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Summary. The composition of the mitochondrial 
DNA (mtDNA) of the fin whale, Balaenoptera phy- 
salus, was determined. The length of the molecule 
is 16,398 bp, and its organization conforms with 
that of other mammals. The general similarity be- 
tween the mtDNA of the fin whale and the cow is 
greater than the similarity between the fin whale and 
other species (human, mouse, rat) in which the com- 
position of  the entire molecule has been described. 
The D-loop region of  the mtDNA of the fin whale 
is 81% identical to the D-loop of  dolphin DNA, and 
the central portion of  the D-loop is similar to the 
bovine D-loop. The accumulation of  transversions 
and gaps in the 12S and 16S rRNA genes was as- 
sessed by comparing the fin whale, cow, and human. 
The sequence difference between human and the 
whale and human and the cow was at the same level, 
indicating that the rate of evolution of the mtDNA 
rRNA genes is about the same in artiodactyls and 
cetaceans. In the 12S rRNA gene an accumulation 
rate of  0.05% per million years places the separation 
of  cetaceans and artiodactyls at about 55 million 
years ago. The corresponding figure for human and 
either the whale or the cow is about 80 million years. 
In the 16S rRNA gene a 0.08% accumulation rate 
of  transversions and gaps per million years yields 
concurring figures. A comparison between the cy- 
tochrome b gene of  the fin whale and cytochrome b 
sequences in the literature, including dolphin (Ste- 
nella) sequences, identified the cetaceans as mono- 
phyletic and the artiodactyls as their closest rela- 
tives. The comparison between the cytochrome b 
sequences of the fin whale and Stenella showed that 
differences in codon positions one or two were fre- 
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quently associated with a change in another codon 
position. 
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Introduction 

In recent years the mitochondrial DNA (mtDNA) 
molecule has attracted great interest for determining 
evolutionary relationships at various levels. Thus, 
restriction analysis o fmtDNA has proved to be very 
useful in defining relationships between individuals 
and populations (e.g., Wilson et al. 1989). Se- 
quence comparisons of portions of mtDNA have 
demonstrated the applicability of such analyses for 
resolving both primate relationships (Hixson and 
Brown 1986; Hayasaka et al. 1988; Hasegawa et al. 
1990) and different relationships among ungulates 
(Irwin et al. 1991). In a comprehensive study of  the 
cytochrome b gene, Irwin et al. (1991) showed that 
this particular gene can be used for resolving phy- 
logenetic relationships at levels ranging from those 
within a genus to those between different mam- 
malian orders, covering a divergence time of  about 
70 million years (Myr). Also other portions of  the 
mtDNA, notably the 12S and 16S rRNA genes, have 
been shown to be useful for determining relation- 
ships at different taxonomic levels among artiodac- 
tyls (Miyamoto and Boyle 1989; Miyamoto et al. 
1990; Kraus and Miyamoto 1991). 

The characteristics and particulars of  the mito- 
chondrial genome of  animals have been compre- 
hensively surveyed by Brown (1985). It is conceiv- 
able that accumulating sequence data on the mtDNA 
molecule will become an increasingly valuable tool 
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for elucidating various higher order relationships 
when information on more species and groups be- 
comes available. Until now, the complete mtDNA 
sequences of  four mammals had been determined. 
These species are human (Anderson et al. 1981), 
mouse (Bibb et al. 198 I), cow (Anderson et al. 1982), 
and rat (Gadaleta et al. 1989). We report the se- 
quence for a fifth species, the fin whale, Balaenop- 
tera physalus, of the suborder Mysticeti (baleen 
whales), in this context. 

Materials and Methods 

An enriched mtDNA fraction was obtained from the liver of 
a female fin whale (no. 27, 1987), taken west of Iceland. The 
tissue was collected about 24 h postmortem and the material 
homogenized, using a Waring blender, in l0 volumes of 0.25 M 
sucrose, l0 mM Tris-HCl, 2 mM EDTA, pH 7.4. The suspension 
was centrifuged for 5 min  at 2500 rpm rotor in SS34 (Sorvall) 
and the pelleted material removed. This step was repeated four 
times. The supernatant was then centrifuged for 15 min at 10,000 
rpm, and the pellet containing the mitochondria was collected 
and suspended in homogenization buffer and the centrifugation 
step repeated. The pellet was suspended in 50 m M  glucose, l0  
mM EDTA, 100 mM Tris, pH 7.9, using 0.5 ml buffer for each 
initial gram of  tissue. Fresh SDS solution (1% SDS, 0.2 M NaOH), 
1 ml/g tissue, was added and the sample was kept on ice for 5-  
l0  min with occasional agitation. A solution of 3 M potassium- 
acetate, 1.8 M formic acid, pH 5.6 was added (0.75 ml/g tissue) 
and the sample held at -70*(7 until it started to solidify. The 
sample was centrifuged for l 0 min at 5500 rpm. The supernatant 
was collected and the centrifugation step repeated. The super- 
natant was extracted with phenol-chloroform. The aqueous phase 
was collected and a 0.6-volume of  isopropanol was added. After 

precipitation the sample was centrifuged at 10,000 rpm for 15 
rain. The precipitated DNA was washed twice with 70% ethanol 
and dried. 

The enriched mtDNA was cleaved with various restriction 
enzymes and hybridized (Southern 1975) to mtDNA of the har- 
bor seal in order to identify suitable restriction enzymes for fur- 
ther analysis. BamHI and HindIII were found to yield fragments 
of convenient sizes. The BamHI fragments were ~8000, ~4500,  
~3000,  and = 1000 bp long, respectively. The fragments were 
isolated from a preparative agarose gel  The 3000- and 1000-bp 
fragments were cloned directly in M l 3 m p l 9 .  The 8000- and 
4500-bp fragments and also the 3000-bp fragment were recleaved 
with BclI or BglII and the fragments ligated into the BamHI site 
of  M13, using the complementarity of  the ends created by the 
three enzymes. The 4500-bp fragment was also digested with 
Sau3A and ligated into the same site. The M 13 clones obtained 
covered the whole mtDNA molecule except an = 800-bp portion, 
which was amplified and reamplified using asymmetric poly- 
merase chain reaction (PCR) amplification (Gyllensten and Er- 
lich 1988) prior to sequencing. 

Sequencing was performed applying the dideoxy termination 
technique (Sanger 1981) with 3~S-adenine. Sequencing was car- 
ded out from 31 cloning sites plus the two PCR ends. Version 
6:2 of the GCG program package (Deveraux et al. 1984) was 
used for the DNA analyses and comparisons. 

Results and Discussion 

The localizations of  the HindlII, BamHI, BclI, BgllI, 
and the four Sau3A sites used for sequencing of  the 
fin whale mtDNA molecule are shown in Fig. 1. The 
direction of  sequencing in the various clones is also 
shown. The sequencing at the different cloning sites 
was supplemented with sequencing initiated by the 
use of  28 internal primers. The localizations of  the 
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Fig. I. Localization of  the restriction sites 
BamHI, Bcll, Bglll, and Hindl l I  in the mt- 
DNA of the fin whale. The position of three 
Sau3A sites that were used for sequencing is 
also shown. Direction of sequencing in the 
clones used is shown by arrows. Sequencing of  
the region 13,870-14,668 was based upon 
PCR amplification. 
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Table 1. Localization of features in the mtDNA 
the fin whale 

molecule of 

Feature From bp To bp 

tRNA-Phe 422 494 
12S rRNA 496 1471 
tRNA-Val 1472 1538 
16S rRNA 1539 3112 
tRNA-Leu (UUR) 3113 3187 
NADH subunit 1 3190 4146 
tRNA-Ile 4146 4214 
tRNA-GIn 4284 4212 (L) 
tRNA-Met 4286 4354 
N A D H  subunit 2 4355 5398 
tRNA-Trp 5397 5465 
tRNA-Ala 5539 5471 (L) 
tRNA-Asn 5614 5541 (L) 
Origin L-strain replication 5614 5650 
tRNA-Cys 5714 5647 (L) 
tRNA-Tyr 5780 5715 (L) 
Cytochrome c oxidase subunit I 5782 7332 
tRNA-Ser (UCN) 7398 7328 (L) 
tRNA-Asp 7404 7471 
Cytochrome c oxidase subunit II 7472 8155 
tRNA-Lys 8159 8226 
ATPase subunit 8 8228 8419 
ATPase subunit 6 8389 9069 
Cytochrome c oxidase subunit III 9069 9854 
tRNA-GIy 9854 9922 
NADH subunit 3 9923 10,267 
tRNA-Arg 10,270 10,338 
N A D H  subunit 4L 10,339 10,635 
N A D H  subunit 4 10,629 12,005 
tRNA-His 12,007 12,075 
tRNA-Ser (AGY) 12,076 12,136 
tRNA-Leu (CUN) 12,138 12,207 
NADH subunit 5 12,208 14,028 
N A D H  subunit 6 14,539 14,012 (L) 
tRNA-GIu 14,608 14,540 (L) 
Cytochrome b 14,613 15,752 
tRNA-Thr 15,753 15,824 
tRNA-Pro 15,890 15,824 (L) 
D-loop 15,891 421 

Gene nomenclature is according to Attardi et al. (1986). (L) de- 
notes light strand sense. The length of the molecule is 16,398 bp. 
Position 1 was determined by analogy with bovine mtDNA (An- 
derson et al. 1982) 

va r ious  features o f  the molecule  are given in Ta-  
ble 1. 

