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Abstract

Synonymous codon usage patterns of bacteriophage and host genomes were compared. Two indexes,

G + C base composition of a gene (fgc) and fraction of translationally optimal codons of the gene (fop),

were used in the comparison. Synonymous codon usage data of all the coding sequences on a genome are

represented as a cloud of points in the plane of fop vs. fgc. The Escherichia coli coding sequences appear

to exhibit two phases, "rising" and "flat" phases. Genes that are essential for survival and are thought to

be native are located in the flat phase, while foreign-type genes from prophages and transposons are found

in the rising phase with a slope of nearly unity in the fgc vs. fop plot. Synonymous codon distribution

patterns of genes from temperate phages P4, P2, N15 and lambda are similar to the pattern of E. coli

rising phase genes. In contrast, genes from the virulent phage T7 or T4, for which a phage-encoded DNA

polymerase is identified, fall in a linear curve with a slope of nearly zero in the fop vs. fgc plane. These

results may suggest that the G + C contents for T7, T4 and E. coli flat phase genes are subject to the

directional mutation pressure and are determined by the DNA polymerase used in the replication. There

is significant variation in the fop values of the phage genes, suggesting an adjustment to gene expression

level. Similar analyses of codon distribution patterns were carried out for Haemophilus influenzae, Bacillus

subtilis, Mycobacterium tuberculosis and their phages with complete genomic sequences available.

Key words: codon usage; bacteria; bacteriophages; optimal codons; DNA polymerase

1. Introduction strength of codon-anticodon pairings,9'10 and the direc-

tional mutation pressure11"15 (i.e., the genomic G + C

The accumulation of DNA sequence data on diverse or- base compositional bias). In contrast, codon usage pat-

ganisms has made it clear that synonymous codon pref- t e r n s of bacteriophage genes, however, are not fully char-

erence patterns of genes in a single unicellular organ- acterized. For instance, Ikemura16 wrote "Foreign-type

ism are actually similar to one another irrespective of genes such as those of transposons, plasmids, and viruses

the biological function of the genes, even though the de- often have quite different codon usage patterns than

grees of preferences are associated with amounts of pro- those of host organisms, and thus the above deductions

tein produced from the genes.1"3 Certain codons that are a r e not necessarily applicable to them."

thought to be translationally optimal (optimal codons) Codon usage data are often used to predict genes

are strongly preferred in genes expressed at high levels, originated from another genome by horizontal gene

while in lowly expressed genes synonymous codon usage transfer.17"20 Using a mathematical technique of

is more uniform.4"6 The codon usage patterns of uni- multi-variable analysis FCA (Factorial Correspondence

cellular organisms, such as Escherichia coli and Saccha- Analysis), a two-dimensional graphical presentation of

romyces cerevisiae, have extensively been studied, and it codon usage data has been devised to systematically pre-

is now widely accepted that the synonymous codon pref- diet genes that are laterally transferred among the more

erences of genes in a unicellular organism are affected by than thousand coding sequences obtained by a genome

the cellular amount of isoacceptor tRNA species,7'8 the sequencing project.17-18
 E. coli genes, for instance, were
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Table 1. Host-phage genomes which are both completely sequenced.

Host Phage
Genomic

G + C (%)
Genome
Size (bp)

Database
Accession No.

Phage DNA
polymerase

E. coli
P4
P2

N15
A

T7
T4

temperate
temperate
temperate
temperate
virulent
virulent

50.8
49.5
50.2
51.2
49.9
48.4
35.3

4638858

11624

33593

46375

48502

39937

168899

U00096
X51522

AF063097
AF064539

J02459
V01146

T4

no
no
no
no

Gp 5
Gp43

H.

B.

M.

influenzae

subtilis

tuberculosis

HP1

SP/?c2
PZA
SPP1

L5
D29

temperate

temperate
virulent
virulent

temperate
virulent

38.2
40.0

43.5
34.6
39.7
43.7

65.6
62.3
63.5

1830135
32355

4214814
134416
19366
44007

4411529

52297

49136

L42023

U24159

AL009126

AF020713

M11813

X97918

AF123456

Z18946

AF022214

no

YorL

Gp 2

no

Gp44

Gp44

metabolism, gene regulation and DNA metabolism),
while class II included genes that are constitutively ex-
pressed at a high level such as genes coding for ribosomal
proteins. In contrast, lambda phage genes fell into either
class I or the other class III. Based on this type of analy-
sis, genes coding for some of the E. coli outer membrane
proteins have been suggested to originate from a genome
other than the genome coding for the major part of the
cell.18 Subsequently, the fraction of optimal codons for
E. coli genes was shown to well correlate with position
of the first axis in the graphical presentation and that
the second axis correlates with the G + C content at the
third codon position.

