
J Mol Evol (1993) 37:296-310 
Journal 
of Molecular 
Evolution 

© Springer-Verlag New York Inc. 1993 

Molecular Characterization and Evolution of a Duck Mitochondrial Genome 

V. Ramirez, P. Savoie, R. Morais 

D6partement de Biochimie, Facult6 de M~decine, Universit~ de Montr6al, Quebec, Canada, H3C 3J7 

Received: 3 September 1992/Revised: 17 December 1992 

Abstract. We sequenced 6,478 bp of mitochon- 
drial DNA from Peking duck (Anas platyrhyncos). 
Eight protein genes, 11 tRNAs, part of the small 
and large ribosomal subunits, and the control region 
sequences were compared to homologous chicken 
sequences.  The gene organization in duck and 
chicken is identical but differs from other verte- 
brates in the juxtaposition of the tRNAG~U-ND6 
genes next to the control region and in the lack of 
a hairpinlike structure be tween  the genes for 
tRNA Asn and tRNA cys used for light-strand replica- 
tion. Protein, tRNA, and rRNA genes evolved 
mainly through base substitutions and small inser- 
tions and deletions. Transitions greatly outnumber 
transversions in the tRNA and rRNA genes, but 
this bias is not evident in protein genes; the control 
region has a higher proportion of transversions. The 
duck and chicken control regions show a high fre- 
quency of length mutations. Large A-T-rich nucle- 
otide stretches dispersed across the region between 
the bidirectional transcription promoter and the 
heavy-strand replication origin in the chicken are 
absent in the duck. Sequence elements for heavy- 
strand replication in mammals are conserved in the 
duck and chicken control regions. Estimates of di- 
vergence for ribosomal RNAs and proteins based 
on total substitutions, transversions, and amino 
acid replacements show that all the duck/chicken 
values are lower than the corresponding mammal/ 
mammal (cow, human, mouse) values. If paleonto- 
logical data suggesting that avian and eutherian or- 
dinal radiation occurred at approximately the same 
time are correct, this suggests that at great evolu- 
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tionary distance, rate of mitochondrial DNA evolu- 
tion in birds is somewhat decelerated compared to 
mammals. 

Key Words: Mitochondrial DNA - -  Anas platy- 
rhynchos - -  Gene order - -  Rate of evolution 

During the past decade, analysis of vertebrate mi- 
tochondrial DNA (mtDNA) nucleotide sequences 
has provided valuable information on phylogeny 
and organismal evolution (Brown 1983, 1985; Kraus 
and Miyamoto 1991; Irwin et al. 1991). In mammals, 
where complete and partial nucleotide sequences 
from a number of species are available, the mean 
rate of initial sequence divergence over the whole 
mtDNA molecule has been estimated as being 
about 2%/Myr (Brown et al. 1979, 1982; Ferris et al. 
1981; Miyata et al. 1982). A similar rate has been 
inferred for frogs, salmonid fishes, and geese (Wil- 
son et al. 1985). Peculiar features of mtDNA se- 
quence changes among closely related species in- 
clude a high incidence of transitions in relation to 
transversions and a higher proportion of silent re- 
placement substitutions (Brown and Simpson 1982; 
Ferris 1983). Rate of sequence divergence within 
the mtDNA molecule is variable, being higher in 
noncoding regions versus coding regions and het- 
erogeneous within lineages at different nucleotide 
positions and genes. When distantly related species 
are compared, the transition/transversion ratio falls 
as the time of divergence increases, probably as a 
result of mutational saturation by multiple substitu- 
tions at the same nucleotide site (Brown et al. 1982; 
DeSalle et al. 1987). In primates, cow, and mouse 
the apparent rate of substitution slows substantially 



after 15% overall sequence divergence and is re- ~ COI 

duced by an order of  magnitude at approximately 
30% divergence (Moritz et al. 1987). 

We h a v e  recent ly  s e q u e n c e d  the c o m p l e t e  61 
chicken (Gallus gallus domesticus) and part of  the 
Japanese quail (Coturnix japonica) mitochondrial 121 
genomes (Desjardins and Morais 1990, 1991). We 
found that the genome organization and modes  of  181 
replication and transcription (L'Abb6 et al. 1991) of  241 
gallinaceous m t D N A s  differed from that seen in 

301 
mammals and amphibians. In contrast, sequence 
comparisons of  large m t D N A  fragments suggests 361 
that gallinaceous mitochondrial genomes evolve  in 421 
a similar manner to mammalian mtDNAs ,  in accor- 
dance with previous observations (Wilson et al. 481 
1985). To obtain further information on genome or- ~1 
ganization, evolution, and expression of  bird mtD- 
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NAs ,  we have been engaged in sequencing selected 
m t D N A  fragments from other extant bird orders. 661 
Here, we report on the chemical characterization ~21 
and evolution of  large m t D N A  segments of  the Pe- 

7 8 1  
king duck (Anas platyrhyncos), a distant relative of  
galliforms. These data will be used to address the 841 
question of  tempo of  evolution of  avian mtDNAs.  

901 

Materials and Methods 

Mitochondrial DNA was extracted from Peking duck liver fol- 
lowing the procedure described for chicken (Morais et al. 1988). 
Five mtDNA fragments were generated by endonuclease diges- 
tion and cloned into pBluescript SK (clone pMtD4) and pUC18 
(clones pMtD1-3,5). The relative position of the fragments on a 
linear representation of the duck mtDNA has been reported else- 
where (Desjardins et al. 1990). Clones pMtD1 and 2 were trans- 
ferred into M13mpl8-mpl9 phages and subclones were obtained 
by exonuclease digestion of the 3' end according to a published 
procedure (Dale et al. 1985). All the cloned mtDNA fragments 
were found stable after multiple passages through Escherichia 
coli. Single- and double-stranded DNA fragments were se- 
quenced according to the dideoxynucleotide chain termination 
method (Sanger et al. 1977) using T7 DNA polymerase (Pharma- 
cia) and either universal primers or synthetic oligomers. All se- 
quences shown were sequenced at least twice in both orienta- 
tions. The gene content was determined by comparison with 
mtDNA sequences available in the GenBank databases. Align- 
ment of the sequences was performed using the program package 
of Corpet (t988). Alignments were maximized for sequence sim- 
ilarity by visual inspection. 

Results and Discussion 

DNA Sequence and Genomic Organization 

The nucleotide sequence of  several cloned regions 
of  the duck mitochondrial genome is shown in Fig. 
1. A total of  6,478 nucleotides was surveyed and the 
overall base composit ion of  the light (L) strand is 
30.2% A, 16.8% G, 21.8% T, and 31.2% C. Se- 
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tO CO~II. 

- - C ~ I - ; ' Y H T F E E P A F V Q V * ~ - - ~ - -  ; . . . . . . . .  
CCCCTC~TACCACACC~CGAGGAGCCAGC~TCGTTC~GTAC~GAAA~GG~T 

........... t~A(Ser) .................................... * * 
CG~CCTC~TACACTGGT~CAAGC~GCTG~CCACTCATGCTTCTTTCTCATG 

.................... t~A(Asp) ............................... 
AAATGTTAGTA~ACC~TTACATAGCCTTGTCAAGGCTAAATCACAGGTGAAAGCCCTGT 

*--COII--b 
....... • M A N H S Q L G F Q D A S S P I M  
ACATCTCACGTGGCC~CCACTCCC~CTAG~T~CAAGACGCCTCATCACCCATTATA 

E E L V E F H D H A L I V A L A I C S L  
G~GAGCTCGTTG~TTCCACGACCACGCTCTGATTG~GCCTTAGCTATCTGCAGCCTA 

V L Y L L A H M L M E K L S S N A V D A  
GTCCTATACCTCTTAGCCCACA~CT~TAGAA~CTATCATCC~CGCAGTAGACGCC 

Q E V E L I W T I L P A I V L V L L A L  
C~G~GTAG~CT~TCTG~C~TCCTACCCGCCATCGTCCTAGTACTCCTCGCCCTC 

P S L Q I L Y M M D E I D E P D L T L K  
CCATCCCTACAAATCCTGTACAT~TAGACGAAATCGACGAGCCAGACCTCACACTAAAA 

A I G H Q W Y W S Y E Y T D F K D L S F  
GCCATTGGCCACCAGTGATACTG~GCTACG~TACACAGACTTC~GGACCTCTCATTC 

D S Y M I P T T D L P N G H F R L L E V  
GACTCCTACAT~TTCCCACCACAGACCTGCCAAATGGGCACTTCCGACTCCTAG~GTT 

D H R V V V P M E S P I R V I I T A G D  
GACCACCGCGTAGTCGTACCCATAG~TCACCGATCCGCGT~TTATTACTGCCGGAGAC 

V L H S W A V P T L G V K T D A I P G R  
GTACTTCACTCATGAGCAGTTCC~CGCTCGGAGTTAA~CAGATGC~TCCCAGGCCGA 

L N Q T S F I T T R P G I F Y G Q C S E  
CTAAACCAAACCTCATTCATTACCACCCGGCCTGGGATTTTCTACGGCCAGTGCTCAG~ 

I C G A N H S Y M P I V V E S T P L P y  
ATCTGCGGGGCT~CCACAGCTACATGCCTATTGTAGTAG~TCTACCCCACTCCCATAC 

F E A W S S L L S S S * *  ...................... 
TTTG~GCCTGATCATCCCTCCTATCGTCATCCT~TCATT~G~GCTATGC~CAGCA 

*--ATPase8--, 
tRNA(Lys) .................................... * M P Q L 
CTAGCCTTTT~GCTAGCTAAAGAGG~TTATCCCCTCCTT~TGGCATGCCTC~CTCA 

N P A P W F S I M V M T W L T L A L L I  
ACCCTGCACCATGATTCTC~TCATAGTCAT~CCTGACT~CCCTCGCACTCCT~TCC 

Q P K L L T F T T T N P P S K K P S L I  
AGCC~AACTGCT~CCTTCACCAC~CAAATCCCCCATCA~CCATCACTCATCA 

*--ATPase6--, 

~ N T L S F F D Q F S S P  
T K P ~ P W A W P  * 
CCAAACCCACACCATGAGCCTGACCATG~CCT~GTTTCTTTGACC~TTCTC~GCCC 

H L L G H P L I L L S L L L P A L L F P  
CCACCTACTTGGTCATCCCCTGATCCTACTATCCCTGCTTCTTCCAGCCCTATTGTTCCC 

S P G N R W I N N R L S T I Q L W L L H  
ATCCCCAGGC~CCGATG~TCAAC~CCGACTATCCACCATCC~CTGTGACTCCTACA 

L I T K Q L M I P L N K N G H K W A L M  
CCT~TCACAAAAC~CT~T~TCCCATTAAACA~CGGCCACAAATGAGCCCTGAT 

L T S L M T M L L T I N L L G L L P Y T  
GCT~CATCACT~T~CCATACTCCT~C~TC~CCTTCTAGGACTTCTCCCATATAC 

F T P T T Q L S M N M A L A F P L W L A  
ATTCACCCCAACCACCCAGCTATCCATAAACATGGCCCTAGCTTTCCCCCTGTGGCTTGC 

T L L T G L R N K P S A S L A H L L P E  
TACCCTACT~CAGGCCTGCGAAACA~CCATCAGCCTCCTTGGCTCACTTACTGCCAGA 

G T P T P L I P A L I L I E T T S L L I  
AGG~CCCC~CACCCCTGATCCCCGCACT~TCCTGATCGAAAC~CCAGCCTGCTGAT 

R P L A L G V R L T A N L T A G H L L I  
CCGGCCCTTAGCTCTAGGAGTCCGCCTCACAGCT~CCTCACAGCAGGCCACCTACTTAT 

Q L I S T A S I A L K P I L P T V S I L  
TC~CTCATCTCCACAGCCTCCATCGCACTC~GCCCATCCTTCCCACAGTATC~TCCT 

T M A I L L L L T I L E V A V A M I Q A  
~C~TAGCCATCCTACTACTCCTCACCATCCTAG~GTAGCAGTGGCCAT~TCCAGGC 

*--COIII--P 
Y V F V L L L S L Y L Q E N I * M A H Q  

CTACGTTTTCGTCCTCCTCCT~GCCTGTACTTAC~GAAAACATCT~TGGCACACC~ 

A H S Y H M V D P S P W P I F G A A A A  
GCACACTCCTACCACATAGTCGACCCCAGCCCCTGACC~TCTTTGGAGCTGCCGCCGCC 

L L T T S G L V M W F H Y N S S I L L A  
TTACTCAC~CCTCAGGGCTAGTCATGTGATTCCACTAC~CTCATCTATCCTGCTAGCC 

A G L L S M L L V M L Q W W R E I V R E  
GCCGGCCTCTTATC~TGCTCCTAGTGATACTCC~TGATGACGGGAGATTGTCCGAGAG 

S T F Q G H H T P T V Q K G L R Y G M I  
AGCACCTTCC~GGCCACCACACACCTACAGTCCA~GGCCTACGATACGGCAT~TC 

LF 
CTCTTC 

Continued on next p~e. 
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B) ND6 

1 

61 

121 

181 

241 

301 

361 

421 

481 

541 

601 

tO 12SrRNA. 

