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ABSTRACT 
The  entire  nucleotide  sequence of the  mitochondrial  genome of the American  opossum,  Didelphis 

virginiana, was determined. Two  major features  distinguish  this  genome  from  those of other mammals. 
First,  five tRNA genes  around  the  origin of light  strand  replication  are  rearranged.  Second,  the  anticodon 
of tRNA&P is posttranscriptionally  changed by an RNA editing  process  such  that  its  coding  capacity is 
altered. When the  complete  protein-coding  region of the  mitochondrial  genome is used  as  an outgroup 
for  placental  mammals  it  can  be  shown  that  rodents  represent an earlier  branch  among  placental mammals 
than  primates  and  artiodactyls  and  that  artiodactyls  share a common  ancestor  with  carnivores.  The  overall 
rates  of  evolution  of most of the  mitochondrial  genome of placentals  are  clocklike. Furthermore,  the  data 
indicate  that  the  lineages  leading to  the  mouse  and  rat  may  have  diverged  from  each other as much as - 
35 million  years  ago. 

T HE mitochondrial  genome of vertebrates contains 
the  genes  for 13 proteins involved in oxidative 

phosphorylation, 2 ribosomal RNA (rRNA) genes and 
22 transfer RNA (tRNA) genes. Except for the  gene  for 
the NADH dehydrogenase  subunit 6 ( N D 6 )  and eight 
WAS, all genes are  encoded  on  one strand (the H 
strand). A noncoding region, responsible for replica- 
tional and transcriptional  control,  contains regions of 
conserved sequence (WALBERG and CLAITON 1981; 
SACCONE et al. 1991) as  well as regions that differ in 
length and  sequence between species. In marsupials, the 
arrangement of  tRNA genes around  the origin of light 
strand  replication is altered ( P m o  et al. 1991) and  an 
RNA editing process modifies the  anticodon of a tRNA 
transcript (JANE and P&o 1993).  Here, the complete 
nucleotide  sequence of the American opossum mito- 
chondrial  genome is presented.  It reveals that  the lo- 
calization of  all other genes is identical to that of  pla- 
centals and  that RNA editing seems to be  confined  to 
one tRNA. 

The complete  nucleotide  sequence of the opossum 
was used to clarifjr the phylogeny of placental mammals, 
which have been  repeatedly used to argue  both  for dif- 
ferences  in evolutionary rates among lineages (Wu and 
LI 1985; LI et al. 1987) and  for equality of rates (BULMER 
et al. 1991; EASTEAL 1988; LI et al. 1990).  The phyloge- 
netic relationships among placental mammals are of 
great relevance for these arguments because they affect 
the  interpretation of the observed sequence differences 
(EASTEAL 1992). For the elucidation of the mammalian 
phylogeny, sequences of entire mitochondrial  genomes 
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are available for  human (ANDERSON et al. 1981), mouse 
(BIBB et al. 1981), cow (ANDERSON et al. 1982),  rat 
(GADALETA et al. 1989), fin whale (ARNARSON et al. 1991) 
and  harbor seal (ARNASON andJoHNssoN 1992). The only 
complete  mitochondrial  sequences  from non-placental 
vertebrates are from  an  amphibian (ROE et al. 1985) and 
a  bird ( DESJARDINS and MORAIS 1990). Since these species 
have diverged from the mammalian ancestor  about 350 
and 300 million years ago, respectively (CARROLL 1988), 
multiple substitutions have erased much of the phylo- 
genetic  information on  the lineages leading to the  out- 
groups, making phylogenetic inferences difficult. For 
example,  a  recent study (ADACHI et al. 1993) using the 
combined  protein  sequences of  all vertebrate  mitochon- 
drial  proteins failed to resolve the  branching order 
among  the  human,  rodent  and cow clades. Placentals 
and marsupials constitute  a monophyletic group, which 
according  to paleontological evidence diverged from  a 
common  ancestor early in the Cretaceous some 130  mil- 
lion years ago (CARROLL 1988; NOVACEK 1992).  Thus, 
marsupials constitute the most appropriate  outgroup 
for  the placental radiation. The complete  sequence of 
the  mitochondrial  genome of the  North American opos- 
sum is here used to elucidate the phylogeny of placentals 
and to show that  the majority  of the  genes  in  the mito- 
chondrial  genomes of placentals evolve at a  constant 
rate. 

MATERIALS AND METHODS 

Liver  was obtained  from a fresh  road-killed  opossum, 
Didelphis  virginiana, found  near  the University of California 
at  Berkeley  campus.  Mitochondrial DNA was purified  from 
liver by cesium chloride-gradient  centrifugation (LANSMAN 
et al .  1981). Five EcoRI fragments (0.8, 3.1, 3.7, 4.2, 5.2 kb, 



244 A. Janke et al. 

V 

Didelphis   v i rg in iana 

R G  
\ U 
K 

FIGURE 1.-Map of the D. virginiana mitochondrial DNA 
molecule. The location of origins of replication as well as the 
identity and  arrangement of the various genes were deter- 
mined by comparison of published mammalian sequences. 
Each tRNA  is identified by its one-letter amino acid code. The 
tRNAs for  serine and leucine are  further identified by their 
codon family  specificity. The ATPase6 and ATPase8 genes 
overlap by 46 nucleotides. 

respectively) were ligated into  the vector pBluescript SK' 
(Stratagene, La Jolla, California) and  cloned in the Escherichia 
coli host strain DH5a. Some  fragments were subcloned as 
Hind111 fragments. Inserts were sequenced  from the vector 
and by primer walking using the dideoxy chain  termination 
technique. Both strands of the  genome were sequenced and 
all overlaps between clones were confirmed by polymerase 
chain reaction (PCR) and  direct sequencing  from the purified 
mitochondrial DNA preparation. 

Sequences were aligned by ESEE (CABOT and BECKENBACH 
1989) and phylogenetic analyses were performed using the 
PAUP (SWOFFORD 1990) and  the PHYLIP (FELSENSTEIN 1989) 
programs as well as  programs  designed by  A.v.H. The align- 
ment  and a list of primers used for sequencing are available 
from A.J. 

RESULTS  AND  DISCUSSION 

Genome  structure and organization: Like other 
mammalian mitochondrial genomes  the marsupial ge- 
nome  appears  to  code  for 22  tRNAs, 2 rRNAs and 13 
proteins. The organization of the opossum mtDNA  is 
shown  in Figure 1 and the  sequence of the L strand is 
presented in Figure 2. The length of the molecule is 

Control  region: The opossum control region is 1613 
bp long. Three conserved sequence blocks  (CSBs)  have 
been identified  in  placentals  (WALBERG and CLAYTON 1981) 
and two of these (CSBII and CSBIII)  can be identified  in 
opossum  (Figure 2). By deletion analysis,  these  regions 
have  been  shown to constitute a bipartite recognition  el- 
ement for a RNase  involved in  processing of the RNA 
primer for DNA replication ( B E N N ~  and CLAYTON 1990). 

17,084 bp. . 

Heterologous assays  with human enzyme and mouse mi- 
tochondrial RNA indicate that essential sequences for sub 
strate recognition are conserved among placentals 
(BENNETT and CLAYTON 1990). The sequence similarity for 
this  region  suggests that the functional conservation ex- 
tends also to marsupials.  Only a tentative  identification of 
CSBI was possible due to  limited sequence similarity.  CSBI 
seems to be separated from the other sequence blocks by 
a region  of  repeats, as is the case  in the rabbit mitochon- 
drial control region (MIGNO-ITE et al. 1990). 

Additional regions of primary sequence conservation 
have been identified among placentals (SACCONE et al. 
1991). These regions are located in the left and middle 
domain of the  control region and  are partially conserved 
in the marsupial. In particular, some stretches are highly 
conserved between placentals and opossum (Figure 2). 
One of these is located around position 15600 and dis- 
plays  similarity to a sequence  that is associated with the 
termination of displacement loopsynthesis in humans 
and  rodents (WALBERG and CLAY~ON 1981). 

The opossum control region contains several  re- 
peated  sequence motifs. One stretch of  25 nucleotides 
adjacent  to  the putative termination-associated se- 
quence exists in two almost perfect copies. Furthermore, 
a region of repeated  sequence motifs is located between 
the putative CSBI and CSBII (positions 16361 to 16613). 
It is made up exclusively  of adenine  and thymine resi- 
dues,  that  are  repeated in two imperfect motifs (AAATA- 
AAAAAAA(A)TAAA4lT and TA(A)TAATAAA),  with 
additional As and Ts intejected. The above two motifs are 
repeated 3 and 12 times,  respectively, creating a 2 5 % ~  region 
of As and Ts. A fiuther region  of  repeats  is  located  between 
CBSIII and tRNAn", starting at position  16772.  This  region 
contains 8 copies  of the motif  (A/G)T(A/C)AAAlTAT- 
AAAATIT(T)A(A/G), two  of  which are  partial. 

The two regions containing multiple repeated motifs 
in the opossum mitochondrial genome were amplified 
from DNA from three animals from Berkeley and Santa 
Cruz, California, and Sweeny, Texas, as well as from 
cloned  mitochondrial DNA. Both regions vary in length 
among  the animals and two  of the animals were het- 
eroplasmic with respect to  the  number of AT-rich re- 
peats (A.  JANKE, unpublished observation). Thus,  the 
copy numbers of these repeats vary both between and 
within individuals as  is the case in other animals dis- 
playing repeats in the  control region (e .g . ,  SOLIGNAC 
et al. 1983;  HAUSWIRTH et al. 1984; SOLIGNAC et al. 1986; 
WILKINSON and CHAPMAN  1991; ARNASON and RAND 1992; 
BROWN et al. 1992). 

