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Abstract. In bacteria, synonymous codon usage cankKey words: Codon bias — Bacteria —Escherichia
be considerably affected by base composition at neigheoli — Out-of-frame stop codons — AGG motifs —
boring sites. Such context-dependent biases may blaemophilus influenzae- Mycoplasma genitalium
caused by either selection against specific nucleotide
motifs or context-dependent mutation biases. Here we

consider the evolutionary conservation of context-Introduction

dependent codon bias across 11 completely sequenced

bacterial genomes. In particular, we focus on two con-

textual biases previously identified Escherichia coli ~ For many bacteria, the use of synonymous codons is
the avoidance of out-of-frame stop codons and AGGhighly nonrandom. IfEscherichia colihighly expressed
motifs. By identifying homologues dE. coli genes, we genes are biased toward those codons recognized by
also investigate the effect of gene expression level ifnore abundant tRNAs (Grantham et al. 1981; Ikemura
Haemophilus influenza@nd Mycoplasma genitalium. 1981), suggesting the influence of selection for transla-
We find that while Context_dependent codon biases aréional EfﬁCiency. In addition, there exist contextual in-
widespread in bacteria, few are conserved across all spdliences on synonymous codon usage, such that there is
cies considered. Avoidance of out-of-frame stop codongignificant nonrandomness between base composition at
does not apply to all stop codons or amino acid<€in sites in neighboring codons and the codon used (Yarus
coli, does not hold for different species, does not increas@nd Folley 1985; Shpaer 1986; Gouy 1987). For ex-
with gene expression level, and is not relaxedvipco- ~ ample, inE. coli, of the two triplets which code for
plasmaspp., in which the canonical stop codon, TGA, is lysine, AAG is preferred when the next three prime
recognized as tryptophan. Avoidance of AGG motifshucleotide is C or A, but AAA is preferred when G
shows some evolutionary conservation and increase®llows (Shpaer 1986; Berg and Silva 1997), leading to
with gene expression level iB. coli, suggestive of the underrepresentation of sequences of the type AAG:G (a
action of selection, but the cause of the bias differs becolon indicates the division between adjacent codons) in
tween species. These results demonstrate that strong cofding regions (Gutman and Hatfield 1989).
text-dependent forces, both selective and mutational, op- Context-dependent codon bias may be caused by ei-

erate on synonymous codon usage but that these diffdper selection or mutational pressures. Bulmer (1990)
considerably between genomes. demonstrated a correlation between contextual effects in

the coding and complementary strands in weakly ex-
pressed genes &. coli, suggesting the influence of pro-
cesses acting at the DNA level, such as mutation bias and
Correspondence toGilean A.T. McVean:e-mail: g.mcvean@ed.  S€l€ction on DNA structure. Similar forces are suggested
ac.uk by the observations that some contextual biases are
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maintained in noncoding regions (Hanai and Wada 1989AGG at arginine codons (for the AGR subset) (Sharp and
and others are independent of the level of gene expred-i 1987). By considering the sensitivity of such biases to
sion (Berg and Silva 1997). Context-dependent mutareading frame, Maynard Smith and Smith (1996) found
tional biases may be caused by either differential mutathat while both stop codons and the sequence AGG are
bility of sequence motifs or intrinsic bias in DNA repair avoided in the +1 frame [the latter also demonstrated by
mechanisms. For example, i coli Dcm DNA meth-  Gutman and Hatfield (1989)], there is no such underrep-
ylase targets cytosine residues in specific motifs (Boyefesentation in the +2 frame. Sensitivity to reading frame
et al. 1973) which, because of the high mutability ofis not predicted by either mutational bias or selection on
5-meC, tend to become depleted from the genoméeNA structure. Hence, it was suggested that selection
(Coulondre et al. 1978). This effect is counteracted byacting at the level of translation must be the dominant
the very short patch (VSP) repair system, which correctgorce.
T:G mismatches found in the same contexts (Lieb 1991). Here we consider the evolutionary conservation of the
However, VSP repair also “corrects” mismatches foundspeciﬁC context-dependent codon biases noted by May-
in contexts unassociated with DNA methylation, leadingpnard Smith and Smith (1996). Selection on contextual
to depletion of other oligonucleotide motifs (Bhagwat coqon usage due to translational accuracy and/or effi-
and McClelland 1992; Merkl et al. 1992). ciency must reflect characteristics of the translational
Selection acting at the level of translation may alsomachinery, features that we expect to be highly con-
cause context-dependent codon bias. If the efficiency oLqeq between species. In contrast, the mutational en-

accuracy with which a particular codon is translated is .oy ment varies considerably between genomes, as evi-
influenced by neighboring codons, the selective advan-

