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Homologous recombination promotes genetic diversity by facilitating the integration of foreign DNA and intrachromosomal gene shuffling. It has been hypothesized that if recombination is variable among strains, selection should favor
higher recombination rates among pathogens, as they face additional selection pressures from host defenses. To test this
hypothesis we have developed a plasmid-based method for estimating the rate of recombination independently of other
factors such as DNA transfer, selective processes, and mutational interference. Our results with 160 human commensal
and extraintestinal pathogenic Escherichia coli (ExPEC) isolates show that the recombinant frequencies are extremely
diverse (ranging 9 orders of magnitude) and plastic (they are profoundly affected by growth in urine, a condition
commonly encountered by ExPEC). We find that the frequency of recombination is biased by strain lifestyle, as ExPEC
isolates display strikingly higher recombination rates than their commensal counterparts. Furthermore, the presence
of virulence factors is positively associated with higher recombination frequencies. These results suggest selection for high
homologous recombination capacity, which may result in a higher evolvability for pathogens compared with
commensals.
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Introduction

Article

Two types of genetic mechanisms allow bacterial genomes to
diversify and therefore adapt to new or changing environments. On the one hand, inherent errors in the replication
processes through point mutations, insertion sequence mobility, or genomic rearrangements lead to the transmission of
modified genomes from one generation to the next. On the
other hand, import of exogenous DNA, a process termed
horizontal gene transfer (HGT), may lead to the immediate
acquisition of either new functions or new alleles of existing
genes through homologous recombination (HR). When the
DNA sequences acquired by HGT are unable to replicate
autonomously, HR can contribute both to its integration in
the bacterial chromosome and to its propagation in the
species using the conserved regions flanking the integration
site (Schubert et al. 2009).
Therefore, recombination, which is a major DNA repair
pathway, is also a key factor in bacterial genomic evolution.
Through HGT, HR allows bacteria to expand their energy
sources, evade the immune response of their hosts, acquire
antibiotic resistance, and increase virulence (Guttman and
Dykhuizen 1994; Lawrence and Roth 1996; Lawrence and

Ochman 1998). Moreover, in Escherichia coli species it has
been estimated that recombination is much more frequent than mutation (Touchon et al. 2009). For instance,
a nucleotide has a 50–100 times higher probability of being
involved in genetic recombination than being mutated
(Guttman and Dykhuizen 1994). Computer simulations and
experimental results suggest that high recombination rates
may combine beneficial mutations appearing in different
backgrounds faster than the incremental accumulation of
them (Tenaillon et al. 2000; Cooper 2007). Recombination,
therefore, can accelerate the rate at which a bacterial population adapts to environmental conditions (Levin and
Cornejo 2009).
Obviously, bacteria that share ecological niches have more
opportunities for genetic exchange than those living in
distinct environments. The acquisition and use of premade
and pretested new traits, such as antibiotic-inactivating
enzymes or virulence mechanisms, provide a broad spectrum
of possibilities to bacteria, which may use new functions previously developed by others. In environments with a high
possibility for genetic exchange (where many related and/or
genetically compatible species are present in the niche), the
genetic exchange, through plasmids, transposons, phages
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indicate that rates of evolution were accelerated in E. coli
pathogenic strains by increased HR events, suggesting that
recombination and virulence are causally related (Wirth et al.
2006). Although genomic techniques, such as MLST and
whole-genome sequencing, are successfully being used to understand how mutation and recombination impact bacterial
evolution (Tenaillon et al. 2000; Spratt et al. 2001; Wirth et al.
2006; Touchon et al. 2009; Didelot et al. 2012), some important caveats have not been addressed. First, genetic events
cannot be disentangled from the selection process and the
DNA transfer process itself; consequently, only the signature
of their combined action can be analyzed (Denamur et al.
2010). Second, MLST relies on the sequences of a relatively
small number of house-keeping genes (usually seven) and
therefore it is prone to introduce misleading results because
it overestimates the weight of single gene fragments, which
provide little information on the overall genomic composition (Falush et al. 2006). Furthermore, it has been pointed out
that it lacks the resolution necessary for ascertaining the underlying diversity in bacterial populations determined by
other approaches (Noller et al. 2003). Third, it is plausible
that during a period of stress, enhanced recombination or
mutation rates could be transitorily selected (Bjedov et al.
2003). These episodic increased rates of adaptability are difficult to distinguish with these techniques, as they are based on
final nucleotide differences and hence lack temporal resolution (Paul et al. 2013).
We therefore decided to analyze the intrinsic capacity of
recombining homologous DNA sequences, independently of
the DNA transfer, selective processes and mutational interferences, in a collection of well-characterized human E. coli
natural isolates from different origins, including both commensals and extraintestinal pathogens (Picard et al. 1999;
Duriez et al. 2001; Hommais et al. 2005). Correlations between
recombinant and mutant frequencies, isolate origin, phylogenetic group, number of virulence genes, and pathogenic
capacity have been studied.

