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Abstract. A maximum likelihood approach was used
to estimate the synonymous and nonsynonymous substi-
tution rates in 48 nuclear genes from primates, artiodac-
tyls, and rodents. A codon-substitution model was as-
sumed, which accounts for the genetic code structure,
transition/transversion bias, and base frequency biases at
codon positions. Likelihood ratio tests were applied to
test the constancy of nonsynonymous to synonymous
rate ratios among branches (evolutionary lineages). It is
found that at 22 of the 48 nuclear loci examined, the
nonsynonymous/synonymous rate ratio varies signifi-
cantly across branches of the tree. The result provides
strong evidence against a strictly neutral model of mo-
lecular evolution. Our likelihood estimates of synony-
mous and nonsynonymous rates differ considerably from
previous results obtained from approximate pairwise se-
quence comparisons. The differences between the meth-
ods are explored by detailed analyses of data from sev-
eral genes. Transition/transversion rate bias and codon
frequency biases are found to have significant effects on
the estimation of synonymous and nonsynonymous rates,
and approximate methods do not adequately account for
those factors. The likelihood approach is preferable, even
for pairwise sequence comparison, because more-

realistic models about the mutation and substitution pro-
cesses can be incorporated in the analysis.
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Introduction

Estimation of synonymous and nonsynonymous substi-
tution rates is important in understanding the dynam-
ics of molecular sequence evolution (Kimura 1983;
Gillespie 1991; Ina 1996). As mutation and selection
have different effects on synonymous and nonsynony-
mous substitutions, comparison of synonymous and non-
synonymous rates in genes from different evolutionary
lineages at different loci provides a powerful tool for
understanding the mechanisms and driving forces of mo-
lecular evolution. For example, the neutral theory
(Kimura 1983) claims that both divergence between spe-
cies and diversity within species are caused by random
genetic drift of neutral mutations (Kimura 1968) and the
substitution rate is equal to the neutral mutation rate. The
effect of purifying selection is to reduce the proportion of
neutral mutations. One prediction of the theory is that the
nonsynonymous/synonymous substitution rate ratio
should be constant among different evolutionary lin-
eages. Lineage effects of mutation rates should have the
same effect on synonymous and nonsynonymous rates

* Present address:Department of Biology, University College Lon-
don, 4 Stephenson Way, London NW1 2HE, England; e-mail z.yang@
ucl.ac.uk
** Present address:The Museum of Comparative Zoology, 3rd floor,
Harvard University, 26 Oxford Street, Cambridge, MA 02138, USA
Correspondence to:Z. Yang

J Mol Evol (1998) 46:409–418

© Springer-Verlag New York Inc. 1998



and not change the rate ratio. Variation of the nonsyn-
onymous/synonymous rate ratios among lineages is thus
considered evidence against neutrality (McDonald and
Kreitman 1991; Gillespie 1991; Easteal and Collet 1994;
Eyre-Walker and Gaut 1997).

Gillespie (1987, 1989, 1991) and Ohta (1995) esti-
mated the index of dispersion for synonymous and non-
synonymous substitutions in nuclear genes of mammals
to test the neutral theory. The index of dispersion is the
variance of the number of substitutions among lineages
divided by the mean. Under neutrality, the substitution
process should be approximately Poisson and the index
of dispersion should equal one. However, Gillespie’s
(1987, 1989) and Ohta’s (1995) estimates of the index
are much greater than one. To explain the discrepancy,
Gillespie (1991) suggested that nonsynonymous substi-
tutions were driven by positive selection, resulting in
episodic evolution with bursts of substitutions, while
Ohta (1995) invoked the fixation of slightly deleterious
mutations. However, the methods used by those authors
are crude, and it has been suggested that their high esti-
mates of the dispersion index may be artifacts of the
analytical methods used (Goldman 1994; Nielsen 1997).
It is not clear for how many of the examined genes the
neutral model of evolution can be rejected in favor of
positive selection or selection on slightly deleterious mu-
tations.

Although its importance is well recognized, estima-
tion of synonymous and nonsynonymous substitution
rates is not simple. Important concepts were developed in
the 1980s for estimating the rates from a comparison of
two sequences (Miyata and Yasunaga 1980; Li et al.
1985), and the early methods have been improved or
simplified by many authors (Nei and Gojobori 1986; Li
1993; Pamilo and Bianchi 1993; Cameron 1995). Those
methods follow the same strategy. The numbers of syn-
onymous (S) and nonsynonymous (N) sites in the se-
quence and the numbers of synonymous (Sd) and non-
synonymous (Nd) differences between the two sequences
are counted. Corrections for multiple substitutions are
then applied to calculate the numbers of synonymous
(dS) and nonsynonymous (dN) substitutions per site be-
tween the two sequences (see Table 1 for definitions of
symbols). These methods assume equal base and codon
frequencies and do not account properly for the transi-
tion/transversion rate bias in counting the numbers of
sites (SandN) and differences (Sd andNd). The method
recently proposed by Ina (1995) is a significant improve-
ment and accounts for the transition/transversion bias. A
drawback of the approximate methods is that they cannot
be used for simultaneous comparison of multiple se-
quences.

The codon-based likelihood model suggested by
Goldman and Yang (1994) provides a useful framework
for estimating synonymous and nonsynonymous substi-
tution rates. Under a model of codon substitution, it is

straightforward to estimatedS and dN (Goldman and
Yang 1994). Knowledge of the substitution process such
as transition/transversion rate bias, codon frequency bi-
ases, and even amino acid differences can be easily in-
corporated into the model. Furthermore, the likelihood
approach is applicable to joint comparison of multiple
sequences (Goldman and Yang 1994).

