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Abstract. We determined the complete nucleotide
sequences (16403 and 16572 base pairs, respectively)
of the mitochondrial genomes of the South American lungﬁsh, Lepidosiren paradoxa, and the
Australian
lungﬁsh,
Neoceratodus
forsteri
(Sarcopterygii, Dipnoi). The mitochondrial DNA
sequences were established in an eﬀort to resolve
the debated evolutionary positions of the lungﬁsh
and the coelacanth relative to land vertebrates.
Previous molecular phylogenetic studies based on
complete mtDNA sequences, including only the
African lungﬁsh, Protopterus dolloi, sequence were
able to strongly reject the traditional textbook
hypothesis that coelacanths are the closest relatives
of land vertebrates. However, these studies were
unable to statistically signiﬁcantly distinguish between the two remaining scenarios: lungﬁsh as the
closest relatives to land vertebrates and lungﬁsh
and coelacanths jointly as their sister group (Cao et
al. 1998; Zardoya et al. 1998; Zardoya and Meyer
1997a). Lungﬁsh, coelacanths, and the ﬁsh ances-
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tors of the tetrapod lineage all originated within a
short time window of about 20 million years, back
in the early Devonian (about 380 to 400 million
years ago). This short divergence time makes the
determination of the phylogenetic relationships
among these three lineages diﬃcult. In this study,
we attempted to break the long evolutionary
branch of lungﬁsh, in an eﬀort to better resolve the
phylogenetic relationships among the three extant
sarcopterygian lineages. The gene order of the
mitochondrial genomes of the South American and
Australian lungﬁsh conforms to the consensus gene
order among gnathostome vertebrates. The phylogenetic analyses of the complete set of mitochondrial proteins (without ND6) suggest that the
lungﬁsh are the closest relatives of the tetrapods,
although the support in favor of this scenario is not
statistically signiﬁcant. The two other smaller data
sets (tRNA and rRNA genes) give inconsistent results depending on the diﬀerent reconstruction
methods applied and cannot signiﬁcantly rule out
any of the three alternative hypotheses. Nuclear
protein-coding genes, which might be better phylogenetic markers for this question, support the
lungﬁsh–tetrapod sister-group relationship (Brinkmann et al. 2004).
Key words: Lungﬁsh — Sarcopterygii — Mitochondrial genome — Origin of tetrapods — Long
branch attraction
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Table 1. Systematic position of the lungﬁsh

Class: Osteichthyes (bony ﬁsh)
Subclass: Actinopterygii (ray-ﬁnned ﬁsh)
Chondrostei (sturgeon, Acipenser; birchir, Polypterus)
Neopterygii (gar, Lepisosteus; bowﬁsh, Amia)
Teleostei (modern ray-ﬁnned ﬁsh)
Subclass: Sarcopterygii (lobe-ﬁnned ﬁsh)
Actinistia (coelacanth, Latimeria)
Rhipidistia
Dipnoi (lungﬁsh)
Ceratodontiformes
Ceratodontidae (Neoceratodus, Australian lungﬁsh)
Lepidosireniformes
Lepidosirenidae (Lepidosiren, South American lungﬁsh)
Protopteridae (Protopterus, African lungﬁsh)
Porolepiformesb
Osteolepiformesb
Tetrapoda (land vertebrates)
Lissamphibia (modern amphibians)
Amniota (reptiles, birds, mammals)
a

Modiﬁed from Zardoya and Meyer (1996a).
Extinct.

b

Introduction
The conquest of terrestrial habitats by previously
water-living vertebrates in the Devonian approximately 360 million years ago (mya) was one of the
most important evolutionary events in the history of
vertebrates (reviewed in Benton 1990; Zimmer 1999,
p 290). Yet the important question about the identity
of the closest living relative among ﬁsh and land
vertebrates is still not fully resolved (reviewed in
Meyer 1995; Zardoya et al. 2003; Zardoya and Meyer
2001c), at least based on an all molecular data set
(Meyer and Zardoya 2003). Many morphological and
physiological changes had to occur to permit the
conquest of land by vertebrates of aquatic origin
(e.g., the modiﬁcation of swimming limbs into loadbearing limbs and alteration of the respiratory as well
as the osmoregulatory systems (reviewed in, e.g.,
Panchen 1987) to make life on land possible. The
identiﬁcation of the closest living relative among ﬁsh
to land vertebrates might permit a better understanding and reconstruction of the necessary preadaptations that permitted the colonization of land
(Meyer and Dolven 1992).
It is widely accepted that lobe-ﬁnned ﬁsh (Sarcopterygii), which include the coelacanths (Actinista),
lungﬁsh (Dipnoi), and several extinct rhipidistian
groups as well as the extant tetrapods, form a
monophyletic group (Table 1). Among the sarcopterygians, one of the extinct lineages of rhipidistians
ﬁsh (Elpistostegids, represented by the fossil Panderichtys), but not representatives of an extant clade,
seems to be the closest relative of land vertebrates
(Ahlberg et al. 1996; Cloutier and Ahlberg 1996).
Although lobe-ﬁnned ﬁsh were a highly successful

