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in Aeromonas hydrophila phage Aehl: architecture of
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Background and Purpose: Codon and amino acid usage biases determined in numerous organisms have
deciphered the architectures of their protein-coding genes to some extent. To understand the architecture of
protein-coding genes of Aeromonas phages, codon and amino acid usage biases have been investigated in the
protein-coding genes of the Aeromonas hydrophila phage Aeh1.

Methods: In order to study synonymous codon and amino acid usage biases in Aeh1, all of its protein-coding
genes were downloaded and analyzed by standard software programs.

Results: Phage Aeh1 harbors an AT-rich genome. The third position of its synonymous codons carries mostly A or
T base and mutational pressure strongly influences the synonymous codon usage bias. Translational selection
also influences the codon usage of Aeh1 as its putatively lowly- and highly-expressed genes are influenced by
Aeh1-specific tRNAs and by the abundant cellular tRNAs, respectively. Further analysis of amino acid usage
shows that amino acid residues are also not randomly utilized in Aeh1 proteins and factors such as hydro-
pathy, aromaticity and cysteine content are mostly responsible for the variation of amino acid usage in Aeh1
proteins.

Conclusions: As Aeh1 does not carry any toxin/antibiotic resistant gene but carries moderately highly expressed
genes and relatively few Ahdl sites, this study proposes that Aeh1 may be utilized as a therapeutic agent for
A. hydrophila infections. While codon usage bias in Aeh1 is dictated both by mutational pressure and translational
selection, amino acid usage bias in Aeh1 is influenced by hydropathy, aromaticity and cysteine content. Phage
Aeh1 may be utilized in phage therapy.
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Studies on synonymous codon and amino acid usages
in living organisms revealed that they vary genome to
genome, gene to gene, and even among different parts
of a gene. While factors such as mutational pressure
[1-3], translational selection [4-9], secondary structure
of proteins [10-14] influence the codon usage in various
organisms, amino acid usage was shown to be governed
by hydrophobicity, aromaticity, cysteine content and
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mean molecular weight [15-20]. Apart from elucidating
the architecture and evolution of genes/genomes,
codon usage in particular has a number of practical
applications.

Synonymous codon and amino acid usage biases
had been studied only in a few genomes of bacterio-
phages, athough they have enriched different fields of
biological science[21]. It was reported that codon usage
patterns of some coliphages such as T4, T7, lamda (A),
N15, P2, and P4 do not exactly resemble that of their
host Escherichia coli [22-26]. Synonymous codon usage
of highly and lowly expressed genesin T4 were shown
to be influenced by the abundant host tRNAs and
own tRNAS, respectively, [25]. Codon usage in phage
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T7 was also suggested to be influenced mainly by
the abundant host tRNAs [22]. It was described that
codon usage in both T4 and T7 is influenced mainly
by mutational pressure [26]. In A, N15, P2, and P4
phages, synonymous codon usage patterns were found
nearly similar to that of the lowly expressed genes of
E. coli [23-26].

In contrast, codon usages of mycobacteriophages
and Staphylococcus aureus phages were found to
be almost identical to their respective bacterial hosts
[27-30]. It was shown that mutational pressure and
trandational selection mainly influence the codon usages
in phages of mycobacteriaand S. aureus[28-30]. While
tRNAs of mycobacteriophage Bxz1 were suggested
to regulate the expression of both its highly and lowly
expressed genes [28], tRNAS present in phages D29
and L5 were suggested to affect their amino acid usage
to some extent [27].

Based on codon usage analysis, it was proposed
that three S. aureus phages — 44AHJD, Phi 68 and
K — carrying mostly highly expressed genes, could
be utilized in phage therapy [30]. Recently, it was
shown that phage K indeed has potential to kill diverse
clinical strains of S. aureus [31]. In addition, it was
shown that in AT-rich Pseudomonas aeruginosa
phage PhiKZ, codon usage bias is dictated mainly
by mutational bias and, to an extent, by translational
selection. Analysis also revealed that amino acid usage
in PhiKZ proteinsis mainly dictated by mean molecular
weight, aromaticity and cysteine content [32].

