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Abstract

 

Equus hydruntinus

 

 inhabited Europe and the Middle East for more than 300 000 years. For
a long time, palaeontological data failed to place 

 

E. hydruntinus

 

 into the equid phylogenetic
tree, confronted with the fact that it shares primitive 

 

Equus

 

 characters with both zebras and
asses, and derived characters with asses and hemiones. However, the study of a recently
discovered skull points to a relationship with hemiones. Extraction of DNA from ancient
samples from Crimea (

 

E. hydruntinus

 

) and Iran (

 

E.

 

 cf. 

 

hydruntinus

 

) yielded 134–288 bp of the
mtDNA control region and 143 bp of the cytochrome 

 

b

 

 gene. This DNA analysis supports the
proximity of 

 

E. hydruntinus

 

 and 

 

Equus hemionus

 

 suggested by skull and limb bone analyses,
and rejects proximity to either 

 

Equus burchelli

 

 or the asses suggested by tooth morphology.
Dental morphology may thus be of poor taxonomical value if used alone for establishing
equid phylogenetic relationships. Furthermore, the small genetic distance between 

 

E.

 

 cf.

 

hydruntinus

 

 of Iran and the classical 

 

E. hydruntinus

 

 of Crimea suggests that both samples
belong to the same species. Accordingly, the geographic range of 

 

E. hydruntinus

 

 — until
now believed to be restricted to Europe, Israel, and Turkey — can be extended towards East
as far as Iran.
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Introduction

 

Since the equid family has been a famous model to describe
evolutionary processes for more than a century (Huxley
1870; Gould 1994), it is hard to imagine that the phylogenetic
relationships between some equids are still debated. It
should be remembered, however, that only skulls, teeth,
and bones fossilize, not coat colour, stripes, and behavioural
traits, which are used as tools for stating the taxonomy
status of extant individuals. Among fossilized remains,
skulls are the best taxonomic indicators as they enable
researchers to discriminate between the six most commonly

recognized extant subgenera (Eisenmann 1979, 1998; Groves
& Willoughby 1981). Although less reliable for taxonomy,
teeth or limb bones provide useful insights into ecology
and feeding. In this context, the taxonomy of the extinct

 

Equus hydruntinus

 

, almost exclusively represented by teeth
and limb bones until very recently, has always been
problematic.

The oldest 

 

E. hydruntinus

 

 specimens excavated in Lunel-
Viel (South of France) are about 350 000 years old (Bonifay
1991). Numerous fossils have also been found in Italy and
Crimea. The extinction of 

 

E. hydruntinus

 

 is relatively recent:
the species still appears in some European Iron Age sites
(Wilms 1989) and may be mentioned in Portuguese
manuscripts dating to the Middle Ages (Antunes 2006).

 

E. hydruntinus

 

 is an enigmatic species, combining primitive
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characters observable 2 million years ago (Ma) in the
Eurasian 

 

Allohippus stenonis

 

 and in African zebras today with
derived features typical of modern hemiones and asses.
Figure 1 summarizes the lack of consensus between the
palaeontological models describing the phylogenetic
relationships between 

 

E. hydruntinus

 

 and other equids.
Because of its slenderness and cursorial limb proportions,

 

E. hydruntinus

 

 is most commonly referred as the ‘European
ass’. But when the teeth, rather than the limbs, are con-
sidered, 

 

E. hydruntinus

 

 appears closely related to modern plains
zebra (Davis 1980) or to Pliocene stenonines (Gromova 1949;
Forsten 1986; Forsten & Ziegler 1995). Formally, 

 

E. hydruntinus

 

has been placed in the subgenus 

 

Asinus

 

 (Stehlin & Graziosi
1935). Other authors believe that it should belong in a sub-
genus of its own, 

 

Hydruntinus

 

 (Radulesco & Samson 1962).
As classic studies of teeth and limb proportions lead to

opposite conclusions, new data and approaches are needed
to address the phylogenetic origin of 

 

E. hydruntinus

 

. New
data provided by the excavation of a nearly complete
skeleton in Crimea (Burke 

 

et al

 

. 2003) and new material from
Iran (Eisenmann & Mashkour 1999) have enabled an exten-
sive DNA analysis. Indeed, given that mtDNA has already
been used to address the phylogenetic relationships of
extant (Ishida 

 

et al

 

. 1995; Oakenfull 

 

et al

 

. 2000) and extinct
(Higuchi 

 

et al

 

. 1984, 1987; Orlando 

 

et al

 

. 2003; Weinstock

 

et al

 

. 2005) equids, the ancient DNA technology appears
adequate to investigate the relationships between extant
equids and 

 

E. hydruntinus

 

.

