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In this study, the relative synonymous codon and amino acid usage biases of the broad-host range phage,
KVP40, were investigated in an attempt to understand the structure and function of its proteins/protein-
coding genes, as well as the role of its tRNAs. Synonymous codons in KVP40 were determined to be AT-
rich at the third codon positions, and their variations are dictated principally by both mutational bias and
translational selection. Further analysis revealed that the RSCU of KVP40 is distinct from that of its Vibrio
hosts, V. cholerae and V. parahaemolyticus. Interestingly, the expression of the putative highly expressed
genes of KVP40 appear to be preferentially influenced by the abundant host tRNA species, whereas the
tRNAs expressed by KVP40 may be required for the efficient synthesis of all its proteins in a diverse array
of hosts. The data generated in this study also revealed that KVP40 proteins are rich in low molecular
weight amino acid residues, and that these variations are influenced primarily by hydropathy, mean molec-
ular weight, aromaticity, and cysteine content.
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Synonymous codon usage, studied in a number of living orga-
nisms, has basically proven to be non-random and species-
specific. Several factors, including directional mutational bias
(Levine and Whitemore, 2000; Jenkins and Holmes, 2003),
translational selection (Ikemura, 1985; Sharp and Cowe
1991; Gupta and Ghosh, 2001), secondary protein structure
(Oresisc and Shalloway, 1998; Gupta et al., 2002; D’Onofrio et
al., 2002), replicational and transcriptional selection (McInerney,
1998; Romero et al., 2000), and environmental factors (Lynn
et al., 2002; Basak et al., 2004), have been shown to influence
codon usage in a variety of organisms. By way of contrast,
amino acid usage has been demonstrated to be influenced
by hydropathy, aromaticity, cysteine content, mean molecular
weight, growth temperature, etc. (Lobry and Gautier, 1994;
Garat and Musto, 2000; Zavala et al., 2002; Banerjee et al.,
2004; Basak et al., 2004; Naya et al., 2004).

Bacteriophage KVP40 was isolated from marine water, and
has been reported to infect eight Vibrio and one Photobacterium
species (Matsuzaki et al., 1992). It is a double-stranded DNA
phage with an overall G+C content of 42.6%. The genome size
of this T4-like virus, a member of the Myoviridae family, is
244834 bp (http://www.ncbi.nlm.nih.gov/genomes/VIRUSES). It
harbors 386 protein-coding genes, 30 tRNA-encoding genes,
and several promoters and transcription terminators (Miller
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et al, 2003). Nearly 65% of its protein coding genes are
unique, and have no known functions. Little, at present, is
known regarding the structure and function of its proteins/
protein-coding genes, as well as the function of its putative
tRNAs. In this communication, both the synonymous codon
and amino acid usage biases in KVP40 have been studied,
in order to determine how the proteins or protein-coding
genes in this broad-host range phage have been shaped, as
well as its tRNAs contribute to the expression of its proteins.

Relative synonymous codon usage (RSCU) was assessed
in 376 protein coding sequences (all encode for >50 amino
acid residues) of phage KVP40, in accordance with the
standard protocols (Sharp and Li, 1987). The RSCU values
of the protein coding genes (each encoding for at least 100
amino acid residues) of V. cholerae and V. parahaemolyticus
were also determined, and were compared with those of
KVP40. All sequences were also downloaded from the
GenBank database (NCBI, USA). A;, T3, Gs, and Cs are the
distributions of A, T, G, and C at the third codon position.
GC; is the frequency of (G+C) at the third codon position.
N. designates the effective number of codons used by a gene,
and is generally utilized to determine the bias of synonymous
codons, independent of amino acid composition and codon
number (Wright, 1990). The N, values were calculated in
accordance with the method of Banerjee ef al. (Banerjee et
al.,, 2005). The putatively highly- and lowly-expressed genes
were considered, respectively, on the basis of the lowest
10% and highest 10% of the genes, as determined by their
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Table 1. Relative synonymous codon usage analysis in KVP40

