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P1 bacteriophages lysogenize bacteria as independent plasmid-like elements. We describe here a P1-like bacteriophage, RCS47,
carrying a blaSHV-2 gene, isolated from a clinical strain of Escherichia coli from phylogroup B1, and we report the prevalence of
P1-like prophages in natural E. coli isolates. We found that 70% of the sequence of RCS47, a 115-kb circular molecule, was com-
mon to the reference P1 bacteriophage under GenBank accession no. AF234172.1, with the shared sequences being 99% identi-
cal. RCS47 had acquired two main foreign DNA fragments: a 9,636-bp fragment mobilized by two IS26 elements containing a
blaSHV-2 gene, and an 8,544-bp fragment mobilized by two IS5 elements containing an operon encoding a dimethyl sulfoxide re-
ductase. The reference P1 prophage plasmid replication gene belonged to the IncY incompatibility group, whereas that of RCS47
was from an unknown group. The lytic capacity of RCS47 and blaSHV-2 gene transduction, through the lysogenization of RCS47
in the recipient E. coli strains, were not demonstrated. The prevalence of P1-like prophages in various animal and human E. coli
strain collections, as determined by the PCR detection of repL, the lytic replication gene, was 12.6%. No differences in the preva-
lences of these prophages were found between extended-spectrum �-lactamase (ESBL)-producing and non-ESBL-producing
strains (P � 0.69), but this prevalence was lower in phylogroup B2 than in the other phylogroups (P � 0.008), suggesting epi-
static interactions between P1 family phages and the genetic background of E. coli strains. P1-like phages are part of the mobile
elements that carry antibiotic resistance. The high prevalence of P1-like prophages suggests their role may be underestimated.

The spread of antibiotic-resistant pathogens is becoming an ex-
tremely serious clinical and public health problem worldwide

(1). There is currently a worrying increase in the resistance to
expanded-spectrum cephalosporins, which are regularly used for
the empirical treatment of infections caused by Enterobacteria-
ceae. Acquired resistance to expanded-spectrum cephalosporins is
mediated principally by extended-spectrum �-lactamases (ESBLs),
the most prevalent of which are the ESBLs of the CTX-M, TEM,
and SHV families (2). The rapidly increasing recognition of clin-
ical isolates containing ESBLs worldwide has led to a growing
interest in studies of the genetic elements responsible for their
emergence and spread. The dissemination of ESBLs can be ex-
plained by two principal phenomena: the spread of plasmids bear-
ing antibiotic resistance genes between bacterial strains (3), and
the spread of epidemic clones bearing plasmids carrying resistance
genes (4). Little is known about the contribution of other mobile
genetic elements, such as bacteriophages, to the transfer of antibi-
otic resistance. Recent reports suggest that the horizontal transfer
of antibiotic resistance genes by phages is much more prevalent
than was previously believed (5, 6). For example, two �-lactamase
genes (blaTEM and blaCTX-M) and one gene encoding a penicillin-
binding protein (mecA) have been detected in the bacteriophage
DNA fraction of sewage, river water, and fecal waste from pigs,
poultry, and cattle, suggesting that phages are reservoirs of resis-
tance genes in the environment (7, 8). A blaCTX-M-10 gene linked to
phage-related elements has been described, suggesting the possi-
ble transfer of this gene from the chromosome of Kluyvera spp. to
a plasmid via bacteriophage-mediated transduction (9). Phages

from various lysogenic bacteria, such as Pseudomonas aeruginosa,
Salmonella enterica serovar Typhimurium, Clostridium difficile,
and group A streptococcus, have been reported to mediate trans-
duction with antibiotic resistance genes (10–13). During their ly-
sogenic cycle, these temperate phages replicate while integrated
into the host chromosome. Alternatively, P1 and the closely re-
lated P7 bacteriophages, which infect and lysogenize Escherichia
coli and several other enteric bacteria, replicate in their hosts as
independent low-copy-number plasmid-like elements. In the
early 1970s, Smith (14) isolated a P7 bacteriophage that conferred
ampicillin resistance to a natural isolate of E. coli. This resistance
was due to the acquisition of a blaTEM-1 gene located in a Tn3
transposon (GenBank accession no. AF503408.1). However, de-
spite their capacity to acquire and transfer multidrug resistance
genes due to their recombination systems (15, 16), no P1 family
bacteriophages carrying resistance determinant genes, such as
ESBL genes, have since been characterized in clinical isolates.
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We report here the complete sequence of a P1-like bacterio-
phage carrying a blaSHV-2 gene isolated from a clinical strain of E.
coli during a comparative genomics project focusing on plasmids
carrying ESBL-encoding genes (RepliColScope [www.agence
-nationale-recherche.fr/en/anr-funded-project/]). We also deter-
mined the prevalence of P1-like bacteriophages in natural E. coli
isolates.

