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Summary. Observed  pat terns  of  synonymous  co- 
don usage are explained in t e rms  o f  the jo in t  effects 
of  mutat ion,  selection, and  r a n d o m  drift. Exami-  
nat ion o f  the codon usage in 165 Escherichia coli 
genes reveals a consistent  t rend o f  increasing bias 
with increasing gene expression level. Selection on 
codon usage appears  to be unidirectional ,  so that  
the pat tern  seen in lowly expressed genes is best  
explained in t e rms  of  an absence o f  strong selection. 
A measure  o f  direct ional  synonymous -codon  usage 
bias, the Codon  Adap ta t ion  Index, has been devel-  
oped. In enterobacter ia ,  rates o f  synonymous  sub- 
st i tution are seen to vary  greatly a m o n g  genes, and  
genes with a high codon bias evolve  more  slowly. 
A theoretical  s tudy shows that  the pat terns o f  ex- 
t r eme  codon bias observed  for some  E. coli (and 
yeast) genes can be generated by ra ther  small  selec- 
t ive differences. The  relative plausibilities o f  var ious  
theoretical  models  for explaining n o n r a n d o m  codon 
usage are discussed. 
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Introduction 

Since synonymous  muta t ions  cause no change in 
gene products,  they have  c o m m o n l y  been thought  
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to be subject to few selective constraints  and  have  
been considered by some evolut ionis ts  (K imura  
1968; King and  Jukes 1969) to be good candidates  
for selectively neutral  mutat ions .  For  this reason, 
unequal  usage o f  the al ternat ive codons for an a m i n o  
acid was not  anticipated.  However ,  with the deter-  
mina t ion  o f  a substantial  n u m b e r  o f  D N A  se- 
quences, it became apparen t  that  n o n r a n d o m  usage 
o f  synonymous  codons is a general p h e n o m e n o n  
( G r a n t h a m  et al. 1980, 1981). There  now exists a 
large body  o f  codon usage data, f rom which two 
general observat ions  have  been made:  

1. Genes  within a species usually have  similar  
pat terns  o f  codon preference, but  genes f rom differ- 
en t  t a x o n o m i c  g r o u p s  h a v e  d i f fe ren t  p a t t e r n s  
( G r a n t h a m  et al. 1980). For  example ,  Escherichia 
coli and Salmonella typhimurium (two closely re- 
lated enteric bacteria)  show very similar  preferences 
( Ikemura  1985), but  the unrelated bac te r ium Ba- 
cillus subtilis shows quite different preferences (Oga- 
sawara 1985). 

2. Despite  observa t ion  1, considerable heteroge- 
neity exists in codon usage pat terns  within species. 
In unicellular organisms,  highly expressed genes ex- 
hibit  a greater degree o f  bias in favor  o f  a part icular  
subset o f  codons than do lowly expressed genes 
(Bennetzen and Hall  1982; G o u y  and Gaut ie r  1982). 
In m a m m a l i a n  genomes,  which seem to be mosaics  
o f  regions o f  ra ther  different G + C content  (Ber- 
nardi  et al. 1985), codon usage in any part icular  gene 
seems to be related to the degree o f  local G C  richness 
(Bernardi and  Bernardi  1985; I k e m u r a  1985). 

F r o m  a theoretical v iewpoint  an observed  pat tern  
o f  codon usage reflects the jo int  act ion of  muta t ion  
and  natural  selection, but  what  is the relat ive im-  
por tance of  these two forces? The  impor tance  of  



natural selection in forging the highly biased pattern 
of codon usage in highly expressed genes in E. con 
and yeast was strongly suggested by two lines of 
work involving tRNAs. First, the relative abun- 
dances of different tRNA species vary, and those 
sets of  codons translated by the more abundant 
species are used more frequently (Ikemura 1981a,b, 
1982). Second, analysis of tRNA anticodon se- 
quences shows that within a set ofcodons recognized 
by the same tRNA,  those that might be expected to 
form the optimal codon-anticodon interaction are 
more frequently used (Bennetzen and Halt 1982; 
Grosjean and Fiefs 1982; Ikemura 1985). Thus it 
appears that selection at the level of translation has 
heavily favored certain "optimal" codons in genes 
expressed at high levels. Interestingly, the tRNA 
abundance profiles and the anticodon sequences dif- 
fer between E. coli and yeast, and so do the optimal 
COdons; this may largely explain observation 1. 

The relative importance of mutation pressure in 
determining codon usage has not been established. 
In prokaryotes, where there is very little superfluous 
DNA, there is a correlation between G + C content 
at synonymous sites in codons and in the genome 
as a whole (Bibb et at. 1985), but it is not clear how 
the correlation has arisen. There is evidence that 
differences in genomic G + C content could arise 
from differences in the spontaneous rates of the dif- 
ferent possible base substitutions. For example, the 
comparative A + T richness of the genome of Her- 
pesvirus saimiri may be related to the presence of a 
gene for thymidylate synthase, which is lacking in 
several herpesviruses that are G + C rich (Honess 
et al. 1986). Since genomic G + C content varies 
considerably among organisms, this correlation of 
G + C content and codon usage would also contrib- 
ute to the taxon-specific pattern of codon usage. In 
mammals there is a strong relation between G + C 
content at synonymous sites and in neighboring in- 
trons (Ikemura 1985), and less evidence of selection. 

Our understanding of the phenomenon of non- 
random codon usage has greatly increased in recent 
Years but remains rather incomplete. In this paper 
we examine this phenomenon from an evolutionary 
perspective. First, we show that in E. coil there is a 
consistent trend in synonymous-codon usage bias, 
from a very high bias in highly expressed genes to 
a low bias in lowly expressed genes. This strongly 
suggests that the pattern of codon usage in highly 
eXpressed genes is determined largely by selection, 
whereas in lowly expressed genes mutation and ran- 
dora drift are also influential. We refute the sugges- 
tion, made on numerous occasions (e.g., Grosjean 
and Fiers 1982; Konigsberg and Godson 1983; Hinds 
and Blake 1985), that the relatively high incidence 
in lowly expressed genes, particularly regulatory ones, 
of certain codons recognized by minor tRNA species 
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represents an evolutionary strategy used to lower 
the level ofgene expresion. Rather, we suggest that 
the higher incidence is due simply to a relaxation 
of selection in lowly expressed genes. Second, we 
show that a negative correlation exists between the 
degree of codon usage bias and the rate of  synony- 
mous substitution in a gene, From this we conclude 
that variation in the degree of codon usage bias and 
variation in the rate of synonymous substitution 
among genes are two aspects of the same phenom- 
e n o n - t h e y  both reflect variation among genes in 
the selective constraints on synonymous changes. 
Third, we address the question of the magnitude of 
selective difference required to produce a strong co- 
don usage bias, and discuss the relative plausibilities 
of various theoretical models for explaining non- 
random codon usage. 

