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Abstract

Genome sequencing in a number of taxa has revealed variation in nucleotide compaosition both among regions of
the genome and among functional classes of sites in DNA. Mutational biases, biased gene conversion, and natural
selection have been proposed as causes of this variation. Here, we review patterns of base comsiigphiiia

DNA. Nucleotide composition ibrosophila melanogasterarys regionally, and base composition is correlated
between introns and exori3rosophilaspecies also show striking patterns of non-random codon usage. Patterns of
synonymous codon usage and the biochemistry of translation suggest that natural selection may act at ‘silent’ sites.
A relationship between recombination rates and codon usage and comparisons of the evolutionary dynamics of
silent mutations within and between species support natural selection discriminating among synonymous codons.
The causes of regional base composition variation are less clear. Progress in functional studies of non-coding
DNA, further investigations of genome patterns, and statistical tests based on evolutionary theory will lead to a
greater understanding of the contributions of mutational processes and natural selection in patterning genome-wide
nucleotide composition.

Introduction tional biases (Bulmer, 1987; Filipski, 1987; Sueoka,
1988; Wolfe, Sharp & Li, 1989) , biased gene conver-
The accumulation of DNA sequence data from the sion (Holmquist, 1992; Eyre-Walker, 1993), and selec-
genomes of a number of organisms has revealed sometion pressure for G+C content (Bernardi & Bernardi,
intriguing patterns of nucleotide composition. Large- 1986; DeBry & Marzluff, 1994; Eyre-Walker, unpub-
scale compositional variation along chromosomes has lished results).
been described in mammals and birds (Bernardi, 1989), In contrast to regional base composition patterns
yeast (Sharp & Lloyd, 1993), bacteria (Deschavanne & in warm-blooded vertebrates, variation in nucleotide
Filipski, 1995), andDrosophila(Carulli et al., 1993). composition at silent sites in a number of microorgan-
The genomes of warm-blooded vertebrates appear toisms has been attributed to natural selection discrim-
be organized into mosaic patterns of long stretch- inating among synonymous codons (reviewed in lke-
es (>300 kb) of compositionally homogeneous ‘iso- mura, 1985; Andersson & Kurland, 1990; Sharp et al.,
chores’ (reviewed in Bernardi, 1995). The G+C con- 1993). InEscherichia coliand Saccharomyces cere-
tent of isochores varies from 30 to 60%, and the base visiag codons recognized by the abundant tRNA(S)
composition of coding regions, introns, and flanking for a given amino acid tend to be used preferentially.
regions for a given gene is strongly correlated with The degree to which codon usage is biased is strong-
that of the isochore in which it resides. The evolution- ly related to gene expression levels. These patterns
ary forces governing isochore evolution remain con- suggest that selection for translational efficiency may
tentious; these patterns have been attributed to muta-affect synonymous codon usage.
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In this review, we will describe patterns of base
composition inDrosophila and discuss attempts to 90 1
determine their causes. TBgosophila melanogaster
genome shows both regional heterogeneity in base
composition and preferential usage of a subset of syn-
onymous codons. We will first discuss regional pat-
terns of base composition and base composition rela-
tionships among functional classes of sites in DNA.
We then describe several population genetic approach-
es that attempt to distinguish between the effects of
mutational biases and natural selection on synonymous 30
codon usage. Finally, we discuss how statistical infer-
ence from within- and between-species DNA sequence
data can reveal the processes underlying base com-igure 1 Codon third base G+C contens intron G+C content
position evolutior_m in _different regions of the nuclt_aar amongD. Teﬁng%?;tzrgeenfos&e:i?g% ;eg;sessiovch:?ﬁsizﬂggtttﬁ?ee
genomeDrosoph|Iam|tochondr|al-genomes show dif- iﬁt:ri\;l:s?f) ge:aln.omic DNA hpas been comp?etely sequenced between
ferent patterns of base composition than the nuclear the start and stop codons; (2) there is no evidence for alternative
genome (see Clary & Wolstenholme, 1985; Ballard transcripts with respect to the protein coding sequence; and (3) the
& Kreitman, 1994; Rand, Dorfsman & Kann, 1994) intron/e)_(on boundaries have been determined experimentally. Data
and will not be discussed here. We will focus primar- om (Kliman & Hey, 1994).
ily on base composition evolution ID. melanogaster,
where the most data are available, and will make some
comparisons to othddrosophilaspecies. silent sites within exons. If mutational biases vary on a

scale larger than the size of most genes, as proposed to

explain mammalian isochores, then intron and silent-
Patterns of base composition irD. melanogaster site base composition should be positively correlated.

They did not find a significant correlation.
Patterns of base composition can be roughly divided In a larger sample of 14D. melanogastegenes,
into two categories: trends across the genome (at var-however, Kliman and Hey (1993) found a signif-
ious scales) and distinctions among functional classesicant correlation among genes between codon bias
of sites within a region. ID. melanogastetthe overall and intron G+C content (Figure 1). Effective Num-
base composition is approximately 43% G+C (Shapiro, ber of Codons (Wright, 1990), a measure of codon
1976; Ashburner, 1989) and initial analyses provided bias that decreases with departures from equal syn-
little evidence for regional variation in base composi- onymous codon usage, was negatively correlated with
tion (Shields et al., 1988). In a study of YAC-cloned intron G+C content (Spearmam’ss —0.325, 138 d.f.,
segments of th®. melanogastegenome, Carrulliet  P<0.0001). This study differed from that of Moriyama
al. (1993) found compositional heterogeneity among and Hartl in two relevant ways. First, more genes had
segments. However, there was no correlation betweenbecome available for analysis, making it possible to
third codon position G+C content and overall G+C ascribe statistical significance to similar valuegaf
content of the YAC-cloned region in which a gene was Second, by using codon bias as a covariate, rather than
located. The authors noted that the fraction of a given G+C content at four-fold degenerate sites, base compo-
YAC-cloned segment comprising amino acid-coding sition at all but tryptophan and methionine codons was
sequence was unknown and that this, in part, might incorporated into the analysis. (ID. melanogaster
explain heterogeneity among segments in overall G+C all codons that increase in frequency as codon bias
content; coding regions tend to have a higher G+C con- increases end in either G or C (Akashi, 1995); thus,
tent than non-coding regions of tli2 melanogaster = codon bias in this species is strongly correlated with
genome. third codon position G+C content).

Moriyama and Hartl (1993) took a different In a follow-up analysis, Kliman and Hey (1994)
approach; they analyzed the DNA sequences of 40 looked more carefully at the among-gene correlation
D. melanogastegenes, directly comparing the base inintronvs. exon G+C content at 185 melanogaster
composition of introns to that of four-fold degenerate loci. In this sample, significant positive correlations

Exon third position G+C (%)

404 °* .

