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Abstract
Genome sequencing in a number of taxa has revealed variation in nucleotide composition 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 composition in Drosophila
DNA. Nucleotide composition in Drosophila melanogaster varys regionally, and base composition is correlated
between introns and exons. Drosophila species 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
The accumulation of DNA sequence data from the
genomes of a number of organisms has revealed some
intriguing patterns of nucleotide composition. Largescale compositional variation along chromosomes has
been described in mammals and birds (Bernardi, 1989),
yeast (Sharp & Lloyd, 1993) , bacteria (Deschavanne &
Filipski, 1995), and Drosophila (Carulli et al., 1993).
The genomes of warm-blooded vertebrates appear to
be organized into mosaic patterns of long stretches (>300 kb) of compositionally homogeneous ‘isochores’ (reviewed in Bernardi, 1995). The G+C content of isochores varies from 30 to 60%, and the base
composition of coding regions, introns, and flanking
regions for a given gene is strongly correlated with
that of the isochore in which it resides. The evolutionary forces governing isochore evolution remain contentious; these patterns have been attributed to muta-

tional biases (Bulmer, 1987; Filipski, 1987; Sueoka,
1988; Wolfe, Sharp & Li, 1989) , biased gene conversion (Holmquist, 1992; Eyre-Walker, 1993), and selection pressure for G+C content (Bernardi & Bernardi,
1986; DeBry & Marzluff, 1994; Eyre-Walker, unpublished results).
In contrast to regional base composition patterns
in warm-blooded vertebrates, variation in nucleotide
composition at silent sites in a number of microorganisms has been attributed to natural selection discriminating among synonymous codons (reviewed in Ikemura, 1985; Andersson & Kurland, 1990; Sharp et al.,
1993). In Escherichia coli and Saccharomyces cerevisiae, codons recognized by the abundant tRNA(s)
for a given amino acid tend to be used preferentially.
The degree to which codon usage is biased is strongly related to gene expression levels. These patterns
suggest that selection for translational efficiency may
affect synonymous codon usage.
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In this review, we will describe patterns of base
composition in Drosophila and discuss attempts to
determine their causes. The Drosophila melanogaster
genome shows both regional heterogeneity in base
composition and preferential usage of a subset of synonymous codons. We will first discuss regional patterns of base composition and base composition relationships among functional classes of sites in DNA.
We then describe several population genetic approaches that attempt to distinguish between the effects of
mutational biases and natural selection on synonymous
codon usage. Finally, we discuss how statistical inference from within- and between-species DNA sequence
data can reveal the processes underlying base composition evolution in different regions of the nuclear
genome. Drosophila mitochondrial genomes show different patterns of base composition than the nuclear
genome (see Clary & Wolstenholme, 1985; Ballard
& Kreitman, 1994; Rand, Dorfsman & Kann, 1994)
and will not be discussed here. We will focus primarily on base composition evolution in D. melanogaster,
where the most data are available, and will make some
comparisons to other Drosophila species.

Patterns of base composition in D. melanogaster
Patterns of base composition can be roughly divided
into two categories: trends across the genome (at various scales) and distinctions among functional classes
of sites within a region. In D. melanogaster, the overall
base composition is approximately 43% G+C (Shapiro,
1976; Ashburner, 1989) and initial analyses provided
little evidence for regional variation in base composition (Shields et al., 1988). In a study of YAC-cloned
segments of the D. melanogaster genome, Carrulli et
al. (1993) found compositional heterogeneity among
segments. However, there was no correlation between
third codon position G+C content and overall G+C
content of the YAC-cloned region in which a gene was
located. The authors noted that the fraction of a given
YAC-cloned segment comprising amino acid-coding
sequence was unknown and that this, in part, might
explain heterogeneity among segments in overall G+C
content; coding regions tend to have a higher G+C content than non-coding regions of the D. melanogaster
genome.
Moriyama and Hartl (1993) took a different
approach; they analyzed the DNA sequences of 40
D. melanogaster genes, directly comparing the base
composition of introns to that of four-fold degenerate

Figure 1. Codon third base G+C content vs. intron G+C content
among D. melanogaster genes. Linear regression line is plotted
as a visual aid. Data are plotted for 94 genes which satisfy three
criteria: (1) genomic DNA has been completely sequenced between
the start and stop codons; (2) there is no evidence for alternative
transcripts with respect to the protein coding sequence; and (3) the
intron/exon boundaries have been determined experimentally. Data
from (Kliman & Hey, 1994).