and species-rich group during the lower Devonian
(400 mya), only six lungﬁsh (Carroll 1988; Marshall
1987) and one or two coelacanth species (Holder
et al. 1999; Pouyaud et al. 1999) survived until today.
These ‘‘living fossils’’ are of special interest to several
biological disciplines (e.g., developmental biology,
comparative morphology, and paleontology) since
their morphology, physiology, neurobiology, and
biochemistry may still correspond, or at least be
similar, to some of the conditions present in the last
common ancestor of all land vertebrates (Meyer and
Dolven 1992; Meyer and Wilson 1990; Zardoya and
Meyer 1996b). The relationships among the three
living Sarcopterygiian groups (coelacanth, lungﬁsh,
and tetrapods) remain, however, somewhat ambiguous based on phenotypic (morphological, paleontological, neurobiological) (Ahlberg and Milner 1994;
Forey 1998a; Patterson 1980; Rosen 1981) and
genetic data (for reviews see Meyer 1995; Meyer and
Zardoya 2003; Zardoya and Meyer 2001, 2003;
Kikugawa et al. 2004; Takezaki et al. 2004).
Lungﬁsh were discovered over 150 years ago
(Bischoﬀ 1840), and based on several adaptations
such as lungs and estivation (which allows lungﬁsh to
survive droughts) and reduced scales and ﬁns, these
obligate air breathing ﬁsh were initially believed to
belong to the amphibians. Extant lungﬁsh are strictly
limited to freshwater and are found in Australia
(Neoceratodus forsteri), Africa (four species of the
genus Protopterus), and South America (Lepidosiren
paradoxa). This distribution of the living lungﬁsh
suggests that the age of the two orders Ceratodontiformes (Neoceratodus) and Lepidosireniformes, with
two families (Protopterus and Lepidosiren), predates
the split of the Gondwana supercontinent into the
current continents more than 180 mya (for systematic
position see also Table 1).
The other extant group of lobe-ﬁnned ﬁsh (besides
the tetrapods), the coelacanths, were long believed to
have gone extinct about 80 mya until the spectacular
discovery of a surviving specimen oﬀ the coast of
East Africa (Smith 1939a, b). Similarly exciting was
the recent ﬁnding of another new species of coelacanth oﬀ the coast of Sulawesi in Indonesia (Erdmann 1999; Erdmann et al. 1999; Forey 1998b;
Pouyaud et al. 1999). Until today, the coelacanth is
depicted in many biological textbooks as the ‘‘missing
link’’ between sarcopterygian ﬁsh and land vertebrates (e.g., Campbell 1987; Romer 1966). However,
most molecular and recent morphological and pal
eontological studies suggest that the long-time favored coelacanth + tetrapod sister-group relationship is the most unlikely of the three possible
scenarios (Fig. 1) and can be statistically rejected
based on large molecular data sets (Cao et al. 1998;
reviewed in Meyer and Zardoya 2003; Zardoya et al.
1998; Zardoya and Meyer 2001c). Until now, neither
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Fig. 1. Alternative hypotheses of
sister-group relationships between
Sarcopterygii and tetrapods.
A Lungﬁsh as closest living relative of
tetrapods. B Coelacanth as sister group
to tetrapods. C Coelacanth and
lungﬁsh form a monophyletic sister
group of tetrapods.

of the two remaining hypotheses among the sarcopterygian lineages (lungﬁsh+tetrapod versus lungﬁsh+coelacanth sister-group relationships) could be
ruled out signiﬁcantly based on mitochondrial DNA
data (Fig. 1). In 1999, the complete mitochondrial
DNA genomes of at least 33 land living vertebrates
(amphibians, reptiles including birds, and placental
and marsupial mammals) have been reported (Curole
and Kocher 1999); today there are already 10 times

more (331), yet only one lungﬁsh and one coelacanth complete mtDNA sequence is known.
Several researchers demonstrated a relatively poor
performance of individual mitochondrial genes in
recovering phylogenetic relationships among lineages
that originated in the Devonian (Cummings et al.
1995; Russo et al. 1996; Zardoya and Meyer 1996c).
The phylogenetic reliability of combined mitochondrial data sets from protein, tRNA, and rRNA genes
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is clearly higher than that of any single or partial
mitochondrial data set (Cummings et al. 1995; Russo
et al. 1996; Zardoya and Meyer 1996c). This is
especially true for the largest data set, consisting of
the combined mitochondrial protein sequences (Zardoya and Meyer 1996a,c)
Unbalanced species sampling and variable rates of
molecular evolution in diﬀerent lineages can make
phylogenetic reconstruction prone to errors. In contrast to the diverse and relatively well-represented
tetrapods, the two remaining sarcopterygian lineages
(lungﬁsh and coelacanths) were only represented by a
single sequence each in previous molecular phylogenetic studies. This created long branches for these
species-poor ancient lineages, which diverged almost
400 mya. Old lineages might be saturated in terms of
DNA sequence divergence, and if, in addition, they
also have pronounced diﬀerences in evolutionary
rates, phylogenetic reconstruction becomes challanging. Long, uninterrupted branches are known to
potentially lead to artiﬁcial groupings in phylogenetic
analyses (Brinkmann and Philippe 1999; Felsenstein
1978; Philippe et al. 2000), and ‘‘long-branch attraction’’ is therefore also a potentially important phylogenetic issue for the origin of tetrapods problem.
Since until recently only a single coelacanth species
was known to exist, and the newly discovered coelacanth species is very closely related (Holder et al.
1999; Brinkmann et al. unpublished data), nothing
can be done about this. However, there are three
extant lineages of lungﬁsh of rather ancient origin, of
which only the African lungﬁsh lineage has been
sampled before (Zardoya and Meyer 1996a).
Here we attempt to reduce the potentially negative
eﬀect of a long unbroken lungﬁsh branch on the
phylogenetic reconstruction by (1) a more complete
species sampling through the addition of two lungﬁsh
sequences and (2) through phylogenetic emphasis on
more slowly evolving and, thereby, probably phylogenetically more reliable sites. In the case of the
protein coding genes (amino acid data) a reduction of
phylogenetic noise in the data was attempted through
the exclusion of the most variable positions. We
present the gene order and complete nucleotide sequence of the mitochondrial genomes of the South
American and the Australian lungﬁsh. The, comparisons of all three living lungﬁsh mitochondrial
genomes allows for the ﬁrst time the deﬁnition of
mtDNA synapomorphies of the Dipnoi. The major
aim of this study was to resolve the long-standing
question about the identity of the closest living lineage among ﬁsh to tetrapods (reviewed in Meyer 1995;
Meyer and Zardoya 2003; Zardoya and Meyer
1997b). The addition of two other lungﬁsh lineages
leads to a better taxon sampling (Graybeal 1998;
Hendy and Penny 1989; but see Poe and Swoﬀord
1999) and is expected to divide the long- branch of

the previously single published lungﬁsh sequence
(Zardoya and Meyer 1996a) and therefore to reduce
the potential eﬀect of long-branch attraction artifacts
(Zardoya and Meyer 2001c).

