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Abstract. We sequenced 6,478 bp of mitochon-
drial DNA from Peking duck (Aras 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 tRNAS-ND6
genes next to the control region and in the lack of
a hairpinlike structure between the genes for
tRNA%S" and tRNA®Y* 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.
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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 compiete 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-
duced by an order of magnitude at approximately
30% divergence (Moritz et al. 1987).

We have recently sequenced the complete
chicken (Gallus gallus domesticus) and part of the
Japanese quail (Coturnix japonica) mitochondrial
genomes (Desjardins and Morais 1990, 1991). We
found that the genome organization and modes of
replication and transcription (L’ Abbé et al. 1991) of
gallinaceous mtDNAs differed from that seen in
mammals and amphibians. In contrast, sequence
comparisons of large mtDNA fragments suggests
that gallinaceous mitochondrial genomes evolve in
a similar manner to mammalian mtDNAs, in accor-
dance with previous observations (Wilson et al.
1985). To obtain further information on genome or-
ganization, evolution, and expression of bird mtD-
NAs, we have been engaged in sequencing selected
mtDNA fragments from other extant bird orders.
Here, we report on the chemical characterization
and evolution of large mtDNA segments of the Pe-
king duck (Anas platyrhyncos), a distant relative of
galliforms. These data will be used to address the
question of tempo of evolution of avian mtDNAs.

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 M13mp18-mp19 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 (1988). 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 composition of the light (L) strand is
30.2% A, 16.8% G, 21.8% T, and 31.2% C. Se-
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A) COI to COIII.
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CCCCTCCATACCACACCTTCGAGGAGCCAGCTTTCGTTCAAGTACAAGAAAGGAAGGAAT
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——————————— ERNA (B@I) === =~ == = e e e e
61 CGAACCTCCATACACTGGTTTCAAGCCAGCTGCA’I‘TAACCAC’I‘CATGCTTCTTTCTCATG

———————————————————— ERNA (ABD ) =~ === == - — e e
121 AAATGTTAGTAAACCAATTACATAGCCTTGTCAAGGCTAAATCACAGGTGAAAGCCCTET

*—-coxr--»
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241 GRAAGAGCTCGTTGAATTCCACGACCACGCTCTGATTGTTGCCTTAGCTATCTGCAGCCTA

VvV L ¥ L L A H M M E K L 8§ S N A V D
301 GTCCTATACCTCTTAGCCCACATGCTAATAGAARAACTATCATCCAACGCAGTAGACGCC

E V E L I WT I L P A I V L V L L B L
361 CAAGAAGTAGAACTAATCTGAACAATCCTACCCGCCATCGTCCTAGTACTCCTCGCCCTC

P 8 L Q I L Y M M D E I D E L T L K
421 CCATCCCTACAAATCCTGTACATAATAGACGAAATCGACGAGCCAGACCTCACACTAAAA

A I G ¥ W S Y E T D F K DL 8 F
481 GCCATTGGCCACCAGTGATACTGAAGCTACGAATACACAGACTTCAAGGACCTCTCATTC

D 8 Y M I P T D L P N G H F R L E Vv
541 GACTCCTACATAATTCCCACCACAGACCTGCCAAATGGGCACTTCCGACTCCTAGAAGTT

D H R V V P M E S P I RV I I TAUGD
601 GACCACCGCGTAGTCGTACCCATAGAATCACCGATCCGCGTAATTATTACTGCCGGAGAC

VL H S WAV PTUL GV X TDATITPGR
661 GTACTTCACTCATGAGCAGTTCCAACGCTCGGAGTTARAACAGATGCAATCCCAGGCCGA

L NQ T S8 F I T TR P G I F ¢ 8 E
721 CTAAACCAAACCTCATTCATTACCACCCGGCCTGGGATTTTCTACGGCCAGTGCTCAGAA

I C G A NH S Y M P vV VESTUZPTLUZP Y

781 ATCTGCGGGGUTAACCACAGCTACATGCCTATTGTAGTAGAATCTACCCCACTCCCATAC

ey
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841 TTTGAAGCCTGATCATCCCTCCTATCGTCATCCTAATCATTAAGAAGCTATGCAACAGCA
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301 CTAGCCTTT‘I‘MGCTAGCTMAGAGGAATTATCC’CCTCCTTMTGGCATGCCTCAACTCA

N P A P WP F S I MV MM T WIL T L A L L
961 ACCCTGCACCATGATTCTCAATCATAGTCATAACCTGACTAACCCTCGCACTCCTAATCC
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1021 AGCCAARACTGCTAACCTTCACCACAACAAATCCCCCATCAAAAAAACCATCACTCATCA
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1081 CCAAACCCACACCATGAGCCTGACCATGAACCTAAGTTTCTTTGACCAATTCTCAAGCCC
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1141 CCACCTACTTGGTCATCCCCTGATCCTACTATCCCTGCTTCTTCCAGCCCTATTGTTCCC

S P G N R W I NN R L L H
1201 ATCCCCAGGCAACCGATGAATCAACAACCGACTATCCACCATCCAACTGTGACTCCTACA

L I K Q L M I P L N KNGUHIK KW B ATULM
1261 CCTAATCACAAAACAACTAATAATCCCATTAAACAARAACGGCCACAAATGAGCCCTGAT

L T S L M T ¥ L L T I N L L 6 L L P Y T
1321 GCTAACATCACTAATAACCATACTCCTAACAATCAACCTTCTAGGACTTCTCCCATATAC

F T P T T Q L S M N M A W L A
1381 ATTCACCCCAACCACCCAGCTATCCATAAACATGGCCCTAGCTTTCCCCCTGTGGCTTGE

T L L T ¢& L R N K P 5 A 8§ L A H L P E
1441 TACCCTACTAACAGGCCTGCGAAACAAACCATCAGCCTCCTTGGCTCACTTACTGCCAGA

¢ * p T P L I P AL I L I ET T™ S L L I
1501 AGGAACCCCAACACCCCTGATCCCCGCACTAATCCTGATCGAAACAACCAGCCTGCTGAT

R P L A L ¢ VR L T AUNIL T A G H L L I
1561 CCGGCCCTTAGCTCTAGGAGTCCGCCTCACAGCTAACCTCACAGCAGGCCACCTACTTAT

Q L I s 7T A L K P I P T V 8 I L
1621 TCAACTCATCTCCACAGCCTCCATCGCACTCAAGCCCATCCTTCCCACAGTATCAATCCT

T M A I L L L L T I L E V A V A M I Q A
1681 AACAATAGCCATCCTACTACTCCTCACCATCCTAGAAGTAGCAGTEGCCATAATCCAGGC

*--COIII--»
L L L § L Y L Q ENTI *M A H
1741 CTACGTTTTCGTCCTCCTCCTAAGCCTGTACTTACAAGAAAACATCTAATGGCACACCAA

A H 8 Y HM V D P P W P I F 6 A A A A
1801 GCACACTCCTACCACATAGTCGACCCCAGCCCCTGACCAATCTTTGGAGCTGCCECCGCC

L L T T S8 G M W P H Y N L L A
1861 TTACTCACAACCTCAGGGCTAGTCATGTGATTCCACTACAACTCATCTATCCTGCTAGCC

A 6 L L 8 M L L VM L Q W W R B VvV R E
1921 GCCGGCCTCTTATCAATGCTCCTAGTGATACTCCAATGATGACGGGAGATTCTCCGAGAG

T F QO G H T P T V Q0 K L R ¥ 6 M I
1981 AGCACCTTCCAAGGCCACCACACACCTACAGTCCAAAAAGGCCTACGATACGGCATAATC
L F
2041 CTCTTC
Fig. 1. Continued on next page.
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to 12SrRNA.
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AAGCTTCCGGAAAAGGCTCCGCGGCCAGAGCTACAGAGTAGACAAATACCACCAACATGC
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CCCCAAAATACACCATAAACAGCACCAGGGCTACAAACGAAACCCCGAGGCTCAATAACC

6 ¢ 6 AV 5§ AL VL GV VYV GG Y Y P S8 P N
ACCCACACCCAGCCACAGATGCTAAAACTAAGCCAACTACCCCATAGTACGGCGAAGGAT
4---ND6
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TCGATGCTACACCTAAAACACCCACAACAAAGCAGATTCCTAGAAAAAATACAAAATAAG
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TCATTATTCCTGCTCGGCCACTACCCGAGACCTACGGCTCGAAAAGCCGTTATTGTTATT
—————————————— #%___ Control region ---»
TTCAACTACCAGAACAGCTAGAATAGCCTAATAATGCTCTCAGGACCCCCCCCCCCTTCC

CCCCCC, T TATTTGGTTATGCATATCGTGCATACATTTATATTCCCCA
TAS
TATATTAACCTATGGTCCCGGTAATAAACACTATTAACCAACTATCCTACATGCACGGAC

TAAACCCATCACATGTCAACGGACATACCCTACTATCGGACTACCCTCCCAACGGACCCA
GAGTGAATGCTCTAATACCCAACACCTCAACACCACATAACATGCCCCCAACCAGAACAA
GGCCCCATAATGATGAATGCTTGACAGACATACCCTACCAACACTCCAAATTCCTCTCCA
bp sequence
CCCACCCATTACTCATGAAGCTGCGTACCAGATCGATTTATTAATCGTACACCTCACGTG
AAATCAGCAATCCTTGCACATAATGTCCGACGTGACTAGCTTCAGGCCCATACGTTCCCC
CTAAMACCCCTCGCCCTCCTCACATTTTTGCGCCTCTGGTTCCTCGGTCAGGGCCATCAAT
TGGGTTCACTCACCTCTCCTTGCCCTTCARAGTGGCATCTGTGGAATACTTCCACCATCT
CAATGCGTAATCGCGGCATCTTCCAGCTTTTTGGCGCCTCTGGTTCCTTTTATTTTTTCC
GGGGTTACCTCACAGCTEGCCCTTCCCAGTGACTTCGGGGGTCCCACAATCTAAGCCTGE
ACACACCTGCGPTATCGCGCTATCCTATATCTCAGGGATTACTCAATGAGACGGTTGGCG
TATATGGGGAATCACCTTGACACTGATGCACTTTGACCACATTCAGTTAATGCTCTCTCC
ACAGCTC TA TTAGTG:i?‘;‘éTCGATGGACATACTTTAAAMCAA_&

CSB-2 €SB-3 LSP/HSP
CCACCCCAACCACAACCCCACAATATATATATACATACAAAACGAAATGCATAACATGAC

TGTAAATGCCCTCAATAGCCTTCACCCCAGGCTTAAGGAGCGGGTATCAGGCACACCAAG
____________________ >

CAGTAGCCCAAGACGCTTGCT

C) 12SrRNA.
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AACCGCCCCTTGCCARGCACAGCCTACATACCGCCATCGCCAGCCCACCTCGAATGAGAG

CGCAACAGTGGCGCAACAGCACCCCGCTAATAAGACAGGTCAAGGTATAGCCTATGGGAC

GGAAGAAATGGGCTACATTCCCTATGCATAGGGCAACACGGGAAAGAAGTATGAAARCTG

16SxrRNA to NDI1.
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ACCTCGACTAGAGGATAAATCTAATCTAATCACCAACCTTACTGTGGGCCTTAAAGCAGC

