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ABSTRACT The horse was domesticated only 5.5 KYA, thousands of years after dogs, cattle, pigs, sheep, and goats. The horse
nonetheless represents the domestic animal that most impacted human history; providing us with rapid transportation, which has
considerably changed the speed and magnitude of the circulation of goods and people, as well as their cultures and diseases. By
revolutionizing warfare and agriculture, horses also deeply inﬂuenced the politico-economic trajectory of human societies. Reciprocally,
human activities have circled back on the recent evolution of the horse, by creating hundreds of domestic breeds through selective
programs, while leading all wild populations to near extinction. Despite being tightly associated with humans, several aspects in the
evolution of the domestic horse remain controversial. Here, we review recent advances in comparative genomics and paleogenomics
that helped advance our understanding of the genetic foundation of domestic horses.

T

HE history of the domestication of the horse remains
enigmatic in several aspects due to the absence of clear
morphological and osteological differences between wild and
early domestic individuals, but also due to the scarcity of
paleontological records from some key periods, especially the
one preceding the earliest evidence of domestication. This
evidence is given by the 5500-year-old archaeological site of
Botai (modern-day Kazakhstan) (Outram et al. 2009), at a
considerable spatial and temporal distance from the Anatolian domestication centers for sheep and goats (Zeder et al.
2006). Unlike other ungulates, horses were not only used
as a source of meat and milk, but their stamina and speed
also revolutionized warfare and transportation. This also
promoted cultural exchange, including the spread of IndoEuropean languages, religions, science, and art (Kelekna
2009; Anthony 2010). With the introduction of the horse
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collar and horseshoes in agriculture, the horse was increasingly used for tilling soils, incrementing farmland productivity in medieval Europe, and remains today an essential asset
to the agriculture of the least-developed countries.
Human activities have conversely inﬂuenced, directly or
indirectly, the evolution of horses, causing a drastic reduction
of truly wild populations. After the extinction of the Tarpan
horse in 1909, which populated Eastern Europe a few centuries ago, the only surviving wild relative is the endangered
Przewalski’s horse. The latter was described in the Asian
steppes in the 1870s, and overhunted to such an extent that
it was, not .90 years later, ofﬁcially declared extinct in the
wild by the International Union for Conservation Nature. The
Przewalski’s horse survived in captivity due to successful conservation programs, which raised a stock of 12–16 captive
founders to .2000 individuals, one-quarter of which are in
Mongolian and Chinese reintroduction reserves (King et al.
2015). Once “extinct in the wild,” its current conservation
status has been upgraded to “endangered.” In parallel to
the extinction of wild populations, human-driven management, in particular through selection, has dramatically inﬂuenced the recent history of domestic horses, developing
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multiple breeds with a wide range of phenotypic peculiarities.
Although some horse breeds, such as the Thoroughbred racing
horses, are still extremely popular, a signiﬁcant part of this
great diversity is currently endangered. According to the Food
and Agricultural Organization of the United Nations (FAO
2015), 87 horse breeds are already extinct and among the
remaining 905, almost a quarter are categorized as at risk.
The population structure resulting from selective breeding
is characterized by high interbreed and low intrabreed genetic
diversity (McCue et al. 2012), and reﬂected by a huge array
of morphological and behavioral traits (Figure 1). The height
at withers, for example, extends from 70 cm in miniature
Falabella horses to over 2 m in Shire and Percheron horses;
an intraspeciﬁc range that is only exceeded by height variation in domestic dogs (Brooks et al. 2010). Domestic horses
also exhibit striking variation in coat coloration, including the
bay or bay-dun wild-type phenotypes, other basic colors like
chestnut and black, as well as dilution (e.g., cream and silver), and spotting patterns (e.g., leopard complex, tobiano,
and sabino) (Ludwig et al. 2009). Horse locomotion has also
been recurrently selected, including their ability to perform
alternate gaits, such as four-beat, lateral, or diagonal ambling. These alternate gaits come in addition to the three
natural gaits (walk, trot, and gallop), and are known to increase the comfort of the rider and positively inﬂuence racing
performance (Andersson et al. 2012; Promerová et al. 2014).
Due to pleiotropic and/or epistatic effects, some of the traits
selected in domestic breeds are, however, indirectly associated with congenital diseases (Bellone et al. 2008; McCue
et al. 2008; Sandmeyer et al. 2012). These undesirable associations can be magniﬁed by the extensive level of linkage
disequilibrium (LD) that results from the low effective population size (Ne) within breeds.
Despite the loss of DNA diversity in wild relatives, many of
the phenotypic traits and congenital diseases found in breeds
of major economic impact have been successfully mapped into
particular genomic regions (Bellone et al. 2010; Andersson
et al. 2012; Makvandi-Nejad et al. 2012). This has been facilitated by the inherent structure between modern breeds, but
also by recent methodological advances in horse genomics.
The three major milestones in horse genomics include the
relatively recent sequencing and assembly of a reference genome, which was generated from the Thoroughbred mare
Twilight (Wade et al. 2009); the development of dedicated
DNA-hybridization microarrays (McCue et al. 2012; Petersen
et al. 2013a,b), now targeting up to 670K single nucleotide
polymorphisms (SNPs) scattered across the entire genome;
and, more recently, the DNA sequencing from fossil remains,
which has commenced uncovering the genetic diversity present in extinct populations of wild horses and ancient domestic animals (Box 1).
Here, we review the recent evolution of the horse lineage,
with a main focus on the speciﬁcities of its domestication
process, including the recent demographic history and the
genetic basis underlying the domestication and makeup of
modern domestic breeds.
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Figure 1 Diversity of breed phenotypes (size, shapes, and coat colors).
(A) Falabella (image: E. H. Eckholdt, Wikimedia Commons). (B) Percheron
horses (image: Carl Wycoff; Wikimedia Commons). (C) Appaloosa with LP
coat (image: Jean-Pol Grandmont and Kersti Nebelsiek; Wikimedia Commons). (D) Przewalski’s horse (image: Ludovic Orlando at Seer, one of the
Mongolian reintroduction reserves). (E) The Arabian horse (image: Ludovic
Orlando at Riyad, Saudi Arabia). (F) Yakutian horse [image: Morgane
Gibert, Centre National de la Recherche Scientiﬁque (CNRS) UMR Anthropobiologie Moléculaire et Imagerie de Synthèse, France. Copyright Morgane Gibert-CNRS-Mountain Areas Farmer Support Organization].

