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Abstract. The nucleotide sequence of the completeof one lineage for resolving and dating evolutionary di-
mitochondrial genome of the donkdyguus asinusyas  vergences of other lineages should be performed with
determined. The length of the molecule is 16,670 bp. Thecaution unless based on comprehensive data.

length, however, is not absolute due to pronounced het-

eroplasmy caused by variable numbers of two types oKey words: Mitochondrial DNA — Molecular com-
repetitive motifs in the control region. The sequence ofparisons — Molecular phylogeny — Mammalian spe-
the repeats is (a) 'SsCACACCCA and (b) 5- cies-pairs — Equidae — Donkey — Horse
TGCGCGCA, respectively. The order of (a) and (b) can
be expressed asnf2(a)+(b)]+m(a)}. In 32 different
clones analyzed the numbermfindmranged from 0 to

9 and 1 to 7. The two rRNA genes, the 13 peptide-codingntroduction
genes, and the 22 tRNA genes of the donkey and the
horse,Equus caballuswere compared in detail. Total

During the last few years there has been a considerable

nucleotide difference outside the control region was . . .
) . . .progress in the sequencing of complete mammalian
6.9%. Nucleotide difference between peptide-coding
MtDNA molecules. There are, however, only four orders

0, 0, 1 0,
genes ranged from 6.4% to 9.4% with a mean of 8.0%. Inrepresented by two or more complete MDNAs. These

the inferred protein sequences of the 13 peptide—codin%rders are Primates, representedHnmo (Anderson et

enes the amino acid difference was 0.2-8.8%, and the .
9 . ! al. 1981; Ozawa et al. 1991; Horai et al. 1995; Arnason
mean for the 13 concatenated amino acid sequences wa ; . )

. et al. 1996a), common chimpanzee (Horai et al. 1995;
1.9%. In the 22 tRNA genes, the mean difference was . .
Arnason et al. 1996a), pygmy chimpanzee (Horai et al.

0 i 0
3.5%, and that in the two IRNA genes was 4.1%. The, gq5y "o il (Horai et al. 1995; Xu and Amason 1996),
MtDNA differences between the donkey and the horsé : ) .
) ) and Bornean orangutan (Horai et al. 1995); Rodentia,
suggest that the evolutionary separation of the two spe-

. - . represented by the mouse (Bibb et al. 1981) and the
cies occurred=9 million years ago. Analyses of differ- .
. . brown rat (Gadaleta et al. 1989); Cetacea, represented by
ences among the mtDNAs of three other species-pair:

harbor seal/grey seal, fin whale/blue whale, tad %he fin (Arnason et al. 1991a) and blue (Arnason and

common chimpanzee, showed that the relative evqutiongu”berg 1993) whales; and Carnivora, represented by

ary rate of individual peptide-coding genes varies amon the harbor (Arnason and Johnsson 1992) and grey seals

. : . . Arnason et al. 1993). Mammalian orders represented by
different species-pairs and modes of comparison. The . | | lecul . |
findings show that the superimposition of sequence datg >Nd’€ comp ete mDNA molecule are Artiodacty a,

represented by the cow (Anderson et al. 1982); Peris-
sodactyla, represented by the horse (Xu and Arnason
1994); Marsupialia, represented by the opossum (Janke

Correspondence tdJ. Arnason et al. 1994); Lipotyphla, represented by the hedgehog
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(Krettek et al. 1995); and Monotremata, represented by1991a). The tissue was provided by Dr. Stuart W. J. Reid, University
the platypus (Janke et al. 1996). While comparisons Of)f Glasgow Veterinary School, Glasgow, UK. The purified mtDNA

distantly related mtDNAs have particular interest for es-2S digested separately witindlll, Blnl, Spd, Xbal, andBantl and
the fragments were separated on a preparative agarose gel. The frag-

tablishing long-range evolutionary relationships, cOmM-ments were excised from the gel and extracted by electroelution. Frag-
parisons among mtDNAs of closely related species arenents shorter than 4,000 nt (nucleotides) were ligated into M13 vec-
valuable for studies of molecular evolution among se-tors, whereas larger fragments &bd, Spe, and BanH| were re-
quences that are unaffected by molecular saturation ang¢9ested with enzymes producing compatible ends and thereafter
ligated into M13. Positive clones were identified by hybridization using

for establishing the degree of molecular difference be—mtDNA of the horse as labeled probes.

tween species that may still produce offspring. The latter  sequencing was according to the dideoxy chain termination tech-
issue has been dealt with in some detail in analyses of theique with F5S]JdATP. The work was performed manually using both

fin and blue whales, which, despite their molecular dis-universal and a number of specific oligodeoxynucleotide primers. In
tinction, have been shown to produce offspring where theddition to natural (not PCR) clones the repetitive portion of the control

females are not obligatorily sterile (Arnason et al 1991b_regi0n was also sequenced after M13 cloning of PCR-amplified frag-
’ ’ments. The sequence of each clone was determined on the basis of three

Spilliaert et al. 1991). independent sequencing reactions.

