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SUMMARY

Mas d’en Boixos is a key prehistoric site in Northeastern Iberia spanning from the Early Neolithic to the Late
Iron Age. We analyzed genome-wide data from eight individuals and ten mitogenomes, dated to the Middle
Neolithic and Early Bronze Age, alongside three previously published Iron Age individuals. Two Middle Neo-
lithic individuals buried together were first-degree maternal relatives and carried Western Hunter-Gatherer,
Anatolian, and residual Magdalenian-associated ancestries. Conversely, six Early Bronze Age individuals
buried in a hypogeum exhibited distinct mitochondrial lineages. Among them, three were third-degree rela-
tives, and all males shared a Y-chromosome lineage, consistent with a collective burial of an extended family
within a patrilocal society practicing possible female exogamy. These individuals showed genetic continuity
with additional Steppe-related ancestry, which displayed a subtle southward gradient across Iberia. We also
identified an Eastern European mitochondrial lineage—challenging the proposed male-driven Bronze Age
transition—and Mediterranean gene flow—suggesting dynamic interactions across the sea.

INTRODUCTION as hypogeal chambers that served as burial sites for multiple
individuals.”™® Although the grave goods associated with these
burials are often limited, they provide valuable insights into the
social practices and cultural norms of each period."™

The site’s temporal span aligns with significant cultural and ge-

netic transitions across Europe. The first of these is the Neolithic

Mas d’en Boixos (MDB) is arguably the most significant
prehistoric archaeological site in the Catalan pre-littoral
depression of the Penedes region (Barcelona, Catalonia, Spain)
(Figure 1)."® Since excavations began in 1997, more than 450

structures have been uncovered, revealing a rich and complex
stratigraphy that spans from the Early Neolithic to the Late Iron
Age, approximately 7,500 to 2,200 years ago (7.5-2.2 ka).'™
MDB is particularly notable for its diverse array of burial
practices and structural types. These include silo-type graves,
characterized by their ellipsoid and cylindrical shapes, as well
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transition, which marked a shift from hunting and gathering to agri-
culture, leading to the establishment of settled communities.*®°
This transformation was largely driven by population movements
from Anatolia (present-day Tiirkiye) into Europe ~8.5 ka,” leading
to dynamic interactions between farmers and local hunter-gather-
ers.>718 Notably, Mesolithic hunter-gatherers from Northern and
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Northeastern Iberia retained a smaller proportion of Last
Glacial Maximum (LGM) ancestry associated with the Mag-
dalenian culture (Goyet_Q2 cluster) compared to those from
other regions of the peninsula, being most of their ancestry more
closely linked to post-LGM expansions (Villabruna/Oberkassel
cluster).""">"%1° Recent genetic studies have revealed that Neo-
lithic Iberian populations exhibited a notable persistence of di-
verse Mesolithic hunter-gatherer—higher than that observed in
Central Europe —due to admixture along migration routes and ad-
ditional local contributions.'®'?

The second major transition, occurring ~5 ka, is the Bronze
Age transition, characterized by migrations of Pontic Steppe
herders into North and Central Europe.”® This migration not
only shifted the genetic ancestry of North and Central Europeans
but also had an impact on the genetic makeup of Iberians, intro-
ducing substantial Steppe-related ancestry.'"'*?°"?% |n North-
eastern Iberia (current Catalonia, Spain), burial practices from
this period have sparked debates about the relationships among
individuals buried in close proximity. While some scholars argue
that these relationships suggest nuclear family ties®’**%, others
propose a more complex social structure, emphasizing the pos-
sibility of extended family connections or cultural affiliations.?®>?

By the Iron Age (~2.8-2 ka), Iberian populations retained
significant proportions of Steppe-related ancestry, but regional
differences became more pronounced. While some groups
maintained genetic continuity with Bronze Age populations,
others experienced subtle shifts, either through increased
Steppe-related ancestry or influences from the Mediterranean. '

In this study, 25 new individuals from MDB were genetically
analyzed. Two Middle Neolithic individuals (MDB_MN) associ-
ated with the post-Cardial culture were recovered from the
same burial (E88) (Figure 1), while 23 Early Bronze Age individu-
als (MDB_EBA) were unearthed from a hypogeum (E35)
(Figures 1 and 2). This hypogeum consisted of a single cavity ac-
cessed through a vertical pit and was used exclusively for suc-
cessive funerary purposes.’ The scarcity of associated artifacts
hinders precise cultural determination, but the discovery of a
small bronze fragment aligns with the time period. Additionally,
we included three Iron Age individuals (MDB_IA) from two struc-
tures (E448 and E449) that were previously analyzed by Olalde
etal.!!

Using paleogenomic data from MDB, this study aims to: (1) in-
fer kinship relationships among individuals buried in close prox-
imity; (2) explore diachronic genetic changes at MDB; and (3)
contextualize the findings within the broader genetic history of
Iberia and Europe.

RESULTS

Genetic sex, uniparental markers, and kinship in MDB

The two individuals from the Middle Neolithic burial were genet-
ically identified as one male and one female (Table S4).
They were first-degree relatives (Table S8) and shared the
same mitochondrial haplotype, belonging to Kiad4al hap-
logroup (Table S7), suggesting they could be full siblings or a
mother and son. While the male individual carried the Y-chro-
mosome haplogroup 1-Y21979 (I2alalb2~; Tables S5 and
S17), no upstream-derived SNPs within haplogroup | were re-
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covered; therefore, the assignment to 1-Y21979 should be con-
sidered tentative.

Inthe Early Bronze Age hypogeum, genome-wide data was suc-
cessfully recovered for six out of the 23 individuals analyzed
(Table S1), consisting of four males and two females (Table S4).
Additionally, eight mitochondrial genomes were reconstructed,
each belonging to a distinct haplogroup: H3, ROa, H1ela, H1bm,
X2b, U2e1, U5b1, and H1c (Table S7). However, all males carried
Y-chromosome subhaplogroups within the R-M269 (R1b1aib) lin-
eage (Tables S5, S14-16, and S18). While three could be assigned
to more derived subclades—R-P312 (R1b1ailblala2), R-A6484
(R1blalb1ala2cia5c5), and R-Y37285 (R1alalblalala2b~)—
overall haplogroup resolution was limited due to low coverage
and assignments should be interpreted with caution.

Kinship analyses revealed that most Early Bronze Age individ-
uals were unrelated, except for three who shared third-degree
relationships among themselves: a female (MDB_24215) and
two males (MDB_24233 and MDB_24197) (Table S8). We also
observed that the average kinship coefficient of unrelated male
pairs was higher than that of unrelated female and male-female
pairs (Table S13). Only two individuals from MDB_EBA passed
quality thresholds for ROH analysis and none of their profiles
suggested consanguinity or small population size (Figure S1).

Finally, kinship analysis of the two males and one female from
the Iron Age revealed that they were unrelated (Table S8). They
all carried different mitochondrial haplogroups (H, H3, and
J1c1) and the two males had different sub-haplogroups from
the R-M269 lineage, concretely R-P312.""

Genetic affinities within MDB

To explore genetic affinities among MDB individuals over time,
iterations of outgroup f3-statistics of the form f3(Mbuti; Ind1,
Ind2) were conducted and visualized using a multidimensional
scaling analysis of 1 - f3 (Figure 3B). The results revealed a dis-
tinct genetic grouping for MDB_MN, distinguishing them from
others. Notably, the Early Bronze Age hypogeum individuals
who shared third-degree relationships (MDB_24215, MDB_
24233, and MDB_24197) clustered closely together. The remain-
ing Early Bronze Age individuals displayed a gradual genetic shift
toward the three Iron Age individuals.

Neolithic transition in MDB and Iberia

When examining genetic affinities between MDB and ancient
Iberians projected into a PCA with present-day Southwestern
Europeans (Figure 3A), MDB_MN clustered with Iberian individ-
uals from the Neolithic and Chalcolithic, located between
present-day Basques and Sardinians.

The ADMIXTURE analysis (k = 4; Figures 4 and S2) suggests
that MDB_MN had an admixed genetic ancestry comprising a
pre-Neolithic Western Hunter-Gatherer (WHG) component and
a Neolithic ancestry component from Anatolia (Anatolia_N), sim-
ilar to the rest of Neolithic and Chalcolithic Iberia. These signals
were further confirmed through gpAdm ancestry modeling,
which showed that MDB_MN could be modeled as ~77% Ana-
tolia_N and ~23% Iberian_HG (p = 0.9715; Table S10 and
Figure 5A).

To investigate the hunter-gatherer ancestry of MDB_MN, out-
group fs-statistics of the form f3(MDB_MN, Test; Mbuti), where



iScience
Article

¢ CellP’ress

OPEN ACCESS

TARRAGONA

BARCELONA

:l Structrures

Excavations

| REEy
B 1998
M REEH
I 2000
[ 2001
[ ] 2002
B 2004
[ 2005
I 2008

0 0 40 m

L1 1

Contour curves

Torres warehouse

Xavier Esteve ©

Figure 1. Location and topography of Mas d’en Boixos in the Catalan pre-littoral depression of the Penedés region (Barcelona, Catalonia,

Spain) and the positions of the archaeological structures discussed in this study
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Figure 2. The Early Bronze Age hypogeum (E35) from MDB

Test rotates through different Iberian_HG, was computed. In this
analysis, we observed that MDB_MN shared a higher genetic drift
with the Southeastern Iberian Mesolithic hunter-gatherer from
Cingle_del_Mas_Nou (Valéncia) and to the Central Portuguese
Late Mesolithic hunter-gatherer from Moita_do_Sebastido, de-
spite low Z scores. These were followed by Los_Canes and
La_Brafa (Northern Iberia) with higher Z scores (Figure S3). These
individuals are more closely related to post-LGM hunter-gatherers
than Magdalenian-related hunter-gatherers. Additionally, gpAdm
ancestry modeling using WHG (Luxembourg_Loschbour and
Hungary_EN_HG_Koros) instead of Iberian_HG as a source, did
not necessarily require Goyet_Q2 as an additional third compo-
nent (o = 0.2118), even though it improved the model fit (p =
0.7751; Table S10).

Bronze Age transition in MDB, Iberia, and Western
Eurasia

All Early Bronze Age and Iron Age individuals from MDB showed
a genetic shift from the Neolithic and Chalcolithic pattern ob-
served in PCA. Concretely, MDB_EBA and MDB_IA clustered
with Iberian individuals from the Bronze and Iron Age periods,
moving toward present-day Spanish (Figure 3A).

The Steppe-related ancestry, represented by Russia_
Samara_EBA_Yamnaya, was present in most Iberians from the
Bronze and Iron Ages, including MDB_EBA and MDB_IA, as
evidenced by ADMIXTURE analysis (Figure 4) and f4-statistics
of the form f4(Anatolia_N, test; Russia_Samara_EBA_Yamnaya,
Mbuti), where Test iterated through each MDB individual
(Figure 3C).