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 silentsite base composition should be positively correlated.
They did not find a significant correlation.
In a larger sample of 142 D. melanogaster genes,
however, Kliman and Hey (1993) found a significant correlation among genes between codon bias
and intron G+C content (Figure 1). Effective Number of Codons (Wright, 1990), a measure of codon
bias that decreases with departures from equal synonymous codon usage, was negatively correlated with
intron G+C content (Spearman’s r = 0.325, 138 d.f.,
P<0.0001). This study differed from that of Moriyama
and Hartl in two relevant ways. First, more genes had
become available for analysis, making it possible to
ascribe statistical significance to similar values of r2 .
Second, by using codon bias as a covariate, rather than
G+C content at four-fold degenerate sites, base composition at all but tryptophan and methionine codons was
incorporated into the analysis. (In D. melanogaster,
all codons that increase in frequency as codon bias
increases end in either G or C (Akashi, 1995); thus,
codon bias in this species is strongly correlated with
third codon position G+C content).
In a follow-up analysis, Kliman and Hey (1994)
looked more carefully at the among-gene correlation
in intron vs. exon G+C content at 155 D. melanogaster
loci. In this sample, significant positive correlations
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between intron G+C content and that of either third
(r2 = 0.138) or first codon position (r2 = 0.060) were
found. The correlation between intron G+C content
and second codon position G+C content (r2 = 0.028)
was significant (but only before correction for multiple
comparisons). Using the 79 genes with more than one
intron, a significant effect of gene on individual intron
third position G+C was also detected (F78;234 = 1.644,
P = 0.0025). Thus, heterogeneity among genes, and,
therefore, across the D. melanogaster genome, in base
composition was supported by both types of analyses.

Establishing the causes of nucleotide variation at
silent sites
Patterns of synonymous codon usage in D.
melanogaster appear to parallel those found in a number of microorganisms. In E. coli and S. cerevisiae,
synonymous codon usage is biased toward codons,
which may enhance the efficiency of protein synthesis
(reviewed in Andersson & Kurland, 1990; Sharp et al.,
1993). Synonymous codon usage in these organisms is
biased toward ‘major’ codons, which generally complement the most abundant tRNA(s) for each amino
acid (Ikemura, 1981, 1982; Bennetzen & Hall, 1982;
Grosjean & Fiers, 1982) . Among codons recognized
by the same tRNA, the correct Watson-Crick pairing
codon is generally most common. The degree to which
codon usage is biased varies among E. coli and yeast
genes and correlates strongly with protein abundance
(Bennetzen & Hall, 1982; Gouy & Gautier, 1982; Ikemura, 1985; Sharp & Cowe, 1991).
These patterns are consistent with a model of ‘major
codon preference’ under which natural selection discriminates among synonymous codons to enhance the
efficiency and/or the accuracy of protein synthesis.
During polypeptide chain elongation in E. coli, the
arrival time of a cognate tRNA at the translational apparatus is inversely proportional to the tRNA’s abundance
(Varenne et al., 1984; Curran & Yarus, 1989). Faster
arrival times at major codons could confer fitness benefits by enhancing translational elongation rates, by
lowering the energetic cost of proofreading (rejecting
non-cognate tRNAs), or by reducing the rate of amino
acid misincorporation (Bulmer, 1988). Under this scenario, the fitness advantage to encoding a translationally superior codon should be a function of the rate at
which it is translated; selection intensity for codon bias
will be stronger in highly expressed genes. Silent DNA
divergence between E. coli and Salmonella typhemuri-