The  comple t e  sequence o f  the L-s t r and  o f  the fin 
whale  m t D N A  is presented  in Fig. 2. The  length o f  
the molecule  is 16,398 bp,  and  the organ iza t ion  o f  
the molecule  is the same as in o ther  m a m m a l i a n  
m t D N A s  studied.  The  base  compos i t i on  o f  the 
L- s t r and  is A,  32.7%; C, 27.3%; T, 26.7%; and  G, 
13.3%. Pos i t ion  1 in the sequence cor responds  to 
pos i t ion  1 in bov ine  m t D N A ,  and  genic sequences 
were def ined by  analogy with h u m a n  and  bov ine  
m t D N A  (Anderson  et al. 1981, 1982; A t t a rd i  et al. 
1986) and  the occurrence  o f  s top codons.  In Fig. 2, 
the 13 long open reading  frames o f  m a m m a l i a n  
m t D N A  (At ta rd i  et al. 1986) are shown t rans la ted  

Table 2. Similarity in percent between 12S rRNA, 16S rRNA, 
and peptide coding genes in mtDNA of the fin whale, cow, and 
human 

Gene I II III IV 

12S rRNA 83 (94.3) 80 (92.1) 80 (92.2) 85 (73) 
16S rRNA 84 (91.5) 80 (87.1) 79 (86.6) 75 (64) 
NADH1 81 74 74 73 
NADH2 77 67 68 71 
CO1 80 78 80 95 
COIl 82 73 71 64 
ATPase8 72 64 64 78 
ATPase6 73 73 73 100 
COIII 8 ! 78 79 88 
NADH3 79 68 73 71 
NADH4 79 72 72 75 
NADH4L 80 73 75 77 
NADH5 77 72 72 82 
NADH6 81 67 66 57 
Cytb 80 74 73 75 

I: whale-cow; II: whale-human; III: cow-human; IV: difference 
between I and II expressed as percentage of the mean of the figures 
for whale-human and cow-human. The bracketed figures in the 
comparison of the 12S and 16S rRNA genes are based only on 
differences with respect to transversions and gaps. Abbreviations 
are defined in the text 

in to  the one- le t ter  a m i n o  acid  code with  the let ter  
p laced  above  pos i t ion  1 o f  each coding  tr iplet .  Ter-  
m i n a t i o n  codons  are ind ica ted  by  an asterisk.  O f  the 
13 reading  f rames  only one, N A D H  subuni t  4 
( N A D H 4 ) ,  does  not  have  a t e rmina t ion  codon.  The  
n u m b e r  o f  open  reading  f rames  with  a t e rmina t i on  
codon  is thus cons iderab ly  larger in the fin whale 
m t D N A  than  in h u m a n  and  bov ine  m t D N A .  

The  overa l l  h o m o l o g y  be tween the 12S r R N A ,  
16S r R N A ,  and  pep t ide  coding genes in the m t D N A  
o f  the fin whale,  cow, and  h u m a n  was compared .  
The  genera t ion  length o f  these species is much  lon-  
ger than  that  o f  the two species, the mouse  and  the 
rat, that  were not  inc luded  in the compar i son .  Op-  
t imal  a l ignments  were ob ta ined  by  using the bes t -  
fit local  homology  a lgor i thm (Smith  and  W a t e r m a n  
1981) o f  the G C G  p rog ram package. The  c o m p a r -  
ison does  no t  d is t inguish  between t rans i t ions  and  
t ransvers ions  or  differences at  different codon  po-  
s i t ions in the pep t ide  coding genes. The  results  (Ta- 
ble 2) showed an overa l l  greater  iden t i ty  be tween 
the whale and the cow than  between the whale and  
human .  

The  cy toch rome  c oxidase  subuni t  I I  (COII) gene 
shows the highest  (82~ and  the A T P a s e  subuni t  8 
(ATPase8)  gene the lowest  (72%) degree o f  iden t i ty  
in the c o m p a r i s o n  be tween the fin whale  and  the 
cow. The  figures for h u m a n / w h a l e  and  h u m a n / c o w  
are a lmos t  the same for each i nd iv idua l  gene with 
the highest  degree o f  iden t i ty  regis tered in the COI  
and  C O I I I  genes. The  figures on the iden t i ty  be tween 
cow and h u m a n  agree with those  o f  Brown (1985) 
who also presented  figures inc luding the mouse .  
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GTTAATTACTAATCAGCCCATGATCATAACATAA~TGAGGTTTCATACATTTGGTATTTTTTTATr~s 

Z + + + + + + + -+ § -+ + + 120 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T~AGATAAATTGTAGcT~GG~CTGGATGTATTTGTTATTTGACTAGCA~AA~AACATGTGCAGTTAAATTAATGGTTACAGGACATAGTACT~A~TATT~C~GG~T~AAA~C 

121 + ~ + + + + + § + * + + 240 ............................................................................................................ 

TGTATGTCTTAGAGGACCAAACCCCCCTCCTTCCATACAATACTAACCCTCTGCTTAGATATTCACCACCCCCCTAGACAGGCTCGTCCCTAGATTTAAAAGCCATTTTATTTATAAATC 

241 ......... § ......... ~ ......... * ......... § . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  § § + § + * § § 360 

D-loo D t R N A - P h e ~  

A~TACTA~TCTGAcACAAGCCC~J%TA~TG~Q~TACATGAACGCCATCCCTAT~AATAC~TTGATGTAGCTTA-~ACACTTACAJ~AGCAAGA~ACTGA~TGTCTAGATGGGTCTAGC 

361 .................. § § ......... § ................................................................................. + § § + § + + + * 480 

128 r R N A ~  

CAACCCCATTGACA~A~GGTTTGGTCCCAGCCTTTCTATTAGTTCTTAACAGACTTACACATGCAAGTATCCACAT~CCAGTGAGAACGCCCTCTA~TCATA~GATT~KKAGGAGC 

481 ......... * ......... + .................. + § ............................................. + § * § * ........................... § + § 600 

GGGTATCAAGCACGCTAGCACTAGCAGCTCACAACGCCTCGCTTAGCCACGCCCCCACGGGACACAGCAGTGATAAAAATTAAGCTATAAACGAAAGTTCGACTAAGTCATGTTAATTTA 

601 + + § + § + �9 + § § 720 ................................................................................................... + ......... 

AGGGTTGGTAAACTTCGTGCCAGCCACCGCGGT•ATACGATCGACCCAAATTAATAGAAGCACGGCGTAAAGAGTGTTAAGGAGCCACATGAAATAAAGTCAAACCTTAATTAAG•TGTA 

721 * § + + + + § + + + § 840 ............................................................................................................ § 

A~GCCCTAATTA~TTAAGC~AAACTACGAAAGTGAcTTTAATATAATCTGAT~ACAcGACAGCTAAGAT~cAAACTGGGATTAGATACCC~ACTATG~TTAGT~GTAAA~Cc~AAT 

641 + § + + + § § § 960 ........................... + .................................... + ......... ~ ........................... + ......... 

AGTCA~AAAACAAGACTATT~GCCAGAGTACTACTAGCAACAGCCTA~CTCAAAGGACTTGGCGGTGC~TCATACCCATCTAGAGGAGCCTGTT~TGTAAc~GATAAACCcCGATCAA 

961 ......... + ......... § ......... + ......... + ......... § ......... + ......... + ......... § ......... + ......... § ......... + ......... + 1080 

CCTCACCAACCCTTGCTACTTCAGTCTATATACCGCCATCTTCAGCAAACCCTAAAGGGAGAAAAGTAAGCATAAC•ATCCTACATAAAAACGTTAGGTCAAGGTGTAACCCATGGGTTG 

1081 + § * + + § + § § + § 1200 ............................................................................................................ �9 

GGAAGTAATGGGCTAcATTTTCTAAGCTAAGAACATCCCCTATACTCACACGAAAGTTTTTATGAAACTTAA~CTAAAGGAGGATTTAGTAGTAAATCAAGAGCAGAGTGCTTGATTG 

1201 ......... + ......... + ......... + ......... * ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + 1320 

AATAAGGCCATGAGGGCACGCACACACCGCCCGTCACCCTCCTCAAGTACCCCAGCTATA~CCCCAGTTCGTTAACTCAGGCC~GCAATTATACGAGAGGAGACAAGTCGTAACAAGG 

1 3 2 1  . . . . . . . . . . . . . . . . . .  + + . . . . . . . . .  + . . . . . . . . . . . . . . . . . .  + § . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  § + + § § § + 1 4 4 0  

t R N A - V ~ I ~  16g rRNA--~ 

TAAGCATACCGGAAGGTGTGCTTGGACAAA~AAGATATAGCTTAAACAAAGCATGTAGTTTACACCTAGAAGATTCCACAGCCCGTGTATATCTTGA~CTAGCCCTAGCCCACACCCTC 

144! ......... + ......... ~ ......... + ......... + ......... + ......... + ......... § ......... + ......... + ......... § ......... + ......... + 1560 

CCCACCTCTACTACCACA~TCAATCAAATA~CATTTACCATCCCTTCAAAGTATAGGAGATAGA~TTTA~TATCAGTGGCGCTATAGAGATAGTACCGTAAGGA~GATGAAAGA 

1581 .................. § § ......... ~ ............................................................... § + * § § § + ......... + ......... * 1680 

A~CCTAAAAGTAATAAAAAGCA~GCTTACCACTTGTACCTTTTGCATAATGACTTAACTAGTAATAAATTAGCAAAGAGACCTTAAGTTAAATTACCCGAAACCAGACGAGCTACTT 

1681 § § § § + + § + + + 1800 ......... ~ .................................... § ............................................................... 