Transfer RNAs As in other animals, 22 tRNA genes 
are  found in the mitochondrial genome of the opossum. 
Mitochondrial tRNAs show more structural variation 
than  nuclear tRNAs, particularly in their  dihydrouridine 
(DHU)  and T q C  loops. The marsupial gene  sequence 
allows the evolutionary timing of some of these struc- 
tural changes. Unlike the chicken (DESJARDINS and 



tRNAPhe 
GTTAATGTAGCTTAATTTAAAGCAAAGCACTGAAAATGCTTAGATGGTTTATATGTTAAACCCATAAACACATAGGTTTGGTCCTAGCCTTATTATTAGTTCTAATTAGACCTACACATG 

.12S rRNA 

CAAGTTTCCGCTACCCAGTGAGAATGCCCTTTAAGTCTTATAAATTAAGCAAAAGGAGCTGGTATCAGGCACACAAAATGTAGCCGATAACACCTTGCTTTACCACACCCCCACGGGAGA 

CAGCAGTGATTAAAATTAAGCAATAAACGAAAGTTTGACTAAGTCATAATTTACATTAGGGTTGGTCAATTTCGTGCCAGCCACCGCGGTCATACGATTAACCCAAATTAATAAATAACG 

GCGTAAAGAGTGTTTAAGTTATATACAAAAATAAAGTTAATAATT~CTAAACTGTAGCACGTTCTAGTTAATATTAAAATACATAAT~AAATGACTTTAATARCRTTTATCACCGACTACACG~ 

AACTAAGACACAAACTGGGATTAGATACCCCACTATGCTTAGTAATAAACTAAAATAATTTAACAAACAAAATTATTCGCCAGAGAACTACTAGCAATTGCTTAAAACTCAAAGGACTTG 

GCGGTGCCCTAAACCCACCTAGAGGAGCCTGTTCTATAATCGATAAACCCCGATAAACCAGACCTTATCTTGCCAATACAGCCTATATACCGCCATCGTCAGCTAACCTTTAAAAAGAAT 

TACAGTAAGCAAAATCATACAACATA~AACGTTAGGTCAAGGTGTAGCATATGATAAGGAAAGTAATGGGCTACATTCTCTACTATAGAGCATAACGAATCATATTATGAAACTAAAAT 

GCTTGAAGGAGGATTTAGTAGTAAATTAAGAATAGAGAGCTTAATTGAATTAGGCAATAGGGCGCGCACACACCGCCCGTCACCCTCCTCAACATAATAATCCAACATACCTAATACAAT 

TATTCATTAAAGAGGAGAAAAGTCGTACACGGTAAGTGTACTGGAAAGTGCACTTGGAATATCAAAATGTAGCTTGATTTATTAAAGCATTTAGTTTACACCTAAAAGATTTCAGTCTA 
. t R N A V a l  

ATCTGACCATTTTGAACTAACCACAGCCCTAAAATCATATCAAATTAACTAACTACTTTTTCAATTTAAACCATTTTAATTATCCTAGTATAGGTGATAGAAAAGATATAATAGGAGCTA 
.16S rRNA 

TAGTTTATAGTACCGCAAGGGAAATARCRTTAATGAAAGATAAATTATAGTAATT~~GCAAAGA~TAACTCTTGTACCTTTTGCATAATGATTTAGCCAGTCAACACGGACAAAAAG~TTATGC 

CCGACATCCCGAAATTAAGTGAGCTACTAT~GACAGTTACTAATGAACCAACTCATCTATGTAGCAAAATAGTGAGAAGATTTTATAGTAGAAGTGAAAAACCTATCGAACTTAATGAT 

AGCTGGTTATCCAAAAAAGAATTTAAGTTCAACTTTAAGTCCTATTACAATGCCTATTCAAAGCACACAATAAGCTTAAAAGTTAGTCAAAGAAGGGACAACTTCTTTGACCAAGTATAC 

AAACTACATTAGAGGGTAATAATTAATAATCCACATCGTTGGCTT~AGCAGCCATCAACTAAGAAAGCGTTAAAGCTCAAACTCACATTCCAATTTAATACCATAAAAAAACTAAAAC 

CCCTAAAATACTATTGGATGATTCTATGATATTATAGAATACATAATGCTAAAATTAGTAATAAGAACCCCGTTCTCCTCGCACAAGCCTAAGTTAGAAT~CGGATATCCCACTAATAG 

TTAACAAAAACATAATAACATTCATCAACCAGCCTCTTATACAAAATTTTGTTAATCCAACACAGGTGTGCATTAAAGGAAAGATATAAAAGAACAAAAGGAACTCGGCAAACATGAACC 

CCGCCTGTTTACCAAAAACATCACCTCTAGCATTACAAGTATTAGAGGCACTGCCTGCCCAGTGAATAAACTTTTAACGGCCGCGGTATCCTGACCGTGCAAAGGTAGCATAATCACTTG 

TCTCCTAAATAGGGACTTGTATGAATGGCATAACGA~GTTCAACTGTCTCTTTTTCTTAATCAATGAAATTGACCTACCCGTGCAGAGGCGGGTATATTAATATAAGACGAGAAGACCC 

TGTGGAGCTTAAGATTAATAACTTAAATAAAACTAGTACAAACCCTAGGGAATAACATTATTATTATTAAGTTATATTCTTTGGTTGGGGTGACCTCGGAGAACAAAAAAACCTCCGAAT 

GACATAACCTAGATTAACTAATCCAAGTGCACAAAAGCCAGTAATTGACCC~ATATTGATCAACGGAACAAGTTACCCCAGGGATAACAGCGCAATCCTATTTAAGAGCCCATATCGAA 

AATCTAGGGTTTACGACCTCGATGTTGGATCAGGACATCCTAATCCTAATGGTGCAACCGCTATTAAAGGTTCGTTTGTTCAACGATTAAAGTCCTACGTGATCTGAGTTCAGACCGGAGAAATCC 

AGGTCGGTTTCTATCTATATATTAATTTCTCCCAGTACGAAAGGACCAGAGAAATAGGGCCAACATTATCTATGCGCCCTCATAAAATTAATGAAATATATCTAAATTAAACCATTTAAA 

CTTTATCCACTCTAGATAAGAGCCCATTAAGGTGGCAGAGAAGGTAATTGCATAAAACT~GCTTTTATACTCAGAGGTTCAAACCCTCTCCTTAATACATATTTCTAATTAACTTATT 
. tRNALeU (UUR) . NDl 

M F L I N L L  

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

ACCATTTGCTGACGCGCTCACTATTTATTAAAGAACCCTTACGTCCTAT~CCTCATCAATTTCCATATTCACTATTGCACCCACACTAGCCCTAACTCTGGCATTTACCATTTGAAC 
P F A D A L K L F I K E P L R P M T S S I S M F T I A P T L A L T L A F T I ~ T  

CCCCTTACCTATACCAAATGCACTACTAGACTTAAACCTAGGACTCCTATTTATTTTAGCCTTATCAGGACTTTCTGTTTATTCAATTCTTTGATCAGGATGAGCATCAAA~T~AAAATA 
P L P M P N A L L D L N L G L L F I L A L S G L S V ~ S I L W S G W A S N S K ~  

TGCATTAATTGGAGCCCTACGAGCAGTAGCCCAAACAATCTCCTATGAAGT~CACTAGCAATTATTCTTCTCTCAATTATATTAATTAATGGCTCCTTCACTCTAAAAAATATACTAAT 
A L I G A L R A V A Q T I S Y E V T L A I I L L S I M L I N G S F T L K N M L I  

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

TGTCTCAGGATTTAACGTAGAGTACGCTGCAGGTCCTTTCGCAATGTTTTTTCTAGCAGAGTATGCTAACATTATAGTAATAAATGCCATCACAGCCACACTATTTCTAGGATCACCACT 
V S G F N V E Y A A G P F A M F F L A E Y A N I M V M N A I T A T L F L G S P L  

AAGCTCAAACATCCCTTATATTAACTCAATARCRTTTAACATTTAT~TAAA~TACTTATTCTTACAACAACCTTTCTATGAATTCGGGCCTCATACCCTCGATTTCGATATGACCAACTCATATA 
S S N I P Y I N S M T F M M K M L I L T T T F L W I R A S Y P R F R Y D Q L M Y  

TCTTCTTTGAAAAAACTTTCTCCCAATTACCCTAGCTTTATGCCTATGATATATCTCAATCCCAATTTCACTATCAAGCCTACCCCCTCAATTATAAGAAATATGTCTGACAAAAGAATT 
. t R N A 1 l e  

L L W K N F L P I T L A L C L W Y I S I P I S L S S L P P O L *  
tRNAG1" <- 

ATCTTGATAGGATAAATTATAGGGGTTTAAACCCCCTTATTTCTAGAACAATAGGAATTGAACCTACATTATAGAACTCAAAATTCCATGTGTTTCCTTTACACCATATTCTAGTAAGGT . t R N A  Met 

CAGCTAAATAAGCTATCGGGCCCATACCCCGAAAATGTTGGTTTACATCCTTCCCATACTAATGTCTCCCTATGTATTAACTATTATATCCTTTAGCCTATTATTA~AACAACTATAAC 
. ND2 