Evidence for a Unidirectional Trend in 
Codon Preference 

We suggest that in unicellular organisms there is a 
single trend in synonymous codon usage, from a 
high bias in highly expressed genes (where selection 
on codon usage is strong) to a low bias in lowly 
expressed genes (where selection is weak). 

To support this assertion we compiled codon usage 
data for 165 E. coli chromosomal genes (Sharp and 
Li 1986). Ideally, we would then have categorized 
these genes by expression level, but such data are 
not readily available for all the genes. Furthermore, 
it is not clear whether the constitutive expression 
level or a transient maximum expression level is 
more important (Gouy and Gautier 1982). How- 
ever, we did extract several subsets of genes. They 
were categorized as "very highly expressed" (27 
genes, mainly encoding ribosomal proteins, elon- 
gation factors, and outer  membrane  proteins), 
"highly expressed" (I 5 genes, including those en- 
coding RNA polymerase subunits and aminoacyl 
tRNA synthetases), and "regulatory" (8 genes, en- 
coding regulatory or repressor proteins and ex- 
pressed at very low levels). 

This left a heterogeneous group of"o thers"  (115 
genes of very mixed expression level). This group 
was divided into groups of  "moderate" and "low" 
codon bias on the basis of usage of seven particular 
pairs ofcodons, namely those pairs of  synonymous 
codons that are A/U or G/C rich at codon positions 
one and two, and have a pyrimidine (Y = U or C) 
at position three [the pair CCY was excluded for 
reasons given in Sharp and Li (1986)1. A preference 
for U in G/C-rich codons and C in A/U-rich codons 
has been observed in highly expressed genes in both 
E. coli (Gouy and Gautier 1982) and yeast (Sharp 
et al. 1986). Although this phenomenon is not corn- 
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Table 1. Relative synonymous-codon usage (RSCU) values in 165 E. coil genes 

Gene group Gene group 

VH H M L R VH H M L R 

Phe UUU 0.46 0.60 0.72 1.11 1.30 Ser UCU 2.57 1.75 1.32 0.83 0.80 
UUC 1.54 1.40 1.28 0.89 0.70 UCC 1.91 1.75 1.35 0.83 0.85 

Leu UUA 0.11 0.17 0.39 0.74 0.88 UCA 0.20 0.26 0.55 0.59 0.89 
UUG 0.11 0.36 0.55 0.79 0.81 UCC_# 0.04 0.48 0.84 0.95 0.93 

Leu CUU 0.22 0.33 0.49 0.54 0.77 Pro CCU 0.23 0.47 0.45 0.55 0.54 
CUC 0.20 0.45 0.57 0.64 0.49 CCC" 0.04 0.07 0.15 0.52 0.81 
CUA �9 0.04 0.07 011 0.18 0.11 CCA 0,44 0.50 0.72 0.75 0.71 
CUG 5.33 4.62 3.89 3.12 2.94 CCG 3.29 2.97 2.68 2.19 1.95 

lie AUU 0.47 0.96 1.14 1.64 1.56 Thr ACU 1.80 0.97 0.77 0.62 0.48 
AUC 2,53 2.03 1.78 1.24 1.13 ACC 1.87 2.37 2.06 1.78 1.93 
AUA ~ 0.01 0.01 0.08 0.12 0.31 ACA 0.14 0,13 0.33 0.48 0.41 

Met AUG 1.00 1.00 1.00 1.00 1.00 ACG 0.18 0.53 0.84 1.13 1.17 

Val GUU 2.24 1.51 1.23 0.98 1.08 Ala GCU 1.88 0.93 0,79 0.53 0.50 
GUC 0.15 0.53 0.69 0.89 1.18 GCC 0,23 0.68 0.88 1,24 1.15 
GUA 1.11 0.88 0.65 0.60 0.39 GCA 1.10 0,92 0,86 0.74 0.70 
GUG 0.50 1.09 1.43 1.53 1.35 GCG 0.80 1.47 1.48 1.49 1.65 

Tyr UAU 0.39 0.67 0.91 1.18 1.13 Cys UGU 0.67 0.76 0.87 0.79 1.14 
UAC 1.61 1.33 1.09 0.82 0.87 UGC 1.33 1.24 1.13 1.21 0.86 

ter UAA . . . . .  ter UGA . . . . .  
ter UAG . . . . .  Trp UGG 1.00 1.00 1.00 1.00 1.00 

His CAU 0.45 0.57 0.76 1.14 1.12 Arg CGU 4.39 3.86 3.33 2.17 1.90 
CAC 1.55 1.43 1.24 0.86 0.88 CGC 1.56 2.00 2.16 2.76 2.70 

Gln CAA 0.22 0.35 0,54 0.66 0.80 CGA ~ 0.02 0.06 0.18 0.29 0.54 
CAG 1.78 1.65 1.46 1.34 1.20 CGC~ 0.02 0.03 0.21 0.57 0.65 

Ash AAU 0.10 0.35 0.54 0.91 1.13 Ser AGU 0.22 0.24 0.43 0.87 0.76 
AAC 1.90 1.65 1.46 1.09 0.87 AGC 1.05 1.52 1.51 1.93 1,78 

Lys AAA 1.60 1.45 1.53 1.51 1.45 Arg AGA" 0.02 0.02 0.09 0.13 0.11 
AAG 0.40 0.55 0.47 0,49 0.55 AGC~ 0.00 0.03 0.04 0.09 0.11 

Asp GAU 0.61 0.94 1.09 1.28 1.26 Gly GGU 2.28 2.23 1,80 1.34 1.31 
GAC 1.39 1.06 0.91 0.72 0.74 GGC 1.65 1.50 1.67 1.74 1.55 

Glu GAA 1.59 1.45 1.44 1.37 1.30 GGA" 0.02 0.08 0.20 0.33 0.39 
GAG 0.41 0.55 0.56 0.63 0.70 GGG ~ 0.04 0.19 0.33 0.59 0.75 

Data from Sharp and Li (1986). Groups of genes (see text for description): VH, 27 very highly expressed genes (total 6240 codons); 
H, 15 highly expressed genes (9223 codons); M, 57 genes with moderate eodon bias (47,622 codons); L, 58 genes with low codon 
bias (22,612 codons); R, 8 regulatory or repressor genes (2462 codons) 
""Rare"  codons, defined by RSCU < 0.05 in the VH group 

pletely understood, for UUY, UAY, and AAY the 
preference may result from selection against wob- 
ble-type pairing, as the cognate tRNAs all have G 
at the first position of  the anticodon (Fitch 1976). 
A statistic to measure this preference, P2', was mod- 
ified (Sharp and Li 1986) from that used by Gouy 
and Gautier (1982). The mean P2' value for the very 
highly expressed genes is 0.76 (range, 0.62-0.92), 
and that for the highly expressed genes is 0.65 (range, 
0.52-0.82). The P2' values for the 115 "other"  genes 
range between 0.30 and 0.76, and we selected the 
upper half of this distribution (57 genes with P2' > 
0.49) as the group with moderate codon bias. The 
group of  genes with P2' < 0.49 were designated the 
low-codon-bias group. 

