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Abstract. To clarify the relationship among coela- 
canths, lungfishes, and tetrapods, the amino acid se- 
quences deduced from the nucleotide sequences of mi- 
tochondrial cytochrome oxidase subunit I (COI) genes 
were compared. The phylogenetic tree of these animals, 
including the coelacanth Latimeria chalumnae and 
the lungfish Lepidosiren paradoxa, was inferred by sev- 
eral methods. These analyses consistently indicate a 
coelacanth/lungfish clade, to which little attention has 
been paid by previous authors with the exception of 
some morphologists. Overall evidence of other mito- 
chondrial genes reported previously and the results of 
this study equally support the coelacanth/lungfish and 
lungfish/tetrapod clades, ruling out the coelacanth/tetra- 
pod clade. 
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Introduction 

The appearance of tetrapods was one of the most im- 
portant events in vertebrate evolution. During landing, 
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ancestral tetrapods had to acquire four legs to move 
against gravity and develop lungs for the respiration of 
air. Sarcopterygians (lobe-finned fishes) have been con- 
sidered to be closely related to the ancestor of tetrapods 
(Romer 1966) because they have bony fins, and some 
genera of them have lungs for respiration. Sarcoptery- 
gians comprise three groups: extinct rhipidistians; coela- 
canths, including the "living fossil" Latimeria chaIum- 
nae; and lungfishes (dipnoans), including several living 
taxa such as Lepidosiren paradoxa (Forey 1988). As the 
extinct rhipidistians are not thought to be a mono- 
phyletic group (Forey 1988), the relationship among 
sarcopterygians (rhipidistians, coelacanths, and lung- 
fishes) and tetrapods remains very problematical. 

Three possible hypotheses concerning the relation- 
ship among extant groups (coelacanth, lungfishes, and 
tetrapods) have been proposed (Forey 1988) that re- 
spectively regard lungfishes and tetrapods (Miles 1977; 
Rosen et al. 1981; Forey 1987) (Fig. 1, Tree-l), coela- 
canths and tetrapods (Miles 1975; Hennig 1983; Fritsch 
1987; Schultze 1987) (Fig. 1, Tree-2), and lungfishes 
and coelacanths (Northcutt 1987; Chang 1991) (Fig. 1, 
Tree-3) as sister groups. In this paper, we analyze the 
relationship of the three extant groups of coelacanth, 
lungfishes, and tetrapods, premising that the sar- 
copterygians and tetrapods form a clade from which ray- 
finned fishes are excluded as an outgroup. 

Molecular data have been widely applied in deduc- 
ing the phylogeny of living organisms. Recently, the nu- 
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related organisms (Kocher et al. 1989; Miyamoto and 
Boyle 1989; Irwin et al. 1990; Kumazawa and Nishida 
1993). Both the nucleotide and amino acid sequences of 
COI are very conservative among metazoa (Jacobs et al. 
1988a), and hence this gene is expected to be useful for 
our purpose. One of the advantages of using mitochon- 
drial genes in phylogenetics is that we are free from the 
danger of comparing paralogous genes, as may often be 
the case with nuclear genes (Jacobs et al. 1988b). We 
therefore consider that mitochondrial DNA data are ap- 
plicable to the analysis of the relationship among ray- 
finned fishes, lungfishes, coelacanth, and tetrapods. Tree-3~ TetrapOdLungfishRay'finned fish 

Coelacanth 
Fig. 1. Possible models exhibiting the relationship among the ray- 
finned fishes, coelacanths, lungfishes, and tetrapods. Tree-1 is con- 
structed based on the phylogenetic model [ray-finned fish (coelacanth 
(lungfish, tetrapod))] (Miles 1977; Rosen et al. 1981; Forey 1987; 
Meyer and Wilson 1990; Meyer and Dolven 1992). Tree-2 is based 
on the model [ray-finned fish (lungfish (coelacanth, tetrapod))] (Miles 
1975; Hennig 1983; Fritsch 1987; Schultze 1987; Gorr et al. 1991; 
see text). Tree-3 is based on the model [ray-finned fish ((lungfish, 
coelacanth) tetrapod)] (Northcutt 1987; Chang 1991). 

