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Despite the important roles that horses have played in human history, particularly in the spread of languages and
cultures, and correspondingly intensive research on this topic, the origin of domestic horses remains elusive.
Several domestication centers have been hypothesized, but most of these have been invalidated through recent
paleogenetic studies. Anatolia is a region with an extended history of horse exploitation that has been consid-
ered a candidate for the origins of domestic horses but has never been subject to detailed investigation. Our
paleogenetic study of pre- and protohistoric horses in Anatolia and the Caucasus, based on a diachronic sample
from the early Neolithic to the Iron Age (~8000 to ~1000 BCE) that encompasses the presumed transition from
wild to domestic horses (4000 to 3000 BCE), shows the rapid and large-scale introduction of domestic horses at
the end of the third millennium BCE. Thus, our results argue strongly against autochthonous independent domes-

tication of horses in Anatolia.

INTRODUCTION

The domestication of the horse ca. 5500 years ago represents one of
the most important technological innovations in the ancient world
(1, 2). With the harnessing of horsepower, political, economic, and
social relationships throughout the ancient world were transformed
as horses revolutionized transportation and affected patterns of trade,
warfare, and migration [e.g., (1-4)]. Archaeological, organic resi-
due, and genetic analyses suggest that the domestic horse originated
in the Central Asian steppes, then spread into eastern Europe and
later into southwest Asia (SWA) [e.g., (2, 5-11)]. In particular, data
from the Botai hunter-gatherer culture in Kazakhstan suggest that,
by the mid to late fourth millennium BCE, horses were bitted, milked,
selected for the TRPM1 coat color locus, and kept in enclosures and
were therefore under intensive management (10, 12-14). A recent
study of ancient horse genomes, however, challenged the view that
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modern domestic horses derived from Central Asia, because “Botai-like”
horses were shown to be the ancestors of northeast Asian Przewalski’s
horses but not the main source of ancient or modern domestic horses
(14, 15). Another recent study ruled out a second potential horse
domestication center, the Iberian Peninsula, showing that Iberian
wild horses went extinct without leaving notable traces in the ge-
nomes of modern horses (16). There are, however, two more areas
that have been proposed as domestication centers for modern horses:
the Pontic-Caspian steppe (17) and Anatolia (8, 18). Although the
former has been long hypothesized as the likely source of domestic
horses (12, 13, 19), the latter region has been poorly explored re-
garding its role in horse domestication processes (20-22), despite its
long history of wild horse exploitation and its reputation for breeding
valuable horses in Classical Antiquity (23).

The origin of the domestic horse in Anatolia, and more generally in
SWA, continues to represent a complex archaeological puzzle. A com-
bination of textual, iconographic, and archaeozoological data suggest
that, by the mid to late third millennium BCE, domestic horses were
introduced from neighboring mountain regions into Mesopotamia
(modern Iraq and northeast Syria), where they were often referred
to in cuneiform texts as ANSE-KURRA (“donkey of the mountain”)
(24-28). Initially kept only in small numbers, horses rose to promi-
nence across SWA within a few centuries in association with the
spread of chariots, a technological innovation of the second millen-
nium BCE (1, 29). Because horse domestication in the Eurasian
steppes, a region historically known for its “horse cultures,” likely
began in the fourth or perhaps even fifth millennium BCE (17, 30-32),
it has long been argued that southwest Asian horses are the descen-
dants of these early domesticates, which arrived in the region via
poorly understood participation in Pontic-Caspian-Transcaucasian
interaction spheres or population movements (33, 34).

Another hypothesis argues that Anatolia played a central role in the
transmission of domestic horses into Syro-Mesopotamia (33, 35, 36),
and an Anatolian contribution to early domestic populations has
been suggested (37-40). Archaeological data indicate the widespread
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presence of wild horses (Equus ferus) and also of so-called hydrun-
tines [a subspecies of the Asiatic wild ass named Equus hemionus
hydruntinus (41)] in early and middle Holocene Anatolia that were
regularly exploited (20, 22, 40, 42). The continuity of human-horse
interactions from the ninth millennium through the second millen-
nium BCE, when domesticates are known from archaeological con-
texts, led to the hypothesis that Anatolian wild horses may have been
a potential source population for domestic horses. The lack of reliable
osteomorphological criteria for differentiating the skeletal remains
of wild and domestic horses, however, has hampered attempts to
address the hypothesis of a local domestication. Therefore, the cul-
tural processes and mechanisms triggering the widespread appear-
ance of domesticates in the late third millennium are still elusive. In
this study, we take advantage of the abundance of archaeological
horse remains from the central Anatolian plateau (20, 42-46) to
provide the first rigorous test of the hypothesis of Anatolian horse
domestication applying paleogenetics.

