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Introduction!

The Conquering Hungarians arrived in the Carpathian Basin from the Steppe
in the second half of the 9th century. Their archaeological horizon is well-
documented and can be reliably identified.? However, their origins and gene-
tic composition remain a subject of debate. The medieval chronicle tradition
refers to them as relatives of the Huns, whereas linguistic research has clearly
demonstrated that the Hungarian language belongs to the Finno-Ugric lan-
guage family.> Historical scholarship, based on the limited and chronolo-
gically restricted written sources and relying primarily on the results of ar-
chaeological research, seeks to reconstruct the history of the Hungarians
prior to their migration into the Carpathian Basin.
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To clarify their biological origins, we applied archaeogenetics to ad-
dress the following key questions: (1) Can the first generation of immigrants
to the Carpathian Basin be identified? (2) If so, where did they come from,
and who were their ancestors? (3) Was their genetic makeup homogeneous,
or did they form a heterogeneous population? (4) Furthermore, how were
they related to earlier populations migrating into the Carpathian Basin from
the east, such as the Huns and Avars, as well as the local population?

To explore these questions, we sequenced the whole genomes of a
large number of individuals from 10th—11th century Carpathian Basin bur-
ials. Our dataset includes 48 skeletons from so-called elite cemeteries — i.e.,
burial sites of the military elite — and 65 individuals from village or com-
moner cemeteries. We intentionally overrepresented elite samples, as we ex-
pected to find a higher proportion of first-generation immigrants among
them.

We compared our genome data to a large dataset of Eurasian samples.
Our analysis included 1,400 individuals from 179 modern Eurasian popular-
tions and over 2,700 ancient genomes from approximately 200 archaeolo-
gical cultures across Eurasia.

First, we identified close family relationships using the correctKin
software. Next, we classified our samples into genetically homogeneous
groups using various clustering methods based on genetic similarities. Fi-
nally, we modeled the genomic composition of the studied individuals using
multiple advanced biostatistical approaches. Among these, the qpAdm
method proved to be the most powerful, as it optimally reconstructs test
genomes using potential source genomes. Additionally, we estimated admix-
ture dates with the DATES algorithm.

The most widely used approach for grouping genomes by similarity is
Principal Component Analysis (PCA). This method allowed us to create a
genetic map from thousands of modern genomes, onto which we projected
the studied samples. In the two-dimensional PCA plot, genetically similar
genomes cluster closely together, while more divergent genomes are posi-
tioned farther apart. Notably, the genetic map also reflects geographic distri-
bution: European populations appear on the left, East Asian populations on
the right, and the second axis primarily separates populations along a north-
south gradient.
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The projected ancient genomes cluster near the most genetically sim-
ilar modern and ancient samples. The majority of the 10th-century samples
align with European populations (Fig. 7). They form a genetic continuum
(European cline) ranging from Northern to Southern European genome
types, indicating that they represent the local population. However, a signif-
icant number of individuals shift eastward, toward Asia, forming a distinct
Congqueror cline. This eastward shift suggests that these individuals carry a
substantial proportion of Asian genetic components — the greater the Asian
ancestry, the farther they are positioned along this axis.

Nearest modern pops: Nearest ancient samples:
Bashkirs Okunevo (Tuva)
Siberian Tatars Scytho-Siberians (Tuva,
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Figure 1. The PCA “genome map” of our newly sequenced genomes

At the easternmost end of the Conqueror cline, we identified a group
of 12 elite Conquerors with the highest proportion of eastern genetic ele-
ments, which we term the Conqueror Asia Core (Conq_Asia Core). These
individuals occupy an intermediate position between Europe and Asia, sug-
gesting a roughly equal mix of European and Asian ancestry. Importantly,
our analysis shows that Conq_Asia Core individuals lack recent European
admixture, with their European ancestry tracing back to the Bronze Age. This
finding indicates that they were first-generation immigrants.

The 12 Conq_Asia_Core genomes cluster closely together on the PCA
plot, highlighting their genetic similarity and suggesting they belonged to the
same population. Their genomes most closely resemble those of modern
Bashkirs and Siberian Tatars, while among ancient populations, they show
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the strongest affinity to Scytho-Siberian groups. These data suggest that the
Congquerors likely originated from a region between the Ural Mountains and
the Altai.

