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Summary. We cloned and sequenced a segment of mito- 
chondrial DNA from human, chimpanzee, gorilla, or- 
angutan, and gibbon. This segment is 896 bp in length, 
contains the genes for three transfer RNAs and parts of 
two proteins, and is homologous in all 5 primates. The 
5 sequences differ from one another by base substitu- 
tions at 283 positions and by a deletion of one base pair. 
The sequence differences range from 9 to 19% among 
species, in agreement with estimates from cleavage map 
comparisons, thus confirming that the rate of mtDNA 
evolution in primates is 5 to 10 times higher than in nu- 
clear DNA. The most striking new finding to emerge 
from these comparisons is that transitions greatly out- 
number transversions. Ninety-two percent of the differ- 
ences among the most closely related species (human, 
chimpanzee, and gorilla) are transitions. For pairs of spe- 
cies with longer divergence times, the observed percent- 
age of transitions falls until, in the case of comparisons 
between primates and non-primates, it reaches a value of 
45. The time dependence is probably due to obliteration 
of the record of transitions by multiple substitutions at 
the same nucleotide site. This finding illustrates the im- 
portance of choosing closely related species for analysis 
of the evolutionary process. The remarkable bias toward 
transitions in mtDNA evolution necessitates the revision 
of equations that correct for multiple substitutions at 
the same site. With revised equations, we calculated the 
incidence of silent and replacement substitutions in the 
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two protein-coding genes. The silent substitution rate is 
4 to 6 times higher than the replacement rate, indicating 
strong functional constraints at replacement sites. More- 
over, the silent rate for these two genes is about 10% per 
million years, a value 10 times higher than the silent rate 
for the nuclear genes studied so far. In addition, the 
mean substitution rate in the three mitochondrial tRNA 
genes is at least 100 times higher than in nuclear tRNA 
genes. Finally, genealogical analysis of the sequence dif- 
ferences supports the view that the human lineage 
branched off only slightly before the gorilla and chim- 
panzee lineages diverged and strengthens the hypothesis 
that humans are more related to gorillas and chimpan- 
zees than is the orangutan. 

Key words: DNA sequencing - Transitions - Multiple- 
hit corrections - Silent substitutions - Replacement 
substitutions - Transfer RNA - Mutation pressure - 
Functional constraints - Hominoid phylogeny - Start 
codons 

Introduction 

The mitochondrial genome of animals is an excellent one 
with which to examine the tempo and mode of mo- 
lecular evolution. Detailed comparisons of this genome 
among appropriately chosen species will also contribute 
important information about the structure-function rela- 

tionships of mitochondrial genes and gene products. 
Based on the results of cleavage mapping and annealing 
studies, it was suggested that animal mtDNA is accu- 
mulating nucleotide substitutions 5 to 10 times faster 
than single-copy nuclear DNA (Brown et al. 1979). To 
explain this high rate of substitution in a genome so 
tightly packed with functional genes (Anderson et al. 

0022-2844/82/0018/0225/$ 03.00 



226 

Chimpanzee 

Gorilla 
mans, which allows a more reliable test o f  hypotheses 

about  the genealogical relationships o f  humans and apes. 
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Orangutan 

Gibbon 

Fig. 1. Evolutionary tree for apes and humans based on mito- 
chondrial DNA. The branching order shown is derived from a 
parsimony analysis of cleavage maps of the whole mitochondriat 
genome (Ferris et al. 1981a) and is supported by the nucleotide 
sequences reported in the present paper 

1981; Bibb et al. 1981), it was proposed that  animal 

m t D N A  has an unusual ly high muta t ion  rate (Brown et  

al. 1979). In order to assess the rate o f  base subst i tut ion 

in a more  direct manner ,  and also to test the hypothesis  

o f  a higher muta t ion  rate as the cause, we have cloned 

and sequenced a homologous  piece o f  m t D N A  from 5 

species o f  homino id  primates whose evolut ionary  rela- 

t ionship is depicted in Fig. 1. Because the mos t  distantly 

related homino id  species probably  diverged f rom one an- 

o the r  no more  than 10 mill ion years ago (Sarich and Wil- 

son 1967; Wilson et  al. 1977), this group of  primates can 

provide in format ion  on m t D N A  evolut ion that  is rela- 

t ively unobscured  by  mult iple  substi tutions at the same 

nucleot ide  posit ion.  

The mtDNAs of  human (Anderson et  al. 1981), cow 

(Anderson et al. 1982), and house mouse  (Bibb et al. 

1981) have been comple te ly  sequenced.  Comparisons o f  

the m t D N A  sequences f rom these species add to our un- 

derstanding o f  m t D N A .  However ,  the evolut ionary  infor- 

ma t ion  gained f rom them is l imited,  for the fol lowing 

reasons: (1) The divergence t ime between any two of  

these three species is about  80 mill ion years, hence DNA 

divergence at only  one t ime point  is being sampled;  

(2) the degree o f  nucleot ide  difference be tween  the 

mtDNAs o f  these species will no t  be appreciably differ- 

en t  f rom that  be tween  species which diverged only 20 

mil l ion years ago, because the readi ly-subst i tuted posi- 

t ions in the m t D N A  have become  "sa tu ra ted"  by this 

t ime,  as is evident  f rom Fig. 3 o f  Brown et al. (1979).  

To unders tand the dynamics o f  the evolu t ion  of  any 

macromolecu le ,  it is necessary to choose a series o f  spe- 

cies for compar ison whose divergence t imes are (1) dif- 

ferent  and (2) lie within a t ime range that  is short  

enough to give a favorable signal-to-noise ratio.  The pri- 

mate  species compared  in this paper satisfy these condi- 

t ions for m t D N A .  

Comparison o f  the pr imate  sequences confi rms our 

previous es t imate  o f  the subst i tut ion rate. Moreover ,  by  

allowing us to consider  the nature  and precise locat ion as 

well as the exac t  number  o f  subst i tut ions,  the sequences 

provide us with new insight into the mechanism of  

m t D N A  muta t ion  and evolut ion.  Finally,  the differences 

observed among the sequences add greatly to  the num- 

ber o f  known genetic differences be tween apes and hu- 

Materials and Methods 

Materials and MtDNA Preparation. Human embryonic liver was a 
gift from M. Golbus, University of California, San Fransisco. 
Gibbon (Hylobates lar) mtDNA was from the source described in 
Ferris et al. (1981a); mtDNAs from common chimpanzee (Pan 
troglodytes), pygmy chimpanzee (P. paniscus), and gorilla 
(Gorilla gorilla) came from the individuals designated number 1 
in Figs. 3 and 5 of Ferris et al. (1981b); orangutan (Pongo pyg- 
maeus) mtDNA came from the individual designated 2a in Fig. 1 
of Ferris et al. (1981b). MtDNAs were prepared from liver (4 
species), liver plus kidney (gorilla), or a cultured cell line (com- 
mon chimpanzee) as described (Brown et al. 1979), including 
those from pygmy chimpanzee, gorilla, and gibbon, which were 
gifts from S.D. Ferris. 

Restriction endonucleases were from New England BioLabs 
and Bethesda Research Labs. T 4 DNA ligase was obtained from 
P-L Biochemicals and as a gift grom W.S. Davidson and D. 
Julin. Bacterial alkaline phosphatase was obtained from Bethesda 
Research Labs and P-L Biochemicals and T 4 polynucleotide ki- 
nase from P-L Biochemicals and New England BioLabs. Calf 
thymus DNA and yeast tRNA were purchased from Sigma. 
Gamma-labelled 32p-ATP was a gift from R. Myers. D. Rio, and 
R. Tjian or was purchased from New England Nuclear. Dimethyl 
sulfate, hydrazine, and piperidine were from Aldrich, Eastman, 
and Sigma, respectively. 

DNA Cloning and Sequencing. 20 to 500 ng of mtDNA digested 
to completion with Hind III were added to 20 to 500 ng of Hind 
III digested, alkaline phosphatase treated plasmid pBR322 DNA 
and the mixture incubated for 4 -12  h at 10°C with T 4 DNA 
ligase. The ligation products were used to transform E. coli K12 
(strains x1776 or HB101). All recombinant DNA procedures 
were carried out using P2 containment and EK1 or EK2 host- 
vector systems, in accordance with NIH guidelines. 