um is inversely related to codon usage bias, consistent
with a relationship between the strength of selection
and levels of codon bias (Sharp & Li, 1987; Berg &
Martelius, 1995; but see Eyre-Walker & Bulmer, 1995
for contrary evidence).
Patterns of codon usage and silent DNA evolution
in D. melanogaster parallel those found in E. coli
and yeast (Shields et al., 1988; Sharp & Li, 1989).
Codon usage is biased toward a subset of synonymous codons for each amino acid. In multi-cellular
animals, tRNA abundances and gene expression levels can be tissue- and developmental-stage specific
and are thus difficult to quantify. However, major
codons correspond to abundant tRNAs for the three
amino acids for which data are available (Shields et
al., 1988). In addition, anecdotal evidence suggests
a relationship between expression levels and codon
bias; highly expressed genes encoding ribosomal proteins and glycolytic enzymes show greater codon bias
than genes with limited or low expression such as those
encoding developmental regulatory proteins. Similarly
to prokaryotes, silent divergence between Drosophila
species is inversely related to codon usage bias (Sharp
& Li, 1989; Moriyama & Gojobori, 1992; Carulli et
al., 1993).
The major codon preference model suggests a balance among the forces of mutation pressure, natural
selection, and genetic drift at silent sites (Sharp & Li,
1986; Li, 1987; Bulmer, 1988, 1991). Major codons
confer fitness benefits, but the magnitude of selection
is small enough that non-major codons persist through
mutation pressure and genetic drift. However, directional mutation pressure can also bias base composition in the absence of fitness differences (Freese, 1962;
Sueoka, 1962, 1988). Under a mutational model, the
equilibrium codon bias depends only on the ratio of
the forward and backward mutation rates.
Major codon preference can be distinguished from
mutational biases by contrasting predictions for their
effects on DNA variation within the genome. Population genetics theory predicts a reduction in the efficacy of natural selection when genetic linkage exists
among multiple sites affected by either negative or
positive selection (Muller, 1964; Hill & Robertson,
1966; Felsenstein, 1974; Li, 1987; Barton, 1995;
Charlesworth, Charlesworth & Morgan, 1995) . The
effect of natural selection at a given site essentially
accelerates genetic drift at linked sites. If mutational
biases, selection coefficients at silent sites, and the distribution of fitness effects of newly-arising mutations
do not differ systematically among genetic regions,
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Figure 2. Frequency distributions of codon bias in regions of restricted and ‘normal’ levels of recombination in 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
defined as sections 2-19, 22-39, 42-59, 62-79, 82-99. Genes from
telomeric regions were not included because recombination rates
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 recombination rates. Kliman and Hey (1993) found such a
relationship in the D. melanogaster genome; genes in
regions of reduced crossing-over show lower codon
bias relative to genes located in regions of higher
recombination (Figure 2). The quantitative relationship between codon bias and genetic recombination,
however, may depend on the particular causes of the
reduction of the efficacy of natural selection; i.e.,
‘background selection’ predicts a relatively smooth
monotonic change in the efficacy of natural selection
(Charlesworth, 1996) , whereas Muller’s ratchet may
predict a threshold effect at certain levels of recombination (Kliman & Hey, 1993). In addition, rates of
recombination vary among closely-related species of
Drosophila (True, Mercer & Laurie, 1996); measures
of recombination may not accurately reflect the longterm 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
mutation pressure and major codon preference. Selection for codon bias predicts differences in the evolutionary dynamics of putative fitness classes of