Since genome similarity alone does not indicate origin, we next inves-
tigated the ancestral origins of the Conq_Asia Core group. We first modeled
their ancestry using f3 statistics, a method that identifies the populations
most closely related to a test group by measuring shared genetic drift. This
analysis included all available ancient and modern populations from genetic
databases. The results showed that among the hundreds of tested populations,
the closest genetic relatives of Conq Asia Core were Uralic-speaking peo-
ples, with the Mansi — the closest linguistic relatives of modern Hungarians
— showing the strongest genetic affinity. This striking parallel between lin-
guistic and genetic evidence suggests that the Conquering Hungarians were
likely responsible for bringing the Hungarian language to the Carpathian
Basin.

Since the Mansi and the Conquerors share common ancestry, we
included the Mansi in further analyses.

Ancestry modeling with gqpAdm

Next, we applied qpAdm analysis to model the genetic composition of both
the Conq_Asia_Core and the Mansi populations. This method determines the
most plausible ancestral sources for a given population and quantifies their
contributions.

First, we identified the distant Bronze Age ancestors of Conq_ Asia
_Core and the Mansi separately. The algorithm reconstructed the Conq_Asia
_Core genome from three sources: 52% Mezhovskaya (a Late Bronze Age
population), 13% Nganasan, 35% Late Bronze Age Mongolia. In compa-
rison, the Mansi genome was modeled as: 48% Mezhovskaya, 44% Ngana-
san, 8% Kazakhstan Eneolithic (Botai).

The shared Mezhovskaya-Nganasan ancestry indicates a common an-
cestral population, reinforcing the {3 statistics results. However, the differing
third components suggest distinct population histories after their divergence.
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Modeling recent admixture events

Next, we modeled the Conq_Asia_Core genome using more recent sources,
including Iron Age and younger populations. Based on prior results, we also
included modern Mansi as a potential source. The results were highly con-
sistent, showing a genetic composition of: 50% Mansi, 35% Sarmatian, and
15% Scythian- or Xiongnu-related ancestry.

To determine whether the Hun-related or Scythian-related ancestry
was the more accurate source, we estimated the timing of admixture using
the DATES algorithm. The results confirmed that the admixture occurred
between 290-461 CE, corresponding to the late-Xiongnu/early Hun era,
thereby excluding the Iron Age Scythians as a major ancestral source. Mean-
while, the Sarmatian admixture was dated to 484—112 BCE, aligning with
the early Sarmatian period in the Ural region.

These findings outline a prehistory in which the ancestors of Cong-
_Asia_Core initially formed a "Proto-Ugric" community with the ancestors
of the Mansi during the Late Bronze Age. Over time, the two populations
diverged, with the ancestors of Conq_Asia_Core intermixing first with early
Sarmatians and later with late-Xiongnu and early Huns.

Validating late-Xiongnu admixture

To further verify the late-Xiongnu admixture, we conducted a two-dimen-
sional F4-statistics analysis, measuring the presence of two characteristic
late-Xiongnu genome components: SlabGrave and Han Chinese populations.

These two components varied simultaneously in the Conqueror ge-
nomes, indicating they entered the gene pool in a single admixture event,
further supporting the gpAdm results (see Fig. 2).

The broader genetic landscape of the conquering Hungarians

Finally, we examined the origins of the remaining Conquering-period indivi-
duals. Most of those with European genomes came from commoner ceme-
teries, suggesting they were local inhabitants of the Carpathian Basin.
Individuals falling within the Conqueror cline (as seen in Fig. I) exhi-
bited a mix of European and Asian genetic components. We tested whether
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these individuals could be explained as admixtures between local popular-
tions and the immigrant Conq_Asia_Core group. Indeed, most could be mod-
eled as descendants of local inhabitants and first-generation Conquerors,
suggesting they represent the later generations of the Conquerors in the Car-
pathian Basin.
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Figure 2. Major late-Xiongnu components of Han-Chinese and SlabGrave change
together in Conq_Asia_Core according to f4-statistics

Finally, a significant number of individuals — primarily from the elite
— could not be modeled as descendants of Conq Asia Core. Instead, they
were best explained as admixtures of other Hun- and Alan-related steppe
groups with the local population. This suggests that these individuals were
integrated members of the elite who did not originate from Proto-Ugric-re-
lated sources, but rather from Hun-related steppe populations.

Statistical analysis of population distribution indicates that the majo-
rity of the 10th—11th century Carpathian Basin population consisted of local
inhabitants, primarily commoners buried in large village cemeteries. The im-
migrant population had two main origins:
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1. The majority were descendants of a Proto-Ugric-related community
that had undergone admixture with Sarmatians and Huns.

