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Summary 

This document describes the methods that have been involved in this study. The first part of 

these analyses focusses on a panel of 207 modern donkey and 15 wild equid genomes, 49 of 

which are newly described in this study. These genomes were used to: 1) call variants 

(GraphTyper (version 2.5.1) (61)); 2) create a recombination map (LDHat (version 2.2) (62)); 

3) call phased haplotypes (BEAGLE (version 5.1) (39)) ; and 4) infer the population history 

and structure (PLINK (version 1.9) (63), ADMIXTURE (version 1.3.0) (56), qpAdm (version 

810) (64), Treemix (version 1.13) (27), SMC++ (version 1.15.4) (28) and ADMIXTOOLS2 

(58, 65)). 

Additionally, the second part of the analysis leverages the modern genome panel, supplemented 

with 31 ancient donkey genomes spread across Central Asia to Western Europe and spanning 

the last 4,500 years. We created two datasets to fully exploit the genetic information of these 

samples, both pseudo-haploidising genomes at transversion sites (n= 4,833,570), and imputing 

genomes for the set of variants identified in the modern panel (n=7,161,029) (BEAGLE 

versions 4.0 and 5.1). Those datasets were used to infer the past population dynamics and assess 

breeding management through ADMIXTURE, PLINK, Treemix, fineSTRUCTURE (version 

4.1.1) (35), KING (version 2.2.7) (66), ngsRelate (version 2) (67), ngsF-HMM (version 1) (59) 

and qpDstat (version: 751) (58, 65). 

Finally, modern and ancient sequences aligned against the mitochondrial genome and Y-

chromosome were used to infer phylogenetic relationships within both maternal and paternal 

lineages and reconstruct their past demographic trajectory (IQ-TREE (version 1.6.12) (60) and 

BEAST (version 2.6.5)) (68-70). 

Materials and Methods 

Sample collection, DNA extraction and genome sequencing of modern samples 

We extracted and sequenced DNA from 48 tissue samples of domestic donkeys kindly provided 

from the existing collection of Dr. Albano Beja-Pereira, which were collected between 2000 

and 2002 (DonkeyBank, CIBIO-InBIO, University of Porto). The sampling was revised and 

approved by CIBIO bioethic board. Samples from this collection have been used across the 

years in several published studies (11, 12, 71). The curation of this sample bank is oriented by 

the principles of the 3Rs, avoiding unnecessary sampling of animals whenever the collection 

has samples representing a region or the desired donkey phenotype. Only from 2015 onward, 

did export and ethical animal welfare permits start to be required from the samples stored in 

this collection. Up to this date, it was not a general practice to require such permits from 

domestic animals, and unfortunately, even less in the case of the donkey. When these samples 

were collected, the owners first approached the animal to calm them down. The marginal region 

of the ear was cleaned with 70% ethanol and a single-use sterile punch biopsy was used to take 

a tiny piece of skin about 0.2 cm3 from each individual. Particular attention was devoted to 

collecting the tissue along the margin and not across the ear, as this area is poorly irrigated and 

not sensitive. The punch biopsy device automatically cauterizes the possible small capillary 

vessels from the place where a sample was taken. Usually, this takes a split second and does 

not require holding the animals for blood sampling and animals do not generally react. After 

sampling, blue spray disinfectant was applied to the region. Nervous or frightened animals 
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were avoided and the animal was observed for some minutes after having been sampled. 

Around 20 plucked hairs (with roots) were instead collected from animals for which the owner 

expressed a preference for plucking hairs instead of tissue. Normally, dorsum or neck hairs 

were individually plucked from the animal without the need of restraining the animal. The 

collected hairs or tissues were stored in the plastic tube and completely submerged in 

preservative (96% alcohol) with at least three parts of ethanol for each part of the tissue. DNA 

from DonkeyBank tissues were extracted from the tissues using the JetQuick™ Tissue DNA 

Spin Kit (Genomed, GmbH) and the concentration of DNA extracts was measured using a 

Qubit Fluorimeter (Thermo Fisher Scientific). 

A single specimen from a Pega donkey was provided by the Brooks Equine Genetics Lab 

(University of Florida, Gainesville, FL, USA). The sampling was revised and approved by the 

UF - IACUC Protocol #201408411. The hair sample, including hair roots, was pulled from the 

tail of the individual, and stored in a clean paper envelope. DNA from this sample was extracted 

using a modified lysis protocol described by Cook and colleagues (72).  

Publicly available fastq files for 158 domestic donkeys, 2 Asiatic wild asses, 1 E. africanus 

somaliensis (E.a.som), 1 E. zebra hartmannae, 1 E. zebra grevyi, 1 E. zebra burchelli, 2 E. 

hemionous and 7 E. kiang were downloaded from the National Library of Medicine and 

Genome Sequence Archive databases (13, 24, 25). 

Details and accession numbers for all samples sequenced and downloaded from public 

databases can be found in Table S1. 

Archaeological samples and context (Provenance) 

The following section describes the archaeological contexts associated with all ancient donkeys 

sequenced in this study. The full name of each site is composed of the modern country where 

the excavation site lays followed by the age in Before Common Era (BCE) or Common Era 

(CE) as estimated from radiocarbon dating or inferred from archaeological context. The 

accession number and associated metadata for each ancient donkey genome included in this 

paper can be found in Table S2.  

• TUK_2564-2039BCE: Acemhöyük, Turkey (samples: AC14380, AC14415, MV051). 

Acemhöyük is a large mound site located in the Aksaray province of Central Turkey 

representing an important urban center in the Early and Middle Bronze Age (EBA and MBA, 

~2800 to 1700 BCE). The site is located at an elevation of approximately 950 m above sea 

level on the alluvial fan of the Melendiz river near the Central Anatolian Great Salt Lake (Tüz 

Gölü). Acemhöyük consists of twelve major occupational levels with deposits representing 

EBA, MBA, Early Iron Age, Hellenistic, and modern occupations. The site is best known for 

its well-preserved Sarıkaya and Hatıplar ‘palace’ structures, which were built in the early 

eighteenth century BCE and destroyed by a violent fire in the mid-eighteenth century BCE 

(73). These remains were excavated and studied by Dr. Nimet Özgüç, who documented 

extensive connections between the Sarıkaya palace at Acemhöyük and Kültepe-Kanesh, the 

kingdom of Karkemis on the Syrian-Turkish border, as well as the Assyrian kingdom of Šamši 

Adad (74). More recent excavations by Dr. Aliye Öztan have explored administrative buildings 

within the city center associated with the MBA occupation (including the ‘Hizmet binası’), 

which were also destroyed by the fire that likely ended the settlement’s role as a political center 
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towards the end of the MBA (73). Moreover, Öztan’s excavations have uncovered extensive 

exposures of the EBA occupation including 75 meters length of the EBA city wall on the south-

eastern margin of the mound as well as associated buildings dating to mid to late third 

millennium BCE (EBIII) (75-77). Deposits associated with EBA levels XI and X include 

evidence for the destruction of city wall including as many as 1500 biconical clay balls 

interpreted as sling stones, human remains subject to violent death, as well as extensive pits 

filled with burnt and ashy deposits (78, 79). Based on a direct radiocarbon date on human bone 

from area AB/52 associated with these deposits (Sk4: BETA464596, 3920±30 bp, 95% 2480 

to 2299 cal BC), this destruction is dated to the second half of the third millennium BCE (79). 

All three donkey specimens from Acemhöyük utilized in this study are petrosal portions of the 

temporal bone derived from grid square EB/50 and assigned to stratigraphic level XI or X 

dating to the EBA (EBIII). Specimen AC14380 (derived from mekan C) was recovered on the 

23rd of July, 2012. The specimen AC14415 was recovered on the 24th of July 2015; while 

specimen MV051 (recorded as specimen AC13084 in the Acemhöyük zooarchaeological 

database) was recovered on August 17th, 2012. All of these specimens derive from deposits 

representing multiple complete or partial donkey burials located in close proximity to the level 

XI city wall (MNI of 8 donkeys recovered from this area). They were recovered from shallow 

deposits directly under the remains of structures associated with the modern village, which 

currently surrounds the mound and were initially thought to be modern pits related to the 

disposal of donkey remains. However, it became clear that these donkey burials, as well as 

others in adjacent areas DB/50 (MNI=3) and DB/48 (MNI=3) are associated with the EBA 

occupation of the city. Specimen MV051 has been directly dated by radiocarbon assay placing 

it in the last quarter of the third millennium BCE, which corresponds with the phasing of the 

stratigraphic context to levels XI and X (UBA-30288, 3784±41 BP; 2400 to 2039 cal. BCE). 

Samples AC14380 and AC14415 were also radiocarbon dated and returned the same 

measurement (UCIAMS-199621 and UCIAMS-199619, 3945±20 BP; 2564 to 2346 cal. BCE) 

(Table S2).  

• IRA_ 2400BCE-2039BCE: Chalow, Iran (sample: Chalow3) 

Chalow cemetery is located in the North Khorasan Province in the North East of Iran. It was 

first located by Dr. Ali Akbar Vahdati in 2006 and the discovery of material culture placed this 

site in the Middle-Late Bronze / Bactria-Margiana Archaeological Complex (BMAC) (2200 to 

1900 BCE) (80). In Trench 41E, Grave 6 East, excavated by Dr. Vahdati and Dr. Raffaele 

Biscione in 2015, an equid was discovered buried beside a human skeleton. This equid was 

later identified as a donkey and included in the current study (Table S2). 

• IRA_1049BCE-928BCE: Doshan Tepe, Iran (sample: DoshanTepe). 

Doshan Tepe is one of the five archaeological sites of the Ozbaki archaeological zone located 

in the Savojbolagh plain, 75 kilometers towards the north-west of Tehran, with excavations 

starting in 1998. The site of Doshan Tepe is located 250 meters to the west of the Main Tepe 

(Ozbaki Median Fortress). The plain was occupied form the sixth millennium BCE with 

excavations leading to the identification of 3 periods of the Iron Age. The latest is 

contemporaneous to the Median period and the two earliest periods are dated from the second 

half of the second millennium to the advent of the Median dynasty. The presence of grey 

pottery suggests non-local traditions. Doshan Tepe had also an important role in the region 
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since cuneiform tablets were found in the Ozbaki archaeological zone. Studies of the faunal 

remains identified numerous equids at this sites, including 29 donkeys, 11 hemiones, 8 horses 

and 4 probable hybrids and 93 unidentified equids (81). The donkey sample in this study 

belongs to the Iron Age II chronology in Iran. It was directly radiocarbon dated to 1049 to 928 

cal. BCE (UCIAMS-223195, 2840±15 BP) (Table S2). 

• ITA_803-412BCE: Tarquinia, Italy (samples :Tarquinia214, Tarquinia501). 

The ‘monumental complex’ of Tarquinia offers the extraordinary opportunity to monitor the 

cultural development of an Etruscan area sacred to the major female goddess of the Etruscans. 

Archaeological evidence sheds light on the continuity and memory of the sacred area over the 

centuries up to the encounter with Rome. From the end of the tenth century BCE, offerings 

located by a natural cavity show the cult of a divinity of Nature, who catalyzed the very first 

community. Ritual sealing of a number of votive pits of different size contain a considerable 

number of animal bones (82). Samples Tarquinia214 and Tarquinia501 were found in the 

texture of pavements of structures belonging to the Archaic phase of the site. Both samples 

were directly radiocarbon dated. The date obtained for specimen Tarquinia214, 750 to 412 

BCE (UCIAMS-224884, 2445±20 BP), overlaps the archaeological context (~550 BCE). Two 

dates were obtained for specimen Tarquinia501, which returned a range slightly older than 

those estimated based on the archaeological context (803 to 547 BCE vs 520 to 500 BCE) 

(UCIAMS-224885 and UCIAMS-224886, 2515±20 BP and 2656±20 BP) (Table S2). 

• ISR_350_58BCE: Nizzana, Israel (sample: MV242). 

Nizzana (sometimes also written as Nessana) is located 52km to the South-West of the city 

Beersheba. The site was first occupied in the Hellenistic period, and settlement continued 

throughout the Roman and Byzantine periods until its abandonment in the Early Islamic 

period. Architectural remains include residential buildings, a Late Roman military fort, three 

Byzantine churches and a monastery and notably was a sixth to seventh century CE papyrus 

archive (83-85). The sample MV242 dates back to the Hellenistic period and was radiocarbon 

dated to 350 to 58 cal. BCE (UCIAMS-199283, 2150±20 BP) (Table S2). 

• IRA_800BCE-800CE: Shahr-i-Qumis, Iran (samples: AM39, AM44, AM66, AM71, 

AM805, AM89). 

Shahr-i-Qumis is a site in Northeast Iran, consisting of several isolated mounds spread across 

an area of 28 kilometers. This site dates back to the Parthian and Sassanian periods, although 

some recent radiocarbon dating of faunal remains show a longer period of occupation, from 

the eighth century BCE to the eighth century CE (86, 87). The site has been identified as 

Hekatompylos (41, 87), the capital of the Parthian Empire and major hub of the Silk Road and 

Great Khorasan Road. Excavations at Shahr-i-Qumis revealed a very large quantity of equine 

skeletons. Sample AM805 was radiocarbon dated to 415 to 542 CE (UCIAMS-223584 and 

UCIAMS0223188, 1615±20 and 1585±15; Table S2). This places it either during the kingdom 

of Yazdegerd II (438 to 457 CE) or his brother Peroz I (457 to 484 CE). In the beginning of 

the fifth century CE, nomadic groups (in particular the Hephthalites or White Huns) attacked 

Persia several times, invading parts of Eastern Persia for several years. These events may have 

also impacted the equine population. A large set of animal bones including an important 

assemblage of equine bones has been studied by Dr. Marjan Mashkour and Dr. Azadeh 
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Mohaseb from 2002 and later other collaborators (Hossein Davoudi, Homa Fathi, Sansaz 

Beizaee Doost and Roya Khazaeli) at the British Institute of Persian studies in Tehran (88). 

The assemblage was then transferred to the National Museum of Iran where Azadeh Mohaseb 

is currently performing a morphometric geometric study of the equid bones.  

• FRA_200-500CE: Boinville-en-Woëvre, France (samples : GVA125, GVA347, 

GVA348, GVA349, GVA353, GVA354, GVA355, GVA358, GVA359). 

The Gallo-Roman villa of Boinville-en-Woëvre, Déviation Est d'Etain, is located in the 

department of Meuse, in Northern France. The excavation was carried out in 2005 under the 

direction of S. Viller (Inrap). Within the Pars Rustica, approximately fifteen pits were 

discovered, containing 22 complete or sub-complete skeletons of horses and donkeys (9 of 

which were included in this study, Table S2). Individuals are dated from the Late Antiquity 

(200 to 500 CE) (47). 

• FRA_0-500CE: Centre Bourse Marseille, France (samples: BourseB, BourseC) 

The equid bones come from ancient excavations carried out in 1968-1969 at the horn of the 

ancient port of Marseille. They are dated to late Roman times and were studied by Lucien 

Jourdan who delivered one of the first archaeozoological theses for the Roman period in 1976. 

Although the chronological resolution is limited, the assemblages can be associated to a 

complex of carcass deposits accumulated by marine movements between 0 to 500 CE (89). A 

horse and two donkeys were identified from this site (47). 

• TUK_552-987CE: Yenikapi, Turkey (samples: Tur168, Tur177, Tur179, Tur277) 

Yenikapi excavations area is located at the Yenikapi section of Istanbul which lies at the west 

of Namik Kemal Avenue leading from Aksaray down to the Marmara Sea. The site occupies 

approximately 58,000 m2 and covers 1.5 km inlands from the Marmara Sea. During the 

construction work of the Marmaray and Metro railway project at Yenikapı a large number of 

antique shipwrecks and animal skeletons were discovered. In the light of these important 

findings, organized excavations began as early as 2004. The results of the analyses indicate 

various dates ranging from the early through to the late Byzantine period. About 57 animal 

species have been identified from the faunal assemblage of the site, and the majority of them 

are comprised from horse, donkey and mule remains (90-92). 

