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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 128 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 &
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-

Offprint requests to: U. Armason

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 of mtDNA 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



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. 1981), 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 10 volumes of 0.25 M
sucrose, 10 mM Tris-HCI, 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 mM glucose, 10
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-
10 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°C until it started to solidify. The
sample was centrifuged for 10 min at 5500 rpm. The supernatant
was collected and the centrifugation step repeated. The super-
natant was extracted with phenol-chloroform. The agueous phase
was collected and a 0.6-volume of isopropanol was added. After
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precipitation the sample was centrifuged at 10,000 rpm for 15
min. 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 M13mp19. The 8000- and
4500-bp fragments and also the 3000-bp fragment were recleaved
with Bcll or BgllI 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-
ried 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 HindIII, BamHI, Bcell, BglII,
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

Fig. 1. Localization of the restriction sites
BamHI, Bcll, Bglll, and HindIII 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 molecule of
the fin whale

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)
(RNA-Met 4286 4354
NADH subunit 2 4355 5398
tRNA-Trp 5397 5465
tRNA-Ala 5539 5471 (L)
tRNA-Asn 5614 5541 (L)
Qrigin L-strain replication 5614 5650
tRNA-Cys 5714 5647 (L)
tRNA-Tyr 5780 5715 (L)
Cytochrome ¢ oxidase subunit [ 5782 7332
tRNA-Ser (UCN) 7398 7328 (L)
tRNA-Asp 7404 7471
Cytochrome ¢ oxidase subunit II 7472 8155
tRNA-Lys 8159 8226
ATPase subunit 8 8228 8419
ATPase subunit 6 8389 9069
Cytochrome ¢ oxidase subunit IIT 9069 9854
tRNA-Gly 9854 9922
NADH subunit 3 9923 10,267
tRNA-Arg 10,270 10,338
NADH subunit 4L 10,339 10,635
NADH 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
NADH subunit 6 14,539 14,012 (L)
tRNA-Glu 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)

various features of the molecule are given in Ta-
ble 1.

The complete sequence of the I-strand of the fin
whale mtDNA is presented in Fig. 2. The length of
the molecule is 16,398 bp, and the organization of
the molecule is the same as in other mammalian
mtDNAs studied. The base composition of the
L-strand is A, 32.7%; C, 27.3%; T, 26.7%; and G,
13.3%. Position 1 in the sequence corresponds to
position 1 in bovine mtDNA, and genic sequences
were defined by analogy with human and bovine
mtDNA (Anderson et al. 1981, 1982; Attardi et al.
1986) and the occurrence of stop codons. In Fig. 2,
the 13 long open reading frames of mammalian
mtDNA (Attardi et al. 1986) are shown translated

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 M1 v

125 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)
NADHI1 81 74 74 73
NADH2 77 67 68 71
CO1 80 78 80 95
COII 82 73 71 64
ATPase8 72 64 64 78
ATPase6 73 73 73 100
COIII 81 78 79 88
NADH3 79 68 73 71
NADH4 79 72 72 75
NADH4L 80 73 75 77
NADHS 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 11 expressed as percentage of the mean of the figures
for whale~human and cow-~human. The bracketed figures in the
comparison of the 128 and 165 rRNA genes are based only on
differences with respect to transversions and gaps. Abbreviations
are defined in the text

into the one-letter amino acid code with the letter
placed above position 1 of each coding triplet. Ter-
mination codons are indicated by an asterisk. Of the
13 reading frames only one, NADH subunit 4
(NADHA4), does not have a termination codon. The
number of open reading frames with a termination
codon is thus considerably larger in the fin whale
mtDNA than in human and bovine mtDNA.

The overall homology between the 12S rRNA,
16S rRNA, and peptide coding genes in the mtDNA
of the fin whale, cow, and human was compared.
The generation length of these species is much lon-
ger than that of the two species, the mouse and the
rat, that were not included in the comparison. Op-
timal alignments were obtained by using the best-
fit local homology algorithm (Smith and Waterman
1981) of the GCG program package. The compar-
ison does not distinguish between transitions and
transversions or differences at different codon po-
sitions in the peptide coding genes. The results (Ta-
ble 2) showed an overall greater identity between
the whale and the cow than between the whale and
human.

The cytochrome ¢ oxidase subunit I (COII) gene
shows the highest (82%) and the ATPase subunit 8
(ATPase8) gene the lowest (72%) degree of identity
in the comparison between the fin whale and the
cow. The figures for human/whale and human/cow
are almost the same for each individual gene with
the highest degree of identity registered in the COI
and COIII genes. The figures on the identity between
cow and human agree with those of Brown (1985)
who also presented figures including the mouse.
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GTTAATTACTAATCAGCCCATGATCATAACATAACTGAGGTTTCATACATTTGGTATTTTTTTATTTTTTTT TTGCACGGACTCCCCTATGACCCTAAAGGGTCTCGTCGCAG

1 120
TCAGATAAATTGTAGC TGGGCCTGEATGTATT TG T TATTTGACTAGCACAACCAACATGTGCAGTTAAATTAATGG TTACAGGACATAGTACTCCACTATTCCCCCCEGGCTCAAAAAAC

21 + 240

241 TGTATGTCTTAGAGGACCAAACCCCCCTCCTTCCATACAATACTAACCCTCTGCTTAGATATTCACCACCCCCCTAGACAGGCTCGTCCCTAGATTTAAARGCCATTTTATTTATAAATC
360

D-loo: tRNA-Phe —=
MTACTAAATCTGACACMGCCCMTMTGMMTACATGMCGCC}\TCCCTATCCM'I‘A$TTGATGTAGCTTAMCACTTACMAGCMGACACTGAMATGTCTAGATGGGTCTAGC
361 480

128 rRNA smes
CAACCCCATTGACHIﬁ ARAGGTTTGGTCCCAGCCTTTCTATTAGTTCTTAACAGACTTACACATGCAAGTATCCACATCCCAGTGAGARCGCCCTCTAAATCATAAAGATTAAAAGGAGC
481 €00

GGGTATCARGCACGCTAGCACTAGCAGCTCACAACGCCTCGCTTAGCCACGCCCCCACGGGACACAGCAGTGATAARAATTAAGCTATAAACGAAAGTTCGACTAAGTCATGTTAATTTA
601 720

, AGGGTTGETAAACTTCGTGCCAGCCACCGCGETCATACGATCGACCCAAAT TAATAGAAGCACGGCGTAAAGAGTGTTAAGGAGCCACATGARATAAAGTCARACCTTAATTAAGCTGTA
21 840

ARAAGCCCTAATTARARTTAAGCCAARCTACGAARGTGACTTTAATATARTCTGATCACACGACAGCTAAGATCCAAACTSGGATTAGATACCCCACTATCCTTAGTCGTARACCCCART

AGTCACAAAACARGACTATTCGCCAGAGTACTACTAGCAACAGCCTARAACTCARAGGACTTGGCGGTGCCTCATACCCATCTAGAGGAGCCTGTTCTGTAACCGATAAACCCCGATCAR
961 1080

