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DEGREE OF RELIABILITY AND VALIDATION OF RESULTS

The main provisions of the study were presented at 4 international conferences: II All-Russian conference with international participation "High-Throughput Sequencing in Genomics" (Novosibirsk, Russia, 18-23 June, 2017), international scientific and practical conference "Botai culture and other Eneolithic monuments of Central Asia" (Almaty, Kazakhstan, 4-6 April, 2019), VI International scientific conference "Ecology of ancient and traditional societies" (Tyumen, Russia, 2-6 November, 2020), XI International scientific conference "Ancient cultures of Mongolia, Southern Siberia and Northern China" (Abakan, Russia, 8-11 September, 2021).

The research results were published in 5 scientific articles in peer-reviewed journals indexed in the Web of Science and Scopus databases. Three such articles were prepared together with the Russian partner and did not involve the French partners. The two other articles were prepared in France, and the Russian partners, including the author of the present PhD manuscript who generated some important DNA data, and her Russian co-supervisors, were invited as publication co-authors. While the articles and conference proceedings listing PhD Ludovic Orlando as last authors were written by him, and relied mostly on bioinformatic work that he carried out together with PhD Pablo Librado, the author of the present PhD manuscript and her Russian co-supervisors participated to data interpretation, including providing key information about the archaeological contexts of the findings.

A list of publications presenting the results of this study is provided in Appendix 1.

4.2. Analysis of complete and nearly complete mitogenomes of the ancient and medieval horses in Altai and adjacent territories (the experiment was carried out in Russia) ........................................

CHAPTER 1. INTRODUCTION

Relevance of the research topic ADNA (ancient deoxyribonucleic acid) studies provide access to genetic variation in animals over space and time, which helps to better understand the population history of many species around the world [START_REF] Orlando | An Ancient DNA Perspective on Horse Evolution[END_REF], including horses. Unlike dogs or pigs, the skeletons of representatives of various species of the genus Equus (the last and only living genus within the family Equidae) are hardly distinguishable on the basis of fragmentary remains, so paleontologists have difficulties studying the evolutionary history of horses [START_REF] Mashkour | Equids in Time and Space[END_REF]. In such situations, molecular genetic variation is an important source of information for determining the status of equine archaeozoological remains.

Recent research has uncovered an unexpected variety of extinct horse genetic lineages that existed before and during the early stages of horse domestication [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF][START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF][START_REF] Librado | Tracking the Origins of Yakutian Horses and the Genetic Basis for Their Fast Adaptation to Subarctic Environments[END_REF][START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF]Schubert, Jónsson, et al. 2014). At that time, around 5,500 years ago, at least five genetic lineages within the genus Equus could have existed on the territory of Altai (Southwestern Siberia). Firstly, the lineage of modern domestic horses was the most frequent during the Bronze and Iron Ages to the present day [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF]. Secondly, the lineage leading to the modern Przewalski's horses may have populated this region, since the remains of horses from the Borly4 site in Northeastern Kazakhstan belong to the descendants of Botai horses, and this site is dated by radiocarbon dating to the transition between the 4th and 3rd millennium BCE (Before Common Era) [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF]. Thirdly, the species Equus lenensis was also distributed in the territories of the Taymyr Peninsula, the Republic of Sakha (Yakutia), and the Tyva Republic during the Upper Paleolithic and at least until the end of the 4th millennium BCE [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF][START_REF] Librado | Tracking the Origins of Yakutian Horses and the Genetic Basis for Their Fast Adaptation to Subarctic Environments[END_REF][START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF]. Fourthly, the now extinct species Equus ovodovi, which was present in the Altai region during the Upper Paleolithic and survived at least until the 10th millennium BCE in Northeast China [START_REF] Eisenmann | Unexpected Finding of a New Equus Species (Mammalia, Perissodactyla) Belonging to a Supposedly Extinct Subgenus in Late Pleistocene Deposits of Khakassia (Southwestern Siberia)[END_REF][START_REF] Orlando | Geographic Distribution of an Extinct Equid (Equus Hydruntinus: Mammalia, Equidae) Revealed by Morphological and Genetical Analyses of Fossils[END_REF][START_REF] Plasteeva | Morphological Differentiation of Equids (Equus Ovodovi, Equus Hemionus) and Their Distribution Ranges in Western Siberia in the Late Pleistocene[END_REF]. Finally, the species Equus hemionus inhabited the territories of Central, East, and South Asia in the Last Glacial Period [START_REF] Plasteeva | Species Composition and Distribution of Horses (Genus Equus) in Western Siberia in the Late Pleistocene[END_REF]. Since all five genetic lineages can be genetically identified [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF][START_REF] Vilstrup | Mitochondrial Phylogenomics of Modern and Ancient Equids[END_REF]) and that aDNA can survive over the one million year time range [START_REF] Van Der Valk | Million-Year-Old DNA Sheds Light on the Genomic History of Mammoths[END_REF], aDNA analysis can be expected to not only allow us to map the past distribution of these extinct equine lineages within the different archaeological sites of Altai, but also to assess their genetic contribution to the gene pool of domestic horses and to reconstruct their evolutionary history with greater detail.

The body size of horses did not change in the early stages of the domestication process, in contrast to what seen in other domestic species [START_REF] Levine | Domestication and Early History of the Horse[END_REF]. In the past decade, the understanding of the process of horse domestication from the earliest to the most modern stages has been completely rethought through aDNA data [START_REF] Orlando | Ancient Genomes Reveal Unexpected Horse Domestication and Management Dynamics[END_REF]. However, many of the genomic changes underlying both the early and late stages of horse domestication remain largely unknown [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF]. Although the origin of domestic horses is a central question in many multidisciplinary studies, conclusions remain controversial [START_REF] Bendrey | Domestication of Equids[END_REF]). Overall, these recent studies have shown that the time and geographic location of the horse domestication center still remain unknown [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF][START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF][START_REF] Librado | Tracking the Origins of Yakutian Horses and the Genetic Basis for Their Fast Adaptation to Subarctic Environments[END_REF][START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF]Schubert, Jónsson, et al. 2014). The earliest archaeological evidence of horse harnessing, milking, and keeping horses in enclosures was indeed described for the Eneolithic settlement of Botai in Northern Kazakhstan [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF]Sandra L. Olsen 2006;[START_REF] Outram | The Earliest Horse Harnessing and Milking[END_REF]). Recent whole-genome sequencing has, however, shown that Botai horses were not the ancestors of modern domestic horses, but the ancestors of modern Przewalski's horses [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF]. As the genetic contribution of Botai horses to the gene pool of modern domestic horses was limited to approximately 3 % on average, it was concluded that modern horses were independently domesticated a second time, giving rise to the whole diversity of domestic forms known to the world today. The geographic location of this putative second center of domestication is currently unknown, although recent research has shown that Iberia [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF] and Anatolia [START_REF] Guimaraes | Ancient DNA Shows Domestic Horses Were Introduced in the Southern Caucasus and Anatolia during the Bronze Age[END_REF]) can be ruled out (the latter, however, based on extremely limited DNA data, mostly consisting of uniparental markers). Phylogeographic analysis, including the Eneolithic horses of Altai and adjacent territories, makes it possible to determine whether Altai and adjacent territories were the geographic center of horse domestication, which represented one of the main objectives of the present PhD work.

Additionally, molecular genetic data on horses of different archaeological cultures of Altai and adjacent territories make it possible to understand for which phenotypic traits the selection of horses was carried out in different cultures, the presence of contacts between different archaeological cultures, the migration routes of ancient peoples, which are quite important and remain controversial when considering classical archaeological studies alone. With regards to horses, studies contrasting genomic variation in ancient and modern horses from the Altai region can be expected to finally identify the descendants of horses associated with prestigious and/or famous equestrian civilizations from the region, including Biiken, Pazyryk Scythians, Xiongnu and more.

The degree of elaboration of the research topic

Archaeologists have collected huge assemblages of horse bones found during excavations of various archaeological sites in Altai and adjacent territories, dating back to the Late Pleistocene (11.7 -126 kya (thousand years ago)) and Holocene (from 11.7 kya to the present) [START_REF] Bokovenko | Horses from the Arzhan-1 Mound: Results of Archaeological Research and Morphometric Analysis of the Preserved Osteological Collection[END_REF][START_REF] Plasteeva | Morphological Description of Horses from the Pazyryk Burials in North-Western Altai[END_REF][START_REF] Tishkin | Horses from Xiongnu Elite Burial Complex Tsaram[END_REF][START_REF] Tishkin | Osteological Collections of Horses from the Altai Archaeological Sites at the Zoological Institute of the Russian Academy of Sciences" edited by A. A. Tishkin[END_REF]. With a few exceptions, these collections have not been the focus of extensive aDNA investigations.

Only a small number of studies have been carried out on the aDNA of horses from different archaeological cultures of Altai. These include the work from Cieslak and colleagues, who on the basis of the analysis of partial sequences of the mitochondrial genome (mitogenome) D-loop region determined the haplotype composition of some horse maternal lineages of the Altai Mountains in Southwestern Siberia during the Bronze and Iron Ages [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]. Additionally, analysis of the same genetic markers showed which mitotypes (mitochondrial haplotypes) the ancient horses of several archaeological sites of the Early Iron Age Pazyryk culture in the Altai Mountains in Northwestern Mongolia and Eastern Kazakhstan belonged to [START_REF] Keyser-Tracqui | Mitochondrial DNA Analysis of Horses Recovered from a Frozen Tomb (Berel Site, Kazakhstan, 3rd Century BC)[END_REF][START_REF] Pilipenko | Mitochondrial DNA Studies of the Pazyryk People (4th to 3rd Centuries BC) from Northwestern Mongolia[END_REF]. Phylogenetic reconstructions based on complete mitogenome sequences showed that the Pazyryk culture horse of the Mongolian Altai is closely related to the Eneolithic Botai horses of Kazakhstan [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF], and the analysis of complete genomes revealed close genetic affinities within sacrificial horses belonging to the Pazyryk culture of the Altai Mountains in Kazakhstan [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF]. Finally, in a recent genome-wide study, a close genetic relationship was determined between domestic horses of the Pazyryk culture (Mongolian Altai) and the Early Iron Age Xiongnu archaeological culture and the horses of the Late Bronze Age Karasuk culture of Southern Siberia, and the phylogeographic relationships of the Pazyryk culture horses from the Mongolian Altai have started to be investigated [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF]).

Larger-scale DNA studies were carried out for ancient horses of the territories adjacent to Altai.

Analysis of the partial sequences of the mitogenome hypervariable region I (HVR I) showed to which mitotypes the ancient horses of some archaeological sites of the Upper Paleolithic and the Iron Age of Northeastern Siberia, sites of the Bronze and Iron Ages of China, and sites of the Early Bronze and Early Iron Ages of Southwestern, Southeastern Siberia, and Kazakhstan belong [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]. The sequences of the mitogenome control region have been studied for ancient horses from a dozen archaeological sites of the Bronze and Iron Ages in Northern China. The results of this research have started to shed light on the origins of Chinese domesticated horses [START_REF] Cai | Ancient DNA Provides New Insights into the Origin of the Chinese Domestic Horse[END_REF][START_REF] Dawei | Mitochondrial DNA Analysis of Bronze Age Horses Recovered from Chifeng Region, Inner Mongolia, China[END_REF][START_REF] Lei | Multiple Maternal Origins of Native Modern and Ancient Horse Populations in China[END_REF]) (although this work remains not conclusive at that stage, as only based on single, non recombining markers). Mitogenome and whole genome sequencing revealed the presence of an ancient extinct lineage that existed on the territory of Siberia [START_REF] Librado | Tracking the Origins of Yakutian Horses and the Genetic Basis for Their Fast Adaptation to Subarctic Environments[END_REF], which corresponds to the Lena horse species (Equus lenensis) [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF]), but left no genetic ancestry in the region today.

This study also identified the migration routes of domestic Yakut horses, their origins, and the genetic basis underlying their fast adaptation to the extremely cold environments of Northeastern Siberia, which represent the coldest inhabited land in the Northern hemisphere [START_REF] Librado | Tracking the Origins of Yakutian Horses and the Genetic Basis for Their Fast Adaptation to Subarctic Environments[END_REF].

Moreover, phylogenetic reconstructions using the complete genomes of Middle Pleistocene horse remains from Yukon, Canada, as well as Late Pleistocene horse remains from Eastern Siberia, five modern horses of different breeds, the Przewalski's horse, and the donkey helped revisit the most recent common ancestor for the Equus genus to 4-4.5 mya (million years ago) [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF]. The divergence time between modern domesticates and Przewalski's horses was also estimated in this first study [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF]) and was confirmed using a larger genome panel (Der Sarkissian, Ermini, et al. 2015). This work also identified a provisional list of loci that have undergone selection in the Przewalski's horse lineage [START_REF] Sarkissian | Evolutionary Genomics and Conservation of the Endangered Przewalski's Horse[END_REF]. The analysis of 20 complete genomes of ancient horses of the Eneolithic Botai culture of the Central Asian steppes helped identify the true origin of the Przewalski's horses [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF]) and the sequencing of the complete genomes of ancient horses belonging to the Bronze Age Sintashta archaeological culture in the Southern Ural (Chelyabinsk Oblast, Russia), the royal mound Arzhan-I of the Tuva Early Iron Age Aldy-Bel culture (the Tyva Republic, Russia) and the ice tomb Berel of the Early Iron Age Pazyryk culture of the Altai Mountains in Kazakhstan have contributed to reveal some of the genomic changes underlying the early and late stages of horse domestication [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF]. This work was further completed based on the complete genome sequences of horses associated with the Mongolian Khereksur and Deer Stone culture, as well as their genetic affinities to horses dated to the Mongol (13th century CE) and Uyghur (7th -9th centuries CE) Empires, or excavated from several archaeological sites in Kazakhstan and dated to the 9th century CE [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF].

The brief summary above highlights that a thorough genetic investigation of the ancient horses from the Altai Mountains range located on the territory of modern Russia has not been carried out yet, despite a fairly large number of molecular genetic studies of ancient and medieval horses from the neighboring regions, including Kazakhstan and Mongolia.

The aim of this study was to determine the origin, genetic diversity, phylogeographic relationships between the ancient and modern horses of Altai and adjacent territories, as well as to identify genetic and infectious diseases of horses from different archaeological cultures of this region.

To achieve this aim, the following tasks were set: 1) to determine the genetic diversity of modern horses of the Altai breed and to reveal the degree of differentiation between modern Altai horses of the Southeastern and Eastern Altai and modern horses of the Mongolian breed based on the analysis of nucleotide polymorphisms of the mitogenome hypervariable region I;

2) to determine the haplotypes of ancient horses from different archaeological cultures of Altai and adjacent territories and to identify phylogenetic relationships between them and modern horses of different breeds based on the analysis of genetic variants of the mitochondrial and nuclear genomes;

3) to identify alleles of phenotypic traits and genetic diseases in ancient horses from different archaeological cultures of Altai and adjacent territories;

4) to identify pathogens of infectious diseases in ancient horses of the region under study using metagenomic analysis of their bone samples; 5) to determine the phylogenetic position of the Late Paleolithic Altai horses on phylogenetic trees built on the basis of mitogenome and nuclear genome sequences of ancient and modern horses from different regions of the world; 6) to find out the origin of some Eneolithic and later ancient domestic horses of Altai and adjacent territories;

7) to determine whether Altai was the center of domestication of modern horses based on large-scale genome-wide reconstructions.

Objectives 1, 2, 5 were carried out in the Russian laboratory of Animal Cytogenetics under the supervision of Dr Alexander Graphodatsky, while objectives 2-7 were carried out at the Centre for Anthropobiology and Genomics of Toulouse under the supervision of Dr Ludovic Orlando.

Research methodology and methods

The study used widespread molecular genetic methods for ancient and modern DNA extraction, preparation of genomic libraries and their enrichment, Sanger and high-throughput DNA sequencing, as well as bioinformatic analyzes, including phylogenetic reconstructions, intrapopulation and structural analysis, Struct-f4 ancestry component analysis, and metagenomic analysis.

Personal contribution of the applicant

Hair samples of modern horses of the Altai breed were collected and provided to us by PhD Anna A. Yurlova and PhD Natalya V. Gutorova, bone samples of ancient, medieval and modern era horses of Altai and adjacent territories were collected and provided to us by Dr. Alexey A. Tishkin, PhD Tumur-Ochir Iderkhangai, Dr. Vyacheslav I. Molodin, Dmitry A. Nenakhov, PhD Sergei K. Vasiliev, PhD Pavel A. Kosintsev, Dr. Mikhail P. Tiunov.

All laboratory experiments were carried out personally by the author, with some experimental steps in France being carried out jointly with PhD Antoine Fages, Aurore Fromentier, PhD Naveed Khan, PhD Stéfanie Wagner, PhD Xuexue Liu and the laboratory technicians Stéphanie Schiavinato and Laure Tonasso-Calvière. Some experimental steps were carried out in Russia jointly with PhD student Aleksandra Neumestova.

For mitochondrial genetic work, DNA sequencing was performed at the "Molecular and Cellular

Biology" core facility of the Institute of Molecular and Cellular Biology of the Siberian Branch of the Russian Academy of Sciences (IMCB SB RAS) (Novosibirsk, Russia). DNA sequencing underlying sample screening and genome characterization was carried out at the Centre for Anthropobiology and Genomics of Toulouse (France), at the GenoToul platform (Toulouse, France) and Genoscope (Evry, France). Bioinformatic analysis of sequencing data in Russia was carried out independently by the author, while the bioinformatic analysis of the data generated in France was carried out jointly with the scientific advisor Professor Ludovic Orlando and PhD Pablo Librado.

Structure and volume of the manuscript

The thesis manuscript consists of introduction, literature review, material and methods, results and discussion, finale, conclusions, list of abbreviations and symbols, glossary of terms, list of cited references, and appendix chapters, including the main publications resulting from this work. The investigation is presented on 327 pages, contains 32 figures, 13 tables, and 6 appendixes. The bibliography includes 712 literary sources.

CHAPTER 2. LITERATURE REVIEW

Evolution of the genus Equus

Key points in the evolution of the genus Equus

The evolutionary history of the family Equidae spans over 55 myr (million years) and has served as a textbook example of macroevolution, thanks to the relatively continuous and extremely abundant fossil record [START_REF] Macfadden | Fossil Horses--Evidence for Evolution[END_REF][START_REF] Simpson | The Major Features of Evolution[END_REF]). This family belongs to the odd-toed ungulates order (Perissodactyla), which includes Rhinocerotidae, Tapiridae, and other closely related extinct families.

About three dozen extinct genera and a few hundred extinct species belong to the family Equidae [START_REF] Macfadden | Fossil Horses: Systematics, Paleobiology, and Evolution of the Family Equidae[END_REF]. Currently, it consists of the only existing genus Equus, which includes several subgenus (Equus, Asinus, Hippotigris), seven species (caballines (E. ferus, the wild horse), stenonines (hemionids: E. hemionus, E. kiang, E. africanus, the Asian, Tibetan, African wild asses, respectively, and zebras: E. quagga, E. zebra, and E. grevyi, the plains, mountain, and Grevy's zebras, respectively))

and many subspecies [START_REF] Forsten | Middle Pleistocene Replacement of Stenonid Horses by Caballoid Horses -Ecological Implications[END_REF][START_REF] Nowak | Walker's Mammals of the World[END_REF][START_REF] Oakenfull | A Survey of Equid Mitochondrial DNA: Implications for the Evolution, Genetic Diversity and Conservation of Equus[END_REF]. There are two domesticated members of the genus Equus: E. ferus caballus (domestic horse) and E. africanus asinus (domestic donkey) [START_REF] Forsten | Middle Pleistocene Replacement of Stenonid Horses by Caballoid Horses -Ecological Implications[END_REF].

The evolutionary history of the family Equidae during the past geological epochs is determined from fossil records, with horse teeth and skull providing one of the readily identifiable taxonomically fossils [START_REF] Eisenmann | Koffiefontein Quaggas and True Cape Quaggas: The Importance of Basic Skull Morphology[END_REF][START_REF] Macfadden | Fossil Horses: Systematics, Paleobiology, and Evolution of the Family Equidae[END_REF].

Between 55 and 52 mya, at the beginning of the Eocene epoch, the horse family (Equidae) included half a dozen genera both in North America and Europe, which were divided into a large number of species [START_REF] Froehlich | Quo Vadis Eohippus? The Systematics and Taxonomy of the Early Eocene Equids (Perissodactyla)[END_REF]. Early Eocene Hiracotherium horses were about the size of a small dog (~ 10 to 20 kg), whereas the average weight of modern horse is around 500 kg [START_REF] Macfadden | Fossil Horses: Systematics, Paleobiology, and Evolution of the Family Equidae[END_REF]. From the Eocene epoch to the beginning of the Miocene epoch (between 55 and 20 mya), horses had shortcrowned teeth adapted for feeding on soft, leafy vegetation [START_REF] Janis | Miocene Ungulates and Terrestrial Primary Productivity: Where Have All the Browsers Gone?[END_REF]. In terms of body size, the evolution of horses is divided into two distinct stages. During the first stage, which extends from 55 to 20 mya, the body size was between ~ 10 and 50 kg [START_REF] Macfadden | Fossil Horses: Systematics, Paleobiology, and Evolution of the Family Equidae[END_REF]. During this time many genera appeared in succession. One of these genera is the genus Mesohippus, which originated about 40 mya and included three-toed primitive horses, with a straight back, larger cerebral hemispheres, and longer legs, neck and muzzle, compared with representatives of previous genera of primitive horses [START_REF] Orlando | Equids[END_REF].

At the end of the Early Miocene (20-15 mya), important changes took place in the evolutionary history of the horse family: the plasticity of body size increased [START_REF] Macfadden | Fossil Horses: Systematics, Paleobiology, and Evolution of the Family Equidae[END_REF], and the morphology of teeth changed. Teeth became high-crowned and more adapted for grazing on the extensive grasslands of more open-country biomes of the Miocene epoch. Horses with short-crowned teeth, inhabited forests and open-country woodlands, then declined in diversity [START_REF] Janis | Miocene Ungulates and Terrestrial Primary Productivity: Where Have All the Browsers Gone?[END_REF][START_REF] Macfadden | Fossil Horses--Evidence for Evolution[END_REF]. Horses with high-crowned teeth also underwent a secondary adaptation, and became mixed feeders which are able to feed on both leafy plants and grass (MacFadden 1999). In the Miocene (23.0-5.3 mya), the Equidae family included more than 20 genera [START_REF] Orlando | Equids[END_REF]. Pliohippus was one such genus, which began its evolutionary history about 10 mya and included the first single-toed horses [START_REF] Orlando | Equids[END_REF].

The genera Dinohippus and Plesippus are considered to represent an intermediate evolutionary stages between the genus Pliohippus and the extant genus Equus, which appeared about 4-4.5 mya (Librado and Orlando 2021).

The wide diversity of genera and species belonging to the family Equidae by the end of the Miocene (5 mya) formed following several stages of migrations of horses from North America to the rest of the New and Old Worlds [START_REF] Macfadden | Fossil Horses--Evidence for Evolution[END_REF], the first of which occurred at the beginning of the Miocene, 23 mya, into Eurasia [START_REF] Orlando | Equids[END_REF]. Migrations from North America to South America began 12 mya and continued afterwards, including during the Great American Biotic Interchange around 3 mya [START_REF] Orlando | Equids[END_REF]. At this time, the Equidae family included more than a dozen genera (Astrohippus, Calippus, Cormohipparion, Dinohippus, Hippidion, Nannipus, Neohipparion, Onohippidium, Plesippus, Pliohippus, Protohippus, Pseudhipparion, Sinohippus, Old World Hipparion) [START_REF] Macfadden | Fossil Horses--Evidence for Evolution[END_REF]. According to the fossil record, the ancestor of the genus Equus appeared in North America about 3.5 mya [START_REF] Palombo | Light and Shadows in the Evolution of South European Stenonoid Horses[END_REF], and diversified to as much as 27 species during the Pliocene and Pleistocene (3.0-0.5 mya) [START_REF] Eisenmann | Origins, Dispersals, and Migrations of Equus (Mammalia, Perissodactyla)[END_REF].

During the Pleistocene, representatives of the genus Equus spread to vast territories of different continents and adapted to various ecological niches [START_REF] Palombo | Light and Shadows in the Evolution of South European Stenonoid Horses[END_REF]. About 2 mya, the most recent common ancestor of asses and zebras appeared in Eurasia. About 500 kya, first the ancestors of modern zebras migrated to Africa, and then the ancestors of modern donkeys and African wild asses migrated there. The caballines appeared in the Old World ~ 0.9 to 1 mya (Librado and Orlando 2021).

However, many wild horse species have not been able to survive the strong climatic changes during the Last Glacial Maximum (~ 25.0-19.5 kya) [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]. They became extinct in the New World ~ 10,000 years ago, most likely due to climate change and hunting. In the Old World the species diversity of this genus decreased at this time, but its representatives survived, and some of them were later domesticated [START_REF] Nowak | Walker's Mammals of the World[END_REF].

The role of modern DNA, protein research in the study of the genus Equus evolution

In addition to the morphometric studies of the fossil records, modern DNA and protein research has contributed to the identification of phylogenetic relationships between the extant and extinct species of the genus Equus [START_REF] Klein | Craniometry of the Genus Equus and the Taxonomic Affinities of the Extinct South African Quagga[END_REF].

Results of the chromosome banding studies have shown that the family Equidae chromosomal evolution has been particularly rapid [START_REF] Ryder | Chromosome Banding Studies of the Equidae[END_REF]. Many species of the genus Equus differ greatly in karyotype, which varies from 16 pairs of chromosomes in the mountains zebra (Equus zebra) to 32 pairs in the domestic horse (Equus ferus caballus) and 33 pairs in the wild Przewalski's horse (Equus ferus przewalskii), which, nevertheless, does not prevent the formation and fertility of hybrids when crossed [START_REF] Orlando | Equids[END_REF].

One of the first studies of the control region and 12S rRNA mitochondrial DNA (mtDNA) sequences revealed two deep clades within the genus Equus: the caballines (E. ferus, E. caballus and E.

przewalskii), the zebras (E. grevyi, E. quagga, E. zebra), and the asses (E. africanus, E. hemionus, E.

kiang). The phylogenetic reconstructions also have shown that the speciation events of the zebras and asses occurred either as one or more rapid radiations, or with secondary contact after speciation. The research results revealed that one of the most recent speciation events occurred during formation of two E. hemionus subspecies (E. h. onager and E. h. kulan) [START_REF] Oakenfull | A Survey of Equid Mitochondrial DNA: Implications for the Evolution, Genetic Diversity and Conservation of Equus[END_REF]. These results have been supported by subsequent studies of partial mitochondrial and nuclear genes [START_REF] Price | A Comprehensive Phylogeny of Extant Horses, Rhinos and Tapirs (Perissodactyla) through Data Combination[END_REF], which also suggested incomplete lineage sorting as a possible cause of shared polymorphisms in equids [START_REF] Steiner | Molecular Phylogeny of Extant Equids and Effects of Ancestral Polymorphism in Resolving Species-Level Phylogenies[END_REF], and also by SCGB 1A1 (Secretoglobin family 1A member 1) amino acid phylogenetic analysis [START_REF] Côté | Phylogenetic Relationships among Perissodactyla: Secretoglobin 1A1 Gene Duplication and Triplication in the Equidae Family[END_REF]. The research on mtDNA variation has shown mitochondrial genetic diversity overlap between E. ferus caballus and E. ferus przewalskii, which could be due to the introgression between these two species or ancestral polymorphisms [START_REF] Oakenfull | Mitochondrial Control Region and 12S RRNA Variation in Przewalski's Horse (Equus Przewalskii)[END_REF], whereas the genome-wide equine SNP (single nucleotide polymorphism) genotyping analysis has determined that the modern domestic and Przewalski's horses are reciprocally monophyletic sister taxa [START_REF] Mccue | A High Density SNP Array for the Domestic Horse and Extant Perissodactyla: Utility for Association Mapping, Genetic Diversity, and Phylogeny Studies[END_REF]. Phylogenetic analysis based on the sequences of the α1 globin, α2 globin and θ globin genes, without direct molecular clock calibration, revealed that the time to the most recent common ancestor (tMRCA) of the genus Equus is about 2.4 mya and that the speciation events of the zebra and the ass species occurred about 0.9 mya, which is consistent with the fossil record data (the first fossil evidence of E. burchelli was estimated to be 2.3 mya) [START_REF] Oakenfull | Phylogenetic Relationships Within the Genus Equus and the Evolution of α and θ Globin Genes[END_REF]. Such a timing for the common ancestor of the genus Equus is problematic as it would imply that the ancestor to all Equus species was then living after the first dispersal of this genus from the New to the Old World (~ 3.0-2.5 mya) [START_REF] Forsten | Mitochondrial-DNA Time-Table and the Evolution of Equus: Comparison of Molecular and Paleontological Evidence[END_REF]. Phylogenetic reconstructions based on two mitochondrial and nine nuclear gene sequences, with external, fossil-based calibrations, determined that caballine and noncaballine equids diverged in the Pliocene (4 mya) [START_REF] Steiner | Molecular Phylogeny and Evolution of the Perissodactyla[END_REF], which lent support to the results of some of the previous studies based on mtDNA restriction-endonuclease maps [START_REF] George | Mitochondrial DNA Evolution in the Genus Equus[END_REF]).

The role of aDNA research in the study of the genus Equus evolution

ADNA analysis has clarified phylogenetic relationships and the divergence time of different species of the genus Equus [START_REF] Orlando | Revising the Recent Evolutionary History of Equids Using Ancient DNA[END_REF]. Since many equid lineages became extinct in the Late Pleistocene and Holocene, due to Pleistocene climate changes and/or overhunting [START_REF] Leonard | A Rapid Loss of Stripes: The Evolutionary History of the Extinct Quagga[END_REF], and since aDNA preservation can range up to 1.6 mya (van der Valk et al. 2021), many of the pending research questions are amenable to aDNA analysis [START_REF] Orlando | Revising the Recent Evolutionary History of Equids Using Ancient DNA[END_REF]. Partial mtDNA analysis of two bone samples of an extinct subspecies E. h. hydruntinus (European wild ass), that inhabited Europe and the Middle East for more than 300 000 years, has shown a close phylogenetic relationship of E. h.

hydruntinus and E. hemionus (Asiatic wild ass), confirming the patterns of morphological variation for the skull and the limbs. The results obtained have revealed that dental morphological analysis is not sufficient to determine the true phylogenetic relationships between representatives of different species and subspecies of the horse genus, and have also extended the habitat of this extinct species (E. h. hydruntinus) towards East, as far as Iran [START_REF] Orlando | Geographic Distribution of an Extinct Equid (Equus Hydruntinus: Mammalia, Equidae) Revealed by Morphological and Genetical Analyses of Fossils[END_REF]. Relatively recent introgression between populations of the extinct European wild ass (E. hydruntinus) and the extant Asiatic wild ass (E.

hemionus) has been identified in a study based on the mitochondrial hypervariable region sequence analysis of about one hundred E. hydruntinus samples and dozens of specimens of closely related species [START_REF] Bennett | Taming the Late Quaternary Phylogeography of the Eurasiatic Wild Ass through Ancient and Modern DNA[END_REF].

The first analysis of short mitogenome sequences of an extinct quagga (E. quagga quagga) has shown that this subspecies was more closely related to zebras than to horses [START_REF] Higuchi | DNA Sequences from the Quagga, an Extinct Member of the Horse Family[END_REF].

Phylogenetic analysis of the mitogenome control region sequences from eight quaggas (E. quagga quagga) and other closely related species has shown little genetic diversity of this extinct subspecies and a relatively recent divergence of E. quagga quagga from the plains zebra species (Equus quagga, Equus burchellii), most likely during the penultimate glacial maximum (~ 140 kya) [START_REF] Leonard | A Rapid Loss of Stripes: The Evolutionary History of the Extinct Quagga[END_REF].

Further genome sequencing of the quagga confirmed plains zebras as their closest living relatives and refined this time to around 230-350 kya [START_REF] Jónsson | Speciation with Gene Flow in Equids despite Extensive Chromosomal Plasticity[END_REF]. Additionally, partial mitogenome sequences revealed that another extinct Pleistocene species of zebra from South Africa (the Cape zebra (E. capensis)), belonged to the same phylogenetic lineage as the plains zebra and the quagga [START_REF] Orlando | Revising the Recent Evolutionary History of Equids Using Ancient DNA[END_REF].

Phylogenetic analyzes of ancient partial mitogenomes has revealed the presence of three monophyletic extinct New World groups of horses: caballine horses, New World "stilt-legged" horses (NWSL, now called Haringtonhippus, following genome-wide analyzes [START_REF] Heintzman | A New Genus of Horse from Pleistocene North America[END_REF])), hippidiforms [START_REF] Barrón-Ortiz | Cheek Tooth Morphology and Ancient Mitochondrial DNA of Late Pleistocene Horses from the Western Interior of North America: Implications for the Taxonomy of North American Late Pleistocene Equus[END_REF][START_REF] Orlando | Morphological Convergence in Hippidion and Equus (Amerhippus) South American Equids Elucidated by Ancient DNA Analysis[END_REF][START_REF] Orlando | Ancient DNA Clarifies the Evolutionary History of American Late Pleistocene Equids[END_REF][START_REF] Weinstock | Evolution, Systematics, and Phylogeography of Pleistocene Horses in the New World: A Molecular Perspective[END_REF]. Phylogenetic reconstructions based on ancient partial mitogenome sequences (within the last 50 000 years), with external, fossil-based calibrations, determined a provisional time for the divergence of these different equid lineages (hippidiforms, NWSL, caballines, and noncaballines) around 3.7-4.3 mya. However, subsequent phylogenetic analysis of complete mitogenomes of specimens of eight Hippidion and all species of the genus Equus, with external, fossil-based and internal (all dated samples providing an opportunity for tip calibration) calibrations of molecular clocks, showed that this extinct South American genus was basal to all Equus species and determined the time of divergence between these genera as 5.6-6.5 mya, prior to the Great American Biotic Interchange (Der [START_REF] Sarkissian | Mitochondrial Genomes Reveal the Extinct Hippidion as an Outgroup to All Living Equids[END_REF]. One of the recent phylogenetic studies of whole mitogenomes from 26 NWSL equids, 4 New World caballine

Equus (two E. lambei, two E. cf. scotti) and representatives of all extant and several Late Pleistocene equids has revealed the basal position of NWSL equids in relation to the Equus clade, and justified their unification into a new species H. francisci within the genus Haringtonhippus [START_REF] Heintzman | A New Genus of Horse from Pleistocene North America[END_REF].

Finally, phylogenetic reconstructions, with 560-780 kya date of the North American Middle Pleistocene horse as tip calibration, revealed tMRCA of Equus as about 4.0-4.5 mya and continuous selection on the olfaction and immune system throughout Equus evolution [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF]. Phylogenetic reconstructions based on the complete mitogenome sequences from all seven extant lineages within the genus Equus and three extinct Late Pleistocene equid taxa (NWSL, Sussemione, and Quagga), with external, the more recent, fossil-based calibrations, confirmed the topology identified in previous studies [START_REF] Côté | Phylogenetic Relationships among Perissodactyla: Secretoglobin 1A1 Gene Duplication and Triplication in the Equidae Family[END_REF][START_REF] George | Mitochondrial DNA Evolution in the Genus Equus[END_REF][START_REF] Leonard | A Rapid Loss of Stripes: The Evolutionary History of the Extinct Quagga[END_REF][START_REF] Mccue | A High Density SNP Array for the Domestic Horse and Extant Perissodactyla: Utility for Association Mapping, Genetic Diversity, and Phylogeny Studies[END_REF][START_REF] Orlando | Revising the Recent Evolutionary History of Equids Using Ancient DNA[END_REF][START_REF] Price | A Comprehensive Phylogeny of Extant Horses, Rhinos and Tapirs (Perissodactyla) through Data Combination[END_REF][START_REF] Steiner | Molecular Phylogeny of Extant Equids and Effects of Ancestral Polymorphism in Resolving Species-Level Phylogenies[END_REF][START_REF] Steiner | Molecular Phylogeny and Evolution of the Perissodactyla[END_REF][START_REF] Weinstock | Evolution, Systematics, and Phylogeography of Pleistocene Horses in the New World: A Molecular Perspective[END_REF] and also confirmed the divergence time of caballine and non-caballine equids as 4 mya [START_REF] Vilstrup | Mitochondrial Phylogenomics of Modern and Ancient Equids[END_REF]. This topology of the phylogenetic tree of the genus Equus and the divergence times were also shown by the phylogenetic analysis based on 20,374 protein-coding gene sequences from each extant species of zebras and asses and the extinct quagga [START_REF] Jónsson | Speciation with Gene Flow in Equids despite Extensive Chromosomal Plasticity[END_REF].

DNA studies of representatives of some extinct and all modern species of the genus Equus have shown the importance of choosing the correct outgroup and genetic markers (complete nuclear and mitogenomes instead of partial nuclear and mitogenome fragments) for reliable resolution of the phylogeny of this genus. Combining all aDNA studies on this topic, we have learnt that both the evolutionary time scale for the genus Equus and the phylogenetic positions of many extinct species of the genus Equus have been refined, often revealing situations in which the particularly rich fossil record was over-splitted into taxonomic categories that did not reflect true phylogenetic affinities.

Evolution of the genus Equus different genetic lineages originating from Altai and adjacent territories

Moving focus to the Pleistocene and the Holocene epochs and the region of Altai and adjacent territories, which the bone samples of horses studied here belong to, it is possible to distinguish quite a lot of species and subspecies of the genus Equus based on morphometric data: subgenus Equus (Equus latipes Gromova, 1949, Equus uralensis Kuzmina, 1975 [START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF]. The different Late Pleistocene and the Holocene caballine horse lineages present in the Altai and adjacent territories are shown in Figure 1. The broad-toed horse (Equus latipes) was large, tall, with a wide and high skull [START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF].

Horses of this species inhabited the territories of the south of Western Siberia, Eastern Siberia, since the Middle Pleistocene. Its habitat in the Late Pleistocene was represented by the territories of the Southern Urals, the East European Plain, and Moldavia, in the Early Holocene representatives of this species were distributed in the central part of the East European Plain [START_REF] Kosintsev | Horses (Subgenus Equus) of the Southern Urals in the Late Pleistocene[END_REF][START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF].

The Ural horse (Equus uralensis) was of medium size, light constitution, with a long, narrow and low skull [START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF]. The habitat of this species in the Late Pleistocene included the territories of the Ural Mountains, and in the Early Holocene, the Ural horse's habitat included the territories of the Northern Caspian region (the interfluve of the Volga and Ural Rivers) [START_REF] Kosintsev | Horses (Subgenus Equus) of the Southern Urals in the Late Pleistocene[END_REF][START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF]).

Another species of the subgenus Equus, the Lena horse, known as Equus lenensis, roamed the territory of Siberia, in the Late Pleistocene and Holocene. This horse, with short ears and a tail, was not very tall and large [START_REF] Nedoluzhko | The Complete Mitochondrial Genome of the Extinct Pleistocene Horse (Equus Cf. Lenensis) from Kotelny Island (New Siberian Islands, Russia) and Its Phylogenetic Assessment[END_REF]. On the basis of the published paleontological and genetic data and the results of radiocarbon dating, in the Late Pleistocene the habitat of the Lena horse included the territories from the Yamal Peninsula to the basin of the Kolyma River on the coast of the Arctic Ocean [START_REF] Nedoluzhko | The Complete Mitochondrial Genome of the Extinct Pleistocene Horse (Equus Cf. Lenensis) from Kotelny Island (New Siberian Islands, Russia) and Its Phylogenetic Assessment[END_REF], as well as the south of Eastern Siberia, the territory of the Tyva Republic (Russia) [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF]. Based on the morphometric analysis of skeletons, this species existed in the Arctic zone of Yakutia (north of the 70th parallel north) until the Middle Holocene and the early stages of domestication (5450-5310 cal BP (calibrated years before the present)) [START_REF] Boeskorov | Preliminary Analyses of the Frozen Mummies of Mammoth (Mammuthus Primigenius), Bison (Bison Priscus) and Horse (Equus Sp.) from the Yana-Indigirka Lowland, Yakutia, Russia[END_REF][START_REF] Boeskorov | A Study of a Frozen Mummy of a Wild Horse from the Holocene of Yakutia, East Siberia, Russia[END_REF].

In 2014-2015, DNA sequences from Late Pleistocene and Holocene bone samples of horses from Northeastern Siberia, which were attributed to the extinct horse species Equus lenensis by bone morphology [START_REF] Boeskorov | A Study of a Frozen Mummy of a Wild Horse from the Holocene of Yakutia, East Siberia, Russia[END_REF], were published for the first time [START_REF] Librado | Tracking the Origins of Yakutian Horses and the Genetic Basis for Their Fast Adaptation to Subarctic Environments[END_REF]Schubert, Jónsson, et al. 2014). In a recent genome-wide study, it has been determined that the genetic lineages of the Lena horse and the domestic horse diverged 130-110 kya [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF].

The so-called large Ussuri horses (Equus dalianensis) represent an extinct species whose representatives inhabited the valleys of the Liao, Songhua and Ussuri Rivers of the south of Primorsky Krai (Russia) and Northern China in the Late Pleistocene and Holocene [START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF]. To date, 8 nearly complete mitogenomes of the Late Pleistocene Ussuri horses from Northeast China have been obtained, which helped to determine that the time to the most recent common ancestor of this species is 200 thousand years ago [START_REF] Yuan | Mitochondrial Genomes of Late Pleistocene Caballine Horses from China Belong to a Separate Clade[END_REF].

The tarpans (Equus ferus ferus, Equus gmelini) were horses of small stature, with a wide chest and a straight back, with short limbs and high and narrow hooves. Tarpans were exterminated by humans in the 19th century. These horses are sometimes considered the ancestors of modern domesticated horses, or to represent a western sub-population of the Przewalski's horse. One of the tarpan subtypes, the steppe tarpan (E. gmelini gmelini Antonius, 1912), inhabited the Black Sea, Ukrainian and South Russian steppes from the Prut River to the Volga River, as well as the steppe zones of Western Siberia and Kazakhstan [START_REF] Kosintsev | Western Siberian Wild Horses (Equus (Equus) s. l.) in the Holocene[END_REF][START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF].

The skull of the Eneolithic Botai horses does not show any morphological similarity to any other skull of the species listed above. Botai horses were characterized by a massive skull, including an increased cerebral part. In terms of the size of the upper and lower jaw teeth, Botai horses are similar to Przewalski's horses. In terms of most morphometric parameters, these horses are closest to the ancient domestic horses of Eastern Europe, the bone remains of which were found during excavations of settlements in Moldova and Ukraine, dating from the 5th to the 3rd millennia BCE [START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF].

One of the recent whole genome studies of the Botai horses of the Northern Kazakhstan Eneolithic settlements has shown that Przewalski's horses are feral descendants of the Botai horses and that this lineage contributed almost no genetic ancestry to modern domesticates [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF]. The Przewalski's horse (Equus ferus przewalskii) is distinguished from domestic horses by a stocky constitution, striped short limbs, a tail covered with hair over only half of its length, a short erected mane, the absence of bang. The horse was discovered at the end of the 19th century CE (Common Era). Since the 20th century, Przewalski's horses have been bred in captivity. The habitat of wild Przewalski's horses included the territories between the foothills of the eastern Tien Shan and Mongolian Altai, indicating adaptation to the desert steppes and steppe mountain deserts of continental climates.

Captive breeding of Przewalski's horses led to a change in the external appearance of animals: morphological changes affected the size and proportions of the torso and skull, the coat became shorter, denser and shiny, the length of the limbs decreased, the hooves became wider, the teeth became smaller.

The study of the complete genomes of modern and historical Przewalski's horses has determined the population split time from the modern domesticated horse lineage (Equus ferus caballus) around 35-50 kya, the presence of gene flow between the populations of these subspecies after their divergence, as well as genomic changes resulting from the breeding of these animals in captivity, such as reduced heterozygosity and variable introgression of domestic horse alleles (Der Sarkissian, Ermini, et al. 2015).

Equus ovodovi (the Ovodov horse) is an extinct species of the genus Equus, which inhabited the territories of the southeastern part of Western Siberia and the northeastern part of China in the Late Pleistocene and early Holocene. This species was identified through the analysis of aDNA that showed a close relationship between this new species and the Middle Pleistocene Equus ex.gr. sussemiones horse from Germany [START_REF] Orlando | Revising the Recent Evolutionary History of Equids Using Ancient DNA[END_REF]). Later, this new species of the genus Equus was named E.

(Sussemionus) ovodovi, so as to reflect this morphological affinity [START_REF] Eisenmann | Unexpected Finding of a New Equus Species (Mammalia, Perissodactyla) Belonging to a Supposedly Extinct Subgenus in Late Pleistocene Deposits of Khakassia (Southwestern Siberia)[END_REF].

Nearly complete mitogenome of Ovodov horse was obtained in 2013 from remains preserved in the Proskuryakov Cave (40 kya, Republic of Khakassia, Russia), and supported phylogenetic placement on a separate branch, amongst non-caballoid equids [START_REF] Vilstrup | Mitochondrial Phylogenomics of Modern and Ancient Equids[END_REF]. In 2017, the complete mitogenome of the Ovodov horse from Denisova Cave (32 kya, Altai Republic, Russia) confirmed this phylogenetic placement, and suggested close genetic affinities to the subgenus Hippotigris [START_REF] Druzhkova | Complete Mitochondrial Genome of an Extinct Equus (Sussemionus) Ovodovi Specimen from Denisova Cave (Altai, Russia)[END_REF]. The sequencing in 2019 of additional nearly complete mitogenomes extended the geographical range of this extinct species to Northeast China and showed that the Ovodov horse existed at least until the early Holocene (12.8 kya) [START_REF] Yuan | Molecular Identification of Late and Terminal Pleistocene Equus Ovodovi from Northeastern China[END_REF]. The exact extinction time of this species is currently unknown.

The onager (Equus hemionus) combines morphological features from both horses and donkeys.

Traits typical for horses are slenderness, long limbs, a narrow forehead, a humped nose, and traits that are common with donkeys are a large head, long ears, poor development of the front of the body. The most ancient bone remains of onagers were found in Transbaikalia (Russia), they are older than 1 million years. Remains of onagers dating to the beginning of the Middle Pleistocene were found on the territories of Kyrgyzstan, the south of the Caucasus, the south of Western Siberia (the left bank of the Irtysh River).

Remains of onagers dated to the Middle Pleistocene belong to the territories of Central Kazakhstan and the Southern Ural. According to paleontological data, the onager habitat extended over the territories of Western and Central Asia, China, the Honshu Island of the Japanese archipelago, the south of Western Siberia, the Yenisei River valley, the Republic of Yakutia at the end of the Late Pleistocene. In the middle of the Holocene, onagers inhabited the territories of Eastern Europe (Bulgaria, the northern Black Sea region), the northern Caspian region, and the Baraba steppe. In more recent historical times, onagers were widespread across the territories of the Ukrainian steppes, the interfluve of the Volga and Ural Rivers, Transcaucasia, Kazakhstan, and Transbaikalia. In the wild, modern onagers are found in the Kopet Dagh Range of Iran and Turkmenistan, in the Iranian Plateau, in Mongolia and Tibet [START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF][START_REF] Plasteeva | Species Composition and Distribution of Horses (Genus Equus) in Western Siberia in the Late Pleistocene[END_REF].

Paleozoological work determined that two subtypes of horses coexisted in Western Siberia in the Late Pleistocene, one small donkey-and onager-like subtype on the one hand, and one large stenoninelike or caballoid-like on the other. This may indicate the mosaic nature of the landscapes, which contributed to the division of the habitats of different morphotypes of horses, with small horses inhabiting open spaces, and large ones inhabiting hilly terrain [START_REF] Titov | About the Co-Existence of Several Equidae Species in Plio-Pleistocene of Eurasia[END_REF]. Bone remains of a large horse subtype that inhabited the territories of Western Siberia from the Late Pleistocene to the Middle Holocene (Eneolithic, 5-4 kya) are attributed to the species Equus ferus (the wild horse) [START_REF] Kosintsev | Western Siberian Wild Horses (Equus (Equus) s. l.) in the Holocene[END_REF][START_REF] Plasteeva | Late Pleistocene Horse Equus (Equus) Ferus (Perissodactyla, Equidae) from the Cis-Baikal and Transbaikalia[END_REF]. Bone remains of the small subtype horse were found only in the south of Western Siberia. While some researchers believe that the small subtype represents in fact the onager (Equus hemionus) [START_REF] Foronova | Fossil Horses from Kuznetsk Basin[END_REF][START_REF] Kuzmin | Mammalian Fauna from Palaeolithic Sites in the Upper Yenisei River Basin (Southern Siberia): Review of the Current Zooarchaeological Evidence[END_REF], others have originally suggested that it could belong to the extinct species Equus hemionus hydruntinus, the European wild ass [START_REF] Foronova | Fossil Horses from Kuznetsk Basin[END_REF][START_REF] Vasiliev | On the Question of the Age of the Taradanovsky Locality of the Fauna of Large Mammals[END_REF], or even the recently described extinct species Equus ovodovi, Ovodov horse [START_REF] Eisenmann | Unexpected Finding of a New Equus Species (Mammalia, Perissodactyla) Belonging to a Supposedly Extinct Subgenus in Late Pleistocene Deposits of Khakassia (Southwestern Siberia)[END_REF].

However, bone assemblages including the European wild ass (E. h. hydruntinus) are mainly located in the southern regions of Western and Eastern Europe [START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF], and Western Asia [START_REF] Orlando | Geographic Distribution of an Extinct Equid (Equus Hydruntinus: Mammalia, Equidae) Revealed by Morphological and Genetical Analyses of Fossils[END_REF][START_REF] Plasteeva | Equus (Sussemionus) Ovodovi Eisenmann et Vasiliev, 2011 from the Late Pleistocene of Western Siberia[END_REF], with only a few specimens described in the territories of Central Asia (Kazakhstan and Uzbekistan) [START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF][START_REF] Orlando | Geographic Distribution of an Extinct Equid (Equus Hydruntinus: Mammalia, Equidae) Revealed by Morphological and Genetical Analyses of Fossils[END_REF]).

The results of morphometric studies have shown that the size of the limb bones makes it possible to clearly distinguish between two species of the small horse subtype, the Ovodov horse (E. ovodovi) and the onager (E. hemionus) [START_REF] Plasteeva | Equus (Sussemionus) Ovodovi Eisenmann et Vasiliev, 2011 from the Late Pleistocene of Western Siberia[END_REF][START_REF] Plasteeva | Morphological Differentiation of Equids (Equus Ovodovi, Equus Hemionus) and Their Distribution Ranges in Western Siberia in the Late Pleistocene[END_REF]. It was concluded that, most likely, the Equus ferus species (the wild horse) and the Equus ovodovi species (the Ovodov horse) coexisted in Western Siberia during the Kargin interstadial (40-20 kya), with the latter being replaced in the 17-10 kya time period by members of the Equus hemionus species [START_REF] Plasteeva | Equus (Sussemionus) Ovodovi Eisenmann et Vasiliev, 2011 from the Late Pleistocene of Western Siberia[END_REF]. The above mentioned paleontological studies have revealed that the habitats of the Ovodov horse and the onager in Western Siberia partially overlapped: the Equus ovodovi species inhabited the territories of the southeastern part of Western Siberia, and the Equus hemionus species was distributed in the territories of the southwestern and southeastern parts of Western Siberia [START_REF] Plasteeva | Equus (Sussemionus) Ovodovi Eisenmann et Vasiliev, 2011 from the Late Pleistocene of Western Siberia[END_REF][START_REF] Plasteeva | Morphological Differentiation of Equids (Equus Ovodovi, Equus Hemionus) and Their Distribution Ranges in Western Siberia in the Late Pleistocene[END_REF].

The short overview presented above shows that the territory of Altai and adjacent territories was especially rich in equine species during the Late Pleistocene and Holocene. Some of the objectives of this PhD study were to characterize some of these at the genetic level, using aDNA.

Features of aDNA

Successful research on aDNA requires that the experimental procedures account for the molecular idiosyncrasies of the material preserved.

One of the characteristic features of aDNA molecules pertains to the post-mortem modification of the nucleotide bases resulting from oxidation and hydrolytic reactions, the most common of which is the hydrolytic deamination of cytosine residues [START_REF] Brotherton | Novel High-Resolution Characterization of Ancient DNA Reveals C -U-Type Base Modification Events as the Sole Cause of Post Mortem Miscoding Lesions[END_REF][START_REF] Pääbo | Genetic Analyses from Ancient DNA[END_REF]). This modification leads to an excess of C-to-T mis-incorporations (and complementary G-to-A depending on the experimental procedures used (Seguin- [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF])) in high-throughput sequencing data [START_REF] Brotherton | Novel High-Resolution Characterization of Ancient DNA Reveals C -U-Type Base Modification Events as the Sole Cause of Post Mortem Miscoding Lesions[END_REF]. The overhanging ends of the aDNA fragments are more susceptible to such modifications, therefore, the increased number of C-to-T (and G-to-A) mis-incorporations at the ends of reads of the shotgun sequencing libraries can be used to authenticate the ancient origin of these fragments [START_REF] Briggs | Patterns of Damage in Genomic DNA Sequences from a Neandertal[END_REF][START_REF] Lindahl | Instability and Decay of the Primary Structure of DNA[END_REF].

Another distinctive feature of aDNA is the formation of Maillard products, which are crosslinks between sugars and amino groups in nucleic acids and proteins [START_REF] Pääbo | Genetic Analyses from Ancient DNA[END_REF]).

ADNA fragmentation is also extreme, and often characterized by an average size not exceeding 50-100 bp (base pair) [START_REF] Pinhasi | Optimal Ancient DNA Yields from the Inner Ear Part of the Human Petrous Bone[END_REF]. DNA fragmentation takes place both following degradation by endogenous nucleases, but also by microorganisms that colonize ancient samples, and further natural, chemical hydrolytic reactions [START_REF] Brotherton | Novel High-Resolution Characterization of Ancient DNA Reveals C -U-Type Base Modification Events as the Sole Cause of Post Mortem Miscoding Lesions[END_REF][START_REF] Pääbo | Genetic Analyses from Ancient DNA[END_REF]). Combined, these processes lead to a decrease in the percentage of endogenous DNA content preserved in the specimens, which can represent only a fraction of percent of the total DNA extracted [START_REF] Carpenter | Pulling out the 1%: Whole-Genome Capture for the Targeted Enrichment of Ancient DNA Sequencing Libraries[END_REF]. None of the above DNA modifications can be repaired by the cell repair systems as they occur post-mortem. However, if postmortal body tissues quickly dry out, are exposed to low temperatures or high salt concentrations, then enzymatic degradation and the chemical processes that damage DNA practically slow down [START_REF] Hofreiter | Ancient DNA[END_REF][START_REF] Pääbo | Genetic Analyses from Ancient DNA[END_REF]. Although it has been shown that environmental conditions driving DNA preservation act at microscopic scales [START_REF] Rogers | Extraction of DNA from Milligram Amounts of Fresh, Herbarium and Mummified Plant Tissues[END_REF], DNA is generally better preserved in permafrost environments and caves [START_REF] Paijmans | Application of Solid-State Capture for the Retrieval of Small-to-Medium Sized Target Loci from Ancient DNA[END_REF]. Different material types are also characterized by different degrees of DNA preservation [START_REF] Alberti | Optimized DNA Sampling of Ancient Bones Using Computed Tomography Scans[END_REF][START_REF] Damgaard | Improving Access to Endogenous DNA in Ancient Bones and Teeth[END_REF][START_REF] Gamba | Genome Flux and Stasis in a Five Millennium Transect of European Prehistory[END_REF][START_REF] Gilbert | Whole-Genome Shotgun Sequencing of Mitochondria from Ancient Hair Shafts[END_REF][START_REF] King | Recovery of DNA from Archaeological Insect Remains: First Results, Problems and Potential[END_REF][START_REF] Miller | Ecosystem Collapse in Pleistocene Australia and a Human Role in Megafaunal Extinction[END_REF][START_REF] Pinhasi | Optimal Ancient DNA Yields from the Inner Ear Part of the Human Petrous Bone[END_REF][START_REF] Shapiro | Preface." Pp. 5-7 in Ancient DNA[END_REF]. The types of materials that most frequently yield aDNA templates include bones due to the attachment or location of DNA within the bone hydroxyl-apatite crystals that protect DNA from damaging processes [START_REF] Shapiro | Preface." Pp. 5-7 in Ancient DNA[END_REF], especially the dense long bone outer layer [START_REF] Alberti | Optimized DNA Sampling of Ancient Bones Using Computed Tomography Scans[END_REF], the petrous bone [START_REF] Gamba | Genome Flux and Stasis in a Five Millennium Transect of European Prehistory[END_REF][START_REF] Pinhasi | Optimal Ancient DNA Yields from the Inner Ear Part of the Human Petrous Bone[END_REF], the cementum-rich outer layer of the tooth root [START_REF] Damgaard | Improving Access to Endogenous DNA in Ancient Bones and Teeth[END_REF]. Other materials including keratinous (e.g., hair shafts) and chitinous tissues have also shown sufficient DNA preservation due to the cell keratinization or chitinization protection of DNA and low porosity [START_REF] Gilbert | Whole-Genome Shotgun Sequencing of Mitochondria from Ancient Hair Shafts[END_REF][START_REF] King | Recovery of DNA from Archaeological Insect Remains: First Results, Problems and Potential[END_REF], dried and frozen soft tissues [START_REF] Hong | History of Ancient DNA Analysis in Mummy Research[END_REF][START_REF] Pääbo | Genetic Analyses from Ancient DNA[END_REF], eggshells due to the location of DNA in calcite, which is protected within the eggshell matrix (G. H. Miller 2005), plant seeds and pollen grains [START_REF] Kistler | Ancient DNA Extraction from Plants[END_REF]. Under ideal conditions, the lifetime of DNA originating from any type of material is limited to 1.6 million years at most [START_REF] Van Der Valk | Million-Year-Old DNA Sheds Light on the Genomic History of Mammoths[END_REF].

The history of the development of aDNA methods

One of the first molecular studies of the remains from an extinct species was based on the immunological determination of serum albumin in a mammoth muscle dated about 40 kya. This study determined that the antigenic sites on the mammoth albumin molecules were identical to those on elephant albumin [START_REF] Prager | Mammoth Albumin[END_REF]. Studies based on DNA rather than peptides came only later, with nucleic acids isolated for the first time, and characterized by gel filtration and protease treatment from a corpse originating from the tomb of the Changsha Kingdom (2nd century BCE -1st century CE) of the Han Empire. The study results revealed that the molecular size of the nucleic acids extracted from the ancient corpse are similar to that of the templates extracted from liver during autopsies [START_REF] Wang | Isolation and Identiflcation of Nucleic Acids of the Liver from a Corpse from the Changsha Han Tomb[END_REF]. The first aDNA sequences were obtained from a quagga (Equus quagga quagga) [START_REF] Higuchi | DNA Sequences from the Quagga, an Extinct Member of the Horse Family[END_REF]) that died 140 years ago and an Egyptian mummy [START_REF] Pääbo | Molecular Cloning of Ancient Egyptian Mummy DNA[END_REF] using phenol extraction, bacterial cloning, DNA hybridization and sequencing by Maxam and Gilbert chemical DNA sequencing method [START_REF] Maxam | A New Method for Sequencing DNA[END_REF] and the primed-synthesis, dideoxynucleoside chain-termination method of Sanger [START_REF] Sanger | DNA Sequencing with Chain-Terminating Inhibitors[END_REF]. These early aDNA studies have shown that very small amounts of endogenous DNA are found in ancient samples, and that this aDNA is very degraded and chemically modified [START_REF] Higuchi | DNA Sequences from the Quagga, an Extinct Member of the Horse Family[END_REF][START_REF] Pääbo | Molecular Cloning of Ancient Egyptian Mummy DNA[END_REF]. In 1999, the first authentic nuclear DNA sequences were obtained from the Late Pleistocene animals [START_REF] Greenwood | Nuclear DNA Sequences from Late Pleistocene Megafauna[END_REF]. The first complete mitogenomes of representatives of extinct species were obtained in the early 21st century for two New Zealand moa genera [START_REF] Cooper | Complete Mitochondrial Genome Sequences of Two Extinct Moas Clarify Ratite Evolution[END_REF]. For the first time, a complete nuclear genome was sequenced in 2010, a feat that was only made possible thanks to the emergence of NGS (next-generation sequencing) technologies [START_REF] Green | A Draft Sequence of the Neandertal Genome[END_REF]. The oldest complete genomes currently characterized date to the Middle Pleistocene with a ~ 700 ky-old horse preserved in the Yukon permafrost, Canada [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF] and a more than one million years old mammoth preserved in the Siberian permafrost [START_REF] Van Der Valk | Million-Year-Old DNA Sheds Light on the Genomic History of Mammoths[END_REF]. To date, genome-wide data have been obtained for thousands of ancient organisms, including human and non-human animals, plants, and microbes [START_REF] Orlando | Ancient DNA Analysis[END_REF].

Since many early studies have shown false positives [START_REF] Desalle | DNA Sequences from a Fossil Termite in Oligo-Miocene Amber and Their Phylogenetic Implications[END_REF][START_REF] Golenberg | Chloroplast DNA Sequence from a Miocene Magnolia Species[END_REF][START_REF] Poinar | DNA from an Extinct Plant[END_REF][START_REF] Woodward | DNA Sequence from Cretaceous Period Bone Fragments[END_REF], researchers have devised "criteria of authenticity" for aDNA research, which have been modified several times over the relatively short history of this research area to accommodate the limitations of the underlying technologies [START_REF] Cooper | Ancient DNA: Do It Right or Not at All[END_REF][START_REF] Handt | Ancient DNA: Methodological Challenges[END_REF][START_REF] Hofreiter | Ancient DNA[END_REF][START_REF] Paabo | Ancient DNA: Extraction, Characterization, Molecular Cloning, and Enzymatic Amplification[END_REF][START_REF] Pääbo | Genetic Analyses from Ancient DNA[END_REF][START_REF] Willerslev | Ancient DNA[END_REF]. Some of the early recommendations are still relevant today, such as: the separation of the aDNA laboratory from the post-PCR (polymerase chain reaction) laboratory and movement only in one direction (from pre-PCR to post-PCR area), the presence of separate positive-pressure ventilation system with several filters, the use of special clothing, treatment of surfaces, equipment, tools and reagent packaging with decontamination solutions, by ultraviolet light, ultraviolet irradiation of indoor air, removal of the sample surface layer containing a large amount of contaminant DNA, adding negative blank controls at all stages of the experiment, the confirmation of the authenticity of the obtained sequencing results according to the characteristic patterns of modification and extreme fragmentation of aDNA, and the confirmation of the reproducibility of the results [START_REF] Cooper | Ancient DNA: Do It Right or Not at All[END_REF][START_REF] Handt | Ancient DNA: Methodological Challenges[END_REF][START_REF] Hofreiter | Ancient DNA[END_REF][START_REF] Paabo | Ancient DNA: Extraction, Characterization, Molecular Cloning, and Enzymatic Amplification[END_REF][START_REF] Pääbo | Genetic Analyses from Ancient DNA[END_REF][START_REF] Willerslev | Ancient DNA[END_REF].

