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Letter

Similar compositional biases are caused
by very different mutational effects

Eduardo P.C. Rocha,'%** Marie Touchon,'? and Edward |. Feil®

"Unité Génétique des Génomes Bactériens, URA 2171, Institut Pasteur, 75015 Paris, France; *Atelier de Biolnformatique,
Université Pierre et Marie Curie-Paris 6, 75005 Paris, France; >Department of Biology and Biochemistry, University of Bath,

Claverton Down, Bath BA2 1A, United Kingdom

Compositional replication strand bias, commonly referred to as GC skew, is present in many genomes of
prokaryotes, eukaryotes, and viruses. Although cytosine deamination in ssDNA (resulting in C—T changes on the
leading strand) is often invoked as its major cause, the precise contributions of this and other substitution types are
currently unknown. It is also unclear if the underlying mutational asymmetries are the same among taxa, are stable
over time, or how closely the observed biases are to mutational equilibrium. We analyzed nearly neutral sites of
seven taxa each with between three and six complete bacterial genomes, and inferred the substitution spectra of
fourfold degenerate positions in nonhighly expressed genes. Using a bootstrap procedure, we extracted
compositional biases associated with replication and identified the significant asymmetries. Although all taxa showed
an overrepresentation of G relative to C on the leading strand (and imbalances between A and T), widely variable
substitution asymmetries are noted. Surprisingly, all substitution types show significant asymmetry in at least one
taxon, but none were universally biased in all taxa. Notably, in the two most biased genomes, A—G, rather than
C—T, shapes the compositional bias. Given the variability in these biases, we propose that the process is
multifactorial. Finally, we also find that most genomes are not at compositional equilibrium, and suggest that
mutational-based heterotachy is deeply imprinted in the history of biological macromolecules. This shows that
similar compositional biases associated with the same essential well-conserved process, replication, do not reflect
similar mutational processes in different genomes, and that caution is required in inferring the roles of specific
mutational biases on the basis of contemporary patterns of sequence composition.

[Supplemental material is available online at www.genome.org.]

The study of genome composition made direct and important
contributions to our understanding of DNA structure and evolu-
tion well before complete genome sequences were available
(Chargaff 1950; Sueoka 1962). Since then, many studies have
attempted to infer mutational scenarios to account for composi-
tional deviations such as asymmetric nucleotide composition on
the two strands of replication. A major difficulty arises from the
fact that 12 different substitutions are possible between the four
nucleotides in DNA. Because very different sets of mutations may
lead to similar compositional biases, it is usually a very specula-
tive exercise to infer the grounds of the relevant mutational
asymmetries just by analyzing compositional deviations. Since
many different chemical attacks and repair mechanisms affect
DNA mutations (Friedberg et al. 1995), it is even more difficult to
unravel the biological basis of the mutational biases. The usual
processes of inference also implicitly assume that compositional
deviations reflect the current mutational biases affecting ge-
nomes. However, compositional deviations accumulate through
millions of years, and genome rearrangements, repair, or replica-
tion gene losses or gains can lead to rapid shifts in the mutation
spectra. In order to detect contemporary mutation biases, it is
therefore necessary to examine de novo mutational spectra,
which requires a massive analysis of orthologous genes between
multiple very closely related genomes.
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Here, we use such an approach to investigate how the asym-
metric replication of DNA into a leading and a lagging strand
(Kitani et al. 1985) shapes the relative frequency of each indi-
vidual mutation type on each strand in widely divergent taxa.
We then tried to understand how these mutational biases can
explain compositional differences between the two strands. Typi-
cally, compositional strand bias is evident by the relative enrich-
ment of G (and T) over C (and A) in the replicating leading
strand, although curiously, the enrichment of G tends to be more
pronounced than the enrichment of T, and the latter is some-
times inversed (i.e., A is enriched in the leading strand). Replica-
tion strand bias has been noted in the genomes of bacteria (Lobry
1996; McInerney 1998; Mréazek and Karlin 1998), archaea (Lopez
et al. 1999; Lopez and Philippe 2001; Worning et al. 2006), vi-
ruses (Mrazek and Karlin 1998; Grigoriev 1999), organelles
(Andersson and Kurland 1991; Pesole et al. 1999; Bielawski and
Gold 2002), and humans (Touchon et al. 2005). The intensity of
the bias in some genomes is extremely strong, being the most
important factor shaping heterogeneities in intragenomic amino
acid composition (Lafay et al. 1999; Mackiewicz et al. 1999; Ro-
cha et al. 1999; Tillier and Collins 2000a).

The customary explanation for compositional strand bias is
that it arises from a longer exposure in the ssDNA state of the
template serving to synthesize the lagging strand. Cytosine
deamination, because it occurs so much more frequently in
ssDNA (Coulondre et al. 1978), has been proposed to be the most
important cause for the bias (Reyes et al. 1998; Frank and Lobry
1999). This hypothesis is attractive because it explains a nearly
universal bias by a fundamental chemical property of DNA while
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being corroborated by some genomic data (see Frank and Lobry
1999; Rocha 2004b and references therein). However, although
more frequent C—T mutations in the leading strand can help to
explain the typical enrichment of both G and T in the leading
strand, it does not explain why this enrichment is more pro-
nounced for G than for T (Rocha and Danchin 2001). Also, there
are some exceptions to the systematic association of G and T
enrichment in the leading strand. In the low G+C firmicutes,
(e.g., Bacillus and Staphylococcus), the frequency of T relative to A
is smaller in the leading than in the lagging strand genes (Lobry
1996; Worning et al. 2006), but leading strand genes are still G
rich. Another notable exception is the high G+C species Strepto-
myces coelicolor, in which the leading strand is slightly C richer
(Bentley et al. 2002). Thus C—T changes cannot act alone to
create the observed biases, and other substitution types must also
play a role. The asymmetric deamination of adenine has also
been proposed to produce preferentially A—G mutations in the
leading strand (Reyes et al. 1998; Mackiewicz et al. 2003), but this
also does not solve the problem as the stronger enrichment of
G than T on the leading strand implicates the secondary role
of a substitution type that enriches for G without a commensu-
rate enrichment of T (e.g., C—»G, C—A) on the leading strand.
Alternatively (or in addition), a loss of T without a commensu-
rate loss of G (e.g., T=A, T—G) will also result in stronger GC
biases. Finally, in many cyanobacteria and mollicutes, there are
no apparent strand compositional biases, suggesting that muta-
tional biases are either absent or cancel each other out in these
taxa.

