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Although adequate resolution of higher-level relationships of organisms apparently requires longer DNA sequences
than those currently being analyzed, limitations of time and resources present difficulties in obtaining such sequences
from many taxa. For fishes, these difficulties have been overcome by the development of a PCR-based approach
for sequencing the complete mitochondrial genome (mitogenome), which employs a long PCR technique and many
fish-versatile PCR primers. In addition, recent studies have demonstrated that such mitogenomic data are useful and
decisive in resolving persistent controversies over higher-level relationships of teleosts. As a first step toward
resolution of higher teleostean relationships, which have been described as the ‘‘(unresolved) bush at the top of the
tree,’’ we investigated relationships using mitogenomic data from 48 purposefully chosen teleosts, of which those
from 38 were newly determined during the present study (a total of 632,315 bp), using the above method. Maximum-
parsimony and maximum-likelihood analyses were conducted with the data set that comprised concatenated nucle-
otide sequences from 12 protein-coding genes (excluding the ND6 gene and third codon positions) and 22 transfer
RNA (tRNA) genes (stem regions only) from the 48 species. The resultant two trees from the two methods were
well resolved and largely congruent, with many internal branches supported by high statistical values. The tree
topologies themselves, however, exhibited considerable variation from the previous morphology-based cladistic
hypotheses, with most of the latter being confidently rejected by the mitogenomic data. Such incongruence resulted
largely from the phylogenetic positions or limits of long-standing problematic taxa, which were quite unexpected
from previous morphological and molecular analyses. We concluded that the present study provided a basis of and
guidelines for future investigations of teleostean evolutionary mitogenomics and that purposeful higher-density
taxonomic sampling, subsequent sequencing efforts, and phylogenetic analyses of their mitogenomes may be de-
cisive in resolving persistent controversies over higher-level relationships of teleosts, the most diversified group of
all vertebrates, comprising over 23,500 extant species.

Introduction

Recently, much attention has been paid to evolu-
tionary genomics as a postgenomics biology (Easteal
2000). In fact, application of genome technologies (e.g.,
whole-genome shotgun sequencing; Venter, Smith, and
Hood 1996) capable of producing sequence data in large
quantities is now expected in this field (Pollock et al.
2000). Pollock et al. (2000) designed a method for ap-
plying such genome technologies to evolutionary gen-
omics, using vertebrate mitochondrial genomes (mito-
genomes) as examples, demonstrating its feasibility on
the basis of simulation experiments. In addition, Pollock
et al. (2000) convincingly listed many potential benefits
as primary products of such large-scale evolutionary ge-
nomic sequencing, with one of the most promising being
demonstrably more accurate phylogenetic reconstruc-
tions with unprecedentedly long DNA sequences from
many taxa. For large-scale evolutionary genomics in-
volving multiple laboratories in different countries,
these ideas appear to be sound and far-reaching. For
moderate-scale evolutionary genomics (e.g., within a
specific group of vertebrates), however, a more practical
method that is feasible in a single laboratory or a few
laboratories would be desirable, owing to various re-
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source limitations and depending on the purposes of the
studies.

For fish mitogenomes, one practical method is a
PCR-based approach that employs a long PCR tech-
nique and many versatile PCR primers and is accurate
and faster than sequencing cloned mitochondrial DNA
(mtDNA) (Miya and Nishida 1999; for bird mitogeno-
mes, see Sorenson et al. 1999). In fact, complete
mtDNA sequences for 12 teleost species have already
been determined using this method (Miya and Nishida
1999, 2000b; Inoue et al. 2000, 2001a, 2001b, 2001c,
2001d; Ishiguro, Miya, and Nishida 2001; Kawaguchi,
Miya, and Nishida 2001). Furthermore, including the ad-
ditional species determined during the present study, the
number of complete mtDNA sequences determined us-
ing this method (total 50) has become compatible with
those determined in other studies for whole vertebrates,
including fishes (total 69; Pollock et al. 2000), indicating
a certain utility of our approach in moderate-scale evo-
lutionary genomic studies. Thus, technical difficulties in
obtaining mitogenomic data from various fishes within
a relatively short period of time had been overcome,
although there still remained problems as to whether or
not they were suitable for inferring phylogenies, thus
providing a basis for further comparative evolutionary
analyses.

To address this problem, Miya and Nishida (2000b)
explored the phylogenetic utility and limits of individual
and concatenated mitochondrial genes for reconstructing
higher-level relationships, using the complete mtDNA
sequences of eight teleosts (of noncontroversial relative
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1994 Miya et al.

FIG. 1.—Two recently proposed hypotheses on higher-teleostean phylogeny advocated by (A) Johnson and Patterson (1993) and (B) Nelson
(1994). C, A strict consensus tree derived from the two former trees. Note that the relationships of the Lampridiformes and below follow those
advocated by Johnson (1992) and Olney, Johnson, and Baldwin (1993). Abbreviations: Am, Acanthomorpha; Ap, Acanthopterygii; Pc,
Percomorpha.

phylogenetic positions). They demonstrated that nucle-
otide sequences from concatenated protein-coding (no
third codon positions) plus transfer RNA (tRNA; stem
regions only) genes (hereinafter called ‘‘mitogenomic
data’’) were most able to reproduce the expected phy-
logeny of teleosts with high statistical support, unlike
most individual genes. Accordingly, mitogenomic data
can be expected to resolve the persistent controversies
over the higher-level relationships of teleosts. Subse-
quently, Inoue et al. (2001d) resolved the interrelation-
ships of five major lineages of basal teleosts (Osteo-
glossomorpha, Elopomorpha, Clupeomorpha, Ostario-
physi, and Protacanthopterygii, given various rankings),
for which five alternative phylogenetic hypotheses had
previously been proposed on the basis of both morpho-
logical and molecular data, using mitogenomic data.
Thus, the mitogenomic data not only are able to repro-
duce the expected phylogeny of teleosts (Miya and
Nishida 2000b), but can also resolve specific phyloge-
netic questions for higher-level relationships of teleosts
(Inoue et al. 2001d), the most diversified group of all
vertebrates, comprising over 23,500 extant species (J. S.
Nelson 1994).

