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Abstract. Asymmetries in base composition between
the leading and the lagging strands have been observed
previously in many prokaryotic genomes. Since a major-
ity of genes is encoded on the leading strand in these
genomes, previous analyses have not been able to deter-
mine the relative contribution to the base composition
skews of replication processes and transcriptional and/or
translational forces. Using qualitative graphical presen-
tations and quantitative statistical analyses (analysis of
variance), we have found that a significant proportion of
the GC and AT skews can be attributed to replication
orientation, i.e., the sequence of a gene is influenced by
whether it is encoded on the leading or lagging strand.
This effect of replication orientation on skews is inde-
pendent of, and can be opposite in sign to, the effects of
transcriptional or translational processes, such as selec-
tion for codon usage, amino acid preferences, expression
levels (inferred from codon adaptation index), or poten-
tial short signal sequences (e.g., chi sequences). Muta-
tional differences between the leading and the lagging
strands are the most likely explanation for a significant
proportion of the base composition skew in these bacte-
rial genomes. The finding that base composition skews
due to replication orientation are independent of those
due to selection for function of the encoded protein may
complicate the interpretation of phylogenetic relation-
ships, conserved positions in nucleotide or amino acid
sequence alignments, and codon usage patterns.

Key words: Base composition — Skews — Replica-
tion orientation — Gene direction — Prokaryote ge-
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Introduction

The genome sequences of several bacteria and viruses
have revealed asymmetries in base composition and gene
direction (Lobry 1996a; McClean et al. 1998; Mrazek
and Karlin 1998; Freeman et al. 1998; Blattner et al.
1997). For example, approximately 75% of the genes of
Bacillus subtilisare encoded on the DNA strand that is
the template for the leading strand in replication (Kunst
et al. 1997). This bias can surpass 80% in theMyco-
plasma(Fraser et al. 1995). The leading strand itself has
an excess of G nucleotides relative to C nucleotides and
of T nucleotides relative to A nucleotides, as measured
by the GC and AT skews given by (G − C)/(G + C) and
(A − T)/(A + T), respectively. There does not appear to
be a relationship between base composition skews and G
+ C content (Lobry 1996a; McClean et al. 1998). GC and
AT skews were also found forEscherichia coli, B. sub-
tilis, Mycoplasma genitalium, Mycoplasma pneumonia,
Haemophilus influenzae, Borrelia burgdorferi, Helico-
bacter pylori, Treponema pallidum,and Rickettsia
prowazekii(Lobry 1996a; McClean et al. 1998; Mrazek
and Karlin 1998; Blattner et al. 1997; Andersson et al.
1998). Base composition skews have more recently been
found in Chlamydia trachomatisand Chlamydia pneu-
moniae(this study).

Four main explanations have been proposed that can
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account for the skews in base composition. Two of these
essentially attribute the skew to asymmetries in the gene
direction. First, biases in amino acid preference and
third-position codon choice (translational selection) can
automatically generate skew in the nucleotide composi-
tion if the coding strands of genes are not equally dis-
tributed between the two strands of the chromosome.
Second, mutational events during transcription (muta-
tional bias) could generate a skew in two ways. There is
evidence that the nontranscribed strand, which is single-
stranded during the course of transcription, is more prone
to deamination than the transcribed strand (Francino et
al. 1996; Francino and Ochman 1997). Deamination
leads to a net loss of C nucleotides on that strand (as well
as a gain in T). Additionally, the nontranscribed strand
does not benefit from transcription-coupled repair of
deamination events, which occurs on the transcribed
strand (Beletskii and Bhagwat 1996). The third explana-
tion for base composition skews involves mutational
events during replication, which affect the leading and
lagging strands differently. An asymmetry can result if
one strand incorporates more mutations of a particular
type during replication or if one strand is more efficiently
repaired (Lobry 1996b,c). The fourth explanation in-
volves the different distribution of signal sequences on
each strand (Lobry 1996a; Mra´zek and Karlin 1998;
Blattner et al. 1997; Salzberg et al. 1998). For example,
chi sequences, which are G and T rich and involved in
recombination, are found most often on the leading
strand (Mrázek and Karlin 1998). In addition, Okazaki
primer sequences could also contribute to a bias between
the leading and the lagging strands if these sequences
were biased (Blattner et al. 1997) or other signal se-
quences could also contribute (Salzberg et al. 1998).