The aim of this study is to reanalyze Ohta’s (1995)
data by a likelihood approach to examine the claim of
Gillespie and Ohta that amino acid replacements in the
analyzed genes are not neutral. Ohta (1995) used Ina’s
(1995) method for pairwise sequence comparison to es-
timate the numbers of synonymous and nonsynonymous
substitutions among the primate, artiodactyl, and rodent
lineages in 49 nuclear genes. We reanalyze Ohta’s data
using a likelihood model that accounts for differentdN/dS

ratios among different lineages and another model that
constrains thedN/dS ratio to be constant. The two models
are compared by a likelihood ratio test to examine the
null hypothesis that thedN/dS ratio is constant among
lineages. The analysis is performed independently for
each locus and may help to determine for how many and
which of the examined genes neutrality can be rejected.
Our estimates of the synonymous and nonsynonymous
rates turn out to differ considerably from those of Ohta
(1995). We therefore compare different methods for rate
estimation to understand the observed differences.

Data and Methods

Sequence Data.The aligned sequences of 49 nuclear genes from pri-
mates, artiodactyls, and rodents analyzed by Ohta (1995) were used.
The opsin gene alignment has many gaps, indicating that the alignment
may not be reliable, and this gene is excluded. Data used in this study
include 48 genes from the three orders of mammals, with a total of
18,630 × 34 55,890 nucleotide sites. The number of codons in each
gene used is shown in Table 2. Minor differences in sequence length
from Ohta (1995: Table 3) are due to our removal of the initiation
codons (ATG) and minor adjustments to Ohta’s alignments.

Table 1. Definitions of major symbols used in the paper

Symbol Definition

S Number of synonymous sites in a sequence
N Number of nonsynonymous sites in a sequence
Sd Number of synonymous differences between two se-

quences
Nd Number of nonsynonymous differences between two se-

quences
dS Number of synonymous substitutions per synonymous site
dN Number of nonsynonymous substitutions per nonsynony-

mous site
k Transition/transversion (mutation) rate ratio
v Nonsynonymous/synonymous rate ratio, equal todN/dS

under the model of Eq. 1
t Time or branch length, measured as the expected number

of (nucleotide) substitutions per codon
pj Equilibrium frequency of codonj
Lc Number of codons in the sequence
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Model of Codon Substitution.We use a simplified version of the
codon substitution model developed by Goldman and Yang (1994).
Stop codons are not allowed in the sequence, and substitutions between
sense codons are described by a continuous-time Markov process. The
instantaneous substitution rate from codoni to j (i Þ j) is given by

Qij = 5
0 if the two codons differ at more

than one position
mpj for synonymous transversion
mkpj for synonymous transition
mvpj for nonsynonymous transversion
mvkpj for nonsynonymous transition

(1)

where parameterk is the transition/transversion rate ratio,v is the
nonsynonymous/synonymous rate ratio, andpj is the equilibrium fre-
quency of codonj. The diagonals of the matrix are determined by the
mathematical requirement that row sums ofQ 4 { Qij} are zero. The
scale factorm is chosen such that

−(
i

piQii = (
i

pi(
jÞi

Qij = 1 (2)

This scaling means that time and branch length (denotedt) are mea-
sured by the expected number of (nucleotide) substitutions per codon.

Goldman and Yang (1994) used the matrix of amino acid distances
of Grantham (1974) to modify nonsynonymous substitution rates,
based on the expectation that amino acids with similar physicochemical
properties tend to replace each other more often than those with dif-
ferent properties (e.g., Miyata and Yasunaga 1980; Li et al. 1985).
However, the formula used was found to fit real data poorly (Goldman
and Yang 1994), and in this study, we make no distinction among
different amino acid changes. The model is equivalent to that of Gold-
man and Yang using a single distance between any pair of amino acids.
The model of Muse and Gaut (1994) differs from the present model in
that those authors did not account for the transition/transversion rate
bias.

Calculation of the likelihood function under the codon-substitution
model was described by Goldman and Yang (1994) and Muse and Gaut
(1994). The transition probability matrix,P(t) 4 eQt, is calculated
through diagonalization of the rate matrixQ, with a standard numerical
algorithm used to calculate the eigenvalues and eigenvectors ofQ.
Numerical optimization algorithms are used to obtain maximum like-
lihood estimates of parameters.

Test for Constant Nonsynonymous/Synonymous Rate Ratios (dN /ds)
Among Lineages.The codon substitution model (Eq. 1) can be used to
construct various tests concerning the evolutionary process of protein-
coding DNA sequences. In this study, we fit a model assuming differ-
ent nonsynonymous/synonymous rate ratios (dN/dS 4 v; see below)
among branches in the phylogenetic tree and another model that con-
strains the ratio to be identical. These two models are depicted in Fig.
1, using the example of the data analyzed in this study. Comparison of
the two models constitutes a likelihood ratio test of the constancy of the
dN/ds ratio among evolutionary lineages.

Estimation of Synonymous and Nonsynonymous Substition Rates.
After maximum likelihood estimates of model parameters (such ast, k,
andv) are obtained, the numbers of synonymous and nonsynonymous
substitutions per site (dS anddN) can be estimated as follows (Goldman
and Yang 1994). Since theQ matrix is scaled such that the average
number of nucleotide substitutions per codon is one,

r*S = (
iÞj

aai=aaj

piQij (3)

and r*N 4 1 − r*S are the proportions of synonymous and nonsyn-
onymous substitutions, respectively. The summation in Eq. 3 is taken
over all codon pairsi and j (i Þ j) that code for the same amino acid,
and aai is the amino acid encoded by codoni. The numbers of syn-
onymous and nonsynonymous substitutions per codon are thentr*Sand
tr*N, respectively. The proportions of synonymous and nonsynony-
mous sites are defined as the proportions of synonymous and nonsyn-
onymous potential mutations before natural selection at the amino acid
level has operated (Goldman and Yang 1994; Ina 1995). Denote them
asr1

S andr1
N (equivalent tor`

S andr`
N in Goldman and Yang 1994).

They can be calculated similarly to Eq. 3 but withv set at 1 so that
synonymous and nonsynonymous substitutions occur at the same rate.
As each codon has three sites (but see Discussions), the numbers of
synonymous and nonsynonymous sites per codon are 3r1

S and 3p1
N,

respectively. The numbers of synonymous and nonsynonymous sub-
stitutions per site are thendS 4 tr*S/3r1

S and dN 4 tr*N/3r1
N, re-

spectively. Note that under the model of Eq. 1,dN/dS 4 v.