Materials and Methods
Isolation, PCR, Cloning, and Sequencing Procedures
DNA was extracted from white muscle tissue of a single South
American (Lepidosiren paradoxa) and Australian (Neoceratodus
forsteri) lungﬁsh as previously described (Zardoya et al. 1995). The
isolated mtDNA was used as a template for ampliﬁcation by PCR
(standard PCR conditions with 35 cycles): denaturing at 94C for
60 s, annealing at 42–47C for 60 s, and extending at 72C for 120 s
were performed in 25-ll reactions containing 2.5 ll 10· buﬀer, 2.5
ll MgCl2 (10 mM), 2 ll dNTP (2.5 mM each), 1 ll each primer (10
pmol/ll), template DNA, and 0.625 ll TAQ (1 U/ll) (Sigma–Aldrich Co.). Conserved primers allowed us to directly sequence parts
of the mitochondrial genome of both lungﬁsh (see also supplementary data, Table, A 1A and 1B). They were previously designed
to sequence the mitochondrial genome of the coelacanth (Latimeria
chalumnae) and were expected to successfully amplify mitochondrial DNA fragments in other related vertebrate species (Zardoya
and Meyer 1997a). Based on these DNA- fragments additional
species-speciﬁc primers were designed.
PCR ampliﬁcations of long fragments were achieved by using
the expand long template PCR system of Boehringer Mannheim
(PCR buﬀer 1). The following cycle conditions were used: 1 cycle of
2 min at 94C; 10 cycles of 10 s at 94C, 30 s at 58C, and 6 min at
68C; 20 cycles of 10 s at 94C, 30 s at 58C, and 6 min at 68C,
with an extension step that increased 20 s for each cycle; 1 cycle of 5
min at 68C; and, ﬁnally, 4C ad inﬁnitum. The resulting 3.3- to
6.7-kb fragments were used as DNA templates for subsequent
standard PCR ampliﬁcations of shorter fragments to facilitate
subsequent sequencing.
Sequencing of the PCR products was performed with an
automated DNA sequencer (ABI PRISM 377) using the standard
protocol for the Big-Dye Deoxy Terminator cycle sequencing kit
(PE Applied Biosystems Inc.). The sequences were generated for
both strands from each clone, averaging 550 bp in length, and
each sequence overlapped the next by about 50–100 bp. In no
case sequence diﬀerences were observed between the overlapping
regions.

Phylogenetic Analyses
For the phylogenetic analyses 30 complete mitochondrial genomes
were selected to have about an equal number of taxa for all the
major groups of vertebrates and their sequences were subdivided
into three data sets: (1) all 12 mitochondrial proteins that are encoded on the H-strand (except ND6, which is encoded on the Lstrand), (2) all 22 tRNA genes, and (3) the combined 12S and 16S
rRNA genes. The alignments were ﬁrst generated by ClustalX
(Thompson et al. 1997) and subsequently reﬁned by eye. In all three
data sets all positions that contain gaps in more than two of the
sequences were eliminated, leading to 1488 and 2394 nucleotide
positions (starting with 1635 and 2942 positions) in the tRNA and
the rRNA data sets, respectively.
The protein data set was analyzed at the amino acid level. In
this case in addition to the elimination of positions containing more
than two gaps all highly variable and therefore probably noisy
positions were excluded from the phylogenetic analyses. This resulted in 2902 remaining amino acid positions starting from a total
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of 3593 positions. All three data sets were analyzed by maximum
parsimony (MP), minimal evolution (ME) with gamma-corrected
distance estimates, and maximum likelihood (ML) analyses using
the program PhyML (mtrev model), taking rate variations across
sites (RAS) into account (Guindon and Gascuel 2003), and, ﬁnally,
Bayesian inference (BI). For the protein data set only the MP
analysis was done with PAUP* (Swoﬀord 1993, 1999). The estimation of the gamma parameter for the maximum likelihood
analyses was done for the protein data set with Tree-Puzzle version
5 (Strimmer and Von Haeseler 1996). The ME bootstrap analysis
with gamma parameter-based distance estimate was performed
with MEGA version 2.0 (Kumar 2001).
In addition, the separate tRNA, rRNA, and protein (aa-level)
data were combined and analyzed with MrBayes (version 3.04b),
which permitted a simultaneous analysis at both the DNA and the
protein level. For this analysis the gamma-distributed rates, the
proportions of invariant position, the stationary frequencies (for
both amino acids and nucleotide), and the replacement and substitution frequencies were unlinked for the three partitions of the
data set. We also performed an additional analyses with the combined data set, unlinking the branch lengths for the three partitions.
These later analyses showed that the branch lengths diﬀer considerable among the three data partitions (data not shown). The
phylogenetic tree obtained in the analyses of the combined data set
is very similar to the one obtained with the protein data set,
therefore we assume that even the combined analysis is not containing a strong signal for any of the basal nodes (data not shown).
For the tRNA and rRNA data sets the MP and ME analyses
were conducted with PAUP*, the ML bootstrap analyses were done
with PhyML, and the Bayesian inference with MrBayes. MrBayes
version 2.01 implemented on a G4 PowerPC was used for the
Bayesian inference with 100,000 generations, trees were sampled
every 10 generations (Huelsenbeck and Ronquist 2001). The
number of generations needed until convergence around a stable
likelihood value was in the range of 5–10% for the nucleotide data
sets and usually higher for the protein data set with 10–15%. The
reliability of the resulting topologies was estimated for all three
data sets using bootstrap analyses (MP and ME, with 2000 replicates each; ML, only 100 replicates; MP, with 10 times random
addition and TBR options), and Bayesian posterior probabilities
given as percentages. In addition, the signiﬁcance of alternative
topologies, especially for the protein data set, was estimated by the
Kishino–Hasegawa (1989) test and the Shimodaira–Hasegawa (Ota
et al. 2000) Likelihood ratio tests, implemented in the Tree Puzzle
software package version 5.1 (Schmidt et al. 2002).

Results and Discussion
Genome Organization
The complete sequences of the mitochondrial genomes from the Australian (AuL) and South American (SAL) lungﬁsh have been deposited in GenBank
under the accession numbers AF302933 for AuL and
AF302934 for SAL. The relative position and orientation of the 2 rRNAs, 22 tRNAs, 13 protein coding
regions, and the control region in both new lungﬁsh
sequences are found to be identical to the vertebrate
consensus mitochondrial gene order (see supplementary data, Table 2A and 2B). The lengths of the
mitochondrial genomes are 16,403 and 16,572 bp for
the South –American and the Australian lungﬁsh,
respectively.

