
The Complete Mitochondrial DNA (mtDNA) of the Donkey and mtDNA
Comparisons Among Four Closely Related Mammalian Species-Pairs

Xiufeng Xu, Anette Gullberg, Ulfur Arnason

Division of Evolutionary Molecular Systematics, University of Lund, So¨lvegatan 29, S-223 62 Lund, Sweden

Received: 15 October 1995 / Accepted: 15 April 1996

Abstract. The nucleotide sequence of the complete
mitochondrial genome of the donkey,Equus asinus,was
determined. The length of the molecule is 16,670 bp. The
length, however, is not absolute due to pronounced het-
eroplasmy caused by variable numbers of two types of
repetitive motifs in the control region. The sequence of
the repeats is (a) 58-CACACCCA and (b) 58-
TGCGCGCA, respectively. The order of (a) and (b) can
be expressed as {n[2(a)+(b)]+m(a)}. In 32 different
clones analyzed the number ofn andm ranged from 0 to
9 and 1 to 7. The two rRNA genes, the 13 peptide-coding
genes, and the 22 tRNA genes of the donkey and the
horse,Equus caballus,were compared in detail. Total
nucleotide difference outside the control region was
6.9%. Nucleotide difference between peptide-coding
genes ranged from 6.4% to 9.4% with a mean of 8.0%. In
the inferred protein sequences of the 13 peptide-coding
genes the amino acid difference was 0.2–8.8%, and the
mean for the 13 concatenated amino acid sequences was
1.9%. In the 22 tRNA genes, the mean difference was
3.5%, and that in the two rRNA genes was 4.1%. The
mtDNA differences between the donkey and the horse
suggest that the evolutionary separation of the two spe-
cies occurred≈9 million years ago. Analyses of differ-
ences among the mtDNAs of three other species-pairs,
harbor seal/grey seal, fin whale/blue whale, andHomo/
common chimpanzee, showed that the relative evolution-
ary rate of individual peptide-coding genes varies among
different species-pairs and modes of comparison. The
findings show that the superimposition of sequence data

of one lineage for resolving and dating evolutionary di-
vergences of other lineages should be performed with
caution unless based on comprehensive data.
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Introduction

During the last few years there has been a considerable
progress in the sequencing of complete mammalian
mtDNA molecules. There are, however, only four orders
represented by two or more complete mtDNAs. These
orders are Primates, represented byHomo (Anderson et
al. 1981; Ozawa et al. 1991; Horai et al. 1995; Arnason
et al. 1996a), common chimpanzee (Horai et al. 1995;
Arnason et al. 1996a), pygmy chimpanzee (Horai et al.
1995), gorilla (Horai et al. 1995; Xu and Arnason 1996),
and Bornean orangutan (Horai et al. 1995); Rodentia,
represented by the mouse (Bibb et al. 1981) and the
brown rat (Gadaleta et al. 1989); Cetacea, represented by
the fin (Arnason et al. 1991a) and blue (Arnason and
Gullberg 1993) whales; and Carnivora, represented by
the harbor (Arnason and Johnsson 1992) and grey seals
(Arnason et al. 1993). Mammalian orders represented by
a single complete mtDNA molecule are Artiodactyla,
represented by the cow (Anderson et al. 1982); Peris-
sodactyla, represented by the horse (Xu and Arnason
1994); Marsupialia, represented by the opossum (Janke
et al. 1994); Lipotyphla, represented by the hedgehogCorrespondence to:U. Arnason
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(Krettek et al. 1995); and Monotremata, represented by
the platypus (Janke et al. 1996). While comparisons of
distantly related mtDNAs have particular interest for es-
tablishing long-range evolutionary relationships, com-
parisons among mtDNAs of closely related species are
valuable for studies of molecular evolution among se-
quences that are unaffected by molecular saturation and
for establishing the degree of molecular difference be-
tween species that may still produce offspring. The latter
issue has been dealt with in some detail in analyses of the
fin and blue whales, which, despite their molecular dis-
tinction, have been shown to produce offspring where the
females are not obligatorily sterile (Arnason et al. 1991b;
Spilliaert et al. 1991).

In the present study we compare the complete mtDNA
molecules of two mammalian species, the donkey and
the horse, which also can produce offspring. The off-
spring is sterile, however, and is produced only under
domestication. The family Equidae, horses, comprises a
single genus,Equus,with nine extant species. The family
is well defined and is distinct from the other two families
of the order Perissodactyla—namely, the Rhinocerotidae
and the Tapiridae. Based on classical approaches it has
been postulated that members of the genusEquusdi-
verged during the last 3–5 Myr (million years) (Simpson
1951; Lindsay et al. 1980). The differences among vari-
ous equiid mtDNAs have been estimated on the basis of
restriction-endonculease analyses (George and Ryder
1986). Using a divergence rate of 2% per million years,
the authors suggested a primary evolutionary divergence
of equiid lineages about 3.9 MYA (million years ago).

