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Abstract. The complete sequence of the carp mi-
tochondrial genome of 16,575 base pairs has been
determined. The carp mitochondrial genome en-
codes the same set of genes (13 proteins, 2 rRNAs,
and 22 tRNAs) as do other vertebrate mitochondrial
DNAs. Comparison of this teleostean mitochon-
drial genome with those of other vertebrates reveals
a similar gene order and compact genomic orga-
nization. The codon usage of proteins of carp mi-
tochondrial genome is similar to that of other
vertebrates. The phylogenetic relationship for mito-
chondrial protein genes is more apparent than that
for the mitochondrial tRNA and rRNA genes.
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Introduction

The complete mitochondrial DNA (mtDNA) se-
quences of several species of vertebrates have been
determined including mammals (Anderson et al.
1981, 1982; Bibb et al. 1981; Gadaleta et al. 1989),
chicken (Desjardins and Morais 1990), and Xenopus
laevis (Roe et al. 1985; Dunon-Bluteau and Brun
1986). These mitochondrial genomes have a con-
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served organization and gene content. They consist
of two species of ribosomal RNA (rRNA) genes, 22
distinct transfer RNA (tRNA) genes, and 13 protein
genes encoding components of the inner mitochon-
drial membrane (Cantatore et al. 1987). The data of
partial sequences of mtDNAs of several species of
fish (Araya et al. 1984; Gilbert et al. 1988; Davidson
et al. 1988, 1989; Huang et al. 1990; Johansen et al.
1990) also suggest that a similar gene content and
genomic organization exist in fish mtDNA. The
complete sequence of a fish mtDNA has not been
available. In order to obtain more information about
the evolution of vertebrate mtDNA, we have se-
quenced the mtDNA of carp, Cyprinus carpio, and
its complete sequence of 16,575 base pairs (bp) is
compared with those of other vertebrates.

Materials and Methods

Isolation of Carp mtDNA and Cloning of mtDNA Fragments.
Carp liver mtDNA was isolated as described by Tapper et al.
(1983). The 1.2-, 3.4-, and 4.1-kilobase (kb) fragments of EcoRI
digest and 0.6-, 0.7-, 1.1, 2.4-, and 5.3-kb fragments of HindIIl
digest were cloned into pUC19. The 8.0-kb fragment of EcoRI
digest and the 6.5-kb fragment of HindIII digest were further
treated with other restriction endonucleases (RE) and then
cloned into pUC19.

DNA Sequencing. The mtDNA fragments from the above
clones were further treated with other REs to generate DNA
fragments of appropriate size suitable for DNA sequencing. In
this study, pUC/M13 sequencing primers (forward and reverse)
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Fig. 1.

The partial restriction endonuclease map and sequencing strategy of carp mtDNA. Only the restriction endonuclease sites

used for subcloning are shown. The numbers represent the genomic length in kilobases. The arrows show the regions and direction of
sequences determined. Solid and open circles represent the M13/pUC and synthetic primers used for sequencing, respectively.
Abbreviations: A2, Avall; B, BamHI; E, EcoR1; Ha, Haelll; Hp, Hpall; H2, Hincll; H3, HindIII; P, PstI; R, Rsal; Sc, Sacl; S|, Sall;

S3, Sau3Al

and synthetic oligonucleotide primers of specific sequences were
used for DNA sequencing. The strategy of sequencing of carp
mtDNA is shown in Fig. 1. Nucleotide sequencing was per-
formed by the chain termination method of Sanger et al. (1977).

Results and Discussion

Sequence and Gene Content of mtDNA

The partial RE map of carp mtDNA is shown in Fig.
1, which is similar to that determined by Araya et
al. (1984). The complete sequence of carp mtDNA
has been recorded in the EMBL data library under
the accession number X61010. The length of carp
mtDNA is 16,575 bp, which is similar to that of the
mtDNAs of human (16,569 bp), mouse (16,295 bp),
and chicken (16,795 bp) but shorter than that of X.
laevis mtDNA (17,553 bp).

As found in the mtDNAs of other vertebrates,
carp mtDNA contains 2 rRNA genes, 22 distinct
tRNA genes, and 13 protein genes. Most of these
genes are encoded by the heavy (H)-strand, which
includes two rRNA genes, 14 tRNA genes, and 12
protein genes. The light (L)-strand encodes the rest
of genes. The same genes are also encoded, respec-
tively, by the H- and L-strand of the mtDNAs of
other vertebrates. The coding regions on both
strands of carp mtDNA have about the same length
as those found in other vertebrates. The organiza-
tion of the carp mitochrondrial genome is dia-

grammed in Fig. 2. The order of mtDNA genes in
carp is identical to that of cod (Johansen et al.
1990), X. laevis (Roe et al. 1985), and mammals
(Anderson et al. 1981, 1982; Bibb et al. 1981; Ga-
daleta et al. 1989) but different from that of chicken
(Desjardin and Morais 1990). The D-loop is bor-
dered by the tRNAF"™ and tRNA™ gene in the
mtDNAs of carp, cod, X. laevis, and mammals but
is bordered by the tRNAF" and tRNA®™ gene in
chicken mtDNA.

The majority of the protein genes and the two
rRNA genes of the carp mitochondrial genome are
interposed by at least one tRNA gene. These tRNA
genes are thought to act as a recognition signal for
mitochondrial RNA processing (Ojala et al. 1981).
In carp mtDNA, some genes are punctuated by
spacers of variable length from 1 to 13 nt, while
some genes join end to end and some other genes
overlap. Such a pattern of gene organization is also
found in the mtDNAs of other vertebrates, although
the length of intergenic spacer and the extent of
overlapping may differ from those of carp.

Protein Genes

Alignment of the amino acid sequences of the 13
proteins encoded by carp mtDNA with those of
other vertebrates (Fig. 3) reveals that COI, COII,
COIIlL, Cyt b, and NDI1 are conserved (identity from
64 to 90%) while ATPase 8, ND2, and ND6 (identity
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Fig. 2. The genomic organization of the carp mtDNA. Protein
and tRNA genes are indicated by the one-letter amino acid code
with polarity given by the open arrowheads. Protein and tRNA
genes shown outside the circle are H-strand encoded with
counter-clockwise polarity. The ND6 and 8 tRNA genes shown
inside the circle are L-strand encoded with clockwise polarity.
The origin of L-strand replication is indicated as O; while the
origin of H-strand replication has not bet been mapped.

from 33 to 63%) are diversified among vertebrates.
The results of homology analysis of these 13 pro-
teins are presented in Table 1, which clearly indi-
cates the phylogenetic relationship of these protein
between carp and other vertebrates. The proteins
encoded by carp mtDNA have a greater similarity
to those encoded by cod and amphibian mtDNAs
than to those encoded by chicken and mammalian
mtDNAs.

In carp, all but one protein encoded by mtDNA
use the orthodox AUG codon as the translational
initiator. The only exception is the COI gene, which
begins with the sequence GTG. The presence of an
in-phase GTG codon at the beginning of an mtDNA-
encoded protein gene is also observed in the COI
gene of cod (Johansen et al., 1990) and chicken
(Desjardins and Morais 1990), in the ND1 gene of
mouse (Bibb et al. 1981), and in the ND5 gene of
Drosophila yakuba (Clary and Wolstenholme 1985).
The GTG codon has also been reported to initiate
prokaryotic genes (Stromo et al. 1982).