M S P Y V L T I M S F S L L L G T T M T  

ACTGATTAGTAACCATTGATTAACAGCCTGAATAGGACTAGAAATCAACACATTAGCTATTATTCCACTAATAACAAAACCCCACCATCCACGAAGTATAGAATCAGCTATCAAATACTT 
L I S N H W L T A W M G L E I N T L A I I P L M T K P H H P R S M E S A I K Y F  

CATAATCCAAGCAACTGCATCAATAATTATCTTATTCTCTGCAATCTTTAATGCATC~CTAC~ATCAATGAATAACAGGACAAATCTCTAATACATCCGCTTCATTTATAATAACAAT 
M I Q A T A S M I I L F S A I F N A S T T N Q W M T G Q I S N T S A S F M M T I  

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

FIGURE 2.-(Continued on next four pages) 
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TATTTTCTACCAAATCTCACCCTCATTAAATATATCCCTACTAATAATTCTCAGTATCACCTCAACCCTTTTAGGAGGATGAGGAGGGTTAAACCAAACACAACTACGAAAAATCCTAGC 4 4 4 0  
I F Y Q I S P S L N M S L L M I L S I T S T L L G G W G G L N Q T Q L R K I L A  

ATATTCATCAATTGCTCATATAGGATGAATAGCCATTATTATCATAATTTATCCATCACTCACTATCCTCAACTTAATCTTATATCTGGCCTCTACAATTACTATATTTATAGTACTTAA 4 5 6 0  
Y S S I A H M G W M A I I I M I Y P S L T I L N L I L Y L A S T I T M F M V L N  

TCAATCATCTTCAACCAAAATCAACTCACTATCCATTTTATGAAACAAATCTGCTCCAAATATAATCATTATTACTCTTACCCTACTATCACTAGGAGGACTCCCACCCCTAACCGGATT 4 6 8 0  
Q S S S T K I N S L S I L W N K S A P N M I I I T L T L L S L G G L P P L T G F  

TATACCCAAATGACTTATTTTACAAGAACTAATTAACTTTAATAATATCCCTCTAGCAATAATACTAGCCTTATCAACTCTACTTAATCTATTTTTCTACATACGAATTATCTACTCATC 4 8 0 0  
M P K W L I L Q E L I N F N N I P L A M M L A L S T L L N L F F Y M R I I Y S S  

AACCCTAACTATATTTCCATCAATTAATAATACAAAAATACAATGAACCCTATACTCACATAAAACAATTTCACCCATCCCAACTCTAACCATTATTTCTTCTCTTCTTCTCCCTATAAC 4 9 2 0  
T L T M F P S I N N T K M Q W T L Y S H K T I S P I P T L T I I S S L L L P M T  

CCCTGTATTCATTACCTTATCATAAGAATTACAAGACTTTATCTTGCATCACTCGAACGCRAATCGAATACTTTAATTAAGCTAAATTCTTATTTAATTAAGACTTTGGCAGCTCTATAC 5 0 4 0  
tRNAAla <- tRNAcys <- 

P V F I T L S *  

- tRNA T r p  - 
TACATCTCTGAATTTGCAATTCAACATATTATTATACTTCAAAGTCCCAATCATTTAAAGGCTTAGGATTAATATTAGACCAAAGGCCTTCAAAGCCTTAAGCAGGTGATAAACCACCTA 

GCCTTTGCTAAATGGGCTCTCCCGCCGAGGGGGGGAGAGGCGGGAGAGCCCCCCCCCGGGGAGGGGGGGGTAAGGGGGGGGTGGGGGGGGGTACTAAACTGGAGGGTATTTATCCCACTA 
stem loop Stem tRNAAS" <- 

- . ~ R N A T Y ~  <- - 
AATCTTAGTTAACAGCTAAGCGCCTGTACATTCGGCTTCAATTTATATGGTAAAAAGAGATTATTATTCTCTGTCTTTGAATTTACAGTTCAATGCTTACCTCAGCCATTTTACCTATGT 

. co1 

M 

TCATCAATCGTTGACTTTTTTCAACTAACCACARAGACATCGGAACACTATACTTACTATTTGGTGCCTGAGCAGGCATAGTTGGCACTGCCCTAAGTCTTTTAATTCGAGCAGAGCTCG 
F I N R W L F S T N H K D I G T L Y L L F G A W A G M V G T A L S L L I R A E L  

GTCAACCAGGTACTTTAATTGGCGATGATCAAATTTACAATGTGATCGTAACCGCCCATGCTTTTATTATGATTTTTTTTATAGTAATACCTATTATAATTGGAGGATTTGGTAATTGAC 
G Q P G T L I G D D Q I Y N V I V T A H A F I M I F F M V M P I M I G G F G N W  

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

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

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

TAGCCGCAGGAATTACTATACTATTAACAGATCGTAATTTAAATACTACTTTCTTTGACCCTGCTGGAGGAGGGGACCCAATCCTATATCAACATCTATTCTGATTTTTTGGTCACCCAG 
L A A G I T M L L T D R N L N T T F F D P A G G G D P I L Y Q H L F W F F G H P  

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

F L G F I V W A H H M F T V G L D V D T R A Y F T S A T M I I A I P T G V K V F  
TCTTAGGGTTTATTGTCTGAGCACATCATATGTTTACAGTAGGCTTAGATGTAGATACACGAGCTTATTTTACATCAGCAACAATAATTATTGCCATCCCAACAGGAGTCAAAGTTTTTA 

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

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

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

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

TACTAGATGTTGAATTAACTACAACCAACATTGAATGATTATACGGATGCCCACCTCCTTACCATACATTTGAACAACCAGTTTTCATTAAAGCCTAATTAAGAAAGGGAGGAATTGAAC 
V L D V E L T T T N I E W L Y G C P P P Y H T F E Q P V F I K A *  

. ~RNAS~' (UCNI <- 

CCCCTAAGATTAATTTCAAAGTCAATCCCATAACCCTTATGACTTTCTCAAAAAGATATTAGTAAAATTCATTACATAACTTT~ATAGTTAAATTATAGGTTTAACTCCTATATATCTT 
. tRNAASP 

AATATGCCCTATCCAATACAACTAGGTTTCCAAGACGCTACATCTCCTATTATAGAAGAACTTATATACTTTCATGATCATACATTAATAATTGTATTTCTGATCAGTTCACTAGTATTA 
. c02 

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

TATATTATTATTCTTATACTTACTACAAAACTTACTCACACAAGCACTATAGATGCCCAAGAAGTGGAAACAATTTGAACAATTTTACCAGCCGTAATTCTTATCCTTATTGCCCTTCCT 
Y I I I L M L T T K L T H T S T M D A Q E V E T I W T I L P A V I L I L I A L P  

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

TCATACATAATCCCAACCAAAGACCTTAGTCCTGGGCAACTTCGTTTACTAGAAGTTGATAACCGAATTGTTCTCCCAATAGAACTACCAATTCGCATGCTAATTTCATCAGAAGACGTT 
S Y M I P T K D L S P G Q L R L L E V D N R I V L P M E L P I R M L I S S E D V  

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

. tRNALYs - 
TGTGGTTCAAACCACAGCTTTATGCCTATTGTCCTAGAAATAGCCTCACTAAAATATTTCGAGAAATGATCTTCTATAATGCAATCATTTTTGAGTTATTTATATATTTAATATAATCGA 
C G S N H S F M P I V L E M A S L K Y F E K W S S M M Q  
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GACCTAAGAAACTCCTCAAAATAACCATGCCTCAACTAAATACTTCAACATGAACCCTAACCATTTCACTAATAATTATTTCCCTATTCTGTATCTATCAACTTAAAATAATAAACCAGA 
A T P a s e 8  

M P Q L N T S T W T L T I S L I I I S L F C I Y Q L K I I N Q  
A T P a s e 6  

CATTAATCCAAATTACTCCTTCAACCGAACAATCAAAACTAACTAAACATACATTACCTTGAGAAAAAAAATGAACGAAAATCTATTTGCCCCATTCATCACACCAACAATTTTAGGTAT 
T L I Q I T P S T E Q S K L T K H T L P W E K K M w N t E k N i L y F l A p P h F s I s T h P q T q I f L * G  I 

TACAACACTACCAATTATTATTACATTTCCATGTCTTATCCTATCTTCTCCCAAACGATGATTACCAAATCGAATTCAAATCTTACAAATATGATTAATCCGCTTAATCACTAAACAAAT 
T T L P I I I T F P C L I L S S P K R W L P N R I Q I L Q M W L I R L I T K Q M  

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

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

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

TACATTAGCCCTATCTTCAATTAGTATAACTGTATCAACTATTACATTCTCTATCCTATTTCTCCTAACTCTTCTCGAAATCGCTGTAGCTATAATTCAAGCTTACGTATTTACCCTACT 
T L A L S S I S M T V S T I T F S I L F L L T L L E I A V A M I Q A Y V F T L L  

AGTAAGCTTGTATCTACATGATAACTCATAATGACCCACCAAACTCACGCATACCACATAGTTAACCCAAGCCCATGACCTCTAACAGGAGCTTTATCAGCATTACTATTAACATCAGGC 
. C 0 3  

V S L Y L H D N S * M T H Q T H A Y H M V N P S P W P L T G A L S A L L L T S G  

TTAATTATATGATTCCACTATAATTCTTCTACTCTTATATTTATAGGACTAACAACCATGCTGCTAACAATATACCAATGATGACGAGATATCATTCGAGAAGGCACATTTCAAGGACAC 
L I M W F H Y N S S T L I F M G L T T M L L T M Y Q W W R D I I R E G T F Q G H  

