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ABSTRACT

The complete nucleotide sequence of the 14,771-bp-long mitochondrial (mt) DNA of a urochordate
(Chordata)—the ascidian Halocynthia roretzi—was determined. All the Halocynthia mt-genes were found
to be located on a single strand, which is rich in T and G rather than in A and C. Like nematode and
Mytilus edulis mtDNAs, that of Halocynthia encodes no ATP synthetase subunit 8 gene. However, it does
encode an additional tRNA gene for glycine (anticodon TCT) that enables Halocynthia mitochondria to
use AGA and AGG codons for glycine. The mtDNA carries an unusual tRNAY® gene with a TAT anticodon
instead of the usual tRNAYS gene. As in other metazoan mtDNAs, there is not any long noncoding region.
The gene order of Halocynthia mtDNA is completely different from that of vertebrate mtDNAs except
for tRNAHtRNAZ, suggesting that evolutionary change in the mt-gene structure is much accelerated
in the urochordate line compared with that in vertebrates. The amino acid sequences of Halocynthia mt-
proteins deduced from their gene sequences are quite different from those in other metazoans, indicating

that the substitution rate in Halocynthia mt-protein genes is also accelerated.

LTHOUGH the complete sequences of some 60
metazoan mitochondrial (mt) DNAs have been
reported, the species completely sequenced belong to
only 7 out of over 30 existing phyla. Metazoan mtDNAs
are typically circular, range in size from 14 to 18 kbp,
and encode 13 protein genes [ATP synthetase subunits
6 and 8 (ATPase6 and 8), cytochrome oxidase subunits
I-111 (COI-COIIl), apocytochrome b (Cyth), and NADH
dehydrogenase subunits 1-6 and 4L (ND1-6 and 4L)],
2 ribosomal RNA genes [small and large subunit rRNAs
(srRNA and IrRNA)], 22 tRNA genes, and no introns
(Wolstenholme 1992). Exceptions have been reported
in a few metazoan lineages: certain cnidarian mitochon-
dria have linear genomes (Warrior and Gall 1985);
the ATPase8 is lost from mtDNAs of nematodes (Oki-
moto et al. 1991, 1992) and the bivalve Mytilus edulis
(Hoffmann et al. 1992); Mytilus mtDNA carries an addi-
tional tRNAM* (Hoffmann et al. 1992); and the mtDNA
of the cnidarian Metridium senile encodes only two tRNA
genes but has an additional open reading frame (Wols-
tenholme 1992; Beagley et al. 1998).
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The arrangement of mt-genes is essentially identical
among vertebrates, although some minor differences
have been found in several taxa (see Desjardins and
Morais 1990; Janke et al. 1994). The echinoderms
whose mtDNAs have been completely sequenced also
exhibit very similar mt-gene arrangements, the only ma-
jor variation being one inversion between the sea urchin
and starfish mt-genomes (Asakawa et al. 1991, 1995).
In arthropods, only the locations of the tRNA genes
differ slightly in the examples reported so far (see Flook
et al. 1995). On the other hand, the arrangement of
molluscan mt-genes shows much variation among a pol-
ypracophoran (Katharina tunicata), a bivalve (Mytilus),
and three pulmonate land snails (Albinaria coerulea, Cep-
aea nemoralis, and Euhadra herklotsi; Yamazaki et al.
1997). In nematodes, although the mt-genes of Caeno-
rhabditis elegans and Ascaris suum are arranged in a very
similar manner (Okimoto et al. 1992), the mt-gene ar-
rangement of a third nematode, Meloidogyne javanica, is
quite different (Okimoto et al. 1991).

Because of their unique characteristics, the primary
sequences of metazoan mtDNAs have been widely used
for phylogenetic analyses (Avise 1994). Other charac-
teristics, such as gene arrangement, are also utilized in
molecular phylogenetic studies (see Boore et al. 1995).

We previously found that the mt-genetic system of the
ascidian Halocynthia roretzi uses a unique genetic code
in that AGR (R = A or G) codons specify Gly, which is
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different from the cases in vertebrates and other inverte-
brates (Yokobori et al. 1993). On the basis of our find-
ing, we predicted that Halocynthia mtDNA encodes an
additional tRNA® to enable the AGR codons to be read
for Gly (Yokobori et al. 1993). To verify this prediction,
we determined the complete nucleotide sequence of
Halocynthia mtDNA. As expected, we found an addi-
tional tRNA®Y. To our surprise, the mtDNA showed con-
siderable differences in a variety of features (including
gene content, gene arrangement, nucleotide composi-
tion, and putative tRNA structure) compared to those
of other deuterostome mtDNAs. Here the unusual char-
acteristics, including the additional tRNA®”, of Halocyn-
thia mtDNA are reported and discussed.

MATERIALS AND METHODS

Preparation, cloning, and sequencing of Halocynthia
mtDNA: mtDNA was prepared according to Himeno et al.
(1987) from the hepatopancreases of Halocynthia specimens
obtained in Mutsu Bay, Japan. The mtDNA was digested with
Sall or with a combination of Baml and Xhol. The Sall and
BamHI-Xhol fragments were ligated with Sall- and Sall BamHI-
treated pUC 18, respectively. Recombinant plasmids were
transformed with JM109 and screened by the alkali-lysis
method (Sambrook et al. 1989). A 2-kbp Sall fragment and
two types of 4-kbp BamHI-Xhol fragments (~10 kbp in total)
were obtained. The other regions were amplified by PCR
(Saiki et al. 1988) using specific primers that included the
sequence of each end of the inserts. The PCR fragments were
cloned after digestion with suitable restriction enzymes. Oligo-
nucleotides were synthesized with a DNA synthesizer (Applied
Biosystems, Foster City, CA). Sequencing was carried out by
constructing deletion mutants and primer walking, using
Sequenase ver. 2 (United States Biochemicals, Cleveland) and
[*S]dCTPaS or [a-*P]JdATP. Nucleotide sequences were as-
sembled using either the GENETYX (Software Development
Co. Ltd., Tokyo) or DANASIS (Hitachi Software, Tokyo) pro-
gram packages.