The compiled codon usage data for the five groups 
of genes are presented in Table 1. To enable com- 
parison between data sets of  different sizes, the co- 
don usage numbers are converted into relative syn- 

onymous-codon usage (RSCU) values. The RSCU 
value for a codon is simply the observed frequency 
of  that codon divided by the frequency expected 
under the assumption of  equal usage of  the synon- 
ymous codons for an amino acid (Sharp et al. 1986). 
Thus, 

R S C U i j  = - ~  ~ Xij (1) 
j=l 

ni 

where X~j is the number of occurrences of  the j-th 
codon for the i-th amino acid, and ni is the number 
(from 1 to 6) of alternative codons for the i-th amino 
acid. 

In Table 1 it can be seen that the two groups of  
highly expressed genes differ to some extent in codon 
usage. Generally the same codons are preferred or 
disfavored in the two groups, but the bias is stronger 
in the very highly expressed group. The trend con- 



tinues through the moderate- and low-codon-bias 
groups, separated on the basis of bias in a particular 
subset of codons comprising less than a quarter of 
the whole code. An important implication of this 
consistent trend is that for all amino acids the codon 
usage bias seems to be influenced by the same com- 
mon factors. Of these the most important is prob- 
ably the level of  expression, as has been suggested 
by many authors (e.g., Grantham et al. 1981; Ike- 
mura 1981b; Grosjean and Fiers 1982). 

A clear example of the directional trend in codon 
preference is seen in the usage of  Ash codons, where 
a very strong bias in favor of AAC in very highly 
expressed genes declines progressively to a very weak 
bias in the low-codon-bias group. Of course, the two 
Asn codons contribute to the P2' statistic, and so 
this situation arises partly because of the criteria 
used to divide the non-highly expressed genes. How- 
ever, a similar, though less marked, trend in the 
usage of Gln codons is independent of the P2' sta- 
tistic. For the quartet of Pro codons there is a con- 
sistent decrease (again independent of P2') in the 
bias in favor of  CCG, while the three other codons 
not only increase in relative frequency, but also tend 
tOWard uniformity of frequency. A similar pattern 
emerges for the six Leu codons, although even in 
the low-codon-bias group CUG remains much fa- 
vored and CUA rather rare. 

The trend in codon bias as one moves across the 
groups of genes away from the very highly expressed 
genes is clearly toward more uniform use of  alter- 
native synonymous codons. However, this trend is 
not expected to be toward precisely equal use of all 
synonymous options, since in very lowly expressed 
genes the pattern of  usage would be largely deter- 
mined by mutation pressure. Data pertaining to the 
Pattern of spontaneous mutation are scarce for E. 
coli (see, e.g., Schaaper et al. 1986). However, ex- 
tensive data have been gathered from mammalian 
pseudogenes, where mutation rates do not drive the 
four nucleotides toward equal frequencies (Li et al. 
1984) and where neighboring-base effects on pat- 
terns of mutation have also been detected (Bulmer 
1986). In Table 1, for several amino acids (His and 
Asp are clear examples) the bias in favor of one 
codon declines to the extent of becoming reversed; 
i.e., the rarer codon in very highly expressed genes 
becomes the more common codon in the low-co- 
don-bias group. Interestingly, in several cases where 
the codon preference switches in the low-codon-bias 
group the pattern seems to reflect dinucleotide fre- 
quencies in the E. coli genome as a whole. Thus, 
AT appears to be more frequent than AC in E. coli 
DNA (Nussinov I984), and in the low-codon-bias 
group of  genes His and Asp are more frequently 
encoded by CAU (in preference to CAC) and GAU 
(in preference to GAC), respectively. 
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The above observations can be simply explained 
by assuming that selection (against nonoptimal co- 
dons) becomes weaker as gene expression decreases. 
Of course, from observations of codon frequencies 
we cannot exclude the possibility of  an additional 
type of selection that favors the presence of poorly 
translated codons in lowly expressed genes. How- 
ever, we think it unnecessary to invoke such selec- 
tion, because the pattern of  codon usage in lowly 
expressed genes could simply arise from a compar- 
atively low level of  selection against nonoptimal 
codons. 

Evidence supporting our view can be drawn from 
experimental results on the effect of different syn- 
onymous codons on translation rate. Several groups 
of researchers have obtained experimental evidence 
for the effect of particular codons on gene expression 
in E. coll. Insertion of the very rare codon AGG 
into a highly expressed gene of E. coli reduced the 
rate of translation (Robinson et al. 1984). In a dif- 
ferent experimental system, successive replacement 
of three AGG codons with CGT progressively in- 
creased the level of gene expression (Bonekamp et 
al. 1985). However, in each case the effect was not 
detectable except at high rates of  expression (Rob- 
inson et al. 1984; Bonekamp et al. 1985; see also 
the theoretical work by Varenne and Lazdunski 
1986). This suggests that selection to reduce the 
translation rate from a moderate to a lower rate by 
means of"rare"-codon utilization would not be ef- 
fective. Rather, selection to reduce the expression 
of a gene could occur by, for example, reduction of  
the strength of the appropriate promoter. The ex- 
periments cited above suggest that in lowly ex- 
pressed genes selection against rare codons is very 
weak, so they can accumulate under the pressure of  
mutation. Further support for this hypothesis comes 
from examination of  the rate of synonymous sub- 
stitution in regulatory genes (see below). 

There has been a suggestion that certain nonop- 
timal (rare) codons occur at extraordinarily high fre- 
quencies in regulatory genes expressed at very low 
levels (Konigsberg and Godson 1983). However, in 
the investigation that prompted the suggestion, the 
regulatory genes were compared with a group of 25 
E. coli genes including many (e.g., ribosomal protein 
and outer membrane protein genes) that are ex- 
pressed at high levels and have rather biased codon 
usage. We examined the frequencies of  rare codons 
(defined by their virtual absence from very highly 
expressed genes; see Table 1) in each of eight reg- 
ulato~] genes from E. coli (Sharp and Li 1986). We 
found that these regulatory genes (which include 
those examined by Konigsberg and Godson 1983) 
do not appear to have significantly higher frequen- 
cies of nonoptimal codons than do a great number 
of  other genes expressed at moderate or low levels 
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and showing low codon bias (see Table 1). Thus,  the 
pattern o fcodon  usage seen in regulatory genes could 
simply reflect a very low level o f  expression, and a 
consequent  lack o f  selection against nonopt imal  co- 
dons. 

