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The sequence (16,829 nt) of the complete mitochondrial genome of the greater Indian rhinoceros, Rhinoceros
unicornis, was determined. Like other perissodactyls studied (horse and donkey) the rhinoceros demonstrates length
variation (heteroplasmy) associated with different numbers of repetitive motifs in the control region. The 16,829-nt
variety of the molecule includes 36 identical control region motifs. The evolution of individual peptide-coding genes
was examined by comparison with a distantly related perissodactyl, the horse, and the relationships among the
orders Carnivora, Perissodactyla, and Artiodactyla (+ Cetacea) were examined on the basis of concatenated se-
quences of 12 mitochondrial peptide-coding genes. The phylogenetic analyses grouped Carnivora, Perissodactyla,
and Artiodactyla (+ Cetacea) into a superordinal clade and within this clade a sister group relationship was rec-
ognized between Carnivora and Perissodactyla to the exclusion of Artiodactyla (+ Cetacea). On the basis of the
molecular difference between the rhinoceros and the horse and by applying as a reference the Artiodactyl/Cetacean
divergence set at 60 million years ago (MYA), the evolutionary divergence between the families Rhinocerotidae

and Equidae was dated to =50 MYA.

Introduction

Sequence data of mitochondrial DNA (mtDNA),
notably the peptide-coding genes, have become a widely
used tool for addressing phylogenetic relationships at
various levels, especially among mammals. The impor-
tance of using comprehensive amounts of mitochondrial
sequence data for inferring phylogenetic relationships
was demonstrated by Cao et al. (1994), who, on the
basis of analyses of complete mtDNAs, showed that dif-
ferent mtDNA genes provided different topologies for
the ordinal relationship among Primates, Rodentia, Car-
nivora, Artiodactyla, and Cetacea. The topic that indi-
vidual mtDNA genes (cytochrome b, COII) may provide
different tree topologies has also been addressed by Ho-
neycutt and Adkins (1993) and Honeycutt et al. (1995).

The mtDNA findings of Arnason and Johnsson
(1992) and Janke et al. (1994) grouped Carnivora, Ar-
tiodactyla, and Cetacea into a superordinal clade, con-
sistent with the nuclear data of Li et al. (1990) and Bul-
mer, Wolfe, and Sharp (1991). These analyses lacked,
however, a suitable ungulate representation for conclu-
sively assessing this relationship. The availability of the
complete mtDNA of the horse (Xu and Arnason 1994)
amended this shortcoming and a recent phylogenetic
study including the horse and the hedgehog (Krettek,
Gullberg, and Arnason 1995) identified the relationship
among Perissodactyla (horse), Carnivora, and Artio-
dactyla (+ Cetacea) as essentially that of an unresolved
triochotomy. The inclusion of the hedgehog was essen-
tial for these conclusions because of the proposal of
phylogenetic affinities between Lipotyphla (hedgehog)
and Carnivora (Miyamoto and Goodman 1986; Mac-
Phee and Novacek 1993; Wyss and Flynn 1993). The
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analysis of Krettek, Gullberg, and Arnason (1995) yield-
ed no support to this understanding, however, showing
that the Lipotyphla (as represented by the hedgehog) had
a basal position among the eutherians included.

We report now the complete mtDNA molecule of
the greater Indian rhinoceros (hereafter referred to as
Indian rhinoceros), Rhinoceros unicornis, which repre-
sents a family, Rhinocerotidae, that is distantly related
to the Equidae. On the basis of this improved perisso-
dactyl representation and by including also the mtDNA
of the domestic cat (Lopez et al. 1996), we reexamine
the mtDNA relationships among Carnivora, Perissodac-
tyla, and Artiodactyla + Cetacea and propose a molec-
ular dating of the divergence between the families Rhin-
ocerotidae and Equidae.

