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Abstract. Based on the differences in synonymous 
codon use between E. coli and S. typhimurium, the syn- 
onymous substitution rates can be estimated. In contrast 
to previous studies on the substitution rates in these two 
organisms, we use a kinetic model that explicitly takes 
the selection bias into account. The selection pressure on 
synonymous codons for a particular amino acid can be 
calculated from the observed codon bias. This offers a 
unique opportunity to study systematically the relation- 
ship between substitution-rate constants and selection 
pressure. The results indicate that the codon bias in these 
organisms is determined by a mutation-selection balance 
rather than by stabilizing selection. A best fit to the data 
implies that the mutation rate constant increases about 
threefold in genes at low expression levels relative to 
those that are highly expressed. 

Key words: Synonymous codon usage - -  Synony- 
mous substitution rates - -  Genome evolution - -  Muta- 
tion rates 

Introduction 

The genomic sequence divergence between two organ- 
isms can be used to estimate their evolutionary distance. 
With suitable models, the sequence divergence can also 
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be used to calculate the nucleotide substitution rates. 
Most commonly, synonymous nucleotide changes--i.e., 
changes in coding sequences that do not lead to any 
change in amino acid--have been considered and treated 
as neutral. However, in many organisms, the choice be- 
tween synonymous codons is clearly not neutral. This is 
evidenced by the strong preference for a particular codon 
choice among synonymous possibilities, the codon bias. 
In some organisms, E. coli and S. typhimurium among 
them, the codon bias becomes stronger in genes with a 
higher expression level (Ikemura 1981, 1985; Sharp and 
Li 1987). This correlation suggests that here is a selective 
advantage determined in some way by translational ef- 
ficiency to use particular codons in genes that are trans- 
lated often. This is supported also by the fact that in these 
organisms the preferred codons are read by major tRNAs 
(Ikemura 1981, 1985). 

Homologous genes in E. coli and S. typhimurium have 
very similar codon bias (Sharp and Li 1987; Sharp 1991), 
which suggests that the selection pressure on synony- 
mous codon choices has remained roughly the same in 
the two organisms since their separation; this is also 
supported by the present analysis. In each gene, the 
codon bias is the same throughout, except for the first 
50-100 codons or so (Bulmer 1988a; Eyre-Walker and 
Bulmer 1993). Therefore, it seems reasonable that the 
selection pressure on synonymous codons is the same 
over the whole gene, except at its beginning. We will 
make the further assumption that genes with the same 
codon bias are under the same selection pressure on syn- 
onymous codons. 
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Previous studies on the synonymous substitution rate 
in E. coli and S. typhimurium (Sharp and Li 1987; Sharp 
1991) found a very strong negative correlation between 
this rate and the codon bias, indicating that the substitu- 
tion rate decreases in genes at high selection pressure 
(high codon bias). However, the substitution rate used in Model 
these studies, the parameter K s as defined by Li et al. 
(1985), is an estimate of the average number of synon- 
ymous changes per site. This number says very little 
about the actual substitution rate constants from one nu- 
cleotide to another for the following reasons. First, it is 
based on Kimura's (1980) two-parameter model for the 
kinetics of nucleotide exchange. This model is not ap- 
plicable for sequences that have a codon or nucleotide 
bias, and in fact it predicts simply that the synonymous 
codons tend toward equal frequencies. Second, in the 
calculation of K s one takes the average overall synony- 
mous changes, regardless of what codons are involved. 
In this way, one gets an estimate for a single synonymous 
substitution rate with a small statistical variance. How- 
ever, the price for this small variance is that much of the 
interesting information has simply been averaged out. 

