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In many prokaryotes, asymmetrical mutational or selective

pressures have caused compositional skews between

complementary strands of replication arms, especially sensitive

in the distribution of guanine and cytosine. In Escherichia coli,

most of the guanine/cytosine skew is caused by mutation rates

differing on leading and lagging strands, but contribution of

skewed functionally important guanine-rich motifs (Chi and Rag

sites), which control chromosome repair or positioning, is

noticeable. Interference between replication and gene

expression plays a minor role. The situation may be different in

other bacteria. Studies of chromosome processing and bacterial

taxonomy might profit from consideration of chromosome

polarisation.
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Abbreviations
CDR chromosome dimer resolution

DAZ dif activity zone

PR1 parity rule 1

PR2 parity rule 2

Introduction
In bacteria and their phages, guanine (G)/cytosine (C) and

adenine (A)/thymine (T) ratios of complementary strands

often differ. This property has long been utilised for the

purification of complementary strands of phage DNAs

[1–3] and even of megabase-sized genomes, such as that of

Streptococcus pneumoniae [4]. The information from large-

scale sequencing confirms that most bacterial genomes

display base composition skews [5��,6]. The term ‘chir-

ochore’ was coined to describe a DNA sequence display-

ing such a compositional skew [7]. As a general rule, each

replication arm of a bacterial chromosome appears to be a

chirochore, and the term ‘replichore’ expresses this fact

[8]. Thus, this compositional skew generates a dual polar-

isation on a bi-directionally replicating chromosome. Gen-

omicists now tend to consider a shift of the G/C skew to

mark the origin and terminus of replication. This correla-

tion has proved to be useful as the starting point for

mapping replication origins in bacteria [9–11], but the

biological significance of such G/C skews requires thor-

ough discussion. In this review, we present a discussion,

centred on Escherichia coli, of the phenomenon.

When mutation and selection are assumed to be symmetric

with respect to both DNA strands, and then the rates of

reciprocal substitutions in a specific strand to be equal

according to the parity rule 1 (PR1) of Sueoka [12], the

intrastrand base composition at equilibrium is expected to

reach the parity rule 2 (PR2) state, in which the frequencies

of adenine and thymine, and guanine and cytosine, are

equal within each strand [12,13]. This PR2 state is more

than an equilibrium point because convergence towards

PR2 continues even if substitution rates are modified.

There is no way to escape from the PR2 state under the

PR1 hypothesis [14]. Therefore, G/C and A/T skews,

violations of the PR2 state, are strong indications that some

selective or mutational pressure affected asymmetrically

complementary strands during chromosome evolution.

Chromosome polarisation conservation
Chromosomal gene order is not generally conserved dur-

ing bacterial evolution [15]. Even the organisation of

operons is plastic [16]. The few operons that are con-

served in prokaryotes code for physically interacting

proteins [17�]. In this chaotic situation, the comparison

of prokaryotic chromosomes has, nevertheless, revealed a

conservation of the orientation and the relative distance

of certain genes (or groups of genes) from the origin and

terminus of replication, at least during recent evolution.

This was found by applying the matrix dot plot [18] at the

genome scale to observe characteristic X-shaped dot plots

(as exemplified in Figure 1) crossing on the replication

origin-to-terminus axis [19–21,22��,23��,24,25��, see also

update]. Thus, the chromosome polarisation revealed by

gene orientation in the replichores tends to be conserved

during evolution [26��]. This observation is intriguing.

The majority of bacterial genes are encoded on the

leading strand [27], so it is legitimate to wonder whether

A/T and G/C skews result primarily from constraints

imposed to gene expression by replication, turning into

constraints to base composition imposed by the genetic

code, or whether they result primarily from a mutation

pressure that is different on leading and lagging strands,

turning into usage (therefore selection) of the skews, for

instance to control operations of chromosome processing.

Evidence supporting the second model in the case of

101

www.current-opinion.com Current Opinion in Microbiology 2003, 6:101–108



E. coli is presented. The situation can be different in other

bacteria, as discussed later.

Preferential gene orientation contributes
little to the G/C skew in E. coli
In E. coli, 54% of coding sequences are found on the

leading strand, but highly expressed genes are more often

transcribed in the direction of replication. Thus, con-

straints imposed to gene expression by replication may

exist. For instance, transcription may oppose unidirec-

tional obstacles to replication [27]. This idea has received

some experimental support [28]. The constraints involved

are weak, as many inversions within a replication arm

result in normal viability at the laboratory scale [29].