 

Materials and methods

 

Samples

 

Five teeth were obtained for ancient DNA analysis. One
sample (MM) was obtained from an 

 

Equus hydruntinus

 

 skull

excavated in Crimea (Ukraine). Although not perfectly
preserved, the Crimean skull is currently the best-known
sample for this species (Burke 

 

et al

 

. 2003). The locality of
origin, Kabazi II, is an open-air Middle Palaeolithic site in
western Crimea, where other faunal indicators point to the
existence of open, dry grasslands (Burke 

 

et al

 

. 1999). Other
samples used in this study were excavated from two sites
in the Qazvin plain (Iran) in cold steppic contexts (Mashkour

 

et al

 

. 1999; Mashkour 2001): Sagzabad (samples CH22,
CH25, and CH26; 1264–863 

 

BC

 

) and Zagheh (sample CH31;
5212–4561 

 

BC

 

). Samples CH22 and CH25 were referred to

 

E.

 

 cf. 

 

hydruntinus

 

, since their protocone lengths are similar
to classic 

 

E. hydruntinus

 

 fossils from Lunel-Viel and Crimea
(Eisenmann & Mashkour 1999). Samples CH26 and CH31,
assigned to 

 

Equus caballus

 

 and 

 

Equus hemionus

 

, respectively
(Eisenmann & Mashkour 1999), were analysed (i) to trace
any possible contamination (see below), and (ii) to compare

 

E. hydruntinus

 

 sequences to other equid sequences from the
same period of time. The ages of the Sagzabad and Zagheh
deposits have been determined through radiocarbon dating
of eight bone remains (Mashkour 

 

et al

 

. 1999). Whole
amount of nitrogen per sample, the proportion of nitrogen,
and C/N ratios in collagen extracts from 15 and 12 bone or
dental remains from Zagheh and Sagzabad, respectively,
show values within the range of modern or well-preserved
samples, suggesting that fossilization conditions in these
deposits are consistent with ancient DNA preservation
(Bocherens 

 

et al

 

. 2000; Gilbert 

 

et al

 

. 2005).

 

DNA extraction, amplification, cloning and sequencing

 

Extraction and amplification were conducted in separate
rooms devoted to ancient DNA work as described in Hänni

 

et al

 

. (1994) and Orlando 

 

et al

 

. (2002). The outer layers of the
teeth were removed by scraping with a sterile razor blade.

Fig. 1 Taxonomy of Equus and relationships
of Equus hydruntinus. (A) Taxonomy of extant
Equus and Pliocene Allohippus. The proble-
matic nodes are represented with poly-
tomy. (B) Four competing palaeontological
models. The hypothetic relationship between
E. hydruntinus and extant equid species is
symbolized by a grey arrow. E. hydruntinus
has been related to Allohippus stenonis
(model I; Gromova 1949; Forsten & Ziegler
1995), Equus burchelli (model II; Davis 1980),
and the subgenus Asinus (model III; Stehlin
& Graziosi 1935). Stehlin & Graziosi (1935)
however, showed that the slender and
cursorial proportions of the limbs fit best
with hemiones. This relation (model IV) is
now confirmed by skull morphology
(Burke et al. 2003).
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The samples CH25 (1.2 g) and CH26 (1.4 g) were first co-
extracted; the samples CH22 (1.3 g) and CH31 (2.4 g) were
co-extracted in a second extraction session. Two months
later, the extraction of sample MM (1.0 g) was concomitant
with extraction of ancient tissue from a wolf. Mock extrac-
tions were carried out during each session to monitor
contamination.

