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The phylogenetic position of tetrapods relative to the other two
living sarcopterygian lineages (lungfishes and the coelacanth)
has been subject to debate for many decades, yet remains unre-
solved. There are three possible alternatives for the phyloge-
netic relationships among these three living lineages of
sarcopterygians, i.e., lungfish as living sister group of tetra-
pods, the coelacanth as closest living relative of tetrapods, and
lungfish and coelacanth equally closely related to tetrapods. To
resolve this important evolutionary question several molecular
data sets have been collected in recent years, the largest being
the almost complete 28S rRNA gene sequences (about
3500 bp) and the complete mitochondrial genomes of the coe-
lacanth and a lungfish (about 16500 bp each). Phylogenetic
analyses of several molecular data sets had not provided un-
equivocal support for any of the three hypotheses. However, a
lungfish+tetrapod or a lungfish+coelacanth clade were predomi-
nantly favored over a coelacanth+tetrapod grouping when the
entire mitochondrial genomes alone or in combination with the
nuclear 28S rRNA gene data were analyzed with maximum
parsimony, neighbor-joining, and maximum likelihood phyloge-
netic methods. Also, current paleontological and morphological
data seem to concur with these molecular results. Therefore the
currently available molecular data seems to rule out a coela-
canth+tetrapod relationship, the traditional textbook hypothesis.
These tentative molecular phylogenetic results point to the in-
herent difficulty in resolving relationships among lineages
which apparently originated in rapid succession during the De-
vonian.
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The transition from life in water to life on land
was perhaps one of the most significant events
in the evolution of vertebrates (e.g. Panchen

and Smithson 1987). This major evolutionary transi-
tion involved many sweeping morphological (e.g.,
evolution of limbs and air breathing), physiological,
and behavioral changes, but nonetheless it seems to
have taken place within an astonishingly short period
of time of only 10–20 million years (Carroll 1988;
Maisey 1996; Cloutier and Ahlberg 1996). It is well
established that the early tetrapods evolved from
lobe-finned fishes (Sarcopterygii) and not from ray-
finned fishes (Actinopterygii; e.g., Romer 1966).
However, due to the general scarcity of fossils, and
the difficulty in character definitions, hence homol-
ogy assignments, it has been highly controversial
which lineage of the sarcopterygians is the one most
closely related to land vertebrates (Cloutier and Ahl-
berg 1996; Forey 1988; Schultze 1994; for a review
see Meyer 1995). Sarcopterygians are currently di-
vided into three major groups (Table 1): Rhipidistia,
Actinistia, and Dipnoi (e.g., Carroll 1988; Schultze
1994; Table 1). Rhipidistians are comprised out of at
least four extinct lineages (Porolepiformes, Osteolepi-
formes, Rhizodontida, and Elpistostegalia) and the
extant Tetrapoda (Table 1; e.g., Carroll 1988;
Schultze 1994; but see, e.g., Ahlberg 1991; Cloutier
and Ahlberg 1996; Janvier 1996, who include dipno-
ans within Rhipidistia).
Recent paleontological evidence strongly suggests
that elpistostegids (or panderichthyids) are the sister
group of tetrapods (Vorobyeva and Schultze 1991;
Ahlberg et al. 1996), and that these obligatory aqua-



tic fishes already possessed many of the morphologi-
cal preadaptations and innovations that are required
for life on land. Actinistia or hollow-spinned fishes
were once a highly successful group of lobe-finned
fishes from the Early Devonian to the Late Creta-
ceous. Due to their absence from the fossil record
after the Late Cretaceous (70–80 mya), these fishes
were thought to have gone extinct until the sensa-
tional discovery of the only surviving species, the
coelacanth (Latimeria chalumnae) from the Comoro
Islands in the Indian Ocean (Smith 1939, 1956;
Schliewen et al. 1993). Dipnoi, the lungfishes, are a
highly modified group of air-breathing lobe-finned
fishes, which were abundant and diversified in the
Late Devonian. However, now they are reduced to
only three relict genera that are found in Australia,
Africa, and South America (Neoceratodus, Proto-
pterus, and Lepidosiren; Forey 1987; Cloutier and
Forey 1991). Despite much research there is still no
general agreement regarding the phylogenetic rela-
tionships among Actinistia, Dipnoi, and Rhipidistia
(including Tetrapoda; Ahlberg 1991; Cloutier and
Ahlberg 1996; Forey 1988, 1991; Long 1995; Mai-
sey 1996; Marshall and Schultze 1992; Meyer 1995;
Nelson 1994; Panchen and Smithson 1987; Rosen et
al. 1981; Schultze 1994). This controversy will con-
tinue until new relevant fossils of intermediate forms
connecting the three groups are discovered, and
agreement among paleontologists about the homol-
ogy of some characters (e.g., the choanae) is
achieved (Forey 1988; Schultze 1994; Rosen et al.
1981).