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 fitness
benefit to the organism. Mutations in the reverse direction, 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 identification of candidates for major codons and inference of
the direction of mutations (ancestral and derived states)
in DNA. Although tRNA abundances have not been
quantified in Drosophila, candidates for major codons
can be identified as those whose frequencies (within a
synonymous family) show a positive correlation with
the degree of bias at other codons in the same gene
(see Akashi, 1995 for a table of major codons). In D.
melanogaster, at least one codon in each synonymous
family shows such a pattern.
Major codon preference requires weak evolutionary forces that remain relatively constant over evolution 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) unidirectional selection (Kimura & Ohta, 1971; Kimura,
1983) . The process is governed by mutation rates and
transition probabilities for changes in gene frequency.
The transition probabilities depend on the product of
effective population size and selection coefficient, Ne s
(Kimura, 1983). Relative to the neutral expectation,
positive selection will increase the expected number of
segregating sites in a sample of alleles, the frequencies
with which the sites are segregating within the sample,
and the number of fixed differences between alleles
sampled from distantly related populations. Negative
selection coefficients will have the opposite effect on
each of these data. Under weak evolutionary forces, the
time-scale of this process is too great to observe differences directly in the evolutionary trajectories of mutations in laboratory or in natural populations. Withinand between- species comparisons of DNA sequence
data, however, provides a means of identifying weak
selection.
Kimura’s studies of the behavior of mutations in
the neighborhood of neutrality (|Ne s| 1) showed that
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Table 1. Polymorphism and divergence of synonymous
DNA changes in D. melanogaster and D. simulans

polymorphic
fixed
rpd

mel (n=6)
unpref
pref

sim (n=5)
unpref
pref

47
54

87
14

0.87

1
4
0.25

6.2

24
13
1.8



2 2 contingency tables for unpreferred and preferred
synonymous mutations found polymorphic and fixed
in D. melanogaster and D. simulans at eight loci. n
refers to the number of alleles examined in each species.
GenBank accession numbers or references for these
sequences are given in (Akashi & Schaeffer, 1997).

Figure 3. Polymorphism and divergence of nearly neutral mutations.
(a) Expected numbers of polymorphic (dashed line) and fixed (solid
line) mutations in a sample of DNA sequences as a function of Ne s,
the product of effective population size and selection coefficient
(see Kimura, 1983). Sawyer & Hartl’s sampling formulae (1992)
were used to calculate expected numbers of polymorphic and fixed
changes relative to the expected numbers for neutral changes for
parameter values, tdiv = 1.9, m = 6, typical for the D. melanogaster
and D. simulans data. (b) The ratio of expected numbers of polymorphic and fixed differences, rpd , as a function of Ne s for the same
parameter values. From (Akashi, 1995).

the probability that a non-neutral change will rise to
an intermediate frequency within a population is less
affected by selection than the probability that it will
go to fixation (Kimura, 1983; Figure 3a). Thus, the
ratio of polymorphism within a species to divergence
between species, referred to as rpd , decreases monotonically as a function of Ne s and is sensitive to even very
weak selection (Akashi, 1995; Figure 3b). McDonald
and Kreitman (1991) suggested comparison of ratios
of polymorphism to divergence to test for fitness differences among classes of mutations interspersed in DNA.
Under major codon preference, deleterious unpreferred
(Ne s<0) mutations will show higher ratios of polymorphism to divergence than advantageous preferred