Features of the use of polymerase chain reaction in aDNA studies

The polymerase chain reaction (PCR) method was developed in 1985, which made it possible to copy pre-selected DNA fragments and, thus, facilitate further manipulation [START_REF] Saiki | Enzymatic Amplification of Beta-Globin Genomic Sequences and Restriction Site Analysis for Diagnosis of Sickle Cell Anemia[END_REF]. This method is more effective than molecular cloning and became one of the most widely used methods, including in aDNA research [START_REF] Handt | Ancient DNA: Methodological Challenges[END_REF]. One of the main difficulties in studying aDNA, the contamination of sample with modern DNA, was identified in one of the first studies in which a PCR was carried out with aDNA [START_REF] Paabo | Ancient DNA: Extraction, Characterization, Molecular Cloning, and Enzymatic Amplification[END_REF]. In this study, the nature of the chemical modifications of aDNA was also determined [START_REF] Paabo | Ancient DNA: Extraction, Characterization, Molecular Cloning, and Enzymatic Amplification[END_REF]. Other researchers determined that the addition of bovine serum albumin (BSA, 1 mg/mL) reduces the inhibition of PCR by various types of inhibitors coextracted with aDNA (Rohland and Hofreiter 2007b). This is due to the binding of PCR-inhibitors to BSA and the prevention of DNA adhering to the tube walls [START_REF] Fulton | PCR Amplification, Cloning, and Sequencing of Ancient DNA[END_REF]. The use of high fidelity polymerases, such as Taq HiFi, Pfu, Pfx, Phusion, Q5, contributed to an increase in the efficiency of the DNA amplification while decreasing the number of sequencing errors [START_REF] Cooper | Complete Mitochondrial Genome Sequences of Two Extinct Moas Clarify Ratite Evolution[END_REF][START_REF] Ginolhac | MapDamage: Testing for Damage Patterns in Ancient DNA Sequences[END_REF]Rohland et al. 2015b;[START_REF] Schmid | HyRAD-X, a Versatile Method Combining Exome Capture and RAD Sequencing to Extract Genomic Information from Ancient DNA[END_REF]. To confirm the authenticity of the sequencing results of PCR products on aDNA, it is necessary to carry out multiple PCRs for each sample and several amplifications from different extracts with the presence of negative controls [START_REF] Fulton | PCR Amplification, Cloning, and Sequencing of Ancient DNA[END_REF].

Multiplex PCR combines many simplex PCRs, which are carried out in one tube due to the addition of different pairs of primers. This method was first published in 1988 [START_REF] Chamberlain | Deletion Screening of the Duchenne Muscular Dystrophy Locus via Multiplex DNA Amplification[END_REF]). It has also found application in the field of aDNA, since it allows using a small amount of aDNA to amplify several fragments at once, which is especially important given the small percentage of endogenous DNA in ancient samples and the necessarily limited volume of DNA extracts [START_REF] Alonso | Multiplex-PCR of Short Amplicons for MtDNA Sequencing from Ancient DNA[END_REF][START_REF] Hummel | Ancient DNA Profiling by Megaplex Amplications[END_REF]. One of the modifications of this method, called two-step multiplex PCR, has shown great success between 2000 and 2010, but is now mostly deprecated due to the capacity of NGS platforms [START_REF] Stiller | Multiplex PCR Amplification of Ancient DNA[END_REF]. This method differs from the classical one in that it has a second step, in which the products of the first multiplex PCR are used as a template, and the amplification with each individual pair of primers is carried out in a separate tube. The second stage increases the efficiency of obtaining each target fragment [START_REF] Krause | Multiplex Amplification of the Mammoth Mitochondrial Genome and the Evolution of Elephantidae[END_REF][START_REF] Römpler | Multiplex Amplification of Ancient DNA[END_REF]). In the field of studying aDNA from sediments, a common method is PCR with primers containing sample-specific indexes [START_REF] Alsos | The Role of Sea Ice for Vascular Plant Dispersal in the Arctic[END_REF][START_REF] Crump | Arctic Shrub Colonization Lagged Peak Postglacial Warmth: Molecular Evidence in Lake Sediment from Arctic Canada[END_REF][START_REF] Orlando | Ancient DNA Analysis[END_REF].

To determine the number of template molecules in aDNA extracts, researchers began to use the methods of competitive PCR [START_REF] Handt | The Retrieval of Ancient Human DNA Sequences[END_REF] and real-time qPCR (quantitative PCR) [START_REF] Morin | Quantitative Polymerase Chain Reaction Analysis of DNA from Noninvasive Samples for Accurate Microsatellite Genotyping of Wild Chimpanzees (Pan Troglodytes Verus)[END_REF]. This stage of aDNA experiments was necessary for rapid sorting of samples according to their preservation degree, and assess the reliability of the results obtained and plan the amount of work underlying the analyzes [START_REF] Gilbert | Recharacterization of Ancient DNA Miscoding Lesions: Insights in the Era of Sequencing-by-Synthesis[END_REF][START_REF] Morin | Quantitative Polymerase Chain Reaction Analysis of DNA from Noninvasive Samples for Accurate Microsatellite Genotyping of Wild Chimpanzees (Pan Troglodytes Verus)[END_REF]). In the field of aDNA, qPCR is an important tool that is needed not only to determine the degree of preservation of aDNA. QPCR is an important step in determining the effectiveness of different aDNA extraction methods, which is assessed by the difference in the qPCR Ct (cycle threshold) values, the number of cycles for the fluorescent signal to cross the background level (Rohland and Hofreiter 2007b). Also, qPCR is useful for detecting the presence of PCR inhibitors in an aDNA extract, which is determined by an increase in Ct value when the extract is diluted, as the concentration of inhibitors decreases. Currently, the most widespread application of qPCR is the quantification of aDNA genomic libraries before high-throughput sequencing [START_REF] Bunce | Quantitative Real-Time PCR in ADNA Research[END_REF][START_REF] Meyer | From Micrograms to Picograms: Quantitative PCR Reduces the Material Demands of High-Throughput Sequencing[END_REF]. SYBR green-based qPCR have been determined to be more cost-effective and sensitive than the probe-based TaqMan qPCR. SYBR Green fluorescent dye binds dsDNA (double-stranded DNA) molecules specifically in the minor groove, TaqMan probes with fluorophore anneal within the amplifiable DNA region. In both methods, the amount of target DNA corresponds to the level of fluorescence [START_REF] Bunce | Quantitative Real-Time PCR in ADNA Research[END_REF]).

Approaches to overcome the consequences of post-mortem DNA modifications and determination of the degree of aDNA fragmentation

Many reagents began to be used in aDNA experiments to prevent the consequences associated with post-mortem DNA and protein modifications. At the end of the 20th century, PTB (N-phenacyl thiazolium bromide), a reagent that removes Maillard products (intermolecular advanced-glycation endproducts (AGEs) crosslinks with amino groups), for example, in feces samples, began to be used in research on aDNA [START_REF] Poinar | Molecular Coproscopy: Dung and Diet of the Extinct Ground Sloth Nothrotheriops Shastensis[END_REF][START_REF] Vasan | An Agent Cleaving Glucose-Derived Protein Crosslinks in Vitro and in Vivo[END_REF]. Currently, the most widespread reagent that removes uracil residues from a DNA sequence is USER (uracil-specific excision reagent) enzyme mix, which combines the activities of the Uracil-N-glycosylase and endonuclease VIII (N-glycosylase and AP-lyase) (New England Biolabs), thus cleaving aDNA templates 3' of cytosine residues that have been deaminated post-mortem [START_REF] Briggs | Removal of Deaminated Cytosines and Detection of in Vivo Methylation in Ancient DNA[END_REF][START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF][START_REF] Willerslev | Ancient DNA[END_REF]. Since the use of the USER enzyme mix reduces the ability to identify the authenticity of the obtained DNA sequences based on signatures of post-mortem DNA damage, a method for partial USER-treatment of aDNA fragments, based on a decrease in the amount of added enzyme mix and the incubation time, has been proposed (Rohland et al. 2015a).

It is noteworthy that while many methods have been proposed to assess the degree of aDNA degradation, none has proved truly decisive thus far, and all have lost popularity. One of these methods was based on the extent of racemization of amino acids as after the death of any organism, L-enantiomers of amino acids undergo racemization to D-enantiomers. The rationale was thus that if the ratio of the amount of D-and L-enantiomers was less than 0.08, this could serve as an indication that DNA was not completely degraded [START_REF] Poinar | Amino Acid Racemization and the Preservation of Ancient DNA[END_REF]. Other methods were based on the ratio evaluation of the amount of peptide fragments to the amount of single amino acids using mass spectrometry [START_REF] Poinar | Protein Preservation and DNA Retrieval from Ancient Tissues[END_REF], the direct detection of DNA damage using gas mass spectrometry/chromatography [START_REF] Hoss | DNA Damage and DNA Sequence Retrieval from Ancient Tissues[END_REF], transmission electron microscopy [START_REF] Koon | A Practical Approach to the Identification of Low Temperature Heated Bone Using TEM[END_REF], evaluation of bone histology [START_REF] Jans | Characterisation of Microbial Attack on Archaeological Bone[END_REF][START_REF] Pääbo | Genetic Analyses from Ancient DNA[END_REF]), as well as bone porosity and density measurements [START_REF] Nielsen-Marsh | A Preliminary Investigation of the Application of Differential Scanning Calorimetry to the Study of Collagen Degradation in Archaeological Bone[END_REF].

Methods of aDNA extraction

Methods for increasing the fraction of endogenous DNA in a sample powder are to treat the sample powder with sodium hypochlorite (up to ~ 6 %) to oxidize chemical inhibitors and contaminant DNA [START_REF] Basler | Reduction of the Contaminant Fraction of DNA Obtained from an Ancient Giant Panda Bone[END_REF], or to make use of several rounds of (0.5 M) sodium phosphate treatment to recover DNA bound to the surface [START_REF] Korlević | Reducing Microbial and Human Contamination in DNA Extractions from Ancient Bones and Teeth[END_REF] or brief (15-30 mins) pre-digestions using a buffer with Proteinase K to remove most of the inhibitors and contaminants before DNA isolation [START_REF] Damgaard | Improving Access to Endogenous DNA in Ancient Bones and Teeth[END_REF][START_REF] Ginolhac | Improving the Performance of True Single Molecule Sequencing for Ancient DNA[END_REF][START_REF] Orlando | True Single-Molecule DNA Sequencing of a Pleistocene Horse Bone[END_REF][START_REF] Der Sarkissian | Shotgun Microbial Profiling of Fossil Remains[END_REF].

The very first method for aDNA extraction from dry skin, muscle, brain and bone tissues was the phenol chloroform method comprising separation into hydrophobic and aqueous phases [START_REF] Barnett | A Phenol-Chloroform Protocol for Extracting DNA from Ancient Samples[END_REF][START_REF] Doran | Anatomical, Cellular and Molecular Analysis of 8,000-Yr-Old Human Brain Tissue from the Windover Archaeological Site[END_REF][START_REF] Higuchi | DNA Sequences from the Quagga, an Extinct Member of the Horse Family[END_REF][START_REF] Pääbo | Molecular Cloning of Ancient Egyptian Mummy DNA[END_REF], which very often included ethanol (EtOH) or isopropanol precipitation to further remove PCR inhibitors [START_REF] Hänni | Isopropanol Precipitation Removes PCR Inhibitors from Ancient Bone Extracts[END_REF][START_REF] Kalmar | A Simple and Efficient Method for PCR Amplifiable DNA Extraction from Ancient Bones[END_REF].

A silica-based purification method for DNA extraction from ancient bones was first published in 1993, and became widely used in the field of aDNA. It included a binding step of DNA to silica particles for better purification after extraction. This method has proven to be effective in removing inhibitory agents from DNA extracts, very simple, and fast [START_REF] Höss | DNA Extraction from Pleistocene Bones by a Silica-Based Purification Method[END_REF] and outperformed other approaches before the advent of the NGS (Rohland and Hofreiter 2007b). In 1998, a new method for extracting aDNA from bones was published [START_REF] Yang | Improved DNA Extraction from Ancient Bones Using Silica-Based Spin Columns[END_REF], which combines purification of extracted DNA by binding to silica particles [START_REF] Höss | DNA Extraction from Pleistocene Bones by a Silica-Based Purification Method[END_REF] and DNA concentration using spin columns [START_REF] Hagelberg | Isolation and Characterization of DNA from Archaeological Bone[END_REF]. This method does not have the disadvantage of the Centricon approach [START_REF] Hagelberg | Isolation and Characterization of DNA from Archaeological Bone[END_REF], as the underlying the anisotropic microconcentrator membrane can preserve PCR inhibitors together with DNA templates [START_REF] Yang | Improved DNA Extraction from Ancient Bones Using Silica-Based Spin Columns[END_REF]. Additionally, this method ensured that no silica particles were kept in the eluted DNA solution, as these could act as strong PCR inhibitors [START_REF] Höss | DNA Extraction from Pleistocene Bones by a Silica-Based Purification Method[END_REF][START_REF] Yang | Improved DNA Extraction from Ancient Bones Using Silica-Based Spin Columns[END_REF]).

Several approaches have been proposed to target specific aDNA fragments at the stage of DNA extraction, including the fishing magnetic separation method from Anderung and colleagues [START_REF] Anderung | Fishing for Ancient DNA[END_REF]. It involved biotinylated DNA probes annealing to specific target DNA fragments, and recovery of annealed templates using streptavidin-coated beads, which proved as effective as DNA extraction approach using silica binding columns [START_REF] Yang | Improved DNA Extraction from Ancient Bones Using Silica-Based Spin Columns[END_REF]).

To date, many variations of the silica-based DNA extraction methods have been proposed. One of the modifications of the silica-based purification method [START_REF] Höss | DNA Extraction from Pleistocene Bones by a Silica-Based Purification Method[END_REF]) is Rohland and Hofreiter method, which is characterized by increased concentration of guanidinium thiocyanate at the stage of the DNA binding to silica, carrying out all stages of the experiment at room temperature, reduced number of experimental steps and a very simple composition of the extraction solution (Rohland and Hofreiter 2007a). One of the variations of this method provides a solution for nondestructive DNA extraction from museum specimens (teeth and bones), the main difference of which is placing the whole sample in a lysis buffer, followed by DNA purification from the resulting supernatant [START_REF] Hofreiter | Nondestructive DNA Extraction from Museum Specimens[END_REF][START_REF] Rohland | Nondestructive DNA Extraction Method for Mitochondrial DNA Analyses of Museum Specimens[END_REF]. A minimally destructive method for isolating aDNA from dental cementum of the tooth root surface has recently published [START_REF] Harney | A Minimally Destructive Protocol for DNA Extraction from Ancient Teeth[END_REF], as well as many other minimally and non-destructive DNA extraction methods [START_REF] Patzold | Advantages of an Easy-to-Use DNA Extraction Method for Minimal-Destructive Analysis of Collection Specimens[END_REF][START_REF] Sugita | Non-Destructive DNA Extraction from Herbarium Specimens: A Method Particularly Suitable for Plants with Small and Fragile Leaves[END_REF]. A key modification of the Roland and Hofreiter 2007 method (Rohland and Hofreiter 2007a), which involves increasing the temperature (up to 37 °С) during the digestion of the bone powder, as well as adding anionic surfactant N-lauryl sarcosyl to the extraction solution, was published by Orlando and colleagues [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF].

The extraction method of Roland and Hofreiter (Rohland and Hofreiter 2007a) was further optimized by Dabney and colleagues [START_REF] Dabney | Complete Mitochondrial Genome Sequence of a Middle Pleistocene Cave Bear Reconstructed from Ultrashort DNA Fragments[END_REF], who made use of a binding buffer containing guanidine hydrochloride instead of guanidine thiocyanate, sodium acetate (for better purification and precipitation of DNA), isopropanol (for better precipitation of DNA), silica-based large-volume spin columns, increased volume of binding buffer compared to extraction buffer volume, to enhance recovery efficiency for the ultra-short DNA fragments (less than 40 bp in size) which represent the largest fraction of endogenous templates preserved [START_REF] Dabney | Complete Mitochondrial Genome Sequence of a Middle Pleistocene Cave Bear Reconstructed from Ultrashort DNA Fragments[END_REF]. Besides Dabney and co-authors [START_REF] Dabney | Complete Mitochondrial Genome Sequence of a Middle Pleistocene Cave Bear Reconstructed from Ultrashort DNA Fragments[END_REF]), Allentoft and co-authors modified Roland and Hofreiter method (Rohland and Hofreiter 2007b) to extract very short DNA sequences (less than 60 bp in length) by using a new PB-based (Qiagen) binding buffer containing sodium acetate and sodium chloride, adding large volumes of binding buffer to the samples, and shorter incubation times with silica [START_REF] Allentoft | Population Genomics of Bronze Age Eurasia[END_REF]. It is noteworthy that new methods for the isolation of short DNA sequences using magnetic particles coated with silica have been proposed recently. One of these methods allows the extraction of DNA fragments as short as 25 bp in length by increasing the concentration of the alcohol in the binding buffer and the concentration of the binding buffer itself added to the samples during the binding stage, combined with a single-stranded library preparation [START_REF] Glocke | Extending the Spectrum of DNA Sequences Retrieved from Ancient Bones and Teeth[END_REF]. A comparative analysis of Dabney and co-authors method [START_REF] Dabney | Complete Mitochondrial Genome Sequence of a Middle Pleistocene Cave Bear Reconstructed from Ultrashort DNA Fragments[END_REF]) and Glocke and Meyer method [START_REF] Glocke | Extending the Spectrum of DNA Sequences Retrieved from Ancient Bones and Teeth[END_REF] for extraction of ultrashort DNA fragments showed that the use of Glocke and Meyer binding buffer and magnetic beads coated with silica are more effective [START_REF] Rohland | Extraction of Highly Degraded DNA from Ancient Bones, Teeth and Sediments for High-Throughput Sequencing[END_REF]. They may, thus, show growing success in the forthcoming years.

The main difference between method of Roland and co-authors of 2010 [START_REF] Rohland | A Rapid Column-based Ancient DNA Extraction Method for Increased Sample Throughput[END_REF]) and method of Roland and Hofreiter of 2007 (Rohland and Hofreiter 2007a) is the use of a special double filter (with pores of small size at the top and with large pores below) to separate the silica particles with DNA from the rest of the solution during the purification stage [START_REF] Rohland | A Rapid Column-based Ancient DNA Extraction Method for Increased Sample Throughput[END_REF].

Additionally, a method based on the method first proposed by Yang and colleagues [START_REF] Yang | Improved DNA Extraction from Ancient Bones Using Silica-Based Spin Columns[END_REF], included the following modifications: two instead of one lysis steps to reduce the percentage of contaminant DNA in solution, adding Tween-20 (nonionic detergent) to the elution buffer and preheating the elution buffer at 60ºC, was published in 2014 [START_REF] Gamba | Genome Flux and Stasis in a Five Millennium Transect of European Prehistory[END_REF]. A comparative analysis of the most common methods for extracting aDNA has shown the latter method, and more generally those using silica columns [START_REF] Dabney | Complete Mitochondrial Genome Sequence of a Middle Pleistocene Cave Bear Reconstructed from Ultrashort DNA Fragments[END_REF][START_REF] Gamba | Genome Flux and Stasis in a Five Millennium Transect of European Prehistory[END_REF][START_REF] Rohland | A Rapid Column-based Ancient DNA Extraction Method for Increased Sample Throughput[END_REF][START_REF] Yang | Improved DNA Extraction from Ancient Bones Using Silica-Based Spin Columns[END_REF], are more effective than in solution methods [START_REF] Höss | DNA Extraction from Pleistocene Bones by a Silica-Based Purification Method[END_REF][START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF]Rohland and Hofreiter 2007a) due to higher endogenous percentage and greater complexity of the DNA libraries prepared from the aDNA extract obtained by the former methods [START_REF] Gamba | Comparing the Performance of Three Ancient DNA Extraction Methods for High-Throughput Sequencing[END_REF]. It was also determined that the method of Gamba and co-authors [START_REF] Gamba | Genome Flux and Stasis in a Five Millennium Transect of European Prehistory[END_REF]) was cheaper than alternative extraction methods using silica columns at the time. This method is currently one of the most widespread methods for aDNA extraction [START_REF] Gamba | Comparing the Performance of Three Ancient DNA Extraction Methods for High-Throughput Sequencing[END_REF].

The DNA extraction techniques discussed above are mainly adapted for the extraction of aDNA from teeth and bones, however, there are a wide variety of other materials suitable for the extraction of aDNA.

The main difficulty in extracting aDNA from plant tissues is the presence of large amounts of polyphenols, secondary metabolites, and sugars. The first method for extracting DNA from small amounts of herbarium and mummified plant tissues was based on the use of the strong detergent CTAB (cetyltrimethylammonium bromide) to eliminate enzyme-inhibiting polysaccharides [START_REF] Rogers | Extraction of DNA from Milligram Amounts of Fresh, Herbarium and Mummified Plant Tissues[END_REF]. Currently, this modified method is used to extract DNA from single seeds. The PTBbased method is used to extract DNA from gourd rind and similar plant tissues (Jaenicke-Despres 2003).

Very often, reagents such as DTT (dithiothreitol, breaks down protein disulfide bonds) are added to the lysis buffer for DNA extraction from different plant tissues [START_REF] Kistler | Ancient DNA Extraction from Plants[END_REF]. The isolation of ultrashort DNA fragments from herbaria was achieved through the use of the binding buffer of Dabney and coauthors [START_REF] Dabney | Complete Mitochondrial Genome Sequence of a Middle Pleistocene Cave Bear Reconstructed from Ultrashort DNA Fragments[END_REF] and PTB (N-phenacylthiazolium bromide) lysis buffer instead of CTAB lysis buffer [START_REF] Gutaker | Extraction of Ultrashort DNA Molecules from Herbarium Specimens[END_REF].

One of the methods of extracting aDNA from museum samples, such as bird toe pads, is a silica in solution method characterized by the addition of DTT to the extraction buffer and several incubations aimed at tissue dissolution [START_REF] Fulton | Case Study: Recovery of Ancient Nuclear DNA from Toe Pads of the Extinct Passenger Pigeon[END_REF]. The characteristic features of the method for extracting DNA from keratinous (e.g., hair, nails, horn outer layer) and chitinous formations (e.g., exoskeletons of arthropods) are the addition of high concentrations of reducing agents (such as SDS (sodium dodecyl sulfate), DTT), detergents and proteinase K to the digestion buffer in order to break down the bonds within the keratin and chitin and release the DNA (Campos and Gilbert 2012b;[START_REF] King | Recovery of DNA from Archaeological Insect Remains: First Results, Problems and Potential[END_REF][START_REF] Rawlence | DNA Content and Distribution in Ancient Feathers and Potential to Reconstruct the Plumage of Extinct Avian Taxa[END_REF]). The keratinous and chitinous tissues contain fewer contaminants because they are highly keratinized and less porous than teeth and bones [START_REF] Gilbert | Whole-Genome Shotgun Sequencing of Mitochondria from Ancient Hair Shafts[END_REF]. ADNA from fossil eggshells is usually better preserved due to intracrystalline deposition of calcite within the eggshell matrix. The key step in the DNA extraction from the eggshell is the solubilization of calcite and the release of DNA from the crystalline matrix, which is achieved by heat step at 95 °С during sample incubation in a digestion buffer [START_REF] Oskam | DNA Extraction from Fossil Eggshell[END_REF].

During the DNA extraction from paleosols and sediments, it is necessary to better pulverize the sample and remove PCR inhibitors (such as some humic compounds and other organomineral complexes) and cellular debris, which are achieved due to better mixing of samples in lysis buffer in the presence of special glass beads, as well as the addition of DTT, SDS, PTB to the lysis buffer, and carrying out several stages of the lysate centrifugation and precipitation [START_REF] Haile | Ancient DNA Extraction from Soils and Sediments[END_REF]. The most efficient removal of PCR inhibitors from paleofeces is achieved by adding PTB [START_REF] Vasan | An Agent Cleaving Glucose-Derived Protein Crosslinks in Vitro and in Vivo[END_REF], PVP (polyvinylpyrrolidone, removes phenolic compounds), DTT (breaks down protein quaternary structure) to the extraction buffer [START_REF] Boom | Rapid and Simple Method for Purification of Nucleic Acids[END_REF][START_REF] Kuch | Extraction of DNA from Paleofeces[END_REF]. To reverse cross-linked protein-DNA complexes in paraffin-embedded and formalin-fixed tissues, the alkali digestion buffer with the sample is heated to more than 100 °С (Campos and Gilbert 2012a).

Features and methods of aDNA sequencing library preparation

Оne of the methods for increasing the amount of endogenous DNA in an ancient sample relative to the amount of contaminant microbial DNA is to treat genomic libraries with restriction enzymes that cut bacterial DNA sequences to a greater extent [START_REF] Green | A Draft Sequence of the Neandertal Genome[END_REF].

The emergence of NGS techniques was a crucial stage in the history of genomic research, especially in the field of aDNA [START_REF] Margulies | Genome Sequencing in Microfabricated High-Density Picolitre Reactors[END_REF]Schuster 2008), thanks to the capacity to carry out massive DNA reactions in parallel [START_REF] Kircher | High-Throughput DNA Sequencing -Concepts and Limitations[END_REF]. High-throughput sequencing is especially suited for aDNA, since during sample preparation there is no need to carry out DNA fragmentation (aDNA is already fragmented), ligation of adapters of known sequences provide access to aDNA fragments of even ultra-short fragments and can serve to tag each DNA library with unique index combinations [START_REF] Briggs | Targeted Retrieval and Analysis of Five Neandertal MtDNA Genomes[END_REF], limiting DNA contamination risks [START_REF] Briggs | Patterns of Damage in Genomic DNA Sequences from a Neandertal[END_REF][START_REF] Kircher | Double Indexing Overcomes Inaccuracies in Multiplex Sequencing on the Illumina Platform[END_REF][START_REF] Meyerhans | DNA Recombination during PCR[END_REF]. The presence of nucleotide mis-incorporations at the ends of fragments can help further authenticate the data obtained as reflecting the presence of post-mortem DNA damage [START_REF] Green | Analysis of One Million Base Pairs of Neanderthal DNA[END_REF].

While a wide diversity of DNA library construction methods have been developed, they are based on the same unifying principle: the ligation of universal sequencing-adaptors at both ends of the DNA templates [START_REF] Briggs | Preparation of Next-Generation Sequencing Libraries from Damaged DNA[END_REF]. There are two main types of methods for preparing aDNA libraries for sequencing by synthesis: methods focusing on dsDNA templates on the one hand, and methods focusing on single-stranded DNA templates on the other [START_REF] Orlando | Ancient DNA Analysis[END_REF]).

In the method of preparing double-stranded libraries, fragments of aDNA are end-repaired, and double-stranded adapters are ligated to their ends [START_REF] Kircher | Double Indexing Overcomes Inaccuracies in Multiplex Sequencing on the Illumina Platform[END_REF][START_REF] Meyer | Illumina Sequencing Library Preparation for Highly Multiplexed Target Capture and Sequencing[END_REF].

Approaches carrying out all stages of library preparation (double-stranded method) in one tube have been proposed to reduce hands-on time [START_REF] Carøe | Single-tube Library Preparation for Degraded DNA[END_REF]).

In the method of preparing single-stranded libraries, which was invented specifically for aDNA characterization, DNA molecules are heat-denatured, and single-stranded adapters are ligated to the ends of the single-stranded DNA fragments, leveraging specific DNA ligase activities [START_REF] Gansauge | Single-Stranded DNA Library Preparation for the Sequencing of Ancient or Damaged DNA[END_REF] and/or splinters [START_REF] Gansauge | Single-Stranded DNA Library Preparation from Highly Degraded DNA Using T4 DNA Ligase[END_REF]. Methods focusing on single-stranded DNA material are more effective for the isolation of small amount of fragmented and modified aDNA than those based on dsDNA templates for several reasons: DNA molecules with single-strand breaks are not lost, both DNA strands provide independent templates, thus, increasing the molecular complexity of the resulting DNA library. Additionally, aDNA recovery is improved due to the attachment of DNA fragments to biotinylated adapters, which improve the efficacy of cleaning steps through streptavidin beads [START_REF] Gansauge | Single-Stranded DNA Library Preparation for the Sequencing of Ancient or Damaged DNA[END_REF][START_REF] Meyer | A High-Coverage Genome Sequence from an Archaic Denisovan Individual[END_REF]. Modifications of the single-stranded library preparation method have been published, including using the Klenow fragment of Escherichia coli DNA polymerase I to remove the blunt-end repair stage before the second adapter ligation [START_REF] Korlević | Reducing Microbial and Human Contamination in DNA Extractions from Ancient Bones and Teeth[END_REF], less costly dsDNA ligases [START_REF] Gansauge | Single-Stranded DNA Library Preparation from Highly Degraded DNA Using T4 DNA Ligase[END_REF][START_REF] Harkins | A Novel NGS Library Preparation Method to Characterize Native Termini of Fragmented DNA[END_REF].

Molecular barcoding allows multiple samples to be sequenced simultaneously in a single run of the next-generation sequencer, thereby, leveraging the full sequencing power of current NGS instruments. There are several approaches to obtain barcoded sequencing libraries: the first relies on the amplification of the target DNA fragment using specific PCR primers containing sequencing adapters and barcodes, while the second involves the direct ligation of sequencing adapters with barcodes to DNA fragments [START_REF] Knapp | Generating Barcoded Libraries for Multiplex High-Throughput Sequencing[END_REF]. A distinctive feature of the Illumina's company "indexing" system is that the barcodes ("indexes") are located inside the adapter sequences, whereas in some studies the barcodes are located outside the universal adapter sequence (Rohland et al. 2015a). In order to reduce the likelihood of misidentification of samples in a multiplex experiment, double indexing (indexes in both library adapters) [START_REF] Kircher | Double Indexing Overcomes Inaccuracies in Multiplex Sequencing on the Illumina Platform[END_REF] or triple indexing [START_REF] Meyer | Illumina Sequencing Library Preparation for Highly Multiplexed Target Capture and Sequencing[END_REF] during library preparation are preferred.

Finally, several methods have been proposed to limit the introduction of base compositional and size biases during PCR amplification [START_REF] Dabney | Length and GC-Biases during Sequencing Library Amplification: A Comparison of Various Polymerase-Buffer Systems with Ancient and Modern DNA Sequencing Libraries[END_REF], and to maintain library complexity levels, such as the use of emulsion PCR [START_REF] Kihana | Emulsion PCR-Coupled Target Enrichment: An Effective Fishing Method for High-Throughput Sequencing of Poorly Preserved Ancient DNA[END_REF].

Methods of aDNA sequencing library enrichment

Due to the limited endogenous DNA content in ancient samples, sequencing of enriched genomic libraries is often more economical than shotgun sequencing [START_REF] Ávila-Arcos | Application and Comparison of Large-Scale Solution-Based DNA Capture-Enrichment Methods on Ancient DNA[END_REF][START_REF] Meyer | Illumina Sequencing Library Preparation for Highly Multiplexed Target Capture and Sequencing[END_REF]. Target-enrichment approaches open for the simultaneous analysis of orthologous DNA regions across many samples, and are, thus, suited for population level studies. Hybridization capture methods include in-solution (using paramagnetic beads) and immobilized (on a surface) techniques. The hybridization capture experiment to enrich aDNA includes several stages: the preparation of genomic library of aDNA fragments, the annealing of "bait" molecules (target sequences) to the sequencing library, and the purification of the DNA library templates that bound to "baits". Basically, "bait" molecules are biotinylated, which is achieved either by ligation of biotinylated adapters, the introduction of biotin groups through PCR, or by direct synthesis. Separation and purification of hybridization products is carried out using streptavidin magnetic particles (streptavidin-biotin interactions). The main advantage of hybridization capture methods is to be scalable and compatible with the analysis of whole genes, organellar genomes, full chromosome, and even the whole genome [START_REF] Horn | Target Enrichment via DNA Hybridization Capture[END_REF]. Hybridization in solution is more efficient for aDNA sequencing libraries (fragments of small size) than immobilized hybridization [START_REF] Gnirke | Solution Hybrid Selection with Ultra-Long Oligonucleotides for Massively Parallel Targeted Sequencing[END_REF]). To improve ancient genome coverage, it is better to carry out several consecutive rounds of enrichment [START_REF] Hernandez-Rodriguez | The Impact of Endogenous Content, Replicates and Pooling on Genome Capture from Faecal Samples[END_REF][START_REF] Meyer | Illumina Sequencing Library Preparation for Highly Multiplexed Target Capture and Sequencing[END_REF][START_REF] Templeton | DNA Capture and Next-Generation Sequencing Can Recover Whole Mitochondrial Genomes from Highly Degraded Samples for Human Identification[END_REF].

The first study that established the efficacy of the hybridization capture approach for the reconstruction of multiple target nuclear sequences of an extinct species was published in 2008 [START_REF] Noonan | Sequencing and Analysis of Neanderthal Genomic DNA[END_REF]). In addition to commercial synthesis [START_REF] Ávila-Arcos | Application and Comparison of Large-Scale Solution-Based DNA Capture-Enrichment Methods on Ancient DNA[END_REF][START_REF] Blow | Genomics: Catch Me If You Can[END_REF][START_REF] Burbano | Targeted Investigation of the Neandertal Genome by Array-Based Sequence Capture[END_REF][START_REF] Paijmans | Application of Solid-State Capture for the Retrieval of Small-to-Medium Sized Target Loci from Ancient DNA[END_REF][START_REF] Schuenemann | Genome-Wide Comparison of Medieval and Modern Mycobacterium Leprae[END_REF][START_REF] Teer | Systematic Comparison of Three Genomic Enrichment Methods for Massively Parallel DNA Sequencing[END_REF]), many methods have been proposed for preparing home-made hybridization "baits", which reduces analytical costs even further [START_REF] Briggs | Targeted Retrieval and Analysis of Five Neandertal MtDNA Genomes[END_REF][START_REF] Horn | Target Enrichment via DNA Hybridization Capture[END_REF][START_REF] Maricic | Multiplexed DNA Sequence Capture of Mitochondrial Genomes Using PCR Products[END_REF]. In general, the underlying methodology is fast, easily to implement, and cost effective, as it only requires standard laboratory reagents and equipment [START_REF] Ávila-Arcos | Application and Comparison of Large-Scale Solution-Based DNA Capture-Enrichment Methods on Ancient DNA[END_REF], unless automated with liquid handling devices [START_REF] Slon | Neandertal and Denisovan DNA from Pleistocene Sediments[END_REF].

In this PhD work, I have made use of the target-enrichment technology based on the work from Maricic and colleagues [START_REF] Maricic | Multiplexed DNA Sequence Capture of Mitochondrial Genomes Using PCR Products[END_REF]) to retrieve complete mitogenomes.

Researchers have proposed methods for enrichment of the chromosome non-repetitive sequences belonging to ancient and modern humans using biotinylated DNA [START_REF] Cruz-Dávalos | In-Solution Y-Chromosome Capture-Enrichment on Ancient DNA Libraries[END_REF][START_REF] Fu | DNA Analysis of an Early Modern Human from Tianyuan Cave, China[END_REF] and RNA [START_REF] Gnirke | Solution Hybrid Selection with Ultra-Long Oligonucleotides for Massively Parallel Targeted Sequencing[END_REF]) capture "baits" (probes), which were constructed from oligonucleotides synthesized on arrays [START_REF] Fu | DNA Analysis of an Early Modern Human from Tianyuan Cave, China[END_REF][START_REF] Gnirke | Solution Hybrid Selection with Ultra-Long Oligonucleotides for Massively Parallel Targeted Sequencing[END_REF]. The first solution to wholegenome in-solution capture was published in 2013 [START_REF] Carpenter | Pulling out the 1%: Whole-Genome Capture for the Targeted Enrichment of Ancient DNA Sequencing Libraries[END_REF]. In this technology, the "bait" molecules consisted of DNA fragments covering the whole human genome (prepared from fresh DNA extracts) and containing adapters with T7 RNA polymerase promoters. Further in vitro transcription of these libraries with biotinylated UTP provided RNA "baits" covering the entire genome under study, which, could form RNA-DNA heteroduplexes with orthologous aDNA library templates. As DNA-RNA heteroduplexes are thermodynamically more stable than DNA-DNA duplexes, this procedures helped improved the overall sensitivity of the method [START_REF] Gyi | The Orientation and Dynamics of the C2'-OH and Hydration of RNA and DNA.RNA Hybrids[END_REF]. Standard in-solution hybridization, recovery, and purification of target DNA fragments using streptavidin particles were then followed by RNase (ribonuclease) treatment of enriched libraries so as to remove all remaining "baits" before a final PCR is carried out prior to sequencing [START_REF] Carpenter | Pulling out the 1%: Whole-Genome Capture for the Targeted Enrichment of Ancient DNA Sequencing Libraries[END_REF]. Similar methodologies for whole-genome enrichment showed great success in other species, such as the woolly mammoth [START_REF] Enk | Ancient Whole Genome Enrichment Using Baits Built from Modern DNA[END_REF], and were found robust despite substantial sequence divergence (5-15 %) between baits and templates [START_REF] Yeates | Power, Resolution and Bias: Recent Advances in Insect Phylogeny Driven by the Genomic Revolution[END_REF]. Subsequent comparative analysis of this method [START_REF] Carpenter | Pulling out the 1%: Whole-Genome Capture for the Targeted Enrichment of Ancient DNA Sequencing Libraries[END_REF]) with similar commercial approaches showed that a decrease in "bait" length and hybridization temperature leads to a greater yield of short unique sequences [START_REF] Ávila-Arcos | Comparative Performance of Two Whole-genome Capture Methodologies on Ancient DNA Illumina Libraries[END_REF], while a reduction in the amount of starting DNA or probe leads to a decrease in the complexity of the enriched library [START_REF] Cruz-Dávalos | Experimental Conditions Improving In-Solution Target Enrichment for Ancient DNA[END_REF]. The recently published whole-genome capture method of González Fortes and Paijmans is based on Maricic and colleagues approach [START_REF] Maricic | Multiplexed DNA Sequence Capture of Mitochondrial Genomes Using PCR Products[END_REF] with the following modification: the use of human Cot-1 DNA to prevent nonspecific hybridization (González Fortes and Paijmans 2019). Greater cost-effectiveness of in-solution capture procedures compared to shotgun sequencing is achieved only for samples with an endogenous DNA content of less than 25 % when aiming for the whole genome [START_REF] Cruz-Dávalos | Experimental Conditions Improving In-Solution Target Enrichment for Ancient DNA[END_REF].

Another method of enriching aDNA shows a larger application range and is based on an uracil selection technique, which allows to separate aDNA strands with deoxyuracils (originated from cytosine base deamination) from strands without these base modifications at the stage of generating singlestranded DNA library. The main mechanism of this process includes the removal of uracils using uracil-DNA glycosylase and the subsequent strand-displacement polymerization reaction, which leads to the appearance of the double-stranded aDNA molecules, the strands of which contained uracil, in the supernatant [START_REF] Gansauge | Selective Enrichment of Damaged DNA Molecules for Ancient Genome Sequencing[END_REF].

The probe-free MBD (Methylated Binding Domains)-based enrichment method was published as an alternative procedure to all those listed above, with the hope that it could efficiently retrieve those parts of the genome showing substantial DNA methylation within CpG dinucleotides, and thus, filtering aDNA extracts for their microbial, exogenous content. In this approach, the enrichment is carried out directly on aDNA extracts, leveraging the affinity of the MBD2-Fc protein for methylated CpG dinucleotides (Seguin- Orlando, Gamba, et al. 2015). The methodology showed, however, strong limitations due to the extreme fragmentation levels characterizing aDNA templates.

Finally, several hybridization capture methods, in which probes are prepared following enzymatic restriction of fresh DNA extracts (hyRAD (hybridization capture from restriction-site associated DNAderived probes)), have shown promising results on museum specimens [START_REF] Schmid | HyRAD-X, a Versatile Method Combining Exome Capture and RAD Sequencing to Extract Genomic Information from Ancient DNA[END_REF][START_REF] Suchan | Hybridization Capture Using RAD Probes (HyRAD), a New Tool for Performing Genomic Analyses on Collection Specimens[END_REF]. In one of these techniques, the hyRAD-X (hybridization capture from restriction-site associated DNA-derived probes obtained from a reduced exome template) method, RNA probes are obtained from a reduced exome sequences [START_REF] Schmid | HyRAD-X, a Versatile Method Combining Exome Capture and RAD Sequencing to Extract Genomic Information from Ancient DNA[END_REF], and in the other method, the hyRAD approach, DNA probes are derived from whole genome DNA extracts prepared from fresh cells and/or tissues of a closely related species [START_REF] Suchan | Hybridization Capture Using RAD Probes (HyRAD), a New Tool for Performing Genomic Analyses on Collection Specimens[END_REF]. These two methods are based on similar principles: one or several rounds of DNA digesting using specific restriction enzymes, subsequent selection by fragment size, biotin labelling of the probes and capture of hybrid duplexes on streptavidin beads [START_REF] Schmid | HyRAD-X, a Versatile Method Combining Exome Capture and RAD Sequencing to Extract Genomic Information from Ancient DNA[END_REF]. Recently, a new hyRAD method was published, the main differences of which from Suchan and co-authors method [START_REF] Suchan | Hybridization Capture Using RAD Probes (HyRAD), a New Tool for Performing Genomic Analyses on Collection Specimens[END_REF]) are the use of 5′-biotinylated primers to biotinylate baits and different sequences of adapters for baits and libraries [START_REF] Lang | Hybridization DdRAD-sequencing for Population Genomics of Nonmodel Plants Using Highly Degraded Historical Specimen DNA[END_REF]). Despite its strong potential for aDNA research, this method had, thus far, not received strong attention by the aDNA community. In this PhD work, I have contributed to assess the performance of the method and demonstrated that it was indeed suitable for a whole range of material, spanning different preservation conditions and time scales.

Primary and secondary analysis methods for high-throughput aDNA sequencing data

When analyzing high-throughput aDNA sequencing data, special attention should be paid to recognizing alignment issues potentially caused by the short read lengths, sequencing artifacts and errors, chimeric sequences, and damage patterns [START_REF] Kircher | Analysis of High-Throughput Ancient DNA Sequencing Data[END_REF]. Parallel sequencing of PhiX control libraries allows individual base quality scores to be recalibrated, and thus, limits technical batch effects at the sequencing stage [START_REF] Kircher | Improved Base Calling for the Illumina Genome Analyzer Using Machine Learning Strategies[END_REF]. Initial high-throughput aDNA data analysis typically includes the following steps: the demultiplexing of sequencing reads in accordance with indexes; the removal of artifacts that appeared during the genomic library preparation; adapter trimming and collapsing paired reads showing sufficient overlap; Phred base quality score filtering; the identification of endogenous DNA sequences by mapping to a reference sequence; determination of the amount and origin of contaminant sequences; PCR duplicate removal; and the identification of postmortem patterns of DNA damage. Those steps are preliminary to various other bioinformatic analyzes that are carried out downstream on finalized, validated DNA alignments, so as to assess phylogenetic affinities, detect selection signatures, and more.

The most common format for the output files produced by NGS instrument is the FastQ format, in which each sequencing read has an identifying tag and each base is associated with individual quality scores [START_REF] Kircher | Analysis of High-Throughput Ancient DNA Sequencing Data[END_REF]. The demultiplexing of sequencing reads in accordance with their indexes is carried out either using a specific software corresponding to the chosen indexing protocol [START_REF] Illumina | Multiplexed Sequencing with the Illumina Genome Analyzer System[END_REF][START_REF] Meyer | Parallel Tagged Sequencing on the 454 Platform[END_REF][START_REF] Schubert | AdapterRemoval v2: Rapid Adapter Trimming, Identification, and Read Merging[END_REF][START_REF] Stiller | Direct Multiplex Sequencing (DMPS)--a Novel Method for Targeted High-Throughput Sequencing of Ancient and Highly Degraded DNA[END_REF] [START_REF] Li | Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform[END_REF]). One of the algorithms of the Genome Analysis Toolkit (GATK) is widely used to recalibrate base quality scores on the basis of aligning the reads to the reference sequence [START_REF] Palmer | Improving de Novo Sequence Assembly Using Machine Learning and Comparative Genomics for Overlap Correction[END_REF]), but alternative approaches, aware of the presence of postmortem DNA damage in the data [START_REF] Jónsson | MapDamage2.0: Fast Approximate Bayesian Estimates of Ancient DNA Damage Parameters[END_REF], have been proposed. To determine endogenous DNA content, reads are aligned against the reference sequence using various available programs, mostly BWA (Burrows-Wheeler Aligner) (Li andDurbin 2009, 2010), and Bowtie 2 [START_REF] Langmead | Ultrafast and Memory-Efficient Alignment of Short DNA Sequences to the Human Genome[END_REF][START_REF] Langmead | Fast Gapped-Read Alignment with Bowtie 2[END_REF]. Sequence simulators, e.g. gargammel [START_REF] Renaud | Gargammel: A Sequence Simulator for Ancient DNA[END_REF], can be used to identify parameters that improve aDNA read mapping specificity and, thus, maximize genome coverage and alignment quality [START_REF] Poullet | Assessing DNA Sequence Alignment Methods for Characterizing Ancient Genomes and Methylomes[END_REF]. Using the variation graph read aligners improves mapping of read due to the presence of genetic variation in the reference [START_REF] Garrison | Variation Graph Toolkit Improves Read Mapping by Representing Genetic Variation in the Reference[END_REF].

While many individual programs are available, the inclusion of standard tools within dedicated bioinformatic pipelines, e.g. Paleomix (Schubert, Ermini, et al. 2014) and EAGER [START_REF] Peltzer | EAGER: Efficient Ancient Genome Reconstruction[END_REF], has considerably facilitated read processing and authentication steps [START_REF] Orlando | Ancient DNA Analysis[END_REF][START_REF] Peltzer | EAGER: Efficient Ancient Genome Reconstruction[END_REF]Schubert, Ermini, et al. 2014). Detection and removal of PCR duplicates from high-throughput sequencing data can be done using command "Picard MarkDuplicates" for single-end and paired-end reads and command "paleomix rmdup_collapsed" for collapsed reads within the BAM pipeline of the PALEOMIX pipelines (Schubert, Ermini, et al. 2014). The authenticity of the obtained sequencing data of non-microbial aDNA is confirmed by assessing the patterns of nucleotide mis-incorporations, which are a consequence of their post-mortem modifications (mainly cytosine deamination), as well as by determining the level of heterozygosity of haploid chromosomes, which may indicate the presence of contaminant DNA [START_REF] Orlando | Ancient DNA Analysis[END_REF]. One of the most widely used bioinformatics tools for identifying patterns of post-mortem nucleotide modifications is the computational framework mapDamage2, which also provides options for downgrading base quality scores of those sequence positions likely affected by post-mortem DNA damage [START_REF] Jónsson | MapDamage2.0: Fast Approximate Bayesian Estimates of Ancient DNA Damage Parameters[END_REF]. Another bioinformatic tool for determining postmortem DNA damage is PMDtools, which allows for an analysis of post-mortem DNA damage signature within CpG dinucleotide contexts, a feature that is important in DNA extracts have been subjected to USER-treatment [START_REF] Skoglund | Separating Endogenous Ancient DNA from Modern Day Contamination in a Siberian Neandertal[END_REF]. Many bioinformatics approaches have been devised to identify contaminating reads based on the level of heterozygosity of haploid chromosomes. These include for example schmutzi for mitogenomes [START_REF] Renaud | Schmutzi: Estimation of Contamination and Endogenous Mitochondrial Consensus Calling for Ancient DNA[END_REF], or ANGSD program for the X chromosome in males [START_REF] Korneliussen | ANGSD: Analysis of Next Generation Sequencing Data[END_REF]. A bioinformatics tool AuthentiCT has recently been developed and aimed at separating modern contaminating reads from aDNA reads based on patterns of post-mortem aDNA damage [START_REF] Peyrégne | AuthentiCT: A Model of Ancient DNA Damage to Estimate the Proportion of Present-Day DNA Contamination[END_REF]. This provides a complement to the PMDtools framework [START_REF] Skoglund | Separating Endogenous Ancient DNA from Modern Day Contamination in a Siberian Neandertal[END_REF].

Determination of the percentage of contaminant reads by comparing read alignments against the correct reference genome sequence and against the contaminant reference genome sequence can be performed using the following scripts: ContTestBWA script (http://bioinf.eva.mpg.de/fastqProcessing/), contam_filter.py script (https://github.com/lca-imcb/lca-ngs/blob/master/contam_filter.py). As differential levels of sequencing errors can affect inference of phylogenetic and population analyzes, it is important to measure sample specific relative error rates by comparing the genetic distance to an outgroup relative to a high-quality modern genome [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF], conditional on every nucleotide substitution type [START_REF] Orlando | Ancient DNA Analysis[END_REF]). These error rates can be estimated via the ANGSD software [START_REF] Korneliussen | ANGSD: Analysis of Next Generation Sequencing Data[END_REF]. The potential consequences of having differential levels of sequencing errors in the data can be then assessed by conducting phylogenetic and population analyzes on simulated sequences [START_REF] Renaud | Gargammel: A Sequence Simulator for Ancient DNA[END_REF].

There are many different programs and scripts for determining the consensus sequence from alignments in various formats. Some of them are FilterUniqueSAMCons.py script (http://bioinf.eva.mpg.de/fastqProcessing/), the command "consensus" of BCFtools [START_REF] Danecek | Twelve Years of SAMtools and BCFtools[END_REF], schmutzi program set for mitogenome data [START_REF] Renaud | Schmutzi: Estimation of Contamination and Endogenous Mitochondrial Consensus Calling for Ancient DNA[END_REF].

Subsequent bioinformatic analysis methods for high-throughput aDNA sequencing data: genetic sex and kinship determination, genotyping, phylogenetic analysis, determining the population genetic structure, epigenetic and microbiota profiling

There are different approaches [START_REF] Fages | Horse Males Became Over-Represented in Archaeological Assemblages during the Bronze Age[END_REF][START_REF] Skoglund | Accurate Sex Identification of Ancient Human Remains Using DNA Shotgun Sequencing[END_REF] for fast determination of the chromosomal sex of an ancient individual. This can be performed by identifying the ratio of the coverage of the X and Y chromosomes normalized by the chromosome length [START_REF] Skoglund | Accurate Sex Identification of Ancient Human Remains Using DNA Shotgun Sequencing[END_REF],

or, e.g., in the absence of the Y chromosome reference sequence, the ratio of the X chromosomal and autosomal normalized coverages [START_REF] Fages | Horse Males Became Over-Represented in Archaeological Assemblages during the Bronze Age[END_REF][START_REF] Mittnik | A Molecular Approach to the Sexing of the Triple Burial at the Upper Paleolithic Site of Dolní Věstonice[END_REF][START_REF] Pečnerová | Mitogenome Evolution in the Last Surviving Woolly Mammoth Population Reveals Neutral and Functional Consequences of Small Population Size[END_REF][START_REF] Schubert | Zonkey: A Simple, Accurate and Sensitive Pipeline to Genetically Identify Equine F1-Hybrids in Archaeological Assemblages[END_REF]. For bioinformatic determination of the sex, the species, the hybrid state of the remains of representatives of the family Equidae, based on high-throughput sequencing data, the Zonkey pipeline is used [START_REF] Schubert | Zonkey: A Simple, Accurate and Sensitive Pipeline to Genetically Identify Equine F1-Hybrids in Archaeological Assemblages[END_REF]. In this pipeline, the TreeMix programme is applied for phylogenetic reconstructions [START_REF] Pickrell | Inference of Population Splits and Mixtures from Genome-Wide Allele Frequency Data[END_REF] together with ADMIXTURE profiles [START_REF] Alexander | Fast Model-Based Estimation of Ancestry in Unrelated Individuals[END_REF], which are used to identify F1 hybrids [START_REF] Orlando | An Ancient DNA Perspective on Horse Evolution[END_REF]. More generally, the TreeMix program is also used to determine genetic admixture and affinity on the population and species level based on allele frequency data [START_REF] Lan | Technical Advances and Challenges in Genome-Scale Analysis of Ancient DNA[END_REF][START_REF] Pickrell | Inference of Population Splits and Mixtures from Genome-Wide Allele Frequency Data[END_REF].

The population panels of the software lcMLkin [START_REF] Lipatov | Maximum Likelihood Estimation of Biological Relatedness from Low Coverage Sequencing Data[END_REF] and the software READ (Monroy Kuhn, Jakobsson, and Günther 2018) are used to determine genetic kinship between ancient individuals. They are based on genotype likelihood estimations and pairwise genetic differences between pairs of samples (the normalized proportion of shared alleles), respectively [START_REF] Mittnik | Kinship-Based Social Inequality in Bronze Age Europe[END_REF][START_REF] Orlando | Ancient DNA Analysis[END_REF]. One of the most common statistical methods for determining the genetic structure of an ancient population is principal component analysis (PCA). The principal components allow for the visualization of genetic relationships based on a reduced number of dimensions that summarizes a significant fraction of the SNP variation present in the data [START_REF] Mcvean | A Genealogical Interpretation of Principal Components Analysis[END_REF]. In this methodology, aDNA data is either projected onto the genetic variation of modern populations [START_REF] Skoglund | Origins and Genetic Legacy of Neolithic Farmers and Hunter-Gatherers in Europe[END_REF] or studied without projection when large comparative panels of ancient genomes are available [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF].

Typical aDNA data involves various depth-of-coverage across sites, which can be alleviated through pseudo-haploidization [START_REF] Meisner | Inferring Population Structure and Admixture Proportions in Low-Depth NGS Data[END_REF]. The consequences of insufficient genome coverage for the correct determination of the genetic structure of a population can be minimized through the use of Procrustes analysis of independent PCAs [START_REF] Lazaridis | Ancient Human Genomes Suggest Three Ancestral Populations for Present-Day Europeans[END_REF][START_REF] Skoglund | Origins and Genetic Legacy of Neolithic Farmers and Hunter-Gatherers in Europe[END_REF] and multi-dimensional scaling [START_REF] Yao | Population Genetics of 25 Y-STR Loci in Chinese Han Population from Liaoning Province, Northeast China[END_REF]). However, it should be borne in mind that different [START_REF] Sirugo | The Missing Diversity in Human Genetic Studies[END_REF]. Genetic linkage information present in a reference panel of modern haplotypes can also be leveraged to identify runs-of-homozygosity, and, thus, quantify inbreeding in ancient populations, even though only low coverage data are available [START_REF] Ringbauer | Human Parental Relatedness through Time -Detecting Runs of Homozygosity in Ancient DNA[END_REF].

One of the most common programs for the phylogenetic analysis of ancient and modern species is an advanced software platform for Bayesian evolutionary analysis, BEAST [START_REF] Suchard | Bayesian Phylogenetic and Phylodynamic Data Integration Using BEAST 1.10[END_REF]). This analysis also allows us to determine the time of divergence of studied species, their demographic history, and mutation rate [START_REF] Ho | Phylogenetic Analysis of Ancient DNA Using BEAST[END_REF]. The divergence times of the tree branches can be estimated using an internally calibrated molecular clock (all (radiocarbon) dated samples are used as tip calibrations) [START_REF] Drummond | Estimating Mutation Parameters, Population History and Genealogy Simultaneously from Temporally Spaced Sequence Data[END_REF][START_REF] Fortes | Ancient DNA Reveals Differences in Behaviour and Sociality between Brown Bears and Extinct Cave Bears[END_REF][START_REF] Posth | Deeply Divergent Archaic Mitochondrial Genome Provides Lower Time Boundary for African Gene Flow into Neanderthals[END_REF][START_REF] Rambaut | Estimating the Rate of Molecular Evolution: Incorporating Non-Contemporaneous Sequences into Maximum Likelihood Phylogenies[END_REF], if the time span of the studied sequences takes up most of the evolutionary history of the population [START_REF] Drummond | Measurably Evolving Populations[END_REF][START_REF] Rambaut | Estimating the Rate of Molecular Evolution: Incorporating Non-Contemporaneous Sequences into Maximum Likelihood Phylogenies[END_REF]. External fossil-based calibrations can be included as well [START_REF] Gilbert | Intraspecific Phylogenetic Analysis of Siberian Woolly Mammoths Using Complete Mitochondrial Genomes[END_REF][START_REF] Rogaev | Complete Mitochondrial Genome and Phylogeny of Pleistocene Mammoth Mammuthus Primigenius[END_REF]). For those samples not dated, or falling outside the radiocarbon range, a date can be estimated from the sequence variation [START_REF] Ho | Accounting for Calibration Uncertainty in Phylogenetic Estimation of Evolutionary Divergence Times[END_REF][START_REF] Shapiro | A Bayesian Phylogenetic Method to Estimate Unknown Sequence Ages[END_REF] Experimental methods, such as bisulfite conversion [START_REF] Llamas | High-Resolution Analysis of Cytosine Methylation in Ancient DNA[END_REF]) and immunoprecipitation [START_REF] Seguin-Orlando | Pros and Cons of Methylation-Based Enrichment Methods for Ancient DNA[END_REF][START_REF] Smith | Genomic Methylation Patterns in Archaeological Barley Show De-Methylation as a Time-Dependent Diagenetic Process[END_REF], are not very suitable for identifying patterns of aDNA methylation, as aDNA templates are already extremely damaged and fragmented (Seguin- Orlando, Gamba, et al. 2015). Bioinformatic methods based on the determination of characteristic C-to-T mis-incorporations in methylated CpG dinucleotides, which are not eliminated following USERtreatment, represent the current methodological gold standard for mapping DNA methylation in ancient genomes [START_REF] Wagner | Uncovering Signatures of DNA Methylation in Ancient Plant Remains From Patterns of Post-Mortem DNA Damage[END_REF]. These methods are implemented in several statistical packages such as epiPALEOMIX [START_REF] Hanghøj | Fast, Accurate and Automatic Ancient Nucleosome and Methylation Maps with EpiPALEOMIX[END_REF] and DamMet [START_REF] Hanghøj | DamMet: Ancient Methylome Mapping Accounting for Errors, True Variants, and Post-Mortem DNA Damage[END_REF].

The search for metagenomic sequences is carried out either among the sequencing data of genomic libraries of samples not intended to microbiome characterization or samples directly suitable for this field of research, such as gastrointestinal tract samples [START_REF] Lugli | Ancient Bacteria of the Ötzi's Microbiome: A Genomic Tale from the Copper Age[END_REF][START_REF] Maixner | The 5300-Year-Old Helicobacter Pylori Genome of the Iceman[END_REF], dental calculus [START_REF] Warinner | Pathogens and Host Immunity in the Ancient Human Oral Cavity[END_REF], coprolites [START_REF] Rifkin | Multi-Proxy Analyses of a Mid-15th Century Middle Iron Age Bantu-Speaker Palaeo-Faecal Specimen Elucidates the Configuration of the 'Ancestral' Sub-Saharan African Intestinal Microbiome[END_REF][START_REF] Tett | The Prevotella Copri Complex Comprises Four Distinct Clades Underrepresented in Westernized Populations[END_REF]. Programs such as MALT [START_REF] Vågene | Salmonella Enterica Genomes from Victims of a Major Sixteenth-Century Epidemic in Mexico[END_REF] and Kraken [START_REF] Wood | Kraken: Ultrafast Metagenomic Sequence Classification Using Exact Alignments[END_REF] provide solutions to determine the taxonomic status of metagenomic sequences due to various types of alignment ('local', 'semi-global' alignments, exact alignment of k-mers (sequences of k nucleotide predefined length)) of the obtained sequences against the different reference databases. Inference can be based on more specific databases of microbial markers, such as the one associated with the MetaPhlAn metagenomic profiling tool [START_REF] Segata | Metagenomic Microbial Community Profiling Using Unique Clade-Specific Marker Genes[END_REF] or less specific ones, like the NCBI nucleotide database [START_REF] Warinner | A Robust Framework for Microbial Archaeology[END_REF]. Several bioinformatic pipelines for automating metagenomic analysis are currently available, including HOPS [START_REF] Hübler | HOPS: Automated Detection and Authentication of Pathogen DNA in Archaeological Remains[END_REF]) and metaBit (metagenomic Biomarker Inferred Taxonomy) [START_REF] Louvel | MetaBIT, an Integrative and Automated Metagenomic Pipeline for Analysing Microbial Profiles from High-Throughput Sequencing Shotgun Data[END_REF]. A Bayesian approach SourceTracker is increasingly used to identify source environments of the contaminant microbes in aDNA metagenomic studies [START_REF] Knights | Bayesian Community-Wide Culture-Independent Microbial Source Tracking[END_REF], and CoproID pipeline is applied for finding out the host source of paleofeces [START_REF] Borry | CoproID Predicts the Source of Coprolites and Paleofeces Using Microbiome Composition and Host DNA Content[END_REF]. Shotgun metagenomic techniques in the field of aDNA research are more acceptable than 16S ribosomal RNA gene amplification (16S metabarcoding) due to the strong fragmentation of aDNA, which introduces extensive representation bias during amplification [START_REF] Ziesemer | Intrinsic Challenges in Ancient Microbiome Reconstruction Using 16S RRNA Gene Amplification[END_REF].