Admixture modeling of a distal framework with WHG, Anato-
lia_N and Russia_Samara_EBA_Yamnaya as sources did not ex-
plain the genetic ancestry of MDB_EBA (Table S11), however it
fitted MDB_IA (p = 0.1367), and the model improved when in-
cluding Iberian_HG as an additional fourth source (p = 0.8057;
Table S12). While semiproximal frameworks that included Iber-
ia_C (instead of WHG and Anatolia_N) as well as Russia_
Samara_EBA_Yamnaya or Germany_BellBeaker also explained
the genetic ancestry of MDB_IA (p = 0.7599 and p = 0.7932, re-
spectively; Table S12 and Figure 5A), these models still failed for
MDB_EBA (Tables S11). Instead, MDB_EBA was best fitted by
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three-source models (Table S11). When using Iberia_C and
Russia_Samara_EBA_Yamnaya, the best-fitting models in-
cluded Italy_C and Iran_N as additional sources (p = 0.2986
and p = 0.1408, respectively). Alternatively, when using Iberia_C
and Germany_BellBeaker, the best-fitting models included
Iran_N and Iran_C (p = 0.2028 and p = 0.1525, respectively;
Figure 5A).

To explore a more proximal framework, we used |beria_C_
oSteppe (Northern Iberians from the Chalcolithic representing
the earliest evidence of Steppe-related ancestry in the Peninsula),
which provided insight into the genetic variation of MDB_EBA
(Table S11). The best-fitting models included: (1) Iran_N as the
most distal additional source (p = 0.1974); (2) Italy_C and Le-
vant_C as the most semiproximal (p = 0.4657 and p = 0.2283, re-
spectively); and (3) CentralMediterraneanislands_BA and
Jordan_BA as the most proximal (p = 0.2420 and p = 0.2414, re-
spectively). These affinities with Central and Eastern Mediterra-
nean populations were further supported by f-statistics
(Figure S4). Interestingly, MDB_IA was solely explained with
Iberia_C_oSteppe (Table S11).

We further investigated the Steppe-related ancestry component
in Bronze Age Iberians using f4-ratios of the form of f4(Russia_
Samara_EBA_Yamnaya, Mbuti; test, Morocco_lberomaurusian)/
f4(Russia_Samara_EBA_Yamnaya, Mbuti; Anatolia_N, Morocco_
Iberomaurusian), excluding individuals with absolute Z scores
higher than twice their standard error. Most f,-ratios exceeded 1,
indicating, as expected, higher Russia_Samara_EBA_Yamnaya
ancestry than Anatolia_N relative to Morocco_lberomaurusian. A
nuanced decrease in Russia_Samara_EBA_Yamnaya ancestry
was observed southwards in Iberia (Figure 5B), being higher near
the Pyrenees and lower in Southern Iberia.

To explore the Bronze Age transition in Iberia relative to other
European populations, two outgroup f3-statistics per individual
were computed: f3(Mbuti; Anatolia_N, Test) on the x-axis and
f3(Mbuti; Russia_Samara_EBA_Yamnaya, Test) on the y-axis
(Figure 5C), revealing a north-south cline of clusters. A cluster in-
cluding individuals from the British Isles, Scandinavia, North-
eastern and Eastern Europe had the highest shared drift with
Russia_Samara_EBA_Yamnaya (shades of blue). This cline
was followed by Central and Western Europeans with wide dis-
tributions (light gray and beige). An extended cluster with a pro-
nounced cline included Southeastern Europeans, ltalians, and
Iberians (shades of pink), including diverse MDB_EBA individu-
als. The closest cluster to Iberia comprised Mediterranean and
Aegean individuals (shades of amber).

DISCUSSION

Middle Neolithic burial

While the anthropological study identified two females in the
Middle Neolithic burial associated with the post-Cardial culture
(E88), genetic analyses revealed one male and one female.
These individuals were first-degree relatives and shared the
same mitochondrial haplotype associated to the K1a4a1 hap-
logroup. Given the evidence for simultaneous or closely timed
burials, the anthropological description suggests that they
were likely siblings or a mother-son pair, as these appear to be
the most parsimonious explanations.
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Figure 3. Genetic structure and ancestry transitions in ancient Iberia and MDB

(A) PCA of present-day Western Europeans (light gray) with projected ancient Iberians as colored circles (Upper Palaeolithic (UP) and Mesolithic (M) Iberian
Hunter-Gatherers, N: Neolithic; C: Chalcolithic; BA: Bronze Age; and IA: Iron Age), including the MDB individuals as colored diamonds.

(B) Iterations of outgroup f5-statistics of the form f5 (Mbuti; Ind1, Ind2) visualized in a multidimensional scaling analysis of 1 - f5.

(C) f4-statistics are displayed as the mean + 1-SD with gray bars representing Z scores <3 and black bars Z scores >3. Results show an increased affinity to
Russia_Samara_EBA_Yamnaya (absent in MDB_MN) which implies the presence of Steppe-related ancestry in MDB_EBA and MDB_IA. This plot also shows the
turnover in Y-chromosome lineages in male individuals (color-filled squares) and the origin of their mtDNA haplogroups.

The genetic profile of MDB_MN aligns with previous research
on the Iberian Peninsula, indicating admixture between local
hunter-gatherers and Anatolian farmers.''~'%'°?* This conclu-
sion is further supported by analysis of uniparentally-inherited
markers. In Iberia, other Neolithic individuals have been
found carrying the Kila4al subhaplogroup.'®'"?1:26:33:34

Interestingly, the same subhaplogroup—but a slightly different
haplotype—was found in a Chalcolithic sample from the Paris
Street archaeological site in Cerdanyola del Vallgs,”® only
~52 km away from MDB. In fact, it has been suggested that
the mitochondrial haplogroup Kia probably reached the Euro-
pean continent ~8 ka during migrations of Early Neolithic
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Figure 4. Ancestry proportions estimated with a supervised ADMIXTURE at k = 4, with the four predefined ancestries being Western Hunter-
Gatherers (WHG), Turkish individuals from the Neolithic representing the Anatolian Farmers ancestry (Anatolia_N), Bronze Age Eurasians
from the Yamnaya culture representing the Steppe-related ancestry (Russia_Samara_EBA_Yamnaya) and present-day African individuals
being proxy for Sub-Saharan ancestry (Mbuti) with ancient Iberians from the pre-Neolithic (hunter-gatherers; HG), Neolithic (N), Chalcolithic

(C), Bronze Age (BA) and Iron Age (IA)

Southwestern Asians through continental and Mediterranean
routes.®335%7

The Middle Neolithic male from MDB carried the I-Y21979
(I2atalb2~) Y-chromosome subhaplogroup. It has been sug-
gested that I-L460 (I12a1) lineages were already present among
Central European hunter-gatherers®'***° and were later assimi-
lated by the aforementioned wave of Eastern Mediterranean
Neolithic farmers moving westward, who were associated with
mitochondrial haplogroup Ki1a and Y-chromosome haplogroup
G-P15 (G2a). In fact, Southeastern and Southwestern European
farmers from the StarCevo culture—which gave rise to the
Linear Pottery culture (LBK)—and the Cardial Ware culture
carried both 1-L460 (specifically, I-P37.2/12a1a) and G-P15
lineages.”"'9:21:85:38:39.41.92 |nterestingly, Olalde et al. (2015)'°
suggested that populations related to the Cardial and Linear Pot-
tery cultures were descended from a common farming popula-
tion in the Balkans, which had subsequently migrated further
westwards into Europe along the Mediterranean coast and Dan-
ube river. The Cardial-related individuals were found to be most
closely related to present-day Sardinians and Basques.'® Indeed
here, the nuclear genetic information of the studied post-Cardial
individuals from MDB corroborates this affinity.

Finally, the low persistence of Upper Palaeolithic Magdalenian
ancestry in MDB_MN aligns with similar findings from continental
Europe, as well as Northern and Northeastern Iberia.''~'%16:19
However, further sampling of Upper Palaeolithic, Mesolithic,
and Neolithic Iberian populations is necessary to fully under-
stand the genetic landscape of the Iberian hunter-gatherer
ancestry over time.

Early Bronze Age hypogeum and the Bronze Age
transition in Iberia

In Northeastern Iberia, the Bronze Age is marked by distinct
burial practices between coastal and mountainous regions.
Coastal sites such as MDB are primarily characterized by pit
graves and hypogea, reflecting collective burial practices typi-
cal of lowland and coastal areas. In contrast, mountainous
regions, like Montanissell,*° are associated with megalithic
constructions such as dolmens, alongside the use of natural

6 iScience 28, 112871, July 18, 2025

features like caves and caverns for burials. These patterns align
with broader trends observed across Europe, where coastal
areas often feature simpler burial practices, while mountainous
regions are characterized by monumental and collective funer-
ary structures, emphasizing the influence of geography on so-
cial and ritual practices. It has been previously hypothesized
that individuals found in these collective burials—regardless
of whether they were part of caves, pits, or more complex fu-
nerary structures—were part of nuclear family ties.>”*® How-
ever, an extended family structure unifying kinship and culture
in small societies was suggested in Montanisell®® and might
also be the case in MDB.

Eight individuals with diverse mitochondrial haplogroups and
low levels of consanguinity were identified. Notably, all males
likely shared the same Y-chromosome lineage. Additionally,
three third-degree relationships were detected, involving one fe-
male and two males. We also observed that the average kinship
coefficient among unrelated male pairs was higher than that of
unrelated female and male-female pairs. These findings suggest
an extended kinship network and align with the possibility of a
patrilocal society characterized by possible female exogamy, a
pattern previously observed in Southeastern Iberia during the
Bronze Age.*®

Most of the MDB_EBA individuals carried maternal lineages
(H1, H3, and U5) that were previously reported for Neolithic
and Chalcolithic Iberians and probably expanded throughout
Europe after the LGM from the Iberian/Franco-Cantabrian
refugium.**~*" Furthermore, one individual carried a lineage
that arrived in Iberia during the Neolithic transition (X2b)'® and
while little is known about the subhaplogroup H1bm, it has
been found in Turkmenistan_EN,** Germany LN*® and
Spain_BA*® and Crete_BA.“° Notably, MDB_ 24194 carried a
previously unreported mtDNA linage in ancient Iberia, U2e1,
that has higher affinity to Palaeolithic/Mesolithic Eastern
Hunter-Gatherers (EHG) and Bronze Age Yamnaya culture, but
not to Neolithic farmers.°®>" Additionally, haplogroups H1b
and Hic, also present in MDB_EBA, are commonly found in
Eastern European populations.®*> Hence, these maternal line-
ages indicate a degree of Steppe-related affinity in MDB_EBA.
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(C) Outgroup f-statistics of the form f3(Mbuti; Pop, X) showing the amount of shared drift between the ancient individuals (X) with Turkish individuals from the
Neolithic representing the Anatolian Farmers ancestry (Anatolia_N; x-axis) and Bronze Age Eurasians from the Yamnaya culture representing the Steppe ancestry
(Russia_Samara_EBA_Yamnaya; y-axis). Clusters of individuals are represented in shades of blue, pink, and amber from the top-left to the bottom-right. The

MDB individuals are represented as colored diamonds.

Furthermore, all MDB_EBA males carried Y-chromosome
subhaplogroups within the R-M269 (R1b1a1b) lineage, which
is prevalent in individuals associated with the Steppe Yamnaya
culture and associated with the spread of some Indo-European
languages.®' In Iberia, it has been suggested that there was a
Y-chromosome turnover during the Bronze Age with the arrival
of the Steppe-related ancestry,’"?>?® which we also observed
when comparing MDB_EBA from MDB_MN.