In the present study we report the complete nucleotide
sequence of the mitochondrial genome of the donkey and
propose a dating of the divergence between the donkey
and the horse. In addition to the comparison between
these two species we also compare each of the 13 pep-
tide-coding genes and the 12S and 16S rRNA genes
among three additional closely related species-pairs, the
harbor and the grey seals, the fin and the blue whales,
andHomoand the common chimpanzee. This compari-
son of the peptide-coding genes was undertaken because
it has been shown previously (Arnason and Johnsson
1992; Cao et al. 1994) that individual mtDNA genes may
provide different topologies for ordinal relationships
among mammals. In the present paper we address this
issue from another angle by comparing the differences
between individual peptide-coding genes among four
closely related mammalian species-pairs and by studying
to what extent differences in one gene of one species-pair
are paralleled by similar differences in the same gene of
other species-pairs.

Materials and Methods

Mitochondrial DNA was isolated from the frozen kidney of a healthy
adult donkey following the procedure described by Arnason et al.

(1991a). The tissue was provided by Dr. Stuart W. J. Reid, University
of Glasgow Veterinary School, Glasgow, UK. The purified mtDNA
was digested separately withHindIII, BlnI, SpeI, XbaI, andBamHI and
the fragments were separated on a preparative agarose gel. The frag-
ments were excised from the gel and extracted by electroelution. Frag-
ments shorter than 4,000 nt (nucleotides) were ligated into M13 vec-
tors, whereas larger fragments ofXbaI, SpeI, and BamHI were re-
digested with enzymes producing compatible ends and thereafter
ligated into M13. Positive clones were identified by hybridization using
mtDNA of the horse as labeled probes.

Sequencing was according to the dideoxy chain termination tech-
nique with [35S]dATP. The work was performed manually using both
universal and a number of specific oligodeoxynucleotide primers. In
addition to natural (not PCR) clones the repetitive portion of the control
region was also sequenced after M13 cloning of PCR-amplified frag-
ments. The sequence of each clone was determined on the basis of three
independent sequencing reactions.

The mtDNA sequence of the donkey has been deposited at EMBL
with accession number X97337. Users of the sequence are kindly
requested to refer to the present paper and not only to the accession
number of the sequence.

Results

General Features of the Mitochondrial Genome of
the Donkey

The length of the mtDNA molecule of the donkey,Equus
asinus,presented here is 16,670 nt. This length is not
absolute, however, because of variation in the number of
two kinds of repetitive motifs in the control region of the
molecule. The 16,670-nt variety of the molecule includes
22 copies of one motif (a) and nine copies of the other (b)
(see below for characterization, organization, and num-
ber of motifs). The base composition of the L-strand is
A, 32.4%; C, 28.9%; G, 13.2%; T, 25.5%. The organi-
zation of the molecule is the same as that of other eu-
therian mtDNAs described.

With the exception of the NADH5 (nicotinamide ad-
enine dinucleotide dehydrogenase subunit 5) gene all
peptide-coding genes of the donkey have a methionine
start codon. The start codon of NADH5 is ATT (isoleu-
cine). ATT is not an uncommon start codon, however, in
mammalian mtDNAs. In the horse it is also isoleucine
(ATC) and in the harbor and the grey seals it is ATT.
Three of the 13 peptide-coding genes, COIII (cyto-
chrome c oxidase subunit III), NADH3, and NADH4, are
not terminated by a complete stop codon. A stop codon
is absent in the COIII gene of all mammalian mtDNAs
described so far, except in the fin and the blue whales
(e.g., Table II in Xu and Arnason 1994). The absence of
a complete stop codon in the NADH4 gene is a common
characteristic of mammalian mtDNAs and the NADH3
gene is terminated by a stop codon only in the mouse and
the rat. Like the horse, these genes of the donkey are
terminated with an incomplete stop codon, T or TA.
Termination of this kind is not an uncommon feature of
mammalian mtDNA peptide-coding genes (Wolsten-
holme 1992; Janke et al. 1994; Xu and Arnason 1994),
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consistent with the notion (Ojala et al. 1981) that the
transcripts of such genes contain a stop codon created by
post-transcriptional polyadenylation.