An approach based on molecular rather than on mor-
phological data from lungfishes, the coelacanth, and
tetrapods, the only living representatives of sarcop-
terygians, might be helpful to solve this controversy
(reviewed by Meyer 1995). Knowledge of the phylo-
genetic relationships among the three living lineages
of lobe-finned fishes should be instrumental when as-
signing homologies and determining the direction of
character transformation in the transition from life in
water to life on land. Three possible alternative hy-
potheses can account for the phylogenetic relation-
ships among extant lineages of sarcopterygians: (a)
the lungfishes are the closest living relative of tetra-
pods (Fig. 1), (b) the coelacanth is the living sister
group of tetrapods (Fig. 2), and (c) both lungfishes
and the coelacanth are equally closely related to tet-
rapods (Fig. 3). Until recently most studies on the
living sarcopterygians did not include both the coela-
canth and the lungfishes because their primary goal
was not to elucidate their phylogenetic relationships
(e.g., Hillis et al. 1991; Kolb et al. 1974). Therefore
due to the incomplete sampling of species these stud-
ies could not discriminate among any of the three
competing hypotheses (reviewed in Meyer 1995).
During the past ten years, however, mitochondrial
and nuclear sequences have been collected from both
the coelacanth and the lungfishes with the explicit
goal of resolving this phylogenetic issue (e.g., Gorr
et al. 1991; Hedges et al. 1993; Meyer and Dolven
1992; Meyer and Wilson 1990; Fig. 4). Even more
recently the almost complete 28S rRNA gene (Zar-
doya and Meyer 1996c) and the entire mitochondrial
genomes of these two taxa (Zardoya and Meyer
1996a, 1997; Zardoya et al. 1997) have been deter-
mined and make up the currently largest molecular
data set collected so far to address this evolutionary
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Table 1. Classification of fish (modified from Carroll 1988; Cloutier
and Ahlberg 1996; Schultze 1994; for many authors, e.g., Janvier
1996; Cloutier and Ahlberg 1996, the dipnoans should be included
within the Rhipidistia{ extinct)

Class: Chondrichthyes (cartilaginous fish)
Class: Osteichthyes (bony fish)

Subclass: Actinopterygii (ray-finned fish)
Chondrostei (sturgeon,Acipenser; bichir,

Polypterus)
Neopterygii (gar,Lepisosteus; bowfish,Amia;

modern ray-finned fish, Teleostei)
Subclass: Sarcopterygii (lobe-finned fish) (Romer 1955)

Actinistia (coelacanth,Latimeria) (Cope 1871)
Dipnoi (lungfish,Neoceratodus, Protopterus,

Lepidosiren) (Muller 1885)
Rhipidistia (Cope 1887)

Porolepiformes (Jarvik 1942)
Rhizodontid (Andrews and Westoll 1970)
Osteolepiformes (Berg 1937)

Elpistostegalia (Camp and
Allison 1961)

Tetrapoda (land vertebrates)
Lissamphibia (modern amphibians)
Amniota (reptiles, birds, mammals)

Fig. 1. Lungfishes as closest living sister group of tetrapods. This
hypothesis is preferred by many paleontologists and morphologists. It
is also supported by several mitochondrial protein-coding genes (see
text)
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Fig. 2. The coelacanth as closest living relative of tetrapods. Ever
since the sensational discovery of living specimens of the coelacanth,
this hypothesis has been favored in most general biology textbooks.
However, morphological and molecular data provide only weak sup-
port for it