Materials and Methods

Mitochondrial DNA was isolated from a frozen
kidney sample of Indian rhinoceros (‘‘Miris’’) that died
in Zoologischer Garten Berlin AG, Germany. The sam-
ple was kindly provided by Dr. Reinhard Goéltenboth.
The isolation of mtDNA followed the same procedure
as described in Arnason, Gullberg, and Widegren
(1991). The enriched mtDNA was digested separately
with Bgl II, Bin 1, HindIII and Spe 1. The products were
ligated directly into M13 and cloned in E. coli IM109.
Positive clones were identified by hybridization using
mtDNA fragments of the horse and donkey as labeled
probes. Sequencing of cloned fragments was performed
on single-stranded DNA applying the dideoxy termina-
tion technique with [**S]dATP. The work was performed
manually using both universal and numerous specific
oligonucleotide primers. The entire mtDNA molecule
was covered by natural (not PCR) clones. Complemen-
tary to the natural clones the repetitive portion of the
control region was sequenced after M13 cloning of
PCR-amplified fragments in order to determine the num-
bers of repetitive motifs.
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Table 1
Percent Nucleotide Composition in Different Parts of the
Mitochondrial Genome of Indian Rhinoceros

Com-

PLETE 128 16S CoN-
NUCLEO- MOLE- CopoN PosiTioN RRNA RRNA TRNA TROL

TIDE CULE st 2nd 3rd GENE GENE GENES REGION

A....... 336 321 196 425 379 382 334 325
G....... 127 204 12.1 56 167 155 19.0 136
C....... 275 252 262 333 235 214 178 272
T....... 262 223 421 186 219 249 298 267

The mtDNA sequence of the greater Indian rhinoc-
eros has been deposited at the EMBL data bank with
accession number X97336. Users of the sequence are
kindly requested to refer to the present paper and not
only to the accession number of the sequence.

Results and Discussion
General Features of the Mitochondrial Genome of
Indian Rhinoceros

The length of the complete mtDNA sequence of
the Indian rhinoceros, Rhinoceros unicornis, presented
here is 16,829 base pairs. Like the mtDNAs of other
perissodactyls, the control region of the Indian rhinoc-
eros is characterized by tandemly arranged repetitive
motifs. Therefore, the length of the molecule is not ab-
solute. The nt composition of the L-strand and different
features of the molecule is given in table 1. The nucle-
otide composition of different regions of the mitochon-
drial genome is consistent with that of other mammals
(Janke et al. 1994). The underrepresentation of guanine
in the L-strand is particularly pronounced at third codon
position where all transitions are silent. Underrepresen-
tation of this kind is not observable, however, in the
control region.

The control region presently reported is 1,376 nt
long with a continuous run of 36 identical repetitive
motifs, 5'-CACATGTA. The repetitive motifs are locat-
ed in the 3’ part of the control region in positions
16194-16481 of the complete sequence. The motif has
the purine/pyrimidine alternation that characterizes most
mammalian mtDNA motifs so far described (Ghivizzani
et al. 1993; Hoelzel, Hancock, and Dover 1993; Xu and
Arnason 1994). The number of repeats was determined
in a total of 48 clones (23 natural .and 25 PCR clones).
The lowest number of repeats was 3 and the highest was
36. The characteristics of the repeat motifs in the three
perissodactyl families, Rhinocerotidae, Tapiridae, and
Equidae will be dealt with in a separate paper.

Two peptide-coding genes, NADH3 and NADHS6,
do not have a methionine start codon. Comparison with
other mammalian mtDNAs suggests that the Indian rhi-
noceros has ATT (isoleucine) as the start codon of the
NADH3 gene and GTG (valine) as the start codon of
NADHS6. Both these codons appear to be potential start
codons in different mammalian mtDNAs (e.g., Xu and
Arnason 1994). Three of the 13 peptide-coding genes,
COIII, NADH3, and NADH4, are not terminated by a
complete stop codon. Among mammals the occurrence

of a complete stop codon in COIII has only been re-
ported in the fin (Arnason, Gullberg, and Widegren
1991) and the blue (Arnason and Gullberg 1993)
whales, and NADH3 is terminated by a complete stop
codon only in the mouse (Bibb et al. 1981) and the rat
(Gadaleta et al. 1989). A complete stop codon in
NADH4 has not been described so far in any mamma-
lian mtDNA. The COIIl, NADH3, and NADH4 genes
of the Indian rhinoceros have incomplete stop codons
(T in COIII and NADH4, and TA in NADH3), consis-
tent with the findings that the transcripts of such genes
contain a stop codon created by posttranscriptional po-
lyadenylation (Ojala, Montoya, and Attardi 1981).