RSCU tRNA copy RSCU tRNA copy
KVP40 number KVP40 number
AA Codon Overal HEG' LEG’ VP*  KVP40 AA Codon Overal HEG' LEG’ VP*  KVP40
Phe UuUu 0.84 0.96 0.88 1 Tyr UAU 0.87 0.26 0.87
uuc 1.16 1.04 1.12 4 1 UAC 1.13 1.74 1.13 7
Leu UUA 0.86 0.59 1.13 3 1 His CAU 0.96 0.63 1.05
uuG 1.27 0.75 0.97 1 1 CAC 1.04 1.37 0.95 2 1
Cuu 1.49 1.82 1.25
CucC 0.36 0 0.72 2 Gin CAA 1.36 1.59 1.31 6 1
CUA 1.25 2.04 1.13 9 1 CAG 0.64 . 0.41 0.69

CUG 0.78 0.80 0.81
Asn AAU 0.88 0.61 0.97

Ile AUU 1.48 0.99 1.28 AAC 1.12 1.39 1.03 5 2
AUC 1.28 2.01 1.17 2 2
AUA 0.23 0 0.55 Lys AAA 1.28 143 1.10 4 2
AAG 0.72 0.57 0.90
Met AUG 1 1 1 11 2
Asp GAU 1.01 0.60 1.18
Val GUU 1.67 1.48 1.37 GAC 0.99 1.40 0.82 6 1
GUC 0.57 0.29 0.48 2
GUA 1.01 1.36 1.41 4 1 Glu GAA 1.42 1.66 1.35 5
GUG 0.75 0.87 0.73 GAG 0.58 0.34 0.65
Ser UCU 1.26 1.78 1.67 Cys UGU 1.37 1.62 1.29
ucCcC 0.10 0 0.15 1 UGC 0.63 0.38 0.71 4 1
UCA 1.75 251 1.06 4
UcG 0.87 0.49 0.76 Trp UGG 1 1 1 2 1
AGU 1.03 0 0.99
AGC 0.99 122 137 1 1 Arg CcGU 2.57 3.46 1.54 8 1
CGC 1.54 2.03 1.70
Pro CCu 1.00 1.33 1.05 CGA 1.03 0.08 1.30
CCC 0.26 0 0.57 CGG 0.09 0 0.32 1
CcCA 1.51 1.92 1.24 3 2 AGA 0.7 0.34 0.81 1 1
CCG 1.23 0.75 1.14 AGG 0.07 0.08 0.32 1
Thr ACU 1.58 3.15 1.14 Gly GGU 2.25 297 1.71
ACC 0.26 0.09 0.43 2 GGC 1 0.88 0.76 11
ACA 1.29 0.52 1.43 5 1 GGA 0.35 0 0.59 2 1
ACG 0.87 0.24 1 GGG 0.40 0.15 0.94

Ala GCU 1.30 1.85 1.08
GCC 0.23 0.02 0.47 1
GCA 1.64 1.59 1.42 4
GCG 0.83 0.54 1.03

1 and 2; denote KP40-specific highly- expressed (having Nc¢<30) and lowly- expressed (having Nc>46) genes, respectively.
*; indicates ¥ parahaemolyticus. Codons of V. parahaemolyticus which are recognized by 2 or more number of its tRNAs were considered optimal here.
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Table 2. Relative synonymous codon usage (RSCU) values for each codon for the two groups of genes. The asterisk denotes the codons
whose occurrences are significantly (p<0.01) higher on the extreme positive side of axis 2 than in the genes present on the extreme
negative sides of the second major axis. The circles denote the codons whose occurrences are significantly (p<0.01) higher on the extreme
negative side of axis 2 than the genes present on the extreme positive sides of the second major axis. Superscript “a” denotes genes at
the extreme positive side of axis 2, and “b” for genes at the extreme negative side of axis 2. Each group contains 10% of sequences at
either extreme of the major axis generated via correspondence analysis. N is the number of codons, AA represents amino acid. See text
for details

