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ABSTRACT

Codon bias varies widely among the loci of Drosophila melanogaster, and some of this diversity has been
explained by variation in the strength of natural selection. A study of correlations between intron and
coding region base composition shows that variation in mutation pattern also contributes to codon bias
variation. This finding is corroborated by an analysis of variance (ANOVA), which shows a tendency for
introns from the same gene to be similar in base composition. The strength of base composition cor-
relations between introns and codon third positions is greater for genes with low codon bias than for genes
with high codon bias. This pattern can be explained by an overwhelming effect of natural selection, relative
to mutation, in highly biased loci. In particular, this correlation is absent when examining fourfold de-
generate sites of highly biased genes. In general, it appears that selection acts more strongly in choosing
among fourfold degenerate codons than among twofold degenerate codons. Although the results indicate
regional variation in mutational bias, no evidence is found for large scale regions of compositional

homogeneity.

OR many organisms, examination of nucleotide se-
quences of multiple genes has revealed varying lev-
els of the extent to which synonymous codon usage de-
parts from equanimity. In a simple conception, this
variation in codon bias is caused by variation in two pri-
mary evolutionary forces: (1) mutation, which generates
codon diversity, and (2) natural selection against “sub-
optimal” codons, which reduces codon diversity. The
goal of this report is to describe our findings on the
relative contributions of mutation and natural selection
to the variation in codon bias among the genes of Dro-
sophila melanogaster.

In a variety of organisms, studies have shown that
variation in codon bias is partly caused by variation
among genes in the action of natural selection. In pro-
karyotes, such as Escherichia coli, there is a clear rela-
tionship between the extent of codon bias and gene ex-
pression level, with more highly expressed genes
displaying greater codon bias (Gouy and GAUTIER 1982);
a similar pattern has been observed in Bacillus subtilis
(SHIELDS and SHARP 1987). As would be expected if natu-
ral selection limits codon choice, there is also a negative
correlation between codon bias and divergence at syn-
onymous sites in E. coli and Salmonella typhimurium
(SHARP and L1 1987) . A tendency toward high codon bias
in highly expressed genes has also been observed in eu-
karyotes, such as the yeast Saccharomyces cerevisiae
(BENNETZEN and HALL 1982) and the slime mold Dictyo-
stelium discoideum (SHARP and DEVINE 1989). It appears
that natural selection for efficient translation is primar-
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ily responsible for biased codon usage, with more highly
expressed genes subject to stronger selection pressure
than less highly expressed genes (BENNETZEN and HaLL
1982; IKEMURA 1985).

For D. melanogaster, the evidence for natural selec-
tion comes from multiple sources (SHIELDS et al. 1988;
KrLmmMaN and HEy 1993). In the first major study on codon
bias in this species, SHIELDS et al. (1988) presented sev-
eral pieces of evidence supporting the case that natural
selection acts on synonymous codon usage: (1) G + C
content is lower in genes with low codon bias, consistent
with the expected increase in the influence of the gen-
eral mutational bias in D. melanogaster toward A and T
on low biased genes (i.e., selection overcomes mutation
pressure in highly biased genes); (2) there is a tendency
toward high codon bias in loci homologous to highly
expressed (and highly biased) loci in yeast and E. coli;
(3) among members of a few multigene families, there
are anecdotal reports that the more highly biased genes
also generate their products in greater abundance; (4)
for a small number of cases for which anticodon se-
quences and tRNA abundances are known, there is a
preference in highly biased genes for codons translated
by the most abundant iso-accepting tRNA; and (5) the
divergence between D. melanogaster sequences from
homologous D. pseudoobscura sequences at synony-
mous sites is higher in three low biased genes than in
three highly biased genes, analogous to the observation
in prokaryotes (SHARP and L1 1987). Similarly, in a study
that compared 16 homologous sequences from D. mela-
nogaster and D. pseudoobscura, MORIyaAMA and GOJOBORI
(1992) found a negative correlation between silent site
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divergence and codon bias. While there may be natural
selection for efficient translation in highly expressed
genes in D. melanogaster, arecent report that conserved
amino acid positions have higher codon bias supports a
model in which natural selection also acts on codon us-
age to maximize the accuracy of translation (AKASHI
1994).