ADNA research results can help address many key scientific questions, such as the timing, geographic location and number of domestication centers of different species [START_REF] Botigué | Ancient European Dog Genomes Reveal Continuity since the Early Neolithic[END_REF][START_REF] Daly | Ancient Goat Genomes Reveal Mosaic Domestication in the Fertile Crescent[END_REF][START_REF] Frantz | Animal Domestication in the Era of Ancient Genomics[END_REF][START_REF] Gutaker | The Origins and Adaptation of European Potatoes Reconstructed from Historical Genomes[END_REF][START_REF] Ramos-Madrigal | Palaeogenomic Insights into the Origins of French Grapevine Diversity[END_REF][START_REF] Scott | A 3,000-Year-Old Egyptian Emmer Wheat Genome Reveals Dispersal and Domestication History[END_REF][START_REF] Smith | A Domestication History of Dynamic Adaptation and Genomic Deterioration in Sorghum[END_REF], the phylogeography of extinct species [START_REF] Druzhkova | Complete Mitochondrial Genome of an Extinct Equus (Sussemionus) Ovodovi Specimen from Denisova Cave (Altai, Russia)[END_REF][START_REF] Van Der Valk | Million-Year-Old DNA Sheds Light on the Genomic History of Mammoths[END_REF][START_REF] Vershinina | Ancient DNA Analysis of a Holocene Bison from the Rauchua River, Northwestern Chukotka, and the Existence of a Deeply Divergent Mitochondrial Clade[END_REF], the demographic history of different populations [START_REF] Debruyne | Out of America: Ancient DNA Evidence for a New World Origin of Late Quaternary Woolly Mammoths[END_REF][START_REF] Ho | Skyline-plot Methods for Estimating Demographic History from Nucleotide Sequences[END_REF][START_REF] Shapiro | Rise and Fall of the Beringian Steppe Bison[END_REF][START_REF] Thomas | Demographic Reconstruction from Ancient DNA Supports Rapid Extinction of the Great Auk[END_REF], the evolutionary history of pathogens [START_REF] Sabin | A Seventeenth-Century Mycobacterium Tuberculosis Genome Supports a Neolithic Emergence of the Mycobacterium Tuberculosis Complex[END_REF][START_REF] Spyrou | Ancient Pathogen Genomics as an Emerging Tool for Infectious Disease Research[END_REF][START_REF] Tett | The Prevotella Copri Complex Comprises Four Distinct Clades Underrepresented in Westernized Populations[END_REF][START_REF] Wagner | Yersinia Pestis and the Plague of Justinian 541-543 AD: A Genomic Analysis[END_REF].

To summarize, the history of the methodological development underlying aDNA research has been revolutionized by both PCR technologies and high-throughput DNA sequencing. Over the years, silicabased methods for aDNA extraction have become the most widespread, molecular cloning has been replaced by the preparation of sequencing DNA libraries, and various hybridization capture techniques and bioinformatic solutions have contributed to improve aDNA characterization. As a result, the field of aDNA research has evolved from the study of small mitogenome sequences to the now-routine genomewide investigations.

Historical and cultural characteristics of the studied archaeological sites in the Altai and adjacent territories 2.4.1. Archaeological cultures of the stone epoch

The geographical location of the stone epoch archaeological sites, the bone samples of horses of which were molecular genetically studied here, is shown in Figure 2. On the territory of the northern part of Altai, there are many caves, which provided refuge sites for people belonging to different historical periods, including the Paleolithic, as well as for predators. The first fossil mammalian remains excavated from Altai caves were obtained during small excavations carried out at the beginning of the 19th century in the valleys of the Charysh and Khankhara Rivers in the Altai Mountains [START_REF] Kulibin | Lime Caves on the Right Bank of the Charysh River[END_REF]. Similar excavations were carried out later and until recently [START_REF] Tishkina | Archaeological Research in Altai (1860-1930s)[END_REF], revealing further caves and paleontological material. For example, more than 6 thousand remains of large mammals, such as bisons, horses of two species (Equus ferus and Equus ovodovi), woolly rhinos with teeth marks of large predators (mainly cave hyenas, most likely related to the Pleistocene megafauna), were found in the Hyena's Lair Cave during the 20 th century (Northwestern Altai) [START_REF] Galkina | Anthropogenic Theriofauna of Western Altai Caves[END_REF][START_REF] Vasiliev | New Paleotheriological Studies of the Hyena's Lair Cave (North-Western Altai)[END_REF]. At Denisova Cave, about 20 stratified horizons, in which cultural remains dated from the beginning of the Middle Paleolithic to the Middle Ages, were uncovered [START_REF] Bolikhovskaya | New Palynological Data from the Unique Paleolithic Site of Denisova Cave in Northwest Altai[END_REF][START_REF] Derevianko | Denisova Сave[END_REF], including a new species of archaic hominins, the Denisovans [START_REF] Reich | Genetic History of an Archaic Hominin Group from Denisova Cave in Siberia[END_REF]). Remains of Pleistocene animals are also found in geological sites of the Far East, karst caves. One of these caves is the Koridornaya limestone cave [START_REF] Yushmanov | Karst Caves of the Lesser Khingan -Geological Natural Monuments of the Jewish Autonomous Oblast[END_REF]. Beside caves, remains of the Pleistocene megafauna are quite common in alluvial localities on river banks in the southeast of the West Siberian Plain. On many animal bones there are traces of teeth of large predators, less often these are traces of the impact of Paleolithic people [START_REF] Volkov | Finds of Megafauna Remains with Traces of Paleolithic Man in the West Siberian Plain Southeast[END_REF]). As an illustrative example, the bone of a Pleistocene animal of the West Siberian Plain with traces of Paleolithic people impact is shown in Figure 3. To date, not many archaeological sites dating to the Neolithic period have been discovered in the south of the West Siberian Plain. One example is provided by the burial ground Vengerovo-2A in the Baraba forest-steppe [START_REF] Molodin | The Vengerovo-2A Neolithic Cemetery, Southwestern Siberia: Results of a Multidisciplinary Study[END_REF]. According to the anthropological and paleogenetic data, the population of this site was similar to other representatives of the Neolithic populations of the Baraba forest-steppe, which belonged to the northern Eurasian anthropological formation [START_REF] Molodin | The Neolithic Burial Complex Vengerovo-2A in Western Baraba: Results of Interdisciplinary Research[END_REF]. This uncovered the genetic makeup of a whole "Ural-West Siberian Neolithic community", showing cultural affinities across the settlements of the Bystrinsky type in the taiga zone of the Surgut Ob region, other settlements of the Western Siberia and the forest Trans-Urals.

In this community, the burial inventory consisted of bones, horns, and stones, and bone tools were made from the bones of a moose and wild horse, with arrowheads and daggerheads of a characteristic type.

While such items are often found in the Neolithic complexes of the Trans-Urals and the taiga zone of Eurasia, they represent rare finds in Western Siberia. The bone jewelry at Vengerovo-2A is represented by pendants, rings made of tubular animal bones, beaver incisors, boar tusks. The bone art objects found are represented by a sculpture of a duck, plates from an animal's rib with a zigzag pattern, a fragment of a knife with a sculpture in the form of a bird. Bones of a wild horse and an item made of elk horn were found in a small pit in the burial and ritual complex № 2 at the site [START_REF] Molodin | The Vengerovo-2A Neolithic Cemetery, Southwestern Siberia: Results of a Multidisciplinary Study[END_REF]).

Archaeological cultures of the paleometal epoch

The geographical location of the paleometal epoch archaeological sites, the bone samples of horses of which were molecular genetically studied here, is shown in Figure 4. One of the most important cultures of the Eneolithic and the Bronze Age, which was distributed on the territories of the Altai Mountains and the Altai foothills, the Yenisey River valley (Russia), the Tyva Republic (Russia), Mongolia, Northwest China, Eastern Kazakhstan, is the Afanasievo culture.

The pastoral tribes of the Afanasievo culture first appeared in the Altai region at the end of the 4th to beginning of the 3rd millennium BCE [START_REF] Vadetskaya | The Collection of Monuments of the Afanasievo Culture[END_REF]. Of all the cultures of Southern Siberia, the Afanasievo culture was the first to adopt copper metallurgy and cattle breeding.

Researchers have noted a peculiar funerary rite of this culture [START_REF] Larin | The Settlement of the Afanasyevskaya Culture -Lower Soru[END_REF].

One of the settlements of the Afanasievo culture of the Altai Mountains is Nizhnyaya Sooru settlement.

The assemblage of goods of this archaeological site includes ceramics, stone products, and numerous animal bones [START_REF] Hermes | Mitochondrial DNA of Domesticated Sheep Confirms Pastoralist Component of Afanasievo Subsistence Economy in the Altai Mountains (3300-2900 Cal BC)[END_REF], which were sometimes placed in graves as funerary food offering.

The results of the morphological study of the animal osteological material of this settlement showed the predominance of bones of small ruminants (82 %), most likely sheep, a smaller fraction of cattle bones (15 %), and a small proportion of bones of horses and wild species (1.5 %) [START_REF] Kosintsev | Fauna of the Settlement Nizhnyaya Sooru[END_REF][START_REF] Larin | The Settlement of the Afanasyevskaya Culture -Lower Soru[END_REF]. However, the belonging of the horse bones found in the territory of the Nizhnyaya Sooru settlement to the Afanasievo culture remains controversial and requires radiocarbon dating.

The settlements of Novoilinka-III and Novoilinka-VI are archaeological sites of the Eneolithic period, located in the Kulunda Steppe (Altai Krai, Russia), in the region adjacent to the Altai Mountains.

Radiocarbon dating of animal bones date the materials from the Novoilinka settlements to the 2nd half of the 3rd millennium BCE [START_REF] Kiryushin | Comprehensive Studies of the Novoilinka-VI Settlement in 2014[END_REF][START_REF] Sitnikov | Analysis of Faunal Remains from the Novoilinka III Settlement[END_REF].

No dwellings or other similar structures were found on the territory of the excavations of the Novoilinka-III settlement (2005)(2006)(2007)(2008)(2009)(2010)(2011) [START_REF] Kiryushin | Contribution of Archaeologists of Altai State University to the Study of the Developed and Late Bronze Age in the South of Western Siberia[END_REF]. About 12 000-15 000 animal bone remains were found at the settlement (genus affiliation was not possible for 78.9 % of the bones). Most of the definable osteological material are bone remains from horses (96.7 %), while 3.2 % of bones belonged to aurochs, with marginal fractions from moose, roe deers, saigas, and foxes. Most ungulate bones, including horses, were excavated from the household food waste pits at the periphery of the settlement. The horse osteological material is represented by skulls, lower jaws, isolated teeth of the upper and lower jaws, vertebrae and their fragments, fragments of the scapula, illiac and large tubular bones, as well as bones of the distal extremities, including metapodia. The bone remains of this site generally show very poor preservation, probably due to harsh environmental conditions, humic acids, and plant root activities, but a significant number of metapodial and first and second phalanges, teeth were found intact and show great preservation. Morphometric estimates based on the number of tibia indicated a possible number of 25 horses at the site, with almost two-thirds of adults according to tooth and postcranial elements morphology [START_REF] Vasiliev | Faunal Remains from the Novoilinka-3 Settlement (Based on Materials from Excavations in 2010)[END_REF].

The type of economy of the population of the Novoilinka-VI site was the same as that of the Novoilinka-III site. The culture of these sites was characterized by an economy based mainly on animal husbandry, which is suggested by the large number of animal bones found at these sites. In total, during the excavation of the Novoilinka-VI site, about 40 000 animal bones were collected, most of which were from domestic animal species (96.9 %), mainly horses (74.5 %) and only 24.2 % cattle [START_REF] Kiryushin | Comprehensive Studies of the Novoilinka-VI Settlement in 2014[END_REF]. In the first horizon of the Novoilinka-VI settlement, many bone items were found, in most cases from horse bones, and bones with traces of processing. Only "bearings" from the first phalanxes of cattle are specific artifacts. The bone tools of the second horizon are much better preserved, since, most likely, they were left by the population of the settlement during the migration period, and were not thrown away as waste garbage. Items found at the Novoilinka-VI settlement are similar to items from the Novoilinka-III settlement. The composition of the fauna and the characteristic features of the horse bone items of the Novoilinka-III and Novoilinka-VI settlements was also typical for the settlements of Northern Kazakhstan of the Neolithic and Eneolithic periods, Steppe Altai and Baraba forest-steppe of the Eneolithic and the Early Bronze Age and, according to some researchers, may indicate an early stage of horse and cattle domestication (in the absence of breeding sheep and goats) [START_REF] Kiryushin | Articles of Bones in the Materials of the First Layer Eneolithic Settlement 'Novoilinka-VI[END_REF].

To date, there is no irrefutable evidence that the horses of the Novoilinka-III and Novoilinka-VI settlements were domesticated. Morphometric analyzes of horse premolars from the sites of Novoilinka-III and -VI unambiguously indicate no traces of "bit wear", and the average proportions of the metapodia of these horses suggests affinities with the Late Pleistocene Equus latipes of the southeast of Western Siberia [START_REF] Malikov | Large Mammals of the Middle-Late Neopleistocene of the Minusinsk Hollow, Stratigraphic Significance and Paleozoogeography[END_REF][START_REF] Vasiliev | Faunal Remains from the Novoilinka-3 Settlement (Based on Materials from Excavations in 2010)[END_REF]. Based on morphometric data, some researchers concluded that the horse bone samples from Novoilinka sites belonged to wild horses, tarpans. The same conclusions were made on the basis of the prevalence of bone remains of old horses at the sites of Novoilinka and Botai and the archaeological context of the sites [START_REF] Vasiliev | Faunal Remains from the Novoilinka-3 Settlement (Based on Materials from Excavations in 2010)[END_REF]. The Botai settlement (3rd millennium BCE) in Northern Kazakhstan, in which more than 300 thousand animal bone remains were uncovered, mostly exclusively consisting of horses [START_REF] Ermolova | Remains of Mammals from the Botai Settlement (According to Excavations in 1982)[END_REF][START_REF] Kuzmina | Botai Horses[END_REF][START_REF] Zaibert | Archaeological Research of Botay Culture at the Present Stage[END_REF])), is geographically some of the closest to the Novoilinka-III and Novoilinka-VI settlements. Whilst the archaeological sites of Novoilinka and Botai were associated with different cultures, it has been suggested that the Botai population migrated to the territory of the Kulunda Steppe [START_REF] Kiryushin | Archaeobotanical and Phytolithic Studies at the Novoilinka-3 Settlement (Northern Kulunda)[END_REF], as horse morphometric measurements showed similarities. However, one should not exclude other options for reconstructing the ethnocultural situation at the end of the 4th to 1st half of the 3rd millennium BCE.

Prior to the publication of the article by Gaunitz and co-authors [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF]), the researchers were divided into two groups, some believed that Botai's horses were wild [START_REF] Ermolova | Remains of Mammals from the Botai Settlement (According to Excavations in 1982)[END_REF][START_REF] Gasilin | The Fauna of Neolithic Site Varfolomeevka in the Steppe Volga Region[END_REF], others argued that they had already been domesticated [START_REF] Benecke | Results of the Study on Horse Bones from Botai (Northern Kasakhstan)[END_REF][START_REF] Kuzmina | Botai Horses[END_REF][START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF]. The Gaunitz and co-authors study [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF] based on phylogenetic analysis of complete genomes showed that Botai horses are the ancestors of Przewalski's horses, but not modern domesticated horses. However, the question of the status of the horses of the Botai culture and the sites of the Botai circle (including the Novoilinka sites) remains debated to date [START_REF] Taylor | Rethinking the Evidence for Early Horse Domestication at Botai[END_REF].

With the onset of the Early Bronze Age (1st third of the 2nd millennium BCE), the ethnocultural characteristics of the population of the Ob region and adjacent territories changed, the population size increased, the traditional economy declined, and other types of activities appeared, together with new ideological and social features. This period was characterized by active ethnocultural and socioeconomic processes associated with the development of metalworking and metallurgy, the widespread expansion of the producing economy (including animal husbandry) and important migration movements [START_REF] Kiryushin | Burial Rite Practiced by Early Bronze Age Population in the Upper Ob River Basin Based on Data Resulted from the Study of the Teleutsky Vzvoz 1 Burial Ground[END_REF]. As a result of the migrations of Indo-European tribes to the eastern and southern regions of Eurasia in the Early Bronze Age, the Elunin culture was formed on the territory of the Forest-Steppe Altai, in which the traditions of alien (Europid) and local (Mongoloid) tribes combined [START_REF] Grushin | The Elunin Culture and the 'Utkulsk' Group of Sites[END_REF][START_REF] Kiryushin | The Eneolithic and Early Bronze Age of the South of Western Siberia[END_REF]. The Forest-Steppe Altai of the Early Bronze Age was characterized by the presence of three economic and cultural complexes: forestry, hunting-fishinganimal breeding, diversified type of economy with a predominance of hunting and fishing; forest-steppe animal-breeding type of economy; foothill type of economy with the leading role of animal breeding [START_REF] Grushin | Economic-Cultural Variability of Forest-Steppe Altay in the Early Bronze Age[END_REF].

One of the archaeological complexes of the Elunin archaeological culture is the Teleutsky Vzvoz-I subterranean burial ground of the Northwestern Forest-Steppe Altai (23rd -18th centuries BCE). Most of the graves of this site belong to the late, Tsygankovosopkinsky, stage of this culture. This is evidenced by the distinctive features of the funerary rite, the assemblage of goods of the burials and the planigraphy of the burial ground. The population of this site used animal meat in the funerary rite. In the graves of this complex, skulls (2 cases) and single bones of animals (7 cases) were found. Bone tools were excavated from some of the graves of this site [START_REF] Bondarenko | Disturbed Burials of the Eluninskaya Culture of the Bronze Age (Based on the Burial Ground of Teleutskyi Vzvoz I)[END_REF][START_REF] Grushin | Elunin Archaeological Complex Teleutsky Vzvoz-I in the Upper Ob Region: An Experience of Interdisciplinary Study[END_REF].

Many animal bones were found in one of the ditches of this complex at a depth of about 1 meter, and fragments of animal bones and their groups were found throughout the entire excavation site at different depths [START_REF] Grushin | Elunin Archaeological Complex Teleutsky Vzvoz-I in the Upper Ob Region: An Experience of Interdisciplinary Study[END_REF][START_REF] Grushin | The Subsoil Burial Ground Teleutskiy Vzvoz-I (the Results of Studies of 2002)[END_REF].

The settlement of ancient miners and metallurgists Kolyvanskoe-I belongs to the settlements of the Elunin culture of the Southwestern, foothill (mining) Altai. The early complex of this settlement dates back to the time period from 21st century to 19th century BCE. The type of economy of this settlement was based on metallurgy, with a significant role of animal breeding and a small dietary complement obtained from fishing and hunting. During the excavations of the early complex, various bone, stone, and metal tools necessary for metallurgical production were found. A total of 873 bones of domestic animals (bones of cattle (50 %), horse bones (31.8 %), bones of small ruminants (18.2 %))

belong to this settlement. The researchers believe that the cows in the settlement were used as a source of meat, milk, as a draft force in mining and other works. The people of this settlement made wedges for mining production from the hollow horns of cows. The horse was less important for the population of this site and was both used as a source of meat and, possibly, as a vehicle. At this complex, sheep were bred for meat and wool [START_REF] Grushin | Results and Prospects of the Study of Kolyvanskoe-I Settlement in Altai Mining District[END_REF].

Culturally, the closest to the Kolyvanskoe-I settlement is another settlement of the Elunin culture, the Berezovaya Luka site, located in the forest-steppe zone of the south of Western Siberia [START_REF] Kiryushin | Berezovaya Lukathe Settlement of the Bronze Age Epoch in the Aleiskaya Steppe[END_REF]. This settlement dates back to the time period from 22nd century to 19th century BCE according to radiocarbon dating evidence. Animal breeding and leather production were widespread in the settlement [START_REF] Grushin | Peculiarities of Manufacturing and Using Bone Tools for Tanning Purposes by Eluninsky Culture Population[END_REF][START_REF] Kiryushin | Berezovaya Luka -The Settlement of Bronze Age Epoch in the Aleiskaya Steppe[END_REF]. The predominant number of animal bones found at the site belonged to domestic animals (small ruminants and cattle, horses), while a small percentage could be attributed to wild animals and birds. Pathological changes in the bones of animals indicate osteoporosis, most likely caused by a lack of vitamin D [START_REF] Kiryushin | Berezovaya Luka -The Settlement of Bronze Age Epoch in the Aleiskaya Steppe[END_REF]. Most of the tools found at the site were made of bone or horn [START_REF] Grushin | Peculiarities of Manufacturing and Using Bone Tools for Tanning Purposes by Eluninsky Culture Population[END_REF][START_REF] Kiryushin | Berezovaya Luka -The Settlement of Bronze Age Epoch in the Aleiskaya Steppe[END_REF][START_REF] Kiryushin | Berezovaya Lukathe Settlement of the Bronze Age Epoch in the Aleiskaya Steppe[END_REF]. A collection of 38 items made from the scapula bones of small ruminants and cattle was discovered at the site. Animal breeding in this settlement was mainly tailored to meat production [START_REF] Kiryushin | Berezovaya Luka -The Settlement of Bronze Age Epoch in the Aleiskaya Steppe[END_REF]. The role of hunting in the economy of this settlement was small. Hunting was non-specialized and carried out all year round, with the main purpose of obtaining meat and fluff. Dogs most likely played an important role both for hunting and handling domestic animal livestock. The presence of fish bones and fishing gear in the settlement indicates that the people of this settlement also obtained part of their subsistence from fishing. The fact that the people of this settlement were engaged in agriculture has not yet been confirmed. The following types of production were widespread in the settlement: bone carving using all basic bone carving technologies, production of products from the skins of fur animals, pottery, bronze casting, woodworking, weaving, production of birch bark products. Stone processing was less widespread than the above types of productions [START_REF] Grushin | The Bronze Age Berezovaya Luka Settlement: Life Support System Reconstruction[END_REF][START_REF] Kiryushin | Berezovaya Luka -The Settlement of Bronze Age Epoch in the Aleiskaya Steppe[END_REF][START_REF] Kiryushin | Berezovaya Lukathe Settlement of the Bronze Age Epoch in the Aleiskaya Steppe[END_REF].

One of the archaeological cultures of the Early Bronze Age in the south of Western Siberia is the Krotovskaya culture, which includes the settlement of Chernoozerie 6 (beginning of the 2nd millennium BCE) of the forest-steppe part of the Ob-Irtysh interfluve. This site characterized by shallow ditches surrounding the settlement [START_REF] Nesterov | Traditions of Organizing Living Space in the Settlements of the Krotovskaya Culture[END_REF]. The forest-steppe animal-breeding Berezovaya Luka and Chernoozerie 6 sites and the foothill metallurgical Kolyvanskoe-I settlement belong to the Krotov-Elunin cultural community [START_REF] Grushin | Economic-Cultural Variability of Forest-Steppe Altay in the Early Bronze Age[END_REF]. The faunistic material of the Chernoozerie 6 settlement is mainly represented by the bones of domestic animals (horses, cows, sheep), which suggests a settlement economy based on animal-breeding. Bone artefacts were found at the settlement [START_REF] Gening | Research in the Middle Irtysh Region[END_REF][START_REF] Grushin | Economic-Cultural Variability of Forest-Steppe Altay in the Early Bronze Age[END_REF][START_REF] Stefanova | On the Settlement of Chernoozerie VI, Burials Investigated on Its Area and Some Problems of the Middle Irtysh Archeology of the Pre-Andronovo Bronze Period[END_REF]. Faunistic data indicated that the most common domestic animals at this settlement consisted of small ruminants, followed by horses (cattle only played a modest role in this economy). The type of economy of this settlement is characterized as forest-steppe animal husbandry economy with a small role of hunting and fishing. The production was dominated by bone carving, stone processing, metallurgy, and metalworking [START_REF] Grushin | Economic-Cultural Variability of Forest-Steppe Altay in the Early Bronze Age[END_REF][START_REF] Stefanova | On the Settlement of Chernoozerie VI, Burials Investigated on Its Area and Some Problems of the Middle Irtysh Archeology of the Pre-Andronovo Bronze Period[END_REF].

The technology of using horses as a driving force for chariots first appeared in the Developed (Middle) (15th to 12th centuries BCE) and the Late (late 2nd to early 1st millennium BCE) Bronze Age Sintashta culture of the northern steppe zone of the Southern Ural, Southern Trans-Urals, Northern and Western Kazakhstan and very quickly spread to the surrounding territories [START_REF] Epimakhov | Radiocarbon Arguments for the Abashevo Origin of the Sintashta Traditions in the Bronze Age[END_REF][START_REF] Koryakova | The Urals and Western Siberia in the Bronze and Iron Ages[END_REF][START_REF] Lindner | Chariots in the Eurasian Steppe: A Bayesian Approach to the Emergence of Horse-Drawn Transport in the Early Second Millennium BC[END_REF]. The presence of this innovation in this culture is confirmed by the location of partial horse skeletons next to parts of spoked wheel chariots in the ritual burials of this culture dating from the beginning of the 2nd millennium BCE [START_REF] Lindner | Chariots in the Eurasian Steppe: A Bayesian Approach to the Emergence of Horse-Drawn Transport in the Early Second Millennium BC[END_REF]).

In the 9th -6th centuries BCE, people who lived in Siberia began to use bloomeries and nozzles, which are necessary for extracting iron from ore. At the same time, the first iron tools of non-meteorite origin appeared in Siberia. This marked the beginning of the Early Iron Age in the region. However, iron tools started to prevail over bronze tools only from the 3rd century BCE. Due to the use of iron tools, which were the most productive and accessible at that time, producing economies were finally established on the territory of Altai and adjacent territories. At the same time, in the steppe, mountainsteppe, and forest-steppe zones, producing economies were of the livestock type. The emergence of a surplus product entailed an increase in the population size, which became even larger than in the Bronze Age. This resulted in enhanced territorial conflicts and strengthened social hierarchy, marked by the emergence of military leaders [START_REF] Anashkin | Altai History: From Ancient Times to[END_REF][START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF].

On the territory of the Altai and adjacent territories, the Early Iron Age consists of the following three main time periods associated with the peoples who formed the main ethnocultural profile of the Eurasian steppes at that time: the Arzhan-Mayemir (Early Scythian) time (late 9th to 2nd-3rd quarter of the 6th centuries BCE), the Scythian-Saka time (2nd half of the 6th to 2nd centuries BCE), and the Xiongnu-Syanbi-Zhuzhan time (2nd century BCE to 5th century CE) [START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF]).

In the Arzhan-Mayemir (Early Scythian) time (late 9th to 2nd-3rd quarter of the 6th centuries BCE), the following archaeological cultures existed on the territory of Altai and adjacent territories: the Biiken culture (Central, Northern, Southeastern Altai), the Mayemir culture (Western, Northwestern Altai, Pre-Altai plain), the Aldy-Bel culture (Tuva), the Bolsherechenskaya culture (the Upper Ob region), the Khereksur and Deer Stone culture (Mongolia, Southern Siberia) [START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF]. In this time period, the custom of horse sacrifice was spread throughout the territory of the Eurasian steppes. This rite testifies to the special attitude of the ancient nomads of this time to this animal. The horses slaughtered for ritual purposes were believed to serve the buried person in the afterlife [START_REF] Chugunov | Arzhan -Fountainhead[END_REF]).

In the Late Bronze Age and the transitional period from the Late Bronze Age to the Early Iron Age, the Khereksur and Deer Stone culture was spread on the territories of Mongolia and the Southern Siberia regions of Russia (Altai, Tuva, Transbaikalia). Some researchers consider this cultural and historical community to represent the first nomadic empire [START_REF] Tishkin | Deer' Stones of Мongolia and Adjacent Territories as One of the Indicators of the Archaic Nomadic Empire (to the Formulation of the Question)[END_REF]. One of the genome-wide studies determined the origin of the bearers of this culture from the Late Bronze Age pastoralists who lived in the territory of Northern Mongolia and the people of the Sintashta culture of the Southern Urals of the Bronze Age [START_REF] Jeong | A Dynamic 6,000-Year Genetic History of Eurasia's Eastern Steppe[END_REF]. Most of the studied khereksurs, in addition to the main mound, include altars located along the perimeter of the site, which represent small stone mounds beneath which the horse skull, cervical vertebrae, and hooves were usually buried [START_REF] Taylor | Horse Demography and Use in Bronze Age Mongolia[END_REF]. The khereksurs are the burials of deceased ancestors, and altars and deer stones are associated with cultural and religious practice [START_REF] Tsybiktarov | Reconstruction of the Diplomacy of the Ancient Nomads of the Slab Grave Culture and the Khereksur Culture of the Late Bronze Age (Part II, to the Formulation of the Problem)[END_REF]. The typology of deer stones is three-fold: Mongolian-Transbaikalian, Sayan-Altai, and General Eurasian, and it reflects whether they are associated with iconographic representations of animals, and the style of the animal representation, most often deers, either depicted realistically or stylized. The tradition of making deer stones was widespread across Eurasia, from the east of Central Europe to the west of China [START_REF] Savinov | The Deer Stones in the Culture of the Eurasian Nomads[END_REF][START_REF] Volkov | Deer Stones of Mongolia[END_REF]). Stylistically, deer stones show connections with the Scythian-Siberian and the so-called Northern "animal styles" [START_REF] Fitzhugh | Stone Shamans and Flying Deer of Northern Mongolia: Deer Goddess of Siberia or Chimera of the Steppe?[END_REF], as well as with the art of the Iranian-speaking Saka tribes [START_REF] Takahama | Preliminary Report on Archaeological Investigations in Mongolia, 2003 by the Permanent Archaeological Joint Mongolian and Japanese Mission[END_REF].

Not all sites of the Khereksur and Deer Stone culture, however, contain deer stones. Sites with khereksurs, but without deer stones (Monostoy-Nuga, Ganga Tsagaan ereg, Khantain tov), date back to earlier times [START_REF] Iderkhangai | Archaeological Rescue Excavation Report on the Egiin Gol Hydroelectric Dam, Khutag Undur Sum[END_REF][START_REF] Volkov | Deer Stones of Mongolia[END_REF].

The first unequivocal evidence for the presence of domesticated horses in Mongolia [START_REF] Taylor | Horse Demography and Use in Bronze Age Mongolia[END_REF][START_REF] Taylor | A Bayesian Chronology for Early Domestic Horse Use in the Eastern Steppe[END_REF] and their widespread distribution throughout Central Asia [START_REF] Taylor | Horse Sacrifice and Butchery in Bronze Age Mongolia[END_REF] dates back to the time of the existence of this culture (i.e., the end of the 2nd millennium BCE). One of the main branches of the economy of the Khereksur and Deer Stone culture was nomadic animal husbandry [START_REF] Tishkin | Deer' Stones of Мongolia and Adjacent Territories as One of the Indicators of the Archaic Nomadic Empire (to the Formulation of the Question)[END_REF]. Horses played a particularly important role in the development of nomadic animal husbandry in the unfavorable conditions of the steppes and semi-deserts of Asia due to the fact that they provided both a reliable vehicle as well as a source of food, as they could feed from low-quality dry vegetation, including when covered by snow [START_REF] Taylor | A Bayesian Chronology for Early Domestic Horse Use in the Eastern Steppe[END_REF].

A large number of sites of this culture are located on the territory of Mongolia (Monostoy-Nuga, Ganga Tsagaan ereg, Khantain tov, Ushkin-Uver (Northern Mongolia), Hadat uul, Ih havtsal (Central Mongolia)). Since no deer stones were found at the Monostoy-Nuga, Ganga Tsagaan ereg, Khantain tov sites of this culture, it can be assumed that they represent earlier sites than the Ushkin-Uver site with deer stones [START_REF] Iderkhangai | Archaeological Rescue Excavation Report on the Egiin Gol Hydroelectric Dam, Khutag Undur Sum[END_REF]. The three above-mentioned sites are located close to each other in the valley of the Egiin Gol River in Northern Mongolia. The Monostoy-Nuga site includes three khereksurs. The remains of poorly preserved horse skulls were found in the altars near the central mound of one of these khereksurs. On the Ganga Tsagaan ereg site there were seven khereksurs, next to which there were altars with the skulls of horses. The Khantain tov site is a large khereksur surrounded by rings of stones, memorials, and more than 50 altars with horse bones buried in them [START_REF] Iderkhangai | Archaeological Rescue Excavation Report on the Egiin Gol Hydroelectric Dam, Khutag Undur Sum[END_REF].

The Ushkin-Uver site is a large complex of deer stones and ritual mounds located next to the Ulaan Uushig Mountain on the territory of Northern Mongolia. Radiocarbon dating of animal bones found in the investigated ritual objects showed that this complex dates back to the 10th -7th centuries BCE [START_REF] Kovalev | Problems of Correlation 14c-Dates of Mongolian Bronze Age, Obtained as a Result of the Application of Different Methods of Carbon Dating in 2000-2010-s Years[END_REF][START_REF] Takahama | Research of Ulaan Uushig I (Uushigiin Övör) in Mongolia and Newly Acquired 14C Data[END_REF]. The deer stones of this site include abstract deer images characteristic of the Mongolian-Transbaikalian type [START_REF] Kovalev | A Ritual Complex with Deer Stones at Uushigiin Uvur/Ulaan Uushig, Mongolia: Composition and Construction Stages (Based on the 2013 Excavations)[END_REF]. The deer stones of this site also depict weapons associated with the time period from the Bronze Age to the beginning of the Scythian-Saka time. Researchers believe that the deer stones of this site symbolize the burials of warriors whose bodies could not be buried (Alexey A. Tishkin 2020). The ensembles of structures with rows of deer stones of the Ushkin-Uver site included more than a hundred altars with burials of horse bones, located to the east, north, and south. These burials were shallow pits, mainly containing four hooves and an upper rib, skull bones, and bones of the horse's cervical vertebra (the orientation of the hooves and skulls was to the east). One or three rings of stones were present around most of these pits. Stone rings with fragments of calcified animal bones buried under them were also found in this complex. Comparative studies of this site have suggested similarities between the ensembles of structures with deer stones and the ritual-burial complexes with khereksurs of Central Mongolia [START_REF] Kovalev | A Ritual Complex with Deer Stones at Uushigiin Uvur/Ulaan Uushig, Mongolia: Composition and Construction Stages (Based on the 2013 Excavations)[END_REF]).

In the valley of the Egiin Gol River, at the foot of the Haruulyn gozgor mountain, there is a Haruulyn gozgor site of the Slab Grave culture, in burials of which horse bones were found [START_REF] Iderkhangai | Archaeological Rescue Excavation Report on the Egiin Gol Hydroelectric Dam, Khutag Undur Sum[END_REF][START_REF] Kovalev | Problems of Correlation 14c-Dates of Mongolian Bronze Age, Obtained as a Result of the Application of Different Methods of Carbon Dating in 2000-2010-s Years[END_REF]. The Slab Grave culture and the Khereksur and Deer Stone culture formed almost at the same time (late 2nd to 1st third of the 1st millennium BCE) in Mongolia and Transbaikalia and they coexisted with each other for some time, although the Slab Grave culture lasted longer than the Khereksur and Deer Stone culture (until the end of the 3rd century BCE) [START_REF] Kradin | The Xiongnu Empire[END_REF]. The different cultural identity of these two cultures is reflected different funerary rituals [START_REF] Tsybiktarov | Slab Grave Culture of Mongolia and Transbaikalia[END_REF] The Aldy-Bel culture (the Tyva Republic, Russia), which was spread to the north of the Khereksur and Deer Stone culture, has common features of material culture, social structure, economy, worldview with the neighboring cultures (the Khereksur and Deer Stone culture, the Biiken culture) [START_REF] Chugunov | Chronology and Cultural Affinity of the Kurgan Arzhan-2 Complex According to Archaeological Data[END_REF][START_REF] Gryaznov | Arzhan. The Imperial Burial Ground of Early Scythian Time[END_REF].

The burial and memorial site Arzhan-1 (late 9th to early 8th centuries BCE) belongs to the Aldy-Bel culture [START_REF] Chugunov | Chronology and Cultural Affinity of the Kurgan Arzhan-2 Complex According to Archaeological Data[END_REF][START_REF] Gryaznov | Arzhan. The Imperial Burial Ground of Early Scythian Time[END_REF]. This site is located on the border between the steppe, taiga, and mountain regions and was the most northeastern for the nomads of the Altai-Sayan region.

During the construction of this burial complex, great changes took place in the spiritual, economic, political, and social life spheres of the nomads of the Eurasian steppes. The social hierarchy in the society of that time is noticeable from the peculiarities of the funerary rite, including the presence of large, medium, and small mounds. Researchers determined that the scheme of the construction of the Arzhan-1 site is similar to the symbol of the sun and reflects the "model of the world" of the ancient nomads of Central Asia. One hundred and sixty horses were excavated from this complex, ninety horses were buried in the eastern part of the mound, and a total of 15-20 caudal vertebrae of horses were found under the central chamber. The bones of a horse and other animals were also found under one of the rounded memorial rings to the south of the mound. Researchers have identified a relationship between the number of horses in individual burial chambers and the number of days per year. Most likely, 1 horse was associated with 1 day, suggesting that the number of horses buried on the site had a symbolic meaning [START_REF] Marsadolov | Arzhan-1 Barrow in the Center of Asia (Geopolitical and Astronomical Aspects)[END_REF]. This site is distinguished by the largest number of buried horses amongst all burial complexes ever excavated in Central Asia. According to the morphometric analysis results, most of the buried Arzhan-1 horses were mature stallions, small in stature, semi-thin-legged and thin-legged (average height at the withers was 144 cm), which makes them morpho-anatomically different to those buried in the mounds of the Altai Pazyryk culture [START_REF] Bokovenko | Horses from the Arzhan-1 Mound: Results of Archaeological Research and Morphometric Analysis of the Preserved Osteological Collection[END_REF].

The eponymous site of Arzhan-2, belonging to the same Aldy-Bel culture [START_REF] Chugunov | Chronology and Cultural Affinity of the Kurgan Arzhan-2 Complex According to Archaeological Data[END_REF], is located next to the Arzhan-1 site in the mountain-steppe Turan-Uyuk Hollow in the north of the Tyva Republic (Russia) and dates back to the 2nd half of the 7th century BCE [START_REF] Zaitseva | Chronology of Key Barrows Belonging to Different Stages of the Scythian Period in Tuva (Arzhan-1 and Arzhan-2 Barrows)[END_REF]). The Arzhan-1 and Arzhan-2 sites are united by the conceptual structure of the burial complex, namely, the presence of a deer stone to the north of the central burial, the arrangement of the burial chamber of the main burial, some features of the funerary rite, composition and position of the buried people, and art traditions (petroglyphic images). These parallels suggest cultural continuity between Arzhan-1 and Arzhan-2 (Chugunov 2009a). A total of 14 horses were buried in the Arzhan-2 burial complex. On the basis of morphometric and molecular genetic analysis, it was found that all the horses buried in the Arzhan-2 burial complex were stallions or geldings [START_REF] Benecke | Horse Skeletons: Archaeozoological and Genetic Research[END_REF]. Morphometric analysis showed that in the Arzhan-2 mound, as well as in the Arzhan-1 mound, only mature horses were buried [START_REF] Bokovenko | Horses from the Arzhan-1 Mound: Results of Archaeological Research and Morphometric Analysis of the Preserved Osteological Collection[END_REF]. Most of the horses buried at the Arzhan-2 site were above average height, and horses of short stature were not present on site [START_REF] Chugunov | The Elite Burial Mound of the Scythian Time Arzhan-2 in Tuva[END_REF]. On the headdress of a buried person from the main burial of the mound, a horse with bent limbs and a deer with limbs down were depicted, an association that is extremely rare in such complexes, as the image of the horse is believed to represent a later tradition. Artifacts from the main grave of the Arzhan-2 site are decorated in the Scythian-Siberian animal style [START_REF] Chugunov | Chronology and Cultural Affinity of the Kurgan Arzhan-2 Complex According to Archaeological Data[END_REF].

Based on the features of the materials from the Arzhan-2 burial and memorial complex, the following two main directions of cultural contacts of the population of this site can be distinguished: first, a southeast direction suggesting contacts with the Eastern Zhou dynasty, the Xiaoheishigou site (China), archaeological cultures of Mongolia; second, a western direction suggesting contacts with the Zhalaulinsky hoard complex, the Taldy-2 burial ground, the Zhilandy burial ground, the Tasmola V burial ground (Kazakhstan), the settlement of Dalverzin Tepe (the Fergana Valley), Chorasmia, Bactria (Central Asia), and sites of the Southern Trans-Urals [START_REF] Chugunov | Cultural Ties of the Population of Tuva in the Early Scythian Time (Based on Materials from the Arzhan-2 Mound)[END_REF][START_REF] Chugunov | Chronology and Cultural Affinity of the Kurgan Arzhan-2 Complex According to Archaeological Data[END_REF][START_REF] Kisel | Funeral Paraphernalia from Kurgan Arzhan-2: Decor, Technologies, Authorship[END_REF][START_REF] Zaikov | Composition of Gold Items from the Burial and Memorial Complex Arzhan-2 (Tuva) and Probable Sources of Metal[END_REF]. Comparative analysis of the assemblage of goods from the Arzhan-2 site showed that the closest contacts of this tribal association were with the tribes inhabiting Xinjiang (Northwest China) [START_REF] Kisel | Funeral Paraphernalia from Kurgan Arzhan-2: Decor, Technologies, Authorship[END_REF]. Images of horses by the nomads who built the Arzhan-2 burial complex are shown in Figure 5. In addition to the Arzhan-1 and Arzhan-2 sites, the Chinge-Tey I funerary complex of the Aldy-Bel culture is also located in the so-called "Valley of the Kings" of Tuva. Based on arrowheads and horse equipment, the complex was dated to the end of the 7th to 6th centuries BCE. The Chinge-Tey I funerary complex thus followed the Arzhan-2 burial complex [START_REF] Chugunov | Continued Excavation of Burial and Memorial Complex of Chinge-Tey-I[END_REF]. Two ritual "treasures", containing pieces of horse equipment, were excavated around (but not inside) the burials, and several horse bones were found in different parts of the ring ditch surrounding the mound [START_REF] Chugunov | Exploration of the Chinge-Tey I Burial and Funerary Complex in Tuva[END_REF].

The Biiken culture (Central and Southeastern Altai) was located to the northwest of the territories where the Khereksur and Deer Stone culture was spread [START_REF] Tishkin | Biyken Culture of Altai of the Arzhan-Mayemir Time: Content and Experience of Periodization[END_REF]. The Biiken culture (late 9th to 2nd-3rd quarter of the 6th centuries BCE) is reminiscent of the Aldy-Bel culture for its funerary rituals, as well as with regards to some categories of accompanying grave goods, potentially reflecting common origins (Chugunov 2009b). It is believed that the center of origin of the Biiken culture is located outside the Altai Mountains [START_REF] Kiryushin | The Main Stages of Studying the Scythian Epoch of Gorny Altai[END_REF], researchers suggest that it could be located in Central Asia, within the territories of Western Kazakhstan and Mongolia, Northern and Northwest China (Xinjiang) [START_REF] Chugunov | Transition from the Bronze Age to the Early Iron Age on the Territory of the Altai-Sayan Region (Concept Presentation)[END_REF][START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF][START_REF] Tishkin | Biyken Culture of Altai of the Arzhan-Mayemir Time: Content and Experience of Periodization[END_REF]. One of the features of the Biiken culture is the burial of a person and a horse, or part of it, in nearby burial chambers, or in separate burials, with the horse burial at the southeastern sector of the complex [START_REF] Tishkin | Correspondence of the Biyken and Mayemir Archaeological Cultures of Altai in the Early Scythian Time[END_REF]. The Biiken funerary tradition of the accompanying sacrificial burial of horses is the most ancient in the Altai region (A. A. Tishkin 2020a).

Structures of ritual nature were preserved in some sites belonging to this culture, and included memorials, altars and more, next to which vertical stones, traces of the use of fire, parts of grain graters, and animal bones were placed. The main subsistence economy of the population underlying this culture consisted of horse and sheep breeding (A. A. Tishkin 2019a).

One of the sites of this culture is the Ak-Alakha-II burial complex on the Ukok Plateau in the Southern Altai [START_REF] Polosmak | Research of the Scythian Sites in Ukok[END_REF], which contained human and horse bones buried within a stone delimited fence of the mound [START_REF] Tishkin | Biyken Culture of Altai of the Arzhan-Mayemir Time: Content and Experience of Periodization[END_REF], as well as pieces of the horse equipment corresponding typologically to the same equipment found at Arzhan-1 and deer stones. Both of these sites belong to the archaic stage of the culture of the ancient nomads [START_REF] Kisel | The Beginnings of the Nomad Culture in Central Asia[END_REF].

The investigated burial mounds of the Bike-IV archaeological site in Northern Altai date back to the Arzhan-Mayemir time (8th to 6th centuries BCE) and belong to the Biiken culture. To the southwest of the mound № 2, a ring of stones with a burial of a horse was found, the skull of which was oriented to the northwest [START_REF] Kiryushin | Research of Burial and Memorial Complexes in the Construction Zone of the Altai Hydroelectric Power Station in 2007[END_REF], and other horse burials characteristic of this culture were also excavated in the other mounds found on the complex [START_REF] Tishkin | Subject Complex of Arzhano-Mayemir Time from the Bike-IV Site in Altai[END_REF].

The Bike-V burial ground is located next to the Bike-IV site and shows some of the burial mounds dating to the Arzhan-Mayemir time. On the excavation area of the mound № 8 of the Bike-V site, which belongs to the Biiken culture, several burial and ritual structures were found, which were located around the central mound of an elongated shape. A burial of a horse oriented to the western sector of the horizon was excavated under a small stone structure of object № 2. Bone cheek-pieces with holes were located next to the animal skull. In addition, another bone artifact was discovered in the grave, probably related to horse equipment [START_REF] Tishkin | Objects of Horse Equipment from the Barrows of Biiken Culture of Northern Altai[END_REF].

The Ust-Kuyum site, located near the mouth of the Kuyum River in Northern Altai, is also associated with the Arzhan-Mayemir time. In the mound № 9 of this site, attributed to the Biiken culture [START_REF] Tishkin | Biyken Culture of Altai of the Arzhan-Mayemir Time: Content and Experience of Periodization[END_REF], a whole horse skeleton was found in a burial that was separated from the human burial [START_REF] Bokovenko | The Problems of the Genesis of the Funeral Rite of the Early Nomadic Nobility of Central Asia[END_REF][START_REF] Marsadolov | Monuments of Early Nomads in Ust-Kuyum in Altai (Based on Excavations by GP Sosnovsky and GP Sergeev)[END_REF]).

Mounds with horse burials (mounds № 5, 50, 53a, 55a) dated to the Arzhan-Mayemir time and related to the Biiken culture were excavated at the Choburak-I site in Northern Altai. A burial of a horse, typical of this culture, was located in the mound № 50. Object № 55a was a small ring of stones located to the east of the main mound № 55. Beneath this ring of stones, the burial of a horse laid on its side with bent limbs and oriented to the west was found. Accompanying grave goods are represented by some items of horse equipment [START_REF] Tishkin | Objects of Horse Equipment from the Barrows of Biiken Culture of Northern Altai[END_REF].

The burial complex Tartas-1 of the Baraba forest-steppe in Western Siberia is multi-layered [START_REF] Molodin | Tartas-1 -Opening 2010[END_REF]. Most of the burials of this site belong to different cultures of the Early, the Developed (Middle) and the Late Bronze Ages, the Early Middle Ages, and only one burial is associated with the Bolsherechenskaya culture (10th to 7th centuries BCE, Early Iron Age), which spread to the north-west of the Biiken culture. Some researchers believe that the Bolsherechenskaya culture covered the entire Middle Ob region [START_REF] Kobeleva | Intercultural Interactions of the Population of the Forest-Steppe Baraba in the Early Iron Age[END_REF]. For other researchers, this culture was delimited within three large historical and cultural provinces: the steppe zone of Northeastern Kazakhstan, the mountainous and foothill Sayan-Altai regions, and the forest and forest-steppe zone of Western Siberia [START_REF] Papin | The Bolsherechenskaya Culture[END_REF]. The burial of the Bolsherechenskaya culture of the Tartas-1 site was a horse burial, with the horse buried on its right side on birch bark and oriented with its head to the east, lying on a pit containing a vessel and a pallet. Pits with ocher and bones of the limbs and part of the jaw of an elderly man were excavated south of this burial [START_REF] Molodin | Tartas-1 -Opening 2010[END_REF]). Comparison of this ritual complex with similar complexes of synchronous cultures of Asia suggested similarity with Early Iron Age Indo-Iranian traditions [START_REF] Efremova | Ritual Site Varieties in the Southern Part of the Western Siberian Plain (Neolithic -Late Medieval Period)[END_REF].

During the Scythian-Saka times (2nd half of the 6th to 2nd centuries BCE), three archaeological cultures were found on the territory of the forest-steppe and foothill Altai regions. The Pazyryk culture (5th to 3rd centuries BCE) was the only one to spread on the territories of the Altai Mountains [START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF]. The bearers of the Pazyryk culture are considered as nomadic animal breeders who migrated to the territory of the Altai Mountains in the 6th century BCE (А. А. Tishkin 2019). Under the influence of the migration of the Pazyryk population, some people of the Biiken culture would have migrated north [START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF]. Researchers have suggested the following origins for the Iranian-speaking Pazyryk population: Central Asia (Central Kazakhstan, the Tian Shan Mountains, Central Asian interfluve, oases of Bactria) and the Middle East (Phrygia (the territory of modern Turkey)) [START_REF] Kokorev | To the Question of the Origin of the Pazyryk Culture of the Altai Mountains (Bibliographic Sketch)[END_REF][START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF].

Morphometric studies have shown that the Pazyryk people used mainly mature horses in their funeral rituals, and that horses of medium height were widespread across the whole Altai during the Scythian-Saka time [START_REF] Bokovenko | Horses from the Arzhan-1 Mound: Results of Archaeological Research and Morphometric Analysis of the Preserved Osteological Collection[END_REF][START_REF] Kosintsev | Ancient and medieval nomads of Central Asia[END_REF]. Only a small percentage of horses from the highlands found in the burials of the elite were above the average height. As horses of previous and subsequent periods were not tall, it has been suggested that the taller horses could have been imported from the territories of Central Asia, while horses of shorter stature would be native to Altai [START_REF] Grebennikov | Horses of Nomads of Mountain and Forest-Steppe Altai (According to Osteological Data)[END_REF]). This hypothesis is, however, not accepted by all researchers [START_REF] Vasiliev | Horses from Burials of the Scythian Time in Mountain Altai[END_REF][START_REF] Witt | Horses from the Pazyryk Burial Mounds[END_REF]), as the morphometric diversity of horses associated with the Pazyryk culture could fit within the morphological variation of a single horse breed, possibly originating from the west of the Altai region (Central Asia, the Middle East) [START_REF] Vasiliev | Horses from Burials of the Scythian Time in Mountain Altai[END_REF][START_REF] Witt | Horses from the Pazyryk Burial Mounds[END_REF]).

Most of the excavated objects of the Bike-III burial ground in Northern Altai were attributed to the Scythian-Saka time, but their cultural affiliation has remained undetermined. Based on the peculiarities of the funerary rituals, it was concluded that this could correspond to a new culture, showing strong affinities with the Pazyryk culture. Different orientations and postures of people buried possibly reflect the presence of two different ethnic groups that were part of a single cultural community. Sheep vertebrae were found next to the skeletons of buried people in most of the burial pits of this site [START_REF] Kubarev | Bike I, III: Burial Sites of the Scythian Era of the Middle Katun[END_REF]). Horse bones have been excavated only from some of the mounds of this site, two of which were unambiguously attributed to the Pazyryk culture. The burial of a man accompanied by a horse laid along the northern wall of the grave was found in both of these mounds [START_REF] Kiryushin | Research of Burial and Memorial Complexes in the Construction Zone of the Altai Hydroelectric Power Station in 2007[END_REF][START_REF] Kubarev | Bike I, III: Burial Sites of the Scythian Era of the Middle Katun[END_REF].

The mound of the Bersyukta-II site and some mounds of the Choburak-IV site, located next to the Bike-III burial ground, also belong to the Pazyryk culture. Horse burials were discovered in one of the burial structures of the Bike-III burial [START_REF] Kiryushin | Research of Burial and Memorial Complexes in the Construction Zone of the Altai Hydroelectric Power Station in 2007[END_REF]) and at Choburak-IV (unpublished material, personal communication with the head of the ancient sample collection Professor Alexey A. Tishkin and the head of the excavation Vladimir P. Semibratov).

Many burial grounds of the Pazyryk culture were excavated on the Ukok Plateau in the Southern Altai. Due to the natural and climatic conditions of the plateau, some of the burial chambers of the Verkh-Kaldzhin-2 and Ak-Alakha-I, Ak-Alakha-III, Ak-Alakha-V sites were located in the permafrost layer. These burial chambers contained mummies and objects made from organic materials [START_REF] Polosmak | Burial Grounds of the Pazyryk Culture on the Ukok Plateau[END_REF].

The Ak-Alakha-I burial ground of the Ukok Plateau belongs to the Pazyryk culture. Two burial mounds have been excavated at the site. In mound № 2, a horse skeleton located along the northern wall of the grave pit, as well as a ram's sacrum next to the skull of a buried child were found [START_REF] Polosmak | Ak-Alakha I, a Pazyryk Culture Burial Ground: The Second Tumulus[END_REF].

The Verkh-Kaldzhin-1 site of the Ukok Plateau also belongs to the Pazyryk culture [START_REF] Marsadolov | Once Again about the Consequence of Building the Pazyryk and Bertek Barrows[END_REF]. It represents some of the earliest sites of this culture on the Ukok Plateau, which are characterized by the horse burials typical of this culture [START_REF] Slyusarenko | Dating the Scythian Antiquities of Eurasia: Current Trends, Achievements, Problems, Prospects[END_REF].

The Great Katandinsky Kurgan of the Katanda-II archaeological complex in Southwestern Altai dates back to the Scythian-Saka time and belongs to the Pazyryk culture. Accompanying burials of 22 horses, placed in three rows on top of each other, were excavated near the northern wall of the grave pit of this kurgan [START_REF] Parshikova | Materials to the Biography of A. A. Gavrilovathe Researcher of Archaeological Sites in Altai[END_REF]. The morphometric study of the bone remains of the horses of this site showed that the studied individuals were sexually mature (adult and old) stallions, with different heights at the withers, mainly semi-thin-legged individuals. By the presence of only adult and / or old animals and the predominance of individuals of medium height in the burials, this mound is similar to the Ak-Alakha-I burial ground. The Great Katandinsky Kurgan included the largest number of horses ever buried in excavated Pazyryk contexts [START_REF] Plasteeva | Horses from the Large Katanda Mound (Altai)[END_REF].

The Khankarinsky Dol burial ground is one of the archaeological sites of Northwestern Altai. This region is located on the border of the low-mountain and steppe regions of Altai and the adjacent regions of Eastern Kazakhstan. The characteristic features of the burial rite, the composition of the accompanying grave goods, and radiocarbon dating indicate that most of the excavated mounds of the Khankarinsky Dol burial ground belong to the Pazyryk culture (4th to early 3rd centuries BCE).

However, it should be noted that the sites of the Pazyryk culture of Northwestern Altai differ from the Pazyryk sites of other regions in some characteristic features. The Khankarinsky Dol necropolis included more than 30 burial mounds, most of which showing an accompanying horse burial. In one of the largest and most central mounds (mound № 15), the accompanying burial was located next to the northern wall of the grave, with the horse laying on its stomach with legs bent and, like humans, its head oriented to the east. "Sacrificial food", one of the elements of the accompanying grave goods, was represented by sheep bones in the mound № 15 [START_REF] Dashkovskiy | Pazyryk Burial at Khankarinsky Dol in the Northwestern Altai[END_REF]. In addition to burial objects, this site also contained ritual structures, which are characterized by the absence of both the grave itself and the body of a deceased person. During the excavation of the burial ground, a stela and a deer stone without images of animals were found. Many features of the funerary rite indicate that the nomads buried in these mounds occupied a high social position in relation to the rest of the population of the Inya River valley (Dashkovskiy 2016b). Based on the analysis of the grave goods and radiocarbon analysis, some of the burial mounds of this site were attributed to the early stage of the Pazyryk culture of Altai (2nd half of the 6th to beginning of the 5th centuries BCE), for example, mound № 25 of the Khankarinsky Dol burial ground is one of the earliest among the excavated burial mounds of the Pazyryk culture of Northwestern Altai [START_REF] Dashkovskiy | An Early Pazyryk Kurgan at Khankarinsky Dol, Northwestern Altai: Chronology and Attribution of Artifacts[END_REF]. The accompanying burial of a horse, characteristic of this site, is shown in Figure 6. The Chineta-II burial ground is located in the eastern part of the Inya River valley on the same river terrace as the Khankarinsky Dol burial ground. Many mounds of this burial ground belong to the Pazyryk culture. It is most likely that representatives of the nomadic elite were buried in the largest burial mounds of this site. It should be noted that the accompanying horse burials, which were located along the western or northern walls of grave pits, was found only in some of the burial mounds of this site. The remains of ritual food in the burials of this site were mainly represented by the bones of rams (Ovis aries). A deer stone was found on the territory of the burial ground. The peculiarities of the funerary ritual in many of the burial mounds of this burial ground testify to the mixing of the Pazyryk and local steppe cultural traditions. In mound № 21, items that have analogues in the jewelry traditions of the Achaemenids (the territories of Western Asia and Northeastern Africa) were found. Researchers have suggested that some of the artifacts of mounds № 21 and № 31 could have been made in China.

Overall, the characteristic features of the funerary ritual testify to the ethnocultural interaction of the bearers of the Pazyryk culture of this region, the nomads of the steppe and foothill regions of Altai, and the Saka tribes of Kazakhstan [START_REF] Dashkovskiy | The Study of Burial Mounds of Scythian Era on the Chineta II Burial Ground (North-Western Altai)[END_REF].

The Inskoy Dol burial ground of different times is located in the southern part of the Inya River In the Xiongnu-Syanbi-Zhuzhan time, the Bulan-Koba culture sites appeared on the territory of Altai. Its formation was greatly influenced by the following nomadic empires of Central Asia: the Xiongnu Empire (209 BCE to 93 CE), the Syanbi Empire (93 to 235 CE), the Zhuzhan Empire (359 to 552 CE) [START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF]. This time is considered to have played host to the decline of Altai Iranianspeaking tribes and their cultural assimilation with new coming groups [START_REF] Tishkin | The Bulan-Koba Culture[END_REF].

Since the end of the 4th century BCE, the area of the Pazyryk culture shifted to Northern and Northwestern Altai due to military clashes with the Xiongnu Empire. After the conquest of the Sayan-Altai Mountainous Country by the Xiongnu Empire at the end of the 3rd century BCE, part of the Pazyryk population migrated in several directions, and the remaining population was assimilated. The maximal expansion of the Xiongnu Empire covered the western territories of Central Asia, territories of Northern Mongolia and Southern Siberia. The economy of the Xiongnu Empire was based on nomadic animal husbandry [START_REF] Tishkin | The Bulan-Koba Culture[END_REF]. The breeding of horses, sheep, goats, camels, and cattle was common in this culture. Horses were of the greatest economic and military importance [START_REF] Kradin | The Xiongnu Empire[END_REF]. Paleofaunistic studies have determined that most of the Xiongnu horses are similar to the Mongolian type horses [START_REF] Garutt | Paleofauna of the Ivolginsky Settlement According to Archaeological Excavations of 1949-1956[END_REF]. However, the horses of the military elite of the Xiongnu Empire are considered to descend from the Central Asian type (e.g., Akhal-Teke horse), since such horses were depicted on the drapery of the elite Noin-Ula mounds of the Xiongnu Empire [START_REF] Rudenko | The Culture of the Huns and the Noin-Ula Burial Mounds[END_REF]). Historical and archaeological data have revealed some continuity between the Khereksur and Deer Stone culture and the Xiongnu culture [START_REF] Kradin | The Xiongnu Empire[END_REF]. Particular funerary rituals unite both of these cultures, including the burial of the heads and hooves of horses, sheep, goats, and cattle [START_REF] Taylor | Horse Sacrifice and Butchery in Bronze Age Mongolia[END_REF], which was carried out on the principle of "part instead of the whole" (A. A. Tishkin et al. 2021).

One of the genome-wide studies showed that the carriers of the Xiongnu culture were descendants of representatives of the Slab Grave culture (ca. 1000 to 300 BCE) of Eastern/Southern Mongolia, which originates from the Pre-Bronze Age culture of Eastern Mongolia, and representatives of the Sagly-Uyuk culture (ca. 500 to 200 BCE) of the Sayan Mountains, whose people were descendants of the carriers of the Khereksur and Deer Stone culture [START_REF] Jeong | A Dynamic 6,000-Year Genetic History of Eurasia's Eastern Steppe[END_REF].

The Gol-Mod-2 (Central Mongolia) and Ereen hailaas (Northern Mongolia) sites of the Xiongnu culture date back to the early 2nd century BCE -1st century CE, a time when the founder of the Xiongnu Empire, Chanyu Modu, conquered the northern regions of Central Asia, including Northern Mongolia [START_REF] Tishkin | The Bulan-Koba Culture[END_REF].

There were over 400 burials on the territory of the Gol-Mod-2 burial ground, including 98 squareshaped tombs with dromos, 250 round accompanying burials next to the largest tombs, 9 round-shaped tombs with dromos, and 81 large round burials [START_REF] Erdenebaatar | in Xiongnu: archaeology, origin of culture, ethnical history[END_REF]. Burial complex № 1 (tomb № 1) is the most significant structure of the burial ground. In tomb № 1, a whole layer of ritual burials of 27 horses and four other animals (small ruminants or cattle), as well as chariots, was excavated [START_REF] Erdenebaatar | Xiongnu King Cemetery in Gol Mod-2[END_REF]. Faunal remains of horses, cows, and small ruminants were found in most of the accompanying burials of this tomb, forming an arc of burials. Most of these remains are represented by the bones of the skull, spine, and lower limbs. In most cases, they were located on or near the coffin, most often near the northern side. The largest number of discovered faunal remains belong to horses; in some burials, the whole horse skulls were found. The results of morphometric analysis revealed that both stallions and mares were buried in the accompanying burials. One of the accompanying burials contained, instead of a human burial, only the remains of one horse, oriented to the north, with the skull and two vertebrae missing. The researchers have identified a pattern consisting of an increase in the number and diversity of grave goods towards the northern end of the arc of the accompanying burials [START_REF] Miller | A Xiongnu Tomb Complex at Gol Mod 2 Cemetery, Mongolia (2002-2005)[END_REF]. Some items of the grave goods were most likely made in Southern Siberia [START_REF] Erdenebaatar | in Xiongnu: archaeology, origin of culture, ethnical history[END_REF]. The Xiongnu burial complex № 189 of the Gol-Mod-2 burial ground consisted of the main tomb and 12 accompanying burials. An aerial view of the site is shown in Figure 7. In terms of structure and patterns in the arrangement of various structure elements, this complex is very similar to the complex № 1 of the Gol-Mod-2 burial ground [START_REF] Erdenebaatar | Preliminary Results of the Excavation of Twelve Sattellite Burials of 189th Royal Tomb, Gol Mod 2[END_REF]. The Xiongnu culture site Ereen hailaas in Northern Mongolia is a typical burial complex of the Xiongnu tribes, in the central mound of which a ritual burial of a part of the skeleton of a horse was discovered [START_REF] Iderkhangai | Archaeological Rescue Excavation Report on the Egiin Gol Hydroelectric Dam, Khutag Undur Sum[END_REF].