Complete present-day mitochondrial genomes have revealed 18
major haplogroups (A to R), the radiation times of which date mostly
to the Neolithic and later periods (47). In contrast, studies of the
mitochondrial hypervariable region in ancient horses have shown
that domestic horses exhibit a much higher amount of genetic vari-
ation in mitochondrial lineages compared to cattle, sheep, and pigs
(48-51). Furthermore, most mitochondrial lineages observed in
domestic horses already existed before domestication (52). These
analyses of ancient horses did not yield a clear phylogeographic
structure that would allow the spatiotemporal origin(s) of horse do-
mestication to be identified. These findings interpreted as suggesting
that the mobility of wild horses in northern Eurasia allowed constant
population reshuffling and repeated recruitment of wild local mares,
precluding the establishment of a phylogeographic structure (52, 53).

In contrast, extant domestic horses exhibit remarkably little vari-
ation in the male Y chromosome line, with only one haplotype so
far identified in modern domesticates, which led to the early claim
of a single domestication event for horses (54, 55). Paleogenomic
analyses of ancient specimens, however, observed additional male
lineages in prehistoric populations before domestication and revealed
that genetically diverse male founders were involved in early domes-
tication (15, 56). This diversity was subsequently reduced, likely as a
result of more directed human selection likely starting in the Iron Age
and continuing during Roman times (57), and again during the Islamic
conquest and the Byzantine-Sassanid war after 7th to 9th c. CE (16).

Paleogenetic evidence from genetic loci associated with coat color
in horses argues for a diversification of coat color starting in the
Bronze Age and is considered associated with an early stage of the
domestication process (11, 58). Because the appearance of new coat
colors is common in domestic taxa compared to their wild counter-
parts, they provide a useful marker for identifying domestic horses
in archaeological assemblages.

Up to now, the origins of domestic horses in Anatolia have re-
mained elusive; but careful recovery of horse remains from well-
stratified archaeological contexts in Anatolia and in the neighboring
Caucasus, together with progress in paleogenetic approaches, now
makes it possible to specifically address the processes responsible for
the origins of domestic horses in this part of western Asia. For this
project, we combined morphological classification of equid remains,
which can be hampered by a lack of diagnostic anatomical and/or
biometrical criteria (41, 59), with paleogenetic analysis of mitochon-
drial, Y chromosome DNA, and autosomal DNA markers related to
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coat color to trace the spatiotemporal dynamics of the emergence of
domestic horses in Anatolia. We analyzed over 100 equid remains
from 14 prehistoric sites in central Anatolia and the Caucasus cov-
ering most of the Holocene (9000 BCE to 1000 CE) to gain insights
into the origins of domestic horses in Anatolia, a pivotal issue in
near Eastern history.

RESULTS

On the basis of our extensive experience with ancient animal re-
mains from SWA including Anatolia, we expected DNA to be high-
ly degraded in most samples that we had collected, of which only a
few were petrous bones. DNA in osseous remains from SWA is no-
toriously poorly preserved, petrous bones being an exception, al-
though not all of them contain preserved endogenous DNA. For
this reason, we decided to rely on a highly optimized metabarcoding
approach combining the sensitivity of polymerase chain reaction
(PCR) and the efficiency of next-generation sequencing (NGS) spe-
cifically tailored to highly degraded ancient DNA (60). This approach
has been shown to recover DNA molecules that escape shotgun se-
quencing (15) or sequence capture (61) and, if primers are optimized
in silico and in vitro, is highly locus specific (60). Used in combina-
tion with methods minimizing contamination (62), as well as statis-
tically sufficient replications (60) (see also Materials and Methods
and the Supplementary Materials), it at least equals or can occasionally
be superior to DNA capture methods, which are plagued by biases
[e.g., (63)]. We have used this approach for the study of various
species, including horses (15, 60, 64, 65).