A different tack was taken by KLiMaN and HEy (1993),
who used codon bias in D. melanogaster to test a popu-
lation genetics prediction that natural selection is less
effective when crossing over is reduced. The central idea
is that natural selection could not simultaneously choose
from a population the best variants at multiple sites if
those sites are tightly linked (HiLL and ROBERTSON 1966;
FELSENSTEIN 1974; CHARLESWORTH ef al. 1993). We rea-
soned that if this prediction is true and if natural selec-
tion limits codon usage in the highly biased genes of
D. melanogaster, then codon bias should be lower, on
average, in genes located in sections of the genome that
experience low levels of crossing over. A large and highly
significant difference was found between genes in re-
gions of low recombination and those in the remainder
of the genome (KLiMAN and HEey 1993).

Until recently, there has been no evidence from
D. melanogaster that variation in mutation contributes
to variation in codon bias. Several studies have taken the
approach of measuring base composition in genomic
regions thought to be subject to very low levels of natural
selection. In the absence of selection, base composition
is a function solely of mutation; however, the function
is complex and it is generally not possible to estimate
variation in mutation rates among the different nucle-
otides from information on base composition. SHIELDS
et al. (1988) compared the G + C content of introns,
thought to experience little natural selection on base
composition, with the G + C content of silent sites in
flanking exons. They did not find a statistically signifi-
cant correlation [for 36, genes the correlation coeffi-
cient was 0.23 (P = 0.09)]. Recent studies by MORIYAMA
and HarTL (1993) and by Carulll ez al. (1993) also
found no significant correlation between G + C content
at third positions of fourfold degenerate codons and
either introns or flanking DNA, respectively. CARULLI
et al. (1993) did find evidence for compositional het-
erogeneity across the D. melanogaster genome. How-
ever, the basis for the heterogeneity could not be es-
tablished because the proportions of coding sequence
and other genetic structures known to influence base
composition were not known for the various YAC clones
used (CARULLI et al. 1993).

The study by KLiMaN and HEey (1993), on the other
hand, did show thatvariation in intron base composition
is associated with variation in codon bias. It happens that
all of the preferred codons of D. melanogaster (i.e.,
those that appear more frequently in loci with very un-
equal codon usage) have a G or C in the third position,
so that codon bias is highly correlated with G + C con-

tent at silent sites (SHIELDS et al. 1988; also, see RESULTS).
In an analysis of 142 D. melanogaster sequences, intron
G + C content correlated significantly with codon bias
(KLiMAN and HEy 1993). The correlation between intron
G + C content and codon bias suggests that the base
compositions of introns and silent sites share a common
influence, presumably related to regional mutation
patterns.

This report further explores the role of mutation,
as well as the relative contributions of mutation and
natural selection, in the determination of codon usage
in D. melanogaster.

MATERIALS AND METHODS

Nucleotide sequences: We obtained the complete amino
acid-coding sequences of 428 D. melanogaster loci from
GenBank/EMBL (a table of loci used in this study is available
from the authors upon request) . Intron sequence was available
for 155 of these loci; sequence from more than one intron was
available for 79 of the loci.