cleotide and amino acid sequences of various genes 
were analyzed in an attempt to clarify the origin of 
tetrapods; mitochondrial 12S rRNA (Meyer and Wilson 
1990; Meyer and Dolven 1992), mitochondrial apocy- 
tochrome b (cyt b) (Meyer and Wilson 1990; Nomark 
et al. 1991), hemoglobins (Gorr et al. 1991; and see al- 
so Forey 1991; Stock and Swofford 1991; Sharp et al. 
1991; Meyer and Wilson 1991), and 18S rRNA (Stock 
et al. 1991) have been analyzed. However, the rela- 
tionship among coelacanths, lungfishes, and tetrapods 
has remained obscure. Although a lungfish/tetrapod 
clade is suggested from the 12S rRNA data (Meyer and 
Wilson 1990; Meyer and Dolven 1992) as well as from 
the cyt b data (Meyer and Wilson 1990), other molec- 
ular data have been equivocal. Therefore, more such da- 
ta are needed to clarify the origin of tetrapods. 

In this study, we analyzed the mitochondrial cy- 
tochrome oxidase subunit I (COI) genes of the coela- 
canth L. chalumnae and the lungfish L. paradoxa to clar- 
ify the relationship among ray-finned fishes, lungfishes, 
coelacanth, and tetrapods. Previously, mitochondrial 
DNA data have been used mainly to analyze the phy- 
logeny of closely related organisms, such as those with- 
in Hominoidea, because of the rapid evolutionary rate 
in mitochondrial DNA (Brown et al. 1982). However, 
it has been demonstrated that the nucleotide and amino 
acid sequences of the conservative mitochondrial genes 
are useful for analyzing relationships among distantly 

Materials and Methods 
Preparation of Total DNA. Total DNA was isolated from the livers 
of a coelacanth L. chalumnae (kindly provided by the Japanese Mis- 
sion for Scientific Research on the Coelacanth) and a lungfish L. para- 
doxa (obtained from South America) according to Sambrook et al. 
(1989) with a slight modification. 

PCR Primers. According to the conserved amino acid sequences 
of COI, cytochrome oxidase subunit II, and NADH dehydrogenase 
subunit 2 genes for six species of vertebrates (human, Anderson et al. 
1981; cow, Anderson et al. 1982; mouse, Bibb et al. 1981; rat, Gadale- 
ta et al. 1989; chicken, Desjardins and Morais 1990; frog, Roe et al. 
1985), two species of sea urchins (Jacobs et al. 1988a; Cantatore et 
al. 1989) and fruit fly (Clary and Wolstenholme 1985), PCR primers 
were synthesized with a DNA synthesizer (model 391, Applied 
Biosystems), as listed below: 

L4987 ;5 '-AAAAGGATCCGGNTGRGGNGGNYTNAAYGARAC-3'  
L5947 ;5 ' -AAAAGGATCCTTY(AT)(GC)NACNAAYCAYAARGA- 

YAT-3' 
H6096;5 ' -AAAACTGCAGGYATNACYATRAARAARATYAT-3'  
L6142;5'-AAAAGGATCCNATYATRATYGGNGGNTTYGGNAA-3' 
H6270;5 ' -AAAACTGCAGGRTANACNGTYCANCCNGANCC-3'  
L6565 ;5 '-AAAAGGATCCCAAYYTNAAYTCNTCNTTYTTYGA-3'  
H6606;5'-AAAACTGCAGTCNGGRTGNCCRAARAAYCARAA-3 ' 
L6784;5'-AAAAGGATCCGTNTGRGCNCAYCAYATRTTYAC-3' 
H7005;5 ' -AAAACTGCAGCNACNACRTARTANGARTCRTG-3'  
L7192;5'-AAAAGGATCCAAYYTNACNTTYTTYCCNCARCAYT- 

T-3' 
tt7212;5'-AAAACTGCAGGRTARTCN(GC)(AT)RTANCGNCGNG- 

G-Y 
H7886;5'-AAAACTGCAGTCRTAN(GC) (AT)YCARTAYCAYTGR- 

TGNCC-Y 

N indicates A, G, T, and C. R is A and G, and Y is T and C. The let- 
ters H and L indicate that the sequence of oligonucleotides is on the 
Heavy strand or Light strand, respectively. Numbers indicate the po- 
sition of the 3'-end of the oligonucleotides, according to the human 
mitochondrial genome numbering system (Anderson et al. 1981). 
The underlined sequences indicate the introduced restriction sites to 
be inserted into cloning vectors. Some of them have already been re- 
ported in our previous paper (Yokobori et al. 1993). 

