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Codon usage bias reveals the silent molecular evolution pattern. Previous research showed the codon
usage bias was associated with many biological processes, such as protein expression level, genetic
coding error minimization, mRNA stability, codon context, tRNA richness, CpG suppression, DNA
methylation, and tissue or organ specificity. In this paper we reviewed major methods of codon usage bias
measurement. Since most of existing methods are only suitable for the comparison of codon usage bias
within a single genome, we introduced a new informatics index, referred to as synonymous codon usage
order (SCUO), to measure synonymous codon usage bias within and across genomes. In this method,
Shannon informational theory was applied to describe the SCUO of each gene using a value ranging from
0 to 1, with larger values associated with greater codon usage bias. We compared our method with the
codon adaptation index (CAI) method for measuring codon bias in Escherichia coli and Sacharomyces
cerevisiae. We also studied the correlation between SCUO and CALI, and the relation of SCUO with gene
length, gene function, and GC composition. In addition, we explored the correlation between SCUO and
mRNA abundance in S. cerevisiae using SAGE expression data. The software package codonO is freely
available at http://digbio.missouri.edu/ ~ wanx/cu/codonO/.

Keywords: Genomic sequence analysis; synonymous codon usage; codon adaptation index; entropy

1. Introduction

A protein sequence is a string of amino acids, each of which is encoded by three nucleotides.
There are 20 amino acids and typically 61 genetic codes for these amino acids. For any given
protein, two sources of bias in the codon usage are present: (1) amino acid bias, which is due
to the non-uniform distribution of amino acids in protein; and (2) synonymous codon usage
bias, which is the uneven distribution of synonymous codons, i.e. various synonymous
codons are not equally used to represent a given amino acid.
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Within the standard genetic codes, all amino acids except Met and Trp are coded by
more than one codon. DNA sequence data from diverse organisms clearly show that
synonymous codons for any amino acid are not used with equal frequency, even though
choices among these codons are equivalent in terms of protein sequences (Grantham et al.
1980, Aota and Ikemura 1986, Sharp et al. 1988, Shields et al. 1988, Murray et al. 1989,
D’Onofrio et al. 1991). The relative frequency of synonymous codons varies with both
the genes and the organisms. In Escherichia coli and Sacharomyces cerevisiae, codon
usage correlates with tRNA content and highly expressed genes frequently use codons
corresponding to the most abundant tRNAs (Ikemura 1985). In contrast, non-coding
regions of E. coli DNA showed no pronounced preference for any codon. Recently, the
constraints of tRNA contents on synonymous codon choice were confirmed in 18 different
unicellular organisms (Kanaya et al. 1999, Rocha et al. 2004). In addition, codon usage
bias has been shown to reduce the level of error in translation of the genetic code
(Archetti 2004).

In eukaryotes, codon usage bias may be affected by the selection at the pre-mRNA
level (Willie and Majewski 2004). In vertebrates, CpG suppression and DNA methylation
effects (Tazi and Bird 1993), mRNA stability (Holmquist and Filipski 1994), codon
context (Karlin and Mrazek 1996), and species of origin (Lawrence and Ochman 1997)
have been shown to influence the codon usage bias levels as well (reviewed in Karlin et al.
1998b). The codon usage bias was also associated with tissue or organ specificity
(Holmquist and Filipski 1994). However, Zhang and Li (2004) further found that the
codon usage pattern of housekeeping genes does not seem to differ from that of tissue-
specific genes.