ATGAGCAGCACCTAGAACGAACTCATCTATGTGGCAAAATAGTGAGAAGACTTATAAGTAGAGGTG~AAGCCTAACGAGCCTGGTGATAGCTGGTTGTCCCTGAAAAGAATCTCAGTTC 

1801 ......... § ......... + ......... + ......... § ......... § ......... § ......... § ......... § ......... + ......... + ......... + ......... § 1920 

AACATTAAATAATACTAA2~AGCCCATGC~AAGC~TTAA~GTATATTTAACTGTTAAT~TA~GGTACAGCTTTTTAGA~TGGGTACAACCTTGACTAGAGAGTA2~TCAAACATAA 

1921 + + + + § § + + § § ~ 2040 .................. . .......................................................................................... 

ACATAGTTGGCCTAAAAGCAGCCATCAATTAAG~GC~TTCAAGCTCGACAACAAAATAATGTTTTAATT~CAACATTAAGTAAATCAA~T~TAGC~TGACTATTGGA~TAATCTATA 

2041 + § + + + § + + + 2160 .................. + ........................... § ............................................................... + 

CAAATATAGAAGCAATACTGTTAATATGAGTAACAAGAAATTTTTCTCCTAGCACAAGCTTAcACCAGTAACTGATAATATACTGATAATTAACAGCAAATAAATAAAACCcAACACTAA 

2161 ......... § ......... § ......... * .................. + + ........................... § + + .................................... + + + + 2280 

ATTATTTAT~AA-~ATACTGTTAACCCAACACAGGCGTGCATTAAGGAAAGATTAAA~GTAAAAGGAACTCGGCAAACACAAACCCCGCCTGTTTACCAAAAACATCACCTCTAGCAT 

2281 + + § + § § § + § § + 2400 ............................................................................................................ �9 

/%ACCAGTATTAGAGCACTGCCTGCCCGGTGACTAATCGTTAAACGGCCGCGGTATCCTGACCGTGCAAAGGTAGCATAATCACTTGTTCTCTAATTAGGGACTTGTATGAATGGCCACAC 

2401 + + + + 2520 ......... + ......... + .................. + .................. + ......... + .................. § ......... + .................. 

GAGGGTTTTACTGTCTCTTACTTTTAATCAGTGA~TTGACCTCTCCGTGAAGAGGCGGAGATAACA~TAAGA~GAGAAGACCCTATGGAGCTTCAATTAATCAACCCA~CCATA 

2 5 2 1  . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  + § § § § + § + + 2 6 4 0  

A C C T T A A A C C A C C A • A G G G A T A A • A A • A A C C T T A T A T G G G C T G A C A A T T T C G G T T G G G G T G A C C T C G G A G T A C • • • • A A A A C C C T C C G A G T G A T T A A A A C T T A G G C C C A C T A G C C A A • A G T A C A A  

2641 + § + + + + + + 2760 ................... �9 .................. § ........................................................................ + 

TATCACTTATTGATCC~TCCTTTGATC~%CGGAACAAGTTACCCTAGGGATAAcAGCGCAAT~CTATTCTAGAGTCCATATCGACA~TAGGGTTTA~GACCTCGATGTTGGATCAGGAC 

2761 ......... § .................. + + .................. § + ............................................................... + § + + § + + 2880 

ATCCT2~ATGGTGCAGCTGCTATTAAGGGTTCGTTTGTTCAACGATTAAAGTCCTACGTGATCTGAGTTCAGACCGGAGT~T~CAGGTCGGTTTCTATCTATTACGCATTTCTCCCAGTA 

2 8 8 1  + § § § + + § + 3 0 0 0  ......... ~ ......... ~ ......... + .................. § ............................................................... 

tRNA-Leu (UUR) 

C GAAAG GACAAG A GA2~ATA%GG C CAACTTCAAACAAGC GCCTTCAAACAAT TAA TGACCTAGTCTCAAC TTAATAATTAAG CGCAAACAAACCT GCC CAAGACCAGG GCC T~GT TGAGGT 

3001 § + + § �9 + �9 § § * 3120 ......... + ......... § .......................................................................................... 

N A D H I ~  

M F M I N I L T L I L P I L L A V  

GGCAGAGTTCGGTAATTGCATA~CTTA-~ACTTTTACACCCAGAGGTTCAAATCCTCTCCCCAACA~ATGTTTATAATTAACATTCTAACACTCATTCTCCCCATCCTCCTAGCCGTA 

3121 ......... § ......... § ......... + ......... + ......... + ......... § ......... + ......... + ......... § ......... + ......... + ......... ~ 3280 

A F L T L V E R K I L G Y M Q F R K G P N I V G P R G L L Q P F A D A I K L F T  

GCATT•CTAACGCTAGTAGAACGCAAAATTCTAGGCTATATGCAGTTCCGA•AGGGGCCAAACATCGTAGGCCCACATGGCTTACTCCAACCCTTTGCCGATGCAATTAAATTATTCACT 

3241 ......... + ......... + ......... + ......... § ......... + ......... + ......... �9 ......... + ......... § ......... * ......... § ......... § 3360 

R E P L R P A T S S T T M F I I A P V L A L T L A L T M W S P L P M P Y P L I N  

AAAGAAcCCCTACGGCCAGCTACATCCTCAACTACTATGTTTATCATTG~A~CAGTA~TAGCCCTAACC~TGG~CCTCACTATATGAAGCCCCCTACCCATAcCATA~CCCCTCATTAA~ 

3361 § § + + + § + § § + § 3480 ......... § ................................................................................................... 

M N L G V L F M L A M S S L A V Y S I L W S G W A S N S K Y A L I G A L R A V A  

ATAAACCTA•GAGTATTATTCATATTAGCAATATCCAGCCTAGCCGTCTACTCcATcCTATGATCAGGCTGAGCCTCCAACTCAAAATACGCACTAATTGGAGCCCTACGAGCAGTAGCA 

3481 ......... § ......... + .......................................................................................... § + § § + + + + § § 3600 

Q T I S Y E V T L A I I L L S V L L M N G S Y T L S T L A T T O E Q L W L L F P  

CAAACAATCTCATATGAGGTAACACTAGCCATTATCCTCCTATCAGTACTCCTAATAAACGGCTCCTACACCTTATCAACATTAGCCAcAACACAAGAACAACTATGATTACTATT•CCA 

3601 ......... + ......... + ......... § ......... + ......... + ......... + ......... § ......... § ......... § ......... § ......... + ......... + 3720 

S W P L A M M W F I S T L A E T N R A P F D L T E G E S E L V S G F N V E Y A A  

TCATGACCCTTAGCCATAATGTGATTCATCTCCACCCTAGCAGAAACTAATCGAGCTCCTTTTGATCTAACAGAGGGAGAATCAGAACTCGTATCAGGCTTCAACGTAGAATATGcAGCA 

3721 * § + + + + § + + + + 3840 ............................................................................................................ + 

G P F A L F F L A E M A N I I M M N M L T A I L F L G T F H N P H N P E L Y T A  

GGCCCTTTCGCCCTATTCTTCCTGGCAGAATACGCCAACATCATTATAATGAATATACTCACAGCCATTTTATTCCTAGGAACATTCCACAACC•TCATAACCCAGAATTGTACACAGCA 

3841 ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... 4 ......... + ......... + ......... § ......... + 3980 

N L I I K T L L L T M S F L W I R A S Y P R F R Y D Q L M H L L W K N F L P L T  

AACCTTATTATCAAGACACTACTACTCACAATATC•TT•CTATGAATTCGAGCATCCTACCCCCGATTCCGATATGACCAACTAATACACCTACT•TGAAAAAATTTC•TT•••TTAACA 

3961 ......... § ......... § ......... + ......... + ......... + ......... § ......... + ......... + ......... + ......... + ......... + ......... + 4080 

L A L C M W ~ I S L P I M T A S I P P Q T * t R N A - I I e ~  

~TAGCC~TTT~CATATGACATATCTCATTACCAATCATAACTGCAAGTATCCC~CCTCAAACATG~-G--~--~GTCTGATAAAAGAGTTACTTTGATAGAGTAAATAATAGAGGCCCAAA 

4081 ......... § ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... + ......... § ......... § ......... + 4200 

Fig. 2. The sequence of  the mitochondnal D N A  molecule of the fin whale. The composition of  the L-strand is shown. Position 1 
corresponds to position 1 in bovine mtDNA (Anderson et al. 1982). The sense of  the different genes is shown by an arrow. Nomenclature 
of peptide genes is according to Attardi et al. (1986). 
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~ t ~ A - G l n  tRNA-Met---~ 

T C C T C ~ A T T - ~ - ~ G ~ T ~ T A G G ~ T C G ~ C C T A C C C ~ G ~ T T ~ A A A G T T c ~ c G T ~ T A ~ T A T T A ~ C ~ C ~ T C T A ~ K G T ~ T ~ G C T A ~ C A A ~ T A T ~ G ~ G C C ~ T A C  

4 2 0 1  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  + . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  �9 . . . . . . . . .  + 4 3 2 0  

N~H2 ~ 

M N P L I L I I L L T T L I L G T M M V V T S S H W L L A  

CCCGAAAATGTTGGTTCATATCCTTCCCATACT~TAAACC~TT~TC~TTATTAT~CTCCTGAC~CCCTTATCCTAGGTA~AAT~T~TAGT~CCAGCTCTCA~TGACTATTAGC 

4 3 2 1  . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  § 4 4 4 0  

W Z G F E M N M M A F I P I M M K N P T P R A T ~ A L T K Y L L T Q A T A S A L  

CTG~TTGGCTTCGAAATG~CAT~TAGCCTTCATCCCTATCAT~TAAA~TCCTACTCCcCGGGCCACAG~TTCTACC~GTACCTCCT~CAC~GCCACTGCTTCCGCACT 

4441 ......... + ......... + ......... + ......... + ......... § ......... + ......... + ......... + ......... + ......... + ......... + ......... + 4560 

