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Supplementary Information and Figures

Section 1
Ethnohistorical description of the investigated regions
The Baranja (Drávaszög) region is geographically small, yet its historical past, folk traditions, and present human landscape are rich, diverse, and valuable. Depopulation characterizes the area, with approximately 5,000 Hungarian inhabitants residing there. Its history dates back to the 9th-10th centuries, associated with the Hungarians; the Hungarian Conquerors settled along the Danube, making it less populated compared to other regions. Reliable data became available from the time of written records and charters. 13th-century border descriptions already mention settlements as Hungarian: Bilje (Bellye), Suza (Csúza), Vardarac (Várdaróc), Kneževi Vinogradi (Hercegszőlős), Kopačevo (Kopács), Kamenac (Kő), Lug (Laskó), Kotlina (Sepse), Zmajevac (Vörösmart). They remained Hungarian during the Turkish era. Isolated from roads and wars, communities managed to preserve their Hungarian identity, including those listed. These settlements are predominantly Hungarian; during our sample collection, we covered most of these. They preserved folk characteristics that have disappeared or been assimilated in other Hungarian communities. Ethnographic peculiarities, such as fishing and wood processing in Kopácsi, were novelties for ethnographic research until recently1. Rural community life here retains traditions, including rich wedding and carnival customs, and parades. Some customs resemble those in the Zobor region near Nitra. Beliefs and folk tales have similarities to those found only in Székely Land, Transylvania. There is an abundance of riddles (4,800), proverbs (12,000), children's rhymes, and toys2.
The assimilation of Hungarians is very high; the Hungarian population decreased by 30% in 10 years. In mixed marriages, maintaining Croatian/Serbian ethnicity is a common practice, often resulting in the loss of the Hungarian language by the third generation1. This knowledge strengthens our well-documented collection; those who identified as Hungarian and had only Hungarian ancestors representatively embody the community we aim to sample.

The Hungarian population of the Nitra (Zobor) region is indigenous and dates back to the Árpádian period. The settlement of the area by Hungarians was a lengthy process. By the 11th and 12th centuries, Hungarian settlements were already interspersed among the Slavic settlements in the foothills, and by the mid-13th century, the foundations of the present settlement pattern were established, leading to the gradual loss of the Slavic majority in the Zobor region3. The Hungarian expansion after the conquest reached its peak in the 13th century, constituting the maximum extent of Hungarian ethnic territory in this area. Following the Mongol invasion, Slavic resettlement and expansion strengthened, although the regional structure established by the end of the 13th century remained largely unchanged until the mid-17th century4.
During the Turkish (Ottoman) wars, the ethnic composition of the Nitra region underwent significant changes. The predominantly Hungarian villages located in the river valleys and plains suffered significantly more during the prolonged conflicts than the Slovakian villages situated in the more sheltered mountainous areas5. Over the following 100 years, the increase in the Slovak population in the Nitra district was directly proportional to the decrease in the Hungarian population6.


Haplogroup frequency distributions in the investigated populations and other Hungarian groups
A
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Fig. S1 Y-chromosomal (Fig. S1 part A) and mitochondrial (Fig. S1 part B) haplogroup frequencies 
Sample sizes are indicated for each group. Differing haplogroup proportions arise, particularly regarding the Y haplogroups of the Zobor region. The majority of paternal and maternal haplogroups has documented East-Central European spectrum (Table S3), and less common subhaplogroups and lineages revealed ancient connections to Eastern Eurasian regions. References to previously published uniparental data are presented in Table S5 and S7.



Haplogroup-based Y-chromosomal analyses

[image: ]
Fig. S2 Principal Component Analysis (PCA) plot of Y chromosome haplogroup profiles 
The PCA shows genetic affinities among 41 populations from Europe, Asia, Caucasus. Original references, number of samples and name codes for all populations included in the analysis and their haplogroup frequencies are listed in Supplementary Table S7. 

Y-chromosomal FST analysis
We computed Slatkin's linearized FST distances using Arlequin, treating haplogroup distributions as allele frequency data (see Supplementary Table S8). A heatmap, complemented by clustering of pairwise FST values, was constructed to illustrate the genetic differentiation among the studied populations (Fig. S3). The populations from the Zobor region and Baranja cluster together and are closely related to the Slovenian, Hungarian, Moldovan, Ukrainian, and Russian populations. Among them, the Slovenians are the most similar to the Zobor population, while the Baranja group closely aligns with the Hungarian, Moldovan, and Slovenian populations.