In fact, Martiniano et al.>* analyzed three Middle Bronze Age
Portuguese males who carried R-M269 Y-chromosome hap-
logroups and Neolithic Iberian maternal lineages (H1+152,
U5b3, and X2b+226), similar to some individuals from the
MDB_EBA group. However, these individuals exhibited mark-
edly lower Steppe-related ancestry compared to populations in
Central and Northern Iberia. A similar pattern was observed in
some Southeastern Iberians reported by Villalba-Mouco
et al..?® Martiniano et al.>* proposed that Indo-European
R-M269 males entered Iberia around 3.8 ka as a small group
of migrants, forming familial relationships with local females

and gradually reducing their Steppe-related ancestry with each
generation. Within a few centuries, this process resulted in only
trace levels of Steppe-related ancestry. Our findings also reveal
a subtle southward gradient in Steppe-related ancestry across
Iberia, with higher levels near the Pyrenees and diminishing fur-
ther south. Notably, Iberia exhibits some of the lowest Steppe-
related ancestry in Europe, surpassed only by Italy and the Med-
iterranean islands.

Even though the Bronze Age transition has been suggested to
have been male driven,’’ some mitochondrial lineages associ-
ated with Eastern European populations have been detected in
MDB_EBA, suggesting that females were probably migrating
as well. In fact, Villalbba-Mouco et al.*® did not find any signal
for a male-biased Steppe-related ancestry in Bronze Age Iberia.

Finally, the ROa mtDNA haplogroup was found in an MDB male
and it was reported for the first time in ancient Iberia by Villalba-
Mouco et al..?® In present-day populations, this haplogroup is
more frequent in the Arabian Peninsula, but it has also been
found in ancient individuals from the Eastern Mediterranean, as
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well as Ukraine Yamnaya and Sicilian Bell Beakers. While Gan-
dini et al.>* suggested that it might represent a relic of Late Gla-
cial or postglacial dispersals around the Mediterranean, Villalba-
Mouco and colleagues suggested that the Mediterranean region
was a route of dissemination during the Chalcolithic and Early
Bronze Age as R0a has not been found in Central Europe. More-
over, Villalba-Mouco and colleagues also detected an excess of
Iran_N-like ancestry in populations from the Chalcolithic and
Early Bronze Age in Southeastern Iberia in the same way as other
Chalcolithic and Bronze Age Eastern and Central Mediterranean
populations,?® suggesting a Mediterranean influence in the pen-
insula. Interestingly, the only suitable frameworks in admixture
modeling for MDB_EBA included Mediterranean populations
as an additional source, further supporting this Mediterranean in-
fluence at least before or during the Early Bronze Age period in
Northeastern Iberia, contrasting with its absence in MDB_MN.

IA burials

Nowadays, Spaniards and Portuguese carry higher Steppe an-
cestry proportions than Bronze Age Iberians meaning that other
posterior migrations took place after the Bronze Age. The two
males and the female previously analyzed by Olalde et al."" had
different mitochondrial haplogroups (H, H3, and J1c1), were unre-
lated and the males had R-M269 Y-chromosome haplogroups.
The three individuals were relatively distinct from each other and
closer to the Early Bronze Age individuals than the Middle Neo-
lithic individuals. These three individuals as well as the rest of
the previously published Spanish Iron Age individuals generally
had a higher Steppe-related ancestry than previous periods. Inter-
estingly, the Iran_N-like ancestry was not found in these individu-
als, indicating a lack of Mediterranean influence during this period
and a dissipation of such ancestry over the generations in MDB.
However, it has to be noted that the small sample size of only three
individuals from the site may not be representative enough to
draw definitive conclusions. Actually, little is known about Iron
Age Iberia from a genetic standpoint, as the most common funer-
ary practice was cremation,® which is not favorable for DNA pres-
ervation. Hence, it is still not known if the previously published
Spanish Iron Age individuals (n = 24) are representative of the
main Iron Age Iberian population.

Limitations of the study

Despite the comprehensive genetic analysis performed, this
study has some limitations. The relatively low coverage for
some male individuals restricted the resolution of Y-chromo-
some haplogroup assignments and limited the ability to detect
finer-scale kinship structure. Additionally, the scarcity of associ-
ated grave goods and contextual archaeological information for
some burials makes precise cultural interpretations challenging.
Finally, although the sample size is substantial for the site, it may
not fully capture the broader genetic diversity or demographic
dynamics of the wider region during these periods.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will
be fulfilled by the lead contact: Cristina Santos (Cristina.Santos@uab.cat).

8 iScience 28, 112871, July 18, 2025

iScience

Materials availability
This study did not generate new reagents.

Data and code availability
@ Data: The raw sequencing data and the processed aligned sequences
are available through the Sequence Read Archive (SRA), BioProject:
PRJNA1244027; the genotype dataset is available as a Data S1.
® Code: This paper does not report original code.
@ Other items: The dataset of previously published ancient and modern
individuals®® is accessible at https:/reich.hms.harvard.edu/datasets.

ACKNOWLEDGMENTS

Part of the laboratory work was conducted at The University of Adelaide with
support from Holly Heininger, Vilma Pérez, Corinne Mensforth, Navdeep Kaur,
and Gemma Harvey. Computational analyses were conducted using super-
computing resources provided by the Phoenix HPC service at the University
of Adelaide. The Spanish Ministry of Science and Innovation supported the
project (PID2022-136748NB-100, “Demographic and Social Organization, Mo-
bility, Kinship, and Disease during the Bronze Age: The Challenge of Collective
Burials (ColBAB)”) through the Proyectos de Generacion del Conocimiento
2022. The Australian Research Council though BL Future Fellowship
(FT170100448). We sincerely thank the two anonymous reviewers for their in-
sightful and constructive comments.

AUTHOR CONTRIBUTIONS

Conceptualization and design: C.S., A.M., and B.L.; archaeological and
anthropological contextualization: N.A. and X.E.; laboratory work: X.R.-R., D.
C.V.-E., L.T., and B.L.; data analysis: X.R.-R., R.D., D.R.C.-A., and S.R.; inter-
pretation: all authors; manuscript writing: X.R.-R.; and manuscript editing: all
authors.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STARx*METHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o METHOD DETAILS
o Ancient DNA laboratory work
o Shotgun sequencing data processing
o Deep shotgun sequencing and library enrichment
o Ancient genomic data processing
® QUANTIFICATION AND STATISTICAL ANALYSES
Genetic sex determination
Y-chromosome
Mitochondrial DNA
Kinship analysis
Runs of homozygosity
Population genetic analysis

O O O O O O

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.
2025.112871.

Received: December 21, 2024
Revised: April 1, 2025
Accepted: June 6, 2025
Published: June 11, 2025


mailto:Cristina.Santos@uab.cat
https://reich.hms.harvard.edu/datasets
https://doi.org/10.1016/j.isci.2025.112871
https://doi.org/10.1016/j.isci.2025.112871

iScience

REFERENCES

10.

11.

12.

13.

14.

15.

. Bouso, M., Esteve, X., Farré, J., Feliu, J.M., Palomo, A., Rodriguez, A.,

Senabre, M.R., and Mestres, J. (2004). Del Bronze inicial a la depressio
prelitoral catalana: Can Roqueta (Sabadell, Vallés Occidental) i Mas d’en
Boixos-1 (Pacs del Penedés, Alt Penedés). CYPSELA 15, 73-101.

. Pascual, M.P., and Mercadé, J.M. (2016). Mas d’en Boixos (Pacs del Pe-

nedeés, Alt Penedeés). In Resultats de la campanya d’intervencié arqueo-
logica de l'any 2008, 2071 (Jornades d’Arqueologia del Penedés),
pp. 137-148.

. Farré, J., Mestres, J., Senabre, M.R., and Feliu, J.M. El jaciment de Mas

d’en Boixos (Pacs del Penedes, Alt Penedés). Un espai utilitzat des del
Neolitic fins a I'época ibérica, Generalitat de Catalunya.

. Broushaki, F., Thomas, M.G., Link, V., Lopez, S., van Dorp, L., Kirsanow,

K., Hofmanova, Z., Diekmann, Y., Cassidy, L.M., Diez-del-Molino, D., et al.
(2016). Early Neolithic genomes from the eastern Fertile Crescent. Science
353, 499-5083. https://doi.org/10.1126/science.aaf7943.

. Skoglund, P., Malmstrém, H., Raghavan, M., Stor4, J., Hall, P., Willerslev,

E., Gilbert, M.T.P., Gétherstrom, A., and Jakobsson, M. (2012). Origins
and Genetic Legacy of Neolithic Farmers and Hunter-Gatherers in Europe.
Science 336, 466-469. https://doi.org/10.1126/science.1216304.

. Lazaridis, |., Nadel, D., Rollefson, G., Merrett, D.C., Rohland, N., Mallick,

S., Fernandes, D., Novak, M., Gamarra, B., Sirak, K., et al. (2016). Genomic
insights into the origin of farming in the ancient Near East. Nature 536,
419-424. https://doi.org/10.1038/nature19310.

. Mathieson, |., Lazaridis, I., Rohland, N., Mallick, S., Patterson, N., Rooden-

berg, S.A., Harney, E., Stewardson, K., Fernandes, D., Novak, M., et al.
(2015). Genome-wide patterns of selection in 230 ancient Eurasians. Na-
ture 528, 499-503. https://doi.org/10.1038/nature16152.Genome-wide.

. Omrak, A., Gunther, T., Valdiosera, C., Svensson, E.M., Malmstrom, H.,

Kiesewetter, H., Aylward, W., Stor4, J., Jakobsson, M., and Gétherstrém,
A. (2016). Genomic Evidence Establishes Anatolia as the Source of the
European Neolithic Gene Pool. Curr. Biol. 26, 270-275. https://doi.org/
10.1016/j.cub.2015.12.019.

. Llamas, B., Rada, X.R., and Collen, E. (2020). Ancient DNA helps trace the

peopling of the world. Biochem 42, 18-22. https://doi.org/10.1042/
BIO04201018.

Lipson, M., Szécsényi-Nagy, A., Mallick, S., Pdsa, A., Stégmar, B., Keerl,
V., Rohland, N., Stewardson, K., Ferry, M., Michel, M., et al. (2017). Parallel
palaeogenomic transects reveal complex genetic history of early Euro-
pean farmers. Nature 557, 368-372. https://doi.org/10.1038/nature24476.

Olalde, I., Mallick, S., Patterson, N., Rohland, N., Villalba-Mouco, V., Silva,
M., Dulias, K., Edwards, C.J., Gandini, F., Pala, M., et al. (2019). The ge-
nomic history of the Iberian Peninsula over the past 8000 years. Science
363, 1230-1234.

Villalba-Mouco, V., van de Loosdrecht, M.S., Posth, C., Mora, R., Marti-
nez-Moreno, J., Rojo-Guerra, M., Salazar-Garcia, D.C., Royo-Guillén, J.
I., Kunst, M., Rougier, H., et al. (2019). Survival of Late Pleistocene
Hunter-Gatherer Ancestry in the Iberian Peninsula. Curr. Biol. 29, 1169-
1177.e7. https://doi.org/10.1016/j.cub.2019.02.006.