Predomestication Times
The equid family emerged some 55 MYA in North America,
where it further diversiﬁed into several genera, including leaf
browsers, grazers, and mixed feeders. It later expanded into
South America and the Old World, following a complex
radiation process (MacFadden 2005). Currently, the equid
family is represented merely by the Equus genus, which—
depending on the taxonomic classiﬁcation considered—is
comprised of seven to nine species, including zebras, asses,
donkeys, and horses. Most of the past diversity is thus extinct,
especially in the Americas, which experienced a mass extinction of large mammal species (“megafauna”) during the transition from the Late Quaternary to the Holocene, some 11.7
KYA (Burney and Flannery 2005; Faith and Surovell 2009).
The underlying circumstances causing this extinction are
highly debated, with the proposed drivers including a meteorite impact 12.9 KYA (Firestone et al. 2007), a series of
anthropogenic factors (Alroy 2001; Koch and Barnosky
2006), and climate changes (Owen-Smith 1987; Guthrie
2006; Koch and Barnosky 2006).

Box 1. Ancient DNA: From Small Mitochondrial Fragments to Complete Nuclear Genomes
The history of ancient DNA research is intimately linked to the equid family since the sequencing of short mitochondrial
fragments from the extinct quagga zebra, which was achieved from DNA molecules preserved in the tissues of a museum
specimen prepared in 1883 (Higuchi et al. 1984). After 30 years, the whole nuclear genome of this species has been
characterized to an average coverage of depth of approximately eightfold, which conﬁrmed the close genetic afﬁnities
with plains zebras from Southern Africa, while unveiling genomic loci underlying their unique genetic makeup (Jónsson
et al. 2014). The development of innovative molecular methods (for a review, see Orlando et al. 2015) has clearly
facilitated the transition from the characterization of short sequences to whole-genome sequencing, improving our ability
(i) to extract ultrashort and damaged DNA fragments from archaeological material (Dabney et al. 2013; Gamba et al.
2016), (ii) to construct DNA libraries encompassing the whole extract complexity (Meyer et al. 2012; Gansauge and
Meyer 2013), and (iii) to even preferentially enrich DNA libraries for authentic ancient templates (Carpenter et al. 2013;
Fu et al. 2013; Gansauge and Meyer 2014). However, the main driver of this transition has been the advent of highthroughput DNA sequencing, which considerably increased the sensitivity and reduced both the cost and time related to
the analysis of ancient DNA extracts.
Besides the quagga zebra, other members of the horse family have also attracted the attention of researchers of ancient
DNA. These include the horse, but also the donkey (Kimura et al. 2011), and a range of extinct equine species such as the
hydruntine European ass, which ﬂourished in Central and Western Europe at least until the Iron Age (Orlando et al.
2006); the giant Cape zebra (Orlando et al. 2009); as well as North and South American specimens (Vilà et al. 2001;
Weinstock et al. 2005; Vilstrup et al. 2013; Sarkissian et al. 2015). The horse itself currently holds the world record for the
oldest genome ever sequenced, which was characterized from bone material preserved in the Yukon permafrost and dated
to 560–780 KYA (Orlando et al. 2013). More recent horse genomes have been now sequenced, including two radiocarbon
dated to 43 and 16 KYA and spanning the Upper Paleolithic (Schubert et al. 2014), one 5,200 years old from the
Holocene (Librado et al. 2015), and a handful that lived within the last couple of centuries (Der Sarkissian et al. 2015;
Librado et al. 2015). Many more are underway with the aim to reconstruct the history of genetic changes that have
accompanied the emergence of the modern horse.
In addition to whole-genome sequencing, more targeted approaches have illuminated the process of horse domestication. Already 10 years ago, a method pioneered the genotyping of functionally or evolutionarily relevant nuclear markers
from ancient specimens. It basically consisted in two-round multiplex PCR ampliﬁcations, whereby a range of short loci
(50-bp long) are ﬁrst coampliﬁed within the same tube, and then separated in different tubes following a second series
of individual ampliﬁcations (Römpler et al. 2006). Coupled with pyrosequencing, this method provided population-wide
genotype information from ancient horses along the 5,500 years of domestication, revealing coat-color modiﬁcations as
an early target of selection (Ludwig et al. 2009) and dynamic patterns of preferences in different sociocultural contexts
(Ludwig et al. 2015). In the near future, we expect that this approach will be superseded by target-enrichment methods
coupled with high-throughput sequencing. In horses, such approaches have been applied to only a limited number of loci
(Vilstrup et al. 2013; Sarkissian et al. 2015), but recent procedures enable genotyping millions of loci genome wide (Fu
et al. 2016), and even entire chromosomes (Fu et al. 2013) and genomes (Carpenter et al. 2013). This will likely facilitate
the identiﬁcation of the whole series of genetic modiﬁcations that have accompanied the recent evolutionary history of
this family, domestication and extinction processes included.