Here, we analyzed 111 equid remains from eight sites in central
Anatolia and six sites in the Caucasus dating from the Early Neo-
lithic to the Iron Age (ca. 9000 to 500 BCE; see table S1), with a few
samples dating to later, historic periods. This approach had been
developed and optimized previously to produce reliable data from
highly degraded samples (60, 64, 65), and it has been used success-
fully in situations where shotgun sequencing was not effective enough
to genotype a large proportion of phenotype-associated single-
nucleotide polymorphisms (SNPs) (15). We targeted the mitochondrial
hypervariable region and 18 specific SNP regions diagnostic for the
18 major mitochondrial haplogroups considered diagnostic in earlier
studies [(47) and table S2]. These SNPs are sufficiently diagnostic to
recapitulate the essential features of the mitogenome phylogeny
(Fig. 1). Moreover, we analyzed six regions of the Y chromosome,
four anonymous Y-linked fragments, and two fragments of the
amelogenin gene to evaluate male inheritance [(54, 56, 57) and table
S3]. Last, we chose a set of eight diagnostic SNPs in seven genes as-
sociated with the coat color in horses, including basic colors (bay,
black, chestnut, and gray), diluted phenotypes (silver and cream),
spotted or painted phenotypes (overo, tobiano, and sabino), and
leopard spotting (table S4) (11).

Genotyping versus osteological determination

From the 111 analyzed equid remains, 77 (70%) yielded ancient DNA
results and could be genotyped in independent triplicate PCR ex-
periments (table S1). We obtained 14 different caballine (Equus
caballus) mitochondrial haplogroups previously defined in present-
day horses (47) and a previously unidentified haplogroup, here
termed X, that belongs to the subtree of the O, P, and Q haplotypes
(Fig. 1 and table S2). Moreover, from 10 specimens, we obtained
haplotypes characteristic of donkeys (Equus asinus). Last, seven
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Fig. 1. Comparative maximum likelihood phylogenetic analyses of horse mitogenome using either the complete mitogenome sequences (left side) or the
concatenated mitogenome fragments used for genotyping ancient remains (right side). The nomenclature of the horse mitochondrial haplogroups from A to Ris
as defined by Achilli et al. (47). Haplogroup S corresponds to an additional haplogroup obtained when adding Przewalski’s horse sequences not belonging to the
F haplogroup (98). The scale bar represents the number of nucleotide substitution per site as indicated. The branches separating horse, hemione, and donkey sequences
are not drawn to scale as indicated by the intersecting parallels. A magnified view of the O-P-Q subtree of the concatenated fragments is represented in the box on the
right side. The magnified view additionally reveals the position of the X sequence found in two ancient Anatolian remains. The numbers by the nodes indicate their

corresponding bootstrap values.

specimens yielded haplotypes belonging to E. hemionus clade HI,
which Bennett et al. (41) assigned to E. hemionus hydruntinus and
are therefore referred to as “hydruntine” below.

Genotyping and osteological determination agreed in 48 of the
57 remains that were assigned osteologically, with various degrees
of certainty, to one of the equid species (84%) (table S1). In particular,
38 of the 40 remains assigned osteologically to wild or domestic horses
showed the corresponding mitochondrial DNA (mtDNA) (95%).
Agreement was also obtained for 3 of 6 hydruntine and 7 of 11 donkey
remains. Of the 20 remains that could not be assigned osteologically
to one of the aforementioned species, we identified 16 horses, 2 don-
keys, and 2 hydruntines through mtDNA typing. Genotyping and
osteological determination disagreed in only four osteologically un-
ambiguously assigned cases: Two bone specimens determined oste-
ologically as hydruntines yielded horse mtDNA, whereas two others
classified osteologically as horses carried a donkey and a hydruntine
mtDNA. Last, one unassigned equid was determined genetically as
a hybrid, more precisely a mule, because it carried horse mitochondrial
and donkey Y chromosomal DNA (table S1: specimen CD6189).

Diachronic pattern of maternal lineages
The 12 Anatolian horse remains predating ~4500 BCE carried either
the mitochondrial haplogroup P or a previously unidentified mito-
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type, termed here X, not previously identified in modern or ancient
horses (Figs. 1 and 2 and tables S1 and S2). Neither the P nor the X
haplogroup has been documented so far beyond Anatolia in con-
temporaneous or older samples (48, 50, 66-69). This strongly suggests
that these two haplogroups represent the unique signature of a local
wild horses native to the Anatolia plateau. After 2200 BCE, this pat-
tern changed profoundly, with 13 new mitochondrial haplogroups
appearing in faunal assemblages from the Bronze and Iron Ages (Fig. 2
and table S1). Among the Bronze and Iron Age specimens, the pre-
Bronze Age haplogroup P represents only 6% of the obtained haplo-
type spectrum (2 of the 33 remains), with both specimens dating to
the earliest phase of this period (c. 2000 BCE). Moreover, in post-
3300 BCE specimens, haplotype X is no longer detected. The novel
haplotypes detected in our archaeological sample correspond mainly
to haplogroups Q (11 remains), G (5 remains), and N (5 remains),
while haplogroups A, B, D, E, H, I, L, and Q account for the remaining
20 specimens (table S1). These results indicate a nearly complete
population turnover from the late third millennium BCE onward
and correspond well with iconographic and textual evidence for the
appearance and dispersal of horse management in Anatolia and
Mesopotamia (26, 28).

