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ABSTRACT In the present study we focus explicitly on the context effects
of the codon bias of all two-fold degenerate amino acids
individually. As a consequence, the context from the bases in the
same codon is already accounted for and we consider the
additional influence due to the context from the bases in the two
surrounding codons. The two-fold degenerate amino acids were
chosen since they satisfy a particularly simple theoretical
relationship between selection and bias. Rather than asking what
codon is preferred in which context, or vice versa, we are asking
how much a difference in context influences the bias. By studying
the effects separately in genes of different overall bias, it becomes
possible to distinguish between effects that are due to mutation
and those that are due to selection. Those that are reasonably
ascribed to mechanisms that involve translation depend strongly
on overall codon bias, while those that involve mutation do not.
In some cases it is also possible to identify a molecular
mechanism that could be responsible for the effects.

The codon bias in  Escherichia coli for all two-fold
degenerate amino acids was studied as dependent on
the context from the six bases in the nearest surround-
ing codons. By comparing the results in genes at
different expression levels, effects that are due to
differences in mutation rates can be distinguished
from those that are due to selection. Selective effects
on the codon bias is found mostly from the first
neighbouring base inthe 3 ' direction, while neighbour-
ing bases further away influence mostly the mutational
bias. In some cases it is also possible to identify
specific molecular processes, repair or avoidance of
frame shift, that lead to the context dependence of the
bias.

INTRODUCTION

The preferential use ifEscherichia coliof some synonymous MATERIALS AND METHODS
codons over others, the codon bias, increases in genes with hi(#g
expression levels, at least for those genes whose expression levelcan
be ranked (1,2). @wersely, the level of codon bias has been usedur starting point was the ECDC (9), a non-redundant compilation
as a surrogate measure of relative gene expression level. Becausé Bfcoli K-12 genes, release 25 (January 1996). ECDC classifies
the dependence on gene expression, codon bias is thought tatbsequences into several divisions (genes, ORFs, tRNAs, etc.). We
based on translational efficiency, possibly speed or accuracy. based our dataset on the ECDC genes only; in particular, we did not
The choice of base pair at a site is influenced also by these any unidentified putative open reading frames.
surrounding sequence, the context in which it apg§dar. By To reduce statistical noise due to small gene length, we deleted
studying the context effects of synonymous codon choice only, all genes smaller than 150 codons from our data set. Furthermore,
effects that are due to selection at the protein level are excludea: carefully screened the remaining genes for possible errors,
Synonymous codon usage can be influenced by context bynmeking a number of corrections (which have been communicated
number of mechanisms: intrinsic mutability through DNAto the maintainers of ECDC) and further deletions. All corrections
damage, replication error, or efficiency of various repair prowere based on the EMBL (10) and SWISS-PROT (11) databases.
cesses (8); selection on DNA or RNA structure favouring or The ECDC entry for thénlF gene is obviously wrong, as it lists
avoiding certain sequence combinations; or selection of transthe (correct) size of the gene as 4617 base pairs (bp), but gives
tional efficiency where translation of certain codons may be momly the first 391 bp; the full sequence was extracted from EMBL
efficient in certain contex{8,4). Bulmer (6) tudied genes with and used. Only 354 bp are given forgheD gene in ECDC, but
low bias and found that the context effects on the third-positidhe full sequence (870 bp) is available, so we used it. ECDC gives
base choice are largely the same when the complementanyly thetorA sequence corresponding to the mature peptide, but
sequences are considered. This suggests that the codon bias iptbeides the full sequence for many other similarly processed
low-expression genes depends largely on mutational effegisoteins; we used the complete sequence for this gene also. The
acting equally on both strands, and that these mutational effefitst six bases of theixuB gene are missing in ECDC; we
are dependent on the base context in the immediate surroundingsovered them.
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The ECDC entries for all the following genes start three basesThe codon bias in Eqn 1 has two components, the mutational
before they shoulducE, nud- (starts with a stop codontiyaH,  bias,ui/up, and the selective bias, exii8). The mutational part
nud, nual, nud, nud., nuav andnuad\; we used the correct is expected to be independent of the varying selection pressure on
starting points. The ECDC entries for the following genes endthe genes (unless the ratio of the mutation rates varies between the
number of bases after they should, resulting in apparent interiggnes in the different CAl groups). On the other han@) In(
stop codonsasmA, gltL, HRA-1, rlpB andsbd; we used the depends linearly on the selection coefficient for the major codon
correct gene sequences. The ribosomal proteirrgehappears relative to the minor. Thus, effects that are the same in all CAl
to have many internal stop codons, because of the insertion of@anups will be considered mutational and those that vary will be
extra base early in the sequence; this was corrected by deletingdbesidered selective.
spurious base. The basic assumption behind the use of Eqn 1 is that

