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The ancient Hungarians, “Madzsars”, established their control of the Carpathian Basin in the late
ninth century and founded the Hungarian Kingdom around 1000AD. The origin of the Magyars as

a tribal federation has been much debated in the past. From the time of the conquest to the early
fourteenth century they were ruled by descendants of the Arpad family. In order to learn more about
the genetic origin of this family, we here analyzed the genome of Bela Ill one of the most prominent
members of the early Hungarian dynasty that ruled the Hungarian Kingdom from 1172 to 1196. The
Y-Chromosome of Bela Il belongs to haplogroup R1a-Z2123 that is today found in highest frequency
in Central Asia, supporting a Central Asian origin for the ruling lineage of the Hungarian kingdom.
The autosomal DNA profile of Bela lll, however, falls within the genetic variation of present-day

east European populations. This is further supported through his mtDNA genome that belongs

to haplogroup H, the most common European maternal lineage, but also found in Central Asia.
However, we didn’t find an exact haplotype match for Bela lll. The typical autosomal and maternal
Central Eastern European ancestry among Bela Il autosomes might be best explained by consecutive
intermarriage with local European ruling families.

The vast majority of Europeans today speak Indo-European languages, but their origins and dispersals are highly
debated topics. Bayesian methods applied to date the root of Indo-European languages provide an age estimate
of ~ 6,000 years before Common Era (BCE) and suggest Anatolia as the homeland of Proto-Indo-European'?.
An alternative hypothesis proposes that Proto-Indo-European speakers were nomadic pastoralists of the Pon-
tic-Caspian steppe and their languages spread into Europe after the invention of wheeled vehicles**. Genetic data
from ancient human remains across Neolithic and Bronze Age Europe revealed a massive population turnover
mediated by the expansion of pastoralists from the eastern European steppe starting around 3000 years before
the common era (BCE)>*. The described population movement might have been responsible for replacing the
original languages and contributing the “steppe” genetic component that, together with “Hunter-Gatherer” and
“Farming” ancestries, describe the genetic makeup of most Europeans today. From this steppe-Indo-European
correlation, there are known exceptions like the Basques who despite carrying steppe ancestry speak a non-Indo-
European language. Genetic studies have revealed that Basques are the closest modern-day population to Neo-
lithic and Iron Age individuals from Iberia”® suggesting a possible survival of the local language from the
Neolithic onwards. The second most spoken language family in Europe is the so-called Finno-Ugric (according
to the theory of the language family-tree) that today is distributed across Finland, Estonia, western Russia and
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Hungary. This is divided into Finnic and Hungarian (also called Magyar), both part of the larger Uralic language
branch, which is widespread as far as northeastern Eurasia’.

Genetic studies on modern-day populations have shown that in Europe genetic distance among populations
has a high correlation to their geographical distance”. This, however, is not the case for present-day Finnish
individuals that are displaced from the European genetic cluster towards East Eurasian populations. A recent
ancient DNA study of Fenno-Scandian human remains identified an additional genetic contribution ultimately
related to a Northeast Asian population (Nganasan) reaching this region by at least 3,500 BCE'!. This genetic
component is present in lower proportions in present-day Saami individuals from northern Finland and to an
even lesser extent in Finns, who are largely admixed with central European ancestry. Notably, the distribution
of the putative Siberian-related ancestry is present in most Uralic speaking populations but absent in modern-
day Hungarians'?. Contrary to Finns, Hungarians fall almost entirely within the genetic diversity of modern-
day Europeans harboring only a minor East Asian component!®. Genomic analyses of ancient human remains
from Hungary have revealed a process of large genetic replacement during the Early Neolithic with the arrival
of “Farming” ancestry followed by the resurgence of local “Hunter-Gatherer” ancestry in the Middle Neolithic,
as observed in other European regions'*". Furthermore, during the Late Neolithic-Early Bronze Age transi-
tion the “steppe” ancestry spread throughout Hungary providing the third genetic component present in most
Europeans today*®.

The following period of the genetic history in Hungary is less well characterized. In fact, almost all ancient
DNA studies on post-Iron Age individuals have been relying on the genetic typing or sequencing of polymor-
phisms within the Y-chromosome (Ychr), on partial or complete mitochondrial DNA (mtDNA) sequences and
on phenotypic SNPs'7-?%, which has not permitted a detailed genome-wide characterization of populations in
Hungary through time. After the Iron Age from 35 BC to the early ninth century AD, Hungary was part of the
Roman Empire and later underwent several “barbaric migrations” such as from the Huns between the 4th and the
sixth century AD and from the Longobards in the sixth century AD, followed by the Avars between the late sixth
century and the early ninth century AD?. Genomic data is so far available only from a Longobard-associated
cemetery in Pannonia that revealed genetically heterogeneous individuals, thus suggesting that this group was a
congregation of people with different origins not resembling previous or present-day Hungarian populations?.