By sequencing ancient DNA preserved in sediment cores,
Haile and colleagues revealed that humans and megafaunal
species, including horses, coexisted in Alaska until at least
10.5 KYA (Haile et al. 2009), some 3700 years after the last
appearance of horses in the fossil record. These data challenge the 12.9 KYA meteorite impact as an extinction driver
(Firestone et al. 2007), and imply a coexistence with humans
of at least 2300 years (Rasmussen et al. 2014), disproving
blitzkrieg overhunting as a credible extinction process for
horses (Alroy 2001; Koch and Barnosky 2006). In line with
abundance patterns in the horse fossil record (Orlando et al.
2013), further genetic analyses conﬁrmed strong correlations
between changes in the horse effective population size (Ne)
and the climate and habitat availability (i.e., open grass-

lands) (Lorenzen et al. 2011; Orlando et al. 2013). These
ﬁndings collectively support that the extinction of wild horses
in northern America was mainly driven by a combination of
climate and vegetation changes. This evidence, however,
does not rule out the possibility of anthropogenic effects in
Eurasia, where horse remains become increasingly rare in the
fossil assemblages after the Last Glacial Maximum until the
onset of domestication.
The beginning of the Holocene, some 11.7 KYA, indeed
came with a reduction of open landscapes in Western Eurasia
(Huntley and Webb 1988), and a modiﬁcation in the distribution range of wild horses (Boyle 2006; Sommer et al. 2011;
Bendrey 2012). Simulation-based vegetation reconstructions, integrating paleo-environmental data, showed that
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Iberia and the Pontic–Caspian area were grassland steppes
during the mid-Holocene (Gallimore et al. 2005). Interestingly, these regions still represent hotspots of genetic diversity for horses, as measured by heterozygosity levels and
allelic richness at 12 autosomal microsatellites from 24 “traditional” breeds (e.g., native from speciﬁc regions). This continuity in the spatial patterns of genetic diversity suggests
that local populations of wild horses from Iberia and the
Pontic–Caspian steppes could have contributed to some extent to the genetic pool of modern-day European breeds
(Warmuth et al. 2011).

