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It has been suggested that the differences in synonymous codon use between mammalian genes within a genome 
are due to differences in the efficiency of DNA mismatch repair. This hypothesis was tested by developing a model 
of mismatch repair, which was used to predict the expected relationship between the rate of substitution and 
G+C content at silent sites. It was found that the silent-substitution rate should decline with increasing G+C 
content over most of the G+C-content range, if it is assumed that mismatch repair is G+C biased, an assumption 
which is supported by data. This prediction was then tested on a set of 58 primate and artiodactyl genes. There 
was no evidence of a direct decline in substitution rate with increasing G+C content, for either twofold- or fourfold- 
degenerate sites. It was therefore concluded that variation in the efficiency of mismatch repair is not responsible 
for the differences in synonymous codon use between mammalian genes. In support of this conclusion, analysis 
of the model also showed that the parameter range over which mismatch repair can explain the differences in 
synonymous codon use between genes is very small. 

Introduction 

Although tremendous progress has been made in 
our understanding of synonymous codon use in several 
groups of organisms (for reviews, see Ikemura 1985; 
Sharp 1989)) the forces and factors which affect the evo- 
lution of silent sites in mammals remain something of 
a mystery. In mammals differences in synonymous co- 
don use between genes within a genome can most easily 
be summarized in terms of G+C content (Ikemura 
1985); some genes, such as c-raf, have very low third- 
position G+C contents (<30%), whereas others, such 
as oxytocin, have very high G+C content (>90%), with 
the majority somewhere in between (see Bernardi et al. 
1988; Shields et al. 1988; Ikemura and Wada 199 1). 
The simplicity of this trend, and the fact that silent-site 
G+C contents are correlated with intron (Shields et al. 
1988; D’Onofrio et al. 199 1) and isochore (intergenic 
DNA) G+C contents (Bernardi et al. 1985; Aissani et 
al. 199 1) suggest that the differences. in synonymous co- 
don use between genes may be the consequence of vari- 
ation in the mutation pattern across the genome (Filipski 
1987, 1988; Suoeka 1988, 1992; Wolfe et al. 1989; Wolfe 
1991). 

Key words: synonymous codon use, silent sites, mismatch repair, 
G+C content, substitution rate, mutation rate. 

Address for correspondence and reprints: Adam Eyre-Walker, 
Department of Biological Sciences, Rutgers University, Piscataway, 
New Jersey 08855 1059. 

Mol. Biol. Evol. 11(1):88-98. 1994. 
0 1994 by The University of Chicago. All rights reserved. 
0131-40381941 I IOl-0009$02.00 

88 

One such way in which the mutation pattern can 
vary between genes is by differences in the efficiency of 
mismatch repair (Filipski 1988 ) . For instance, if some 
base mismatches are more efficiently repaired than oth- 
ers, or if certain mismatches tend to be repaired in a 
particular direction, then the mutation pattern will be 
affected, and efficiently repaired sequences will tend to 
have compositions different from those which are poorly 
repaired. Since there is evidence that DNA repair does 
vary across the genome (Bohr et al. 1987; Hanawalt 
1989; Boulikas 1992) and that mismatches are repaired 
with different probabilities and biases (Brown and Jiricny 
1988; Thomas et al. 199 1 ), this appears to be an attrac- 
tive hypothesis. 

The object of the present paper is to test whether 
variation in the efficiency of mismatch repair is respon- 
sible for the differences in synonymous codon use be- 
tween mammalian genes within a genome. The approach 
taken is to predict, on theoretical grounds, the expected 
relationship between the silent-substitution rate and the 
G+C content of the sites concerned and then to test 
these predictions on a set of mammalian DNA se- 
quences. This approach is motivated by the observation 
that the silent-substitution rate is correlated with the si- 
lent-site G+C content ( Filipski 1988; Ticher and Graur 
1989; Wolfe et al. 1989; Bulmer et al. 199 1). However, 
because of several assumptions made in developing the 
model of mismatch repair, and because of the methods 
previously used to estimate the substitution rates, it was 



Mammalian Synonymous Codon Use 89 

not possible to test the predictions of the model by using 
the analyses of Filipski ( 1988), Wolfe et al. ( 1989), 
Ticher and Graur ( 1989), and Bulmer et al. ( 199 1). 
The present work is therefore divided into two parts; in 
the first section a model of mismatch repair is developed 
and analyzed, and in the second section the predictions 
are tested. 