Fig. 3. Lungfishes and the coelacanth are equally closely related to
tetrapods. Traditionally this hypothesis has received less attention
than the alternatives. However, recent morphological and molecular
phylogenetic analyses (nuclear 28S rRNA genes, mitochondrial tRNA
genes, and several mitochondrial protein-coding genes) support the
lungfish+coelacanth grouping

Fig. 4. Living sarcopterygian phylogenetic relationships based on dif-
ferent molecular data sets. A) Maximum parsimony analysis of mito-
chondrial 12S rRNA and Cytb gene fragments (Meyer and Wilson
1990). B) UPGMA analysis based onb hemoglobin sequences (Gorr
et al. 1991). C) Maximum parsimony analysis of a mitochondrial 12S
rRNA gene fragment (Meyer and Dolven 1992). D) Neighbor-joining

analysis of the complete mitochondrial 12S and 16S rRNA genes
(Hedges et al. 1993). E) Maximum likelihood analysis of the com-
plete mitochondrial COI gene (at the amino acid level; Yokobori et al.
1994). F) Maximum parsimony, neighbor-joining, and maximum like-
lihood analyses of the almost complete nuclear 28S rRNA gene (Zar-
doya and Meyer 1996c)



problem. The goal of these studies is to establish the
phylogenetic relationships among the three extant
lineages of sarcopterygians through the analysis of
molecular data sets. However, a well-supported an-
swer to this question might aid in recreating the se-
quence of evolutionary events that permitted sarcop-
terygian fishes to colonize land.

Lungfishes as Closest Living Sister Group
of Tetrapods

The first DNA data set that supported the hypothesis
that lungfishes are the closest living relatives of tetra-
pods (Fig. 1) was collected by Meyer and Wilson
(1990). A total of 664 bp from two fragments of the
mitochondrial 12S rRNA and cytochromeb genes
were sequenced from a ray-finned fish (Cichlasoma

citrinellum), the coelacanth (Latimeria chalumnae),
and the South American lungfish (Lepidosiren para-
doxa) and compared with those of a tetrapod (Xeno-
pus laevis). Maximum parsimony analyses of this
data set, excluding third codon positions of the cyto-
chromeb gene, and using the ray-finned fish as out-
group, arrived at a single most parsimonious tree in
which the lungfish+tetrapod clade was supported by
a 99% bootstrap value in 100 replicates (Fig. 4). In
bootstrapping Felsenstein (1985) replicates (e.g.,
100–1000) of the original data set are generated by
random sampling with replacement. These multiple
data sets are subjected to phylogenetic analyses, and
a (typically 50%-majority rule bootstrap) consensus
of the multiple generated trees is calculated. For each
node of the consensus tree a bootstrap value is as-
signed based on the frequency of its occurrence in
the multiple bootstrap trees. The higher the bootstrap
values are (close to 100%) the more confidence is
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Fig. 5. Mitochondrial DNA phylogenetic analyses of the phylogenetic
relationships of the living sarcopterygian lineages. A) MP, NJ, and
ML analyses of the mitochondrial protein-coding gene data set (both
at the amino acid and at the DNA level), and NJ and ML analyses of
the whole mitochondrial data set supported the hypothesis of lungfish
as the closest living sister group of tetrapods. B) Coelacanth as closest
living relative of tetrapods was weakly favored by the mitochondrial

rRNA gene data set regardless of the phylogenetic method of infer-
ence. C) A lungfish+coelacanth clade is supported by the whole mito-
chondrial data set when analyzed with MP, and by the mitochondrial
tRNA data set with MP, NJ, and ML phylogenetic methods of infer-
ence. Bootstrap values for the nodes (asterisks) are shown for each of
the phylogenetic analyses



