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ABSTRACT The sequence of the region of the mitochondrial
genome that encodes cytochrome oxidase subunit H (COIl) has
been determined for each oftwo closely related rat species, Rattus
norvegicus and R. rattus. Comparison of the two sequences shows
that 94.4% of the nucleotide substitutions are silent. The occur-
rence of this high proportion of silent substitutions leads us to pro-
pose that the rapid evolution of mtDNA relative to nuclear DNA
is due only to silent changes and that amino acid-altering substi-
tutions accumulate in nuclear and mtDNA at comparable rates.
Other novel features of the nucleotide substitution pattern in the
rat COIl gene are a high transition/transversion ratio (8.0:1) and
a strong bias toward C < T transitions in the light strand. Com-
parison of the R. norvegicus COIl sequence with the bovine and
human sequences shows that there may be selective constraints
on some silent positions within the gene and that its rate of evo-
lution may be different in different mammalian lineages.

The degree to which a sequence is conserved through the course
of evolution is frequently used as a means of assessing its func-
tional significance (see, e.g., ref. 1). It is generally thought that
the greater the functional importance a sequence has, the less
likely it is that changes in that sequence will be tolerated by the
organism. In the case of proteins, numerous examples can be
cited to support this contention (2). Animal mtDNA, however,
appears to be an exception to this rule. In spite of the fact that
it is essential for cellular respiration (3), it exhibits a large degree
of sequence variability both within (4-6) and between (7, 8)
species.
By comparing restriction maps of 11 different rat mtDNAs,

we have previously ruled out the possibility that this variation
is concentrated in functionally unimportant evolutionary "hot
spots" (4, 5). The variant restriction sites were found to be
evenly distributed on the molecule in the region outside the
rRNA coding sequences. Since =80% of this region codes for
proteins, we concluded that the phenomenon ofrapid evolution
pertained to the protein coding genes. It remained unclear,
however, why the protein coding sequences should exhibit this
high degree of variation.
We have suggested one possibility for this-i.e., that an ex-

ceptionally high percentage of the base substitutions may occur
at silent positions within codons (4, 5). Ifthis were the case, then
the fast rate ofnucleotide sequence evolution would not be such
an anomaly. The gene products themselves, upon which selec-
tion acts, would be relatively more conserved. Sequence anal-
yses (5, 9-11) of two laboratory rat mtDNA variants (12, 13)
provided preliminary support for this hypothesis; all three sub-
stitutions observed within a 169-base-pair stretch ofDNA were
silent. Three substitutions, of course, are too few from which

to draw statistically valid conclusions. In addition, the gene
product corresponding to this 169-base-pair sequence is un-
known, and we considered it vital to study the sequence of a
gene with a known protein product.
We report here the sequences of the cytochrome oxidase

subunit II (COII) genes of two closely related rat species, Rattus
norvegicus and R. rattus. Comparison of the sequences shows
that the proportion of nucleotide substitutions that are silent
is extraordinarily high, higher in fact than has been observed
in any protein coding sequences, mitochondrial or nonmito-
chondrial, to date (see Discussion). Comparison of the rat se-
quences with other COIl sequences reveals several other in-
teresting features of mtDNA evolution, among them that the
rate of evolution of the molecule appears to differ in different
mammalian lineages.

MATERIALS AND METHODS
Source of mtDNAs. Type NA mtDNA, one of the two

mtDNA types found in the laboratory rat population, was ob-
tained from livers of Sprague-Dawley laboratory rats (R. nor-
vegicus). Type RE mtDNA was obtained from the liver and
kidneys of a single wild R. rattus animal trapped in Fort Lau-
derdale, FL (4). The R. norvegicus mtDNA, although obtained
from laboratory rats, differs in sequence from the mtDNAs of
wild R. norvegicus from either Japan or the United States by
approximately the same amount as these wild ratmtDNAs differ
from each other (4, 5). It can therefore be considered to be an
appropriate representative of the mtDNA of this species.
mtDNAs were purified as described (4).

