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Developmental Stage and Level of Codon Usage Bias in Drosophila

Saverio Vicario,*1 Christopher E. Mason,� Kevin P. White,� and Jeffrey R. Powell*
*Department of Ecology and Evolutionary Biology, Yale University; and �Department of Genetics, School of Medicine, Yale
University

Codon usage bias (CUB) is a ubiquitous observation in molecular evolution. As a model, Drosophila has been
particularly well-studied and indications show that selection at least partially controls codon usage, probably through
selection for translational efficiency. Although many aspects of Drosophila CUB have been studied, this is the first study
relating codon usage to development in this holometabolous insect with very different life stages. Here we ask the
question: What developmental stage of Drosophila melanogaster has the greatest CUB? Genes with maximum
expression in the larval stage have the greatest overall CUB when compared with embryos, pupae, and adults. (The same
pattern was observed in Drosophila pseudoobscura, see Supplementary Material online.) We hypothesize this is related
to the very rapid growth of larvae, placing increased selective pressure to produce large amounts of protein: a 300-fold
increase requiring an approximate doubling of protein content every 10 h. Genes with highest expression in adult males
and early embryos, stages with the least de novo protein synthesis, display the least CUB. These results are consistent
with the hypothesis that CUB is caused (at least in part) by selection for efficient protein production. This seems to hold
on the individual gene level (highly expressed genes are more biased than lowly expressed genes) as well as on a more
global scale where genes with maximum expression during times of very rapid growth and protein synthesis are more
biased than genes with maximum expression during times of low growth.

Introduction

Codon usage bias (CUB), the unequal use of synon-
ymous codons, is a ubiquitous observation in virtually ev-
ery organism in which it has been examined. In unicellular
organisms, that is, bacteria and yeast, a major route of se-
lection for uneven codon usage is via translational effi-
ciency related to the relative abundance of isoaccepting
transfer RNAs (tRNAs) (Gouy and Gautier 1982; Grosjean
and Fiers 1982; Sharp et al. 1995). Codons most efficiently
translated by the most abundant tRNAs are favored. By ef-
ficiency, we subsume speed and accuracy because it has
been shown that messenger RNA (mRNA) with a prepon-
derance of optimal codons are both more rapidly translated
as well as more accurately, that is, fewer misincorporations
of amino acids (Dix and Thompson 1989; Akashi 1994).
Because all genes share the same protein synthesizing ma-
chinery, including tRNA pools, genes in unicellular organ-
isms converge on a common pattern of CUB, especially
strong for highly expressed genes.

When considering multicellular eukaryotes, two com-
plexities arise with regard to the tRNA hypothesis to explain
codon usage. First, different tissues may have different rel-
ative levels of isoaccepting tRNAs and thus select for differ-
ent codons. In Drosophila, at least, there is little evidence for
this. For example, geneswith tissue-specific expression such
as amylase inmidguts, alcohol dehydrogenase inmalphigian
tubules, and chorion and yolk protein genes in ovaries all
have the same pattern of codon usage, as do genes expressed
in all tissue types such as myosin, actin, ribosomal proteins,
or genes involved in general metabolism (Powell and
Moriyama 1997). Exceptions to this seeming lack of tissue

specificity in Drosophila are the silk glands of both the silk
moth and spiderswhere tRNApools are adjusted specifically
to maximize production of the silk protein (Garel 1974;
Sprague 1995), although in this case the proportions of
isoaccepting tRNAs do not change but rather the relative
level of different families is adjusted tomatch the amino acid
content of the silk protein.