2. A substantial proportion consisted of other steppe groups, primarily
the descendants of the earlier Hun Empire, who joined the Conquering Hun-
garians in significant numbers.
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Arkeogenetik verilerin 15181nda 10. yiizy1l
Macar fatihlerinin genetik bilesimi
Genisletilmis 6zet

Macarlar, 9. yiizyilin ikinci yarisinda bozkir bolgesinden Karpat Havzasi’na ulag-
muslardir. Arkeolojik ufuklari iyi belgelenmis olup giivenilir bicimde tanimlanabil-
mektedir. Orta Cag kronik gelenegi onlari Hunlarin akrabalari olarak zikrederken,
dilbilimsel aragtirmalar Macarca’nin Ural dil ailesinin Fin-Ugor koluna ait oldugunu
acik bicimde ortaya koymustur. Tarihsel arastirmalar ise, sayica az ve kronolojik ac1-
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dan sinirh yazili kaynaklara ve esas olarak arkeolojik bulgulara dayanarak, Macarla-
rin Karpat Havzasi’na goclerinden onceki tarihini aydinlatmay1 amaglamaktadir.

Karpat Havzasi’na yerlesen Macarlarin biyolojik kokenlerini ve genetik bile-
simlerini aydinlatmak amaciyla, temel arastirma sorularina yanit aramak iizere arke-
ogenetik yontemler uyguladik: (1) Karpat Havzasi’na gog¢ eden ilk nesil tanimlana-
bilir mi? (2) Eger dyleyse, nereden gelmislerdir ve atalari kimlerdir? (3) Genetik
yapilar1 homojen miydi, yoksa heterojen bir niifus mu olusturuyorlardi? (4) Ayrica,
dogudan Karpat Havzasi’na daha 6nce go¢ eden Hunlar ve Avarlar gibi topluluklarla
ve yerel niifusla ne tiir iligkiler icindeydiler?

Bu sorulart incelemek amacryla, 10-11. yiizyila tarihlenen Karpat Havzasi
mezarlarindan elde edilen ¢ok sayida bireyin tiim genomunu diziledik. Veri setimiz,
askeri elit gomiilerinden 48 iskelet ile halk (teba) mezarliklarindan 65 bireyi iger-
mektedir. Genom verilerimizi genis kapsamli bir Avrasya karsilagtirma veri taba-
niyla karsilastirdik. Analizimiz, 179 giiniimiiz Avrasya popiilasyonundan 1.400 bire-
yi ve yaklasik 200 arkeolojik kiiltiire ait 2.700’den fazla antik genomu kapsamak-
tadur.

fIk adim olarak, correctKin yazilimi yardimiyla yakin akrabalik iliskilerini
tespit ettik. Ardindan, 6rneklerimizi genetik benzerliklere dayali ¢esitli kiimeleme
yontemleri kullanarak genetik agcidan homojen gruplara ayirdik. Son olarak, incele-
nen bireylerin genomik bilesimini birden fazla gelismis biyostatistiksel yontem uy-
gulayarak modelledik. Bunlar arasinda qpAdm yontemi en etkili olani olarak dne
cikmustir; zira bu yontem, incelenen genomlari olasi kaynak genomlar kullanarak en
uygun bicimde yeniden yapilandirabilmektedir. Ayrica, DATES algoritmasi araci-
ligryla karigim (admixture) olaylarinin zamanlamasini da tahmin ettik.

Genomlarin benzerliklerine gére siniflandirilmasinda en yaygin kullanilan
yontem baglica bilesenler analizi (Principal Component Analysis, PCA)’dir. Bu yon-
temle, binlerce modern genom temelinde bir genetik harita olusturduk ve incelenen
ornekleri bu harita iizerine projekte ettik. iki boyutlu PCA grafiginde genetik olarak
benzer genomlar birbirine yakin kiimelenirken, daha uzak akrabalik iligkisine sahip
olanlar daha uzak konumlanir. Dikkat ¢ekici bigimde, bu genetik harita cografi dagi-
lim1 da yansitmaktadir: Avrupa popiilasyonlari sol tarafta, Dogu Asya popiilasyon-
lar1 sag tarafta yer alirken, ikinci eksen esas olarak kuzey—giiney yoniindeki fark-
liliklar1 temsil etmektedir.