Cloning. The HindIII fragments produced from each mtDNA
were inserted into the HindIII site of plasmid pBR322 by the
ligation procedure described previously (10). Prior to ligation
the HindIII-digested pBR322 DNA was treated with alkaline
phosphatase to prevent recirculation. Ligation mixtures were
used to transform competent Escherichia coli cells, and ampi-
cillin-resistant transformants were screened for the presence of
mitochondrial HindIII fragments by the method of Birnboim
and Doly (14). The clones designated NA330 and RE217 carried
the conserved 2. 1-kilobase fragments from types NA and RE
mtDNAs, respectively.

Restriction Mapping. The locations of restriction sites in the
inserted fragments of pNA330 and pRE217 were determined
by multiple digestion procedures. Whenever possible, digests
of the two plasmids were subjected to electrophoresis in adja-
cent lanes of the same gel so that an accurate assessment of
whether or not a particular restriction fragment was conserved
between the two DNAs could be made.
DNA Sequence Analyses. Restriction fragments falling in the

left-most region of the inserts (see Fig. 1), were labeled either

Abbreviation: COII, cytochrome oxidase subunit II.

3246

The publication costs ofthis article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise-
ment" in accordance with 18 U. S. C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 79 (1982) 3247

at their 5' ends with [y-32P]ATP and polynucleotide kinase (15)
or at their 3' ends with [a-32P]dATP and the Klenow fragment
of DNA polymerase I (16). Labeled ends of DNA fragments
were separated and analyzed according to specified protocols
(15).

Estimation of Sequence Divergence. Sequence divergence
was estimated from comparison of restriction maps and frag-
ments as described (4). For cases in which the divergence values
obtained in nucleotide sequence comparisons were corrected
for multiple hits and reversions, the procedure of Perler et aL
(17) was used; K values (18), the corrected number ofnucleotide
substitutions per base, were calculated for category 1 and 3 si-
lent substitutions and category 2 and 3 replacement substitu-
tions (see ref. 17 for definitions of substitution categories). In
some cases, the K values for the category 1 and 2 substitutions
were further corrected for the unequal frequencies oftransitions
and transversions by using the equations

K r + 2K
K' =

3r (category 1)

and

K = r+2K
3 (category 2),

where r = rate of occurrence of transitions/rate of occurrence
of transversions and K' is the corrected value of K. The equa-
tion for the category 1 sites was derived by combining Salser's
equation 3 (19), which makes allowance for unequal rates of
occurrence for transitions and transversions, with the corre-
sponding equation 1 of Perler et aL (17), which does not. A cor-
rection equation, which took into account the effects ofunequal
rates of transitions and transversions, was derived for the cat-
egory 2 replacement substitutions. This was combined with
equation 2 of Perler et aL (17) to give the above equation for
category 2 sites. The total silent (Ks, K') and replacement (Kr
K,) substitution values were calculated from the weighted av-
erages of the values obtained for each category (17).
The nodal sequence used in the calculations for Fig. 3 was

derived from the R. norvegicus, human, and bovine sequences
by the procedure outlined by Fitch (20).

RESULTS
Restriction Maps and Sequence Analysis Strategy. Two con-

siderations prompted the choice of the mtDNAs of R. nor-
vegicus and R. rattus as the subject of this study. The rate of
mtDNA evolution begins to decrease with increasing evolu-
tionary distance after 15% of the bases have undergone sub-
stitution (8). To identify the type of base substitution charac-
teristic of the rapid early phase, it seemed essential, therefore,
to choose mtDNAs that differed in sequence by "15% or less.
On the other hand, if the mtDNAs chosen were too closely re-
lated, a relatively large amount of sequence would have to be
determined to obtain a fair statistical picture of the base sub-
stitution pattern. The estimated sequence divergence of 16%
between the mtDNAs of these two rat species (4, 5) indicated
that they were highly suitable for this purpose.