Results
Spontaneous Mutagenesis
Spontaneous mutagenesis of the strains was estimated by
monitoring their capacity to generate mutations conferring
resistance to rifampicin (RifR). Figure 1A shows the distribution of RifR mutant frequencies of both commensals and
pathogens (raw data are shown in supplementary table S1,
Supplementary Material online). As previously described
(LeClerc et al. 1996; Matic et al. 1997; Denamur et al. 2002),
mutant frequencies of most strains fall into a narrow peak
(around 108), except for a small group of strains, defined as
mutators. Median values of both populations were almost
identical (9.3  109 and 1.5  108, respectively) (fig. 1B).
The proportion of mutators is about 2.3-fold higher in the
group of pathogen strains (10% vs. 4.4%), although this
difference was not significant at the 95% level (Fisher’s
Exact Test P = 0.21). In our study, strains were considered
mutators when they exhibited mutant frequencies of at
1709
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and/or HR, may be favored over mutation (Tenaillon et al.
2000). On the contrary, genetically isolated bacterial populations (i.e., with low possibility of exchanging DNA) have
to find their own solutions through their own resources
(i.e., mutation and/or gene shuffling by HR) and, consequently, will benefit from increased mutation and intragenomic recombination rates. A paradigmatic example is
Mycobacterium tuberculosis, in which, for instance, acquisition
of antibiotic resistance occurs exclusively by mutation
(Ramaswamy and Musser 1998). Thus, the rates and effects
of mutation and recombination on evolution are drastically
conditioned by ecology (Didelot and Maiden 2010).
Both mutation and recombination processes are genetically controlled. As such, they are themselves under the action
of natural selection. Both processes can therefore evolve
within species through a process called second order selection
(Tenaillon et al. 1999) in which variants are selected for based
on their impact on genomic diversity. For instance, a high
mutation rate clone, or mutator, can be selected for
(Sniegowski et al. 1997; Oliver et al. 2000) or counterselected
(Trobner and Piechocki 1984; Wielgoss et al. 2013) based on
the selective impact of the mutation it generates (Tenaillon
et al. 1999). Mutators are favored by selection when the
advantage of beneficial mutations is greater than the cost
of being a mutator due to the overproduction of lethal and
deleterious mutations (Mao et al. 1997; Taddei et al. 1997).
Mutator alleles have been extensively studied in E. coli where a
large diversity of mutation rates can be found among natural
isolates (LeClerc et al. 1996; Matic et al. 1997; Denamur et al.
2002; Denamur and Matic 2006). In most cases, bacterial
mutator strains had a mismatch repair deficient genotype
(LeClerc et al. 1996; Matic et al. 1997; Oliver et al. 2000,
2002). However, much less is known about the diversity of
recombination rates within a bacterial species. Yet, for a
species like E. coli living in the promiscuous gut of vertebrates
(containing large numbers of cells, species and niches that
facilitate genetic exchange) (Stecher et al. 2013) and having a
highly plastic genome, it can be expected that recombination
should be a major player of adaptation.
Escherichia coli is a versatile and ubiquitous bacterial species that colonizes the gut of vertebrates and is also a leading
human pathogen, causing chronic and acute infections,
the management of which can be severely complicated by
antibiotic resistance. This apparent dichotomy in bacterial
lifestyle has been linked to the acquisition of particular gene
clusters, called pathogenicity islands (PAIs), which in great
part confer E. coli its pathogenic capacity (Groisman and
Ochman 1996; Hacker and Kaper 2000). However, according
to the coincidental-evolution hypothesis (Le Gall et al. 2007;
Diard et al. 2010), virulence determinants, at least for extraintestinal pathogenic E. coli (ExPEC), can be intestinal colonization and survival factors, that is, acquisition of virulence could
be a byproduct of commensalism. Independently of the forces
selecting for virulence, E. coli is a perfect candidate for studying the transition between commensalism and pathogenicity.
The extant of recombinational diversity and its potential
link with virulence have been studied before with genomic
approaches. Data from multilocus sequence typing (MLST)
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least 10-fold higher than the median value of all studied
strains (n = 160; median = 1.06  108).
As previously reported (Denamur et al. 2002), differences
in the distribution of mutant frequencies can be observed
between commensal (n = 90) and uropathogenic (n = 48)
strains (pairwise Wilcoxon test P = 0.005) (fig. 1C).

