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Shiga toxin 2 (stx2) gene-carrying bacteriophages have been shown to convert Escherichia coli strains to Shiga
toxin-producing Escherichia coli (STEC). In this study, 79 E. coli strains belonging to 35 serotypes isolated from
wastewaters of both human and animal origin were examined for the presence of stx2-carrying bacteriophages
in their genomes. The lytic cycle of the bacteriophages was induced by mitomycin, and the bacteriophage
fraction was isolated and used for morphological and genetic characterization. The induced bacteriophages
showed morphological diversity, as well as restriction fragment length polymorphism variation, in the different
strains belonging to different serotypes. The ability to infect new hosts was highly variable, although most of
the induced phages infected Shigella sonnei host strain 866. In summary, in spite of carrying either the same
or different stx2 variants and in spite of the fact that they were isolated from strains belonging to the same or
different serotypes, the induced bacteriophages were highly variable. The high level of diversity and the great
infectious capacity of these phages could enhance the spread of the stx2 gene and variants of this gene among
different bacterial populations in environments to which humans may be exposed.

Horizontal transmission of pathogenic factors through mo-
bile elements, such as bacteriophages, plasmids, or transpos-
able elements, is important in the emergence of new patho-
genic bacteria (25). The pathogenic factors that are encoded in
bacteriophages include toxins, such as the Streptococcus pyo-
genes toxin (48), the A, D, and E enterotoxins and toxic shock
syndrome 1 toxin of Staphylococccus aureus (4), the C, D, and
E neurotoxins of Clostridium botulinum (44), the diphtheria
toxin of Corynebacterium diphtheriae (15), the enterotoxin of
Vibrio cholerae (48), and the Shiga toxins (Stxs) of Shigella
dysenteriae and Escherichia coli (5, 24).

Shiga toxin-producing E. coli (STEC) emerged in 1982 as a
human pathogen that causes hemorrhagic colitis and the he-
molytic-uremic syndrome (30, 49). STEC strains have been
shown to produce bacteriophage-encoded toxins belonging to
two main groups, Stx1 and Stx2, and some variants of these
main groups have been described (Stx1, Stx1c, Stx1d, Stx2,
Stx2c, Stx2d, Stx2e, Stx2f, and Stx2g) (10, 20, 24, 37, 43, 45).
Although the presence of stx genes is not sufficient to cause
infection, the fact that these genes were first detected in asso-
ciation with increased disease in humans suggests that they
may be linked to the emergence of STEC. However, little
information is available about the epidemiological associations
of stx2 genes before the association with STEC was found (23).
Thus, establishing a link to evolutionary trends in E. coli is
difficult without further study of the dispersal of stx2 genes in
the environment and in other genetically related bacteria, such
as Shigella.

stx2 gene-carrying bacteriophages (Stx2 phages) have been
shown to occur naturally in the environment (18, 22) and have

been shown to spread stx2 genes among bacterial populations
(1, 36, 41). It has been suggested that these phages play a direct
role in STEC pathogenesis since Stx production is linked to
induction of the lysis cycle of the phages (17, 47). Several
mechanisms induce lysis, and mitomycin treatment and UV
irradiation are the methods most commonly used for research
purposes (26). These treatments induce the SOS system, lead-
ing to an increase in phage gene expression and consequently
an increase in Stx production (14, 50). The environment is a
potential reservoir for the phages since they show high resis-
tance in the environment (19). The ability of these phages to
transduce stx genes has been demonstrated in vivo and in vitro
(2, 35).

The genetic structure of Stx2 phages is similar to that of the
lambda bacteriophage, and thus they are frequently referred to
as lambdoid bacteriophages (33). Some of these phages have
been totally or partially sequenced (13, 20, 28, 34, 46). Rietra
et al. concluded that induced bacteriophages from E. coli
O157:H7 isolates of human origin exhibited similar restriction
fragment length polymorphism (RFLP) patterns and high lev-
els of DNA-DNA cross-hybridization, suggesting that these
bacteriophages were genetically closely related (29). However,
other authors have shown that there is heterogeneity in Stx2
phages isolated from strains with different pulsed-field gel elec-
trophoresis profiles (26, 31). The DNA phage heterogeneity of
different isolates derived from the same strain may be due to
different rearrangements of the Stx phages with other temper-
ate bacteriophage genes present in the genomes of these
strains (11, 27). In fact, in two previously sequenced E. coli
O157 strains, different prophages with a structure similar to the
lambda structure were detected, suggesting that these phages
have an important role in the evolution of pathogenic strains
since they have not been found in E. coli K-12.

The genetic heterogeneity reported for the Stx phages is
consistent with some diversity in virion morphology. Thus,
some bacteriophages are morphologically similar to the lambda
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bacteriophage and have icosahedral capsids with hexagonal
symmetry and long tails, while other bacteriophages have long
capsids with hexagonal symmetry and noncontractile tails (21).
Moreover, there have been several descriptions of strains car-
rying two different bacteriophages (1, 3, 21).