Quantification of codon usage bias helps understand evolution of living organisms and
genome analyses. Many different approaches have been developed in the past few decades.
Most of existing computational approaches are only suitable for the comparison of codon
usage bias within a single genome. We introduced a new informatics method, referred to as
synonymous codon usage order (SCUO), to measure synonymous codon usage bias within
and across genomes. This method is an extension of the work by Zeeberg (2002), where
Shannon informational theory was applied to measure the synonymous codon usage bias.
Our informatics index describes the SCUO of each gene using a value ranging from O to 1,
with larger values associated with greater codon bias. We compared our method with the
codon adaptation index (CAI) method for measuring codon bias in E. coli and S.
cerevisiae. We also studied the correlation between SCUO and CAI, and the relation of
SCUO with gene length, gene function, and GC compositions. In addition, we explored the
correlation between SCUO and mRNA abundance in S. cerevisiae using SAGE expression
data. The rest of the paper will be organized as follows. Major codon usage bias
measurement approaches are reviewed in Section 2. The new informatics method, SCUO,
is detailed in Section 3. The comparison and various applications of SCUO are described
in Section 4. Finally, we summarize SCUOQ, including its advantages and disadvantages
and our future work.
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2. Review of codon usage bias measurements

The methods for codon usage bias analysis may be grouped into two categories: (1) methods
based on the statistical distribution; and (2) methods using a group of gene sequences as
reference.

2.1 Codon usage bias measurement based on variance analysis

This category of methods devises a measure for assessing the degree of deviation from a
postulated impartial pattern of synonymous codon usage. They include the codon usage
preference bias measure (CPS) based on )(2 (McLachlan et al. 1984) and scaled )(2 analyses
(Shileds and Sharp 1987).

CPS tests the significance of the codon preference based on the polynomial and Poisson
distributions. CPS hypothesizes that the large codon bias is rare among the codon usage bias
pool. Thus, CPS measured the codon frequency against the mean and standard deviation of
codon usage frequencies from random sequences. Beyond CPS, the scaled y? analyses
(Shileds and Sharp 1987) the first calculated y > for the deviation from random codon usage
and then scaled the value by the number of codons. This normalization process makes it
possible to compare codon usage bias between different genes.

2.2 Codon usage bias measurement based on reference data

The methods in this category employ a reference data to assess the relative merits of different
codons. The reference data could be “optimal codons” (used in codon bias index), a defined
set of highly expressed genes (used in codon preference statistic and CAI), a defined gene
class (used in Codon Bias), or all genes in the entire genome (used in the Shannon
Information Method).

2.2.1 Reference by optimal codons. Codon bias index (Bennetzen and Hall 1982) measured
the codon usage bias based on the frequency of optimal codons, which was derived from
previous studies in specific species, e.g. E. coli or yeast (Ikemura 1981, 1982). This method
provides an analysis for the optimal codon usages, which will be useful in manipulating
protein expression values, especially in model organisms, including E. coli and yeast. The
difficulty for optimal codon selection prevented the application of this method as a general
codon usage quantitative approach. In addition, it may not be proper to separate the codons
only as optimal and non-optimal in a binary fashion. For instance, some codons may be in the
extent between the extreme of optimal usage and the extreme of non-optimal usage.

2.2.2 Reference by highly expressed gene. The codon preference statistics (Gribskov et al.
1984) and CAI proposed by Sharp and Li (1987) used a group of highly expressed genes as a
reference dataset, e.g. ribosomal proteins. The codon preference statistics computed the ratio
between the codon frequencies from the query sequence against random sequences, which
have the same base composition as the query sequence. Only those codons appeared in the
highly expressed genes are analyzed.
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CALI is similar to codon usage statistics (Gribskov et al. 1984), but normalized by the
index of the most frequent used codons for a particular amino acid in the highly expressed
genes. This normalization makes it more convenient for comparing codon usage bias
between genes and genomes. CAI constructed a reference table of relative synonymous
codon usage (RSCU).

Xij

(1/m)> 70 Xy
where x;; is the frequency of the jth codon for the ith amino acid, and »; is the number of
alternative codons for the ith amino acids. The codon usage bias (W;;) will be

_ _RSCU;
Y RSCU; max

RSCU,:]' = (1)

@

where RSCU; ,,.x measures the most frequently used codon for the ith amino acid.