The boundaries of the 22 tRNA genes of the
mtDNA of the Indian rhinoceros were determined by
analogy with the tRNA genes of different eutherians.
Twenty of the tRNA genes of the rhinoceros mtDNA
have the standard secondary structure discussed by Ku-
mazawa and Nishida (1993). The features of these
tRNAs, as well as those of the structurally atypical
tRNA-Ser(AGY) and tRNA-Ser(UCN), conform with
those described for other eutherians.

Comparison with the mtDNA of the Horse

In the present study we give an account of the mo-
lecular difference between two distantly related species
of the order Perissodactyla, the Indian rhinoceros and
the horse. The percentage nt composition of the mtDNA
(L-strand) outside the control region of rhinoceros/horse
is similar: A = 33.8/32.5; C = 27.5/284; G = 12.6/
13.3; T = 26.1/25.8. The corresponding percentages for
the control region are: A = 32.5/27.3; C = 27.2/30.9;
G = 13.6/15.5; T = 26.7/26.3. Alignment of the mt-
DNA molecules of the rhinoceros and the horse, less the
control region, shows a sequence difference of 15.6%.
In addition to indel (insertion/deletion) differences in
genic regions this alignment shows three indels in non-
genic regions, one at the junction between tRNA-
Ser(UCN) and tRNA-Asp, one between tRNA-Arg and
NADHA4L, and one in the loop of origin of L-strand
replication.

The length of the NADH2 gene of the rhinoceros
is 1,044 nt, 3 nt (one codon) more than that of the horse.
Other peptide-coding genes have the same length in the
two species. The nt differences (both total and conser-
vative) were detailed according to codon position and
type of substitution (transition or transversion) (table 2).
The 13 peptide-coding genes differ by a total of 1.923
substitutions, 16.9%. The ratio for these differences with
respect to codon positions 1, 2, and 3 is 2.3:1:8.9, as
compared with 3.5:1:25.7 in the intrageneric comparison
between the horse and the donkey (Xu, Gullberg, and
Arnason 1996). The total number of conservative nt
substitutions is 960 (8.4%). The codon position ratio for
these differences is 1.6:1:3.6, as compared with 1.5:1:
2.1 in the horse/donkey comparison. The two sets of
ratios for conservative nt substitutions show that the ac-
cumulation of substitutions in second codon position
and the accumulation of nonsynonymous substitutions
in first codon position have the same rate in the close
(horse/donkey) and the distant (horse/rhinoceros) rela-
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Nucleotide Difference with Respect to Codon Position (1, 2, 3) Between Each of the 13
Mitochondrial Protein-Coding Genes of Indian Rhinoceros and Horse and the Number of

