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Abstract. A maximum likelihood approach was used realistic models about the mutation and substitution pro-
to estimate the synonymous and nonsynonymous substéesses can be incorporated in the analysis.

tution rates in 48 nuclear genes from primates, artiodac-

tyls, and rodents. A codon-substitution model was asKey words: Synonymous rates — Nonsynonymous

sumed, which accounts for the genetic code structurerates — Mammalian genes — Likelihood — Codon sub-
transition/transversion bias, and base frequency biases stitution — Transition/transversion rate bias — Neutral

codon positions. Likelihood ratio tests were applied totheory

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-EStimation of synonymous and nonsynonymous substi-

lecular evolution. Our likelihood estimates of synony- {ution rates is important in understanding the dynam-
mous and nonsynonymous rates differ considerably fronicS ©f molecular sequence evolution (Kimura 1983;
previous results obtained from approximate pairwise seCilléspie 1991; Ina 1996). As mutation and selection
guence comparisons. The differences between the me

Introduction

tfave different effects on synonymous and nonsynony-

ods are explored by detailed analyses of data from sey1'0US substitutions, comparison of synonymous and non-
eral genes. Transition/transversion rate bias and codofy"0Nymous rates in genes from different evolutionary
frequency biases are found to have significant effects of"€ages at different loci provides a powerful tool for

the estimation of synonymous and nonsynonymous rateél,nderstandmg _the mechanisms and driving forces of mo-
and approximate methods do not adequately account fdfcular evolution. For example, the neutral theory

those factors. The likelihood approach is preferable, evefKimura 1983) claims that both divergence between spe-
cies and diversity within species are caused by random

for pairwise sequence comparison, because more T i )
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
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Sglnéé‘usktephe”so” Way, London NW1 2HE, England; e-mail zyang@,onsynonymous/synonymous substitution rate ratio
** Present addressThe Museum of Comparative Zoology, 3rd floor, should b_e constant among dlf_ferent eVOIUtlonary lin-
Harvard University, 26 Oxford Street, Cambridge, MA 02138, USA €ages. Lineage effects of mutation rates should have the
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and not change the rate ratio. Variation of the nonsyn-Table 1. Definitions of major symbols used in the paper
onymous/synonymous rate ratios among lineages is thus ol Defini
considered evidence against neutrality (McDonald an@ymP° etiniion

Kreitman 1991; Gillespie 1991; Easteal and Collet 1994;S Number of synonymous sites in a sequence

Eyre-Walker and Gaut 1997). e o e
Gillespie (1987, 1989, 1991) and Ohta (1995) esti- quences

mated the index of dispersion for synonymous and nons, Number of nonsynonymous differences between two se-

synonymous substitutions in nuclear genes of mammals quences o _

to test the neutral theory. The index of dispersion is thejs E“mger 0; synonymous SUbSt”t‘)mt‘_’t”f_ per synonymous site

variance of the number of substitutions among lineages™ “r:] Oue; ;tenonsynonymous Substitufions per nonsynony-

divided by the mean. Under neutrality, the substitution, Transition/transversion (mutation) rate ratio

process should be approximately Poisson and the index Nonsynonymous/synonymous rate ratio, equal{éds

of dispersion should equal one. However, Gillespie's _under the model of Eq. 1

(1987, 1989) and Ohta’s (1995) estimates of the indei Time or bran_ch Iength,_ mgasured as the expected number

. . of (nucleotide) substitutions per codon
are much greater than one. To explain the discrepancy, Equilibrium frequency of codop
Gillespie (1991) suggested that nonsynonymous substi-, Number of codons in the sequence

tutions were driven by positive selection, resulting in
episodic evolution with bursts of substitutions, while
Ohta (1995) invoked the fixation of slightly deleterious straightforward to estimatels and dy, (Goldman and
mutations. However, the methods used by those authorgang 1994). Knowledge of the substitution process such
are crude, and it has been suggested that their high estis transition/transversion rate bias, codon frequency bi-
mates of the dispersion index may be artifacts of theases, and even amino acid differences can be easily in-
analytical methods used (Goldman 1994; Nielsen 1997)corporated into the model. Furthermore, the likelihood
It is not clear for how many of the examined genes theapproach is applicable to joint comparison of multiple
neutral model of evolution can be rejected in favor of sequences (Goldman and Yang 1994).
positive selection or selection on slightly deleterious mu- The aim of this study is to reanalyze Ohta’s (1995)
tations. data by a likelihood approach to examine the claim of
Although its importance is well recognized, estima- Gillespie and Ohta that amino acid replacements in the
tion of synonymous and nonsynonymous substitutionanalyzed genes are not neutral. Ohta (1995) used Ina’s
rates is not simple. Important concepts were developed i§1995) method for pairwise sequence comparison to es-
the 1980s for estimating the rates from a comparison ofimate the numbers of synonymous and nonsynonymous
two sequences (Miyata and Yasunaga 1980; Li et alsubstitutions among the primate, artiodactyl, and rodent
1985), and the early methods have been improved olineages in 49 nuclear genes. We reanalyze Ohta’s data
simplified by many authors (Nei and Gojobori 1986; Li using a likelihood model that accounts for differelidg
1993; Pamilo and Bianchi 1993; Cameron 1995). Thosdatios among different lineages and another model that
methods follow the same strategy. The numbers of Syng:onstrains thely /dsratio to be constant. The two models
onymous § and nonsynonymoushj sites in the se- ar€ compareq by a likelihood rz_itio_ test to examine the
quence and the numbers of synonymo8g @nd non- null hypothesis that thely/ds ratio is constant among