According to available written records ca. 530 AD, King “Muageris”-which has been associated with the name
“Magyar”-was the ruler of the Kutrigur Huns north of the Black Sea?. Centuries later Almos the first, Great
Prince of the Hungarians, organised the monarchic state in the same region ca. 850 AD, although the links with
the previous populations are not fully deciphered. A few decades after the collapse of the Avar Khaganate (c.
822 AD), Almos and his son Arpad conquered the Carpathian Basin (c. 862-895 AD)?. During the conquest, it
is suggested that Hungarian conquerers, together with Turkic-speaking Kabars, assimilated Avars and Slavonic
groups®-3L.

Interestingly, the reconstructed genealogy of the so-called Arpad Dynasty (this term was initiated in the eight-
eenth century for the first royal house of Hungary; then the scholars named the dynasty after Almos’ son Arpad
who completed the Hungarian Conquest) (Figure S1)** shows that a paternal line of inheritance has always been
followed from Great Prince Almos—who lead the initial conquest after/ca. 862 AD—to King Andrew III of Hun-
gary, who died in 1301 AD, signing the dynasty’s end. Along this succession line, one of the most prominent kings
was Bela ITI (1172-1196), the first king who adopted the "double cross" as the symbol of the Kingdom of Hungary
(Figure S2). He was the son of King Geza II, married with Anna of Antioch from France and their first son later
became King Emeric. Bela III was initially buried together with his wife Anna and possibly other unidentified
members of the Arpad Dynasty in the Royal Basilica of Székesfehérvar but was later reburied in the Matthias
church in Budapest. In 2012 as part of the exhumation of skeletons associated with the royal family, anatomical
elements from King Bela IIT and Anna of Antioch were collected. Olasz et al. genotyped Y-STR haplotype of King
Béla III and predicted he belonged to haplogroup (hg) R1a*. Nagy et al. reported the Y chromosome sequence
of Bela IIT and found the lineage traced to the region centering near Northern Afghanistan about 4500 years ago
and the present-day Bashkirs were his closest paternal kin with a separation date about 2000 years ago®*. Here,
we attempted a genome-wide characterization of the remains of Bela III in order to address whether the genome
of King Bela III groups within the gene pool of central Asians or present-day Hungarians.

Results

Next generation sequencing. We collected four bone fragments from the tomb associated to King
Bela III. DNA was extracted® from those specimens and converted into single and double-stranded libraries
(Table S1)*%%. After shallow shotgun screening, we further enriched six libraries for a targeted set of ~ 390 thou-
sand or ~1.24 million SNPs across the human genome®** and sequenced on Illumina platforms (HiSeq4000,
NextSeq500) (Table S2). The combined coverage on the targeted SNPs is 6.154X (1,090,066 SNPs).

All libraries showed the typical pattern of ancient DNA that is an increased C to T substitution rate towards
the molecule ends (Table S2)*°. Sex determination was performed inspecting the coverage of the captured SNPs
overlapping sex chromosomes compared to the autosomes*!. Bela IIT was assigned to be male (Table S3). All
libraries belonging to Bela III consistently reported values of X-chromosome contamination*? below 2.5% as
well as high DNA damage rates confirming the authenticity of the isolated DNA (Table S4).

Mitochondrial DNA and Y chromosomal analysis. We performed mtDNA capture on Bela’s libraries
and estimated mtDNA contamination level at 1% and determined his mtDNA hg (Table S5)**. Bela III carried hg
H1b belonging to the mtDNA H clade that is the most common hg present in Europe today*$. We found a list of
polymorphisms that Bela III had against the Revised Cambridge Reference Sequence (rCRS)*: 263G, 315+C,
750G, 1438G, 30104, 3106A, 4769G, 8860G, 15326G, 16183C, 16189C, 16356C, 16519C. Our mtDNA result is
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Figure 1. Principal component analysis of present-day west-Eurasians with the genome of Bela III projected.

consistent with the published mtDNA control region data as reported in Olasz et al.*>. We used EMPOP (https://
empop.online/) to search if this mitogenome haplotype has been reported before and where. There are 211 sam-
ples of H1b haplogroup mainly reported in Europe but also found in Central Asia in EMPOP, but we didn't find
an exact matched haplotype with that of Bela III.

The Y chromosomal mutations were inspected at all ~40,000 positions present in our captured SNP panel.
We could identify 30 derived mutations stemming from the hg R node and leading to hg Rlalalb2a-Z95 plus an
additional mutation on a downstream SNP, which defines Y chromosomal hg Rlalalb2a2a-Z2123 (Table S6).
This is a sub-hg of Rl1alalb2-Z93, the main Asian branch of R1a that has particularly high frequencies in Central
Asia*, which is consistent with the result reported in previous studies®**.

Genome-wide autosomal marker data analysis. We further investigated the ancestry of Bela III mak-
ing use of the genome-wide captured data. We first projected the autosomal data onto the first two principal
components (PCs)* built with modern-day West-Eurasian genetic variation (Fig. 1) *. The King’s genome falls
in close proximity to present-day populations from Croatia and Hungary. Comparable patterns were obtained
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Figure 2. Pairwise f;-outgroup statistic where lighter and darker colors indicate higher or lower shared genetic
affinities, respectively.

from the clustering algorithm implemented in ADMIXTURE® where Bela III shares a similar genetic profile
with present-day Eastern European populations (Figure S3).