Several of the mechanisms proposed may be acting to
contribute to the strand compositional asymmetry. We
examined the completely sequenced bacterial genomes
using statistical methods to determine the individual con-
tributions of replication, transcription, and signal se-
quences to base composition asymmetry.

Methods

Sequences

The annotated sequences of all publicly available, completely se-
quenced genomes were obtained from the NCBI Entrez genomes web
site for the following bacteria:E. coli K-12 (Blattner et al. 1997),B.
subtilis (Kunst et al. 1997),M. genitalium (Fraser et al. 1995),M.
pneumonia(Himmelreich et al. 1996),H. influenzaeRd. (Fleishmann
et al. 1995),B. burgdorferi(Fraser et al. 1997),H. pylori (Tomb et al.
1997),T. pallidum(Fraser et al. 1998),C. trachomatis(Stephens et al.
1998),C. pneumoniae(Kalman et al. 1999),R. prowazekii(Andersson
et al. 1998),Aquifex aeolicus(Deckert et al. 1998), andSynechocystis
sp. PCC6803 (Kaneko et al. 1996). Sequences were also obtained for
the archeabacteriaMethanobacterium thermoautotrophicum(Smith et
al. 1997),Archeoglobus fulgidus(Klenk et al. 1997),Methanococcus

jannaschii(Bult et al. 1996), andPyrococcus horikoshii(Kawarabayasi
et al. 1998). Genes were not differentiated as to whether they were
known or putative.

Cumulative Graphs

To visualize the base composition bias in the bacterial genomes, we
plotted the skew on a gene-by-gene basis and cumulatively along one
strand of the chromosome. The starting point is that of the sequence as
given in the database. Protein coding sequences (CDS) and non-CDS
regions larger than 100 bases were analyzed. Figure 1 shows the cu-
mulative graphs for several bacterial species of the GC and AT skews
calculated at each of the three positions of the codons and in the
non-CDS regions. To normalize for differences in gene length, the GC
and AT skews were multiplied by the number of nucleotides involved
in calculating the skews and divided by the total number of nucleotides
over the sequence length considered. Also plotted is the accumulation
of gene direction. Gene orientation was assigned +1 if the strand con-
sidered was the coding (nontranscribed) strand and −1 if the strand was
the noncoding (transcribed) strand. For the plots, the gene direction was
multiplied by the length of the gene and divided by the sum of lengths
for all genes considered.

ANOVA of GC and AT Skews

All nucleotide positions in the genome were analyzed except when two
genes overlapped, in which case only the first encountered was con-
sidered. The numbers of genes considered are given in Table 1. For
non-CDS regions, only those longer than 100 nucleotides were in-
cluded to reduce error due to small samples.

The origin and termination of replication have been either experi-
mentally identified [E. coli (Marsh and Worcel 1977),B. subtilis
(Ogasawara et al. 1984),B. Burgdorferi (Picardeau et al. 1999)] or
identified by the position of the dnaA gene (Ogasawara and Yoshikawa
1992; Marczynski and Shapiro 1993), a change of sign in the overall
GC skew (Lobry 1996b,c), or the asymmetry of octamers (Salzberg et
al. 1998). The completely sequenced genomes for which the position or
positions of the origin of replication have not yet been determined with
any certainty were not analyzed (the archeabacterial genomesA. fulgi-
dus, M. jannaschii, M. autotrophicum,andP. horikoshiiand the bac-
terial genomesA. aeolicusandSynechocystis).