Several phages, which infect different species
of Aeromonas have been described in the literature
[33-37]. Thus far, codon and amino acid usage biases
in Aeromonas phages have not been studied at length,
although such study may reveal the architecture of
protein-coding genes and also provide clues as to
whether a phage could be used as a therapeutic agent.
In this communication, Aeromonas hydrophila phage
Aehl[37] was selected asarepresentative phagein order
to study the synonymous codon and amino acid usage
biases in Aeromonas phages.

M ethods

The genome sequence of bacteriophage Aehl was
downloaded from GenBank (USA) and its 343 protein
coding sequences (carrying 50 or more codons) have
been extracted from the genome by the “coderet”
(available from: http://bioweb.pasteur.fr/seqanal/
interfaces/coderet.html) program. The relative
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synonymous codon usage (RSCU) in all protein
coding sequences was determined, in order to study
the overall codon usage variation among the genes.
RSCU is defined as the ratio of the observed fre-
quency of codonsto the expected frequency if all of the
synonymous codons for those amino acids are used
equally [38]. RSCU values greater than 1.0 indicate
that the corresponding codon is more frequently
used than expected, whereas the converse is true for
RSCU vaueslessthan 1.0. RSCU valuesin 24 putatively
highly expressed genes (e.g., genes encoding outer
membrane proteins and those involved in glycolysis, de-
toxification, etc.) of A. hydrophila were also determined
for comparison.

GC,,isthe frequency of guanine (G) plus cytosine
(C©)andA,, T,, G,, and C__ are the frequencies of
adenine (A), thymine (T), G and C at the synonymous
third positions of codons. N, the effective number of
codons used by agene, is generally used to measure the
bias of synonymous codons and isindependent of amino
acid composition and gene length [39]. The values of
N, range from 20 (when one codon is used per amino
acid) to 61 (when all the codons are used with equal
probability). Highly biased genes are generally highly
expressed [6] and as there is no information of gene
expression level of bacteriophages, the highly biased
genes as highly expressed in the Aehl phages were
considered in this study. Hence the sequences in which
the N_ values are less than 30 were considered to be
highly expressed and those having N _ values greater than
55 were considered to be lowly expressed genes.

The program CodonW 1.3 (available from: www.
molbiol.ox.ac.uk/cu) was used for calculating most of
the parameters, including correspondence analysis on
the RSCU and amino acid usage. In correspondence
analysis, the data are plotted in a multidimensional
space of 59 axes (excluding methionine, trpytophan
and stop codons) and then it determines the most
prominent axes contributing the codon usage variation
among the genes. In the present study, RSCU values
were used for correspondence analysis in order to
minimize the amino acid composition.

Results and Discussion

Overall codon usage analysis

The percent GC content in Aehlis42.57. Thisindicates
that the third position of the synonymous codons of Aehl
genes should be AT rich. The RSCU values determined
in al of the 343 protein coding genes of Aehl in fact
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Table 1. Overall codon usage analysis in Aeh1