Data analysis: Protein and rRNA genes were identified by
comparison with the mtDNA sequences of Xenopus laevis (Roe
et al. 1985), Strongylocentrotus purpuratus (Jacobs et al. 1988a),
and Drosophila yakuba (Clary and Wolstenholme 1985). For
ND4L and ND6, the hydrophobic profiles (Kyte and Doolit-
tle 1982) were also compared. tRNA genes were identified
by constructing their cloverleaf configurations. Amino acid
sequences were aligned using Clustal W (Thompson et al.
1994).

Phylogenetic analysis: To construct a maximum likelihood
(ML) tree of the COIII nucleotide sequences (first and second
codon positions) among Halocynthia, Pyura stolonifera (Durr-
heim et al. 1993), Homo sapiens (Anderson et al. 1981), Xeno-
pus (Roeet al. 1985), Strongylocentrotus (Jacobs et al. 1988a),
Asterina (Asakawa et al. 1995), and D. yakuba (Clary and
Wolstenholme 1985), DNAML in PHYLIP ver. 3.572c
(Felsenstein 1995) was used under the default condition. D.
yakuba was employed as an outgroup. In this analysis, the
nucleotide sequences of COIIll were aligned according to the
amino acid sequence alignment obtained with Clustal W
(Thompson et al. 1994). The first position of Leu codons
(TTRand CTN) was then replaced with Y, and the first position
of Gly codons of urochordate sequences (AGR and GGN) was
replaced with R.

Combined data of the inferred amino acid sequences for

all the mt-protein genes except ATPase8 were used to estimate
the phylogenetic relationship among Halocynthia, Xenopus
(Vertebrata; Roe et al. 1985), Asterina (Echinodermata; Asa-
kawa et al. 1995), D. yakuba (Arthropoda; Clary and Wols-
tenholme 1985), Apis mellifera (Arthropoda; Crozier and
Crozier 1993), Artemia franciscana (Arthropoda; Valverde et
al. 1994), Lumbricus terrestris (Annelida; Boore and Brown
1995), Loligo bleekeri (Mollusca; Sasuga et al. 1999; K. Tomita,
S. Yokobori, T. Ueda and K. Watanabe, unpublished re-
sults), Albinaria (Mollusca; Hatzoglou et al. 1995), Caeno-
rhabditis (Nematoda; Okimoto et al. 1992), and Metriduim
senile (Cnidaria; Beagley et al. 1998). Each protein was aligned
with Clustal X (Thompson et al. 1997), ambiguously aligned
regions were removed, and all the sites were then combined.
PROTML of MOLPHY ver. 2.3b3 (Adachi and Hasegawa
1996) was used for ML analysis with the mtREV-F and exhaus-
tive search options. The bootstrap probability of each tree
was estimated by the RELL method (Adachi and Hasegawa
1996).

RESULTS AND DISCUSSION

General features of Halocynthia mtDNA: The nucleo-
tide sequence of Halocynthia mtDNA has been depos-
ited in the DDBJ/GenBank/EMBL DNA databases un-
der the accession no. AB024528. The complete length
(14,771 bp) of the mtDNA is shorter than those of
vertebrate mtDNAs [e.g., the 16,201 bp-long Petromyzon
mtDNA is the shortest among vertebrate mtDNAs com-
pletely sequenced (Lee and Kocher 1995)], echino-
derm [e.g., Strongylocentrotus: 15,650 bp (Jacobs et al.
1988a)], arthropod [e.g., Locusta: 15,722 bp (Flook et
al. 1995)], and an annelid [14,998 bp in Lumbricus
(Boore and Brown 1995)], but longer than that of
nematode [13,794 bp in Caenorhabditis and 14,284 bp
in Ascaris (Okimoto et al. 1992)] and pulmonate
[14,100 bp in Cepaea (Terrettet al. 1996) and 14,130
bp in Albinaria (Hatzoglou et al. 1995)] mtDNAs.

The genes of 12 proteins, two rRNAs, and 23 tRNAs
were identified in the Halocynthia mt-genome (Figure
1). Like the mtDNAs of nematodes (Okimoto et al.
1992) and Mytilus (Hoffmann et al. 1992), Halocynthia
mtDNA encodes no ATPase8; also, there is not any non-
coding region capable of encoding. From this, it is as-
sumed that the loss of ATPase8 from mt-genomes oc-
curred at least three times, independently, during the
evolution of metazoans. The Halocynthia mtDNA is also
unique in that it encodes an additional tRNA® (dis-
cussed below).

All the genes encoded by Halocynthia mtDNA are
located on the same strand. This is similar to some
mtDNAs such as nematodes (Okimoto et al. 1992), but
different from the case of other deuterostomes (e.g.,
Anderson et al. 1981; Asakawa et al. 1995).

