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In this paper, the base frequency at the second
codon position of the 3839 open reading frames (ORFs)
in the Vibrio cholerae genome is analyzed. It is shown
that according to the base content at this codon site,
the ORFs can be divided into two clusters, each con-
taining 673 and 3166 ORFs, respectively. ORFs in the
smaller cluster usually have significantly higher T fre-
quency than that of A at the second codon position.
For the two clusters of ORFs, there are significant
differences in the frequencies for 18 of the 20 amino
acids in the encoding proteins. The two clusters of
ORFs are also significantly different in their func-
tions. More than half of the known genes involved in
transport and binding are included in the smaller
cluster, while few genes involved in amino acid bio-
synthesis, protein synthesis, and so on are included in
this cluster. © 2002 Elsevier Science
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It has been found that the codon usage of a genome
contains other information than that necessary for en-
coding proteins. The codon usage variation may be
related to gene expression level (1, 2), the origin of
genes (3–6), or the chromosomal regional location of
genes (7, 8). Some recent work indicates that the dis-
parity in the mutational bias between the leading and
the lagging strand is the most important source of
variation in codon usage in some spirochaete species
such as Borrelia burgdorferi and Treponema pallidum
(9, 10). It is also reported that the codon usage may be
related to the subcellular location of some proteins (8).
Additionally, it is suggested that synonymous codon
usage may connect with the protein secondary struc-
tural units (11–13). As to the single nucleotide fre-
quency, there is some propensity for G at the first
codon position and some deficiency for this base at the
second codon position. While at the third codon posi-
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tion, there is no general preference for any base, and
the G 1 C percentage usually varies for different genes
and species (14–19). It is suggested that the first, sec-
ond and third codon position associates with the bio-
synthetic pathway, hydrophobicity and helix or beta-
strand forming potentiality of the coded amino acids
(20, 21). It is also reported that there is strong corre-
lation between the base frequencies in the second
codon position of genes and the corresponding second-
ary structures in the encoded proteins (13, 22).

Recently, the whole genome sequence of Vibrio chol-
erae, the etiological agent of cholera, was determined
(23). It is found that the codon usage pattern in this
genome is somewhat different from those of the other
genomes (24). In this paper, the asymmetry of the base
frequency at the second codon position of V. cholerae
ORFs is analyzed in detail. We find that genes in
various functional categories show significant differ-
ence in base choice at this codon position.

MATERIALS AND METHODS

The V. cholerae genome DNA sequences and the annotation infor-
mation were downloaded from ftp://www.tigr.org on March 14, 2001.
The database includes the DNA sequences and coordinates of 3883
predicted ORFs [Heidelberg et al. (23) reported that there were 3885
ORFs in the V. cholerae genome, but two were missed in the data-
base], as well as their function description (the database is referred
to as TIGR database, hereafter).

Among the 3883 ORFs in the TIGR database, 2037 are known
genes whose function have been determined experimentally or
through database search, all of which are assigned explicit function
in the database. Additionally, there are 271 ORFs recognized as
“putative proteins” in the database, and they show significant simi-
larity to known genes in other genomes. These ORFs are referred to
as class 1 (including 2308 entries), hereafter. The remaining 1575
ORFs are recognized as “conserved hypothetical proteins” or “hypo-
thetical proteins” in the TIGR database, whose functions are still
needed to be exploited (referred as class 2, hereafter). There are 36
ORFs in class 1 whose lengths cannot be divided by 3, and there are
8 such ORFs in class 2, all of them are excluded from current study.
Then, we have 2272 ORFs in class 1 and 1567 ORFs in class 2,
respectively. Of the 2272 ORFs in class 1, 1755 and 517 are located
on chromosomes 1 and 2, respectively. While for the 1567 ORFs in
class 2, 990 and 577 are located on chromosomes 1 and 2, respec-
tively.
0006-291X/02 $35.00
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K-means clustering method (25) is adopted to get some idea about
the quantitative resemblance or difference among the base frequen-
cies of the ORFs. K-means is a statistical method used to cluster data
set into the given K classes based on the similarity of the elements.
The idea in this method is to find a clustering (or grouping) of the
observations so as to minimize the total within-cluster sums of
squares. In this case, it sequentially processes each observation and
reassigns it to another cluster if doing so results in a decrease in the
total within-cluster sums of squares [referring to (25) for the details].