synonymousN,) differences between the two SequencesIineages. The analysis is performed independently for
each locus and may help to determine for how many and

are counted. Corrections for multiple substitutions are~<* : - )
then applied to calculate the numbers of synonymou§Vh'Ch of the examined genes neutrality can be rejected.

(d9 and nonsynonymousi() substitutions per site be- OUr estimates ofdt_?fe synonﬁmor’f a;nd nohnsyno?yorr;]ous
tween the two sequences (see Table 1 for definitions o ates turn out to dilter considerably irom those o ta

symbols). These methods assume equal base and cod 95). We therefore compare different methods for rate

frequencies and do not account properly for the transi€stimation to understand the observed differences.

tion/transversion rate bias in counting the numbers of

sites SandN) and differences, andNy). The method Data and Methods

recently proposed by Ina (1995) is a significant improve-

ment and accounts for t_he transnlon/tra_\nsversmn bias. %equence Datarhe aligned sequences of 49 nuclear genes from pri-
drawback of the approximate methods is that they cannghates, artiodactyls, and rodents analyzed by Ohta (1995) were used.

be used for simultaneous comparison of multiple se-The opsin gene alignment has many gaps, indicating that the alignment
quences. may not be reliable, and this gene is excluded. Data used in this study

The codon-based likelihood model suggested bynclude 48 genes from the three_orders of mammals, with a'total of
18,630 x 3= 55,890 nucleotide sites. The number of codons in each

GOIdm_an a_nd Yang (1994) provides a useful frameworlfgene used is shown in Table 2. Minor differences in sequence length
for estimating synonymous and nonsynonymous substitom ohta (1995: Table 3) are due to our removal of the initiation
tution rates. Under a model of codon substitution, it iScodons (ATG) and minor adjustments to Ohta’s alignments.
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Model of Codon SubstitutionWe use a simplified version of the prs= E mQ; 3)
codon substitution model developed by Goldman and Yang (1994). i+
Stop codons are not allowed in the sequence, and substitutions between aa=a3
sense codons are described by a continuous-time Markov process. The
instantaneous substitution rate from coddo j (i # j) is given by andp*y = 1 - p*g are the proportions of synonymous and nonsyn-
onymous substitutions, respectively. The summation in Eq. 3 is taken
over all codon pair$ andj (i # j) that code for the same amino acid,

0 if the two codons differ at more and aais the amino acid encoded by codonThe numbers of syn-
than one position onymous and nonsynonymous substitutions per codon arggheand
B TRy for synonymous transversion tp*\, respectively. The proportions of synonymous and nonsynony-
Qj KT for synonymous transition (1) mous sites are defined as the proportions of synonymous and nonsyn-
RO, for nonsynonymous transversion onymous potential mutations before natural selection at the amino acid
pokm  for nonsynonymous transition level has operated (Goldman and Yang 1994; Ina 1995). Denote them

asp’sandp?y (equivalent tp™g andp™y in Goldman and Yang 1994).
They can be calculated similarly to Eq. 3 but withset at 1 so that
synonymous and nonsynonymous substitutions occur at the same rate.
where parametek is the transition/transversion rate ratio,is the ~ As each codon has three sites (but see Discussions), the numbers of
nonsynonymous/synonymous rate ratio, afds the equilibrium fre- synonymous and nonsynonymous sites per codon @eahd 3r'y,
quency of codor. The diagonals of the matrix are determined by the respectively. The numbers of synonymous and nonsynonymous sub-
mathematical requirement that row sumsQ@f= {Q;} are zero. The  stitutions per site are theds = tp*s/3p's anddy = tp*\/3p'y, re-
scale factonu is chosen such that spectively. Note that under the model of Eq.dl/ds = .