We then tested the similarity of Bela III genome to modern-day West-Eurasian populations using f;-outgroup
statistics*’, which measure shared genetic affinity compared to a common outgroup, here the African Mbuti
population. Consistent with the PCA result, the genome of Bela III clusters within the diversity of present-day
Europeans and indistinguishable from most other European populations (Fig. 2). In order to assess any differ-
ential similarity of other present-day populations to Bela III compared to Croatians and Hungarians we tested
f,-statistic® in the form f;(X, Mbuti, Croatians/Hungarians, Bela 1II), where X is a list of current worldwide
populations (Table S7). None of the tested comparisons reported significant deviation from zero (Z score above
-3) confirming that most of the King’s genetic ancestry is shared with present-day Croatians and Hungarians.
However, tests invoking East Eurasian and Oceanian populations, such as Papuan, Ami and Han, resulted in
a marginally significant attraction to Bela III (Z score around 2). This suggests a slightly higher allele sharing
between the King’s genome and present-day Asians than to those European populations that fall in closest
proximity in PCA space.

Phenotype analysis. We finally inspected phenotypic related SNPs to infer features of the physical appear-
ance and metabolism of Bela IIT (Table S8). As reported in historical representations, the King likely had light
skin and blue or green eyes because of the presence of derived alleles at defined loci on the SLC45A2, SLC24A5
and HERC2 genes. Moreover, he was likely to be lactose tolerant, showing the derived variant on the LCT gene
(rs4988235), while he carried the ancestral variant of the hair thickness-related EDAR gene, like most Europeans
today.

Discussion

A few decades after the collapse of the Avar Khaganate (ca. 822 AD), Almos and his son Arpad conquered the
Carpathian Basin (ca. 862-895 AD)?. Three of the steppe empires based in the Carpathian Basin provided an
alternative to the post-Roman model of government>’. During the conquest, Hungarian invaders, together with
Turkic-speaking Kabars assimilated the Avars and Slavonic groups®. Moreover, it is suggested that Hungarian
conquerers together with the Turkic-speaking Kabars moved in and integrated the “Avar” (including Onoghurs,
Proto-Hungarians etc.) people.
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Genetic studies of mtDNA, Y chromosomal and autosomal markers from those conquering Hungarians have
revealed an admixed ancestry characterized by both western and eastern Eurasian genetic components?*~22. How-
ever, multiple early Medieval human migrations took place after the collapse of the Roman Empire in Hungary.
Therefore, the reconstruction of the population dynamics that took place in the region until the establishment
of the Arpad dynasty would require archaeogenetic data from this intermediate period. Indeed, mtDNA and Y
chromosomal haplogroups of Hun- and Avar-related individuals from Hungary suggest an even stronger Eastern
Eurasian genetic influence than in groups from the Hungarian conquest-period?***.

Our study presents the first genome-wide analysis of a historical Hungarian individual older than the sixth
century AD, by directly investigating the genomic profile of one of the most prominent kings of the Arpad
dynasty. Historical evidence reveals that from the initial conquest of the Carpathian Basin by the Hungarian tribal
federation in 895 to King Béla III (1172-1196) a paternal line of inheritance was always followed (Figure S1).
In 1170 Béla IIT married Anna of Antioch (daughter of Raynald Chétillon) following the common tradition of
combined marriages with members of other European noble families to create or maintain strategic diplomatic
relationships. We reconstructed genome-wide data from two anatomical elements of Bela III with over 1.2 mil-
lion SNPs covered at an average depth of six-fold.

The autosomal DNA profile of Bela III falls within the genetic variation of present-day east European popula-
tions like Croatians and Hungarians. This is further supported through his mtDNA genome that belongs to hg H,
the most common European maternal lineage. Furthermore, he was previously found to carry Y-chromosome hg
Rla that can be traced back to Central Asia based on a more detailed phylogeographic reconstruction®®. Based
on the established genealogy (Figure S1), this Y-chromosome lineage provides a direct link between Bela IIT and
his ancestor Arp4d (845-907 AD), the Great Prince of the Hungarians who started the so-called Arpdd Dynasty,
if there was no hidden paternity present during the line. It is therefore possible that Great Prince Arpad and later
family members had much larger proportions of Eastern Eurasian ancestry than Bela III. However, this could
have been lost in Bela III because of repeated marriages with members of noble families of European descent
during the 18 generations (~ 300 years) that separated the two Hungarian rulers.

Nevertheless, the paternal relationship between Bela Il and Almos may extend the presence of this Eastern
Eurasian Y-chromosomal haplogroup in Hungary back to at least the end of the ninth century AD. Such eastern
Eurasian-related Y-chromosomes could, however, been also acquired locally, since three elite military individu-
als from the Hun and the Early Avar period have been recently found belonging to the same overarching hg
Rlalalb2-Z93%. Alternatively, this eastern Eurasian legacy could have arrived in Hungary with the conquering
Hungarian tribes through additional population movements from the East. Of note, the genetic composition
of the local population at that time may have differed from the one observed in members of the ruling dynasty.
Therefore, since the conquering tribes are considered responsible for bringing the current language into Hungary
it would be important to genetically characterize the genome of even earlier representatives of the Hungarian
elite. This would determine whether the eastern Eurasian ancestry reported in the Y-chromosome of King Bela III
was acquired locally or arrived through additional east to west migrations and also test if Great Prince Arpad and
later family members had much larger proportions of Eastern Eurasian autosomal ancestry than the later Bela III.