ATTGATCTCCCCGTGCAAAAGCGGEATGTGAACATAAGACGAGAACGACCCTGTGCAACTT

TTAAGGGTTCGTTTGTTCAACGATTAATAGTCCTACGTCATCTGAGTTCAGACCGGAGCA

ATCCAGGTCGGTTTCTATCTATGAACTACTCTCCCCAGTACGAAAGGACCGGGAAAGTAA

GGCCAATACTACAAGCACGCCTTCCCTCTAAGTAGTGAAACCAACTCAACTATGAAGAGG

1081 ACTCCCCCCCACCACCCCAACTCCTAGAAAAGGATCAGCTAGAGTGGCAGAGCCGGCAAA
*

—=-tRNA(Leu) ~=—--= === =m oo * M P
1141 ATGCAAAAGGCTTAAGCCCTTTACCCAGAGGTTCARATCCTCTCCCTAGCTACACATGCC
ND1--»

Q T T M vV 8 ¥ L I M A L L ¥ I I P I L I
1201 ACAAACAACAATAGTAAGCTACCTCATTATAGCCCTGCTATACATCATCCCAATCTTAAT

VA F L T L YV ERK I L S Y M Q S R K
1261 TGCCGTGGCTTTCTTGACTCTAGTCGAACGAAAAATTCTAAGCTACATGCAATCCCGTAA

G P N I V GG P F L L QP I 2 DG I KL
1321 AGGCCCCAACATCGTGGGCCCTTTTGGCCTGCTCCAACCCATTGCAGACGGAATCAAACT

F I K E P I R P 8 T § 8 P L L F I M M P
1381 ATTCATTAAAGAGCCCATTCGACCTTCCACCTCCTCACCGCTCCTC T ICATCATAATGCC

M L A L L L A L T AWV P L P L P F S L
1441 CATACTAGCCCTCCTCCTAGCCCTCACCGCCTGAGTGCCCCTCCCCCTCCCGTTCTCACT

vV D L NL 6 V L F M V A M S 8
1501 AGTAGACCTGAACCTCGGGGTCCTCTTTATAGTAGCCATATCAAGCTT

E) ND2 to COI.
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M K Q W Y T 8 K P P 8 T P T A I L A S L
ATAAAACAGTGGTACACTAGCAAACCCCCAAGCACGCCCACCGCAATCCTAGCCTCACTA

-
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61 TCAATCCTCCTACTCCCCCTCTCCCCCATAGTCCACGCTATTGTCTAGAAACTTAGGATA
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121 ACACCCACCTAAACCGAAGGCCTTCAAAGCCTTAAATAAGAGTTAAACCCTCTTAGTTTC

4

%

-tRNA(Ala) -
TGCGCTAAGACCAACAGGACAGTAACCTGTATCTCCTAGATGCAAACCAGACGCTTTAAT

18
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241 TAAGCTAAAGCCTTTGCTAGACAGACGGGCTTCGATCCCGCAAAATTTTAGTTAACAGCT

---------------------------- * e e ____tRNA(Cys)
301 AAACGCCCAAACCTACTGGCCTCTGCCTAAGGCCCCGETACACTCTCGTGCACATCGATG

AGCTTGCAACTCAACATGAACTTCACTACAGGGCCGATAAGAAGAGGAATTGAACCTCTG
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*--COI--»
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421 TAAAAAGGACTACAGCCTAACGCTTTAAACACTCAGCCATCTTACCCGTGACCTTCATCA

N R WL F 8 T NUHI KUDIGTIL Y L I
481 ATCGATGACTATTTTCTACCAATCACAAAGACATCGGTACTCTATACCTTATCTTCGGGG

A WA G MM I 6T AL 8§ L L I R A E
541 CATGAGCCGGAATAATTGGCACAGCACTCAGCCTACTGATCCGGGCAGAACTAGGCCAGE

P 6 T L L G DD QI Y NV I V TZRHAF

601 CAGGGACCCTCCTGGGCGACGACCAAATTTATAACGTGATCGTCACCCGTCACGCITTCG

pird

vV M I F F M VM PIMISGT G GTF G NWIL V
661 TAATAATCTTCTTCATGGTAATGCCCATCATAATTGGA TCGGCAACTGATTGGTCC

P L M I G A P DMATF P RMUNNM
CCCTGATAATCGGTGCCCCCCGACATAGCATTCCCACGAATAAACAACATAAGCTT

72

pird

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-1-like sequence. CSB-3 is overlined.
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ALA :AAGGCTT TA GCTT AATTA

Gr***Ck kk hkhk khkkk LEI T
ASN :TAGGCAG AG GCCA GTAGGTTT GGGC G
Akkhkkk KD hkkk ARDRERGH mAkE A
ASP :GAAATGT TA GTAA ACCAA TTAC A
ARGRCOKE kb kAkE kkkkx LET TN
CYS :GGCCCTG TA GTGA AGT TCAT G
KAKTR kR kk Nkkk kak *kkk A
GLU :GTTCTGG TA GTTG AAAATAA CAAT A
ERRKRCCH K AhrE KGR E kkEC K

LEU(UUR) : GCTAGAG TG GCAG AGC-CGGCAA ATGC A AAAGG CTTAAGC CCTTT ACCC

AAGC G TCTGG TTTGCAT CCAGG AGAT
khkkkp khkkkdkk Thkdkk kkkok

TAGCC TTGTCAA GGCTA AATC
khkkPAK (ChkdkkkRk KANkK Kkdok

TTGAG TTGCAAG CTCAT CGAT
ARk k KkkhkhkD KhkQhk Thk%

ACGGC TTTTCGA GCCGT AGGT
APk E KkkkEAKR FkkkE kkDO
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AC v T T T A7
stem loop stem loop stem stem

ACAGG TTAGTGT CCTGT TGGTCTTA
dkkkk kkkphhdk kkhkk hkkkhkkhh

TTTAG CTGTTAA CTAAA ATTTT GCGGG ATCGAAG CCCGT CTGTCTAG

kkkkk dedkkhkdhkk kkdkdkdhk khdkQhk AMdkd Rkkkkkk FE*Ak Fhkkhkhhoh

ACAGG TGAAAGC CCTGT ACATCTCA

kkkkk KRChRIAR kkkddk kkhkkkhkk

GTGCA CGAGAG
KAAKFE ADAAKK

TGTAC CGGGGCCT
kkRGQE Kk hk QAN

CTCGG GTAGTGG CCGAG CAGGAATA
*RThk KQPORAA *EA*K, kQhhkkdkk

AGAGG TTCAAAT CCTCT CCCTAGCT

HhkkROR kk kkkk FAATR Rk kb ks Kkkhk ok kkkhkdk khkkdkkkhk hkdkdk KTk wkkkd kkkhkhd hEAkkhk kkkwkhhr
LYS :CATTAAG AA GCTA TGCAA CAGC A CTAGC CTTTTAA GCTAG CTAAA GAGGA ATTATC- CCCTC CTTAATGG

Ekkh AR khk Khkkk KkkkC Khkk K KkAKkEk hkhkkhk Kkkkk __kGk kkR*G GACHCHC PHAOK kkhkkkap
PHE :GTCCACA TA GCTT ACCA-CAA AAGC A TGGCA CTGAAGC TGCCA AGAC GGCAC ACGAAC ATGCC TGCGGACA

AQhhChd *k dhkkk KARCOQOK*H kkkk k dkkdkhkhk hhkkdhA dkhkhkdk dkdi

SER(UCN) : GAGAAAG AA GCAT -GAGTGGTTA- ATGC A GCTGG CTTGAAA CCAGT GTAT
G *THhx% *kkdkkd REKQAC AKGH

Akdkhdhd *dk dhkk TA*** %k &k kP *hk kK

TRP :AGAAACT TA GGAT -AACACCCACCTA AACC

G AAGGC CTTCAAA GCCTT AAAT
AhkkhEkIk KX KAkIk TARIPGTHRhk*_* *hkhkdk A *kkhd hhhhhdkd Ahdkdd khkkd

*kPkk _RPECT  kkAKk* RkQEAAGER

GGAGG TTCGATT CCTTC CTTTCTTG
HPAGEE kREEEIE Ak kRE kR EAAAK

AAGAG TTAAACC CTCTT AGTTTCTG

Fhdkkdk FRERAXT kkkhkd dhkhdkdhkhdh

TYR  :GGTAAGA TG GCTG AGTGTTTA AAGC G TTAGG CTGTAGT CCTTT TTAC AGAGG TTCAATT CCTCT TCTTATCG
hkhkhhhkdk *k kkkdh *****i_G khkhkhk Kk hhhkhkdk hhhkkhhkk khkkkk kkk%k dkhkkhkdk dhhdhhkhkdt hhkhhkdk hhhkhhhhk
Fig. 2. Sequence comparison of the duck tRNAs (sense strand) 1B, tRNAS® (245-315); tRNAP"® (1364-1433). Fig. 1D, tRNA <"

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,
tRNASe™ (45-117); tRNAAP (120-188); tRNALYS (875-946). Fig.

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 NDI1, ND2, NDé6, 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®™, and tRNAA{RNAY®. Oth-
ers are separated by short noncoding sequences of a
few nucleotides or overlapped: COI-tRNASTCUN),
ATPase8-ATPase6, tRNACYS-tRNATY", ND2-
tRNAT™, 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
tRNAS.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,

(1118-1191). Fig. 1E, tRNA™™ (107-182); tRNAA® (186-254);
tRNAAS? (257-329); (RNACYS (330-395); tRNATY" (395-466).
Residues in chicken homologous to those of duck are indicated
by asterisks and missing nucleotides by dashes.

duck (Fig. 1E) and gallinaceae lack a hairpinlike
structure located between the genes for tRNAAS"
and tRNAY® 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 Pdibo 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™ 1o 98.6% for tRNAT", 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 Transversion
Length Nucleotide acid acid

Gene (nt) identity identity similarity A-G C-T Total A-C A-T G-C G-T  Total
ND1 353 76.2 80.3 95.7 15 26 41 27 8 6 2 43
ND2 105 67.6 54.3 85.7 8 11 19 7 3 4 1 15
NDé6 244 77.9 82.7 98.8 13 14 27 13 9 5 0 27
COI 358 81.6 97.5 98.3 14 26 40 12 7 6 1 26
COIl 684 83.5 93.8 98.7 18 37 55 36 14 7 1 S8
coIl 258 81.5 90.7 98.8 16 9 25 12 7 4 0 23
ATPase 8 165 73.9 72.2 94.4 3 11 14 16 8 2 3 29
ATPase 6 681 80.0 88.5 96.0 21 40 61 52 13 8 2 75
16S rRNA 1117 84.1 — — 41 55 96 44 21 10 7 82
12S rRNA 687 87.4 —_ — 23 28 51 15 10 6 3 34
tRNA (11) 781 88.2 — — 28 39 67 7 6 9 3 25
Control

region 1048 71.0 — — 40 73 113 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 128 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, 1, 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



301

Table 2. Codon usage in Peking duck mitochondria®

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 (lew) 48 CCC (pro) 29 CAC (his) 24 CGC (arg) 3
CTA (leu) 60 CCA (pro) 30 CAA (gln) 21 CGA (arg) 11
CTG (leu) 26 CCG (pro) 5 CAG (gln) 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)

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

2 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 NDI
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,
COIIL, 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 tRNAF™ (tRNACM in

birds) and tRNAF" 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 0.51 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 Substitution events
Size
Gene (codons) Position 1 Position 2 Position 3 Transition Transversion
ND1 117 20 8 56 Silent 32.1% 33.3%
Replacement 16.7% 17.9%
ND2 35 il 8 15 Silent 26.5% 11.8%
Replacement 29.4% 32.3%
ND6 81 13 4 37 Silent 42.6% 27.8%
Replacement 7.4% 22.2%
CoO1 118 6 2 58 Silent 56.1% 36.4%
Replacement 4.5% 3.0%
CO2 228 13 6 96 Silent 40.7% 43.3%
Replacement 8.0% 8.0%
CO3 86 7 3 38 Silent 39.6% 39.6%
Replacement 12.5% 8.3%
ATPase 8 55 14 5 24 Silent 20.0% 35.6%
Replacement 13.3% 31.1%
ATPase 6 227 25 12 99 Silent 33.1% 39.7%
Replacement 11.8% 15.4%
All genes 947 109 48 423 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’Abbé 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. 3¢) 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 HMGI1-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 further investigate 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
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been detected in vertebrate left domains (Doda et
al, 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—
3’), 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

sequence (nucleotides 1161-1186) with those
from chicken (Desjardins and Morais 1990;
nucleotides 867-892) and human (Anderson
et al. 1981; nucleotides 209-234). ¢
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-1 (nucleotides
1161-1187). Species compared: D, duck; C,
chicken; H, human.

