). The locus-
specific differences explored here might be the result of selection-
based evolutionary dynamics combined with the demographic events
that shaped the more general genome-wide patterns present across
Italy and Europe.

DISCUSSION

The pattern of variation reported across Italian groups appears geo-
graphically structured across three main regions in Italy: Southern,
Northern, and Sardinia. Similarly to Europe, the genetic structure
reflects isolation by distance following population movements since
prehistoric times (I) and historical admixture from the fringes of the
continent (2). The analysis of both modern and ancient data suggests
that in Italian populations, ancestries related to CHG and EHG
derive from at least two sources. One is the well-characterized steppe
(SBA) signature associated with nomadic groups from the Pontic-
Caspian steppes. This component reached Italy from mainland
Europe at least as long ago as the Bronze Age, as suggested by its pres-
ence in Bell Beaker samples from North Italy (data file S4). The other
contribution is ultimately associated with CHG ancestry, as previ-
ously suggested (21), and predominantly affected Southern Italy,
where it represents a substantial component of the ancestry profile
of local modern populations. Although the details of the origins of
this signature are still uncharacterized, it may have been present as
early as the Bronze Age in Southern Italy (data file S4). The very low
presence of CHG signatures in Sardinia and in older Italian samples
(Remedello and Iceman), but its occurrence in modern-day Southern
Italians, might be explained by different scenarios not mutually
exclusive: (i) population structure among early foraging groups across
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Italy, reflecting different affinities to CHG; (ii) the presence in Italy
of different Neolithic contributions, characterized by a different
proportion of CHG-related ancestry; (iii) the combination of a post-
Neolithic, prehistoric CHG-enriched contribution with a previous
AN-related Neolithic layer; and (iv) a substantial historical contribu-
tion from Southeastern Europe across the whole of Southern Italy.

No major structure has been highlighted so far in pre-Neolithic
Italian samples (6). An arrival of the CHG-related component in
Southern Italy from the Southern part of the Balkan Peninsula,
including the Peloponnese, is compatible with the identification of
genetic corridors linking the two regions (Fig. 1E) (9) and the presence
of Southern European ancient signatures in Italy (Fig. 2). The
temporal appearance of CHG signatures in Anatolia and Southern
East Europe in the Late Neolithic/Bronze Age suggests its relevance
for post-Neolithic contributions (33). Our results suggest contribu-
tions from ancestries additional to the three “canonical” ones
considered so far in the literature (WHG, AN, and SBA). The differ-
ential distribution of these ancestries contributed to the differentia-
tion observed between Northern and Southern Italian clusters.
Additional analyses of aDNA samples from around this time in Italy
are expected to clarify what ancient scenario might best support the
structure related to ancient ancestry composition presented here.

Historical events possibly involving continental groups at the
end of the Roman Empire and African contributions following the
establishment of Arab kingdoms in Southern Europe around 1300
to 1200 ya (2, 13, 21, 22, 34) played a role in further shaping the
ancestry profiles and population structure of Italians (Fig. 3). In
particular, African contributions might have contributed to the
increased diversity detected among clusters in Southern Italy and
Sardinia (Fig. 3 and data file S2) (13).

Significantly, despite Sardinia being confirmed as the most closely
related population to Early European Neolithic farmers (Fig. 2, D and I),
there is no evidence for a simple genetic continuity between the two
groups. Populations in Sardinia were not completely isolated and,
like the rest of Italy, experienced historical episodes of gene flow
(Figs. 2 and 3 and data file S4) that contributed to the further dispersal
of ancient ancestries and the introduction of other components,
including African ones.

It has been previously reported that variation in effective popu-
lation size might explain differences in the amount of Neanderthal
DNA detected in European and Asian populations (24, 26). Addi-
tional Neanderthal introgression events in Asia and gene flow from
populations with lower Neanderthal ancestry in Europe may provide
further explanations for differences in Neanderthal occurrence
across populations. The spatial heterogeneity of Neanderthal legacy
within Europe reported here appears to be the result of ancient and
historical events that brought together in different combinations
groups harboring different amounts of Neanderthal genetic material.
While these events have shaped the overall continental distribution
of Neanderthal DNA, locus-specific differences in the occurrence of
Neanderthal alleles are also expected to reflect selective pressures acting
on these variants since their introgression in the populations (27).