MATERIALS AND METHODS
Case study bacterial strains. Strain 725, an E. coli strain from phylogroup
B1 and O8:H19 serotype that produces an SHV-2 ESBL, was isolated in
2002 in Paris from an adult patient with a urinary tract infection (17). The
mobile element encoding the SHV-2 enzyme, RCS47, was extracted from
strain 725 by use of a Large-Construct kit (Qiagen, Courtaboeuf, France)
and transferred by electroporation into E. coli strain DH10B, as previously
described (18), to yield the E. coli TR725 strain (19).

Sequencing and annotation of phage RCS47. Phage DNA was puri-
fied from the electroporant TR725 with the Qiagen Large-Construct kit
and was sequenced on a 454 GS-FLX instrument, with titanium chemis-
try. A 3-kb-insert mate-pair library was constructed according to the
Roche 454 protocol. The generated reads had a mean length of 350 bp
(40� coverage). They were assembled into a single continuous contig
using the Newbler software (20). The Magnifying Genomes (MaGe) soft-
ware was used for gene annotation and comparative analysis, as described
elsewhere (21). The automatic annotation was validated manually with
the MaGe interface (www.cns.fr/agc/microscope).

DNA sequence analysis. The nucleotide and protein sequences were
compared through BLAST queries against the GenBank databases.

Induction and lytic capacity experiments of phage RCS47. Strains
725 and TR725 were cultured to the exponential growth phase at 37°C in
LB (Luria-Bertani broth, also called lysogeny broth) (22). Bacterial sus-
pensions were placed in a petri dish and irradiated with UV light for 25 s,
with a 26-W germicidal UV light, as described by Kondo and Mitsuhashi
(23). We then resuspended 3 ml of the induced culture in 30 ml of fresh LB
and incubated the suspension for 2 h at 37°C with vigorous shaking. The
cultures were centrifuged to remove bacterial cell debris, and the super-
natants were passed through a filter with 0.22-�m pores and concentrated
with a protein concentrator (100-kDa Amicon Ultra centrifugal filter
units; Millipore, Bedford, MA) to yield a final volume of 0.3 ml (24). The
same procedure was applied to the E. coli DH10B strain as a negative
control. The phage suspensions obtained were stored at 4°C.

We checked that the suspension contained phage RCS47 DNA using
PCR amplifications of the repL (the phage lytic replication gene), repA
(the plasmid replication gene), and blaSHV-2 genes with the primers
RepL-fw (5=-CCAATCAACCGTCGTTCGTG-3=) and RepL-rev (5=-TAA
GCATATTTCCGCGCTGC-3=) for repL, RepA-RCS47-fw (5=-CAACGA
CGCAACCGAAGAA-3=) and RepA-RCS47-rev (5=-TACCTTGGCCGT
CTCTTTGC-3=) for repA, and SHV-nestA (5=-TCGCCTGTGTATTATC
TCCC-3=) and SHV-nestB (5=-GGTATCCCGCAGATAAATCA-3=) for
blaSHV-2. We also checked that there was no bacterial chromosome pres-
ent using PCR amplification of the TspE4C2.2 and yjaA chromosomal
fragments present in the strains of phylogroups B1 (strain 725) and A1
(DH10B) of E. coli, respectively (25).

The lytic capacity of RCS47 was determined as described by Kutter
(26), using E. coli strain K-12 (substrains MG1655 and MC1061) and five
natural E. coli isolates of various phylogroups as sensitive strains. The cells
in the exponential growth phase were embedded in LB top agar medium
(0.7%) containing MC solution (10 mM MgCl2 and 5 mM CaCl2) over-
laid on LB bottom agar. We spotted 10 �l of pure suspensions and 10-fold
dilutions prepared from strains 725, TR725, and E. coli DH10B and 10 �l
of a phage P1vir suspension, used as a positive control, on the surface of
the plate. After overnight incubation at 37°C, the clear zones on the plate
were considered to indicate the presence of a lytic phage.