prfB has an internal programmed frame shift; ECDC starts ttynonymous changes are easier to achieve than non-synonymous
sequence after the frame shift; we did not use this gene. Tores and therefore the synonymous bias is ‘equilibrated’ under
sequence of the following genes are not available from the std#irly fixed context conditions in the immediate surroundings.
cy<Z, dgdD, emiX, fruB, hisM, infC, irp2, merD, nag nanl,  Thus, the difference in IBj for two different contexts is a direct
nelE, rhsk, uspl andxadA. Since some of our analyses requiremeasure of the contextual influence on the mutational bias or
information about distance from the start of the gene, we deleteélective preference for one base-pair sequence over the other.
them from our database. The small-sample uncertainty in B)(for an amino acid in a

Our main dataset then comprised 1649 non-redundant ggene or group of genes is approximately
guences o.coli K-12 protein coding genes, at least 150 codons
long. This was divided into groups according to their CAl (codon _1+B
adaptation index) values. The CAl is a measure that accounts for o=
the unequal usage of synonymous co@ddy The CAl value of
a gene correlates with its expression level (13). However, thef@ised on a binomial samplin§l denotes the number of
may also be other effects that influence the codon bias. Six gesi&urrences of the amino acid considered. In the data set used this
groups of approximately equal size were constructed,_ corresp@idyrresponds toD.05-0.1 for the more common amino acids and
ding roughly to genes of very low (VL), low (L), medium-low, possibly as large as 0.15 for a rare one like Cys.
(ML), medium-high (MH), high (H), and very high (VH) = The relative selective advantageof one synonymous codon

3

expression level (Table 1). over another is determined from the ratio of the respective
substitution rates. Only for the 2-fold degenerate amino acids is
Table 1.Gene groups used this ratio the same as the ratio of the codon frequencies as in Egn
1. The ratio of the frequencies of two synonymous codons for an
Expression level CAl values Number of genes amino acid with higher degeneracy will in general involve not
VL CAI<0270 258 only their relative selective advantage, but also that of the other

synonymous codons in the family. In fact, for amino acids of

L 0.270 < CAI< 0.315 283 degeneracy higher than two, it is not possible to resolve the
ML 0.315 < CAI< 0.355 285 pairwise selective advantages from the codon usage data alone.
MH 0.355 < CAl< 0.400 288 (e.g. for a 4-fold degenerate amino acid there are six independent
pairwise codon comparisons but only three independent numbers
H 0.400 < CAl< 0.475 256 in the codon usage).
VH 0.475 < CAl 279 It has been found experimental{{6) that mutdons in
Total 1649 ribosomes or in elongation factor Tu that slow down the
elongation rate lead to a proportional slow down in growth rate.
Thus if the average elongation time per cotigrns increased by
Theory Ot the relative change in the growth rate is
The codon adaptation index represents an average codon bias for Sk, Sty
all degenerate amino acids in a gene. On the other hand, for any S = s =71, 3

particular 2-fold degenerate amino acid, the codon bias can be

defined as the ratio of the frequencigsandfm , of major and  £qr organisms that compete through growth, this relative change
minor codong14,15). corresponds to the selection coefficisror the variant that