Amino Acid Differences

No. oF
1 3 AMINO
) " AcID
LENGTH (BP) Ti 2 Ti Tv IN.D .
GENE Rhino Horse a b Tv Ti Tv a b a b DEL ENCES
NADHI ....... 957 957 15 12 7 8 I 7 59 i4 33 25
NADH2....... 1,044 1,041 8 14 19 18 3 8 53 9 46 1 53
COIl.......... 1,545 1,545 18 7 2 2 — 12 134 19 49 9
COIl.......... 684 684 14 6 2 1 — 6 47 10 22 8
ATPase8. ...... 204 204 1 3 8 4 2 2 18 — 7 17
ATPase6. ... ... 681 681 9 s 7 7 — 6 42 10 18 19
COIl......... 783 783 6 5 5 4 2 5 56 10 33 14
NADH3....... 345 345 2 3 3 3 1 3 15 8 9 12
NADH4L. ..... 297 297 6 6 2 — 2 4 19 1 7 9
NADH4 ....... 1,377 1,377 15 25 12 18 7 14 94 18 51 54
NADHS ....... 1,821 1,821 12 33 16 35 9 16 110 24 79 86
NADH6 . ...... 528 528 2 19 4 13 4 5 26 — 27 38
Cyth......... 1,140 1,140 13 13 7 10 3 10 71 16 38 28
Total.......... 11,406 11,403 121 151 94 123 34 98 744 139 419 1 372
—_— —
Cons. diff. .. ... 245 157 588
;ﬁf—J —_—— —_—
Total diff....... 366 157 1,400 1
Ratio total
diff. ........ 2.3 1.0 89
Ratio cons.
diff. ........ 1.6 1.0 3.6

NoTe.—Ti: transitions; Tv: transversion; a: number of differences involving leucine in both species; b: number of
differences other than those involving leucine; cons. diff: conservative difference defined as all nonsynonymous nucleotide
substitutions in first codon position, all substitutions in second codon position and transversions in third codon position.

tionships and that this rate is considerably slower than
that for accumulation of transversions in third codon
position. The difference between the two sets of ratios
for total nt substitution shows that there is a high degree
of transition saturation in third codon position in rhi-
noceros/horse relative to horse/donkey. The findings
suggest that there is a high degree of saturation in first
codon position synonymous transitions (leucine) in the
rhinoceros/horse comparison.

Table 3

Percent Amino Acid, Conservative Nucleotide (Cons. nt),
and Total Nucleotide Differences Between Mitochondrial
Peptide-Coding Genes of Indian Rhinoceros and Horse

Gene Amino Acid Cons. nt Total nt
COL........... 1.8 5.1 15.7
COIl.......... 35 6.0 15.8
comt ......... 54 7.5 16.1
Cytb.......... 7.4 7.6 15.9
NADHI ....... 7.8 7.8 16.3
ATPase6....... 8.4 6.9 15.3
NADH4L ...... 9.1 6.1 15.8
NADH3 ....... 10.4 7.8 13.6
NADH4 ....... 11.8 9.5 18.4
NADHS5 ....... 14.2 10.8 18.3
NADH2 ....... 15.5 10.4 17.2
NADHS6 ....... 21.7 12.7 18.9
ATPase8....... 25.0 11.8 22.1

Table 3 shows the results of a pairwise comparison
between the 13 mitochondrial peptide-coding genes of
the Indian rhinoceros and the horse. The table shows,
for each gene, the percent total amino acid (aa) differ-
ence, the percent conservative nt difference (Irwin, Ko-
cher, and Wilson 1991), and the percent nt difference.
The genes have been arranged according to increasing
aa difference. Percent total aa difference was in the
range 1.8 (COI) to 25.0 (ATPase8). For conservative nt
substitutions the range was 5.1% (COI) to 12.7%
(NADHS6). For total nt difference the corresponding
range was 13.6% (NADH3) to 22.1% (ATPase8). The
order of the genes, with respect to increasing difference,
is highly similar between the two conservative modes
of comparison, aa difference, and conservative nt sub-
stitutions. The amplitude for total nt difference is rela-
tively limited among the 13 genes, consistent with (pri-
marily) third codon position mutational saturation, and
the order based on percent total nt substitution deviates
to some extent from the order based on the other two
approaches, which are more conservative.