The control region of the mtDNA presently described
is 1,207 nt long. The region is characterized by two
different repeat motifs: (a) 58-CACACCCA and (b) 58-
TGCGCGCA. No variation was observed within the se-
quence of each motif. The latter motif has the pyrimi-
dine/purine alternation found in most tandemly orga-
nized repeat motifs occurring in mitochondrial control
regions. Examination of 12 natural and 20 PCR clones
revealed pronounced heteroplasmy among the differ-
ent mtDNA molecules. Among the 32 clones 24
different types of motif arrangements were identified.
The arrangement of the repeats can be expressed:
{n[2(a)+(b)]+m(a)}, wheren can run from 0 to 9 andm
from 1 to 7. Table 1 gives the numbers forn andm
among the 32 examined clones. The clones are numbered
according to increasing values ofn andm. Motif (a) was
absent in three clones. In the presently described com-
plete sequencen 4 9 andm 4 4.

Excluding tRNA-Ser(UCN) and tRNA-Ser(AGY),
the inferred secondary structures of the remaining 20
tRNA genes of the donkey conform with the common
structures of mitochondrial tRNA genes described by
Kumazawa and Nishida (1993). The tRNA stems AA
(amino acid-acceptor), D (dihydrouridine), AC (antico-
don), and T (TCC) are 7, 4, 5, and 5 base pairs long,
respectively. The regions separating stems AA and D, D
and AC, AC and T, and T and AA are 2, 1, 3–5, and 0 nt
long, respectively. In the two deviating tRNA-Ser genes,
tRNA-Ser(AGY) has no D stem and the AC stem in
tRNA-Ser(UCN) is 6 base pairs long. Furthermore, the
junction of the AA-D stem in the tRNA-Ser(UCN) has
only 1 nt.

Comparison Between the mtDNAs of the Donkey and
the Horse

The percentage base compositions of the mtDNAs of
donkey/horse are very similar: A, 34.2/32.2; C, 28.9/

28.5; G, 13.2/13.4; T, 25.5/25.9. Outside the control re-
gions the mtDNAs of the donkey and the horse differ by
6.9%. An alignment of the two sequences, excluding
control regions, shows 14 indels (insertions or deletions).
Six of these occur in the rRNA genes and eight in the
tRNA genes, respectively. The stem portions of the ori-
gin of L-strand replication, which are highly conserved
among mammals, are identical in the donkey and the
horse. The loops differ by a single transition.

We will provide separate accounts of the comparisons
between the control region, the rRNA genes, the tRNA
genes, and the peptide-coding genes of the mtDNAs of
the donkey and the horse.

The Control Region

The length of the control region of the mtDNA of the
donkey, excluding the repetitive portion, is 959 nt, one
less than that of the horse. There are 108 differences
(11.2%) in an alignment of the two regions, 88 transi-
tions, 16 transversions, and four indels. The repetitive
motifs occur in the same region in both species. The
length of the repeated motif of the horse, 58-
GTGCACCT, is the same as that of the two different
donkey motifs, but the sequence of each of the three
motifs is highly distinct.

The Peptide-Coding Genes

The lengths of each of the 13 mitochondrial peptide-
coding genes are the same in the donkey and the horse.
The results of a comparison between individual genes of
the two species are shown in Table 2. Besides giving the
number of nt differences, the number of amino acid (aa)
differences, and the number of conservative nt differ-
ences, the table also details differences with respect to
codon position and type (transition or transversion). Con-
servative nt differences (Irwin et al. 1991) constitute (a)
all substitutions in codon position 1, except synonymous
leucine transitions, (b) all substitutions in codon position
2, and (c) all transversions in codon position 3.

Total nucleotide difference between peptide-coding
genes of the donkey and the horse ranges from 6.4% in
NADH3 to 9.4% in NADH5. The mean nt difference is
8.0%. It should be observed that this figure is the mean
for the combined length of all peptide-coding genes
(11,403 nt), and not the mean of the values for individual
genes. Conservative differences range from 0.4% in COI
and COIII to 4.4% in ATPase8 with a mean of 1.2%. The
aa differences range from 0.2% in COI to 8.8% in
ATPase8 among H-strand-encoded genes. The aa differ-
ence for the L-strand-encoded NADH6 gene is 5.7%; the
conservative nt difference for this gene is also high,
2.7%. The mean aa differences for the combined length
of the peptide-coding genes is 1.9%.