Homologous Recombination
To study HR, we developed a genetic assay (a detailed
description of the process can be found in the
Supplementary Material online), which scores the recombination between two truncated tetA alleles separated by an
antibiotic resistance cassette. Recombination restores the
functional tetA gene, thereby conferring tetracycline
resistance, which can be selected for. Therefore, this assay
allows quantification of the frequency of recombinants.
We tested that our system relied on HR by introducing the
plasmid pRhomo, conferring resistance to ampicillin and
kanamycin but not to tetracycline (AmpRKanRTetS) (supplementary fig. S1, Supplementary Material online), carrying the
recombination testing system, into the E. coli K-12 MG1655
derivatives ME12 and ME12 recA (Elez et al. 2007). When
a recombinant event occurs between the two tetA alleles,
plasmid pRhomo-Tet (TetR) is generated (supplementary
fig. S1, Supplementary Material online). The frequency of
AmpRTetR recombinants was in the order of 103 for the
wild-type strain ME12, a value similar to that obtained with
other tests (Elez et al. 2007; Lopez et al. 2007). As expected, HR
was about 100-fold lower in the strain lacking recA (see values
for K-12 in supplementary fig. S2, Supplementary Material
online), indicating that reconstruction of the functional
tetA is mostly dependent on RecA, and that it therefore
relies on HR. The recA requirement was also studied in 13
randomly chosen strains from our panel (five commensals
and eight pathogens). These strains, made recA-deficient
(recA::kan) as explained in Supplementary Material online,
showed a decreased rate of HR with respect to their
1710