Among the 13 protein genes encoded by carp
mtDNA, four genes end with TAA and one gene
ends with TAG as the stop codon, whereas the
other genes do not end with a complete stop codon
but with T or TA. Therefore the stop codons of
several species of carp mitochondrial mRNAs ap-
pear to be created by addition of adenylate residues
to the primary transcript as proposed for other ver-
tebrates (Ojala et al. 1981).

Table 1. Homology comparison of the sequences of proteins,
transfer and ribosomal RNAs of vertebrate mitochondrial ge-
nomes

Homology (%)

CP/CD* CP/XE CP/CH CP/HU
Protein
ND1 78 73 68
ND2 60 54 46
COI 90 88 85
COIl 80 68 64
ATPase 6 80 74 53
ATPase 8 59 63 43 33
COIll 91 82 81
ND3 85 74 73 57
ND4L 84 S1 67 49
ND4 66 61 61
ND5 64 59 46
ND6 49 51 32
Cytb 80 75 70
tRNA
Phe 75 87 77 66
Val 63 61 66
Leu(UUR) 73 78 62
Ile 74 74 71
Gin 75 75 68
Met 77 78 78
Trp 79 81 69 71
Ala 75 77 84 78
Asn 85 78 70 69
Cys 73 63 68 82
Tyr 79 81 70 69
Ser(UCN) 79 82 72
Asp 73 73 78
Lys 72 76 66 71
Gly 87 79 64 66
Arg 62 71 65 65
His 84 82 78 81
Ser(AGY) 60 54 61 64
Leu(CUN) 89 89 82 80
Glu 74 63 78
Thr 76 65 67
Pro 70 67 74
rRNA
128 74 69 69
16 S 67 63 62

2 CP, carp; CD, cod; XE, Xenopus laevis; CH, chicken; HU,
human

The carp ND4L and ND4 genes overl ap by 7 nt
as found for the same pair of genes in other verte-
brates. The ATPase 8 and ATPase 6 genes of carp
mitochondria overlap by 7 nt as well. In other ver-
tebrates, these latter two genes overlap by 10 nt in
X. laevis and chicken and 40 to 46 nt in mammals.
These four genes are translated in two different
reading frames which differ by 1 nt. A single tran-
script is detected for each gene pair of ND4L/ND4
and ATPase 8/ATPase 6 in mammalian mitochon-
dria (Ojala et al., 1980; Anderson et al. 1981) and for
the gene pair of ATPase 8/ATPase 6 in chicken mi-
tochondria (Desjardins et al. 1989). It appears that
in chicken and mammalian mitochondria, a pair of
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Fig. 3. Comparison of the
amino acid sequences of the
proteins encoded by carp
mtDNA with those of other
vertebrates. Species compared:
CP, carp; CD, cod; XE, X.
laevis; CH, chicken; HU,
human. Amino acids are denoted
by one-letter code. Residues
identical to those of carp are
indicated by dashes and gaps
shown by dots are introduced to
optimize alignment.
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XE ——————— FomFrmm oo mmmmmm o YA=~EP~-—————mm—mmmmm e Lg=m—Vmmm
Hi=TIm==M-Lm=V=mm—mmmm oo Q=--E~—=—mmm= e LS—-=~— S$8—-7--
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CP: THAFFKAMLFLCSGSITHSLNDEQDIRKMGGLFNIMPATSTYFTIGSLALTGTPFLAGFFSKDATIIE
XE:NN====VYY=F~--QVSSCommmmmwmm—m— QeSL~I—TSCLm—mmmmmm = o e =
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CP:GLIITQNFPPIKTPIMTMSITLKMAALMVTIAGLLVAMELANLTSKQVKITPMISTHHFSNMLGFYP
XE:=-L~-AS~ML--N§-—-~- PTLA-Q--II-8VT~~II-~-D-SK~-TYINQESKTNI.,-S———=L-—=F~-
CH:--L-SSLIL=-P--=P~-=PTIT~T--II--TL-IIL~L--S5-SYSLTPPKHNPL.MN--SS--YFN
HU:=-FL--N-IS-ASPFQT-IPLY~~LT-=A--FL--—-T-LD~NY--N-LKMKS-LCT.FY==m======
CP:MITHRLIPKLKLTLGQSAATQL. DKITWLETVGPKGLALTQMAMAKITNDITRGMIKTYLTIFLLTLI
XE:T~—--MM--TN-N-A-NI-~H-I-LS-¥~-KS-~-Q-MVNQ-LP-I-T-TN-QQ-L~~——--L--M-SA
CH:PLT--IS-SIL~-HT--KI-SH~-I-MA-YKKM--E---NLHLT-T--STTLHT~L--S-~-GS-A-~IL
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CH:TTILLIQK

HU:~TLLLIT

ND6
CP:MTYFMFLLILMALVVGLVAVASNPTPYFAALGLVVAAGVGCGVLVGHGGSFLSLVLFLIYLGGMLVVF
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proteins would be translated from a single mRNA
by using different reading frames and that the
mRNA is not subjected to further processing to pro-
duce two different transcripts. Whether or not this
is also the case in carp mitochondria remains to be
investigated.

Genetic Codes and Codon Usage

Certain codons of animal mtDNAs deviate from the
universal genetic code. In X. laevis, chicken, and

mammalian mitochondrial genomes. UGA codes
for tryptophan instead of termination, AUA codes
for methionine but not for isoleucine, and AGA and
AGG code for termination rather than for arginine.
The genetic code for amino acids of the proteins
encoded by carp mtDNA is presently unknown.
However, sequence comparison reveals that most
of the 112 UGA and 126 AUA codons of the 13
protein genes encoded by carp mtDNA align, re-
spectively, with tryptophan and methionine of the
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Table 2. Comparison of codon usage in vertebrate mitochondrial genomes

CP? XE CH HU Cp XE CH HU
TTT(Phe) 76 125 59 77 TCT(Ser) 29 66 35 32
TTC(Phe) 146 103 160 141 TCC(Ser) 57 44 101 99
TTA(Leu) 100 217 62 73 TCA(Ser) 82 123 98 83
TTG(Leu) 11 20 16 16 TCG(Ser) 9 11 4 7
TAT(Tyr) 50 60 26 46 TGT(Cys) 5 13 35 5
TAC(Tyr) 65 57 80 89 TGC(Cys) 20 18 23 17
TAA(Ter) 4 3 8 2 TGA(Trp) 112 101 96 93
TAG(Ter) 1 0 0 2 TGG(Trp) 8 16 12 11
CTT(Leu) 82 159 78 65 CCT(Pro) 33 52 21 41
CTC(Lew) 97 54 185 167 CCC(Pro) 52 20 108 119
CTA(Leu) 297 141 288 276 CCA(Pro) 105 121 103 52
CTG(Leu) 37 10 35 45 CCG(Pro) 12 11 3 7
CAT(His) 23 40 26 18 CGT(Arg) 9 10 1 7
CAC(His) 79 56 87 79 CGC(Arg) 15 5 16 25
CAA(GIn) 98 93 80 81 CGA(Arg) 45 50 45 29
CAG(Gln) 1 6 6 9 CGG(Arg) 10 1 10 2
ATT(lle) 157 228 86 125 ACT(Thr) 41 83 55 51
ATC(Ile) 137 110 218 196 ACC(Thr) 104 71 164 155
ATAMet) 126 161 135 167 ACA(Thr) 146 145 126 133
ATG(Met) 49 35 33 40 ACG(Thr) 8 8 4 10
AAT(Asn) 45 70 22 33 ACT(Ser) 9 15 3 14
AAC(Asn) 76 80 104 131 AGC(Ser) 46 42 54 39
AAA(Lys) 73 77 79 85 AGAC(Ser) 0 1 0 0
AAG(Lys) 4 8 i1 10 AGG(Ter) 0 0 1 0
GTT(Val) 43 62 31 30 GCT(Ala) 55 73 42 43
GTC(Val) 30 25 45 49 GCC(Ala) 144 83 144 124
GTA(Val) 118 75 57 70 GCA(Ala) 129 114 94 80
GTG(Val) 18 17 27 18 GCG(Ala) 10 6 9 8
GAT(Asp) 11 36 i1 15 GGT(Gly) 32 44 20 24
GAC(Asp) 64 38 53 51 GGC(Gly) 44 40 79 88
GAA(Glu) 93 83 78 64 GGA(Gly) 137 113 87 67
GAG(Glu) 8 14 16 24 GGG(Gly) 35 23 29 34

