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Comparative genomics of mitochondrial DNA in
Branchiostoma species

Yuzo Takada"? and Toshio Imai”

Summary A comparative genomic analysis of mitochondrial DNAs (mtDNAs) of Branchiostoma
was performed using 10 types of mtDNA data, including those for mtDNAs of Branchiostoma
belcheri (B. belcheri; a Pacific lancelet), Branchiostoma lanceolatum (B. lanceolatum; an Atlantic
lancelet), and Branchiostoma floridae (B. floridae; an Atlantic lancelet), as well as 6 more types of
mtDNA data obtained from databases. The Branchiostoma species corresponding to the 10 types of
mtDNA data were classified into the following 4 clusters: 2 clusters of B. belcheri, 1 cluster of B. lance-
olatum, and 1 cluster of B. floridae. Spruyt et al. have reported that B. lanceolatum and B. floridae have
an identical mtDNA, which has therefore been considered by some investigators to be attributable to
a misidentification of B. lanceolatum used as a research subject. The results of the present analysis
suggest that the B. lanceolatum examined by Spruyt et al. can be classified as a species or group closely
related to B. floridae. We also analyzed polymorphisms among Branchiostoma species (thus estab-
lishing a basis for their classification by molecular biological approaches), and we clarified their
geographical distribution. Our findings should prove very useful for future studies in the fields of

phylogenetics, evolutionary biology, and phylogenetic systematics.

Key words: Branchiostoma belcheri, Branchiostoma lanceolatum, Branchiostoma floridae,
Mitochondrial DNA, Polymorphism

1. Introduction eres, branchial chambers, and reproductive glands".
Since these features may be greatly affected by habitat,

The anatomical features of Branchiostoma that comparisons among the various Branchiostoma

distinguish its various species include relative location
of the notochord, structure of the feeding organ, entire
length of the body, shapes of fins, locations of the

peribranchial cavity and anus, numbers of sarcom-

species by DNA sequencing is considered preferable.
In a series of evolutionary studies of Branchiostoma,
we have found>? that the entire sequence” of the
mitochondrial DNA (mtDNA) of Branchiostoma
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lanceolatum (B. lanceolatum)” is quite similar to that
of Branchiostoma floridae (B. floridae)”. On the other
hand, Cafestro et al.” found a marked difference
between the alcohol dehydrogenase (Adh) gene (a
nuclear gene), of B. lanceolatum and that of B.
floridae. Furthermore, Nohara et al*” noted a discrep-
ancy in DNA sequencing among the results of
previous molecular studies. In the present study, with
the aim of addressing this discrepancy, we performed
a comparative genomic analysis of Branchiostoma
using 10 types of mtDNA data, including new data for
mtDNAs of Branchiostoma belcheri (B. belcheri), B.
lanceolatum, B. floridae'”
mtDNA data obtained from databases. We also

, and 6 other types of

searched for polymorphisms among B. belcheri, B.
lanceolatum, and B. floridae using mtDNAs obtained
from multiple individuals of these species, and we
discuss differences in habitat, in order to objectively

discriminate among Branchiostoma species.

2. Materials and methods

Ten individuals of B. belcheri (material abbrevi-
ated here as Bb-T), a Pacific species, were collected in
waters close to Japan. Ten individuals of B. lanceo-
latum (BI-M), an Atlantic species, collected in
Argeles-sur-Mer on the Mediterranean coast of France
were kindly provided by Dr. Michael Schubert from
the Institut de Génomique Fonctionnelle de Lyon
(IGFL) (BI-M). Twenty individuals of B. floridae
(Bf) collected in Tampa Bay, Florida, in the USA
were kindly provided by Dr. Michael Schubert from
IGFL (Bf-M) and Dr. Linda Holland from the Scripps
Institution of Oceanography University of California-
San Diego (Bf-H).

Sequences of mtDNAs were determined by PCR-
direct sequencing'. Nucleotide sequences were trans-

lated into amino acid sequences using EMBOOS

Table 1 ~ Localization of mitochondrial DNA genes and non-coding regions of Branchiostoma
Bb-T BI-M Bf-M Bf-H Bb-G Bj-W Bb-W BI-N BI-S Bf-B
G Size Size Size Size i i
e bj 2a) aa) b aa) b) (aa
cytb 1,141 380 1,143 380 1,143 380 1,143 380
tRNA-Thr 65 65 64 64
tRNA-Pro 65 67 66 66
128 rRNA 847 843 846 846
tRNA-Phe 63 66 66 67
tRNA-Val 72 67 67 67
165 rRNA 1,383 1,376 1,367 1,367
IRNA-Leu (TTR) 70 71 n K
NADHI1 945 314 940 313 940 314 940 314
IRNA-Ile 63 64 63 63
tRAN-Met 67 67 67 67
tRNA-Gin 68 69 69 69
NADH?2 1,041 346, 1,041 346, 1,041 346 1,041 346 1,041 346 1,041 346 1,041 346 1,041 346 1,041 346 1,041 346
tRNA-Asn 72 67 70 70 7 72 69 67 70 70
IRNA-Trp 67 66 69 69 67 67 65 66 69 69
tRAN-Ala 63 62 63 63 63 63 63 63 63 63
tRNA-Cys 59 59 58 58 59 59 57 59 58 58
IRNA-Tyr 65 66 66 66 65 65 66 66 66 66
cor 1,548 515 1,548 515 1,548 515 1,548 515/ 1,548 515 1,548 515 1,548 515 1,548 515 1,548 515 1,548 515
IRNA-Ser (TCN) n 7 70 70 n 7 n ! K !
tRNA-Asp 63 66 65 65 63 63 66 66 65 65
con 691 230 691 230 691 230 691 230 691 230 691 230 691 230, 691 230 720 239 691 230
IRNA-Lys 65 66 66 66 65 65 66 66 66 66
ATP8 165 54 165 54, 165 54 165 54 165 54 165 54 165 54 165 54 165 54 165 54
ATP6 683 227 683 227 683 227 683 227 684 227 684 227 683 227 683 227 684 227 683 227
cot 789 262 789 262 788 262 788 262 789 262 789 262 789 262 792 262 789 262 788 262
NADH3 354 mn7 354 17 352 17 352 117 354 17 354 17 352 17 354 117 354 17 352 17
IRNA-Arg 62 63 67 67 62 62 62 63 69 67
NADH4L 276 91 275 91 275 91 275 91 276 91 276 91 275 91 275 91 276 91 275 91
NADH4 1,359 452 1,358 452 1,358 452 1,358 452 1,359 452 1,359 452 1,358 452 1,358 452 1,359 452 1,358 452
IRNA-His 67 65 66 66 67 67 66 65 66 66
tRNA-Ser (AGY) 67 67 66 66 67 67 67 67 66 66
tRNA-Leu (CTN) 66 68 68 68 66 66 68 68 68 68
NADHS 1,797 598 1,797 598 1,797 598 1,797 598| 1,797 598 1,797 598 1,794 598 1,797 598 1,797 598 1,800 599
NC sequence 110 190 129 129 110 110 184 191 129(57) 129
IRNA-Gly 67 67 68 68 67 67 67 67 68 68
NADH6 504 167 503 167 504 167 504 167 504 167 504 167 504 167 504 167 504 167 504 167
tRNA-Glu 68 66 65 65 68 68 67 66 65 65
mtDNA 15,075 15,139 15,076 15,077 15,076 15,075 15,182 15,146 15,076 15,083