CCTCACCAACCCTTGCTACTTCAGTCTATATACCGCCATCTTCAGCAARCCCTAARGGGAGAARAGTAAGCATAACCATCCTACATAARAACGTTAGGTCARGGTGTARCCCATGGGTTG
1081 + 1200

GGAAGTAATGGGCTACATTTTCTAAGCTAAGARCATCCCCTATACTCACACGAAAGTTTTTATGAAACTTAAAAACTAAAGGAGGATTTAGTAGTAAATCAAGAGCAGAGTGCTTGATTG
1201 + + + 1320

ARTAAGGCCATGAGGGCACGCACACACCECCCGTCACCCTCCTCAAGTACCCCAGCTATAARCCCCAGTTCGTTARCTCAGGCCARGCAATTATACGAGAGGAGACARGTCGTARCAAGS
1321 1440

tRNA-Val ——m —
TMGCATACCGGA}'\GGTGTGCTTGGACAAA}EAAGATATAGCTTMACAAAGCATG'I‘AGTT’I‘ACACCTAGMGAT’I’CCACAGCCCGTGTATATC'I’TG CTAGCCCTAGCCCACACCCTE
1441 + - + 1560

CCCACCTCTACTACCACAAATCAATCAAATARAACATTTACCATCCCTTCARAGTATAGGAGATAGAAATTTAARTATCAGTGGCGCTATAGAGATAGTACCGTARGGARAGATGAAAGA
1561 1680

AAPACCTARAAGCTAATAAAAAGCAAAGCTTACCACTTGTACCTTTTGCATAATGACTTAACTAGTAATAAATTAGCARRGAGACCTTAAGTTARATTACCCGARACCAGACGAGCTACTT
1681 1800

ATGAGCAGCACCTAGAACGAACTCATCTATGTGGCAAAATAGTGAGAAGACTTATAAGTAGAGGTGAAAAGCCTAACGAGCCTGGTGATAGCTGGTTGTCCCTGAARAGAATCTCAGTTC
1801 1920

AACATTAARTARTACTAARAGCCCATGCCAAGCCTTAACGTATATTTAAC TG TTAATCTAAAAAGGTACAGCTTTTTAGARAATGGGTACAACCTTGACTAGAGAGTARAAATCAARCATAN
1921 + + + -+ 2040

ACATAGTTGGCCTAAAAGCAGCCATCAATTAAGARAGCGTTCAAGCTCGACAACAAAATAATGTTTTAATTCCAACATTAAGTARATCAACTCCTAGCCTGACTATTGGACTARTCTATA
2041 2160

CAAATATAGAAGCAATACTGTTAATATGAGTAACAAGRAAT TTTTCTCCTAGCACAAGCTTACACCAGTAACTGATAATATACTGATAATTARCAGCARATARATARAACCCAACACTAR
2161 2280

ATTATTTATTAARATACTGTTAACCCAACACAGGCGTGCATTAAGGAAAGATTAAAAAAAGTAAAAGGAACTCGGCAAACACARACCCCGCCTGTTTACCAAAAACATCACCTCTAGCAT
2281 + —-— 2400

ARCCAGTATTAGAGCACTGCCTGCCCGGTGACTARTCGTTAAACGGCCGCGGTATCCTGACCGTGCAAAGGTAGCATAATCACTTGTTCTCTAATTAGGGACTTGTATGAATGGCCACAC
2401 -+ 2520

GAGGGTTTTACTGTCTCTTACTTTTAATCAGTGAAATTGACCTCTCCGTGAAGAGGCGGAGATAACAAAATAAGACGAGAAGACCCTATGGAGCTTCAATTAATCAACCCAARARCCATA
2521 + 2640

ACCTTAAACCACCAAGGGATAACAAAACCTTATATGGGCTGACAATTTCGGTTGGGGTGACCTCCGAGTACARAAAACCCTCCGAGTGATTAAAACTTAGGCCCACTAGCCAAAGTACAA
2641 - 2760

TATCACTTATTGATCCARTCCT TTGATCARCGGARCAAGT TACCCTAGGGATARCAGCGCAATCCTATTCTAGAGTCCATATCGACAATAGGGTTTACGACCTCGATGTTGGATCAGGAC
2761 2880

ATCCTAATGGTGCAGCTGCTATTAAGGGTTCGTTTGTTCAACGATTAAAGTCCTACGTGATCTGAGTTCAGACCGGAGTAATCCAGGTCGGTTTCTATCTATTACGCATTTCTCCCAGTA
2881 3oo0¢

tRNA-Leu (UUR) -~
CGWGGACAAGAGAAATAAGGCCMCTTCWCMGCGCCTTCAMCMTTMTGACCTAGTCTCMCTTMTMTTMGCGCMACAMCCTGCCCAAGACCAGGGCCTIﬁ TIGAGGT

3001 + 3120
NADHI—.
M N I L T I L I L L AV
GGCAGAGTTCGGTAATTGCATAMACTTAMCTTTTACACCCAGAGGTTCAMTCCTCTCCCCAJ\CMTGTTTATMTTMCATTvTMCACTCATTCTCCCCATCCTCCTAGCCGT}\ 240
3121 324
A F L T L V E R K I Q R K ¢ P NI V GPHGLULOQPTFADA ATIIZXKTLTFT
GCATTCCTAACGCTAGTAGMCGCAMATTCTAGGCTATATGCAG"‘TCCGAAAGGGGCCAMCATCGTAGGCCCACATGGCTTACTCCMCCCTITGCCGATGCMTT}\MTTATTCACT
3241 3360

K E P L RPATS S TTMPF I I APV LAULTIULALTM®WSU®PILPMZPY®PILIN
ARAGAACCCCTACGGCCAGCTACATCCTCAACTACTATGTTTATCATTGCACCAGTACTAGCCCTAACCCTGGCCCTCACTATATGAAGCCCCCTACCCATACCATACCCCCTCATTAAL
3381 348C

M N L ¢ V L FM L A M S S L AV Y $ 1 L WS G W A S5 NS KUY ALTI G ATLURAV A
ATARACCTAGGAGTATTATTCATATTAGCAATATCCAGCCTAGCCGTCTACTCCATCCTATGATCAGGCTGAGCCTCCAACTCAAAATACGCACTAATTGGAGCCCTACGAGCAGTAGCA
3481 3600

T I 5 ¥ EV TULAIILLS VL LMNGSYTTULILSTULATTZGQEZ DQQTL®W®W L L P
CARACAATCTCATATGAGGTAACACTAGCCATTATCCTCCTATCAGTACTCCTAATARACGGCTCCTACACCTTATCAACATTAGCCACAACACAAGAACAACTATGATTACTATTCCCA
3601 + + 3720

5 WPLAMM®MWEFTISTULATETNIRODAPTFUDILTETGESETLUV S GF NV E Y A
TCATGACCCTTAGCCATAATGTGATTCATCTCCACCCTAGCAGAAACTAATCGAGCTCCTTTTGATCTARCAGAGGGAGAATCAGAACTCGTATCAGGCTTCAACGTAGAATATGCAGCA
3721 + + + + 3840