A Measure of Directional Synonymous-Codon Bias 

It is desirable to quantify the degree o f  bias in codon 
usage in each gene in such a way that  comparisons 
can be made both within and between species. One 
approach to this problem is to devise a measure for 
the degree of  deviat ion from a postulated impartial  
pat tern o f  usage, but  there are difficulties in knowing 
the pattern o f  codon usage to be expected in the 
absence of  selection. For  example,  indices that  sim- 
ply measure deviat ions f rom equal usage o f  syn- 
onymous  codons, such as that o f  L ipman  and Wil- 
bur  (1985) and the scaled chi square o f  Sharp et al. 
(1986), confound biases due to selection and mu-  
tation pressures. 

Another  approach is to assess the relative merits 
o f  different codons from the viewpoint  o f  transla- 
tional efficiency. For  example, Ikemura (1985) has 
identified in E. coli and yeast certain "op t ima l "  co- 
dons that are expected to be translated more  effi- 
ciently than others, and calculated their frequencies 
in a gene. The "codon  bias index"  o f  Bennetzen and 
Hall (1982), for use with yeast genes, is similar. Such 
indices are certainly useful, but  have several dis- 
advantages. First, some amino acids are usually ex- 
cluded because it is not  clear which codons are "op-  
t imal ."  Second, all codons considered are classified 
only as opt imal  or nonopt imal ,  with no recognition 
that some codons within each category are better 
than others. For example,  Ikemura  (1985) treats 
C G U  and CGC alike, as preferred codons for Arg 
in E. coli, yet the frequency of  C G U  is two to three 
t imes that of  CGC in highly expressed genes. Third,  
there is no good basis for comparison between species 
because the proport ional  division of  the codon table 
into the two categories may  differ between species; 
for example,  Ikemura (1985) identified 21 optimal  
codons,  for 14 amino acids, in E. coli, and 19 op- 
t imal codons, for 13 amino acids, in yeast. 

Gribskov et al. (1984) have recently proposed 
another  index, the "codon  preference statistic." This 
statistic is based on the ratio o f  the l ikelihood of  
finding a particular codon in a highly expressed gene 
to the likelihood o f  finding that  codon in a r andom 
sequence with the same base composi t ion.  Gr ibskov 
et al. show that the statistic is useful for predicting 
the relative level o f  gene expression. However ,  the 
statistic has two disadvantages in the current  con- 
text. First, in taking account  o f  base composi t ion it 
uses the values der ived from highly expressed 

genes--where  base composi t ion  is in fact more  like- 
ly to be influenced by codon selection. Second, it is 
not  normal ized and therefore the values for two 
genes encoding proteins with different amino  acid 
composi t ions can be quite different even i f  both 
genes use only the "bes t"  codons. We (P.M. Sharp 
and W.-H. Li, submit ted to Nucleic Acids Research) 
have devised a new index similar to the codon pref- 
erence statistic but  taking account  o f  the above two 
factors. In recognition o f  the role o f  natural selection 
in producing high levels of  codon bias, we call this 
statistic the Codon Adapta t ion Index (CAI). 

We recognize that  even in E. coli and yeast the 
factors determining the frequency of  synonymous-  
codon usage are not  completely unders tood,  but  we 
deduce that the pat tern o f c o d o n  usage in very highly 
expressed genes can reveal (1) which o f  the alter- 
native synonymous  codons for an amino  acid is the 
most  efficient for translation, and (2) the relative 
extent to which other  codons are disadvantageous.  

The first step, then, is to construct  a reference 
table of  RSCU values (see above) for very  highly 
expressed genes of  the organism in question. The  
relative adaptiveness o f  a codon, w 0, is then the 
frequency of  use of  that  codon compared  with the 
frequency of  the opt imal  codon for that amino acid: 

Wij  = RSCUij/RSCUimax (2) 

where RSCWimax is the value for the most  frequently 
used codon for the i-th amino  acid. To obtain ref- 
erence RSCU values, we used the 27 very highly 
expressed E. coli genes described above.  A der ived 
table o f  wij values is given elsewhere (P.M. Sharp 
and W.-H. Li, submit ted to Nucleic Acids Research). 

The CAI for a gene is then calculated as the geo- 
metric mean o f  the w~j values corresponding to each 
o f  the codons used in that gene. That  is, 

\,,L 
C A I =  ~WkJk=, (3) 

where L is the number  o f  codons (excluding A U G  
and U G G )  and w k is the w value for the k-th codon 
in the gene. Equation (3) can be more  accurately 
computed  as 

CAI -- exp ~ In Wk (4) 
k=l  

or, f rom a codon usage table, 

1 Xifln w 0 (5) C A I = e x p ~  i=l 

where X~j and n~ are as defined in Eq. (1). 
There  is no intrinsic effect o f  gene length (L) on 

CAI, but  CAI values for short genes may be more  
variable due to sampling effects. 



Table 2. Comparison of genes between Escherichia coli and 
Salmonella typhimurium 

Gene L . KAb Ks c CAP 

trpA 267 0.083 1.773 (0.326) 0.332 
cheY 128 0.010 1.492 (0.310) 0.324 
trpC 451 0.071 1.391 (0.180) 0.311 
tar 552 0.124 1.366 (0.138) 0.319 
araC 280 0.038 1.269 (0.166) 0.242 
aroA 425 0.067 1.259 (0.139) 0.332 
pabA 186 0.083 1.244 (0.276) 0.288 
dnaG 580 0.081 1.178 (0.107) 0.276 
trpE 519 0.069 1.063 (0.099) 0.344 
trpD 530 0.016 1.060 (0.103) 0.330 
trpB 396 0.020 1.031 (0.114) 0.382 
crp 209 0.002 0.888 (0.159) 0.472 
~ 108 0.043 0.842 (0.173) 0.368 
ilvy~ 257 0.009 0.717 (0.095) 0.320 
rnetB 385 0.024 0.538 (0.058) 0.332 
rpoD 612 0.012 0.489 (0.045) 0.551 
ilvM 86 0.032 0.468 (0.117) 0.230 
glnA~ 71 0.071 0.392 (0.120) 0.576 
OmpA 345 0.039 0.345 (0.046) 0.737 
rnetJ 104 0.008 0.290 (0.079) 0.387 
rpsU 70 0.000 0.039 (0.028) 0.720 

5' tar 280 0.198 1.363 (0.212) 0.305 
3' tar 235 0.012 1.113 (0.156) 0.354 

Data from Sharp and Li (in press) 
a Number of codons 
b Number of substitutions per nonsynonymous site 
~ Number of substitutions per synonymous site. Values in pa- 

rentheses are standard errors 
d Average Codon Adaptation Index 
~ Partial sequence 
t Open reading frame upstream of pyrE 

Values of  CAI clearly parallel levels o f  gene 
expression. For  example ,  r ibosomal  protein genes 
are highly expressed and generally have  high CAI  
Values, while lowly expressed regulatory genes (e.g., 
lacI and  t rpR in E. colt) have  low CAI values (for 
further discussion see P.M. Sharp and W.-H.  Li, 
submit ted  to Nucleic Acids Research). 