A E P F P E A A L A V S Y V F V V L M G 
AAGC TTC C GGAAAAGGC TC CGC GGC CAGAGCTACAGAGTAGACA~TAC CAC CAACATGC 

G F Y V M F L V L A V F S V G L S L L W 

CCCCAAAATACAC CATAAACAG CAC CAGGGCTACAAAC GAAACC C C GAGGC TCAATAACC 

G C G A V S A L V L G V V G Y Y P 8 P N 
AC C CACACCCAGCCACAGATGC TAAAAC TAAGC CAAC TACCC CATAGTAC GGC GAAGGAT 

- - -ND6 

8 A V G L V G V V F C I G L F F V F Y T 
TCGAT GC TACAC C TAAAACAC CCACAACAAAGCAGATTC CTAGAAAAAATACAA~ATAAG 

M * .......................... tRNA (glu) .................... 

TCATTATTCCTGCTCGGCCACTACCCGAGACCTACGGCTCGAAAAGCCGTTATTGTTATT 
.............. • *--- Control region ---• 
TTCAAC TACCAGAACAGCTAGA~TAGC CTAAT~.ATGC TC TCAGGACC C CC C C C C C CTTCC 

TAS 
CCCCCCAGGGGTTGCGGGGTTATTTGGTTATGCATATCGTGCATACATTTATATTCCCCA 

TAS 
TATATTAAC CTATGG TCC C GGTAATAAACACTATTAAC CAACTATC CTACATGCACGGAC 

TAAACCCATCACATGTCAACGGACATACCCTACTATCGGACTACCCTCCCAACGGACCCA 

GAGTGA~TGC TC TAATAC CCA~CACC TCAACAC CACATAACAT G C C CC CAAC CAGAACA~ 

GGCCCCATAATGATGAATGCTTGACAGACATACCCTACCAACACTCCAAATTCCTCTCCA 

29 bp se~ence 
661 CCCACCCATTACTCATGAAGCTGCGTACCAGATGGATTTATTAATCGTACACCTCACGTG 

721 AAATCAGCAATCCTTGCACATAATGTCCGACGTGACTAGCTTCAGGCCCATACGTTCCCC 

781 CTAAACCCCTCGCCCTCCTCACATTTTTGCGCCTCTGGTTCCTCGGTCAGGGCCATCAAT 

841 TGGGTTCACTCACCTCTCCTTGCCCTTCAAAGTGGCATCTGTGGAATACTTCCACCATCT 

901 CAATGCGTAATCGCGGCATCTTCCAGCTTTTTGGCGCCTCTGGTTCCTTTTATTTTTTCC 

961 GGGGTTACCTCACAGCTGGCCCTTCCCAGTGACTTCGGGGGTCCCACAATCTAAGCCTGG 

1021 ACACACCTGCGTTATCGCGCTATCCTATATCTCAGGGATTACTCAATGAGACGGTTGGCG 

1081 TATATGGGGAATCACCTTGACACTGATGCACTTTGACCACATTCAGTTAATGCTCTCTCC 

CSB-I 
1141 ACAGC TCTATATAATAGGGC TATTTAGTGAATGCTC GATGGACATAC T T T A ~ C ~  

CSB-2 CSB-3 LSP/HSP 
1201 C CACCCCAACCACAACC C CACAATATATATATACATACAAAAC GAAATG CATAACATGAC 

1261 CTA~TTTATTAGAGAAACTCCAGCACTAAAGAC GATC CA~3~C CC GATGACAATCATTAC 

1321 TTTGACCTAACAAACATTACCCAATTAACCAGCCACCTGCCCCGTCCACATAGCTTACCA 

...... tRNA (Dhe) ..................................... 4, ...... 
1381 CAAAAGCATGGCAC TGAAGC TGC CAAGACGGCACAC GAACATG CCTGC G GACA2LKAGAC T 

........................ 12SrRNA ............................. 

1441 TAGTCCTAACCTTACAGTTGGTTTTTGCTAGACATATACATGCAAGTATCCGCGCCCCAG 
............................................................ 

1501 TGTAAATGCCCTCAATAGCCTTCACCCCAGGCTTAAGGAGCGGGTATCAGGCACACCAAG 

1561 CAGTAGCCC~%GACG CTTG C T 

C) 12SrRNA. 

......................... 12SrRNA ............................ 

1 C CAC C GC GGTCATAC~KGAGAC C CAAAT CAACTGTC CTACAAGCGGC GTAAAGAG T G GTA 
............................................................ 

61 AGATGCCTATCCTACCTAACTAAGATCAAAATGCAACTAAGCTGTCGCAAGCACAAGATG 
............................................................ 

121 CACC TAAACACAC CAATCAAGATGATCTTAGAAC TAGC GATTAATTTTAAC C CACGAAAG 
............................................................ 

181 CCAGGGCCCAAACTGGGATTAGATACCCCACTATGCCTGGCCCTAAATCTTGATACATTA 
............................................................ 

241 CCCTACCGAAGTATCCGCCAGAGAACTACGAGCACAAACGCTTAAAACTCTAAGGACTTG 
............................................................ 

301 GCGGTGCCCTAAACCCACCTAGA~GAGCCTGTTCTGTAATCGATGATCCACGATCAACCC 
............................................................ 

361 ~ACCGCCCCTTGCCAAGCACAGCCTACATACCGCCGTCGCCAGCCCACCTCGAATGAGAG 
............................................................ 

421 CGC~CAGTGGCGCAACAGCACCCCGCTAATAAGACAGGTCAAGGTATAGCCTATGGGAC 
.......................................................... • 

481 GGAAGAAATGGGCTACATTCCCTATGCATAGGGCAACACGGGAAAGAAGTATGAAACTG 

D) 16SrRNA to ND1. 

........................ 16 SrRNA ............................. 
1 ACCTCGACTAGAGGATA~ATCTAATCTAATCACCAACCTTACTGTGGGCCTTAAAGCAGC 

............................................................ 

61 C TTCAACAAAGAG T GC GTCAAAGC TC CACAC TCAAAAAT GC CAA~CI~AGAT G~-KTC C C T 
............................................................ 

121 TACCACAAACAG GT TAACC TAT GAATATAGGAGAATTAATGC TAA~T GAGT~.KC TTGG~ 
............................................................ 

181 GCCACACCCACCCCTCTAGCGGCGCAAGCTTACATGAGAACATTATTAACAGACCCAGAC 
............................................................ 

241 ATATACAAAAAC TC C TACAAGACCAGG TATAAAC TCACC C TG TTAAC CCGACTCAG GAGC 
............................................................ 

301 GC C CATAAGAGAGATTAA~TC TG T GAAAGGAACTC G GCAAAACAAG G CC CGACT GTTTA 
............................................................ 

361 C CAA~AACATAG CCTTCAGCAAACA~CAAGTATTG~GGTGATG C C T GC C CAG TGAC C T 
............................................................ 

421 AGGTTA~%C G GC CG CGGTATCCTAACCGTG CA~AG GTAGC GCAATCAATTG TC C CATAAA 
............................................................ 

481 TCGAGACTTGTATGAATGGCTAAACGAGGTCTTAACTGTCTCTCACGGATAATCAGTGAA 
............................................................ 

541 ATT GATC TC CCCGTGCA~%AGC G GGATG TGAACATAAGAC GAGAAGAC C CTGTGGAACTT 
............................................................ 

601 A~TCAAC GG C CAC CGCGAAC C TAAGAC TAAAC C CACC GGG CTACAGACATCG CAGAG 
............................................................ 

661 CATGGCCGATATTTTTCGGTTGGGGCGACCTTGGAGAACAACAGATCCTCCAAAAACAAG 
............................................................ 

721 ACCACAC CTC TTTAC TTAGAG CCACC CCTCAAAGTGCTAATAGTGAC CAGAC C CAATATA 
............................................................ 

781 ATTGATTAATGGACCAAGCTACCCCAGGGATAACAGCGCAATCCCCCTCAAGAGCCCCTA 
............................................................ 

841 TCGACAGGGGGGTTTACGACCTCGATGTTGGATCAGGACATCCTAATGGTGCAGCCGCTA 
............................................................ 

901 TT~.AGGGT TC G TTT GTTCAAC GATTAATAGTC C TACGTGATC TGAGTTCAGAC C GGAGCA 
............................................................ 

961 ATC CAGGTC GGTTTCTATCTATGAAC TACTC TCC CCAGTACGAAAGGAC C GGGAAAGTAA 
............................................................ 

1021 GGCCAATACTACAAGCAC GC CTTC CCTCT~G TAGTGAAAC CAACTCAAC TATGAAGAGG 
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E) ND2 

1 

61 

121 

181 
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421 
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  

1081 ACTCCCCCCCACCACCCCAACTCCTAGAA~GGAT~GCTAGAGTGGCAGAGCCGGCA~ 

---tRNA(Leu) ...................................... * M P 

ATGCA~GGCTTAAGCCCTTTACCCAGAGGTTCA~TCCTCTCCCTAGCTACACATGCC 
~I--, 

Q T T M V S Y L I M A L L Y I I P I L I  
ACA~C~C~TAGT~GCTACCTCATTATAGCCCTGCTATACATCATCCC~TCTT~T 

A V A F L T L V E R K I L S Y M Q S R K  
TGCCGTGGCTTTCTTGACTCTAGTCG~CGA~TTCT~GCTACATGC~TCCCGT~ 

G P N I V G P F G L L Q P I A D G I K L  
AGGCCCC~CATCGTGGGCCCTTTTGGCCTGCTCC~CCCATTGCAGACGG~TCA~CT 

F I K E P I R P S T S S P L L F I M M P  
ATTCATTA~GAGCCCATTCGACCTTCCACCTCCTCACCGCTCCTCTTCATCAT~TGCC 

M L A L L L A L T A W V P L P L P F S L  
CATACTAGCCCTCCTCCTAGCCCTCACCGCCTGAGTGCCCCTCCCCCTCCCGTTCTCACT 

V D L N L G V L F M V A M S S  
AGTAGACCTG~CCTCGGGGTCCTCTTTATAGTAGCCATATC~GCTT 

to COI. 

---ND2--• 

M K Q W Y T S K P P S T P T A I L A S L  

ATAAAACAGTGGTACACTAGCAAACCCCC~GCACGCCCACCGC~TCCTAGCCTCACTA 

S I L L L P L S P M V H A I V *  ............. 
TC~TCCTCCTACTCCCCCTCTCCCCCATAGTCCACGCTATTGTCTAGAAACTTAGGATA 

.............. tRNA(Trp) ..................................... 

ACACCCACCTAAACCG~GGCCTTC~GCCTTAAAT~GAGTTAAACCCTCTTAGT~C 

-* * .......................... tRNA(AIa) ................... 
TGCGCT~GACC~CAGGACAGT~CCTGTATCTCCTGGATGC~CCAGACGC~T~T 

............. • * ........................... tRNA(Asn) ....... 
T~GCTAAAGCCTTTGCTAGACAGACGGGCTTCGATCCCGCAAAATTTTAGTT~CAGCT 

............................ • * ..................... tRNA(Cys) 
AAACGCCCAAACCTACTGGCCTCTGCCT~GGCCCCGGTACACTCTCGTGCACATCGATG 

.................................. • ......................... 

AGCTTGC~CTC~CATG~CTTCACTACAGGGCCGAT~G~GAGG~TTG~CCTCTG 

*--COI--b 
-tRNA(~r) ................................... * M T F I 

TAA~GGACTACAGCCT~CGCTTTAAACACTCAGCCATCTTACCCGTGACCTTCATCA 

N R W L F S T N H K D I G T L Y L I F G  

ATCGATGACTATTTTCTACC~TCACAAAGACATCGGTACTCTATACCTTATCTTCGGGG 

A W A G M I G T A L S L L I R A E L G Q  

CATGAGCCGG~T~TTGGCACAGCACTCAGCCTACTGATCCGGGCAG~CTAGGCCAGC 

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

CAGGGACCCTCCTGGGCGACGACCAAATTTAT~CGTGATCGTCACCCGTCACGCZ~CG 

V M I F F M V M P I M I G G F G N W L V  

T~T~TCTTCTTCATGGT~TGCCCATCAT~TTGGAGGGTTCGGC~CTGATTGGTCC 

P L M I G A P D M A F P R M N N M 8  
CCCTGAT~TCGGTGCCCCCGACATAGCATTCCCACG~TAAAC~CAT~GCTT 

Fig. 1. Continued. Nucleotide sequence of various cloned 
duck mitochondrial DNA fragments (A-E). Sequences 
shown are those of the L-strand and are numbered 
commencing from the first nucleotide at the 5' end of  each 
mtDNA fragment. All coding regions except those for ND6 
and six tRNA (Glu, Ser, Ala, Asn, Cys, Tyr) genes are 
transcribed from the H-strand. The encoding tRNA and 
rRNA genes are indicated by broken lines above the 
nucleotide sequence and are delimited by asterisks to 
indicate the putative 5' and 3' encoded nucleotide. 
Anticodons are underlined. Translation of the protein genes 
is indicated above the sequence using the one-letter amino 
acid code. Stop codons are designated by asterisks. Also 
underlined in the control region (B) are the positions for the 
conserved sequence blocks (CSB-1, -2, -3), the putative 
bidirectional promoter (LSP/HSP), the 
termination-associated sequences (TAS), and the 29-bp 
CSB-l-like sequence. CSB-3 is overlined. 