We considered the GC and AT skews along one strand of the
chromosome on a gene-by-gene basis. For the CDS regions, each
codon position was analyzed separately. Each gene along the strand of
the chromosome was assigned a gene directiont (−1 if the strand
considered is noncoding or +1 if it is the coding strand) and a repli-
cation orientationr(−1 if it lies on the lagging strand or +1 if on the
leading strand). Two-factor (r and t, defined above), two-level (−1 or
+1 for eachr andt) ANOVAs were performed on these quantities. The
ANOVA is unbalanced because of unequal sample sizes for the factor
levels, which is due to the excess of genes on the leading strand. The
analyses were performed using the computer program Minitab v. 12
(Minitab Inc., State College, PA) using the general linear model
(GLM):

yijk 4 m + ai + bj + gij + «ijk (1)

whereyijk is the value of the response variable (the skew) for thekth
gene that has an observed leveli of r and levelj of t; m is the hypo-
thetical grand mean of the values of the skew for all the genes, irre-
spective of their gene or replication orientations;ai is the hypothetical
simple effect of leveli of variablet (t 4 −1 for i 4 1 andt 4 +1 for
i 4 2) on the mean of the values of the skew (i.e., on the mean of the
values of theyijk); bj is the hypothetical simple effect of levelj of
variabler(r 4 −1 for j 4 1 andr 4 +1 for j 4 2) on the mean of the
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values of the skew;gij is the hypothetical interaction effect of concur-
rently giving an entity leveli of variablet and levelj of variabler on
the mean of the values of the skew (independent of either of the above
two simple effects); and«ijk is an error term reflecting the difference
between the sum of the preceding four terms and the value ofyijk.

Because of the complementary nature of DNA strands and the
symmetrical nature of bidirectional replication and because there are
approximately the same number of genes on both halves of the chro-
mosomes, we would expect that there is no overall skew (m 4 0). Also,
we would expect that the skews attributable to transcription would be

Fig. 1. Cumulative GC and AT graphs. The cumulative GC and AT
skews (percentages) are plotted along one strand of the chromosome.
The X axis indicates the position from the start of the sequence in
thousands of bases. There is one plot for each position of the codon:
blue for position 1, pink for position 2, orange for position 3, and light

blue for non-CDS regions. The green plot corresponds to the cumula-
tive gene direction (see text), which is divided by 6 to be on the same
scale as the others. The origin of replication is approximately at base 1
in H. pylori andR. prowazekiiand is indicated by avertical line in E.
coli andC. trachomatis.
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of the same magnitude when considering the noncoding or coding
strands (a1 4 −a2) and that the skews attributable to transcription
would be of the same magnitude when considering the leading or
lagging strands (b1 4 −b2). We do find that these values are not
statistically different from this expectation (data not shown). We can
thus describe the skews as fitting the equation

yijk 4 ati + brj + g(ritj) + «ijk (2)

wherea 4 −a1, b 4 −b1, t 4 −1 if i 4 1, t 4 1 if i 4 2, r 4 −1
if j 4 1, r 4 −1 if j 4 2. The values of the parameters and their
significance were obtained using the GLM in Eq. (1), and Eq. (2) is
given only to simplify the explanation and discussion of the effects of
gene direction and replication orientation on the base composition
skews.a andb are estimates of the respective effects of gene direction
and replication orientation on the base composition skews.

Signal Sequences

The potential chi signal sequence (58 GCTGGTGG 38) and its comple-
ment were removed from the original sequence by replacing the eight
bases with X’s. In a separate analysis, we eliminated all potentially
skewed octamers identified by Salzberg et al. (1998) by replacing the
octamers with eight X’s in the sequence. Nucleotides coded as X were
ignored in the calculation of the base composition skews.

Codon Adaptation Index

The codon adaptation index (CAI) measures the degree to which a gene
uses the same codons as those in highly expressed genes and is thought

to be a measure of the degree to which a gene is expressed (Sharp and
Li 1987). The relative use of each codon in highly expressed genes has
been tabulated forE. coli, B. subtilis, H. influenzae,andM. tuberculosis
(Sharp and Li 1987; Shields and Sharp 1987; Pan et al. 1998). These
were used to calculate the CAI values for all the genes considered in
these organisms.