In the Caucasus, the earliest specimen that yielded a genetic result
dates to the third millennium BCE and corresponds to haplogroup Q.
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Fig. 2. Mitochondrial and coat color diversity before (top) and after (bottom) 2000 BCE. (Left) Evolution of mitochondrial haplotype diversity of horses in Anatolia
and the southern Caucasus. (Right) Evolution of coat color genetic diversity in these two geographic regions in the same time ranges. The area of the circles is pro-

portional to the number of individuals present in each category.

Of the remaining 13 specimens, all excavated from archaeological
contexts dating to the second millennium BCE, and 11 represent a
diverse array of haplogroups including A, B, C, E, FG, G, and Q. To-
gether, this change in haplotypes in both Anatolia and the Caucasus
is statistically highly significant (P = 5.7 x 10 %, Fisher’s test). The
remaining two samples were identified as haplogroup P, presumably
representing a continuation of the native Anatolian matriline into
the Late Bronze Age.

Paternal lineages and hybrids

Paternal lineages were genotyped through six different loci on the Y
chromosome (table S3). Y chromosomal DNA data are less numer-
ous, and none were obtained from remains older than the Bronze
Age, which must be due to poor DNA preservation. In 19 specimens
dating to the Bronze Age or subsequent periods, however, the Y
chromosome haplotype could be determined. Of these, 12 belong to
E. caballus and 6 to E. asinus, and one specimen that was identified
more generally as asinine (tables S1 and S3).

We could attribute the horse Y chromosomal sequences to two
of a total of four horse haplotypes that have been described pre-
viously (57): Five remains were carriers of haplotype Y-HT-1,
which is the major haplogroup present in modern horses, while
four carried the extinct haplotype Y-HT-3 and three could not
be determined due to SNPs that did not yield sufficient sequence
coverage.

One specimen originating from Cadir Hoytik yielded Y chromo-
somal SNPs corresponding to a jackass, whereas the mtDNA cor-
responded to a horse (tables S1 and S3), thus reflecting the presence
of a hybrid (mule) dating to the Iron Age. The mitotype of this in-
dividual was L, a mitotype not encountered in SWA before the
Bronze Age.
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Coat color
We genotyped SNPs associated with coat color variations (11, 58).
As discussed above, retrieval of nuclear DNA data in addition to
mtDNA requires better ancient DNA preservation. Therefore, as
for the Y chromosome, nuclear SNPs could not be genotyped in a
reliable manner in samples predating the Early Bronze Age (tables
S1 and S4). Together, we obtained SNPs from 43 specimens, allow-
ing us to infer the coat color for 33 individuals, including 25 horses,
6 donkeys, 1 hydruntine, and 1 mule. In our dataset, we identified
the mutant allele for all but two of the eight interrogated SNPs. In
particular, only the mutant alleles for overo and cream were miss-
ing, while the other six genetic variants were present. Consequently,
a large part of the diversity of mutations affecting the coat color al-
ready observed in ancient northern Eurasia (11) proved present in
Bronze Age horses in SWA (table S4). Our results allowed us to at-
tribute a coat color to 25 horses from the Bronze Age and later peri-
ods. We identified seven horses with a wild-type bay-colored coat;
one with a bay sabino; eight with a chestnut-colored coat; two each
with the colors chestnut tobiano, chestnut silver, leopard, and black;
one with a bay tobiano coat color; and one specimen whose DNA
preservation was not good enough to discriminate between chest-
nut and bay (tables S1 and S4). This diversification in the coat color
distribution is statistically significant (P = 1.25 x 10, Fisher’s test).
As expected, the six donkeys and the hydruntine did not harbor
any of the mutant SNPs that humans selected for in domestic horses.
The sample that was identified as a mule carried one mutant allele
in both the ASIP and MCIR genes, most likely originating from
its horse mother, which are associated with a bay tobiano coat in
horses (tables S1 and S4). In specimen AC8811 from Early Bronze
Age Acemhoyiik, a chestnut coat color is combined with mitotype P,
representing the local Anatolian wild horse matriline. This combination
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indicates that local Anatolian mares were incorporated into domestic
herds in the Early Bronze Age.