Higher teleosts have been collectively called Acan-
thomorpha, Acanthopterygii, or Percomorpha, depend-
ing on their limits (fig. 1; Rosen 1973; Lauder and Liem
1983; J. S. Nelson 1984, 1994; Stiassny 1986; Stiassny
and Moore 1992; Johnson 1993; Johnson and Patterson
1993; Stiassny, Parenti, and Johnson 1996). If higher
teleosts are equated with the most comprehensive group,
Acanthomorpha (Rosen 1973), they comprise about
14,650 species placed in 20 orders, 296 families, and
2,615 genera (calculated from J. S. Nelson 1994). Their
interrelationships have long been controversial and so
complex that G. Nelson (1989) described them as the
‘‘(unresolved) bush at the top of the tree,’’ which is still

evident, as seen in figure 1. A strict consensus tree (fig.
1C) generated from two recently proposed hypotheses
on higher teleostean relationships (Johnson and Patter-
son 1993 [fig. 1A]; J. S. Nelson 1994 [fig. 1B]) clearly
included unresolved ‘‘bushes’’ (fig. 1C). As a first step
toward resolution of higher teleostean phylogenies con-
taining such enormous taxonomic diversity, this study
attempted (1) to circumscribe a well-supported mono-
phyletic group encompassing such ‘‘bushes’’ (5Perco-
morpha) and (2) to determine the phylogenetic position
of such a monophyletic group relative to other major
lineages using mitogenomic data. By doing so, we
hoped to clarify where the phylogenetic problems lay,
thus providing a basis and guidelines for subsequent res-
olution of the ‘‘bushy top.’’ Clearly, this study was not
intended to resolve intrarelationships of the bushy top,
as such an investigation would require wider and more
extensive taxonomic sampling.

Materials and Methods
Taxonomic Sampling

For resolution of a complex phylogeny with enor-
mous taxonomic diversity, such as that seen in higher
teleosts (fig. 1), it is essential to conduct purposeful tax-
onomic sampling that increases phylogenetic accuracy
(Hillis 1998). We employed two taxonomic sampling
strategies, individually or in combination, according to
the following recommendation: (1) ‘‘select taxa within
the monophyletic group of interest that will represent
the overall diversity of the group’’ (strategy 3 in Hillis
1998), and (2) ‘‘select taxa within the monophyletic
group of interest that are expected (based on current
taxonomy or previous phylogenetic studies) to subdivide
long branches in the initial tree’’ (strategy 4 in Hillis
1998). Hillis (1998) stated that careful addition of taxa
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Evolutionary Mitogenomics of Higher Teleosts 1995

to ensure coverage of the group of interest and to pur-
posefully break up long branches (a combination of
strategies 3 and 4) seemed to be the optimal taxonomic
sampling strategy.

For circumscription of the upper bushes, we chose
at least one species each to represent all of the major
lineages above Paracanthopterygii (5Acanthopterygii;
fig. 2); of those major lineages that occupied the three
most basal positions in either Johnson and Patterson’s
(1993) or J. S. Nelson’s (1994) hypotheses (see fig. 1A
and B; Mugiliformes, Atherinomorpha, Stephanoberyc-
iformes, Beryciformes, and Zeioidei), we added one to
three species so as to locate their phylogenetic positions
more correctly, assuming possible cases in which they
would be placed outside the upper bushes. For more
accurate determination of the relative phylogenetic po-
sitions of the upper bushes, we chose two to three spe-
cies from all major lineages up to the Paracanthopterygii
in order to break up possible long branches (fig. 2). Final
rooting was done using a clupeid, Sardinops melanos-
tictus, with reference to the recent mitogenomic analysis
of basal teleostean phylogeny by Inoue et al. (2001d).
All species used in this study are listed in table 1, along
with references and DDBJ/EMBL/GenBank accession
numbers.

DNA Extraction

A portion of the epaxial musculature (ca. 0.25 g)
was excised from fresh specimens of each species and
immediately preserved in 99.5% ethanol. Total genomic
DNA was extracted using the Qiagen QIAamp tissue kit
following the manufacturer’s protocol.

Mitochondrial DNA Purification by Long PCR

The mitogenomes of the 38 species were amplified
in their entirety using a long PCR technique (Cheng et
al. 1994; Miya and Nishida 1999). Seven fish-versatile
long PCR primers (S-LA-16S-L, L2508-16S, L12321-
Leu, H12293-Leu, H15149-CYB, H1065-12S, and S-
LA-16S-H; for locations and sequences of these primers,
see Miya and Nishida 2000b; Inoue et al. 2000, 2001d;
Ishiguro, Miya, and Nishida 2001; Kawaguchi, Miya,
and Nishida 2001) were used in various combinations
so as to amplify the entire mitochondrial genome in a
single reaction or two reactions. When long PCR using
the above primers proved to be unsuccessful for a cer-
tain segment, species-specific primers were alternatively
designed with reference to the partial nucleotide se-
quences from either 16S rRNA, ND5, or cytochrome b
(cyt b) genes, determined from total DNA with the fish-
versatile primers listed below.

Long PCR was done in a Perkin-Elmer Model 9700
thermal cycler, with reactions being carried out with 30
cycles of a 25-ml reaction volume containing 13.25 ml
sterile distilled H2O, 2.5 ml 103 LA PCR buffer (Tak-
ara), 4.0 ml dNTP (4 mM), 2.5 ml each primer (5 mM),
0.25 ml of 2.5 U LA Taq (Takara), and 1 ml template.
The thermal cycle profile was that of ‘‘shuttle PCR’’:
denaturation at 988C for 10 s, with annealing and exten-
sion combined at the same temperature (688C) for 16–

20 min. Long PCR products were electrophoresed on a
1.0% L 03 agarose gel and later stained with ethidium
bromide for band characterization via ultraviolet trans-
illumination. The long PCR products were diluted with
sterile TE buffer (1:10–100) for subsequent use as PCR
templates.

PCR and Sequencing

A total of 182 fish-versatile PCR primers were used
in various combinations to amplify contiguous, overlap-
ping segments of the entire mitochondrial genome for
each of the 38 species (for primer locations and sequenc-
es of these primers, see Miya and Nishida 1999, 2000b;
Inoue et al. 2000, 2001a, 2001b, 2001c, 2001d; Ishiguro,
Miya, and Nishida 2001; Kawaguchi, Miya, and Nishida
2001). Species-specific primers were designed in cases
in which no appropriate fish-versatile primers were
available. A list of PCR primers used for a specific spe-
cies is available from M.M. on request.