AA D D 

stem stem loop 

ALA :AAGGCTT TA GCTT AATTA 

G****C* ** **** ***** 

ASN :TAGGCAG AG GCCA GTAGGTTT 

******* *A **** A*T***G* 

ASP :GAAATGT TA GTAA ACCAA 

**G'C** ** **** ***** 

CYS :GGCCCTG TA GTGA AGT 

*A'T*** ** **** *** 

GLU :GTTCTGG TA GTTG AAA.ATAA 

****CC* ** **** *G**--- 

LEU(UUR):GCTAGAG TG 

*****C* ** 

GCAG AGC-CGGCAA 
**** ***T****** 

LYS :CATTAAG AA GCTA TGCAA 

******* ** **** ****C 

PHE :GTCCACA TA GCTT ACCA-CAA 

*C**C** ** **** *A*CC*** 

SER(UCN):GAGAAAGAA 

A****** ** 

D AC AC 

stem stem loop 

AC V T T T AA 

stem loop stem loop stem stem 

AAGC G TCTGG TTTGCAT CCAGG 

**** * ****A ******* T**** 

GGGC G TTTAG CTGTTAA CTAAA 

T*** A ***** ******* ***** 

TTAC A TAGCC TTGTCAA GGCTA 

**** * ***A* C****** *A*** 

TCAT G TTGAG TTGCAAG CTCAT 

**** A A**** ******A ***G* 

TRP :AGAAACT TA 
******* ** 

CAAT A ACGGC TTTTCGA GCCGT 

***C * *T*** *****A* ***** 

ATGC A AAAGG CTTAAGC CCTTT 
**** * ***** ******* ***** 

CAGC A CTAGC CTTTTAA GCTAG 
**** * ***** ******* ***** 

AAGC A TGGCA CTGAAGC TGCCA 

**** * ***** ******A ***** 

GCAT -GAGTGGTTA- ATGC A GCTGG 

**** TA*******TG **** G *T*** 

AGAT ACAGG TTAGTGT CCTGT TGGTCTTA 

**** ***** ***A*** ***** ******** 

ATTTT GCGGG ATCGAAG CCCGT CTGTCTAG 

***G* AT*** ******* ***A* ******** 

GGAT -AACACCCACCTA AACC G AAGGC 

**** T**TGT*****-* **** A ***** 

AATC ACAGG TGAAAGC CCTGT ACATCTCA 

**** ***** **C**A* ***** ******** 

CGAT GTGCA CGAGAG TGTAC CGGGGCCT 

T*** **A** *T'A** ***G* *****T** 

AGGT CTCGG GTAGTGG CCGAG CAGGAATA 

**TC **T** *GTC*AA **A** *G****** 

ACCC AGAGG TTCAAAT CCTCT CCCTAGCT 

*T** ***** ******* ***** ******** 

CTAAA GAGGA ATTATC- CCCTC CTTAATGG 

--*G* ****G GAC*C*C T**C* *******A 

AGAC GGCAC ACGAAC ATGCC TGCGGACA 

***T **T** -*T*CT **A** **T**G** 

CTTGAAA CCAGT GTAT GGAGG TTCGATT CCTTC CTTTCTTG 

******* ***AC A'G* *AG** ******* ***** ******** 

CTTCAAA GCCTT AAAT AAGAG TTAAACC CTCTT AGTTTCTG 

******* ***** **** ***** ******T ***** ******** 

TYR :GGTAAGA TG GCTG AGTGTTTA AAGC G TTAGG CTGTAGT CCTTT TTAC AGAGG TTCAATT CCTCT TCTTATCG 

******* ** **** ******-G **** * ***** ******* ***** **** ***** ******* ***** ******** 

Fig. 2. Sequence comparison of the duck tRNAs (sense strand) 
with those from chicken (Desjardins and Morais 1990). In each 
case, the duck sequence is shown in full. Numbering of the 
equivalent sequence region in duck is the following: Fig. 1A, 
tRNA set (45-117); tRNA Asp (120-188); tRNA Lys (875-946). Fig. 
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1 B, tRNA ~ (245-315); tRNA vhe (1364-1433). Fig. 1 D, tRNA L~u 
(1118-1191). Fig. 1E, tRNA Trp (107-182); tRNA ma (186-254); 
tRNA a~n (257-329); tRNA cys (330-395); tRNA Tyr (395--466). 
Residues in chicken homologous to those of duck are indicated 
by asterisks and missing nucleotides by dashes. 

quenced fragments contain the entire control re- 
gion; the protein genes COII, ATPase6,  and 
ATPase8; 11 tRNA genes; and partial sequences of 
the genes encoding NDI,  ND2, ND6, COI, COIII, 
and the small and large ribosomal subunits. As in 
chicken and other vertebrates, the duck mitochon- 
drial genome is organized in an economical fashion. 
Some contiguous genes are butt-joined: ATPase6- 
COIII, ND6-tRNA 61", and tRNAASn_tRNACys. Oth- 
ers are separated by short noncoding sequences of a 
few nucleotides or overlapped: COI-tRNA ser(cuN), 
A T P a s e 8 - A T P a s e 6 ,  tRNACyS-tRNA Tyr, ND2-  
tRNA Trp. All the structural genes are punctuated by 
one or more tRNA genes at either their 5' or their 3' 
or both their ends. 

The relative position and the orientation of all 
genes and the control region in the duck mitochon- 
drial genome are identical to those found in homol- 
ogous regions of chicken and quail (Desjardins and 
Morais 1990, 1991). Compared to other vertebrates, 
duck and gallinaceous birds mtDNAs display two 
peculiar characteristics.  First, the contiguous 
tRNAGIU-ND6 genes are located immediately up- 
stream of the control region in duck (Fig. 1B) and 
gallinaceae (Desjardins and Morais 1990, 1991), and 
thus are transposed with respect to the organization 
in mammals (Anderson et al. 1981, 1982; Bibb et al. 
1981; Gadaleta et al. 1989; Arnason et al. 1990; Ar- 
nason and Johnsson 1992), Xenopus laevis (Roe et 
al. 1985), and fishes (Johansen et al. 1990). Second, 

duck (Fig. 1E) and gallinaceae lack a hairpinlike 
structure located between the genes for tRNA asn 
and tRNA cyS in vertebrates, which serves as start 
site for the light (L)-strand replication in mammals 
(Hixson et al. 1986). Since both Galliformes and 
Anseriformes are ancient lineages (Brodkorb 1964), 
our observations suggest that the molecular events 
causing these changes took place in an early bird 
ancestor. Polymerase chain reaction and DNA se- 
quencing showed that the gene organization seen in 
duck and gallinaceae is also characteristic of many 
other extant bird orders (Morais et al., unpublished 
results). These observations, and those of P~ifibo et 
al. (1991) showing that tRNA genes in the vicinity of 
the putative L-strand replication origin in marsupi- 
als have been rearranged, clearly suggest that the 
arrangement of vertebrate mtDNAs is more fluid 
than previously thought. 

Transfer and Ribosomal RNA Genes 

We have identified 11 tRNA genes from their loca- 
tion and nucleotide similarity with corresponding 
sequences in chicken and other vertebrates. Se- 
quence comparisons indicate that these genes are 
highly homologous to their chicken counterparts 
(Fig. 2). Nucleotide identity ranges from 76.5% for 
tRNA 61u to 98.6% for tRNA Tyr, with a mean of 
88.2% (Table 1). This value is higher than those for 
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Table 1. Sequence comparisons between duck and chicken mitochondrial DNA genes 

% % Amino % Amino Transition 
Length Nucleotide acid acid 

Gene (nt) identity identity similarity A-G C-T Total 

Transversion 

A-C A-T G-C G-T Total 

ND1 353 76.2 80.3 95.7 15 26 41 
ND2 105 67.6 54.3 85.7 8 11 19 
ND6 244 77.9 82.7 98.8 13 14 27 
COI 358 81.6 97.5 98.3 14 26 40 
COIl 684 83.5 93.8 98.7 18 37 55 
COIII 258 81.5 90.7 98.8 16 9 25 
ATPase 8 165 73.9 72.2 94.4 3 11 14 
ATPase 6 681 80.0 88.5 96.0 21 40 61 
16S rRNA 1117 84.1 - -  - -  41 55 96 
12S rRNA 687 87.4 - -  - -  23 28 51 
t R N A ( l l )  781 88.2 - -  - -  28 39 67 
Control 

region 1048 71.0 - -  - -  40 73 113 

27 8 6 2 43 
7 3 4 1 15 

13 9 5 0 27 
12 7 6 1 26 
36 14 7 1 58 
12 7 4 0 23 
16 8 2 3 29 
52 13 8 2 75 
44 21 10 7 82 
15 10 6 3 34 
7 6 9 3 25 

55 78 24 34 191 

genes encoding rRNAs and proteins, in agreement 
with the situation in mammals when distantly re- 
lated species are compared (Brown 1985; Cantatore 
and Saccone 1987). The high degree of conservation 
of the tRNA genes likely depends on functional 
constraints associated with protein synthesis on mi- 
tochondrial ribosomes, processing of the H- and 
L-strand transcripts (Ojala et al. 1981) and regula- 
tory roles such as transcription termination (Chris- 
tianson and Clayton 1988; Kruse et al. 1989). Evo- 
lution of the avian mitochondrial tRNA genes 
mainly involves point mutations, but length varia- 
tions of one to three nucleotides also contribute to 
this process. Transitions, which greatly outnumber 
transversions (Table 1), are found mainly in stem 
regions and nearly half of them are compensated by 
transitions in the complementary strand such that 
base pairing is maintained (Fig. 2). Transversions 
are mainly confined to the DHU, TYC, and variable 
loops, along with addition/deletion events. 

We have sequenced about two-thirds of the 12S 
and 16S rRNA duck genes (Fig. 1B-D). Percent nu- 
cleotide identities between the duck and chicken 
sequences are respectively 87.4 and 84.1 for 12S 
and 16S rRNAs (Table 1). Our comparisons re- 
vealed that avian rRNAs genes evolve similarly to 
tRNA genes (Table 1). Both 12S and 16S rRNAs 
can be folded by base pairing into domains which 
involve conserved structural elements similar to 
those found in mammals (Glotz et al. 1981; Zwieb et 
al. 1981) and Xenopus laevis (Roe et al. 1985; 
Dunon-Bluteau and Brun 1986). Most base substi- 
tutions and length mutations are found in nonpaired 
segments. In stem regions, substitutions account 
for about 40% of the total and consist mainly of 
transitions, whereas transversions greatly outnum- 
ber transitions in nonpaired segments. Similar ob- 
servations have been made in the comparison of the 
chicken and quail 12S rRNA sequences (Desjardins 

and Morais 1991) and in those of the 12S and 16S 
rRNA genes of various mammals (Mindell and Hon- 
eycutt 1990). 

Codon Usage and Protein Genes 

We have described 952 codons and more than 80% 
of them are specified either as hydrophobic (L, I, C, 
M, V, F, Y, W) or weakly neutral hydrophobic (P, 
A, G, S, T) amino acids (Table 2). All proteins con- 
tained about the same percentage of hydrophobic 
residues, which is consistent with the fact that these 
proteins are located within the mitochondrial inner 
membrane (Attardi and Schatz 1989). The overall 
codon usage has a strong bias against the use of 
triplets ending in G. Nearly all codon families show 
a net preference for A and C at the silent position. 
More than 70% of all codons end in A and C and 
about 11% in T or G. The infrequent use of T and G 
at the third position has previously been reported 
for similar genes in chicken and quail (Desjardins 
and Morais 1990, 1991) and for closely and distantly 
related birds for a part of the cytochrome b gene 
(Kocher et al. 1989; Edwards and Wilson 1990). A 
similar tendency to exclude G and T from silent 
positions, which goes beyond the bias in base com- 
position of the coding strand, was also observed in 
other vertebrates, including fishes (Johansen et al. 
1990), and likely corresponds to a codon strategy 
elaborated by mitochondria over evolutionary time 
(Cantatore and Saccone 1987). 

