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Abstract. Tuvans are one of the most compactly living peoples of Southern Siberia, settled mainly in the territory of
Tuva. The gene pool of the Tuvans is quite isolated, due to endogamy and a very low frequency of interethnic mar-
riages. The structure of the gene pool of the Tuvans and other Siberian populations was studied using a genome-
wide panel of autosomal single nucleotide polymorphic markers and Y-chromosome markers. The results of the
analysis of the frequencies of autosomal SNPs by various methods, the similarities in the composition of the Y-chro-
mosome haplogroups and YSTR haplotypes show that the gene pool of the Tuvans is very heterogeneous in terms
of the composition of genetic components. It includes the ancient autochthonous Yeniseian component, which
dominates among the Chulym Turks and Kets, the East Siberian component, which prevails among the Yakuts and
Evenks, and the Far Eastern component, the frequency of which is maximum among the Nivkhs and Udeges. Analy-
sis of the composition of IBD-blocks on autosomes shows the maximum genetic relationship of the Tuvans with the
Southern Altaians, Khakas and Shors, who were formed during the settlement of the Turkic groups of populations
on the territory of the Altai-Sayan region. A very diverse composition of the Tuvan gene pool is shown for various
sublines of Y-chromosomal haplogroups, most of which show strong ethnic specificity. Phylogenetic analysis of
individual Y-chromosome haplogroups demonstrates the maximum proximity of the gene pool of the Tuvans with
the Altaians, Khakas and Shors. Differences in frequencies of Y-chromosome haplogroups between the Todzhans
and Tuvans and a change in the frequencies of haplogroups from south to north associated with the East Asian
component were found. The majority of the most frequent Y-chromosome haplogroups in the Tuvans demonstrate
the founder effect, the formation age of which is fully consistent with the data on their ethnogenesis.
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CTpyKTYpa " MPOUCXOKIeHNe reHOPOHJa TYBMHIIEB
10 JAHHBIM ayTOCOMHBLIX SNP 1 rariorpyrmn Y-XpOMOCOMBI

B.A. Cremanos, H.A. Koaecuukos, A.B. Baanxosa, A.A. 3apy6un, VL.IO. Xurpunckas, B.H. Xapokos @&

HayuHo-nccnepoBaTenbCKmim MHCTATYT MEANLIMHCKON reHeTUKKN, TOMCKMI HaLMOHaNbHbIN NccnefoBaTebCKMin MeAULIMHCKNI LIeHTP
Poccumiickon akapemnn Hayk, Tomck, Poccua
® Vladimir-kharkov@medgenetics.ru

AHHoTauus. TyBMHUbI — OAVH U3 Hanbonee KOMMaKTHO MPOXMBatoLWmX Hapoaos tOxHon Cnbupw, pacceneHHbIn
B OCHOBHOM Ha Tepputopuu TbiBbl. [eHODOHT TYBMHLEB ABNAETCA JOCTAaTOYHO 0O60CO6IEHHBIM 3a CYET SHAOraMuUn
1 OYeHb HM3KOWM YacTOTbl MeXKHaLMOHaNbHbIX 6pakoB. ViccnenoBaHa CTpyKTypa reHodOoHAa TYBUHLEB U APYruX
CMOUPCKMX NONYNALMIA NO NOSHOrEHOMHON MAaHeN ayTOCOMHbIX OAHOHYKEOTUAHbIX NOMMMOPOHbBIX MapKepoB
1 Mapkepam Y-XpomMoCoMbl. Pe3ynbTaTbl aHann3a 4yactoT ayTocomHbix SNP pasnuyHbiMu meTogamu, CXOACTBaA Mo
cocTaBy rannorpynn Y-xpomocombl 1 YSTR-rannoTrmnos nokasblBatoT, YTO reHOGOHS TYBUHLIEB OUYEHb reTeporeHeH
Mo COCTaBY reHeTUYeCKnX KOMNoHeHToB. OH BKJtOYaeT B ceb6A APEBHUA aBTOXTOHHbIN €HUCENCKMIA KOMMOHEHT,
LOMUHVPYIOLWNIA Y UYyNbIMCKUX TIOPKOB U KETOB, BOCTOYHOCUOMPCKII, Npeobnajatownin y AKyToB U 3BEHKOB, U
[anbHEBOCTOYHbII, YaCTOTa KOTOPOro MakcMMasibHa Y HUBXOB U ya3renues. AHanu3 coctaBa IBD-6110KoB Ha ayToco-
Max EMOHCTPUPYET MaKCMMalibHOe reHeTUYeCKoe POACTBO TYBUHLIEB C KXKHbIMY anTaliLaMm, Xxakacamu v wopLa-
MU, KOTopble GOPMUPOBANUCL NPKU paccesieHn TPKCKUX FPYNN nonynauni Ha Tepputopun Antae-CasHcKoro pe-
rMoHa. BblsiBneH oyeHb pa3HOO6pa3HbIi COCTaB reHodOoHAa TYBUHLEB MO Pa3INYHBIM CyONNHUAM Y-XPOMOCOMHbIX
rannorpynn, 60NbLNHCTBO U3 KOTOPbIX MOKA3blBAKOT CUIIbHYIO STHUYECKYIO cneundrnyHocTb. QunoreHeTnyecKnin
aHanu3 oTaenbHbIX Y-XPOMOCOMHbIX raniorpynn AeMOHCTPUPYET MaKCMManbHyo 61130CTb reHopoHAa TYBMHLEB
C anTafuamu, xakacamu 1 lwopLamu. BHyTpr TyBMHCKOTO 3THOCA O6HapY»KeHbl 3HaUMTeNbHbIe Pa3NYnAa MeXIy Bbl-
60pKaMK 13 3aMafHbIX, I>KHbIX 1 BOCTOUYHbIX PaioHOB TbiBbl MO [J0J1e MOHIOJIbCKOTO M @HUCENCKOTO reHeTNYECKNX
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CTpyKTypa 1 nponcxoxaeHvie reHodoHaa TyBUHLEB
no AaHHbIM ayTOCOMHbIX SNP 1 rannorpynn Y-xpomocombl