Ribosomal RNA Genes
The 12S and 16S rRNA genes in the South American lungﬁsh mitochondrial genome are 929 and 1577
bp long—and diﬀer in size by only 8 and 14 bp from
the lengths of those genes in the African lungﬁsh. In
the Australian lungﬁsh, the 12S and 16S rRNA
genes are 952 and 1680 bp long—15 and 89 bp
longer, respectively, than in the African lungﬁsh.
Comparisons of our data to previously published
mitochondrial rRNA sequences (12S and 16S) with
those from other individuals of the same species
Lepidosiren paradoxa and Neoceratodus forsteri
(Hedges 1993) show only minor sequence diﬀerences, of approximately 0.3 and 0.1%, respectively.
The positions that were diﬀerent from the previously
published sequence from other lungﬁsh individuals
in the 12S and 16S rRNA genes were examined with
special care. Diﬀerences were overall randomly distributed and only a single region in Neoceratodus at
positions 1006–1011 is markedly diﬀerent; here
GTGCGC is found in our sequence and TCCG in
the other.

Transfer RNA Genes
The typical set of 22 tRNA genes were found in the
mitochondrial genomes of the South American and
Australian lungﬁsh. The tRNA genes range in size
from 65 to 74 nucleotides, and all can potentially be
folded into cloverleaf secondary structures permitting
G–U pairings (see supplementary data, Fig. 2A and
2B). As previously described for the African lungﬁsh
(Zardoya and Meyer 1996a) and other tetrapods, e.g.,
the caecilian (Zardoya and Meyer 2000), high variability was found mainly in the DHU and TwC loops.
As expected, particularly anticodon regions, but also
acceptor stems were found to be more invariant. In
contrast to the African and Australian lungﬁsh and
some other animals (Wolstenholme 1992), the
tRNASer(AGY) of the South American lungﬁsh forms
a normal cloverleaf structure (although it exhibits
only very weak pairings in the acceptor stem).
Therefore, the unusual structure of a reduced DHU
arm in tRNASer(AGY) does not appear to be suitable
as a synapomorphy to describe the lungﬁsh clade as
was previously suggested (Kumazawa and Nishida
1993; Zardoya and Meyer 1996a).

Protein-Encoding Genes
All expected 13 large open reading frames were detected in the mitochondrial genome of both Lepidosiren paradoxa and Neoceratodus forsteri. Except
for ND6, all proteins were encoded on the heavy

839

Fig. 2. Phylogenetic tree based on
the deduced amino acid sequences of
all mitochondrial protein coding
genes (except ND6) showing the
relationships between actino- and
sarcopterygian ﬁsh including
tetrapods. The branch lengths were
estimated by the program Tree
Puzzle under a MTREV + F +
C + I model with eight rate
categories. The data set was
analyzed using four phylogenetic
methods, BI, ML, NJ, and MP. The
robustness of the groups was tested
using 2000 bootstrap replicates each
for NJ and MP (TBR; 10 times
random addition) and 100 replicates
for ML. The ML bootstrap
estimates were obtained using the
program PhyML (Guindon and
Gascuel 2003). The Bayesian
inference was conducted using
MrBayes. The following applies to
all shown phylogenetic trees:
Chondreichthyes were used as the
outgroup. Bootstrap values or BI
poster probabilities (given as
percentages) lower than 40% were
either not shown at all or replaced
by a dash, if at least one of the three
other support values for this node is
higher than 40%. Note that the
internal nodes connecting the major
groups are very short.

strand. Just like in the mitochondrial genome of the
African lungﬁsh (Zardoya and Meyer 1996a) and
other vertebrates except for the lamprey (Lee and
Kocher 1995), there are two cases of reading frame
overlap in two genes encoded by the same strand
(ATPases 8 and 6 overlap, 10 bp [Lepidosiren,
Protopterus] and 9 bp (Neoceratodus); ND4L and
ND4 overlap, 7 bp [Lepidosireno Neoceratodus,
Protopterus]). In Lepidosiren and Neoceratodus as
well as in Protopterus, ATG is found to be the start
codon for all protein-encoding genes, except of CO1,
which is initiated by GTG. Most of the genes in the
mitochondrial genome of the South American

lungﬁsh end with a TAA stop codon (ND1, ND2,
CO1, ATPase8, ATPase6, CO3, ND4L, ND5, Cyt
b), three genes end with a TAG (ND3, ND4, ND6),
and only one uses AGA as a stop codon (CO2).
AGA has never been found to be used as a stop
codon in ray-ﬁnned ﬁsh and could therefore be
interpreted as a synapomorphy of the sarcopterygian lineage that deliniates it from the actinopterygians. In the Australian lungﬁsh nearly the same
stop codon usage of TAA (ND1, CO2, ATPase8,
ATPase6, CO3, ND4L, ND5, Cyt b), TAG (ND2,
CO1, ND3, ND6), and AGA (ND4) is observed as
in the South American lungﬁsh.
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Table 2. List of the complete mitochondrial genomes used in this study
Scientiﬁc name

Common name

Accession no.

Reference

Felis catus
Bos taurus
Oryctolagus cuniculus
Macropus robustus
Didelphis virginiana
Ornithorhynchus anatinus
Struthio camelus
Corvus frugilegus
Falco peregrinus
Alligator mississippiensis
Chelonia mydas
Chrysemys picta
Pelomedusa subrufa
Eumeces egregius
Xenopus laevis
Mertensiella luschani
Typhlonectes natans
Protopterus dolloi
Latimeria chalumnae
Cyprinus carpio
Carassius auratus
Crossostoma lacustre
Gadus morhua
Oncorhynchus mykiss
Salmo salar
Squalus acanthias
Mustelus manazo
Raja radiata

Cat
Cow
Rabbit
Wallaroo
Opossum
Platypus
Ostrich
Rook
Falcon
Alligator
Turtle
Turtle
Turtle
Skink
Frog
Salamander
Caecilian
African lungﬁsh
Coelacanth
Carp
Carp
Loach
Atlantic cod
Trout
Salmon
Spiny dogﬁsh
Dogﬁsh
Skate