G P F A L F F L A E Y A NTTIMMNMNMILTATIIULTFIULGTF HNUPHNDPETLYTA
GGCCCTTTCGCCCTATTCTTCCTGGCAGAATACGCCAACATCATTATAATGAATATACTCACAGCCATTTTATTCCTAGGAACATTCCACAACCCTCATAACCCAGAATTGTACACAGCA

3841 3960
N L I 1 XK T L L L S F L W I RASYPRTFRYDOQUILMHTLITL N F L P L T
AACC TTA’I‘TATCAAGACACTACTACTCACMTATC CTT CCTATGMTTCGAGCATCCTACCCCCGATTCCGATATGACCMCTMTACACCTACTCTGAMAMTTTC CTTCCCTTAACA

3961 + + + 4080

L AL C M WH I 5 L P I MTAS I P P Q T *tRNA-Tla —»
CTAGCCCTTTGCATATGACATATCTCATTACCARTCATARCTGCAAGTATCC CCCCTCMAC.AT&GMATATGTCTGATMAAGAGTTACTTTGATAGAGTAMTMTAGAGGC CCAAAR
4081 4200

Fig. 2. The sequence of the mitochondrial DNA 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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~— tRNA-Gln _tRNA-Met —w
TccTCTTX?Tﬂ%TﬁGAATAATAGGAATcsAAccTAcccTTAAGAATTCAAAGT?crwccracraccarATTAcacTIEKXTETIFFETKXEETEAGCTAAACAAGCTATCGGGCCCATAC

4320
NADHZ —=
P L I L I I L LTTULIULGTMMVYVVYV TS S HWULLA
CCCGAARATGTTGGTTCATATCCTTCCCATACTAATAAACCCATTARTCCTTATTATCCTCCTGACAACCCTTATCCTAGGTACAATAATGGTAGTCACCAGCTCTCACTGACTATTAGC
+ + + 4440
G N M M A F I N T R A T A @ AT A S AL
CTGAATTGGCTTCGAAATGAACATAATAGCCTTCATCCCTATCATAATAAAAAATCCTACTCCCCGGGCCACAGAAGCTTCTACCAAGTACCTCCTAACACAAGCCACTGCTTCCGCACT
+ 4560
L ¥ MM AV I I NLMHSGEWTTITIZ XULTFNPTASTILMTUVALATILITERKTLSZSGLA
CCTCATARTAGCAGTCATCATTAACTTAATGCACTCAGGCCAATGAACTATTACAARAC TATTTAACCCAACAGCATCCACACTCATAACAGTAGCCCTAGCCATCARRCTGGGATTAGC
+ + + + + 4680
P FHFWVPEUVTOQ@GIPILTT®GULL ILLTWOQZXULAPTILSTIILYOQI P
CCCCTTCCACTTTTGAGTTCCAGAAGTAACACAAGGTATCCCCCTAACCACAGGCCTAATCCTATTAACATGACAAAAACTAGCTCCCTTATCAATCCTRTACCAAATTTCACCATCAAT
+ 4800
N L H L ML I M L LS I LMGGWGGULNO QTOLRTEKTIMATYSSIAHMGUW
TAACCTACACCTAATATTAATCATATCCTTACTTTCCATCTTAATAGGAGGCTGAGGTGGACTAAACCAAACACAACTTCGAAAAATCATAGCCTACTCATCAATTGCCCACATAGGATG
+ + 4920
M T A I L P T L L L ¥ L L I Y ITMTTF M F M LF I ¢N S TTTTTUL S
AATAACGGCCATTCTACTATATAATCCAACCCTAACATTACTAAATCTRCTAATCTACATCACAATAACCTTCACCATATTTATATTATTTATCCAAAACTCAACTACCACTACATTGTC
+ 5040
1L 5 ¢ TWNZKMZPVITTZLT®HMLTILTLSMSGOGILEPTPILSGGFMZPZEKUWMITIOE
ACTGTCTCAAACCTGAAATAARATACCCGTCATCACAACCCTTACCATACTCACTTTACTCTCGATAGGAGGACTCCCACCACTATCGGGGTTTATACCCARATGAATAATTATTCAAGA
+ + + 5160
LT XK NDMLTIVPTFMAITALTLUENTZLYTFJYM®RILTYSTALTTLTFT®PSTHN
ACTAACAAAAAATGATATACTCATTGTACCAACATTCATAGCCATTACAGCATTACTCAACCTATACTTTTATATACGTCTTACTTACTCCACAGCACTAACACTATITCCCTCCACAAR
+ + + 5280
K M KM KWOQFUNSTE KR RT®PULLPTATIVTIST P P M L 5 I L L *tRNA-Trp—»
TAATATAAAAATAAAATGACAA”TCAACTCCACAAAACGAACTCCTCTCCTACCAACAGCAATCGTAATTTCCACTATGCTACTACCCCTCACACCAATACTCTCAATCCTACTA GGR
+ 5400
GTTTAGGTTARACCCAGACCAAGAGCCTTCARAGCCCTARGCARGTATAATT TACTTARCTCCTGC CCANTARGGACTGCAAGACTATATCTTACATCARTTGARTGCARGTCARACGET
+ 5520
-— tRNA-Ala ~— tRNA-Asn r of L-strand repl
TTARTTAAGCTARATCCTCRL TAGAT TGGAGGGATACATCTCCCACGAATTTTTAGTTAACAGC TAAATACCCTAATCARCTGGC TTCARTCT TTCTCCCGCCGCGAGAAAAAAAAuG
+ 5640
~— LRNA-Cys
CGGGAqiiﬁ?fﬁcGGCAGGATTTGAAGCTGCTTCCTTGAATTTGCAATTCAAAATGATCATTCACCKEXEEﬁ%ﬁTGGTAAAAAGAGGACTCAACCTCTGTCTTTAGATTTACAGTCTAAT
+ + + + 5760
COT —
<—tRNA-Tyr M F M N R W L F 5 T N H K D I 6 T L ¥ L L F G A WAGMVG TG
AccTACTCGGCCATTTTAcEbATcTTCATAAACcccTGAcTATTcrcAAccAACCACAAAGACATCGGcAcccTATACTTATTATTCGcTGCTTGAGCAGGAATAGTAGGCACTGGCCTA
+ + + 5880
L I RAETULGOGCPG6TILIGDDQ@V YNVILVTAHATFUVMITFTF P
AGCT*AT*AA”CC”CGCTGAGCTAGGTCAACCTGGCAuACTAATCuGAGATGACCAAGTCTACAACGTATTAGTAACAGCCCAJuLLA;beuATAhxAJ;LA;LATGGTTATACCTATC
+ - + 6000
M I 6 GF G N WULVPLMTIGATPTDMABATFPURMDNNMSTF L P L M
ATAATTGGCGGATTCGGAAACTGACTAGTCCCACTAATAATTGGAGCACCTGACATAGCTTTCCCTCGTATAAATAATATAAGCTTCTGACTACTCCCTCCTTCTTTCTTACTGTTAATA
6120
E TG W TV PP A G N L AHAGASVDLTTITF S L HILA
GCA"CCTCAATAA”CGAAuCuGGTGCAGGCACAGGCTGAACTGTATATCCCCCCTTAGCCGGAAATTTAGCACATGCAGGAGCCTCAGTTGACCTTACCATCTTCTCCCTACACTTAGCC
6240
v A N F T T I I N M KPP AMTOQYQTPLTFVWSVLYVTAV
GGccTA*ccTCAAchrcsGAG.CATCAACTTTATcncAACCATTATCAACATAAAACCACcCGCCATAACccAcTATcAAacrcccchT CGTATGATCAGTCCTAGTCACAGCAGTA
6360
L L s L PV LAAGTITMILLTDIRNTILWNTTF L Q H
CTACTCCTATTATCACTACCTGTTTTAGCAGCCGGAATTACAATGCTACTTACTGACCGAAACCTAAATACAACTTTCTTCGACCCTGCAGGTGGAGGAGACCCAATCCTGTACCAACAC
+ + + 6480
L F WF F G HP \4 F M B I VT Y Y S G K KEUPTFG Y MM
CTATTCTGATTCTTT! GGCCRCCCTGAGGTATATATCCTAATTCTTCCTGGGTTCGGAATAATTTCACACATTGTGACTTATTACTCAGGhAAAAAAGAACCCTTTGGCTACATAGGAATA
+ 6600
vV WAMUY S I G6F LGF IV WAH F 6 M D VDTRAYTFTSAETMITIA
G"TTGAGCTA"GGTGTCCA”TGGG"T‘T”AGGCxTTATCGTATGAGCCCATCATATGTTTACAGTAGGTATAGACGTTGATACACGAGCATACTTCACATCCGCCACTATAATTATCGC“
6720
I T GV KV F S WULATTILUHGGUNTIZKTUW I F L F T V G G L
ATTCCCACAGGAGTAAAAGTATTCAGTTGATTAGCAACACTACACGGGGGTAACATTAAATGATCTCCTGCCCTAATATGAGCTCTAGGATTCATCTTCCTTTTCACAGTAGGCGGTCTA
+ 6840
T & I VL ANSSLDTIUV LHD v M G AV F AI MGG F
ACTGGTATCGTCCTAGCCAACTCATCATTAGACATTGTCCTACACGATACTTACTATGTAGTCGCTCACTTCCACTATGTCCTATCAATAGGGGCAGTCTTCGCCATTATAGGAGGCTTT
+ : 6960
V H W F P L T W I HF M I MFV GV NLTTFTF®POQHFTLGL
GTCCACTGATTTCCACTATTCTCAGGGTATACACTTAACACAACATGAGCAAAAATTCACTTCATAATCATGTTCGTAGGTGTAAACCTAACATTCTTTCCACAACACTTCTTAGGCCTA
+ 7080
S 6 M P R ¥ D Y P DAY TTWDNTI S SMGSFISLTAVMILMITFTITI®W
TCCGGCATGCCTCGACGATATTCCGATTACCCAGACGCCTACACAACATGAAATACTATTTCATCTATAGGCTCATTTATCTCACTGACAGCAGTTATACTAATAATCTTCATTATCTGA
1200
E AF TS KR E VLAV D LTS TNTULETWLNSGSGCTPP®PYHTTFTETETFP
GAAGCATTTACATCCAAACGAGAGGTACTGGCAGTAGACC”CACCTCTACCAACCTTGAATGACTAAATGGGTGTCCTCCACCATACCATACATTCGAAGAACCAGCATTCGTCAACCCA
7320
tRNA-Ser (UCN) LRNA-Asp —=
AAGTGA#E AAAGGAAGGAATCGAACccrcchCATTGGTTTCAAGCCAACATCATAATTACTXTETETT"‘TTHTAAAqEKEXTET%AGTAAAACcTTATATAAchch:AAAsT
7440
COII —»
M A Y P F QLGF QD AASPIHMETETULTLUHFHDHTLMI
TAAGTTACAAGTGAAAATCCTGTATATCTCCATGGCATATCCATTCCARCTAGGTTTCCAAGATGCAGCATCACCCATCATAGAAGAGCTCCTACACTTTCACGATCATACACTAATAAT
+ + + 1560
vV F L I § 85 L VLY I I TZLMILTTZ KTILTHTSTMD [+ E W T I L P
Lh;xax;LAAATTA&LLLA11AGTTCTCTACATTATTACCCTAATGCTTACAACCAAATTAACACATACTAGTACAATAGACGCCCAAGAAGTAGAAACTGTCTGAACTATCCTCCCAGC
+ + 7680
I I L L I L YMMDEVNUNPS LTV XKTMOGHO OQWYWS YEY
CATTATCTTAATTTTAATTGCCTTGCCTTCATTACGGATCCTTTACATAATAGACGAAGTCAATAACCCCTCCCTCACTGTAAAAACAATAGGTCACCAATGATATTGAAGC"ATGAGTA
+ 7800