KOMMOHEHTOB. leHeTUYeckoe pa3Hoobpasne TyBUHLEB MO Y-XPOMOCOMHbIM ranjorpymnnam 1 MakcMmanbHO pas-
HOPOAHDIN COCTaB reHeTNYECKUX KOMMOHEHTOB CBMIETENbCTBYIOT O CAMOM BbICOKOM Pa3HOO6pasnm TyBUHCKOTO
reHopoHAa No CPaBHEHMIO CO BCeMU KOPEHHbIMM Hapogamu Cubupun. O6Hapy»KeHbl pas3nmnums Nno YacToTam ransio-
rpynn Y-XxpoMOCOMbI MeXAy TOAKMHLAMU 1 TyBUHLAMW I U3MEHEHME YacToT ransiorpyn C lora Ha ceBep, CBs3aH-
HbIX C BOCTOYHOA3MATCKUM KOMMOHEHTOM. BoNbWMHCTBO Hambonee YacTbix raniorpynmn Y-XpoMoCOMbl y TYBUHLIEB
LeMOHCTPUpPYeT 3pdeKT ocHoBaTenNs, BO3pacT GOPMUPOBAHNSA KOTOPbIX MOTHOCTbIO COMAacyeTcs C LaHHbIMM 06 1X

3THOreHese.

KntoueBble cnoBa: FeHO¢OHﬂ; nonynAaunn 4YenoBeka; reHeTnyeckoe pa3Hoo6pa3V|e; reHeTn4yeCckne KOMMOHEHTbI;

Y—xpomocoma; TYBUHLbI.

Introduction

From the point of view of studying population and evolu-
tionary genetic processes, analyzing genetic diversity, and
reconstructing the genetic history of populations, the gene
pool of the indigenous population of Southern Siberia is a
unique system. The problems related to the analysis of the
composition and ratio of various substrate components among
the Siberian peoples, despite the high level of study, have a
number of unanswered questions. In this regard, genetics
provides the richest opportunities for studying these problems,
since the development of new approaches to the analysis of the
population gene pool makes it possible to bring ethnogenetic
studies to a completely new level. Modern methods used in
molecular genetic research and new bioinformatic develop-
ments make it possible to reliably identify various ancestral
genetic components in the gene pool of various peoples and
individuals.

One of the most important problems of ethnology and an-
thropology of the population of Southern Siberia is the issue
of the formation of indigenous ethnic groups, in the solution
of which, at present, methods of analyzing genomic data play
an important role. The gene pool of the indigenous population
of'this region was formed due to the long-term and multi-stage
mixing of a large number of local gene pools of various tribes
of Caucasoid and Mongoloid origin. The indigenous ethnic
groups of Southern Siberia are characterized by various
anthropological types, complex ethnic and demographic his-
tory. The mixture of numerous Turkic, Mongolian, Yeniseian,
Samoyed and Ugric groups based on the genetic substrate
of the ancient Indo-European tribes and taiga Mongoloids
formed as a result a motley picture of the genetic diversity
of the population of this region (Gene Pool of the Population
of Siberia, 2003).

The processes of merging and assimilation with the par-
ticipation of various migration flows played an important
role in the formation of modern Turkic-speaking populations
of Southern Siberia, especially the Tuvans. In the era of the
Eneolithic, Bronze and Early Iron Ages, the territory of Tuva
was part of the habitat of the ancient Caucasoid population,
which later developed the cultures of the Scythian-Siberian
world (Alekseev, 1984). The penetration of the Central Asian
Mongoloid component into the territory of Southern Siberia
dates back to the VII-VI centuries BC. The appearance of
the forest, taiga Mongoloid component also dates back to
approximately the same time (Kiselev, 1951). Gradually,
there was an increase in the Mongoloid component, from the
predominance of the Caucasoid in the Scythian time to the
formation in the XIII-XIV centuries AD of the modern Central
Asian anthropological type of the Tuvans (Debets, 1948).