The protein genes encoded by duck mtDNA 
show a relatively high degree of sequence homology 
with their chicken counterparts at both the nucle- 
otide and amino acid levels (Table 1). The relative 
order of nucleotide and amino acid sequence con- 
servation among the eight protein genes appears to 
be the same as in species representing different 
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TTT (phe) 15 TCT (ser) 5 TAT (tyr) 5 TGT (cys) 1 
TTC (phe) 31 TCC (ser) 18 TAC (tyr) 22 TGC (cys) 4 
TTA (leu) 13 TCA (ser) 25 TAA (ter) 3 TGA (trp) 21 
TTG (leu) 6 TCG (ser) 4 TAG (ter) 1 TGG (trp) 3 

CTT (leu) 10 CCT (pro) 10 CAT (his) 1 CGT (arg) 2 
CTC (leu) 48 CCC (pro) 29 CAC (his) 24 CGC (arg) 3 
CTA (leu) 60 CCA (pro) 30 CAA (gin) 21 CGA (arg) 11 
CTG (leu) 26 CCG (pro) 5 CAG (gin) 7 CGG (arg) 4 

ATT (ile) 21 ACT (thr) 5 AAT (asn) 5 AGT (ser) 1 
ATC (ile) 50 ACC (thr) 30 AAC (asn) 23 AGC (ser) 16 
ATA (met) 32 ACA (thr) 26 AAA (lys) 19 AGA (ter) 0 
ATG (met) 17 ACG (thr) 2 AAG (lys) 2 AGG (ter) 1 

GTT (val) 12 GCT (ala) 15 GAT (asp) 1 GGT (gly) 5 
GTC (val) 17 GCC (ala) 36 GAC (asp) 20 GCC (gly) 20 
GTA (val) 23 GCA (ala) 19 GAA (glu) 20 GGA (gly) 11 
GTG (val) 13 GCG (ala) 1 GAG (glu) 8 GGG (gly) 13 

a Frequency of codon usage is calculated from all protein coding genes. Amino acids are indicated using the standard three-letter code 

mammalian orders (Brown 1985). The cytochrome 
subunits  (COI-III)  show the highest and the 
ATPase8 and ND2 genes the lowest degree of iden- 
tity. The genes evolve mainly by substitutions but 
an internal codon-size deletion occurs in the ND1 
and ATPase8 duck genes while the COI gene has an 
extra codon at its 3' end. Point mutations involve 
primarily C-T transitions and A-C transversions. 
Transversions slightly outnumber transitions (Table 
1). The evolutionary rate is the highest at the third 
codon position (71%), compared with the first (20%) 
and second (9%), and changes involve mainly syn- 
onymous bases (Table 3). Consequently, a high pro- 
portion of base substitutions are silent. Except for 
the ND6 and ATPase8 genes, transitions and trans- 
versions give rise to amino acid replacements at 
about the same frequency. When changes to chem- 
ically similar amino acids are considered, similari- 
ties range from 86% for ND2 to 99% for COII, 
COIII, and ND6 (Table 1). 

The GTG codon has been proposed to serve as 
translational initiator of the COI gene in chicken 
and quail (Desjardins and Morais 1990, 1991) and in 
cod (Johansen et al. 1990). The duck COI gene is 
also initiated by GTG (Fig. 1E). This unusual start 
codon is also found at the 5' end of the duck COII 
gene (Fig. 1A). 

Control Region 

The control region of all vertebrate mtDNAs ana- 
lyzed thus far is a noncoding sequence of variable 
length encompassing the heavy (H)-strand replica- 
tion origin and the promoter for the transcription of 
both the H- and L-strands. The region spans the 
area between the genes for tRNA vr° (tRNA Glu in 

birds) and tRNA phe and can be divided into three 
subdomains: a central, more conserved segment, 
with a reduced L-strand adenine content, flanked 
on both sides by more variable adenine-rich re- 
gions, the left and right domains (Brown et al. 1986; 
Saccone et al. 1991). Small conserved sequences 
which regulate mtDNA replication, CSBs (con- 
served sequence blocks) and TAS (termination as- 
sociated sequences), are contained within the right 
and left domain, respectively. They are located up- 
stream and downstream of relatively stable clover- 
leaf-like secondary structures of low-primary- 
sequence homology among vertebrates (Dunon- 
Bluteau and Brun 1987). 

The duck control region (Fig. 1B) shows 71.0% 
nucleotide identity with its chicken counterpart (Ta- 
ble 1). Most of the substitutions are transversions 
(63%) and their distribution across the control re- 
gion is uneven, being more frequent in the adenine- 
rich left (nt 1-348) and right (nt 827-1048) domains 
where the transition/transversion ratio is respec- 
tively 0.5l and 0.47, and 0.75 in the central domain. 
Comparisons of the two avian sequences with ho- 
mologous control regions from mammals, Xenopus 
laevis, and cod reveal a rather poor degree of pri- 
mary sequence conservation in the right and left 
domains, while relatively long stretches of nucle- 
otides dispersed across the central domain are con- 
served. 

Duck and chicken control regions show a high 
frequency of length mutations. Size differences be- 
tween the two avian species (179 nucleotides) are 
due mainly to the absence of rather large DNA seg- 
ments in the duck right and left domains. Length 
variations of a few nucleotides were also noted in 
these two domains and in the central region. De- 
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Table 3. Sequence differences between duck and chicken protein genes 

Number of Differences 
Size 

Gene (codons) Position 1 Position 2 Position 3 

Substitution events 

Transition Transversion 

ND1 117 20 8 56 

ND2 35 11 8 15 

ND6 81 13 4 37 

CO1 118 6 2 58 

CO2 228 13 6 96 

CO3 86 7 3 38 

ATPase 8 55 14 5 24 

ATPase 6 227 25 12 99 

All genes 947 109 48 423 

Silent 32.1% 33.3% 
Replacement 16.7% 17.9% 

Silent 26.5% 11.8% 
Replacement 29.4% 32.3% 

Silent 42.6% 27.8% 
Replacement 7.4% 22.2% 

Silent 56.1% 36.4% 
Replacement 4.5% 3.0% 

Silent 40.7% 43.3% 
Replacement 8.0% 8.0% 

Silent 39.6% 39.6% 
Replacement 12.5% 8.3% 

Silent 20.0% 35.6% 
Replacement 13.3% 31.1% 

Silent 33.1% 39.7% 
Replacement 11.8% 15.4% 

Silent 38.0% 37.1% 
Replacement 11.0% 13.9% 

leted segments in the duck right domain consist of 
A-T-rich sequences dispersed across the region be- 
tween the chicken bidirectional transcription pro- 
moter (LSP/HSP; L'Abb6 et al. 1991) and CSB-1 
(Fig. 3a). The pintail duck (Anas acuta) right do- 
main region, which is of the same size as in Peking 
duck (Anas platyrhynchos), is devoid also of A-T- 
rich genomic tracts between the putatives LSP/HSP 
and CSB-1 (data not shown), suggesting that this 
feature is common to many or all birds of the genus 
Anas. Both avian CSB-1 sequences are highly ho- 
mologous to their human counterpart (Fig. 3b). The 
3' end of CSB-1 in chicken (Glaus et al. 1980, Mo- 
rais et al. unpublished results) and in other verte- 
brates lies in close proximity to the H-strand repli- 
cation origin. The rather short nucleotide stretch 
between the duck putative transcriptional promoter 
3' end and the CSB-1 5' end contains sequence el- 
ements that are highly homologous to human CSB-2 
(Fig. 3c) and CSB-3 (Fig. 3d). These two putative 
conserved-sequence blocks overlap in duck (Fig. 
1B), in contrast to the situation in mouse (Bibb et al. 
1981) and human (Anderson et al. 1981), where they 
are separated from each other by short nucleotide 
stretches. In these mammalian species, CSB-2 and 
-3 are recognized by RNase RMP, an endoribonu- 
clease which cleaves control region L-strand tran- 
scripts at specific RNA-to-DNA transition site po- 
sitions in vitro (Karwan et al. 1991). Sequence 
elements similar to those found in duck CSB-2 and 
-3 are also detected in the chicken right domain but 

they are separated from each other by A-T-rich nu- 
cleotide stretches (Fig. 3a, double underlined). A 
chicken mtDNA binding protein that exhibits se- 
quence-specific interaction with most of these se- 
quence elements has been recently characterized 
(D'Agostino and Nass 1992). The protein, a site- 
specific endodeoxyribonuclease,  interferes with 
mtDNA replication in vitro and may be assisted in 
its activity by HMGl-like protein-induced DNA 
bending (Wu and Crothers 1984; Bianchi et al. 1989; 
Fisher et al. 1992). Taken together, these observa- 
tions suggest that the conserved sequence elements 
identified in the duck and chicken control regions 
serve as recognition sites for molecular complexes 
involved in mtDNA replication and transcription. 
Their high-sequence homology with mammalian 
CSBs makes them likely to interact with a similar 
set of regulatory molecules. The compact organiza- 
tion of the CSBs within the relatively short CSB-1/ 
LSP/HSP region in duck provides an attractive mo- 
lecular  model  to fur ther  invest igate  nucleo-  
mitochondrial interactions in vertebrates. 

Although the duck and chicken left-domain re- 
gions are about the same size, a rather large seg- 
ment that encompasses one of the two 29-bp direct 
repeats detected in the chicken sequence (Fig. 3e) is 
absent in the duck sequence. That same segment is 
also deleted in the Japanese quail (Desjardins and 
Morais 1991). The duck and chicken 29-bp mono- 
mers are well conserved and homologous to their 
putative CSB-1 (Fig. 3e). Repeated sequences have 



a) CSB-I - LSP/HSP region. 

CSB-I 
C: TATTTAGTGAATGCTTGTCGGACATATTTTTATCAATTTTCACTTCCTCTATTTTCTTCAC 
D: ******************************** ......................... AA** 

C: A.AAACTAGGAAATTCACCACAATTTTTTCTTTGTTATTTTTTAATTTTTTTTTTATTTTTT 

D: ***** ......... ****C*** ....................................... 

C: AAACATTTTTTAAAAAACTAAATTACATACAAACTACCGCATAAAATCCCTCAAACTAT 
D: ...................................... **A** .... *C***A*** ..... 

LSP/HSP 
C: ACAAACGTTTATCGTATAATATATATACAT 

D: ................. T************ 

b) CSB-I. 

D: TATTTAGTGAATGCTCGATGGACATA 

C: ************************** 
H: ************************** 

c) CSB-2. 

D: AAAACCACCCCAACCAC 
H: C*****C****TC**C* 

d) CSB-3. 

D: AACCACAACCCCACAA 
H: TG***-*******A** 

e) Homologous sequences. 

29bp repeat 
C: CACC-TAACTATGAATGGTTACAGGACATAAATCTCACTCTCATGTTCTCCCCCCAACAA 

D: *******************************-*************--*********** 
CSB-I: ************************** 

29bp repeat 
C: GTCACCTAACTATGAATGGTTACAGGACATACATTTAACTACCATGTTCTAACCCATTTG 
D: CC ................................................. *******AC 
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Fig. 3. a Comparison of the chicken 
sequence spanning the region between 
CSB-1 and LSP/HSP (Desjardins and Morais 
1990; nucleotides 867-1079) to the 
equivalent region in duck (nucleotides 
1161-1237). Underlined are the positions for 
CSB-1 and LSP/HSP. The CSB-2 and CSB-3 
sequence elements are double underlined, h 
Comparison of the putative duck CSB-1 
sequence (nucleotides 1161-1186) with those 
from chicken (Desjardins and Morais 1990; 
nucleotides 867--892) and human (Anderson 
et al. 1981; nucleotides 209-234). e 
Comparison of the putative duck CSB-2 
sequence (nucleotides 1196-1212) with that 
from human (Anderson et al. 1981; 
nucleotides 299-315). d Comparison of the 
putative duck CSB-3 sequence (nucleotides 
1208-1220) with that from human (Anderson 
et al. 1981; nucleotides 346-360). e 
Comparisons of the chicken sequence 
spanning the region between the two 29-bp 
repeats (Desjardins and Morais 1990; 
nucleotides 259-376) to an equivalent 
sequence in duck starting at position 603 
and to the putative duck CSB-I (nucleotides 
1161-1187). Species compared: D, duck; C, 
chicken; H, human. 

been detected in vertebrate left domains (Doda et 
ah 1981; Walberg and Clayton 1981; MacKay et al. 
1986) and are believed to assist in termination of 
nascent H-strand DNAs at the end of the control 
region. In chicken, nascent H-strand DNAs end far- 
ther to the downstream 29-bp repeat (Glaus et al. 
1980; Morais et al. unpublished results), in the vi- 
cinity of conserved TAS elements (5'--TACAT--- 
Y), and encompass a stable cloverleaflike structure 
similar to those reported for various vertebrates 
(Dunon-Bluteau and Brun 1987). Such putative 
TAS elements have been identified in the duck con- 
trol region (Fig. 1B). 

Rate of Evolution and Divergence Times 

Pairwise estimates of divergence between specific 
duck, chicken, and mammalian mtDNA genes are 
shown in Table 4. Estimates based either on total 
substitution events or on transversions indicate that 
each gene evolves at its own rate, and that rates for 
the ribosomal genes are lower than those for the 
protein genes. As expected, intraclass comparisons 
give estimates substantially lower than interclass 
comparisons, except for the COII gene, which has 

undergone rapid evolution in the human lineage 
compared to the bovine and murid lineages (Brown 
1985). Interclass comparisons indicate that duck 
and chicken genes are about equally distant from 
those of mammals, and vice versa. These observa- 
tions suggest that the overall rate of mtDNA evo- 
lution within the two bird orders and the three mam- 
malian orders has been comparable since those 
species diverged from a common ancestor. This 
view is further supported by estimates derived from 
pairwise comparisons of amino acid sequences (Ta- 
ble 5). 

