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Abstract. The complete nucleotide sequence of the 
mitochondrial DNA of the rainbow trout, Onchorynchus 
mykiss, has been determined. The total length of the mol- 
ecule is 16,660 bp. The rainbow trout mitochondrial 
DNA has the same organization described in eutherian 
mammals, the clawed frog (Xenopus laevis), and the two 
fish species, Oriental stream loach (Crossotoma lacustre) 
and carp (Cyprinus carpio). Alignment and comparison 
of the deduced amino acid sequences of the 13 proteins 
encoded by rainbow trout and other vertebrate mitochon- 
drial genomes allowed us to estimate that COI is the 
most conserved mitochondrial subunit (amino acid iden- 
tity ranging from 85.6% to 94.8%) whereas ATPase 8 is 
the most variable one (amino acid identity ranging from 
30.8% to 70.4%). Putative secondary structures for the 
22 tRNAs found in the molecule are given along with an 
extensive comparison of tRNA sequences among repre- 
sentative species of each major group of vertebrates. 
In this sense, an unusual cloverleaf structure for the 
tRNA ser(a°Y) is proposed. A stem-loop structure inferred 
for the origin of the L-strand replication (Oi.) and the 
presence of a large polycytidine tract in the O L loop is 
described. The existence of this stretch instead of 
the usual T-rich sequence reported so far in mammal 
mtDNAs is explained in terms of a less-strict template 
dependence of the RNA primase involved in the initia- 
tion of L-strand replication. 
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Introduction 

The organization of vertebrate mitochondrial genomes is 
highly conserved and extremely compact (Attardi 1985). 
A total of 22 tRNAs, two rRNAs, and 13 protein genes 
that are required for mitochondrial function (Chomyn et 
al. 1985) are coded in a covalently closed circular mol- 
ecule of merely 15-17 kb. Despite its highly conserved 
gene organization, mtDNAs evolve very rapidly, accu- 
mulating differences in their nucleotide sequences, and 
therefore are particularly valuable for estimating genetic 
distances among species and for other phylogenetic stud- 
ies (Brown et al. 1979). The complete mtDNA sequences 
of 14 vertebrate species have been reported. Most of 
them are mammals [human (Anderson et al. 1981) mouse 
(Bibb et al. 1981), cow (Anderson et al. 1982), rat (Ga- 
daleta et al. 1989), fin whale (~ffnason et al. 1991), har- 
bor seal (~a'nason and Johnsson 1992), grey seal (Arna- 
son et al. 1993), blue whale (Arnason and Gullberg 
1993), opossum (Janke et al. 1994), and horse (Xu and 
Arnason 1994)]; the others are an amphibian [clawed 
frog (Roe et al. 1985)], two fish [oriental stream loach 
(Tzeng et al. 1992) and carp (Chang and Huang 1994)], 
and a bird [chicken (Desjardins and Morais 1990)]. 

Partial mtDNA sequences of the rainbow trout includ- 
ing a XbaI fragment 1,300 bp long (Davidson et al. 
1988), its largely overlapping 2,200-bp HindIII fragment 
(Thomas and Beckenbach 1989), and the control region 
(Digby et al. 1992) have been previously reported. Fur- 
thermore, partial sequences of some other fish mtDNAs 
such as salmon (Thomas and Beckenbach 1989), cod 
(Johansen et al. 1990; ~&rnason and Rand 1992), and 
white sturgeon (Buroker et al. 1990) have been de- 
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Fig, 1. Restriction map and 
sequencing strategy of the rainbow 
trout mitochondrial genome. The 
cleavage map shows representative 
restriction sites together with their 
relative position within rainbow trout 
mitochondrial genes. Direction of 
sequencing of the clones is denoted by 
arrows. 

scribed. The sequence data of fish, however, are limited 
compared with those of mammals. In fact, the only two 

fish complete mitochondrial genomes reported corre- 
spond to Cyprinoidei species originally from Asia. More- 
over, paucity of data among lower vertebrates has limited 
the understanding of the mechanisms involved in the 
evolution from the variable arrangements found in the 

invertebrate mitochondrial genomes (Hoffmann et al. 
1992) to the more constrained organization shared by 

chordata. 
In the present work, the complete nucleotide sequence 

of the rainbow trout (Oncorhynchus mykiss) mitochon- 

drial genome has been obtained. This freshwater species 
originally from the Pacific coast of North America is 
widely spread to the rest of North America and Europe 
due to its particularly good adaptation to culture condi- 

tions. Furthermore, rainbow trout is considered as a fish 
model in nutritional and genetic research studies. Exten- 
sive comparative studies carried out with the three other 
lower vertebrate mtDNAs available--i.e. ,  Xenopus Iae- 
vis, Crossostoma lacustre, and Cyprinus carpio--reveal 
some new interesting features not found in other verte- 
brates yet sequenced. 

