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Abstract. The noncoding region between tRNAF™
and the large conserved sequence block is the most vari-
able region in the mammalian mitochondrial DNA
D-loop region. This variable region (ca. 270 bp) of four
species of Equus, including Mongolian and Japanese na-
tive domestic horses as well as Przewalskii’s (or Mon-
golian) wild horse, were sequenced. These data were
compared with our recently published Thoroughbred
horse mitochondrial DNA sequences. The evolutionary
rate of this region among the four species of Equus was
estimated to be 2~4 x 1072 per site per year. Phylogenetic
trees of Equus species demonstrate that Przewalskii’s
wild horse is within the genetic variation among the do-
mestic horse. This suggests that the chromosome number
change (probably increase) of the Przewalskii’s wild
horse occurred rather recently.

Key words: Mitochondrial DNA — Noncoding
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Introduction

Tracing the evolution of the horse family Eguidae from
eohippus (genus Hyracotherium) to the modern genus
Equus is a classic achievement of paleontology (e.g.,
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Simpson 1951; Groves and Willoughby 1981; MacFad-
den 1992). Most members of the horse family are now
extinct, and all the living Equidae species represent a
single genus, Equus. The phylogenetic relationship
within the species of this genus is, however, not well
understood. According to recent literature, Equus is clas-
sified into four subgenera with seven species: subgenus
Equus includes E. caballus (domestic horses and Prze-
walskii’s or Mongolian wild horse); subgenus Asinus in-
cludes E. asinus (donkeys), E. hemionus (onagers), and
E. kiang (kiang); subgenus Dolichohippus has only E.
grevyi (Grevy’s zebra); and E. zebra (mountain zebra),
E. burchelli (Burchell’s or plains zebra), and the recently
extinct E. quagga (quagga) are classified into subgenus
Hippotigris (Nowak and Paradiso 1983).

Because its chromosome number (2n = 66) is different
from that (2n = 64) of domestic horses (Benirschke et al.
1965), some researchers classify Przewalskii’s wild
horse as a distinct species, E. przewalskii (e.g., Ryder et
al. 1978). It is generally considered that two pairs of
acrocentric chromosomes in the ancestral horse popula-
tion (2n = 66; Przewalskii’s wild horse type) changed to
one pair of submetacentric chromosomes by Robert-
sonian fusion, and this produced the modern horse chro-
mosome number (2n = 64) (Benirschke et al. 1965; Ry-
der et al. 1978). By comparison of equine hemoglobin
amino acid sequences (Clegg 1974) and serum protein
studies (Ryder et al. 1979; Kaminski 1979), a close re-
lationship between domestic horses and Przewalskii’s



wild horses has been shown. Genetic material of these
two species is so similar that their hybrids are fertile
(Ryder et al. 1978; Trommerhausen-Smith et al. 1979).
Therefore, there is uncertainty on the species status of E.
przewalskii, and it is tentatively included into E. caballus
in the following.

Mammalian mitochondrial DNA (mtDNA) has a rate
of nucleotide substitution five to ten times as high as
nuclear DNA (Brown et al. 1979). George and Ryder
(1986) showed, on the basis of their several equine mi-
tochondrial DNA restriction-site maps, that the sequence
divergence between Przewalskii’s wild horse and domes-
tic horse was within the intraspecific variation. George
and Ryder (1986) also examined five other Equus spe-
cies, but the phylogenetic relationship among those
Equus species was not clarified.

Several studies have suggested that the most rapidly
evolving part of the mitochondrial genome is the non-
coding control region which contains the D-loop (Wal-
berg and Clayton 1981; Chang and Clayton 1985). The
substitution rate in the human D-loop region has been
estimated to be 2.8-5 times higher than the rate for the
remainder of the mitochondrial genome (Aquadro and
Greenberg 1982; Cann et al. 1984). Recently we se-
quenced the whole D-loop region (about 1,100 bp) for
three Thoroughbred horse mtDNAs (Ishida et al. 1994)
and found the noncoding region between tRNAF™ and
the large conserved sequence block was most variable
among the three Thoroughbred individuals. In the
present study, we sequenced the corresponding six
equine mtDNA D-loop regions and conducted a phylo-
genetic analysis of the genus Equus. Special reference
will be made to the phylogenetic relationship between
Przewalskii’s (or Mongolian) wild horse and domestic
horse.