McLean et al. [6] noticed that, in E. coli and other bacterial

genomes, the G/C skew is stronger for the third letter of

codons than for the two first letters. Tillier and Collins

[20,30] confirmed the observation, and showed that the

sequence of a gene may be influenced by whether it is

encoded on the leading or lagging strand. In general,

biases are higher at weakly selected positions, third codon

positions or intergenic spaces, and are highly correlated

between these two classes (see [5��] for a recent update).

These observations do not support the contention that, in

E. coli, constraints owing to codon usage have shaped the

base composition skews.

G-rich skewed elements of E. coli: the Chi
and Rag motifs
Salzberg et al. [31] found two families of skewed G-rich

octamers in E. coli. The skew of these octamers shifts sign

near oriC and in the terminus region, and is stronger than

that expected from the global G/C skew, as exemplified

Figure 1
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Example of a recent chromosomal inversion between the genome sequences of two different isolates of Escherichia coli 0157:H7, and its absence

of effect on the A/T and G/C skews. The central panel is a dot plot comparison at the DNA level, at which each point represents 100% exact

identity over 5 kb in the direct versus direct (blue dots) or direct versus complementary (red crosses) strands between the two chromosomes. The

genomes of the two isolates are almost identical (although one is from Japan and the other from the USA), with most differences corresponding

to sequencing indeterminations. The inversion is located near the terminus of replication, and the dif site is located within the inverted region. External

panels represent the cumulated A/T and G/C composite skew in third codon positions of coding sequences, as computed with the oriloc software [68].

The maximum value of the composite skew index is located at oriC, the origin of replication, and the minimum value at terC, where termination
occurs preferentially. Note that the general pattern is the same between the two isolates. This is because the inversion includes the terminus region,

so that asymmetric features are conserved. This is a general property of polarised features, not restricted to A/T and G/C skews. (See the enlightening

figures in [25��] for an explanation.) Sequence accession numbers in the DDBJ/EMBL/GenBank database are BA000007 and AE005174 for the x

axis and y axis, respectively.
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below. The skew of some motifs of each family is func-

tionally important. Chi sites (GCTGGTGG) belong to

the TGGT family, and 75% of them are found on the

leading strand (Figure 2). The predicted orientation bias,

if it were solely dictated by the excess of G on the leading

strand, is estimated to 56.5% for this 5G-1C-containing

octamer (see Box 1). Thus, the bias of Chi sites strongly

exceeds the predicted value. When a RecBCD complex

moving on DNA meets the 30 end of a Chi site, this

complex shifts from a purely nucleolytic activity to

become a producer of a 30-ended single-strand, the sub-

strate for homologous recombination. In its preferential

orientation, a Chi site may facilitate the re-starting of

aborted replication forks [32,33�]. The selective value of

this orientation may have favored the generation of the

skew, but other explanations can be considered [34,35].

The skew of Rag motifs (RGNAGGGS) is more remark-

able. Their actual skew of 82% is much stronger than the

theoretical value, predicted to 56.7% from the skew of

their components (see Box 1), and increases towards the

terminus (Figure 2). The skew shift occurs abruptly in the

terminus and, dif, a 28 bp site devoted to chromosome

Figure 2
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Simple DNA walks for Rag motifs (RGNAGGGS) and Chi sites (GCTGGTGG) along the E. coli K-12 chromosome (top) and the closely related

Salmonella typhimurium LT2 chromosome (bottom). The walker is gliding along the published strand of the chromosome and moves up by one unit

when encountering the motif under analysis, and moves down by one unit when the complement of the motif is encountered. For instance, in the E. coli

chromosome, starting from the origin (ori) up to the terminus, there are about 500 more Rag motifs in the direct orientation than in the reverse
orientation, and this bias is inverted after the terminus. In both organisms, the shift of strand preference occurs precisely at dif for this motif (see also

Figure 3), whereas the shift for Chi-site strand preference is much less clear-cut. The walk would yield a linear trace if the bias were constant along the

chromosome, but note that for Rag motifs, the curve is lambda-shaped, signifying that the bias increases towards the terminus.

Box 1 Expected skews.