Data from: Bb-T (Branchiostoma belcheri TO1, AB478554), Bb-G (Branchiostoma belcheri, NC_004537), Bj-W
(Branchiostoma japonicum, DQ407722), Bb-W (Branchiostoma belcheri, AY932825), BI-M (Branchiostoma lanceolatum MO1,
ABA478564), BI-N (Branchiostoma lanceolatum, AB194383), BI-S (Branchiostoma lanceolatum, Y 16474), Bf~M (Branchiostoma
floridae MO1, AB478574), Bf-H (Branchiostoma floridae HO1, AB478581), Bf-B (Branchiostoma floridae, AF098298).

Numbers in parentheses indicate corrected gene size.
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Table 2 Percentage base composition of mitochondrial DNA in Branchiostoma species
Base Bb-T BI-M Bf-M Bf-H Bb-G Bj-W Bb-W BI-N BI-S Bf-B | Mean
Adenine (A) 276 260 270 269 275 275 258 26.1 269 26.9| 26.8
Cytosine (C) 139 164 155 159 139 140 135 165 159 159| 151
Guanine (G) 214 218 214 215 213 214 228 21.8 214 214 21.6
Thymine (T) 371 357 361 357 373 371 379 357 358 35.8] 364
A+T 64.7 61.7 627 627 648 64.6 637 618 62.7 62.7| 63.2
C+G 353 383 373 373 352 354 363 382 373 373 368

Abbreviations are the same as in Table 1.

Transeq (http://www.ebi.ac.uk/Tools/emboss/transeq/
index.html) provided by EMB-EBI. Structures of
transfer RNA (tRNA) genes were analyzed using
tRNAscan-SE 1.21 (http://lowelab.ucsc.edu/
tRNAscan-SE/) provided by Todd M. Lowe'".
Multiple sequence alignment analysis was performed
using a CLUSTAL-W program (http://www.
ddbj.nig.ac.jp/Welcome-j.html) provided by the DNA
Data Bank of Japan (DDBJ)*".

tionary trees were created using the NJplot

Molecular evolu-

(http://pbil.univ-lyonl.fr/software/njplot. html)", with
the previously-reported mtDNA sequences of B.
belcheri (Bb-G: NC_004537)”, B. japonicum (Bj-W:
DQ407722), B. belcheri (Bb-W: AY932825), B.
lanceolatum (BI-N: AB194383)”, B. lanceolatum (BI-
S: Y16474)*, and B. floridae (Bf-B: AF098298)"
used as references and that of Lampetra fluviatilis
(Lam: Y18683)'” used as an outgroup.

3. Results

1. Mitochondrial DNA size

The sizes of mtDNAs analyzed were as follows:
15,075 base pairs (bp) for Bb-T, 15,139-15,141 bp for
BI-M, 15,076-15,077 bp for Bf-M, 15,075-15,077 bp
for Bf-H, 15,076 bp for Bb-G, 15,075 bp for Bj-W,
15,182 bp for Bb-W, 15,146 bp for BI-N, 15,076 bp
for BI-S, and 15,083 bp for Bf-B (Table 1).

The mean frequencies of each base in mtDNAs
were as follows: 26.8% for adenine (A), 15.1% for
cytosine (C), 21.6% for guanine (G), and 36.4% for
thymine (T). Similar patterns of base distribution
were observed among Bb-T, Bb-G, and Bj-W,
between BI-M and BI-N, and between Bf and Bf-B.

Bb-W exhibited the highest frequencies of G (22.8%)
and T (37.9%) and the lowest frequency of C (13.5%)
among all Branchiostoma species tested. Base frequen-
cies differed 0.5-2.6% among species. The base
frequencies in BI-S differed from that of BI-M, but
was the same as that of Bf. The mean GC content was
36.8%, with no intra-species difference and a maximum

of 3.0% inter-species difference (Table 2).

2. Protein-coding genes

With regard to protein-coding genes, the size of
the NADH]1 was the same among Bb-T, Bb-G, Bj-W,
and Bb-W, and among BI-M, BI-N, and BI-S, while
that of the NADHS differed between Bf and Bf-B.
The COII of BI-S coded for 239 amino acids (aa),
which was longer by 9 aa than the corresponding
gene of the other Branchiostoma species (230 aa).
The sizes of other genes were the same among all
Branchiostoma species tested (Table 1).

Eleven of protein-coding genes of Bb-T, Bb-G,
Bj-W, Bb-W, Bf, BI-S, and Bf-B had an ATG initia-
tion codon, while the NADH1 and NADH4L of Bb-T,
Bb-G, and Bj-W, and the NADH1 and COI of Bf, Bb-
W, BI-S, and Bf-B had a different initiation codon.
The NADHI1 of BI-S and Bf-B had an ATA initiation
codon. In BI-M and BI-N, 12 of 13 genes excluding
the COI'had an ATG initiation codon.

Termination codons can be divided into complete
codons consisting of TAG or TAA and an incom-
plete codon ending with T or TA. A complete termi-
nation codon of TAG or TAA was found in the
following genes: all protein-coding genes examined,
except the cytb, COII, and ATP6, in Bb-T and Bb-G;
the cytb, COI, COIIl, NADH2, NADH3, NADHS,
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Abbreviations are the same as in Table 1.

Asterisks indicate no such potential reasonably exists and that the termination codon is incomplete.

Corrected codons are shown in parentheses.

and ATPS in BI-M and BI-N; the cytb, COI, COIII,
NADH2, NADH3, NADH5, NADH6, and ATPS in
Bf and Bf-B; all protein-coding genes examined,
except the COII gene, in Bj-W and BI-S; and the
COI, CoIll, NADH2, NADH3, NADHS5, NADH®6,
and ATPS in Bb-W (Table 3).

