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Abstract. The complete nucleotide sequence of theCongroidei. Although the novel gene orders of four lin-
mitochondrial genome was determined for a conger eeleages of birds were indicated to have multiple indepen-
Conger myriastefElopomorpha: Anguilliformes), using dent origins, phylogenetic analyses using nucleotide se-
a PCR-based approach that employs a long PCR teclguences from the mitochondrial 12S rRNA and byt
nique and many fish-versatile primers. Although the ge-genes suggested that the novel gene orders of the five
nome [18,705 base pairs (bp)] contained the same set @nguilliform families had originated in a single ancestral
37 mitochondrial genes [two ribosomal RNA (rRNA), 22 species.

transfer RNA (tRNA), and 13 protein-coding genes] as

found in other vertebrates, the gene order differed fromKey words: Gene rearrangement — Long PCR —
that recorded for any other vertebrates. In typical verteComplete mtDNA sequence — Phylogenetic implica-
brates, the ND6, tRNA", and tRNA™ genes are lo- tions — Anguilliformes — Congroidei — Eels

cated between the ND5 gene and the control region,
whereas the former three genes,dn myriaster,have
been translocated to a position between the control re- .
gion and the tRNA"gene that are contiguously located Introduction

at the 3 end of the 12S rRNA gene in typical vertebrates.

Th|s gene order is Similar to the recent'y reported geneThe vertebrate mitochondrial gene order was |n|t|a”y
order in four lineages of birds in that the latter lack the considered conservative because the complete nucleotide
ND6, tRNASY and tRNAT genes between the ND5 Sequences of the entire mitochondrial genome of mam-
gene and the control region; however, the relative posimals (Anderson et al. 1981, 1982; Bibb et al. 1981) and
tion of the tRNA™ to the ND6—tRNA" genes inC.  the African clawed frog (Roe et al. 1985) showed a com-
myriasterwas different from that in the four birds, which mon gene order. Although deviations from this gene or-
presumably resulted from different patterns of tandemfder have subsequently been identified in various verte-
duplication of gene regions followed by gene deletions inbrate lineages, including lampreys (Lee and Kocher
two distantly related groups of organisms. Sequencing of995), amphibians (Yoneyama 1987; Macey et al. 1997),
the ND5—cytb region in 11 other anguilliform species, reptiles (Kumazawa and Nishida 1995; Quinn and Min-
representing 11 families, plus one outgroup species, redell 1996; Macey et al. 1997), birds (Desjardins and
Vea'ed that the same gene order(a‘smyriasterwas Morais 1990, 1991, Quinn and Wilson 1993, Mindell et

shared by another 4 families, belonging to the suborde@l- 1998), and marsupials {@m 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.
Correspondence tal.G. Inoue:e-mail: jinoue@ori.u-tokyo.ac.jp 1994), trout (Zardoya et al. 1995), cod (Johansen and
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Bakke 1996), lungfish (Zardoya and Meyer 1996), bichirformes (Robins 1989Megalops cyprinoide¢Elopiformes: Megalopi-
(Noack et al. 1996) coelacanth (Zardoya and Meyeidae) was used as an outgroup, on the basis of currently accepted teleost

. . . phylogeny (Greenwood et al. 1966; J. Nelson 1994; Forey et al. 1996),
1997)' glnbuna (Murakaml etal. 1998)’ Atlantic salmon SO as to assess the ancestral gene order among the anguilliform fami-

(Hurst et al. 1999)]. Miya and Nishida (1999), however, jies. all specimens were preserved in 99.5% ethanol immediately after
recently found the first example of transfer RNA (tRNA) collection. Total genomic DNA was extracted using the Qiagen
gene rearrangements in the mitochondrial genome of &lAamp tissue kit following the manufacturer's protocol. Voucher

bony fish, Gonostoma gracilgéStomiiformes), in which specimens were deposited in the Fish Collection, Natural History Mu-

L | Thr seum & Institute, Chiba (CBM-ZF), and the United States National
the positions of three tRNA genes (tRNA tRNA™, Museum of Natural History (USNM).

a!"d tRNA™) relative to the Cyt_OChromb (cyt b) gene Specimens analyzed wefmguilla japonica(Japanese eel, Anguil-
differed from that determined in other vertebrates. Un-lidae; CBM-ZF 10301),Moringua edwardsi(spaghetti eel, Morin-
like mitochondrial gene rearrangements in other verteguidae; USNM 326660)Kaupichthys hyproroidegfalse moray,

brate lineages, such a gene order appears to occur only frfllopsidae; USNM 327549ymnothorax kidakgmoray eel, Murae-
nidae; CBM-ZF 10505)Synaphobranchus kaupinorthern cutthroat

the above species, even following comparison with SeVeréel, Synaphobranchidae; CBM-ZF 1030@phisurus macrorhynchus

other, currently recognized species@bnostomgMiya  (snake eel, Ophichthidae; CBM-ZF 10304Yessorhamphus danae

and Nishida 1999, 2000a, unpublished data). (longneck eel, Derichthyidae; CBM-ZF 1030@Yluraenesox bagio
During our molecular phylogenetic studies of eels (the(pike eel, Muraenesocidae; CBM-ZF 1030KEmichthys scolopaceus

Anguilliformes), one of the basal teleost orders, we at-(Snipe eel, Nemichthyidae; CBM-ZF 1030&jonger myriastefconger

. . _ eel, Congridae; CBM-ZF 10309Nettastoma parvicep&luckbill eel,
tempted to ampllfy the entire C)U gene sequence (ap Nettastomatidae; CBM-ZF 103083temonidium hypomelgsawtooth

prqximately 1159 bp) from _Various anguilliform species, ge|, serrivomeridae; CBM-ZF 10303), aMegalops cyprinoidedar-
using several primers designed on the byand three  pon, Megalopidae; CBM-ZF 10300).

flanking tRNA genes (tRN&", tRNA™, and tRNA™).