CACACCCCTGTAGTACAAAAAGGCTTACGATATGGAATAATTCTTTTTATCCTATCGGAAGTCTTCTTTTTTATCGGATTCTTCTGAGCTTTTTATCATTCAAGTCTAGCTCCCACTCCA 
H T P V V Q K G L R Y G M I L F I L S E V F F F I G F F W A F Y H S S L A P T P  

GAATTAGGAGGTTGTTGACCTCCAACAGGTATTCATCCATTGAACCCACTAGAAGTGCCCCTACTAAATACATCCATTCTTCTAGCCTCAGGAGTATCTATTACATGAGCACATCACAGC 
E L G G C W P P T G I H P L N P L E V P L L N T S I L L A S G V S I T W A H H S  

TTAATAGAAGGTAATCGCAAGCAAATAATTCAAGCTCTTCTAATTACAATTTCTCTAGGACTTTACTTTACTATTTTACAAGCCATAGAATACTATGAAGCTTCATTTACTATCTCAGAC 
L M E G N R K Q M I Q A L L I T I S L G L Y F T I L Q A M E Y Y E A S F T I S D  

GGAGTATACGGTTCGACCTTCTTTGTAGCAACAGGTTTCCATGGCCTTCATGTTATCATTGGATCAACTTTCCTAATTGTTTGCCTACTTCGTCAATTATTTTATCACTTCACCTCTACA 
G V Y G S T F F V A T G F H G L H V I I G S T F L I V C L L R Q L F Y H F T S T  

CATCACTTTGGATTTGAAGCAGCTGCTTGATACTGATACTGACATTTTGTAGATGTAGTTTGACTTTTCCTATATGTGTCAATTTACTGATGAGGTTCATATTTTTCTAGTATAATTAGTACTACT 
. t R N A G I Y  

H H F G F E A A A W Y W H F V D V V W L F L Y V S I Y W W G S '  

GATTTCCAATCATTAAGTTCTGGGTCAAACCAGAGAAAATAATCAATCTTATCATCACATTAATTACAAATTCCTTGCTATCCACCATTATCATTATCATTGCCTTTTGACTACCTCAA 
N D 3  

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

TTATATCTATATTTAGAAAAATCAAGTCCCTATGAATGTGGATTTGATCCTTTAGGATCAGCACGACTACCCTTTTCAATAAAATTTTTCCTAGTAGCTATTACATTTCTGCTATTCGAC 
L Y L Y L E K S S P Y E C G F D P L G S A R L P F S M K F F L V A I T F L L F D  

CTAGAAATTGCTCTACTACTACCATTACCATGAGCCATCCAACTCCCATCTCCATTTACTACATTAATTCTTTCTTATTGCCTAATTATACTTCTAACAGTAGGACTAGCATATGAATGA 
L E I A L L L P L P W A I Q L P S P F T T L I L S Y C L I M L L T V G L A Y E W  

7920 

8040 

8160 

8280 

8400 

8520 

8640 

8 1  60 

8880 

9000 

9120 

9240 

9360 

9480 

9600 

9720 

9840 

9960 
I Q K G L E W T E *   M V L I K L N  

TTATTGTAGCCTTTATACTAGCCCTTTCAGGAGTACTCATTTACCGCTCACATCTAATATCAACTTTACTTTGCCTAGAAGGAATAATACTATCACTATTCATTTTTATAGCAGCAATAA 10080 
I I V A F M L A L S G V L I Y R S H L M S T L L C L E G M M L S L F I F M A A M  

TTACCCACTTCCACATATTTTCAATCTCTATAATACCACTAATTCTACTCGTATTTTCCGCTTGCGAAGCCGGAGTAGGACTAGCCTTACTCGTTTCTATCTCTAATACCTATGGTAATG 10200 
I T H F H M F S I S M M P L I L L V F S A C E A G V G L A L L V S I S N T Y G N  

ATCAAGTCCAAAACCTTAATTTACTACAATGCTAAAAATCCTATTACCAACACTAATGTTAATTCCACTAACCTGACTCTCCAAAAATAAATGATTATGAATCAACACTACAACCTATAG 10320 
D Q V Q N L N L L Q M C L * K I L L P T L M L I P L T W L S K N K W L W I N T T T Y S  

CCTACTTATTAGTATTACTAGCTTACCTATACTATATCACCCTATAGATCTAGGATACAACTTTAATAATTCATTCTCCCTAGACTCATTATCAAGTCCACTATTAGTTTTATCCTGCTG 10440 

ND4 . 

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

ACTTCTTCCACTGATAATTATAGCTAGCCAAAATCATTTAAATAAAGAATCACTTATACGAAAAAAACTATATCTAACTATAATAGTTATCCTTCAATCATCCCTAATTATTGCTTTTAC 10560 
L L P L M I M A S Q N H L N K E S L M R K K L Y L T M M V I L Q S S L I I A F T  

CTCATCTGAACTAATAATATTTTACATCCTATTCGAAACAACTTTAATTCCAACCCTAATTATTATCACTCGATGAGGCAATCAAAATGAACGATTAAACGCAGGAATTTACTTCCTATT 10680 
S S E L M M F Y I L F E T T L I P T L I I I T R W G N Q N E R L N A G I Y F L F  

TTATACACTAGTAGGATCACTCCCACTATTAGTGGCTTTATTAACCATAAACAAAAACTTAGGAACACTTCACTTCATATCCTTATAAACTCTATCTTAATTAACCAATTAAACTATACTCTATC 10800 
Y T L V G S L P L L V A L L T M N K N L G T L H I L M N S I L I N Q L N Y T L S  

CAACTCAACACTATGATATGCATGTATAACTGCATTCATAATTAAAATACCATTATATGGCCTTCATCTTTGATTACCAAAAGCACACGTTGAAGCCCCTATTGCAGGATCTATAGTCTT 10920 
N S T L W Y A C M T A F M I K M P L Y G L H L W L P K A H V E A P I A G S M V L  

AGCAGCTATCTTACTAAAATTAGGAGGTTACGGAATCATACGAATTTCATTATTTACTGAACCTATAACTATACATTTACTTTACCCATTTATTATTCTATCCATATGAGGAATAATCAT 11040 
A A I L L K L G G Y G I M R I S L F T E P M T M H L L Y P F I I L S M W G M I I  

AACAAGCTCAATTTGTATACGACAAACAGATCTAAAATCACTAATTGCTTACTCATCTGTCAGCCACATAGCCTTAGTTATCATTGCCGCATTAATTCAATCAACAACCAGTTTTATAGG 11160 
T S S I C I R Q T D L K S L I A Y S S V S H I A L V I I A A L I Q S T T S F I G  

GGCAACAATTCTTATAGTAGCCCATGGACTCACATCTTCTATACTATTCTGCCTAGCTAATACAAATTATGAACGAATTCATAGTCGAACAATAATCCTAGCACGAGGATTACAACTTAT 11280 
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A T I L I V A H G L T S S I L F C L A N T N Y E R I H S R T I I L A R G L Q L I  

CCTTCCCTTAATAACTACCTGATGACTAACAGCCAGCCTAGCTAACTTAGCCTTACCTCCAACAATTAACTTATTAGGTGAGTTAATAATTATTACTGCATCCTTTTCATGGTCTAACTT 11400  
L P L M T T W W L T A S L A N L A L P P T I N L L G E L M I I T A S F S W S N F  

CTCAATCCTACTTTTAGGACTAAATACAGTTATTACAGCCTTATACTCACTATATATACTAACTACATCTCAACGAGGTAAATTCACACACCACATAACATCCTTATATCCATCATTTAC 1 1 5 2 0  
S I L L L G L N T V I T A L Y S L Y M L T T S Q R G K F T H H M T S L Y P S F T  

ACGTGAACATATACTTATAACCCTTCATATTATACCATTAATCTTATTATCCCTTAATCCAAAGTATATTCTAGGTATAACTTACTGCAAATATAGTTTAATAAAAACATTAGATT~A 1 1 6 4 0  
. tRNAHiS 

R E H M L M T L H I M P L I L L S L N P K Y I L G M T Y *  

ATCTAAACATAGAAGTTTAAAGCTTCTTATATGCCGAGAATGCATCAAGAACT~AATTCATGAACCCATATTTAACAATATGGCTTTCTCACTTTTAAAGGATAGCAGTAATCCATTG 11760 
. tRNASe' fAGYj . tRNALeU (CUN) 

. N D 5  
GTCTTAGGAACCAAAAACTTTGGTGCAACTCCAAATAAAAGTAATTAATATTTCAAACACTATATCAATTATATCCATTATTCTACTAATTCTTCCATTATTATATAACCTACTTTCCCT 11880 

I N I S N T M S I M S I I L L I L P L L Y N L L S L  

TAAAAAAATTAATTTTCCACTATATTGCAAAAACATAATTATACTAGCTTTTATAATAAGCTTACCTTCACTCCTACTATTTATATATAAAGGCCAAGAATCAATTATTACTAACTGACA 12000  
K K I N F P L Y C K N M I M L A F M M S L P S L L L F M Y K G Q E S I I T N W H  

TTGATTCTCTATCCATTCATTTAACATCTCAATAAGTTTTAAAATAGACTTTTTCTCAATTATTTTTATCCCAATTGCCCTATTTGTTACATGAGCAATTTTAGAATTTTCCTTATGATA 12120  
W F S I H S F N I S M S F K M D F F S I I F I P I A L F V T W A I L E F S L W Y  

