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Abstract. The complete nucleotide sequence of the
mitochondrial genome was determined for a conger eel,
Conger myriaster(Elopomorpha: Anguilliformes), using
a PCR-based approach that employs a long PCR tech-
nique and many fish-versatile primers. Although the ge-
nome [18,705 base pairs (bp)] contained the same set of
37 mitochondrial genes [two ribosomal RNA (rRNA), 22
transfer RNA (tRNA), and 13 protein-coding genes] as
found in other vertebrates, the gene order differed from
that recorded for any other vertebrates. In typical verte-
brates, the ND6, tRNAGlu, and tRNAPro genes are lo-
cated between the ND5 gene and the control region,
whereas the former three genes, inC. myriaster,have
been translocated to a position between the control re-
gion and the tRNAPhegene that are contiguously located
at the 58 end of the 12S rRNA gene in typical vertebrates.
This gene order is similar to the recently reported gene
order in four lineages of birds in that the latter lack the
ND6, tRNAGlu, and tRNAPro genes between the ND5
gene and the control region; however, the relative posi-
tion of the tRNAPro to the ND6–tRNAGlu genes inC.
myriasterwas different from that in the four birds, which
presumably resulted from different patterns of tandem
duplication of gene regions followed by gene deletions in
two distantly related groups of organisms. Sequencing of
the ND5–cytb region in 11 other anguilliform species,
representing 11 families, plus one outgroup species, re-
vealed that the same gene order asC. myriasterwas
shared by another 4 families, belonging to the suborder

Congroidei. Although the novel gene orders of four lin-
eages of birds were indicated to have multiple indepen-
dent origins, phylogenetic analyses using nucleotide se-
quences from the mitochondrial 12S rRNA and cytb
genes suggested that the novel gene orders of the five
anguilliform families had originated in a single ancestral
species.
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Introduction

The vertebrate mitochondrial gene order was initially
considered conservative because the complete nucleotide
sequences of the entire mitochondrial genome of mam-
mals (Anderson et al. 1981, 1982; Bibb et al. 1981) and
the African clawed frog (Roe et al. 1985) showed a com-
mon gene order. Although deviations from this gene or-
der have subsequently been identified in various verte-
brate lineages, including lampreys (Lee and Kocher
1995), amphibians (Yoneyama 1987; Macey et al. 1997),
reptiles (Kumazawa and Nishida 1995; Quinn and Min-
dell 1996; Macey et al. 1997), birds (Desjardins and
Morais 1990, 1991; Quinn and Wilson 1993; Mindell et
al. 1998), and marsupials (Pa¨äbo et al. 1991; Janke et al.
1994), none have been found to date among bony fish, in
which the mitochondrial genomes have been completely
sequenced [loach (Tzeng et al. 1992), carp (Chang et al.
1994), trout (Zardoya et al. 1995), cod (Johansen andCorrespondence to:J.G. Inoue;e-mail: jinoue@ori.u-tokyo.ac.jp
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Bakke 1996), lungfish (Zardoya and Meyer 1996), bichir
(Noack et al. 1996), coelacanth (Zardoya and Meyer
1997), ginbuna (Murakami et al. 1998), Atlantic salmon
(Hurst et al. 1999)]. Miya and Nishida (1999), however,
recently found the first example of transfer RNA (tRNA)
gene rearrangements in the mitochondrial genome of a
bony fish,Gonostoma gracile(Stomiiformes), in which
the positions of three tRNA genes (tRNAGlu, tRNAThr,
and tRNAPro) relative to the cytochromeb (cyt b) gene
differed from that determined in other vertebrates. Un-
like mitochondrial gene rearrangements in other verte-
brate lineages, such a gene order appears to occur only in
the above species, even following comparison with seven
other, currently recognized species ofGonostoma(Miya
and Nishida 1999, 2000a, unpublished data).

During our molecular phylogenetic studies of eels (the
Anguilliformes), one of the basal teleost orders, we at-
tempted to amplify the entire cytb gene sequence (ap-
proximately 1150 bp) from various anguilliform species,
using several primers designed on the cytb and three
flanking tRNA genes (tRNAGlu, tRNAThr, and tRNAPro).
However, the combinations of these primers for the
tRNAGlu gene and the putative downstream genes (cytb,
tRNAThr, and tRNAPro) consistently failed to yield poly-
merase chain reaction (PCR) products for several spe-
cific anguilliform species. Accordingly, instead of using
tRNAGlu gene-based primers, we employed primers de-
signed on a more upstream gene (ND5) for the anguilli-
form, Conger myriaster(Congridae). The resulting PCR
products from this species were unexpectedly small, sub-
sequent sequencing experiments demonstrating that the
ND6 and tRNAGlu genes did not occur between the ND5
and the cytb genes in this species. Therefore, we deter-
mined the complete mitochondrial DNA (mtDNA) se-
quence forC. myriasterso as to locate the translocated
ND6 and tRNAGlu genes.