Roca-Rada, X., Davidson, R., Williams, M.P., Ravishankar, S., Collen, E.,
Haarkoétter, C., Taufik, L., Carvalho, A.F., Villalba-Mouco, V., Cuesta-
Aguirre, D.R., et al. (2024). The Genetic History of Portugal over the Past
5,000 Years. Preprint at bioRxiv. https://doi.org/10.1101/2024.09.12.
612544,

Gelabert, P., Bickle, P., Hofmann, D., Teschler-Nicola, M., Anders, A.,
Huang, X., Himmerle, M., Olalde, I., Fournier, R., Ringbauer, H., et al.
(2025). Social and genetic diversity in first farmers of central Europe.
Nat. Hum. Behav. 9, 53-64. https://doi.org/10.1038/s41562-024-02034-z.

Hofmanova, Z., Kreutzer, S., Hellenthal, G., Sell, C., Diekmann, Y., Diez-
Del-Molino, D., Van Dorp, L., Lépez, S., Kousathanas, A., Link, V., et al.
(2016). Early farmers from across Europe directly descended from Neo-
lithic Aegeans. Proc. Natl. Acad. Sci. USA 113, 6886-6891. https://doi.
org/10.1073/pnas.1523951113.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

¢? CellPress

OPEN ACCESS

Posth, C., Yu, H., Ghalichi, A., Rougier, H., Crevecoeur, |., Huang, Y., Ring-
bauer, H., Rohrlach, A.B., Nagele, K., Villalba-Mouco, V., et al. (2023). Pa-
laeogenomics of Upper Palaeolithic to Neolithic European hunter-gather-
ers. Nature 615, 117-126. https://doi.org/10.1038/s41586-023-05726-0.

Rivollat, M., Rohrlach, A.B., Ringbauer, H., Childebayeva, A., Mendisco,
F., Barquera, R., Szolek, A., Le Roy, M., Colleran, H., Tuke, J., et al.
(2023). Extensive pedigrees reveal the social organization of a Neolithic
community. Nature 620, 600-606. https://doi.org/10.1038/s41586-023-
06350-8.

Allentoft, M.E., Sikora, M., Fischer, A., Sjégren, K.-G., Ingason, A., Ma-
cleod, R., Rosengren, A., Schulz Paulsson, B., Jarkov, M.L.S., Novosolov,
M., et al. (2024). 100 ancient genomes show repeated population turn-
overs in Neolithic Denmark. Nature 625, 329-337. https://doi.org/10.
1038/s41586-023-06862-3.

Olalde, 1., Schroeder, H., Sandoval-Velasco, M., Vinner, L., Lobdn, I.,
Ramirez, O., Civit, S., Garcia Borja, P., Salazar-Garcia, D.C., Talamo, S.,
et al. (2015). A common genetic origin for early farmers from mediterra-
nean cardial and central european LBK cultures. Mol. Biol. Evol. 32,
3132-3142. https://doi.org/10.1093/molbev/msv181.

Allentoft, M.E., Sikora, M., Sjogren, K.G., Rasmussen, S., Rasmussen, M.,
Stenderup, J., Damgaard, P.B., Schroeder, H., Ahistrom, T., Vinner, L.,
et al. (2015). Population genomics of Bronze Age Eurasia. Nature 522,
167-172. https://doi.org/10.1038/nature14507.

Haak, W., Lazaridis, |., Patterson, N., Rohland, N., Mallick, S., Llamas, B.,
Brandt, G., Nordenfelt, S., Harney, E., Stewardson, K., et al. (2015). Mas-
sive migration from the steppe was a source for Indo-European languages
in Europe. Nature 522, 207-211. https://doi.org/10.1038/nature14317.

Lazaridis, |., Alpaslan-Roodenberg, S., Acar, A., Agikkol, A., Agelarakis, A.,
Aghikyan, L., Akytz, U., Andreeva, D., Andrijasevi¢, G., Antonovi¢, D.,
et al. (2022). The genetic history of the Southern Arc: A bridge between
West Asia and Europe. Science 377, eabmd4247. https://doi.org/10.
1126/science.abm4247.

Valdiosera, C., Gunther, T., Vera-Rodriguez, J.C., Urefia, |., Iriarte, E., Ro-
driguez-Varela, R., Simdes, L.G., Martinez-Sanchez, R.M., Svensson, E.
M., Malmstrém, H., et al. (2018). Four millennia of Iberian biomolecular pre-
history illustrate the impact of prehistoric migrations at the far end of Eur-
asia. Proc. Natl. Acad. Sci. USA 115, 3428-3433. https://doi.org/10.1073/
pnas.1717762115.

Martiniano, R., Cassidy, L.M., O’Maolddin, R., Mclaughlin, R., Silva, N.M.,
Manco, L., Fidalgo, D., Pereira, T., Coelho, M.J., Serra, M., et al. (2017).
The population genomics of archaeological transition in west Iberia: Inves-
tigation of ancient substructure using imputation and haplotype-based
methods. PLoS Genet. 13, e1006852.

Villalba-Mouco, V., Oliart, C., Rihuete-Herrada, C., Childebayeva, A.,
Rohrlach, A.B., Fregeiro, M.I., Celdran Beltran, E., Velasco-Felipe, C.,
Aron, F., Himmel, M., et al. (2021). Genomic transformation and social or-
ganization during the Copper Age-Bronze Age transition in southern Ibe-
ria. Sci. Adv. 7, eabi7038.

Olalde, 1., Brace, S., Allentoft, M.E., Armit, |., Kristiansen, K., Booth, T.,
Rohland, N., Mallick, S., Szécsényi-Nagy, A., Mittnik, A., et al. (2018).
The Beaker Phenomenon and the Genomic Transformation of Northwest
Europe. Nature 555, 190-196.

Loépez, J.B., Malgosa, A., and Gallart, J. (2005). Cova de Montanissell
(Sallent-Coll de Nargo, Alt Urgell). Operacié: «Senyora de les muntanyes».
Cota Zero 20, 27-36.

Haak, W., Brandt, G., de Jong, H.N., Meyer, C., Ganslmeier, R., Heyd, V.,
Hawkesworth, C., Pike, AW.G., Meller, H., and Alt, K.W. (2008). Ancient
DNA, Strontium isotopes, and osteological analyses shed light on social
and kinship organization of the Later Stone Age. Proc. Natl. Acad. Sci.
USA 105, 18226-18231.

Gilbert, M.T.P., Djurhuus, D., Melchior, L., Lynnerup, N., Worobey, M., Wil-
son, A.S., Andreasen, C., and Dissing, J. (2007). mtDNA from hair and nail
clarifies the genetic relationship of the 15th century Qilakitsog Inuit

iScience 28, 112871, July 18, 2025 9



http://refhub.elsevier.com/S2589-0042(25)01132-0/sref1
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref1
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref1
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref1
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref2
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref2
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref2
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref2
https://doi.org/10.1126/science.aaf7943
https://doi.org/10.1126/science.1216304
https://doi.org/10.1038/nature19310
https://doi.org/10.1038/nature16152.Genome-wide
https://doi.org/10.1016/j.cub.2015.12.019
https://doi.org/10.1016/j.cub.2015.12.019
https://doi.org/10.1042/BIO04201018
https://doi.org/10.1042/BIO04201018
https://doi.org/10.1038/nature24476
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref11
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref11
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref11
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref11
https://doi.org/10.1016/j.cub.2019.02.006
https://doi.org/10.1101/2024.09.12.612544
https://doi.org/10.1101/2024.09.12.612544
https://doi.org/10.1038/s41562-024-02034-z
https://doi.org/10.1073/pnas.1523951113
https://doi.org/10.1073/pnas.1523951113
https://doi.org/10.1038/s41586-023-05726-0
https://doi.org/10.1038/s41586-023-06350-8
https://doi.org/10.1038/s41586-023-06350-8
https://doi.org/10.1038/s41586-023-06862-3
https://doi.org/10.1038/s41586-023-06862-3
https://doi.org/10.1093/molbev/msv181
https://doi.org/10.1038/nature14507
https://doi.org/10.1038/nature14317
https://doi.org/10.1126/science.abm4247
https://doi.org/10.1126/science.abm4247
https://doi.org/10.1073/pnas.1717762115
https://doi.org/10.1073/pnas.1717762115
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref24
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref24
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref24
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref24
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref24
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref25
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref25
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref25
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref25
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref25
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref26
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref26
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref26
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref26
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref27
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref27
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref27
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref28
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref28
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref28
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref28
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref28

¢? CellPress

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

10

OPEN ACCESS

mummies. Am. J. Phys. Anthropol. 133, 847-853. https://doi.org/10.1002/
ajpa.20602.

Simoén, M., Jordana, X., Armentano, N., Santos, C., Diaz, N., Solérzano, E.,
Lopez, J.B., Gonzalez-Ruiz, M., and Malgosa, A. (2011). The Presence of
Nuclear Families in Prehistoric Collective Burials Revisited: The Bronze
Age Burial of Montanissell Cave (Spain) in the Light of aDNA. Am. J.
Phys. Anthropol. 7146, 406-413. https://doi.org/10.1002/ajpa.21590.

Alt, KW., Zesch, S., Garrido-pena, R., Knipper, C., Szécsényi-Nagy, A.,
Roth, C., Tejedor-Rodriguez, C., Held, P., Garcia-Martinez-de-Lagran, i.,
Navitainuck, D., et al. (2016). A Community in Life and Death: The Late
Neolithic Megalithic Tomb at Alto de Reinoso (Burgos, Spain). PLoS One
11, e0146176. https://doi.org/10.1371/journal.pone.0146176.

Kuhn, J.M.M., Jakobsson, M., and Gunther, T. (2018). Estimating genetic
kin relationships in prehistoric populations. PLoS One 13, e0195491.
https://doi.org/10.1101/100297.

Lacan, M., Keyser, C., Ricaut, F.X., Brucato, N., Tarrus, J., Bosch, A., Gui-
laine, J., Crubézy, E., and Ludes, B. (2011). Ancient DNA suggests
the leading role played by men in the Neolithic dissemination. Proc.
Natl. Acad. Sci. USA 108, 18255-18259. https://doi.org/10.1073/pnas.
1113061108.

Hervella, M., Izagirre, N., Alonso, S., Fregel, R., Alonso, A., Cabrera, V.M.,
and de la Rua, C. (2012). Ancient DNA from Hunter-Gatherer and Farmer
Groups from Northern Spain Supports a Random Dispersion Model for
the Neolithic Expansion into Europe. PLoS One 7, e34417. https://doi.
org/10.1371/journal.pone.0034417.

Lacan, M., Keyser, C., Ricaut, F.X., Brucato, N., Duranthon, F., Guilaine, J.,
Crubézy, E., and Ludes, B. (2011). Ancient DNA reveals male diffusion
through the Neolithic Mediterranean route. Proc. Natl. Acad. Sci. USA
108, 9788-9791. https://doi.org/10.1073/pnas.1100723108.