Amplification and Sequencing of DNA Fragments. PCR was car- 
ried out according to Saiki (1989) with a slight modification. Condi- 
tions of amplification and sequencing of these fragments were the 
same as those described in our previous paper (Yokobori et al. 1993). 
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Data Set. Assuming that ray-finned fishes are an outgroup to the 
clade formed by sarcopterygians and tetrapods, we used the carp 
Cyprinus carpio (Chang and Huang 1991) and the loach Crossostoma 
lacustre (Tzeng et al. 1992) as outgroups in inferring a relationship 
among L. chalumnae, L. paradoxa, and the frog Xenopus laevis (Roe 
et al. 1985) as a representative of tetrapods. In the case of 12S rRNA, 
the sequences reported by Meyer and Dolven (1992) were used (as 
shown in Fig. 2 in their paper), and sites with any deletion or inser- 
tion were excluded from the analysis. 

Phylogenetic Analyses. In analyses of  the amino acid sequences 
of the COI and cyt b genes, we used a maximum likelihood (ML) 
method for inferring phylogenetic trees which was originally devel- 
oped by Felsenstein (1981) for nucleotide sequences and later mod- 
ified by Kishino et al. (1990) and Adachi and Hasegawa (1992) for 
amino acid sequences. Whereas the ML method, assuming no equal 
evolutionary rate among lineages, is robust against violation of the rate 
constancy among lineages, the maximum parsimony (MP) method 
widely used in molecular phylogenetics is not (Felsenstein 1978; 
Hasegawa et al. 1991). Although ML analysis does assume constan- 
cy of rates across amino acid positions, it has been shown that the 
method is robust to some extent against violation of this assumption 
(Hasegawa and Fujiwara 1993). Since ML analysis may depend up- 
on the assumed model for amino acid substitutions during evolution, 
it is desirable to carry out the analysis using alternative models in or- 
der to examine the robustness of the results against violation of the 
assumed model. 

Consequently, the following three Markov models for amino acid 
substitutions were used in the ML analysis of amino acid sequences 
of mitochondrial COI genes (Hasegawa et al. 1992a, 1993; Adachi et 
al. 1993): (1) the "Dayhoff  model" that was developed by Kishino et 
al. (1990) and by Adachi and Hasegawa (1992), which assumes an em- 
pirical transition matrix compiled by Dayhoff  et al. (1978); (2) the 
"Proportional model," in which it is assumed that, in an infinitesimally 
short time-interval dt, the probability Pij(dt) of the current amino acid 
i being replaced by another amino acid j is given by 

Pij(dt) : udmj (1) 

among alternative trees during bootstrap resampling; Felsensteiu 
1985) by the RELL (resampling of estimated log-likelihoods of sites 
or, for the MP method, resampling of estimated numbers of substi- 
tutions of sites) method given in the paper of Kishino et al. (1990) 
(104 replications). The RELL method is a good approximation to the 
computationally intensive bootstrap method (Felsenstein 1985) in 
estimating bootstrap probability (Hasegawa and Kishino 1994). For 
the NJ method, to estimate the bootstrap probability of  each tree, re- 
sampling and tree reconstruction were replicated 500 times. The boot- 
strap probability of each tree was calculated from the occurrence fre- 
quency. 

