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Horses, asses, and zebras belong to a single genus, Equus, which
emerged 4.0-4.5 Mya. Although the equine fossil record represents
a textbook example of evolution, the succession of events that gave
rise to the diversity of species existing today remains unclear. Here
we present six genomes from each living species of asses and zebras.
This completes the set of genomes available for all extant species in
the genus, which was hitherto represented only by the horse and
the domestic donkey. In addition, we used a museum specimen to
characterize the genome of the quagga zebra, which was driven to
extinction in the early 1900s. We scan the genomes for lineage-spe-
cific adaptations and identify 48 genes that have evolved under
positive selection and are involved in olfaction, immune response,
development, locomotion, and behavior. Our extensive genome
dataset reveals a highly dynamic demographic history with synchro-
nous expansions and collapses on different continents during the
last 400 ky after major climatic events. We show that the earliest
speciation occurred with gene flow in Northern America, and that
the ancestor of present-day asses and zebras dispersed into the Old
World 2.1-3.4 Mya. Strikingly, we also find evidence for gene flow
involving three contemporary equine species despite chromosomal
numbers varying from 16 pairs to 31 pairs. These findings challenge
the claim that the accumulation of chromosomal rearrangements
drive complete reproductive isolation, and promote equids as a fun-
damental model for understanding the interplay between chromo-
somal structure, gene flow, and, ultimately, speciation.

equids | evolutionary genomics | speciation | admixture |
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he rich fossil record of the equid family has provided one of

the most famous examples of evolutionary transition. It
illustrates 55 million years of anatomic changes, starting from
small three- to four-toed ancestors and leading to the one-toed
ungulates that survive today (1). Although equids originated in
the New World, they diversified into several dozens of recog-
nized genera adapted to a diversity of environments in both the
Old World and the New World during the Miocene and Oligo-
cene (1). Most of this past diversity is now extinct, and all living
members of the equid family belong to a single genus, Equus,
which most likely emerged some 4.0-4.5 Mya (2).

Along with domestic horses and donkeys, current living equids
include asses and zebras, with natural habitats spread across
Africa and Eurasia. In Eurasia, hemiones (Equus hemionus) and
Tibetan kiangs (Equus kiang) represent the so-called Asiatic wild
asses. Although historically found across a wide geographic range,
including Mongolia, Central Asia, Anatolia, and Russia, hemiones
are now classified as endangered by the International Union for
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Conservation of Nature. Their current range is restricted to the
border of Mongolia and China, as well as small distant regions in
which a number of local subspecies are recognized, including the
Iranian onager (3). In contrast, Tibetan kiangs, whose International
Union for Conservation of Nature status is “least concern,”
inhabits a wide range of the Tibetan plateau, reaching altitudes as
high as 5,400 m.

Wild asses also can be found in Africa, where they are repre-
sented by the critically endangered Somali wild asses (Equus afri-
canus somaliensis) and Nubian wild asses (Equus africanus
africanus) from arid and desert habitats of Egypt, Erithrea, Ethio-
pia, and Somalia (4). African equids also are represented by three
species of zebras, one of which, the Grevy's zebra (Equus grevyi), is
currently endangered. Historically, the latter was distributed in the
desert of Erithrea, overlapping with the range of Somali wild asses,
but is now restricted to more southern territories, namely Ethiopia
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Thirty years after the first DNA fragment from the extinct
quagga zebra was sequenced, we set another milestone in
equine genomics by sequencing its entire genome, along with
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World, spread across the Old World 2.1-3.4 Mya, and finally
experienced major demographic expansions and collapses co-
inciding with past climate changes. Strikingly, we find multiple
instances of hybridization throughout the equine tree, despite
extremely divergent chromosomal structures. This contrasts
with theories promoting chromosomal incompatibilities as driv-
ers for the origin of equine species.
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and Kenya (5). A second species of zebra, the plains zebra (Equus
quagga), represents the most abundant African equid, found from
Ethiopia to South Africa and as far west as the coast of Namibia.
The last African equid, the mountain zebra (Equus zebra), also is
found in Namibia, along with patchy isolates in South Africa.