placed into the reality of a given node based on the
collected data.
Normark et al. (1991) extended the cytochromeb
analysis by the addition of a second African lungfish
(Protopterus sp.) and several more ray-finned fish
DNA sequences. These data continued to favor a
lungfish+tetrapod grouping albeit with low bootstrap
support (51%). However, when the African (Proto-
pterus aethiopicusand Protopterus annectens) and
the Australian (Neoceratodus forsteri) lungfishes
were included into an extended study of the mito-
chondrial 12S rRNA gene (Meyer and Dolven 1992),
an unresolved coelacanth+lungfish+tetrapod tricho-
tomy (the lungfish+tetrapod clade was favored in the
most parsimonious tree but with low bootstrap sup-
port of only 48%) resulted (Fig. 4). Several studies
have recently pointed out the poor performance of
individual mitochondrial genes (or fragments of
them) in recovering the precise phylogenetic relation-
ships of vertebrate taxa at a deep-branch level and
consequently the need of analyzing larger data sets
(Cummings et al. 1995; Russo et al. 1996; Zardoya
and Meyer 1996b).
Hedges et al. (1993) claimed to have found stronger
support for the lungfish+tetrapod clade based on an
analysis of the complete 12S and 16S rRNA mito-

chondrial genes (Fig. 4). This data set was comprised
in total of 2903 bp from the three lungfish genera,
the coelacanth, eight tetrapods, and one ray-finned
fish (as an outgroup taxon). Neighbor-joining ana-
lyses of this data set based on Kimura corrected dis-
tances resulted in a lungfish+tetrapod clade, which
was supported by a relatively high bootstrap value
(86%; Fig. 4). Moreover, a maximum parsimony
analysis also favored lungfish as the closest living re-
lative of tetrapods, but unfortunately no bootstrap
values were provided in the original paper to assess
the support of this node (Hedges et al. 1993). A re-
analysis of this data set with all three commonly
used methods of phylogenetic inference (maximum
likelihood, ML; maximum parsimony, MP, and
neighbor-joining, NJ) resulted in an unresolved lung-
fish+coelacanth+tetrapod trichotomy (also see below;
Zardoya and Meyer 1996c, Zardoya and Meyer
1997; Zardoya et al. 1997).
Analyses of a very large data set of all 13 protein-
coding genes encoded by the mitochondrial genome
(11736 characters) with all three commonly used
phylogenetic methods of phylogenetic inference (MP,
NJ, and ML) provided support for the lungfish+
tetrapod grouping (Zardoya and Meyer 1996c, 1997;
Zardoya et al. 1997; Fig. 5A). The lungfish+tetrapod
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Table 2. Statistical support for the three competing hypotheses on the relationships among living sarcopterygians lineages

Tree (DNA level) ATPase 6 ATPase 8 COI COII COIII Cytb

D SE D SE D SE D SE D SE D SE

Lungfish+tetrapods –4.3 ±4.4 –1.1 ±1.5 –7.6 ±9.1 –4.5 ±4.7 –8.8 ±5.5 ML (3823.8)
Coelacanth+tetrapods –4.7 ±4.2 ML (516.4) –9.1 ±8.6 ML (2105.3) –7.8 ±6.0 –11.5 ±10.2
Lungfish+coelacanth ML (2705.4) –1.1 ±1.5 ML (3462.2) –1.2 ±5.9 ML (2186.0) –18.9 ±8.0
Length 362 68 1004 428 516 752

Tree (DNA level) ND1 ND2 ND3 ND4 ND4L ND5 ND6

D SE D SE D SE D SE D SE D SE D SE

Lungfish+tetrapods ML (3519.7) ML (4774.2) ML (1306.1) ML (5595.9) ML (1390.5) –4.6 ±8.7 ML (1582.8)
Coelacanth+tetrapods –14 ±8.7 –6.5 ±5.2 –1.8 ±2.4 –5.4 ±6.0 –3.5 ±3.0 –11 ±7.0 –1.2 ±2.3
Lungfish+coelacanth –15 ±8.4 –4.8 ±5.8 –0.1 ±3.9 –6.4 ±5.6 –3.4 ±3.2 ML (5850.6) –0.3 ±2.9
Length 622 626 206 866 192 980 236