DISCUSSION

Wild and domesticated horses in Anatolia

Our genotyping of 60 ancient horses was designed to elucidate the
long-standing question of a local domestication of horses in Anatolia.
Our results allow us to conclude that domestic horses were intro-
duced into the Caucasus and Anatolia by at least 2000 BCE, pre-
sumably from the Eurasian steppes. This conclusion is based on the
fact that, in Anatolia, local horse populations before ca. 4500 cal BCE
carried only two mitochondrial haplogroups, P and X, the latter be-
ing a previously unrecorded haplotype that belongs to the O-P-Q
subtree (Fig. 1). So far, these haplogroups have not been encoun-
tered elsewhere in Eurasia in contemporaneous or earlier contexts.
Furthermore, haplotype X likely had a limited temporal occurrence
in Holocene Anatolia possibly disappearing after 5500 BCE. The
foregoing supports our conclusion that these two haplogroups re-
flect the local mitochondrial signature of wild horses hunted in
Anatolia in the early and middle Holocene (Fig. 2). We propose that
the P and X haplogroups evolved independently in Anatolia during
the late Pleistocene and early Holocene with little or no gene flow
from neighboring wild horse populations due to geographic barriers
separating Anatolia from northern Eurasia, namely, the Bosporus
as well as the Caucasus and the Zagros mountain ranges. Thus, our
study provides the first evidence showing that Anatolia was home
to a genetically distinct population of wild horses, which, based on
archaeozoological findings, were widely exploited during the Neo-
lithic and Chalcolithic periods (20, 22, 42). Equid remains from early
Neolithic Asikli Hoyiik, Neolithic/Chalcolithic Késk Hoyiik, and
Late Chalcolithic/Early Bronze Age Cadir Hoyiik are representative
of these wild Anatolian horses.

Around 2000 BCE, we observe a statistically significant decline
in the frequency of this local wild horse mitochondrial signature as
the P haplogroup becomes rare and the X haplotype disappears
completely. Presumably, the low frequency of haplotype X in pre-
Bronze Age horse assemblages (2 of 11 in our dataset) offers an ex-
planation as to why it did not survive in Anatolia into historic times.

Parallel to this, the diversity of maternal lineages in archaeologi-
cal horse remains from the Caucasus and Anatolia increased mark-
edly from 2 to 14 (Fig. 2), all of which identified previously in present-
day horses (47) as well as in Eneolithic, Chalcolithic, and Early
Bronze Age horses from southeast Europe and Kazakhstan (50). In
these studies, mitochondrial haplogroups display no phylogeo-
graphic structure in Eurasia, which is consistent with the absence of
significant physical barriers across the vast Eurasian steppes. This
suggests that horse populations in the Eurasian steppes were pan-
mictic, likely explaining the high diversity of present-day domestic
horse populations. It would also account for the rapid diversification
observed in our dataset upon introduction in the Caucasus and
Anatolia. This sudden appearance of allochthonous lineages coin-
cides with the emergence of iconographic and epigraphic evidence
for horses and horse riding at the end of the third millennium BCE
and argues for substantial imports of domestic forms and hence
against an independent local domestication process (26-28).

The results we obtained from genotyping of alleles associated with
variations in coat color reinforce this conclusion, because Bronze
Age horses in Anatolia and the Caucasus show mutations correspond-
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ing to coat color variants thought to have been selected during do-
mestication in the Eurasian steppes, such as chestnut, black, and
silver (11). Mutations associated with coat color dilutions or spot-
ting appeared later in our dataset (after 1200 BCE). Thus, we con-
clude from our genetic data that the domestic horses introduced
to Anatolia in the Bronze Age carried mutations found earlier in
northern Eurasia (11) and therefore derived predominantly from
stocks imported from this vast region. Although the ultimate geo-
graphic origins of this allochthonous population cannot be defined
with the data at hand, the Eurasian steppes north of the Black Sea
seems a most plausible candidate.