Oligomer expected skew values were calculated for E. coli

replichore 1. Probabilities of occurrence of a given oligomer and of

its complement were deduced from base composition of the leading

strand, assuming no other constraint: A, 0.2444; T, 0.2460; C,

0.2469; G, 0.2627. For example, the Chi-site expected frequency on

this strand is F1¼[(0.2627)5 (0.2460)2 (0.2469). The frequency of its

complement is F2¼[(0.2469)5 (0.2444)2 (0.2627)]. Chi expected

skew is (F1/F1þF2)�100.
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dimer resolution (CDR), maps at the point where polarity

switches [36]. The same phenomenon is conserved in

many chromosome termini (not shown). An unusual fea-

ture of dif activity in dimer resolution is that the dif site

must be located within a small region, the dif activity zone

(DAZ). Genetic analysis [37–39] revealed that the DAZ

occurs at the junction between regions displaying oppo-

site polarisation (Figure 3). The polarizing motifs, not yet

rigorously identified, are probably the Rag motifs, and the

polarity-reading factor is most probably FtsK. This sep-

tum-anchored protein [40�] is a DNA translocase. It

apparently mobilises DNA in a direction dictated by its

polarity, and stops where polarity shifts, that is, near dif. It

ensues that dif sites of a chromosome dimer are placed at

the septum, favoring resolution by site-specific recombi-

nation [41��–43��]. FtsK may be the clearing factor for

Figure 3
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The activity of dif in chromosome dimer resolution (CDR) is controlled by repeated and oriented elements of the flanking regions. (a) dif is located

in the junction between two regions strongly polarised by Rag elements (indicated by vertical lines; their nearly 100% skew shifts sign at dif).

(b) Genetic analysis of the DAZ phenomenon. (i) Experiments of dif transplacement indicate that dif allows CDR only if located in a small zone

(10–20 kb) around its natural map position. (ii) Deletions near dif, whatever their importance, conserve a CDRþ phenotype, provided dif is conserved.

(iii) Deletions, including dif, whatever their importance, are of course CDR�, but regain a CDRþ phenotype, provided dif is re-inserted at the junction

between the severed chromosomes. (iv) Inversions, including the dif site, remain CDRþ, whatever their importance. (v) Inversions affecting the regions

near dif, but not dif itself, are CDR�, provided the dif-proximal endpoint maps within 20–30 kb from dif. (vi) Inversion of dif-flanking regions may

generate a de novo DAZ at the dif-distal endpoint, demonstrated by a CDRþ phenotype if dif is transplaced to this inversion endpoint. Altogether,

these results support the model that the DAZ is the junction between series of multiple and interchangeable inversely oriented elements

(DAZ-organising polar elements [DOPES], represented here by arrows), for which Rag sequences are excellent candidates (see [a]).
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ridding the port of the septum of DNA loops ([43��];
J Corre and J-M Louarn, unpublished data). Because

chromosome positioning makes the terminus stand in

the cell close to the septum or where it will form [44],

the extreme skew of Rag motifs of the terminus (97%) has

perhaps evolved primarily to help FtsK prevent the

capture of the region by the septum, and was subse-

quently used for dimer resolution.

Altogether, the strong skew of Chi and Rag elements

accounts for about 7% of the global G/C skew of E. coli
(but for about 14%, if the extended Rag family

RRNAGGG is counted). These specific G-rich motifs

contribute importantly to the global skew, but other

G-rich oligomers less so. The actual orientation bias of

all 5G-containing octamers found on the E. coli chromo-

some (60% [45]) is not very different from the predicted

one, 56.2% (see Box 1). It must be emphasised here that,

given that the G/C skew remains detectable after removal

of all skewed octamer sequences [30], functions involving

skewed motifs have not been the sole mechanism respon-

sible for the chirochore structure of this chromosome.

Other examples of polarised repeated
elements
In E. coli, the first repeated polar elements identified were

the replication pause (Ter) sites. They all map in the

same orientation on a given replichore (5 on each repli-

chore). These 23 bp sequences are rather AT-rich [46].

The existence of polarised elements, of unknown nature,

in the regions peripheral to the terminus may be inferred

from data on the deleterious effects of certain inversions

[29,47]. The other repeated elements so far identified,

such as the BIMEs, are not polarised [48].

Origin of G/C and A/T skews: the differential
mutation pressure model
Given that, in E. coli, the chirochore structure cannot be

explained solely by preferential gene orientation and

G-rich skewed motifs, contribution of asymmetric muta-

tion pressures, which could be caused by differences in

replication modes of leading and lagging strands, must

have been important [49��]. Unequal fidelity of leading

and lagging strand synthesis has been detected, by look-

ing at the rates of chromosomal spontaneous mutations, in

mutL mutants (a genotype favoring rapid evolution [50]).