fu  Up carries Fhe mutation. The growth rb_@ds related to th.e average
B = T = u—262 s la  translation timeg throughkgtel = [Rib)/po, where [Rib] is the
" concentration of ribosomes in the cell apgl is the total
or concentration of amino acids in protéiv). If the transhion
u time from a certain geng, increases by\t, e.g. through a
In(B) = |n(u—i) + 2N 1b  synonymous substitution to a codon that is slower to translate, the

average translation time per codon overall increase&.py
Hereu, andu, are the rate constants for the mutation of minor t&t[P;]/po, where [F] is the concentration of gene prodjict the
major codons and vice versas the selection coefficient for the cell. Thus, from Eqgn 3
major codon over the minor and is the effective population
size. S = —®jRib koAt 4
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®yrib = [BV[RIb] is the mole ratio of the gene prodyaind  context. The difference in the curves shows that there are large
ribosomes in the cell. This can provide a very substantiahutational context effects. The strongestinfluence is from P3 and
selection. It is similar in magnitude to that calculated by BulmeX1, but P1 and P2 are also important. This may be an effect of the
(14) under smewhat different assumptions. very short patch repair system (VSP) that correc®s rifis-
matches to G in defined contexts. For the GIn codons, the most
RESULTS relevan'g context is|CAG|G (18-22). (Here and in thazllbw_ing

the vertical bar denotes codon borders and the underline shows

The codon bias was calculated for all 2-fold degenerate ami#iée third position synonymous base under consideration). VSP
acids with all four possible base choices at the three positiowdl inhibit mutations to the synonymous codofCBA|G by
before (i.e. positions 1, 2, and 3 of the previous codon, labell&@Pairing some spontaneous C-to-T mutations in the complemen-
P1, P2 and P3) and the three following (i.e. positions 1, 2, and@Y strand. More importantly, it will interfere with hemimethyl-
of the next codon, labelled N1, N2 and N3) the codon consideredion dependent mismatch repair and promote some spontaneous
Except for some special cases discussed further below, only dié0-G mutations in {CAA|G. That is, a mutation where afTA
position at a time was considered. The resulting) Ihas been base pair is changed telGvould be ‘repaired’ to give G rather
plotted for the six CAI groups in Figure 1. For all amino acids ifhan AT. The overall result will be an increase in CAGCAA
almost all contexts, the curves have a general upwards tendefigs over that which holds in contexts whef@ fismatches are
This shows that the bias for the individual amino acids in th@ot repaired by VSP. The C at P3 and the G at N1 correspond to
different contexts almost always follows the general one given e strongest context effects for GIn bias, in agreement with the
the CAI groupings. The influence of the context shows up aspseferred context for VSP repair. Possibly, position P3 could also
difference in the curves. Although strong context effects can al§8'"y @ T rather than the C for almost the same context effect, as
be found from the positions farther away, the most dramati#dged by Figure 1. ) ] )
effects come, not surprisingly, from the position immediately BY far the strongest bias appears in the simultaneous P3-N1
following the codon considered (i.e. N1), in agreement witgontext QCAGIG which is where VSP is most efficient (20-22).
previous resulté3—6). This sequence has also been identified as a mutational ‘hotspot’
The selection coefficients, increases in genes at higherwhere deamination of 5-methylcytosine leads toGarfispair
expression leading to the upwards trend in most of the curves(#B) Which would lead to an increased mutation rate
Figure 1. When the curves for the different contexts are parall§l|CAG|G - CICAA|G relative to that of other contexts. Thus,
it shows that the selective effects are the same in those conte%&P must drive the mutation|@AA|G - CICAG|G even more
so that the selection coefficient changes with the CAl value in ti§&ongly to account for the strong bias for CAG over CAA
same way. The difference between such parallel lines correspoé$erved in this context. Thus, the net effect of VSP repair seems
to a difference in the mutational bias. Diverging lines in differerf© be to decrease some mutation rates while increasing others
contexts, on the other hand, are an indication that the effects §4n more (18,19,21,22). _
selective and may be related to translational efficiency. StrongThis repair process is also likely, at least in part, to be the cause
context effects on selection are found only from position N1. TH§ the context effect of the C/T-ending codons where bias is
context effects from positions farther away appear to be mos@jvays larger with a G at position N2. Most of these correspond
mutational. Previous studie@,5) found that third-position tO & preference for the combination NNG over NATNG, or
choices in adjacent codons were more strongly correlated in tA@ the complementary strand for CN® over CNATN (here
low-bias genes than in the high-bias ones. With this analysis of thedenotes any nucleotide). Thus, the effect is complementary to
individual codons we do not find that the influence from position§1e GIn bias. The NNISG preference would also be complemen-
P3 and N3 changes much between the different CAl grougdfy to the G/Abias in Leu, Pro and Arg; however, these are 4-fold
Thus, our results support the noti@;7) that the third-pdtion degenerate codons and t'herefore not exactly comparable with
correlations are mostly mutational. The distinctions based dWACING over NATNG which are all 2-fold degenerate.
Figure 1 between selective and mutational effects will be
iﬂt;:;a(tjntiated further below when some mechanisms are désﬁine—DaIgarno