Materials and Methods

Isolation of Genomic DNA. The blood of E. zebra and E. asinus was
obtained through the courtesy of Yumemigasaki Zoological Park, Ka-
wasaki. The blood of E. grevyi was a gift from Tama Zoological Park,
Tokyo. The blood of a Przewalskii’s wild horse (International Stud-
book Number 880) and a Japanese native horse were from the Eques-
trian Park of Japan Racing Association, Tokyo. The blood sample of a
Mongolian native horse was collected in Mongolia. Genomic DNA was
isolated from peripheral blood of those six individuals by using the
standard techniques (Sambrook et al. 1989). The chromosome numbers
(2n) of those sampled individuals were 64, 66, 62, 46, and 32 for
Mongolian and Japanese native horses, Przewalskii’s wild horse, E.
asinus, E. grevyi, and E. zebra, respectively (K. Hirota personal com-
munication, 1993), compatible with previous studies (e.g., Ryder et al.
1978).

Sequencing. PCR primers were designed to amplify the region be-
tween (RNAF™ and the large conserved sequence block on the basis of
three Thoroughbreds’ DNA sequences (Ishida et al. 1994). Primer se-
quences are 5'-gctgaaattctacttaaa-3" and 5’(biotin labeled)-agttggaag-
ggttgctgatt-3’. PCR was performed using 600-ng genomic DNA, 1.2
UM of each primer in 75 pl 1 X PCR buffer containing 1.25 mM of each
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dNTP, and 2.5U Amplitaq Polymerase (Perkin Elmer Cetus). Ampli-
fication conditions were 96°C for 2 min, followed by 35 cycles of 94°C
1 min, 58°C 1 min, and 72°C 1 min, and final 10-min extension at
72°C. PCR product was purified with MicroSpin Colummns (Pharma-
cia). The alkali-denatured single-stranded DNA was collected with
Dynabeads (Dynal). Sequence analysis was done by the dideoxy-
ribonucleotide chain termination method (Sanger et al. 1977), using the
Automated Laser Fluorescent (ALF) sequencer (Pharmacia).

Data Analysis. Raw sequence data were analyzed by using software
DNASIS-Mac (Hitachi Software Engineering), and CLUSTAL V (Hig-
gins et al. 1992) was used for multiple sequence alignment. Phyloge-
netic trees were constructed by using the neighbor-joining method (Sai-
tou and Nei 1987) and the maximum parsimony method (Fitch 1977).
Computer packages MEGA (Kumar et al. 1993) and PAUP (Swofford
1993) were used for assisting the neighbor-joining and the maximum
parsimony analysis, respectively. Numbers of nucleotide substitutions
between sequences were estimated by using Tamura and Nei’s (1993)
substitution model with a gamma distribution (ot = 0.5), because that
model seems to be suitable for estimating the hypervariable region of
mitochondrial DNA D-loop (Kumar et al. 1993).

Results and Discussion

Nucleotide Differences

Approximately 270 bp of noncoding regions of mtDNA
for E. zebra, E. grevyi, E. asinus, and three E. caballus
(Mongolian native horse, Japanese native horse, and
Przewalskii’s wild horse) were sequenced using the PCR
direct sequencing method. Figure 1 presents the multi-
ple-aligned sequences of this region for all studied indi-
viduals as well as the three Thoroughbreds of Ishida et al.
(1994). Five nucleotide positions (indicated by an aster-
isk at the bottom of each sequence block) were assumed
to contain at least one gap out of 274 positions. Nucle-
otide differences were more frequently observed near the
5" region (close to tRNAF™®) of sequenced DNA than
near the 3’ region, and a total of 60 nucleotide sites were
variable among the 269 positions without any gap. The
pairwise sequence differences (transitional and transver-
sional differences among those 269 positions) are shown
in Table 1. It is clear that transitions outnumbered trans-
versions.