The fossil record for birds is notoriously poor, 
but it is generally believed that the respective an- 
cestor of modern ducks and chickens was distinct in 
the late Cretaceous to early Tertiary periods (Brod- 
korb 1964), suggesting that these lineages originated 
well into the Cretaceous (Cracraft 1986). The radi- 
ation of the major eutherian lineages seemingly oc- 
curred at about the same time (Romer 1966; Li et al. 
1990; Novacek 1992). Thus, assuming that the rel- 
ative mtDNA rate of evolution of bird and mammals 
has been similar over  time, as suggested by 
mtDNA-calibrated clock studies of closely related 
geese (Shields and Wilson 1987a,b; Quinn et al. 
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Table 4. Pairwise divergence estimates (%) for total substitutions (abov e the diagonal) and transversions (below the diagonal) a 

16SrRNA AtPase6 AtPase8 

D C H B M D C H B M D C H B M 
D - -  17 29 32 33 D - -  20 37 38 38 D - -  27 48 48 46 
C 8 - -  31 32 32 C 11 - -  39 36 38 C 18 - -  52 47 48 
H 17 18 - -  22 25 H 22 24 - -  27 29 H 33 33 - -  37 38 
B 19 20 13 - -  24 B 23 23 14 - -  23 B 36 32 22 - -  31 
M 19 19 16 14 - -  M 23 23 15 13 - -  M 33 32 23 20 - -  

12SrRNA COII ND6 

D C H B M D C H B M D C H B M 
D - -  10 24 27 27 D - -  16 32 31 31 D - -  22 44 40 42 
C 4 - -  23 24 23 C 8 - -  31 30 30 C 11 - -  42 39 43 
H 10 12 - -  14 13 H 18 16 - -  30 28 H 28 28 - -  26 28 
B 13 13 5 - -  12 B 17 16 14 - -  22 B 23 25 13 - -  28 
M 12 12 6 8 - -  M 18 16 15 10 - -  M 27 31 20 17 - -  

a MtDNA sequences used to calculate the above values are available in the Genbank databases. Deletions and insertions were excluded 
from the analysis. Species compared: D, duck; C, chicken, H, human; B, bovine; M, mouse. Multialignments are given in Appen- 

dix A. 

Table 5. Pairwise divergence estimates (%) for total amino acid replacements a 

Gene C/D C/H C/B C/M D/H D/B D/M H/B H/M B/M 

COII 6 34 32 33 34 33 33 27 28 9 
ATPase6 12 46 43 46 44 41 45 23 25 22 
ATPase8 28 69 69 61 59 69 61 46 56 44 
ND6 17 59 54 56 57 52 53 20 33 26 

a Protein sequences used to calculate the above values are available in the Genbank databases. Deletions and insertions were excluded 
from the analysis. Abbreviations of  animal species are as in Table 4. Multialignments are given in Appendix B. 

1991) and mammals (Brown et al. 1979; Ferris et al. 
1983; Wilson et al. 1985), the level of divergence 
between the duck and chicken on one side, and the 
different mammals on the other, should be about 
the same. This is clearly not the case (Table 4): the 
duck/chicken estimates based on total substitutions 
or transversions are less than the corresponding 
mammal/mammal values by a mean factor of 1.38 
and 1.48, respectively (P < 0.01). Estimates based 
on amino acid sequence homology of the mitochon- 
drially encoded proteins also indicate a smaller ge- 
netic distance between duck and chicken than be- 
tween human, mouse, and bovine (Table 5). 

The overal l  d ivergence  be tween  duck and 
chicken sequences for protein and tRNA genes is 
25%, a value which corresponds to a divergence 
time of about 30 Myr in mammals (Moritz et al. 
1987). A similar divergence time is estimated when 
the duck and chicken rRNA sequences are com- 
pared. Our results suggest that, unless the Anseri- 
form/Galliform split is drastically more recent than 
generally thought or factors such as differences in 
generation time (Li et al. 1987) and age at first 
breeding (Sibley et al. 1988) are under-estimated, 
the apparent rate of nucleotide substitutions for 

mtDNA in chicken and duck is somewhat deceler- 
ated relative to that of mammals of the same taxo- 
nomic levels. This has been previously suggested to 
account for low divergence estimates among water- 
fowl based on restr ic t ion-enzyme analyses of  
mtDNA (Kessler and Avise 1985). Anatomical and 
chromosomal characters, the loss of the potential 
for interspecific hybridization, and genetic evolu- 
tion at nuclear protein-coding loci are traits which 
also appear to evolve slowly in birds (Prager et al. 
1974; Prager and Wilson 1975, 1980; Barrowclough 
and Corbin 1978; Avise et al. 1980; Gutierrez et al. 
1983; Patton et Avise 1986). 

Very little is known about efficiency of mtDNA 
replication (Kunkel and Soni 1988) and repair mech- 
anisms in birds. Moreover, birds have a signifi- 
cantly higher body temperature than other verte- 
b r a t e s ,  and this is l ike ly  to in f luence  the 
composition of the mtDNA and protein residues as 
regards thermodynamic stability and activity (Avise 
and Aquadro 1982). In chicken, the G-C content 
(46%) of the complete mtDNA nucleotide sequence 
is 2% higher than that of  any other complete 
mtDNA vertebrate sequence reported thus far, and 
that of the partial sequence for duck presented 
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above is 4% higher. Point and length mutations oc- 
curring either in dispensable sequences (intergenic 
sequences, tRNA and rRNA nonpaired segments, 
control regions) or at codon positions where they do 
not cause amino acid replacements may account for 
the apparently similar rate of molecular evolution in 
closely related geese and mammalian species. As 
divergence times increase, constraints on nucle- 
otide composition and amino acid replacements 
may be more severe in birds, such that saturation is 
achieved faster in birds than in mammals. It is 
worth noting that low rates of mtDNA evolution 
have been reported recently in salmonids (Thomas 
and Beckenbach 1989), sharks (Martin et al. 1992), 
and turtles (Avise et al. 1992). Evidence suggests 
that rates of mitochondrial and nuclear DNA evo- 
lution in those species, and in other vertebrates, is 
related to metabolic rate (Martin et al. 1992). If so, 
further molecular mechanisms underlying rates of 
mtDNA evolution could be operating in birds. Ad- 
ditional molecular data are needed to shed further 
light on these issues. 
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Multialignments of nucleotide sequences. Identical residues be- 
tween species are indicated by asterisks, missing nucleotides by 
dashes. Species compared: DUC, duck; CHI, chicken; HUM, 
human; BOV, bovine; MOU, mouse. Continued on pages 308- 
310. 
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16SrRNA 

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

CHI CGCACTGTGGGCCTTCAAGCAGCCACCAACAAAAGAGTGCGTCAAAGCTCC.CT.CATTA 

MOU A C C A T T G T A G G C C T ~ G C A G C C A C C ~ T ~ . G ~ G C G T T C A A G C T C ~ C A . T ~  
* * * * * * * * * * * * * * * * * * * * e *  * * * *  ** * * * * * * * * *  * * * * * e * * * *  * * * e  

BOV CATATAGTAGGCCTAAAAGCAGCCATCAATTAA.GAAAGCGTTAAAGCTCAACAACAAA 
************************* ******* ********* ********** * * 

HUM C A T A T A G T A G G C C T ~ G C A G C C A C C ~ T T ~ . G , ~ A G C G T T C A A G C T C ~ C A . C C C A C  

DUC AAATGCCAAAA...CAAGATGAATCC .... CTTACCACAAACAGG.TTAACCTATGA... 

CHI ~ A T C T ~ C C C T A T T T G A C T C C  . . . .  CTCAACC~g~-GCAGG.TT~-CCTATGA. . .  

MOU TTTCAATTAATTCCATAATTTACACCA.ACTTCCTAAACTTAAAATTGGGTTAATCTATA 
** *** ****** * * * ***** * ** * *** ******** 

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

HUM TACCTAAAAAATCCCAAACATATAACTGAACTCCTCACACCCAAT.TGGACCAATCTATC 

DUC . . . ATATAGGAG~TT~TGCTA~ATGAGTAACTTGGGGCCAC.ACCCACCCCTCTAGC 

CHI ...CAATAGAAGAATCAATGCTAAAATGAGTAATCTGGAACCT..ATCCTCC ..... TAC 

MOU ACTTTATAGATGCAACACTGTTAGTATGAGTAAC~G.~TTCCA.ATTCTCCAGACATAC 

BOV ATAGAATAGAAGCAATAATGTTAATATGAGTAACAAGAAAAATT..TTCTCCTTGCATAA 

HUM ACCCTATAG~GAACT~TGTTAGTAT~a-GT~CATG~X.~ACATTCTCCTCCGCA. .TAA 

DUC GGCGCAAGCTTACATGAGAACATTATTAACAGACCCAGACA.TATACAAAAAC...TCCT 

CHI G G C G T , g ~ C T T A C A T T ~ T A C A T T A T T ~ C A G ~ C T C ~ g ~ _ C T . T A T A C C C C C A C . . . A C T A  

MOU GCGTATAACAACTCGGATAACCATTGTTAGTTAATCAGACTATAGGCAATAATCACACTA 
** ** * * * * * * ****** * * 

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

HUM GCCTGCGTCAGATTAAAACACTGAACTGACAATTAACAGCCCAATATCTACAA...TCAA 

DUC ACAAGACCAGGTATA~CTCACCCTGTTAACCCGACTCAGGAGCGCCCATA.AGAGAGAT 

CHI ACAAGCAATACGTATTCCTCAATCTGTTAAGCCAACCCAGGAGCGCCCACA.GGA.TGAT 

MOU T ~ . A T A A T C C A C C T A T ~ C T T C T C T G T T A A C C C ~ C A C C G G A A T G C . C T ~ g ~ G G ~ G A T  

BOV CAATAAACAATTTATTGATTATACTGTTAACCCAACACAGGAGTGCATCTAAGGAAAGAT 

HUM CCAAC~AGTCATTATTACCCTCACTGTCAACCC~CACAGGCATGCTCATAAGGA~GGT 

DUC TAAAATCTGTGAAAGGAACTCGGCAAAACAAGG.CCCGACTGTTTACCAAAAACATAGCC 

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

MOU CCAAAAGATAAAAGGAACTCGGCAAACAAGAACCCCGCCTGTTTACCAAAAACATCACC 

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

HUM TAAAAAAAGTAAAAGGAACTCGGCAAATCTTAC.CCCGCCTGTTTACCAAA~CATCACC 

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

CHI TTCAGCTAACAA.CAAGTATTGAAGG~GATGCCTGCCCAGTGACCCCCAAAGTTCAACGG 

MOU T C T A G C A T T A , . . C ~ G T A T T A G A G G C A C T G C C T G C C C A G T G A C T . . . ~ G T T T A A C G G  

BOV TCCAGCATTC...CCAGTATTGGAGGCATTGCCTGCCCAGTGACA...ACTGTTTAACGG 

HUM TCTAGC.ATCA. .CCAGTATTAGAGGCACCGCCTGCCCAGTGACA. . .CATGTTT~CGG 

DUC CCGCGGTATCCTAACCGTGCAAAGGTAGCGCAATCAATTGTCCCATAAATCGAGACTTGT 
******************** *********************** ***** ********* 

CHI C C G C G G T A T C C T A A C C G T G C G , ~ G G T A G C G C ~ T C ~ T T G T C C C G T ~ T T G A G A C T T G T  

MOU CCGCGGTATCCTGACCGTGCAAAGGTAGCATAATCACTTGTTCCTTAATTAGGGACTAGC 
************************************ ****** *** ** ***** * 

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

HUM CCGCGGTACCCTAACCGTGCAAAGGTAGCATAATCACTTGTTCCTTAAATAGGGACCTGT 

DUC A T G ~ T G G C T ~ C G A G G T C T T A A C T G T C T C T C A C G G A T ~ T C A G T G , ~ ' ~ T T G A T C T C C C  

CHI ATGAATGGCTAAACGAGGTCTTAACTGTCTCCTGTAGGTAATCTATGAAATTAGTATTCC 

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

BOV ATGAATGGCCGCACGAGGGTTTTACTGTCTCTTACTTCCAATCAGTGAAATTGACCTTCC 

HUM ATG~TGGCTCCACGAGGGTTCAGCTGTCTCTTACTTTTAACCAGTG~TTGACCTGCC 

DUC CGTGCAAAAGCGGGA.TGTGAACATAAGACGAGAAGACCCTG~GGAACTTAAATCAAC 

CHI C G T G C ~ A C G A G ~ T G T G A A C A T ~ G A C G A G ~ G A C C C T G ~ G G ~ C T T T ~ { . a ~ T C A . C  

MOU AGTGAAGAGGCTGAAATATAATAATAAGACGAGAAGACCCTATGGAGCTTAAATTATA.. 
********** * *** * **************************** ** * 

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

HUM CGTGAAGAGGCG~GCATAACACAGCAAGACGAGAAGACCCTATGGAGCTTTAATTTATTA 

DUC GGCCACCGCG.AACCTAAGACT~'~CCCACCGGG.CTACAGACATCGCAGAGCATGGCCG 

CHI GACCACCTTACAACCTTACAC.AGCCCCACTGGGTCCACCCACACATAA~kCCCCTGG~CG 

MOU T~.CTTATCTATTTAATTTATT~g~_CCTAATGG . . . . .  CCC.~kACTATAGTAT2uAGTT 

BOV AACCAACCCAAAGAGAATAGATTTAACCATTAAG..GAATAACAACAATCTCCATGAGTT 

HUM ATGCAA.ACAGTACCTAACA. . .~ .CCCACAGG . . . .  T C C T . ~ - C T A C C ~ C C T G C A T T  

DUC ATATTTTTCGGTTGGGGCGACCTTGGAGAACAACAGATCCTCCAAuZAACA.AGACCACAC 
* **************************** ** * ********** ** ******** 