changes (Ne s> 0). The null hypothesis, in this comparison, is no difference in the average fitness effects
between the classes of mutations; neutral evolution for
both classes is a subset of this null hypothesis.
Akashi (1995, in press) examined codon bias evolution in the sibling species D. melanogaster and D.
simulans since their split from a common ancestor.
A total of eight genes, for which six alleles have
been sequenced within D. melanogaster and five alleles have been sequenced in D. simulans, were examined. Parsimony assumptions and outgroup sequences
were used to infer the lineage in which silent mutations
occurred (Akashi, 1995). For each codon having different nucleotides within or between the D. melanogaster
and simulans alleles, mutations were assigned to minimize the number of changes in the phylogenetic tree.
Table 1 shows the ratios of polymorphism to divergence for preferred and unpreferred mutations for the
genes examined. As predicted by mutation-selectiondrift, the ratio of the number of synonymous changes
segregating within D. simulans to the number of mutations that have fixed in this lineage is significantly
higher for unpreferred than for preferred mutations
(Fisher’s exact test, P = 0.004, one-tailed). rpd ’s for
the two classes of synonymous mutations differ in the
predicted direction in D. melanogaster, but the null
hypothesis of no fitness differences between classes of
synonymous changes is not rejected (P = 0.19).
Comparisons of ratios of polymorphism to divergence incorporate the number of mutations segregating
in a sample of sequences but do not take into account
the number of alleles in the sample that carry newlyarisen mutations. The frequency distribution of segregating mutations can also reveal directional selection
(note that ‘frequency’ here refers to the frequency of
mutations within the sample of sequences rather than
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Figure 4. Frequency distributions of preferred and unpreferred synonymous DNA mutations in D. simulans. The proportion of unpreferred (black) and preferred (striped) mutations segregating at the
given frequencies are shown. Frequency refers to the number of
alleles (in a sample of five sequences) in which a mutation is found.
Pooled data from eight D. simulans genes from (Akashi & Schaeffer,
1997).

the frequency of major codons at a given locus). Positive selection elevates the likelihood that a change will
increase in frequency within a population, whereas
negative selection decreases the likelihood for changes
to spread (Fisher, 1930; Wright, 1938). The proportion of mutations segregating at higher frequencies
increases under positive selection and the proportion
of rares increase under s < 0; even small fitness differences between preferred and unpreferred mutations
can differentiate their frequency distributions (Akashi
& Schaeffer, 1997).
Sawyer, Dykhuizen and Hartl (1987) suggested
comparisons of frequency distributions between classes of interspersed mutations to test for differences
in their effect on fitness. Under major codon preference, advantageous preferred mutations will segregate at higher frequencies than deleterious unpreferred
changes. In D. melanogaster, only one preferred silent
mutation was found segregating among six alleles of
each of eight genes; no comparisons of frequency spectra could be made in this species. Figure 4 shows the
frequencies of preferred and unpreferred synonymous
DNA changes in D. simulans. The 24 preferred changes
are, on average, more common in the samples than
the 87 unpreferred mutations (Mann-Whitney test, z =
1.71, P = 0.044, one-tailed). Although the statistical
test is only marginally significant at the 5% level, in
combination with the observed ratios of polymorphism
to divergence, these analyses provide compelling evidence for differences in the evolutionary trajectories
of preferred and unpreferred synonymous DNA mutations.

Sawyer, Dykhuizen and Hartl (1987) argued that
comparisons between categories of mutations are relatively free of assumptions concerning the evolutionary
histories of regions within the sampled data. Statistical 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, the rpd ’s) and the
frequency distributions of both classes of mutations.
Comparisons of the frequency spectra and rpd ’s of
synonymous DNA changes also distinguish between
major codon preference and mutational models of
codon bias (Akashi, 1995). In Drosophila, higher
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
have remained constant over the time period examined,
will have an equivalent impact on the numbers of polymorphic and fixed mutations and will not affect their
ratios. Similarly, unequal mutation rates will affect
the numbers of segregating sites in a sample but will
not impact the proportion of sites segregating at different frequencies. Recent changes in mutation rates,
however, could affect these comparisons (Eyre-Walker,
1997). If the ratio of mutation rates, u/v, has increased
since the most recent common ancestor to the polymorphism segregating within a population, then the
number of polymorphic unpreferred mutations will be
higher and the frequency spectra of such mutations will
be skewed toward rares. However, differences in the
frequency distributions of preferred and unpreferred
mutations have been observed in D. pseudoobscura as
well as in D. simulans; it is unlikely that the same
recent change in mutation pressure has occurred independently in these species (Akashi & Schaeffer, 1997).
Similar patterns in a larger number of independent lineages would strongly support selection at silent sites.
Neither departures from stationarity and linkage
equilibrium nor mutational biases appear to explain
the observed difference between rpd ’s and frequency
spectra of preferred and unpreferred silent changes in
D. simulans. Major codon preference appears to be the
predominant explanation for the maintenance of codon
bias in this lineage. These findings do not, however,
exclude the possibility that selection pressures other
than major codon preference also contribute to patterns of codon bias. In E. coli, reduced codon bias at the
start of genes (Bulmer, 1988; Eyre-Walker & Bulmer,
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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 the 30 end
of E. coli genes; this appears to be due, in part, to the
fact that many genes overlap the Shine-Dalgarno, or
coding sequence of the next gene on the chromosome
(Eyre-Walker, 1996). The extent to which conflicting selection pressures act at silent sites in Drosophila
remains to be established.