Results and Discussion

Cumulative Plots

The cumulative plots allow for a fast visual examination
of the base composition skew at the different codon po-
sitions of the genome (Fig. 1) (see Freeman et al. 1998;
Grigoriev 1998; Cebrat et al. 1999; Mackiewicz et al.
1999). Plotting the skew cumulatively along the genome
shows a change in the direction of the slope with a
change in sign of the skew and the quantity and quality
of the skew can be assessed from the V or inverted-V
shape of the curve. Cumulative plots have the effect of
reducing the noise in the data and make inversions in the
polarity of the skew readily apparent, without the need to
average over large sequence windows. The genomes pre-
sented in Fig. 1 are some of the most recently available,
as well as the most-studied organism,E. coli.These plots
and equivalent ones for additional genomes can be found
at the URL: http://medgen4285.med.utoronto.ca/
medgen/collins.htm.

Table 1. Contributions of transcription and replication orientations to GC and AT skewsa

Genome No. genes % leading Coefficient GC1 GC2 GC3 GCS AT1 AT2 AT3 ATS

C. pneumonia 1052 54.0 a 17.7 * −18.2 * −3.0 * 12.7 * −0.9 −9.7 *
b 7.0 * 6.6 * 14.2 * 8.8 * −2.9 * −0.6 −3.1 * −4.0 *

H. influenzae 1709 54.7 a 0.7 0.4 0.9 0.6 0.5 0.3
b 3.6 * 3.1 * 3.2 * 3.4 * −1.2 * −0.9 * −1.1 * −0.4

E. coli 4285 55.0 a 18.2 * −10.7 * 3.9 * 23.4 * −2.6 * −17.0
b 1.7 * 1.0 * 4.7 * 4.2 * −0.5 0.2 −1.3 * −1.0 *

C. trachomatis 895 55.4 a 20.1 * −18.5 * 3.4 * 9.3 * −2.6 * −10.6 *
b 10.0 * 8.1 * 21.2 * 13.3 * −2.0 * 0.6 −2.4 * −2.1 *

H. pylori 1566 56.8 a 32.5 * −8.0 * −1.6 * 21.2 * 5.3 * −8.7 *
b 2.3 * 1.9 * 5.5 * 4.8 * −0.1 0.2 −0.2 1.0

M. tuberculosis 3917 58.7 a 22.7 * −14.8 * −6.1 * 17.0 * −9.1 * −9.2 *
b 1.6 * 0.5 4.2 * 3.1 * −1.3 * −0.6 −6.6 * −2.4 *

R. prowazekii 834 61.4 a 32.9 * −17.0 * 14.6 * 28.6 * 1.8 * −4.7 *
b 2.8 * 2.2 * 13.7 * 6.6 * −0.8 0.3 −2.9 * −2.9 *

T. pallidum 1031 65.3 a 18.0 * −9.9 * 10.4 * 9.1 * −6.7 * −18.7 *
b 4.8 * 4.6 * 16.6 * 13.0 * −4.0 * −1.5 * −9.4 * −7.8 *

B. burgdorferi 849 66.2 a 38.5 * −14.8 * 3.7 * 29.4 * 2.6 * −2.2 *
b 8.3 * 9.4 * 30.8 * 21.5 * −8.3 * −3.9 * −20.2 * −11.1 *