Tree Protein-coding rRNA tRNA 28S rRNA Total

D SE D SE D SE D SE D SE

Lungfish, Tetrapods ML (38220.0) –17 ±10 –13 ±7.8 –16 ±9.9 –7.9 ±22.2
Coelacanth, Tetrapods –46 ±20.9 ML (13468.9) –8.3 ±9.1 –15 ±10.2 –31 ±25
Lungfish, Coelacanth –20 ±16.5 –18 ±9.8 ML (9347.6) ML (11505.5) ML (72580.0)
Length 6858 2101 1417 3221 13597

The log-likelihood of the ML tree in given in parentheses, and the differences in log-likelihood of alternative trees from that of the ML tree (D)
are shown with their SE (following ±), which were estimated by the formula of Kishino and Hasegawa (1989). Third codon positions of protein
coding genes were excluded from the analyses at the DNA level



node was supported by an 80% bootstrap value in
the MP analysis when third codon positions and tran-
sitions in first codon positions were excluded
(Fig. 5A). Moreover, similar results were obtained
when transitions in first codon positions were in-
cluded in the analysis, or different weights for transi-
tions and transversions were assumed for any posi-
tion. The bootstrap support for the lungfish+tetrapod
node in the NJ analysis (using Kimura distances and
correcting for rate variation among sites with ac dis-
tribution a shape parameter) was 100% (Fig. 5A). In
the ML analysis (using empirical base frequencies
and transition/transversion ratios with the HKY85
model) (Hasegawa et al. 1985), all branch lengths
were found to be significantly greater than zero
(P<0.01), and the bootstrap value for the lung-
fish+tetrapod node was 82% (Fig. 5A). Statistical
confidence of the best trees of the MP and ML ana-
lyses was moreover evaluated using the formula of
Kishino and Hasegawa (1989) and Templeton (1983;
Table 2). These methods calculate the standard error
of the difference in log-likelihood or number of steps
between the best tree and its competing hypotheses.
According to these tests, the protein-coding genes,
although providing overall support for a lungfish+
tetrapod clade, could not statistically reject a lung-
fish+coelacanth clade. However, the relationship of
the coelacanth as closest sister group of tetrapods
was clearly rejected (Table 2). Interestingly, the lung-
fish+tetrapod clade was supported by several NADH
dehydrogenase genes and cytochromeb but not by
the cytochrome oxidase or ATPase genes when a
Kishino-Hasegawa test was performed (Zardoya et
al. 1997; Table 2). Similar results were obtained
when the analysis was performed based on inferred
amino acids (3887 characters) rather than nucleo-
tides. Furthermore, when this data set was combined
with the rest of the mitochondrially encoded (rRNA
and tRNA) genes, it also supported lungfishes as
closest living sister group of tetrapods with MP (ex-
cept when third codon positions and transitions in
first codon positions were excluded), NJ, and ML
(Zardoya et al. 1997).

The Coelacanth as Closest Living Sister
Group of Tetrapods

Although the idea that the coelacanth is the “missing
link” between fishes and tetrapods is still prevalent
in many general biology texts (e.g., Ka¨mpfe et al.
1980; Romer 1966), the hypothesis of the coelacanth
as closest living sister group of tetrapods (Fig. 2) re-