Tuvans are one of the most compactly living peoples of
Russia, settled mainly in the territory of Tuva. In Russia,
according to the All-Russian Population Census of 2010, the
number of the Tuvans is 263,934 people. At the same time, the
gene pool of the Tuvans is relatively isolated, due to endogamy
and a very low frequency of interethnic marriages (Puzyrev et
al., 1999; Kucher et al., 2003). The heterogeneity of the tribal
composition of the Tuvans was shown (Potapov, 1969). For
some groups of Tuvans, isolation of local populations was
noted, caused both by geographical factors and historically,
which is especially pronounced for Tuvans-Todzhans from
the northeastern mountainous part of Tuva. In recent years,
a number of scientific publications have been devoted to the
study of the Tuvinian gene pool, which were focused on the
study of the general spectrum of mtDNA lines, Y-chromoso-
me haplogroups, and the detailing of individual clades (Ste-
panov, Puzyrev, 2000; Stepanov et al., 2001, 2006; Derenko
et al., 2006; Kharkov et al., 2013; Damba et al., 2018a, b;
Agdzhoyan et al., 2021).

The purpose of this study is a comprehensive analysis of
the structure of the gene pool of Tuvans and the reconstruc-
tion of their origin in comparison with other populations of
the indigenous population of Siberia. To address the issues of
genetic proximity of Tuvans with other indigenous peoples,
genotyping of a wide genomic set of autosomal markers using
high-density biochips, as well as an expanded set of SNP and
STR-markers of the Y-chromosome was performed in various
indigenous peoples of Siberia.

Materials and methods
The material of the study was DNA samples of men with a
total number of 419 samples, representing the indigenous
population of the Republic of Tuva. Samples were collected
in the village Teeli (west of Tuva) (N=44), village Kungurtug
(south-east of the Republic) (N = 48), village Toora-Khem
(north-eastern part of Tuva) (N = 23), and the city of Kyzyl
(N =304). Samples from Kyzyl were assigned to the corre-
sponding territorial group according to the birthplaces of the
donors. The samples were divided into five territorially distant
groups: west (Barun-Khemchigsky, Bai-Taiginsky, Dzun-
Khemchigsky, Sut-Kholsky, Mongun-Taiginsky districts)
(N=169), center (Chaa-Kholsky, Tandynsky, Kaa-Khemsky,
Kyzyl, Ulug-Khem, Chedi-Khol, Piy-Khem, Tes-Khem,
Ovyur, Erzin districts) (N = 179), east (N = 71), including
the northeast (Todzhinsky district) (N = 23) and southeast
(Tere-Kholsky district) (N = 48).

The sampling of primary biological material (venous blood)
from donors was carried out in compliance with the procedure
of written informed consent for the study. For each donor, a
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questionnaire was compiled with a brief pedigree, indicating
ethnicity and places of birth of ancestors. An individual was
assigned to a given ethnic group based on his own ethnic
identity, his parents and place of birth.

For the analysis of Y-chromosome haplogroups and hap-
lotypes of Tuvans, all 419 male DNA samples were used.
For genotyping on chips, unrelated accessions from the vil-
lage of Teeli of Bai-Taiga kozhuun (N = 28) were selected.
Other populations of the indigenous population of Siberia are
represented by: Chulyms, Khakas-Sagays, Khakas-Kachins,
Southern Altaians, Kets, Khanty, Tomsk Tatars, Buryats,
Yakuts, Evenks, Nivkhs, Udeges, as well as Kalmyks, Dun-
gans and Kirghiz.

Genome-wide genotyping data were obtained using In-
finium Multi-Ethnic Global-8 (Illumina) microarrays for SNP
genotyping, including over 1.7 million markers. The material
was deposited in the bioresource collection “Biobank of the
Population of Northern Eurasia”. For comparative analysis,
we used genotype data for 1677114 autosomal SNPs (Illumina
Multi-Ethnic Global-8 biochip) of 917 samples and geno-
typing data for more than 3000 Y-chromosomal SNPs and
36 YSTRs from more than 1600 male samples representing
the indigenous population of Siberia and neighboring regions.
More than 30 population samples have been characterized,
which are described in detail in our previous works (Kolesni-
kovetal., 2021, 2022). The NGSadmix method (Scotte, 2013)
and the ADMIXTURE program (Alexander et al., 2009, 2011)
were used to analyze the component composition and amount
of impurities in individuals and populations, and a compara-
tive analysis of autosomal SNP data and haplogroups and
haplotypes of Y-chromosomes.