Initially no assumptions are made about the direc- 
tion of repair. However, from a clearly defined point in 
the analysis it will be assumed that mismatch repair is 
G+C biased, by which it is meant that more efficiently 
repaired sequences generally have a higher G+C content 
than do those sequences which are less efficiently re- 
paired. It is never assumed that all mismatches are re- 
paired with a G+C bias. The assumption that repair is 
G+C biased is supported by two lines of evidence. First, 
there is evidence that one of the base mismatch-repair 
systems, of which there are at least two (Brown and Jir- 
icny 1988; Wiebauer and Jiricny 1989; Thomas et al. 
199 1 ), is G+C biased such that all heteromispairs 
(A:C, A:G, T:C, and T:G) tend to be converted to G:C 
(or C:G) base pairs (Brown and Jiricny 1988 ). Second, 
there is evidence that the pattern of base substitution is 
A+T biased in coding sequences. This implies that repair 
is G+C biased, under the repair hypothesis, since coding 
sequences appear to be more efficiently repaired than 
are noncoding sequences (Bohr et al. 1987; Hanawalt 
1989; Boulikas 1992). Evidence for the A+T bias in 
intergenic DNA comes from both the low G+C content 
of intergenic DNA (Bernardi 1989) and the pattern of 
base substitution observed in pseudogenes, which is very 
biased toward A+T (Li et al. 1984; Bulmer 1986; Blake 
et al. 1992). The G+C bias of the mutation pattern in 
coding sequences can be inferred from the high silent- 
site G+C contents which most genes possess, since silent 
sites are assumed to be neutral under the repair hypoth- 
esis (Mouchiroud et al. 1988; Shields et al. 1988; Ber- 
nardi 1989). 

Section I: The Model 

Let us consider the repair of heteromispairs alone 
(i.e., C:T, C:A, G:T, and G:A), since mutations via 
homomispairs (C:C, G:G, A:A, and T:T) complicate 
the model and bias the estimate of the number of sub- 
stitutions between two sequences (see below and Ap- 
pendix A). In other words, we are only considering mu- 
tations which convert G:C base pairs to A:T/T:A base 
pairs, and vice versa. An A:T base pair can be converted 
to a G:C (or C:G) base pair by any one of four different 
mismatches: A:T can mutate to C:G via A:G or C:T 
mismatches, and A:T can mutate to G:C via A:C or 
G:T. Let us label the mismatches “ 1”-“4.” On the as- 
sumption that the pattern of mismatch formation is the 
same on the two strands of the DNA duplex, an as- 

sumption supported by the work of Bulmer ( 199 la), 
let A&,,, be the probability that a base pair of type b 
(C:G or A:T ) becomes a mismatch of type m (C:T, 
C:A, G:T, G:A) per cell generation. In all that follows, 
the subscript “b” can either be “S,” for a C:G (or 
G:C) base pair, or “W,” for an A:T (or T:A) base pair 
(IUPAC codes). Once a mismatch is formed, it may be 
“repaired” in the sense that it gets replaced by a normal 
base pair, which may or may not be the same as the 
original base pair. Given that the mismatch was formed 
from base pair b, let a bm be the probability of repairing 
mismatch m per cell generation, and let the frequency 
with which this is to G:C (or C:G) be Pbm. 

Consider the mutation of a G:C base pair to an 
A:T base pair via a particular mismatch, say G:T, which 
we will label “ 1.” There are two paths by which a G:C 
base pair can become an A:T. The mismatch can be 
formed and left unrepaired. The probability that this 
occurs is Ms, ( 1 --as1 ), and the frequency of G:C base 
pairs is reduced by MsI ( 1-asl)/2. If the mismatch is 
repaired to A:T, then the frequency of G:C is reduced 
by Msl as, ( 1 -PSI ) . The change in the frequency of 
G:C base pairs per cell generation is thus 

+’ +as,( l-ps,) 
1 (1) 

+ u-fMbv1 I 1 -awl - +awlPwl , 2 1 
where f is the frequency of G:C (or C:G) base pairs 
in a sequence. Hence the change in the frequency of 
G:C base pairs via all four mismatches is 

Af= -f c amp +as,(l-psm)l 
m= 1,2,3,4 

+(1-f) 2 +aWmPWm 7 

m= 1,2,3,4 1 
(2) 

which can be simplified to 

Af = -fj& y +ast 1 -ps> 1 (3) 
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where M,, = 2 M,,m, ab = c h&,,&,,,,/Mb, Pb 

= 2 h$,,&b,~brn/h&,~~. ikfb iS the probability Of base 
pair b becoming a mismatch, ob is the average probability 
of repairing mismatches which come from base pair b, 
and Pb is the average frequency that such repairs are 

.m-S>( 1+N 

R=iVlfw(l-f)A+MsS, 

where 
* = (2Pw-1) 

(2Ps-1) ’ 

(8) 

to G:C. 
Solving Af= 0 to obtain the equilibrium frequency an expression which relates the relative rate of mutation, 

of G:C base pairs in a sequence, x gives R, to the equilibrium sequence G+C content, 3 as the 
probability of repair changes, under different patterns 

&4+Qva3w-1)1 
of repair (A). Assuming that all mismatches will be re- 

f= &[l+aw(2pw-l)] + Ms[l-as(2Ps-1)] * 
(4 ) paired with equal efficiency is unrealistic. However, this 

assumption turns out to be unimportant (see the Sim- 

The Mutation Rate 
ulation subsection, below). 