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.



304

Table 4. Pairwise divergence estimates (%) for total substitutions (above the diagonal) and transversions (below the diagonal)?
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 2 24 — 27 29 H 3 3 — 37 38
B 19 20 13 — 24 B 23 23 4 — 23 B 3% 32 22 — 31
M 19 19 6 14 — M 23 23 15 13 — M 3 32 23 20 —
12SrRNA col 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 4 40 4
C 4 — 23 24 23 C 8§ — 31 30 30 C 11 — 42 39 4
H 10 2 — 14 13 H 18 6 — 30 28 H 28 28 — 26 28
B 13 13 5 — 12 B 17 6 14 — 22 B 23 25 13 — 28
M 12 12 6 8 — M 18 16 15 10 — M 27 31 20 17 —

2 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®

Gene C/D CH C/B CM D/H D/B DM 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

2 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 overall divergence between 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 restriction-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-
brates, and this is likely to influence 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



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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Appendix A.

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.



308

DuC
CHI
MOU
BOV
HUM
Duc
CHI
MOU
BOV
HUM
puc
CHI
MOU
BOV
HUM
buc
CHI
MOU
BOV

HUM

CHI
MOU
BOV
HUM
DuC
CHI
MOU
BOV
HUM
nuc
CHI
MOU
BOV
HUM
DucC
CHI
MOU
BOV
HUM
Duc
CHI
MOU
BOV
HUM
puc
CHI
MOU
BOV
HUM
puc
CHI
MOU
BOV
HUM
DucC
CHI
MOU
BOV

HUM

16SrRNA

CTTACTGTGGGCCTTAAAGCAGCCTTCAACAAA GAGTGCGTCAAAGCTCCACA CTCAA

Ik EAKFRIK K kk AR AARKKE AR KA LR AR

CGCACTGTGGGCCTTCAAGCAGCCACCAACAAAAGAGTGCGTCAAAGCTCC CT CATTA
* % *

FRK KKKKE KEAKKRRKKKRKK AkK kX KARA *kk K

ACCATTGTAGGCCTAAAAGCAGCCACCAATAAA.GAAAGCGTTCAAGCTCAACA.TAAAA

KKK KFR KR KR AR Ik xk FHkk KK Ahkhkhhk* ARk RARAk*® KAk

CATATAGTAGGCCTAAAAGCAGCCATCAATTAA . GAAAGCGTTAAAGCTCAACAACAAAA

HAkkkkk kKRR R AR KKK KKK KKK, AFRRKAK kAR R A AKX KAFRKKKIER * %

CATATAGTAGGCCTAAAAGCAGCCACCAATTAA . GAAAGCGTTCAAGCTCAACA . CCCAC

AAATGCCAAAA CAAGATGAATCC . CTTACCACAAACAGG . TTAACCTATGA. . .

X2 * KK Ty I Kk kk KKKK KRXRARKXKAK

AAAAATCTAAAACCCTATTTGACTCC ACTCAACCAAAGCAGG.TTAACCTATGA...
KRK KK Kk kx kk KK

TTTCAATTAATTCCATAATTTACACCA ACTTCCTAAACTTAAAATTGGGTTAATCTATA
*

KK kkk KR FHAX *H kK * * KKK kR A AR

ATTAAATAGATTCCAACAACAAATGATTAACTCCTAGCCCCAATACTGGACTAATCTATT
* *

ek ok * dkkkkkkw HEH KK KKk A KKK

TACCTAAAAAATCCCAAACATATAACTGAACTCCTCACACCCAAT.TGGACCAATCTATC

ATATAGGAGAATTAATGCTAAAATGAGTAACTTGGGGCCAC ACCCACCCCTCTAGC
* % ok koK *

HhKK KKK KKK KK AR FFERA X Kk

LATCCTCC. .. TAC

*x kkh ok ok ok

CAATAGAAGAATCAATGCTAAAATGAGTAATCTGGAACCT
't

AxKEK * Kk kk KRRk KRN *
ACTTTATAGATGCAACACTGTTAGTATGAGTAACAAGAATTCCA ATTCTCCAGACATAC

Khkkk KKK K Kkkkh kKKK E KKK R AR AN KK ok ok Kk Py
ATAGAATAGAAGCAATAATGTTAATATGAGTAACAAGAAAAATT TTCTCCTTGCATAA

KA xhkKK K kkkEAkkdk RXE KKk kkhh X kkk* K

ACCCTATAGAAGAACTAATGTTAGTATAAGTAACATGAAAACATTCTCCTCCGCA..TAA

GGCGCAAGCTTACATGAGAACATTATTAACAGACCCAGACA . TATACAAAAAC. .
e

Kkkk hk RKKKKEX ok KK KRRREKAA KKKk LEEE 2] %

.TCCT
*

.ACTA

ok k K

GGCGTAAACTTACATTAATACATTATTAACAGAACTCAACT . TATACCCCCAC. .
* L * oxk x A % * % xkk xE x *
GCGTATAACAACTCGGATAACCATTGTTAGTTAATCAGACTATAGGCAATAATCACACTA
* *
GTCTAAGTCAGTGCCTGATAATACTCTGACCACTAACAGTCAATAAAAATAAT

x kx oxx EREKE K Kkkk KK *

GCCTGCGTCAGATTAAAACACTGAACTGACAATTAACAGCCCAATATCTACAA...TCAA

.CCaA
T

ACAAGACCAGGTATAAACTCACCCTGTTAACCCGACTCAGGAGCGCCCATA AGAGAGAT

*rkEk KHK Kk NhkK K Kk Kk RXREFAKKKKKK K Xk KA*
ACAAGCAATACGTATTCLTCAATCTGTTAAGCCAACCCAGGAGCGCCCACA GGA. TGAT
AHk AR KA Kk KKK & * * okkx KxE

TAAATAATCCACCTATAACTTCTCTGTTAACCCAACACCGGAATGC CTAAAGGAAAGAT

T T KRk KK AR KKK

CAATAAACAATTTATTGATTATACTGTTAACCCAACACAGGAGTGCATCTAAGGAAAGAT

T HkkHK KKKk KKK KA KKK KK KR KKK KKK

CCAACAAGTCATTATTACCCTCACTGTCAACCCAACACAGGCATGCTCATAAGGAAAGGT

TAAAATCTGTGAAAGGAACTCGGCARAACAAGG . CCCGACTGTTTACCAAAAACATAGCC

KEAEE kK HAK KKK IR AR KARET KKK X KRR KK KHFH XK ANk kAN kT FH K

TAAAACCTACAGAAGGAACTCGGCAAACCAAAGACCCGACTGTTTCCCAAAAACATAGCC

EHA KKK KK KK Ak KRR * A kkkh MK KR ARFARRARKE KX
CCAAAAAGATAAAAGGAACTCGGCAAACAAGAACCCCGLCTGTTTACCAAAAACATCACC
HEE ok KKK KRR KK AR AR AR KKK I KK kK kAR AR KK F R KKK A AR Rk A K Xk kKK
TAAAAGAAGTAAAAGGAACTCGGLAAACACAAACCCCGCCTGTTTACCAAAAACATCACC

KAk KA RFAA KRR KA Kk * kX kKK KR A AR AN KR AR R A KR A Ak Xk k

TAAAAAAAGTAAAAGGAACTCGGCAAATCTTAC . CCCGCCTGTTTACCAAARACATCACC
. TAGGTTARACGG

EE R

TTCAGCAAACAAACAAGTATTGAAGGTGATGCCTGCCCAGTGACC. |

kKKK RRREK KKK KK KRR A KA AT AKX KRR AR RNk Kk h ok * k%

TTCAGCTAACAA . CAAGTATTGAAGGTGATGCCTGCCCAGTGACCCCCAAAGTTCAACGG

* kE¥ KEEEERAK KKK L L R Ll FAKFEK HRKKK

TCTAGCATTA. .CAAGTATTAGAGGCACTGCCTGCCCAGTGACT...AAAGTTTAACGG
Kk KAE KKK Kokkkkkk KkRKEF KAFKEKRRERKR KKK KRk Kk Kk
TCCAGCATTC...CCAGTATTGGAGGCATTGCCTGCCCAGTGACA...ACTGTTTAACGG
Xk kEk Ak HRKKEK KK KEKANK kKR KRk kAR R F K Aokok ok kk kA KK
TCTAGC.ATCA . . CCAGTATTAGAGGCACCGCCTGCCCAGTGACA. . . CATGTTTAACGG

CCGCGGTATCCTAACCGTGCAAAGGTAGCGCAATCAATTGTCCCATAAATCGAGACTTGT

KK E I KKK KA KT Ak hkhkkk Kk RKETKR K I KRR AA A KNk Ik ® Kkkkk Kk k kR kI h &
CCGCGGTATCCTAACCGTGCGAAGGTAGCGCAATCAATTGTCCCGTAAATTGAGACTTGT
KAKK KRR AKHN ko hhkkk KA RKRKT XAk ARKK KF Kkk * kkxA *
CCGCGGTATCCTGACCGTGCAAAGGTAGCATAATCACTPGTTCCTTAATTAGGGACTAGC
KA KKK KA K I KR I KKKk AR AR AR KK FHAKRAK Sk NN AR Kok Kk
CCGCGGTATCCTGACCGTGCAAAGGTAGCATAATCATTTGTTCTCTARATAAGGACTTGT

KAK KK KKK Ad* KR AKX A IR KR AR KRNI RNK kA kK KR KKK KA AE KKK

CCGCGGTACCCTAACCGTGCAAAGGTAGCATAATCACTTGTTCCTTARATAGGGACCTGT

ATGAATGGCTAAACGAGGTCTTAACTGTCTCTCACGGATAATCAGTGAAATTGATCTCCC

KRR KKK R KRR RA AR AR TR kA HN KN hkk KK kKRR kK *
ATGAATGGCTAAACGAGGTCTTAACTGTCTCCTGTAGGTAATCTATGAAATTAGTATTCC
Tk kk kA KKK KR IR KKK Kok Kk Kk WA Kk KRRk *

ATGAACGGCTAAACGAGGGTCCAACTGTCTCTTATCTTTAATCAGTGAAATTGACCTTTC

ARREE KA Ekok kR Kk K Kok kKK KK K FAKEKA KK KR IR KR KK KK K

ATGAATGGCCGCACGAGGGTTTTACTGTCTCTTACTTCCAATCAGTGAAATTGACCTTCC

KAk KK KK AR KE KKK KA KK KAFHKRXFAKKR*KF  hk KARXKR KNk k XAk KK

ATGAATGGCTCCACGAGGGTTCAGCTGTCTCTTACTTTTAACCAGTGAAATTGACCTGCC

CGTGCAAAAGCGGGA . TGTGAACATAAGACGAGARAGACCCTGTGGAACTTAAAAATCAAC

Rokk kKRR HA KK KK KKK KKK AR AR AR ER I IR AK AR AR AR AN FIAKK Ak Kk kk k%

CGTGCAAAAACGAGAATGTGAACATAAGACGAGAAGACCCTGTGGAACTTTAAAATCA C
*

*Ek * K KKK EKKRFRAKANK A IR KAKE XK

AGTGAAGAGGCTGAAATATAATAATAAGACGAGAAGACCCTATGGAGCTTAAATTATA
*

Ak KA KAKKKE K K kxR kK RAENKK KA RKKKKKKARR KR KRN Kk
CGTGAAGAGGCGGGAATGCACAAATAAGACGAGAAGACCCTATGGAGCTTTAACT .....