The CAI is a very s imple  measure  o f  the extent  
of  synonyrnous-codon usage bias, specifically in the 
direction o f  the bias seen in highly expressed genes. 
Compared  with indices that  measure  only the fre- 
quencies of  certain op t imal  codons,  it has the ad- 
Vantage o f  taking account  of  all 59 codons  for which 
Synonymous al ternat ives exist, each in a quant i ta-  
t ive manner .  The  CAI has m a n y  applications.  Since 
it assesses the extent to which selection has molded  
the pat tern o f  codon usage in a gene it is useful for 
.predicting the level at which a gene is expressed.  It  
is also useful for compar ing  codon usage biases in 
different organisms and for assessing the extent  of  
adaptat ion o f  viral genes to the host t ranslat ion sys- 
tem (P.M. Sharp and W.-H.  Li, submi t t ed  to Nucleic 
Acids Research). A high CAI  value indicates that  an 
Open reading f rame  is p robab ly  a gene, but  a low 
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value is subject to more  than one interpretat ion (P.M. 
Sharp and W.-H.  Li, submi t t ed  to Nucleic Acids 
Research). Below, we use the CAI  to invest igate the 
relat ionship between the degree o f c o d o n  usage bias 
and the rate o f  s y n o n y m o u s  subst i tu t ion in a gene. 

Variation in Rates of Synonymous Substitution 

F r o m  compar i sons  o f  the rates o f  nucleot ide sub- 
sti tution at noncoding sites (e.g., pseudogenes),  
coding but  degenerate sites (i.e., sites at which syn- 
onymous  muta t ions  can occur), and amino  acid- 
de te rmin ing  sites it is clear that  the rate of  molecular  
evolut ion is inversely related to the degree o f  selec- 
t ive constraint  on the sequences or sites invo lved  
(Kimura  1983; Li et al. 1985a). If, as argued above,  
the var ia t ion among  genes in the degree o f  codon  
usage bias reflects var ia t ion  in the selective con- 
straints on synonymous  changes, then this should 
be echoed by var ia t ion among  genes in the rate of  
synonymous  substi tut ion.  More  specifically, the rate 
o f  synonymous  subst i tut ion should be inversely re- 
lated to the degree o f  codon usage bias ( Ikemura  
198 5; K i m u r a  1986). Analysis  o f  a large n u m b e r  o f  
m a m m a l i a n  genes has revealed that  the synony-  
mous-subs t i tu t ion  rate indeed varies  considerably 
a m o n g  genes (Li et al. 1985b; W.-H.  Li and  M. 
Tan imura ,  unpubl i shed  data), but  the pa t t ems  of  
codon usage in m a m m a l s  are not  well unders tood.  
Pre l iminary  studies of  the synonymous-subs t i tu t ion  
rate in a few enterobacter ia l  genes ( Ikemura  1985; 
K i m u r a  1986) suggest that  genes with high p ropor -  
t ions of  op t ima l  codons  evolve  m o r e  slowly. 

We (Sharp and Li, in press) have  examined  D N A  
sequence data for 21 pairs o f  homologous  genes f rom 
E. coli and S. typhimurium (Table 2). Divergence 
between genes was calculated by a m e t h o d  (Li et al. 
1985b) that  takes into account  bo th  the degree o f  
degeneracy o fnuc leo t ide  sites and  the different rates 
of  transi t ions and t ransvers ions  to es t imate  the 
number s  o f  nucleotide subst i tut ions per  synony-  
mous  (Ks) and per  n o n s y n o n y m o u s  (KA) site. The  
degree of  synonymous -codon  usage bias was mea -  
sured by the CAI,  using the reference set o f  very  
highly expressed E. coli genes to calculate the CAI  
values for bo th  the E. coli and S. typhimurium genes. 
For  each gene the CAI  values for the two species 
are quite similar. 

While a good es t imate  o f  the t imes  of  divergence 
o f  E. coli and S. typhimurium f rom a c o m m o n  
ancestor  does not  exist, we can nevertheless  com-  
pare the relative rates o f  evolut ion between genes 
(Table 2). A striking observa t ion  is that  there is a 
large range of  synonymous-subs t i tu t ion  rates a m o n g  
genes. The  two very highly expressed genes, r p sU  
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Fig. 1. Relationship between synony- 
mous-codon usage bias and rate of  syn- 
onymous  substitution in Escherichia 
coli and Salmonella typhimurium. Ks, 
estimated number of synonymous nu- 
cleotide substitutions per site; CAI, Co- 
don Adaptation Index (mean of the 
values for the two species). Note that 
for a random sequence the CAI value is 
0.17. The least-squares linear regression 
of Ks on CAI is indicated; the linear 
correlation coefficient is 0.65, P < 0.01 

and  ompA,  have  bo th  the greatest  biases in codon 
usage and very low degrees o f  synonymous  diver-  
gence (Table 2). Two  genes with a high codon bias, 
r poD and glnA, also show compara t ive ly  low rates 
of  synonymous  substi tution. A m o n g  genes with low 
codon biases there is considerable variabi l i ty  in Ks, 
but  high Ks values p redomina te  among  the longer 
sequences, which are less affected by stochastic vari-  
ation. 

The  rate o f  synonymous  subst i tut ion has been 
plot ted against the degree o f  codon bias (Fig. 1). 
There  is a highly significant negat ive correlat ion (lin- 
ear correlat ion coefficient, 0.65; P < 0.01) between 
these two statistics, confirming that  genes with more  
ex t reme synonymous  codon biases undergo syn- 
o n y m o u s  subst i tut ion at a lower rate. Hor izonta l  
t ransfer  o f  genes between E. coli and S. typhimu- 
rium would produce  gene pairs with surprisingly low 
synonymous  divergence for a part icular  degree of  
eodon bias. In Fig. 1 a few genes appear  perhaps  to 
be in this category, but  for the two outs tanding ex- 
amples  (metJ  and  i lvM) the si tuat ion can be ex- 
plained by the small  n u m b e r  of  codons  examined  
(the Ks value is subject to larger sampl ing errors 
when the n u m b e r  of  synonymous  sites is small) or  
by extra sequence constraints  [ilvM contains within 
its coding sequence a p r o m o t e r  for the neighboring 
ilvE gene (Lopes and  Lawther  1986)], so interspe- 
cific exchange does not  appear  to be an impor t an t  
confounding factor. 

Sequence data were also examined  for a few genes 
f rom Klebsiella pneumoniae, Enterobacter aero- 
genes, and Serratia marcescens--species of  Entero- 
bacteriaceae more  distantly related to E. coli (Sharp 
and Li, in press). Again, genes with low codon usage 
biases have  high Ks values, whereas genes with high 
codon usage biases (particularly lpp) show m u c h  
lower synonymous  divergence. 