This paper describes gene organization and gene re-
arrangements in the mitochondrial genome ofConger
myriaster, a common conger eel in Japanese shallow
waters. We employed a PCR-based approach developed
by Miya and Nishida (1999) for sequencing the complete
mitochondrial genomes of fishes. In addition, we se-
quenced the ND5–cytb region for another 11 anguilli-
form species (representing 11 families) and one outgroup
species (Megalops cyprinoides) to determine whether or
not they share the same gene order asC. myriasterand
plotted these gene order characters on the phylogenetic
tree derived from analyses of nucleotide sequences from
the mitochondrial 12S rRNA and cytb genes.

Materials and Methods

Fish Samples and DNA Extraction

Mitochondrial DNA (mtDNA) sequences were obtained from examples
of 12 species, representing 12 of 15 families in the order Anguilli-

formes (Robins 1989).Megalops cyprinoides(Elopiformes: Megalopi-
dae) was used as an outgroup, on the basis of currently accepted teleost
phylogeny (Greenwood et al. 1966; J. Nelson 1994; Forey et al. 1996),
so as to assess the ancestral gene order among the anguilliform fami-
lies. All specimens were preserved in 99.5% ethanol immediately after
collection. Total genomic DNA was extracted using the Qiagen
QIAamp tissue kit following the manufacturer’s protocol. Voucher
specimens were deposited in the Fish Collection, Natural History Mu-
seum & Institute, Chiba (CBM-ZF), and the United States National
Museum of Natural History (USNM).

Specimens analyzed wereAnguilla japonica(Japanese eel, Anguil-
lidae; CBM-ZF 10301),Moringua edwardsi(spaghetti eel, Morin-
guidae; USNM 326660),Kaupichthys hyproroides(false moray,
Chlopsidae; USNM 327549),Gymnothorax kidako(moray eel, Murae-
nidae; CBM-ZF 10505),Synaphobranchus kaupii(northern cutthroat
eel, Synaphobranchidae; CBM-ZF 10302),Ophisurus macrorhynchus
(snake eel, Ophichthidae; CBM-ZF 10304),Nessorhamphus danae
(longneck eel, Derichthyidae; CBM-ZF 10306),Muraenesox bagio
(pike eel, Muraenesocidae; CBM-ZF 10307),Nemichthys scolopaceus
(snipe eel, Nemichthyidae; CBM-ZF 10305),Conger myriaster(conger
eel, Congridae; CBM-ZF 10309),Nettastoma parviceps(duckbill eel,
Nettastomatidae; CBM-ZF 10308),Stemonidium hypomelas(sawtooth
eel, Serrivomeridae; CBM-ZF 10303), andMegalops cyprinoides(tar-
pon, Megalopidae; CBM-ZF 10300).

Mitochondrial DNA Purification by Long PCR

The entire mitochondrial genome ofConger myriasterwas amplified
using a long-PCR technique (Cheng et al. 1994; Miya and Nishida
1999). Two sets of fish-versatile primer pairs (S-LA-16S-L + H15149-
CYB and L12321-Leu + S-LA-16S-H; Fig. 1) were used so as to
amplify almost the entire mitochondrial genome in two long-PCR re-
actions. Either the tRNALeu–cyt b or the tRNALeu–16S regions for
other species were amplified using two sets of fish-versatile primer
pairs (L12321-Leu + H15149-CYB or L12321-Leu + S-LA-16S-H;
Figs. 1 and 2), respectively.

Long PCR was done in a Model 9700 thermal cycler (Perkin–
Elmer) and reactions were carried out with 30 cycles of a 25-ml reac-
tion volume containing 15.25ml of sterile distilled H2O, 2.5ml of 10×
LA PCR buffer II (Takara), 4.0ml of dNTP (2.5 mM), 1.0 ml of each
primer (5 mM), 0.25 ml of 1.25-unit LA Taq (Takara), and 1.0ml of
template containing approximately 5 ng DNA. The thermal cycle pro-
file was that of “shuttle PCR”: denaturation at 98°C for 10 s and
annealing and extension combined at the same temperature (68°C) for
16 min. Long-PCR products were electrophoresed on a 1.0% L 03
agarose gel (Takara) and later stained with ethidium bromide for band
characterization via ultraviolet transillumination. Long-PCR products
from the 13 species were diluted with TE buffer (1:20) for subsequent
use as PCR templates, except for a region separating the two long PCR
primers (S-LA-16S-L and S-LA-16S-H; Fig. 1) inC. myriasterand the
12S rRNA region in some other elopomorph fish, in which total ge-
nomic DNA was used instead of long-PCR products.