To target the mtDNA control region (mtDNA CR), we
took advantage of three pairs of primers described in Vila

 

et al

 

. (2001; L1-H1, L2-H2 and L3-H3 primers). We designed
two other pairs of equid-specific primers to cover 296 bp in
the cyt 

 

b

 

 gene (cytb1L 5

 

′

 

-CTAATTAAAATCATCAATC
and cytb1H 5

 

′

 

-ATAATTCATCCGTAGTTA; cytb2L 5

 

′

 

-
AACTGCCTTCTCATCCGTCA and cytb2H 5

 

′

 

-AAAAG-
TAGGATGATTCCAAT; Orlando 

 

et al

 

. 2003). Since they
target short overlapping fragments (160–210 bp long), all
these primers were adapted to the fragmented nature of
ancient DNA. Polymerase chain reactions (PCR) were
carried out in a total volume of 50 or 100 

 

µ

 

L in a PCR Master-
gradient apparatus (Eppendorf®). PCR tubes contained
10 U of 

 

Taq

 

 Gold polymerase (PerkinElmer®), 2–3 m

 

m

 

MgCl

 

2

 

, 1 mg/mL BSA, 250 

 

µ

 

m

 

 of each dNTP and 300 ng of
each primer. Depending on the sample, 0.5–3 

 

µ

 

L of ancient
extract was added to avoid inhibition of the 

 

Taq

 

 polymer-
ase activity. A 10-min activation step at 92 

 

°

 

C was followed
by 50 cycles of denaturation (92 

 

°

 

C, 60 s), annealing (48–
50 

 

°

 

C, 60 s), extension (72 

 

°

 

C, 45 s) and a last extension step
(5 min). Three independent blanks were carried out during
each PCR experiment, as reported in Loreille 

 

et al

 

. (2001).
PCR products were cloned using the TOPO TA cloning

kit (Invitrogen®) following the manufacturer’s instruc-
tions. Plasmids were purified using the QIAprep spin
miniprep kit (QIAGEN®). The sequences of both strands were
obtained on a Megabace

 

1000

 

 automatic capillary sequencer
(Amersham®) after PCR amplification in a volume of
10 

 

µ

 

L, with 400 ng of DNA, 4 

 

µ

 

L of the DYEnamic ET Mix
(Amersham®) and 100 ng of a M13 universal primer (50
cycles, denaturation at 94 

 

°

 

C, 20 s, annealing and extension
at 60 

 

°

 

C, 1 min 15 s).

 

Sequence analyses

 

Sampling, saturation and data construction.

 

Taxonomic sam-
pling is a key step in phylogenetic inferences. For each gene,
available sequences from equid species were extracted from
GenBank. Our mtDNA CR data set accounts for 16 extant
(Hg refers to the haplogroup labelled in Vila 

 

et al.

 

 2001;
HgA: AF326661, AF326647; HgB: AF072989: Lister 

 

et al.

 

 1998,
AF014411: Kim 

 

et al.

 

 1999; HgC: AF326662, AF168694 and
AF168696: Kavar 

 

et al.

 

 1999, AF072988: Lister 

 

et al.

 

 1998;
HgD: D23665: Ishida 

 

et al.

 

 1994, AF326659, AF326660,
AF326664; HgE: D14991: Ishida 

 

et al.

 

 1994, AF072986: Lister

 

et al.

 

 1998; HgF; AF326637, AF056071: Kim 

 

et al.

 

 1999 and
14 ancient horses (AF326668–AF326686: Vila 

 

et al.

 

 2001;

AY049720: Jung 

 

et al.

 

 2002), 2 

 

Equus przewalskii

 

 (AF055878:
Oakenfull & Ryder 1998; AF072995: Lister 

 

et al.

 

 1998), 2 

 

Equus
asinus

 

 (X97337: Xu 

 

et al.

 

 1996; AF220938: Oakenfull 

 

et al.

 