To distinguish this average rate of change, often re- 
ferred to as the synonymous substitution rate, from the 
rates of substitution of a certain nucleotide for another, in 
the following we will refer to the latter as substitution 
rate constants in analogy with the rate constants of 
chemical kinetics. In the present communication we will 
study these synonymous substitution-rate constants for where 

twofold degenerate sites with a model that includes the 
selection pressure, i.e., assuming that the rate of substi- 
tution to a preferred codon is different from the rate when 
a preferred codon is replaced. Furthermore, we will also 
take into account that the synonymous substitution rate 
constants for different amino acids may be different. 
Since the codon bias for each amino acid in each gene 
provides a measure of the selection pressure, this offers 
a rare opportunity to study systematically the relation- 
ship between substitution rate constants and selection 
pressure. 

Data 

Gene sequences were taken from the EMBL data bank. 
The following sequences were used from genes at very 
high expression level (VH): hupA, ompC, ompA, rplL, 
tufA, gapA, cspA, fusA; genes at high expression (H): 
glnA, rpoB, rplJ, crr, rpsG, envm, glyA, adk, ompH; 
genes at medium-high expression (MH): ptsG, ptsI, crp, 
hupB, prsA, purH, purD, katG, mhd, gnd; genes at me- 
dium-low expression (ML): cysK, gdhA, araA, hisF, 
hisG, hisH, carA, uvrA, metJ, parC, nrdA; genes at low 
expression (L): aroA, trpA, trpB, trpE, araD, hisA, hisB, 
hisC, hisIE, mutS, phoE, ddlA, livF, pabB, cysH, lexA, 
metF; genes at very-low expression (VL): envZ, pabA, 
cheA, cheR, cheZ, cheY, btuB, araC, iclR, ada, livG, 

metR, cysM, dnaQ. The genes were placed in the respec- 
tive groups as defined by Bulmer (1988b) according to 
their level of codon bias (codon adaptation index). 

Codon Bias. To clarify the assumptions and notations, let us briefly 
consider the kinetics of synonymous change for a twofold degenerate 
amino acid. Similar two-state models for DNA evolution have been 
considered, for instance, by Sueoka (1962). Let M and m denote the 
major and minor codon, respectively. These differ by a transition in the 
third position. Assume that the rate constant for replacing m by M in 
the population is cq and for replacing M by m is a2. Then the rate of 
change for the probability, PM, that the amino acid at a particular site 
is coded for by the major codon is 

dPM 
dt = %(1 - PM) - a2PM (1) 

After a long time the equilibrium probabilities are 

~1 B 
peq = _ _  _ (2) 

0~1 q- 13~ 2 I + B  

1 
P~q = 1 - P ~ -  1 + B (3) 

B=  ~1 - P~Mq (4) 
a2 P~m 

is a measure of the codon bias for the particular amino acid under 
consideration. Thus the codon bias B is here defined as the ratio of the 
probabilities for major and minor codons. The mutation-selection bal- 
ance at equilibrium is given by eqs. (2) and (3) as ~l/~m q = ~2P~, so that 
the smaller value of ~2 is exactly compensated by the larger value for 
the probability of a major codon, P~M q. The equations assume that syn- 
onymous codons at different positions are replaced independently and 
with the same substitution rate constants. If we consider groups of sites 
with the same selection for codon bias, the probabilities P~m q and P~M q 
will correspond to fractions of observed codon usage. 

The average rate of synonymous substitution at a twofold degen- 
erate site can be expressed as 

(L q_ L/-1 
ff'lP~+O~2PeMq=2 \Oq C~2] (5) 

which is the harmonic mean of cq and c~ 2. Thus, the average rate of 
change at a certain site is dominated by the slow step, %. 