We found that the local Anatolian P haplotype persisted in Bronze
Age domestic horses in Anatolia and the Caucasus at low frequency
(8% in our dataset) as well as in present-day horses, suggesting that
wild Anatolian mares were incorporated into domestic herds probably
very soon after the introduction of domestic horses in the region
and before their local extinction in the wild. This possibility is in
agreement with our observation that at least two of the four Bronze
Age horses carry the P haplogroup. Because these individuals also
carry a mutant coat color allele (AC8811 and TS2; table S1), it is
most likely that they represent domestic horses whose maternal an-
cestors were recruited from local wild Anatolian populations, which
follows a pattern observed elsewhere, whereby local mares were
proposed to be recruited into domestic herds resulting in high mi-
togenomic diversity (48, 50). Our results suggest a rapid shift from
hunting to herding following the introduction of domestic horses in
the Early Bronze Age, which likely correlates with a terminal decline
in the wild horse population in Anatolia and the Caucasus indicated
by the low frequencies of their remains in faunal assemblages (70, 71).

The diachronic pattern in Anatolia and the Caucasus of the two
Y chromosomal haplotypes, Y-HT-1 and Y-HT-3, hints at the pos-
sibility of population dynamics similar to that documented for
northern Eurasia. In this latter region, Y-HT-1, constituting the pre-
dominant Y haplotype in present-day horses, markedly increased
after the onset of domestication, reaching fixation in the gene pool
of the domestic horse by the Middle Ages, while Y-HT-3 declined
over time until its disappearance (57). In our Anatolian dataset, both
haplotypes occurred at comparable frequencies around 2000 BCE;
but here too, Y-HT-3 declined over time, with the most recent horse
that carried Y-HT-3 originating from the Caucasus at around 1300 BCE.
This reduction of Y chromosome diversity is presumably the result
of strong selection of stallions (16).

Because northern Eurasia, and in particular the Pontic-Caspian
steppe, is currently the most likely origin for the domestic horses
brought into Anatolia, there are two possible introductory routes,
one via southeastern Europe and one via the Caucasus. The route
across the Bosporus has been postulated on the basis of the earliest
zooarchaeological evidence for domestic horses in the southern
Balkans at the Early Bronze Age site of Kanligegit around 2600 to
2300 BCE (8). The coat colors of 10 horses from this site were geno-
typed and revealed a highly biased distribution of coat color muta-
tions with 6 of the 10 homozygous black horses (a/a), 4 of which
also show the leopard spotting (LP), plus 2 bay-colored horses with
leopard spotting; no chestnut mutation was detected (72). This pat-
tern strongly contrasts with our results in Anatolia and the Caucasus,
where chestnut (e/e) is the earliest coat color variant, while black and
leopard mutants remain very rare (only 2 of 25). These differences
argue against the introduction of a domestic horse population sim-
ilar to that found at Kanligecit. Moreover, there is no archaeological
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evidence for horse management in western Anatolia in the third
millennium BCE, providing little additional support for the hy-
pothesis of an early introductory route across the Bosporus (73, 74).

In contrast, our identification of several allochthonous mito-
chondrial lineages and coat color mutations appearing broadly con-
temporaneously in the southern Caucasus and in central Anatolia
argues in favor of a dispersal route via the Caucasus. The abundance
of horse bones and images of horses in Maikop culture settlements
and burials of ¢. 3300 BCE in the northern Caucasus led to the sug-
gestion that horseback riding began in the Maikop period (75). In
addition, recent studies of ancient human genomes showed contin-
uous gene flow between Copper Age steppes and Caucasus peoples
(3,4, 76, 77), and later, during the Bronze Age, between Mesopotamia,
Anatolia, the southern and northern Caucasus, and the steppes (78).
This exchange between human groups appears to intensify during
a century-long period of cooling and desertification, known as the
4.2-ka (thousand year) event [e.g., (79) but see (80)], which may have
affected subsistence strategies and social networks in the steppe
zone [e.g., (78, 81)]. On present evidence, this climatic event seems
to be broadly contemporaneous with the arrival of nonlocal horse
mitochondrial haplogroups and coat colors in the Caucasus and
Anatolia and linked to the expansion of horse husbandry and possi-
bly Indo-European languages [e.g., (14, 75) but see (82)]. Although
the cultural processes initiating the dispersal of horse husbandry
south of the Caucasus are currently difficult to address, it may relate
to human population movements into the Caucasus and subsequently
into Anatolia beginning in the late third millennium BCE.