L M H A V I I N L M H S G Q W T I T K L F N P T A S T L H T V A L A I K L G L A  

~T~T~TAGCAGTCATCATT~CTT~TGCACTC~GGCC~TG~TATTACAAAA~TATTT~CC~CAGCATC~CT~T~CAGTAGCCCTA~CATCAAACTGGGATTAGC 

4561 ......... * ......... + ......... + ........ ~ ......... + ......... + ......... + ......... + ......... + ......... § ......... + ......... + 4680 

F F H F W V P E V T Q G I P L T T G L I L L T W Q K L A P L S I D Y Q I S P S I  

CCCCTTCCACTTTTGAGTTCCAG~GT~CAC~GGTATCCCCCT~CCACAGGCCT~TCCTATT~TGACA~CTAGCTCCCTTATC~TCCTATA~CAAATTT~CCATC~T 

4681 ......... § ......... �9 ......... + ......... + ......... + ......... + ......... + ......... + ........ ~ ......... + ......... + ......... § 4800 

N L H L H L ~ H S L L S I L H G G W G G L N Q T Q L R K I M A Y S S I A H M G W  

T~CCTACACCT~TATT~TCATATCCTTACTTTCCATCTT~TAGGAGGCTGAGGTGGACTAAACCAAACAC~CTTCGAAAAATCATAGCCTACTCATC~TTGCCCACATAGGATG 

4 8 0 1  . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  § 4 9 2 0  

M T A I L L Y N P T L T L L N L L I Y I T H T F T M F H L F I Q N S T T T T L S  

~T~CGGCCATTCTACTATAT~TCC~CCCT~CATTACTAAATCTACT~TCTACATCAC~T~CCTTCACCATATTTATATTATTTATCCAAAACTC~cTACCACTACA~GTC 

4 9 2 1  . . . . . . . . .  § . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 5 0 4 0  

L S Q T W N K M P V I T T L T H L T L L S M G G L P P L S G F M P K W M I I Q E  

ACTGTCTCAAACCTGA~TAAAATACCCGTCATCAC~CCCTTACCATACTCACTTTAZTCTCGATAGGAGGACTCCCACCACTATCGGGGTTTATACCCAAATG~T~TTATTC~GA 

5041 + § + + + ~ + + * + + 5160 .......................................................................................... + .................. 

L T K N D M L I V P T F M A I ' T A L L N L Y F Y H R L T Y S T A L T L F P S T N  

ACT~CAAAAAATGATATACTCATTGTACC~CA~CATAGCCATTA~AGCATTACT~CCTATACTTTTATATACGT~TTA~TTACTC~CAGCACT~CACTATTTCCCTCCACAAA 

5161 + + + + § + + + 5280 . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . .  + . . . . . . . . . . . . . . . . . .  

N H K M K W Q F N S T K R T P L L P T A I V I S T M L L P L T P M L S I L L * t R ~ . - T r ~  

T~TATA~TA~TGAC~TTC~CTCCACA~CG~CTCCTCTCCTACC~CAGC~TCGT~TTTC~TATG~TA~TAC~CCTCACACC~TACTCTC~TCCTACTA~GGA 

5281 * + + + + + * + ~ * 5400 ......... . ................................................................................................... § 

GTTTAGGTTA~CCCAGACC~GAGCCTTCAAAGCCCT~GC~GTAT~TTTACTT~CTCCT~CCA~T~GGACTGC~GACTATATCTTA~TC~G~TGC~GTCAAACGCT 

5401 + + + + + + § + + 5520 ......... ~ ......... * ............................................. ~ ............................................. 

~ t R N A - A I a  ~ t R N A - A s n  Or of L-strand repl 

T T ~ T T ~ G C T A A A T C C T C ~ T A G A T T G G A G G G A T A C A T C T C C C A C G ~ T T T T T A G T T ~ G ~ T A E A T A ~ T ~ T c A A C T G G C T T C ~ T C T ~ C T C C C G C C G C G A G A . ~ A A . A A A A G G  

5521 ......... * ......... § ......... + ......... § ......... + ......... + ......... + ......... § ......... + ......... + ......... + ......... ~ 5640 

~ t R N A - C ~ s  

~GGGAC~AGTCCCGGCAGGATTTG~G~TGCTTCCTTG~T~GC~TTCAAAATGATCA~CACCACAGGAC~GGTAA~GAGGACTC~CCTCTGTCTTTAGATTTACAGT~T~T 

5641 ~ * § + + + § + + + + 5760 ........................... �9 ................................................................................. 

C O I ~  

~ t R N A - T y r M F M N R W L F S T N H K D I G T L Y L L F G A W A G M V G T G L  

ACCTACTCGGCCATTTTAC~ATGTTCATAAACCGCTGACTATTCTC~CC~CCACAAAGACATCGGCACCCTATACTTATTATTCGGTGCTTGAGCAGG~TAGTAGGCACTGGCCTA 

5761 ............................................................................................................ + * ~ + + + + + + + + + 5880 

5 L L I R A E L G Q P G T L I G D D Q V Y N V L V T A H A F V M I F F M V M P I  

AGCTTATT~TCCGC~CTGACCTA~TC~CCTGGCACACT~TCGGAGATGACC~GTCTAC~GTATTAGT~C~ATGC~TTCGTGAT~TTTTCTTCATGGTTATACCTATC 

5881 ......... + ......... + ......... + ......... § ......... + ......... ~ ......... + ......... + ......... + ......... + ......... + ......... + 6000 

M I G G F G N W L V P L M I G A P D M A F P R M N N M S F W L L P P S F L L L M  

AT~TTGGCGGATTCGGAAACTGACTAGTCCCACT~T~TTGGAGCACCTGACATAGCTTTCCCTCGTATAAAT~TAT~GCTTCTGACTACTCCCTCCTTCTTTCTTACTGTT~TA 

6001 �9 + § + + § + + + + 6120 ......... § ............................................. § ...................................................... 

A S S M I E A G A G T G W T V Y P P L A G N L A H A G A S V D L T I F S L H L A  

GCATCCTC~T~TCG~GCCGGTGCAGGCACAGGCTG~CTGTATATCCCCCCTTAGCCGGAAATTTAGCACATG~GGAGCCTCAGTTGACC~ACCATCTTCTCCCTACACTTAGCC 

6121 . . . . . . . . . . . . . . . . . . . . . . . . . . .  § + ~ ................................................................................. + + + § + + + + § 6240 

G V S S I L G A I N F I T T I I N M K P P A M T Q Y Q T P L F V W S V L V T A V  

GGCGTATCCTC~TCCTCGGAG~CATC~CTTTATCAC~CCA~ATC~TAAAAC~C~CGCCAT~CCCAGTATCAAACTCCcCTTTTCGTATGATCAGTCCTAGT~ACAG~AGTA 
�9 + + + + + + + 6241 ............................................................... § ......... ~ .................. § .................. § 6360 

L L L L S L P V L A A G I T M L L T D R N L N T T F F D P A G G G D P I L Y Q H  

CTACTCCTATTATCACTACCTGTTTTA~CAGCCGG~TTAC~TGCTACTTACTGACCGAAACCTAAATAC~CTTTCTTCGACCCTGCAGGTGGAGGAGACCC~TCCTGTACC~CAC 

6361 + + § + * + + + + § 6480 ......... + ......... § .......................................................................................... 

L F W F F G H P E V Y I L I L P G F G M I S H I V T Y Y S G K K E P F G Y M G H  

~TATTCTGATTCTTTGGCCACCCTGAGGTATATATCCT~TTCTTCCTGGGTTCGG~T~TTTCACACATTGT~CTTATTACTCAGGAJ~G~CCCTTTGGCTACATAGG~TA 

6481 ......... + ......... + ................................................................................. + + + § + + �9 + § ......... + 6600 

V W A M V S I G F L G F I V W A H H M F T V G M D V D T R A Y T T S A T M ~ I A  

GTTTGA~CTATGGTGTCCATTGGGTTTTTAGGCTTTATCGTATGAGCCCATCATATGT~A~GTAGGTATAGACGTT~TA~CGAGCATACTTCACATCCGCCACTAT~TTATC~CT 

6 6 0 1  . . . . . . . . .  § . . . . . . . . .  ~ . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  + + + + + + + § + 6 7 2 0  

I P T G V K V F S W L A T L H C G N ~ K W S P A L M W A L G F I F L F T V G G L  

ATTCCCACAGGAGTAAAAGTATTCAGTTGATTAGC~CACTACACGGGGGT~CATTAAATGATCTCCTGCCCT~TATCAGCTCTAGGATTCATCTTCCTTTTCACAGTAGGCGGTCTA 

6 7 2 1  + + + + * § + * + 6840 . . . . . . . . .  § . . . . . . . . .  . . . . . . .  - - - §  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T G ~ V L A N S S L D I V L H D T Y Y V V A H F H Y V L $ M G A V F A I H G G F  

ACTGGTATCGTCCTAGCC~CTCATCATTAGACATTGTCCTA~ACGATA~TTAcTATGTAGTCG~T~A~TTCCACTATGTCCTATC~TAGGGGCAGTCTTCGC~TTATAGGAGGCTTT 

6841 ......... § ......... § ........ + ......... + ......... + ......... § ......... § ......... e ......... § ......... + ......... + ......... + 6960 

V H W F P L F S G Y T L N T T W A K I H F H I M F V G V N L T F F P Q H F L G L  

GTCCACTGATTTCCACTATTCTCAGGGTATA~ACTT~AC~CATGA~CAAAAATTCACTTCAT~TCATGTTCGTAGGTGTAAACCT~CATTCTTTCCAC~CTTCTTAGGCCTA 

6961 ......... + ......... + ......... + ......... + ......... + ......... § ......... + ......... + ......... + ......... + ......... + ......... + 7080 

S G M P R R u  

TCCGGCATGCCTCGACGATATTCCGA~ACCCAGACGCCTACAC~CATGAAATACTA~T~ATCTATAGGCT~A~TATCT~CTGACAGCAG~ATACT~T~TCTTCATTATCTGA 

7081 § + * + * + �9 + + + * 7200 ............................................. § ............................................................... 