2 CP, carp; XE, X. laevis; CH, chicken; HU, human.

homologous protein genes of other vertebrates.
Furthermore, like the mtDNAs of other verte-
brates, no internal AGA and AGG codons are found
in carp mtDNA. Therefore the same codon assign-
ment for the proteins encoded by the mtDNAs of
other vertebrates is proposed for the proteins en-
coded by the mtDNA of carp as well.

The overall codon usage for all 13 protein genes
encoded by carp mtDNA has a strong preference
for A and/or C at the third position, 17% in T, 31%
in C, 44% in A, and 6% in G (Table 2). A similar
situation is also observed in other vertebrates. Such
a biased distribution is reflected by the unequal fre-
quency of codon usage in which some codons are
used frequently but some other codons are sel-
domly used. The codon usage bias observed in carp
and other vertebrates reflects the base composition
of the L-strand of mtDNA, which is low in G (15.8%
in carp and 12.3-13.5% in other vertebrates). On the
other hand, the ND6 protein which is encoded in
H-strand RNA sequence uses a high proportion of
codons ending with G and/or T (A and C, 18.3%; T
and G, 81.7%), a situation extremely different from
that found in the genes encoded by the H-strand.

Transfer and Ribosomal RNA Genes

The sequences complementary to the anticodons of
the 22 tRNAs encoded by carp mtDNA are identical
to those of the homologous tRNAs encoded by the
mtDNAs of other vertebrates (Fig. 4). As found in
other vertebrates, all the 22 tRNAs encoded by carp
mtDNA can be folded into cloverleaf secondary
structure with 7 bp in the amino acid stem, 5 bp
each in the T C and anticodon stems, and 4 bp in the
DHU stem (Fig. 5). Like the tRNA genes in the
mitochondrial genomes of other vertebrates, the
tRNA genes of carp mitochondrial genome do not
encode the 3' CCA terminus. Consequently, they
must be added posttranscriptionally. Many mis-
matched base pairs are found in the stem regions of
the tRNAs encoded by the mtDNAs of carp and
other vertebrates. Among the 22 mtDNA-encoded
tRNAs of vertebrates, the tRNAMS and tRNAT"
(TAG) are well conserved (identity from 78 to 89%)
while the tRNAS™ (AGY) is divergent (identity
from 54 to 64%) (Table 2).

Among the five contiguous tRNA genes encoded
by the same strand of carp mtDNA, only the
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Phe
tRNA
CP:GCT.AGCGTAGCTTAA. . . CACARAGCATAGCACTGAAGATGCTAAGATGAGTCCTAAGAAA . CTCCGCATGCA
oo TTP=——-TT--AT~— GTC——-A~A-——
—————————— P & i Commmmm— A Grmmmm C====C=m==Gr——= T-A~—~
Commm e m e Gr=mm C GTA~~-~-CT-T~-C~~-GT. .GG~~—
HU:-T-T-T.-=—~———- CCTC~T====——~— ATA~~~———— - ~G-CT-AC~- .. C—-AT~AA--
Val
tRNA
CP:CAGGGTGTGGCTGAGTTAGTCAA . GCATCTCA . CTTACACCGAGAAGACATCCATGCAAATTGGA . TCGCCCTGA
XE:--AA-~-A-A--~-T-ACC-...~~.-~C-T-~-G,——=~—————— A-CA-T-~--TG~TA~--CCC—---T~.A-TT~~—
CH:--A-~-C-—~A—---ATAACT.-~--A~~——, -~ Gr—— TGA-—~~T~-C~~TCAAC-GACAAGG——~~~ T---
HU:~-—A-==—-A-~-T- ACA...———A——-C CA-.~———=——~ TT-~-G--~TT-CA~-C~T-~C~--AC., . —~=T-——~
Leu
£RNA (TAR)

CP: TACTGGGTGGCAGAGCATGGTAAATTGCGAAAGGCCTAAGCCCTTTTACCCAGAGGTTCAAATCCTCTTCCCAGTTT
XE:GCTA-Cr—=—====—=C-—= cT

CH:GCTA-C-——==————- TC——C —————— I U AT
HU: GTTAA~A———==———= CCmmmmm
Ile
£tRNA
CP:AGGAACTTGCCTGAGCACCTAAGGACCACTTTGATAGAGTGAAT. . TACAGGGGTTAAAATCCCC. TCAGTTCCTA
HE:G=A--TG=—~=C=—AAG. . ~=G~——Tmmmmm o mm o e A, . ==T=T-—m—- C~=~C-—=A.~~~TC—-—=
CH:G-A-G-G==-===—— A--.RAA —===C.A-=G~,-~TA-=-=~C~A~--TC=~~C—==~~
HU:-~A--TA-~-T----T, ., . AA—--AGTT~-——--——===—— A-==AA-~ G-A-C-==~~,C===~ ~T A-=T=-~
Gln
tRNA

CP:TAGAAAGTGGTGTAA . AGGAAGCACCAAGAGTTTIGATCTCTTGAGTATGGGTTCAATTCCCTTCTTTCTAG

HU:~~~G-T-G-——~=G~T=-—-TG~~==GG——~A~~—~=~~ GAT---CAG-G~~———=—=~G~~=-—-T-A~AG-C—~~~
Met

tRNA

CP:GGCGGGGTCAGCTAATAAAGCTTTCGGGCCCATACCCCGAACATGACGGTTAAAGTCCCT . CCTCCGCCA

XE:A-TAAA— ===~~~ A= Tr——— e — Am—mm—— TT-———=~= CC——--T-~~TTA-T~

CH:A-TAA-—~———==——— CT-~-—— A= A-——-T~---T=~.C-——=T~--C-TA-T-

HU:A-TAA-———==—-—= AT---—- A~ mmm e TT-~=~- T-..-=~-T~--CGTA~-T-
Trp

tRNA

CH: - -AA=Cmmmmmmm T-AC-GTC——-~—— CCAAAGG-======m—=— C-=-~A==AG-=-T--~C==-CT~=G-TT~~~