It is at this point that we assume that mismatch 
When reasoning similar to that above is used, the repair is G+C biased; individual bases may be repaired 

mutation rate per cell generation via heteromispairs, U, with an A+T bias; but, overall, an increase in repair will 
in a sequence of G+C content fcan be written as generally lead to an increase in sequence G+C content. 

Under this assumption (i.e., dflda > 0), it can be shown 

(i=fj&Y 
[ 

+us( 1 -Ps> 1 from equation ( 3) that A > - 1. Furthermore, it is evi- 

(5) 
dent from equation ( 3) that A < 1.5 if a G+C-content 

1 -aw 
2+awPw , 1 

range of at least 50% to 90%, as seen in the data, is to 
be produced. 

Analytical Results 

which, in a sequence at equilibrium, when equation (4) In figure 1, the relative mutation rate is plotted 
is substituted into equation ( 5 ), simplifies to against the equilibrium G+C content under various 

mismatch, MS, and repair, A, patterns, according to 

- ~~w~~+aw~~Pw-~~1~s~~-~s~~Ps-~~1 
u = Mw[l+aw(2~w-l)] + Ms[l-as(2~s-1)l - 

equation ( 8 ) . Generally the mutation rate decreases as 
the G+C content increases, unless A and A4s are quite 
large, in which case sequences of intermediate G+C 

(6) content can have higher mutation rates than do se- 
quences of extreme G+C content. However, it is im- 

Since we are interested in relative rather than ab- portant to note that these maxima are always at a 
solute mutation rates, the mutation rate in a sequence G+C content of ~50% and that the mutation rate does 
undergoing repair is divided by that in an equilibrium not rise very far above that in sequences with no repair. 
sequence subject to no repair, i.e., 00 = 2A4wMs/ It is also worth noting that the slope is generally quite 
( Mw +Ms). Without loss of generality we can now define steep and that, when A > 1, the mismatch repair cannot 
Mw + MS = 1, and the ratio of 0 to u0 is produce sequences of very high G+C content. 

~~+aw~~Pw-~~l~~-~s~~Ps-~~l Simulation 

R = Mw[ l+aw(2Pw-l)] + Ms[ l-as(2Ps-l)] - To assess how general the results from the simplified 
model were, a simulation was carried out. To model 
how the probability of repair varies with chromatin 

Analysis 
openness, let us assume that the repair machinery repairs 
&,,t mismatches at random between each round of DNA 

The expressions so far derived for the equilibrium replication, where t measures the chromatin openness 
G+C content and mutation rate (eqq. [ 41 and [ 71) are and where &m measures the rate at which mismatches 
a general description of the effect of mismatch repair. m, formed from base pair b, are repaired. For instance, 
However, it is not possible to progress further in the t might represent the time during which the DNA is 
analytical treatment of this model without making some accessible to the repair enzymes. The probability with 
simplifications. If we assume that the probability of re- which any one mismatch is repaired is therefore a Pois- 
pair is the same for all mismatches ( a=asm=aw,,,), then son process and is thus 
equations (4) and (7) can be rearranged and combined 
to give ob,,, = 1 - EXP,-,,,t, . (9) 
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G+C Content 
FIG. I.-Relationship between the relative mutation rate and 

equilibrium G+C content, as predicted by the simplified model (eq. 
[ 81). In each graph the curves from left to right are MS = 0.9,0.7, and 
0.5, corresponding to sequences, under no repair, of lo%, 30%, and 
50% G+C, respectively. 

This model is quite general, only assuming that the 
parameter t, the effect of chromatin openness, is the same 
for all mismatches. To elucidate, the model will be com- 
pletely general either if one repair system is operating 
or if two or more repair systems remain at the same 
relative efficiencies. If the relative efficiencies do vary, 
then the model will only strictly hold if the chromatin 
accessibility stays constant at each locus. 

The simulation itself involved randomly sampling 
Of the pZWameterS Mbm, abm( max), and Pbm from be- 
tween 0 and 1, according to a uniform distribution, as- 
sessing whether they could generate a sufficiently large 
range of G+C contents, and then calculating the rela- 
tionship between the mutation rate and G+C content. 
&,m( max) is the value of c&,, when the chromatin is 
fully open, from which &m can be calculated by rear- 
rangement of equation ( 9 ) by using the maximum value 
of t, t,,, * The range of G+C contents produced by a 
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particular set of parameter values was assessed by cal- 
culating the sequence G+C content under no repair 
( t=O ) and under maximal repair ( t= t,,, ) by using equa- 
tions (4) and (9). The relationship between the equilib- 
rium G+C content and the mutation rate was calculated 
using equations ( 4) and ( 7 ) . 