The Tsaram burial complex in the Tsaram valley in the south of the Republic of Buryatia is the burial of representatives of the highest Xiongnu nobility, possibly one of the tribal leaders (Chanyus).

The burial complex consisted of a central mound, one of the largest of all known Xiongnu mounds, and accompanying burials of people located nearby. These burials formed two groups (western and eastern), representing two lines of 5 burials each [START_REF] Minyaev | Sacrifice Burials of 'Royal' Complex No. 7 at the Tsaram Cemetery[END_REF]. Inside the aboveground part of the largest burial mound, remains of funeral and memorial food were found, which were represented by both whole and fragmentary bones from several individuals of horses, cattle, and small ruminants. A partial skeleton of one horse individual (including the skull, two cervical vertebrae, and metapodia) and a chariot were located in the grave pit of the central mound (A. A. Tishkin et al. 2021).

Outside the coffin, near its northeastern corner, a partial goat skull covered with silver foil was found [START_REF] Minyaev | An Elite Complex of Xiongnu Burials in the Tsaraam Valley[END_REF]. In the northern outer corridor of the central mound, individual bones of animals, including those from 25 horses (bones of the skull and limbs), were found, with skulls oriented to the north. This sacrificial complex most likely symbolized the herd that accompanied the deceased person to the afterlife (A. A. Tishkin et al. 2021). Morphometric analysis of the bones of 26 horses from the central mound of the Tsaram burial ground revealed that mature, small, and mediumsized stallions and mares were used in the funeral rituals at this burial complex. Comparative morphometric analysis showed that the horses of the Tsaram site differ from the horses of the Pazyryk and the Bulan-Koba cultures of Altai. In terms of the absolute size and massiveness of their limb bones, the Tsaram sacrificial horses are closest to the horses from the elite burial and memorial site Arzhan-1 (the Aldy-Bel culture), which may reflect similar origins and/or habitat conditions (the steppes and the middle mountains of Central Asia); while the horse for the chariot was different from them (A. A. Tishkin et al. 2021). The complexity of the intra-grave structures and the composition of the funeral food of the accompanying burials of this complex increases towards the north, which points to a higher status for the people buried in the northern graves. In the northern burial of the eastern group, individual bones and the skull of a horse, as well as various limb bones of cattle and small ruminants were grouped within a separate niche, and in the southern burial of the same group, only ribs and a tibia from one individual of small ruminants were discovered. The northern burial of the western group contained a fragment of a horse's thoracic vertebra and bones of cattle; in a more southern burial of the same group, three bones of cattle were found, and in the southernmost burial of this group, five fragments of ribs from one horse were buried [START_REF] Minyaev | Sacrifice Burials of 'Royal' Complex No. 7 at the Tsaram Cemetery[END_REF]Plasteeva et al. 2017).

The osteological material of some horses buried in mound № 1 of the Zoolongiyn am site in Central Mongolia was dated by radiocarbon analysis to the 3rd to 4th centuries CE, the Syanbi-Zhuzhan time [START_REF] Iderkhangai | Zoolongiyn Am Site[END_REF].

A large number of burial mounds belonging to the Bulan-Koba culture were excavated at the Yaloman-II site of different times in Central Altai. Based on the results of radiocarbon analysis, the peculiarities of the funeral rite and grave goods, the western group of mounds of this site was dated to the early (Ust-Edigan) stage in the development of this culture, to the Xiongnu time (2nd century BCE to 1st century CE), and the central group of the Yaloman-II kurgans was dated to the late (Verkh-Uymon) stage in the development of the Bulan-Koba culture, to the Zhuzhan time (2nd half of the 4th to 1st half of the 5th centuries CE) [START_REF] Tishkin | Complex Analyze of Horn Buckles Belong to Nomads of Khunnu and Zhuzhan Time and Excavated from a Burial Ground Yaloman-II (the Central Altai)[END_REF]. The mounds of the southwestern group are characterized by the following funerary ritual features: the presence of massive stone boxes at the bottom of the grave, on the separations of which there were accompanying burials of one or more horses. The burial rite of the mounds of the central group is distinguished by the following characteristic features: the presence of one or several pits under the mound, stone boxes made of thin slabs at the bottom of the grave, on the ceiling and behind the side wall of which one or more horse burials were located [START_REF] Matrenin | Burial Complexes of the Bulan-Koba Culture of the Ongudaysky District of the Altai Republic[END_REF]. A recent morphological study of horses from some of the Xiongnu time mounds of the Yaloman-II burial complex revealed that all the horses studied were stallions, the presence of a large number of immature horses in the burials, which distinguishes these burials from the burials of the Pazyryk culture, and also that most of the studied mature horses were semi-thin-legged and were not above average height (A. [START_REF] Tishkin | Horses from the Xiongnu Period Barrows of Yaloman-II Archaeological Site (Altai): Archaeological Context and Archeozoological Determinations[END_REF].

Most of the burial mounds of the necropolis of the Choburak-I site of different times in Northern

Altai date back to the Zhuzhan time (4th to 5th centuries CE), which corresponds to the Migration Period.

In the burials of most of the mounds of this site, horses were laid on their right side, with heads oriented in the same direction as the human body. The peculiarities of the burial rite, such as the orientation of the buried person with his head to the west, the location of the horse on top of the buried person or near his feet, and more, have tentatively suggested that this necropolis could be attributed to a special group of sites within the Bulan-Koba culture, called "Dyalyan". Researchers consider that the descendants of the Biiken and the Mayemir archaeological cultures could have participated to the formation of the "Dyalyan" burial ritual (Seregin et al. 2019).

Archaeological cultures of the Medieval epoch

The geographical location of the Medieval epoch archaeological sites, the bone samples of horses of which were molecular genetically studied here, is shown in Figure 8. During the Early Middle Ages, the Altai was part of the Turkic Empires of Central Asia, which grouped together many military-political associations of tribes living on livestock production during the 2nd half of the 1st millennium CE. According to Chinese chronicles, the migration of the ancestors of the Turkic peoples to Altai took place in the 5th century CE and tooted within the rulers of the Juan-Juan Khaganate (the Zhuzhan Empire). As a result of the mixing of the Altai local population with the ancestors of the Turks, a confederation of tribes called "Turk" is considered to have formed in this region. The material culture and the funeral and memorial rituals revealed by the archaeology of the Altai Mountains demonstrate the cultural continuity with the traditions of the local population of the previous time periods [START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF]. The rich natural resources of the Altai, including pastures for grazing domestic animals, rich iron ore deposits necessary for the manufacture of weapons, and strong political contacts with the Northern China Western Wei Dynasty (545 to 546 CE), allowed the Turks to defeat the Juan-Juan Khaganate in 552 CE and form the First Turkic Khaganate. The borders of the First Turkic Khaganate military expanded to Manchuria in the east and to the Black Sea in the west, and the capital city was then moved to the territory of Mongolia near the Orkhon River, with the Altai region becoming its northern outskirts. Following the internal war, the First Turkic Khaganate further split into the following two states: the Eastern Turkic Khaganate in Mongolia (604 to 630 CE) and the Western Turkic Khaganate in Central Asia (including Dzungaria) (604 to 657 CE). The Altai region was then the northern outskirts of the Eastern Turkic Khaganate. These short-lived states fell under the blows of the Chinese Tang Empire in 630 CE, which led to a significant number of nomads resettling to the northern borders of the Tang Empire.

In 679 to 681 CE, the nomads grouped together within the Second Turkic Khaganate (682 to 744 CE) and placed their capital city on the territory of Mongolia. The territory of Altai became the semiperiphery of the reborn empire. Most of the known Medieval archaeological sites in the Altai date back to the time of the Second Turkic Khaganate. The assignment of these sites to the elite social class reflects the high status of this territory within this nomad empire. As a result of civil strife, the Second Turkic Khaganate disintegrated in 744 CE, and the Turkic territories became part of the political associations of the Uyghurs (745 to 840 CE) and the Kyrgyz people (840 to 950 CE). The Altai Turks retained some independence, even though their territories were annexed to the Kyrgyz state. The local Turkic elite survived in Altai, which is reflected in the materials from the excavations of a series of "rich" burials.

However, many features of the burial rituals of the Altai Turks indicate the strong influence of other groups of nomads. The characteristic traditions of such burial rituals include: a deceased person was buried in a shallow burial pit with his head to the east, together with a horse (as the faithful companion of a nomad) fully equipped for a campaign, with his head oriented to the west. The number of horses buried together with a deceased person reflected his social status. The Turks lived on the territory of Altai until the 11th century CE (Seregin and Tishkin 2019).

One of the genome-wide studies revealed the Indo-Iranian (the Bactria-Margiana Archaeological Complex) ancestry component in the genomes of some people of the Turkic culture [START_REF] Jeong | A Dynamic 6,000-Year Genetic History of Eurasia's Eastern Steppe[END_REF], and another molecular genetic study showed that the carriers of the Aldy-Bel and Pazyryk cultures are the ancestors of many modern people of the Turkic peoples [START_REF] Unterländer | Ancestry and Demography and Descendants of Iron Age Nomads of the Eurasian Steppe[END_REF], which helps in determining the origin of the Turkic culture.

A large number of sites of the Turkic culture of the Early Middle Ages are located in the Altai region. Mound № 1 of the Bike-IV site in Northern Altai belongs to the Turkic culture. In the grave of this mound, a young man, with his head oriented to the southeast, and two horses, separated from the human burial by a stone partition, were buried [START_REF] Kiryushin | Research of Burial and Memorial Complexes in the Construction Zone of the Altai Hydroelectric Power Station in 2007[END_REF]. Kurgan № 3 of the Ak-Alakha-I site of the Ukok Plateau in the Southern Altai, in which skeletons of three horses were found next to a human burial, also belongs to the Turkic culture (Vorobieva et al. 2020).

Archaeological sites of the Turkic culture are found on the territory of the Baraba forest-steppe in the southern part of Western Siberia (in the territories of the Novosibirsk and Omsk Oblasts), to which the Turkic-speaking tribes migrated from the territory of Northern Altai in the middle of the 8th century CE, following the expansion of the new Uyghur Khaganate from Central Asia [START_REF] Shvetsova | History of Research and Elements of the Historiography of Burial Sites of the Turkic Period in Baraba Forest-Steppe[END_REF]. One of the Turkic sites of the Baraba forest-steppe is the elite burial ground Tartas-1, which consisted of six burials. In the mounds of this burial ground, stuffed horses and a representative assemblage of grave goods consisting of weapons, jewelry, art objects, and horse harness made of bone, horn, metal (iron and bronze) were found [START_REF] Molodin | New Materials of the Ancient Turkic Epoch on Settlement of Vengerovo-2 (Baraba Forest-Steppe)[END_REF].

The Turkic sites of Mongolia include four Turkic enclosures at the Hushuun denzh-04 complex from Central Mongolia. Deer stones were used as building materials for the construction of these enclosures. The turkic enclosure № 2 of this site is the most thoroughly studied, its structure is shown in Figure 9. This Turkic enclosure is a cenotaph (literally, an "empty grave"), which was usually built when people, for some reason, could not be buried in their homeland [START_REF] Tishkin | What Is a Cenotaph?[END_REF]. Horse jaw bones were found near the eastern wall of this enclosure. Two fragments of animal bones were excavated from different corners of this structure [START_REF] Tishkin | Research of a Turkic Eenclosure on the Hushuun Denzh-04 Complex in Central Mongolia[END_REF].

Figure 9. The appearance of the turkic enclosure № 2 of the Hushuun denzh-04 complex in Central Mongolia after removing the stones located inside the enclosure. The figure has been taken from Tishkin and coauthors article [START_REF] Tishkin | Research of a Turkic Eenclosure on the Hushuun Denzh-04 Complex in Central Mongolia[END_REF].

Osteological material of horses buried with people was excavated in the Shohidon subterranean burials of the Turkic nomads (7th to 8th centuries CE). This burial ground is located in the Republic of Tajikistan (Tishkin, Filimonova, et al. 2019). Accompanying horse burials could include the whole or partial horse skeletons together with horse equipment. In the burials of this site, bones of donkeys or mules, cattle, and small ruminants were also found. This testifies to the developed nomadic animal husbandry of the population. The peculiarities of the assemblage of goods and the funeral rite of the Shokhidon site burials indicate contacts between the nomadic and agricultural population of this region in the Early Middle Ages (A. A. Tishkin 2020b).

Finally, the ritual burials of horses were found in the elite burials of the Karmatskaya culture of the Mongolian time (the Developed (High) Middle Ages), including the Teleutsky Vzvoz-I site in the south of Western Siberia (the Forest-Steppe Altai, Altai Krai, Russia) (A. A. Tishkin 2019b).

In our study, various genetic markers were studied in ancient and medieval horses from the sites of Altai and adjacent territories of the above cultures of the stone, paleometal and Medieval epochs. In these cultures, the horse played an important role in at least one of the following areas of society: economic (food, transport), political (participation in hostilities), spiritual (rituals, art), social (attribute of the elite of society). An analysis of the aDNA of horses from different cultures of Altai and adjacent territories allows us to support some of the hypotheses put forward about the continuity and presence of contacts between these cultures.

Paleogenetic studies of ancient horses in Altai and adjacent territories

ADNA studies have revealed genetic variation in horses over space and time, which helped to better understand the evolutionary trajectory of the horse in different parts of the world [START_REF] Orlando | An Ancient DNA Perspective on Horse Evolution[END_REF].

Previous work has reported the presence of gene flow between groups of horses from several archaeological cultures, some of which were associated with the migration of peoples [START_REF] Skvortsov | Burials of Riders and Horses Dated to the Roman Iron Age and Great Migration Period in Aleika-3 (Former Jaugehnen) Cemetery on the Sambian Peninsula" edited by A. Bliujienė[END_REF][START_REF] Warmuth | Autosomal Genetic Diversity in Non-Breed Horses from Eastern Eurasia Provides Insights into Historical Population Movements[END_REF], or transport of goods on horses and/or the trade [START_REF] Warmuth | Autosomal Genetic Diversity in Non-Breed Horses from Eastern Eurasia Provides Insights into Historical Population Movements[END_REF]). However, horses of only a small number of archaeological cultures of Altai and adjacent territories received aDNA attention by the time this PhD started. The following section summarizes their main findings.

Studies of the HVR I of the mitogenome of ancient horses in Altai and adjacent territories

MtDNA is a widely used tool for tracking history and migration of maternal ancestral populations and reconstruction of their phylogeographic relationships [START_REF] Brown | Phylogeography: The History and Formation of Species. John C. Avise[END_REF]. Due to multiple copies of mtDNA in cells, its characterization from ancient samples is more efficient in comparison with single copy nuclear DNA loci [START_REF] Camacho | Leishmania Mitochondrial Genomes: Maxicircle Structure and Heterogeneity of Minicircles[END_REF]. Another reason why the analysis of different fragments of mtDNA are so often used in phylogenetic and phylogeographic research is the relatively rapid molecular evolution of mtDNA [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF].

Of all domesticated species, horses have the greatest diversity of mitotypes, while their paternal Y chromosomal haplotypes harbour only limited variation [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF][START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]. There are about 700 different nucleotide polymorphisms characterized amongst horse mitogenome. The largest number of genetic variants is located in the coding region of the mitogenome, and among the non-coding regions, the largest number of varied sites is located in the D-loop region, namely, in the HVR I of the control region [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]).

Cieslak and co-authors [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]) analyzed partial sequences of the mtDNA D-loop region (providing a total of 247 bp) in 207 ancient and 1 754 modern horses from different regions of the world and concluded that there was a panmictic horse population from Alaska to the Pyrenees in the Late Pleistocene. The researchers have determined that during the Early Holocene and the Eneolithic, two geographically distinct subpopulations formed, one inhabiting the Eurasian Steppe, and the other populating the Iberian Peninsula. Phylogeographic analyzes on the basis of mtDNA control region sequences have also suggested restocking from wild local populations as a key characteristic of horse evolution after their domestication, especially during the Iron Age. More specifically, researchers have established that while most mitotypes originate in Eastern Europe and Siberia, all regions of Eurasia have contributed to the mitochondrial genetic diversity present amongst modern horse breeds, with 56 of the 87 ancient haplotypes characterized from the Paleolithic to the Middle Ages still segregating amongst domestic horses. The structure of underlying phylogenetic network led to the identification of 30 main haplogroups of the mtDNA control region of horses (A to K and X1 to X17) (Figure 10). Among the ancient horses of China, haplogroups D3, K3, X3 and A, D, E, F, G, I, K, K3, X2, X3, X4, X7 were common in the Bronze Age and the Iron Age, respectively. In the Early Bronze Age, the following haplogroups were widespread in the ancient horse herds of Southwestern Siberia and Kazakhstan: D, D3, F, G, K, X3, X5, X7, and, in the Iron Age, haplogroups A, B, D, D3, E, I, K, K3, X2, X3, X4, X5, X7 were common in the horse herds of this region [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]. Only a small number of studies have been devoted to the analysis of polymorphisms in the mitogenome control region of ancient horses from different archaeological cultures of Altai. Analysis of the mitogenome control region sequences of three ancient horses from the ritual burials of the archaeological sites Olon-Kurin-Gol-6 and Olon-Kurin-Gol-10 in the Altai Mountains in Northwestern Mongolia, belonging to the Early Iron Age Pazyryk archaeological culture, revealed a high degree of the DNA preservation and assigned the studied horses to haplotypes A, D2, X2b [START_REF] Pilipenko | Mitochondrial DNA Studies of the Pazyryk People (4th to 3rd Centuries BC) from Northwestern Mongolia[END_REF] according to the Cieslak and co-authors classification [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]. According to the literature, these mitotypes were common in China, Southwestern Siberia, and Kazakhstan during the Iron Age [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]. The aDNA study of 13 horses from the ice tomb Berel in the Altai Mountains of Eastern Kazakhstan, dating back to the Pazyryk time (early 3rd century BCE), revealed eight mitotypes common to the region today [START_REF] Keyser-Tracqui | Mitochondrial DNA Analysis of Horses Recovered from a Frozen Tomb (Berel Site, Kazakhstan, 3rd Century BC)[END_REF].

A much larger number of studies were aimed at studying the mitochondrial genetic diversity of ancient horses from the territories adjacent to Altai. The study of the mitogenome control region in 14 ancient horses belonging to the Arzhan-2 burial complex of the Early Iron Age Aldy-Bel culture (Tuva, Russia) [START_REF] Benecke | Horse Skeletons: Archaeozoological and Genetic Research[END_REF] showed that all these horses represented different haplotypes that are most common in Northern European and Iberian horse breeds, according to the classification from Jansen and colleagues [START_REF] Jansen | Mitochondrial DNA and the Origins of the Domestic Horse[END_REF]. The researchers suggested that this result reflects the multiple origins of the studied ancient horses from different herds [START_REF] Benecke | Horse Skeletons: Archaeozoological and Genetic Research[END_REF]. The mitogenome hypervariable regions of horses from nine archaeological sites of the Bronze and Iron Ages in Northern China were also analyzed to determine the origins of several Chinese domesticated horses. There was identified the high mitochondrial genetic diversity of ancient Chinese horses, in which all seven modern horse haplogroups discovered by Jansen and co-authors [START_REF] Jansen | Mitochondrial DNA and the Origins of the Domestic Horse[END_REF] were found. The mitochondrial genetic affinity of the ancient horses of China and the modern horses of Mongolia was also revealed, and the hypothesis that the domestic horses of China were descended from the Przewalski's horses was refuted [START_REF] Cai | Ancient DNA Provides New Insights into the Origin of the Chinese Domestic Horse[END_REF]). The high mitochondrial genetic diversity of ancient domestic horses in Northern China is supported by additional studies from Dawei and colleagues [START_REF] Dawei | Mitochondrial DNA Analysis of Bronze Age Horses Recovered from Chifeng Region, Inner Mongolia, China[END_REF]) and Lei and colleagues [START_REF] Lei | Multiple Maternal Origins of Native Modern and Ancient Horse Populations in China[END_REF], which examined the mitogenome control region variation in Bronze Age horses from Inner Mongolia.

From the above information, it can be concluded that the nucleotide diversity of the mitogenome control region of ancient Altai horses has been much less studied than the similar diversity of ancient horses from the territories adjacent to Altai.

Studies of complete mitogenomes of ancient and medieval horses in Altai and adjacent territories

The complete sequence of the horse mitogenome was first published in 1994 [START_REF] Xiufeng | The Complete Mitochondrial DNA Sequence of the Horse, Equus Caballus: Extensive Heteroplasmy of the Control Region[END_REF]. As of March 2022, the GenBank sequence database contains sequences of 414 complete or nearly complete mitogenomes of the extant domestic horse Equus ferus caballus, 22 mitogenomes of the endangered descendants of the Botai culture horses Equus ferus przewalskii, 14 mitogenomes of the extinct wild horse Equus ferus, and 4 mitogenomes belonging to the extinct wild Equus lenensis lineage.

An increasing number of studies aiming to trace the origin of different horse maternal lineages have relied on the complete mitogenome sequences [START_REF] Guo | Complete Mitochondrial Genome of Equus Caballus (Datong Horse)[END_REF][START_REF] Xiao | The Complete Mitochondrial Genome and Phylogenetic Analysis of Chinese Jianchang Horse (Equus Caballus)[END_REF][START_REF] Yoon | Complete Mitochondrial Genome Sequences of Korean Native Horse from Jeju Island: Uncovering the Spatio-Temporal Dynamics[END_REF] rather than partial mtDNA control-region sequences [START_REF] Almarzook | Diversity of Mitochondrial DNA in Three Arabian Horse Strains[END_REF][START_REF] Cardinali | An Overview of Ten Italian Horse Breeds through Mitochondrial DNA[END_REF][START_REF] Cieslak | Characterization of the Polish Primitive Horse (Konik) Maternal Lines Using Mitochondrial D-Loop Sequence Variation[END_REF][START_REF] Csizmár | Genetic Analysis of the Hungarian Draft Horse Population Using Partial Mitochondrial DNA D-Loop Sequencing[END_REF][START_REF] Hristov | Mitochondrial Diversity in Mountain Horse Population from the South-Eastern Europe[END_REF][START_REF] Ianella | D-Loop Haplotype Diversity in Brazilian Horse Breeds[END_REF][START_REF] Khaudov | Genetic Analysis of Maternal and Paternal Lineages in Kabardian Horses by Uniparental Molecular Markers[END_REF]). This has provided increased phylogeny resolution, and helped avoid the confounding effects of homoplasies, which are frequent within the mt DNA control region [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]).

Achilli and co-authors [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]) identified 18 haplogroups of modern domestic horses of different breeds based on the analysis of genetic variants of the mitogenomes. The times of divergence of these haplogroups are in the time frame from the Middle Paleolithic to the Neolithic. The study showed that the most recent maternal ancestor of all studied modern horses lived ~ 130-160 kya and confirmed the large mitochondrial genetic diversity of modern domestic horses [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]. A phylogenetic tree showing the divergence times of 18 mitogroups identified by Achilli and co-authors [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]) is presented in Figure 11. Similarly, the horses of the Iron Age Mongolian Xiongnu culture have appeared genetically close to some horses from France (site of "Boulevard de la Courtille C277") dating to the Gallo-Roman period of classical antiquity as well as to the horses of the Neolithic settlement Derkul (Orenburg Oblast, Russia). Finally, some horses of the Medieval Mongol Empire were found to be closely related to the Byzantine horses of Turkey (Yenikapi site) (4th century BCE), and to the horses of Yerqorqan ancient city (the 2nd half of the 2nd millennium BCE to 6th century CE) in Southern Uzbekistan [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF]). Combined, this indicated that horses stretched over vast geographic distances could share similar mitotypes, which suggests limited resolutive power for genetic analyzes only based on mitogenome information. This is why, during this PhD, the work carried out at the French laboratory, relied on full genome evidence, and not complete mitogenome sequences. The infrastructure and resources of the Russian laboratory were not compatible with such an approach, which explains why most of the work carried out there relied on mitogenome evidence only.

The above literature survey also shows that a number of ancient and medieval horse mitogenome sequences from the territories of Mongolia and Kazakhstan adjacent to Altai, as well as ancient horses of the Altai Mountains of Mongolia, could be obtained but that many archaeological cultures of the Altai region remained completely overlooked at the time this PhD work started.

Research of complete nuclear genomes of ancient and medieval horses in Altai and adjacent territories

The first complete sequence of the horse nuclear genome was published in 2009 [START_REF] Wade | Genome Sequence, Comparative Analysis, and Population Genetics of the Domestic Horse[END_REF]). In 2013, the most ancient sequence of the horse nuclear genome (with a 1.12-fold average depthof-coverage) was obtained [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF]. This horse lived in the territory of modern Canada 560-780 kya. The researchers also obtained complete nuclear genomes of the Late Pleistocene horse from the north of Eastern Siberia, five modern horses of different breeds, the Przewalski's horse and the donkey. It was determined that the most recent common ancestor of horses, zebras, and donkeys existed 4.0-4.5 mya, and the divergence of the Przewalski's horse and the domestic horse lineages occurred 38-72 kya. No recent gene flow between the studied domestic and Przewalski's horses was found [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF].

Analysis of the complete genome sequences of 11 Przewalski's horses and 21 modern horses revealed that loci under selection of the Przewalski's horses contain genes involved in metabolism, muscle contraction, signaling pathways, as well as genes associated with behavior, cardiac disorders, and reproduction. The time of divergence of the lineages of the domestic horse and the Przewalski's horse was refined to around 35-50 kya (Der Sarkissian, Ermini, et al. 2015).

The phylogenetic reconstructions based on 20 complete genome sequences of ancient horses of the Eneolithic Botai culture of the Central Asian steppes, as well as the genome sequences of 100+ Przewalski's horses, modern and ancient domestic horses, showed that the Botai horses are not the ancestors of modern domestic horses, but are the ancestors of Przewalski's horses [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF].

This indicated that a second domestication centre was yet to be identified outside the geographic and temporal range of the Botai culture.

To identify the genomic changes underlying the early and late stages of horse domestication, researchers analyzed the complete genomes of ancient horses from the Early Bronze Age Sintashta culture (the Sintashta site, the Southern Ural, Russia), the Early Iron Age Aldy-Bel (the Arzhan-1 royal mound, Tuva, Russia) and Pazyryk (the Berel tomb, the Altai Mountains, Eastern Kazakhstan) cultures.

The research showed that the Altai and Tuva Early Iron Age nomads used horse breeding strategies that included inbreeding and selection for variability in coat color and strong forelimbs [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF].

A recent genome-wide study determined that the horses of the Late Bronze Agethe Early Iron Again, while molecular genetic studies of ancient horses of the Pazyryk culture of the Altai Mountains of Kazakhstan and Mongolia, as well as ancient and medieval horses of other archaeological cultures and regions of Southern Siberia, Kazakhstan, Mongolia, and China were carried out, the genomic characterization of many ancient and medieval horses from the Altai Mountains of Russia was still pending when this PhD started.

Horse Domestication

The domestication of the horse, the advent of horse riding and chariots led to increased mobility of people, facilitated the development of animal husbandry (as larger herds can be handled on a horseback than on foot), while provided increased opportunities for trade contacts and a strong military advantage [START_REF] Anthony | The Origins of Horseback Riding[END_REF][START_REF] Levine | Botai and the Origins of Horse Domestication[END_REF].

Determining whether horses of a particular archaeological site are domesticated is not possible without multifocal evidence, such as features of the bone morphology, characteristic age and sex composition of the studied group of ancient horses, the presence of elements of horse equipment and dung at the site, bone remains of domesticated animals of other species, and more. The range of techniques may involve radiocarbon dating, lipid and stable isotope analysis (so as to retrieve diet characteristics, including traces of the consumption of horse milk and meat) and aDNA (Levine 1999).

Hypotheses about the geographic location of the horse domestication center based on archaeozoological and isotope analysis data

Based on archaeozoological data, the time interval for the beginning of horse domestication corresponds to between the 5th and 3rd millennium BСE. During that time, horse remains became indeed more abundant in the Central Eurasian Steppe archaeological sites (e.g., the settlement Dereivka (the Sredni Stog culture, Ukraine) [START_REF] Telegin | Dereivka: A Settlement and Cemetery of Copper Age Horse Keepers on the Middle Dnieper[END_REF]), the settlement Botai (the Botai culture, Kazakhstan) [START_REF] Ermolova | Remains of Mammals from the Botai Settlement (According to Excavations in 1982)[END_REF])), when compared to previous time periods [START_REF] Levine | Botai and the Origins of Horse Domestication[END_REF]. According to the Marija Gimbutas's Kurgan theory, the Sredni Stog and subsequent Eneolithic cultures that existed on the territory of modern Ukraine would represent the centers of origin of Indo-European languages [START_REF] Gimbutas | The First Wave of Eurasian Pastoralists into Copper Age Europe[END_REF]. This researcher, and others, such as David Anthony, hypothesized that the wide spread of Indo-European languages was associated with vast migrations associated with these cultures, and that were made possible thanks to horse riding [START_REF] Anthony | The 'Kurgan Culture,' Indo-European Origins, and the Domestication of the Horse: A Reconsideration [and Comments and Replies[END_REF]).

Based on the presence of bridle cheekpiece-like objects on the Dereivka site (northern part of the steppe and forest-steppe, the Northern Pontic region, Ukraine) and the results of archaeozoological analysis of horse bones from this site, which showed that most of the studied horses were morphologically different from wild horses and died immature, researchers first suggested that horses had already been domesticated during the Eneolithic period [START_REF] Bokonyi | The Earliest Waves of Domestic Horses in East Europe[END_REF]). However, this was later challenged, since morphometric analysis of the teeth of horses from this site and a comparative analysis with modern horse breeding traditions in Mongolia showed that neither the age of slaughter, nor the over-representation of stallions were typical for horse breeding [START_REF] Levine | Dereivka and the Problem of Horse Domestication[END_REF]). Nonetheless, scanning electron microscope imaging of bit wear on horse teeth from the Dereivka site provided further support to the domestication model [START_REF] Anthony | The Origins of Horseback Riding[END_REF], especially as teeth from the Eneolithic settlement of Botai revealed similar traces of bridle pressure [START_REF] Anthony | Horse, Wagon & Chariot: Indo-European Languages and Archaeology[END_REF]. This evidence was, however, not unequivocal, since such tooth morphological changes can be caused by other factors than bridling, including physiological [START_REF] Levine | Botai and the Origins of Horse Domestication[END_REF]. Rather than domestication, the horses of Botai and Dereivka could also be viewed as reflecting a hunting technology involving stalking at Dereivka, and possibly herd driving at Botai. The lack of morphological anomalies typically formed by riding on the caudal thoracic vertebrae at Botai and radiocarbon dating of the Dereivka bitted horse bone to the Early Iron Age instead of the Eneolithic, lent further support to the latter interpretation [START_REF] Anthony | Eneolithic Horse Exploitation in the Eurasian Steppes: Diet, Ritual and Riding[END_REF][START_REF] Levine | Botai and the Origins of Horse Domestication[END_REF][START_REF] Levine | Domestication and Early History of the Horse[END_REF][START_REF] Levine | Palaeopathology and Horse Domestication: The Case of Some Iron Age Horses Horn the Altai Mountains, Siberia[END_REF].

In 2007, Anthony re-affirmed the Pontic-Caspian steppes as a center for horse domestication, based on various evidence, such as the presence of horse bones (mainly of lower legs and skull) along with the bones of various domesticated animals, carved bone horse images, stone mace-heads shaped as horse heads in human graves of the Early Eneolithic archaeological sites of this region, as well as the appearance of horse exploitation in the surrounding regions by the end of the 4th millennium BCE [START_REF] Anthony | The Horse, the Wheel, and Language: How Bronze Age Riders from the Eurasian Steppes Shaped the Modern World[END_REF]). In addition, the earliest indisputable evidence of domesticated horse breeding refers to the Bronze Age Sintashta culture that existed in the northern steppe zone of the Southern Ural, Southern Trans-Urals, Northern and Western Kazakhstan [START_REF] Epimakhov | Radiocarbon Arguments for the Abashevo Origin of the Sintashta Traditions in the Bronze Age[END_REF][START_REF] Koryakova | The Urals and Western Siberia in the Bronze and Iron Ages[END_REF].

Ritual burials of horses together with parts of spoked wheel chariots dated from the beginning of the 2nd millennium BCE are associated with this culture [START_REF] Lindner | Chariots in the Eurasian Steppe: A Bayesian Approach to the Emergence of Horse-Drawn Transport in the Early Second Millennium BC[END_REF].

The scientific community remained divided between those supporting Levine's hypothesis [START_REF] Ermolova | Remains of Mammals from the Botai Settlement (According to Excavations in 1982)[END_REF][START_REF] Gasilin | The Fauna of Neolithic Site Varfolomeevka in the Steppe Volga Region[END_REF][START_REF] Levine | Domestication and Early History of the Horse[END_REF][START_REF] Vasiliev | Faunal Remains from the Novoilinka-3 Settlement (Based on Materials from Excavations in 2010)[END_REF]) of hunting at Botai, and those agreeing to the standpoint of Anthony and his predecessors, considering domestication at Botai [START_REF] Anthony | Horse, Wagon & Chariot: Indo-European Languages and Archaeology[END_REF][START_REF] Benecke | Results of the Study on Horse Bones from Botai (Northern Kasakhstan)[END_REF][START_REF] Brown | Bit Wear, Horseback Riding and the Botai Site in Kazakstan[END_REF][START_REF] Kuzmina | Botai Horses[END_REF][START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF][START_REF] Olsen | P. 81 in Horses and Humans: The Evolution of Human-Equine Relationships[END_REF][START_REF] Zaibert | The Eneolithic of the Ural-Irtysh Interfluve[END_REF]. Additional evidence for the domestication of the Botai horses came in with the identification of the decomposed vegetation at the site as horse dung [START_REF] French | Geomorphological and Micromorphological Investigations of Palaeosols, Valley Sediments and a Sunken Floored Dwelling at Botai, Kazakhstan[END_REF], as well as the discovery of decorated horse bones, tools made from horse bones, posthole corrallike structures on Botai sites (S. L. [START_REF] Olsen | P. 81 in Horses and Humans: The Evolution of Human-Equine Relationships[END_REF]. The 2009 paper by Outram and co-authors [START_REF] Outram | The Earliest Horse Harnessing and Milking[END_REF]) added significant support to the hypothesis of domestication at Botai [START_REF] Anthony | Horse, Wagon & Chariot: Indo-European Languages and Archaeology[END_REF][START_REF] Zaibert | The Eneolithic of the Ural-Irtysh Interfluve[END_REF] as it included evidence for the use of horse milk by Botai people. Despite this, discussions about the domesticated status of the Botai horses continue [START_REF] Kosintev | Comment on 'The Earliest Horse Harnessing and Milking[END_REF] until this day as no milk proteins were found in the dental calculus of two Botai people (however, two negative results do not rule out the consumption of horse milk by other Botai people), and bit damage traces have been challenged as possibly natural (however, see Outram and co-authors report [START_REF] Outram | Rebuttal of Taylor and Barrón-Ortiz 2021 Rethinking the Evidence for Early Horse Domestication at Botai[END_REF]) for a rebuttal of such arguments) [START_REF] Taylor | Rethinking the Evidence for Early Horse Domestication at Botai[END_REF].

A morphometric zooarchaeological study of animal bones from an Early Bronze Age site in the southeast of the Balkan Peninsula determined the presence of horses at this site, which, according to the researchers, were already domesticated, since no bone remains of horses of previous periods were found in this region. Following this work, Anatolia was proposed as an independent center of domestication, from where domestic horses could have spread to the neighboring regions (including the Balkan Peninsula) [START_REF] Arbuckle | Animals and Inequality in Chalcolithic Central Anatolia[END_REF][START_REF] Benecke | On the Beginning of Horse Husbandry in the Southern Balkan Peninsula-the Horse Bones from Kırklareli -Kanligeçı̇t (Turkish Thrace)[END_REF]). However, wild horses were later found to have inhabited the territory of Anatolia since the early-mid Holocene [START_REF] Arbuckle | Zooarchaeology at Kösk Höyük[END_REF][START_REF] Arbuckle | Chalcolithic Caprines, Dark Age Dairy, and Byzantine Beef: A First Look at Animal Exploitation at Middle and Late Holocene Çadır Höyük, North Central Turkey[END_REF]. The hypothesis of local domestication kept credit as no biometric differences were found in the horse bones from the cultural layers of the Late Eneolithic and the Early Iron Age sites of this region, and pathological evidence, possibly associated with the transportation, were identified in the limb bones of the Late Eneolithic horses from this region (e.g., at Köşk Höyük [START_REF] Sagona | Anatolia and the Transcaucasus: Themes and Variations ca. 6400-1500[END_REF])) [START_REF] Shev | The Introduction of the Domesticated Horse in Southwest Asia[END_REF].

Overall, archaeozoological data and isotope analysis have suggested three possible centers of horse domestication: the Pontic-Caspian steppe (the Yamnaya culture), the steppes of Northern Kazakhstan (the Botai circle cultures), and Anatolia, but their exact role in the horse domestication has remained controversial. One of the project underlying this PhD thesis consisted in testing each possible region as a domestication centre (Librado et al. 2021).

The contribution of research on ancient and modern horse DNA to various issues related to horse domestication

Research based on ancient and modern genomic data has clarified many key aspects of the horse domestication center question and the domestication process itself.

Studies of coat color variations in ancient, medieval and modern domestic horses

The molecular genetic studies of the coat colors of ancient and medieval horses showed that Pleistocene horses were bay, bay-dun or leopard spotted [START_REF] Pruvost | Genotypes of Predomestic Horses Match Phenotypes Painted in Paleolithic Works of Cave Art[END_REF] During the 3rd millennium BCE, the variety of coat colors in horses started to increase, which could be the hallmark of artificial selection beginning in relation to horse domestication. The chestnut coat color, as well as the spotted sabino phenotype, spread among the horses of Siberia in the Eneolithic and among the horses of Siberia and Eastern Europe in the Bronze Age. The earliest spotted tobiano phenotype was identified in the Bronze Age horse of Eastern Europe, while cream and silver diluted coat coloration phenotypes spread in Siberia during the Iron Age [START_REF] Ludwig | Coat Color Variation at the Beginning of Horse Domestication[END_REF]. Further studies have complemented mapping of coat colors in diverse ancient domestic horse herds. For example, it was shown that chestnut and leopard spotted horses were common amongst the horses from Western Siberia and Kazakhstan during the Iron Age [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF]. Chestnut, silver (diluted), and tobiano (spotted) coloration were also found amongst the horses from Anatolia during the Bronze and the Iron Ages, while leopard (spotted) coat color was common among the Bronze Age horses of the Caucasus [START_REF] Guimaraes | Ancient DNA Shows Domestic Horses Were Introduced in the Southern Caucasus and Anatolia during the Bronze Age[END_REF]).

Variety of maternal lineages of domestic horses

One of the earliest large-scale studies of modern domestic horse DNA, namely the mitogenome control region, revealed an unprecedented wide variety of mtDNA in domesticated horses, an ambiguous and partial correspondence of mitotypes to geographic regions and horse breeds [START_REF] Lister | Ancient and Modern DNA in a Study of Horse Domestication[END_REF], with further large-scale studies of mtDNA sequences of wild and domesticated horses revealing a clearer geographic affiliation of the different equine mitogroups [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF][START_REF] Jansen | Mitochondrial DNA and the Origins of the Domestic Horse[END_REF][START_REF] Mcgahern | Evidence for Biogeographic Patterning of Mitochondrial DNA Sequences in Eastern Horse Populations[END_REF]. Such a variety of matrilines of domestic horses is most likely due to the peculiarities of horse breeding, which can involve several dozen females for every stallion [START_REF] Vila | Widespread Origins of Domestic Horse Lineages[END_REF].

The first comparative studies of ancient mtDNA of the Late Pleistocene Alaskan wild horses and modern mtDNA of domestic horses revealed low mitochondrial genetic diversity amongst ancient wild population, which suggested domestication from a large number of wild populations [START_REF] Jansen | Mitochondrial DNA and the Origins of the Domestic Horse[END_REF][START_REF] Lippold | Whole Mitochondrial Genome Sequencing of Domestic Horses Reveals Incorporation of Extensive Wild Horse Diversity during Domestication[END_REF][START_REF] Vila | Widespread Origins of Domestic Horse Lineages[END_REF]). However, diversity patterns of the mitogenome control region (haplotypes of wild horses of Northeastern Siberia, Europe (including the Iberian Peninsula), Armenia, Asia Minor are found among modern horses) [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF][START_REF] Lira | Ancient DNA Reveals Traces of Iberian Neolithic and Bronze Age Lineages in Modern Iberian Horses[END_REF][START_REF] Vila | Widespread Origins of Domestic Horse Lineages[END_REF], complete mitogenome [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF][START_REF] Lippold | Whole Mitochondrial Genome Sequencing of Domestic Horses Reveals Incorporation of Extensive Wild Horse Diversity during Domestication[END_REF], microsatellites [START_REF] Warmuth | Autosomal Genetic Diversity in Non-Breed Horses from Eastern Eurasia Provides Insights into Historical Population Movements[END_REF], and complete nuclear genome (Schubert, Jónsson, et al. 2014) of ancient and modern horses identified by many researchers indicated a high genetic diversity of wild and domestic horses. The researchers determined that about 32 % of the mitogenome control region haplotypes that existed in wild horse populations have been preserved in the domestic horse herds [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]).

One of the first studies of the mitogenome control region of modern horses revealed the location of Przewalski's horse mitotypes within the mitochondrial genetic diversity of domesticated horses [START_REF] Lister | Ancient and Modern DNA in a Study of Horse Domestication[END_REF], with these mitotypes forming a separate cluster on the phylogenetic network [START_REF] Jansen | Mitochondrial DNA and the Origins of the Domestic Horse[END_REF], which was confirmed by subsequent phylogenetic analysis of complete mitogenome sequences of domestic horses of different breeds and Przewalski's horses [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]. The whole mitogenome phylogenetic reconstructions of Gaunitz and co-authors [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF]) and Fages and co-authors [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF]) revealed that the mitochondrial genetic diversity of the Eneolithic Botai horses is represented by the basal clade mitotypes and haplotypes closely related to the ancient domestic horse haplotypes, while the Iberian horses of the Bronze Age form a separate clade within the diversity of the domesticated and wild horses [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF][START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF].

Researchers generally associate the high mitochondrial genetic diversity of domestic horses with inclusion of a large number of mares during the early domestication stages due to the combinatory effects of female-dominated herds, as well as introgression from local wild mares during the spread of domestic horses across Eurasia from the initial domestication centre [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF][START_REF] Jansen | Mitochondrial DNA and the Origins of the Domestic Horse[END_REF][START_REF] Kavar | Domestication of the Horse: Genetic Relationships between Domestic and Wild Horses[END_REF][START_REF] Lippold | Whole Mitochondrial Genome Sequencing of Domestic Horses Reveals Incorporation of Extensive Wild Horse Diversity during Domestication[END_REF][START_REF] Lira | Ancient DNA Reveals Traces of Iberian Neolithic and Bronze Age Lineages in Modern Iberian Horses[END_REF][START_REF] Lister | Ancient and Modern DNA in a Study of Horse Domestication[END_REF]).

Variety of paternal lineages of domestic horses

One of the first studies of SNPs in 14.3 kb of non-coding sequences of the Y chromosome in modern horses belonging to 9 European and 6 Asian breeds did not find any diversity in these Ychromosomal sequences [START_REF] Lindgren | Limited Number of Patrilines in Horse Domestication[END_REF]). The sequence analysis of Y-chromosomal microsatellites revealed only rare polymorphisms amongst indigenous horse breeds from China, Hucul, Mongolian, and Shetland pony breeds [START_REF] Kreutzmann | The Domestic Horse Harbours Y-Chromosomal Microsatellite Polymorphism Only on Two Widely Distributed Male Lineages[END_REF][START_REF] Ling | Identification of Y Chromosome Genetic Variations in Chinese Indigenous Horse Breeds[END_REF][START_REF] Wallner | Isolation of Y Chromosome-Specific Microsatellites in the Horse and Cross-Species Amplification in the Genus Equus[END_REF]). The limited molecular diversity of the horse Y-chromosome was further confirmed through the sequencing of a 186 kb Y-chromosome specific region amongst horses of various domestic breeds from Europe and Western Asia, which identified only 6 haplotypes, one of which was ancestral to the remaining five [START_REF] Wallner | Identification of Genetic Variation on the Horse Y Chromosome and the Tracing of Male Founder Lineages in Modern Breeds[END_REF]. The investigation of 33 Y chromosome loci revealed very little Ychromosomal diversity among Chinese indigenous horses [START_REF] Han | Y-Single Nucleotide Polymorphisms Diversity in Chinese Indigenous Horse[END_REF] and although more recent work based on study of 1.46 Mb (megabases) of the Y-chromosomal male-specific region identified new haplotypes amongst European and Western Asian horse breeds, it revealed that the main haplogroup was of oriental origin (the Arabian and the Turkoman horse lineages) and spread across the world some 700 years ago [START_REF] Wallner | Y Chromosome Uncovers the Recent Oriental Origin of Modern Stallions[END_REF]. The most complete study to date of 1.46 Mb Y-chromosomal region revealed 42 Y-chromosomal haplotypes amongst European, Asian, and American breeds, and uncovered greater diversity within Asian horses, and with haplotypes only endemic to Asia [START_REF] Felkel | Asian Horses Deepen the MSY Phylogeny[END_REF]).

The Y-chromosomal haplotyping (4 kb [START_REF] Lippold | Whole Mitochondrial Genome Sequencing of Domestic Horses Reveals Incorporation of Extensive Wild Horse Diversity during Domestication[END_REF]), 194 kb (Librado et al. 2015, 2017), 16 SNPs [START_REF] Wutke | Decline of Genetic Diversity in Ancient Domestic Stallions in Europe[END_REF])) of ancient wild and domesticated horses established that the Ychromosomal diversity of horses was larger in the past than it is today. A recent study of 1500 polymorphic orthologous Y-chromosomal sites in a large number of stallions spanning the last 6 thousand years indicated that a drop in Y-chromosomal diversity started around 2000 years ago, to reach current levels following 850-1350 CE [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF].

Many researchers have identified two major Y-chromosomal haplotypes of Przewalski's horses that are very different from those of domestic horses [START_REF] Kreutzmann | The Domestic Horse Harbours Y-Chromosomal Microsatellite Polymorphism Only on Two Widely Distributed Male Lineages[END_REF][START_REF] Wallner | Isolation of Y Chromosome-Specific Microsatellites in the Horse and Cross-Species Amplification in the Genus Equus[END_REF][START_REF] Wallner | Identification of Genetic Variation on the Horse Y Chromosome and the Tracing of Male Founder Lineages in Modern Breeds[END_REF].

The limited Y-chromosomal diversity present in modern horses contrasts with their large mitochondrial genetic diversity. This has been suggested to reflect sex-balanced founder effects and post-domestication breeding strategies leading to large differences in reproductive performance between males, improvement of many local breeds using a limited number of imported stallions [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF][START_REF] Felkel | Asian Horses Deepen the MSY Phylogeny[END_REF][START_REF] Lippold | Whole Mitochondrial Genome Sequencing of Domestic Horses Reveals Incorporation of Extensive Wild Horse Diversity during Domestication[END_REF][START_REF] Wallner | Identification of Genetic Variation on the Horse Y Chromosome and the Tracing of Male Founder Lineages in Modern Breeds[END_REF][START_REF] Wutke | Decline of Genetic Diversity in Ancient Domestic Stallions in Europe[END_REF]).

Refutation of hypotheses about the geographic center of horse domestication based on molecular genetic data

Horse breeds can be assigned based by studying autosomal microsatellite markers [START_REF] Dorji | Genetic Diversity and Population Structure of Three Traditional Horse Breeds of Bhutan Based on 29 DNA Microsatellite Markers[END_REF][START_REF] Seo | Genetic Diversity of Halla Horses Using Microsatellite Markers[END_REF][START_REF] Vila | Widespread Origins of Domestic Horse Lineages[END_REF]. Applying spatially explicit modeling top autosomal microsatellite diversity patterns within indigenous modern breeds from different regions of Northern Eurasia has confirmed the Western Eurasian steppe as a domestication centre and significant introgression with local wild horses during the spread of domesticated horses across Eurasia [START_REF] Warmuth | Reconstructing the Origin and Spread of Horse Domestication in the Eurasian Steppe[END_REF]). The study of 12 autosomal microsatellites in horses of 22 European and 2 Asian (West and Central Asia) breeds, however, revealed much greater genetic diversity in the horse breeds of Iberia and the Caspian region of West Asia, which provided refugial zones during the Last Glacial Maximum, than in other breeds, which may reflect local domestication in Iberia [START_REF] Warmuth | European Domestic Horses Originated in Two Holocene Refugia[END_REF]), or larger wild population stocks in the region [START_REF] Leonardi | Late Quaternary Horses in Eurasia in the Face of Climate and Vegetation Change[END_REF]. The hypothesis of an independent domestication in Iberia was recently dismissed based on whole genome data, since the horses roaming this region during the 3rd and the early 2nd millennium BCE shared only limited ancestry with modern domesticated horses [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF]).

In addition to the archaeozoological evidence, the high mitochondrial genetic and microsatellite diversity present in the native horses of Anatolia indirectly have suggested that this region may have hosted one of the domestication centers [START_REF] Koban | High Microsatellite and Mitochondrial Diversity in Anatolian Native Horse Breeds Shows Anatolia as a Genetic Conduit between Europe and Asia[END_REF]). The study of mitochondrial, the Y chromosome, and autosomal coat color genetic markers in a limited number of horses dating from 9 000 BCE to 1 000 CE rejected this hypothesis as the few mitotypes present in the wild horses from Anatolia and the Caucasus were supplemented by numerous new mitotypes of horses showing different coat colors (hence, likely domesticated) at the end of the 3rd millennium BCE [START_REF] Guimaraes | Ancient DNA Shows Domestic Horses Were Introduced in the Southern Caucasus and Anatolia during the Bronze Age[END_REF].

A comparative genome-wide analysis of the Eneolithic Botai horses (Northern Kazakhstan) with modern domesticated horses and modern and historical Przewalski's horses revealed the ancestry of the Botai horses in relation to the Przewalski's horses and a genetic contribution of the Botai horses of only ~ 3 % ancestry to the gene pool of modern domestic horses. Based on these results and the previous archaeozoological and isotope analysis data, the researchers made a conclusion about the early stage of domestication of horses in the Botai culture, and their further transformation into the feral Przewalski's horses [START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF]. This work confirmed the long-standing hypothesis about the feral status of Przewalski's horses [START_REF] Bokonyi | The Przevalsky Horse[END_REF].

To conclude, two of the three putative centres for horse domestication were ruled out based on recent aDNA work. While the hypothesis that the Pontic-Caspian steppe provided the center of origin of modern domesticated horses is the last standing, it remains to be tested with genetic evidence.

Features under positive selection in domestic horses

The horse domestication gave rise to the 600+ different breeds living today [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]).

The genome-wide analysis of ancient and modern DNA from wild and domestic horses revealed positive selection of genomic regions associated with locomotion, skeletal morpho-anatomy, speed capacity, cognitive functions in domestic horses [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF][START_REF] Petersen | Genome-Wide Analysis Reveals Selection for Important Traits in Domestic Horse Breeds[END_REF]Schubert, Jónsson, et al. 2014). However, the alleles underlying speed and ambling have only increased in frequency during the last millennium [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF] Finally, genomic mutational loads remained constant throughout most of the domestication history but have increased during the last ~ 200 years, which is most likely reflect the drastic change in horse breeding, breeding of horses in close studs that started at the time so as to create horse types with different physical, physiological, and behavioral characteristics [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF]Schubert, Jónsson, et al. 2014).

Landrace horse breeds of Altai and adjacent territories

The native Altai, Tuva, Buryat, and Mongolian horse breeds belong to the "landrace breeds" of Altai and adjacent territories. These horse breeds are named after their geographical origins, and are in fact free-ranging herds that are subjected to limited selective breeding (Petersen, Mickelson, Cothran, et al. 2013).

Exterior of horses of the landrace breeds of Altai and adjacent territories

Morphologically, the Altai horse belongs to the group of Mongolian horses that are relatively small in body size and height. However, it differs from a typical Mongolian horse by its taller growth and wider body and limbs [START_REF] Lobanova | Altai Horse and the Stages of Its Transformation[END_REF]. The central and southern areas of the Altai Mountains are on average inhabited by larger horses, whereas smaller horses are generally found in the eastern and northeastern areas of the Altai Mountains, which show less favorable forage conditions. In addition to environmental differences, it is considered that the eastern Altai horses experienced stronger gene flow from Mongolia [START_REF] Bakhtushkin | Herd Horse Breeding in the Altai Mountains[END_REF][START_REF] Lobanova | Altai Horse and the Stages of Its Transformation[END_REF]. The crossbreeding of the local Altai horse began in the 20th century, which mainly involved Thoroughbred blood, and as well trotting and draught stallions. The extent of cross-breeding was more limited in the Kosh-Agachsky and Ulagansky Districts of the southeast and east of the Altai Republic (south of Western Siberia, Russia) [START_REF] Bakhtushkin | Herd Horse Breeding in the Altai Mountains[END_REF][START_REF] Lobanova | Altai Horse and the Stages of Its Transformation[END_REF]. While all known coat colors are found in the Altai region, light coat colors are more common, especially white ones, and black coat colors remain very uncommon [START_REF] Lobanova | Altai Horse and the Stages of Its Transformation[END_REF][START_REF] Mendesheva | Horse in Altaian Traditional Culture[END_REF][START_REF] Radloff | From Siberia[END_REF]).

According to written sources, white horses were of particular importance for the peoples who inhabited the Altai Mountains in the past [START_REF] Mendesheva | Horse in Altaian Traditional Culture[END_REF][START_REF] Potapov | Horse in the Beliefs and Epos of the Sayan-Altai Peoples[END_REF]. However, direct observations of the frozen burials of the Altai Pazyryk culture indicated chestnut as the most common coat color at the time, with bay representing only a small proportion of the frozen skins [START_REF] Witt | Horses from the Pazyryk Burial Mounds[END_REF].

Researchers have suggested that the Tuva horse breed was the result of hybridization between local Mongolian horses with draught and trotting stallions introduced to the region by Russian settlers [START_REF] Khamiruyev | Comparative Evaluation of the Tuvan and Transbaikalian Horse Breed Exterior[END_REF][START_REF] Mongush | Conservation and Using the Gene Pool of the Horses of the Tuvan Breed[END_REF]. Tuva horses are larger than Mongolian horses [START_REF] Chysyma | Genetic Diversity in Tyva Horses Derived from Polymorphism of Blood Systems and Microsatellite DNA[END_REF][START_REF] Mongush | Growth and Development of Young Tuva and Mongolian Horses[END_REF]. Cross-breeding of indigenous Tuva horses with imported trotting, riding, and draught bloodlines was carried out to a lesser extent in the southern part of the Tyva Republic (south of Eastern Siberia, Russia). The most common coat colors of purebred Tuva horses are chestnut, gray, bay, black, and buckskin [START_REF] Mongush | Some Basic Colours and Markings Tuvan Horses, Sporting[END_REF][START_REF] Mongush | Conservation and Using the Gene Pool of the Horses of the Tuvan Breed[END_REF]). The analysis of the coat color gene sequences determined that most of the ancient horses buried in the Aldy-Bel culture Arzhan-2 burial complex (Early Iron Age) of Tuva were bay or chestnut, and that black, buckskin, and tobiano horses represented only a minute fraction of the horses found on site [START_REF] Benecke | Horse Skeletons: Archaeozoological and Genetic Research[END_REF]. This suggests a model in which the most currently widespread coat colors among modern Tuva horses were already common in horse herds from the territory of Tuva during the Early Iron Age.

Based on morphological and conformation characteristics, researchers have suggested that the Buryat horse breed also descended from the Mongolian horse breed [START_REF] Anganov | Conformation Evaluation in Horses of the Eastern-Sayan Ecotype of Buryat Breed[END_REF][START_REF] Anganov | Features of Buryat Horses of the East-Sayan Ecotype of the Selection Group[END_REF]. The former show the smallest stature of all other local breeds from Siberia [START_REF] Anganov | Features of Buryat Horses of the East-Sayan Ecotype of the Selection Group[END_REF], with bay, dun, chestnut, and gray representing the most widespread coat colors [START_REF] Nazarova | Exterior Features and Milk Productivity of Buryat and Transbaikalian Mare Breeds[END_REF]).

Short stature is characteristic of the Mongolian horse breed [START_REF] Lobanova | Altai Horse and the Stages of Its Transformation[END_REF]. The most common coat colors of modern Mongolian horses are bay and chestnut [START_REF] Sodnompilova | Zөv Zus or 'Right' Horse Paint in the Horse-Breeding Culture of the Mongolian Peoples: Horse Paint Symbolism[END_REF][START_REF] Zhambalova | Mongolian Horse in the Wars and Culture of Mongolian People[END_REF]. According to written and oral sources of Mongol peoples, horses of darker (black, chestnut, and bay) coat colors were considered more adapted to harsh environmental conditions and less susceptible to diseases. In Mongol cultures, white (light gray) horses are considered to be sacred, to bring happiness, as this color is the symbol of the sun. In the past, only elite members of the society could own such horses [START_REF] Zhukovskaya | Categories and Symbols of Traditional Culture of the Mongols[END_REF]. Similarly, gray, black horses are associated with blue sky or water; yellow, golden, and brown coat colors (palomino, buckskin, dun, cream) symbolize earth and wealth, while the chestnut coat color is associated with fire [START_REF] Sodnompilova | Zөv Zus or 'Right' Horse Paint in the Horse-Breeding Culture of the Mongolian Peoples: Horse Paint Symbolism[END_REF]. The tobiano, sabino, splashed white, leopard horse coat colors are often mentioned in written and oral sources of the peoples of Central Asia, which suggests that they could be quite common in historical times, although they began associated with misfortune during the 20th century [START_REF] Dulam | Color Symbolism of Herds and Animals: Superficial and Deep Meanings[END_REF][START_REF] Lipets | Images of Batyr and His Horse in the Turkic-Mongolian Epic[END_REF][START_REF] Malyavkin | The Tang Chronicles on the States of Central Asia: Texts and Studies[END_REF]. Textual evidence also indicate that gray and black horses were considered negatively, and associated with disease, death, and war [START_REF] Sodnompilova | Zөv Zus or 'Right' Horse Paint in the Horse-Breeding Culture of the Mongolian Peoples: Horse Paint Symbolism[END_REF].

Genetic diversity and phylogeography of landrace breeds of Altai and adjacent territories

In general, landrace breeds have greater genetic diversity than breeds that are more influenced by control breeding (Petersen, Mickelson, Cothran, et al. 2013;[START_REF] Udina | Genetic Diversity of the Russian Horse Breeds Estimated by Molecular Genetic Methods[END_REF]. The more ancient origin of the Mongolian horse in comparison with other breeds is confirmed by a very high level of within-breed diversity, revealed by the analysis of the following genetic markers: genome-wide SNPs [START_REF] Mccue | A High Density SNP Array for the Domestic Horse and Extant Perissodactyla: Utility for Association Mapping, Genetic Diversity, and Phylogeny Studies[END_REF]Petersen, Mickelson, Cothran, et al. 2013;[START_REF] Tozaki | Genetic Diversity and Relationships among Native Japanese Horse Breeds, the Japanese Thoroughbred and Horses Outside of Japan Using Genome-wide SNP Data[END_REF], microsatellites [START_REF] Cho | Genetic Relationship among the Korean Native and Alien Horses Estimated by Microsatellite Polymorphism[END_REF][START_REF] Kalashnikov | Polymorphism of Microsatellite DNA in Horses of Stud and Local Breeds[END_REF][START_REF] Khrabrova | Сomparative Analysis of the Allele Pool of Local Horse Breeds by DNA Markers[END_REF][START_REF] Tozaki | Microsatellite Variation in Japanese and Asian Horses and Their Phylogenetic Relationship Using a European Horse Outgroup[END_REF], polymorphisms of proteins [START_REF] Nozawa | Phylogenetic Relationships among Japanese Native and Alien Horses Estimated by Protein Polymorphisms[END_REF]) and mitogenome fragments [START_REF] Kim | Phylogenetic Relationships of Cheju Horses to Other Horse Breeds as Determined by MtDNA D-Loop Sequence Polymorphism[END_REF]. The high genetic diversity of the Tuva horse breed was shown by studies of genome-wide SNPs (Petersen, Mickelson, Cothran, et al. 2013), microsatellites [START_REF] Kalashnikov | Polymorphism of Microsatellite DNA in Horses of Stud and Local Breeds[END_REF][START_REF] Khrabrova | Сomparative Analysis of the Allele Pool of Local Horse Breeds by DNA Markers[END_REF], and mitogenome control region polymorphisms [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF][START_REF] Voronkova | Assessment of the Genetic Diversity of Horses in the Altai-Sayan Region Using Nuclear and Mitochondrial DNA Markers[END_REF]. The microsatellite analysis revealed one of the highest levels of allelic diversity in the Altai horse breed and the lowest microsatellite diversity for the Buryat horse. Unique microsatellite alleles were found in the Altai (Ulagansky District of the Altai Republic), Tuva, Buryat, and Mongolian breeds [START_REF] Kalashnikov | Polymorphism of Microsatellite DNA in Horses of Stud and Local Breeds[END_REF][START_REF] Khrabrova | Сomparative Analysis of the Allele Pool of Local Horse Breeds by DNA Markers[END_REF].