recA-proficient counterparts in all cases (supplementary fig.
S2 and table S1, Supplementary Material online). For all tested
strains, the RecA-dependent recombination is higher than
95% (with many strains in which the dependence is over
99.9%). Exceptions are strains P53 and P70 (with a RecA-dependence of 72% and 83%, respectively). Thus, in our conditions, the RecA-independent recombination seems to be rare
in most cases. DNA-polymerase slippage and/or RecA-independent DNA crossing over events (Lovett et al. 1993) may
account for the observed RecA-independent recombination.
Furthermore, a strong dependence on the RecA function has
been described previously in assays where DNA is acquired
from other cells through F0 transfer (see e.g., Matic et al. 1995).
Therefore, the use of plasmid pRhomo to study the frequency
of recA-dependent HR was validated.
In addition, to ascertain that plasmidic recombination
measured with pRhomo is comparable to chromosomal
recombination, we introduced a single copy of a DNA fragment containing two pieces of the tetA gene separated by a
kanamycin resistance gene (tetA1-kan-tetA2) into the chromosome of MG1655 K-12 and its recA-isogenic mutant, generating the strains MG1655 attTn7::tetA1-kan-tetA2 and
MG1655 attTn7::tetA1-kan-tetA2 recA (for a detailed description, see supplementary material and fig. S3, Supplementary
Material online). The chromosomal recombination events in
the recA-deficient strain were almost ten times less frequent
(3.2  106) than in wild-type MG1655 (1.63  105)
(supplementary fig. S4, Supplementary Material online).
This confirms that, whether on a plasmid or inserted as a
single copy in the chromosome, the tetA fragments mostly
undergo recA-dependent recombination. Note that when
tetA sequences are in the chromosome, the frequency of
TetR recombinants is lower than that of the plasmidic construction (105 vs. 103), indicating that, as expected, the
availability of substrates for recombination influences the
frequency of recombinants. To further explore this in our
strains, we measured the recombinant frequencies of five
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FIG. 1. RifR mutant frequencies. (A) Histogram showing the distributions of mutant frequencies of 90 commensals (left) and 70 pathogens (right).
Frequencies of the Escherichia coli K-12 strains ME12 (circle) and ME12 mutS (star) are shown as a reference. (B) Boxplot representing median values
(horizontal line in the box) of mutant frequencies of commensals and pathogens. (C) Distributions of mutant frequencies according to the origin of the
isolates. The differences between mutant frequencies of fecal and urinary strains are statistically significant (pairwise Wilcoxon test P = 0.005). For all
boxplots, the depth of the box represents the interquartile range (50% of the data) and the whiskers extend to 1.5 times the interquartile range. Notches
around medians represent 95% confidence intervals.
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(mainly from pus) but excluding urine and blood (fig. 2C).
Interestingly, recombination of pathogens isolated from
blood showed no statistical differences with that of commensal strains (fig. 2C).
Estimation of recombinant frequencies by using pRhomo
could depend on the different copy number of the plasmid
in each strain (in principle, the higher plasmid copy number
the higher probability of producing a recombination event).
To rule out this possibility, the number of copies of pRhomo
was determined for a group of strains randomly chosen
(n = 28, 14 commensals and 14 ExPEC), with different
frequencies of recombinants. The K-12 ME12 strain, which
showed approximately 500 copies of pRhomo per cell (see
supplementary methods, Supplementary Material online),
was used as a reference. No correlation between recombinant
frequency and plasmid copy number was observed (n = 29,
Spearman’s rho = 0.13, P = 0.45) (supplementary fig. S6,
Supplementary Material online), indicating that, although
the availability of substrates for recombination can influence
the frequency of recombinants (see above), the observed
differences in recombinant frequencies cannot be explained
by the differences in the number of plasmid molecules present in each strain.
Escherichia coli constantly alternates between various habitats. In particular, ExPEC are characterized by the presence of
virulence factors, which allow surviving and growing in host
niches with specialized defenses, where they are responsible
for severe infections. The most common site of infection
for ExPEC is the urinary tract. For this reason and because
the highest difference in recombinant frequency was
observed between commensals and urinary tract infection
strains (fig. 2C), we wanted to compare frequencies measured
in LB and human urine. Figure 3 shows the recombinant
frequencies of 22 strains (13 ExpEC and 9 commensal)

