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We estimated synonymous (dy) and nonsynonymous (ds) substitution rates for protein-coding genes of the mito-
chondrial genome from two individuals each of the species human, chimpanzee, and gorilla. The genes were
analyzed both separately and in a combined data set. Pairwise sequence comparisons suggest that the dy/ds rate
ratios are about 5-10 times higher in within-species comparisons than in between-species comparisons. This result
is confirmed by a more rigorous likelihood ratio test, which rejected the null hypothesis that the dy/ds rate ratios
are identical within and between species. The likelihood models account for the genetic code structure, transition/
transversion rate ratio, and codon usage bias and are expected to produce more reliable results than the commonly
used contingency test. Separate analyses of different genes show that the d\/ds rate ratios are higher within species
than between species for all 13 mitochondrial genes, with the difference being statistically significant for all except
three small or slowly evolving genes. Furthermore, in conserved genes, nonsynonymous rates within species tend
to be higher than the between-species rates by a greater proportion than in fast-changing genes. Our findings confirm
and extend earlier results obtained from smaller data sets and suggest the operation of slightly deleterious mutations
throughout the mitochondrial genome in the hominoids. Implications of the results for evolutionary studies and, in

particular, for studies of the origin of modern humans, are discussed.

Introduction

Recently, Parsons et a. (1997) measured the mu-
tation (substitution) rate in the mitochondrial DNA
(mtDNA) control region using human pedigree data and
found that the rate is much higher (about 20-fold higher)
than those estimated in phylogenetic analyses. This re-
sult is consistent with the earlier observation of Howell,
Kubacka, and Mackay (1996) based on a smaller num-
ber of generation events in humans, and with observa-
tions for mtDNA of other mammalian species (see
Loewe and Scherer 1997 for a review). Parsons et al.
(1997) attributed the disparity between the pedigree and
phylogenetic estimates of the substitution rate to the
presence of dightly deleterious mutations which are re-
moved from the population over time.

We note that estimates obtained from the pedigree
analysis largely reflect the mutation rate (although lethal
mutations are probably not observed even in a pedigree
analysis). However, phylogenetic analysis using multi-
ple-species data measures the substitution rate or the rate
of fixed mutations. While the two rates may be expected
to be identical if the within-species polymorphism and
the between-species divergence are both caused by neu-
tral mutations, this will not be the case if evolution of
the DNA is not neutral. An important prediction of the
neutral theory is that the nonsynonymous/synonymous
substitution rate ratios (dy/ds) will be identical within
and between species (McDonald and Kreitman 1991). A
contingency test was suggested to test this prediction of
McDonald and Kreitman (1991; see also Akashi 1995;
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Templeton 1996). The test classifies observed (inferred)
mutations into different classes (synonymous vs. non-
synonymous, within- vs. between-species) and tests the
independence of the two groupings. The test has been
used to examine the mitochondrial cytochrome b (Bal-
lard and Kreitman 1994) and ND5 (Rand, Dorfsman,
and Kann 1994) genes of Drosophila, mitochondrial
ND3 (Nachman, Boyer, and Aquadro 1996) and COIl
(Templeton 1996) genes of humans, chimpanzees, and
gorillas, and mitochondrial ND2 genes of humans and
chimpanzees (Wise, Sraml, and Easteal 1998). Neutral-
ity was rejected in almost all of those analyses, with a
significantly higher dy/dg rate ratio within than between
Species.

Violation of the neutral assumption in mitochon-
drial DNA evolution has important implications for phy-
logenetic as well as population genetic analyses. For ex-
ample, estimation of the time to the most recent com-
mon ancestor of all humans is highly important in the
controversy concerning the origin of modern humans. A
common practice has been to use a species divergence
date (such as the date of human—chimpanzee separation)
to calculate the substitution rate, and then to use this
rate to estimate the age of the most recent common an-
cestor of humans (see, e.g., Vigilant et a. 1991). If the
mutation (substitution) rate differs within and between
species, such molecular-clock calibration will lead to se-
riously biased estimates. In particular, if the within-spe-
cies rate is higher than the between-species rate with
elevated polymorphisms, the age to the most recent
common ancestor will be overestimated, while if the
within-species rate is lower with reduced polymor-
phisms, the age will be underestimated (see, e.g., Rand,
Dorfsman, and Kann 1994; Nachman et a. 1996).

