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ABSTRACT

The survival of individual organisms facing stress is
enhanced by the induction of a set of changes. As the
intensity, duration and nature of stress is highly
variable, the optimal response to stress may be
unpredictable. To face such an uncertain future, it
may be advantageous for a clonal population to
increase its phenotypic heterogeneity (bet-hedging),
ensuring that at least a subset of cells would survive
the current stress. With current techniques,
assessing the extent of this variability experimentally
remains a challenge. Here, we use a bioinformatic
approach to compare stress response genes with the
rest of the genome for the presence of various kinds
of repeated sequences, elements known to increase
variability during the transfer of genetic information
(i.e. during replication, but also during gene expres-
sion). We investigated the potential for illegitimate
and homologous recombination of 296 Escherichia
coli genes related to repair, recombination and
physiological adaptations to different stresses.
Although long repeats capable of engaging in
homologous recombination are almost absent in
stress response genes, we observed a significant
high number of short close repeats capable of
inducing phenotypic variability by slipped-mispair
during DNA, RNA or protein synthesis.

INTRODUCTION

Stress is ubiquitous in nature. The survival of individual
organisms faced by stress is facilitated by the induction of a set
of changes. If the stress is of short duration, a physiological
change may allow the organism to overcome stressful conditions.
However, on a longer time scale, a genotypic modification
may lead to a better adaptation to such stressful conditions.
Stress can take many forms and in some environments cells
may be faced with a combination of stressful changes. In addition
to the intrinsic variability in nature, the intensity and duration

of such a combination of stresses make it very unlikely that
individual cells will attain adaptation for all general purposes.
However, increasing phenotypic diversity among different
cells may increase the chances that at least a subset of cells
would survive among a large clonal population of bacteria
facing such an uncertain future.

In the absence of stress, DNA replication is very faithful for
copying normal DNA (10–9 errors per nucleotide). On the other
hand, decoding this DNA into a functional protein is a more
erroneous process, with estimates of 10–5 errors per nucleotide
transcribed and 10–4 or more per amino acid incorporated (1).
Naturally, errors due to slippage in repeated regions and to
problems in protein folding are likely to increase the proportion of
erroneous proteins. The accumulation of such errors leads to
the production of >20% erroneous β-galactosidase enzymes
under exponential growth phase (2). As errors in protein
synthesis have been shown to accumulate under stress, and
DNA mutations accumulate under a variety of stresses, it is not
surprising that the number of aberrant proteins would increase
under stressful conditions (3).

At the DNA level, repeated sequences are known to promote
genetic variability in different ways (Fig. 1). Recombination
between similar but not identical sequences may involve
conversion or reciprocal strand exchange, thereby changing
the DNA sequence. Recombination may also involve the dupli-
cation or deletion of regions of the chromosome, thereby intro-
ducing large changes. Homologous recombination between
repeats is thought to be the basis of genetic variation in many
bacteria (4). The minimal homology required for the action of
RecA-mediated homologous recombination varies between 20
and 30 nt of strict identity in Escherichia coli (5) and in
Bacillus subtilis (6). This coincides with the minimal significant
length of large repeats in bacteria (25 nt in E.coli) (7).

In addition, illegitimate recombination occurring by a RecA
independent pathway may occur between repeats of ≥3 nt (8).
The frequency of such recombination increases exponentially
with length, and in E.coli becomes frequent for repeats >8 nt
(9), although it also decreases exponentially with the distance
between the occurrences (10). In consequence, long tandem
repeats of small motifs [simple sequence repeats (SSRs)] are
especially sensitive to this type of recombination in bacteria
(11).
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The effect of nucleotide repeats on the fidelity of gene tran-
scription and translation is well documented. Because the RNA
polymerase and the ribosomes are also prone to slippage, error
rates increase on the regions of such motifs, with the formation
of correspondingly erroneous mRNA and proteins. In these
cases, recombination will transiently induce mutant pheno-
types, as the DNA sequence is left unchanged, and only the
protein is defective.

The physiological responses of E.coli to stress are probably
among the best understood (12) due to decades of intensive
research in the way these bacteria adapt to changes in
temperature, osmolarity, pH and nutrients, or to the presence
of toxic chemicals. To investigate the potential for recombin-
ation of E.coli stress genes, we compared them systematically
with the rest of the genome for the presence of repeats. We
selected a set of 296 stress response genes, including genes
implicated in recombination and repair, but also physiological
responses such as heat shock, cold shock or osmotic shock.
Since intra-chromosomal recombination may proceed by
either homologous recombination or illegitimate recombin-
ation, we have analysed the potential of both in the E.coli
genome and in the stress response set of genes in particular. In
every case, two types of controls were used: a first control uses
statistics based on Markov chains to determine the significance
of repeats, and a second biological control consists in
comparing the stress subset with the remaining genes in order
to identify potential differences. Finally, we compared the
genes presenting an unusually high abundance of close repeats
in the stress subset with orthologous genes in related bacteria.

