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Abstract. A multitude of factors contribute to the
regulation of gene expression in living cells. The
relationship between codon usage bias and gene
expression has been extensively studied, and it has
been shown that codon bias may have adaptive sig-
nificance in many unicellular and multicellular
organisms. Given the central role of mRNA in post-
transcriptional regulation, we hypothesize that
mRNA stability is another important factor associ-
ated either with positive or negative regulation of
gene expression. We have conducted genome-wide
studies of the association between gene expression
(measured as transcript abundance in public EST
databases), mRNA stability, codon bias, GC content,
and gene length in Drosophila melanogaster. To re-
move potential bias of gene length inherently present
in EST libraries, gene expression is measured as
normalized transcript abundance. It is demonstrated
that codon bias and GC content in second codon
position are positively associated with transcript
abundance. Gene length is negatively associated with
transcript abundance. The stability of thermody-
namically predicted mRNA secondary structures is
not associated with transcript abundance, but there is
a negative correlation between mRNA stability and
codon bias. This finding does not support the
hypothesis that codon bias has evolved as an indirect
consequence of selection favoring thermodynamically
stable mRNA molecules.
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Introduction

Gene expression in protein-coding genes is the con-
version of genetic information encoded in a gene into
mRNA and protein, by transcription of a gene into
mRNA and the subsequent translation of mRNA to
produce a protein. Gene expression must be regulated
in order to control what genes will be producing
proteins in various cell types and at various devel-
opmental stages. There is a stepwise conversion of
DNA information into proteins, and regulation may
take place in any of these steps. For instance, genes
can be regulated by differential transport of spliced
mRNAs into cytoplasm or by differential rates of
mRNA translation.

There have been considerable efforts to understand
the relationship between gene expression and non-
random usage of synonymous codons, i.e., codon
usage bias. Codon bias is generally thought to be the
result of the balance between mutation and weak
selection on synonymous codons (Li 1987; Bulmer
1991; Akashi and Eyre-Walker 1998; Duret and
Mouchiroud 1999). Differences in the codon bias be-
tween genes in the same organism are attributed to
mutational bias and the variability in guanine+cyto-
sine (GC) content throughout the genome (Ikemura
1985), partly due to the dispersion of large isochores
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homogeneous for GC content (Bernardi et al. 1985).
Moreover, in many organisms codon usage in highly
expressed genes is shown to be dependent on the rela-
tive proportions of isoaccepting tRNAs. Thus, the
degree of codon bias for individual genes is associated
with the level of translation in a wide range of unicel-
lular (Ikemura 198la, 1985; Gouy and Gautier 1982;
Andersson and Kurland 1990; Sharp and Matassi
1994; Kanaya et al. 1999) and multicellular organisms
(Fennoy and Bailey-Serres 1993; Akashi 1994; Mor-
iyamaandPowell 1997;Akashi andEyre-Walker 1998;
Duret and Mouchiroud 1999; Duret 2000; Kanaya et
al. 2001;Musto et al. 2001; Stenøien 2005). In contrast,
mutation pressure has been shown to be the dominant
factor shaping both codon usage bias and base com-
position in, e.g., severalmammalian genomes (Wolfe et
al. 1989; Sharp et al. 1993; Francino and Ochman
1999). The lack of translational selection in mammals
and some Drosophila species has been explained by
their relatively small effective population sizes, mean-
ing that genetic drift will dominate the evolutionary
dynamics of mutations that only differ marginally in
fitness (Shields et al. 1988; Sharp et al. 1995; Akashi
1997; Jenkins andHolmes 2003). Also other factors are
associated with codon usage, including gene length
(Comeron et al. 1999; Duret and Mouchiroud 1999;
Coghlan andWolfe 2000), recombination levels across
genomes (Kliman and Hey 1993; Hey and Kliman
2002), gene density (Hey and Kliman 2002), and gene
structure (Comeron andKreitman 2002). A functional
relationship between mRNA structure stability and
codon usage has also been proposed (Antezana and
Kreitman 1999; Duan and Antezana 2003).