Gender-Biased Contributions to Domestication
Being paternally and maternally inherited, the nonrecombining region of the Y chromosome (NRY) and the mitochondrial
DNA (mtDNA) directly reﬂect the male and female demographic histories, respectively. Although the repetitive nature
of the NRY region makes its assembly challenging, the NRY
and mtDNA markers have provided important insights into
the domestication process for a range of livestock and domestic species (Meadows et al. 2004; Götherström et al. 2005;
Natanaelsson et al. 2006; Sundqvist et al. 2006). In horses,
however, the assembly for the whole NRY region is not available yet, as the reference genome was characterized from a
single mare individual (Wade et al. 2009). Studies targeting
speciﬁc NRY regions have shown limited variation, with
haplotypes differing by one mutational step at best, which
indicates that only a handful of paternal lines survived
until present-day in domestic horses (Lindgren et al. 2004;
Brandariz-Fontes et al. 2013; Wallner et al. 2013;
Kreutzmann et al. 2014; Han et al. 2015). By contrast, analyses initially based on the mtDNA control region (D-loop)
(Lister et al. 1998; Vilà et al. 2001; Jansen et al. 2002;
Cieslak et al. 2010), and more recently on complete mitochondrial genomes (Lippold et al. 2011a; Achilli et al.
2012), revealed horses as the domestic animal showing one
of the largest pools of mitochondrial genetic diversity.
The striking difference in paternally and maternally
inherited markers reﬂects different effective population sizes
of mares and stallions. Although this could partly result from
the horse polygamous mating system, the sequence diversity
found in ancient wild horses suggests that current levels of
variability cannot be explained without a sex-biased contribution to the domestic stock (Lippold et al. 2011b). More
speciﬁcally, the decline in NRY diversity appears to be a domestication by-product, perhaps as a result of recent breeding programs aimed at producing valuable stallions for rural
regions, as (i) the only Scythian horse sampled, dating to
2.8 KYA, exhibits an NRY haplotype different from that
found in modern individuals (Lippold et al. 2011b); and (ii)
pedigree-based analyses can trace the most common patrilines back to a few, but extremely inﬂuential, stallions that
lived 200 years ago (Wallner et al. 2013). Only the Yakutian breed is known to display substantial levels of NRY diversity (Librado et al. 2015), probably because it originated in
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the 13th to 15th century, following the migration of Mongolian tribes to the Sakha Republic (Russia) (Pakendorf et al.
2006; Crubézy et al. 2010). This area has been traditionally
isolated from main trade routes, such as the Silk Road, which
acted as gene-ﬂow corridors, shaping patterns of population
differentiation in Eurasia (Warmuth et al. 2013).
The diversity patterns found in mtDNA sequences point to a
completely different demographic history for mares. Presentday mitochondrial haplogroups are almost evenly distributed
worldwide and coalesce 93–160 KYA (Lippold et al. 2011a;
Achilli et al. 2012; Schubert et al. 2014; Der Sarkissian et al.
2015; Librado et al. 2015), a time that not only predates the
earliest archaeological evidence of domestication, but also
the expansion of anatomically modern humans out of Africa.
These studies estimated that a minimum of 17 (Achilli et al.
2012) and 46 (Lippold et al. 2011a) maternal lines successfully passed and survived into the domestic gene pool, with
the latter estimate representing 73% of the mtDNA haplotypes that were already segregating prior to domestication
(Lippold et al. 2011a). This proportion is higher than that
inferred from partial mtDNA hypervariable sequences
(34%) (Cieslak et al. 2010).
This implies that horse domestication involved a massive
incorporation of maternal lines, possibly through recurrent
restocking of wild mares during the spread of horse husbandry. This extensive introgression from the wild opens
intriguing questions about the mechanisms maintaining phenotypic traits desirable in domestic horses. It is known, for
example, that the Przewalski’s horse can hybridize with domestic horses, and produce a fully viable progeny, despite
having an extra chromosome pair (2n = 66 vs. 2n = 64 in
domestic horses). A recent study sequenced the genomes of
11 recent and 5 historical Przewalski’s horses, and compared
them to the hitherto most extensive genome data set for
domestic horses (Der Sarkissian et al. 2015). This study conﬁrmed three phases of secondary contacts between the ancestral populations of Przewalski’s and domestic horses after
their divergence 45 KYA (Figure 2). The ﬁrst phase lasted
probably until the Last Glacial Maximum and maintained
these populations connected by reciprocal gene ﬂow. The
second phase involved a drastic reduction of gene ﬂow, which
consisted only of an input of the ancestral population of
Przewalski’s horses into that of domestic horses. The extent
of gene ﬂow was apparently not reduced following domestication. However, an additional signature of reverse gene ﬂow
could be detected from domestic horses into Przewalski’s
horses, in the beginning of the 20th century, right at the
foundation of the captive stock of Przewalski’s horses (Der
Sarkissian et al. 2015).
In addition to Przewalski’s and domestic horses, complete
genome sequencing of ancient horses recently revealed the
existence of a third divergent lineage corresponding to a wild
population that inhabited the Holarctic region (Schubert
et al. 2014; Librado et al. 2015) This population is currently
known from the genomes of only three fossil specimens but
survived at least until 5.2 KYA, a period contemporary with

Figure 2 Demographic model summarizing the recent evolution of the
horse. Red arrows depict secondary contact events, with their size representing the magnitude of gene ﬂow. The area of the shaded surface is
proportional to the effective population size over time, as inferred with
the pairwise sequentially Markov coalescent program (Li and Durbin
2011). The dashed arrow from the Holoartic to the domestic population
indicates that the date for the gene-ﬂow event represented is currently
unknown. The last 18K years are zoomed in to illustrate recent evolutionary processes, such as the bottleneck experienced by the Przewalski’s
horses, and the population structure and/or expansion observed since
the horse domestication (5.5 KYA).

the early stages of the domestication process. Schubert et al.
(2014) found that this population signiﬁcantly contributed to
the genetic makeup of domestic horses, with at least 12.9% of
modern domestic genomes showing ancestry to this nowextinct lineage (Figure 2). Future work is required to delineate the geographic and temporal limits of this lineage, date
the admixture event(s), identify the genomic blocks introgressed in domestic horses, and test which blocks show signatures of positive selection.