E A F T S K R E V L A V D L T S T N L E W L N G C P P P Y ~ T F E E P A F V N P  

G~GCATTTACATCCAAACGAGAGGTACTGGCAGTAGACCTCACCTCTACC~CC~G~TGACTAAATGGGTGTCCTCCACCATACCATACATTCG~G~C~GCATTCGTCAACCCA 

7201 § + + + + + + + + 7320 . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . . . . . . . . . . .  + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

K W S * ~ t ~ A - S e r ( U C N )  t R N A - A s p ~  

~GTGA~GAAAGG~GG~TCG~CCr 

7321 .................. + § ......................................................................................... + + + + + * + * ~ § 7440 

C 0 1 I ~  

M A Y P F Q L G F Q D A A S P I H E E L L H F H D H T L M I  

T~GTTAC~GTGAAAATCCTGTATATCTCCATGGCATATCCATTCC~CTAGGTTTCC~GATG~G~TCACCCATCATAG~GAGCTCCTACACT~CACGATCATACACT~T~T 

7441 § § § + + + § + + + 7560 .................. § ........................... + ............................................................... 

V F L I S S L V L u  

C~TTTTTCT~AGCTCTTTAGTTCTCTACATTATTACCCT~TGCTTAC~CCAA~TT~A~TA~TAGTAC~TAGACGC~C~G~GTAGAAACTGTCTGAAcTATC~TCCCAGC 

7 5 6 1  . . . . . . . . .  § . . . . . . . . .  § . . . . . . . . .  * . . . . . . . . .  �9 . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + 7 6 8 0  

I I L I L I A L P S L R I L Y M M D E V N N P S L T V K T M G H Q W y W S Y E Y  

~TTATCTT~TTTT~TTGCCTT~CTTCATTACGGA~TTTACAT~TAGACG~GT~AAT~CcTCcCT~CTGTAAAAACAATAGGTCACC~TGATATTG~GCTAT~GTA 

7681 + + + + + + + + + + + + 7800 ............................................................................................................ 

Fig. 2. Continued 
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T D Y E D L S F D S Y M I P T S D L K P G E L R L L E V D N R V V L F M E M T I  

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

7801 ......... �9 ......... § ......... § ......... § ......... + ......... ~ ......... § ......... § ......... + ......... + ......... + ......... + 7920 

R M L V S S E D V L H S W A V P S L G L K T D A I P G R L N O T T L M S T R P G  

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

7921 ......... �9 ......... ~ ......... + ......... + ......... + ......... + ......... + ......... + ......... § ......... + ......... + ......... ~ 8040 

L F Y G O C S E I C G S N H S F M P I V L E L V P L E V F E K W S V S M L *  

C C T A T T T T A T G G A C ~ T G C T C A G A G A T C T G C G G C T C A J ~ A C ~ C A G T T T C A T A C C ~ T T G T C C T A G ~ C T A G T A C C C ~ T A G ~ G T C ~ T G A ~ T G A T c T G T A T C ~ T A C T A T ~ T 1 ~ - ~  

8041 ......... + ......... ~ ......... + ......... § ......... + ......... § ......... + ......... * ......... § ......... + ......... § ......... § 8160 

ATPaseS---~ 

t ~ A - L ~ s ~  M P Q L D T S M W L L T I L S M L L  

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

8161 ......... § ......... �9 ......... + ......... + ......... § ......... § ......... § ......... + ......... + ......... + ......... + ......... § 9290 
A T P a s e 6 ~  

M N E N 

T L F V L F O L K I S K H S Y S P N P K L A H T K T Q K Q Q A P W N T T W T K I  

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

8281 ......... § ......... + ......... § ......... § ......... + ......... § ......... + ......... § ......... § ......... + ......... + ......... + 8400 

L F A P F M I p V M L G I P I T T L I I I L P S M L F P A P N R L I N N R T I A  

Y L P L L *  

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

8401 ......... + ......... + ......... § ......... § ......... § ......... § ......... + ......... § ......... § ......... § ......... § ......... § 6520 

I Q O W L T K L T S K Q L M N V H S P K G Q T W S L M L I S L F L F I A S T N L  

A T C c ~ T ~ T T ~ A ~ C T c A C A T C A A A A C ~ C T ~ T A A A C G T A C A ~ A G T C C T A A A G G A c / ~ A C T T G A T C T C T ~ T G C T C A T C T C A C T A T T C C T A T T T A ~ G C C T ~ T A C C ~ T C T C  

8521 ......... + ......... + ......... + ......... § ......... + ......... § ......... § ......... § ......... + ......... + ......... § ......... + 8640 

L G M L P H S F T P T T ~ L S M N V G M A I P L W A G T V T T G F R N K T K M S  

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

8641 ......... + ......... + ......... + ......... + ......... + ......... + ......... § ......... § ......... § ......... + ......... § ......... § 8760 

L A H L L P Q G T P T F L I P M L V I I E T I S L F I Q P V A W A V R L T A N I  

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

8761 ......... § ......... § ......... § ......... + ......... * ......... + ......... § ......... + ......... + ......... § ......... + ......... + 8880 

T A G H L L M H L I G E T T L A L M N ~ N L F ~ A F I T F T I L A L L T I L E F  

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

8881 ......... + ......... § ......... § ......... § ......... § ......... § ......... § ......... + ......... § ......... + ......... § ......... § 8000 

C O I I ~  

A V A L I Q A Y V F T L L V S L Y L H D N T ' M T H Q T H S Y H M V N P S P W P L  

G ~ T G T C G C C C T ~ T T C ~ G C T T A C G T A T T T A C C C T T C T A G T ~ G C C T A T A C C T T C A q G A C ~ C A C A T ~ T G A C C C A C C 3 J % A C C C A C T C A T A C C A ~ T A G T A A A C C C C A G C C C T T G A C C C C  

8001 ......... § ......... § ......... § ......... + ......... § ......... * ......... + ......... § ......... § ......... * ......... ~ ......... § 9120 

T G A L S A L L M T S G L I M W F H F N S M L L L T L G L S T N I L T M Y Q W W  

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

9121 ......... + ......... + ......... § ......... + ......... § ......... § ......... + ......... + ......... § ......... § ......... + ......... + 9240 

R D I ~ E S T F Q G H H T P T V Q K G L R Y G M I L F I V S E V L F F T G F F  

G G C G A G A T A T C A T C C G A ~ A ~ A G C A C C ~ C C ~ G G C C A T C A T A C A C C ~ C C G T C C A 2 ~ K A G G G ~ T T A C G A T A C G G ~ T ~ T T C T A T T T A T C G T C T C A G ~ G T ~ C T A T T T T T c A ~ A G G ~ T T ~ T  

9241 ......... + ......... + ......... + ......... + ......... + ......... § ......... § ......... + ......... § ......... § ......... + ......... + 9360 
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C ~ C C C A G T C C C C T A G T C C A T C A A A C T C A A A C A T ~ T C T T C A C C T c C C C A C T C T T C A A A G C A T A A A T C A C A A T T A ~ C T C C A C C A C C A A C C ~ T A A A A C A A A T G C T C C T A G T A C ~ C T T  

14161 ......... ~ ......... + ......... § ......... + ......... § ......... + ......... § ......... + ......... + ......... + ......... § ......... + 14280 

K N S V W V E P Y Q E T A M A T T Y G F V V L M G G L Y I L F V M L G L F S G G  

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

14281 .......... - ........ + ......... + ......... + ......... + ......... + ......... + ......... + ......... § ......... § ......... § ......... + 14400 

F S L I V G C G V G G ~ V I L G L G G Y I P S P K S S V G V F S I V F I I S L I  

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

14401 ......... + ......... + ......... ~ ......... + ......... + ......... + ......... § ......... § ......... + ......... + ......... + ......... § 14520 

~ N ~ H 6  C y t b ~  

F V I Y M H M -~--t~A-GIu H T N ~ R K T H P L 
AAA~AATATACATTATCA~ATTCTCACATGGACTTC~CATGACCAATGACA~AAAAATCAT~GTTGTTA~C~CT~G~CC~TGACC~CATCCGAAAAACACAC~CAC 

14521 ......... �9 ......... + ......... + ......... ~ ......... + ......... * ......... + ......... * ......... § ......... + ......... + ......... + 14840 

M K I V N D A F V D L P T P S N I S S W W N F G S L L G L C L I M Q I L T G L F  

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

14641 ......... �9 ......... § ......... + ......... + ......... § ......... § ......... + ......... * ......... * ......... + ......... + ......... + 14760 

L A M H Y T P D T T T A F S S V T H I C R D V N Y G W I I R Y L H A N G A S M F  

T C C T A G C ~ T A C A C T A ~ C A C C A G A C A C ~ C ~ C C G C C T T c T C A T C A G T ~ C A C A ~ T C T ~ G A G A C G T G A A T T A ~ C T G ~ T T A T C C G A T A C C T A c A T G C A ~ A T G G G G C T T C T A T A T  

14761 ......... § ......... + ......... + ......... § ......... § ......... + ......... + ......... § ......... + ......... + ......... + ......... + 14880 

Fig. 2. Continued 
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F I C L Y A H M G R G L Y Y G S Y A F R E T W N I G V I L L F T V M A T A F V G  

