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Homologous recombination (HR) and translesion synthesis (TLS)
are two pathways involved in the tolerance of lesions that block
the replicative DNA polymerase. However, whereas TLS is fre-
quently error-prone and, therefore, can be deleterious, HR is
generally error-free. Furthermore, because the recombination en-
zymes and alternative DNA polymerases that perform TLS may use
the same substrate, their coordination might be important to
assure cell fitness and survival. This study aimed to determine
whether and how these pathways are coordinated in Escherichia
coli cells by using conjugational replication and recombination as
a model system. The role of the three alternative DNA polymerases
that are regulated by the SOS system was tested in DNA polymer-
ase III holoenzyme-proficient and -deficient mutants. When PolIII is
inactive, the alternative DNA polymerases copy DNA in the fol-
lowing order: PolII, PolIV, and PolV. The observed hierarchy corre-
sponds to the selective constraints imposed on the genes coding
for alternative DNA polymerases observed in natural populations
of E. coli, suggesting that this hierarchy depends on the frequency
of specific damages encountered during the evolutionary his-
tory of E. coli. We also found that DNA replication and HR are in
competition and that they can precede each other. Our results
suggest that there is probably not an active choice of which
pathway to use, but, rather, the nature and concentration of
lesions that lead to formation of ssDNA and the level of SOS
induction that they engender might determine the outcome of the
competition between HR and alternative DNA polymerases.

SOS � translesion synthesis � polB � dinB � umuDC

A ll living organisms possess inducible genetic networks ca-
pable of responding to, and coping with, external and

endogenous stresses. The paradigm for such a network is the
Escherichia coli SOS system (1) that is induced in response to
stresses that damage DNA and�or interfere with the replication
catalyzed by DNA polymerase III holoenzyme (PolIII) (2). All
these stresses increase the intracellular concentration of ssDNA,
which is the SOS-inducing signal (2). ssDNA is the substrate for
RecA protein to which it binds and forms a RecA-nucleofilament
(RecA*). Depending on the nature of the DNA substrate,
loading of RecA requires either RecFOR or RecBCD com-
plexes. The RecFOR complex facilitates the formation of RecA*
on ssDNA gaps covered with ssDNA-binding protein (3),
whereas the substrate for the RecBCD complex is a blunt, or
nearly blunt, dsDNA end from which it produces ssDNA onto
which it loads RecA (4). RecA* acts as a coprotease, promoting
the self-cleavage of the SOS repressor LexA, thus inducing the
SOS response (5). At least 40 genes belong to the SOS regulon,
some of which are involved in pathways for DNA repair and
tolerance of lesions, like homologous recombination (HR) and
translesion synthesis (TLS) (6, 7).

E. coli possesses three alternative DNA polymerases, regulated
by the SOS system capable of performing TLS: PolII, PolIV, and
PolV (encoded by polB, dinB, and umuDC genes, respectively)
(8–12). When a lesion blocks the PolIII, alternative DNA poly-

merases can replace it and copy the DNA template across the
lesion, after which PolIII can resume the processive replication of
the chromosome (13). However, when the alternative DNA poly-
merases interfere with the processive chromosomal replication,
they can be mutagenic or even toxic (14, 15); therefore, their
activities have to be tightly regulated in the cell. Moreover, because
the same lesion can be the substrate for several alternative DNA
polymerases, the mechanism by which they are coordinated at the
lesion site to determine which alternative DNA polymerase will act
is also likely to be subject to regulation (16, 17).

The first known factor for the coordination of alternative
DNA polymerases is their intracellular concentration, as sug-
gested by the observation that the relative concentrations of
PolII and PolV determine which polymerase will catalyze TLS
at certain lesions (18). The intracellular concentration of each
SOS DNA polymerase changes during SOS induction. In the
uninduced cell, there are �50 molecules of PolII and 250 of
PolIV, whereas PolV is undetectable (19–21). After SOS induc-
tion, polB and dinB are among the first genes induced, and the
number of PolII and PolIV rapidly increases to 250 and 2,500
molecules per cell, respectively (9, 19, 20). PolV is functionally
up-regulated more slowly, reaching �60 molecules per cell 1
hour after SOS induction (22).