PCR was done in a Perkin-Elmer Model 9700 ther-
mal cycler, and reactions were carried out with 30–32
cycles of a 15-ml reaction volume containing 8.3 ml ster-
ile, distilled H2O, 1.5 ml 103 PCR buffer (Takara), 1.2
ml dNTP (4 mM), 1.5 ml of each primer (5 mM), 0.07
ml Taq DNA polymerase (Z Taq, Takara), and 1 ml tem-
plate (diluted long PCR products). All PCR products
overlapped by approximately 50–300 bp.

The thermal cycle profile was as follows: denatur-
ation at 988C for 1 s; annealing at 50–538C, depending
on primer specificity, for 5 s; and extension at 728C for
10–20 s, depending on the expected size of the PCR
products. The PCR products were electrophoresed on a
1.0% L 03 agarose gel (Takara) and stained with ethi-
dium bromide for band characterization via ultraviolet
transillumination.

Double-stranded DNA products, purified using a
Pre-Sequencing Kit (USB), were subsequently used for
direct cycle sequencing with dye-labeled terminators
(Applied Biosystems Inc.). Primers used were the same
as those for PCR. All sequencing reactions were per-
formed according to the manufacturer’s instructions. La-
beled fragments were analyzed on a Model 373S/377
DNA sequencer (Applied Biosystems Inc.). All DNA
sequence electropherograms were carefully checked to
see whether or not they included the mitochondrial pseu-
dogenes in the nuclear genome (for checkpoints, see
Mindell et al. 1999). As pointed out by Mindell et al.
(1999), features that were consistent with mitochondrial
origin were (1) the presence of a conserved reading
frame in protein-coding genes among all taxa, with de-
creasing rates of variability at third, first, and second
codon positions, respectively; (2) the absence of extra
stop codons, frameshifts, or unusual amino acid substi-
tutions; and (3) no sequence changes resulting in losses
of known secondary structure in tRNA and rRNA genes.

Phylogenetic Analysis

The DNA sequences were edited with EditView,
version 1.0.1; AutoAssembler, version 2.1 (Applied
Biosystems); and DNASIS, version 3.2 (Hitachi Soft-
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FIG. 2.—Schematic representation of the taxonomic sampling strategy plotted on the strict consensus tree (fig. 1C). Open and filled circles
represent those species for which complete mtDNA sequences have been determined in previous studies and the present study, respectively.
Asterisks denote the major lineages that occupied the three most basal positions in Acanthopterygii in either Johnson and Patterson’s (1993) or
J. S. Nelson’s (1994) hypotheses (for detailed explanation, see text). Numbers of included taxa follow J. S. Nelson (1994).

ware Engineering). Individual gene sequence alignments
for the 48 teleosts were initiated with Clustal X (Thomp-
son et al. 1997) with default gap penalties and adjusted
manually using DNASIS. Amino acids were used for
alignments of the protein-coding genes and secondary-
structure models (Kumazawa and Nishida 1993) for
alignment of tRNA genes. Since unambiguous align-
ments of the two rRNA genes (12S and 16S) on the
basis of secondary-structure models (e.g., Miya and
Nishida 1998, 2000a; Yamaguchi et al. 2000) were not
feasible, they were not used in the analyses. The ND6
gene was not used in the phylogenetic analyses because
of its heterogeneous base composition and consistently

poor phylogenetic performance (Zardoya and Meyer
1996; Miya and Nishida 2000b). Also, tRNA loops and
other ambiguous alignment regions, such as the 59 and
39 ends of several protein-coding genes, were excluded
from the analyses. In addition, third codon positions in
the protein-coding genes that would positively mislead
an analysis of higher-level relationships of teleosts
(Miya and Nishida 2000b) were excluded from the anal-
yses, leaving 7,002 and 908 available nucleotide posi-
tions from the 12 protein-coding and 22 tRNA genes,
respectively. Amino acid sequences were not used in
phylogenetic analysis, as the resulting trees were not
well resolved, with many internal branches being sup-
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Evolutionary Mitogenomics of Higher Teleosts 1997

FIG. 3.—The single most-parsimonious (MP) tree derived from unweighted analysis of mitogenomic data comprising concatenated nucleotide
sequences from 12 protein-coding (excluding the ND6 gene and third codon positions) and 22 transfer RNA (tRNA) genes (stem regions only)
from all 48 species examined. Tree length 5 22,932 steps; consistency index 5 0.245; retention index 5 0.345; rescaled consistency index 5
0.087. Numbers next to internal branches indicate bootstrap values (only those .50%) obtained for 500 replicates using the heuristic search
option in PAUP 4.0b4a (Swofford 1998) with 20 random-addition sequences being performed in each replication.
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Table 1
List of Species Used in this Study, Along with DDBJ/EMBL/GenBank Accession
Numbers and References

Species Accession No. Reference

Clupeiformes
Sardinops melanostictus . . . . . . . . AB032554 Inoue et al. (2000)

Ostariophysi
Cyprinus carpio . . . . . . . . . . . . . . . X61010 Chang, Huang, and Lo (1994)
Crossostoma lacustre . . . . . . . . . . M91245 Tzeng et al. (1992)

Protacanthopterygii
Oncorhynchus mykiss . . . . . . . . . . L29771 Zardoya, Garrido-Pertierra, and Bautista (1995)
Coregonus lavaretus . . . . . . . . . . . AB034824 Miya and Nishida (2000b)

Stomiiformes
Diplophos taenia . . . . . . . . . . . . . . AB034825 Miya and Nishida (2000b)
Sigmops gracilea,b . . . . . . . . . . . . . AB016274 Miya and Nishida (1999)
Chauliodus sloanib. . . . . . . . . . . . . AP002915 This study

Ateleopodiformes
Ateleopus japonicus. . . . . . . . . . . . AP002916 This study
Ijimaia dofleini. . . . . . . . . . . . . . . . AP002917 This study

Aulopiformes
Chlorophthalmus agassizib . . . . . . AP002918 This study
Harpadon microchirb . . . . . . . . . . AP002919 This study
Saurida undosquamisb,c. . . . . . . . . AP002920 This study