When we restrict the comparison into the six E. ca-
ballus sequences (three Thoroughbreds, Mongolian na-
tive horse, Japanese native horse, and Przewalskii’s wild
horse), only Przewalskii’s wild horse has one insertion at
position 103, and 271 nucleotide positions do not have
any gap. Sequence data for these 271 positions were used
for the phylogenetic analysis of E. caballus sequences.
Nineteen sites were variable among those 271 positions,
and a majority of the nucleotide differences were transi-
tional ones.

Phylogenetic Tree of the Six E. caballus Sequences

Figure 2 is a phylogenetic tree of six E. caballus se-
quences. After the neighbor-joining tree was constructed
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Fig. 1. An alignment for nine equine mitochondrial DNA sequences.
Three already-known Thoroughbred sequences (Thoroughbred 1, 2,
and 3) of Ishida et al. (1994) were included with the six sequences
determined by the present study; Przewalskii’s wild horse, Mongolian

Table 1.
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native horse, Japanese native horse, E. zebra, E. asinus, and E. grevyi.
Sequence identity is indicated by a dot, and gap is indicated by a
hyphen. Five nucleotide positions that include gaps are indicated with
asterisks at the bottom.

Nucleotide differences among the nine equine mt(DNA sequences®

Sequence name

(abbr.) T1 T2 T3 Pr Mo Ip Zb As Gv
Thoroughbred 1 (T1) —_ 1 0 0 0 1 7 5 6
Thoroughbred 2 (T2) 10 — 1 1 1 2 8 6 7
Thoroughbred 3 (T3) 1 9 — 0 0 1 7 5 6
Przewalskii wild (Pr) 8 12 7 — 0 1 7 5 6
Mongolian native (Mo) i1 13 10 5 — 1 7 5 6
Japanese native (Jp) 6 10 5 4 4 — 8 4 7
E. zebra (Zb) 24 24 23 26 25 23 — 8 9
E. asinus (As) 22 28 21 24 26 22 25 — 3
E. grevyi (Gv) 22 25 20 20 20 21 21 19 —

@ Numbers below and above diagonal are transitional and transversional differences, respectively, among the 269 nucleotide positions without gaps

(see Fig. 1)

using the original pairwise distances, branch lengths
(number of nucleotide substitutions per site) were mul-
tiplied the number of nucleotides was compared (271 in
the present case), and integer values were obtained after
rounding. These integer-value branch lengths were com-
pared with those estimated by using the maximum par-
simony principle applied to the neighbor-joining tree,
and the final branch lengths were determined. This pro-
cedure follows that of Nerurker et al. (1993). A total of
24 nucleotide substitutions were estimated in the tree of
Fig. 2 by applying this procedure. The location of the
root was assumed to be equal to that of Fig. 3, in which
three other Equus species sequences were also used.
Numbers above the three internal branches are boot-

strap probabilities (in %) based on 1,000 bootstrapped
neighbor-joining trees. Relatively high bootstrap proba-
bilities of 90% and 88% were observed for the clustering
of Thoroughbred 1 and 3 sequences and that of three
Thoroughbred sequences, respectively, while the cluster-
ing of Przewalskii’s wild horse and Mongolian native
horse showed a 61% probability.

We found a unique most parsimonious free by using
the branch-and-bound option of PAUP, and the topology
of that tree was identical with that of the neighbor-
joining tree (Fig. 2). The maximum parsimony tree re-
quired 22 nucleotide substitutions, two substitutions less
than that for the neighbor-joining tree. Numbers in pa-
rentheses below the three internal branches of the tree of
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Thoroughbred 2

Fig. 2. A phylogenetic tree of the six Equus
caballus sequences constructed by using the
neighbor-joining method. Figures above and
below (in parentheses) the three internal
branches are bootstrap probabilities (in %)

| ! ! ' b T ' ' ' ' 1 based on 1,000 bootstrapped trees when the
0 . 5 o 10 neighbor-joining method and the maximum
No. nucleotide substitutions parsimony method were used, respectively.
75 r—ThoroughbreoH
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3
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Fig. 3. A phylogenetic tree of nine Equus sequences constructed by using the neighbor-joining method. See text for the rooting procedure. Figures
above and below (in parentheses) the three internal branches are bootstrap probabilities (in %) based on 1,000 bootstrapped trees when the
neighbor-joining method and the maximum parsimony method were used, respectively.