A more detailed analysis of genes that have suffered a strand
switch since speciation in Chlamydiacea and Bacillii was compat-
ible, although not indicative, with C—T deamination being re-
sponsible for a maximum of two-thirds of the bias, comple-
mented by important C—»G asymmetries (Rocha and Danchin
2001). A major problem with this and other subsequent studies
aiming at identifying the mutational basis of compositional
strand bias is that they relied on sequences saturated with syn-
onymous substitutions or sites highly affected by selection, and it
was often not possible to orientate the changes, that is, separat-
ing a change X—Y from a change Y—X (Rocha and Danchin
2001; Szczepanik et al. 2001; Klasson and Andersson 2006). The
inference of mutational biases is very hazardous when substitu-
tions are near saturation (Eyre-Walker 1998), especially when
some nucleotides are much more frequent than others. It is also
unclear if the statistics used to assign statistical significance are

Table 1. Bacterial genomes used in the study

robust to deviations of normality in the data. Another problem
with earlier analyses is that they focused on one or two clades,
which may not capture the diversity of the processes leading to
compositional strand bias. Finally, although the response of gene
composition to strand switch has been studied (Rocha and Dan-
chin 2001; Szczepanik et al. 2001; Tillier and Collins 2000b), the
possibility that genes are not at compositional equilibrium even
when they have not engaged in strand switch is rarely, if ever,
considered.

Here, we use an extensive set of multigenomic comparisons
and statistical procedures to directly identify those mutation
types occurring at significantly different frequencies on each
strand. Very closely related genomes have few, if any, multiple
substitutions, and also provide a more reliable mutational foot-
print, as the changes observed will have arisen recently and will
not have been filtered to any large degree by purifying selection
(Rocha et al. 2006). This is especially true if one analyzes fourfold
degenerate third codon positions in non-highly expressed genes,
as these positions are expected to be under very weak, if any,
selection. We use more than three genomes in most data sets,
thus increasing the confidence in the assignment of directional-
ity to changes (Table 1). In all cases, we analyze >100,000 sites for
each strand and use nonparametric bootstrap procedures to
evaluate the statistical robustness of the results. The analysis of
substitution frequencies shows a much more diverse picture of
the asymmetric replicative processes shaping the composition of
genomes than expected, and suggests that the asymmetry of mu-
tation spectra differs markedly between taxa and may be subject
to frequent change.

Results

Checking subsaturation levels and that genes evolve
at the same rates irrespective of strands

We divided the orthologs within each clade according to the
strand upon which they are coded, and removed genes not con-
sistently found in the same strand within a given taxon. We
restricted our analysis to fourfold degenerate sites to avoid the
effect of selection on nonsynonymous changes and removed the
10% putatively most highly expressed genes to decrease the prob-
lems associated with selection on codon usage (see Methods). For
the clade with highest codon usage bias, Escherichia coli, we re-
peated the entire analysis removing the 15% most highly ex-

Alignment’s length

Genomes No. of strains Group G+C? BP AGC AAT Max ds© Lead Lag

Escherichia 6 vy-Proteobacteria 51% 0.061 0.10 —0.06 0.077 1,099,425 762,978
Streptococcus 6 Firmicute 38% 0.147 0.29 0.08 0.048' 932,679 210,291
Bacillus 5 Firmicutes 35% 0.314 0.61 0.12 0.36 1,359,318 395,040
Rickettsia 4 «-Proteobacteria 29%-32% 0.126 0.24 —0.08 0.22f 316,977 222,648
Staphylococcus 4 Firmicutes 33% 0.159 0.32 0.03 0.08 1,164,927 427,185
Bordetella 3 B-Proteobacteria 68% 0.136 0.09 —-0.25 0.041 1,176,738 705,645
Neisseria 5 B-Proteobacteria 52% 0.142 0.22 -0.17 0.15 525,744 493,308

2G+C content.
PB, is the level of strand bias (Methods).

“Difference in GC skew between genes in the leading and in the lagging strand.
dDifference in AT skew between genes in the leading and in the lagging strand.
*Maximal d; among the taxa and number of sites in the alignments. d; between the outgroup and the most distant ingroup.

fOnly ingroups analyzed.
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Figure 1. Scheme of the analysis. For most taxa we can reliably predict
the outgroup (top). In this case, only the changes taking place in each of
the terminal leaves of the ingroups are counted (thick lines), and only if
there were no changes in the same position elsewhere in the tree, that is,
if all other nucleotides in the same position are strictly identical. The table
contains the sum of all substitutions of each type. When there is no single
outgroup, or it cannot be reliably predicted, the analysis is done on all
terminal branches of the tree (bottom). A substitution is marked if it only
occurred in that branch of the tree.