The mean frequencies of amino acids in protein-
coding genes were as follows: 7.8% for glycine (G),
7.3% for alanine (A), 9.2% for valine (V), 16.5% for
leucine (L), 6.1% for isoleucine (I), 5.3% for methio-
nine (M), 6.9% for phenylalanine (F), 2.9% for trypto-
phan (W), 4.2% for proline (P), 7.7% for serine (S),
4.9% for threonine (T), 3.1% for asparagine (N),
2.3% for glutamine (Q), 1.0% for cysteine (C), 2.1%
for aspartic acid (D), 2.7% for glutamic acid (E),
1.9% for lysine (K), 2.4% for histidine (H), 2.0% for
arginine (R), and 4.0% for tyrosine (Y), with
hydrophobic amino acids accounting for 66.0%,
neutral amino acids 18.9% and hydrophilic amino
acids 15.1% (Table 4). No differences were observed
in the frequencies of C, D, and H among species,
while 0.1-0.7% differences were observed in the
frequencies of other amino acids among species.
Similar patterns of amino acid distribution were
observed among Bb-T, Bb-G, and Bj-W, between
BI-M and BI-N, and between Bf and Bf-B. Bb-W
exhibited the highest frequency for V (9.9%) among
all Branchiostoma species tested, with a 1.1% differ-
ence compared to the frequency of V in Bb-T. The
profile of amino-acid frequency in BI-S was closer to
that in Bf than to that in BI-M. A total of 804 aa
were found to differ among Bb-T, BI-M, and Bf;
among them, 197 aa differed between any two of the
three species (Table 5). The two groups composing Bf,
Bf-M, and Bf-H differed from each other with respect
to 7 aa (polymorphism; over 15%) (Table 6).

3. RNAs

The mean length of tRNA genes among the
Branchiostoma species tested was 66.3 nucleotides
(nt). The mean length of tRNA genes varied among
species: 66.1 nt for Bb-T, 66.1 nt for BI-M, 66.4 nt for
Bf, 66.1 nt for Bb-G, 66.1 nt for Bj-W, 66.4 nt for Bb-
W, 66.2 nt for BI-N, 66.7 nt for BI-S, and 66.4 nt for
Bf-B. Among tRNA genes, only the tRNA" exhibited
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Table 4  Percentage amino-acid composition of protein-coding genes in Branchiostoma species

Amino acid [Bb-T BI-L Bf-L Bf-H Bb-G Bj-W Bb-W BI-N BI-S Bf-B |Mean
78 176 78 78 79 18 18 16 18 18| 78
74 74 72 72 74 15 711 13 711 11| 13
88 95 92 91 88 88 99 94 91 91| 9.2
161 166 165 166 162 160 166 168 165 16.6| 16.5
65 57 62 62 64 65 59 56 62 62| 6.1
55 48 53 54 56 56 51 48 54 54| 53
69 70 68 68 69 69 68 70 68 67 6.9
29 29 28 28 29 29 29 29 28 28] 29
41 42 42 42 41 41 41 42 42 42| 42
Total | 66.0 657 660 66.1 662 66.1 662 656 659 659 66.0
S 74 19 178 18 13 714 18 18 19 19| 17

hydrophobic residues
wmEm 2 =< P> @

@

é T 4.9 5.1 4.7 4.7 5.0 4.9 4.6 5.2 4.7 4.7 4.9

E N 3.2 31 29 3.0 3.2 3.2 3.0 31 3.0 3.0 31

E Q 2.3 2.2 23 2.3 23 23 2.2 2.2 23 2.3 23

“:’ C 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Total [ 188 193 187 188 188 188 18.6 193 189 189| 18.9

" D 2.1 2.1 2.1 2.1 2.1 2.2 2.1 2.1 2.1 2.1 2.1

o

5 E 26 27 27 28 26 27 28 27 27 27| 27

@

2 K 2.0 1.8 2.0 1.9 2.0 1.9 1.9 1.8 2.0 1.9 1.9

)

E H 24 24 24 24 24 2.3 24 24 24 24 24

? R 1.9 1.9 2.0 2.0 1.9 1.9 1.9 2.0 2.0 2.0 2.0

=

= Y 4.1 4.1 39 39 441 4.1 42 4.1 40 39| 4.0
Total | 15.1 15.0 151 151 151 151 153 151 152 15.0f 15.1

Abbreviations are the same as in Table 1 and text.

Table 5  Numbers of amino-acid substitutions in Table 6 Numbers of amino-acid substitutions in
mitochondrial-encoded protein in which protein-coding genes identified within each
Branchiostoma species are distinguished Branchiostoma species

Gene aa Bb-T  BI-M Bf All Gene Bb-T BI-M Bf Bf-M __ Bf-H
ATP6 227 12 7 9 12 ATP6 2 1 3 0 1
ATPS8 54 5 3 8 9 ATP8 0 0 0 0 1
cor 515 9 5 5 0 col 0 0 0 0 0
coil 230 8 4 2 2 col 0 0 0 0 0
coll 262 8 0 1 3 coil 1 2 0 0 1
cyth 380 24 6 9 8 cyth 0 1 0 0 0
NADH1 313 16 16 10 9 NADHI1 1 1 0 0 0
NADH?2 346 32 12 34 43 NADH2 1 1 2 0 0
NADH3 117 7 11 3 9 NADH3 0 0 0 0 0
NADH4 452 48 65 34 35 NADH4 6 2 3 0 2
NADH4L 91 5 7 4 4 NADHA4L 0 0 0 0 0
NADHS5 598 58 22 43 47 NADHS5 3 1 0 1 0
NADH6 167 15 11 19 16 NADH6 0 2 0 1 0

Total 3,752 247 169 191 197 Total 14 11 8 2 5

Abbreviations are the same as in Table 1. Abbreviations are the same as in Table 1.
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Table 7  Numbers of base substitutions in tRNA genes

in which Branchiostoma species are distinguished

Gene Bb-T BI-M Bf All
tRNA-Gly
tRAN-Ala
tRNA-Val
tRNA-Leu (TTR)
tRNA-Leu (CTN)
tRNA-Ile
tRAN-Met
tRNA-Phe
tRNA-Trp
tRNA-Pro
tRNA-Ser (TCN)
tRNA-Ser (AGY)
tRNA-Thr
tRNA-Asn
tRNA-Gin
tRNA-Cys
tRNA-Asp
tRNA-Glu
tRNA-Lys
tRNA-His
tRNA-Arg 10
tRNA-Tyr 13

Total 132

Abbreviations are the same as in Table 1.

-]

—
I

Wh JRWN= W AENWUVNORI=SNSS HEWN=&L S

o

—
N A S INWONNNERANSDS H ==

-]
- W W NS = - e D =W WESNAO=S

AW ENNNTOINEWIE=AWNWNERS =N

-]
0
-]
w
N
S

the same size in all species, while other genes showed
1-7 nt differences among species (Table 1). A total of
327 bases differed among species, 40 of which
differed among Bb-T, BI-M, and Bf (Table 7). In
addition, 10 base substitutions were identified
between Bf-M and Bf-H, the two groups
comprising Bf (Table 8).