In the present study we compare the complete mtDNA  The mtDNA sequence of the donkey has been deposited at EMBL
molecules of two mammalian species, the donkey analith accession number X97337. Users of the sequence are kindly
the horse, which also can produce offspring. The off_requested to refer to the present paper and not only to the accession

. . . . number of the sequence.
spring is sterile, however, and is produced only under
domestication. The family Equidae, horses, comprises a
single genustquuswith 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 haseneral Features of the Mitochondrial Genome of
been postulated that members of the geRgsiusdi-  the Donkey
verged during the last 3-5 Myr (million years) (Simpson
1951; Lindsay et al. 1980). The differences among vari-The length of the mtDNA molecule of the donkdsquus
ous equiid mtDNAs have been estimated on the basis afisinus,presented here is 16,670 nt. This length is not
restriction-endonculease analyses (George and Rydebsolute, however, because of variation in the number of
1986). Using a divergence rate of 2% per million years,two kinds of repetitive motifs in the control region of the
the authors suggested a primary evolutionary divergenceiolecule. The 16,670-nt variety of the molecule includes
of equiid lineages about 3.9 MYA (million years ago). 22 copies of one motif (a) and nine copies of the other (b)

In the present study we report the complete nucleotidé¢see below for characterization, organization, and num-
sequence of the mitochondrial genome of the donkey antler of motifs). The base composition of the L-strand is
propose a dating of the divergence between the donke#, 32.4%; C, 28.9%; G, 13.2%; T, 25.5%. The organi-
and the horse. In addition to the comparison betweerzation of the molecule is the same as that of other eu-
these two species we also compare each of the 13 peplherian mtDNAs described.
tide-coding genes and the 12S and 16S rRNA genes With the exception of the NADH5 (nicotinamide ad-
among three additional closely related species-pairs, thenine dinucleotide dehydrogenase subunit 5) gene all
harbor and the grey seals, the fin and the blue whalegeptide-coding genes of the donkey have a methionine
andHomoand the common chimpanzee. This compari-start codon. The start codon of NADHS5 is ATT (isoleu-
son of the peptide-coding genes was undertaken becausie). ATT is not an uncommon start codon, however, in
it has been shown previously (Arnason and Johnssomammalian mtDNAs. In the horse it is also isoleucine
1992; Cao et al. 1994) that individual mtDNA genes may(ATC) and in the harbor and the grey seals it is ATT.
provide different topologies for ordinal relationships Three of the 13 peptide-coding genes, COIlll (cyto-
among mammals. In the present paper we address thighrome c oxidase subunit I1l), NADH3, and NADH4, are
issue from another angle by comparing the differencesiot terminated by a complete stop codon. A stop codon
between individual peptide-coding genes among fouris absent in the COIlIl gene of all mammalian mtDNAs
closely related mammalian species-pairs and by studyingescribed so far, except in the fin and the blue whales
to what extent differences in one gene of one species-pafe.g., Table Il in Xu and Arnason 1994). The absence of
are paralleled by similar differences in the same gene o& complete stop codon in the NADH4 gene is a common
other species-pairs. 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
Materials and Methods terminated with an incomplete stop codon, T or TA.

Termination of this kind is not an uncommon feature of
Mitochondrial DNA was isolated from the frozen kidney of a healthy Mammalian mtDNA peptide-coding genes (Wolsten-
adult donkey following the procedure described by Amason et al.holme 1992; Janke et al. 1994; Xu and Arnason 1994),

Results
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Table 1. Number of repetitive motifs in 32 clones of the mitochon- 28.5: G, 13.2/13.4; T, 25.5/25.9. Outside the control re-
drial control region of the donkéy gions the mtDNAs of the donkey and the horse differ by
6.9%. An alignment of the two sequences, excluding

Clonen m Clonen m Clonen m Clonen m . . . . .
control regions, shows 14 indels (insertions or deletions).
1 o1 9 2 2 17 4 4 25 7 5 Six of these occur in the rRNA genes and eight in the
g 8 é i‘i 2 g 13 g i ;g ; ; tRNA genes, respectively. The stem portions of the ori-
4 1 1 12 3 2 20 6 4 028 g 4 9n of L-strand rephcatpn, vv.h|ch' are highly conserved
5 1 3 13 3 3 21 7 3 29 g8 4 among mammals, are |dent|qal in the ankey and the
6 1 3 14 3 4 22 7 4 30 8 5 horse. The loops differ by a single transition.
7 21 15 3 4 283 7 4 3 8 6 We will provide separate accounts of the comparisons
8 2 1 16 3 5 24 7 4 32 9 4

between the control region, the rRNA genes, the tRNA

2The repetitive sequence contains two different motifs, (&) 5 genes, and the peptlde_COdmg genes of the mtDNAs of
CACACCCA and (b) 5TGCGCGCA. The motifs are arranged as the donkey and the horse.
{n[2(a)+(b)]+m(a)}