The total number of nt substitutions in the 13 peptide-

Table 1. Number of repetitive motifs in 32 clones of the mitochon-
drial control region of the donkeya

Clone n m Clone n m Clone n m Clone n m

1 0 1 9 2 2 17 4 4 25 7 5
2 0 2 10 2 3 18 4 5 26 7 7
3 0 6 11 2 3 19 6 4 27 8 3
4 1 1 12 3 2 20 6 4 28 8 4
5 1 3 13 3 3 21 7 3 29 8 4
6 1 3 14 3 4 22 7 4 30 8 5
7 2 1 15 3 4 23 7 4 31 8 6
8 2 1 16 3 5 24 7 4 32 9 4

a The repetitive sequence contains two different motifs, (a) 58-
CACACCCA and (b) 58-TGCGCGCA. The motifs are arranged as
{n[2(a)+(b)]+m(a)}
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coding genes is 906, including 139 conservative nt sub-
stitutions. The ratio for all nt substitutions according to
codon position is 3.5 : 1.0 : 25.7. The corresponding ratio
for conservative nt substitutions is 1.5 : 1.0 : 2.1.

The rRNA Genes

Between the 12S rRNA genes of the donkey and the
horse there are 48 differences (4.9%), 38 transitions
(3.9%), seven transversions (0.7%), and three indels
(0.3%). The corresponding values for the 16S rRNA
genes are 58 (3.7%), 46 (2.9%), nine (0.6%), and three
(0.2%). The differences for the combined lengths of the
two genes are: total difference 4.1%, transition differ-
ence 3.3%, transversion difference 0.6%, and indels
0.2%.

The tRNA Genes

The combined length of the tRNA genes of the donkey is
1,517 nt as compared with 1,520 nt in the horse. The
results of a comparison between the individual tRNA
genes are shown in Table 3. Five genes are identical in
the two species. The tRNA-Ser(AGY) and tRNA-Lys
genes differ markedly between the two species with
seven and five differences, respectively. The total num-
ber of differences in the tRNA genes is 54 (41 transi-
tions, five transversions, and eight indels). It is notewor-

thy that all nucleotide differences (13) of the inferred
stem regions were transitions and that all indel differ-
ences were limited to the loop regions (D loop and/or T
loop).

The total sequence difference between the 22 tRNA
genes of the donkey and the horse is 3.5%, as compared
with 6.9% in the complete alignment outside the control
region. The total number of differences in the stem re-
gions of the 22 tRNA genes is only 13 (0.9%).

Comparison Among Closely Related Pairs of
Mammalian Species

In order to study the evolution of individual peptide-
coding genes in close evolutionary relationships the
comparison between the donkey and the horse (order
Perissodactyla) was extended by including closely re-
lated species-pairs of three additional mammalian orders,
Carnivora (harbor and grey seals), Cetacea (fin and blue
whales), and Primates (Homoand common chimpanzee).
The results of the comparisons among the four species-
pairs are summarized in Tables 4–6.

The order of the four species-pairs, arranged with re-
spect to molecular difference, is: harbor/grey seals <
horse/donkey < fin/blue whales <Homo/common chim-
panzee. Table 4 shows the differences and the rank (in
parenthesis) of the 13 peptide-coding genes when they
are ranked according to increasing differences in each

Table 2. Nucleotide difference with respect to codon position (1,2,3) between each of the 13 mitochondrial peptide-coding genes of the donkey
and horse, and aa differences in the same genesa

Gene Length

1

2

3

aa diff.

Ti

Tv

Ti Tv

a b Ti Tv a b a b

NADH1 957 7 3 – 1 – 9 42 5 1 5
NADH2 1,041 10 9 – 7 – 8 55 1 6 13
COI 1,545 3 1 – – – 16 84 – 5 1
COII 684 9 1 – – – 2 34 – 3 1
ATPase8 204 – 3 – 4 – – 7 – 2 6
ATPase6 681 1 5 – 2 – 10 41 – 2 7
COIII 783 4 – 1 – – 6 42 – 2 1
NADH3 345 2 1 – – – 6 11 – 2 1
NADH4L 297 3 1 – 1 – 2 13 – 2 2
NADH4 1,377 6 2 1 4 – 13 81 4 3 7
NADH5 1,821 10 7 1 6 1 22 111 4 9 17
NADH6 528 1 6 1 3 1 4 16 – 3 10
Cytb 1,140 4 3 – – – 10 62 2 7 3

Total 11,403 60 42 4 28 2 108 599 16 47 74} } }

Conservative diff. 46 30 63} } }

Total Diff. 106 30 770

Ratio total diff. 3.5 1.0 25.7
Ratio conservative diff. 1.5 1.0 2.1

a Ti: transitions; Tv: transversions; a: differences involving leucine in both species, b: differences other than those involving leucine
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pairwise comparison. As is apparent in Table 4, the same
gene may exhibit quite different relative rates of evolu-
tion in different species-pairs. Thus, in the donkey/horse
comparison the NADH3 gene shows the lowest total nt
difference, 6.4%. The same gene has the second-lowest
difference in the comparison between the seals, 2.3%.
Between the two whales the difference is 8.7% (eighth
ranking position), whereas betweenHomoand the chim-
panzee the difference is 11.9% (13th position). Also
among different modes of comparison pronounced dif-
ferences may occur. Thus the total nt difference in
ATPase8 is low, whereas it is very high in other modes
of comparison.