From its location in human mtDNA (21, 22), it appeared that
the COII gene would fall at least partly within a HindIII frag-
ment that spans from 51.5 to 63 units on the maps of the two
rat mtDNAs. The HindIII fragments ofa R. norvegicus mtDNA
(type NA) and R. rattus mtDNA (type RE) (4) were cloned in
pBR322. Recombinant plasmids carrying the COII gene con-
taining fragments of R. norvegicus and R. rattus mtDNAs were
identified and designated pNA330 and pRE217, respectively.
The detailed restriction maps constructed for the inserted frag-

ments in both plasmids are shown in Fig. 1, together with the
HindIII maps of types NA and RE mtDNAs. From the fraction
of conserved restriction sites in the detailed maps, we calculate
that the amount of sequence divergence between the cloned
fragments is 15%, in close agreement with the previous estimate
of 16% for the two intact mtDNAs (4, 5).
The sequences of the two left-most HinfI fragments in the

inserts of both pNA330 and pRE217 were determined by the
Maxam and Gilbert method (15). Areas analyzed in individual
runs, together with the direction of the run, are shown in Fig.
1. About 70% of the R. norvegicus sequence and 40% of the R.
rattus sequence were obtained on both DNA strands. Se-
quences were not determined through one restriction site in
R. norvegicus and two restriction sites in R. rattus because a
continuous sequence was obtained in one ofthe species at these
sites that aligned with the sequence of the other without dis-
continuity. Furthermore, both rat COIl sequences could be
continuously aligned with the sequences of other mammalian
COII genes (21-23).

Organization of the Rat COil Region. The sequence of 702
of the 829 nucleotides determined for each species is given in
Fig. 2. The location ofthe COII genes was determined by align-
ment with the human sequence (21, 22). The genes are 684
nucleotides long and fall completely within the analyzed frag-
ments; their 5' ends (sense strand) are 128 nucleotides from the
more internal Hinfl sites (Fig. 1) and their 3' ends are 11 bases
from the HindIII sites that form the boundaries of the inserts.
Both rat COIl sequences exhibit 72% homology with the human
sequence and 80% homology with the bovine sequence (23).
The locations oftRNA genes occurring in the fragments ana-

lyzed were also determined by alignment with the human and
bovine sequences. The organization of the COIl gene with re-
spect to these genes is identical in the two rat species and iden-
tical to the arrangement found in bovine mtDNA (23). In the
two rat species and in the cow, one nucleotide separates the 3'
end of the tRNAASP gene from the 5' end of the COII gene and
three nucleotides separate the 3' end of the COIl gene from
the 5' end of the tRNALYS gene. A different arrangement occurs
in human mtDNA, where the tRNALYS gene is "butt-jointed"
to the COII gene and 25 nucleotides separate the COII and
tRNALYS genes (21, 22).

R. novegicus tpe NA H H H H H
I I
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FIG. 1. Hindfll maps of R. norvegicus type NA and R. rattus type
RE mtDNAs and detailed maps of the inserted HindIII fragments of
pNA330 and pRE217. The origin of heavy-strand replication is at zero,
and its replication proceeds from left to right. Arrows indicate the di-
rection and length of individual sequence analyses. *, Analyzed frag-
ment was labeled at its 5' end; o, analyzed fragment was labeled at
its 3' end. Cleavage sites: A, Hae IH; C, HincI; F, Hinfl; H, HindIII;
P, Hpa II; R, EcoRI; S, Sau3A; T, Sst I.
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tRNAASP COnI
MetAl aTyrProPheGInLeuGl yLeuGlnAspAlaThrSerProIl eMetGl uGl uLeuThrAsnPheHisAspHisThrLeuMet IleVal PheLeulleSer Ser

ATATCTT~i ATGGCTTACCCATTTCAACTTGGCTTACAAGACGCCACATCACCTATCATAGAAGAACTTACAAACTTTCATGACCACACCCTAATAATTGTATTCCTCATCAGCTCC
c T T T T