With regard to ribosomal RNA (rRNA) genes,
the size of the 125 rRNA was 847 bp for Bb-T, 843 bp
for BI-M, 846 bp for Bf, 847 bp for Bb-G, 847 bp for
Bj-W, 876 bp for Bb-W, 843 bp for BI-N, 844 bp
for BI-S, and 846 bp for Bf-B, with a mean of 849 bp.
The size of the 125 rRNA of Bb-W differed (by about
30 bp) from that of the other Branchiostoma species.
The 12S rRNA of BI-S was intermediate in size
between those of BI-M and Bf. The size of the 16S
rRNA was 1,383 bp for Bb-T, 1,376 bp for BI-M,
1,367 bp for Bf, 1,384 bp for Bb-G, 1,382 bp for Bj-
W, 1,381 bp for Bb-W, 1,379 bp for BN, 1,367 bp
for BI-S, and 1,371 bp for Bf-B, with a mean of 1,375
bp. The size of the 16S rRNA was similar among
Bb-T, Bb-G, Bj-W, and Bb-W, between BI-M and BI-
N, and between Bf and Bf-B, while that for BI-S was

Table 8  Numbers of base substitutions in tRNA genes
identified within each Branchiostoma species

Gene Bb-T _BI-M Bf BfM Bf-H
tRNA-Gly 0 0 0 0 0
tRAN-Ala 0 0 0 0 0
tRNA-Val 0 0 0 0 0
tRNA-Leu (TTR) 1 3 0 0 0
tRNA-Leu (CTN) 0 0 0 0 0
tRNA-Ile 0 0 0 0 0
tRAN-Met 0 0 0 0 0
tRNA-Phe 1 1 0 1 3
tRNA-Trp 0 0 0 0 0
tRNA-Pro 0 0 0 0 0
tRNA-Ser (TCN) 0 0 0 0 0
tRNA-Ser (AGY) 0 0 0 0 0
tRNA-Thr 0 0 0 0 0
tRNA-Asn 0 0 0 0 1
tRNA-Gin 0 0 0 0 0
tRNA-Cys 0 0 0 0 0
tRNA-Asp 0 0 0 1 0
tRNA-Glu 0 0 0 0 0
tRNA-Lys 0 0 1 0 0
tRNA-His 0 0 0 0 1
tRNA-Arg 0 0 0 2 1
tRNA-Tyr 0 0 0 0 0
Total 2 4 1 4 6

Abbreviations are the same as in Table 1.

distinct from those for BI-M and BI-N but similar to
those for Bf and Bf-B (Table 1).

4. Unassigned DNA

The size of unassigned DNA sequences was as
small as 137-221 nt. In the mtDNAs of Bb-T and
Bb-G, 110 nt of unassigned DNA were present in a
single region between the NADHS5 and tRNA, 8 nt
between the tRNA™ and tRNAP, 4 nt between the
tRNA" and COI, 3 nt each between the tRNA" and
tRNA", the tRNA” and COII, and the tRNA® and
NADHA4L, and 1 nt each in 5 other regions. In the
mtDNAs of BI-M and BI-N, 190 nt were found in a
single region between the NADH5 and tRNAC, 10
nt between the tRNA" and COI, 7 nt between the
IRNA*™ and tRNAP®, 3 nt between the tRNA*™
and NADHI1, 2 nt each between the tRNA" and tRNA"
and the tRNA® and NADH4L, and 1 nt each in 3
other regions. In the mtDNA of Bf, 129 nt were
observed in a single region between the NADHS5 and
tRNA®, 10 nt between the tRNA" and COI, 8 nt
between the tRNA*™ and tRNA”, 2 nt each between
the tRNA" and tRNA" and the tRNA® and NADHAL,
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and 1 nt each in 3 other regions. In the mtDNA of Bj-
W, 110 nt were found in a single region between the
NADHS35 and tRNA°®, 8 nt between the tRNAS™ and
tRNAP®, 4 nt between the tRNA” and COI, 3 nt each

Table 9  Lengths and sequences of unass:

between the tRNA" and tRNA", the tRNA” and COII,
and the tRNA® and NADH4L, and 1 nt each in 6
other regions. In the mtDNA of Bb-W, 184 nt were in
a single region between the NADHS and tRNA®, 11 nt

igned DNA in Branchiostoma species

BT sim M B 20-G 8w oW BN s BEB
Sae Size Size Size Sie Size Sie Sze S Size
Ditimiod Mork P e P st an S (n Seawem P i gy Seaene o Seavere P il o S (n SAm
o = IRNA-TH TG TG TG
RNA-The ~ RNA-Pro
®’NAPro ~ 12SeRNA
125 rRNA ~ RNA-Phe
RNA-Phe — RNAVal 3 cre 1 GA 2 Ga 1 G 3 cre 3 cr6 1l AGGTAATITAT [ 2 GA 2 Ga 2 GA
RNA-Val ~ 165 cRNA
165 rRNA - (RNA-Leu (TTR) 1A
RNA-Lew (TTR) ~ NADHI 3 616 3 cre 3 616 3 cr6
NADHI - RNA-tle
RNA-tle — RANMer
RAN-Met — RNAGln
RNA-Gin - NaDH2 P [ 1T [ [ [ LT [ T 1T
NADH2 - RNAA
RNA-Asn - RNA-T
RNA-Trp = RAN-Ala
®’AN-Ala - RNACrs
RNACys - RNATr
RNATY, - cor 4 ATt 10 TGAAGAATTT | 10 AGGATAGCTT | 10 AGGATAGCTT | 4 AATT 4 ATt 10 GGAATAAATT | 10 TGAAGAATTT | 10 AGGATAGCTT | 10 AGGATAGCTT
- IRNA-Ser (TCN)
RNASer (TCN) = (RNA-Asp 3 TTTGTTTA 7 TAGATTA 8 TITAAAYA 3 TITAAAYA 8 TITGTTTA 8 TITGTTTA 8 CTTAGTTA 7 TAGATTA 8 TITAAMACA | 8 TTTAAACA
. - con 3 TCG 3 106 3 TG
cont = RNA-Lvs
’NALys - e
atrs - s
arps - com
comt - NabH3
NADH3 - RNA-Are
RNA-Arg ~ NADHAL 3 et 1 6T 1 Gr 2 6t 3 6T 3 err 3 T 1 6r [ 2 6r
NADH4L - NADH4 1A 1A 1A
NADH4 — RNAHE
RNA-His - RNASer (AGY)
IRNASer (AGY) ~ (RNA-Lew (CTN)
RNA-Lew (CTN) ~ NADHS 1 G
NADHS - RNAGY 110 NCsequence | 190 NCsequence | 139 NCicquence | 129 NCscquence | 110 NCsequence | 110 NCsequence | 184 NCsequence | 191 NCscquence | 129 NCsequence [ 120 NCsequence
RNAGY - NADHS
NADHS - RNAGl 1 x 1A ¥ 1A P LT 1A 1A 1A
RNAGl —on 1T LT LT LT LT PT 3 AT P T T

Abbreviations are the same as in Table 1.
Asterisks indicate unassigned DNA sequences that disappear aft

er correction of the initiation codon for the NADH].