The Control Region

consistent with the notion (Ojala et al. 1981) that the
transcripts of such genes contain a stop codon created bife length of the control region of the mtDNA of the
post-transcriptional polyadenylation. onkey, excluding the repetitive portion, is 959 nt, one

The control region of the mtDNA presently described!ess than that of the horse. There are 108 differences
is 1,207 nt long. The region is characterized by two(11.2%) in an alignment of the two regions, 88 transi-
different repeat motifs: (a)’'SCACACCCA and (b) 5 tions, 16 transversions, and four indels. The repetitive
TGCGCGCA. No variation was observed within the se-motifs occur in the same region in both species. The
quence of each motif. The latter motif has the pyrimi-/€ngth of the repeated motif of the horse -5
dine/purine alternation found in most tandemly orga-GTGCACCT, is the same as that of the two different
nized repeat motifs occurring in mitochondrial control donkey motifs, but the sequence of each of the three
regions. Examination of 12 natural and 20 PCR clonegnotifs is highly distinct.
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 expressefthe |engths of each of the 13 mitochondrial peptide-
{n[2(2)+(b)]*m(@)}, wheren can run from 0 t0 9 andh  ¢oding genes are the same in the donkey and the horse.
from 1 to 7. Table 1 gives the numbers forandm  The results of a comparison between individual genes of
among the 32 examined clones. The clones are numbergfe two species are shown in Table 2. Besides giving the
according to increasing values mandm. Motif (&) was  nymber of nt differences, the number of amino acid (aa)
absent in three clones. In the presently described comyjtferences, and the number of conservative nt differ-
plete sequence = 9 andm = 4. ences, the table also details differences with respect to

Excluding tRNA-Ser(UCN) and tRNA-Ser(AGY), codon position and type (transition or transversion). Con-
the inferred secondary structures of the remaining 2Qeryative nt differences (Irwin et al. 1991) constitute (a)
tRNA genes of the donkey conform with the common 5| sypstitutions in codon position 1, except synonymous
structures of mitochondrial tRNA genes described byjeycine transitions, (b) all substitutions in codon position
Kumazawa and Nishida (1993). The tRNA stems AA and (c) all transversions in codon position 3.
(amino acid-acceptor), D (dihydrouridine), AC (antico-  Total nucleotide difference between peptide-coding
don), and T (WC) are 7, 4, 5, and 5 base pairs l0ng, genes of the donkey and the horse ranges from 6.4% in

respectively. The regions separating stems AA and D, NADH3 to 9.4% in NADH5. The mean nt difference is
and AC, ACand T, and T and AA are 2, 1, 3-5, and 0 ntg o4, |t should be observed that this figure is the mean

long, respectively. In the two deviating tRNA-Ser genes,for the combined length of all peptide-coding genes
tRNA-Ser(AGY) has no D stem and the AC stem in (11 403 nt), and not the mean of the values for individual
tRNA-Ser(UCN) is 6 base pairs long. Furthermore, thegenes. Conservative differences range from 0.4% in COI
junction of the AA-D stem in the tRNA-Ser(UCN) has and colll to 4.4% in ATPase8 with a mean of 1.2%. The
only 1 nt. aa differences range from 0.2% in COIl to 8.8% in
ATPase8 among H-strand-encoded genes. The aa differ-
Comparison Between the mtDNAs of the Donkey and €nce for the L-strand-encoded NADH®6 gene is 5.7%; the
the Horse conservative nt difference for this gene is also high,
2.7%. The mean aa differences for the combined length
The percentage base compositions of the mtDNAs obf the peptide-coding genes is 1.9%.
donkey/horse are very similar: A, 34.2/32.2; C, 28.9/ The total number of nt substitutions in the 13 peptide-

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

1 3
Ti 2 Ti Tv

Gene Length a b Tv Ti Tv a b a b aa diff.
NADH1 957 7 3 - 1 - 9 2 5 1 5
NADH2 1,041 10 9 - 7 - 8 55 1 6 13
COl 1,545 3 1 - - - 16 8 - 5 1
Coll 684 9 1 - - - 2 3 - 3 1
ATPase8 204 - 3 - 4 - - 7 - 2 6
ATPase6 681 1 5 - 2 - 10 14 - 2 7
colll 783 4 - 1 - - 6 2 - 2 1
NADH3 345 2 1 - - - 6 1 - 2 1
NADH4L 297 3 1 - 1 - 2 3 - 2 2
NADH4 1,377 6 2 1 4 - 13 B 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 B 2 7 3
Total 11,403 60 42 4 28 2 108 599 16 a7 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