Fig. 2 are bootstrap probabilities (in %) based on 1,000
bootstrapped maximum parsimony trees. The bootstrap
values are more or less the same as those for the neigh-
bor-joining tree.

Table 2 shows a list of estimated change in nucle-
otides mapped to the tree of Fig. 2. Two substitutions out
of 24 were nonparsimonious estimation. Three nucle-
otide substitutions are assumed at position 153, and all of
them are transversions, while the most parsimonious ex-
planation for the nucleotide configuration of this site
under the tree of Fig. 2 requires two substitutions involv-
ing one transversion (shown in parentheses in Table 2).
Another nonparsimonious substitution is assumed at the
branch going to the Thoroughbred 2 sequence. (Its po-
sition is designated by ‘“?’” in Table 2.) This extra sub-
stitution was estimated apparently because of the use of
Tamura and Nei’s (1993) substitution model with a
gamma distribution. If this is a real one, it was probably
a transition. Under this assumption, four out of 24 sub-
stitutions are transversions, or if we choose the parsimo-
nious explanation at position 153, two (C — A at posi-
tion 153 and A — T at position 257) out of 23 are
transversions. Depending on either case, transitions oc-

curred 5-10.5 times more than transversions. This tran-
sition/transversion ratio is slightly lower than that (ca.
15) observed in the human mtDNA D-loop region (Vig-
ilant et al. 1991; Tamura and Nei 1993). Among the 19
(or 20) transitions, 7 (or 8) are changes between pyri-
midines (T «— C) and the remaining 12 are those be-
tween purines (A «— G).

Phylogenetic Tree of the Nine Equus Sequences

Figure 3 is a phylogenetic tree of nine Equus sequences
constructed by using the neighbor-joining method. The
branch-length estimation procedure is the same as above,
except that the estimates among the six E. caballus se-
quences were taken from those of Fig. 2. This is because
the branch-length estimation is generally more accurate
when only closely related sequences are compared. A
total of 97 nucleotide substitutions were estimated in the
tree of Fig. 3. The root was located under the assumption
of the molecular clock and the unrooted tree obtained
by the neighbor-joining method. More specifically,
branches of a pair of neighbors are successively averaged
to find the root. For example, the height of the node
connecting Thoroughbred 1 and 3 sequences is calcu-
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Table 2. Estimated substitution events on the phylogenetic tree of
Fig. 2

Nucleotide
position® Nucleotide change®
9 T(@) - C(2)

1 A(8) = G(2)

36 G@®) —» AN

49 C(8) » T(2)

57 C@®) > T(10)

95 T(7) — C(1)
102 G(8) — A(2), G©O) = A(5)
113 A(9) - G4)
114 A(8) - G
115 AQ9) = G(5), A(10) = G(6)
121 T(8) — C2)
122 G(8) — A(2)
153 A(9) = C4), A(9) - T(5), C(8) «> A(10) [or

C(10) — A(6), C(9) — T(5)]