Autosomal SNP genotype array clustering and quality
control were performed using a protocol developed by (Guo
et al., 2014) using GenomeStudio (Ilumina. GenomeStudio,
genotyping module v2.0.3), a software package that Illumina
has developed for various genomic analyses. For filtering,
normalizing and calculating standard genomic statistics and
indicators, the standard set of programs, including vcftools,
beftools, and plink, proved to be optimal. To analyze linkage
blocks identical in origin, the Refined IBD algorithm (Brow-
ning B.L., Browning S.R., 2013) was used, which shows more
accurate results compared to the algorithms built into plink.
The genotypes were preliminarily phased using the Beagle 5.1
software (Browning S.R., Browning B.L., 2007). To compare
the populations, the sums of the average lengths of blocks
identical in origin (IBD segments — identical by descent) were
obtained between pairs of individuals.

To study the composition and structure of Y-chromosome
haplogroups, two systems of genetic markers were included
in the study: diallelic loci represented by SNPs and polyal-
lelic highly variable microsatellites (YSTRs). With the help
of 156 SNP markers, the belonging of the samples to dif-
ferent haplogroups was determined. The classification of
haplogroups is given in accordance with the data of the
International Society for Genetic Genealogy (website www.
isogg.org). Analysis of STR haplotypes within haplogroups
was performed using 44 STR markers of the non-recombining
part of the Y-chromosome (DYS19, 385a, 385b, 388, 3891,
38911, 390, 391, 392, 393, 426, 434, 435, 436, 437, 438, 439,

Structure and origin of Tuvan gene pool according
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442, 444, 445, 448, 449, 456, 458, 460, 461, 481, 504, 505,
518, 525, 531, 533, 537, 552, 570, 576, 635, 643, YCAlla,
YCAIIb, GATA H4.1, Y-GATA-A10, GGAAT1B07).

STR markers were genotyped using capillary electropho-
resis on an ABI Prism 3730 genetic analyzer. Genotyping
of SNP markers was performed using PCR and subsequent
analysis of DNA fragments using RFLP analysis. Experi-
mental studies were carried out on the basis of the Center
for Collective Use of Research Equipment “Medical Geno-
mics” (Research Institute of Medical Genetics of the Tomsk
National Research Medical Center). The construction of
median networks of Y-chromosome haplotypes was carried
out using Network v.10.2.0.0 (Fluxus Technology Ltd; www.
fluxus-engineering.com) using the Bandelt median network
method (Bandelt, 1999). The generation age of the observed
diversity of haplotypes in haplogroups was estimated using the
ASD method (Zhivotovsky, 2004), based on the mean square
differences in the number of repeats between all markers.

Results and discussion

Genotyping of a large array of SNPs makes it possible to study
in great detail the patterns of haplotype diversity that mark
various substrate and superstrate layers of the population gene
pool, the degree of miscegenation with the alien population
at various levels — from individual to generic and ethnic, to
conduct a detailed analysis of the demographic history of
various populations and analyze the molecular phylogenetic
and phylogeographic structure of Y-chromosome haplogroups.
This makes it possible to more accurately reconstruct the ge-
netic and demographic events that occurred in the past. The
use of modern bioinformatic approaches on a wide array of
SNPs and a detailed phylogeny of uniparental lines makes it
possible to more accurately reconstruct the formation of the
Tuvan gene pool.

After processing the data on the results of a microchip study
to filter the progenotyped samples and carry out further calcu-
lations, a search was first made among the Tuvans of mestizos
using the NGSadmix program. The NGSadmix method, when
launched on the data array that we formed, showed that all
progenotyped samples of the Tuvans do not have crossbreed-
ing, which is fully consistent with the data of the DNA donor
questionnaire. The obtained data on the frequencies of SNPs
in the studied population samples were used to elucidate the
genetic relationships between different ethnic groups. The
ADMIXTURE algorithm was used to reduce the dimension
and identify the genetic components.

Component composition of the gene pool of the Tuvans
To identify individual genetic components in the gene pool of
the studied populations, the ADMIXTURE program was used,
which makes it possible to identify the mixed composition of
a set of individuals based on genotype data and, thereby, to
make assumptions about the origin of the population. Model-
ing using ADMIXTURE has recently become one of the main
methods of analysis in the study of the gene pools of modern
and ancient human populations, allowing you to analyze the
same data at different hierarchical levels.

Tuvans, in comparison with most Siberian populations,
show a very diverse composition of genetic components.
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Their distribution is most clearly manifested at K = 12. For
almost all Siberian populations, the complete dominance of
one genetic component, characteristic of individual samples
or closely related indigenous peoples, is shown. In addition to
the Tuvans, a rather heterogeneous component composition
was also found among the Khakas-Kachians. The spectrum
of genetic components of the Kachins almost completely
coincides with the Tuvans, but differs in their proportions.