Domestication Centers and Geographic Structure
Phylogeographic studies have ﬁrst exploited the patterns of
mtDNA variation across space, and eventually across time, to
successfully date and identify the geographic centers of domestication for a wide range of livestock species (reviewed in
Bruford et al. 2003; Groeneveld et al. 2010). In horses, how-

ever, early surveys of the hypervariable control region
showed a minimal correspondence between mtDNA haplogroups, geographic areas, and breed types (Vilà et al.
2001; Jansen et al. 2002; Cieslak et al. 2010). This lack of
phylogeographic structure was not an artifact resulting from
the limited phylogenetic information present in the hypervariable control region, since it could be further conﬁrmed
by independent studies based on complete mitochondrial genomes (Lippold et al. 2011a; Achilli et al. 2012).
The reasons for an absence of phylogeographic mitochondrial structure are manifold, and include complex interactions
between long-distance dispersal rates, extensive restocking
from the wild, as well as recent human management. According to mtDNA-based studies leveraging on fossil remains, the
ancient patterns of isolation by distance were characterized by
an almost panmitic population from the Late Pleistocene until
Early Holocene and the Copper Age (Cieslak et al. 2010). Only
at that time, the horse population started to exhibit a certain
degree of substructure within the Eurasian steppes and the
Iberian Peninsula (Cieslak et al. 2010). This ancient substructure is still faint but detectable today from autosomal microsatellites (Warmuth et al. 2011), but recent selective
breeding likely contributed to erode the corresponding signature at the mtDNA level. This is indirectly reﬂected by the
Bayesian-skyline-plot (BSP) reconstructions (Drummond
et al. 2005), which show an almost constant effective population size over time, until the domestication started, and led
to a continuous expansion (Lippold et al. 2011a; Achilli et al.
2012). Although this BSP proﬁle is generally taken as the
mark of demographic expansion postdomestication, it can
equally well result from violating the random mating assumption made by the BSP model. Selective breeding indeed
introduces reproductive islets that impede recent coalescent
events, which might mimic the genealogy of an expanding
population (Ho and Shapiro 2011; Heller et al. 2013).
In contrast to mtDNA, nuclear data display weak but
signiﬁcant patterns of isolation by distance in nonbreed horses
(i.e., remote animals maintained outside of stud farms). Fitting explicit stepping-stone scenarios of horse radiation to
26 microsatellite loci genotyped on 322 nonbreed animals,
Warmuth et al. (2012) found strongest support for domestication starting in the western Eurasian steppes (Warmuth
et al. 2012), in agreement with the earliest archaeological
evidence (Outram et al. 2009). The discovery of a second
hotspot of microsatellite diversity among Iberian breeds recently revived the question of Iberia as a possible second
domestication center (Warmuth et al. 2011). It has been proposed, for instance, that the mtDNA haplogroup D1, which is
the most-commonly found among Iberian and North-African
barb horses, reﬂects local domestication in the Iberian Peninsula (Jansen et al. 2002). However, the molecular analysis
of 22 ancient horses failed to detect the haplogroup D1 prior
to the medieval period. The limited antiquity of this haplotype within Iberia is consistent with its star-like genealogy,
suggestive of an expansion in recent times, which rules out
this haplogroup as a marker of a local domestication (Lira
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et al. 2010). Furthermore, the horse domestication that occurred in the Eurasian steppes was accompanied by an explosion of alleles involved in coat-color variation, which was not
observed in Iberia until medieval times (Ludwig et al. 2009).
Yet, the so-called Lusitano haplogroup C, which is currently
restricted to horses native from Portugal, was found to be
already present in the Neolithic and Bronze Ages (Lira et al.
2010), which leaves the possibility of a secondary domestication in Iberia open and controversial.

The Genetic Makeup of Domestic Horses
During the domestication of the horse, humans acted as strong
selective forces by favoring particular traits of interest, and
inadvertently through the use of animals for various tasks far
outside the range of their normal behavior. This resulted in a
specialization of horses for strength, aesthetics, racing performance, or endurance. Several lines of evidence suggest
selection on standing genetic variation as a major component
of this process.

Early Selection Targets
Both prehistoric cave paintings and ancient DNA data have
corroborated that some coat-color variants, including black
and bay, as well as the leopard complex spotting (LP), were
already segregating in wild populations (Ludwig et al. 2009;
Pruvost et al. 2011). The latter is particularly noteworthy
since individuals homozygous for the LP allele show congenital stationary night blindness (Bellone et al. 2008, 2010;
Sandmeyer et al. 2012). Despite its detrimental effect, the
LP allele appears to have been relatively common in early
domestic horses, based on its discovery in 6 out of the 10 samples from the Kirklareli–Kanligecit archaeological site (Turkish Thrace, dating 4.2–4.7 KYA). The LP allele thereafter
remained at undetectable frequencies until the early Iron
Age, where it was identiﬁed again in a 3300–3400-year-old
specimen from the Chicha archaeological site (western Siberia). By using the Approximate Bayesian Computation framework (Beaumont et al. 2002; Csilléry et al. 2010), the authors
estimated that this nonmonotonic variation of the LP