Fig. 2. Continued
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T D Y E DL S F DS YMTIUPTS DL P G R L EVDNURVYVY VLPMEMT!1
TACCGACTACGAAGACCTAAGCTTCGACTCCTATATAATCCCAACATCAGACCTAAAGCCAGGAGAACTACGATTATTAGAAGTAGATAACCGAGTTGTCTTACCTATAGAAATAACAAT

L S E D L L T A I PG RLNQTTILMSTRP G
CCGAATATTAGTCTCATCAuAAGACGTACTCCACTCATGGGCCGTACCCTCCTTGGGCCTAAAAACAGATGCAATCCCAGGACGCCTAAACCAAACAACCTTAATATCAACACGACCAGG

L F ¥ 6 Q ¢C 8 E 1 €6 S NH S FMZPIUVLETLUVTEP E V F E XK W S V 5 M L
CC”ATTTTATGGACAATGCTCAGAGATCTGCGGCTCAAACCACAGTTTCATACCAATTGTCCTAGAACTAGTACCCCTAGAAGTCTTTGAAAAATGATCTuTATCAATACTATAACT#E-

ATPaseB —

tRNA: és —_— M P ¢ L D T S M WL L T I L S M L L
TAAATTAGCATTAACCTTTTAAGTTAAAGATTGAGAGTCTATAACTCTCCTTKXTEHTATGCCACAATTAGATACATCAATATGACTCCTTACTATTCTATCAATACTCTT

ATPasat —»

M N E N

T L F VL F @ L K I 8 K H s Y § P L AH T KT Q K Qo AP WNTTWTIKII
AACCCTCTTTGTATTATTCCAATTAAAAATCTCAAAGCACTCCTATTCCCCTAACCCCAAACTAGCACATACCAAAACACAAAAACAACAAGCTCCTTGAAACACCACATGAACGAAAAT

L F AP F M IPVMLGTI?IIU®P?PTITTZULTITITITULPSMLTFUPAPNR RILTIWDNWNIRTTIA
TTATTTGCCCCTTTTATAATCCCAGTTATGCTAGGTATCCCTATTACCACTCTAATCATTATCCTCCCATCTATATTATTCCCTGCACCAAATCGACTAATCAACAACCGCACGATCGCE

I 0 Q WILI TIKULTS K Q M HS P XK G Q T W S L ML I S
ATCCAACAATGATTAACCAAACTCACATCAAAACAACTAATAAACGTACACAGTCCTAAAGGACAAACTTGATCTCTAATGCTCATCTCACTATTCCTATTTATTGCCTCTACCAATCTC