The degradation of mRNAs is equally important
for the regulation of gene expression as the synthesis
of mRNAs (Grunberg-Manago 1999; Tinoco and
Bustamante 1999; Guhaniyogi and Brewer 2001;
Katz and Burge 2003). Thus, the turnover rate of
mRNAs may be an important means for regulating
gene expression. Experiments have shown that there
is considerable variation between and within organ-
isms in mRNA turnover (Brown 1999). For instance,
bacterial mRNAs are generally turned over very
rapidly, their half-lives being rarely longer than a few
minutes. This reflects the rapid changes in protein
synthesis patterns that can occur in an actively
growing bacterium with a generation time of 20 min
or so. Eukaryotic mRNAs, on the other hand, are
longer lived, with average half-lives of 10–20 min for
yeast and several hours for mammals. Within indi-
vidual cells, the variation is almost equally striking:
some yeast mRNAs have half-lives of only 1 min
whereas for others it may be up to 35 min (Tuite
1996; Brown 1999).

There are several factors regulating the rate of
mRNA turnover (Grunberg-Manago 1999; Tinoco
and Bustamante 1999; Guhaniyogi and Brewer 2001).

One possible factor contributing to the rate of
mRNA decay is the intrinsic stability of the mRNA
molecule, as expressed in the free-folding energies of
its secondary and tertiary structures. This might
regulate gene expression in one of two ways; either as
a positive regulator, in which mRNA stability is
associated with longer turnover rates of mRNA
molecules within a cell and therefore increased
translational rate, or, on the other hand, as a negative
regulator, in which high mRNA stability is associated
with high translational costs, leading to natural
selection for less energetically stable mRNA tran-
scripts of highly expressed genes. Some studies have
been conducted on how stability of local mRNA
hairpins is associated with levels of gene expression
(Carlini et al. 2001; Katz and Burge 2003), but no
studies have been conducted aimed at understanding
the relationship between global mRNA stability and
gene expression.

The main aim of this project is to study the joint
effects of putative pre- and post-transcriptional fac-
tors, which may be associated with levels of gene
expression in the eukaryotic model organism
Drosophila melanogaster. Of particular interest are
the relationships between global mRNA stability,
codon bias, and GC content, and their effects on
estimated levels of gene expression, measured by
transcript abundance. We also study the associations
between gene length and the other variables. Gene
length is included because a negative correlation be-
tween codon bias and gene length has been reported
in several multicellular organisms (Moriyama and
Powell 1997; Duret and Mouchiroud 1999), and it
has proven difficult to find satisfactory explanations
for this observation (Akashi 2001). Our results show
that codon bias, GC content, and possibly gene
length are associated with transcript abundance in
this species. Global stability of mRNA molecules is
not associated with estimated levels of expression but
is negatively associated with codon bias.

Materials and Methods

D. melanogaster sequences were downloaded from GenBank re-

lease 130.0 (http://www.ncbi.nlm.nih.gov/) and EMBL release 72

(http://www.ebi.ac.uk/) by using the NCBI Entrez (http://

www.ncbi.nlm.nih.gov/Entrez/index.html) and ACNUC (http://

pbil.univ-lyon1.fr/search/query_fam.php; Gouy et al. 1985) re-

trieval systems. Only complete and fully annotated protein-coding

sequences (CDS) from nuclear genes, being less than 800 nucleo-

tides long, were used (for reasons discussed below).

Identical or nearly identical sequences were removed from the

data set in order to promote independence among data points. A

local database was created for the data set with the software

package DNATools version 6.0.122 (http://www.seqtools.dk/, S.

W. Rasmussen, unpublished data). A Blastn comparison (Altschul

et al. 1990) was performed for each sequence on itself and the self-

score value was extracted. Then, all sequences were compared to

each other with Blastn, and the resulting score values were divided
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by the respective self-score values. If these normalized score values

were larger than 0.90, then two sequences were classified as similar,

and one of them was removed from the data set. Both strands were

compared in all of the Blastn runs. The final data sets consisted of

1438 D. melanogaster sequences.

Gene expression was estimated as the number of hits when

comparing a sequence with publicly available expressed sequence

tags (ESTs) for this species (see Duret and Mouchiroud 1999;

Marais and Duret 2001; Hey and Kliman 2002; Miyasaka 2002).