EAKKK KK R KKK KR * KX F KK KKKk R Rk ko k Kk kKRR KRNk Rk k

CGTGAAGAGGCGGGCATAACACAGCAAGACGAGAAGACLCTATGGAGCTTTAATTTATTA

GGCCACCGCG . AACCTAAGACTAAACCCACCGGG. CTACAGACATCGCAGAGCATGGCCG
** *

* ok kkk KEKEE K Kk Kk RKFFK KXK % k¥ Xkk KK

GACCACCTTACAACCTTACAC.AGCCCCACTGGGTCCALCCACACATAAACCCCTGGTCG
* ok ok

TAACTTATCTATTTAATTTATTAAACCTAATGG ..... CCCAAAAACTATAGTATAAGTT
* %

*okk ok
AACCAACCCAAAGAGAATAGATTTAACCATTAAG..GAATAACAACAATCTCCATGAGTT
* kR k* * * kxw * x * kK kK

ATGCAA . ACAGTACCTAACA. . . AACCCACAGG. . . . TCCTAAACTACCAAACCTGCATT

ATATTTTTCGGTTGGGGCGACCTTGGAGAACAACAGATCCTCCAAAAACA AGACCACAC
*

H R KK KRR KR KK KK XK KKK K AR TR kK H N K L IR I
ACATTTTTCGGTTGGGGCGACCTTGGAGAAAAAAAAATCCTCCAAACCCACAGACCACAA

K KKK KKKKKKNE RAKKE KKKKKE AKX AR AARE K KK * x
TGAAATTTCGGTTGGGGTGACCTCGGAGAATAAAAAATCCTCCGAATGATTATAAC CTA

Kok Rk Xk AR KR AN KR AR KK I XA RN KA KRR AR AN R IR AR KA KRR Kk

GGTAGTTTCGETTGGGGTGACCTCGGAGAATAAARAATCCTCCGAGCGATTTTA. . . AR
*

H KA EKKKKFAAKK KKK KKK XK K KX * kAWK KK KKk

AAAAATTTCGGTTGGGGCGACCTCGGAGCAGAACCCAACCTCCGAGCAGTACATGCT . AA

nuc

MOuU
BOV
HUM
buc
CHI
MOU
BOV
HUM
DuC
CHI
MOU
BOV
HUM
Duc
CHI
MOU

BOV

buc
CHI
MOU
BOV

HUM

DuC

CHI

HUM
BOV
MOU
buc
CHI

HUM
BOV
MOU
Duc
CHIL
HUM
BOV
MOU
buc
CHI
HUM
BOV
MOU
DucC
CHI
HUM
BOV
MOU
Duc
CHI
HOM
BOV

MOU

CTCTTTACTTAGAGCCACCCCTCAAAGTGCTAATAGTGACCAGACCCAATATAATT,.GA

R T KKKk KKK K Kk KKK KA KA KRR KKK RN AR Ak

CTCTTCACTAAGALCAACTCCTCAAAGTACCAACAGTAACCAGACCCAATATAATT.,GA

kkk kx

GACTT AC ..... AAGTCAAAGTAAAATCAACATATCTTATTGACCCAGATATATTTTGA
kI kR * %
GACTAGAC ...... CCACAAGTCAAATCACTCTATCGCTCATTGATCCAAAAACTT..GA
*kxk Kk kAKX kR
GACTTCAC ..... CAGTCAAAGCGAACTACTATACTCAATTGATCC..AATAACTT.AGA
TTAATGGACCAAGCTACCCCAGGGATAACAGCGCAATCCCCCTCAAGAGCCCCTATCGAC

Nk k ok kR kR A K KRk kRN kK ok ok kKR kR Rk Kk KK KKk AERAKRKK K kK Ak k ok ok

GCAATGGACCAAGCTACCCCAGGGATAACAGCGCAATCTCCTCCAAGAGCCCATATCGAC

Rk KKK KKK KK E R KRR AN K KA K E Kk Kk K

TCAACGGACCAAGTTACCCTAGGGATAACAGCGCAATCCTATTTAAGAGTTCATATCGAC

P N G I T T

TCAACGGAACAAGTTACCCTAGGGATAACAGCGCAATCCTATTCAAGAGTCCATATCGAC

R R A R L I I TS

CCAACGGAACAAGTTACCCTAGGGATAACAGCGCAATCCTATTCTAGAGTCCATATCAAC

AGG GGGGTTTACGACCTCGATGTTGGATCAGGACATCCTAATGGTGCAGCCGCTATTAA

Kok KRR KK KR ARRARAR I XK KR A Kk AR R KN KT K KK RRRAKRRARE *F AR AR R A A K

AAG GAGGTTTACGACCTCGATGTTGGATCAGGACAACCTAATGGTGCAACCGCTATTAA

KA KRR A K KRR KKF R R KA KK kAR KR K kk kXK R RT * Kok k kK kK

AATTAGGGTTTACGACCTCGATGTTGGATCAGGACATCCCAATGGTGTAGAAGCTATTAA

HEE Kk RAE KK AR KA KA TR AR IR R XA RN AR FRRRAT Kk ok h kK K ARkk Kk

AAT . AGGGTTTACGACCTCGATGTTGGATCAGGACATCCTGATGCGTGCAACCGCTATCAA

KKK KKK KK KKK AN KA KKK KKK IR A KRR KFIRRL Kk I Ak Rk dh KEF RN KK %

AAT . AGGGTTTACGACCTCGATGTTGGATCAGGACATCCCGATGGTGCAGCCGCTATTAA

GGGTTCCTTTGTTCAACGATTAATAGTCCTACGTGATCTGAGT TCAGACCGGAGCAATCC

KK KKK F RN KKK AR RRTHRKRR Fh ke kAN AR AN R KRk kA TR A KR AR A KRR AR AR Ak

GGGTTCGTTTGTTCAACGATTAACAGTCCTACGTGATCTGAGTTCAGACCGGAGCAATCC

e R R Rt R AR A A A s ]

TGGTTCGTTTGTTCAACGATTAA . AGTCCTACGTGATCTGAGTTCAGACCGGAGCAATCC

HAK I F RN KA H I kAR R FRTAKF KK A AN KR AA R KKK AR AR R KA A R I AN RNk

AGGTTCGTTTGTTCAACGATTAA . AGTCCTACGTGATCTGAGTTCAGACCGGAGTAATCC

R T R R e L S R A i e R )

AGGTTCGTTTGTTCAACGATTAA . AGTCCTACGTGATCTGAGTTCAGACCGGAGTAATCC

AGGTCGGTTTCTATCTATGAACTACT . CTCCCCAGTACGAAAGGACCGGGAAAGTAAGGT

RAK KA KK KK ARk kKRR RAKR X% khk K kk KR KKk KRk RRRXAKhE Kk kF kK
AGGTCGGTTTCTATCTATGGAC . ACT ., CCTCCTAGTACGAAAGGACCGGAGAAGTGGGGT
AkEKE R KRR AN RKKERKE KKk ok KERx hkkkRRR A kR kA® kKR KK K X K
AGCTCGGTTTCTATCTATTTACGATT. TCTCCCAGTACGAAAGGACAAGAGAAATAGAGC
AKKKKKKI KA AR KK AR KX H k% KK I AR R KRRk kR kR Ak kK AR Ak
AGGTCGGTTTCTATCTAT. TACGTATTTCTCCCAGTACGAAAGGACAAGAGAAATAAGGC

HEE N KKK KK KKK K Kk kK EAK KK A KK AR KRNI I RA N AR AR &
AGGTCGGTTTCTATCTACCTTCAAATTCCTCCCTGTACGAAAGGACAAGAGAAATAAGGC
CAATACTACAAG. . CACGC CTTCCCTCTAA
HAK KR KK KA ANk

CAATACCACTGAGCACACCC.CAACCTTCTAA
* % * K Kk EEER *

CACCTTACAAATAAGCGCTCTCAACTTAATTT

CAACTTTAAATCAA GCGC CTTAAGACAAC
* KkEkE % HEEE KRR
CTACTTCACAAA‘...GCGC.CTTCCCCCGTA

12SrRNA

AACCCACGAAAGCCAGGGCCCAAACTGGGATTAGATACCCCACTATGCCTGGCCCTAAAT

R I I Ty
AACCCACGAAAGCTAGGACCCAAACTGGGATTAGATACCCCACTATGCCTAGCCCTAAAT
AHE KKK K KKK KKK FK KK KA KR A AR A IR AR AR IR I I IRk KRR KA AR
ARCACACAATAGCTAAGACCCAAACTGGGATTAGATACCCCACTATGCTTAGCCCTAAAC
KR KKk KK KRR KKK R AT A K KA Ak kAL AR IR R KRR R A Kk ok ok ke kKK XK KKK Kok Kk
GACGCACTATAGCTAAGACCCAAACTGGGATTAGATACCCCACTATGCTTAGCCCTARAAC

KKK E ok KKK KRR K IR AN AR KR AR KRR R IR I AR AA KR AR AR R R RN A KA KK

AATACACGACAGCTAAGACCCAARACTGGGATTAGATACCCCACTATGCTTAGCCATAAAC

CTAAATAATTTACCC . TACCGAAGTATCCGCCAGAGAACTACGAGCACAAACGCTTARAA

oAk EEA * Kk RRRARK KKK KKK AKAR KRR KRR AKKKNI KN KKK K&
ACAGATAATTCCCAT. CACACATGTATCCGCCTGAGAACTACGAGCACAAACGCTTAAAA
* ok ok Akkk Rk Kk xR kkKAK * KK KK KKK