The second factor important for recruitment and coordination
of the alternative DNA polymerases is their binding to the
�-clamp, which is required for TLS (23) and to increase the
processivity of all E. coli DNA polymerases (24–28). All five E.
coli DNA polymerases bind and compete for the same binding
domain of the �-clamp, suggesting that this binding may mediate
the coordination among DNA polymerases (29, 30).

In E. coli, a blocked replication fork can be the substrate for
not only alternative DNA polymerases but also for HR enzymes
that can allow replication to resume by eliminating the lesion
from the template DNA strand (31, 32). Although TLS and HR
can use the same substrate, their activities do not have the same
impact on genome stability. Whereas TLS is error-prone and,
therefore, can be deleterious, HR is generally error-free. The
coordination of these two pathways might be required for an
efficient recovery of the cell from DNA damages and the tuning
of mutation rates. The complexity of the interplay between HR
and TLS is exemplified by the fact that SOS induction, HR, and
PolV-catalyzed TLS, although mutually exclusive (33–37), all
depend on RecA* (4, 28, 38).

To determine the interplay among DNA polymerases and
between replication and HR in vivo, we used the bacterial
conjugation as a model system. During conjugation, DNA is
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transferred from an Hfr donor into a recipient cell as ssDNA
with a leading 5� end; it is immediately copied and can recombine
with the recipient chromosome. We measured the kinetics of the
appearance of the replicated DNA strand and the kinetics of its
recombination and observed that there is a hierarchy of the
alternative DNA polymerases in the absence of the catalytic
subunit of PolIII (DnaE encoded by the dnaE gene) and that
recombination and replication are in competition in the cell.

Results
Replication and Recombination in PolIII-Proficient Strain. We studied
the effects of E. coli DNA polymerases on replication and
recombination of DNA transferred by conjugation in vivo and in
real time (39) by using assays that measure the amount of
transcribable lacZ gene in the recipient strain, even in nonviable
mutants (e.g., dnaEts strain at 42°C).

For replication assays, we measured the zygotic induction of lacZ
in the recipient. The donor strain contained a lacIS allele, coding for
a LacIs hyperrepressor (40) and a functional lacZ gene. In this
strain, almost no �-galactosidase is produced, even in the presence
of isopropyl �-D-thiogalactoside (control curves on figures). During
conjugation, donor DNA is transferred as a single strand to the
lacZ� recipient cell and converted to dsDNA. When the donor lacZ
promoter is double-stranded, the gene can be transcribed and
�-galactosidase measured for about 1 h, the time needed for LacIs

to accumulate in recipient cells and repress lacZ (39).
For the recombination assay, the Hfr donor lacZ gene con-

tains a C-terminal deletion, whereas the recipient lacZ gene
carries an N-terminal deletion (39). Between these two non-
overlapping deletions, there is 2.7-kb-long homology. After
transfer of donor DNA in the recipient, one event of recombi-
nation between these two deletions restores a functional lacZ
gene. If the lacZ promoter is replicated, the gene can be
transcribed and �-galactosidase produced. Therefore, this assay
allows detection of transcribable recombination products. For
these crosses, the background signal was measured by using a
donor strain carrying the same deletion as recipient strains
(control curves on figures).

The replication signal in the recA mutant is low at 37°C and 42°C,
whereas inactivation of recD in this mutant increases the replication
signal at both temperatures (see Fig. 6, which is published as
supporting information on the PNAS web site) (39). In recF, recB,
and recB recF strains, replication is slightly or not affected at 37°C
and 42°C, respectively (Fig. 6) (39). At both temperatures, recom-
bination is moderately and strongly decreased in recF and recB
mutants, respectively, relative to WT, whereas no recombination is
observed for the recA, recA recD, and recB recF mutants (Fig. 6) (39,
41, 42). The �-galactosidase produced by recombination does not
interfere with the measurements of replication efficiency, as sug-
gested by the observation that WT (recombination-proficient) and
recB recF (recombination-deficient) strains have similar replication
efficiency (Fig. 6).

We tested the role of the alternative DNA polymerases in
replication and recombination of the incoming DNA by inactivating
the polB, dinB, and umuDC genes in all combinations in the
PolIII-proficient recipient strain. The replication is not affected in
any of the seven combinations of single, double, or triple mutants
(Fig. 1A for the polB dinB double mutant and data not shown for
the other mutants). However, a small but significant increase in the
amount of transcribable recombination products is observed in polB
dinB and polB dinB umuDC mutants relative to the WT (Fig. 1B
and data not shown). Conversely, overproduction of PolII and, to
a lesser extent, PolIV, from low-copy plasmids decreases the
production of transcribable recombination products without affect-
ing replication (Fig. 1 C–F). This effect is not observed in strains
overproducing PolII and PolIV that contain mutations in the
�-clamp-binding domain (data not shown).