2Ti: transitions; Tv: transversions; a: differences involving leucine in both species, b: differences other than those involving leucine

coding genes is 906, including 139 conservative nt subthy that all nucleotide differences (13) of the inferred
stitutions. The ratio for all nt substitutions according to stem regions were transitions and that all indel differ-
codon positionis 3.5:1.0: 25.7. The corresponding raticences were limited to the loop regions (D loop and/or T

for conservative nt substitutions is 1.5 : 1.0 : 2.1. loop).
The total sequence difference between the 22 tRNA
I 0,
The rRNA Genes genes of the donkey and the horse is 3.5%, as compared

with 6.9% in the complete alignment outside the control
Between the 12S rRNA genes of the donkey and thdegion. The total number of differences in the stem re-
horse there are 48 differences (4.9%), 38 transitiongions of the 22 tRNA genes is only 13 (0.9%).
(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 thre C‘;ﬁ‘:ﬁ‘;ﬁ;ﬁg{gg’;ﬂ Closely Related Pairs of
(0.2%). The differences for the combined lengths of the

two genes are: total difference 4.1%, transition differ-|5 order to study the evolution of individual peptide-

0.2%. comparison between the donkey and the horse (order
Perissodactyla) was extended by including closely re-
The tRNA Genes lated species-pairs of three additional mammalian orders,

Carnivora (harbor and grey seals), Cetacea (fin and blue
The combined length of the tRNA genes of the donkey iswhales), and Primatesipmoand common chimpanzee).

1,517 nt as compared with 1,520 nt in the horse. TheThe results of the comparisons among the four species-
results of a comparison between the individual tRNApairs are summarized in Tables 4-6.

genes are shown in Table 3. Five genes are identical in The order of the four species-pairs, arranged with re-
the two species. The tRNA-Ser(AGY) and tRNA-Lys spect to molecular difference, is: harbor/grey seals <
genes differ markedly between the two species withhorse/donkey < fin/blue whalesHomdcommon chim-
seven and five differences, respectively. The total numpanzee. Table 4 shows the differences and the rank (in
ber of differences in the tRNA genes is 54 (41 transi-parenthesis) of the 13 peptide-coding genes when they
tions, five transversions, and eight indels). It is notewor-are ranked according to increasing differences in each
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Table 3. Lengths and number of nucleotide differences between the mitochondrial tRNAs of the donkey afd horse

Nucleotide difference Nucleotide differences in stems

Length (nt)

donkey/horse 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-GIn 73173 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 73173 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 72174 2 2 1 1 (Ti) T
tRNA-Pro 66/66
Total 1,517/1,520 41 5 8 13 (Ti)

2Ti: transition; Tv: transversion; AA: amino acid-acceptor stem; AC: anticodon stem; D: dihydrouridine sten¥,CT stEm

pairwise comparison. As is apparent in Table 4, the samat random from the four comparisons under study. For
gene may exhibit quite different relative rates of evolu-total nt substitution the mean rank correlation coefficient
tion in different species-pairs. Thus, in the donkey/horsas 0.20 @ = 0.60); for conservative nt substitution 0.39
comparison the NADH3 gene shows the lowest total nt(m = 0.70); for total aa difference 0.3& (= 0.69); and
difference, 6.4%. The same gene has the second-lowesir difference according to chemical properties of aa,
difference in the comparison between the seals, 2.39%0.41 @@ = 0.71).
Between the two whales the difference is 8.7% (eighth In order to assess the consistency among the four
ranking position), whereas betweklomoand the chim-  different modes of comparison and to establish the rela-
panzee the difference is 11.9% (13th position). Alsotive evolutionary rate of each peptide-coding gene, the
among different modes of comparison pronounced dif+anking values of each gene (Table 4) were combined
ferences may occur. Thus the total nt difference in(Table 5). The order of the genes in this table, as in Table
ATPase8 is low, whereas it is very high in other modes4, is according to increasing difference based on conser-
of comparison. vative nt substitution, total aa difference, and difference
The fact that the same peptide-coding gene showsaccording to chemical properties of amino acids. Each
different evolutionary rates in different pairwise com- value in Table 5 constitutes the mean of the four pairwise
parisons makes it difficult to establish a general evolu-comparisons in Table 4. As shown in Table 4 the total nt
tionary rate for each gene. The conformity of the rankingdifference between the COI gene of the donkey and the
of the 13 peptide-coding genes among the four pairwiséorse is 7.1%. This gives the gene ranking position 4
comparisons was examined by first calculating the Ken{fourth lowest difference) in the horse/donkey compari-
dall rank correlation coefficient (tau) for each of the six son. For the same gene the difference between the two
possible combinations among the four species-pairs anseals is 3.6% (ranking position 6); that between the two
then forming the averagefor the sixt coefficients. In  whales is 7.4% (ranking position 3); and that between
addition to computingr, we also calculatedr = (1 + Homo and the common chimpanzee is 8.8% (ranking
7)/2, a number between 0 and 1 which can be interpreteg@osition 4). Thus the mean ranking position for the COI
as the probability that two genes, chosen at random, willvith respect to total nt difference is 4.3. This is the
be ranked in the same order in the two comparisons. Iisecond lowest ranking position for this type of compari-
the same wayr = (1 + 7)/2 can be thought of as the son; only the NADH1 gene has a lower mean ranking
probability that two genes, chosen at random, will beposition, 3.8. Table 5 shows the mean ranking values for
ranked in the same order in two comparisons, choseeach of the four modes of comparison—total nt substi-
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Table 4. Percent difference between the mitochondrial peptide-coding genes of ddaly/horse E.cd), harbor P.vi)lgrey H.gr) seals, fin