Altai component. With the maximum frequency in the Tu-
vans (53 %), the genetic component that dominates in the
Southern Altaians (up to 90 %) is represented. Taking into
account the fact that the analyzed sample of the Tuvans re-
presents the westernmost region bordering the Republic of
Gorny Altai, this is quite natural. It is presented with sufficient
frequency among the Kyrgyz (9.8 %) and Khakas-Kachins
(7.6 %), related to the Southern Altaians. Probably, this genetic
component is associated with the influence of Turkic speakers
in the formation of modern South Siberian peoples. Previously,
the proximity of the Altaians and Tuvans was shown by ana-
lyzing the allele frequencies of the ZFX gene (Khitrinskaya
etal.,2010), X-linked STR markers (Vagaitseva et al., 2014),
enzymes and blood proteins (Spitsyn et al., 1984), frequen-
cies blood groups of the ABO system and according to their
anthropological parameters (Bogdanova, 1978a, b; Alekseev,
1984; Alekseeva, 1984).

East Siberian component. The second most common
among the Tuvans is the East Siberian genetic component
(21 %), which is dominant among the Yakuts (94 %), Evenks
from Yakutia (93 %) and Transbaikalia (62 %). This corre-
sponds to the linguistic data on the South Siberian origin of
the ancestors of modern Yakuts. It is 30 % among the Buryats,
12 % among the Kachins, and 4 % among the Southern Al-
taians. The distribution of this genetic component is consistent
with the classification of racial types. Tuvans, Tofalars, Yakuts
and Dolgans are carriers of the traits of the North Asian minor
race — one of the subdivisions of the continental branch of the
great Mongoloid race. Two moderately different types are
distinguished in the composition of the North Asian Mon-
goloids — Baikal and Central Asian. The first type is typical
primarily for the Tungus-Manchurian peoples, the second — for
the Turkic and Mongolian peoples (Turkic Peoples of East
Siberia, 2008).

East Asian component. In third place in the Tuvans (11 %)
is the dominant component of the Dungans (91 %), Buryats
(63 %) and Kalmyks (54 %). It manifests itself most clearly
at K = 12. It makes up a larger proportion among the Kir-
ghiz (49 %), Kazakhs (46 %), Uzbeks (43 %), Khakas-Ka-
chins (41 %) and Tomsk Tatars (24 %) and has a small share
among the Kachins (4 %) and Southern Altaians (4 %). It is
this genetic component that reflects the contribution of the
latest groups of immigrants from the territory of Mongo-
lia to the gene pool of the population of Southern Siberia.
Almost all other studied populations of Siberia and the Far
East — the Yakuts, Shors, Khakas-Sagays and Chulyms de-
monstrate the almost complete absence of this component.
It was not found among the Evenks, Khanty, Kets, Chulyms,
Chukchi, Koryaks and Nivkhs. The general picture of the
distribution of this genetic component is in good agreement
with anthropological and ethnographic data on the influence
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of the Mongol expansion on the ethnogenesis of the studied
ethnic groups.

Yeniseian component. The largest share of this component
is characteristic of the Chulym Turks (94 %) and Kets (65 %).
In the Kets, its proportion is lower due to miscegenation and
the detection by the NGSAdmix method of a recent Caucasoid
admixture in many samples. Among Tuvans, its frequency is
6.9 %, and among Kachins, 20 %. The results obtained are in
good agreement with the data of ethnology, anthropology and
linguistics on the contribution of the Yeniseian component to
the formation of various peoples of the Altai-Sayan region and
the historical areas of the Yeniseian languages.

Far Eastern component. The last genetic component in the
Tuvans present with a significant frequency (4.9 %) prevails in
the Nivkhs (96 %) and Udege (56 %). It is present with a low
frequency among the Trans-Baikal Evenks (11 %), Buryats
(10 %), Kalmyks (8 %) and Dungans (6 %). Probably, its
presence reflects the contribution of the taiga Mongoloids,
who in ancient times settled westward from Primorye and
Transbaikalia.

It can be assumed that the Samoyed component can also be
present in the Tuvinian gene pool, however, its determination
requires an analysis of the population groups in which it is
dominant (Nenets, Enets, Nganasans and Selkups).

Identical in origin clutch blocks. As a result of bioinfor-
matics processing of genotyping data from high-density bio-
chips of various Siberian populations, an analysis was made
of the coincidence of DNA fragments common in origin
between populations and individuals. A segment with identi-
cal nucleotide sequences is IBD in two or more individuals
if they inherit it from a common ancestor without recombina-
tion, that is, in these individuals the segment has a common
origin. The expected length of an IBD segment depends on
the number of generations since the last common ancestor.
One of the applications of the analysis of genome regions of
common origin is the quantitative assessment of the degree
of relationship between individuals, which can also supple-
ment information on the genetic relationships of populations
(Gusev et al., 2011).

