
A Likelihood Approach for Comparing Synonymous and Nonsynonymous 

Nucleotide Substitution Rates, with Application to the Chloroplast Genome 

Spencer V. Muse’ and Brandon S. Gaut 
Program in Statistical Genetics, Department of Statistics, North Carolina State University 

A model of DNA sequence evolution applicable to coding regions is presented. This represents the first evolutionary 

model that accounts for dependencies among nucleotides within a codon. The model uses the codon, as opposed 

to the nucleotide, as the unit of evolution, and is parameterized in terms of synonymous and nonsynonymous 

nucleotide substitution rates. One of the model’s advantages over those used in methods for estimating synonymous 

and nonsynonymous substitution rates is that it completely corrects for multiple hits at a codon, rather than taking 

a parsimony approach and considering only pathways of minimum change between homologous codons. Likelihood- 

ratio versions of the relative-rate test are constructed and applied to data from the complete chloroplast DNA 

sequences of Oryza sativa, Nicotiana tabacum, and Marchantia polymorpha. Results of these tests confirm previous 

findings that substitution rates in the chloroplast genome are subject to both lineage-specific and locus-specific 

effects. Additionally, the new tests suggest that the rate heterogeneity is due primarily to differences in nonsynonymous 

substitution rates. Simulations help confirm previous suggestions that silent sites are saturated, leaving no evidence 

of heterogeneity in synonymous substitution rates. 

Introduction 

An understanding of nucleotide substitution rates 

is of fundamental importance in the field of molecular 

evolution, and a great deal of progress has been made 

in this area. Partitioning the total substitution rate into 

synonymous and nonsynonymous components is one 

of the primary objectives of evolutionary studies in- 

volving coding regions. Unfortunately, estimation of 

these parameters is not straightforward. Several useful 

methods have been presented, but all of them rely on a 

conceptual framework that is not appropriate in some 

cases. The goal of this work is to present a generally 

applicable model of DNA coding-sequence evolution 

that is parameterized in terms of synonymous and non- 

synonymous nucleotide substitution rates and to dem- 

onstrate some of its potential applications. New likeli- 

hood methods for performing relative-rate tests are 

developed, and these tests are applied to data from the 

complete chloroplast DNA (cpDNA) sequences of three 

highly diverged plant species. It is shown that these tests 
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allow a more precise description of the substitution pro- 

cess than did previous methods. 

Methods 

Existing Methods 

Existing methods for performing relative-rate tests 

on synonymous and nonsynonymous substitution rates 

are based on methods for estimating these parameters. 

Several such methods exist. Miyata and Yasunaga 

(1980), Perler et al. (1980), and Li et al. (19853) each 

proposed methods that, to varying degrees, take into 

consideration the dependencies between nucleotides 

within a codon and the lack of symmetry in the genetic 

code. Both Li et al. ( 1985a) and Nei and Gojobori 

( 1986) review this literature, and in the latter a simplified 

version of the method of Miyata and Yasunaga ( 1980) 

is proposed as a satisfactory alternative. 

The procedures mentioned above rest on classifying 

sites into “degeneracy classes.” At fourfold-degenerate 

sites no substitutions cause amino acid substitutions. 

That is, any one of the four nucleotides may occupy 

these positions without altering the encoded amino acid. 

The third positions of 32 of the 6 1 nontermination co- 

dons fall into this class. At twofold-degenerate sites (with 

minor exceptions) transitions are synonymous, while 

transversions are nonsynonymous. There are 24 third- 

position sites and 8 first-position sites in this category. 

All changes at nondegenerate sites lead to amino acid 
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FIG. 1 .-Degeneracy of the genetic code. Nondegenerate sites are 

shown in uppercase, twofold-degenerate sites are in small caps, three- 

fold-degenerate sites are in italics, and fourfold-degenerate sites are in 

lowercase. 

replacements. The second positions of all 61 nonter- 

mination codons, as well as the first positions of 53 co- 

dons, belong to this class. The third positions of the me- 

thionine and tryptophan codons are also nondegenerate, 

and the third positions of the three isoleucine codons 

are actually threefold degenerate. Figure 1 displays the 

degeneracy classes for all 64 codons. 