[image: ]
Fig. S3 Heatmap of pairwise FST values with clustering (based on Y chromosomal haplogroup frequencies) applied for modern populations (n = 41) from West Eurasia (color scale ranging from dark purple to yellow). The lighter block colors indicate larger genetic differentiation, whereas the darker colors show closer genetic affinities between the pairs of populations. We calculated the values in Python using the seaborn clustermap function with parameters ‘correlation’ distance metric and ‘complete linkage’ method.



Y-STR based phylogenetic analyses
A
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[bookmark: _heading=h.1w8mihxlfvjo]Fig. S4 Median-joining networks of the Baranja region (A) and Zobor region (B) Y-STR datasets based on 21 STR data 
Colors represent villages as the sources of the samples. The distribution of Y haplogroups between the villages did not show a characteristic pattern or patrilineal system, as the observed haplogroups displayed intermingling across the geographical regions. The smallest circle corresponds to a single haplotype. 
[bookmark: _heading=h.64pxi0k2pawc]
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Fig. S5 Summarized MJ Networks of Hungarian-speaking male populations
Median-Joining Networks of all Hungarian-speaking male populations analyzed from Baranja, Zobor region, Transylvania, Bodrogköz, Rétköz and Váh valley based on 21 STR data  7–9 colored by regions (part A) and by haplogroups (part B). The contemporary male population in the Carpathian Basin does not manifest a distinct Y-haplotype structure reflective of its geographical characteristics (see Fig. S5 part A), while we can see well-separated clusters according to haplogroups (see Fig. S5 part B).




Median-joining network of 180 N-M46 haplotypes
Based on 180 haplotypes, an N-M46 (ISOGG 2019-2020: N1a1-M46/Tat) MJ network was constructed using populations previously studied by Bíró et al. (2015); Fehér et al. (2015); Szeifert et al. (2022); Pimenoff et al. (2008); Ilumäe et al. (2016) (Fig. S6). 

From the perspective of Hungarians, haplotype cluster 3 is pertinent. Cluster 3 comprises three identical haplotypes: two Hungarian and one Northern Mansi, with the Baranja N-M46 haplotype included among them.
As it can be seen from Fig. S6, the right branch of the network has almost exclusively representatives of the Finno-Ugric language group, except for Bashkirs. Bashkirs have been living close to the Ugric peoples around the Ural Mountains, where admixture can be traced back for a millennium. This network branch can be derived from cluster 2, where the Buryats form the majority of the haplotypes.
s[image: A képen diagram, képernyőkép, sor látható

Automatikusan generált leírás]
Fig. S6 Median-Joining Network of 180 N-M46/Tat (N1a1) haplotypes
The circle sizes are proportional to the haplotype frequencies. The smallest circle is equivalent to one individual. The numbers on the network indicate the haplotype clusters described in the text. One Hungarian aDNA haplotype from Örménykút (Ö52/50, Fóthi et al. (2020)) was positioned six mutational steps away from cluster 1 and formed a haplotype branch with two present-day Hungarian males. Arrows show the samples of this study.

Macrohaplogroup N-M231 is widespread from Scandinavia to the Kamchatka in North Eurasia and it is the most frequent haplogroup in Siberia 16,17. Based on the geographic distribution of the parahaplogroup N*-M231, it most likely originated in Southeast Asia, whereas its most widespread subgroup is N-M46 17. Other authors consider Southern Siberia as its geographical origin 18.
The present-day Hungarian Y-chromosomal gene pool contains only a small percentage of N-M46 (1%) and has a distribution typical of East-Central Europe 19. However, its incidence is higher among the Hungarian-speaking Bodrogköz in East Hungary (6.2%) and among Székelys from Miercurea Ciuc, Romania (6.3%) 7,10. According to the results of the Hungarian aDNA studies, N-M46 is detected at a higher frequency (17-36%) in the Hungarian Conquest Period population in the Carpathian Basin 15,20. 