Codon usage/base composition: Codon usage bias was es-
timated using the Codon Adaptation Index (CAI; SHaRP and
L11986). This index requires data on codon usage in genes for
which natural selection strongly favors a subset of “preferred”
codons. We use the codon frequencies presented by SHare
et al. (1992) for the most highly biased D. melanogaster loci,
as determined by their position on the first principal axis pro-
duced by correspondence analysis on codon frequencies. For
each amino acid, the most common codon used in this subset
of genes was assigned a relative frequency of 1.0, and the rela-
tive frequency of rarer synonymous codons was scaled accord-
ingly. CAl is calculated as the geometric mean of the relative
frequency values corresponding to each codon in a locus.
Thus, a gene using only preferred codons would obtain the
maximum CAI value of 1.0; genes that use all synonymous
codons equally would have a CAI value around 0.2 (the exact
value depending on the amino acid composition of the locus);
genes with lower values of CAI tend to be biased toward codons
that are rare in genes subject to strong selection for optimal
codon usage.

The CAI differs in principle from two other commonly used
indices of codon bias, Chi/L (SHIELDS ¢t al. 1988) and Effective
Number of Codons (WRIGHT 1990). The latter indices measure
deviation from equal codon usage, regardless of the direction.
It should be noted that our choice of CAl rather than the other
indices should not substantially affect our resuits. The three
indices are all highly correlated with each other in D. mela-
nogaster (r>0.92, P < 0.0001 for all pairs of indices using the
428 loci). In general, the extent of deviation from equal codon
usage in this species reflects the degree of usage of a particular
subset of codons.

In our analyses, fourfold degenerate codons include the
fourfold degenerate classes of arginine, leucine and serine.
G + C content at third positions of twofold degenerate codons
was calculated by summing the number of C-ending codons
and the number of G-ending codons (where synonymous
choices are either C/T or A/G), and dividing by the total num-
ber of twofold degenerate codons. Prior to statistical analyses,
all proportion values (e.g., intron G + C content) were arcsine-
root transformed.

RESULTS

Codon bias vs. G + C content: As previously shown
on a smaller sample of loci (SHIELDS et al. 1988), G + C
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TABLE 1

Base composition correlations

A. Correlations between intron G + C content and G + C
content of the three codon positions

1st position 2nd position 3rd position
2nd position r= —0.037

(s)
3rd position r=0.111 —0.099

(ns) (Ns)
Intron r = 0.245*% 0.166 0.372*

(P = 0.002) (P = 0.039) (P < 0.001)

B. Correlations of intron G + C and individual base content with
the base content of the third position of two- and fourfold
degenerate codon classes

Base 2-fold 4-fold

A r=0179 r = 0.038
(P = 0.026) (Ns)

C r = 0.281* r = 0.297*%
(P < 0.001) (P < 0.001)

G r = 0.248* r = 0.092
(P = 0.002) (NSs)

T r = 0.285% r = 0.252%
(P <0.001) (P = 0.002)

G+C r = (0.406* r = 0.269*
(P < 0.001) (P = 0.001)

Statistical significance of Pearson’s correlation coefficients be-
fore correction for multiple tests is given in parentheses below
(ns, P> 0.1).

* Significance at P < 0.05 after correction for six comparisons in A
and for 10 comparisons in B, using the sequential Bonferroni method
(Rice 1989).

content in third position codon sites is highly correlated
to codon bias in D. melanogaster. With CAI, Pearson’s
r = 0.838 (426 d.f., P < 0.0001); with Chi/L, r = 0.790
(426 d.f., P < 0.0001); and with Effective Number of
Codons, which increases as codon usage becomes more
even, r = —0.798 (425 d.f., P < 0.0001). The slightly
weaker correlations involving the latter two indices are
due to the small number of loci that are actually biased
toward the use of A- and T-ending codons.