pressed genes, without any significant changes in the results
(Supplemental Fig. 1). We then estimated the number of multiple
substitutions in the ingroups and compared it with the expected
number both in the Bacillus (distant comparisons) and in the
Staphylococcus (close comparisons). We found single substitu-
tions in an excess of multiple substitutions by a factor of 10 in
Bacillus and 100 in Staphylococcus. We then checked that these
values are within the order of magnitude of the expected number
if substitutions accumulate randomly. In Bacillus we obtained
slightly more multiple substitutions than expected given the fre-
quency of single substitutions (16% more), whereas in Staphylo-
coccus we obtained 35% less. The larger difference in the latter is
most likely due to the very low number of multiple substitutions
observed (<50); thus the difference from the expected value can
be accounted for by the small sample size. Finally, we computed
the rates of synonymous (ds) substitutions for each gene (Yang
and Nielsen 2000). The highest dg is associated with the compari-
sons involving the outgroup in the bacilli, Bacillus cereus
ATCC14579, which shows a dg of ~0.36 with the ingroups. Al-
though the substitution spectrum of outgroups is not used, it
may influence the inference of substitutions in the ingroups.
We thus computed the substitution table of this genome by
assuming that a position for which it differed from all the
others, when these are identical among them, is a substitution in
the outgroup. The corresponding substitution table is very
strongly correlated to the one obtained for Bacillus anthracis, the
one with the smallest terminal branch in the group (Pearson
correlation coefficient = 0.97). This shows that multiple substi-
tutions are few, within the expected bounds, and that they are
not seriously biasing the results even in the most distant ele-
ments of the clade.

In our tests we examine the asymmetry of specific substitu-
tion frequencies (Fig. 1). If genes in the two types of replicating
strands evolve at significantly different rates, then the observed
differences in relative substitution frequencies could potentially

reflect distinct selection pressures on codon usage in the two
populations of genes. Hence, we tested if there were systematic
differences in dg between the strands. A paired t-test on the log-
transformed dg values for the leading and lagging strands shows
no significant difference (P > 0.3) (Fig. 2). An exhaustive analysis
shows that dg values in leading and lagging strands are only sig-
nificantly distinct in one comparison out of 61 (P = 0.02, after a
sequential Bonferroni correction for multiple tests). Naturally,
statistical tests are limited by sample sizes; but these are very large
in the present analysis. This strongly suggests that previous ob-
servations that lagging strand genes evolve faster (Rocha and
Danchin 2001; Mackiewicz et al. 2003) are probably caused by
purifying selection on genes that are more frequent in one rep-
licating strand, such as highly expressed genes. The differences
all but disappear when this effect is controlled by removing the
highly expressed genes.

Analysis of substitution frequencies

After having proceeded through all the checks described in the
previous section, we computed the relative substitution fre-
quency tables from the data. First, we opposed the substitution
frequencies of complementary changes. A bootstrap procedure
tests the differences between, for example, C—>Tieaging + G—Alagging
versus G—Ac,qing + C—Tiagging: If there is no strand bias, then
one would expect these summed substitution frequencies to be
the same. Because it allows pooling the data sets, this is statisti-
cally more powerful than analyzing separately all changes in the
two strands. However, we also did the complementary analysis,
which is described in the next section.

Before considering strand asymmetries, it is clear that the
overall mutational spectra are very diverse among different bac-
teria (Table 2). This was expected because bacteria exhibit widely
different nucleotide compositions, with G+C contents varying
from 25% to 75% (Sueoka 1962; Muto and Osawa 1987) and at
fourfold degenerate sites between <10% and >90%. It is therefore
not surprising that changes leading to G+C enrichment are much
more frequent in G+C-rich bacteria such as Bordetella, than, say,
among the A+T-rich Streptococcus pyogenes (Table 2. As expected,

0.5
0.4

0.3

0.2

0.07

0.05
0.04

0.03

0.02

0-01 T L) 1 T T LI I T T 1 T T
0.01 0.02 003 005 007 (.1 02 03 04 06

ds lead

Figure 2. Average ds values of genes in the leading and lagging
strands. The open circle indicates the only comparison between (R. cono-
rii and R. prowazekif) genes in the leading and lagging strand that is
significantly different after applying a Bonferroni correction for multiple
tests (P < 0.05).

Genome Research 1539

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Rocha et al.

Table 2. Normalized mutation frequencies per 1000 positions and transitions/transversions ratio in the pooled data analysis

Change Bacillus Bordetella Escherichia Neisseria Rickettsia Staphylococcus Streptococcus
A—C 2.252 1.451 1.753 2.032 9.469 0.262 0.645
T-G 3.703 1.162 1.987 2.428 10.175 0.348 0.643
P - = NS — NS NS - NS
A—G 9.068 4.539 5.299 5.763 20.763 1.036 1.859
T-C 6.130 5.057 5.206 5.573 20.331 0.832 1.917
P ++ NS NS NS NS ++ NS
A—T 2.327 0.323 2.196 1.041 5.814 0.751 0.953
T>A 3.165 0.262 2.011 0.986 5.862 0.802 0.916
P - = NS NS NS NS NS NS
C—A 2.842 0.203 1.735 1.717 8.696 1.341 1.383
G->T 2.740 0.178 1.868 1.451 13.101 1.038 1.696
P NS NS NS ++ - = + -
C-G 1.353 0.558 1.177 1.869 1.693 0.366 0.698
G—C 1.022 0.459 1.089 1.412 1.889 0.280 0.736
P + + NS ++ NS NS NS
CoT 15.570 1.590 9.228 8.070 34.975 3.848 6.633
G—oA 15.722 0.736 6.719 5.784 35.528 3.655 4.628
P NS ++ ++ ++ NS NS ++
ts/tv 4.79 5.19 3.83 3.89 3.94 3.61 3.92

P is the P-value associated with the nonparametric bootstrap test (see Methods) that genes have a different nucleotide frequency in a given mutation
than in its complement as seen from the leading strand (i.e., A=>G includes A—Ge,ging and G—A,gging)- (+/—) P <0.05; (++/— —) P<0.0T.

(NS) Nonsignificant difference.

(+/++) Gain or (—/— —) loss in the top change (e.g., A>G in the A»G and T—C comparison).

transitions are much more frequent than transversions, but the
range is rather large, from 3.61 to 5.16 times more frequent
(Table 2). The frequency of some mutations is more surprising.
For example, G—C and C—G transversions are often found to be
extremely rare (Hudson et al. 2003), but in our data they are not
always the rarest, for example, in Bordetella or Neisseria (note that
frequencies are normalized by nucleotide composition, thus this
is not a trivial association with G+C content).