Samples from the sample of the Tuvans showed the maxi-
mum match in IBD blocks among themselves (10.07 %), then
with a sample of the Southern Altaians (1.62 %), Evenks
(0.81 %), Yakuts (0.77 %), Chulyms ( 0.70 %), Khakas-Sa-
gays (0.66 %), Khakas-Kachins (0.64 %), Buryats (0.58 %),
Kalmyks (0.57 %), Udeges (0.39 %) and Khanty (0.38 %).
The degree of overlap of IBD blocks between the Tuvans
and other population samples is consistent with the results
of ADMIXTURE on the distribution of allele frequencies
and common genetic components in these populations. The
FROH inbreeding coefficient was also calculated for all indi-
viduals by homozygosity blocks (ROH). For the Tuvans, its
value (0.0151) is much lower than for the Chulyms (0.0292),
Kazyms (0.0280) and Russkinskaya Khanty (0.0266), Kets
(0.0259) and Khakas-Sagays from the foothill Tashtyp region.
Almost equal to the Tuvans in terms of FROH value are the
samples of the Southern Altaians (0.0168) and the Khakas-
Kachins of the Shirinsky district (0.0146). This indicates the
absence of a significant role of inbreeding in the formation of
the gene pool of modern Tuvan populations.
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Haplogroups of the Y-chromosome

For the most frequent Asian haplogroups of the Y-chromoso-
me in the Tuvans, additional terminal SNPs were genotyped,
which made it possible to more accurately separate the
samples into individual specific sublines. The frequencies of
occurrence are indicated only for them (see the Table). The
frequencies of other rather rare haplogroups represented by
separate samples, indicated in an earlier article (Kharkov et
al., 2013), are not given here, since additional SNPs were not
selected for them.

The most frequent Y-chromosome haplogroup in the Tuvans
is N1a2b1-B169, which makes up 24 % of the total array of
male samples. It is divided into three sublines that differ in
terminal SNPs and haplotype clusters. Its variant N1a2b1b2b1
(B178,PF3415,735147,7235149, 235152) is present with the
maximum frequency among the Tuvans. In addition to the
Tuvans, two samples of the Southern Altaians belong to it.
According to the YFull website, this line was also found in
one man from Kyrgyzstan and two from China. The haplotypes
of this lineage have a stellar phylogeny, indicating a strong
founder effect (Fig. 1).

The age of this line among the Tuvans according to YSTR
is 1442 years (SD = 368 years). Its presence among the Al-
taians, Kirghiz and Chinese in the form of single samples is
possibly associated with the inclusion of individual men of
Tuvan origin in their composition. This line among the Tu-
vans represents a common genetic substrate for them, which
is unequivocally connected with the heritage of the Samoyed
population of the territory of Southern Siberia. The presence
of different ethnospecific variants of the N1a2b1 haplogroup
among the Tuvans, Khakas, and Shors indicates a significant
genetic differentiation between them. This confirms the ab-
sence of migrations of carriers of this haplogroup and gene

Structure and origin of Tuvan gene pool according
to autosome SNP and Y-chromosome haplogroups

exchange over the past few hundred years. The main factor
in its spread on the territory of Tuva was the genetic isola-
tion of local Samoyedic groups and the intensive increase in
their population. Four samples of Tuvans belong to a very
rare parallel line N1a2blb2al~ (B228, Z35125, Z35127,
735128). It was previously found in Mongols (Illimée et al.,
2016). The third Tuvan subline (xB175, Z35117, Z35118)
includes 10 samples.

The second most frequent among the Tuvans is the hap-
logroup Nlal (19 %), which is divided into three branches.
In the total sample, its frequency is inferior to N1a2bl by only
5 %, covering slightly less than 30 % of samples in the west
of Tuva. The first line Nlala2~ (B187 xB449) in the total
sample of the Tuvans has a frequency of 6.4 %. In the eastern
regions — Todzhiinsky and Tere-Kholsky, this haplogroup was
not found. This variant is very ethnospecific and is not found
in other populations. The sister line parallel to it (Nlala2 ~
B499) with a relatively recent divergence from the Tuvan
line is also characteristic of the Khakas-Sagais and Shors. It
dominates in frequency in the Khakas seoks Khyi and Khobyi.
Among the Shors, this haplogroup includes all men of the seok
Kyi and Kobyi (Kharkov, 2020). On the median networks, the
haplotypes of these lines in the Tuvans, Khakas, and Shors
form three clusters that do not intersect with the Tuvans, except
for one sample (Fig. 2).