The Bronze Age migration from the Pontic-Caspian steppe
region has been linked to the arrival of the Indo-European languages
in mainland Europe. Our identification of an additional substantial
component in Italy possibly arriving in the Bronze Age raises the
possibility of multiple Indo-European waves into the continent.
Similarly, the persistence in Italy of non-Indo European languages
into historical times (e.g., Etruscan) could be linked to reduced SBA
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penetration along the peninsula. These associations, while fascinating,
will require dedicated and multidisciplinary approaches to be properly
explored and validated. In particular, ancient samples spanning
diachronic, geographic, and cultural transects in the Italian peninsula
and nearby regions will need to be analyzed to complement the
interpretative framework proposed here for the processes that have
shaped Southern European variation.

MATERIALS AND METHODS

Analysis of modern samples

Dataset

Two hundred twenty-two samples are presented here. Of these,
167 Italians and 6 Albanians were specifically selected and sequenced
for this project with two versions (1.2 and 1.3) of the Infinium
Omni2.5-8 Illumina beadchip, while 49 Italians and Europeans were
genotyped with the Human660W-Quad BeadChip in the frame of
another research (data file S1) (35). Two separate worldwide datasets
were prepared. The FMD included 4852 samples (2, 12, 22, 36-51)
(1589 Italians) and 218,725 SNPs genotyped with Illumina arrays;
the HDD contained 1651 samples (12, 36, 38, 40, 44, 47, 50, 51)
(524 Ttalians) and 591,217 SNPs genotyped with the Illumina Omni
array (Supplementary Materials).

The merging, the removal of ambiguous C/G and A/T and trial-
lelic markers, the exclusion of related individuals, and the discarding
of SNPs in LD were performed using PLINK 1.9 (52). Only autosomal
markers were considered.

Haplotype analysis (CP and fS)

We investigated patterns of genetic differentiation in Italy by exploring
the information provided by SNP-based haplotypes. Phased haplo-
types were generated using SHAPEIT 2 (53) and by applying the
HapMap b37 genetic map.

CP was used to generate a matrix of recipient individuals “painted”
as a combination of donor samples (copying vector). Three runs of
CP were done for each dataset generating three different outputs: (i)
a matrix of all the individuals painted as a combination of all the
individuals, for cluster identification and GT analysis; (ii) a matrix
of all Italians as a combination of all Italians, for Fsr analysis; and
(iii) a matrix of all the samples as a combination of all the other
samples but excluding Italians, for noltaly GT analysis. The median
numbers of SNPs per painted fragment were 13.7 and 31.6 for the
FMD and HDD, respectively.

Clusters were inferred using fS. After an initial search based on the
“greedy” mode, the dendrogram was processed by visual inspection
(2, 20) according to the geographical origin of the samples. The robustness
of the cluster was obtained by processing the Markov Chain Monte
Carlo (MCMC) pairwise coincidence matrix (Supplementary Materials).
Cluster self-copy analysis
Recently admixed individuals were identified as those copying from
members of the cluster to which they belong less than the amount of
cluster self-copying for samples with all four grandparents from the
same geographic region (Supplementary Materials).

Fst and TVD within and between Italian clusters

To have a comprehensive overview of the genetic diversity in Italy,
we estimated the pairwise Fs within Italian clusters using smartpca
implemented in EIGENSOFT (54). TVD estimates were obtained
using the TVD function (11) on the CP chunklength matrix.

Pairwise genetic diversity among clusters was computed estimating
pairwise Fsr and TVD metrics on Italian clusters belonging to the

Raveane et al., Sci. Adv. 2019; 5 : eaaw3492 4 September 2019

same or to different macroareas. In detail, the NItaly macroarea
comprised clusters named as NItaly and NCltaly; the SItaly macroarea
included Sltaly, SCItaly, and Sicily named clusters; while the Sardinia
macroarea included only the Sardinia clusters.