Approximate Methods for Estimating Synonymous and Nonsynony-
mous Rates.Approximate methods for estimating the numbers of syn-
onymous and nonsynonymous substitutions between a pair of se-
quences were reviewed by Ina (1996). We used the methods of Nei and
Gojobori (1986) and Ina (1995) to perform pairwise comparisons of
sequences from several genes and compare the results with those of the
likelihood analysis assuming different models. In fact, two methods
were proposed by Ina (1995). Method 1 estimates the transition/
transversion rate ratio (k) from data at the third codon positions, while
method 2 uses a more-sophisticated iterative scheme to estimatek.
Ohta (1995) used Ina’s method 1 and called it Ina’s method, a practice
we have followed in this paper. Ina’s program (new1, available from
ftp.nig.ac.jp) is used in the calculation. The PAML package (Yang
1997) is used for Nei and Gojobori’s method.

Results

Test for Constancy of Nonsynonymous/Synonymous
Rate Ratios (dN/dS) Among Lineages

Maximum likelihood estimation was carried out for each
gene, under model A (Fig. 1), assuming the samedN/dS

ratio (v) for all branches in the tree, and under model B
(Fig. 1), assuming different ratios for different branches.
Under both models, the codon frequencies (pi) were cal-
culated using the nucleotide frequencies at the three
codon positions; 3 × (4 − 1) 4 9 parameters are thus
used for the codon frequencies. The results are presented
in Table 2. Estimates ofk under the two models are
almost identical for each gene and range from 2 to 5
among genes with a mean 2.9. Estimates ofv (4dN/dS)
shown in Table 2 are obtained under model A and should
be interpreted as averages across the three branches.
They range from 0.017 for the highly conserved ATP
synthaseb to 0.838 for interleukin 6, with Mean ± S.E.
to be 0.17 ± 0.03. On average, synonymous substitutions
occur much more often than nonsynonymous substitu-
tions, in concordance with earlier studies (Miyata and
Yasunaga 1980; Li et al. 1985).
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Table 2. Maximum likelihood estimates of the numbers of synonymous (dS) and nonsynonymous (dN) substitutions per sitea

Gene Lc k v

dS

(P)
dS

(A)
dS

(R)
dN

(P)
dN

(A)
dN

(R) D,

Acetylcholine receptora 456 3.048 0.052 0.147 0.165 0.404 0.013 0.007 0.018 1.22
Acetylcholine receptorb 500 3.061 0.099 0.204 0.187 0.412 0.023 0.020 0.036 0.30
Acid phosphatase type 5 322 4.181 0.098 0.354 0.259 0.680 0.028 0.049 0.049 3.11b

Albumin 606 1.962 0.229 0.291 0.160 0.709 0.055 0.094 0.106 12.26c

Alkaline phosphatase intes-
tine

495 2.006 0.174 0.343 0.328 0.534 0.041 0.088 0.081 3.49b

Alkaline phosphatase liver 523 2.499 0.074 0.259 0.340 0.650 0.025 0.025 0.041 0.84
Aspartate aminotransferase

cytosolic
412 2.489 0.095 0.147 0.230 0.380 0.016 0.026 0.028 0.84

Aspartate aminotransferase
mitochondrial

429 2.827 0.063 0.158 0.233 0.362 0.013 0.023 0.011 4.01b

ATP synthasea 543 3.774 0.025 0.130 0.191 0.427 0.007 0.006 0.006 2.41
ATP synthaseb 357 2.568 0.017 0.095 0.165 0.367 0.000 0.005 0.005 1.72
b-1, 4-galactosyl transferase 396 2.552 0.210 0.103 0.248 0.342 0.025 0.068 0.052 1.96
Carboxypeptidase 432 1.461 0.045 0.142 0.251 0.529 0.004 0.020 0.017 2.56
Connexin 381 1.773 0.020 0.236 0.137 0.469 0.006 0.005 0.006 1.13
Corticotropin-releasing factor 182 3.720 0.184 0.182 0.409 0.523 0.018 0.110 0.083 1.37
Dopamine receptor D2 442 3.753 0.027 0.235 0.254 0.385 0.009 0.005 0.009 0.71
Fibrinogena 433 2.735 0.200 0.114 0.210 0.604 0.033 0.072 0.072 8.00c

Glucose transporter 491 5.080 0.023 0.113 0.320 0.562 0.009 0.006 0.008 4.18b

Growth hormone 189 4.172 0.126 0.738 0.333 0.465 0.168 0.032 0.029 3.67b

Growth hormone receptor 636 2.997 0.398 0.053 0.164 0.344 0.059 0.030 0.133 9.94c

Hexokinas I 915 1.915 0.073 0.166 0.226 0.550 0.018 0.029 0.020 14.99c

IGF binding protein 1 258 2.605 0.195 0.307 0.460 0.667 0.109 0.082 0.084 3.14b

IGF binding protein 3 287 3.463 0.122 0.046 0.755 0.612 0.044 0.055 0.061 6.46c

Insulin-like growth factor 1 114 3.136 0.036 0.019 0.325 0.564 0.004 0.008 0.020 0.40
Insulin-like growth factor 2 149 3.385 0.122 0.199 0.431 0.332 0.025 0.049 0.043 0.04
Interleukin 1a 260 2.764 0.467 0.181 0.147 0.374 0.078 0.086 0.161 0.29
Interleukin 1b 263 2.424 0.435 0.131 0.349 0.375 0.082 0.168 0.118 1.31
Interleukin 2 152 3.341 0.665 0.061 0.121 0.646 0.047 0.217 0.226 7.44c

Interleukin 6 205 3.057 0.838 0.100 0.255 0.566 0.191 0.178 0.373 1.66
Interleukin 7 153 2.371 0.591 0.067 0.101 0.296 0.098 0.069 0.097 3.43b

Lactate dehydrogenase A 331 2.576 0.066 0.115 0.136 0.581 0.020 0.017 0.015 9.08c