HU:~~AA-———=—— T---ATAC-———~~~— (S el ata bl CC-C----AG.T--C—-TA---A..——TT=--
Ala
tRNA
CP:AAGGCCTTAGCTTAATAAAAGTGTCTGATTTGCAATCAGA . GATGCAAGTTAATATCTTGTAGGCCTTA
: O A-T--T-————~ TA-==-A~=~-TGG~G-~G~G-~C=~C—=-AT~~--
e T-T-G-———= T—==~ATT=~=—TTG-A~~=A=—~~C==CmA———===
Te===Cmmm————— Ten=~GA~—-A==G-~=m==G=~C=—=T==T-———
HU:A——=G—— === e Tm—m——- Gmm— GT—~—-TT===~==G=G~G=—G-T=~GC~—T==~~——
Asn
tRNA
CP: TAGATGGATGCTCGCTGGCTTGGGCGTTTAGCTGTTAACTAAAAGTTTGTAGGATCGAGGCCTTCCCATCTAG
CD:—=——~ A-—mmmm T——-A-T-Cor—m——mmm G- AA-——mm T-TG———~=
XE:———- AT~=-A-~—==Tew—-A-—=A~T. . . ————mvommmm———m TG-—=CG-mmm s CGT-TT-——--
CH:~—-GCA~~A—~—~CAAT-~-TG-T—-——A-—————— = m e —— T-G~A-G-—~———— A-~~CAT-TG———-~
HU: ===~ T--A--CA-T--AT-A~~-T-C-—mmm————— GT~——~—— G--T-TA--T--CATTGG—-~==~—
Cys
tRNA
CP: CAGCTCCGTGGTGAAGAACACATTGGATTGCAAATCCGAAGACGCAGATTAATACTCTGCCGGGGCTTT
CD: .=~T=-T=GA-—-TT.~C===G-CA~=—————m—=— T A-e——m C-T~C=G-T~=====~ A-——.
XE:A-—-CT.~Ce=~=TT—=C.~TGCCA= === === TCG-=—A---A~C.G-AGG-T——m===—= .m==C
CH:G=.===T==A=~==m—= TT-~T=A--AG-~~———— CT=~TT-=T=T-C~C===AG. ~G==m==——m~, ~C—
HU: , ~—==~=~ Am-———= TTTT—~T-———A=m———— = T-—-——= Am—m=C=CmRAmm, mm— e m e
Tyr
tRNA
CP: GGTAGGGTAGCCGAGTGCTTAGGCGGTGGGTTGTAGCCC . GAAGACAGAGGTTTGAGTCCTCTTCCTATCA
CD:i-—==~~A-G~=T-~~-AA...,~==~w==—— A A-—--CAC-T——=~=mmm—————— Crmmm——— T-GC—-—

Fig. 4. Comparison of the nucleotide sequences of tRNA genes encoded by carp mtDNA with those of other vertebrates. The
anticodons are underlined. Species compared are the same as those shown in Fig. 3. Residues identical to those of carp are indicated
by dashes and gaps shown by dots are introduced to optimize alignment.
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Ser
tRNA (TGA)
CP:AAGGAAGTGACA. .GAGTGGTT. . ATGTGGCTGGCTTGAAACCAGCATATGGGGGTTCAATTCCTCCCTTTCTCG
XE:=-=~A--A--G-=~.,.—=————- G..——-CAA--~A-~————— T-~=AG--G-—-—————~ Gmem————= TT-——m——
CH ~A-~~-AAG--TTA-—————— TG=~=-C~-T-—-—~———m——— A--=G-=A-w———— G—————= P m == T=
HU:T=~A~-AA-T--..TG~-A-~CC., .- ==-G~-Tr-==s———mm T=TG=====——= Go——— T==~--T-T-T
Asp
tRNA
CP:AAGACATTAGTAAAACGTAAATTACATCACCTTGTCAAGGTGAAATCGTAGGTTAAATCCCTGCATGTCTTA
XE: emmm—— GCA~G————————— Cem=m= A-CTw—em— G-CT-~-G---CA-C-C~
CH:G PN AC-~~-GC-—-A~-~=~-T-CA---C-
HU:--~-GT .
Lys
tRNA
CP: CGCTAGGAAGCTAAATATTGGACAAAGCGTTGGCCTTTTAAGCCAAAGATTGGTGATTCCCGACCACCTCT. . . .AGTGA
CD:=A=—=A——======, ==~G==, TT===-ACCA-————==——=~ TGG-AGCA-——=~ C-——-A-——=-- CT-....~A-=-
XE:~A-m-A-—=m————— «G=~CATT-===ACA-—~—=====—m TGT-—=======m C=——=A-———== CT=. .4 =Amme
CH:~AT—-A-————~—— Tevnnn ~CACC~—~AC—A===mm—mmmm T~G-=-=GA--G-—-CA-—-TC~~..-CT-....-A-—-
HNU:=A=-GTA=—======. ... .... ~TPe=~A==AA-——m——m TT=mm—m== AAGAGAA-—. . -A-——==~~ TTAC~—~—--
Gly
tRNA
CP:ATCTTTCTAGTATCAAAGTTAGTACAAGTGACTTCCAATCACACAGTCTTGGTTAAACCCCAAG . GAAAGATA
CD: . mmmm e TG =T Gum—mm Cmmmm G===mm==——- G=GTw=—rem mm—————-
XE:-CT--CT=~-=-—== T--CC. ,~=m——= Commmm e Ar—m—— .==G-AT-T-—-A~==~- .-
CH:GCTC——~——=m——— ACTCA-~. .. .~=——= Commmm e TTTA-AATC~~~-ATC~-A---.--A--.---GCA
HU:-CTC~--T-~———— A—=. . immmm— CGT-A~——m————= T-ACT---T---ACA-C~,TT-~-AAA-G—-.—-
Arg
tRNA
CP:AGGGAGTTAGTCCAAAACAAGACCTCTGATTTCGGCTCAGAAAATCATGGTTTAATTCCATGACCCCCTT
CD:-—-TGA-—~——— . T-~GT~-A-TACT AG-GTCTG----~ A~-~G--—-CA-TTG~---A
XE:GA-TT———=~=~ B AGT AC———-T=—~==== A--CC----A-TAA-TC-
CH:==AA~——————— .T=-CT~~=—— AG-——G———~—— A~C---C-~~~T--A-ACCC-CCT. ~~A=~TTT-~-
HU:T--T-TA--~~T.T=~==~- A--GAA~~~~——-~ A-—=~-TT-—--T===. A~==-CAT--TTA~-AA
His
tRNA
CP:GTAAGTATAGTTTAACTAAAACATTAGATTGTGATTCTAAAAACAGGGGTTAAAGTCCCCTTACTC . ACC
CD:——--GA-T-~-———-—~—— C--G—mm e e e e T-—A-—————— .C-=-TC--A~~C~=-—

Ser
tRNA (AGY)
CP:AAGGAAGAACAGAAAATAGTAAGCACTGCTAATCCTTACATTCCATGGTTAAAATCCGTGGCTTCCTTG
CD:G~~AG-~GC-C--CGGC-A~G-AG—~—————— CPA-C--CC.,—--T====—~ G-CC-~-AA-——-C-—-C~
XE:G-ACTT~~CTG~=CCC. .. .~~==A=-———m=m—= TAC-TACG. . -TGT~~~C~T.—==AC—=~~~ GT-C-
CH:-G--G--GC-CA~-GCC,-~C~-—~
HU:G—~A=~=~CT~=,..c.v.. C---A

Leu
tRNA (TAG)