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

MOU TGA~TTTCGGTTGGGGTGACCTCGGAGAATAAA~.AATCCTCCGAATGATTATAAC.CTA 

BOV GGTAGTTTCGGTTGGGGTGACCTCGGAGAATAA2~TCCTCCGAGCGATTTTA . . . .  ~ 

HUM AAAAATTTCGGTTGGGGCGACCTCGGAGCAGAACCCAACCTCCGAGCAGTACATGCT.AA 

DUC CTCTTTACTTAGAGCCACCCCTCAAAGTGCTAATAGTGACCAGACCCAATATAATT..GA 

CHI CTCTTCACTAAGACCAACTCCTC~AGTACCAACAGT~CCAGACCCAATAT~TT. .GA 

MOU GACTT.AC ..... AAGTCAAAGTAAAATCAACATATCTTATTGACCCAGATATATTTTGA 

BOY GACTAGAC . . . . . .  C C A C ~ G T C ~ T C A C T C T A T C G C T C A T T G A T C C ~ C T T . . G A  

HUM GACTTCAC ..... CAGTCAAAGCGAACTACTATACTCAATTGATCC..AATAACTT..GA 

DUC TT~TGGACC~GCTACCCCAGGGATAACAGCGC~TCCCCCTC~GAGCCCCTATCGAC 

CHI GCAATGGACCAAGCTACCCCAGGGATAACAGCGCAATCTCCTCCAAGAGCCCATATCGAC 

MOU TC~CGGACC~GTTACCCTAGGGAT~CAGCGC~TCCTAT' I~T~GAGTTCATATCGAC 

BOV TCAACGGAACAAGTTACCCTAGGGATAACAGCGCAATCCTATTCAAGAGTCCATATCGAC 
******************************************* ************ ** 

HUM CCAACGGAAC~GTTACCCTAGGGAT~CAGCGC~TCCTATTCTAGAGTCCATATC~C 

DUC AGG.GGGGTTTACGACCTCGATGTTGGATCAGGACATCCTAATGGTGCAGCCGCTATTAA 
* * * ****************************** *****~****** ********** 

CHI AAG.GAGGTTTACGACCTCGATGTTGGATCAGGAC~CCT~TGGTGC~CCG CTA TT~ 

MOU AATTAGGGTTTACGACCTCGATGTTGGATCAGGACATCCCAATGGTGTAGAAGCTATTAA 

BOV AAT.AGGGTTTACGACCTCGATGTTGGATCAGGACATCCTGATGGTGCAACCGCTATC~ 

HUN AAT.AGGGTTTACGACCTCGATGTTGGATCAGGACATCCCGATGGTGCAGCCGCTATTAA 

DUC GGGTTCGTTTGTTCAACGATT~TAGTCCTACGTGATCTGAGTTCAGACCGGAGC~TCC 

CHI GGGTTCGTTTGTTCAACGATTAACAGTCCTACGTGATCTGAGTTCAGACCGGAGCAATCC 
********************** ************************************ 

MOU TGGTTCGTTTGTTC~CGATTAA.AGTCCTACGTGATCTGAGTTCAGACCGGAGC~TCC 

BOV AGGTTCGTTTGTTCAACGATTAA.AGTCCTACGTGATCTGAGTTCAGACCGGAGTAATCC 
*********************** ************************************ 

HUM AGGTTCGTTTGTTCA,ACGATT~..AGTCCTACGTGATCTGAGTTCAGACCGGAGT~TCC 

DUC AGGTCGGTTTCTATCTATGAACTACT.CTCCCCAGTACGAAAGGACCGGGAAAGTAAGGC 
******************* ** *** * ** **************** **** ** 

CHI AGGTCGGTTTCTATCTATGGAC.ACT.CCTCCTAGTACG~GGACCGGAGAAGTGGGGT 

MOU AGGTCGGTTTCTATCTATTTACGATT.TCTCCCAGTACGAAAGGACAAGAGAAATAGAGC 
****************** **** * ***************************** ** 

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

HUM AGGTCGGTTTCTATCTACCTTCAAATTCCTCCCTGTACGAAAGGACAAGAGAAATAAGGC 

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

CHI CAATACCACTGAGCACACCC,CAACCTTCTAA 

MOU C A C C T T A C ~ T ~ G C G C T C T C ] ~ C T T ~ T T T  

BOV CAACTTTAAATCAA.. GCGC. CTTAAGACAAC 

HUM C T A C T T C A C ~  . . . .  GCGC.CTTCCCCCGTA 

12SrP~NA 

DUC ~ACCCACGAAAGCCAGGGCCCA~CTGGGATTAGATACCCCACTATGCCTGGCCCT~T 

CHI AACCCACGAAAGCTAGGACCCAAACTGGGATTAGATACCCCACTATGCCTAGCCCTAAAT 

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

B0V GACGCACTATAGCTAAGACCCAAACTGGGATTAGATACCCCACTATGCTTAGCCCTAAAC 
* *** * ******************************************** ***** 

MOU AATACACGACAGCT~GACCC~CTGGGATTAGATACCCCACTATGCTTAG CCA T~C 

DUC CTAAATAATTTACCC.TACCGAAGTATCCGCCAGAGAACTACGAGCACAAACGCTTAAAA 
* ****** * ** ~ ********* *************************** 

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

HUM CTCAACAGTTAAATC.AACAAAACTGCTCGCCAGAACACTACGAGC.CACA.GCTTAAAA 

BOV C T A G A T A C C T A C A T A . ~ C ~ g ~ T T A T T C G C C A G A G T A C T A C T A G C . . ~ C A G C T T ~  

MOU CTTGATACATAAATTTAACAAAACTATTTGCCAGAGAACTACTAGC.CATA.GCTTAAAA 

DUC CTCTAAGGACTTGGCGGTGCCCT~CCCACCTAGAGGAGCCTGTTCTGT~TCGATGAT 

CHI CTCTAAGGACTTGGCGGTGCCCCAAACCCACCTAGAGGAGCCTGTTCTATAATCGATAAT 

HUM CTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGGAGCCTGTTCTGT~TCGAT~ 

BOV CTCAAAGGACTTGGCGGTGCTTTATATCCTTCTAGAGGAGCCTGTTCTATAATCGATAAA 

MOU CTC~GGACTTGGCGGTACTTTATATCCATCTAGAGGAGCCTGTTCTAT~TCGATA~ 

DUC CCACGATCAACCCAACCGCCCCTTGCCAAGCACAGCCTACATACCGCCGTCGCCAGCCCA 

CHI  CCACGATTCACCC~CCACCCCTTGCCA.GCACAGCCTACATACCGCCGTCGCCAGCCCA 

HUM CCCCGATCAACCTCACCACCTCTTGCT ..... CAGCCTATATLCCGCCATCTTCAGCAAA 
******* ********** ******* *** ************************ 

BOV CCCCGAT~ACCTCACCAATTCTTGCTA.ATACAGTCTATATACCGCCATCTTCAGC,~ ~. 

MOU CCCCGCTCTACCTCACCATCTCTTGCTA.ATTCAGCCTATATACCGCCATCTTCAGCAAA 

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

CHI CCTCTAATGAAAGAACAACAGTGAGCTCAATAGCCCCTCGCTAATAAGACAGGTCAAGGT 
** ** ***** * * *** *** *** * **** ** * * ********** 

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

BOV CC.CTAA.AAAGGAAAAAAAGTAAGCGTAATTATGATACATAAAAACGTTAGGTCAAGGT 
** **** * ***** ********* ** ** ************************ 

MOU C C . C T ~ . ~ A G G T A T T A A A G T ~ ' ~ G C ~ a ~ . A G A A T C . ~ A C A T ~ . A C G T T A G G T C ~ g ~ G G T  

DUC ATAGCCTATGGGACGG.AAGAAATGGGCTACATTCCCTATGCATAGGGCA 

CHI ATAGCCTATGGGG~i~G.GAG~TGGGCTACATTTTCT~.CATAG~g_CA 

HUM GTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTAC,CCCAGAAAA 

BOV GTAACCTATGAAATGGGAAGAAATGGGCTACATTCTCTACACCAAGAGAA 
*** ** *************************** *** **** * 

MOU GTAGCCAATGAAATGGGAAGAAATGGGCTACATTTTCTTATAAAAGAACA 



CO II 

DUC GTGGCCAACCACTCCCAACTAGGATTCCAAGACGCCTCATCACCCATTATAGAAGAGCTC 
********************** ** ************** ~**** ~*********** 