The results of a pairwise comparison between each
of the 22 tRNA genes of the Indian rhinoceros and the
horse are shown in table 4. The differences are detailed
according to position in secondary structures. There are
a total of 169 differences (11.1%), 129 transitions
(8.5%), 28 transversions (1.8%), and 12 indels (0.8%).
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Table 4
Nucleotide Differences Between the 22 Mitochondrial tRNA Genes of Indian Rhinoceros and Horse Based on Inferred
Secondary Structure

ExTrRA
AA STEM D STeM AC STeEM T STEM D Loop AC Loop  Loor T Loop OTHERS TotaL
GENE Ti Tv Ti Tv. Ti Tv Ti Tv Ti Tv Gap Ti Tv Ti Tv Ti Tv Gap (Ti) Ti Tv Gap
(RNA-Phe .. ..... 3 1 1 1 1 3 4 1
tRNA-Val ....... 4 1 1 1 1 1 6 2
tRNA-

Leu(UUR)..... 2 1 1 2 1 5 2
tRNA-Tle . ....... 1 2 2 3 2
tRNA-GIn ....... 4 3 1 2 1 1 11 1
tRNA-Met....... i 1 1 2 1
tRNA-Trp ....... 1 2 1 2 1 1 4 1 3
tRNA-Ala ....... 3 1 3 1 1 8 1
tRNA-Asn....... 1 2 3
tRNA-Cys....... 3 1 1 1 1 1 11 8 2
tRNA-Tyr ....... 5 1 1 2 1 8 2
tRNA-

Ser(UCN) ... .. 1 1 1 1
tRNA-Asp....... 2 2 1 1 1 6 1
tRNA-Lys ....... 3 1 2 2 1 1 3 1 1 15 1 1
tRNA-Gly ....... 2 1 1 2 2
tRNA-Arg....... 2 1 2 1 1 5 1 1
tRNA-His ....... 2 2 i 1 1 1 1 1 8 2
tRNA-

Ser(AGY):. . ... 1 1 2 2 1 2 8 1
tRNA-

Leu(CUN)..... 1 1 2
tRNA-Glu ....... 1 2 2 1 2 1 8 1
tRNA-Thr . ...... 4 1 2 3 1 1 2 10 3 3
tRNA-Pro ....... 2 1 3
Total. ........... 33 1 3 20 1 20 4 12 6 7 5 10 4 20 12 5 6 129 28 12

NoOTE.—AA, D, AC and T: the stem region of amino acid acceptor, dihydrouridine, anticodon and TyC, respectively.
“ There is no D stem in the inferred secondary structure of tRNA-Ser(AGY).

Very few differences (all transitions) occur in the D stem  transitions and one transversion, as compared with three
and in the AC loop. The alignment between the tRNA transitions, four transversions and one indel (insertion/
genes for cysteine, lysine, and leucine(CUN) shows a deletion) between the Indian rhinoceros and the horse.
single transition at the junction between the D and AC The 12S and 16S rRNA genes of the Indian rhi-
stems. The difference between the two species is partic- noceros and the horse differ at 128 (13.1%) and 180
ularly marked in tRNA-Lys (17 differences) and tRNA- (11.3%) positions, respectively. The differences are de-
Thr (16 differences). The most conservative tRNAs are tailed in table 5. For the combined length of the rRNA
tRNA-Leu(CUN) (two substitutions), tRNA-Pro (three genes the Ti/Tv ratio is 2.3.
substitutions), and tRNA-Met (three differences). The . . . .
transition/transversion (Ti/Tv) ratio for the combined Ln€ Phylogenetic Relationships of Carnivora,
length of the tRNA genes is 4.6. Perissodactyla, Artiodactyla, and Cetacea

The tRNA-Pro and tRNA-Phe genes of the black Phylogenetic analyses based on single (Arnason
rhinoceros were reported by Jama et al. (1993). In the and Johnsson 1992) and combined sequences of all (Jan-
tRNA-Pro gene the two rhinoceroses differ by five tran- ke et al. 1994) mtDNA protein-coding genes have
sitions, two more than horse and Indian rhinoceros. In  grouped Carnivora and Artiodactyla (+ Cetacea) into a
the tRNA-Phe gene the two rhinoceroses differ by seven  superordinal clade. The statistical support for this rela-
tionship was detailed by Janke et al. (1994). The inclu-
sion of a perissodactyl representative, the horse (Krettek,
Gullberg, and Arnason 1995), has shown a much closer
relationship among Carnivora, Perissodactyla, and Ar-
tiodactyla (+ Cetacea) than is generally recognized by