 2000),
4 E. hemionus (AF220934–AF220937: Oakenfull et al. 2000),
2 Equus kiang (AF220932, AF220933: Oakenfull et al.
2000), 3 Equus grevyi (AF220928–AF220930: Oakenfull et al.
2000), 9 Equus burchelli (AF220916–AF220924: Oakenfull
et al. 2000), 4 Equus zebra (AF220925–AF220927 and AF220931:
Oakenfull et al. 2000) and 3 Hippidion saldiasi (AY15261–
AY152863: Orlando et al. 2003). Our cyt b data set includes
3 extant horses (NC_001640: Xu & Arnason 1994; D32190:
Chikuni et al. 1995; D82932: Ishida et al. 1996), 7 E. asinus
(X97337: Xu et al. 1996; AF380130–AF380135: Aranguren-
Mendez et al. 2004), 1 E. burchelli (AY534349, Kimwele et al.,
unpublished), 1 E. grevyi (X56282: Irwin et al. 1991) and 2
Hippidion saldiasi (AY15259–AY15260: Orlando et al. 2003).
Both gene fragments were aligned manually using the
seaview software (Galtier et al. 1996). To avoid random error
effect (that mostly occurs when data contain too little
phylogenetic information), we analysed each locus separately
and also both loci simultaneously. Concatenated data
were constructed by merging taxa for which both loci were
known from the same individual. The only exceptions
were E. grevyi and E. burchelli for which we had to merge
independent CR and cyt b sequences. Both E. grevyi and E.
burchelli being known by a single cyt b sequences but three
and nine CR sequences respectively, we constructed a data
(later called ‘merged consensus’, eight taxa) where the CR
sequence was represented by a consensus of the two most
divergent sequences. Another merged data (later called
‘merged chimer’, 10 taxa) was constructed by merging the
cyt b sequence of these two taxa to each of the two most
divergent CR sequences.

Data sets must include relevant species but cannot include
highly saturated signal. Thus and since available outgroups
(rhino or tapir) are phylogenetically distant from our ingroup,
saturation level in each gene was investigated using a
methods first developed by Philippe et al. 1994). The inferred
number of substitutions was estimated from patristic dis-
tance on a maximum-likelihood (ML) tree (using a GTR +
G + I model in phyml; Guindon & Gascuel 2003), and com-
pared to the observed number of transitions and transver-
sions. Tested outgroups were two rhinoceroses (Ceratotherium
simum Y07726, and Rhinoceros unicornis X97336) for the CR
and five Rhinocerotidae (Ceratotherium simum NC_001808,
Diceros bicornis X56283, Rhinoceros unicornis NC_001779,
Rhinoceros sondaicus AJ245725, and Dicerorhinus sumatrensis
AJ245723; Irwin et al. 1991; Xu et al. 1996; Xu & Arnason 1997;
Tougard et al. 2001) plus two Tapiroidae (Tapirus indicus
AF145734 and Tapirus terrestris AF056030) for the cyt b.

Phylogenetic reconstruction. Phylogenetic reconstructions
were performed under ML and Bayesian approaches.
ML trees were performed with paup* 4b10 using the



2086 L .  O R L A N D O  E T  A L .

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 2083–2093

tree-bisection–reconnection branch swapping algorithm
and a starting tree obtained via stepwise addition under
the best model of evolution according to the AIC criterion
of modeltest (Posada & Crandall 1998). Bayesian inferences
were performed with mrbayes version 3.0B4 (Huelsenbeck
& Ronquist 2001), using a GTR + G + I model of evolution.
The tree-space was explored by four chains over 1 000 000
generations sampled every 100. Burn-in value was fixed at
100 000 generations after empirical determination of the
convergence.

Robustness assessment. The strength of the phylogenetic
signal was first assessed via nonparametric bootstrapping
(Felsenstein 1985) applied to an ML framework. Bootstrap-
ping analyses included 1000 pseudoreplicates and were
performed using the same setting as for the optimal recon-
struction (above). Bayesian posterior probabilities were also
recorded even if their significance, in term of robustness,
remains an open question (e.g. Douady et al. 2003). Subse-
quently, statistical supports for a priori selected hypothesis
(Fig. 1) were assessed via the Approximately Unbiased test
(AU, Shimodaira 2002) using consel (Shimodaira &
Hasegawa 2001) and unilateral Kishino–Hasegawa (KH)
test (Kishino & Hasegawa 1989) using paup* 4b10.

Molecular divergences. Finally and to get a first grasp on
taxonomic implication of our results, CR molecular diver-
gence within and between equids species were evaluated.
Based on the most probable topology with the most likely
branch lengths, intraspecies (Hippidion, n = 3; E. hemionus,
n = 5; E. caballus, n = 33; E. zebra, n = 4; E. burchelli, n = 9;
E. grevyi, n = 3; E. asinus, n = 2; E. kiang, n = 2) intra-
E. hydruntinus (n = 2), interspecies and inter-E. hydruntinus/
E. hemionus patristic distances were extracted using APE
library (Paradis et al. 2004) of r 2.0.0 (R development Core
Team 2005).