CP:GCTTTCAAAGGATAACAGTTCATCCCTTGGTCTTAGGAACCAAAAACTCTTGGTGCAAATCCAAGTGGAAGCT

Glu
tRNA
CP:GTTCTTGTAGTTGAATAACAACGGTGGTTCTTCAAGTCATTGGTCTCGGTTAAAGTCTGAGCAAGAATT
XE: =——mCmAmmm——mm e e T —=-GA--~CAA--TCT----~ G=~=-CTG-TGG~——=—
CH:~===CCmm==m=== G~ AA~—~C—T=—=——~C—~G=A=TC--T--GGTCTAA-CA-~-GG-~——A
HU: == —=mm—m == m = AT~~——=— A——m—= e m—TA==—m = mm=— GT-~=—-GT~~——C-T-=G-—=—= A
Thr
tRNA
CP:GCCCTAGTAGCTTAGCCTAAAAGCATCGGTCTTGTAATCCGAAGATCGGAGGgTAAAgECCTCC;gAig:C;
{=T===GRA——==—== e G- T, w—==C===—AC—==—= -AGA-
ég;ATT——?i———T-——ég?.————A———T —————————— A--A--A-CT-A-—-AC-CC-.C~=~-T-T~-~A-TA

HU + T e Tm e e T A== AR == === . ==CmAm========A===G===—. ~A-AACC. . . =~TT=~=.A=~GA-A

Pro
chie CTCTTTTCTGGG
CP:CGAGAAAATAGTTTAGTTTAGAATTCTGGCTTTGGTAGCCAGGGGTG.AGAGTTAAAATCT
XE:~=.,-G~G=-G~A~~——AA~———=—— GT=m————=—= GG~T~-ATA-=~-G~-GT-~G-G.-~CT~---~,-=-C-A
——=G-G-————=— T—=G-A-=—-A-CA-—=~———~ G---TG-A~A--G—-~GT~-G-G.C-CTC~~——~——— A

CT-A~——=—== GT-—T—-AT—m—=. . —=——=mm= G.ACT-T—-C~~——A
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A A
G:C c:G
C:G A:T
T T G:C
A A G:C
G:C G:C
C:G AG T G TA
G:C CTCAA A G:C TAGGT A
T HE T HE A
AA A GAGTC A TGA G ATCCA ¢C
Cc TTCG T CT T GTCG C TG
I A HEH A
A AAGC G A AAGC G
CA A A GTC A A
T:A T:A
A:T C:G
G:C T:A
c:G c:G
A:T A C
C A C C
T G T A
GAA TAC
tonaleu (paa) tonalle
T A
T T A:T
A:T G:C
C:G G:C
T:A A:T
G:C A:T
G:C CTA C:G CTA
G:C TTCTC A T:A CTCCC A
T HEH A T HE SR A
ACGA G CAGAG C GA G CAGGG A
T GACG C GTT C GTCC A GTT
G HE C A HE T
G TTGC A C AAGG T
TAAA G T CT A A
A:T C A
A:T C:G
A:T A:T
G:C C:G
G:C T:A
c C T G
C G T A
TAA GAT
£DNACGLD tpnallet
G A
T:A G:C
A:T G:C
G:C C:G
A:T G:C
A:T G:C
A:T T G T TG
G:C TTCCC A G:C CTCCC A
T HE - A T HE A A
AA G ATGGG C A C GACGG A
A TGTG T TT A TCGA T TT
G I G T HE A
G GCAC A A AGCT C
AA C G A T A
A:T T:A
A:T c:G
G:C G:C
A:T G:C
G:C G:C
T T C C
T A (o] A
TTG CAT

Fig. 5. The secondary structure of the 22 tRNA genes encoded by carp mtDNA represented in cloverleaf form. Standard base-
pairings (G-C and A-T) are indicated by colons (:).
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tpNaTTP tpnahla
G A
A:T A:T
G:C A:T
G:C G:C
G:C G:C
A:T C:G
T:A TA C:G TA
T:A TCTTC A T:A TGTTC T
T HESHE I A T HE S A
AA A AGAAG A A A GCAAG A
C  TAGG T TG A TTCG T TT
A : G T HIH A
T GACC A A AAGT
TA A A A G G
A:T T:A
A:T C:G
A:T T:A
G:C G:C
C:G A:T
C A T A
T A T A
TCA TGC
tpNahsn +DNACYS
G T
T:A cT
A:T A:T
G:C G:C
A:T C:G
T:A T G
G:C GG C:G TCA
G:C CTTCC A C:G CCGTC T
A T G G HEEH A
TCG T T GTAGG C A T CGCAG A
G CTCG T AT A GTGG A ATT
HE T : G
G GGGC G G ACAC
CTT G A A A A
T:A T:A
T:A T G
T:A G:C
A:T G:C
G:C A:T
C A T A
T A T A
GTT GCA
£DpNATYT £DNASeT (TGA)
A G
G:C A C
G T A:T
T:A G:C
A:T G T
G:C A:T
G:C TG A:T TT
G T TCTCC A G:C cCcTCC A
T HE G T HETH A
GA A AGAGG T GA G GGGGG C
T GCCG C T T GACA T TT
G M G HEE A
C AGGC A G ATGT T
TT G G T G A
G A G:C
T:A C:G
G G T:A
G:C G:C
G:C G:C
T C C A
T G T
GTA TGA

Fig. 5. Continued.
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+DNARSP tDNALYS
A A
A:T C:G
AT G T
G:C C:G
A:T T:A
C:G A:T
A:T CT G:C AG
T:A CGTCC A G T CCACC C
T HEE- A A HE C
CAA A GTAGG A ATAA A T GGTGA C
G AATG C TT T ATCG T TT
I T T T A
T TTAC A G AAGC G
AAA A A GACA G A
T:A T:A
c:G T:A
A:T G:C
Cc:G G:C
C:G C:G
T A C A
T A T A
GTC TTT
tpNaGly tDNAATY
A T
A:T A:T
T:A G:C
C:G G:C
T:A G:C
T:A A C
T:A cC G:C TT
C:G GAACC A T:A GTACC A
T HEHE A T HE S A
AAC A CTTGG A AA A CATGG T
A TATG T TT A CCTG T TT
HE M G HE A
G GTAC A A AGAC A
TTA A ] CA C A
A A T:A
G:C C:G
T:A T:A
G:C G:C
A:T A:T
C A T c
T A T G
TCC TCG
tpNaH1s £DNASCT (AGY)
C G
G:C A:T
T:A A:T
AC G:C
A:T G:C
G:C A:T
T:A TG A:T CTA
A:T TCCCC A G:C GGTGC A
T R A A HE
A A AGGGG A A T CCATG A
A TTTG C TT a AGAC T GTT
C HEE A : A
T AAAC A A aTac c
A A A T A
T:A A:T
T:A A:T
A:T G:C
G:C c C
A:T A:T
T T C A
T A T A
GTG GCT

Fig. 5. Continued.
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Fig. 5. Continued.

tRNACYS and tRNATY" genes overlap each other by
2 nt, whereas other contiguous tRNA genes are ei-
ther interposed by intergenic spacers (1-32 nt) or
join end to end. Overlapping of these two tRNA
genes is also observed in X. laevis, chicken, and
human mtDNAs, but not observed in mouse and
bovine mtDNAs. These observations suggest a pos-
sibility of posttranscriptional addition of a nucle-
otide at the 3’ end of tRNA™" or at the 5’ end of
tRNACYS, This process could occur by mechanisms
similar to those involved in the addition of CCA
terminus to the 3’ end of tRNAs or the 5’ end ad-
dition of a guanylate residue to tRNAHS of the
chicken mitochondrial genome (L’ Abbe et al. 1990).