(B.ph/blue B.my whales, andHomdchimpanzeeR.tr)?

Nucleotide difference—total/conservative

Gene E.as/E.ca P.viH.gr B.ph/B.mu Homo/P.tr

COl 4 7.1/04 (1) (6) 3.6/0.5 (6) (3) 7.4/0.6 (1) (4) 8.8/0.8 (1)
colll (3)7.0/0.4 (2) (8)4.0/0.4 (5) (4) 7.5/0.9 (5) (7) 9.6/1.4 (4)
coll (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) 7.2/0.7 (3) (5) 9.2/2.0 (7)
NADHA4L (7)7.411.4 (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)7.71.1 (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) 3.4/11.2 (12) (11) 9.4/2.3 (9) (2) 85/2.1 (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

2 Difference with respect to chemical properties of amino acids is based on Gribskov and Burgess (1986). Figures in parentheses show the pos
with respect to increasing difference in each mode of comparison. The order of genes is according to increasing difference based on the conserv
nucleotide substitution, total amino acid difference, and difference according to chemical properties of amino acids

tution, conservative nt substitution, total aa difference,(6.9%/3.5%) and conservative nt difference (1.2%/
and aa difference with respect to chemical properties0.7%). With respect to ratios for total nt substitution
The Kendall rank correlation coefficient among the rank-according to codon position, the value for codon position
ing of conservative nt difference, total aa difference, and3 (25.7) between the donkey and the horse is consider-
aa difference with respect to chemical properties wasbly higher than that of the other three comparisons. Also
0.88, 0.81, and 0.86, respectively, with an average ofvith respect to ratios for conservative nt differences the
0.85 @™ = 0.93). Kendall's correlation coefficient for the third codon position values for donkey/horse are higher
ranking based on total nt difference compared with thethan those of the other three comparisons. We believe,
ranking of the three other modes of comparison was 0.24owever, that these differences represent normal varia-
(7 = 0.62). tion among recent mammalian divergences because there
As is evident in Table 5, the ranking based on total ntis no contrasting pattern between the most recent diver-
difference differs considerably from that of the three gence (the seals) and the three more distant ones. The
other modes of comparison. This is also reflected in theransition/transversion (Ti/Tv) ratios in third codon po-
rather low Kendall correlation coefficient (0.24) between sition show some variation. This variation does not ap-
the ranking of total nt difference and other differences.pear to be directly related to molecular differences, sug-
The most conspicuous deviation is the low ranking po-gesting that transitional saturation is limited or
sition (2/3) of ATPase 8 with respect to total nt differ- nonexistent among the four comparisons.
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 The Dating of the Evolutionary Separation of the
total nucleotide difference as compared with 7 in theDonkey and the Horse
three other comparisons. The ranking position of the cy-
tochromeb gene, frequently used in phylogenetic com- The availability of the mtDNA molecules of the donkey
parisons among mammals (Irwin et al. 1991; Irwin andand the horse makes it possible to examine the donkey/
Arnason 1994; Ma et al. 1993; Arnason et al. 1995;horse divergence on the basis of complete mtDNA data.
Arnason and Gullberg 1994, 1996), is very similar in theComparisons with external standards (Krettek et al.
four modes of comparisons, supporting the versatility 0f1995) show that the mtDNAs of equiids (horse) evolve
this gene in phylogenetic analyses. slightly slower than those of seals and whales. Applying
Table 6 summarizes the molecular differences amon@gn external reference, the artiodactyl/cetacean diver-
the four species-pairs studied. The order among the spgence set at 60 MYA (Arnason and Gullberg 1996), the
cies-pairs is the same irrespective of the comparison apdivergence between the two seals has been dated at
plied, although the magnitude of the differences mayMYA and that between the two whales at1l MYA
show some variation. Thus the aa difference between théArnason et al. 1996b). The difference between the horse
donkey and the horse (1.9%), relative to that of the sealand the donkey relative to these two species-pairs varies,
(1.6%), is limited compared with both total nt difference however, with respect to the mode of comparison (total
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Table 4. Extended