The fact that the same peptide-coding gene shows
different evolutionary rates in different pairwise com-
parisons makes it difficult to establish a general evolu-
tionary rate for each gene. The conformity of the ranking
of the 13 peptide-coding genes among the four pairwise
comparisons was examined by first calculating the Ken-
dall rank correlation coefficientt (tau) for each of the six
possible combinations among the four species-pairs and
then forming the averaget for the sixt coefficients. In
addition to computingt, we also calculatedp 4 (1 +
t)/2, a number between 0 and 1 which can be interpreted
as the probability that two genes, chosen at random, will
be ranked in the same order in the two comparisons. In
the same wayp 4 (1 + t)/2 can be thought of as the
probability that two genes, chosen at random, will be
ranked in the same order in two comparisons, chosen

at random from the four comparisons under study. For
total nt substitution the mean rank correlation coefficient
is 0.20 (p 4 0.60); for conservative nt substitution 0.39
(p 4 0.70); for total aa difference 0.38 (p 4 0.69); and
for difference according to chemical properties of aa,
0.41 (p 4 0.71).

In order to assess the consistency among the four
different modes of comparison and to establish the rela-
tive evolutionary rate of each peptide-coding gene, the
ranking values of each gene (Table 4) were combined
(Table 5). The order of the genes in this table, as in Table
4, is according to increasing difference based on conser-
vative nt substitution, total aa difference, and difference
according to chemical properties of amino acids. Each
value in Table 5 constitutes the mean of the four pairwise
comparisons in Table 4. As shown in Table 4 the total nt
difference between the COI gene of the donkey and the
horse is 7.1%. This gives the gene ranking position 4
(fourth lowest difference) in the horse/donkey compari-
son. For the same gene the difference between the two
seals is 3.6% (ranking position 6); that between the two
whales is 7.4% (ranking position 3); and that between
Homo and the common chimpanzee is 8.8% (ranking
position 4). Thus the mean ranking position for the COI
with respect to total nt difference is 4.3. This is the
second lowest ranking position for this type of compari-
son; only the NADH1 gene has a lower mean ranking
position, 3.8. Table 5 shows the mean ranking values for
each of the four modes of comparison—total nt substi-

Table 3. Lengths and number of nucleotide differences between the mitochondrial tRNAs of the donkey and horsea

Length (nt)
donkey/horse

Nucleotide difference Nucleotide differences in stems

T Tv Gaps Number Region

tRNA-Phe 71/70 2 1
tRNA-Val 67/67 2 1 (Ti) T
tRNA-Leu (UUR) 74/75 2 1
tRNA-Ile 69/69 2
tRNA-Gln 73/73 2 1 (Ti) AA
tRNA-Met 69/69
tRNA-Trp 69/70 2 1 1 1 (Ti) AC
tRNA-Ala 69/69 2 1 (Ti) T
tRNA-Asn 73/73 2
tRNA-Cys 66/68 3 2 1 (Ti) AA
tRNA-Tyr 67/67
tRNA-Ser (UCN) 69/69
tRNA-Asp 67/67 2 1 (Ti) AC
tRNA-Lys 69/68 5 2 1 1 (Ti) D
tRNA-Gly 70/69 1 1
tRNA-Arg 69/69
tRNA-His 69/69 2
tRNA-Ser (AGY) 60/60 7 3 (Ti) T
tRNA-Leu (CUN) 70/70 2 2 (Ti) AC; T
tRNA-Glu 69/69 1
tRNA-Thr 72/74 2 2 1 1 (Ti) T
tRNA-Pro 66/66

Total 1,517/1,520 41 5 8 13 (Ti)

a Ti: transition; Tv: transversion; AA: amino acid-acceptor stem; AC: anticodon stem; D: dihydrouridine stem; T: TCC stem
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tution, conservative nt substitution, total aa difference,
and aa difference with respect to chemical properties.
The Kendall rank correlation coefficient among the rank-
ing of conservative nt difference, total aa difference, and
aa difference with respect to chemical properties was
0.88, 0.81, and 0.86, respectively, with an average of
0.85 (p 4 0.93). Kendall’s correlation coefficient for the
ranking based on total nt difference compared with the
ranking of the three other modes of comparison was 0.24
(p 4 0.62).