Fsrestimates among clusters

Pairwise Fsy estimates among newly generated Italian clusters and
originally generated European clusters (Supplementary Materials)
were inferred using the smartpca software implemented in the
EIGENSOFT package (54). Comparisons between the Fsr distributions
were performed using a Wilcoxon rank sum test in the R program-
ming language environment.

Principal components analysis

PCA was performed on the CP chunkcount matrix (Supplementary
Materials) and was generated using the prcomp() function on R soft-
ware. Allele frequency PCA was performed using smartpca imple-
mented in EIGENSOFT (54) after pruning the datasets for LD.
Procrustes analysis

To validate the correlation observed between the haplotype-based
PCA (Fig. 1) and the cluster distribution (Fig. 1C), we performed a
symmetric Procrustes analysis with 100,000 permutations. In detail,
we used the values of the first two PCs of the PCA estimated on
the CP chunkcount matrix generated using only Italian individuals
for which the place of origin (administrative region) was available
along with the geographic coordinates of the administrative center
(“capoluogo di regione”) of the region to which they were assigned
to on the basis of available information (data file S1).
Characterization of the migration landscape (EEMS analysis)
We highlighted the spatial patterns of genetic differentiation by EEMS
analysis (19). This was performed estimating the average pairwise
distances between populations using the bed2diffs tool, and the
resulting output was visualized using the Reems package (19).
ADMIXTURE analysis

ADMIXTURE 1.3.0 software (55) was used, performing 10 differ-
ent runs using a random seed. The results were combined with
CLUMPAK (56) using the largeKGreedy algorithm and random
input orders with 10,000 repeats. Distruct for many K’s implemented
in CLUMPAK (56) was then used to identify the best alignment
of CLUMPP results. Results were processed using the R statistical
software.

The time and the sources of admixture events

(GT and MALDER analyses)

Times of admixture events were investigated using the GLOBE-
TROTTERV2 software. GT was utilized using two approaches: com-
plete and nonlocal (referred to as noltaly; Supplementary Materials)
in default modality (2, 11). The difference between the two approaches
was the inclusion or the exclusion respectively of all the Italian
clusters as donors in the CP matrix used as the input file. To improve
the precision of the admixture signals, the “null.ind: 1”7 parameter
was set (2). Unclear signals were corrected using the default param-
eters, and a total of 100 bootstraps were performed. MALDER (57)
uses allele frequencies to dissect the time of admixture signals.
The best amplitude was identified and used to calculate a Z score
(Supplementary Materials). A Z score equal to or lower than 2 identi-
fies not significantly different amplitude curves (Supplementary
Materials) (58).

Sources for both GT and MALDER were grouped in different
ancestries as indicated in the legend of Fig. 3 and fig. S8. The expres-
sion [1950 — (g + 1)*29], where g is the number of generation, was
used to convert the GT and MALDER results into years.
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Analyses including ancient samples

Dataset

To explore the extent to which the European and Italian genetic
variation has been shaped by ancient demographic events, we merged
modern samples from FMD with 63 ancient samples selected from
recent studies (data file S1) (4, 5, 8, 23, 33, 59-61).

Principal component analysis (PCA)

To visualize the genetic affinities of ancient and modern samples, we
performed two PCAs with the EIGENSOFT (54) smartpca software
and the “Isgproject” and “shrinkmode” option, projecting the ancient
samples onto components inferred from modern European, West
Asian, and Caucasian individuals and then only on the modern
European clusters. To evaluate the potential impact of DNA damage
in calling variants from aDNA samples, we repeated the PCA with
the 63 ancient samples and the modern European, Caucasian, and
West Asian samples by removing transition polymorphisms and
recorded significant correlations for the localization of ancient
samples along PC1 and PC2 (Pearson r > 0.99, P < 0.05).
ADMIXTURE analysis

We explored the genetic relationships between modern and ancient
samples by projecting the ancient samples on the previously inferred
ancestral allele frequencies from 10 ADMIXTURE (55) runs on
modern samples (see the “Analysis of modern samples” section and
the Supplementary Materials). We used CLUMPP for merging the
resulting matrices and distruct for the visualization in CLUMPAK
program (56).