M a t e r i a l s  a n d  M e t h o d s  

Mitochondrial DNA Extraction. Rainbow trout (Oncorhynchus 
mykiss) fresh liver samples were minced with scissors and then ho- 
mogenized in MSB buffer (200 mM mannitol, 70 mM sucrose, and 50 
mM Tris-HC1, pH 7.5) by 3-4 strokes in a tight-fitting motor-driven 
glass/Teflon homogenizer. Intact nuclei and cellular debris were re- 
moved by a centrifugation at 1,000g for 5 min in a swinging bucket 
rotor. The recovered supernatant was subjected to a new round of 
centrifugation. The second low-speed supernatant was subsequently 
centrifuged at 10,000g for 20 min. The mitochondria-containing pellet 
was washed by performing four cycles of resuspension in 10-20 ml of 
MSB and centrifugation at 10,000g for 20 rain. All previously de- 
scribed operations were carried at 4°C. In order to isolate mtDNA, the 
resulting mitochondrial pellet was subjected to a standard alkaline lysis 
procedure followed by a phenol/chloroform extraction (Palva and Palva 
1985). 

Cloning and Sequencing. mtDNA was cleaved with several restric- 
tion enzymes. EcoRI, HindIII, and PvulI digestions yield the most 

suitable fragments in size for cloning. Two EcoRI fragments of 4 and 
0.8 kb, six HindIII fragments of 3.5, 2.2, 1.8, 1.2, 1.1, and 0.25 kb, a 
EcoRI-BamHI fragment of 1.2 kb, and two PvuII fragments of 2.5 and 
2.3 kb were cloned into pUC 18. Clones were obtained covering the 
whole rainbow trout mtDNA molecule except for a 700-bp fragment 
which was PCR amplified and subsequently cloned in a pGEM-T vec- 
tor (Promega). 

Sequencing was performed applying the dideoxy chain-termination 
technique (Sanger et al. 1977) on an automatic sequencer (A.L.F. from 
Pharmacia). Sequence was obtained from both strands using both uni- 
versal and 31 specific oligonucleotide fluorescein-labeled primers ac- 
cording to the strategy depicted in Fig. 1. Sequence data were analyzed 
by use of the GCG program package (Devereux et al. 1984). The 
complete mtDNA sequence of the rainbow trout has been deposited at 
the EMBL/GenBank data libraries under the accession number L29771. 

R e s u l t s  a n d  D i s c u s s i o n  

Genome Organization 

A restriction map of the mtDNA of rainbow trout is 

given in Fig. 1. The restriction pattern obtained for Hin- 
dIII and BglII cleavages revealed that the specimens used 

to clone mtDNA corresponded to the stock designated as 
" A "  by Palva and Palva (1987). 

The total length of the mitochondrial molecule was 
16,660 bp and contained the two rRNA genes, 22 tRNA 

genes, and 13 peptide-encoding genes found so far in 
other vertebrate mtDNAs (Table 1). The major coding 
strand of rainbow trout mtDNA is the heavy strand and 
all the peptide-encoding genes are punctuated by one or 
more tRNA genes (Montoya et al. 1983). The relative 

position and the orientation of all genes and the control 
region are identical to that found in eutherian mammals, 

X. laevis (Roe et al. 1985), C. lacustre (Tzeng et al. 
1992), and C. carpio (Chang and Huang 1994). The 
L-strand base composition is A, 27.9%; C, 28.9%, T, 
26.2%; and G, 17.0%. Peptide-encoding genes were 
identified by comparison with X. laevis mtDNA (Roe et 
al. 1985) and by the presence of initiation and stop 
codons. Sequences encoding tRNA genes were recog- 
nized by the nucleotide sequence capability to fold into 
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Table 1. Localization of features in the mitochondrial genome of the 
rainbow trout, Oncorhychus mykiss 

Feature From To 

Codon 

Size (bp) S ta r t  Stop 

tRNA-Phe 1 68 68 
12S rRNA 69 1012 944 
tRNA-Val 1013 1084 70 
16S rRNA 1085 2764 1,680 
tRNA-Leu (UUR) 2765 2840 76 
NADH 1 2841 3812 972 ATG TAG 
tRNA-Ile 3816 3887 72 
tRNA-Gln 3955 3885 71 (L) 
tRNA-Met 3955 4023 69 
NADH 2 4024 5073 1,050 ATG TAA 
tRNA-Trp 5076 5144 69 
tRNA-Ala 5214 5146 69 (L) 
tRNA-Asn 5288 5216 73 (L) 
OriL 5289 5325 37 
tRNA-Cys 5392 5326 67 (L) 
tRNA-Tyr 5463 5393 71 (L) 
CO I 5465 7015 1,551 GTG TAA 
tRNA-Ser (UCN) 7086 7016 71 (L) 
tRNA-Asp 7091 7163 73 
CO II 7178 7868 691 ATG T-- 
tRNA-Lys 7869 7942 74 
ATPase 8 7944 8111 168 ATG TAA 
ATPase 6 8102 8771 670 ATG TA- 
CO III 8773 9556 784 ATG TA- 
tRNA-Gly 9558 9627 70 
NADH 3 9628 9976 349 ATG TA- 
tRNA-Arg 9978 10,046 69 
NADH 4L 10,047 10,343 297 ATG TAA 
NADH 4 10,337 11,717 1,381 ATG T ~  
tRNA-His 11,718 11,786 69 
tRNA-Ser (AGY) 11,787 11,855 69 
tRNA-Leu (CUN) 11,857 11,928 72 
NADH 5 11,929 13,767 1,839 ATG TAA 
NADH 6 14,303 13,764 540 (L) ATG TAG 
tRNA-Glu 14,372 14,304 69 (L) 
Cyt b 14,376 15,516 1,141 ATG T ~  
tRNA-Thr 15,517 15,588 72 
tRNA-Pro 15,657 15,588 70 (L) 
Control region 15,658 16,660 1,003 

a Gene nomenclature according to Attardi et al. (1986). L denotes light- 
strand sense 

putative cloverleaf structures including their specific an- 
ticodons, by analogy with tRNA boundaries previously 
reported (Kumazawa and Nishida 1993) and by compar- 

ison with the X. laevis homologues. 