A second confounding factor in complex multicellular
eukaryotes is that they often undergo distinct developmental
stages so that it is conceivable that tRNApools could change
during development and/or that the strength of selection on
codon usage may vary at different life stages. Here we ex-
amine a well-studied model organism that has very distinct
developmental stages both temporally and ecologically, the
holometabolous insectDrosophila.Drosophila has been par-
ticularly well analysed for codon usage. A large number of
studies have examined such issues as patterns of CUB
(Shields et al. 1988; Akashi and Schaeffer 1997; Moriyama
and Powell 1997), effects on translational accuracy (Akashi
1994), relationship to tRNA abundance (Shields et al. 1988;
Moriyama and Powell 1997; Akashi 2001), effects of
recombination (Kliman and Hey 1994, 2003; Powell and
Moriyama 1997; Comeron et al. 1999; Marais et al. 2001;
Comeron and Kreitman 2002), relation to levels of gene
expression (Shields et al. 1988; Sharp and Lloyd 1993;
Moriyama and Powell 1997; Powell and Moriyama 1997;
Carlini and Stephan 2003), gene length (Moriyama and
Powell 1998; Comeron et al. 1999), effect of CUB on rates
of silent substitutions (Sharp and Li 1989; Moriyama and
Gojobori 1992; Powell andMoriyama 1997), effects of pop-
ulation size (Akashi 1996;Kliman1999;Maside et al. 2004),
and variation in CUB within genes (Gleason and Powell
1997; Comeron and Kreitman 2002; Qin et al. 2004). Virtu-
ally all of these studies have concluded that natural selection
affects codon usage and several implicate translational effi-
ciency mediated by relative abundances of isoaccepting
tRNAs as the selective agent.

For the studies presented here, we took advantage of
the complete genome sequences and gene expression data
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as assessed by microarray studies for both Drosophila
melanogaster (and Drosophila pseudoobscura presented
in Supplementary Material online) available to us at the
initiation of these studies (Stolc et al. 2004; Mason
2006). Because most genes are expressed at more than one
developmental stage,we had to define ‘‘stage of expression.’’
Wefirst identified thosegenes that had statistically significant
changes in level of expression through development and de-
fined stage of expression as the stage of maximum expres-
sion. The reasoning is that selection for codon usage, if
linked to translational efficiency, should be strongest when
a gene has highest expression. This approach, although very
straightforward, does not take into account that genes differ-
entially expressed could have more than one developmental
stage in which they are expressed at high levels. For this rea-
son, we also implemented a weighted approach, in which the
impact of individual genes on the average CUB of each de-
velopmental stage is proportional to the percent of its total
expression at that stage.

Materials and Methods
Data

Coding sequences from D. melanogaster annotation
4.2 were downloaded from FlyBase and checked for pres-
ence of start and stop codons in the correct location. For
each transcript, a codon usage table was built.

Expression data for six developmental stages for all
known coding sequenceswere obtained forD.melanogaster
(Stolc et al. 2004). Probes were designed based on annota-
tion 4.0 inD. melanogaster. The six stages compared in mi-
croarray experiments are early embryo (E0, first zygotic
division to 3 h), late embryo (E3, 3 h to hatching), larvae
(L, all three instars), pupae (P), and adult stages, both female
(F) andmale (M),were up to 10 days posteclosion. (The term
‘‘stage’’ here refers to both the immature developmental
stages aswell as the different sexes of adults.) For each stage,
several individuals were sampled, spaced in time of devel-
opment within the boundary of each stage. Female adults
were collected for total RNA extraction with eggs present
in their abdomen. The design of the experiments (fig. 1) pro-

vides that each stage was tested four times, using two differ-
ently colored dyes twice, that is, the study is balanced; this
should minimize bias due to some stages being more thor-
oughly examined than others. Details on the collection of the
individuals, production of the cDNA libraries, and the
hybridization can be retrieved in Stolc et al. (2004).

To minimize codon sampling error for the calculation
of CUB indices and the estimation of CUB at gene and stage
level, we only used transcripts �200 codons (�600 bp).

Analysis of Expression Data

First we corrected for base composition of the probes
used. Generally, this is done by simply considering the
GC:AT ratio. Here we show that each base has a unique
effect on strength of signal (fig. 2), so all data were cor-
rected considering individual base effects.