The succession of events that gave rise to the full diversity of
extant species remains unclear, mainly because the paleontologic
record has been split into an excessive number of taxonomic
assemblages and is incomplete in some regions of the world (6,
7). In addition, the available genetic information is relatively
limited, with complete genomes available only for the horse and
the domestic donkey (2, 8, 9). Moreover, only a handful of mi-
tochondrial genomes (10) and nuclear genes (11), along with
limited genome-wide single nucleotide variants (SNVs) ascer-
tained to horses (12), have been characterized. Although wild
populations have been genetically monitored for mitochondrial
variation (13, 14) and microsatellite data (15), the amount of
genetic information available is incompatible with detailed
reconstructions of their population history.

In this study, we generated the first complete whole-genome
dataset of extant species in the equid family, complemented by the
genome of the quagga zebra, a recently extinct conspecific of the
plains zebra (16). In the process, we also have provided a valuable
resource for the genetic management of endangered species. We
used the genome information to investigate the tempo and mode
of speciation of equids and to identify their past population history
over the last 4 million years at an unprecedented level of detail.
Equid species are known to exhibit very divergent karyotypes,
ranging from 16 to 33 chromosomal pairs (17), which might have
acted as a barrier to gene flow (18, 19); thus, we also used our
genome dataset to investigate whether this chromosomal plasticity
influenced the population history of equids.

Results and Discussion

We prepared indexed DNA libraries from the blood of captive
animals for the Somali wild ass (SOM), onager (ONA), Tibetan
kiang (KIA), and Grevy’s (GRE), mountain (HAR), and plains
(BOE) zebras. Ancient DNA was extracted from the hairs of the
extinct quagga (QUA) in dedicated clean laboratory facilities,
where indexed DNA libraries were prepared as well (SI Appen-
dix, sections 1 and 2). We generated and aligned 7.3 billion
reads against the horse reference genome (8) and a draft as-
sembly for the domestic donkey (2). Applying stringent filters, we
achieved average genome coverage of 13.3x-21.5x for living
equids and 7.9x-8.1x for the extinct quagga (SI Appendix, Tables
S8 and S9). Sequencing error rates were low after quality fil-
tering (0.009-0.040% per base) for all except the extinct quagga
(0.454%), for which typical signatures of DNA degradation
support data authenticity (SI Appendix, sections 2.6 and 2.7).

We identified 55.9 million SNVs across the extant species
(Fig. 14), most of which were intergenic (SI Appendix, Tables
S12-S18). We compared those against a dataset of 54,000
SNVs (12) and found that our individuals clustered with conspecific
members (SI Appendix, Figs. S19-S22). From our full set of SNV,
we identified 14.9 million potentially ancestry-informative mark-
ers as variants segregating in a single species (SI Appendix, section
3.3). This represents a valuable resource for wildlife management,
given the limited genetic information hitherto available (12-14) and
the fact that three species are either classified as endangered (ONA
and GRE) (3, 5) or critically endangered (SOM) (4).

We next compared the inbreeding present in our genomes and
previously reported horse (TWI) and donkey (DON) genomes
(Fig. 1B). No inbreeding was detected for the plains zebra or
mountain zebra. In contrast, the Somali wild ass appeared to
be extremely inbred, as expected from its pedigree (SI Appen-
dix, section 3.4). In all other extant species, levels of inbreeding
were greater than expected based on pedigree information.
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Fig. 1. SNV overlap, heterozygosity, and inbreeding. (A) Number of SNVs
identified with respect to horse, in millions. Smaller bars indicate the
overlap with the other species sequenced in this study and the donkey
(DON) from Orlando et al. (2). (B) Genome-wide distribution of hetero-
zygosity values inferred from the 6-Watterson estimator in 50-kb blocks.
The analysis was restricted to transversions for comparison with the QUA
sample.