Genetic Code and Codon Usage 

Table 2. Percentage amino acid identity of four rainbow trout mito- 
chondrial polypeptides against their homologues of representative spe- 
cies of vertebrates a 

COI COII ATPase 8 Cyt b 

Cyprinus carpio 94.8 93.5 70.4 90.2 
Crossostoma lacustre 93.8 90.9 65.4 90.5 
Xenopus laevis 89.7 81.2 74.5 76.5 
Gallus gallus 88.3 68.3 51.8 74.5 
Homo sapiens 85.6 65.6 30.8 70.6 

Amino acid identities were calculated using the GAP program of the 
GCG package with a gap weight set at 3.0 and a gap length weight set 
at 0.1 

Table 3. Pairwise comparison of mitochondrial rRNA sequences 
among fish species a 

Rainbow trout Carp Loach 

Rainbow trout - -  167/69 161/70 
Carp 333/137 - -  97/35 
Loach 368/155 240/96 - -  

a The observed nucleotide differences are given as total substitutions/ 
transversions. Data corresponding 12S rRNA and 16S rRNA are shown 
above and below diagonal, respectively 

On the other hand, five ORFs (ND2, COI, ATPase 8, 

ND4L, and ND5) end with TAA as stop codon while two 
(ND1 and ND6) end with TAG. The remainder of pro- 
tein-encoding genes present incomplete stop codons, ei- 

ther T (COII, ND4, and Cyt b) or TA (ATPase 6, COIII, 
and ND3). By analogy with X. Iaevis, entire stop codons 
are probably generated by cleavage of the primary tran- 
script and subsequent polyadenylation of the correspond- 

ing mRNAs (Roe et al. 1985). Neither AGR is used as a 
stop codon in rainbow trout, nor does either even appear 

internally in any of the rainbow trout protein-encoding 
genes. Apparently, the stop codon pattern of the rainbow 

trout is not shared by any other vertebrate. 
The codon usage is similar to that inferred for cod 

(Johansen et al. 1990), C. lacustre (Tzeng et al. 1992), 
and carp (Chang and Huang 1994), with a clear bias to 
exclude guanosine in the third codon position. It is sig- 
nificant that ATG is mostly used as start codon whereas 
internal methionines are preferentially encoded by ATA. 

The amino acid tryptophan is mostly encoded by TGA 

instead of TGG, denoting the specificity of mitochon- 
drial over nuclear genetic code. 

All initiation codons in rainbow trout mtDNA protein- 
encoding genes are ATG except that of the COI gene, 
which is GTG (Table 1). Such initiation codon usage is 
shared by the two other fish mitochondrial genomes al- 
ready completely sequenced (Tzeng et al. 1992; Chang 
and Huang 1994). Moreover, among vertebrates, chicken 
mtDNA (Desjardins and MorNs 1990) also shares this 
condition. 

Protein-Encoding Genes 

The rainbow trout mitochondrial genome contains 13 
large open reading frames and, as in other vertebrate 
mtDNAs, there are two cases of reading frame overlap. 
(ATPases 8 and 6 overlap in ten nucleotides; ND4L and 
ND4 share seven nucleotides.) These gene pairs are 
translated in two different reading frames shifted by one 
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AA DHU DHU DHU A.C. A.C. A.C. V THC T~C T~C A.A. 

stun stun loop ste~n ste~ loop stem __ stem IOOD ste~, stem 

tRNA-Phe 

~ C G T A G  CTTAAC---T -AAAGCATAA CACTGAAGCT GTTAAGACC~ ACCCTA-GAA AGTCCCGC'TA GCA 
• .-AG. .ACT. , ,AT ...AG ........... AC-- -. ....... G ........ A. .C .... T.A GT . . . . . . .  

TAT-. -. ....... G .A. .C .... T.. G.. .-A .... CT. ..AT ... 
D ~ i ~ G  

...T ........... -.G-. -. ..... C.G .A. .C.G. .T.A G . . . . .  C. CT. .TA. 

..CCC.A ......... CCAC-. ...... GG ........ A. .CC .... T.. TA .... CT.T .--..T.TGG ... 

...T ...... G.T.-.C-.T CAC...ATA. A.. .T.T.T ........ C.TCC. C ...... AT ........ AA. 

tRNA-Val 

CAGAGTGTAG CTAAAATAGG AAAGCACCTC CCTTACACCG AGAAGACATC CGTG-CAAAT CGGGTCACCC TGA 

...G .... G. ..G.GT...T C ..... T... A .................... A..- ..... T..A..G ...... 

...G.C..G. ..G.G .... T T .............................. A..-.G.GC T..A..G ...... 