167 AB) — G(2)
168 A(10) = G(9)
184 G(10) = A(9)
221 T(©O) — C(5)
255 T(8) ¢ C(10)
257 A(8) - T(2)
? 8) — 2(2)

2 Nucleotide positions of Fig. 1. The last row with “‘?*” indicates one
unknown change inferred in the tree of Fig. 2

® Numbers in parentheses designate sequences and internal nodes as
follows: 1 =T1,2=1T2,3=T3,4=Pr, 5=Mo, 6 =Jp, 7= node
connecting T1 and T3, 8 = node connecting T2 and node 7, 9 = node
connecting Pr and Mo, and 10 = node connecting Jp and node 9.
Species abbreviations follow those of Table 1. An arrow ‘- indi-
cates the direction of change, and a double arrow ‘‘«»’’ indicates
ambiguity of direction. At position 153, two possibilities are presented.
The last row indicates an extra substitution out of estimated nine at the
branch going to the Thoroughbred 2 (T2) sequence

lated to be (1 + 0)/2 = 0.5. Then the height of the node
connecting the former node and Thoroughbred 2 be-
comes [(2 + 0.5) + 91/2 = 5.75. This averaging procedure
is continued until the largest height (the root) is found.
The root thus determined was located at 22.34 substitu-
tions apart from E. zebra. Therefore, the point that di-
vides the branch to E. zebra into 22 and 3 was deter-
mined as the root of the neighbor-joining tree (Fig. 3).
This procedure is different from the usual midpoint root-
ing, in which only a pair of sequences that show the
largest patristic distance is used. We also tried to use the
bovine sequence (Anderson et al. 1982) as an outgroup to
locate the root. However, the multiple alignment was not
easy, and we did not incorporate the bovine sequence for
comparison.

Numbers above the six internal branches are bootstrap
probabilities (in %) based on 1,000 bootstrap trees. Six
Equus caballus sequences are monophyletic with a high
bootstrap probability (98%), and the clustering of E. asi-
nus and E. grevyi is moderately supported (73% of boot-
strap probability). Because of the inclusion of three other
sequences, bootstrap probabilities within the six Equus
caballus sequences were slightly lower than those of
Fig. 2.

Table 3 presents the two kinds of estimated numbers
of nucleotide substitution. Numbers below the diagonal
are pairwise evolutionary distances computed by using
Tamura and Nei’s (1993) substitution model with a
gamma distribution (o = 0.5). These pairwise distances
are larger than those when Kimura’s (1980) method was
used (data not shown). The increase was 5—14% within
the six E. caballus sequences, while it was 18-48%
among the Equus sequences. Those above the diagonal
are patristic distances reconstructed from the tree of Fig.
3. Though some of those patristic distances are smaller
than the corresponding original distances below the di-
agonal, both of them are larger than the nucleotide dif-
ference shown in Table 1. For example, the number of
nucleotide differences between E. zebra and E. grevyi
was 30 (21 transitional and 9 transversional differences;
see Table 1), while the corresponding original and pa-
tristic distances are 41.5 and 43, respectively (Table 3).
Because of these large differences, estimation of substi-
tution events, involving different Equus species, was im-
possible.

Three equally parsimonious trees, requiring 81 nucle-
otide substitutions, were found by using the branch-and-
bound option of PAUP. The topology of one of those,
tree 1, was identical with that of the neighbor-joining tree
(Fig. 3). Numbers in parentheses below the six internal
branches of Fig. 3 are bootstrap probabilities (in %)
based on 1,000 bootstrapped maximum parsimony frees.
Those probabilities are slightly lower than those for the
neighbor-joining trees except for one for the Thorough-
bred 1 and 3 cluster (Fig. 3). The topological difference
between the tree of Fig. 3 and the other two equally
parsimonious trees (trees 2 and 3; not shown) resides in
the position of the root for the six Equus caballus se-
quences; the root at the branch separating the cluster of
Thoroughbred 1 and 3 and the remaining four sequences
for tree 2, and that at the branch separating Thorough-
bred 2 and the remaining five sequences for tree 3. Nu-
cleotide positions 255, 36, and 9 supported trees 1, 2, and
3, respectively. Although the root (the position of the
nearest common ancestor) for the six Equus sequences is
not clear, the root is estimated to be always between
some Thoroughbred horse(s) and the other horses.