To disprove that the suspension might contain colicins that killed the

sensitive K-12 strains, the lytic capacity was also examined with suspen-
sions treated with trypsin (250 �g/ml) for 20 min at 30°C (27).

Lysogenization assay. Lysogenization was carried out as described by
León et al. (28). Briefly, an overnight culture of the recipient strains (E. coli
K-12 [MG1655, W1485, or MC1061], E. coli B, and as for the lytic capac-
ity, five natural E. coli isolates of various phylogroups) in LB was centri-
fuged, and the cells were resuspended in an equivalent volume of MC
solution. We then mixed 0.1 ml of the cell suspension with 0.1 ml of the
RCS47 suspension obtained as described above. The mixture was then
incubated for 30 min at 37°C and plated on LB agar supplemented with 1
�g/ml cefotaxime (CTX). We looked for CTX-resistant lysogenic colonies
after 48 h of incubation at 37°C. We also assessed lysogenization by grow-
ing mixed cultures inoculated with strain 725 or TR725, both of which are
tetracycline sensitive, and the tetracycline-resistant derivatives of E. coli
W1485 or MC1061 in LB supplemented with CaCl2 (2.5 mM). The cul-
tures were incubated overnight or for up to 48 h at room temperature. We
then assessed growth directly on LB plates supplemented with CTX (1
�g/ml) and tetracycline (10 �g/ml).

Transmission electron microscopy. Phage suspensions from both the
725 and TR725 strains prepared as described above were analyzed. The
specimens were prepared for electron microscopy using the conventional
negative-staining procedure. Drops of phage solutions (20 �l) were ab-
sorbed on Formvar carbon-coated grids for 5 min. The drops were then
blotted and negatively stained with uranyl acetate (1%) for 1 min. The
grids were then examined with a transmission electron microscope (Jeol
JEM-1400) at 80 kV. Images were acquired using a digital camera (Gatan
Orius) at �40,000 magnification.

Prevalence of P1-like bacteriophages in E. coli populations. We eval-
uated the prevalence of P1 bacteriophages in natural populations of E. coli
by carrying out specific PCR assays to detect the presence of repL, the lytic
replication gene of P1 family phages. These assays were carried out with
consensus primers (see the primer sequences above) on 363 commensal
and pathogenic strains from previously published and unpublished col-
lections from various areas of France (17, 29–32). The 196 commensal
strains originating from feces included 33 human and 163 animal strains:
147 of the animal strains were from mammals (107 wild animals, 36 farm
animals, and 4 pets), and 16 were from birds (7 wild and 9 farmed). The
167 pathogenic strains, all of human origin, were isolated from patients
with bacteremia (81 strains), urinary tract infections (68 strains), and
other infections (18 strains), and they included 73 ESBL-producing
strains. The type of repA, the plasmid replication gene, was determined in
the strains positive for repL, with the repA primers described above and
the IncY primers as described by Carattoli et al. (33). In addition, 18
strains of serogroup O8 and phylogroup B1 producing ESBL (7 SHV and
11 CTX-M) were screened (34, 35).

Statistical analysis. For statistical analysis, we carried out Fisher’s ex-
act tests, and P values of �0.05 were considered significant.

Nucleotide sequence accession number. The complete nucleotide se-
quence of RCS47 was deposited in GenBank under the accession no.
FO818745.