All available cDNA libraries in release 101102 of the NCBI dbEST

database (http://www.ncbi.nlm.nih.gov/dbEST/; Boguski et al.

1993) were used, comprising a total of 256,583 D. melanogaster

ESTs. Each sequence was compared with the available cDNA li-

braries using MegaBlast (http://www.ncbi.nlm.nih.gov/blast/).

Both strands were compared for each sequence, and segments

within query sequences showing low compositional complexity

were masked. Blastn alignments showing at least 95% identities

were counted as sequence match when the significance level was set

to E = 0.001. It has been shown that expression levels as estimated

by EST databases may not be constant compared to expression

levels more reliably estimated by microarrays, but rather system-

atically biased with gene length (Munoz et al. 2004). To remove this

potential bias, we developed a normalized measure of gene

expression by dividing the number of EST hits by gene length for

each gene tested.

The term mRNA stability has been used to describe the

capacity of mRNA molecules to resist degradation. We define

mRNA stability more specifically as thermodynamic stability,

estimated as the minimum free-folding energy (DG) for a predicted

RNA secondary structure (Zuker et al. 1999; Mathews et al. 1999).

Thermodynamic stability is not necessarily positively correlated

with overall degradation resistance (Meister and Tuschl 2004). The

Zipfold program (being part of the Mfold server) was used to

predict free-folding energies for each sequence, using default

parameters (http://www.bioinfo.rpi.edu/applications/mfold/old/

rna/form4.cgi). In this approach, every base is first compared to

every other base by a type of analysis similar to the dot matrix

analysis. Just as a diagonal in a two-sequence comparison, a row of

matches in the RNA matrix indicates a succession of complemen-

tary nucleotides that can potentially form a double-stranded re-

gion. The energy of each predicted structure is estimated by the

nearest-neighbor rule by summing the negative base-stacking

energies for each pair of bases in double-stranded regions, and by

adding the estimated positive energies of destabilizing regions such

as loops at the end of hairpins, bulges within hairpins, internal

bulges, and other unpaired regions. To evaluate all the different

possible configurations and to find the most energetically favor-

able, several types of scoring matrices are used. The complemen-

tary regions are evaluated by a dynamic programming algorithm to

predict the most energetically stable molecule, i.e., that with the

lowest DG (for an overview, see Mount 2001). DG is used as a

measure of global stability, with decreasing negative values repre-

senting increasing mRNA stability. For comparison, we also esti-

mated minimum free-folding energies for the various sequences by

using the Vienna algorithm (Hofacker et al. 1994).

Thermodynamically predicted stability measures increase with

gene length due to increased number of base pairs and thus in-

creased opportunities for stable structure formation (Pervouchine

et al. 2003). This dependency between DG and gene length prohibits

the joint statistical analysis of these variables because of the

underlying assumptions in a multiple regression analysis. Thus, one

needs to remove this dependency, and this we have done in two

ways. First, we analyzed sequences of approximately the same

length separately, i.e., sequences of length 100–199 nt were grouped

together, sequences of 200–299 were grouped together etc., com-

prising a total of eight categories analyzed separately. Second, we

calculated a normalized DG (termed NDG) removing confounding

effects of length of studied sequences, and enabling us to analyze

the whole data set together. In this second approach, we generated

100 randomizations of the nucleotide sequence order using the

algorithm Shuffleseq implemented in EMBOSS (http://ngfn-

blast.gbf.de/emboss.html; Rice et al. 2000), yielding a total of

143,800 individual randomized sequences. DG was estimated for

each randomized sequence using Zipfold, and the average DG for

all 100 randomized sequences (ADG) was calculated for each gene.

Normalized DG was calculated as NDG = DG/ADG for each gene,

implying that NDG is a positive number that increases with

increasing stability.