Accumulation of Differences. When comparing homologous se- 
quences from two different organisms, one can only observe the dif- 
ferences and similarities between them. If PMm denotes the probability 
that one sequence has a major codon and the other a minor one at a 
certain site, and if PMM and Pm~ indicate the probabilities that both use 
major and minor, respectively, their rate of change would be deter- 
mined by 



dPMm 
dt = 2~lPmm + 202PMM -- (~1 + (x2)PMm (6) 

Be 1 
K~ = 2o~t = ~ln(1  - 2PMm(t)) 
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(11) 

dPMM 
dt = alPMr n - 2a2PMM (7) 

In contrast, the average number of changes for sites with bias different 
from B = 1 is given by eq. (5) as: 

dPmm 
dt = 02PMm -- 20~lPmm (8) 

These equations assume that the substitution rate constants are the same 
in the two organisms. The probabilities are normalized, PMm + P ~  + 
Prom = 1. The initial condition is PMm(0) = 0 since the sequences were 
the same at the time of separation of the two organisms. Assuming B 
= 0q/02, as before, the solution to the differential equations can be 
written 

2B 
PMm(t) = ~ (1 - exp(-2(0t I + 02)t)) (9) 

(1 +/S)" 

Eq. (9) expresses the gradual randomization as to which codon is 
where in the two sequences. After a long time the differences are 
saturated (equilibrated) such that the probability that one sequence has 
a major codon while the other has a minor one at a certain site can be 
determined as the product of two independent events: PMm(t = ~) = 
2peqp~ = 2B/(B + 1) 2. The time scale in the relaxation toward satura- 
tion is determined by the relaxation rate 2(o~ 1 + ~.~). In contrast to the 
average rate of change, eq. (5), this is dominated by the fast step, cq. 
Only when cq = 02, as tacitly assumed in the calculation of the K, 
parameter, will the average rate of change correspond to the relaxation 
rate. 

It should be noted that eq. (9) holds for the remaining synonymous 
positions also if there have been a number of nonsynonymous changes, 
as long as these changes occur with the same probability for both of the 
synonymous codons. The model does not account for synonymous 
positions that have appeared via an intermediate with a nonsynony- 
mous change; these are expected to be very few in this data set. The 
relation (9) is valid also if the substitution rates are not the same in the 
two organisms as long as the codon bias is the same. In this case cq and 
02 in the equations would correspond to the arithmetic mean of their 
values in the two organisms. 

In the comparison between homologous sequences from E. coli and 
S. tRphimurium, we consider groups of genes with similar codon bias. 
Then we look at positions where there is no amino acid difference and 
count the fraction of synonymous codon differences (PMm) for each 
amino acid considered and in each group. For the expected equilibrium 
value of the codon bias for that amino acid and in that group, B from 
eq. (4), we use the value from the codon distribution from both organ- 
isms. However, since these codon distributions are for the entire 
lengths of the genes (including the beginning where codon bias is 
smaller), this introduces a small systematic underestimate of B. When 
B is defined, the substitution rate from a minor to a major codon can be 
calculated from eq. (9) as 

2cqt=B_~+Blln(1 (B+ 1) 2 - ~ PMm(t) ) (10) 

where t is the time since separation. The reverse rate, 02, follows from 
eq. (4) as 02 = oqlB. 

For comparison, in Kimura's (1980) two-parameter model for a 
two-codon amino acid, where 02 = cq = tx, one would use B = 1 in eq. 
(10) to calculate the average synonymous substitution rate (the average 
number of changes): 

28 [ (8 + 1) 2 ] 
K = In 1-TP m(t) ] (12) 

Only at very short times will use of eq. (11) give a reasonable estimate 
for the average number of changes as given in eq. (12) for arbitrary 
bias. After long times, when the changes approach saturation so that 
PMm = 2B/(B + 1) 2 from eq. (9), use of the two-parameter model would 
give an estimate for the separation time and the substitution rate which 
is totally unrelated to time and rates and determined only by the codon 
bias. The relationship between the real average number of changes and 
that estimated from the two-state model for various degrees of codon 
bias and various degrees of degeneracy is discussed in a separate com- 
munication (Berg 1995a). 