10 20 30 40 50 60

Intron G+C (%)



51

between intron G+C content and that of either third umis inversely related to codon usage bias, consistent
(r?> = 0.138) or first codon positiorr{ = 0.060) were with a relationship between the strength of selection
found. The correlation between intron G+C content and levels of codon bias (Sharp & Li, 1987; Berg &
and second codon position G+C contemit£ 0.028) Martelius, 1995; but see Eyre-Walker & Bulmer, 1995
was significant (but only before correction for multiple  for contrary evidence).
comparisons). Using the 79 genes with more than one  Patterns of codon usage and silent DNA evolution
intron, a significant effect of gene on individual intron in D. melanogasteparallel those found irE. coli
third position G+C was also detectdeh§ >34 = 1.644, and yeast (Shields et al., 1988; Sharp & Li, 1989).
P = 0.0025). Thus, heterogeneity among genes, and,Codon usage is biased toward a subset of synony-
therefore, across tHe. melanogastegenome, in base  mous codons for each amino acid. In multi-cellular
composition was supported by both types of analyses. animals, tRNA abundances and gene expression lev-
els can be tissue- and developmental-stage specific
and are thus difficult to quantify. However, major

Establishing the causes of nucleotide variation at codons correspond to abundant tRNAs for the three
silent sites amino acids for which data are available (Shields et

al., 1988). In addition, anecdotal evidence suggests
Patterns of synonymous codon usage D. a relationship between expression levels and codon

melanogasteappear to parallel those found in a num- bias; highly expressed genes encoding ribosomal pro-
ber of microorganisms. IfE. coli and S. cerevisiae, teins and glycolytic enzymes show greater codon bias
synonymous codon usage is biased toward codons,than genes with limited or low expression such as those
which may enhance the efficiency of protein synthesis encoding developmental regulatory proteins. Similarly
(reviewed in Andersson & Kurland, 1990; Sharp etal., to prokaryotes, silent divergence betwdaimosophila
1993). Synonymous codon usage in these organisms isspecies is inversely related to codon usage bias (Sharp
biased toward ‘major’ codons, which generally com- & Li, 1989; Moriyama & Gojobori, 1992; Carulli et
plement the most abundant tRNA(s) for each amino al., 1993).
acid (lkemura, 1981, 1982; Bennetzen & Hall, 1982; The major codon preference model suggests a bal-
Grosjean & Fiers, 1982) . Among codons recognized ance among the forces of mutation pressure, natural
by the same tRNA, the correct Watson-Crick pairing selection, and genetic drift at silent sites (Sharp & Li,
codon is generally most common. The degree to which 1986; Li, 1987; Bulmer, 1988, 1991). Major codons
codon usage is biased varies amd@ngoli and yeast  confer fitness benefits, but the magnitude of selection
genes and correlates strongly with protein abundanceis small enough that non-major codons persist through
(Bennetzen & Hall, 1982; Gouy & Gautier, 1982; Ike- mutation pressure and genetic drift. However, direc-
mura, 1985; Sharp & Cowe, 1991). tional mutation pressure can also bias base composi-
These patterns are consistentwith amodel of ‘major tion in the absence of fitness differences (Freese, 1962;
codon preference’ under which natural selection dis- Sueoka, 1962, 1988). Under a mutational model, the
criminates among synonymous codons to enhance theequilibrium codon bias depends only on the ratio of
efficiency and/or the accuracy of protein synthesis. the forward and backward mutation rates.
During polypeptide chain elongation . coli, the Major codon preference can be distinguished from
arrival time of a cognate tRNA at the translational appa- mutational biases by contrasting predictions for their
ratus is inversely proportional to the tRNA's abundance effects on DNA variation within the genome. Popu-
(Varenne et al., 1984; Curran & Yarus, 1989). Faster lation genetics theory predicts a reduction in the effi-
arrival times at major codons could confer fithess ben- cacy of natural selection when genetic linkage exists
efits by enhancing translational elongation rates, by among multiple sites affected by either negative or
lowering the energetic cost of proofreading (rejecting positive selection (Muller, 1964; Hill & Robertson,
non-cognate tRNAS), or by reducing the rate of amino 1966; Felsenstein, 1974; Li, 1987; Barton, 1995;
acid misincorporation (Bulmer, 1988). Under this sce- Charlesworth, Charlesworth & Morgan, 1995) . The
nario, the fithess advantage to encoding a translation-effect of natural selection at a given site essentially
ally superior codon should be a function of the rate at accelerates genetic drift at linked sites. If mutational
which itis translated; selection intensity for codon bias biases, selection coefficients at silent sites, and the dis-
will be stronger in highly expressed genes. Silent DNA tribution of fitness effects of newly-arising mutations
divergence betwedn. coliandSalmonellatyphemuri-  do not differ systematically among genetic regions,
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Figure 2 Frequency distributions of codon bias in regions of restrict-
ed and ‘normal’ levels of recombination D. melanogaster The
codon bias index, ENC (Wright, 1990), is plotted for 17 genes in
regions of restricted recombination (blackened) and 385 genes in
regions of presumably ‘normal’ crossing-over (striped bars). ENC
is inversely related to levels of codon bias and the x-axis shows the
lower limit of ENC values for each category. Regions of reduced

recombination were defined as polytene-chromosome sections 1,

40-41, 80-81, and 102 and regions of normal crossing-over were

silent mutations interspersed within a region of DNA
(Akashi, 1995). Under major codon preference, silent
mutations from non-major to major codons, referred to
as ‘preferred’ mutations, should confer a small fithess
benefit to the organism. Mutations in the reverse direc-
tion, referred to as ‘unpreferred’ mutations, should
incur a fitness cost of the same magnitude. Although
both mutational biases and natural selection can bias
codon usage, only major codon preference predicts that
deterministic forces influence the history of mutations
once they arise.

Comparing the evolutionary behavior of preferred
and unpreferred mutations requires both the identifica-
tion of candidates for major codons and inference of
the direction of mutations (ancestral and derived states)
in DNA. Although tRNA abundances have not been
guantified inDrosophilg candidates for major codons
can be identified as those whose frequencies (within a
synonymous family) show a positive correlation with

defined as sections 2-19, 22-39, 42-59, 62-79, 82-99. Genes from the degree of bias at other codons in the same gene
telomeric regions were not included because recombination rates (see Akashi, 1995 for a table of major codons)Din

in such regions are ambiguous. Data from (Kliman & Hey, 1993,
1994).

then major codon preference predicts that levels of
codon bias should be a function of regional recom-
bination rates. Kliman and Hey (1993) found such a
relationship in théD. melanogastegenome; genes in

regions of reduced crossing-over show lower codon
bias relative to genes located in regions of higher

melanogasterat least one codon in each synonymous
family shows such a pattern.