The nucleotide composition of the coding strand of
Halocynthia mtDNA is shown in Table 1 along with
those of various other metazoan mtDNAs, from which
it can be seen that the Halocynthia mtDNA has a nucleo-
tide composition similar to that of Ascaris rather than
to vertebrate and echinoderm mtDNAs, with T being
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Figure 1.—Gene organization of the Halocynthia mt-genome. All the genes are transcribed in the same direction (left to
right). The abbreviations for protein and rRNA genes are as used in the text. tRNA genes are indicated by the one-letter code
of the corresponding amino acid. In addition, L1, L2, S1, S2, G1, and G2 stand for tRNAS%, tRNASG:, tRNAJL,, tRNAY,,

tRNASY,, and tRNASY., respectively. Noncoding regions are shaded.

used most frequently and C the least frequently. An
asymmetric nucleotide composition (in which the A
content is unequal to the T content and the G content
is unequal to the C content in the same strand of the
DNA duplex) has been reported for metazoan mtDNAs
(Anderson et al. 1981; Asakawa et al. 1991; W. K.
Thomas and A. C. Wilson, unpublished results). In
vertebrate and starfish mtDNAs, the major coding
strand is rich in A and C rather than G and T (strand-
specific nucleotide composition bias; Asakawa et al.
1991; W. K. Thomas and A. C. Wilson, unpublished
results). It has been postulated that the displacement-
type replication unique to metazoan mtDNAs (Attardi
1985; Clayton 1992) causes the asymmetric nucleotide
composition. In the case of vertebrate mtDNAs, the AC-
rich strand is the second strand for replication (see
W. K. Thomas and A. C. Wilson, unpublished results).
Accordingly, the major coding strand of Halocynthia
mtDNA may be the first strand for replication; however,
its mode of replication is as yet unknown. Elucidation
of thiswould facilitate our understanding of the substitu-
tion pattern of metazoan mtDNAs.

Genetic code and tRNA genes: Genetic code: The pre-
viously determined partial sequence of Halocynthia COI

(Yokobori et al. 1993) indicated that Halocynthia
mtDNA uses the following genetic code: AUA specifies
Met, UGA specifies Trp, and AGA and AGG specify Gly.
This is now confirmed by the analysis of the complete
mtDNA sequence presented here. The same codon ta-
ble variations have been reported for another ascidian,
Pyura stolonifera (Durrheim et al. 1993).

General features of tRNA genes: The cloverleaf structures
of the 23 tDNAs in the Halocynthia mtDNA are pre-
sented in Figure 2A. The set includes an additional
tRNA gene, tRNA® for AGR codons (see below), in
addition to the 22 known standard tRNA genes.

Among these 23 tRNA genes, only tRNAE, has both
the “conserved” GG and TTC sequences in the D and
T loops, respectively (Figure 2A). The tRNA™ has the
GG sequence in the D loop but no TTC sequence in
the T loop. It has been suggested that in some metazoan
mt-tRNAs, there is no direct contact between the D and
T loops (Wakita et al. 1994; Watanabe et al. 1994),
and this seems to hold for the Halocynthia mt-tRNA
genes. However, like bovine mt-tRNAP'" (Wakita et al.
1994), 21 out of the 23 Halocynthia mt-tRNA genes may
preserve interaction between the D and extra loops,
which could play an important role in the formation of

TABLE 1

Nucleotide composition (in percentage terms) of various metazoan mtDNAs
whose complete sequences have been determined

Organism A G C T A+T G+T Reference
Halocynthia 24.25 23.21 8.52 44.00 68.25 67.21 This work

Human 30.91 13.13 31.23 24.70 55.61 37.83 Anderson et al. (1981)
Xenopus 33.05 13.49 23.48 29.96 63.01 43.45 Roe et al. (1985)
Strongylocentrotus 28.74 18.35 22.66 30.23 58.97 48.58 Jacobs et al. (1988a)
Asterina 32.40 14.12 24.60 28.86 61.26 42.98 Asakawa et al. (1995)
Drosophila 39.49 9.24 12.16 39.09 78.58 48.33 Clary and Wolstenholme (1985)
Apis 43.20 5.53 9.60 41.65 84.85 47.18 Crozier and Crozier (1993)
Artemia 30.95 17.68 17.87 33.48 64.43 51.16 Valverde et al. (1994)
Katharina 31.39 18.61 11.89 38.01 69.40 56.62 Boore and Brown (1994)
Cepaea 26.16 21.26 18.94 33.63 59.79 54.89 Terrett et al. (1996)
Lumbricus 29.84 15.80 22.54 31.77 61.61 47.57 Boore and Brown (1995)
Caenorhabditis 31.42 14.89 8.88 44.79 76.21 59.68 Okimoto et al. (1992)
Ascaris 22.17 20.36 7.66 49.78 71.95 70.14 Okimoto et al. (1992)

The nucleotide compositions were calculated from the major coding strand. The frequency of the nucleotide used most
frequently in each genome is indicated in boldface type, and that of the nucleotide used least frequently is underlined. Frequencies
of Aand T (A + T) of >70% and of Gand T (G + T) of >60% are indicated in boldface type. In all cases, values lower than
the Halocynthia counterparts are italicized.
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Figure 2.—(A) Putative secondary structures of Halocynthia mt-tRNA genes. (B) Putative Pyura mt-tRNA genes for Glu, Tyr,
and His. The sequences were taken from GenBank (accession nos. X74513 and X75386). Nucleotides in the putative Pyura mt-
tRNA genes shared with their Halocynthia counterparts are printed in outline style.
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Figure 2.—Continued.

the L-shape-like structure of the tRNA. The length of
the T stem of the Halocynthia mt-tRNA genes varies
from 2 to 6 bp. As in other metazoan mt-tRNA's for
AGY/AGN (Y = U/TorC,and N = U/T, C, A, or G)
codons (Steinberg et al. 1994), the Halocynthia mt-
tRNA¥, gene has a quite unusual secondary structure
in that up to 9 bp can be formed in the anticodon stem.