2.2.3 Reference by a defined gene class. Karlin ef al. (1998a) computed codon bias (CB)
based on the codons of a relative group of other genes such as the average genes or another
group of functional genes. Given two gene classes F' and C, the codon usage base can be
calculate as follows

BFIC) =Y pu(F) Y |f(X) = c(X)| 3)

(x.y,2)=a

where P,(F) is amino acid frequencies for amino acid a, fiX) and c¢(X) are the codon
frequencies for each codon X coding amino acid a in class F and C, respectively. They
normalized Z(X):ac(X) = 1. Thus, CB measures a relative codon usage bias for the query
sequence relative to the reference gene class.

2.2.4 Reference by all genes in the genome. Recently, Zeeberg (2002) applied Shannon
informational theory to compute the synonymous coding bias in the human and mouse
genomes. It first computes the uncertainty H:

i=ng, [ JTNsyncodti)
H= Z( > p,;flogz<p,-,~)> )

i=1 =1

Where p;; is the probability of codon j encoding amino acid i, n,, is the number of distinct
amino acids, and 7gyncod(;) 18 the number of synonymous codons for amino acid i. Given all
genes in the whole genome sequences, overall uncertainty H, is generated. Similarly, one can
compute the uncertainty Hy for the query sequence. The information content Rgequence fOT
measuring the codon usage of the sequence can be calculated by

Rsequence = Hg — H; (%)

2.4 Methods comparison

The methods in the first category depend on variance analysis. These methods computed
the codon usage bias against the background information. One advantage of these methods
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is that they do not use the reference sequence thus can be a robust approach for codon
usage bias analysis. However, the assumption of the normal distribution for the codon
usage frequencies may not hold in realistic data, thus it may not be proper to apply these
methods for codon usage bias. The methods in the secondary category required a set of
reference sequences. These methods are proven powerful to compute relative codon usage
bias. The limitation of these methods is that it may be hard to find the optimal reference
sequences for different species. For example, CAI depends on the choice of the reference
set for highly expressed genes. Although CB does not have this disadvantage, it is not
straightforward to compare the gene classes between species. Due to the availability of a
vast amount of complete genomic sequence data, the Shannon information method by
Zeeberg (2002) is much more convenient for codon usage bias analysis than all of the
other methods discussed above. However, it is still not appropriate to analyze the codon
usage bias across species by the Shannon information theory method proposed by Zeeberg
(2002) especially when the global codon usage uncertainties are very different in the
species to compare.

3. New informatics methods (SCUO)

We proposed a simple informational index, also based on Shannon’s information theory, to
characterize the patterns of synonymous codon usage. Different from Zeeberg (2002), our
informational index applies the maximum entropy techniques (Cosmi et al. 1990) to
normalize the SCUO, which overcomes the disadvantages of the method by Zeeberg (2002)
and allows us to compare codon usage bias across genomes as well as within a single
genome.

3.1 Concept of SCUO

The information theory was originally developed to analyze patterns in linear strings of
symbols. The application of information theory to DNA sequence analysis was initiated by
Gatlin (1968, 1972, 1974). From then, many studies have employed the information theory to
investigate the properties of DNA. All the above work is based on Shannon’s information
theory and focused on the characterization of DNA sequences at different base number levels
rather than on the characterization of synonymous codon usage. Until recently, as discussed
in Section 2, Zeeberg (2002) began to apply Shannon information theory in analyzing codon
usage bias.

Besides Shannon information theory, the related concept of entropy has also been
applied to characterize DNA sequences. Cosmi et al. (1990) developed a statistical method
for characterizing nucleotide sequence based on maximum entropy techniques. Similar to
CAI and CPS, this method also requires the codon usage information from a set of
reference sequences. The efficiency of the maximum entropy method depends on the
reference sequence homogeneity, i.e. on the similarity of codon usage of the sequences
used to define the reference set and on the biological criteria used to build up the reference
itself.