TcTTcATCTGCCTCTACGCTCACATA~ACGAGGCCTATACTACGGCTcCTACGCCTTCcGAGAAACATGAAATA~AGTTA~CTAcTA~cAcAGTTATAGC~AcC~ATTCGTAC 

1 4 8 8 1  . . . . . . . . .  § . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  + 1 5 0 0 0  

Y V L P W G Q M S F W G A T V ! T N L L S A I P Y I ~ T T L V E W I W G G F S V  

G~TA~GTCCTGCCCTGAGGACA~%ATATCA~CTGA~CGC~CTGT~TCACT~CCTCCTATCAGC~TCCCATA~TTGGTACCACCCTAGTCG~TG~TCTGAG~GGTTTCT~TG 

1 5 0 0 1  . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  ~ . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  �9 1 5 1 2 0  

D K A T L T R F F A F H F I L ~ F I I L A L A I V H L I F L H E T G S N N P T G  

TAGATAA~GC~CACT~CACGCTTTTTTGCCTTTCACTTTATCCT~C~CTTCATCATCCTAGCATTAGC-AATTGTC~CcTTATTTTC~TT~CGAAACA~AT~c~C~cCC~CA~ 

1 5 1 2 1  § + + + �9 § + �9 § �9 § 1 5 2 4 0  . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I P S D M D K I P F H P Y H T I K D I L G A L L L I L I L L M L T L F A P D L L  

GCATCCCATCCGACATAGATAAAATCC~TTCCACCCCTACCAC~TTAAAGA~A~CTAGGTGC~TATTAcT~TCCT~TCCTA~T~TACT~CCCTA~G~CCCGAC~TAC 

15241 + + �9 + �9 * + * * + + + 1536 ............................................................................................................ 

G D P D N Y T P A N P L S T P A H ~ K P E W Y F L F A Y A I L R S I P N K L G G  

TTGGAGACCCAGAC~CTATACCCCAGCAAACCCACTCAGTACCCCAGCACACATTAAACCAG~TGGTATTTTCTATTCG~TACGC~TCCTACGATC~TCCCC~CAAACTAGGCG 

15361 ......... ~ ......... + ......... § ......... § ......... + ......... § ......... �9 ......... + ......... + ......... + ......... + ......... + 15480 

V L A L L L S I L I L A F I P M L H T S N Q R S M M F R P F S O F L F W V L V A  

~AGTCTTAGCC~TACTACTCTc~TCcT~TCCTACcCTTCATCCC~TACTCCACACATCC~TC~CG~GCAT~TATTTCGACCCTTTAGCCAGTT~TTGTTCTGAGTc~TAGTCG 

15481 § + § + § �9 § + + + �9 15800 .................................... § ........................................................................ 

D L L T L T W I G G Q P V E H P Y M I V G Q L A S I L Y F L L I L V L M p V T S  

CAGATCTACT~CCCT~CATGGATCGGCGGCCAAC~GTA~CACCCCTACAT~TTGTAGGCCAACTCGCATCCATCCTCTATTTCCTCTT~TTCTAGTATT~TACCAGT~CTA 

15601 ......... + ......... § ......... + ......... + ......... �9 ......... �9 ......... § ......... �9 ......... * ......... * ......... + ......... �9 15720 

L ~ E N K L M K W * t R N A - T h r ~  

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

15721 ......... * ......... + ......... § ........ + ......... + ......... + ......... § ......... § ......... + ......... + ......... ~ ......... �9 15840 

~ t ~ A - P r o  D-loop 

CACTCCACCATCAGCACCCAAAGCTG~GTTcTACATAAA~TATT~CCTG~A~GTATATTGTAC~T~C~A~AGGA~CACAGTA~TATGTCCGTATTGAAAAT~CTTG~TTATTA 

15841 ......... § ......... + ......... �9 ......... + ......... + ......... * ......... § ......... * ......... + ......... + ......... �9 ......... § 15960 

GATATTATTATGT~CTcGTGCATGCATGTACTTCCACAT~TT~TAGCGTCT~CCATGGGTATG~CAGATATA~ATGCTATGTAT~TTGTGCATTC~TTATTTT~Ac~ACGAGC 

15961 + § + § § ~ 4 § 16080 . . . . . . . . . . . . . . . . . . . . . . . . . . .  § . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  § . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A G T T G ~ G C T C G T A T T A A A T T T T A T T ~ T T T T A C A T A T T A C A T ~ T A T G T A T T ~ T A G T A C ~ T A G C G C A T G T T C T T A T G c A T C C C C A G A T ~ T A T T T A . ~ t T ~ A A A T G A T T C C T A T G G C C G  

16082 + § + + § § + 16200 . . . . . . . . .  . . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C T C C A T T A G A T C A C G A G C T T A G T C A G C A T G C C G C G T G A A A C C A G C ~ C C C G C T T G G ~ A G G G A T C C C T C T T C T C G c A C C G G G C C C A T C A C T ~ G T G G ~ G T A G C T A T T T ~ T G A T C T T T A T A  

16201 ......... + ......... § .............. + ----* ........................................................................ § + + § § § + § 16320 

AGACATCTGGTTCTTACTTCAGGACCATATT~CTTAAAATCGCCCACTCG~CCCCTTAAAT~GACATCTCGATGG 

16321 ......... § ........................... § + * .................. + ~ ................ § 18398 

Fig. 2. Continued 

The gene for ATPase6 shows the same degree of 
identity in the three combinations whale/cow, whale/ 
human, and cow/human. This indicates that this 
gene has become saturated by the divergence time 
of  the whale from the cow. The difference between 
the whale and the cow, expressed as percent of the 
mean of the human/whale and human/cow figures, 
is shown in Table 2, column IV. Besides ATPase6 
(100%) the highest figures were registered in COI 
(95%), COIII (88%), and NADH5 (82%). It is likely 
that all these sequences have become largely satu- 
rated by the divergence time of  the whale from the 
cow. Among the peptide coding genes the three low- 
est figures were obtained for NADH6 (57%), COIl 
(64%), and NADH2 (71%). Of these three genes 
COII shows the highest degree of  identity between 
the whale and the cow. The figure 64% for the dif- 
ference in COII between the whale and the cow 
relative to the difference between human and either 
the whale or the cow is the same as the correspond- 
ing figure for the accumulation oftransversions and 
gaps in the 16S rRNA gene. The differences between 
the whale, cow, and human in the two rRNA genes 
appears to correspond reasonably well to the evo- 
lutionary distances involving the three species. The 
agreement, however, between the COIl gene and the 
16S rRNA gene is presumably fortuitous and due 
to fast evolution of  the primate COII gene (Ram- 
harack and Deeley 1987, Wilson et al. 1985). 

The NADH6 gene exhibits the lowest figure (57%) 
in column IV in Table 2. This might be interpreted 
to mean that the resolution in the NADH6 gene is 

higher than in the COII gene. This is not so. The 
first 1/3 of  the NADH6 gene is similar in the whale, 
the cow, and human, but the conformity is limited 
in the remaining portion of  the gene. At the peptide 
level the identity between the NADH6 gene of  the 
whale and human is only 56% and the similarity, 
based upon the evolutionary distance between ami- 
no acids (Gribskov and Burgess 1986), is 79%. 

The differences in rRNA and peptide coding genes 
are approximately the same between human and 
either the whale or the cow, indicating a similar rate 
o f  evolution in the artiodactyl and cetacean lineages. 
Hasegawa and Kishino (1989) reported that the rate 
of evolution in bovine mtDNA is slower than in 
human mtDNA. If  this is so it is conceivable that 
the rate of evolution in cetacean mtDNA is also 
slower than that of human mtDNA. 

Miyamoto and Boyle (1989) have reported that 
conservative changes accumulate linearly with time 
in artiodactyl mitochondrial rRNA genes and ad- 
jacent tRNA genes. In their materials they calcu- 
lated a constant divergence rate of  0.2% per Myr for 
a span of  at least 75 Myr. The approach was based 
upon registering transversion differences and gaps. 
Each transversion mismatch was counted as 1.0 as 
was also each gap irrespective of  its length. Kraus 
and Miyamoto (1991) have extended the analysis 
by comparing the mtDNA rRNA genes and adjacent 
tRNA genes in pecoran ruminants. The rate of  di- 
vergence for transversion calculated by Kraus and 
Miyamoto (1991) was 0.14% per Myr. 

The present comparison of the 12S and 16S rRNA 
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Table 3. Sequence differences between two port ions o f  the 
m t D N A  16S r R N A  gene o f  the fin whale (B,p.), Commerson  
dolphin  (C.c), cow (B.t.), and h u m a n  (H.s.) 

Table 4. Compar i son  between the cytochrome b gene o f  the fin 
whale  (B.p.), dolphin (Ste.), cow (B.t.), camel (C.d.), pig (S.s.), 
rhinoceros (D.b.), and h u m a n  (H.s.) 

B.p. C.c. B.t. H.s. 

B.p. - -  8.0 16.5 23.4 
C.c. 2.7 - -  15.9 24.2 
B.t. 7.2 5.3 - -  24.5 
H.s. 11.8 10.9 11,0 - -  

B.p. Ste. B.t. C.d. S.s. D.b. H,s. 

The  values o f  the two sequences have been combined.  The dol-  
phin sequences (Southern et al. 1988) correspond to regions 2103-  
2441 and 2513-2827,  respectively, in the rn tDNA of  the fin 
whale. The  figures above the diagonal show total difference (tran- 
sitions, t ransversions,  gaps). The  figures below the diagonal show 
differences l imited to t ransversions and gaps 

genes of  the fin whale, cow, and human included 
both a comparison based upon overall identity as 
well as a comparison of  transversion and gap dif- 
ferences between the three species (Table 2, column 
IV, bracketed figures). The difference between hu- 
man and either the whale or the cow is highly similar 
in the different genes. The rate of  evolution of  the 
rRNA genes of  the artiodactyl and cetacean repre- 
sentatives thus appears to be the same. In both the 
12S and 16S sequences the percent difference be- 
tween human and either the fin whale or the cow 
was about 1.5 times greater than the difference be- 
tween the whale and the cow. This indicates that 
within each gene, transversions (and gaps) accu- 
mulate at an approximately constant rate, although 
the rate is considerably higher in the 16S rRNA gene 
than in the 12S rRNA gene. 