The tRNAA?, tRNA" (the left of the two boxed struc-
tures in Figure 2A) and tRNA™ genes have a mismatch
at the top base pair of the acceptor stem (Figure 2A).
An alternative cloverleaf configuration can be formed
for the tRNA*" gene (the right boxed structure), which
is unusual in that there are two nucleotides between
the D and anticodon stems. The acceptor and T stems
seem to be more stable in this configuration than in
the left-hand one, and this alternative tRNA*" structure
is similar to that of the echinoderm mt-tRNA" genes
proposed by Jacobs et al. (1988a) and De Giorgi et al.
(1996). To confirm the secondary structure of each
tRNA, direct analysis of the tRNA sequence as well as
of the higher order structure is required (see Yokogawa
et al. 1991).

tRNA® gene for AGR codons and its origin: As already
noted, a tRNA gene with the anticodon TCT that can
recognize either AGN or AGR codons was found in the
Halocynthia mt-genome (Figure 2A). Sequence analysis
of this tRNA molecule revealed that the anticodon first
position was modified to an unknown U derivative (U*).

The amino acid attached to this tRNA in vivo was glycine.
From these results it is almost certain that this tRNA
decodes only AGR codons but not AGY codons as glycine
(Kondo et al. 1996; Kondow et al. 1999).

There may be some possible explanations for origin
of the tRNAEY,. First, the tRNASY, gene would have origi-
nated from duplication of tRNASY gene. Second, the
tRNASY, gene would have originated from duplication
of a certain tRNA gene that does not correspond to Gly.
The former possibility may be most plausible because
only one base replacement at the anticodon third posi-
tion should be adequate for the tRNA to become recog-
nizable toward AGR codons as Gly.

However, at present, the latter possibility could not
be excluded either. The identity elements determining
the recognition mechanism of tRNAs by their cognate
aminoacyl tRNA synthetases (ARSs) seem to be smaller
in their size and number in metazoan mitochondria
than in cytoplasm (Kumazawa et al. 1989, 1991). There-
fore, a few substitutions on the mt-tRNA genes may
potentially be able to change the tRNA identity. Indeed,
there is one apparent example that only one base substi-
tution can change the tRNA identity. Opossum mt-
tRNA* gene has the GCC anticodon, and the tRNA*?
carrying this GCC anticodon is aminoacylated with gly-
cine but not with aspartate; only after the RNA editing
that causes the anticodon to change from GCC to GUC
occurs, the tRNA*? becomes chargeable with aspartate
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(Janke and P&abo 1993; Morl et al. 1995; Borner et
al. 1996). It should be noted that, when two tRNA®Y
(tRNASY, and tRNASY.) genes are compared, only 33 out
of 61 nucleotides are common to these two tRNA genes
(54% homology; Figure 2A).

In both cases above, the gene shuffling might have
been needed for duplication of the tRNA gene. Judging
from a suggestion that recruitment of a tRNA gene as a
part of a protein gene can occur in echinoderm mtDNA
(Cantatore et al. 1987), it is also possible to imagine
that a tRNA gene corresponding to a certain amino
acid may have been recruited as another tRNA gene
corresponding to another amino acid. The gene organi-
zation of the Halocynthia mt-genome differs so much
from those of other metazoan mitochondria that it
might have resulted from the frequent gene re-
arrangement in Halocynthia mt-genome. It might, in
turn, have borne an extra tRNA gene in the Halocynthia
mt-genome in addition to the standard set of metazoan
mt-tRNA genes.

It should be noted that the Mytilus mtDNA possessing
an additional tRNAM gene (tRNAYS,) has a very differ-
ent gene arrangement from those of other molluscan
mtDNAs (Hoffmann et al. 1992; Boore and Brown
1994).

tRNAM: We identified a tRNAY gene with the antico-
don TAT, which can potentially recognize AUR codons
(Figure 2A), instead of the typical tRNA¥* gene with the
anticodon CAT. Direct sequencing of the tRNA showed
that this tRNA has the anticodon U*AU, which is capa-
ble of decoding the codon AUA as well as AUG (Kon-
dow et al. 1998). The Mytilus mt-genome is known to
possess the same type of tRNAYE: gene, but it also en-
codes another tRNAY} gene. There have been no re-
ports of any other tRNAY: genes except for those in
Halocynthia and Mytilus mt-genetic systems.

Protein genes: The 5’-end of the Halocynthia ND3
seems to be longer by ~60 bp (20 amino acids) than
ND3s of vertebrates, echinoderms, and arthropods.
However, there is a possibility that the actual ND3 starts
from the 21st ATG codon, which would give a gene size
similar to those of other metazoans.

As shown in Table 2, for all the protein genes the
amino acid sequence similarities are much lower be-
tween Halocynthia and Xenopus, and between Halocyn-
thia and Asterina than between Xenopus and Asterina.
The COIlIl of Pyura (Durrheim et al. 1993) is the only
available representative of urochordate mt-protein
genes apart from the Halocynthia mt-protein genes se-
guenced here. The amino acid sequence similarity be-
tween Pyura and Halocynthia is almost the same as that
between Xenopus and Drosophila and that between
Asterina and Drosophila, but rather lower than that
between Xenopus and Asterina (Table 2). This might
in part be a reflection of the difference in the nucleotide
composition of the mtDNA encoding COIIl (discussed
in later section). However, the fact that the primary

TABLE 2
Pairwise similarities of amino acid sequences for 12 protein genes encoded by Halocynthia mtDNA to several metazoan counterparts

(Hro/Pst) Hro/Xla Hro/Ape Hro/Dya Hro/Cel Xla/Ape Xla/Dya Xla/Cel Ape/Dya Ape/Cel Dya/Cel

Protein

25.6
63.1
40.4

21.4
61.9
41.2

37.1
74.6
62.7

249
57.8
395

341
74.4
58.8

46.0
735
61.6

233
57.9
39.6

23.2
68.5
40.0

27.6
66.0
47.6

35.1
66.0
42.7

ATPase6
Col
coll

54.8 54.2 53.5 40.8 71.8 65.0 48.0 68.1 44.9 46.7
(49.6)

(53.8)

(67.8)

COlll

(39.2)