MATERIALS AND METHODS

Data sets

Data on the complete bacterial genomes were taken from
Entrez Genomes (http://www.ncbi.nlm.nih.gov). We used the

annotations of E.coli K-12 version 53 (13), with nomenclature
corrections and functional assignments included in Colibri
(http://genolist.pasteur.fr/Colibri/) (14) and GeneProtEC
(http://genprotec.mbl.edu/) (15).

Gene classification

Genes involved in adaptation or responses to stress were classified
into 12 partially overlapping classes, according to standard
bibliography (12). Functional assignments were updated
taking into account the annotations of Colibri and Gene-
ProtEC. We took into consideration the following 12 classes of
stress response genes: response to atypical conditions, cold
shock, detoxification, heat shock, response to molecular
oxygen, osmotic stress, response to pH, recombination, repair,
SOS, stationary phase (we removed genes related to energy
metabolism) and stringent response. Overall, this set includes
296 genes, for a total of 4289 coding sequences in the genome.
Although this classification may be punctually disputed, it was
used because it reflects the work of many researchers of each
domain (12). The list with the classification of these genes and
their position in the sequence, as well as additional material
for this paper, can be consulted at http://wwwabi.snv.jussieu.fr/
~erocha/stress/.

Search for large repeats

The search for large strictly identical repeats was done using
REPuter (16). We have searched for repeats with statistically
significant lengths using a statistic of extremes that takes into
account the composition in nucleotides and the length of the
genome (17). Repeats >24 nt are statistically significant for the
E.coli genome (P < 0.001) (7). We then computed the number
of bases of such repeats present in each gene of E.coli—we call
this the number of repeat bases per gene. This provides for a
crude measure of the potential for homologous recombination
of a given gene. Since genes have very different sizes, we
compute a density of repeat bases per gene as the above quantity
divided by the length of the gene. Note that this density can
take values >1, since a single base can be in several relation-
ships of similarity. A typical example of such a case is the set
of rRNA genes of E.coli that is present in seven nearly identical
copies.

Search for simple sequence repeats

Large SSRs. We searched for tandem repeats of motifs of 1–4 nt
in length within genes, and in intergenic regions separately,
since these two regions are compositionally quite different
(18). We shall call X the motif of the SSR (e.g. CG in
CGCGCG), n its multiplicity (e.g. 3 in CGCGCG) and L the
cumulative length of the sequences (e.g. all genes or all intergenic
regions). The probability of finding, by chance alone, a SSR of
a motif X, with n motifs (Xn) anywhere in the set is given by:
P = 1 – (1 – fX

n)L where fX is the relative frequency of the motif
X. We solved the above equation for all possible motifs X of
1–4 nt in length for P < 0.01. Through this approach we
obtained the significant threshold for the length of SSR
elements. We then searched for these exact SSR elements
using standard pattern searching methods.

Density of SSRs. We also identified genes with high densities
of small SSRs. We started by defining length thresholds for
small SSRs. Considering that SSRs >3 nt have been shown to

Figure 1. Scenarios of illegitimate recombination between close direct repeats
and SSRs. Black boxes represent start and stop codons of the original gene,
grey boxes represent strict repeats, and light grey boxes represent regions of
weaker homology. Dashed lines indicate that deletions and duplication may
induce frameshifts and therefore produce ORFs of very different length. (A
and B) Duplication/deletion of the repeat and the region between occurrences. (C)
The regions of non-strict similarity become similar after conversion. (D and E)
Increase/decrease in the number of motifs of the SSR. Homologous recombination
between long repeats closely follows the scenarios of (A), (B) and (C), except
that large duplications are unstable and large deletions are strongly counter
selected. Thus, conversions or reciprocal translocations are the most frequent
outcome of homologous recombination between long distant repeats.
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be engaged in illegitimate recombination in bacteria (8), we
searched for mononucleotide runs of ≥5 nt (five motifs), for
dinucleotide runs of ≥6 nt (three motifs), for trinucleotide
runs of ≥6 nt (two motifs) and for tetranucleotide runs of ≥8 nt
(two motifs). We computed the relative frequency of these
small SSRs for each gene, separating SSRs with different motif
sizes. The expected values were calculated using the observed
number of such SSRs in 100 random sequences of equal
length and equal frequencies of motifs (e.g. equal trinucleotide
frequency for SSR of 3 nt motifs). Statistical significance of
the difference between the observed and expected values were
determined through the use of a Poisson distribution, with a
mean estimated from the random experiments. These statistics
are intended to compare the frequency of a word Xn given the
frequency of words X. If there are more Xn than expected by
chance alone, this suggests that the motif is over-represented
and therefore a mutational or a selective force is probably at its
origin. To compare different functional groups we performed
Tukey–Kramer tests on the observed/expected ratio (19).
Given that intergenic regions are quite small, this approach
was only applied to genes.