NC_001700
NC_001567
NC_001913
NC_001794
NC_001610
NC_000891
NC_001953
NC_002069
NC_000878
NC_001922
NC_000886
NC_002073
NC_001947
NC_000888
NC_001573
NC_002756
NC_002471
NC_001708
NC_001804
NC_001606
NC_002079
NC_001727
NC_002081
NC 001717
NC_001960
NC_002012
NC_000890
NC_000893

Lopez et al. (1996)
Anderson et al. (1982)
Gissi et al. (1998)
Janke et al. (1997)
Janke et al. (1994)
Gemmell et al. (1994)
Harlid et al. (1997)
Harlid and Arnason (1999)
Mindell et al. (1999)
Janke and Arnason (1997)
Kumazawa and Nishida (1999)
Mindell et al. (1999)
Zardoya and Meyer (1998)
Kumazawa and Nishida (1999)
Roe et al. (1985)
Zardoya and Meyer (2001b)
Zardoya and Meyer (2000)
Zardoya and Meyer (1996a)
Zardoya and Meyer (1997a)
Chang et al. (1994)
Murakami et al. (1998)
Tzeng et al. (1992)
Johansen and Bakke (1996)
Zardoya et al. (1995)
Hurst et al. (1999)
Rasmussen and Arnason (1999)
Cao et al. (1998)
Rasmussen and Arnason (1999)

Why Is the Tetrapod Origin Question So
Diﬃcult to Solve?
Despite much previous work on the molecular phylogenetic relationships of the relevant groups, the
answer to the important question, which of the two
surviving groups of sarcopterygian ﬁsh, the lungﬁsh
or the coelacanth, is the closest living relative of the
land vertebrates is still somewhat uncertain (reviewed
in Meyer and Zardoya 2003). Previous molecular
phylogenetic studies that used mitochondrial DNA
data sets were able only to unambiguously rule out
the traditional textbook hypothesis that the coelacanth is the living sister group to land sarcopterygians (reviewed in Meyer and Zardoya 2003; Zardoya
and Meyer 1997b). However, which of the other two
hypotheses (Fig. 1), the lungﬁsh as a sister group to
tetrapods or the lungﬁsh + coelacanth as a sister
group, is correct still remained to be unambiguously
determined. Recent nuclear DNA data sets, particularly based on the RAG genes, were successful in
supporting the lungﬁsh–tetrapod sister group relationship and, lately, in signiﬁcantly rejecting the two
alternatives topologies (Fig. 1) (Brinkmann et al.
2004; Venkatesh et al. 1999, 2001; but see Kikugawa
et al. 2004; Takezaki et al. 2004).
Several factors contribute to the diﬃculty in
resolving the relationships among the three sarcop-

terygian lineages. First, all three relevant lineages
arose about 400 mya ago, within a narrow time
window of perhaps 10–20 mya; hence, both the
lungﬁsh and the coelacanth lineages are almost
equally 400 mya old. Second, only a single or possibly
two closely related species in the case of the coelacanth (Erdmann et al. 1999; Holder et al. 1999; Pouyaud et al. 1999) and a small number of species (six)
in the case of the lungﬁsh are extant and therefore
available for molecular phylogenetic investigation.
Both groups represent the last survivors of formerly
diverse and highly successful groups (Cloutier and
Ahlberg 1996; Forey 1998a). Apparently, the split
between the Actinopterygian and the Sarcopterygian
lineages occurred only slightly earlier than that.
Long unbroken branches can result in artiﬁcial
groupings in phylogenetic analyses (Brinkmann and
Philippe 1999; Felsenstein 1978; Philippe et al. 2000).
Long branches are, in this case, due to the fact that
almost all species of these originally diverse groups
went extinct and only very few or even only one or
two very closely related species (in the case of the
coelacanth) from these ancient lineages survived.
Moreover, diﬀerences in branch lengths reﬂect pronounced diﬀerences in the rates of evolution between
lineages. Most of the tetrapod lineages including all
mammals and birds also appear to have (possibly 5 to
10 times) higher evolutionary rates (based on the
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Fig. 3. Phylogenetic tree based on
the same 30 mitochondrial genomes
as in Fig. 2 based on all 22
mitochondrial tRNA genes. The
branch lengths were estimated by the
program PAUP* under a GTR +
F + C + I model with eight rate
categories. The phylogenetic
methods used were identical except
that nucleotide data were used. For
the ME and MP analyses PAUP*
was used, the ML bootstrap
estimates were again done by the
program PhyML, and the Bayesian
inference was performed with
MrBayes. Note the high bootstrap
support of the caecilian +
salamander sister-group
relationship, the higher evolutionary
rate of the caecilian sequence, and
the absence of high bootstrap
support for all deep branches
connecting the major nontetrapod
groups.

protein data set in Fig. 2) than the much more slowly
evolving lineages of Neopterygii and Chondrichthyes
(for nomenclature see Table 1).
To deal with these two diﬃcult issues in phylogenetic tree reconstruction we increased the species
sampling by adding the sequences of the remaining
two lungﬁsh lineages to our data set. The objective
was to ‘‘break’’ the long lungﬁsh branch and thereby
to increase the conﬁdence in the placement of lungﬁsh
in relation to the coelacanth and the tetrapod lineages. Of course, in the case of the long unbroken
coelacanth branch we are unable to add taxa, since
there is only one, and possibly a second, but too

closely related species of this once successful lineage
alive. Furthermore, in the phylogenetic analyses we
aimed to reduce the adverse eﬀects of noise through
stringent elimination of highly variable positions.
Phylogenetic Analyses Based on Complete
Mitochondrial Genomes
The complete sequences of the mitochondrial genomes from the Australian and the South American
lungﬁsh allow a phylogenetic analysis based on a
large number of positions and with a more complete
taxon sampling than previous phyiogenetic analyses
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Fig. 4. Phylogenetic tree of the
same species as in Figs. 2 and 3
based on the concatenated 12S and
16S mitochondrial rRNA genes. The
branch lengths were estimated by the
program PAUP* under a GTR +
F + C + I model with eight rate
categories. The methods used were
identical to those described for Fig.
3. Note the nonmonophyly of the
amphibians and the high artiﬁcial
support for a speciﬁc salamander–
frog sister-group relationship with
the caecilian as a highly supported
independent group (see further
discussion).