However, the combinations of these primers for the ) -

tRNAC" gene and the putative downstream genestfcyt Mitochondrial DNA Purification by Long PCR
tRNA™™, and tRNA™) consistently failed to yield poly-

merase Chaln reactlon (PCR) products for Several Spethe entire mitochondrial genome Gfongel’ myriastewas ampllfled

.o I - - : ; using a long-PCR technique (Cheng et al. 1994; Miya and Nishida
cific anguilliform species. Accordingly, instead of USING  gqq) 1\ cets of fish-versatile primer pairs (S-LA-L6S-L + H15149-

tRNA®" gene-based primers, we employed primers detyg and 112321-Leu + S-LA-165-H; Fig. 1) were used so as to
signed on a more upstream gene (ND5) for the anguilli-amplify almost the entire mitochondrial genome in two long-PCR re-
form, Conger myriaste{Congridae). The resulting PCR actions. Either the tRN&"-cyt b or the tRNA-16S regions for
products from this species were unexpectedly small, Subother species were amplified using two sets of fish-versatile primer
sequent sequencing experiments demonstrating that tHé" (L12321-Leu + H15149-CYB or L12321-Leu + S-LA-16S-H;

Iu . igs. 1 and 2), respectively.
ND6 and tRNA® genes did not occur between the ND5 Long PCR was done in a Model 9700 thermal cycler (Perkin—

and the cylb genes in this species. Therefore, we deter-Eimer) and reactions were carried out with 30 cycles of auREeac-
mined the complete mitochondrial DNA (mtDNA) se- tion volume containing 15.2pl of sterile distilled HO, 2.5ul of 10x
quence forC. myriasterso as to locate the translocated -A PCR b“ffef('J' (Taﬁaf?% ;‘-Q*' of dNTP (2.5 T(M)v 1.0 PL(; of elacfh
ND6 and tRNA genes. primer (5 pLM),_ ._25pu 0 1._ 5-unit LA Taq (Takara), and 1.Ql o
. . o template containing approximately 5 ng DNA. The thermal cycle pro-

This paper Qescrlbes' gene orgamzatlon and gene r'e was that of “shutle PCR”: denaturation at 98°C for 10 s and
arrangements in the mitochondrial genomeGmnger  annealing and extension combined at the same temperature (68°C) for
myriaster,a common conger eel in Japanese shallowl6é min. Long-PCR products were electrophoresed on a 1.0% L 03

waters. We employed a PCR-based approach developégarose gel (Takara) and later stained with ethidium bromide for band

by Miya and Nishida (1999) for Sequencing the Completecharacterization via ultraviolet transillumination. Long-PCR products

. . . . from the 13 species were diluted with TE buffer (1:20) for subsequent
mitochondrial genomes of fishes. In addition, we S€-yse as PCR templates, except for a region separating the two long PCR
quenced the ND5—cy region for another 11 anguilli-  primers (S-LA-16S-L and S-LA-16S-H; Fig. 1) . myriasterand the
form species (representing 11 families) and one outgroup2S rRNA region in some other elopomorph fish, in which total ge-
species Nlegalops cyprinoidégo determine whether or Nnomic DNA was used instead of long-PCR products.

not they share the same gene ordeCasnyriasterand

plotted 'Fhese gene order characters on the phylogenetlgCR and Sequencing

tree derived from analyses of nucleotide sequences from
the mitochondrial 12S rRNA and cyt genes.

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
Materials and Methods 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-
Fish Samples and DNA Extraction hansen and Bakke 1996), bichir (Noack et al. 1996), lungfish (Zardoya
and Meyer 1996)]. Seven additional species-specific primers were used
Mitochondrial DNA (mtDNA) sequences were obtained from examplesin regions where no appropriate fish-versatile primers were available
of 12 species, representing 12 of 15 families in the order Anguilli- (Fig. 1).
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Fig. 1. Gene organization and sequencing strategy forGbeager 22, L11424-ND4&; 23, L11895-ND&; 24, L12321-Lef; 25, L12329-

myriastermitochondrial genome. All protein-coding genes are encodedLel?, 26, L12936-ND8; 27, L13562-ND5; 28, L13940-ND5; 29,
by the H-strand with the exception of ND6, which is coded by the L15369-CYE’, 30, L15765-CYB; 31, Comy-CR-L1 (5-ATA ATA
L-strand. Transfer RNA (tRNA) genes are designated by single-letterTGT AAA TAT TAC ATA CAC CTA TGG-3'); 32, Comy-CR-L2
amino acid codes, those encoded by the H-strand and L-strand bein’'-GAC ATA AAA CAT ACA TTA GAA TAT ATC AGG-3 '); 33,
shown above and below the gene map, respectively. Translocated ND&omy-CR-L3 (3-AAA GAT TTA GGT CGT ACA TGT C-3'); 34,
tRNAC"Y, and tRNA™ genes aréuighlighted. Two pairs of long-PCR  L14734-Gltf; 35, Comy-NC-L (3-ACC AAT TAA GAC GAG ACA
primers (S-LA-16S-L + L15149-CYB and L12321-Leu + S-LA-16S- TGA CG-3); 36, H885-12S (5TAA CCG CGG YGG CTG GCA
H) amplify two segments that cover nearly the entire mitochondrial CGA-3'); 37, H1467-12S (5CGG TGT GTG CGC GCC TCA G“3;
genome. 12S and 16S indicate 12S and 16S ribosomal RNA gene®8, H2009-16% 39, H2582-163 40, H2990-16S £ S-LA-16S-HY;
ND1-6 and 4L, NADH dehydrogenase subunits 1-6 and 4L genes#1, H3058-16S 42, H3466-ND¥; 43, H3718-ND¥, 44, H4432-Méf,
COI-Il, cytochromec oxidase subunits |11l genes; ATPase 6 and 8, 45, H4866-ND2; 46, H5334-ND2; 47, H5937-COY, 48, H6371-

ATPase subunits 6 and 8 genes; bytytochromeb gene; CR, control
region. Relative positions of other primers are showrsimall arrows

CO1; 49, H6855-CO%; 50, H7480-S€t 51, H8168-CO2 52, H8589-
ATP% 53, H9076-ATP; 54, H9639-CO3 55, H10035-Gly; 56,

with numerals. For primer sequences, see Miya and Nishida (1999,H10433-Arg; 57, H10970-NDZ& 58, H11618-ND&; 59, H12145-