The data available for D. melanogaster that we ana-
lysed was the expression level of each transcript. This ap-
proach is quite novel (Wolfinger et al. 2001), given that
generally analysis of microarray data producing results is
at the level of a single probe per gene. With the emerging
evidence that a very high fraction of protein-coding genes
havemultiple transcripts due to alternative splicing andother
complications, it is difficult to precisely define ‘‘level of gene
expression’’ in any detailed and accurate manner. This new
challenge is being addressed by the design of the microarray
experiments that had several probes for the same gene and
often several probes for the same exon. Before the analyses,
all probes that in light of the last annotations (4.2) were no
longer locatedwithin an exonwere deleted. Probes that were
shared by more than one transcript were deleted. This clean-
ing procedure shrunk our data set in D. melanogaster from
18,488 transcripts of annotation 4.2 to 13,081 transcripts for
which we have an unambiguous probe set.

Analysis of Variance to Identify Significant Changes in
Expression

The data were analysed after being dye linearized and
log2 transformed. This transformation was performed in

FIG. 1.—General scheme of microarray experiments to determine
levels of gene expression. Letters in circles indicate stages of development
from which cDNA was prepared. Numbered arrows indicate each hybridi-
zation experiment with head of arrow indicating red dye and tail of arrow
green dye. Note the balance of scheme: each stage is assayed four times.
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FIG. 2.—Base composition effects of probes used in microarray
experiments. Mean observed intensity considering probe base composi-
tion of all four nucleotides individually.
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order to have the data normally distributed and to interpret
analysis of variance (ANOVA) coefficients as log ratio (Kerr
et al. 2000). This also allows for themultiplicative correction
of the signal for probe composition. This correction is equiv-
alent to aLanguimir process (Hekstra et al. 2003) butwithout
correcting for chemical saturation and noise caused by
sequence-specific mismatch, although probe composition
is taken into account. TheANOVAmodelwas the following:

Log
�
Iijkp

�
5�x þ Ai þ Dj þ ADij þ Vk þ CAnA

þCCnC þ CGnG þ Gg þ VGkt þ APip þ eijkp;
i5 1; . . . ; 12; j5 1; 2; k5 1; . . . ; 6;
t5 1; . . . ; 13081; p5 1; . . . ; 44030:

ð1Þ

The �x is the overall mean. The three upper case Cs are
the mean effect of substituting a nucleotide (subscript)
multiplied by the number of nucleotides of that sort (n)
to a theoretical probe of only thymines. A, D, and AD
are the mean effect of array, dye, and array by dye interac-
tion. G and VG give the mean effect of gene and gene by
variety (5developmental stage). AP indicates the mean
effect of the interaction probe array. The e represents the
residuals. The subscripts i, j, and k denote array number,
type of dye, kind of variety (5developmental stage),
respectively. The subscript p denotes which probe or spot
on the array was used. The subscript t denotes the transcript.
The goal is to estimate overall behavior for a transcript
across stages and probes (Wolfinger et al. 2001), with
the addition of explicit corrections for sequence effect.
The parameters of major interest are the coefficients VG
that give the relative expression of each transcript in each
stage. An estimation of absolute expression (comparable
across transcripts) in each stage could be obtained summing
the G terms with the corresponding VG terms and subtract-
ing the average of the AP term for that transcript. For down-
stream use, these measures are then transformed for each
stage into percentage over the total expression of the
gene/transcript over the six developmental stages.

The optimization of the parameters of the ANOVA
was performed in two steps given the large number of
parameters relative to each gene. In the first step, the model
to optimize was the following:

Log
�
Iijkp

�
5�x þ Ai þ Dj þ ADij þ Vk þ CAnA

þ CCnC þ CGnG þ eijkp:

Then the residuals were used as observed value in the
second level of optimization that was performed for each
gene independently:

eijkp 5 G0 þVGkt þAPip þ iijkp;
eijkp 5 G1 þVGkt þAPip þ iijkp;

..

.

eijkp 5 Gn þVGkt þAPip þ iijkp:

This was possible only because the design of the
experiment is equalized with respect to each probe in each
of the 12 hybridizations (fig. 1); thus, parameters A, D, AD,
V, CA, CC, CG are orthogonal to the parameters relative to
the probe and probe sets relative to one gene.

A summary of the statistically significantly differen-
tially expressed genes divided into six groups depending
on when expression peaked is in table 1.