Brandt, G., Haak, W., Adler, C.J., Roth, C., Szécsényi-Nagy, A., Karimnia,
S., Mdller-Rieker, S., Meller, H., Ganslmeier, R., Friederich, S., etal. (2013).
Ancient DNA Reveals Key Stages in the Formation of Central European Mi-
tochondrial Genetic Diversity. Science 342, 257-261. https://doi.org/10.
1126/science.1241844.

Brandt, G., Szécsényi-Nagy, A., Roth, C., Alt, KW., and Haak, W. (2015). Hu-
man paleogenetics of Europe - The known knowns and the known unknowns.
J. Hum. Evol. 79, 73-92. https://doi.org/10.1016/j.jhevol.2014.06.017.

Szécsényi-Nagy, A., Brandt, G., Haak, W., Keerl, V., Jakucs, J., Mdller-
Rieker, S., Kéhler, K., Mende, B.G., Oross, K., Marton, T., et al. (2015).
Tracing the genetic origin of Europe’s first farmers reveals insights into
their social organization. Proc. Biol. Sci. 282, 20150339. https://doi.org/
10.1098/rspb.2015.0339.

Lazaridis, |., Patterson, N., Mittnik, A., Renaud, G., Mallick, S., Castafeda,
C.A., Sudmant, P.H., Schraiber, J.G., Castellano, S., Lipson, M., et al.
(2014). Ancient human genomes suggest three ancestral populations for
present-day Europeans. Nature 513, 409-413. https://doi.org/10.1016/.
str.2015.01.010.DNA-damage-inducible.

Skoglund, P., Northoff, B.H., Shunkov, M.V., Derevianko, A.P., Pabo, S.,
Krause, J., and Jakobsson, M. (2014). Separating endogenous ancient
DNA from modern day contamination in a Siberian Neandertal. Proc. Natl.
Acad. Sci. USA 111, 2229-2234. https://doi.org/10.1073/pnas.1318934111.

Gamba, C., Jones, E.R., Teasdale, M.D., McLaughlin, R.L., Gonzalez-For-
tes, G., Mattiangeli, V., Domboréczki, L., Kévari, I., Pap, I., Anders, A., et al.
(2014). Genome flux and stasis in a five millennium transect of European
prehistory. Nat. Commun. 5, 5257. https://doi.org/10.1038/ncomms6257.
Mathieson, I., Alpaslan-Roodenberg, S., Posth, C., Szécsényi-Nagy, A.,
Rohland, N., Mallick, S., Olalde, I., Broomandkhoshbacht, N., Candilio,
F., Cheronet, O., et al. (2018). The genomic history of southeastern Eu-
rope. Nature 555, 197-203. https://doi.org/10.1038/nature25778.
Villalba-Mouco, V., Oliart, C., Rihuete-Herrada, C., Rohrlach, A.B., Fre-
geiro, M.I,, Childebayeva, A., Ringbauer, H., Olalde, |., Celdran Beltran,
E., Puello-Mora, C., et al. (2022). Kinship practices in the early state El Ar-
gar society from Bronze Age Iberia. Sci. Rep. 12, 22415. https://doi.org/
10.1038/s41598-022-25975-9.

iScience 28, 112871, July 18, 2025

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

iScience

Achilli, A., Rengo, C., Magri, C., Battaglia, V., Olivieri, A., Scozzari, R., Cru-
ciani, F., Zeviani, M., Briem, E., Carelli, V., et al. (2004). The Molecular Dis-
section of mtDNA Haplogroup H Confirms That the Franco-Cantabrian
Glacial Refuge Was a Major Source for the European Gene Pool. Am. J.
Hum. Genet. 75, 910-918. https://doi.org/10.1086/425590.

Loogvéli, E.L., Roostalu, U., Malyarchuk, B.A., Derenko, M.V., Kivisild, T.,
Metspalu, E., Tambets, K., Reidla, M., Tolk, H.V., Parik, J., et al. (2004).
Disuniting uniformity: A pied cladistic canvas of mtDNA haplogroup H in
Eurasia. Mol. Biol. Evol. 21, 2012-2021. https://doi.org/10.1093/molbev/
msh209.

Pereira, L., Richards, M., Goios, A., Alonso, A., Albarran, C., Garcia, O.,
Behar, D.M., Gélge, M., Hatina, J., Al-Gazali, L., et al. (2005). High-resolu-
tion mtDNA evidence for the late-glacial resettlement of Europe from an
Iberian refugium. Genome Res. 15, 19-24. https://doi.org/10.1101/gr.
3182305.

Garcia, O., Fregel, R., Larruga, J.M., Alvarez, V., Yurrebaso, |., Cabrera, V.
M., and Gonzalez, A.M. (2011). Using mitochondrial DNA to test the hy-
pothesis of a European post-glacial human recolonization from the
Franco-Cantabrian refuge. Heredity 706, 37-45. https://doi.org/10.1038/
hdy.2010.47.

Narasimhan, V.M., Patterson, N., Moorjani, P., Rohland, N., Bernardos, R.,
Mallick, S., Lazaridis, |., Nakatsuka, N., Olalde, |., Lipson, M., et al. (2019).
The formation of human populations in South and Central Asia. Science
365, eaat7487. https://doi.org/10.1126/science.aat7487.

Lazaridis, I., Mittnik, A., Patterson, N., Mallick, S., Rohland, N., Pfrengle,
S., Furtwéngler, A., Peltzer, A., Posth, C., Vasilakis, A., et al. (2017). Ge-
netic origins of the Minoans and Mycenaeans. Nature 548, 214-218.
https://doi.org/10.1038/nature23310.

Juras, A., Chylenski, M., Ehler, E., Malmstrém, H., Zurkiewicz, D.,
Wiodarczak, P., Wilk, S., Peska, J., Fojtik, P., Kralik, M., et al. (2018). Mi-
tochondrial genomes reveal an east to west cline of steppe ancestry in
Corded Ware populations. Sci. Rep. 8, 11603. https://doi.org/10.1038/
s41598-018-29914-5.

Fu, Q., Posth, C., Hajdinjak, M., Petr, M., Mallick, S., Fernandes, D., Furt-
wangler, A., Haak, W., Meyer, M., Mittnik, A., et al. (2016). The genetic his-
tory of Ice Age Europe. Nature 534, 200-205.

Mittnik, A., Wang, C.C., Pfrengle, S., Daubaras, M., Zarina, G., Hallgren, F.,
Allméae, R., Khartanovich, V., Moiseyev, V., Térv, M., et al. (2018). The ge-
netic prehistory of the Baltic Sea region. Nat. Commun. 9, 442. https://doi.
org/10.1038/s41467-018-02825-9.

Saag, L., Vasilyev, S.V., Varul, L., Kosorukova, N.V., Gerasimov, D.V.,
Oshibkina, S.V., Griffith, S.J., Solnik, A., Saag, L., D’atanasio, E., et al.
(2021). Genetic ancestry changes in Stone to Bronze Age transition in
the East European plain. Sci. Adv. 7, eabd6535.

Gandini, F., Achilli, A., Pala, M., Bodner, M., Brandini, S., Huber, G., Egyed,
B., Ferretti, L., Gdbmez-Carballa, A., Salas, A., et al. (2016). Mapping hu-
man dispersals into the Horn of Africa from Arabian Ice Age refugia using
mitogenomes. Sci. Rep. 6, 25472. https://doi.org/10.1038/srep25472.

Lépez-Cachero, F.J. (2011). Cremation Cemeteries in the Northeastern
Iberian Peninsula: Funeral Diversity and Social Transformation during
the Late Bronze and Early Iron Ages. Eur. J. Archaeol. 74, 116-132.
https://doi.org/10.1179/146195711798369382.

Mallick, S., Micco, A., Mah, M., Ringbauer, H., Lazaridis, I., Olalde, I., Pat-
terson, N., and Reich, D. (2024). The Allen Ancient DNA Resource (AADR) a
curated compendium of ancient human genomes. Sci. Data 77, 182.
https://doi.org/10.1038/s41597-024-03031-7.

Meyer, M., Stenzel, U., Myles, S., Prifer, K., and Hofreiter, M. (2007). Tar-
geted high-throughput sequencing of tagged nucleic acid samples. Nu-
cleic Acids Res. 35, €97. https://doi.org/10.1093/nar/gkm566.

Fellows Yates, J.A., Lamnidis, T.C., Borry, M., Andrades Valtuefa, A., Fa-
gernas, Z., Clayton, S., Garcia, M.U., Neukamm, J., and Peltzer, A. (2021).
Reproducible, portable, and efficient ancient genome reconstruction with
nfcore/eager. Peerd 9, e10947-25. https://doi.org/10.7717/peerj.10947.


https://doi.org/10.1002/ajpa.20602
https://doi.org/10.1002/ajpa.20602
https://doi.org/10.1002/ajpa.21590
https://doi.org/10.1371/journal.pone.0146176
https://doi.org/10.1101/100297
https://doi.org/10.1073/pnas.1113061108
https://doi.org/10.1073/pnas.1113061108
https://doi.org/10.1371/journal.pone.0034417
https://doi.org/10.1371/journal.pone.0034417
https://doi.org/10.1073/pnas.1100723108
https://doi.org/10.1126/science.1241844
https://doi.org/10.1126/science.1241844
https://doi.org/10.1016/j.jhevol.2014.06.017
https://doi.org/10.1098/rspb.2015.0339
https://doi.org/10.1098/rspb.2015.0339
https://doi.org/10.1016/j.str.2015.01.010.DNA-damage-inducible
https://doi.org/10.1016/j.str.2015.01.010.DNA-damage-inducible
https://doi.org/10.1073/pnas.1318934111
https://doi.org/10.1038/ncomms6257
https://doi.org/10.1038/nature25778
https://doi.org/10.1038/s41598-022-25975-9
https://doi.org/10.1038/s41598-022-25975-9
https://doi.org/10.1086/425590
https://doi.org/10.1093/molbev/msh209
https://doi.org/10.1093/molbev/msh209
https://doi.org/10.1101/gr.3182305
https://doi.org/10.1101/gr.3182305
https://doi.org/10.1038/hdy.2010.47
https://doi.org/10.1038/hdy.2010.47
https://doi.org/10.1126/science.aat7487
https://doi.org/10.1038/nature23310
https://doi.org/10.1038/s41598-018-29914-5
https://doi.org/10.1038/s41598-018-29914-5
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref51
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref51
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref51
https://doi.org/10.1038/s41467-018-02825-9
https://doi.org/10.1038/s41467-018-02825-9
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref53
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref53
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref53
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref53
https://doi.org/10.1038/srep25472
https://doi.org/10.1179/146195711798369382
https://doi.org/10.1038/s41597-024-03031-7
https://doi.org/10.1093/nar/gkm566
https://doi.org/10.7717/peerj.10947

iScience

59.

60.

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

DI Tommaso, P., Chatzou, M., Floden, E.W., Barja, P.P., Palumbo, E., and
Notredame, C. (2017). Nextflow enables reproducible computational work-
flows. Nat. Biotechnol. 35, 316-319. https://doi.org/10.1038/nbt.3820.
Ewels, P., Magnusson, M., Lundin, S., and Kaller, M. (2016). MultiQC:
Summarize analysis results for multiple tools and samples in a single re-
port. Bioinformatics 32, 3047-3048. https://doi.org/10.1093/bioinfor-
matics/btw354.