In this paper, we use terms such as “order”, “organization”, and “information”, all of
which have been used in other biology literature. Although, these terms have no precise
biological definition, they have a certain intuitive appeal in the context of describing patterns,
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as their analytical behavior is consistent with some biological notions. Information theory
provides this link: the various statistics related to the entropy measure are what transform an
otherwise vague discussion into a quantitative analysis. For example, it is intuitive that a
more highly organized system should be “less random” than a system that is not so highly
organized. We can quantify this idea by using an entropy statistic to measure the system’s
departure from its most random configuration. The difference between the maximum
possible entropy for a system and its actual entropy provides an index (measure) of
organization. The larger this index the more “information” the system has, and therefore
the more “organized” the system is. We define the information contained in each protein
sequence as SCUO. The method for calculating SCUO is detailed in the following section.

3.2 Informatics method

To implement the informatics method, we created a codon table for the amino acids that have
more than one codon, indexed in an arbitrary way, so that we may unambiguously refer to the
Jjth (degenerate) codon of amino acid i, | =i = 18. In mycoplasmas, Trp was also included
into the codon table since a standard stop codon TGA encodes Trp in this specific species so
that 1 =i = 19. To simplify the explanation, the following description of the method is only
based on the standard genetic codon table although the actual SCUO computation considered
special cases for different organisms. Let n; represent the number of degenerate codons for
amino acid 7, so 1 = j = n;; for example, 1 = j = 6 for leucine, 1 = j = 2 for tyrosine, etc.
For each sequence, let x;; represent the occurrence of synonymous codon j for amino acid i,
1 =i= 18,1 =j = n, Normalizing the x;; by their sum over j gives the frequency of the jth
degenerate codon for amino acid 7 in each sequence.

Xij

Di = —=m — (6)
! Zj:l Xij

According to information theory, we define the entropy H; of the ith amino acid of the jth
codon in each sequence by

Hjj = —pjjlogpj; @)

Summing over the codons representing amino acid i gives the entropy of the ith amino acid in
the each sequence

ni

Hi =~ pjlogp; ®)
=

If the synonymous codons for the ith amino acid were used at random, one would expect a
uniform distribution of them as representatives for the ith amino acid. Thus, the maximum
entropy for the ith amino acid in each sequence is

1
H™ = —log — &)

n;

If only one of the synonymous codons is used for the ith amino acid, i.e. the usage of the
synonymous codons is biased to the extreme, then the ith amino acid in each sequence has the
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minimum entropy:
min __
H™ = (10)

Unlike Shannon’s definition of information, Gatlin (1972) and Layzer (1977) define the
information as the difference between the maximum entropy and the actual entropy as an
index of organization (Brooks and Wiley 1988). In our case, this information measures the
non-randomness in synonymous codon usage and therefore, describes the degree of
organization for synonymous codon usage for the ith amino acid in each sequence.

I;=H"™ — H; (1D

Let O; be the normalized difference between the maximum entropy and the observed
entropy for the ith amino acid in each sequence, i.e.

H™ — H;
0j=—"—— (12)

H;nax

Obviously, 0 = O; = 1. When synonymous codon usage for the ith amino acid is random,
O; = 0. When this usage is biased to the extreme, O; = 1. Thus, O; can be thought as a
measure of the bias in synonymous codon usage for the ith amino acid in each sequence. We
designate the statistics O; as the SCUO for the ith amino acid in each sequence.

Let F; be the composition ratio of the ith amino acid in each sequence:

D1 Xy

Fi=—"—— (13)
18 n;
Dic j=1%ij
Then the average SCUO for each sequence can be represented as
0=> F0 (14)
i=1

The O represents the overall SCUO for the sequence.