Reanalysis of Restriction-Site Data

George and Ryder (1986) studied restriction-site varia-
tion of mtDNA for several Equus species. We reanalyzed
their data in the following way. The maximum likelihood
method of Nei and Tajima (1983) was used for estimat-
ing numbers of nucleotide substitution for all pairs of
sequences, based on the restriction maps of Figs. 1 and 3
of George and Ryder (1986). Evolutionary distances thus
obtained (Table 4) were not much different from those
presented by George and Ryder (1986), who used Nei
and Li’s (1979) method. Figure 4 shows a neighbor-
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Table 3. Estimated number of nucleotide substitutions among the nine equine mtDNA sequences®

Sequence name (abbr.) T1 T2 T3 Pr Mo Ip 7Zb As Gv
Thoroughbred 1 (T1) — 13 1 10 12 7 43 39 36
Thoroughbred 2 (T2) 12.8 — 12 16 18 12 49 45 42
Thoroughbred 3 (T3) 1.0 11.7 — 9 11 6 42 38 35
Przewalskii wild (Pr) 9.1 15.6 8.0 — 6 5 45 41 38
Mongolian native (Mo) 12.9 16.7 117 54 — 7 47 43 40
Japanese native (Jp) 7.6 13.7 6.5 5.6 54 — 42 38 35
E. zebra (Zb) 43.8 454 41.8 49.0 46.5 437 — 46 43
E. asinus (As) 37.0 51.7 351 413 45.8 355 479 — 29
E. grevyi (Gv) 38.6 46.8 36.6 34.8 34.8 38.2 41.5 29.1 —

# Numbers below and above diagonal are original and patristic (under the tree of Fig. 3) number of nucleotide substitutions, respectively, within the

269 nucleotide positions compared

Table 4. Estimated numbers of nucleotide substitution per site among the nine mtDNA sequence: data of George and Ryder (1986) were used®

Eb 0.0725
(0.0135)
Eg 0.0728 0.0341
(0.0132) (0.0079)
Ez 0.0743 0.0567 0.0500
(0.0138) (0.0113) (0.0101)
Ea 0.0684 0.0640 0.0532 0.0615
(0.0126) (0.0120) (0.0104) (0.0117)
Eh 0.0818 0.0722 0.0683 0.0695 0.0639
0.0147) (0.0134) (0.0126) (0.0130) (0.0120)
Ecl 0.0045 0.0710 0.0713 0.0683 0.0669 0.0756
(0.0027) (0.0133) (0.0131) (0.0129) (0.0125) (0.0140)
Ec2 0.0029 0.0711 0.0714 0.0728 0.0671 0.0755 0.0045
(0.0021) (0.0132) (0.0129) (0.0134) (0.0124) (0.0138) (0.0026)
Ec3 0.0044 0.0725 0.0728 0.0742 0.0685 0.0770 0.0059 0.0014
(0.0026) (0.0133) (0.0131) (0.0135) (0.0125) (0.0139) (0.0030) (0.0014)
Ep Eb Eg Ez Ea Eh Ecl Ec2

# Numbers in parentheses are standard errors. Ep = Equus przewalskii (=Prezewalskii’s wild horse); Eb = Equus burchelli antiquorum; Eg = Equus
grevyi; Bz = Equus zebra hartmannae; Ea = Equus africanus somalicus (=Equus asinus); Eh = Equus hemionus, Ec] = Arabian horses; Ec2 = quarter

and Peruvian paso horses; and Ec3 = Morgan horse

joining tree based on the distance matrix of Table 4. The
rooting procedure is the same as that used in Fig. 3.
Sequence variation within the E. caballus (including
the Przewalskii’s wild horse) is much smaller than that
between various Equus species. This confirms the result
of George and Ryder (1986), and this situation is similar
to the tree of Fig. 3. The topological relationship within
the four horse sequences is identical with the result of
George and Ryder (1986), while the branching pattern
among the six equine species of Fig. 4 corresponds to
tree ¢ of Fig. 4 of George and Ryder (1986), which
required one additional change compared to the two
maximum parsimonious trees. Because the branch going
to the cluster of E. asinus (=E. africanus somalicus in
their nomenclature) and E. hemionus is quite short (see
Fig. 4), tree c is not much different from trees a and b.
Four species (E. caballus, E. asinus, E. zebra, and E.
grevyi) are shared between trees of Figs. 3 and 4, but the
unrooted topological relationship is different from each
other. E. asinus and E. grevyi are clustered in Fig. 3,
while E. zebra and E. grevyi are clustered in Fig. 4. The
bootstrap probability (73% and 59% for the neighbor-