. Schubert, M., Lindgreen, S., and Orlando, L. (2016). AdapterRemoval v2:

Rapid adapter trimming, identification, and read merging. BMC Res.
Notes 9, 88. https://doi.org/10.1186/s13104-016-1900-2.

Chen, S. (2023). Ultrafast one-pass FASTQ data preprocessing, quality
control, and deduplication using fastp. iMeta 2, e107. https://doi.org/10.
1002/imt2.107.

Li, H., and Durbin, R. (2010). Fast and accurate long-read alignment with
Burrows-Wheeler transform. Bioinformatics 26, 589-595. https://doi.org/
10.1093/bioinformatics/btp698.

Peltzer, A., Jager, G., Herbig, A., Seitz, A., Kniep, C., Krause, J., and Nie-
selt, K. (2016). EAGER: efficient ancient genome reconstruction. Genome
Biol. 17, 60. https://doi.org/10.1186/s13059-016-0918-z.

Danecek, P., Bonfield, J.K., Liddle, J., Marshall, J., Ohan, V., Pollard, M.O.,
Whitwham, A., Keane, T., McCarthy, S.A., Davies, R.M., and Li, H. (2021).
Twelve years of SAMtools and BCFtools. GigaScience 70, giab008.
https://doi.org/10.1093/gigascience/giab008.

Neukamm, J., Peltzer, A., and Nieselt, K. (2021). DamageProfiler: fast
damage pattern calculation for ancient DNA. Bioinformatics 37, 3652-
3653. https://doi.org/10.1093/bioinformatics/btab190.

Rasmussen, M., Guo, X., Wang, Y., Lohmueller, K.E., Rasmussen, S., Al-
brechtsen, A., Skotte, L., Lindgreen, S., Metspalu, M., Jombart, T., et al.
(2011). An Aboriginal Australian Genome Reveals Separate Human Dis-
persals into Asia. Science 334, 94-98. https://doi.org/10.1126/science.
1211177.

Lamnidis, T.C., Majander, K., Jeong, C., Salmela, E., Wessman, A., Moi-
seyev, V., Khartanovich, V., Balanovsky, O., Ongyerth, M., Weihmann,
A., etal. (2018). Ancient Fennoscandian genomes reveal origin and spread
of Siberian ancestry in Europe. Nat. Commun. 9, 5018. https://doi.org/10.
1038/s41467-018-07483-5.

Ralf, A., Montiel Gonzaélez, D., Zhong, K., and Kayser, M. (2018). Yleaf:
Software for Human Y-Chromosomal Haplogroup Inference from Next-
Generation Sequencing Data. Mol. Biol. Evol. 35, 1291-1294. https://
doi.org/10.1093/molbev/msy032.

Daniel, J., Id, R., Vogel, N.A., Gopalakrishnan, S., Sackett, P.W., and Re-
naud, G. (2023). HaploCart: Human mtDNA haplogroup classification us-
ing a pangenomic reference graph. PLoS Comput. Biol. https://doi.org/10.
1371/journal.pcbi.1011148.

Weissensteiner, H., Forer, L., Fendt, L., Kheirkhah, A., Salas, A., Kronen-
berg, F., and Schoenherr, S. (2021). Contamination detection in sequenc-
ing studies using the mitochondrial phylogeny. Genome Res. 37, 309-316.
https://doi.org/10.1101/GR.256545.119.

Alagamli, E., Naidoo, T., Guler, M.N., Saglican, E., Aktirk, $., Mapelli, 1.,
Vural, K.B., Somel, M., Malmstrom, H., and Gunther, T. (2024). READv2:
advanced and user-friendly detection of biological relatedness in archae-
ogenomics. Genome Biol. 25, 216. https://doi.org/10.1186/s13059-024-
03350-3.

Ringbauer, H., Novembre, J., and Steinriicken, M. (2021). Parental related-
ness through time revealed by runs of homozygosity in ancient DNA. Nat.
Commun. 12, 5425. https://doi.org/10.1038/s41467-021-25289-w.
Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M.A.R.,
Bender, D., Maller, J., Sklar, P., De Bakker, P.LW., Daly, M.J., and
Sham, P.C. (2007). PLINK: A tool set for whole-genome association and
population-based linkage analyses. Am. J. Hum. Genet. 87, 559-575.
https://doi.org/10.1086/519795.

Behr, AA,, Liu, K.Z., Liu-Fang, G., Nakka, P., and Ramachandran, S.
(2016). Pong: Fast analysis and visualization of latent clusters in population

76.

77.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

90.

¢? CellPress

OPEN ACCESS

genetic data. Bioinformatics 32, 2817-2823. https://doi.org/10.1093/bio-
informatics/btw327.

Alfonso, J., Subira, M.E., and Malgosa, A. (2004). Estudi preliminar de les
restes antropologiques del Mas d’en Boixos (Pacs, Alt Penedeés). Tribuna
d’Argueologia 2000-2001 (Generalitat de Catalunya), pp. 33-48.

Reimer, P.J., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Ramsey, C.
B., Buck, C.E., Cheng, H., Edwards, R.L., Friedrich, M., et al. (2013). In-
tCal13 and Marine13 Radiocarbon Age Calibration Curves 0-50,000 Years
cal BP. Radiocarbon 55, 1869-1887. https://doi.org/10.2458/azu_js_rc.
55.16947.

. Reimer, P.J., Austin, W.E.N., Bard, E., Bayliss, A., Blackwell, P.G., Bronk

Ramsey, C., Butzin, M., Cheng, H., Edwards, R.L., Friedrich, M., et al.
(2020). The IntCal20 Northern Hemisphere Radiocarbon Age Calibration
Curve (0-55 cal kBP). Radiocarbon 62, 725-757. https://doi.org/10.
1017/RDC.2020.41.

Llamas, B., Willerslev, E., Orlando, L., and Orlando, L. (2017). Human evo-
lution: a tale from ancient genomes. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 372, 20150484.

Llamas, B., Valverde, G., Fehren-Schmitz, L., Weyrich, L.S., Cooper, A.,
and Haak, W. (2017). From the Field to the Laboratory: Controlling DNA
Contamination in Human Ancient DNA Research in the High-Throughput
Sequencing Era. Sci. Technol. Archaeol. Res. https://doi.org/10.1080/
20548923.2016.

Damgaard, P.B., Margaryan, A., Schroeder, H., Orlando, L., Willerslev, E.,
and Allentoft, M.E. (2015). Improving access to endogenous DNA in an-
cient bones and teeth. Sci. Rep. 5, 11184. https://doi.org/10.1038/
srep11184.

Vinueza-Espinosa, D.C., Santos, C., Martinez-Labarga, C., and Malgosa,
A. (2020). Human DNA extraction from highly degraded skeletal remains:
How to find a suitable method? Electrophoresis 47, 2149-2158. https://
doi.org/10.1002/elps.202000171.

Meyer, M., and Kircher, M. (2010). lllumina sequencing library preparation
for highly multiplexed target capture and sequencing. Cold Spring Harb.
Protoc. 2070. pdb-rot5448.

Oliva, A., Tobler, R., Cooper, A., Llamas, B., and Souilmi, Y. (2021). Sys-
tematic benchmark of ancient DNA read mapping. Brief. Bioinform. 22,
bbab076. https://doi.org/10.1092/bib/bbab076.

Richards, S.M., Hovhannisyan, N., Gilliham, M., Ingram, J., Skadhauge,
B., Heiniger, H., Llamas, B., Mitchell, K.J., Meachen, J., Fincher, G.B.,
et al. (2019). Low-cost cross-taxon enrichment of mitochondrial DNA us-
ing in-house synthesised RNA probes. PLoS One 714, e0209499-18.
https://doi.org/10.1371/journal.pone.0209499.

Davidson, R., Williams, M.P., Roca-Rada, X., Kassadjikova, K., Tobler, R.,
Fehren-Schmitz, L., and Llamas, B. (2023). Allelic bias when performing in-
solution enrichment of ancient human DNA. Mol. Ecol. Resour. 23, 1823-
1840, 00. https://doi.org/10.1111/1755-0998.13869.

Rohland, N., Mallick, S., Mah, M., Maier, R., Patterson, N., and Reich, D.
(2022). Three assays for in-solution enrichment of ancient human DNA at
more than a million SNPs. Genome Res. 32, 2068-2078. https://doi.org/
10.1101/gr.276728.122.

Davidson, R., Roca-Rada, X., Ravishankar, S., Taufik, L., Haarkotter, C.,
Collen, E., Williams, M., Webb, P., Ifan Mahmud, M., Djami, E.N.1., et al.
(2025). Optimised in-solution enrichment of over a million ancient human
SNPs. Genome Biol. 26, 190. https://doi.org/10.1186/s13059-025-
03622-6.

Haarkétter, C., Roca-Rada, X., Saiz, M., Vinueza-Espinosa, D.C., Galvez,
X., Medina-Lozano, M.l., Diaz-Ruiz, D., Alvarez, J.C., Llamas, B., Lorente,
J.A., and Austin, J. (2024). Exploring the Potential of Genome-Wide Hy-
bridization Capture Enrichment for Forensic DNA Profiling of Degraded
Bones. Genes (Basel) 76, 23. https://doi.org/10.3390/genes16010023.

Patterson, N., Moorjani, P., Luo, Y., Mallick, S., Rohland, N., Zhan, Y.,
Genschoreck, T., Webster, T., and Reich, D. (2012). Ancient admixture
in human history. Genetics 792, 1065-1093.

iScience 28, 112871, July 18,2025 11



https://doi.org/10.1038/nbt.3820
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1186/s13104-016-1900-2
https://doi.org/10.1002/imt2.107
https://doi.org/10.1002/imt2.107
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1186/s13059-016-0918-z
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/bioinformatics/btab190
https://doi.org/10.1126/science.1211177
https://doi.org/10.1126/science.1211177
https://doi.org/10.1038/s41467-018-07483-5
https://doi.org/10.1038/s41467-018-07483-5
https://doi.org/10.1093/molbev/msy032
https://doi.org/10.1093/molbev/msy032
https://doi.org/10.1371/journal.pcbi.1011148
https://doi.org/10.1371/journal.pcbi.1011148
https://doi.org/10.1101/GR.256545.119
https://doi.org/10.1186/s13059-024-03350-3
https://doi.org/10.1186/s13059-024-03350-3
https://doi.org/10.1038/s41467-021-25289-w
https://doi.org/10.1086/519795
https://doi.org/10.1093/bioinformatics/btw327
https://doi.org/10.1093/bioinformatics/btw327
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref76
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref76
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref76
https://doi.org/10.2458/azu_js_rc.55.16947
https://doi.org/10.2458/azu_js_rc.55.16947
https://doi.org/10.1017/RDC.2020.41
https://doi.org/10.1017/RDC.2020.41
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref79
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref79
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref79
https://doi.org/10.1080/20548923.2016
https://doi.org/10.1080/20548923.2016
https://doi.org/10.1038/srep11184
https://doi.org/10.1038/srep11184
https://doi.org/10.1002/elps.202000171
https://doi.org/10.1002/elps.202000171
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref83
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref83
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref83
https://doi.org/10.1092/bib/bbab076
https://doi.org/10.1371/journal.pone.0209499
https://doi.org/10.1111/1755-0998.13869
https://doi.org/10.1101/gr.276728.122
https://doi.org/10.1101/gr.276728.122
https://doi.org/10.1186/s13059-025-03622-6
https://doi.org/10.1186/s13059-025-03622-6
https://doi.org/10.3390/genes16010023
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref89
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref89
http://refhub.elsevier.com/S2589-0042(25)01132-0/sref89