Results and Discussion 

Amplification of the COI Gene by PCR 

DNA fragments derived from COI genes of the coela- 
canth and the lungfish were amplified by using the 
polymerase chain reaction (PCR) (Saiki et al. 1988). Six 
fragments which partially overlapped each other and 
covered the whole COI gene region were obtained. The 
length of each fragment was identical to those estimat- 
ed from the COI gene sequence of the frog, X. laevis 
(Roe et al. 1985). The nucleotide sequences of these 
fragments were determined and found to cover the mi- 
tochondrial genome ranging from the tRNA cys gene to 
the tRNA Asp gene (almost 2 kbp). The positions of the 
initiation and termination codons were estimated from 
the locations of the tRNA Tyr and Ser tRNAu~ A genes, re- 
spectively, both of which are adjacent to the COl gene 
in the vertebrate mitochondrial genomes. The length of 
the L. chalumnae COI gene was estimated to be 1,545 
bp (515 amino acids), and that of the L. paradoxa COI 
gene 1,551 bp (517 amino acids). 

where u is a parameter that determines the substitution rate and ~j is 
the frequency of the amino acid j; and (3) the "Poisson model," in 
which it is assumed that Pij(dt) is given by 

Pij(dt) = udt (2) 

The Proportional model is an extension of Felsenstein 's  (1981) mod- 
el for nucleotide sequences to amino acid sequences. The Poisson 
model, which is the simplest, has been used in most molecular phy- 
logenetic studies, although it is sometimes not stated explicitly. 

12S rRNA data were analyzed by the ML method for analyzing 
nucleotide sequences (DNAML in the PHYLIP package, version 3.2, 
Felsenstein 1989). 

The maximum parsimony (MP) method and the neighbor-joining 
(NJ) method (Saito and Nei 1987) were also applied to the COI 
data. The MP analysis was carried out by the PROTRARS program 
in Felsenstein 's  (1989) PHYLIP package, version 3.2. To evaluate 
the extent to which the ML or MP tree is a significantly better rep- 
resentation of the true tree, we calculated standard errors (SE) of 
the differences of log-likelihoods and of substitution numbers of al- 
ternative trees, respectively, from those of the ML and the MP trees 
by the formula of Kishino and Hasegawa (1989), and estimated the 
bootstrap probability (the probability of  being the ML or MP tree 

Amino Acid Sequence of  CO1 Genes 

The amino acid sequences of the COI genes were de- 
duced from their nucleotide sequences according to the 
vertebrate mitochondrial genetic code (Osawa et al. 
1992). Since the amino acid sequences of COI are high- 
ly conserved among vertebrates, the alignment of amino 
acid sequences in almost all regions does not cause am- 
biguity, and 504 amino acids of COl were provided for 
phylogenetic analyses (Fig. 2) by means of the ML, 
MP, and NJ methods. The estimated initiation codons 
of COI genes of the coelacanth and the lungfish are 
GTG (for valine), like those for the ray-finned fishes, 
the carp, C. capio (Chang and Huang 1991) and the 
loach, C. lacustre (Tzeng et al. 1992), which are used 
as outgroups in this analysis, but different from that of 
the frog COI gene (ATG, for methionine) (Roe et al. 
1985). Thus, the N-terminal amino acid of COI was ex- 
cluded here. The C-terminal region downstream from 
the 506th residue was also omitted, because alignment 
of this region is ambiguous. 



2 
Coelacanth MITRWLFSTNHKDIGTLYMIFGAWAGMVGTALSLLIRAELSQPGALLGDDQIYNVVVTAH 

Lungfish ************************************************************ 
Frog ************************************************************ 
Carp ************************************************************ 

Loach ************************************************************ 

62 
AFVMIFFMVMPIMIGGFGNWLIPLMIGAPDIViAFPRMNNMSFWLLPPSLLLLLACSGVYAG 
************************************************************ 
************************************************************ 
************************************************************ 
************************************************************ 

122 
AGTGWTVYPPLAGNLAHAGASVDLTIFSLHLAGVSSILGAINFITTVINIKPPTMTQYQT 
*********************************************************** 
************************************************************ 
************************************************************ 
*********************************************************** 

182 
PLFIWSVLVTAVLLLLSLPVLAAGITMLLTDRNLNTTFFVPVGGGDPILYQHLFWFFGHL 
************************************************************ 
************************************************************ 
************************************************************ 
************************************************************ 

242 
EVYILILPGFGMISHIVAYYSGKKEPFGYMGMVWAMMATGLLGFIVWAHHMFTVGMDVDT 
************************************************************ 
*********************************************************** 
************************************************************ 
************************************************************ 