Mutation and Fixation. In a model where mutations occur randomly 
and are fixed in the populations via genetic drift, one expects the 
substitution rate constants to be determined from the mutation rate and 
fixation probability as 

ulNes 
% - 1 - exp(-Nes ) (13) 

bl2NeS exp(-NeS) 
1362 - -  1 - exp(-Nes ) (14) 

B peM q (X 1 lA 1 
exp(Nd) 

peq (X 2 u2 
(15) 

These relations are for a haploid organism and differ from the more 
commonly used versions for a diploid (e.g., Li and Graur 1991) by 
some factors of 2. u a and u 2 are the mutation rate constants, i.e., the 
rates with which the corresponding mutations appear in an individual 
cell. The substitution rate constant is the product of the mutation rate 
and the probability of fixation in the population. N e is the effective 
population size, and s is the selective advantage of the major codon 
relative to the minor. 

Bacterial populations are usually very large and the time it would 
take for a counterselected (even weakly) mutation to become fixed is 
exceedingly long. Thus it is more likely that the synonymous codon 
changes, which are under weak selection or counterselection, are fixed 
via hitchhiking with a strongly selected variant. It can be shown (Berg 
1995b) that the effective substitution rate constant for a weakly selected 
variant via hitchhiking would be approximately (except for Nd > 1) 

exp(N d)  - 1 
0q = u 1 Nd (16) 

The ratio of the substitution rate constants, eq. (15), remains the same 
as for the case without hitchhiking. In this relation the effective pop- 
ulation size is determined by the average time between successive 
selective sweeps where a strongly selected variant takes over the pop- 
ulation. 
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Table 1. B values 

VH H MH ML L VL 

lys a 6.7 3.4 2.8 2.6 3.8 3.3 

glu a 3.9 3.1 2.6 2.1 2.0 1.7 
gln b 16 5,9 3.3 2.2 2.4 2.4 

tyr ~ 3.1 2,5 1.6 1.1 0.83 0.54 

his ° 3.1 4.5 1.5 1.2 1.1 0.71 

asn ~ 25 7.3 4.8 2.0 1.5 1.7 
asp c 2,5 1.5 0.84 0.71 0.57 0.60 

phe ~ 5.9 2.2 1,6 1.2 0.76 0.53 

a Codon bias for A over G 

b Codon bias for G over A 

c Codon bias for C over T 

Results 

We have looked at eight of the nine twofold degenerate 
amino acids for a number of genes in each of the six 
codon-bias (or expression-level) groups defined by 
Bulmer (1988b). The study excludes cysteine because of 
its small numbers of occurrence. The bias, B, was cal- 
culated for each amino acid in each group (Table 1) by 
taking the ratio of the number of major codons and the 
number of minor codons in both organisms. The fraction 
of sites for each amino acid, PMm, that have different 
synonymous codon choices in the two organisms is listed 
in Table 2. 

Using eq. (15) and the observed codon bias, B (Table 
1), the selection force (Nes) for each amino acid in each 
group can be calculated as 

Nes = ln(B) - ln(Ul/U2) (17) 

The twofold degenerate amino acids studied here involve 
five cases of changes between T and C and three cases of 
A - G  exchange. As gene expression becomes lower, the 
codon bias should approach the mutational bias, Ua/U 2. 
We assume that the mutational bias corresponds to the 
bias observed in the genes of the lowest expression level 
(VL); thus ul/u 2 = Bvc. This can be justified by the fact 
that Bulmer (1990) finds the same patterns of bias in the 
transcribed and nontranscribed strands of these genes. 
Furthermore, the results are not very sensitive to this 
choice. Using eq. (10) the substitution rate constants can 
be calculated from PMm and B. In Fig. 1 is plotted 2~1t 
vs. the selective force Nes = ln(B/Bvc) for the two groups 
with the highest expression. The results can be fitted 
fairly well to the theoretical relations, eq. (13) or (16). In 
the lower groups (data not shown), the range of Nes 
values is small and, as also expected from eq. (13) or 
(16), the substitution rates are fairly constant, corre- 
sponding to the mutation r a t e  2Ult. 