RESULTS AND DISCUSSION

The frequencies of nucleotide A, C, G and T at the
second codon position for each of 3839 ORFs in the
TIGR database are calculated, which are denoted by a2,
c2, g2, and t2, respectively. In Fig. 1, the distribution of
t2 ; a2 is plotted. It can be seen that most points
cluster in a region around the (0.3, 0.3), while there are
quite some points gather in a smaller region beside it.
For base G and C, the variation in their frequencies is
not so marked and the distribution is not shown here.
Then the K-means clustering algorithm is used to clus-
ter the ORFs based on the frequencies of the four
bases. It is found that the 3839 ORFs can be divided
into two unequal groups, the larger and smaller group
contains 3166 and 673 genes, respectively. Of the 673
genes, 436 are on the chromosome 1 and the other 237
are on the chromosome 2. In Fig. 1, the two groups of
point can be approximately separated by a line, L: t2 5
a2 1 0.1. For the points lie above the line, t2 , a2 1 0.1,
but for those below the line, t2 . a2 1 0.1. This means
we can classify an ORF in V. cholerae genome into one

FIG. 1. The occurrence frequencies of bases A and T at the
second codon position for each of the 3839 V. cholerae ORFs are
plotted. There are 3839 points altogether. It can be seen that the
ORFs gather into two clusters, and the line t2 5 a2 1 0.1 can be used
to separate them.
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of the two clusters according to the frequencies of ad-
enine and thymine at site 2 of its codons. An ORF in
the smaller cluster has significantly more codons with
T at the second codon position than those with A at this
position.

Then the amino acid composition of the encoding
proteins is checked. A x2 test is carried out to evaluate
whether there are significant differences in amino acid
usage between the encoding proteins of the two clus-
ters of ORF. For each amino acid, the x2 test involves a
2 3 2 table with one degree of freedom. The first row
contains the frequencies of the amino acids being ana-
lyzed, and the second row contains the total number of
amino acids of each cluster. Significance is examined at
the 5% level (x2 value of 3.841). The differences are
highly significant for 18 of the 20 amino acids except
Pro and Thr. It is found that proteins encoded by ORFs
in the smaller cluster have more Leu, Phe, Ile, and Val
and less Glu, Asp, Lys, and Gln on average, i.e., they
contain more hydrophobic amino acids in their se-
quences.

Then the function of each ORF in the two clusters is
checked. For the 673 ORFs in the smaller cluster, 290
belong to class 1, the others belong to class 2. The
function category for the 3166 and 673 ORFs are sum-
marized in Table 1 [the function category adopted here
is same as that used by Heidelberg et al. (23)]. Inter-
estingly, none of the known and putative proteins re-
lated to amino acid biosynthesis, nucleosides and
bases, protein synthesis, as well as those plasmid-
related, phage-related and transposon-related (they
are classified as other categories) are included in the

TABLE 1

Number of Genes Found in Different Function Categories

No. Function category
Smaller
cluster

Larger
cluster

1 Amino acid biosynthesis 0 91
2 Purines, pyrimidines, nucleosides, and

nucleotides
0 61

3 Fatty acid and phospholipid metabolism 6 41
4 Biosynthesis of cofactors, prosthetic

groups, and carriers
5 111

5 Central intermediary metabolism 3 99
6 Energy metabolism 34 220
7 Transport and binding proteins 165 157
8 DNA metabolism 2 96
9 Transcription 1 50

10 Protein synthesis 0 129
11 Protein fate 11 93
12 Regulatory functions 7 258
13 Cell envelope 4 108
14 Cellular processes 29 220
15 Other categories 0 41
16 Unknown 23 207
17 Conserved hypothetical and hypothetical 383 1184