• PTG_1228-1280CE: Albufeira, Portugal (sample: Albufeira1x1) 

This site is in the historic center of Albufeira, on an old peninsula which is surrounded by an 

inlet to the east and the north. Two silos were found located to the east of the small church of 

Misericórdia. One silo, that was uncovered during construction work was filled with 

archaeological material. The finding of coins indicated that this material is no older than the 

thirteenth century, during the last phase of Islamic Rule (Almohad Period). The Almohad 

dominion of Albufeira lasts until 1249 and was the last Alcazaba (city) to be conquered by the 

Christians. The ceramic materials found at this site are typical from the Almohad period and 

one of the coins is from the reign of King Afonso III (1248 to 1279).  

Abundant remains of mammological and malacological fauna were identified, including 

deciduous teeth of a horse and donkey on the top layer of the silo (93). The radiocarbon date 

for the donkey sample (1228 to 1280 cal. CE; UCIAMS-208877, 765±15 BP, Table S2) 

suggests its death in the last decades of the Almohad period or shortly after the conquest. 
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However, Islamic people remained in Algarve under the rule of the Christians, so the sample 

has been considered as Late Islamic. 

• ITA_1683-1936CE: Fiumarella, Italy (sample: Fiumarella1) 

The site of Riparo della Fiumarella di Tortora is located in the valley of the Fiumarella di 

Tortora stream, close to the modern town of Tortora (Cosenza, Calabria, Southern Italy) and 

not far from the Tyrrhenian coast. This strategic position, along one of the routes between the 

coast and more inland territories, may hint to the importance of the site in the region.  

 

The site was excavated in 2000 by the Soprintendenza Speciale al Museo Preistorico 

Etnografico “Luigi Pigorini”, now part of the Museo delle Civiltà (Rome). The stratigraphic 

sequence and the archaeological materials evidenced that the site was in use from at least the 

late Chalcolithic to the MBA (94). The chronological and cultural attributions are based on 

ceramic typology and few bronze artifacts. 

 

The site is now a rock-shelter, but in the past, possibly until the beginning of the MBA, it was 

a larger cave that collapsed just before the last phases of prehistoric occupation. The relatively 

small faunal assemblage (n=299) from all the archaeological layers includes mainly domestic 

mammals, although some remains of red deer and wild boar as well as tortoise were also 

recovered. Most of the remains represent food refuses although animals probably used for other 

purposes (e.g., dog, equids) are also present.  

 

Caprine herding represents the main economic activity especially in the MBA when there is a 

corresponding decrease in the number of pig remains, while cattle rearing was not relevant 

throughout the archeological sequence. Dogs were extremely rare. Hunting was moderately 

important during the EBA occupation (20% of the identified specimens). Of particular interest 

to this study is the presence of two remains of small equids: a femur head from the EBA 2 

levels (ca. 1950 to 1650 BCE), and a third lower molar belonging to a young individual from 

the MBA 3 - Apennine Culture levels (ca. 1450 to 1350 BCE). Based on genetic analyses, both 

specimens were identified as donkey and the latter one was included in the present study due 

to its high content in endogenous DNA.  

 

The presence of donkeys at such an early date was unexpected because according to current 

archaeozoological data the earliest occurrence of domestic donkey in Italy is documented only 

at sites referable to more recent phases of the Bronze age (e.g., Spina, Monte Titano, Coppa 

Nevigata, Madonna del Petto; (95-98)). Therefore, to assess the actual antiquity of the tooth, 

the specimen was directly dated (UCIAMS-229410, 165±25 BP; Table S2). Unfortunately, the 

results indicated that the specimen represents modern intrusive material within the Bronze Age 

levels, however its genetic data have been integrated in this research.  

DNA extraction and genome sequencing of ancient samples 

The procedures of DNA extraction, library construction and shallow sequencing followed the 

procedures outlined by Seguin-Orlando and colleagues (99) and Librado and colleagues (21). 

The drilling and DNA extractions from osseous material of ancient equids were carried out in 

the ancient DNA facilities of the Centre for Anthropobiology and Genomics of Toulouse 

(CAGT), France. Briefly, the methods involved: 1) powdering a total of 100-590mg of osseous 
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material using the Mixel Mill MM200 (Retsch) Micro-dismembrator; 2) extracting the DNA 

following the procedure outlined by (100), which was tailored to facilitate the recovery of even 

the shortest DNA fragments; 3) treating DNA extracts with the USER™ (NEB) enzymatic 

cocktail to eliminate a fraction of post mortem DNA damage (101); 4) constructing from 

double-stranded DNA templates DNA libraries in which two internal indexes are added during 

adapter ligation and one external index is added during PCR amplification; and 5) 

amplification, purification and quantification of DNA libraries before pooling 20–50 DNA 

libraries for low-depth sequencing. After screening for library content using a Miniseq 

instrument (high-output 80PE mode) at the CAGT (France), sequencing was performed on 

various Illumina platforms, including HiSeq2500 instruments, at the Centre for GeoGenetics 

(University of Copenhagen, Denmark) and HiSeq4000 instruments at the Genoscope (Evry, 

France). Sequence trimming, mapping, filtering and base calibration at damaged sites were 

carried out following the methodology from Librado and colleagues (21).  

Radiocarbon dating 

Radiocarbon dates were estimated for 14 of the 31 (45%) ancient donkey samples in this 

study. Dating was carried out at the Keck Carbon Cycle AMS Laboratory, UC Irvine 

following collagen extraction and ultra-filtration from approximately 1 g of osseous material. 

IntCal20 calibration (102) was performed using OxCalOnline (103). Calibrated dates are 

provided in Table S2. The ages of ancient samples that were not radiocarbon dated were 

inferred from their established archaeological contexts. 

Read alignment, rescaling and trimming 

For each raw fastQ file, sequencing reads were demultiplexed, collapsed and trimmed using 

AdapterRemoval2 (version 2.3.0) (104) following the methodology from Gaunitz and 

colleagues (50) for single indexed DNA libraries, and the methodology from Librado and 

colleagues (21) for triple indexed libraries. AdapterRemoval2 also ensured that paired-end 

reads showing sufficient sequence overlap were collapsed and trimmed (truncated) if ends 

showed insufficient qualities. Collapsed, truncated and those paired end reads not collapsed 

(paired) were then parsed through PALEOMIX version 1.2.13.2 (105) for Bowtie2 mapping 

against the donkey mitochondrial (CM027722.1), and nuclear reference sequence 

(GCA_016077375.1,https://ftp.ncbi.nlm.nih.gov/genomes/genbank/vertebrate_mammalian/E

quus_asinus/all_assembly_versions/GCA_016077325.1_EquAsi1.0). Finally, the optimized 

parameters recommended by Poullet and Orlando (106) were considered for mapping, and 

alignments were locally realigned around indels using the IndelRealigner procedure from 

GATK (13). Sequence alignments shorter than 25 nucleotides, and/or representing PCR 

duplicates were removed, as well as reads with mapping quality scores inferior to 25. 

Subject to trimming, the software mapDamage2 (24) was used to check for the presence of 

nucleotide mis-incorporation profiles characteristic of ancient DNA data at the library level, 

randomly selecting 100,000 reads. We observed the expected increase of C to T (G to A) mis-

incorporation rates at read starts (read ends) for both USER™-treated and non-USER™-treated 

data, although of lower magnitude for the former, as expected. Furthermore, genomic positions 

preceding read starts were higher in purines in non-USER™ read alignments, consistently with 

post-mortem DNA fragmentation being depurination-driven. In USER™-treated read 

alignments, these positions were enriched in cytosine residues, in line with the excision of 
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deaminated cytosines by the sequential activities of Uracil DNA 

glycosylase and Endonuclease VIII enzymes present in the USER™ mix. In order to limit the 

impact of remnant mis-incorporations in downstream analyses, we applied the computational 

procedure combining end trimming and base quality rescaling based on the post-mortem DNA 

damage profiles, as described in Seguin-Orlando and colleagues (99) and Librado and 

colleagues (21). Briefly, this procedure relies on PMDtools (107) to sort read alignments into 

those likely affected by and those devoid of post-mortem DNA damage. The former alignments 

were then subjected to base rescaling at those positions likely incorporating nucleotide mis-

incorporations reflecting post-mortem cytosine deamination using mapDamage2 (108), before 

trimming their ends for 10 nucleotides, while the latter were directly subjected to end trimming 

for 5 nucleotides. 

Variant calling pipeline 

• Sex determination of modern individuals 

We determined the sex of each individual by comparing the relative depth of reads between 

the autosomes and X chromosomes in the bam files using the “depth” function in SAMtools 

(version 1.7-12-g17a2483)(109). Individuals with a relative depth of 1 between the autosomes 

and X chromosome were considered to be female and an autosomal depth twice that of the X 

chromosome were considered to be male (Table S1, S2). 

• Variant calling and quality control filtering of modern individuals 

We called variants (single nucleotide polymorphisms (SNPs) and insertions or deletions of 

bases (INDELs)) from the mapped and rescaled bam files of modern equids using Graphtyper, 

running each chromosome in parallel (version 2.5.1) (61) (n=45,031,411 variants, Table S3). 

We then applied the recommended variant filters using the “vcffilter” function from Vcflib 

(version 1.0) (110): ABHet < 0.0, ABHet > 0.33, BHom < 0.0, ABHom > 0.97, MaxAASR > 

0.4, MQ > 30. We used GATK (version 4.0.8.1) (111) and BCFtools (version 1.8) (109) to 

apply the following genotype filters: Phred score ≥ 20, minor allele frequency (MAF) ≥ 0.01, 

Hardy-Weinberg equilibrium p≥0.001 and genotype missingness≤ 0.2, and conditioning on 

biallelic variants only. After filtering, we removed the 18 scaffolds with no variants remaining 

and the sex chromosomes, leaving the variants on the 30 autosomes for further analysis 

(n=13,013,551 variants, Table S4). 

• Generation of the recombination map and phasing of modern individuals 

We selected 25 donkeys to generate a recombination map for all autosomal variants that passed 

QC filters (n=13,013,551). In order to select individuals that provided a representative subset 

of all subpopulations, we constructed a Principal Component Analysis (PCA) using PLINK 

(version 1.9) (63) with all domestic donkey samples (n=206). We finally selected 25 domestic 

donkeys representing the different geographical locations sampled, so no two individuals were 

chosen from the same country. In order to prevent selecting individuals with high levels of 

inbreeding, we estimated levels of inbreeding as runs of homozygosity (ROH) across all 

autosomes using PLINK (version 1.9) (63). Considering that the data used to generate the 

recombination map were unimputed, we also selected individuals with the lowest proportion 

of missing SNPs (Table S1).  
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To calculate the effective population size of the 25 donkeys, we used the formula Ne= θ/4μ, 

where μ is the per generation mutation rate, Ne is the effective population size, and θ is the 

nucleotide diversity. We used a per generation per site μ value of 7.242e-09 as estimated for 

horses (112), assuming a generation interval of 8 years. We calculated theta (θ) for the 25 

selected individuals by calling variants using ANGSD (version 0.930) (113), conditioning only 

on variants that passed the previous quality control filters with the parameters: “ -GL 1 -C 50 -

minQ 25 -minmapq 30 -doMaf 1 -baq 1”. We estimated θ as 0.000875 for autosomal variants, 

and Ne for domestic donkeys as 30,222.  

To generate the recombination map, we first calculated the population scaled recombination 

rate (ρ) between each variant using of LDHat (version 2.2) (62). To achieve this, we split each 

chromosome into overlapping windows of 2000 variants with an overlap of 200 variants 

between each window. We generated a log likelihood lookup table for 50 chromosomes for the 

25 diploid individuals using the θ estimated using ANGSD with the “complete” function of 

LDHat. We then estimated ρ for each region using the “intervals” function of LDHat with the 

parameters: “-its 10000000 -samp 2000 -bpen 5”. We discarded the first 20 million burnins and 

averaged the remaining iterations using the “stat” function of LDHat with the parameter: “-

burn 50”, before combining the ρ values for each window back into complete chromosomes 

and converting the ρ values to centimorgans (cM) using the estimated Ne value (Table S4, Fig. 

S1). We found that the average rate of recombination 0.599 cM/Mb per chromosome, which is 

lower than a previous estimate for horses (1.16 cM/Mb)(114), and in the lower range for 

mammalian species. Next, we used the recombination map to phase missing variants for each 

individual using BEAGLE (version 5.1) (39). 

Population genetic analysis of modern donkeys 

We used the phased variants to construct PCA analyses using PLINK for three subsets of the 

population: all individuals (n=222 individuals, Fig. S2), domestic donkeys and E.a.som (n=208 

individuals, Fig. S3), domestic donkeys only (n=206 individuals, Fig. 1B). 

A PCA of all samples (n=222, Fig. S2) showed that domestic donkeys clustered closely 

together compared to the wild equids, which is consistent with all individuals originating from 

a single domestication process. The closest wild equid to the cluster of domestic donkeys was 

E.a.som, in agreement with previous findings that donkeys were most likely domesticated from 

wild African ass species (11-13). Early evidence of hunted Equus a. africanus at Gebel Gharbi 

(modern day Libya, radiocarbon dated to 16,750 years ago) suggests a long history of human 

contact with wild asses in Africa (115). However, the absence of the other two African wild 

ass subspecies in the dataset (E. a. africanus or E. a. atlanticus) makes it impossible to 

determine which of these subspecies is genetically closest to the donkey. Interestingly, the 7 

kiangs in the dataset separated into two clusters which diverged on the PC2 axis only, which 

may represent two different subspecies of kiang that have previously been found to be 

genetically distinct (22). Of the two publicly available samples labelled as “Asiatic Wild Ass” 

(Accession numbers: AW_1 (SRS3167373) and AW_2 (SRS3167374)), one clustered with a 

group of kiangs and the other was most genetically similar to E.hemionus.  
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The PCA including only domestic donkeys and their closest relative showed E.a.som as 

divergent from the domestic donkeys but closest to East African donkeys (Fig. S3). One donkey 

from Ethiopia clustered between E.a.som and the other domesticates, which is indicative of 

wild genetic material being present in the genome of this individual (Fig. S3). Additionally, 

another donkey from Ethiopia and one from Algeria also shifted closer to E.a.som compared 

to PCA plots with domesticates only, also indicating the presence of wild genetic material in 

these individuals. 

Within the domestic donkey population only, we observed strong sub-structuring of donkeys 

from different geographical locations (Fig. 1B). African donkeys were diverged from the rest 

of the donkeys on the PCA. European donkeys were genetically differentiated on the PC1 axis, 

with Irish donkeys highly drifted from individuals sampled from mainland Europe. There was 

a further spread of donkeys along the bottom half of the PC2 axis moving through Asia with 

all Chinese, Mongolian and Tibetan donkeys clustering together at the bottom of the PC2 axis.  

We also found genetic differentiation between donkeys sampled from the same country. 

Ethiopian donkeys cluster closely together with other African individuals, except for one 

donkey clustering close to individuals from the Balkans (Macedonia and Croatia). One 

individual from Turkey clustered distinctly as well, between Egyptian and European donkeys, 

so was most likely the product of interbreeding between donkeys from different regions. 

Additionally, Somalian donkeys form two distinct clusters. Two donkeys cluster with 

individuals from the neighbouring countries of Ethiopia and Algeria. However, three donkeys 

are more genetically similar to individuals sampled from Tunisia, Turkey, Syria and Iran, 

seemingly the result of secondary translocations of donkeys from the Middle East back into 

this region of the world. 

We conducted an admixture analysis for all modern equids using ADMIXTURE (version 1.3.0) 

(56). We thinned the variants using the “--indep-pairwise 50 10 0.2 --maf 0.05” parameters in 

PLINK, leaving 531,322 unlinked variants. We used these variants for ADMIXTURE analysis, 

with K values between 2 and 5. The ADMIXTURE analysis showed a distinctive (red) 

ancestral component that differentiates wild equids from domestic donkeys for all K values. 

The optimal K value of 4 showed a green ancestral component, which almost completely makes 

up the genetic material of Irish donkeys with the navy component predominating the genetic 

makeup of Asian donkeys, with the Kenyan samples showing a yellow ancestral component. 

The additional (blue) ancestral component at K=5 was predominate in donkeys from the Canary 

Islands, Spain and Portugal. These findings agree with the substructures seen on the PCA and 

indicate that genetic drift has occurred in some subpopulations of donkeys, mostly those from 

more geographically isolated locations such as Ireland, Iberia and the Horn of Africa plus 

Kenya. 