. . denced by genome wide variation in base composition
tage of alternative codons will vary between occurrences, -4 gifferences in the number of DNA repair enzymes
of the same amino acid within a gene. For examplé&.in '

: L : : Wei tigate the generality of the ob tions made in
coli, the efficiency of suppressor tRNAs in reading the Investig generaity observatons el

TAG! amber codon varies considerably with contextE' coliby analyzing patterns of codon usage in 11 largely

(Bossi 1983) and misreading of phenylalanine codons agr. completely sequenced bacterial genomes. This com-
rises two archaedylethanococcus jannaschiBult et

Ieque under phenylalanine starvation occurs in somé.;l' 1996) andArchaeglobus fulgiduéklenk et al. 1998);
positions of theargl gene but not others (Precup et al. one thermatogaleThermotoga maritimeNelson et al
1989). Certain codon pairs are also known to induce1999 1 9 haet gl' b ”d feri (F t
frame-shift mutations during translation (Farabaugh ); two spirochaeteglorrelia burgdorferi(Fraser e

1996). Mechanistically, context dependency duringal' 1997) andTreponema pallidiungFraser et al. 1998);

translation can be interpreted in terms of either the in_three firmicutes Mycoplasma genitaliungFraser et al.

teraction between the peptidyl and aminoacyl tRNAs a11995)' M. pr.1eumon|ae(H|m.meIre|c.h et al. 1996), and
the A and P sites of a ribosome or codon—anticodorMycobacterium tuberculosigvww.tigr.org); and three
recognition (Yarus and Folley 1985; Shpaer 1986: Gutproteobac_teria_Escherichia _coli(BIattner et al. 1997),
man and Hatfield 1989). Of course, both mutation biasia@emophilus influenzagFleischmann et al. 1995), and
and translation-mediated selection may be acting, bufl€licobacter pylori(Tomb et al. 1997). These genomes
selection is sufficient to generate an observable effectéPresent a broad phylogenetic sample and a range in
only in highly expressed genes. In agreement, there agdeénomewide base composition of 28.5% G+CBaor-
pear to be significant differences between contextual bif€lia burgdorferi (Fraser et al. 1997) to 52.7% G+C in
ases in highly and weakly expressed genes (Yarus anfireponema pallidiunfFraser et al. 1998). The number of
Folley 1985; Shpaer 1986; Gouy 1987; Gutman and Hatspecific DNA repair enzymes also differs widely be-
field 1989; Berg and Silva 1997). tween these species. For examie,coli may have as
Recently, Maynard Smith and Smith (1996) have sug-many as 100 genes involved in DNA repair (Kornberg
gested that selection acting at the level of translation iind Baker 1992), while 30 have been putatively identi-
responsible for two particular context-dependent codorfied in H. influenzag(Fleischmann et al. 1995) and con-
biases inE. coli. the avoidance of out-of-frame stop siderably fewer inM. genitalium(Fraser et al. 1995).
codons and AGG motifs. Codons resembling termination In addition, by using data fror&. coli on the relative
codons (TRR, where R is A or G) are severely con-expression level of the genes, and assuming that conser-
strained in highly expressed genes, suggesting that theation of gene sequence implies conservation of gene
avoidance of premature termination represents a signififunction (hence relative selection on codon usage), we
cant selective force (Shpaer 1986). Similarly, highly ex-can investigate how the intensity of context-dependent
pressed genes i&. coli preferentially use AGA over codon bias varies with expression level in each species.
This is achieved by using homologueskafcoli genes of
different inferred expression levels and requires no a
priori knowledge of preferred codons in different spe-
1 For convenience, both U and T are referred to as T. cies. Combined, these analyses provide a means of as-
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sessing the contribution of mutation bias and translation 2000“
mediated selection to context-dependent codon bias. F(Simulation
the case of avoidance of out-of-frame stop codons wecount
can test an additional hypothesis, namely, that where th

. . 1500 =
canonical genetic code has been altered such that tf
codon TGA is recognized as tryptophan, such aslin
coplasma(Yamao et al. 1985), selection against out-of-
frame stop codons should be relaxed. 1000