AA Codon N* RSCU® N RSCU° AA Codon N RSCU? N° RSCU"
Phe TTT® 64 0.56 105 0.95 Ala GCT* 212 171 67 1.02
TTC* 166 1.44 116 1.05 GCC® 13 0.1 23 035
GCA 197 159 118 1.79
Tr TAT® 57 0.68 106 1.01 GCG° 75 0.6 56 0.85
TAC* 110 132 103 0.99
Gly GGT* 212 2.65 122 2.02
His CAT® 33 0.62 75 1.14 GGC 84 1.05 49 0.81
CAC* 73 1.38 57 0.86 GGA 17 0.21 20 033
GGG® 7 0.09 50 0.83
Asn AAT® 69 0.57 127 1.05
AAC* 175 143 114 0.95 Leu TTA® 29 0.42 63 0.99
TTG® 52 0.76 95 15
Asp GAT® 137 0.78 164 1.09 CTT* 127 1.85 69 1.09
GAC* 213 1.22 136 0.91 CcIC 11 0.16 33 0.52
CTA* 143 2.08 70 11
Cys TGT 35 1.19 47 1.25 CTG 50 0.73 51 0.8
TGC 24 0.81 28 0.75
Ser TCT* 81 1.84 45 0.94
Gln CAA* 149 1.54 91 131 TCC* 17 0.39 3 0.06
CAG® 45 0.46 48 0.69 TCA* 97 2.2 76 1.59
TCG® 15 0.34 63 1.32
Lys AAA* 315 145 174 121 AGT® 12 0.27 56 1.17
AAG® 120 0.55 113 0.79 AGC 42 0.95 44 0.92
Glu GAA 364 1.49 243 1.38 Arg CGT* 129 2.93 61 1.56
GAG 125 0.51 110 0.62 CGC* 103 2.34 46 1.17
CGA® 21 0.48 54 1.38
Val GIT 169 1.81 121 1.64 CGG® 0 0 10 0.26
GTIC 41 0.44 48 0.65 AGA® 9 0.2 40 1.02
GTA 104 1.12 73 0.99 AGG® 2 0.05 24 0.61
GTG 59 0.63 53 0.72
Ile ATT® 108 0.97 185 159
Pro CCT* 46 134 21 0.66 ATC* 211 19 116 1
ccee 1 0.03 28 0.88 ATA® 14 0.13 47 0.41
CCA* 73 2.13 42 131
CCG® 17 0.5 37 116
Thr ACT* 210 259 86 137
ACC 14 0.17 18 0.29
ACA® 76 0.94 85 135

ACG® 24 0.3 62 0.99
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N¢ values. The tRNA genes in the KVP40 and V¥ para-
haemolyticus genomes were identified via the ‘tRNAscan-
SE’ program (http://www.genetics.wustl.edu/eddy/tRNAscan- SE).
Chi-square tests were employed in the evaluation of the
significance of pairwise differences in codon and amino
acid compositions. The CodonW 1.3 program (http://www.
molbio.ox.ac.uk/cu) was employed in the calculation of most
of the parameters, including the correspondence analysis
(CA) of relative synonymous codon and amino acid usage.

The overall RSCU values of the 376 protein encoding
genes of phage KVP40 indicate that the majority of its
codons end in A and T (Table 1). KVP40 is expected to
harbor an AT-rich genome. In order to determine whether
there is any variation in codon usage among the genes of
KVP40, the effective number of codons used by genes (N;)
and the (G + C) percentages at the third positions of codons
(GGC;) were calculated. It was noted that N, in KVP40
ranges from 24.89 to 50.32 with a mean of 37.96 and a
standard deviation (SD) of 5.35, whereas GC; ranged from
21.6 to 54.2, with a mean of 37.87 and an SD of 5.07. Data
suggest marked codon usage variations among the genes of
KVP40 and factors other than mutational bias might also
be relevant to variations in codon usage among the genes.