CHI ATGGCCAACCACTCCCAACTAGGCTTTCAAGACGCCTCATCCCCCATCATAGAAGAGCTC 

MOU ATGGCCTACCCATTCCAACTTGGTCTACAAGACGCCACATCCCCTATTATAGAAGAGCTA 

B0V ATGGCATATCCCATACAACTAGGATTCCAAGATGCAACATCACCAATCATAGAAGAACTA 

HUM ATGGCACATGCAGCGCAAGTAGGTCTACAAGACGCTACTTCCCCTATCATAGAAGAGCTT 

DUC GTTGAATTCCACGACCACGCTCTGATTGTTGCCTTAGCTATCTGCAGCCTAGTCCTATAC 

CHI GTTGAATTCCACGACCACGCCCTGATAGTCGCACTAGCAATTTGCAGCTTAGTACTCTAC 

MOU ATAAATTTCCATGATCACACACTAATAATTGTTTTCCTAATTAGCTCCTTAGTCCTCTAT 

B0V CTTCACTTTCATGACCACACGCTAATAATTGTCTTCTTAATTAGCTCATTAGTACTTTAC 

HUM ATCACCTTTCATGATCACGCCCTCATAATCATTTTCCTTATCTGCTTCCTAGTCCTGTAT 

DUC CTCTTAGCCCACATGCTAATAGAAAAACTATCA...TCCAACGCAGTAGACGCCCAAGAA 

CHI CTTCTAACTCTTATACTTATAGAAAAACTATCA...TCAAACACCGTAGATGCCCAAGAA 

MOU ATCATCTCGCTAATATTAACAACAAAACTAACACATACAAGCACAATAGATGCACAAGAA 

BOV ATTATTTCACTAATACTAACGACAAAGCTGACCCATACAAGCACGATAGATGCACAAGAA 

HUM GCCCTTTTCCTAACACTCACAACAAAACTAACTAATACTAACATCTCAGACGCTCAGGAA 

DUC GTAGAACTAATCTGAACAATCCTACCCGCCATCGTCCTAGTACTCCTCGCCCTCCCATCC 

CHI GTTGAACTAATCTGAACCATCCTACCCGCTATTGTCCTAGTCCTGCTTGCCCTCCCCTCC 

MOU GTTGAAACCATTTGAACTATTCTACCAGCTGTAATCCTTATCATAATTGCTCTCCCCTCT 

BOV GTAGAGACAATCTGAACCATTCTGCCCGCCATCATCTTAATTCTAATTGCTCTTCCTTCT 

HUM ATAGAAACCGTCTGAACTATCCTGCCCGCCATCATCCTAGTCCTCATCGCCCTCCCATCC 

DUC CTACAAATCCTGTACATAATAGACGAAATCGACGAGCCAGACCTCACACTAAAAGCCATT 

CHI CTCCAAATCCTCTACATAATAGACGAAATCGACGAACCTGATCTCACCCTAAAAGCCATC 

MOU CTACGCATTCTATATATAATAGACGAAATCAACAACCCCGTATTAACCGTTAAAACCATA 

BOV TTACGAATTCTATACATAATAGATGAAATCAATAACCCATCTCTTACAGTAAAAACCATA 

HUM CTACGCATCCTTTACATAACAGACGAGGTCAACGATCCCTCCCTTACCATCAAATCAATT 

DUC GGCCACCAGTGATACTGAAGCTACGAATACACAGACTTCAAGGACCTCTCATTCGACTCC 

CHI GGACACCAATGATACTGAACCTATGAATACACAGACTTCAAGGACCTCTCATTTGACTCC 

MOU GGGCACCAATGATACTGAAGCTACGAATATACTGACTATGAAGACCTATGCTTTGATTCA 

BOV GGACATCAGTGATACTGAAGCTATGAGTATACAGATTATGAGGACTTAAGCTTCGACTCC 

HUM GGCCACCAATGGTACTGAACCTACGAGTACACCGACTACGGCGGACTAATCTTCAACTCC 

DUC TACATAATTCCCACCACAGACCTGCCAAATGGGCACTTCCGACTCCTAGAAGTTGACCAC 

CHI TACATAACCCCAACAACAGACCTCCCCCTAGGCCACTTCCGCCTACTAGAAGTCGACCAT 

M0U TATATAATCCCAACAAACGACCTAAAACCTGGTGAACTACGACTGCTAGAAGTTGATAAC 

BOV TACATAATTCCAACATCAGAATTAAAGCCAGGGGAGCTACGACTATTAGAAGTCGATAAT 

HUM TACATACTTCCCCCATTATTCCTAGAACCAGGCGACCTGCGACTCCTTGACGTTGACAAT 

DUC CGCGTAGTCGTACCCATAGAATCACCGATCCGCGTAATTATTACTGCCGGAGACGTACTT 

CHI CGCATTGTAATCCCCATAGAATCCCCCATTCGAGTAATCATCACCGCTGATGACGTCCTC 

MOU CGAGTCGTTCTGCCAATAGAACTTCCAATCCGTATATTAATTTCATCTGAAGACGTCCTC 

BOV CGAGTTGTACTACCAATAGAAATAACAATCCGAATGTTAGTCTCCTCTGAAGACGTATTA 

HUM CGAGTAGTACTCCCGATTGAAGCCCCCATTCGTATAATAATTACATCACAAGACGTCTTG 

DUC CACTCATGAGCAGTTCCAACGCTCGGAGTTAAAACAGATGCAATCCCAGGCCGACTAAAC 

CHI CACTCATGAGCCGTACCCGCCCTCGGGGTAAAAACAGACGCAATCCCTGGACGACTA/~AT 

MOU CACTCATGAGCAGTCCCCTCCCTAGGACTTAAAACTGATGCCATCCCAGGCCGACTAAAT 

BOV CACTCATGAGCTGTGCCCTCTCTAGGACTAAAAACAGACGCAATCCCAGGCCGTCTAAAC 

HUM CACTCATGAGCTGTCCCCACATTAGGCTT~AAAACAGATGCAATTCCCGGACGTCTAAAC 

DUC CAAACCTCATTCATTACCACCCGGCCTGGGATTTTCTACGGCCAGTGCTCAGAAATCTGC 

CHI CAAACCTCCTTCATCACCACTCGACCAGGAGTGTTTTACGGACAATGCTCAGAAATCTGC 

MOU CAAGCAACAGTAACATCAAACCGACCAGGGTTATTCTATGGCCAATGCTCTGAAATTTGT 

BOV CAAACAACCCTTATATCGTCCCGTCCAGGCTTATATTACGGTCAATGCTCAGAAATTTGC 

HUM CAAACCACTTTCACCGCTACACGACCGGGGGTATACTACGGTCAATGCTCTGAAATCTGT 

DUC GGGGCTAACCACAGCTACATGCCTATTGTAGTAGAATCTACCCCACTCCCATACTTTGAA 

CHI GGAGCTAACCACAGCTACATACCCATTGTAGTAGAGTCTACCCCCCTAAAACACTTTGAA 

MOU GGATCTAACCATAGCTTTATGCCCATTGTCCTAGAAATGGTTCCACTAAAATATTTCGAA 

BOV GGGTCAAACCACAGTTTCATACCCATTGTCCTTGAGTTAGTCCCACTAAAGTACTTTGAA 

HUM GGAGCAAACCACAGTTTCATGCCCATCGTCCTAGAATTAATTCCCCTAAAAATCTTTGAA 

DUC GCCTGATCATCCCTCCTATCGTCATCCTAA 

CHI GCCTGATCCTCACTACTGTCATCT...TAA 

MOU AACTGATCT.,.GCTTCAATAATT...TAA 

BOV AAATGATCT,..GCGTCAATATTA,..TAA 

HUM ATAGGGCCC,..GTATTTACCCTA...TAG 

309 
ATPase6 

DUC ATGAACCTAAGTTTCTTTGACCAATTCTCAAGCCCCCACCTACTTGGTCATCCCCTGATC 

CHI ATGAACCTAAGCTTCTTCGACCAATTCTCAAGCCCCTGCCTACTAGGAATCCCTCTAATC 

M0U ATGAACGAAAATCTATTTGCCTCATTCATTACCCCAACAAT~TAGGATTCCCAATCGTT 

BOV ATGAACGAAAATTTATTTACCTCTTTTATTACCCCTGTAATTTTAGGTCTCCCTCTCGTA 

HUM ATGAACGAAAATCTGTTCGCTTCATTCATTGCCCCCACAATCCTAGGCCTACCCGCCGCA 

, DUC CTACTATCCCTGCTTCTTCCAGCCCTATTGTTCCCATCCCCAGGCAACCGATGAATCAAC 

CHI CTCCCATCACTCCTTCTTCCAGCCCTCCTACTTCCATCACCAGGAAACCGATGGATCAAC 

MOU GTAGCCATCATTATATTTCCTTCAATCCTATTCCCATCCTCA...AAACGCCTAATCAAC 

BOV ACCCTTATCGTACTATTCCCAAGCCTACTATTCCCAACATCA...AACCGACTAGTAAGC 

HUM GTACTGATCATTCTATTTCCCCCTCTATTGATCCCCACCTCC...AAATATCTCATCAAC 

DUC AACCGACTATCCACCATCCAACTGTGACTCCTACACCTAATCACAAAACAACTAATAATC 

CHI AACCGCCTCTCCACCATCC~ACTCTGATTCACCCACCTAATCACAAAACAACTAATAACC 

MOU AACCGTCTCCATTCTTTCCAACACTGACTAGTTAAACTTATTATCAAACAAATAATGCTA 

BOV AATCGCTTTGTAACCCTCC~ACAATGAATACTTCAACTTGTATCAAAACAAATAATGAGT 

HUM AACCGACTAATCACCACCCAACAATGACTAATCAAACTAACCTCAAAACAAATGATAACC 

DUC CCATTAAACAAAAACGGCCACAAATGAGCCCTGATGCTAACATCACTAATAACCATACTC 

CHI CCCCTAAACAAGGCAGGTCACAAATGAGCCCTCCTACTCACCTCACTTATCCTAATACTC 

MOU ATCCACACACCAA~%AGGACGAACATGAACCCTAATAATTGTTTCCCTAATCATATTTATT 

BOV ATCCACAATTCTAAAGGACAAACATGAACATTAATATTAATATCTCTGATCCTATTTATT 

HUM ATACACAACACTAAAGGACGAACCTGATCTCTTATACTAGTATCCTTAATCATTTTTATT 

DUC CTAACAATCAACCTTCTAGGACTTCTCCCATATACATTCACCCCAACCACCCAGCTATCC 

CHI CTCTCCATTAACCTCCTAGGCCTCCTCCCCTACACCTTCACCCCAACTACCCAACTATCA 

MOU GGATCAACAAATCTCCTAGGCCTTTTACCACATACATTTACACCTACTACCCAACTATCC 

BOV GGATCAACAAACCTACTAGGCCTATTACCCCATTCATTCACACCAACAACACAACTATCA 

HUM GCCACAACTAACCTCCTCGGACTCCTGCCTCACTCATTTACACCAACCACCCAACTATCT 

DUC ATAAACATGGCCCTAGCTTTCCCCCTGTGGCTTGCTACCCTACTAACAGGCCTGCGAAAC 

CHI AT~%ACATGGCCTTAGCCCTGCCACTATGACTAGCCACCTTACTAACAGGCCTGCGAAAC 

MOU ATAAATCTAAGTATAGCCATTCCACTATGAGCTGGAGCCGTAATTACAGGCTTCCGACAC 

BOV ATAAACCTAGGCATAGCCATCCCCCTGTGAGCAGGAGCCGTAATTACAGGATTCCGCAAT 

HUM ATAAACCTAGCCATGGCCATCCCCTTATGAGCGGGCACAGTGATTATAGGCTTTCGCTCT 

DUC AAACCATCAGCCTCCTTGGCTCACTTACTGCCAGAAGGAACCCCAACACCCCTGATCCCC 

CHI CAACCCTCCGCCTCCTTAGGACACCTACTCCCTGA2~GGCACCCCCACCCCACTGATTCCA 

MOU AA_ACTAAAAAGCTCACTTGCCCACTTCCTTCCACAAGGAACTCCAATTTCACTAATTCCA 

BOV AA~CTAAAGCATCACTTGCCCATTTCTTACCACAAGGAACACCCACTCCACTAATCCCA 

HUM AAGATTAAAAATGCCCTAGCCCACTTCTTACCACAAGGCACACCTACACCCCTTATCCCC 

DUC GCACTAATCCTGATCGAAACAACCAGCCTGCTGATCCGGCCCTTAGCTCTAGGAGTCCGC 

CHI GCCCTAATCATAATCGAAACAACCAGCCTACTTATTCGGCCATTAGCCCTAGGAGTACGC 

MOU ATACTTATTATqATTGAAACAATTAGCCTATTTATTCAACCAATGGCATTAGCAGTCCGG 

BOV ATACTAGTAATTATTGAAACTATCAGCCTTTTTATTCAACCTATAGCCCTCGCCGTGCGG 

HUM ATACTAGTTATTATCGAAACCATCAGCCTACTCATTCAACCAATAGCCCTGGCCGTACGC 

DUC CTCACAGCTAACCTCACAGCAGGCCACCTACTTATTCAACTCATCTCCACAGCCTCCATC 

CHI CTAACAGCAAACCTCACAGCTGGTCACCTACTTATCCAACTTATCTCTACAGCCACAATC 

MOU CTTACAGCTAACATTACTGCAGGACACTTATTAATACACCTAATCGGAGGAGCTACTCTA 

HOV TTAACAGCTAACATCACTGCAGGACACCTATTAATTCACCTAATCGGAGGAGCTACACTT 

HUM CTAACCGCTAACATTACTGCAGGCCACCTACTCATGCACCTAATTGGAAGCGCCACCCTA 

DUC GCACTCAAGCCCATCCTTCCCACAGTATCAATCCTAACAATAGCCATCCTACTACTCCTC 

CHI GCCCTACTACCAATAATGCCATCAATCTCCGCCCTAACGGCACTCATCCTATTCCTACTA 

MOU GTATTAATAAATATTAGCCCACCAACAGCTACCATTACATTTATTATTTTACTTCTACTC 

BOV GCACTAATAAGCATTAGCACTACAACAGCTCTAATTACATTCACCATTCTAATCCTACTA 

HUM GCAATATCAACCATTAACCTTCCCTCTACACTTATCATCTTCACAATTCTAATTCTACTG 

DUC ACCATCCTAGAAGTAGCAGTGGCCATAATCCAGGCCTACGTTTTCGTCCTCCTCCTAAGC 

CHI ACCATCCTAGAAGTGGCAGTAGCAATAATCCAAGCCTACGTCTTCGTCCTCCTCCTAAGC 
** ** ****** * ********* **** *********** *** ****** ***** 

MOU ACAATTCTAGAATTTGCAGTAGCATTAATTCAAGCCTACGTATTCACCCTCCTAGTAAGC 

BOV kCAATTCTAGAGTTTGCAGTAGCTATAATCCAAGCCTATGTATTCACTCTCCTAGTCAGC 

HUM ACTATCCTAGAAATCGCTGTCGCCTTAATCCAAGCCTACGTTTTCACACTTCTAGTAAGC 

DUC CTGTACTTACAAGAAAACATCTAA 

CHI CTCTACTTACAAGAAAATATTTAA 

MOU CTATATCTACATGATAATACATAA 

HOV CTATATCTGCATGACAACACATAA 
** ** ***** ************ 

HUM CTCTACCTGCACGACAACACATAA 



310 

ATPase8 

DUC A T G C C T C ~ C T C A A C C C T G C A C C A T G A T T C T C A A T C A T A G T C A T ~ C C T G A C T - ~ C C C T C  
* * * * *  * * *  * * * * * *  * * * * * * * * * * *  * * * * * *  * *  * * * *  * * *  * * * *  * *  

CHI ATGCCCCAATTAAACCCAAACCCATGATTCTCCATCATACTCCTAACTTGATTCACCTTC 
***** *** ** * ** ******* ** ** ** * * * * *** * 

M O U  A T G C C A C ~ C T A G A T A C A T C A A C A T G A T T T A T C A C ~ T T A T C T C A T C A A T ~ T T A C C C T A  
* * * * *  * * * * * * * *  * *  * * * * * * * * *  * * * e *  * * * *  * * * * * * * *  

BOV ATGCCGCAACTAGACACGTCAACATGACTGACAATGATCTTATCAATATTCTTGACCCTT 
***** ****** * ~* * *** * ** *~ ** * *** ** * ** ** 

H U M  A T G C C C C ~ C T ~ T A C T A C C G T A T G G C C C A C C A T ~ T T A C C C C C A T A C T C C T T A C A C T A  

DUC GCACTCCTAATCCAGCCAAAACTGCTAACCTTCACCACAACAAATCCCCCATCAAAAA~ 

C H I  T C T C T G C ' I ~ A T C C ~ C C C ~ C T T C ' I ~ I ' T C A T T C A C T C T ~ - C - ~ A A C ~ C C C T G C ~ A A C ~  
* * * * * * * * *  ~ * *  * * * ~  * ~  * * *  * * *  * *  * * *  

MOU TTTATCTTATTTCAACTAAAAGTCTCATCACAAACATTCCCACTGGCACCTTCACCAAAA 
****** * ************** *** *** * ** * ** ** * * 

B O V  T T T A T C A T C ' I ~ f T C ~ C T A ~ G T T T C ~ C A C - ~ ' ~ C T T T T A T C A C ~ T C C A G ~ C T G A C A  
* *  * * * * *  * * * * * * * * *  * * * * *  * * * *  * * * * *  * *  * 

HUM TTCCTCATCACCCAACT~TATTAAACACAAACTACCACCTACCTCCCTCACCAAAG 

D U C  C C A T C A C T C A T C A C C ~ . . . C C C A C A C C A T G A G C C T G A C C A T G ~ C C T ~  
* *  * * *  * * *  * * * * *  * *  * * *  * * * * * * * * * * * * * * * * *  

CHI ATTACA...ACAACTAAA...CCCACCCCCTGAACCTGACCATGAACCTAA 
* ** * *** ***** *** * * ****** ** 

MOU TCACTAACAACCATAAAAGTAAAAACCCCTTGAGAATTAAAATGAACGAAA 
** ** ** ***** *** ************ ************* 

BOV C C ~ C ~ T A T T ~ C ~ C A C C C C T T G A G A ~ - C ~ T G ~ C G ~  
, .  * * * * * * * *  4 , ,  * * * * *  * *  * * * * * *  * * * * * * * * * * * * * *  