on smaller sets of genes. Complete mitochondrial
genome sequences are typically divided into three
data sets (proteins, tRNAs, and rRNAs), which are
composed of genes that are expected to have similar
molecular evolutionary behavior within each set.
Our data set comprises 30 complete mitochondrial
genome sequences and it is the ﬁrst one that, not only
includes the two new lineages of lungﬁshes, but also
all three major amphibian groups including a caecilian (Zardoya and Meyer 2000) and a salamander
(Zardoya et al. 2003; Zardoya and Meyer 2001c). The
complete sequences of the mt genomes from 28
organisms obtained from GenBank (listed in Table 2)
were aligned with the new South American and

Australian lungﬁsh sequences from this study. Three
cartilaginous ﬁsh mtDNA sequences were designated
outgroups since their basal position in the vertebrates
is not contended by phenotypic and molecular analyes (Kikugawa et al. 2004).
All three data sets were analyzed by gamma
parameter-based maximum likelihood (ML) using
PhyML as well as a Baysian inference (BI) approach,
gamma parameter-based minimal evolution (ME)
and maximum parsimony (MP). The topologies obtained by the diﬀerent methods for the same data sets
as well as for the diﬀerent data sets were, generally,
quite similar. However, some especially fast-evolving
taxa (e.g., Alligator) could not be placed conﬁdently
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with any of the methods and in all data sets. For all
three cases the ML tree with the highest likelihood
value is shown and the support values obtained for
this topology are indicated in the corresponding ﬁgures (see Figs. 2, 3, and 4).
As already suggested in previous studies (Corneli
and Ward 2000; Cummings et al. 1995; Russo et al.
1996; Zardoya and Meyer 1996c), the combined
protein data set (Fig. 2) seems to best resolve the
phylogenetic relationships among vertebrates. It does
so particularly well among the deep nodes and the
protein data set typically yields, e.g., fully resolved
topologies in the quartet puzzling analysis as implemented in Tree Puzzle (data not shown: 50% majority
consensus tree). Accordingly, it is also the protein
data set in which the most pronounced rate diﬀerences between taxa are observed (see, e.g., alligator
versus birds and Chondrichthyes versus tetrapods)
(Fig. 2). This observation might indicate that the
protein data set is less saturated than the other two
analyzed nucleotide data sets. In highly saturated
molecular data sets usually all sequences have similar
branch lengths, because all comparisons between
basal sequences will lead to a comparable distance
that is close to the value that random sequences
would be expected to have. There is strong support
for the monophyly of tetrapods in the protein data
set, which is much less so the case in the two other
nucleotide data sets, especially for the MP analyses
(Figs. 3 and 4).
In general, the nucleotide data sets do not clearly
resolve the ‘‘deepest’’ relationships between the major
groups analyzed, this is among other things also reﬂected by the absence of strong support for these
nodes and by conﬂicting support obtained with different reconstruction methods (Figs. 2 and 3). The
support values for the deep nodes are mostly weak
(<50%). Odd topologies, like, e.g., the lungﬁsh or
only the faster-evolving Lepidosireniformes as a sister
group of the Chondrichthyes and the coelacanth as a
sister group to the ray-ﬁnned ﬁsh, are, if found, at
times supported by bootstrap values higher than
40%, yet the composition of these odd clades often
varies based on which phylogenetic method was used.
In conclusion, the nucleotide data sets (rRNA and
tRNA) are not suitable to resolve any of the deeplevel relationships among the vertebrates. This
observation is also conﬁrmed by likelihood ratio
tests, where all changes in the topology that aﬀect the
relative order of the major groups are far from signiﬁcant (data not shown), indicating that the overall
level of support for the topologies is rather weak. The
nucleotide data sets provide more phylogenetic signal
at an intermediate and more recent time scales, where
they sometimes seem to perform even better than the
protein data set. This is especially notable for the
tRNA data set in the case of the tetrapod interrela-

tionships. Among tetrapods the rRNA data set
clearly performs worse, because it is not recovering
the monophyly of amphibians. In the tRNA data set,
the lungﬁsh monophyly is only recovered by the
likelihood-based methods (ML, 30%; BI, 93%).

Amniote Phylogeny: Reptile Interrelationships
The amniotes as a monophyletic group are highly
supported by all data sets; this also holds for the
monophyly of mammals. The extant mammals radiated substantially later than all other major tetrapod
lineages analyzed except the birds. The monophyly of
reptiles is highly supported by both the tRNA and
the rRNA data sets (see Figs. 3 and 4), but the support for this taxon based on the protein data is surprisingly weak in the ME and MP analyses (Fig. 2).
The protein tree clearly favors the Archosauria
hypothesis (birds and alligators form a monophyletic
group). The support for this clade is less strong in the
rRNA ML tree (not recovered by ME), whereas in
the tRNA ML tree (Fig. 3) the situation is more
complicated. The ML tree favors a bird–turtle sistergroup relationship (as shown in Fig. 3), which is only
supported by a moderate Bl value of 84%, but all
other support values slightly favor the Archosauria
clade (ML, ME, and MP: 59, 66, and 62; data not
shown) in agreement with the protein data (Fig. 2).
The protein tree (Fig. 2) suggests rather surprising
turtle interrelationships; nevertheless, this topology is
supported by a quite high delta likelihood value of
10.91 (SE, 12.05) against the topology with the expected sister-group relationship of Chelonia and
Chrysemys. Additionally, there are no support values
for the best topology shown in Fig. 2, whereas a
sister-group relationship of Chelonia and Chrysemys
is strongly supported by all phylogenetics methods
used (Bl, ML, ME, and MP: 100, 51, 100, and 100).
This relationship is also highly supported in the
tRNA and rRNA data sets (Figs. 3 and 4).
In the protein data set the support for the skink (as
representative of the lepidosaurs) and not the turtle
as the most basal lineage within the reptiles is very
high (BI, ML, ME, and MP: 100, 99, 99, and 98). The
basal position of the skink is also supported by high
BI and ML values (99 and 93%) for the rRNA data
and more weakly by MP (Fig. 4). For the tRNA data
set, the alligator was determined to be even more
basal than the skink in the ML tree, but the basal
position of skink and alligator is only supported
by BI (84%). In contrast to the tRNA best ML
topology, the other bootstrap support values are
weakly favoring a turtle + skink relationship (ML,
ME, and MP: 55, 92, and 68) (Fig. 3). It is noteworthy that in none of the analyses a basal position
of the turtles was observed, a position that is rather
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commonly assumed to be correct (Zardoya et al.
1998; Zardoya and Meyer 2001a).