Interestingly, the extinct quagga showed a similar level of in-
breeding as a captive Przewalski’s horse sequenced previously (2).
We reconstructed the equine phylogeny using maximum like-
lihood inference and 20,374 protein-coding genes (Fig. 2B). The
topology is in line with previous reports based on complete mi-
tochondrial sequences (10) and 50 k genome-wide SNVs (12).
Noncaballine equids were found to cluster into monophyletic
zebras and asses, separating 1.69-1.99 Mya. This is significantly
younger than previous estimates based on limited genetic in-
formation (10, 11). African and Asiatic asses diverged soon after
(' 1.47-1.75 Mya), in agreement with the appearance of donkeys
in the fossil record (20). A parallel radiation occurred in Africa
1.28-1.59 Mya, leading to the three main species of zebras within
200 ky (SI Appendix, section 6). The extinct quagga was con-
firmed to be closely related to the plains zebra (10, 16, 21).
Living equids exhibit strikingly divergent karyotypes, ranging
from 16 chromosome pairs in mountain zebras to 33 chromo-
some pairs in Przewalski’s horses (17). We inferred the most
likely karyotype of each phylogenetic branch and found overall
higher rates of chromosomal loss than chromosomal gain, in line
with an Equus ancestor having 38-42 pairs of chromosomes and
the known prevalence of Robertsonian fissions/fusions in equids
(22) (Fig. 24). Particularly high rates of chromosomal changes
were observed for three branches. The first two of these branches
correspond to the caballine/noncaballine divergence, suggesting
extremely karyotypic plasticity 4.0-4.5 Mya with 8.34 and 17.7
chromosomal gains and losses already accumulated by the time of
the most recent common noncaballine ancestor ( 1.69-1.99 Mya).
The third branch, leading to mountain zebras, experienced almost
four times more chromosome losses than gains, resulting in the
smallest number of chromosomes in the entire genus (2n = 32).
We next mapped mutations on the equine tree and identified
signatures of selection. We found an acceleration of gene loss in
the branch ancestral to asses (Fig. 2B and SI Appendix, section 6),
with rates remaining high in African asses but returning to zebra-
like levels in Asiatic asses. We identified 84 mutations in micro-
RNAs, 58 of which were specific to a single lineage and repre-
senting potential candidates for regulatory changes. We detected
48 genes with dN/dS rates suggestive of positive selection (Fig. 2B
and SI Appendix, section 7). This finding reveals key adaptive
changes that participated in the genetic makeup of each equine
species, with functions involved in cellular interactions (DSGI,
NCAN, TBCID2) and trafficking (MYO5C, ZW10), metabolism
(ACCS, SLC9A44, HMGCR), development (SEMASA, FAT2), ol-
faction (BPIFB4), and immunity (I7IH4, SIGLEC]I). Interestingly,
mountain zebras showed positive selection signatures at VPSI134,
a gene associated with locomotory and behavioral disorders (23, 24),
possibly in relation to their high sociability. The antiporter SLC944,
involved in pH regulation and countering of adverse environmental
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Fig. 2.

Equine phylogeny, selection scan, and karyotypic and mutational changes. (A) Inferred number of chromosome pairs for each ancestral node. (B)

Phylogenetic chronogram of lineage divergence in equids based on a relaxed molecular clock. All nodes received 100% bootstrap support. The names of the
genes showing evidence of positive selection are reported above the branches concerned. The numbers provided below branches refer to rates of gene loss
and chromosome gains and losses, respectively. The numbers of chromosome pairs (dominant form) are indicated below species names.

conditions, was found to be positively selected in plains zebras,
which experience a wide range of environments throughout their
geographical range. Similarly, the axonal guidance factor SEMAS5A,
associated with cranial vascular patterning in mice (25) and hippo-
campal volume (26) and autism in humans (27), was found to have
undergone positive selection in the extinct quagga.