HUM CCCATAAAAATAAAAAATTATAACAAACCCTGAGAACCAAAATGAACGAAA 

ND._~_6 

DUC AAGCTTCCGGAAAAGGCTCCGCGGCCAGAGCTACAGAGTAGACAAATACCACCAACATGC 
**** ** *** **** ***** ** * * ***** ** ***** *********** * 

C H I  A A G C C T C A G G A T A A G G A T C C G C A G C T ~ T G A C A C A G ~ T ~ A C ~ C C A C C A A C A T C C  

MOU AAGTCTCTGGATATTCCTCAGTAGCTATAGCAGTCGTATATCCAAACACAACCAACATCC 
* * *** ***** ****** **** ** ** ** *********** ******* *** * 

H U M  A T G C C T C A G G A T A C T C C T C ~ - T A G C C A T C G C T G T A G T A T A T C C ~ G A C . ~ - C C A T C A T T C  
* * * * * * * * * *  * *  * * * * * * *  * *  * *  * * * * *  * * * * *  * *  * * * * * * * *  * 

BOV AAATTTCAGGATACTGTTCTGTAGCCATAGCCGTTGTATAACCAAAAACTACCATCATAC 

DUC C C C C ~ T A C A C C A T , ~ C A G C A C C A G G G C T A C A A A C G ~ C C C C G A G G C T C ~ T A A C C  
* * * *  * * * * * * * * * *  * * *  * * * * *  * *  * * * * *  * * * * *  * *  * * * * *  * * * * *  

CHI CCCCTAAATACACCAAAAATAACGCCAAGGAAACAAAAGAAACACCCAAACTCACTAACC 
********** * *4*** * ** * *** ** **** ** * * * * 

M O U  C C C C T ~ A T ~ T T A J ~ J k A - ~ C T A T T A ~ C C T ~ C G A T C C A C C A A A C C C T ~ C C A  

HUN CCCCTAAATAAATTAAAAAAACTATTAAACCCATATAACCTCCCCCAAAATTCAGAATAA 
* ** ************** ** ** ** **** * * *** ********** * ** 

B O V  C T C C C ~ A T A ~ A T T A A A ~ G A C C A T C ~ C C C C A A ~ G G A T C C A C C A ~ A T T C A A T A C A A  

DUC ACCCACACCCAGCCACAGATGCTAA~CTAAGCCAACTACCCCATAGTACGGCGAAGGAT 
*****4* ** ****** **** ** ** ** ** ******** ************* 

C H I  A C C C A C A T C C T A T C A C A G A C G C T A C C A C C ~ C C C C A C C A C C C C A T ~ T A C G G C G A A G G A T  

MOU TTAAACAACCAACAAACCCACTAACAATTAAACCTAAACCTCCATAAATAGGTGAAGGCT 

HUM T ~ C A C A C C C G A C C A C A C C G C T ~ C ~ T C ~ T A C T ~ C C C C C A T ~ A T A G G A G A A G G C T  
* * * * *  * *  * * *  * * * *  * *  * * * * *  * *  * * * *  * * * * * * * * * * * * * *  * * * * *  * 

BOV TTCCACAGCCAACCCCACCACTCACAATTAACCCTAACCCCCCATAAATAGGTGAAGGTT 

DUC T C G A T ~ C T A C A C C T ~ C A C C C A C ~ C ~ G C A G A T T C C T A G ~ T A C ~ T ~ G  
* * *  * *  * * *  * * * * * * *  * * * *  * * * *  * *  * *  * *  * * * * * * *  * * * * * * * * * *  

CHI TAGACGCCACAGCTAAAACCCCCAGCATAAAACAAATCCCAAGAAAAATCACAAAATAAG 

M O U  T T ~ T G C T ~ C C C A A G A C A A C C ~ C C ~ T / ~ T G ~ A C ' I ~ I ' A ~ _ C ~ T A T A A T T A T  
* * * * * * * *  * * * * *  * * * *  * * *  * *  * * * *  * * * *  

HUM TAGAAGAAAACCCCACAAACCCCATTACTAAACCCACACTCAACAGAAACAAAGCATACA 
* ***************** ** ** ** *** ** ** * * *** * * ** * 

B O V  T C G ~ G ~ C C C C A C ~ . A C C T A T C A C G ~ T ~ C G C T T A G ~ T , ~ . A T A C A A T G T A T A  

DUC T...CAT 

CHI T . . . C A T  

M O U  T . . . C A T  

HUM T...CAT 

B O V  G T A T C A T  

A p p e n d i x  B .  

Multialignments of amino acid sequences. Identical and similar 
residues between species are respectively indicated by asterisks 
and colons, missing amino acids by dashes. Abbreviations of 
vertebrate species are as in Annex I. 

COIl 

CHI MAlqHSQLGFQDASSPIMEELVEFHDHALMVALAICSLVLYLLTLMLMEKLS.SNTVDAQE 

DUC MANHSQLGFQDASSPIMEELVEFHDHALIVALAICSLVLYLLAHMLMEKLS.SNAVDAQE 
**: *:*:*** *******: ******:: : ** **** , , ** * **** 

HUM MAHAAQVGLQDATSPIMEELITFHDHALMIIFLICFLVLYALFLTLTTKLTNTNISDAQE 

BOV MAYPMQLGFQDATSPIMEELLHFHDHTLMIVFLISSLVLYIISLMLTTKLTHTSTMDAQE 
**** ******************************************************* 

MOU MAYPFQLGLQDATSPIMEELMNFHDHTLMIVFLISSLVLYIISLMLTTKLTHTSTMDAQE 

CHI VELIWTILPAIVLVLLALPSLQILYMMDEIDEPDLTLKAIGHQWYZ~YEYTDFKDLSFDS 
************************************** ********************* 

DUC VELIWTILPAIVLVLLALPSLQILYMMDEIDEPDLTLKSIGHQWYWTYEYTDFKDLSFDS 

HUM METVWTILPAIILVLIALPSLRILYMTDEVNDPSLTIKSIGHQWYWTYEYTDYGGLIFNS 

BOV VETIWTILPAIILILIALPSLRILYMMDEINNPSLTVKTMGHQWYWSYEYTDYEDLSFDS 
********************************* ********************** ~** 

MOU VETIWTILPAVILIMIALPSLRILYMMDEINNPVLTVKTMGHQWYWSYEYTDYEDLCFDS 

CHI YMTPTTDLPLGHFRLLEVDHRIVIPMESPIRVIITADDVLHSWAVPALGVKTDAIPGRLN 
** ****** ************************** ********* ****.4.****.4 

DUC YMIPTTDLPNGHFRLLEVDHRWVPMESPIRVIITAGDVLHSWAVPTLGVKTDAIPGRLN 

HUM YMLPPLFLEPGDLRLLDVDNRVVLPIEAPIRMMITSQDVLHSWAVPTLGLKTDAIPGRLN 
**:, . **:****:********:* ***:: *:********* ************* 

BOY YMIPTSELKPGELRLLEVDNRWLPMEMTIRMLVSSEDVLHSWAVPSLGLKTDAIPGRLN 
*4*** ********************** ******************************* 

MOU YMIPTNDLKPGELRLLEVDNRWLPMELPIRMLISSEDVLHSWAVPSLGLKTDAIPGRLN 

CHI QTSFITTRPGVFYGQCSEICGANHSYMPIWESTPLKHFEAWSSLLSS 
************************************ ********** 

DUC QTSFITTRPGIFYGQCSEICGANHSYMPIWESTPLPYFEAWSSLLSSS 

HUM QTTFTATRPGVYYGQCSEICGANHSFMPIVLELIPLKIFEMGP.VFTL 
***: ***:****4***** ***********:*** ** 

BOV QTTLMSSRPGLYYGQCSEICGSNHSFMPIVLELVPLKYFEKWS.ASML 

MOU QATVTSNRPGLFYGQCSEICGSNHSFMPIVLEMVPLKYFENWS.ASMI 

ATPase8 

CHI MPQLNPNPWFSIMLLTWFTFSLLIQPKLLSFTLTNNPANKIT.TTK.PTPWTWPWT 
****** ******::**:*: ******** ** ** * . ** **** **** 

DUC MPQLNPAPWFSIMVMTWLTLALLIQPKLLTFTTTNPPSKKPSLITK.PTPWAWPWT 
****: ** :: :** :...: . ** . . 4.. ** 

MOU MPQLDTSTWFITIISSMITLFILFQLKVSSQTFPLAPSPKSLTTMKVKTPWELKWT 
*********: *:* :****:****** : * . :: **** *** 

BOV MPQLDTSTWLTMILSMFLTLFIIFQLKVSKHNFYHNPELTPTKMLRQNTPWETKWT 
****:, , *** *:****:. ***: *: * . ** . *** *** 

HUM MPQLNTTVWPTMITPMLLTLFLITQLKMLNTNYHLPPSPKPMKMKNYNKPWEPKWT 

ATPase6 

CHI MNLSFFDQFSSPHLLGHPLILLSLLLPALLFPSPGNRWINNRLSTIQLWLLHLITKQLMI 

DUC MNLSFFDQFSSPCLLGIPLILPSLLLPALLLPSPGNRWINNRLSTIQLWFTHLITKQLMT 
** :* * . ::* *::: :::* :*:** * ***** * *: ** **:, 

MOU MNENLFASFITPTMMGFPIWAIIMFPSILFPSS.KRLINNRLHSFQHWLVKLIIKQMML 
****** ***** ::*:*:* *::***:*** * **: **: :*:*:: *: **** 

BOV MNENLFTSFITPVILGLPLVTLIVLFPSLLFPTS.NRLVSNRFVTLQQWMLQLVSKQMMS 

HUM PFNENLFASFIAPTILGLPAAVLIILFPPLLIPTS.KYLINNRLITTQQWLIKLTSKQMMT 

CHI PLNKNGHKWALMLTSLMTMLLTINLLGLLPYTFTPTTQLSMNMALAFPLWLATLLTGLRN 

DUC PLNKAGHKWALLLTSLILMLLSINLLGLLPYTFTPTTQLSMNMALALPLWLATLLTGLRN 

MOU IHTPKGRTWTLMIVSLIMFIGSTNLLGLLPHTFTPTTQLSMNLSMAIPLWAGAVlTGFRH 

BOV IHNSKGQTWTLMLMSLILFIGSTNLLGLLPHSFTPTTQLSMIqLGMAIPLWAGAVITGFRN 

HUM MHNTKGRTWSLMLVSLIIFIATTNLLGLLPHSFTPTTQLSMNLAMAIPLWAGTVIMGFR$ 

CHI KPSASLAHLLPEGTPTPLIPALILIETTSLLIRPLALGVRLTANLTAGHLLIQLISTASI 

DUC QPSASLGHLLPEGTPTPLIPALIMIETTSLLIRPLALGVRLTANLTAGHLLIQLISTATI 
** ,:**:*** *** **:*** **:* *:** ******:******::** **: 

MOU KLKSSLAHFLPQGTPISLIPMLIIIETISLFIQPMALAVRLTANITAGHLLMHLIGGATL 

BOV KTKASLAHFLPQGTPTPLIPMLVIIETISLFIQpMALAVRLTANITAGHLLIHLIGGATL 

HUM KIKNALAHFLPQGTPTPLIPMLVlIETISLLIQPMALAVRLTANITAGHLLMHLIGSATL 

CHI ALKPILPTVSILTMAILLLLTILEVAVAMIQAYVFVLLLSLYLQENI 

DUC ALLPMMPSISALTALILFLLTILEVAVAMIQAYVFVLLLSLYLQENI 
*: : * :* :**:****** ***: **:****::* 

MOU VLMNISPPTATITFIILLLLTILEFAVALIQAYVFTLLVSLYLHDNT 

BOV ALMSISTTTALITFTILILLTILEFAVAMIQAYVFTLLVSLYLHDNT 
*. ** *********** ***:****** ********** 

HUM AMSTINLPSTLIIFTILILLTILEIAVALIQAYVFVTLVSLYLHDNT 

ND6 

CHI M.TYFVIFLGICFMLGVLAVASNPSPYYGWGLWASVMGCGWLVSLGVSFVSLALFLVY 

DUC M.TYFVFFLGICFVVGVLGVASNPSPYYGWGLVLASVAGCGWLLSLGVSFVALVLFMVY 
* ::* * .:** **:* *** ** :**:: ** :* .* **: *::*::* 

MOU M.NNYIFVLSSLFLVGCLGLALKPSPIYGGLGLIVSGFVGCLMVLGFGGSFLGLMVFLIY 

BOV MMLYIVFILSVIFVMGFVGFSSKPSPIYGGLGLIVSGGVGCGIVLNFGGSFLGLMVFLIY 

HUM M.MYALFLLSVGLVMGFVGFSSKPSPIYGGLVLIVSGVVGCVIILNFGGGYMGLMVFLIY 

CHI LGGMLVVFVYSVSLAADPYPEA 
:*********** ***:*:*** 

DUC FGGMLWFVYSVALAAEPFPEA 
:******* * *:* * :** 

MOU LGGMLWFGYTTAMATEEYPET 
********************* 

BOV LGGMMVVFGYTTAMATEQYPEI 

HUM LGGMMVVFGYTTAMAIEEYPEA 