Lactoferrin 662 2.572 0.313 0.168 0.407 0.481 0.068 0.131 0.127 1.17
Luteinizing hormone recep-

tor
685 3.495 0.201 0.120 0.139 0.376 0.042 0.030 0.052 6.26c

Myelin proteolipid protein 148 2.059 0.083 0.033 0.077 0.117 0.009 0.009 0.000 3.93b

Neuroleukin 557 1.944 0.083 0.287 0.197 0.460 0.017 0.018 0.045 1.14
Neurophysin I 162 4.666 0.072 0.296 0.258 0.989 0.023 0.025 0.060 0.34
Neurophysin II 116 2.985 0.044 0.131 1.127 0.992 0.037 0.063 0.008 3.33b

Ornithine decarboxylase 460 2.544 0.091 0.257 0.222 0.311 0.016 0.018 0.038 1.69
Plasminogen activator inhibi-

tor
386 3.149 0.125 0.234 0.329 0.692 0.033 0.041 0.083 0.08

Prolactin 197 2.550 0.355 0.162 0.389 0.523 0.053 0.109 0.230 0.76
Proopiomelanocortin 211 4.557 0.050 0.313 0.513 0.919 0.014 0.019 0.058 0.50
Protein disulfide isomerase 505 2.364 0.046 0.246 0.395 0.567 0.017 0.012 0.025 1.49
Terminal transferase 506 2.656 0.228 0.150 0.093 0.477 0.042 0.035 0.081 3.82b

Thrombomodulin 341 2.990 0.143 0.414 0.567 1.337 0.092 0.112 0.108 4.69c

Transforming growth factor
b1

315 2.903 0.061 0.304 0.336 0.684 0.014 0.016 0.054 1.02

Transforming growth factor
b2

413 3.052 0.033 0.115 0.179 0.408 0.003 0.001 0.019 3.14b

Transforming growth factor
b3

408 3.597 0.068 0.111 0.259 0.362 0.002 0.041 0.009 12.17c

Transforming growth factor
b3 receptor

843 2.943 0.162 0.133 0.386 0.421 0.038 0.052 0.060 3.70b

Urokinase-plasminogen acti-
vator

403 2.108 0.356 0.196 0.208 0.354 0.078 0.066 0.125 0.18

Mean 388 2.934 0.173 0.190 0.291 0.525 0.039 0.051 0.066 3.36

a Lc: number of codons in the gene;k: transition/transversion rate ratio, estimated under model A (Fig. 1);v; nonsynonymous/synonymous rate ratio,
estimated under model A (Fig. 1);dS anddN: numbers of synonymous and nonsynonymous substitutions per site, respectively, calculated for the
primate (P), artiodactyl (A), and rodent (R) branches of Fig. 1;D,: log-likelihood difference between models A and B (Fig. 1)
b Significant at 5% level,x2 4 3.00
c Significant at 1% level,x2 4 4.61
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Estimated numbers of synonymous (dS) and nonsyn-
onymous (dN) substitutions per site for the three branches
in the tree of Fig. 1 are obtained under model B (Table
2). In growth hormone receptor and interleukins 6 and 7,
the estimateddN/dS ratios for the primate lineage are
greater than one and are 1.11, 1.91, and 1.46, respec-
tively. These genes may be under positive Darwinian
selection (Ohta 1995). The averages of estimates ofdS

among genes are 0.190, 0.291, 0.525 for the primate,
artiodactyl, and rodent branches, respectively (Table 2);
these values are in the proportion 0.57:0.87:1.57, not
very different from the weighting factors calculated by
Ohta (1995: Table 2), that is, 0.61:0.82:1.58. The aver-
ages of estimates ofdN among genes are 0.039, 0.051,
and 0.066 for the primate, artiodactyl, and rodent
branches, respectively (Table 2); these are in the propor-
tion 0.75:0.98:1.27, almost identical to the weighting
factors calculated by Ohta, that is, 0.75:0.97:1.28. The
synonymous rates are more variable among lineages than
the nonsynonymous rates, which conforms with the pre-
vious observation that the lineage effect is more pro-
nounced for synonymous substitutions than for nonsyn-
onymous substitutions (Gillespie 1991; Ohta 1993,
1995). The ratios of the average synonymous and non-
synonymous rates (dN/dS) are 0.21, 0.17, and 0.13 for the
primate, artiodactyl, and rodent lineages, respectively,
while the average of the ratios (v) are 0.28, 0.22, and
0.13, respectively. These estimates are in general agree-
ment with the observation of Ohta (1993) that the pri-
mate lineage has, on average, reduced synonymous and
nonsynonymous rates and appears to be under less severe
purifying selection, possibly due to reduced population
sizes. Nevertheless, the average patterns over genes are
not very illuminating as substantial variation exists
among genes (Table 2).

The difference of log-likelihood values under models
A and B (Fig. 1),D,, is calculated for each gene and
listed in Table 2, and the distribution ofD, among the 48
genes is shown in Fig. 2. If thedN/dS ratio (v) is constant

among lineages, that is, if model A is correct, 2D, should
follow a x2 distribution withd.f. 4 2. By this likelihood
ratio test, thedN/dS ratio is significantly variable among
lineages in 12 genes (P < 5%) and is highly significantly
variable in ten other genes (P < 1%). In sum, about half
of the genes show significantly differentdN/dS ratios
among lineages, and the results provide strong evidence
for rejecting the strictly neutral model.

The same analysis was performed using the 61 codon
frequencies as free parameters. This model gives signifi-
cantly better fit to data of every gene than using nucleo-
tide frequencies at the codon positions, judged by ax2

critical value withd.f. 4 60 − 9 4 51. However, the
likelihood difference between models A and B (Fig. 1)
changed very little with this change of assumptions about
codon frequencies, and the likelihood ratio test of con-
stancy ofdN/dS among lineages was found to be quite
robust to this aspect of the model assumptions. We pre-
sented results obtained from the simpler model because
the estimates are similar and because some genes are
short and may not provide enough information to esti-
mate many parameters.