For instance, T/G mispairing (the most frequent mis-

match) occurs preferentially during leading strand synth-

esis [51]. Applied to a genome under initial PR2 state, this

should make this genome gain Gs and Ts on the leading

strand. This fits with observed skews [5��]. It was also

observed that þ1G frameshifts occur fivefold more fre-

quently during synthesis of series of Gs on the leading

strand, whereas �1G frameshifts occur at comparable

frequencies on both strands [52��]. This may have favored

series of Gs on the leading strand, for example, 6-G series

display an orientation bias of 67% significantly greater

than the expected one, 60% (see Box 1). Preferential

cytosine deamination (C ! T), which happens in vitro
more frequently on single-stranded DNA, could also

affect preferentially the leading strand [53]. Other

mechanisms might coexist, as indicated by the observa-

tion that, in Streptomyces coelicolour, the biases observed

are in complete contradiction with the predictions from

the cytosine deamination model [54��].

When evolution meets polarisation
The conservation of dif and of polarisation of its flanking

regions occurs in a context of great variability within the

terminus regions, which are among the most divergent

segments in closely related bacteria [22��]. For instance,

the regions flanking dif are different in Salmonella typhi-
murium and E. coli, although dif and Rag-determined

opposite polarities are conserved (Figure 2). The rapid

evolution of terminus correlates with its recombination

[55–57,58��]. RecD inactivation is known to trigger hyper-

recombination in the terminus [55], and this is perhaps the

key to understanding terminus evolution. Linear DNA

entering into the bacterium is degraded up to the first

correctly oriented Chi site by RecBCD, which then loses its

RecD-associated nuclease activity. The bacterium conse-

quently becomes a RecD� phenocopy [59,60], which is

manifested by an increased recombination activity in the

terminus. The region would become a preferential target

for integration of exogenous DNA. But the new material

will be tolerated only if adequately polarised. Mutation

selection will tend to eliminate inappropriately oriented

polar motifs and to gain correctly oriented ones. The

pressure for polarisation may prevail over that for gene

functionality, explaining why prophages present in the

E. coli terminus are extremely polarised, and cryptic,

and why the region harbors no essential genes. The termi-

nus has often been considered as junk, but this disparaging

view has to be revised; the region is important, but only its

polarisation matters, not its gene content.

Conclusions
The present review has centered on E. coli, the only

organism in which polarity-mediated functions have been

identified. Combining the functions implicated in chro-

mosome processing with strand-specific mutability due to

replication asymmetry provides a rationale for its chromo-

some polarisation. Aside from fork repair and septum

clearing, other functions — condensation and separation

of nascent chromosomes, perhaps replication itself —could

use polarisation to monitor their progress through the

chromosome. Like the Chi-directed recombination and

FtsK-dependent mobilisation, they might use motifs that

arose from the mutation-determined G/C skew. Skewed

sequences clearly require more attention, as do studies on

the functions of polarisation in chromosomal processing.

Differing situations may be found in other bacteria. The

noticeable G/C skew of Haemophilus influenzae [7] is not
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associated with highly skewed short motifs [31,45],

although the dimer chromosome resolution system is

close to that of E. coli (F-X Barre, personal communica-

tion). Strongly asymmetric mutation pressures may have

predominantly contributed to preferential gene orienta-

tion in genomes displaying very strong chirochore struc-

ture, such as that of Borrelia burgdorferi (see [61��] for a

detailed analysis of the surprising genome of this bacter-

ium). Conversely, in Mycoplasma genitalium, a weak asym-

metric mutation pressure is associated with strong

chirochore structure. In this organism, about 80% of

the coding sequences are found on the leading strand.

The shaping factor is probably a strong interference

between replication and transcription [5��]. New taxon-

omy guidelines will likely emerge as analysis of bacterial

sequences allows us to trace the conservation and evolu-

tion of processes generating chromosome polarisation, or

making use of polarisation.

Update
Recent studies have extended the taxonomic range of

X-shaped dot plots with the genomic comparison of

Oceanobacillus iheyensis versus Bacillus subtilis and B.
halodurans (Figure 4 in [62]), Brucella suis versus Mesorhi-
zobium loti (Figure 3 in [63]), Agrobacterium tumefaciens and

Sinorhizobium meliloti (Figure 3 in [64], Figure 3 in [65])

Streptococcus agalactiae versus S. pyogenes and S. pneumoniae
(Figure 3 in [66]).
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