The number of complementary substitution types showing
significant strand asymmetries is strikingly variable among ge-
nomes, with a minimum of one in six in Rickettsia to four in six
in Bacillus (Table 2; Fig. 3). This is not a trivial consequence of the
varying statistical power of the comparisons owing to the differ-
ing numbers of substitutions, as Rickettsia and Bacillus represent
comparisons involving more changes than many of the other
taxa. Hence, one must conclude that the number of asymmetric
substitutions is highly variable among bacteria. In Bacillus the
two pairs that show no significant asymmetry are C—»A (G—T)
and, surprisingly, C—»T (G—A). In fact, and quite unexpectedly,
in Bacillus, as in Staphylococcus and Rickettsia, there are no more
C—T changes than G—A changes in the leading strand. Hence,
in these genomes, compositional strand bias cannot result from
preferential cytosine deamination in the leading strand. This set
includes two of the three firmicutes and one of the four proteo-
bacteria, showing that the absence of asymmetric cytosine
deamination is not clade specific. Also, it should be pointed out
that the low G+C firmicutes, Bacillus and Staphylococcus, show
the two largest compositional strand biases (Table 1). Hence,
these results downplay the role of cytosine deamination in gen-
erating strand asymmetry in general, and in particular within the
two most strongly biased genomes. In contrast, A—»G substitu-
tions are significantly associated with the leading strand only in

Bacillus and Staphylococcus. This substitution type, and not C—»T
changes, is therefore accounting for leading strand G enrichment
in these species.

In four of the seven genomes, we did find an asymmetry
between C—T and G—A changes that is compatible with, al-
though not demonstrative of, preferential cytosine deamination
in the leading strand. However, it should be emphasized that all
substitutions show significant asymmetry in at least one group of
bacteria. Some transversions are almost as consistently biased as
C—T versus G—A. For example, A—»C versus T-G and C—G
versus G—C are significantly asymmetric in three of the seven
groups and always show the same sign. The significant prefer-
ence for C»G changes over G—C changes in Bacillus, Bordetella,
and Neisseria can help to explain why GC skews tend to be stron-
ger than AT skews. Furthermore, in the firmicutes, we note a
significant leading strand preference for T—G (Bacillus and
Staphylococcus), T—A (Bacillus only), and C—A (Staphylococcus
only), all of which may contribute to the unusual leading strand
enrichment of A in these species. The latter case of C—A change
is the only example of inconsistent asymmetry throughout the
data sets. The contrast of C—A with G—T shows four cases of
significant asymmetries, two with each sign, that is, in Neisseria
and Staphylococcus, the frequency of C—A is higher than G—T in
the leading strand, whereas the inverse is found in Rickettsia and
Streptococcus. Furthermore C—A versus G—T is the only signifi-
cant asymmetry noted in Rickettsia but in this case appears to be
particularly strong. Overall, these results indicate that: (1) All
substitution types show significant strand asymmetry in at least
one genome; (2) different genomes show very different numbers
of significantly asymmetric changes; (3) no single type of change
is systematically associated with compositional strand bias; (4)
most types of change are consistent, in the sense that either they
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Figure 3. Difference between the pairs of symmetric substitutions in different genomes. We took the
data in Supplemental Table 1 and normalized for each genome so that the sum of the frequencies of
each type of substitution is 1. Hence, high absolute values reveal unbalance within the clade, but they
differ in terms of statistical robustness because of the different number of variable sites in each clade.

(+/ —) Significantly different from 0 (P < 0.05).

are not significant or they are of the same sign in this set of
genomes.

Direct comparison of changes between strands

The previous approach has the advantage that pooling the data
increases statistical signal. However, when we compute
CoTieading + GAlagging 48NSt GA cading + CoTiagging We are
not separately testing C—T . 4ing Versus C—T, 4, and
G—Ajcading Versus G—Ay,qqin,. To verify these results, we also car-
ried out the nonpooled analysis (see Methods). In the majority of
the cases (32/42), the results of the tests are strictly identical
(Supplemental Table 2). In the remaining cases, the results of the
tests are not identical but can be trivially explained by the lower
power of the tests caused by the smaller sample sizes. For ex-
ample, in the pooled analysis, C—G is more frequent in the lead-
ing strand of Neisseria than G—C (Table 2). In the nonpooled
analysis of Neisseria, the frequency of C—Gieaging i, indeed,
higher than that of C—>Gi,ggng but the difference is not signifi-
cant. Similarly, in Streptococcus, C—A is less frequent in the lead-
ing strand than G—T in Table 2, whereas in Supplemental Table
2 none of them is significantly asymmetric. It is therefore likely
that some substitutions are nonsignificant in this analysis simply
because the power of the test is lower for the analysis where data
sets are smaller, given the smaller number of changes available
for comparison. This is especially true for groups of genomes
with few genes in the lagging strand, such as the Firmicutes, and
for very recently diverged genomes with fewer substitutions. This
analysis therefore depicts and confirms the previous one: Many
distinct substitutions are responsible for replication strand bias,
and these differ between genomes. Notably, the results concern-
ing the cytosine deamination theory are strictly identical, show-
ing an equal frequency of C—T changes in three out of the seven
clades.

Are genomes generally close to equilibrium?

The previous sections dealt with the observed substitution fre-
quencies, that is, the likelihood that a given nucleotide will

®@2000®0

A—-G-T-C

change into another. Such values are a
proxy of the mutational biases operating
in the genome and can be used to esti-
mate the nucleotide composition at
equilibrium. However, the actual com-
position at fourfold degenerate sites of
the genome may not correspond to the
equilibrium values, because of recent
changes in the mutational spectra or be-
cause of preferential selection for certain
nucleotides. Hence, we sought to deter-
mine if genomes were close to equilib-
rium relative to compositional strand
bias.