Analysis of base composition: If different loci expe-
rience different mutation patterns, then positive corre-
lations should be observed between intron base com-
position and base composition in the coding portions of
corresponding exons. This pattern should be most evi-
dent in comparisons between introns and codon third
positions, where many base substitutions do not cause
amino acid changes. From our analyses, intron G + C
content correlates significantly with the G + C content
in all three codon positions, particularly with that of the
third position (Table 1A). As expected, given the latter
result, intron G + C content also strongly correlates with
CAI (r = 0.318, 153 d.f., P < 0.001). The simplest in-
terpretation is that base composition is more similar
than expected by chance in coding regions of exons and
adjacent introns because genomic regions encompass-
ing different loci are subject to different patterns of mu-

tation. An alternative explanation, that natural selection
influences the G + C content of both introns and codon
third positions in similar ways, can probably be dis-
counted. Lociin areas of reduced recombination have
reduced codon bias and reduced codon G + C con-
tent, as predicted by models of natural selection (HiLL
and ROBERTSON 1966; FELSENSTEIN 1974; Li 1987;
CHARLESWORTH et al. 1993), but the G + C content of
the introns does not vary with the level of recombi-
nation (KLiMAN and HEy 1993).

The significant G + C correlations conflict with the
recent report by MorivaMA and HArTL (1993) that found
no correlation between the base composition of D. mela-
nogaster introns and codon third positions. One reason
for the different finding is that only fourfold degenerate
codonswere examined in that study. Table 1B shows that
the G + C correlation between introns and third posi-
tions of twofold degenerate codons is higher than that
involving the fourfold degenerate class, though the two
correlation coefficients are not significantly different
[x¥* = 1.827,1 d.f., P = 0.176 (SoraL and RoHLF 1981,
pp- 588-589)]. A second difference between the two
studies is sample size. MORIYAMA and HARTL (1993) chose
to use only loci with intron sequences of at least 500 bp,
in order to avoid biases in intron base composition po-
tentially attributable to conserved signal regions. In con-
trast, we did not set a lower limit to intron size. However,
G + Ccontent of introns, at least in our data set, does not
correlate with intron size (Pearson’s r = 0.059, 153 d.f.,
P = 0.464; Spearman’s r = 0.005, 153 d.f., P = 0.951).
Similarly, intron size does not significantly correlate with
CAI (Pearson’s r = —0.130, 153 d.f., P = 0.107;
Spearman’s r = 0.004, 153 d.f., P = 0.960). It is, there-
fore, not likely that using short intron sequences has
added a systematic bias to any of our analyses on base
composition.

Table 1B shows the correlations for each base individu-
ally. These correlations are not independent of those in-
volving G + C nor of each other, but, in contrast to the
MoriyaMa and HARTL (1993) study on a smaller sample of
loci, strong correlations for C and T content were found,
even in the fourfold degenerate class. The correlation for
G content was also significant, but only for the twofold
degenerate class (Table 1B). There is a tendency for stron-
ger correlations with twofold degenerate codons.

Another way to test if different loci are subject to dif-
ferent patterns of mutation is to compare the base com-
position among introns within genes. We performed an
analysis of variance (ANOVA) of base composition
within loci, relative to the variance among loci, for the
79 loci with multiple intron sequences. This analysis tests
whether the G + C variation among loci with multiple
introns is greater than expected given the variation ob-
served between introns within loci. The ANOVA re-
vealed significant variation among loci for intron G + C
content (error mean squares = 0.0067; error d.f. = 231;
locus level mean squares = 0.0110; locus level d.f. = 78;
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FIGURE 1.—Codon third base G + C content vs. intron
G + C content. (A) Twofold degenerate codons; (B) fourfold
degenerate codons. Linear regression lines are provided as
visual aids. Correlation coefficients are given in the text.

Low Bias

F=1.644; P = 0.0025), consistent with the results from
the correlation analyses.