A close genetic relationship of the Mongolian and Tuva breeds was revealed by a genome-wide SNP surveys (Petersen, Mickelson, Cothran, et al. 2013;[START_REF] Tozaki | Genetic Diversity and Relationships among Native Japanese Horse Breeds, the Japanese Thoroughbred and Horses Outside of Japan Using Genome-wide SNP Data[END_REF], as well as microsatellite variation [START_REF] Kalashnikov | Polymorphism of Microsatellite DNA in Horses of Stud and Local Breeds[END_REF][START_REF] Khrabrova | Сomparative Analysis of the Allele Pool of Local Horse Breeds by DNA Markers[END_REF]. Microsatellite diversity patterns have suggested that the Altai and Yakutian horse breeds were the closest in the region, while the Buryat breed is not closely related to any of the above breeds [START_REF] Kalashnikov | Polymorphism of Microsatellite DNA in Horses of Stud and Local Breeds[END_REF][START_REF] Khrabrova | Сomparative Analysis of the Allele Pool of Local Horse Breeds by DNA Markers[END_REF]. A close genetic affinity between the Mongolian and local North European (Norwegian, Icelandic) horse breeds was revealed on the basis of microsatellite analysis, which possibly reflects historical migration of the Mongol people to the west as the Great Mongol Empire expanded in the 13th century CE [START_REF] Bjornstad | Genetic Relationship between Mongolian and Norwegian Horses?[END_REF].

The analysis of blood protein polymorphisms indicated Mongolian origins for the Jeju horse breed of the Jeju Island in South Korea and the Yunnan horse breed of Southwest China [START_REF] Nozawa | Phylogenetic Relationships among Japanese Native and Alien Horses Estimated by Protein Polymorphisms[END_REF].

The fact that Mongolian horses were the source for the Korean Jeju horse breed is also revealed by the polymorphism analysis of the mitogenome control region [START_REF] Kim | Phylogenetic Relationships of Cheju Horses to Other Horse Breeds as Determined by MtDNA D-Loop Sequence Polymorphism[END_REF], microsatellites [START_REF] Cho | Genetic Relationship among the Korean Native and Alien Horses Estimated by Microsatellite Polymorphism[END_REF], and whole genome evidence [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF][START_REF] Gaunitz | Ancient Genomes Revisit the Ancestry of Domestic and Przewalski's Horses[END_REF]. Genome-wide SNP [START_REF] Tozaki | Genetic Diversity and Relationships among Native Japanese Horse Breeds, the Japanese Thoroughbred and Horses Outside of Japan Using Genome-wide SNP Data[END_REF]) and microsatellite variation [START_REF] Tozaki | Microsatellite Variation in Japanese and Asian Horses and Their Phylogenetic Relationship Using a European Horse Outgroup[END_REF] have supported that the breeds native from Japan found their ancestors within Mongolian horses [START_REF] Tozaki | Microsatellite Variation in Japanese and Asian Horses and Their Phylogenetic Relationship Using a European Horse Outgroup[END_REF][START_REF] Tozaki | Genetic Diversity and Relationships among Native Japanese Horse Breeds, the Japanese Thoroughbred and Horses Outside of Japan Using Genome-wide SNP Data[END_REF].

Overall, while important progress has been made for a genetic characterization of modern, medieval and ancient horses of Altai and adjacent territories, horses of many archaeological cultures of this region and many hypotheses regarding the origin of horses of indigenous breeds of Altai and adjacent territories (for example, about the possible origin of modern horses of the Altai breed from Pazyryk horses [START_REF] Grebennikov | Horses of Nomads of Mountain and Forest-Steppe Altai (According to Osteological Data)[END_REF])) remain overlooked by researchers of ancient and modern DNA. 

Samples used

Information about all samples of modern and ancient, medieval and modern era horses studied by us is given in Appendix 3 and Appendix 5, respectively. The original samples of modern horses were hair with hair follicles, and the samples of ancient, medieval and modern era horses were represented by fragments of bones or teeth. 

Materials

Reagents

The following reagents were used in the experiments: HyClone HyPure Molecular Biology Grade Water ("Cytiva", USA), EDTA (ethylenediaminetetraacetic acid) ("Thermo Fisher Scientific", USA), EDTA ("Sigma-Aldrich", Germany), NH4OH ("Sigma-Aldrich", Germany), sodium lauroyl sarcosinate ("Medigen Laboratory", Russia), sodium lauroyl sarcosinate ("ITW Reagents", Germany), Proteinase K ("Thermo Fisher Scientific", Germany), SDS ("Sigma-Aldrich", Germany), DTT ("Thermo Fisher Scientific", Lithuania), Phenol water-saturated ("Medigen Laboratory", Russia), EtOH 96 % ("VWR International", France), EtOH 100 % (Russia), RNase I ("Thermo Fisher Scientific", Lithuania), Tween 20 ("Sigma-Aldrich", Germany), Tris ("Medigen Laboratory", Russia), HCl (Russia), NaCl ("Thermo Fisher Scientific", Germany), BSA ("Thermo Fisher Scientific", USA), USER (uracil-specific excision reagent) Enzyme ("New England Biolabs", USA), dNTP Set ("Thermo Fisher Scientific", Lithuania), AmpliTaq Gold™ DNA Polymerase with Gold Buffer and MgCl2 ("Thermo Fisher Scientific", Lithuania), AccuPrime™ Pfx DNA Polymerase with AccuPrime Pfx Reaction Mix ("Thermo Fisher Scientific", USA), Phusion High-Fidelity DNA Polymerase with High-Fidelity Buffer ("Thermo Fisher Scientific", Lithuania). For all experiments, Milli-Q grade ultrapure water was used.

Buffers

The following buffers were used in the experiments: 

ADNA extraction from bones and teeth

Sample preparation before DNA extraction included UV irradiation of the sample for 30 min on each side, removal of the outer surface of a part of the bone sample by sliding a diamond disk of the electric drill (URAGAN, Russia) over the surface, sawing off the piece of the sample with cleaned surface and grinding it to bone powder in a metal mortar using pestle.

ADNA extraction was carried out according to the method of Yang and co-authors [START_REF] Yang | Improved DNA Extraction from Ancient Bones Using Silica-Based Spin Columns[END_REF]) with the following modification by Sanderson, Radley, Mayton [START_REF] Sanderson | Ethylenediaminetetraacetic Acid in Ammonium Hydroxide for Reducing Decalcification Time[END_REF]: the lysis buffer contained (NH4)4EDTA instead of pure EDTA to reduce the digestion time, as well as the following minor modifications: using sodium lauroyl sarcosinate instead of SDS as a detergent in lysis buffer; purification of extracted DNA on MinElute silica-membrane spin columns (Qiagen, recovery of DNA: 70 bp to 4 kb) instead of QIAquick silica-membrane spin columns (Qiagen, recovery of DNA: 100 bp to 10 kb); there was no step of incubating bone powder in lysis buffer at 37 °С.

300-mg of bone powder was incubated in 4 ml lysis buffer containing 0.45 M (NH4)4EDTA, 0.5 % sodium lauroyl sarcosinate, 150 µg/mL Proteinase K in the thermoshaker (MaxQ™ 4450 Benchtop Orbital Shaker (Thermo Fisher Scientific)) at 55 °С until the bone powder was completely dissolved (for about 2.0-2.5 hours). After centrifugation of the solution of dissolved bone powder at 2800g for an hour, the supernatant was concentrated to a volume of 150 μl on Amicon ® Ultra-15 3K centrifugal filter device (Merck (Millipore)) (for about 1.5 hours). Then 2.5 ml of Milli-Q water was added to the centrifugal filter device, and the sample was again concentrated to a volume of 150 μl (for about 1 hour).

DNA purification was carried out on MinElute silica-membrane spin columns (Qiagen) using the MinElute PCR Purification Kit (Qiagen) and in accordance with the manufacturer's protocol with the following minor modifications: DNA was purified with 750 μl of Buffer PE (wash buffer, Qiagen) twice instead of once; before the DNA elution step, Buffer EB (with 0.05 % Tween 20 to reduce DNA binding to the tube walls) was heated to 37 °С on the Thermomixer C (Eppendorf); the DNA elution step included incubation of the column with 35 μl of Buffer EB, pre-heated to 37 °С, on the Thermomixer C (Eppendorf) for 10 min at 37 °С; the first centrifugation was carried out at 8000g, and the last centrifugation was performed for several minutes.

Sequencing of a fragment of the HVR I of the modern, medieval and ancient horse mitogenomes

Sequencing of a fragment of the HVR I of the modern horse mitogenomes

Primers for amplification of a fragment of the control region of the horse mitogenome (GenBank database accession number -NC_001640.1) were selected using the Primer3Plus Version 2.4.2 software [START_REF] Untergasser | Primer3-New Capabilities and Interfaces[END_REF] in accordance with the standard values of the parameters. The probability of the formation of hairpins (complex secondary structures), primer self-dimers, heterodimers was assessed using the OligoAnalyzer 3.1 Tool (Integrated DNA Technologies). The selected primers are shown in Table 1. Capillary electrophoresis of the samples was performed on the Genetic Analyzer Sanger

Sequencing 3500 Series, Applied Biosystems (Thermo Fisher Scientific).

Sequencing of a fragment of the HVR I of the ancient and medieval horse mitogenomes

Primers for amplification of a fragment of the control region of the horse mitogenome (GenBank database accession number -NC_001640.1) were selected using the Primer3Plus Version 2.4.2 software [START_REF] Untergasser | Primer3-New Capabilities and Interfaces[END_REF] in accordance with the standard values of the parameters. Since aDNA is highly fragmented, the primers were selected in such a way that the size of the PCR products did not exceed 200 bp. Due to the multiplex PCR, one of the important points in the selection of primers was the proximity of the annealing temperatures of all primers. The probability of the formation of hairpins (complex secondary structures), primer self-dimers, heterodimers was assessed using the OligoAnalyzer 3.1 Tool (Integrated DNA Technologies). The selected primers are shown in Table 2. Multiplex amplification of two overlapping fragments (150 bp and 177 bp) of the control region of the mitogenome of the ancient and medieval horses was performed in a 30 μl reaction volume containing 30-50 ng of template DNA (extracted aDNA), 1X Phusion ™ High-Fidelity Buffer (Thermo Fisher Scientific), 0.5 mM MgCl2, 400 ng/μl BSA (bovine serum albumin) (to reduce the effect of various inhibitors from the aDNA extracts on the amplification process (Rohland and Hofreiter 2007b)), 0.2 mM each of dATP, dCTP, dGTP, dTTP, 0.4 μM of each primer (Con1F,R, Con2F,R), 1 U (unit) of Phusion ™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific). The PCR was carried out on the C1000 Touch PCR thermal cycler (Bio-Rad Laboratories) under the following conditions: initial denaturation at 98 °С for 30 sec followed by 35 cycles consisting of denaturation at 98 °С for 10 secs, annealing at 68 °С for 30 secs, elongation at 72 °С for 25 sec and final extension at 72 °С for 7 min. For the extract of each ancient bone sample, two independent amplifications were performed. The PCR products were purified using the MinElute PCR Purification Kit (Qiagen) and in accordance with the manufacturer's protocol with the following minor modifications: the purification step using 750 μl of Buffer PE (wash buffer, Qiagen) was performed twice, not once; before the DNA elution step, the EB buffer was heated to 37 °С on the Thermomixer C (Eppendorf); the DNA elution step itself was carried out in 35 μl of Buffer EB (with 0.05 % Tween 20 to reduce DNA binding to the tube walls) for 10 min at 37 °С on the Thermomixer C (Eppendorf); the first centrifugation was carried out at 8000g, and the last centrifugation was performed for several minutes.

Paired-end double or single indexed libraries of fragments of the mitogenome control region of the ancient and medieval horses were prepared using the TruSeq ® Nano DNA Sample Preparation Kit (Illumina) according to the manufacturer's protocol with the following modifications: the step of DNA fragmentation and selection of DNA fragments of specific sizes was skipped; sequencing libraries were prepared from 250 ng of DNA; the first purification of DNA fragments was performed using the MinElute PCR Purification Kit (Qiagen), the second and third purifications of fragments of the sequencing libraries were carried out using the Sample Purification Beads (Illumina) (single-sided size selection, adding 1 volume of the purification beads to the samples); at all stages of purification, DNA was eluted in Buffer EB (with 0.05 % Tween 20) (the MinElute PCR Purification Kit (Qiagen)).

The first stage, DNA fragmentation, was skipped because extreme fragmentation is one of the main characteristics of aDNA [START_REF] Sawyer | Temporal Patterns of Nucleotide Misincorporations and DNA Fragmentation in Ancient DNA[END_REF]. The stage of converting the overhangs of the DNA fragments into blunt ends was carried out using the End Repair Mix reagent (Illumina) (the 3″ to 5″ exonuclease activity, the 5″ to 3″ polymerase activity). A mixture of 250 ng of the DNA fragments from the ancient bone extract and 40 μl of the End Repair Mix was incubated on the C1000 Touch PCR thermal cycler (Bio-Rad Laboratories) for 30 min at 30 °С and then cooled to 4 °С. Purification of the end-repaired samples was carried out using the MinElute PCR Purification Kit (Qiagen) and in accordance with the manufacturer's protocol with the following minor modifications: the purification step using 750 μl of Buffer PE (wash buffer, Qiagen) was performed twice, not once; before the DNA elution step, Buffer EB (with 0.05 % Tween 20 to reduce DNA binding to the tube walls) was heated to 37 °С on the Thermomixer C (Eppendorf); the DNA elution step itself was carried out in 17.5 μl of Buffer EB, pre-heated to 37 °С, for 10 min at 37 °С on the Thermomixer C (Eppendorf); the first centrifugation was carried out at 8000g, and the last centrifugation was performed for several minutes.

The next stage of the experiment, required for adenylation of 3″ ends of blunt DNA fragments, consisted of mixing 12.5 μl of the A-Tailing Mix reagent (Illumina) and the end-repaired samples (17.5 μl) and incubating this mixture on the C1000 Touch PCR thermal cycler (Bio-Rad Laboratories) under the following conditions: incubation for 30 min at 37 °С followed by incubation for 5 min at 70 initial denaturation at 95 °С for 5 min followed by 35 cycles consisting of denaturation at 95 °С for 30 secs, annealing and elongation at 60 °С for 45 sec. We also carried out the melting of DNA fragments and performed a melting curve analysis (in the range of 65 °С to 95 °С, 0.5 °С per 5 s increments) to identify the presence of by-products such as adapter dimers in the sequencing libraries.

In accordance with the nM concentrations determined at the stage of quantification, the sequencing libraries were normalized to 10 nM concentrations, pooled in equal volumes, diluted to 4 nM concentration. This normalized library pool was sequenced on the MiSeq Next Generation Sequencer (Illumina) using the MiSeq Reagent Kit v2 (Illumina) (300 cycles, 2 x 150 bp).

Secondary sequencing data analysis

Consensus sequences of the 246 bp fragment of the HVR I of the mitogenome of the modern horses, which were sequenced using the Sanger method, were obtained using the following Sanger sequencing software: Sequencing Analysis Software v7.0 (primary analysis tool, Thermo Fisher Scientific), Sequence Scanner Software v2.0 (viewer, Thermo Fisher Scientific).

Collapsing of the reads associated with the sequencing libraries of the ancient and medieval horses was done using AdapterRemoval v2.2.2 [START_REF] Schubert | AdapterRemoval v2: Rapid Adapter Trimming, Identification, and Read Merging[END_REF] in the PALEOMIX BAM Pipeline v1.3.2 (Schubert, Ermini, et al. 2014). Alignment of the collapsed reads with a minimum read mapping quality equal to 25 against reference sequence of the horse mitogenome (GenBank accession №: NC_001640.1)

was performed using sequence aligner bwa v0.7.15 [START_REF] Li | Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform[END_REF] in the PALEOMIX BAM Pipeline v1.3.2 (Schubert, Ermini, et al. 2014). Recalculations of quality scores of bases that are most likely the result of postmortem DNA damage were carried out using the MapDamage v2.2.0 computational framework [START_REF] Jónsson | MapDamage2.0: Fast Approximate Bayesian Estimates of Ancient DNA Damage Parameters[END_REF] in the PALEOMIX BAM Pipeline v1.3.2 (Schubert, Ermini, et al. 2014). The resulting alignment was visualized using a bioinformatics software platform Geneious Prime v2020.2.4 (https://www.geneious.com; Biomatters Ltd.). In the software platform, the consensus sequences of the 246 bp fragment of the HVR I of the mitogenome of the ancient and medieval horses were obtained, while a base other than the reference one was considered a substitution only if its quality was higher than 60 % of total adjusted base quality; in other cases, positions in the consensus sequence were designated by ambiguous DNA characters.

Analysis of genetic diversity

Mitogenome haplotyping of the studied modern, medieval and ancient horses, based on polymorphisms in the 246 bp fragment of the HVR I of the mitogenome, was carried out according to the Cieslak and co-authors classification [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF], while, like Cieslak and co-authors, we did not take into account genetic variants in the mutation hotspots.

Intra-population analysis to determine genetic diversity within each group of horses and structural analysis that shows differences in genetic diversity between groups (PCA, FST (Wright's fixation index) values, phylogenetic network construction) were performed. The FST values, reflecting the measure of population differentiation (evolutionary Nei's genetic distance, 10,000 permutations), as well as genetic and haplotype diversity values, the average number of pairwise genetic differences within and between groups of horses were calculated using an integrated software package Arlequin v3.5.2.2 [START_REF] Excoffier | Arlequin Suite Ver 3.5: A New Series of Programs to Perform Population Genetics Analyses under Linux and Windows[END_REF]. The analysis of molecular inter-population and intra-population variance (AMOVA (Analysis of MOlecular VAriance)) was also performed using the integrated software package Arlequin v3.5.2.2 (Excoffier and Lischer 2010), the statistical significance was assessed by permutation tests using 1023 repeats. Graphic diagrams of the genetic affinities between groups identified on the basis of the pairwise distances between them were constructed using the R-function (pairFstMatrix.r) integrated into the software package Arlequin v3.5.2.2 [START_REF] Excoffier | Arlequin Suite Ver 3.5: A New Series of Programs to Perform Population Genetics Analyses under Linux and Windows[END_REF].

The phylogenetic network was built on the basis of the median-joining algorithm using the Network v5.0.1.1 software (Fluxus Technology Ltd; http://www.fluxusengineering.com).

Principal component analysis (PCA) on the basis of the haplogroup frequencies of the studied modern horse groups was performed using the jalview v2.11.0 software [START_REF] Waterhouse | Jalview Version 2 -a Multiple Sequence Alignment Editor and Analysis Workbench[END_REF]). The source data for the above-described PCA are shown in Table 3. 

Methods for studying the mitogenomes of the ancient and medieval horses (the experiment was carried out in Russia)

ADNA extraction from bones and teeth

Sample preparation before DNA extraction and aDNA extraction was carried out as described in section 3.3.1.2. 

Preparation of paired-end ancient genomic DNA libraries

Target enrichment of the obtained ancient genomic DNA libraries with mtDNA fragments

Target enrichment of mtDNA fragments from the obtained ancient genomic DNA libraries was performed according to the protocol of Maricic and co-authors [START_REF] Maricic | Multiplexed DNA Sequence Capture of Mitochondrial Genomes Using PCR Products[END_REF]) with the following modifications: two rounds of enrichment were carried out; long fragments (~ 4 kb) of the horse mitogenome were not sonicated; immobilization of the biotinylated baits on the streptavidin magnetic beads was carried out according to the Dynabeads™ Streptavidin Trial Kit protocol using the SSC buffer as a binding and washing buffer; the final purifications of the magnetic beads after the enrichment procedure were performed in the SCC buffer (2X, 0.2X); at the final stages of the procedure, 20 cycles of amplification of the enriched libraries were carried out.

Preparation of biotinylated long overlapping fragments of the horse mitogenome

("bait" molecules)

Modern horse DNA extraction from the muscle tissue

Modern horse DNA was extracted from the muscle tissue of a modern horse according to the for 20 min), then dried at room temperature and resuspended in 100 μl of TE buffer.

Amplification of long overlapping fragments of the modern horse mitogenome

Primers for amplification of long (about 4 kb each) overlapping fragments of the horse mitogenome (GenBank database accession number -NC_001640.1) were selected using the Primer3Plus Version 2.4.2 software [START_REF] Untergasser | Primer3-New Capabilities and Interfaces[END_REF] in accordance with the standard values of the parameters. The probability of the formation of hairpins (complex secondary structures), primer selfdimers, heterodimers was assessed using the OligoAnalyzer 3.1 Tool (Integrated DNA Technologies).

The selected primers are shown in Table 4. (Qiagen) and in accordance with the manufacturer's protocol with the following minor modifications: the DNA elution step included incubation of the column with 40 μl of the pre-heated (to 37 °С) Buffer EB (with 0.05 % Tween 20 to reduce DNA binding to the tube walls)

for 10 min at 37 °С on the Thermomixer C (Eppendorf). The nM concentrations of the long-range PCR products were calculated based on the ng/μl concentrations of these DNA fragments, determined using the spectrophotometer NanoDrop 2000C (Thermo Fisher Scientific), and the size of the fragments. The purified fragments of the horse mitogenome were mixed in equimolar proportion (50 nM).

Biotinylation of the long fragments of the modern horse mitogenome

Biotinylation of the horse mitogenome fragments was carried out through nick translation, and not by Bio-T/B adapter ligation, as in the method of Maricic and co-authors [START_REF] Maricic | Multiplexed DNA Sequence Capture of Mitochondrial Genomes Using PCR Products[END_REF]). The nick translation reaction was performed using a BioNick™ DNA Labeling System (Life Technologies 

Immobilization of the biotinylated horse mitogenome fragments on streptavidin magnetic beads

The 

Capture of horse mitogenome fragments from the obtained ancient genomic DNA libraries

Two consecutive rounds of enrichment of the obtained ancient genomic DNA libraries with mtDNA fragments were carried out.

27 μl (1-2 μg) of the ancient genomic DNA library was denatured at 95 °С for 5 min and cooled to 0 °С on the C1000 Touch PCR thermal cycler (Bio-Rad Laboratories). 27 μl of a sequencing library and 3 μl of 20X SSC buffer (the buffer concentration became 2X) were added to 10 μl (100 μg) of magnetic beads with immobilized biotinylated horse mitogenome fragments. The tubes were sealed with paraffin and hybridized for two days at 65 °С in the UVP Minidizer Hybridization Oven (Analytik Jena) with a constant slow rotation of the rotor at 12 rpm.

After the enrichment procedure, the magnetic beads were washed 3 times with 100 μl of 2X SSC buffer; each washing step included incubation of the samples in SCC buffer at 65 °С for 5 min on the C1000 Touch PCR thermal cycler (Bio-Rad Laboratories), the supernatant was removed using a magnet.

After the initial washing steps, the magnetic beads were washed 2 times with 100 μl of 0.2X SSC buffer; each washing step included incubation of samples in SCC buffer at room temperature for 5 min, the supernatant was removed using a magnet. The stage of elution of fragments of enriched sequencing libraries from magnetic beads included the addition of 30 μl of ultrapure water to the samples, incubation of the samples at 95 °С for 5 min on the C1000 Touch PCR thermal cycler (Bio-Rad Laboratories), cooling the samples to 0 °С, and collecting the supernatant from the sample tubes that were placed next to the magnet.

Amplification of fragments of the enriched libraries was performed in a 50 μl reaction volume containing 27 μl of the enriched library fragments (since the concentrations of the enriched libraries are small (~ 0.3-0.6 ng/μl) due to the small percentage of mtDNA fragments in the original genomic libraries; according to the literature, it is less than 1 % [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF])), 1X Phusion™ HF Buffer (Thermo Fisher Scientific), 0.2 mM each of dATP, dCTP, dGTP, dTTP, 0.5 μM of the primers (A1: 5″-AATGATACGGCGACCACCGAGATCT-3″, A2: 5″-CAAGCAGAAGACGGCATACGAGAT-3″) complementary to conserved fragments (not including index sequences) of the Illumina adapters, 1 U (unit) of Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific). The PCR was carried out on the C1000 Touch PCR thermal cycler (Bio-Rad Laboratories) under the following conditions: initial denaturation at 98 °С for 30 sec followed by 20 cycles consisting of denaturation at 98 °С for 10 sec, annealing at 65 °С for 20 sec, elongation at 72 °С for 20 sec and final extension at 72 °С for 5 min.

Purification of the amplified enriched libraries was carried out using the MinElute PCR Purification Kit (Qiagen) and in accordance with the manufacturer's protocol with the following minor modifications: the purification step using 750 μl of Buffer PE (wash buffer, Qiagen) was performed twice, not once; before the DNA elution step, Buffer EB (with 0.05 % Tween 20 to reduce DNA binding to the tube walls)

was heated to 37 °С on the Thermomixer comfort (Eppendorf); the DNA elution step itself was carried out in 35 μl of the pre-heated Buffer EB for 10 min at 37 °С on the Thermomixer comfort (Eppendorf).

Size selection of the enriched libraries

Concentrations (ng/μl) of the enriched libraries were estimated using the spectrophotometer NanoDrop 2000C (Thermo Fisher Scientific). Fragments of each enriched library (5 μl, separate lane in the gel) were separated by size using 2 % agarose gel electrophoresis. The content (fragments of different sizes) of the enriched libraries was estimated from the obtained electrophoretogram. Based on the concentrations obtained and the relative number of fragments of different sizes in the enriched libraries, the sequencing libraries were mixed so that the fragments of 150-450 bp in size were present in equal amounts, and 30-40 μl of the mixture contained about 1000 ng of the pooled library. The selection of the pooled library fragments of 150-450 bp in size was carried out using the preparative Pippin Prep instrument (electrophoresis system for targeted size selection of biomolecules; Sage Science) at the SB RAS Genomics Core Facility (Novosibirsk, Russia).

Quantification and sequencing of the post size selection enriched libraries

The post size selection pooled libraries were quantified using qPCR as described in section 3.3.1.3.2. In accordance with the nM concentrations determined at the stage of quantification, the sequencing libraries were normalized to 10 nM concentrations, pooled in equal volumes, diluted to 4 nM. This normalized library pool was sequenced on the MiSeq Next Generation Sequencer (Illumina) using the MiSeq Reagent Kit v2 (Illumina) (300 cycles, 2 x 150 bp).

Secondary sequencing data analysis

Trimming (including adapter sequence trimming) and collapsing of the obtained reads (using AdapterRemoval v.2.2.2 [START_REF] Schubert | AdapterRemoval v2: Rapid Adapter Trimming, Identification, and Read Merging[END_REF])), mapping of the trimmed and collapsed reads against the reference mitogenomes of Equus ferus caballus (GenBank accession №: NC_001640.1) and Homo sapiens (GenBank accession №: NC_012920.1) (using sequence aligner bwa v0.7.15 [START_REF] Li | Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform[END_REF]), filtering of PCR duplicates (the 'paleomix rmdup_collapsed' command), rescaling of quality scores of bases on the basis of the damage model built (using the MapDamage v2.2.0 computational framework [START_REF] Jónsson | MapDamage2.0: Fast Approximate Bayesian Estimates of Ancient DNA Damage Parameters[END_REF])) were performed using the PALEOMIX BAM Pipeline v1.3.2 (Schubert, Ermini, et al. 2014). The reads that have better alignment quality against the human reference mitogenome were removed from the alignment of the reads against the horse reference mitogenome using a custom script "contam_filter.py" (https://github.com/lca-imcb/lcangs/blob/master/contam_filter.py).

In the Phylogenetic pipeline (the PALEOMIX BAM Pipeline v1. 3.2 (Schubert, Ermini, et al. 2014)), based on the obtained BAM alignment file, consensus sequences of mitogenomes of the studied ancient and medieval horses were obtained based on a minimum coverage depth of 2 and base selection for quality ≥ 30. The depth and width of coverage of mitogenomes of the ancient and medieval horses studied were determined using the PALEOMIX BAM Pipeline v1.3.2 (Schubert, Ermini, et al. 2014) and were confirmed on bioinformatics software platform Geneious Prime v2020.2.4

(https://www.geneious.com).

Phylogenetic Analysis

The internally calibrated Bayesian phylogenetic tree from the multiple alignment (performed using the program MAFFT (multiple alignment using fast fourier transform) v7.407 [START_REF] Katoh | MAFFT: A Novel Method for Rapid Multiple Sequence Alignment Based on Fast Fourier Transform[END_REF])) of To construct this phylogenetic tree, different evolutionary models of nucleotide substitutions were used for each of the 5 partitions identified in the horse mitogenome by the PartitionFinder v2.1.1 program [START_REF] Lanfear | PartitionFinder: Combined Selection of Partitioning Schemes and Substitution Models for Phylogenetic Analyses[END_REF]. The evolutionary models proposed by the PartitionFinder v2.1.1 program for the best-fit partitioning scheme are as follows: HKY + I for the second codons of protein-coding genes;

HKY + G + I for RNA-coding genes, first and third codons of protein-coding genes; and GTR + G + I for hypervariable regions. BEAST analysis was performed using the Markov Chain Monte Carlo algorithm (MCMC) run for 50 million generations sampled every 1000 generations, under the strict clock model [START_REF] Ferreira | Bayesian Analysis of Elapsed Times in Continuous-Time Markov Chains[END_REF], the coalescent tree prior (assumes constant population size) [START_REF] Drummond | Estimating Mutation Parameters, Population History and Genealogy Simultaneously from Temporally Spaced Sequence Data[END_REF][START_REF] Kingman | The Coalescent[END_REF], the random starting tree model, with the first 10 % of the trees discarded as burn-in. The effective sample sizes and posterior probability density for all parameters of the MCMC run were analyzed in the program Tracer v1.7.1 [START_REF] Rambaut | Posterior Summarization in Bayesian Phylogenetics Using Tracer 1.7[END_REF]. The visualization of the maximum clade credibility tree, obtained in the TreeAnnotator v1.10.4 program, was performed in the FigTree v1.4.4 software (http://tree.bio.ed.ac.uk/software/figtree/). ADNA extraction was carried out as previously described by Gamba et. al (method Y) [START_REF] Gamba | Comparing the Performance of Three Ancient DNA Extraction Methods for High-Throughput Sequencing[END_REF] with the following modifications: the time and temperature of incubation of the samples in lysis buffer were slightly different from those given in the method Y; the transfer the digest supernatants to the Amicon Centrifugal Filter Units did not require the addition of 3 ml of 1X Tris-EDTA buffer; the speed and time of centrifugation steps at the stage of purification of the extracted DNA on the MinElute silica-membrane spin columns (Qiagen) were slightly modified; the EB buffer was preheated to 37 °С instead of 60 °С. More specifically:

Methods for studying the whole genomes of the ancient, medieval and modern era horses (the experiment was carried out in

250-500 mg of bone powder was incubated in 4 ml of the lysis buffer containing 0.45M EDTA, 0.5 % sodium lauroyl sarcosinate, 0.25 mg/mL Proteinase K on the SB3 Variable Speed Tube Rotator (Bibby Scientific) in the universal oven UN55 (Memmert) for 1 hour at 37 °С. After centrifuging the samples in the centrifuge 5702 (Eppendorf) for 2 min at 2000 rpm and removing the supernatant, 4 ml of fresh lysis buffer was added to the undigested bone or tooth pellets. Samples with lysis buffer were incubated on the SB3 Variable Speed Tube Rotator (Bibby Scientific) in the universal oven UN55

(Memmert) at 42 °С overnight. The digested samples were spun in the centrifuge 5702 (Eppendorf) for 2 min at 3000 rpm. The supernatants were transferred to the Amicon® Ultra-4 Centrifugal Filter Units 30K (Merck (Millipore)). The Amicon Centrifugal Filter Units containing the samples were centrifuged in the centrifuge 5702 (Eppendorf) at 3000 rpm until the samples were concentrated to a volume of 250 μl. The extracted and concentrated DNA from ancient samples was purified using the MinElute PCR Purification Kit (Qiagen) and in accordance with the manufacturer's protocol with the following minor modifications: the steps of centrifuging the samples in the centrifuge MiniSpin® plus (Eppendorf) were performed at a slightly different speed or for a slightly different time to reduce the loss of short DNA fragments: the first centrifugation was carried out at 8000 g, the second centrifugation was performed at 11,000 g, and the third centrifugation was carried out for two minutes instead of one; before the DNA elution step, the EB buffer was heated to 37 °С on the cooling and heating thermostat MKT13 (Carl Roth); the DNA elution step itself was carried out in 60 μl of Buffer EB (with 0.05 % Tween 20) for 10 min at 37 °С on the cooling and heating Thermoshaker MKT13 (Carl Roth).

USER enzyme treatment of DNA extracted from the ancient, medieval and modern era horse bones and teeth

The treatment of 23 μl of each obtained DNA extract using 7 μl of the USER enzyme mix (mix of the Uracil-DNA glycosylase and DNA glycosylase-lyase endonuclease VIII, which cleaves off DNA 3' of post-mortem deaminated cytosine residues (uraciles)) was performed for 3 hours at 37 °С on the SimpliAmp Thermal Cycler (Applied Biosystems).

Preparation of paired-end triple-indexed ancient genomic DNA libraries

Genomic libraries were prepared according to the method described by Meyer and Kircher [START_REF] Meyer | Illumina Sequencing Library Preparation for Highly Multiplexed Target Capture and Sequencing[END_REF], with modifications suggested by Gamba and co-authors [START_REF] Gamba | Comparing the Performance of Three Ancient DNA Extraction Methods for High-Throughput Sequencing[END_REF]. All enzymes, enzymatic mixes, reaction buffers used in this protocol were taken from the NEBNext® DNA Library Prep Master Mix Set for 454™ kit (New England BioLabs).

Before starting the experiment, the following reaction mixtures were prepared: End Repair Enzyme was incubated on the SimpliAmp Thermal Cycler (Applied Biosystems) under the following conditions: first incubation at 12 °С for 20 min followed by second incubation at 37 °С for 15 min. The samples were purified using the MinElute PCR Purification Kit (Qiagen) and in accordance with the manufacturer's protocol as described above (in section 3.3.3.1.).

On the iceless cold storage system for PCR tubes, 6.9 μl of the second reaction mixture, 0.63 μl of 20 μM P5 and P7 hybridized adapters, 16 μl of the end repaired DNA purified via the MinElute silicamembrane spin columns (Qiagen), 2.5 μl of Quick T4 DNA Ligase (NEBNext® Quick Ligation Module)

were mixed. This reaction mixture was incubated on the SimpliAmp Thermal Cycler (Applied Biosystems) at 20 °С for 20 min. The samples were purified using the MinElute PCR Purification Kit (Qiagen) as described above (in section 3.3.3.1.).

On the iceless cold storage system for PCR tubes, 1. 

Genomic library quantification and sequencing

The quantification of 10-fold diluted purified triple-indexed libraries was carried out on the 4200

TapeStation system (Agilent Technologies), using the High Sensitivity D1000 ScreenTape and Reagents (Agilent Technologies) in accordance with the manufacturer's instructions (Agilent High Sensitivity D1000 ScreenTape Assay Quick Guide for 4200 TapeStation System). As a result, we obtained nM concentrations of the genomic libraries and adapter dimers that were present in some libraries, as well as average sizes of fragments of the genomic libraries and adapter dimers. Genomic libraries, in which the concentration of adapter dimers was equal to or greater than the concentration of the fragments of the library itself, were subjected to one more purification with the Agencourt AMPure XP Magnetic Particles (Beckman Coulter Life Sciences), performed according to the manufacturer's protocol.

The concentration of obtained genomic libraries in ng/μl was determined on the Qubit 4

Fluorometer (Life Technologies (Thermo Fisher Scientific)) using the Qubit ® dsDNA High Sensitivity Assay Kit (Life Technologies (Thermo Fisher Scientific)) according to the manufacturer's protocol.

Based on the determined concentration (nM, ng/μl) and the average fragment size values, the obtained genomic libraries were pooled in an equimolar proportion and diluted to the concentration required for cluster generation on an appropriate sequencing system (MiniSeq System (Illumina), HiSeq4000 System (Illumina)).

Low-depth sequencing (around 1 million reads per sample) of the genomic libraries of DNA fragments from the ancient samples studied was carried out on the MiniSeq instrument (Illumina) using the MiniSeq Reagent Kit (Illumina) (150 cycles, 2 x 75 bp). Whole-genome sequencing of the obtained genomic libraries was performed on the HiSeq4000 instrument (Illumina) using one HiSeq 3000/4000

Cluster Kit and one HiSeq 3000/4000 SBS Kit (300 cycles, 2 x 76 bp).

Secondary sequencing data analysis

Secondary analysis of the shallow sequencing data was performed using the PALEOMIX pipelines [START_REF] Schubert | Zonkey: A Simple, Accurate and Sensitive Pipeline to Genetically Identify Equine F1-Hybrids in Archaeological Assemblages[END_REF]Schubert, Ermini, et al. 2014). Sequencing data analysis using the PALEOMIX BAM pipeline (Schubert, Ermini, et al. 2014) PCR duplicates (the 'paleomix rmdup_collapsed' command). Assessment of nucleotide misincorporation and DNA fragmentation patterns were performed using a total of 100,000 random mapped reads and the MapDamage v2.2.0 computational framework [START_REF] Jónsson | MapDamage2.0: Fast Approximate Bayesian Estimates of Ancient DNA Damage Parameters[END_REF]. This analysis allowed us to determine the percentage of endogenous DNA in the studied ancient samples, as well as clonality (the proportion of PCR duplicates) of each DNA library. Samples with a low percentage of PCR duplicates and a percentage of endogenous DNA above 8 % were selected for the whole-genome sequencing. Analysis of the obtained BAM alignment files using the PALEOMIX Zonkey pipeline [START_REF] Schubert | Zonkey: A Simple, Accurate and Sensitive Pipeline to Genetically Identify Equine F1-Hybrids in Archaeological Assemblages[END_REF]) was carried out to confirm that all studied samples belong to horses and not any other equine species, including cross-species F1-hybrids.

Sequencing analyzes of deep sequencing data included the processing of reads described above using the PALEOMIX pipelines. In addition, individual genome error rates were calculated using a highquality modern genome sequence and an outgroup consisting of the consensus sequences of 7 genomes of the representatives of different equine species (E. africanus somaliensis, E. asinus, E. burchelli, E.

grevyi, E. hartmannae, E. hemionus onager, E. kiang; the consensus sequence from [START_REF] Jónsson | Speciation with Gene Flow in Equids despite Extensive Chromosomal Plasticity[END_REF]). The consensus sequence was built following a majority rule in which no more than 2 genomes showed an alternative allele. Identification of minor (less common) and major (more common) alleles was carried out using the ANGSD (Analysis of Next Generation Sequencing Data) program [START_REF] Korneliussen | ANGSD: Analysis of Next Generation Sequencing Data[END_REF] with the following parameters: -baq 0 -doMajorMinor 2 -uniqueOnly 1 -minMapQ 25 -minQ 30 -minind 2 -doCounts 1 -doMaf 1. The error rate analysis showed a significant percentage of the nucleotide C→T and G→A mis-incorporation rates. To reduce these mis-incorporation rates, the reads of the original BAM files were divided into two groups according to the presumed presence or absence of post-mortem damage of the corresponding DNA fragments using the PMDtools program v0.60 [START_REF] Skoglund | Separating Endogenous Ancient DNA from Modern Day Contamination in a Siberian Neandertal[END_REF]. After this separation, the quality scores of bases of the reads with the nucleotide C→T and G→A mis-incorporations were recalculated using the MapDamage v2.2.0 computational framework [START_REF] Jónsson | MapDamage2.0: Fast Approximate Bayesian Estimates of Ancient DNA Damage Parameters[END_REF]). The reads with rescaled base quality scores were directly trimmed for 10 bp at both ends, and the reads from the group of reads without the nucleotide C→T and G→A mis-incorporations were directly trimmed for 5 bp at both ends. Trimming bases from the ends of the reads helped reduce the nucleotide C→T and G→A mis-incorporation rates, since most of the post-mortem DNA damage is concentrated at DNA fragment termini [START_REF] Green | Analysis of One Million Base Pairs of Neanderthal DNA[END_REF][START_REF] Sawyer | Temporal Patterns of Nucleotide Misincorporations and DNA Fragmentation in Ancient DNA[END_REF]. The modified reads of the two above-mentioned groups were combined to obtain the final BAM alignment file for each sample.

Tertiary sequencing data analysis

Determination of the sex of the studied ancient, medieval and modern era horses

Determination of the sex of the studied ancient, medieval and modern era horses was carried out using the PALEOMIX Zonkey pipeline [START_REF] Schubert | Zonkey: A Simple, Accurate and Sensitive Pipeline to Genetically Identify Equine F1-Hybrids in Archaeological Assemblages[END_REF] as previously described in Fages and coauthors [START_REF] Fages | Horse Males Became Over-Represented in Archaeological Assemblages during the Bronze Age[END_REF]). An ancient, medieval and modern era horse was considered a mare if the normalized X chromosome coverage was within the range of that observed across all the autosomes. If the normalized X-chromosome coverage was only half the range of the normalized coverage of all autosomes, the ancient, medieval and modern era horse was considered a stallion. Fages and co-authors [START_REF] Fages | Horse Males Became Over-Represented in Archaeological Assemblages during the Bronze Age[END_REF]) have statistically confirmed that the positive predictive value of this horse sex determination procedure is 100 % if it is based on more than 3,000 reads. Based on this, we did not conduct additional statistical tests to confirm the obtained sex determinations, since the number of reads for each sample studied was greater than 3,000 reads. However, we statistically confirmed a balanced or unbalanced male:female sex ratio in ancient, medieval and modern era horse groups, associated with archaeological sites, using the two-tailed binomial test.

Determination of the phenotypes of the studied ancient and modern era horses

The genotypes at 43 loci associated with coat-color and body size variations, racing performance, and genetic disorders were assessed for phenotypic inference, using the shotgun sequencing data of all samples and leveraging literature on the genetic basis of different phenotypic traits in horses [START_REF] Aleman | Association of a Mutation in the Ryanodine Receptor 1 Gene with Equine Malignant Hyperthermia[END_REF]Bellone, Archer, et al. 2010;Bellone, Forsyth, et al. 2010;[START_REF] Brault | Mapping of Equine Cerebellar Abiotrophy to ECA2 and Identification of a Potential Causative Mutation Affecting Expression of MUTYH[END_REF][START_REF] Brooks | Whole-Genome SNP Association in the Horse: Identification of a Deletion in Myosin Va Responsible for Lavender Foal Syndrome[END_REF][START_REF] Brooks | Exon Skipping in the KIT Gene Causes a Sabino Spotting Pattern in Horses[END_REF][START_REF] Brunberg | A Missense Mutation in PMEL17 Is Associated with the Silver Coat Color in the Horse[END_REF][START_REF] Cannon | Sodium Channel Inactivation Is Impaired in Equine Hyperkalemic Periodic Paralysis[END_REF][START_REF] Christopherson | A 10-Base-Pair Deletion in the Gene Encoding Platelet Glycoprotein IIb Associated with Glanzmann Thrombasthenia in a Horse[END_REF][START_REF] Cook | Missense Mutation in Exon 2 of SLC36A1 Responsible for Champagne Dilution in Horses[END_REF][START_REF] Fox-Clipsham | Identification of a Mutation Associated with Fatal Foal Immunodeficiency Syndrome in the Fell and Dales Pony[END_REF][START_REF] Gu | Association of Sequence Variants in CKM (Creatine Kinase, Muscle) and COX4I2 (Cytochrome c Oxidase, Subunit 4, Isoform 2) Genes with Racing Performance in Thoroughbred Horses[END_REF][START_REF] Hansen | Sequence Analysis of the Equine SLC26A2 Gene Locus on Chromosome 14q15→q21[END_REF][START_REF] Hauswirth | Mutations in MITF and PAX3 Cause 'Splashed White' and Other White Spotting Phenotypes in Horses[END_REF][START_REF] Hauswirth | Novel Variants in the KIT and PAX3 Genes in Horses with White-Spotted Coat Colour Phenotypes[END_REF]E. W. Hill et al. 2010;[START_REF] Hill | A Sequence Polymorphism in MSTN Predicts Sprinting Ability and Racing Stamina in Thoroughbred Horses[END_REF][START_REF] Imsland | Regulatory Mutations in TBX3 Disrupt Asymmetric Hair Pigmentation That Underlies Dun Camouflage Color in Horses[END_REF][START_REF] Makvandi-Nejad | Four Loci Explain 83% of Size Variation in the Horse[END_REF][START_REF] Mariat | A Mutation in the MATP Gene Causes the Cream Coat Colour in the Horse[END_REF][START_REF] Marklund | A Missense Mutation in the Gene for Melanocyte-Stimulating Hormone Receptor (MCIR) Is Associated with the Chestnut Coat Color in Horses[END_REF][START_REF] Orr | Genome-Wide SNP Association-Based Localization of a Dwarfism Gene in Friesian Dwarf Horses[END_REF][START_REF] Petersen | Haplotype Diversity in the Equine Myostatin Gene with Focus on Variants Associated with Race Distance Propensity and Muscle Fiber Type Proportions[END_REF][START_REF] Révay | GTG Mutation in the Start Codon of the Androgen Receptor Gene in a Family of Horses with 64, XY Disorder of Sex Development[END_REF][START_REF] Rieder | Mutations in the Agouti (ASIP), the Extension (MC1R), and the Brown (TYRP1) Loci and Their Association to Coat Color Phenotypes in Horses (Equus Caballus)[END_REF][START_REF] Sandmeyer | Congenital Stationary Night Blindness Is Associated with the Leopard Complex in the Miniature Horse[END_REF][START_REF] Shin | A Kinase-Negative Mutation of DNA-PK(CS) in Equine SCID Results in Defective Coding and Signal Joint Formation[END_REF][START_REF] Signer-Hasler | A Genome-Wide Association Study Reveals Loci Influencing Height and Other Conformation Traits in Horses[END_REF][START_REF] Spirito | Animal Models for Skin Blistering Conditions: Absence of Laminin 5 Causes Hereditary Junctional Mechanobullous Disease in the Belgian Horse[END_REF][START_REF] Towers | A Nonsense Mutation in the IKBKG Gene in Mares with Incontinentia Pigmenti[END_REF][START_REF] Tryon | Homozygosity Mapping Approach Identifies a Missense Mutation in Equine Cyclophilin B (PPIB) Associated with HERDA in the American Quarter Horse[END_REF][START_REF] Wagner | New Polymorphism Detected in the Horse MC1R Gene[END_REF][START_REF] Wijnberg | A Missense Mutation in the Skeletal Muscle Chloride Channel 1 (CLCN1) as Candidate Causal Mutation for Congenital Myotonia in a New Forest Pony[END_REF][START_REF] Yang | A Dinucleotide Mutation in the Endothelin-B Receptor Gene Is Associated with Lethal White Foal Syndrome (LWFS); a Horse Variant of Hirschsprung Disease[END_REF]. Allele probabilities were calculated from the ratio of the number of reads that support the causative allele and the number of reads that do not support the causative allele.

Phylogeographic reconstructions based on genome-wide data

Pairwise matrix of genetic distances was obtained from pseudo-haploidized genome data using the bed2diffs_v1 program [START_REF] Petkova | Visualizing Spatial Population Structure with Estimated Effective Migration Surfaces[END_REF]. This matrix served as input for phylogenetic reconstruction with FastME v2.0 [START_REF] Lefort | FastME 2.0: A Comprehensive, Accurate, and Fast Distance-Based Phylogeny Inference Program[END_REF] using the neighbor joining method. Node support values were obtained based on 100 bootstrap pseudo-replicates.

Genetic continuity between the studied ancient and modern horses

The genetic continuity between the ancient and modern horses studied was assessed using a Likelihood Ratio Test, based on a comparison of the allele frequencies of domesticated horses and the possible allele frequencies of the putative ancient ancestors of domesticated horses, weighted by their probabilities, as previously described by Schraiber [START_REF] Schraiber | Assessing the Relationship of Ancient and Modern Populations[END_REF]. For this analysis, genetic variants covered with at least 2 reads and in 75 % of the domesticated horses studied were selected to eliminate the influence of residual sequencing errors on the analysis results. The removal of the linked variation was done using the Plink tool set v1.9 [START_REF] Purcell | PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage Analyses[END_REF]) with the following parameters: --indeppairwise 50 10 0.2. The resulting panel was represented by ~ 1.4 million transversions.

Struct-f4, ancestry components and Multi-Dimensional Scaling

To determine the genetic admixture and drift between the internal nodes of the population tree, we used the Struct-f4 model that was developed by Pablo Librado in Ludovic Orlando's group. Struct-f4

analysis is based on a mixture model, which parameterizes the mixing coefficient of each individual and the drift that existed between a given number of K pre-defined ancestral populations. The identification of the optimal values of the model parameters was performed by means of Likelihood calculation using an adaptive Metropolis-Hastings MCMC. The Struct-f4 analysis returns individual ancestry coefficients.

We consider Struct-f4 to be one of the best methods for assessing individual genetic affinities within a panel of genomes, as it does not assume Hardy-Weinberg equilibrium and does not require a set of predefined reference and test populations.

The drift measured between each pair of individuals using the Struct-f4 analysis was summarized into a co-ancestry semi-matrix, from which the Multi-Dimensional Scaling was performed, after removing the donkey outgroup.

Metagenomic data analysis

Determining the species of microbes from the studied bone samples of ancient and medieval horses included processing the data obtained from whole-genome sequencing using the metaBIT metagenomic pipeline [START_REF] Louvel | MetaBIT, an Integrative and Automated Metagenomic Pipeline for Analysing Microbial Profiles from High-Throughput Sequencing Shotgun Data[END_REF]) and the MetaPhlAn2 reference databases of unique clade-specific metagenomic markers [START_REF] Truong | MetaPhlAn2 for Enhanced Metagenomic Taxonomic Profiling[END_REF]. The ancient origin of the identified microbial genetic material was confirmed by characteristic deamination profiles (the most common postmortem DNA damage) for reads mapped to the corresponding reference bacterial and protozoan genome sequences.

These profiles were obtained using the MapDamage v2.2.0 computational framework [START_REF] Jónsson | MapDamage2.0: Fast Approximate Bayesian Estimates of Ancient DNA Damage Parameters[END_REF].

Data availability

The high-throughput sequencing data obtained in Russia were submitted to the SRA database and 

CHAPTER 4. RESULTS AND DISCUSSION

Analysis of polymorphisms of the HVR I of the mitogenome of the ancient, medieval and modern horses in Altai and adjacent territories (the experiment was carried out in Russia)

The experiment on the analysis of the mitogenome HVR I in modern, medieval and ancient horses of Altai and adjacent territories was carried out on the basis of the laboratory of Animal Cytogenetics of the Department of the Diversity and Evolution of Genomes of the IMCB SB RAS (Novosibirsk, Russia)

under the direction of Alexander Sergeevich Graphodatsky.

The geographical location of the archaeological sites and farms, the horses of which were studied here at the level of the mitogenome HVR I, is shown in Figure 13. 

Analysis of the modern horse DNA sequences

We determined the mitogenome HVR I haplotype composition of three groups of modern Altai horses (128 is the total number of studied modern horses): one "mixed" group (18 horses) of the private farm of the Kosh-Agachsky District (Southeastern Altai, territory of the Altai Republic bordering Mongolia, located at an altitude of 1758 m) and "mixed" (29 horses) and gene pool (81 horses) groups of horses of private and gene pool farms in the Ulagansky District, respectively (Eastern Altai, territory of the Altai Republic bordering the Kosh-Agachsky District in the south, located at an altitude of 1300 m). Gene pool group is represented only by horses of the Altai breed. The "mixed" groups were formed following crossbreeding. All modern horses studied here are not the closest relatives.

We assumed that modern horses of the south-eastern regions of the Altai Mountains (Kosh-Agachsky District), bordering Mongolia, are genetically closer to modern Mongolian horses than modern horses of the north-eastern regions of the Altai Mountains (Ulagansky District) and tested this hypothesis by comparing the frequencies of occurrence of the mitogenome HVR I haplogroups in the respective groups of horses.

For easier perception of information in the following text, we will call the groups of horses of the Ulagansky District the groups of horses of the Ulagan, and the groups of horses of the Kosh-Agachsky District -the groups of horses of the Kosh-Agach. In the description of the analysis results of the mitogenome HVR I of the studied horses and in their discussion, all haplotypes and haplogroups are named in accordance with the classification of Cieslak and co-authors [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF], and all the results described in this section (4.1.1.) are compared with those of Cieslak and co-authors [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF].

Based on the analysis of nucleotide polymorphisms in the 246 bp fragment of the mitogenome control region, horses of the Ulagan and Kosh-Agach groups were assigned to 19 mitotypes, belonging to 10 haplogroups. The results obtained indicate a high diversity of mtDNA of modern Altai horses.

Information on the genetic variants of the mitotypes of all studied modern Altai horses is given in Appendix 3. The haplotype composition of mitogroups of the studied modern Altai horse groups is shown in Table 5. Based on the data presented in the Table 5, we can conclude that the most numerous haplogroups among modern Altai horses are haplogroups K, K3, and X2, while, according to literary data, haplogroup K3 is also the most common among modern Mongolian horses. In the gene pool Ulagan group, the most common haplotypes are K2, K3, X2b, while in the "mixed" Ulagan group haplotypes K2, K3, and X4a are the most widespread, versus haplotypes B1, X2, X2 + 521 for the Kosh-Agach group. Haplotypes D and I are only present in the maternal gene pool of the "mixed" Ulagan horse group. Common haplotypes for the studied gene pool Ulagan group and "mixed" Kosh-Agach group are B1, F, K2, K2b, K3, X2, X4a, matching haplotypes for the "mixed" groups of Ulagan and Kosh-Agach are K2, K2b, K3, X2, X4a, and for the Ulagan gene pool and "mixed" groups haplotypes A + 652, K, K2, K2b, K3, X2, X4a are shared. Except for the X2 + 521 haplotype, there are no haplotypes in the Kosh-Agach group that would not be found in the Ulagan groups, based on our data.

From the data in the Table 5, it can be concluded that both the "mixed" and gene pool Ulagan groups have a greater genetic diversity than the Kosh-Agach group. However, as the sample set of Kosh-Agach horses is also the smallest, further research is needed to confirm this conclusion. The "mixed" Ulagan group is closer in mitotype composition to the gene pool Ulagan group than to the "mixed" Kosh-Agach group, which may be due to their geographical isolation in different regions of Altai. The presence of mitogroups in the "mixed" group of Ulagan, which are not found in other studied groups of modern Altai horses, may be associated with crossbreeding reproductive practices.

Analysis of the ancient and medieval horse sequences

In the experiment on aDNA, the sequences of the 246 bp fragment of the mitogenome HVR I belonging to 8 ancient horses from 6 archaeological sites and 1 medieval horse in Altai and 9 horses from 3 archaeological sites of Mongolia were analyzed. The samples of the studied ancient and medieval horses of Altai are as follows: DC (Denisova Cave, the Paleolithic), Ak2-4, Ak2-5, Ak2-6 (the Ak-Alakha-II site, the Biiken culture, 9th to 2nd-3rd quarter of the 6th centuries BCE), Ak1-1 (the Ak-Alakha-I site, the Pazyryk culture, 4th to 3rd centuries BCE), Ver1-1 (the Verkh-Kaldzhin-1 site, the Pazyryk culture, 4th to 3rd centuries BCE), Ber2 (the Bersyukta-II site, the Pazyryk culture, 4th to 2nd centuries BCE), Bi3 (the Bike-III site, the Pazyryk culture, 5th to 3rd centuries BCE), Bi4 (the Bike-IV site, the Turkic culture, 2nd half of the 5th to 11th centuries CE), the studied horse samples from Mongolia are as follows: Gan-X (the Ganga Tsagaan ereg site, the Khereksur and Deer Stone culture, late 12th to mid-10th centuries BCE), Ush-X (the Ushkin-Uver site, the Khereksur and Deer Stone culture, 1st third of the 1st millennium BCE), Er-1 (the Ereen hailaas site, the Xiongnu culture, 1st century BCE to 1st century CE).

According to the results of high-throughput sequencing of mitogenome enriched aDNA libraries (DC, Ak1-1, Ver1-1, Ak2-4, Ak2-5, Ak2-6, Gan-X, Er-1) and libraries of amplicons of the 246 bp fragment of the mitogenome HVR I (Ber2, Bi3, Bi4, Ush-X) of the ancient and medieval horses, we determined the mitotypes of the mitogenome HVR I from a total of 8 ancient and 1 medieval horses of Altai and 9 ancient horses of Mongolia. Information on the genetic variants of the mitotypes of the studied ancient and medieval horses is given in Appendix 4.

ADNA analysis showed that the horse from Denisova Cave (DC) belongs to haplogroup X11, which, according to the literature, was found among the horses of Northern and Eastern Siberia in the Late Paleolithic.

Horses from the Ak-Alakha-II site (Ak2-4, Ak2-5, Ak2-6) of the Biiken culture of the Arzhan-Mayemir time (late 9th to 2nd-3rd quarter of the 6th centuries BCE) of the Ukok Plateau (south of the Altai Republic) belong to haplotypes D2, K, and K2. According to the literature, the D2 haplotype was found among the horses of Western and Southern Siberia, Kazakhstan, Mongolia, China of the Iron Age.

Haplotype K2 included horses of the Early Bronze Age from the south of Western Siberia and horses of the Iron Age from the territory of China, while haplotype K was found among the Iron Age horses from the south of Eastern Siberia, according to the literature data. From the above results, it follows that in the studied Ukok horses of the Arzhan-Mayemir time, mitotypes (K2) more characteristic of the Bronze Age than of the Iron Age for this region were found, as well as mitotypes (D2, K) found among the Iron Age horses from the territory of Altai and adjacent territories. A horse from the Bike-IV (Bi4) site of the Northern Altai of the Turkic time (mid-5th to 11th centuries CE) belongs to mitotype I, which, according to the literature, was widely distributed in horse herds of Eastern Europe and Asia Minor in the Early Middle Ages, which is consistent with the migrations of the Turkic culture to the west (Seregin and Tishkin 2019).

In one studied Mongolian ancient horse of the Xiongnu culture Ereen hailaas (Er-1) site of the Xiongnu time (1st century BCE to 1st century CE) and in most ancient Mongolian horses of the Arzhan-Mayemir time (1st third of the 1st millennium BCE), of the Ushkin-Uver (Ush-X), Ganga Tsagaan ereg (Gan-X) sites of the Khereksur and Deer Stone culture, mainly mitotypes characteristic of Mongolia of the Early Iron Age (X2b, X3c1) were found. Horses from these sites of Mongolia also belonged to haplotypes (A, B1, X2), which, according to the literature data, were more common in the territories of adjacent to Altai regions (Southern Siberia, Kazakhstan, China) in the Early Iron Age, and one mitotype (D), which, according to the literature, was often present among the horses of Europe in the Upper Paleolithic and in the Bronze Age. The presence of uncharacteristic mitotypes in the horse herds of Mongolia of the Arzhan-Mayemir time could be associated with active migrations of early nomads at this time [START_REF] Taylor | Horse Demography and Use in Bronze Age Mongolia[END_REF], which influenced the formation of horse herds in different regions of Eurasia. This is our assumption; for a final conclusion, it is necessary to perform explicit modeling of demographic trajectories.

Phylogenetic analysis

Based on the alignment of the 246 bp HVR I fragment sequences of the studied ancient, medieval (DC, Ak1-1, Ver1-1, Ak2-4, Ak2-5, Ak2-6, Ber2, Bi3, Bi4) and modern horses of Altai and the studied ancient horses of Mongolia (Ush-7, Ush-8 , Ush-10, Gan-3, Gan-11, Gan-14, Gan-18, Er-1), as well as ancient and modern horses of different breeds of Western Siberia and the Mongolian breed, studied by Cieslak and co-authors [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]), a phylogenetic median-joining network (Figure 14) was built. A diagram of the frequency of occurrence of haplogroups in the studied groups of horses is shown in Figure 15. The phylogenetic network (Figure 14) visualized a certain mitochondrial genetic diversity overlap (possibly reflecting genetic continuity or gene flow) between groups of Pazyryk (Ak1-1) and Turkic (Bi4) horses of Altai, between the Mongolian horse groups from different archaeological sites of the Khereksur and Deer Stone culture (Ush-8, Gan-18) and between the Mongolian horse herds of the Khereksur and Deer Stone (Gan-11) and the Xiongnu (Er-1) cultures, as well as the presence of a shared mitotype between the ancient horse herd of Northern Altai of the Pazyryk culture (Ber2) and the horse herds of Mongolia of the Khereksur and Deer Stone culture (Ush-8, Gan-14, Gan-18). Phylogenetic reconstructions (Figure 14) and a diagram of the frequencies of occurrence of haplogroups (Figure 15) showed that mitotypes of all studied Altai horses of the Arzhan-Mayemir and the Scythian-Saka times (Ak2-4, Ak2-5, Ak2-6, Ak1-1, Ver1-1, Ber2, Bi3, Bi4) are widespread among modern horses of Altai and other regions of Western Siberia, and haplotypes of the studied Mongolian ancient horses are more common among modern horses of Western Siberia than among modern horses of the Mongolian breed.

As can be seen in Figure 14, among the identified mitotypes of horses of the Southern Altai (Kosh-Agach), there are only 3 haplotypes (B1, K3, X2), which, according to the literature data, were common among the ancient Mongolian horses of the Bronze -Iron Ages, while they are also present in the Ulagan groups, and 6 mitotypes (B1, K2, K2b, K3, X2, X2+521) from haplogroups, which, according to the 0% 20% 40% 60% 80% 100%
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literature data, are common among modern Mongolian horses. The presence in the Ulagan horse groups of 6 mitotypes (B1, D2, K3, X2, X2b, X3c1), which, according to the literature, were common among the ancient Mongolian horses of the Bronze -Iron Ages, and 8 mitotypes (B1, D2, K2, K2b, K3, X2, X2b, X3c1) from haplogroups, which, according to the literature, are often found among modern Mongolian horses, indicates that the horses of Ulagan groups (northeastern regions of Altai) are closer in mitotype diversity to Mongolian horses than horses of Kosh-Agach (southeastern regions of Altai).

Therefore, the shared ancestry of modern Ulagan and Mongolian horses is more vividly traced, most likely originating in the Bronze Age, while the direction of migration was reciprocal, mostly from Western Siberia to Mongolia, according to Cieslak and co-authors [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF].

Our hypothesis that modern horses of the south-eastern regions of the Altai Mountains (Kosh-Agach) bordering Mongolia are more genetically close to modern Mongolian horses than the modern horses of the north-eastern regions of Altai (Ulagan) was not confirmed at the mtDNA level. On the other hand, the opposite hypothesis [START_REF] Bakhtushkin | Herd Horse Breeding in the Altai Mountains[END_REF][START_REF] Lobanova | Altai Horse and the Stages of Its Transformation[END_REF] that the Altai horses of the eastern regions of Altai are more related to the Mongolian horses than the southern ones has been confirmed at the level of mtDNA. However, the study of more horses of the Southern Altai is necessary for the final conclusion.