Approximate Methods for Estimating Synonymous and Nonsynony-
EILITEDIED Q=1 ) mous RatesApproximate methods for estimating the numbers of syn-

: oA 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

Mikelihood analysis assuming different models. In fact, two methods
Goldman and Yang (1994) used the matrix of amino acid distance ! ys uming d '

f Granth 1974) t dif bstituti t ere proposed by Ina (1995). Method 1 estimates the transition/
of Grantham ( ) {o modily nonsynonymous Substitution rateSy . ,qersion rate ratiac] from data at the third codon positions, while
based on the expectation that amino acids with similar physicochemic

ies tond t | h oth ften than th ith dif ethod 2 uses a more-sophisticated iterative scheme to estimate
properties tend to replace each other more often than nose wi ™ohta (1995) used Ina’s method 1 and called it Ina’'s method, a practice

ferent properties (.g., Miyata and Yasuhaga 1980; Li et al. 1985)We have followed in this paper. Ina’s program (newl, available from
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 ratfResults
bias.
Calculation of the likelihood function under the codon-substitution
model was described by Goldman and Yang (1994) and Muse and Gaurest for Constancy of Nonsynonym0u5/8ynonym0us
(1994). The transition probability matrise(t) = €%, is calculated ; :
through diagonalization of the rate matf with a standard numerical Rate Ratios dN/dS) Among Lineages

algorithm used to calculate the eigenvalues and eigenvecto€3. of Maxi likelihood estimati ied out h
Numerical optimization algorithms are used to obtain maximum like- aximum likelinood estimation was carried out tor eac

lihood estimates of parameters. gene, under model A (Fig. 1), assuming the saiqélg
ratio (w) for all branches in the tree, and under model B
(Fig. 1), assuming different ratios for different branches.

Test for Constant Nonsynonymous/Synonymous Rate R&{isg)(  Under both models, the codon frequencieg (vere cal-

Among LineagesThe codon substitution model (Eq. 1) can be used to o 1110 sing the nucleotide frequencies at the three
construct various tests concerning the eVOlUuOnary process of protem-

coding DNA sequences. In this study, we fit a model assuming differ-COdon positions3 x (4 - 1) = 9 parameters are thus
ent nonsynonymous/synonymous rate ratigg/ds = o; see below)  used for the codon frequencies. The results are presented
among branches in the phylogenetic tree and another model that conn Table 2. Estimates ok under the two models are
strains thﬁ ratio to :Je i(fjeﬁti(;al. Thesle tw;) mo:els a(rje depicted in Figg|most identical for each gene and range from 2 to 5
1, using the example of the data analyzed in this study. Comparison o, . .
the two models constitutes a likelihood ratio test of the constancy of the‘gm]ong_genes with a mean 2.9. Estimates Qf: dN/dS)
dy/d, ratio among evolutionary lineages. 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
Estimation of Synonymous and Nonsynonymous Substition Rategynthase3 to 0.838 for interleukin 6, with Mean + S.E.
After maximum likelihood estimates of model parameters (sudhas tobe 0.17 + 0.03. On average, Synonymous substitutions
andw) are obtained, the numbers of synonymous and nonsynonymous .
substitutions per sitedg andd,) can be estimated as follows (Goldman C?CC“r _mUCh more often ,than n(_)nsynor!ymous_, substitu-
and Yang 1994). Since th® matrix is scaled such that the average tiONS, in concordance with earlier studies (Miyata and

number of nucleotide substitutions per codon is one, Yasunaga 1980; Li et al. 1985).

This scaling means that time and branch length (denttede mea-
sured by the expected number of (nucleotide) substitutions per codo

ftp.nig.ac.jp) is used in the calculation. The PAML package (Yang
1997) is used for Nei and Gojobori’'s method.
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Table 2. Maximum likelihood estimates of the numbers of synonymalsg énd nonsynonymously() substitutions per sife

d ds ds dy dy d

S N
Gene L. K ) (P) (A) (R) P) (A) (R) A€
Acetylcholine receptor 456 3.048 0.052 0.147 0.165 0.404 0.013 0.007 0.018 1.22
Acetylcholine receptof 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 P 311
Albumin 606 1.962 0.229 0.291 0.160 0.709 0.055 0.094 0.106 12.26

Alkaline phosphatase intes- 495 2.006 0.174 0.343 0.328 0.534 0.041 0.088 0.081 b3.49
tine

Alkaline phosphatase liver 523 2.499 0.074 0.259 0.340 0.650 0.025 0.025 0.041 0.84
Aspartate aminotransferase 412 2.489 0.095 0.147 0.230 0.380 0.016 0.026 0.028 0.84
cytosolic

Aspartate aminotransferase 429 2.827 0.063 0.158 0.233 0.362 0.013 0.023 0.011 4.01
mitochondrial