We found that the genomes of all kiangs, onagers and zebras consisted entirely of the red 

ancestral component (named “wild ancestry”). However, only half the genome of the single 

E.a.som individual consisted of wild ancestry, which may be due to high levels of inbreeding 

and genetic drift due to low population size in this species or because it is the closest genetic 

ancestor to domesticates (23, 24). We found that the red ancestral component was also present 

in the genomes of some domesticated individuals (named “wild ancestry”). To determine the 

proportion of wild ancestry in the genome of each domestic donkey, we reran the 
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ADMIXTURE analysis with 100 bootstrap pseudo-replicates. We estimated the average 

proportion of wild ancestry and the standard deviation for each domestic donkey across the 

bootstraps Individuals with a standard deviation larger than the average wild ancestry 

proportion (with ancestry proportion estimates intercepting zero) were assigned a wild ancestry 

proportion of 0 (Fig. 1A). Donkeys with a proportion of wild ancestry larger than their standard 

deviation were considered to carry substantial admixture proportions and were named 

“admixed donkeys” (n=20 individuals). 

Within the domestic samples, one individual sampled from Ethiopia had a high proportion of 

wild ancestry (6.99%), and was also identified on the PCA as showing a closer genetic 

relationship with E.a.som compared to the other domesticates. We found measurable levels of 

wild introgression in 18 other individuals from Africa and the Southern Arabian Peninsula 

(Yemen and Oman), and one individual from China (Fig. 1A).  

To determine which wild equid population contributed wild ancestry to the admixed donkeys, 

we constructed qpAdm models (version 810) (64). The right (reference) populations consisted 

of two outgroup domestic donkey populations (determined as donkey populations on different 

clades to the individual of interest with no admixture from Treemix models and with 

differential genetic components from the ADMIXTURE analysis) and two wild populations 

(Table S5). To investigate possible sources of admixture, we selected domestic donkeys that 

showed a similar genetic makeup to the target individuals based on the ADMIXTURE analysis 

and a wild equid population as another potential ancestral group.  

Population modelling with qpAdm identified the source of wild admixture in all individuals 

from the Horn of Africa + Kenya and the Southern Arabian Peninsula was from a closely 

related source to E.a.som. However, without whole genome sequence data for the other African 

wild ass species, it was not possible to determine whether this wild admixture occurred from 

E.a.som directly or another sister subspecies. One individual from China showed admixture 

from kiangs which are a native wild equid species found in the area and may have been the 

result of human experimentation. 

Interestingly, donkeys from Yemen and Oman also showed introgression from African wild 

asses despite being outside the species historical and current habitat range. This is possibly due 

to sustained trade of donkeys across the Red Sea with Africa. Additionally, introgression of 

wild African asses was also found in donkeys sampled from Western Africa despite this region 

also being outside the species historical and current habitat range, which may be due to the 

wider distribution of African wild asses in the past (12). Wild introgression into domestic 

donkeys is consistent with the extensive reporting of interbreeding between donkeys and wild 

asses throughout history (52, 116, 117), as well as observations in other domesticated species 

including sheep (118) and cattle (119, 120). Such practices may have conferred a further fitness 

advantage by providing a new phenotype or increasing heterozygosity levels. Further sampling 

of domestic donkeys in the future would confirm if wild introgression is continuing to occur or 

if management practices have changed in recent times.  

We constructed phylogenetic models using Treemix (version 1.13) (27) with 0 to 5 migration 

edges for domestic donkeys + E.a.som (n=200). We excluded donkeys with the highest levels 

of wild genetic material (n=6 with over 0.5% wild genetic material, as determined by the 

ADMIXTURE analysis, and n=2 that were hybrids between multiple subpopulations), as they 



13 
 
 

introduced unnecessary complexity to the graph. Inclusion of these individuals resulted in 

strong migration edges to the outgroup and each other, making it impossible to see admixture 

between other groups of donkeys. We grouped the remaining donkeys into subpopulations 

based on their geographical location, and then thinned the variants using the “--indep-pairwise 

50 10 0.2 --maf 0.05” parameters in PLINK (632,429 variants remaining after pruning). We 

estimated the optimal number of migration edges using a mixed linear model implemented in 

the optM R package (https://cran.r-project.org/web/packages/OptM/index.html). Using the tree 

with the optimal number of migration edges (m=3), we estimated bootstrap confidence 

intervals for each node using modified scripts from the BITE package with 100 pseudo-

replicates (121) (Fig. 1C). 

The Treemix analyses showed distinctive population sub-structuring within domestic donkeys 

from different geographical locations, with two main branches forming between African (Clade 

A) and African and non-African donkeys (Clade B), with further differentiation of Asian and 

European donkeys into separate clusters. The Pega donkey from Brazil was highly divergent 

but most genetically similar to individuals from the Canary Islands and Iberia. Therefore, the 

genetic makeup of this rare breed of donkey suggests that is most likely the result of importation 

of stocks from Iberia during Portuguese colonisation. 

With the optimal number of migration edges (m=3) and exclusion of hybrid individuals, there 

was evidence of shared genetic material between donkeys from the Clade A (Horn of Africa + 

Kenya and Western Africa) with individuals from Sudan (34.5%), which cluster on Clade B. 

Bootstrapping the tree revealed low confidence at this node (Fig. 1C), which is likely due to 

the high level of admixture with donkeys from Clade A. Most likely donkeys in this region are 

bred from stocks sourced from Egypt in the north and other donkey populations in Africa. A 

migration edge with a lower weight (21.7%) is also observed between the cluster of donkeys 

from Spain, Portugal, the Canary Islands, Saudi Arabia and Brazil with individuals from 

Western Africa, which likely reflects trade over the Mediterranean, resulting in the importation 

of donkeys between these regions. Finally, a migration edge between the single donkeys 

sampled from Saudi Arabia and Brazil (39.8%) was also observed. The genetic similarity 

between the donkey sampled from Saudi Arabia with the European donkeys compared to others 

from the Arabian Peninsula (Yemen and Oman) is likely due to translocations of stocks back 

into this region.  

To further elucidate whether modern individuals are derived from one or two domestication 

processes, we plotted the correlation between the genetic versus the geographic distance of 

each subpopulation compared to donkeys from Ethiopia (Clade A) and Yemen (Clade B) (Fig. 

S5). First, we determined regions of the genome contributed by wild ancestors by modelling 

the admixed individuals in PCAdmix (122) with the ancestral populations as determined by 

ADMIXTURE and qpAdm using the default parameters. We then created a masked VCF file 

of all domestic donkeys by removing all variants from regions attributed to wild ancestry 

(n=11,576,248 variants remaining after filtering). We then estimated the genetic distance (f2) 

between populations using ADMIXTOOLS2 (123, 124) and the geographic distance between 

populations as the haversine distance using the geosphere package in R (https://cran.r-

project.org/web/packages/geosphere/index.html).  
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To avoid closely related subpopulations confounding regression trends, we excluded those 

from the same geographic regions which clustered on Treemix with Ethiopia (Kenya and 

Somalia) and Oman (Yemen). We calculated a separate regression line for individuals from 

Western Africa (Ghana, Mauritania, Nigeria and Senegal), as our demographic trajectories 

indicated that they split from the subpopulations in the Horn of Africa+ Kenya early on before 

the expansion out of Africa (Fig. 1D). We also excluded individuals that were translocations 

back into geographic regions (ALG, BRA, SAU).  

We found a strong linear trend of increasing genetic distance verses geographic distance from 

Ethiopia (r=0.767, r2=0.460) and Oman (r=0.662, r2=0.438). The strong linear correlations fits 

with modern donkeys being derived from a single source population similar to Ethiopia, as a 

break in the trend would indicate that individuals out-of-Africa contained genetic material from 

another source. The Z-statistic between the coefficients of the two models found no significant 

difference (p=0.775). The same rate of regression from Oman and Ethiopia further suggests 

that donkeys expanded out from a single source in Africa into the Arabian Peninsula and then 

into Eurasia. 

To determine the demographic history and split timing of donkey subpopulations, we selected 

4 main subpopulations based on Treemix modelling, ADMIXTURE and PCA analysis 

comprising of individuals from the Horn of Africa + Kenya (Horn+Ken), Western Africa 

(WAfrica), Asia and Europe. We selected three individuals from each subpopulation and 

converted the variants in the VCF file to SMC++ format, masking regions with wild 

introgression and tandem repeats using the “vcf2smc” function in the SMC++ package (version 

1.15.4) (28). We then constructed pseudo-bootstrap replicates of each file by randomly 

resampling 90% of each chromosome in chunks with 10 replicates based on a modified script 

from MSMC2 package (125, 126), which was developed and implemented by Zheng and 

colleagues (126). We then modelled the population split timing between subpopulations using 

the split function in SMC++. Next, we obtained the split times from each model using the 

standard plot function from SMC++ with a generational interval of 8 years (Fig. 1D, S6). We 

estimated the mean and standard deviation for the split times of each model across the 10 

bootstrap pseudo-replicates (Table S14). Additionally, we repeated the same analysis using a 

different subset of three individuals from each subpopulation to confirm the robustness of the 

model outputs. 

Our demographic modelling using SMC++ showed a decrease followed by a rapid expansion 

in effective population size for all donkey subgroups around 5000 BCE, in line with theories 

that donkeys are derived from a domestication process in Africa around the time of the 

aridification of the Sahara desert (1) (Fig. S6). Further, the models estimated that the first 

population split occurred between donkeys now found in the Horn of Africa plus Kenya and 

Western Africa, indicative of early genetic isolation occurring within the African continent 

(Fig. 1D).  

Concurrent population split times of European and Asian subpopulation with donkeys from the 

Horn of Africa plus Kenya indicates a rapid population expansion out of Africa, which suggests 

that donkeys spread almost simultaneously and extremely rapidly throughout the Old World 

by the third millennium BCE. This, and the strong phylogeographic structure detected amongst 

modern populations, indicate that early herders maintained high local reproductive stocks 



15 
 
 

within the areas where donkeys were imported to sustain their further geographic spread. In 

contrast, effective population size of the donkeys now found in Western African only achieved 

stabilisation around 1000 years ago. 

Imputation of ancient genomes 

We imputed the ancient genomes based on the pipeline developed and tested by Hui and 

colleagues (38). In line with this method, we created a reference panel consisting of all modern 

domestic donkeys (n=206) and variants with a MAF ≥0.05. We selected only ancient donkeys 

with a genome coverage of over 0.75X as candidates for imputation (n=31 individuals, Fig. 

3A, Table S2). Before imputation we pseudo-haploidized the ancient individuals using the 

“dohaplo” flag in ANGSD, conditioning only on positions found in the modern reference panel. 

We then projected the ancient individuals onto the PCA of modern domesticates using the 

“lsqproject” function in the smartpca program from the EIGENSOFT package (version 6.1.4) 

(26, 57) (Fig. S7). We found that all ancient individuals clustered closely with the modern 

domesticates, indicating that they have a similar genetic makeup and that the reference panel 

of modern variants can be used for the imputation of the ancient samples. 

After confirming that the ancient samples clustered with the modern individuals, we genotyped 

all variants found in the modern reference panel using ANGSD with the following parameters: 

“-doMajorMinor 3 -GL 1 -doMaf 1 -snp_pval 1e-6 -doGeno 4 -doPost 1 -postCutoff 0.99 -

remove_bads 1 -C 50 -minMapQ 25 -minQ 30 -uniqueOnly 1 -baq 1”. After variant calling the 

genotypes in the ancient samples from the reference panel of variants, we compared the 

proportion of missing variants to the level of coverage in each sample (Table S6). We found 

that the level of coverage was approximately inversely proportional to missingness in our 

ancient samples. The lowest proportion of missing variants was 0.558 in a sample with 4.92X 

coverage and the highest proportion of missing variants was 0.973 for the samples with the 

lowest level of coverage (0.77X and 0.93X).  

We applied a pre-imputation filter of “GP ≥0.99” using BEAGLE (version 4.0) to our ancient 

variant panel We then imputed the genotypes of our ancient individuals with BEAGLE (version 

5.1), using only the filtered variants, the reference panel of modern donkeys and the 

recombination map previously generated. We reapplied the filter “GP ≥0.99” post-imputation 

(n=7,161,029 variants (TI/TV=2.17), and n=2,245,992 variants (TI/TV=2.21) that were present 

in all ancient individuals after post-imputation filtering). We then merged the variants from 

ancient and modern individuals into a single file using the “merge” function in BCFtools. 

To examine the accuracy of this method on the imputation of donkey genomes, we randomly 

knocked out an increasing proportion of variants (0.2, 0.5, 0.5, 0.9, 0.92, 0.94, 0.96 and 0.99) 

from ten modern individuals with the lowest rates of missing SNPs (pre-phasing and excluding 

the donkey that was used for the reference genome). We then re-imputed the variants for these 

individuals using the same imputation pipeline as outlined above. and after filtering, compared 

them with the original variants for the same sample to measure the accuracy of imputing 

samples with different rates of missingness (Fig. S8). Based on this imputation accuracy test, 

we predicated that all samples have an overall imputation accuracy between 98.1% and 98.6% 

(Fig. S8, Table S6). 

After imputation, we projected the ancient, imputed samples onto the PCA with the non-

imputed, pseudo-haploidized data for the same ancient donkeys and the modern donkeys used 

in the reference dataset (Fig. S7). We found that after imputation each ancient individual 
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clustered very similarly to the non-imputed data, albeit moving away from the 0,0-axis due to 

more data being available (including heterozygous variants). This further provided an 

indication that the imputation did not change the genetic makeup of the ancient samples relative 

to the modern individuals, but helped gain resolution. 

To test for the effects of post-mortem damage on the accuracy of imputation in ancient samples, 

we genotyped alleles for the ancient donkey with the highest coverage (sample GVA348, 

5.05X), using ANGSD and conditioning on sites with a coverage of at least 8X (“setMinDepth 

8”).We then compared these genotyped alleles to the imputed variants and found that we 

recovered the same alleles for 99.99% of sites (541,969 out of 541,981 sites), further providing 

evidence that our method is highly accurate for imputing variants in samples with post-mortem 

damage. 

Population genetic analysis using imputed variants 

We performed an ADMIXTURE analysis conditioning on all modern equids and ancient 

donkeys using imputed variants (Fig. S4). We first thinned all imputed autosomal variants in 

PLINK using the parameters: “--indep-pairwise 50 10 0.2 --maf 0.05”, then calculated 

admixture proportions for models with K values between 2 and 5 using ADMIXTURE (n=253 

individuals and n=494,050 variants after filtering). An optimal K value of 4 was estimated by 

comparing the cross-validation values of the different models. 

PCA analysis showed that ancient donkeys clustered most closely with modern donkeys, and 

also showed a similar genetic makeup on the ADMIXTURE analysis. However, an ancient 

donkey from Israel (MV242; Nizzana, 350 to 58 BCE) showed high amounts of ancestry from 

a divergent wild outgroup. Bootstrapped ADMIXTURE (100 bootstrap pseudo-replicates) 

found that MV242 contained 4.15±0.19 % wild genetic material (Fig. 2C). 

We conducted a haplotype-based clustering analysis of all modern and ancient domestic 

donkeys using fineSTRUCTURE (version 4.1.1) (35). We converted the variants in the VCF 

file and the recombination map present in all individuals (n=2,245,992) to the required input 

file formats using custom R scripts and the provided perl scripts from the fineSTRUCTURE 

package. We excluded 58 Chinese and Tibetan donkeys so as to avoid overrepresenting this 

region. Additionally, we removed modern individuals that were identified in the previous 

ADMIXTURE analysis as having a high proportion of wild admixture (n=6) and admixture 

between different populations (n=2), which were found to confound the output, resulting in a 

final dataset of 172 individuals. FineSTRUCTURE was run with default parameters to paint 

the chromosomes and model haplotype sharing between individuals. The maximum likelihood 

tree and co-ancestry matrix was plotted from the output files using modified versions of the R 

scripts provided with the fineSTRUCTURE package (Fig. 2A, 2B, S9). 

To estimate the genetic sharedness between each ancient individual with the modern 

subpopulations, we calculated outgroup f3-statistics in the form of (modern, ancient; kiang) 

using ADMIXTOOLS2 (58, 65), using only variants present in all individuals 

(n=2,245,992).We used the mean and standard error from the outgroup f3-statistics to plot a 

heatmap comparing relatedness between the ancient individuals to the modern populations 

(Fig. 3B). 

