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Intra-strand biases in bacteriophage T4 genome
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Abstract

In bacteriophage T4, a major portion of DNA replication is initiated at random along the map, although several proven and
putative origins have been described for early replication. In order to analyze the contribution of transcription and translation as
well as DNA replication to intra-strand bias from A=T and G=C, we examined the pattern of the intra-strand biases in the first,
second, and third codon positions of the coding regions as well as the intergenic regions of the T4 genome. We found, along the
map, characteristic biases both from A=T and G=C for each codon position and the intergenic regions. The bias patterns were
closely associated with the location of the sense and anti-sense segments in the genome. The results suggest that: (1) transcription-
associated mutation is likely a significant cause of the bias, which is suggested by the pattern of the AT bias (bias from A=T ) in
the third codon position; (2) DNA replication coupled bias may also exist, which is suggested by the pattern of the GC bias (bias
from G=C ) in the third codon position and the intergenic regions; and (3) the bias patterns of the first and second codon
positions of the sense segments are consistent with universal properties of the coding sequence that G is in excess and T is deficient
in the first codon position, and G is deficient in the second codon position. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction synthesis, and the late genes that are active during the
late phase of infection are for the structural proteins

Bacteriophage T4 is a virulent DNA phage that grows and their assemblies (see Kutter et al., 1994). The early
in Escherichia coli. The genome consists of about 169 kb and late genes are clustered along the map. In addition,
(see Kutter et al., 1994) and the complete genome the early genes are transcribed counterclockwise using
sequence is available at an ncbi ftp site. The packaged the early and middle promoters, whereas the late genes
DNA molecules are linear duplex. However, their ends are transcribed clockwise using the late promoters (see
are permuted over the circular map with terminal redun- Kutter et al., 1994).
dancies of approximately 3% (Streisinger, 1966). The In bacteria, the intra-strand biases from A=T and
mode of replication of the phage DNA is unique in G=C [Parity Rule 2 (PR2) (Lobry, 1995; Sueoka, 1995,
that: (a) there is a multiple number of origins of DNA 1999a)] are clearly seen as coupled with DNA replication
replication; (b) the origins are used only for the first (Lobry, 1996a,b; Lobry and Sueoka, 1999). The varied
round of replication (origin-dependent); and (c) the degrees and nature of the biases have been observed
majority of replication is initiated from recombinational that are associated with DNA replication due to asym-
intermediates presumably at any place in the genome metric directional mutation pressure in leading and
(origin-independent, recombination-dependent) (see lagging strands (Mclean et al., 1998; Lobry and Sueoka,
Kreuzer and Morrical, 1994; Mosig, 1998). The T4 1999). In bacteriophage T4, since the bulk of DNA
genes can be classified into two functional groups. The replication does not initiate from fixed origins, the
early genes that are active during the early phase of contribution of DNA replication in intra-strand bias
infection are mostly for T4 DNA replication and mRNA may be small, and instead we may be able to detect

biases associated with transcription or translation. We
have therefore analyzed the intra-strand bias pattern in* Corresponding author. Tel.: +1-303-492-8451;
the first, second, and third codon positions of the codingfax: +1-303-492-7799.
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strand. The bias patterns thus obtained were analyzed There are several distinct reflection points where the
bias pattern changes such that the pattern is symmetricalin relation to the origins of DNA replication and the

direction of transcription. at both sides of the reflection points. In the first as well
as second codon positions, both A/T and G/C pairs
show this bias pattern, whereas in the third codon
position only the A/T pair shows this pattern. Based on2. Materials and methods
the bias pattern, the genome can be divided into six
segments of DNA (160–78, 78–107, 107–116, 116–123,Completely sequenced and annotated T4 genome was

retrieved from an ncbi ftp site (ftp://ncbi.nlm. 123–150 and 150–160 kb) (the assignment of these
nucleotide positions is approximate), where the patternnih.gov/repository/t4phage/old files/T4.gb). The geno-

mic map of T4 phage and the direction of transcription of the three segments (160–78, 107–116, 123–150 kb) is
similar and that of the other three (78–107, 116–123,of the genome are as described by Kutter et al. (1994).