TATACACTCAGACCCTAATATTTCCCAATTTTTTAAATACCTTATCATCTTTCTCCTAACCATGATTATTCTAGTATCAGCAAACAACCTATTTCAACTATTCATTGGATGAGAAGGAGT 1 2 2 4 0  
M H S D P N I S Q F F K Y L I I F L L T M I I L V S A N N L F Q L F I G W E G V  

AGGCATTATATCTTTTCTACTAATCGGATGATGGTATGGACGATCAGACGCCAACACCGCAGCTCTACAGGCTATCCTATATAATCGTATCGGAGACATTGGATTTATACTCACAATAGC 12360  
G I M S F L L I G W W Y G R S D A N T A A L Q A I L Y N R I G D I G F M L T M A  

CTGACTTATACTAAACTGCAACTCATGAGATCTCCAACACATCTTCTCTATAAATATACACCCCATTGCACTAT~AGGACTAATTATTGCTGCCACAGGAAAATCAGCACAATTTAGCCT 12480  
W L I L N C N S W D L Q H I F S M N M H P I A L L G L I I A A T G K S A Q F S L  

CCACCCATGACTCCCCTCAGCCATAGAAGGTCCAACTCCAGTATCAGCTTTACTTCATTCAAGTACTATAGTTGTAGCAGGAATTTTTTTACTCATCCGATTTCATCCAATATTAGAGAA 12600  
H P W L P S A M E G P T P V S A L L H S S T M V V A G I F L L I R F H P M L E N  

TAATAAAACAATACTTACTATTACCCTATGCTTAGGGGCATTAACAACACTATTCACAGCTATATGCGCAATTATACAAAACGACATTAAAAAAATTGTAGCATTTTCCACATCCAGTCA 12120  
N K T M L T I T L C L G A L T T L F T A M C A I M Q N D I K K I V A F S T S S Q  

ACTAGGACTAATAATAGTAACTGTAGGTTTAAATCAACCTCACTTAGCCTTTCTACATATTTGTACTCACGCATTCTTCAAAGCAATACTATTCTTATGTTCTGGGTCTATTATTCATAA 12840  
L G L M M V T V G L N Q P H L A F L H I C T H A F F K A M L F L C S G S I I H N  

CTTAAACGACGAACAAGACATTCGAAAAATAGGAGGATTATTTTATACCTTACCCATTACATCCTCCGCCCTAATAACAGGTAGCCTAGCACTTATAGGTACACCATTTCTAGCAGGATT 1 2 9 6 0  
L N D E Q D I R K M G G L F Y T L P I T S S A L M T G S L A L M G T P F L A G F  

TTACTCTAAAGATTCCATTATTGAAGCAATAAACACATCATACACCAACTCATGAGCTCTAACAATTACACTAATTGCTACATCATTAACAGCCATTTATAGTCTACGCATTATTTATTA 13080  
Y S K D S I I E A M N T S Y T N S W A L T I T L I A T S L T A I Y S L R I I Y Y  

CACTCTTCTAGGACACCCACGATTCATAACAATATCCCCCCTTAATGAAAATAACCCTAACCTTATTAATCCTATTATTCGACTAGCACTAGGTACTATTTTTGCAGGATTCATATTAAC 13200  
T L L G H P R F M T M S P L N E N N P N L I N P I I R L A L G T I F A G F M L T  

TACAAATATACCCCCCTCATACTCTATCACAATAACCATGCCAATATTCATTAAACAAATAGCCTTAATAGTAACTACTACAGGACTTATAATAGGAATAGAACTTAATTCTCTTACTAA 13320  
T N M P P S Y S I T M T M P M F I K Q M A L M V T T T G L M M G M E L N S L T N  

TAAACTCATAAAATCAAATAACCATACTAATAACTTCTTAACTATATTAGGATTTTATACTCAAATTATACATCGAATACAACCCCTAATTAGCCTCTTTATAGGTCAACGAATTGCTAC 13440  
K L M K S N N H T N N F L T M L G F Y T Q I M H R M Q P L I S L F M G Q R I A T  

CATACTAATTGATATAAACTGATATGAAAAAGCAGGTCCAAAAGGCCAAGCTAATGTTCACTCTAAATTATCATCATTAATTTCTTCATCTCAAAAAGGACTAATAAAAATGTACTTTCT 13560  
M L I D M N W Y E K A G P K G Q A N V H S K L S S L I S S S Q K G L M K M Y F L  

ATCCTTTTTAGTTTCTATAATCTTCATTATTCTATTTACCTAATAACTTCGTTCACGAACTACCTCTAATACAACATAAATAGTTATGAACAAGATTCATCCTAATAAAGCTAAAGCTCA 13680  
N D 6  <- 

S F L V S M I F I I L F T '  

TCCTCCACAATAATATAACTGAGAAACACCATTATAATCCTGTCCGACTAAACTTGTCTCGACAAAATCAAATAATTTAATTGCTATGATGATATATACCAACTTAGACATAAAATATCA 13800  

TCCTACCTGTAATAATAATACAAACAATAACATGATAAAAGCTACAACATTTCCAACTCATGTTTCAGGATACTCTTCCGTAGCTATAGCAGTAGTATAACCAAAAACTACTAATATACC 13920  

TCCTAAATAGACTAAAAAAACAACCAATCCTAAAAATACATCTTCTAAACTTACTACTATACCACACCCTAAACCACCACTTACCACCAAACTCAATCCTCCATAAATAGGAGAAGGTTT 14040  

. ~ R N A G ~ U  <- - 
AGAGGCAAAAGCCACAAAACCAATTATCAAGAGCAAAGAAATAATATAAATAGTTATTATTTTTATTATTTTTATATGGACTCTAACCATAACCTATGGCATGAAAAACCATCGTTGTAT 14160  

. Cyt b 
TTCAACTACAAAAATAATGACCAATATTCGCAAAACACATCCACTCATAAAAATCATTAATGATTCATTCATTGACCTACCAACACC~TCTAACATCTCAGCCTGATGGAATTTTGGTTC 14280  

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

ACTATTAGGAGTGTGCCTAATTATTCAAATCCTCACAGGCTTATTCTTAGCAATACATTATACATCTGATACATTAACCGCATTTTCATCAGTAGCCCATATTTGCCGAGACGTAAACTA 14400  
L L G V C L I I Q I L T G L F L A M H Y T S D T L T A F S S V A H I C R D V N Y  

CGGATGACTTATCCGAAATATCCATGCCAACGGAGCATCTATATTCTTTATATGCCTTTTCCTTCATGTAGGACGAGGAATTTACTATGGATCATATCTTTACAAAGAAACATGAAATAT 14520  
G W L I R N I H A N G A S M F F M C L F L H V G R G I Y Y G S Y L Y K E T W N I  

TGGAGTTATCCTACTACTAACAGTTATAGCTACTGCATTCGTTGGCTACGTACTACCATGAGGACAAATATCATTTTGAGGCGCAACAGTTATTACTAACCTATTATCTGCCATCCCATA 14640 
G V I L L L T V M A T A F V G Y V L P W G Q M S F W G A T V I T N L L S A I P Y  

TATCGGAAGTACACTAGTAGAATGAATTTGAGGAGGATTCTCCGTTGATAAAGCTACACTAACCCGATTTTTTGCTTTTCACTTTATTCTTCCATTCATCATTTTAGCTATAGTAGTAGT 14760  
I G S T L V E W I W G G F S V D K A T L T R F F A F H F I L P F I I L A M V V V  
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ACATCTTCTATTTCTTCACGAAACAGGATCAAGCAATCCAACAGGCCTAGATCCAAACTCAGATAAAATTCCATTCCACCCCTACTATACCATAAAAGATATCCTAGGCTTATTCCTAAT 14880 
H L L F L H E T G S S N P T G L D P N S D K I P F H P Y Y T M K D I L G L F L M  

AATTATTATTCTTCTATCACTAGCAATATTCTCACCAGATCTTTTAGGAGACCCTGACAACTTCACCCCAGCTAATCCCCTTAACACCCCGCCTCATATCAAGCCAGAATGGTACTTTCT 15000 
I I I L L S L A M F S P D L L G D P D N F T P A N P L N T P P H I K P E W Y F L  

ATTTGCCTATGCTATCTTACGATCAATCCCAAACAAACTAGGAGGAGTTTTAGCCCTATTAGCATCCATTTTAGTACTCCTAATTATCCCTATATTACATACATCAACCCAACGAAGCAT 15120 
F A Y A I L R S I P N K L G G V L A L L A S I L V L L I I P M L H T S T Q R S M  

GGCATTCCGACCCATCTCACAAACTCTATTCTGAATATTAACAGCTAACCTAATTATCCTGACCTGAATCGGAGGACAACCAGTAGAACAACCCTATATTACCATTGGCCAATGAGCCTC 15240 
A F R P I S Q T L F W M L T A N L I I L T W I G G Q P V E Q P Y I T I G Q W A S  

tRNATh' 
CATTTCCTACTTTACTATTATCATCATCCTTATACCTCTAGCAGGAATACTAGAAAACTATATACTAAAACCAAAATTTCCATAATCCTTCATGTCCAAGTAATTTAAAAAAAATATTGG 15360 

I S Y F T I I I I L M P L A G M L E N Y M L K P K F P *  

TCTTGTAAGCCAACAACGAAGGCTATACCCTTCCTAGGACATCTCARGAAGAAGGCTAACACCTCACCATCAACAC~AAGCTGACATTCTACTTAAACTACTTCCTGAATTCCCCCAC 15480 
. ~RNAP'O <- 

............ 
TTTTCCCAAAAAAACATCAATTTATATACTATGTCAGTATTAAATTTTTACATTTTTTTTACATTTTCTTAATTTTTATTTTAAAAAAAAAATTTTTTTGTCCTATGTATATAGTACATG 15600 

< TAS 

> ............... a b 
GATTTATTTACCCCTAGCATATATTATAATACATTATATTCATAATTATACTAGAGACATTATATTCATAACTATACTAGATACATTAATATATATTAGTACTATCATTCATTCAATACA 15720 

TGACTATCCTTAACCTAATATATAGCATAATCTGACATAATACATATATATTAAGACGTACATATACATTCTTTCCATGGTTACAGGATCAGAAACCTTTATCTGACTAGCATATCATAA 15840 
....... 882.. ....... . .  