ceived the least support in all phylogenetic analyses
of molecular data (Meyer 1995). This hypothesis was
erroneously favored by Gorr et al. (1991) based on
their analysis of the amino acid sequences ofa andb
hemoglobin chains (Fig. 4). The UPGMA method
was used to analyze these amino acid sequences,
taken from two sharks, several ray-finned fishes, the
South American lungfish, the coelacanth, and several
amphibians (adults and tadpoles). According to their
results, theb chains of the coelacanth were most
similar to those of larval amphibians, and this was
interpreted as support for a coelacanth+tetrapod rela-
tionship (Fig. 4). However, serious flaws have been
identified in this study (Meyer and Wilson 1991;
Sharp et al. 1991; Stock and Swofford 1991). For in-
stance, the unequal rates of evolution of the different
lineages under study violate the assumptions of the
UPGMA method, and more importantly, the assump-
tion of orthology between the fish and amphibian he-
moglobin sequences was not proven. Reanalyses of
the data with MP (Meyer and Wilson 1991; Sharp et
al. 1991; Stock and Swofford 1991) and ML (Yoko-
bori et al. 1994) showed that theb-hemoglobin data
tended weakly to support the coelacanth+tetrapod
clade. However, a reanalysis of thea-chain with ML
slightly favored a lungfish+coelacanth clade (Yoko-
bori et al. 1994).
Similarly, phylogenetic analyses of the almost com-
plete nuclear 18S rRNA gene sequences (about 1800
nucleotides) with MP arrived at a single most parsi-
monious tree in which the coelacanth+tetrapod clade
was preferred (Stock et al. 1991). However, this
topology contained many unorthodox groupings
weakly supported in the bootstrap analysis, and
therefore it is generally accepted that the 18S rRNA
gene is not appropriate for addressing this phyloge-
netic question (Meyer 1995).
A coelacanth+tetrapod grouping is also suggested by
the analysis of the lipid and myelin protein content
of the nerve membranes in vertebrate taxa (Tamai et
al. 1994; Waehneldt et al. 1991; and references there-
in). In particular, the detection of low levels of 2',3'-
cyclic nucleotide 3'-phosphohydrolase activity, a
myelin marker enzyme, and the higher occurrence of
proteolipid protein in the coelacanth but not in lung-
fishes was interpreted as support for a close relation-
ship between the coelacanth and tetrapods since high
levels of 2',3'-cyclic nucleotide 3'-phosphohydrolase
activity and proteolipid protein are found in amphi-
bians and mammals but not in ray-finned fishes (Ta-
mai et al. 1994; Waehneldt et al. 1991). However,
the phylogenetic validity of these results needs to be
interpreted with caution because the presence of sim-
ilar lipid and myelin protein contents provides only
weak information on common descent or, the alterna-
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tive, evolutionary convergence (Meyer 1995; Ax
1988).
With the sequencing of the African lungfish (Proto-
pterus dolloi) and the coelacanth complete mitochon-
drial genomes (Zardoya and Meyer 1996a, 1997), a
phylogenetic reanalysis of the previously published
mitochondrial 12S and 16S rRNA gene sequences
became possible (Zardoya et al. 1997). The 3' end
(last 332 bp) of the 16S rRNA gene of the coela-
canth sequence of this new data set differed from
those of Hedges et al. (1993). This fragment is likely
a contamination with alligator 16S rRNA sequence,
which was also determined in that laboratory
(Hedges 1994). Interestingly, a coelacanth+tetrapod
clade was preferred rather than the lungfish+tetrapod
clade when the new uncontaminated rRNA gene se-
quences (2101 characters) were analyzed with MP,
NJ (using Kimura distances and correcting for rate
variation among sites with a gamma distributiona
shape parameter), and ML (using empirical base fre-
quencies and transition/transversion ratios with the
HKY85 model) using teleosts (rainbow trout, carp,
and loach) as outgroup taxa (Fig. 5B). However, the
coelacanth+tetrapod node had a bootstrap value be-
low 50% both in the MP and the NJ analyses (inter-
estingly, this node was favored by a 94% bootstrap
support in the ML analysis; Fig. 5B). This apparent
lack of resolution of the rRNA data set was con-
firmed with the Kishino-Hasegawa and the Temple-
ton statistical tests, which could not rule out the two
alternative hypotheses (Table 2; Zardoya et al. 1997),
suggesting that mitochondrial 12S and 16S rRNA
genes are inappropriate phylogenetic markers for this
question.