20008) and Inoue et al. (20002001): 1, L701-12S; 2, L1374-128,
3, L1854-16S; 4, L2510-168; 5, L2949-16% 6, L3074-16S £ S-
LA-16S-L)°; 7, L3483-NDZT; 8, L4166-NDF; 9, L4633-NDZ; 10,
L5261-ND2; 11, L5644-Al&; 12, L6199-CO¥% 13, L6730-CO%, 14,
L7255-Co®; 15, L7863-CO2 16, L8329-LyS; 17, L8984-ATP; 18,
L9220-CO3%; 19, L9916-CO8 20, L10267-ND3; 21, L10440-Arg,

73
—
71 72 75
— — —
24 26 27 28 74 34
- - = — - =
L E
| ND5 [ cyt b
76 66 77 80 6 2 64
-« (— <«
78 81
E
P
27 28
— —
500 b
79 63 64
— & pas

Fig. 2. Primer locations and gene orders in a ND5-zyegion for 12
anguilliform species and an outgroudégalops cyprinoidgsA Gene

His® 60, H12632-ND8; 61, H13069-ND5; 62, H13727-ND5; 63,
H15149-CY®; 64, H15557-CYB; 65, H15915-THt, 66, H14473-
ND6P; 67, Comy-NC-H1 (5CTA TGT CTT GTT CCT CAT GTG-
3"); 68, H15973-Pr§ 69, Comy-CR-H2 (5CAA TAA TAA ACG

TCA TGT CTC GTC-3); 70, Comy-NC-H3 (5TGT TTT ATT TAT
CCT GGG ATA GCG-3).

Table 1. Primers used to amplify and sequence the ND5-zyt
regions

Long-PCR PCR and sequencing
Species primers$ primers$'
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

order of eight species representing Megalopidae, Anguillidae, Morin-* For primer sequences and locations, see Figs. 1 and 2.
guidae, Chlopsidae, Muraenidae, Synaphobranchidae, Nemichthyidae,
and Serrivomeridad3 Gene order of five species representing Ophich-

thidae, Derichthyidae, Muraenesocidae, Nettastomatidae, and Congri-

For the ND5-cyb regions in other elopomorph fish, an additional

dae. For abbreviations of genes, see the legend to Fig. 1. Relativé2 fish-versatile plus 3 species-specific primers were used (Table 1,

positions of other primers are shown bgnall arrowswith numerals.
For primer sequences, see Miya and Nishida (1323)01) and Inoue
et al. (2000, 2001%); 71, L13553-ND8; 72, L13916-ND5 (5-GCA
CAA CTT CTC AAA TAT ACT TGG-3'); 73, Micy-ND6-L (5-TCG
CAA CTA ATT GAC CAA ACA TG-3'); 74, L14504-ND8§; 75,
L14724-CYB'; 76, H14080-ND5; 77, Micy-ND6-H (5-TGT GGC
TTC TAATCC TGC ACC-3); 78, Nepa-ND5-H (5GGT CAA GAA
AAA CAT GGC TAG G-3); 79, H14718-GIf; 80, H14768-CYB
(5'-TTK GCG ATT TTW AGK AGG GGG TG-3); 81, H14834-
CYB? 82, H15341-CYB (5TTT GAT CCT GTT TCA TGG AGR
AA-3').

Fig. 2). Two species-specific primers fot. cyprinoidesand one foiN.
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 gbreaction volume con-
taining 14.4pl of sterile, distilled HO, 2.5 ul of 10x PCR buffer
(Perkin—Elmer), 2.Qul of dNTP (2.5 nM), 2.5 pl of each primer (5
M), 0.1 ul of 0.5-unit Ex Taq (Takara), and 140 of template.

The thermal cycle profile was as follows: denaturation at 94°C for
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- tRNA-Phe - 125 rRNA
1 GTCAACGTAGCT TAAAACAAAGCATGGTACT] ATACCAAGATTAAACTTTAAAAGGTTTCGATGGCA] AAAAGCTTGGTCCTGACTTTAATATCAAT 100
| b+ tRNA-Val
998 ---/897/---TAAGTGTACCGGAAGGTGCACTTGGATAAATAGAATGTAGCT TTAAAGT CAAAGCATCTCCCTIIYMACCGAGAAGACACCCGTGCAAAG 1086
=+ 16S rRNA | = tRNA-Leu (UUR)
1087 GGGTCACTCTAAICAAAACAGCTAGCCTAAACATTTAACAAA--/1623/---TGAACATCCATTAGCCAAAGATTATGGCATIGCTAAGGTGGCAGAGC] 2798
|~ ND1
2799 tT(;GTAATTGC(GAAGGCCmmCCTTTAA(TCAGGGGTTCAACTCCCCTCCTTCAGCTP\TGAATCTTATCTTAACTCATATTGCTAAC»n/909/~- 2888
L I L T HTI
i~ tRNA-lle
3798 ~ACTGCTTTAGCAAGCTTACCACCATCCTAAAACAAGGAAATAT GCCCGAAAAGAATAAGGACCACT T TIdMIAGAGTGAGACATGTGAGTTAAAATCICC] 3896
T AL A S L PP S *
tRNA-GIn | tRNA-Met
3897 ETATTTCCTrTTAGAAAGAAGGGACT CGAACCCATCCTTAAGAGAT ACTCITAGTGCTTCCACTACACTACTTCCTAGTAAGATCAGCTAATTAAG] 3996
|- ND2
3997 ETTTCGGGCCIHRIACCCCGGAAATGATGGTGAAACTCCTTCCCTTACTANATGAGCCCATATGTACTTTTTATTATTATT---/985/---TTACTCCTA 5070
M S P YV L F I II TP M

|- tRNA-Trp
5071 TATTTATAGCAATAATGATATRGAGACTTAGGATAAACTTAGACCAAAAGCCTIRENRAGCTTTAAGCAGGAGT TAAAACCTTCTAGTCCCTGATTAAGGT 5170
FMAMMM

tRNA-Ala « |

5171 ETGCGGGTTTTTACCCCACATAGTTTGAATMATCAAAAGCTTTAATTAAGCTAAGGCCTTTTAGATGAGAGGG(TTTGATCCCCAAAATCTTAGTTE 5270
tRNA-Asn «{ Origin of L-strand