joining and the maximum parsimony trees, respectively)
for the branch clustering E. asinus and E. grevyi is not
high in Fig. 3, and the standard errors of evolutionary
distances (Table 4) used to produce the tree of Fig. 4 are
relatively large. Apparently, more sequence data are nec-
essary to resolve the branching order among different
Equus species.

Evolutionary Rates

The root of the phylogenetic tree shown in Fig. 3 was
located on the assumption of the molecular clock, and a
point within the branch going to E. zebra was chosen as
the root. If we consider E. zebra as the outgroup, an
approximate constancy seems to hold for the remaining
part of the tree of Fig. 3. Therefore, we estimated the rate
(A) of nucleotide substitution using the equation d = 2Az,
where d is the number of nucleotide substitutions per site
between a pair of sequences, and ¢ is the divergence time.
Higuchi et al. (1987) considered 2.0-3.3 million years
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0.005 E. grevyi

for the divergence between horse (E. caballus) and ze-
bras (E. zebra and E. burchelli). In our tree of Fig. 3,
however, the lineage of E. zebra was considered to di-
verge first. Lindsay et al. (1980) suggested that the an-
cestral Equus species migrated from North America to
Eurasia at around 2.5-3.0 million years ago, and Mac-
Fadden (1992) wrote that ‘‘Equus was essentially mono-
specific in both North American and Eurasia during the
Pliocene.”” In any case, there is always uncertainty on the
correspondence between the fossil record and the molec-
ular data. Therefore, we used a wider, more conservative
range of divergence time. The time (f) of the root of the
tree of Fig. 3 was assumed to correspond to 2—4 million
years ago. Because the largest divergence had a mean
evolutionary distance of 44 nucleotide substitutions
among the 269 sites (see Fig. 3), d = 0.164 (=44/269).
Thus the rate (A = df2f) becomes approximately 2-4 x
1078 per nucleotide site per year.

Higuchi et al. (1987) found about 5-7% difference
between horse and zebras for the coding regions of cy-
tochrome oxidase I and NADH dehydrogenase I genes. If
we assume the same divergence time estimate (2—4 mil-
lion years ago) used in the present study, the evolution-
ary rate for that region becomes approximately 0.6-1.8 X
107® per nucleotide site per year, lower than our estimate
for the D-loop region. (Note that the definition of this
evolutionary rate is different from Higuchi et al.’s (1987)
‘‘the mean rate of divergence,”’—that is, twice this rate.)
This difference occurred apparently because of the func-
tional differences of the coding and noncoding sequences
of mtDNA, and this supports the notion that the noncod-
ing region mtDNA is more variable than its coding se-
quences (Aquadro and Greenberg 1982; Cann et al.
1984).

Reanalysis of the restriction-site data of George and
Ryder (1986) gives the estimate for the largest diver-
gence to be 0.072 (Fig. 4). Therefore, the evolutionary
rate becomes 0.9-1.8 x 107® per nucleotide site per year,
assuming the divergence time range adopted in the

E. burchelli

Quarter horse
F_IE Morgan horse
Przewalskii's wild horse

Arabian horses

E. asinus
E. hemionus
Fig. 4. A neighbor-joining tree of the
nine Equus mtDNA sequences based on
E. zebra the evolutio.na}ry distance matrix of
Table 4. Original data were from

George and Ryder (1986). E. asinus
and Przewalskii’s wild horse are E.
africanus somalicus and E. przewalskii
in their nomenclature.

present study. This rate is again lower than that for the
D-loop region.