The majority of the studies addressing the diversity among
Stx2 phages have focused on phages isolated from E. coli
O157:H7 strains which have been involved in STEC outbreaks
(29). Other studies have examined free Stx2 phages in the
environment (22). In this study, the presence of inducible bac-
teriophages in a collection of 79 STEC strains belonging to 35
serotypes isolated from wastewaters from different animal
slaughterhouses and human sewage was evaluated for the first
time. This study included detection of Stx2 phages by PCR,
localization of the stx2 gene in the genomes of these phages by
RFLP analysis and specific hybridization of RFLP products
with an stx2 probe, and morphological analysis of the phages.
Moreover, in vitro host infection assays were performed to
determine the abilities of the phages to transduce the stx2 gene
in different hosts. Toxin production in new lysogenic strains
generated upon infection by some of the Stx2 phages was also
assessed. As far as we know, this is the first analysis of the
prevalence of these phages in nonclinical strains having differ-
ent origins in which the real prevalence of the phages in envi-
ronmental strains was assessed.

MATERIALS AND METHODS

Bacterial strains, bacteriophages, and culture media. A total of 79 STEC
strains carrying the stx2 gene isolated from municipal human sewage (sewage
mostly from humans) and animal sewage were screened for the presence of
inducible Stx2 phages. Sixty-five of the strains were isolated by using no specific
selection method other than selection for the presence of the stx2 gene in the
coliform population; the phenotypic and genotypic characteristics of these
strains, as well as their serotypes, have been described previously (8). The 14
remaining strains belonged to the O157:H7 serotype and were isolated by using
specific recovery on CT-SMAC medium as previously described, and their phe-
notypic and genotypic characteristics have been described previously (9). The E.
coli C600 (933W) strain (17), which carries the 933W bacteriophage integrated
as a prophage in the genome, was used as a positive control in the bacteriophage
induction experiments, while the E. coli C600 laboratory strain, which does not
carry any Stx2 phage, was used as a negative control.

Bacteriophage induction. The lytic cycle of temperate bacteriophages was
induced by mitomycin C treatment as described previously (17). Briefly, 200-ml
cultures of each STEC strain were prepared from single colonies in Luria-
Bertani (LB) medium supplemented with 5 mM CaCl2. The cultures were grown
at 37°C to an optical density at 600 nm (OD600) of 0.3, and then each culture was
divided and placed into two flasks. Mitomycin C was added to one of the flasks
at a final concentration of 0.5 mg ml�1, and both cultures were then incubated
overnight in the dark at 37°C with agitation. Phage-mediated lysis was monitored
by determining the decrease in OD600.

After overnight incubation, the culture was centrifuged at 14,300 � g for 30
min, and the supernatant was filtered through 0.22-�m-pore-size, low-protein-
binding polyether sulfone membranes (Millex-GP; Millipore, Mosheim, France)
to recover the bacteriophage fraction.

Phage DNA isolation. Phage DNA was isolated from the 200-ml mitomycin
C-induced cultures after centrifugation and filtration as described above by using
polyethylene glycol precipitation, DNase treatment, and phenol-chloroform ex-
traction performed as previously described (22).

PCR. The presence of the stx2 gene in the isolated phage DNA fraction was
determined by PCR with the specific primers used to detect the different stx2

variants (stx2, stx2c, stx2d, stx2e, and stx2g) in the original STEC strains, as previ-
ously described (9).

Bacteriophage RFLP analysis and detection of stx2 gene. In order to obtain
insight into the genetic diversity of the lysogenic phages found in the environ-
mental STEC strains, isolated phage DNA was subjected to RFLP analysis by
digestion with the EcoRI restriction enzyme, analysis by electrophoresis in a

0.8% Tris-borate-EDTA 1� agarose gel, and subsequent staining with ethidium
bromide. Alternatively, in some cases the ClaI enzyme was used when an EcoRI
pattern was not clearly visible.

Localization of the stx2 gene in the different RFLP patterns obtained for the
different DNA phage fractions was performed by Southern blotting using the stx2

gene probe used previously for isolation of the STEC strains by colony blotting,
which codes for a 378-bp region of the A subunit (8).