We next reconstructed the population history of each species,
which revealed extremely dynamic demographic profiles (Fig. 3).
Most species expanded after the Eemian ( 125 kya) before col-
lapsing during the last 30 ky, possibly related to the climatic
changes of the Late Pleistocene. This post-Eemian expansion sig-
nal was weaker for Grevy's zebras and Somali wild asses and absent
for kiangs. An earlier period of expansion—collapse, peaking 200-
250 kya, was inferred for horses, onagers, and plains zebras during
the interglacial marine isotope stage 7 (28), a time when the
population size of other species was limited. This suggests that
major climatic changes allowed synchronous expansions of some
species living in different continents, where they successfully
exploited the increasing availability of their ecological niches.
Earlier demographic trajectories were asynchronous for horses,
asses, and zebras, suggesting complex ecological dynamics in
Africa, Eurasia, and America before 400 kya.

We estimated population time splits using the first divergence
date in the demographic profiles of sister species and coalescent-
based simulations (Figs. 3 and 4 and SI Appendix, section 9). We
found that the early population split between Asiatic and African
asses occurred 1.7 Mya. Onagers and kiang populations diverged
more recently ( 266-392 kya), whereas the three populations of
living zebras had already diverged 1.1 Mya. The extinct quagga
split from the plains zebra population only 233-356 kya.

Using the D statistics approach (29), which tests for an excess of
shared polymorphisms between one of two closely related lineages
(E1 or E2) and a third lineage (E3), we investigated whether
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equine populations are connected by gene flow (SI Appendix,
Tables S39 and S40). Admixture was supported between the kiang
and the donkey [D(ONA,KIA;DON,TWI) = 0.02, z-score = 6.05],
but not with the Somali wild ass. This indicates that gene flow was
not reciprocal and occurred mainly from the kiang (or a closely re-
lated population) into the donkey population after the African ass
population split 126-188 kya (Fig. 4). The D statistics also sup-
port an excess of shared polymorphisms between asses and zebras,
with a large majority of the significant tests (19 of 24) involving the
Grevy'’s zebra and/or Somali wild ass [D(asses,SOM;GRE, TWI) =
0.03-0.144; z-score = 5.95-29.71]. D statistics within 1-Mb win-
dows were strongly correlated when varying the species consid-
ered for E3 (SI Appendix, Figs. S43 and S44), as expected for
closely related species (SI Appendix, section 8.3). This finding
suggests that the same genomic blocks, and thus the same ad-
mixture event, was in fact driving these results. Given the pre-
dominance of Grevy’s zebra and the Somali wild ass in significant
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Fig. 3. PSMC demographic profiles for all extant equid species over the last
2 million years.
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Methods

Genome Sequencing.DNA from hairs of the extinct quagga were extracted
and prepared into indexed lllumina libraries in the ancient DNA facilities of
the Centre for GeoGenetics. DNA from the six extant equine species was
extracted in other laboratory facilities, one species per extraction session,
together with one extraction blank. lllumina sequencing was performed on

a HiSEq 2000 platform at the Danish National High-Throughput DNA Se-
quencing Centre ( SI Appendix, sections 1 and 2).

Read trimming, mapping, and variant calling were performed with the
PALEOMIX pipeline (36). Postmortem DNA damage was quantified and vi-
sualized using mapDamage2.0 (37). Average sequencing error rates were
determined relative to the genome of the Somali wild ass, assuming that the
species are equally distant to the horse reference genome ( SI Appendix,
section 2).