(50.2)

44.1
39.9
19.3
28.8
32.8
27.3
30.8
20.1

43.5
37.1
15.6
27.4
26.2
20.8
28.0
15.9

66.4
44.7
335
48.1
39.8
33.0
32.6
18.9

41.9
39.5
19.9
23.9
25.2
16.9
23.2
14.9

66.8
47.9
35.2
40.7
38.1
30.9
30.6
19.9

68.0
53.7
394
53.3
45.2
31.6
45.8
333

40.7
36.0
17.0
28.4
27.3
18.2
28.9
16.9

51.4
374
225
294
28.5
14.9
27.9
18.5

51.7
38.6
233
26.9
28.7
12.2
325
234

50.4
37.7
19.7
24.8
27.2
13.3
32.6
21.9

Cytb
ND1
ND2
ND3
ND4
ND4L
ND5
ND6

The percentages of shared amino acids in pairwise comparisions of two sequences are shown. All gaps are excluded from the analysis. Hro, Halocynthia; Pst, Pyura
(Durrheim et al. 1993); Xla, Xenopus (Roe et al. 1985); Ape, Asterina (Asakawa et al. 1995); Dya, Drosophila (Clary and Wolstenholme 1985); Cel, Caenorhabditis

(Okimoto et al. 1992). All values between Pyura COIll and other COIII are placed in parentheses.
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sequence of COIIl is so different in Halocynthia and
Pyura makes it likely that the substitution rate of the
amino acid sequence, and probably also of the nucleo-
tide sequence, is accelerated in urochordate mtDNA.

Initiation and termination codons: Only three protein
genes, COI, ND2, and ND4L, start with the ATG codon;
ATPase6, COlIl, ND4, and ND6 start with GTG, and COll,
ND1, and ND3 with ATA. It can be predicted that Cyth
starts with ATT and ND5 with TTG. Seven protein genes
terminate with the TAA codon, and three with TAG.
ATPase6 seems to terminate with T followed directly by
the tRNAS%, gene. Hence, the complete termination
codon for the ATPase6 mRNA may be UAA, which can
be created by polyadenylation, as is found in several
mammalian mt-mRNAs (Anderson et al. 1981; Ojala
etal. 1981). NDAL does not have a complete termination
codon if overlap with the downstream tRNA®* gene is
not allowed. A possible termination codon for NDA4L,
TAG, appears at the 8th to 10th position of the tRNA®*
gene. Alternatively, ND4L could terminate with an in-
complete termination codon, T (Ojala et al. 1981);
however, there is an additional T between the incom-
plete termination codon and the tRNA® gene. Similar
situations have been observed in some metazoan
mMtDNA, including Cepaea (Terrett et al. 1996; Yama-
zaki et al. 1997) and Ornithorhynchus anatinus (platypus;
Janke et al. 1996).

Codon usage and deduced amino acid composition in protein
genes: The frequency of the nucleotide at the third co-
don position of Halocynthia mt-protein genes reflects
the overall nucleotide composition of the mtDNA: T is
used most frequently and C the least frequently at the
codon third position. The five most frequently used
codonsare TTT-Phe, TTA-Leu, TTG-Leu, GTT-Val, and
ATT-lle, all of which are rich in T. In contrast, several
codons ending with C, for example, TGC-Cys, scarcely
appear in Halocynthia mt-protein genes.

In the mt-protein genes of Halocynthia, Drosophila,
and Caenorhabditis, TTR-Leu codons are preferred
over CTN-Leu, whereas, in those of Xenopus and
Asterina that are encoded by the major coding strand,
CTN-Leu codons are preferred over TTR-Leu (Table
3). However, among these five animal mt-protein genes,
the frequency of occurrence of Leu is not very different.
AAY-Asn, ATY-lle, and ACN-Thr are not used as much
in Halocynthia as in the mt-protein genes of Xenopus,
Asterina, Drosophila, and Caenorhabditis. In contrast,
TGY-Cys, AGR-Gly, GGN-Gly, and GTN-Val are utilized
in Halocynthia much more frequently than in Xenopus,
Asterina, Drosophila, and Caenorhabditis. The exces-
sive use of Gly in Halocynthia mt-protein genes can
be explained in part by the number of Gly codons: in
Halocynthia mitochondria, Gly is assigned to a six-
codon family, whereas it is assigned to a four-codon
family in other mitochondria (Osawa 1995; Watanabe
and Osawa 1996). Since the coding strand of the Halo-
cynthia mt-genome is rich in T, rather than A, and G,

rather than C, ACN-Thr would be used less frequently,
and GTN-Val and TGY-Cys more frequently, than in the
mt-genomes rich in A, rather than T, and C, rather than
G—such as vertebrate and echinoderm mt-genomes are
(see Asakawa et al. 1991; Perna and Kocher 1995;
W. K. Thomas and A. C. Wilson, unpublished results).
Indeed, the Caenorhabditis mt-genome prefers T to A,
and G to C, and the Caenorhabditis and Halocynthia
mt-protein genes share an abundance of TTY-Phe and
a dearth of CAY-His, CCN-Pro, and TCN-Ser, compared
with those of Xenopus, Asterina, and Drosophila.

Ribosomal RNA genes: The Halocynthia mt-srRNA is
estimated to be at most 706 bp long. This is as short
as those of nematodes [e.g., 697 bp in Caenorhabditis
(Okimoto et al. 1992)], but much shorter than those
of vertebrates and echinoderms [e.g., 954 bp in human
(Anderson et al. 1981); 878 bp in Strongylocentrotus
(Jacobs et al. 1988a)].