Table 10 Percentage of identical base and amino-acid sequences for protein-coding genes and rRNA genes in

Branchiostoma species

ATPs | BoT BIM_BCM_BW_BbG BW BeW BIN _Bis _BfB o BoT_BIM_BM_BiHBSG_BW_BOW BIN _BiS BB NADHAL | BoT_BIM_B[M_BW_BVG BW_BeW _BIN 8IS BB
BoT | 9H100 8586 B6N) BESe 969 9899 8590 858 85 85 BoT [ IN100 B0 B8 W18 95100 9100 91 %0 8 9 =3 0 82 85 Bess 98 & &  ® 8 8
M 9100 B85 658 85 85 86 %100 & s Bm 9100 93 9293 5% B 929 % B %N M I I T
™ 9100 97100 B435 B48S 3687 8788 M9 9 M 95100 95100 5389 8889 9 %34 99 999 M 100 9100 86 %6 84 100 100
B 9100 S485 B85 8688 8638 999 99100 B 9100 89 8189 9197 94 99 999 B 9100 8586 8586 IS4 B4 9100 9100
e 100 98 s s s e e 00 1 n o m G 00 10 s W %
W 0w s m e W ) Bw [ Y
W A BW w 8 n % W woow M oM
BN w v . BN 0 9w BN w B
s 0 % s 00 9 s 100 100
P 100 2 100 P2 100
ATPS | BT BIM_BIM_BEW BeG_BW _BeW BIN _BLS _AEh NADHI | BoT__BEM__BEM_BEW__BGBW BbW BN S BLB NADIHS | BoT__BIM_BEM BN BeG W _BEW BIN B
BoT  [94100 6668 5589 559 95100 9100 6570 668 5159 559 BoT  |99100 8587 8839 8885 989 9 %0 858 8539 8889 BT |10 T8 74 74 9100 9 "
M e 61 8 s @ M 99100 8788 a8 8% % 0 91 s M 9100 B0 s T T 82 %10 8 8
M 100 96100 5259 515 6162 6162 9100 9 M 95100 99100 58 B 8 9687 95100 9100 M 9100 IO T4 4 6T B0 WM 99
Brn %100 $7.89 .99 6162 6162 %100 98 Brn 99100 88 88 8 87 99100 9100 Brn w0 M T s % 99
G [ n @ ®» s G 1w % % s w8 e w o v W oW u o
W I I I BwW L R Bw w o m W
W wou e e W 10 s 8w W w o m % T
N w e N w ¥ e N w o m s
s 0o 9 s 100 100 Bs 0w 9
B 100 P 100 B8 10
Cor BT BiM B BiH_BSG_BIW _BOW BIN _BiS BB NADHZ | BoT__BiM__BiM_BiH_B5G NaDH6 | BoT_BCM_BAM_BfW_BoG_BW BoW BIN _Bis BB
BT | INI00 9697 9597 9691 i 9 9 % 9 9 BT |9100 7374 6148 6168 989 BT |91100 274 6770 670 95100 9895 13 13 6149 6169
Bm 9100 9798 998 91 %y vw w99 Bm a0 173 WM Bm AN T T3 BT TII TAT6 910 T NI
™ 9100 98100 %97 9597 9.8 9T %N 9 ™ 97100 97100 6667 M 9100 97100 669 €168 6667 7273 9B100 99100
wie 9 %y w9 M % B 9100 66467 B W0 6869 8 67 T3 I 9100

L I A G ) B [ )

BHw w oy w9 @ Bw BW w N B e e
Bw w oW w s B B w7 e e
BN 0w s BN BN w N
Bs 100 9 ns s 100 100
P 100 P P2 100
Con__| et _BiM_BEM_BEW_BeG _BW _BoW BN BiS BLB NADH3 | BoT__BEM__BAM_BAN_BeG_BIW _BbW BEN _BiS BB I2STRNA] BOT_BIM__BAM_BAH BSG_BIW BbW _BLN B BLB
BOT [9%100 93 9594 9394 95100 99100 9151 93 54 o4 BT | 9100 7677 8283 NS4 S%100 910 19 76T 8 8 BT [95100 TETY 7476 7475 99100 99 97 TETS 78 7475
M 99100 959 9596 93 9 9495 99100 9896 959 M 99100 TO81 7981 T6 6 8 9100 7980 7980 M 910 TIIB TET TRT9 7879 7980 99100 TN 7T
™ 99100 99100 94 94 9293 959 99100 95100 M 9100 98100 BE3 L& T80 S081 99100 99100 M 9899 910 876 787 T6TT I M99 9799
B 99100 94 94 9293 959 99100 99100 Brn 95100 $184 LS4 7980 7981 99100 99100 Brn B L
G L I ) B o M % B w® G w9 s
Bw w2 8w w Bw oo % B Bw w ™ % e
Bow 0 s 9w W wom BW 0w w7
N 0w % % BN w W % BN w w7
s 0 100 s 100 100 s 0w s
BB 100 BB 100 BB 100
COUl_| BoT_BiM_BM_BfH_BeG_BIW BoW BIN _BiS BLB v H_BbG_BW_BOW _BIN_BiS BB I6STRNA] BOT BB BAH_B5GBIW BoW BN BiS BLB
BT | ORI00 95 9091 9091 95100 99 9495 95 91 91 BT |10 667 374 278 9 9 B 7876 374 139 T )
mw 99100 9354 9394 95 95 9697 W10 N M M 9100 6970 €970 6667 667 N N W @ mm 9100 787 6 TS 7980 T 9 76T 76
M 99100 99100 91 991 95 94 99100 99100 Bm 9100 9100 7273 TLII TS TEID 99100 9899 Bm W99 M9 T 7T T 1876 MW 99
B w10 9 w9 Bn 90 TTI LTI TS TEID 9100 9899 Ben Wi T T T6TT 187 999 99y
G 0 9 G o s s M om Yy 0w % ® ™ M7
BwW 100 Bw w o mom BW w ® o™ o7 om
BW W w o w w7 BW [ I
BN BN w o mom BN 0o % %
B as 00 % s w9
B P2 100 5B 100

Abbreviations are the
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between the tRNA" and tRNA", 10 nt between the
tRNAY and COI, 8 nt between the tRNA*™ and
tRNA®, 3 nt each between the tRNA® and NADH4L
and the tRNA®and cytb, and 1 nt each in 2 other
regions. In the mtDNA of BI-S, 129 nt were identified
in a single region between the NADHS5 and tRNA®, 10
nt between the tRNA” and COI, 8 nt between the
tRNA*™ and tRNAP, 3 nt between the tRNA*™
and NADH], 2 nt between the tRNA" and tRNA", and
1 nt each in 4 other regions. In the mtDNA of Bf-B,
190 nt were found in a single region between the
NADHS5 and tRNA®, 10 nt between the tRNA" and
COI, 8 nt between the tRNA*™ and tRNA”, 3 nt
between the tRNA*"™ and NADH 1, 2 nt each between
the tRNA" and tRNA" and the tRNA® and NADH4L,
and 1 nt each in 3 other regions (Table 9).