In carp mtDNA, the 12S and 16S rRNA genes
are, respectively, bordered by the tRNAF™ and
tRNAV# gene at the 5' end and by the tRNAV and

TG A
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GTTG
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HaaHda
[N -Ne =]

o

TTC
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PP Oarnn
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OaAa0
QOO Q

=3
=3 >

TGG

tRNAL" (UUR) gene at the 3’ end. The same or-
ganization of these two rRNA gene is also observed
in other vertebrates. When these two rRNA genes
of carp mtDNA are aligned with their homologous
genes of X. laevis, chicken, and human, numerous
highly conserved regions interposed with variable
regions are observed (Fig. 6), suggesting that these
constant regions are important for rRNA functions.

Homology analysis reveals that the sequences of
the tRNA and rRNA genes encoded by vertebrate
mtDNAs are relatively conserved (identity from 54
to 89% for tRNAs and 62 to 74% for rRNA genes)
(Table 2). The phylogenetic relationships of these
tRNAs and rRNA genes between carp and other
vertebrates are not so apparent as that for the pro-
teins encoded by the mtDNAs of carp and other
vertebrates.
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A

CP: CAAAGGCATGGTCCCGACCTTATTATCAGCTCTAACTCAACTTACACATGCAAGTCTCCGCARCCCA
XE:T-———~ P TAG-=~===mm——= A==T~TT-=Gu=m=mm—————mm e CA-—-—=~ cT--C
CH:A~.~=A-T-A==~=TA~==~= TC=~=TG-T-T~TG=~AG==A==T==——==~=m= N T
HU: A=T===TT==mmmm TAG-—==TC—=—T—===~=~T=G-A-GA-———————==~—= CA-~~C-GTT---
CP:GTGAATATGCCCTCAATCCCCCCACCC. . GGGACGAGGAGCGGGCATCAGGCACAAACAT. . . TAGC
XE:—=m—== Am—mm e T==G=—T-TT-AA-AG-===TA-——=~~ C=—T——=mwmm——— CT-A...—===
CH:-——-- S C—--A--TTT~TT~~CAA-C-AA—=—=== g e CT--GCAG-~~~
HU:====G~TCA-———~ T~A. ..AT—~~-ACGATC-AA-—=~A-AA~——=—= B----GC-G-AATGC---

CP:CAA.GACGCCTAGCC. AAGCCACACCCCCAAGG . AATTCAGCAGTGATAAACATTAAGCCATAAGTG
XE:~C-T--~A=—=T==TCT.-=—====== s G e G-A.---G--C-

CH: =~A=——AA===A~A~CA==—GCTACC == ==—-—=— A-———CC. -~CATG~T-T—TGCACC-GC-—-—G
HU:=--~TTAA-——A-=—CA=~~G . —AGC——= === mmm= A==-T--T-GATCACCC~CTCCCC~ . ===~

CP:GTCAAATGGCCCCTTGGCCGTCATACGCTTCTAGGAGTCCGAAGCCCTAATACGAAAGTAACTTTAA

KE:————== CTC-AA-CAA--T=~~GC. ==——~— TCGTTG. . . . ~TTTGAAG--C——TC-C~A-~G-AAC.
CH:A-T-~-AT-—AA~CAA~-T————== A--C-AAGATCCA--T--AC--A-CCCAA-TCCATCT-AGCC
HU:-CT-~~ACT-A-—-GA-TT~~A~A~AA--C-AGTTG.. ... ~CA-AAA-TAGACT-C-A--G~GGCT
CP:TAAACCCACC. ... ... TGACCCCACGAAAGCTGAGAAACAAACTGGGATTAGATACCCCACTATGE
XE:-CT--~~~ TATTACACT--~A-T-——=- CC=mm AG == = mm = mmm e
CH:=C-==G.~TTAAT. .. T-T-A====mm=————m BG==CCm—mmmmm e mmmmm e
U:—F---..~TAT..... Co==A=A=m=A=T-=== A== CCmmmmm mmmmm e
CP:TCAGCCGTAAA . CTCAGACATCCAGCTACAATTAGATGTCCGCCAGGGTACTACGAGCATT. . AGCT
XE:CT-—==A—===. . ..... ~T=GACTACTT~CGC~A-AR-=~——=—= B —mmmmm e .C-A.-—--
CH  CT~==~C===T--AGATACCT~CCA-CAC-CAT=TA . === -==T-A=A-==——m=—=o CAAAC---

—T—m==C==~—C~==—-ACAG-TA-ATC-AC~AA~CTGC-~. ===~ ARC~——————== .CAC.---~

XEf mmmmmmmm e R CTC==A=—=-A-m~=m——m—————mm e GT--T--—-~ Cm—-
CH:~~——=~T=T-——~—m T--G----- e - S it T—-T=-———- T--
HU:=-~—-— e G--——- CT———T=Tw==Tommmmmm oo ——— GT=-T---—-- A--
CP: CCGTTCAACCTCACCACTTCTAGCCACCCCAGCCTATATACCGCCGTCGTCAGCTTACCCTG. . TGA
KE:T-—CrA——mm—m—mm e To=m=AA-=Cmmm o mm e e R Cm~==CC-==TC-, , ==~
CH:A--A-TC--~CA--—=— CC-—Tm—==G~Am—————— Cmmmmmmm C-—~=CC-—~TCTAA--~
HU:~=-A==——mm e C=—=T==. .. . Tom———mm—m————— e S AA-——me AL---
CP: AGGTAATAAAAGTAAGCAAAATGGGCACAACCCARAACGT CAGGTCGAGGTGTAGCGCATGAAGTGE
XE: . ~AG-T—CTT~~~=G==TT====ATTTTTCAT ~=~Cmmmm === A-mm——mm - AT-————mmm~
CH: .AAG--C-~C--~G---TC—=-A=C-C-TCG~T~-T=A=A====—= A--~-A-—-—CT---GG-——-
HU:==-CT-C-wm, ——==—m GC--GTAC-.—-~CGTA--G-=~=T=——=— s = G-—--
CP:GAAGAAATGGGCTACATTITCTAATA. . TAGAATATTACG . AACATGCACCATGAAACAATG. CTT
KEfmmmmmmmm e o TACCT-—==m=— A.---C-—G--C.T~T=-——~== C-GA. .~CG
CHimm .= m e mm e CA.————- C-A.===A--A-G-A..TG~————- cceeee--a
HU: Cmmm~—mmmmm e m e CCec. ——=-A-C-==~AT=GCCCT. . T-=~=——— TTAAGGG-C
CP:GAAGGAGGATTTAGTAGTAAAAGGGAAGTAGAGTG. . . . . TCCCTTTTGAACCCGGCTCTGAGACGC

CP:GTACACACCGCCCGTCACTCTCCCCTGTCAAAACGCACCAAAAATACATAATACAACAGCACTGAC.

XE:=Cmmmm—mmm e e C===TT==A.~==m=m AT-~A-=-TTT~-..———.~~=.-~CA-T-A--A
CH:=====Tommmmm e mme C-—-TT-ACAAGCC-.T--A~—TC-—---A---TATACTTCC-CTCCCGE
HUt === == mmm e C-——-T-AAGT~T-CTT~--AAGG-C~~T. .-——CTA~~ACC-CTACG-A
CP:...AAGGGGAGG. . . CAAGTCGTAACACGGTAAGT . TACCGGAA . GTGCACTTGGATCAARCC

XE:C.A~~~AA-=—-— .
CH:CTA-—-AC----.