The number of mismatches in the model was also 
varied by setting MS, = A&,,,, = 0 as appropriate; i.e., 
if there was only one mismatch in the model, only MS1 
and MwI were nonzero. The number of mismatches was 
varied for two reasons. First, it seems sensible to analyze 
twofold- (two mismatches) and fourfold- (four mis- 
matches) degenerate silent sites separately. Second, it is 
a rapid way in which to investigate systems in which the 
dynamics of fewer than four mismatches dominate the 
system. For instance, if the mismatch C:A forms 100 
times more frequently than does any other mismatch, 
then the dynamics would be those of a one-mismatch 
system. Note, however, that there is no need to do sim- 
ulations of one-mismatch systems, since they are gov- 
erned by equation (8). 

Results 

In many cases it proved impossible to find param- 
eter values which would give the desired range of 
G+C contents (table 1 ), illustrating a point not previ- 
ously made; the production of large G+C-content ranges 
is far from inevitable under a model of mismatch repair. 
Even under the most favorable conditions, when one 
mismatch is more frequently formed than the others, 
only 0.06% of the parameter space allows a G+C-content 
range of 0.5-0.9. This is because the generation of large 
G+C-content variances depends ultimately on the repair 
of all G:C-generated mismatches being very efficient and 
biased to G+C: i.e., from equation (4) f + 1 * 
1 - %cqk1) + 0 * as + 1 and ps + 1 * as, + 1 
and Psm + 1 unless Ms, = 0. As expected, the wider 
the desired G+C-content range becomes, and the more 
mismatches there are, the more difficult it becomes to 

Table 1 
Simulation Results 

No. OF OCCURRENCES FOR 
G+C-CONTENT RANGE= 

No. OF MISMATCHES 0.5-0.9 0.3-0.9 0.1-0.9 

1 . . . . . . . . . . . . . . . 636 40 0 
2 . . . . . . . . . . . . . . . 33 0 0 
3 . . . . . . . . . . . . . . . 0 0 0 
4 . . . . . . . . . . . . . . . 0 0 0 

’ Data in body of table are the number of times, per 1 ,OOO,OOO randomly 
generated parameter sets, that a given G+C-content range was attained. 
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find parameter values. However, in all cases for which The 58 genes used in the present study were the 
a set of parameters could be found, the relationship be- same as those analyzed by Bulmer et al. ( 199 1 ), and 
tween the relative mutation rate and G+C content was were provided by Dr. Ken Wolfe (Trinity College, Dub- 
consistent with the relationships depicted in figure 1; the lin) . Details of the data set have been reported by Bulmer 
relationships looked like those for graph A = -0.5 to et al. ( 199 1) and are available on request from the au- 
graph A = 1 .O. It therefore seems that equation (8) is thor. Only the primate and artiodactyl genes were used. 
quite general and that the mutation rate should decline It would, of course, have been possible to use the rodent 
with increasing G+C content, at least for all sequences sequence data to obtain individual branch lengths for 
with a G+C content ~50%. the primates and artiodactyls. However, this approach 

The simple model (eq. [ 81) would seem to give has few advantages, and there are two problems. First, 
general results, for two reasons. First, to produce se- one can get nonsensical negative branch lengths; second, 
quences of high G+C content requires that the repair the methods for estimating the number of substitutions 
of all common G:C-generated mismatches be efficient assume that the sequences are at equilibrium, which ro- 
and very biased to G:C (i.e., as,( max) - > 1 and PBM dent sequences evidently are not. 
- > 1, unless Ms, = 0), which means that the mis- 
matches which dominate the system must have very Testing the Equilibrium Assumption 
similar values of rs,,, and Ps,,, and, thus, similar dynamics. 
Second, there is some redundancy in the parameters ub, Simply comparing the silent-site G+C contents of 

and Pbrn, which allows one to model different efficiencies homologous genes from different species is not a very 

of repair. The redundancy arises because a mismatch powerful method by which to detect departures from 

repaired with high efficiency and low bias is very similar equilibrium, since the correlation of G+C contents is 

in dynamics to a poorly repaired mismatch with high very dependent on the level of sequence divergence. A 

bias. In the extreme, repairing a mismatch with no bias better method is to concentrate on those sites which differ 

is exactly equivalent to not repairing a mismatch at all. between two sequences. If the sequences are at equilib- 
rium, we expect half the differing sites to be G or C and 

Section II: Data Analysis half to be A or T, in each species, irrespective of whether 

So now we have a prediction: if mismatch repair the two lineages have different rates of evolution (see 

is G+C biased, and if variation in the efficiency of Appendix B). Note that since the G+C contents of the 

mismatch repair is responsible for the differences in sequences being compared must add up to 1, it is only 

synonymous codon use between mammalian genes, necessary to test the sites of one sequence; the primate 

then the mutation rate should decline with increasing sequences were therefore used. 