Methods

Sampling strategy. We collected four bone fragments from the tomb associated with King Bela III. His
remains were buried in the church (Székesfehérvar) and in 1848 they were transported to Budapest and nowa-
days the sarcophagus is in the Mathias Church®'. The tomb of Béla III and Anna was opened in 21-22.03.2014.
The boxes with the skeleton were transported from the church. The bone specimens were collected at the National
Institute of Oncology under sterile conditions. Samples were taken from the skeletons which were stored before
and during the sampling at room temperature. Approximately 2-5 g pieces of bones (femur, vertebra, metatarsal
and tarsal) and were put in sterile Falcon tubes and were immediately frozen in dry ice. Bones in one of the tubes
were divided into two approximately equal pieces. They were transferred in May of 2014 to the laboratories of
Suzanne Hummel and Johannes Krause. P.I. Nagy was invited to the project in October 2014 by BM. He received
DNA isolated from all bones in Hummel’s laboratory in 2015 via BM, he reported his first sequence reports in
August 2015. We showed the sample details in Table S9. We presented the preliminary results including the full
and complete Y chromosome haplotype at the consortium meeting at the National Institute of Oncology in
Budapest on September 1, 2015 (BM presentation).

Laboratory procedures. The ancient DNA workflow for this study was carried out at the Laboratory of
Archaeo- and Paleogenetics at the University of Tiibingen. Four skeletal elements associated to King Bela IIT
(femur, vertebra, metatarsal and tarsal bones) were collected from the royal graves discovered in 1848 in the
Royal Basilica of Székesfehérvar in Budapest (Hungary). All four specimens were sampled using a dentist drill
(Nakanishi (Emax Evolution)) and the resulting bone powder was used to extract DNA following an estab-
lished protocol®. Sequencing libraries were initially built with a double-stranded protocol without DNA damage
correction®® and then indexed with double barcodes®. After amplification, libraries were diluted equimolarly
and shotgun sequenced on Illumina platforms (HiSeq4000, NextSeq500) in paired-end mode. Two out of four
libraries form Bela III with highest percentage of aDNA (MA32 and MA33) were enriched for the complete mito-
chondrial genome using DNA capture® and then paired-end sequenced on Illumina NextSeq500 machine. Fur-
thermore, from two DNA extracts of Bela III single-stranded libraries were generated (MA172 and MA173) fol-
lowing a protocol that retains C to T damage-caused by substitutions in the last two terminal positions from both
ends*”**. Subsequently an in-solution nuclear DNA capture was used targeting either ~390,000 or ~ 1,240,000
SNPs scattered across the human genome®*® for the two Bela III double stranded libraries (MA32 and MA33).
The enriched libraries were paired-end sequenced on Illumina NextSeq500 machine. DNA sequences from
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shotgun sequencing screening, nuclear and mtDNA capture were processed through EAGER®. Adapters were
trimmed, forward and reverse reads were merged and fragments below 30 bp long were removed®”. The resulting
sequences were aligned against the mtDNA and nuclear DNA reference genomes (rCRS and hg19, respectively)
followed by mapping quality filtering (q30) and duplicate removal.

Sex determination. The sex of the newly reported samples in this study was determined by counting the
number of reads overlapping with the targets of 1240 k capture reagent as discussed in Fu et al.*. Reads of
high base and mapping quality (SAMtools depth -q30 -Q37) were extracted using SAMtools v1.3.1°¢. Ratios of
the numbers of reads mapped on X chromosome or Y chromosome were calculated and compared with that
mapped on autosomes (X-rate =xCov/autCov and Y-rate = yCov/autCov).

mtDNA contamination and haplogroup assignment. MtDNA contamination level and recon-
structed mtDNA consensus sequence of both individuals were estimated using schmutzi**. Haplogroup assign-
ment was performed with the online tool Haplofind™.

Nuclear contamination Estimation. An X-chromosomal contamination test was performed for the five
libraries of Bela III following an approach introduced by Rasmussen et al. and implemented in the ANGSD
software suite®®. The Method of Moments (MOM) and Maximum Likelihood (ML) estimate from “Method 1”
and “Method 2” likelihood computation were applied using this software package. A consistent estimate of low
contamination rate (about 1.2%-2.7%) in different libraries using different methods was determined.

SNP calling. The sequence data was demultiplexed, adaptor clipped with leehom and then further processed
using EAGER®, which included mapping with BWA (v0.6.1)* against human genome reference GRCh37/hg19,
and removing duplicate reads with the same orientation and start and end positions. To avoid an excess of
remaining C-to-T and G-to-A transitions at the ends of the reads, three bases of the ends of each read were
clipped for each sample. “Pseudo-haploid” calls were generated by selecting a single read randomly at each of the
targeted 1240 k SNP positions.