Median-joining network of 196 I2a-P37 haplotypes
The MJ network of 196 I2a-P37 STR haplotypes from 14 populations is illustrated in Fig. S7. Greek, Irish  21, Catalan samples 22, Croatian samples from FTDNA 23, and Slovakian samples 24,25 were used in the analyses. One sample (Karos II, grave 16) from the Hungarian Conquest Period 15 and all other samples originated from previously studied and published populations8–10,26. In this network, Hungarian speakers residing in rural regions and adjacent countries were distinguished separately. While they are well-documented, there is limited data available that combines both haplotype and haplogroup information from other European populations.
 
[image: A képen diagram látható

Automatikusan generált leírás]
Fig. S7 Median-Joining Network of 196 I2a-P37 haplotypes
The circle sizes are proportional to the haplotype frequencies. The smallest circle is equivalent to one individual. The numbers on the network indicate the haplotype clusters. M means the median haplotype. Arrows show the samples of this study.


Haplogroup I-M170 is a fundamental element of the European Y-DNA gene pool, representing, on average, 18% of the total male lineages. Its near absence in other regions, including the Near East, indicates its likely emergence in Europe, potentially before the Last Glacial Maximum (LGM) 27.
Haplogroup I-M170 has two major subgroups: I1-M253, which is common in Scandinavia, and I2-M438. I2 subgroup I2a-P37 (formerly I1b, currently I2a1a), extends from the eastern Adriatic to eastern Europe and noticeably decreases towards the southern Balkans. I2a probably diffused from its homeland, Eastern Europe or the Balkans after the LGM 28.
In contrast, I2b-M223 (formerly I1c, currently I2a1b1) most likely arose in southern France/Iberia and similarly to the other subclades, it underwent a postglacial expansion 28. Taken together, these observations suggest that haplogroup I-M170 may have played a central role in the process of human recolonization of Europe from isolated refugia after the LGM and suggest that a comprehensive phylogeographic study should localize the in situ origin and spread of major male founders 28. According to the study of Peričić et al. (2005), the I2a haplogroup corresponds to the historic expansion of the Slavs that may have taken place in the middle of the first millennium AD and resulted in significant admixture with the substratum populations living in Eastern Europe. Their haplogroup, subgroup I2a, is widespread among the Slavs, especially the western south Slavs, but has also been detected up to 3-7.1% in populations of the Northern Caucasus 28.

Based on our network, there are admixtures and shared lineages between the Hungarian-speaking populations (clusters 1-11), and also with that of the neighbouring Slavic countries (clusters 1-4 and 7-8), included in the study (Fig. S7). Among the conqueror Hungarians, there were three samples that had haplogroup I2a, but due to the lack of overlapping STR loci, only one sample could be included in the study. According to the authors, these three I2a samples were close relatives on the paternal lineage 15. 
Based on the YSEQ I2 panel, the deeper classification of the DV046 (Baranja) sample is I2-Y125026, which is I2a1b2a2b2b~ according to ISOGG 2019-2020. Modern-day Yfull data from this haplogroup are known from Hungary, Croatia, Romania, Serbia, Turkey, Montenegro, Greece, Poland, and Russia. As P37 subgroup has been prevalent in the Southeastern European area already at the time of the Hungarian conquest, and is rare/absent in the Volga-Ural Hungarian-related communities12, we conclude that it most probably represents a local lineage in the modern Hungarian-speaking populations, as it was similarly an European component in the mixed population of the Conquest period.