Methods
5004 Observed value
(B=-10.4)
Sequence Data
Files containing all known and predicted ORFs in simple FASTA for- 0-7 T T
-280 -190 -90 0 90

mat from each complete or largely complete genome sequence were
downloaded from the web. Sequences Kbethanococcus jannaschii  Fig. 1. The distribution of the excess of CAG:G motifs in the
(Mjann), Archaeglobus fulgidugAfulg), Thermotoga maritima influenzaegenome obtained by shuffling codon locations 10,000 times
(Tmar), Borrelia burgdorferi (Bburg), Treponema pallidiun{Tpall), (columng, the normal distribution approximation calculated from Egs.
Mycoplasma genitaliunfMgen), Mycobacterium tuberculosi@Vitub; (A4) and (A5) 6olid line), and the observed value.

nearly complete) Haemophilus influenza¢Hinf), and Helicobacter

pylori (Hpyl) are available from www.tigr.org, sequences ffbrpneu-

moniae (Mpneu) are available from www.zmbh.uni-heidelberg.de/ stop codons we consider TTG:A, CTG:A, and GTG:A. For AGG mo-

M_pneumoniae, and. coli (Ecoli) sequences from www.genetics. s \ve consider the codon contexts CAG:G for glutamine, GAG:G for
wisc.edu/htmi/k12.html. Genes found to contain ambiguous nucleoy tamic acid, and AAG:G for lysine. For further analysis we also
tides and in-frame stop codons were excluded from the analysis. analyze each amino acid separately.

To assess the effect of gene expression level on CDCU, the codon
. adaptation index (CAl) was calculated for genes frBmcoli (Sharp
Sequence Analysis and Li 1987) by the program CODONS (Lloyd and Sharp 1992). The
CAl value can be used as an indirect measure of the level of gene
For each amino acid in each gene we tabulate context-dependent codéxpression (irk. coli), given that low-expressed genes tend to have low
usage (CDCU) relative to base composition at the first site in the nexcodon bias (Sharp and Li 1986). From this, we identified a subset of
3’ codon. We then calculate the expected number of codons used iB00 genes for which putative orthologues Bf coli genes could be
each context assuming independence (as for a contingency table). Apdentified in bothH. influenzaeand M. genitalium.These genes rep-
plying this method to each amino acid separately ensures that oufesent highly conserved functions such as elongation factors, tRNA
results are not biased by nonrandom amino acid doublets. Observed arsnthetases, metabolic enzymes, and ribosomal proteins. Hence if we
expected values are summed over genes (divided into expression levassume that conservation of function implies conservation of relative
groups where appropriate), and the ratio gene expression level, we can assess the effects of expression level in
species where we have no direct estimate of expression levels. The
genes were divided into four classes of equal size, assigned by expres-
B= Zobs_ EExp ) sion level (as measured by CAl & coli): very highly expressed genes
\/m (25 sequences, 8775 codonskn coli; CAl in E. coli values in the
Ex range 0.66-0.83ceE, ackA, dnakK, efp, eno, fus, gap, pgk, oyk, rpL1,
rpL11, rpL13, rpL15, rpL2, rpL3, rpL31, rpL34, rpL4, rpL7, rpoC,
is used as a summary statistic for the relative bias shown by eachpS17, rpS3, rpS9, tkt, tsf, tufighly expressed genes (25 sequences,
codon, where the variance of the sum of expected values is that ex8502 codons; CAl range, 0.57-0.6&eF, apt, aspS, atpE, gltX, leuS,
pected under independence with constant row and column totals. ThipdhD, pta, ptsH, recA, rpL10, rpL18, rpL19, rpL21, rpL32, rpL5, rpL6,
variance is equivalent to that obtained by randomly shuffling the po-rpoB, rpoD, rpS10, rpS11, rpS18, rpS5, rpS6, Yal8oderately ex-
sition of codons in genes while maintaining the amino acid sequenceressed genes (25 sequences, 10,163 codons; CAI range, 0.46-0.56;
(Appendix). We have found th&ie,, is well approximated by the alaS, argS, atpF, fruA, ftsH, ftsZ, glySa, glySb, ileS, metG, phesS, pheT,
normal distribution, with mean and variance given by Eqgs. (A4) andproS, rpL22, rpL24, rpL29, rpS19, rpS4, rpS7, rpS8, serS, secA, trpS,
(Ab5), respectively, hence th® value can be directly converted into a trxA, tyrS; and low-expressed genes (25 sequences, 11,278 codons;
P value from tables of critical values. As an example, Fig. 1 shows theCAl range, 0.32-0.45¢lpB, dnaB, dnaN, fmt, ftsY, galU, hisS, lig,
simulated distribution o ¢,,, for CAG:G codon contexts ii. influ- msbA, potA, potB, potC, rbsC, rimK, rpL14, rpoA, rpS13, secY, thrS,
enzaeobtained by shuffling codon location and the normal distribution topA, trxB, uvrA, uvrB, uvrC, uvrp
approximation. The relative bias shown by each amino acid can be An alternative method of analyzing gene expression levels effects
considered from the mean square valueBaicross codons. would be to use relative synonymous codon usage in orthologues of
To assess the avoidance of specific motifs, such as out-of-framevery highly expressed genes to calculate the codon adaptation index for
stop codons and AGG motifs, we can sum the observed and expecteghch species. Ranking genes by CAIl within genomes could then be
values for each codon context that contains the motif. For stop codonsised as an indirect method of assessing gene expression level. How-
of the type TAA this comprises the codon contexts TTA:A and CTA:A ever, we have found that this approach gives artifactual results in
for leucine, ATA:A for isoleucine, and GTA:A for valine. For TAG genomes with strongly biased base composition. In such circumstances,
stop codons we use TTA:G, CTA:G, ATA:G, and GTA:G and for TGA ranking genes by inferred CAI reflects variation between genes in
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Table 1. Highly conserved context-dependent codon biases inine, arginine, and cysteine consistently show low levels