302 
RVYFTSATMIIAIPTGVKVFSWLATLHGGVTKWDTPLLWALGFIFLFTVGGLTGIVLANS 
************************************************************ 
************************************************************ 
************************************************************ 
************************************************************ 

362 

SLDIILHDTYYVVAHFHYVLSMGAVFAIMGGLVHWFPLMTGYTLHNTWTKIHFGVMFTGV 
************************************************************ 
************************************************************ 
*********************************************************** 
************************************************************ 

422 

NLTFFPQHFLGLAGMPRRYSDYPDAYTLWNTVSSIGSLISLIAVIMFMFILWEAFLAKRE 
********************************************************** 
************************************************************ 
************************************************************ 
************************************************************ 

482 
VLIVEMTTTNVEWLHGCPPPHHTY 
************************ 
************************ 
************************ 
************************ 

Fig. 2. Alignment of amino acid sequences of COI of various ani- 
mal mitochondria. Amino acids are indicated with one-letter codes. 
The first position and the C-terminal region downstream ~ o m  the 
506th residue, which are not used in this anNysis, are now shown. 1st 
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column, coelacanth (L. chalumnae); 2nd, lungfish (L. paradoxa); 
3rd, Xenopus (X. laevis) (Roe et al. 1985); 4th, carp (C. carpio) 
(Chang and Huang 1991); 5th, loach (C. lacustre) (Tzeng et al. 1992). 
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Table 1. Analyses of COI amino acid sequences by three models of the ML method for inferring protein phylogeny, and by the MP method a 

ML 

Tree topology Dayhoff Prop. Poisson MP 

1. (Coe, (Lun, Tet)) -11,5 _+ 8.9 -19.0 -+ 11.0 -21.6 -_ 12.4 +7 -+ 4.1 
2. (Lun, (Coe, Tet)) -13.2 _+ 8.4 -19.0 -+ 11.0 -21.7 -- 12.4 +8 -+ 4.0 
3. ((Coe, Lun), Tet) ML ML ML MP 

a Numbers in the table show the difference of log-likelihood of each tree from that of the ML tree and the difference of the substitution num- 
ber of each tree from that of the MP tree. + indicates standard error. Coe: coelacanth, L. chalumnae; Lun: lungfish, L. paradoxa; Tet: frog, X. 
laevis 

I 
Loach 

Carp 

Xenopus 

Coelacanth 

Lungfish 

Maximum likelihood tree of the relationship among the Fig. 3. 
coelacanth, lungfish, frog, carp, and loach, inferred by the ML method 
with the Dayhoff model using COI amino acid sequences. Coelacanth 
(L. chalumnae), lungfish (L. paradoxa), Xenopus (X. laevis) (Roe et 
al. 1985), carp (C. carpio) (Chang and Huang 1991), loach (C. la- 
custre) (Tzeng et al. 1992). The lengths of horizontal branches indi- 
cate the relative evolutionary rate of each branch. 

Phylogenetic Analyses of  Amino Acid Sequences of 
CO1 Genes 

We analyzed the COI genes by the ML method to infer 
the protein phylogeny (PROTML) (Adachi and Hasega- 
wa 1992). Only amino acid sequences were used in the 
analyses, because a more realistic model is available for 
the amino acid substitution process than for the nu- 
cleotide substitution process in protein-encoding genes 
(Adachi and Hasegawa 1992; Adachi et al. 1993). 

The result of the ML analysis by the Dayhoff mod- 
el is shown in Table 1. This indicates that Tree-3, ex- 
hibiting the coelacanth/lungfish clade, is the maximum 
likelihood tree, as shown in Fig. 3. The relative substi- 
tution rates of the coelacanth and the lungfish are high 
in the COI amino acid sequences as compared with 
those of the ray-finned fishes, the carp, and the loach. 

The ML analyses by the Proportional and Poisson 
models also consistently support Tree-3 (Table 1), 
showing a coelacanth/lungfish clade irrespective of the 
model for the amino acid substitution (Table 1). 