Figure 3 Genome-wide scan of positive selection. The shaded area
showcases a genomic region that has potentially undergone a recent
episode of positive selection, as the Zeng’s E statistic (Zeng et al. 2006)
shows an excess of high-frequency derived variants, and the levels of
nucleotide diversity (p) are lower in present-day than in a hypothetical
wild ancestor (i.e., the log ratio of their respective p values is below zero
and low over a genomic block of signiﬁcant size).
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frequency cannot be solely explained by genetic drift, but
must have involved ﬂuctuating selection, ﬁrst favoring the
LP allele during the early Bronze Age, but later counterselecting it during the middle Bronze Age (Ludwig et al. 2015).
This study highlights dynamic preferences for horse traits
and types in past human groups from different social and
cultural contexts. In addition to the LP allele, another example of selection targeting standing variation is provided by a
1617-bp deletion on chromosome 8, which prevents the development of a wild-type dun coloration (Imsland et al.
2016). Notably, this deletion has been documented in a
43K-year-old horse from the Taymyr Peninsula in Central
Siberia (Imsland et al. 2016). Overall, current data thus indicates that a relatively wide range of coat-color variants
existed in Eurasian landscapes, long before the earliest evidence of domestication.
Such studies have clearly advanced our understanding of
the recent horse evolution, especially with regard to their
domestication. They were, however, limited in scope as they
targeted only a handful of candidate loci. The whole-genome
sequencing of ancient predomestic horses (Box 1) has instead
allowed for genome-wide scans of positive selection (Figure
3), pinpointing the broader range of genetic changes associated with horse domestication. Schubert and colleagues
implemented this approach for the ﬁrst time by sequencing
the complete genomes of two prehistoric horses dating back
to 43 and 16.5 KYA, and comparing them with a range
of genomes spanning a wide panel of domestic breeds
(Schubert et al. 2014). This provided a set of 125 candidate
genes that underwent episodes of positive selection following
horse domestication, including some that were previously
identiﬁed using different approaches, such as MC1R (involved in coat-coloration patterns). It also revealed a majority of novel candidates involved in the (i) cardiac and
circulatory system, probably reﬂecting increasing energetic
demands related to the extensive horse usage in transportation and locomotion; (ii) bone, limb, and face morphogenesis
in relation to the morphological changes documented along
the domestication history; and (iii) brain development, neuron growth, and behavior, which likely contributed to the
cognitive and social changes associated with domestication.
Schubert and colleagues also estimated that the genome of
domestic horses harbors an excess of variants in genomic
positions that are highly constrained across mammals, and
are thus likely to be deleterious. This accumulation of detrimental variants is a side effect of human-driven selective
breeding. The increased variance in reproductive success,
especially in stallions, yields a reduction in the effective
population size, which compromises the effectiveness of natural selection to purge deleterious mutations (for a review, see
Charlesworth 2009). This is in line with evidence observed
from other species, such as dogs (Cruz et al. 2008; Marsden
et al. 2016), rice (Lu et al. 2006), and tomatoes (Koenig et al.
2013); indicating that human preferences have not only
favored certain variants during domestication, but also
introduced an important genomic cost represented by an

accumulation of deleterious mutations, which increased the
propensity of modern domestic breeds to develop genetic
disorders.

Engendering Modern Breeds
With a few notable exceptions, such as the Arabian, Mongolian, and Icelandic horses, breeds are relatively recent human
constructs on an evolutionary timescale. The earliest horse
studbook, that of the Thoroughbred racing horses, was created in 1791. Therefore, within the last two centuries, humans
have imposed strong diverging selection among breeds. This
low within-breed variability, and thus relatively high LD
patterns, have made the 54K SNPs targeted by the
EquineSNP50 BeadChip extremely useful for horse genetic
research (McCue et al. 2012). More recently, the Equine Genome Diversity Consortium exploited the complete genome
sequences from 20 breeds to develop an Affymetrix array
covering 670K SNPs scattered along the horse genome. In
addition to its higher SNP density, this array corrects for
known limitations of the EquineSNP50 BeadChip system,
such as the ascertainment bias toward Thoroughbred horses
(which were overrepresented in the original SNP discovery
panel) and the absence of X-chromosome markers. As the
Axiom Equine Genotyping microarray (Axiom MNEC670)
was made commercially available only since 2015, the
EquineSNP50 BeadChip has been the most popular system
in horse genomics thus far, and has been applied to address a
full range of biological questions. It was, for instance, used to
identify genomic blocks that are highly differentiated in particular breeds, as a proxy for understanding the genetic basis
of their phenotypic peculiarities (Petersen et al. 2013a).
Remarkably, the results revealed noncoding regions as
breed-speciﬁc targets of selection, in accordance with selection acting both on the coding sequence of genes, and on the
regulation of their expression. Putatively selected haplotypes
encompassed genes previously proposed to be involved in
gait (DMRT2 and DMRT3), coat color (MC1R), performance
(MSTN), and size (IGF1, NCAPG, and HMGA2) (Petersen
et al. 2013a).
Beyond representing an interesting list of selected candidates, the phenotypic consequences of these mutations were
further demonstrated in a range of functional studies. For
example, three noncoding polymorphisms around MSTN have
been associated with racing capabilities in elite and common
Thoroughbreds: (i) the g66493797T . C SNP at its ﬁrst intron (Hill et al. 2010a,b; Tozaki et al. 2010), (ii) the insertion
of a 227-bp-long short interspersed nuclear element (SINE)
at its promoter (Hill et al. 2010a), and (iii) the BIEC2-417495
SNP located 692 kb upstream of MSTN and 30 kb upstream
of the glutaminase gene GLS (Binns et al. 2010). In elite
Thoroughbreds, homozygotes for the g66493797 C allele
performed better in short (,1300 m) and fast races,
heterozygotes in middle distance races (between 1301 and
1900 m), and homozygotes for the g66493797 T allele
in long distance races (Hill et al. 2010a,b). A correlation