ATP synthasex 543 3.774 0.025 0.130 0.191 0.427 0.007 0.006 0.006 241
ATP synthased 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 €8.00
Glucose transporter 491 5.080 0.023 0.113 0.320 0.562 0.009 0.006 0.008 b 418
Growth hormone 189 4,172 0.126 0.738 0.333 0.465 0.168 0.032 0.029 b 3.67
Growth hormone receptor 636 2.997 0.398 0.053 0.164 0.344 0.059 0.030 0.133 °¢ 9.94
Hexokinas | 915 1.915 0.073 0.166 0.226 0.550 0.018 0.029 0.020 °14.99
IGF binding protein 1 258 2.605 0.195 0.307 0.460 0.667 0.109 0.082 0.084 b 3.14
IGF binding protein 3 287 3.463 0.122 0.046 0.755 0.612 0.044 0.055 0.061 ¢ 6.46
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 Ix 260 2.764 0.467 0.181 0.147 0.374 0.078 0.086 0.161 0.29
Interleukin 18 263 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 ©7.44
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 3.43
Lactate dehydrogenase A 331 2.576 0.066 0.115 0.136 0.581 0.020 0.017 0.015 © 09.08
Lactoferrin 662 2.572 0.313 0.168 0.407 0.481 0.068 0.131 0.127 1.17

Luteinizing hormone recep- 685 3.495 0.201 0.120 0.139 0.376 0.042 0.030 0.052 ©6.26
tor

Myelin proteolipid protein 148 2.059 0.083 0.033 0.077 0.117 0.009 0.009 0.000 b 3.93
Neuroleukin 557 1.944 0.083 0.287 0.197 0.460 0.017 0.018 0.045 1.14
Neurophysin | 162 4.666 0.072 0.296 0.258 0.989 0.023 0.025 0.060 0.34
Neurophysin Il 116 2.985 0.044 0.131 1.127 0.992 0.037 0.063 0.008 £3.33
Ornithine decarboxylase 460 2.544 0.091 0.257 0.222 0.311 0.016 0.018 0.038 1.69
Plasminogen activator inhibi- 386 3.149 0.125 0.234 0.329 0.692 0.033 0.041 0.083 0.08
tor
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 " 3.82
Thrombomodulin 341 2.990 0.143 0.414 0.567 1.337 0.092 0.112 0.108 ¢ 4.69
Transforming growth factor 315 2.903 0.061 0.304 0.336 0.684 0.014 0.016 0.054 1.02
B1

Transforming growth factor 413 3.052 0.033 0.115 0.179 0.408 0.003 0.001 0.019 3.14
B2

Transforming growth factor 408 3.597 0.068 0.111 0.259 0.362 0.002 0.041 0.009 12.17
B3

Transforming growth factor 843 2.943 0.162 0.133 0.386 0.421 0.038 0.052 0.060 3.70
B3 receptor

Urokinase-plasminogen acti- 403 2.108 0.356 0.196 0.208 0.354 0.078 0.066 0.125 0.18
vator
Mean 388 2.934 0.173 0.190 0.291 0.525 0.039 0.051 0.066 3.36

2L number of codons in the gene;transition/transversion rate ratio, estimated under model A (Fig); T)onsynonymous/synonymous rate ratio,
estimated under model A (Fig. 1g; anddy: numbers of synonymous and nonsynonymous substitutions per site, respectively, calculated for the
primate (P), artiodactyl (A), and rodent (R) branches of FigA4; log-likelihood difference between models A and B (Fig. 1)

b Significant at 5% levely® = 3.00

¢ Significant at 1% levely® = 4.61
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Primate Primate 20

5% 1%

Artiodactyl Rodent  Artiodactyl Rodent

(A) (B)

Fig. 1. The unrooted phylogenetic tree of primates, artiodactyls, and
rodents showing two evolutionary models. Tiseare branch lengths,
while @ (=dy/dg) is the nonsynonymous/synonymous rate ratioAIn
thedy/dsratio is constrained to be constant among branches (lineages)
in the tree. InB, the ratios are allowed to vary among branches, and a
differentw parameter is used for each branch.