The Coelacanth and the Lungfishes Are
Equally Closely Related to Tetrapods

The alternative that lungfishes are most closely re-
lated to the coelacanth, and therefore, that a com-
bined lungfish+coelacanth clade constitutes the clos-
est living sister group of tetrapods (Fig. 3) was initi-
ally not widely considered, but support (from mor-
phological and molecular data) in its favor has accu-
mulated recently (Chang 1991; Schultze 1994; Yoko-
bori et al. 1994; Zardoya and Meyer 1996c).
The first molecular phylogenetic support for this hy-
pothesis came from the phylogenetic analyses of the
mitochondrial cytochrome oxidase I (COI) gene
(Yokobori et al. 1994). The amino acid sequences de-
duced from the COI gene nucleotide sequences
(about 1550 bp), of the South American lungfish,

and the coelacanth were subjected to ML, MP, and
NJ analyses using the carp and loach as outgroup
taxa and the frog as single representative of the tetra-
pods (Fig. 4). All phylogenetic analyses of this gene
strongly supported (with bootstrap values above
90%) a lungfish+coelacanth clade. Nevertheless, a
less strong result was obtained when a Kishino-Hase-
gawa test of the combination of the COI data set
with the earlier 12S rRNA and cytochromeb data
sets was performed. A coelacanth+tetrapod clade was
statistically ruled out, but equal support was found
for a lungfish+tetrapod clade and a lungfish+coela-
canth clade (Yokobori et al. 1994).
The lungfish+coelacanth clade was also the most pre-
ferred of the three alternative hypotheses when COII,
COIII, ATPase 6, ATPase 8, ND5, and ND6 genes
were analyzed at the amino acid level using ML, and
teleosts (rainbow trout, carp, and loach) as outgroup
taxa (Zardoya et al. 1997). Similar results were ob-
tained at the DNA level when third codon position
were excluded from the analyses (Table 2). However,
in none of the cases could either of the two alterna-
tive hypotheses, i.e., lungfishes or the coelacanth as
closest living sister group of tetrapods, be statisti-
cally ruled out (Table 2).
The analysis of a data set combining the 22 mito-
chondrial tRNA gene sequences (1604 characters)
with MP, NJ (using Kimura distances and correcting
for rate variation among sites with ac distributiona
shape parameter), and ML (using empirical base fre-
quencies and transition/transversion ratios with the
HKY85 model), using teleosts (rainbow trout, carp,
and loach) as outgroup taxa, also favored a lung-
fish+coelacanth clade (Zardoya et al. 1997; Fig. 5C).
The lungfish+coelacanth node was supported by
87%, 64%, and 81% bootstrap values in the MP, NJ,
and ML analyses, respectively (Fig. 5C). Nonethe-
less, according to the Kishino-Hasegawa and Tem-
pleton tests, the two alternative hypotheses could not
be rejected with this data set (Table 2).
All mitochondrial genes combined favored the lung-
fish+coelacanth clade when third codon positions
and transitions in first codon positions of protein-
coding genes were excluded from the MP analysis.
The MP bootstrap support for the lungfish+coela-
canth node was only 56% (Zardoya et al. 1997;
Fig. 5C).
Finally, the lungfish+coelacanth hypothesis also was
favored when the nuclear 28S rRNA sequences from
the coelacanth, three lungfish genera, human, mouse,
rat, Kenyan clawed frog, clawed frog, rainbow trout,
and eel were analyzed with all three common meth-
ods of phylogenetic inference (MP, NJ, ML) using
the sturgeon (Acipenser brevirostrum) as outgroup
(Zardoya and Meyer 1996c; Fig. 4). The data set
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consisted of 4786 sites, and a transition: transversion
ratio of 2:1 was used in the phylogenetic analyses.
The robustness of the results was confirmed by the
moderately high bootstrap values obtained for the
lungfish+coelacanth node in the NJ (61%) and MP
(89%) trees. However, neither of the two alternative
hypotheses had significantly lower log-likelihoods
than the favored maximum likelihood tree when the
Kishino-Hasegawa test was performed (Zardoya and
Meyer 1996c; Table 2).