Genomic Variation. The variant calls from PALEOMIX were used to define
species or clade specific markers among the sequenced individuals, including
ancestry informative markers. Heterozygosity per individual was quantified
with the  -Watterson estimator in 50-kb windows (10-kb step size) using
angsd (www.popgen.dk/angsd ). The level of inbreeding was estimated based
on the genomic coverage of low-heterozygosity tracts, as described pre-
viously (38). Contamination levels were quantified by the fraction of non-
majority bases at clade-informative SNV, defined with markers from McCue

et al. (12) and the known mitochondrial diversity for all equid groups ( Sl
Appendix , sections 3 and 4).

Demographic Inference. Demographic profiles were estimated with a pairwise
sequential Markov coalescent (PSMC) (39) for all species except quagga,
owing to insufficient coverage. The spread of the estimates was assessed
with 100 bootstraps corresponding to sampling with replacement of 100
random genomic segments (500 kb). For low-coverage ( <20x) genomes,
uniform false-negative rates were determined empirically using down-
sampled datasets, by recovering the original PSMC profiles for samples with
higher coverage ( >20x) (SI Appendix, section 5).

Phylogenomic Inference. A maximum likelihood framework as implemented
in PALEOMIX was used for phylogenomic reconstructions (36), and molecular
dating was done using r8s (40). Nonsynonymous mutations in coding se-
quences and putative regulatory variants were mapped parsimoniously on
the resulting phylogenetic tree. The most likely karyotype for each node of
the equine tree was estimated using chromEvol (41) and known karyotypes
for extant species ( SI Appendix, section 6).

Selection Scans.Selection scans based on dN/dS ratios were performed using
PAML (42) and a false-discovery rate-modulated Monte Carlo framework
(43) to assess the significance. Putative regions under selection were iden-
tified by tracking local declines in the genetic diversity of predefined equine
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D statistics values are calculated within 1-Mb nonoverlapping windows

groups using -Watterson estimates from angsd, calculated within 50-kb
sliding windows (' SI Appendix, section 7).

Population Admixture. Admixture tests were implemented using D statistics (29)
calculated in 10-Mb windows, and subsequently jackknifed (44) to statistically
assess significance. Windows of 1 Mb were used to quantify the correlation
among the D statistics when varying the E3 spe cies in the subsequent tests (E1,
E2;E3,0utgroup). The f3 statistics were calculated using the TreeMix imple-
mentation (45), with the spread of the estimate assessed by the accompanying
block resampling using groups of 10,000 variants (S| Appendix, section 8).

Population Divergence. Recent population splits were timed using F-statistics
(46) coupled with coalescent simulations and approximate Bayesian computa-
tion (SI Appendix, section 9), following the procedure described by Orlando
et al. (2).

Speciation Mode. The hidden Markov coalescent framework CoalHMM (30)
was used to estimate the mode (allopatry or with gene flow) and times of
the pairwise equine population splits. The demography parameters were
estimated in 10-Mb nonoverlapping windows, and the Akaike information
criterion (47) was used to determine the mode of the split.

In addition, the joint site frequency spectrum (SFS) for the African asses
and the horses served as input for a i(48). The a i model selection was
performed using a likelihood rati o test. The precision of the P value
was assessed by sampling one site per nonoverlapping (100-kb) window
across the genome and applying a i on the sampled SFS (S| Appendix,
section 10).

Chromosomal Structure and Gene Flow. Onager cytogenetic characteriza-
tion was done at the Gluck Center, University of Kentucky, using FISH of
horse BAC clones. Karyotype-variant regions (KVRs) were defined as min-
imal regions amid cytogenetic marker s (17) enclosing a structural differ-
ence between the species. The local D(SOM,DON;GRE,TWI) statistics (1 Mb)
were modeled with a linear random-e ffects model with a KVR random
effect. The modeling was implemente d with Ime4 (49), and the signifi-
cance of the KVR parameter was asse ssed with a parametric bootstrap ( Sl
Appendix , section 11).

Data Availability. The sequencing data generated in this study for QUA, BOE,
GRE, HAR, KIA, ONA, and SOM have been deposited in the European Nu-
cleotide Archive (accession no. PRIEB7446).
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