Results

Authentification criteria

We analysed five fossils from different equid species: Equus
caballus (CH26), Equus hemionus (CH31), Equus hydruntinus
(MM) and Equus cf. hydruntinus (CH22 and CH25). Sample
CH22 never yielded any amplification product although
Taq polymerase activity was not inhibited (data not shown)
and 32 PCRs were attempted. All other samples except for
CH26 delivered the L1–H1 mtDNA CR fragment and the
cytb2L–cytb2H cyt b fragment accounting for 287 bp (Fig. 2).
The L3–H3 mtDNA CR fragment was also retrieved for
sample CH25, resulting (primers excluded) in supplementary
155 bp information. Sample CH26 yielded only the L2–H2
fragment of the mtDNA CR (162 bp). Each fragment has
been amplified independently two or three times. To

summarize, amplification succeeded for all of the samples
in 13 out of 188 attempts for the mtDNA CR, and in 6 out
of 45 attempts for the cyt b gene.

We are confident that no cross-contamination occurred
between our samples for the following reasons. (i) For each
amplification, PCR blanks remained negative (three per
experiment). (ii) Amplifications were not successful for all
the samples co-extracted. For instance, no DNA was recov-
ered from sample CH22 although it was co-extracted with
sample CH31 that yielded mtDNA CR and cyt b fragments,
and the L3–H3 mtDNA CR fragment was retrieved from
sample CH25, but not from the other samples. (iii) No equid
DNA was amplified on the ancient wolf extract although it
was on the co-extracted sample MM and numerous PCR
were attempted (data not shown). (iv) Samples CH26 and
CH31, identified by palaeontologists as E. caballus and
E. hemionus, respectively, exhibit mtDNA CR sequences
typical of E. caballus and E. hemionus (see Fig. 2).

A minimum of 4 and up to 10 clones per amplification
product (accounting for a final number of 91 clones) were
used to deduce a final consensus sequence devoid of Taq
polymerase damage-induced errors for each sample. The
pattern of substitutions observed among clones was
characteristic of ancient DNA templates (data not shown).
Base composition of consensus sequences and substitution
patterns are similar to the ones observed on homologous
mtDNA sequences of extant equids (ti/tv > 4.8, Fig. 2; Xu
et al. 1996; Xu & Arnason 1997). Neither gap nor stop codon
disrupt the cyt b–coding frame, suggesting that we amplified
authentic mtDNA sequences rather than numts.

Phylogenetic analyses

All the analyses were first conducted using rhinoceroses as
outgroups. Unrooted analyses were then performed (by
excluding rhinoceroses from the dataset) to take into account
the substitution saturation bias detected among the sequences
(data not shown). In the resulting topology, the root was
constrained by hand according to the topology found in
the previous rooted analysis. We used mtDNA CR and cyt
b sequences to make two kinds of concatenated data sets,
the first one representing every possible combination
between the CR and cyt b sequences present in the data set
for a given species (referred to below as the ‘merged
chimer’ data set) whereas the second one consisting only
in the concatenation of their consensus (referred to below
as the ‘merged consensus’ dataset). Both approaches, if
congruent, permit to exclude reassortment and sampling
biases that may be generated while concatenating data.
Note that phylogenetic analyses conducted on CR and cyt b
data sets separately lead to similar results and are not
further described here.

In all analyses, the samples cluster inside the extant genus
Equus, contrary to expectations generated by palaeontological
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model I (Figs 1 and 3). Furthermore, E. cf. hydruntinus and
E. hydruntinus samples (CH25 and MM) cluster with E.
hemionus (Fig. 3). This relationship is in agreement with
palaeontological model IV (Fig. 1D) and contra model III
(Fig. 1B), which predicted that E. hydruntinus would be

nested inside Equus asinus, and is supported both by strong
boostrap values (94–100% of 1000 replicates) and high
posterior probabilities (0.98 and 1). Moreover, contrary to
palaeontological model II expectations, no relationship
between E. hydruntinus, E. cf. hydruntinus and Equus burchelli

Fig. 2 mtDNA CR alignment between ancient and extant equids. Y = C or T, R = A or G, N = A, C, G, T, or indel. The polymorphic sites
between extant equids sequences are underlined. The polymorphic sites between the four ancient sequences are italicized. The asterisk
indicates the only transversion observed between the ancient sequences. Dots indicate identity to Equus caballus.
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is detected since neither Approximately Unbiased (AU),
Kishino–Hasegawa (KH) or Shimodaira–Hasegawa (SH)
tests find support for their monophyly (P values respec-
tively equal to 0.011-0.025-0.039 and 0.005-0.023-0.032 for
the consensus and chimere data sets). To sum up, palaeon-
tological model IV is the only model supported by the
molecular phylogenetic analyses.