To further confirm the genetic makeup of our ancient individuals, as inferred by 

fineSTRUCTURE analysis and outgroup f3-statistics, we constructed Treemix models using 
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the imputed matrix with variants present in all individuals, first pruning the matrix in PLINK 

using the parameter “--indep-pairwise 50 10 0.2” (n=175,093 variants after filtering). In 

accordance with earlier Treemix models (Fig. 1B), we removed modern donkeys with high 

proportions of wild admixture or that were hybrids between different regions, and included 

E.a.som, with the kiangs as an outgroup (n=207 modern individuals). We then grouped modern 

donkeys according to the branches on Fig. 1B into HORN+KEN (ETH,KEN,SOM), WAFR 

(GHA, MAU,NIG, SEN), SAPEN (OMA,YEM), CASIA (TKM,KYR,KAZ), EASIA 

(CHI,TIB,MON), IRA (IRA), TTS (TUK, TUN, SYR), NUBIA (EGY,SUD), EEUR 

(YUM,YUC), IRE (IRE, Eas), and WEUR (ESP,PTG,CYK,BRA). Ancient donkeys were 

added to the Treemix model separately, grouped according to their archaeological site (Table 

S2, Fig. S10). However, in two sites, fineSTRUCTURE analysis showed potentially different 

genetic makeup in individuals from Yenikapi and Shahr-i-Qumis, so were modelled separately. 

Each Treemix model was run for 0 to 10 migration events with 5 replicates and a k value of 

1000. The optimal migration edges were inferred using optM, and the 100 bootstraps were 

preformed using the BITE package as above (Fig. 2C, 2D, 2E 3C, 3D, 3E, S10). 

A deletion in TBX3 has been found to be responsible to the phenotypic change from a grey dun 

coat to a coloured coat in donkeys (13). A single nucleotide deletion in the TBX3 gene (CT>C-

) results in derived coat colours in homozygous individuals, which has previously been 

annotated to JADWZW010000009.1:42742556 on this version of the assembly (13). We 

genotyped all ancient and modern individuals in our dataset. As a confirmation of the validity 

of this genotyping, we found that all wild individuals were genotyped for the dun coat colour, 

but the reference individual (a black donkey) was genotyped for a derived coat colour.  

With a post-imputation filter of GP≥0.99, 19 out of 31 ancient donkeys were genotyped for the 

TBX3 locus. However, with a GP≥0.9, the TBX3 genotype of 25 ancient individuals could be 

inferred. Coat color phenotypes in ancient donkeys showed that derived coat colors were 

present across multiple locations, ranging from Western Asia (Iran, Shahr-i-Qumis) to Iberia 

(Portugal, Albufeira) (Fig. 3A). Colored coats appeared almost simultaneously in our dataset 

in samples from Shahr-i-Qumis and Boinville-en-Woëvre. However, one of our oldest samples 

(sample Chalow3) was heterozygous, indicating that this variant was segregating in donkeys 

by at least this time (~2050 BCE). The presence of black donkeys have been recorded in Iraq 

(Assur) in the second millennium BCE, which further suggests that the mutation in the TBX3 

gene was present in early donkey populations (127). Derived coat colors appeared at high 

frequencies in modern domesticates out of Africa, indicating that selection in more modern 

times may have favored derived coat colors in donkeys in some regions of the world (Fig. S11).  

However, we found that variants underlying long hair and white spots were not present in our 

phased variant panel for modern donkeys. Two recessive mutations in the FGF5 gene have 

been associated with long hair in donkeys (46). The missense mutation (G>A) was mapped to 

JADWZW010000004.1:161390091 and a frameshift deletion (delAT) to 

JADWZW010000004.1:161397694 on the reference genome used in this study. Additionally, 

a dominant mutation associated with white spotting has been identified in splice donor site in 

the KIT gene (T>A, JADWZW010000004.1:139925278) (45). Analysis of sequence 

alignments of the 31 ancient donkeys did not find any individuals homozygous for either FGF5 

mutation, although one individual was heterozygous for the missense mutation (sample AM89) 

(Table S7), and another for the deletion (sample Tur179) (Table S8). This indicates that these 
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mutations were segregating in ancient donkeys, but likely reached higher frequency in some 

modern breeds at later dates. None of the ancient donkeys carried the mutation associated with 

white spotting, suggesting that this phenotype was not commonly found in the past (Table S9). 

To gain insights into the breeding management of ancient donkeys, we estimated the level of 

relatedness between ancient donkeys from the same site using KING (version 2.2.7) (66) on 

the panel of imputed variants, conditioning on transversions that were common across all 

individuals (n=31 individuals, n=619,981 transversions, Table S10). We found evidence of 

close familial relatedness between six donkeys from Boinville-en-Woëvre. Two other donkeys 

from this site had a high level of genetic relatedness, indicative of full siblings. Additionally, 

the two donkeys from Tarquinia showed a fourth degree of genetic relatedness. No close 

genetic relatedness was inferred between donkeys at any other site. However, ancient donkeys 

from the same site may be from different generations, which could explain the lack of genetic 

relatedness between them.  

Errors in imputation may lead to over- or underestimates of relatedness between ancient 

individuals. Therefore, we also estimated the relatedness between modern and ancient donkeys 

using ngsRelate (version 2) (67). Variants were first called using ANGSD for all modern and 

ancient donkeys (n=238) separately for each chromosome with the following parameters: “-

baq 1 -doCounts 1 -C 50 -skipTriallelic 1 -doMajorMinor 1 -SNP_pval 1e-6 -doMaf 1 -

rmTriallelic 1e-4 - -minQ 30 -minMapQ 25 -uniqueOnly 1 -remove_bads 1 -doPost 1 -

beagleProb 1 -doGlf 2 -GL 2 -P 2 -MAF 0.05”, with sites covered in at least 75% of individuals. 

Transitions were removed and the separate chromosome files were merged together, before 

running ngsRelate (n=473,263 variants). High correlations between the KING coefficient 

estimated using ngsRelate and the IBD coefficient estimated for the phased and imputed data 

using the KING software (r=0.871, r2=0.759) showed that accurate relationship inferences 

could be inferred using imputed data (Fig. S12). 

We estimated inbreeding as runs of homozygosity (ROH) for all modern and ancient donkeys 

using three methods. First, using PLINK using the “--homozyg” function for all imputed 

transversions (n=238 individuals, n=1,949,850 transversions), with a cut off length of at least 

1 MB. Estimating runs of homozygosity requires dense haplotypes, however imputation errors 

in the low-coverage ancient samples may lead to inaccurate calculations of inbreeding levels. 

To account for imputation errors which may break up ROHs, we allowed for up to 4 

heterozygous variants in each 50 SNP sliding window (Fig. S13A).  

We examined the effects of imputation errors on ROH estimations using imputed variants in 

PLINK by down-sampling and re-imputing 10 high coverage modern donkey genomes: 5 with 

the highest ROH and 5 with the lowest total length of ROH (as estimated by PLINK). We found 

little change in the total length of ROH when up to 96% of variants were knocked out and re-

imputed, which was the highest rate of missingness in our ancient samples (Fig. S14B). This 

agrees with the estimations of high imputation accuracy in these samples and provides evidence 

that ROHs can still be inferred using PLINK with a low rate of errors.  

To further test the robustness of the imputed data in accurately estimating ROHs in our ancient 

samples, we also estimated ROHs using the method implemented ngsF-HMM (version 1) (59) 

on the unimputed data from all modern and ancient donkeys (n=238 individuals). We estimated 

ROHs using ngsF-HMM, using the same files as generated for ngsRelate (n=473,263 variants), 
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and using a minimum epsilon of 1e-8. We then filtered the ROHs to only select those with a 

total length over 1MB, containing more than 100 SNPs and with at least one SNP per 50KB 

on average, in line with the parameters defining an ROH in PLINK (Fig. 4A, Fig. 4B).  

We also estimated ROHs from the bam files of the modern and ancient donkeys by searching 

for regions with a low density of heterozygous variants. First, we down sampled the bam file 

for each modern and ancient donkey to the lowest coverage sample in our dataset (0.77X) using 

SAMtools. Next, we generated counts files using ANGSD with the parameters: “-doCounts 1 

-dumpCounts 4”, conditioning only on sites with a MAF ≥0.05 in modern donkeys. We then 

filtered the sites for each individual for a depth greater than 2, then grouped the remaining sites 

into bins of 200 SNPs. Bins with less than 6 heterozygous variants (a frequency of 0.03) were 

considered to be a ROH. These parameters were optimised by comparing the size and 

distribution of ROHs in high coverage modern individuals to those estimated in PLINK. We 

then summed the length of all ROH bins together to obtain the total proportion of the genome 

in ROH for each individual (Fig. S13B). We then compared the total ROH in the genome of 

each individual to that estimated by PLINK and ngsF-HMM. The three methods showed high 

correlation, indicating that the estimates were robust to imputation or phasing errors (Fig. 

S14A). 

We plotted the total length of ROH in the genome of each donkey as a function of time for 

each of the three methods (Fig. 5B, Fig. S13), separating the modern donkeys by continent and 

grouping the ancient donkeys by site and inferring their age through radiocarbon dates where 

available or the archaeological context of the sample. Visually, little change was seen in the 

overall proportion of ROH in the genomes of modern versus ancient donkeys. A Wilcoxon 

rank sum test using the ngsF-HMM output confirmed that there was no significant difference 

in the total length of ROH between the two groups (W=2904 p=0.395, n=238) (Fig. 5A). In 

line with their close familial relationships, a Wilcoxon rank sum test determined that the five 

donkeys from Boinville-en-Woëvre had significantly higher proportions of their genomes in 

ROH compared to the other ancient individuals (Wilcoxon rank sum test, W=139, p= 0.045, 

n=31). 

Next, we estimated ROH from publicly available whole genome sequences of 75 ancient and 

79 modern horses, using ngsF-HMM with the same method as for donkeys (Table S11, Fig. 

4C, 4D, n=963,418 transversion sites). A Wilcoxon rank sum test confirmed that modern horses 

were more significantly inbred than ancients (W= 4541, p<0.001, n=154), in contrast to 

donkeys (Fig. 5C). The total ROH for each horse was plotted as a function of time, as for 

donkeys (Fig. 5D).  

Pseudo-haploidized matrix 

Variation in ancient individuals that is not represented in modern populations may affect the 

accuracy of population models conditioning on modern variation only. To confirm the accuracy 

of our analyses using imputed ancient genomes that were conditioned on modern variation, we 

constructed a pseudo-haploidized matrix for the ancient and modern individuals included in 

the Treemix analysis, following the procedure from Gaunitz and colleagues (2018) and Librado 

and colleagues (2021) (21, 50). Variants were called in ANGSD with the parameters: “-minQ 

20 -minMapQ 25 -remove_bads 1 =uniqueOnly 1 -baq 1 -C 50 -doHaploCall 1”, conditioning 

only on transversions (n=4,833,570 transversions). We used this matrix for Treemix analyses 
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using the same method as above, LD pruning the variants (n=496,697 after pruning). We added 

ancient donkeys from each site to the Treemix models separately, then estimating the optimal 

number of migration edges and performed 100 bootstrap pseudo-replicates for each model. We 

found that placement on ancient donkeys on the Treemix models constructed using imputed 

and pseudo-haploidized data was highly similar, confirming the accuracy of our imputation 

panel (Fig. S10). Next, we constructed a neighbour joining tree to further confirm the 

population structure of the modern and ancient donkeys. We first calculated pairwise genetic 

distances between all samples using PLINK, then retrieved the tree topology by implementing 

the bioNJ algorithm in FastME (version 2.1.4)(128), with 100 bootstrap pseudo-replicates to 

assess node supports (Fig. S15). 

The genome of MV242 was found to contain divergent genetic material, as confirmed by 

ADMIXTURE analysis and Treemix phylogenies using imputed data (Fig. 2E, 3A, S4, S10, 

S15). However, because there may be errors in the imputed haplotypes of this individual due 

to the divergent genetic makeup, we used pseudo-haplodized data for further analysis. We 

modelled f4(E.a.som, MV242; HORN+KEN, x) statistics to determine whether genetic 

material from this lineage was present in modern donkey subpopulations (x) using qpDstat 

(version 751) from the Admixtools package (58, 65). We grouped modern donkeys into the 

same subpopulations used on the Treemix models (Fig. S10). P-values were obtained through 

multiple test correction of Z-scores with a significance threshold of 0.05. Positive and 

significant f4-statistics provided evidence of MV242 ancestry in modern donkeys from Eastern 

Asia, Nubia, Central Asia, Turkey, Syria, Tunisia, Iran and Western Europe (Fig. 5E).  

Next, we tested for the presence of genetic material in the ancient donkeys with f4(E.a.som, 

MV242; Fiumarella1, x) statistics, where x are the ancient donkeys grouped by site according 

to the Treemix models (Fig. S10). An excess of sharedness with the MV242 lineage was found 

in the individual Chalow3 as the f4-statistics were positive and significant (Fig. 5F). However, 

significantly negative f4-statistics showed a deficit in sharedness in a family group of 6 

donkeys from Boinville-en-Woëvre (samples GVA125, GVA347, GVA348, GVA349, 

GVA353, GVA354) (Fig. 5G), which showed evidence of wild genetic material in 

ADMIXTURE analysis (Fig. 3A). To determine whether this wild genetic material is derived 

from a source more divergent than MV242 we tested f4(kiang, MV242; Fiumarella1, x) 

statistics, where x are the three family groups from Boinville-en-Woëvre. This statistic was 

negative and significant for family group GVA1 only, which supports restocking in this 

population from a lineage more divergent than MV242. The f4(kiang, E.a.som; Fiumarella1, 

x) statistics, for the family groups at Boinville-en-Woëvre were balanced, which suggests that 

this wild genetic material is not from a population more divergent than E.a.som (Fig. 5H). 

Uniparental markers 

To construct the mitochondrial phylogeny, we called variants with “-doHaploCall 1 -minMapQ 

25 -minQ 30 -doDepth 5” using ANGSD. Additionally, we included the mitochondrial 

genomes of three Equus hemionus hemippus (accession numbers: ERS7669491, ERS7669492, 

ERS7669493) (20) (n=2805 variants, n=256 individuals. We generated a tree with IQ-TREE 

(version 1.6.12) (60), using 100 bootstrap pseudo-replicates for assessing node support (Fig. 

5A). The tree was rooted between the zebras and hemiones plus kiangs, as per Jónsson and 

colleagues (24). 
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To construct the Y-chromosome phylogeny, we called variants using ANGSD with the 

parameters: “-isHap 1 -baq 1 -remove_bads 1 -uniqueOnly 1 -minMapQ 25 -minQ 30 -

rmTriallelic 1e-4-SNP_pval 1e-6 -C 50” for all male equids in our dataset (n=125), 

conditioning on transversions only and including only variants present in more than 90% of 

individuals, leaving a total of 3,171 variants in the final dataset. We generated a tree with IQ-

TREE (version 1.6.12) (60), using the same parameters as those used to generate the 

mitochondrial tree (Fig. 5B).  

To estimate the time to the most recent common ancestor (TMRCA), we constructed Bayesian 

skyline plots using mitochondrial and Y-chromosome variation of domestic donkeys only 

(n=238 and 121 individuals, respectively) using BEAST (version 2.6.5) (68-70). We estimated 

the optimal substitution model for both datasets using the BIC scores estimated from IQ-TREE. 

we converted the multi-alignment fasta files to BEAST input files using BEAUTi (version 

2.5.26) (68-70) specifying the following parameters: 1) the optimal model for all three datasets 

was GTR, with an empirical distribution and a gamma category count of 4. 2) Tips of the 

ancient individuals were dating in years before present using radiocarbon dates, where 

available, or the mean of the time period estimated from archaeological context. For ancient 

donkeys from Shahr-i-Qumis, their age was inferred from the single individual radiocarbon 

dated at this site (AM805). 3) Selecting the Bayesian skyline demographic model and 

uncorrelated log-Normal relaced molecular clocks with mean values= [1e-07] per site per year 

[sampling from a uniform prior between 1e-08 and 1e-05]. BEAST (version 2.5.1) (68-70) was 

run for a total of 500,000,000 iterations for Y-chromosomal and 350,000,000 for mitochondrial 

reconstructions. The posterior distributions of the tree heights were generated using Tracer 

(version 1.7.1) (129) with 20% as burn-in (Fig. 4B, D). 
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Table S1: Sample information for all modern donkeys and wild equids (n=222). The country 

of origin, short country code, genome depth-of-coverage, the proportion of missing variants 

after variant calling and accession number are reported. Accessions numbers starting with 

“SRS” were downloaded from the National Library of Medicine, “ERS” from the European 

Nucleotide Archive, and those starting with “SAMC” from the Genome Sequence Archive 

database. 