Major codon preference requires weak evolution-
ary forces that remain relatively constant over evolu-
tion time. Such a model conforms with Kimura and
Ohta’s view of molecular evolution; gene frequency
changes within species and the accumulation of fixed
differences between species reflect a single process of
mutation, genetic drift, and (for some mutations) uni-
directional selection (Kimura & Ohta, 1971; Kimura,

recombination (Figure 2). The quantitative relation- 1983) . The process is governed by mutation rates and
ship between codon bias and genetic recombination, transition probabilities for changes in gene frequency.
however, may depend on the particular causes of the The transition probabilities depend on the product of
reduction of the efficacy of natural selection; i.e., effective population size and selection coefficiéhts
‘background selection’ predicts a relatively smooth (Kimura, 1983). Relative to the neutral expectation,
monotonic change in the efficacy of natural selection positive selection will increase the expected number of
(Charlesworth, 1996) , whereas Muller’s ratchet may segregating sites in a sample of alleles, the frequencies
predict a threshold effect at certain levels of recom- with which the sites are segregating within the sample,
bination (Kliman & Hey, 1993). In addition, rates of and the number of fixed differences between alleles
recombination vary among closely-related species of sampled from distantly related populations. Negative
Drosophila(True, Mercer & Laurie, 1996); measures selection coefficients will have the opposite effect on

of recombination may not accurately reflect the long-
term rates of recombination that affect codon usage.
A quantitative prediction for the relationship between
recombination rates and codon bias may be difficult to
test.

Other approaches can distinguish the effects of

each of these data. Under weak evolutionary forces, the
time-scale of this process is too great to observe differ-
ences directly in the evolutionary trajectories of muta-
tions in laboratory or in natural populations. Within-
and between- species comparisons of DNA sequence
data, however, provides a means of identifying weak

mutation pressure and major codon preference. Selec-selection.

tion for codon bias predicts differences in the evo-
lutionary dynamics of putative fitness classes of

Kimura’s studies of the behavior of mutations in
the neighborhood of neutralityN} 5 1) showed that
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4 Table 1 Polymorphism and divergence of synonymous
DNA changes irD. melanogasteandD. simulans

3 divergence mel (n=6) sim (n=5)
unpref  pref unpref  pref
5 polymorphic 47 1 87 24
1 fixed 54 4 14 13
e o 087 025 6.2 1.8

£ polymorphism

2 x 2 contingency tables for unpreferred and preferred
synonymous mutations found polymorphic and fixed

: 7 r . . in D. melanogasteand D. simulansat eight loci. n

a refers to the number of alleles examined in each species.
30 GenBank accession numbers or references for these
sequences are given in (Akashi & Schaeffer, 1997).

r
pd 20 changesN.s> 0). The null hypothesis, in this com-
parison, is no difference in the average fitness effects
between the classes of mutations; neutral evolution for
10 both classes is a subset of this null hypothesis.

Akashi (1995, in press) examined codon bias evo-
lution in the sibling specie®. melanogasteandD.
S simulanssince their split from a common ancestor.

3 ) A 0 1 > b A total of eight genes, for which six alleles have

been sequenced withd. melanogasteand five alle-
Nes les have been sequencedDn simulanswere exam-
ined. Parsimony assumptions and outgroup sequences
Figure 3 Polymorphism and divergence of nearly neutral mutations. e ra ysed to infer the lineage in which silent mutations
(a) Expected numbers of polymorphic (dashed line) and fixed (solid . . .
line) mutations in a sample of DNA sequences as a functidv, of occurred (Akashi, 1995). For each codon having differ-
the product of effective population size and selection coefficient ent nucleotides within or between tBemelanogaster
(see Kimura, 1983). Sawyer & Hart's sampling formulae (1992) andsimulansalleles, mutations were assigned to min-
were used to galculate expected numbers of polymorphic and fixed imize the number of changes in the phylogenetic tree.
changes relative to the expected numbers for neutral changes for . A .
parameter valuesy;, = 1.9,m= 6, typical for theD. melanogaster Table 1 shows the ratios of polymorphismto diver-
andD. simulansdata. (b) The ratio of expected numbers of poly- gence for preferred and unpreferred mutations for the
morphic and fixed differencespd,‘asafunction oN, sfor the same genes examined. As predicted by mutation-selection-
parameter values. From (Akashi, 1995). drift, the ratio of the number of synonymous changes
segregating withi. simulango the number of muta-
tions that have fixed in this lineage is significantly
the probability that a non-neutral change will rise to higher for unpreferred than for preferred mutations
an intermediate frequency within a population is less (Fisher's exact test? = 0.004, one-tailed)t,;’s for
affected by selection than the probability that it will the two classes of synonymous mutations differ in the
go to fixation (Kimura, 1983; Figure 3a). Thus, the predicted direction irD. melanogasterput the null
ratio of polymorphism within a species to divergence hypothesis of no fitness differences between classes of
between species, referred togg decreases monoton-  synonymous changes is not reject®d=0.19).
ically as a function oN.sand is sensitive to even very Comparisons of ratios of polymorphism to diver-
weak selection (Akashi, 1995; Figure 3b). McDonald gence incorporate the number of mutations segregating
and Kreitman (1991) suggested comparison of ratios in a sample of sequences but do not take into account
of polymorphismto divergenceto test for fithess differ- the number of alleles in the sample that carry newly-
ences among classes of mutations interspersed in DNA.arisen mutations. The frequency distribution of segre-
Under major codon preference, deleterious unpreferredgating mutations can also reveal directional selection
(N.s<0) mutations will show higher ratios of poly- (note that ‘frequency’ here refers to the frequency of
morphism to divergence than advantageous preferredmutations within the sample of sequences rather than
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08 Sawyer, Dykhuizen and Hartl (1987) argued that
unpref (n = 87) comparisons between categories of mutations are rela-
08 pref (n=24) tively free of assumptions concerning the evolutionary