As is evident in Table 5, the ranking based on total nt
difference differs considerably from that of the three
other modes of comparison. This is also reflected in the
rather low Kendall correlation coefficient (0.24) between
the ranking of total nt difference and other differences.
The most conspicuous deviation is the low ranking po-
sition (2/3) of ATPase 8 with respect to total nt differ-
ence and the high ranking position (13) of this gene in the
other three comparisons. The situation is the reverse in
NADH4, which has ranking position 13 with respect to
total nucleotide difference as compared with 7 in the
three other comparisons. The ranking position of the cy-
tochromeb gene, frequently used in phylogenetic com-
parisons among mammals (Irwin et al. 1991; Irwin and
Arnason 1994; Ma et al. 1993; Arnason et al. 1995;
Arnason and Gullberg 1994, 1996), is very similar in the
four modes of comparisons, supporting the versatility of
this gene in phylogenetic analyses.

Table 6 summarizes the molecular differences among
the four species-pairs studied. The order among the spe-
cies-pairs is the same irrespective of the comparison ap-
plied, although the magnitude of the differences may
show some variation. Thus the aa difference between the
donkey and the horse (1.9%), relative to that of the seals
(1.6%), is limited compared with both total nt difference

(6.9%/3.5%) and conservative nt difference (1.2%/
0.7%). With respect to ratios for total nt substitution
according to codon position, the value for codon position
3 (25.7) between the donkey and the horse is consider-
ably higher than that of the other three comparisons. Also
with respect to ratios for conservative nt differences the
third codon position values for donkey/horse are higher
than those of the other three comparisons. We believe,
however, that these differences represent normal varia-
tion among recent mammalian divergences because there
is no contrasting pattern between the most recent diver-
gence (the seals) and the three more distant ones. The
transition/transversion (Ti/Tv) ratios in third codon po-
sition show some variation. This variation does not ap-
pear to be directly related to molecular differences, sug-
gesting that transitional saturation is limited or
nonexistent among the four comparisons.

The Dating of the Evolutionary Separation of the
Donkey and the Horse

The availability of the mtDNA molecules of the donkey
and the horse makes it possible to examine the donkey/
horse divergence on the basis of complete mtDNA data.
Comparisons with external standards (Krettek et al.
1995) show that the mtDNAs of equiids (horse) evolve
slightly slower than those of seals and whales. Applying
an external reference, the artiodactyl/cetacean diver-
gence set at 60 MYA (Arnason and Gullberg 1996), the
divergence between the two seals has been dated at≈7
MYA and that between the two whales at≈11 MYA
(Arnason et al. 1996b). The difference between the horse
and the donkey relative to these two species-pairs varies,
however, with respect to the mode of comparison (total

Table 4. Percent difference between the mitochondrial peptide-coding genes of donkey (E.as)/horse (E.ca), harbor (P.vi)/grey (H.gr) seals, fin
(B.ph)/blue (B.mu) whales, andHomo/chimpanzee (P.tr)a

Gene

Nucleotide difference—total/conservative

E.as/E.ca P.vi/H.gr B.ph/B.mu Homo/P.tr

COI (4) 7.1/0.4 (1) (6) 3.6/0.5 (6) (3) 7.4/0.6 (1) (4) 8.8/0.8 (1)
COIII (3) 7.0/0.4 (2) (8) 4.0/0.4 (5) (4) 7.5/0.9 (5) (7) 9.6/1.4 (4)
COII (6) 7.2/0.6 (3) (7) 3.9/0.1 (2) (6) 8.3/0.7 (4) (6) 9.5/1.0 (3)
NADH3 (1) 6.4/0.9 (4) (2) 2.3/0.3 (3) (8) 8.7/0.6 (2) (13) 11.9/2.9 (11)
NADH1 (5) 7.1/1.0 (6) (4) 3.0/0.3 (4) (1) 7.1/0.7 (3) (5) 9.2/2.0 (7)
NADH4L (7) 7.4/1.4 (9) (1) 2.0/0.0 (1) (10) 9.1/2.7 (12) (1) 7.4/1.0 (2)
NADH4 (10) 8.3/1.0 (5) (12) 4.6/0.9 (9) (13) 10.5/1.7 (7) (9) 9.7/1.8 (6)
Cytb (8) 7.7/1.1 (7) (9) 4.3/1.0 (10) (5) 7.6/1.5 (6) (12) 11.7/3.4 (13)
NADH2 (12) 9.2/2.2 (11) (10) 4.4/0.8 (7) (12) 9.6/2.6 (10) (8) 9.6/1.8 (5)
NADH5 (13) 9.4/1.5 (10) (11) 4.4/0.9 (8) (7) 8.4/2.0 (8) (11) 10.6/3.4 (12)
ATPase6 (11) 9.0/1.3 (8) (5) 3.4/1.2 (12) (11) 9.4/2.3 (9) (2) 8.5/2.1 (8)
NADH6 (2) 6.6/2.7 (12) (13) 6.1/1.1 (11) (9) 8.9/2.7 (11) (10) 9.7/2.1 (9)
ATPase8 (9) 7.8/4.4 (13) (3) 2.9/1.5 (13) (2) 7.3/3.1 (13) (3) 8.7/2.4 (10)
Mean 8.0/1.2 4.0/0.7 8.5/1.5 9.8/2.1