Transformant colonies showing a tetracycline-sensitive, ampi- 
cillin-resistant phenotype were screened for the presence of 
mtDNA sequences using the colony hybridization procedure of 
Hanahan and Meselson (1980). The hybridization probe was hu- 
man mtDNA labelled with p32 by nick translation (Cordell et al. 
1979). Putative recombinants were confirmed by size analysis 
and Southern blot hybridization of Hind III digests of the 
plasmids and by further restriction endonuclease analysis of the 
mitochondrial inserts, using the cleavage maps published by 
Ferris et al. (1981a,b) as references. 

After digestion of recombinant plasmids with Hind III, the 
mtDNA fragments were separated by preparative gel electropho- 
resis in 1% agarose. DNA fragments were retrieved from the gels 
by band excision and electroelution, followed by two extrac- 
tions each of phenol, chloroform - 4% isoamyl alcohol, and 
ether (see Smith (1980) for details). Essentially the same proce- 
dures were used for retrieval of radioactively labelled DNA frag- 
ments from 5% polyacrylamide gels except that in the electro- 
elution step yeast tRNA (20 #g/ml) was added to the buffer 
within the dialysis tubing as carrier. Early in this investigation 
some Hind III fragments were isolated by R.M. Watson with a 
preparative gel elution apparatus. 

DNA sequencing was performed according to methods de- 
scribed by Maxam and Gilbert (1980). 

Calculations. Transfer RNAs were located and cloverleaf struc- 
tures determined by inspection and analogy with the human se- 
quence (Anderson et al. 1981) and checked with the TRNA pro- 
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gram of Staden (1980). Regression lines through the origin (Figs. 
4A and 7; text) were calculated by the method of Steel and 
Torrie (1960). For all interordinal comparisons in this work, the 
5 primates were individually compared to cow and to mouse and 
in each case the resulting values averaged; the three possible in- 
terordinal comparisons were then given equal weight. The meth- 
ods used for correction for multiple substitutions at the same 
site are presented in the Appendix. 

Results and Discussion 

Cloning o f  a Homologous Region. Since the Hind III 
sites at 24 and 30 map units are highly conserved in the 
mitochondrial  genome of  both primates and rodents 
(Brown and Vinograd 1974; Brown et al. 1979; Ferris et 
al. 1981a,b), we cloned the DNA segment bounded by 
these two sites from several primate species (Fig. 2). 
Sequencing indicated that this region, including the ter- 
minal Hind III recognition sites, contained 896 bp and 
corresponded to nucleotides 11680-12575  in the hu- 
man mtDNA sequence published by Anderson et al. 
(1981). The homologous Hind III region in mouse and 
cow contains 894 bp (Bibb et al. 1981) and 899 bp (An- 
derson et al. 1982), respectively. 

The region was cloned as a single Hind III fragment in 
the case of  human, gorilla, orangutan, and gibbon (cf. 
Fig. 2). This was not possible for either the common 
chimpanzee or the pygmy chimpanzee, both  of  which 
have an intermediate Hind III site at 26.3 map units 
(Fig. 2). In addition, common chimpanzee lacks a Hind 
III site at 24 map units. Because the estimated intrage- 
neric differences in mtDNA between the two chimpan- 
zee species are smaller than the intergeneric differences 
(Ferris et al. 1981a,b), we combined the complementary 
sequence data from the two respective chimpanzee 
clones and treated them as a single enti ty,  hereafter de- 
signated chimpanzee. 
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Gene Content o f  the Sequenced Region 

As previously determined by both transcription mapping 
(Attardi  et al. 1980) and direct DNA sequence analysis 
(Anderson et al. 1981), this region contains information 
about  five mitochondrial  genes (Fig. 2). In addition to 
the complete genes for histidyl-, seryl-, and leucyl-trans- 
fer RNA (tRNA), portions of  two genes [designated un- 
identified reading frame (URF) 4 and URF 5 by  Ander- 
son et al. (1981)] that  code for two putative mitochon- 
drial proteins (designated Proteins 4 and 5 in this work) 
are present. These portions correspond to 458 bp at the 
3' end of  URF 4 and 239 bp and the 5' end of  URF 5. 

Fig. 2. Cleavage maps, sequencing strategy, and gene content of 
cloned segments of hominoid mitochondrial DNA. For each 
species all sites for the restriction endonucleases actually em- 
ployed during sequencing are shown. The arrows in the dia- 
gram indicate the direction and length of the fragments se- 
quenced. On the average 83% of the sequence was determined 
at least twice, either in a single direction or along opposite 
strands. For each individual species the following percentages 
were sequenced 2 or more times: human, 81%; common chim- 
panzee, 65%; pygmy chimpanzee, 97%; gorilla, 95%; orang- 
utan, 86%; gibbon, 73%. Five different genes are represented 
in this piece of DNA, whose total length is 896 bp: the car- 
boxy-terminal third of Protein 4, the complete genes for 3 dif- 
ferent transfer RNAs, and the amino-terminal eighth of Protein 
5. Map units are indicated as in Ferris et al. (1981a,b) 
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Sequence Comparisons 

The nucleotide sequences for this mtDNA segment ap- 
pear in Fig. 3. Differences among the primate sequences 
were observed at 284 positions. Their distribution a- 
mong the 5 genes is shown in Fig. 3. Nucleotide substitu- 
tions account for the differences at 283 of  these posi- 
tions. In addition to substitutions, there was a deletion 
of  a single base pair from orangutan mtDNA in a portion 
of  the seryl-tRNA gene. Based on secondary structure 
considerations, the most reasonable position for the de- 
letion is 560. 

The pairwise sequence differences range from 0.2% to 
19% (as Table 1 shows), in agreement with estimates 
made from cleavage map comparisons of  the whole 
mtDNA genome (Ferris et al. 1981a). The two human 
sequences are most similar, differing (see Fig. 3) by only 

2 substitutions (0.2%), a difference that is about as small 
as would be expected from Brown's (1980)restriction 
analysis of  21 human mtDNAs. Among species, the hu- 
man, chimpanzee, and gorilla sequences are most similar 
to one another, the orangutan sequence is less similar, 
and the gibbon sequence is least similar. These data are 
consistent with the evolutionary tree shown in Fig. 1. 

Comparison of  the primate sequences with those of  
the corresponding regions in cow (Anderson et al. 1982) 
and mouse (Bibb et al. 1981) mtDNA provides a similar 
picture with respect to the relative proportions of  dele- 
tions and substitutions, although both kinds of  differen- 
ces occur more frequently in the comparisons with these 
more distantly related species. The average percent 
sequence differences are: primate-mouse, 33; primate- 
cow, 30; mouse-cow, 31. Compared to the primate 
sequences (excluding that of  orangutan), the mouse 
sequence exhibits 2 deletions and the cow sequence 4 
additions and one deletion. All addition and deletion 
events in this region are confined to single base pairs and 
occur exclusively in or between tRNA genes. 

High Substitution Rate and the Saturation Effect 

A plot of  percent sequence difference against divergence 
time (curve A, Fig. 4) illustrates how quickly the highly 
variable positions in mtDNA become saturated by substi- 
tutions. Sequences that have diverged for only 10 mil- 
lion years differ by nearly as much as do those which 
have diverged 80 million years ago. This graph shows 
how misleading it can be to infer absolute rates of  evolu- 
tion in mtDNA from the comparison of  such distantly 
related sequences as those of  human, cow, and mouse 
(see curve A, Fig. 4). The initial slope of  the curve corre- 
sponds to a 2% change in sequence per million years for 
a pair of  species. This estimate is in agreement with the 
value of  2% per million years inferred from cleavage 
mapping of  the whole mitochondrial genome (Brown et 
al. 1979). Such a rate is 5 to 10 times higher than that 
for the single-copy fraction of  nuclear DNA (Brown et 
al. 1979) and for the globin gene regions (Zimmer 1980; 
Barrie et al. 1981; Martin et al. 1981) of  higher primates. 