¢? CellPress

OPEN ACCESS

STARxMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Ancient skeletal element This study MDB_24195, LP110_3, 103_E35
Ancient skeletal element This study MDB_24197, LP110_5, 463A_E35
Ancient skeletal element This study MDB_24194, LP110_2, 216_E35
Ancient skeletal element This study MDB_24233, LP110_26, IND_8_E35
Ancient skeletal element This study MDB_24212, LP110_6, 701_E35
Ancient skeletal element This study MDB_24215, LP110_9, 104_E35
Ancient skeletal element This study MDB_24227, LP110_21, IND_1_E88
Ancient skeletal element This study MDB_24228, LP110_22, IND_2_E88
Ancient skeletal element This study MDB_24213, LP110_7, 640_E35
Ancient skeletal element This study MDB_24193, LP110_1, 82_E35
Ancient skeletal element This study MDB_24216, LP110_10, 462_E35
Ancient skeletal element This study MDB_24214, LP110_8, 350_E35
Ancient skeletal element This study MDB_24231, LP110_24, IND_19_E35
Ancient skeletal element This study MDB_24223, LP110_17, 264_E35
Ancient skeletal element This study MDB_24232, LP110_25, IND_20_E35
Ancient skeletal element This study MDB_24221, LP110_15, 666_E35
Ancient skeletal element This study MDB_24218, LP110_12, 74_E35
Ancient skeletal element This study MDB_24230, LP110_23, IND_12_E35
Ancient skeletal element This study MDB_24224, LP110_18, IND_10_E35
Ancient skeletal element This study MDB_24219, LP110_13, 463B_E35
Ancient skeletal element This study MDB_24217, LP110_11, 278_E35
Ancient skeletal element This study MDB_24196, LP110_4, 279_E35
Ancient skeletal element This study MDB_24222, LP110_16, IND_11_E35
Ancient skeletal element This study MDB_24225, LP110_19, 329_E35
Ancient skeletal element This study MDB_24220,LP110_14, 193_E35

Chemicals, peptides, and recombinant proteins

T4 DNA ligase

UltraPure™ DNase/RNase-Free Distilled
Water

USER enzyme

UGl

T4 PNK

T4 DNA Polymerase

BST DNA Polymerase

Tango Buffer (10X)

dNTP set (100mM), 8 x 1.25mL
RSA (Albumin from rabbit serum)
10 mM ATP

KAPA HiFi HotStart ReadyMix

Brilliant 11l Ultra-Fast SYBR Green ROX
qPCR Master Mix

Ethanol for molecular biology,200 proof
(absolute)

Herculase Il Fusion DNA Polymerase
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Life Technologies
Life Technologies

E-Freezer
E-Freezer
E-Freezer
E-Freezer
E-Freezer

Life Technologies
Life Technologies
Sigma

E-Freezer

Roche

Integrated Sciences

Thermo Fisher

Integrated Sciences

Cat#EL0012
Cat#10977023

Cat#M5505L
Cat#M0281L
Cat#M0201L
Cat#M0203L
Cat#M0275L
Cat#BY5
Cat#10297117
Cat#A0639-5G
Cat#P0756L
Cat#7958935001
Cat#600892

Cat#FSBBP2818-500

Cat#600677

(Continued on next page)



iScience ¢? CellPress
OPEN ACCESS
Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Platinum™ Tagq DNA Polymerase Thermo Fisher Cat#11304029
High Fidelity
1 M Tris-HCI Buffer ph 7.5 Thermofisher Cat#15567027
2x Hi-RPM Hybridization Buffer (25mL) Integrated Sciences Cat#5190-0403
Fisher Scientific Tween™ 20, Thermo Fisher Cat#FSBBP337100
Fisher BioReagents™
EDTA, 0.5M, pH 8.0 Life Tech Cat#AM9262
Sodium Acetate Sigma Cat#S7899
EZ-Link™ Psoralen-PEG3-Biotin Life Technologies Cat#29986
DMSO Sigma Cat#D8418
Glycogen RNA grade 20mg/ml Life Technologies Cat#R0551
Dnase | E-freezer Cat#MO0303S
Polyethylene glycol 8000 (PEG 8000) VWR Cat#0159-500G
Taqg DNA Polymerase with E-freezer Cat#M0267S
ThermoPol® Buffer
EDTA solution pH 8.0 (0.5 M) for PanReac AppiChem Cat#A4892,1000
molecular biology
Guanidine Hydrochloride BioChemica PanReac AppiChem Cat#A1499,1000
2-Propanol PanReac AppiChem Cat#131090.1611
Sodium acetate, 3M, pH 5.2 Thermo Scientific Cat#J61928.AK
Tween® 20 PanReac AppiChem Cat#A4974,0500
Tris-HCI, 1 M, pH 8,0 Thermo Scientific Cat#J22638.AE
Critical commercial assays
myBaits Expert Human Affinities Arbor Biosciences N/A
Prime Plus Kit
Twist Ancient DNA reagent (TE-94002772) Twist Bioscience Cat#101042
Twist Mitochondrial Panel Twist Bioscience Cat#104562
Twist Binding and Purification Beads kit Twist Bioscience Cat#100984
Twist Hybridization and Wash Kit Twist Bioscience Cat#101026
Twist Wash Buffers kit Twist Bioscience Cat#100846
MinElute Reaction Cleanup Kit Qiagen Cat#28206

(250) ERC buffer

D1000 ScreenTapes (For 112 samples)
AxyPrep Mag PCR clean up Kit

Qubit™ 1X dsDNA HS Assay Kit

Roche Expand Long Range dNTPack kit
Rneasy Minelute reaction cleanup kit (50)
HiScribe™ T7 High Yield RNA Synthesis Kit
NEBNext Magnesium RNA Fragmentation
Module

High Pure Viral Nucleic Acid

Large Volume Kit

Integrated Sciences
Fisher Biotec
Thermo Fisher
Sigma

Qiagen

E-freezer
GeneSearch

Roche Life Science

Cat#5067-5582
Cat#AX-MAG-PCR-CL-50
Cat#Q33231
Cat#4829034001
Cat#74204

Cat#E2040S

Cat#E6150S

Cat#05114403001

Deposited data

Sequencing data

Genotype data
Allen Ancient DNA Resource (AADR) v54.1

This study

This study
Mallick et.*®

Sequence Read Archive (SRA) - BioProject:
PRJNA1244027

Data S1
https://reich.nms.harvard.edu/allen-
ancient-dna-resource-aadr-downloadable-

genotypes-present-day-and-ancient-dna-
data

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

IS1 adapter: A*C*A*C*TCTTTCCCTACACG Meyer et al.®” IDT
ACGCTC

I1S2 adapter: G*T*G*A*CTGGAGTTCAG Meyer et al.>” IDT
ACGTGTGCT

1S3 adapter: A*"G*A*T*CGGAA*G*A*G*C Meyer et al.”” IDT
1S6: CAAGCAGAAGACGGCATACGA Meyer et al.”” IDT
1S5: AATGATACGGCGACCACCGA Meyer et al.”” IDT
IS7: ACACTCTTTCCCTACACGAC Meyer et al.”” IDT
1S8: GTGACTGGAGTTCAGACGTGT Meyer et al.”” IDT
M655-H2698-tailT7 (fwd): AATT N/A IDT
GTAATACGACTCACTATAGGGT

TGACCTGCCCGTGAAGAGG

M656-L8351 (rev): TTGGGGCATTTCA N/A IDT
CTGTAAAGAGG

M657-H7801-tailT7 (fwd): AATTGTAA N/A IDT
TACGACTCACTATAGGGCTA

TCCTGCCCGCCATCATC

M658-L14267 (rev): GAGGGGT N/A IDT
CAGGGTTGATTCG

M698-H13305 (fwd): TCGGCA N/A IDT
TCAACCAACCACAC

M699-L3407-tailT7 (rev): AATTG N/A IDT
TAATACGACTCACTATAGGGT

ACAACGTTGGGGCCTTTGC

Software and algorithms

bcl2fastq v2.19.1 N/A https://support.illumina.com/content/dam/

nf-core/eager v2.4.5
Nextflow v21.03.0.edge
FastQC v0.11.9
MultiQC v1.13.dev0
AdapterRemoval v2.3.2

fastP v0.20.1
BWA v0.7.17-r1188
circulargenerator v1.0

Samtools v1.12

DeDup v0.12.8
sequenceTools v1.4.0.6
DamageProfiler v0.4.9
bamuUtil v1.0.15

angsd v0.935
sexdeterrmine v1.1.2
Picard v2.26.0

Yleaf
Geneious v2022.1.1
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Fellows Yates et al.®

Di Tommaso et al.>®
https://github.com/s-andrews/FastQC
Ewels et al.®°

Schubert et al.®’

Chen®?
Li et al.®®

Peltzer et al.®

Danecek et al.®®

Peltzer et al.®*
https://github.com/stschiff/sequenceTools
Neukamm et al.®®
https://github.com/statgen/bamuUtil

Rasmussen et al.®”

Lamnidis et al.®
http://broadinstitute.github.io/picard/
index.html

Ralf et al.®>"°

https://www.geneious.com

illumina-support/documents/downloads/
software/bcl2fastg/bcl2fastg-2-19-1-
release-notes-1000000035330-00.pdf

https://github.com/nf-core/eager
https://www.nextflow.io/docs/latest/
N/A
https://github.com/MultiQC/MultiQC

https://github.com/MikkelSchubert/
adapterremoval

https://github.com/OpenGene/fastp
https://github.com/Ih3/bwa

https://github.com/apeltzer/
CircularMapper/tree/master

http://www.htslib.org
https://github.com/apeltzer/DeDup
N/A

N/A

N/A

N/A

N/A

N/A

https://github.com/genid/Yleaf
N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Haplocart Daniel et al.”® https://github.com/grenaud/vgan/wiki/
HaploCart

HaploCheck version 1.3.2 Weissensteiner et al.”” https://github.com/genepi/haplocheck

READv2 Alacamli et al.”® https://github.com/GuntherLab/READv2

hapROH version 0.64 Ringbauer et al.”® https://github.com/hringbauer/hapROH

eigensoft 7.2.1 https://github.com/DReichLab/EIG N/A

ADMIXTOOLS v5.1 & v7.0.2 https://github.com/dReichLab/AdmixTools N/A

plink 1.9 Purcell et al.” http://pngu.mgh.harvard.edu/purcell/plink/

pong 1.5 Aaron et al.”® https://github.com/ramachandran-lab/

pong

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The two Middle Neolithic individuals found in the same burial (E88) were anthropologically classified as females, with an estimated
age at death of 25-35 years.’® Archaeologically, they were associated to the post-Cardial culture and dated to 3,715-3,638 cal BCE
(4,908 + 33 BP) and 3,810-3,696 cal BCE (4,994 + 33 BP).