G+C content over most of the G+C-content range. 
This prediction is based on three assumptions, each Estimating the Rate of Silent Substitution 

of which can be tested, justified, or controlled for: ( 1) 
the sequences are at equilibrium with respect to 

It is necessary to correct for multiple, back, and 

G+C content, (2) C+-+G and A+-+T changes are ex- 
parallel substitutions to obtain an accurate estimate of 

cluded, and ( 3) each site is independent. 
the number of substitutions which separate two se- 
quences. Many ways have been suggested in which this 

Material and Methods should be done, but the following method, based on the 

The Data Set ideas of Tajima and Nei ( 1984) and Bulmer ( 1991b), 

Three mammalian groups are well represented in 
the DNA sequence databases: primates, rodents, and ar- 
tiodactyls. Of these, primates and artiodactyls appear to 
be the most suitable for the present analysis, since their 
silent sites seem to be at equilibrium with respect to 
G+C content. The evidence for this comes from com- 
paring the third-position G+C contents of primate and 
artiodactyl genes; they are very similar, despite a rea- 
sonable amount of sequence divergence (Bernardi et al. 
1988 ) . In contrast, rodent genes show a much narrower 
range of G+C contents when compared with primate 
genes, suggesting that they are undergoing what has been 
termed the “minor shift” (Bernardi et al. 1988; Mou- 
chiroud et al. 1988). 

turns out to be “accurate” ( see below and Appendix A), 
removing the unwanted C-G and A-T mutations 
which were not included in the model. According to 
Wolfe et al. ( 1989)) Bulmer ( 199 1 b), and Bulmer et al. 
( 199 1)) only those silent sites which are preceeded by 
two unchanged nonsilent sites were considered, with 
twofold and fourfold sites being treated separately. If p 
is the proportion of sites which differ between two se- 
quences, with C++G and At+T substitutions counted as 
unchanged sites, a suitable formula for the correction of 
multiple, back, and parallel substitutions is 

K=-bln 1-f , 
( ) 

(10) 
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where 

b = 1 - (C+G)2 - (A+T)2. 

C, G, A, and Tare the average proportions of sites 
in the sequences which are C, G, A, and T, respectively. 
Bulmer ( 199 1 b) proposed equation ( 11) on the basis of 
an intuitive argument; b is the expected proportion of 
sites which differ between two sequences after an infinite 
amount of divergence. In Appendix A this formula is 
shown to be correct for a sequence of infinite length. K 
is the estimated number of substitutions per site, which 
is proportional to the substitution rate, the quantity 
which we are interested in; to maintain consistency with 
the theoretical section, K will be referred to as the “sub- 
stitution rate.” The variance of K is given by Bulmer 
(1991b), as 

(12) 

G+C Contents 

G+C contents were calculated for twofold and 
fourfold sites separately, using only those sites involved 
in the calculation of the substitution rates, i.e., only those 
silent sites preceded by two unchanged nonsilent sites. 

Neighboring Base Effects 

The model assumes that every site is independent, 
i.e., that neighboring bases do not influence either the 
pattern of mismatch formation or the probability of re- 
pair. Since neighboring base effects are well documented 
(Bulmer 1986; Hanai and Wada 1988; Eyre-Walker 
199 1; Blake et al. 1992)) this is unlikely to be true. How- 
ever, there are two properties of mammalian coding se- 
quences which minimize the problematic effects of 
neighboring bases in the present context: ( 1) the cor- 
relation between silent- and nonsilent-site G+C contents, 
though present, is rather weak (Y = 0.53 [Shields et al. 
19881 and Y = 0.52 [D’Onofrio et al. 19911); and (2) 
the range of nonsilent-site G+C contents is far smaller 
(-40% -60%) than that at silent sites. If the correla- 
tion between silent and nonsilent sites had been stronger 
and if the range had been similar, then the dynamics of 
the system would have become extremely complicated, 
because the probability of mismatch formation and re- 
pair would have both become G+C-content dependent. 
As it is, neighboring base effects should only contribute 
noise to the system, noise which it might be worth re- 
moving. In particular, it seems worth tackling the “CpG” 
effect, since this is known to be quite large (Bulmer 1986; 
Hanai and Wada 1988; Sved and Bird 1990; Blake et 

al. 1992). The CpG effect arises because the cytosines 
in CpG dinucleotides are methylated much more fre- 
quently than are other cytosines (Bird 1986)) and methyl 
cytosine is hypermutable; thus, a G following a C causes 
the C to mutate at a much higher frequency than it would 
otherwise. This neighboring base effect can be largely 
controlled for by excluding from the analysis silent sites 
which are either preceded by C or followed by G (in 
either the primate or artiodactyl sequence). Other 
neighboring effects, of which there are many (Bulmer 
1986; Hanai and Wada 1988; Eyre-Walker 199 1; Blake 
et al. 1992), were deemed too small to be worth re- 
moving, since there is always the penalty of a smaller 
sample size to be paid. 