The existing methods proceed by first inferring the 

changes separating two homologous codons. All use a 

parsimony approach and choose pathways requiring the 

minimal number of nucleotide substitutions (although 

multiple-hit corrections are performed). With regard to 

estimating evolutionary trees, it has been shown that 

parsimony may be positively misleading in cases where 

evolutionary rates differ between lineages (Cavender 

1978; Felsenstein 1978; Hendy and Penny 1989). The 

assignment of substitutions to degeneracy classes by 

considering only minimum-length pathways might be 

expected to suffer under the same conditions (large or 

unequal branch lengths) as does parsimony. If two co- 

dons differ by only a single site, there is a unique minimal 

pathway. When two or three sites differ, there are several 

minimal pathways, and each possibility must be 

weighted. Li et al. ( 1985b) suggest a method for weight- 

ing the pathways separating homologous codons that 

uses empirical data on the relative frequencies of codon 

substitutions. Miyata and Yasunaga ( 1980) suggest a 

weighting strategy based on physicochemical differences 

between amino acids. Perler et al. ( 1980) make no such 

corrections and treat all pathways as equally likely. It 

should be noted that all three methods will provide ad- 

equate and nearly equal estimates when substitution 

rates are low (Nei and Gojobori 1986). However, since 

none of the methods properly account for the possibility 

that a site’s degeneracy class may have changed over 

time, and since none completely account for multiple 

substitutions at nucleotide sites, there is a need for an 

approach that fills these gaps. Such a method would be 

applicable to sequences of all levels of divergence. 

Likelihood Estimation for Phylogenetic Trees 

The new procedures suggested in this work rely 

heavily on the framework of Felsenstein ( 198 1 ), who 

presented the first general and computationally effective 

method for estimating phylogenetic trees using the prin- 

ciple of maximum likelihood. His method will be 

illustrated with an example using four species. Figure 2 

shows 1 of the 15 rooted trees for four species. Felsenstein 

assumed that nucleotide sites evolve independently, both 

of neighboring sites and of the homologous sites in other 

species, so that the overall likelihood is simply the prod- 

uct of individual site likelihoods. Let the four nucleotides 

A, C, G, and T be represented as 1, 2, 3 and 4, respec- 

tively, and let si be the nucleotide present in species i. 

The site will be indicated by context in order to simplify 

notation. Also, let Q (k = 1, 2, 3, 4) denote the fre- 

quencies of the four nucleotides in a hypothetical “re- 

placement pool.” (The frequencies in this pool may differ 

because of properties of the region being analyzed. For 

instance, some genes have very high frequencies of G 

and C as compared with A and T. The Q are usually 

taken to be the frequencies observed in the data.) The 

likelihood at site 1 of the tree in figure 2 can be writ- 

ten as 

and the total likelihood as 

I 2 3 

FIG. 2.-Rooted tree for four species 
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(2) 

where Pij( t) is the probability that a site initially with 

nucleotide i will be occupied by nucleotidej after a period 

of length t . Pij( t) will depend on the model of evolution 

chosen, as will the units oft . These details are important 

but are not needed at the moment, so discussion is post- 

poned until later. Felsenstein ( 198 1) provided several 

computational shortcuts, the most important (for our 

purposes) being the “pulley principle,” which states that 

for Pij( t) arising from a time-reversible Markov process, 

there is no information as to the proper location of the 

root of the tree. In other words, likelihood calculations 

may be applied to unrooted trees, reducing the number 

of branches in the tree by one. 

The computationally demanding part of this esti- 

mation method (for a known phylogeny) is maximizing 

the likelihood from equations ( 1) and (2) across all pa- 

rameters. The number of parameters will depend on the 

substitution model chosen. For instance, there will be 

one parameter per branch for the model of Jukes and 

Cantor ( 1969) and two parameters per branch for the 

model of Kimura ( 1980). Any standard numerical op- 

timization procedure can be used to find the maximum- 

likelihood estimates of these parameters. 

Probabilistic Model for Codon Evolution 

A likelihood approach for estimating nucleotide 

substitution rates is attractive, since it would avoid some 

of the problems mentioned previously. Development of 

a likelihood method requires that a model of sequence 

evolution be formulated. Note that the description of 

Felsenstein’s likelihood-estimation procedure made no 

references to any particular model. Indeed, one of the 

procedure’s strengths is that it can be used with many 

different evolutionary models. In previous work on rel- 

ative-rate tests (Muse and Weir 1992)) it was straight- 

forward to use well-studied models of sequence evolution 

to form likelihood functions. This is not the case when 

substitution rates are divided into synonymous and 

nonsynonymous components. Simple models that treat 

nucleotide sites independently are inadequate because 

of codon structure, and this eliminates the bulk of pub- 

lished models. Methods have been suggested to model 

transition probabilities between amino acids ( Adachi 

and Hasegawa 1992) and to provide empirical transition 

models for amino acids (Dayhoff et al. 1978), but these 

do not allow for estimation of synonymous substitution 

rates. Empirical data have also been collected to examine 

the relative frequencies of codon changes (Miyata and 

Yasunaga 1980; Li et al. 1985 b), but inference may be 

limited to the evolutionary rates and degrees of diver- 

gence possessed by the genes and species found in the 

samples. Given that there is tremendous variation of 

substitution rates among genes (e.g., see Wu and Li 

1985) and among lineages (e.g., see Gaut et al. 1992), 

it does not seem wise to use empirical data for these 

types of studies. It seems more appropriate to estimate 

the substitution rates for each set of data, rather than to 

assume that they are similar to rates from other studies. 