ID Species coverage 

Proportion 

missing 

variants 

sex Country 

short 

country 

code 

Accession 

ALG_01 Equus asinus 25.378 0.008 M Algeria ALG ERS12239254 

IRE_EnglishWpureIrish_1 Equus asinus 10.369 0.271 F Ireland IRE SRS3167383 

IRE_EnglishWpureIrish_2 Equus asinus 9.086 0.35 F Ireland IRE SRS3167384 

IRE_pureIrish_3 Equus asinus 8.589 0.377 F Ireland IRE SRS3167387 

IRE_pureIrish_4 Equus asinus 8.33 0.402 F Ireland IRE SRS3167408 

IRE_pureIrish_5 Equus asinus 9.339 0.344 F Ireland IRE SRS3167409 

IRE_pureIrish_6 Equus asinus 10.265 0.28 F Ireland IRE SRS3167406 

IRE_pureIrish_7 Equus asinus 9.055 0.367 F Ireland IRE SRS3167407 

IRE_pureIrish_8 Equus asinus 9.021 0.369 M Ireland IRE SRS3167410 

Aw_1 
Asiatic wild 

ass 
11.057 0.178 M NA AW SRS3167373 

Aw_2 
Asiatic wild 

ass 
11.464 0.163 F NA AW SRS3167374 

CHI_dz Equus asinus 150.067 0.003 F China (plain) CHI SRS7835299 

CHI_Guangling_3 Equus asinus 9.817 0.28 M China (plain) CHI SRS3167352 

CHI_Guangling_4 Equus asinus 10.497 0.23 F China (plain) CHI SRS3167350 

CHI_HetianGray_1 Equus asinus 10.168 0.253 M China (plain) CHI SRS3167356 

CHI_HetianGray_2 Equus asinus 9.831 0.274 F China (plain) CHI SRS3167354 

CHI_HetianGray_3 Equus asinus 9.527 0.292 F China (plain) CHI SRS3167361 

CHI_HetianGray_4 Equus asinus 9.993 0.253 F China (plain) CHI SRS3167381 

CHI_BY02A Equus asinus 13.477 0.105 F China (plain) CHI SRS3167450 

CHI_BY03A Equus asinus 11.341 0.176 F China (plain) CHI SRS3167463 

CHI_BY06A Equus asinus 12.584 0.11 M China (plain) CHI SRS3167461 

CHI_BY07A Equus asinus 10.626 0.211 M China (plain) CHI SRS3167462 

CHI_GL03A Equus asinus 11.589 0.152 F China (plain) CHI SRS3167460 

CHI_GL04A Equus asinus 12.789 0.119 F China (plain) CHI SRS3167357 

CHI_HL06 Equus asinus 5.968 0.641 F China (plain) CHI SAMC048978 

CHI_HL28 Equus asinus 6.461 0.571 M China (plain) CHI SAMC048979 

CHI_HL29 Equus asinus 6.229 0.597 M China (plain) CHI SAMC048980 

CHI_JM01A Equus asinus 11.482 0.152 F China (plain) CHI SRS3167380 

CHI_JM05A Equus asinus 10.701 0.183 M China (plain) CHI SRS3167379 

CHI_JM06A Equus asinus 11.65 0.149 F China (plain) CHI SRS3167378 

CHI_JM07A Equus asinus 11.037 0.174 M China (plain) CHI SRS3167377 

CHI_JM11A Equus asinus 10.004 0.24 M China (plain) CHI SRS3167392 

CHI_KL02A Equus asinus 10.818 0.192 F China (plain) CHI SRS3167391 

https://ngdc.cncb.ac.cn/biosample/browse/SAMC048978
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048979
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048980
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CHI_KL03A Equus asinus 13.283 0.105 F China (plain) CHI SRS3167389 

CHI_KL04A Equus asinus 11.804 0.147 F China (plain) CHI SRS3167390 

CHI_KL05A Equus asinus 9.689 0.266 F China (plain) CHI SRS3167388 

CHI_XJ1 Equus asinus 5.939 0.635 F China (plain) CHI SAMC049000 

CHI_XJ2 Equus asinus 5.798 0.65 F China (plain) CHI SAMC049001 

CHI_XJ3 Equus asinus 5.891 0.641 F China (plain) CHI SAMC049002 

CHI_XJ5 Equus asinus 7.545 0.476 F China (plain) CHI SAMC049003 

CHI_XJ6 Equus asinus 6.481 0.576 F China (plain) CHI SAMC049004 

CHI_YM01 Equus asinus 6.365 0.591 M China (plain) CHI SAMC049023 

CHI_YM04 Equus asinus 6.346 0.588 M China (plain) CHI SAMC049024 

CHI_YM05 Equus asinus 5.749 0.655 F China (plain) CHI SAMC049025 

CHI_YM12 Equus asinus 5.585 0.676 F China (plain) CHI SAMC049026 

CHI_Qingyang_1 Equus asinus 10.453 0.228 M China (plain) CHI SRS3167413 

CHI_Qingyang_2 Equus asinus 10.786 0.224 F China (plain) CHI SRS3167414 

CHI_Qingyang_3 Equus asinus 10.631 0.239 M China (plain) CHI SRS3167415 

CHI_Qingyang_4 Equus asinus 10.647 0.251 M China (plain) CHI SRS3167411 

CHI_Turfan_1 Equus asinus 10.508 0.246 F China (plain) CHI SRS3167412 

CHI_Turfan_2 Equus asinus 8.709 0.386 F China (plain) CHI SRS3167424 

CHI_Turfan_3 Equus asinus 7.963 0.421 M China (plain) CHI SRS3167423 

CHI_Turfan_4 Equus asinus 8.699 0.367 F China (plain) CHI SRS3167422 

CHI_Turfan_5 Equus asinus 7.969 0.441 F China (plain) CHI SRS3167421 

CHI_Xinjiang_1 Equus asinus 11.005 0.215 F China (plain) CHI SRS3167454 

CHI_Xinjiang_2 Equus asinus 9.063 0.336 M China (plain) CHI SRS3167473 

CHI_Xinjiang_3 Equus asinus 9.652 0.285 M China (plain) CHI SRS3167474 

CHI_Xinjiang_4 Equus asinus 8.417 0.393 M China (plain) CHI SRS3167475 

CHI_Xinjiang_5 Equus asinus 9.763 0.3 F China (plain) CHI SRS3167470 

CHI_Yunnan_1 Equus asinus 10.606 0.247 M China (plain) CHI SRS3167371 

CHI_Yunnan_2 Equus asinus 10.24 0.271 F China (plain) CHI SRS3167369 

CHI_Yunnan_3 Equus asinus 10.891 0.212 M China (plain) CHI SRS3167370 

Easi_Willy2 Equus asinus 28.839 0.025 M Denmark Eas SRS431817 

Eboe_0227A 
Equus 

burchelli 
22.537 0.142 F NA Eboe ERS559290 

EGY_1 Equus asinus 11.642 0.166 F Egypt EGY SRS3167452 

EGY_2 Equus asinus 10.872 0.225 F Egypt EGY SRS3167456 

EGY_3 Equus asinus 10.963 0.221 M Egypt EGY SRS3167455 

EGY_4 Equus asinus 7.997 0.436 M Egypt EGY SRS3167382 

EGY_5 Equus asinus 7.275 0.506 F Egypt EGY SRS3167358 

Egre_0228A Equus grevyi 18.65 0.126 F NA Egre SRS1208552 

EGY_155 Equus asinus 14.498 0.136 M Egypt EGY SRS3167349 

EGY_161 Equus asinus 8.868 0.39 M Egypt EGY SRS3167353 

EGY_169 Equus asinus 8.949 0.368 M Egypt EGY SRS3167359 

EGY_02 Equus asinus 27.085 0.007 M Egypt EGY ERS12239300 

https://ngdc.cncb.ac.cn/biosample/browse/SAMC049000
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049001
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049002
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049003
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049004
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049023
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049024
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049025
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049026
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EGY_14 Equus asinus 35.048 0.004 F Egypt EGY ERS12239301 

EGY_17 Equus asinus 29.792 0.005 M Egypt EGY ERS12239302 

Ehar_0229A 
Equus 

hartmannae 
19.301 0.144 F NA Ehar SRS861660 

Ekia_0231A Equus kiang 14.887 0.125 F NA Eki SRS861663 

Ekiang_XZYL Equus kiang 7.79 0.587 M NA Eki SAMC049022 

Ekiang_YP21 Equus kiang 6.723 0.679 F NA Eki SAMC049027 

Ekiang_ZYL Equus kiang 6.649 0.667 M NA Eki SAMC049051 

Ekiang_kun1 Equus kiang 5.825 0.636 F NA Eki SAMC048991 

Ekiang_kun2 Equus kiang 6.132 0.592 F NA Eki SAMC048992 

Eona_0230A 
Equus 

hemionus 
21.498 0.102 M NA Eon SRS474403 

Eona_0261A 
Equus 

hemionus 
9.497 0.29 F NA Eon SRS693024 

Esom_0226A 

Equus 

africanus 

somaliensis 

25.869 0.087 F NA Esom SRS861674 

ETH_1 Equus asinus 9.15 0.291 M Ethiopia ETH SRS3167398 

ETH_10 Equus asinus 8.783 0.352 M Ethiopia ETH SRS3167432 

ETH_2 Equus asinus 8.508 0.388 M Ethiopia ETH SRS3167445  

ETH_3 Equus asinus 8.565 0.379 M Ethiopia ETH SRS3167444 

ETH_4 Equus asinus 9.482 0.289 M Ethiopia ETH SRS3167442 

ETH_5 Equus asinus 8.008 0.478 M Ethiopia ETH SRS3167443  

ETH_6 Equus asinus 8.088 0.41 M Ethiopia ETH SRS3167430 

ETH_7 Equus asinus 8.006 0.426 F Ethiopia ETH SRS3167433 

ETH_8 Equus asinus 9.409 0.29 F Ethiopia ETH SRS3167428 

ETH_9 Equus asinus 8.617 0.362 M Ethiopia ETH SRS3167431 

ETH_14B Equus asinus 32.065 0.005 M Ethiopia ETH ERS12239255 

ETH_5B Equus asinus 35.773 0.051 M Ethiopia ETH ERS12239256 

ETH_6B Equus asinus 28.247 0.037 M Ethiopia ETH ERS12239257 

GHA_01 Equus asinus 20.988 0.014 M Ghana GHA ERS12239258 

GHA_07 Equus asinus 29.092 0.005 F Ghana GHA 
ERS12239259

  

IRA_D2 Equus asinus 10.35 0.423 F Iran IRA SAMC048970 

IRA_D7 Equus asinus 6.842 0.572 M Iran IRA SAMC048971 

IRA_D9 Equus asinus 7.274 0.546 M Iran IRA SAMC048972 

IRA_D10 Equus asinus 10.796 0.338 M Iran IRA SAMC048965 

IRA_D11 Equus asinus 6.628 0.613 M Iran IRA SAMC048966 

IRA_D13 Equus asinus 9.359 0.46 F Iran IRA SAMC048967 

IRA_D14 Equus asinus 12.299 0.267 M Iran IRA SAMC048968 

IRA_D16 Equus asinus 10.518 0.332 F Iran IRA SAMC048969 

KAZ_04 Equus asinus 27.202 0.006 M Kazakhstan KAZ ERS12239260 

KAZ_07 Equus asinus 29.988 0.005 M Kazakhstan KAZ 
ERS12239261

  

KEN_YPO86 Equus asinus 12.269 0.262 M Kenya KEN SAMC049038 

KEN_YPO97 Equus asinus 10.148 0.452 M Kenya KEN SAMC049048 

https://ngdc.cncb.ac.cn/biosample/browse/SAMC049022
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049027
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049051
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048991
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048992
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048970
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048971
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048972
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048965
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048966
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048967
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048968
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048969
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049038
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049048
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KEN_YPO98 Equus asinus 8.334 0.491 F Kenya KEN SAMC049049 

KEN_YPO101 Equus asinus 7.208 0.6 M Kenya KEN SAMC049028 

KEN_YPO102 Equus asinus 8.117 0.544 M Kenya KEN SAMC049029 

KEN_YPO104 Equus asinus 8.768 0.391 M Kenya KEN SAMC049030 

KEN_YPO106 Equus asinus 11.438 0.261 M Kenya KEN SAMC049031 

KEN_YPO89 Equus asinus 12.803 0.231 M Kenya KEN SAMC049041 

KEN_YPO99 Equus asinus 8.575 0.494 F Kenya KEN SAMC049050 

KEN_YPO87 Equus asinus 9.529 0.353 M Kenya KEN SAMC049039 

KEN_YPO88 Equus asinus 10.558 0.353 M Kenya KEN SAMC049040 

KEN_YPO90 Equus asinus 12.444 0.275 M Kenya KEN SAMC049042 

KEN_YPO91 Equus asinus 11.092 0.335 M Kenya KEN SAMC049043 

KEN_YPO92 Equus asinus 11.048 0.36 F Kenya KEN SAMC049044 

KEN_YPO93 Equus asinus 12.105 0.191 M Kenya KEN SAMC049045 

KEN_YPO95 Equus asinus 10.662 0.34 M Kenya KEN SAMC049046 

KEN_YPO96 Equus asinus 12.505 0.27 M Kenya KEN SAMC049047 

Kia_1 Equus asinus 27.447 0.067 F NA Eki SRS3167376 

KYR_Sdonk3 Equus asinus 8.328 0.478 M Kyrgyzstan KYR SAMC048996 

KYR_Sdonk6 Equus asinus 29.255 0.487 F Kyrgyzstan KYR SAMC048997 

KYR_Sdonk7 Equus asinus 8.071 0.585 F Kyrgyzstan KYR SAMC048998 

KYR_Sdonk9 Equus asinus 6.826 0.28 F Kyrgyzstan KYR SAMC048999 

KYR_Sdonk12 Equus asinus 5.903 0.006 M Kyrgyzstan KYR SAMC048993 

KYR_16 Equus asinus 9.971 0.406 M Kyrgyzstan KYR ERS12239262 

KYR_31 Equus asinus 9.053 0.346 M Kyrgyzstan KYR ERS12239263 

KYR_Sdonk1 Equus asinus 29.519 0.524 F Kyrgyzstan KYR SAMC048994 

KYR_Sdonk2 Equus asinus 9.799 0.007 F Kyrgyzstan KYR SAMC048995 

MAU_2990 Equus asinus 23.125 0.009 F Mauritania MAU ERS12239299 

MAU_3094 Equus asinus 24.434 0.007 F Mauritania MAU ERS12239298 

MAU_3261 Equus asinus 27.093 0.006 F Mauritania MAU ERS12239297 

MON_08 Equus asinus 28.569 0.005 F Mongolia MON ERS12239264 

MON_10 Equus asinus 27.899 0.006 F Mongolia MON ERS12239265 

NIG_YPO62 Equus asinus 10.673 0.389 M Nigeria NIG SAMC049032 

NIG_YPO63 Equus asinus 11.36 0.327 F Nigeria NIG SAMC049033 

NIG_YPO64 Equus asinus 8.866 0.458 M Nigeria NIG SAMC049034 

NIG_YPO65 Equus asinus 10.422 0.318 M Nigeria NIG SAMC049035 

NIG_YPO66 Equus asinus 10.574 0.349 F Nigeria NIG SAMC049036 

NIG_YPO67 Equus asinus 14.534 0.224 M Nigeria NIG SAMC049037 

OMA_38 Equus asinus 28.817 0.005 F Oman OMA ERS12239266 

OMA_39 Equus asinus 25.459 0.022 M Oman OMA ERS12239267 

OMA_46 Equus asinus 28.281 0.005 F Oman OMA ERS12239268 

PTGm_02 Equus asinus 32.589 0.004 F Portugal PTGM ERS12239269 

PTGm_10 Equus asinus 23.579 0.008 F Portugal PTGM ERS12239270 

SAU_11 Equus asinus 28.634 0.007 M Saudi Arabia SAU ERS12239271 

https://ngdc.cncb.ac.cn/biosample/browse/SAMC049049
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049028
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049029
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049030
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049031
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049041
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049050
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049039
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049040
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049042
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049043
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049044
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049045
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049046
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049047
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048996
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048997
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048998
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048999
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048993
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048994
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048995
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049032
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049033
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049034
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049035
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049036
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049037
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SEN_10 Equus asinus 28.175 0.005 F Senegal SEN ERS12239272 