L s F TP TTOEL S MNUVGEGMATIZPULWAGTUVTTSGTFRNIEKTEKMS
CTTGGAATATTACCTCACTCATTTACACCCACCACACAACTCTCAATAAACGTAGGAATGGCTATCCCCTTATGAGCTGGCACCGTTACCACAGGCTTCCGCAACAAAACAAAAATATCC

L A HLULPOQG G T 1 P MLV ITITETTISLF I QPVAWAVRLTA®ANTI
TTAGCACATCTACTACCACAGGGCACACCCACTTTTCTTATTCCCATATTAGTAATTATTGAGACTATCAGTCTATTCATTCAACCGGTAGCATGAGCTGTACGGCTA&CTGCCAACATC

T A 6 H L L M N L F 5 A F 1 I L I L E F

ACAGCAGGCCACTTATTAATGCATCTAATTGGAGAAACAACCCTCGCACTAATAAATATTAATCTATTTTCAGCCTTTATCACTTTCACAATCCTTGCTCTATTAACTATCCTTGAATTT
COIIT —»

AV A L 1 Q A Y V F Y L H Db N T "M T H QT M V N P 5 P W P L

GCTGTCGCCCTAATTCAAGCTTACGTATTTACCC*TCTAGTAAGCCTATACCTTCATGACAACACATAAPGACCCACCAAACCCACTCATACCACATAGTAAACCCCAGCCCTTGACCCC

T ¢ A L 8 A L T 8 & L I M W F HF N S M L L L T L S T N I L T M Y Q W W
TCACCGGAGCTCTATCAGCCCTTCTAATAACATCAGGCCTAATTATATGATTTCACTTCAA”TCAATACTCCTACTAACTCTAGGCTTGTCAACAAATATTTTAACAAT\TACCAATGAT

R B I I R E §TF ©Q G HBRTPTTUV 2KSGLRYGGMIULFI VS T 6 F
GGCGAGATATCATCCGAuAAAGCACCTTCCAAGGCCATCATACACCAACCGTCCAAAAGGGCTTACGATACGGAATAATTCTATTTATCGTCTCAGAAGTCCTATTTTTCACAGGC*TCT

W A F ¥ H E L G G C W &P?PTGIRUPLNUPILE L L N T § V L L
TCTGAGCCTTCTAC”ACTCAAGCCT*GCCCCTACTCCAGAACTAGGCGGATGT”GACCACCAACAGGCATCCGCCCTTTAAATCCCTTAGAAGTTCCCCTTCTCAACACCTCCGTATTAC

A S ¢V 5 I T W A HH S L M EGNRIEKHMTLQ T I AL G L ¥ Q
TAuCC”CTGGCGTATCTA*TACCTGAGCCCACCATAGCTTGATAGAAGGAAACCGCAAACACATACTTCAAGCACTCTTCATCACAATTGCACTA»GCCTCTACTTCACCTTACTACAAG

$ E Y Y E A 8 G I ¥ &S TFVF V ATGT FHBG LRV ITI I
C&TCAGAGTACTACGAAGCCCCTTTCACAATCTCAGACGGAATCTA»&&LALLALLA1;4ALuAAGCCACAthLA1LATGGGTTACATGTAATvATTGGATCTACTTTCCTTATCGTCT

Q F F T 5 N R F F E R A A W B F VvV D V L vV s I
GTTTCCTACuTCAAGTAAAATTCCACTTCACATCAAACCACCACTTTGGCTTTGAACGTGCCGCTTGATACTGACATTTCGTAGACGTCGTATGACTATTTCTTTATGTAT”TATCTATT

NADH3 —_—
W 6 S * tRNA-Gly —» N L L T
GATGAGGTTCCT. ) GTATTAACAAG“ACAACTGACTTCCAATCAGTTAGTTTCGGTGTACCCCGAAAAKEXXCNATAAACCTTCTACTAACACTACTAACAAATACAACACT
A L L L VvV F I A F W L P O L N & F D P M G S

AGCCCTACTACTCGTAT TCATCGCCTTCTGACTTCCACAACTAAACGTATACGCAGAAAAAACAAGCCCATATGAATGCGGATTTGACCCCATAGGATCAGCCC»CCTACCCTTCTCCAT

K F F L V A A L L L P L P WA Q@ 5 NNILNTM M L
AAAATTC”TCTTGGTGGCCATTACTTTCCT”CTCTTTGACTTAGAAAACGLlhILL1Agxupuuu1quL1uAGCAATTCAGTCAAACAACCTAAACACAATACTCACAATAGCCTTATT

L I S L L A A W T QE G L E W E  tRNA-Arg —=
CTTMTCTCcCTAC"‘AGCAG\,CAGCCTAGCTTATGAATGAACTCMGMGGCC’I‘AGA}\TGAGCTGMTI{‘!’R‘!'XTT%AGTTTMGATAAMCMGTGATTTCGACCCACTAGACTGTGAT

NADH4L ~—=
M T L I H M N G L M ¥ R $ H L M § L
CAAATTCACAATTACCAAATGACCTTAATCCATATAAACA TCTCATAGCCTTCAGCATGTCCCTTATAGGCCTATTAATATATCGkTCCCACCTAATRTCCGCATTACTCTGCCTAGAA

L F V1LIAALTTIULS S HTF L ANMMP I I L LV F AATCTEAWATI
GG”ATAATACTATCALJ11xbuxuuthCAuubbLAACAATCCTAAGCTCACACTTCACTTTAGCTAACATGATGCCTATTA1LLLLuAnuxzALLuLAbbiAubeGGCAGCCATCGGA

M L K F I I P T I MILMZPULTWIL S
L AL L VMV S NTZYGTDJYVQNTILMWNILILOGQTCGC*
CTAGCCTTGCTAGTTATAGTCTCTAACACATATGGTACCGATTACGTACAAAACCTCAACCTTCTCCAATGCTAAAATTTATTATTCCTACAATCATACTARTACCCCTAACCTGATTAT

L 1 I N S F §$ 8 L L L L N Q L N ¥ § LMTF F s
CAAAAAATAACCTAATCTGAATTAACTCCAvAGCCCACAGTCTATTAATTAUL1LLLLAAQLLLLLlLL1LkJLAATCAACTCAACGACAACAGCCTTAACTACTCACTAATATTCTTCT

o P L T P L L I L T M W L L P L ML MASQQS5 HULTI1IIKETZ®PZPVRKK M
CCGACCCCCTTTCTACCCCACTCCTGATCCTAACAATATGACTCCTTCCCTTAATACTAATAGCAAGTCAATCCCATCTCATCAAAGAACCACCAGTCCGAAAAAAACTCTACATTACGA

I T L QA L L I M F T A T E L 1 I M F EATULIIUPTULITITITURWGN
TACTAATCACACTACAAGCCCTCCTAATTATAACATTTACTGCCACTGAATTAA*CCTATTTTATATLATATTTGAAGCCACACTAATCCCTACCCTTATCATTATCACTCGCTGGGGCA