Another way of looking at the results in Fig. 1 is to 
calculate the mutation rate constant (2ult) for each amino 
acid in each gene group using eqs. (13) and (17), ex- 
pressed as 

Table 2. PM~, values 

VH H MH ML L VL 

lys 0.033 0.093 0.17 0.23 0.24 0.34 
gin 0.081 0.088 0.19 0.23 0.35 0.32 

gln 0.013 0.058 0.18 0.20 0.26 0.23 

tyr 0.22 0.21 0.26 0.32 0.53 0.35 

his 0.054 0.19 0.32 0.25 0.42 0.36 

asn 0.054 0.063 0.16 0.25 0.33 0.37 

asp 0.20 0.21 0.28 0.27 0.30 0.32 

phe 0.072 0.23 0.19 0.27 0.33 0.35 
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Fig, 1. The correlation between the substitution rate constant to a 

favored codon estimated from eq. (10) and the selection pressure, N~s, 
calculated from the codon bias from eq. (18). The curves are the theo- 

retical ones from eq. (13) (dashed) and eq. (16) (dash-dot). Datapoints 

are from genes at very high (VH) expression level (circles) and from 

genes at high (/4) expression level (triangles). The statistical error bars 
were calculated from an assumed binomial sample distribution such 

that the variance in the observed number (= NPMm) of differences in a 

sample of N synonymous sites is ~j2 = NPMm(1 _ P~m)" 

1 - Bvc/B 
2u~t = 2al t  ln(B/BvL ) (18) 

The results are plotted in Fig. 2; the upper panel shows 
the mutation rate for A-to-G transitions and the middle 
panel the mutation rate for T-to-C transitions. Because of 
the mutational bias, the mutation rates for the C-to-T 
transitions may be about twice as large as for T-to-C. 
Although the scatter is large, reflecting the scatter in Fig. 
1, the trends are very clear in indicating a monotonic 
increase in the mutation rate with decreasing expression 
level. 

To further substantiate this systematic variation in the 
mutation rates, we have also looked at the substitutions 
between the two major codons ending in T and C in four 
groups of fourfold degenerate amino acids: threonine, 
glycine, and the fourfold groups of serine and arginine. 
The T-to-C substitution rate constant can be calculated 
with the same formalism as described above if B is the 
bias for C over T and eMm is the fraction of C-T  differ- 
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Fig. 2. The calculated mutation rate constants, 2ut, as function of 
gene-expression level for the different amino acids as described in the 
text. A is for A-to-G transitions (squares--lys, diamonds--glu, and 
circles--gin) and B is for the T-to-C transitions (squares--tyr, dia- 
monds--asn, circles--his, triangles--asp, and crossed squares--phe); 
A and B are both for the twofold degenerate amino acids. C is for the 
T-to-C transitions in the fourfold degenerate amino acids (squares-- 
ser, diamonds--thr, circles--arg, and triangles--gly); for reasons ex- 
plained in the text, only the four highest-expression-level groups are 
included in this case. 

Discussion 
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Equilibrium Relaxation 

The results support the notion that the sequences have 
evolved since separation with similar selection pressures 
on synonymous codon choice. Thus, the overall codon 
distributions have remained at equilibrium and the only 
rearrangements that have taken place involve changing 
which codon is at what site. These changes have oc- 
curred as small fluctuations around equilibrium when, 
occasionally, a minor codon has been replaced by a ma- 
jor, or vice versa. The reverse mutation, which keeps the 
overall codon distribution constant, is more likely to oc- 
cur at some other site since there are always more other 
sites. As a consequence of this equilibrium relaxation, 
the kinetic equations are not required to be valid for large 
departures from the equilibrium codon distribution. 