Predominance of Transitions 

The predominance of transitions over transversions is 
probably the most striking result to emerge from our pri- 
mate sequence comparisons (see Table 2). This evolu- 
tionary bias toward transitions is evident in both the 
tRNA and protein-coding genes. Moreover, it is about e- 
qually apparent at silent and replacement sites in the 
protein-coding genes (Table 2). Since the selection pres- 
sures operating on these three classes of  nucleotide po- 
sitions are extremely different, we suggest that the high 
proportion of  transitions is due chiefly to a bias in the 
mutation process rather than to selection at the level of  
gene products. 

Notable also is the time dependence of the observed 
proportion of  transitions (curve B, Fig. 4). For the three 

Table 1. Sequence differences among mammalian mitochondrial DNAs at 896 positions a 

Species compared Human A Human B Chimpanzee Gorilla Orangutan Gibbon Cow Mouse 

Human A 2 79 92 144 162 272 297 
Human B 0.22 79 92 144 162 273 298 
Chimpanzee 8.8 8.8 95 154 169 276 296 
Gorilla 10.3 10.3 10.6 150 169 277 297 
Orangutan 16.1 16.1 17.2 16.7 169 248 307 
Gibbon 18.1 18.1 18.9 18.9 18.9 255 301 
Cow 30.3 30.4 30.8 30.9 27.6 28.4 277 
Mouse 33.2 33.3 33.1 33.2 34.3 33.6 30.9 

aThe number of sequence differences between any two mtDNAs appears in the upper right-hand section of the matrix, and the percent 
sequence difference is given in the lower left-hand section. Human A refers to the sequence of Anderson et al. (1981) and human B to 
the sequence determined in this work. The cow and mouse sequences were determined by Anderson et al. (1982) and Bibb et al. 
(1981), respectively. The orangutan actually has 895 nucleotides in this segment, the cow 899, and the mouse 894 (see text); the 
deletions and additions involved have been included along with base substitutions in calculation of sequence differences 
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20 48 60 80 I00 
AAGCTTCAcCGGcGcAGTCATTCTcATAATCGcCCAcGGAcTTAcATcCTCATTACTATTcTGCCTAGcAAACTcAAAcTAcGAACGCAcTCACAGTcGc 

AT C A T T T C 

TG T T A A T A C C 

AC CC G T T A C CC G A C C 

T A T ACGC A A C T CCG T A C 

120 140 160 180 200 
ATCATAAT••TCTCTCAAGGA•TT•AAA•T•TACTC•CA•TAATAG•TTTTTGATGACTT•TAG•AAGCCT•GCTAAC•TCG•CTTACCCCC•ACTATTA 

T C C C C T C 

T C C CC G C C 

C C CCC A T C A C C 

A G G C G CT G C C CGC C 

220 240 260 280 300 
AccTAcTGGGAGAAcT•TCTGTGcTAGTAAcCAcGTTcTCcTGATCAAATATCACTcTCcTA•TTAcAGGACTcAAcATAcTAGTcACAGcCCTATACTC 

T C A G C TA C C T A G 

A G C A A CC C TT TCT AT G 

T A C A A G TA T T C CA A A A 

C A T TC A A GG T C GG C CT A TAC C C G G A G 

320 340 360 380 400 
CcTCTACATATTTACCACAAcACAATGGGGCTcAcTCACcCACcAcATTAAcAACATAAAAcccTCATTCAcAcGAGAAAACA•cCTCATGTTcATACAC 

G A T G T T A TT 

T T A C A CC T T A G 

T T C CA TA C A C T T C T C 

T T T CA A T A A C TATA ACT G 

420 440 460 480 500 
cTATcCcCCATTCTcCTCCTATCccTcAACcCcGAcATCATTACCGGGTTTTcCTcTTGTAAATATAGTTTAAcCAAAAcATCAGATTGTGAATcTGAcA 

C T T T T C T A CA C 

C T T C CA C T 

C T AG CG T CG AC T A T 

CT CC A TA T C ATCC C T T A 

520 540 560 580 600 
ACAGAGG~TTAcGACCcCTTATTTACCGAGAAAGcTCAcAAGAAcTGCTAACTcATGCccccATGTCT~AcAACATGGCTTTcTCAAcTTTTAAAGGATA 

C T T T AT C 

C A GT G A G CT 

T G C CC A TCAT- G G 

T CGAA T GC C CTAT A 

620 640 660 680 700 
ACAGCTATCCATTGGTCTTAGGCCCCAAAAATTTTGGTGCAACTCCAAATAAAAGTAATAACCATG CACACTACTATAACCACCCTAACCCTGACTTCCC 

C G TT C T A C T 

A T T G C T G A T 

C AT C G TTT C C TG C T A 

A GA T C C G TT G A C 

720 740 760 780 800 
TAATTcCCCCCATccTTACCACccTcGTTAAcc•TAAcAAAAAAAAcTcATAccCcCATTATGTAAAATCCATTGT•GCATcCAccTTTATTATCAGTCT 

T C A T 

T T A C T G 

TACCG T A C C C 

TACAG TA C T G T G C 

820 840 860 

G A G C T C 

C T C C C 

A GGCCA G C C 

C ATG CCA T C T A C 

880 896 
CTTC•c•ACAA•AATATTCATGTGCCTA•AcCAAGAAGTTATTATCT•GAACTGAcA•TGAGcCACAA•C•AAA•AAC•CAGcTCTC•CTAAGCTT 

T A C A G A 

TC A C A G A TT A 

TA A T C GA ACC CG A A TG AA C G CTA A A 

A T T AC ACC T A A TG GCTAG A 

Fig. 3. Sequences of 896 bp fragments of primate mitochondrial DNAs. Common and pygmy chimpanzee are considered as one entity 
(see text). The published (Anderson et al. 1981) human mtDNA sequence is shown in the uppermost line in small capital letters. Dif- 
ferences from the published human sequence are indicated with large capital letters. Since our human mtDNA differs in sequence from 
the published one only at positions 40 and 569, the human is listed only once, with the changes observed here indicated as just de- 
scribed. Sequence differences exist at 284 positions among the primates studied. At 177 positions the changes are unique - i.e., there 
is a different base in only one species. The distribution of these unique changes is human, 17; chimpanzee, 19; gorilla, 22; orangutan, 
55 ; gibbon, 64. At the remaining 107 sites the changes are non-unique - i.e., in at least two lineages there is a base which is different 
from that existing in the remaining lineages. The only deletion was at position 560 in the orangutan, and there were no additions. 
The 5 genes present encompass the following nucleotides: Protein 4, 1-458;  histidine tRNA, 459-527;  serine tRNA, 528-586;  
leucine tRNA, 587-657;  Protein 5 , 6 5 8 - 8 9 6  
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Fig. 4. Dependence of sequence difference and proportion of 
transitions on divergence time for a cloned segment of mito- 
chondrial DNA. In curve A the uncorrected percentage differ- 
ence in nucleotide sequence is plotted against time of divergence, 
by analogy with Fig. 3 of Brown et al. (1979). For interspecific 
comparisons divergence times were based on Sarich and Wilson 
(1967), Brown et al. (1979), and Pilbeam (1979). The intra- 
human divergence is placed at 40,000 years, i.e., the time when 
modern humans appeared (Brues 1977). In curve B the ob- 
served percentage of the sequence differences that are transi- 
tions is plotted against divergence time. The solid circles are for 
interspecific comparisons of the segment of mtDNA we se- 
quenced. The empty triangle is based on intraspecific compari- 
sons of two types: (1) The human segment (896 bp) we se- 
quenced and (2) the rat sequence of t69 bp determined by 
Castora et al. (1980), De Vos et al. (1980), and Goddard et 
al. (1981). In both curves A and B each point is the average 
for all comparisons made for a particular divergence time. The 
method of averaging the interordinal comparisons is stated in 
Materials and Methods. Most of the values on which the figure 
is based appear in Tables 1 and 2 

most recently diverged pairs of species, an average of 

92% of all point-mutational differences are transitions. 
For pairs with greater divergence times, the proportion 
of transitions declines until, as shown by curve B of Fig. 
4, one reaches cases in which transversions appear to 
outnumber transitions. 