Algorithms based on free-energy minimization perform well for

short sequences (Walter et al. 1994), but become unreliable as se-

quence length increases because of the large amount of possible

structures for longer sequences (Konings and Gutell 1995).

Therefore, only sequences shorter than 800 nucleotides were used

in this study. This could possibly yield low statistical power in

correlation analyses of, e.g., codon usage and gene length, since it is

known that significant associations are mostly caused by genes with

more than 500–600 codons (Comeron et al. 1999; Duret and

Mouchiroud 1999).

Codon usage bias was estimated by the frequency of optimal

codons (Fop; Ikemura 1981b), i.e., the ratio of preferred to syn-

onymous codons, when ‘‘preferred’’ codons are defined as those

found to occur significantly more often in highly than in lowly

expressed genes. Favored codons have been identified by multi-

variate analysis in D. melanogaster (Sharp and Lloyd 1993). Fop

values were estimated with the CodonW software (http://

www.molbiol.ox.ac.uk/cu/, J. Peden, unpublished data). Various

measures of GC content, i.e., GC content overall and GC content

in first (N1), second (N2), and third (N3) codon positions, were

measured with DnaSP version 3.53 (Rozas and Rozas 1999).

Multiple regressions were performed on the data set using either

transcript abundance or normalized transcript abundance as the

dependent variable, and codon bias, normalized mRNA stability,

gene length, and GC content in N1, N2, and N3 positions as

independent variables. Both transcript abundance and normalized

transcript abundance are not necessarily statistically independent

of gene length, the first due to a possible systematic bias in EST

databases with gene length (Munoz et al. 2004), and the latter

because gene length is used to define this variable (see above).

Strictly speaking, then, it is not appropriate to do any statistical

association tests between these two measures of gene expression

and gene length since all available tests assume independency

among studied variables. We have, therefore, also performed

regression analyses of the same dependent and independent vari-

ables but excluding gene length. Eight multiple regression analyses

were performed on the subset of sequences with approximately the

same lengths, using transcript abundance as dependent variable,

and codon bias, mRNA stability, and GC content in N1, N2, and

N3 positions as independent variables. The significance of the

regression models were tested with analysis of variance (ANOVA).

Kolmogorov-Smirnov and Shapiro-Wilk tests on studentized

residuals revealed departures from normality; dependent variables

were therefore log-transformed. Multicollinearity was investigated

with the tolerance statistic, i.e., the proportion of variability of a

given independent variable not explained by its linear relationships

with other independent variables in the model. Pearson correlation

coefficients and partial correlation coefficients were obtained to

further investigate the association among individual variables. All

statistical analyses were performed using the SPSS package (Win-

dows version 11.5.1, SPSS Inc., Chicago, IL).

Results

We get essentially the same results when employing
mRNA stability measures based on the Mfold and
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the Vienna algorithms and for simplicity only mRNA
stability estimates obtained from the Mfold program
are reported below. The degree of linear combination
among variables is investigated by the tolerance sta-
tistics. Tolerance levels are small for mRNA stability
and gene length (<0.06), indicating that multi-
collinearity exists between mRNA stability and gene
length (data not shown). We also observe a strong
negative correlation between DG and gene length
(Pearson correlation coefficient )0.930, p < 0.001),
We, therefore, did not use mRNA stability as an
independent variable but used normalized mRNA
stability instead, i.e., a variable not showing multi-
collinearity to gene length (no significant correlation,
p = 0.541). The tolerance levels are also low for co-
don bias and GC content in N3 (0.12), as shown by a
strong positive correlation between these variables
(see below).