Molecular Evidence on the Living Sister
Group of Tetrapods Using All Available
Data

The phylogenetic analyses of the combined mito-
chondrial and nuclear data sets (20926 characters)
with all three commonly used methods of phyloge-
netic inference were not entirely conclusive. For the
MP analysis (a) third codon positions of mitochon-
drial protein coding genes were excluded, (b) a tran-
sition: transversion weight of 1:2 was applied for the
28S rRNA data set, and (c) human and frog were
used as representatives of tetrapods, and the rainbow
trout was used as outgroup. The MP analysis of the
combined nuclear and mitochondrial data set arrived
at a single most parsimonious tree in which a lung-
fish+coelacanth clade was weakly favored with a
bootstrap support below 50% (Zardoya et al. 1997).
Under the same conditions the NJ analysis, however,
supported a lungfish+tetrapod clade with a bootstrap
value of 90%. Finally, ML analyses supported a
lungfish+coelacanth relationship when the 10-taxon
mitochondrial data set and the 12-taxon 28S rRNA
data set (Zardoya and Meyer 1996c) were combined.
In this case a 79% or a 61% bootstrap support were
obtained for the lungfish+coelacanth node, when the
mitochondrial protein-coding gene subset was ana-
lyzed at the amino acid level or at the DNA level, re-
spectively (Zardoya et al. 1997). However, if a Kishi-
no-Hasegawa test was performed, neither of the two
alternative hypotheses could be statistically ruled out
with this data set (Zardoya et al. 1997; Table 2).
In conclusion, the overall evidence seems to support
both the lungfish+coelacanth (Fig. 1) and a lungfish+
tetrapod (Fig. 3) hypotheses, but not the coelacanth+
tetrapod grouping (Fig. 2). The lungfish+ coelacanth
clade was supported by the nuclear 28S rRNA gene
data (Zardoya and Meyer 1996c), and the mitochon-
drial ATPase 6, ATPase 8, COI, COII, COIII, ND5,
and tRNA data (Zardoya et al. 1997). The lung-
fish+tetrapod clade was strongly supported by the

mitochondrial ND1, ND2, ND3, ND4L, ND4, ND6,
and cyt b genes (and all mitochondrial protein cod-
ing genes combined). Therefore it appears that the
more slowly evolving genes (cytochrome oxidase
subunits, tRNAs and 28S rRNA) favor the lung-
fish+coelacanth hypothesis, whereas relatively more
rapidly evolving genes (e.g., NADH subunits and cy-
tochromeb) support the lungfish+tetrapod grouping.
Although it cannot be statistically rejected in all
cases, the coelacanth+tetrapod hypothesis seems to
be the most unlikely of the three. These results are in
agreement with most recent morphological evidence
which supports mainly the lungfish+coelacanth and
the lungfish+tetrapod hypotheses over the coela-
canth+tetrapod hypothesis (Ahlberg 1991; Chang
1991; Cloutier and Ahlberg 1996; Forey 1987, 1988;
Forey et al. 1991; Janvier 1996; Long 1995; Panchen
and Smithson 1987; Schultze 1994). The rapid origin
of sarcopterygian lineages within a narrow window
in time (20 million years, dating back to the Devo-
nian) seems to be mainly responsible for the tenta-
tive evidence so far obtained by Meyer (1995). Fu-
ture studies on this question will require the collec-
tion of nuclear protein coding gene sequence data.
From a mitochondrial point of view, the sequencing
of new amphibian mitochondrial genomes will also
be desirable because the availableXenopus laevisse-
quence (Roe et al. 1985) is likely to contain sequen-
cing errors and additional urodele and caecilian se-
quences (Zardoya and Meyer, in preparation) will di-
vide the long branch leading to the single amphibian
complete mitochondrial DNA sequence available. It
is well known that long branches in phylogenetic
trees attract each other leading to wrong phyloge-
netic inferences (Felsenstein 1978). Despite many
potential difficulties, future work using a combined
data approach that utilizes molecular and morpholo-
gical data should also be attempted. The resolution
of the phylogenetic relationships among living sar-
copterygian lineages via molecular studies should
provide a framework that would help in discerning
among proposed alternative hypotheses Ax (1988)
that also include extinct lineages of lobe-finned
fishes. A molecular framework might contribute to a
better understanding of the relationships among the
extinct lineages of rhipidistians that led to the origin
of tetrapods and will aid in the interpretation and po-
larization of the morphological and physiological
traits of sarcopterygians that predate the colonization
of land.
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