The agreement with the kinetic model does not prove 
that the synonymous codon choices are statistical, i.e., 
that the probability for a certain synonymous codon 
choice is independent of the position in the gene (beyond 
the first 100) and independent of codon choices at other 
positions. We have also looked at the distribution of the 
distances between successive synonymous changes 
along the genes (data not shown) and find it to be an 
exponential distribution. This is consistent with, but does 
not prove, the idea that the synonymous changes consti- 
tute a Poissonian process so that their positions are ran- 
dom. Nonsynonymous changes, however, do not show 
this characteristic. There remains the possibility that po- 
sition effects do occur, e.g., as a consequence of con- 
straints in DNA or RNA structure, but they do not appear 
to be dominant. That the synonymous codon choices are 
statistical is a working hypothesis that is required for the 
calculation of the substitution rates; the results presented 
here are consistent with this hypothesis. 

ences among the pyrimidine-ending codons. The advan- 
tage of studying these major-major transitions for the 
mutation rates is that they are nearly neutral; therefore 
the correction for selection bias is small and depends less 
on the assumed form of eq. (13). This calculation does 
not account for C-T  differences that have occurred via 
two transversional changes; since the fraction of trans- 
versional differences is small in all but the two lowest- 
expression-level groups (L and VL), this can be shown to 
have a negligible effect on the estimated rates in the other 
groups. The mutation rate constants for T and C can be 
calculated from eq. (18) and the result is plotted in the 
lowest panel of Fig. 2. The resulting tendency for in- 
creasing mutation rates at lower expression level in 
agreement with the results for the twofold degenerate 
amino acids is obvious. The excluded data points for V 
and VL would actually strengthen the tendency. 

Mutation-Selection Balance 

The kinetic equations were developed with the picture of 
mutation-selection balance in mind. This is apparent, for 
instance, in eqs. (1)-(8), where the probability of chang- 
ing a major or a minor codon at a certain site is assumed 
to be independent of what the distribution is overall. The 
identifications of the rate constants in eqs. (13-(16) are 
also based on a mutation-selection balance. In this pic- 
ture, it is always "bes t"  to use a major codon, and ~1 > 
a2; however, when there are so many more major codons 
than minor ones that their numbers exactly compensate 
the difference in the substitution rates, a balance is 
reached and the distribution is equilibrated. The effective 
relaxation rate (al  + c~2) is dominated by the faster step, 
~1, and is therefore expected to be larger than the mu- 
tation rate. Furthermore, the relaxation rate is expected to 
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be faster in genes and/or amino acids at higher selection 
pressure. 

It is useful to consider at least qualitatively also what 
would happen for stabilizing selection. In this case there 
would be a strong selection to keep synonymous codons 
at a fixed and optimal distribution, and all departures 
from this distribution will be selected against. If  the two 
species had the optimal codon distribution at the time of 
separation, all subsequent rearrangements would take 
place via substitutions that were selected against 
(Kimura 1981, 1983). 

The situation is likely to be more complex than either 
of these two extreme pictures, mutation-selection or sta- 
bilizing selection. First of all, if stabilizing selection is to 
keep the system at the optimum in the way that Kimura 
(1981) describes it, a very strong selective force would 
be required to counteract the mutational randomization 
forces; it does not appear likely that the viability of the 
organism is so sensitive to small changes in synonymous 
codon distribution. As a consequence, if indeed an opti- 
mum situation exists that is different from the case where 
all codons are major codons, the system is most likely to 
be at some distance from it. The result would be a mu- 
tation-selection balance. 

The selective force on the codon choice depends on 
the levels of the cognate tRNAs. These levels change 
with the growth conditions of the cells (Emilsson and 
Kuriand 1990; Emilsson et al. 1993). Thus the resulting 
force over evolutionary time that determines the codon 
bias of the organism may represent some average over 
varying growth conditions. Furthermore, relative tRNA 
levels could also be changing over evolutionary time, 
coadapting to changes in the codon distributions (Bulmer 
1987). However, since codon bias is approximately the 
same, though somewhat smaller in S. typhimurium than 
in E. coli, there do not appear to have been any major 
changes in selection pressure and therefore in tRNA lev- 
els. The situation seems to be one where tRNA levels are 
optimal for the codon distribution (Ehrenberg and 
Kurland 1984), while the codon choices are set by a 
mutation-selection balance. 