Met Sau3A
G A

LeuVal Le uTyr I e IleSerLeuMetLeulhrThrLysLeuThrHisThrSerThr MetAspAl aGI nGl uVal Gl uThr IleTrpThr IleLeuPro Al aVal II eLeu IleLeu
CTAGTACTTTATATTATTTCACTAATACTAACAACAAAACTAACACACACAAGCACAATAGACGCCCAAGAAGTAGAAACAATTTGAACAATTCTCCCAGCTGTCATTCTTATTCTT

C T G C T T

EcoRI
Il eAl aLeuPro Ser LeuArg Ii eLeuTyrMet Met AspGl uIl eAsnAsnProVal LeuThrVal LysThrMet Gl yHisGlnTrpTyrTr pSerTyrGi uTyr Thr AspTyrGl u
ATTGCCCTTCCCTCCCTACGAATTCTATACATAATAGACGAGATTAATAACCCAGTTCTAACAGTAAAAACTATAGGACACCAATGATACTGAAGCTATGAATATACTGACTATGAA

C C T T A C T C C C

Hinft
AspLeuCysPheAspSer TyrMet Il eProThrAsnAspLeuLysProGl yGl uLeuArgLeuLeuGl uVal AspAsnArgVal Val LeuProMet Gl uLeuPro Il eArgMet Leu
GACCTATGCTTTGACTCCTACATAATCCCAACCAATGACCTAAAACCAGGTGAACTTCGTCTATTAGAAGTTGATAATCGGGTAGTCTTACCAATAGAACTTCCAATTCGTATACTA

T G G A T

HpaII/HaeIII
I1 eSer Ser GC uAspVal LeuHis SerTr pAl aIteProSer LeuGi yLeuLysThrAspAl aIleProGl yArgLeuAsnGl nAl aThrVal Thr SerAsnArgProGl yLeuPhe
ATCTCATCCGAAGACGTCCTGCACTCATGAGCCATCCCTTCACTAGGGTTAAAAACCGACGCAATCCCCGGCCGCCTAAACCAAGCTACAGTCACATCAAACCGACCAGGTCTATTC

A T A T T
HaeIII

G T C

HaeIII

HaeIII Sau3A tRNA Ys

TyrGl yGlnCysSerGl uIleCysGl ySerAsnHis SerPheMetPro IleVal LeuGl uMetVal ProLeuLysTyrPheGl uAsnTrpSerAl aSerMet Ile *
TATGGCCAATGCTCTGAAATTTGCGGCTCAAATCACAGCTTCATACCCATTGTACTAGAAATAGTGCCTCTAAAATATTTCGAAAACTGATCAGCTTCTATAATTTAAac4CATTGC

C G C T G T A C C C C C t
His Sau3A

FIG. 2. Nucleotide sequence of the rat COII gene region. The R. norvegicus sequence is shown with the changes occurring in the R. rattus se-

quence given below it. Sequences presented are of the light strand, oriented 5' -. 3', left to right. Brackets indicate the flanking tRNA genes; *,

termination codon. Restriction sites indicated in the maps of Fig. 1 are underlined and identified. Nucleotides designated by lower case letters are
not part of the structural genes. The amino acid sequence was determined by using the mitochondrial coding rules given in Anderson et al. (22).

Comparison of the Rat COIl Sequences. In contrast to the
15% sequence divergence estimated from restriction data, only
8% of the bases in the two rat COII genes are different. The
locations of the nucleotide substitutions are indicated in Fig.
2, and the substitutions are classified according to type of the
base change produced in Table 1. The changes are distributed
evenly throughout the gene and 51 out of a total of 54, or 94%,
are silent. Forty-seven ofthese silent substitutions occur in the
third codon position, while four occur in the first codon position
(CTPu + TTPu). Eighty-nine percent of the substitutions are

transitions, and 77% of these transitions are C +- T replace-
ments in the sense, or light strand.