Number of genes

T 1 1 1
8 10 12 14 186
Al

Estimated numbers of synonymougk)(and nonsyn-  Fig. 2. The frequency distribution, among 48 nuclear genes, of the
onymous ¢l) substitutions per site for the three branches!d-likelihood difference between modetsandB of Fig. 1. Thear-
in the tree of Fig. 1 are obtained under model B (Tablerowsde3|gnate the critical values at the 5% and 1% significance levels.
2). In growth hormone receptor and interleukins 6 and 7,
the estimatedi/dg ratios for the primate lineage are among lineages, that is, if model A is correch(2should
greater than one and are 1.11, 1.91, and 1.46, respefsllow a x2 distribution withd.f. = 2. By this likelihood
tively. These genes may be under positive Darwinianratio test, thedy/dg ratio is significantly variable among
selection (Ohta 1995). The averages of estimated;of lineages in 12 gene®( 5%) and is highly significantly
among genes are 0.190, 0.291, 0.525 for the primatesariable in ten other gene® & 1%). In sum, about half
artiodactyl, and rodent branches, respectively (Table 2)of the genes show significantly differewk,/dg ratios
these values are in the proportion 0.57:0.87:1.57, noamong lineages, and the results provide strong evidence
very different from the weighting factors calculated by for rejecting the strictly neutral model.
Ohta (1995: Table 2), that is, 0.61:0.82:1.58. The aver- The same analysis was performed using the 61 codon
ages of estimates afy among genes are 0.039, 0.051, frequencies as free parameters. This model gives signifi-
and 0.066 for the primate, artiodactyl, and rodentcantly better fit to data of every gene than using nucleo-
branches, respectively (Table 2); these are in the propotide frequencies at the codon positions, judged by’ a
tion 0.75:0.98:1.27, almost identical to the weighting critical value withd.f. = 60 — 9 = 51. However, the
factors calculated by Ohta, that is, 0.75:0.97:1.28. Thdikelihood difference between models A and B (Fig. 1)
synonymous rates are more variable among lineages thathanged very little with this change of assumptions about
the nonsynonymous rates, which conforms with the pre€odon frequencies, and the likelihood ratio test of con-
vious observation that the lineage effect is more pro-stancy ofd,/ds among lineages was found to be quite
nounced for synonymous substitutions than for nonsynfobust to this aspect of the model assumptions. We pre-
onymous substitutions (Gillespie 1991; Ohta 1993,sented results obtained from the simpler model because
1995). The ratios of the average synonymous and northe estimates are similar and because some genes are
synonymous ratesi(/do) are 0.21, 0.17, and 0.13 for the short and may not provide enough information to esti-
primate, artiodactyl, and rodent lineages, respectivelymate many parameters.
while the average of the ratio®) are 0.28, 0.22, and Although our general conclusions agree with those of
0.13, respectively. These estimates are in general agre®hta (1995), considerable differences exist between our
ment with the observation of Ohta (1993) that the pri-likelihood estimates of the synonymous substitution rates
mate lineage has, on average, reduced synonymous aiiflable 2) and the corresponding estimates of Ohta (1995:
nonsynonymous rates and appears to be under less sevdrable 3), who used Ina’s (1995) method. For example,
purifying selection, possibly due to reduced populationfor the first gene (acetylcholine recepta), our esti-
sizes. Nevertheless, the average patterns over genes anates ofdg are 0.147, 0.165, and 0.404 for the primate,
not very illuminating as substantial variation exists artiodactyl, and rodent lineages, respectively, while
among genes (Table 2). Ohta’s estimates are 0.161, 0.161, and 0.296 (misprinted

The difference of log-likelihood values under modelsas 0.116, 0.116, and 0.296). The nonsynonymous rate
A and B (Fig. 1),A¢, is calculated for each gene and estimates are much more similar, and are 0.013, 0.007,
listed in Table 2, and the distribution Aff among the 48 0.018 for the three branches, respectively, by our likeli-
genes is shown in Fig. 2. If thel /dratio (w) is constant  hood analysis, and are 0.014, 0.007, 0.019 by Ohta’s
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Table 3. Pairwise comparisons of the acetylcholine recept@enes of primates, artiodactyls and rod@nts

Model K S N d dy dy/ds (w)
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 x 4 2.89 407.2 963.8 0.436 0.031 0.071
4 ML,F3 x 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 x 4 3.33 413.8 957.2 0.253 0.019 0.077
4 ML,F3 x 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 244 3914 979.6 0.425 0.024 0.057
3 ML,F1 x 4 2.60 403.8 967.2 0.444 0.024 0.055
4 ML,F3 x 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 3214 1,049.6 0.520 0.024 0.046
7 Ina 5.28 402.7 968.3 0.404 0.026 0.064

21n the maximum likelihood (ML) analysis, codon frequencies are assumed to be equal (Fequal), or calculated from nucleotide frequencies (F
4), nucleotide frequencies at codon positions (F3 x 4), or treated as free parameters (F61). NG: method of Nei and Gojobori (1986). Ina: metl
of Ina (1995)

analysis. An extreme case is the thrombomodulin genedifferences between the methods are explored in the next

for which our likelihood estimates dodg for the three  section.