..A...A ..... -T..C--C ..... CTT.. G .......... A.CA.T... T..TA-..CC ...A.T..TT ... 

• .AG.C ....... T..CTTC ...... TTCA G ........ T GA .... T.C. ,TCAA..G.C AA .... G..T ... 

............ -T..C.-C ........ CA A ....... TT ..G...TT.. AACTT-..C. T.-AC.G.T .... 

tRNA-Leu(UUR) 

GCTAAGGTGG CAGAGCCCC-G TAATTTGCGA GAGGCCTAAG CCCTCTTTCT CAGAGGTTCA AACCCTCTCC TTAGCT 

TACTG ........... AT ..... A ...... A ............. T. .A.C ............ T ..... T. CC..T. 

A ..... A ......... AT ..... - .... A- A.A ........... T.CAGC ...G ........ T ..... T ..... T. 

.... GC ........... T.. CT.A,- .... A..A ....... T.,T...A .... G ........ T..C.,.G C..A.. 

.... C-C .......... T... C..A.-..A. A .... T ........ T.A.-C ............ T ....... C ..... 

.T .... A ................ -.C, .AT A.AA.T...A A.T.TACAG ............ TT ..... T .... A.A 

tRNA-IIe 

-C~-~AATTGTG CCTGAATGCT TAAGGACCAC CTTGATAGCG 

A .... C.- ....... GCA.C .......... T ....... A. 

A .... CC ...... ...... C ....... T.. T ....... A. 

G.A..- ...... C...A.TC-.G...T... T ....... A. 

G.A.GC-. ........ CAAA -. .... T... TA ..... AA. 

A.A..-.A.. T .... TAA-- -...AGTT.. T ....... A. 

tRNA-GIn 

TGC4~TAATAG GGGTTCAAGT CCCCTCAATT C-TA 

• .AA.T.C ....... A..A ........ G.. .C.. 

..... T..GA ..... AG.AC ...TC..G.. .C.. 

• .AAAT...T . . . . . . . .  AC ...A...TC. .C.- 

• .AAC-.... A...AT..CA A ..... -TCA .T.C 

.AAA ....... A.C.T..AC ..... T.-.. TC.. 

TACJh~AGTGG TGTAGTGGA- AGCACCAAGA GTTTTC~TCT CTTGAGGATG GGTTCGAGCC CCI~CTCTCT AG 

.............. AA .............................. T ........ A.TT ....... T ..... 

.... G ..................... TG.G ........... C .... T .......... TT ....... T ..... 

• ..G ....... A ...... G. ..T..GG. .G ............ CAG.TGCA ..... A.TT, .TG...T .... A 

...... A.AA .A...A..G. ..T.TG ................. CT.TG.A ....... TT. .TACT.T ..... 

...G.T.G ..... GA.A.GT G .... GG... A ..... GAT. ..CAG ............ TT. T.A.AGTC .... 

tRNA-Met 

AGTAAGGTCA GCTAATTAAG cI'I'±'~CC CATACCCCGA ATATGTTGGT TAAAATCCTT CCCTTACTA 

G.CGG ........... A ........................ C...AC ....... G...C. ..TCCG.C. 

GA ....................................... C...AC ........... C ...... GTC. 

..... A ......... AA ....... T ............. A. .C ............ CC ...... T ...... 

............... C ...... A .................. A...A ..... T..CC ....... C ..... 

............... A ...... A .................. A .......... T. -C ....... G ..... 

tRNA-T~ 

AGGG-CTTAG GATA . . . .  GT ACTTAGACCA AGAGCCTTCA AAGCTCTAAA C ~ T G A -  AATCCCCCAG CCCTT- 

.... AT ........ A...-- CA ......... A ............. T...G TA.AA .... A .... TT.T.A T..C.G 

.... A ......... A...-- CACA ......................... G TA..A .... G .... T..T ..... C.G 

• .A.AT...A .T..A...-- CA--..,.T ............... C .... G .A..A..T.G .... T..T.A T.TC.G 

• .AAA ........ TAACT.. CACC.A ..... AG ........... CT .... TAA.A..T.A .C..T.TT.. TTTC.G 

• .AAAT ..... T..AAT.-- -AC-. ................... C..C.G TA--A..TGC ...A-.TT.A TTTC.G 

tRNA-AIa 

AAGGCTTTAG CTTAATTAAA GTGTCTGGGT TGCATTCAGA AGATGTGGGA TAAAGTCCTG CAAGTCI~A 

..... C .......... A .......... AT ..... A .... - ..... CAA.T ...TA..T,. T.G.C .... 

..... C ..................... AT ....................... G ...... C G.G ...... 

......... C G ............. T..A .......... AT T ..... T ....... A ......... C .... 

G .... C ............... C ..... AT .......... G .... ACA..T ...T.. .. TTG ...... 

.... GC ................. G.. .AT .... G ..... T T .... CA.AG .GGG..TT .... GTC .... 

tRNA-A~n 

TAGATGGATG CTCGCTGGAT A G A M A  GCTQTTAACT AAGAGTTTGT AGGATCGAGG CCTTCCCACC TAG 

.................. C. T.G...T ............... A ......................... T .... 

...... A ........... C. T ................... G ........................ T..T .... 