DISCUSSION
Rapidly Accumulating Substitutions in mtDNA Are Silent.

The pattern ofnucleotide substitution observed in the rat COII
sequences is unusual in a number of respects. Perhaps the most
striking of these is the extent to which the substitutions are si-

Table 1. Nucleotide differences in the mitochondrial light strand
between the COII genes of R. norvegicus and R. rattus

Silent Replacement
Transitions
CU++T 35 2
GAL+A 10 1
Total 45 3

Transversions
G*+C 2 0
GU++T 1 0
AR*+C 2 0
AP++T 1 0
Total 6 0

Total substitutions 51 3

lent. Ninety-four percent of the substitutions do not result in
amino acid changes. This figure is higher than that observed in
any of the genes considered in a recent comparison by Jukes
(24) and only in the sea urchin histone genes are comparable
values obtained. Since the nucleotide sequence divergences
are approximately the same for the various mitochondrial genes
(4, 5, 22) and COIl has the least highly conserved amino acid
sequence of the known mitochondrially encoded proteins in
mammals (22), we can reasonably assume that similar or even

greater levels of silent substitution characterize other mito-
chondrial genes.

Thirty to fifty percent of the evolutionarily fixed nucleotide
substitutions in most nuclear genes lead to amino acid replace-
ment (24). In comparison, only 6% of the substitutions in the
COII gene cause such replacement. Thus, even if the COII
gene were to evolve 6-9 times faster than an average nuclear
gene, the extent of the change resulting in the gene products
would be similar. As the rate of mtDNA evolution has been
estimated to be 5-10 times that of single copy nuclear genes
(8), it is probable that no great discrepancy exists between the
rates of evolution of typical nuclear and mitochondrially en-

coded proteins.
Restriction Estimates of Sequence Divergence. An assump-

tion made in estimating sequence divergence from restriction
data is that all nucleotides have an equal chance of undergoing
substitution (25). The limitation of nucleotide substitutions to
the third position in codons may affect the accuracy with which
sequence differences between mtDNAs can be approximated
from restriction analyses. For example, one can envision an

extreme situation of two DNA sequences that differ at every
third base; no restriction sites could be held in common by these
DNAs and hence the restriction site estimate of sequence di-
vergence would be 100% instead of the actual figure of 33%.
A comparable, although less extreme situation may account, at
least in part, for the discrepancy between the restriction-esti-

T

T

T A G
Val
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mated sequence divergence for the rat COII genes (15%) and
the actual divergence (8%). It is possible that other sequence
divergence estimates for mtDNA based on restriction data may
be similarly in error.
The Mutation Rate for mtDNA Appears to Be High. With-

out prior knowledge of the base substitution pattern, the rapid
evolution ofmtDNA could be ascribed to either a high mutation
rate or a high level of fixation ofmutations (8). Two possibilities
by which increased fixation could give rise to the high rate of
evolution seem consistent with the high proportion of silent
mitochondrial substitutions: (i) selection for silent changes that
is higher in the mitochondrion and (ii) selection against silent
changes that is stronger in the nucleus. In general, however,
we would expect most silent changes to be neutral, or near neu-

tral (26), and therefore not highly susceptible to selection in
either the mitochondrion or the nucleus. We consider it far
more likely, therefore, that it is a high mutation rate that is
primarily responsible for the fast rate ofmtDNA evolution and
that the high proportion of silent substitutions arises from very
strong selection against amino acid-altering mutations in the
mitochondrion.

Several possible sources for a high mitochondrial mutation
rate have been discussed (5, 8). Recently, Kunkel and Loeb (27)
have reported that the mtDNA polymerase, y, incorporates
mispaired bases ==5 times more frequently than polymerase a,
which is responsible for nuclear DNA replication. This provides
us with another possible explanation for the high mitochondrial
mutation rate-namely, that mtDNA replication itself is inher-
ently inaccurate.