Populations for comparisons. The genomic data of populations used for comparisons are from the
Human Origin Dataset: https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-downloadable-genot
ypes-present-day-and-ancient-dna-data.

PCA projection. Principal component analysis was carried out in the smartpca program of EIGENSOFT?,
using default parameters and the Isqproject: YES and numoutlieriter: 0 options. We project our ancient Bela III
sample onto the variation of present-day West Eurasians from published Human Origin Dataset over 591,642
SNPs. We have not used the option autoshrink: YES or shrinkmode: YES.

ADMIXTURE. We carried out ADMIXTURE® analysis after pruning for linkage disequilibrium in PLINK®
with parameters —indep-pairwise 200 25 0.4 which retained 252,493 SNPs. We ran ADMIXTURE with default
fivefold cross-validation (-cv=5), varying the number of ancestral populations between K=2 and K=12 in 100
bootstraps with different random seeds. The samples used in this analysis are present-day West Eurasians, and
individuals from worldwide representative populations Mbuti, Yoruba, Han, Papuan, Karitiana, Eskimo, Uzbek,
Ami, Selkup, and Kalash. We observed the lowest CV errors for K=7.

Pairwise outgroup f; statistics. Outgroup f;-statistics of the form f; (Mbuti; X, Y) were used in order to
test which West Eurasian populations share the most genetic drift with Bela III. Analysis of f;-statistics was car-
ried out using ADMIXTOOLS® with standard errors computed with a block jackknife.

f, statistics.  Outgroup f-statistics of the form (Worldwide populations, Mbuti; Belalll, Hungarian/Croa-
tian) were used to test if Africans, Europeans, South Asians, East Asians, Native Americans and Oceanians share
extra affinity with Bela III than with present-day Hungarian and Croatian. Analysis of f,-statistics was carried
out using ADMIXTOOLS with standard errors computed with a block jackknife. The statistics are consistent
with 0, implying there was no extra ancestry from outside Europe in Bela III.

Y chromosomal haplogroup analysis. The Y chromosomal haplogroup was determined by examining a
set of diagnostic positions on chromosome Y using the ISOGG (http://isogg.org/) and also Y-full (https://www.
yfull.com/tree/) database. To perform this analysis, we restricted our analysis to only include reads with a map-
ping quality higher than 30. Afterwards, we determined the haplogroups by identifying the most derived Y chro-
mosomal SNP in our individual. The sample has a derived allele at R1alalb2a2a-Z2123: C— T with coverage of
3x. Upstream mutations assigning our individual to Rlalalb2a-Z95 and Rlalalb2-M746 could be identified.

Phenotype analysis. Allele information of SNPs thought to be affected by selection in samples. Only
high-quality (q>30) bases are counted. rs4988235 is responsible for lactase persistence in Europe. The SNPs at
SLC24A5 and SLC45A2 are responsible for light skin pigmentation. The SNP at EDAR affects tooth morphology
and hair thickness. The SNP at HERC2 is the primary determinant of light eye color in present-day Europeans.
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Data availability
The datasets generated during and analysed during the current study are available in Zenodo, at https://zenodo.
org/record/6367404# YKRbTajTXIV.

Received: 17 November 2020; Accepted: 13 August 2021
Published online: 28 September 2021

References

1.

Gray, R. D. & Atkinson, Q. D. Language-tree divergence times support the Anatolian theory of Indo-European origin. Nature 426,
435-439. https://doi.org/10.1038/nature02029 (2003).