.... AT..A ..... T ..... T...--T ............... A.TG...C G ........... CGT.TTT .... 

...GCA..A. .CAAT...TG TTG..AT ............... A.T,G.A. G ....... A. ..CAT.TGT .... 

..... T..A. .CA.T..AT. ..G.T .................. T ...... G..T.TA..T ..CATTGGT .... 

Fig. 2. Alignment and comparison of tRNA genes of the rainbow 
trout and those of other representative vertebrates. The anticodons of 
each tRNA are shown in bold. Dashes indicate gaps introduced to 
optimize the sequence homology. Base matching is indicated by dots. 
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Relative position of the tRNA secondary structure stems and loops is 
also depicted. Abbreviations: AA, amino acid; DHU, dihydrouridine; 
AC, anticodon; V, variable; T~C, ribothymidine-pseudouridine- 
cytosine. 
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AA DHU DHU ~ A.C. A.C. A.C. V THC T~C T~C A.A. 

stem stun loop stem stem loop stem __ stem loop stem stem 

tRNA-Cys 

AAGCCCTGTG GTGTACCACA CGTTAGATTG CAAATCTGAA GAAGTAGGCT AATAGCCTGC CC-C-C~CTI~ 

C...T,C ...... A.GA .... A..G ........... C ..... C,C..AT ..... CT ............. 

G .... T ...... AG.GG.T. .A ............... A .... C,C..AT. ..C.-T ............. 

.... -...C ..... TTG.., T,CC ............. CG ..... C.AA.G ..-G.TT ....... -..,C 

-GA.T .... A ..,A.GTT.. TAA.GAG ....... CTC.TT ..T,..CA .... -..TG ........ -.C. 

-...T.C.A .... ATTTT.. TA..GA ......... TC ....... C..CT. C.-.A ............. - 

tRNA-Tyr 

GGTAGGGTGG CTGAGAGCTT AAGCGGTGGA TTQTAGCTCC ATAAACAGAG GTI'I~=ACTCC TCTCCTTATC A 

........ A. .C...T ..... G ....... G ....... C.- GA.G ............ G ...... T.C ..... 

...... A .... C..A.---. .G.T ..... G ....... C,. GA.G.T ........ A.G ...... T.C ..... 

.... A ...... C...TAA.- .G .... C ............. G.GT ......... CA.G ...... T ....... 

.... A.A ........ T.T.G ..... T.A.G C ..... TC.T T.TT ......... CA.T ...... T ...... - 

.... AAA ........ T.--- ....AT .... C .... AA..T .A.G .... G .... --.GG ..... TT.•.C. . 

tRNA-Ser (UCN) 

AAGAAAGTGG CAG--AGTGG TT--ATGCC~ TTGGCITGAA ACCAGCACAT ~ T T C A A  TTCCTCCCTT TCTCG 

...G ..... A ...--. ...... --...T.. C ................. T ........................... 

-..G ......... --. ...... --...T.A C .............. T.T ...................... C,..- 

...... A ...... --. ..... G--....AA C. ,A ....... T...AGT .......... G ..... CT.T ....... 

....... AA. . .TTA ....... TG .................... A..TG. .A ...... G ...... T ....... T. 

T ..... AA.T ..T--G.A.. CC--...G .................. TT-. ........ G ........ T.. .T.GT 

tRNA-Asp 

AAGACACTAG TAAAACTAGT CTATTACACT G C C ~  GGCAAAATTG TGGGTTAAAC CCC-GCGTGT CTTA 

...... T ......... --.. AA ...... TC A...T ....... TG .... C. ,A ....... T ...T..A ....... 

...... T ....... CT.-.. AA ...... TC A.T.T ....... TG .... A. .A ........ T..T..A..A ..,G 

G...TGT ......... - .... A .... GCAC . .T ........ G .... A. CT ..... G.. T..G..ACA. ..C. 

G .... GT ....... C.- .... A ...... TA .A. CT ...... A.T .... CA CA...GC..A ...T.TACA. ..C. 

...GT.T... A ..... C.- .... ..T..TA A.T.T ..... A.TT ..... A ,A..C .... T -..TATA.A ..... 

tRNA-Lys 

CACTAAGAAG CTAAA--TCG GGAAT-AGCG TTAGCCTTTT AAGCTAAAGA TTGGTGGCCC CCA-ACCACC CC-TAGTGA 

.G...G ......... TA.T. .AC.A ....... G ........... C ........... ATT. ..G ....... T ...... -- 

..... G ......... C..A, ..T.AC...A ..G ........... C ........... C.T ........... T ........ 

.................. A. ..C..T .... AC ............. GT ......... A.T ............ T...A... 

• .T .......... TGCAC ....... C...A C ............... G... GA..G,A.A. ..-.-T.C.. ,T,..A... 

.... GTA ....... CT.- ....... T...A ...A ......... T ........ AAGA.AA. .A.C.,.T.T TTAC ..... 

tRNA.GIy 

ATCTTTCTAG TATTAATAC- -GTATAAGTG AC%Z~T2iATC ACCCGGTCTT GGTTAAAATC CAAGGAAAGA TA 

............. C..AGTT A...C ................. A.A ............ CC ............. 

................. G.T A...CG .................. C ............ CC ............. 