bacteria of context-dependent bias. Across species, there is con-

. . siderable variation in the degree of context-dependent
Amino acid Underrepresented Overrepresented . . .

codon bias, but there are no obvious trerdislicobacter
Asp GAT:A GAC:A pylori is the most biased, whil€reponema pallidiunis
Tyr TATA TAC:A the least
Ala GCC:A® '
Gly GGT:T*
ceee The Avoid f Out-of-Frame Stop Cod d

val GTTA? e Avoidance of Out-of-Frame Stop Codons an
Arg AGA:A AGG Motifs
Leu CTT:A CTT:T ] -~ ]
Ser TCC:A We can assess the avoidance of specific motifs by sum-

ming the effects over all codon contexts which contain
the motif. Figure 3 shows the avoidance of out-of-frame
stop codons and AGG motifs in the 11 species consid-
ered, mapped onto a phylogeny representing the current
codon usage due to stochasticity, or variation in mutational biasesunderstanding of phylogenetic relationships of the bac-
rather than gene expression level. terial groups (although the branching order of the spiro-
chaetes, proteobacteria, and firmicutes is not resolved).
Motifs including out-of-frame stop codons show strong
Results context-dependent bias. However, none are consistently
avoided across all species [or all species with significant
(P < 0.001) context-dependent bias]. B coli, NTA:G
motifs show the strongest avoidance, while NTA:A mo-

. - tifs, as in 9 of 11 species, are considerably overrepre-
For each amino acid in each gene analyzed we have X ) )

Sented. Furthermore, while NTG:A motifs are underrep-
calculated both synonymous codon usage dependent on

the context of the first base of the nextriicleotide (N1) resented irk. coli (and several other species), there is no

and that expected if codon usage were independent Ot?wdence for relaxation of this pressureMycoplasma

. . i : spp. IndeedM. pneumoniaeshows the strongest avoid-
neighboring base composition. By summing these values . . . . .
. ance of this motif among all species considered. Analysis

over genes we can demonstrate genome wide departures.” .. N
of individual codon contexts contributing to out-of-frame

from independence. In addition, we can consider the ex- L X
: . . top codons also indicates a lack of conservation of the
tent to which particular contextual biases are conserved

. X : . bservations made i&. coli; no single codon context
across species, whether some amino acids consistent o . .
. ntaining an out-of-frame stop codon is consistently
show greater context-dependent biases than others, an .
underrepresented across species.

the degree to which genomes vary in the extent of con- Context-dependent biases involving AGG motifs in

text-dependent bias. the +1 frame show a similar pattern. Biases are strongest
Of the 236 codon x N1 combinations (excluding M in E. coli, in which motifs of the form RAG:G show

thlon|pe, 'tryptophan, apd s'top'codons), ! show Contexgonsiderable underrepresentation (R is A or G), while the
tual bias in the same direction in every Species gnalyzecodon context CAG:G is overrepresented. In those spe-
(Tabl_e 1), and _another 5 show c_onte_xtual bias in every ies showing significantR < 0.001) context-dependent
SPecies f(_)r_ which thg absolut_e bias is greater than 3'Zgiases involving AGG motifs, there is no general over- or
(with & minimum of nine species), corresponding t6 a nderrepresentation of either CAG:G or AAG:G motifs

value of 0.001. Of these codon contexts, six represe%lf'owever, GAG:G motifs are underrepresented in 8 of 10

codon pairs in which an overrepresented context differs : :
. species. These results suggest no strong conservation of
from an underrepresented codon context by a single bas