2. Bouckaert, R. et al. Mapping the origins and expansion of the Indo-European language family. Science 337, 957-960. https://doi.
org/10.1126/science.1219669 (2012).
3. Gimbutas, M. Primary and secondary Homeland of the Indo-Europeans-comments on Gamkrelidze-Ivanov articles. J. Indo-Eur.
Stud. 13, 185-202 (1985).
4. Anthony, D. W. Horse, the Wheel, and Language: How Bronze-Age Riders from the Eurasian Steppes Shaped the Modern World.
Horse, the Wheel, and Language: How Bronze-Age Riders from the Eurasian Steppes Shaped the Modern World, 1-553 (2007).
5. Allentoft, M. E. et al. Population genomics of Bronze Age Eurasia. Nature 522, 167-172. https://doi.org/10.1038/nature14507
(2015).
6. Haak, W. et al. Massive migration from the steppe was a source for Indo-European languages in Europe. Nature 522, 207-211.
https://doi.org/10.1038/nature14317 (2015).
7. Gunther, T. et al. Ancient genomes link early farmers from Atapuerca in Spain to modern-day Basques. Proc. Natl. Acad. Sci. U S
A 112, 11917-11922. https://doi.org/10.1073/pnas. 1509851112 (2015).
8. Olalde, I. et al. The genomic history of the Iberian Peninsula over the past 8000 years. Science 363, 1230-1234. https://doi.org/10.
1126/science.aav4040 (2019).
9. Indreko, R. Origin and Area of Settlement of the Fenno-ugrian Peoples. (Gutenberg-Dr., 1948).
10. Novembre, J. et al. Genes mirror geography within Europe. Nature 456, 98-101. https://doi.org/10.1038/nature07331 (2008).
11. Lamnidis, T. C. et al. 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 (2018).
12. Tambets, K. et al. Genes reveal traces of common recent demographic history for most of the Uralic-speaking populations. Genome
Biol. 19, 139. https://doi.org/10.1186/s13059-018-1522-1 (2018).
13. Hellenthal, G. et al. A genetic atlas of human admixture history. Science 343, 747-751. https://doi.org/10.1126/science.1243518
(2014).
14. Gamba, C. et al. Genome flux and stasis in a five millennium transect of European prehistory. Nat. Commun. 5, 5257. https://doi.
0rg/10.1038/ncomms6257 (2014).
15. Lipson, M. et al. Parallel palacogenomic transects reveal complex genetic history of early European farmers. Nature 551, 368-372.
https://doi.org/10.1038/nature24476 (2017).
16. Olalde, I. et al. The Beaker phenomenon and the genomic transformation of northwest Europe. Nature 555, 190-196. https://doi.
org/10.1038/nature25738 (2018).
17. Tomory, G. et al. Comparison of maternal lineage and biogeographic analyses of ancient and modern Hungarian populations. Am.
J. Phys. Anthropol. 134, 354-368. https://doi.org/10.1002/ajpa.20677 (2007).
18. Csanyi, B. et al. Y-chromosome analysis of ancient Hungarian and two modern Hungarian-speaking populations from the Car-
pathian Basin. Ann. Hum. Genet. 72, 519-534. https://doi.org/10.1111/j.1469-1809.2008.00440.x (2008).
19. Nagy, D. et al. Comparison of lactase persistence polymorphism in ancient and present-day Hungarian populations. Am. J. Phys.
Anthropol. 145, 262-269. https://doi.org/10.1002/ajpa.21490 (2011).
20. Csosz, A. et al. Maternal genetic ancestry and legacy of 10(th) century AD Hungarians. Sci. Rep. 6, 33446. https://doi.org/10.1038/
srep33446 (2016).
21. Neparaczki, E. et al. Genetic structure of the early Hungarian conquerors inferred from mtDNA haplotypes and Y-chromosome
haplogroups in a small cemetery. Mol. Genet. Genom. 292, 201-214. https://doi.org/10.1007/s00438-016-1267-z (2017).
22. Neparaczki, E. et al. Mitogenomic data indicate admixture components of Central-Inner Asian and Srubnaya origin in the con-
quering Hungarians. PLoS ONE 13, €0205920. https://doi.org/10.1371/journal.pone.0205920 (2018).
23. Neparaczki, E. et al. Y-chromosome haplogroups from Hun, Avar and conquering Hungarian period nomadic people of the
Carpathian Basin. Sci. Rep. 9, 16569. https://doi.org/10.1038/s41598-019-53105-5 (2019).
24. Csaky, V. et al. Genetic insights into the social organisation of the Avar period elite in the 7th century AD Carpathian Basin. Sci.
Rep. 10, 948. https://doi.org/10.1038/s41598-019-57378-8 (2020).
25. Kontler, L. A History of Hungary: Millennium in central Europe. (Atlantisz Kiado, 2003).
26. Amorim, C. E. G. et al. Understanding 6th-century barbarian social organization and migration through paleogenomics. Nat.
Commun. 9, 3547. https://doi.org/10.1038/s41467-018-06024-4 (2018).
27. Moravcsik, G. “Muagerisz kiraly” [King Muagerisz]. Magyar Nyelv 23, 258-271 (1927).
28. Széke, B. M. The Carolingian Age in the Carpathian Basin: Permanent Exhibition of the Hungarian National Museum. (Hungarian
National Museum, 2014).
29. Szédeczky-Kardoss, S. The Avars. (1990).
30. Lészlo, G. The Magyars: Their life and civilisation. (Corvina, 1996).
31. Szabados, G. Magyar-A Name for Persons, Places, Communities. Hungarian Historical Rev. 7(1), 82-97 (2018).
32. Ferenc, G. A magyarok kronikéja. Helikon (2006).
33. Olasz, J. et al. DNA profiling of Hungarian King Bela III and other skeletal remains originating from the Royal Basilica of Szekes-
fehervar. Archaeol. Anthrop. Sci. 11, 1345-1357. https://doi.org/10.1007/s12520-018-0609-7 (2019).
34. Nagy, P. L. et al. Determination of the phylogenetic origins of the Arpad Dynasty based on Y chromosome sequencing of Bela the
Third. Eur. . Hum. Genet. https://doi.org/10.1038/s41431-020-0683-z (2020).
35. Dabney, J. et al. Complete mitochondrial genome sequence of a Middle Pleistocene cave bear reconstructed from ultrashort DNA
fragments. Proc. Natl. Acad. Sci. U S A 110, 15758-15763. https://doi.org/10.1073/pnas.1314445110 (2013).
36. Meyer, M. & Kircher, M. Illumina sequencing library preparation for highly multiplexed target capture and sequencing. Cold
Spring Harb Protoc 2010, pdb prot5448, https://doi.org/10.1101/pdb.prot5448 (2010).
37. Gansauge, M. T. & Meyer, M. Single-stranded DNA library preparation for the sequencing of ancient or damaged DNA. Nat.
Protoc. 8, 737-748. https://doi.org/10.1038/nprot.2013.038 (2013).
38. Fu, Q. et al. An early modern human from Romania with a recent Neanderthal ancestor. Nature 524, 216-219. https://doi.org/10.
1038/nature14558 (2015).
39. Lazaridis, L. et al. Ancient human genomes suggest three ancestral populations for present-day Europeans. Nature 513, 409-413.
https://doi.org/10.1038/nature13673 (2014).
Scientific Reports|  (2021) 11:19210 | https://doi.org/10.1038/s41598-021-98796-x nature portfolio