Aeh1 Aeromonas hydrophila  tRNA copy
Amino acid Codon
Overall RSCU HEG RSCU LEG RSCU HEG RSCU Aeh1
Phenylalanine Uuu 0.94 0.65 1.07 0.41
uucC 1.06 1.35 0.93 1.59 1
Leucine UUA 0.52 0 0.85 0.03 1
UuG 1.36 0.16 1.07 0.37 1
Ccuu 1.04 0.23 1.28 0.19
Ccuc 0.54 0.31 0.67 1
CUA 0.58 0 0.85 0.04 1
CuG 1.95 5.3 1.28 4.36
Isoleucine AUU 1.39 0.67 1.42 0.33
AUC 1.38 2.33 1.09 2.35 1
AUA 0.23 0 0.49 0.31
Methionine AUG 1 1 1 1 2
Valine GUU 2 2.3 1.65 0.72
GUC 0.47 0.22 0.63 0.91
GUA 0.88 1.07 1.05 0.4
GUG 0.66 0.41 0.67 1.97 1
Serine ucu 1.45 2.91 1.14 0.54
uccC 0.77 0.94 0.67 2.22
UCA 0.86 0.38 1 0.11 1
UCG 0.57 0 0.62 0.62
AGU 1.26 0.75 1.38 0.23
AGC 1.08 1.03 1.19 2.28 1
Proline CCuU 1.01 0.69 1.04 0.3
CccC 0.3 0.14 0.49 1.19
CCA 1.25 0.83 1.38 0.2 1
CCG 1.44 2.34 1.09 2.31
Threonine ACU 1.59 1.8 117 0.56
ACC 0.95 2.08 0.85 2.93
ACA 1.02 0 1.26 0.13 1
ACG 0.44 0.11 0.73 0.38
Alanine GCU 1.45 2.53 1.1 0.81
GCC 0.58 0.69 0.65 2.13
GCA 1.22 0.56 1.39 0.3 1
GCG 0.75 0.21 0.86 0.77
Tyrosine UAU 1.33 0.78 1.3 0.59
UAC 0.67 1.22 0.7 1.41
Histidine CAU 1.08 0.8 112 0.49
CAC 0.92 1.2 0.88 1.51 1
Glutamine CAA 1.3 1.45 1.22 0.37 1
CAG 0.7 0.55 0.78 1.63
Asparagine AAU 0.96 0.48 1.11 0.33
AAC 1.04 1.52 0.89 1.67 1
Lysine AAA 1.2 1.14 1.12 0.55 1
AAG 0.8 0.86 0.88 1.45
Aspartic acid GAU 1.25 117 1.09 0.83
GAC 0.75 0.83 0.91 117 1
Glutamic acid GAA 1.42 1.77 1.36 0.76 2
GAG 0.58 0.23 0.64 1.24
Cysteine UGU 1.16 1.5 1.07 0.29
UGC 0.84 0.5 0.93 1.71 1

(Table continued on page 27)
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(Table continued from page 26)

Tryptophan UGG 1 1

Arginine CGU 2.21 4.21
CGC 1.34 1.43
CGA 0.95 0.18
CGG 0.3 0.09
AGA 1.05 0
AGG 0.14 0.09

Glycine GGU 1.77 2.71
GGC 1.06 1.13
GGA 1 0.12
GGG 0.18 0.04

1 1 1

1.63 1.7

0.75 2.64

1.54 0.13

0.62 1.28

1.06 0.1

0.4 0.14

1.41 1.45

1.21 2.01

1.15 0.1 1
0.23 0.45

Abbreviations: RSCU = relative synonymous codon usage ; HEG = Aeh1 putatively highly expressed genes (effective number of
codons [N ] <34); LEG = Aeh1 putatively lowly expressed genes (N, >55)

show that A- and/or T-ending codons are predominant
in this phage (Table 1). As analysis of overall RSCU
alone is not sufficient to reveal the heterogeneity of
codon usage in Aehl genes, N_and GC, were also
determined.

It was observed that in Aehl, N_ values range
from 27.71 to 61.0 with a mean of 48.65 and standard
deviation (SD) of 7.07, whereas, GC,_ ranges from
0.256 to 0.586 with a mean of 0.403 and SD of 0.058.
Taken together, the results suggest that apart from
the mutational bias, other factors might have some
influence in the codon usage variation among Aehl
genes.

Mutational bias versustranslational selection in

codon usage variation

In order to determine the determinants of codon usage
variations in different organisms, N_ plots (a plot of
N, vs GC,) and correspondence analysis were used
widely. It was suggested that the comparison of actual
distribution of genes with the expected distribution
under no selection might be used if some influences
other than mutational bias dictate the codon usage
bias in the sequences under study [39]. It was also
suggested that if GC,  was the only determinant of N,
then N_ would fall on the continuous curve between N_
and GC,..

The N_ plot for the 343 genes of phage Aehl
shows that a small number of points lie on the expec-
ted curve (Fig. 1), which certainly originates from
extreme mutational bias. In contrast, most points with
low N_ vaues lie well below the expected curve (Fig.
1), which suggests that these Aehl phage genes have
an additional codon usage bias which is independent
of GC,..
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Correspondence analysis on the RSCU values of
the 343 protein-coding genes of Aehl phage was
done in order to determine the factors influencing the
codon usage biasin Aehl. Fig. 2 shows the distribution
of Aehl genes on the first two major axes of the
correspondence analysis. It is evident from the plot
that there is wide variation in codon usage among the
genes of Aehl. However, the first mgjor axis accounted
for 12.98% of the total variation and the second major
axis accounted for 5.20% of the total variation. The
position of the genes along the first major axisis
negatively correlated with the A (r = -0.667, p<0.01)
and positively correlated with T__ (r = 0.209, p<0.01)
and C__ (r = 0.621, p<0.01). Interestingly, first major
axis does not correlate with G,_. Also, the position of
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Fig. 1. Plot of effective number of codons (N ) and guanine
(G) plus cytosine (C) frequency at the synonymom third
position of codons (GC, ) of phage Aeh1 genes (genes are
represented by circles).
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Fig. 2. Positions of Aeh1 genes along the two major axes of variation in the correspondence analysis of relative synonymous