Bootstrap analysis is most commonly used to esti- 
mate the reliability of a phylogenetic tree (Felsenstein 
1985). We estimated the approximate bootstrap proba- 
bilities of each tree in Fig. 1 for the ML analyses based 
on the three models by using the RELL method. The 
bootstrap probability of Tree-3 is higher than 90% in all 
models, while Tree-2, with a coelacanth/tetrapod clade, 

is unlikely in any of the models (Table 2). However, 
since log-likelihood differences of Tree-1 and Tree-2 
from Tree-3 do not exceed 2SE (Table 1), these trees 
cannot be completely ruled out from analysis. 

Furthermore, both the MP and the NJ analyses are 
congruent with those by ML. The most parsimonious 
tree is Tree-3, and the NJ method also gives Tree-3. The 
bootstrap probability of Tree-3 is higher than 90% in the 
MP and NJ methods, as suggested by the ML analyses. 
Thus, although Tree-i, with a lungfish/tetrapod clade, 
cannot be completely excluded because the bootstrap 
probability of Tree-1 by ML analysis with the Dayhoff 
model is higher than 5%, Tree-3 is preferentially sup- 
ported by the CO1 data. 

Phylogenetic Analysis of Mitochondrial Genes 

How are our new data compatible with previous data 
supporting a lungfish/tetrapod clade? 

To obtain a consensus among the mitochondrial 
genes, we reanalyzed the 12S rRNA data (Meyer and 
Wilson 1990; Meyer and Dolven 1992) and the cyt b da- 
ta (Meyer and Wilson 1990) by the ML method and 
compared them with the results for the COI data (Table 
3). In the case of 12S rRNA, the data set in Meyer and 
Dolven (1992) was used. In the case of cyt b, the carp 
and loach were used as the outgroup, referring to the da- 
ta of lungfish and coelacanth reported by Meyer and 
Wilson (1990). Consistent with the findings of the pre- 
vious authors, Tree-1 is supported by the 12S rRNA and 
cyt b data. However, the COI data are not necessarily 
contradictory to those of 12S rRNA and cyt b, because 
the latter data do not necessarily rule out Tree-3. The 
ML method has an advantage in that it enables the re- 
suits of tree topologies inferred from diverse genes to 
be synthesized (the bottom row in Table 3). After sep- 
arate branch lengths were estimated for each gene, the 
sampling of sites by the RELL method was done sepa- 
rately within each gene. The overall evidence for the mi- 
tochondrial genes rules out Tree-2 (a bootstrap proba- 
bility of 0.002) and supports Tree-1 almost equally with 
Tree-3 (Table 3). 

Although the bootstrap probabilities of Tree-1 and 
Tree-3 with respect to the overall evidence for the mi- 
tochondrial genes are equal (0.50, respectively), the ev- 
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ML 

Tree topology Dayhoff Prop. Poisson MP NJ 

1. (Coe, (Lun, Tet)) 0.0741 0.0253 0.0208 0.0281 0.045 
2. (Lun, (Coe, Tet)) 0.0243 0.0271 0.0257 0.0073 0.033 
3. ((Coe, Lun), Tet) 0.9016 0.9476 0.9535 0.9646 0.922 

a Bootstrap probabilities of each tree were estimated by the RELL method (Kishino et al. 1990) with a sample size of 104. For the NJ method 
of estimation of the bootstrap probability of each tree, resampling and tree reconstruction were replicated 500 times. The probability of each 
tree is calculated from the occurrence frequency. Coe: coelacanth, L. chalumnae; Lun: lungfish, L. paradoxa; Tet: frog, X. laevis 

Table 3. ML analyses of 12S rRNA, cyt b, and COI encoded by mitochondrial DNA a 

Tree- 1 Tree-2 Tree-3 
Gene (length) (Coe, (Lun, Tet)) (Lun, (toe, Tet)) ((Coe, Lun), Tet) 

12S rRNA (234 bp) ML -6.46 +_ 4.43 -5.86 _+ 4.79 
cyt b (120 aa) ML -5.87 +_ 4.94 -5.68 _+ 5.07 
COI (504 aa) -11.47 _+ 8.90 -13.20 -+ 8.44 ML 