Results 
Testing the Equilibrium 

Under the null hypothesis that both primate and 
artiodactyl sequences are at equilibrium, 50% of the sites 
which have changed between primates and artiodactyls 
should be G or C. Overall, this prediction was clearly 
not met. At fourfold sites, 157 sites in humans were 
G+C, compared with 24 1 which were A+T (P<O.OOOO 1 
in a binomial test). At twofold sites, 282 sites were G+C, 
compared with 377 which were A+T (P-cO.0000 1). 
However, it is possible that just a few genes are out of 
equilibrium. To investigate this, the bias from 50% 
G+C, scaled according to the expected standard error 
(SQRT [ 0.25 /N] , where N is the sample size), was plot- 
ted (as standardized departure in fig. 2). Those genes 
which lie outside +2 standard errors are probably not 
at equilibrium, since the probability of them doing so 
by chance alone is <5%. There were nine genes which 
lay outside this boundary, four genes at fourfold sites 
and seven at twofold sites (two genes were out of equi- 
librium at both types of site). However, even if these 
were removed, there was still some evidence of a depar- 
ture from equilibrium; overall, there were 149 fourfold 
sites which were G+C, of a total of 333 fourfold sites 
which differed between primates and artiodactyls 
(P<O.O6). At twofold sites there were 246 of 539 sites 
(PcO.05 ) . Despite this the equilibrium condition seemed 
to be approximately true. When the nine genes which 
were clearly out of equilibrium were ignored, the pro- 
portion of sites which differed between the two species, 
sites which were G or C in humans, was -44%-46%, 
not greatly different from 50%. It is important to note 
that the degree of departure did not appear to be related 
to the G+C content of the sites involved (see fig. 2), 
just as it was not related to the silent-substitution rate 
( results not shown ) . 

The Substitution Rate / G+C -Content Relationship 
In figure 3 the twofold- and fourfold-degenerate si- 

lent-substitution rates are plotted against their respective 
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where Y is the substitution rate and X is the G+C con- 
tent, explained 45% of the variance in the substitution 
rate. All the coefficients were significant, as was the 
model overall (all P < 0.00 1) . Note that the genes which 
showed the greatest departure from equilibrium, de- 
picted as blackened circles, did not fall as outliers and 
that the maximum substitution rate was attained at a 
G+C content far in excess of 50%. 

In contrast to the picture at fourfold sites, there 
appeared to be no relationship between the rate of silent 
substitution at twofold sites and the G+C content of the 
sites concerned. No model, fitted by weighted or un- 
weighted least-squares regression, explained a significant 
proportion of the variance in the substitution rate. 
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Discussion 

The object of this paper has been to test whether 
variation in the frequency of repair is responsible for 
the differences in synonymous codon use between 
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FIG. 2.-Standardized degree of departure from equilibrium, 
plotted against the G+C content for fourfold (a) and twofold (b) sites. 
Dotted lines mark plus and minus 2 standard errors, outside of which 
the genes are not likely to be at equilibrium. Such genes are denoted 
by blackened circles. 
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followed by G. Note that both twofold and fourfold sites 
show a very broad range of G+C contents, despite the 
removal of CpG effects; in fact, a number of genes are 
not shown in figure 3 because their G+C content is so 
high that equation ( 10) becomes, undefined with the 
smallest amount of divergence: e.g., oxytocin (98%) and 
phospholipase A2 (95%) at fourfold sites and oxytocin 
(95%) at twofold sites. 

There was clearly a relationship between the rate 
of silent substitution and the G+C content at fourfold- 
degenerate sites. This was confirmed by both weighted 
and unweighted least-squares regression. When the re- 
ciprocals of the substitution-rate variances (eq. [ 121) 
were used as weights, the quadratic model 

0 

0 

0 0 

0 

0 0 0 

0 

I 
8 “00 

00° 
O@ $ a.8 

~0 0 0 00. 0 q% 

O@ 

00 8 

I 0 oo o 08 

Q) 0.8 
ti 
a 

c 0.6 
0 

‘3 
i 

.= 0.4 
5 

2 
a 0.2 

0.0 
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

G+C Content 

FIG. 3.-Silent-substitution rate plotted against the silent site 
G+C content for fourfold (a) and twofold (b) degenerate sites. Black- 
ened circles are those genes identified as being out of equilibrium (see 
fig. 2 and text). Y = 0.22 - 3.31 (X-0.70)2 , (13) 
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mammalian genes within a genome. In the first section, 
a model of mismatch repair was developed and then was 
analyzed under the assumption that the repair of DNA 
is a G+C-bias process. Two points emerged from anal- 
ysis of the model. The first is the difficulty that mismatch 
repair has in producing large G+C -content ranges. This 
is well illustrated by the results of the simulation study, 
which show that only a small fraction of the total pa- 
rameter space can produce large G+C-content ranges 
(table 1). The second-and more important-obser- 
vation is that the mutation rate should decline with in- 
creasing G+C content, for all sequences of G+C content 
>50%, if mismatch repair is G+C biased. This prediction 
appears to be quite robust, being independent of both 
the mutation pattern and the type of repair. Only if there 
are two or more mismatch repair systems which fluctuate 
in relative efficiency with changes in accessibility at each 
locus will the model start to break down. Although there 
is some evidence of multiple mismatch-repair systems 
in mammals, little is known about how they interact 
(Wiebauer and Jiricny 1989, 1990; Thomas et al. 199 1). 
Furthermore, it is difficult to see repair producing any 
simple relationship between the mutation rate and G+C 
content if there are major violations of the assumptions 
in this model. Therefore, if variation in the efficiency of 
mismatch repair is solely responsible for the differences 
in codon use between mammalian genes, we would ex- 
pect the rate of silent substitution to decline with in- 
creasing G+C content. 