CTCAACAGTTAAATC.AACAAAACTGCTCGCCAGAACACTACGAGC CACA GCTTAAAA

WKk KAk KK RAKKKEK X KKRRKRAK  KRKKA kR Ek kKK ek

CTAGATACCTACATA.AACAAAATTATTCGCCAGAGTACTACTAGC.‘AACAGCTTAAAA

Hk KEKFK KK KK hkKKKEE KKK KNXKXKK AKX KKK % KRk K E N

CTTGATACATAAATTTAACAAAACTATTTGCCAGAGAACTACTAGC . CATA . GCTTAAAA

CTCTAAGGACTTGGCGGTGCCCTAAACCCACCTAGAGGAGCCTGTTCTGTAATCGATGAT

I i i I I S N I I T T T
CTCTAAGGACTTGGCGGTGCCCCAAACCCACCTAGAGGAGCCTGTTCTATAATCGATAAT

HhE KFHKEKE WA KKK KA KK ok kKKK RRRK KKK A AR K AR KR RF A RN

CTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGGAGCCTGTTCTGTAATCGATAAA

kKKK Ak Ak K Hhkk kKK h RAKEKK A KA IR RRAN KR UK Rk * AR F R IR AN IR R

CTCAAAGGACTTGGCGGTGCTTTATATCCTTCTAGAGGAGCCTGTTCTATAATCGATAAA

KA KKK R IR KK IR KAk hk ERKK KK KIRE KA A RK RN R AR KK AR R KA AT IR KK I E KN

CTCAAAGGACTTGGCGGTACTTTATATCCATCTAGAGGAGCCTGTTCTATAATCGATAAA

CCACGATCAACCCAACCGCCCCTTGCCAAGCACAGCCTACATACCGCCGTCGCCAGCCCA

KAE KKK R KR AR AKA KA KRRNKRKA KK AR AR AR KRR AR ARk R kAR R KN R AR H ok

CCACGATTCACCCAACCACCCCTTGCCA . GCACAGCCTACATACCGCCGTCGCCAGCCCA

KE KEKK kKR KERFKE KKK KA HokhkKKK KKk AR KKK RF KK KX K
CCCCGATCAACCTCACCACCTCTTGCT. .. . . CAGCCTATATL.CCGCCATCTTCAGCAAA
KkKEK KK KKK KRR RAFRE KK FKKRN KEE KKERR K kKRR A AT RAN KKK KA K
CCCCGATAAACCTCACCAATTCTTGCTA , ATACAGTCTATATACCGCCATCTTCAGCAAA

HokkkE ok kR kAN SRRk KKKKKKIK Ak AhK KKK ARKA KA AN KKK F A KRR F XA

CCCCGCTCTACCTCACCATCTCTTGCTA . ATTCAGCCTATATACCGCCATCTTCAGCAAA

CCTCGAATGAGAGCGCAACAGTG. GCGCAACAGCACCCCGCTAATAAGACAGGTCAAGGT

KAKKKKIKA KK RREK I AKKFRTR Kk kw Ak KARKHFFH kk

CCTCTAATGAAAGAACAACAGTGAGCTCAATAGCCCCTCGCTAATAAGACAGGTCAAGGT
* ok ok ok

*k kKK kK * %k

ccC. CTGATGAAGGCTACAAAGTAAGCGCAAGTAC CCACGTAAAGACGTTAGGTCAAGGT

ok Tk AEE KA AKAKKNK KKK R A AT

CC.CTAA. AAAGGAAAAAAAGTAAGCGTAATTATGATACATAAAAACGTTAGGTCAAGGT
* % *

KakH kK AEKK  KRKFERIK Y Y R At i E S ]

CC.CTAA.AAAGGTATTAAAGTAAGCAAAAGAATCAAACATAAAAACGTTAGGTCAAGGT

ATAGCCTATGGGACGG . AAGAAATGGGCTACATTCCCTATGCATAGGGCA

FhEKIKFAEFRE  kk FREAKKKRK AR Kk ART KKK R RK*E ko

ATAGCCTATGGGGTGG . GAGAAATGGGCTACATTTTCTAA . CATAGAACA

Khkxk KAK KKKRF  FAKRAKKKARARRAERA N R h K LELES

GTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTAC CCCAGAAAA

KKK K KRR KRRk kR, WhAKk Kk KK KX

GTAACCTATGAAATGGGAAGAAATGGGCTACATTCTCTACACCAAGAGAA
*%

Kok KKk KN ERAANRR IR KK Rk Rk kA Ik A

GTAGCCAATGAAATGGGAAGAAATGGGCTACATTTTCTTATAAAAGAACA
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€O 11

GTGGCCAACCACTCCCAACTAGGATTCCAAGACGCCTCATCACCCATTATAGAAGAGCTC

HHKK KKK KKK KA R RF KKK A R H Kk AR FRRIIRIIAT KR KT A AR RAF IR IR

ATGGCCAACCACTCCCAACTAGGCTTTCAAGACGCCTCATCCCCCATCATAGAAGAGCTC

AR KK K WKE ok kkRIkH KK K KKAkKRAKA KAKAKKK Kk KARKAKN A KK
ATGGCCTACCCATTCCAACTTGGTCTACAAGACGCCACATCCCCTATTATAGAAGAGCTA
KEXKKA A KK KEAKE KKk RAFFK KA XKRKK AH KK AKKER R KX
ATGGCATATCCCATACAACTAGGATTCCAAGATGCAACATCACCAATCATAGAAGAACTA
KEEKK K KR KEKE K kRKEH KK KA Kk kk KKK KX ANAXE Kk

ATGGCACATGCAGCGCAAGTAGGTCTACAAGACGCTACTTCCCCTATCATAGAAGAGCTT

GTTGAATTCCACGACCACGCTCTGATTGTTGCCTTAGCTATCTGCAGCCTAGTCCTATAC

EAEKK KKK IR AR KAKNR*hk KEXFH Kk HK KEK KK KRKEKK AAKK Kk AWK

GTTGAATTCCACGACCACGCCCTGATAGTCGCACTAGCAATTTGCAGCTTAGTACTCTAC
*x

A kKKK E Kk KKKk kK AEEKEE AR

ATAAATTTCCATGATCACACACTAATAATTGTTTTCCTAATTAGCTCCTTAGTCCTCTAT

KOk AREAK KKK RAKKEKARKKE Khk KNKKKANKKXE KA AFH Kh kK
CTTCACTTTCATGACCACACGCTAATAATTGTCTTCTTAATTAGCTCATTAGTACTTTAC

FAEKFK KRR KKK Kk kK Kkkkk K kkk K K% HHEK KK KK

ATCACCTTTCATGATCACGCCCTCATAATCATTTTCCTTATCTGCTTCCTAGTCCTGTAT

CTCTTAGCCCACATGCTAATAGAAAAACTATCA

*k ok Ak KK KKAKKRRFFARKAKK

CTTCTAACTCTTATACTTATAGAAAAACTATCA
*

*k kA X

. TCCAACGCAGTAGACGCCCAAGAA

K KAK Kk ARKKE KEKAKKEAKN
. TCAAACACCGTAGATGCCCAAGAA
Ar KA EH® kx KK KKE O RKKAREE AKX AT AE
ATCATCTCGCTAATATTAACAACAAAACTAACACATACAAGCACAATAGATGCACAAGAA
Ak kk kk kEAKKR Kkkh KR KK Ak Kk KKRKKNKRNKE AR RKANKNK KK KKK KK
ATTATTTCACTAATACTAACGACAAAGCTGACCCATACAAGCACGATAGATGCACAAGAA

Kx o xER T T

GCCCTTTTCCTAACACTCACAACAAAACTAACTAATACTAACATCTCAGACGCTCAGGAA

GTAGAACTAATCTGAACAATCCTACCCGCCATCGTCCTAGTACTCCTCGCCCTCCCATCC

HE KK AKAFRKKKIRF, KR AT KKK R XX XK KRAXKKKFE Kk KK KX RAK KK R KKK

GTTGAACTAATCTGAACCATCCTACCCGCTATTGTCCTAGTCCTGCTTGCCCTCCCCTCC
*

AR Xk R Khh KX RF RKKEX Kak K *% E K kA RKAK

GTTGAAACCATTTGAACTATTCTACCAGCTGTAATCCTTATCATAATTGCTCTCCCCTCT

Kk KK kk Rk kkkkk KERR X XK Kk K KKk ok KK KKKARKREAKK KK KKK

GTAGAGACAATCTGAACCATTCTGCCCGCCATCATCTTAATTCTAATTGCTCTTCCTTCT

KKK ok k K KRAERE KK RF KKK KK RI IR A AR

ATAGAAACCGTCTGAACTATCCTGCCCGCCATCATCCTAGTCCTCATCGCCCTCCCATCC

CTACAAATCCTGTACATAATAGACGAAATCGACGAGCCAGACCTCACACTAAAAGCCATT

KK KR RKREAE R ARANK KA RAKN KRR AR AN KR E kK kk KKK KAk * KKK * kAR

CTCCAAATCCTCTACATAATAGACGAAATCGACGAACCTGATCTCACCCTAAAAGCCATC

RE K kk KX KK KXKKKKRAKEAKIKARK KX % XAk KKk

CTACGCATTCTATATATAATAGACGAAATCAACAACCCPGTATTAACCGTTAAAACCATA

KHKK RAKAKRKE FE ARk Ak KKK KA RAE Nk kR Kk KK kKA ER KKK

TTACGAATTCTATACATAATAGATGAAATCAATAACCCATCTCTTACAGTARAAACCATA

KKK Kk K RAKKKKA Kkk KK KRE* K Kk KX kkKKE K KE* Kk XK

CTACGCATCCTTTACATAACAGACGAGGTCAACGATCCCTCCCTTACCATCAAATCAATT

GGCCACCAGTGATACTGAAGCTACGAATACACAGACTTCAAGGACCTCTCATTCGACTCC

KK KA KRN RKKAKKAI KA Kk k KA NRRK RN Ak m kA Ak kKA KRR AR E XX R R A K

GGACACCAATGATACTGAACCTATGAATACACAGACTTCAAGGACCTCTCATTTGACTCC

AE KK EKKKRNANK KRN hkh KA b hh KA Kk kw KOKkREE K kEFAE KN

GGGCACCAATGATACTGAAGCTACGAATATACTGACTATGAAGACCTATGC TTTGATTCA

Kk Kk KK KAKRRRKAKK R R AR KR ARAKK Kk KNEKKE KAk KK Kk kh kk Ak

GGACATCAGTGATACTGAAGCTATGAGTATACAGATTATGAGGACTTAAGCTTCGACTCC

Kk Rk Kk KR ARRKKKK kkk AKRRK KK *w Kk Ak kK

GGCCACCAATGGTACTGAACCTALGAGTACACCGACTA&GGQGGACTAATCTTCAACTCC
TACATAATTCCCACCACAGACCTGCCAAATGGGCACTTCCGACTCCTAGAAGTTGACCAC
"