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-Estimation of Synonymous and Nonsynonymous

mates ofy, for the three branches are 0.092, 0.112, 0.1085ubstitution Rates

by the likelihood method (Table 2) and 0.112, 0.125,

0.125 by Ohta’s analysis. Generally, our likelihood esti-In order to understand the differences in estimatedsof

mates ofdg are greater than Ohta’s while our estimates ofanddy, between our likelihood analysis and Ina’s (1995)

dy are very similar to, but smaller than, Ohta’s. method, which Ohta (1995) used, we analyze several
The two analyses differ in many ways. One differencegenes (acetylcholine receptar lactate dehydrogenase

is that in the likelihood analysis, gene sequences from alf, and thrombomodulin) in more detail. The method of

three species are compared simultaneously, while Ina’dlei and Gojobori (1986) (NG) is also used for compari-

(1995) method calculates the numbers of synonymouson. The NG method and Ina’s method were designed for

and nonsynonymous substitutions per siteandd,) for ~ estimatingds andd, between two sequences. Therefore,

each pairwise comparison, which are then used to estwe also apply the likelihood method to the three pairwise

mate rates for branches. Let the pairwise distances beomparisons for each gene, varying assumptions about

dpa Opr Odar, Whered can be eitheds or dy. Ohta  the transition/transversion rate ratie)(and the codon

calculated the numbers of substitutions for the thredrequencies. The patterns obtained for different genes are

branches in the tree (Fig. 1) as similar, and results for two genes only (acetylcholine
receptora and thrombomodulin) are presented (Tables 3

dp = (dpp + dog — daRr)/2 and 4). Sequence divergence between the acetylcholine
da = (dpa + dag — dpR)/2 (4) receptora genes is lower than average, but the throm-

dr = (dprt dag — dpp)/2 bomodulin genes are very divergent among species and

also have higtd,/dg ratios (Table 2).
While this calculation may introduce some bias into the Several different models were assumed in the likeli-
estimates when thd, /dg ratios vary among lineages, it hood analysis concerning the codon frequency param-
does not seem to be the major reason for the differencesters r; in Eq. 1). The most parameter-rich version
between our likelihood estimates and Ohta’s results. Th¢F61) uses each codon frequency as a parameter, with the
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Table 4. Estimation of the numbers of synonymous and nonsynonymous substitutions per site in pairwise comparison of the thrombomodu
genes of primates, artiodactyls, and rod&nts

Model K S N d dy dy/ds (w)
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 x 4 2.59 318.2 704.8 1.111 0.208 0.188
4 ML,F3 x 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 x 4 2.75 326.3 696.7 0.652 0.219 0.336
4 ML,F3 x 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 x 4 2.59 318.0 705.0 1.211 0.229 0.189
4 ML,F3 x 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

2See note to Table 3

only constraint that the sum is one; with the standardhe expected codon frequencieg < 1/61 for allj) are
genetic code, 61 — ¥ 60 free parameters are needed. Aused in the likelihood calculation, while the NG method
less parameter-rich version uses different base frequercounts the number of siteS &ndN) codon by codon and
cies at the three codon positions (F3 x 4) to calculate theffectively uses the observed codon frequencies. If the
expected codon frequencies, and re8ck (3 -1)= 9  same codon frequencies are used in both methods, the
free parameters. If the differences in base frequency disswvo methods produce identical estimatess@ndN. For
tribution at the three codon positions are ignored, theall three genes examined, the estimateS b the like-
four nucleotide frequencies (F1 x 4) can be used to callihood analysis are approximately 7-8% greater than the
culate the expected codon frequencies, with only threestimates by the NG method (Tables 3 and 4). The pro-
free parameters needed. In all these models, the frgaortion of synonymous sites in the gene is not as high as
guency parameters are estimated using the observexkpected under the assumption of equal codon frequen-
codon or base frequencies. The simplest case is to asies. Apparently, amino acids coded by four codons do
sume equal frequency for each codon (Fequal). Theot occur twice as often as amino acids coded by two
Fequal, F1 x 4, F3 x 4, and F61 models are nested andodons (results not shown).
can be compared using likelihood ratio tests. The results Compared with the likelihood estimates, the NG
(not shown) of such tests suggest that for each gene, thmethod tends to underestimate the number of synony-
simpler models are rejected in favor of their more com-mous substitutions for the entire sequen&el) and
plex alternatives. Codon frequencies are unequal andverestimate the number of nonsynonymous substitu-
cannot be predicted from nucleotide frequencies. Thaions (Nd,). For example, for the primate—rodent com-
different models are used to examine their effects orparison of the acetylcholine receptargene, the esti-
estimation ofdg andd,. In the following, the likelihood mates ofSd; and Ndy are 168.0 and 31.5, respectively,
analyses under different model assumptions are regarddry the NG method and 173.2 and 29.6 by likelihood
as different methods. (Table 3), with 3-6% differences between methods. The
We first examine the performance of the NG method,major reason for this difference appears to be the equal
which is an approximate implementation of the Fequalweighting of substitution pathways used in the NG
model without transition/transversion rate bias. The reimethod to count the numbers of differences between
sults obtained using the NG method are indeed veryodons differing at two or three positions. Whay/dg <
similar to the likelihood results under that model (Fequal,1, pathways involving synonymous changes are more
k = 1) (Tables 3 and 4). The differences in estimates ofikely than those involving nonsynonymous changes, and
SandN between the two methods are due to the fact thaequal weighting tends to underestim&geand overesti-
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mateNy, as pointed out by Miyata and Yasunaga (1980) 0.34
and Li et al. (1985). Appropriate weighting of pathways
requires knowledge of thdy/dg ratio, which is being 0.32+
estimated. In the above comparison, 14 out of 45€
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 compar 5 0.287
son of the primate and rodent thrombomodulin genes, 51\30 26
out of 341 codons are different at two positions, and 12~ |
codons are different at all three positions in the two
species. Estimates &d; and Ndy, between the two se- ]
quences are 233.7 and 165.3, respectively, by the NC  ,, |
method and 259.8 and 151.7 by likelihood. The two