The Halocynthia mt-IrRNA is estimated to be at most
1178 bp long. This is also much shorter than those of
vertebrates and echinoderms [e.g., 1559 bp in human
(Anderson et al. 1981); 1530 bp in Strongylocentrotus
(Jacobs et al. 1988a)], but longer than those of nema-
todes [e.g., 953 bp in Caenorhabditis (Okimoto et al.
1992)]. A presumed secondary structure model of the
Halocynthia mt-IrRNA was constructed (Y. Muramatsu,
S. Yokobori and T. Oshima, unpublished results). This
was found to retain the secondary structure of the pepti-
dyltransferase center that is apparently essential for ribo-
somal function and protein synthesis (see Green and
Noller 1997), and to be more similar to the predicted
nematode mt-IrRNA secondary model (Okimoto et al.
1994) than to those of vertebrates.

Unassigned sequences: The longest noncoding se-
gquence in Halocynthia mtDNA consists of 115 bp and
is located between COIl and ND3. Other noncoding se-
quences of 112 bp and 79 bp occur between ND4 and
tRNA'¥, and tRNA, and ND5, respectively. As shown in
Figure 3, the noncoding regions between COIl and ND3
and between ND4 and tRNA"! can be folded into reason-
able secondary structures. There can be a stem-and-loop
structure in the noncoding region between COI and
ND3. The 20-nucleotide-long loop of this structure is
rich in thymine residues (T3 and flanking Gs exist at
both ends). In the case of vertebrate mt-genomes, a
stem-and-loop structure is found as the replication ori-
gin of the L strand (Clayton 1992). The loop sequence
is generally rich in adenosine (or purine) residues in
the L strand (the latter strand in the replication pro-
cess), and in its antisense strand, the T (or pyrimidine)-
rich sequence in the loop region is known to work as
the template for RNA primer synthesis in L strand repli-
cation (Clayton 1992). Nothing is yet known about
the replication process of Halocynthia mtDNA, but it
can be supposed that the putative stem-and-loop struc-
ture in the noncoding region between COl and ND3 is
somehow involved in the initiation of replication.
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TABLE 3

Comparison of amino acid frequency (percentage) in mitochondrially encoded protein genes

Amino acid (Codon) Halocynthia® Xenopus® Asterina’ Drosophila* Caenorhabditis®
Ala (GCN) 3.99 7.27 (1.8) 6.37 (1.6) 4.64 (1.2) 3.33 (0.8)
Arg (CGN) 1.92 1.77 (0.9) 1.94 (1.0) 1.58 (0.8) 0.90 (0.5)
Asn (AAYZY + A)f 2.32 4.04 (1.7) 5.80 (2.5) 5.52 (2.4) 4.41 (1.9)
Asp (GAY) 1.90 1.99 (1.0) 1.97 (1.0) 1.71 (0.9) 1.84 (1.0)
Cys (TGY) 2.12 0.77 (0.4) 0.80 (0.4) 1.12 (0.5) 1.37 (0.6)
Gin (CAR) 1.17 2.74 (2.3) 2.24 (1.9) 1.87 (1.6) 1.28 (1.1)
Glu (GAR) 2.46 2.57 (1.0) 2.21 (0.9) 2.22 (0.9) 2.28 (0.9)
Gly (GGN) 7.16 5.64 (0.8) 5.46 (0.8) 5.90 (0.8) 5.46 (0.8)
Gly (AGR)? 4.76 — — — —
Gly (all) 11.92 5.64 (0.5) 5.46 (0.5) 5.90 (0.5) 5.46 (0.5)
His (CAY) 1.78 2.65 (1.5) 2.58 (1.4) 2.06 (1.2) 1.69 (0.9)
lle (ATY/Y + A)" 5.08 9.05 (1.8) 10.66 (2.1) 9.65 (1.9) 8.18 (1.6)
Leu (TTR) 13.45 6.09 (0.5) 3.62 (0.3) 15.21 (1.1) 12.77 (0.9)
Leu (CTN) 1.98 10.02 (5.1) 12.01 (6.1) 1.58 (0.8) 2.72 (1.4)
Leu (all) 15.43 16.11 (1.0) 15.63 (1.0) 16.79 (1.1) 15.49 (1.0)
Lys (AAR/G)! 1.98 2.26 (1.1) 1.03 (0.5) 2.28 (1.2) 3.18 (1.6)
Met (ATR/G) 4.80 5.17 (1.1) 1.97 (0.4) 5.68 (1.2) 5.20 (1.1)
Phe (TTY) 11.65 6.08 (0.5) 8.48 (0.7) 8.85 (0.8) 13.21 (1.1)
Pro (CCN) 2.73 5.53 (2.0) 4.83 (1.8) 3.48 (1.3) 2.36 (0.9)
Ser (TCN) 3.44 6.34 (1.8) 7.08 (2.1) 6.17 (1.8) 4.24 (1.2)
Ser (AGN/Y + A/Y)X 3.61 1.44 (0.4) 2.58 (0.7) 2.90 (0.8) 6.78 (1.9)
Ser (all) 7.05 7.78 (1.1) 9.66 (1.4) 9.07 (1.3) 11.02 (1.6)
Thr (ACN) 2.48 8.49 (3.4) 7.91 (3.2) 5.01 (2.0) 4.20 (1.7)
Trp (TGR) 3.29 2.93 (0.9) 2.78 (0.8) 2.73 (0.8) 2.07 (0.6)
Tyr (TAY) 4.66 2.93 (0.6) 2.85 (0.6) 4.53 (1.0) 5.05 (1.1)
Val (GTN) 11.57 4.15 (0.4) 4.72 (0.4) 4.20 (0.4) 7.39 (0.6)

Total amino acid frequencies (%) are shown. The relative frequency of each amino acid with respect to Halocynthia is shown
in parentheses. The definitions of GT-, AC-, AT-, and GC-rich amino acids are given in the text. Sums for each amino acid are

shown in boldface type.
2 All the protein genes are used.