ARE KA KK kk KRKKEAAE KX *k kA kK EAER KRERKKE KKK EE

TACATAACCCCAACAACAGACCTCCCCCTAGGCCACTTCCGCCTACTAGAAGTCGACCAT

Kk Kk Kk KKAKRARE  *k kKK kK

TATATAATCCCAACAAACGACCTAAAACCTGGTGAACTACGACTGCTAGAAGTTGATAAC

kH Kk KEK KKARKK Nk kW KK Kk RKEKKKKE  XKEFRNE KK A KK

TACATAATTCCAACATCAGAATTAAAGCCAGGGGAGCTACGACTATTAGAAGTCGATAAT
*

ErET kEKEN Kk KKk KXAEF  *

TACATACTTCCCCCATTATTCCTAGAACCAGGCGACCTGCGACTCCTTGACGTTGACAAT

CGCGTAGTCGTACCCATAGAATCACCGATCCGCGTAATTATTACTGCCGGAGACGTACTT
*x *

Kkh K KK K RRRAAKXKAKRN ARk Kk kK% AEKAE Kk

C”CATTGTAATCCCCATAGAATCCCCCATTCGAGTAATCATCACCGCTGATGACGTCCTC

KAk Kk Kk K KK *% wx ¥ K kEKK RKKEKAKKK
CGAGTCGTTCTGCCAATAGAACTTCCAATCCGTATATTAATTTCATCTGAAGACGTCCTC

AAA KK Rk Kk KRR KE KKK KK Kk KX KKK KKK KRR Ak

CGAGTTGTACTACCAATAGAAATAACAATCCGAATGTTAGTCTCCTCTGAAGACGTATTA
*

AEEKK KKkEKK Kk KK KAK * EEXE IR Kk
CGAGTAGTACTCCCGATTGAAGCCCCCATTCGTATAATAATTACATCACAAGACGTCTTG
CACTCATGAGCAGTTCCAACGCTCGGAGTTAAAACAGATGCAATCCCAGGCCGACTAAAL

AEKRKRRKAKKR Kk KKk KkKkk kk NKKKKAAK KXKKRKKKK Xk KXERFNAK

CACTCATGAGCCGTACCCGCCCTCGGGGTAAAAACAGACGCAA”CCCTGGACGACTAAAT

AEKKKKFAR KRR Kk KNK Kk kK K% HRAKE KX KKKKREKKAAL
CACTCATGAGCAGTCCCCTCCCTAGGACTTAAAACTGATGCCATCCCAGGCCGACTAAAT
AREKK KK KA KK Kk RAKEE ARKE KK IR KX AK KK KA REEFIRNFKF KKK A A

CACTCATGAGCTGTGCCCTCTCTAGGACTAAAAACAGACGCAATCCCAGGCCGTCTAAAC

KA AR KK KKK KR KKK Eh kKRR RK KKK Kk khk K% KK KR ERKK KK

CACTCATGAGCTGTCCCCACATTAGGCTTAAAAACAGAFGCAATTCCCGGACGTCTAAAC

CAAACCTCATTCATTACCACCCGGCCTGGGATTTTCTACGGCCAGTGCTCAGAAATCTGC

Akk kA A RK kR ok KEk Rk kk KK Wk kWK EK KK K H KKK KIRK KR A kK
CAAACCTCCTTCATCACCACTCGACCAGGAGTGTTTTACGGACAATGCTCAGAAATCTGC
wEE w ARARKIAR Kk KK Kk KAKKKRKE AEKE K Ak

CAAGCAACAGTAACATCAAACCGACCAGGGTTATTCTAPGGCCAATGCTCTGAAATTTGT

AkE KR RR ok P Ak KAKKK KRKK KK KK KERKKKAE KK KX I AKX

CAAACAACCCTTATATCGTCCCGTCCAG CTTATATTACGGTCAATGCTCAGRAATTTGC

ERKEE KRk E KR KK KEERKKAKXEKRAHK ARKEX KX

CAAACCACTTTCACCGCTACACGACCGGGGGTATACTACGGTCAATGCTCTGAAATCTGT

GGGGCTAACCACAGCTACATGCCTATTGTAGTAGAATCTACCCCACTCCCATACTTTGAA
xx

Kk KKK EANERKAKAKRRE Kk KRN RAARKKIE A XK AR AN TE K KRHIAK

GGAGCTAACCACAGCTACATACCCATTGTAGTAGAGTCTACCCCCCTAAAACACTTTGAA
kK

KRE KKK AXKKRK KKK H Kk AKEFRKKK  KE * ok

GGATCTAACCATAGCTTTATGCCCATTGTCCTAGARATGGTTCCACTAAAATATTTCGAA

Kk KK Rk KRk XK Ak Kk KRKERKKRAKT Kk k KAk Xk kAAKKA ok KX KA K

GGGTCAAACCACAGTTTCATACCCATTGTCCTTGAGTTAGTCCCACTAARGTACTTTGAA

Kk KA KKKRKRARAAXK K IR KA KRR AAARE Kk kXK Kk Kk KR AAK *k KK R

GGAGCAAACCACAGTTTCATGCCCATCGTCCTAGAATTAATTCCCCTAAAAATCTTTGAA

GCCTGATCATCCCTCCTATCGTCATCCTAA

KRRk I RK K KA k* KK Kk xk *x ke
GCCTGATCCTCACTACTGTCATCT...TAA
* Rk Kk K ko
AACTGATCT...GCTTCAATAATT‘..TAA
Hk Kk K KKK Kk KKK AKX & * %k
AAATGATCT. . .GCGTCAATATTA. ..TAA
* ok x x % * * *x

ATAGGGCCC. . .GTATTTACCCTA. . . TAG
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309

ATPased

ATGAACCTAAGTTTCTTTGACCAATTCTCAAGCCCCCACCTACTTGGTCATCCCCTGATC

KEEIKKKKK AT KRR FH KKERRAKA KA I RAKENE KRR K KX * % H KK *
ATGAACCTAAGCTTCTTCGACCAATTCTCAAGCCCCTGCCTACTAGGAATCCCTCTAATC
KKKk * PR Fh kKA KEKK K
ATGAACGAAAATCTATT GCCTCATTCATTACCCCAACAATAATAGGATTCCCAATCGTT
AxEHXKK KKK KK KK AKK KNAT KK KKKKAEASL KXE Kk Rk KA EK KNKK
ATGAACGAAAATTTATTTACCTCTTTTATTACCCCTGTAATTTTAGGTCTCCCTCTCGTA
TRk kR kR A KKk KEk RrE kk k% XrE wEE e

ATGAACGAAAATCTGTTCGCTTCATTCATTGCCCCCACAATCCTAGGCCTACCCGCCGCA

CTACTATCCCTGCTTCTTCCAGCCCTATTGTTCCCATCCCCAGGCAACCGATGAATCAAC

Kk K kKK Kk REARRAKKKAKKEKE kK Kkkkk KAKKF ANKKXHKK KXKAAK

CTCCCATCACTCCTTCTTCCAGCCCTCCTACTTCCATCACCAGGAAACCGATGGATCAAC

KkkAA K KKK *kk kR

GTAGCCATCATTATATTTCCTTCAATCCTATTCCCATCCTCA...AAACGCCTAATCAAC
wx KEEREIE Kk KK x R TIETI
ACCCTTATCGTACTATTCCCAAGCCTACTATTCCCAACATCA‘..AACCGACTAGTAAGC

Kk ok K KkRAX EE * Kk ok * ok x

GTACTGATCATTCTATTTCCCCCTCTATTGATCCCCACCTCC...AAATATCTCATCAAC

AACCGACTATCCACCATCCAACTGTGACTCCTACACCTAA”CACAAAACAACTAATAATC
*

KkkAE kK KEKAKKKAKEKAKFR KAk P Y L T

AACCGCCTCTCCACCATCCAACTCTGATTCACCCACCTAATCACAAAACAACTAATAACC

KAk kH KA KEEREE KX A EEEAKK kREF

AACCGTCTCCATTCTTTCCAACACTGACTAUTTAAACTTATTATCAAACAAATAATGCTA
*x

Xk kk AR KKk Kk KE KEFAK Kk kKK kKKK

AATCGCTTTGTAACCCTCCAACAATGAATACTTCAPCTTGTATCAAAACAAATAATGAGT
* %k *

Kk E kKA KK kk Kk EAE IR KKK KK

AACCGACTAATCACCACCCAACAATGACTAATCAAACTAACCTCAAAACAAATGATAACC

CCATTAAACAAAAACGGCCACAAATGAGCCCTGATGCTAACATCACTAATAACCATACTC

Ak kKA RER Ak KA RKKK AR KAE K KK Kk kH Ak Rk kK K

CCCCTAAACAAGGCAGGTCACAAATGAGCCCTCCTACTCACCTCACTTATCCTAATACTC

ATCCACACACCAAAAGGACGAACATGAACCCTAATAATTGTTTCCCTAATCATATTTATT

kK kH K oKkEEARKA Rk k AR AEEAE XK Kk K KKK KK KKERKK
ATCCACAATTCTAAAGGACAAACATG, AACATTAATATTAATATCTCTGATCCTATTTATT
* %

Ak KA KKK kKA KRAREK kkk KEKE K X Kkk ok k kK

ATACACAACACTAAAGGACGAACCTGATCTCTTATACTAGTATCCTTAATCATTTTTATT

CTAACAATCAACCTTCTAGGACTTCTCCCATATACATTCACCCCAACCACCCAGCTATCC

KRk KAREXE Kk KRR KK Kk KF kkkKAKRKF AKX KKKKK Kk
CTCTCCATTAACCTCCTAGGCCTCCTCCCCTACACCTTLACCCCAACTACCCAACTATCA
KAk wAEAAAXKE kXK K KF kH KK KK KXEXKXARXKAKKK
GGATCAACAAATCTCCTAGGCCTTTTACCACATACATTTACACCTACTACCCAACTATCC
AERKKEEEERAK KH KA KX AR HK KK Kk KEEE KEKKE KK KK KEKKKKEFK
GGATCAACAAACCTACTAGGCCTATTACCCCATTCAmTCACACCAACAACACAACTATCA

ArK K KKK KA Kkkhk KA KAKENE KX AKKKKFAR

GCCACAACTAACCTCCTCGGACTCCTGCCTCACTCATTTACACCAACCACCCAACTATCT

ATAAACATGGCCCTAGCTTTCCCCCTGTGGCTTGCTACCCTACTAACAGGCCTGCGAAAC

KA AR KA A KA * Kk Kk RK Kk KKK KKEANRAKAERKKER KK AKX
ATAAACATGGCCTTAGCCCTGCCACTATGACTAGCCACCTTACTAACAGGCCTGCGAAAC
ArE AN ** Ak ok kKRR KK K KAN KX

ATAAATCTAAGTATAGCCATTCCACTATGAGCTGGAGCCGTAATTACAGGCTTCCGACAC

AkE KK KA Ok KKKAKKEET KH KA RAHKE KXKAARKKFERFANINN KA KKK K

ATAAACCTAGGCATAGCCATCCCCCTGTGAGCAGGAGCCGTAATTACAGGATTCCGCAAT

ERAKKRR KA L KK KA KA KKK K KKK Khk kkk Kk KKk x

ATAAACCTAGCCATGGCCATCCCCTTATGAGCGGGCACAGTGATTATAGGCTTTCGCTCT
AAACCATCAGCCTFCTTGGCTCACTTACTGCCAGAAGGAACCCCAACACCCCTGATCCCC
>