D-statistics

We tested for admixture using the D-statistics as implemented in
the qpDstat tool in the software ADMIXTOOQOLS v4.2 (62). We per-
formed the D-statistics analyses evaluating the relationship of the
Italian cluster with AN, ABA, and SBA. In detail, we performed the
D-statistics D(Ital,Ita2,AN/ABA/SBA,Mbuti), where Ital and Ita2
are the different clusters composed mainly of Italian individuals as
inferred by fS.

CP/NNLS analysis

We used an approach based on the CP software (10) and a slight
adaptation of the NNLS function (11, 20) to estimate the proportions
of the genetic contributions from ancient population to our modern
clusters. We ran CP using the unlinked mode (59) with the same Ne
and 0 parameters of the modern dataset, painting both modern and
ancient individuals and using modern samples as donors (59, 60).
We analyzed the output of CP by solving an appropriately formu-
lated NNLS problem, reconstructing the modern clusters in terms
of the ancients. We applied this combined approach on different sets
of ancient samples (ultimate and proximate sources).

Goodness of fit was measured evaluating the residuals of the
NNLS analysis. In detail, we focused on the proximate sources and
compared the sum of squared residuals when ABA or SBA was
included/excluded as putative sources. Furthermore, for the ultimate
and proximate analyses, we estimated the SEs by applying a weighted
jackknife bootstrap (data file S3), estimating the mixture profile re-
moving one chromosome at time and averaging the values taking
into account the total number of markers analyzed for iteration (58).
qgpAdm analysis
We used the ancestral reconstruction method gpAdm, which harnesses
different relationships of populations related to a set of outgroups
(e.g., f4[Target, O1, 02, O3]) (1) to model the ancestry composition
of modern and ancient Italian samples as different combinations
of ancient sources. In detail, for each tested cluster of the FMD and
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HDD, we evaluated all the possible combinations of N “left” sources
with N = {2..5} and one set of right/left outgroups (see the Supple-
mentary Materials) (8).

For each of the tested combinations, we used gpWave to evaluate
whether the set of chosen outgroups is able to (i) discriminate the
combinations of sources and (ii) establish if the target may be
explained by the sources. We used a P value threshold of 0.01. Last,
we used gpAdm to infer the admixture proportions and reported it
and the associated SEs in data file S4. In addition, we performed the
same analysis with N = {2..4} for Iceman, Remedello, and Bell Beaker
individuals from Sicily and North Italy (data file S4).

Archaic contribution

Dataset

We assembled an additional HDD by retaining only samples geno-
typed on the Illumina Infinium Omni2.5-8 BeadChip from our
larger modern dataset. In particular, we included seven populations
from the 1000 Genomes Project: the five European populations
(Northern European from Utah, CEU; England, GBR; Finland, FIN;
Spain, IBS; Italy from Tuscany, TSI), one from Asia (Han Chinese,
CHB), and one from Africa (Yoruba from Nigeria, YRI). We also
retained 466 Italian samples, whose four grandparents were born in
the same Italian region. The Italian samples were broadly clustered
according to their geographical origin into Northern, Central, and
Southern Italians, and Sardinians, while TSI samples from the 1000
Genome Project formed a separate cluster (data file S1).

From this dataset, we extracted 7164 Neanderthal SNPs tagging
Neanderthal introgressed regions (24). To select which allele was
inherited from Neanderthals, we chose the one from the Altai
Neanderthal (26) genome when it was homozygous and the minor
allele in YRI when it was heterozygous.

Number of Neanderthal alleles in present-day human populations
To provide a direct (relative) estimate of the Neanderthal DNA
present in different individuals, we initially pruned Neanderthal
tagging SNPs in LD and counted the number of Neanderthal alleles
considering all the tag-SNP across all samples. Then, we compared
the distribution of Neanderthal allele counts across populations with
the two-sample Wilcoxon rank sum test. We repeated the same
analyses after removing outlier individuals.