Search for close repeats

Identification of close repeats. We used REPuter to identify
repeats in regions defined by 500 nt upstream and downstream
of each gene. In this case we imposed a length threshold of
9 nt, considered to be a conservative threshold for illegitimate
recombination between close non-contiguous repeats. Since
illegitimate recombination is rather sensitive to large distances
between the occurrences of the repeats, we eliminated repeats
whose occurrences were >1000 nt apart. We further eliminated
repeats for which none of the occurrences was inside the gene.
Using this methodology we obtained the number of repeats for
each gene.

Statistical considerations. We made simulations to determine
the empirical probability of finding a given number of close
repeats. As stated above, each sequence was defined as the
gene comprising the two 500 nt flanking regions. Therefore,
we compared the observed number of close repeats in each
sequence with the observed number in 1000 random sequences
with the same size and composition in trinucleotides to take
codon usage into account. The analysis of the random
sequences provided an empirical distribution for the observed
number of repeats. In the random experiments we did not
shuffle both 500 nt flanking regions as these include coding
and non-coding sequences, and because we were interested in
the recombination potential of the gene in its genomic context.

Search for orthologues. Two genes were regarded as homolo-
gous if the proteins they code for are similar both in sequence
and size. For this, we made pairwise comparisons of all
proteins of all proteome pairs between E.coli and the set of
free-living fully sequenced proteobacteria, filtering potential
homologues using a threshold E-value in BlastP of 10–5 and a
maximal difference of protein lengths of 20%. Subsequently,
we aligned the sequences, using a variant of the classical
dynamic programming algorithm for global alignment, where
one counts 0-weight for gaps at both ends of the largest
sequence, using the BLOSUM62 matrix (20). Finally, we
retained reciprocal best hits with a similarity >50%. The

following genomes of free-living proteobacteria were
analysed: Caulobacter crescentus, E.coli 0157:H7, Haemo-
philus influenzae, Mesorhizobium loti, Neisseria meningitidis,
Pasteurella multocida, Pseudomonas aeruginosa, Salmonella
enterica Typhimurium, Sinorhizobium meliloti, Vibrio chol-
erae, Xyllela fastidiosa and Yersinia pestis.

RESULTS

Distribution of large strict repeats in the genome

Large repeats are abundant in a small number of genes. The
genome of E.coli contains a large number of repeats, half of
which are inside genes (7). Dividing the sum of the lengths of
these repeats by the number of genes gives an average of 177 nt
repeats per gene. This suggests the existence of a large number
of genes containing repeats capable of performing homologous
recombination. However, the concentration of these repeats is
not homogeneous since 92% of the genes do not contain any
such repeat sequences. In fact, the majority of the large repeats
of the E.coli genome are in rRNA operons, unknown function
ORFs and genes related to mobile genetic elements (phages,
plasmids and transposons). Two groups of genes are particularly
over-represented. The rRNA operons have densities of repeat
bases (i.e. number of repeats bases per nucleotide) ranging
between 5.7 and 7, which is concordant with their number in
the genome (seven complete operons). The 11 unknown function
ORFs trs5_X, possess densities in the range 6.1–9.6.

Large repeats are rare in the stress response set. The gene
presenting the largest density of repeats in the stress subset is
ranked 230 (cspF) in the sorted list of the 347 genes containing
large repeats (Fig. 2). Hence, all the genes of the stress subset
including at least one repeat (20 out of the 347 genes) score a
density of repeats smaller than the median. As a result, the
analysis of genes containing repeats indicates that the stress
response subset contains significantly fewer large repeats
(P < 0.001, Wilcoxon test).

Simple sequence repeats

Large SSRs are rare in E.coli K12. We searched for SSRs with
motifs ranging in length from 1 to 4 nt in different sets of
genes: stress response genes, other genes and the regulatory
regions of these two classes of genes. We defined potential
regulatory regions as the 100 bp regions preceding the genes. No
significantly large SSRs with mononucleotide and dinucleotide

Figure 2. Histogram of the cumulated length of repeats present in E.coli genes,
divided by the length of genes (density of repeat bases). Only 8% of the genes
contain repeats, and most of them contain densities of repeats smaller than 0.5.
The repeats concerning the stress response genes are drawn in black (they are
all in the first bin of the histogram).
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motifs were identified among stress response genes. Also, we
only found one trinucleotide repeat, CAT4 at gyrB, and one
tetranucleotide repeat, CCAA3 at intA. In the regulatory
regions of stress response genes we found a CGG5 and a
CCAG3 near uvrC and ftsZ, respectively.

Large SSR densities are rare for dinucleotide and tetranucle-
otide motifs. Having observed that single large SSRs are rare in
the genomic text, we have performed a complementary analysis to
check if some genes contain large densities of smaller SSRs.
SSRs of mononucleotides and trinucleotides are significantly
over-represented in the genes of E.coli K12 (P < 0.001),
however the median values of observed/expected densities are
larger for trinucleotides (1.34) than for mononucleotides
(1.15), and this difference is apparent from the frequency
distribution curves (Fig. 3). SSRs with dinucleotide and tetra-
nucleotide motifs are under-represented (P < 0.001), with
median observed/expected values of 0.74 and 0.87, respectively.