It is also expected that mutational effects will be the same orhe Shine—-Dalgarno (S-D) sequence on the mRNA is partially
transcribed and non-transcribed strands (6). Thus, a mutatiogamplementary to a recognition sequent€GUCCUU-3) in
context effect for some base sequence should show up also in18& rRNA which aids in positioning the ribosome at the initiation
complementary sequence. Similarly, mutational effects shoulfke. On the mRNA this corresponds to a S-D sequence
show up in the same way regardless of the reading frame in WhBbAAGGAGG-3. Strong matches with this sequence within
the sequence occurs. However, this strand- and frame-independesisding sequences could interfere with the orderly elongation
of the mutational context effects will hold only when they involveyrocess. The sequence AlBGG has been identified as required
synonymous base choices of the same degeneracy. This sevefigly programmed +1 frame shift in the RF2 gene, presumably by
limits the comparison of strand- and frame-independence, bithbilising an out-of-frame interaction between ribosome and

some particular cases will be discussed below. MRNA (24,25); AGGGGG in the +1 shifted frame gives a 5/6
match with the S—D sequence.
VSP repair Similarly, GAGG and AAGG sequences, with 4/4 matches to

the S-D motif, may also disrupt translation and so be avoided.
For the GIn codons the curves in Figure 1 show a largely parallhis may explain the very strong selective context effect in the
upwards trend in each context. Thus there is a selectior@lu and Lys codons before G, i.e. the strong preference of GAA
preference for CAG over CAA which is largely independent obver GAGG, and AAAG over AAGG relative to that of other
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contexts (Fig. 1). If this were so, one would also expect that tlshows by far the largest bias, there seems again to be no selective
Lys bias would be even stronger in the context avoiding &G component to the increase in bias from adding the G at P3 (data
with five matches. Although this simultaneous context shows thi®t shown). The lack of selective effects on increasing the
largest bias, there seems to be no increase in the selection biasdsemblance to the S-D sequence suggests that Glu and Lys bia:
AAA |GA over AAQGA compared to AAJG over AAGG (data  before G is not a consequence of the S-D matches.

not shown), possibly because five matches are not much worse

than four. Furthermore, one could expect an effect on the GIn bigs, me shift

avoiding CAGGA with four matches; this is not observed either

(data not shown). There seems to be a small P3 effect on Glu baame codons in some contexts are thought to be particularly
however, where [GAG| is more avoided thanGAG]| in the  prone to frame shifts, notably the TPhe codon before C or T
other contexts. Although the simultaneou&A&G|G context  and the AAALys codon before A or G, where the cognate tRNA
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Figure 1. Codon bias, Iig), for the nine 2-fold degenerate amino acids plotted as a function of expression level with a specified base at one neighbouring positi
The sets labelled P1, P2, and P3 refer to the cases where the specified base is at the first, second or third position in the previous codon. The sets labelled N1,
N3 refer to the cases where the specified codon is at the first, second or third position in the next codon. Nptetshthe been scaled differently in the different
panels.