It should be noted that reliable estimation of the
synonymous and nonsynonymous substitution rates is
not an easy task (Ina 1995; Yang and Nielsen 1998).
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Counting of sites and differences is always complicated
by features of sequence evolution such as transition/
transversion rate bias and codon usage bias. The contin-
gency test (McDonald and Kreitman 1991) used in pre-
vious analyses is crude and does not correct for multiple
substitutions at the same site (Graur and Li 1991; Whit-
tam and Nel 1991; Maynard Smith 1994). Templeton
(1996) suggested ways to guard against saturation of
substitutions and biased estimates of phylogenetic trees
and branch lengths, but these methods lack a rigorous
stetistical basis. Graur and Li (1991) and Whittam and
Nel (1991) suggested tests based on pairwise estimates
of synonymous and nonsynonymous substitution rates.
However, these tests rely on unreliable normal approx-
imation to the test statistics (Sawyer and Hartl 1992).

To test the hypothesis of neutral evolution in the
mitochondrial DNA and to obtain more reliable esti-
mates of synonymous and nonsynonymous rates, we an-
alyze alarge data set containing all of the protein-coding
genes of the mitochondria from humans, chimpanzees,
and gorillas. Whole mitochondrial genome sequences
are available for two individuals of each of these spe-
cies. We estimated the dy/ds rate ratios in within- and
between-species comparisons of the gene sequences.
Further, a recently developed likelihood ratio test (Yang
and Nielsen 1998; Yang 1998) is used to test whether
the dy/ds rate ratios are identical aong the within- and
between-species lineages. In contrast to the contingency
test used by previous authors, the likelihood models ex-
plicitly take into account the genetic code structure, the
transition/transversion rate bias, and codon usage biases
(Goldman and Yang 1994; Yang and Nielsen 1998). The
probabilistic model of codon substitution adopted in the
likelihood calculation corrects properly for multiple hits
(Goldman and Yang 1994; Muse and Gaut 1994). The
likelihood ratio test thus provides a framework for test-
ing the neutral hypothesis and can be expected to pro-
vide more reliable estimates of the synonymous and
nonsynonymous substitution rates.

Materials and Methods

Complete mitochondrial genome data for two in-
dividuals from each of the hominoid species human
(Homo sapiens, accession numbers D38112 and
X93334), common chimpanzee (Pan troglodytes, acces-
sion numbers D38113 and X93335), and gorilla (Gorilla
gorilla, accession numbers D38114 and X93347) were
used. One set of sequences from each of the three spe-
cies was determined by Horai et al. (1995), and another
set was determined by Arnason, Xu, and Gullberg
(1996) and Xu and Arnason (1996). The 12 protein
genes encoded by the same strand of mtDNA were an-
alyzed in a combined data set (with 3,569 codons, ex-
cluding initiation and termination codons and overlap-
ping regions between ATP6 and ATP8 and between
ND4 and ND4L). The ND6 gene is encoded by the other
strand of mtDNA, with very different codon usage bi-
ases, and is not included in the combined data set. All
13 genes were then analyzed separately. Alignment of
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Fic. 1.—Phylogenetic trees constructed using maximum-likeli-
hood estimates of (A) synonymous and (B) nonsynonymous substitu-
tion rates. Rates are estimated under the model that assumes two dif-
ferent nonsynonymous/synonymous ratios for the within- and between-
species branches. Note that the two trees have different shapes; the
tree of nonsynonymous rates has longer within-species branches rela-
tive to the tree of synonymous rates. Branch length is measured by the
expected number of nuclectide substitutions per site.

the sequences was simple, as no gaps needed to be in-
troduced.