histories of regions within the sampled data. Statis-
tical comparisons between classes of closely-linked
mutations do not require that populations have reached
equilibrium or that all sites are evolving independently.
If the two types of mutations are interspersed within
genes, different evolutionary histories of local regions
should have an equivalent effect on both the number of
polymorphic sites (and consequently, thg's) and the
Figure 4 Frequency distributions of preferred and unpreferred syn- frequency distributions of both classes of mutations.
onymous DNA mutations iD. sin"_lulans The proportion of unpre- Comparisons of the frequency spectra ﬂgyﬂs of
fgrred (black) qnd preferred (striped) mutations segregating at the synonymous DNA changes also distinguish between
given frequencies are shown. Frequency refers to the number of . .
alleles (in a sample of five sequences) in which a mutation is found. major codon preference and mutational models of
Pooled data from eigt. simulangyenes from (Akashi & Schaeffer, ~ codon bias (Akashi, 1995). IDrosophila higher
1997). mutation rates from A/T— C/G than in the reverse
direction could explain codon usage bias (Freese, 1962;
Sueoka, 1962, 1988). Such mutational biases, if they
the frequency of major codons at a given locus). Posi- have remained constant over the time period examined,
tive selection elevates the likelihood that a change will will have an equivalentimpact on the numbers of poly-
increase in frequency within a population, whereas morphic and fixed mutations and will not affect their
negative selection decreases the likelihood for changesratios. Similarly, unequal mutation rates will affect
to spread (Fisher, 1930; Wright, 1938). The propor- the numbers of segregating sites in a sample but will
tion of mutations segregating at higher frequencies not impact the proportion of sites segregating at dif-
increases under positive selection and the proportion ferent frequencies. Recechangesn mutation rates,
of rares increase under< 0; even small fitness dif-  however, could affect these comparisons (Eyre-Walker,
ferences between preferred and unpreferred mutations1997). If the ratio of mutation rates/v, has increased
can differentiate their frequency distributions (Akashi since the most recent common ancestor to the poly-
& Schaeffer, 1997). morphism segregating within a population, then the
Sawyer, Dykhuizen and Hartl (1987) suggested number of polymorphic unpreferred mutations will be
comparisons of frequency distributions between class- higher and the frequency spectra of such mutations will
es of interspersed mutations to test for differences be skewed toward rares. However, differences in the
in their effect on fitness. Under major codon pref- frequency distributions of preferred and unpreferred
erence, advantageous preferred mutations will segre-mutations have been observedinpseudoobscuras
gate at higher frequencies than deleterious unpreferredwell as inD. simulans it is unlikely that the same
changes. ID. melanogasteonly one preferred silent  recent change in mutation pressure has occurred inde-
mutation was found segregating among six alleles of pendently in these species (Akashi & Schaeffer, 1997).
each of eight genes; no comparisons of frequency spec-Similar patterns in a larger number of independent lin-
tra could be made in this species. Figure 4 shows the eages would strongly support selection at silent sites.
frequencies of preferred and unpreferred synonymous  Neither departures from stationarity and linkage
DNA changesim. simulansThe 24 preferred changes equilibrium nor mutational biases appear to explain
are, on average, more common in the samples thanthe observed difference betwegg’'s and frequency
the 87 unpreferred mutations (Mann-Whitney test, spectra of preferred and unpreferred silent changes in
1.71,P = 0.044, one-tailed). Although the statistical D. simulansMajor codon preference appears to be the
test is only marginally significant at the 5% level, in predominant explanation for the maintenance of codon
combination with the observed ratios of polymorphism bias in this lineage. These findings do not, however,
to divergence, these analyses provide compelling evi- exclude the possibility that selection pressures other
dence for differences in the evolutionary trajectories than major codon preference also contribute to pat-
of preferred and unpreferred synonymous DNA muta- terns of codon bias. IB. coli, reduced codon bias at the
tions. start of genes (Bulmer, 1988; Eyre-Walker & Bulmer,

proportion of sample

frequency



1993) and the evolutionary persistence of non-major
codons (Maynard Smith & Smith, 1996) suggest that
selection may favor non-major codons at some sites.
In addition, major codon usage decreases at tlend

of E. coli genes; this appears to be due, in part, to the
fact that many genes overlap the Shine-Dalgarno, or
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differences in levels of gene conversion, is difficult to
assess without more data. However, the difference in
base composition at silent sites appears to be greater
than that within introns (Kliman & Hey, 1993); the
magnitude of reduction of codon bias in regions of low
recombination suggests the action of natural selection

coding sequence of the next gene on the chromosomeat silent sites irDrosophila In addition, Kliman and

(Eyre-Walker, 1996). The extent to which conflict-
ing selection pressures act at silent siteBiiasophila
remains to be established.

Biased gene conversion or selection at silent sites?

Although mutational biases do not appear to be suf-
ficient to explain patterns of codon usage evolution
in Drosophila a combination of gene conversion and
biased DNA repair makes many predictions that over-
lap those of mutation-selection-drift. Gene conver-

Hey (1994) found that silent sites in exons show con-
sistently higher G+C content than sites within introns
of the same genes (Figure 1). This finding is con-
sistent with translational selection but is difficult to
explain under biased gene conversion. FinallyDin
melanogastercodon bias is correlated with functional
constraint at the protein level (Akashi, 1994). Such a
relationship was predicted under codon bias selection
for translational accuracy because the fitness cost of
misincorporations should be stronger at codons where
amino acid changes have a deleterious impact on pro-
tein function. It is unclear how biased gene conversion

sion events have been inferred h melanogaster
(reviewedin Hilliker, Clark & Chovnick, 1988), butwe
know little about DNA repair irbrosophila In primate

could cause this pattern. Although biased gene con-
version may contribute to base composition evolution
in Drosophila weak selection in favor of translation-
cell lines, DNA repair shows a bias toward incorporat- ally superior codons appears to be required to explain
ing G and C nucleotides (Brown & Jiricny, 1988). many of the patternswe observe in thanelanogaster
A combination of gene conversion and biased repair genome.
in Drosophila could cause preferential usage of G+C.
Because hiased gene conversion has effects similar to
weak directional selection on the evolutionary dynam- Interpreting the relationship between silent and
ics of mutations (Nagylaki, 1983), it is consistent with  intron base composition
the observed differences in ratios of polymorphism to
divergence and frequency distributions of preferred and Although evidence for a role of natural selection in
unpreferred mutations iDrosophila Hickey, Wang governing base composition evolution at silent sites in
and Magoulas (1994) have also noted that duplicat- Drosophilaappears strong, the cause(s) of the correla-
ed genes have synonymous codon bias towards G andion between intron and exon (especially third codon
C ending codons compared to non-duplicated genes,position) base composition remains unresolved. Per-
an observation they interpreted as being due to biasedhaps the most plausible explanation is differences in
gene conversion. mutational biases across the genome (Kliman & Hey,
A number of observations suggest that biased gene1994). For the universal genetic code, most of the pos-
conversion, in the absence of natural selection, can- sible silent substitutions are found at the third codon
not explain synonymous codon bias in Drosophila. position, with a few possible silent substitutions at
First, reduced rates of gene conversion in regions of the first position; no second position substitutions are
low recombination should have an equal impact on silent. If mutational pressures compete with (or act
intron and silent site base composition, whereas less synergistically with) selection on base composition,
effective selection in regions of reduced recombina- codon usage or amino acid usage (i.e., protein function
tion predicts no difference in base composition at neu- constraint), the level of base composition correlation
tral sites. InD. melanogasterbase composition with-  between intron and exon sites is expected to increase as
in introns shows a small difference in G+C content: various selection pressures decrease. That is, the pro-
37.1% G+C among 130 introns in regions of presumed portion of variance in base composition attributable to
normal crossing-over and 34.5% G+C in 12 introns in influences that act on introns and exons alike should
regions of reduced recombination. The possibility of decrease as other sources of variance increase.
differences in intron base composition, perhaps due to
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The different values aof® for the three codon posi-
tions vs. introns (described above) might reflect con-

straint on amino acid sequence. However, the espe-

cially strong correlation involving third codon position
was somewhat surprising in light of Moriyama and
Hartl’'s (1993) findings. The difference might reflect
variation among synonymous families; Moriyama and
Hartl limited their analysis to four-fold degenerate
sites. Although Kliman and Hey (1994) found a signif-
icant positive correlation between intron G+C content
and that of four-fold degenerate site$ €0.073), the
correlation between intron G+C content and that of
two-fold degenerate sites was somewhat greafer (
0.165).