Median-joining network of 280 G2-L156 Y-STR haplotypes

The MJ network of 280 G2-L156 haplotypes is depicted in Fig. S8. The samples belong to three identifiable subgroups (L497 (G2a2b2a1a1b in ISOGG 2019-2020) within P303, M406 (G2a2b1 in ISOGG 2019-2020), L91 (G2a2a1a2 in ISOGG 2019-2020)) within haplogroup G2-L156. The haplotype cluster 1 is shared by nine populations, including four Hungarians (Hungarian from Hungary, Bodrogköz, Rétköz and Zobor region) and further males from Germany, Austria, Italy, and the Caucasus. The haplotype cluster 2 is shared by three populations (cluster 2 in Fig. S8), important from the Baranja and Zobor region aspects. Haplotype cluster 3 is shared by three populations and it is to be the founding haplotype of subhaplogroup of L497. L497 can be derived from the Early Neolithics 30, and is still frequent in Tyrol nowadays 31. Based on the pattern of the network, it can generally be said that almost all Hungarian males including samples from the present study are grouped either with Caucasian population samples such as Balkarians/Karachays or with the Tyrolean (see M497, M406 branches) and some German samples. Most Ossetian, Lezgian and Abkhazian males from the Caucasus form independent haplotype clusters, except for the Circassians, which are scattered within the network. 
The age of accumulated STR variation within the G2-L156 lineage for 280 samples is estimated to be 20.5±4.5 kya (95% CI=16.0-25.0 kya), considering the haplotype belonging to cluster 1 is the founder one. This value is nearly identical to its sequence-based calculation of 18.2 kya. The estimated age for the L497 branch is 8.1±2.3 kya (95% CI=5.8-10.4 kya) (Fig. S8). 
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Fig. S8 Median-Joining Network of 280 G2-L156 haplotypes
The circle sizes are proportional to the haplotype frequencies. The smallest circle corresponds to one sample/individual.

According to current knowledge haplogroup G is associated with the spread of agriculture from Fertile Crescent, particularly in Europe. Haplogroup G was first discovered in Europe and Georgia 27 and was later tested in Caucasian and Hungarian populations 19,32. The frequency of subhaplogroup G2a-P15/L156 is about 4% in the Hungarian population 19, 6% of the Csángó population (Hungarian minority) in Romania, and 4% of the Hungarian minority in the Székely population, Romania 10. Because the frequency of the haplogroup is low in Hungarian-speakers, only the L156 was tested from the downstream SNPs, which is phylogenetically equivalent to SNP P287 marker (G2 haplogroup) 33. Rootsi et al. (2012) analyzed 113 Hungarian males, of which 2 belonged to basal haplogroup G-M201 (1.8%) and to subgroups G2a-L497 (0.9%) and G2a-M406 (0.9%). According to the authors, P303 SNP represents the most common and widespread G subgroup (G2a2b2a on ISOGG 2019-2020), whereas G2a2b2a1a1b L497 lineages occur in Europe. The highest frequency of G2a-P303 is detected in populations from the Caucasus, specifically among South Caucasian Abkhazians (24%), Northwest Caucasian Adyghe (39.7%), and Cherkessians (36.5%) 30. Another common subclade is M406 (G2a2b1). The peak frequency G2a-M406 is in the Mediterranean and Central Anatolian (6-7%), as well as in Greek (4%) and Italian (3%) populations. This subgroup was not detected in many other regions where the frequency of P303 is high 30. The G2a-P16 lineage is specific to the Caucasus, accounts for one-third of the Caucasian male gene pool and occurs with the highest frequency among North Ossetians (63.6%). Outside the Caucasus Mountain the P16 lineage is present in less than 1% 30.
Based on our network analysis, we can also distinguish four subclades: L497, P303, M406, and P16, since the samples with known subhaplogroups in the network are clustered on the same branches (Fig. S8). The Hungarians are included in subclades L497, P303, and M406, except for P16, where only three Csángó samples are found, which indicates that the gene flow from the P16 subclade of the Caucasus has been negligible. It needs to be noted, that P16 is not included in the latest Y trees, as it turned out to be a palindromic position. Therefore, deeper typing of these P16 data is necessary.
We included six G2a-L156 samples from the Baranja and Zobor region populations, each of which falls into these three subgroups. Four of them belong to the M406 branch, one Zobor region sample is identical to the assumed modal haplotype. The results indicate a close genetic relationship between the Hungarian-Balkar/Karachay and Tyrolean males, as they share a common haplotype or are grouped into nearly identical haplotypes for one or two mutational steps. 
The G2a-L156 haplogroup was also found among the results of aDNA tests carried out in the Carpathian Basin. The researchers showed that one ancient Avar and four Hungarian conqueror samples belonged to the G2a-L293 subgroup, two Hungarian conqueror samples belonged to the G2a-U1 subgroup (G2a2b2a1a1a1), and one Hungarian conqueror sample belonged to the G2a-L30 subgroup (G2a2b) 15,34. The U1 and L497 SNPs define subclades within P303 G2a-L30 appeared already in the early farming period in the Carpathian Basin 35, whereas its spread to the Caucasus is untackled yet.
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Median-joining network of 126 R1a-Z280 Y-STR haplotypes