T ERLNAG VLY F LF ¥ TULV GG S5 L P1LUL VALV Y Q
ACCAAACAGAACGACTCAATGCCGGACTATACTTCTTATTCTATACACTAGTTGGATCTCTCCCACTACTAGTAGCACTAGTATATTTACAAAATACAACAGGATCCCTAAACTTTCTAC

L Qg HW A QP L S T S W S NI F MWILATCMMATFTULVIEKWMTEPL Y W P
TCCTACAACACTGAGCTCAACCATTATCTACGTCCTGRTCCAACATCTTCATATGACTAGCCTGCATAATAGCCTTCCTAGTAAAAATACCTCTCTATGGACTATACCTTTGACTGCCCA
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A HV E AP I A G S M VL AAVLLIKTL G ¢ ¥ 6 M L R I T L K P L T E M A
AAGCACACGTAGAAGCCCCCATTGCAGGCTCCATAGTCCTTGCAGCCGTACTACTAAAACTTGGAGGCTATGGCATACTACGAATTACATCCATACTCAATCCCTTAACAGAACACATAG

Yy P F L ML sS L WG6MTIMTS S I CLRGQETUD LK S L I Y § §$ V. S H M AL V I
CATACCCAT TTC"TATACTCTCTCTTTGAGGAATAATCATAACCAGCTCTATCTGTTTACGTCAAACAGACCTAAAATCACTAATTGCATATTCCTCAGTTAGTCACATAGCACTCGTCA

A 1 I @ T P W § M 6 A TA L MTIAUHTGTULTS S ML c L R H
TCGCAGCTATCCTCATCCAAACCCCCTGAAGCTATATAGGGGCCACTGCCCTAATAATTGCCCACGGCCTCACATCCTCCATACTATTCTGTTTGGCAAACTCGAACTACGAACGCATTC

S R T I L P 66 G L Q V F L P A T N L AL PP T I NULTI G E
ATAGCCGAACCAT, AATTCTGCCCGGAGGCCTACAAGTCTTTCTACCACTAATAGCCAGTTGATGACTATTAGCAAGCTTAACAAATCTTGCACTACCCCCAACCATCAACCTAATCGGAG

L L VVMSV F 5 WS NPTTIULULMGTNTIUVIT L S Y M L I M T QR G K
AACTACTCG"AGTCATGTCGGTCTTCTCATGATCAAATCC;ACTATTCTCCTAATAGGAACAAATATTGTAATTACTGCTCTCTACTCTCTATATATACTAATCATAACACAACGTGGCA

T HH I N N I T P S F T R EH A L M A H I 1 p L L L L S G
AACACACACACLACATCAATAA"RTCACCCC*TCCTTCACACGAGAGCATGCCTTAATAGCCCTACACATTATTCCCCTCTTGCTCCTA*CACTAAACCCTAAAATCATCTTAGGCCCTC

Y tRNA-His —= LRNA-Ser (AGY) —»
TCTACTETARGTATAGTTTAAAARAGACGCTAGT TTGTGARACTAACAATAGARGATCAARACT TCTTAC T TACCRARRAAG TACTGCAAGAACTGCTAATTCATGCTCCCACACCTAAC
NADHS ~—»
TRNA-Leu (CON) —» M K

AGCTG"GGCTTT”TCHMXCTTTTACAGGATAGTAGTTATCCATTGuTCTTAGGAGCCAAAAAATTGGTGCAACTCCAAATAXXXETHATAAACCTATTTACCTCTTTCACCCTACTTACA

T H X 5 Y V K N I V I T S L VvV P A
CTACTAATTCTGACCACCCCCATTATAATATCACATACAGGTTCCCATGTAAACAACAAATATCAATCATATGTAAAAAACATTGTCTTCTGCGCCTTCATCACTAGTCTAGTTCCCGCA

M VvV Y L E T N Q T W H W I T I QT LK LTUL S F Y F L M F M P
ATAGTATATCTTCACACAAACCAAGAAACACTCATCTCAAACTGACACTGAATCACAATCCAAACCCTCAAACTAACACTTAGCTTTAAAATAGATTACTTTTCACTTATATTTATACCA

vV A L F I T W 1 LIRS H S D P Q F F K Y I T M I 1
GTAGCACTATTCATTACATGATCCATCATAGAATTCTCAATATGATATATGCACTCCGACCCCTACATCAACCAATTTTTTAAATACTTACTCCTCTTCCTCATCACCATACTAATCCTT

vV T A N N L F QL F I &G WE GV I G W W F G R TD A Q
GTTACAGCTAACAATCTCTTCCAACTTTTCATCGGATGAGAAGGAGTAGGAATTATATCCTTCTTACTAATTGGCTGATGATTCGGACGAACAGATGCHAATACAGCCGCCCTCCAAGCA

I I DI L A S M A WF L S NMDNTWUDILES QI FMILWNQNPTLNTF
ATCCTATACAATCGTATCGGAGACATTGGACTCCTTGCATCAATAGCATGATTTCTCTCTAATATAAACACATGAGACCTAGAACAAATCTTTATACTCAACCAAAACCCCTTAAATTTC

G L V L A A A G K S A Q F G P S A P TPV S A LULHS S T
CCCCTCATAGGACTCuTACTAGCCGCAGCAGGAAAATCGGCTCAATTCGGACTCCACCCTTGACTCCCATCACCAATAGAAGGTCCTACCCCAGTCTCAGCCCTACTCCACTCAAGCACA

v v G I F L LV RV F Y PLMEWNNIXTLTIOQT L G6GA I TTULTFTH AIC
ATAGT*GTAGCAGGAAxLJLL&AQLLJM; LubiJLJACCCATTAA"AGAAAATAACAAGCTAATCCAAACAGTAACCCTCTGCTTAGGCGCTATCACAACTCTATTTACAGCCATCTGT

L Q N K K I I A F 8 T S S Q L G L M M V T L Q P Y L A F L H I C T
GCCCTCACCCAAAACGACATCAAAAAAATTA“TGCTTTCTCCACCTCCAGCCAGCTAGGCCTAATAATAUTAACAATCGGCCTTAACCAACCTTACCTAGCATTCCTACACATTTGCACA

E A F F XK A M L F € § 6 5 I I H N L NNZEU QDI R L F KA LPF T TT
CACGCCTTCTTTAMAGCTATACTAT TCCTATGTTCTGGCTCCATCATCCATAACCTAAACAACGAACAAGATATCCGAAAAATAGGAGGGCTATTTAAGGCCCTCCCATTCACCACAACC

A L I I 6 ¢CLALTGGMUPVF L TG ! EA AT S S Y TN AW
GCCCT*ATCATCGGATGTCTTGCACTAACAGGAATGCCATTCCTGACCGGATTCTACTCCAAAGATCCCATTATTGAAGCCGC;ACTTCGTCTTATACCAACGCCTGAGLCCTA*TACTG

s T A VvV ¥ S TR I I F F AL L G Q R P §$ T T I N E N NP L L
ACCTTAATCGCCACCTCCCTTACGGCCG TATAGCACCCGCATCATTTTCTTTGCACTACTAGGACAACCCCGCTTCCCTCCCTCCACAACCATTAACGAAAA“AATCCACTGTTAATC