Biased gene conversion or selection at silent sites?
Although mutational biases do not appear to be sufficient to explain patterns of codon usage evolution
in Drosophila, a combination of gene conversion and
biased DNA repair makes many predictions that overlap those of mutation-selection-drift. Gene conversion events have been inferred in D. melanogaster
(reviewed in Hilliker, Clark & Chovnick, 1988), but we
know little about DNA repair in Drosophila. In primate
cell lines, DNA repair shows a bias toward incorporating G and C nucleotides (Brown & Jiricny, 1988).
A combination of gene conversion and biased repair
in Drosophila could cause preferential usage of G+C.
Because biased gene conversion has effects similar to
weak directional selection on the evolutionary dynamics of mutations (Nagylaki, 1983), it is consistent with
the observed differences in ratios of polymorphism to
divergence and frequency distributions of preferred and
unpreferred mutations in Drosophila. Hickey, Wang
and Magoulas (1994) have also noted that duplicated genes have synonymous codon bias towards G and
C ending codons compared to non-duplicated genes,
an observation they interpreted as being due to biased
gene conversion.
A number of observations suggest that biased gene
conversion, in the absence of natural selection, cannot explain synonymous codon bias in Drosophila.
First, reduced rates of gene conversion in regions of
low recombination should have an equal impact on
intron and silent site base composition, whereas less
effective selection in regions of reduced recombination predicts no difference in base composition at neutral sites. In D. melanogaster, base composition within introns shows a small difference in G+C content:
37.1% G+C among 130 introns in regions of presumed
normal crossing-over and 34.5% G+C in 12 introns in
regions of reduced recombination. The possibility of
differences in intron base composition, perhaps due to

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
at silent sites in Drosophila. In addition, Kliman and
Hey (1994) found that silent sites in exons show consistently higher G+C content than sites within introns
of the same genes (Figure 1). This finding is consistent with translational selection but is difficult to
explain under biased gene conversion. Finally, in D.
melanogaster, codon 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 protein function. It is unclear how biased gene conversion
could cause this pattern. Although biased gene conversion may contribute to base composition evolution
in Drosophila, weak selection in favor of translationally superior codons appears to be required to explain
many of the patterns we observe in the D. melanogaster
genome.