For this, we took the mutation spec-
tra of each replicating strand and com-
puted the nucleotide composition
changes until equilibrium (Fig. 4A,B). In
the majority of cases, we found a gap
between the expected compositions of
fourfold synonymous positions given
the mutational spectra and their actual
composition. To examine how closely
the predicted equilibria fit the extant ge-
nome compositions, we first subtracted the observed skews in the
lagging strand, (G—C)/(G+C) and (A—T)/(T+A), from those ob-
served in the leading strand, thus providing an index of strand
asymmetry, as in Rocha and Danchin (2001). We then computed
the expected genome composition at equilibrium. Finally, we
computed the differences in skews between the leading and lag-
ging strands from the predicted composition and plotted the net
difference in strand asymmetry between the actual genome and
the expected genome at equilibrium (Fig. 4C,D,E). For some ge-
nomes, the differences are very pronounced. For example, in Ba-
cillus, C increases relative to G in the leading strand, and both
nucleotides remain in the same relative frequency in the lagging
strand, resulting in a net loss of GC skew (Fig. 4C). On the other
hand, A increases relative to T in the leading strand and decreases
in the lagging strand, resulting in a small net gain of AT skew
(Fig. 4D). At equilibrium, Bacilli remain among the most biased
genomes, equivalent only to Bordetella. In the latter, G is increas-
ing relative to C in the leading strand and decreasing in the
lagging strand, whereas the inverse happens to A relative to T.
The overall skew (B) is expected to increase significantly in this
group (Fig. 4E). In Staphylococcus, the changes are very small, and
the observed skews closely fit the substitution spectra. A dramatic
change is observed in the data set for Rickettsia. These genomes,
which according to current composition show average biases,
have a composition at equilibrium that leads to slightly lower AT
skews and to negative GC skews. Hence, if genomes evolve ac-
cording to the computed mutational spectra, Bordetella, Neisseria,
Escherichia, and Streptococcus will become more biased, Bacillus
will have a lower bias, and the bias in Rickettsia will decrease
concomitantly with an inversion in GC skews. Overall, four ge-
nomes will become more skewed and two less so. Only Staphylo-
coccus will remain nearly unchanged. Naturally, this does not
mean that more genomes are gaining compositional strand bias
than losing it, since both inversions of genes from one strand to
the other and horizontal gene transfer are expected to decrease
the genome overall biases.

It is important at this stage to note that even though two of
the three genomes lacking C—T asymmetry are losing composi-
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tional strand bias (Staphylococcus and Bacillus), at equilibrium
these still remain among the most skewed genomes. More strik-
ingly, this analysis suggests a large discrepancy between the ac-
tual composition and the one at equilibrium. To test that
changes depicted in Figure 4 are significant, we computed the
substitution spectra for each of the 1000 bootstrap experiments
and then inferred the composition at equilibrium. This was done
for each taxa and for each strand. Using the distribution of
nucleotide compositions at equilibrium for each 1000 bootstrap
analyses, we tested if >95% of the values were lower or higher
than the one of the actual data set, that is, than the current
composition of the genome. A large majority of tests (42/56)
showed a significant (P < 0.05) deviation between the composi-
tion of the actual genome and the expected values at equilibrium
(Fig. 5). This reinforces the previous analyses and shows that
compositions away from equilibrium are the rule, not the excep-
tion, even in positions expected to be under very weak, if any,
selection. A remarkable exception is found in Staphylococcus,
which is at equilibrium. This may partly be caused by the low
number of substitutions in the set (Supplemental Table 2). How-

ever, we included 2254 substitutions in the leading strand of this
group, which is more than in other sets that show systematic
deviations from equilibrium, for example, Streptococcus and Bor-
detella. Hence, the number of substitutions should be sufficient
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Figure 5. Results of the tests that composition at equilibrium is signifi-
cantly different from the current composition. For each nucleotide the
test was done on the lagging/leading strand. (Gray) P < 0.05; (black)
P < 0.01; (white) NS.
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to allow the detection of an important bias, and it is reasonable
to assume that the Staphylococcus genome composition is very
close to equilibrium.

Discussion

The availability of multiple complete genome sequences for
single species or genera provides the means to statistically com-
pare the patterns of polymorphism between closely related ge-
nomes, the large amounts of sequence data compensating for the
rarity of nucleotide changes. However, such an approach requires
special care. Sequences must have very low error rates, and or-
thology assignment must be conservative. The use of more than
three genomes provides a more stringent approach to assigning
directionality of changes by parsimony. The sequence data we
have used here, in particular for the Staphylococcus and Bacillus
genera, have passed extreme tests of accuracy (see Rocha et al.
2006 and references therein). We conservatively assigned orthol-
ogy by using the information on reciprocal best hits, followed by
two filters to minimize the problems of paralogy or xenology,
one removing highly divergent genes and the second removing
genes outside syntons. We also took care to minimize the effect
of selection by using synonymous fourfold degenerate positions
and by removing the most highly expressed genes to counter the
effects of codon bias. The similarities of the rates of synonymous
change on the leading and lagging strands show that changes are
nearly neutral or at least that selection is not stronger in one
strand than in the other. The major advantage of the method is
that it is possible to directly examine substitutions creating asym-
metrical compositional biases and to evaluate their significance
by a nonparametric bootstrap procedure. As a result, we find that
below an apparent uniformity of compositional biases, there are
very different mutational asymmetries.