21
'
22

In this paper we address how synonymous codon usage
patterns of bactriophages infecting E. coli are different
than that of their host E. coli genome and then inquire
why a difference exists. For this analysis we use two in-
dexes, the fraction of optimal codons of a gene (fop) and
its G + C content (fgc), that explicitly reflect the con-
straints from tRNA and from the directional mutation
pressure, respectively. It will be shown that there is a
marked difference of codon usage patterns between col-
iphages, depending on the presence or absence of phage-
encoded DNA polymerase.

2. Materials and Methods

2.1. Sequence data

The data used in this work consist of the ge-
nomic sequences compiled at the World Wide Web site
http://www.ncbi.nlm.nih.gov. The present analysis fo-
cuses on the codon distribution patterns of bacterio-
phage and its host genomes that are both completely
sequenced. The used data of phage-host systems are

summarized in Table 1, in which phage type (temperate
or virulent), genomic G + C content (%), genome size
(bp), GenBank/EMBL/DDBJ accession number for se-
quence data, and presence or absence of phage-encoded
DNA polymerase are listed. The complete nucleotide se-
quence data of phage T4 is available from the FTP site
ftp://ncbi.nlm.nih.gov/repository/t4phage. It is thus
possible to make a comparative analysis of distantly re-
lated host bacteria and their phages; E. coli and Haem-
philus influenzae are classified into Gram-negative bac-
teria, and Bacillus subtilis and Mycobacterium tuberculo-
sis are Gram-positive bacteria with low G + C and high
G + C genomic content, respectively.

2.2. Analysis

In the present analysis we used two indexes for the
codon usage patterns; the G + C content of a gene (%)
and the fraction of optimal codons used in the gene.
The latter is a species-specific measure of bias towards
those particular codons that are translationally optimal.
Ikemura5'7 has identified optimal codons for E. coli, tak-
ing account of codon usage data and cellular amounts
of isoacceptor tRNA species. The value of fop thus cal-
culated is known to well correlate with the level of gene
expression, or more precisely, the cellular amount of gene
products.4"7 These two indexes were calculated for each
of the coding sequences which were extracted from the
complete genomic sequences. Throughout this work, the
G + C content, fgc, was plotted against the fraction of
optimal codons, fop. Thus, the coding sequences are
graphically presented as a cloud of points in the codon
distribution space (fgc vs. fop).
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Figure 1. A graphical presentation of synonymous codon usage data for E. coli and its phage genomes. The rising and flat phases are
indicated with ellipses, a) E. coli protein-coding sequences, b) locations of genes coding for E. coli ribosomal proteins are shown by
triangles, c) E. coli and phage P4 (triangles), d) E. coli and phage P2 (triangles), e) E. coli and phage N15 (triangles), f) E. coli
and phage lambda (triangles), g) E. coli and phage T7 (triangles), h) E. coli and phage T4 (triangles).

3. Results and Discussion

3.1. Two phases of codon distribution pattern in E. c

A graphical presentation of codon usage for E. coli cc

ing sequences23 are shown in Fig. la, in which a to

of 4290 protein-encoding genes or open reading frarr

are represented as a cloud. Here the fraction of op

mal codons was calculated for each of the 4290 codi

sequences on the basis of a set of E. coli optimal codoi

which was taken from Ikemura.7 In Table 2 codon i

age data of gene tufA encoding an elongation factor ;

listed, and the optimal codons are indicated with ash

isks. It can be reconfirmed that the optimal codons i

almost exclusively used in this highly expressed geni

The G + C content of each coding sequence was plott

against the fraction of optimal codons in Fig. 1. Tne

distribution of the G + C content for E. coli coding se-

quences is asymmetric; there is a peak centered around

the genomic G + C content of 50.8% and a tail popula-

tion with lower G + C contents, while no tail population

with G + C contents higher than the genomic G + C one

cannot be observed. By contrast, the fraction of optimal

codons is distributed more symmetrically. The codon

distribution pattern of E. coli coding sequences appears

to reveal two phases, "rising" and "flat" phases, in the

plot of fgc vs. fop. In the rising phase the G + C content

of a gene increases as its fraction of optimal codons in-

creases, and the slope is approximated by unity. In the

flat phase, the G + C content is essentially the same as

the genomic one and is almost invariant as the fraction

of optimal codons increases from 0.35 to 0.8. The two

phases overlap with each other around fop = 0.4 and

fgc = 50%. Genes coding for ribosomal proteins, which

are known to be present in large cellular amounts, are lo-

cated at the right edge of the flat phase (see Fig. lb).

fgc: fgC 30

H. influenzae

y'&
• • . < • • . . .

* . * . / 1

and

* *

•

HPl

' * ' ' • . .

•&• •

0 0 01 0 2 03 04 05 06 0 7 08

fop

Figure 2. Synonymous codon usage patterns in H. influenzae
and its HP1 phage.