Myctophiformes
Neoscopelus microchir . . . . . . . . . AP002921 This study
Myctophum affineb . . . . . . . . . . . . . AP002922 This study
Diaphus splendidusb . . . . . . . . . . . AP002923 This study

Lampridiformes
Lampris guttatusb,d . . . . . . . . . . . . AP002924 This study
Trachipterus trachypterusb . . . . . . AP002925 This study
Zu cristatusb . . . . . . . . . . . . . . . . . . AP002926 This study

Polymixiiformes
Polymixia japonica . . . . . . . . . . . . AB034826 Miya and Nishida (2000b)
Polymixia lowei . . . . . . . . . . . . . . . AP002927 This study

Paracanthopterygii
Percopsis transmontana . . . . . . . . AP002928 This study
Caelorinchus kishinouyei . . . . . . . AP002929 This study
Gadus morhua . . . . . . . . . . . . . . . . X99772 Johansen and Bakke (1996)

Atherinomorpha
Mugil cephalus . . . . . . . . . . . . . . . AP002930 This study
Crenimugil crenilabisb . . . . . . . . . AP002931 This study
Cololabis saira . . . . . . . . . . . . . . . AP002932 This study
Exocoteus volitans . . . . . . . . . . . . . AP002933 This study

Stephanoberyciformes
Scopelogadus mizolepisb . . . . . . . . AP002934 This study
Poromitra oscitansb . . . . . . . . . . . . AP002935 This study
Danacetichthys galathenus . . . . . . AP002936 This study
Rondeletia loricata . . . . . . . . . . . . AP002937 This study

Beryciformes
Hoplostethus japonicus . . . . . . . . . AP002938 This study
Beryx splendens . . . . . . . . . . . . . . . AP002939 This study
Myripristis kochiensis . . . . . . . . . . AP002940 This study

Zeioidei
Zeus faber . . . . . . . . . . . . . . . . . . . AP002941 This study
Zenopsis nebulosus . . . . . . . . . . . . AP002942 This study

Caproidei
Antigonia capros . . . . . . . . . . . . . . AP002943 This study

Gasterosteiformes
Gasterosteus aculeatusb . . . . . . . . AP002944 This study

Syngnathiformes
Monopterus albus . . . . . . . . . . . . . AP002945 This study
Mastacembelus favus. . . . . . . . . . . AP002946 This study
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Table 1
Continued

Species Accession No. Reference

Scorpaenoidei
Helicolenus hilgendorfi . . . . . . . . . AP002947 This study

Dactylopteroidei
Daicocus peterseni . . . . . . . . . . . . AP002948 This study

Perciformes
Pagrus major . . . . . . . . . . . . . . . . . AP002949 This study

Elassomatidae
Elassoma evergladeib . . . . . . . . . . AP002950 This study

Pleuronectiformes
Kareius bicoloratusb . . . . . . . . . . . AP002951 This study
Paralichthys olivaceus . . . . . . . . . AB028664 Saitoh et al. (2000)

Tetraodontiformes
Stephanolepis cirrhiferb. . . . . . . . . AP002952 This study

a Sigmops gracile 5 Gonostoma gracile (see Miya and Nishida 2000a).
b Complete mtDNA sequences except for a portion of the control region.
c Saurida undosquamis 5 Saurida sp. 2 in Nakabo (2000).
d tRNAThr and tRNAPro gene sequences could not be determined owing to technical difficulties.

ported by relatively low bootstrap values compared with
those obtained by nucleotide sequences. Also, there was
no noticeable improvement in tree statistics or bootstrap
values when greater weight was given to amino acid
replacements, which required more nucleotide changes,
by using the PROTPARS weight matrix for amino acids
provided in MacClade (Maddison and Maddison 1992).
Similarly, although Naylor and Brown (1997, 1998) sug-
gested that isoleucine (I), leucine (L), and valine (V)
were the amino acids responsible for phylogenetic in-
consistency, exclusion of these three amino acids
through conversion of L and V into I from the data
matrix (see Cao et al. 1998; Mindell et al. 1999) did not
improve the tree statistics or the bootstrap values.

MacClade, version 3.08 (Maddison and Maddison
1992) was used in various phases of the phylogenetic
analyses, such as preparing data matrices in NEXUS
format, exporting tree files, and exploring alternative
tree topologies. Aligned sequence data in NEXUS for-
mat are available from M.M. on request.

All phylogenetic analyses were performed using
PAUP 4.0b4a (Swofford 1998). Heuristic maximum-
parsimony (MP) analyses were conducted with tree bi-
section-reconnection branch swapping and 100 random-
addition sequences. Support for internal branches was
assessed using 500 bootstrap replications, with 20 ran-
dom-addition sequences performed in each replication.
All phylogenetically uninformative sites were ignored.
Gaps were considered as missing data rather than as fifth
characters, to prevent those longer than one or two bases
from being taken as representing multiple events (Swof-
ford 1993).

Heuristic maximum-likelihood (ML) analyses were
conducted to determine the statistically most likely phy-
logeny with the following parameters: substitution mod-
el set at transition/transversion ratio 5 2; the HKY85
(Hasegawa, Kishino, and Yano 1985) two-parameter
model variant for unequal base frequencies; empirical

base frequencies; starting branch lengths obtained using
the Rogers-Swofford approximation method; and mo-
lecular clock not enforced. Nucleotide positions, includ-
ing gaps, were all excluded.

Tests of alternative phylogenetic hypotheses were
accomplished using the constraint tree option in PAUP
4.0b4a (Swofford 1998). Differences in tree topologies
were compared between the unconstrained and the con-
strained MP trees, with tree length differences being sta-
tistically evaluated using the Templeton (1983) test im-
plemented in PAUP 4.0b4a (Swofford 1998).

Results
Genome Organization

The complete L-strand nucleotide sequences from
the mitogenomes of the 38 species (except for a portion
of the putative control region and a few tRNA genes for
some species; see table 1) have been registered in
DDBJ/EMBL/GenBank under accession numbers
AP02915–AP02952. The genome content of the 38 spe-
cies included 2 rRNA, 22 tRNA, and 13 protein-coding
genes, plus the putative control region, as found in other
vertebrates (Lampris guttatus tRNAThr and tRNAPro

genes located downstream of the cyt b gene could not
be sequenced owing to technical difficulties). As in other
vertebrates, most genes were encoded on the H-strand,
except for the ND6 and eight tRNA genes, which were
encoded on the L-strand.