Since no appropriate models for codon evolution 

exist in the literature, a new one must be formulated. 

The model is similar in form to those of Hasegawa et 

al. ( 1985) and Adachi and Hasegawa ( 1992) for the 

evolution of nucleotide and amino acid sequences. De- 

fine PO( a, p, dt) to be the probability of changing from 

codon i to codon j in a small amount of time dt. Num- 

bering of the codons may be done in any convenient 

fashion. The parameters a and p determine the synon- 

ymous and nonsynonymous substitution rates, respec- 

tively. If we assume that in time dt only one nucleotide 

substitution event can occur in any particular codon, 

we can define the substitution process among the 61 

nontermination codons as follows: 

&j( a, P, dt) 

an,, dt 

I 
synonymous 

= p,,,dt nonsynonymous , 

0 multiple substitutions needed 

where 7cIc, is defined to be the equilibrium frequency of 

the “target nucleotide.” (In practice, these values are 

taken to be the base frequencies observed in the data.) 

For example, the instantaneous probability of an AGG 

codon being substituted by an AGA codon would be 

a’TcAdt: the replacement of the G by an A results in no 

amino acid substitution, since both codons encode ar- 

ginine. On the other hand, the instantaneous probability 

of an AGG codon being replaced by a CGA is zero. 

Even though the replacement is synonymous, it requires 

two nucleotide substitutions. Note that the model does 

not eliminate the possibility of such replacements; it 

simply requires that they occur through a series of steps, 

rather than in a single step. Termination codons are ex- 

cluded from the model, since their occurrence would 

result in considerable terminal length variation in the 

functional proteins, a phenomenon that is easily detected 

when present. 

A more realistic model would use the frequency of 

the target codon, or of the target amino acid, rather than 

that of the target nucleotide. The latter is incorporated 

here as a matter of convenience, since it greatly reduces 

the number of parameters that must be estimated. For 

most genes, there are currently insufficient data to de- 
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termine the frequencies of amino acids or codons with 

any degree of confidence. Each codon position seems to 

have its own distribution of amino acids, depending on 

its function. For instance, in membrane-spanning pro- 

teins it is of importance for some amino acids to be 

hydrophobic and for others to be hydrophilic. These two 

classes of sites would have very different codon distri- 

butions. Add to this the issue of codon-usage bias, the 

phenomenon of one codon being selectively favored over 

other codons encoding the same amino acid, and it is 

obvious that an accurate description of codon frequen- 

cies is very difficult. 

Transition Probabilities 

The maximum-likelihood method for estimating 

branch lengths in a phylogenetic tree requires calculation 

of transition probabilities for a given period of time, not 

just instantaneous probabilities. If we form a matrix, A, 

of instantaneous probabilities, Pi< a, p, dt) , the transition 

probabilities for time t are given by eAt (Karlin and Tay- 

lor 1975). In previous studies of nucleotide sequences, 

explicit formulas for such probabilities were obtained; 

however, in this case the A matrix is 6 1 X 6 1, and there 

is a significant lack of symmetry (e.g., not all first and 

third positions are synonymous sites), so convenient 

expressions seem difficult, if not impossible, to find. The 

asymptotic frequencies, however, can be computed. 

Straightforward, but tedious, application of standard 

techniques shows that the asymptotic frequency of the 

codon consisting of nucleotides i, j, and k is ninjnk/ 

( 1 - &op), where btop = 7C~‘Tt~ltc + ~CT~T&ITA + 7tT7C~7t.4. 

Recall that these quantities are needed for likelihood 

calculations. The transition probabilities for finite 

amounts of time are approximated by using the series 

expansion of eAt: 

P(t) =  eAt = I + At + (At)2/2! 
(3) 

+ (At)3/3! + . . . . 

Although it is certainly true that more sophisticated 

methods exist for evaluating eAt (Moler and Van Loan 

1978 ) , the first 10 terms of this series seem to provide 

adequate approximations, providing nearly identical re- 

sults in a shorter amount of time. Application of sparse 

matrix multiplication techniques (Press et al. 1992) tre- 

mendously decreases the computational burden of this 

expansion, since approximately 85% of the entries in A 

are zero. Once P has been approximated, we can evaluate 

the probability of the observed data given values of a, 

p, and t, and we can estimate parameters by using max- 

imum likelihood. Only the products of substitution rates 

and time, at and f3t, are estimable. 