Thus  the observa t ion  that  molecular -evolu t ion-  

ary rates are inversely related to selective constraints  
can be extended to s y n o n y m o u s  sites in different 
genes. On  the other  hand,  the Enterobacter iaceae 
also follow the m a m m a l s  in showing a tendency for 
genes with a high nonsynonymous- subs t i tu t ion  rate 
to have  a high synonymous-subs t i tu t ion  rate (Li et 
al. 1985b). A correlat ion Of KA and Ks indicates that  
a m o n g  the genes studied, those that  are highly ex- 
pressed and  tend to have  a high CAI  and  a low Ks 
also tend to encode conserved  proteins.  A direct 
relationship between protein sequence constraint  and 
codon bias would be unlikely. This  is testable be- 
cause the impor tance  o f  the precise amino  acid se- 
quence to protein function and hence the degree o f  
sequence conserva t ion  (and KA) can vary  along a 
peptide,  whereas the synonymous -codon  compos i -  
t ion is a proper ty  o f  an m R N A  as a whole and  so 
the degree o f  codon bias (and hence Ks) should be 
compara t ive ly  un i fo rm along a gene. The  tar gene 
is an example  where the KA values are very different 
in the 5' and  3' halves  o f  the gene while the Ks values 
are s imilar  (see b o t t o m  o f  Table  2). 

As noted earlier, it has been suggested that  in 
some cases the level o f  gene expression could be 
modula ted  evolut ionari ly  by the selection o f  rare 
codons to reduce the rate o f  translation.  In part ic-  
ular, it has been repor ted that  the dnaG,  lacI, t rpR,  
and araC genes of  E. coli have  excesses o f  rare co- 
dons,  and this finding has been explained as a mech-  
anism to main ta in  low expression (Konigsberg and 
Godson  1983). We have  noted above  that these genes 
do not  have  significantly more  rare codons  than do 
a large n u m b e r  of  other  E. coli genes expressed at 
modera te  to low levels. Here  we point  out that  se- 
lection for rare codons should reduce the rate o f  
synonymous  substi tution,  just  as selection for op- 
t imal  codons  in highly expressed genes reduces the 
rate. In Fig. 1 it can be seen that  d n a G  and araC 
are accumula t ing  synonymous  subst i tut ions at a rate 



Table 3. Mean proportion of optimal codons in a gene under 
a model of additive selection with a threshold a 

U b s K c Mean (SD) 

10-s 0-0002 d 0 0.340 (0.033) 
0.0020 0 0.777 (0,026) 

60 0.768 (0.024) 
90 0.694 (0.006) 

0.0040 0 0.940 (0.01 I) 
10-6 0.0020 0 0.881 (0.011) 

30 0.890 (0.006) 

Taken from Li (1987) 
*A haploid population of N = 1000 is used. The number of 

codons (degenerate sites) in the gene is 300 (with one exception, 
noted below) 

h Rate of mutation per nucleotide site per generation, At each 
degenerate codon site the rate of mutation from the optimal 
COdon to a nonoptimaI codon is u, while the rate of mutation 
from a nonoptimal codon to the optimal codon is u/3 

c In the model of additive selection with a threshold the fitness 
for a gene with n nonoptimal codons is 1 if n -< K and 1 - 
(n ~ K)s ifn > K. When K = 0 (simple additive selection) the 
fitness for a gene with n nonoptimal codons is 1 - ns 
In this case the number of codons in the gene is 100 

typical o f  genes wi th  low c o d o n  biases. This  suppor t s  
the view tha t  the inc idence  o f  rare c o d o n s  in these 
genes results f r o m  an absence  o f  s t rong negat ive  
(purifying) select ion ra ther  than  the presence  o f  pos-  
itive selection. 

T h e o r e t i c a l  M o d e l s  

F r o m  the popu la t ion -gene t i c  v iewpoin t ,  a ve ry  in- 
!eresting ques t ion  is, h o w  m u c h  selective a d v a n t a g e  
is required to p roduce  a cer ta in  degree o f  c o d o n  
usage bias? K i m u r a  (1981,  1983) seems to have  been  
the first au tho r  to t reat  this p rob lem.  He  uses a 
mOdel o f  stabil izing selection,  neglect ing the l inkage 
o f  nucleot ides  wi th in  a gene. Tak ing  the relat ive 
avai labi l i ty  o f  i soaccept ing  t R N A  molecu les  as the 
maj or  factor  de t e rmin i ng  the choice  o f  s y n o n y m o u s  
COdons, he a s sumes  tha t  the op t i m a l  state (the high- 
est fitness) for a gene is a ch i eved  w h e n  the relat ive 
frequencies o f  s y n o n y m o u s  c o d o n s  in the m R N A  
exactly ma tch  those o f  the isoaccept ing t R N A  species 
m the cell. H e  shows  tha t  a small  select ive difference 
a m o n g  s y n o n y m o u s  c o d o n s  can p roduc e  a s t rong 
usage bias. 

We (Li 1987) have  recent ly  p r o p o s e d  an alter- 
nat ive a p p r o a c h  to the p rob lem.  We  a s sume  tha t  
the nucleot ides  in a gene are comple te ly  l inked  a nd  
that  at  each degenera te  c o d o n  site the a l te rna t ive  
COdons for an  a m i n o  acid can be categorized as ei ther  
op t imal  (this class being d e n o t e d  by  B~) o r  n o n o p -  
t imal  (B2)" The re  are L degenera te  sites in a gene, 
and  each B2 site has  the same  select ive d i sadvantage ,  
s. We cons ider  an  add i t ive  select ion s cheme  wi th  a 
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th resho ld  K (where  K is a n o n n e g a t i v e  integer) such 
that  the fitness o f  a gene wi th  n B2 sites is 1 i f  n -< 
K a n d  1 - (n - K ) s i f n  > K. W h e n  K = 0 this 
reduces  to a s imple  add i t ive  scheme.  T h e  fitness o f  
a gene with n Bz sites is then  equal  to  1 - ns, a n d  
since the s values  used are ve ry  small  this is a g o o d  
a p p r o x i m a t i o n  to a mul t ip l ica t ive  scheme  where  the 
fitness o f  the same  gene is equal  to  (1 - s) n (Li 1987). 
S o m e  results o f  a c o m p u t e r  s imula t ion  o f  these 
mode l s  are shown in Table  3. These  results  can  also 
be  appl ied  to  o ther  values  o f  N (the p o p u l a t i o n  size), 
s, and  u (the m u t a t i o n  rate) as long as the p r o d u c t s  
Ns  and  N u  r e m a i n  constant .  Here,  for  s impl ic i ty ,  
we cons ider  on ly  the s i tua t ion  where  an  a m i n o  acid  
is encoded  by  four  codons ,  o f  wh ich  one  is op t imal .  