3.3 CodonO software

A software package called codonO was written based on the C programming language to
calculate SCUO for each ORF. It is freely available from http://digbio.missouri.edu/
~wanx/cu/codonO/. The codonO takes the FASTA sequences of the ORF nucleotide
sequences as input. Both the SCUO unit for all amino acids and the SCUO composition for
each amino acid are printed out. The SCUO unit reflects the codon usage bias for each ORFE.

4. Validation and applications of SCUO

To validate SCUOQ, the bacterial and archaeal genomes and annotations were downloaded
from ftp://ftp.ncbi.nlm.nih.gov/genome/Bacteria/ in August 2002. The codonW program was
downloaded from ftp://molbiol.ox.ac.uk/cu/ codonW.tar.Z (Peden 1999). The values of CAI
of E. coli and S. cerevisiae (yeast) were computed through codonW. The SAGE data
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Figure 1. Comparison between SCUO and CAIL: (A) Relationship between CAI and SCUO in S. cerevisiae; (B)
relationship between CAI and SCUO in E. coli.

(Velculescu et al. 1997) was downloaded from ftp://genome-ftp.stanford.edu/pub/
(November 2002).

4.1 The correlation of SCUO with CAI

We measured the correlation between SCUO and CAl in E. coli and S. cerevisiae. The short
sequences (less than 100 codons) were ignored during the comparisons. The mitochondrial
genes in yeast and the plasmid genes in E. coli were also ignored. As a result, 6109 genes in
yeast and 3887 genes in E. coli were included in the comparison.

The comparison between SCUO and CAI demonstrated that the SCUO values are
positively correlated with CAI with correlation coefficient R = 0.80 and 0.65 in yeast and E.
coli, respectively (figure 1). We also compared SCUO and CBI, Fop and N (data not
shown). Our results show that SCUO gives similar features to measure codon usage bias as
other indices.
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Figure 2.  Average SCUO of genes with different lengths. The E. coli genes were separated into 6 groups: 101-200
codons (n = 961), 201-300 codons (n = 984), 301-400 codons (n = 808), 401-500 codons (n = 723), 501-600
codons (n = 242), and above 600 codons (n = 349).

4.2 Gene size and SCUO

We also measured the correlation between gene size and SCUO. E. coli genes were separated
into six groups: 101-200 codons, 201-300 codons, 301 -400 codons, 401-500 codons, 501 —
600 codons, and above 600 codons. We calculated the mean SCUO for each group of genes.

We compared SCUO between different gene groups with different sizes in E. coli. Figure 2
shows the mean values and standard deviation of each gene group. The genes with 101-200
codons exhibit about 0.05 SCUO unit higher than the genes with other sizes. The difference
between the other five groups of genes is less than 0.02 SCUO unit. To ensure that the
following comparison is independent of the effects of gene size, we only compute those
genes with sizes over 200 codons in other parts of the paper unless a specification is made.

4.3 SCUO wvaries with gene functions

To evaluate the impact of codon usage bias on gene function, E. coli genes were divided into
18 groups according to the COG functional annotations: (Tatusov et al. 1997, 2000)
C (energy production and conversion), D (cell division and chromosome partitioning),
E (amino acid transport and metabolism), F (nucleotide transport and metabolism), G
(carbohydrate transport and metabolism), H (coenzyme metabolism), I (lipid metabolism),
J (translation, ribosomal structure and biogenesis), K (transcription), L. (DNA replication,
recombination and repair), M (cell envelope biogenesis, outer membrane), N (cell motility
and secretion), O (posttranslational modification, protein turnover, chaperones), P (inorganic
ion transport and metabolism), Q (secondary metabolites biosynthesis, transport and
catabolism), R (general function prediction only), S (function unknown), and T (signal
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Figure 3. Average SCUO of genes in different functional groups. The E. coli genes were grouped into 18 COG
functional groups and an additional undefined group (U).

transduction mechanisms). We also included those genes undefined in the COG categories in
an additional U (undefined) group. We compared the average SCUO values for the genes in
different functional groups.