presumably could slide one position forward and make equalshows a position dependence only at the very beginning of the
good contact. This effect shows up most clearly for the contegenes and only in the higher CAI groups, as do the CAI values
effect in the Phe bias, where a C or T in position N1 strengthetiemselves (26,27).
the bias for TT@ver TTT, thereby avoiding the potential frame If the Shine—-Dalgarno matching Glu and Lys codons induce
shift. This context effect increases with increasing CAIl, afame shifts, one would expect the avoidance of {&A&nd
expected since the cost of the potential frame shift should BAGIG to increase with increasing distance from the beginning
proportional to the number of times the codon is translated anfla gene. However, we find (data not shown) a strong position
therefore proportional to the expression level of the gene.  dependence for the Glu and Lys bias before G mostly in the first
For Lys before G, frame shift avoidance suggests that|GAA 100 codons, just as for the overall bias. The scatter is large and the
should be increasingly avoided at higher levels of CAl. Howevegpnclusion is only tentative, but it appears that selection against
in this case there is the conflicting and apparently larger selectisame shifting is not the major reason for the bias. This is in
against AAGG determined from the putative avoidance of a@greement with the failur€28) to observe such frame shifts
match with the S-D sequence discussed above. Lys before ekperimentally. However, since frame shifting is associated with
however, shows some increasing avoidance of |¢%A genes a large physiological cost, particularly in genes at high express-
of higher overall bias, as expected for a selection against frarie@, even a very small probability can have large evolutionary
shifting. consequences without showing up as an experimentally detect-
Furthermore, a frame shift error is expected to lead table fraction of translation products.
premature termination at some downstream out-of-frame ter-To avoid a—1 frame shift, T before Phe and A before Lys should
mination codon close by. Thus the physiological cost of the franite avoided. This is also the case (data not shown) increasingly in
shift is expected to be proportional to the size of the wastérenes of higher overall bias.
protein, i.e. to the position in the gene of the shift (in addition to
the level of overall bias). Figure 2 shows how the total Phe bias
In(B) and the difference in bias before C/T and A/GDISCUSSION
In(Bc/1) — InBasc), vary with the distance from the beginning of
the genes in the different CAIl groups. The difference in biaJhere are strong context effects, both mutational and selective, in
In(Bc/1) — InBasg), is expected to be proportional to the selectionthe synonymous codon usage bias of the 2-fold degenerate amino
against a frame shift, i.e. proportional both to expression level aadids. While the selective preference for the major codon in most
to position. As seen in Figure 2, there is a strong positiotontexts increases with increasing expression level—correspon-
dependence of the difference in bias, possibly increasing lineading to the upwards slopes in most curves in Figure 1—we find
with distance, as expected. The slope is also greater at higtieat the degree of selection, i.e. the slope of the curves, is
levels of overall bias. The overall Phe bias, on the other haridfluenced by context mostly from position N1. The context at
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Figure 2. Position dependence of the Phe bias in the six expression level groups. The solid line is the diffégnke, IBa/c), between the bias before C or
T and the bias before A or G. The dashed line is the average Bagdgérdless of context. In the VH group, some data points are missing where bias is so strong
that there are no minor codons before C or T; if included, these missing points would tend to lift the curve higher.