Although the gene arrangements of most species
were identical to those in typical vertebrates, those of
five species (Sigmops gracile, Chauliodus sloani, Myc-
tophum affine, Diaphus splendidus, and Caelorinchus
kishinouyei) were unique among vertebrate mitogeno-
mes. To date, only two patterns of gene rearrangements
have been found in teleosts (S. gracile [5Gonostoma
gracile] [Miya and Nishida 1999]; Conger myriaster
and their allies [Inoue et al. 2001c]). Notwithstanding,
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FIG. 4.—The maximum-likelihood (ML) tree derived from mitogenomic data comprising concatenated nucleotide sequences from 12 protein-
coding (excluding the ND6 gene and third codon positions) and 22 transfer RNA (tRNA) genes (stem regions only) from all 48 species examined.
The HKY85 model of sequence evolution (Hasegawa, Kishino, and Yano 1985) was used. The scale indicates expected nucleotide substitutions
per site.

the five species listed above exhibited gene arrange-
ments that differed completely from the two examples.
These unique mitogenomes will be described elsewhere,
with discussions of their phylogenetic utility and the
possible mechanisms generating such gene
arrangements.

Phylogenetic Analysis

Heuristic MP analysis of the nucleotide sequences
from the concatenated 12 protein-coding (no third codon
positions) and 22 tRNA (stem regions only) genes yield-
ed a single most-parsimonious tree (fig. 3) with a length

of 22,932 steps (consistency index 5 0.245; retention
index 5 0.345; rescaled consistency index 5 0.087).
Many internal branches were supported by moderate
(60%–79%) to high (80%–100%) bootstrap values, ex-
cept for a within-monophyletic group that was taken to
represent upper bushes (fig. 3), with the observation of
many unbisected long branches (fig. 4) probably being
due to the lower-density taxonomic sampling compared
with their taxonomic diversity (fig. 2).

ML analysis of the same data set using the HKY85
model of sequence evolution produced a tree similar to
that found in the MP analysis (fig. 4), with 2ln L 5
126,245.01. Topological differences were minor, being
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observed where bootstrap values in the MP tree were
around or lower than 50% (fig. 3). No statistically sig-
nificant differences were found between the two topol-
ogies (z 5 20.756, P 5 0.449).

Discussion

Molecular studies have been expected to prove de-
cisive in resolving persistent controversies over higher-
level relationships of teleosts (J. S. Nelson 1984; G. Nel-
son 1989), although they have not yet fulfilled their
promise (Stepien and Kocher 1997; Miya and Nishida
2000b). Indeed, an earlier study using partial amino acid
sequences from the three mitochondrial protein-coding
genes (Normark, McCune, and Harrison 1991) suggest-
ed an unorthodox tree (e.g., nonmonophyletic teleosts)
that Patterson, Williams, and Humphries (1993) criti-
cized as ‘‘goofy’’ from the morphologist’s point of view.
Bernardi et al. (1993) and Rubin and Dores (1995) an-
alyzed amino acid sequences of growth hormones on the
basis of different data sets, including 25 and 24 teleosts,
respectively, comparing them with those from two out-
groups, and reported that the resulting MP trees agreed
well with the morphology-based trees. Lê, Lecointre,
and Perasso (1993) analyzed nuclear 28S rRNA se-
quences from 31 gnathostomes (including 18 teleosts)
and found a highly supported node within the teleosts
(Clupeomorpha 1 Ostariophysi) that was incongruent
with the morphology-based tree. Using entire mitochon-
drial cyt b gene sequences from 31 fishes (including 30
teleosts), Lydeard and Roe (1997) reported that the re-
sulting MP trees were largely congruent with the mor-
phology-based tree, although some incongruities (e.g.,
paraphyletic Neoteleostei) were observed. With the ex-
ception of the sister relationship of Clupeomorpha 1
Ostariophysi (Lê, Lecointre, and Perasso 1993), how-
ever, no novel molecular phylogenetic hypotheses have
been considered significant in recent studies dealing
with higher-level relationships among major teleostean
lineages (Lecointre and Nelson 1996; Johnson and Pat-
terson 1996). Also, it should be noted that Meyer (1994)
and Ortı́ and Meyer (1997) explicitly demonstrated lim-
its of partial mitochondrial gene sequences for resolving
higher-level relationships of teleosts. Recently, Wiley,
Johnson, and Dimmick (2000) employed a total-evi-
dence approach in analyzing acanthomorph relation-
ships, combining partial nucleotide sequences of the mi-
tochondrial 12S rRNA (572 bp) and nuclear 28S rRNA
(1,112 bp) genes and morphological data (38 characters)
from 27 species, thereafter subjecting the combined data
to MP analyses. Although they had expected that a com-
bination of mitochondrial and nuclear ribosomal genes
would provide a strong database from which they could
evaluate acanthomorph relationships, their expectation
was only partly met. Their molecular data seemed to be
unsuitable for such an analysis of higher-level relation-
ships owing to the high level of saturation observed in
both the highly variable mitochondrial 12S rRNA and
the extremely conservative nuclear 28S rRNA genes
(Wiley, Johnson, and Dimmick 2000). Consequently,
their molecular data were of little help in evaluating al-

ternative hypotheses unless used in a total-evidence con-
text, as the authors frankly acknowledged.

It appears that adequate resolution of higher-level
relationships of any organism will require longer DNA
sequences (Miya and Nishida 2000b). If so, the question
remains as to which types of genes or genomes are use-
ful in reconstructing the higher-level relationships of tel-
eosts. It remains unclear whether or not mitochondrial
or nuclear genes are generally more efficacious for such
a purpose, although the transition from an apparently
unsolvable problem to a solvable problem has come
about mainly from the availability of complete mtDNA
sequences in mammals (Penny et al. 1999; Springer et
al. 1999). Additional complete mtDNA sequences have
also been expected to be useful in answering some ques-
tions about fish relationships (Stepien and Kocher 1997).
Inoue et al. (2001d), in fact, resolved the interrelation-
ships of five major lineages of basal teleosts, for which
five alternative phylogenetic hypotheses had been pro-
posed on the basis of both morphological and molecular
data, using mitogenomic data. Accordingly, mitogen-
omic data can be expected to resolve the persistent con-
troversies over higher teleostean relationships, which are
apparently more complex and difficult than those for
basal teleosts (G. Nelson 1989). Below is a brief dis-
cussion of phylogenetic issues for the higher teleosts
from the standpoint of both global and local taxonomic
congruence between the MP tree obtained in this study
(fig. 3; statistically indistinguishable from the ML tree)
and previously proposed hypotheses, most of them
based on morphological analyses. Our discussions of
phylogenetic issues are restricted to recent major con-
tributions and are not intended to be exhaustive.