aDifference with respect to chemical properties of amino acids is based on Gribskov and Burgess (1986). Figures in parentheses show the position
with respect to increasing difference in each mode of comparison. The order of genes is according to increasing difference based on the conservative
nucleotide substitution, total amino acid difference, and difference according to chemical properties of amino acids
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nt difference, conservative nt difference, aa difference).
We see, therefore, no reason to attempt to date the horse/
donkey divergence any narrower than 8–10 MYA. With
respect to the rRNA data in Table 6, the 12S rRNA
difference yield datings that are in line with those for
total nt difference in peptide coding genes, whereas the
16S rRNA differences conform with those for conserva-
tive nt substitutions.

The sequence of the complete cytochromeb gene of
Grévy’s zebra,E. grevyi,has been reported (Irwin et al.
1991). The total nt difference between the cytb genes of
the donkey and the horse is 7.7%. The percent conser-
vative nt difference is 1.1%, and aa difference 0.8%. The
corresponding values for the zebra and the horse are

8.2%, 1.0%, and 1.1%, and those for the zebra and the
donkey are 5.9%, 0.8%, and 1.3%. The different values
do not provide an unequivocal picture of the relationship
among the three species, but it is likely that in close
relationships like these the stochastic error in compari-
sons based on total nt difference is less than that in the
other two modes of comparison. The total nt difference
suggests, consistent with George and Ryder (1986), that
there is a closer relationship between the donkey and the
zebra than there is between either of these species and the
horse.

Discussion

Besides providing details of the molecular relationship
between the mtDNAs of the donkey and the horse, the
present study examined the rate of molecular evolution
among peptide coding genes of four recent divergencies
(harbor seal/grey seal, horse/donkey, fin whale/blue
whale, Homo/common chimpanzee). Four modes of
comparison were performed within each species-pair and
the ranking position for each gene was determined. Cal-
culation of Kendall’s coefficient of rank correlation
showed that the ranking position of individual genes was
somewhat irregular among the four species-pairs. As ex-
pected this irregularity was most strongly pronounced in
comparisons based on total nt substitution, but also ap-
parent to some extent in the three other, and more con-
servative, modes of comparison. The analyses showed
that the evolutionary rate of the same peptide-coding
gene, relative to other mtDNA peptide-coding genes,
may differ considerably among recent divergences of
different lineages such as equiids, seals, balaenopterid
whales, and hominoids. The results emphasize that find-
ings based on limited sets of sequence data for resolving
and dating evolutionary divergences among, or within,

Table 5. Mean ranking values and positions of individual genes ac-
cording to increasing difference in four pairwise comparisons—donkey
and horse, harbor and grey seals, fin and blue whales,Homo and
common chimpanzeea

Gene

Mean position of
nucleotide difference

Mean position of
amino acid difference

Total Conservative Total Chemical

COI 4.3 (2/3) 2.3 (1) 2.8 (1) 3.0 (2)
COIII 5.5 (5) 4.0 (3) 3.0 (2) 2.0 (1)
COII 6.3 (7) 3.0 (2) 3.3 (3) 3.8 (3)
NADH3 6.0 (6) 5.0 (4/5) 5.5 (5) 5.0 (4)
NADH1 3.8 (1) 5.0 (4/5) 6.0 (6) 5.8 (5/6)
NADH41 4.8 (4) 6.0 (6) 5.3 (4) 5.8 (5/6)
NADH4 11.0 (13) 6.8 (7) 6.5 (7) 6.5 (7)
Cytb 8.5 (9/10) 9.0 (9) 8.5 (8/9) 7.8 (8)
NADH2 10.5 (11/12) 8.3 (8) 8.5 (8/9) 9.5 (10)
NADH5 10.5 (11/12) 9.5 (11) 9.3 (10) 9.8 (11)
ATPase6 7.3 (8) 9.3 (10) 9.8 (11) 10.8 (12)
NADH6 8.5 (9/10) 10.8 (12) 10.5 (12) 9.3 (9)
ATPase8 4.3 (2/3) 12.3 (13) 12.3 (13) 12.3 (13)

a Position values show the mean of ranking position for each gene
among the comparisons of the four pairs of species in Table 4. Figures
in parenthesis show the ranking position within each column.