Almost all genes involved in intermediary metabolism

present smaller values of fop and are found in the left

side of the flat phase, at which the rising and flat phases

overlap with each other. The partition of E. coli coding

sequences into the two groups is supported by the dis-

tribution patterns of genes from prophages such as P4,24

P2,25 N15,26 lambda;27 these phage genes are located ex-

clusively in the rising phase (Fig. lc to If). Genes from

other non-tailed phages with a smaller genome size, such

as fd28 and </>X174,29 are also found in the rising phase

(data not shown for a small number of coding sequences).
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Table 2. Codon occurences in the tufA genes. Putative species-specific optimal codons are indicated by asterisks.

Phe

Leu

He

Met

Val

Tyr

Term

His

Gin

Asn

Lys

Asp

Glu

UUU

uuc
UUA

UUG

CUU

cue
CUA

CUG

AUU

AUC

AUA

AUG

GUU

GUC

GUA

GUG

UAU

UAC

UAA

UAG

CAU

CAC

CAA

CAG

AAU

AAC

AAA

AAG

GAU

GAC

GAA

GAG

Ec

1

13*

0

0

1

0

0

27*

3

26*

0

10

24*

0

10*

4*

2

8*

1

0

1

10

0

8*

0

7*

18*

5

4

20

30*

7

Hi

2

11*

21*

0

5

0

1

0

7

23*

0

11

8*

2

20*

5*

3

7*

1

0

1

12

10*

0

1

8*

18*

1

13

12

33*

2

Bs

0

13*

2

0

20*

0

1

0

6

19*

0

14

24*

1

13*

0

2

9*

1

0

5

7

7*

1

1

8*

19*

3

10

15

32*

10

Mt

0

13*

0

2

0

5

0

19*

3

19*

0

10

7

21*

1

18*

0

7*

0

1

0

11*

1

13*

0

14*

1

20*

1

26*

6

27*

Ser

Pro

Thr

Ala

Cys

Term
Trp

Arg

Ser

Arg

Gly

UCU

UCC

UCA

UCG

ecu
CCC

CCA

CCG

ACU

ACC

ACA

ACG

GCU

GCC

GCA

GCG

UGU

UGC

UGA

UGG

CGU

CGC

CGA

CGG

AGU

AGC

AGA

AGG

GGU

GGC

GGA

GGG

Ec

7

3

0

0

0

0

1

19*

13*

16*

1

0

13*

1

5*

8*

1

2

0

1

21*

2*

0

0

0

0

0

0

19*

21*

0

1

Hi

2

0

7

0

1

0

15*

4

12*

3

17*

1

1

1

16*

10*

1

1

0

1

21*

2*

1

0

0

1

0

0

32*

6*

1

0

Bs

11*

1

3

0

3

0

14*

0

20*

0

13*

0

20*

2

2*

3*

0

2

0

1

14*

6*

0

0

0

2

0

0

23*

5*

9*

0

Mt

1

1

0

4

1

8*

1

10*

0

32*

1

3

2

12*

3

14*

0

0

0

1

6

12*

0

6

0

0

0

0

11*

19*

2

1

Ec, Escherichia coli; Hi, Heamophilus influenzae; Bs, Bacillus subtilis; Mt, Mycobacterium tuberculosis

3.2. Codon distribution patterns for phages harboring

their own DNA polymerase

As described above, codon usage patterns of temper-

ate phage genes are similar to that of the E. coli rising

phase genes. In contrast, genes from virulent phages,

such as T730 and T4,31 reveal distribution patterns that

are markedly different than that of E. coli genes or those

of the temperate phage genes, as demonstrated in Fig. lg

and lh; T4 and T7 phages both represent a linear curve

with a slope of nearly zero in the plot of fop vs. fgc. It

is to be noted here that the temperate phages P4, P2,

N15, lambda, fd, and 0X174 all utilize the host cell DNA

polymerase in their replication and do not harbor their

own DNA polymerase, while virulent phages T4 and T7

encode their own polymerase in the genomes. The ge-

nomic G + C content would be determined by net er-

rors in replication process towards G or C and, therefore,

would be influenced by the properties of DNA polymerase

and proofreading machinery used. It may, thus, be stated

that genes of T4 or T7 phage present a linear curve in

the fop vs. fgc plot with a fgc value characteristic to T4

and T7 DNA polymerase, respectively. In practice, ow-

ing to the constraints from tRNA and an adjustment to

gene expression level, the slope of the linear curve would

be increased somewhat. A typical example is recognized

in a T4 gene coding for the major head protein gp 23.