Amino acid difference—total/chemical properties
Gene E.as/E.ca P.vi/H.gr B.ph/B.mu Homo/P.tr
COl (1)0.2/0.2 (3) (6) 1.0/0.8 (5) (2)0.6/0.2 (3) (2)1.2/0.8 (1)
coill (2) 0.4/0.0 (1) (3)0.8/0.0 (2) (3)0.8/0.0 (2) 427115 (3)
coll (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)
NADHA4L (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)3.312.0 (7) (7)4.7/12.6 (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

Table 5. Mean ranking values and positions of individual genes ac-g8 205, 1.0%, and 1.1%, and those for the zebra and the
e oy s o o o *"dorikey are 5.9%, 0.8%, and 1.3%. The differnt values
common chimpanzée 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

Mean position of
nucleotide difference

Mean position of
amino acid difference

G Total o fi Total Chemical . .

ene o onservaiive - emea suggests, consistent with George and Ryder (1986), that
col 4.3 (2/3) 2.3(1) 2.8(1) 30() thereis a closer relationship between the donkey and the
coi 5.5(5) 4.0(3) 302 20(1) zebra than there is between either of these species and the
coll 6.3(7) 3.0(2) 3.3(3) 3.8(3) horse.
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)  Discussion
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 Ellllzg 9.551)1) 9.3§10)) 98 ((11; Besides providing details of the molecular relationship
ATPase6 7.3(8) 9.3 (10) 9.8(11) 108(12) between the mtDNAs of the donkey and the horse, the
NADH6 8.5 (9/10) 10.8 (12) 10.5 (12) 9.3(9) present study examined the rate of molecular evolution
ATPase8 4.3 (213) 12.3(13) 12.3(13)  12.3(13) among peptide coding genes of four recent divergencies

2 Position values show the mean of ranking position for each gene(harbor seal/grey seal, horse/donkey, fin whale/blue

among the comparisons of the four pairs of species in Table 4. Figureg\/hale' Homdcommon Ch'mp?‘n?ee)' Four mOdeS. of
in parenthesis show the ranking position within each column. comparison were performed within each species-pair and

the ranking position for each gene was determined. Cal-
nt difference, conservative nt difference, aa difference)culation of Kendall's coefficient of rank correlation
We see, therefore, no reason to attempt to date the horssthowed that the ranking position of individual genes was
donkey divergence any narrower than 8—10 MYA. With somewhat irregular among the four species-pairs. As ex-
respect to the rRNA data in Table 6, the 12S rRNA pected this irregularity was most strongly pronounced in
difference yield datings that are in line with those for comparisons based on total nt substitution, but also ap-
total nt difference in peptide coding genes, whereas th@arent to some extent in the three other, and more con-
16S rRNA differences conform with those for conserva-servative, modes of comparison. The analyses showed
tive nt substitutions. that the evolutionary rate of the same peptide-coding
The sequence of the complete cytochrommgene of gene, relative to other mtDNA peptide-coding genes,
Grevy's zebra,E. grevyi,has been reported (Irwin et al. may differ considerably among recent divergences of
1991). The total nt difference between the bygenes of different lineages such as equiids, seals, balaenopterid
the donkey and the horse is 7.7%. The percent consewhales, and hominoids. The results emphasize that find-
vative nt difference is 1.1%, and aa difference 0.8%. Thengs based on limited sets of sequence data for resolving
corresponding values for the zebra and the horse arand dating evolutionary divergences among, or within,
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Table 6. Comparison of mtDNA in four closely related mammalian species-pairs: donkey/horse, harbor/grey seals, fin/blue whales, and hum:
chimpanze®

Seals Donkey/horse Whales Human/chimpanzee
Percent nt different 3.5 6.9 7.5 8.5
Percent cons. nt difference 0.7 1.2 15 2.1
Percent aa difference 1.6 1.9 3.0 4.4
Ratio total nt substitution 2.7:1.0:16.0 3.5:1.0:25.7 4.2:1.0:17.0 2.8:1.0:12.3
Ratio cons. nt substitution 1.6:1.0:0.9 1.5:1.0:2.1 1.6:1.0:1.5 1.6:1.0:0.8
Ratio 3rd condon pos. Ti/Tv 16.6 11.2 104 13.7
Percent nt difference of 12S rRNA 2.2/1.9/0.2/0.1 4.9/3.9/0.7/0.3 4.9/3.7/0.7/0.5 4.5/3.9/0.3/0.3
Percent nt difference of 16S rRNA 2.6/1.8/0.4/0.4 3.7/2.9/0.6/0.2 5.3/4.3/0.8/0.2 5.5/4.8/0.6/0.1

2Percent nt (nucleotide) difference does not include control regions. Percent cons. (conservative) nt difference is limited to peptide-coding get
Percent aa (amino acid) difference is based on concatenated protein sequence of all peptide-coding genes. Ratios for total and conservati
substitution according to codon position are based on all 13 peptide-coding genes; 2nd codon position has arbitrarily been given the value
Percent rRNAs differences are arranged as: total/Ti/Tv/gaps

distantly related lineages should be taken with cautiorhorse and donkey is, however, considerably earlier than
unless supported by extensive species sampling. The preroposed by them. In their calculations George and
sent analyses of close evolutionary relationships are corRyder (1986) applied a divergence rate of 2% per million
sistent with, and complementary to, earlier findings ofyears as proposed by Brown et al. (1979). It is probable
distant eutherian relationships (Arnason and Johnssothat this value substantially overestimates the rate of evo-
1992; Cao et al. 1994) which showed that differentlutionary divergence among equiids.