Parameter Interpretation 

A difficulty with this model, as well as with any 

model describing the evolution of coding sequences, is 

the interpretation of the parameters. This was alluded 

to by Muse and Weir ( 1992). The parameterizations 

prevalent in the literature deal with expected numbers 

of synonymous and nonsynonymous substitutions per 

nucleotide site. (Even in the simpler case of independent 

nucleotide substitution, the expected number of substi- 

tutions at a site depends on the unknown ancestral base, 

unless base frequencies are equal.) The parameterization 

used here does not easily allow such an interpretation. 

It can be argued that using expected numbers of substi- 

tutions per site is not all that meaningful. This is because 

of the lack of symmetry in the genetic code. The expected 

number of substitutions per site is not the same across 

sites, even when each site obeys the same evolutionary 

model. At a given point in time a site is either nonde- 

generate or two-, three-, or fourfold degenerate. Thus, 

some sites are more easily changed than others, and this 

is addressed by Li et al. ( 1985b). Even within a degen- 

eracy class some positions are expected to undergo more 

substitutions over time than others, because of the nature 

of the genetic code. For instance, both the A in the ATG 

methionine codon and the A in the TAC tyrosine codon 

occupy nondegenerate sites. However, the first site in 

the methionine codon is only a single substitution away 

from becoming twofold degenerate. Substitution of the 

adenine base by either thymine or cytosine accomplishes 

this. The second position of the tyrosine codon will al- 

ways remain nondegenerate. Even though the two nu- 

cleotides are currently in the same degeneracy class, one 

would expect more substitutions to occur at the first site 

of the methionine codon than at the second position of 

the tyrosine codon. Similar situations arise for fourfold- 

degenerate and nondegenerate sites. Another difficulty 

is that all nonsynonymous substitutions do not occur 

with equal probabilities. As an example, a change from 

Leu to Ile is much more probable than a change from 

Leu to Pro. This points out the fact that the “rate of 

nonsynonymous nucleotide substitution” is not a well- 

defined parameter. 

Because the degeneracy class of a given site changes 

in a random fashion over time, measures such as the 

number of silent substitutions per silent site often may 

lose some of their meaning, particularly for long lineages 

when sites have been able to undergo one or more 

changes in degeneracy class. For this reason it seems 

best to consider the estimated parameters as simply the 

products of instantaneous substitution rates and time. 

This interpretation still lends itself easily to comparisons 

of substitution rates and of branch lengths, although it 

does not convey as strong a notion as to how many 
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events of each type (silent and replacement) have ac- 

tually occurred or are expected in a lineage. 

Standard mathematical approaches provide the 

form of the expected number of substitutions per site 

(averaged over all 6 1 codons), but the expression is 

complex and provides little intuitive value. To facilitate 

comparisons with other models and to demonstrate the 

difficulties mentioned above, it is desirable to give at 

least an approximation of the expected number of sub- 

stitutions per site. Assume that the equilibrium proba- 

bilities of the four nucleotides are each ‘14. If we choose 

a codon at random, of the nine possible single-nucleotide 

substitutions, an average of 2.197 are synonymous and 

6.426 are nonsynonymous. To demonstrate this calcu- 

lation, consider the ACT threonine codon. There are 

nine potential substitutions, three at each position. Of 

these, only the three third-site substitutions are synon- 

ymous; the remaining six are nonsynonymous. The 

numbers 2.197 and 6.426 were obtained by averaging 

the number of synonymous and nonsynonymous 

changes over all 61 codons. The numbers do not sum 

to nine because 23 substitution events lead to termina- 

tion codons and are excluded from the count. That is, 

not all codons offer nine possible substitutions. The ex- 

pected number of substitutions per codon after t units 

of time, Et(s) can be found as 

El(s) = (9’4) j-’ (2.197a+6.426P)dtf (4) 
0 

so we can consider the expected number of substitutions 

at a particular codon to be approximately 

(2.197at+6.426Pt)/4 . (5) 

It is important to notice the number of assumptions and 

approximations required to arrive at this expression. The 

true expectation is a function of at and Pt, but, as men- 

tioned above, the expression is complex. Evaluation of 

the expected number of substitutions per site is, however, 

straightforward when a computer is used. This suggests 

that the evolutionary model may be of some use in com- 

puting evolutionary distances. 