The 12S rRNA genes of  the whale and the cow 
differ by 5.7% with respect to transversions and gaps. 
An accumulation rate o f  0.05% per Myr places the 
artiodactyl/cetacean divergence at 5.7 + (0.05 x 2) 
= 57 Myr ago. The corresponding figure for hu- 
man and either the whale or the cow is about 80 
Myr. In the 16S rRNA gene an accumulation rate 
of  0.08% for transversions and gaps per Myr gives 
similar figures for both the artiodactyl/cetaeean sep- 
aration and the distance between human and either 
the whale or the cow. 

The figures 0.05% and 0.08%, respectively, for 
the 12S and 16S rRNA genes conform with the fig- 
ures obtained by Kraus and Miyamoto (1991) as the 
rate of  divergence, 0.14% per Myr, calculated by 
them corresponds to an accumulation rate of  0.07% 
for transversions per lineage and Myr. 

The limited information on cetacean mitochon- 
drial rRNA genes does not permit a detailed analysis 
within the order Cetacea. Southern et al. (1988) re- 
ported two portions of  the 16S rRNA of  the piebald 
dolphin, Cephalorhynchus commersonii. Table 3 
shows the results of  a comparison based upon the 
two portions and corresponding portions of  the 

B.p. - -  83.2 80.2 77.9 81.0 80.2 74.1 

Ste. 90.8 - -  78.6 77.0 79.5 79.5 73.2 
95.0 

B.t. 88.1 86.5 - -  79.1 80.4 81.2 73.1 
94.7 92.9 

C.d. 86.8 85.8 88.9 - -  79.0 79.5 71.6 
93.7 92.9 95.5 

S.s. 87.1 85.5 90.0 89.5 - -  81.1 75.1 
95.0 93.4 96.3 96.0 

D.b. 86.0 85.8 88.7 87.3 87.9 - -  75.5 
92.6 91.6 93.7 93.4 93.7 

H.s. 77.6 77.8 78.9 77,8 77.9 80.7 - -  
87.1 87.3 87.3 87.3 87.9 88.4 

The figures above the diagonal line show percent  identi ty at the 
D N A  level. Corresponding figures for the peptide level are shown 
below the diagonal. The figures for both  percent  identity (above) 
and similarity (below) are presented 

mtDNA of  the fin whale, cow, and human. The 
evolutionary rate, 0.08% per Myr, for the 16S rRNA 
gene in its entirety conforms reasonably well with 
the evolutionary separation of  the more distantly 
related lineages (whale, cow, human), but the trans- 
version and gap difference between the whale and 
the dolphin is unexpectedly limited as it indicates 
a separation of  the two lineages less than 20 Myr 
ago. The total difference between the whale and the 
dolphin is 8%. Also this figure is low compared with 
the results of Miyamoto and Boyle (I 989) who found 
in artiodactyls that during the first 7 Myr of  evo- 
lution the divergence rate approximates 0.8% per 
Myr. 

In their comparison of  the mitochondrial cyto- 
chrome b gene, Irwin et al. (1991) found that the 
similarities between the cetacean representatives of  
genus Stenella, of  the odontocete family Delphini- 
dae, and of  the artiodactyls were greater than the 
similarities between Stenella and other ungulates 
included. The comparison was based upon conser- 
vative changes, i.e., changes in codon positions 1 
and 2 and transversions in position 3. A comparison 
at the DNA level between the fin whale and some 
selected sequences from Irwin et al. (1991) gives 
similar values for different whale/artiodactyl rela- 
tionships (Table 4). A comparison at the peptide 
level yields similar figures for the relationship be- 
tween either the fin whale or Stenella and the cow, 
camel, or pig. Table 4 shows the figures for both 
percent identity and percent similarity based upon 
the evolutionary distance between the amino acids 
(Gribskov and Burgess 1986). A noteworthy feature 
of  the percent similarity values is the limited dif- 



B.t. 

,C.d. 

D.b. 

2% 

B. t .  

b ~ O.d. 

S.~.  

B.p. 

rite. 

D.b. 

"A-. $. 

Fig. 3. Neighbor-joining tree of  percent amino acid difference 
(a) and shortest parsimony tree (b) based upon the cytochrome 
b gene. The topology of the two trees is the same. B.t.: cow; C.d.: 
camel; S.s.: pig; B.p.: fin whale; Ste.: Stenella dolphin; D.d.: rhi- 
noceros; H.s.: human. The bar in a represents a difference of  2%. 
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ference between the fin whale and any of  the species 
of  dolphin, pig, camel, or cow. This indicates that 
changes in amino acid composition have been pre- 
dominantly limited to residues with similar prop- 
erties. 

The differences in percent identity at the peptide 
level between the species included in Table 4 were 
analyzed by applying the neighbor-joining method 
of  Saitou and Nei (1987). The tree obtained by the 
comparison is shown in Fig. 3a. The cytochrome b 
gene of  the fin whale was also included in a parallel 
comparison based upon conservative changes in 
some of the cytochrome b sequences presented by 
Irwin et al. (1991). The shortest parsimony tree of  
this comparison (645 steps), obtained by using ver- 
sion 3.0g of  the PAUP program (Swofford 1989), is 
shown in Fig. 3b. The topology of  the two trees is 
the same. The results including the fin whale concur 
with the findings of  Irwin et al. (1991), showing 
closer relationships between Stenella and artiodac- 
tyls than between the dolphin and any other un- 
gulates. The findings conform with protein data, 
which group cetaceans with the ungulates, prefera- 
bly the artiodactyls (de Jong and Goodman 1982; 
Goodman 1989; Czelusniak et al. 1990; Sarich 1991), 
but molecular and anatomical data do not provide 
entirely concurring evidence in this respect (No- 
vacek 1989). 

Table 5. Differences with respect to codon positions in the cytochrome b gene (1140 bp long) of the fin whale and Stenella 

Number of  substitutions 

1 2 3 

Type of  substitutions Ti Tv Ti Tv Ti Tv 

Replace- 
ment  
substi- 
tutions 

t 
4 4 

Single replacements 2 

f 5  
4 4 
1 

Multiple replacements 

17 

18 
1 

1 1 1 
1 1 1 

Silent differences 66 26 

16 10 9 5 73 34 35 
Total differences excluding leucine �9 .J ~ ~ �9 .s 

26 14 107 

Leucine 16 6 15 

At the DNA level the two species differ in 184 positions. Comparison at the peptide level shows 35 differences: 17 of the differences 
concur with single replacement substitutions; 8 of these (4 transitions and 4 transversions) occur in codon position 1; 4 (2 transitions 
and 2 transversions) are in codon position 2; and 5 (all transversions) are in codon position 3. The 18 remaining differences coincide 
with multiple replacement substitutions at two or three (two cases) codon positions. Ti: transitions; Tv: transversions 
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B. p. 
C. c. 

B. p. 
C. c. 
B. t. 

B. p. 
C. c. 
B. t. 
H. s. 

B. p. 
C. c. 
B. t. 
H. s. 

B. p. 
C. c. 
B. t. 
H. s. 

GAAAAAGTATATTGTA•AATAACCACAGGACCACAGTA•TATGTCCGTATTGAAAATAA•TTGCcTTATTAGATATTATTATGTAACTCGTGCATGCATG 
GAAAAAGCTTATTGTACAATTACCACAACCCCACAGTGCCACGTCAGTATTAAAAGTAATTTATTTTAAAAA.CATTTTACTGTACACATTACATACA•. 

TACTTccACATAATTAATAG•GT•TTTcCATGGGTATGAACAGATATACATGCTATGTATAATTGTGCATTCAATTATTTTCACCACGAGCAGTTGAAGC 
...... CCAATACTTA ..... GTCTCTCTTTGTAAATATTCATATATACATGCTATGTATTATTGTGCATTCATTTATTTCCA.TACGATAAGTTAAAGC 

// ATAAAGACATAATATGTAT.ATAGTACATTAAATTATATGCCCCATG...CATATAAGC 

T•GTATTAAATTTTATTAATTTTACATATTACATAATATGTATTAATAGTACAATAGCGCAT...GTTCTTATGCAT•CCCAGATCTATTTAAATCAAAT 
CCGTATTAATTATCATTAATTTTACATATTTCATGATATGTA.TAATCTTACA .............. TATTATATATCCCCTAACAATTTTATTTCCATT 
AAGTAcATGACCTcTATAGCAGTACATAATACAT.ATAATTATTGACTGTACA.TAGTACATTA•TGTCAAATTCATT•TTGATAGTATATCTATTATAT 

// TTAACAGTACATAGTA•ATAA.AGC•ATTTAccGTACA.TAGcACATTA•AGT•AAAT••cTTCT•GTc•CCATGGATGAcCcCC 

(i) 
GATTC~TATGGCCG~TCCATTAGATCACGA~CTTAGTCAGCATGCCGCGTGAAAC~AGCAACCCGCTTGGCAGGGATCC~T~TTCTCG~ACCGGGCCCAT 
ATATCCTATGGTcGCT~CATTAGATcACGA~CTTAATCACCATGCCGCGTGAAACCAGCAACCCGCTCGGCAGGGATCCCTCTTCTCGCACCGGGCCCAT 
ATTCCTTA ........ CCATTAGATCACGA~CTTAATTACCATGCCGCGTGAAACCAGCAACCCGCTAGGCAGGGATCCCTCTTCTCGCTCCGGGCCCAT 
CTCAGATAGGGGTCC ............... .~TTGACCACCATCCTCCGTGAAATCAATATCCCGCACAAGAGTGCTA,CTCTCCTCGCTCCGGGCCCAT 