Table 5
Difference Between the 12S and 16S rRNA Genes of
Indian Rhinoceros and Horse

Percent  No. of  No. of classical approaches. In the present study we readdress
nt Trans- Trans- No. of th lati hios b 1 t th li ith

Length (nt) Differ-  itions  versions Indels ese relationships by complementing the sampiing wi
(Rhino/Horse) ence (%) (%) (%) an additional perissodactyl, the Indian rhinoceros (fam-
12S IRNA . 971/975 31 9204 2728 909 ily Rhmocerotldae), Wthh'IS distantly relaFed to the
16S IRNA.. 1,577/1,581 113 102(6.4) 57(3.6) 21(1.3) Equidae (horse), and a carnivore, Fhe domest_lc cat (Lo-
Total .. ... . 2.548/2556 120 194 (7.5) 84(33) 30(12) pez et al. 1996), of a family (Felidae) that is distantly

related to the seals (family Phocidae). Thus the analysis
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FiGg. 1.—Phylogenetic relationships among ferungulates (carni-
vores, perissodactyls, artiodactyls (+ cetaceans) established by neigh-
bor-joining (NJ) amino acid sequence analysis. The same topology was
obtained by maximum-likelihood (ML) analysis of first codon position
nonsynonymous substitutions + all second codon position substitu-
tions. Ferungulate branches are designated with lowercase letters (a—
g). The bootstrap support for different branches, detailed according to
analytical approach, is given in table 6. The analysis grouped Carniv-
ora/Perissodactyla/Artiodactyla (+ Cetacea) into a superordinal clade.
Within this clade the carnivores (domestic cat, harbor and grey seals)

grouped with the perissodactyls (horse, Indian rhinoceros), and the
artiodactyls (cow) grouped with the cetaceans (fin and blue whales).

o

included the following species: opossum, mouse, cow,
fin whale, blue whale, domestic cat, harbor seal, grey
seal, Indian rhinoceros, and horse. The phylogenetic
analysis was based on the concatenated sequences of 12
peptide-coding mitochondrial genes. The NADH6 gene
was not included because of the different nt composition
of this gene relative to the other peptide-coding genes.

The phylogenetic analyses were performed both on
nt and aa sequences applying different analytical ap-
proaches. Maximum-parsimony (MP) and neighbor-
joining (NJ) analyses were carried out with the PHYLIP
program package (Felsenstein 1991), whereas the max-
imum-likelihood (ML) analyses were performed with
both the PHYLIP (DNAML) and the MOLPHY (Adachi
and Hasegawa 1995) program packages (PROTML and
NUCML). At the nt level the analysis was based on
nonsynonymous substitutions at first codon position, all
substitutions at second codon position, and transversions
at third codon position. First, second, first + second, and
first + second + third codon positions were analyzed
separately in order to examine the degree of support pro-
vided by each character set for a particular topology. Ex-
cept for NJ analysis of second codon position all phylo-
genetic analysis (ML analysis not shown) resulted in the
topology shown in figure 1. The bootstrap support for
individual branches (a—g) is summarized in table 6.