Figure 3 shows SCUO varies with COG gene functions. The translation genes, class J
(translation, ribosomal structure and biogenesis; 0.249 = 0.0104) and O (posttranslational
modification, protein turnover, chaperones; 0.210 = 0.0079) have the highest SCUO values.
The class U (undefined genes, 0.154 = 0.0030) has the lowest SCUO. The majority of the
genes in class U are hypothetical ORFs (57.7%) and putative genes (22.6%). Our results were
consistent with previous reports (VanBogelen et al. 1996, Karlin et al. 1998a). It was found
that most ribosomal proteins have a high codon bias and are considered as containing the
“optimal” codons in bacteria (Karlin er al., 1998b). Our results showed that ribosome
proteins have a relatively higher SCUO than tRNA synthesases in E. coli (data not shown),
and these results are similar to previous reports (Karlin et al. 1998a).

4.4 Correlation between mRNA abundance and SCUO in yeast

We compared the mRNA expression levels with their associated codon usage bias
measured by our informatics method. We extracted the effective genes for measurement
based on the following criteria: (1) Genes with at least one tag; (2) genes having syn
names; (3) genes expressing mRNA transcripts >0 during at least one of the examined
growth stages. If one gene has two or more assoicated tags, we summed the mRNA copies
(Coghlan and Wolfe 2000). From the downloaded SAGE datasets, we obtained 861
effective genes. Then we averaged the mRNA copies at L, S, and GM growth stages to the
associated mRNA copies for this gene. Based on SCUO values, we divided them into 7
groups: 6 groups with a uniform interval of 0.1 for codon usage bias between 0 and 0.6
and one group with a codon usage bias larger than 0.6. We assigned the genes with codon
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Figure 4. The correlation between codon usage bias and mRNA copies in yeast. In group 1 (<0.1), ngcuo = 227,
near = 50; in group 2 (0.1-0.2), ngcuo = 443, ncar = 598; in group 3 (0.2-0.3), nscyo = 106, ncar = 218; in
group 4 (0.3-0.4), nscuo = 29, ncar = 29; in group 5 (0.4-0.5), nscuo = 12, ncar = 15; in group 6 (0.5-0.6),
nscuo — 21, ncar = 13, in group 7 (> 06), nscuo = 23, ncar = 38.
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Figure 5. Relation of SCUO with GC compositions in E. coli K12. (A) relation of SCUO with the overall GC
composition in E. coli K12; (B) relation of SCUO with GCls in E. coli K12; (C) relation of SCUO with GC2s in
E. coli K12; (D) relation of SCUO with GC3s in E. coli K12.
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Figure 6. Relation of SCUO with GC compositions in M. pulmonis. (A) Relation of SCUO with the overall GC
composition in M. pulmonis; (B) relation of SCUO with GC1s in M. pulmonis; (C) relation of SCUO with GC2s in M.
pulmonis; (D) relation of SCUO with GC3s in M. pulmonis.

usage bias larger than 0.6 into a single group because the associated gene number is very
small.

Figure 4 shows the positive correlation between mRNA abundance and codon usage bias.
It demonstrated that larger SCUO is associated with more mRNA copies. This result is
consistent with previous reports (Coghlan and Wolfe 2000). The positive correlation of
SCUO with mRNA abundance is more persistent than that of CAI with mRNA abundance.
For example, the mRNA copies of genes with 0.4—0.5 CAI unit is less than those with
0.3-0.4 unit.