<2,) 
CA.CTCGTGGGGGTAGCT/qTTTAATGATCTTTATA~GACATCTGGTTCTTACTTCAGGACCA~ATTAACTTAAAATr ;CCCACTCGTTCCCCTTAAATAA 
GATACCGTGGGGGTAGCT~.ATAATGATCTTTATA~GACATCTGGTTCTTACTTCAGGACCA~CTTAATTTAAAAT( ~CCCACTCGTTCCTCTTAAATAA 
AA.AcCGTGGGGGTCGCTA[fcCAATGAATTTTAC~AGG~ATCTGGTT~TTT~TT~AGGGCcA7~CTCAT~.TAAAACC ;TCCATTCTTTCCTCTTAAATAA 
AA.CACTTGGGGGTAGCT~..AAGTGAACTGTATC~CGACATCTGGTTCCTACTTCAGGGTCA~A..AAGCCTAAAT; ~CCCACACGTTCCCCTTAAATAA 

I00 

200 

300 

400 

5 0 0  

B.  p .  
C.  c ,  
B .  t .  
H. s .  

B. p. 
C. c. 
B. t. 
H. s. 

B. p. 
C. c. 
B. t. 
H. s. 

15. p. 
C. c. 

B. p. 
C. c. 

Fig. 4. 

(3) 1 (4) 
~ACATCT~GATGGGTTAATTACTAATCAGCc~ATG~T~ATAACATAAcTGAGGTTT.~ATA~ATTTGGTATTTTTTTATTT~TTTTGGGGGGCTTGCA~G 600 
GACATCTCGATGGGTTCATGACTAATCAGCCCAT~. . CCTAACATAACTGAGGTTT .~ATACATTTGGTATTTTTTAATTTT~GGGGGGGGGCTTGCACC 
GACATC TC GATGGACTAATGGC TAATCAGCCCATGFTCA . CACATAACTGTGCTGT . ~ATACATTTGGTATTTTTT TATTTS~. ..... GGGGGATGCTTG 
GACATCACGATGGATCACAGGTCTATCACCCTAT .]. TAACCACTCACGGGAGCTCTqCATGCATTTGGTATTTTCGTCT , . .~.. . . GGGGGGTATGCACG 

(5) 
~ c ~ c ~ ~ . ~ ~ ~ 1 7 6 1 7 6  700 

GACTCAGCTATGGCCGTC. AAAGGCCCTGA:. CCGGAGC~TCTATTGTAGCTGGACTTAACT~CAT C TTGAGCACCAGCATJ~TGATAAGCATGGACATT 
C GAT. AGCATT~C6G~GAC GCTGGAGC C GGAGC ....... }%CCCTATGTCGCAGTATCTGT CTT~T .......... CGAACATACTTACTAAAGTGTGT TAA 

T~o~c~:~:~T~ :~:~cc~:~ec::<e~:~:~:~c~::~cc:cccT:o~eo~c~e 800 
T~T~::~C~::~:~ T~o~e~TT =c~cc~Go~c~=~e~=~c~=o~ooo~ece=:c~oee:o~o~: 
AK~kGTCAATGGTCACAGGACATA~kATTA...TATTATATATCCCCCCTTCATAAAAATTT / /  
TS.]AATTAATGCTTGTAG GACAT2~ / / 

TAAC e CTCTGCTTAGATATTCAC CACCCCC CTAGACAGGCTC GTCC CTAGATTT.~lk/~GCCATT TTATTTAT.~AAT CAATAC T ~ % T C  T GACACAAGCCC 900 
TGAT•GT•TGcTTTAATATTCAccACCCcCCTACAGTGCTTCGTCCCTAGATCTACGCGCACTTTTTTTAATAAATCAATACCAAATC•GACACAAGCCC 

AATAATGAAAATACATGAACGCCATCCCTATCCAATAC 
CATAATGAAATTATACAAATAATTTTATACTCCACAA 

Alignment of the D-loop regions of the fin whale (B.p.) 
and the piebald dolphin (C.c.). The average conformity between 
the two species is 81%. Truncated sequences of the cow (B.t.) 
and human (H.s.) are also included. The boxed areas show a high 
degree of conformity between the two cetaceans and the cow. 
The conformity with human is less conspicuous. In the large box 

(1) the conformity between either the whale, the dolphin, or the 
cow is 91-94% and the conformity with human is ~77%. In the 
second largest box (3), which includes position 1 of the molecule, 
the conformity between the cetaceans is 93%, between the ce- 
taceans and the cow 86%, and between the cetaceans and human 
74%. 

Irwin et al. (1991)  inc luded the c y t o c h r o m e  b 
sequences  o f  three do lph in  spec imens  o f  the genus 
Stenella in their compar i sons .  T w o  o f  the spec imens  
were spinner dolphins ,  S. longirostris, and one  bri- 
dled dolphin,  S. attenuata. We have  used the con-  
sensus  sequence  o f  the three spec imens  in a c o m -  
parison with  the fin whale  in which  particular 
at tent ion was  paid to c o d o n s  that differed between 
the fin whale  and Stenella (Table 5). The  two  se- 
quences  (1140  bp) differ at 184 posit ions.  The  nu- 
c leot ide  differences concur  with 35 differences at the 
peptide level .  O f  the 35 differences, 17 are c o n c o m -  
itant wi th  single replacement  substitutions.  The  18 
remaining  differences co inc ide  with  a difference at 
t w o  or three ( two cases) c o d o n  posit ions.  In pos i t ion  
1 there are 26 differences be tween  the fin whale  and 
Stenella, 8 o f  which  (4 transit ions and 4 transver- 
s ions)  const i tute  single replacement  substitutions.  
O f  the 14 differences in pos i t ion  2, 4 (2 transit ions 
and 2 transversions)  const i tute  single replacement  
substitutions.  The  remain ing  10 differences concur  
wi th  a difference in pos i t ion  1. Thus,  out  o f  a total 
o f  40 differences in c o d o n  pos i t ions  1 and 2, only  

12 const i tute  single differences. A survey o f  conser-  
vat ive  differences (transit ions or transvers ions  in 
c o d o n  pos i t ions  1 or 2 and transversions  in pos i t ion  
3) be tween  the fin whale  and Stenella shows  that 
conservat ive  differences frequently occur together 
in nons i lent  changes.  H o w e v e r ,  as is ev ident  f rom 
compar ing  Fig. 3a and 3b, the occurrence o f  double  
(or triple) subst i tut ions within  a c o d o n  does  no t  re- 
sult in D N A  and protein data being at variance wi th  
each other  in phylogenet ic  compar i sons .  

The  D - l o o p  o f  the fin whale  is 928 bp long. The  
D - l o o p  o f  the fin whale  and that o f  C. commersonii 
have  an average identity o f  81%. H o w e v e r ,  in the 
central port ion o f  the D - l o o p  the agreement  is great- 
er. Figure 4 shows  an a l ignment  o f  the D - l o o p  o f  
the two  species. Truncated port ions  o f  the D - l o o p  
o f  the c o w  and h u m a n  are also included.  The  boxed  
areas comprise  regions that s h o w  the highest  degree 
o f  conformi ty  be tween  the fin whale  and the dol-  
phin.  In m o s t  instances the conformi ty  also extends  
to the sequences  o f  c o w  and h u m a n .  In box  1 the 
agreement  be tween  the fin whale  and the do lphin  is 
93%, between  the whale  and the c o w  91%, and be- 
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TTT 
T C TTT TC 

T T T C T C 
T C T T T C 
T G T T T G 
T C T G T G 

CG T C T C 
CG CG CG 
GC CG CG 
CG GC GC 
CG CG CG 
CG CG CG 
TA CG CG 
CG TA TA 

5' 3' 5~ 3' 5' A 3' 
G C C G G G IT A G A T T G C G G G G GIT A G A T T C C G G G G GI'T A G A T T 

fin whale cow man 

Fig. 5. L-strand origin of  replication of the fin whale, cow, and human. The fin whale sequence was identified by analogy with that 
of  the cow (Anderson et al. 1982). The intrastrand complementarity is shown as a secondary structure. The complementarity in the 
stem sequence of the whale is l bp longer than in the cow. In the loop the two species differ at one position. The flanking sequences 
of  tRNA-Cys and tRNA-Asn are shown boxed. 

tween the dolphin and the cow 94%. The conformity 
between any of  the three sequences and the human 
sequence was -~ 77%. Box 2 is identical in the whale 
and the dolphin, and the agreement with the cow 
and human sequences is 89%. Box 3 includes po- 
sition 1 of  the mtDNA molecule. In this region the 
homology between the whale and the dolphin is 
93%, between either of  these and the cow 86%, and 
between the cetaceans and human 74%. Boxes 4, 5, 
and 6 are very similar (96-100%) in the whale and 
the dolphin but differ considerably from the cor- 
responding regions of  cow and human. 

The features of  the mitochondrial L-strand origin 
of  replication are highly conserved in mammals 
(Anderson et al. 1982). The composition of  this re- 
gion in the fin whale mtDNA together with that of  
the cow and human is shown in Fig. 5. With the 
exception of  one position in the loop, the conformity 
between the fin whale and the cow is complete in 
the entire region. The stems in the three species are 
identical, but the intrastrand complementarity in 
the stem region of  the fin whale extends 1 bp further 
than in either cow or human. 
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