MtDNA genes provide different topologies for the rela-

tionship among Rodentia (mouse, rat), Primatésnig,  Acknowledgments. We express our thanks to Dr. Stuart W. J. Reid,
Carnivora (harbor seal), Artiodactyla (cow), and Cetaceé)_niversity of Glasgow Veterinary School, UK, for kindly providing us
(fin Whale). with samples, also to Prof. Einar Arnason for valuable comments on the

. .. manuscript, and to Prof. Jan Lanke for advice on the statistical analy-
Consultation of Table 6 shows that the molecular dlf'ses. Thepwork was supported by grants from the Swedish Natur)i/al
ference is least between the seals, followed by horsedciences Research Council, the Erik-Philirémsen Foundation, and
donkey, the two whales, andomotommon chimpan- the Swedish Institute.
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 beReferences
tweenHomdcommon chimpanzee is less than that be-
tween these two species-pairs. Table 6 also gives amnderson S, Bankier AT, Barrell BG, deBruijn MHL, Coulson AR,
account of the rates of nt substitution, both total and DrouinJ, Eperon IC, Nierlich DP, Ros BA, Sanger F, Schreier PH,
conservative, according to codon position in four spe- Smith AJH,StaQen R, Yom_Jng IG (1981) Sequence and organization
cies-pairs belonging to four different eutherian orders. of the human mitochondrial genome. Nature 290:457-465

R Anderson S, de Bruijn MHL, Coulson AR, Eperon IC, Sanger F, Young
The similarities between the data of the seals (least mo- g (1982) complete sequence of bovine mitochondrial DNA. Con-
lecular difference) and those biomdchimpanzee (larg- served features of the mammalian mitochondrial genome. J Mol
est molecular difference) suggest that none of the four Biol 156:683-717

pairwise comparisons is affected by mutational saturaf'mason U, Gullberg A (1993) Comparison between the complete
tion mtDNA sequences of the blue and the fin whale, two species that

h . fth . can hybridize in nature. J Mol Evol 37:312-322
The proposed datmg of the dlvergence between donArnason U, Gullberg A (1994) Relationship of baleen whales estab-

key and horse, 8-10 MYA, is distinctly earlier than both  jished by cytochromés gene sequence comparison. Nature 367:
paleontological data (Simpson 1951; Lindsay et al. 1980) 726-728

and the datings proposed by restriction endonucleasrnason U, Guliberg A (1996) Cytochrome b nucleotide sequences and
analysis of the equiids (George and Ryder 1986). It has th_e identification of five primary lineages of extant cetaceans. Mol
been demonstrated recently (Ohland et al. 1995) by, Biol Evol 13:407-417 . .

. L Arnason U, Johnsson E (1992) The complete mitochondrial DNA se-
simulated restriction analyses of complete MtDNA se-  guence of the harbor se@hoca vitulina. Mol Evol 34:493-505
quences (where actual sequence differences are knowmninason U, Gullberg A, Widegren B (1991a) The complete nucleotide
that real (experimentally performed) restriction analyses sequence of the mitochondrial DNA of the fin whaBalaenoptera
may provide pictures of sequence divergence that deviate PhysalusJ Mol Evol 33:556-568
quite considerably from true divergences. The data orf\™2son U, Spilliaert R, Palsdottir A, Arnason A (1991b) Molecular

. . hybridization of hybrids between the two largest whale species, the
sequence differences obtained by George and Ryder blue Balaenoptera musculysind the fin whaleB. physalus He-
(1986) are, nevertheless, in line with the present findings.  reditas 115:183-189

Our dating of the evolutionary separation between theirnason U, Gullberg A, Johnsson E, Ledje C (1993) The nucleotide