) . . any context-dependent forces, except perhaps for
pair, a pattern which has been suggested to arise fror&AG'G motifs. Given the extreme nature of some of the
DNA repair associated mutation biases (Karlin et al. : = e

contextual biases (for example NTG:A is overrepre-

1997). . . .. sented by 80 standard deviationsTinmaritimg, such a

The relative degree of context-dependent bias for dif- :
. . . . lack of conservation seems remarkable.

ferent amino acids can be calculated by ranking amino

acids according to their mean squaevalue in each

species, dividing them into those showing low, moderateThe Effect of Expression Level

and high levels of context-dependent bias, and plotting

the frequency with amino acids fall into particular To what extent does conservation (or lability) of context-

classes across species (Fig. 2). The amino acids phenydtependent codon bias between amino acids and species

alanine, glutamic acid, and leucine consistently showargue for a mutational or selective explanation? While

high levels of context-dependent codon bias, while serwe can conclude that avoidance of out-of-frame stop

@Direction of bias conserved in all species wjBj > 3.29 (minimum
nine species).

Conservation of Context-Dependent Codon Bias
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Phe
Glu
Leu
Ile
Asp
Val
Ala
Gly
Lys
Tyr
Thr
Asn
Gln
His
Pro
Ser [
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o Y
0 0.25 0.5 0.75 1

Fig. 2. Context-dependent codon bias for different amino acids. Bachepresents the proportion of species in which the amino acid is ranked
as showing highdotted, moderate gray), or weak plack) context-dependent bias, by mean square bias.

se1q uIseaIdd(]

codons is not a general force in the evolution of contex-and codon bias increases with gene expression level
tual codon bias (given that it does not apply to all spe-(Grantham et al. 1981; Ikemura 1981; Sharp and Li
cies, amino acids, or even stop codons), we cannot rul&986). For other species, no equivalent data are avail-
out the possibility that avoidance of TAR stop codons inable. However, if we make the assumption that conser-
the +1 frame is an important factor in determining codonvation of gene function implies conservation of relative
usage inE. coli. Conversely, conservation of context- gene expression level, then we can use orthologues of
dependent codon bias across species of different mutagenes of known expression levelkn coli to investigate
tional environments (such as suggested for the avoidandbe effects of expression level in other species.
of GAG:G motifs) could well be explained by highly To achieve this, we identified 100 putative ortholo-
conserved selective forces, such as those originatingous genes ifE. coli, H. influenzagandM. genitalium
from the process of translation. But they might equallyand used CAI values ifE. coli to group genes by ex-
well be caused by highly conserved features of mutationpression level. For each class of gene we can then cal-
either factors inherent to the mutation process or biasesulate context-dependent codon frequencies. If the cause
caused by highly conserved DNA repair enzymes. of a contextual bias is mutational, we expect context-
We therefore require an additional means of assessindependent bias to decrease with increasing expression
the contribution of mutation bias and selection to con-level, and lines representing codon usage dependent on
text-dependent codon biases. One approach is to inveghe nucleotide at the first position of the following codon
tigate the effect of expression level on the magnitude ofN1) either to be parallel or to converge with increasing
the bias (Berg and Silva 1997). Explicit population ge-expression level. In contrast, if the cause is selective, bias
netic models of codon bias (Bulmer 1991) can be mashould increase with expression level and lines should
nipulated to predict how the degree of context-dependendiverge.
codon bias is affected by the strength of selection result- Figures 4—6 show the effects of inferred expression
ing from gene expression level, when the cause of thdevel on context-dependent codon usage for amino acids
contextual bias is either mutation bias or selection. Inwhich can generate stop codons in the +1 frame (isoleu-
general, contextual biases resulting from selection tendine, valine, and leucine), fdt. coli, H. influenzagand
to become exaggerated with increasing expression leveM. genitalium Figure 7 shows the effects of inferred
while mutationally caused biases are little affected orexpression level on context-dependent codon usage for
become weaker. amino acids which can generate AGG motifs in the +1
To assess the effect of gene expression level on corframe (glutamine, glutamic acid, and lysine). Each graph
text-dependent codon bias, we require data on the relsshows the relative frequency of a particular codon de-
tive expression level of the genes considerecelroli,  pendent on the nucleotide at the first position of the next
the codon adaptation index (CAIl) has been used as aB' codon; congruent lines indicate an absence of context-
indirect measure of gene expression level (Bulmer 1990)dependent bias.
as the CAIl is a measure of codon bias relative to codon Three points should be noted. First, as is well estab-
usage in highly expressed genes (Sharp and Li 1987)ished inE. coli andH. influenzae several codons con-
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sistently increase or decrease in frequency over inferrethfluenzaeor M. genitalium are the exception. For some
expression level, indicating selective effects on synony-codons inE. coli, changes in codon frequency across
mous codon usage. This is not generally the cagd.in  expression level are almost entirely the result of changes
genitalium where variation in codon usage is thoughtin contextual bias. For example, the decrease in usage of
largely to reflect genomewide variation in base compo-GAG for glutamic acid is simply a result of increased
sition rather than selection relating to gene expressiomvoidance of GAG:G motifs (see also Berg and Silva
level (Kerr et al. 1997). However, some codons increasd 997). Finally, the majority of context-dependent biases
in frequency in certain contexts, but not others. For ex-demonstrate patterns more consistent with mutational
ample, ATC increases when N1 is T for isoleucine andbias than selection. That is, context-dependent biases are
CTT usage also increases when N1 is T for leucinestrong in weakly expressed genes and are little affected
suggesting that although selection on codon usage mayy, or decrease with, increasing expression level.