.CT..CT ......... --.C A...C.C ............... AAA ..... A .... G .... T...AG..AG .. 

GCTC ......... --.C-TC AT..C..C ............ TTTAAAATC .... ATC..C. . .CA...GAG C. 

.CTC..T ...... A..---T A...CCGT.A ......... T .A.TA..T.. .AC-,.C..T ...AA..GAG .. 

~'tNA-Arg 

CGG-AGTTAG TCCAAAACAA GACCCTTGAT ~ C A A  AAC~CCATGG TTTAAGTCCA TGACCGCCTT 

A.,G .................... TC ............. G ..A.T .......... T .... , .... C .... 

A..G.A ...... T .... T ...... TC ............. G .GA.T.G ..... A ....... C..T.C .... 

GA.TT ....... T...- ...... AG ............... C.A.TT ...... A..CC .... A.TAA.TC. 

A.AA ........ T..C-T ..... AGC..G ..... A.C..G C,A.TT..A. ACCC.CCT-. .A..TTT... 

T..T.TA .... TT...-... A..GAA ........ A .... T T.A.TT...A .AA .... T.. .ATTTA.,AA 

R, trout 

Carp 

C. lacustre 
X. laevis 
Chicken 

Hmaan 

R. trout 

Carp 

C. lacus tre 
X. laevis 
Chicken 

Human 

tRNA-His 

GTAGATATAG TTTAACC-AA GACATTAGAT T~I~ATTCTA AAA TAGAGG TTAAAATCCT CTTATCCACC 

...AG ........... T.,. A ....................... C..G ....... G...C .... CT .... 

• ..AGC ......... TTT.. A ........................ G ............... C..CT .... 

............... --T,. A.,.C ............... G.GTC .......... CC ......... A... 

.C.A.C ............ C. A .......................... GA. ..T..CC.TC ..,G.T.G.. 

...A ................ A .... C ......... A...G .C..C ..... C.T.CGA..C ..... TT... 

tRNA-Ser (AGY) 

GAGAGAAATC TGTTGATAAC AGAGACTGCT AATCTTCTGC CCCCTCAGTT AAATTCTGTG GTTCACTCG 

A..GA.G.A. A.AAA.,.GT .AGC .......... C.TACA TT..ATG ...... A..C .... C,TC..T. 

CGAGA..GG. CCCA.GC..T .AGC ......... AC.TATA A...A.G ...... C..C .... C..T .... 

,,ACTTG.-. ..-G..CCCT .AGA ......... TACT-TA .G.TGT-... C ..... CAC. .C.TGT... 

AG.G. .GGC. CA-A.CC.G. .AGA ......... TCCTGCA T.TGAGCT ..... CCTCA-- . .C.C. .T- 

• . ----G. -- -A-A. C.C. , .AGA ........ CTCAT-. ..... AT-.. C T.. C3LACA.. . C. q~f...A 

Fig. 2. Continued. 



AA DHU DHU DHU A.C. A.C. A.C. V T~C T~C T~C A.A. 

stem stem loop s ~  stem loop $~e~ __ stern loop s ~  stem 

tRNA-Leu (CUN) 

R. trout 

carp 
C. lacus tre 

X. laevis 

Chicken 

Human 

GCTTCTAAAG GATAATAC-CT CATCCATTGG TCTTAGGAAC CAAAA-CTCT TGGTGC3kAAT CCAAGTAGCA -GCT 

.... TC ......... C..T ...... G ................... A .................... G.A ..... 

............... C ............................. A .................... G.A ..... 

.... T ....... A..C.,TC T .... GC ............... G.,A .................... GAA. A... 

A...T .......... G.,.A-.,..G ................ CCTA-. ................... -A. A.TA 

A...T .......... C .... - ................ CC ...... A-.T ......... C ..... A.,-A. A,TA 

tRNA-GIu 

R. trout 

Carp 

C. lacustre 

X. laevis 

Chicken 

Human 

GTTCTTGTAG TTGAATAACA ACGGTC-GTTT TTCAAGTCAT TAGTTTCGGT TAGAGTCCGA GCAGGAATT 

............................. C ........... G..C ....... A .... T.. ~..A ..... 

...... A ...................... C ........ GC .G. .C ......... A .... G .TGA ..... 

.... C.A ........................... GA...C A .... CT ........... TG .rig ...... 

.... CC ........ G-. ..... AA...C ........ C.G. AGTCC.T..G GTCTAA..A. . .G ..... A 

............... AT ...... A .......... TA ..... G..CGT .... GT ...... T . .GA .... A 

tRNA-Thr 

R. trout GCCCTAGTAG CTCAGCGCCA GAGCGCCGGT CTTGTAATCC GGAAGTCGGA GGTTAAAACC CTCCCTAGTG CT 

Carp ............ T...CTA. A...AT ............... A.GA ............ TT ......... C..C 

C. lacustre - . ........... T..TATG. A...AT ............... A.GA.T .............. A ...... C. .C 

X, laevis .T...GA ..... T.ATTT-. A...AT ........... G.. .A.GA.T.-. ..C ........... TC.AGA .. 