N P I K R L L V 6 8§ I F A G F I ¥ T T P L M T M P L H

T A L
RACCCTATCAAACGRCTAL)bulLGGAAGTAALJJLH&A&ULIlLATCCTATCCAACAGTATTCCCCCAATAACTACACCTTTAATAACCATRCCCCTGCACTTAAAATTAACCuCCCTT
——

+ + +

A M T T L G F 1 F E N D T Q N L K HKUBUP S NS TF KF L L G Y F P T
GCAATAACAACCCTAGGCTTCATCATCGCATTCGAAATTAACCTTGACACACAAAATCTAAAGC&CAAGCACCCATCAAACTCCTTTAAATTCTCCACCTTACTAGGTTATT CCCCACA

I M H L LM s p K L AT s L L D L L E T I L P KT TAULTIQL
ATCATA.ATCGCCTACCCCCTCACC”TGACCTGTTAATAAGCCAAAAACTAGCAACTTCCCTACTAGATCTAACTTGACTAGAAACTATTTTACCAAAAACCACAGCCCTTATCCAACTA

* s G R T I E M I
K A &§ T L T 5 N QO Q L I KLY F LS FLITTITIUL S N ¥ E *
AAAGCCTCTACACTAACCTCTAACCAACAAGGCCTCATCAAACTCTACTTCTTATCTTTCCTCATCACCATCACCCTCAGCATAATCTTATTTAACTACCCCGAGTAATCTCCATAATAA

I VvV s I F L S WGETV I V L WV G A 1 6T A EE S F V G S
TTACAACACTAATAAATAAAGACCAACCCGTAACAATCACCAACCAAACACCATAACTATATAATGCCGCAATCCCTGTAGCCTCCTCACTAAAAACCCCAGAACCCCCAGTATCATAAA

V Vv W D G L GGD F EF MIKVESGSKULAYTIUVIULFEUVVLGLVFAG
CAACCCAGTCCCCTAGTCCATCAAACTCAAACATAATCTTCACCTCCCCACTCTTCARAGCATARATCACART TAAAAACTCCACCACCAACCCTAAAACAAATGCTCCTAGTACARCTT

XK N §$ VWV EZPZYOQETAMATTZYGTF V L M G666 L ¥ I LF VMULGULTF § G
TATTAGAAACCCAAACCTCAGGATAL1blALAGTAGCCATAhLLUAluAATAACCAAATACTACCAGCATTCCCCCCAAATAAATCAAAAACACCATTAACCCCAAAAACGAACCACCAA

F S 1 G ¢ 6 VG666V ILGLGGYTITP S P s 1 F 11 s 1

MCTCAAMTMCTCCACATCCAACACCACCACCCACMTCMCCCTMACCCCCATMATAGGTGAAGGCTTTGAAGMACCCCCACMAACTMTTACMMATMTACTTW;G)\
-— NADHG eyt b——

F V 1 O—tRNA-Glu T H P L

AAACAATATACATTATCAq?ATTCTCACATGGACTTCAACCATGACCAATGACATGAAAAATCATCGTTGTTATTCAACTK aACCAATGACCAACATCCGAAAAACACACCCAC

M I v NDATFVDZLPT®S5NTIS S WWNTF L L G L L I Mg I L TG LF
TAATAAAAATCGTCAACGACGCAT“CGTCGATCTCCCCACCCCATCAAATATCTCTTCATGATGGAACTTCGGCTCCCTACTCGGCCTCTGCTTAATTATACAAATCCTAACAGGCCTAT

L A ¥ T P T T T A F 8§ S V TR 1 C R I I R L B A N G
TCCTAGCAATACACTACACACCAGACACAACAACCGCCTTCTCATCAGTCACACACATCTGCCGAGACGTGAATTACGGCTGAATTATCCGATACCTACATGCAAATGGGGCTTCTATAT
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G s Y

F I A H MG R E " N I ¢V I L LF TV MATAATFV
TCTTCATCTGCCTCTACGCTCACATAGGACGAGGCCTATACTACGGCTCCTACGCCTTCCGAGAAACATGAAATATTGGAGTTATTCTACTATTCACAGTTATAGCCACCECATTCGTAG

563

T G

15000

14881 + +
Y vV L P W G

Q M §S F W GG A TV I T XN L L 8 A I P ¥ I 67T 2 L VvV EW I WG&E & F s V
GCTACGTCCTGCCCTGAGGACARATATCATTCTGAGGCGCAACTG TAATCACTAACCTCCTATCAGCAATCCCATACATTGGTACCACCCTAGTCGAATGAATCTGAGGCGGTTTCTCTG

15120

15001 + +

D XK A T L T R VF F A F H ¥ 1 L £ F I I

L A I VH1 1 F LHETTGSNNUPTG

TAGATARRGCAACACTAACACGCTTTTTTGCCTTTCACTTTATCCTCCCCTTCATCATCCTAGCATTAGCAATTGTCCACCTTATTTTCCTTCACGAAACAGGATCCAACAACCCCACAG

+ 15240

15121
1 P F H P Y HT1I

1 P S D M D K XK DI LG AL LL I LI LULMULTULF AP L L
GCATCCCATCCGACATAGATAAAATCCCATTCCACCCCTACCACACAATTARAGACATTCTAGGTGCCCTATTACTAATCCTAATCCTACTAATACTAACCCTATTCGCACCCGATCTAC
-+

1536

15241 +
G D P DN Y TP ANUPL S TP A HI

K P E W Y
TTGGAGACCCAGACAACTATACCCCAGCARACCCACTCAGTACCCCAGCACACATTARACCAGAATGGTATTTTCTATTCGCATACGCAATCCTACGATCAATCCCCARCARKCTAGGCS

L F A Y AI LRSI PNIKILSGG

15480

15361
v L AL L L S I LI LAF I P MULHEH

M M F R P F S Qg F F W V L V A

GAGTCTTAGCCCTACTACTCTCAATCCTAATCCTAGCCTTCATCCCAATACTCCACACATCCARTCAACGAAGCATAATATTTCGACCCTTTAGCCAGTTCTTGTTCTCAGTCCTAGTCG

15600

15481

DL L TUL TW I G G P VE H P Y M I

Q vV ¢ L
CAGATCTACTAACCCTAACATGGATCGGCGGCCAACCAGTAGAACACCCCTACATAATTGTAGGCCAACTCGCATCCATCCTCTATTTICCTCTTAATTCTAGTATTAATACCAGTAACTA

$ I L ¥ F L L I L V L M P V T §

15720

15601

L I E N K L M K W * tREA-TRT —me

GTCTTATCGAGAACAAACTTAIAAAATGAAGPETCTTTGTAGTATAATTAAATACCCCGGTTTTGTAAACtGGAAAAGGAGACAAGACACACCTCCCT CAAGGAAGAAGTATTA

15840

15721  -—=~-

-— tRNA-Pro D-loo

15841

GATATTATTATGTAACTCGTGCATGCATGTACTTCCACATAATTAATAGCGTCTTTCCATGGGTATGAACAGATATACATGCTATGTATAATTIGTGCATTCAATTATTTICACCACGAGC