https://zenodo.org/record/6367404#.YkRbTajTXIV
https://zenodo.org/record/6367404#.YkRbTajTXIV
https://doi.org/10.1038/nature02029
https://doi.org/10.1126/science.1219669
https://doi.org/10.1126/science.1219669
https://doi.org/10.1038/nature14507
https://doi.org/10.1038/nature14317
https://doi.org/10.1073/pnas.1509851112
https://doi.org/10.1126/science.aav4040
https://doi.org/10.1126/science.aav4040
https://doi.org/10.1038/nature07331
https://doi.org/10.1038/s41467-018-07483-5
https://doi.org/10.1186/s13059-018-1522-1
https://doi.org/10.1126/science.1243518
https://doi.org/10.1038/ncomms6257
https://doi.org/10.1038/ncomms6257
https://doi.org/10.1038/nature24476
https://doi.org/10.1038/nature25738
https://doi.org/10.1038/nature25738
https://doi.org/10.1002/ajpa.20677
https://doi.org/10.1111/j.1469-1809.2008.00440.x
https://doi.org/10.1002/ajpa.21490
https://doi.org/10.1038/srep33446
https://doi.org/10.1038/srep33446
https://doi.org/10.1007/s00438-016-1267-z
https://doi.org/10.1371/journal.pone.0205920
https://doi.org/10.1038/s41598-019-53105-5
https://doi.org/10.1038/s41598-019-57378-8
https://doi.org/10.1038/s41467-018-06024-4
https://doi.org/10.1007/s12520-018-0609-7
https://doi.org/10.1038/s41431-020-0683-z
https://doi.org/10.1073/pnas.1314445110
https://doi.org/10.1101/pdb.prot5448
https://doi.org/10.1038/nprot.2013.038
https://doi.org/10.1038/nature14558
https://doi.org/10.1038/nature14558
https://doi.org/10.1038/nature13673

www.nature.com/scientificreports/

40. Green, R. E. et al. The Neandertal genome and ancient DNA authenticity. EMBO J. 28, 2494-2502. https://doi.org/10.1038/emboj.
2009.222 (2009).

41. Fu, Q. et al. The genetic history of Ice Age Europe. Nature 534, 200-205. https://doi.org/10.1038/nature17993 (2016).

42. Korneliussen, T. S., Albrechtsen, A. & Nielsen, R. ANGSD: analysis of next generation sequencing data. BMC Bioinf. 15, 356.
https://doi.org/10.1186/s12859-014-0356-4 (2014).

43. Renaud, G,, Slon, V., Duggan, A. T. & Kelso, J. Schmutzi: estimation of contamination and endogenous mitochondrial consensus
calling for ancient DNA. Genome Biol. 16, 224 (2015).

44. Kivisild, T. Maternal ancestry and population history from whole mitochondrial genomes. Investig. Genet. 6, 3. https://doi.org/10.
1186/s13323-015-0022-2 (2015).

45. Andrews, R. M. et al. Reanalysis and revision of the Cambridge reference sequence for human mitochondrial DNA. Nat. Genet.
23, 147. https://doi.org/10.1038/13779 (1999).

46. Underhill, P. A. et al. The phylogenetic and geographic structure of Y-chromosome haplogroup Rla. Eur. J. Hum. Genet. 23,
124-131. https://doi.org/10.1038/ejhg.2014.50 (2015).

47. Patterson, N., Price, A. L. & Reich, D. Population structure and eigenanalysis. PLoS Genet. 2, €190. https://doi.org/10.1371/journ
al.pgen.0020190 (2006).

48. Alexander, D. H., Novembre, J. & Lange, K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res. 19,
1655-1664. https://doi.org/10.1101/gr.094052.109 (2009).

49. Patterson, N. et al. Ancient admixture in human history. Genetics 192, 1065-1093. https://doi.org/10.1534/genetics.112.145037
(2012).

50. Pohl, W. in Regna and gentes: the relationship between late antique and early medieval peoples and kingdoms in the transformation
of the Roman world (ed H-W. Goetz, Jarnut, J., Pohl, W.) 571-595 (Brill, 2002).

51. Kinga, E. A székesfehérvéri kiralyi bazilika embertani leletei 1848-2002. Folia Anthropologica 8, 122123 (2009).

52. Kircher, M., Sawyer, S. & Meyer, M. Double indexing overcomes inaccuracies in multiplex sequencing on the Illumina platform.
Nucleic Acids Res. 40, e3. https://doi.org/10.1093/nar/gkr771 (2012).