If compositional strand bias were caused solely by the in-
herent chemical lability of ssDNA and the extended ssDNA state
of one strand relative to the other as in the cytosine deamination
hypothesis, then we should have found the same substitution
asymmetries in the different sets of genomes. Since we did not,
one must question if one single cause contributes to the majority
of the effect. In fact, some careful calculations suggest that the
ssDNA differential exposure may not suffice to explain such an
extensive compositional bias. Okazaki fragments in E. coli are ~1
kb long (Kitani et al. 1985), and the fork advances in the chro-
mosome at ~1 kb/sec (Bipatnath et al. 1998). Hence, the template
to the lagging strand is left half a second more time in the ssDNA
state per replication round. For E. coli, which has ~200 genera-
tions per year, the template to the lagging strand is thus left 100
sec in the ssDNA state per year and 3 X 107 sec in the dsDNA
state. The effect could be even smaller in bacteria having fewer
generations per year, that is, slow-growers. Incidentally, the latter
include the genomes with the highest compositional strand bias,
for example, Borrelia, Chlamydia, and Buchnera. Even accepting
that cytosine deaminates in ssDNA 140 times faster than in
dsDNA, and speculating that U is inefficiently repaired, this
seems a very small mutational cause for such a large composi-
tional effect.

Many hypotheses have been put forward to explain replica-
tion-associated compositional strand bias. They have been exten-
sively reviewed (Francino and Ochman 1997; Frank and Lobry
1999; Karlin 1999; Rocha 2004b) and are summarized in Table 3.
All these hypotheses have the potential to explain part of the
available data, but none seems entirely satisfactory. In the light

of our results, the simplest explanation is that the bias is multi-
factorial. One should note that the most frequently cited reason
for compositional strand bias, cytosine deamination in ssDNA,
could explain a large fraction of strand bias in four out of seven
genomes if it accounts for all or a large fraction of C—T substi-
tution asymmetries. Yet, it totally fails to explain the bias in the
other three genomes, and this is most significant because two of
them are the most biased. Our results suggest that in the latter, G
enrichment on the leading strand may predominantly originate
from A—G bias rather than C—T bias. Among many other pos-
sible hypotheses, this could indicate more frequent deamination
of A, not C, in these genomes. The seemingly inevitable conclu-
sion is that an apparently homogeneous compositional bias (GC
skew), grounded on a fundamental and highly conserved cellular
process (replication), can still have a multifactorial origin in
which each factor has a very different relevance in different ge-
nomes. A puzzling remaining question is then, why do all these
different biases lead to higher GC skew in the leading than in the
lagging strand in so many diverse genomes?

We found that most genomes are compositionally away
from equilibrium. It has been suggested that this is the case in
some regions of the human genome (Lander et al. 2001), particu-
larly in the G+C-rich isochores (Duret et al. 2002). Our data sug-
gest that this may be a general property of genomic sequences.
There are two different ways to interpret such a deviation from
equilibrium, one based on selection of compositional strand bias
and the other on shifting mutational spectra. Selection for
nucleotide composition has been proposed in a variety of cases:
varying availability of nucleotides in different ecological niches
(Rocha and Danchin 2002; Foerstner et al. 2005) and differences
in metabolism (Naya et al. 2002; Rocha and Danchin 2002) and
temperature (Musto et al. 2004). If G was more adaptive than C
in the leading strand (or the reverse on the lagging strand), this
would have the advantage of explaining why GC skews are al-
ways of the same type, independently of the substitution spectra.
Yet, for selection to modulate GC skews and this be revealed in
the shift of genome composition from equilibrium, this should
involve a biased selection of polymorphisms. The latter necessi-
tates an unlikely large selection coefficient associated with com-
positional strand bias. This would also require selection for GC
skew in some genomes, the ones where the composition is more
skewed than expected given the mutation spectra, and against
GC skews in the others. Finally, there are other difficulties with
this hypothesis because of (1) all the checks we made to remove
the effect of selection; (2) the lack of a theory substantiating
selection on compositional strand bias; and (3) the results indi-
cating that substitution types causing a qualitatively similar bias
are so variable. In the more orthodox neutralist perspective, our
results could be explained simply by extensive and frequent
variation in rates of the different types of mutations. Such a
variation is likely to occur by several mechanisms. Horizontal
gene transfer or xenologous replacement of genes related with
replication, repair, or simply elements interacting physically
with DNA can shift the equilibrium between the different muta-
tions, leading to compositional shifts. The frequent loss, lateral
transfer, and recombination of repair genes have been well docu-
mented within strains of E. coli (Denamur et al. 2000). Shifts in
ecological niches can also explain changes in the relative rates of
each type of mutation, if they involve a change in the environ-
ment, for example, related with temperature, chemical compo-
sition, or even nucleotide availability (for the genomes not pro-
ducing their own nucleotides). Rickettsia is an example of a taxon
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Table 3. Hypotheses that have been put forward to explain compositional strand bias and some arguments for and against them

Cause

For

Against

Cytosine deamination

Mismatch repair

DNA polymerase
processivity

Recombination repair

Genome rearrangements
Length of Okazaki
fragments

Signals

DNA polymerase
composition

Frameshift mutagenesis

C—U is a mutational hotspot in ssDNA (Coulondre et al.
1978), which would lead to C impoverishment in the
leading strand (Reyes et al. 1998; Frank and Lobry
1999).

Gapped DNA is more prone to be corrected by mismatch
repair, and lagging strand is more subject to it (Radman
1998).

Lagging strand DNAP could be more prone to dislocate
from DNA if it went faster to compensate for the
translocation between each Okazaki
fragment (Fijalkowska et al. 1998). This could be
mutagenic.

In y-proteobacteria the higher biases are in genomes
lacking elements (RecA, PriA) associated with the repair
of stalled replication forks (Klasson and Andersson
2006).

Gene switching between replicating strands decreases the
bias (Tillier and Collins 2000b; Rocha and Danchin
2001; Szczepanik et al. 2001).

ssDNA is chemically more labile and its differential
exposure is proportional to the size of the Okazaki
fragments (Rocha 2004b).