If the differences in the correlations were due to
difference in the strength of selection, it follows that
stronger correlations should be found in genes with
lower codon bias. Kliman and Hey ranked genes by
Codon Adaptation Index (Sharp & Li, 1986) , then
divided them into two sets of 77 loci. For four-
fold degenerate sites, the correlation was significant-
ly weaker in the high biased group (Spearman’s
—0.139) than in the low biased group (Spearman’s
r = 0.396). On the other hand, for the correlations
involving two-fold degenerate sites, little difference

relationship between intron and coding region G+C
content (i.e., if both are related to gene expression lev-
els).

Evaluating the roles of mutational biases and nat-
ural selection in governing the base composition of
introns will require biological models from which to
make evolutionary predictions. For example, selection
for RNA structure has been established by examin-
ing patterns of genetic linkage among mutations seg-
regating within populations. At th®rosophila Adh
locus, ‘compensatory’ mutations that preserve predict-
ed mRNA structures show stronger linkage disequi-
librium than other mutations in the region (Schaeffer
& Miller, 1993; Kirby, Muse & Stephan, 1995) . In
contrast, at the alternatively splicédicl gene, the
predicted folding free energy of the pre-mRNA is sig-
nificantly higher (less stable) than randomly permut-
ed sequences, suggesting selection against secondary
structures at this locus (Leicht et al., 1995). Gene con-
version and biased DNA repair can also be tested by
examining the relationship between gene conversion
rates and G+C content. For example, gene conversion
may occur across well-defined regions of DNA (Hick-
ey et al., 1991; Shibata & Yamazaki, 1995) . Biased
gene conversion suggests that base composition across

was found between the high biased group (Spearman’ssuch regions should show similarly abrupt changes.

r = 0.272) and the low biased group (Spearmar‘s
0.399). While the correlations involving two-fold and
four-fold degenerate sites are obviously not differentin
the high biased group, they are significantly different
in the low biased grouprf = 6.50, 1 d.f.,P = 0.011
[Sokal & Rohlf, 1981, pp. 588-589]). These patterns

Greater knowledge of the functional significance of
intron sequences will allow us to determine the con-
tribution of selected sites to the correlation between
intron and silent base composition.

suggest that selection may be acting more strongly on Between-species comparisons of codon bias and
four-fold degenerate sites than on two-fold degenerate intron base composition

sites.
Natural selection could also account for the correla-
tions between intron and exon base composition. Intron

sequences are known to play roles in splice site recog-

nition (Mount et al., 1992; Leicht et al., 1995), mRNA
structures (Schaeffer & Miller, 1993; Stephan & Kirby,
1993, Kirby, Muse & Stephan, 1995), and gene regu-
lation (Bruhat et al., 1993; Huang et al., 1993; McCul-
logh & Schuler, 1993; Tourmente et al., 1993; Laurie
& Stam, 1994; Kapoun & Kaufman, 1995; Haerry &
Gehring, 1996; Kohler, Schafer-Preuss & Buttgereit,
1996; McKenzie & Brennan, 1996) . However, rel-
atively high rates of interspecific nucleotide (Hudson
et al., 1994) and insertion/deletion evolution (Akashi,

Although theD. melanogastegenome has been by
far the most extensively studidarosophilagenome,
comparisons to othérosophilaspecies have revealed
some interesting differences in base composition. In
particular, the major codon preference model suggests
methods to determine the causes of codon bias differ-
ences between species.

Akashi (1995, 1996) noted a consistent decline in
major codon usage in thB. melanogastetineage
since its split from the common ancestorDo simu-
lans Although these species are closely-related (silent
divergence in low codon bias genes is about 10%) and
the numbers of silent fixations within a given gene are

1996) suggest that many, perhaps most, nucleotide sitedow, the trend is consistent across loci. Under major
within introns do not play a functional role. The ques- codon preference, this genome-wide decline in codon
tion is whether selected sites in introns account for the bias could be due to either a stronger mutational bias
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toward A+T or a reduction in the effectiveness of nat- usage is adapted to the abundanttRNA. Reversalsinthe
ural selection at silent sites. relative abundances of tRNA's will entail fitness conse-
Changes in mutation pressure and natural selec- quences equivalent to thousands of deleterious unpre-
tion make distinguishable predictions for base com- ferred mutations. This argumentis analogousto Crick’s
position evolution under different selection pressures ‘frozen accident’, which preserves the universal genet-
(Akashi, 1996) . Regions under the weakest selection ic code (Crick, 1968). A mutation that alters the amino
pressure for base composition show the greatest sen-acid encoded by a given codon will be strongly dele-
sitivity to changes in mutational biases. Because all terious, because a different amino acid will be incor-
major codons end in either G or C, the mutational porated at this codon in hundreds of proteins. Shifts in
hypothesis predicts a greater decrease in G+C con-major codons should be most likely following a state
tent at neutrally evolving sites than at silent sites in of silent base composition near mutational equilibri-
coding regions irD. melanogasterChanges in\.s um; it will be of great interest to document such a
predict the opposite pattern, a larger excess of G/C change among closely-related species.
— AIT changes in coding regions. Because introns
were difficult to align with outgroup sequences, com-
parisons were made at sites fixed in each species butFuture research in base composition evolution
differing between species. Under the null hypothesis
of no difference in base composition, the number of We have reviewed some of the base composition pat-
sites at whichD. melanogasteencodes G or C and ternsinDrosophilaand the attempts to address the evo-
D. simulansencodes A or T rfel;¢simyr) should lutionary forces governing these patterns, especially at
equal the number of sites in the opposite configuration silentsites in coding regions. For the most part, patterns
(melyrsimge). The 16 introns examined (from the 8 of base composition have been observed on a relatively
genes of Table 1) show little evidence for a change coarse scale (between genes and genetic regions). Itis
in base composition: 30 intron sites anelyrSimge possible that many revealing patterns could be found on
and 26 aremel;csimar. Silent sites within exons,  a finer (within-gene) scale. For example, Kliman and
however, show significant differencesin base composi- Eyre-Walker (unpublished data) have found reduced
tions between these species: 83 siteswaeh ;sing o, codon bias at the’5end of D. melanogastegenes.
whereas 25 armel;¢simyr (Fisher's exact tes® = The pattern appears similar to that foundtincoli, but
0.004). Changes in selection intensity, rather than in the causes of this reduction have not been established.
mutational biases, appear to explain the reduction of They also found within-gene correlations in base com-
codon bias in th®. melanogastdineage. Simulations  position of introns and third codon positions of flanking
of codon bias evolution under reduced selection show exons, apparently associated with changes in base com-
that the ratio of preferred to unpreferred fixation®in position along the length of genes. Interestingly, gene
melanogastetan be explained by a five-fold or greater conversion shows polarity gradients in fungi: gene con-
reductioninN,s; silent DNA evolutioninthislineageis  version is highest near transcription initiation sites and
indistinguishable from that of neutrally evolvingmuta- decreases in both thé and 3 directions (reviewed
tions. in Nicolas & Petes, 1994). Polarity gradients of G+C
Reduced codon bias has also been observed at thecontent alond>rosophilagenes could reflect polarity
Adhlocus in HawaiiarDrosophila(Thomas & Hunt, gradients of biased gene conversion. Another intrigu-
1991; Moriyama & Gojobori, 1992) and in a number ing finding, noted by Powell and coworkers (1993),
of genes irD. willistoni (Anderson, Carew & Powell, is higher codon bias in early expressed than in later
1993). The causes of these differences and how oftenexpressedrosophilagenes. White (1973) observed
codon bias changes over long periods of evolutionary differences in some tRNA pools between larvae and
time will require larger numbers of gene sequences adult; whether tissue and developmental-stage specific
from a number of species. In particular, major codons patterns of tRNA abundance explain variationin codon
differ for approximately half of the amino acids among bias in multi-cellular organisms remains to be estab-
E. coli, yeast, andDrosophila (Sharp, 1989) , but lished.
changes in major codons have not been documentedin  Our understanding of intron and intergenic region
closely-related species. Under major codon preference,evolution is more ambiguous. How much of the
shifts in major codons are unlikely in a lineage show- genomes of organisms reflect the action of natural
ing biased codon usage because genome-wide codorselection remains an open question. Although within-
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and between-species DNA comparisons can reveal the
action of natural selection, even when the functional