446

sequence of the mitochondrial DNA molecule of the grey seal,Janke A, Gemmell NJ, Feldmaier-Fuchs G, Haesler ApP& (1996)
Halichoerus grypusand a comparison with mitochondrial se- The mitochondrial genome of a monotreme—the platyfDsnic
quences of other true seals. J Mol Evol 37:323-330 torhynchus anatinys J Mol Evol 42:153-159
Arnason U, Bodin K, Gullberg A, Ledje C, Mouchaty S (1995) A Krettek A, Gullberg A, Arnason U (1995) Sequence analysis of the
molecular view of pinniped relationships with particular emphasis  complete mitochondrial DNA molecule of the hedgeh&gnaceus
on the true seals. J Mol Evol 40:78-85 europaeusand the phylogenetic position of the Lipotyphla. J Mol
Arnason U, Xu X, Gullberg A (1996a) Comparison between the com-  Evol 41:952-957
plete mitochondrial DNA sequences of Homo and the commonkKumazawa Y, Nishida M (1993) Sequence evolution of mitochondrial
chimpanzee based on non-chimaeric sequences. J Mol Evol 42: tRNA genes and deep.branch animal phy|ogenetics. J Mol Evol
145-152 37:380-398
Arnason U, Gullberg A, Janke A, Xu X (1996b) Pattern and timing of | jzdsay EH, Opdyke ND, Johnson NM (1980) Pliocene dispersal of the

evolutionary divergences among hominoids based on analyses of horseEquusand late Cenozoic mammalian dispersal events. Nature
complete mtDNAs. J Mol Evol (in press) 287:135-138

Bibb MJ, Van Etten RA, Wright CT, Walberg MW, Clayton DA (1981) 3 pp, zharkikh A, Graur D, VandeBerg JL, Li WH (1993) Structure
Sequence and gene organization of mouse mitochondrial DNA.  5n4 evolution of opossum, guinea pig and porcupine cytochtome
Cell 26:167-180 _ _ ) ) genes. J Mol Evol 36:327-334

Brown WM, George MJ, Wilson AC (1979) Rapid evolution of animal o 1anq pp, Harley EH, Best PB (1995) Systematics of cetaceans using

mitochondrial DNA. Proc Natl Acad Sci USA 76:1967-1971 restriction site mapping of mitochondrial DNA. Mol Phylogenet
Cao Y, Adachi J, Janke A, Bbo S, Hasegawa M (1994) Phylogenetic Evol 4:10-19

relationships among egthenan .orde.rs est|_rpated from inferred sef)jala D, Montoya J, Attardi G (1981) tRNA punctuation model of
quences of mitochondrial proteins: instability of tree based on a

single gene. J Mol Evol 39:519-527 RNA processing in human mitochondria. Nature 290:'470—474
Gadaleta G, Pepe G, De Candia G, Quagliariello C, Shisa E Saccongzawa T, Tanaka M, Sugiyama S, Ino H, Ohno K, Hattori K, Ohbaya-
’ ' ' y ’ shi T, Ito T, Deguchi H, Kawamura K, Nakase Y, Hashiba K (1991)

c (19.89) The gomplete nu.cleotlfje sequence OfRB#uS norvegi- . Patients with idiopathic cardiomyopathy belong to the same mito-
cusmitochondrial genome: cryptic signals revealed by comparative

analysis between vertebrates. J Mol Evol 28:497-516 chondrial DNA gene family of Parkinson’s disease and mitochon-

George MJ, Ryder OA (1986) Mitochondrial DNA evolution in the gzgl_seggephalomyopathy. Biochem Biophys Res Commun 177:
genusEquus.Mol Biol Evol 3(6):535-546 ) 1951) H “th fthe h familvin th d
Gribskov M, Burgess RR (1986) Sigma factors from E. coli, B. subtilis, Simpson GG (1951) o'rses.t. .e story oft e' orse family in t .emo. emn
phage SPO1, and phage T4 are homologous proteins. Nucleic Acids world and through sixty million years of history. Oxford University

Res 14(16):6745-6763 Press, New York o
Horai S, Hayasaka K, Kondo R, Tsugane K, Takahata N (1995) RecenpPilliaert R, Vikingsson G, Arnason U, Palsdottir A, Sigurjonsson J,
African origin of modern humans revealed by complete sequences Arason A (1991) Species hybridization between a female blue

of hominoid mitochondrial DNAs. Proc Natl Acad Sci USA 92: whale Balaenoptera musculyiand a male fin whaleg. physaluk
532-536 molecular and morphological documentation. J Hered 82:269-274
Irwin DM, Arnason U (1994) Cytochrome b gene of marine mammals: Wolstenholme DR (1992) Animal mitochondrial DNA: structure and
phylogeny and evolution. J Mamm Evol 2:37-55 evolution. Int Rev Cytol 141:173-216
Irwin DM, Kocher TD, Wilson AC (1991) Evolution of the cytochrome  Xu X, Arnason U (1994) The complete mitochondrial DNA sequence
b gene of mammals. J Mol Evol 32:128-144 of the horseEquus caballusextensive heteroplasmy of the control
Janke A, Feldmaier-Fuchs G, Thomas WK, Haeseler &bB& (1994) region. Gene 148:357-362

The marsupial mitochondrial genome and the evolution of placentalXu X, Arnason U (1996) A complete sequence of the mitochondrial
mammals. Genetics 137:243-256 genome of the western lowland gorilla. Mol Biol Evol 13:691-698