Total ML -14.05 + 7.88 -0.07 + 11.29 
(0.50) (0.00) (0.50) 

a 12S rRNA was analyzed by DNAML in PHYLIP version 3.2 (Felsenstein 1989) and cyt b and COI were analyzed by the ML method based 
on the Dayhoff model (Kishino et al. 1990; Adachi and Hasegawa 1992). The consensus of bootstrap probabilities of each tree was estimated 
by the RELL method (Kishino et al. 1990) with a sample size of 104; these are shown in parentheses 

idence of  the 12S rRNA data for Tree-1 may be dis- 
counted for the fol lowing reasons. First,  the base com- 
posi t ion of  rRNA is sensit ive to direct ional  mutat ion 
pressure (Osawa et al. 1992), whereas the amino acid 
composi t ion  of  a conservat ive  protein is not signifi-  
cant ly affected by  the pressure,  as compared  with the 
nucleotide sequences (Hasegawa et al. 1992b; Hasegawa 
and Hashimoto  1993). Second,  since the base substitu- 
tion in a base-pa i red  stem region of  rRNA occurs with 
correlat ion,  an actual error would be larger than that in 
Table 3 es t imated by assuming independence among 
sites. Third, the al ignment of  rRNA is not free from am- 
biguity.  Of  course, the cyt  b data preferent ial ly  support  
Tree- 1, as do the 12S rRNA data. And in the case of  cyt  
b, the data would be free f rom the problems referred to 
above with respect  to the rRNA data. Here, we can on- 
ly point  out that the poss ib i l i ty  of  the coelacanth/ lung-  
fish clade is large enough not to be excluded from the 
search for the origin of  tetrapods,  al though it has been 
the minori ty  hypothesis .  

Recently,  Hedges  et al. (1993) reported the phylo-  
genet ic  analysis  of  mi tochondr ia l  genes,  12S rRNA, 
tRNA val, 16S rRNA, and cyt  b (almost  3 kbp,  in all) of  
carp, coelacanth,  lungfishes,  and tetrapods. However ,  
because  their  data are not presented in a form suitable 
for our analysis,  we are unable  to include them in this 
study. Hedges  et al. (1993) c la im that their analysis  da- 
ta support  the lungfish/ te t rapod clade (Tree- l )  as do 
the data of  Meyer  and Wilson  (1990) and the Meyer  and 
Dolven (1992). 

Phylogenetic Analyses of  Nonmitochondrial 
Molecular Data 

Gorr et al. (1991) concluded from a phylogenet ic  analy- 
sis of  the amino acid  sequence of  hemoglob ins  that 

coelacanths and tetrapods are monophyle t ic  and lung- 
fishes are their  sister group (Tree-2).  However ,  the re- 
sults of  reanalyses  of  their data (Forey 1991; Stock and 
Swofford 1991; Sharp et al. 1991; Meyer  and Wi l son  
1991) indicated that hemoglobin  data cannot clarify the 
relat ionship among coelacanths,  lungfishes,  and tetra- 
pods.  Hasegawa reanalyzed the hemoglobin  data using 
the ML method (unpubl ished data) and showed that the 

hemoglobin  data only weakly  supported the coela-  
canth/ tetrapod clade (Tree-2),  as Gorr  et al. (1991) did. 
Moreover,  the o~ hemoglobin data also support the coela- 
canth/lungfish clade only sl ightly (Tree-3).  The serious 
problem with hemoglobin  data is that the distinction be- 
tween or thologous and paralogous  relat ions is not clear  
(Forey 1991); 18S rRNA data (Stock et al. 1991) could 
not clarify this relat ionship.  

Other molecular  data, such as those of  parva lbumin 
(Maeda et al. 1984) and 23S rRNA (Hillis et al. 1991), 
are not avai lable  for the lungfish. Nomark  et al. (1991) 
analyzed the re la t ionship of  fishes from the part ial  se- 
quences of  mi tochondr ia l  genes, COI,  COII,  and cyt  b. 
Al though the COI and COII  data were not avai lable  for 
the lungfish and the coelacanth,  cyt  b data were ana- 
lyzed for various fishes, including an Afr ican lungfish, 
Protopterus sp., in addi t ion to the work  of  Meyer  and 
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Wi l son  (1990). The lungfish/ te t rapod c lade was sup- 
por ted  by  these cyt  b analyses.  