Tamura and Nei (1993) estimated the rate of nucle-
otide substitution for the entire control (D-loop) region
of human mtDNA to be 2.5-15 x 107® per site per year
(95% lower and upper bounds). Our estimate for equine
species (2-4 x 10_8) overlaps with that for human, but it
is smaller than the modal rate (7.5 x 1078) for human
(Tamura and Nei 1993). Because we used only a ca.
270-bp variable region out of the 1,100-bp control region
found by Ishida et al. (1994), it is possible that the sub-
stitution rate for the entire D-loop region of the equine
mtDNA may be much smaller than that for the human
mtDNA.

Under the tree of Fig. 3, we can map six insertions or
deletions on the 0.27-kb sequence data. (Gaps of E. zebra
and E. grevyi at position 47 [see Fig. 1] are considered to
occur independently according to Fig. 3.) Because the
total number of nucleotide substitutions was 97 for that
tree, it corresponds to 8.8—17.6 million years (=[97/22]/
[2-4 million years]). Therefore, if we use method 1 of
Saitou and Ueda (1994), the rate of insertion and deletion
becomes 1.3-2.5 per kilobase per million year (=[6/0.27
kb]/[8.8-17.6 million years]). Interestingly, this is in
good agreement with the corresponding rate (ca. 2.0 per
kilobase per million year) for the primate noncoding
mtDNA (Saitou and Ueda 1994).

Emergence of the Przewalskii’s Wild Horse Population

Finally, we would like to discuss the evolutionary history
of the Przewalskii’s wild horse population. It is notewor-
thy that the lineage of the Przewalskii’s wild horse is not
located at the deepest branching among the E. caballus
sequences in either Fig. 3 or 4. This pattern contradicts
with the hypothesis that the domestic horse was derived
from the Przewalskii’s wild horse lineage. In this con-
text, Benirschke et al.’s (1965) hypothesis on the evolu-
tion of horse karyotype (see Introduction) should be re-



considered. If we accept the branching pattern of Figs. 3
and 4 regarding the position of the Przewalskii’s wild
horse, its chromosome type (2n = 66) seems to be de-
rived from the chromosome type (20 = 64) of the do-
mestic horse.

Of course, a final clarification of this point waits for
more accumulation of genetic polymorphism data of
Equus caballus. If this is the case, however, when did
this chromosomal change occur? The largest divergence
within the six E. caballus sequences had a mean evolu-
tionary distance of 11.5 nucleotide substitutions among
the 271 sites (Fig. 2), and the d = 0.042 (=11.5/271).
Under the assumption of the molecular clock, the corre-
sponding divergence time (¢ = d/2A) becomes approxi-
mately 0.5-1 million years (=0.042/ [4-8 X 1078)). It is
interesting to note that this ‘‘coalescence time’” for E.
caballus seems to be somewhat larger than that for hu-
man but comparable to that for common chimpanzee
(Tamura and Nei 1993). In any case, emergence of the
Przewalskii’s wild horse population should be much later
than this coalescence, according to the topology of the
tree of Fig. 2. Therefore, the change of chromosome type
on the lineage of the Przewalskii’s wild horse, probably
the increase of the chromosome number from 64 to 66,
seemed to happen within a half-million years. Such a
swift change of chromosome number is in fact a common
feature for the genus Equus (Bush et al. 1977).

The above argument solely relies on the genealogy of
mtDNA. However, that may be different from the gene-
alogy of nuclear DNA, as observed in Japanese wild
mice (Yonekawa et al. 1988). Przewalskii’s wild horse
was clustered with the Mongolian native horse in the tree
of Fig. 2. Thus it is not excluded that a certain degree of
gene flow occurred between the ancestral populations of
the Przewalskii’s wild horse and the Mongolian native
horse. In fact, a past distribution of the Przewalskii’s
wild horse overlapped with the area where the Mongo-
lian native horses are distributed now (Mohr 1971;
Bokdnyiu 1974). It also should be mentioned that the
Japanese native horses are considered to have derived
from the Mongolian native horses and have been kept as
breeds (Nozawa 1992). Therefore, detailed examination
of nuclear DNA at the molecular level is necessary to
access our hypothesis on the emergence of the Przewal-
skii’s wild horse population.
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