5. Homology
A comparison of the homology in protein-coding
genes revealed 94-100% homology within each

species of Bb-T, BI-M, and Bf, and 55-96% homology
between species. Among protein-coding genes, the
COI, COII, and COIII exhibited high degrees of
homology (=90%) both within and between species.
The ATPS$ exhibited high intra-species homology
(94-100%) but the lowest inter-species homology
(55-68%). High degrees of homology in protein-
coding genes were observed among Bb-T, Bb-G, and
Bj-W (97-100%), between BI-M and BI-N (90-100%),
and between Bf and Bf-B (98-100%). Protein-coding
genes of Bb-W exhibited low degrees of homology
with those of Bb-T (68-97%), BI-M (71-98%), and Bf
(61-97%), as did most of those of BI-S with those of
Bb-T (57-97%) and BI-M (62-97%), while exhibiting
high degrees of homology with those of Bf (94-100%)
(Table 10).

Molecular phylogenetic trees created by the NJplot
revealed the following: Bb-T, Bb-G, and Bj-W were
classified into the same cluster as the one for all genes
tested; Bb-W was classified into a different cluster

A B Bw C
m—iﬂbﬁ
™ Bb-G
BfB
B BIN
- BI-M Bf-H
” BfH BIN
L/-M » BIS
e, o, T e
Fig. 1 Neighbor-joining analysis of the relationships between representative mitochondrial genes

An analysis based on 10 genotypes was conducted using CLUSTAL-W program (DDBJ). Bootstrap testing was

performed (1,000 replicas). Numbers at forks represent bootstrap percentages. Tree is unrooted.

A) Amino acid sequence analysis of 13 protein-coding genes; B) Base sequence analysis of TRNA genes; C) Base

sequence analysis of tRNA genes.
Abbreviations are same as in Table 1.

Lam (Lampetra fluviatilis: Y18683) was included as an outgroup.
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than that for Bb-T, Bb-G, and Bj-W; BI-M and BI-S
were classified into the same cluster for protein-
coding genes and tRNA genes and different clusters
for rRNA genes; BI-N and BI-M were classified into
the same cluster for IRNA and tRNA genes, but into a
cluster similar to Bb-T, Bb-G, Bj-W, and Bb-W for
protein-coding genes; Bf-M and Bf-H were classi-
fied into the same cluster for all genes tested; and
Bf-B was classified into the same cluster as that for
Bf-M and Bf-H for protein-coding genes and tRNA
genes, but into a cluster similar to BI-N and BI-M for
rRNA genes (Fig. 1).

4, Discussion

1. Base frequency

Base frequency exhibited no significant intra-
species differences but did exhibit significant inter-
species differences (P<0.001)". No significant differ-
ences were observed in base frequency among Bb-T,
Bb-G, and Bj-W, between BI-M and BI-N, or between
Bfand Bf-B. The base frequency in the mtDNA of BI-
S differed from that for BI-M, but did not signifi-
cantly differ from that for Bf. Bb-W exhibited a
profile of frequencies of C, G, and T different from
those for the other Branchiostoma species. A compar-
ison of GC content, while revealing no intra-species
differences, did show inter-species differences. Similar
levels of GC content were observed among Bb-T,
Bb-G, and Bj-W, between BI-M and BI-N, and
between Bf and Bf-B. The GC content in the mtDNA
of BI-S differed from that for BI-M, but was the same
as that for Bf. Bb-W exhibited a level of GC content
different from those for the other Branchiostoma
species, and intermediate between those for Bb-T
and Bf. Differences in basic structural factors, such as
base frequency and GC content, are in general thought
to be attributable to differences in mutation pressure'.
Possession of sufficient levels of these basic structural
factors is a requirement for the production of a
functional protein'®. The above findings thus suggest
the following: Bb-T, Bb-G, and Bj-W, BI-M and BI-
N, and Bf and Bf-B are identical species; Bb-W differs
from the other Branchiostoma species, while BI-S is

identical to Bf. Such differences in the basic structural

factors observed thus suggest that Branchiostoma
species have long been under selective pressure due to

differences in habitat.

2. Protein-coding genes

The sizes and sequences of protein-coding genes
of Branchiostoma were found to be very similar to
those for other metazoans. While the numbers of
amino acids were the same within each species, the
mtDNA of BI-M was 1 aa shorter than those of Bb-T
and Bf. This inter-species difference in the number of
amino acids was attributable to the NADHI of BI-M
being 1 aa shorter than that of the other two species.
The COII of BI-S was 9 aa longer than that of all the
other species, making a total gene size of 3,761 amino
acids, the largest among all Branchiostoma species
tested. This suggests that, if a reduction of mtDNA
size is required for the rapid replication of mitochon-
dria, BL-S is under less selective pressure to reduce its
size than are the other Branchiostoma species.

The ATPS of Bj-W exhibited 68-70% homology
with those of Bb-T, Bb-G, and Bb-W. This value
was comparable to the degree of homology found in
the ATPS8 between Bb-T and BI-M (66-68%). The
ATPS of BI-S showed 62% homology with that of BI-
M, but 94-100% homology with that of Bf. This
indicates that Bj-W is a species located between Bb-T
and BI-M, and that BI-S is distinct from BI-M but
identical to Bf. The ATPS, which exhibited the
greatest variation among Branchiostoma species, may
thus be a useful marker for discriminating among

Branchiostoma species.