First, let us cons ider  the results  for  the s imple  
addi t ive  scheme,  i.e., w h e n  K = 0. We  note  t ha t  i f  
s is one  o rde r  o f  m a g n i t u d e  smal ler  than  1/N, then  
select ion is ineffective and  the  m e a n  p r o p o r t i o n  o f  
B~ sites in the gene is on ly  0.34, which  is no t  far 
f r o m  the m e a n  va lue  (0.25) for the case o f  selective 
neut ra l i ty  (i.e., when  s -- 0). W h e n  s is 1 /N or  larger, 
selection b e c o m e s  effective and  the p r o p o r t i o n  o f  
B~ sites in the gene b e c o m e s  high. Thus ,  even  a slight 
selective difference a m o n g  s y n o n y m o u s  c o d o n s  can  
p r o d u c e  a s t rong c o d o n  usage bias. 

Next ,  let us c o m p a r e  the  results  when  a th resho ld  
is included.  Let  q (=Cta) a n d  CtK be the equ i l i b r ium 
m e a n  p r o p o r t i o n s  o f  B, sites per  sequence,  w i thou t  
and  with a threshold ,  respect ively.  A surpr is ing find- 
ing is tha t  the two schemes  give vi r tual ly  the same  
results i f  1 - K / L  > r Fo r  example ,  in the case o f  
U = 10 -5 and  s = 0 .0020,  r is 0 .777 and  elk for  K = 
60 is 0.768.  N o t e  tha t  in this examp le  the select ion 
coefficient against  a sequence  wi th  60 Bz sites is 60 x 
0 .002  = 0.12 in the first select ion scheme,  bu t  0 in 
the second  scheme.  This  result  seems puzz l ing  bu t  
can be expla ined as follows: I f  1 - K / L  > (t, the  
only difference between the two schemes  is tha t  when  
the p r o p o r t i o n  o f  Bl sites per  sequence  is h igher  t han  
1 - K/L,  it will on  average  decrease  faster in the 
second  scheme than  in the first scheme.  In  an  equi-  
l ib r ium popu la t ion ,  however ,  the p r o p o r t i o n  o f  B l 
sites per  sequence rarely becomes  substantial ly higher  
than  Ct, and  therefore  the two select ion schemes  
shou ld  be statist ically a l m o s t  identical .  

A n o t h e r  interest ing f inding f r o m  Table  3 is tha t  
CtK is a p p r o x i m a t e l y  equal  to 1 - K / L  i f  1 - K / L  < 
fl. Fo r  instance,  for  u --- 10 -s, elk for  K = 90 is 0.694,  
wh ich  is a lmos t  equal  to 1 - K / L  = 0.700.  This  
p rope r ty  can be exp la ined  as fol lows:  Obv ious ly ,  CtK 
canno t  be h igher  than  1 - K /L .  O n  the o the r  hand ,  
it c a n n o t  be substant ia l ly  lower  than  1 - K / L  i f  
1 - K / L  < ~ because  w h e n  the  p r o p o r t i o n  o f  B1 
sites per  sequence  is 1 - K / L  or  lower,  the select ive 
d i sadvan tage  o f  add ing  a B2 site is s, as s t rong as in 
the  first scheme,  bu t  the m u t a t i o n  pressure  f r o m  B1 
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sites to B 2 sites is weaker  than when the propor t ion  
is Ct or higher. 

To  explain the p h e n o m e n o n  o f n o n r a n d o m  codon 
usage under  the addi t ive scheme one can assume 
that  selection against  nonop t ima l  codons  is stronger 
in highly expressed genes than in modera te ly  and 
weakly expressed genes, so that  the propor t ion  of  
op t imal  codons is higher in the fo rmer  than  in the 
latter. Unde r  this scheme it is ra ther  easy to explain 
the high propor t ion  o f  op t imal  codons in highly 
expressed genes in E. coli and yeast. These  two or- 
ganisms have  very large effective popula t ion  sizes--  
a value o f  106 would be a conserva t ive  est imate.  
Thus,  a value for s o f  the order  o f  10 -6 or 10 -5 might  
be large enough to main ta in  a very high propor t ion  
o f  opt imal  codons  in a gene. In smaller  popula t ions  
the s value required is larger, but  even if  N is as 
small  as 104, it still only needs to be of  the order  o f  
10 -4 or 10 -3. 

One difficulty with the addi t ive  selection scheme 
is as follows: On the one hand,  i f  s is as small  as 
10 -5 o r  1 0  -6  , it is difficult to imagine how selection 
could operate  in a popula t ion  without  being over-  
whe lmed  by r a n d o m  factors. Also, i f  the p ropor t ion  
q of  opt imal  codons  in a gene is greatly reduced by 
a disturbing event  such as a prolonged popula t ion  
bott leneck,  it will take a long t ime for q to return 
to the equi l ibr ium value. This  would make  it dif- 
ficult to explain why the propor t ion  of  op t imal  co- 
dons is always high in highly expressed genes in E. 
coli and yeast. On the other  hand,  i f  s is 10 -4 or 
larger, the "muta t iona l  load"  can be large. For  in- 
stance, the selection coefficient against a gene is 
30 x 10 -4 = 0.003 i f s  = 10 4 and the gene carries 
30 nonop t ima l  codons.  I f  there are 100 such genes 
in the genome,  the reduct ion in fitness is 0.3, a large 
load. However ,  f rom the preceding results we can 
draw inferences about  some other  selection schemes 
where the load can be reduced to some extent. 

One al ternat ive scheme is synergistic selection, 
where the d isadvantage  o f  adding a B2 site is not  
constant  but increases with the n u m b e r  o f  B2 sites 
in the sequence. Let Wi be the fitness of  a sequence 
with i B2 sites. Suppose that  Wi - Wi+l is initially 
smaller  than s but  becomes  equal to s when i = K. 
Then f rom the results in Table 3, we can conclude 
that  the equi l ibr ium mean  for the synergistic selec- 
t ion scheme is close to 1 - K / L  if  1 - K / L  _< q, 
and  is greater than or equal to q if  1 - K / L  >__ q, 
where q is the value predicted by the s imple addi t ive  
scheme. This  model  might  be realistic if  the selective 
d isadvantage  o f  adding a nonop t ima l  codon to a 
gene is negligibly small as long as the rate o f  t rans-  
lation can mee t  the need o f  the organism,  but  the 
disadvantage increases with the total n u m b e r  n o f  
nonop t imal  codons in the gene i f n  exceeds a critical 
value nc beyond which the rate o f  t ranslat ion can 

no longer mee t  the need o f  the organism.  For  a 
highly expressed gene one assumes  that  nc is very  
small  and  that  selection against nonop t ima l  codons  
quickly becomes  effective, so that  a high propor t ion  
o f  op t imal  codons  is ma in ta ined  in the gene. For  a 
modera te ly  or weakly expressed gene one assumes  
that  nc is relatively large, so that  m a n y  nonop t ima l  
codons can be accumula ted  in the gene. As in the 
addi t ive scheme,  a small  selective advantage  is suf- 
ficient to ma in ta in  a high p ropor t ion  o f  op t imal  
codons in a gene when the popula t ion  size is large. 