B. subtilis 4099 73.6 a 27.6 * −16.3 * 3.1 * 25.0 * 2.5 * −1.7 *
b 2.5 * 1.9 * 6.8 * 8.7 * 1.6 * 1.6 * −0.7 * 2.8 *

M. pneumoniae 675 79.9 a 23.1 * −13.2 * −9.3 * 23.2 * 6.4 * −9.5 *
b 1.4 −1.6 0.8 2.4 * 0.3 0.8 −1.0 1.3

M. genitalium 350 82.2 a 28.2 * −12.9 * −4.8 * 28.6 * 5.3 * −9.4 *
b 0.7 −1.2 1.2 0.8 −0.6 −0.4 −1.3 1.2

a For the 12 genomes, the table presents the number of genes included in the analysis and the percentage of those genes lying on the leading strand.
GC1, GC2, GC3, and GCS correspond to the percentage GC skew at first, second, and third codon positions and non-CDS (spacer) sequences,
respectively. AT1, AT2, AT3, and ATS indicate the corresponding AT skews. The estimated coefficients in the regression of the GC and AT skews
[Eq. (2)] are given for gene direction (a) and replication orientation (b). An asterisk indicates statistical significance at the 0.01 level.
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Most genomes examined show some degree of base
composition asymmetry. No asymmetries were readily
visible in the graphs of the cyanobacteriumSynechocys-
tis sp., the bacteriumA. aeolicus,or the archaebacteriaA.
fulgidusandM. jannaschii.The archaebacteriumP. hori-
koshiidoes present a trend in its AT skew at third codon
positions, but this is not reflected in any of the other
curves.

From the plots, we can see that the three positions of
the codons can behave quite differently. The skews are
most pronounced at the first and third positions of
codons, indicating amino acid biases and biases depen-
dent on codon preference. The plots corresponding to
non-CDS regions also show GC and, in some cases, AT
skews. Skews in non-CDS sequences indicate that amino
acid and codon choice cannot be entirely responsible for
the skews. Transcriptional explanations for skews in
non-CDS regions cannot be eliminated because many of
these regions are transcribed, even if not translated.

A plot of the cumulative gene direction along the
genome in these graphs (green lines) reveals that there is
an excess of genes on the leading strand causing a gene
direction bias in these bacteria. Interestingly, the two
Chlamydiaspecies do not show a gene direction bias in
such a plot because there are many stretches of genes on
the lagging strand, even though overall these species
have a slight excess of genes on the leading strand. That
the gene direction bias often follows base composition
skews is evident for many of the curves. For example, in
R. prowazekii,every rise and fall of the AT skew at the
first codon position (blue line) mirror the rise and fall of
the gene direction curve. This indicates that the sign of
the AT skew at that position is dependent upon gene
direction. Another example is the third position GC skew
in C. trachomatis(orange line). It presents a very strong
and regular pattern, with a V at the origin of replication
and an inverted V about halfway around the chromo-
some. This pattern is not apparent in the gene direction
curve, indicating that the skew is better explained by
replication orientation than gene direction in that case.

ANOVA

The cumulative plots in Fig. 1 provided a qualitative
overview of the GC and AT skews, but the graphical
analysis is not enough to ascertain to what degree these
skews are correlated with replication orientation or gene
direction. Linear discriminant analysis was used by Ro-
cha et al. (1999a) and Perriere et al. (1996) to consider
the effect of replication on base composition. Here,
ANOVA analyses were used to quantify the extent of the
individual effects of replication and gene direction on the
skews and allowed us to determine the level of statistical
significance of these effects.

Table 1 gives the estimated values of the coefficients
a andb in Eq. (2), which provide a measure of the extent

to which the skews correlate with either gene direction or
replication orientation, respectively. The GC and AT
skews at first, second, and third codon positions and
non-CDS (spacer) sequences were analyzed separately.
Those values ofa and b followed by an asterisk are
significantly different from zero at thep 4 0.01 level or
better. The coefficientg in Eq. (2), which measures the
potential additive effects of replication orientation and
gene direction, was very small and usually not statisti-
cally significant (data not shown). In most cases the val-
ues of thea andb coefficients were significant, indicat-
ing that the replication and gene direction effects each
explain a significant portion of the GC and AT skews.
Both gene direction and replication orientation indepen-
dently affect the base composition skews. These effects
can be considered separately (below).

Gene Direction

Most bacteria show skews correlating with gene direc-
tion (Table 1). These skews vary in sign and intensity in
the different bacterial sequences and among codon posi-
tions. AT skews with gene direction are mostly signifi-
cant but can vary in sign at the first two positions and are
usually negative at the third position. With respect to the
GC skew at the first two positions of codons, the first
positions prefer G to C, and the second positions C to G,
in all these bacteria as has been noted previously
(Andersson and Kurland 1990). The GC skew at third
positions varies in sign (see below).