The phylogenetic analyses supported a sister group
relationship between Carnivora and Perissodactyla al-
though the support for this relationship was not signif-
icant in all modes of analysis. This relationship was ex-
amined further by ML analysis of the aa sequences
(PROTML with mtREV matrix). The analysis was un-
dertaken because, relative to nt analysis, this mode of
analysis is relatively insensitive to mutational and com-
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Table 6
Bootstrap Values for the Branches (a-g) Shown in Figure 1
a b c d e f g

NJ

| DN 100 - 76.6 100 100 100 96.1 100

2000 — — — — — — —

1,2..... 100 748 100 100 100 100 100

1,2,3 100 764 100 100 100 1000 100
MP

| R 100 593 97.9 979 100 65.5 100

2000 100 333 732 96.0 100 382 100

1,2..... 100 56.7 100 99.6 100 604 100

1,2,3 100 779 99.9 98.9 100 715 100
aa MP. 100 829 97.9 99.3 100 468 100
aa NJ 100 98.0 100 100 100 940 100

NoTe.—Bootstrap values were obtained by different tree constructing methods,
neighbor joining (NJ), and maximum parsimony (MP), for different combinations
of codon positions (1, 2, 3), and for amino acid (aa) sequences. Except for NJ
analysis of second codon position, all reconstructions resulted in the same best tree
as shown in figure 1. The bootstrap values in percent were obtained from 1,000
replications for nucleotide sequences and from 500 replications for the aa sequenc-
es. Analysis of first codon position did no include synonymous leucine transitions,
while that of third codon position included only transversions.

positional effects. The three alternative hypotheses of
the relationship between the carnivores and the ungu-
lates were tested (table 7). The sister group relationship
between the Carnivora and the Perissodactyla received
by far the largest support also in this approach, although
the traditional view of carnivores being an outgroup to
ungulates (+ cetaceans) could not be rejected at the 5%
level. The overall good, and in the case of the NJ anal-
ysis of aa sequences significant, support for a carnivore/
perissodactyl sister group relationship contradicts the
classical view of ungulate relationships. The position of
the cow was somewhat labile in the MP tree, but, con-
sistent with previous studies (Janke et al. 1994), its
grouping with the cetaceans was significantly supported
by the NJ analysis. It is possible that the different sup-
port for the position of the cow, provided by different
approaches, is a reflection of the somewhat slower evo-
lutionary rate of the cow relative to the other species
included in the analyses. If this is the case it suggests
that NJ analysis is less sensitive to differences in evo-
lutionary rates than is MP analysis.

Dating of the Evolutionary Divergence Between
Rhinocerotidae and Equidae

Irrespective of the quality of fossil data, evolution-
ary separations are impossible to date precisely on the

Table 7
Maximum-Likelihood Analysis of Ferungulate
Relationships

AlnL SE pBoot
((CAR,PER),(ART,CET)).... [—228464] 90.80
(CAR,(PER,(ART,CET))) . ... —24.6 *17.5 8.80
(PER,(CAR,(ART,CET))) .. .. -36.6 +15.6 0.40

NoTE.—Maximum-likelihood analysis of different combinations of the re-
lationships among carnivores (CAR), perissodactyls (PER), artiodactyls (ART)
and cetaceans (CET). The differences of the log likelihood values (AlnL) to that
of best tree and their standard error as well as the bootstrap probabilities (pBoot)
are shown. The bracketed value gives the log likeliiood value of the best tree.
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Table 8
Amino Acid Differences and Distances Among and Within Orders

Dvi Mmu Eca Run Fca Pvi Hgr Bta Bph Bmu
Dvi.... — 781 717 732 733 739 741 715 760 764
Mmu 0.302 — 643 634 647 666 667 648 702 695
Eca 0273  0.235 — 239 332 351 351 325 412 410
Run 0.279  0.233 0.078 — 349 438 346 349 424 424
Fca..... 0.278  0.239 0.111 0.117 — 297 297 364 474 477
Pvi..... 0.282  0.247 0.119 0.118 0.098 — 50 364 453 454
Hgr 0.283  0.248 0.119 0.117 0.098 0.016 — 376 459 464
Bta..... 0.272 0.238 0.109 0.117 0.124 0.123 0.128 — 375 371
Bph 0.294 0.264 0.143 0.146 0.166 0.159 0.161 0.128 — 78
Bmu.... 0296 0.261 0.143 0.147 0.168 0.160 0.163 0.126 0.025 —

