
joint project between EMBL–EBI and the Sanger Centre
called ‘Ensembl’ and at Oak Ridge National Laboratory by
the Genome Annotation Consortium. The Mouse Genome
Sequence project at The Jackson Laboratory is involved in
the overall process of data integration.

Summary
To many, the recommendations of the NIH priority set-
ting meetings seemed impossibly ambitious. However, as
the new century unfolds, it is clear that many of these rec-
ommendations will soon become realities. Working-draft
mouse genomic sequence, combined with transcript-map
and full-length cDNA sequence will be a powerful tool in
gene identification and annotation, both in the mouse and
human genomes. A wealth of new mouse mutations and
traits will be identified and mapped and the location of

their human equivalents inferred from homology maps.
These mutations will comprise a functional map of the
genome that can be correlated with the sequence map and
expression data to provide a rich resource of biological
information. Access to the mutant mice will ensure that a
new generation of pathobiologists will be able to charac-
terize better models of human disease. More and more, the
mouse could become the measure of man.
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Although they encode the same amino acids, synonymous
codons are not all used at the same frequency. Such codon
usage biases occur in most species and could be the result of
mutational biases, natural selection acting on silent changes in
DNA, or both1. Selection on synonymous codon positions is
thought to lead to a co-adaptation of codon usage and tRNA
content to optimize the efficiency of translation. Such a selec-
tive pressure to reduce the cost of translation is expected to be
stronger for genes that are expressed at high levels. In agree-
ment with that model, in some unicellular organisms such as
Escherichia coli or Saccharomyces cerevisiae, codons that are
used preferentially correspond to the most abundant tRNA
species2,3, and there is a positive correlation between codon
usage bias and the level of gene expression1.

In multicellular eukaryotes, there are very few experimen-
tal data on tRNA abundance. However, the limited data
available in Drosophila4 showed a relationship between
codon usage and tRNA abundance5. Moreover, in
Caenorhabditis elegans, Drosophila melanogaster and
Arabidopsis thaliana, the frequency of favored codons (i.e.
codons that are used preferentially in genes that have a strong
codon-usage bias) increases with increasing expression level6.

With the completion of the sequence of C. elegans
genome7, we have the opportunity to study the first complete
tRNA collection from a complex, multicellular eukaryote and
to assess the relationship with codon usage. tRNA genes in
the C. elegans genome were searched using the program
tRNAscan-SE with the default (eukaryote-specific) parameters8

tRNA gene number and codon usage in the 
C. elegans genome are co-adapted for optimal
translation of highly expressed genes
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(T.M. Lowe, pers. commun.). tRNAscan-SE predicted 592
tRNAs and 194 pseudogenes. After visual inspection, 13 bor-
derline tRNAs (scoring between 20 and 30 bits) were judged
to be probable pseudogenes. Thus, the revised tally is 579
tRNAs and 207 tRNA-like pseudogenes. tRNAscan-SE was
also used in the analyses presented in the C. elegans genome
publication7, which gives a different overall tRNA count. We
believe that data was incorrectly reported owing to simple
error or changes in the final version of the sequence (T.M.
Lowe, pers. commun.).

There is a high level of tRNA gene redundancy in 
the C. elegans genome: besides tRNASeC, which is encoded by
a single gene, gene copy number varies from ten copies for
tRNATrp to 46 copies for tRNAGly. Although the level of tran-
scription might vary among tRNA genes, one might expect
that the cellular tRNA abundance should be correlated with
the number of tRNA genes. Indeed, in some unicellular
organisms, it has been shown that tRNA gene copy number is
an important factor in the determination of intracellular
tRNA levels2,3,9. To study whether there is also such a gene-
dosage effect in multicellular eukaryotes, we analysed the
relationship between the number of isoaccepting tRNA genes
and the frequency of the 20 amino-acids in the proteome of C.
elegans. The quantity of amino acids incorporated into newly
synthesized proteins depends on expression levels, which vary
widely according to the genes. To take this variation into
account, the mRNA abundance of each C. elegans gene
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FIGURE 1. Amino acid frequency and isoaccepting
tRNA genes in C. elegans

Correlation between the frequency of amino-acids in the Caenorhabditis elegans
proteome (weighted according to gene expression level) and the number of
isoaccepting tRNA genes.
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 31 2.64 TCC GGA 2.77