FIG. 2. TetR recombinant frequencies. (A) Histogram with the distributions of TetR recombinant frequencies of 90 commensal (left) and 70 pathogen
(right) isolates. Frequencies of the Escherichia coli K-12 strains ME12 (circle) and ME12 recA (triangle) are shown as a reference. (B) Boxplots of the
distributions of recombinant frequencies of commensals and pathogens. Stars indicate a highly significant difference between distributions according to
the Mann–Whitney U test (P value < 108). (C) Boxplots representing the median values for strains grouped by origin of the isolates. Significant
differences were found between strains isolated from the feces of healthy individuals and those isolated from urine and miscellaneous infections
(Wilcoxon pairwise test; **P < 0.003, ***P < 105). For all boxplots, the horizontal line represents the median value, the depth of the box represents the
interquartile range (50% of the data), and the whiskers extend to 1.5 times the interquartile range. Notches around medians represent 95% confidence
intervals.
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strains of our collection whose genomes have been
sequenced (E. coli B, F11, HS, 536, and CFT073) (supplementary table S1, Supplementary Material online) and the E. coli
MG1655 derivative ME12 strain harboring either the
plasmidic or the chromosomal system. A strong linear correlation (Pearson’s r = 0.82, P = 0.04) between recombinant frequencies obtained with both systems was observed
(supplementary fig. S5, Supplementary Material online), demonstrating that pRhomo is an accurate tool to measure
recombinant frequency. It should be noted that our assay
with pRhomo cannot distinguish between intra- and interplasmidic recombination. However, our data indicate
that if both possibilities occur, the recombinant frequencies
still correlate with those from the chromosomal assay and are
mainly mediated by RecA.
Recombinant frequencies of three independent colonies of
each of the 160 strains (90 commensal and 70 pathogens),
containing plasmid pRhomo, were calculated as the median
number of recombinants (AmpRTetR) divided by the median
number of viable cells on Lysogeny Broth (LB)-agar plates
containing only ampicillin. Figure 2 shows the histogram
(A) and the boxplot (B) with the distribution of recombinant
frequencies of commensal and pathogen isolates.
Interestingly, a high variability of recombinant frequencies,
ranging from 101 to 109, is observed for both groups.
Our results clearly demonstrate that altogether pathogens
have higher recombinant frequencies than commensals
(Mann–Whitney U test P < 108), with medians of
6.46  104 and 9.94  106, respectively. An analysis of frequencies, classifying the strains by the isolate origin, showed
significant differences (pairwise Wilcoxon test P < 0.003, in all
cases) when comparing commensal strains with pathogenic
strains from urine and also with the miscellaneous group,
which includes isolates from diverse extraintestinal infections
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harboring pRhomo measured in LB and urine. Our results
indicate that growth in urine dramatically modifies recombinant frequency. Although most strains (18 of 22; 14 with
differences statistically significant) increased their recombinant frequencies (from 4- to 10,000-fold) upon growing in
urine, the increase is not a general phenomenon (three strains
showed decreased frequency and one strain showed no difference between LB and urine). This, however, confirms that
environment may condition the rate of recombination,
adding a level of complexity to the generation of variability.
Increased recombination in urine was also observed in
the strains MG1655 attTn7::tetA1-kan-tetA2 and MG1655
attTn7::tetA1-kan-tetA2 recA (supplementary fig. S4,
Supplementary Material online). The difference in the recombinant frequency in urine between these two strains indicates
that recombination is mainly recA-dependent in this environment. To explore the generality of this recA-dependence in
urine, the recombinant frequencies of the 13 recA-deficient
strains (five commensals and eight pathogens) from our
panel were studied in this medium. In all cases except one
(12 of 13), the recA-deficient strains showed lower recombination frequencies in urine than their recA-proficient

counterparts (supplementary
Material online).

FIG. 3. TetR recombinant frequencies in LB and urine. Frequencies
(median  SEM) measured in a subset of 22 pRhomo transformed
Escherichia coli strains in LB (black bars) and urine (gray bars) are
shown. Strain names begin with either “P” or “C” indicating that the
strain is a pathogen or a commensal, respectively. The asterisk denotes
significant differences (t-test for log10-transformed values; P < 0.05) between the frequency in urine and in LB. To facilitate understanding,
strains appear ordered by recombinant frequency in LB.