®Roe et al. (1985); all the protein genes except ND6 are used.
¢ Asakawa et al. (1995); all the protein genes except ND1, ND2, and ND6 are used.
dClary and Wolstenholme (1985); all the protein genes are used.

¢ Okimoto et al. (1992); all the protein genes are used.

FAAY for Halocynthia, Xenopus, Drosophila, and Caenorhabditis; AAY/AAA for Asterina.

9 GGN for Xenopus, Asterina, Drosophila, and Caenorhabditis; AGR/GGN for Halocynthia.

" ATY for Halocynthia, Xenopus, Drosophila, and Caenorhabditis; ATY/ATA for Asterina.

"AAR for Halocynthia, Xenopus, Drosophila, and Caenorhabditis; AAG for Asterina.

I ATR for Halocynthia, Xenopus, Drosophila, and Caenorhabditis; ATG for Asterina.

KTCN/AGY for Halocynthia and Xenopus; TCN/AGN for Asterina and Caenorhabditis; TCN/AGY/AGA for Drosophila.

The boundaries between the following genes—IrRNA
and ND1, ND1 and ATPase6, COIll and NDA4L, srRNA
and COIl, and COIl and Cytb—are not interrupted by
tRNA genes nor by noncoding sequences longer than
20 bp. In general, the tRNA parts in nascent multi-
cistronic transcripts are thought to be processing sig-
nals, resulting in mMRNAs and rRNAs (Ojalacetal. 1981),
and protein—protein (or rRNA) gene boundaries with-
out the interruption of a tRNA gene have potential
stem-and-loop structures, which have been proposed to
act as processing signals. This is also likely to be the
case for the Halocynthia mt-genetic system, although
no data on the mode of the transcription is yet available.
Stem-and-loop structures can also be formed at the

boundary regions between ND1 and ATPase6, COIll and
NDA4L, and COII and Cytb (data not shown).

Gene arrangement: The gene arrangement of the
Halocynthia mt-genome is quite different from those of
other metazoan mt-genomes, including vertebrates and
echinoderms. The order and direction of tRNAM:-
tRNA,, is common among vertebrate, echinoderm, and
Halocynthia mtDNAs, but echinoderm mtDNAs share
many additional gene boundaries with those of verte-
brates. Even if tRNA genes are excluded from the com-
parison, only the order and direction of IrRNA-ND1 is
shared by vertebrate and Halocynthia mtDNAs, and only
the ND3-ND4 boundary by echinoderm and Halocyn-
thia mtDNAs (Figure 4). It can be seen that while there
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Figure 3.—Putative secondary structures with calculated
energies of the noncoding regions between COI and ND3
(top) and ND4 and tRNA" (bottom).

are two major gene transpositions between the human
and sea urchin mt-genomes, there are many transposi-
tions between the Holocynthia and human mt-genomes
and between the Halocynthia and sea urchin mt-ge-
nomes.

The only other urochordate mtDNA sequences so far
available are three fragments from Pyura: COIll (Durr-
heim et al. 1993), IrRNA (EMBL/GenBank/DDBJ DNA
databank accession no. X74513), and tRNAMs (X75386,
the cloverleaf structure of which is shown in Figure 2B).
The Pyura “mt-IrRNA” is reported to be ~400 bp longer
than that of Halocynthia. However, since two tRNA clo-
verleaf structures (tRNA®" and tRNA™) can be formed
in the Pyura mt-IrRNA (Figure 2B), it may not be longer
than 1108 bp. The pairwise similarity of this “shortened”
Pyura mt-IrRNA with Halocynthia mt-IrRNA is 57.7%. In
addition, the region upstream of tRNA®Y shows se-
guence similarity with the 3’ end of the Halocynthia
SrRNA (the similarity is 65.9%). The pairwise similarities

of mt-tRNA® and mt-tRNA™ between Pyura and Halo-
cynthia are 54.8% and 57.8%, respectively. However,
the similarity of mt-tRNA™ between Halocynthia and
Pyura is 61.3%, suggesting that the mt-tRNA®" and mt-
tRNA™ similarities between Halocynthia and Pyura are
not so low. If our prediction is correct, the partial gene
order in the Pyura mt-genome would be srRNA-tRNA®"!—
tRNATY—rRNA. This is different from Halocynthia, in
which mt-IrRNA follows tRNAY¥., and is also different
from the gene order of vertebrates and echinoderms.

Jacobs et al. (1988b) reported that in another ascid-
ian, Styela clava, COI is ~7 kbp downstream of IrRNA,
although in the Halocynthia mtDNA IrRNA is 1.5 kbp
away from COIl. Like Halocynthia and Pyura, Styela be-
longs to the suborder Stolidobranchia (Pearse et al.
1987), but the mt-gene arrangement in Halocynthia is
different from those in both Styela and Pyura.

It can be concluded that the mt-gene arrangement
is more changeable in ascidians than in vertebrates,
although both groups belong to Chordata. Additional
data on the mt-gene arrangement of other urochordates
are needed to elucidate the evolution of metazoan mt-
gene structures.