XE'T ————— A-C-=~——— A-TC-A-T-AT-AT-AC--TA~CCTC- T——TCTCAT——*—TTCTAATTAA———
CH: CTTGCC~CCCCTAGCCCGAC-AAC. TCGTACCCTT-~C————~ A--CTT~CCTCCCC-TCTT.A--~-
HU:=~T--=-,..-CTAGCCCCAA--CC.-CTC~ACCTT-C....... ve..T-CC-G-CAA-CTT.AG~~
CP:AAAAACTAAACCATTTTTTTACCTGAGTATGGGAGACAGAAAAGGTTCCACAAAGCGATAGAAATAG
XE:..-TT-———- AL e e ~—===A-~C~--T----C-ATCATA-T-..-—-T——w—=-—m A--
CH:~-—-CA~-T-TAA--~G-CCC~GTAT--GCGATAGA-A~~-CT-CCCCGGCGC~~TA--GGCT~~CT~
HU: ~-—=CCA-T.TA-CCAAA-AA-GTAT-~GCGATAGA-ATTG---CC-.GGCGC—~TA-——. ... ===~

Fig. 6. Comparison of the
nucleotide sequences of 12 S
rRNA (A) and 16 S rRNA gene
(B) of carp mtDNA with those of
other vertebrates. Species
compared are the same as those
shown in Fig. 3. Residues
identical to those of carp are
indicated by dashes and gaps
shown by dots are introduced to
optimize alignment.



CP: TACCGCAAGGGAAAGCTGAAAGAGAAATGAAATAACCCATATAAGCACTAAAAAGCAAAGATTAAAC

CP:AATAGAAGTTCAGCCTCGTGCACCTCAAATCACACAAACAAAACAAGACTAAGAGRAAACACATGAGA

TA--CTAAAT-TAGATTT-TTA-—--TT-—-G...... --~A~AGTCT--T-AG--
CC-=-TAAC-CA-C-~CCTAA-G---CC=~CCTTTGTCAACCTT~~G~ACGT--G-G
—————— A-T-TAAATTTGC-C..A--G-.-CC~TC..T--AT-CCCTT~T~~.—~T-A~CT
CPi...... GTTAGTTAARGGGGGTACAGCCCCTTT . AACAAAGGACACAACCTTTCCAGGAGGATAAAG
XEf.'.... T-——T-C==TCA-====—===~ TGA-~G~~AC. ———~T==——=—— A-AATACT--G==—=—
CH:TTAAGA=CA-T—CG~Tmmmmmm e T=-A-CG==A=.==A========m CCT~CA-C-===—= TA
HU:..oonommmmmm CC—=A-A--A~====T-T=-GG=CACT--=-A-A-——=== GTAGA---AG----A
CP: ATCATAATACATAAAACATACTGTTCTAGTGGGCCTAAAAGCAGCCATCT . AAACAGAAAGCGTTAA
XE:——T-—=-= CTTC~~GGA-AGT--AGTC==—===———————=m—mm—— C-—GT.=A~—=C-=--- c--
CH:-—--CCCCT-CCCGC--

U:-ATT-—-C--CC~. ..o vinennnn

CP:AGCTCAGACAGARAAAAGTTTATTATCCCGA. . . TAAAAAATCTTACTCCCCTAAATACTATTAGGC

XE:—=—==—=-= CT~~ATC~TTTAACCC--TAATTAGTATA-CT--T-=~A~A.-———C-~-C-A~-C~GA~-~
CH:==~—= CCT~-Tevvnnn. e B et A-BAA=-~-TATITG---.CCCT. .
HU:===mmm ACACCC~CT=CCursvrvnannnn B CC-AR-ATA--~C-GAAC-CCTCA
CP: CAACCCATGCCCCCATGGAAGAGATTATGCTAARATGAGTAACAAGAAGGCCCGCCCTTCTTCCAAG
XE:T-TT-T~-AARA-TATA.~=~~CAC-~—====n G==CT~===~ TGT--TACA-GA. . .~=~-C-T--3
CHi==m=m A-A--AGGTTGACCTAT--CA=-AGA=G~~~C~A~GCT~--A-T-AGTAAT~TGGAAC~T~TC
HU:.Cmmm—m ATTGGA~CAATCTATC-CCC~ATAG-~GAACTA~TGTTAGTATAAGTAA-A-GAAAAC-T
CP:AACAAGTGTAAGCCAAACCGGACCARCCATTGGCAACTAACGAACTCAATCAAAGAGAGCAATGTGA
KE:TGT——==~=—=~ AT--G-T=~A~TA--T~-C~=AT--T—~=~~ TC-~TCCCTG-GATCCTTGCAA-A~
CH: CT-CTAC-GCGT. . . —~A-TT--ATTAATACATT~TTAACA-—~—==== CTT-TACCCC--CAC-. .
HU: TCTCCTCCGC-T. . ~~G-—T~CGTC~GA. . . TTA=~AC—CT =~ G-CAATT-ACAGC-C-ATATC
CP: ATTACAAAAAAACCCAAGAAAAATCCACAACTARGCTATCGTTACCCCCACACTGGAGTGCCCTARA
XEf., . m=m—— L mmmmmmmo CCATG--CT-~TTACCGTTAAT~TAA--——AGAACA-TTA-A. . .
CH: W iBm=m= e ~C~-T-CGT-TTC--C-ATCT. . ~-=-AG=~A-—=C~A~---C==---AC-.
HU:, == mmm . .TC~A===~=C=~GTCATT~TT~-CCTCACTGIC. . ~A=~~A~~==A~~CA=--T-AT--
CP:GGAAAGACTAAAAGAAAAGGAAGGAACTCGGCAAAC. ACAAGCCTCGCCTGTTTACCAARAACAT. C
KEt=mmmmmm R CGCA-=————==mmmm T~TG-A=—Cm—mmm——mmm—mmm——m -
CH: == =T==T~~==~ CCT=CA—==m= == mmmmm = C-.===A=C--A-~==m=(mmm——mmm - A
HU:————=~ GT-~——~ A—=GTAA~===—==—m~m—— PCTT= . == G e o e .-

RE:—mmmm T---TTAA~~AAC-TT--——~ S e e e e T
CH:====T=A==.TAAC-A=—=. .~~==T=A-———GAT-~—~—====, ====—=CC—CA=———=———~~==
HU:A----TA-~...ATCA~C-.. T
CP: CCGGCGGTTATTTTGACCGTGCAAAGGTAGCGCAATCACTTGTCTTTTARATAGAGACCTGTATGAA
XE:C..~==—= ATC. . ~——— = mmmm e T————=- R AAT--G-...--TG-—~———~
CH:C..-~-—- .——CC~A—=——m=—= G mm e m e A-———— cCcG---—- T————- e
HU:C..====.,==CCC~A————====———— == AT-—————=——m TCC-=mmmmmm Gmmmmm -
CP:TGGCTAAACGAGGGCTTAACTGTCTCCCCTTTCAAGTCAGTGAAATTGATCTACCCGTGCAGAAGCE
XE:C-—=C-CGA.—~=T.-C-——=--——== TGCA-~C~A-—CA-T~-~C-——C-=, , ~==—m=m—m G-~-
CH:=—mmmmmmmmmmm T et TG-AGGT-A-~TA-————~~ AG-A-T-~——==—~ A--A--
HU:=——-- CC-mm=mm~ T-C-Gm———m~ TTAC--TT-AC—~~==—————m C--G—————- A-e—Gm—-
CP:GGTATAATACTACAAGA . CGAGAAGACCCTTTGGAGCTT . AAGGTACAAAACTCAACCA. . . . CGTT
e S T—~-AC--A~G-—--GCCAAGTTGAACC-
-—-G=-=~A~=~T~=AA-CACG-C-A-CTTA. . . CAACC~