FIG. 4. Recombinant frequency of strains grouped by number of virulence genes. Boxplots represent the median values of recombination
frequency of strains grouped by number of virulence genes. A positive
correlation (Spearman’s rho = 0.23, P = 0.0127) can be identified. Strains
with more virulence determinants tend to have higher median values of
recombination (horizontal line in the boxplot). The depth of the box
represents the interquartile range (50% of the data) and the whiskers
extend to 1.5 times the interquartile range.

S7,

Supplementary

Recombinant Frequency and Number of Virulence
Genes
The presence of different extraintestinal virulence genes was
previously studied in 116 of our strains (Picard et al. 1999;
Duriez et al. 2001). Therefore, we analyzed the correlation of
recombinant frequencies and the number of virulence genes
of 116 strains (71 commensals and 45 pathogens). Taking into
account that pathogens have higher recombinant frequencies
than commensals and also a higher number of virulence
genes, a correlation between recombinant frequency and
the number of virulence genes was suspected. Our results
demonstrate that there is a modest, yet significant, positive
correlation (n = 116, Spearman’s rho = 0.23, P = 0.0127)
between recombinant frequency and the number of virulence
genes (fig. 4). However, no correlation was observed between
recombination and pathogenicity, measured as the intrinsic
virulence of the strains estimated by a mouse sepsis assay
(Johnson et al. 2006) although, in this case, there are not
enough commensal strains with data to perform a statistically
significant study.
In addition, no correlation could be established between
frequencies of recombinants and mutation, that is, strains
with higher recombinant frequency did not have higher
mutant frequency, or between mutation and number of
virulence genes. Furthermore, no statistically significant differences were found in mutant frequency or in HR among
phylogenetic groups (Kruskal–Wallis test; P 4 0.15).
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Discussion