CCTACAGGAATACCTCAATCCACCACTCACGAGAGATCATCATCCCGCCATCTAAAGGCTTTACATCCTTCAGAGGAAACGCATGAATTGTGACGTACCTTGTTCCTTTGATCGGCTACT 15960 
..... 942.. ...... ....... 90% .......... 
GGTTGTTACTTCAGGGTCATAAGTTTGTTCATTGCATCCTAACTGCCATTAAATAAGGCATCACGATGTTACGATTACAGATCAGCCCATAACGCGGCATAACTGATTCTGACTGGCATG 16080 

GGGTAAGATTTATTTTTGGGGAGCTATATCCAACGGGCAGGCGCCTCGGACACCGATATCATCTAGGACCTAACATAGGGTGTAGTTCTTGCAGTTCACACGTACTAAATGAGGATATTA 16200 
> CSB I < 

TATGAATGATTATAAGACATAATTTATATTATAAGATATAACGCATATACGTGTATACGCAGTAATTAAAAGATATTATTTATTTAATATACGAAGGACAATAAATCAATGATCTAAAGA 16320 
> AT-region A B c 

CATATATATATATATATTCCACCCGGGTGACGAACGCGCGAATAAAATAAAATAAATATAAAATTAAATAAAAAAAAATAAAATTAAATAAAAAAAATAAAATTAAATAAAAAAAATAAA 16440 
/ 1 : 2   3 : 4 :  5 :  6  7 8 9 
ATTAAATAAAAATAAATATATAAAAATAATAATAAATAATAATAAATATAATAAATATAATAAATATAATAAATAATAAATAATAATAAATAATAATAAATAATAATAAATATAATAA 16560 

10 . 11 : 1 2  t < > CSB I1 < > CSB I11 
ATATAATAAATAATAAATAATAATAAATATAATAAATAATAATATAAATTAAAGTATTTTATCACTAAACCCCCTTACCCCCTAAACAAGAATCATACCTTTAATTTCCGTCAAACCCCA 16680 

< 
AAACCGGAAGATATGATCTAGCAATAAACGGGGAAAATACTTCATTAGACATACAATTAATAAACTTTAAAATCAAATTATAAAAATCTAAAGTCAAATTATAAAATTTTAGAGTCAAAT 16800 

IIT  IV* .. V VT VT T 
TATAAAATTTTAGAGTCAAATTATAAAATTTTAGAGTCAAATTATAAAATTTTTTAGGTAAAATTATAAAATTTAAGGTAAAATTATAAAATTTAAGGTAAAATTATARAATTTAAGGTC 16920 

VIII* 
AAATTATAATTTAAGGTCAAATTATAGATCTTAAACCAAACCATAAATTTTAAGTCAAATCAAAATTTTAATTTTCAAAAATTTTTGTCCAAAATCCAAAAATAAAAAATATACTATG 17040 

TCAGTAGATTTTTTTTATCACAAAATTTTATTTTAAATCACAAA 17084 

FIGURE 2.-The 17084 nucleotide sequence of the L1. virginiana mitochondrial genome. Position 1 is at the 5'end of the tRNAPh' 
gene. Genes that  are encoded with H as the sense strand are indicated by arrows. The first characters of the names of genes indicate 
their inferred first  base and their last nucleotides are indicated by a dot. The predicted amino acid sequence (one-letter code, 
asterisks denote termination codons) of protein-coding genes is  shown under  the sequence. Where genes overlap, lower  case  is 
used for the first gene. The anticodons of tRNh are overlined as  well as the stem  of the origin of light strand replication. In the 
control region, repeats are overlined and indicated by numbers and letters and conserved sequence blocks (CSB) are delimitated 
by arrow heads (< >) . Regions of high sequence similarity among mammals are indicated by dots over the sequence and by the 
percent of positions  where the opossum and all six placental sequences are identical. A partially deleted repeat is marked by an 
asterisk. 

MORAIS 1990) and  the  frog (ROE et al. 1985),  the tRNA 
for lysine  of both placentals and  the opossum has a re- 
duced DHU arm (Figure 3). Thus,  the  reduction of the 
DHU arm is inferred to have taken place in an ancestor 
common  to marsupials and placentals. 

In placentals, the tRNA gene  for  serine (UCN) has an 
anticodon  stem which consists of 6 instead of 5 base 
pairs and only one nucleotide is found between the 
acceptor stem and  the DHU  stem (YOKOGAWA et al. 
1991).  These  unusual  features, which do  not exist in 
chicken and frog,  are  found  in  the  inferred  structure 
of the opossum tRNASer(UCN) (Figure 3). Thus,  these 
structural  changes have occurred  in a common  an- 
cestor of placental and marsupial  mammmals. One 
other  unusual  structural  feature exists in the  the opos- 
sum tRNASer(AGY) gene  product, which lacks a DHU 
arm  (Figure 3) .  This  feature is, however, conserved 
among  the  vertebrates. 

A  rearrangement of  tRNA genes  around  the replica- 
tion origin of the L strand has been described in mar- 
supials from South America, Australia and New Guinea 
(Pmo et al. 1991). This arrangement is also found in 
the North American opossum genome.  It involves an 
apparent transposition of the tRNA genes  for  alanine, 
asparagine and cysteine and can be explained by a  du- 
plication followed by deletions of tRNA genes and  the 
recruitment of a new origin of light strand replication. 
The rearranged tRNA genes have longer  intergenic 
flanking regions than those seen for  other tRNA genes, 
and  the hairpin  loop of the origin of light strand r e p  
lication is substantially longer  than in placental animals 
and may represent  a vestige  of tRNA genes lost after the 
putative deletion. 
RNA editing: The tRNA gene  for aspartic acid carries 

the  anticodon GCC instead of the  normal  anticodon  for 
aspartic acid (GTC) (Figure 3).  The second position of 
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the  codon in the transcription product is posttranscrip 
tionally changed  to  be recognized as an  uridine residue 
(JANE and PAbo 1993).  Thus,  the  anticodon of this 
tRNA  is generated by an RNA editing process, a phe- 
nomenon shown to occur also in the tRNAh!' gene prod- 
uct of Australian marsupials (M. DOWER, personal com- 
munication). However, the  gene for tRNAhF' of 
monotremes carries the  anticodon GTC (unpublished 
observation) as do placentals. Thus,  the  editing  of 
tRNAhP evolved  in the  common ancestor of marsupials. 
All other tRNA genes carry the  expected  anticodons and 
no  other sequence position in the opossum mitochon- 
drial  genome is an obvious candidate  for RNA editing in 
that  it would  give  rise to a nonfunctional  gene  product. 
Furthermore,  sequencing of 3,000 bp of protein-coding 
mitochondrial cDNAs from an Australian marsupial 
(Protorus tridactylus) has failed to show  any other sites 
of  RNA editing (M. DORNER, personal communication). 
Thus, RNA editing seems to  be restricted to this single 
position. 

RNA editing has been described in plant mitochon- 
dria  (HIESEL et al. 1989; GUALBERTO et al. 1989; COVELLO 
and GRAY 1989) and chloroplasts (HOCH et al. 1991) and 

FIGURE 3.-Inferred secondary  struc- 
tures of four unusual tRNA genes  in the 
opossum mitochondrial genome. 

in the  mitochondria of trypanosomes (SIMPSON and 
SHAW 1989). The most likely mechanism by which the 
editing of the opossum tRNAhP occurs is deamination of 
the cytosine  residue. Current work  is aimed at elucidating 
how  this  mechanism  evolved. It could potentially have 
been achieved by the recruitment of a gene involved  in 
deamination of cytidine  residues  in nuclear transcripts 
(HODGES et al. 1991). 

Ribosomal RNA genes: As in other vertebrates, the 
genes  for  the 12s and 16s rRNA genes  are  separated by 
the tRNAva"gene and  are  bounded  on  the  other sides by 
the  genes  for tRNAphe and tRNALeu(UUR),  respectively. 
The inferred secondary structure of the 12s rRNA gene 
of opossum and  the cow (ANDERSON et al. 1982) was 
found  to  be conserved. 