other positions seem to influence primarily the mutational biadependent distribution of sequences that are targets or products
giving parallel curves. for VSP indicate that VSP is dependent on expression level and
The strongest of the context effects are consistent with soroeunter argued32) that this chaging distribution is simply a
simple models. In one model that depends on translationadnsequence of the changing codon preferences. By looking at
efficiency, in this case avoidance of potential frame shifts, thae codon bias as a function of VSP context, we have automati-
context effects increase with increasing overall bias (CAl), a=ally accounted for the change in codon preferences and study
expected. This supports the not{@8) that the overall bias is also directly the extra effect due to VSP: there is no influence on VSP
determined by translational efficiency. The context dependenefficiency from the expression level, at least not for the sequences
of the Phe bias is also strongly position dependent (Fig. 2). This/olved in the bias CAG/CAA, in agreement with the suggestion
suggests that the position dependence may be used as a gefgra&yre-Walker (32).
marker for effects that are due an avoidance of potential frameSome context effects that show up in Figure 1 appear to be
shifts or other processivity errors. outside of the three types discussed; there are clearly other
The context effects from the VSP repair, on the other hand, areechanisms that can contribute context effects to the selection
largely independent of CAl level, giving mostly parallel lines inand/or mutation between synonymous codons. These could
Figure 1, indicating that the efficiency of VSP is not influence@¢ome, for instance, from intrinsic mutability perhaps based on
by the transcription level, in contrast to some other repalPNA polymerase interactions, from repair mechanisms other
processes (29). This mges a recent controversy in the literaturethan VSP, or from selection effects based on tRNA—tRNA
where it has been argued (30,31) that the expression leweferactions on the ribosome.
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By looking at individual amino acids, the first and seconadodon bias is based on translational efficiency in some other way
position context is already accounted for, and the curves than the speed, possibly accuré®s).
Figure 1 show the additional influence from the simultaneous The Glu and Lys bias before G is curious. The presumed
context at one position in the surrounding codons. Thus, ti&hine—Dalgarno matching does not seem to be inducive to frame
context studied involves the simultaneous presence of threkifts as indicated by the lack of a strong position dependence
bases. Some effects are expected to depend on the simultandimy®nd the first 100 codons. Furthermore, the lack of strong
context at a number of positions in the nearby codon(s). We hasglective effects from other S—-D matching bases simultaneous
not studied such higher-order effects systematically, because thi¢h the G at N1 may be an indication that the resemblance to the
number of possible context combinations is huge, resulting B-D sequence is merely a coincidence. Based on the observed
very large small-number uncertainties as the sample is subdivideanslation rates discussed above, the bias is not caused by
further. differences in the speed of translation either. However, the
Previously, the synonymous divergence betwie@oli and  position dependence in the first 100 codons, which is similar to
Salmonella typhimuriunhas been interpreted as showing thathat of the overall bias, indicates that the origin of the Glu and Lys
mutation rates decrease with increasing expression (IlEs¥gl bias before G is the same as that for the bulk of the codon bias.
possibly due to a transcription-repair coupling. If such a couplinigiterestingly, there is no position dependence in the Glu and Lys
influences all mutation rates to the same relative extent, tidas before bases other than G (data not shown); thus it is only the
mutational bias will still be independent of the overall bias; if noselective component of the bias that is relaxed in the beginning of
some mutational bias effects could show up as selective, givigenes. This speaks against the sugge&ion at least for these
diverging lines in Figure 1. Conversely, any selective effects thabdons, that there is a conflicting selection operating only in the
are independent of gene expression (or CAl value), e.g. selectioeginning of genes that is responsible for the reduction of bias in
at the level of DNA structure, would be identified as mutationahe first 100 codons.
in the present discussion. The positions P3 and N3 are special since they do not really
The sequence CCAGG is methylated on the second C from tb@nform to the basic assumption of this study; when the context
5 end of each strand. These methylated ‘C’s can mutate toid considered at either of these positions, a certain sequence car
through deamination and this process has been identified lzs avoided by a synonymous change either in the codon
providing mutational hotspof83). A fundion of the VSP repair considered or in the context. Thus, in this case it is not truly a
process could be to counteract such mutations, some of whzHold degenerate choice. For instance, if the sequd@&Gas