SOM_01 Equus asinus 29.409 0.045 F Somalia SOM ERS12239273 

SOM_05 Equus asinus 31.333 0.028 F Somalia SOM ERS12239274 

SOM_19 Equus asinus 31.999 0.005 F Somalia SOM ERS12239275 

SOM_20 Equus asinus 34.065 0.004 F Somalia SOM ERS12239276 

SOM_21 Equus asinus 36.165 0.004 F Somalia SOM ERS12239277 

ESP_Andalusian_1 Equus asinus 9.683 0.36 M Spain ESP SRS3167402 

ESP_Basque_10 Equus asinus 11.632 0.186 F Spain ESP SRS3167401 

ESP_Basque_11 Equus asinus 9.909 0.267 F Spain ESP SRS3167400 

ESP_Basque_12 Equus asinus 10.066 0.268 M Spain ESP SRS3167399 

ESP_Basque_13 Equus asinus 9.553 0.304 F Spain ESP SRS3167404 

ESP_ZamoranoLeones_14 Equus asinus 10.128 0.282 F Spain ESP SRS3167403 

ESP_ZamoranoLeones_15 Equus asinus 12.438 0.192 F Spain ESP SRS3167405 

ESP_ZamoranoLeones_16 Equus asinus 11.581 0.232 F Spain ESP SRS3167385 

ESP_ZamoranoLeones_17 Equus asinus 11.841 0.187 F Spain ESP SRS3167386 

ESP_Baleares_18 Equus asinus 9.217 0.457 F Spain ESP SRS3167372 

ESP_Andalusian_2 Equus asinus 11.462 0.215 F Spain ESP SRS3167368 

ESP_Andalusian_3 Equus asinus 9.061 0.455 F Spain ESP SRS3167367  

CYK_IslasCanarias_4 Equus asinus 10.154 0.248 M Canary Islands CYK SRS3167465  

CYK_IslasCanarias_5 Equus asinus 12.988 0.15 M Canary Islands CYK SRS3167464 

CYK_IslasCanarias_6 Equus asinus 9.165 0.353 F Canary Islands CYK SRS3167472 

CYK_IslasCanarias_7 Equus asinus 11.042 0.203 M Canary Islands CYK SRS3167441 

CYK_IslasCanarias_8 Equus asinus 9.904 0.273 M Canary Islands CYK SRS3167469 

CYK_IslasCanarias_9 Equus asinus 9.155 0.332 M Canary Islands CYK SRS3167471 

SUD_20 Equus asinus 25.12 0.007 F Sudan SUD ERS12239278 

SUD_49 Equus asinus 30.011 0.005 M Sudan SUD ERS12239279 

SUD_55 Equus asinus 31.734 0.004 M Sudan SUD ERS12239280 

SYR_06 Equus asinus 32.131 0.005 F Syria SYR ERS12239281 

SYR_19 Equus asinus 32.954 0.004 F Syria SYR ERS12239282 

TIB_DQFS2 Equus asinus 9.408 0.4 F Tibet TIB SAMC048957 

TIB_XZCD05 Equus asinus 8.972 0.382 F Tibet TIB SAMC048958 

TIB_XZCM09 Equus asinus 8.816 0.399 M Tibet TIB SAMC048959 

TIB_XZCM18 Equus asinus 10.206 0.285 M Tibet TIB SAMC048960 

TIB_DQFS1 Equus asinus 6.518 0.578 F Tibet TIB SAMC048973 

TIB_DQFS4 Equus asinus 6.837 0.537 F Tibet TIB SAMC048974 

TIB_DQFS6 Equus asinus 6.658 0.555 F Tibet TIB SAMC048975 

TIB_XZCD01 Equus asinus 7.04 0.526 F Tibet TIB SAMC049005 

TIB_XZCD02 Equus asinus 5.867 0.64 M Tibet TIB SAMC049006 

TIB_XZCD06 Equus asinus 5.985 0.63 F Tibet TIB SAMC049007 

TIB_XZCM01 Equus asinus 6.331 0.588 F Tibet TIB SAMC049008 

TIB_XZCM02 Equus asinus 5.934 0.627 M Tibet TIB SAMC049009 

TIB_XZCM05 Equus asinus 5.968 0.623 M Tibet TIB SAMC049010 

https://ngdc.cncb.ac.cn/biosample/browse/SAMC048957
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048958
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048959
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048960
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048973
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048974
https://ngdc.cncb.ac.cn/biosample/browse/SAMC048975
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049005
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049006
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049007
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049008
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049009
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049010
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TIB_XZCM06 Equus asinus 6.112 0.62 M Tibet TIB SAMC049011 

TIB_XZCM10 Equus asinus 6.77 0.534 M Tibet TIB SAMC049012 

TIB_XZCM12 Equus asinus 5.808 0.652 F Tibet TIB SAMC049013 

TIB_XZCM17 Equus asinus 6.1 0.599 M Tibet TIB SAMC049014 

TIB_XZSNQS02 Equus asinus 6.194 0.607 F Tibet TIB SAMC049015 

TIB_XZSNQS03 Equus asinus 5.695 0.66 M Tibet TIB SAMC049016 

TIB_XZSNQS04 Equus asinus 5.636 0.667 M Tibet TIB SAMC049017 

TIB_XZSNQS05 Equus asinus 5.97 0.632 M Tibet TIB SAMC049018 

TIB_XZSNQS06 Equus asinus 5.97 0.647 F Tibet TIB SAMC049019 

TIB_XZSNQS07 Equus asinus 6.327 0.585 M Tibet TIB SAMC049020 

TIB_XZSNQS23 Equus asinus 7.006 0.516 M Tibet TIB SAMC049021 

TKM_107 Equus asinus 31.802 0.005 M Turkmenistan TKM ERS12239283 

TUK_07 Equus asinus 32.266 0.004 M Turkey TUK ERS12239284 

TUK_08 Equus asinus 31.102 0.005 F Turkey TUK ERS12239285 

TUK_26 Equus asinus 28.86 0.005 F Turkey TUK ERS12239286 

TUN_06 Equus asinus 30.823 0.005 M Tunisia TUN ERS12239287 

TUN_11 Equus asinus 35.539 0.004 F Tunisia TUN ERS12239288 

TUN_19 Equus asinus 40.152 0.004 F Tunisia TUN ERS12239289 

BRA_PegaDonkey Equus asinus 13.706 0.065 F Brazil BRA ERS12239290 

YEM_08 Equus asinus 29.615 0.005 F Yemen YEM ERS12239291 

YEM_11 Equus asinus 40.052 0.003 M Yemen YEM ERS12239292 

YEM_17 Equus asinus 31.904 0.004 F Yemen YEM ERS12239293 

YUC_08 Equus asinus 27.058 0.007 M Croatia YUC ERS12239294 

YUM_08 Equus asinus 28.304 0.006 M Macedonia YUM ERS12239295 

YUM_13 Equus asinus 24.307 0.009 M Macedonia YUM ERS12239296 

  

https://ngdc.cncb.ac.cn/biosample/browse/SAMC049011
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049012
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049013
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049014
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049015
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049016
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049017
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049018
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049019
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049020
https://ngdc.cncb.ac.cn/biosample/browse/SAMC049021
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Table S2: Sample information and naming for each ancient individual. Radiocarbon dates 

were calibrated using Oxcal online and the IntCal20 calibration curve (102, 103). Ages 

marked with a star are inferred from radiocarbon dates and archaeological context is shown 

outside the bracket. 

ID Site Country Latitude Longitude 
Radiocarbon 

dated age 
Age 

Estimated 

Time 

period 

(years) 

Period Sex 
Accession 

number 

AC14380 Acemhöyük Turkey 38.41123 33.83569 
3945±20 
(UCIAMS 

199621) 

2455BCE 
2564BCE-

2346BCE 

Bronze 

Age 
M ERS12239303 

AC14415 Acemhöyük Turkey 38.41123 33.83569 
3945±20 
(UCIAMS 

199619) 

2455BCE 
2564BCE-

2346BCE 

Bronze 

Age 
M ERS12239304 

MV051 Acemhöyük Turkey 38.41123 33.83569 
3784±41 

(UBA-30288) 
2219BCE 

2400BCE-

2039BCE 

Bronze 

Age 
M ERS12239305 

Chalow3 Chalow Iran 37.10355 56.88528 N/A 2050BCE 
2200BCE- 

1900BCE 
BMAC F ERS12239306 

DoshanTepe 
Doshan 

Tepe 
Iran 35.6833 51.5 

2840±15 
(UCIAMS 

223195) 

989BCE 
1049BCE-

928BCE 
Iron Age F ERS12239307 

Tarquinia214 Tarquinia Italy 42.0542 11.7576 
2445±20 
(UCIAMS 

224884) 

550BCE 

(*581BCE) 

750BCE- 

412BCE 

Etruscan 
(Archaic 

Period) 

M ERS12239308 

Tarquinia501 Tarquinia Italy 42.0542 11.7576 

2515±20 and 

2565±20 
(UCIAMS 

224885 and 

224886) 

520-
500BCE 

(*680BCE) 

803BCE-

594BCE 
and  

777BCE-

547BCE 

Etruscan 
(Archaic 

Period) 

F ERS12239309 

MV242 Nizzana Israel 30.88569 34.84694 

2150±20 

(UCIAMS 

199283) 

204BCE 
350BCE- 
58BCE 

Hellenistic 
Period 

F ERS12239310 

AM39 
Shahr-i-

Qumis 
Iran 36.5511 54.0175 N/A 

800BCE-

800CE 

800BCE- 

800CE 

Parthian 
& 

Sassanian 

Period 

F ERS12239311 

AM44 
Shahr-i-

Qumis 
Iran 36.5511 54.0175 N/A 

800BCE-

800CE 

800BCE- 

800CE 

Parthian 

& 

Sassanian 
Period 

M ERS12239312 

AM66 
Shahr-i-
Qumis 

Iran 36.5511 54.0175 N/A 
800BCE-
800CE 

800BCE- 
800CE 

Parthian 

& 
Sassanian 

Period 

M ERS12239313 

AM71 
Shahr-i-
Qumis 

Iran 36.5511 54.0175 N/A 
800BCE-
800CE 

800BCE- 
800CE 

Parthian 

& 
Sassanian 

Period 

M ERS12239314 

AM805 
Shahr-i-
Qumis 

Iran 36.5511 54.0175 

1615±20 and 

1585±15 

(UCIAMS 

223584 and 
223188) 

481CE 

415-538CE 

and 421-

542CE 

Parthian 

& 
Sassanian 

Period 

M ERS12239315 

AM89 
Shahr-i-

Qumis 
Iran 36.5511 54.0175 N/A 

800BCE-

800CE 

800BCE- 

800CE 

Parthian 

& 

Sassanian 
Period 

M ERS12239316 

BourseB Marseille France 43.29774 5.374613 N/A 
0CE-

500CE 

0CE- 

500CE 

Late 

Antiquity 
M ERS12239317 

BourseC Marseille France 43.29774 5.374613 N/A 
0CE-

500CE 

0CE- 

500CE 

Late 

Antiquity 
M ERS12239318 

GVA125 
Boinville-

en-Woëvre 
France 49.1858  5.6733 N/A 

200CE- 

500CE 

200CE- 

500CE 

Roman 

Period 
M ERS12239319 

GVA347 
Boinville-
en-Woëvre 

France 49.1858  5.6733 N/A 
200CE- 
500CE 

200CE- 
500CE 

Roman 
Period 

M ERS12239320 

GVA348 
Boinville-

en-Woëvre 
France 49.1858  5.6733 N/A 

200CE- 

500CE 

200CE- 

500CE 

Roman 

Period 
M ERS12239321 

GVA349 
Boinville-

en-Woëvre 
France 49.1858  5.6733 N/A 

200CE- 

500CE 

200CE- 

500CE 

Roman 

Period 
M ERS12239322 
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GVA353 
Boinville-

en-Woëvre 
France 49.1858  5.6733 N/A 

200CE- 

500CE 

200CE- 

500CE 

Roman 

Period 
M ERS12239323 

GVA354 
Boinville-
en-Woëvre 

France 49.1858  5.6733 N/A 
200CE- 
500CE 

200CE- 
500CE 

Roman 
Period 

F ERS12239324 

GVA355 
Boinville-
en-Woëvre 

France 49.1858  5.6733 N/A 
200CE- 
500CE 

200CE- 
500CE 

Roman 
Period 

F ERS12239325 

GVA358 
Boinville-

en-Woëvre 
France 49.1858  5.6733 N/A 

200CE- 

500CE 

200CE- 

500CE 

Roman 

Period 
F ERS12239326 

GVA359 
Boinville-

en-Woëvre 
France 49.1858  5.6733 N/A 

200CE- 

500CE 

200CE- 

500CE 

Roman 

Period 
M ERS12239327 

Tur168 Yenikapi Turkey 40.9997 28.9498 

1485±20 

(UCIAMS 
250285) 

596CE 
552CE-

640CE 

Byzantine 

Period 
M ERS12239328 

Tur177 Yenikapi Turkey 40.9997 28.9498 

1125±15 

(UCIAMS 
250291) 

937CE 
887CE-

986CE 

Byzantine 

Period 
F ERS12239329 

Tur179 Yenikapi Turkey 40.9997 28.9498 

1140±20 

(UCIAMS 

250292) 

881CE 
774CE-
987CE 

Byzantine 
Period 

M ERS12239330 

Tur277 Yenikapi Turkey 40.9997 28.9498 

1295±15 

(UCIAMS 

250363) 

721CE 
666CE-
775CE 

Byzantine 
Period 

M ERS12239331 

Albufeira1x1 Albufeira Portugal 37.0891 -8.2479 
765±15 
(UCIAMS 

208877) 

1254CE 
1228CE-

1280CE 

Islamic 

Period 
F ERS12239332 

Fiumarella1 Fiumarella Italy 39.589 16.8127 
165±25 
(UCIAMS 

229410) 

1810CE 
1683CE-

1936CE 

Bronze 
Age 

(Intrusive) 

M ERS12239333 
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Table S3: The number of variants identified by GraphTyper (version 2.5.1)(61) for modern 

individuals (n=222) before and after filtering for high quality variants. 

  Number of variants SNPs INDELs 

Raw (all scaffolds) 45,031,411 40,234,452 4,796,959 

After filtering (all scaffolds) 13,267,291 11,655,167 1,680,089 

After filtering (autosomes only) 13,013,551 11,426,298 1,587,253 

  



31 
 
 

Table S4: The number of variants per autosome for the modern individuals (n=222). The 

length of each autosome in base pairs and centimorgans, and the rate of recombination in 

cM/Mb is also reported. 

Chromosome 
Filtered 

variants 
cM 

Base pairs 

(bp) 
cM/Mb 

JADWZW010000002.1 637112 53.924 119293623 0.452 

JADWZW010000003.1 1328891 120.098 238843737 0.503 

JADWZW010000004.1 1021216 93.066 183770576 0.506 

JADWZW010000005.1 474536 50.987 92920267 0.549 

JADWZW010000006.1 628929 61.797 112287698 0.55 

JADWZW010000007.1 500863 51.792 93367529 0.555 

JADWZW010000008.1 689712 60.556 123522326 0.49 

JADWZW010000009.1 714987 63.363 104245332 0.608 

JADWZW010000010.1 342829 39.723 64678186 0.614 

JADWZW010000011.1 531435 47.142 90664430 0.52 

JADWZW010000012.1 525478 44.934 85786229 0.524 

JADWZW010000013.1 578347 46.365 106341547 0.436 

JADWZW010000014.1 307520 43.321 64917852 0.667 

JADWZW010000015.1 249858 36.895 47664211 0.774 

JADWZW010000016.1 284692 33.995 50230352 0.677 

JADWZW010000017.1 276091 30.639 50732407 0.604 

JADWZW010000018.1 315280 37.799 47651278 0.793 

JADWZW010000019.1 202542 20.526 33165847 0.619 

JADWZW010000020.1 165635 20.42 26995809 0.756 

JADWZW010000021.1 585299 54.196 100519399 0.539 

JADWZW010000022.1 517089 49.405 98587405 0.501 

JADWZW010000023.1 202045 21.852 38358317 0.57 

JADWZW010000024.1 262496 25.965 47367245 0.548 

JADWZW010000025.1 260065 23.107 46609582 0.496 

JADWZW010000026.1 237991 26.279 47151018 0.557 

JADWZW010000027.1 182904 22.156 28688911 0.772 

JADWZW010000028.1 208766 23.347 32167345 0.726 

JADWZW010000029.1 356584 42.517 63892262 0.665 

JADWZW010000030.1 227618 24.809 37452155 0.662 

JADWZW010000031.1 196741 22.059 30281758 0.728 

Total  1293.04 2,308,154,633 0.599 
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Table S5: Ancestral populations and ancestry proportions for hybrid individuals, calculated 

using qpAdm modelling (version 810) (64). Significant p-values are indicated with a *. 