All probable coding sequences (187 of them) were used 150–160 kb) is similar. The second group of segments
is the mirror image of the first three segments in theirfor our computation. 147 of them are longer than

200 bp. The contiguous strand that starts clockwise 5∞– bias pattern. This means that the bias pattern of a
strand in the first three segments is similar to that of3∞ direction from the map position 0 (the published

sequence) was used for calculation. To estimate the the complementary strand of the other three segments.
For example, in the first codon position the T−A valuesintra-strand bias from A=T and G=C, the cumulative

values for C−G [S(C−G)], and those for T−A for the segment 0–78, 78–106, 123–150 kb are approxi-
mately +11, −12, and +11 bases/100 bases, respec-[S(T−A)], were calculated for coding regions and non-

coding (intergenic) regions. Cumulative values have tively. Likewise, in the third codon position, the T−A
values for the same set of segments are around −12,been used by Grigoriev (1998) to express the intra-

strand GC bias. Here, A, T, G, and C are the number +11, and −12 bases/100 bases, respectively.
The exception is the GC bias in the third codonof corresponding nucleotides in each sequence. For

coding regions, the values were calculated separately for position where there are more C’s than G’s in the
analyzed strand throughout the genome, although thethe first, second, and third codon positions. The position

of a data point for a coding sequence presented in extent of bias is relatively small (~2.5 bases/100 bases)
compared to those in other codon positions or the ATFig. 1A and B represents the middle of an open reading

frame. The position of a data point for an intergenic bias in the third codon position (~12 bases/100 bases).
Intergenic sequences showed little bias from A=T,region represents the 5∞ end of the region. The value for

the preceding intergenic region was used where there whereas small, but significant, bias was observed for the
G/C pair (~3.7 bases/100 bases). The nature of the GCwas no intergenic sequence between the two genes.

When the segments of the strand were anti-sense, codon bias in the third codon position and the intergenic
regions was further compared by calculating the valuespositions of the corresponding sense strand were used

to calculate the values. The G+C content of P3 for for PR2 of the G/C pair. Interestingly, both positions
had very similar degrees of bias. Namely, the thirdeach coding region was calculated using the sense

strand. P3 has been defined as the G+C content of the codon position had 54.9% C (7094 C’s and 5829 G’s)
whereas the intergenic regions had 55.2% C (2591 C’sthird codon position of the total codons minus ATG

(methionine), TGG (tryptophane), ATA (isoleucine), and 2106 G’s). The result suggests that biases from G=
C (~5%) in these two positions may be caused by aand the termination codon (TAA, TAG, or TGA)

(Sueoka, 1995). similar mechanism(s).

3.2. Correlation of intra-strand bias patterns with origin
of DNA replication and direction of transcription3. Results and discussion

3.1. Pattern of intra-strand bias In order to understand the causes for the observed
intra-strand biases their correlation with the direction
of DNA replication and also that with transcriptionThe analysis of intra-strand bias from A=T and G=

C in the T4 genome showed a distinct bias pattern along were examined. The results described in Section 3.1 are
summarized in Fig. 2 in the form of a circular genomicthe map. Fig. 1A shows the cumulative values of T−A

in a contiguous strand of the T4 genome for the three map that includes the origins of DNA replication as
well as the direction of transcription.codon positions as well as for the intergenic regions.

The cumulative values of C−G are shown in a similar As described in the Introduction, there are a multiple
number of origins of DNA replication in the T4 genomemanner in Fig. 1B. Along the map, characteristic, dis-

tinct biases both from A=T (the AT bias) and G=C that are used only for the first round of replication
(Fig. 2). Two of them (oriF and oriG) have been shown(the GC bias) were detected for each codon position.
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Fig. 1. Intra-strand biases in relation to sense versus anti-sense regions and P3 values. (A) The cumulative values of T−A in a contiguous strand
of the T4 genome for the first, second, and third codon positions as well as for the intergenic regions were plotted against the map position. The
contiguous strand that starts clockwise 5∞–3∞ direction from the map position 0 (published sequence) was used for the calculation. $, First codon
position; %, second codon position; #, third codon position; +, intergenic region. (B) The cumulative values of C−G were plotted as in the case
of (A). (C ) Vertical lines show the distribution of genes between the two strands of DNA. ‘Direct’ is the strand with which the analysis was carried
out, and ‘Complementary’ is the complementary strand to Direct strand. (D) P3 value (defined in Section 2) of each gene was plotted against its
map position.
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Fig. 1C shows the distribution of coding sequences
between the two strands of DNA. By comparing Fig. 1A,
B and C, one can see clearly that at the map positions
78 kb, 107 kb, 116 kb, 123 kb, 150 kb, and 160 kb, the
direction of transcription changes and so does the bias
pattern. Fig. 2 summarizes the findings along the circu-
larly permuted map of the T4 genome. In the filled
black segments the sequenced strand (5∞–3∞ direction
clockwise from the map position 0) contains anti-sense
sequences, whereas in the dotted segments the sequenced
strand contains sense sequences. In the first codon
position, whichever the strand is, the sense regions
always have A>T and G>C, whereas the anti-sense
regions have A<T and G<C that are directly opposite
to the sense regions. Likewise, in the second codon
position, the sense regions have A>T and G<C whereas
the anti-sense regions have A<T and G>C. In the third
codon position the sense regions have A<T whereas
the anti-sense regions have A>T. Contrary to the above,
the GC bias in the third codon position (G<C ) is
consistent in a contiguous strand throughout the map

Fig. 2. The genomic map of bacteriophage T4 and distribution of two whether a given segment is sense or anti-sense. The 105–
types of segments with regard to the pattern of intra-strand biases.