Interestingly, sequences from samples CH25 and MM
share a 28- to 29-bp deletion between positions 89 and 117
with the sequence from sample CH31 (E. hemionus) and
with sequences from extant E. hemionus and Equus kiang
individuals (Fig. 2). The presence of the deletion on samples
CH25, CH31 and MM but not on sample CH26 is also dem-
onstrated by the fact that the L2-H2 mtDNA CR fragment,
targeted with the L2 primer which partly overlaps the dele-
tion, was only amplified on the latter sample despite 51
attempts (Fig. 2). Since no other equid species exhibit
this deletion, it could have appeared on the ancestral
branch of the E. kiang/E. hemionus/E. hydruntinus lineage

and thus could be considered as a synapomophy of this
clade. This observation reinforces the phylogenetic proximity
of E. hemionus, E. cf. hydruntinus and E. hydruntinus.

Morphological analyses

In a parallel study, the E. hydruntinus skull from Kabazi
was compared with many extant and fossil skulls (see
description of the samples in Eisenmann & Baylac 2000).
Skull measurements were submitted to principal components
analysis and mixture discriminant analysis (Burke et al.
2003). Results of the study show that (i) the Kabazi skull
has a longer cranial length (relative to the length of the
palate and muzzle) than Allohippus; (ii) the Kabazi skull
presents an uncommonly short narial opening, which
remains very far from the pattern typical of A. stenonis, even
if the shortness is possibly exaggerated by postdepositional
damage; (iii) the width and shape of the incisor arcade of
the Kabazi skull is definitely more hemione-like (very wide
snout) than ass- or zebra-like (respectively narrow or long
and narrow snouts). Thus, the skull morphology of E.
hydruntinus supports the hemione connection suggested
by the limb bones (model IV).

In E. hydruntinus, the teeth are small, the protocone
(Fig. 4A) of the upper cheek teeth is short and the ectoflexid
of most lower molars is deep (Fig. 4B). In hemiones, the
teeth tend to be larger, the protocone is usually longer and
the ectoflexid, in general, is shallow. The dimensions of the
upper teeth overlap, however, and the ectoflexid pattern is
not constant in either E. hydruntinus nor in hemiones.
Figure 4 (C,D) show the protocone length relative to the
mean of occlusal length and width, a measure of occlusal
dimension which compensates for the effects of tooth wear
(in equids, unworn upper cheek teeth tend to be long and
narrow, while worn teeth tend to be short and broad).
Figure 4C shows that the third and fourth upper premolars
and first and second upper molars from Kabazi (including
DNA sample MM, represented by a large square) plot
well together with other E. hydruntinus teeth collected in
Crimea (from the site of Chokurcha). The third and fourth
upper premolars (including DNA sample CH25, repre-
sented by a large circle) and first and second upper molars
from Iran are somewhat larger but have the distinctive
small protocone of E. hydruntinus. Figure 4D shows how
upper tooth dimensions (premolars and molars combined)
of E. hydruntinus, E. burchelli, E. africanus and E. asinus, and
Allohippus stenonis, overlap.

Discussion

Phylogenetic position of Equus hydruntinus

Because dental and postcranial characters give contradictory
indications, several conflicting models for the phylogenetic

Fig. 3 Most likely tree inferred from our ‘merged chimer’  data
(see Material and methods section). Inference was done under an
HKY + I model of substitution. The number above and below
branches correspond to bootstrap values and Bayesian posterior
probabilities for the ‘merged chimer’ and the ‘merged consensus’
data, respectively.
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position of Equus hydruntinus have been proposed (Fig. 1).
E. hydruntinus appeared to be a juxtaposition of plesio-
morphies (mostly in dental characters) and of adaptations
to dry and open landscapes (mostly in limb bones). A
recent analysis of cranial material recovered in Crimea
(Burke et al. 2003) suggested that E. hydruntinus is closely
related to Equus hemionus in agreement with model IV. The
results of the genetic analysis presented above leave no
ambiguity as to the validity of model IV (Fig. 1). The Equus cf.