between genotypes at the g66493797 locus and expression
was established in untrained Thoroughbreds, with MSTN
messenger RNA levels decreasing from g66493797 C/C to
g66493797 C/T and g66493797 T/T; whereas in trained
horses, reduced but comparable MSTN expression was observed across all genotypes (McGivney et al. 2012). Moreover, and although the precise mechanisms of transcription
regulation are presently unknown, the 227-bp SINE insertion
was predicted in silico to create a CpG island, as well as few
novel putative transcription factor binding sites, which may
play a role in regulating the MSTN expression (van den
Hoven et al. 2015).
The nonsense mutation in the DMRT3 transcription factor
underpins alternate gaits in horses, such as ambling and tölt
(Andersson et al. 2012). This mutation, named “gait keeper,”
segregates at high frequencies in breeds classiﬁed as gaited or
bred for harness racing; in contrast to horses lacking this
ability which show only marginal allele frequencies
(Petersen et al. 2013a; Promerová et al. 2014). In Finnhorses
and Icelandic horses, which can perform alternate gaits, the
gait-keeper mutation was found to be beneﬁcial only for homozygous racehorses. When used in other classical riding
disciplines, such as jumping or dressage, homozygous horses
obtained lower scores than heterozygous or nongait-keeper
homozygous animals (Andersson et al. 2012; Kristjansson
et al. 2014; Jäderkvist Fegraeus et al. 2015). Different
DMRT3 genotypes thus appear to beneﬁt different types of
performance (harness racing vs. classical riding), and both
gait-keeper and nongait-keeper alleles segregate at relatively
similar frequencies (Jäderkvist Fegraeus et al. 2015).
Subtle molecular signals of positive selection, reﬂecting
complex selective regimes, including context-dependent ﬁtness and pleiotropic effects, have started to be detected. One
such case is provided by the gain-of-function mutation at the
glycogen-synthase GYS1 gene, which increases the accumulation of glycogen in skeletal muscles and facilitates a better
restoration of glycogen postexercise (McCue et al. 2008). The
GYS1 mutation is, however, also associated with the postexercise equine polysaccharide storage myopathy type 1, a disease causing a breakdown of type 2A and 2B muscle ﬁbers
(rhabdomyolysis) (McCue et al. 2008). Such deleterious effects should have purged out the GYS1 mutation from modern livestock, but it is still found at considerable frequencies
in breeds of heavy horses and with long breeding histories,
such as the Belgian draft horses (Baird et al. 2010; McCue
et al. 2010). To explain this apparent paradox, the GYS1
mutation has been proposed to represent a “thrifty” allele,
which was once beneﬁcial in the past when conditions of
regular hard work and limited nutritional input could favor
genotypes leading to a more efﬁcient storage of energy sources in the muscles. This allele would be maladaptive in modern management conditions of unlimited feeding resources
and relatively limited exercise. In line with this model, high
frequency, LD, and extended haplotype homozygosity patterns found in Belgian heavy draft horses in association with
the GYS1 mutation are unlikely to be explained under
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neutrality (McCoy et al. 2014). The mutation in GYS1 might
thus have undergone selection in the past, but the relaxed
constraints prevailing today, including a limited population
size, might ultimately lead to the disappearance of this allele
in this breed (McCoy et al. 2014). It is noteworthy that in such
cases of ﬂuctuating selection, ancient DNA can help recover
full time series of allele frequencies (Ludwig et al. 2015) and
better characterize the dynamics of underlying selective regimes (Malaspinas et al. 2012; Schraiber et al. 2016).
Controlling for the underlying demographic process is
important to accurately pinpoint the targets of natural selection. For example, Yakutian horses, which survive the most
extreme winter temperatures in the Northern hemisphere,
developed their striking cold adaptations in only 100 generations (Librado et al. 2015). The cross-comparison of the
variation present in their genome and that from non-Artic
horse breeds revealed that the few kilobases located
upstream of translation start sites harbor the highest proportion of adaptive mutations (Librado et al. 2015). Such cisregulatory candidates potentially drive the expression of
genes participating in adaptive phenotypic features, such as
hair density. Numerous genes involved in glucose metabolism
indicated that sugar-related antifreezing properties and the
ability to regulate seasonal thermogenic requirements might
also be essential to survive the Arctic cold. Interestingly, the
biological signiﬁcance of some of these candidates was corroborated in woolly mammoths (Lynch et al. 2015), where
parallel episodes of positive selection have been described at
the BARX2 and PHIP genes, associated with hair development
and insulin metabolism, respectively. Similarly, human
groups from Siberia (Cardona et al. 2014) also show adaptive
footprints at the PRKG1 gene, which participates in shivering
by regulating blood vessel constriction. Altogether, such patterns of convergent evolution support regulatory changes as a
key mechanism for driving rapid adaptive processes, mainly
because these regions offer an important fraction of the segregating variation readily available for natural selection. Considering the equally short evolutionary timescale related to
the formation of modern horse breeds, the role of noncoding
regions in modern horse phenotypes will thus likely receive a
lot of attention in the near future, especially in light of the
Functional Annotation of Animal Genomes (FAANG) consortium, which aims at cataloging all the “functional” elements, protein coding or not, present in the horse genome
(Andersson et al. 2015).