Projeksiyonla yerlestirilen antik genomlar, genetik olarak en benzer modern
ve antik Orneklerin yakiinda kiimelenmektedir. 10. yilizyila ait drneklerin biiyiik
¢ogunlugu Avrupa popiilasyonlariyla ortiigmektedir (Fig. /). Bunlar, Kuzey Avru-
pa’dan Giiney Avrupa’ya uzanan bir genetik siireklilik (Avrupa klini) olusturmakta
olup yerel niifusu temsil ettiklerini gostermektedir. Bununla birlikte, 6nemli sayida
birey doguya, Asya yoniine dogru kayarak belirgin bigimde ayrigan bir “Fetihg¢i
klini” olusturmaktadir.
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Fetih¢i klinigin dogu u¢ noktasinda, dogu kdkenli genetik bilesenlerin en
yiiksek oranini tastyan 12 bireyden olusan elit bir grup tespit ettik; bu grubu “Con-
queror Asia Core” (Conq_Asia_Core) olarak adlandirdik. Bu bireyler, Avrupa ile
Asya arasinda ara bir konumda yer almakta olup yaklasik olarak esit oranlarda Av-
rupa ve Asya kokenine isaret etmektedir. Onemli bir bulgu olarak, bu bireylerde ya-
kin doneme ait Avrupa kokenli genetik karigim goriilmemektedir; Avrupa kokenli
bilesenleri Bronz Cagi’na kadar izlenebilmektedir. Bu durum, onlarin birinci nesil
goegmenler oldugunu gostermektedir.

PCA grafiginde 12 Conq_Asia_Core genomu birbirine yakin bi¢cimde kiime-
lenmekte olup bu durum genetik benzerliklerini vurgulamakta ve ayni popiilasyona
ait olduklarin1 gostermektedir. Genomlart modern Bagkurtlar ve Sibirya Tatarlarina
en yakin benzerligi gosterirken, antik popiilasyonlar arasinda en giiclii yakinligt
Iskit-Sibirya gruplariyla sergilemektedir. Bu veriler, fetih¢i Macarlarin kokeninin
biiyiik olasilikla Ural Daglar ile Altaylar arasindaki bdlgeye dayandigimi goster-
mektedir.

Salt genomik benzerligin tek basina kdkeni gostermemesi nedeniyle, bir son-
raki asamada Conq_Asia_Core grubunun kdkenini inceledik. 1k olarak, sézde f3-
istatistigi kullanilarak kokenleri modellendi; bu yontem, paylasilan genetik siiriik-
lenmenin derecesine dayanarak incelenen gruba en yakin popiilasyonlar: belirler.
Analize, genetik veri tabanlarinda mevcut olan tiim antik ve modern popiilasyonlar
dahil edildi. Sonuglar, yiizlerce test edilen popiilasyon arasindan Conq_Asia_Core
grubunun en yakin genetik akrabalarinin Ural dil ailesine mensup topluluklar oldu-
gunu gostermistir; bunlar arasinda ise giiniimiiz Macarlarinin en yakin dilsel akraba-
lar1 olan Mansiler en giiclii genetik benzerligi sergilemektedir. Dilbilimsel ve genetik
veriler arasindaki bu dikkat ¢ekici paralellik, fetih¢i Macarlarin Macarca’y1 Karpat
Havzasi’na getirmis olabilecegini diisiindiirmektedir.

Mansiler ile fetih¢i Macarlar ortak bir kokene sahip olduklarindan, Mansileri
sonraki analizlere de dahil ettik.

Bunu takiben, Conq Asia Core ve Mansi popiilasyonlarinin genetik bilesi-
mini modellemek amaciyla qpAdm analizini uyguladik. Bu yontem, belirli bir popii-
lasyonun en olasi atasal kaynaklarini belirler ve bunlarim katki oranlarini nicel olarak
hesaplar.

[k asamada, Conq_Asia_Core ve Mansi gruplarinin uzak, Bronz Cagi’na ait
atalarin1 ayr1 ayri tespit ettik. Algoritma, Conq_Asia_Core genomunu ii¢ kaynaktan
tiiretmistir: %52 Mezhovskaya (Ge¢ Bronz Cagi popiilasyonu), %13 Nganasan ve
%35 Geg Bronz Cag1 Mogolistan bileseni. Buna karsilik, Mansi genomu su sekilde
modellenmistir: %48 Mezhovskaya, %44 Nganasan ve %8 Kazakistan Eneolitik
(Botai).

Ortak Mezhovskaya—Nganasan kokeni, f3-istatistigi sonuglarini da teyit ede-
rek, ortak bir atasal popiilasyona igaret etmektedir. Buna karsilik, {igiincii bilesenler-
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deki farkliliklar, iki popiilasyonun ayrismalarinin ardindan farkli gelisim siirecle-
rinden gectigini gostermektedir.