3. Initiation and Termination codons

The initiation codons for Bb-G, BI-N, and Bf-B
were the same as those for Bb-T, BI-M, and Bf,
respectively. The initiation codon for the NADH1 of
BI-S was found to be ATA, which was different from
that for BI-M but the same as that for Bf-B. Since we
have already presented evidence that the initiation
codon for Bfis GTG, it is also reasonable to infer that
the initiation codon for the NADH]1 of BI-S and Bf-B
is GTG. On this basis, we have determined the initia-
tion codon for the NADH]1 to be GTG in Bb-T, Bb-G,
Bj-W, Bb-W, BI-S, Bf, and Bf-B, and ATG in BI-M
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and BI-N. The initiation codon for the COI differs
among Bb-T, BI-M, and Bf: being ATG in Bb-T and
BI-M, and GTG in Bf. Conversely, the initiation
codon for the NADHA4L was GTG in Bb-T and BI-M
and ATG in Bf. These findings suggest that the differ-
ence in initiation codons is reflected by inter-species
differences. It also appears that BI-S and Bf are
identical species.

The termination codons for Bb-G, BI-N, and Bf-B
were the same as those for Bb-T, BI-M, and Bf,
respectively. Bj-W has a complete termination codon
of TAG in the COI, cytb, NADHI1, NADH2, NADH4,
NADH6, and ATPS, a complete termination codon
TAA in the COIIl, NADH3, NADHA4L, NADHS, and
ATP6, and an incomplete termination codon ending
with T in the COIIl. Bb-W shows a complete termi-
nation codon of TAG in the COI, COIIl, NADH2,
NADHG6, and ATPS, a complete termination codon
TAA in the NADHS5, and incomplete termination
codons ending with T or TA in the other genes. BI-S
has a complete termination codon of TAG in the COL,
cytb, NADH1, NADH2, NADH4, NADHS5, NADH6,
and ATPS, a complete termination codon TAA in the
COIlI, NADH3, NADHA4L, and ATP6, and an incom-
plete termination codon ending with T in the COIL
These three species (Bj-W, Bb-W, and BI-S) exhibited
patterns of termination codon usage different from
those of the other Branchiostoma species.

These findings suggest that the initiation and
termination codons vary among Branchiostoma
species, and that Bb-T, Bb-G, and Bj-W, BI-M, and
BI-N, and Bf'and Bf-B are identical species, respec-
tively, while Bb-W and BI-S are distinct from the
other Branchiostoma species. BI-S thus appears to

be a species closely related to Bf.

4. Unassigned DNA

The insertion sites, sequences, and sizes of
unassigned DNA sequences were the same in Bb-T
and Bb-G as in BI-M and BI-N. The unassigned DNA
makeup of Bf-B is the same as that of Bf, provided
that the initiation codon for the NADH]I of Bf-B is
corrected. The number of insertion sites, of 1 nt
unassigned DNA was larger by 1 site in Bj-W than in
Bb-T and Bb-G, although the number of insertion

sites, of other unassigned DNA sequences was the
same among the three species. Bb-W differed from the
other Branchiostoma species with respect its insertion
sites, sequences, and sizes of unassigned DNA
sequences. The unassigned DNA sequences located
between the tRNA" and tRNA" are characteristic of
this species, with the size of the unassigned DNA
sequences of Bb-W being 11 nt, making it consider-
ably larger than the 2-3 nt in the other Branchiostoma
species. BI-S differed from BI-M and BI-N with
respect to its sequences and the sizes of its unassigned
DNA in 3 regions, and differed from Bf-B with respect
only to its sequence and the size of an unassigned
DNA in 1 region. As in the case of Bf-B, the
unassigned DNA makeup of BI-S is the same as that
of Bf, provided that the initiation codon for the
NADHI1 of BI-S is corrected. Although the sizes of
unassigned DNA sequences (not including non-coding
(NC) sequences) in the Branchiostoma species tested
ranged from 25-37 nt, those in the Branchiostoma
species (excluding Bb-W) ranged from only 25-28
nt, with no significant difference among species. The
difference in the size of NC regions is thus reflected by
the size difference in unassigned DNA sequences. A
characteristic finding for the unassigned DNA is that
its insertion sites, sequences, and sizes vary among
species. In particular, the unassigned DNA sequences
located between the tRNA" and tRNA", the tRNA" and
COI, the tRNA*™ and tRNAP, and the tRNA* and
NADHA4L were found in all Branchiostoma species
tested, and their sequences and sizes were found to be
species-specific. The differences in unassigned DNA
makeup thus appear to constitute inter-species differ-
ences. It also appears that, if a reduction of the mtDNA
size is required for rapid replication of mitochondria,
the inter-species differences observed have been

generated by selective pressure.

5. Transfer RNAs

A comparison of tRNA genes from multiple
individuals of Bb-T, BI-M, and Bf has revealed
species-specific base substitutions (polymorphism)
in almost all tRNA genes. Among polymorphisms
that distinguish one species from the other two, those

that distinguish Bb-T from the other two were most
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common (132 polymorphisms). BI-M was distin-
guished from the other two by 85 polymorphisms,
and Bf from the other two by 83 polymorphisms.
tRNA genes that frequently exhibited polymorphisms
included the genes for tRNA", tRNA”, tRNA", and
tRNA”, with more tRNA genes related to hydrophilic
amino acids than to hydrophobic amino acids. In
terms of inter-species difference, polymorphisms were
commonly identified in the tRNA", tRNA", tRNA",
tRNAP and tRNAF in Bb-T, the tRNA™, tRNA®,
and tRNA" in BI-M, and the tRNA”, tRNA¥, and
tRNA" in Bf.

Intra-species polymorphisms were identified in
the genes for tRNA", tRNA"™ tRNAY, tRNA®,
tRNA*, tRNA*, and tRNA". One particularly
noteworthy finding is the presence of polymorphisms
between the two groups comprising Bf. The conven-
tional classification of the Branchiostoma is based
on the findings reported in previous classical biolog-
ical studies®*”. The presence of 10 polymorphisms
identified in the tRNA", tRNA", tRNA”, tRNA®, and
tRNA" suggests that the species of Branchiostoma
exhibiting the same morphological characteristics
may be further divided into different groups. On the
other hand, the genes for tRNA"Y, tRNA", and
tRNA"™ have fewer base substitutions than do the
other tRNA genes, and thus appear to be better
conserved in their structure. The initiation codons
used in the mitochondria of Branchiostoma have been
shown to be ATG, GTG, and ATA. However, the
results of our present analyses of tRNA genes and
the NADH]1 have suggested that the initiation codon
for the NADHI1 of BI-S and Bfis GTG. This indicates
that only ATG and GTG need be considered as candi-
dates for initiation codons used by the Branchiostoma.
The tRNAY in particular, exhibits the least inter-
species variation. The tRNA" as well as the tRNA”,
carries an anticodon for the translation initiation
codon, thus playing an important role in protein
synthesis. In the mtDNA of vertebrates, transcription
is initiated in an inverted promoter on the D-loop,
followed by the production of the primary transcript.
The transcription level of mitochondrial IRNA genes

is usually regulated by a transcription termination

factor that specifically binds to the nucleotide
sequences of tRNA genes. In humans, a transcrip-
tion termination factor-binding site consisting of a
sequence of TGGCAGAGCCCGG is present on the
tRNA"™ Y "and the binding of a 34-kDa transcription
termination factor to that site terminates transcrip-
tion, resulting in the production of rRNAs. If no
transcription termination factor binds to the site,
transcription resumes further downstream, resulting in
the production of mRNAs and tRNAs**”. This
transcription termination factor-binding site carries
a point mutation (3243A-G) responsible for mitochon-
drial myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes (MELAS)**. The reduced ability
of the transcription termination factor to bind to DNA
that carries this point mutation has also been demon-
strated™. Although the transcription termination factor-
binding site in the tRNA"™™ of the Branchiostoma has
not yet been identified, it may be involved in
regulating of the production of rRNAs and mRNAs in
Branchiostoma, as it does in humans. It is thus clear
that the three types of tRNA genes are more univer-
sally required across species than are the other types of
tRNA genes.