Evaluation of the infectious capacity of Stx2 phages. The infectious capacity of
Stx2 phages was evaluated using the following host strains in the infection assays:
E. coli O157:H7 strain ATCC 43888, three E. coli O157 environmental isolates,
the E. coli DH5� and C600 laboratory strains, Enterobacter aerogenes ATTC
13048, a Citrobacter freundii environmental isolate, and several clinical isolates,
including Shigella dysenteriae strain 500H, Shigella boydii strains 316 and 351,
Shigella sonnei strains 635 and 866, Shigella flexneri strains 668 and 805, E. coli
O26 strains 216 and 224, and E. coli O111 strain 209. None of these strains carry
the stx2 gene. Briefly, 10 �l of induced and filtered phage supernatant was
spotted onto LB agar overlaid with LB soft agar supplemented with 5 mM CaCl2
containing the corresponding host strain at an OD600 of 0.3. After overnight
incubation at 37°C, the formation of plaques was monitored. Then the plaques
were transferred onto nylon membranes using standard procedures (32) and
were hybridized using the stx2 probe, as described above. Only the tests showing
lysis and a positive hybridization signal were considered positive.

Construction of lysogens. The induced phages were transduced into S. sonnei
strain 866 and E. coli DH5� by spotting 0.5 ml of the phage lysate as described
above. After overnight incubation at 37°C, the LB soft agar overlay was removed
and resuspended in 2 ml SM buffer (32). The mixture was incubated for 90 min
at 37°C, and then 0.1-ml portions of 10-fold dilutions in phosphate-buffered
saline were plated onto LB agar. The plates were incubated overnight at 37°C.
Lysogens carrying the stx2 gene were selected by a colony hybridization method
as described previously (6). The presence of stx2 genes in the new lysogens was
confirmed by PCR, as indicated above.

Phage integration site. PCR was used to assess whether the bacteriophages
studied were integrated in the same locus as the 933W phage (the wrbA locus) or
the VT1-Sakai phage (the yehV locus), before and after the transduction of the
bacteriophages into the new host strains. Briefly, the bacterial DNA with the
inserted prophages was extracted, and a PCR was carried out using the primers
described previously (39).

Evaluation of Stx production. The production of Stxs (both Stx1 and Stx2,
including Stx2 variants) by the constructed lysogens was tested using a commer-
cial Duopath VT detection kit (Merck, Darmstadt, Germany) according to the
manufacturer’s instructions.

Electron microscopy imaging. Twenty-milliliter portions of phage-induced
cultures were filtered as described above and were concentrated 1,000-fold using
Amicon Ultra-4 filters according to the manufacturer’s instructions (Millipore).
Phages were adsorbed onto Formvar-coated grids and negatively stained with 2%
KOH, phosphotungstic acid (pH 7.2) for 2.5 min. Negatively stained samples
were observed with an Hitachi 800 STEM microscope (Portland, OR) at 80 kV.

RESULTS

Induction and detection of Stx2 phages from environmental
STEC. The levels of induction of the different prophages
present in the STEC strains showed great variability. As shown
in Fig. 1, for some of the prophages the induction levels were
high, and there was a �1-OD600 unit difference compared with
their noninduced counterparts after mitomycin treatment,
while other prophages did not respond to this treatment and
there was no significant difference. In summary, around 60% of
the prophages present in STEC strains showed high levels of
induction, and the values ranged from 0.1 to 0.6 OD600 unit.
For the corresponding noninduced cultures the values were
1.6 � 0.2 OD600 units after 24 h of incubation.

The amounts of phage DNA extracted from the mitomycin-
induced cultures correlated with the levels of induction of the
prophages determined by measuring the absorbance, and
phage DNA was more abundant in the cultures exhibiting
higher levels of induction. A minimum of 0.5 �g/�l of phage
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DNA was observed for the strains showing a good level of
induction.

Of the 79 STEC strains examined, 70 (89%) contained in-
ducible bacteriophages; 11 of 14 (79%) STEC strains from
human sewage contained inducible bacteriophages, 47 of 50
(94%) and 5 of 6 (83%) STEC strains from cattle and pig
abattoirs, respectively, contained inducible bacteriophages,
and 7 of 9 (78%) STEC strains from mixed sewage contained
inducible bacteriophages.

Genetic diversity among Stx2 phages as determined by
RFLP analysis. RFLP analysis of phage DNA revealed diver-
sity among induced phages from different STEC strains. How-
ever, some prophages isolated from different strains had the
same profile, suggesting that the same prophage could be in-
tegrated in the different STEC strains. Since any temperate
phage present in an STEC strain could have been induced in
the assay, detection of the stx2 gene was necessary to confirm
the presence of DNA from Stx2 phages. stx2 was detected by
Southern blotting and hybridization with the stx2 probe de-
scribed previously within the RFLP pattern obtained. This
probe has neither EcoRI nor ClaI restriction sites, and there-
fore only one hybridization signal was expected for each stx2

gene copy present in the extracted phage DNA. The stx2 gene
was detected by hybridization of the RFLP products with the
stx2 probe in 43% of the induced STEC prophages. The RFLP
patterns observed were diverse, although some induced proph-
ages from STEC strains having different origins had the same
pattern. The molecular weight of the RFLP fragment in which
the stx2 gene was located (according to the positive hybridiza-
tion signal) was highly conserved. The stx2 gene was located in
the same RFLP fragment for all phages having the same RFLP
pattern. Moreover, for some of the phages with different RFLP
patterns, the sizes of the RFLP fragments in which the stx2