The ANOVA shows statistical significance with gene
direction in most cases. This gene direction effect could
be due to either translational selection or transcription-
level mutational biases. A mutational mechanism involv-
ing the deamination of C (leading to a C→ T mutation)
on the coding strand would lead to a positive GC skew
and a negative AT skew with respect to coding orienta-
tion. B. burgdorferi, E. coli, R. prowazekii, T. pallidum,
and B. subtilis have a positive GC skew at the third
position, which is consistent with a mutational bias.H.
pylori, M. tuberculosis, M. genital, C. pneumoniae,and
M. pneumoniaehave a negative GC skew at the third
position, however, indicating that this deamination
mechanism cannot be responsible for the skew in the
latter group of bacteria. The different direction of the
skew may be due to a different mutational bias or dif-
ferent translational selection in different organisms.

Replication Orientation

There are many examples of significant correlations of
base composition biases with replication orientation
(Table 1, boldface values). In general the AT skews are
negative, smaller in magnitude than the GC skews, and,
in many cases, not statistically significant. These results
are consistent with those from the linear discriminant
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analysis performed on the base composition of these ge-
nomes (Rocha et al. 1999a).B. burgdorferi has very
large AT and GC skews at the third codon position,
correlating with replication. The effect of replication on
base composition biases has been independently inferred
by McInerney (1998) from an analysis of codon usage
patterns inB. burgdorferi which revealed a preference
for T or G at third positions of codons on the leading
strand.H. pylori, H. influenzae, M. pneumoniae,andM.
genitaliumshow no significant AT skew correlated with
replication.B. subtilishas a small but significantly posi-
tive AT skew at the first and second codon positions and
in the non-CDS regions. AT skews in the other bacteria
are usually small and negatively correlated with replica-
tion orientation.

Almost all the bacteria show a positive correlation
between GC skew and replication orientation at all three
codon positions and in non-CDS regions (i.e.,b > 0 in
Table 1). Only in theMycoplasmaare the GC skews
nonsignificant.M. genitalium is exceptional in that it
does not show any significant GC skew with replication
orientation, although there is a significant skew with
gene direction. This bacterium has the fewest genes and
a high degree of correlation between coding orientation
and replication orientation, such that no bias can be at-
tributed solely to replication orientation. The coefficients
for the GC skews in the non-Mycoplasmabacteria show
that they are all significantly positively correlated with
replication orientation even when they are significantly
negatively correlated with gene direction. This occurs
with H. pylori andM. tuberculosisat the third position,
for example, and in all the bacterial genomes at the sec-
ond position. The results thus show that even when there
is an overall strong preference for C on the coding strand
of genes, a replication bias for G on the leading strand
can still be significant.

H. influenzaeis the only bacterium that does not have
any AT or GC skew significantly attributable to gene
direction, while it has significant GC skews correlated
with replication orientation.H. influenzaeshows that
replication orientation can have an even larger effect
than selection for codon usage patterns.H. influenzae
thus illustrates the importance of considering replication
orientation when analyzing codon usage patterns.

Non-CDS

We also calculated the skew in non-protein-coding re-
gions of the genome to determine if base composition
asymmetries were apparent in the regions that are not
subject to amino acid coding constraints. The non-CDS
sequences contain rRNA, tRNA, promoters, attenuators,
and other functional as well as nonfunctional DNA. Ad-
ditionally, even if most of these sequences are tran-
scribed, the transcription direction is not necessarily
known. Given these caveats and assuming that no un-

identified protein-coding genes or pseudogenes are
present in these regions, we can nevertheless assert that
any bias observed in these regions cannot be attributed to
codon usage. We performed one-way ANOVAs with re-
spect to the orientation of replication(r) for these se-
quences. We found large, positive correlations between
GC skews and replication orientation and nonsignificant
or small negative correlations of AT skews with replica-
tion orientation (GCS and ATS in Table 1).B. subtilis
presents a significantly positive AT skew in non-CDS
regions, possibly indicating some level of selection in
these regions that is not found in the other organisms.
Usually, the AT and GC skews in non-CDS regions are
similar in size and sign to the skews seen with replication
orientation at the third positions of codons, yet the non-
CDS skew is not attributable to codon usage.