ID Source 1 Source 2 Weight 1 Weight 2 p-value 

ETH_5B ETH E.a.som 0.818 0.182 <0.001* 

SOM_19 IRA E.a.som 0.951 0.049 <0.001* 

ETH_6B ETH E.a.som 0.956 0.044 <0.001* 

SOM_20 IRA E.a.som 0.963 0.038 <0.001* 

SOM_21 IRA E.a.som 0.968 0.032 <0.001* 

ALG_01 ETH E.a.som 0.974 0.026 <0.001* 

YEM_08 EGY E.a.som 0.981 0.019 <0.001* 

SUD_49 SUD E.a.som 0.981 0.019 <0.001* 

YEM_11 EGY E.a.som 0.983 0.017 <0.001* 

OMA_46 EGY E.a.som 0.983 0.017 <0.001* 

YEM_17 EGY E.a.som 0.984 0.016 <0.001* 

OMA_38 EGY E.a.som 0.985 0.015 <0.001* 

MAU_3261 NIG E.a.som 0.987 0.013 0.021* 

OMA_39 EGY E.a.som 0.988 0.012 0.005* 

MAU_2990 NIG E.a.som 0.991 0.009 0.568 

GHA_07 NIG E.a.som 0.993 0.007 0.183 

SEN_10 NIG E.a.som 0.995 0.005 0.281 

CHI_Turfan_2 CHI E.kiang 0.995 0.005 0.003* 

MAU_3094 NIG E.a.som 0.996 0.004 0.626 

NIG_YPO67 NIG E.a.som 0.997 0.003 0.259 
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Table S6: Genome coverage, proportion of missing variants and predicted accuracy of 

imputation based on tests conducted on modern variants for all ancient samples (n=31 

individuals, n=7,161,029 variants, TI/TV=2.17). 

  

Sample Missingness Coverage 
Predicted Imputation 

Accuracy (all variants) 

AM66 0.558 4.920 0.986 

GVA348 0.600 5.050 0.986 

Tur168 0.604 4.640 0.986 

Tur179 0.612 4.693 0.986 

Tur177 0.727 3.693 0.985 

GVA349 0.731 4.090 0.985 

AC14415 0.785 3.370 0.985 

Tarquinia501 0.799 2.900 0.985 

AM805 0.812 2.870 0.985 

Tur277 0.827 2.951 0.984 

BourseC 0.858 2.240 0.984 

GVA125 0.862 2.060 0.984 

Tarquinia214 0.864 2.250 0.984 

MV242 0.879 2.510 0.984 

GVA347 0.883 2.100 0.984 

AC14380 0.892 2.120 0.984 

Chalow3 0.895 2.110 0.984 

MV051 0.901 1.270 0.984 

AM89 0.901 1.570 0.984 

AM44 0.903 1.670 0.984 

AM71 0.910 1.540 0.984 

BourseB 0.915 1.600 0.984 

Albufeira1x1 0.919 1.620 0.983 

Fiumarella1 0.930 1.440 0.983 

DoshanTepe 0.938 1.540 0.983 

GVA359 0.944 1.230 0.983 

GVA355 0.953 1.210 0.983 

GVA353 0.963 1.060 0.982 

GVA358 0.963 1.105 0.982 

AM39 0.973 0.770 0.981 

GVA354 0.973 0.953 0.981 
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Table S7: The depth of reads and variants 5 base pairs either side of the missense mutation 

(G>A) at position JADWZW010000004.1:161390091 in FGF5 (46) for 31 ancient donkeys. 

 

sample 
depth of 

reads 
C C A G T G/A G A G C C 

AC14380 3 . . . . . . . . . . . 
AC14415 4 . . . . . . . . . . . 

Albufeira1x1 1 . . . . . . . . . . . 
AM39 2 . . . . . . . . . . . 
AM44 1 . . . . . . . . . . . 
AM66 5 . . . . . . . . . . . 
AM71 4 . . . . . . . . . . . 
AM805 6 .  . . . . . . . . . 
AM89 3 . . . . . A(1) . . . . . 

BourseB 0 . . . . . . . . . . . 

BourseC 0 . . . . . . . . . . . 

Chalow3 2 . . . . . . . . . . . 

DoshanTepe 1 . . . . . . . . . . . 

Fiumarella1 1 . . . . . . . . . . . 

GVA125 0 . . . . . . . . . . . 

GVA347 3 . . . . . . . . . . . 

GVA348 4 . . . . . . . . . . . 

GVA349 3 . . . . . . . . . . . 

GVA353 0 . . . . . . . . . . . 

GVA354 0 . . . . . . . . . . . 

GVA355 0 . . . . . . . . . . . 

GVA358 1 . . . . . . . . . . . 

GVA359 4 . . . . . . . . . . . 

MV051 0 . . . . . . . . . . . 

MV242 3 . . . . . . . . . . . 

Tarquinia214 1 . . . . . . . . . . . 

Tarquinia501 4 . . . . . . . . . . . 

Tur168 3 . . . . . . . . . . . 

Tur177 2 . . . . . . . . . G (1) . 

Tur179 3 . . . . . . . . . . . 

Tur277 2 . . . . . . . . . . . 
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Table S8: The depth of reads and variants 5 base pairs either side of the frameshift deletion 

(delAT) at position (JADWZW010000004.1:161397694) in FGF5 (46) for 31 ancient 

donkeys. 

 

  

Sample 
depth of 

reads 
T A G C G A/- T/- G T C A A 

AC14380 2 . . . . . . . . . . . . 

AC14415 6 . . . . . . . . . . . . 

Albufeira1x1 0 . . . . . . . . . . . . 

AM39 1 . . . . . . . . . . . . 

AM44 1 . . . . . . . . . . . . 

AM66 8 . . . . A(1) . . . . . . . 

AM71 0 . . . . . . . . . . . . 

AM805 5 . . . . . . . . . . . . 

AM89 2 . . . . . . . . . . . . 

BourseB 2 . . . T(1) . . . . . . . . 

BourseC 4 . . . . . . . . . . . . 

Chalow3 3 . . . . A(1) . . . . . . . 

DoshanTepe 1 . . . . . . . . . . . . 

Fiumarella1 1 . . . . . . . . . . . . 

GVA125 5 . . . . A(1) . . . A(1) G(1) G(1) . 

GVA347 3 . . . . . . . . . . . . 

GVA348 10 . . . . . . . . . . . . 

GVA349 2 . . . . . . . . . . . . 

GVA353 3 . . . . . . . . . . . . 

GVA354 1 . . . . . . . . . . . . 

GVA355 0 . . . . . . . . . . . . 

GVA358 1 . . . T(1) . . . . . . . . 

GVA359 1 . . . . . . . . . . . . 

MV051 1 . . . . . . . . . . . . 

MV242 4 . . . . . . . . . . . . 

Tarquinia214 4 . . . . A(1) . . . . . . . 

Tarquinia501 5 . . . . . . . . . . . . 

Tur168 4 . . . . . . . . . . . . 

Tur177 6 . . . T(1) . . . . . . . . 

Tur179 3 . . . -(1) -(1) -(1) -(1) . . . . . 

Tur277 5 . . . . . . . . . . . . 
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Table S9: The depth of reads and variants 5 base pairs either side of the T>A splice site 

mutation in KIT (45) at position JADWZW010000004.1:139925278 for 31 ancient donkeys. 

Sample 
depth of 

reads 
G A G G T/A A A A G C 

AC14380 0 . . . . . . . . . . 

AC14415 5 . T(1) . . . . . . T(1) T(1) 

Albufeira1x1 2 . . . . . . . . . . 

AM39 0 . . . . . . . . . . 

AM44 1 . . . . . . . . . . 

AM66 3 . . . . . . . . . . 

AM71 2 . . . . . . . . . . 

AM805 3 . . . . . . . . . . 

AM89 5 . . . . . . . . . . 

BourseB 1 . . . . . . . . . . 

BourseC 8 . . . . . . . . . . 

Chalow3 1 . . . . . . . . . . 

DoshanTepe 1 . . . . . . . . . . 

Fiumarella1 1 . . . . . . . . . . 

GVA125 1 . . . . . . . . . . 

GVA347 1 . . . . . . . . . . 

GVA348 3 . . . . . . . . . . 

GVA349 3 . . . . . . . . . . 

GVA353 0 . . . . . . . . . . 

GVA354 2 . . . . . . . . . . 

GVA355 0 . . . . . . . . . . 

GVA358 2 . . . . . . . . . . 

GVA359 0 . . . . . . . . . . 

MV051 2 . . . . . . . . . . 

MV242 3 . . . T(1) . . . . . . 

Tarquinia214 4 . . . . . . . . . . 

Tarquinia501 2 . . . . . . . . . . 

Tur168 6 . . . . . . . . . . 

Tur177 6 . . . . . . . . . . 

Tur179 5 . . . . . . . . . . 

Tur277 2 . . . . . . . . . . 
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Table S10: Levels of relatedness between ancient individuals estimated using KING (version 

2.2.7) (66) with the imputed variant panel, conditioning on transversions only (n=31 

individuals, n=619,981 transversions). Only relationships between individuals inferred to 

show genetic relatedness are shown.  

ID1 ID2 Proportion of IBD Degree of relatedness 

GVA355 GVA358 0.705 1st 

GVA125 GVA353 0.250 2nd 

GVA347 GVA353 0.238 2nd 

GVA125 GVA348 0.201 2nd 

GVA348 GVA353 0.189 2nd 

GVA348 GVA354 0.188 2nd 

GVA125 GVA354 0.178 2nd 

GVA347 GVA354 0.166 3rd 

GVA125 GVA347 0.162 3rd 

GVA347 GVA348 0.159 3rd 

GVA353 GVA354 0.154 3rd 

GVA348 GVA349 0.138 3rd 

GVA347 GVA349 0.125 3rd 

GVA349 GVA353 0.124 3rd 

GVA125 GVA349 0.108 3rd 

GVA349 GVA354 0.101 3rd 

Tarquinia214 Tarquinia501 0.081 4th 

GVA348 GVA355 0.052 4th 

GVA348 GVA358 0.051 4th 
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Table S11: Sample information and accession numbers for each modern (n=79) and ancient 

horse (n=75) used for estimating inbreeding levels (Fig. 4D, E, F). Whole-genome sequence 

data and metadata on the site, country and age (inferred from the radiocarbon dates) for the 

ancient horses were obtained from (21, 41, 50, 130). Whole-genome sequence data for 

modern horses were obtained from (131-136) 

ID Site Country Age label Accession number 

Akha_0248A_AKT001 NA NA 2000CE M1 ERS1246351 

Akha_0302A_AKT003 NA NA 2000CE M2 ERS1246352 

Arabian_UFL_948_ERR3465834 NA NA 2000CE M3 ERS3631438 

Bava_0183A_BY01 NA NA 2000CE M4 ERS1263371 

CDM12_Chaidamu_DulanQinghai NA NA 2000CE M5 SRS4251825 

CDM15_Chaidamu_DulanQinghai NA NA 2000CE M6 SAMN28422840 

CuTr_0137A_CU_COL163706 NA NA 2000CE M7 ERS1560528 

CuTr_0138A_CU_COL163725 NA NA 2000CE M8 ERS1560529 

DB35_DeBa_Debao_Guangxi NA NA 2000CE M9 SAMN28422841 

DT12_DaTo_Datong_QilianQinghai NA NA 2000CE M10 SAMN28422842 

DT3_DaTo_Datong_QilianQinghai NA NA 2000CE M11 SAMN28422843 

Dutc_0308A NA NA 2000CE M12 ERS1246371 

ELC21_Erlunchun_InnerMongolia NA NA 2000CE M13 SRS4251811 

Fjor_0142A_Fjord NA NA 2000CE M14 SRS438157 

Frie_0298A_SAMEA3951220 NA NA 2000CE M15 ERS1138354 

Frie_0300A_SAMEA3951222 NA NA 2000CE M16 ERS1138356 

FrMo_0041A_FM0001 NA NA 2000CE M17 ERS1246356 

FrMo_0065A_FM1798 NA NA 2000CE M18 ERS1246364 

Hafl_0309A_HF0002 NA NA 2000CE M19 ERS1982326 

Hafl_0310A_HF0003 NA NA 2000CE M20 ERS1982327 

Hano_0172A_HAN01 NA NA 2000CE M21 ERS1263372 

Hano_0312A_HN001 NA NA 2000CE M22 ERS1982322  

Hols_0173A_HOL01 NA NA 2000CE M23 ERS1263373 

Icel_0144A_P5782 NA NA 2000CE M24 SRS309532 

Icel_0247A_IS074 NA NA 2000CE M25 ERS709890 

JC5_JiCh_Jianchang_SW NA NA 2000CE M26 SAMN28422844 

Jeju_0274A_SAMN01057171 NA NA 2000CE M27 SRS346578 

Jeju_0275A_SAMN01057172 NA NA 2000CE M28 SRS346579 

JZ3_JiZi_JiangziTibet NA NA 2000CE M29 SRS4251838 

JZ4_JiZi_JiangziTibet NA NA 2000CE M30 SRS4251838 

Lipi_0187A_CSess113 NA NA 2000CE M31 SRS1818811 

Lipi_0188A_FRal169 NA NA 2000CE M32 SRS1818795 

LKZ22_Langkazi_Tibet NA NA 2000CE M33 SAMN28422845 

LKZ28_Langkazi_Tibet NA NA 2000CE M34 SRS4251851 

Marw_0239A_SRR1275408 NA NA 2000CE M35  SRS603966 

Mixd_0314A_UKH4 NA NA 2000CE M36 ERS1076964 

Mong_0153A_KB7754 NA NA 2000CE M37 ERS805731 

Mong_0216A_TG1111D2629 NA NA 2000CE M38 SRS543625 

Morg_0096A_EMS595 NA NA 2000CE M39 ERS806987 
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Morg_0315A_EQ053 NA NA 2000CE M40 ERS1982319 