PCR and Sequencing

A total of 63 fish-versatile plus 7 species-specific primers was used to
amplify contiguous, overlapping segments of the entire mitochondrial
genome forConger myriaster(Fig. 1). These primers were designed
with reference to the aligned, complete nucleotide sequences from the
mitochondrial genomes of six species of bony fish [loach (Tzeng et al.
1992), carp (Chang et al. 1994), trout (Zardoya et al. 1995), cod (Jo-
hansen and Bakke 1996), bichir (Noack et al. 1996), lungfish (Zardoya
and Meyer 1996)]. Seven additional species-specific primers were used
in regions where no appropriate fish-versatile primers were available
(Fig. 1).
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For the ND5–cytb regions in other elopomorph fish, an additional
12 fish-versatile plus 3 species-specific primers were used (Table 1,
Fig. 2). Two species-specific primers forM. cyprinoidesand one forN.
parvicepswere additionally used in regions where no appropriate fish-
versatile primers were available (Fig. 2). For the 12S rRNA gene re-
gion, three fish-versatile primers were additionally used for another 12
elopomorph fish.

PCR was done in a Model 9700 thermal cycler (Perkin–Elmer) and
reactions carried out with 30 cycles of a 25-ml reaction volume con-
taining 14.4ml of sterile, distilled H2O, 2.5 ml of 10× PCR buffer
(Perkin–Elmer), 2.0ml of dNTP (2.5 mM), 2.5 ml of each primer (5
mM), 0.1 ml of 0.5-unit Ex Taq (Takara), and 1.0ml of template.

The thermal cycle profile was as follows: denaturation at 94°C for

Fig. 2. Primer locations and gene orders in a ND5–cytb region for 12
anguilliform species and an outgroup (Megalops cyprinoides). A Gene
order of eight species representing Megalopidae, Anguillidae, Morin-
guidae, Chlopsidae, Muraenidae, Synaphobranchidae, Nemichthyidae,
and Serrivomeridae.B Gene order of five species representing Ophich-
thidae, Derichthyidae, Muraenesocidae, Nettastomatidae, and Congri-
dae. For abbreviations of genes, see the legend to Fig. 1. Relative
positions of other primers are shown bysmall arrowswith numerals.
For primer sequences, see Miya and Nishida (1999,a 2000bb) and Inoue
et al. (2000,c 2001d); 71, L13553-ND5b; 72, L13916-ND5 (58-GCA
CAA CTT CTC AAA TAT ACT TGG-38); 73, Mlcy-ND6-L (58-TCG
CAA CTA ATT GAC CAA ACA TG-38); 74, L14504-ND6b; 75,
L14724-CYBd; 76, H14080-ND5b; 77, Mlcy-ND6-H (58-TGT GGC
TTC TAA TCC TGC ACC-38); 78, Nepa-ND5-H (58-GGT CAA GAA
AAA CAT GGC TAG G-38); 79, H14718-Glub; 80, H14768-CYB
(58-TTK GCG ATT TTW AGK AGG GGG TG-38); 81, H14834-
CYBa; 82, H15341-CYB (58-TTT GAT CCT GTT TCA TGG AGR
AA-38).

Table 1. Primers used to amplify and sequence the ND5–cytb
regions

Species
Long-PCR
primersa

PCR and sequencing
primersa

Megalops cyprinoides 24 + 64 27, 73, 75, 64, 77, 78
Anguilla japonica 24 + 64 27, 28, 75, 77, 82
Moringua edwardsi 24 + 63 71, 73, 74, 80, 63
Kaupichthys hyproroides 24 + 63 27, 72, 74, 63
Gymnothorax leucostigma 26 + 63 27, 74, 75, 77, 78, 81, 82
Synaphobranchus kaupii 24 + 40 27, 28, 34, 81, 82, 64
Ophisurus macrorhynchus 24 + 40 27, 28, 63, 64
Nessorhamphus danae 28 + 63 28, 63
Muraenesox bagio 27 + 63 28, 63
Nemichthys scolopaceus 24 + 40 28, 75, 82
Nettastoma parviceps 24 + 40 28, 79, 64
Stemonidium hypomelas 28 + 64 28, 82

a For primer sequences and locations, see Figs. 1 and 2.