As a preliminary analysis, the numbers of synon-
symous (ds) and nonsynonymous (dy) substitutions per
site were estimated from pairwise comparisons using the
methods of Nel and Gojobori (1986) and Ina (1995).
Both methods count the numbers of synonymous and
nonsynonymous sites and synonymous and nonsynon-
ymous differences between two sequences and apply ap-
proximate formulas to correct for multiple hits. Ina's
(1995) method is based on Kimura's (1980) two-param-
eter model of nucleotide substitution and accounts for
the transition/transversion bias while ignoring nucleo-
tide or codon usage bias. Ina (1995) suggested two
dlightly different methods. Method | estimates the mu-
tational transition/transversion rate ratio using data from
the third codon positions, while method Il uses a more
sophisticated iterative algorithm. The two methods pro-
duced similar estimates for the mitochondrial genes, and
only results from method Il are presented. The method
of Nei and Gojobori (1986) ignores both the transition/
transversion bias and the codon usage bias. The maxi-
mum-likelihood method based on a Markov model of
codon substitution was also used for pairwise compari-
son (Goldman and Yang 1994). The approach calculates
ds and dy according to their definitions directly from
maximum-likelihood estimates of model parameters.
The complicated task of counting differences and cor-
recting for multiple hits is taken care of by the proba
bility theory. The likelihood model accounts for the
transition/transversion rate bias and the codon usage
bias (see Goldman and Yang [1994] and Yang and Niel-
sen [1998] for details). We use nucleotide frequencies
at the three codon positions to calculate codon frequen-
cies, with 3 X (4 — 1) = 9 parameters used. In a sep-
arate set of analyses, codon frequencies were used as
free parameters; the results are very similar and thus are
not presented.

The codon substitution models were also used to
perform joint likelihood comparisons of all sequences
in the data set (fig. 1). Two models concerning the non-



Deleterious Polymorphism in Mitochondria 1501
Table 1
Sequence Divergence Statistics for Pairwise Comparisons
do dy d, d; da

Within species

Human .................. 3,511 58 0 0 21

Common chimpanzee ....... 3,553 16 0 0 9

Gorilla .................. 3,635 33 1 0 18
Between species

Human/chimpanzee . ....... 2,568.5 942.5 55 3 163.5

Human/gorilla ............ 2,386 1,079 97 7 210

Chimpanzee/gorilla . ... . ... 2,433 1,036.5 935 6 2145

Note—d, (k = 0, 1, 2, 3) is the number of codon sites at which k codon positions are different between the two
sequences, and d, + d; + d, + d3 = 3,569 being the number of codons in the sequence. d, is the number of amino acid
differences. Between-species counts are averages over al four comparisons.

Ssynonymous/synonymous rate ratios (o = dy/dg) among
lineages were used. Model 0 assumes the same ratio for
al branches in the tree, while model 1 assumes that the
ratio (wg) for the three between-species branches is dif-
ferent from the ratio (o) for the six within-species
branches (see fig. 1). The log-likelihood values under
the two models can be compared with a x? distribution
with one degree of freedom to test whether the within-
and between-species branches have the same ratio. This
constitutes a likelihood ratio test of the neutral predic-
tion that wg = wy. A model that assumes independent
dn/ds rate ratios for al branches in the phylogenetic tree
was also used to obtain estimates of synonymous and
nonsynonymous rates along lineages without con-
straints.

Results
Combined Data Set

Some basic statistics of the sequence data are given
in table 1. The test of McDonald and Kreitman (1991)
requires unambiguous classification of observed differ-
ences into synonymous and nonsynonymous categories.
This does not seem possible for the mitochondrial genes
analyzed in this paper, as some codon sites differ at two
or three codon positions between species, and it is not
clear whether the differences should be counted as syn-
onymous or nonsynonymous (table 1). Furthermore, a
number of nucleotide sites are both different between
species and polymorphic within species and pose diffi-
culties in the procedure of McDonald and Kreitman (see

Table 2
Pairwise Estimates of dy and dg by Different Methods

Graur and Li 1991; Whittam and Nei 1991). The gene
sequences are divergent enough that methods explicitly
accounting for multiple hits are necessary.