be weak inM. genitalium it is not completely absent. However, some context-dependent biases do appear
Second, almost all codons in all three species showo increase with expression level, indicative of selection.
strong context-dependent effects. Codons such as AAG&xamples include the avoidance of AAG:G motifsin
which shows little context-dependent bias in eitlver  coli and GTT:C motifs inM. genitalium.Furthermore,
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Isoleucine ATC ATA
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Fig. 4. The effect of inferred expression level on context-dependent codon usage for isoleucine (relative to N1) for 100 putatively orthologous
genes inE. coli, H. influenzagand M. genitalium.

when all genes iit. coliare used for the analysis (ranked influenzag and CAG:G and GAG:G irM. genitalium.
by CAl), it is clear that other biases also show the hall-However, while there is evidence that RAG:G motif
mark of selection, for example, the avoidance of GAG:Gavoidance has a selective basig€incoli, plots of codon
and GTC:C motifs (data not shown). The discrepancyfrequencies (Fig. 7) indicate that the dearth of AGG mo-
between the results based on the entire genome and tho8ts in the other species is simply a consequence of the
based on the subset of 100 conserved genes is due too&errepresentation of other motifs, notably overrepresen-
tendency for the conserved genes to be more biased thdation of G-ending codons for glutamine, glutamic acid,
average. For example, in very low-bi& coli genes and lysine when N1 is C ii. influenzaeand overrep-
(CAI <0.2) there is no significant context-dependent biasresentation of G-ending codons for the same amino acids
for the valine codon GTC, while in the 100 conservedwhen N1 is T inM. genitalium.That is, there is no
genes, the lowest-bias group (CAIl <0.45) shows veryspecific avoidance of AGG motifs in either of these spe-
strong avoidance of GTC:C motifs. Similarly, the codon cies.
GAG for glutamic acid is used with equal frequency In sum, while context-dependent codon biases are
when N1 is A or G in genes with CAl <0.2, but usage widespread in bacteria and can be considerable in mag-
with N1 equal to G decreases with increasing bias, suchitude, there is very little evolutionary conservation of
that there is considerable avoidance of GAG:G motifs inthe causative forces and most demonstrate patterns sug-
the lowest-bias group in our subsample. gestive of mutational bias. In only a few cases can we
Underrepresented motifs which result in a significantidentify biases which increase with inferred expression
genomewide dearth of out-of-frame stop codons comievel in E. coli, as may be expected from a selective
prise ATA:G, GTA:A, GTA:G, TTA:G, CTA:G, and cause. However, itis also possible that such patterns may
CTG:AInE. coliand GTA:G and CTA:G irH. influen-  be caused by expression-associated mutational biases
zae(there are none iM. genitaliun). With the possible  (Francino and Ochman 1997). The avoidance of out-of-
exception of CTA:G avoidance iB. coli, none of these frame stop codons ik. coli appears to be a fortuitous
biases show features suggestive of the action of sele@onsequence of unknown mutational bias, and while
tion. Context-dependent biases which result in a signifi-RAG:G motifs appear to be selectively avoidedHn
cant genomewide dearth of AGG motifs are GAG:G andcoli, this does not seem to be a general pattern in bacte-
AAG:G in E. coli, CAG:G, GAG:G, and AAG:G iH.  ria.
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Fig. 5. The effect of inferred expression level on context-dependent codon usage for valine for 100 putatively orthologous Eecas ir.
influenzag andM. genitalium.