We explain this time-dependence by supposing that 
(1) the evolutionary process is heavily biased toward 

transitions, as shown in the following diagram: 

Adenine 

Guanine 

Thymine 

Cytosine 
(2) multiple substitutions occur at the same site when 

the time is long, obscuring the record of transitions. This 
last point is illustrated by the following hypothetical 
case of evolution by 10 point mutations at the same site 
along two diverging lineages: 

Table 2. Percent transitions in mammalian mitochondrial DNA a 

Divergence time, millions of years 
Portion of genome 
compared 5 8 10 80 

Protein 4 
Silent sites 93.9 78.6 73.4 49.1 
Replacement sites 67.9 80.2 68.5 39.3 

Protein 5 
Silent sites 96.2 75.8 73.8 46.8 
Replacement sites 93.3 70.4 70.0 32.8 

Transfer RNAs 94.2 75.8 75.8 67.0 
Total 91.5 76.8 72.1 44.5 

aFar the first three columns, each value in the table is the average 
of the 3 or 4 pairwise comparisons of primates which diverged 
from one another 5, 8, or 10 million years ago (cf. Sarich and 
Wilson 1967). The final column shows comparisons of dif- 
ferent orders (computed as described in Materials and Methods), 
which diverged 80 million years ago (cf. Brown et al. 1979). 
The last line is for the entire 896 bp fragment sequenced in the 
primates, save for those few positions where a deletion or 
addition occurs. Silent sites in protein-coding genes are those 
at which base substitutions can occur without changing the 
amino acid encoded, while replacement sites are those at which 
base substitutions can change the amino acid encoded 

C-> T ~ C ~ T-'> C 
G 

--, A - .  G ~ A-+ G-+ A 

Nine of the 10 substitutions are transitions, but the 
overall process would be scored in an evolutionary anal- 
ysis as one C ~+A transversion. By contrast, there is no 
simple way in which one transition can erase the record 
of transversions. Hence, in the zone of saturation, i.e., 
from 10 million years on (curve A, Fig. 4), one expects 
and observes (curve B, Fig. 4) the ratio of scored transi- 

tions to scored transversions to be rather low, even when 
the actual number of transitions exceeds the actual num- 
ber of transversions by a big factor. 

Further evidence that transitions predominate in 
mtDNA evolution comes from comparison of individuals 
within a species. In rats (Castora et al. 1980; De Vos et 
al. 1980; Goddard et al. 1981), a total of 6 substitutions 
were identified, 5 of which were transitions. In humans 
(Walberg and Clayton 1981; this work) all 7 of the sub- 
stitutions detected are transitions; further work by B. 

Greenberg (pets. commun.) also shows a preponderance 
of transitions in non-coding regions. 

By extrapolating curve B, as shown in Fig. 4, to zero 
time of divergence, we eliminate the problem of multiple 
substitutions at a site and thereby get an approximate 
estimate of the actual proportion of evolutionary sub: 
stitutions that are transitions. Our extrapolation is a 
conservative one and the resulting estimate is 90 -+ 5%. 

In both bacterial and nuclear DNA evolution, a slight 
bias toward transitions has long been known (Deran- 



court et al. 1967; Jukes 1980; Fitch 1980; Nichols et al. 
1980). Although more work with very closely related 
DNA sequences is needed to measure the extent  of  the 
substitutional bias in these types of  DNA, it is apparent 
already that the percentage of  transitions in globin genes 
is about 70 for short times of divergence (Martin et al. 

1981) and below 50 for long divergence times (Deran- 
court  et al. 1967; Martin, Vincent,  and Wilson, unpub. 
work). 

A practical consequence of  the observation that tran- 
sitions and transversions occur with profoundly unequal 
probabilities is that this must be taken into account in 
any a t tempt  to correct an observed sequence difference 
for multiple substitutions at the same site. Several 
widely used methods of  correction are based on the 
assumption that all base substitutions are equally likely 
and thus that the ratio of  transitions to transversions is 
1 to 2. Therefore, we have revised one of  these methods,  
as described in the Appendix,  so that corrections can be 
made for any transition/transversion ratio and also to 
take into account the differences between the mito- 
chondrial and "universal" genetic codes. 

Protein-Coding Sequences 

The sequences of  the two protein-coding regions were 
examined in the three possible reading frames for each 
primate species. In each region (i.e., for bases 1 4 5 8  and 
6 5 8 - 8 9 6 ,  see Fig. 3), only one reading frame was open; 
the other two frames each contained several stop 
codons. Visual inspection of  the aligned sequences (Fig. 
3) suggests that most of  the differences occur with a 
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Fig. 5. Sequence difference as a function of divergence time for 
the three positions in primate mitochondrial codons. This figure 
is based on the nucleotide sequences for the two coding regions 
(URF 4 and 5) in an 896-bp segment of mtDNA from 5 pri- 
mates. Altogether 229 codons were considered. For each posi- 
tion, the number of observed differences was divided by 229 
and converted to percent. Each point on the graph is the average 
for all comparisons made for a given divergence time. The diver- 
gence times are taken from Sarich and Wilson (1967) 

spacing of  3 bp. Quantitative analysis confirms this 
and, further, shows (see Fig. 5) that sequence differences 
occur most often at third positions of  codons and least 
often at second positions of  codons in the open reading 
frame. The open frames for URF 4 and 5 are translated 
in Fig. 6. 

Consistent with the result illustrated in Fig. 5, most  
of  the base substitutions in the two coding sequences 
of  primate mtDNAs are silent, i.e., do not  cause amino 
acid substitutions (Fig. 6 and Table 3). By contrast,  
when distantly related mtDNAs a r e  compared,  silent 
substitutions are ostensibly less common than replace- 

Table 3. The observed number of silent (5') and replacement (R) nucleotide substitutions in portions of the URF 4 and URF 5 genes of 
mammalian mtDNAs a 

Number of substitutions observed 

Species compared URF 4 URF 5 

S R SIR S R S/R 

Human/chimpanzee 40 7 5.71 17 6 2.83 
Human/gorilla 42 10 4.20 18 10 1.80 
Human/orangutan 48 20 2.40 28.5 26.5 1.08 
Human/gibbon 54.5 33.5 1.63 29.5 23.5 1.26 
Chimpanzee/gorilla 46 9 5.11 17 10 1.70 
Chimpanzee/orangutan 54 22 2.45 27.5 25.5 1.08 
Chimpanzee/gibbon 57.5 30.5 1.89 33.5 21.5 1.56 
Gorilla/orangutan 48 24 2.00 26.5 29.5 0.90 
Gorilla/gibbon 57.5 32.5 1.77 29 26 1.12 
Orangutan/gibbon 61 33 1.85 30.5 22.5 1.35 
Primate/cow 77.7 56.9 1.37 33.1 57.3 0.58 
Primate/mouse 75.6 75.0 1.01 31.2 75.4 0.41 
Cow/mouse 71 62 1.15 28 74 0,38 

aURF 4 was analyzed at 152 codons and URF 5 at 77 codons. Within primates fractional values are sometimes tabulated for the num- 
ber of changes because some changes are half-silent and halt-replacement (cf. Appendix, Corrected Divergence at Stlent and Replace- 
ment Sites). Interordinal averages were computed as described (Materials and Methods) 
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PROTEIN 4 

lluman 

Chimpanzee 

G o r i l l a  

Orangutan  

Gibbon 

Human 

Chimpanzee 

Gorilla 

Orangutan 

Gibbon 

Human 

Chimpanzee 

G o r i l l a  

Orangutan  

Gibbon 

Human 

Chimpanzee 

Gorilla 

Orangutan 

Gibbon 

Human 

Chimpanzee 

G o r i l l a  

Orangutan  

Gibbon 

i0 40 70 
Ser-Phe-Thr-Gly-Ala-Val-Ile-Leu-Met-Ile-Ala-His Gly-Leu-Thr-Ser-Ser-Leu-Leu-Phe-Cys-Leu-Ala-Asn-Ser-Asn-Tyr-Glu-Arg-Thr- 

I l e  I l e  Cly Leu Ash Tyr TI~' 

Va/  Val Leu t l e  Gly Ser  Leu Arg Thr 

Thr Thr Met Ile His Gly Leu Set Leu Leu Arg Thr 

Phe Thr Gly Thr Va/ Gly Leu Thr SeP Set Leu Leu Arg 

100 130 160 
His-Ser-Arg-Ile-Met-Ile-Leu-Ser-Gln-Gly-Leu Gin Thr Leu-Leu Pro-Leu-Met-Ala-Phe-Trp-Trp-Leu-Leu-Ala-Ser-Leu Ala-Asn-Leu- 