sequences, which is, obviously, only a part of the whole process of HGT.
Concerning the variability of mutation rate, we corroborate the results found in previous studies (LeClerc et al. 1996;
Matic et al. 1997). We show the existence of some variability
but no significant differences between mutant frequencies of
commensal and ExPEC strains. However, differences in the
distribution of mutant frequencies can be observed between
commensal and uropathogenic strains, confirming previous
results from Denamur et al. (Denamur et al. 2002).
The results for HR are surprisingly much more marked.
First, the diversity of recombinant frequency observed
extends over many orders of magnitude. Hence the ability
to recombine homologous DNA, as measured by our system,
is extremely diverse within the species: Although some clones
show 10% of recombinants other show one in a billion.
Second, these frequencies are significantly enhanced in the
environment most commonly encountered by ExPEC, that is,
urine, as demonstrated for a group of strains. This means that
recombination is variable not only among strains but also
among environments. Third and most importantly, our
results indicate that ExPEC strains have a significantly
higher frequency of recombinants (about 2 orders of
magnitude) than commensal isolates. This is also associated with a significant positive correlation between
recombinant frequencies with the number of virulence
genes of each strain.
These results suggest that, as for mutation rate, which
shows both diversity among strains and among environments
(Bjedov et al. 2003), selection can act on the rate of recombination within E. coli. The large diversity we observed is a
prerequisite for selection to be able to operate. Upon arrival in
a new environment, the benefits linked to the acquisitions of
some foreign genetic material present in other strains, such as
PAIs, or the acquisition of different alleles (or its generation by
intrachromosomic gene shuffling) promoting adaptation to
local conditions, may drive the selection for higher recombination rates. According to that hypothesis, the difference
between commensals and pathogens suggests that pathogens
may have been facing more challenging environments than
their commensal counterparts. Moreover, it suggests that
thanks to this enhanced recombination, ExPEC may have
an increased potential for further adaptive evolution through
recombination. It is important to highlight that, although HR
is a key step in the overall HGT process, selection could also
act on other steps, such as the rate of DNA transfer.
On the other hand, the intensity of intrinsic oxidative
stress appears to be quite variable among natural isolates of
E. coli grown in urine (Aubron et al. 2012). Because oxidative
stress is responsible for DNA damage (Imlay 2013) and recombination is a major DNA repair pathway, increased recombination rates may also be selected by their higher
capacity to cope with the stressful environment represented
here by human urine. These hypotheses may not be mutually
exclusive, as both roles of recombination (DNA-repair and the
acquisition of new alleles) can be subjects of selection and act
synergistically. However, regardless of the nature of the selective pressure acting on recombination, the resulting increased
1713
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Because the E. coli species includes both commensal and
pathogenic strains and they are easy to isolate and grow, it
has been used for years as a model to study population
genetics and the transition between commensalism and
pathogenicity. Different techniques, such as serotyping, biotyping, random amplified polymorphic DNA, restriction fragment length polymorphism and multilocus enzyme
electrophoresis, were used in the first population genetics
studies. These studies suggested a clonal structure of the
E. coli species, whose evolution was largely dominated by
mutation (see e.g., Tenaillon et al. 2010, and references
therein). Advances in molecular technology have permitted
the refinement of results on mutation and recombination at
the molecular level, demonstrating that recombination is a
key parameter in the evolution of E. coli (Schubert et al.
2009; Tenaillon et al. 2010). However, although these new
genetic techniques are very useful for studying the effect of
mutation and recombination on bacterial evolution, they
present a series of drawbacks, including low resolution and
incapacity to separate genetic events from the process of
selection.
It is generally admitted that PAIs are not solely vertically
transmitted, but spread within the E. coli species by recombination. For instance, PAIs can be transferred between
different E. coli strains by F-plasmid mediated mobilization,
demonstrating that HGT and HR play major roles in horizontal transfer of PAIs within the E. coli species (Schubert et al.
2009). Wirth et al. (2006) suggested that E. coli pathogenic
strains have undergone increased rates of recombination in
genes distributed throughout the genome, likely accelerating
the evolution to pathogenicity. As a consequence, they proposed that recombination and virulence are causally related.
However, these results relied on the hypothesis that E. coli had
four phylogenetic subgroups and clustered all strains not
belonging to these groups as recombinants (Falush et al.
2006; Denamur et al. 2010). We now know that there
are close to seven solid phylogenetic groups in the species
(Clermont et al. 2013). Therefore, the question of the link
between recombination and virulence has not been
solved yet.
We decided to test more directly whether or not E. coli
pathogenic strains facing, in principle, higher selection pressures from host defenses than commensals, are more prone
to adaptive evolution by HR than their commensal counterparts. Guided by this important evolutionary question, we
have analyzed the actual potential for genetic change (mutation and HR) of a panel of well-characterized naturally occurring E. coli strains, including both commensals and
extraintestinal pathogens, from different origins. We have
experimentally characterized both mutant frequency and
the rate of recombination between homologous DNA sequences, and studied the relationship of these parameters
with the isolate origin, phylogenetic group, number of virulence genes, and pathogenicity. Note here that our experimental approach exclusively permits the study of the process
that allows recombination between homologous DNA
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variability may play an important role in bacterial evolution in
a manner similar to what has been suggested for stress-induced mutagenesis (Tenaillon et al. 2004).
Overall, our results demonstrate that a large diversity in the
rate of HR exists within E. coli species and that this diversity
may correlate with the life style (commensal or pathogen).
Further work will have to be done to unravel the mechanisms
and the selective forces driving this recombination diversity
and to uncover its dynamics and long-term impact on bacterial species genetic diversity.

Materials and Methods
Escherichia coli K-12 strains, plasmids, and primers used in this
study are shown in table 1 and supplementary table S2,
Supplementary Material online.