Replication and Recombination in dnaEts Strain. The replication of
transferred DNA in a dnaEts recipient strain at 42°C is decreased,
but not abolished, relative to the PolIII-proficient strain (Fig.
2A). The decrease in replication in the dnaEts recipient strain
leads to an increase in the amount of transcribable recombina-
tion products (Fig. 2B). The �-galactosidase produced by re-
combination in the dnaEts mutant does not interfere with the
measurements of replication efficiency, as suggested by the
observation that inactivation of the recF or recB gene product
decreases the amount of transcribable recombination products,
whereas replication is slightly or not affected, respectively (see
Fig. 7 A and B, which is published as supporting information on
the PNAS web site). The remaining replication observed in the

Fig. 1. Role of PolII and PolIV in DnaE-proficient strain. (A, C, and E) The
kinetics of replication. (B, D, and F) The kinetics of the appearance of tran-
scribable recombination products at 37°C. For replication and recombination
assays, donor strains are Hfr3000 proC::Tn5lacIS and Hfr3000 lacZ�T(CmR),
respectively. Recipients are derived from MG1655 nalR lacZ�P, and their
genotypes are indicated next to their respective curves. Each point represents
the mean (�SE) values from at least three independent experiments. One
Miller’s unit is the amount of �-galactosidase that produces 1 nmol of ortho-
nitrophenol per minute at 28°C, pH 7.0 (51).
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dnaEts mutant at 42°C is due to the activity of alternative DNA
polymerases. Although the absence of PolIV and�or PolV does
not affect the replication or recombination in dnaEts background
(data not shown), replication is reduced, and the amount of
transcribable recombination products is increased in the absence
of PolII (Fig. 2 A and B). In a dnaEts polB strain, whereas
inactivation of umuDC reduces the replication efficiency of the
incoming DNA, inactivation of dinB increases it above the level
observed for the WT strain (Fig. 2 A). The replication in a dnaEts

polB dinB strain does not depend on PolV, because replication
in dnaEts polB dinB umuDC and dnaEts polB dinB strains is
similar (data not shown). These results suggest that the alter-
native DNA polymerases participate in the conjugational DNA
replication in dnaEts background at 42°C.

Alternative DNA Polymerase and Chromosomal DNA Replication. To
verify the relevance of our results for chromosomal replication, we
analyzed, by flow cytometry, the DNA content in the WT and
different DNA polymerase mutant cells during incubation at 42°C
with an inhibitor of cell division. After 2 hours of incubation, the

WT strain reaches eight chromosome equivalents per cell (Fig. 3).
In a dnaEts mutant, replication is reduced, and PolII performs the
remaining replication (Fig. 3). No difference is observed between
the dnaEts polB and dnaEts polB umuDC mutants. In the dnaEts polB
dinB mutant, the percentage of cells with two chromosome equiv-
alents increases during incubation, suggesting that some DNA
replication is ongoing (Fig. 3). These results show that the alter-
native DNA polymerases can participate in chromosomal DNA
replication in dnaEts background at 42°C.

Role of the �-Clamp in DNA Replication and Recombination. We
tested the role of the �-clamp using a dnaNts allele at restrictive
temperature and observed that replication efficiency and the
amount of transcribable recombination products in this mutant
are decreased relative to the WT strain (Fig. 4). The reduction
in replication efficiency is consistent with the suggestion that this
mutant protein is impaired in its interaction with DnaE (43).
Inactivation of both polB and dinB genes in the dnaNts strain
showed an increase in replication efficiency, suggesting that, in
this genetic background, PolII and PolIV compete with (an)-
other DNA polymerase(s) to perform DNA replication (Fig. 4).

Fig. 2. Replication and recombination in DnaE-defective strains. (A) The
kinetics of replication. (B) The kinetics of the appearance of transcribable
recombination products at 42°C. For replication and recombination assays,
donor strains are Hfr3000 proC::Tn5 lacIS and Hfr3000 lacZ�T(CmR), respec-
tively. Recipients are derived from MG1655 nalR lacZ�P, and their genotypes
are indicated next to their respective curves. Each point represents the mean
(�SE) values from at least three independent experiments.