Evolutionary considerations: A phylogenetic analysis
based on the first and second codon positions of COIlII
was performed by the maximum likelihood (ML)
method using DNAML in PHYLIP (Felsenstein 1995).
Halocynthia (Hro), Pyura (Pst), Homo (Hsa), Xenopus
(Xla), Strongylocentrotus (Spu), and Asterina (Ape)
were used for the analysis and D. yakuba (Dya) was used
as an outgroup. The log likelihood (InL) of the ML
tree obtained (Figure 5) is —2534.00, and its topology
matches the traditional view: [(Arthropods (Echino-
derms (Urochordates, Vertebrates)))]. A neighbor-join-
ing tree (Saitou and Nei 1987) was also constructed.
It gave the same topology as the ML tree (data not
shown). However, since the differences of the InL of
the ML tree from the trees [ (Arthropods (Urochordates
(Echinoderms, Vertebrates)))] and [(Arthropods (Ver-
tebrates (Echinoderms, Urochordates)))] are only
—10.55 (SD = 7.51) and —12.28 (SD =+ 6.89), respec-
tively, supporting the monophyly of deuterostomes in
this analysis is not strong. It is apparent that the
branches of urochordates are more than twice as long
as those of vertebrates after the separation of vertebrates
and urochordates. As shown in Figure 5, both the AT
and GT contents of the codon first and second positions
of COIII are higher in the urochordate line than in the
echinoderm and vertebrate lines. This may explain in
part why the urochordate branches are longer than the
echinoderm and vertebrate ones; under the different
nucleotide composition bias the nucleotide substitution
pattern may differ, and hence the “observed” substitu-
tion rate.

An expanded phylogenetic analysis of metazoans
(Xenopus, Halocynthia, Asterina, D. yakuba, Apis, Lum-
bricus, Loligo, Albinaria, and Caenorhabditis) was car-
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Halocynthia| COI | ND3 | ND4 | ND6 | COIll | NDAL [srRNA| COIl | Cytb | ND2 | ND5 | IrRNA| ND1 | ATPS |

0

Human |

o1 | con | ATps| ATP6| com | ND3 | ND4L| ND4 | ND5 | ND6 | Cytb [srRNA|IrRNA| ND1 | ND2 |

-

A

Sea urchin | col |ND4aL| coll | ATP8| ATP6| COIll | ND3 | ND4 | ND5 | ND6 | Cytb |srRNA| ND1 | ND2 | IrRNA|

Halocynthia| COI | ND3 | ND4 | ND6 | COIll | ND4L [srRNA| COIl | Cytb | ND2 | ND5 |IrRNA| ND1 | ATPS |

Figure 4.—Comparison of gene organization among Halocynthia, human (Anderson et al. 1981), and sea urchin (Jacobs et
al. 1988a; Cantatore et al. 1989) mt-genomes. tRNA genes and noncoding regions are excluded from the comparison. Relocation
of genes without inversion is shown by thin lines and with inversion by thick lines.

Drosophila (AT=60.83, GT=58.42)

g0 [ Asterina (AT=55.21, GT=55.41)
I Strongylocentrotus (AT=55.41, GT=56.82)

82.1 Homo (AT=54.20, GT=50.79)
Xenopus (AT=53.81, GT=55.01)

0.1 substitutions/site

ried out using amino acid sequences inferred from mt-
protein genes. An ML tree based on inferred amino
acid sequences (2056 sites in total) of all the mt-protein
genes except for ATPase8 was reconstructed by
PROTML in MOLPHY (Adachi and Hasegawa 1996;
Figure 6). The cnidarian Metridium (Mse) was used as
an outgroup. The InL of the ML tree is —31209.8. The
tree does not support the monophyly of chordates, since
Halocynthia is the sister taxon of other triploblasticans
(Figure 6). In addition, another 36 tree topologies in the

Metridium

Halocynthia
Xenopus
Asterina
Drosophila

—

Apis

Albinaria

Loligo
Lumbricus

| S |
0.1 substitutions/site

100 [——Pyura (AT=63.64, GT=66.45)
L Halocynthia (AT=60.03, GT=70.88)

Caenorhabditis

Figure 5—Maximum likelihood (ML) tree
based on the first and second codon positions of
the COIIl nucleotide sequence (498 sites).
DNAML in PHYLIP Ver. 3.572c (Felsenstein
1995) was used. The bootstrap probability of each
branch is indicated as the percentage of the oc-
current trees supporting the branch in 1000 repli-
cates.

analysis could not be rejected since their InL differences
from the ML tree were smaller than 2 SE.

The bootstrap probability (BP) of the ML tree pre-
sented in Figure 6 estimated by the RELL method (Ada-
chi and Hasegawa 1996) is only 0.3543. The sum of
the BPs for the trees [Mse, (Hro, others)] is 0.6969,
and for [Mse, ((Hro, Protostomes) (Xla, Ape))] it is
0.2575, whereas that for the trees in which deuteros-
tomes (Halocynthia, Xenopus, and Asterina) appear as
a monophyletic group is only 0.0086. It is concluded

Figure 6.—ML tree based on the inferred
amino acid sequences (2056 sites in total) from
the nucleotide sequences of 12 mt-protein genes
(all the mt-protein genes other than ATPase8).
The tree was reconstructed by PROTML in MOL-
PHY (Adachi and Hasegawa 1996) with the
MtREV-F and exhaustive search options.
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from this analysis that the data support an unusual phy-
logenetic position for Halocynthia—namely, it is the
most deeply branched species among all the triploblas-
ticans analyzed in this work. However, the possibilities
that Halocynthia is a sister taxon of protostomes (this
is also very unusual in terms of the traditional view) or
that it is in the deuterostome clade (this appears to fit
with the widely accepted view of metazoan evolution)
are not rejected by the analysis.

A phylogenetic analysis based on 18S rRNA failed
to show the monophyly of chordates, since ascidians
formed a group with hemichordates and echinoderms,
but not with cephalochordates and vertebrates (Wada
and Satoh 1994). Interestingly, the branch length of
the ascidian line was much longer than those of the
cephalochordate and vertebrate lines. Our analysis
showed a similar higher substitution rate in uro-
chordates than in vertebrates, in both the COIII tree
(Figure 5) and the tree based on the combined data of
12 mt-protein genes (Figure 6). A comparison of the
evolutionary patterns of both nuclear and mt-genes in
vertebrates and urochordates (ascidians) could be an
interesting line of investigation.
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