Although our general conclusions agree with those of
Ohta (1995), considerable differences exist between our
likelihood estimates of the synonymous substitution rates
(Table 2) and the corresponding estimates of Ohta (1995:
Table 3), who used Ina’s (1995) method. For example,
for the first gene (acetylcholine receptora), our esti-
mates ofdS are 0.147, 0.165, and 0.404 for the primate,
artiodactyl, and rodent lineages, respectively, while
Ohta’s estimates are 0.161, 0.161, and 0.296 (misprinted
as 0.116, 0.116, and 0.296). The nonsynonymous rate
estimates are much more similar, and are 0.013, 0.007,
0.018 for the three branches, respectively, by our likeli-
hood analysis, and are 0.014, 0.007, 0.019 by Ohta’s

Fig. 2. The frequency distribution, among 48 nuclear genes, of the
log-likelihood difference between modelsA andB of Fig. 1. Thear-
rowsdesignate the critical values at the 5% and 1% significance levels.

Fig. 1. The unrooted phylogenetic tree of primates, artiodactyls, and
rodents showing two evolutionary models. Thets are branch lengths,
while v (4dN/dS) is the nonsynonymous/synonymous rate ratio. InA,
thedN/dS ratio is constrained to be constant among branches (lineages)
in the tree. InB, the ratios are allowed to vary among branches, and a
different v parameter is used for each branch.
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analysis. An extreme case is the thrombomodulin gene,
for which our likelihood estimates ofdS for the three
branches are 0.414, 0.567, 1.337 (Table 2), while Ohta’s
estimates are 0.169, 0.237, 0.570; the estimates from the
two analyses differ by a factor greater than two. Esti-
mates ofdN for the three branches are 0.092, 0.112, 0.108
by the likelihood method (Table 2) and 0.112, 0.125,
0.125 by Ohta’s analysis. Generally, our likelihood esti-
mates ofdSare greater than Ohta’s while our estimates of
dN are very similar to, but smaller than, Ohta’s.

The two analyses differ in many ways. One difference
is that in the likelihood analysis, gene sequences from all
three species are compared simultaneously, while Ina’s
(1995) method calculates the numbers of synonymous
and nonsynonymous substitutions per site (dSanddN) for
each pairwise comparison, which are then used to esti-
mate rates for branches. Let the pairwise distances be
dPA, dPR, dAR, where d can be eitherdS or dN. Ohta
calculated the numbers of substitutions for the three
branches in the tree (Fig. 1) as

dP 4 (dPA + dPR − dAR)/2
dA 4 (dPA + dAR − dPR)/2 (4)
dR 4 (dPR + dAR − dPA)/2

While this calculation may introduce some bias into the
estimates when thedN/dS ratios vary among lineages, it
does not seem to be the major reason for the differences
between our likelihood estimates and Ohta’s results. The

differences between the methods are explored in the next
section.

Estimation of Synonymous and Nonsynonymous
Substitution Rates

In order to understand the differences in estimates ofdS

anddN between our likelihood analysis and Ina’s (1995)
method, which Ohta (1995) used, we analyze several
genes (acetylcholine receptora, lactate dehydrogenase
A, and thrombomodulin) in more detail. The method of
Nei and Gojobori (1986) (NG) is also used for compari-
son. The NG method and Ina’s method were designed for
estimatingdS anddN between two sequences. Therefore,
we also apply the likelihood method to the three pairwise
comparisons for each gene, varying assumptions about
the transition/transversion rate ratio (k) and the codon
frequencies. The patterns obtained for different genes are
similar, and results for two genes only (acetylcholine
receptora and thrombomodulin) are presented (Tables 3
and 4). Sequence divergence between the acetylcholine
receptora genes is lower than average, but the throm-
bomodulin genes are very divergent among species and
also have highdN/dS ratios (Table 2).

Several different models were assumed in the likeli-
hood analysis concerning the codon frequency param-
eters (pj in Eq. 1). The most parameter-rich version
(F61) uses each codon frequency as a parameter, with the

Table 3. Pairwise comparisons of the acetylcholine receptora genes of primates, artiodactyls and rodentsa

Model k S N dS dN dN/dS (v)

Primate–rodent
1 ML,Fequal 1 349.3 1,021.7 0.496 0.029 0.059
2 ML,Fequal 2.78 397.6 973.4 0.421 0.031 0.073
3 ML,F1 × 4 2.89 407.2 963.8 0.436 0.031 0.071
4 ML,F3 × 4 3.02 328.8 1,042.2 0.546 0.030 0.055
5 ML,F61 2.99 318.5 1,052.5 0.615 0.030 0.048
6 NG 321.2 1,049.8 0.523 0.030 0.058
7 Ina 6.08 408.4 962.6 0.405 0.033 0.081
Primate–artiodactyl
1 ML,Fequal 1 349.3 1,021.7 0.288 0.018 0.064
2 ML,Fequal 3.16 403.5 967.5 0.241 0.020 0.081
3 ML,F1 × 4 3.33 413.8 957.2 0.253 0.019 0.077
4 ML,F3 × 4 3.44 320.8 1,050.2 0.312 0.019 0.060
5 ML,F61 3.35 306.1 1,064.9 0.341 0.018 0.054
6 NG 320.9 1,050.1 0.294 0.019 0.066
7 Ina 6.39 409.5 961.5 0.228 0.021 0.092
Artiodactyl–rodent
1 ML,Fequal 1 349.3 1,021.7 0.488 0.023 0.047
2 ML,Fequal 2.44 391.4 979.6 0.425 0.024 0.057
3 ML,F1 × 4 2.60 403.8 967.2 0.444 0.024 0.055
4 ML,F3 × 4 2.67 316.1 1,054.9 0.564 0.024 0.042
5 ML,F61 2.61 304.9 1,066.1 0.636 0.023 0.036
6 NG 321.4 1,049.6 0.520 0.024 0.046
7 Ina 5.28 402.7 968.3 0.404 0.026 0.064