Basal Eurasian ancestry and Neanderthal contribution

To infer the proportion of Basal Eurasian present in European
populations and investigate its impact in shaping variation in the
Neanderthal legacy across populations (4, 5), we used the 4 ratio
implemented in the ADMIXTOOLS package (62) in the form f4(Target,
Loschbour, Ust_Ishim, Kostenkil4)/f4(Mbuti, Loschbour, Ust_Ishim,
Kostenkil4). We repeated this approach to infer the Neanderthal
ancestry in the form f4(Mbuti, Chimp Target, Altai)/f4(Mbuti, Chimp,
Dinka, Altai) (fig. S9, E to H). We then performed the same analyses
by grouping the modern individuals according to the CP/fS inferred
clusters (see the “Analysis of modern samples” section) and retained
only clusters with at least 10 samples (Fig. 4C).

African ancestry and Neanderthal legacy

The impact of African contributions in shaping the amount of
Neanderthal occurrence was evaluated by exploring how the removal
of the clusters showing African gene flow as detected by the GT
analysis (Fig. 3), and of individuals belonging to these clusters, affected
the correlation between Basal Eurasian/Neanderthal estimates and
the degree of population differentiation in the amount of Neanderthal
alleles, respectively (Supplementary Materials and fig. S9, A to D).
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Comparison of Neanderthal allele frequencies across modern
populations

We explored significant differences in the frequencies of Neanderthal
alleles across populations by computing the allele frequency differences
for every SNP for each of the possible pairs of the 11 populations in
our dataset, thus obtaining 55 distributions (see the Supplementary
Materials). Then, the NTT SNPs, i.e., the Neanderthal-tag SNPs in
the top 1% of each distribution, were selected (data file S6).

The biological implications of Neanderthal introgression

Given the list of genes overlapping the Neanderthal introgressed
regions harboring the NTT SNPs and the list of genes directly harbor-
ing the NTT SNPs, we performed different enrichment tests with the
online tool EnrichR (63). Particularly, we searched for significant
enrichments compared to the human genome using the EnrichR
collection of database, e.g., dbGaP, Panther 2016, HPO, and KEGG
2016 (data file S6). We then investigated known direct associations
between the Neanderthal alleles of the NTT SNPs and phenotypes by
looking in the GWAS and PheWAS catalogs (https://phewascatalog.
org/phewas) and applying the PheGenl tool (https://www.ncbi.nlm.
nih.gov/gap/phegeni) (data file S6). We used the circos representa-
tion as in Kanai et al. (64) to highlight different sets of NTT SNPs
(Fig. 4F).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/9/eaaw3492/DC1

Fig. S1. Geographic location of populations included in FMD and HDD, and fineStructure
dendrogram for all the 4,852 (FMD) and 1,641 (HDD) samples.

Fig. S2. Allele frequency PCA (genotype based) and individual-level ADMIXTURE of modern samples.
Fig. S3. “Cluster self-copy” analysis and PCA with admixed Italian individuals.

Fig. S4. Results of the EEMS analysis on Italy-only populations.

Fig. S5. CP/NNLS and gpAdm results for different sets of ancient sources for all modern
clusters.

Fig. S6. D-statistics analyses.

Fig. S7. PCA and ADMIXTURE analyses of 63 ancient samples.

Fig. S8. GT and MALDER analyses for all the Eurasian and North African clusters.

Fig. S9. Neanderthal ancestry distribution in Eurasian population and its relationship with
African admixture and Basal Eurasian ancestry.

Data file S1. Modern and ancient samples used in this study.

Data file S2. Cluster self-copy analysis.

Data file S3. Weighted jackknife bootstraps.

Data file S4. gqpAdm results.

Data file S5. GT and MALDER results.

Data file S6. NTT SNPs (Neanderthal-Tag SNPs within the top 1% of the genome-wide
distributions of each of the 55 pairwise population comparisons).
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