Transitions vs. Transversions. When globin or other nuclear
encoded mRNAs from different species are compared, the num-
ber of substitutions that are transitions is usually approximately
the same as the number that are transversions (20). In contrast,
in the rat COII genes, the number of transitions exceeds the
number of transversions by a factor of 8.0/1. This high propor-
tion of transitions is in part due to the extent of silent substi-
tution. However, ifwe consider only those third-position sub-
stitutions in the gene, in those codon families in which
transitions and transversions stand an equal chance of being
silent, the transitions still outnumber the transversions, in this
case by a factor of 3.2/1. Since the opportunity for transversions
to occur at these positions is twice as great as for transitions, the
rate of transition substitutions must be 6.4 times that of trans-
versions. An additional bias is seen in the high proportion (77%)
ofthe transitions that are observed as C ++ T changes in the light
strand.

This nonrandomness does not seem to be the result of se-

lection for preferentially used codons. If this were the case,
many of the changes would involve adenosine residues, since
the most frequently used codons in mitochondria have adeno-

sine or cytidine in the third position (22). The predominance
of C T changes in only the light strand cannot be accounted

for by the Py/Pu ratio in the third codon position (which is 1.1:1)
and therefore seems particularly difficult to explain, since it
indicates that some types of mutations occur more frequently
in one DNA strand than in the other. In the case of animal
mtDNA, however, this may be possible, because the heavy
strand remains unpaired during much of the replication cycle
while the light strand does not (28). Thus, changes that occur

preferentially on single-stranded DNA, such as cytosine deam-
ination, will occur more frequently on the heavy than on the
light strand. Interestingly, Fitch (20) has noticed a similar bias
among the silent substitutions occurring in mammalian globin
genes.

Closely vs. Distantly Related COII Sequences. The types
of base changes observed when the R. norvegicus COII gene
sequence is compared with the R. rattus, bovine, and human
COII sequences are summarized in Table 2. The substitution
pattern observed in the rat vs. rat comparison differs signifi-
cantly from that observed when more distantly related species
are compared. Twenty-two percent of the base differences be-
tween the rat and bovine sequences and 44% of the base dif-
ferences between the rat and human sequences result in amino
acid replacements. In contrast, only 6% of the substitutions in
the two rat sequences do so. In addition, the number of tran-
sitions observed in comparisons of more distantly related spe-

cies is approximately equal to the number of transversions.
The differences between the comparisons ofclosely and more

distantly related species can be understood ifwe adopt the view
that the rat/rat substitution pattern is the pattern that best rep-

resents the process of mtDNA evolution. In a relatively short
evolutionary period after the divergence of two mtDNAs, the
rapid accumulation of silent substitutions will lead to "satura-
tion" of the silently mutatable sites. Subsequent silent substi-
tutions will not be observed when the DNA sequences are com-

pared, because they will simply be additional "hits" at already
substituted sites. Replacement substitutions, however, will
gradually continue to accumulate in mtDNA after the silent sites
are saturated. The proportion of silent substitutions will there-
fore appear lower when more distantly related species are com-

pared. Thus, to obtain an accurate picture of certain aspects of
mtDNA evolution one must choose closely related species for
comparison, in order that the short-term events are not ob-
scured by longer-term events.
One might suppose that the need to use closely related spe-

cies could be circumvented if the base-substitution values ob-
tained in the comparisons of the more distantly related species
were corrected for multiple hit and reversion events. Equations
by which such corrections can be made have been proposed
(17-19), and we have applied these to the different sequence

Table 2. Comparison of mammalian COIH gene sequences

Nucleotide substitutions, no . Nucleotide Replacement
Replace- Trans- sequence substitutions, Substitutions per nucleotidet