Fig. 3. Chromosomal replication in the WT and different DNA polymerases mutants. Flow-cytometric analyses of the DNA content of the MG1655 nalR lacZ�P
and its dnaEts, dnaEts polB, dnaEts polB umuDC, and dnaEts polB dinB derivatives after incubation at 42°C for 0 (‚), 1 (�), and 2 h (E) with an inhibitor of cell
division (cephalexin). This figure represents the results of one of three experiments that all showed the identical pattern of the effects of different polymerases
on chromosomal DNA content.

Fig. 4. Replication and recombination in a �-clamp-defective strain. (A) The
kinetics of replication. (B) The kinetics of the appearance of transcribable
recombination products at 42°C. For replication and recombination assays,
donor strains are Hfr3000 proC::Tn5 lacIS and Hfr3000 lacZ�T(CmR), respec-
tively. Recipients are derived from MG1655 nalR lacZ�P, and their genotypes
are indicated next to their respective curves. Each point represents the mean
(�SE) of values from at least three independent experiments.
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Interplay Between Replication and Recombination. Our recombina-
tion assay can detect the recombination event between two lacZ
alleles only if donor lacZ promoter has been replicated. There-
fore, the absolute value of detected transcribable recombination
products depends on the absolute value of replication, not only
because replication provides more or less substrate for recom-
bination, but also by allowing detection of recombination events.
For example, the dnaEts polB umuDC strain showed the lowest
replication efficiency and amount of transcribable recombina-
tion products (Fig. 2 A and B) but has the strongest hyperre-
combination phenotype per unit of replicated DNA of all
examined strains (Fig. 5; and see Table 1, which is published as
supporting information on the PNAS web site). The same is true
for dnaNts strain at restrictive temperature, which presents a
hyperrecombination phenotype per unit of replicated DNA (see
Fig. 8, which is published as supporting information on the PNAS
web site, and Table 1).

Consequently, instead of comparing absolute values of transcrib-
able recombination products, we correlated the rate of formation
of transcribable recombination products and the rate of DNA
replication. For all strains, we observed that the recombination rate
increases exponentially with the replication rate (Fig. 5). However,
the slopes of these correlations observed for different strains are
very different (Figs. 5 and 8, and Table 1). Relative to the WT
strain, mutants that show a decrease in the rate of replication
(dnaEts, dnaEts polB, and dnaEts polB umuDC strains) generate
more recombinants per amount of replicated DNA per unit of time.
In contrast, strains that show an increase in the rate of replication
relative to the WT strain (dnaEts polB dinB and dnaEts polB dinB
umuDC strains) generate less recombinant per amount of repli-
cated DNA per unit of time (Fig. 5). These results suggest that the
ssDNA ahead of the replication site is subject to a constant
competition among DNA polymerases, and between these DNA
polymerases and the recombination enzymes.

Discussion
This study aimed to determine the interplay among alternative
DNA polymerases and between replication and HR in E. coli. To
address these questions, we measured the replication and re-
combination of the DNA transferred by conjugation in vivo.

Hierarchy of Alternative DNA Polymerases in Conjugational Replica-
tion. We observed that there is a hierarchy among different DNA
polymerases for conjugative DNA replication. The first polymerase
is PolIII, which, when inactivated, is replaced by PolII (Fig. 2A). In
the dnaEts polB strain, inactivation of umuDC reduces replication,
whereas the inactivation of dinB increases replication indepen-
dently whether PolV is present or not (Fig. 2A). These data may be
explained, as previously proposed for TLS across bulky lesions (16,
17), by the cooperation between PolIV and PolV for replicating
DNA. In our experiments, cooperation between PolIV and PolV in
dnaEts polB background may take several nonexclusive forms. In
the absence of PolIII and PolII, PolIV may have access to the
�-clamp and synthesize a short stretch of DNA that could be
elongated only and specifically by PolV. Another possibility is that
PolV or its precursors assist PolIV-catalyzed DNA synthesis. Al-
ternatively, PolIV could prevent access to the replication site to
DNA polymerases other than PolV to perform synthesis. In the
dnaEts polB strain, according to all these hypotheses, PolIV has first
access to replication site and prevents (an)other DNA poly-
merase(s) from performing the DNA synthesis observed in dnaEts