Large SSR densities are not over-represented in the stress
response subset. We then tested if there were significant differ-
ences in terms of SSR densities in the stress response genes by
comparison with the rest of the genome. As for the complete set of
E.coli genes, we observed larger densities of trinucleotide SSRs,
then mononucleotides, and finally tetranucleotides and
dinucleotides (Fig. 3). The only significant difference identified
in the stress response subset by comparison with the complete
genome is a smaller over-representation of monunucleotide
SSRs (P < 0.05). In our website we present the full list of genes

presenting more significant over-representation of SSR density
in the stress subset.

Analysis of occurrences of close repeats in the genome

Over-representation of close repeats. We observed an average
of 7.9 close direct repeats per gene of the E.coli genome (Fig. 4).
Performing the same analysis on 1000 random sets of genes
with the same composition in trinucleotides, we observed a
significantly smaller average number of repeats (6.5 repeats
per gene, P < 0.001, signed-rank test), indicating an over-
representation of close repeats in the genes of E.coli. Classifi-
cation of the codon usage of E.coli genes using factorial corre-
spondence analysis into normal, highly expressed and
horizontally transferred genes (21) reveals a significantly
smaller number of repeats in the class of horizontally trans-
ferred genes (P < 0.001, Tukey–Kramer test). The observed
number of close repeats is not significantly different from the
expectation in the latter set (P > 0.05, signed-rank test). The
other two sets of genes show significantly higher numbers of
close repeats and the differences between them are not statistically
significant (P > 0.05, Wilcoxon test). Within the functional
classes defined in the E.coli sequencing paper (13), the class of
‘transcription, RNA processing and degradation’ genes
presents an over-representation of close repeats by comparison
with the remaining genes (P < 0.01, signed-rank test), followed
by the classes of ‘DNA replication, recombination and repair’,
‘translation’ and ‘transport binding proteins’ at a smaller level
of significance (P < 0.05).

Close repeats are longer than expected. Since longer repeats
are expected to induce more frequent recombination events, we
searched to determine if the observed close repeats are longer
than expected. Statistical analysis corroborates this hypothesis
since the longest repeats per gene are, on average, 10.5 bp
whereas the average longest repeats in the random genes is 9.9 bp
(P < 0.01, signed-rank test).

Close inverted repeats are rare. We have searched for the
existence of inverted close repeats, but these elements were
found to be significantly under-represented in the genes in
comparison with either forward repeats or random sequences
(P < 0.001, signed-rank test).

Distance between occurrences and induction of frameshifts.
The computation of expected values of close repeats takes
codon usage into account. Nevertheless, since the clustering of
amino acids may originate repeats at the DNA level, we
checked that repeats are indeed over-represented in all three
reading frames. Also, if the distance between the two occurrences
of a repeat is not a multiple of three, duplications or deletions will
introduce a frameshift. Defining a frameshift as the difference

Figure 3. Distribution of observed/expected values for SSR densities for
k-tuples from 1 to 4, in the stress subset (bars) and in remaining genes of the
genome (lines). Expected values were calculated using the observed number of
SSRs in 1000 random sequences of equal length and equal frequency of the
motif (see Materials and Methods).

Figure 4. Distribution of the average number of close repeats in the stress subset
(bars) and in remaining genes (lines).
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between the codon positions of the first nucleotide of the two
occurrences of a repeat, we observed a significant over-
representation of close repeats in all types of frameshifts
(from 0 to 2, P < 0.01, Wilcoxon tests), although repeats on
the same reading frame are more over-represented (P < 0.01,
Tukey–Kramer test).

Close repeats within the stress response set

Over-representation of close repeats in the set. We tested if
over-representation is larger in the stress response genes by
comparison with the other genes of the genome. The results
show that the stress genes have, on average, 10.5 repeats per
gene, which is significantly more than the 7.8 repeats per gene
for the other E.coli genes (P < 0.001, Wilcoxon test). Therefore,
close direct repeats are over-represented in the stress response
set of genes when compared with random genes with the same
composition in trinucleotides and when compared with the
remaining genes of E.coli. This is also the case when one analyses
the absolute number of repeats (Fig. 4). In terms of the induc-
tion of frameshifts by duplication or deletion of genetic
material, the repeats of this set are over-represented in all
potential reading frame frameshifts, just as the average E.coli
genes. We then searched for functional classes of stress
response genes that over-represent close repeats, by comparison
with the set of all stress responses. Results indicate significant
over-representation in genes related to recombination, pH and
response to oxygen stress (P < 0.01, Tukey–Kramer test).
However, some of the other categories contain few genes,
which may render difficult the draw of meaningful compara-
tive statistical tests.