codon usage values.

the genes along the second major axis is significantly
correlated with C,_ (r = -0.172, p<0.01) and G, (r =
0.125, p<0.05).

As the above results did not clearly demonstrate
how A-, T-, G- and C-ending codons are distributed along
the first magjor axis, codon usage in 10% of the genes
located at the extreme right of axis 1 has been compared
with that of the 10% of the geneslocated at the extreme
left of theaxis 1. Chi-squared tests were used to estimate
the codon usage variation between these two sets of
genes, taking p<0.01 as significance criterion.

Table 2 shows RSCU values for each codon for
the two groups of genes. It is important to note that
out of 18 codons that are statistically over-represented
in genes located on the extreme left side of axis 1,
there are 10 C-ending (55.55%), 5 T-ending (27.75%),
2 G-ending (11.1%) and 1 A-ending (5.55%) codon(s).
The datain fact support the results of the N_ plot and
clearly show that, in addition to mutational pres-
sure, other factors have some influence in the codon
usage variation among Aehl genes. Interestingly,
synonymous codon usages bias in another Aeromonas
phage 44RR was also found to be influenced by mu-
tational pressure [data not shown]. Mutational pressure
was found to play akey rolein shaping the codon usage
variations in many bacterial and non-bacterial viruses
[26,28-30,32,40].

28

Most bacteriophages do not carry any tRNA
encoding gene and depend completely on host tRNAs
for their gene expression. However, some phages,
such as T4, BxZ1 and PhiKZ, carry some tRNA
encoding genes and analyses showed that the phage-
specific tRNAs influence the expression of either their
lowly- or both the lowly- and the highly-expressed
genes of phages [25,28,32]. Phage Aehl also harbors
23 tRNA encoding genes within its genome. These
tRNAS, if expressed, may incorporate all the amino
acids except arginine and tyrosine. As shown in Table
1, in-depth analysis showed that there are 36 over-
represented codons in lowly expressed genes of Aehl
in comparison with its highly expressed genes. Of
36 over-represented codons, 23 are recognized by
the anticodons of Aehl-specific tRNASs. Thisindicates
that nearly 64% of over-represented codons of lowly
expressed genesare recogni zed by Aehl-specifictRNAS.
In contrast, only 48% of over-represented codons of
highly expressed genes of Aehl are recognized by its
own tRNAs. Thus, the data suggest that Aehl-specific
tRNAS preferentially recognize the codons of lowly
expressed genes of Aehl. Function exactly similar to
that of phage Aehl-specific tRNASs has been reported
before [25].

The cellular tRNA abundance is positively
correlated with over-represented codons of the highly
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Table 2. Relative synonymous codon usage (RSCU) values for each codon for the two groups of genes in phage Aeh1. Each
group contains 10% of sequences at either extreme of the major axis generated by correspondence analysis

Amino acid Codon RSCUP NP RSCU® Ne Amino acid Codon RSCUP NP RSCUS N¢
Phenylalanine Uuu 0.63 74 1.07 144 Serine ucue 2.49 118 1.17 92
uuca 1.37 161 0.93 124 uceca 1.12 53 0.62 49
Leucine UUA 0.00 0 1.48 112 UCA 0.30 14 1.37 108
uuG 0.40 24 1.56 118 UcG 0.08 4 0.75 59
Cuu 0.34 20 1.04 79 Proline Cccu 0.94 31 1.20 77

cucC 0.35 21 0.22 17
CUA 0.02 1 0.99 75
CuG? 4.89 290 0.70 53
Isoleucine AUU 0.92 96 1.45 211
AUC? 2.07 217 0.92 134
AUA 0.01 1 0.64 93
Methionine AUG 1.00 182 1.00 168
Valine GUU 214 245 1.96 222
GUC 0.35 40 042 48
GUA 0.88 101 1.05 119
GUG 0.62 71 0.57 65