Population genetics data analysis

The nucleotide and haplotype diversity of the analyzed groups is presented in Table 6, showing that the nucleotide and haplotype diversity is quite high for all groups, and suggesting that rather large maternal stocks were used for reproduction. To graphically display the degree of similarity of mitochondrial genetic diversity between the analyzed groups, we performed PCA, a method that considers each haplogroup as a discrete variable and allows us to generalize the original dataset into the principal components (PCs). Since PСA is sensitive to time differences in the data and to a reduction in the size of one of the populations after some time in the past [START_REF] Skoglund | Investigating Population History Using Temporal Genetic Differentiation[END_REF], we performed this analysis only for modern Altai horse groups.

After reducing the variables to PCs (haplogroup frequencies based on haplotype composition), observation coordinates for five groups were presented in a two-dimensional graphics (Figure 16)

representing the genetic landscape of Western Siberia and Mongolia at the present time.

Figure 16. A two-dimensional PCA plot of mtDNA haplogroup profiles from 3 horse groups analyzed in this study and 2 groups analyzed in a previously published investigation [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF]. Three studied groups of modern Altai horses: MAUM ("mixed" group of Ulagan), MAUG (gene pool group of Ulagan), MAKM ("mixed" group of Kosh-Agach); MSP and MMP are groups of modern horses of different breeds of Western Siberia and the Mongolian breed, respectively, from the above-mentioned article by Cieslak and co-authors. The PCA plot based on the first two factors (F1 and F2) is a good quality projection of the initial multi-dimensional table because it represents ~ 83 % of the data variability. The high values of the squared cosines of the variables (Table 7) also confirm the reliability of the PCA plot of the first two factors. Values in bold correspond for each variable to the factor for which the squared cosine is the largest.

As can be seen in the two-dimensional plot (Figure 16), along the first and second principal component, the groups of Ulagan horses (MAUG, MAUM) are closer to the group of Mongolian horses (MMP), than the "mixed" group of Kosh-Agach horses (MAKM). It can be concluded that modern horses of Southeastern Altai (Kosh-Agach, MAKM) is not more closely related to modern Mongolian horses (MMP). Both principal components reveal the group of modern horses of Western Siberia (MSP) as an outlier, which is possibly related to the fact that this group is represented by horses from the regions of Western Siberia adjacent to Altai and does not include Altai horses.

The conclusion based on the above phylogenetic analysis that the Ulagan groups are genetically closer to the Mongolian horse group than Kosh-Agach horse group is confirmed by the results of the PCA.

The fixation index (FST), which reflects the measure of genetic differentiation between groups of horses, was calculated for the studied groups of modern Altai horses (MAUG (gene pool Ulagan), MAUM ("mixed" Ulagan), and MAKM ("mixed" Kosh-Agach)). The most differentiated groups are MAKM and MAUM (FST = 0.08262), less differentiated groups are MAUG and MAKM (FST = 0.07008), the lowest level of differentiation was determined for the groups MAUG and MAUM (FST = 0.02012), and the genetic difference between these groups is not significant, since the p-value for this FST is greater than 0.05 (significance level). It was determined that the differentiation between the Mongolian horse group and the "mixed" group of Kosh-Agach horses is moderate (FST = 0.07536, pvalue < 0.05), the differentiation between the groups of Ulagan and Mongolia has not been identified

(genetic difference between these groups is not significant). Summarizing, the FST values support moderate (0.05 < FST < 0.15) differentiation between the groups MAKM and MAUM, MAKM and MAUG, MAKM and SM, and the closest genetic affinity between the groups MAUG, MAUM, and SM in comparison with the level of differentiation between the other studied groups.

We also studied possible population structures by comparing different united groups of Altai horses, categorized on the basis of differences in horse habitat (more or less mountainous regions) and/or horse breeding strategies (gene pool and "mixed" groups). Negative values of the variance component among groups in Table 9 and Table 10 indicate the absence of genetic structure. Hierarchical analyzes of molecular variance distribution by such groups defined a priori (AMOVA; Tables 8910) showed that a large proportion of genetic diversity is associated with differences between horses within groups (92.49 %, 96.1 %, 96.7 %). P-value of the fixation index confirmed the presence of genetic variation among individual horses within groups (FST = 0.07514, p-value < 0.01; FST = 0.03899, p-value < 0.02; FST = 0.03300, p-value < 0.01) (Tables 8910), as well as between the Ulagan "mixed" group and the Kosh-Agach "mixed" group (FSC = 0.09088, p-value < 0.03, the percentage of genetic variation between these groups is rather high (9.61 %)), and between the Ulagan gene pool group and the Kosh-Agach "mixed" group (FSC = 0.06936, p-value < 0.02, the percentage of genetic variation between these groups is quite high (7.21 %)). The data in Table 8 show that the percentage of genetic variation between the Kosh-Agach group and other studied groups of Altai is 5.71 %, but the p-value of the fixation index indicates that this result is not statistically significant (FCT = 0.05711, p-value > 0.1), so we can conclude that there is no differentiation between the Kosh-Agach horse group and the Ulagan united horse group. Variance component name. "FCT" -Va/(Va+Vb+Vc), the proportion of variation among groups. "FSC" -Vb/(Vb+Vc), the proportion of variation among groups within a priori formed united groups. "FST" -Va+Vb/(Va+Vb+Vc), the proportion of variation within groups. Variance component name. "FCT" -Va/(Va+Vb+Vc), the proportion of variation among groups. "FSC" -Vb/(Vb+Vc), the proportion of variation among groups within a priori formed united groups. "FST" -Va+Vb/(Va+Vb+Vc), the proportion of variation within groups. Variance component name. "FCT" -Va/(Va+Vb+Vc), the proportion of variation among groups. "FSC" -Vb/(Vb+Vc), the proportion of variation among groups within a priori formed united groups. "FST" -Va+Vb/(Va+Vb+Vc), the proportion of variation within groups.

The identified mitogenome control region haplotypes of the ancient and medieval horses of Altai and Mongolia generally correspond to the previously identified mitochondrial genetic diversity of the horses of these regions, with the exception of a few horses of the Pazyryk and Turkic cultures of Altai and the Khereksur and Deer Stone culture of Mongolia, whose mitotypes are more characteristic of Europe and Asia Minor, according to literature data. The mitochondrial genetic diversity of modern Altai horses is generally within the previously defined haplotypes belonging to haplogroups characteristic of the region of Altai and adjacent territories. The results of several analyzes (phylogeographic reconstructions, PCA, FST values, AMOVA) showed a great genetic similarity between the "mixed" and gene pool groups of Ulagan horses, a moderate level of differentiation between the Kosh-Agach "mixed" group and Ulagan groups, as well as great similarity of mitochondrial gene pool between Ulagan horses and modern Mongolian horses.

Analysis of complete and nearly complete mitogenomes of the ancient and medieval horses in Altai and adjacent territories (the experiment was carried out in Russia)

The experiment to obtain complete and nearly complete mitogenomes of the studied ancient and medieval horses was carried out on the basis of the laboratory of Animal Cytogenetics of the Department of the Diversity and Evolution of Genomes of the IMCB SB RAS (Novosibirsk, Russia) under the direction of Alexander Sergeevich Graphodatsky.

The geographical location of the archaeological sites, the bone samples of horses of which were studied here at the mitogenome level, is shown in Figure 17. Complete and nearly complete mitogenomes were obtained for ancient horses from the Denisova Cave (sample DC) and the Biiken (the burial complex Ak-Alakha-II (samples Ak2-4, Ak2-5, Ak2-6)), the Pazyryk (the burial grounds of Ak-Alakha-1 (sample Ak1-1) and Verkh-Kaldzhin-1 (sample Ver1- The identified signatures of nucleotide mis-incorporations due to postmortem DNA damage and high DNA fragmentation are in line with the obtained sequence data underlying the ancient mitogenome being authentic. However, the peculiarities of the library preparation and enriched library amplification methods used here (during the blunt-end repair process the polymerase removes the 3' overhangs and fills in the 5' overhangs of the fragments; during the amplification of the enriched libraries, the Phusion DNA polymerase used cannot bypass uracils (post-mortem deaminated cytosine), which leads to the fact that DNA fragments with uracils are not sequenced, in contrast to their complementary DNA fragments (Seguin- Orlando, Hoover, et al. 2015)) led to 3' G-to-A damage profiles are more pronounced (Figures 18 and 19,Appendix 6). The sharp increase of adenine residues at the position preceding read starts supports post-mortem DNA fragmentation through depurination [START_REF] Briggs | Patterns of Damage in Genomic DNA Sequences from a Neandertal[END_REF][START_REF] Sawyer | Temporal Patterns of Nucleotide Misincorporations and DNA Fragmentation in Ancient DNA[END_REF], as expected from authentic aDNA data.

A total of 0 to 150 reads that have better alignment quality against the human Cambridge Reference Sequence were considered as potential contamination and were filtered out using the custom script (https://github.com/lca-imcb/lca-ngs/blob/master/contam_filter.py).

The ancient and medieval Altai and Mongolian horse mitogenomes characteristics

Characteristics of the mitogenome sequences of the ancient and medieval horses of Altai and Mongolia obtained here are shown in Table 11. As can be seen from Table 11, the average depth of the mitogenome coverage characterized varies from 6.7-fold to 85.9-fold, and the mitogenome width of coverage spans between 97. if we take into account the standard deviation from the mean (all the obtained values of the acceptance ratio are close to 0.2, as it should be). This may be due to the fact that the Er-1 sample is one of the youngest in our dataset (1st century BCE to 1st century CE), and the Altai Ukok Plateau horse samples were found in burials where cold climatic conditions leading to the formation of a permafrost layer in many burial chambers prevailed. The ancient library average fragment size over 90 was determined for three samples, two of which are the samples Ak1-1 and Ver1-1, which belong to the frozen (among the best conditions for the DNA preservation [START_REF] Paijmans | Application of Solid-State Capture for the Retrieval of Small-to-Medium Sized Target Loci from Ancient DNA[END_REF])) Ukok Plateau burials of the Pazyryk culture, and the remaining one is one of the youngest Er-1 sample of the Xiongnu culture. The Paleolithic sample from Denisova Cave (DC) has a high percentage of mitogenome recovery, which is not surprising since DNA has been found to be very well preserved in caves [START_REF] Paijmans | Application of Solid-State Capture for the Retrieval of Small-to-Medium Sized Target Loci from Ancient DNA[END_REF]. The obtained nearly complete and complete mitogenome consensus sequences were used in the subsequent phylogeographic analysis.

Phylogenetic reconstructions

We aligned the mitogenome sequences of the Altai and Mongolian ancient and medieval horses characterized in this study for the first time with the mitogenome sequences of modern horses from different regions of the world obtained in the classification study of Achilli and co-authors [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF], as well as with the additional mitogenome sequences previously characterized from ancient, historical and modern horses from the territories adjacent to Altai and Mongolia (see Appendix 2). Also, the horse mitogenome sequences of most breeds believed to be closely related to the Mongolian one (the Tuva, Yakut, Yunnan, and Jeju horse [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF][START_REF] Kim | Phylogenetic Relationships of Cheju Horses to Other Horse Breeds as Determined by MtDNA D-Loop Sequence Polymorphism[END_REF][START_REF] Nozawa | Phylogenetic Relationships among Japanese Native and Alien Horses Estimated by Protein Polymorphisms[END_REF]Petersen, Mickelson, Cothran, et al. 2013)), or originating from Asia, were included in the analysis. The sequence alignment was used to construct a Bayesian phylogenetic tree (Figure 20).

Figure 20. BEAST phylogenetic reconstructions based on the sequences of ~ 6 mitogenomes of horses of the archaeological cultures of Altai and Mongolia, obtained here, and 200 previously published mitogenome sequences of ancient, historical and modern horses from different regions of the world. The tip names consist of the following parts (separated by an asterisk): 1) the name of the genetic lineage (Equus lenensis or Equus ferus przewalskii) or the name of the horse breed (for the Equus ferus caballus lineage) and the name of the place of origin of the corresponding ancient specimen or horse breed, the prefix "An" denotes ancient and medieval horses, 2) the GenBank database accession number, 3) the age of the specimen. The numbers in the sample names correspond to the mitotype names according to the Achilli and co-authors classification [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF], the letters A-R are the mitogroup names according to the same classification. Different colors of the tip names indicate belonging of the samples to different horse genetic lineages and their attribution to ancient or modern sample sets. The sample names in bold highlight the mitotypes of ancient and medieval horses obtained here and the mitotypes closest to them. The colors of the squares reflect the geographic origin of the samples. The Bayesian posterior probability of the tree topology is shown as numbers next to the tree nodes. The dates of the timeline at the bottom of the figure are in years to date. To improve the visualization of the figure, some clades of the tree were collapsed.

The names of mitogroups and mitotypes found in this section (4.2.3.) correspond to the Achilli and co-authors classification [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF].

All ancient horses branching outside the haplogroups of domesticated horses, identified by Achilli and co-authors [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]) are wild horses (the Equus ferus lineage), and most likely represent extinct genetic lineages. The geographical distribution of these extinct mitochondrial lineages is within the regions of the Ural Mountains, Western and Eastern Siberia (Russia) [START_REF] Librado | Tracking the Origins of Yakutian Horses and the Genetic Basis for Their Fast Adaptation to Subarctic Environments[END_REF][START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF]). As can be seen in Figure 20, almost none of the ancient and medieval Altai and Mongolian horses studied here are genetically close to the modern and historical Przewalski's horses (Equus ferus przewalskii) and their hybrids, except for the ancient Mongolian horses Er-1 and Gan-11, which in the phylogenetic tree are located close to the clade with a hybrid of Przewalski's horse and domestic horse (Equus ferus caballus), inside haplogroup G. Phylogenetic analysis showed that the extinct Lena horses (Equus lenensis) inhabited Western and Eastern Siberia from the Late Pleistocene to the Middle Holocene [START_REF] Boeskorov | A Study of a Frozen Mummy of a Wild Horse from the Holocene of Yakutia, East Siberia, Russia[END_REF][START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF] are also not closely related to any of the ancient or medieval horses studied here. It can be concluded that almost all mitotypes of the investigated ancient and medieval horses of Altai and Mongolia belong to the haplogroups present within modern domestic horses, with the exception of the Upper Paleolithic wild horse from Denisova Cave (DC), which belongs to the clade of wild extinct horses of Siberia (clade DC).

On the basis of the given phylogenetic tree data, the ancient Altai horses of the Biiken culture (Ak2-4, Ak2-5, Ak2-6, the Ak-Alakha-II site) were found to belong to mitogroups A, P, Q, the ancient horses of the Pazyryk culture of Altai (Ak1-1 (the Ak-Alakha-1 site), Ver1-1 (the Verkh-Kaldzhin-1 site)) was shown to cluster with haplogroups I and N, and one Turkic Altai horse (Ak1-4, the Ak-Alakha-1 site) fell into mitogroup A. Therefore, haplogroup A was present in horse herds of both Biiken and Turkic cultures (the Ukok Plateau). Haplogroup Q is more common in Asia than in Europe, and haplogroup A is less common in Asia than haplogroup Q, according to the results of our and previously published [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]) phylogenetic reconstructions. Haplogroups I and P, which are most common in the Middle East and in which mitotypes of indigenous horses of Asia were not previously found, include some North Asian and East Asian mitotypes, based on our data. It is very unusual that the ancient Pazyryk horse Ver1-1 belongs to haplogroup N, which is under-represented in Asia, according to our and previously published data [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]. Only one of the haplogroups identified in the Altai ancient and medieval horses was more common among the ancient horses than in the modern ones, according to literature data [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF]. This is haplogroup A, to which one Biiken and one Turkic Altai horses studied here belong.

Phylogenetic reconstructions showed that the Mongolian ancient horses of the Khereksur and Deer Stone culture (Gan-X, the Ganga Tsagaan ereg site) belonged to mitochondrial haplogroups G, L, and M, and the ancient Mongolian horse of the Xiongnu culture (Er-1, the Ereen hailaas site) also clustered within haplogroup G. Therefore, mitogroup G was present in the horse herds of both archaeological cultures of Mongolia that we are considering. As can be seen in Figure 20, haplogroups G and L have a very high frequency of occurrence in East Asia, while mitogroup M includes a large number of mitotypes of horses of indigenous European breeds and few haplotypes of horses of local breeds of East and Central Asia and the Middle East.

Our phylogenetic reconstructions showed that the ancient Mongolian horses of the Khereksur and Deer Stone culture, buried in the altars next to the same khereksur, frequently clustered within the same mitogroups. For example, horses Gan-14 and Gan-18 from altars 10 and 14 of khereksur 1-082 [START_REF] Iderkhangai | Archaeological Rescue Excavation Report on the Egiin Gol Hydroelectric Dam, Khutag Undur Sum[END_REF] belonged to haplogroup L, and horses Gan-1 and Gan-3, which were buried in altars 2 and 4 next to khereksur 1-078 [START_REF] Iderkhangai | Archaeological Rescue Excavation Report on the Egiin Gol Hydroelectric Dam, Khutag Undur Sum[END_REF], belonged to haplogroup M.

Comparing the data obtained on the mitochondrial genetic diversity of the ancient and medieval horses of Altai and Mongolia of the Late Bronze and Early Iron Ages, we can hint at herds of ancient Altai horses being more diverse in terms of mitochondrial genetic composition than herds of ancient Mongolian horses, and showing limited mitochondrial genetic overlap. This may reflect the different origins of the studied horses of Altai and Mongolia and the lack of contacts between the respective cultures of these regions. Table 12 contains information about the age of the clades containing the ancient and medieval horses studied here and those most closely related to them according to mtDNA haplotypes, and its 95 % HPD. 11,345.77 [6903.75; 17,049.66] As can be seen in Figure 21 and Table 12, the median divergence time estimates between half of the identified mitotypes of Altai and Mongolian ancient and medieval horses and the closely related ones is about 5 000 years ago. The mitotypes of three ancient Altai horses of different archaeological cultures and two horses of Mongolia of the Khereksur and Deer Stone culture and the mitotypes most genetically close to them diverged about 10 000 years ago (median age estimate).

Haplotype divergence time

The times of divergence of domestic horse haplogroups and mitotypes of wild horses from Western, Eastern Siberia, and the Urals, basal to them, are within the time interval from 50 to 250 kya (median age estimates). Haplogroup L of domestic horses and mitotypes of wild horses from the Taymyr Peninsula and Yakutia (the youngest sample of a wild horse: 4300 years [START_REF] Orlando | Recalibrating Equus Evolution Using the Genome Sequence of an Early Middle Pleistocene Horse[END_REF])) diverged most recently (median age estimate: 50 000 years ago) when compared with divergence times of other wild and domestic horses, the mitotypes of which are presented on the phylogenetic tree constructed by us (Figure 20). The most recent common maternal ancestor of all domestic horses included in our phylogenetic analysis existed about 200 kya (95 % confidence interval of the time estimate: [160,643.13; 287,365.32]).

The clade of the Late Pleistocene horses from Denisova Cave and Yakutia (clade DC) is basal to the clade with haplogroups of all domesticated horses and containing basal mitotypes of other wild horses. The time to the most recent common ancestor of these two phylogenetic clades is about 350 000 years ago (median age estimate).

It can be concluded that the mitotypes of the ancient and medieval horses studied here and the ones most closely related to them diverged within the Holocene epoch. The most recent common ancestor of the mitochondrial genetic lineages of domestic horses existed at the end of the Middle Pleistocene. In the same geological epoch, there was the most recent common ancestor of domestic horses and wild horses of Yakutia and Altai with mitotypes from the basal clade DC.

Phylogeographic relationships

The geographic origin of the mitotypes of ancient and medieval horses studied by us and the most phylogenetically close to them based on the data of the constructed phylogenetic tree is shown in Figure 22 and in Figure 23. 

Comparison of mitotypes of ancient, medieval, historical and modern horses of Altai and Mongolia

Figures 22 and 23 show that similar mitotypes were identified for the ancient horse of the Biiken culture of Altai and the modern Altai horse. In addition, in the constructed phylogenetic tree (Figure 20), we observe some overlap in the mitochondrial genetic diversity of modern Altai and Mongolian horses (one of the mitotypes of modern Altai horses fell into mitogroup G, which is common among ancient, historical and modern horses of Mongolia), which is not observed between the ancient horses of these regions.

The phylogenetic tree also indicated that the mitotypes of many modern, historical (20th century CE) and ancient Mongolian horses carried same mitogroups. The exception is the mitotype of one historical Mongolian horse belonging to haplogroup A, which was found in the horse herds of the Biiken and Turkic Altai cultures and which does not include ancient Mongolian horses. Also, two modern Mongolian horses were attributed to unusual mitotypes, basal to haplogroups L and R. The time of divergence of these basal mitotypes and haplogroups L and R is 60-125 kya (median age estimates).

The absence of these unusual haplotypes in among the studied ancient horses of Mongolia may indicate their introduction into the territory of Mongolia from other regions in subsequent historical periods.

Differences in mitochondrial genetic diversity between ancient and modern Mongolian horses were also found in other studies [START_REF] Cieslak | Origin and History of Mitochondrial DNA Lineages in Domestic Horses[END_REF][START_REF] Pilipenko | Mitochondrial DNA Studies of the Pazyryk People (4th to 3rd Centuries BC) from Northwestern Mongolia[END_REF]) that identified the following haplotypes: A, B1, D2, I, K, K2, K2a, K2b, K3, X2, X2b, and X3c1 in modern horses of Mongolia, and haplotypes A, D2, D3a, E, Gx4, K2a, K2b1, K3, X2b, X3, X3c1 in ancient horses of Mongolia. However, insufficient sampling cannot be ruled out as the reason for these differences.

Phylogeographic relationships between the mitotypes of ancient and medieval horses studied here and historical and modern horses originating from different regions of the world

All studied ancient and medieval domestic Altai horses belong to burials on the Ukok Plateau (Southwestern Siberia, the Altai Mountains region of Russia). According to our phylogenetic tree, the studied horses of the Biiken culture of Altai (Ak2-4, Ak2-5, Ak2-6, late 9th to 2nd-3rd quarter of the 6th centuries BCE) belong to mitogroups A, P, Q, the studied horses of the Pazyryk culture of Altai (Ak1-1, Ver1-1, 5th to 3rd centuries BCE) belong to haplogroups I, N, the studied horse of the Turkic culture of Altai (Ak1-4, 2nd half of the 5th to 11th centuries CE) belongs to haplogroup A, and the studied Paleolithic horse of Altai (Denisova Cave) belongs to the basal clade of the tree.

Within mitogroup A, the horse Ak2-5 forms a well-supported clade (bootstrap support is greater than 0.75) with the Maremmano horse. The Maremmano is a native horse breed of Italy. This breed is thought to have been developed by the non-Indo-European people, the Etruscans, in the 8th century BCE [START_REF] Giontella | Mitochondrial DNA Survey Reveals the Lack of Accuracy in Maremmano Horse Studbook Records[END_REF][START_REF] Vernesi | The Etruscans: A Population-Genetic Study[END_REF]). Genetic studies have shown that the Etruscans are of local (South European) origin, although they have partial West Asian ancestry [START_REF] Ghirotto | Origins and Evolution of the Etruscans' MtDNA[END_REF][START_REF] Vernesi | The Etruscans: A Population-Genetic Study[END_REF]).

The mitotype of the ancient horse Ak2-4 turned out to be the most phylogenetically close to the modern Altai horse mitotype, with which they formed one clade within haplogroup P. This haplogroup has a frequency peak in the Middle East, especially in such indigenous and ancient horse breeds of the Middle East as Iranian [START_REF] Achilli | Mitochondrial Genomes from Modern Horses Reveal the Major Haplogroups That Underwent Domestication[END_REF], Arabian [START_REF] Cosgrove | Genome Diversity and the Origin of the Arabian Horse[END_REF], and Caspian pony [START_REF] Seyedabadi | Parentage Verification of Iranian Caspian Horse Using Microsatellites Markers[END_REF]). These breeds were developed about two millennia ago [START_REF] Cosgrove | Genome Diversity and the Origin of the Arabian Horse[END_REF][START_REF] Seyedabadi | Parentage Verification of Iranian Caspian Horse Using Microsatellites Markers[END_REF]). The genome-wide SNP analysis has shown that the Caspian pony breed is most closely related to the Akhal-Teke and Arabian horse breeds of the Central Asian and the Middle Eastern origin, respectively (Petersen, Mickelson, Cothran, et al. 2013). Haplogroup P also includes mitotypes of the indigenous Lijiang horse breed of Southwest China [START_REF] Ma | The Origin of a Coastal Indigenous Horse Breed in China Revealed by Genome-Wide SNP Data[END_REF]) and the native Jeju horse breed of the Jeju Island in South Korea, which is descended from Mongolian horses [START_REF] Cho | Genetic Relationship among the Korean Native and Alien Horses Estimated by Microsatellite Polymorphism[END_REF][START_REF] Kim | Phylogenetic Relationships of Cheju Horses to Other Horse Breeds as Determined by MtDNA D-Loop Sequence Polymorphism[END_REF].

The mitotype of the ancient horse Ak2-6 belongs to the Q haplogroup, which is mainly represented by the Central Asian mitotypes of the riding horse breed Akhal-Teke (area between the Fergana Valley and the Caspian coast [START_REF] Szontagh | Genetic Diversity of the Akhal-Teke Horse Breed in Turkmenistan Based on Microsatellite Analysis[END_REF]) and East Asian mitotypes of various Chinese horse breeds.

The ancient Altai horse Ak2-6 is maternally most closely related to the Akhal-Teke horses and horses of the local Tibetan breed Deqin. Historical, iconographic, morphometric, and genetic data revealed that modern Akhal-Teke horses are closely related to the Altai Pazyryk horses [START_REF] Kovalevskaya | Ancestors of the Oriental Horse in Eurasia: Origin and Distribution[END_REF]. The territory of Deqin County (an altitude of about 3,100 m above sea level, the Tibetan Plateau, Yunnan province of China), which is the territory of origin of Tibet's Deqin breed, was part of the Yunnan-to-Tibet Tea Horse Road and is located on the Yunnan-Tibetan border. Domestic horses have been present in this region for over a thousand years (D. J. Miller 2005;[START_REF] Xu | High Altitude Adaptation and Phylogenetic Analysis of Tibetan Horse Based on the Mitochondrial Genome[END_REF]. The phylogenetic analysis based on the protein-coding sequences of the mitogenome showed that the Deqin breed clustered with European horse breeds, and not with other horse breeds of the Tibetan Plateau [START_REF] Guo | The Complete Mitochondrial Genome of Chakouyi Horse (Equus Caballus)[END_REF].

It can be concluded that the studied ancient horses of the Biiken culture of Altai are most similar in mitotypes to the horses of the native breeds of Mediterranean Europe (Italy), the Middle East, Central Asia, and East Asia (Tibet, Southeast China). Eurasian steppe horse breeds [START_REF] Nechaev | Kazakh Horse: Past, Present, Future[END_REF].

The ancient horse

Another Pazyryk horse, Ver1-1, fell into a well-supported clade (bootstrap support is greater than 0.75) within haplogroup N, which has a frequency peak in Europe. Horses of the American Saddlebred and English Shire breeds belong to the clade of the Ver1-1 ancient horse. The English Shire is a heavy draft horse breed originating in England. It includes one of the largest and tallest horses. One of its ancestral breeds is "the Great Horse" developed during the Middle Ages to participate in hostilities [START_REF] Holland | British Breeds of Livestock: IV. The Shire Horse[END_REF]. The history of the English Shire horse breed dates back to the early 17th century. In the middle of the 19th century, English Shire horses were first introduced to the United States of America [START_REF] Stephens | Population History and Genetic Variability of the American Shire Horse[END_REF]. Genome-wide SNP analysis revealed the location of some horses of the English Shire and Mongolian breeds in the same phylogenetic cluster, which most likely indicates some percentage of shared ancestry between these horse breeds (Petersen, Mickelson, Cothran, et al. 2013).

The American Saddlebred is a riding horse breed developed in North America in the late 18th to early 19th centuries. The ancestors of this breed are many riding and draft horse breeds of English and Spanish origin [START_REF] Regatieri | Comparison of DMRT3 Genotypes among American Saddlebred Horses with Reference to Gait[END_REF]. Another well-supported clade (bootstrap support is greater than 0.75) of haplogroup N contains mitotypes of the Exmoor pony breed of North European origin, the Iranian breed of Middle Eastern origin, and one native horse breed of Tibet.

From the above information, it can be concluded that the studied Pazyryk horses are in the clades with a predominance of mitotypes of the Middle Eastern (Iran) and Northern European (United Kingdom) breeds.

The studied Altai Turkic culture horse Ak1-4 belongs to haplogroup A, which also includes the Biiken culture horse (Ak2-5). The most closely related mitotypes for the Turkic horse mitotype pertain to the native horse breeds of Italy (the Maremmano horse) and Iran (the Caspian pony). However, since the Bayesian posterior probability for this node is not high, other mitotypes belonging to this haplogroup should be considered. Among them there are mitotypes of horses of various ancient and indigenous breeds of Southwest China (the Debao pony [START_REF] Zhou | Establishment and Identification of a Debao Pony Ear Marginal Tissue Fibroblast Cell Line[END_REF]), the Zhaotong horse [START_REF] Ma | The Origin of a Coastal Indigenous Horse Breed in China Revealed by Genome-Wide SNP Data[END_REF], the Guizhou horse [START_REF] Zhang | Genetic Diversity of MtDNA D-Loop and Maternal Origin of Three Chinese Native Horse Breeds[END_REF])), the Middle East (the Arabian, Syrian, Iranian horse), Central Asia (the Akhal-Teke horse), and East Asia (the Mongolian horse), as well as such North Asian breeds as the Yakutian horse and the Kuznet horse. The latter was developed in the 18th -19th centuries in Western Siberia by crossing local horses with horses of various trotting and draught breeds [START_REF] Kuznetsova | Genetic Structure and Phylogenetic Relationships of Native Breeds of Horses of Western Siberia[END_REF].

It can be concluded that haplogroup A was found in the Altai horse herds of the Biiken and Turkic cultures.

The mitotypes of the Late Paleolithic horses from Denisova Cave (Altai, southern part of Western Siberia) and from Yakutia (Eastern Siberia) form a basal clade to the haplogroups of domesticated horses. In the Late Paleolithic, the geographic range of this extinct lineage covered at least Western and Eastern Siberia.

All studied ancient domestic horses of Mongolia belong to burials in the territory of Northern Mongolia. According to our phylogenetic tree, the studied horses of the Khereksur and Deer Stone culture of Mongolia late XII to ). However, the analysis of genome-wide SNPs revealed a close genetic relationship between the Southwest Yunnan and Southeast Jinjiang horses, and also showed the absence of significant gene flow between indigenous non-northern horse breeds of China and foreign horse breeds (landrace and developed relatively recently) [START_REF] Ma | The Origin of a Coastal Indigenous Horse Breed in China Revealed by Genome-Wide SNP Data[END_REF]. The clade of the ancient horse Gan-18 also includes horses of European breeds (Andalusian breed native to Spain and the Oldenburg breed developed in Germany). The Andalusian horse is one of the oldest horse breeds in the Iberian Peninsula. The source population of this breed included horses bred by the Carthusians (the Catholic Church religious order) since the 15th century [START_REF] Valera | Pedigree Analysis in the Andalusian Horse: Population Structure, Genetic Variability and Influence of the Carthusian Strain[END_REF]. The Oldenburg horse breed was developed relatively recently (in the 17th century) in East Frisia (the territory of Northwestern Germany). The first horses of this breed were obtained by crossing local Friesian mares with stallions of the Oriental breed, as well as the Andalusian (Spain) and Neapolitan (Italy) horse breeds. In subsequent centuries, the genetic pool of the Oldenburg horse became more diverse due to crosses with stallions of different warmblood breeds, as well as some hot bloods (for example, the Thoroughbred horse) [START_REF] Nolte | Selection Signatures in Four German Warmblood Horse Breeds: Tracing Breeding History in the Modern Sport Horse[END_REF][START_REF] Schüssler | Next-Generation Sequencing Transforms Today's Biology[END_REF]). Since the Andalusian breed contributed to the formation of the Friesian horse [START_REF] Valera | Pedigree Analysis in the Andalusian Horse: Population Structure, Genetic Variability and Influence of the Carthusian Strain[END_REF], it is not surprising that some of the mitotypes of these breeds are closely related.

From the above information, we can conclude that the mitotypes of ancient horses Gan-14 and Summarizing the above discussion about the horse maternal lineage genetic relationships, we can conclude that, based on our data set, there is no overlap in mitochondrial genetic diversity between the ancient horses of Altai and Mongolia of the Late Bronze -Early Iron Ages. Among the mitotypes closely related to the mitotypes of the Altai ancient and medieval horses, there are more mitotypes originating from the Middle East and Central Asia, and among the mitotypes that are closely related to the mitotypes of the ancient Mongolian horses, there are more East Asian ones. It should also be noted that Altai horses of different prehistoric (the Paleolithic) and historical (the Early Iron Age (the Biiken culture, the Pazyryk culture), the Early Middle Ages (the Turkic culture)) periods turned out to be closely related to some ancient and modern Yakut horses. The phylogenetic closeness of some studied ancient horses of Mongolia and some modern horses of three Northern European breeds supports the conclusions of other studies on the close relationship of the Mongolian and North European breeds based on microsatellite [START_REF] Bjornstad | Genetic Relationship between Mongolian and Norwegian Horses?[END_REF]) and genome-wide SNP (Petersen, Mickelson, Cothran, et al. 2013) analyzes. The data obtained may support some hypotheses regarding the contacts and migration routes of the archaeological cultures under consideration on the basis of the similarity of genetic variation of domesticated horses of these cultures, for example, the Central Asian origin of the Altai Biiken culture [START_REF] Chugunov | Transition from the Bronze Age to the Early Iron Age on the Territory of the Altai-Sayan Region (Concept Presentation)[END_REF][START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF][START_REF] Tishkin | Biyken Culture of Altai of the Arzhan-Mayemir Time: Content and Experience of Periodization[END_REF], the Middle Eastern origin of the Altai Pazyryk culture [START_REF] Kokorev | To the Question of the Origin of the Pazyryk Culture of the Altai Mountains (Bibliographic Sketch)[END_REF][START_REF] Tishkin | Making of Periodizational and Cultural and Chronological Schemes: Historical Experience and Modern Conception of Study of Ancient and Medieval Nations of Altay[END_REF], as well as the presence of contacts between the Xiongnu Empire, the Chinese Han Empire, and the Roman Empire [START_REF] Erdenebaatar | in Xiongnu: archaeology, origin of culture, ethnical history[END_REF][START_REF] Honeychurch | Inner Asia and the Spatial Politics of Empire[END_REF][START_REF] Kelekna | The Horse in Human History[END_REF][START_REF] Kradin | The Xiongnu Empire[END_REF][START_REF] Polosmak | The Light of Distant Hellas[END_REF]. We can assume a certain degree of genetic continuity between some horses of the Biiken and Turkic cultures of Altai, as well as between some horses of the Khereksur and Deer Stone and Xiongnu cultures of Mongolia, which correlates with the conclusion of genome-wide study on the genetic continuity between people of these cultures [START_REF] Jeong | A Dynamic 6,000-Year Genetic History of Eurasia's Eastern Steppe[END_REF]. But since the phylogeographic structure of horse groups based on the mitogenome polymorphisms is not very clear, and mtDNA is only maternally inherited, these conclusions should be taken as only tentative.

In order to determine the full spectrum of genetic diversity in the ancient horses of Altai and adjacent territories, it is necessary to continue the ongoing research of aDNA of horses from different archaeological cultures of this region, including the analysis of genome-wide data presented in the next section.

Genome-wide study of ancient, medieval and modern era horses in Altai and adjacent territories (the experiment was carried out in France)

Genome-wide data obtained by shotgun sequencing allow not only the most reliable phylogenetic reconstructions [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF]), but also the determination of phenotypic traits, genetic (Librado et al. 2017) and infectious (Der Sarkissian et al. 2014) diseases, and also the sex [START_REF] Fages | Horse Males Became Over-Represented in Archaeological Assemblages during the Bronze Age[END_REF]) of ancient animals.

The genome-wide data experiment was conducted at the Research Group for Archaeology, Genomics, Evolution and Societies (AGES) of the Centre for Anthropobiology and Genomics of Toulouse (CAGT) in France, led by Professor Ludovic Orlando.

The geographical location of the archaeological sites, the bone samples of horses of which were studied here at the whole-genome level, is shown in Figure 24. Our screening data confirmed the conclusions of previous studies [START_REF] Gamba | Genome Flux and Stasis in a Five Millennium Transect of European Prehistory[END_REF]Pinhasi et al. 2015) that the temporal bone petrous part (the petrous bone) have the highest percentage of endogenous DNA compared to other types of bone samples, as can be seen in Figures 25 and26.

Although some teeth, as well as bones, such as radius, sesamoid, maxilla, also showed excellent preservation of aDNA, the percentage of which varies within 50-75 % in these samples. These results indicate promising prospects for further genomic analysis of osteological materials throughout the studied region, since at least 28 out of 41 sites include bone samples with a percentage of endogenous DNA exceeding 25 %, making genome characterization by shotgun sequencing costeffective.

Pathogenic bacterial and protozoal profiles of the studied bone samples of ancient and medieval horses

The resulting genome-wide sequencing data were processed through metagenomic pipeline metaBIT [START_REF] Louvel | MetaBIT, an Integrative and Automated Metagenomic Pipeline for Analysing Microbial Profiles from High-Throughput Sequencing Shotgun Data[END_REF]. The ancient origin of the identified microbial genetic material was confirmed by characteristic deamination profiles (the most common postmortem DNA damage) for reads mapped to the corresponding reference bacterial and protozoan genome sequences. The discussion below focuses on microbes capable of causing infection in horses that could be identified in the ancient material analyzed (Figure 27). The results of the high-throughput metagenomic analysis, which included taxonomic identification of microbes using the MetaPhlAn2 reference databases of unique clade-specific metagenomic markers [START_REF] Truong | MetaPhlAn2 for Enhanced Metagenomic Taxonomic Profiling[END_REF], showed the presence (abundance > 75 % of the sequencing reads) of the Erysipelothrix tonsillarum bacterium DNA in a horse's tooth from the Novoilinka-VI site (south of Western Siberia, Russia) of the Eneolithic culture of the Botai circle. This species is known to be pathogenic for livestock. Some serotype 7 strains of this species cause a local urticarial lesion at the site of inoculation (local manifestation of the upper dermis bacterial infection (erysipelas)) in pigs [START_REF] Takahashi | Erysipelothrix Tonsillarum Sp. Nov. Isolated from Tonsils of Apparently Healthy Pigs[END_REF]) and endocarditis, an inflammation of the endocardium (the heart inner layer), in dogs [START_REF] Takahashi | Erysipelothrix Tonsillarum Isolated from Dogs with Endocarditis in Belgium[END_REF][START_REF] Takahasi | Taxonomic Evidence That Serovar 7 of Erysipelothrix Strains Isolated from Dogs with Endocarditis Are Erysipelothrix Tonsillarum[END_REF]. However, the pathogenicity of the Erysipelothrix tonsillarum species for other domestic animals has not yet been assessed, as evidenced by the lack of relevant publications. Therefore, at present, we cannot assume whether this bacterium could be the cause of the death of the Nov6-13 horse from the Novoilinka-VI site.

DNA of another species of the genus Erysipelothrix, Erysipelothrix rhusiopathiae, was found in the extract of a bone specimen of the horse Mon-10, associated with the Khereksur and Deer Stone culture of Mongolia (the Late Bronze Agethe Early Iron Age, the Monostoy-Nuga site). The earliest studies of the bacterium of this species showed that this species is a pathogen in horses, causing vegetative endocarditis. Without timely antibiotic treatment, this infectious inflammation leads to the death of the animal [START_REF] Mccormick | Erysipelothrix Rhusiopathiae Vegetative Endocarditis in a Horse[END_REF]. However, since another species of the genus Erysipelothrix, Erysipelothrix tonsillarum, as well as the methods of unambiguously distinguishing between these two species, had not yet been determined during the first research [START_REF] Takahashi | Erysipelothrix Tonsillarum Sp. Nov. Isolated from Tonsils of Apparently Healthy Pigs[END_REF], the studied case of equine vegetative endocarditis could also be associated with the species Erysipelothrix tonsillarum. Later studies revealed unambiguous pathogenicity of some serotypes (serotype 5) of the bacterium Erysipelothrix rhusiopathiae for horses, since the presence of this bacterium in the blood (bacteremia) was determined in a horse that was diagnosed with a disease characterized by the following clinical manifestations: laminitis (the hoof lamellar-distal phalangeal attachment apparatus failure [START_REF] De Laat | Equine Laminitis: Induced by 48 h Hyperinsulinaemia in Standardbred Horses[END_REF][START_REF] Pollitt | Equine Laminitis[END_REF])), uveitis (intraocular inflammation of an autoimmune nature, leading to blindness [START_REF] Deeg | Ocular Immunology in Equine Recurrent Uveitis[END_REF])), localized ventral edema, depression [START_REF] Seahorn | Erysipelothrix Rhusiopathiae Bacteremia in a Horse[END_REF]). This bacterial species was previously identified in one specimen of the Przewalski's horse that died in Halle (Germany) in the early 20th century (Der Sarkissian, Ermini, et al. 2015). Erysipelothrix rhusiopathiae is also the causative agent of infections in pigs, sheeps, cattle, dogs, and in many wild and domestic birds, which has been identified by numerous studies [START_REF] Reboli | Erysipelothrix Rhusiopathiae: An Occupational Pathogen[END_REF][START_REF] Takahashi | Erysipelothrix Tonsillarum Sp. Nov. Isolated from Tonsils of Apparently Healthy Pigs[END_REF][START_REF] Wang | Erysipelothrix Rhusiopathiae[END_REF]. Since the bacterium Erysipelothrix rhusiopathiae is pathogenic to domestic horses, and about 25 % of the reads of the Mon-10 horse genomic library are associated with this bacterium, we may conclude that this infection most likely caused the death of this horse. Future phylogenetic work based on the bacterial sequence alignments will help determine the underlying serotype of the ancient pathogen.

One tooth from a horse, associated with the Zoolongiyn am site (Mongolia, the Bronze Agethe Early Iron Age), is characterized by the presence of a significant amount (~ 25 % of reads) of the bacterium Staphylococcus lentus. This bacterium belongs to coagulase-negative staphylococci [START_REF] Adegoke | Comparative Characteristics of Staphylococcus Sciuri, Staphylococcus Lentus and Staphylococcus Gallinarum Isolated from Healthy and Sick Hosts[END_REF], which are opportunistic pathogens that can cause skin abscesses (the pus accumulation in the dermis or subcutaneous tissue [START_REF] Beims | Isolation of Staphylococcus Sciuri from Horse Skin Infection[END_REF])), wound infections, and mastitis (the udder infection and inflammation [START_REF] Canisso | Diagnosis and Treatment of Mastitis in Mares[END_REF]) in horses [START_REF] Mama | Antimicrobial Resistance, Virulence, and Genetic Lineages of Staphylococci from Horses Destined for Human Consumption: High Detection of S. Aureus Isolates of Lineage ST1640 and Those Carrying the LukPQ Gene[END_REF]). However, this bacterium is quite common in healthy horses that do not exhibit clinical manifestations of any disease [START_REF] Mallardo | A Comparative Evaluation of Methicillin-Resistant Staphylococci Isolated from Harness Racing-Horses, Breeding Mares and Riding-Horses in Italy[END_REF][START_REF] Martino | Methicillin-Resistant Staphylococci Isolated from Healthy Horses and Horse Personnel in Italy[END_REF][START_REF] Yasuda | Distribution of MecA-Harboring Staphylococci in Healthy Mares[END_REF]. Therefore, it is difficult to conclude what effect this bacterium could have had on the studied ancient horse (Mon-10).

Genetic material associated with the parasitic protist of the Eimeria tenella species were found in the genomic libraries of four studied bone samples of ancient and medieval horses. The corresponding bone samples are associated with the Khereksur and Deer Stone culture (the Early Iron Age, the Ushkin-Uver site, Mongolia), the Zhuzhan and Syanbi cultures (the Early Iron Age, the Zoolongiyn am site, Mongolia), and the Turkic culture (the Early Middle Ages, the Shohidon site, Tajikistan). Eimeria tenella is the causative agent of сoccidiosis in chickens, which is characterized by damage to the intestinal epithelial cells and tissues of the caecum [START_REF] Chen | Dissection of the Cecal Microbial Community in Chickens after Eimeria Tenella Infection[END_REF]. This damage to the gastrointestinal tract, in mild cases, leads to nutrient malabsorption, weight loss and, in severe cases, to blood loss, shock syndrome, death [START_REF] Ramly | The Structure of a Major Surface Antigen SAG19 from Eimeria Tenella Unifies the Eimeria SAG Family[END_REF][START_REF] Subramanian | Cloning, Expression and Evaluation of the Efficacy of a Recombinant Eimeria Tenella Sporozoite Antigen in Birds[END_REF]. Infections associated with this apicomplexan parasite have not yet been found in animals of other species [START_REF] Ramly | The Structure of a Major Surface Antigen SAG19 from Eimeria Tenella Unifies the Eimeria SAG Family[END_REF]). However, another species of the Eimeria genus, Eimeria leuckarti, has been found in horses, donkeys, mules, onagers, mountain zebras, plains zebras worldwide [START_REF] Dubey | A Review of Eimeria Infections in Horses and Other Equids[END_REF]. In most horses, this infection is asymptomatic [START_REF] Barker | The Endogenous Development of Eimeria Leuckarti in Ponies[END_REF][START_REF] Dubey | A Review of Eimeria Infections in Horses and Other Equids[END_REF][START_REF] Dunlap | Eimeria Leuckarti Infection in the Horse[END_REF][START_REF] Santos | Eimeria Leuckarti Flesch, 1883 (Apicomplexa: Eimeriidae) from Horse Foals in Rio de Janeiro[END_REF]. According to the literature [START_REF] Dubey | A Review of Eimeria Infections in Horses and Other Equids[END_REF][START_REF] Studzińska | Prevalence of Eimeria Leuckarti in Young Horses and Usefulness of Some Coproscopical Methods for Its Detection[END_REF][START_REF] Sudan | Successful Therapeutic Management of Concurrent Subclinical Eimeria Leukarti and Babesia (Theileria) Equi Infection in a Mare[END_REF][START_REF] Wheeldon | Globidium Leuckarti Infection in a Horse with Diarrhoea[END_REF], only a small number of cases of this infection in horses were associated with clinical manifestations, such as cecocolic intussusception, diarrhea, enteritis.

One study determined a 100 % prevalence of this parasitic protist (Eimeria leuckarti) in the studied horse groups of the Inner Mongolia Autonomous Region in China [START_REF] Dubey | A Review of Eimeria Infections in Horses and Other Equids[END_REF][START_REF] Wei | Eimeria Leuckarti and Elementary Description of Its Morphology[END_REF]. Our metagenomic analysis also revealed the presence of a parasite related to Eimeria leuckarti among Mongolian horses. It can be assumed that this infection is common in Mongolian horses, however, more substantial evidence is needed before robust conclusion can be drawn. Since many modern horses have no symptoms of Eimeria leuckarti infection, and the parasitic protist Eimeria tenella was found only in chickens, we consider at that stage that the detected pathogen was unlikely to have caused the death of the infected ancient and medieval horses.

Based on the data obtained, we can conclude that bacteria of the Erysipelothrix genus has been infecting horses since the Eneolithic, and possibly from an earlier period. Our results indicate that bacteria of the Staphylococcus genus were common in horses of the Bronze Age, and parasitic protists of the Eimeria genus circulated in horse herds as early as the Early Iron Age. Our research continues the process of characterizing the microbial profiles of ancient and medieval horses [START_REF] Massacci | Inter-breed Diversity and Temporal Dynamics of the Faecal Microbiota in Healthy Horses[END_REF][START_REF] Sarkissian | Evolutionary Genomics and Conservation of the Endangered Przewalski's Horse[END_REF][START_REF] Tang | Gut Microbiomes of Endangered Przewalski's Horse Populations in Shortand Long-Term Captivity: Implication for Species Reintroduction Based on the Soft-Release Strategy[END_REF]. A similar analysis performed in study by Sarkissian and co-authors (Der Sarkissian et al. 2014) showed the recent origin of the microbial diversity of extracts from bone samples of ancient and historical horses studied. Interestingly, except for one historical horse (which showed evidence of infection by Erysipelothrix rhusiopathiae) (Der Sarkissian, Ermini, et al. 2015), the microbial taxa identified by Sarkissian and co-authors (Der Sarkissian et al. 2014), Schubert and co-authors (Schubert, Jónsson, et al. 2014), and Librado and co-authors [START_REF] Librado | Tracking the Origins of Yakutian Horses and the Genetic Basis for Their Fast Adaptation to Subarctic Environments[END_REF] were associated with the permafrost soil environment, and not with the microbiota of the studied horses.

Sex determination of the studied ancient, medieval and modern era horses

Analysis of low-depth sequencing data using the Zonkey pipeline [START_REF] Schubert | Zonkey: A Simple, Accurate and Sensitive Pipeline to Genetically Identify Equine F1-Hybrids in Archaeological Assemblages[END_REF]) (the PALEOMIX set of pipelines and tools) confirmed that all bone samples examined by us were from horses.

Using the same pipeline to compare the coverage of the X chromosome and autosomes normalized by the total length of the corresponding chromosomes, we determined the molecular sex of 146 ancient, medieval and modern era horses of Altai and adjacent territories, for which sufficient sequencing data were obtained for this determination. The obtained sex ratio in the studied horse groups, associated with the archaeological sites of Altai and adjacent territories, is shown in Figures 28 and29. The size of the squares corresponds to the number of samples investigated at each archaeological site (this is also indicated in the labels by the number following the # sign). The color of the squares corresponds to a different percentage of stallions in the group of horses of each site. Under the names of the sites, their dating information is given that correspond to the archaeological context and radiocarbon dating, X letter means that the dating is unknown.

Figure 29.

Sex ratio of the investigated horse osseous assemblages from the Novoilinka-III and Novoilinka-VI archaeological sites of the Altai region and geographic location of these sites. The size of the square corresponds to the number of samples (36) investigated at these archaeological sites (this is also indicated in the labels by the number following the # sign). The color of the square corresponds to the percentage of stallions in the horse groups of these sites. Under the names of the sites, their dating information is given that correspond to the archaeological context and radiocarbon dating.

As can be seen in Figures 28 and29, the studied Paleolithic horses of Altai and adjacent territories show a sex ratio of 1:1 (the Krasny Yar mine (Novosibirsk Oblast, Russia, N = 8)). Sex-ratios significantly biased towards mares were associated with the Eneolithic settlements Novoilinka-III and Novoilinka-VI of the Botai circle culture (the Altai region, Russia, N = 17 and 19, respectively), the Early Bronze Age Krotovskaya cuture Chernoozerie 6 settlement (Omsk Oblast, Russia, N = 5), the Early Iron Age Khereksur and Deer Stone cuture Hadat uul burial and memorial complex (Arkhangai Aimag, Mongolia, N = 5), and burial ground Tsaram of the Xiongnu culture (the Republic of Buryatia, Russia, N = 4). We determined that in all other groups of horses from the ritual burials of the sites dating from the Late Bronze Age to the Early Middle Ages, the sex ratio shifts in favor of stallions. In general, our data support the results of a recent study [START_REF] Fages | Horse Males Became Over-Represented in Archaeological Assemblages during the Bronze Age[END_REF]) that found no bias in favor of males in archaeological horse remain assemblages from human Paleolithic sites of Western Europe (Belgium) and Eastern Siberia, as well as from archaeological sites dating from the Paleolithic to the Early Bronze Age. The researchers have also determined that, since the Early Bronze Age, ritual burials of horses and horse burials of a different nature have been characterized by the predominance of stallions [START_REF] Fages | Horse Males Became Over-Represented in Archaeological Assemblages during the Bronze Age[END_REF]. However, some of our results do not comply with the findings of the above study. As already noted, some Eneolithic settlements of Altai and adjacent territories (Novoilinka-III, Novoilinka-VI, Chernoozerie 6), as well as two Early Iron Age burial complexes (Hadat uul, Tsaram) of this region, show unbalanced burial horse sex ratios favoring mares.

The studied samples of the settlements of Novoilinka-III and Novoilinka-VI of the Kulunda steppe (south of Western Siberia), which are the Botai circle sites [START_REF] Kiryushin | Archaeobotanical and Phytolithic Studies at the Novoilinka-3 Settlement (Northern Kulunda)[END_REF], were found in pits on the periphery of the settlements, and not in ritual burials. Archaeozoological data, such as a shift in the horse age ratio towards older individuals, the absence of bit wear damage on the teeth, and the size of metapodia, indicate that Novoilinka-III and Novoilinka-VI horses are wild (Vasiliev et al. 2011). However, since the domestic status of the Botai horses is still debated (wild Equus ferus przewalskii (regularized massive harvesting) [START_REF] Taylor | Rethinking the Evidence for Early Horse Domestication at Botai[END_REF] or early domesticated horses [START_REF] Outram | The Earliest Horse Harnessing and Milking[END_REF])), we could adopt an intermediate standpoint and consider that the people of these settlements were engaged in hunting wild horses and breeding domesticated ones. The 2:1 overrepresentation of mares over males found in our study may, thus, reflect people of the Novoilinka-III and Novoilinka-VI settlements preferentially hunting or keeping females near their settlements for breeding.

Based on our results and previously published data, we can conclude that the groups of horses of the sites within the Botai circle are characterized by a balanced horse sex ratio or a shift in favor of mares, and definitely not towards stallions. However, a genetic study of horses from other sites of the Botai culture and cultures of the Botai circle is necessary in order to draw final conclusions.

Determination of the phenotypes of the ancient and modern era horses of Altai and adjacent territories

Samples with a percentage of endogenous DNA above 8 % were selected for whole genome sequencing. To date, complete genomes have been obtained for 25 samples, with an average depth of coverage ranging between approximately 1X and 8X. Analysis of loci associated with different phenotypic traits, such as variations in body size and coat color, locomotion traits, such as different types of racing performance, and genetic diseases revealed the presence of the corresponding alleles and their state (homozygous or heterozygous) in the genomes of the studied ancient and modern era horses. The results of this analysis are shown in Table 13.

Table 13. The presence of alleles associated with various phenotypic traits and genetic diseases in the studied ancient and modern era horses. 2 PMEL gene (chr6:74570372-74570372) 3 PMEL gene (chr6:74571008-74571008) 3 Racing GSN gene 4 ADHFE1 gene 4 PTGS1 gene (chr25:26007699) 5 PTGS1 gene (chr25:25991437) 5 COX4/2 gene 6 PROP1 gene (chr14:3761355) 10 PROP1 gene (chr14:3761254) 10 Disease PKHD1 gene 11

1 Leopard complex сoat colour, congenital stationary night blindness.

2 Silver coat colour, multiple ocular defects (MCOA syndrome).

3 Silver coat colour. 4 Short distance racing performance. 5 Racing performance in males. 6 Racing performance. 7 Wither height. The phenotypic profile and profile of genetic diseases of the studied ancient and modern era horse groups, associated with the archaeological sites of Altai and adjacent territories, is visualized in Figure 30 and Figure 31. [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF](Librado et al. , 2021)). Allele ratios in the groups of ancient horses studied previously are shown in circles with black outline. Each color of the names of archaeological sites is associated with a specific prehistoric or historical period. The original map belongs to the United States Geological Survey National Map Viewer (public domain) resource and was modified by us.

Analysis of the loci listed in Table 13 in the genomes of Paleolithic horses from the Hyena's Lair Cave (south of Altai Krai, Russia) did not reveal the presence of alleles associated with characteristic phenotypic traits and genetic diseases.

As shown in Figure 31, we found alleles associated with the leopard complex color (spotted phenotype), as well as with the silver coat color (diluted phenotype), in some studied horses of the Eneolithic archaeological sites Novoilinka-III and Novoilinka-VI (north of Altai Krai, Russia) of the Botai circle. Since the results of a previously published study [START_REF] Pruvost | Genotypes of Predomestic Horses Match Phenotypes Painted in Paleolithic Works of Cave Art[END_REF]) revealed the presence of a fairly large number of leopard-colored horses in predomestic populations (6 out of 31 studied), the presence of this allele in the horse cannot unambiguously indicate the domesticated status of horses. It should be noted that this is unusual since this allele is also associated with сongenital stationary night blindness and should not be favored by natural selection. The presence of the silver coat color allele in the homozygous state in the Novoilinka horse may indicate that some of the horses of this culture of the Botai circle were at an early stage of domestication, since this allele

has not yet been found in wild horse populations. According to the literature, the earliest horses in which the silver coat color allele was determined are the Bronze Age domestic horses of the Caucasus and Anatolia [START_REF] Guimaraes | Ancient DNA Shows Domestic Horses Were Introduced in the Southern Caucasus and Anatolia during the Bronze Age[END_REF]). This allele is also associated with genetic disease (multiple ocular defects), making its spread among domesticated horses more understandable than among wild populations. According to the previously published data [START_REF] Ludwig | Coat Color Variation at the Beginning of Horse Domestication[END_REF], horses from the Eneolithic sites, located in the territories adjacent to the region of the settlements of Novoilinka, belonged to the chestnut coat color (one of the earliest widespread among the domestic horses) and another spotted coat color, tobiano.

As can be seen in Figure 30, the allele associated with dwarfism was identified by us in the homozygous state only in the Novoilinka horse. We also found alleles associated with dwarfism amongst the horses from two sites (Kuyum (Altai), Arzhan-1 (Tuva)) of the Arzhan-Mayemir time (the Early Iron Age, late 9th to 2nd-3rd quarter of the 6th centuries BCE), but only in a heterozygous state. Our work suggests changing geographic distributions through time for such alleles as we did not detect them in the horses of Altai and adjacent territories after the Arzhan-Mayemir time.

However, this conclusion is inconsistent with one of the results of the study by Librado and co-authors [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF], which showed the presence of such alleles in a homozygous state in the horses of the Pazyryk culture site Berel (~ 2.3 kya) of Eastern Kazakhstan.

Analysis of the genomes of horses associated with the Khereksur and Deer Stone culture of Mongolia (the transition period from the Late Bronze Age to the Early Iron Age, late 12th to the 1st half of the 10th centuries BCE, the sites Ganga Tsagaan ereg, Monostoy-Nuga) revealed the presence of homozygous carriers of the alleles of the leopard complex and silver coat colors in the horse herds of this culture. The greater variety of alleles associated with larger size and height (including the wither height) of the body in horses of the Khereksur and Deer Stone culture may suggest a more intensive artificial selection of horses for these phenotypic traits in this culture than in the Botai culture.

The group of ancient horses studied by us from the elite burial site Arzhan-1 of the Aldy-Bel culture of Tuva (the Early Iron Age, the Arzhan-Mayemir time) is characterized by an even greater variety of alleles associated with large size and height of the body than the groups of horses of the previously considered sites, as well as by a large number of alleles associated with different types of racing performance and various coat color phenotypes (leopard, silver). The variety of coat colors of horses in this burial complex correlates with previously published data on ancient horses from the same site [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF][START_REF] Ludwig | Coat Color Variation at the Beginning of Horse Domestication[END_REF]) and the nearby site of Arzhan-2 of the same time [START_REF] Benecke | Horse Skeletons: Archaeozoological and Genetic Research[END_REF][START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF][START_REF] Ludwig | Coat Color Variation at the Beginning of Horse Domestication[END_REF]). However, in the horses of the Arzhan-2 site, coat colors were found that were not identified in the horses of the Arzhan-1 site, such as spotted coat color tobiano, buckskin coat color (diluted phenotype) [START_REF] Benecke | Horse Skeletons: Archaeozoological and Genetic Research[END_REF].

Additionally, according to our and previously published data [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF], several horses of the Arzhan-1 site carried alleles associated with genetic diseases, such as cerebellar abiotrophy and polycystic kidney disease, although at the heterozygous state.

In the studied by us horse groups of the Biiken culture of Altai (the Early Iron Age, the Arzhan-Mayemir time, the sites Kuyum, Choburak-I, Bike-V), there are no alleles associated with larger body sizes, but alleles associated with body and wither height, different types of racing performance, and coat colors could be found. However, we did not reveal in the Biiken culture horses alleles of such coat colors as tobiano (spotted), buckskin (diluted) and chestnut, which were previously found in horses of the Aldy-Bel culture of Tuva of the same time (sites Arzhan-1 and Arzhan-2) (Benecke et al. 2017;[START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF][START_REF] Ludwig | Coat Color Variation at the Beginning of Horse Domestication[END_REF], as well as in horses from later sites of the Pazyryk time (6th to 3rd centuries BCE) located in the Mongolian Altai (Olon-Kurin-Gol-10 site) [START_REF] Ludwig | Coat Color Variation at the Beginning of Horse Domestication[END_REF], the Kazakh Altai (the Berel site) [START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF], and Khakassia, the region adjacent to Altai (the Barsuchy Log site) [START_REF] Ludwig | Coat Color Variation at the Beginning of Horse Domestication[END_REF]). These differences between the studied Early Iron Age horse group phenotypic composition may indicate different selection regimes in the associated cultures or stochastic variation due to insufficient sampling of the Biiken culture horses.

Further coat color variation analyzes based on a larger panel of ancient horses of the considered archaeological cultures is thus needed to address these questions.

In general, the analysis of loci associated with different phenotypic traits and genetic diseases showed a wide variety of alleles of coat color, racing performance, larger body size, and height in the horse herds of Altai and adjacent territories, starting with the Eneolithic, and revealed the rare presence of alleles causative for genetic diseases in the ancient domestic horses of this region.

Phylogenetic reconstructions and determination of the geographic center of horse domestication

In the genome-wide phylogenetic analysis, we did not include the genome-wide data obtained by us for three samples, two of which belong to the end of the Early Iron Age (the Zoolongiyn am site), and one sample is dated to the early modern period (the Teleutsky Vzvoz-I site), since these samples belong to common era, and only earlier samples were included in this analysis.

Combining the genome sequences of 22 ancient horses of Altai and adjacent territories that we obtain (from the Paleolithic to the Early Iron Age), with 251 genome sequences of ancient horses from different parts of Eurasia and different prehistoric and historical periods, allowed us to carry out large-scale phylogenetic reconstructions. The results of the phylogenetic analysis performed are presented in the form of a neighbor-joining tree in Figure 32.