Many oligonucleotides (Salzberg et al. 1998), among
which are recombination signals (e.g., chi sequences)
(El Karoui et al. 1999), and segregation signals (e.g.,
KOPS) (Bigot et al. 2005; Levy et al. 2005) are
overrepresented in the leading strand.

Genomes with both PolC and DnaE (a-subunits of DNA
polymerases) are enriched in A in the leading strand,
whereas the others are enriched in T (Worning et al.
2006).

+1 G frameshifts occur fivefold more frequently during
synthesis of series of Gs in the leading strand, which
may favor runs of Gs in the leading strand (Gawel et al.

GC skews are higher than expected given AT skews (Rocha
and Danchin 2001). Some AT skews are positive (i.e.,
the leading strand is richer in A, not T) (McLean et al.
1998; Worning et al. 2006).

Differential repair is not sufficient or necessary for the
appearance of strand bias. There is no strong association
between presence of MMR genes and the bias.

Recent data indicate that in T7 the two DNAP are equally
processive, with the primase slowing the pace of leading
strand synthesis (Lee et al. 2006).

Genomes without PriA and RecA, e.g., among
Mollicutes (Rocha et al. 2005), lack compositional strand
bias, and genomes with both proteins have strand bias.
Hence, the effect is not sufficient.

It does not explain how the bias comes about in the first
place.

It is impossible to test with the available data, but the
effects of ssDNA exposure may be too small to be
sufficient (see text).

The signals are compositionally biased as the leading
strand (i.e., they are G rich), but they are not nearly
enough to explain the extent of the bias (Frank and
Lobry 1999; Tillier and Collins 2000a).

The effect is not valid for the opposition between G and C
within replicating strands (Rocha 2002), i.e., it does not
explain GC skews.

Long runs of Gs are rare in most bacterial genomes (Rocha
2003), which suggests that this cannot explain the
extent of the bias.

2002).

recently adapted to an intracellular lifestyle, and has undergone
extensive pseudogenization. Infection of human cells by Rickett-
sia is associated with oxidative damage (Santucci et al. 1992),
which, through 8-hydroxyguanine lesions, induces G—T muta-
tions. This may help account for the unusually strong C—A/G—T
biases as well as the large gap between the genome composition
and the one expected at equilibrium. Finally, even if a genome is
not acquiring or losing genes and if the environment is stable,
changes in the mutation spectra may occur by the evolution of
proteins leading to the increase in some types of mutations.
These may eventually be compensated by the decrease in other
types of mutations, and thus be neutrally fixed. Further work will
be necessary to better understand the evolution of mutation
spectra through time, although some of our preliminary obser-
vations suggest little variation within the species domain. This is
consistent with mutation spectra fluctuating around an average
behavior within closely related genomes, but also with this av-
erage behavior shifting apart with time within lineages because
of changes in the repair and replication machinery, but possibly
also metabolic changes and nucleotide availability. Still, one is
left with the puzzling observation that qualitatively similar GC
skews result from different mutation spectra. In any case, these
results clearly show the importance of considering heterotachy
when analyzing sequence evolution (Lopez et al. 2002).

One must be extremely careful when incriminating specific
mutation types to the compositional deviation of DNA sequences
from an average value. For every type of deviation there are mul-
tiple repair genes whose presence or absence could potentially

explain the effect. However, if one does not know which are
the asymmetric mutations, one can totally fail to pinpoint the
relevant gene(s) and understand its fundamental cause. Further-
more, our data suggest that most frequently there may not even
be such a single gene or level of analysis, as slight changes in
the biochemical characteristics of the proteins involved in
cellular processes affecting mutation types could suffice to
change sequence composition dramatically. Challenging Ock-
ham’s razor, even simple, nearly ubiquitous compositional bi-
ases, caused by the essential and highly conserved process of
replication, can be underlined by a large complexity of biological
phenomena.

Methods

Data

We used seven groups of complete genomes of bacterial strains or
species (Table 1; Supplemental Table 1). These include six strains
of E. coli or Shigella, six strains of Streptococcus pyogenes, five
strains of the B. cereus group including B. anthracis and Bacillus
thurigiensis, four species of Rickettsia, four strains of Staphylococcus
aureus, three species of Bordetella, and five strains of Neisseria, one
Neisseria gonorrhoeae and four Neisseria meningitidis. The complete
list of strains, accession numbers, and the phylogenetic trees for
each group are presented as Supplemental material. One should
note that the separation between named strains and named spe-
cies in bacteria is highly controversial (Gevers et al. 2005). Hence,
some of these genomes (e.g., Escherichia and Shigella or the Bor-
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detella) are classed as representing different species or genera but,
in fact, correspond to highly similar core genomes.

Definition of orthology

A preliminary set of orthologs was defined by identifying unique
pairwise reciprocal best hits, with at least 40% similarity in pro-
tein sequence and <20% difference in length. This list was then
refined by combining the information on the distribution of
similarity of these putative orthologs and the data on gene order
conservation (as in Rocha et al. 2006). Because few rearrange-
ments are observed at these short evolutionary distances, genes
outside conserved blocks of synteny are likely to be xenologs or
paralogs. Hence, we conservatively used the distribution of se-
quence similarity within reciprocal best hits, together with the
classification of these genes as either syntenic or nonsyntenic, to
set appropriate lower thresholds of protein sequence similarity
between orthologs within each group: Bacillus (90%, mean
>99%), E. coli (90%, mean >99%), Streptococcus (95%, mean
>99%), Staphylococcus (95%, mean >99%), Bordetella (90%, mean
>99%), Rickettsia (80%, mean >93%), Neisseria (90%, mean
>97%). The definitive list of orthologs for each group was defined
as the intersection of pairwise lists.