Krkk kK KKK KKK KK Khkkmk KARKK kK KA kKKK Ak

CAACCCTCCGCCTCCTTAGGACACCTACTCCCTGAAGGCACCCCCACCCCACTGATTCCA

FHokokk KK E KRk

AAACTAAAAAGCTCACTTGCCCACTTCCTTCCACAAvGAACTCCAATTTCACTAATTCCA
*x

AR A KA KAk Kk kk A KRR KA K K KERKAEF KA

AAAACTAAAGCATCACTTGCCCATTTCTTACCACAAGGAACACCCACTCCACTAATCCCA

Ak K Kk Akkkx AERKRKIKKKK KKK XHAKKX KK Kk KKk Ik Ak

AAGATTAAAAATGCCCTAGCCCACTTCTTACCACAAGGCACACCTACACCCCTTATCCCC

GCACTAATCCTGATCGAAACAACCAGCCTGCTGATCCGGCCCTTAGCTCTAGGAGTCCGC

HE KR KA KK ARE KK KKK ARK KA K KK KK KAKXK KKXNK KRIRAKKXKE ko

GCCCTAATCATAATCGAAARCAACCAGCCTACTTATTCGGCCATTAGCCCTAGGAGTACGC

ok kK k¥ KK AAEKKKK  KERKKF AKEkRF KKK K kK KKK KKK Kk

ATACTTATTATTATTGAAACAATTAGCCTA1TTATTCAACCAATGGCATTAGCAGTCCGG

KRAKK K KKKAKKKKERE KR AAkkk KA KRR Kk kF  * kE kk kK

ATACTAGTAATTATTGAAACTATCAGCCTTTTTATTCAACCTATAGCCCTCGCCGTGCGG

KR KKK RKE KKKXK Ax KK KRN R KKk AEKAARKF KA A KA KR X KA KKK k¥

ATACTAGTTATTATCGAAACCATCAGCCTACTCATTCAACCAATAGCCCTGGCCGTACGC

CTCACAGCTAACCTCACAGCAGGCCACCTACTTATTCAACTCATCTCCACAGCCTCCATC

Ak KEEEH RKRKEAKAARAK Kk KARAKRAKKAK KkK KK KKKFN FREEXE K KFK

CTAACAGCAAACCTCACAGCTGGTCACCTACTTATCCAACTTATCTCTACAGCCACAATC
* *x

Kk Kk kkk REKX X 'EEs *

CTTACAGCTAACATTACTGCAGGACACTTATTAATACACCTAATCGGAGGAGCTACTCTA

AORKKEERKARAAE ARKXKRKA KT H K, AAAIKKKN kAR KT R XA A KA I XA AR T K

TTAACAGCTAACATCACTGCAGGACACCTATTAATTCACCTAATCGGAGGAGCTACACTT

ARkh KK RAAREE KKK RKAAK KRKKKA K KF ANFKKKKA KEF K hk Kk

CTAACCGCTAACATTACTGCAGGCCACCTACTCATGCACCTAATTGGAAGCGCCACCCTA

GCACTCAAGCCCATCCTTCCCACAGTATCAATCCTAACAATAGCCATCCTACTACTCCTC
- % *

FrEEAR Kkwkk Rk Kk KE K%

GCCCTACTACCAATAATGCCATCAATCTCCGCCCTAACGGCACTCATCCTATTCCTACTA

Sk ok Kk howk

GTATTAATAAATATTAGCCCACCAACAGCTACCATTACATTTATTATTTTACTTCTACTC

KoK AKREA KKKKKK K KKEXKAKK Khkwkkhk kKKK KK K Kk kkX

GCACTAATAAGCATTAGCACTACAACAGCTCTAATTACATTCACCATTCTAATCCTACTA

ckk kk Kk ERARR AE kKR A A KKK KK

GCAATATCAACCATTAACCTTCCCTCTACACTTATCATCTTCACAATTCTAATTCTACTG

ACCATCCTAGAAGTAGCAGTGGCCATAATCCAGGCCTACGTTTTCGTCCTCCTCCTAAGC

AEAKA KR KKK KERK kKK H* *k KAXKKIRA AKAXARAE KX KRN XA R KKK T T K KR R h

ACCATCCTAGAAGTGGCAGTAGCAATAATCCAAGCCTACGTCTTCGTCCTCCTCCTAAGC
* %

Wk KEK KK AEREXKKF khkK KXAKXRAKAKKE KKK NRAAAK KA KEK
ACAATTCTAGAATTTGCAGTAGCATTAATTCAAGCCTACGTATTCACCCTCCTAGTAAGC
FA KKK AR K Rk kAR KKK KK Kkkh Kk kA khk KKK RKAN FEEAXN KKK Ak &
ACAATTCTAGAGTTTGCAGTAGCTATAATCCAAGCCTATGTATTCACTCTCCTAGTCAGC

Kk KK kkERE K kk KK Kk KERRAKRAAKEAAKN KK KKK KK KK RWAKX K kA

ACTATCCTAGAAATCGCTGTCGCCTTAATCCAAGCCTACGTTTTCACACTTCTAGTAAGC

CTGTACTTACAAGAAAACATCTAA

Ak KFARKRRKIKKAKE KE K kX
CTCTACTTACAAGAAAATATTTAA
XK KE kKKK Kk KKXE ARk
CTATATCTACATGATAATACATAA
Ak kA KKK KKK Kk KHEAAK
CTATATCTGCATGACAACACATAA

ok gk ok k ok E R Rk Kk K

CTCTACCTGCACGACAACACATAA
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ATPase8

ATGCCTCAACTCAACCCTGCACCATGATTCTCAATCATAGTCATAACCTGACTAACCCTC
*

KkkkK kkAk ok KkkkH Kk HF KKK T K Ak KAk *K kA
ATGCCCCAATTAAACCCAAACCCATGATTCTCCATCATACTCCTAACTTGATTCACCTTC
Kkkkk kEk Kk K k% *k ke k kK
ATGCCACAACTAGATACATCAACATGATTTATCACAATTATCTCATCAATAATTACCCTA
KAk kK kkkkkkKk kk REAFKAX K A kKA KK
ATGCCGCAACTAGACACGTCAACATGACTGACAATGATCTTATCAATATTCTTGACCCTT

Hkk KK kK KKFE K KK Kk kkk kR K Kk k%

ATGCCCCAACTAAATACTACCGTATGGCCCACCATAATTACCCCCATACTCCTTACACTA

GCACTCCTAATCCAGCCAAAACTGCTAACCTTCACCACAACAAATCCCCCATCAAAAAAA

KoKk Kk RRARE kk KKKKK Kk ok KAEKE Hkk K KKK

TCTCTGCTTATCCAACCCAAACTTCTTTCATTCACTCTAACAAACAACCCTGCAAACAAA
*

TTTATCTTATTTCAACTAAAAGTCTCATCACAAACATTCCCACTGGCACCTTCACCAAAA
* %

Fohk KK ok kKK kF Rk KKRAAE Hokk

TTTATCATCTTTCAACTAAAAGTTTCAAAACACAACTTTTATCACAATCCAGAACTGACA

ko Kk Fhkkkk kKKK K

TTCCTCATCACCCAACTAAAAATATTAAACACAAACTACCACCTACCTCCCTCACCAAAG

CCATCACTCATCACCAAA CCCACACCATGAGCCTGACCATGAACCTAA
*h ok ok ok Kk Xk kKR KK KK KKK KK KK
ATTACA, CAACTAAA CCCACCCCCTGAACCTGACCATGAACCTAA
* % PEES X%k TRK k%
TCACTAACAACCATAAAAGTAAAAACCCCTTGAGAATTAAAATGAACGAAA

FAk Kk k kKKK KKk

CCAACAAAAATATTAAAACAAAACACCCCTTGAGAAACAAAATGAACGAAA

kk ok kkkkkkE KK Kk dch Kk Kk kkkk RAKR KK KA K KRR KK

CCCATAAAAATAAAAAATTATAACAAACCCTGAGAACCAAAATGAACGAAA

kKRR kK KFE K

ND6

AAGCTTCCGGAAAAGGCTCCGCGGCCAGAGCTACAGAGTAGACAAATACCACCAACATGC

kKK kk kkk Kkkk Kkkkk Kk Kk ok KKkkK KX KIAKK KAXKKKAKKXK Kk

AAGCCTCAGGATAAGGATCCGCAGCTAATGACACAGAATAAACAAAAACCACCAACATCC

FHE KhK KKEEK Wk Khdkk Ak KKK KKK KKA

AAGTCTCTGGATATTCCTCAGTAGCTATAGCAGTCGTATATCCAAACACAACCAACATCC
%

Kok Kkk KARKK KARKKE KAk kkk Rk kkk KKIXKKK kAKX

ATGCCTCAGGATACTCCTCAATAGCCATCGCTGTAGTATATCCAAAGACAACCATCATTC

Kkkx kK kR KA kk KKK XKKE Kk KA KKKAK KKKkkk KK AKX KNIk K K

AAATTTCAGGATACTGTTCTGTAGCCATAGCCGTTGTATAACCAAAAACTACCATCATAC

CCCCAAAATACACCATAAACAGCACCAGGGCTACAAACGAAACCCCGAGGCTCAATAACC

kA KR KKKKKARKE Ak * okkk Kk kKkkE KAKKK kk Ekkx Kk kAR

CCCCTAAATACACCAAAAATAACGCCAAGGAAACAAAAGAAACACCCAAACTCACTAACC

Kk kRE kK AKF K FRA KK RAE KK K AEK kK

CCCCTAAATAAATTAAAAAAACTATTAAACCTAAAAACGATCCACCAAACCCTAAAACCA

I T T = Ty

CCCCTAAATAAATTAAAAAAACTATTAAACCCATATAACCTCCCCCAAAATTCAGAATAA
* *ok

Kk k kKKK KKKKRTAA AR KK Kk kK Kohk ok kK kK K

CTCCCAAATAAATTAAAAAGACCATCAACCCCAAAAAGGATCCACCAAAATTCAATACAA

ACCCACACCCAGCCACAGATGCTAAAACTAAGCCAACTACCCCATAGTACGGCGAAGGAT

Hkk KR K Kk FRAKEK KKK Kk KK KA kk REKKKAAK KRR K KK AR KX RKKE

ACCCACATCCTATCACAGACGCTACCACCAACCCCACCACCCCATAATACGGCGAAGGAT
ok * * %

* ko kkk Kk ok

TTAAACAACCAACAAACCCACTAACAATTAAACCTAAACCTCCATAAATAGGTGAAGGCT

Kok Kk Kk kK K kK K KFKANKK KK AARKKKN KKKUKRKKKAKA K KxF KKK

TAACACACCCGACCACACCGCTAACAATCAATACTAAACCCCCATARATAGGAGARAGGCT

H KNk Kk KKK KKK KK KAk KRk KK KKkx KRKKKFRAKRKRA KK KAk KK K

TTCCACAGCCAACCCCACCACTCACAATTAACCCTAACCCCCCATAAATAGGTGAAGGTT
TCGATGCTACACCTAAAACACCCACAACAAAGCAGATTCCTAGAAAAAATACAAAATAAG
*

TR Kk KK kk kF Rk kAkkRK  Kkkkkkh kA
TAGACGCCACAGCTAAAACCCCCAGCATAAAACAAATCCCAAGAAAAATCACAAAATAAG

Kk K kk kk* ek Kk hkk
TTAATGCTAACCCAAGACAACCAACCAAAAATAATGAACTTAAAACAAAAATATAATTAT
* * * *

kKKK K Kk Kk K *k Kk Kk kwk

TAGAAGAAAACCCCACAAACCCCATTACTAAACCCACACTCAACAGAAACAAAGCATACA
* %

W kKEkkkARRAAKIKRKFIE KK Ak k%

TCGAAGAAAACCCCACAAAACCTATCACGAAAATAACGCTTAGAATAAATACAATGTATA

.CAT

ok

.CAT

* ok
.CAT
*kk
...CAT
*kk

GTATCAT

ER R

Appendix 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 1.