Interpreting the relationship between silent and
intron base composition
Although evidence for a role of natural selection in
governing base composition evolution at silent sites in
Drosophila appears strong, the cause(s) of the correlation between intron and exon (especially third codon
position) base composition remains unresolved. Perhaps the most plausible explanation is differences in
mutational biases across the genome (Kliman & Hey,
1994). For the universal genetic code, most of the possible silent substitutions are found at the third codon
position, with a few possible silent substitutions at
the first position; no second position substitutions are
silent. If mutational pressures compete with (or act
synergistically with) selection on base composition,
codon usage or amino acid usage (i.e., protein function
constraint), the level of base composition correlation
between intron and exon sites is expected to increase as
various selection pressures decrease. That is, the proportion of variance in base composition attributable to
influences that act on introns and exons alike should
decrease as other sources of variance increase.
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The different values of r2 for the three codon positions vs. introns (described above) might reflect constraint on amino acid sequence. However, the especially 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 significant positive correlation between intron G+C content
and that of four-fold degenerate sites (r2 =0.073), the
correlation between intron G+C content and that of
two-fold degenerate sites was somewhat greater (r2 =
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 fourfold degenerate sites, the correlation was significantly weaker in the high biased group (Spearman’s r =
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
was found between the high biased group (Spearman’s
r = 0.272) and the low biased group (Spearman’s r =
0.399). While the correlations involving two-fold and
four-fold degenerate sites are obviously not different in
the high biased group, they are significantly different
in the low biased group (r2 = 6.50, 1 d.f., P = 0.011
[Sokal & Rohlf, 1981, pp. 588–589]). These patterns
suggest that selection may be acting more strongly on
four-fold degenerate sites than on two-fold degenerate
sites.
Natural selection could also account for the correlations between intron and exon base composition. Intron
sequences are known to play roles in splice site recognition (Mount et al., 1992; Leicht et al., 1995), mRNA
structures (Schaeffer & Miller, 1993; Stephan & Kirby,
1993, Kirby, Muse & Stephan, 1995), and gene regulation (Bruhat et al., 1993; Huang et al., 1993; McCullogh & Schuler, 1993; Tourmente et al., 1993; Laurie
& Stam, 1994; Kapoun & Kaufman, 1995; Haerry &
Gehring, 1996; Kohler, Schafer-Preuss & Buttgereit,
1996; McKenzie & Brennan, 1996) . However, relatively high rates of interspecific nucleotide (Hudson
et al., 1994) and insertion/deletion evolution (Akashi,
1996) suggest that many, perhaps most, nucleotide sites
within introns do not play a functional role. The question is whether selected sites in introns account for the

relationship between intron and coding region G+C
content (i.e., if both are related to gene expression levels).
Evaluating the roles of mutational biases and natural 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 examining patterns of genetic linkage among mutations segregating within populations. At the Drosophila Adh
locus, ‘compensatory’ mutations that preserve predicted mRNA structures show stronger linkage disequilibrium than other mutations in the region (Schaeffer
& Miller, 1993; Kirby, Muse & Stephan, 1995) . In
contrast, at the alternatively spliced Mlc1 gene, the
predicted folding free energy of the pre-mRNA is significantly higher (less stable) than randomly permuted sequences, suggesting selection against secondary
structures at this locus (Leicht et al., 1995). Gene conversion 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 (Hickey et al., 1991; Shibata & Yamazaki, 1995) . Biased
gene conversion suggests that base composition across
such regions should show similarly abrupt changes.
Greater knowledge of the functional significance of
intron sequences will allow us to determine the contribution of selected sites to the correlation between
intron and silent base composition.