Table 4. Extended

Gene

Amino acid difference—total/chemical properties

E.as/E.ca P.vi/H.gr B.ph/B.mu Homo/P.tr

COI (1) 0.2/0.2 (3) (6) 1.0/0.8 (5) (2) 0.6/0.2 (3) (2) 1.2/0.8 (1)
COIII (2) 0.4/0.0 (1) (3) 0.8/0.0 (2) (3) 0.8/0.0 (2) (4) 2.7/1.5 (3)
COII (3) 0.4/0.4 (5) (2) 0.4/0.4 (3) (5) 1.3/1.3 (5) (3) 2.2/1.3 (2)
NADH3 (5) 0.9/0.0 (2) (5) 0.9/0.9 (6) (1) 0.0/0.0 (1) (11) 6.1/5.2 (11)
NADH1 (7) 1.6/0.9 (7) (4) 0.9/0.6 (4) (4) 1.3/0.9 (4) (9) 5.0/3.8 (8)
NADH4L (8) 2.0/1.0 (8) (1) 0.0/0.0 (1) (11) 7.1/3.1 (10) (1) 1.0/2.0 (4)
NADH4 (6) 1.5/0.9 (6) (7) 1.7/1.1 (7) (6) 3.3/2.0 (7) (7) 4.7/2.6 (6)
Cytb (4) 0.8/0.3 (4) (10) 2.4/1.1 (8) (7) 3.4/1.3 (6) (13) 7.1/5.5 (13)
NADH2 (11) 3.7/2.6 (11) (9) 2.0/1.2 (9) (9) 4.9/3.2 (11) (5) 4.0/3.5 (7)
NADH5 (9) 2.8/1.8 (9) (8) 1.8/1.3 (10) (8) 3.5/2.0 (8) (12) 6.6/5.5 (12)
ATPase6 (10) 3.1/1.8 (10) (11) 2.7/2.2 (12) (10) 5.3/4.0 (12) (84) 4.9/4.0 (9)
NADH6 (12) 5.7/2.9 (12) (12) 2.9/1.7 (11) (12) 7.3/2.3 (9) (6) 4.6/2.3 (5)
ATPase8 (13) 8.8/7.5 (13) (13) 4.5/3.0 (13) (13) 7.9/7.9 (13) (10) 5.8/4.4 (10)
Mean 1.9/1.4 1.6/1.2 3.0/2.0 4.4/3.3
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distantly related lineages should be taken with caution
unless supported by extensive species sampling. The pre-
sent analyses of close evolutionary relationships are con-
sistent with, and complementary to, earlier findings of
distant eutherian relationships (Arnason and Johnsson
1992; Cao et al. 1994) which showed that different
mtDNA genes provide different topologies for the rela-
tionship among Rodentia (mouse, rat), Primates (Homo),
Carnivora (harbor seal), Artiodactyla (cow), and Cetacea
(fin whale).

Consultation of Table 6 shows that the molecular dif-
ference is least between the seals, followed by horse/
donkey, the two whales, andHomo/common chimpan-
zee. This order is not expressed, however, in the 12S
rRNA gene, where horse/donkey exhibit the same dif-
ference as the two whales, and where the difference be-
tweenHomo/common chimpanzee is less than that be-
tween these two species-pairs. Table 6 also gives an
account of the rates of nt substitution, both total and
conservative, according to codon position in four spe-
cies-pairs belonging to four different eutherian orders.
The similarities between the data of the seals (least mo-
lecular difference) and those ofHomo/chimpanzee (larg-
est molecular difference) suggest that none of the four
pairwise comparisons is affected by mutational satura-
tion.

The proposed dating of the divergence between don-
key and horse, 8–10 MYA, is distinctly earlier than both
paleontological data (Simpson 1951; Lindsay et al. 1980)
and the datings proposed by restriction endonuclease
analysis of the equiids (George and Ryder 1986). It has
been demonstrated recently (Ohland et al. 1995) by
simulated restriction analyses of complete mtDNA se-
quences (where actual sequence differences are known),
that real (experimentally performed) restriction analyses
may provide pictures of sequence divergence that deviate
quite considerably from true divergences. The data on
sequence differences obtained by George and Ryder
(1986) are, nevertheless, in line with the present findings.
Our dating of the evolutionary separation between the

horse and donkey is, however, considerably earlier than
proposed by them. In their calculations George and
Ryder (1986) applied a divergence rate of 2% per million
years as proposed by Brown et al. (1979). It is probable
that this value substantially overestimates the rate of evo-
lutionary divergence among equiids.
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