Another  a l ternat ive scheme is stabilizing selec- 
tion, which assumes  that  the op t imal  state (maxi-  
m u m  fitness) for a gene obtains  when the propor t ion  
o f  op t imal  codons in a gene is equal to a certain 
value p. For  example ,  suppose  that  the fitness Wi 
o f  a sequence is addi t ive  over  sites but  is m a x i m a l  
at i = K > 0 instead o f i  = 0. Tha t  is, Wi - Wi+j 
is equal  to s i f i  >- K but  - s  i f i  < K. U n d e r  this 
selection scheme the equi l ibr ium mean  o f  the pro-  
por t ion  of  Bt sites per  sequence is the same as the 
value q predicted by the s imple  addi t ive  scheme i f  
1 - K / L  > q, and is close to 1 - K / L  if  1 - K / L  
-< q. This  is the same as K i m u r a ' s  (1981, 1983) 
scheme,  except that  p = 1 - K / L  can be higher or  
lower than  the p ropor t ion  o f  the m o s t  abundan t  
isoaccepting t R N A  species in the cell. This  scheme 
differs f rom the two above  in that  it is advantageous  
to use some nonop t ima l  codons.  This  might  occur 
if  the rate o f  t ranslat ion is highest when the relative 
frequencies of  synonymous  codons  ma tch  those of  
the isoaccepting t R N A s  in the cell (K imura  1981, 
1983). However ,  as noted  above,  there is experi-  
menta l  evidence that  in highly expressed genes the 
presence o f  nonop t ima l  codons  (i.e., those translat-  
ed by rare tRNAs)  reduces the rate o f  translation.  
Also, we have  argued extensively above  that  selec- 
t ion pressures on s y n o n y m o u s  codons  appear  to be 
unidirectional,  and  so we consider  this selection 
scheme less plausible than the synergistic selection 
scheme. 

Discussion 

Generafity o f  Results 

We have  dealt  largely with codon usage in E. colg 
with some reference to the yeast  S. cerevisiae. Al- 
though yeast  genes generally favor  codons ra ther  
different f rom those preferred in E. coli, it would 
appear  that  the patterns o f synonymous -codon  usage 
in yeast  can be explained in a s imilar  way. For  ex- 
ample ,  highly expressed yeast  genes show a strong 
bias in favor  of  a small subset o f e o d o n s  (Bennetzen 
and  Hall  1982) that  can be identified as those best 
recognized by the mos t  abundan t  t R N A  species 



(Ikemura 1982). Again, codon usage in lowly ex- 
pressed genes shows a lower bias, and seems to be 
more influenced by muta t ion  pressure, as evidenced 
by a lower G + C content  at synonymous  codon 
positions (Sharp et al. 1986). Interestingly, highly 
expressed genes in yeasts seem to have higher codon 
biases than their  counterparts  in E. coli (P.M. Sharp 
and W.-H. Li, submit ted to Nucleic Acids Research), 
and a compilat ion o f  110 yeast genes reveals a clear 
difference in the degree o f c o d o n  usage bias between 
highly and lowly expressed genes (Sharp et al. 1986). 
Higher bias may  be due to ei ther larger selective 
differences between codons or a larger effective pop- 
ulation size. 

Codon usage in B. subtilis is much less biased than 
that seen in E. coli or yeast (Ogasawara 1985). 
Nevertheless, differences in degree of  bias between 
genes can be clearly identified and seem to be cor- 
related with levels o f  gene expression (D. Shields 
and P.M. Sharp, unpublished data). The  preferred 
codons are generally different f rom those in E, coli 
or yeast (McConnell  et al. 1986). The latter point  is 
interesting because B. subtilis is similar to yeast in 
having a low (~42%)  genomic G + C content  (Nor-  
more 1973). 

Codon usage patterns in some viruses show signs 
of  adaptation to the host translation system. Among  
coliphages, codon usage in T7 shares many  features 
with that in E. coli (Sharp et al. 1985), though lamb- 
da is rather different in this regard (Gran tham et al. 
1985). 

In multicellular organisms selective constraints 
may vary depending on the tissue of  expression, 
since tRNA populat ions seem to vary from tissue 
to tissue. Hastings and Emerson  (1983) could find 
no significant difference in codon usage between 
mammal ian  liver genes and bird muscle genes, but  
they examined rather  few genes. As already re- 
marked, mammal i an  (and bird) genomes seem, for 
reasons unknown, to comprise  a patchwork o f  re- 
gions o f  varied G + C content  (Bernardi et al. 1985) 
and this local genomic G + C composi t ion seems to 
be the major  influence on codon choice in any gene 
(Bernardi and Bernardi  1985; Ikemura 1985). This 
base-composit ion effect may  not be strictly "mu -  
tational" in origin, in that it seems unlikely that the 
Pattern o f  muta t ion varies greatly along the genome,  
but  nevertheless the effect represents an influence 
on codon usage apparently independent  of  selection 
mediated via translation. I f  muta t ions  to GC base 
pairs are, for some reason associated with, e.g., large- 
scale chromat in  structure, more  or less prevalent  in 
particular ch romosomal  regions, then f rom the pop-  
ulation-genetic perspective this is analogous to dif- 
ferent mutat ional  patterns in different organisms. It 
may be that this effect is so large as to obscure se- 
lective effects on codon usage. Perhaps more  thor- 
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ough investigations taking into account  local G + C 
contents and the level and tissue o fgene  expression 
will reveal selective constraints on codon usage in 
mammals .  

Codon usage in other  organisms has not  been in- 
vestigated in sufficient detail. Some (generally small) 
compilat ions exist for other  t axonomic  groups (e.g., 
Drosophila, plants) but  the pattern across different 
genes has not  been systematically investigated. 

Conclusions and Remarks 

In unicellular organisms it is possible to explain 
codon usage patterns in terms o f  a balance between 
selection (largely mediated via translation) and mu-  
tation. The  pat tern o f  selection is probably unidi- 
rectional, so that in a particular organism the same 
codons are always favored,  but  to different extents 
in different genes. The observat ion of  very high co- 
don biases in highly expressed genes can be recon- 
ciled with very small selective differences among 
synonymous  codons. The pattern ofcoclon usage in 
a gene reflects, but  does not modulate,  the level of  
gene expression. 

The rate o f  synonymous substitution varies among 
genes depending on the degree o f  constraint  on co- 
don choice. The differences among E. coli genes in 
rate o f  synonymous  substi tution are so large that 
great care must  be taken when combining results 
f rom different genes in any a t tempt  to derive a mo-  
lecular clock of  synonymous  substitution. Although 
patterns o f  selective constraint  on mammal i an  genes 
have not  yet been clearly identified, the observat ion 
o f  different rates o f  synonymous  substi tution among 
mammal ian  genes (Li et al. 1985b, W.-H. Li and 
M. Tanimura,  unpublished data) suggests that a more  
thorough analysis would be fruitful. 
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