Discussion in protein-coding regions (Blattner et al. 1997), which
could also suggest a selective explanation based on in-
We have claimed that while the avoidance of out-of-terference with secondary structure wpR binding
frame stop codons appears to be the fortuitous consgMédigue et al. 1991; Burge et al. 1992). However,
guence of context-dependent mutation biag.iroli, the  CTAG avoidance shows little increase with expression
avoidance of RAG:G motifs is the result of selective level (Fig. 3) (Eyre-Walker 1995; but see Gutiz et al.
forces, but forces which are not conserved across bactd994), suggesting a mutational explanation.
ria. But exactly what factors may be responsible in each Although the VSP repair system can act on several
case? different sequence substrates, and appears to lead to the
depletion of certain oligonucleotide motifs largely in
proportion to substrate affinity (Glasner et al. 1995), it
alone cannot explain the observed set of context-
Underrepresentation of the motifs ATA:G, GTA:A, dependent codon biases. For example, neither the motif
GTA:G, TTA:G, CTA:G, and CTG:A in thée. colige-  GTA-R nor its complement is a substrate for VSP action
nome can be explained only partially by biases known to(unless there is a particularly high proportion of
exist withinE. coli. For example, the underrepresentationGTA:GG, but even this does not explain GTA:A avoid-
of the motif CTAG in theE. coli genome is well docu- ance). In addition, CTAG motifs are also underrepre-
mented (Phillips et al. 1987; Burge et al. 1992; Blattnersented in theH. influenzaegenome (Karlin et al. 1997),
et al. 1997) and may, to some extent, represent intrinsigvhich has no homologue of ttvsrgene involved in VSP
biases in the very short patch (VSP) DNA repair systenrepair (Fleischmann et al. 1995). The avoidance of pal-
(Bhagwat and McClelland 1992; Merkl et al. 1992). VSP indromic motifs (Karlin et al. 1997), potentially associ-
repair corrects T:G mismatches in certain contexts taated with restriction enzyme systems, is similarly unable
C:G pairs, some of which (e.g., in'"GTWGG/3-  to explain the observed contextual biases. We are there-
GGW'CC; W is A or T) result from methylcytosine fore left to postulate the presence of a mutational bias
deamination, but others of which do not (e.g., TWGG/with an unknown cause. Two pieces of evidence suggests
GW’'CC and CTWG/GGWLC), leading to the depletion that such biases may be widespread. First, the analysis of
of sequences of the type TWGG and CTWG and theirBerg and Silva (1997) has identified many contextual
complements. CTAG motifs are most underrepresentethiases inE. coli suggestive of mutational effects (i.e.,

Out-of-Frame Stop Codons
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Fig. 7. The effect of inferred expression level on context-dependent codon usage for glutamine, glutamic acid, and lysine for 100 putatively
orthologous genes i&. coli, H. influenzagandM. genitalium.

where the magnitude of the effect decreases with expredrame. However, as they were unaware that the context-
sion level). Second, ii. influenzaethere exists a wide dependent bias was restricted to RAG:G motifs, the
range of under- and overrepresented tetranucleotide maimple tests they employed may not have been sufficient
tifs which differ by a single base change (Karlin et al. to identify RA:GG avoidance. We have therefore re-
1997), which suggests the action of biased DNA mis-peated the analysis of avoidance of AGG in the +2 frame
match repair enzymes. in E. coli by considering the relative use of A- and G-
ending codons for glutamine, glutamic acid, and lysine
when the following codon begins with either GG or GH
(where H is A, C, or T). We find that neither glutamic

We favor a selective explanation for the avoidance ofacid nor lysine shows a reduced preference for A-ending
RAR:G motifs inE. coli because the bias increases with codons in front of glycine (GGN), as would be expected
expression level. Through analyzing the effect of expresif avoidance of the Shine—Dalgarno motif were impor-
sion level on the same biases, Berg and Silva (1997) alsént. For glutamic acid, we find that, contrary to predic-
came to the conclusion that a selective force was resporiions, A-ending codons are actually less avoided when
sible. One possibility is that the avoidance of sequence#he following codon begins with GG (data not shown). In
similar to the Shine-Dalgarno motif (TAAGGAGGT), sum, there is no evidence that RA:GG motifs are
important for the identification of the translation initia- avoided, further suggesting that the resemblance to the
tion site on the mRNA by the ribosome, is responsibleShine—Dalgarno motif is purely coincidental.