5271 MGCTAAGCGCCCAAACCAACGGGCATTCACCTA]TTATGTC(CCCTCCCCGCGGGGGGGGGGAGGGGAGGGGGACGACI&GGCCCGAG(ACGGGTTACCC] 5370

tRNA-Cys |
5371 BCATTTTCAGAT TIRA@RATCTGACGTGTTATACACCATCTGGCCTGGTAAGAAAAGGAATTAAACCT CTATTCATGGGACIIX@AGCCCACCGCTTARACA] 5470
tRNA-Tyr « |- COlI
5471 ETCAGCCATCITACC GTGGCAATTAACCGTTGATTCTTTTCCACT--/1506/---GTACAACCCTACAAATTTAAATATTATTARTTAGTATTCAAGA] 7065
™ I N

R W F F s T V Q P Y K F K Y Y *
tRNA-Ser (UCN) |~ tRNA-Asp
7066  BAGGAAGGAATTGAACCTCCATTTACCGGI TIRMNAGCCAGTCGCATAACCACTCIGCCACTTITCTILTTATATGATACTAGTAATAAAAATTACACTGE] 7165
cou
7166 [ TIBE®RAGACAGAGTTGITGGT TAGAACCCGACGTGTCAATATTAATGGCACAACCCTCACAACTAGGATTTCAA---/631/---AATGATCCTCAATA 7885
M A QP S QL G F Q W S S M
I~ tRNA-Lys |+ ATPase 8
7886 ATACTGCAAGAGGCCTEATTAAGAAGCTAAACAGGGGAAAGCGTTAGCC TIRMIMAGCTAAAGAATT GGTGACTCCCAACCACCCTTAATGARAGTATGCC 7985
M L Q E A * M oP
| ATPase 6
7986  ACAATTAAACCCCACCCCATGGCTC---/108/---TTAGAAACTTGAAACTGACCATGGTACTAGGATTTTTTGACCAATTTATA---/625/---CTA 8795
Q L NP T P W L L ETWNWEPWY *
MV L GF FDOQFM L
- com = tRNA-Gly
8796 AGCCTTTATTTACAAGAAAACGTATAATGGCACACCAAGCACACGCATTTCACATA=--/725/---ATACGTATCAATCTACTGATGAGGATCATARTT] 9609
S LY L QE NV *MAHO QAHATFHM Y VS I Y WWG S *
}~ ND3
9610  [[CTCTAGTACAAACTACAATATAGGAGAC TIRQ@PATCACCAGATCTTGGCTAAAAACCAAGGAGAAATARTGAATCCAATCATTTCAATTATAATTATT- 9708
M NP I TISIMTITI
}+ tRNA-Arg
9998 --/289/---GAGTTCAAGGGGGTCTTGAGTGGGCCGAATRGACGGTTAGT CTATTCAAAGACCCCTGATTIRMGGCTCAGACAAACATGATTTATTACCA] 10087
V Q G G L E WA E *
{~ ND4L - ND4
10088 [FGACCGTCTTATGGGTCCGACTCACTTGTCTTTTATACTA -~ /237 /- - - TTAAATAACCTCAACATCCTAAAATGCTAAAAGTACTCATCCCCACAAT - 10413
M G P T H LS F ML L NN LNTITLKC*
M L KV L IPTI
i+ tRNA-His
10414 TATA—A/1321/-——ACCCAATACCAATCTGAGGGGCCTTTTTATFTAGATATAGTTTAACAAAGACATTAGAC TR CTCTGAAGATAGGAAATAAAA] 11823
M P M P I WG A F L
| - tRNA-Ser (AGY) | b tRNA-Leu (CUN)
11824  BCTCCTTATCTACCGAGAGAGITAAGACTTAACCTTAAAGAT TIA@EAACCTTCTAGGCCCGCAGT TTAAATCCGCGGCTCACTCGGCCACCAAAGGATAAT] 11923
|- NDS
11924  BGCTCATCCATTGGT CTIYIGAACCAAAAACT CTTGGTGCAACTCCAAGTGGTGGCTATGCACCTGACAACTCTAGTCTTAAACTCA--/1782/---CT 13794
M H L T T LV L NS L
- cytb
13795 AGTGATTGCAACCATAACACTATATTUCTAAAACACAAATAAAAATTTAATGG(AAACCTGCGAAAAAACCACCCATTA——/1082/»«AATTGAAAA 14965
VI AT MT LY M A N L R KNHPL 1 E
= tRNA-Thr }» Control region

14966 TAAAATATTAGACTGACAATKEC(CTAGTAGCTTAAATACAAAGCCCCGGTTTmCGAAGATTGAAGATTAAAATTCTTTCTAGCGCTAAAGAAT 15065
K M L D W Q *
15066 TTCTATAATCTGTTCATATACTA--/1350/---AAAAGCTTCTTACAGATCGCTCGAAAAGTT AAATCGACCGTAAGGCACCAAGACTGCG---/45 16498
* I SR L AGL SR

ND6 «{ |- NC1
16955 6/---TACCAAAAATAAAACAATAAACAATATCATATAATCCCTACTCGGATGTTAGCCAAGATA---/566/---TATGATCAATAAAATAATAATTAG 17604
VL F LV IFLMM

tRNA-Glu
17605  ACCCATRATTTTCACCCGGAATCTAACCGAGACTAATGATATIGYRAACCACCGITGTTATTCAACTATGARAACKTACAAC [CGTCATAGGAGAR] 17704
tRNA-Pro «{ |- NC2
17705  RGATTTTAACTTCCATCCTTAGCT (JQWRAGCTAAGATCATAATCTAGACTATCCCATGRATCTTTTATAGIGTT I---/881/--- 17793
18676  AAGACACATTTAATTTTCTGAAGAAATATT 18705