At the same time, the haplotypes of the Khakas-Sagays of
the Tashtyp district, bordering Shoria, are very close to the
Shors and demonstrate a strong recent founder effect. The total
age of the Tuvan haplotype cluster was 1863 years (SD =294
years). This shows the long-standing division of these lineages
between the Tuvans, Khakas, and Shors, and rather strong
founder effects for individual seoks of Khakas and Shors.
This subline has a very limited geographic range. Most likely,

Frequencies of occurrence of the main Y-chromosome haplogroups among the Tuvans

Haplogroup
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Fig. 2. Median network of YSTR haplotypes of the N1ala2~ haplogroup in Tuvans, Khakas, and Shors.
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Fig. 3. Median network of YSTR haplotypes of haplogroup Q1b1a3bl1a~ - B30 in Tuvans and Southern Altaians.

the initial place of its distribution was the territory of Tuva,
from where it spread to Gornaya Shoria and then to Khakas-
sia. It separated from the main stem of Nlal very early and,
like many other rare Y-chromosomal lineages, was preserved
with a sufficiently high frequency only in relatively isolated
mountain populations. Its separation from the main stem of
the Nlala haplogroup occurred approximately 10,700 years
ago (YFull). Due to its population specificity and isolation,
the relationship of this variant with the Samoyedic, Ugric, or
other genetic components is ambiguous.

The second subline Nlala among the Tuvans is
Nlalalala3a2 (B219 xB199). It is represented in all dis-
tricts and has a frequency of 11.9 %. It also includes three
samples of the Altaians. It was not found among the Khakas,
Shors and Chulyms. The line Nlalalala3a2c2-B199, which
is closely related to it, dominates in the Eastern Buryats and is
represented by a rather high frequency in the Western Buryats.
The appearance of these lines is unambiguously connected
with the settlement of Mongolian ethnic groups in Tuva, Bu-
ryatia and Altai. The age of this line according to haplotypes
among the Tuvans was 1500 years (SD = 304 years). The

spread of this Y-chromosome lineage occurred a little later
than the carriers of the Tuva-Shor-Khakas branch Nlala2~.

Only two specimens of Tuvan-Todzhans belong to a very
rare lineage Nlalala (L708, L839 xL392). In terms of hap-
lotypes, it is very close to the Yakut-Evenki haplogroup
Nlalalala4alal, but is not mutated in its terminal SNPs
(M1979, M1984, M1988, M1991). The presence of this
Y-chromosome variant in the Todzhans is consistent with the
distribution of the East Siberian genetic and overlap in IBD
blocks with the Yakuts and Evenks. This lineage also includes
four samples of Khakas-Sagay men from the Askizsky district
with haplotypes close to those of Tuva.

Haplogroup Q1bla3bla~(B30/YP1691,YP1693, YP1694)
occupies 13 % of the total sample of the Tuvans. Its maximum
frequency falls on the eastern samples of the Todzhans and
Tuvans of the Tere-Kholsky kozhuun (25 %). Four samples of
Southern Altaians also belong to this lineage (Fig. 3).

The descending gradient of this haplogroup from east to
west was shown on the territory of Tuva earlier (Kharkov et
al., 2013; Damba et al., 2018b; Agdzhoyan et al., 2021). The
highest frequency of the haplogroup Q1bla3bla~ for Tuvans
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in Todzha is apparently a consequence of their relative genetic
isolation and the preservation of a greater proportion of the
local autochthonous Yeniseian genetic component. The age
of this line according to haplotypes among the Tuvans was
2187 years (SD = 446 years). The distribution frequency of
the haplogroup Q1bla3bla~ and its related lines Q1bla3bla2-
B33 and Q1bla3b4-B31 in the populations of the indigenous
peoples of Southern and Western Siberia reflects the contribu-
tion to their gene pools of local aboriginal population groups
belonging to the Yeniseian language family, which are quite
ancient in origin. Analysis of the Y-chromosomal sublines
Q1bla3b shows that the original center of origin and settle-
ment of its carriers is the territory of modern Tuva.

Different populations with a share of the Mongolian genetic
component have different haplogroups and sublines, the origin
of which is associated with the settlement of various ethnic
groups and migration events of different times. Among the
Tuvans, the result of the Mongolian contribution, in addition
to Nlalalala3a2, is the haplogroups of the clades C2bl,
02 and O3. All of them are very close to the variants pre-
sented with a high frequency among the Mongols, Buryats
and Kalmyks. The share of C2blc (M504) and C2blalalal
(F3850) is the highest in the southeastern sample (15 %).
Lineage C2blalalal (F3850) was found only in the southern
and southeastern regions. The more frequent line C2blbl
(M77) shows a clinal decrease in frequency from southeast
to west. The same is true for haplogroups O2 and O3. In the
gene pool of almost all the populations studied, in which the
Mongolian genetic component is not detected by autosomal
SNP, the indicated Y-chromosome haplogroups are also ab-
sent. Phylogenetic analysis of Y-chromosomal sublines and
haplotypes shows that the center of origin and distribution of
the carriers of the Mongolian component is the territory of
Central Asia.