A MJ network of R1a-Z280 (R1a1a1b1a2) samples was generated using 126 haplotypes from nine populations, including 25 samples from the present study (10 Zobor region and 15 Baranja) (Fig. S9). All samples included in the network were tested by us and previously published 10,36, and no other published Z280 haplotypes and haplogroups are currently available. The founding haplotype of R1a-Z280 was shared by seven samples from three populations (three Bashkirian Mari; three Hungarian and one Zobor region, Slovakia) as presented in Fig. S9 (Haplotype 1). Further 11 haplotypes were shared by males from different populations. Six of them contained samples from the study regions. All other haplotypes were scattered in the network. The age of accumulated STR variation within R1a-Z280 lineage for 126 samples is estimated to be 15.4±1.0 kya (95% CI=14.4-16.4 kya) considering haplotype 1 to be the founder, which is older than its sequence-based calculation of 4.6 kya 37.  
[image: ]
Fig. S9 Median-Joining Network of 126 R1a-Z280 haplotypes 
The circle sizes are proportional to the haplotype frequencies. The smallest area is equivalent to one individual. A MJ network of R1a-Z280 (R1a1a1b1a2) samples was generated using 126 haplotypes from nine populations, including 25 samples from the present study (10 Zobor region and 15 Baranja). As illustrated in the figure, the R1a-Z280 MJ network presents a notable pattern. The populations examined in this study share common haplotypes with not only Hungarian-speakers but also Finno-Ugric-speakers (haplotypes 1-3, 5, and 8). Intriguingly, samples from either the Baranja or Zobor regions also possess shared haplotypes with Uzbek samples (haplotypes 3 and 7). This suggests a deep-rooted common paternal genetic lineage, given the vast geographical distance separating these populations for at least a millennium.

Haplogroups of R1a have been considered as Indo-European migration markers 38. R1a-M198 (R1a1a) has three downstream subclades, L664 (R1a1a1a1, North-Western branch), Z283 (R1a1a1b, Eurasian branch), and Z93 (R1a1a1b2, South-Eastern branch), split from their common European ancestor at about the same time, around 6000 - 4000 ybp 37. L664 apparently stayed in North-Western Europe; its lineage recovered and began expanding ~4575 ybp. The Z93 subclade began to expand during the Middle-Late Bronze Age migrations to India and the Middle East in the 2nd millennia BC. The Z283 subclade split ~5500 ybp into three branches 39. One of them, Z280 (the Central Eurasian branch) moved east to the Russian Plain in 4800 - 4600 ybp and formed at least 16 subbranches there and during the later westward repopulation of Europe in the first millennium BC—first millennium AD. As seen in Fig. S9, the MJ network of R1a-Z280 reveals an interesting pattern. Both populations investigated in the present study shared common haplotypes with not only Hungarian-speakers, but Finno-Ugric-speakers (Haplotypes 1-3, 5 and 8). Interestingly, the Baranja or Zobor region samples also shared common haplotypes with Uzbek samples (Haplotypes 3 and 7), implying a common deep paternal genetic ancestry, since these populations were separated by thousands of kilometers for at least thousand years 40. 
According to our hypothesis, R1a-Z280 could have entered the gene pool of the Ugric peoples (Khanty and Mansi) in the Russian Plain, including the Volga Uplands and the North Pontic steppe region.  People from this area could have brought the Z280 marker to the Carpathian Basin. So far, the R1a-Z280 marker has not been detected among the results of the bone samples from the Huns, Avars and conquering Hungarians, but this might change with increasing future testing. To clarify this issue, more populations from as many geographic regions as possible must be studied using downstream SNPs and/or the entire Y-chromosome sequencing.  