Fig. 3. Schematic representation of the complete L-strand nucleotideusing the mammalian mitochondrial genetic code (one-letter amino
sequence of th€onger myriastemitochondrial genome. Position 1 acid abbreviations placed below the first nucleotide of each codon).
corresponds to the first nucleotide of the tRR¥Agene. Direction of  Stop codons areverlinedand indicated byasterisks.Noncoding se-
transcription for each gene indicated by amow. Beginning and end  quences aranderlined with dotsiNumbers within slash marks indicate

of each gene indicated byertical lines. Transfer RNA genes are the numbers of nucleotides omitted from this figure. Sequence data are
boxed;corresponding anticodons are indicateddbyck boxesAmino available from DDBJ/EMBL/GenBank under accession number
acid sequences presented below the nucleotide sequence were derivB038381. 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. PCARResults and Discussion
products were electrophoresed on a 1.0% L 03 agarose gel (Takara) and
stained with ethidium bromide for band characterization via ultraviolet

transillumination. B - ~ Genome Content and Gene Order@énger myriaster
Double-stranded PCR products, purified by filtration through a Mi-

crocon-100 (Amicon Inc.) column, were subsequently used for directThe total lenath of theConaer mvriastemitochondrial
cycle sequencing with dye-labeled terminators (Perkin—Elmer). Prim- 9 9 y

ers used were the same as those for PCR. All sequencing reactions wedenome was 18,705 bp (Fig. 3), the genome conte@t of
performed according to the manufacturer’s instructions. Labeled fragmyriasterincluding 2 rRNA, 22 tRNA, and 13 protein-
ments were analyzed on Model 310/377 DNA sequencers (Perkin€oding genes and a control region, as found in other
Elmer). 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,
Sequence Analysis except for the control region (1,410 bp), were similar in
length to those in other bony fish.
DNA sequences were analyzed using the computer software package As in most vertebrates, the origin of light-strand rep-
program DNASIS, version 3.2 (Hitachi Software Engineering Co. lication (q_) in C. myriasterwas located in a cluster of

Ltd.). The location of 13 protein-coding genes were determined by,. - .
comparisons of DNA or amino acid sequences of bony fish mitochon-flve tRNA genes (WANCY region; Fig. 3)’ bemg 59

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 sequenc-éab_'e 2. Location of features in the mitochondrial genomeSainger
homology and secondary structure (Gutell et al. 1993). Sequence dafRYriaster

are available from DDBJ/EMBL/GenBank under accession numbers

AB038381 for Conger myriaster AB038556 for Anguilla japonica Position number Codon
(Inoue et al. 2001), and AB038410, AB038414-AB038420, and — Sz -
AB049978-AB049991 for the other 11 species. Featuré From  To (bp) Start  Stop
tRNAPhe 1 70 70
12S rRNA 71 1,027 957
. . tRNAVa 1,028 1,099 72
Phylogenetic Analysis 16S rRNA 1,100 2782 1,683
tRNA-eU(UR) 2,783 2,858 76
The 12S rRNA gene sequence alignment for the 12 anguilliform and arND1 2,859 3,827 969 ATG TAA
outgroup species were initiated with Clustal X (Thompson et al. 1997) tRNA''® 3,833 3,905 73
with default gap penalties, and the output was later improved by eyetRNAGM 3,907 3,977 71 (L)
Ambiguous alignment regions were excluded from the analyses, leavtRNAMet 3,977 4,045 69
ing 621 nucleotide positions from the 12S rRNA gene. Theboyéne ND2 4,047 5,091 1,045 ATG T——
sequences were aligned by eye on the basis of inferred amino acigRNATP 5,092 5,162 71
sequences. All third codon positions were excluded from the analysesrNAA2 5,165 5,233 69 (L)
leaving 780 nucleotide positions from the &ygene. MacClade version  tRNAAS" 5,234 5,305 72 (L)
3.08 (Maddison and Maddison 1992) was used in various phases of thgrRNACYS 5,350 5,414 65 (L)
phylogenetic analyses, such as preparing data matrices in NEXUS forRNATY" 5,415 5,485 71 (L)
mat, exporting tree files, and exploring alternative tree topologies.coOl 5,487 7,052 1,566 GTG TAA
Aligned sequence data in NEXUS format are available from J.G.I. uporntRNASer(UCN) 7,061 7,131 71 (L)
request. tRNAASP 7,137 7,206 70
Maximum-parsimony (MP) analyses were performed with the cOll 7,211 7,901 691 ATG T——
branch-and-bound algorithm in PAUP 4.0b4a (Swofford 1998), usingtRNALYs 7,902 7,976 75
equal weighting for all substitutions. All phylogenetically uninforma- ATPase 8 7,981 8,148 168 ATG TAG
tive sites were ignored. Gaps were considered as missing, rather than agPase 6 8,139 8,821 683 ATG TA—
fifth characters, to circumvent those longer than one or two bases being Q|| 8,822 9,606 785 ATG TA—
considered multiple events (Swofford 1993). To evaluate the robusttrRNASY 9,607 9,678 72
ness of the internal branches of the MP tree, 500 bootstrap replicationg D3 9,679 10,027 349 ATG T——
(Felsenstein 1985) were executed, with 20 heuristic, random stepwisgrRNAA™ 10,028 10,097 70
additions being performed at each replication. ND4L 10,098 10,394 297 ATG TAA
Maximum-likelihood (ML) analyses were conducted, with 100 ND4 10,388 11,768 1,381 ATG T——
heuristic, random stepwise additions, using PAUP 4.0b4a to determingrRNAH's 11,769 11,837 69
the statistically most likely phylogeny under the estimated transition/tRNASerAGY) 11,838 11,907 70
transversion bias and rates of base pair substitution at different codofrRNALEU(CUN) 11,908 11,980 73
positions. The parameter-rich HKY85 model of sequence evolutionND5 11,081 13,822 1,842 ATG TAA
(Hasegawa et al. 1985) was used to accommodate unequal base freyt b 13,845 14,986 1,142 ATG TA—
quency, with the following search option: use empirical base frequentRNAT 14,987 15,058 72
cies, estimate the transition/transversion ratio from the data set, concontrol region 15,059 16,468 1,410
sider rate heterogeneity among sites, and compute the shape paramefgbe 16,469 16,984 516 (L) ATG TAA
of the gamma distribution from the data. tRNASG! 17,611 17,679 69 (L)
Differences in tree topologies were compared statistically using therNAPT 17,694 17,763 70 (L)

Templeton (1983) test and Kishino—Hasegawa (1989) test, imple
mented in PAUP version 4.0b4a. 2For abbreviations of genes, see the legend to Fig. 1.
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nucleotides in length. This region had the potential tojacent to the 5end of the putative control region in

fold into a stable stem—loop secondary structure, comlamprey (Lee and Kocher 1995).