Fig. 1. Gene organization and sequencing strategy for theConger
myriastermitochondrial genome. All protein-coding genes are encoded
by the H-strand with the exception of ND6, which is coded by the
L-strand. Transfer RNA (tRNA) genes are designated by single-letter
amino acid codes, those encoded by the H-strand and L-strand being
shown above and below the gene map, respectively. Translocated ND6,
tRNAGlu, and tRNAPro genes arehighlighted.Two pairs of long-PCR
primers (S-LA-16S-L + L15149-CYB and L12321-Leu + S-LA-16S-
H) amplify two segments that cover nearly the entire mitochondrial
genome. 12S and 16S indicate 12S and 16S ribosomal RNA genes;
ND1–6 and 4L, NADH dehydrogenase subunits 1–6 and 4L genes;
COI–III, cytochromec oxidase subunits I–III genes; ATPase 6 and 8,
ATPase subunits 6 and 8 genes; cytb, cytochromeb gene; CR, control
region. Relative positions of other primers are shown bysmall arrows
with numerals. For primer sequences, see Miya and Nishida (1999,a

2000bb) and Inoue et al. (2000,c 2001d): 1, L701-12Sd; 2, L1374-12Sd;
3, L1854-16Sc; 4, L2510-16Sa; 5, L2949-16Sa; 6, L3074-16S (4S-
LA-16S-L)b; 7, L3483-ND1d; 8, L4166-ND1a; 9, L4633-ND2a; 10,
L5261-ND2b; 11, L5644-Alaa; 12, L6199-CO1a; 13, L6730-CO1a; 14,
L7255-Co1a; 15, L7863-CO2a; 16, L8329-Lysa; 17, L8984-ATPb; 18,
L9220-CO3b; 19, L9916-CO3a; 20, L10267-ND3a; 21, L10440-Argd;

22, L11424-ND4a; 23, L11895-ND4a; 24, L12321-Leub; 25, L12329-
Leua; 26, L12936-ND5b; 27, L13562-ND5a; 28, L13940-ND5a; 29,
L15369-CYBb; 30, L15765-CYBb; 31, Comy-CR-L1 (58-ATA ATA
TGT AAA TAT TAC ATA CAC CTA TGG-38); 32, Comy-CR-L2
(58-GAC ATA AAA CAT ACA TTA GAA TAT ATC AGG-3 8); 33,
Comy-CR-L3 (58-AAA GAT TTA GGT CGT ACA TGT C-38); 34,
L14734-Gluc; 35, Comy-NC-L (58-ACC AAT TAA GAC GAG ACA
TGA CG-38); 36, H885-12S (58-TAA CCG CGG YGG CTG GCA
CGA-38); 37, H1467-12S (58-CGG TGT GTG CGC GCC TCA G-38);
38, H2009-16Sd; 39, H2582-16Sc; 40, H2990-16S (4S-LA-16S-H)b;
41, H3058-16Sc; 42, H3466-ND1b; 43, H3718-ND1a; 44, H4432-Metb;
45, H4866-ND2a; 46, H5334-ND2a; 47, H5937-CO1b; 48, H6371-
CO1a; 49, H6855-CO1a; 50, H7480-Sera; 51, H8168-CO2a; 52, H8589-
ATPa; 53, H9076-ATPa; 54, H9639-CO3a; 55, H10035-Glyc; 56,
H10433-Arga; 57, H10970-ND4a; 58, H11618-ND4b; 59, H12145-
Hisa; 60, H12632-ND5a; 61, H13069-ND5a; 62, H13727-ND5a; 63,
H15149-CYBb; 64, H15557-CYBc; 65, H15915-Thrd; 66, H14473-
ND6b; 67, Comy-NC-H1 (58-CTA TGT CTT GTT CCT CAT GTG-
38); 68, H15973-Prob; 69, Comy-CR-H2 (58-CAA TAA TAA ACG
TCA TGT CTC GTC-38); 70, Comy-NC-H3 (58-TGT TTT ATT TAT
CCT GGG ATA GCG-38).
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Fig. 3. Schematic representation of the complete L-strand nucleotide
sequence of theConger myriastermitochondrial genome. Position 1
corresponds to the first nucleotide of the tRNAPhe gene. Direction of
transcription for each gene indicated by anarrow. Beginning and end
of each gene indicated byvertical lines. Transfer RNA genes are
boxed;corresponding anticodons are indicated byblock boxes.Amino
acid sequences presented below the nucleotide sequence were derived

using the mammalian mitochondrial genetic code (one-letter amino
acid abbreviations placed below the first nucleotide of each codon).
Stop codons areoverlinedand indicated byasterisks.Noncoding se-
quences areunderlined with dots.Numbers within slash marks indicate
the numbers of nucleotides omitted from this figure. Sequence data are
available from DDBJ/EMBL/GenBank under accession number
AB038381. For abbreviations of genes, see the legend to Fig. 1.
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15 s, annealing at 50°C for 15 s, and extension at 72°C for 20 s. PCR
products were electrophoresed on a 1.0% L 03 agarose gel (Takara) and
stained with ethidium bromide for band characterization via ultraviolet
transillumination.