Amphibian Interrelationships
The protein data set strongly supports the monophyly of the tetrapods, irrespective of the phylogenetic method used. For the tRNA and the rRNA
data sets (Figs. 3 and 4), the support is less pronounced but still rather strong, especially with the
more sensitive likelihood-based methods. The protein
and the tRNA data sets (Figs. 2 and 3) quite strongly
support the monophyly of the amphibians for
all methods used. However, the interrelationships
among the three living amphibian orders remain
somewhat unresolved. Either a sister-group relationship between frogs and salamanders, the Batrachia
hypothesis, or a sister-group relationship between
salamanders and caecilians is supported. The protein
data set shows, except for the high BI value of 100%,
low but consistent support in favor of the Batrachia
hypothesis as is commonly assumed to be correct
(reviewed in Meyer and Zardoya 2003). However, the
tRNA data set supports quite strongly the sistergroup relationship between salamanders and caecilians. This support is high and consistent (BI, ML,
ME, and MP: 99, 92, 87, and 94%). The ML tree does
not, in the rRNA data set, support the monophyly of
amphibia but, instead, places the caecilian in a basal
position, albeit with virtually no bootstrap support.
Although there is a relatively high and consistent
support for the Batrachia hypothesis, the rRNA data
set is proposing the nonmonophyly of amphibian,
albeit with virtual no support (Fig. 4).
The evolutionary rate of the caecilian is, in all
three data sets and in all alternative topologies (data
not shown), invariantly faster than those of the two
other groups of amphibians. Therefore, a possible
explanation for the conﬂicts between the diﬀerent
data sets may be a long-branch attraction (LBA)
artifact, which interferes with the phylogenetic
reconstruction. Under the assumption that the right
topology is a sister-group relationship between Caudata and Gynophiona, one would expect that the
LBA would ‘‘pull’’ the long branch, the caecilians,
into a more basal position, a situation encountered
only in the rRNA data set (Fig. 4). Under certain
conditions, incorrect topologies may be sometimes
recovered by all commonly used phylogenetic methods or may even be erroneously supported by high
bootstrap values.
Two recent studies of amphibian relationships
came to quite diﬀerent results. Whereas Feller and
Hedges (1998) found a highly supported sister-group
relationship between caecilians and salamanders
based on the 12S and 16S rRNA genes plus the

tRNAVAL and half of the tRNALEU(UUR) (a total of
about 2.7 kb), Zardoya and Meyer (2000) concluded
that the present data (only 12S and 16S rRNA) does
not allow resolution of the relationships among the
three extant groups of amphibians conclusively.
Possible reasons for the diﬀerent results of the two
studies have already been discussed (Zardoya and
Meyer 2000) and are (i) the choice of the outgroup
actinopterigian ﬁsh against amniotes and (ii) the
presence of 11 (Zardoya and Meyer 2000) versus only
3 amniote species (Feller and Hedges 1998). The
biggest diﬀerence to the rRNA analyses presented in
this paper is that the two previous studies used three,
instead of one, representative of the three main
amphibian lineages. Our improved species sampling
might have overcome the LBA and allowed us to
recover the monophyly of amphibians with an rRNA
data set. Zardoya and Meyer (2001b) based on the
analyses of complete mitochondrial DNA genomes
found support for the Batrachia hypothesis.

Sarcopterygian Relationships
The monophyly of the three lungﬁsh lineages is highly
supported by the protein and the rRNA data sets
(Figs. 2 and 4), whereas in the case of the tRNA data
set only the ML and the BI analyses support it (ML
and BI, 93%; Fig. 3). In all three data sets we observe
clearly higher evolutionary rates for the African and
the South American lungﬁsh compared to the Australian lungﬁsh and the coelacanth, rendering the
determination of the phylogenetic relationships
among these taxa more diﬃcult. The protein data set
supports a lungﬁsh + tetrapod sister group relationship (Figs. 1A and 2). Although this relationship
is not indicated by overwhelmingly high bootstrap
values, it is still the most strongly supported phylogenetic hypothesis for the three sarcopterygian lineages (Fig. 1). The support for the monophyly of the
sarcopterygiian lineages is quite similar, although
neither of the two nodes is supported by the MP
analysis (Fig. 2).
There appears to be suﬃcient phylogenetic signal
at least in the protein data set to resolve the sistergroup relationship between sarcopterygians and actinopterygians, when cartilagenous ﬁsh are used as
outgroup. The monophyly of the Actinopterygii is
quite strongly supported (Figs. 2, 3, 4) in all of our
analyses with all three mitochondrial data sets, and
its sister-group relationship to the sacropterygia is
well supported, at least in the protein-coding data set
(Fig. 2). The monophyly of the actinopterygian and
the sarcopterygian lineages is not found with any of
the two nucleotide data sets, but this is not surprising
because of their limited resolution concerning deeplevel relationships (Figs. 3 and 4).
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Fig. 5. Phylogenetic tree using the
same number of amino acid
positions (2902) as in Fig. 2, but
with all fast-evolving tetrapod
sequences (13 in total). Only the
sarcopterygian part of the tree is
shown in all cases. Asterisks
indicate support values of 100% in
all four analyses. The diﬀerence
between A and B is that in B the
sequences of the two fast-evolving
lungﬁsh are removed. In C the
slowly evolving sequence of the
Australian lungﬁsh is eliminated,
and in D the LBA of the tetrapod
sequences is greatly enhanced by
replacing the four slowest by the
ﬁve fastest sequences.