In order to determine the factors that influence variations
in codon usage among the genes of KVP40, correspondence
analysis was conducted on the RSCU values of its 376
genes. Only the distributions of the genes along the first
two major axes were shown, as these accounted for 7.68%
and 6.49% of the total variation (Fig. 1A). The first major
axis is correlated positively with Az (r=0.194, p<0.01) but
correlated negatively with T3 (r=-0.212, p<0.01). No corre-
lation was determined to exist between the positions of the
genes along the first major axis and N.. By way of contrast,
the positions of the genes along the second major axis were
correlated positively with both Az (r=0.117, p<0.05) and C;
(r=0.201, p<0.01), and correlated negatively with G; (r=
-0.416,p<0.01), and GC; (r=-0.142, p<0.01). Interestingly, the
positions of the genes along the second major axis were
correlated negatively with N. (r=-0.172, p<0.01). These
findings suggest that the G-ending codons are clustered on
the negative side, whereas the codons ending in A and C
predominate on the positive side of the second major axis.
In order to determine the differences between the two gene
clusters, the degree of codon usage variation in the 10% of
genes located at the extreme positive side of axis 2 was
compared with that of the 10% of genes located at the
extreme negative side of axis 2. In order to estimate the
degree of codon usage variation between these two gene
sets, we conducted chi square tests, with a p value of <0.05
considered to be significant. Table 2 shows the RSCU
values for each codon for the two gene groups. The asterisk
represents codons whose occurrences are significantly higher
in the genes situated on the extreme positive side of axis 2,
as compared to the genes that were present on the extreme
negative side of the second major axis. It is worthy of note
that among the 20 over-represented codons on the extreme
positive side of axis 2, there are 8 C ending-, 5 A ending-,
and 7 T ending- codons. Expressed in percentages, this
would be 40% C ending-, 25% A ending-, and 35% T ending-
codons. According to the results, it might be concluded that
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Fig. 1. (A) Positions of the KVP40 genes along the two major
axes of variation in the correspondence analysis on RSCU values.
The genes presented by the open circles. (B) Nc plot of phage
KVP40 genes. Sec text for details.

pyrimidine bases are preferred in the highly expressed genes.

Wright suggested that a plot of Ne vs GCs could be effec-
tively used to determine codon usage variations among the
genes. As was demonstrated by Wright (1990), comparisons
of the actual distribution of genes, with the expected dis-
tribution under no selection, might be indicative of whether
the codon usage bias of genes is influenced by factors other
than mutational bias. If codon usage bias is dictated com-
pletely by GCs, the values of N, should fall on the expected
curve between GC; and N.. In other words, if codon usage
bias is completely dictated by GCs composition, the difference
between the observed and expected N. values should be
quite small in a majority of genes. In order to determine
the possible influence of natural selection and mutational
bias on synonymous codon usage in the KVP40 genome,
we used the following calculation: (Ncexpected-Ncobserved)/NeExpected.
The frequency distributions of (Ncgspected-Ncobserved)/Nespected,
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Fig. 2. Positions of amino acids along the first major axis in the
correspondence analysis on amino acids. Single letter codes are
used to show the positions of the 20 amino acid residues.

as shown in Fig. 1B, show that the majority of genes have
substantial deviations between Neobserved and Negxpected. These
results corroborate the conclusion drawn from the above
correspondence analysis, and affirm that the majority of
genes in KVP40 exhibit additional codon usage bias, oper-
ating independently from mutational bias. The influence of
mutational pressure on the evolution of synonymous codon
usage variations had been previously demonstrated in studies
conducted with certain bacterial viruses (Kunisawa et al.,
1998; Sahu et al., 2004; Sahu et al., 2005) and animal viruses
from the order Nidovirales (Gu ef al., 2004).

In order to determine whether translation selection also
influences codon usage variation in KVP40, we attempted
to characterize the correlation, if any, between the synon-
ymous codon usage of putatively highly expressed genes of
KVP40 (Table 1), and the tRNA abundance of the host.
Over-represented synonymous codons in the above gene
types were initially detected via comparison of their RSCU
values with those of the putatively low-expressed genes of
KVP40. Next, the resulting data were compared with the
copy number of tRNA V. parahaemolyticus species (Makino
et al., 2003), as cellular tRNA abundance in some organisms
has been shown to be directly proportional to the tRNA
copy number (Kanaya et al., 2001). Among the 24 over-rep-
resented synonymous codons in the highly expressed genes
of KVP40, 22 codons have been identified by the abundant
tRNA species of V parahaemolyticus (Table 1). Interestingly,
24 of the 35 over-represented codons of the low-expressed
genes of KVP40 can also be identified by abundant tRNA
species of V. parahaemolyticus (Table 1). By way of contrast,
KVP40-specific tRNAs can be used to recognize 13 of 24
over-represented codons of the highly-expressed genes, and
20 of 35 over-represented codons in the low-expressed genes
(Table 1). The data collected appear to suggest that the
abundant tRNAs of ¥ parahaemolyticus are utilized prefer-
entially in the expression of the putative highly-expressed
genes of KVP40, whereas the tRNAs harbored by KVP40
may possibly augment the cellular levels of tRNA population,
in order to synthesize all its proteins efficiently in a variety