prising 12 bp in the stem and 13 nucleotides in the loop. The gene order of. myriasterwas largely identical

The conserved motif-like sequenceGCTCGG-3 was  to that of typical vertebrates, although the gene arrange-

found at the base of the stem within the tR\Agene  ment adjacent to the control region differed from all

(Fig. 3). other vertebrate arrangements known to date (Macey et
The C. myriaster mitochondrial genome contained al. 1997; Boore 1999) (Figs. 1 and 3). In typical verte-

three major noncoding regions [control region (CR),brates, the ND5, tRNAY, and tRNA genes are lo-

NC1, and NC2] separated by the ND6 and a cluster otated between the ND5 gene and the control regio@. In

tRNAC"Y and tRNA™ genes (Figs. 1 and 3). A noncod- myriaster,however, the former three genes were trans-

ing region (1,410 bp) located between the tRNAand  located between the control region and the tRK#yene

the ND6 genes appeared to correspond to the contrdkcontiguously located at theé Bnd of the 12S rRNA gene

region, because it had conserved sequence blocks [CSBa typical vertebrates).

D, -ll, and -lll (Walberg and Clayton 1981)] and a

termination-associated sequence [TAS (Doda et al.

1981)] characteristic of that region. NC1 (629 bp), lo- Possible Mechanism for the Gene Rearrangement

cated between the ND6 and the tRRAgenes, had no

control-region characteristics, such as CSBs and TAS$Because the gene order @onger myriasteris novel

NC2 (942 bp) contained 54 copies of 12- to 13-bp stringsamong vertebrates, it is reasonable to assume that the

(YTATYATA[A]RTAT). Multiple copies of the repeat typical vertebrate gene order is more ancestral than that

in C. myriasterNC2 formed a stable secondary structureof the former (Fig. 4A). Gene rearrangements have been

(data not shown), similar to that found for seven copiesproposed as occurring by tandem duplication of gene

of a 27-bp string, occurring in the noncoding region ad-regions as a result of slipped strand mispairing, followed

@ Birds

1) 1st tandem duplication and subsequent deletions in birds

Q Typical vertebrates

£ TP F F

ND5 | NDs cytb CR 128 * ND5 I cytb |@ I *a 128
[sessnsasassssnencassucas}
TP £ F

[ Ancestral gene
G conger myriaster o I a I o Ancest
Tandem duplication and subsequent deletions in C. myriaster typical birds
[——]

E T P 3 TP F
ND5 ND6| cyt DM CR NDGl cytb WCR 128
* * p 2) 2nd tandem duplication and subsequent deletions in birds
TP E p £ F
/A
* ND5 é CR %NDGI CR 128
A

T E P F
Novel gene e
9 * x *
ND5 cytb CR ND6 | NC1 nez | | 128 orderin
% C. myriaster '

* Complete deletion

T p £ F )
¢ Incomplete deletion Der've'd gene
resulting in intergenic ND5 oyt CR ND6 NC 125 order in four
spacer lineages of birds

Fig. 4. Proposed mechanism of gene rearrangements in the ND5-duplication in the tRNA™-CR region forizontal ba) and subsequent
tRNAP"® region in Conger myriasteiand birds in a model of tandem deletions of redundant genes resulting in the derived gene order in four
duplication of gene regions and subsequent gene delettoiigpical divergent lineages of birds (Mindell et al. 1998; Bensch aridliga
vertebrate gene order in a region of ND5-12S rRNMATandem du-  2000). In B, note that the observed intergenic spacer NC1 (*; noncod-
plication in the ND6—-CR regiortlfick bar) and subsequent deletions of ing region 1) may result from the duplication and degeneration of ND6,
redundant genes resulting in the observed gene ordér myriaster. whereas NC2 may result from incomplete deletion events. It is notable
C1 First tandem duplication in the ND6—tRNR region ertical bar that NC2 comprises 54 copies of 12- or 13-bp strings (YTATY-
and subsequent deletions of redundant genes resulting in the ancest’&TA[A]RTAT), which may be a degenerating vestige of the control
gene order in birds (Quinn and Wilson 199%)2 Second tandem region. For abbreviations of genes, see the legend to Fig. 1.
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by deletions of genes (Levinson and Gutman 1987yecently reported gene order in four lineages of birds
Moritz and Brown 1986). The present gene ordeiCof (Fig. 4C) (Mindell et al. 1998; Bensch and'id 2000)
myriasterand associated intergenic spacers could havén that the ND6, tRNA", and tRNA genes are trans-
resulted from an occurrence of this process, namely, tarlocated to a position between the CR and a supposedly
dem duplication occurring in the ND6—CR region, fol- noncoding region. However, a difference in the gene
lowed by deletions of redundant genes (Fig. 4B). Suctorders ofC. myriasterand the four birds was found in the
tandem duplication and subsequent deletions most parelative position of the tRNA™ gene to the ND6—
simoniously resulted in the observed gene order and asRNA®" genes (Figs. 4B and C). It seems plausible that
sociated intergenic spacers@ myriaster. a double occurrence of tandem duplication of gene re-

Multiple deletions of redundant genes seemed to beyions followed by gene deletions in the four birds re-
incomplete inC. myriaster,owing to two stretches of sulted in this difference as suggested by Mindell et al.
noncoding sequences (NC1, 626 bp; NC2, 942 bp) ocf1998) (Fig. 4C). Also, it should be noted that the three
curring around the genes involved in the rearrangementgienes (ND6, tRNA", and tRNA™) involved in gene
Although no homologous regions were identified for rearrangements in the two very distantly related lineages
these two sequences, the latter (NC2), located betweenere all encoded by the light strand of vertebrate mito-
the tRNA"®and the tRNA"genes, had a tandem repeat chondrial DNA. These findings suggest that some con-
sequence characteristic of the control region of manystraints on gene order mutation in vertebrates exist
vertebrates (Hoelzel et al. 1994; Lee et al. 1995; Zardoyaround the origin of heavy-strand replication within the
and Meyer 1997). Because this noncoding sequence wasitochondrial control region (Mindell et al. 1998).
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 ofsene Orders in Other Anguilliform Families and
the tandem duplication and subsequent deletion events &hylogenetic Implications
having occurred in the ND6—CR region (Fig. 4B).