HU: ~~Comm - Cm wAG=~ cmmmmmm e Amommmmm T--TT~-TT--TGCA-~=AG. . . TACC~
CP:AAGCAACTCAATAAAAAGCAAAAACCTTG. TGGATCATGAGATTTTACCTTCGGTTGGGGCGACCAC
XE:-~C~C-TAAGGA—~T~~CA-TT~—-A~AA~CA-A—A—.~=—~CC-AAAGTT—~~———=——————wmm—m
CH:T-CAC-GC-CCACTGGGT-C~CCCA-ACATAAACC—C~=GTCGACATTT~ === = === === === TT
HU:--CA--..-CCAC~GGT.-CT--~—TA.CCAAACC. . ——CAT-AAA-AT~~=~mm——mm——mme T-

CP:GGAGGAAAGAAAAGCCTCC. . . AGGTGGACTGGGAAAACCTC.CTAAAACCAA . GAGAGACAT. .. .
H TTG-A-AAT-GG-CCT-CCA-C-TTTC~-CCAAG-ACCACC-TTCTAAG
.~AACCC--A-ACC~-C~A-~-.T-C-CTAAG-.CCA-CT-C-..

- -GA-CA-T.ACATGCT-AGA-.T-C-CCA.GT.C-A-=-........

Fig. 6.
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CP:...CTCTAAGCACAGAACA. TCTGACCAAATATGATCCGGCTAACACATAGCCGATCAACGAACCAA
XE:TAA~AAA-TTT~T.—-CT~TAA~TGATCC=. + v vurnrnrnnn. GTCCTA=T—mm = mmm e
CH:...=AAAGTA~CA=C-GT~AC-A—===Cm\\serrnernnnennn. —T——-ATT~~G-——T~Grmmmm
HU: ... -GAACTA~TA.T~CTCAAT—==T=Cruerrrrrnnennn.n. ATA-CTT--C-~-=~G~A~—~
CP:GTTACCCTAGGGATAACAGCGCAATCCTCTCCCAGAGTCCATATCGACGAGGGGGTTTACGACCTCE
XE i m e m e AT-T-A-A~—=T=C-===m==A=ATm === mm e
CH:~C—=mm=m Crmmmm e e TC-=——A====Crm—mm—mm e A Am e
HU S = m e m oo e A-T=Tm———mmmm e A-—A-TA-=————mmmmmm oo
CP: ATGTTGGATCAGGACATCCTAATGGTGCAGCCGCTATTAAGGCTTCGTTTGTTCAACCATTAR . AGT
XE:———mmm—m e G- C-G-——==m—mmm Cmmm A c
CH:mmmmm o mm e Ammm—mmmmmme e Ao o e c——-
HU t mmmm e CGmmmmm e Ammm e
CP: CCTACGTGATCTGACTTCAGACCGGAGCAATCCAGGTCAGTTTCTATCTG . . TAACGCTACTTTTCC
P e EEE SR e e L A..-G~A-.--T-—--T-
CH & —m s e e G-————————— A..-GGAC. . =~~CC-——
HUS ———m—mm e T G—————————- ACC-TCAA. .-T~CC--~
CP:TAGTACGAAAGGATCGGAAAAGAGGGGCCCATACTTAA . AGCACGCCCCACCC. . CTAATTTATGAA
KE:m—mmm e C~~A~==-AT-A-—-—-A~=GT~-.TA~TA~GC~T~TCT-TATA--. .CA~—-T~
CH:w=—mm—m——— e C-===G==~T-==~T-A--——CACTG-——-— A--——- A--TT--~=~GCA~~~—~
HU: CT=—mmm e mm CAA~~G--ATAA---~T~-CTTCAC~A-—~G-CTT~~C~~GT...... AA-~—=T
CP:AACAAATAAATAAAATAAAGGGAGAGCCAAAATCCCAGCTGGCCAAAATAAGGACA

XE:GTmwmCm = m TG-~A~T~-AACT..... ~-TA-T-T--...—-——-G—-T——-G-TAG
CH:T--—--- C--CTGCCA-G-ACCCCTC--CC-CA-~~GAACT. ~=T~G=~A~=~~=~TCCA
HU:-T--TC~C-~CTT~G=-~TTATACC. . . .. C-CA----C-CAAGA-C-GGGTTT Fig. 6. Continued

The D-loop Region and the Origin of
L-Strand Replication

The D-loop region of carp mtDNA is 928 bp in
length and its base composition is rich in A and T
(65%). Its length is similar to that of other verte-
brates but is shorter than that of X. laevis. Se-
quence analysis of vertebrate mtDN As has revealed
that the D-loop region is the most rapidly evolving
part of the genome. However, the midportions of
the D-loop region of the carp mtDNA (map position
310-530) and cod mtDNA (map position 450-674)
are relatively conserved (60% identity), particularly
the last one-third part. A relatively conserved se-
quence is also noted in the midportion of the D-loop
region along the mtDNAs of carp (map position
326-382), mouse (map position 336-392), and hu-
man (map position 446-501). For the above se-
quences, the identity between carp and mouse is
67% while that between carp and human is 74%. No
such homologous sequence can be identified in the
corresponding region of Xenopus and chicken
mtDNAs. In addition, the three conserved se-
quence blocks of X. laevis and mammals can be
identified in the D-loop region of carp mtDNA (not
shown). No repeated sequences of any length, as
present in cod, X. laevis, and chicken, are found in
the D-loop region of carp mtDNA. The origin of
H-strand replication has not yet been mapped in the
D-loop region of carp mtDNA.

A putative termination-associated sequence
(TAS) of TACATATTAT is identified in the 3’ end
of the D-loop region of carp mtDNA (map position
28-36). This sequence is identical to that of pig
(McKay et al. 1986) and homologous to those of
other vertebrates (Foran et al. 1988). Furthermore,
a putative promoter for H-strand transcription

(HSP) of the sequence of ACCAAAAATC-
CCCAAAAAAGA is noted at 55 nt upstream of the
5’ end of tRNAP"® gene. This sequence is homolo-
gous to that of human (Chang and Clayton 1984) but
different from that of Xenopus (Bogenhagen et al.
1986). The promoter of L-strand transcription has
not yet been identified in the D-loop region of carp
mtDNA.

A structure located between the tRNAAS" and
tRNA®YS gene of carp mtDNA similar to that of the
origin of L-strand replication of cod, X. laevis, and
mammals can be identified. This sequence has the
potential to form a stable stem-loop structure. In
carp, this structure consists of a stem of 11 bp, a
loop of 14 nt, and a 5’ flanking sequence. This struc-
ture is involved in the transition from RNA to DNA
synthesis during replication initiation (Wong and
Clayton 1985). The sequence of the origin of
L-strand replication is well conserved in the verte-
brate mtDNAs, but is lacking in chicken mtDNA.
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