CHI
DUC
HUM
BOV
MOU
CHI
Dygc
HUM
BOV
MOU

CHI

HUM

BOV

¥ou

CHI

DUC

HUM

MOU

CHI
DucC
MOU
BOV

HUM

CHI
DuC
MOU
BOV
HUM
CHI
DuC
MOU
BOV
HUM
CHI
DucC
MOU
BOV
HUM
CHI
DuC
MOU
BOV

HUM

CHI
DucC
MOU
BOV
HUM
CHI
DucC
MOU
BOV

HUM

COII

MANHSQLGFQDASSPIMEELVEFHDHALMVALAICSLVLYLLTLMLMEKLS . SNTVDAQE

FRkF kKK KR Ak Ak Rk Kk KA KR A Kk K kK KX AR KRKRRAIA N K AX KK Ik kk hAKH
MANHSQLGFQDASSPIMEELVEFHDHALIVALAICSLVLYLLAHMLMEKLS SNAVDAQE
KKkK KkKKEX L o, KK KAKK & o kkk
MAHAAQVGLQDATSPIMEELITFHDHALMIIFLICFLVLYALFLTLTTKLTNTNISDAQE
Kk A KRR KKER K kKKK KX K KAK  KRKK .k Kk kkww ok *okk ok
MAYPMQLGFQDATSPIMEELLHFHDHTLMIVFLISSLVLYIISLMLTTKLTHTSTMDAQE

KA kk KA K KKK KRAKIR KA KH KR T XK RK A X IR AR Ik Rk kxR KA Ak k ok

MAYPFQLGLQDATSPIMEELMNFHDHTLMIVFLISSLVLYIISLMLTTKLTHTSTMDAQE

VELIWTILPAIVLVLLALPSLQILYMMDEIDEPDLTLKAIGHQWYWIYEYTDFKDLSFDS

T T T L e R R A Y

VELIWTILPAIVLVLLALPSLQILYMMDEIDEPDLTLKSIGHQWYWTYEYTDFKDLSFDS
LR *,  *

K L kKKRKKK KRk RAKKE KKK K ok k kK kKKK KK

METVWTILPAIILVLIALPSLRILYMTDEVNDPSLTIKSIGHQWYWTYEYTDYGGLIFNS
*

SRk KK KK KA KKK KA KK KRR A KA K Rk Rkok Rk KK kk Ak ‘

VETIWTILPAIILILIALPSLRILYMMDEINNPSLTVKTMGHQWYWSYEYTDYEDLSFDS

Kokk kKR KKK A Kk ok KF K AR KN KR EF KR RR KA R AR KA KKK KA IR F** Kk
VETIWTILPAVILIMIALPSLRILYMMDEINNPVLTVKTMGHQWYWSYEYTDYEDLCFDS
YMTPTTDLPLGHFRLLEVDHRIVIPMESPIRVI ITADDVLHSWAVPALGVKTDATIPGRLN
A KKKAAK ERKAKKAKKAK Kk KIAKKTAAKAHE KA XA RK TN A KRR A A hh ok x

YMIPTTDLPNGHFRLLEVDHRVVVPMESPIRVIITAGDVLHSWAVPTLGVKTDAIPGRLN

o x Hkk L KK KKK LKk KKK oKK  RKENRRKKNKRA L x X KKK A K KA
YMLPPLFLEPGDLRLLDVDNRVVLPIEAPIRMMITSQDVLHSWAVPTLGLKTDAIPGRLN
LAEEN KRR K KA KKK KKk KKKk KK Kk k

YMIPTSELKPGELRLLEVDNRVVLPMEMTIRMLVSSEDVLHSWAVPSLGLKTDAIPGRLN

HR KK KA KR ARKAARKK KKK RRRAK, KRk ko kKK IR AR A KRR TR E R I I * N KR T KA K

YMIPTNDLKPGELRLLEVDNRVVLPMELPIRMLISSEDVLHSWAVPSLGLKTDAI PGRLN

QTSFITTRPGVFYGQCSEICGANHSYMPIVVESTPLKHFEAWSSLLSS

AR KK KRR L kPR KK KKK AR F R A kA K NN Ak kKR AR HRRA K
QTSFITTRPGIFYGQCSEICGANHSYMPIVVESTPLPYFEAWSSLLSSS
K KERAK L KKK RERR KKK N KK KKK K
QTTFTATRPGVYYGQCSEICGANHSFMPIVLELIPLKIFEMGP VFTL
worx NHK G H AN KK KKK KR KARKRAF R KKK RN *k
QTTLMSSRPGLYYGQCSEICGSNHSFMPIVLELVPLKYFEKWS ASML

KKK KK AR A AR KKK AR RA N KKKKER® ** WhK g

QATVTSNRPGLFYGQCSEICGSNHSFMPIVLEMVPLKYFENWS ASMI
ATPase8

MPQLNPNPWFSIMLLTWFTFSLLIQPKLLSFTLTNNPANKIT TTK. PTPWTWPWT
*

Kkdkkk KkKhkh, o kk K. kkKNRKEK Kk kK Kk kX AK RRKK

MPQLNPAPWFSIMVMTWLTLALLIQPKLLTFTTTNPPSKKPSLITK PTPWAWPWT
** '

MPQLDTSTWFITIISSMITLFILFQLKVSSQTFPLAPSPKSLTTMKVKTPWELKWT

Kokokkh kK HhkE KKK

MPQLDTSTWLTMILSMFLTLFIIFQLKVSKHNFYHNPELTPTKMLRQNTPWETKWT

whk kEE

MPQLNTTVWPTMITPMLLTLFLITQLKMLNTNYHLPPSPKPMKMKNYNKPWEPKWT
ATPaseb

MNLSFFDQFSSPHLLGHPLILLSLLLPALLFPSPGNRWINNRLSTIQLWLLHLITKQLMI
*k

Kok ok kK kKK KKk Kk kk Kk ok KRR R KK KK Ak KA KRR . KA R KA XA N

MNLSFFDQFSSPCLLGIPLILPSLLLPALLLPSPGNRWINNRLSTIQLWFTHLImKOLMT

% *

MNENLFASFITPTMMGFPIVVAII FPSILFPSS KRLINNRLHSFQHWLVKLIIKQMML
*

Kkok kKK KRR Fog kKK kAR

MNENLFTSFITPVILGLPLVTLIVLFPSLLFPTS NRLVSNRFVTLQQWMLQLVSKQMMS
*

Hrkkkk KAk K KKk KAK kK kk KRk Kk kkk

MNENLFASFIAPTILGLPAAVLIILFPPLLIPTS.KYLINNRLITTQQWLIKLTSKQMMT

PLNKNGHKWALMLTSLMTMLLTINLLGLLPYTFTPTTQLSMNMALAFPLWLATLLTGLRN

Hokkk kKKK kk . okkkky KKk KKKAKKARK KK TR Ak ARk s Kk AR IR N K Ak ok k&

PLNKAGHKWALLLTSLILMLLSINLLGLLPYTFTPTTQLSMNMALALPLWLATLLTGLRN
* .

KHEAXKA KKAHKK KK A K 2

IHTPKGRTWTLMIVSLIMFIGSTNLLGLLPHTFTPTTQLSMNLSMAIPLWAGAVITGFRH

Kk KK KKk k. kKK KRKKKKKKKNRAA KKAREKKNKRE KKK KR I AR IR NNk

IHNSKGQTWTLMLMSLILFIGSTNLLGLLPHSFTPTTQLSMNLGMAIPLWAGAVITGFRN
%

HAEK KKK A KK IR KA KKK IR R F K KKK

MHNTKGRTWSLMLVSLIIFIATTNLLGLLPHSFTPTTQLSMNLAMAIPLWAGTVIMGFRS

KPSASLAHLLPEGTPTPLIPALILIETTSLLIRPLALGVRLTANLTAGHLLIQLISTASI

N Ll I I T

QPSASLGHLLPEGTPTPLIPALIMIETTSLLIRPLALGVRLTANLTAGHLLIQLISTATI
JHR X *w

KE KKK kk g KRk KA KXKR KA, KK Kx g

KLKSSLAHFLPQGTPISLIPMLIIIETISLFIQPMALAVRLTANITAGHLLMHLIGGATL

KK KRR AK KA KAKK KK Rk k. RAKKK KA AKX KK I Ak kA KK F I AR KK KKK IR A%

KTKASLAHFLPQGTPTPLIPMLVIIETISLFIQPMALAVRLTANITAGHLLIHLIGGATL

T A e I I I T e T T N S T I

KIKNALAHFLPQGTPTPLIPMLVIIETISLLIQPMALAVRLTANITAGHLLMHLIGSATL

ALKPILPTVSILTMAILLLLTILEVAVAMIQAYVFVLLLSLYLQENI

x . Kk KK Kk R KKK KKK E AR AR KK I RK AN K FH A A,

ALLPMMPSISALTALILFLLTILEVAVAMIQAYVFVLLLSLYLQENI

*, DA KEKKKK REK g KAKKEKK KA xA AKX

VLMNISPPTATITFIILLLLTILEFAVALIQAYVFTLLVSLYLHDNT

TR ok KK KRR HRKA  AKK KKK AR AR R A X KK

ALMSISTTTALITFTILILLTILEFAVAMIQAYVFTLLVSLYLHDNT
* %

KAKKRK AR Xk h KK AN KIKK KRR A FAE IR

AMSTINLPSTLIIFTILILLTILEIAVALIQAYVFVTLVSLYLHDNT
ND6

M. TYFVIFLGICFMLGVLAVASNPSPYYGVVGLVVASVMGCGWLVSLGVSFVSLALFLVY
*

kKK KK Kkkky o khh Rk kK RKAKKF AR ARK L KA kk KKK KK IARRAF X *

M TYFVFFLGICFQVGVLGVASNPSPYYGVVGLVLASVAGCGWLLSLGVSFVALVLFMVY

M NNYIFVLSSLFLVGCLGLALKPSPIYGGLGLIVSGFVGCLMVLGFGGSFLGLMVFLIY

HhkkkkAKREK A khk kK KK A KKK KK KR KA K

MMLYIVFILSVIFVMGFVGFSSKPSPIYGGLGLIVSGGVGCGIVLNFGGSFLGLMVFLIY

I e T

M. MYALFLLSVGLVMGFVGFSSKPSPIYGGLVLIVSGVVGCVIILNFGGG&MGLMVFLIY

LGGMLVVFVYSVSLAADPYPEA

LEEk kKRR R KRRk KRk Ry Rk
FGGMLVVFVYSVALAAEPFPEA
wok kKK * sk
LGGMLVVFGYTTAMATEEYPET
KEHH KA KRR RR L H ok
LGGMMVVFGYTTAMATEQYPET

KR KKK I Rk kkh kg Kk

LGGMMVVFGYTTAMAIEEYPEA