Analysis of Overall CUB through Development

To address the issue of overall (average) CUB at dif-
ferent developmental stages, it is possible to use a nonpara-
metric approach to test deviations from the null hypothesis
of equal selection pressure across stages. Based on the cri-
teria above, we subdivided our genes into six nonoverlap-
ping groups based on the six stages (table 1). We tested for
differences in mean and overall distribution shape among
the six groups. For the study of the means, we estimated
both the mean effective number of codon (ENC, Wright
1990) and mean frequency of optimal codon, FOP (Sharp
and Lloyd 1993), of each gene for each stage. Note that
ENC is a nondirectional measure of uneveness of use of
codons, whereas FOP measures deviation from an optimal
state and is thus directional. The definition of the optimal set
of codon, necessary to calculate FOP, was defined using the
results of Vicario et al. (2007). For each amino acid, we
choose only the most preferred codon disregarding second-
ary preferred codons. The significance of the difference
across stages was assessed by randomizing the assignment
of the genes to the stages. This null distribution that repre-
sent the distribution values if there were no correlation be-
tween genes CUB and the stages when the genes are most
expressed was used to test the existence of the correlation
and to test the significance of the difference of the stage
characterized by gene with higher CUB with the other
stages. We compared the six distributions over the mean,
median, and first and third quartiles, this to appreciate
the overall difference among distributions.

To identify stages that had similar mean values, a para-
metric linear model was used to assess what stages had sta-
tistically indistinguishable levels of CUB and grouped
them. A model for comparison was constructed in a least

Table 1
Number of Genes with Maximum Expression at Each Developmental Stage

E0 E3 L P M F Total

Number of genes 895 493 657 379 793 144 3291
Mean ENC 50.66 48.79 46.23 49.01 50.86 49.28 49.29
Mean Fop 0.4720 0.4970 0.5241 0.4880 0.4548 0.4919 0.4851
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squares framework. All stages that had coefficients with
overlapping confidence intervals were tentatively grouped;
the groups were then confirmed by comparing the residual
sum of squares, given the number of predictors used.

To avoid shortcomings caused by classifying genes in-
to nonoverlapping groups, we took another approach. The
percentage of total expression per stage was used to provide
an estimated weighted mean of CUB per stage. The signif-
icance of the difference in the weighted mean was estimated
using a bootstrap protocol. This approach allowed main-
taining the totality of the structure of the data (i.e., possible
coexpression of genes with similar CUB, possible correla-
tion between CUB and profile of expression, etc.) although
still sensitive to whether individual genes were unduly
influencing the mean.

To visually inspect the distribution of ENC, a weighted
version of the empirical cumulative distribution (ECDF)
was derived for each stage. In the ECDF, the abscissa value
for each gene is simply the ENC or FOP, whereas the ordi-
nate is a weighted version of the percentile. The weight of
a gene is its percentage of total expression at the stage being
considered divided by the sum of all the percentages of total
expression at that stage. The weighted percentile of a given
gene is the sum of the weight of all the genes more biased
plus its weight.

Ribosomal Proteins

Changes in overall intensity of CUB across develop-
ment, if they are caused by pressure for optimal translation
due to requirements for high levels of protein synthesis,
should be coupled with an increase in ribosomes. In order
to verify this prediction, we monitored the expression pro-
file in melanogaster of 122 proteins classified in gene on-
tology as being ribosomal proteins and for which
expression data are available (Stolc et al. 2004).

Results
Correction for Base Composition

The effects of base composition of probes on strength
of signal are shown in figure 2. Because the effect of each of
the four bases is unique, three base composition parameters
capture better the influence of probe sequences than simply
GC%. In all subsequent analyses, corrections for base
composition of probes were incorporated.