Figure 32. Whole genome phylogeographic reconstructions and ancestry component profiles of the studied ancient horses of Altai and adjacent territories and 251 ancient horses of different times from other regions of Eurasia. A -Neighbor-joining phylogenomic tree constructed on the basis of the pairwise matrix of genetic distances between 22 studied ancient horses from Altai and adjacent territories and 251 ancient horses belonging to different genetic lineages and different regions of Eurasia. The tip names consist of four parts, separated by an asterisk: 1st partname of the archaeological culture#name of the prehistoric or historical period (if, according to the archaeological or paleontological context, a horse is considered wild, then this is indicated at the beginning of the tip name by the word wild), 2nd partgeographical origin of the sample, 3rd partname of the sample, 4th partdating of the sample (INF means infinite radiocarbon dating (> 50,000 BP)). The color of the tip name is similar to the color of the ancestry component (shown in B) with the highest percentage in the corresponding genome. The samples of ancient horses of Altai and adjacent territories studied here are marked by a red star symbol. Support of the phylogenetic tree nodes above 75 % is shown by red circles of different radii near the nodes of the tree (the larger the circle, the greater the bootstrap support value). Bootstrap support values are based on 100 bootstrap pseudoreplicates; B -Results of the Struct-f4 ancestry component analysis. The main clusters of our phylogenetic tree are highlighted by thick lines to the right of the diagram of the percentage ratio of the ancestry components for all analyzed samples and are indicated by numbers from 1 to 4, as well as by the color corresponding to the main ancestry component.

As shown in Figure 32(B), genome-wide phylogeographic analysis revealed four main clusters corresponding to four genetic lineages of horses: Lena horse (Equus lenensis) lineage (1st cluster), European wild horse lineage (2nd cluster), Botai horse lineage (including Przewalski's horses (Equus ferus przewalskii) and their hybrids) (3rd cluster), domestic horse (Equus ferus caballus) and its ancestors lineage (4th cluster).

Phylogeographic patterns of the 1st cluster

The cluster of Lena horses occupies one of the most basal positions in the phylogenetic tree (Figure 32). In addition to horses that clearly belong to the Equus lenensis genetic lineage of Eastern Siberia (Russia) (Late Pleistocene to mid-Holocene) [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF], this cluster includes the Upper Paleolithic horses of the Urals (Russia), which is confirmed by the results of the Struct-f4 analysis (Figure 32(B)), which show the presence of a small percentage of the Equus lenensis ancestry component in the genomes of these horses.

Phylogeographic patterns of the 2nd cluster

The next cluster includes the Upper Paleolithic horses of Western and Eastern Europe, as well as the Neolithic -Eneolithic horses of Europe. It represents the genetic diversity of European wild horses.

The branches of the phylogenetic tree, located between the above-considered clusters, are associated with the Upper Paleolithic and Mesolithic horses of the Ural region (Russia), Altai region (south of Western Siberia, Russia), Kazakhstan, Central European Russia and Eastern European Russia. These horses most likely belong to the broad-toed horse (Equus latipes) and the Ural horse (Equus uralensis) paleontologically defined species, based on their dating and geographic affiliation.

According to paleontological data, the former inhabited the territories of the Southern Ural, the East European Plain, Moldavia in the Late Pleistocene until the Last Glacial Maximum (100 000-24 000 years ago), and the latter inhabited the territories of the Ural Mountains in the Late Pleistocene after the Last Glacial Maximum (17 000-10 000 years ago) and the territories of the Northern Caspian region (the interfluve of the Volga and Ural Rivers) in the Early Holocene, where it was gradually replaced by the tarpan (the steppe tarpan (E. gmelini gmelini Antonius, 1912), the tarpan subspecies morphotype) [START_REF] Kosintsev | Secular Dynamics of the Large Mammal Fauna in the Southern Urals[END_REF][START_REF] Kosintsev | Horses (Subgenus Equus) of the Southern Urals in the Late Pleistocene[END_REF][START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF]). Based on their mixed location in our phylogenetic tree and the resulting ratio of different ancestry components in their genomes, our work reveals these paleontologically defined species (Equus latipes, Equus uralensis) as belonging to the same species. This conclusion is consistent with the results of a previously published morphometric analysis, which revealed an overlap in the main measurements of the outer splint and talus bones between the two groups, hence, rejecting previous taxonomical studies [START_REF] Kosintsev | Horses (Subgenus Equus) of the Southern Urals in the Late Pleistocene[END_REF].

Phylogeographic patterns of the 3rd cluster

The third well-supported cluster consists of horses of the Neolithic culture of Northeastern Kazakhstan (the Borly site (2nd half of the 5th millennium BCE)), the Eneolithic Botai and Tersek cultures, that, according to literature data [START_REF] Kalieva | On the Relationship between the Tersek and Botai Antiquities[END_REF], were distributed in the territories of Northeastern and Northwestern Kazakhstan, respectively, and the Elunin culture of the Early Bronze Age, which covered the territories of Northeastern Kazakhstan and Western Altai [START_REF] Grushin | Economic-Cultural Variability of Forest-Steppe Altay in the Early Bronze Age[END_REF][START_REF] Merts | Kazakhstan Archaeological Complexes of the Elunin Type[END_REF]. The Botai and Tersek cultures are contemporaneous and show continuity with the earlier cultures of Kazakhstan [START_REF] Kuznetsov | Botai Culture of the Late Eneolithic: Pro et Contra of the Existence of Its Domestic Horses[END_REF]. Some researchers consider the Tersek culture to be a local version of the Botai culture, and also suggest the name "Botai-Tersek" for this culture [START_REF] Zaibert | Botay Culture: Past and Present[END_REF]. The Botai cluster also includes horses from the Botai circle sites located in the south of Western Siberia (Novoilinka-III, Novoilinka-VI, Aleksandrovskoe IV (the Krokhalev culture)), Przewalski's horses and their hybrids with domestic horses. The Eneolithic cultures associated with the Botai cluster are geographically and chronologically similar, as well as in some features of the subject complex and in the composition of the fauna (most of the bones found during the excavations of these settlements belong to horses) [START_REF] Ermolova | Remains of Mammals from the Botai Settlement (According to Excavations in 1982)[END_REF][START_REF] Kalieva | On the Relationship between the Tersek and Botai Antiquities[END_REF][START_REF] Kuzmina | Botai Horses[END_REF]. Analyzing the Botai cluster, we can conclude that the Botai-related ancestry was widespread among the horses of settlements in Northern Kazakhstan and the south of Western Siberia, dated from the Neolithic to the Early Bronze Age. This genetic lineage of horses only survived amongst Przewalski's horses today.

Phylogeographic patterns of the 4th cluster and identification of the horse domestication center

The The results obtained allowed us to define the center of horse domestication as the Pontic-Caspian steppe (Western Eurasian steppes), however, we cannot say that the horse was first domesticated in the Yamnaya culture, as Anthony believed [START_REF] Anthony | The Horse, the Wheel, and Language: How Bronze Age Riders from the Eurasian Steppes Shaped the Modern World[END_REF]. The results of our genome-wide analyzes suggest that, even assuming that Yamanya horses were all domesticated, it does not seem that they were associated to the massive migrations that have been described using ancient human data [START_REF] Narasimhan | The Formation of Human Populations in South and Central Asia[END_REF], as horses associated with the Corded Ware Culture (Figure 32(A), 2nd cluster) showed a completely different genomic makeup, in contrast with what is seen in humans. Combined, this pleads against horses playing a key role in both Yamnaya culture development and demographic expansion. There is also no irrefutable zooarchaeological and directly archaeological evidence supporting Yamnaya horses as domesticated [START_REF] Rosljakova | Archaeozoological Materials from the Pit Grave Culture Burials of the Samara Volga Region and Orenburg Region[END_REF][START_REF] Syvolap | New Data on the Economy of the Yamnaya Culture Tribes in Central Ukraine[END_REF]. In fact, most of the bones found at the sites of the Yamnaya culture belong to small ruminants or cattle, depending on the region [START_REF] Syvolap | New Data on the Economy of the Yamnaya Culture Tribes in Central Ukraine[END_REF]. Moreover, in some regions, for example, in the Samara Volga Region and Orenburg Oblast, horse bones are very rare at the sites of the Yamnaya culture and are mainly found inside the burial mound above the grave pit, and not at its bottom [START_REF] Rosljakova | Archaeozoological Materials from the Pit Grave Culture Burials of the Samara Volga Region and Orenburg Region[END_REF]. The same applies to the Maykop culture, which developed in the North Caucasus synchronously with the Early (Repin) stage of the Yamnaya culture [START_REF] Morgunova | Pp. 26-27 in Civilization centers and primitive periphery in the Early Metal Period: models of interaction[END_REF][START_REF] Yudin | Settlement of the Maykop Culture in the Village of Keslerovo in the Kuban[END_REF][START_REF] Yudin | Maykop Settlement Chekon in Kuban Region and Issues of Cultural Interactions[END_REF]. However, in the burials of the Catacomb culture (the Northern Black Sea Region and Ciscaucasia), the early stage of development of which coincides in time with the Late (Poltavkino) stage of the Yamnaya culture [START_REF] Morgunova | Pp. 26-27 in Civilization centers and primitive periphery in the Early Metal Period: models of interaction[END_REF], whole skeletons of horses (in some graves up to 40 [START_REF] Bartosiewicz | Ex Oriente Equus… A Brief History of Horses between the Early Bronze Age and the Middle Ages[END_REF])) or horse skulls with limb bones were found [START_REF] Nebrat | Burial of Ingul Catacomb Culture with the Bones of Animals[END_REF][START_REF] Vlaskin | Excavations of the Ground Necropolis of the Kobyakovo Settlement in Rostov-on-Don in 2011[END_REF]. This indicates a high probability of domestication of these horses, moreover, the time of existence of this culture corresponds to the age of the specimens showing direct ancestry with modern domesticates.

Most wild horses of the clades located above the 19th century tarpan (Equus ferus ferus, Equus gmelini, the steppe tarpan (morphotype)) branch in our phylogenetic tree (Figure 32(A)) most likely belong to the same subspecies of the wild horse (Equus ferus) and to the same morphotype of the tarpan, the steppe tarpan. This follows from the fact that these wild horses are associated with the Middle Holocene and the steppe zone of Eastern Europe and the Urals (the Pontic-Caspian steppe).

The exception is horses from the territories of Turkey and the North Caucasus (mainly mountainous relief). In the Middle Holocene only one large morphological form of the genus Equus were widespread in most of the Pontic-Caspian steppe, this morphoform is the steppe tarpan [START_REF] Kosintsev | Western Siberian Wild Horses (Equus (Equus) s. l.) in the Holocene[END_REF][START_REF] Kuzmina | Mammals of the Northern Caspian Region in the Holocene[END_REF]. According to morphometric and historical data, the steppe tarpan inhabited the territories of the steppe zone of Eastern Europe, Western Siberia, and Kazakhstan from the Late Pleistocene to the modern period (this subspecies became extinct at the beginning of the 20th century) [START_REF] Kosintsev | Western Siberian Wild Horses (Equus (Equus) s. l.) in the Holocene[END_REF][START_REF] Kuzmina | Horses of North Eurasia from the Pliocene till the Present Time[END_REF][START_REF] Spassov | The Wild Horses of Eastern Europe and the Polyphylethic Origin of the Domestic Horse[END_REF]. Our phylogenetic data and our Struct-f4 ancestry component analysis results (Figure 32) indicate that the surviving wild tarpans underwent massive introgression with domesticated horses, which correlates with the numerous historical accounts of the theft of domestic mares by tarpans (stallions) for their wild herds [START_REF] Kavar | Domestication of the Horse: Genetic Relationships between Domestic and Wild Horses[END_REF].

The clades following the branching of the 19th century tarpan in our phylogenetic tree (Figure 32(A)) contain only domesticated horses, and all postdate 2200 BCE. The first irrefutable evidence of the domesticated status of horses associated with archaeological sites, namely the ritual burials of horses along with parts of spoked wheel chariots, relates to the Bronze Age Sintashta culture of the northern steppe zone of the Southern Ural, Southern Trans-Urals, Northern and Western Kazakhstan [START_REF] Epimakhov | Radiocarbon Arguments for the Abashevo Origin of the Sintashta Traditions in the Bronze Age[END_REF][START_REF] Koryakova | The Urals and Western Siberia in the Bronze and Iron Ages[END_REF][START_REF] Lindner | Chariots in the Eurasian Steppe: A Bayesian Approach to the Emergence of Horse-Drawn Transport in the Early Second Millennium BC[END_REF]). This culture is part of the Andronovo cultural and historical community, covering the territories of the Southern Ural, the south of Western Siberia, Kazakhstan, and the western part of Central Asia [START_REF] Zubova | Anthropological Aspects of the Genesis of Representatives of the Andronovo Cultural and Historical Community[END_REF]. The Sintashta culture is the earliest stage in the development of this community [START_REF] Berezanskaya | Elena Efimovna Kuzmina and Archeology of Ukraine[END_REF]. Paleoanthropological data showing that the Sintashta population was characterized by ethnic diversity and belonged to the Indo-Iranian ethnic group [START_REF] Kitov | Paleoanthropology of the Population of the Southern Urals of the Bronze Age[END_REF][START_REF] Zubova | Anthropological Aspects of the Genesis of Representatives of the Andronovo Cultural and Historical Community[END_REF].There are several points of view about which culture is ancestral in relation to the Sintashta culture [START_REF] Kuzʹmina | The Origin of the Indo-Iranians[END_REF]. Researchers suggest that one of the cultures that participated in the formation of the Sintashta culture is the Bronze Age Abashev culture of the Don-Volga and Southern Ural regions [START_REF] Epimakhov | Radiocarbon Arguments for the Abashevo Origin of the Sintashta Traditions in the Bronze Age[END_REF], the cultural components of the formation of which is the Yamnaya, Catacomb, and one of the North Caucasian cultures [START_REF] Berezanskaya | Elena Efimovna Kuzmina and Archeology of Ukraine[END_REF][START_REF] Kuzʹmina | The Origin of the Indo-Iranians[END_REF][START_REF] Pimakhina | The Origin of Abashevo Culture: The Historiographic Aspect[END_REF][START_REF] Solovyov | Balanovo Culture (Brief Historiographic Sketch)[END_REF][START_REF] Zubova | Anthropological Aspects of the Genesis of Representatives of the Andronovo Cultural and Historical Community[END_REF]. The Sintashta horses are present within the most ancient clades of studied domesticated horses from Asia and show older radiocarbon dates than other domestic horses of these clades (Figure 32(A)). This suggests that the modern domesticated horses expanded in Asia with Sintashta cultural phenomenon which is consistent with the results of the TreeMix reconstructions performed by Fages and co-authors [START_REF] Fages | Tracking Five Millennia of Horse Management with Extensive Ancient Genome Time Series[END_REF]). However, we cannot exclude the possibility of the introduction of domestic horses into Asia in earlier time periods, since the horse genomes of the archaeological sites of Asia of the Late Eneolithic -Early Bronze Age are not involved in our phylogenetic reconstructions. The earliest domestic horses may have been introduced to Asia during this time period due to eastward migrations of earlier cultures of the Western Eurasian steppes or contacts between these cultures and synchronous cultures of Asia.

At the whole-genome level, we examined domestic horses of the Late Bronze and Early Iron Ages, belonging to the Khereksur and Deer Stone, the Aldy-Bel, and the Biiken cultures of Altai and adjacent territories. Most likely, the features uniting these three cultures, the most significant of which is the tradition of constructing khereksur-mounds (radial burial structures), are of Indo-Iranian origin and, as the researchers suggest, go back to the Andronovo cultural and historical community, one of the first stages of development of which is the Sintashta culture [START_REF] Chugunov | Khereksurs of Central Asia[END_REF]. The results of our phylogenetic reconstructions and Struct-f4 ancestry component analysis (Figure 32) indicate that the ancient horses of Central and Northern Mongolia belonging to different development stages of the Khereksur and Deer Stone culture (the Late Bronze Age (12th to 1st half of the 10th centuries BCE), the Early Iron Age (9th to 1st half of the 8th centuries BCE)) show similar genetic profiles and phylogenetic branching. This pleads for a homogeneity and stability of the gene pool of the horses belonging to this culture. However, horses of the same culture from Western (Altai) Mongolia do not form a well-supported clade with other horses of this culture, which is most likely due to insufficient sampling from this region of Mongolia (N = 1).

According to the constructed phylogenetic tree data (Figure 32(A)), some horses of the Khereksur and Deer Stones culture of Mongolia are closely related to some horses of the Aldy-Bel culture of Tuva (Russia) which indirectly confirms the presence of contacts between these two cultures. These results are consistent with archaeological and paleoanthropological evidence indicating similarities between the two cultures. According to archaeological data, the Khereksur and Deer Stone culture and the Aldy-Bel culture are united by the peculiarities of material culture, social structure, economy, worldview [START_REF] Chugunov | Chronology and Cultural Affinity of the Kurgan Arzhan-2 Complex According to Archaeological Data[END_REF]. Paleoanthropological data suggests that some people of the Khereksur and Deer Stone culture and most people of the Aldy-Bel culture were carriers of the same craniological complex, typical for groups of mestizo Europid-Mongoloid origin [START_REF] Alekseev | A Brief Outline of the Paleoanthropology of Central Asia (Stone Age -Early Iron Age)[END_REF][START_REF] Buraev | The Migrations of the Ancient Population of Baikal Siberia and Mongolia[END_REF][START_REF] Buraev | Inter-Tribal (Inter-Ethnic) Interactions of the Ancient Population Groups of Central Asia[END_REF][START_REF] Chikisheva | On the Formation of the Anthropological Composition of the Early Nomads of Tuva[END_REF]. The haplotypes of the studied ancient horses of the Biiken culture of Altai are not close to the haplotypes of horses of the other two cultures under consideration. This may be due to a difference in the genetic makeup between horse herds of these cultures or due to insufficient sampling. The absence of a close relationship between the whole genome haplotypes of ancient horses of the Khereksur and Deer Stone culture and the Biiken culture is consistent with our data on whole mitogenomes of the studied ancient horses, indicating different mitochondrial genetic diversity of the horses of these two cultures.

Our genome-wide phylogenetic reconstructions (Figure 32(A)) show that modern horses of Mongolian and Icelandic breeds form a well-supported clade in the phylogenetic tree. This confirms the results of previously published studies (based on genome-wide SNP data (Petersen, Mickelson, Cothran, et al. 2013) and microsatellite polymorphisms [START_REF] Bjornstad | Genetic Relationship between Mongolian and Norwegian Horses?[END_REF])) that the indigenous horse breed of Mongolia is closely related to the North European ones.

Based on the above results and their discussion, it can be concluded that there was a strong geographic structure of predomestic horse populations, that were divided into four distinct groups It is very important to continue the molecular genetic studies of the ancient and medieval horses of Altai and adjacent territories in order to assess whether the preliminary results obtained on genetic continuity, possible migration routes, and exchange could be confirmed. Future work should embrace the whole power of NGS to characterize genome-wide patterns of genetic diversity. This can be achieved economically for a larger subset of samples than those showing preservation levels compatible with shotgun sequencing using target-enrichment techniques, following the success of similar approaches in ancient human genomics [START_REF] Mathieson | Genome-Wide Patterns of Selection in 230 Ancient Eurasians[END_REF]. This will also allow to bypass the limitations inherent to the mitogenome, which, as a non-recombining locus only records one of the many genealogies underlying genome variation, and as poorly phylogeographically structured in horses, limits inference of gene flow between horses. Given that the last decade of aDNA research has totally rewritten our understanding of the history of horse domestication, we expect the next one to also provide final answers on much debated archaeological models about the contacts of cultures and trade of horses along the Asian steppes, and how these were transformed following the rise and fall of major Empires, including the Great Mongolian Empire, and many Chinese dynasties.

Scientific novelty

For the first time, we compared the percentage of endogenous DNA in bone samples of horses belonging to the following archaeological cultures of Altai and adjacent territories: the Afanasievo (Eneolithic, Altai), the Elunin (Early Bronze Age, south of Western Siberia), the Biiken (Early Iron Age, Altai), the Bulan-Koba (Early Iron Age, Altai), the Krotovskaya (Bronze Age, south of Western Siberia), the Bolsherechenskaya (Early Iron Age, south of Western Siberia), the Slab Grave (Late Bronze Age -Early Iron Age, Mongolia), the Syanbi (Early Iron Age, Mongolia), the Zhuzhan (Early Iron Age, Mongolia), the Karmatsky (Late Middle Ages, south of Western Siberia). Also, for the first time, we determined the sex of ancient, medieval and modern era horses from the archaeological cultures listed above.

In this study, for the first time, haplotypes and phenotypic traits of horses of the Altai Biiken culture of the Early Iron Age were determined on the basis of the genetic variants in the sequences of the mitogenome HVR I, the complete mitogenome and the nuclear genome. We compared the obtained genetic and phenotypic diversity with a similar diversity of the sample sets of horses from other cultures of Altai and adjacent territories (Pazyryk, Turkic, Aldy-Bel, Khereksur and Deer Stone). Also, for the first time, haplotypes and phenotypic traits of the Botai horses of the south of Western Siberia were determined, and they were compared according to the characteristics under consideration with the previously studied Botai horses of Kazakhstan.

Phylogeographic reconstructions based on the nuclear genome sequences of the studied ancient horses and ancient horses from different regions of the world, including those belonging to the archaeological cultures of the Eneolithic and the Early Bronze Age, allowed us to determine whether the Altai was the geographic center of horse domestication.

Our metagenomic analysis revealed for the first time the presence of specific infections (pathogens: Erysipelothrix tonsillarum, Erysipelothrix rhusiopathiae, Staphylococcus lentus, Eimeria tenella) in ancient and medieval horse herds of Altai and adjacent territories.

In our study, the hypothesis [START_REF] Lobanova | Altai Horse and the Stages of Its Transformation[END_REF] that the horses of the Eastern Altai are genetically closer to the horses of the Mongolian breed than the horses of the Southern Altai was tested for the first time through phylogenetic and population genetics data analyzes.

Theoretical and practical significance of the work

The theoretical significance of this study lies in assessing the prospects of the region under study for the ancient horse DNA investigations (by the percentage of endogenous DNA in bone samples), determining such important information for archaeological research as the gender of horses from ritual burials, the population history of wild and domestic horses in Altai and adjacent territories, the genetic diversity of the ancient, medieval and modern era horse herds of the region and the genetic affinities between horses from different archaeological sites and cultures, which can assess continuity or contacts between cultures and reflect migration and/or trade routes. Our work, thus, contribute to fill important gaps in our current understanding of the history of this region. The investigation of the Eneolithic horses of Altai revealed their origin from the Botai horses of Kazakhstan, which helped assess their potential degree of domestication (Kusliy et al. 2020). A comparative analysis of genomewide data from the studied horses of Altai and adjacent regions and ancient horses from other regions of Eurasia allowed us to determine whether Altai and adjacent territories were the geographic center of horse domestication (Librado et al. 2021). The results of the metagenomic analysis suggested the presence of several pathogenic bacteria in the investigated ancient and medieval horses, which contributes to the characterization of infections and their spread in the ancient and medieval horse herds of the studied region (Kusliy et al. 2020).

The obtained consensus sequences of mitogenomes of the ancient and medieval horses can be used by other researchers in a comparative analysis of the genetic diversity of other horse herds and breeds of Eurasia, which is of some practical importance. The same holds true with the nextgeneration DNA sequences underlying the characterization of whole ancient genomes.

CHAPTER 6. CONCLUSIONS

1)

Analysis of nucleotide polymorphisms of the mitogenome hypervariable region I revealed that most of the haplotypes of modern Altai horses are widespread among horses of Southern Siberia and Mongolia. The results of a number of analyzes (phylogeographic reconstructions, PCA, FST, AMOVA) of the mitogenome control region showed no differentiation between the "mixed" and gene pool groups of modern horses of Eastern Altai, a moderate level of differentiation between groups of modern horses of Eastern and Southeastern Altai, as well as between the group of Southeastern Altai horses and the group of modern horses of the Mongolian breed. 3)

The analysis of the loci associated with various phenotypic traits and genetic disorders of horses showed that silver-colored horses were found already in the Eneolithic, and in general, all the studied horses of Altai and adjacent territories are characterized by a large number of alleles associated with height and large body sizes, different types of racing performance and coat colors (chestnut, buckskin, silver, leopard, tobiano, sabino) and a small number of alleles of genetic disorders, only alleles of polycystic kidney disease and cerebellar abiotrophy were identified.

4)

Identification of the genome fragment of the bacterium Erysipelothrix rhusiopathiae, pathogenic for horses, in the bone sample of the ancient horse of the Khereksur and Deer Stone culture of Mongolia indicates that this pathogen has been infecting domestic horses of Mongolia since the Late Bronze Age.

5)

The basal position of the studied Late Paleolithic horses of Altai on the mitogenome and wholegenome phylogenetic trees indicates that they belonged to the extinct genetic lineage of Siberian horses, which made a minimal contribution to the gene pool of modern domestic horses. It is very important to continue the molecular genetic studies of the ancient and medieval horses of Altai and adjacent territories in order to assess whether the results obtained on genetic continuity, possible migration routes, and exchange could be confirmed. 
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Figure 1 .

 1 Figure 1. The Late Pleistocene-Holocene horse genetic lineages known to date, three of which existed across Siberia (Lena lineage (Equus lenensis), Botai lineage (Botai horse, Przewalski's horse (Equus ferus przewalskii)), DOM2 lineage (domesticated horse (Equus ferus caballus) and its ancestors)). The figure has been taken from the article of Orlando (Orlando 2020).

Figure 2 .

 2 Figure 2. The location of archaeological sites of the stone epoch, the horses of which are investigated in this study. Sites of different historical periods are marked with different colors.

Figure 3 .

 3 Figure 3. An animal bone of the Pleistocene megafauna found in the alluvial localities of the river banks in the southeast of the West Siberian Plain (a), with traces of polishing (b) and cutting (c-e). The figure has been taken from the article by Volkov and Vasiliev (Volkov and Vasiliev 2017).

Figure 4 .

 4 Figure 4. The location of archaeological sites of different cultures of the paleometal epoch, the horses of which are investigated in this study. Sites of different archaeological cultures are marked with different colors.

  , with Slab Grave burials consisting of rectangular enclosures delimited by vertically stone slabs and pseudoanthropomorphic and guard stones representing ritual structures (A. D. Tsybiktarov 2016b). It is important that the Mongolian-Transbaikalian type deer stones were used by people of the Slab Grave culture as a building material for the construction of various sites (A. D. Tsybiktarov 2016a). The researchers revealed the presence of fragments of ceramics, characteristic of the culture under consideration, in the cultural layers of the Late Bronze Age and the Early Iron Age of the settlements of the autochthonous population of the Baikal region. This may indicate that carriers of the Slab Grave culture lived in the settlements of the local population (Alexandr D. Tsybiktarov 2016).

Figure 5 .

 5 Figure 5. Gold plaques-linings in the form of horses from the Arzhan-2 mound. Figure has been taken from the article by Minasyan (Minasyan 2004) from the collection of articles "Arzhan. Fountainhead in the Valley of the Kings. Archaeological discoveries in Tuva." published in 2004.

Figure 6 .

 6 Figure 6. Burial in the mound № 15 of the Khankarinsky Dol burial ground. The figure has been taken from the article of Dashkovskiy and Usova (Dashkovskiy and Usova 2011).

  valley next to the Khankarinsky Dol and Chineta-II sites. Only two of the 10 excavated mounds of the Scythian-Saka time included an accompanying horse burial. The remains of ritual food in the burials were represented by the bones of rams (Ovis aries). The peculiarities of the grave goods from the Pazyryk culture burial mounds of this burial ground suggest people of low social status (Dashkovskiy 2016a; Dashkovskiy and Ozhiganov 2018). The Khankarinsky Dol, Chineta-II and Inskoy Dol sites are the most northwestern sites of the Pazyryk culture in the Altai region (Dashkovskiy 2017; Dashkovskiy and Ozhiganov 2018; Dashkovskiy and Usova 2011). A comparative morphological study of the bones and teeth of horses buried in these sites showed that the studied horses were stallions and are homogeneous in proportions and sizes of bones, limb width, height at the withers, while in these indicators they differ from the horses buried in the sites of the Sayan Mountains of the previous Arzhan-Mayemir time, and from horses from the burials of the Bulan-Koba culture of Altai of the Xiongnu-Syanbi-Zhuzhan time and are close to horses from other sites of the Pazyryk culture (Plasteeva et al. 2020). The Shanmava settlement with the bones of horses, located in the north of Central China, belongs to the end of the Scythian-Saka time (unpublished material, personal communication with the head of the ancient sample collection Professor Alexey A. Tishkin).

Figure 7 .

 7 Figure 7. Tomb № 189 of the Gol-Mod-2 burial ground and the accompanying burials of this tomb located in the form of an arc (view from above). The figure has been taken from Zhou and co-authors report (Zhou et al. 2018).

Figure 8 .

 8 Figure 8. The location of archaeological sites of different cultures of the Middle Ages, the horses of which are investigated in this study. Sites of different archaeological cultures are marked with different colors.

Figure 10 .

 10 Figure 10. Median-joining phylogenetic network constructed on the basis of the 247 bp fragment of the mitogenome control region from ancient horses (colored sectors) and modern horses (white sectors) of primitive breeds from different regions of the world. The names near the nodes of the network correspond to the names of the horse mitotypes. Different colors of the sectors of the circles are associated with various mitogroups. The figure has been taken from Cieslak and co-authors article (Cieslak et al. 2010).

Figure 11 .

 11 Figure 11. Phylogeographic reconstructions based on complete mitogenome sequences of modern horses of different breeds from different parts of the world. A-Rnames of mitogroups. 1-83mitotype numbers. The figure has been taken from Achilli and co-authors article (Achilli et al. 2012).

Age

  Khereksur and Deer Stone culture of Mongolia form a separate phylogenetic clade, which originated from the clade of the Bronze Age Sintashta culture horses of the Southern Ural. The researchers determined that the domestic horses of the Pazyryk and the Xiongnu archaeological cultures of the Early Iron Age are closely related to the horses of the Late Bronze Age Karasuk culture of Southern Siberia. This lineage of horses existed in Central Asia at least until the 8th century CE, as indicated by the location in the phylogenetic cluster of the Pazyryk and Xiongnu horses of an medieval horse from the Boz-Adyr burial ground in Kyrgyzstan. It was also found that some of the horse of the Pazyryk culture of the Mongolian Altai were closely related to the Estonian horse of the Early Middle Ages, and that the medieval horses of the Mongol (13th century CE) and Uyghur (7th to 9th centuries CE) Empires were closely related to the horses of the Gregorevka 4 and Issyk 1 archaeological sites of Kazakhstan (9th century CE), and showed affinities with Sassanian Persian horses, possibly in relation to the Muslim expansion following the 7th century CE (Fages et al. 2019).

  , while the Iberian horses of the Early Holocene were black and bay, which remained unchanged until the Middle Ages (Ludwig et al. 2009). Paleolithic cave paintings of wild horse phenotypes are shown in Figure 12.

Figure 12 .

 12 Figure 12. Upper Paleolithic paintings in a cave in France, representing the coat colors of wild horses (bay, black, leopard: from left to right). The figure has been taken from the article by Pruvost and co-authors (Pruvost et al. 2011).

  , indicating recent changes in horse selection targets. Whole genome study of the Early Scythian and the Scythian horses (the Early Iron Age) from Southwestern Siberia and Eastern Kazakhstan revealed that gene variants associated with modifications in the neural crest development, development of stronger forelimbs, and the physiology of the pituitary gland were under positive selection in these ancient steppe domestic horses (Librado et al. 2017), reflecting different selection targets in the first 1 500 years following the onset of domestication.

CHAPTER 3 .

 3 MATERIALS AND METHODSExperiments on the study of the control region of the mitogenome and the whole mitogenome of the ancient and medieval horses of Altai and adjacent territories were carried out at the Department of the Diversity and Evolution of Genomes at the Institute of Molecular and Cellular Biology of the Siberian Branch of the Russian Academy of Sciences in Russia. Experiments to study the complete genomes of the ancient, medieval and modern era horses of Altai and adjacent territories were performed in the Centre for Anthropobiology and Genomics of Toulouse (Archaeology, Genomics, Evolution and Societies laboratory) in France. All DNA samples isolated from extracts of ancient bone samples, original genomic libraries, and enriched libraries of ancient samples, as well as their amplification products, are stored at ˗20 °С in special tubes (DNA LoBind Tubes (Eppendorf)) with low sample-tosurface binding. All products of intermediate stages of the experiments were stored at ˗20 °С. All experiments on aDNA were carried out in the dedicated aDNA facilities of the IMCB SB RAS in Novosibirsk (Russia) and the Centre for Anthropobiology and Genomics (AGES) of Toulouse in France. All surfaces of rooms, laboratory equipment, and reagent packs inside the aDNA facilities were treated with nucleic-acid-degrading solutions and ultraviolet irradiation. Negative controls were used at all stages of experiments on ancient and modern DNA to check for contamination. The reproducibility of the Sanger sequencing data was confirmed by repeating the experiments, and the authenticity of the high-throughput sequencing data of libraries of ancient DNA fragments was confirmed by fragmentation and base deamination profiles characteristic of ancient DNA.

  The HVR I of the mitogenome was studied in 18 horses of the local group of the private farm of the Kosh-Agachsky District (Altai Republic, Russia), in 29 and 81 horses of the local groups of the private and gene pool farms of the Ulagansky District (Altai Republic, Russia), respectively. The same genetic marker was studied in 8 ancient horses from 6 archaeological sites of Altai (1 sample from Denisova Cave (Paleolithic), 3 samples of horses of the Biiken culture (end of the 9th to 2nd-3rd quarter of the 6th centuries BCE) from the Ak-Alakha-II site, 1 horse sample of the Pazyryk culture (6th to 3rd centuries BCE) from the sites of Ak-Alakha-I, Verkh-Kaldzhin-1, Bersyukta-II, Bike-III) and 1 medieval horse of Altai (1 sample of the Turkic culture (2nd half of the 5th to 11th centuries CE) from the site of Bike-IV) and in 9 ancient horses from 3 archaeological sites in Mongolia (8horse specimens of the Khereksur and Deer Stone culture, of which 5 specimens are from the Ganga Tsagaan ereg site (end of the 12th to 1st half of the 10th centuries BCE) and 3 sample from the Ushkin-Uver site (1st third of the 1st millennium BCE), 1 Xiongnu culture horse sample (1st century BCE to 1st century CE) from the Ereen hailaas site). Complete or nearly complete mitogenome sequence was studied in 5 ancient horses of Altai (1 sample from the Denisova Cave (Paleolithic), 3 samples of horses of the Biiken culture (end of 9th to 2nd-3rd quarter of the 6th centuries BCE) from the site of Ak-Alakha-II, 1 horse sample of the Pazyryk culture (6th to 3rd centuries BCE) from the sites of Ak-Alakha-I and Verkh-Kaldzhin-1) and 1 medieval horse of Altai (1 sample of the Turkic culture (2nd half of the 5th to 11th centuries CE) from the site of Ak-Alakha-I) and in 6 ancient horses of Mongolia (5 specimens of the Khereksur and Deer Stone culture (end of the Bronze Age to the beginning of the Early Iron Age) from the Ganga Tsagaan ereg site and 1 specimen of a Xiongnu culture horse (1st century BCE to 1st century CE) from the Ereen hailaas site). Screening (not deep) whole genome sequencing was carried out for 218 bone samples of ancient, medieval and modern era horses from 29 archaeological sites in Russia (Paleolithic: sites of Denisova (1 sample), Hyena's Lair (3 samples), Krasny Yar (8 samples), Koridornaya (1 sample); Late Neolithic: sites of Vengerovo-2A (1 sample); Eneolithic: sites of Nizhnyaya Sooru (2 samples), Novoilinka-III (17 samples), Novoilinka-VI (19 samples); Bronze Age: sites of Teleutsky Vzvoz-I (5 samples), Kolyvanskoe-I (1 sample), Berezovaya Luka (2 samples), Chernoozerie 6 (5 samples); Early Iron Age: sites Arzhan-1 (3 samples), Arzhan-2 (1 sample), Chinge-Tey I (2 samples), Bike-V (1 sample), Kuyum (1 sample), Choburak-I (2 samples), Tartas-1 (4 samples), Choburak-IV (1 sample), Katanda-II (18 samples), Khankarinsky Dol ( 23 samples), Chineta-II (5 samples), Inskoy Dol (2 samples), Tsaram (4 samples), Yaloman-II (4 samples); Early Middle Ages: Ak-Alakha-I site (10 samples); Late Middle Ages: Teleutsky Vzvoz-I site (1 sample); Early modern period: Teleutsky Vzvoz-I site (1 sample)), from 12 sites in Mongolia (Bronze Age: Zoolongiyn am site (1 sample); Late Bronze Age -Early Iron Age: sites of Ganga Tsagaan ereg (18 samples), Monostoy-Nuga (9 samples), Khantain tov (8 samples), Hadat uul (5 samples), Ih havtsal (7 samples), Haruulyn gozgor (1 sample); Early Iron Age: sites of Ushkin-Uver (12 samples), Gol-Mod-2 (2 samples), Ereen hailaas (2 samples), Zoolongiyn am (2 samples); Early Middle Ages: Hushuun denzh-04 site (1 sample)) and from 1 site in China (Early Iron Age: Shanmava site (1 sample)) and Tajikistan (Early Middle Ages: Shohidon site (1 sample)). At the same time, complete and nearly complete nuclear genomes were obtained for 25 samples (Paleolithic: Hyena's Lair site (2 samples); Eneolithic: sites of Novoilinka-III (2 samples), Novoilinka-VI (3 samples); Late Bronze Age -Early Iron Age: sites of Ganga Tsagaan ereg (2 samples), Monostoy-Nuga (4 samples), Khantain tov (1 sample); Early Iron Age: sites of Ushkin-Uver (1 sample), Arzhan-1 (3 samples), Chinge-Tey I (1 sample), Bike-V (1 sample), Kuyum (1 sample), Choburak-I (1 sample), Zoolongiyn am (2 samples); Early modern period: Teleutsky Vzvoz-I site (1 sample)). It should be noted that the genome-wide data from the late Early Iron Age samples from the Zoolongiyn am site and the early modern period sample from the Teleutsky Vzvoz-I site were not used for genome-wide phylogeographic reconstructions, since for this analysis we only needed data from specimens dated back to the times before the common era, but they were included in the analyzes of phenotypic traits, sex determination of the studied horses and metagenomic analysis. Bone samples of ancient, medieval and modern era horses from 36 sites of Altai, the Upper Ob region (south of Western Siberia), Tuva, Buryatia, Mongolia, China and Tajikistan (Novoilinka-III, Novoilinka-VI (excavations by K. Yu. Kiryushin, S. M. Sitnikov), Teleutsky Vzvoz-I (excavations by A. A. Tishkin, S. P. Grushin), Kolyvanskoe-I (excavations by S. P. Grushin), Berezovaya Luka (excavations by A. A. Tishkin), Arzhan-1 (excavations by M. P. Gryaznov, M. H. Mannay-ool), Arzhan-2, Chinge-Tey I (excavations by K. V. Chugunov), Bike-III, Bike-IV, Choburak-IV, Bersyukta-II (excavations by V. P. Semibratov), Bike-V, Choburak-I (excavations by N. N. Seregin), Katanda-II (excavations by A. A. Gavrilova), Kuyum (excavations by G. P. Sosnovsky), Khankarinsky Dol, Chineta-II, Inskoy Dol (excavations by P. K. Dashkovsky), Shanmava (collections of A. A. Tishkin), Tsaram (excavations by S. S. Minyaev), Yaloman-II (excavations by A. A. Tishkin), Shohidon (excavations by T. G. Filimonova), Ganga Tsagaan ereg, Monostoy-Nuga, Khantain tov, Hadat uul, Ih havtsal, Ereen hailaas (excavations by T.-O. Iderkhangai), Ushkin-Uver (excavations by D. Erdenebaatar, A. A. Kovalev), Gol-Mod-2 (excavations by D. Erdenebaatar), Zoolongiyn am (excavations by A. A. Kovalev, T.-O. Iderkhangai), Haruulyn gozgor, Hushuun denzh-04 (excavations by T.-O. Iderkhangai, A. A. Tishkin)) were provided by Dr. Alexey A. Tishkin (Altai State University). Bone samples of ancient horses from 5 sites of Altai and Novosibirsk Oblast and 1 medieval horse of this region (Denisova, Vengerovo-2A (excavations by V. I. Molodin, L. N. Mylnikova), Ak-Alakha-I, Ak-Alakha-II (excavations by N. V. Polosmak), Verkh-Kaldzhin-1 (excavations by V. I. Molodin), Tartas-1 (excavations by V. I. Molodin, S. Hansen)) were provided to us by Dr. Vyacheslav I. Molodin (Institute of Archeology and Ethnography of the Siberian Branch of the Russian Academy of Sciences (IAET SB RAS)) and Dmitry A. Nenakhov (IAET SB RAS). Samples of ancient horses from the sites of the Hyena's Lair (Russia, Altai Krai, excavations by N. D. Ovodov) and Krasny Yar (Russia, Novosibirsk Oblast, collections of S. K. Vasiliev) were handed over to us by PhD Sergei K. Vasiliev (IAET SB RAS), ancient samples from the Nizhnyaya Sooru (Russia, Altai Republic, excavations by O. V. Larin) and Chernoozerie 6 (Russia, Omsk Oblast, excavations by N. K. Stefanova) settlements were provided to us by PhD Pavel A. Kosintsev (Institute of Plant and Animal Ecology, Ural Branch of the Russian Academy of Sciences), a Paleolithic sample from the Koridornaya cave (Russia, Jewish Autonomous Oblast, excavations by M. P. Tiunov) was provided to us by Dr. Mikhail P. Tiunov (Federal Scientific Center of the East Asia Terrestrial Biodiversity, Far Eastern Branch of the Russian Academy of Sciences). The bone and tooth samples of ancient, medieval and modern era horses not from Mongolia, studied in Russia, are stored in two repositories: the repository of the Institute of History and International Relations of Altai State University (Barnaul, Russia) and the repository of the Institute of Archeology and Ethnography of the Siberian Branch of the Russian Academy of Sciences (Novosibirsk, Russia). The bone and tooth samples of ancient and medieval horses from Mongolia, studied in Russia, are stored in the repository of the Department of Archaeology of Ulaanbaatar State University (Ulaanbaatar, Mongolia). The bone and tooth samples of ancient, medieval and modern era horses of Altai and adjacent territories, studied in France, are temporarily stored in the repository of the Centre for Anthropobiology and Genomics of Toulouse (Toulouse, France). The hair samples of modern Altai horses were provided by the heads of the gene pool farm "Chingiz" (Ulagansky District), the private farms of the Kosh-Agachsky District and Ulagansky District and were collected by PhD Anna A. Yurlova and PhD Natalya V. Gutorova. The hair samples of modern horses from the private and gene pool farms in the Altai Mountains (gene pool and private farms of the Ulagansky District, private farm of the Kosh-Agachsky District, Altai Republic, Russia) are stored in the repository of the Institute of Molecular and Cellular Biology of the Siberian Branch of the Russian Academy of Sciences (Novosibirsk, Russia). The present study is compliant with all relevant regulations and laws. All the experiments carried out in Russia were approved by the Ethics Committee on Animal and Human Research at the Institute of Molecular and Cellular Biology (Novosibirsk, Russia).
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 1 Methods for studying a fragment of the HVR I of the mitogenome in the modern, medieval and ancient horses (the experiment was carried out in Russia)3.3.1.1. Modern DNA extraction from horse hairModern DNA extraction from hair was carried out using the DNeasy Blood & Tissue Kit(Qiagen) according to the user-developed protocol of purification of total DNA from nails, hair, or feathers[START_REF] Qiagen | Purification of Total DNA from Nails, Hair, or Feathers Using the DNeasy® Blood & Tissue Kit[END_REF].Lysis of 20-40 hair pieces with roots 0.5-1.0 cm in length per each sample was carried out in a digestion buffer containing 300 μl of Buffer ATL (Tissue Lysis Buffer, DNeasy Blood & Tissue Kit, Qiagen), 12 mAU (milliAnson Unit) of Proteinase K (DNeasy Blood & Tissue Kit, Qiagen), 20 µl 1 M DTT (dithiothreitol, reducing agent (breaks down protein disulfide bonds)) on the Thermomixer C (Eppendorf) overnight at 56 °С. Purification of the extracted DNA was carried out using the DNeasy Mini spin columns with a silica-based membrane and the necessary buffers (DNeasy Blood & Tissue Kit, Qiagen) added at different stages of purification (1V Buffer AL (contains a chaotropic salt necessary for the absorption of DNA to the DNeasy membrane) + 1V EtOH (96-100 %), Buffer AW1 and Buffer AW2 (Wash Buffers containing EtOH)). DNA was eluted in 200 μl of Milli-Q (ultrapure) water for 1 min at room temperature.

  Amplification of the fragment (594 bp) of the control region of the mitogenome of the modern horses was carried out in a 25 μl reaction volume containing 60-90 ng of template DNA (extracted modern DNA), 1X PCR Gold Buffer, 2 mM MgCl2, 0.2 mM each of dATP, dCTP, dGTP, dTTP, 0.4 μM of each primer, 1.25 U (unit) of AmpliTaq Gold® DNA Polymerase. The PCR was performed on the thermal cycler "BIS" M112 (Company IP Chaldin B.M.) under the following conditions: initial denaturation and AmpliTaq Gold® DNA Polymerase activation at 95 °С for 5 min followed by 30 cycles consisting of denaturation at 95 °С for 15 secs, annealing at 68 °С for 20 secs, elongation at 72 °С for 25 sec and final extension at 72 °С for 7 min. The PCR products were purified using the ExoSAP-IT™ PCR Product Cleanup Reagent (Thermo Fisher Scientific) according to the manufacturer's protocol (ExoSAP-IT PCR Clean-up Protocol): a mixture of 5 μl of PCR products and 2 μl of ExoSAP-IT Reagent (containing 2 hydrolytic enzymes to remove dNTPs and primers) were incubated on the thermal cycler "BIS" M112 (Company IP Chaldin B.M.) at 37 °С for 15 min, and then at 80 °С for 15 min to inactivate ExoSAP-IT Reagent. A single cycle sequencing reaction was performed using the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) according to the manufacturer's instructions: a 10 μl diluted reaction (0.5X) volume contained 11 ng of a mixture of purified PCR products, 0.5X (1 μl) BigDye ™ Terminator v3.1 Sequencing Buffer, 0.5 μM of the forward primer (B10) or the reverse primer (F10) (separate reaction mixtures for each primer), 0.5X BigDye™ Terminator 3.1 Ready Reaction Mix (contains 4 dideoxynucleotide chain terminators labelled with different fluorescent dyes, 4 standard dNTPs, DNA polymerase). The sequencing reaction was carried out on the thermal cycler "BIS" M112 (Company IP Chaldin B.M.) under the following conditions: inсubation at 96 °С for 1 min followed by 35 cycles consisting of denaturation at 96 °С for 10 sec, annealing at 59 °С for 10 sec, elongation at 60 °С for 4 min and final denaturation at 96 °С for 3 min. Purification of the sequencing reactions was performed using the BigDye XTerminator ™ Purification Kit (Thermo Fisher Scientific) according to the manufacturer's protocol: 55 μl of the SAM/BigDye XTerminator™ bead working solution (45 μl SAM solution + 10 μl BigDye XTerminator™ bead solution) was added to each sample (10 μl), the samples were vortexed at room temperature for 30 min at 1800 rpm on the Thermomixer C (Eppendorf), after this step the samples were centrifuged, and 40 μl of the supernatant was taken for subsequent sequencing step.

  °С and cooling the samples to 4 °С. At the next stage of library preparation, ligation of single-index adapters or dual-index adapters to the ends of the DNA fragments was carried out. The ligation reaction was performed in a 37.5 μl reaction volume containing 30 μl of DNA fragments with adenylated 3″ ends, 2.5 μl of Resuspension Buffer (Illumina), 2.5 μl of Ligation Mix (Illumina), 2.5 μl of DNA adapters (singleindex adapters (TruSeq™ DNA Single Indexes (Set A and Set B), Illumina), dual-index adapters (TruSeq DNA Combinatorial Dual Indexes, Illumina)). This reaction was carried out on the C1000 Touch PCR thermal cycler (Bio-Rad Laboratories) under the following conditions: 30 °С for 10 min; cooling the samples to 4 °С. After completion of the ligation reaction and cooling of the samples, 5 μl of the Stop Ligation Buffer (Illumina) was added to each sample. Purification of DNA fragments with adapters attached was performed using the Sample Purification Beads (TruSeq ® Nano DNA Sample Preparation Kit (Illumina)), but not according to the TruSeq ® Nano DNA Library Prep Reference Guide. A single-sided selection of the sequencing library fragments larger than 150 bp in size included the addition of 1 volume of the Sample Purification Beads to all samples and subsequent two standard purifications of the samples with freshly prepared 80 % EtOH on the magnetic rack (MagRack16 (Sileks)) and elution of DNA fragments of the desired length in 26 μl of Buffer EB (with 0.05 % Tween 20) (the MinElute PCR Purification Kit (Qiagen)). The volume of added Sample Purification Beads to select fragments of the sequencing libraries of the desired size was chosen in accordance with the recommendations of the Agencourt AMPure XP beads manufacturer (Beckman Coulter Life Sciences, (Beckman Coulter n.d.)) and Quail and co-authors (Quail, Swerdlow, and Turner 2009), since the Illumina website indicates that the Sample Purification Beads are functionally similar to the Agencourt AMPure XP beads (Illumina 2020b). Our aim was to remove DNA fragments less than 150 bp in size from the sequencing libraries, since this fraction of fragments contains adapter dimers (in our case, the sizes of adapter dimers are ~ 121 bp and ~ 135 bp), which are byproducts of the library preparation from the low quality DNA (degraded DNA) (Illumina 2020a).However, despite the information given above, on the Illumina website it is written that when the libraries are purified with 1 volume of the Sample Purification Beads, DNA fragments larger than 200 bp in size remain in the sequencing libraries(Illumina 2020c). The minimum fragment size of our sequencing libraries is 271 bp (150 bp (library insert) + 121 bp (adapters)). This means that this size selection is also suitable for our experiment, since the size of the obtained PCR products (the size of the library insert) exceeds 150-200 bp.The amplification reaction of the DNA fragments of the sequencing libraries with adapters on both ends was carried out in a 50 μl reaction volume containing 25 μl of the sequencing library fragments, 5 µl of PCR Primer Cocktail (TruSeq ® Nano DNA Sample Preparation Kit(Illumina)), 20 µl of Enhanced PCR Mix (TruSeq ® Nano DNA Sample Preparation Kit(Illumina)). The PCR was carried out on the C1000 Touch PCR thermal cycler (Bio-Rad Laboratories) under the following conditions: initial denaturation at 95 °С for 3 min followed by 12 cycles consisting of denaturation at 98 °С for 20 secs, annealing at 60 °С for 15 secs, elongation at 72 °С for 30 sec and final extension at 72 °С for 5 min. We increased the number of cycles of PCR, selectively enriching DNA fragments with adapters on both ends in sequencing libraries, from 8 to 12 cycles in accordance with the recommendations of other researchers who increased the yield of low-quality target DNA as a result of this modification in an experiment to prepare libraries from degraded DNA[START_REF] Bruinsma | Bead-Linked Transposomes Enable a Normalization-Free Workflow for NGS Library Preparation[END_REF]. Purification of amplified fragments of the sequencing libraries was performed using the Sample Purification Beads in accordance with the manufacturer's protocol (TruSeq ® Nano DNA Sample Preparation(Illumina)) with the following minor modification: DNA was eluted in 32.5 μl of Buffer EB (with 0.05 % Tween 20) (the MinElute PCR Purification Kit(Qiagen)).The resulting sequencing libraries were quantified using qPCR (quantitative PCR, a fluorometric quantification method) in the presence of the fluorescent DNA binding dye SYBR Green I (dsDNAbinding dye) and the reference fluorescent dye ROX (carboxy-X-rhodamine). To determine the exact nM concentration of our sequencing libraries, we used KAPA Library Quantification Standards for Illumina platforms (DNA Standards 1-6 (20 pM to 0.0002 pM) (Roche)). We prepared three different dilutions of each library in so many thousands of times so that the nM concentrations of different dilutions were close to the concentrations of different standards, while being between the latter. The approximate nM concentration of each library was calculated based on the estimated average length of fragments of each library (determined from the results of DNA electrophoresis in agarose gel) and ng/μl concentration of each library (determined using the spectrophotometer NanoDrop 2000C (Thermo Fisher Scientific)). We also prepared three different dilutions (2 thousand times, 4 thousand times, 8 thousand times) of the positive control, sequencing library with a previously determined 10 nM concentration. Dilutions of sequencing libraries were carried out in 10 mM Tris buffer (with 0.05 % Tween 20, pH 8.5) prepared by us. The qPCR was carried out using the 2.5X Reaction mixture for qPCR in the presence of SYBR Green I and ROX fluorescent dyes (Synthol) according to the manufacturer's protocol: a 25 μl reaction volume contained 1X Reaction mix with SYBR Green I and ROX, 0) complementary to conserved fragments (not including index sequences) of the Illumina adapters. 20 μl of the prepared reaction mixture was added to the wells of the Hard-Shell® 96-Well PCR Plate (Bio-Rad), to which we later added the required amount of diluted libraries, standards, negative and positive controls. 5 μl of each dilution of each library and positive control, 5 μl of each standard, 5 μl of deionized water (negative control (Synthol)) were added to three different wells of the 96-well PCR plate with the reaction mixture already added. The qPCR was carried out in the CFX96 Touch Real-Time PCR Detection System (Bio-Rad) under the following conditions:

  Paired-end double or single indexed libraries of DNA fragments from the ancient sample extracts were made using the TruSeq ® Nano DNA Sample Preparation Kit(Illumina) according to the manufacturer's protocol with the following modifications: the step of DNA fragmentation and selection of DNA fragments of specific sizes was skipped; sequencing libraries were prepared from 250 ng of DNA; the first purification of DNA fragments was performed using the MinElute PCR Purification Kit(Qiagen), the second and third purifications of fragments of the sequencing libraries were carried out using the Sample Purification Beads (Illumina) (single-sided size selection, adding 1 volume of the purification beads to the samples); at all stages of purification, DNA was eluted in Buffer EB (with 0.05 % Tween 20) (the MinElute PCR Purification Kit(Qiagen)). The protocol for this stage of the experiment is described in more detail earlier, in section3.3.1.3.2. Purification of library fragments with adapters attached with 1 volume of the Sample Purification Beads (TruSeq ® Nano DNA Sample Preparation Kit(Illumina)) is also suitable for this stage of the experiment, since the minimum fragment size of our sequencing libraries is 191 bp (70 bp (library insert) + 121 bp (adapters)). The insert sizes of our libraries exceed 70 bp due to the initial purifications of the extracted and repaired aDNA using the MinElute silica-membrane spin columns (Qiagen) (removal of DNA fragments less than 70 bp in size).

  protocol of the phenol extraction from many types of cells and stain materials presented in Köchl and co-authors article[START_REF] Köchl | DNA Extraction and Quantitation of Forensic Samples Using the Phenol-Chloroform Method and Real-Time PCR[END_REF] with the following modifications: three purifications of the extract with phenol were carried out instead of one purification, as well as one additional purification of the DNA solution with phenol were performed before the final purification of the DNA solution with 70 % EtOH; there was no purification of the extract with chloroform; NaCl was used instead of NaAc; DNA precipitation was performed in 70 % EtOH (instead of 100 % EtOH) at 4 °С instead of -20 °С; the RNase enzyme was used to degrade RNA.Muscle tissues sample (1 g) was ground into frozen powder in a ceramic mortar with liquid nitrogen using a pestle. 50 ml falcon (Eppendorf) with 1 g of frozen horse muscle tissue powder and 10 ml of DB (digestion buffer) (10 mM Tris-HCl, pH 8.0; 25 mM EDTA; 0.1 M NaCl; 0.5 % SDS (anionic detergent); 0.1 mg/ml Proteinase K) were incubated in a heated bath at 56 °С for 1.5 hours (or overnight), stirring the extract from time to time. The extract was purified (from proteins and hydrophobic lipids) by 1 volume of phenol 3 times (centrifugation steps were carried out in the centrifuge 5810R (Eppendorf) at 3100g for 10 min at 4 °С). The precipitation of DNA from the transferred upper aqueous phase was carried out with 2 volumes of 70 % EtOH with the addition of 1/10 volume of 5 M NaCl (to prevent proteins from being precipitated in EtOH along with the DNA (Heikrujam, Kishor, and Behari Mazumder 2020)), centrifugation was performed in the centrifuge 5810R (Eppendorf) at 3100g for 20 min at 4 °С. The DNA precipitate was washed twice with 10 ml of 70 % EtOH (centrifugation steps were carried out in the centrifuge 5810R (Eppendorf) at 3100g for 20 min at 4 °С). Dissolution of DNA and degradation of RNA was carried out in 495 μl of TE buffer (10 mM Tris-HCl, pH 8.0; 1 mM EDTA) containing 1 μg/μl of RNase enzyme at 4 °С for several days. The DNA solution was purified by 1 volume of phenol 1 time (centrifugation was carried out in the centrifuge MiniSpin® plus (Eppendorf) at 14,100g for 10 min). DNA precipitation was carried out by centrifugation in the centrifuge MiniSpin® plus (Eppendorf) at 14,100g for 15 min. The DNA precipitate was purified twice with 500 μl of 70 % EtOH (centrifugation steps were carried out in the centrifuge MiniSpin® plus (Eppendorf) at 14,100g

(

  Thermo Fisher Scientific)) in a 45 μl reaction volume containing 1 μg of the equimolar mixture of the horse mitogenome fragments, 1X dNTP Mix (containing 0.02 mM each dCTP, dGTP, dTTP, 0.01 mM dATP, 0.01 mM biotin-14-dATP, 5 mM MgCl2, 10 µg/ml nuclease-free BSA), 1X Enzyme Mix (containing 0.05 U/µl DNA Polymerase I, 0.0007 U/µl DNase I, 10 µg/ml nuclease-free BSA). The reaction mixture was incubated at 16 °С for 1 hour on the thermal cycler "BIS" M112 (Company IP Chaldin B.M.). After this time, 5 μl of Stop Buffer (0.5 M EDTA (pH 8.0)) was added to the reaction mixture. The biotinylated horse mitogenome fragments were purified via QIAquick silica-membrane spin columns (for purification of DNA fragments ranging in size from 100 bp to 10 kb) of the QIAquick PCR Purification Kit(Qiagen) and in accordance with the manufacturer's protocol with the following minor modifications: the DNA elution step included incubation of the column with 40 μl of the preheated (to 37 °С) Buffer EB (with 0.05 % Tween 20 to reduce DNA binding to the tube walls) for 10 min at 37 °С on the Thermomixer C (Eppendorf).

  immobilization of the biotinylated baits on the Dynabeads™ Streptavidin Beads was performed using the Dynabeads™ M-280 Streptavidin Trial Kit (Life Technologies (Thermo Fisher Scientific)) according to the manufacturer's protocol with the following modifications: instead of 2X Binding and washing Buffer), 1 mM EDTA, 2 M NaCl), we used 14X SSC buffer (2.0 M NaCl, 0.2 M sodium citrate; hybridization buffer[START_REF] Shibata | Multi-Color Fluorescence in Situ Hybridization[END_REF]); the biotinylated baits were denatured prior to immobilization on the streptavidin magnetic beads.The volume (1V) of the M-280 streptavidin magnetic beads required for close to 100 % immobilization (10 μg of double-stranded (ds) DNA per 100 μl of Dynabeads™ magnetic beads) was washed with a magnet 3 times with the same volume (1V) of 7X SCC buffer (1.0 M NaCl, 0.1 M sodium citrate). The washed streptavidin magnetic beads were resuspended in a double volume (2V) of 14X SCC buffer (2.0 M NaCl, 0.2 M sodium citrate). The required amount of biotinylated baits in the same volume as the magnetic beads (2V; diluted in ultrapure water) was denatured at 95 °С for 5 min and rapidly cooled to 4 °С on the thermal cycler "BIS" M112 (Company IP Chaldin B.M.). After cooling, a solution of biotinylated fragments was added to the solution of magnetic beads, and the SCC buffer concentration became 7X. The samples were incubated on the Thermomixer C (Eppendorf) at 1000 rpm for 20 min at room temperature. The supernatant was collected with a magnet (after 2-3 min separation), in the same way the magnetic beads were washed 3 times with 200 μl of 7X SCC buffer. Magnetic beads with immobilized biotinylated horse mitogenome fragments were resuspended in the initial volume (1V) of 7X SCC buffer. The binding efficiency was assessed by the difference between the initial concentration of biotinylated DNA fragments and the final concentration of DNA fragments in the collected supernatant. The binding efficiency was 85 %.

  206 time-stamped horse mitogenome consensus sequences (including consensus sequences of the mitogenomes of ancient and medieval horses studied by us) was built on an advanced software platform for Bayesian evolutionary analysis, BEAST v1.10.4[START_REF] Suchard | Bayesian Phylogenetic and Phylodynamic Data Integration Using BEAST 1.10[END_REF]) (BEAUti v1.10.4 graphical user-interface application to generate BEAST configuration file; TreeAnnotator v1.10.4 program to produce a maximum clade credibility tree by summarizing the information contained within the sampled trees[START_REF] Drummond | BEAST: Bayesian Evolutionary Analysis by Sampling Trees[END_REF]). Information on all sequences of the mitogenomes from the GenBank sequence database included in these phylogenetic reconstructions is given in Appendix 2.
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 3331 ADNA extraction from bones and teethSample preparation before DNA extraction included removal of the outer surface of a part of the bone sample by sliding at low speed a special nozzle of the electric drill (Argofile, Japan) over the surface, sawing off the piece of the sample with cleaned surface by a diamond disk of the electric drill and grinding the piece to bone powder in a Mixer Mill MM 200 (Retsch) for around 30 secs at 30 Hz.