Proteincoding  genes: As in  other vertebrates, the 
opossum mitochondrial  genome contains 13 protein- 
coding genes, 12 of which are  encoded  on  the H-strand 
so that  the L strand gives the sense reading frames. The 
codon usage in opossum is similar to that of other ver- 
tebrates (not shown). Eleven genes are  inferred to use 
TAA as a translational termination  codon. Of these, 6 
have incomplete  termination  codons, which are presum- 
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TABLE 1 

Mean  base  composition for the mitochondrial  protein-coding 
genes of seven mammalian species 

TABLE 2 

Expected  numbers of sequence  differences at  saturation  and 
observed  numbers  of  differences  among  seven mammalian taxa 

Codon 
position A G C T 

1st 32.1 t 0.7 20.7% 0.8 24.4 t 1.6 22.8 % 1.5 
2nd 19.5 5 0.2 12.2? 0.1 26.2 t 0.7 42.1 t 0.6 
3rd 42.45 3.4 5.0 5 1.6 31.2 5 7.0 21.4 5 5.1 

Mean  base compositions (%) for the 13 proteincoding genes and 
standard deviations are given for each of the  three codon positions. 

ably formed by polyadenylation of the transcript. Two 
genes (ATPase 8 and ND6) use TAG as termination 
codons, whereas the AGG and AGA termination  codons 
used in humans (ANDERSON et al. 1981) and  frog (ROE 
et al. 1985) are not utilized in opossum. In  eight cases, 
ATG  is used as translational initiation codons, whereas 
ATA  is used in four cases and ATT in one. 

Evolutionary  relationships  among  placental mam- 
mals: To elucidate the  relationship  among placental 
mammals, we used sequences from six complete mito- 
chondrial genomes: rat, mouse, human, cow,  whale and 
seal.  Gaps had to be  introduced  at a few positions to 
align the  proteincoding genes, especially at  the 3"ends 
of genes. Positions with gaps and areas where the align- 
ment was ambiguous  were excluded from subsequent 
analyses. The AD6 gene, encoded on the L strand, differs 
significantly  in its base  composition from the other genes 
and was therefore excluded from the analyses  when not 
otherwise  stated.  Similarily, tRNA,  rRNA and  noncoding 
sequences were  excluded  to  avoid  ambigous  alignments 
and allow for a coherent maximum  likelihood  analysis. 

Base  composition: Base composition of nucleotide 
sequences is known to vary among taxa (e .g . ,  SUEOKA 
1988) and this may obscure phylogenetic information. 
Table 1 shows the  mean base composition for  the seven 
mammalian species for each of the  three  codon posi- 
tions. Most changes  at  third  codon positions are silent, 
and this position demonstrates  the highest level  of  com- 
positional bias (MUTO and OSAWA 1987) as reflected by 
the  higher  standard deviation at this codon position. As 
for  other  mitochondrial  genomes (GADELATA et al. 
1989),  guanosine residues (G)  are  underrepresented  on 
the L strand in the opossum, an observation most ap- 
parent  at  the  third  codon positions, where the average 
G content is 5%. Furthermore,  the  adenosine  content of 
third positions and  the thymine content of second po- 
sitions are high (42%). 

To elucidate  whether  the  nucleotide compositions of 
the protein-coding genes of the  different taxa differ, we 
tested if the  nucleotide distribution is homogeneous 
among  the placental taxa by a chi-square test (VON 
HAESELER et al. 1993). Although this test suffers from the 
drawback that  the  sequences  are not  independent, it can 
be used as a rough  guide to detect differences in  base 
composition. The base compositions of the second 

Codon 
position Expected Observed Expected Observed 

Transitions Transversions 

1st 909  284-416 1855 194-591 
2nd 999  110-292 1610 58-235 
3rd 654  760-924 1855 751-1188 

The expected numbers of transitions and transversions at satura- 
tion  were calculated using the base composition in Table 1 and the 
method O f  HAsEGAWA et al. (1985). In addition, the highest and lowest 
observed numbers of transitional and transversional differences 
among the seven  taxa are given. 

codon positions are  homogenous ( P  = 0.996)  as are 
those of the first codon positions ( P  = 0.073). For the 
first positions, the base composition of the opossum dif- 
fers significantly from that of the placentals. However, 
since this affects  only the  outgroup in the phylogenetic 
analysis, it is not expected to cause incorrect  tree to- 
pologies to be  inferred. The base composition at third 
codon positions is highly non-homogeneous  among  the 
placentals and is thus unsuitable for phylogenetic re- 
construction. When the distribution of purines  and pyri- 
midines at  third  codon positions is investigated, the in- 
homogeneity remains. However, this is due to a biased 
composition of purines and pyrimidines in the  human 
mitochondrial  genome. When the  human  sequence was 
removed from the analysis, the  remaining taxa  were ho- 
mogeneous with respect to  their purine-pyrimidine 
composition at  third  codon positions. Thus, since only 
one taxon has a base composition that differs from the 
other taxa, this is not  expected to affect the estimation 
of the  tree topology but only the  inferred  lengths of 
branches. Transversions at  third  codon positions can 
therefore  be used to  infer  the  branching order among 
placental lineages. 

Multiple  substitutions: In animal mitochondria, tran- 
sitions predominate over transversions by a factor of at 
least 10 (BROWN et al. 1982;  DESALLE et al. 1987). Fur- 
thermore, in the genetic code of mammalian mitochon- 
dria, transitions at third  codon positions do not result in 
amino acid replacements. As a consequence,  the  third 
codon positions evolve  several times faster than first and 
second codon positions, where the majority  of changes 
cause amino acid replacements. Thus, transitions at 
third  codon positions are  expected to be particularly 
prone to losing phylogenetic information due to mul- 
tiple hit  phenomena. 

We computed the expected pairwise  differences at satu- 
ration using the base  compositions  given  in  Table 1 and the 
procedure of HASEGAWA et aL (1985). Table 2 gives the ex- 
pected numbers of transitions and transversions at satu- 
ration for the three codon positions.  When the observed 
transitional and transversional  differences are compared 
to the numbers expected at saturation, we found that all 
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observations at first and second codon positions are well 
below the expected saturation level.  At third codon posi- 
tions, the transitional  difFerences  between  all  taxa  com- 
pared are above the expected saturation level  whereas  for 
transversions at third codon positions, no value  exceeds 
the saturation  level. Thus, transitions at third codon p e  
sitions are heavily affected by multiple  substitutions and 
should be avoided  in  phylogenetic  analyses of these  taxa. 

To investigate why the observed numbers of transi- 
tional differences at third  codon positions are  higher 
than  the  expected  saturation level (Table 2), we calcu- 
lated how the observed transitions are  expected to vary 
as a function of observed transversions after divergence 
of two taxa assuming various transition-transversion ra- 
tios. Figure 4 shows  how the relative number of observed 
transitions first increases and subsequently decreases as 
transversions erase the  record of previous transitions 
(BROWN et al. 1982). Irrespective of the transition to 
transversion ratio, the  amounts of observed substitutions 
converge to  an equilibrium point when the sequences 
have been  saturated with substitutions. For first and sec- 
ond codon positions, the  numbers of transitions and 
transversions that  are observed from the  data  are  far 
from  the saturation point  both with respect to transi- 
tions and transversions. In  contrast, at third  codon po- 
sitions, the  numbers of transitions lie above the satura- 
tion point whereas transversions have not yet reached 
saturation.  That  the observed numbers of transitional 
sequence differences can exceed the  numbers at satu- 
ration agrees with a study of mitochondrial sequences 
for ungulates where sequence differences were plotted 
against paleontologically inferred divergence times 
(IRWIN et aL 1991). Thus, the transitions at third positions 
of codons are saturated for all  divergences  in the phylog- 
eny  whereas  transversional  changes at third codon posi- 
tions are well suited for phylogenetic inference. 

First positions of leucine  codons  are similar to third 
codon positions in that they may experience silent tran- 
sitions (TTR to CTR) (IRWIN et al. 1991). Consequently, 
they are likely to be saturated for deeper divergences 
among placentals. Therefore, transitions at first posi- 
tions of leucine codons were excluded from subsequent 
analyses except where indicated. 

Tree  reconstruction: Due to their  different base com- 
positions, first and second codon positions were inde- 
pendently used to construct phylogenetic trees using the 
maximum likelihood procedure (FELSENSTEIN 1981). Fig- 
ure 5 shows the best tree derived from the  second  codon 
positions. Maximum parsimony (SWOFTORD 1990) and 
neighbor-joining (SAITOU and NEI 1987) yielded trees of 
identical topology. Bootstrap analyses  (FELSENSTEIN 
1985) for maximum parsimony and neighbor-joining in- 
dependently showed that all internal  branches were 
seen in more  than 95% of 1000 bootstrap replications. 
Identical results were obtained  for first codon positions 
and  for transversions at  third  codon positions. 
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FIGURE 4."Plot of expected observed  transversions  (Tv) vs. 
observed transitions (Ts) assuming  various  transition-trans- 
version  biases (a) calculated according to HASEGAWA et al. 
(1985) and using the the observed  base  compositions given in 
Table 1. Dots denote the transitional and transversional  dif- 
ferences as observed  from  the  data. The apparent transition  bias 
for first and second  codon  positions of around 2 may be under- 
estimated due to invariable  positions  in the  sequences  which 
cause the expected  numbers of changes  to  be  overestimated. 

To evaluate also other possible tree topologies, the 
taxa  were reduced  to six by constraining the topologies 
to those where the mouse and  rat are monophyletic. 
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In L 
r 

Opossum 
FIGURE 5.-Maximum likelihood tree relating the mito- 

chondrial genomes of  six placental mammmals and  one mar- 
supial  mammal to each other.  The topology is based on all 
differences at second codon positions of  all protein-coding 
genes except ND6. Trees based on differences causing amino 
acid replacements at first codon positions and  on transversions 
at third codon positions have identical topologies. 