Parameter Estimation 

The difficult part of this exercise is the implemen- 

tation. Since we must approximate the transition prob- 

abilities (which is quite slow because of the size of the 

matrices), and since we lack expressions for partial de- 

rivatives (although they could also be evaluated nu- 

merically ) , the maximum-likelihood estimation routine 

is doomed to be slow. Initially, a simulated annealing 

approach was implemented. This approach worked well 

but was very slow because of the large number of func- 

tion evaluations needed, each of which requires com- 

putation of eAt for either one or two values of A. Graphic 

analysis of the likelihood surface for several data sets 

suggested that no local maxima exist. In light of this 

evidence, parameters were maximized individually by 

bracketing the maximum and then using a modified bi- 

section method with parabolic interpolation (Press et 

al. 1992). This process was applied repeatedly to each 

parameter in turn until the likelihood converged. The 

method seems to work quite well, finding the same es- 

timates as the more robust simulated annealing method, 

in a fraction of the time. 

Relative-Rate Tests 

An important application for which this framework 

is useful is the comparison of substitution rates between 

lineages. Suppose that sequence data are available for 

three species, A, B, and 0, where 0 is known from pre- 

vious information to be an outgroup. The new model 

allows relative-rate tests to be performed on both syn- 

onymous and nonsynonymous rates in a straightforward 

and intuitive manner. By constraining the appropriate 

parameters in the maximization process, the following 

null hypotheses may be defined and tested (see fig. 3) : 

LRS: Ho : aA = aB 

LRN: Ho: PA = pB 

LRB: Ho : ctA = aB, PA = PB . 

The first test compares synonymous rates between the 

lineages leading to A and B, while the second test com- 

pares the nonsynonymous rates. The final test compares 

both synonymous and nonsynonymous rates simulta- 

neously. 

Previously ( Wu and Li 1985; Muse and Weir 

1992)) these types of tests were phrased in terms of tran- 

sition and transversion rates and then were applied to 

certain classes of sites (and assumptions invoked) in or- 

der to compare the rates of interest. Also, separate tests 

were performed on several classes of sites to investigate 

a single parameter. For instance, to compare synony- 

mous rates, tests were performed on both fourfold- and 

twofold-degenerate sites. The present formulation avoids 

those contortions and actually makes more efficient use 

of the data by considering all possible pathways con- 

necting two codons, each weighted by its appropriate 

probability. The relative-rate tests described by Muse 

and Weir ( 1992) are updated simply by using the sub- 

stitution model described above. Also, rather than com- 

puting the likelihood by multiplying across nucleotide 

sites, the likelihood is now computed by multiplying 
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A B 0 

generated using a, = aB = 1.0, PA = PB = 0.15, @ 

= 1.5, and PO = 0.25. The test statistic for the LRB test 

is predicted to have a xsdf distribution. The remaining 

two tests should have a xTdf distribution. The results in 

table 1 show that the observed frequencies of rejection 

are not significantly different from those predicted by 

the theoretical x2 distribution. The results also show that 

the relative-rate test formed by using the distance esti- 

mates of Nei and Gojobori ( 1986) behaves as expected 

under the null hypothesis. 

For 100 additional replicates, the parameter values 

along branch B were altered: aB = 0.75 and PB = 0.10. 

The tests should now reject the null hypothesis, since 

rates are accelerated along branch A. Not surprisingly, 

none of the tests had particularly high power, but the 

likelihood-ratio test for nonsynonymous rates appears 

to be more powerful than the corresponding test of Nei 

and Gojobori, at least for this set of parameter values. 

Note that neither test of synonymous rate heterogeneity 

seems to have any power for this degree of divergence. 

Both tests had rejection rates near the significance levels 

used. The issue of power, though it is certainly important, 

should not be overemphasized. The real advantages of 

the likelihood approach are the ability to avoid con- 

founding factors such as degeneracy classes and its ef- 

ficient use of data. 

Although the present work is not immediately con- 

A B 0 
cerned with parameter estimation, the simulations do 

provide information on the maximum-likelihood esti- 

FIG. 3.-Rooted and unrooted trees for relative-rate test. a and mators of at and Pt. Only estimates of the large synon- 
l3 are synonymous and nonsynonymous substitution rates, respectively. 

The rates leading to sequences A and B are compared using an outgroup 
ymous rate parameter, @, showed any problems with 

sequence, 0. 
bias. In both simulations the true value of e was 1.5. 

The average value of the maximum-likelihood estimate 

across codons. A computer program implementing 

these three tests is available on request from the first Table 1 

author. The program is written in C for UNIX sys- Simulation Results 

terns. Please send requests via electronic mail to 

SVM 1 @psuvm.psu.edu. 
EQUAL RATES~ UNEQUAL RATES~ 

TEST’ n 0.05 0.01 n 0.05 0.01 

Simulation Results 

In order to verify that the likelihood-ratio tests have 

the properties expected of them, two simulation exper- 

iments were performed. The size of the simulation study 

is small because of time constraints. In order to perform 

the three tests described above, approximately 35 min 

of CPU time are required on a Sun Spare 2. Computation 

time is virtually independent of sequence length. The 

parameter values were chosen to be typical of loci used 

in the cpDNA work discussed in the next section. 

