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The rich fossil record of the family Equidae (M alia: Perisso-

dactyla) over the past 55 MY has made it an icon for the patterns

and processes of macroevolution. Despite this, many aspects of
equid phylogenetic relationships and taxonomy remain unre-
solved. Recent genetic analyses of extinct equids have revealed

unexpected evolutionary patterns and a need for major revisions

at the generic, subgeneric, and species levels. To investigate this

issue we examine 35 ancient equid specimens from four geo-

graphic regions (South America, Europe, Southwest Asia, and

South Africa), of which 22 delivered 87-688 bp of reproducible

aDNA mitochondrial sequence. Phylogenetic analyses support a

major revision of the recent evolutionary history of equids and

reveal two new species, a South American hippidion and a descen-

dant of a basal lineage potentially related to Mi iddle Pleistocene

equids. Sequences from specimens assigned to the giant extinct
Cape zebra, Equus capensis, formed a separate clade within the
modern plain zebra species, a phenotypicically plastic group that
also included the extinct quagga. In addition, we revise the
currently recognized extinction times for two hemione-related
equid groups. However, it is apparent that the current dataset

cannot solve all of the taxonomic and phylogenetic questions

relevant to the evolution of Equus. In light of these findings, we

propose a rapid DNA barcoding approach to evaluate the taxo-

nomic status of the many Late Pleistocene fossil Equidae species

that have been described from purely morphological analyses.

DNA taxonomy | equid evolution | macroevolution | phylogeny | ancient
DNA

diverse animals, exhibiting tremendous body-size plasticity and
modifications in tooth morphology (4). This explosive diversifica-
tion has been accompanied by several stages of geographic exten-
sion from North America to the rest of the New and Old Worlds,
so that by the end of the Miocene (S MYA) more than a dozen
distinct genera are represented in the fossil record (4) (Astrofuppus,
Calippus, Cormohipparion, Dinohippus, Hippidion, Nannipus, Neo-
hipparion, Onohippidium. Plesippus. Pliohippus, Protohippus.
Pseudhipparion, Sinohippus, Old World Hipparion). Nearly all of
this diversity is now extinct, with all living members of the Equidae
assigned to a single genus Equus (4-5), which includes caballines
(true horses, E. caballus and E. przewalskii) and noncaballines:
hemionids (E. hemionus and E. kiang for Asian and Tibetan wild
asses, respectively). African wild asses (E. africanus. ie.. wild
ancestors of the domestic dunkc)sF usmm) and zebras (E. quagea,
E. Imnmumuze’h zcbm and 9 gy ains, mountain, and
as (E. bulrlulll)hau,

(10-11).
Importantly, man|
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The rich fossil record of horses has made them a classic example of evolutionary procw owever, wyﬂe the overall
picture of equid evolution is well known, the details are surprisingly poorly understood, _e_sgg;idﬁy for the later

Pliocene and Pleistocene, ¢. 3 million to 0.01 million years (Ma) ago, and nowhere more.s *,gh,anlﬁthgu_ﬁ\’eri ‘%Jhﬁtgﬂ
is no consensus on the number of equid species or even the number of Wu’;\g I ‘e‘:‘if; nents,

ef-that ‘existedin-
Likewise, the origin of the endemic South American genus Hippidion is unresolved, as is the phylogenetic position of
the “stilt-legged" horses of North America. Using ancient DNA sequences, we show that, in contrast to current models
based on morphology and a recent genetic study, Hippidion was phylogenetically close to the caballine (true) horses,
with origins considerably more recent than the currently accepted date of ¢. 10 Ma. Furthermore, we show that stilt-
legged horses, commonly regarded as Old World migrants related to the hemionid asses of Asia, were in fact an
endemic North American lineage. Finally, our data suggest that there were fewer horse species in late Pleistocene
North America than have been named on morphological grounds. Both caballine and stilt-legged lineages may each
have comprised a single, wide-ranging species.