polB dinB and dnaEts polB dinB umuDC mutants, whereas inacti-
vation of umuDC would reduce the capacity of the cell to catalyze
DNA synthesis. So the hierarchy for conjugational replication might
be PolIII, PolII, PolIV, and PolV. Similarly, the study of the
mutagenesis in a dnaEts strain led to the conclusion that PolII is the
first polymerase that has access to a replication fork when DNA
polymerase PolIII is defective, whereas the following one is PolIV
(44). The observed hierarchy does not reflect the relative number
of each DNA polymerase in the SOS-noninduced or -induced cells.
Therefore, it may be that the affinity of binding domains of different
alternative DNA polymerases for the �-clamp plays a determining
role in establishing which polymerase would be used.

PolII and PolIV Might Be the Major Competitors of DnaE. Which DNA
polymerase replicates the DNA in dnaEts polB dinB and dnaEts

polB dinB umuDC mutants? One candidate is PolI, the only
DNA polymerase still functional in this strain. Indeed, it is
reported that PolI can replicate DNA with high processivity (45).
However, we were unable to test this hypothesis because it was
impossible to construct a dnaEts polB dinB polA mutant at
permissive temperatures. Another candidate is DnaEts itself. It
has been proposed that the DnaE486 protein has a defect in its
ability to bind to the �-clamp (46). Therefore, at the restrictive
temperature, the DnaE486 could lose the competition against
PolII and PolIV for binding to the �-clamp. Once the polB and
dinB genes are inactivated, the DnaE486 could bind again to the
�-clamp and, hence, participate in the replication of DNA.

The hypothesis that PolII and PolIV outcompete PolIII
whenever its interaction with �-clamp is perturbed is corrobo-
rated by our observation that the inactivation of both polB and
dinB genes in a dnaNts (�-clamp-impaired in its interaction with
DnaE) (43) strain at restrictive temperature results in an increase
of replication (Fig. 4). Similarly, PolII and PolIV are responsible
for the toxicity in a holDts strain at restrictive temperature (holD
codes for a component of the DNA polymerase III holoenzyme)
(15). Therefore, our results confirm that these two DNA poly-
merases interfere with DNA replication when interactions be-
tween different PolIII subunits are not optimal.

Involvement of PolV in Conjugational Replication. How can we
reconcile our observation that PolV does not significantly par-
ticipate in DNA synthesis when PolIII, PolII, and PolIV are not
active (in strongly SOS-induced cells) with reports that PolV is
a very efficient DNA polymerase capable of bypassing a wide
spectrum of different replication-blocking lesions in vivo and in
vitro (14)? PolV is the only E. coli alternative DNA polymerase
whose activity is transcriptionally and posttranslationally con-
trolled to assure its presence only in cells that have suffered DNA

Fig. 5. Relationship between replication and recombination. The data used
for this analysis are measurements of replication and recombination efficien-
cies during the 1st hour after mating interruption. Each point represents the
mean (�SE) of values from at least four independent experiments. Slope of the
correlation between the replication and the recombination and coefficient of
determination (R2) are, for WT, 0.029 and 0.99; for dnaEts, 0.061 and 0.99; for
dnaEts polB, 0.1 and 0.99; for dnaEts polB umuDC, 0.25 and 0.98; for dnaEts polB
dinB, 0.024 and 0.96; and, for dnaEts polB dinB umuDC, 0.021 and 0.96.
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damage that cannot be processed by other DNA repair systems
(47). Therefore, it may be that, in vivo, yet another level of
control of PolV activity exists that prevents the performing of
error-prone DNA synthesis in the absence of specific types
of DNA lesions, as is the case in our study. Alternatively, in vivo
PolV processivity may be so low in this strain that the amount of
synthesized DNA is below the detection threshold of our assay.
Finally, we cannot exclude that the temperature shift required
for inactivation of thermosensitive mutants induces a ‘‘heat-
shock’’ response that also modifies PolV stability and activity.