Median-joining network of 195 J2b-M102/M12 Y-STR haplotypes

We created an MJ network of 195 J2b-M102/M12 haplotypes from 12 populations. Except for the Hungarian-speakers and Uzbek populations we examined, all population samples originated from the FTDNA database. The two biggest clusters are shared by 16 (cluster 1) and 15 (cluster 2) males from eight and seven populations, respectively (Fig. S10). 
Several other smaller haplotype clusters show different admixtures or common origin of Y-chromosomal lineages of Hungarian-speakers investigated in the study (see arrows on Fig. S10). Circles with mixed colors such as Hungarian-German, Hungarian-Balkan, Hungarian-Russian and Polish-Hungarian can be observed.
The age of accumulated STR variation within the J2b-M102 lineage for 195 samples is estimated to be 27.4±1.5 kya (95% CI=25.9-28.9 kya), considering the median haplotype (see cluster 1 in Fig. S10) is the founder, which is much higher than its sequence-based calculation of 15.8 kya 37.
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Fig. S10 The Median-Joining Networks of 195 J2b-M102/M12 haplotypes
The circle sizes are proportional to the haplotype frequencies. The smallest circle is equivalent to one individual. The samples were pooled as followings: Northern European (NE): Norwegian, Dutch, Swedish, Belgian, and Finnish populations; Western European (WE):  French, Italian, Spanish, and Portuguese populations; Southeastern Europe: Croatian, Serbian, Greek, Bulgarian, Albanian, Kosovan and Macedonian populations; Caucasian: Armenian, Georgian, and Azeri populations; Arabian:  Lebanese, Palestinian, Saudi Arabians, Iraqi, Qatari, Omani, Yemeni, Egyptian, Syrian, Algerian, Bahrain, Libyan and Turkic populations. The median-joining network of J2b-M102/M12 haplotypes was constructed from 12 populations. Predominantly, European populations share the same haplotypes (clusters 1-2 and 4-5) in this network, suggesting that the ancestors' admixture occurred in Europe. An exception is the presence of an Indian sample in haplotype cluster 3. 

Haplogroup J2-M172 has been associated with the Neolithic spread of agriculture, especially based on modern European data 27. Ancient data however rather attests its presence in the region of Iran and the Caucasus in the Neolithic times. A subgroup of J2, J2b-M12/M102, detected from India to Europe, shows very high Y-STR diversity and splits into mainly J2b-M205, frequent in Southern Levant and J2b-M241, most frequent in Greece and the Balkans 41. The J2b-M241 subclade has low diversity in the Balkans, indicating different demographic histories. 
[bookmark: _heading=h.30j0zll]Based on our observation, haplogroup J2b-M12 was more likely to be found in Hungarian-speaking minorities (Székely, Csángó and Baranja) living in countries surrounding Hungary or in more isolated regions of Hungary (Bodrogköz, Rétköz), with a frequency of 3-5%.
[bookmark: _heading=h.1fob9te]Based on Fig. S10, almost only the European populations share the same haplotypes (clusters 1-2 and 4-5), indicating the admixture or common origin, except that there is an Indian sample in the haplotype cluster 3. Arabian and Indian samples are mainly scattered across the network. It cannot be deduced from the pattern of the network, how well the subgroups of J2b (J2b2a-M241 and J2b1-M205) are separated from each other. Furthermore, the populations are not separated geographically either, since individuals from Arabian populations, for example, occur in almost all branches. Presumably, these Arabian population samples would belong to subclade J2b-M205, as Battaglia et al. (2009) 41 detected. Individuals from the Indian population are mainly clustered in the center of the figure (see dark olive circles in Figure S7). According to a study by Singh et al. (2016) 42, J2b-M102/M12 in India consists largely of J2b-M241 chromosomes, while in the northwestern (NW) country, J2b1-M205 is present to a small extent. These observations can also be reflected in our network.
According to a recent study based on Y chromosome sequencing results, 43 observed that J2b-M12 did not spread continuously. The conclusion of the study is that the phylogeography of haplogroup J is complex and hardly explained by the presence of a single population harboring the major lineages at the onset of agriculture and spreading westward, but rather date to the Bronze Age 43. This aligns with the aDNA datasets, where J2b first emerged in the Bronze Age of Southeastern Europe and was not prevalent in the Neolithic era of the Balkans 44. 