Signal Sequences

It is possible that the GC and AT skews could be caused
by an excess of chi or other signal sequences on the
leading strand (Lobry 1996a; Mra´zek and Karlin 1998;
Salzberg et al. 1998). InE. coli, the chi signal sequence
GCTGGTGG is used in recombination, and of approxi-
mately 1000 such sites in theE. coli genome, more than
three-quarters are found on the leading strand (Blattner et
al. 1997). We performed an ANOVA of theE. coli ge-
nome where all chi sequences were ignored for the cal-
culation of GC and AT skews. The results of these
ANOVAs were not significantly different from the re-
sults shown in Table 1, where chi sequences were in-
cluded (data not shown). The biases in the orientation of
solely the chi sequences therefore do not explain the GC
and AT bias inE. coli.

Another potential for bias between the leading and the
lagging strands could come from biases in unknown sig-
nal sequences. Skews in oligonucleotides of short length
have been found in prokaryotic genomes (Salzberg et al.
1998). We removed all skewed octamer sequences from
the genome sequences ofE. coli and fromH. pylori. This
led to an exclusion of about 10% of all nucleotides from
the analysis inE. coli (including the chi sequences) and
6% for H. pylori. The ANOVAs (shown forE. coli in
Table 2) reveal that although asymmetries were reduced,
they were not eliminated. There is still the potential that
many smaller signal sequences are causing the asymme-
tries, but skewed octamers are not the sole source of the
GC and AT skews.

Relationship Between Expression Levels and Base
Composition Skew

Although there are significant correlations between base
composition skew and replication orientation, this does
not necessarily imply that the skews are caused by rep-
lication events. In fact, a possible explanation for the
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correlations is that these are a consequence of selection
for gene regulation purposes. Correlations between gene
regulation and gene direction could potentially lead to
apparent correlations between base composition and rep-
lication orientation. Indeed, highly transcribed genes
such as ribosomal proteins are preferentially located on
the leading strand (Sharp and Li 1987) and there can be
a preference for G nucleotides at the third position (Pan
et al. 1998; this study). If genes that are not highly ex-
pressed are located on the lagging strand and have an
excess of C, this would lead to a bias for G on the leading
strand and for C on the lagging strand. Such biases would
not have a mutational origin but would reflect selection
for coding orientation for gene regulation purposes. This
effect may lead to an overestimate of the contribution of
replication in causing the observed bias (and an under-
estimate of that of transcription).

However, the data do not support the idea that differ-
ences in transcription levels are a major cause of appar-
ently replication-linked bias. Significant GC skews are
observed in organisms displaying small correlations be-
tween gene direction and replication (e.g.,E. coli, C.
pneumoniae,and C. trachomatis). Noncoding regions
also show significant skews (as discussed above). Addi-
tionally, we examined the relationship between CAI val-
ues and replication orientation inE. coli, B. subtilis, M.
tuberculosis,and H. influenzae.The CAI value for a
gene is a measure of its use of optimal codons (i.e., the
codons used in the most highly expressed genes) and
therefore is thought to reflect the level of expression of
that gene (Sharp and Li 1987). We found that the distri-
bution of the CAI Index is similar on both strands (lead-
ing and lagging), except that there is an excess of genes
associated with the highest CAI values that are located
on the leading strand (data not shown). This excess of the
most highly expressed genes on the leading strand is not
sufficiently large to produce a significant correlation be-
tween replication orientation and CAI values, as we
found no significant difference between the CAI values
for genes on the leading and those for genes on the
lagging strands. ANOVAs of the CAI index for each of
these four bacteria were nonsignificant with respect to
replication orientation. (Thep values were 0.93 forE.

coli, 0.74 forH. influenzae,0.83 forM. tuberculosis,and
0.99 forB. subtilis.