Estimates of synonymous and nonsynonymous
rates from pairwise comparisons of sequences are shown
in table 2. The nonsynonymous rates are al very low,
and different methods produced very similar estimates.
Estimates of synonymous rates are quite high, and sub-
stantial differences exist among methods. The likelihood
method may be expected to be more reliable, as it does
not involve approximations of the other methods and is
based on more realistic assumptions about the substi-
tution process. Compared with the likelihood method,
the method of Nei and Gojobori underestimates the syn-
onymous rates, probably because it is based on a simple
substitution model. The transition/transversion rate bias
and codon usage bias appear to have opposite effects on
estimates of synonymous and nonsynonymous rates
(Yang and Nielsen 1998), so estimates obtained with
Ina’s method are more different from the likelihood es-
timates than are estimates obtained with Nei and Go-
jobori’s method. The patterns found here are the same
as those reported by Yang and Nielsen (1998) from anal-
yses of nuclear genes.

While all estimates of dy/ds are much smaller than
one, indicating the operation of negative selection, the
within-species estimates are much greater than the be-
tween-species estimates. By the likelihood estimates, the
within-species d/dg ratios are 5-10 times higher than
the between-species estimates (table 2). Although it is

NEI AND GOJOBORI

INA’S METHOD |1

MAXIMUM LIKELIHOOD (k = 20)

dy ds dy ds dy ds dy/ds + SE

Within species

Human .................. 0.0028 0.0143 0.0030 0.0099 0.0027 0.0138 0.198 = 0.054

Common chimpanzee ... ... 0.0012 0.0027 0.0012 0.0023 0.0012 0.0025 0.478 = 0.235

Gorilla .................. 0.0024 0.0064 0.0026 0.0045 0.0024 0.0060 0.397 = 0.017
Between species

Human/chimpanzee ....... 0.0234 0.4517 0.0258 0.2796 0.0234 0.5911 0.040 = 0.004

Human/gorilla . ........... 0.0318 0.5826 0.0346 0.3597 0.0313 0.9465 0.033 = 0.003

Chimpanzee/gorilla. ... . ... 0.0323 0.5371 0.0352 0.3350 0.0319 0.8020 0.040 = 0.003

NoTe.—The methods used are Nei and Gojobori’s (1986) methods, Ina's (1995) method 11, and maximum likelihood (Goldman and Yang 1994). Estimates of
dy and dg are shown for each method, while the ratios (o = dy/ds) and their standard errors are also shown for maximum likelihood.



1502 Hasegawa et d.

Table 3
Separate Analysis of Different Genes
Tree Length
(nonsynon- Tree Length
Order Gene No. of Codons ymous) (synonymous) Wy wg ww/og 2A¢
1 ... COl 512 0.013 0.979 0.368 0.010 384 17.1*
2 .. COll 226 0.019 1.136 0.187 0.015 12.6 275
3 ... ATP8 52 0.120 1.460 0.373 0.073 5.1 1.99
4 ... .. ATPE 210 0.062 0.812 0.468 0.068 6.9 4.54*
S COlll 260 0.024 1.176 0.149 0.018 85 4.19*
6 ...... ND3 114 0.065 1.040 o 0.050 e 13.32%*
7 . ND4L 95 0.016 0.876 0.140 0.013 115 241
8 ...... ND4 456 0.046 1.113 0.167 0.038 44 5.54*
9 ...... ND5 602 0.080 1.144 0.265 0.067 4.0 5.40*
10 ...... ND6 173 0.034 0.987 o 0.028 e 10.47**
1 ... Cytb 379 0.064 1.967 0.304 0.027 115 22.75**
12 ... ND1 317 0.043 0.976 0.211 0.038 5.6 6.58*
13 ... ND2 346 0.050 1.230 0.383 0.035 10.8 10.84**