Double-stranded PCR products, purified by filtration through a Mi-
crocon-100 (Amicon Inc.) column, were subsequently used for direct
cycle sequencing with dye-labeled terminators (Perkin–Elmer). Prim-
ers used were the same as those for PCR. All sequencing reactions were
performed according to the manufacturer’s instructions. Labeled frag-
ments were analyzed on Model 310/377 DNA sequencers (Perkin–
Elmer).

Sequence Analysis

DNA sequences were analyzed using the computer software package
program DNASIS, version 3.2 (Hitachi Software Engineering Co.
Ltd.). The location of 13 protein-coding genes were determined by
comparisons of DNA or amino acid sequences of bony fish mitochon-
drial genomes. The 22 tRNA genes were identified by their cloverleaf-
shaped secondary structures (Kumazawa and Nishida 1993) and anti-
codon sequences. The two rRNA genes were identified by sequence
homology and secondary structure (Gutell et al. 1993). Sequence data
are available from DDBJ/EMBL/GenBank under accession numbers
AB038381 for Conger myriaster,AB038556 for Anguilla japonica
(Inoue et al. 2001), and AB038410, AB038414–AB038420, and
AB049978–AB049991 for the other 11 species.

Phylogenetic Analysis

The 12S rRNA gene sequence alignment for the 12 anguilliform and an
outgroup species were initiated with Clustal X (Thompson et al. 1997),
with default gap penalties, and the output was later improved by eye.
Ambiguous alignment regions were excluded from the analyses, leav-
ing 621 nucleotide positions from the 12S rRNA gene. The cytb gene
sequences were aligned by eye on the basis of inferred amino acid
sequences. All third codon positions were excluded from the analyses,
leaving 780 nucleotide positions from the cytb gene. MacClade version
3.08 (Maddison and Maddison 1992) was used in various phases of the
phylogenetic analyses, such as preparing data matrices in NEXUS for-
mat, exporting tree files, and exploring alternative tree topologies.
Aligned sequence data in NEXUS format are available from J.G.I. upon
request.

Maximum-parsimony (MP) analyses were performed with the
branch-and-bound algorithm in PAUP 4.0b4a (Swofford 1998), using
equal weighting for all substitutions. All phylogenetically uninforma-
tive sites were ignored. Gaps were considered as missing, rather than as
fifth characters, to circumvent those longer than one or two bases being
considered multiple events (Swofford 1993). To evaluate the robust-
ness of the internal branches of the MP tree, 500 bootstrap replications
(Felsenstein 1985) were executed, with 20 heuristic, random stepwise
additions being performed at each replication.

Maximum-likelihood (ML) analyses were conducted, with 100
heuristic, random stepwise additions, using PAUP 4.0b4a to determine
the statistically most likely phylogeny under the estimated transition/
transversion bias and rates of base pair substitution at different codon
positions. The parameter-rich HKY85 model of sequence evolution
(Hasegawa et al. 1985) was used to accommodate unequal base fre-
quency, with the following search option: use empirical base frequen-
cies, estimate the transition/transversion ratio from the data set, con-
sider rate heterogeneity among sites, and compute the shape parameter
of the gamma distribution from the data.

Differences in tree topologies were compared statistically using the
Templeton (1983) test and Kishino–Hasegawa (1989) test, imple-
mented in PAUP version 4.0b4a.

Results and Discussion

Genome Content and Gene Order ofConger myriaster

The total length of theConger myriastermitochondrial
genome was 18,705 bp (Fig. 3), the genome content ofC.
myriasterincluding 2 rRNA, 22 tRNA, and 13 protein-
coding genes and a control region, as found in other
vertebrates (Table 2, Figs. 1 and 3). Also, as in other
vertebrates, most genes were encoded on the H-strand,
except for the ND6 and eight tRNA genes, and all genes,
except for the control region (1,410 bp), were similar in
length to those in other bony fish.