Regression analysis was performed on the whole
data set using normalized transcript abundance as a
dependent variable (Table 1). The model is significant
according to test of analysis of variance (ANOVA p<
0.001), and the proportion of variation in transcript
abundance explained by the model is R2 = 0.166.
Gene length is negatively associated with normalized
transcript abundance, while codon bias is positively
associated with normalized transcript abundance.
Thus, it seems that genes with high Fop values (i.e.,
high codon bias) have a high level of transcript abun-
dance, as measured by the number of EST hits. Also,
GC content in N3 position significantly explains vari-
ability in estimated transcript abundance, being neg-
atively associated with transcript abundance levels,
while GC content in the N2 position is positively
associated with transcript level variability. We per-
formed regression analyses using the same dependent
and independent variables but excluding gene length
(data not shown). The results were essentially the same
as those reported above for codon bias and GC con-

tents in N2 and N3. We also performed regression
analysis on the whole data set using non-normalized
transcript abundance as a dependent variable (data not
shown). The results were essentially the same as for the
analysis using normalized transcript abundance as
dependent variable, except that while gene length is
negatively associated with normalized transcript
abundance, it is positively associated with non-nor-
malized transcript abundance.

Table 2 shows correlation coefficients between
pairs of variables, as well as partial correlation
coefficients after removing variance explained by the
other variables (i.e., variables defined as independent
variables in the regression analyses above). There is a
significant negative correlation between gene length
and codon usage bias when controlling for mRNA
stability and GC contents in the various codon
positions ()0.100, p < 0.001). This negative corre-
lation between gene length and codon bias remains
significant if only either mRNA stability or GC
contents are controlled for in a partial correlation
test, and is not found in a simple correlation analysis
between the two variables. There is a strong positive
correlation between codon bias and GC content in
N3 (0.932, p < 0.001). Normalized measures of
mRNA stability show significant negative correlation
with both codon bias and GC contents in N1 and N3.
After controlling for the effects of the other variables,
normalized mRNA stability is negatively correlated
only with codon bias (partial correlation coefficient
)0.070, p = 0.004), i.e., biased genes tend to encode
unstable mRNAs.

We also performed eight multiple regression
analyses on subsets of sequences of approximately the
same lengths. In this way, we could directly estimate
the putative effects of mRNA stability and the other
variables on gene expression without any confound-
ing effects of gene lengths. The results were basically
the same as those reported above for the whole data
set (data not shown). No independent variable could
explain variability in sequences in size class 200–299
nt. However, codon bias (Fop) was significantly
positively associated with transcript abundance in all
other size classes. GC content in N3 was negatively
associated with transcript abundance in four of eight
analyses, and GC content in N2 was positively
associated with transcript abundance in two of the
analyses. Normalized mRNA stability and GC con-
tent in N1 were negatively associated with transcript
abundance in one analysis.

Discussion

Methodology

There are several methodological pitfalls in studies
using transcript abundance as a measure of protein

Table 1. Results of multiple regression analyses

Variables included

in model

Standardized

Beta coefficients T P

Codon bias (Fop) 0.833 11.757 ***

GC content in N3 )0.516 )7.495 ***

GC content in N2 0.144 5.641 ***

Gene length )0.108 )4.377 ***

Note: Result of the multiple regression analysis using normalized

transcript abundance as dependent variable, and normalized

mRNA stability, codon bias, GC contents in codon positions 2

and 3, and gene length as independent variables. Only variables

included in the regression models are presented. Codon bias and

GC content in second codon position are positively associated with

estimated transcript abundance. GC content in third codon

position and gene length is negatively associated with high

transcript abundance.

***p < 0.001.
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expression levels. First, cell protein concentrations
reflect both the rate of synthesis and protein turnover
rates. Since assessments of mRNA concentrations do
not take into account possible translational regula-
tion, this could potentially cause bias in studies
merely based on transcriptional abundances. Duret
and Mouchiroud (1999) were the first to use sequence
matches to EST libraries in their study of relation-
ships between codon usage and mRNA abundance in
Arabidopsis thaliana, D. melanogaster, and Caenor-
habditis elegans. As these authors point out, mRNA
abundance estimates may in themselves be error-
prone because of biases in the tissues sampled, biases
in cloning of mRNAs, and the normalization of
cDNA libraries prior to sequencing, i.e., adjustment
toward uniform concentrations of cDNAs from dif-
ferent genes, causing an underestimation of highly
expressed genes.