RESULTS AND DISCUSSION
P1-like bacteriophage carrying an ESBL gene. Plasmids are the
main vectors of antimicrobial drug resistance. PCR-based typing
methods are widely used for the identification and classification of
plasmids, which is crucial for increasing our understanding of the
epidemiology of antibiotic resistance emergence and dissemina-
tion (33). However, this technique excludes a significant fraction
of plasmid groups. To obtain insight into the diversity of these
plasmids, all the nontypeable plasmids of a well-characterized
collection of strains (17, 19) were included in our project of com-
parative genomics of plasmids carrying ESBL-encoding genes,
RepliColScope (www.agence-nationale-recherche.fr/en/anr-funded
-project/). BLAST comparisons of the protein sequences against
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the GenBank databases showed that one of these plasmids, RCS47,
displayed a high level of identity to the P1 bacteriophage genomes.
The complete sequence of RCS47 was found to be 115,154 bp
long and harbors 134 open reading frames, accounting for
88.2% of the genome (see Table S1 in the supplemental material).
The G�C content of the RCS47 DNA is 49.35%. We found that
70% and 66% of the RCS47 sequence are common to the se-
quences of phage P1 c1-100 mod749::IS5 (GenBank accession
no. AF234172.1) described by Lobocka et al. and Yarmolinsky (15,
16) and phage P7, a relative of P1 (GenBank accession no.
AF503408.1), respectively. The shared sequences are 99% identi-
cal (Fig. 1A). P1 bacteriophages and their relatives lysogenize their
hosts as autonomous plasmid-like elements. We therefore repre-
sented the RCS47 genome as a circle, with the site-specific recom-
bination site lox assigned to the zero position (Fig. 2) (15).

Phage RCS47 has acquired two main foreign elements of bac-
terial origin. The sequences not present in the P1/P7 phages were
essentially located in two regions. In the first region, a 9,636-bp
DNA sequence flanked by two IS26 elements was inserted at nu-
cleotide position 15948, interrupting a 684-bp gene of unknown
function, downstream from a single-stranded DNA-binding pro-
tein-encoding gene, ssb. This segment contained a blaSHV-2 gene
surrounded upstream by the ygb genes and the transcriptional
regulator deoR gene and downstream by the recF gene and the
truncated lacY gene (Fig. 1B). An identical blaSHV genetic environ-
ment has been found in several plasmids, such as p1648/97, an E.
coli plasmid carrying blaSHV-5 (36), and pHNM1, an Enterobacter
cloacae plasmid carrying blaSHV-5 (37). The only difference ob-
served concerned the nucleotide sequence of blaSHV-5, which dif-
fers from that of blaSHV-2 by a single nucleotide mutation resulting

in an amino acid substitution, E235K. No resistance gene other
than the ESBL-encoding gene was detected in the sequence of
phage RCS47. This region downstream from ssb seems to be an
integration hot spot, as Iida et al. (38) reported the presence of an
IS1 element involved in recombination (15, 39) in P1 phages,
which is downstream from isaA (Fig. 1B).

In the second region, an 8,544-bp DNA sequence flanked by
two IS5 elements was inserted at nucleotide position 106327, in-
terrupting the imcA gene, which, together with imcB, is part of
ImmC (Fig. 1C). ImmC is a component of the tripartite immunity
circuitry involved in the two life strategies of P1 phages, the lytic
and lysogenic strategies (16). This segment contains an IS1 ele-
ment and a dms operon encoding a dimethyl sulfoxide (DMSO)
reductase enzyme allowing bacteria, such as E. coli, to grow anaer-
obically, using DMSO as a respiratory oxidant (40).

Phage RCS47 displays many genetic similarities to the P1 and
P7 genomes in terms of the immunity circuitry, the host speci-
ficity DNA inversion system, and the lytic cycle replication pro-
tein. Phage P1 lysogens are extremely stable and are not easily
induced. C1 is the major repressor protein of P1 lytic functions.
Derivatives of phage P1 with a temperature-sensitive C1 variant
encoded by an allele of c1 (c1-100) have been used to overcome the
maintenance of lysogeny (15). With respect to the wild-type c1
sequences described by Osborne, Stovall, and Baumstark (41), P1
c1-100 Tn9 contains two amino acid substitutions, L190P and
G193C. As P7, which encodes a thermostable protein C1, carries
only the first substitution, Lobocka et al. (15) suggested that the
G193C substitution probably confers thermosensitivity on the C1
protein. The phage RCS47 C1 amino acid sequence, like that of P7,
has the L190P substitution but not the G193C substitution. We