Overall Codon Usage Bias through Development

The differentially expressed genes with more than
200 codons were subdivided into six stage categories fol-
lowing the methodology described above and shown in
table 1. The empirical raw and weighted cumulative dis-
tributions of ENC and FOP for the six stages of develop-
ment are shown in figure 3. It is conspicuous that larvae
have a distribution that is skewed toward low values of
ENC (high bias) and higher values of FOP. A formal com-
parison of the mean ENC and FOP by randomization is
shown in table 2 which shows that the larval stage has

a lower mean (and median) ENC and higher FOP than ex-
pected if no correlation between CUB and stages is as-
sumed (P values , 10�4). A more detailed permutation
analysis (table 3) that focus on the comparison between
larva and the other stages distributions gives slightly dif-
ferent results between the two indices: FOP indicates that
the full larva distribution (tested on first and third quar-
tiles, mean, and median) is highly significantly (P values
between ,10�4 and 0.0067) displaced compared with all
other stages, whereas for ENC the third quartile (the least
biased genes) is not significantly different from the other
stages (P value 5 0.2899) whereas the rest of the distri-
bution it is (P values between ,10�4 and 0.0037). This
shows that the larva’s gene CUB distribution values is
overall different than the ones of the others stages and
is not the effect of few influential genes.

To check that the effect is indeed relative to the stage—
and not to the genes that happen to be expressed in that
stage—we performed the same permutation test as in table 3
but using a different rule for the grouping by assigning
genes to a stage based on where they had the minimal ex-
pression and not the maximal as in previous test. The results
of this test confirm our view (cf. table 4) that the new larva
gene group consistently has lower CUB than the other
stages and this for all four descriptor statistics of the distri-
bution (mean, median, first and third quartiles).

The result from the weighted means approach con-
firmed the general pattern that larvae have higher CUB than
any other stage and early embryo the least bias, along with
males in melanogaster (lower panes of fig. 3). In all 10,000
pseudoreplicates of the bootstrap, the larvae is the most bi-
ased stage (table 5), The Jack–knife analysis (table 5) using
samples of 50 and 10% of the total data produced 10,000
pseudoreplicates that had larvae as the most biased nearly
100% of the time for both indices (ENC and FOP). A Jack–
knife of 2.5%, equivalent to 82, still had 95.58 and 89.71%
of the pseudoreplicates with larvae as the most biased stage
for melanogaster for ENC and FOP, respectively. This in-
dicates that the patterns observed are not due to a few out-
standing genes in the larval stage (e.g., perhaps a few with
exceptionally high expression) but is a general pattern
across genes. Note that this analysis was done on the
weighted data set so all genes contributed to the Jack–knife
results depending on the relative level of expression in the
larval stage.

It is clear that genes with maximum expression in the
larval stage have the greatest level of CUB. (Adult males
[for both ENC and FOP] and early embryos [only for
ENC] tend to have the less CUB in D. melanogaster, al-
though this pattern is weaker than the higher larval pattern
and is not consistent in D. pseudoobscura, unlike the larval
pattern [see Supplementary Material online].)

Both measures of CUB have one or two stages with
significantly lower bias than expected (fig. 3 and table
2). The significance of the relative order among stages is
confirmed by the more formal test performed using linear
model (table 6). Using both indices, models with only three
and four groups explained an amount of variance not sig-
nificantly different from the full model with six groups (P
values5 0.66, 0.3183, ENC and Fop models, respectively).
The grouping found with the two indices are very similar:
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larva alone, late embryo, pupae, and female grouped in the
middle and male and early embryo with less CUB grouped
or not depending from the index used.

In both species, the order of bias of stages does not
change with the exception of male. In the Supplementary
Material online, we present results from D. pseudoobscura
confirming that genes with maximum expression at the
larval stage have the highest mean CUB. In both species,
larvae are the most biased, then female, pupae, late embryo,
and finally early embryo. This regularity is perturbed only
by the jump of male from the least biased in melanogaster
to similar to pupae in pseudoobscura (see Supplementary
Material online).

Ribosomal Proteins

Of the 122 D. melanogaster ribosomal proteins exam-
ined, 32 vary significantly in level of expression across

stages at significance level 0.05 with sequential Bonferroni
correction; of these, 26 of them peak in larvae.