Close repeats are larger than expected. We observed a median
of 11 nt for the largest repeat in each gene, which is larger than
the median found in the randomised genes (9.9 nt, P < 0.01,
signed-rank test), and in the average E.coli gene (10.5 nt, P < 0.01,
Wilcoxon test).

Close repeats in orthologues. We have searched for repeats in
the orthologous genes of other completely sequenced proteobac-
teria (see Materials and Methods), partitioning the genes into
those orthologous to the stress response set and to other genes
(Table 1). For all the analysed genomes, a significantly larger
number of close repeats is observed in the genes of the stress
subset by comparison with the remaining genes. The differ-
ences between genomes can partly been explained by different
sets of orthologues and by the very different nucleotide
composition. Indeed, genomes with more biased G+C contents
will tend to contain larger numbers of repeats.

Analysis of most repetitive genes of the stress subset

We extracted the genes over-representing close repeats in
E.coli K12 (P < 0.05) and ranked them in terms of observed/
expected values (see full tables at our web site). We then
depicted the 10 first elements of this list, along with mutS, that,
although less highly ranked (position 40), is the most well
studied of mutator genes (Fig. 5). Results indicate rather
different patterns. First, whereas some genes display repeats in
a homogeneous way along most of the gene (e.g. mutL and
sbcC), others possess regions with almost no repeats (e.g. edges of
dnaA and end of aceF), and others strongly non-homogeneous
distributions (e.g. sodB). Second, the effect of the context of the

gene (its environment in the genome), varies in an important way
between genes including a significant number of copies in
these regions (e.g. cyoE) and others presenting very few
(e.g. csgA and mutS). Third, whereas some genes present,
almost exclusively, repeats in single copies (e.g. mutL, sbcC),
others include many repeats in multiple copies (e.g. csgA and
aceF).

Table 1. Orthologues of E.coli genes for the stress subset and for the 
remaining genes, identified with the stringent criteria defined in Materials and 
Methods

The table displays the average number of repeats in each subset of ortho-
logues, and the comparison between the stress subset and the remaining genes
in the genomes (Wilcoxon test).

Stress Others Comparison

No. of 
orthologues

No. of 
repeats

No. of 
orthologues

No. of 
repeats

P <

C.crescentus 136 27.4 1110 21.7 0.002

E.coli 
O157:H7

282 11.2 3382 7.9 0.001

H.influenzae 154 13.5 1073 11.1 0.003

M.loti 154 21.4 1378 17.1 0.005

N.meningitidis 117 17.4 943 12.7 0.001

P.multocida 169 11.2 1292 8.8 0.001

P.aeruginosa 196 26.8 1773 21.7 0.001

S.enterica 274 11.7 2789 9.0 0.001

S.meliloti 139 18.0 1151 13.9 0.003

V.cholerae 189 10.1 1675 7.1 0.001

X.fastidiosa 125 10.9 944 8.2 0.003

Y.pestis 216 8.7 2132 6.8 0.001

Figure 5. Spatial distribution of close direct repeats in E.coli K12 top 10 genes
+ mutS. Black boxes represent repeats and grey boxes represent genes. Different
occurrences of the same repeat are marked with the same letter.
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Naturally the role of such repeats can differ significantly in
consideration of their spatial distribution. Thus, AceF (pyruvate
dehydrogenase) presents the highest observed/expected values
of close repeats. It also presents significantly aggregated
repeats (P < 0.05, r-scan). These repeats are aggregated in the
early regions of the gene concerning the multiple domains for
Lipoyl binding. One may then suppose the existence of important
functional constrains associated with these multiple repeats,
which are documented at the amino acid level in SwissProt
(entry P06959). Repeats randomly distributed along the gene
are much less likely to constitute multiple protein domains.
Naturally, the >50% of repeats with occurrences that are not in
the same reading frame are not likely to be caused by func-
tional constraints on the protein structure.

Repeats in orthologous genes of other genomes

The existence of abundant close repeats in these genes may
allow high levels of illegitimate recombination. However, the
abundance of such repeats can be motivated by selection for
recombination events or by functional constrains (e.g. repeated
protein folding motifs). Hence, we compared the sequences of
the highest-ranking E.coli K12 genes (and mutS) with their
orthologues among 12 proteobacteria to analyse if the repeated
regions in E.coli K12 are more or less conserved than the
remaining regions of the genes (Table 2).

The most interesting result is that in 8 out of 11 genes, the
regions bearing the repeats and the other regions of the genes
have not diverged at a significantly different pace. This obser-
vation holds for the analysis at both the DNA and the protein

level, suggesting that these regions are not ‘special’ in any
way, except by the existence of repeats in the E.coli K12 gene,
and eventually in the orthologues. In particular, the hypothesis
that these are highly variable regions, such as immunodominant
proteins in pathogens, does not hold. One is also tempted to
rule out the hypothesis that these regions constitute duplicated
amino acid motifs with relatively important functional
constraints. An exemplary case is provided by sodB, whose
repeated regions in E.coli K12 evolve at the rate of the
remaining gene sequence, even though only two other
genomes contain a sodB gene with more than the expected
number of close direct repeats. Three genes constitute an
exception to this trend: in some genomes the regions with
repeats evolve faster in aceF and mutS, and slower in mutL.
Among the 11 proteins, AceF is one of the most conserved,
MutS is an intermediate statute and MutL is one of the least
conserved (data not shown). The three genes are widespread
among proteobacteria.