  1) the first reaction mixture with a volume of 9 μl per sample contained 1 volume of 10X NEBNext End Repair Reaction Buffer and 3 volumes of HyClone HyPure Water (Molecular Biology Grade); 2) the second reaction mixture with a volume of 7 μl per sample contained 2.6 volumes of 5X Quick Ligation Reaction Buffer and 1 volume of HyClone HyPure Water (Molecular Biology Grade); 3) the third reaction mixture with a volume of 3.5 μl per sample contained 2.5 volumes of ThermoPol Reaction Buffer 10X and 1 volume of dNTP mix (each dNTP at 10 mM concentration). On an iceless cold storage system for PCR tubes, 1.25 μl of NEBNext End Repair Enzyme Mix (NEBNext® End Repair Module) per sample was added to the first reaction mixture. A mixture of 15 μl of repaired DNA isolated from ancient samples and 10 μl of the first reaction mixture with the NEBNext

  5 μl of Bst DNA Polymerase, Large Fragment (NEBNext Fill-in and ssDNA Isolation Module) per sample was added to the third reaction mixture. A mixture of 21 μl of the purified adapter-ligated DNA fragments and 5 μl of the third reaction mixture with the Bst DNA Polymerase, Large Fragment was incubated on the SimpliAmp Thermal Cycler (Applied Biosystems) under the following conditions: first incubation at 37 °С for 20 min followed by second incubation at 80 °С for 20 min. Indexing PCR, which grafted a third index to library genomic fragments, was carried out in a 25 μl reaction volume containing 3 μl of template DNA (genomic library fragments), 1X AccuPrime™ Pfx Reaction Mix (Thermo Fisher Scientific) (contains MgSO4, dNTPs, and thermostable AccuPrime™ proteins), 1 μg/μl BSA (to reduce the effect of various inhibitors from the aDNA extracts on the amplification process (Rohland and Hofreiter 2007b)), 0.2 μM of the Illumina primer InPE1.0 complementary to the Illumina universal adapter and 0.2 μM of an indexing primer containing 6 bp index tag (Illumina), 1 U (unit) of AccuPrime™ Pfx DNA Polymerase (Thermo Fisher Scientific). The indexing PCR was carried out on the SimpliAmp Thermal Cycler (Applied Biosystems) under the following conditions: initial denaturation at 95 °С for 5 min followed by 12 cycles consisting of denaturation at 95 °С for 15 sec, annealing at 60 °С for 30 sec, elongation at 68 °С for 30 sec and final extension at 68 °С for 5 min. Purification of the triple-indexed ancient genomic DNA libraries was performed using the Agencourt AMPure XP Magnetic Particle Solution (Agencourt AMPure XP PCR Purification Kit (Beckman Coulter Life Sciences)) according to the manufacturer's protocol: 40 μl (1.6V) of the Agencourt AMPure XP Magnetic Particle Solution were added to 25 μl (1V) of each triple-indexed library, the magnetic particles with immobilized fragments of the library were washed on the DynaMag™-2 magnet (Life Technologies (Thermo Fisher Scientific)) 2 times with 200 μl of freshly prepared 70 % EtOH, the particles were dried for 5 min, and DNA was eluted in 25 μl of Buffer EB (Qiagen) with 0.05 % Tween 20.

  included trimming (with adapter sequence trimming) and collapsing of the obtained reads longer than 25 bp by AdapterRemoval v.2.2.2 (Schubert et al. 2016), mapping of the trimmed and collapsed reads with a minimum mapping quality equal to 25 against the reference nuclear (EquCab3, GenBank assembly accession №: GCA_002863925.1) and mitochondrial (GenBank Accession №: NC_001640) horse genome sequences, supplemented with the Y-chromosome contigs (Sequence Read Archive (SRA) (NCBI) database, BioProject accession №: PRJNA428358) with Bowtie2 mapping parameters proposed by Poullet & Orlando (Poullet and Orlando 2020), filtering of

  are available under the BioProject accession №: PRJNA694234. The NGS data obtained in France were submitted to the European Nucleotide Archive and are available under the Project accession №: PRJEB44430. The GenBank sequence database accession numbers of the ancient and medieval horse mitogenome consensus sequences are as follows: MW534078 for sample Er-1, MW534079 for sample Gan-1, MW534080 for sample Gan-3, MW534081 for sample Gan-11, MW534082 for sample Gan-14, MW534083 for sample Gan-18, KT985979 for sample Ak1-1, KT985980 for sample Ver1-1, MK449357 for sample Ak2-6, MK449358 for sample Ak2-5, MK467453 for sample Ak1-4, MK467454 for sample Ak2-4, MK467455 for sample DC.
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 13 Figure 13. The location of the sites of Altai and adjacent territories, the ancient and medieval horses of which were studied here at the level of the mitogenome HVR I. Sites of different historical periods are marked with different colors. The size of the circle corresponds to the number of samples studied.

  Horses from the Ak-Alakha-I (Ak1-1), Verkh-Kaldzhin-1 (Ver1-1) sites of the Pazyryk culture of the Scythian-Saka time (5th to 3rd centuries BCE) of the Ukok Plateau (south of the Altai Republic) belong to mitotypes I and K + 601. According to the literature, haplotype K was found among the Iron Age horses from the south of Eastern Siberia, and haplotype I included horses of the Iron Age from the territories of China and Kazakhstan. It can be concluded that the identified mitotypes of the Pazyryk culture ancient horses of the Southern Altai are characteristic of this time and region (Altai and adjacent territories).In the horses of the Bersyukta-II (Ber2) and Bike-III (Bi3) Pazyryk culture sites of the Scythian-Saka time (6th to 2nd centuries BCE) (the northern part of the Altai Republic), mitotype X2b was found, which, according to the literature data, is characteristic of horses of synchronous sites of Altai and adjacent territories and earlier sites (the Aldy-Bel culture of Tuva) of this region, and the G1 mitotype, which, according to the literature, was found in horses of Eastern Europe and Asia Minor in the Eneolithic. The results obtained indirectly support the hypothesis of population migration from Asia Minor to Altai at the Scythian-Saka time (А. А. Tishkin 2019).
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 14 Figure 14. Phylogenetic network of modern, medieval and ancient horses from Western Siberia and Mongolia based on sequences of a fragment of HVR I of the mitogenome. The network node names (marked in black) correspond to the haplotype names according to the classification of Cieslak and co-authors (Cieslak et al. 2010). The size of the circles is proportional to the number of individuals belonging to a particular haplotype. Different colors of the sectors represent horses of various geographic regions and time periods: light green represents modern Mongolian horses, dark green represents ancient Mongolian horses (the Bronze and Iron Ages), blue indicates modern horses of Western Siberia, dark blue indicates ancient horses of Western Siberia (the Bronze and Iron Ages), the modern horses of Altai studied by us are marked in pink (Ulagan gene pool group), red (Ulagan "mixed" group), purple (Kosh-Agach "mixed" group), ancient and medieval horses of Altai studied here are marked in yellow. The names highlighted in orange indicate the ancient and medieval horses of Altai studied by us, the green names indicate the ancient horses of Mongolia that we have studied. The numbers on the network branches correspond to the positions of the single nucleotide substitution from the beginning of 15,000 bp in the reference sequence of the horse mitogenome (NC_001640.1).

Figure 15 .

 15 Figure 15. The frequency of occurrence of the mitogenome HVR I haplogroups in the studied groups of modern, medieval and ancient horses of Altai and adjacent territories. Different colors indicate the frequency of occurrence of different haplogroups in each group of horses.

Figure 17 .

 17 Figure 17. The location of the sites of Altai and adjacent territories, the ancient and medieval horses of which were studied here at the mitogenome level. Sites of different historical periods are marked with different colors. The size of the circle corresponds to the number of samples studied.

Figure 19 .

 19 Figure 19. Examples of some ancient Mongolian horse DNA damage patterns. A, B -Nucleotide misincorporation mapDamage plots for the samples Er-1 and Gan-1 of the Mongolian ancient horses studied here.

  3 % and 100 % of the reference mitogenome length. The average percentage of the unique mapped collapsed reads to the total number of collapsed reads is 15.1 %. Samples of the Altai Ukok Plateau horses of different cultures and the sample of the Xiongnu culture horse (Er-1) of Mongolia have the lowest percentage of terminal library fragment deamination and the smallest values of the parameters DeltaD and DeltaS, which show the cytosine deamination rate estimates in double-strand and single-strand DNA contexts, respectively,

Figure 21

 21 Figure 21 depicts the constructed phylogenetic tree with 95 % confidence intervals (HPD (height posterior density)) for all median divergence time estimates.

Figure 21 .

 21 Figure 21. An initial version of the phylogenetic tree built based on complete or nearly complete mitogenome sequences of ancient, medieval, historical and modern horses. The rectangles at the nodes of the tree show the HPD of the estimates of the divergence times of the branches of the tree. The names of the studied specimens and the HPD of the formation time of the clades containing them and the mitotypes most phylogenetically close to them are highlighted in red. The dates of the timeline at the bottom of the figure are in years to date. To improve the visualization of the figure, some clades of the tree were collapsed.

Figure 22 .

 22 Figure 22. Geographical origin of the mitotypes of Altai ancient and medieval horses studied here and mitotypes of the Old World horses closely related to them. The circles represent the ancient and medieval horses studied here, the pentagons and squares show the geographical origin of historical and modern horses, respectively. The names of the ancient samples are shown within the geometric figures. The same color of geometric figures denotes the mitotypes of the ancient and medieval horses studied by us and historical and modern horses, which belong to the same smallest well-supported clade (bootstrap support is greater than 0.75) within the clade of one haplogroup on the constructed phylogenetic tree. Names of horse breeds are highlighted in brown. Geographical object names and country names are shown in black. The original map belongs to the United States Geological Survey National Map Viewer (public domain) resource and was modified by us.

Figure 23 .

 23 Figure 23. Geographical origin of the mitotypes of Mongolian ancient horses studied here and mitotypes of the Old World horses closely related to them. The circles represent the ancient horses studied here, the pentagons and squares show the geographical origin of historical and modern horses, respectively. The names of the ancient samples are shown within the geometric figures. The same color of geometric figures denotes the mitotypes of the ancient horses studied by us and historical and modern horses, which belong to the same smallest well-supported clade (bootstrap support is greater than 0.75) within the clade of one haplogroup on the constructed phylogenetic tree. Names of horse breeds are highlighted in brown. Geographical object names and country names are shown in black. The original map belongs to the United States Geological Survey National Map Viewer (public domain) resource and was modified by us.

  Ak1-1 of the Pazyryk culture of Altai belongs to haplogroup I, which is most widespread in the Middle East. The horses whose mitotypes are phylogenetically most close to the mitotype of this Pazyryk horse belong to the ancient breeds of the Middle East, the Caspian pony and the Iranian horse, and the indigenous breed of Northern Asia, the Yakut horse (Eastern Siberia). The nearby phylogenetic clade consists of mitotypes of the Przewalski's horse/domestic horse hybrids, Iranian, and Kustanai horses. The latter breed was developed in the middle of the 20th century on the territory of Kazakhstan by crossing local steppe mares with stallions of different riding and native

  1st half of the X centuries BCE) belong to the mitogroups G, L, M, and the horse of the Xiongnu culture of Mongolia (Er-1, I century BCE to I century CE) belongs to the haplogroup G. The studied ancient Mongolian horse Er-1 of the Xiongnu culture and the Gan-11 horse of the Mongolian Khereksur and Deer Stone culture fell into a well-supported clade (bootstrap support is greater than 0.75) within haplogroup G. Since most of the clades within this well-supported clade have little support, it is best to consider all mitotypes that belong to it. The phylogenetic clade of the ancient Mongolian horses (Er-1, Gan-11) includes a horse of the native Italian Giara breed. The geographic range of this breed is limited to the island of Sardinia (Italy) (Morelli et al. 2014). This clade also includes the horse of the Arabian breed of the Middle Eastern origin, the Central Asian horse of the Akhal-Teke breed, and horses of the following East Asian breeds: the Tibetan Naqu and Mongolian horse. Horses of the local breed of the Tibetan Plateau Naqu live at an altitude of about 4500 m. Written sources indicate that the northeastern Tibetan nomadic tribes bred horses since the existence of the Chinese Shang dynasty (1766-1027 BCE). Horse breeding spread widely among the Tibetan tribes by the 3rd century 2019

  Gan-18, belonging to haplogroup L, are closest to the mitotypes of ancient and indigenous horse breeds of East Asia (Southeast and Southwest China), the Middle East (Iran), and Mediterranean Europe (the Iberian Peninsula). Ancient Mongolian horses Gan-1 and Gan-3 of the Khereksur and Deer Stone culture formed a separate clade within haplogroup M. This haplogroup includes mitotypes of horse breeds with the origin of maternal lineages from East Asia (the Yimen horse, the Baise pony (Southwest China)), Central Asia (the Akhal-Teke horse (Turkmenistan)), the Middle East (the Caspian horse (Iran)), Mediterranean Europe (the Maremmano horse (Italy)), and Northern Europe (the Clydesdale horse (Scotland), the Friesian horse (the Netherlands)). Of the mitotypes included in this mitogroup, only the mitotype of the Caspian horse does not belong to any well-supported clade within this haplogroup and is the closest to the mitotypes of the ancient Mongolian horses Gan-1 and Gan-3.

Figure 24 .

 24 Figure 24. The location of the sites of Altai and adjacent territories, the ancient, medieval and modern era horses of which were studied here at the whole-genome level. Sites of different historical periods are marked with different colors. The size of the circle corresponds to the number of samples studied.

4. 3 . 1 .

 31 Determination of aDNA preservation degree in the studied samplesThe percentage of endogenous (horse) DNA was determined in 218 bone samples of ancient, medieval and modern era horses from 29 archaeological sites of Russia (the Altai region: 20, the Tyva Republic: 3, the Republic of Buryatia: 1, Novosibirsk Oblast: 3, Omsk Oblast: 1, the Jewish Autonomous Oblast: 1), 12 sites of Mongolia and single sites in China and Tajikistan. These archaeological sites belong to the following 18 archaeological cultures: the indeterminate Paleolithic (the Old Stone Age), the indeterminate Neolithic (the Late Neolithic), the Afanasievo, Botai circle (the Eneolithic), the Elunin, Krotovskaya (the Early Bronze Age), the Khereksur and Deer Stone, Slab Grave (the Late Bronze -Early Iron Ages), the Aldy-Bel, Biiken, Bolsherechenskaya, Pazyryk, Xiongnu, Zhuzhan, Syanbi, Bulan-Koba (the Early Iron Age), the Turkic (the Early Middle Ages), the Karmatsky (the Late Middle Ages). Our collection consists of horse bone remains of 13 different types. Determination of the percentage of endogenous DNA is part of the analysis of low-depth (screening, around 1 million reads per sample) sequencing data for genomic libraries of ancient samples. The percentage of endogenous DNA in the studied samples of ancient, medieval and modern era horses is visualized in Figures 25 and 26.

Figure 25 .

 25 Figure 25. Endogenous DNA content in osteological material from 36 archaeological sites. The number of samples studied = 170, they are represented by 13 different types of osteological material. Each circle outline color is associated with a corresponding archaeological site.

Figure 26 .

 26 Figure 26. Endogenous DNA content in osteological material from the archaeological sites Novoilinka-III and Novoilinka-VI. The number of samples studied = 36, they are represented by 3 different types of osteological material. Red circle outline color is associated with the Novoilinka-III site, and the blue circle outline color represents samples of the Novoilinka-VI site.

  For example, some horse teeth from the Eneolithic settlements Novoilinka-III and Novoilinka-VI of the Botai circle culture have a fairly high percentage of endogenous DNA (range = 39.3-46.1 %). Some sites of the studied region are distinguished by exceptionally well-preserved osteological material (for example, the average percentage of endogenous DNA in the horse teeth and petrous bones from the Pazyryk culture Khankarinsky Dol site (Altai) is ~ 70.2 % (N = 23)). Although horse bone samples from other sites of the studied region may contain low amounts of endogenous DNA (for example, the average percentage of endogenous DNA in horse teeth and petrous bones from the Mongolian Ganga Tsagaan Ereg site of the Khereksur and Deer Stone culture is ~ 7.3 %, N = 18).

Figure 27 .

 27 Figure 27. Heatmap representing relative abundance of genetic material of horse pathogenic microbial species identified in the studied ancient and medieval horse bone sample DNA extracts. Relative abundances are the percentage of collapsed reads that unambiguously and uniquely align against the sequences of the genetic markers (the MetaPhlAn2 databases (Truong et al. 2015)), associated with the corresponding domestic-animalpathogenic microbial species. The figure shows samples, more than 1 % of the reads of which are associated with the pathogenic microbial species listed in the figure.

Figure 28 .

 28 Figure 28.Sex ratio of the investigated horse osseous assemblages from 36 archaeological sites (without Novoilinka-III and Novoilinka-VI sites) of Altai and adjacent territories and geographic location of these sites. The size of the squares corresponds to the number of samples investigated at each archaeological site (this is also indicated in the labels by the number following the # sign). The color of the squares corresponds to a different percentage of stallions in the group of horses of each site. Under the names of the sites, their dating information is given that correspond to the archaeological context and radiocarbon dating, X letter means that the dating is unknown.

Figure 30 .

 30 Figure 30.The ratio of allele frequency of genetic diseases, racing performance, body size in the studied groups of ancient and modern era horses of Altai and adjacent territories. Pie charts show the frequency ratio of alleles (colored sectors) associated with or causal for the analyzed phenotypic traits or genetic diseases in the studied groups of ancient and modern era horses. Each color of the sector represents a certain allele. The alleles of each group of phenotypic traits are united by one color gamut of similar colors: red indicates the presence of alleles of genetic diseases, green and yellow highlight alleles of different types of racing performance, and pink and purple indicate variations in body size. The horse symbol shows the geographic location of archaeological sites, with horse symbols in gray color showing sites studied here, and horse symbols in black color showing sites whose horse group phenotypic composition has been previously published by Librado and co-authors[START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF]. Allele ratios in the groups of ancient horses studied previously[START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF]) are shown in circles with black outline. Each color of the names of archaeological sites is associated with a specific prehistoric or historical period. The original map belongs to the United States Geological Survey National Map Viewer (public domain) resource and was modified by us.

Figure 31 .

 31 Figure 31. The ratio of allele frequency of coat colors in the studied groups of ancient horses of Altai and adjacent territories. Pie charts show the frequency ratio of alleles (colored sectors) associated with or causal for the analyzed phenotypic traits in the studied groups of ancient horses. Different colors of the sectors indicate alleles associated with different coat colors. The horse symbol shows the geographic location of archaeological sites, with horse symbols in pink color showing sites studied here, and horse symbols in black color showing sites whose horse group phenotypic composition has been previously published by Ludwig and co-authors (Ludwig et al. 2009), Benecke, Pruvost, Veber (Benecke et al. 2017), Librado and co-authors[START_REF] Librado | Ancient Genomic Changes Associated with Domestication of the Horse[END_REF](Librado et al. , 2021)). Allele ratios in the groups of ancient horses studied previously are shown in circles with black outline. Each color of the names of archaeological sites is associated with a specific prehistoric or historical period. The original map belongs to the United States Geological Survey National Map Viewer (public domain) resource and was modified by us.

  fourth cluster includes clades predating ~ 2200 BCE (Neolithic -Eneolithic), which consist mainly of presumably wild horses of Eastern and Southeast Europe, and clades dated later than 2200 BCE, including only domesticated horses, with an intermediate branch leading to the 19th century steppe tarpan of Eastern Europe ((E. gmelini gmelini Antonius, 1912), the tarpan (Equus ferus ferus, Equus gmelini Antonius, 1912) subspecies morphotype). The group of clades of presumably wild horses of Eastern and Southeast Europe consists of horses of the Pontic-Caspian steppe of the Neolithic and Early Eneolithic (Southeast European Russia, Southern Ural (Russia), Southern Ukraine, Southern Romania), of the Early Bronze Age Yamnaya culture (Southeast European Russia and Southern Ural (Russia)), the Early Bronze Age Maykop culture (the North Caucasus (Russia)), the Early Bronze Age Catacomb culture (Southeast European Russia), as well as horses of Turkey (not the Pontic-Caspian steppe) of the Neolithic, Eneolithic, and Bronze Age. The topology of our phylogenetic tree and the Struct-f4 ancestry component analysis results (Figure 32) indicated that the clade with horses of the Maykop, Catacomb cultures, and Repin stage of the Yamnaya culture (the earliest stage) is the most closely related to all domestic horses. Genetic continuity with domesticated horses was identified for two horses of the late (Poltavkin) stage of the Yamnaya culture. The above analyzes showed that all other horses predating 2200 BCE are not the direct ancestors of domesticated horses, including those from Turkey.

  with limited long-distance connectivity (Lena horse (Equus lenensis) lineage, European wild horse lineage, Botai horse lineage (including Przewalski's horses (Equus ferus przewalskii) and their hybrids), domesticated horse ancestors (Equus ferus caballus) lineage). The results of the phylogenetic reconstruction and Struct-f4 ancestry component analysis showed that the source population (or populations) for all modern domesticated horses is the population (or populations) of steppe tarpans of the Western Eurasian (Pontic-Caspian) steppe, and not the studied Eneolithic horses of Altai and adjacent territories, which turned out to be genetically close to Botai horses. Candidates for the first cultures in which the horse was domesticated are the Yamnaya culture (the Early Bronze Age, Southeast European Russia and Southern Ural (Russia)), the Catacomb culture (the Early Bronze Age, Southeast European Russia) or the Maykop culture (the Early Bronze Age, the North Caucasus (Russia)). The phylogenetic data obtained also indicate the origin of the horses of the Khereksur and Deer Stone (Mongolia, 12th to 1st half of the 8th centuries BCE), the Aldy-Bel (Tuva, late 9th to early 6th centuries BCE), the Biiken (Altai, late 9th to 2nd-3rd quarter of the 6th centuries BCE) cultures from the source horse herds of the Sintashta culture of Indo-Iranian origin (the Southern Ural, Southern Trans-Urals, Northern and Western Kazakhstan, the Bronze Age). The similar genetic profiles of the Khereksur and Deer Stone culture horses from different periods of time and regions of Mongolia indicate the stability and homogeneity of the gene pool of horses of this culture. The genotypes of some horses of the Khereksur and Deer Stone and the Aldy-Bel cultures are close, which most likely indicates the presence of contacts between the two cultures.

CHAPTER 5 .

 5 FINALEThis study was one of the first to characterize the mitochondrial, nuclear, microbial genetic diversity of the horses of many archaeological cultures of Altai (Biiken, Pazyryk, Turkic) and adjacent territories (the Aldy-Bel culture (Tuva), the Khereksur and Deer Stone culture, the Xiongnu culture (Mongolia)) and modern horses of Altai.The mitochondrial genetic diversity of horses was determined by high-throughput sequencing of PCR fragments or enriched libraries of aDNA and subsequent phylogeographic and population genetic analyzes of the sequencing data. Nuclear and microbial genetic diversity was revealed by shotgun sequencing of the original genomic libraries and phylogeographic, statistical (Struct-f4, determination of sex, phenotype and genetic diseases), and metagenomic analyzes of the data obtained.The revealed mitochondrial genetic diversity of the studied ancient, medieval and modern horses of Altai and adjacent territories indicated a moderate level of differentiation between the groups of modern Altai horses of Southeastern Altai and the group of modern horses of the Mongolian breed, a slight overlap in mitogroup composition between horses of Altai and Mongolia of the Late Bronze -Early Iron Ages. The mitogenomic phylogeographic analysis has shown the presence of shared mitotypes between the horses of the Biiken, Turkic Altai cultures, modern Altai horses, as well as between the horses of the Khereksur and Deer Stone and Xiongnu cultures of Mongolia, modern Mongolian horses, which suggests a possible genetic continuity between these horses. In addition, the mitogenome analysis revealed similar mitotypes in the horses of the Biiken, Pazyryk, Turkic cultures of Altai and many modern horses of indigenous breeds of Central Asia and the Middle East, as well as in the horses of Mongolia of the Late Bronze -Early Iron Ages and many horses of local breeds of China, which may also indicate the migration routes of these horses. Such affinities should, however, be considered preliminary in the absence of extensive genome-wide SNP data.On the whole, the analysis of the high-throughput sequencing data of the non-enriched genomic libraries indicated the high degree of preservation of the studied horse bone samples and, thus, the prospects of the sites of Altai and adjacent territories for aDNA research. The analyzes results of the horse sex ratio and phenotypic composition of the horse groups under study for the most part confirmed the previously published data. The genome-wide phylogenetic reconstructions determined the presence of the geographic structure of horse populations before the beginning of domestication, the localization of the center of horse domestication in the Pontic-Caspian steppe, and not in Altai and adjacent territories, and the close genetic affinity between the horses of the Khereksur and Deer Stone culture of Mongolia and the Aldy-Bel culture of Tuva, which confirmed the presence of contacts between these cultures. The following microbes pathogenic to domestic animals were found in the studied horses of Altai and adjacent territories of the Eneolithic -Early Middle Ages:Erysipelothrix tonsillarum, Erysipelothrix rhusiopathiae, Staphylococcus lentus, Eimeria tenella.

2 )

 2 Phylogenetically similar mitotypes have been identified between horses of the Biiken and Turkic cultures of Altai and many modern horses of native breeds of Central Asia, including the Altai breed, between horses of the Pazyryk culture of Altai and many modern horses of indigenous breeds of the Middle East, between horses of the Khereksur and Deer Stone and the Xiongnu cultures of Mongolia, many modern horses of the Mongolian breed and local breeds of China and Mediterranean Europe, which may indicate migration routes and continuity between these cultures. Whole-genome phylogeographic reconstructions have shown a close genetic relationship between the horses of the Khereksur and Deer Stone culture of Mongolia and the horses of the Aldy-Bel culture of Tuva, which is an indirect confirmation of the presence of contacts between these two cultures.

6 )CHAPTER 8 .

 68 Phylogeographic reconstructions based on whole-genome sequences determined the origin of the Eneolithic horses of the Novoilinka-III and Novoilinka-VI sites of the Botai circle culture of the south of Western Siberia from earlier Botai horses of Northern Kazakhstan, which are the ancestors of Przewalski's horses. Genome-wide phylogenetic analysis also revealed the origin of the horses of the Biiken, Aldy-Bel, Khereksur and Deer Stone cultures of Altai and adjacent territories from the horses of the Bronze Age Sintashta culture of the Southern Ural.7)Phylogeographic genome-wide analysis and Struct-f4 ancestry component analysis determined that the geographic center of horse domestication is located in the Pontic-Caspian steppe, and not in Altai. CHAPTER 7. RESUME DE LA THESE EN FRANÇAIS Cette étude a été l'une des premières à caractériser la diversité génétique mitochondriale, nucléaire et microbienne des chevaux de nombreuses cultures archéologiques de l'Altaï (biiken, de Pazyryk, turcique) et des territoires adjacents (Aldy-Bel, (Tyva), kheregsüür et pierres à cerf, Xiongnu (Mongolie)) et des chevaux contemporains de l'Altaï. La diversité génétique mitochondriale des chevaux a été déterminée à l'aide d'un séquençage à haut débit de fragments PCR ou de bibliothèques enrichies d'ADN ancien et du séquençage et de l'analyse phylogéographique et génétique des populations ultérieure des données de séquençage. La diversité génétique nucléaire et microbienne a été révélée par séquençage shotgun des bibliothèques génomiques sources et les analyses phylogéographiques, statistiques (Struct-f4, détermination du sexe, phénotype et maladies génétiques du cheval) et métagénomiques des données collectées. La révélation de la diversité génétique au niveau du mitogénome nous a donné la possibilité de déterminer les liens phylogénétiques entre les groupes étudiées de chevaux de l'antiquité, du Moyen Âge et contemporains. Il a été démontré :un léger chevauchement dans la composition des mitogroupes entre les chevaux de l'Altaï et de la Mongolie aux siècles de l'âge du bronze final et du début de l'âge du fer, tandis qu'entre les groupes de chevaux contemporains de l'Altaï du Sud-Est et de la Mongolie il est observé un niveau modéré de différenciation ; -la présence de mitotypes proches entre les chevaux des cultures biiken, turcique de l'Altaï et les chevaux contemporains de l'Altaï ; -la présence de mitotypes proches entre les chevaux de la culture kheregsüür et pierres à cerf et de la culture xiongnu de Mongolie et les chevaux mongoles contemporains ; -une proximité des mitotypes des chevaux de cultures biiken, de Pazyryk, turcique de l'Altaï et de nombreux chevaux contemporains de races indigènes d'Asie centrale et du Moyen-Orient ; -une proximité des mitotypes des chevaux de Mongolie des siècles de l'âge du bronze final et du début de l'âge du fer et de nombreux chevaux de races locales de Chine ; L'ensemble de ces données phylogéographiques peut témoigner de la possibilité d'une continuité génétique entre les groupes correspondant de chevaux et des voies migratoires des chevaux étudiés. L'analyse des données du séquençage à haut débit des bibliothèques génomiques nonenrichies témoigne dans l'ensemble du haut niveau de conservation des échantillons osseux des chevaux étudiés, ce qui signifie une perspective de recherches d'ADN ancien du matériel ostéologique des sujets de l'Altaï et des territoires adjacents. Les résultats de l'analyse du rapport des sexes des chevaux et de la composition phénotypique des groupes de chevaux étudiés ont confirmé d'une manière générale les données précédemment publiées. Les reconstructions phylogénétiques du génome entier ont déterminé la présence d'une structure géographique des populations de chevaux avant le début de la domestication, la localisation du centre de domestication des chevaux dans la Steppe pontique-caspienne, et non en Altaï et les territoires adjacents, la relation génétique étroite entre les chevaux de la culture kheregsüür et des pierres de cerf de Mongolie et de la culture Aldy-Bel de Tyva, confirmant l'existence de contacts entre ces cultures. Chez les chevaux étudiés de l'Altaï et des territoires adjacents de l'énéolithique au début du Moyen Âge ont été découverts les microbes pathogènes suivants pour les chevaux domestiques : Erysipelothrix tonsillarum, Erysipelothrix rhusiopathiae, Staphylococcus lentus, Eimeria tenella. Il est très important de poursuivre les recherches moléculaires et génétiques des chevaux de l'Antiquité et du Moyen Âge de l'Altaï et des territoires adjacents pour vérifier l'exactitude des résultats obtenus sur la continuité génétique, les possibles voies migratoires et le flux des gènes. SUMMARY OF THE THESIS IN ENGLISH This study was one of the first to characterize the mitochondrial, nuclear, microbial genetic diversity of the horses of many archaeological cultures of Altai (Biiken, Pazyryk, Turkic) and adjacent territories (the Aldy-Bel culture (Tuva), the Khereksur and Deer Stone culture, the Xiongnu culture (Mongolia)) and modern horses of Altai. The mitochondrial genetic diversity of horses was determined by high-throughput sequencing of PCR fragments or enriched libraries of aDNA and subsequent phylogeographic and population genetic analyzes of the sequencing data. Nuclear and microbial genetic diversity was revealed by shotgun sequencing of the original genomic libraries and phylogeographic, statistical (Struct-f4, determination of sex, phenotype and genetic diseases), and metagenomic analyzes of the data obtained. The identified genetic diversity at the mitogenome level provided us with the opportunity to determine the phylogenetic relationships between the studied groups of ancient, medieval, and modern horses. It was shown: -slight overlap in the composition of mitogroups between horses of Altai and Mongolia of the Late Bronze -Eearly Iron Ages, while a moderate level of differentiation was determined between the groups of modern Altai horses of Southeastern Altai and the group of modern horses of the Mongolian breed; -the presence of close mitotypes between horses of the Biiken, Turkic cultures of Altai and modern Altai horses; -the presence of close mitotypes between the horses of the Khereksur and Deer Stone culture and the Xiongnu culture of Mongolia and modern Mongolian horses; -proximity of mitotypes of horses of Biiken, Pazyryk, Turkic cultures of Altai and many modern horses of native breeds of Central Asia and the Middle East; -similarity of mitotypes of the horses of Mongolia of the Late Bronze -Early Iron Ages and many horses of local breeds of China; The totality of these phylogeographic data may indicate a possible genetic continuity between the corresponding groups of horses and the migration routes of the studied horses. On the whole, the analysis of the high-throughput sequencing data of the non-enriched genomic libraries indicated the high degree of preservation of the studied horse bone samples and, thus, the prospects of the sites of Altai and adjacent territories for aDNA research. The analyzes results of the horse sex ratio and phenotypic composition of the horse groups under study for the most part confirmed the previously published data. The genome-wide phylogenetic reconstructions determined the presence of the geographic structure of horse populations before the beginning of domestication, the localization of the center of horse domestication in the Pontic-Caspian steppe, and not in Altai and adjacent territories, and the close genetic affinity between the horses of the Khereksur and Deer Stone culture of Mongolia and the Aldy-Bel culture of Tuva, which confirmed the presence of contacts between these cultures. The following microbes pathogenic for domestic animals were found in the studied horses of Altai and adjacent territories of the Eneolithic -Early Middle Ages: Erysipelothrix tonsillarum, Erysipelothrix rhusiopathiae, Staphylococcus lentus, Eimeria tenella.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Primers for amplification of a fragment of the control region of the mitogenome of the studied modern horses.

	Primer name	Primer nucleotide sequence, 5″ to 3″	Primer sequence length, bp	Tm at 50 mM KCl, 2 mM MgCl2, °С	PCR product size, bp
	B10 F10	ACC ATC AAC ACC CAA AGC T CTT TGA CGG CCA TAG CTG AGT	19 21	68.7 72.4	594

Table 2 .

 2 Primers for amplification of a fragment of the control region of the mitogenome of the ancient and medieval horses.

	Primer name	Primer nucleotide sequence, 5″ to 3″	Primer sequence length, bp	Tm at 2 mM MgCl2, °С	PCR product size, bp
	Con1F Con1R	TCT TCC CCT AAA CGA CAA CAA GCT TAT TAT TCA TGG GGC AGA C	21 22	68.5 68.7	150
	Con2F Con2R	GAA TGG CCT ATG TAC GTC GTG TGG TGA TTA AGC TCG TGG AAC	21 21	69.3 69.0	177

Table 3 .

 3 Source data for the PCA performed on the basis of the haplogroup frequencies of the studied modern horse groups.

									Mitogenome haplogroup frequencies					
	Group name	Number of samples	A	B	D	D3	E	F	G	I	K	K3	X2	X3	X4	X5	X7	X11-haplogroup
	M	20	15	5	5	0	0	0	0	5	20	25	15	10	0	0	0	0
	P M	48	12,50 6,25 12,50 12,50 4,17 2,08 6,25 8,33	4,17	2,08	18,75	8,33	0	0	2,08	0
	P M	81	6,17 4,94	0	0	0	7,41	0	0	20,99 30,86 22,22	4,94	2,47	0	0	0
	M	29	10,34	0	10,34	0	0	0	0	10,34 24,14 13,79 10,34	6,90	13,79	0	0	0
	M M	18	0	22,22	0	0	0	5,56	0	0	11,11 11,11 38,89	0	11,11	0	0	0
	M																	

Table 4 .

 4 Primers for amplification of long overlapping fragments of the modern horse mitogenome.

	Primer name	Primer nucleotide sequence, 5″ to 3″	Primer sequence length, bp	Tm at 1.5 mM MgCl2, °С	Annealing temperature, °С	PCR product size, bp
	1F 1R	GAG GAG CCT GTT CCA TAA TCG GGT TAG GGG GAG GAG TAG G	21 19	68.7 65.3	60.0	4331
	2F 2R	TCC CAT CCA CAA ACA ACA TAA A GAG GCT TGG AGA AGG GTG AAG	22 21	67.9 70.3	62.5	4331
	3F 3R	TGA CCA CCC ACA GGT ATC CA ACG TTG GTG GAG TGT TCT AGT T	20 22	70.0 65.6	60.5	4349
	4F 4R	GGC AGC ATT TTT GCC GG ATT GAT GGT GGG GTT TAT CGG GG	20 20	74.2 73.3	67.0	4169
	Long fragments of the horse mitogenome were obtained using a Long PCR Enzyme Mix (Thermo
	Fisher Scientific). Amplification of each of the overlapping long (~ 4 kb) fragments of the horse
	mitogenome was carried out in a separate PCR tube in a 25 μl reaction volume containing 20 ng of
	extracted modern horse DNA, 1X Long PCR buffer with 15 mM MgCl2 (Thermo Fisher Scientific), 0.2
	mM each of dATP, dCTP, dGTP, dTTP, 0.3 μM of each primer (1F,R, 2F,R, 3F,R, 4F,R), 1.25 U (unit) of
	Long PCR Enzyme Mix (Thermo Fisher Scientific). The amplification reactions were carried out on the
	thermal cycler "BIS" M112 (Company IP Chaldin B.M.) under the following conditions: initial
	denaturation at 94 °С for 3 min followed by 35 cycles consisting of denaturation at 94 °С for 20 sec,
	annealing at Tm -5 °С (Table 4) for 30 sec, elongation at 72 °С for 4 min and final extension at 72 °С
	for 10 min. Purification of the obtained long-range PCR products was performed on QIAquick silica-
	membrane spin columns (for the recovery of DNA fragments ranging in size from 100 bp to 10 kb) using
	the QIAquick PCR Purification Kit				

Table 5 .

 5 Mitogroup haplotype composition of the studied modern Altai horse groups.

	Haplogroup

name Haplotypes (Ulagan, gene pool group) Haplotypes (Ulagan, "mixed" group) Haplotypes (Kosh-Agach, "mixed" group)

  

					The number
					of
					individuals
					in a
					haplogroup
	A	A+652 (5)	A+652 (3)	-	8
	B	В1 (4)	-	В1 (4)	8
	D	-	D2 (2), D2+596 (1)	-	3
	F	F (5), F+584 (1)	-	F (1)	7
	I	-	I (3)	-	3
	K	K (4), К2 (8), К2b (5)	K (2), К2 (4), К2b (1) К2 (1), К2b (1)	26
	K3	K3 (21), K3a (4)	K3 (4)	K3 (2)	31
	X2	X2 (6), X2b (12)	X2 (2), Х2+528 (1)	X2 (4), X2+521 (3)	28
	X3	X3c1 (4)	X3c1+632 (2)	-	6
	X4	X4a (2)	X4a (4)	X4a (2)	8
	"(X)" -number of horses.			
	"red color" -new mitotypes defined by us.		

"+XXX" -15XXX nucleotide position in the Equus caballus mitogenome (NC_001640.1).

Table 6 .

 6 Nucleotide and haplotype diversity of the studied horse groups of Altai and adjacent territories.

	Group

name Number of individuals Number of haplotypes Haplotype diversity Number of polymorphic sites Nucleotide diversity

  

	ASS (ancient Western Siberia studied)	9	8	0.9722 +/-0.0640	18	0.020348 +/-0.012399
	MAUG (modern Altai Ulagan gene pool)	81	13	0.8846 +/-0.0197	21	0.017838 +/-0.009879
	MAUM (modern Altai Ulagan "mixed")	29	12	0.9310 +/-0.0199	23	0.019096 +/-0.010733
	MAKM (modern Altai Kosh-Agach "mixed")	18	8	0.8889 +/-0.0416	16	0.021410 +/-0.012152
	MMP (modern Mongolia published)	20	16	0.9474 +/-0.0435	24	0.018822 +/-0.010778
	AMP (ancient Mongolia published)	12	10	0.9545 +/-0.0569	20	0.019579 +/-0.011591
	AMS (ancient Mongolia studied)	9	6	0.9167 +/-0.0725	13	0.022862 +/-0.013756
	MSP (modern Western Siberia published)	48	17	0.9371 +/-0.0131	26	0.018004 +/-0.010047
	ASP (ancient Western Siberia published)	9	9	1.0000 +/-0.0524	17	0.019433 +/-0.011905

Table 7 .

 7 Squared cosines of the variables of the PCA carried out.

	Variable names	F1	F2	Factor names	F3	F4
	A	0.577	0.320		0.058	0.045
	B	0.266	0.576		0.017	0.141
	D	0.853	0.021		0.121	0.005
	D3	0.708	0.269		0.012	0.011
	E	0.708	0.269		0.012	0.011
	F	0.379	0.283		0.145	0.192
	G	0.708	0.269		0.012	0.011
	I	0.634	0.145		0.219	0.002
	K	0.187	0.779		0.003	0.031
	K3	0.324	0.339		0.330	0.007
	X2	0.359	0.613		0.000	0.028
	X3	0.541	0.342		0.094	0.023
	X4	0.182	0.004		0.781	0.033
	X7	0.708	0.269		0.012	0.011

Table 8 .

 8 Hierarchical molecular variance distribution according to AMOVA results (comparison of more and less high-altitude groups).United group 1 -Kosh-Agach group, united group 2 -Ulagan groups (gene pool + "mixed").

	Source of variation	d.f. (degrees of freedom)	Variance component	Variance (%)	Fixation index	P-value
	Between united groups 1	1	0.13958 Va 2	5.71	FCT = 0.05711	0.33822 ± 0.01681
	Between groups					
	within a priori formed united	1	0.04407 Vb 2	1.80	FSC = 0.01912	0.09971 ± 0.00834
	groups					
	Within groups	125	2.26056 Vc 2	92.49	FST = 0.07514	0.00684 ± 0.00271

Table 9 .

 9 Hierarchical molecular variance distribution according to AMOVA results (comparison of gene pool and "mixed" groups).

		d.f.				
	Source of variation	(degrees of	Variance component	Variance (%)	Fixation index	P-value
		freedom)				
	Between united groups 1	1	-0.13427 Va 2	-5.71	FCT = -0.05708	1.00000 ± 0.00000
	Between					
	groups within a priori formed	1	0.22599 Vb 2	9.61	FSC = 0.09088	0.01857 ± 0.00437
	united groups					
	Within groups	125	2.26056 Vc 2	96.10	FST = 0.03899	0.00978 ± 0.00326

1

United group 1gene pool Ulagan group, united group 2 -"mixed" Ulagan group + "mixed" Kosh-Agach group.

2

Table 10 .

 10 Hierarchical molecular variance distribution according to AMOVA results (comparison of the "mixed" Ulagan group with other studied groups).

		d.f.				
	Source of variation	(degrees of	Variance component	Variance (%)	Fixation index	P-value
		freedom)				
	Between united groups 1	1	-0.09135 Va 2	-3.91	FCT = -0.03907	0.66080 ± 0.01542
	Between					
	groups within a priori formed	1	0.16849 Vb 2	7.21	FSC = 0.06936	0.01466 ± 0.00340
	united groups					
	Within groups	125	2.26056 Vc 2	96.70	FST = 0.03300	0.00587 ± 0.00219
	1 United group 1 -"mixed" Ulagan group, united group 2 -gene pool Ulagan group + "mixed" Kosh-Agach
	group.					

2

Table 11 .

 11 Obtained ancient and medieval horse mitogenome characteristics.

	Sample name	Number of collapsed reads	Number of unique mapped	Mitogenome width of coverage, %	Mitogenome average depth of coverage, X	Library average insert size, bp	Terminal library fragment deamination, %	Mean value of the model parameter	Mean value of the model parameter

Table 12 .

 12 BEAST age estimates of the constructed phylogenetic tree nodes with the ancient and medieval horses studied.

	Node name	Median age estimate	95 % HPD (height posterior density)
	Ak1-4_Caspian_Maremmano	6814.52	[3668.30; 10,323.37]
	Ak2-5_Maremmano	4145.52	[2720.52; 7228.37]
	Ak1-1_Caspian_Yakut_Iranian	9972.80	[6760.06; 15,438.45]
	Ver1-1_EnglishShire_Saddlebred	6544.11	[3327.56; 11,026.51]
	Ak2-4_Altai	12,765.56	[7315.48; 19,912.88]
	Ak2-6_Deqin_Akhal-Teke	12,396.25	[7200.80; 19,151.05]
	DC_AnYakut	199,467.21	[151,938.87; 256,740.95]
	Er-1_Giara	3865.90	[2352.59; 6525.58]
	Gan-11_Naqu	4385.15	[2880.17; 6742.17]
	Gan-14_Tengchong_Yunnan _ Iranian	5101.47	[2961.14; 8072.89]
	Gan-18_Andalusian_Jinjiang	5585.11	[3337.80; 9025.43]
	Gan-1_Gan-3_M		

  Polycystic kidney disease. The gray rectangle represents the heterozygous state of the causative allele; the light orange rectangle represents the homozygous state of the causative allele. A white rectangle indicates the absence of the causative allele, or insufficient sequencing coverage (less than three times) or non-genotyped positions. Different colors of rectangles to the left of the gene names indicate the corresponding group of phenotypic traits or group of diseases (bluecoat color, greenracing performance, purplebody size, reddisease).

8 

Larger body size. 9 Height. 10 Dwarfism.

11 

Genetic variants of mitogenome HVR I mitotypes of the ancient and medieval horses from Altai and Mongolia.

  Process of the formation of large systematic units: from speciesnew genera, from generanew families, etc. cultures of the Botai circle : Cultures correlated with the Botai culture in chronological, geographic, and cultural terms. DNA of the animal from whose sample it was isolated. normalized chromosome coverage : Number of the covered nucleotide bases normalized by the chromosome length. number XXX" -15XXX nucleotide position in the Equus caballus mitogenome (NC_001640.1).

	NH4)4EDTA tetraammonium ethylenediaminetetraacetate aDNA aDNA AGEs advanced-glycation end-products AMOVA analysis of molecular variance AMP ancient Mongolia published AMS ancient Mongolia studied ANGSD analysis of next generation sequencing data ASP ancient Western Siberia published ASS ancient Western Siberia studied AU Anson unit BCE Before Common Era BEAST Bayesian evolutionary analysis by sampling trees bp base pair BSA bovine serum albumin cal BP calibrated years before the present CE Common Era Ct cycle threshold CTAB cetyltrimethylammonium bromide d.f. degrees of freedom DNA DeoxyriboNucleic Acid dsDNA double-stranded DNA DTT qPCR quantitative PCR dithiothreitol kya thousand years ago MAFFT multiple alignment using fast fourier transform MAKM GLOSSARY OF TERMS macroevolution : 74 KT368728 Equus ferus caballus Yakut 75 KT368729 Equus ferus caballus Yakut 76 KT368730 Equus ferus caballus Yakut 77 KT368731 Equus ferus caballus Yakut T3 7.1 gene pool Ulagan mare T495C, C602T, T703C, G720A, G726A, A740G Sakha Republic, Russia Sakha Republic, Russia Sakha Republic, Russia Sakha Republic, Russia T3 7.2 gene pool Ulagan mare T495C, C602T, T703C, G720A, A740G T4 6.3 gene pool Ulagan stallion T495C, C542T, C602T, C635T, G666A, T703C, G720A Т4 6.4 gene pool Ulagan mare T495C, C602T, A667G, T703C, G720A 122 КА12 "mixed" Kosh-Agach mare T495C, C602T, T617C, T659C, G720A 494C, 495C, 666A, 703C, 123 КА13 "mixed" Kosh-Agach stallion T495C, C602T, T617C, T659C, G720A Ber2 Altai Pazyryk 496G, 534T, 585A 720A 603C, 649G, 720A modern Altai Kosh-Agach "mixed" MAUG MAUM modern Altai Ulagan "mixed" Mb megabases MBD methylated binding domains MCMC Markov Chain Monte Carlo metaBIT metagenomic Biomarker Inferred Taxonomy mitogenome mitochondrial genome mitotype mitochondrial haplotype MMP modern Mongolia published MSP modern Western Siberia published mtDNA mitochondrial DNA mya million years ago myr million years NGS next-generation sequencing NWSL New World "stilt-legged" PCA principal component analysis PCR polymerase chain reaction PCs principal components PTB N-phenacyl thiazolium bromide PVP polyvinylpyrrolidone nick translation : nucleotide phosphates into unlabeled DNA using pancreatic DNase I, which cleaves phosphodiester linkages resulting in a free 3″ OH group (nick), and Escherichia coli DNA polymerase I, which initiates synthesis of new DNA at nicks in a 5″ to 3″ direction using labeled triphosphates (Davis, Dibner, and Battey 1986). endogenous DNA : 84 KT368738 Equus ferus caballus Yakut Sakha Republic, Russia 85 MG001421 Equus ferus caballus Yanqi The Xinjiang Uygur Autonomous Region, China 86 MG001436 Equus ferus caballus Yanqi The Xinjiang Uygur Autonomous Region, China 87 MG001442 Equus ferus caballus Yanqi The Xinjiang Uygur Autonomous Region, China 88 MG001420 Equus ferus caballus Yili The Xinjiang Uygur Autonomous Region, China 89 MG001429 Equus ferus caballus Yili The Xinjiang Uygur Autonomous Region, China 90 MG001434 Equus ferus caballus Yili The Xinjiang Uygur Autonomous Region, China 91 MG001414 Equus ferus caballus Yimen Yunnan Province, China 92 MG001441 Equus ferus caballus Yimen Yunnan Province, China 93 MG001448 Equus ferus caballus Yimen Yunnan Province, China 94 MG001419 Equus ferus caballus Yingjiang Yunnan Province, China 95 MG001430 Equus ferus caballus Yingjiang Yunnan Province, China 96 MG001424 Equus ferus caballus Yunnan pony Yunnan Province, China 97 MG001422 Equus ferus caballus Zhaotong Yunnan Province, China 98 MG001435 Equus ferus caballus Zhaotong Yunnan Province, China 99 MG001440 Equus ferus caballus Zhaotong Yunnan Province, China 100 MG001439 Equus ferus caballus Tibetan Sichuan Province, China T4 1.4 gene pool Ulagan stallion T494C, T495C, A496G, C534Т, C602T, T603C, A649G, G720A Т4 2.2 gene pool Ulagan mare T495C, C602T, A667G, T703C, G720A Т4 2.3 gene pool Ulagan mare T495C, C602T, A667G, T703C, G720A Т4 2.4 gene pool Ulagan mare T495C, C602T, A667G, T703C, G720A Т 4 3.1 gene pool Ulagan mare T495C, C602T, T617C, T659C, G720A Т 4 3.3 gene pool Ulagan mare T495C, C602T, T617C, T659C, G720A T4 4.1 gene pool Ulagan mare T495C, C602T, T652C, G720A Т 4 4.3 gene pool Ulagan mare T494C, T495C, A496G, C534Т, C602T, T603C, A649G, G720A Т4 5.1 gene pool Ulagan mare T495C, C602T, T617C, T659C, G720A Т4 5.2 gene pool Ulagan mare T495C, C602T, A667G, T703C, G720A Т4 5.3 gene pool Ulagan stallion T495C, C602T, T703C, G720A, A740G T4 5.4 gene pool Ulagan stallion T495C, C602T, T617C, T659C, G720A Т 4 5.5 gene pool Ulagan mare T495C, 601C, 602T, 720A Т 4 6.1 gene pool Ulagan mare T495C, C542T, C602T, C635T, G666A, T703C, G720A Т 4 6.2 gene pool Ulagan mare T495C, T601C, C602T, G720A T8 2.1 "mixed" Ulagan mare T494C, T495C, A496G, C534Т, C602T, T603C, A649G, G720A Ver1-1 Altai Pazyryk 602T, 703C, 720A -Er-1 Mongolia Xiongnu 495C, 542T, 602T, 635T, 650G 585A, 597G, Т 4 7.3 gene pool Ulagan mare T494C, T495C, A496G, C534T, T603C, A649G, G720A Т4 7.4 gene pool Ulagan mare T495C, C602T, A667G, T703C, G720A Т 4 7.5 Ulagan mare T495C, С602T, T703C, G720A T5 1.1 "mixed" Ulagan mare T495C, С602T, T703C, G720A T5 1.2 "mixed" Ulagan stallion T495C, С602T, T703C, G720A Т 5 2.1 "mixed" Ulagan stallion T495C, T526C, A540G, C602T, A649G, C718T, G720A T5 3.1 "mixed" Ulagan -T494C, T495C, A496G, C528T, C534T, C602T, T603C, A649G, G720A T5 3.2 "mixed" Ulagan mare T495C, C602T, T703C, G720A, A740G T5 4.1 "mixed" Ulagan mare T495C, C602T, A667G, T703C, G720A T5 4.2 "mixed" Ulagan stallion T495C, C602T, A667G, T703C, G720A T6 1.1 "mixed" Ulagan mare T495C, A538G, C602T, C709T, G720A Т6 2.1 "mixed" Ulagan mare T495C, C602T, T652C, G720A Т 6 3.1 "mixed" Ulagan stallion T495C, C602T, T703C, G720A, A740G T6 4.1 "mixed" Ulagan stallion T495C, C602T, T703C, G720A, A740G Т 6 4.2 "mixed" Ulagan mare T495C Т 6 4.3 "mixed" Ulagan stallion T495C, A538G, C602T, C709T, G720A Т6 5.1 "mixed" Ulagan mare T495C T7 1.1 "mixed" Ulagan stallion T495C, A596G Т 8 1.1 "mixed" Ulagan mare T495C, C602T, A667G, T703C, G720A Т 8 1.2 "mixed" Ulagan stallion T495C, A538G, C602T, C709T, G720A name Geographic region Archaeological culture name Nucleotide polymorphisms not in the mutation DC Altai -(Paleolithic) 495C, 497T, 526C, 536C, 566C, 602T, 709T, 720A 597G, 495C, 526C, 566C, 602T, 649G, 720A Ak2-4 Altai Biiken Ak2-5 Altai Biiken 495C -Ak2-6 Altai Biiken 495C, 602T, 703C, 720A, Ak1-1 Altai Pazyryk 602T, 709T, 495C, 601C, 720A 720A 585A, 650G Gan-18 Mongolia Khereksur and Deer Stone 603C, 649G, 585A, 604A 496G, 534T, 495C, 538G, 494C, 495C, 740G 604A 649G, 720A Gan-14 Mongolia Khereksur and Deer Stone 602T, 603C, 585A, 604A 496G, 534T, 494C, 495C, 703C, 720A 585A, 597G 720A 495C, 602T, Gan-11 Mongolia Khereksur and Deer Stone 602T, 635T, 666A, 703C, 650G 585A, 597G, 495C, 542T, 720A Gan-3 Mongolia Khereksur and Deer Stone 617C, 659C, -fragment) fragment) 495C, 602T, (15495-15720 bp (15495-15720 bp 720A hotspots Nucleotide polymorphisms in the mutation hotspots Gan-1 Mongolia Khereksur and Deer Stone 617C, 659C, -Ush-10 Mongolia Khereksur and Deer Stone 495C, 602T, 709T, 720A 597G, 650G 495C, 602T, Appendix 4. Sample 720A gene pool 127 КА17 128 KA18 Agach stallion T495C, C602T, A667G, T703C, G720A Ush-8 Mongolia Khereksur and Deer Stone 603C, 649G, 585A 496G, 534T, "mixed" Kosh-494C, 495C, Agach stallion T495C, C602T, T703C, G720A, A740G Ush-7 Mongolia Khereksur and Deer Stone 495C, 720A -"mixed" Kosh-Reaction of introducing isotopically or nonisotopically labeled 80 KT368734 Equus ferus caballus Yakut Sakha Republic, Russia 81 KT368735 Equus ferus caballus Yakut Sakha Republic, Russia 82 KT368736 Equus ferus caballus Yakut Sakha Republic, Russia 83 KT368737 Equus ferus caballus Yakut Sakha Republic, Russia T4 1.2 gene pool Ulagan mare T495C, C602T, T703C, G720A, A740G T4 1.3 gene pool Ulagan stallion T495C, C602T, T703C, G720A, A740G Т 4 7.1 gene pool Ulagan mare T494C, T495C, A496G, C534T, T603C, A649G, G720A Т4 7.2 gene pool Ulagan mare T495C, C602T, A667G, T703C, G720A 125 КА15 "mixed" Kosh-Agach stallion T495C, C602T, T703C, G720A, G726A, A740G 126 KA16 "mixed" Kosh-Agach stallion T494C, T495C, A496G, C534Т, C602T, T603C, A649G, G720A Bi4 Altai Turkic 602T, 709T, 720A 650G 597G, 495C, 538G, 720A modern Altai Ulagan gene pool 78 KT368732 Equus ferus caballus Yakut Sakha Republic, Russia 79 KT368733 Equus ferus caballus Yakut Sakha Republic, Russia T4 1.1 gene pool Ulagan stallion T495C, 601C, 602T, 720A Т4 6.5 gene pool Ulagan stallion T495C, C602T, A667G, T703C, G720A 124 KA14 "mixed" Kosh-Agach stallion T494C, T495C, A496G, G521A, C534T, C602T, T603C, A649G, G720A Bi3 Altai Pazyryk 495C, 521A, 596G, 602T, -Appendix 5.	Northern Asia Northern Asia Northern Asia Northern Asia A597G, G604A G585A, G604A G585A, A597G, A650G A597G, G604A --X2b Northern Asia East Asia East Asia East Asia East Asia East Asia East Asia East Asia East Asia East Asia East Asia East Asia East Asia East Asia East Asia East Asia East Asia G585A A597G, G604A A597G, G604A A597G, G604A --A650G G585A -G585A, A597G, G604A G585A, G604A --G585A, A597G, A650G --F+703, K+601 X3c1 G585A A597G, G604A G585A, A597G G585A, A597G G585A, A597G G585A -G585A, G604A A597G, G604A A597G, G604A G585A, A650G A650G G604A G585A, G604A -G585A, A650G --A597G G585A, A650G group) I X2b K2 X2 D2 K X3c1 649 (~ X11-11+497+536+709-X-B1 B1 Mitotype A+709 A597G X2b G604A D Northern Asia Northern Asia Northern Asia Northern Asia G604A G604A G585A A597G, G604A G585A, G604A -I Northern Asia Northern Asia -G585A, A597G, G604A G585A, G604A G1	modern modern modern modern modern modern modern modern modern modern modern modern modern modern modern modern modern modern modern modern modern A + 652 K2b K2 X3c1 К3 В1 В1 X2 К3 К3 К3 B1 B1 X2 B1 К3 K2 B1 F F X2 X3c1 X2b К3 K K K X4a X2 + 528 K2 K3 K3 I А + 652 K2 K2 D2 I D2 D2 + 596 К3 I K3 K2 modern modern modern modern K2 K2 X2b К3 X2 K2b modern modern F К3 X2 + 521
	EDTA RNase	ethylenediaminetetraacetic acid ribonuclease	
	EtOH ROX	ethanol carboxy-X-rhodamine	
	FST SB RAS	fixation index Siberian Branch of the Russian Academy of Sciences	
	GATK SCGB 1A1 secretoglobin family 1A member 1 genome analysis toolkit	
	HPD SDS	height posterior density sodium dodecyl sulfate	
	HVR I SNP	hypervariable region I single nucleotide polymorphism	
	hyRAD SRA	hybridization capture from restriction-site associated DNA-derived probes sequence read archive	
	hyRAD-X SSC	hybridization capture from restriction-site associated DNA-derived probes obtained saline-sodium citrate	
	tMRCA	from a reduced exome template time to the most recent common ancestor	
	IAET USER	Institute of Archeology and Ethnography uracil-specific excision reagent	
	kb	kilobase	

"

Information on all ancient, medieval and modern era horse bone samples investigated in this study.
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 Miller 2005). Using microsatellite analysis, the researchers confirmed the close genetic relationship between the Tibetan Naqu breed and the Mongolian horse breed [START_REF] Du | Genetic Diversity of Tibetan Horse and Its Relationships with Mongolian Horse and Ningqiang Pony Assessed by Microsatellite Polymorphism[END_REF]. The mitotype of the historical Mongolian horse from the clade of the studied ancient Mongolian horses is closest to the mitotypes of the Iranian horse of the Middle East and the hybrid of the Przewalski's horse and the domestic horse.

The phylogeographic data obtained indicate that haplogroup G was found in the horse herds of Mongolia of both of the above cultures (the Khereksur and Deer Stone and the Xiongnu), as well as that the mitotypes of the studied ancient horses Gan-11 and Er-1 are phylogeographically close to the mitotypes of some modern horses of ancient and indigenous breeds of Eastern (Tibet) and Central Asia, the Middle East, and Mediterranean Europe (Italy).

The mitotypes of the ancient horses Gan-14 and Gan-18 of the Khereksur and Deer Stone culture fell into haplogroup L.

Within haplogroup L, the ancient horse Gan-14 forms a well-supported clade (bootstrap support is greater than 0.75) with indigenous horses of China and Iran. In this clade, the native horses of China are represented by the following breeds: the Yunnan pony and the Tengchong horse. These horse breeds belong to the mountainous southwest group (the Yunnan Sichuan horses). The first written records of horses in this region date back to the 2nd century BCE and are associated with the description of the Southwest Silk Road, while archaeological evidence indicates the presence of domestic horses in the territory of Yunnan province as early as the 6th century BCE [START_REF] Yang | Horses, Silver, and Cowries: Yunnan in Global Perspective[END_REF]). On the exterior, the horses of this group are short, small, slender and do not resemble the horses of the Tibetan, Northern China (e.g. the Mongolian horse), and Southeast China groups [START_REF] Ling | Identification of Y Chromosome Genetic Variations in Chinese Indigenous Horse Breeds[END_REF][START_REF] Ling | Evaluation of the Genetic Diversity and Population Structure of Chinese Indigenous Horse Breeds Using 27 Microsatellite Markers[END_REF][START_REF] Yang | Haplotype Diversity in Mitochondrial DNA Reveals the Multiple Origins of Tibetan Horse[END_REF].

However, the study of blood protein polymorphisms has revealed Mongolian-related ancestry in the Yunnan horse proteome [START_REF] Nozawa | Phylogenetic Relationships among Japanese Native and Alien Horses Estimated by Protein Polymorphisms[END_REF], and the mitogenome control region investigation has determined the origin of indigenous horse breeds of China from horses of the Eurasian steppe territories [START_REF] Yang | The Origin of Chinese Domestic Horses Revealed with Novel MtDNA Variants[END_REF].

The ancient Gan-18 horse is within a well-supported clade (bootstrap support is greater than 0.75) within haplogroup L, which also includes the modern Mongolian horse and horse of the local breed of China Jinjiang. The Jinjiang horse breed was developed at the end of the 1st millennium CE, much later than other indigenous horse breeds in China. This breed has mixed ancestry from two indigenous horse breeds of China, the Baise and Chakouyi (the Qinghai-Tibet Plateau horse group) horse, originating from Southwest and North Central China, respectively [START_REF] Ma | The Origin of a Coastal Indigenous Horse Breed in China Revealed by Genome-Wide SNP Data[END_REF]. The Jinjiang horse is one of the few indigenous horse breeds of Central and Southeast China, it is mainly distributed in coastal areas. Its uniqueness lies in the fact that it is phenotypically very different from other indigenous breeds of Southern China, e.g., horses of this breed have more muscular bodies [START_REF] Ling | Identification of Y Chromosome Genetic Variations in Chinese Indigenous Horse Breeds[END_REF][START_REF] Ling | Evaluation of the Genetic Diversity and Population Structure of Chinese Indigenous Horse Breeds Using 27 Microsatellite Markers[END_REF]Ma et al. Molodin and A. V. Epimakhov. Barnaul: Altai State University. 

Appendix 2. Information on all mitogenome sequences from GenBank included in the mitogenome phylogenetic reconstructions.