Global Congruence

Recently, two major hypotheses on higher teleos-
tean relationships have been proposed (Johnson and Pat-
terson 1993 [fig. 1A]; J. S. Nelson 1994 [fig. 1B]). John-
son and Patterson (1993) presented a cladogram (their
fig. 24) summarizing their ‘‘views’’ on acanthomorph
interrelationships on the basis of their own extensive,
comparative anatomical survey. Although they provided
many putative synapomorphies (a total of 34 characters)
substantiating their hypothesis, along with detailed dis-
cussions on their validity, they did not construct a char-
acter matrix including all of the species that they ex-
amined. Alternatively, their ‘‘views’’ were corroborated
by MP analysis of an abbreviated character matrix com-
prising 39 anatomical features taken from 16 acantho-
morph species (their fig. 25). Johnson and Patterson
(1993, p. 621) stated that the number of taxa examined
by them and ideally included in their sample far ex-
ceeded the limits of available parsimony programs at
that time. Major topological differences between the
present MP tree (fig. 3) and that of Johnson and Patter-
son (1993) were in the placements of zeiforms, stephan-
oberyciforms, and beryciforms (for details, see below).
When topological constraints of Johnson and Patterson’s
(1993) tree (those of Johnson [1992] and Olney, John-
son, and Baldwin [1993] being followed below Lam-
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FIG. 5.—Basal relationships of the higher teleosts. For details, see text and figure 3 legend. Abbreviations: Same, Sardinops melanostictus;
Cyca, Cyprinus carpio; Crla, Crossostoma lacustre; Onmy, Oncorhynchus mykiss; Cola, Coregonus lavaretus; Dita, Diplophos taenia; Sigr,
Sigmops gracile (5Gonostoma gracile; see Miya and Nishida 2000a); Chsl, Chauliodus sloani; Chag, Chlorophthalmus agassizi; Hami, Har-
padon microchir; Saun, Saurida undosquamis.

pridiformes) were enforced, two minimum-length trees
that required an additional 413 steps were found, with
the differences being highly significant (z 5 211.847,
P , 0.0001; z 5 210.428, P , 0.0001).

J. S. Nelson (1994) subsequently presented differ-
ent views on higher teleostean relationships in his com-
prehensive guide to fish classification (now in its third
edition), which has been used as a standard reference
and has been highly influential in systematic ichthyol-
ogy. Although his hypothesis was presented in the form
of two separate, sequential cladograms (J. S. Nelson
1994, pp. 194, 215), he failed to provide any relevant
evidence or corroborative statements for such relation-
ships. His hypothesis seemed to have been based on the
conventionally accepted views on acanthomorph rela-
tionships advocated by Rosen (1973) and subsequently
reviewed by Lauder and Liem (1983), with partial mod-
ifications being made where he agreed with Johnson and
Patterson’s (1993) radically different views. When to-
pological constraints of J. S. Nelson’s (1994) tree were
enforced, one minimum-length tree that required an ad-
ditional 588 steps was found, with the difference being
highly significant (z 5 213.977, P , 0.0001).

Basal Relationships

Basal interrelationships of the four major lineages
(fig. 5) generally followed previously proposed hypoth-
eses (Rosen 1973; Lauder and Liem 1983; Fink 1984;
Johnson 1992), with Ostariophysi, Protacanthopterygii,
Stomiiformes, and Aulopiformes sequentially diverging
in this sequence. Notwithstanding, the monophyly of
each taxon, particularly Ostariophysi and Protacanthop-
terygii, should be substantiated on the basis of more
extensive taxonomic sampling, considering their hetero-
geneous compositions. It should be noted that two com-
prehensive major clades within the teleosts, Neoteleostei
and Eurypterygii, were strongly supported, with boot-
strap values of 93% and 96%, respectively.

Although Olney, Johnson, and Baldwin (1993)
thought that Ateleopodiformes formed an unresolved tri-
chotomy with Stomiiformes and more advanced neote-
leosts (fig. 1), the former did not occupy a position close
to the stomiiforms in the present tree (fig. 5), instead
forming a sister group relationship with Lampridiformes
(fig. 6), with a moderate bootstrap value (76%). This
sister group relationship should not be entirely unex-
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FIG. 6.—Relationships of the Myctophiformes, Ateleopodiformes, and Lampridiformes. For details, see text and figure 3 legend. Abbre-
viations: Nemi, Neoscopelus microchir; Myaf, Myctophum affine; Disp, Diaphus splendidus; Atja, Ateleopus japonicus; Ijdo, Ijimaia dofleini;
Lagu, Lampris guttatus; Trtr, Trachipterus trachypterus; Zucr, Zu cristatus.

pected by systematic ichthyologists, because present ate-
leopodiforms (5ateleopodids) had previously been in-
cluded in lampridiforms (J. S. Nelson 1976, 1984). Al-
though Olney, Johnson, and Baldwin’s (1993) hypoth-
esis could not be rejected statistically (z 5 21.683, P
5 0.092), it appears that Ateleopodiformes had diverged
after Stomiiformes, because the bootstrap value for Au-
lopiformes and above (5Eurypterygii) was as high as
96% (fig. 5).