DISCUSSION

Are the repeats due to chance or functional constraints?

Even though repeats may be a source of instability in the
transfer of genetic information, they could be present in
different genes for very different reasons. Chance and func-
tional constraints are the first candidates that come to mind.
However, statistical tests and the conservation of the repeats in
orthologues belonging to different species suggest that chance
is not the most likely explanation for the existence of the
majority of these repeats.

A well-known category of functional constraints is the one
linked with protein structure; a repeated amino-acid motif in a
protein could be involved in the folding or in the interaction
with another molecule. However, >50% of close repeats are in
different frames and, thus, not encoding the same amino-acid
motifs, cannot be explained by such a constraint. Alternatively,
such repeats could either be due to other functional or historical
constraints not yet identified. If this were the case, it would be
interesting to investigate such constraints further. However,
this is not very likely, as the study of orthologues shows that
these repeats are generally not more conserved than the rest of
the gene in which they are found. Therefore, other explana-
tions must be considered for the over-representation of close
repeats. Before discussing them, we shall first comment on the
presence of the different repeats.

Large repeats

A general comparative analysis of large repeats in bacterial
genomes has been published elsewhere (7). Here, we searched
the chromosome of E.coli K12 for large repeats able to
perform intra-chromosomal homologous recombination in
order to identify stress response genes that might endure
sequence variation through this mechanism. Results indicate
that repeats are concentrated in a few (less than 350) genes, of
which only 20 belong to the stress response set. Moreover, all
the genes of this set presented less repeats than the average. It
seems, therefore, that intra-chromosomal recombination does
not constitute a major mechanism for the evolution of these
genes.

Table 2. Conservation of the repeated regions of the 10 (+ mutS) most biased 
genes of E.coli K12 comparing with other proteobacteria

The table displays the number of orthologues among these genomes, the
number of such orthologues over-representing close direct repeats, and the
relative conservation of the regions bearing repeats in the E.coli K12 gene. For
the latter, we aligned the protein orthologues and analysed if the regions
including repeats in E.coli K12 presented a higher number of mismatches
in the alignment (χ2 test, P < 0.05). For the analyses at the DNA level, the
protein alignments were back translated to DNA and the same procedure was
applied. Columns under ‘–’ indicate the number of orthologues with significantly
smaller conservation at the location of repeats in E.coli K12, ‘+’ indicates
significantly higher conservation.

No. of 
orthologues

Biased 
genes

DNA Protein

– + – +

aceF 8 8 5 0 0 1

betB 10 2 0 0 0 0

csgA 2 2 0 0 0 0

cyoC 8 6 0 0 0 0

cyoE 11 4 0 1 0 0

dnaA 12 4 0 1 0 0

lamB 4 1 0 0 1 0

mutL 12 4 0 2 0 7

mutS 12 3 4 2 2 0

sbcC 5 5 1 0 0 1

sodB 12 2 0 0 0 0
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Simple sequence repeats

Though SSRs play an important role in the dynamics of
eukaryotes, their presence in bacteria is rare, and mostly
reduced to pathogenic organisms (for a review see ref. 11).
Using a conservative length threshold, we found almost no
large SSRs in the genome of E.coli, confirming previous
observations (22,23). However, the absence of very large SSRs
does not exclude slippage of small SSRs. In fact, we found a
large number of genes containing high densities of SSRs. This
kind of data is difficult to analyse, since with current knowledge
we cannot predict the instability of such small SSRs from
sequence alone. Nevertheless, these results can be a useful
starting point for further experimental studies.

Among the six genes with higher observed/expected ratios of
mononucleotide SSRs there are two genes that are known to
induce mutator phenotypes: mutT and dam. MutT prevents
mispair of 8-oxoG with template A during replication. Mutant
alleles of mutT specifically increase AT to CG mutations by
several thousand-fold. Inactivation and over-expression of
Dam methyltransferase has also been associated with mutator
phenotypes (24). mutY and vsr are among the genes with
larger densities of dinucleotide SSRs. MutY removes A
from 8-oxoG–A or G–A mispairs, and its inactivation signifi-
cantly increases mutation rate. It is probably not a coincidence
to find MutT and MutY among genes with large densities of
SSRs. These genes are both involved in the repair of oxidised
guanines and are among some of the most commonly found
mutator phenotypes (25). Vsr codes for the very short patch
repair protein involved in the correction of T–G mismatches.
Tetranucleotide SSRs present several genes induced by DNA
damage, such as dinJ and ruvC. It also contains genes coding
for subunits of several proteins such as cyoC, sodC and sbcB.
Since these genes, or genes coding for other subunits of their
proteins, also contain large numbers of close repeats, we
discuss them below.