53. Maricic, T., Whitten, M. & Paabo, S. Multiplexed DNA sequence capture of mitochondrial genomes using PCR products. PLoS
ONE 5, 14004. https://doi.org/10.1371/journal.pone.0014004 (2010).

54. Meyer, M. et al. A high-coverage genome sequence from an archaic Denisovan individual. Science 338, 222-226. https://doi.org/
10.1126/science.1224344 (2012).

55. Peltzer, A. et al. EAGER: efficient ancient genome reconstruction. Genome Biol. 17, 60. https://doi.org/10.1186/s13059-016-0918-z
(2016).

56. Li, H. et al. The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078-2079. https://doi.org/10.1093/bioinforma
tics/btp352 (2009).

57. Vianello, D. et al. HAPLOFIND: a new method for high-throughput mtDNA haplogroup assignment. Hum. Mutat. 34, 1189-1194.
https://doi.org/10.1002/humu.22356 (2013).

58. Moorjani, P. et al. A genetic method for dating ancient genomes provides a direct estimate of human generation interval in the
last 45,000 years. Proc. Natl. Acad. Sci. U S A 113, 5652-5657. https://doi.org/10.1073/pnas.1514696113 (2016).

59. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754-1760.
https://doi.org/10.1093/bioinformatics/btp324 (2009).

60. Purcell, S. et al. PLINK: a tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 81,
559-575. https://doi.org/10.1086/519795 (2007).

Acknowledgements

The present scientific contribution is dedicated to the 650th anniversary of the foundation of the University of
Pécs, Hungary. This study was supported by the National Scientific Research Program (NKFI) K 138669. This
study was supported by the Research University Resource, Institutional Excellence Grant 2016.; Centre for
Excellence—Centre of Molecular Medicine; GINOP-2.3.2-15-2016-00039; Grant Manager: Ministry of Human
Resources, Hungary. This study was supported by the Human Resources Development Operational Program,
Ministry of Human Resources, Hungary and by the Medical School of University of Pécs; EFOP-3.6.1-16-2016-
00004. C.W. was funded by the Max Planck Society, the National Natural Science Foundation of China (NSFC
31801040), the Nangiang Outstanding Young Talents Program of Xiamen University (X2123302), the Major
project of National Social Science Foundation of China (20&ZD248), and the European Research Council (ERC)
grant to D. Xu (ERC-2019-ADG-883700-TRAM).

Author contributions

All authors have materially participated in this work. C.P., C.W., A.F. conceived and designed the investigations,
C.P, C.W,, AE. evaluated and interpreted the results of the tests carried out. M.K., B.M. assisted in the extraction
and collection of the bone samples. M.K., B.M., ].K., K.S., Z.B. contributed in the data collection and genotyp-
ing. C.P, C.W, J.K,, K.S., Z.B. co-wrote the manuscript and C.P., CW.,, ].K., B.M. revised the initial draft of the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-98796-x.

Correspondence and requests for materials should be addressed to B.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:19210 | https://doi.org/10.1038/s41598-021-98796-x nature portfolio


https://doi.org/10.1038/emboj.2009.222
https://doi.org/10.1038/emboj.2009.222
https://doi.org/10.1038/nature17993
https://doi.org/10.1186/s12859-014-0356-4
https://doi.org/10.1186/s13323-015-0022-2
https://doi.org/10.1186/s13323-015-0022-2
https://doi.org/10.1038/13779
https://doi.org/10.1038/ejhg.2014.50
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1534/genetics.112.145037
https://doi.org/10.1093/nar/gkr771
https://doi.org/10.1371/journal.pone.0014004
https://doi.org/10.1126/science.1224344
https://doi.org/10.1126/science.1224344
https://doi.org/10.1186/s13059-016-0918-z
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1002/humu.22356
https://doi.org/10.1073/pnas.1514696113
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1086/519795
https://doi.org/10.1038/s41598-021-98796-x
https://doi.org/10.1038/s41598-021-98796-x
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021, corrected publication 2022

Scientific Reports|  (2021) 11:19210 | https://doi.org/10.1038/s41598-021-98796-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Genome-wide autosomal, mtDNA, and Y chromosome analysis of King Bela III of the Hungarian Arpad dynasty
	Results
	Next generation sequencing. 
	Mitochondrial DNA and Y chromosomal analysis. 
	Genome-wide autosomal marker data analysis. 
	Phenotype analysis. 

	Discussion
	Methods
	Sampling strategy. 
	Laboratory procedures. 
	Sex determination. 
	mtDNA contamination and haplogroup assignment. 
	Nuclear contamination Estimation. 
	SNP calling. 
	Populations for comparisons. 
	PCA projection. 
	ADMIXTURE. 
	Pairwise outgroup f3 statistics. 
	f4 statistics. 
	Y chromosomal haplogroup analysis. 
	Phenotype analysis. 
	Allele information of SNPs thought to be affected by selection in samples. 


	References
	Acknowledgements