Substitution Rates vs. Codon Bias 

Previous studies (Sharp and Li 1987; Sharp 1991) of the 
substitution rates in E. coli and S. typhimurium showed a 
strong negative correlation between the average synon- 
ymous substitution rate, K s, and the average codon bias, 
the codon adaptation index (CAD, in a gene. This result 
has been quoted as an indication that synonymous codon 
substitutions are under stabilizing selection (Ikemura 
1985). However, the average rate of substitution would 
have a negative correlation with codon bias even in a 
model with mutation-selection balance. The appropriate 

question is whether the rate constant for change to a 
preferred codon, cq, correlates positively or negatively 
with the selection pressure as evidenced in the codon 
bias. In Kimura's (1981, 1983) model for stabilizing se- 
lection ~1 is expected to be negatively correlated with 
codon bias. By considering separately the correlation be- 
tween substitution rate constants and codon bias for in- 
dividual amino acids in different groups of genes we find 
a largely positive correlation between rate constant and 
bias, displayed in Fig. 1, as expected from the mutation- 
selection model, eqs. (13)-(16). However, the correla- 
tions disappear if genes at all expression levels are taken 
together. 

When the fraction of synonymous differences, PMm, 
is used as a measure of the substitution rate, seemingly 
contradictory correlations can be found. In fact, rewriting 
PMm from eq. (9) as a function of codon bias B by re- 
placing oq and Nes from eqs. (13) and (15), one finds that 
PMm increases with increasing bias for low values of B 
and then decreases for higher values of B. Eyre-Walker 
and Bulmer (1993) find both negative and positive cor- 
relations between the average PMm and codon adaptation 
index (CAD: PMm increases with decreasing CAI as 
genes with decreasing expression level are considered, 
while PMm decreases with decreasing CAI as codons 
closer to the beginning of the genes are considered. They 
suggest that the positive correlation is due to some un- 
known selection pressure that would make the codon 
choice look more random toward the beginning of the 
genes. However, in light of the present results we suggest 
that this positive correlation is totally compatible with 
the previous model (Bulmer 1988a, 1991) where the se- 
lection pressure on codon bias decreases at the beginning 
of the genes. Furthermore, the increase in PMm for genes 
at lower expression (lower CAI) seems to be largely a 
consequence of the increasing mutation rate constant 
rather than the decrease in the selection pressure. Thus, 
the apparently contradictory results of Eyre-Walker and 
Bulmer (1993) seem to be fully compatible with the ki- 
netic model presented here. 

The relationship between substitution rate constants 
and selection pressure is expected to be a little different 
if most changes are fixed in a population via hitchhiking 
(Berg 1995b), eq. (16), rather than through their own 
genetic drift, eq. (13). However, the difference in rate 
appears only at sufficiently large selection pressure, and, 
as is obvious from the error bars in Fig. 1, in this data set 
the uncertainty is too large to distinguish between eqs. 
(13) and (16). 

The study of the substitution rates cannot separate the 
parameters N e and s. Bulmer (1991) has used a model for 
translational efficiency to estimate the selective values, s, 
of a major codon in genes at different expression levels. 
From this he finds that the effective population size for 
E. coli would be about N e = 105. This is in qualitative 
agreement with an estimate based on a mutation- 
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selection balance for base-pair choices in DNA recogni- 
tion sites (Berg 1992). 