The property most vital for these tests is that they 

follow the correct distribution under the null hypothesis 

of equal rates. A total of 250 replicate data sets were 

LRB ...... 250 9 0 100 22 6 

LRS ...... 250 17 1 100 9 2 

KS ....... 250 15 0 100 7 4 

LRN ..... 250 6 0 100 28 7 

K,., ....... 250 5 0 100 13 5 

NOTE.-TWO simulations were performed: 250 replicates where rates were 

equal in the two lineages, and 100 replicates where both synonymous and non- 

synonymous rates were accelerated in one lineage. 

’ LRB, LRS, and LRN tests are the likelihood-ratio tests described in the 

text. KS and KA are tests of synonymous and nonsynonymous rate heterogeneity 

using the estimates of Nei and Gojobori (1986) in the relative-rate framework of 

Wu and Li (1985). 

b Columns labeled “0.05” and “0.0 I” contain the number of replicate data 

sets for which the null hypothesis of equal rates was rejected at a 0.05 or 0.01 

significance level. 
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was near 2.0 for the null case and near 1.75 for the al- 

ternative simulation. The likelihood surface is very flat 

in this region. The average values of the remaining es- 

timates were very close to the true values. 

Results 

Relative Rates of Nucleotide Substitution in the 

Chloroplast Genome 

The complete DNA sequence of the chloroplast ge- 

nome has now been completed for three plant species: 

rice ( Oryza sativa), tobacco (Nicotiana tabacum), and 

Marchantia polymorpha. These plants represent three 

very divergent lineages: the monocots, dicots, and liv- 

erworts, respectively. As might be expected, the phylog- 

eny of these three species is well supported by fossil and 

morphological data. A phylogeny is shown in figure 4. 

Rice and tobacco diverged between 110 Mya (Dahlgreen 

et al. 1985) and 200 Mya (Wolfe et al. 1989). The liv- 

erworts and the vascular plants (including rice and to- 

bacco) diverged 350-400 Mya (Wolfe et al. 1989). These 

data make it possible to perform relative-rate tests using 

loci from throughout the chloroplast genome. Rates in 

the rice and tobacco lineages can be compared using 

Marchantia as an outgroup. 

Previous Results 

The data used in this work were extracted from the 

complete chloroplast genome sequences present in the 

GenBank database (tobacco, Shinozaki et al. 1986; rice, 

Hiratsuka et al. 1989; and Marchantia, Ohyama et al. 

1986). Gaut et al. ( 1993) have isolated and analyzed 

38 coding sequences, using the likelihood-ratio test 

(LR2P) of Muse and Weir ( 1992). This test treats all 

nucleotide sites equally and tests the null hypothesis that 

both transition and transversion rates are equal between 

lineages. The third column of table 2 contains results of 

these tests using all three codon positions. 

Since these species are very distantly related, silent 

sites seem to be saturated (results not shown). That is, 

so many substitution events have occurred in the evo- 

lutionary pathways connecting the species that no signal 

of common ancestry remains. For this reason, third-po- 

sition sites were deleted from the analysis by Gaut et al. 

( 1993). Column four of table 2 consists of tests per- 

formed on combined first and second positions. Three 

main observations arise from these tests: (i) rice loci 

have evolved at a faster rate than tobacco loci, suggesting 

lineage specific effects; (ii) highly accelerated loci are 

scattered throughout the chloroplast genome, suggesting 

that locus specific heterogeneity also exists; and (iii) there 

are clearly cases of heterogeneous nonsynonymous sub- 

stitution rates. 

Rice Tobacco Marchantia 

FIG. 4.-Phylogeny of rice, tobacco, and Marchantia, with approximate 

divergence times. 

Tests for Dlflerences in Synonymous and 

Nonsynonymous Substitution Rates 

The work described above did not allow for an ac- 

curate characterization of rate heterogeneity, in the sense 

that it was difficult to designate rate differences as syn- 

onymous or nonsynonymous, because of the large di- 

vergence times. Up to 68% of codons are dissimilar in 

pairwise sequence comparisons, and among these vari- 

able codons up to 46% show differences at either two or 

three nucleotide sites. Although third positions were re- 

moved from the data in the previous work to reduce the 

number of silent sites, significant tests might still be 

attributed to differences in silent substitution rates. Some 

genes had significant results with the full data set but 

not with the reduced data set. It is tempting to attribute 

these to differences in synonymous rates, but this is not 

necessarily the case. To further investigate these issues, 

the new likelihood-ratio tests were employed. The results 

of these tests are found in columns five through seven 

of table 2. 