effects of mutations may be too small to test in the
lab, such tests often requiagoriori predictions for the

fitness effects of particular mutations. A combination
of DNA sequence comparisons, evolutionary theory,

and functional studies of mechanisms of gene regula-

tion, protein translation, and mutational biases will be

required to understand the forces governing base com-

position evolution in the genomes Birosophilaand
other taxa.

Acknowledgments

We are grateful to an anonymous reviewer for many

helpful suggestions. H.A. is supported by a National

Science Foundation/Alfred P. Sloan Foundation Post-

doctoral Fellowship in Molecular Evolution. R.K. is
supported by the Radford University College of Arts

their relationship to gene expression and selection pressure. J.
Mol. Evol. 41: 449-456.

Bernardi, G., 1989. The isochore organization of the human genome.
Annu. Rev. Genet. 23: 637-661.

Bernardi, G., 1995. The human genome: organization and evolu-
tionary history. Annu. Rev. Genet. 29: 445-476.

Bernardi, G. & G. Bernardi, 1986. Compositional constraints and
genome evolution. J. Mol. Evol. 24: 1-11.

Brown, T.C. & J. Jiricny, 1988. Different base/base mispairs are
corrected with different efficiencies and specificities in monkey
kidney cells. Cell 54: 705-711.

Bruhat, A., D. Dreau, M.E. Drake, S. Tourmente, S. Chapel, J.L.
Couderc & B. Dastugue, 1993. Intronic ardlanking sequences
of the Drosophila beta 3 tubulin gene are essential to confer
ecdysone responsiveness. Mol. Cell. Endocrinol. 94: 61-71.

Bulmer, M., 1987. A statistical analysis of nucleotide sequences of
introns and exons in human genes. Mol. Biol. Evol. 4: 395-405.

Bulmer, M., 1988. Are codon usage patterns in unicellular organisms
determined by selection-mutation balance. J. Evol. Biol. 1: 15—
26.

Bulmer, M., 1991. The selection-mutation-drift theory of synony-
mous codon usage. Genetics 129: 897-907.

Carulli, J.P., D.E. Krane, D.L. Hartl & H. Ochman, 1993. Compo-
sitional heterogeneity and patterns of molecular evolution in the
Drosophilagenome. Genetics 134: 837-845.

and Sciences and by a grant from the Jeffress Memorial Charlesworth, B., 1996. Background selection and patterns of genet-

Trust. A.E.W. is a Royal Society University Research
Fellow.

References

Akashi, H., 1994. Synonymous codon usage Dmosophila
melanogaster Natural selection and translational accuracy.
Genetics 136: 927-935.

Akashi, H., 1995. Inferring weak selection from patterns of poly-
morphism and divergence at ‘silent’ sites Drosophila DNA.
Genetics 139: 1067-1076.

Akashi, H., 1996. Molecular evolution betweeBrosophila
melanogasteandD. simulansreduced codon bias, faster rates of
amino acid substitution, and larger proteinddinmelanogaster
Genetics 144: 1297-1307.

Akashi, H., in press. Codon bias evolutiorDrosophila Population
genetics of mutation-selection-drift. Gene.

Akashi, H. & S.W. Schaeffer, 1997. Natural selection and the fre-
quency distributions of ‘silent’ DNA polymorphism Drosophi-
la. Genetics 146: 295-307.

Anderson, C.L., E.A. Carew & J.R. Powell, 1993. Evolution of the
Adh locus in theDrosophila willistonigroup: the loss of an intron,
and shift in codon usage. Mol. Biol. Evol. 10: 605-618.

Andersson, G.E. & C.G. Kurland, 1990. Codon preferences in free-
living microorganisms. Microbiol. Rev. 54: 198-210.

Ashburner, M., 1989Drosophila A laboratory manual. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

Ballard, J.W. & M. Kreitman, 1994. Unraveling selection in the
mitochondrial genome dbrosophila Genetics 138: 757-772.
Barton, N.H., 1995. Linkage and the limits to natural selection.

Genetics 140: 821-841.

Bennetzen, J.L. & B.D. Hall, 1982. Codon selection in yeast. J. Biol.
Chem. 257: 3026-3031.

Berg, O.G. & M. Martelius, 1995. Synonymous substitution-rate
constants irEscherichia coliand Salmonella typhimuriunand

ic diversity inDrosophilamelanogaster. Genet. Res. 68: 131-149.

Charlesworth, D., B. Charlesworth & M.T. Morgan, 1995. The pat-
tern of neutral molecular variation under the background selection
model. Genetics 141: 1619-1632.

Clary, D.O. & D.R. Wolstenholme, 1985. The mitochondrial DNA
molecular oDrosophilayakuba: nucleotide sequence, gene orga-
nization, and genetic code. J. Mol. Evol. 22: 252-271.