FIG 1 (A) Representation of the synteny between bacteriophage RCS47, P1 (GenBank accession no. AF234172.1), and P7 (GenBank accession no. AF503408.1),
as determined with the Artemis comparison tool (ACT). The green rectangles represent specific genomic regions. Strand conservations are indicated in red, and
strand inversions are indicated in blue. (B and C) Schematic representation of the inserted regions in bacteriophage RCS47: blaSHV-2 and its environment (B) and
the dms operon (C). The gene names, derived from the closest BLAST homologs identified, are noted. The phage genes surrounding the inserted regions are
represented in white, and the insertion sequences are represented in black. The blaSHV-2 resistance gene is shown in brown. Truncated genes are indicated by �.
CP, conserved protein.
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also observed an A34T substitution. The ImmI region of phage
RCS47, which contains a C1 control operon (c4, icd, and ant1/2),
is similar to that of P7. The C segment inversion system (tail fiber
genes) expressed by the phage determines the specificity of P1
adsorption to different hosts (15, 42). The nucleotide sequences of
the C segments of phages RCS47 and P7 are 99% identical (seven
amino acid substitutions) and showed an inversion with respect to
P1 c1-100 Tn9 (Fig. 1A). In RCS47, we observed a frameshift (in-
sertion of an adenine residue after codon 135) in the recombinase
cin gene, which controls the inversion of the C segment. This
mutation may affect the host specificity of RCS47, decreasing its
host spectrum (42, 43).

The lytic initiator protein of replication, RepL, of phage RCS47
was compared with those of P1 c1-100 Tn9 and P7, as well as with
21 RepL protein sequences extracted from GenBank. Most of
these sequences were obtained during the whole-genome se-
quencing of strains of Enterobacteriaceae. Phylogenetic analysis by
unweighted-pair group method using average linkages (UPGMA)
showed this protein to be strongly conserved, with �1.5% diver-
gence between the sequences (see Fig. S1 in the supplemental ma-
terial).

Phage RCS47 differs from P1 and P7 in terms of its plasmid
replication and maintenance module and restriction modifica-
tion systems. The RepA proteins of P1 c1-100 Tn9 and P7 belong
to the IncY plasmid incompatibility group (44), whereas RCS47
RepA, which displays only 42% identity to the P1 c1-100 Tn9 and
P7 sequences, belongs to a different Inc group. We found no sim-

ilarities between this sequence and those of any other replication
proteins from known Inc group plasmids (33, 45). GenBank anal-
ysis showed that RCS47 RepA is present in only the genomes of
phages, such as pO111_2 (46) and p12579_1 (47), with which it
displayed 99% and 100% identity, respectively, at the protein
level. The IncY replicon mobile elements associated with strains
producing ESBL genes have been described in several epidemio-
logic studies (19, 48, 49) but, unlike RCS47 RepA, the IncY repli-
con is found on both phages and plasmids (10; T. Billard-Pomares
and C. Branger, unpublished data). Only the sequencing of the
mobile element can distinguish between these two sites.

Surprisingly, comparisons of the partitioning proteins of
RCS47, ParA and ParB, which are encoded by genes in the same
region as repA (Fig. 2), showed them to be identical to those of P7
but distantly related to those of P1 (50). In terms of segregation,
the RCS47 prophage is therefore incompatible with P7 but com-
patible with P1 (51). These data suggest that unlike the lytic rep-
lication module, which is strongly conserved between P1 family
phages, the plasmid replication and partitioning operons are poly-
morphic, with various combinations of modules from different
origins. This combinatory diversity probably makes it possible to
avoid incompatibility with other mobile elements.

Some genes present in the P1 and P7 genomes were found to be
absent from RCS47: the genes of the restriction modification sys-
tem, mod and res, which may protect the lysogen against the entry
of foreign DNA, and the superinfection exclusion simABC

FIG 2 Circular representation of the organization of the bacteriophage RCS47 genome. The circles display (from the outside) the (i) GC percent deviation (GC
window � mean GC) in a 1,000-bp window, (ii) predicted coding sequences transcribed in a clockwise direction, (iii) predicted coding sequences transcribed in
a counterclockwise direction, (iv) GC skew ([G � C]/[G � C]) in a 1,000-bp window, and (v) coordinates in kb pairs from the origin of replication. The color
code for the various gene functions is shown below the map. The two segments inserted into the genome (Fig. 1B and C) are framed in blue. The imm loci are
indicated in bold. Note that the dms operon has been inserted into the immC locus.
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operon, which protects against infection with another P1 or ho-
mologous phage (15).