NoTte.—The transition/transversion rate ratio is fixed at 20. Estimates of the tree length (sum of branch lengths) and synonymous and nonsynonymous substitution
rates are obtained under the two-ratio model assuming different nonsynonymous/synonymous rate ratios for the within- (o) and between-species (wg) branches.
The likelihood ratio statistic, 2A¢, is twice the log-likelihood difference between the two-ratio and one-ratio models. Order is the order of genes in the mitochondrial

genome (Nedbal and Flynn 1998).
* Significant (xz = 3.84 at 5%).
** Extremely significant (x3 = 6.63 at 1%).

possible to use pairwise estimates to construct a test of
the null hypothesis that the dy/ds ratio is identical within
and between species (Graur and Li 1991; Whittam and
Nei 1991; but see Sawyer and Hartl 1992 for criticisms),
this was not attempted here. The standard errors of the
maximum-likelihood estimates of the dy/ds ratios in ta-
ble 2 were obtained by the curvature method, that is, by
inverting the matrices of the second deratives of the log-
likelihood function with respect to model parameters.
The standard errors for between-species estimates are
simple averages over the four possible comparisons and
are thus overestimated. The correct standard errors are
not easy to calculate, due to the dependence among dif-
ferent pairwise estimates, but should be greater than half
of the estimates shown in table 2.

A likelihood model that assumes independent dy/dg
rate ratios for different lineages (Yang and Nielsen
1998) was used to estimate synonymous and nonsynon-
ymous rates for branches in the phylogenetic tree. This
model involves nine dy/ds ratio parameters (w'’s) for the
nine branches (fig. 1) and the log-likelihood value is ¢
= —20,440.52. Estimates of the between-species ratios
under this model are 0.033 *+ 0.005 for the lineage an-
cestral to humans, 0.047 = 0.007 for the lineage leading
to chimpanzees, and 0.035 *+ 0.004 for the lineage lead-
ing to gorillas (see fig. 1). Estimates of the within-spe-
cies ratios are 0.199 and 0.209 for humans, 0.647 and
0.160 for chimpanzees, and 0.393 and 0.393 for gorillas.
The rate ratios are much higher along the within-species
branches than along the between-species branches.

The model that assumes the same d\/dg ratio for
al branches in the tree gave a log-likelihood value ¢,
= —20,486.03, with an estimated d,/dg ratio of 0.044
+ 0.003 and a transition/transversion rate ratio («/B) of
20.7 = 0.1. The model that assumes two different
dy/dg rate ratios for the within- and between-species
branches in the tree gave a log-likelihood value €¢; =
—20,444.10, with estimates of @, = 0.287 = 0.010 for

the within-species branches and wg = 0.037 + 0.003
for the between-species branches. The estimate of the
transition/transversion rate ratio is 21.6 = 0.2 under this
model. The likelihood ratio statistic, 2A¢ = 2(€; — €;)
= 83.86, is much greater than the x2critical value with
one degree of freedom, suggesting that the dy/ds rate
ratios are significantly different among lineages. Indeed,
the estimated ratio is about 7.8 (= 0.287/0.037) times
higher along within-species lineages than along be-
tween-species lineages, in congruence with the analysis
based on pairwise distances discussed above. Figure 1
shows the phylogenetic trees constructed using the syn-
onymous and nonsynonymous substitution rates. It is
obvious that the two trees have different shapes and the
tree of nonsynonymous rates has much longer within-
species branches than does the tree of synonymous rates.