Rosen (1973) considered Myctophiformes a sister
group of the Acanthomorpha (Lampridiformes and
above; fig. 1), although he subsequently rejected that
suggestion (Rosen 1985). Later, however, Johnson
(1992) confirmed the initial hypothesis (Rosen 1973) on
the basis of an extensive comparative anatomical survey.
In the present tree, myctophiforms formed a sister group
relationship with ateleopodiforms 1 lampridiforms, al-
though such a relationship was supported only weakly
(bootstrap value , 50%; fig. 6). Furthermore, Rosen’s
(1973) hypothesis could not be rejected statistically (z
5 21.342, P 5 0.179). More extensive taxonomic sam-
pling from these groups should indicate clearly which
relationship patterns are the most likely. It should also
be noted that the three lampridiforms formed a strongly
supported monophyletic group, with a bootstrap value

of 100% (fig. 6), despite their disparate external mor-
phologies (see also Olney, Johnson, and Baldwin 1993;
Wiley, Johnson, and Dimmick 1998).

Monophyly and Interrelationships of Zeiformes and
Paracanthopterygii

The monophyly and interrelationships of Zeiformes
have long been one of the most problematic issues in
systematic ichthyology (for details, see Johnson and Pat-
terson 1993, p. 592–599). Zeiformes currently comprise
two suborders, Zeioidei and Caproidei (J. S. Nelson
1994), although recent authors have questioned the re-
ality of a relationship between those two groups (e.g.,
Johnson and Patterson 1993). In the present tree, mono-
phyly of the two zeioid species was strongly supported
by a bootstrap value of 100%. However, a caproid, An-
tigonia capros, was convincingly placed within a well-
supported monophyletic group (bootstrap value 5 83%)
at the top of the tree (fig. 3). When topological con-
straints were enforced on the monophyly of zeiforms
(including caproids), one minimum-length tree that re-
quired an additional 111 steps was found, with the dif-
ference being highly significant (z 5 24.267, P 5
0.0008). The superficial similarity between the two
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FIG. 7.—Relationships of the Polymixiiformes, Paracanthopterygii, and Zeioidei. Note that Paracanthopterygii are paraphyletic. For details,
see text and figure 3 legend. Abbreviations: Poja, Polymixia japonica; Polo, Polymixia lowei; Petr, Percopsis transmontana; Caki, Caelorinchus
kishinouyei; Gamo, Gadus morhua; Zefa, Zeus faber; Zene, Zenopsis nebulosus.

groups, such as the laterally flattened and extremely
deep body (see fig. 2), would surely have misled phy-
logenetic inferences based on morphology.

At no time has convincing evidence been demon-
strated regarding zeiform affinities with other higher tel-
eosts. Rosen (1984) suggested a close affinity to Tetrao-
dontiformes, although this idea has not been generally
accepted (Johnson and Patterson 1993). In fact, when
topological constraints on the monophyly of tetraodon-
tiforms 1 zeiforms (including caproids) were enforced,
one minimum-length tree that required an additional 84
steps was found, with the difference being highly sig-
nificant (z 5 22.793, P 5 0.0052). In a total-evidence
analysis of the combined molecular and morphological
data, Wiley, Johnson, and Dimmick (2000) found that
two zeids and two gadiforms formed a well-supported
monophyletic group (bootstrap value 5 94%), which
has never before been proposed. However, this sister
group relationship has been reproduced in the present
analysis with a high bootstrap value of 94%. Evidently,
the extremely disparate morphologies of the two groups
(see fig. 7) has deterred most systematic ichthyologists
from exploring such a possibility.

Paracanthopterygii has also been a controversial
group since Greenwood et al. (1966) established this
comprehensive higher taxon on the basis of their own
extensive comparative anatomical observations. Since
the original proposal (Greenwood et al. 1966) and a sub-

sequent review (Rosen and Patterson 1969) of this
group, taxonomic modifications (addition or deletion of
various higher teleosts) have been so numerous that Pat-
terson and Rosen (1989) described the situation as ‘‘dis-
order’’ in their second review of Paracanthopterygii. Al-
though paracanthopterygians were represented by only
two gadiforms (Gadus morhua and Caelorinchus kish-
inouyei) and a percopsiform (Percopsis transmontana)
in the present analysis, they were reciprocally paraphy-
letic, because the two zeioids formed a sister group re-
lationship with the two gadiforms (fig. 7). When topo-
logical constraints were enforced on the monophyly of
the Paracanthopterygii, one minimum-length tree that
required an additional 39 steps was found, with the dif-
ference being highly significant (z 5 23.433, P 5
0.0006). Further taxonomic sampling from other para-
canthopterygians, such as species representing the Ba-
trachoidiformes, the Lophiiformes, and the Ophidii-
formes, would be necessary to clarify the limits of this
problematic group.

Monophyly of Beryciformes and
Stephanoberyciformes

The limits of Beryciformes have undergone con-
siderable reduction, with the currently recognized Po-
lymixiiformes, Stephanoberyciformes, and Trachichthyi-
formes (sensu Moore 1993) having been removed from
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FIG. 8.—Relationships of the Stephanoberyciformes and the Beryciformes. Note that both groups are paraphyletic. For details, see text and
figure 3 legend. Abbreviations: Daga, Danacetichthys galathenus; Rolo, Rondeletia loricata; Scmi, Scopelogadus mizolepis; Poos, Poromitra
oscitans; Besp, Beryx splendens; Hoja, Hoplostethus japonicus; Myko, Myripristis kochiensis.

the group during the past 30 years (for details, see
Moore 1993; Johnson and Patterson 1993). All of these
groups, however, with the exception of polymixiiforms
(fig. 7), formed a weakly supported monophyletic group
(fig. 8), although the two major components (Stephan-
oberyciformes and Beryciformes; sensu J. S. Nelson
1994; Johnson and Patterson 1993) within the lineage
were not monophyletic because a berycid (Beryx splen-
dens) was confidently placed as a sister species of the
two melamphaids represented (Scopelogadus mizolepis
1 Poromitra oscitans) with a bootstrap value of 100%.
Such a close affinity has not previously been asserted
with confidence (but see Colgan, Zhang, and Paxton
2000), apparently owing to the disparate morphologies
and ecology of the component taxa. When topological
constraints on the monophyly of stephanoberyciforms
and beryciforms were enforced, one minimum-length
tree, requiring an additional 67 and 86 steps, respec-
tively, was found for each, with the differences being
highly significant (z 5 27.183, P , 0.0001; z 5
27.786, P , 0.0001, respectively).