0.3

0.24

methods differ by about 10%. Whef,/ds > 1, use of 0.2 +-———"r——————
equal weighting is expected to overestim&gand un- ] 5 10 15 20
derestimateNy. Transition/transversion rate ratio (k)

Ina’s (1995) method is an improvement over the NGF. . . .

" . . Fig. 3. The proportion of synonymous sites as a function of the
method and accounts for the transition/transversion blastl'ansition/transversion mutation rate ratig (vhen all 61 sense codons
It is well known that ignoring the transition/transversion in the standard genetic code are equally frequent. The method of Gold-
bias causes underestimation of the number of synonyman and Yang (1994) is used. The method of Ina (1995) will give
mous sites §), overestimation of the synonymous rate exactly thg same results if chaqges (mutations) to stop codons are
(dg), and underestimation of théy/dg ratio (Li 1993; properly disallowed (see Discussions).
Pamilo and Bianchi 1993). This pattern is apparent when
estimates from the two methods are compared (Tables
and 4). Results obtained using Ina’s method are also ver
similar to those obtained from the likelihood method
assuming equal chon freguenues, with the transVuon very sensitive to the assumed valuexgfespecially
transversion rate bias estimated (Fequal). Estimates

h " he | I henk is small (Fig. 3), and use of a largeleads to
dy/ds by the two methods are the largest among all €S, e restimation ofs, underestimation ofis and overes-

timates (Tables 3 and 4). Like the NG method, Ina'Smation of thedy/ds ratio. The effect of the overesti-
method counts the numbers of differences between,ataqy is considerable in Ina’s method but is counter-
codons using equal weights for synonymous and nonacteq py the use of the observed codon frequencies, so
synonymous substitutions and tends to overestimate th@,q gifferences shown in Tables 3 and 4 between Ina’s
numbers of nonsynonymous differences and substitumethod and the likelihood analysis are not so great. Ina’s
tions (Ny andNdy). For example, in the primate—rodent method has thus overcorrected the NG method by using
comparison of the thrombomodulin genes, the estimateg pjased estimate of the transition/transversion rate ratio.
of the total numbers of synonymous and nonsynonymoushis result seems to explain the perplexing results in
substitutions $ds andNdy) are 221.2 and 168.1, respec- |na’s (1995: Table 15) simulations—that Ina’s method
tively, by Ina’s method, while the likelihood estimates performed well with a high transition/transversion muta-
are 248.2 and 153.8 (Table 4). The two methods argion bias, that is, under the influenza virus and mitochon-
about 10% different. drial mutation schemes whekewas 3.9 or 5.6 but over-
Ina’s method also uses the observed codon frequerestimated by Ina’s method as 6.4 or 7.8, and performed
cies to count the number of siteS4ndN), and may be more poorly with a low transition/transversion bias, that
expected to give smaller estimates ®than the corre- s, under the nuclear pseudogene mutation scheme where
sponding likelihood model (Fequal, witk estimated). « was 1.2 but overestimated as 2.0. The reason appears to
This is not the case, however. The reason is that a biasdek that theS{S + N) ratio is much more sensitive to
estimate ok is used in Ina’s method. Ina (1995) used thewhenk is small than wher is large (Fig. 3).
third codon positions to estimate the “mutational” tran-  Another complexity of the approximate methods con-
sition/transversion rate rati (in Eq. 1), applying the cerns counting synonymous and nonsynonymous sites in
correction of Kimura (1980). The assumption is that mu-codons that can mutate into stop codons in one step. We
tations at the third position are synonymous. However, asuggest that the correct approach is to disallow mutations
noted by Ina, transitions at the third position are moreto stop codons and lose some sites (mutational poten-
likely to be synonymous than transversions, and purify-tials) so thatS + N < 3L.. For example, by a one-step
ing selection will have elevated the transition/trans-mutation at the third position, codon TGT (cytosine) can
version rate ratio at the third codon position. For ex-change into TGC (cytosine), TGA (stop), or TGG (tryp-
ample, for the primate—rodent comparison of the acetyltophan). Without transition/transversion bias (the under-