Separate Analyses of Different Genes

Results obtained from separate analyses of all 13
protein-coding genes are shown in table 3. First, we note
that the tree lengths (sums of branch lengths along the
tree) calculated using synonymous rates are quite ho-
mogeneous among genes (about one synonymous sub-
gtitution per synonymous site along the tree), although
cytochrome b has a somewhat higher rate (almost two
synonymous substitutions per site). The synonymous
rates of genes are not correlated with their locations or
replication times in the mitochondrial genome, in con-
gruence with the conclusion of Nedbal and Flynn
(1998). The nonsynonymous rates are much more vari-
able among genes, and the tree lengths for nonsynony-
mous substitutions range from 0.013 for the conserved
COlI gene to 0.122 for the fast-changing ATP6 gene. It
is noteworthy that for all 13 genes, the dy/ds ratio within
species (wy) is much higher than the ratio between spe-
cies (wg). Thisis also the case for the ND6 gene, which
is encoded by the other strand of mitochondrial DNA.
By the likelihood ratio test, the difference is statistically
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synonymous substitutions for different genes (see table 3). Results for
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significant for all but 3 of the 13 genes (table 3). The
exceptions are the two very small genes (ATP8 and
NDA4L) and the conserved COIll gene. These genes prob-
ably do not contain enough information to reject the null
hypothesis of a single d,/dg rate ratio within and be-
tween species. We note that the x% approximation of the
likelihood ratio statistic relies on large-sample proper-
ties. Previous simulations under nucleotide-based mod-
els suggest that the x2 approximation is reliable (e.g.,
Yang, Goldman, and Friday 1995). At any rate, the ap-
proximation is expected to be reliable for large or fast-
changing genes, for which significant differences are
found.

Another interesting pattern in table 3 is the negative
correlation between the variability of the gene, as re-
flected by the tree length of nonsynonymous substitu-
tions, and the w/wg ratio (fig. 2). While the oy/wg
ratios are different within and between species for all
genes, the difference is greater for conserved genes than
for fast-changing genes. One possible explanation is that
in conserved genes, a higher proportion of nonsynony-
mous mutetions are deleterious and are tolerated in the
population without contributing to between-species di-
versity, while in fast-changing genes, more nonsynon-
ymous mutations are nearly neutral and contribute to
both within-species polymorphisms and between-species
divergences. Since synonymous rates are much more ho-
mogeneous within and between species than are non-
synonymous rates, the pattern of figure 2 can be ex-
plained by elevated nonsynonymous polymorphisms in
conserved genes. It should be noted, however, that all
genes in the mitochondrial genome are linked. Even
neutral polymorphisms (such as synonymous substitu-
tions) are affected by both background selection, elim-
inating deleterious mutations (Charlesworth, Charles-
worth, and Morgan 1995), and hitchhiking effect, driv-
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ing advantageous mutations to fixation (Maynard Smith
and Haigh 1974). The population dynamics of synony-
mous and nonsynonymous mutations in the mitochon-
drial genes must be very complicated.

Discussion

Sawyer and Hartl (1992) pointed out that hypoth-
esis testing using a 2 X 2 contingency table is well
studied in statistics, and other tests, such as those sug-
gested by Graur and Li (1991) and Whittam and Nei
(1991), may be less powerful statistically. However, this
argument assumes that entries in the contingency table
are correctly recorded. This may not be the case for the
test of McDonad and Kreitman (1991) except for nu-
clear genes of very closely related species. Indeed, May-
nard Smith (1994) was able to construct a purely neutral
model under which the wg/wyratio, estimated using the
approach of McDonald and Kreitman (1991) without
correcting for multiple hits, approaches 2 at high levels
of sequence divergence, irrespective of the true ratio.
The mitochondrial genes analyzed in this paper, a-
though from closely related species, involve consider-
able synonymous changes between species (>0.5 sub-
stitutions per site; see table 2), and the test of McDonald
and Kreitman (1991) does not appear to be applicable.
Sawyer and Hartl (1992) pointed out that the tests sug-
gested by Graur and Li (1991) and Whittam and Nei
(1991) are based on normality assumptions of test sta-
tistics, while the true distributions are unknown. These
methods also suffer from the use of simplistic evolu-
tionary models and limitations of pairwise comparisons.
In contrast, the likelihood ratio test used in this paper
has a sound stetistical basis and is also based on more
realistic substitution models. While there is reason to
expect the likelihood ratio test to give more reliable re-
sults, the performances of those tests, when their as-
sumptions are and are not met, need further investiga-
tion.