a In the maximum likelihood (ML) analysis, codon frequencies are assumed to be equal (Fequal), or calculated from nucleotide frequencies (F1 ×
4), nucleotide frequencies at codon positions (F3 × 4), or treated as free parameters (F61). NG: method of Nei and Gojobori (1986). Ina: method
of Ina (1995)
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only constraint that the sum is one; with the standard
genetic code, 61 − 14 60 free parameters are needed. A
less parameter-rich version uses different base frequen-
cies at the three codon positions (F3 × 4) to calculate the
expected codon frequencies, and needs 3 × (3 − 1)4 9
free parameters. If the differences in base frequency dis-
tribution at the three codon positions are ignored, the
four nucleotide frequencies (F1 × 4) can be used to cal-
culate the expected codon frequencies, with only three
free parameters needed. In all these models, the fre-
quency parameters are estimated using the observed
codon or base frequencies. The simplest case is to as-
sume equal frequency for each codon (Fequal). The
Fequal, F1 × 4, F3 × 4, and F61 models are nested and
can be compared using likelihood ratio tests. The results
(not shown) of such tests suggest that for each gene, the
simpler models are rejected in favor of their more com-
plex alternatives. Codon frequencies are unequal and
cannot be predicted from nucleotide frequencies. The
different models are used to examine their effects on
estimation ofdS anddN. In the following, the likelihood
analyses under different model assumptions are regarded
as different methods.

We first examine the performance of the NG method,
which is an approximate implementation of the Fequal
model without transition/transversion rate bias. The re-
sults obtained using the NG method are indeed very
similar to the likelihood results under that model (Fequal,
k 4 1) (Tables 3 and 4). The differences in estimates of
SandN between the two methods are due to the fact that

the expected codon frequencies (pj 4 1/61 for all j) are
used in the likelihood calculation, while the NG method
counts the number of sites (SandN) codon by codon and
effectively uses the observed codon frequencies. If the
same codon frequencies are used in both methods, the
two methods produce identical estimates ofSandN. For
all three genes examined, the estimates ofS by the like-
lihood analysis are approximately 7–8% greater than the
estimates by the NG method (Tables 3 and 4). The pro-
portion of synonymous sites in the gene is not as high as
expected under the assumption of equal codon frequen-
cies. Apparently, amino acids coded by four codons do
not occur twice as often as amino acids coded by two
codons (results not shown).

Compared with the likelihood estimates, the NG
method tends to underestimate the number of synony-
mous substitutions for the entire sequence (SdS) and
overestimate the number of nonsynonymous substitu-
tions (NdN). For example, for the primate–rodent com-
parison of the acetylcholine receptora gene, the esti-
mates ofSdS andNdN are 168.0 and 31.5, respectively,
by the NG method and 173.2 and 29.6 by likelihood
(Table 3), with 3–6% differences between methods. The
major reason for this difference appears to be the equal
weighting of substitution pathways used in the NG
method to count the numbers of differences between
codons differing at two or three positions. WhendN/dS <
1, pathways involving synonymous changes are more
likely than those involving nonsynonymous changes, and
equal weighting tends to underestimateSd and overesti-

Table 4. Estimation of the numbers of synonymous and nonsynonymous substitutions per site in pairwise comparison of the thrombomodulin
genes of primates, artiodactyls, and rodentsa

Model k S N dS dN dN/dS (v)

Primate–rodent
1 ML,Fequal 1 260.6 762.4 0.997 0.199 0.200
2 ML,Fequal 2.14 287.3 735.7 0.864 0.209 0.241
3 ML,F1 × 4 2.59 318.2 704.8 1.111 0.208 0.188
4 ML,F3 × 4 2.69 255.8 797.2 0.658 0.200 0.120
5 ML,F61 3.01 252.5 770.5 2.307 0.216 0.094
6 NG 239.4 783.6 0.976 0.211 0.216
7 Ina 4.19 298.5 724.5 0.741 0.232 0.313
Primate–artiodactyl
1 ML,Fequal 1 260.6 762.4 0.517 0.215 0.417
2 ML,Fequal 2.18 288.0 735.0 0.453 0.226 0.500
3 ML,F1 × 4 2.75 326.3 696.7 0.652 0.219 0.336
4 ML,F3 × 4 3.08 156.9 866.1 1.231 0.204 0.166
5 ML,F61 3.43 165.7 857.3 1.332 0.219 0.164
6 NG 243.3 779.7 0.511 0.219 0.428
7 Ina 3.82 297.8 725.2 0.411 0.238 0.580
Artiodactyl–rodent
1 ML,Fequal 1 260.6 762.4 1.098 0.217 0.198
2 ML,Fequal 2.16 287.6 735.4 0.942 0.228 0.242
3 ML,F1 × 4 2.59 318.0 705.0 1.211 0.229 0.189
4 ML,F3 × 4 2.71 231.9 791.1 1.938 0.221 0.114
5 ML,F61 3.12 256.5 766.5 2.697 0.242 0.090
6 NG 240.9 782.1 1.091 0.228 0.209
7 Ina 4.68 303.7 719.3 0.815 0.252 0.309

a See note to Table 3
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mateNd, as pointed out by Miyata and Yasunaga (1980)
and Li et al. (1985). Appropriate weighting of pathways
requires knowledge of thedN/dS ratio, which is being
estimated. In the above comparison, 14 out of 456
codons are different at two positions in the two genes.
This problem becomes more serious when more diver-
gent genes are compared. For example, in the compari-
son of the primate and rodent thrombomodulin genes, 54
out of 341 codons are different at two positions, and 12
codons are different at all three positions in the two
species. Estimates ofSdS andNdN between the two se-
quences are 233.7 and 165.3, respectively, by the NG
method and 259.8 and 151.7 by likelihood. The two
methods differ by about 10%. WhendN/dS > 1, use of
equal weighting is expected to overestimateSd and un-
derestimateNd.