Close repeats

Contrary to the results for the elements capable of enduring
homologous recombination or SSR slippage, we have
observed an important over-representation of close direct
repeats in E.coli genes, and especially in the stress response.
Unfortunately, most studies on the impact of illegitimate
recombination have been focused on SSRs or on large palin-
dromes. Our results suggest that the study of close direct
repeats may provide important insights on the evolution of
bacterial chromosomes, since the over-representation of close
repeats may allow for frequent conversion, duplication or
deletion of genetic material by illegitimate recombination. In
this work, we have restricted our attention to repeats with
occurrences closer than 1000 bp, since for larger distances
recombination becomes rare. However, laboratory experiments
have shown a significant number of recombination events for
8 nt repeats at a distance of 987 bp (26), for 18 nt repeats at
2313 bp (10), for 24 nt repeats at 1741 bp (27) and for 100 nt
repeats up to 7000 bp (28).

Three different outcomes are possible from illegitimate
recombination (Fig. 1). A conversion of the repeats region will
lead to slightly modified proteins. A duplication of a part of a
gene will probably render it temporarily inactive (by blocking
transcription or by leading to a defective protein). However,

large tandem repeats are unstable, and a wild-type genotype
will be easily recovered by deletion. Deletions of genetic material
are more difficult to revert, and eventually require recombin-
ation with foreign genetic information. However, mutator
phenotypes have been shown to reduce the recombination
barrier (29). A recent study identified in Pseudomonas putida
a mutS gene with an important deletion that provided a mutator
phenotype intermediate between mutS+ and mutS– (30). This
indicates that partially amputated genes may fulfil their func-
tion, albeit less efficiently. Therefore, different modulations of
the mutator phenotype may be provided by different outcomes
of the recombination process.

Illegitimate recombination between inverted repeats is
extremely rare for chromosomal repeats and produces dimers
in plasmids (31). Furthermore, these inverted repeats could
block replication, transcription or translation by forming hairpins.
This may explain why close inverted repeats are avoided in
most genes, including in the stress subset.

All genes of the cold shock subset revealed an over-repre-
sentation of close direct repeats smaller than the average. On
the other side, one of the classes that most over-represents
close direct repeats (among the stress response genes) is the
one related to recombination. In fact, in this class only 3 genes
(ruvB, sbcB and recT) out of 19 show an over-representation of
repeats smaller than the average stress gene.

Comparison with orthologous genes from other bacteria

We have made a preliminary analysis of the existence of
repeats among orthologues of the E.coli stress subset in other
proteobacteria. Generally, these genes are biased in terms of
the number of close repeats in all proteobacterial genomes.
However, some genes are systematically biased in all genomes
(e.g. aceF and sbcC), whereas for others the bias is restricted to
the bacterial species closer to E.coli (e.g. dnaA).

For example, the cyoC gene contains high numbers of close
repeats and SSR in E.coli and over-represents close repeats in
all analysed proteobacterial genomes. The regions with repeats
are not more conserved than the remaining regions of the gene,
but this is also one of the most conserved genes of the set.
CyoC codes for the subunit III of the aa3-type cytochrome c
oxidase, a component of the aerobic respiratory chain of E.coli.
CyoC does not contain any of the redox centres and can be
removed from the purified enzyme but has a function during
biosynthesis of the enzyme. In the absence of the COIII gene,
only a fraction of the oxidase is assembled into an enzyme with
low but significant activity (32).

The data on the conservation of the repeated regions is there-
fore quite difficult to interpret, given the functional constrains,
the rate of evolution of the gene, the potential advantage of
such a mutant phenotype, and the ecology of each bacterial
species.

Repeats in genes involved in transfer of genetic 
information

It is interesting to note that within the functional classes
defined by Blattner et al. (13), the classes involved in the
transfer of genetic information show the most over-representation
of close repeats. Given this over-representation, the list of most
biased genes may provide a first set of candidate genes for
screening for activities involved in stress response and/or
transfer of genetic information. Looking more specifically at
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genes that have been classified both among stress genes and
among genes involved in the transfer of genetic information
can be useful to understand the distribution of these repeats.