Absence of lytic capacity and transduction of phage RCS47.
We then investigated whether the RCS47 phage (i) could be in-
duced, (ii) had lytic capacities, and (iii) could transduce the ESBL
gene. Following UV irradiation, we were able to obtain phage
suspensions containing the ESBL gene from the natural isolate 725
and the DH10B electroporant TR725, both of which gave positive
PCR results for repL, repA, and blaSHV-2. The PCRs amplifying E.
coli chromosome fragments gave negative results, confirming that
the phage PCR amplifications did not result from bacterial strain
contamination. The lytic capacity of RCS47 was then assessed by
spotting the suspensions onto agar overlays of several E. coli
strains widely used for P1 assays and several natural isolates. After
24 h of incubation at 37°C, unlike the P1 (Fig. 3D) and P7 phages,
which provide turbid plaques (52), the concentrated suspensions
of both 725 and TR725 induced a complete clearing of the spots
(Fig. 3A and B) of the E. coli test strains, which was not observed
with the dilutions. Similar clear spots were obtained after trypsin
treatment of the suspensions (colicin degraded, phage unaffected)
(53) (data not shown), and no clearing of spots was observed with
the suspension obtained with the DH10B strain without phage
RCS47 (Fig. 3C), ruling out the possibility of bacteriocins causing
lysis. These data were in favor of a phenomenon called “lysis from
without,” which is partly understood (54). Lysis from without is
observed at high densities and not at lower densities of phages,
probably due to phage adsorption above a threshold value on the
cell wall inducing cell destruction (54, 55).

The successful in vitro transduction of antibiotic markers, such
as chloramphenicol, mediated by the P1 phage in E. coli strains or
Salmonella enterica serovar Typhi strains has been reported (23,
56). We assessed the ability of RCS47 to lysogenize E. coli strains
and, therefore, to transfer the ESBL gene. Using the lysogenization
procedure described above, we obtained no colonies resistant to
CTX with the E. coli strains tested.

To better understand the lysis phenotype obtained above,
phage suspensions prepared from the 725 and TR725 strains were

then examined by electron microscopy. They showed the presence
of icosahedral DNA-containing heads of about 75 nm and struc-
tures that resemble tail tubes, reminiscent of what has been ob-
served with P1 lysates (57). However, in our samples, the potential
tail tubes were never found to be attached to the heads, and we did
not observe sheath structures (Fig. 4). This is in agreement with
the positive repL and repA PCRs obtained with the RCS47 phage
suspension. The RCS47 phage is probably defective in sheath sub-
unit production, as suggested by Walker and Walker (57). Gene
22, which has been proposed to encode the sheath protein gp22
(15, 57), was present on the phage genome. However, gp22 con-
tains one amino acid substitution (L307I) that is not found in P1
and P7 gp22. Further studies are required to explore the potential
role of this mutation. According to Lobocka et al. (15), another
unidentified protein may be involved in the maturation of the
sheath. All the genes on the operons coding for the tail assembly
were present, with the exception of pmgF, a gene coding for a
protein with a putative morphogenic function (15). The interrup-
tion by an IS5 of the imcA gene, which is part of ImmC involved in
the two life strategies of P1 phages, did not affect the lytic cycle, as
DNA-containing heads were observed by electron microscopy.
Together, these results confirm the fact that we observed a lysis
from without but no turbid plaques. In conclusion, the RCS47
phage, without a sheath, supposedly cannot inject its DNA into
the E. coli strain (58), and it is thereby is a defective phage no
longer able to lysogenize E. coli hosts.

P1 family phages are frequent in natural populations of E.
coli. Despite our lack of success in establishing the lysogeny of
phage RCS47 carrying blaSHV-2 in recipient strains, P1-related
phages may nevertheless be potential vectors of antibiotic resis-
tance genes. In the course of our comparative genomics project,
we found another P1-like phage of the same repA type coelectro-
porated with a plasmid carrying a CTX-M-15-encoding gene (T.
Billard-Pomares and C. Branger, unpublished data). We thus as-
sessed the prevalence of P1-related prophages in natural popula-
tions of E. coli by PCR amplification of the lytic replication gene,
repL, as this gene seems to be well conserved and representative of
the P1 family. We detected repL in 46 of the 363 (12.6%) strains
tested, demonstrating that P1-related prophages are common in

FIG 3 Spotting of 4 sets of bacteriophages onto a layer of E. coli K-12 MG1655.
(A) Undiluted bacteriophage suspension from strain 725. (B) Undiluted bac-
teriophage suspension from the electroporant TR725 strain. (C) Negative con-
trol (E. coli DH10B strain). (D) Bacteriophage P1vir (positive control).