Discussion

The results show very clearly that genes with maxi-
mum expression at different times in development differ
in overall intensity of CUB, using two different measure
of CUB and both raw and weighted measures proportional
to the level of expression in each stage [fig. 3, tables 2, 3,
and 5]). The most striking pattern is the high CUB at the
larval stage, with less than average codon bias in early em-
bryos and adult males. Three scenarios could account for
a different mean CUB in the different stages and in partic-
ular the high CUB in the larval stage. In the first scenario,
a small group of genes coexpressed at high level in larvae
could cause a shift in the mean value of ENC. Under this

Table 2
Percentage of Randomized Distributions that Have the Value CUB Lower than the Observed

Index Statistics E0 E3 L P M F

Fop

Mean 0 0.62 100 0 85.01 2.24
Median 0 14.93 100 0.42 52.58 1.54

ENC
Mean 0 98.26 100 84.30 0 50.36
Median 0.00 10.95 100 0.14 52.68 6.28

NOTE.—The randomization procedure reassigned genes to stages keeping the same number of gene per stages. A total of 10,000 re-sampling were performed.

30

E0
E3
L
P
M
F

35 40 45 50 55 60

ENC

35 40 45 50 55 60

ENC

E0
E3
L
P
M
F

0.2 0.3 0.4 0.5 0.6 0.7

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Fop

0.2 0.3 0.4 0.5 0.6 0.7

Fop

Q
ua

nt
ile

s

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Q
ua

nt
ile

s

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Q
ua

nt
ile

s

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Q
ua

nt
ile

s

E0
E3
L
P
M
F

Empirical Cumulative Distribution

0.8

E0
E3
L
P
M
F

Weighted Empirical Cumulative Distribution

FIG. 3.—Cumulative distributions of genes expressed at different stages (coded by colors indicated in upper right) with different level of CUB
measured by ENCs. Upper two graphs are for ‘‘raw’’ or unweighted ENC where a gene is classified by the stage where it has the maximum expression.
The lower two graphs are ENC weighted by percentage expression at each stage over the total gene expression at all stages.

Drosophila Development and Codon Usage Bias 2273



scenario, the stage effect is in reality only due to this small
subgroup of coexpressed genes. In a second scenario, a ma-
jority of the genes that are preferentially expressed in larvae
have high level of absolute expression that causes the rel-
atively high level of CUB. This scenario would also predict
that other genes that havemaximum expression in larvae but
with relatively low absolute expression would maintain
a level of CUB comparable to genes equally expressed at
other stages. Both these scenarios are unlikely in view of
the results of the permutation (table 3) and resampling (table
5) analyses in the discrete and weighted classification of the
genes, respectively. In fact in the first analysis, using FOP,
even the first quartile (low CUB genes) has significantly
higher CUB than the others stages, whereas in the second
analysis, the same patterns appear when only 2.5% of the
genes are randomly sampled. Both this results are compat-
ible with a stage effect that impacts the quasi-totality of the
genes that have some expression in larval stage.

A third scenario would be that the translation machin-
ery is used at or near saturation level in larvae, meaning that
virtually all ribosomes are attached to mRNA. Consequen-
tially, the selection for optimal translation increases for all
the mRNA present in the cytoplasm in order to free up ri-
bosomes as quickly as possible. This scenario does not
specify if the genes that cause the translation machinery
to be very busy are a few very highly expressed genes
or several moderately highly expressed. This is consistent
with Kurland’s (1991) view that selection for efficient
translation does not act only on relatively few genes with
high expression, but rather selection is for overall efficiency
of cellular protein production. Thus, selection for rapid and
accurate translation acts on all genes expressed at times of
high demand for protein synthesis, albeit genes with higher
concentrations of mRNA would be under greater selection
to rapidly free up ribosomes. Our results seem to be most
consistent with this view.