Ina’s (1995) method is an improvement over the NG
method and accounts for the transition/transversion bias.
It is well known that ignoring the transition/transversion
bias causes underestimation of the number of synony-
mous sites (S), overestimation of the synonymous rate
(dS), and underestimation of thedN/dS ratio (Li 1993;
Pamilo and Bianchi 1993). This pattern is apparent when
estimates from the two methods are compared (Tables 3
and 4). Results obtained using Ina’s method are also very
similar to those obtained from the likelihood method
assuming equal codon frequencies, with the transition/
transversion rate bias estimated (Fequal). Estimates of
dN/dS by the two methods are the largest among all es-
timates (Tables 3 and 4). Like the NG method, Ina’s
method counts the numbers of differences between
codons using equal weights for synonymous and non-
synonymous substitutions and tends to overestimate the
numbers of nonsynonymous differences and substitu-
tions (Nd andNdN). For example, in the primate–rodent
comparison of the thrombomodulin genes, the estimates
of the total numbers of synonymous and nonsynonymous
substitutions (SdS andNdN) are 221.2 and 168.1, respec-
tively, by Ina’s method, while the likelihood estimates
are 248.2 and 153.8 (Table 4). The two methods are
about 10% different.

Ina’s method also uses the observed codon frequen-
cies to count the number of sites (S andN), and may be
expected to give smaller estimates ofS than the corre-
sponding likelihood model (Fequal, withk estimated).
This is not the case, however. The reason is that a biased
estimate ofk is used in Ina’s method. Ina (1995) used the
third codon positions to estimate the ‘‘mutational’’ tran-
sition/transversion rate ratio (k in Eq. 1), applying the
correction of Kimura (1980). The assumption is that mu-
tations at the third position are synonymous. However, as
noted by Ina, transitions at the third position are more
likely to be synonymous than transversions, and purify-
ing selection will have elevated the transition/trans-
version rate ratio at the third codon position. For ex-
ample, for the primate–rodent comparison of the acetyl-

choline receptora gene, the likelihood estimate ofk is
2.8, while the estimate obtained by Ina’s method is 6.1
(Table 3). The proportion of synonymous sites,S/(S+ N),
is very sensitive to the assumed value ofk, especially
when k is small (Fig. 3), and use of a largek leads to
overestimation ofS, underestimation ofdS, and overes-
timation of thedN/dS ratio. The effect of the overesti-
matedk is considerable in Ina’s method but is counter-
acted by the use of the observed codon frequencies, so
the differences shown in Tables 3 and 4 between Ina’s
method and the likelihood analysis are not so great. Ina’s
method has thus overcorrected the NG method by using
a biased estimate of the transition/transversion rate ratio.
This result seems to explain the perplexing results in
Ina’s (1995: Table 15) simulations—that Ina’s method
performed well with a high transition/transversion muta-
tion bias, that is, under the influenza virus and mitochon-
drial mutation schemes wherek was 3.9 or 5.6 but over-
estimated by Ina’s method as 6.4 or 7.8, and performed
more poorly with a low transition/transversion bias, that
is, under the nuclear pseudogene mutation scheme where
k was 1.2 but overestimated as 2.0. The reason appears to
be that theS/(S + N) ratio is much more sensitive tok
whenk is small than whenk is large (Fig. 3).

Another complexity of the approximate methods con-
cerns counting synonymous and nonsynonymous sites in
codons that can mutate into stop codons in one step. We
suggest that the correct approach is to disallow mutations
to stop codons and lose some sites (mutational poten-
tials) so thatS + N < 3Lc. For example, by a one-step
mutation at the third position, codon TGT (cytosine) can
change into TGC (cytosine), TGA (stop), or TGG (tryp-
tophan). Without transition/transversion bias (the under-

Fig. 3. The proportion of synonymous sites as a function of the
transition/transversion mutation rate ratio (k) when all 61 sense codons
in the standard genetic code are equally frequent. The method of Gold-
man and Yang (1994) is used. The method of Ina (1995) will give
exactly the same results if changes (mutations) to stop codons are
properly disallowed (see Discussions).
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lying model of the NG method), the third position of the
codon should be counted as one-third synonymous sites
and one-third nonsynonymous sites, with one-third sites
lost. Disallowing mutations to stop codons in this way
leads to approximately 4.2% loss of sites under the stan-
dard genetic code without transition/transversion bias.
Ina (1995: Table 1) counted the third position of TGT as
half synonymous sites and half nonsynonymous sites;
this effectively raises the mutation rate at that codon
position and is not justified. To calculate results in
Tables 3 and 4, we have scaledSandN so that they sum
to 3Lc for all methods except that of Ina;dS anddN are
thus underestimated by about 4.2% for these methods,
although thedN/dN ratios are correctly estimated.

Discussion

Comparisons of the likelihood estimates ofdS and dN

with those obtained from the approximate methods of
Nei and Gojobori (1986) and Ina (1995) suggest that the
NG method is more or less a reliable approximation to
the likelihood method assuming equal codon frequencies
and ignoring transition/transversion rate bias. Ina’s
(1995) method is a good approximation to the likelihood
method assuming equal codon frequencies and account-
ing for the transition/transversion rate bias. The same
comparisons, however, also highlight some problems of
the approximate methods, regarding both the counting of
sites (S and N) and the counting of differences (Sd and
Nd). The NG method ignores the transition/transversion
rate bias and underestimatesS,while Ina’s method uses
an overestimated transition/transversion rate ratio and
overestimatesS, and has thus overcorrected the NG
method. Ina (1995) discussed this problem in great detail
and indeed suggested an iterative algorithm to estimate
the transition/transversion rate ratio (method 2). Unfor-
tunately, method 2 did not perform consistently better
than method 1 in Ina’s extensive simulations. In counting
the numbers of differences (Sd and Nd), both methods
apply equal weights to pathways involving synonymous
and nonsynonymous changes and tend to overestimate
the number of nonsynonymous differences whendN/dS<
1. This problem exists when the level of sequence diver-
gence is not very low and some codons differ in the two
sequences at more than one codon position.