Nevertheless, broad-scale positive associations
between mRNA abundance and codon bias are in
concordance with results from experimental studies
(Shields et al. 1988; Stenico et al. 1994; Chiapello
et al. 1998; Akashi 2001). Moreover, the imprecise
estimates of gene expression and underestimation of
highly expressed genes yield conservative statistical
association tests. Associations between, e.g., codon
bias and gene expression may therefore be even
stronger than what is estimated in the present study,
because at least some D. melanogaster cDNA li-
braries contained in the NCBI dbEST database are
normalized. Another source of bias is that expression
measures that require mRNA to be maintained for
some time (e.g., EST and SAGE) are likely prone to a
GC bias, since GC-rich sequences tend to decay
slower than AT-rich ones (Margulies et al. 2001).
Finally, it has been shown that transcript abundances
within EST databases can be systematically positively
biased with gene length, at least in C. elegans EST
databases (Munoz et al. 2004). In the presence of
different types of biases, it is appropriate to do mul-
tiple regression analyses in studies based on EST

matching in order to separate the effects of the vari-
ous variables and exclude spurious associations.
Furthermore, by normalizing the estimates of tran-
script abundance with gene length one removes pos-
sible bias with increasing gene length. Other biases
that may influence association tests include genome-
wide over- and underrepresentation of short oligo-
nucleotides, as well as possible variance of mutational
patterns along the sequence (e.g., Karlin et al. 1998;
Gentles and Karlin 2001).

In silico estimation of mRNA secondary structures
by Mfold is likely inaccurate, causing uncertainties in
the prediction of individual helices (e.g., Doshi et al.
2004; but see Mathews et al. 1999). However, the
patterns revealed by statistical analyses of a large
data set may nonetheless be correct. Low statistical
power due to inaccurate mRNA secondary structure
prediction, normalization within EST databases, GC
bias, or other biases in the cDNA libraries may ex-
plain the relatively low R2 values in the present
regression analyses.

Codon Bias, GC Content, and Transcript Abundance

We find a positive association between codon bias
and transcript abundance, similar to what is reported
in other studies (Akashi 1994; Moriyama and Powell
1997; Akashi and Eyre-Walker 1998; Duret and
Mouchiroud 1999; Duret 2000; Kanaya et al. 2001).
This might reflect a mutational bias or coadaptation
between codon usage and tRNAs abundance opti-
mizing the efficiency of protein synthesis. Associa-
tions between mutation processes and transcription
do not seem to explain correlations between tran-
script abundance and codon usage bias in this species.
For instance, the GC content is found to be uni-
formly higher at silent sites in coding regions than in
putatively neutrally evolving introns for D. mela-
nogaster (Kliman and Hey 1994; Duret and Mou-
chiroud 1999). In addition, within alternatively
spliced genes, constitutively translated exons show

Table 2. Results from Pearson correlation and partial correlation analyses

Correlations/partial correlations Codon bias GC content in N1 GC content in N2 GC content in N3 Normalized DG Gene length

Codon bias — 0.226 (***) )0.194 (***) 0.932 (***) )0.147 (***) NS

GC content in N1 0.278 (***) — 0.130 (***) 0.148 (***) )0.084 (***) 0.062 (*)

GC content in N2 )0.214 (***) 0.211 (***) — )0.150 (***) NS )0.130 (***)

GC content in N3 0.932 (***) )0.203 (***) 0.140 (***) — )0.127 (t*f) NS

Normalized DG )0.070 (**) NS NS NS — NS

Gene length )0.100 (***) 0.099 (***) )0.153 (***) 0.100 (***) NS —

Note: Pearson correlation coefficients (above diagonal) and partial correlation coefficients (below diagonal) between codon bias (Fop), GC

content in the first (N1), second (N2), and third (N3) codon positions, normalized mRNA stability (NDG), and gene length. Partial

correlation coefficients quantify degree of association between pairs of variables after the effects of the other variables are removed. NS: not

significant.

*0.01 < p < 0.05.

**0.001< p < 0.01.

***p < 0.001.
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higher major codon usage than alternatively spliced
exons that are transcribed at the same rate but
translated at lower levels (Iida and Akashi 2000).