Tyrosine UAU 0.98 78 147 217
UAC? 1.02 82 0.53 79
Tryptophan UGG 1.00 51 1.00 118
Histidine CAU 0.76 35 1.28 62
CAC? 1.24 57 0.72 35
Glutamine CAA2 1.41 173 1.15 127
CAG 0.59 73 0.85 93
Asparagine AAU 0.60 68 119 230
AAC? 140 158 0.81 157
Lysine AAA 1.14 259 1.26 257
AAG 0.86 196 0.74 150
Aspartic acid GAU 114 171 129 219
GAC 0.86 129 0.71 120
Glutamic acid GAA 151 321 1.36 221

GAG 0.49 104 0.64 103

CCC 0.24 8 041 26
CCA 0.36 12 1.39 89
CCGa 245 81 1.00 64
Threonine ACU?2 202 150 1.21 143
ACC? 1.80 134 047 55
ACA 0.12 9 166 195
ACG 0.05 4 0.66 78
Alanine GCus 203 253 113 130
GCC? 0.78 97 045 52
GCA 0.84 105 149 172
GCG 0.35 43 093 107
Cysteine uGu 1.00 25 135 50
UGC 1.00 25 0.65 24

Arginine cGu? 3857 151 0.80 36
CGC*  2.06 87 0.44 20
CGA 0.28 12 133 60
CGG 0.05 2 024 11

Serine AGU 0.85 40 1.26 99
AGC 1.16 55 0.84 66
Arginine AGA 0.05 2 275 124
AGG 0.00 0 044 20
Glycine GGu? 242 212 132 157

GGC? 1.30 114 0.70 83
GGA 0.18 16 1.71 203
GGG 0.09 8 027 32

Abbreviation: N = number of codons

2Codons whose occurrences are significantly (p<0.01) higher in the extreme left side of axis 1 than the genes present on the extreme

right of the first major axis.
bGenes on the extreme left of axis 1.
°Genes on the extreme right of axis 1.

expressed genes in several organisms [4,22,23,41-44].
In coliphage T4, synonymous codon usage of the highly
expressed genes was also shown to be influenced by
the abundant cellular tRNAs [25]. This may also be
truefor the highly expressed genes of Aehl. Asthe status
of tRNA copy number is not known in A. hydrophila
at present, the RSCU values of the putatively highly
expressed genes of A. hydrophila were determined and
the resulting data compared with that of highly expressed
genes of Aehl (Table 1). Of 18 over-represented codons
of highly expressed genes of Aehl, 8 codons are also
over-represented in the highly expressed genes of
A. hydrophila. In addition, codons CGU, CGC, GGU,
GGC, GCU, and GCC are also abundant in the highly

© 2007 Journal of Microbiology, Immunology and Infection

expressed genes of both Aehl and itshost A. hydrophila.
The data indeed suggest that abundant tRNAs of
A. hydrophila influence the synonymous codon usage
of the highly expressed genes of Aehl. It isinteresting
to note that the translational selection also influences
the codon usage bias of Aeromonas salmonicidia phage
44RR to some extent.

Amino acid usage

Correspondence analysis on the relative amino acid
usage of the 343 proteins showed that thefirst and second
major axes of correspondence analysis accounted for
20.46% and 9.89% of the total variation of the amino
acid composition of Aehl proteins, respectively. Further
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Fig. 3. Correlation between grand average hydropathy
(GRAVY) scores of amino acid residue vs the axis 1 values
of correspondence analysis. Single letter codes (A = alanine;
C = cysteine; D = aspartic acid; E = glutamic acid; F =
phenylalanine; G = glycine; H = histidine; | = isoleucine;
K = lysine; L = leucine; M = methionine; N = asparagine; P =
proline; Q = glutamine; R = arginine; S = serine; T = threonine;
V = valine; W = tryptophan; Y = tyrosine) are used to show
the positions of 20 amino acid residues (amino acid residues
are represented by black dots).

analysis revealed that first major axis is negatively
correlated with grand average hydropathy (GRAVY)
[r=-0.313, p<0.01] of each Aehl protein. GRAVY or
hydropathy denoting the measure of hydrophobic
character present inan amino acid isused during analysis
of the structure of a polypeptide or protein sequence.
However, a plot of the GRAVY score of each amino

0.6

0.4

Axis 2

0 0.05 0.1 0.15 0.2 0.25
Aromaticity

Fig. 4. Correlation between the aromaticity of Aeh1 proteins
and axis 2 values of correspondence analysis. Aeh1 proteins
are represented by circles.