Morphological Data Supporting the 
Coelacanth~lungfish Clade 

A coelacanth/ lungf ish  clade has not been widely  ac- 
cepted in previous  studies, though some morphologis ts  
have reached this conclusion.  Some lines of  evidence 
suppor t ing  T r e e - 3 - - n a m e l y ,  the coe lacan th / lungf i sh  
c l a d e - - a r e  shown below.  

By analyzing morphologica l  e lements  of  neural  sys- 
tems,  Nor thcut t  (1987) descr ibed  c o m m o n  pr imi t ive  
character is t ics  be tween the coelacanth  L. chaIumnae 
and the Aust ra l ian  lungfish Neoceratodus forsteri, the 
most  pr imi t ive  extant  lungfish (neural characters 12-16 
in Fig. 10, p. 293 of  his paper)  (Northcutt  1987). These 
characterist ics are not shared by the amphibians and the 
Lepidos i renoids  ( including L. paradoxa), and there are 
s imi l a r i t i e s  b e t w e e n  the a m p h i b i a n s  and the Lep i -  
dosirenoids .  But the character is t ics  shared by amphib-  
ians and Lepidosi renoids  would have independent ly  oc- 
curred in each of  the l ineages,  because  Lepidos i renoids  
are more  adapted to the amphibious  l i fes tyle  than N. 
forsteri. The extant lungfishes are thought to be a mono-  
phylet ic  group (Forey 1987). Therefore,  Northcutt  be- 
l ieves that the s imilar i t ies  of  the pr imi t ive  forms be- 
t w e e n  the c o e l a c a n t h  and  the A u s t r a l i a n  l u n g f i s h  

indicate their  c lose relat ionship.  
Chang (1991) descr ibes  several  character is t ics  (in- 

d ica ted  by characters  7 and 9-11 in her paper)  of  bone 
morpho logy  shared by coelacanths and lungfishes,  but 
not by tetrapods.  Character  9 in the paper  was cited as 
a sa rcopterygian  synapomorphy  subsequent ly  lost  in 
t e t r apods  in the pape r s  o f  Rosen  et al. (1981) and 

Schultze (1987). 
In addition, Marshall  and Schultze (1992) pointed out 

the fol lowing:  al though Meyer  and Wi lson  (1990) drew 
attention to several  common characteris t ics  shared by 
the lungfishes and the coelacanths as a resul t  of  paral-  
le l isms or reversals  under  the scheme of  the lungfish/  
te t rapod clade [traits 15-21 of  Table  2 in Meyer  and 
Wi l son  (1990)], these could be considered to support  
T r e e - 3 - - n a m e l y ,  the coelacanth/ lungf ish  clade. Mar-  
shall  and Schultze (1992) also pointed out a poss ib i l i -  
ty that, in the traits ci ted by  Meyer  and Wi l son  (1990) 
supporting Tree-1 (traits 1-14 in Table 2 in their paper),  
only  one character is t ics  (trait 14) would  support  the 
lungf ish/ te t rapod clade (Tree- I ) .  

Conclusion 

Because radiat ion among lungfishes,  coelacanths,  and 
tetrapods is thought  to have occurred during a short  
per iod in the Devonian  per iod (Forey 1988; Marshal l  
and Schul tze  1992), it  might  be d i f f icul t  to reso lve  
their  branching order. Therefore  it seems important  to 
evaluate  their  re la t ionship not only by paleontological ,  

physical ,  and morphologica l  data, but also by molecu-  
lar data. 

The coelacanth/ lungfish clade (Tree-3) has so far re- 
ce ived less attention than the al ternatives (Tree-1 and - 
2). In this study, we have demonstra ted that the minor-  
i ty view suspecting Tree-3 to be correct  should not be 
dismissed,  and that the tradit ional  view support ing the 
coelacanth/ te t rapod clade (Tree-2) should be ruled out. 
However ,  we could not determine whether  the coela-  
canth/ lungfish or lungf ish/ te t rapod c lade reflects  the 
true re la t ionship among sarcopterygians  and tetrapods. 
The scenario of  te t rapod evolut ion needs to be reexam- 
ined in the future using more  sequence data. 
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