Ile Ser Gln Thr Ala Phe Leu Leu Ala 

Ser I l e  Gln Leu Thr Ala  Leu Leu Ala 

Ser Gin Gly Thr Pro Ala Leu Leu Tbr Leu 

Ser Leu Arg Gly Leu Ala Leu Leu Ala Phe Leu Ala Ala 

190 220 250 
Ala-Leu-Pro Pro-Thr Ile-Asn-Leu-Leu-Gly-Glu-Leu-Ser-Val-Leu-Val-Thr-Thr-Phe-Ser-Trp Ser-Asn-lle-Thr-Leu-Leu-Leu-Thr-Gly- 

Leu Pro Thr Ash Leu Leu Gly Ser Val Thr Ser Ser Thr Leu Leu Leu 

Thr Leu Glu Ser Va/ Val Thr Thr Ser Ash Thr Thr Leu Leu 

Leu Pro Thr Ile Leu Leu Ser Va/ Met Ala Met Set Ser Ash lle T]~' lle Leu I,eu 

Leu Leu Leu Gly Phe Va/ Met Ala Ser Trp Ala Ash Thr Ile Thr Leu Thr Gl9 

280 310 340 
Leu-Asn Met-Leu-Val-Thr-Ala-l,eu-Tyr-Ser-Leu Tyr-Met-Phe-Thr-Thr-Thr-Gln Trp-Gly-Ser-Leu-Thr-His-His-Ile-Asn-Asn-Met-Lys- 

Phe Met I l e  AIa Leu Met Thr Thr Trp Ser  Leu Ash Lys 

Ser Met lie Ala Leu Leu Tyr Thr Thr Trp Pro Leu Thr Ile Thr 

Leu Net Ile Thr Ser Tyr Phe Thr Thr Arg Gly Thr Pro Thr Ile Asn 

Leu Val Ile Thr Ala Leu Ile Met Arg Thr Leu ~m Lys 

370 400 430 
Pro Ser-Phe-Thr-Arg Glu Asn-Thr-Leu-Met-Phe-Met-His Leu-Ser-Pro-Ile-Leu-Leu-Leu-Ser-Leu Asn-Pro Asp Ile-Ile-Thr-Gly-Phe-Ser-Ser 

Phe Ash ThP Met Phe Leu Ser  I l e  Leu Ser Ash Pro Asp l i e  Thr Gi F Phe Thr Se t  

Phe Ile Met Phe Met Ser Ile Ser Asp lie lle Thr Phe Thr Ser 

Pro Sep Phe Arg Ash Thr Leu Met Ser lle Leu Ser Ser lle A]a Phe Ala Tyr 

Leu Met Leu Met Leu Met Leu Phe Leu Thr Pro Asn TIu ~ Gly Thr Pro 

PROTEIN 5 

Human 

Chimpanzee 

G o r i l l a  

Orangutan  

Gibbon 

ltuman 

Chimpanzee 

G o r i l l a  

Orangutan  

Gibbon 

Human 

Chimpanzee 

Gorilla 

Orangutan 

Gibbon 

660 690 720 
Met -Thr -Met -HJs  Thr Thr Met Thr Thr Leu-Thr Leu Thr S e r - L e u - I l e  P r o - P r o - I l e - L e u - T h r - T h r - L e u - V a l - A s n - P r o  Asn Lys-Lys-Asn 

Met Thr Tyr Thr Thr Thr Thr Leu Thr Leu Pro Leu Leu Leu Thr Leu Ile Asn 

Met ThP Tym Ala Thr ~ir Thr Leu Ala Leu Ser Leu Pro Pro Leu Thr Phe Ile Ash Ser 

Thr Ala Phe TIu' TI~" The, Ala Leu Thr Le~ Ser lle Pro lle Thr Ala Leu Ile Pro Asn 

Met Ala Tyr TI~" Thr Ala lle Thr Leu Thm Ser Pro Ile Thr Ala Leu Ile Pro Ash Lys Ash 

750 780 810 
Se t  Tyr Pro- I l l s  Tyr -Va l  Lys Se t  I l e  V a l - A l a - S e r - T h r - P h e - I l e - I l e - S e r - L e u - P h e - P r o - T b r - T h r - M e t - P h e - M e t - C y s - L e u  Asp-Gln Glu- 

Ser Tyr Va/ Ser Ile Ile Ala ~hr Ile Ile Ser Leu Phe Thr Met Leu Asp 

Ser Tyr Ser ile Val Thr Ile Set Phe Thr ghe Leu Leu Asp 

Pro His  Thr Ala  I l e  Ala Thr Ser  Leu I l e  Pro Thr Phe I l e  Leu g l y  

Leu Pro His Tyr Met Thr I l e  Ala Ser  Thr Net  Ser  Leu Phe Met Net  Thr Asp 

840 870 
Val-Ile-lle-Ser-Asn-Trp-His-Trp-Ala Thr-Thr-Gln-Thr-Thr-Gln-Leu-Ser-Leu-Ser 

Ala Ile Ser Asn Trp His Ala Thr Thr Gin 

Ala Ile Ser Ser ills Ala Thr lie Gln 

Thr Ile Val Thr Ash Cys Thr ~ir Gln Leu Gln Set 

Thr Ile Ser Ash His Thr Ala Thr Leu Gh 

Fig. 6. Predicted amino acid sequence variation and silent substitutions in Proteins 4 and 5 of primates. In the upper portion of the 
figure the 456 nucleotides from residues 2 - 4 5 7  coding for the 152 carboxy-terminal amino acids of Protein 4 are translated. For the 
41 codons which are invariant in all 5 species, only the human sequence is shown. For the 75 codons where only silent substitutions 
occur relative to the published (Anderson et al. 1981) human sequence, the sequence is shown for those species in which such a silent 
change occurs; italics at the third, first, or both letters of the 3-letter amino acid abbreviations are used to indicate that silent substitu- 
tions occur at the corresponding positions of the codon. At the 36 codons where amino acid replacements occur in one or more 
species, the sequence of all 5 species is shown, with any additional silent changes among 2 or more species with the same amino acid at 
that position indicated with italics as just described. The numbers above the human sequence correspond to those in Fig. 3. In the 
lower portion of the figure the 237 nucleotides from residues 658-894  coding for the 79 amino-terminal residues of Protein 5 are 
translated. Invariant codons, silent substitutions, amino acid replacements, and nucleotide residue numbers are indicated as for Protein 
4. 16 codons are invariant in all 5 species, 29 contain only silent substitutions, and 34 code for amino acid changes in one or more 
species. Note that this portion of the orangutan sequence does not begin with a methionine (cf. text and Fig. 8) 
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Fig. 7. Corrected divergence at silent and replacement sites in 
two protein-coding genes of mitochondrial DNA. The corrected 
values for the percent divergence were calculated as described in 
the Appendix and plotted versus the divergence times given in 
Fig. 5. Protein 4: The regression lines for silent and replacement 
substitutions are, respectively, y = 8.5x and y = 1.4x, where x = 
divergence time in millions of years and y = percent divergence. 
From the slopes of these lines the ratio of silent to replacement 
change is calculated as 6.1. Protein 5: The regression lines for 
silent and replacement substitutions are, respectively, y = 10.1x 
and y = 2.5x; the calculated ratio of silent to replacement change 
is 4.0. (URF 4 was analyzed at 456 sites, corresponding to resi- 
dues 2-457 of the fragment and encoding 152 amino adds. 
URF 5 was analyzed at 231 sites, corresponding to residues 
664-894 and encoding 77 amino acids; the 6 additional nucleo- 
tides encoding 2 more amino acids at the amino-terminus of Pro- 
tein 5 were omitted because of the uncertainty about the posi- 
tion of the initiation codon in the orangutan) 

ment  substitutions (Table 3), because of  multiple 
substitutions at silent sites. 