That the larval stage is characterized by high level of
translational selection is corroborated by the fact that the
majority of the ribosomal protein genes that vary in level
of expression during development peak in expression at

the larval stage (see last paragraph in Results), suggesting
that the number of ribosomes is a limiting factor at the larval
stage more so than at any other time in development. The
reason why translation machinery is under such heavy us-
age is probably caused by the high rate of growth of larvae.
A measure of the translation machinery saturation would be
the ratio of free ribosomes to ribosomes attached to mRNA
(Bulmer 1991). Unfortunately, this information is available
only for oogenesis and embryogenesis (Ruddell and
Jacobs-Lorena 1983) and indicates a decrease of attached
ribosomes from 79% in late oogenesis to 49% in 1-h em-
bryos consistent with the observed difference between early
embryo and female (�oogenesis because gravid females
were used with much of there mass consisting of eggs).
For the other stages, it is possible to estimate an indirect
measure of pressure for rapid protein synthesis by examin-
ing the change in biomass and protein content.

Themass increasebetweenanewlyhatched larva tofull-
grownthirdinstar larvaisapproximately200-fold inwetmass
and 266-fold in drymass (Siard et al. 1991). This last value is
estimated based on an average egg weight of 0.01125 mg in
wet mass, with dry mass 23% the weight of the wet mass
(Schreuders et al. 1996) and an average weight for late third
instar larvae of 2.25 mg in wet mass and 0.6 mg in dry mass
(Santos et al. 1997). The increase inwet biomass is an under-
estimate of the increase in protein because protein content of
wet mass increases from 4% in early larvae to 6% in third in-
star (ChurchandRobertson1966), indicatinganapproximate
300-fold increase in protein quantity during the larval stage.
Given that the larval stage lasts about 4 days (25 �C on lab-
oratory medium), this requires a doubling of protein content
approximately every 10 hours.

None of the other stages has an augmentation of pro-
tein content comparable to the larvae. Early embryonic de-
velopment (here defined as up to 3 hours after fertilization)
is characterized by very little protein production, although
there are large quantities of ribosomes of maternal origin in
the embryo (Ruddell and Jacobs-Lorena 1983). Genes with
maximum expression in early embryos have the least CUB.
Late embryo rebuilds the quasi-totality of the body protein
in the;20 h of development before hatching but with over-
all protein content constant; this is accomplished by demo-
lition of yolk protein for production of new protein. During
the pupal stage, the fly rebuilds the totality of the body, but
this replacement of biomass occurs in approximately 4–5

Table 4
Permutation Tests on the Displacement of the Distribution of
Minimally Expressed in Larva Genes’s CUB towards Lower
Values

Index Descriptor L-Min (not L) P Value

Fop First quartile �0.0062 0.018
Median �0.018 0
Mean �0.021 0
Third quartile �0.034 0

ENC First quartile 5 0
Median 3.2 0
Mean 3.6 0
Third quartile 2.46 0

NOTE.—The tests were performed as in table 3 but the genes were classified

depending on where they had minimal relative expression.

Table 3
Permutation Tests on the Displacement of the Distribution of
Larva Genes’ CUB towards Higher Values

Index Descriptor L-Max (no L Stages) P Value

Fop First quartile 0.0074209 0.0067
Median 0.02257262 0
Mean 0.02711801 0
Third quartile 0.03543438 0

ENC First quartile �4.137309 0
Mean �2.557924 0
Median �1.755515 0.0037
Third quartile �0.61258 0.2899

NOTE.—The randomization procedure reassigned genes to stages, keeping the

same number of genes per stages. A total of 10,000 resamplings were performed.

The statistic used is the difference for a given descriptor of the distribution between

larva and the stage, of the remaining ones, that has higher CUB level for that given

descriptor. This statistic was calculated for two CUB index (ENC and Fop) using

mean, median, and first and third quartile as descriptor of the distribution. To obtain