6. Polymorphism

While the mtDNAs of Bb-T, BI-M, and Bf
exhibited intra-species identity with respect to base and
amino-acid composition, size, initiation/termination
codon usage, and unassigned DNA makeup, several
features varied among the three species, indicating
the presence of distinctive genetic differences among
them. Within-species variations in amino-acid
frequency and base/amino-acid polymorphisms were
less frequently observed in BI-M than in Bb-T and Bf.

Bb-G was identical to Bb-T with respect to all
features examined. Bb-W was similar to BI-M in
gene size and to Bf in unassigned DNA makeup, but
was distinct from Bb-T, BI-M, and Bf in
initiation/termination codon usage and base/amino-acid
composition. Bj-W was identical to Bb-T in gene
size, base/amino-acid composition, initiation codon
usage, and NC sequence makeup, but was identical to

Bfin termination codon usage. BI-M and BI-N were
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identical in all features. BI-S was closer to, or identical
with, Bfthan to BI-M in all features, but distinct from
Bb-T, BI-M, and Bf with respect to base/amino-acid
composition and termination codon usage. Bf and
Bf-B were identical in all features. These findings
indicate the following: 1) Bb-T and Bb-G, BI-M and
BI-N, and Bf and Bf-B are identical species, respec-
tively; 2) Bj-W is close to Bb-T but distinct from
Bb-T; 3) Bb-W is distinct from Bb-T, BI-M, and Bf;
and 4) BI-S is close to but distinct from Bf. Analyses
of various types of genes have been conducted to
address these inter-species differences and to elucidate

26-

the evolution of Branchiostoma®". In particular,

rRNA-based phylogenetic analyses have often been
performed and have yielded valuable findings* *.
Samples are now usually frozen with liquid nitrogen or
treated with an RNA-preserving compound and are
thus kept in a condition relatively close to that of
live samples. However, the extrapolations of genetic
characteristics to ancient organisms from those of
currently existing organism are still speculative Since
fossils of cephalochordata were found in the
Chengjiang fauna of the Early Cambrian (around 540
million years ago) and fossils of an agnathan fish
termed conodont were discovered among the same
fauna, it is believed that urochordata, cephalochordata
(e.g., Branchiostoma), and vertebrates appeared simul-
taneously between 6 and 10 million years during the
Early Cambrian™. If this is so, it will be important to
examine the genomic information obtained from these
fossils as a means of enabling practical genetic
analyses using comparative genomic approaches. For
this purpose, inter-species polymorphisms need to be
clarified to provide a basis for comparative genomic
approaches.

With regard to protein-coding genes, a total of
804 amino-acid polymorphisms were identified among
Bb-T, BI-M, and Bf, and in 197 polymorphisms
among them the three species were distinguished.
tRNA genes carry a total of 340 polymorphisms, 40 of
which distinguish Bb-T, BI-M, and Bf, which is
further divided into BM and Bf-H. We examined
whether it is possible to distinguish these two
subgroups, and identified 15 polymorphisms in

protein-coding genes and 10 in tRNA genes. Five

characteristic amino acids translated from protein-
coding genes and 7 characteristic bases in tRNA
genes distinguished Bf-M and Bf-M subgroups from
other individuals, respectively. To distinguish highly
similar groups, tRNA genes, which carry 6 polymor-
phisms out of 1,461 nt (0.4%), are slightly advanta-
geous compared with the 16S rRNA, which carries 4
polymorphisms out of 1,367 nt (0.3%). Within the
species of Bb-T, BI-M and Bf, the frequencies of
polymorphisms in protein-coding genes and tRNA
genes were lower in BI-M than in Bb-T and Bf,
suggesting the presence of a bottle-neck effect™ *.
Within the Bf species, the frequency of polymor-
phisms is lower in Bf~M than in Bf-H, representing an
inter-group difference. These findings suggest that a
geographical classification of Branchiostoma species
can be achieved by molecular biological approaches.

Many of the findings obtained in the present study
are consistent with those derived from the analysis of
nuclear genes by Cailstro et al.” and those obtained
from the analysis of mtDNAs by Nohara et al.”. This
may be due to the fact that the research material
identified as B. lanceolatum in the study conducted by
Spruyt et al’. was actually B. floridae, or because
they misinterpreted their findings. However, several
findings have revealed differences between BI-S and
Bf, the size of the COII of BI-S (239 aa) was 9 aa
longer than that of Bf; the NADHI, NADH4,
NADHA4L, and ATP6 of BI-S had complete termina-
tion codons; and the molecular phylogenetic trees for
protein-coding genes and tRNA genes showed that BI-
S was close to BI-M. It is thus reasonable to conclude
that BI-S is a sub species that is close to Bf.

5. Conclusion

The results of the present analysis of mtDNAs
have demonstrated that B. belcheri, B. lanceolatum,
and B. floridae are distinct species. We have also
identified species-specific polymorphisms and have
clarified the phylogenetic classification and geograph-
ical distribution of Branchiostoma by molecular
biological approaches. These results indicate that the
Branchiostoma in early developmental stages exhibited

a region-specific distribution pattern and have subse-
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quently undergone independent evolutions. The
distinctiveness of B. lanceolatum from B. belcheri
and B. floridae suggests the presence of a bottleneck
effect. We have also provided a reason for reconsid-
ering the research material used by Spruyt et al. as B.
lanceolatum to be a species or group that is much
closer to B. floridae than to B. lanceolatum. These
findings were derived from a comparative genomic
analysis of new data for B. belcheri, B. lanceolatum,
and B. floridae, as well as from other existing data.
Branchiostoma have been used in a number of studies,
and their molecular biological findings are frequently
cited. The findings obtained in the present study
should prove very useful for future studies in the
fields of phylogenetics, evolutionary biology, and

phylogenetic systematics.
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