Gly 13 1.11 GCC GGC 0.4

3 0.26 CCC GGG 0.15

0 0.00 ACC GGT 0.69

 5 0.71 TAC GTA 0.25

Val 0 0.00 GAC GTC 1.56

5 0.71 CAC GTG 0.71

18 2.57 AAC GTT 1.47

Lys 15 0.65 TTT AAA 0.59

31 1.35 CTT AAG 1.41

Asn 20 2.00 GTT AAC 1.22

0 0.00 ATT AAT 0.78

Gln 18 1.50 TTG CAA 1.19

6 0.50 CTG CAG 0.81

His 18 2.00 GTG CAC 1.23

0 0.00 ATG CAT 0.77

Glu 17 0.85 TTC GAA 0.92

23 1.15 CTC GAG 1.08

Asp 27 2.00 GTC GAC 0.92

0 0.00 ATC GAT 1.08

Tyr 19 2.00 GTA TAC 1.35

0 0.00 ATA TAT 0.65

Cys 13 2.00 GCA TGC 1.28

0 0.00 ACA TGT 0.72

Phe 13 2.00 GAA TTC 1.5

0 0.00 AAA TTT 0.5

 7 0.75 TAT ATA 0.1

Ile 0 0.00 GAT ATC 1.75

21 2.25 AAT ATT 1.16

Met 17 CAT ATG

Trp 10 CCA TGG

SeC 1 TCA TGA

7 1.02 TCT AGA 1.56

4 0.59 CCT AGG 0.15

Arg 10 1.46 TCG CGA 0.62

0 0.00 GCG CGC 1.34

1 0.15 CCG CGG 0.24

19 2.78 ACG CGT 2.09

 3 0.46 TAG CTA 0.19

0 0.00 GAG CTC 1.92

Leu 6 0.92 CAG CTG 0.69

19 2.92 AAG CTT 1.76

4 0.62 TAA TTA 0.19

7 1.08 CAA TTG 1.25

 8 1.33 GCT AGC 0.78

0 0.00 AGT AGT 0.55

Ser 7 1.17 TGA TCA 0.99

0 0.00 GGA TCC 1.39

6 1.00 CGA TCG 0.98

15 2.50 AGA TCT 1.31

12 1.33 TGT ACA 0.79

Thr 0 0.00 GGT ACC 1.5

7 0.78 CGT ACG 0.42

17 1.89 AGT ACT 1.29

 32 3.05 TGG CCA 2.82

Pro 0 0.00 GGG CCC 0.19

4 0.38 CGG CCG 0.61

6 0.57 AGG CCT 0.38

8 0.94 TGC GCA 0.66

Ala 0 0.00 GGC GCC 1.4

4 0.47 CGC GCG 0.31

22 2.59 AGC GCT 1.63
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FIGURE 2. Favored codons and isoaccepting tRNAs 

Relationships between favored codons and isoaccepting tRNAs having the
highest gene copy number. Codons predicted to be decoded by the major tRNA
gene (in bold) are indicated by an arrow (dashed arrows denote the preferential
pairing of I with U or C over A). The relative gene frequency of tRNA genes (RGF) is
the observed frequency of an isoacceptor tRNA gene in C. elegans genome
divided by the frequency expected if all isoacceptor tRNA genes for that amino
acid were equally frequent in the genome. The relative synonymous codon usage
(RSCU) is the observed frequency of a codon divided by the frequency expected if
all synonyms for that amino acid were used equally. RSCU was measured in short
(less than 333 codons) highly expressed genes (data from Ref. 6). Favored
codons13 are indicated by a dot.
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(15 425 predicted complete coding regions) was estimated by
counting the number of matching Expressed Sequence Tags
(ESTs) available in GenBank, as described previously6. This
method gives only a rough estimate of gene expression level,
because these ESTs have been sequenced from cDNA libraries
(prepared from embryo and adult whole organisms) that have
been partly normalized (Y. Kohara, unpublished). Despite
this, we found a strong correlation between the number of
tRNA genes and the frequency of amino-acids among C. el-
egans proteins, weighted according to their expression level
(Fig. 1). As expected, this correlation is significantly stronger
for highly expressed genes (R50.82, p,0.0001, N51631)
compared with those that do not match any EST (i.e. genes
with very low expression level; R50.61, p50.0042,
N59409). If the cellular tRNA abundance were not related to
the number of tRNA gene, we would not expect any corre-
lation between the frequency of amino acids and the number
of tRNA genes. Therefore, these observations strongly sup-
port that in C. elegans, as in unicellular organisms, intracellu-
lar tRNA levels are mainly determined by gene copy number.

Interestingly, it has been noted that the tRNA gene density
is higher on the X chromosome, compared with autosomes7.
Indeed, there are 15.7 tRNA genes per Mb on the X chromo-
some, but only 3.4–4.4 tRNA genes per Mb on the autosomes
– what is the reason for this? Evolutionary theory predicts that
sex chromosomes evolved from an autosomal pair, and once
X–Y recombination ceased, Y-linked genes were progressively
inactivated and obliterated (ultimately up to the final loss of
the Y-chromosome, as in C. elegans). As an adaptive response
to the loss of Y-linked genes, homologous genes on the X-
chromosome were up-regulated and subsequently subject to
dosage compensation10. We propose that, in C. elegans, the
up-expression of X-linked tRNA genes was achieved by gene
duplication, which has led to the present excess of tRNA genes
on the X chromosome compared with autosomes.

Gene copy numbers vary greatly among isoaccepting
tRNAs. For example, among the 42 tRNAPro genes, 32 (76%)
contain the TGG anticodon (Fig. 2). Is this variation related

to a bias in codon usage? To answer this question, we com-
puted the relative gene frequency (RGF) of each isoacceptor
tRNA in the genome and the relative synonymous codon
usage (RSCU) in highly expressed genes. There is a highly
significant correlation between RGF and the RSCU of com-
plementary codons (R50.54, p,0.0001). It should be noticed
that this correlation reflects only partially the real co-adap-
tation of tRNA abundance and codon usage because the same
tRNA can decode several codons. Although we have no
experimental data on base modifications in C. elegans tRNAs
(except for tRNA Leu-AAG, with an inosine modification at
the first anticodon position11), it is possible to predict the
codons decoded by the different anticodons according to the
classical rules12: (1) G–U wobble pairing; (2) an I at the first
anticodon position produces a preference for U or C over A;
and (3) As at the first anticodon position are predicted as Is,
because an unmodified A has been found only in a few excep-
tional cases. This analysis revealed that all the favored codons
are decoded by the isoaccepting tRNA that has the highest
gene copy number (Fig. 2). In the three cases where there are
two favored codons (Arg, Leu and Ala), both codons are
decoded by the major isoaccepting tRNA. Moreover, in all
cases where an I is predicted at the first anticodon position,
favored codons end in C and/or U. Finally, for eight of the
nine duets, the favored codon is the direct complement of the
major isoaccepting tRNA. In conclusion, codon-usage biases
and tRNA gene redundancy in C. elegans genome clearly
reflect a co-adaptation of tRNA content and codon usage for
the optimal translation of the pool of highly expressed genes.
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