hydruntinus and E. hydruntinus samples examined here are
indeed closely related, exhibiting identical cyt b sequences
and minimum genetic distance with E. hemionus (Figs 3
and 6); they share a deletion in the mtDNA CR which is
found only in E. hemionus and Equus kiang, suggesting a
synapomorphy of the E. kiang/E. hemionus/E. hydruntinus
lineage. Finally, phylogenetic analyses cluster E. cf.
hydruntinus and E. hydruntinus with E. hemionus with high
bootstrap support and posterior probabilities.

Fig. 4 Analysis of teeth morphology. (A) Equus upper left premolar, occlusal view showing a short protocone; (B) Equus lower left molar,
with a rounded double knot and a deep ectoflexid; (C and D) scatter diagrams of dental measurements. P3, P4, M1, and M2 stand for upper
third and fourth premolars and upper first and second molars. n is the number of specimens. Measurements of Kabazi and Qazvin fossils
were provided by A.B. and M.M. Measurements of extant species, Allohippus stenonis pueblensis, and E. hydruntinus of Chokurcha were
provided by V.E. In (C), the premolars are plotted apart from the molars. In (D), premolars and molars are lumped.
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Morphological evolution in E. hydruntinus

Given the agreement between the genetic data, skull and
limb bone characters, we believe that dental morphology
alone is of poor taxonomic value, partly because plesio-
morphic. Short protocones, are considered primitive because
they are present in Pliocene Plesippus and Allohippus. They
are also present in E. hydruntinus and in some extant
plains zebras and donkeys and are supposed to be poor
adaptations to an abrasive food (Fig. 4A,C,D). The deep
ectoflexids of the lower molars (Fig. 4B), also believed to
be ‘primitive’ since they are found in Pliocene Plesippus
and Allohippus, are present in many extant zebras and
again, are considered less adaptive. These supposedly poor
adaptations may, however, be compensated by exceedingly
high crowns. The rounded double knot of lower cheek
teeth (Fig. 4B) is also ‘primitive’, being the first morphology
developed by equids but retained by almost all extant
equids (except Caballines). In short, the choice of Allohippus
stenonis, or Equus burchelli, or asses (Equus asinus and Equus
africanus) as the closest relatives to E. hydruntinus on the
basis of dental characters, although understandable, is
not sound because based on plesiomorphies (Eisenmann
1992).

Geographic distribution of E. hydruntinus

Whatever its supposed relationship to other equids, E.
hydruntinus has always been considered a ‘European ass’,
in opposition to the African (true) asses and the Asian (half)
asses (‘hemione’ means ‘half-ass’). But what is presently
known about its geographic distribution? In Europe, where
equid fossils are unambiguously assigned to E. hydruntinus
because no other modern species has similar teeth or limb
bones, the presence of E. hydruntinus seems well founded
— from the Iberian Peninsula and Sicily to Germany, where
the northernmost fossils originate near the North Sea
(Hooijer 1985). To the East, the limit of distribution appears
to be the Volga. According to one of us (VE) fossils from
Uzbekistan (Batyrov & Kuzmina 1991) and the Kuznetsk
Basin (Foronova 1990) do not belong to E. hydruntinus. Since
limb bone proportions of E. hydruntinus are nearly identical
with those of hemiones, the assignment of fossils to
E. hydruntinus in areas inhabited by hemiones is much more
debatable as it is almost exclusively based on tooth
morphology.

Until recently (Uerpmann 1987), the Middle Eastern dis-
tribution of E. hydruntinus was limited to Jordan, Syria,
Israel, and Turkey. Since then, its distribution has been
expanded to include Azerbaidjan (Eisenman & Mashkour
1999). In Africa, various zebra and ass fossils are difficult to
characterize and could be confused with E. hydruntinus,
but E. hydruntinus may be present in the Upper Pleistocene
of Lybia (Blanc 1956) and possibly Tunisia.