Effect of selection on mutational bias: The relative
contributions of mutation and selection to codon bias
variation can be assessed by comparing loci from dif-
ferent portions of the codon bias distribution. The 155
genes were ranked by codon bias, and then splitinto sets
of 77 high and low biased genes (the 78th ranked locus
was excluded from this analysis). Spearman’s correla-
tion between intron G + C content and codon third
position G + C content was calculated for both sets of
genes for both twofold and fourfold degenerate codons.
The four scatter plots are shown in Figure 1. For the
fourfold degenerate codons, the correlation between
third base G + C content and intron G + C content is
clearly different for the two sets of loci. In the high bias
class, Spearman’s rank-order correlation is —0.139,
while in the low bias class, the correlation is 0.396 (75
d.f., P < 0.001); the two correlations differ significantly
(32 = 11.55, 1 d.f., P < 0.00115). Thus, variation in mu-
tation does not seem to explain G + C variation in four-
fold degenerate positions among high bias loci. In con-
trast, intron G + C content explains about 16% of this
variation among low bias genes (r* = 0.157). For the
twofold degenerate class, the correlation for high biased
genes is less than that for low biased genes, though the
difference is not significant (high bias: Spearman’s r =
0.272,75 d.f., P = 0.017; low bias: Spearman’s r = 0.399,
75 d.f., P<0.001; x* = 0.76, 1 d.f., P = 0.383). In the low
biased genes, the correlations for twofold and fourfold
degenerate codons are clearly not different (r = 0.399
and r = 0.396, respectively); however, in the high biased
genes, the correlation for twofold degenerate codons is
significantly higher than that for fourfold degenerate
codons, even after correcting for multiple tests ol =
6.50, 1 d.f., P = 0.011).

Size of regions of compositional homogeneity: While
the previous analyses support a model in which regional
mutational biases lead to base composition homogene-

TABLE 2

Mantel tests on G + C content of codon third positions

Chromosome N ¥4 P
2L 75 0.03097 0.2084
2R 70 0.05087 0.1476
3L 73 0.00269 0.4614
3R 123 0.02716 0.1300
X 84 0.11589 0.0018
X 61 0.03232 0.1980

N is the number of loci used for the test; also equal to the dimen-
sion of the distance matrices. Z is the normalized Mantel statistic
calculated from intact data matrices (see text for description). Pis the
proportion of Z values from permuted matrices that equal or exceed
the value from the intact matrices. Five thousand permutations were
performed for each test.

“ Test on X chromosome after removal of loci from polytene bands
1, 2, 19 and 20.

ity spanning regions at least the size of individual genes,
it would be useful to know if larger scale compositional
homogeneity exists in the D. melanogaster genome. In
an effort to uncover potential regions of compositional
homogeneity larger than individual loci, we performed
a series of MANTEL (1967) tests, first on individual chro-
mosomes, then on the entire data set. The Mantel test
is a non-parametric method to test whether two distance
(or similarity) matrices are correlated with each other.
A correlation coefficient (the normalized Mantel statis-
tic, Z) is calculated and then compared to a distribution
of Zvalues generated by random permutation of one the
matrices. In the present application, one matrix is com-
posed of the absolute value of the difference in base
composition (either intron G + C or third codon po-
sition G + C content) between all pairs of pertinent loci,
scaled by division by the largest such value in the matrix.
The second matrix contains measures of physical dis-
tance between all pairs of loci. This was defined as the
amount of DNA between the polytene map positions [as
given in the loci.text file of ASHBURNER (1992); if a range
of map positions was given, the lower value in the range
was used] of two loci divided by the total genomic
DNA content, using the estimates of Sorsa (1988, pp.
83-105). The frequency with which Z values calcu-
lated after permutation equal or exceed the Z value
produced by the intact matrices is taken as an estimate
of P, the probability that the matrices are similar by
chance.

The results of Mantel tests on third position G + C
content are given in Table 2. All tests were nonsignift-
cant for both arms of the two major autosomes. A sig-
nificant result was obtained for the X chromosome.
However, a number of loci are found in regions of low
recombination, particularly near the tip of the chromo-
some in polytene bands 1 and 2, and it is known that loci
in these regions have reduced codon bias and reduced
third codon position G + C content. When loci from
polytene bands 1, 2, 19 and 20 were excluded from the
analysis (the latter two regions being near the centro-
mere of the X chromosome), the Mantel test was no