Silent* ment* Transition version homology,% % K. K' Kr K' K9/Kr K /K;
R. norvegicus/human 107.5 84.5 96 96 71.8 44.0 1.21 0.81 0.17 0.24 7.1 3.3
R. norvegicus/bovine 104.5 29.5 64 70 80.3 22.0 1.33 0.82 0.07 0.10 19.0 8.2
R. norvegicusf
R. rattus 51 3 48 6 92.1 5.6 0.51 0.28 0.005 0.005 102.0 56.0

* Nonintegral values arise because some substitutions are scored as silent according to the codon of one species but as replacement according to
the codon of the other.

tAverage number of base substitutions per nucleotide occurring at silent (K., K' ) or replacement (Kr, K') positions within codons, after correction
for multiple substitution and reversion events. For the K-value calculations, transitions and transversions were assumed to occur at the same rate,
whereas for theK' calculations, transitions were assumed to be 6.4 times as frequent as transversions, their apparent relative frequencies according
to the category 3 silent substitutions in the rat/rat comparison.

Genetics: Brown and Simpson
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*Human
1 126.8 (70.9)

70.3

IN

Rat
Bovine

3(51.4) 76.9 (66.7)

FIG. 3. Unrooted tree depicting relative distances of rat, human,
and bovine COHI sequences from the nodal sequence (designated N).
The length of each branch'is proportional to the number of nucleotide
differences, as given below the species name. Values in parentheses
represent number of silent differences. The arrow indicates the point
most equidistant from all ends.

comparisons. The corrected values for silent (Ks) and replace-
ment (Kr) changes, expressed in terms of substitutions per nu-

cleotide, are given in Table 2. It can be seen that, among the
corrected values, considerable discrepancy still exists between
comparisons of closely and more distantly related species re-

garding the relative frequency of the two types of substitutions
(Ks/Kr values). Correction of the K values for the high fre-
quency of transitions relative to transversions (K' values) does
not markedly affect this discrepancy.

It is interesting that even corrected values for silent substi-
tutions display some evolutionary saturation (17). This phenom-
enon may be due to unknown selective constraints on a fraction
of the total potentially silent sites (17). Such constraints seem
to occur in globin genes (19, 20) and the large discrepancy be-
tween the Ks/Kr ratios for closely and distantly related species
suggests they occur in the COII genes as well.

Rates of mtDNA Evolution May Vary. An unrooted evolu-
tionary tree for the mammalian COII gene is shown in Fig. 3.
On it are indicated the number of silent and replacement sub-
stitutions occurring between each existent sequence and the
nodal sequence-i.e., the ancestral sequence at the node N
(20). The number of substitutions between the nodal and human
sequences is greater than between the nodal and either of the
other two. Unless we maintain that the most recent common
ancestor for the three present-day genes is represented by the
point at the arrow, which seems improbable on phylogenetic
grounds (29), we must conclude that the gene has evolved at
a different rate, at least in the primate lineage.

The approximate constancy of evolutionary rates (2) has been
cited as evidence that most of the substitutions that accumulate
in the course of evolution are selectively neutral (30). The ap-
parent variability of rates in the case of the COII gene might
therefore be taken as evidence to the contrary: that selection
for favorable substitutions is the driving force for fixation in this
case. The observation that the greater distance between the
human and nodal sequences can be accounted for almost en-

tirely by replacement substitutions lends support to the view
that the primate rate has been accelerated by increased positive
(or decreased negative) selection for amino acid replacements.
Clearly, however, more information on the processes involved
in the generation and fixation of mitochondrial mutations is
necessary to substantiate this view. It is worth noting that, in
contrast to that of the COII gene, the rates of evolution of nu-
clear genes appear to be slower in the primate lineage (31).

Note Added in Proof. When the rat COII sequences are compared with
those of the COII gene of the recently analyzed mouse mtDNA (32),
it is found that 97% ofthe changes in the case ofR. norvegicus and 98%
of the changes in the case of R. rattus are silent. A slightly different
sequence for the R. norvegicus COII gene has recently been reported
by Grosskopf and Feldman (33).
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