Chicken A.T...A... T.T.--TGA. A.A.ATT .......... A.. AA..ACT.A. .AC.CC.- .... T.T...A. TA 

HtEman .T...T .... TAT.AACTA. T.-.A..A ......... A ..... GA.-.A. AACC .... TT T.T..A, .GA .A 

tRNA-Pro 

R. trout 

Carp 

C, lacus tre 

X, laevis 

Chicken 

Human 

C-AGAGGGTA GTTTAATTTA GAATCTTAGC TTTGGGAGTT A A G G G ~  GTTAAAATCT CCTCTCTCTG A- 

.G...AAA ....... G ........ TC.G ....... T..CC .G ..... A ............. TCT.T .... GG 

.-...AAA ........ G ........ TC.G .......... CC .G ..... A ...... G ...... T.T.T .... -- 

.-G.GA.A.. A ..... - ....... G..G ........ G..C .TA .... AG ...TG.G..C TTCT.TCTC. -- 

.- .... A ........ T..G.A...ACC ........... C. GGA.A...AG ...TG.GC.C T.CT.T ...... 

.- .... AA ........ A ................... T.C. ..T .... - ........ GA.. -T.T ....... T 

Fig. 2. Continued• 
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nucleotide, but only one transcript is detected in each 
case (R. Zardoya, unpublished results). The length of the 
ND4L/ND4 overlap is conserved in all vertebrate mito- 
chondrial genomes already sequenced; however, the 
ATPase 8/6 overlap presents more variation in its length: 
from ten nucleotides in fish, X. laevis, and chicken to 
about 40 nucleotides in mammals. This increased length 
overlapping in mammals is due to a single base change 
that deletes the stop codon of ATPase 8 present in fish, 
X. laevis, and chicken (Roe et al. 1985). 

The alignment of the deduced amino acid sequences 
from the 13 mitochondrial polypeptides encoded by the 
rainbow trout mtDNA with their homologues of other 
vertebrates reveals that cytochrome oxidase subunits and 
cytochrome b are highly conserved whereas NADH de- 
hydrogenase and ATPase subunits present more varia- 
tion. This fact can be explained by taking into account 
that cytochrome oxidase and cytochrome b mitochon- 
drial genes encode the redox active centers of the corre- 
sponding holoenzymes (complex IV and complex III, 
respectively), whereas NADH dehydrogenase and AT- 
Pase mitochondrial genes encode for the regulatory sub- 
units of complex I and complex V, respectively. In all 
cases, the carboxyl end of the polypeptides is highly 
variable in length and sequence. The COI polypeptide 
sequence is the most conserved when compared to that of 
carp, C. lacustre, X. laevis, chicken, and human, whereas 
ATPase 8 is the more divergent (Table 2). 

Ribosomal RNA Genes 

The 12S and 16S rRNA genes in rainbow trout mito- 
chondria are 944 and 1,680 nucleotides long, respec- 
tively. The inferred secondary structure of the 12S rRNA 
gene was found to be essentially equivalent to that of X. 
laevis (Roe et al. 1985). The sequence similarity between 
rainbow trout rRNA genes and their homologues of the 
two fish species already sequenced--i.e., C. lacustre and 
C. carpio--was estimated. We restricted the analysis to 
those positions at which substitutions could be unambig- 
uously determined based on a correct alignment. This 
fact limited the analysis of the 12S rRNA gene to 97-167 
positions, and that of the 16S rRNA gene to 240-368 
substitutions (Table 3). Our data show a high transition 
bias among fish species, which is in full agreement with 
the pronounced predominance of transitions over trans- 
versions reported in mtDNA (Meyer 1994) and probably 
reflects differences in mutation rates specific to mito- 
chondria. Moreover, the transition/transversion ratios in- 
ferred from the rRNA sequences are consistent with 
those reported for rainbow trout ATPase6, COIII, ND3, 
and ND4L genes (Thomas and Beckenbach 1989). 

Transfer RNA Genes 

The rainbow trout mitochondfial genome contains 22 
tRNA genes interspersed between ribosomal RNA and 
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Sequences of the rainbow trout 22 tRNAs folded into their proposed cloverleaf secondary structures. 

protein coding regions. The alignment and comparison of 
the sequences of  the rainbow trout tRNA genes with their 
counterparts in other vertebrates is shown in Fig. 2. tR- 
N A  Met gene is the most conserved among all vertebrates 
whereas tRNA ser(AGY) is the most divergent. In general, 
the anticodon and amino acid acceptor arms are more 
conserved than DHU and T(hC arms, which show less 
similarity. However, it is striking that the DHU loop of 
tRNA Leu(uvm is highly conserved among vertebrates and 
even identical between rainbow trout and human. The 
sequence that forms this loop has been reported to be 
necessary for the correct ending of the transcription 
event that includes the two ribosomal RNA genes in 
human (Christianson and Clayton 1988). It is likely that 
the conservation of this sequence is required in all ver- 
tebrates for this purpose, and therefore this functional 
constraint would explain the unusual preservation of  
tRNA Leu<Uum DHU loop sequence. 

All the rainbow trout tRNAs can be folded into a 
cloverleaf secondary structure which is depicted in Fig. 
3. As in other vertebrates, folding of the tRNA sequences 
specifically requires the formation of G + U and other 
atypical pairings. The rainbow t rout  tRNA Ser(AGY) com- 
prises a complete DHU arm that is missing in the rest of  

the homologous tRNAs already reported, being therefore 
an exception to the universal rule proposed so far (Wol- 
stenholme 1992). The putative secondary structure of 
this tRNA included a DHU arm with a three-nucleotide 
loop, a 5-bp stem, and an exceptionally short anticodon 
stem. The unconventional secondary structure proposed 
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] . .  