Several mitochondrial gene rearrangements have beefhe ND5—cytb regions for 11 other anguilliform species,
reported around the control region in other vertebratesepresenting 11 families, plus an outgroup species, were
(Macey et al. 1997; Boore 1999). It should be noted thasequenced so as to assess whether or not they shared the
the novel gene order i€. myriasterwas similar to the mitochondrial gene order found i@onger myriaster.

—ND5 | ND6 | i

Micy IPMIKLTNDLQRGMIKTYLSIFLLTTALITISFTLH--~-~ . *VARLAGRSLCRTLELVVFLALLLY PAPNSAVAVFGLYLGVLFLFTFYAM AATTTCCACTCGGAGTCT CACCAAGACCTATGACT
Anja L....II.NP.Q.L..V..AT.F. . IT. . I .MMMVF. ... .. S ST R T...A Gl Mo.... L..s. e TG CTLALLGLALTAL L. TA
Moed LS. ITNP.Q.L. AL AM.F. NT.MILMMITN. ... ... ..., Ro.T....... T...A Gl MT L L.FS. G TGLCTALLT.TCA..T...... A....TA
Kahy S.L..T.GN..Q..L....TMLLF.IT.VMLTLI.L.. .. .. co o SUSLRLLLLIALLTL L 117aminof.SL L L CLL VL VMLLLFLILLS. e T CT T AL L. TGG..GLA
Gyki LS. VALNP.Q.L...... A SVIALLIVL.T...... ... LER..S.......T...6| acd cooeGLVLLLULMMLLUSLUEL L Coo o ATAL. G AL L. TA
Syka o TTLLPLQLL AL LAMLL N VI MMLY - B SR [T Al residues [.......GL....MT..... I.FS. Goow ToiCunon TUAL LG LAGC. . TC
Nesc Vo WL P.Q.LV.V. L ITL.M. L ALTS . I-. ... B S L.TI..A CooooGLLVLVLLLL LS. e CTOGCT AL L ALC L TA
Sthy L....ALI.SP.Q.L..V..AT.F. 1. .TMLMLMMP. ... .. 5 PP SUUUIS I | Gl MY LTS,

Dene Voo MVUNPLQLL. N AMCFTUNTUTLAMMMY. L. L. sm oo oo oo oo oo

Opma VL P LQULLMS L AMUF L VL AVAMSN- L o

Muba T NIT.NA.Q.F..S..AM.F. . NLLAILVINMSYILYR. == oo om o oo o oo o e oo

Nepa e MIUNPLQUL. AL CAMUFLLASLSFLTML LY. Lo L. s oo

Comy e IVUNPLQL L. N MUFLNLLVIATML ol e

IRNASY | |+ Noncoding region | boytb

Micy TEYJAAACCATCGTTGTAATTCAACTATAGAAAC TGCTT MANLRKTHPLLKIANDALVOLPAPSNISAWANFGSLLGLCLATQILTGLFL
Anja . MTA e T IS. ... ...
Moed ACTC S | S
Kahy MCTA ML TS TA oo,
Gyki CTTA ) S Tooon. Moo ) S
Syka AGTA S T TA.ee..
Nesc GITTTA S AL IS.VVL L.
Sthy MTA Vi | PR IS. ...,
Dene ACACAGCCCACCAAGCAAACAATAAACCACCGTTATTACCTAACTAAAAATITIA  «. S Sttt it MV. .
Opma ACTACCACACCCCCCCCCCCCARAAAA LS. OVILVNMY . S AL i Foodoooo..
Muba AATTTCCCAAAACAAACGCACCAATTATCCCTTTA CMTLELATYL VLES T VA
Nepa - CATTACTAGGAGT TATAAATAAAT GAACACACCCCCACT CAAAGAATTA S KoLl N A TAL .l
Comy TTAACTAAAACACAMATAAAMATITA e Noo Ve Moo

Fig. 5. Aligned nucleotide and amino acid sequences of the ND5—cytDDBJ/EMBL/GenBank under accession numbers AB03838dnger

b gene junctions for 12 anguilliform species and an outgrdipgda- myriaste), AB038556 Anguilla japonicd, and AB038410, AB038414—
lops cyprinoidey Identity to the first sequence denoteddnts.Inser- AB038420, and AB049978-AB049980 (11 other species). For abbre-
tions/deletions of specific nucleotides indicateddaghesDirection of viations of genes, see the legend to FigVilcy, Megalops cyprinoides;
transcription for each gene shown by amow. Beginning and end of  Anja, Anguilla japonica; Moed, Moringua edwardsi; Kahy, Kaupich-
each gene indicated hyertical lines.The tRNA®"Y gene was identified  thys hyproroides; Gyki, Gymnothorax kidako; Syka, Synaphobranchus
by the cloverleaf secondary structure proposed by Kumazawa an#taupii; Nesc, Nemichthys scolopaceus; Sthy, Stemonidium hypomelas;
Nishida (1993) and anticodon sequences, indicatedlbgk boxes.  Dene, Nessorhamphus danae; Opma, Ophisurus macrorhynchus;
Amino acid sequences derived using the mammalian mitochondriaMuba, Muraenesox bagio; Nepa, Nettastoma parviceps; Comy, Conger
genetic code. Stop codons indicatedasyerisksNoncoding sequences myriaster.