Fig. 7 compares the estimated rates of  silent and 
replacement evolution in the two protein-coding genes, 
URF 4 and 5. These estimates were made by correcting 
for multiple substitutions at the same site with revised 

equations (see Appendix).  For  URF 4, the silent rate 
exceeds the replacement rate by a factor of  6, and for 
URF 5 the corresponding value is 4. The fact that  
these values are far greater than 1 is indicative of  strong 
functional constraints on the protein-coding sequences 
in mtDNA. It appears from the results summarized in 
Table 4 that  the constraints operating on URF 4 and 5 
are nearly as strong as those on nuclear genes coding 

for globin chains and preproinsulin. 
It is important  to emphasize how high the absolute 

rate of  evolution is for silent substitutions in these 
two protein-coding sequences. The silent rates shown 
in Fig. 7 are both about 10% per million years, which 
is 10 times higher than the silent rate estimated for 
globin and other nuclear genes (Perler et al. 1980; 
Efstratiadis et al. 1980; Martin et al. 1981), as shown 

in Table 4. 
Next,  we consider the kinetics of  amino acid sub- 

sti tution. The dependence of  the observed number of 
amino acid substitutions on divergence time is roughly 
like that  shown for nucleotide substitutions in curve 

A of  Fig. 4. That a saturation effect exists is evident 
from comparing the number of  amino acid sequence 
differences for 10 million years of  divergence with that 
for 80 million years of  divergence. The former number 
is over half (58%) of  the latter for URF 4 and nearly 
half as large (43%) in the case of  URF 5. We conclude 
that  the kinetics of  amino acid substitution are biphasic, 
as they are at the nucleotide level. This kinetic behavior 
is probably the result of  the accumulation of  multiple 
amino acid substitutions at some of  the amino acid 
sites. 

It is notable also that  the saturation effect for amino 
acids is not  as pronounced as at the nucleotide level. For  
nucleotide substitutions the values at 10 million years 
relative to those at 80 million years are 65% and 55% 
for URF 4 and 5, respectively. This is presumably 
because the rate of  amino acid substitution is lower 
than the rate of  nucleotide substitution. 

Table 4. Rates of evolution in nuclear and mitochondrial genes 

Mean rate of evolution a 

Type of site Nuclear Mitochondrial 

Silent 1.0 9.4 
Replacement 0.13 2.0 
Transfer RNA <0.01 1.7 

aThe rate of evolution is given as the corrected percent diver- 
gence per million years. The silent and replacement rates for 
nuclear genes (i.e., preproinsulin and globin genes) come from 
Perler et al. (1980), while those for mitochondrial genes (URF 
4 and 5) come from Fig. 7. The transfer RNA rates come from 
the text and Fig. 10 

Start and Stop Signals: An Anomalous Initiation Codon? 

As has been observed before (Anderson et al. 1981, 
1982; Bibb et al. 1981), the termination codon for 
URF 4 (TAA) is incomplete in the coding sequence, 
which contains only the initial T residue; this codon is 
presumably completed by  polyadenylat ion of  the mes- 
senger RNA transcript after it is processed. These 
same investigators observed that  the start codon for 
URF 5 is ATA in human and cow, and ATC in the 
mouse, instead of  the more normal ATG. This ATA 
start codon is also present in 4 of  the 5 primate species 
that  we have investigated. In one species, however, 
we observed a different potential  start codon, one n o t  
previously seen by  other investigators. 

In the orangutan sequence, as documented in Fig. 8, 
ACA is the first codon in URF 5, if this coding region 
starts at posit ion 658 [as Anderson et al. (1981) have 
inferred]. An ACA codon has not  been observed in an 
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second position in both cow (ATA: Anderson et al. 
1982) and mouse (ATT: Bibb et al. 1981) mtDNAs. 
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Fig. 8. Documentation of the 
nucleotide sequence in the ini- 
tiation region of the orangutan 
gene for Protein 5. This auto- 
radiogram of a sequencing gel 
shows DNA fragments produced 
by the Maxam and Gilbert 
(1980) method for a portion 
of the cloned segment of orang- 
utan mtDNA (from residues 
640 to 772). The fragments 
were separated electrophoreti- 
cally in gels containing 8% 
polyacrylamide at 1.6 kV for 
2.5 h. The orangutan, unlike 
all other hominoids examined, 
has a C rather than a T at 
position 659 (arrow) 

initiation position for any other mitochondrial protein 
gene (Anderson et al. 1981; Bibb et al. 1981). We note 
the presence of a canonical ATG start codon, in phase, 
two codons downstream from the ACA in the orangutan 
sequence, Figs. 3, 6, and 8, and at the same position in 
the sequences from the other primate species, Figs. 3 
and 6. Acceptable start codons are also present at this 

Comparison of tRNA Genes 

The locations of sequence differences and probable 
secondary structures of  the three tRNAs encoded 
within the 896 bp fragment appear in Fig. 9. Con- 
sidering all three tRNAs together, it can be seen that no 
major structural feature has been immune to substi- 
tution. Interspecific differences are seen in all loops, 
in all stems, and in all regions that interconnect stems. 
The lack of a dihydrouridine loop in human mito- 
chondrial seryl-tRNA, originally described by de Bruijn 
et al. (1980), is also shown by the other hominoid 
species. Four of the 5 nucleotides which take the place 
of this loop are seen to be highly variable, as are the 4 
nucleotides across the center of the cloverleaf from 
them, Fig. 9. The 1 bp deletion observed in the orang- 
utan also has almost certainly occurred among these 
latter 4 bases. The sequence of the pseudouridine loop 
appears, Fig. 9, to be particularly variable in the histidyl- 
tRNA gene, which shows differences at 5 of its 7 nucleo- 
tide positions. Finally, though the leucyl-tRNA gene is 
the least variable of the tRNA genes among these homin- 
oid species, it is the only gene to show substitutions in 
the anticodon loop and an imperfect base pair (in orang- 
utan) at the very top of the amino acid stem. 

One of the most remarkable results of mtDNA se- 
quence studies is the discovery of the tremendous varia- 
bility shown by its tRNA genes, compared to the tRNA 
genes in nuclear and bacterial DNA. As illustrated in 
Fig. 10, identical nuclear tRNA sequences occur in or- 
ganisms whose lineages diverged over 500 million years 
ago (Sprinzl et al. 1980). In contrast, the mitochondrial 
tRNAs of species that diverged only 5 million years ago 
differ significantly in nucleotide sequence. This suggests 
that mitochondrial tRNA genes evolve at least 100 times 
faster than their nuclear counterparts. For the three 
mitochondrial tRNA genes combined, the mean cor- 
rected rate of substitution among the primates, 1.7% per 
106 years, is comparable to the rate at the replacement 

Histidine tRNA Serine tRNA Leucine tRNA 

f~ 

Fig. 9. Sequence variation in mitochondrial 
transfer RNA genes of primates. Dark areas 
indicate positions at which base substitutions 
have taken place. A solid line indicates an AT 
or GC base pair, while a dot indicates that in 
some species another base pair occurs 
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Fig. 10. Accumulation of point mutations in transfer RNA se- 
quences specified by mitochondrial and nuclear DNA. Uncor- 
rected percentage differences in nucleotide sequence among 
tRNAs reading the same codon(s) are plotted versus divergence 
time. The tRNA sequences were all converted to the parent DNA 
sequences, and differences arising during and after transcription 
to yield bases other than A, G, U, and C in the final tRNA 
products were not considered. Average values are shown, and 
the thin vertical lines indicate the range of values observed at a 
given time point. The dashed line shows the initial rate of change 
in mt tRNA. Where tRNAs being compared differed greatly in 
length (of. point 5), only the homologous regions were com- 
pared. The data points are based on comparisons of the tRNAs 
listed below, with the term primate used to refer collectively 
to the five hominoids whose mtDNA was sequenced in this 
work. Mt tRNAs: (1) His, set, and leu (CUX) (human, chimpan- 
zee, and gorilla); (2) His, set, and leu (orangutan vs. human, 
chimpanzee, and gorilla); (3) His, ser, and leu (gibbon vs. human, 
chimp, gorilla, and orangutan); (4) His, ser, and leu (primate, 
cow, and mouse); Thr (human and cow); Phe, val, and leu 
(UU~) (human and mouse); (5) His (primate and yeast); Ser 
(primate and cow vs. yeast and Aspergillus); Leu (CUX) (pri- 
mate vs. Neurospora and Aspergillus); Thr (human and cow vs. 
Neurospora and Aspergillus). tRNAs Specified by Nuclear 
DNA: (6) Ash (human and rat); Lys and met (mouse and rabbit); 
Met initiator (human, sheep, mouse, and rabbit); Phe (human, 
cow, and rabbit); Val (human, mouse, and rabbit); (7) Trp (cow 
and chicken); (8) Met initiator (mammalian (of. point 6) and 
Xenopus); (9) Met initiator (mammalian (cf. point 6) and 
Xenopus vs. salmon); (10) Lys (mouse and rabbit vs. Droso- 
phila); (11) Gly (human and yeast); Lys and met (mouse and 
rabbit vs. yeast); Met initiator (vertebrate (of. point 9) vs. yeast 
and Neurospora); Phe (mammalian (cf. point 6) and yeast); Trp 
(vertebrate (cf. point 7) and yeast); Val (mammalian (of. point 
6) and yeast). All the cytoplasmic tRNA sequences were from 
Sprinzl et al. (1980). The mt tRNA sequences came from the 
following sources: vertebrates, this work, Anderson et al. (1981, 
1982), and Bibb et al. (1981); yeast, Martin et al. (1980) and 
Sprinzl et al. (1980); Neurospora, Heckman et al. (1980); 
Aspergillus, K6chel et al. (1981). The divergence times were 
taken from Romer (1966), Sarich and Wilson (1967), Holmquist 
et al. (1976), Clemmey (1976), Brown et al. (1979), and Pil- 
beam (1979) 