Several observations can be made. First, little evi- 

dence for heterogeneity of synonymous substitution rates 

is found. Only three genes yield significant LRS tests, 

each at the 5% level. This may be because synonymous 

rates actually are equal, but it might also be attributed 

to saturation and the loss of statistical power that are 

due to the lengths of these lineages. Recall that the sim- 

ulation results suggested that these tests have virtually 

no statistical power for this range of divergence. None 

of these three loci represent cases mentioned above, 

where the full nucleotide data led to rejection of the null 

but the reduced data did not. The tests do provide fairly 

widespread evidence of heterogeneous nonsynonymous 

substitution rates, both between lineages and among loci. 

Such results are not too surprising, given that Wolfe et 

al. ( 1987) found evidence of a tobacco slowdown and 

that both Bousquet et al. ( 1992) and Gaut et al. ( 1992) 

have described a grass acceleration. Rate heterogeneity 

between cpDNA regions has been documented by Wolfe 
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Table 2 

Results of Relative-Rate Test 

Locus (length in bp) 

LR2P( 123) 

RELATIVE-RATE TESTY 

LR2P( 12) LRB LRS LRN R/Tb 

atpA (1,515) ....... 
atpB (1,497) ....... 
atpE (399) ........ 
atpF (540) ........ 
atp1 (747) ......... 
n&C (363) ........ 
ndhE (300) ........ 
ndhF (1,299) ...... 
petA (963) ........ 
petB (648) ........ 
petD (483) ........ 
psaA (2,253) ...... 
psaB (2,205) ...... 
p.sbA (1,062) ...... 
p&B (1,527) ....... 
psM: (1,422) ...... 
psbD (1,062) ...... 
psbG (555) ........ 
r&L (1,398) ....... 
rp12 (825) ......... 
rp114 (375) ........ 
rpll6 (432) ........ 
rp120 (345) ........ 
rp122 (252) ........ 
rp123 (276) ........ 
rpoA (1,017) ...... 
rpoB (3,255) ....... 
rpoC1 (1,674) ...... 
rpoC2 (1,449) ...... 
rps2 (708) ......... 
rps3 (726) ......... 
rps4 (609) ......... 
rps7 (471) ......... 
rps8 (402) ......... 
rpsll (441) ........ 
rpsl2 (258) ........ 
rpsl4 (312) ........ 
rpsl9 (285) ........ 

GO.0 1 

. . . 
60.0 1 

. . . 
GO.0 1 

0.05 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 
GO.0 1 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 
GO.0 1 

. . . 

. . . 
GO.0 1 

GO.0 1 

0.05 

GO.0 1 

. . . 

. . . 

. . . 

. . . 

GO.0 1 

0.05 

. . . 

. . . 

GO.0 1 

. . . 
GO.0 1 

. . . 

. . . 

. . . 
GO.0 1 

. . . 

. . . 

. . . 

. . . 

0.05 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

ii.05 

0.05 

GO.0 1 

. . . 

. . . 
GO.0 1 

GO.0 1 

. . . 
GO.0 1 

0.05 

0.05 

. . . 

. . . 
GO.0 1 

. . . 

. . . 

. . . 

GO.0 1 

. . . 
GO.0 1 

. . . 
0.05 

. . . 
GO.0 1 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

* . . 

. . . 

. . . 

. . . 

. . . 

0.05 

. . . 

. . . 

GO.0 1 

go.0 1 

. . . 
GO.0 1 

0.05 

0.05 

. . . 
GO.0 1 

. . . 

. . . 
0.05 

0.05 

. . . 

. . . 

0.05 

0.05 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

GO.0 1 

. . . 
GO.0 1 

. . . 

. . . 

. . . 
co.0 1 

. . . 

ii.05 

0.05 

0.05 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

ii.05 

d.& 

. . . 

. . . 

GO.0 1 

GO.0 1 

. . . 
GO.0 1 

0.05 

0.05 

GO.0 1 

. . . 
so.0 1 

. . . 

. . . 
GO.0 1 

R 

T 

R 

T 

R 

R 

R 

T 

R 

T 

R 

R 

R 

R 

R 

T 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

T 

R 

a Entries are level at which the null hypothesis was rejected; an ellipsis (. . .) indicates that the null hypothesis was not 

rejected at the 0.05 level. LRZP( 123) tests the null hypothesis of equal transition and transversion rates, ignoring codon 

structure. LR2P( 12) is the same test but performed on data with third positions deleted. LRB tests the null hypothesis that 

both synonymous and nonsynonymous substitution rates are equal between rice and tobacco lineages. LRS and LRN test 

the null hypotheses that synonymous and nonsynonymous substitution rates (respectively) are equal between the two 

lineages. 

b Letter indicate whether rice (R) or tobacco (T) was estimated to have evolved faster. 

et al. ( 1987). Wolfe and Sharp ( 1988) documented sat- 

uration at silent sites when comparing liverwort and to- 

bacco cpDNA ,sequences, as well as tremendous non- 

synonymous rate variation between chloroplast loci. 