The observation that mutS and mutL are among the genes
that show the most over-representation of close direct repeats
is consistent with experimental evidence showing that deletions in
these genes (and in particular in mutS) are a major source of
mutator phenotypes in pathogenic and commensal strains of
E.coli (33). Mutator phenotypes have also been associated with
MMR mutants in P.aeruginosa (34), and we do find an over-
representation of repeats in mutS and mutL. Some of these
mutants were shown to be the result of small deletions by
recombination between two 8 bp repeats in the mutS gene (35),
which corroborates our analysis. Interestingly, the genomes for
which mutS and mutL exhibit over-representation of close
repeats are typically the same (P < 0.05). Neisseria meningitidis is
the only exception, since its mutL over-represents repeats but
not its mutS gene. However, over-representation in mutS would
be accepted at a lower significance threshold (P < 0.075,
instead of P < 0.05). These results suggest co-evolution of
these genes in respect to the over-abundance of close repeats.
However, contrary to mutS, the repeated regions in mutL are
frequently more conserved than the remaining coding
sequences (in DNA and protein), even though mutL is one of
the least conserved among the analysed genes. This might
suggest a selective pressure at the amino acid level as the basis
of the existence of such repeats. The observation that 8 out of
the 12 mutL orthologues do not over-represent close repeats
renders this hypothesis less likely.

The mutT and mutY genes of E.coli, whose mutation induce
mutagenesis but no hyper-recombination (36), revealed no
significant over-representation of close repeats. However, they
both reveal an abundant density of SSR. One might speculate
that since their recovery by horizontal transfer is difficult, a
mechanism relying on SSR slippage could be positively
selected. Interestingly, all ‘minor’ components of the human
DNA mismatch repair system contain mononucleotide micro-
satellites in their coding sequences (37).

The sbcC gene, which codes for a co-suppressor with sbcB
of recB and recC mutations, is one of the 10 genes that most
over-represents close direct repeats. sbcB does not over-
represent close repeats but contains instead a high density of
tetranucleotide SSRs, which might engage into illegitimate
recombination. The SbcCD protein cleaves hairpin structures
that halt the progress of the replication fork, allowing homologous
recombination to restore DNA replication (38). Given these
properties, a duplication or deletion in sbcB and a slippage in
sbcC could be associated with a phenotype affecting DNA
metabolism.

Among the genes related to oxygen response we found sodB
to over-represent close repeats, sodA to over-represent mono-
nucleotide SSRs and sodC to over-represent tetranucleotide
SSRs. These genes code for the three different superoxide
dismutases of E.coli and the coincidence of all having elements
capable of engaging in illegitimate recombination, but of
different type, is difficult to explain by random effects. Indeed
mutator phenotypes are known to result from mutations in
sodA and sodB (24).

The cases of the mut, sbc and sod genes suggest that SSR and
close repeats may have equivalent or complementary roles in
terms of inducing phenotypes affecting DNA metabolism.

CONCLUSION

The observation that stress genes together with genes involved
in the transfer of genetic information (DNA, RNA or protein
metabolism) contain more repeats that the rest of the genome
merits some discussion. We have previously mentioned that
chance or functional constraints on the protein level are not the
most likely explanations for at least some of these repeats. This
can seem surprising if one considers that the evolution of such
essential house-keeping processes involved in the management
of genetic information should be strongly constrained. Thus,
repeats would have long been eliminated to minimise variance
in phenotype if there is a simple evolved solution to maximise
growth rate during the exponential phase.

However, if one does not consider the ‘feast’ lifestyle most
encountered under laboratory conditions, but the various, often
unpredictable, stresses that bacteria meet in nature, it may be
interesting for bacteria to use another strategy: ‘bet-hedging’.
Bet-hedging has long been known in several disciplines
(e.g. economy or evolution; for a historical review see ref. 39),
it can be seen as the classical ‘don’t put all your eggs in one
basket’. Such a strategy is known to be useful when environments
are risky. Thus, according to the bet-hedging strategy, poly-
morphic bacteria populations under stressful conditions could
have some enhanced chances of survival.

A plethora of mechanisms allows bacterial populations to
deal with common stresses, from the modification of their
physiology (12) to the change of their genetic information (40).
However, for novel or infrequent kinds of stress, requiring new
solutions, a transient mutant phenotype may be positively
selected. This could be achieved by slippage of SSR (as for
contingency loci) or by illegitimate recombination between
close repeats. Recombination at the DNA level would produce
a defective gene inducing a mutant phenotype. Reversion of
the slippage could proceed by point mutation for conversions,
by deletion for duplications and by recombination with foreign
DNA for deletions. Naturally, the exactness of this hypothesis
will have to be tested using information on the sequence of
mutant genes found in natural isolates. At the moment few data
are available, but much of it points to local recombination
events at the origin of transient mutator phenotypes.

The above reflects a more standard scenario of DNA deletion
by illegitimate recombination between close repeats compatible
with observations of deletions in mutator genes. However, an
alternative hypothesis can be put forward. Repeats may
mediate slippage by RNA polymerase or ribosome leading to
amputated proteins. Such aberrant proteins would create
mutant phenotypes, but without changes in the DNA sequence.
If such slippage occurred among mutator genes bearing close
repeats, one would obtain a transient mutator phenotype (41).

Because they could explain part of the versatility of micro-
organisms, such bet-hedging scenarios will have to be vali-
dated experimentally, but because some of the phenotypes
would be transient and present only in a subset of cells, they
will require the development of new experimental protocols.
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