sites in the protein-coding regions (cf. Table 4). Some 
appreciation of  the high rate at which mitochondrial  
tRNAs can evolve was already obtained from the com- 
parison of  distantly related mtDNA sequences (Ander- 
son et al. 1981; Bibb et al. 1981; Saccone et al. 1981). 
A full appreciation, however, had to await the compari- 
son of such closely related sequences as those of  the 
hominoid primates. 
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The relative rates of  substi tution of  the individual 
tRNA genes (seryl > histidyl > leucyl) vary inversely 

with the frequency of  occurrence of  their respective 
codons in the mtDNA. The generality of  this correlation 
is doubtful ,  however, because of  the report  that  in ro- 
dents the infrequently used leucyl tRNA UUR evolves 
at a relatively low rate (Saccone et al. 1981). More kinds 
of  tRNA genes need to be sequenced from closely re- 
lated species in order to test whether codon usage should 
be regarded as a significant functional constraint on 
tRNA evolution. 

The tRNA genes of  mitochondria  contrast  also with 
those of  bacteria. In bacteria the rate of  tRNA evolution 
is much lower than the replacement rate in protein- 
coding genes. This is evident from comparing Salmonella 
and Escherichia. Four  types of  tRNA have been com- 
pared and in every case the two bacteria are identical 
(Singer and Smith 1972; Dayhoff  1973, 1976). Yet the 
protein-coding genes so far compared differ by  about 
10% in sequence between these two bacteria (Cocks and 
Wilson 1972; Nichols et al. 1980). Thus for both  nuclear 
and bacterial genomes the rate of  evolutionary substitu- 

t ion in tRNA genes is extremely low relative to the rate 
o f  protein evolution. 

Mechanisms o f  MtDNA Evolution 

Two observations about the high rate of  evolutionary 
change in mtDNA call for explanation. First, the mito- 
chondrial genes coding for proteins evolve 5 to 10 times 
faster than typical genes in the nucleus; there is direct 
evidence for this from our sequence studies and indirect 
evidence from restriction analysis of  the whole genome 
(Brown et al. 1979; Ferris et al. 1981a,b), 70% of  which 
appears to code for proteins. Second, the tRNA genes 
evolve at least 100 times faster in the mitochondrial  ge- 
nome than in the nuclear genome. 

Any a t tempt  to account for the rate of  evolution (E) 
can benefit from recalling the equation 

E = MF (1) 

where M is the mutat ion rate per populat ion and F is 
the fraction of  mutat ions fixed. The high rate at which 
the whole mitochondrial  genome evolves can be attrib- 
uted,  in principle, to either or both  of  the following, 
viz an elevated mutat ion rate and an enhanced probabili- 
ty  of  fixation. 

The possibility of  an elevated mutat ion rate for 
mtDNA was suggested by  Brown et al. (1979) and 
Brown (1981) and remains attractive because our se- 
quencing work has produced three results consistent 
with this suggestion: 

(1) The high incidence of  transitions, which could be 
a manifestation of  enhanced mutat ion pressure (cf. 
Freese a n d  Yoshida 1965; Topal and Fresco 1976; 
Sinha and Haimes 1981). 
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(2) The high rate of silent substitution, which may 
indicate a high rate of neutral mutation (cf. Kimura 
1981). 

(3) The high ratio of silent to replacement substitu- 
tions, which may indicate that the fraction of mutations 
fixed at replacement sites is nearly as low as for nuclear 
genes. 
The factors responsible for a higher mutation rate in 
mtDNA than in nuclear DNA could include (1) greater 
exposure to oxidative damage, (2) a more error-prone 
system of replication, (3) less efficient editing or repair 
functions, and (4) a higher rate of turnover. 

We should not, howeveq disregard the possibility that 
the fixation probability is also elevated for mtDNA mu- 
tations. The probability of fixation is in theory affected 
by factors such as population size and mode of inheri- 
tance. Since mtDNA differs conspicuously from nuclear 
DNA in both of these respects, it is important to devise 
ways of assessing the effect of these parameters on the 
rate of mtDNA evolution. 

The 100-fold elevation of the rate of tRNA gene evo- 
lution in mtDNA requires an additional explanation. Ten 
of this 100-fold elevation can presumably be accounted 
for by the mechanisms discussed above. We attribute the 
additional factor of 10 to relaxed functional constraints 
on tRNA genes (Cann et al. 1982). Nuclear tRNA genes 
have three major functions: they are specifically tran- 
scribed by RNA polymerase III and associated trans- 
criptional factors, the transcripts are modified specifical- 
ly by numerous enzymes, and the mature tRNAs engage 
in protein synthesis and numerous regulatory processes. 
Some of these functions are almost certainly lacking in 
the case of mitochondrial tRNA genes. The small size 
of mitochondrial tRNA genes and their apparently low 
degree of base modification (Cedergren et al. 1981) are 
consistent with this possibility. Furthermore, as pointed 
out by Jukes (1981) and Cann et al. (I982), the protein- 
synthesizing machinery is likely to be less constrained in 
a small genome specifying only 13 polypeptides than in 
one specifying thousands of polypeptides. Thus the fac- 
tor which allows the mitochondrial tRNA genes to 
evolve quickly may also be the one which allows the 
genetic code of mtDNA to drift (Cann et al. 1982). 

Evolutionary Tree 

In one respect the present study has confirmed the 
phylogenetic conclusion drawn in an earlier study (Ferris 
et al. 1981a) based on cleavage map comparisons of the 
whole mitochondrial genome. The parsimony method of 
tree construction, when applied to the 896 bp sequen- 
ces, favors the branching order (A)which associates 
chimpanzee and gorilla most closely (Fig. 11), but some 
alternative branching orders (namely B, C, and D in Fig. 
11) cannot be ruled out be the present data. 

In another respect the mtDNA sequence data are 
more decisive. They appear to rule out tree E, which 
was suggested by some anatomical work (Kluge 1982). 
Using the sequence data, 28 more substitutional events 
are required for tree E than for the most parsimonious 
tree (A in Fig. 11). On the basis of cleavage maps for 
whole mtDNA, 4 more events were required for tree E 
than for tree A (Ferris et al. 1981a). 