FIG 4 Electron microscopy of phage RCS47 suspension obtained from the
725 E. coli strain showing DNA-containing head (H) and possibly a tail tube
(TT). Note the absence of sheath.
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E. coli populations. The prevalence of repL differed between the
phylogroups (Table 1). This prevalence was lower in phylogroup
B2 than in all the other groups (4/86 [4.6%] versus 42/277
[15.1%]; P 	 0.008). No difference in prevalence was found be-
tween the ESBL-producing and non-ESBL-producing clinical iso-
lates (8/73 [12.3%] isolates versus 15/290 [13.1%] isolates; P 	
0.69). The prevalence of repL was significantly lower in the wild-
animal commensal strains (4/114 [3.5%]) than in the domestic-
animal commensal strains (13/49 [25.5%]), human commensal
strains (9/33 [27.2%]), and human-pathogenic strains (20/169
[11.8%]) (P 	 0.00004, 0.00002, and 0.015, respectively). The
prevalence of repL in human-pathogenic strains was lower than
that in domestic-animal commensal strains and human commen-
sal strains (P 	 0.021 and 0.03, respectively) (see Fig. S2 in the
supplemental material). The low prevalence of repL in the wild-
animal commensal strains may be accounted for by the high pro-
portion of phylogroup B2 E. coli strains in this population (59)
and the low prevalence of repL in the phylogroup B2 strains. Sim-
ilarly, the prevalence of repL in the human-pathogenic strains was
lower than that in the domestic-animal commensal and human
commensal strains, as phylogroup B2 strains are predominant
among the E. coli strains responsible for extraintestinal infections
(31). We also determined the prevalences of IncRCS47 and
IncY, the incompatibility groups of the plasmid replication
gene repA of RCS47 and the reference P1 phage, respectively
(15, 44), in the 46 strains testing positive for repL. IncY was
found in 14 of the 46 (30.4%) strains, and IncRCS47 was found
in 11 of the 46 (23.9%) strains, indicating a low diversity of
repA types in P1-like phages.

Lastly, we searched for P1-like bacteriophages in 18 ESBL-pro-
ducing strains of the same B1 phylogroup/O8 serogroup as the 725
strain. Four of them were positive (22%) for repL, of which one
and three are of IncRCS47 and IncY, respectively, indicating that
the strains were not more prone to be lysogenized by the phage
than were the other strains of the species.

These data indicate that P1-like bacteriophages are widespread
in natural E. coli isolates, including ESBL-producing isolates, sug-
gesting a high potential for gene transfer. However, the presence of
these phages is not linked to ESBL but seems to be related to
phylogroup. Such associations between mobile elements and the
genetic background have been described (17, 18) and probably

correspond to epistatic interactions between P1 family phages and
the genetic background of E. coli strains.

In conclusion, we describe here a temperate phage related to
P1, isolated from a clinical strain of E. coli carrying an ESBL-
encoding gene. This phage was one of the nontypeable plasmids
from our collection (19). Our sequencing project allowed us to
reveal that P1-like phages, which lysogenize bacteria as autono-
mous plasmid-like elements, are part of the mobile elements that
acquire and have the capacity to transfer antibiotic resistance. Yar-
molinsky (16) stressed that despite their ability to acquire and transfer
multidrug resistance genes, P1 phages do not seem to compromise
antibiotic treatment. The high prevalence of P1-like phages in E. coli
populations and our identification of a P1-like phage carrying an
ESBL gene suggest that the role of P1-like phages in disseminating
antibiotic resistance may be underestimated. The transfer of resis-
tance genes by temperate bacteriophages integrating into the bac-
terial chromosome has been well described (10–12). In contrast,
the different ways in which P1-like phages potentially transfer
resistance genes have to be explored more thoroughly. Indeed,
besides the fact that P1-like phages can insert resistance genes
through their recombination systems (15), they can transfer resis-
tance plasmids via transduction (60). P1-like phages carrying re-
sistance genes can also be transferred to bacteria through conju-
gation with a conjugative plasmid (26, 39, 56, 60).

Our findings indicate that more plasmid sequencing efforts are
required, particularly for nontypeable plasmids, to identify the
various vectors involved in the transmission of antibiotic resis-
tance markers.
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