Crick, F.H.C., 1968. The origin of the genetic code. J. Mol. Biol. 38:
367-379.

Curran, J.F. & M. Yarus, 1989. Rates of aminoacyl-tRNA selection
at 29 sense codoris vivo. J. Mol. Biol. 209: 65-77.

DeBry, R.W. & W.F. Marzluff, 1994. Selection on silent sites in the
rodent H3 histone gene family. Genetics 138: 191-202.

Deschavanne, P. & J. Filipski, 1995. Correlation of GC content with
replication timing and repair mechanisms in weakly expregsed
coli genes. Nucleic Acids Res. 23: 1350-1353.

Eyre-Walker, A., 1993. Recombination and mammalian genome
evolution. Proc. R. Soc. Lond. B. Biol. Sci. 252: 237-243.

Eyre-Walker, A., 1996. The close proximity @&scherichia coli
genes: consequences for stop codon and synonymous codon use.
J. Mol. Evol. 42: 73-78.

Eyre-Walker, A., 1997. Differentiating between selection and muta-
tion bias. [letter] Genetics 147: 1983-1987.

Eyre-Walker, A. & M. Bulmer, 1995. Synonymous substitution rates
in enterobacteria. Genetics 140: 1407-1412.

Felsenstein, J., 1974. The evolutionary advantage of recombination.
Genetics 78: 737-756.

Filipski, J., 1987. Correlation between molecular clock ticking,
codon usage fidelity of DNA repair, chromosome banding and
chromatin compactness in germline cells. FEBS Lett. 217: 184—
186.

Fisher, R. A., 1930. The Genetical Theory of Natural Selection.
Clarendon Press, Oxford, England.

Freese, E., 1962. On the evolution of base composition of DNA. J.
Theor. Biol. 3: 82-101.

Gouy, M. & C. Gautier, 1982. Codon usage in bacteria: correlation
with gene expressivity. Nucleic Acids Res. 10: 7055-7074.



Grosjean, H. & W. Fiers, 1982. Preferential codon usage in prokary-
otic genes: the optimal codon-anticodon interaction energy and

the selective codon usage in efficiently expressed genes. Gene

18: 199-209.

Haerry, T.E. & W.J. Gehring, 1996. Intron of the mouse Hoxa—7 gene
contains conserved homeodomain binding sites that can function
as an enhancer elementnosophila Proc. Natl. Acad. Sci. USA
93: 13884-13889.

Hickey, D.A., L. Bally—Cuif, S. Abukashawa, V. Payant & B.F.
Benkel, 1991. Concerted evolution of duplicated protein—coding
genes irDrosophila Proc. Natl. Acad. Sci. USA 88: 1611-1615.

Hickey, D.A., S. Wang & C. Magoulas, 1994. Gene duplication,
gene conversion, and codon bias, pp. 199-207. In Non-Neutral
Evolution: Theories and Molecular Data, edited by B. Golding.
Chapman & Hall, New York.

Hill, W.G. & A. Robertson, 1966. The effect of linkage on limits to
artificial selection. Genet. Res. 8: 269-294.

Hilliker, A. F., S. H. Clark & A. Chovnick, 1988. Genetic analysis
of intragenic recombination iDrosophila pp. 73-90. In The
Recombination of Genetic Material, edited by K.B. Low. Acad-
emic Press, San Diego.

Holmquist, G.P., 1992 Chromosome bands, their chromatin flavors,
and their functional features. Am. J. Hum. Genet. 51: 17-37.
Huang, J.D., D.H. Schwyter, J.M. Shirokawa & A.J. Courey, 1993.

The interplay between multiple enhancer and silencer elements

defines the pattern of decapentaplegic expression. Genes Dev. 7:

694-704.

Hudson, R.R., K. Bailey, D. Skarecky, J. Kwiatowski & F.J. Ayala,
1994. Evidence for positive selection in the superoxide dismutase
(Sod) region ofDrosophila melanogasteiGenetics 136: 1329—
1340.

lkemura, T., 1981. Correlation between the abundance of
Escherichia coltransfer RNAs and the occurrence of the respec-
tive codons in its protein genes: a proposal for a synonymous
codon choice that is optimal for tHe. coli translational system.

J. Mol. Biol. 151: 389-409.

Ikemura, T., 1982. Correlation between the abundance of yeast trans-

fer RNAs and the occurrence of the respective codons in protein

genes. Differences in synonymous codon choice patterns of yeast

and Escherichia coliwith reference to the abundance of isoac-
cepting transfer RNAs. J. Mol. Biol. 158: 573-597.

Ikemura, T., 1985. Codon usage and tRNA content in unicellular
and multicellular organisms. Mol. Biol. Evol. 2: 13-34.

Kapoun, A.M. & T.C. Kaufman, 1995. A functional analysis ¢f 5
intronic and promoter regions of the homeotic gene proboscipedia
in Drosophila melanogasteDevelopment 121: 2127-2141.

Kimura, M., 1983. The Neutral Theory of Molecular Evolution.
Cambridge University Press, Cambridge.

Kimura, M. & T. Ohta, 1971. Protein polymorphism as a phase of
molecular evolution. Nature, Lond. 229: 467-469.

Kirby, D.A., S.V. Muse & W. Stephan, 1995. Maintenance of pre—
mRNA secondary structure by epistatic selection. Proc. Natl.
Acad. Sci. USA 92: 9047-9051.

Kliman, R.M. & J. Hey, 1993. Reduced natural selection associated
with low recombination irDrosophila melanogasteMol. Biol.
Evol. 10: 1239-1258.

Kliman, R.M. & J. Hey, 1994. The effects of mutation and natural
selection on codon bias in the gene®obsophila Genetics 137:
1049-1056.

Kohler, J., S. Schafer-Preuss & D. Buttgereit, 1996. Related
enhancers in the intron of the betal tubulin gen®xufsophila
melanogasteare essential for maternal and CNS-specific expres-
sion during embryogenesis. Nucleic Acids Res. 24: 2543-2550.

59

Laurie, C.C. & L.F. Stam, 1994. The effect of an intronic poly-
morphism on alcohol dehydrogenase expressiobrizsophila
melanogasterGenetics 138: 379-385.

Leicht, B.G., S.V. Muse, M. Hanczyc & A.G. Clark, 1995. Con-
straints on intron evolution in the gene encoding the myosin
alkali light chain inDrosophila Genetics 139: 299-308.

Li, W.H., 1987. Models of nearly neutral mutations with particular
implications for nonrandom usage of synonymous codons. J. Mol.
Evol. 24: 337-345.

Maynard Smith, J. & N.H. Smith, 1996. Site—specific codon bias in
bacteria. Genetics 142: 1037-1043.