Conclusions
In this review, we have shown that the horse domestication
process was complex and involved continuous genetic restocking from the wild, in a sex-biased manner, mostly from mares
(Vilà et al. 2001; Jansen et al. 2002; Achilli et al. 2012;
Warmuth et al. 2012). The absence of genetic isolation
between domestic livestock and wild ancestors observed
in the horse does not stand as an exception though, but is
increasingly recognized in other domestic animals, such as
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cattle (Park et al. 2015) and pigs (Frantz et al. 2015). Understanding how distinct phenotypic features can be maintained in the presence of homogenizing gene ﬂow thus seems
to become one central question common to most, if not all,
animal domestication processes. Developing comparative genomics approaches such as those aimed at identifying genomic islands of speciation (Turner et al. 2005)—the process
underlying species formation and ultimately genetic isolation—will likely help solve this nascent paradox in the near
future.
In addition to revealing the true extent of gene ﬂow, in
particular from yet-unrecognized and extinct wild lineages
(Schubert et al. 2014), ancient DNA has also showed that
the domestication process was quite dynamic and uneven
through space and time, as particular human groups selected
different phenotypic traits (Ludwig et al. 2015). This suggests
that the history of changes that accompanied the early domestication of horses and their further transformation in the
course of history will be difﬁcult, if not impossible, to reconstruct from current patterns of genetic diversity. Indeed, the
latter mostly reﬂect the recent history of intensive selection
and extensive admixture that followed the development of
breeds since the 18th century. As such, it pleads for increased
ancient genome surveys of horse remains spread across the
whole temporal and geographic range where the human–
horse relationship developed. We expect that similar investigations will also largely advance our understanding of
domestication processes when applied to other domestic
animals. This work has already started in cattle (Edwards
et al. 2007; Bollongino et al. 2008; Orlando 2015; Park
et al. 2015; Scheu et al. 2015), dogs (Ollivier et al. 2013;
Thalmann et al. 2013), swine (Edwards et al. 2007; Meiri
et al. 2013; Ottoni et al. 2013; Frantz et al. 2015; Ramírez
et al. 2015), and chickens (Flink et al. 2014).
Recent work based on ancient DNA has revealed that,
beyond genomes, ancient genome-wide methylation and nucleosome maps can be reconstructed using patterns of DNA
degradation along the genome (Gokhman et al. 2014, 2016;
Orlando and Willerslev 2014; Orlando et al. 2015; Pedersen
et al. 2014). Combined with current efforts of the FAANG
consortium (Andersson et al. 2015), such approaches promise to reveal the true extent of past individual plasticity and
how patterns of gene regulation were modiﬁed in response to
new domestication/selection targets. Additionally, the recent
discovery that dental calculus represents a fantastic source of
ancient microbial DNA (Adler et al. 2013) and genetic traces
of major components of the diet (Warinner et al. 2014), encourages the genetic investigation of dietary changes and
modiﬁcation of the oral microbiota that accompanied horse
domestication. We anticipate that, together with ancient genome and epigenome reconstruction, these approaches will
reveal the true extent of biological transformation that forged
the modern horse.
Finally, as informative as the genetic analysis of fossils can
be, it remains that a growing number of domestic breeds are
currently endangered. It is thus important to undertake

massive genetic efforts aimed at their conservation both as a
unique biological heritage of traditional human activities and
as an invaluable resource of variation for future selection
programs.
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