CACTCCACCATCAGCACCCAAAGCTGAAGTTCTACATAAACTATTCCCTqRKKKKGTATATTGTACAATAACCACAGGACCACAGTACTATGTCCGTATTGAAAATAACTTGCCTTATTA

15960

16080

15962 -4

16081

AGTTGAAGCTCGTATTAAATTTTATTAATTTTACATATTACATAATATGTATTAATAGTACAATAGCGCATGTTCTTATGCATCCCCAGATCTATTTAAATCAAATGATTCCTATGGCCG
————

16200

CTCCATTAGATCACGAGCTTAGTCAGCATGCCGUGTGAAACCAGCAACCCGCTTGGCASGGATCCCTCTTCTCGCACLGGECCCATCACTCGTGGGGGTAGCTATTTARTGATCTTTATA

16320

16201

AGACATCTIGGTTCTTACTTCAGGACCATATTAACTTAAAATCGCCCACTCGTTCCCCTTARATAAGACATCTCGATGS

16398

16321

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 NADHS (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 NADHS6 (57%), COII
(64%), and NADH?2 (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 of transversions and
gaps in the 168 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 COII 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 NADHSG6 gene exhibits the lowest figure (57%)
in column IV in Table 2. This might be interpreted
to mean that the resolution in the NADHG6 gene is

higher than in the COII gene. This is not so. The
first s of the NADHG6 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 NADHG6 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
of 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 168 rRNA
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Table 3. Sequence differences between two portions of the
mtDNA 16S rRNA gene of the fin whale (B.p.), Commerson
dolphin (C.c), cow (B.t.), and human (H.s.)

Table 4. Comparison between the cytochrome & gene of the fin
whale (B.p.), dolphin (Ste.), cow (B.1.), camel {C.d.), pig (S.s.),
rhinoceros (D.b.), and human (H.s.)

B.p. C.c. B.t. H.s. B.p. Ste. B.t. Cd. S D.b. Hs.
B.p. — 8.0 16.5 234 B.p. — 832 802 779 810 80.2 74.1
Ce. 2.7 - 15.9 24.2 Ste. 908 — 786 770 79.5 79.5 73.2
B.t. 7.2 53 - 24,5 95.0
Hs. 1.3 10.9 1.0 - Br 881 8.5 — 791 804 812 73.1
The values of the two sequences have been combined. The dol- 947 929
phin sequences (Southern et al. 1988) correspond to regions 2103— Cd. 8.8 858 889 - 790 795 716
2441 and 2513-2827, respectively, in the mtDNA of the fin 93.7 929 955
whale. The figures above the diagonal show total difference (tran- S.s. 87.1 855 90.0 895 — 81.1 75.1
sitions, transversions, gaps). The figures below the diagonal show 95.0 934 963 96.0
differences limited to transversions and gaps Db. 860 858 887 873 879 - 75.5

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
rRINA 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 128 rRNA genes of the whale and the cow
differ by 5.7% with respect to transversions and gaps.
An accumulation rate of 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/cetacean 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 0of 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

926 916 937 934 937

Hs. 776 778 789 7718 779 80.7 —
871 873 873 873 879 884

The figures above the diagonal line show percent identity at the
DNA 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 (1989) 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-
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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

Replace-
ment
____l_ 2 3 substi-
Type of substitutions Ti Tv Ti Tv Ti Tv tutions
(4 A
4
Single replacements < 2 - 17
2
L 5 )
( 5 5 A
4 4
1 1
3 3
Multiple replacements 1 1 } 18
1 1
1 1
1 1
L1 1)
Silent differences 66 26
. . . 16 10 2 5 73 34 35
Total differences excluding leucine
26 14 107
Leucine 16 6 15

At the DNA level the two species differ in 184 positions. Comparison at the peptide level shows 335 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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Fig. 4. 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

Irwin et al. (1991) included the cytochrome b
sequences of three dolphin specimens of the genus
Stenella in their comparisons. Two of the specimens
were spinner dolphins, S. longirostris, and one bri-
dled dolphin, S. attenuata. We have used the con-
sensus sequence of the three specimens in a com-
parison with the fin whale in which particular
attention was paid to codons that differed between
the fin whale and Stenella (Table 5). The two se-
quences (1140 bp) differ at 184 positions. The nu-
cleotide differences concur with 35 differences at the
peptide level. Of the 35 differences, 17 are concom-
itant with single replacement substitutions. The 18
remaining differences coincide with a difference at
two or three (two cases) codon positions. In position
1 there are 26 differences between the fin whale and
Stenella, 8 of which (4 transitions and 4 transver-
sions) constitute single replacement substitutions.
Of the 14 differences in position 2, 4 (2 transitions
and 2 transversions) constitute single replacement
substitutions. The remaining 10 differences concur
with a difference in position 1. Thus, out of a total
of 40 differences in codon positions 1 and 2, only

CGAT.AGCATT?%??GACGCTGGAGCCGGAGC ....... PCCCTATGTCGCAGTATCTGTCTTT . v v v v v u e CGAACATACTTACTAAAGTGTGTTAA

T, TTAATGGTTACAGGACATA. . GTACTCCACTATTCCCCCCGGGCTCARAAAACTGTATGTCTTAGAGGACCAAACCCCCCTCCTTCCATACAATAC 800
T TTAATGGTTACAGGACATA]. . TTACTCTATTATT . CCCCCGGGTTCAAAAAACTCTATCTCACGGGGGTTTAAACCCCCCTTCCCCCTTACAAAAC
AJAGTCAATGGTCACAGGACATAAATTA. . . TATTATATATCCCCCCTTCATARAAATTT //

TAACCCTCTGCTTAGATATTCACCACCCCCCTAGACAGGCTCGTCCCTAGATTTARRAGCCATTTTATTTATARATCARTACTAAATCTGACACAAGCCC 900
TGATCGTCTGCTTTAATATTCACCACCCCCCTACAGTGCTTCGTCCCTAGATCTACGCGCACTTTTTTTAATAAATCAATACCARATCCGACACARGCCC

(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%.

12 constitute single differences. A survey of conser-
vative differences (transitions or transversions in
codon positions 1 or 2 and transversions in position
3) between the fin whale and Stenella shows that
conservative differences frequently occur together
in nonsilent changes. However, as is evident from
comparing Fig. 3a and 3b, the occurrence of double
(or triple) substitutions within a codon does not re-
sult in DNA and protein data being at variance with
each other in phylogenetic comparisons.

The D-loop of the fin whale i1s 928 bp long. The
D-loop of the fin whale and that of C. commersonii
have an average identity of 81%. However, in the
central portion of the D-loop the agreement is great-
er. Figure 4 shows an alignment of the D-loop of
the two species. Truncated portions of the D-loop
of the cow and human are also included. The boxed
arcas comprise regions that show the highest degree
of conformity between the fin whale and the dol-
phin. In most instances the conformity also extends
to the sequences of cow and human. In box 1 the
agreement between the fin whale and the dolphin is
939%, between the whale and the cow 91%, and be-
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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 1 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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