4.5 Relationship between GC compositions and SCUO

The impact of GC contents on codon bias has been investigated widely within and across
different unicellular organisms. We measured the relations of SCUO over GC content, GCls
(the GC content for the first positions in codons), GC2s and GC3s in E. coli (figure 5).
We only included genes with size over 200 codons. These results demonstrated the overall
GC and GC3s in E. coli have the strongest impact on their SCUO. The E. coli genomes
exhibit three horns (figure 5(A),(D)). A lower or higher GC or GC3s over the center GC
(50.8%) is associated with a higher SCUO. GCls only showed two horns whereas GC2s does
not show this trend. So we measure the relations between SCUO and GC compositions in
other two bacteria, Mycoplasma pulmonis UAB CTIP (G 4 C% = 0.27) (figure 6), which
has an extremely low GC composition (0.27), and Deinococcus radiodurans R-1 (figure 7),
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Figure 7. Relation of SCUO with GC compositions in D. radiodurans. (A) Relation of SCUO with the overall GC
composition in D. radiodurans; (B) relation of SCUO with GC1s in D. radiodurans; (C) relation of SCUO with GC2s
in D. radiodurans; (D) relation of SCUO with GC3s in D. radiodurans.

which has an extremely high GC composition (0.67). Similar in E. coli, GC3s affected the
SCUO the most among these four parameters, GC, GCls, GC2s and GC3s, and SCUO
increases given a higher or lower GC3s (relative to G + C% = 0.50). The regression based
on 70 bacterial and 16 archaeal genomes showed that in bacteria, SCUO = —2.06-
GC3 + 2.05 (GC3)* + 0.65, r=0.91, and that in archaea, SCUO = — 1.79GC3 + 1.85
(GC3)> + 0.56, r=0.89. The synonymous codon usage bias could be approximated
expressed as 1 + (p/2)log2(p/2) + (1 — p)/2)log 2((1 — p)/2), where p = GC3 (Wan et al.
2004).

4.6 SCUO and CAI over alien genes in E. coli

Karlin et al. (1998a) identified 88 alien genes in E. coli. These genes were associated higher
codon bias and extreme GC contents. We explored the SCUO of these genes over GC3s
(figure 8). These genes were located in three horns (figure 8(A)). These results were similar
to those reported in Karlin er al. (1998a). When we plotted the CAI values over GC3s
(figure 8(B)), we found the genes with lower GC3s have a relatively lower CAI
(0.190 = 0.086) than the average CAI (0.336 = 0.096). However, SCUO values
(0.183 = 0.061) are similar to their average SCUO value (0.180 = 0.035). The genes with
small (<45%) or high GC3s (>68%) values are located above the average codon usage bias
level, which means they have relative higher codon bias values (figure 8(A)). Due to the
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Figure 8. SCUO and CAI measurements over alien genes in E. coli. The empty circles denote the 88 alien genes in
E. coli (Karlin et al. 1998a). (A) SCUO measurements over alien genes in E. coli. (B) CAI measurements over alien
genes in E. coli.

relationship between GC3 and codon usage bias, it is expected that the sequences with
extreme low or high GC should have a relative higher codon usage bias (Zeeberg 2002).
However, the horn was not shown within the CAI analyses. Instead, codon usage bias is
positively associated with the GC3s. The sequences with the lowest GC3s have the smallest
codon usage bias.

5. Remarks

In summary, we present a simple informational method, SCUO, based on Shannon
information theory and entropy theory to for synonymous codon usage analysis. SCUO
evaluates the codon usage bias of the query sequence through the inherent information
content of the sequence. The SCUO varies from O to 1. The larger the SCUO units, the
more codon usage bias the associate gene has. Besides providing a convenient tool for
codon usage bias analysis, SCUO makes it possible to analyze codon usage bias across
genomes as well as within a single genome. However, SCUO still has some limitations.
Due to the impact of GC compositions on the codon usage bias, a high codon usage bias
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(SCUO units) may not be linked to some biological phenomena across species. For
example, the SCUO units for D. radiodurans are generally higher than those in E. coli. As
the respect of gene expression level, this does not necessarily mean the genes are more
highly expressed in D. radiodurans than E. coli. The future work will be to revise SCUO
by reducing the effects of GC compositions. Another work in the future will be to apply
this informatics method to explore the biological significance of codon usage bias within
and across species.
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