MZH22_Mozhu_MozhugongTibet NA NA 2000CE M41 SAMN28422846 

MZH24_Mozhu_MozhugongTibet NA NA 2000CE M42 SAMN28422847 

NM2_NiMu_Tibet NA NA 2000CE M43 SAMN28422848 

NM20_NiMu_Tibet NA NA 2000CE M44 SAMN28422849 

Nori_0316A_NO180 NA NA 2000CE M45 ERS1982325 

NQ9916_NiQi_NingqiangShaanxi NA NA 2000CE M46 SAMN28422850 

Olde_0176A_OLD01 NA NA 2000CE M47 ERS1263375 

Olde_0177A_OLD02 NA NA 2000CE M48 ERS1263376 

Pain_0319A_UKH16 NA NA 2000CE M49 ERS1076966 

Pain_0320A_UKH29 NA NA 2000CE M50 ERS1076967 

Quar_0321A_QH070 NA NA 2000CE M51 ERS1246372 

Quar_0322A_QH225 NA NA 2000CE M52 ERS1246374 

Reit_0323A_DR011 NA NA 2000CE M53 ERS1982318 

Reit_0324A_DR033 NA NA 2000CE M54 ERS1982315 

Shet_0249A_SPH020 NA NA 2000CE M55 ERS715262  

Shet_0250A_SPH041 NA NA 2000CE M56 ERS715261 

Sorr_0236A_SAMN02439778 NA NA 2000CE M57 SRS513153 

Sorr_0270A_SAMN03955413 NA NA 2000CE M58 SRS1022305 

Stan_0325A_AS002 NA NA 2000CE M59 ERS1230234 

Standardbred_UFL_CU1406_ERR3465842 NA NA 2000CE M60 ERS3631446 

Standardbred_UFL_CU2446_ERR3465843 NA NA 2000CE M61 ERS3631447 

Swis_0326A_RAO310_2 NA NA 2000CE M62 ERS1263382 

Swis_0327A_RAO441_2 NA NA 2000CE M63 ERS1263383 

Thor_0290A_SAMN01047706 NA NA 2000CE M64 SRS345336 

Thoroughbred_UFL_CU3903_ERR3465845 NA NA 2000CE M65 ERS3631449 

Trak_0178A_TRA01 NA NA 2000CE M66 ERS1263377 

Trak_0179A_TRA02 NA NA 2000CE M67 SRS1818810 

UFL_QH140147_ERR3465848 NA NA 2000CE M68 ERS3631452 

Wels_0330A_WP006 NA NA 2000CE M69 ERS1982316 

Wels_0331A_WP007 NA NA 2000CE M70 ERS1982323 

West_0180A_WF01 NA NA 2000CE M71 ERS1263379 

West_0181A_WF02 NA NA 2000CE M72 ERS1263380 

WMG8_Mongolian_Mongolia NA NA 2000CE M73 SAMN28422851 

Wurt_0182A_BW01 NA NA 2000CE M74 ERS1263370 

WZ6_MoGo_InnerMongolia NA NA 2000CE M75 SRS4251803 

Yaku_0164A_Yak2 NA NA 2000CE M76 ERS849387 

Yaku_0169A_Yak7 NA NA 2000CE M77 ERS849392 

YL2_YiLi_Zhaosu_Pair NA NA 2000CE M78 SAMN28422852 

YQ29_YaQi_Yanqi_Xinjiang NA NA 2000CE M79 SAMN28422853 

ARUS_0222A_CGG101397 Tumeski Russia 1825CE A1 

SRS497178, 

SRS497177 

WitterPlace_UK17_267 Witter Place 

United 

Kingdom 1750CE A2 ERS3213633 

Beauvais_GVA375_467 

Beauvais, VIlliers-de-

l'Isle Adam France 1550CE A3 ERS3213470 

TavanTolgoi_GEP13_730 Tavan Tolgoi Mongolia 1287CE A4 ERS3213603 

https://www.ebi.ac.uk/ena/data/view/SRS1818810
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TavanTolgoi_GEP14_730 Tavan Tolgoi Mongolia 1287CE A5 ERS3213604 

TavanTolgoi_GEP21_730 Tavan Tolgoi Mongolia 1287CE A6 ERS3213605 

Yenikapi_Tur150_1443 Yenikapi Turkey 961CE A7 ERS3213646 

Yenikapi_Tur145_1156 Yenikapi Turkey 951CE A8 ERS3213642 

Saadjarve_Saa1_1117 Saadjärve Estonia 900CE A9 ERS3213583 

Nustar_5_1187 Nuštar Croatia 830CE A10 ERS3213573 

Marvele_18_1189 Marvele cemetery Lithuania 829CE A11 ERS3213561 

Marvele_32_1144 Marvele cemetery Lithuania 829CE A12 ERS3213565 

Yenikapi_Tur229_1443 Yenikapi Turkey 827CE A13 ERS3213660 

Grigorevka4_PAVH2_1192 Gregorevka Kazakhstan 825CE A14 ERS1892698 

Yenikapi_Tur193_1443 Yenikapi Turkey 792CE A15 ERS3213657 

Yenikapi_Tur140_1289 Yenikapi Turkey 777CE A16 ERS3213638 

Khotont_UCIE2012x85_1291 Khotont Mongolia 725CE A17 ERS3213547 

BozAdyr_KYRH10_1267 Boz-Adyr Kyrgyzstan 700CE A18 ERS3213485 

BozAdyr_KYRH8_1267 Boz-Adyr Kyrgyzstan 700CE A19  ERS3213486 

Yenikapi_Tur172_1695 Yenikapi Turkey 674CE A20 ERS1892707 

Yenikapi_Tur194_1360 Yenikapi Turkey 657CE A21 ERS3213658 

Yenikapi_Tur142_1396 Yenikapi Turkey 648CE A22 ERS3213640 

Yenikapi_Tur141_1430 Yenikapi Turkey 640CE A23 ERS3213639 

Yenikapi_Tur170_1443 Yenikapi Turkey 601CE A24 ERS3213649 

SharIQumis_AM115_1557 Shar-I-Qumis Iran 472CE A25 ERS3213596 

Yenikapi_Tur146_1730 Yenikapi Turkey 350CE A26 ERS3213643 

Yenikapi_Tur171_1689 Yenikapi Turkey 336CE A27 ERS3213650 

FrankfurtHeddernheim_Fr1_1863 Frankfurt-Heddenheim Germany 180CE A28 ERS3213533 

Chartres_GVA26_1917 
Chartres, boulevard de 
la Courtille France 110CE A29 ERS3213502 

Chartres_GVA4_1917 

Chartres, boulevard de 

la Courtille France 110CE A30 ERS3213506 

Chartres_GVA43_1917 
Chartres, boulevard de 
la Courtille France 110CE A31 ERS3213507 

Chartres_GVA81_1917 

Chartres, boulevard de 

la Courtille France 110CE A32 ERS3213518 

GolModII_Mon24_1993 Gol Mod II Mongolia 40CE A33 ERS3213535 

GolModII_Mon23_2007 Gol Mod II Mongolia 35CE A34 ERS3213534 

GolModII_Mon26_1999 Gol Mod II Mongolia 27CE A35 ERS3213537 

GolModII_Mon28_1988 Gol Mod II Mongolia 27CE A36 ERS1892697 

GolModII_Mon25_2011 Gol Mod II Mongolia 17CE A37  ERS3213536 

GolModII_Mon27_2011 Gol Mod II Mongolia 17CE A38 ERS3213538 

SaintJust_GVA242_2250 Saint-Just-en-Chaussée France 75BCE A39 ERS3213589 

Actiparc_GVA308_2312 Actiparc France 210BCE A40 ERS3213454 

AC7970_AMIS-1-00131_Tur_m290 Acemhoyuk Turkey 290BCE A41 ERS7255955 

OlonKurinGol_OKG2_2367 Olon Kurin Gol Mongolia 350BCE A42 ERS3213577 

Fetusx9m_CGG-1-022147_Spa_m475 Els Vilars Spain 475BCE A43 ERS7256018 

SV2019x18_AMIS-1-02382_Tun_m581 Althiburos Tunisia 581BCE A44 ERS7256181 

18ELTu18_AMIS-1-01102_Spa_m588 El Turuñuelo Spain 588BCE A45 ERS7255954 

SV2019x19_AMIS-1-02383_Tun_m643 Althiburos Tunisia 643BCE A46 ERS7256182 

UE4618_CGG_1_020962 Els Vilars Spain 655BCE A47 ERS3213526 

Hasanlu1140_CGG-1-019998_Ira_m663 Tepe Hasanlu Iran 663BCE A48 ERS7256042 
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UE11080x11082_CGG-1-
020973_Spa_m664 Els Vilars Spain 664BCE A49 ERS7256188 

Rid1_CGG_1_018468 Ridala Estonia 700BCE A50 ERS7256148 

Rid2_CGG_1_018469 Ridala Estonia 700BCE A51 ERS7256149 

Hasanlu2327_CGG-1-019995_Ira_m768 Tepe Hasanlu Iran 768BCE A52 ERS7256043 

Hasanlu3398_CGG-1-019986_Ira_m768 Tepe Hasanlu Iran 768BCE A53 ERS7256046 

HasanluV31E_CGG-1-021461_Ira_m768 Tepe Hasanlu Iran 768BCE A54 ERS7256049 

Hasanlu3394_CGG-1-019997_Ira_m790 Tepe Hasanlu Iran 790BCE A55 ERS7256045 

Fen4_CGG-1-018396_Chi_m800 Fengtai China 800BCE A56 ERS7256017 

Hasanlu2405_CGG-1-019992_Ira_m868 Tepe Hasanlu Iran 868BCE A57 ERS7256044 

Hasanlu368_CGG-1-019994_Ira_m878 Tepe Hasanlu Iran 878BCE A58 ERS7256048 

Hasanlu3461_CGG-1-020003_Ira_m913 Tepe Hasanlu Iran 913BCE A59 ERS7256047 

CD5203_AMIS-1-00107_Tur_m985 Çadır Höyük Turkey 985BCE A60 ERS7255998 

UushgiinUvur_Mon45_3080 Uushgiin Uvur Mongolia 1065BCE A61 ERS3213624 

UushgiinUvur_Mon37_3085 Uushgiin Uvur Mongolia 1075BCE A62 ERS3213617 

UushgiinUvur_Mon39_3085 Uushgiin Uvur Mongolia 1075BCE A63 ERS3213618 

UushgiinUvur_Mon84_3123 Uushgiin Uvur Mongolia 1075BCE A64 ERS1892705 

UushgiinUvur_Mon86_3039 Uushgiin Uvur Mongolia 1075BCE A65 ERS1892706 

SAGxS27_CGG-1-019559_Ira_m1102 Sagzabad Iran 1102BCE A66 ERS7256175 

UushgiinUvur_Mon87_3117 Uushgiin Uvur Mongolia 1103BCE A67 ERS3213626 

Mon43_CGG_1_018079 Uushgiin Uvur Mongolia 1106BCE A68 ERS3213622 

UushgiinUvur_Mon42_3130 Uushgiin Uvur Mongolia 1110BCE A69 ERS3213621 

CD1819_AMIS-1-00115_Tur_m1299 Çadır Höyük Turkey 1299BCE A70 ERS7255996 

Bateni_Rus16_3350 Bateni Russia 1336BCE A71 ERS3213468 

TP4_CGG-1-018394_Geo_m1578 Tachti Perda Georgia 1578BCE A72 ERS7256186 

AC9016_AMIS-1-00134_Tur_m1900 Acemhoyuk Turkey 1900BCE A73 ERS7255957 

Sintashta_NB46_4023 Sintashta Russia 2009BCE A74 ERS821436 

AC8811_AMIS-1-00133_Tur_m2125 Acemhoyuk Turkey 2125BCE A75 ERS7255956 
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Fig. S1: Recombination rates across all 30 donkey autosomes as estimated using LDHat 

(version 2.2) (62).   
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Fig. S2: PCA of domestic donkeys and wild ass species using the phased variant panel 

(n=222 individuals, n=13,013,551 variants, TI/TV=2.18) using PLINK (version 1.9) (63).  



53 
 
 

Fig. S3: PCA of domestic donkeys and wild ass species (E.a.som) using the phased variant 

panel (n=208 individuals, n=13,013,551 variants, TI/TV=2.18) using PLINK (version 1.9) 

(63).  
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Fig. S4: ADMIXTURE (version 1.3.0) (56) analysis for all modern equids (donkeys and wild 

asses) and ancient donkeys using the imputed variant panel for K values of 2-5 (n=222 

modern equids, n=31 ancient donkeys, n=494,050 variants, TI/TV= 2.18, optimal K=4).  
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Fig. S5: Genetic distance (f2, estimated using ADMIXTOOLS2) (123, 124) verses 

geographical distance (estimated as haversine distance) from: A) donkeys from Ethiopia, and 

B) donkeys from Yemen. Two separate linear regressions were fitted for each dataset: one for 

subpopulations from Western Africa only, and another for all other subpopulations. F2 

statistics were estimated for all phased SNPs, but masking regions that were attributed to wild 

ancestry as estimated using PCAdmix (n=11,577,531 variants, TI/TV=2.18).  
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Fig. S6: SMC++ (version 1.15.4) (28) population models dating splits from Horn of Africa + 

Kenya (Horn+Ken), Western Africa (WAfrica), Asia (Asia) and Europe (Europe) with an 

assumed generational time interval of 8 years. Three donkeys from each subpopulation were 

used, with 10 bootstrap pseudo-replicates (resampling 90% of each chromosome) for two 

different datasets. Samples used for the first dataset were Horn+Ken: KEN_YPO90, ETH_4, 

SOM_01, WAfrica: SEN_10, GHA_01, NIG_YPO62, Asia: CHI_KL02A, CHI_GL04A, 

TIB_DQFS1, Europe: PTGm10, ESP_Andalusian_1, CYK_IslasCanarias_4. The samples 

used for the second dataset were Horn+Ken: KEN_YPO89, SOM_05, ETH_5, WAfrica: 

NIG_YPO63, NIG_YPO65, NIG_YPO66, Asia: CHI_JM05A, CHI_XJ6, TIB_XZSNQS07, 

Europe: PTGm02, ESP_Andalusian_3, ESP_Basque_10. A) Estimated effective population 

sizes over time (the second dataset is shown in semi transparency). B) Estimated population 

split times between the subpopulations for the two datasets with standard deviation bars. 



57 
 
 

Fig. S7: PCA of ancient imputed donkeys (black, n=31) and modern donkeys (coloured, 

n=206) using the smartpca program from the EIGENSOFT package (version 6.1.4) (75, 76). 

The pseudo-haploidized genomes of the ancient donkeys (n=31) were projected onto the PCA 

and labelled and colored in grey.  
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Fig. S8: The imputation accuracy verses the proportion of missing variants before imputation 

as estimated by downscaling modern donkey variants (n=10 individuals). Accuracy of all 

variants (blue), homozygotes only (yellow) and heterozygotes only (purple) and plotted 

separately. The same imputation pipeline was used as that to impute the ancient donkey 

genomes. The proportion of missing variants for each ancient sample (n=31) are shown as red 

dotted lines.   
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Fig. S9: Maximum likelihood tree and heatmap generated from haplotype sharedness 

estimated using fineSTRUCTURE (version 4.1.1) for donkeys (n=141 modern and 31 ancient 

individuals) using imputed variants (n=2,245,992, TI/TV= 2.21) (35). Only node support 

values less than 1 are shown on the tree. The heatmap is colour coded according to the 

number of shared haplotype chunks in the genome.  
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Fig. S10: Treemix (version 1.13)(27) phylogenies for modern donkeys grouped into 

populations according to Fig. 1C, with kiang as an outgroup. The left column shows the 

Treemix inferred from pseudo-haploidized variants (n=496,697) and the right from imputed 

variants (n=175,093). The trees on each row are from the same site of ancient donkeys, with 

the site and individuals labelled in the centre of the row. The optimal number of migration 

edges are shown for each tree, and nodes coloured according to support values from 100 

bootstrap replicates.   
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Fig. S11: The proportion of modern donkeys with dun and derived coat colors from each 

subpopulation (n=207). The total number of donkeys from each subpopulation is shown 

above each bar.   
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Fig. S12: The relationship between relatedness coefficients calculated using phased and 

imputed variants in KING (version 2.2.7) (n=2,245,992 variants) (66) and unimputed variants 

using ngsRelate (version 2) (n=473,263, variants, transversions only) (67). Only pairs of 

modern donkeys from the same country and ancient donkeys from the same site were 

included in the analysis (n=2,096 pairs). Pairs of ancient donkeys were coloured in red and 

modern donkeys in black (r=0.871, r2=0.759). 
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Fig. S13: A) Total length of runs of homozygosity in kilobases, estimated using PLINK 

(version 1.9) (63) plotted as a function of time for all modern and ancient donkeys (n=238 

individuals), conditioning on transversions only (n=1,949,850 variants). B) Total length of 

runs of homozygosity in kilobases, from depth-based estimated using variants called by 

ANGSD (version 0.930) (113) counts plotted as a function of time for all modern and ancient 

donkeys (n=238 individuals).  
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Fig. S14: A) Semi-matrix of squared correlation coefficients between three measures of ROH 

(PLINK (version 1.9) (63), ngsF-HMM (version 1) (59) and from depth-based estimated 

using variants called by ANGSD (version 0.930) (113)). B) The total length of ROH 

estimated in PLINK for 10 modern donkeys after down-sampling and re-imputing variants  
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Fig. S15: Neighbour joining tree constructed using FastME (version 2.1.4) (128) with 100 

bootstrap pseudo-replicates of modern donkeys, ancient donkeys and kiangs which were 

included in the Treemix analysis. Two ancient hemippes with coverage over 1X were also 

included. Bootstrap support values over 90% are labelled with a black triangle.  
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