These haplogroups among the Tuvans are a legacy of the
genetic contribution of late Mongoloid migrants, reflecting
the contribution of the Xiongnu and Mongolian settlers to
the territory of Tuva. Thus, genetic data confirm that the
penetration of Mongolian nomads into the territory of Tuva
came from the south, gradually spreading to the northern
regions, and, accordingly, the mongolization of the popula-
tion of Tuva was most pronounced precisely in the southern
regions. This coincides with the data of paleoanthropology
(Alekseev, 1984) and anthropology of the modern population
(Bogdanova, 1978a). The data of linguistics characterizing the
southeastern dialect as formed as a result of the significant
influence of the Mongolian language also completely coincide
with the distribution of this component and the frequencies of
haplogroups that we obtained.

The haplogroup Rlala (12 %) among the Tuvans in-
cludes seven different lines. Six Tuvan men belong to the
Rlalalb2a2a (Z2123) lineage. Three Altaians and two Kir-
ghiz also belong to it. Five more Tuvans belong to the line
Rlalalb2a2a3blal~ (YP1542, YP1556) close to it. It domi-
nates in frequency among the southern Altaians and Teleuts.
Twenty-seven Tuvans had the R1alalb2 (Y43109) line, which
was divided into three variants differing in haplotypes. Sixteen
Tuvans and five Southern Altaians belong to one variant. In
the second, there are four Tuvans, Khakas from the Turan and
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Khyzyl Khaya seoks, and almost all Shors from the Tartkyn,
Shor-Kyzai and Kara-Shor seoks. In the third, there are seven
Tuvans, Khakas from various seoks of the Beltir and Biryu-
sin, and Shors of the seoks of the Cheley and Chediber. This
confirms the data that some groups of Tuvans who roamed
in the Minusinsk Basin and were later called the “Beltyr”
were completely assimilated by local tribes, constituting one
of the components of the formation of the ethnos of modern
Khakas.

The haplogroup R1alalb2el~ (YP1509) among the Tuvans
is also divided by haplotypes into two lines. Nine samples of
Tuvans of the first variant are very similar in haplotypes to
this variant among the Khakas of the Kharga seoks and the
Shors of the Karga and Cheli seoks and one Teleut. Eight
samples belong to another specific variant common among
the Telengits and Northern Altaians.

A very large diversity of the R1ala haplogroup was shown
among the indigenous population of the Altai-Sayan region.
Its various sublines split long ago and show no star-like hap-
lotype phylogeny, reduced diversity, or traces of the founder
effect. This indicates a significant size of the effective size
of the populations of the ancient Caucasoids and Turks, who
introduced these components into the gene pool of modern
Tuvans, Khakas and Shors. Founder effects with significant
demographic growth were found only in the Southern Altaians,
Kirghiz and Teleuts in the haplogroup Rlalalb2a2a3blal~.
The distribution of various discovered sublines of the hap-
logroup Rlala in the territory of Tuva, Altai, Khakassia
and Shoria is most likely associated with the Turks and the
Yeniseian Kyrgyz.

Of the other haplogroups among the Tuvans, eight more
are single samples (D, E, 11, 12a,J1, J2a, J2al and R1b). Most
likely, their presence is partly due to the recent miscegenation
and earlier dispersal of the Central Asian populations. The
results of the study of the detailed phylogeny of Y-chromoso-
me haplogroups made it possible to more accurately analyze
the component composition of the Tuvan gene pool. This is a
more accurate addition to the analysis of autosomal markers,
which makes it possible to reconstruct in detail the forma-
tion of their gene pool. This information is also important for
describing the similarities and differences between the com-
pared groups, as well as the processes of their ethnogenesis.
Various Y-chromosome haplogroups in the Tuvan gene pool
demonstrate their genetic affinity with the Altaians, Khakas,
Shors, Buryats, Mongols, Evenks, Kets, Chulym Turks, and
Teleuts. This allows us to characterize in more detail the
gene pool of the indigenous South Siberian population and
the genetic relationships and continuity of populations living
in this territory.

Conclusion

Thus, in the present study, a detailed study of the gene pool
of Tuvans was carried out based on the data of high-density
biochips and a wide range of SNPs of the non-recombining
part of the Y-chromosome. A very heterogeneous composition
of the gene pool of the Tuvans and Khakas was found, both in
autosomal SNPs and in various sublines of Y-chromosomal
haplogroups. The maximum closeness of the gene pool of the
Tuvans with the Altaians, Khakas and Shors is shown. Analy-
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sis of IBD blocks and individual rare variants of male lines
demonstrates traces of more ancient connections with the an-
cient aboriginal population of this region and the populations
of Eastern Siberia and the Far East. Within the Tuvan ethnos,
significant differences were found between samples from the
western, southern, and eastern regions of Tuva in terms of the
proportion of the Mongolian and Yeniseian genetic compo-
nent. The genetic diversity of the Tuvans in Y-chromosomal
haplogroups and the most heterogeneous composition of ge-
netic components indicate the highest diversity of the Tuvan
gene pool, compared to all other indigenous peoples of Siberia.

In the future, we plan to analyze in more detail the structure
of the gene pools of the South and West Siberian populations
by adding population samples of the Samoyedic peoples — the
Nenets and Selkups.
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