Duret and Mouchiroud (1999) define optimal co-
dons as codons found to occur more often in highly
than in lowly expressed genes. In their study of
A. thaliana, D. melanogaster, C. elegans, they find
that GC content in N3 increases with expression level
in genes containing optimal codons. We also find that
genes with optimal codons tend to increase GC
content in N3 in D. melanogaster. More surprisingly,
we find that GC content in N3 is negatively associ-
ated with gene expression in this latter species. Thus,
when controlling for the effect of codon bias, GC
content in N3 is negatively associated with transcript
abundance variability. This means that when the
variability in transcript abundance caused by codon
bias is removed from the analyses, then a significant
amount of the mRNA transcript variability left is
negatively associated with GC content in N3. The
most likely explanation for this pattern is the strong
multicollinearity between codon bias and GC content
in N3 position, causing difficulties in both disentan-
gling the relative effects of the correlated variables
and determining the direction of association with the
independent variable (Norusis 2000). Codon bias and
GC content in second codon position are positively
associated with transcript abundance in our study.
The energetic cost of amino acids encoded by GC at
second codon position has been shown to be much
lower than the amino acids encoded by AT at that
position in bacteria (Akashi and Gojobori 2002). It
seems plausible that highly transcribed genes are en-
coded by ‘‘cheaper’’ amino acids also in Drosophila.
Alternatively, proteins of different functional classi-
fications may have different amino acid properties.
Thus, selection on amino acid usage for speed and
accuracy of protein synthesis (e.g., Akashi 2003) or
other protein features could possibly yield specific
GC patterns at the second position.

We find a negative correlation between codon bias
and gene length in a partial correlation analysis, as
previously reported in Moriyama and Powell (1997),
Comeron et al. (1999), and Duret and Mouchiroud
(1999).

Gene Length and Transcript Abundance

Munoz et al. (2004) found a systematic overrepre-
sentation of mRNA transcripts from long genes in
EST databases of C. elegans. The same problem could
well apply also inD. melanogaster EST databases, and
we have therefore normalized our transcript abun-
dance measures on gene length to control for this.
However, it may still not be appropriate to use gene
length as an independent variable in a regression
analysis using normalized transcript abundance as a

dependent variable, since gene length and normalized
transcript abundance are statistically dependent. The
results of our regression analyses on normalized and
non-normalized transcript abundance, including gene
length as an independent variable, may therefore not
be statistically valid. It is presently not possible to
determine whether the association between gene
length and measures of transcript abundance has
biological relevance or if it is due to confounding
factors. The same problem arises in any association
test using nonindependent variables, including corre-
lation and partial correlation tests, or nonparametric
tests. Nevertheless, studies of C. elegans have found
associations between gene length and gene expression
more reliably estimated from microarray data (Mu-
noz et al. 2004). We find it likely that gene length is in
some way associated with gene expression in D. mel-
anogaster, possibly by a negative association, but the
precise relationship is difficult to assess in studies
based on EST databases.

Duret and Mouchiroud (1999) found that genes
with no EST hits tend to encode shorter proteins than
genes encountering one or several EST hits in
D. melanogaster. This is in contrast to our results that
long Drosophila genes are seemingly less expressed
than short genes, an observation also made in
C. elegans when employing normalized transcription
data (Munoz et al. 2004), as well as yeast (Akashi
2003) and humans (Comeron 2004). Nevertheless, the
discrepancy between our and Duret and Mouchi-
roud’s (1999) results could be due to the small gene
lengths in our compared to their data set.

mRNA Stability and Transcript Abundance

This is the first genome-wide study of the association
between the stability of global mRNA secondary
structures and levels of gene expression. We find that
in D. melanogaster genes, the normalized mRNA
stability, as obtained from measures of free-folding
energy of mRNA secondary structure, is not associ-
ated with levels of gene expression, i.e., transcript
abundance. Thus, it does not seem to be translational
selection for global mRNA stability in highly ex-
pressed genes, promoting either high or low transla-
tion rates. Our results do not rule out the possibility
that stability of local mRNA hairpins is associated
with gene expression. Even though Katz and Burge
(2003) did not find such association in their studies of
bacterial genes, Carlini et al. (2001) report a negative
association between stability of local mRNA hairpins
and overall gene expression for two drosophilid genes.