A. 145 B. 147 C. 148 
C H H 

H - - G  C 

0 0 0 

Gb Gb Gb 

D. !57 E. 173 R 189 
• H C C 

-~ ~ G  0 H 

0 H 0 

Gb Gb Gb 

Fig. 11. Possible evolutionary trees for humans and apes. Six 
possible phylogenetic relationships (A-F) are shown among the 
five higher primates considered here. The figure indicates for 
each tree the minimum number of events required to produce 
that tree by a parsimony analysis of the sequence data for 
the 90 phylogenetically informative sites within the 896 bp 
fragment of mtDNA. The abbreviations used are H, human; 
C, chimpanzee; G, gorilla; O, orangutan; Gb, gibbon. Trees 
analogous to A-E were constructed also by subjecting the intra- 
primate data in Table 1 to phylogenetic analysis by the matrix 
methods of Fitch and Margoliash (1967) and Farris (1972); 
both methods favored trees A and B and indicated tree E was 
far less likely than A-D 

The preponderance of transitions helps us to under- 
stand why it has been hard to establish the branching 
order for hominoid lineages by mtDNA comparisons. A 
high incidence of transitions inevitably produces parallel 
and back mutations at the same site among lineages. The 
problem of parallelisms and reversals was recognized in 
an earlier restriction mapping study (Ferris et al. 1981a), 
but its molecular basis has only now become apparent. 
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A p p e n d i x  

Correction for Multiple Substitutions. It was necessary to revise 
the equation traditionally used (Jukes and Cantor 1969) to 
correct for multiple substitutions at the same nucleotide site, 
namely 

3 4x) (1), A = -~ In (1 - 

where X is the observed fraction of the sites at which a nucleotide 
sequence differs from another sequence of the same length, and 
A is the inferred number of substitutions per site. Equation 1 
rests on the assumption that all base interchanges are equally 
likely, which implies that transversions are twice as frequent 
as transitions. For mtDNA, Prager and Wilson revised this equa- 
tion to reflect the finding that transitions outnumber transver- 
sions by a factor of about 9 to 1. 
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The revised method of calculation employs two kinds of 
h, one being the fraction of sites that differ by transitions 
(X i) and the other being the fraction that differ by transversions 
(Xv). Thus we use two equations 

Ai_  ii_+v [ l l n ( l _ 2 h i )  ] (2) 

i + v  [21n (1 _3kv)] (3) 

which give two estimates, A i and A v, of the number of sub- 
stitutions per nucleotide site. [Equation 2 is based on equation 
26 of Holmquist (1972).] It is assumed that transitions account 
for a constant fraction, i, of the inferred substitutions and that 
transversions account for the remaining fraction, v. For the 
896-bp segment of mtDNA we studied, i = 0.9 and v = 0.1, 
so that equations 2 and 3 reduce to 

Table 5. Silent and replacement sites in the genetic code for mammalian mitochondrial DNA 

Position in 
Amino acid (and codons) a codon 

Number of potential changes 

Silent sites Replacement sites 

Category i, Category v, Category i, Category v, 
transitions transversions transitions transversions 

Asp, Asn, Cys, Glu, Gin, First 0 0 1 2 
His, Ile, Lys, Met, Phe, Second 0 0 1 2 
Set (AGY), Trp, Tyr Third 1 0 0 2 

Ala, Arg, Gly, Leu (CTY), First 0 0 1 2 
Pro, Ser (TCX), Thr, Val Second 0 0 1 2 

Third 1 2 0 0 

Leu (CTR) First 1 0 0 2 
Second 0 0 1 2 
Third 1 2 0 0 

Leu (TTR) First 1 0 0 2 
Second 0 0 1 2 
Third 1 0 0 2 

aCodons are written in those cases where different codons for the same amino acid lead to a different classification of potential changes. 
Y is a pyrimidine, R is a purine, and X is any base 
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Fig. 12. Comparison of results of two methods for calculat- 
ing corrected divergence at silent sites. The nucleotide sequences 
compared are 231 residues of the mitochondrial gene coding for 
Protein 5 of human, chimpanzee, gorilla, orangutan, gibbon, 
and cow. The heavy line indicates results computed by our 
method, and the dashed line indicates results computed by the 
Perler et al. (1980) method. The thin vertical lines at 80 million 
years indicate the range of values obtained for the 5 individual 
primates compared with the cow. The initial slopes are based 
on the primate comparisons (0-10 million years of divergence, 
Table 3 and Fig. 7). In this time range, the Perler et al. (1980) 
method gives results similar to those of our method. For large 
divergence times the two methods give contrasting results. A 
similar picture emerged when the two methods were applied to 
silent sites in the gene coding for Protein 4 and to replacement 
sites in the two genes. To explain why with our method the rela- 
tionship between corrected divergence and time becomes non- 
linear at times approaching 80 million years, we draw attention 
to an assumption of both methods, namely that all of the sites 
in a given category (see Table 5) are equally able to accept a 
nucleotide substitution. To the extent that this assumption 
is unlikely to be valid, both methods will underestimate the 
incidence of multiple substitutions for long divergence times 
(Holmquist and Pearl 1980) 
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5 
A i = - -~ln  (1 - 2X i) (4) 

20 
Av = - 3 In (1 - 3X v) (5). 

As the best estimate of A we recommend the weighted average 
of A i and Av, given by equation 6. 

1 1  
A 2 [ 2 ( A i + A v ) + ( A i ~ i + A v ~ v ) ( ~ i + ~ v  )-1]  (6) 

where 8 i is the number of nucleotide sites observed to differ by 
transitions and 8v is the corresponding number for transversions. 

This approach was used to compute corrected divergence for 
tRNA genes. 189 of the 199 sites encoding the three tRNAs 
were analyzed collectively; the 9 sites comprising the anticodons 
were considered invariant, and the one site at which a deletion 
occurs in the orangutan was also omitted. 

Corrected Divergence at Silent and Replacement Sites. Multiple- 
hit corrections were also made according to the above principle 
for sequences in which there are two definable classes of sites 
differing as to the probability of evolutionary substitution, 
e.g., silent and replacement sites in genes coding for proteins. 
Prager and Wilson modified the approach introduced by Perler 
et al. (1980) to take account of the fact that mtDNA evolves 
mainly by way of transitions and that the genetic code for mam- 
malian mtDNA differs from that for nuclear DNA (BarreU et 
al. 1980; Anderson et al. 1981). 

Table 5 lists the number of silent and replacement substitu- 
tions that each position in every codon can undergo. To com- 
pute the corrected divergence at silent sites, for example, one 
first counts the number of sites in silent category i in each of 
the two sequences being compared and takes the average. The 
next step is to sum the observed number of silent substitutions 
by which the two sequences differ at these sites and to divide 
this sum by the average number of sites in silent category i, 
thereby obtaining a h value, Xis. Similarly, one obtains a k 

value termed hvs for sites in silent category v. (In some cases a 
substitution is classified as half-silent and half-replacement, 
as when one compares the third position of the serine codon 
TCA with that of the phenylalanine codon TTC. The substitu- 
tion of C for A in the serine codon would be silent, but the 
substitution of A for C in the phenylalanine codon would pro- 
duce a leueine codon.) Corrected divergence at silent sites is 
then calculated with equations 7 and 8, 

5 
Ais = - ~ In (1 - 2Xis) (7) 

20 3 
Avs = --~--In (1 - 2 kvs) (8) 

which are analogous to equations 4 and 5. Weighted averages 
are calculated as described by Perler et al. (1980): the average 
number of sites (n) and the number of observed differences (6) 
in each category are used separately as weighting factors and the 
arithmetic mean of the two weighted averages is taken, as spec- 
ified in equation 9. 

1 
As = 2 [(Aisnis + Avsnvs) (nis+ nvs )-1 + (Ais ~ is + Avs~ vs ) 

(6 is + ~ vs )-1 ] (9) 

By an analogous method one calculates At, the corrected 
divergence at replacement sites. 

Comparison of Correction Methods. Figure 12 shows how the 
results of our method of calculation compare with those ob- 
tained by the Perler et al. (1980) method. When the observed 
extent of sequence difference is small, the two methods give 
similar values for the corrected divergence. But when the ob- 
served sequence difference is large, the Perler et al. (1980) 
method gives a far lower value than our method does. Further, 
whereas the Perler et al. (1980) approach leads to curiously 
complex kinetics for divergence, our method provides a more 
reasonable picture of divergence with time (see Fig. 12). 
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Note Added in Proof 

G.G. Brown and M.V. Simpson inform us that they too have 
discovered a high incidence of transitions and silent substitutions 
in mtDNA evolution. An account of their work, which is based 
on sequencing of a cloned segment of mtDNA from two species 
of rat, will appear in Proc Natl Acad Sci USA 79 (1982). 
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