Commensal and Pathogenic E. coli Strains
In total, 160 human E. coli strains (90 commensal strains,
isolated from feces of healthy persons, and 70 extraintestinal
pathogens involved in various pathologies) from wellcharacterized collections gathered in the 1980s from different
countries (France, Croatia, Germany, Mali, Canada, the Unites
States, Australia) (Picard et al. 1999; Duriez et al. 2001;
Hommais et al. 2005), were used for this study. Main characteristics and all experimental data utilized in this work are
shown in the supplementary table S1, Supplementary
Material online.

Virulence Genes
The presence of seven different extraintestinal virulence
determinants (sfa/foc, pap, afa, hly, cnf, aer, and ibeA) was
previously determined by polymerase chain reaction (PCR)
(Picard et al. 1999).

The intrinsic extraintestinal virulence of the strains was studied by scoring the lethality in a mouse septicemia model
as described previously (Picard et al. 1999; Johnson et al.
2006). Briefly, ten mice were inoculated by 108 colony forming
units of bacteria subcutaneously in the neck and were observed for 7 days. In this model, the K-12 MG1655 strain does
not kill mice whereas the ExPEC strain CFT073 kills all the
inoculated mice (Johnson et al. 2006).

Media, Antibiotics, and Growth Conditions
Strains were grown in LB. Antibiotics and concentrations (in
mg/ml) were ampicillin (Amp, 100), kanamycin (Kan, 30),
gentamicin (Gm, 10), tetracycline (Tet, 10), and rifampicin
(Rif, 100). Human urine was collected from several healthy
male donors who were not taking any medication, pooled,
filtered, and stored at 20  C before use.

Construction of Plasmids and Strains
Construction of plasmids pRhomo (supplementary fig. S1,
Supplementary Material online) and strains MG1655
attTn7::tetA1-kan-tetA2 and MG1655 attTn7::tetA1kan-tetA2 recA (supplementary fig. S2, Supplementary
Material online) is described in detail in Supplementary
Material online.

Estimation of RifR Mutant Frequencies
The mutant frequencies of 160 strains were estimated by
monitoring their capacity to generate mutations conferring
RifR in at least three independent clones for each strain.
Between 102 and 103 cells from an overnight culture were
inoculated into LB tubes and grown with shaking 24 h at
37  C. Appropriate dilutions of the culture were plated
onto LB petri dishes containing rifampicin (100 mg/ml) and
incubated for 24 h at 37  C. Mutant frequencies were

Table 1. Escherichia coli K-12 Strains and Plasmids Used in This Work.
K-12 Strain
DH5a
MG1655
MG1655 recA
ME12
ME12 recA
Plasmid
pGEM-T
pGEM-T Easy
pUC19
pBBR1MCS3
pBBR1MCS5
pUCGmlox
pRhomo
pGRG36
pTetKanTet
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Genotype/Phenotype
(lacZ)M15, recA1, endA1, hsdR17, supE44
K-12 wild-type strain
MG1655 recA938::Tn9–200
MG1655 lacZ 30 -lacZ 50 -yfp
ME12  recA::Kan (KmR)
Main Characteristics/Resistance
Cloning PCR products; AmpR
pGEM-T variant; AmpR
Cloning vector; AmpR
Cloning vector; TetR
Cloning vector; GmR
Vector with aacC1; GmR
pGEM-T easy with tetA 50 -aacC1-tetA30 ; AmpR, GmR
Contains Tn7 transposition machinery, a thermosensitive origin of replication
and an origin of conjugation; AmpR
A pGRG36 derivative which contains two incomplete fragments of the tetA resistance gene
interspaced by a kanamycin resistance gene (tetA1-kan-tetA2); KmR, AmpR

Origin/Reference
Laboratory stock
Laboratory stock
Wertman et al. 1986
Elez et al. 2007
Elez et al. 2007
Origin/Reference
Promega, USA
Promega, USA
Invitrogen, USA
Kovach et al. 1995
Kovach et al. 1995
Quenee et al. 2005
This study
McKenzie and Craig 2006
This study
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Estimation of TetR Recombinant Frequencies
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