ANOVAs with gene direction and replication orien-
tation were performed as before, with the exclusion of
those genes with the lowest and highest CAI values (less
than 0.3 and greater than 0.5). These did not give sig-
nificantly different results than when these genes were
included (Table 2), as the skews were still significantly
correlated with replication orientation. Genes with the
highest and lowest CAI do not account for the correlation
of base composition skews with replication orientation
and therefore these skews are not completely explained
by the selection of highly expressed genes on the leading
strand.

Conclusion

Unlike previous graphical analyses (Fig. 1) (Cebrat et al.,
1999; Mackiewicz et al. 1999) and linear discriminant
analysis methods (Rocha et al. 1999a; Perriere et al.
1996; for discussion see Karlin 1999; Rocha et al.,
1999b), the ANOVA allows the quantification of the
relative effects of replication orientation and gene direc-
tion to the base composition asymmetries and of their
statistical confidence. A large portion of the GC and AT
skews can be attributed to translational selection, such as
a great preference for G at the first position of codons
and T at the third position. When combined with an
excess of genes on the leading strand, base composition
skews will appear to correlate with replication orienta-
tion. The ANOVA can separate the effects of replication
and gene direction and we find that a portion of the GC
and AT skews is significantly attributable to replication
orientation, independent of any transcriptional or trans-
lational bias. The correlation of the skews with replica-
tion orientation cannot be explained by coding orienta-
tion biases, expression-level biases, or biases in chi
sequences or in other potential signal sequences and,
therefore, are indicative of a bias between the leading
and the lagging strands.

The most likely explanation for base composition dif-
ferences between the leading and the lagging strands is a

Table 2. Effects of skewed octamers and CAI values on GC and AT skewsa

Sequence Coefficient GC1 GC2 GC3 GCS AT1 AT2 AT3 ATS

E. coli a 18.2 * −10.7 * 3.9 * 23.4 * −2.6 * −17.0 *
b 1.7 * 1.0 * 4.7 * 4.2 * −0.5 0.2 −1.3 * −1.0 *

E. coli—no skewed octamers a 17.0 * −11.1 * 0.4 23.1 * −1.0 * −16.7 *
b 0.7 * 0.0 2.8 * 2.8 * −0.3 0.2 −1.3 * −1.4 *

E. coli—0.3 < CAI < 0.5 a 16.8 * −10.7 * 6.6 * 21.2 * −4.1 * −16.1 *
b 1.9 * 1.3 * 5.4 * N/A −1.0 * 0.1 −1.0 * N/A

a The coefficients of correlation with transcription orientation and replication orientation are given for the GC and AT skews at the three codon
positions and in non-CDS regions (see Table 1, footnote a). Results using the completeE. coli sequence are compared to results when all skewed
octamers are removed from the sequence or when the analysis is restricted to genes with intermediate CAI values. An asterisk indicates values
significant at the 0.01 level.
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mutational difference between these two strands. These
mutational differences could occur in many ways. The
templates for the leading and lagging strands may be
differentially damaged. Damage on the DNA templates
could also be differentially repaired. There could also be
a different rate of misincorporation of nucleotides in the
leading and lagging strands and/or of differential repair
of mutations on the two strands.

The lack of asymmetry observed in several of the
prokaryotes considered (Synechocystisand the archae-
bacteria) may be due to the presence of multiple origins
of replication, different methods of replication (i.e., roll-
ing circle vs bidirectional), better protection of the DNA
from damage, different polymerase actions, or better mu-
tation repair mechanisms.

Bias mutation pressures have been shown to affect
sequence evolution (for a review see Li 1997). Whatever
the cause of the base compositional biases, for which we
find a significant correlation with replication orientation,
it will have consequences for sequence analysis. For ex-
ample, biases in base composition can cause sequences
to appear similar when they are not phylogenetically
closely related or functionally important, and conversely,
the inversion of a gene onto the opposite strand may lead
to a very fast sequence divergence. Phylogenetic and
functional analysis methods may need to be modified to
consider the significant effect of replication orientation
on both nucleotide and amino acid composition in bac-
terial genomes.
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