Median-joining network of 279 C2-M217 Y-STR haplotypes
[bookmark: _heading=h.3dy6vkm]Fig. S11 depicts the MJ network of 279 C2-M217 haplotypes from 15 populations. Korean, Hazara, Manchu, Japanese, Kalmyk, and Kazakh population samples were used from Wei et al. (2018) 45. All other samples from populations were published in 10.
The biggest haplotype cluster is shared by 40 males from six populations (cluster 1). Haplotype cluster 1 is likely to be the core haplotype of C2-M217 haplogroup. Some other population samples also form an independent homogeneous haplotype cluster, such as Kazakh Madjars, Buryats, Hazaras, Japanese or Koreans. Mainly Korean and Japanese chromosomes were scattered in the middle of the network. The interesting phenomenon is that a Baranja C2-M217 sample is located on the same branch as Koreans and Hazaras. 
The age of accumulated STR variation within the C2-M217 lineage for 279 samples is estimated to be 28.3±5.8 kya (95% CI=22.5-34.1 kya), considering the core haplotype (see 1 in Fig. S11) is the founding, where the upper limit of the confidence interval is consistent with the sequence-based calculation of 34 kya 37.
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Fig. S11 The Median-Joining Network of 279 C2-M217 haplotypes	
The circle sizes are proportional to the haplotype frequencies. The smallest area is equivalent to one individual. Median-joining network of C2-M217 haplotypes was based on 15 populations. Several haplotype clusters can be seen in the figure, which shows different admixtures of Asian populations. Our Baranja Hungarian sample from Croatia is located on a branch with Hazara, Korean and Manchu samples far from the star-cluster. This branch can be derived from a haplotype consisting of two Mongolian and one Buryat samples. 
[bookmark: _heading=h.1t3h5sf]
Haplogroup C2-M217 (previously C3), is the most frequent haplogroup branch of C-M130 and found mostly in Central Asia, Eastern Siberia, and significant frequencies in parts of East Asia and Southeast Asia including some populations in the Caucasus, Middle East, South Asia, East Europe 46,47. There is a well-known haplotype pattern within haplogroup C2-M217 that was first discovered and called for the star-cluster (C2*-Star Cluster) in Zerjal et al. 46. This haplotype cluster had two characteristic features: (1) there was a high frequency of a cluster of closely related lineages; (2) star-cluster chromosomes were found in 16 populations throughout a large geographical area extending from Central Asia to the Pacific, thus, they do not result from an event specific to any single population. The authors estimated ∼1,000 years for the TMRCA (95% CI ∼700–1,300 years). Based on their calculation, the origin was most likely in Mongolia, where the largest number of different star-cluster haplotypes is found. Thus, a single male lineage, probably originating in Mongolia, has spread in the last ∼1,000 years to represent ∼8% of the males in a region stretching from northeast China to Uzbekistan.  According to the authors, this chromosome is present in about 16 million males, or 0.5% of the world's total population, and their available evidence suggested that Genghis Khan carried it. The boundary of the Mongol Empire, which corresponded to the borders of the regions controlled by the later Mongol Khans, closely matched the distribution of the star-cluster chromosomes, along with the Hazaras. The Hazaras of Pakistan are of Mongolian descent, and many consider themselves to be direct male descendants of Genghis Khan. By documenting genealogy, these relationships were constructed from their oral histories. Most Hazara Y-STR haplotypes were indeed found in the star-cluster, which is otherwise not detected in Pakistan, supporting their own oral tradition, and suggesting that Genghis Khan carried (probably his soldiers) the star-cluster haplotype 46.
As depicted in Fig. S11, a distinct star-cluster (cluster 1) is evident where 40 males from six populations share the same haplotype: Mongolian, Buryat, Hazara, Kazakh, and two Uzbek populations. According to a recently published paper based on whole genome sequencing results, the star-cluster, or chromosomes close to it, were found in Uzbek, Nogay, Afghan Hazara, Chinese Dauer, Manchu and Kazakh populations 45. These published results are fully consistent with our observations and overlap and confirm the result of the present study.
Our Baranja Hungarian sample in Croatia (see arrow on Fig. S11), whose origin we were looking for, is located on a branch with Hazara, Korean and Manchu samples far from the star-cluster. This branch can be derived from a haplotype consisting of two Mongolian and one Buryat samples. As another data concerning the recent Hungarians, it can be mentioned that the C2-M217 haplogroup was detected in 0.2% of the Hungarian samples submitted to the FTDNA database, which means that, although rarely, the C2-M217 haplogroup is present among Hungarian speakers.
According to aDNA study, only one C2-M217 sample was found, which had a double allele at the DYS19 locus, among the results of the conquering Hungarians 15. Based on that, it could be classified in the M86 subgroup of C2-M217 (C2a1a2a). According to another Hungarian aDNA study, C2-M217 samples were also found among early Avar, middle and late Avar period bone samples in the Carpathian Basin 34. Since haplotype data were not available for these samples, we could not include them in the network.
[bookmark: _heading=h.t0qujan0jstk]
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Median-joining network of 370 N-M46 Y STR haplotypes 
We also constructed the N-M46 network using 15 Y-STRs, incorporating additional ancient samples related to ancient Hungarians from the Ural and Volga regions (Fig. S12). The Baranja sample diverges from a Bashkir haplotype by two mutational steps, while the other Hungarian males share their haplotype with medieval samples from the Volga and Ural regions. The closest cluster to the Baranja sample is cluster 1 which shares more samples from different populations. It contains haplotypes from Gulyukovo, and also more early Hungarian samples from Karanajevo, Gornovo and Uyelgi can be found in the nearby cluster 2 (Fig. S12). The Avar period samples belong to a different subgroup (N1a1a1a1a3a-F4205) of the N-M46 clade, as corroborated by genomic studies 48,49. Although substructures observed on the 15 Y-STR network, we conclude that this lineage in the Baranja population has a Conquest Period origin in the Carpathian Basin.
[image: ]
Fig. S12 Median-Joining Network of 370 N-M46 haplotypes based on 15 STRs
[bookmark: _heading=h.26in1rg][bookmark: _heading=h.ffkhyf81od4e][bookmark: _heading=h.scaur0gxciqs]The circle sizes are proportional to the haplotype frequencies. The smallest area is equivalent to one individual.