McCullough, A.J. & M.A. Schuler, 1993. AU-rich intronic ele-
ments affect pre-mRNA '5splice site selection iDrosophila
melanogasterMol. Cell. Biol. 13: 7689-7697.

McDonald, J.H. & M. Kreitman, 1991. Adaptive protein evolution
at the Adh locus inDrosophila [see comments]. Nature 351:
652-654.

McKenzie, R.W. & M.D. Brennan, 1996. The two small introns of
the Drosophila affinidisjunctaAdh gene are required for normal
transcription. Nucleic Acids Res. 24: 3635-3642.

Moriyama, E.N. & T. Gojobori, 1992. Rates of synonymous sub-
stitution and base composition of nuclear geneBiasophila
Genetics 130: 855-864.

Moriyama, E.N. & D.L. Hartl, 1993. Codon usage bias and base
composition of nuclear genes Brosophila Genetics 134: 847—
858.

Mount, S.M., C. Burks, G. Hertz, G.D. Stormo, O. White & C.
Fields, 1992. Splicing signals idrosophila intron size, infor-
mation content, and consensus sequences. Nucleic Acids Res. 20:
4255-4262.

Muller, H.J., 1964. The relation of recombination to mutational
advance. Mutation Research 1: 2-9.

Nagylaki, T., 1983. Evolution of a finite population under gene
conversion. Proc. Natl. Acad. Sci. USA 80: 6278-6281.

Nicolas, A. & T.D. Petes, 1994. Polarity of meiotic gene conversion
in fungi: contrasting views. Experimentia 50: 242-252.

Powell, J.R., A. Caccone, J.M. Gleason & L. Nigro, 1993. Rates of
DNA evolution in Drosophiladepend on function and develop-
mental stage of expression. Genetics 133: 291-298.

Rand, D.M., M. Dorfsman & L.M. Kann, 1994. Neutral and non-
neutral evolution ofDrosophila mitochondrial DNA. Genetics
138: 741-756.

Sawyer, S.A., D.E. Dykhuizen & D.L. Hartl, 1987. Confidence
interval for the number of selectively neutral amino acid poly-
morphisms. Proc. Natl. Acad. Sci. USA 84: 6225-6228.

Sawyer, S.A. & D.L. Hartl, 1992. Population genetics of polymor-
phism and divergence. Genetics 132: 1161-1176.

Schaeffer, S.\W. & E.L. Miller, 1993. Estimates of linkage disequi-
librium and the recombination parameter determined from seg-
regating nucleotide sites in the alcohol dehydrogenase region of
Drosophila pseudoobscur&enetics 135: 541-552.

Shapiro, H.S., 1976. Distribution of purine and pyrimidines in
deoxyribonucleic acids, pp. 241-281. In CRC Handbook of Bio-
chemistry and Molecular Biology, edited by G.D. Fasman. CRC
Press, Cleveland.

Sharp, P.M., 1989. Evolution at ‘silent’ sites in DNA, pp. 23-32.
In Evolution and Animal Breeding: Reviews in Molecular and
Quentitative Approaches in Honour of Alan Robertson, edited by
W.G. Hill, and T.F.C. Mackay. CAB International, Wallingford,
U.K.

Sharp, P.M. & E. Cowe, 1991. Synonymous codon usagaatha-
romyces cerevisiaereast 7: 657-678.



60

Sharp, P.M. & W.H. Li, 1986. An evolutionary perspective on syn- Sueoka, N., 1988. Directional mutation pressure and neutral molec-
onymous codon usage in unicellular organisms. J. Mol. Evol. 24: ular evolution. Proc. Natl. Acad. Sci. USA 85: 2653-2657.
28-38. Thomas, R.H. & J.A. Hunt, 1991. The molecular evolution of the

Sharp, P.M. & W.H. Li, 1987. The rate of synonymous substitution alcohol dehydrogenase locus and the phylogeny of Hawaiian
in enterobacterial genes is inversely related to codon usage bias.  Drosophila Mol. Biol. Evol. 8: 687-702.

Mol. Biol. Evol. 4: 222-230. Tourmente, S., S. Chapel, D. Dreau, M.E. Drake, A. Bruhat, J.L.
Sharp, P.M. & W.H. Li, 1989. On the rate of DNA sequence evolution Couderc & B. Dastugue, 1993. Enhancer and silencer elements
in Drosophila J. Mol. Evol. 28: 398—-402. within the first intron mediate the transcriptional regulation of
Sharp, P.M. & A.T. Lloyd, 1993. Regional base composition varia- the beta 3 tubulin gene by 20-hydroxyecdysone in Drosophila Kc

tion along yeast chromosome llI: evolution of chromosome pri- cells. Insect Biochem. Mol. Biol. 23: 137-143.
mary structure. Nucleic Acids Res. 21: 179-183. True, J.R., J.M. Mercer & C.C. Laurie, 1996. Differences in

Sharp, P.M., M. Stenico, J.F. Peden & A.T. Lloyd, 1993. Codon crossover frequency and distribution among three sibling species
usage: mutational bias, translational selection, or both? Biochem.  of Drosophila Genetics 142: 507-523.

Soc. Trans. 21: 835-841. Varenne, S., J. Buc, R. Lloubes & C. Lazdunski, 1984. Translation
Shibata, H. & T. Yamazaki, 1995. Molecular evolution of the dupli- is a non-uniform process: effect of tRNA availability on the rate

cated Amy locus in thérosophila melanogastespecies sub- of elongation of nascent polypeptide chains. J. Biol. Chem. 180:

group: concerted evolution only in the coding region and an 549-576.

excess of nonsynonymous substitutions in speciation. Genetics White, B.N., G.M. Tener, J. Holden & D.T. Suzuki, 1973. Analysis

141: 223-236. of tRNAs during the development &frosophila Dev. Biol. 33:
Shields, D.C., P.M. Sharp, D.G. Higgins & F. Wright, 1988. ‘Silent’ 185-195.

sites inDrosophilagenes are not neutral: evidence of selection Wolfe, K.H., P.M. Sharp & W.H. Li, 1989. Mutation rates differ

among synonymous codons. Mol. Biol. Evol. 5: 704-716. among regions of the mammalian genome. Nature, London 337:
Sokal, R.R. & F.J. Rohlf, 1981. Biometry. W.H. Freeman & Co., 283-285.

New York. Wright, F., 1990. The ‘effective number of codons’ used in a gene.
Stephan, W. & D.A. Kirby, 1993. RNA folding iDrosophilashows Gene 87: 23-29.

a distance effect for compensatory fitness interactions. Genetics Wright, S., 1938. The distribution of gene frequencies under irre-

135: 97-103. versible mutation. Proc. Natl. Acad. Sci. USA 24: 253-259.

Sueoka, N., 1962. On the genetic basis of variation and heterogeneity
of DNA base composition. Proc. Natl. Acad. Sci. USA 48: 582—
592.