J. Microbiol.

of hosts. Functions similar to those of the KVP40-specific
tRNAs were also suggested to exist in the tRNAs of the
mycobacteriophage, Bxz1 (Sahu et al., 2004). The positive
correlation between the abundant host tRNAs and synon-
ymous codon usage had been previously demonstrated with
the highly-expressed genes of bacteriophage T4, although
its tRNAs had been suggested to preferentially express its
lowly-expressed genes (Kunisawa, 1992).

Phage KVP50 and its Vibrio hosts, including ¥ cholerae
and V. parahaemolyticus, are known to harbor AT-rich genomes
(http://www.ncbi.nlm.nih.gov/ genomes). The RSCU values of
the genes of the two previously mentioned Vibrio species
indicate that the majority of their synonymous codons harbor
either A or T at the third codon positions (data not shown),
similarly to KVP40 (see above). Miller ef al. (2003) reported
that the codon usage of V. cholerae differs from that of
KVP40 to a certain extent, although both harbor AT-rich
genomes. In order to visualize this more clearly, we conducted
correspondence analyses of the relative synonymous codon
usage of all the V. parahaemolyticus and KVP40 genes together.
We determined that the RSCU of KVP40 differs significantly
from that of V parahaemolyticus (data not shown).

To determine the factors influencing amino acid composi-
tion in KVP40, CA on relative amino acid usage of its 376
proteins had also been conducted. The data indicated that
the first and second major axes of CA accounted for 17.03%
and 10.46% of the total variations in the amino acid com-
position of KVP40 proteins, respectively. Further analysis
showed that the first axis was correlated significantly with the
GRAVY (r=0.274, p<0.01) and the mean molecular weight,
MMWs (r=-0.345, p<0.01), whereas the second major axis is
correlated significantly with aromaticity (r=0.492, p<0.01)
and cysteine content (r=0.470, p<0.01) of KVP40 proteins.
It was, in fact, determined that all of the charged amino
acid residues of KVP40 proteins were distributed along the
negative side of the first axis when the distributions of amino
acids produced by the correspondence were plotted along the
first major axis (Fig. 2). Similar correlations were also reported
for E. coli (Lobry and Gautier, 1994) and T" maritima proteins
(Zavala et al., 2002).

The observed negative correlation between the first major
axis and the MMWs appears to indicate that the KVP40
proteins located on the positive side of the first axis should
preferentially harbor amino acid residues with lower MMWs.
It was, indeed, determined that the first axis is correlated
positively with each of the Gly, Ala, Ser, Pro, Val, and Thr
residues (data not shown). Interestingly, cysteine residues,
although cysteine is a low molecular weight amino acid, is
absent in 84 of the KVP40 proteins. Aromatic amino acids
that require excess energy for their biosynthesis are also
rare in the KVP40 proteins. Smaller amino acid residues, which
require comparatively less energy for their biosynthesis, have
been shown to be prevalent in the highly expressed proteins
of G. lamblia and T maritima (Garat and Musto, 2000,
Zavala et al., 2002). By way of contrast, our analysis revealed
that smaller amino acid residues are frequently utilized by
both the putative highly-expressed and lowly-expressed
proteins of KVP40 (data not shown). Phages depend utterly
on their hosts for protein synthesis. Thus, the usage of
smaller amino acid residues at higher frequency in KVP40



Vol. 44, No. §

proteins may help this phage to economize the cost of its
development in a diverse array of hosts. Recently, we reported
that smaller amino acid residues are also incorporated prefer-
entially into both the putative highly- and lowly-expressed
proteins of P aeruginosa phage PhiKZ (Krylov et al., 2003;
Sau et al., 2005).
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