Mitochondrial DNA results
[bookmark: _Hlk150372921]FST Analyses 
We analyzed the whole mitogenomes (16,569 base pairs) at the DNA sequence level and calculated Slatkin FST values (see Supplementary Table S10). A heatmap with clustering of FST values was created to visualize the genetic differentiation of the examined populations (Fig. S13). The Baranja and Zobor region populations cluster on the European branch with Hungarian-speakers, where the Czechs are the most similar to the Zobor region population. 
[image: ]

Figure S13. Heatmap of pairwise FST values (based on whole mitogenome sequences, see Table S10) for the investigated Baranja and Zobor region groups and 29 reference populations with a color scale ranging from yellow to dark purple. The lighter colors indicate larger genetic differentiation, whereas the darker colors show closer genetic affinities between the pairs of populations. The European groups all show great similarities with each other. We calculated the clustermap in Python using the seaborn clustermap function with parameters: metric = ‘correlation’, method = ‘complete’. Three conquest period populations were included in the dataset, as categorized by Szeifert et al. (2022).
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Fig. S14 Parts of the neighbor-joining phylogenetic tree of mitochondrial haplogroup T1a 
The whole T1a tree was composed of 703 published mitogenomes. 

[image: ]
Fig. S15 Part of the neighbor-joining phylogenetic tree of mitochondrial haplogroup D4b2. 
On the D4 neighbor-joining phylogenetic tree one sample from the Zobor region (D4b2b) falls close to modern-day Altaian, Armenian and Uyghur samples and to a late medieval period (SHU002) sample from Mongolia, Shunkhlai Uul 50.
Most of the data used for the mtDNA neighbor-joining networks are from the NCBI GenBank database, IDs and sources of other data are available in Supplementary Table S11. On the neighbor-joining phylogenetic trees the red color indicates the samples from the investigated Baranja and Zobor regions and modern-day Hungarian-speakers, sample names with light green color are ancient samples, teal color indicates ancient samples from the territory of today’s Hungary or historically Hungarian-related samples.
Fig. S16 Neighbor-joining phylogenetic tree of mitochondrial haplogroup U2e
Fig. S17 Neighbor-joining phylogenetic tree of mitochondrial haplogroup U3
Fig. S18 Neighbor-joining phylogenetic tree of mitochondrial haplogroup U4
Fig. S19 Neighbor-joining phylogenetic tree of mitochondrial haplogroup U5a
Fig. S20 Neighbor-joining phylogenetic tree of mitochondrial haplogroup H13
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