Involvement of Alternative Polymerases in Chromosomal Replication.
Is the observed interplay between alternative polymerases spe-
cific to conjugational replication? Despite the fact that, during
conjugation, just one strand is transferred, its replication de-
pends on DnaE and DnaN but also on the replicative helicase
DnaB, suggesting that most of the components (if not all)
involved in the replication of the chromosome might be required
for this replication (Figs. 2 A, 4, and 6C) (48). Moreover, we
observed that the hierarchy and the interplay among DNA
polymerases are partially valid for the chromosomal replication
(Fig. 3), i.e., PolIII is replaced by PolII, whereas inactivation of
the dinB gene in the dnaEts polB strain allows DNA replication
to restart. Only the effect of umuDC inactivation was not
detected. However, if the effects of different alternative DNA
polymerases on conjugational and chromosomal replication
seem to be similar, suggesting that the same hierarchy might
apply on the chromosome, they are quantitatively different.
These differences might be due to problems of coordination
and�or stability of replisome subunits during replication of both
chromosomal DNA strands compared with conjugational repli-
cation, i.e., replication of only one strand.

Hierarchy of Selective Constraints on Alternative Polymerases. The
existence of a hierarchy among different TLS polymerases is also
suggested by the analysis of the patterns of DNA sequence diversity
for polB, dinB, and umuC genes from E. coli natural isolates.
Because natural selection fine-tunes the rate of evolution of genes
according to their functions, the high conservation of genes coding
for alternative DNA polymerases suggests that their activity is very
important for cell fitness and survival (49). The ratio of the number
of nonsynonymous substitutions (KA) and of the number of syn-
onymous substitutions (KS), giving an indication of relative intensity
of the selective constraint on replacement substitutions, showed
that polB (KA�KS � 0.0041) is more constrained than dinB (KA�KS
� 0.019), whereas umuC (KA�KS � 0.19) appears to be subject to
the lowest constraint. Because alternative DNA polymerases par-
ticipate in the processing of DNA lesions (14), the level of selective
constraint may reflect the frequency by which they are required to
assure survival. It is striking to note that the constraints imposed on
the alternative polymerases during E. coli evolution correspond to
the hierarchy observed in our experiments in the absence of
exogenously induced lesions. Therefore, the recruitment of alter-
native polymerases might follow a hierarchy that reflects the
frequency of specific damages encountered during the evolutionary
history of E. coli.

Interplay Between Replication and Recombination. Because the re-
combination enzymes and different alternative DNA polymerases
may use the same substrate to ensure the tolerance of lesions that
block the progression of the DNA PolIII, their coordination might
be important to assure cell fitness and survival (14, 31, 32). Indeed,
the result of their activity can be very different, because HR is, in
general, error-free, whereas TLS is generally error-prone. We
found that, in E. coli, the recombination rate of DNA transferred
by conjugation is a function of its replication rate, i.e., the decrease�
increase of replication rate results in the increase�decrease of
recombination rate (Fig. 5). This result suggests that the ssDNA

ahead of the replication site is constantly subject to a competition
between replication and recombination enzymes. This competition
is also illustrated by the observation that the inactivation of polB and
dinB increases the efficiency of recombination, whereas their
overexpression decreases it (Fig. 1), suggesting that some difficulties
encountered during DNA replication are easily bypassed by an
alternative DNA polymerase (such as PolII and�or PolIV), hence,
proceeding and precluding HR, whereas, in their absence, HR
might act. There might not be an active choice of which pathway to
use, but, rather, the nature and concentration of lesions that lead to
an increase in the number, the length and the lifetime of ssDNA
gaps, and the level of SOS induction that they engender could
determine the outcome of the competition between HR and
alternative DNA polymerases.

Materials and Methods
Donor Strains. All donor strains were Hfr3000 derivatives (50). For
recombination experiments, donor strains were Hfr3000
lacZ�T(CmR) and Hfr3000 lacZ�P(CmR). The construction of the
lacZ�T(CmR), lacZ�P(CmR), and lacZ�P alleles is described in ref.
39. For replication experiments, the donor strain was Hfr3000
proC::Tn5 lacI694 (designated as lacIS in the text) (39).