Both twofold- and fourfold-degenerate sites show 
very large G+C-content ranges, yet neither shows an 
overall decrease in silent-substitution rate with increasing 
G+C content. The fourfold case is possibly more con- 
vincing, since there is a highly significant quadratic re- 
lationship between the rate of silent substitution and the 
G+C content, whereas the lack of a relationship at two- 
fold sites may be due to excessive noise. It is important 
to appreciate that the maximum in the fourfold substi- 
tution rate occurs at -70% G+C (fig. 3), whereas the 
maxima in the theoretical analysis occur at G+C con- 
tents of ~50% (fig. 1). Furthermore, the maxima in fig- 
ure 1 are not large enough to explain the two- or three- 
fold variation in substitution rate that is observed at 
fourfold sites (fig. 3). Although the results were incon- 
clusive in the twofold case, it does seem difficult to sug- 
gest that twofold and fourfold sites, which show such 
similar G+C content ranges, are subject to different pro- 
cesses. 

The Equilibrium Assumption 

However, one of the assumptions made in the 
model does not appear to be met: the sequences do not 
appear to be at equilibrium. For most genes the departure 
is quite small and, what is especially important, not re- 

lated to the G+C content. Furthermore, twofold and 
fourfold genes show very similar levels and patterns of 
departure yet seem to show different substitution-rate/ 
G+C -content relationships, and those genes which show 
the largest departures from equilibrium do not appear 
to be outliers. If the degree of departure from equilibrium 
had been related to the G+C content, then we might 
have had better reason to suspect that the state of non- 
equilibrium was responsible for the relationship at four- 
fold sites. For instance, if fourfold sites with a 
G+C content of -70% had shown the greatest depar- 
ture, then we might have suspected that the maximum 
in the silent-substitution rate/G+C-content relationship 
(fig. 3) was caused by departures from equilibrium. 
However, this is not the case, and it therefore seems 
unlikely that departures from equilibrium are responsible 
for the shape of the silent-substitution rate/G+C-con- 
tent relationship at fourfold sites; although such depar- 
tures could be a source of noise which might be respon- 
sible for the lack of a relationship at twofold sites. It 
therefore seems unlikely that variation in the efficiency 
of mismatch repair is responsible for the differences in 
synonymous codon use between mammalian genes. 

Other Explanations 

However, there are many other ways in which the 
pattern of mutation can vary across the genome. Base 
mismatches can be formed in at least three different 
ways: ( 1) misincorporation during DNA replication, (2) 
spontaneous chemical change, and ( 3) heteroduplex 
formation during recombination. It seems to be generally 
accepted that DNA replication is the major source of 
base mismatches (e.g., see Friedberg 1985)) a view sup- 
ported by the observation that the silent-substitution rate 
in the X chromosome is approximately two-thirds that 
on the autosomes (Miyata et al. 1990; but see Shimmin 
et al. 1993); this difference has been attributed to the 
greater number of replications which occur in the male 
germ line. DNA replication is a complex process and 
clearly has the potential to vary in accuracy across the 
genome, through temporal (or spatial) variation in con- 
ditions under which it occurs. For instance, Wolfe et al. 
( 1989) and Wolfe ( 199 1) have noted that ( 1) the pattern 
of mutation is dependent on the composition of the free- 
nucleotide pool (Meuth 1989; Phear and Meuth 1989a, 
1989b), (2 ) the free-nucleotide pools change during the 
cell cycle (McCormick et al. 1983; Leeds et al. 1985), 
and ( 3) replication is generally not simultaneous for the 
whole genome. Thus sequences replicated at different 
times should have different mutation patterns and, 
therefore, different synonymous codon usages. This does 
not appear to be the case: there appears to be little dif- 
ference in the silent-site G+C contents of early and late 
replicating genes ( Eyre-Walker 1992a). Furthermore, 
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a theoretical analysis of the mutation-rate /G+C- 
content relationship produced by variation in the free- 
nucleotide pool composition suggests that replication is 
unlikely to be able to explain the substitution-rate/G+C- 
content relationship observed at silent sites (Eyre-Walker 
19923). 