Mutation Rate Constants 

By fitting the observed substitution rates to the expected 
relationships, eq. (13) or (16), it is possible to distinguish 
between mutation and selection and estimate the under- 
lying mutation rate constants. For the two-codon amino 
acids studied here this corresponds to a transition rate. 
The data can be fitted reasonably well (Fig. 1) if the 
mutation rate constants are different in the genes at dif- 
ferent expression levels: The mutation rate for a transi- 
tion T to C or A to G is 2ult --- 0.1-0.2 for genes at very 
high or high expression level (H or VH), increasing to 
about 2ult = 0.5 at low or very low expression (L or VL). 

According to Table 1, the mutational bias seems to 
favor T over C in the pyrimidine-ending codons (except 
asparagine) and A over G in the purine-ending codons 
(except glutamine). Since all these two-fold degenerate 
amino acids (except phenylalanine) have an A in the 
second codon position, this bias for T and A reflects the 
strong dinucleotide preference in E. coli for AT and AA. 
But there remains a possibility that the mutational bias is 
different in genes at different expression; this possibility 
cannot be excluded a priori, in particular as we find the 
mutation rates to be changing in the different gene 
groups. Fortunately, the mutational bias enters logarith- 
mically, and small differences would only shift the data 
points in Fig. 1 small distances along the x-axis. 

Increasing expression level seems to have two effects 
on the synonymous substitution rates: First it increases 
the selection pressure of synonymous codons, which 
leads to increased codon bias and also directly influences 
the substitution rates via the selection coefficient. Sec- 
ond, it decreases the mutation rate constants, either di- 
rectiy or as a secondary effect of the codon bias (Fig. 2). 
The apparent decrease in the mutation rate constants in 
genes at high expression level is somewhat unexpected, 
but not unreasonable. Sharp (1991) detected a decrease 
in substitution rate around the origin of replication. How- 
ever, this map-position effect is not likely to be the cause 
of the decreased mutation rate we observe since the 
genes in the different groups considered here do not have 
any systematic distribution around the origin of replica- 
tion. The most plausible explanation for the apparent 
variation of the mutation rates is that genes that are tran- 
scribed often also are under more rigorous DNA repair. 
The repair enzymes could find transcribed DNA more 
accessible and therefore preferentially act on high- 
expression-level genes; such a coupling between tran- 
scription and DNA repair has in fact been identified, at 
least in some systems (Selby and Sancar 1993). The pro- 
posed variation in mutation rates could also, at least par- 
tially, explain the observed correlation (Sharp and Li 

1987) between synonymous and nonsynonymous substi- 
tution rates. Finally, the variation can be considered as a 
prediction which can be tested with molecular genetic 
methods. 

If E. coli and S. typhimurium separated around 10 s 
years ago (Ochman and Wilson 1987), the average mu- 
tation rate constant, u, for transitions would be 10 -9 per 
year in genes at high expression level, increasing to 
about 3 x 10 -9 per year in genes at low expression levels. 
If it is assumed that E. coli in "the wild" has about 300 
generations per year (Ochman and Wilson 1987), this 
would correspond to a mutation rate for transitions of 
about 10 -11 per generation or less. This is in excellent 
agreement with recent results from experimental mea- 
surements (D. Hughes, personal communication). Since 
the model cannot distinguish in which organism a change 
has taken place, these mutation rates actually correspond 
to the arithmetic mean of their values in the two organ- 
isms. 

Phylogenetic Distance 

The important determinant for the distance between two 
organisms is the time since separation. To estimate this 
time based on the observed differences between homol- 
ogous sequences requires a suitable kinetic model. Syn- 
onymous differences can be particularly useful since 
they may be out of equilibrium between the organisms 
and still equilibrated within each of them. Usually, syn- 
onymous differences are treated as neutral, but in many 
cases there is a definite selection bias as evidenced in the 
codon bias. As described above, the formulation of the 
kinetic model should include the selective bias, if there is 
any. The molecular clock can be ticking at very different 
rates for different amino acids and for different genes, 
even if only silent substitutions are considered. 
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