‘‘Upper Bushes’’ (5Percomorpha)

Many authors have investigated limits, interrela-
tionships, and intrarelationships of the crown group of
teleosts, Percomorpha (for details, see Johnson 1993;
Johnson and Patterson 1993), although no consensus has
been reached regarding these. One of the purposes of
the present study was to circumscribe a well-supported,
comprehensive monophyletic group encompassing such
‘‘bushes’’ that presumably correspond to the Percomor-

pha. By doing so, we had hoped to clarify wherein phy-
logenetic problems lay, enabling the formation of a basis
in addition to providing guidelines for the next step in
resolving the ‘‘bushy top.’’ In this investigation, a com-
prehensive monophyletic group was found at the top of
the tree, supported by a high bootstrap value of 83%
(fig. 9). The composition of this monophyletic group
exhibited complete congruence to the Percomorpha that
has been circumscribed by Johnson and Patterson
(1993).

We did not expect to resolve intrarelationships of
this group because of the sparse taxonomic sampling
compared with the tremendous taxonomic diversity of
the group (.13,000 species placed in 230 families; cal-
culated from J. S. Nelson 1994). In fact, while many
internal branches were only weakly supported, with
bootstrap values of ,50% (mostly ,20%; fig. 8), an
unexpected relationship was found between Gasteros-
teus aculeatus (Gasterosteiformes) and Helicolenus hil-
gendorfi (Scorpaeniformes), which formed a strongly
supported monophyletic group with a bootstrap value of
100%. Such a close affinity between the two groups has
not previously been suggested, and recent preliminary
phylogenetic analyses using mitogenomic data from an
additional gasterosteiform have confirmed such a rela-
tionship (unpublished data). Again, further taxonomic
sampling and subsequent sequencing efforts should clar-
ify these previously unexplored relationships.

Conclusions
Following the publication of the seminal work by

Greenwood et al. (1966) and the advent of cladistic the-
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FIG. 9.—A comprehensive monophyletic group encompassing ‘‘upper bushes’’ (5Percomorpha sensu Johnson and Patterson [1993], with
the exception of zeioids; for details, see text). Abbreviations: Cosa, Cololabis saira; Exvo, Exocoteus volitans; Muce, Mugil cephalus; Crcr,
Crenimugil crenilabis; Moal, Monopterus albus; Mafa, Mastacembelus favus; Dape, Daicocus peterseni; Kabi, Kareius bicoloratus; Paol, Par-
alicthys olivaceus; Gaac, Gasterosteus aculeatus; Hehi, Helicolenus hilgendorfi; Pama, Pagrus major; Anca, Antigonia capros; Elev, Elassoma
evergladei; Stci, Stephanolepis cirrhifer.

ory (Hennig 1966; Wiley 1981), numerous comparative
anatomical studies have been conducted in attempts to
resolve the interrelationships of teleosts at various tax-
onomic levels (for recent reviews, see G. Nelson 1989;
Johnson and Patterson 1993; J. S. Nelson 1994; Helf-
man, Collette, and Facey 1997). Despite these efforts,
there remains much controversy over higher-level rela-
tionships among the major teleostean lineages, espe-
cially evident in the transitions of the classification sys-
tems adopted in the first to third editions of J. S. Nel-
son’s Fishes of the World (J. S. Nelson 1976, 1984,
1994). Considering the enormous species diversity in-
volved (.23,500 species) and the wide-ranging varia-
tions not only in morphology (see figs. 2 and 5–9) but
also in behavior and ecology (see Helfman, Collette, and
Facey 1997), it is no wonder that comparative anatom-

ical approaches have faced a number of difficulties (e.g.,
homology assessment among characters) in unraveling
the higher-level relationships of teleosts. The same is
true of molecular phylogenetic studies which have em-
ployed shorter sequences (mostly ,1,000 positions)
based on limited taxonomic representation (Stepien and
Kocher 1997; Miya and Nishida 2000b).

The present study was based on unprecedentedly
long DNA sequences (.15 kb) from many purposefully
chosen species that represented the overall diversity of
the higher teleosts. The resultant trees were well re-
solved and provided a number of new insights into high-
er teleostean phylogeny, many of them quite unexpected
from previous analyses, including both morphology-
based cladistic analyses and molecular phylogenetic
studies. Also, the present study clearly identified major
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phylogenetic problems. In particular, the limits and in-
terrelationships of the Paracanthopterygii, the Zei-
formes, the Beryciformes, and the Stephanoberyci-
formes should be reconsidered, this being the most ob-
vious ‘‘next investigative step.’’ By doing so, the Per-
comorpha could be circumscribed more accurately,
leading to the resolution of that group.

It should also be noted that this study not only em-
bodies the recent expectation of Pollock et al. (2000)
that increasing the mitogenomic data set would be likely
to have a large impact on confidence in the resolution
of tree structure, but also indicates the practicality of
our PCR-based approach for sequencing fish mitogen-
omes during moderate-scale evolutionary genomic re-
search under limited resources. Although our long PCR
primers were originally designed for fish mitogenomes,
they should be effective for other vertebrates, including
humans, with little or no modification (Miya and Nish-
ida 2000b). By using long PCR products (9–17 kb) as
purified templates of mtDNA for subsequent full-nested
PCR (500–1,500 bp), a number of published primers
(e.g., Kocher et al. 1989; Palumbi 1996; Miya and Nish-
ida 1999, 2000b; Sorenson et al. 1999) may work well
for various vertebrate mitogenomes. Direct sequencings
of these contiguous, overlapping PCR products that cov-
er the entire mitogenomes have proven to be successful,
providing consistent results (Miya and Nishida 1999,
2000b; Sorenson et al. 1999; Mindell et al. 1999). Also,
with the aid of commercially available sequence editors,
the complete mtDNA sequence and associated infor-
mation (e.g., location of features) from a single species
are obtainable within a few weeks or so from DNA ex-
traction to submission of the data to DNA databases,
such as DDBJ/EMBL/GenBank. Thus, our PCR-based
approach is feasible in a single laboratory equipped with
standard experimental facilities for molecular biology
with a moderate level of manpower and funds. We be-
lieve that similar kinds of moderate-scale evolutionary
genomics should be conducted in parallel with larger-
scale evolutionary genomics employing genome tech-
nologies capable of producing sequence data in large
quantities (Pollock et al. 2000), which would conse-
quently cover the entire vertebrate biodiversity in the
near future.
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