The two best characterized spontaneous chemical 
changes that occur in DNA are the deamination of 
methylated cytosine to thymine and the conversion of 
cytosine to uracil (Friedberg 1985). Since the level of 
methylation is known to vary across the genome (Lewis 
and Bird 199 1) and to increase the frequency of 
C-T transitions substantially (Coulondre et al. 1976; 
Bulmer 1986; Sved and Bird 1990; Blake et al. 1992), 
the deamination of methyl-cytosine could be responsible 
for the differences in synonymous codon use. This does 
not appear to be the case either, since there is substantial 
variation in silent-site G+C content at sites which are 
not preceded by C and followed by G (fig. 2). Less is 
known about the conversion of cytosine to uracil. There 
is an efficient repair system for U:G mismatches in 
mammals ( Brown and Brown-Leudi 1989 ), which sug- 
gests that such mismatches are quite common. However, 
there is no a priori reason why the frequency should 
vary across the genome and therefore generate G+C- 
content variance. 

This leaves the possibility of mismatch formation 
during recombination. The possible role of gene con- 
version in the determination of synonymous codon use 
is made very intriguing by the observations that ( 1) the 
average silent-site G+C content is positively correlated 
with the mean chiasmata density for a chromosome 
(Ikemura and Wada 199 1) and (2) genes on the non- 
recombining part of the Y chromosome have lower 
G+C contents than do paralogous copies on the X chro- 
mosome (Eyre-Walker 1993). The G+C bias in the re- 
pair of base mismatches observed by Brown and Jiricny 
( 1988) also ties in very neatly with this hypothesis. 

Of course, it is possible that selection is responsible 
for some of the patterns of synonymous codon use seen 
in mammals; although the correlation between isochore, 
intron, and silent-site G+C contents argues against it 
being a complete explanation, and ,Eyre-Walker ( 199 1) 
failed to detect any evidence of selection for tRNA in- 
teraction, the type of selection found in other groups of 
organisms (Ikemura 1985; Sharp 1989). 
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APPENDIX A 

Derivation of Corrected K 

In this appendix the corrected number of substi- 
tutions per site (eqs. [lo] and [ 111) is derived for a se- 
quence of infinite length. Let us assume that the pattern 
of substitution is the same on the two strands of the 
DNA duplex, so that at equilibrium the frequency of C 
equals the frequency of G (and A=T ). The pattern of 
substitution can then be described with just two param- 
eters, if we ignore C+-+G and At+T changes. Let the 
probability with which C:G base pairs change to A:T 
(or T:A) be @y, and let the probability of the reverse 
process be 4. Let the probability that a C:G base pair at 
time zero is a C:G (or G:C) base pair at time t be Xs, 
and let the probability that an A:T base pair at time zero 
is an A:T (or T:A) at time t be Xw. Then 

AX, = Xs( l-4y) + t l-&)4 - Xs , (AU 

which can be approximated by the continuous function 

6xs - = c#l[ 1 - Xs( l+r)] . 
lit W) 

Integrating and noting that Xs = 1 when t = 0, we 
obtain 

x 

S 
= 1 + Y Exp[-w+Y)tl 

l+Y 
. b43) 

By similar steps it can be shown that 

x 

w 
= Y + Exww+Y)tl 

1+y * (A4) 

The proportion, P, of sites which differ between two se- 
quences at equilibrium of G+C content f is then 

P = 1 -f[Xi + ( 1-xs)2l 
(A5) 

- (1-f)[X:, + ( 1-xw)2]. 

If we note that, at equilibrium, f= 1 /( 1 +y), the above 
can be rearranged to give 

-1 
2@ = - l+Y ln 1_02P [ 3 1 , bw 

which can be used to give K, the average number of 
substitutions per site: 
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K = 2f@t + 2( l-f)& 

-2Y =-In l-yp], 
[ 

W) 
(l+rJ2 

which, when it is noted that ‘y = ( l-f)/f, is 
-b ln( l-p/b), with b = 1 -f2 - ( 1 -f)2, i.e., equations 
(lO)and(ll). 

APPENDIX B 
Proof of Equilibrium Test 

To demonstrate that sites which differ between two 
sequences at equilibrium have a G+C content of 50’S, 
irrespective of whether the two lineages evolve at differ- 
ent rates, consider the following. Let the rate at which 
lineage x evolves be &, and let the probability that a 
C:G base pair (at t=O) is C:G (or G:C) at time t be Xsx 
(note that y must be the same in the two lineages if the 
system is at equilibrium). Then the proportion of sites 
which are G:C in sequence 1 and which differ between 
the two sequences is 

~=fx,,U-x,2) + U-f)U-&Mw2, VW 

and the total proportion of sites which differ is 

V=f[X,,( l--&2)+( 1-&d&21 

+ (l-f)[( 1-x,,)~w,+~w,(1-~w2)1 * 

WV 

If one substitutes in equations (A3) and (A4) for Xsx 
and Xwx, it is easy to show that the G+C content of the 
sites which differ between two sequences at equilibrium 
is equal to one half; i.e., U/V = l/2. 
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