Recipient Strains. All recipient strains were MG1655 derivatives
(50). We selected a spontaneous nalidixic acid-resistant mutant,
introduced the lacZ�P(CmR) allele, and removed the CmR

cassette. This MG1655 nalR lacZ�P strain was designated as WT.
All other alleles and combination of alleles were introduced in
this strain by P1-mediated transduction (51). The alleles used
were: recA938::Tn9–200 (52), recD1901::Tn10 (CGSC: 7429),
recB268::Tn10 (53), �recB::PhleoR (constructed by I. Bjedov,
Institut National de la Santé et de la Recherche Médicale U571),
recF400::Tn5 (provided by B. Michel, Centre de Génétique
Moléculaire, Gyf-sur-Yvette, France), dnaE486 zae502::Tn10
(54) (designated as dnaEts in the text), dnaN159 zid::Tn10 (55)
(designated as dnaNts in the text), dnaB8 mal::Tn9 (56),
dinB::KanR (57), polB� (Sm-Sp) (58), and �umuDC595::CmR

(59). In strains carrying the dnaE486 zae502::Tn10 allele, the
�recB::PhleoR allele, which is a complete deletion of the ORF,
was introduced. No differences in kinetics of replication and
recombination were observed between the recB268::Tn10 and
�recB::PhleoR alleles introduced in the WT strain. The plasmids
overexpressing PolII and PolIV, with or without capacity to bind
to the �-clamp, and their respective plasmid controls are de-
scribed in ref. 23.

Phenotypes were confirmed by antibiotic resistance and, when
appropriate, UV sensitivity, thermosensitivity, or PCR. Antibiotics
were used at the following concentrations: kanamycin (100 �g�ml),
spectinomycin (75 �g�ml), tetracycline (12.5 �g�ml), phleomycin
(10 �g�ml), chloramphenicol (30 �g�ml), cephalexin (12 �g�ml),
rifampicin (100 �g�ml), and nalidixic acid (40 �g�ml).

Conjugational Crosses and �-Galactosidase Assays. Overnight cul-
tures were diluted 50-fold, in LB for donor cells, or LB supple-
mented with isopropyl �-D-thiogalactoside (IPTG) (100 �M) for
recipient cells, and grown to �108 cells per ml. Two milliliters of
donor and 2 ml of recipient culture were then mixed and
deposited on nitrocellulose filter (0.45-�m pore size; Schleicher
& Schuel). For kinetics at 42°C, recipients were incubated with
shaking at 42°C for 15 min before conjugation. Filters were
deposited on a prewarmed LB plate containing 100 �M IPTG
for 40 min at 37°C or 42°C. After this period, corresponding to
the time 0 of the experiment, cells were resuspended by vortexing
for 1 minute in 2 ml of M9 minimal medium supplemented with
thiamine (30 �g�ml), uracil (0.002%), MgSO4 (3 mM), casami-
noacids (0.1%) (as a poor carbon source to reduce cell growth
to a minimum), IPTG (100 �M), and nalidixic acid to stop the
conjugation and kill donor cells. Cell suspensions were main-
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tained at 37°C or 42°C with agitation, and samples were with-
drawn at appropriate time points. �-galactosidase activity was
measured as described in ref. 51. To measure low levels of
�-galactosidase activities, longer incubation times were neces-
sary (up to 24 h), always accompanied with the control for
spontaneous hydrolysis of O-nitrophenyl-�-D-galactoside. When
recipient strains carried a plasmid, the appropriate antibiotic was
added in all liquid medium steps but not in the conjugation plate.

Flow Cytometry. Overnight cultures were diluted 500-fold in LB
and grown at 30°C until they reached an OD600 of 0.2. At this
time point, corresponding to the time 0 of the experiment,
cephalexin, an inhibitor of cell division, was added to cultures.
These cultures were incubated at 42°C, and samples were taken
at time 0, 1, and 2 h, resuspended in 10 mM Tris�Mg2�, pH 7.4,
fixed in 80% methanol, and stained with DAPI (0.3 �g�ml) and
20,000 cells were analyzed by flow cytometry. The numbers of
chromosomal equivalents per cell for different strains were
estimated relative to the number of chromosomal equivalents
per cell of the WT strain treated with cephalexin and rifampicin.

Estimations of the Number of Synonymous and Nonsynonymous
Substitutions. Partial sequences of polB (977-bp), dinB (1,010-bp),
and umuC (1,230-bp) genes from a set of 30 strains representative
of the genetic diversity of the E. coli reference (ECOR) collection
of natural isolates were retrieved from GenBank (AF483912–
AF483939 for polB, AF483080–AF483106 for dinB, and
AF483970–AF483998 for umuC) (49). The estimations of the
number of nonsynonymous substitutions per nonsynonymous site
(KA) and the number of synonymous substitutions per synonymous
site (KS) have been performed by using the program DNASP (60), as
described in ref. 61.
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