This allowed all possible 105 trees to be evaluated. The 
likelihoods for  the trees based on first and second codon 
positions which had identical topologies were added 
and  the best tree (Figure 5) was tested against all other 
topologies according to KISHINO and HASEGAWA (1989). 
Only one  tree was not significantly  worse than  the  tree 
in Figure 5. This tree differs from  the best tree in having 
the seal as the sister taxon of the cow. The monophyly 
of ungulates, which is supported by other lines of evi- 
dence (PROTHERO et al. 1988), is thus  the least well s u p  
ported  relationship in this data set. 

To  further evaluate the robustness of the  tree topol- 
ogy to assumptions about  the  mode of evolution and the 
monophyly of placentals, we included all nucleotide dif- 
ferences oberved at first, second and third  codon posi- 
tions, the  gene  for ND6 as well  as the homologous se- 
quences of chicken and frog in the analysis.  Several 
maximum likelihood computations with  varying  values 
of the transition/transversion ratio and varying  substi- 
tution ratios of first and second codon positions relative 
to  the  third  codon positions were performed.  In all 
cases, the same tree topology as in Figure 5 was found 
(Figure 6), demonstrating  the  astounding robustness of 
the result. 

Placental  phylogeny: The analyses  above establish 
with a high degree of confidence  that of the species 
analyzed here, primates and ungulates are sister taxa 
and that  rodents  represent  an early divergence among 
placentals. This is in sharp  contrast to the view  of pla- 
cental evolution which regards primates and rodents as 
sister taxa to the exclusion of ungulates (ROMER 1966; 
KIELAN-JAWOROWSKA et al. 1979; YOUNG 1981; LI et al. 
1987) but  agrees with the  opinion of some  morpholo- 
gists (MCKENNA 1975; SZALAY 1977) as well as trees ob- 
tained  from  nuclear-encoded  protein  genes (EASTEAL 
1988,1990,1992; LI et al. 1990).  Thus,  both  organellar 
and nuclear  molecular  data  agree  in  the establish- 
ment of rodents as an  outgroup  to  primates  and 
ungulates. 

\ I  

FIGURE 6.-Approximate maximum  likelihood  surface for 
different transition/transversion ratios (A) and different ra- 
tios of substitution rates for first and second us. third codon 
positions (B) using  all differences at all  positions of 13 protein- 
coding genes from the species  used  in  Figure 5 as well  as the 
frog and the chicken  sequences. The maximum  value of the 
surface is in the neighborhood of (1, 5 ) .  

In  the  tree  emerging  from  the  mitochondrial  data,  the 
seal groups significantly  with the cow and  the whale thus 
associating carnivores and ungulates in a monophyletic 
group.  In his  classification  of mammals, SIMPSON (1945) 
suggested that carnivores and ungulates were mono- 
phyletic and  joined them in the  group Ferungulata, 
which, however, did not include whales. The mitochon- 
drial  data confirm the view that carnivores and ungu- 
lates share a common ancestor and  thus  that Ferungu- 
lata represents a natural taxon to which cetaceans 
should be added. 

Evolutionary  rates of protein  coding  genes: The elu- 
cidation of the phylogeny  of placentals has important 
consequences for the  understanding of molecular evo- 
lution. Using  artiodactyls as an outgroup to  primates and 
rodents, it  has been argued that the rate of  molecular evo- 
lution is  twice as fast on the lineage  to rodents (Wu and Lr 
1985). However,  since  artiodactyls rather than rodents a p  
pear to be the sister  taxon of primates, the acceleration on 
the lineage to rodents may be absent (E~TEAL 1988; Gu 
and LI 1992) or much less pronounced. 

To test whether  the  rate of evolution is similar in vari- 
ous placental lineages, we investigated if the molecular 
evolution of the 13 proteincoding genes conforms to a 
molecular clock model. Due to differences in nucleotide 
composition third positions were excluded from the 
analyses.  Maximum likelihood estimates were computed 
for  the  tree  structure in Figure 5 under the assumption 
of identical evolutionary rates in all parts of the  tree 
(clock assumption) as  well  as without such an  assump 
tion. A likelihood ratio test was applied to test whether 
the non-constrained tree resulted in a significantly bet- 
ter fit to the  data. Table 3 shows that  the clock assump 
tion cannot  be rejected in either first or second codon 
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TABLE 3 

Clocktest for mitochondrial  genes 

TABLE 4 

Tentative dates for divergences  among  placental  lineages 

Codon position Lineage  divergence Date 

Gene 1 2 

ATP6 
ATP8 
COI 
c02 
GO3 
CYTb 
NDl 
ND2 
ND3 
ND4 
ND4L 
ND5 
ND6 

10.53 
14.14 
16.22* 
24.09* 
10.80 
15.23* 
3.10 
1.18 

11.41 
16.00* 
4.49 
7.51 
6.86 

17.54* 
2.27 

18.90* 
35.07* 
11.05 
24.22* 
13.04 
9.25 
5.88 
4.62 

11.51 
8.65 
7.89 

Likelihood  ratio statistic for  the first and  second positions of 13 
proteincoding genes. The analysis is based on  the  tree  in Figure 5. 
Asterisks denote significant  deviations from  the clock assumption. 
The  genes  in boldface are clock-like for  both first and  second  codon 
positions. The test is based on a  chi square distribution with 5 degrees 
of freedom  and a significance level of (Y = 0.01. 

positions for  eight of the 13 genes. Thus,  for  the majority 
of mitochondrial  genes  a clock assumption is valid.  For 
three of the genes, the clock is rejected for first and 
second positions. Most strongly, this is the case for the 
cytochrome oxidase 2 gene which  shows a clear  acceleration 
on the lineage leading to humans. This is  in agreement 
with a previous obsemtion that this gene evolved at an in- 
creased tempo during early primate evolution (RAMHARACK 

and DEELEY 1987). The genes for cytochrome band cytochrome 
oxidase 1 also fail to conform to a clock model at first as well 
as second  positions. The former gene has been shown to 
be  accelerated  in  primates (hlA et al. 1993;  IRWIN and 
ARNASON 1994) and  at least for first codon positions,  this is 
seen  also  in the current data. 

Divergence dates: The eight  genes  that conform to a 
clock model within placental lineages (Table 3) were 
used to estimate the  approximate times of divergence of 
the placental radiation. As a calibration point  the di- 
vergence between placental and marsupial mammals 
was used. The paleontological record shows that by the 
early late Cretaceous, approximately 95 million years 
ago, the placental and marsupial lineages were well sepa- 
rated (CIFELLI and EATON 1987). Based on this, a  date of 
130 million years for the marsupial-placental divergence 
is commonly assumed (CARROLL 1988) and agrees with 
a  date derived from comparisons of globin sequences 
(AIR et al. 1971). When this date is used as a calibration 
point,  the average dates given in Table 4  are  obtained. 
It is worth noting,  that even if the calibration date would 
be shown to be wrong, the relative timing of the diver- 
gences would remain  the same. 

These divergence dates are in general  agreementwith 
paleontological data as  well  as previous molecular in- 
vestigations  with the  exception of the divergence be- 
tween the mouse and  rat lineages. Paleontological data 

Rodents, ferungulates  and primates 114 2 15 
Primates,  ferungulates 93 2 12 
Carnivores, artiodactyles 55 5 15 
Cow, whale 41 5 10 
Mouse, rat 35 2 17 

Approximate dates of divergence were calculated using 1st and  2nd 
codon positions of each of the  genes shown to evolve in a clock like 
manner  in  Table 3. As a  calibration point, 130 million years for the 
divergence between placental and marsupial  mammals was used. 
Means of the  dates  and  one  standard deviation are given. 

suggest that  the mouse and rat lineages diverged 8-12 
million years  ago UAEGER et al. 1986). A study using 
quantitative immunological comparisons of albumin 
have arrived at dates between 20 and 35 million years ago 
(WILSON et al. 1977; SARICH 1985) and studies (e.g., 
BROWNELL 1983) based on DNA/DNA hybridizations 
have arrived at  a  date of  17-25 million years ago. The 
date  inferred from the  tree analyses  above remains ap- 
proximately the same when the calculations are based 
on observed transversions at first and second codon po- 
sitions. Thus,  the divergence between mouse and rat 
may be substantially older  than  the  current  interpreta- 
tion of the fossil record indicates. In particular, the fossil 
taxon Antemus which is generally thought to represent 
a common lineage leading to mice and rats (CATZEFLIS 

et al. 1992), may belong to one  or the  other of these 
lineages or possibly to  neither. Interestingly, the mor- 
phological  characters  used  to  define the  murine 
group  and this fossil have recently been suggested  to 
have evolved convergently among  muroid  rodents 
( CHEVRET et al. 1993). 

It is noteworthy that  the times of divergence of the 
rodent,  primate, carnivore and ungulate lineages range 
from 41 to 114 million years ago. This is in contrast to 
the traditional view  of placental evolution, which as- 
sumes a rapid radiation following a presumed cata- 
strophic event causing the extinction of dinosaurs at the 
end of the Cretaceous. The fact that  the mitochondrial 
sequence  data  are able to resolve the divergence of the 
placental groups as  well  as the tentative dates of these 
divergences may indicate that  the evolution of  early  pla- 
centals was not bush-like but  rather might have taken 
place during several tens of millions of  years prior to the 
Cretaceous-Tertiary boundary. 
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