underlined with dotsNucleotide sequence data are available from
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The results demonstrated that representatives from fouCongridae, and Ophichthidae). Although the superfamil-
families (Ophichthidae, Derichthyidae, Muraenesocidaejal classification of the Congroidea based on the mor-
and Nettastomatidae) all lacked the ND6 and tRiYA phology of the hyomandibular (Robins 1989) was incon-
genes in this region, with short stretches of noncodingsistent with the pattern of presence/absence of the novel
sequences (4-55 bp) being observed alternatively (Figgene order, it should be noted that the five families with
5). Although the two genes (ND6 and tRNA) were not  the novel gene order exhibit complete congruence with
located in the entire mitochondrial genomes from these&components of one of the three evolutionary lineages
four species, this observation suggests that they have r@cognized by G. Nelson (1966), who examined gill-arch
gene order identical to that &. myriaster.In contrast, and other characters in the Anguilliformes. If the novel
the gene order of the other eight species, including that ofjene order originated in a single ancestral species in the
the outgroup, was the same as that of typical vertebratesuborder Congroidei, this pattern of presence/absence
with the ND6 and tRNA" genes being located between may be a good phylogenetic marker for identification of
the ND5 and the cyb genes (Fig. 5). a monophyletic group as suggested by Kumazawa and
The presence/absence of this novel gene order and thdishida (1995) and Macey et al. (1997) for higher ver-
current higher-level classification within the Anguilli- tebrate relationships. On the contrary, Mindell et al.
formes (Robins 1989) are contrasted in Fig. 6. All spe-(1998) and Bensch and Hi (2000) demonstrated that
cies of the two suborders (Anguilloidei and Muraenoi- the recently reported gene orders in four lineages of birds
dei) and an outgroup shared the typical vertebrate gen@~ig. 4C2) have multiple independent origins among
order, whereas species of another suborder (Congroidegvian lineages.
exhibited two patterns of gene order: those with the typi- To evaluate alternative hypotheses on the origin of the
cal vertebrate gene order (Synaphobranchidae, Serrivaiovel gene order, partial nucleotide sequences from the
meridae, and Nemichthyidae) vs those with a novel genenitochondrial 12S rRNA and cyi genes were analyzed
order (Derichthyidae, Muraenesocidae, Nettastomatidador the relationships among anguilliform families (Fig.

. Typical vertebrate gene order .
Current classification P J Strict consensus of

(Robins 1989) — nps | nD6 E| eyte | MP and ML trees

Elopif

opiformes Megalopidae @( Micy
——— | Muraenidae Gyki

Muraenoidei

e Chlopsidae Kahy

— Moringuidae - Moed M\
Anguilloidei @ —
Anguillidae % Anja | ————— 49

Synaphobranchidae “, Syka S W—
= 68

@ 51
——— Serrivomeridae Sthy —_— 28
f—— Nemichthyidae é Nesc

Congroidei | Congroidea [ Derichthyidae ‘Ef—m’@ Dene

— Nettastomatidae = Nepa

Anguilliformes Synaphobranchoidea

52

L | Congridae Comy ——-———-——_®_

Muraenesocidae Muba
(Ophichthoidea | ophichthidae D opma| ————

S —— ND5 cytb —_—

Novel gene order

Fig. 6. Left Relationships between the current classification of eelsmitochondrial 12S rRNA and cyti genes, for 12 anguilliform and an
(Robins 1989) and the gene organization of the ND5baggion of 12 outgroup species. Numbers above branches indicate bootstrap values
anguilliform and an outgroup specieRight Strict consensus of MP  obtained for 500 replicates for the MP tree. For abbreviations of spe-
and ML trees derived from the partial nucleotide sequences from thecific names, see the legend to Fig. 5.
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6). The maximum-parsimony (MP) analysis produced aBibb MJ, Van Etten RA, Wright CT, Walberg MW, Clayton DA (1981)

single MP tree (tree Iength: 761 consistency index Sequence and gene organization of mouse mitochondrial DNA.
N ' : Cell 26:167-180

Q.463, retention index 0.288, and rescaled cons_lstency Boore JL (1999) Animal mitochondrial genomes. Nucleic Acids Res

index = 0.133). Although the MP and maximum- — 37.1767-1780

likelihood (ML) tree topologies differed somewhat, it chang Y-S, Huang F-I, Lo T-B (1994) The complete nucleotide se-

should be noted that both analyses consistently repro- quence and gene organization of ca@yfrinus carpig mitochon-

duced monophyly of the five families with the novel _ drial genome. J Mol Evol 38:138-155

. . _Cheng S, Higuchi R, Stoneking M (1994) Complete mitochondrial
gene order (Fig. 6, Clade A). In addition, when mono genome amplification. Nature Genet 7:350—351

phyly of Robins’ (1989) “superfamily Congroidea” was pesjardins P, Morais R (1990) Sequence and gene organization of the
enforced using the constraint option in PAUP, two  chicken mitochondrial genome. J Mol Biol 212:599-634
minimum-length trees that required an additional 36Desjardins P, Morais R (1991) Nucleotide sequence and evolution of
steps were found, the differences being highly significant coding and noncoding regions of a quail mitochondrial genome. J

. _ B _ Mol Evol 32:153-161
in both Templetonz( = —3.432,p = 0.0006, andz = Doda JN, Wright CT, Clayton DA (1981) Elongation of displacement-

—3.467,p = 0.0005) and Kishino-Hasegawal{L + SE loop strands in human and mouse mitochondrial DNA is arrested
= 101.4 + 26.5p = 0.0001, andAInL £ SE = 100.7 £ near specific template sequences. Proc Natl Acad Sci USA 78:
26.6,p = 0.0002) tests. 6116-6120

On the basis of the pattern of the presence/absence Helsenstein J (1985) Confidence limits on phylogenies: An approach

e . using the bootstrap. Evolution 39:783-791
the novel gene order that exhibits congruence with the., . "o " itiewood DTJ, Ritchie P, Meyer A (1996) Interrelation-

molecular phylerny of the angu'”'form families (Flg. ships of elopomorph fishes. In: Stiassny MLJ, Parenti LR, Johnson
6), we conclude that the present study provides new GbD (eds) Interrelationships of fishes. Academic Press, San Diego,
insight into the evolution and phylogeny of this morpho-  pp 175-191

logically conservative group of fish, considering the con-CGreenwood PH, Rosen DE, Weitzman SH, Myers GS (1966) Phyletic

: . P o ar studies of teleostean fishes, with a provisional classification of
troversial higher-level classification within the Anguilli- living forms. Bull Am Mus Nat Hist 131:339-456

formes (see Robins 1989; Forey et al. 1996). Also, Wegtell RR, Gray MW, Schnare MN (1993) A compilation of large
believe that longer DNA sequences from other anguilli-  subunit (23S and 23S-like) ribosome RNA structures. Nucleic Ac-
form families, such as the complete mt DNA sequences, ids Res 21:3055-3074
would resolve their complex higher-level relationships. Hasegawa M, Kishino H, Yano T (1985) Dating of the human-ape
splitting by a molecular clock of mitochondrial DNA. J Mol Evol
i ] o 22:160-174
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