NoTe.—Order Marsupialia: Dvi, opossum. Order Rodentia: Mmu, mouse. Order Carnivora: Pvi, harbor seal; Hgr, grey
seal; Fca, domestic cat. Order Cetacea: Bph, fin whale, Bmu, blue whale. Order Artiodactyla: Bta, cow. Order Perissodactyla:
Eca, horse; Run, Indian rhinoceros. Values are based on the concatenated sequences, 3,033 aa. of 11 mitochondrial peptide-
coding genes. The lengths do not include gaps or ambiguous aa alignments adjacent to gaps. Above diagonal: total number
of differences. Below diagonal: distances according to the ML mtREV model.

basis of the paleontological record. The reason for this
is that a certain time of evolutionary separation is nec-
essary before the development of morphological traits
that can be recognized among fossil finds, even when
the paleontological record is reasonably complete. The
effects of incomplete paleontological records for the dat-
ing of evolutionary divergences have been addressed by
Martin (1993). Although the author primarily addressed
primate evolution the conclusions are of a general rel-
evance, suggesting that paleontological finds will gen-
erally grossly underestimate the age of evolutionary di-
vergences.

It is conceivable that radical ecological shifts will
promote the development of morphological character-
istics in such a way that the time between evolutionary
separation and the development of these characteristics
will be shorter than in cases where no drastic ecological
shifts have taken place. Among the mammals the most
drastic ecological shifts are probably the transitions from
terrestrial to aquatic life. The divergence of the archeo-
cetes from their artiodactyl relatives is not the only event
of this kind, but the origin of the archeocetes is probably
better documented by paleontological finds than any
other similar event. The oldest archeocete fossils are 52—
54 million years old (Gingerich et al. 1994; Thewissen,
Hussain, and Arif 1994). On the basis of the age of these
fossils and analysis of the complete cytochrome b gene
of more than 30 cetaceans plus several artiodactyls, it
has been proposed that Ceatacea and Artiodactyla sep-
arated =60 MYA (Arnason and Gullberg 1996).

The distances among eight species representing
Perissodactyla (rhinoceros, horse), Carnivora (harbor
seal, grey seal, domestic cat), Artiodactyla (cow), and
Cetacea (fin whale, blue whale) plus the mouse (Roden-
tia) and the opossum (Marsupialia), are given in table
8. The comparison is based on the concatenated inferred
protein sequence of 12 protein-coding mtDNA genes,
excluding NADH6, which is encoded by a different
strand relative to the other protein-coding genes. Based
on an artiodactyl/cetacean separation 60 MYA, and tak-
ing into account the faster evolution of cetacean mt-
DNA, the values in table 8 suggest that the Rhinocer-

otidae and the Equidae had a last common ancestor 50
MYA (95% confidence limits 43.5-56.5 MYA).

The sequence of the cytochrome b gene of the
black rhinoceros was reported by Irwin, Kocher, and
Wilson (1991). The difference (aa, conservative nt) be-
tween the two rhinoceroses suggests that they diverged
=30 MYA. This dating, however, should be considered
as tentative until supported by additional data.

The presently proposed dating for the evolutionary
separation between Rhinocerotidae and Equidae is con-
sistent with the =50 MYA palacontological dating
(Prothero and Schoch 1989) of the evolutionary sepa-
ration between the perissodactyl suborders Hippomor-
pha and Ceratomorpha. The Ceratomorpha includes rhi-
noceroses and tapirs, and a more precise molecular dat-
ing of the separation of the hippomorph Equidae and the
ceratomorph Rhinocerotidae should, therefore, also in-
clude tapirid representation. The necessity of including
tapir data in a comparison of this kind is exemplified by
the fact that two molecular studies, one on restriction
site mapping of the alpha globin gene cluster (Flint, Ry-
der, and Clegg 1990) and one on aa sequence data of
pancreatic polypeptide (Henry, Lance, and Conlon
1991), do not recognize tapirs and rhinoceroses as sister
groups to the exclusion of the Equidae.
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