For the Early Bronze Age hypogeum, different bones were used for the determination of the minimum number of individuals, as
most of the skeletal remains were intermingled and their preservation was poor. A total of 24 skulls and one-sided humerus bones
were found and based on the morphological traits of the skulls, a total of 9 and 8 individuals were assigned as male and female,
respectively, with the biological sex of the remaining individuals being undetermined. Out of the 23 mandibles retrieved, 18 were iden-
tified as adults and 5 as subadults.”® Two skeletal remains, identified as the earliest and latest burials in the hypogeum, were dated to
1,452-1,222 cal BCE (3,095 + 50 BP) and 1,772-1500 cal BCE (3,350 + 60 BP), respectively.

While human remains from the Iron Age are scarce at MDB, the three specimens previously reported " are particularly exceptional,
as they represent inhumation burials —distinct from the cremation practices commonly associated with Iberian cultures, though other
traditions coexisted in the peninsula during this period.*® Olalde et al. (2019)"" analysed two individuals from one burial (E448): a male
with an estimated age at death of 15-25 and dated to 517-380 cal BCE (2,350 + 30 BP, Beta-495153) and a 6-year-old whose bio-
logical sex was not determined with the same indirect date. Olalde and colleagues also analysed another female from another burial
(E449) dated to 490-364 cal BCE (2,340 + 30 BP, Beta-495155) and with an estimated age at death of 35-45.

All dates are reported with the 95.4% Cl calibrated radiocarbon age alongside the Conventional Radiocarbon Age. Calibration was
performed in Calib 8.20 (http://calib.org/calib/calib.html) using the IntCal20 calibration curve. Previously, Olalde et al. (2019) reported
dates calibrated with IntCal13”"; here, we provide the newly calibrated dates using IntCal20.”®

METHOD DETAILS

Ancient DNA laboratory work
Ancient DNA analysis was conducted in two different clean-room facilities — the University of Adelaide’s Australian Centre for Ancient
DNA (ACAD), in Australia; and the Autonomous University of Barcelona (UAB), in Spain—following strict precautions to minimise con-
tamination.”® The samples were processed while wearing face masks, visors, hooded coverall, hair net, and gloves, in laboratories
exclusively dedicated to ancient DNA analysis equipped with positive air flow pressure. Standard precautions to avoid contamina-
tions were employed.®°

A total of 25 well-preserved teeth were included in this study. Bone powder was extracted from cementum, which is richer in DNA
than dentin,®’ and DNA was extracted using a method optimised to retrieve degraded ancient DNA fragments at UAB.%? Partially
UDG-treated double-stranded DNA libraries were generated®® at ACAD. All post-amplification lab work was performed in ACAD’s
post-PCR facilities. Paired-end shotgun sequencing using an lllumina NovaSeq (200 cycles) was performed by service providers
at the Kinghorn Centre for Clinical Genomics (Sydney, Australia).

Shotgun sequencing data processing

Raw data from the shotgun sequencing run underwent processing using the aDNA analysis workflow package nf-core/eager® ver-
sion 2.4.5 with default settings for pre-mapping processing. Merged read mates were aligned to the human reference genome
(GRCh37d5) using bwa aln with parameters -/ 1024 -n 0.01 -0 2.%* A mapping quality threshold of 25 was applied and duplicated
reads were removed with markduplicates (https://broadinstitute.github.io/picard/). DamageProfiler®® was used to assess aDNA
authenticity, calculating fragment size distributions and post-mortem damage rates at the read termini (Tables S1-S3). We also
calculated endogenous DNA proportions after mapping, filtering and deduplication (Tables S1-S3). The nuclear contamination
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function from ANGSD®” was used to calculate the Maximum Likelihood and Method of Moments contamination estimates according
to Method 1 and 2 (Tables S1 and S2). For further contamination estimates, see “Mitochondrial DNA” section.

Deep shotgun sequencing and library enrichment

Out of the 25 samples, 7 met the quality thresholds of having an endogenous DNA content higher than 0.1% and displaying misin-
corporation patterns characteristic of aDNA above ~10% (Table S1). These samples underwent deep shotgun sequencing and were
processed as previously described (Table S2). Additionally, these 7 samples, along with 8 others (a total of 15), met the quality thresh-
olds of an endogenous DNA content higher than 0.05% and misincorporation patterns characteristic of aDNA above 3% (Table S1).
These 15 samples underwent enrichment.

Libraries were firstly enriched using an in-house mtDNA enrichment protocol.”” Subsequently, they were enriched using two differ-
ent assays for genome-wide capture. First, the Prime Plus enrichment kit (Daicel Arbor Biosciences), which includes DNA baits tar-
geting ~1.2 million nuclear SNPs and the whole mitochondrial genome. However, after discovering the allelic bias of this assay,®® we
repeated enrichment with the Twist Biosciences enrichment kit, which includes DNA baits targeting the same ~1.2 million nuclear
SNPs as well as additional SNPs and tiling regions®” (Table S3). In the final analyses, mtDNA sequences captured with the Prime
Plus were used as they are not impacted by the allelic bias discovered in the Prime Plus enrichment kit.®® For genome-wide analyses,
only the 1.2 million nuclear SNPs captured with the Twist reagent were used, as they are less impacted by allelic bias than the Prime
Plus and exhibit approximately similar levels of bias to the widely-accepted 1240k enrichment assay.®’ % The libraries were se-
quenced on a NovaSeq 6000 platform at the Kinghorn Centre for Clinical Genomics (Sydney, Australia).

|.85

Ancient genomic data processing

Sequencing raw data underwent processing as previously described. Retained reads were trimmed 2 bp from each end using the
trimBam function of bamUltil (https://github.com/statgen/bamUtil) and pseudohaploid variant calling was executed using the Twist
Bioscience “Twist Ancient DNA’” SNP panel®” with pileupCaller (https:/github.com/stschiff/sequenceTools).

After filtering individuals with: (i) more than 15,000 SNPs covered by at least one read of the Twist SNPs panel (Table S3); (i) the
presence of the misincorporation patterns characteristic of aDNA (>3%) (Tables S1-S3); and (jiii) absence of contamination
(Tables S1, S2, and S7); 8 samples for genome-wide data analyses were retained: Middle Neolithic (n = 2) and Early Bronze Age
(n = 6).

QUANTIFICATION AND STATISTICAL ANALYSES

Genetic sex determination
Genetic sex determination was assigned using SexDetERRmine (https://github.com/nf-core/modules/tree/master/modules/nf-core/
sexdeterrmine) with default quality cut-off values for -q30 and -Q30 using the screening and deep shotgun sequencings (Table S4).

Y-chromosome

We classified Y-chromosome haplogroups in male samples using Yleaf°® with the parameters -r 1 -q 30 -dh -p on the processed BAM
files. The output was manually curated to assign the most derived haplotype. We filtered for derived alleles, excluded C—»T and G —A
substitutions, and selected the position with the highest depth and supported by additional upstream markers when possible. The
ISOGG 2019 nomenclature was used for the assignments. Both the Yleaf output and the manually curated haplogroup assignments
are presented in Table S5. The curated lists of derived alleles can be found in Tables S14, S15, S16, S17, and S18.

Mitochondrial DNA

The analysis of mtDNA involved merging raw data obtained from four distinct sources: screening and deep shotgun sequencing, an
in-house mtDNA enrichment protocol,®® the myBaits Expert Human Affinities Prime Plus Kit by DAICEL Arbor Biosciences (Ann Har-
bor, MI, USA), and the Twist Bioscience “Twist Ancient DNA” reagent. Raw data underwent processing as previously described.
Merged reads were then mapped to the mitochondrial revised Cambridge Reference Sequence (fCRS) using CircularMapper
(https://github.com/apeltzer/CircularMapper). After read trimming and filtering following the procedures outlined above, a total of
10 samples were retained for mtDNA analyses (Table S6). The read pileups were visually inspected in Geneious v2022.1.1 (Biomat-
ters; https://www.geneious.com) and mtDNA haplogroup calling was carried out using haplocart,”® and contrasted using mitoverse
HaploCheck version 1.3.2, which also estimated contamination levels (Table S7).

Kinship analysis

READv2’? was used to assess kinship relationships between pairs of individuals from each time period. We selected five Mid-Late
Neolithic, ten Early Bronze Age, and five Iron Age individuals to establish a baseline of unrelated individuals. These individuals were
chosen based on data generated in a similar manner (captured and partially repaired) from previous publications'’ (Table S8). Aver-
age kinship coefficients of unrelated and related pairs for the Early Bronze Age hypogeum were calculated based on the READv2"?
results (Table S13).
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Runs of homozygosity
We used hapROH version 0.64 with default settings to identify runs of homozygosity within the genome.”® Only individuals
with > 400,000 SNPs covered in the panel were used in this analysis.

Population genetic analysis

Dataset

We merged our final dataset with previously published datasets of ancient and modern individuals reported by the Reich Lab®
(https://reich.nms.harvard.edu/datasets; please see Table S9 for a detailed list of samples and new labels used in population genet-
ics analysis).

Principal component analysis (PCA)

PCA was computed using the smartpca program v10210 (EIGENSOFT) with the Isgproject and SHRINKMODE option YES and an
extended list of modern and ancient populations from Eurasia, Africa and the Caucasus. The ancient individuals were projected
onto PC1 and PC2.

f-statistics

To infer genetic affinities between populations, f3-statistics, f4-statistics and f,-ratios were computed using the gp3Pop, gpDstat with
the activated f4-mode functions and gpF4ratio, respectively, implemented in ADMIXTOOLS v7.0.2 package (https://github.com/
DReichLab).%

Admixture modeling

Related individuals were excluded from admixture modelling analyses. ADMIXTURE 1.3 was used to define the main genetic cluster
profiles.®® Data was pruned for linkage disequilibrium in PLINK with parameters —indep-pairwise 50 10 0.1 and —geno 0.999.”“ Four
populations (WHG, Anatolia_N, Russia_Samara_EBA_Yamnaya and Mbtui) were selected as fixed source groups of ancestry (k = 4)
implementing a supervised ADMIXTURE model*” and the model was replicated ten times.

We used gpAdm from the ADMIXTOOLS v5.1 package (https://github.com/DReichLab), with the “allsnps: YES” option to mini-
mally reduce the number of SNPs used and subsequently increase the power to reject models, to model the ancestry in our new re-
ported individuals. We quantified the proportion of genetic ancestry contributed by each source. The ancestry proportions in the tar-
get population are inferred on the basis of how the target population is differentially related to a set of reference/outgroups via the
source populations. For all the models applied here, we have used a set of 12 outgroups (Mbuti.DG, Ethiopia_4500BP.DG,
Papuan.DG, Belgium_UP_GoyetQ116_1, Czech_Vestonice, Italy_North_Villabruna_HG, Russia_MA1_HG.SG, Russia_Ust_Ishim_
HG.DG, Malalmuerzo).
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