Bunu takiben, Conq_Asia Core genomunu daha yeni, Demir Cag1 ve sonraki
donemlere ait kaynak popiilasyonlar kullanarak modelledik. Onceki sonuglara daya-
narak modern Mansileri de olas1 bir kaynak olarak analize dahil ettik. Elde edilen
sonuglar yiiksek derecede tutarlilik gostermis ve su genetik bilesimi ortaya koymus-
tur: %50 Mansi, %35 Sarmat ve %15 Iskit veya Xiongnu kékenli bilesen.

Hun ya da Iskit kkeninin hangisinin daha olas1 oldugunu belirlemek amacty-
la, DATES algoritmas1 kullanilarak genetik karigimimn zamanlamasi tahmin edil-
mistir. Sonuglar, karigimin MS 290461 yillar1 arasinda gergeklestigini gostermistir;
bu donem ge¢ Xiongnu / erken Hun evresiyle ortiismekte olup, Demir Cagi Iskit-
lerini baglica kaynak olarak diglamaktadir. Buna karsilik, Sarmat karisiminin zamani
MO 484-112 arasina tarihlenmis ve bu da Ural bolgesindeki erken Sarmat déne-
miyle uyumlu bulunmustur.

Bu bulgular, Conq_Asia Core atalarinin Ge¢ Bronz Cagi’nda Mansi atala-
riyla birlikte bir “proto-Ugor” topluluk olusturdugunu gostermektedir. Daha sonraki
stirecte bu iki popiilasyon ayrismis; Conq_Asia_Core atalart 6nce erken Sarmatlarla,
ardindan ge¢ Xiongnu ve erken Hun gruplariyla genetik olarak karismistir.

Ge¢ Xiongnu kokenli katkiyr daha ileri diizeyde test etmek amaciyla, iki
boyutlu F4-istatistik analizi gerceklestirdik. Bu analiz, ge¢ Xiongnu gen havuzuna
ozgli iki karakteristik bilegenin — SlabGrave ve Han Cinli popiilasyonlarin — varligini
incelemektedir.

Bu iki bilesenin fetih¢i genomlarda eszamanli olarak degisim gostermesi,
bunlarin gen havuzuna tek bir genetik karisim olay1 sonucunda déhil oldugunu orta-
ya koymakta ve bdylece qpAdm analizinin sonug¢larini daha da giiclendirmektedir
(bkz. Gor. 2).

Son olarak, fetih donemi niifusuna ait diger bireylerin kokenlerini de incele-
dik. Avrupa tipi genetik profile sahip bireylerin biiylik ¢ogunlugu halk mezarlikla-
rindan gelmekte olup, bunlarin Karpat Havzasi’nin yerel niifusunu temsil ettigini
gostermektedir.

Fetihgi klini i¢inde yer alan bireyler (bkz. Gor. ), Avrupa ve Asya kokenli
genetik bilesenlerin bir karisimini sergilemektedir. Bu bireylerin, yerel niifus ile
konar-goger Conq Asia Core grubunun karisimi olarak agiklanip agiklanama-
yacagini test ettik. Sonuglar, ¢cogu durumda bunun miimkiin oldugunu gostermistir:
bu bireyler, yerel halk ile birinci nesil fetihgilerin torunlari olarak yorumlanabilir;
yani Karpat Havzasi’ndaki fetih¢ilerin daha sonraki nesillerini temsil etmektedirler.

Buna karsilik, dnemli sayida birey — ozellikle elit tabakaya ait olanlar —
Cong_Asia_Core grubunun dogrudan torunlari olarak modellenememistir. Bu birey-
ler en iyi sekilde, Hun ve Alan kokenli diger bozkir topluluklari ile yerel niifus ara-
sindaki genetik karisim olarak agiklanabilmektedir. Bu durum, s6z konusu bireylerin
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proto-Ugor kdkenli olmadigini, aksine Hun kokenli bozkir topluluklarindan gelen
ve elit yapiya entegre olmus unsurlar oldugunu gostermektedir.

Niifus dagilimina iliskin istatistiksel analizler, 10—11. yiizyil Karpat Havzasi
niifusunun biiyiik ¢ogunlugunu yerel halkin olusturdugunu, bunlarin da esas olarak
genis koy mezarliklarina gdmiilen siradan toplumsal kesimlere ait oldugunu ortaya
koymaktadir. Go¢men niifus ise iki ana kaynaga dayanmaktadir: 1. Cogunlugu, Sar-
matlar ve Hunlarla genetik olarak karigmis proto-Ugor kdkenli bir toplulugun torun-
larindan olusmaktadir. 2. Onemli bir kismini ise diger bozkir gruplari, dzellikle de
eski Hun Imparatorlugu’nun torunlari teskil etmekte olup, bunlar fetih¢i Macarlara
onemli sayilarda katilmislardir.
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