Other equids

The present study identified a mule, offspring of a female horse and
a male donkey, from an Early Iron Age context (dated to 1100 to
800 BCE) at central Anatolian Cadir Hoyiik. Mules have been identi-
fied on the basis of osteological criteria and, more recently, on genomic
data in the European Iron Age and Roman periods (16, 83-85).
Although several specimens have been tentatively identified as mules
from Bronze and Iron Age contexts in SWA (86-88), this is the most
ancient genomic evidence for a mule in SWA. Because wild don-
keys are not native to Anatolia, the jackass involved must have been
a domestic animal (29, 71). The parent mare of the mule from Cadir
Hoytik was also a domestic animal, as it carried an allochthonous
mitochondrial haplogroup and contributed two coat color mutant
alleles to its offspring. Although not a surprise, the presence of a mule
in the Anatolian Iron Age reflects a new role for domestic horses
that emerged as they moved into SWA where domestic donkeys had
been used since the fourth millennium BCE (89) and where a tradi-
tion of equid (donkey x hemione) hybridization emerged in the
third millennium BC (28). This situation reflects a true integration
of horses into southwest Asian equid economies and is an early
example of intentional livestock engineering. Being the most ex-
pensive species mentioned on a price list for livestock dating to the
Hittite period (~1600 to ~1178 BCE (90), mules were obviously
highly valued.

In addition to horses, our results provide unambiguous evidence
that Neolithic, Chalcolithic, and Bronze Age people in Anatolia also
hunted hydruntines, the hemione subspecies E. hemionus hydruntinus,
which once inhabited large parts of Anatolia (41). This is not a trivial
result, because osteological identification of the hydruntine is not
obvious (41, 59), an observation confirmed in our study illustrating
disagreement between genotyping and osteological determination in
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six cases. At the same time, it also confirmed the results of an earlier
genetic study from our group illustrating that no other subspecies of
hemione populated the Anatolian plateau (41). Hence, the most re-
cent evidence in our dataset for an Anatolian hydruntine dates to
~2200 BCE, which is in agreement with results reported earlier (41).
The combined data thus suggest that hydruntines went extinct in
Anatolia during the Late Bronze Age more or less at the same time
as local wild horses perhaps in response to the same combination of
factors including increased aridity associated with the 4.2-ka event,
competition for pasture resources with growing numbers of live-
stock, and hunting pressure perhaps related to practices of elites
hunting (28).

CONCLUSIONS

Our study of ancient equid remains from Anatolia and the southern
Caucasus covering ~9000 years of the Holocene analyzed the dy-
namics over time of mitochondrial lineages and tested the hypothe-
sis that Anatolia was a center of horse domestication. We were able
to identify mitotypes characteristic of local Anatolian wild horses,
which were regularly exploited in the early and middle Holocene.
However, we identified a pattern of genetic change that does not
reflect a gradual process involving the local population but rather a
sudden appearance ~2000 BCE of nonlocal lineages that are still
present in domestic horses. We also show that these imported hors-
es exhibited coat colors that are absent in local wild horses before
domestication. Moreover, continuation of Anatolian maternal lineage
P into the Bronze Age implies some limited incorporation of local
mares into domestic herds. These patterns of change indicate that
domestic horses were introduced into Anatolia perhaps via the
Caucasus region during the Bronze Age and provide a date for the
beginning of the exploitation of domestic horses in Anatolia and
Transcaucasia. They also argue against local independent domesti-
cation of the horse in this region. Our results strongly suggest that
Anatolia was not a primary source for domestic horse lineages, but,
as observed in other regions, local matrilines were incorporated
into herds of imported domestic horses, which were also hybridized
with local donkeys to create mules. The ultimate geographic origins of
the imported domestic herds remain to be determined, but eliminat-
ing Anatolia as a source of domestication directs further attention
to the adjacent regions of the Black Sea.

MATERIAL AND METHODS

Archaeological bones

The provenance of the analyzed horse specimens is described in
section S1 and table S1.