mRNA Stability and Codon Bias

The stability of mRNA molecules can be increased by
means of the energetically more stable GC bindings.
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If this is the case, then one should expect a positive
correlation between mRNA stability, GC levels in
various codon positions, and codon bias, at least in
organisms where preferred codons encode G or C in
the third codon position. In the present data sets,
codons frequently employed mostly encode G or C in
N3. However, we find a negative correlation between
normalized mRNA stability and both GC content in
N3 and codon usage bias. We do not find any cor-
relation between GC content in N3 and mRNA sta-
bility in a partial correlation analysis controlling for
codon bias and gene length. We do, however, find a
significant negative partial correlation between nor-
malized mRNA stability and codon bias. These re-
sults are essentially the same as reported by Carlini
et al. (2001) for two drosophilid genes, since they also
found a negative association between codon bias and
local mRNA stability in Adh and Adhr. Carlini et al.
(2001) suggested that this negative association may be
explained by considering that not only the total
amount of G+C influences mRNA stability, but also
the distribution of Gs and Cs, meaning that stability
increases if G and C are about equally abundant.
Differences in G and C frequencies can be measured
as the absolute value of G minus C frequencies. In
our data, there is no significant correlation between
mRNA stability and G and C frequency differences,
or partial correlation between these variables when
controlling for GC content and other independent
variables (results not shown). Thus, G and C distri-
bution does not per se explain the negative associa-
tion between mRNA stability and codon bias.
Another possible explanation is that Gs and Cs are
not frequently occurring in mRNA helixes in codon-
biased genes but are rather confined to the unpaired
regions of secondary structural elements (e.g., inter-
nal loops) and are, therefore, not contributing to
stabilize the mRNA molecule. Alternatively, mRNA
stability may not be truly associated with GC content
in N3, since the negative correlation observed may be
an artifact of the strong multicollinearity between
codon bias and GC content in N3. This is supported
by the lack of association between mRNA stability
and GC content in N3 in the partial correlation
analysis controlling for codon bias and gene length
(Table 2).

Several authors have pointed out that the trans-
lation selection hypothesis for explaining codon bias
is not completely satisfactory (Antezana and Kreit-
man 1999; Duan and Antezana 2003). For instance,
major codons within degenerate families are almost
identical in widely diverged species, an observation
difficult to explain by a simple tRNA pool mirroring
initially random patterns of codon usage within a
codon pool. These authors suggest that mRNA sta-
bility and codon usage are equilibrated, so that gains
in mRNA stability due to higher codon bias might be

selected because secondary structure can affect
translatability. Thus, major codons might have
functional advantages or disadvantages relative to
minor codons related to mRNA stability but unre-
lated to tRNA abundance. We find a negative asso-
ciation between our measure of mRNA stability and
codon bias, and no association between mRNA sta-
bility and transcript abundance. This does not sup-
port the mRNA stability hypothesis sensu Antezana
and Kreitman (1999), which is based on the
assumption that codon bias and mRNA stability are
positively associated.

mRNA stability could be associated with gene
expression even though we do not find any associa-
tion with estimated transcript abundance. For in-
stance, selection for temporal regulation of gene
expression may favor mRNAs that are rapidly turned
over. Genes being rapidly induced and shortly after-
wards repressed, e.g., stress-induced heat shock pro-
teins (Craig 1986; Morita et al. 2000; Bose et al.
2005), may be selected for internal factors promoting
rapid translation (e.g., biased codon usage) and rapid
degradation (e.g., low mRNA stability). Alterna-
tively, even though mRNA stability may be unrelated
to transcription rate, it may be negatively associated
with translational speed and/or accuracy, i.e., being
nonadaptive due to high translational costs. Thus, in
both cases mRNA stability and codon bias might be
relatively independent means to fine-regulate various
aspects of gene expression (Carlini et al. 2001).
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