Sum 673 3166
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smaller cluster, even though nearly 18% of the total
ORFs are included in this cluster. Furthermore, very
few ORFs involved in fatty acid metabolism, cofac-
tors and prosthetic groups, central intermediary me-
tabolism, DNA metabolism, transcription, regula-
tory functions, as well as cell envelope are included
in this cluster. On the contrary, more than half of the
proteins related to transport and binding (totally 165
ORFs) are included in the smaller cluster, which also
account more than half of the 290 ORFs of class 1 in
this cluster. The remaining ORFs in this cluster are
mainly involved in energy metabolism (34), cellular
processes (29) and protein fate (11), and the figures
in the parentheses indicate the number of genes in
this category. Altogether, there are 322 genes in
class 1 encoding transport and binding proteins, and
the distribution of them on plane t2 ; a2 is shown in
Fig. 2. These genes can also be divided into two
groups by the line t2 5 a2 1 0.1, 157 of them locate
below the line. For one group, the average of the base
contents are a# 2 ' 0.30, t# 2 ' 0.30; for the other group,
a# 2 ' 0.15, t# 2 ' 0.40.

Of the ORFs in the smaller cluster, 117 are enzymes.
Furthermore, 63 of these enzymes belong to per-
meases, a kind of protein involved in the transport of
ions and other nutrition through the membrane. Alto-
gether, there are 63 permease genes among the 2272
known and putative genes. In other words, all such
genes are restricted to the smaller cluster, i.e., the
T-rich, A-poor group.

FIG. 2. The occurrence frequencies of bases A and T at the
second codon position for each of the 322 V. cholerae ORFs are
plotted. There are 322 points altogether. It can be seen that the
ORFs gather into two clusters, and the line t2 5 a2 1 0.1 can be used
to separate them.
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The relationship between the base choices at differ-
ent codon positions and many important topics, such as
the biosynthetic pathway and hydrophobicity of amino
acids, expression level of genes or the chromosomal
location of genes, has been studied extensively (20, 21,
26, 27). It is interesting to note that there is such a
strong correlation between the second codon position of
genes and functions of proteins. This may give us some
clues about the function of the unknown ORFs, includ-
ing the hypothetical and conserved hypothetical ORFs.
For example, a gene in the smaller cluster or with t2 .
a2 1 0.1 may be less possible to encode a protein
involved in amino acid synthesis or protein synthesis,
but more possible encode a transport and binding pro-
tein.

Recently, it is reported that there is correlation be-
tween the base frequencies at the second codon posi-
tion of genes and the corresponding secondary struc-
tures in the encoded proteins (13, 22). Especially, the
secondary structures show marked differences in the
frequency of T (or U) and A at the second codon site,
with the aperiodic structure showing the lower T (or
U), while higher A frequency; on the other hand, the
beta-strand structure and helix showing significantly
higher T (or U) frequency and relatively lower A value.
Chiusano et al. (22) attributed this relation to the hy-
drophobic and hydrophilic amino acids encoded by
codons with U or A, respectively, in their second codon
site. If the phenomena they observed are universal, we
may deduce that for V. cholerae, since nearly 700 genes
are relatively richer in T than A at the second codon
site, their encoding proteins may also be different in
structures as those of the other proteins. Conse-
quently, there will be difference in the function of these
proteins. However, due to the lack of structure infor-
mation, the exact relation between base bias and the
structure and function of these proteins is still not
clear.

CONCLUSION

In this paper, the base frequency at the second codon
position of the 3839 ORFs in V. cholerae genome is
analyzed. It is shown that according to the base content
at this codon site, the ORFs can be divided into two
clusters. ORFs in the smaller cluster usually contain
significantly higher T frequency at the second codon
position than A at this site. For the two clusters of
ORFs, there are significant differences between the 18
of the 20 amino acids in the encoding proteins. At the
same time, the two clusters of ORFs are also signifi-
cantly different in their functions. It is hoped that this
work could generate some clues toward understanding
the genome organization, as well as the function of the
genes of this pathogenic bacterium.
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