The general pattern found here (considerable non- 

synonymous rate heterogeneity but little or no difference 

in synonymous rates) is markedly different from the re- 

sults reported by Gaut et al. ( 1992). In that study, sub- 

stitution rates at the rbcL locus were compared for a 

large set of monocot species much more closely related 

than rice and tobacco. In fact, rice is more closely related 

to the outgroup used in that study (Magnolia macro- 

phylla) than it is to tobacco. The findings suggested that 

synonymous rates were heterogeneous but provided little 

evidence for differences in nonsynonymous rates. It 

seems quite likely that the timescales are responsible for 



the apparent inconsistencies. When closely related spe- 
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Discussion 

ties are used, the number of silent substitutions remains 

low enough for relative-rate tests to retain the statistical 
The problem of estimating and comparing syn- 

power necessary to detect heterogeneity in synonymous 
onymous and nonsynonymous substitution rates is a 

rates. However, the number of replacement substitutions 
difficult one. The complex nature of the genetic code 

is excessively low, preventing tests from having power 
prevents simple models from being used in statistical 

to detect differences in these rates. When very distantly 
procedures. Previous work in this area relied on the as- 

related species are used, the situation is reversed. Power 
sumption that it is unlikely for multiple events to occur 

to detect differences in silent substitution rates is dimin- 
within the same codon during the time frame being 

ished because of saturation, but tests for heterogeneous 
studied. However, this makes application to distantly 

nonsynonymous rates have enhanced power because of 
related taxa questionable. A likelihood approach based 

the accumulation of larger numbers of replacement 
on a model of codon evolution avoids this difficulty. 

events. Bousquet et al. ( 1992) also studied relative rates 
Problems with the stochastic nature of degeneracy classes 

of substitution at the r&L locus, but they used a more 
are also handled properly using the likelihood frame- 

diverse set of taxa than did Gaut et al. ( 1992). These 
work. Although procedures based on models of codon 

authors found evidence of both synonymous and non- 
evolution are computer intensive, they are applicable to 

synonymous rate heterogeneity. This gives credence to 
any set of homologous coding regions, regardless of either 

the suggestion that the timescale is to some degree re- 
the divergence times between taxa or the relative mag- 

sponsible both for the lack of significant differences in 
nitudes of evolutionary rates, and provide satisfactory 

silent rates in this work and in that of Gaut et al. ( 1993 ) 
comparisons of substitution rates. The model presented 

and for the lack of significant differences in nonsynon- 
in this work leads to intuitive procedures for performing 

ymous rates in the work of Gaut et al. ( 1992). 
relative-rate tests and also provides a framework for other 

The tests confirm the findings of Gaut et al. ( 1993 ), 
procedures, such as estimating evolutionary distances 

who suggested that both lineage-specific and locus-spe- 
and phylogenetic trees. The approach used in creating 

cific effects on substitution rates existed. The final col- 
the model is also very flexible. Although we have not 

umn in table 2 indicates whether the rice or tobacco 
done so here, it seems possible to modify the A matrix 

lineage was estimated to have evolved faster. Of the 38 
to take into account physicochemical differences be- 

tween amino acids. If one were to define a set of mea- 
loci, 32 suggest that the rice gene evolved faster. If the 

two lineages had evolved at equal rates, one would expect 
sures, d,, which indicated the similarity of codons i and 

half of the loci to favor each lineage. A sign test rejects 
j, the instantaneous probabilities could be altered by 

the null hypothesis that the rice and tobacco lineages 

multiplying the off-diagonal elements by d,/ d,,,,, . The 

evolved with equal rates (P<O.OO 1) . For the loci yielding 

distance measures of Grantham ( 1974) would be ap_ 

propriate. Separate rates for transitions and transversions 

significant (P-=0.05) LRB tests, the average ratio of 

rice branch lengths to tobacco branch lengths 

are also easily incorporated, but this may lead to diffi- 

culties in parameter estimation that are due to the ab- 

(( 2.197at+6.426@)/4) is 3.35. For the remaining loci sence of certain types of events in the data. Such mod- 

the average is 1.8 (results not shown). These results sug- ifications may be quite effective in compensating for any 

gest that not only does the entire rice chloroplast genome lack of realism present in the current model, particularly 

appear to have evolved faster than the tobacco chloro- for use in phylogeny estimation problems. 

plast genome, but that there are also locus-specific effects 

on substitution rate as well. The latter is consistent with 

the findings of Wolfe and Sharp ( 1988). Acknowledgments 
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