Between-species comparisons of codon bias and
intron base composition
Although the D. melanogaster genome has been by
far the most extensively studied Drosophila genome,
comparisons to other Drosophila species have revealed
some interesting differences in base composition. In
particular, the major codon preference model suggests
methods to determine the causes of codon bias differences between species.
Akashi (1995, 1996) noted a consistent decline in
major codon usage in the D. melanogaster lineage
since its split from the common ancestor to D. simulans. 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
low, the trend is consistent across loci. Under major
codon preference, this genome-wide decline in codon
bias could be due to either a stronger mutational bias
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toward A+T or a reduction in the effectiveness of natural selection at silent sites.
Changes in mutation pressure and natural selection make distinguishable predictions for base composition evolution under different selection pressures
(Akashi, 1996) . Regions under the weakest selection
pressure for base composition show the greatest sensitivity to changes in mutational biases. Because all
major codons end in either G or C, the mutational
hypothesis predicts a greater decrease in G+C content at neutrally evolving sites than at silent sites in
coding regions in D. melanogaster. Changes in Ne s
predict the opposite pattern, a larger excess of G/C
! A/T changes in coding regions. Because introns
were difficult to align with outgroup sequences, comparisons were made at sites fixed in each species but
differing between species. Under the null hypothesis
of no difference in base composition, the number of
sites at which D. melanogaster encodes G or C and
D. simulans encodes A or T (melGC simAT ) should
equal the number of sites in the opposite configuration
(melAT simGC ). The 16 introns examined (from the 8
genes of Table 1) show little evidence for a change
in base composition: 30 intron sites are melAT simGC
and 26 are melGC simAT . Silent sites within exons,
however, show significant differences in base compositions between these species: 83 sites are melAT simGC ,
whereas 25 are melGC simAT (Fisher’s exact test, P =
0.004). Changes in selection intensity, rather than in
mutational biases, appear to explain the reduction of
codon bias in the D. melanogaster lineage. Simulations
of codon bias evolution under reduced selection show
that the ratio of preferred to unpreferred fixations in D.
melanogaster can be explained by a five-fold or greater
reduction in Nes; silent DNA evolution in this lineage is
indistinguishable from that of neutrally evolving mutations.
Reduced codon bias has also been observed at the
Adh locus in Hawaiian Drosophila (Thomas & Hunt,
1991; Moriyama & Gojobori, 1992) and in a number
of genes in D. willistoni (Anderson, Carew & Powell,
1993). The causes of these differences and how often
codon bias changes over long periods of evolutionary
time will require larger numbers of gene sequences
from a number of species. In particular, major codons
differ for approximately half of the amino acids among
E. coli, yeast, and Drosophila (Sharp, 1989) , but
changes in major codons have not been documented in
closely-related species. Under major codon preference,
shifts in major codons are unlikely in a lineage showing biased codon usage because genome-wide codon

usage is adapted to the abundant tRNA. Reversals in the
relative abundances of tRNA’s will entail fitness consequences equivalent to thousands of deleterious unpreferred mutations. This argument is analogous to Crick’s
‘frozen accident’, which preserves the universal genetic code (Crick, 1968). A mutation that alters the amino
acid encoded by a given codon will be strongly deleterious, because a different amino acid will be incorporated at this codon in hundreds of proteins. Shifts in
major codons should be most likely following a state
of silent base composition near mutational equilibrium; it will be of great interest to document such a
change among closely-related species.

Future research in base composition evolution
We have reviewed some of the base composition patterns in Drosophila and the attempts to address the evolutionary forces governing these patterns, especially at
silent sites in coding regions. For the most part, patterns
of base composition have been observed on a relatively
coarse scale (between genes and genetic regions). It is
possible that many revealing patterns could be found on
a finer (within-gene) scale. For example, Kliman and
Eyre-Walker (unpublished data) have found reduced
codon bias at the 50 end of D. melanogaster genes.
The pattern appears similar to that found in E. coli, but
the causes of this reduction have not been established.
They also found within-gene correlations in base composition of introns and third codon positions of flanking
exons, apparently associated with changes in base composition along the length of genes. Interestingly, gene
conversion shows polarity gradients in fungi: gene conversion is highest near transcription initiation sites and
decreases in both the 30 and 50 directions (reviewed
in Nicolas & Petes, 1994). Polarity gradients of G+C
content along Drosophila genes could reflect polarity
gradients of biased gene conversion. Another intriguing finding, noted by Powell and coworkers (1993),
is higher codon bias in early expressed than in later
expressed Drosophila genes. White (1973) observed
differences in some tRNA pools between larvae and
adult; whether tissue and developmental-stage specific
patterns of tRNA abundance explain variation in codon
bias in multi-cellular organisms remains to be established.
Our understanding of intron and intergenic region
evolution is more ambiguous. How much of the
genomes of organisms reflect the action of natural
selection 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 require a priori predictions for the
fitness effects of particular mutations. A combination
of DNA sequence comparisons, evolutionary theory,
and functional studies of mechanisms of gene regulation, protein translation, and mutational biases will be
required to understand the forces governing base composition evolution in the genomes of Drosophila and
other taxa.
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