115 kb segment contains both early and late genes.The inner circle represents the circular map of the T4 genome with the
However, the majority are early genes whose directionnucleotide positions and the origins of DNA replication. The middle

circle presents the areas of the genome where two types of segments of transcription is counterclockwise, and the bias pattern
similar in intra-strand bias pattern are located. , The segments in of this segment seems to be consistent with that of other
which the sequenced strand contains anti-sense sequences. These seg- areas. Table 1 summarizes the nature of the bias pattern
ments have literally the same bias pattern. , The segments in which

at different codon positions and intergenic regions.the sequenced strand contains sense sequences. Their bias pattern is
The first and second codon positions in the sensethe mirror image of the segments indicated by the filled segments except

for the GC bias in the third codon position. The outer circle indicates segments have a similar bias pattern throughout the
the direction of transcription along the map. genome. The bias patterns are consistent with properties

of the coding sequences found among a wide variety of
organisms where G>C and A>T in the first codonto initiate the replication in vivo ( Kreuzer and Alberts,

1985, 1986). Two additional ones (oriA and oriE) that position and G<C in the second codon position
(Trifonov, 1987). The third codon position is presumedare highly likely origins are also indicated in Fig. 2 (see

Kreuzer and Morrical, 1994). The three additional to be most neutral (see Lee, 1997; Sueoka, 1999a).
Similar to the case of the first and second codonregions that are not shown in Fig. 2, around 29–35 kb

(oriB), 62–64 kb (oriC), and 73 kb (oriD), may possibly positions, the bias pattern of the A/T pair in the third
codon position is well correlated with whether thebe origins also (see Kreuzer and Morrical, 1994). There

is no known terminus of replication. Since these origins section of DNA is sense or anti-sense, indicating that
the direction of transcription is correlated with the ATare used for limited rounds of DNA replication, the

contribution of replication coupled, asymmetric mut- bias. This is expected if the mutations and repairs during
transcription lead to more T’s than A’s in the senseations (that may take place at the opposite side of the

origins) on the intra-strand bias must be rather small, if strand. Based on the fact that in the transcribed strand
C�T transition occurs more frequently than G�A inany. The results indeed indicate that not all origins are

at the reflection points, and not all reflection points E. coli, Francino and Ochman (1997) proposed that
have origins in the vicinity. The origins E, F, and G are

Table 1in the vicinity of the reflection points at 78, 116 and
Intra-strand bias from A=T and G=C in the sequenced strand150 kb, respectively. However, these reflection points

also coincide with the place where the direction of Position Sense segment Anti-sense segment ITGa
transcription switches, as described in detail below. The

First codon A>T, G>C A<T, G<Corigins A, B, C, and D are not in the vicinity of any
Second codon A>T, G<C A<T, G>Creflection points, and no origins are found near to or at
Third codon A<T, G<C A>T, G<Cthe reflection points 107, 123, and 160 kb.

A=T, G<C
In contrast, there is a remarkable coincidence between

the bias pattern and the direction of transcription. a Intergenic region.
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damages and repairs that occur in the transcribed strand 2. The pattern of the AT bias in the third codon position
was very similar in all sense regions and that of the(anti-sense) may cause the biases. They also proposed

that deamination of C (that becomes T) in the sense anti-sense regions was the mirror image of the sense
regions. It is very likely that this bias is coupled withregions may be more frequent than in the anti-sense

regions. As far as the third codon position in the T4 transcription.
3. The GC bias in the third codon position and thegenome is concerned, transcription coupled repair seems

to play a more significant role on bias than deamination, intergenic regions is significant, although the extent
of the bias is smaller than in other instances. Theirsince we find C>G and T<A in the transcribed (anti-

sense) strand (Fig. 1 and Table 1). Cowe and Sharp bias pattern suggests the possible existence of replica-
tion coupled bias.(1991) found that the pattern of codon usage in T4

phage is different between the early and late genes as 4. The AT as well as the GC bias patterns in the first
and second codon positions were literally the samewell as between highly and lowly expressed late genes.

Changes in the pattern are correlated with preferred use in all sense regions, and the patterns of the anti-sense
regions were the mirror image of the sense regions.of phage encoded tRNAs that recognize codons having

A’s at the third codon position. The result shown in The bias patterns of these positions are similar to
those found in other organisms.Fig. 1A cannot detect such change in the early and late

genes because the amount of overall change in codons 5. The T4 genome is the first case where transcription
may be the main factor involved in the intra-strandhaving A’s in the third codon position is not large

enough to be detected by our analysis. bias of the third codon position from PR2.
The GC bias in the third codon position is quite

different from the AT bias or the biases of other codon
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