Citation: Weinstock J, Willerslev E, Sher A, Tong W, Ho SYW, et al (2005) Evolution, systematics, and phylogeography of Pleistocene horses in the new world: A molecular
perspective, PLoS Biol 3(8): e241. Erova
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The Equidae have a long evolutionary history that has interested palacontologists for a long time. Their
morphology-based taxonomy. however, is 3 matter of controversy. Since most equid specics are now
extinct, the phylogenetic tree based on genetic data can be established only imperfectly via deduction
of present day genomes and little is known about the past genetic diversity of these specics. Recent

studies of ancient DNA preserved in fossil bones have led to a simplification of the phylogenetic tree and
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the classification system. The situation is still particularly unclear for the wild asses whose geographical
distribution in the Pleistocene and the carly Holocene stretched from Northern Africa to Eurasia before
they became endangered or extinct. Therefore, we performed a phylogeographic study of bone remains
of wild asses covering their former geographic range over the past 100,000 years based on the analysis of
ancient mitochondrial DNA, Here, we will not show but rather discuss our results calling the morphology -
based classification into question and indicating that morphological criteria alone can be an unreliable
index in inferring various equid species. Indeed, the diversity of mitochondrial lincages in populations
with similar morphology along with genetic signatures shared between morphologically distinct animals

reveal a significant morphological plasticity among Fquus species, The classification of palacontological
specices based on morphological and genetic criteria will be discussed.

© 2011 Elsevier GmbH, All rights reserved,

sequences obtained from the Caucasian E. hydruntinus samples rep-
resent caballine haplotypes that are now extincet (or were never
sampled) and so do some of the samples that had been determined
pal logically as E. caballus. Since all these sequences were
obtained more than once from PCR products produced under rig-
orous experimental conditions in a high-containment laboratory
dedicated to ancient DNA research and in addition using UQPCR
that climinates carry over contamination prior to PCR, we consider
it highly unlikely that they are due to laboratory contamination.
Moreover, the substitutions are not due to chemical transforma-
tions during bone diagenesis either and the sequences can therefore
be considered authentic. For one of the Serbian and one of the
Caucastan mitochondrially caballine samples, we also obtained a
characteristic caballing . pme-specific sequence so that
we could excludet possibility tha corresponding animal was
a hybrid.
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7. Discussion

7.1. Ambiguities, biases and uncertainties in palacontological
determination of equid bones
;l_'lhc hylogenctic tree of the Fquidae based on morphological
criteria csf‘aginslﬁa ©On a rich Tossil record comprises a multtude o
species and suSs&les That arc CONtrovers al‘y discussed. Indeed,
as discuss above, identification is a matter of considerable dif-
culty and debate (Payne. 199 }i Recent advances in ancient DNA
technology Nave made the reanalysis of a4 number Of ancient Lquus
samplcs possible, which has led to grogosals TOr TaXONOMIC Ievi-
Slons at the generic, subgencric, and 5, Tes Ievels (Orlando et al.
006, I Wemnstocketal., 2 L In particular, while T
AMmerican Enppaanons were considered to descendants ofthe Pl
hippines based on their distinct nasal morphology. the mitochon-
drial DNA of several hippidion specimens from Argentina formed
a tight haplogroup within a larger paraphyletic group of Equus,
suggesting cither that hippidions and living Equus belong to the
same genus or that living equids should be split into several genera
(Orlando et al., 2003, 2006, 2009: Weinstock et al., 2005). Similarly,
the South American subgenus Amerhippus that was considered on
morphological grounds to be rather Equus-like (Azzaroli, 1998),
had a mitochondrial haplotype that clustered with the caballine
horses (Orlando et al., 2008 ). Moreover, the group of the stilt-legged
equids of North America, that were morphologically similar to the
Asiatic wild asses, were shown through mitochondrial aDNA anal-
ysis to be endemic to the New World and to harbour fewer species
than deduced from morphological criteria (Weinstock et al., 2005).
Finally. it was proposed recently on the basis of ancient mito-
chondrial DNA data to synonymize Cape zebras, quaggas and plain
zebras, on the one hand, and E hydruntinus and E. hemionus, on
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The rich fossil record of the family Equidae (Mammalia: Perisso-  diverse animals, exhibiting tremendous body-size plasticity and
da?la) over the past 55 MY has made it an icon for the patterns  modifications in tooth morphology (4). This explosive diversifica-
and processes of macroevolution. Despite this, many aspects o tion has been accompanied by several stages of geographic exten-

equid phylogenetic relationships and taxonomy remain unre-  sion from North America to the rest of the New and Old Worlds,
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The rich fossil record of horses has made them a classic example of evolutionary processes. However, while the overall
picture of equid evolution is well known, the details are surprisingly poorly understood, especially for the later
Pliocene and Pleistocene, c. 3 million to 0.01 million years (Ma) ago, and nowhere more so than in the Americas. There
is no consensus on the number of equid species or even the number of lineages that existed in these continents.
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