a P value, we compared the null distribution obtained by randomization with the

observed values of the eight statistics.
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days at 25 �C, although in those days the protein content
roughly doubles (from 6% to 12%, Church and Robertson
1966). Disregarding metabolic turnover, as we did for lar-
vae, in adults the only significant production of biomass is
the production of gametes and proteins from gonad-associ-
ated accessory cells. Adult males most likely have a small,
although unknown, production of net protein per day. This
is not true for the female, in which egg production is quite
substantial. Stearns et al. (1993) found in D. melanogaster
colonies reared at 25 �C that between day 4 and day 10 from
eclosion females have a peak production of 70 eggs per day,
equivalent to 0.7875 mg per day or about 50–70% the fe-
male’s body mass. But, this biomass is not produced by all
cells; two-thirds come from the fat bodies and one-third
from the egg chamber (Ruddell and Jacobs-Lorena
1983). Also it is important to note that this increase protein
production in gravid females is largely due to a few highly
expressed genes such as the three yolk protein genes and
seven chorion protein genes (as identified in FlyBase).
So this high rate of protein synthesis in gravid females is
unlike the overall high protein production in larvae in that
it is confined to relatively few genes in a few tissues.

Using this very approximate method to evaluate the
effort of protein synthesis, the least protein synthesis is
in early embryo and adult male, followed by late embryo,
followed by pupae, then gravid females with high protein
production limited to a few tissues and genes. Finally, lar-
vae have an average increase in protein content of 300-fold
in 4 days, representing all genes required for cell division
and growth. This order of protein synthesis output matches

the order found for stage effect on CUB: male and early
embryo have the lowest CUB, followed by late embryo
and pupae, then female, and larvae with the highest.
The changes in intensity of CUB are less extreme than
the changes in rate of protein synthesis probably because
concentrations of ribosomes, especially at the peak of
protein synthesis in larvae, attenuate the difference. (D.
pseudoobscura displays a nearly identical pattern with
the exception that males do not show a lower level of
CUB relative to females, late embryos, and pupae [see Sup-
plementary Material online].)

This work although novel in metazoa, finds corrobo-
ration in previous studies. Sharp et al. (2005) found that
intensity of CUB between different bacterial species corre-
lated positively with number of rRNA operons in the ge-
nome of each species, even after correction for
phylogenetic correlations. The number of rRNA operons
was found to be a predictor of the average bacterial growth
rate (Klappenbach et al. 2002); higher numbers of rRNA
operons are associated with higher growth rates and thus
with greater CUB.

The above is concernedwith quantitative changes in the
strength of selection for codon usage across developmental
stages. It does not address qualitative changes in favored co-
dons possibly due to changes in relative abundances of iso-
accepting tRNAs. Studies have indicated the relative
abundance of isoaccepting tRNAs is remarkably stable
across developmental stages of D. melanogaster for 19/20
amino acids (White et al. 1973); the exception is aspartic
acid. In fact, there is evidence that this single amino acid

Table 5
Frequency of Time that the Different Stages Had Larger Weighted Average CUB in Jack–Knife Analyses with 10,000
Re-sampling

CUB Index % Genes Sampled E0 E3 L P M F

ENC 100%a 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000
50% 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000
10% 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000
5% 0.0003 0.0013 0.9967 0.0004 0.0002 0.0011
2.5% 0.0044 0.0141 0.9558 0.0083 0.0041 0.0133
1% 0.0336 0.0611 0.7871 0.0446 0.0320 0.0416

Fop 100%a 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000
50% 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000
10% 0.0001 0.0007 0.9992 0.0000 0.0000 0.0000
5% 0.0024 0.0127 0.9782 0.0012 0.0001 0.0054
2.5% 0.0178 0.0459 0.8971 0.0124 0.0039 0.0229
1% 0.0640 0.0943 0.7078 0.0436 0.0366 0.0537

NOTE.—The first column indicates the CUB index used in the analysis. The second column indicates the percentage of genes sampled in each replicate.
a Resampling procedures that allowed sampling with replacement. The weighted average used the relative expression to quantify the contribution of each gene to the

estimate of stage CUB.

Table 6
Grouping of the Stage as Indicated by the Linear Model

ENC

P Value

Fop

E0–M E3–P–F L E0 E3–P–F M L

Number of genes 1618 1016 657 0.6618 895 1016 657 723
Mean 50.75 48.94 46.23 0.4720 0.4929 0.5241 0.4549

NOTE.—P value express the probability that the excess of the stage grouped model to explain as well that the full stages model.
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may change qualitatively in codon preference during devel-
opment (Vicario 2006;Vicario S, Powell JR, in preparation).
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