gholine receptorx gene, the likelihood estimate @fis
%.8, while the estimate obtained by Ina’'s method is 6.1
Table 3). The proportion of synonymous sit8§S+ N),
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lying model of the NG method), the third position of the quency bias usually has different effects from the tran-
codon should be counted as one-third synonymous sitesition/transversion rate bias, which leads to the ironic
and one-third nonsynonymous sites, with one-third sitegesult that the NG method gives estimates that are closer
lost. Disallowing mutations to stop codons in this wayto the likelihood results under more-realistic models
leads to approximately 4.2% loss of sites under the stan{such as B x 4 and F61) than does Ina’s method (Tables
dard genetic code without transition/transversion bias3 and 4). While this is the case for all the pairwise com-
Ina (1995: Table 1) counted the third position of TGT asparisons of the three genes examined, the general pattern
half synonymous sites and half nonsynonymous sites¢concerning the reliability of the two methods remains
this effectively raises the mutation rate at that codonuncertain. In the absence of approximate methods that
position and is not justified. To calculate results in can properly take into account factors such as the tran-
Tables 3 and 4, we have scal®a@andN so that they sum sition/transversion rate bias and codon frequency bias, it
to 3L, for all methods except that of Inag andd, are is advisable to use the likelihood method, even for pair-
thus underestimated by about 4.2% for these methodsyise sequence comparison, as more realistic assumptions
although thed,/dy ratios are correctly estimated. can be easily implemented in the likelihood analysis. It
may also be argued that the likelihood approach to esti-
mating ds and dy, 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
Comparisons of the likelihood estimates @f anddy,  also taken care of automatically by the maximum likeli-
with those obtained from the approximate methods othood methodology, ands andd,, are calculated directly
Nei and Gojobori (1986) and Ina (1995) suggest that thérom their definitions. A disadvantage of the likelihood
NG method is more or less a reliable approximation tomethod is its computational requirement, which is about
the likelihood method assuming equal codon frequencieS0 s for a pairwise comparison on a PowerMac 8500/
and ignoring transition/transversion rate bias. Ina’s120, while calculation by the approximate methods is
(1995) method is a good approximation to the likelihoodcompleted almost instantaneously.
method assuming equal codon frequencies and account- The d,/dg ratio is found to vary significantly among
ing for the transition/transversion rate bias. The samdineages in 22 of the 48 gene loci examined. This result
comparisons, however, also highlight some problems oprovides strong evidence against a strictly neutral model
the approximate methods, regarding both the counting obf molecular evolution, i.e., a model involving strictly
sites §andN) and the counting of difference§{and  neutral and deleterious mutations only. Analyses similar
Ng)- The NG method ignores the transition/transversionto Ohta (1995) using the dispersion index could be per-
rate bias and underestimat®swhile Ina’s method uses formed with the estimated synonymous and nonsynony-
an overestimated transition/transversion rate ratio anehous rates of Table 2. This is not pursued here as there
overestimatesS, and has thus overcorrected the NG are only three lineages in the data, and calculation of the
method. Ina (1995) discussed this problem in great detaNariance of the numbers of substitutions among lineages
and indeed suggested an iterative algorithm to estimatand the dispersion index may not be very reliable. Nev-
the transition/transversion rate ratio (method 2). Unfor-ertheless, we note that our results confirm the claim of
tunately, method 2 did not perform consistently betterOhta (1995) and Gillespie (1991) that a strictly neutral
than method 1 in Ina’s extensive simulations. In countingmodel is not an adequate description of the evolutionary
the numbers of differences§{ and Ny), both methods processes of the genes examined. Despite inaccuracies of
apply equal weights to pathways involving synonymousthe analytical procedures used by Gillespie and Ohta,
and nonsynonymous changes and tend to overestimatheir major conclusions regarding the mechanisms of
the number of nonsynonymous differences whgfdg < molecular evolution appear to be justified.
1. This problem exists when the level of sequence diver-
gence is not very low and some codons differ in the twoAcknowledgments. We thank T. Ohta for sending the sequence data
sequences at more than one codon position. analyzed in this paper, and W.-H. Li and Y. Ina for comments. This
Furthermore, estimates d§ andd,, obtained from the study is supported by NIH grant GM40282 to Montgomery SIatkm and
Lo . - . a personal grant to R.N. from the Danish Research Council.
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