Furthermore, estimates ofdSanddN obtained from the
likelihood analysis under different model assumptions
may vary considerably (Tables 3 and 4). This unfortunate
result suggests that the estimation ofdS anddN by both
the likelihood methods and the approximate methods is
sensitive to assumptions about the transition/transversion
rate bias and codon frequency bias. We note that, based
on his simulation results, Ina (1995) also cautioned on
the use of the approximate methods in the presence of
extreme base or codon frequency biases. The codon fre-

quency bias usually has different effects from the tran-
sition/transversion rate bias, which leads to the ironic
result that the NG method gives estimates that are closer
to the likelihood results under more-realistic models
(such as F3 × 4 and F61) than does Ina’s method (Tables
3 and 4). While this is the case for all the pairwise com-
parisons of the three genes examined, the general pattern
concerning the reliability of the two methods remains
uncertain. In the absence of approximate methods that
can properly take into account factors such as the tran-
sition/transversion rate bias and codon frequency bias, it
is advisable to use the likelihood method, even for pair-
wise sequence comparison, as more realistic assumptions
can be easily implemented in the likelihood analysis. It
may also be argued that the likelihood approach to esti-
mating dS and dN is conceptually simpler than the ap-
proximate methods, as it does not involve the ad hoc
treatments of the approximate methods in counting the
numbers of differences. Correction for multiple hits is
also taken care of automatically by the maximum likeli-
hood methodology, anddS anddN are calculated directly
from their definitions. A disadvantage of the likelihood
method is its computational requirement, which is about
30 s for a pairwise comparison on a PowerMac 8500/
120, while calculation by the approximate methods is
completed almost instantaneously.

The dN/dS ratio is found to vary significantly among
lineages in 22 of the 48 gene loci examined. This result
provides strong evidence against a strictly neutral model
of molecular evolution, i.e., a model involving strictly
neutral and deleterious mutations only. Analyses similar
to Ohta (1995) using the dispersion index could be per-
formed with the estimated synonymous and nonsynony-
mous rates of Table 2. This is not pursued here as there
are only three lineages in the data, and calculation of the
variance of the numbers of substitutions among lineages
and the dispersion index may not be very reliable. Nev-
ertheless, we note that our results confirm the claim of
Ohta (1995) and Gillespie (1991) that a strictly neutral
model is not an adequate description of the evolutionary
processes of the genes examined. Despite inaccuracies of
the analytical procedures used by Gillespie and Ohta,
their major conclusions regarding the mechanisms of
molecular evolution appear to be justified.

Acknowledgments. We thank T. Ohta for sending the sequence data
analyzed in this paper, and W.-H. Li and Y. Ina for comments. This
study is supported by NIH grant GM40282 to Montgomery Slatkin and
a personal grant to R.N. from the Danish Research Council.

References

Cameron JM (1995) A method for estimating the numbers of synony-
mous and nonsynonymous substitutions per site. J Mol Evol 41:
1152–1159

Easteal S, Collet C (1994) Consistent variation in amino-acid substi-
tution rate, despite uniformity of mutation rate: protein evolution in
mammals is not neutral. Mol Biol Evol 11:643–647

417



Eyre-Walker A, Gaut BS (1997) Correlated rates of synonymous site
evolution across plant genomes. Mol Biol Evol 14:455–460

Gillespie JH (1987) Molecular evolution and the neutral allele theory.
Oxf Surv Evol Biol 4:10–37

Gillespie JH (1989) Lineage effects and the index of dispersion of
molecular evolution. Mol Biol Evol 6:636–647

Gillespie JH (1991) The causes of molecular evolution. Oxford Uni-
versity Press, Oxford

Goldman N (1994) Variance to mean ratio,R(t), for Poisson processes
on phylogenetic trees. Mol Phylogenet Evol 3:230–239

Goldman N, Yang Z (1994) A codon-based model of nucleotide sub-
stitution for protein-coding DNA sequences. Mol Biol Evol 11:
725–736

Grantham R (1974) Amino acid difference formula to help explain
protein evolution. Science 185:862–864

Ina Y (1995) Amino acid difference formula to help explain protein
evolution. Science 185:862–864

Ina Y (1995) New methods for estimating the numbers of synonymous
and nonsynonymous substitutions. J Mol Evol 40:190–226

Ina Y (1996) Patterns of synonymous and nonsynonymous substitu-
tions: an indicator of mechanisms of molecular evolution. J Genet
75:91–115

Kimura M (1968) Evolutionary rate at the molecular level. Nature
217:624–626

Kimura M (1980) A simple method for estimating evolutionary rates of
base substitutions through comparative studies of nucleotide se-
quences. J Mol Evol 16:111–120

Kimura M (1983) The neutral theory of molecular evolution. Cam-
bridge University Press, Cambridge

Li W-H (1993) Unbiased estimation of the rates of synonymous and
nonsynonymous substitution. J Mol Evol 36:96–99

Li W-H, Wu C-I, Luo C-C (1985) A new method for estimating syn-
onymous and nonsynonymous rates of nucleotide substitutions con-
sidering the relative likelihood of nucleotide and codon changes.
Mol Biol Evol 2:150–174

McDonald JH, Kreitman M (1991) Adaptive protein evolution at the
Adh locus inDrosophila.Nature 351:652–654

Miyata T, Yasunaga T (1980) Molecular evolution of mRNA: a method
for estimating evolutionary rates of synonymous and amino acid
substitutions from homologous nucleotide sequences and its appli-
cations. J Mol Evol 16:23–36

Muse SV, Gaut BS (1994) A likelihood approach for comparing syn-
onymous and nonsynonymous nucleotide substitution rates, with
application to chloroplast genome. Mol Biol Evol 11:715–724

Nei M, Gojobori T (1986) Simple methods for estimating the number
of synonymous and nonsynonymous nucleotide substitutions. Mol
Biol Evol 3:418–426

Nielsen R (1997) Robustness of the estimator of the index of dispersion
for DNA sequences. Mol Phylogenet Evol 7:346–351

Ohta T (1993) A examination of the generation-time effect on molecu-
lar evolution. Proc Natl Acad Sci USA 90:10676–10680

Ohta T (1995) Synonymous and nonsynonymous substitutions in mam-
malian genes and the nearly neutral theory. J Mol Evol 40:56–63

Pamilo P, Bianchi NO (1993) Evolution of the Zfx and Zfy genes—
rates and interdependence between the genes. Mol Biol Evol 10:
271–281

Yang Z (1997) Phylogenetic analysis by maximum likelihood (PAML),
version 1.3. University of California, Berkeley, California, USA

418