As in most vertebrates, the origin of light-strand rep-
lication (OL) in C. myriasterwas located in a cluster of
five tRNA genes (WANCY region; Fig. 3), being 59

Table 2. Location of features in the mitochondrial genome ofConger
myriaster

Featurea

Position number
Size
(bp)

Codon

From To Start Stop

tRNAPhe 1 70 70
12S rRNA 71 1,027 957
tRNAVal 1,028 1,099 72
16S rRNA 1,100 2,782 1,683
tRNALeu(UUR) 2,783 2,858 76
ND1 2,859 3,827 969 ATG TAA
tRNAIle 3,833 3,905 73
tRNAGln 3,907 3,977 71 (L)
tRNAMet 3,977 4,045 69
ND2 4,047 5,091 1,045 ATG T——
tRNATrp 5,092 5,162 71
tRNAAla 5,165 5,233 69 (L)
tRNAAsn 5,234 5,305 72 (L)
tRNACys 5,350 5,414 65 (L)
tRNATyr 5,415 5,485 71 (L)
COI 5,487 7,052 1,566 GTG TAA
tRNASer(UCN) 7,061 7,131 71 (L)
tRNAAsp 7,137 7,206 70
COII 7,211 7,901 691 ATG T——
tRNALys 7,902 7,976 75
ATPase 8 7,981 8,148 168 ATG TAG
ATPase 6 8,139 8,821 683 ATG TA—
COIII 8,822 9,606 785 ATG TA—
tRNAGly 9,607 9,678 72
ND3 9,679 10,027 349 ATG T——
tRNAArg 10,028 10,097 70
ND4L 10,098 10,394 297 ATG TAA
ND4 10,388 11,768 1,381 ATG T——
tRNAHis 11,769 11,837 69
tRNASer(AGY) 11,838 11,907 70
tRNALeu(CUN) 11,908 11,980 73
ND5 11,981 13,822 1,842 ATG TAA
cyt b 13,845 14,986 1,142 ATG TA—
tRNAThr 14,987 15,058 72
Control region 15,059 16,468 1,410
ND6 16,469 16,984 516 (L) ATG TAA
tRNAGlu 17,611 17,679 69 (L)
tRNAPro 17,694 17,763 70 (L)

a For abbreviations of genes, see the legend to Fig. 1.
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nucleotides in length. This region had the potential to
fold into a stable stem–loop secondary structure, com-
prising 12 bp in the stem and 13 nucleotides in the loop.
The conserved motif-like sequence 58-GCTCGG-38 was
found at the base of the stem within the tRNACys gene
(Fig. 3).

The C. myriaster mitochondrial genome contained
three major noncoding regions [control region (CR),
NC1, and NC2] separated by the ND6 and a cluster of
tRNAGlu and tRNAPro genes (Figs. 1 and 3). A noncod-
ing region (1,410 bp) located between the tRNAThr and
the ND6 genes appeared to correspond to the control
region, because it had conserved sequence blocks [CSB-
D, -II, and -III (Walberg and Clayton 1981)] and a
termination-associated sequence [TAS (Doda et al.
1981)] characteristic of that region. NC1 (629 bp), lo-
cated between the ND6 and the tRNAGlu genes, had no
control-region characteristics, such as CSBs and TASs.
NC2 (942 bp) contained 54 copies of 12- to 13-bp strings
(YTATYATA[A]RTAT). Multiple copies of the repeat
in C. myriasterNC2 formed a stable secondary structure
(data not shown), similar to that found for seven copies
of a 27-bp string, occurring in the noncoding region ad-

jacent to the 58 end of the putative control region in
lamprey (Lee and Kocher 1995).

The gene order ofC. myriasterwas largely identical
to that of typical vertebrates, although the gene arrange-
ment adjacent to the control region differed from all
other vertebrate arrangements known to date (Macey et
al. 1997; Boore 1999) (Figs. 1 and 3). In typical verte-
brates, the ND5, tRNAGlu, and tRNAPro genes are lo-
cated between the ND5 gene and the control region. InC.
myriaster,however, the former three genes were trans-
located between the control region and the tRNAPhegene
(contiguously located at the 58 end of the 12S rRNA gene
in typical vertebrates).

Possible Mechanism for the Gene Rearrangement

Because the gene order inConger myriasteris novel
among vertebrates, it is reasonable to assume that the
typical vertebrate gene order is more ancestral than that
of the former (Fig. 4A). Gene rearrangements have been
proposed as occurring by tandem duplication of gene
regions as a result of slipped strand mispairing, followed