would lead to potentially lethal amber mutations. However, VS® be avoided, this can take place by a synonymous change either
repair interferes with other mismatch repair processes and walf the underlined third-position G or of the G at P3. Such an extra
very strongly drive other mutations which are not influenced bgossibility can skew the apparent bias betwe¢dAG and
the hotspotg18,19,21,22), as isvielenced here by the very G|GAA.
strong context effects for the GIn bias. Another curious effect of The codon bias of a gene is very heterogeneous. It has been
VSP is that it will not only preserve but also create the verghown (26; see also Fig. 2) thation bias is substantially smaller
sequence CCAGG that lead to the mutational hotspots. in the first 50—100 codons of a gene and possibly also in the last
The translation rates of the Glu codons have been me&sure@0 codong37). In aldition, there is a strong context effect that
vivo (33) and GAA is translated 3.4 times faster fmu 0.11 s should be considered. The average Lys bias, for instance, varies
faster) than GAG, independently of the following nucleotidénardly at all across the groups of different overall bias, suggesting
being a G or a C. Since GAA is the major codon, this suggests tlizat there is little or no selection on synonymous codon choice in
codon bias may be determined by a selection for speed tbis case. However, the context dependent curves (Fig. 1) clearly
translation. However, when codon bias is considered in contesttow that there is large and even conflicting selection on these
(Fig. 1), the curve before C is flat showing that there is noodons, as discussed above. Similarly, the average bias of the Phe
selective preference for GAA in this case. There is a mutationabdons, calculated without regard to context, shows a small
bias for GAA in general and a selective preference only before Bcrease with increasing overall bias (cf. Fig. 2), while the
Thus, the faster translation, at least before C, leads to mselective differences with regard to N1 context is very large (Fig. 1).
discernible selective advantage. With a growth ratgof.0°>s1 Berg and Marteliug15) gudied the relationship between
(or about one doubling per 24 hours which may be reasonaldelection, as given by the codon bias using Eqn 1 without regard
under natural conditions), Eqn 4 predicts that the selectido context, and the synonymous substitution rates, as calculated
coefficient would be abouwt = 106 in high expression level from theE.coli-S.typhimuriundivergence. The heterogeneous
genes. It does not appear likely that there is some conflictireglection from the context effects reported here will change the
selection that exactly compensates for the slow translation. Sinmedicted relationship between the apparent bias and apparent
there is no selective difference, suggestinghbak< 1 in Eqn  substitution rate, calculated without regard to context. However,
1, we would expect that the effective population sidg isI®®.  this change will be small (O.G. Berg, unpublished), except
A recent analysis of the silent site diversity amBragli strains  possibly for Phe in the very high CAIl group, and will not
(34) suggests thakk = 2x108. However, it is not certain that this influence the general conclusions drawn.
number is also applicable in combination with the selection The results discussed above suggest that the translation time is
coefficient as in Eqn 1 (35). Altertiaely, codon evolution has of little importance for the evolution of the codon bias. However,
taken place mostly at very slow growth where the lineathere is also strong evidence that translation time is important: the
dependence betwesand translation time, Eqn 3, may not hold.tRNA levels seem to be such that overall translation time is
Whatever the reason, if this fairly large difference in translatiominimised(38; Berg and Kurland, in prep#éiam). The estimated
time does not lead to selection, it seems likely that most of tiselection coefficient for this optimisation is only marginally
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larger than that estimated above for the selection of GAA ovép Berg, O.G. and Martelius, M. (199b)Mol. Evol, 41, 449-456.
GAG. This could suggest that the effective population size is vef§ Tubulekas, . and Hughes, D. (1988)l. Microbiol, 8, 761-770.
narrowl nstrained arourfds = 1P to mak n lection 17 Ehrenberg, M. and Kurland, C.G. (1984)Rev. Biophys17, 45-82.
a O_ y constrained arou - _0 ake o_e selecton g Merkl, R., Kroger, M., Rice, P. and Fritz, H.-J. (199a%leic Acids Res.
effective and not the other. Alternatively, a major part of the g 1657-1662.
codon bias may have evolved under conditions vhemiis not 19 Bhagwat, A.S. and McClelland, M. (199®)cleic Acids Res20,
under growth competitio(89). The tRNA levels, on the other  1663-1668. _
hand, are grovvth-rate dependent (38,40,41), anddcbe 20 Lieb, M. and Rehmat, S. (1996)Bacteriol, 177, 660-666.

L - . 1 Glasner, W., Merkl, R., Schellenberger, V. and Fritz, H.-J. (1098l.
optimised primarily under fast growth where, presumably;” g, ">45 1 7. 9 (1235

translation efficiency is most important. 22 Lieb, M. and Bhagwat, A.S. (1998)pl. Microbiol., 20, 467—473.
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