30

Axis 2

T 1
0.05 0.1

Cysteine

Fig. 5. Correlation between cysteine content of Aeh1 proteins
and axis 2 values of correspondence analysis. Aeh1 proteins
are represented by circles.

acid residue vs the first major axis shows that charged
residues such as lysine, arginine, histidine, aspartic
acid and glutamic acid are located on the positive
side of the first axis (Fig. 3). In contrast, the second
major axis is significantly correlated (r = —0.517,
p<0.01) with aromaticity of each Aehl protein (Fig. 4).
Amino acid frequency analysis shows that all of the
aromatic amino acids are rare in Aehl proteins (data
not shown). Aromatic amino acids were also rare in
E. coli, Thermogota maritama, Giardia lamblia and
phage PhiKZ proteins, and it was suggested that these
amino acids are not incorporated preferentially in
proteins astheir biosynthesisis energetically expensive
for organisms [16-18,32].

Further analysis has shown that the second major
axisisaso significantly correlated (r =—0.500, p<0.01)
with the cystine content of Aehl proteins (Fig. 5).
Interestingly, among the 343 Aehl proteins, 63 proteins
do not carry any cystine residue, whereas 9 proteins
which are located at the extreme right sidein Fig. 5 are
found to harbor more than 5% cystine residues. It would
be interesting to explore the contribution of these 9
cystine-rich proteins towards temporal gene regulation
aswell asthe development of Aehl inits host. It was
noticed that amino acid usage bias of Aeromonas phage
44RR isaso influenced by the above three factors [data
not shown).

Therapeutic potential of Aehl

A. hydrophila causes several diseases in fish, amp-
hibians, reptiles and humans and present antibiotic
therapy could not eliminate it completely from earth
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[45]. Severa reports showed that lytic phages could be
utilized successfully to cure diverse bacteria infections
[46-48]. No phage capable of restricting the diseases
caused by A. hydrophila has been reported so far. As
described above, lowly expressed genes of Aehl are
expressed preferentially by its own tRNASs, whereas
its highly expressed genes are expressed preferentially
by the abundant host tRNAs. Furthermore, from
correspondence and related analysis on RSCU values
of Aehl genes, it is found that N_ is significantly
correlated (r=-0.616, p<0.01 ) with the position of Aehl
genes distributed along the first major axis. Together,
these data suggest that genes of Aehl phage may be
expressed rapidly by the translational machinery of A.
hydrophila. If thisis true, then phage Aehl must be
substantially virulent in nature. Analysis also revealed
that Aehl does not carry any toxin-encoding/antibiotic
resistance genes and harbors only 3 recognition sites
for the restriction endonuclease, Ahdl. Moreover, it
resembl es the T-even phages both morphologically and
genomically [37]. Several groups showed that phage T4
and T4-like phages such as J$4, JSD.1, JSL..6, JS94.1,
€11/2 and pp01 could be utilized to kill pathogenic
E. coli strains which cause several human diseases
such as diarrhea, hemorrhagic colitis and hemolytic-
uremic syndrome. [49-51]. In addition to T4-like phages,
several other phages of the Myoviridae family, such as
K, ENB6, PPpW-1 and PPpW-3, were also shown to
efficiently kill the pathogenic strains of S. aureus[31],
Enterococcus faecium [52], and Pseudomonas
plecoglossicida [53], respectively. Incidentally, it was
shown by codon usage analysis that phage T4 mostly
harbors highly expressed genes [25,30]. Based on these
findings, this study suggests that Aehl1 might be utilized
in curing A. hydrophila infections if it were to pass
clinical and pharmaceutical development steps
successfully.
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