Fig. 4. Proposed mechanism of gene rearrangements in the ND5–
tRNAPhe region inConger myriasterand birds in a model of tandem
duplication of gene regions and subsequent gene deletions.A Typical
vertebrate gene order in a region of ND5–12S rRNA.B Tandem du-
plication in the ND6–CR region (thick bar) and subsequent deletions of
redundant genes resulting in the observed gene order inC. myriaster.
C1 First tandem duplication in the ND6–tRNAPro region (vertical bar)
and subsequent deletions of redundant genes resulting in the ancestral
gene order in birds (Quinn and Wilson 1993).C2 Second tandem

duplication in the tRNAPro–CR region (horizontal bar) and subsequent
deletions of redundant genes resulting in the derived gene order in four
divergent lineages of birds (Mindell et al. 1998; Bensch and Ha¨rlid
2000). In B, note that the observed intergenic spacer NC1 (*; noncod-
ing region 1) may result from the duplication and degeneration of ND6,
whereas NC2 may result from incomplete deletion events. It is notable
that NC2 comprises 54 copies of 12- or 13-bp strings (YTATY-
ATA[A]RTAT), which may be a degenerating vestige of the control
region. For abbreviations of genes, see the legend to Fig. 1.
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by deletions of genes (Levinson and Gutman 1987;
Moritz and Brown 1986). The present gene order ofC.
myriasterand associated intergenic spacers could have
resulted from an occurrence of this process, namely, tan-
dem duplication occurring in the ND6–CR region, fol-
lowed by deletions of redundant genes (Fig. 4B). Such
tandem duplication and subsequent deletions most par-
simoniously resulted in the observed gene order and as-
sociated intergenic spacers inC. myriaster.

Multiple deletions of redundant genes seemed to be
incomplete inC. myriaster,owing to two stretches of
noncoding sequences (NC1, 626 bp; NC2, 942 bp) oc-
curring around the genes involved in the rearrangements.
Although no homologous regions were identified for
these two sequences, the latter (NC2), located between
the tRNAProand the tRNAPhegenes, had a tandem repeat
sequence characteristic of the control region of many
vertebrates (Hoelzel et al. 1994; Lee et al. 1995; Zardoya
and Meyer 1997). Because this noncoding sequence was
located at the original position of the control region, it
was likely to be a degenerating vestige of a duplicate
control region. This observation supports the concept of
the tandem duplication and subsequent deletion events as
having occurred in the ND6–CR region (Fig. 4B).

Several mitochondrial gene rearrangements have been
reported around the control region in other vertebrates
(Macey et al. 1997; Boore 1999). It should be noted that
the novel gene order inC. myriasterwas similar to the

recently reported gene order in four lineages of birds
(Fig. 4C) (Mindell et al. 1998; Bensch and Ha¨rlid 2000)
in that the ND6, tRNAGlu, and tRNAPro genes are trans-
located to a position between the CR and a supposedly
noncoding region. However, a difference in the gene
orders ofC. myriasterand the four birds was found in the
relative position of the tRNAPro gene to the ND6–
tRNAGlu genes (Figs. 4B and C). It seems plausible that
a double occurrence of tandem duplication of gene re-
gions followed by gene deletions in the four birds re-
sulted in this difference as suggested by Mindell et al.
(1998) (Fig. 4C). Also, it should be noted that the three
genes (ND6, tRNAGlu, and tRNAPro) involved in gene
rearrangements in the two very distantly related lineages
were all encoded by the light strand of vertebrate mito-
chondrial DNA. These findings suggest that some con-
straints on gene order mutation in vertebrates exist
around the origin of heavy-strand replication within the
mitochondrial control region (Mindell et al. 1998).

Gene Orders in Other Anguilliform Families and
Phylogenetic Implications

The ND5–cytb regions for 11 other anguilliform species,
representing 11 families, plus an outgroup species, were
sequenced so as to assess whether or not they shared the
mitochondrial gene order found inConger myriaster.

Fig. 5. Aligned nucleotide and amino acid sequences of the ND5–cyt
b gene junctions for 12 anguilliform species and an outgroup (Mega-
lops cyprinoides). Identity to the first sequence denoted bydots.Inser-
tions/deletions of specific nucleotides indicated bydashes.Direction of
transcription for each gene shown by anarrow. Beginning and end of
each gene indicated byvertical lines.The tRNAGlu gene was identified
by the cloverleaf secondary structure proposed by Kumazawa and
Nishida (1993) and anticodon sequences, indicated byblack boxes.
Amino acid sequences derived using the mammalian mitochondrial
genetic code. Stop codons indicated byasterisks.Noncoding sequences
underlined with dots.Nucleotide sequence data are available from