The neutral theory predicts that the neutral muta-
tion rate determines both the divergence between spe-
cies and the polymorphism within species (Kimura
1983). Although it is difficult to test this prediction di-
rectly, as the genetic diversity within a species depends
on other factors besides the neutral mutation rate, such
as the population size and departure from the equilib-
rium, the dy/ds rate ratios in within- and between-spe-
cies comparisons should be the same if the neutral the-
ory is correct (McDonald and Kreitman 1991). Mc-
Donald and Kreitman (1991) found, using the simple
contingency test, that evolution at the Adh locus in Dro-
sophila is not neutral, with the dy/ds ratios being much
higher between species than within species. While our
likelihood ratio test also rejected neutrality for mito-
chondrial protein-coding DNAS, our result is the oppo-
site of theirs: the dy/ds rate ratio is much higher within
species than between species. This is congruent with
previous results obtained from analyzing a few mito-
chondrial genes of hominoids (Nachman et al. 1996;
Templeton 1996; Wise, Sraml, and Easteal 1998), and
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suggests that the pattern is common to all genes in the
mitochondria.

A number of factors have been suggested to explain
the elevated nonsynonymous rates within species, in-
cluding balanced selection, relaxed selective constraints,
and slightly deleterious mutations (Ballard and Kreitman
1995; Nachman, Boyer, and Aquadro 1994; Takahata
1993). Since mitochondrial genomes are haploid, het-
erozygous advantage is not possible. Although mito-
chondrial genomes may be potential targets of balanced
selection due to environmenta changes, population sub-
division, or cytoplasmic—nuclear interactions, the pre-
dictions of this hypothesis are not generally consistent
with data (Nachman, Boyer, and Aquadro 1994). The
high d\/ds rate ratio within the human species relative
to that between species has previously been attributed
to relaxed selective constraints in the human lineage,
possibly due to cultural evolution or improved environ-
ment (Takahata 1993; Adachi and Hasegawa 1996).
However, results of this paper suggest that the pattern
is not unique to humans, since it is also observed in
chimpanzees and gorillas.

The most likely interpretation seems to be the hy-
pothesis of dlightly deleterious mutations (Ohta 1992).
Deleterious mutations should ultimately be eliminated
from the population and rarely contribute to between-
species divergence. Since the synonymous rates are ex-
pected to be homogeneous within and between species,
such a variation in nonsynonymous rates caused by del-
eterious mutations will lead to higher dy/ds rate ratios
within species than between species. Our estimates of
the dy/ds rate ratios are lower (0.2) for humans than for
chimpanzees and gorillas (0.4). It is not clear whether
the differences are due to different population sizes in
those species. The hypothesis of slightly deleterious mu-
tations predicts that higher polymorphisms will be main-
tained in smaller populations. The difference will be ex-
plicable if the human species has had alarger population
size than the chimpanzee and gorilla species. While Tak-
ahata, Satta, and Klein (1995) obtained estimates of the
human population size, estimates for chimpanzees and
gorillas are lacking.

Our estimates suggest that the nonsynonymous
rates in mitochondria protein-coding genes were about
5-10 times higher within species than between species.
This differenceis till smaller than the differencein sub-
gtitution (mutation) rate estimates obtained for the D-
loop from human pedigree and phylogenetic analyses
(see Introduction). Studies suggest that the D-loop
MtDNASs are functional and under selective constraints.
One likely explanation for the extremely high mutation
rate found in the pedigree analysis is that more delete-
rious mutations are observed in a pedigree analysis than
in analyses of samples of individuals, as performed in
this paper. In any case, it is clear that the mitochondrial
DNA is not a neutral marker (Ballard and Kreitman
1994, 1995; Rand, Dorfsman, and Kann 1994; Nachman
et a. 1996; Hey 1997), and one should be cautious in
using substitution rates obtained from phylogenetic anal-
ysis to date within-species events.
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