for the death of AGG in the +1 frame (Berg and Silva  Frame sensitivity of RAGG motif avoidance suggests
1997). Berg and Silva (1997) discount this suggestion bythat factors acting during translation are responsible.
noting that increased resemblance to the Shine—Dalgarn@ossible factors are the propensity for tRNAs coding for
motif has no apparent selective disadvantage. Avoidancmappropriate amino acids to bind or for frameshift mu-
of RAG:G motifs due to Shine—Dalgarno similarity also tations to occur. We can, however, see no obvious cor-
seems unlikely given that the bias is not conserved acros®lation between contextual bias and features of the
species, while Shine—Dalgarno initiation is. In addition, translation machinery. For the twofold degenerate amino
in E. coli, Maynard Smith and Smith (1996) found avoid- acids, the preferred codon (that which increases in fre-
ance of the AGG maotif only in the +1 and not in the +2 quency with gene expression level) always corresponds

Avoidance of RAG:G Motifs
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to one for which the appropriate transfer RNA is present Under the assumption of independence of rows and
in the genome (Sprinzl et al. 1998). And those aminocolumns, cell frequencies are multinomially distributed:
acids which show the strongest selective increase in con-

textual codon bias with expression level (Berg and SilvaPra,b,c,d} =

1997) are also those where only one of the two tRNAs T! R,C\2/R,Co\P /RC;\¢/R,C,\ ¢
are present in the genome, suggesting that contextual a!b!C!d!< T2 ) ( T2 ) ( T2 > ( T2 )
effects may be due to destabilization of noncognate base (A1)
pairings. However, not all amino acids where only a

single tRNA is present show strong selective contextualyith fixed row and column totals we can rewrite the

effects, and whileE. coli, H. influenzagand M. geni-  ynconditional probability Al in terms o alone:
talium each have only the tRNA corresponding to GAA

for glutamic acid, each species has a different context- b=R,-a
dependent bias. Finally, it is worth noting that it is un- c=C,-a (A2)
likely that any simple set of rules applies to the interac- d=T-R, -C,-a

tion between codon context and translation. For example,

misreading of phenylalanine by leucine under phenylalf we consider just those outcomes with positive values
anine starvation in thargl gene ofE. coliappears to be of a which give the observed row and column totals, the
influenced by context, but not the particular codon usedprobability of observing cell couratis just the number of
(Precup et al. 1989), while asparagine misreading isvays of obtaining cell countsa{b,c,d divided by the
strongly affected by codon and less so by contextotal number of ways of obtaining the row and column

(Precup and Parker 1987). totals. This gives
In short, the high levels of evolutionary lability of
context-dependent biases and the lack of any obvious R!R,!C,!C,!
relationship between the set of tRNAs in a genome and ~ PHa} = Tial(R, —a)l(C, - al(T-R, —C, + a!
the level of bias suggest that the causes of bias are DA o (A3)

genome-specific and unlikely to reflect fundamental fea-

tures of the translation machinery. Many biases appear t@jith a_. . = max(0,R, - C,) anda,,,, = min(R,, C,).
result from context-dependent mutational biases, bufrhjs probability is that calculated in Fisher's exact test

again, the majority of these mutational biases appear tpsokal and Rohlf 1995, p. 733). The expected valua of
differ between species, suggesting considerable differis simply the product

ences in the set, or at least specificities, of DNA repair

enzymes or other factors which can influence mutation. R,C,
Ela]= (A4)
T
Appendix: The Variance in Contingency Table Cell  5nd the variance di is
Frequencies Under Independence with Fixed Row
and Column Totals R.C.R.C
ol= 2 (A5)
TYT-1)

For a given gene we wish to calculate the distribution of
codon contexts generated by randomly shuffling codonSumming (A5) across genes gives the variance in the

pgftlitcl:iz]asr, Vv\\jzll\(/avisrﬂatlcr)]ta]rg\r/]vgtrzzeejlzlgtz da\sgjluzrgig tlr?esum ofa across genes. For the large sample sizes em-
par ' . pecte . ployed here, the sum @f across genes is well approxi-
variance of that value. This problem is equivalent to

lculating the distribution of cell fr ncies in n mated by a normal distribution, with mean equal to the
caicuiating the distribution ot Cefl Irequencies In-a con-g, ¢ (A4) across genes and variance equal to the sum
tingency table with fixed row and column totals. If we

. . . of (A5) across genes (See Fig. 1).
consider each cell in turn, any RxC contingency table (A5) g ( g-1
< .
f:an be reduced to a 2x2 table. For.example, if we _ar%\cknowledgments. We wish to thank John Maynard Smith and Noel
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