Genetic analysis

Sample preparation, DNA extraction, DNA purification, and the fol-
lowing pre-PCR procedures were carried out in the high-containment
facility of the Jacques Monod Institute in Paris physically separated
from areas where modern samples are analyzed and dedicated ex-
clusively to ancient DNA analysis using the strict procedures for
contamination prevention previously described (62, 91). Bone spec-
imens were cleaned and ground in a freezer mill, and DNA-extracted
and purified as previously described (see section S2.1) (61, 92). Ge-
netic analyses were performed using aMPlex Torrent, a multiplex
PCR assay coupled to NGS optimized to genotype reliably highly
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damaged ancient DNA at high throughput (60, 64, 65). The approach
relies on careful design of primers that were optimized in silico and
in vitro and on the systematic replication in triplicates of each PCR
[(60) and Supplementary Materials]. Moreover, we used it in com-
bination with rigorous methods of elimination of DNA molecules
contaminating commercially purchased reagents (62) and of previ-
ous PCR amplification products with uracil-DNA glycosylase (UDG)
treatment (93), which also removes cytosine deamination products
(94). This approach proved extremely useful to retrieve selected markers
more efficiently and at much lower costs than with shotgun sequenc-
ing (15). Compared to DNA capture approaches, it provides a higher
yield, because capture approaches tend to leave gaps in the genomic
regions that are targeted, which then have to be filled via PCR ap-
proaches [(61) and Supplementary Materials].

To amplify the mitochondrial genome, primers were designed to
cover the complete mitochondrial genome with minimal primer
dimer propensity from a multiple alignment of all the equid mitogenome
sequences present in GenBank in 2014 using the software Oligo 7 as
previously described (60). The primers were then tested for efficiency
and dimer formation using quantitative real-time PCR optimized as
described before (60) and combined in three different multiplex re-
actions (see sections S2.2.1, S3.1, and S3.4.1). We proceeded in the
same way to analyze the other genetic markers. To analyze the coat
color, we chose a set of eight SNPs in seven genes for detecting basic
colors (bay, black, chestnut, and gray), diluted phenotypes (silver
and cream), spotted or painted phenotypes (overo, tobiano, and
sabino), and leopard spotting, as described previously (see sections
§2.2.2,83.2, and S3.4.2) (11). For the analysis of the Y chromosome,
we selected four anonymous Y-linked fragments (Y2B17, Y3BI,
Y3B12, and Y3B19) and two fragments of the amelogenin gene
(AME2 and AMES3), as previously described (see sections S2.2.3,
S$3.3, and S3.4.3) (54). To protect against cross-contamination be-
tween samples, we used the UDG-coupled PCR system (see sections
§2.2.1 to S2.2.3). For each sample, we then performed the six multi-
plex PCRs with different primer combinations (mtDNA, coat color,
and Y chromosome) (see section S3.4). Each extract was amplified
in triplicate, and the triplicates were pooled so that, at the end, there
were three pools for each extract. The PCR products were pooled in
a 96-well plate, and DNA libraries were prepared in an automate
Tecan Freedom EVO 100 ligating sample-specific Ion Torrent bar-
coded adaptors (see section S2.3). After amplification, the size dis-
tribution and concentration of the library were assessed on the
Agilent 2100 Bioanalyzer. Emulsion PCR and Ion Sphere Particle
enrichment were conducted with the Ion OneTouch System (Life
Technologies) using the Ion OneTouch 200 Template kit v2 DL (see
section $2.3). The DNA library was sequenced on the Ion Torrent
Personal Genome Machine (PGM) Sequencer using the Ion PGM
200 Sequencing Kit and Ion 314 semiconductor sequencing chips
(Life Technologies) (see section S2.3). Consensus sequences were
established typically from several tens to several hundreds of sequences,
and only replicated sequences were considered here.

Phylogenetic analysis of the mtDNA

A maximal likelihood phylogenetic tree was constructed from aligned
complete Equus mitogenomes using RAXML (95) and a general time
reversible nucleotide substitution model, with gamma categories and
an estimated proportion of invariant sites. Following reduction of
the mitogenomes to the fragment amplified by PCR after primer re-
moval, a phylogenetic tree was constructed using PhyML (96) with

Guimaraes et al., Sci. Adv. 2020; 6 : eabb0030 16 September 2020

four gamma categories and an estimated proportion of invariant sites
and a Tamura-Nei substitution model (97).

Statistical analysis

The probability (two-tailed P values) that the changes of mtDNA
haplotype and coat color diversity in Anatolia and the Caucasus
after ~2000 BCE could have been observed simply by chance was
estimated with the Fisher’s exact test using as nominal variables time
(before and after 2000 BCE) and genotype (OPQX versus other
haplogroups for mitochondrial haplotypes, bay versus other colors
for coat colors).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eabb0030/DC1

View/request a protocol for this paper from Bio-protocol.
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