Does LBA Inﬂuence the Position of the Lungﬁsh?
The tetrapod sequences evolve considerably faster
than the ones of all other groups analyzed. This fact
is especially obvious for mammals and reptiles and
can be best seen in the analyses of the protein data set
(Fig. 2). The addition of the two newly established
mitochondrial lungﬁsh genome sequences successfully permitted a subdivision of the long and previously undivided branch of the African lungﬁsh and,
thereby, considerably reduced the possibility of LBA
artifacts. Nevertheless, it became obvious that the
mitochondrial sequences of both the African and the
South American lungﬁsh are roughly twice as fast
evolving, than that of the Australian lungﬁsh (see
Fig. 2). This leads to the question whether the mere
presence of the slowly evolving Australian lungﬁsh is
suﬃcient to exclude any LBA artifact between the

two fast-evolving African and South American
lungﬁsh and the very fast tetrapod sequences. In order to address this question, we decided to reduce the
possible LBA of the tetrapods to the presently
accessible minimum, by the elimination of all fastevolving (tetrapod) sequences (Fig. 5). Only the four
most slowly evolving tetrapod sequences were included in these analyses, whereas all other groups
were left unchanged. In all four parts of Fig. 5A–D
only the sarcopterygian sequences of the trees are
shown. Surprisingly, in Fig. 5A lungﬁsh are no longer
resolved as the closest relatives of the tetrapods but,
rather, the coelacanth is. Although this topology is
only weakly supported by bootstrap values, except
for the BI (97%), it does nevertheless represent the
best ML tree. This change in position of the lungﬁsh
in the tree (Fig. 5A) is suggestive of a LBA artifact
because the elimination of the fast tetrapod sequences
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Table 3. Likelihood ratio tests of the three alternative topologies (implemented in Tree Puzzle version 5.0): 1 = (sharks,(coelacanth,(lungﬁsh,tetrapod))); 2 = (sharks,(lungﬁsh,(coelacanth,tetrapod))); 3 = (sharks,((lungﬁsh,coelacanth),tetrapod)))
Tree

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

logL

Diﬀerence

SE

p, 1sKH

Complete protein data set (30 taxa, 2902 aa positions)
0.00
Best
1.0000 +
7.15
10.42
0.2320 +
9.46
10.06
0.16701 +
17 taxa without all fast tetrapods (2902 aa positions)
26,472.20
4.77
9.27
0.3050 +
26,467.43
0.00
Best
1.0000 +
26,474.99
7.55
8.12
0.1810 +
15 taxa without African and South American lungﬁsh (2902 aa positions)
)23,528.25
8.69
8.73
0.1530 +
)23,519.57
0.00
Best
1.0000 +
)23,528.82
9.25
8.27
0.1420 +
16 taxa without Neoceratodus (2902 aa positions)
)25,432.11
0.00
Best
1.0000 +
)25,432.80
0.69
7.00
0.4610 +
)25,432.66
0.55
6.79
0.4620 +
18 species without Neoceratodus but with the 5 fastest-evolving tetrapods (2902 aa positions)
)32,306.25
0.00
Best
1.0000 +
)32,336.66
30.41
11.02
0.0030 )
)32,331.12
24.87
12.14
0.0180 )
)46,612.96
)46,620.12
)46,622.43

p, SH

1.0000 +
0.4820 +
0.3760 +
0.4230 +
1.0000 +
0.2870 +
0.2170 +
1.0000 +
0.1820 +
1.0000 +
0.6480 +
0.6410 +
1.0000 +
0.0040 )
0.0210 )

Note. p, probability. p values <0.05 are considered signiﬁcant and shown in boldface. aa, amino acid; KH, Kishino–Hasegawa test; SH,
Shimodaira–Hasegawa likelihood ratio test.

considerably reduces the attraction of the remaining
tetrapods. If, in addition, the two fast-evolving sequences of the African and the South American
lungﬁsh are removed as well (see Fig. 5B), the support for the coelacanth as a sister-group to tetrapopds is further strengthened. In the two remaining
analyses (Fig. 5C and D) we were trying the opposite
by reinforcing the LBA, either by eliminating slowly
evolving sequences or by replacing the slowestevolving by the fastest-evolving tetrapod sequences.
In Fig. 5C we show the eﬀect of the exclusion of the
sequence of the slowly evolving Australian lungﬁsh,
which should clearly strengthen possible LBA artifacts between the remaining lungﬁsh and the tetrapods. As expected under LBA, the tetrapod +
lungﬁsh taxon is again recovered (Fig. 5C).

Likelihood Ratio Test Analyses
Table 3 shows the results of likelihood ratio tests for
the three alternative topologies in Fig. 1 and for all
ﬁve protein data sets analyzed (all 30 taxa; Fig. 5A,
17 taxa without fast tetrapods; Fig. 5B, 15 taxa
without fast tetrapods + lungﬁsh; Fig. 5C; 16 taxa
without Neoceratodus; and Fig. 5D, 18 taxa without
Neoceratodus but with 5 very fast tetrapods). Despite
the varying support in favor of either a lungﬁsh +
tetrapod or a coelacanth + tetrapod sister-group
relationship, in none of the ﬁrst four data sets are any
of the alternative topologies statistically signiﬁcantly
rejected (at a p value <0.05). Only in the last analysis

where we were trying to artiﬁcially maximize the effect of LBA by selecting the fastest-evolving tetrapod
sequences shown in Fig. 5D was signiﬁcant support
for the lungﬁsh as the closest relative of tetrapods, to
the exclusion of the two alternative topologies, obtained (see also Table 3). The support is signiﬁcant
not only for the Kishino–Hasegawa test, but also for
the much more conservative Shimodaira–Hasegawa
likelihood ratio test. However, if the sequence of
Neoceratodus is added to the data set in Fig. 5D, the
support for any of the alternative solutions again
becomes nonsigniﬁcant (data not shown). This result
demonstrates the crucial importance of slowly
evolving taxa in the attempt to overcome LBA artifacts. The signiﬁcant support in the case of the data
set in Fig. 5D can only be interpreted as an LBA
artifact, obtained by a setup that maximizes the effects of LBA. These results highlight the limitations
of the mitochondrial data sets for the tetrapod origin
question. However, the absence of strong support for
any solution in rigorous phylogenetic analyses
(elimination of most highly saturated regions) might
be interpreted as suggesting that there is no pronounced bias in the data set under realistic conditions
(reasonable species sampling), which would lead to a
highly supported but incorrect solution.
Ongoing phylogenetic work on nuclear genes that
code for slowly evolving proteins might provide the
long-sought answer to the sister-group relationship
among the three living lineages of sarcopterygians
the tetrapods, coelacanths, and lungﬁsh (see, e.g.,
Brinkmann et al. 2004).
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