This gene shows the highest value for fop (0.65), being

consistent with the high protein copy number, approxi-

mately 1000, per phage particle. Accordingly, the G + C

content 45% of gene 23 is nearly equal to the E. coli ge-

nomic G + C content 50% and is significantly larger than

the T4 genomic value of 35%. It has already been argued

that synonymous codons preferentially used in gene 23

are those codons that are preferentially used in E. coli

highly expressed genes.32
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0 0 1 0 2 0.3 04 0 5 0.6 0 7 0 8 0 9

fop

0 0.1 0 2 0 3 0 4 0 5 0 6 0.7 0 8 0 9

fop

0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9
fop

Figure 3. Synonymous codon usage patterns in B. subtilis and
its phages. a) SPP1 phage. b) PZA phage. c) SP (c2 phage).

5.5. Codon distribution patterns of other host-phage

genomes

In the case of E. coli a set of optimal codons was identi-

fied on the basis of codon usage data and the availability

of tRNA species.5'7 It can be seen in Table 2 that optimal

codons thus identified tend to be used almost exclusively

in the highly expressed gene tufA. The degree of codon

biases has been proved to be proportional to the level of

gene expression.4 7 Based on these observations, we have

deduced sets of optimal codons for H. influenzae, B. sub-

tilis, and M. tuberculosis from the codon usage data of

the highly expressed gene tufA. The optimal codons thus

deduced are indicated with asterisks in Table 2. These

putative optimal codons vary depending on the bacterial

genome. Under the assumption of these sets of optimal

codons, we have carried out similar analyses of codon dis-

tribution patterns for H. influenzae, B. subtilis, and M.

tuberculosis (Figs. 2 to 4).

The distribution of the G + C content of a

Gram-negative proteobacterium H. influenzae coding

sequences34 is more symmetric than that of E. coli genes;

there is no tail populations with considerably higher or

lower G + C contents than the genomic G + C content,

38.0% (Fig. 2) and the distribution of fop (range from

0.2 to 0.8) is similar to E. coli. The codon distribution

pattern of genes from phage HP I35
 is similar to that of

its host genes. As expected from the discussion given

above, no phage-encoded DNA polymerase is identified

in the HP1 genomic sequence.

As in E. coli, the distribution of fgc for coding se-

quences from a low G + C Gram-positive bacterium B.

subtilis
36 appears to be asymmetric with a tail popula-

tion of lower G + C contents than the genomic one of 44%

(Fig. 3). Although the distribution of fop ranges from

0.2 to 0.8 as in E. coli, suggesting an adjustment to gene

expression level,37 the shape of the cloud in codon distri-

bution pattern is more round than that of E. coli. The

codon distribution pattern of genes from SPP1 phage,39

for which no phage-encoded DNA polymerase has been

identified, is indistinguishable from the bulk of its host

genes (Fig. 3a). In contrast, genes from phage PZA40

or, more clearly, those from SP/3c241 reveal a linear re-

lationship between fop and fgc, which is characteristic to

phage genomes that encode their own DNA polymerase

(Figs. 3b and 3c).

The codon usage pattern of M. tuberculosis'
12 is shown

in Fig. 4, together with those of its phages L543 and

D29.44 This slowly growing bacterium is a member of

the high G + C Gram-positive bacteria, with a genomic

G + C content around 65%. Although the genome size

of M. tuberculosis is nearly same as that of E. coli or B.

subtilis and the total number of inferred coding sequences

is roughly the same, the codon distribution pattern is

confined in a smaller region. The two phases are not rec-

ognized in this slowly growing bacterium. There is sig-

nificant variation in the value of fop, i.e. 0.4 to 0.8, sug-

gesting an association with gene expression level.45 Genes

from mycobacterial phages L5 or D29 show a linear rela-

tionship between fop and fgc, but in this case their codon

usage patterns are similar to that of their host genome.

Thus, it is possible to consider that the phage DNA poly-

merases originated from the bacterial host polymerase.

A recent phylogenetic study of virus DNA polymerase

suggests that L5 DNA polymerase is classified into the
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fgc
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70

60
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10

0

M. tuberculosis and

0 1 0 2 0 3 0 4

fop

D29

*

0.5 0.6 0 7 0.8 0.9

Figure 4. Synonymous codon usage patterns in M. tuberculosis
and its mycobacteriophages. a) phage L5. b) phage D29.

bacterial Family A, while T4 DNA polymerase is included

in another Family B.
46 However, the similarity of amino

acid sequence of L5 DNA polymerase to that of M. tu-

berculosis is not so high as to evidently indicate the evo-

lutionary transfer of DNA polymerase gene.

In conclusion, the present comparative analyses sug-

gests that codon distribution patterns of bacteriophage

genomes are similar to those of their host genomes, if the

phage genomes do not encode their own DNA polymerase

and that bacteriophages harboring their own DNA poly-

mease show codon usage patterns characteristic to the

DNA polymerase utilized in their replication.
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