DDBJ/EMBL/GenBank under accession numbers AB038381 (Conger
myriaster), AB038556 (Anguilla japonica), and AB038410, AB038414–
AB038420, and AB049978–AB049980 (11 other species). For abbre-
viations of genes, see the legend to Fig. 1.Mlcy, Megalops cyprinoides;
Anja, Anguilla japonica; Moed, Moringua edwardsi; Kahy, Kaupich-
thys hyproroides; Gyki, Gymnothorax kidako; Syka, Synaphobranchus
kaupii; Nesc, Nemichthys scolopaceus; Sthy, Stemonidium hypomelas;
Dene, Nessorhamphus danae; Opma, Ophisurus macrorhynchus;
Muba, Muraenesox bagio; Nepa, Nettastoma parviceps; Comy, Conger
myriaster.
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The results demonstrated that representatives from four
families (Ophichthidae, Derichthyidae, Muraenesocidae,
and Nettastomatidae) all lacked the ND6 and tRNAGlu

genes in this region, with short stretches of noncoding
sequences (4–55 bp) being observed alternatively (Fig.
5). Although the two genes (ND6 and tRNAGlu) were not
located in the entire mitochondrial genomes from these
four species, this observation suggests that they have a
gene order identical to that ofC. myriaster.In contrast,
the gene order of the other eight species, including that of
the outgroup, was the same as that of typical vertebrates,
with the ND6 and tRNAGlu genes being located between
the ND5 and the cytb genes (Fig. 5).

The presence/absence of this novel gene order and the
current higher-level classification within the Anguilli-
formes (Robins 1989) are contrasted in Fig. 6. All spe-
cies of the two suborders (Anguilloidei and Muraenoi-
dei) and an outgroup shared the typical vertebrate gene
order, whereas species of another suborder (Congroidei)
exhibited two patterns of gene order: those with the typi-
cal vertebrate gene order (Synaphobranchidae, Serrivo-
meridae, and Nemichthyidae) vs those with a novel gene
order (Derichthyidae, Muraenesocidae, Nettastomatidae,

Congridae, and Ophichthidae). Although the superfamil-
ial classification of the Congroidea based on the mor-
phology of the hyomandibular (Robins 1989) was incon-
sistent with the pattern of presence/absence of the novel
gene order, it should be noted that the five families with
the novel gene order exhibit complete congruence with
components of one of the three evolutionary lineages
recognized by G. Nelson (1966), who examined gill-arch
and other characters in the Anguilliformes. If the novel
gene order originated in a single ancestral species in the
suborder Congroidei, this pattern of presence/absence
may be a good phylogenetic marker for identification of
a monophyletic group as suggested by Kumazawa and
Nishida (1995) and Macey et al. (1997) for higher ver-
tebrate relationships. On the contrary, Mindell et al.
(1998) and Bensch and Ha¨rlid (2000) demonstrated that
the recently reported gene orders in four lineages of birds
(Fig. 4C2) have multiple independent origins among
avian lineages.

To evaluate alternative hypotheses on the origin of the
novel gene order, partial nucleotide sequences from the
mitochondrial 12S rRNA and cytb genes were analyzed
for the relationships among anguilliform families (Fig.

Fig. 6. Left Relationships between the current classification of eels
(Robins 1989) and the gene organization of the ND5–cytb region of 12
anguilliform and an outgroup species.Right Strict consensus of MP
and ML trees derived from the partial nucleotide sequences from the

mitochondrial 12S rRNA and cytb genes, for 12 anguilliform and an
outgroup species. Numbers above branches indicate bootstrap values
obtained for 500 replicates for the MP tree. For abbreviations of spe-
cific names, see the legend to Fig. 5.
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6). The maximum-parsimony (MP) analysis produced a
single MP tree (tree length4 761, consistency index4
0.463, retention index4 0.288, and rescaled consistency
index 4 0.133). Although the MP and maximum-
likelihood (ML) tree topologies differed somewhat, it
should be noted that both analyses consistently repro-
duced monophyly of the five families with the novel
gene order (Fig. 6, Clade A). In addition, when mono-
phyly of Robins’ (1989) “superfamily Congroidea” was
enforced using the constraint option in PAUP, two
minimum-length trees that required an additional 36
steps were found, the differences being highly significant
in both Templeton (z 4 −3.432,p 4 0.0006, andz 4
−3.467,p 4 0.0005) and Kishino–Hasegawa (DlnL ± SE
4 101.4 ± 26.5,p 4 0.0001, andDlnL ± SE4 100.7 ±
26.6,p 4 0.0002) tests.

On the basis of the pattern of the presence/absence of
the novel gene order that exhibits congruence with the
molecular phylogeny of the anguilliform families (Fig.
6), we conclude that the present study provides new
insight into the evolution and phylogeny of this morpho-
logically conservative group of fish, considering the con-
troversial higher-level classification within the Anguilli-
formes (see Robins 1989; Forey et al. 1996). Also, we
believe that longer DNA sequences from other anguilli-
form families, such as the complete mt DNA sequences,
would resolve their complex higher-level relationships.
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