2. 

3. 

4. 

5. 

6. 
7. 

8. 

Na. l se  

Fig. 4. 

5' - T-3 ' 20-33 
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5 ' -ACATIIZ~AAYY-AAT-3 ' 

Comparative alignment of the termination-associated se- 
quences (TASs) identified in the rainbow trout D-loop-containing re- 
gion. Dashes indicate gaps introduced to maximize sequence identity. 
Position of each TAS within the complete sequence of the rainbow 
trout mtDNA is indicated. Mouse consensus TAS (Doda et al. 1981) is 
also shown. 
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Fig. 5. Proposed stem-loop structures 
for the L-strand origin of replication of 
rainbow trout mtDNA and other 
representative vertebrates. Nucleotide 
sequences of the H-strand template are 
shown. The sequence associated to the 
transition of RNA synthesis to DNA 
synthesis is indicated by a box. 

might be explained in terms of a structural compensation 
among tRNA arms as described by Steinberg and Ced- 
ergren (1994). A less-truncated tRNA Ser(AGY) DHU arm 
has also been proposed in cod (Johansen et al. 1990), but 
in this case, the anticodon stem inferred is unusually 
large. In any case, it could be suggested that the DHU 
arm of this tRNA, lost in the majority of  species, is 
conserved in fish. 

Noncoding Sequences  

The major noncoding region found in rainbow trout 
mtDNA is a 1,003-bp sequence localized between the 
tRNA pr° and tRNA phe genes which corresponds to the 
control region. The region includes the origin of H-strand 
replication and the sites of initiation of both H- and 
L-strand transcription. The control region now presented 
is identical to that reported by Digby et al. (1992). In 
addition to the features described by Digby et al. (1992) 
we have found a putative L-strand-encoded open reading 
frame between bp 820 and bp 985. Its localization and 
coding strand resemble those of the ORF reported in the 

human mitochondrial control region (Ojala et al. 1981). 
However, unlike human, no transcript for this ORF has 
been found (data not shown). The amino acid sequence 
predicted for this ORF shows limited similarity to a yeast 
nuclear-encoded peptide that activates the translation of 
COIII mitochondrial mRNA through a site in the 5'- 
untranslated mRNA leader (Haffter and Fox 1992). 
Analysis of the control region sequence permitted the 
identification of a total of eight termination-associated 
sequences (TASs) in the left domain [five more than the 
previously identified (Digby et al. 1992)] in comparison 
with the consensus sequence described by Doda et al. 
(1981) (Fig. 4). 

The origin of light-strand replication (OL) is located in 
a cluster of five tRNA genes and comprises 52 nucle- 
otides in length. This region has the potential to fold in a 
stem-loop secondary structure with a stem formed by 11 
paired nucleotides and a loop of 17 nucleotides. The 
5'-GCCGG-3' motif that in human mtDNA is involved in 
the transition from RNA synthesis to DNA synthesis 
(Hixson et al. 1986) is entirely conserved in the rainbow 
trout mtDNA, both in sequence and in its location in the 
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base  o f  the stem, wi thin  the t R N A  cys gene.  The  s tem 

sequence  of  O L is h igh ly  conserved  among  vertebrate  

m t D N A s  whereas  the loop sequence  is more  variable  

(Fig. 5). Str iking features o f  the ra inbow trout O L loop 

are its great  size and the presence  o f  a stretch o f  nine 

cy tos ine  res idues .  O L of  h u m a n  m t D N A  conta ins  a 

T-r ich  sequence  invo lved  in the init iat ion o f  the L-s t rand 

repl icat ion by a R N A  pr imase  (Wong  and Clayton  1985). 

Al l  m a m m a l i a n  m t D N A s  already sequenced  share this 

T- r ich  sequence;  however ,  it is not  found in fish mito-  

chondria l  genomes  (Fig. 5). Therefore ,  in contrast  to 

mammals ,  it seems that in ra inbow trout OL loop, R N A  

pr imer  synthesis  is most  probably  init iated in the C-r ich  

sequence,  and consequent ly ,  the init iat ion in vertebrates  

is not  restr icted to a stretch o f  thymines  as p rev ious ly  

sugges ted  (Wong  and Clayton 1985) but  to a polypyr i -  

mid ine  tract. In this sense, the Oi. loop of  cod (Johansen 

et al. 1990) conta in ing four  cytos ine  residues recal ls  that 

o f  the ra inbow trout. 

A minor  noncod ing  sequence  (14 nucleot ides)  is lo-  

ca l ized in ra inbow trout m t D N A  be tween  the t R N A  Asp 

gene  and the C O I I  gene.  A similar  14-nt reg ion  is found 

in C lacustre (Tzeng et al. 1992) and carp (Chang and 

Huang  1994), but  not  in any other  vertebrate.  Loss  o f  this 

sequence  dur ing evolu t ion  of  vertebrates  emphas izes  the 

tendency  of  m t D N A  to economy.  
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