The teeth belonging to the Crimean skull analysed here,
and isolated teeth excavated in Iran both have typical
E. hydruntinus features (Fig. 4C). But while the Crimea
sample falls inside the classical range of E. hydruntinus dental
dimensions and the classical range of geographic distribu-
tion, the Iranian sample does not, which is why the teeth
are referred to E. cf. hydruntinus (Eisenman & Mashkour
1999). It is therefore especially interesting to find similar
genetic signatures for the Crimean and Iranian samples. Our
results therefore greatly extend the known distribution of
E. hydruntinus, since we can now confirm E. hydruntinus
from Iran, and expand its temporal distribution to the Iron
Age, as suggested in Mashkour (2001).

The taxonomic status of E. hydruntinus

During the same period, other equid species inhabited the
plains of Iran, giving rise to the question of how so many
closely related species could coexist in the same ecological
niches. The reference to modern models when dealing with
past biodiversity may be the cause of our surprise. It took
some time before the extraordinary faunal richness and
diversity of Beringia (Guthrie 1984) was commonly accepted.
The Middle East, where E. hydruntinus was apparently

Fig. 5 Simpson’s logarithmic ratio diagram comparing limb and
tooth dimensions in Equus hemionus and Equus hydruntinus. MC1:
length of third metacarpal; MT1: length of third metatarsal; Po:
average occlusal dimension [(length + width)/2] of third and
fourth upper premolars; Mo: average occlusal dimension of first
and second upper molars. Pp: protocone length of third and fourth
upper premolars; Mp: protocone length of first and second upper
molars: E. hydruntinus D., R. and S.: E. hydruntinus specimens from
Dorog (Hungary), Roterberg (Germany) and Staroselie (Crimea). The
reference (zero line) corresponds to the log10 of the measurements
in the Iran subspecies E. hemionus onager. The differences of other
taxa log10 measurements from the zero line are plotted above if
larger, below if smaller. Since the diagram is logarithmic, isometry
is represented by parallel segments between measurements. For
example, the Equus hemionus hemippus graph is parallel, overall,
to that of other subspecies of E. hemionus (indicating similar
proportions) but below them (indicating smaller size).
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sympatric with E. hemionus and Equus caballus and a further,
very large Equus was just recently discovered (Eisenmann
et al. 2002), could possibly have also supported more
species than currently believed.

In equids, osteological characters diagnostic of a species
are extremely rare and overlap in individual dimensions
almost always occurs (Fig. 4C,D). It is the combination of
several osteological and dental traits, which is the best way
to define fossil species (Eisenmann 1979, 1998; Groves &
Willoughby 1981). In the case of E. hydruntinus and E. hemionus,
the relative average dimensions of the metapodials and
upper cheek teeth parameters of E. hydruntinus differs from
that of any other hemione (the metapodials are as long as the
Kulan, the teeth are as small as the Hemippes and the pro-
tocones even smaller). Accordingly, pending new insights,
we consider them as distinct species. The corresponding
Simpson’s ‘ratio diagram’ (Fig. 5; Burke et al. 2003) illus-
trates these differences.

Alternatively, it still remains the possibility that E.
hydruntinus was only conspecific with E. hemionus and not
a true species. Part of our data may support such a state-
ment: (i) the genetic distance between E. hemionus (CH31)
and E. hydruntinus (CH25 or MM) is in the range of the
intraspecific variation observed in E. caballus or E. burchelli
(Fig. 6). (ii) In our phylogenetic tree, E. hydruntinus appears
as paraphyletic (Fig. 3). (iii) The remarkably short snout
and narial opening, the slenderness of its limbs, the short
ectoflexids typical of the lower molars, and the small pro-
tocones typical of the upper teeth observed in E. hydruntinus
are not enough to define it as a species since they may at
times be observed in E. hemionus. Indeed, in equids, osteo-
logical characters diagnostic of a species are extremely rare

and overlap in individual dimensions almost always occurs
(Fig. 4C,D).

Therefore, we consider the question of the real taxonomic
status of E. hydruntinus still open. More sequence data are
needed to conclusively assess E. hydruntinus monophyly,
to survey its genetic diversity and to estimate more accu-
rately the genetic distance that separate it from E. hemionus.
Recently, taxonomic and phylogenetic problems among
other extinct equids (amerindian Hippidion sp.) have been
revealed by ancient DNA (Orlando et al. 2003; discussed in
Alberdi et al. 2005; Weinstock et al. 2005). Added to the
results reported here, these studies suggest the taxonomy
of recently extinct equids should be scrupulously revised.
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