Alignments and inference of substitution tables

The protein sequences of the orthologs were aligned using
CLUSTALW (Thomson et al. 1994) and back-translated into DNA
sequences. This produced multiple alignments with a very large
number of positions, which compensates for the relatively low
density of substitutions (Table 1). For each set of multiple align-
ments, we counted the number of each type of directed change at
third codon positions corresponding to amino acids fourfold de-
generated (quartets). When we could reliably identify an out-
group in the taxa, we built an outgroup mutation table (Fig. 1).
This is the sum of all substitutions of each type observed within
the ingroups. A substitution is only counted if it occurs in one
single terminal branch of the tree and if all the other elements
strictly respect the consensus (defined by the outgroup). For
Streptococcus and Rickettsia, there was no single outgroup, and in
these cases we compute an ingroup mutation table (Fig. 1). In
this table, we compute all types of substitution that take place in
one single terminal branch of the tree and sum the occurrence of
each mutation type across all terminal branches. An individual
mutation is included only if there is a consensus in all the other
genomes.

Determination of substitution frequencies and statistical tests

The absolute values of substitutions from i to j (e.g., A—T) at
fourfold degenerate positions were converted to relative substi-
tution frequencies f; by dividing them by the average number of
nucleotides i in all the sequences for a given taxon (i.e., A in the
precedent example) (Gojobori et al. 1982). Since we only analyze
the fourfold degenerate codon positions, we normalized accord-
ing to the frequencies of nucleotides at these positions. This al-
lows comparing directly the frequencies between different types
of substitutions in a data set. Because we are interested in com-
puting the asymmetries in the frequencies of complementary
changes, we cumulated the biases between the leading and the
lagging strands. For example, the relative frequency of C—T
changes was computed taking into account C—T changes in
leading strand genes and G—A changes in lagging strand genes.
Similarly, the relative frequency of G—A changes accounts for
G—A changes in the leading strand genes and C—T changes in
the lagging strand genes. To check that this is not in any way
biasing our analysis, we also did the analysis of leading and lag-

ging strands separately, which revealed concordant results in the
vast majority of cases. The assessment of significant asymmetry
was done by a nonparametric bootstrap procedure in which we
sample 1000 times each set of multiple alignments and compute
at each time the normalized relative frequencies. We consider
that f{X—Y) is significantly more (less) frequent than the comple-
mentary change at a given P-value if no more than P/2 (1 — P/2)
percent of the pairwise comparisons of the bootstrapped relative
frequencies show lower (higher) f{X—Y) in the leading strand.
For the analysis separating leading and lagging strand genes, the
same bootstrap analysis is done between X—Y in the genes in
one strand and the same change in the genes of the other strand.
Hence, for the previous example, in the first analysis we test by
bootstrap if

HO[f(C - Tleading) + ﬂG - Alagging)] - [ﬂG - Aleading)
+ f(C - Tlagging)] =0

whereas in the second we test separately if

HOf(C - Tlmding) - ﬂc - Tlagging) =0

and

HOﬂG - Almding) - ﬂG - Alagging) =0

GC and AT skews

We identified the origin and terminus of replication in each ge-
nome using cumulative GC skews and AT skews analysis in 10-kb
sliding windows (Grigoriev 1998), where

GCskew = [G - C]/[|G+C]
ATskew = [A—T]/[T+A]

We also used the positioning of genes that tend to be close to the
origin of replication such as dnaA (Mackiewicz et al. 2004) to
define the origin. We then classed all genes according to their
presence on the leading or lagging strand in the respective ge-
nome and only kept the ones always present on the same repli-
cating strand in all genomes of the taxa. The shift of genes from
one replicating strand to the other is a rare event and very un-
likely to be a source of error as this analysis encompasses very
short time scales. To support this further, no significant strand
shifts were observed in any of the genomes of Bacillus, Staphylo-
coccus, or Escherichia, with the exception of Shigella flexneri.
Hence all genes consistently present in the same strand were
accepted. The level of compositional asymmetry between strands
was computed using the composition of the third codon position
of fourfold degenerate codons (g) in genes of the leading and the
lagging strand and following (Lobry and Sueoka 2002).

( Gq,lead _ qulag )2
B Gq,lead + Cq,lead Gq,lag + Cq,lag

- + ( Tq,lead _ Tq,lag )2
Tq,lead + Aq,lead Tq,lag + Aq,lag

Higher B, values indicate higher bias, although not necessarily G
and T richness in the leading strand. To account for this, we also
computed the difference in GC and AT skews for genes in the
leading and lagging strand.

AGCskew = GCskew, jeaging — GCskew,

q,lagging

AATskew = ATskew — ATskew,

q,leading q,lagging
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Removing highly expressed genes

Although we restrict our analysis to fourfold degenerate sites, this
does not guarantee that such substitutions are nearly neutral or
that they are immune to other mutational biases. Highly ex-
pressed genes are much more conserved than other genes (Sharp
1991; Rocha and Danchin 2004; Drummond et al. 2005). This
includes nonsynonymous but also synonymous substitutions,
because codon usage is under strong selection in highly ex-
pressed genes (Grantham et al. 1981), especially among fast-
growing bacteria (Rocha 2004a). If such genes were not removed
from the analysis, then the identified substitutions might not
reflect the mutation spectrum associated to replication. Highly
expressed genes may also suffer mutational biases because of
transcription-coupled repair (Francino et al. 1996; Lopez and
Philippe 2001; Hudson et al. 2003). The problem of highly ex-
pressed genes is especially important for the analysis of compo-
sitional strand bias since highly expressed genes are more likely
to be essential and essential genes accumulate in the leading
strand (Rocha and Danchin 2003). Hence, we used the CAI index
(Sharp and Li 1987) to remove the top 10% genes with most
biased codon usage, expected to be the most highly expressed.
We checked that removing even more genes (15%) from the ge-
nome with the highest codon usage bias (E. coli) led to the same
results (Supplemental Fig. 1). In fact, one should note that this is
rather conservative, as slow-growing bacteria such as Rickettsia
are likely to have little, if any, codon usage bias.
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