gene was located were similar (Fig. 2, lanes 9 and 11). As
shown in Table 1, the sizes of the positive RFLP fragments
from the induced Stx2 phages from different serotypes ranged
from 4.9 to 18 kb. Two bands were detected in the RFLP
analysis of the induced prophages from strain O91:H21, which
is consistent with previous results showing that this strain car-
ried two stx2 genes (stx2 and the stx2c variant). It was not

possible to detect the stx2 gene after RFLP analysis in some of
the induced prophage cultures (Fig. 2, lanes 4, 8, and 10),
although it was noticed that a prophage was inside the strain.

The size of the total phage DNA was estimated by adding
the sizes of the different RFLP fragments, and in most cases it
was around 50 kb (data not shown), which was consistent with
the assumption that a single phage had been induced.

It should be noted that this study could be performed only
with prophages that exhibited sufficient levels of induction,
which was possible for only 65 of the 79 STEC strains, even
though larger culture volumes were prepared for the strains in
which no RFLP of phage DNA was detected.

Evaluation of the infection capacity of the induced Stx2
phages. The ability of induced Stx2 phages to infect different
hosts was analyzed both by a plaque-forming assay and by
hybridization of the generated plaques with the 378-bp stx2

gene probe described previously. Infection was induced in 50
of the 79 STEC strains (63%) (Table 2). The Stx2 phages
infected mainly S. sonnei strain 866 (51%), E. coli DH5�
(46%), S. sonnei strain 635 (44%), and E. coli C600 (40%).
Some STEC strains yielded lytic phages (probably non-Stx2

FIG. 1. Levels of induction of STEC integrated prophages, ex-
pressed in OD600 units, after mitomycin treatment. A low OD600 cor-
relates with lysis of bacterial cells and induction. The bars indicate the
percentages of the strains having specific OD600 values after mitomycin
treatment. The average values for noninduced cultures of the same
strains were 1.6 � 0.2 OD600 units.

FIG. 2. EcoRI-digested phage DNA from some of the induced
phages present in the STEC strains (left panel) and hybridization
signals with the stx2 probe after Southern blotting (right panel). Lanes
1 to 11 contained strains belonging to serotypes O157:H7, O157:H7,
O157:H7, O157:H7, O146:H�, O171:H2, O171:H2, O171:H2, O181:
H20, O90:H�, and O90:H�, respectively. Lane M contained a 1-kb
DNA ladder.

TABLE 1. Serotypes carrying inducible phages showing positive
hybridization signals with the stx2 gene probe after

RFLP analysis and Southern blotting

Serotype No. of phages/
no. of strains

Size(s) of EcoRI
fragment(s) (kb)

O146:H� 1/1 4.9
O91:H21 1/1 6, 4.9
O113:H21 1/1 6
O157:H7 14/14 6
O157:H� 1/1 6
O100:H� 1/1 11
O2:H25 3/5 12
O26:H� 1/2 12
O90:H� 1/4 12
O171:H2 6/15 12 (5), 15 (1)a

O181:H20 2/2 12
O98:HNT 1/1 15
O1:H20 2/2 18

a The numbers in parentheses are numbers of phages.
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phages), which may have accounted for the lack of detection of
the stx2 gene in the phage plaques generated. Six induced Stx2
phages from non-O157 STEC strains were able to infect the E.
coli O157:H7 host strain used in this study. It is noteworthy
that all induced Stx2 phages from O157 strains were able to
infect the O157 host strains, as well as the most infected host
strains described above, including C. freundii and E. aerogenes.

The presence of infectious Stx2 phages varied according to
the isolation source, and such phages were detected mainly
in STEC obtained from animal wastewaters. Thus, 80% of the
STEC strains isolated from cattle abattoirs and 50% of the
STEC strains isolated from pig abattoirs, but only 28 and 33%
of the STEC strains isolated from human and mixed sewage,
respectively, contained detectable Stx2 infectious prophages.

Construction of new lysogens. The abilities of the Stx2
phages to infect and to establish lysogeny in two previously
described hosts (E. coli DH5� and S. sonnei strain 866) were
assessed. Nine bacteriophages carrying different stx2 genes
(stx2, stx2c, stx2g, and stx2e) were successfully transduced (Table
3). The infection and subsequent stabilization of the stx2 gene
within the different hosts generated new lysogenic strains,
which in some cases changed some phenotypic characteristics.
The new lysogens showed levels of induction different than
those obtained with the original strains. In general, the ability
to produce Stxs was maintained, but there were some excep-
tions. Thus, in the case of strain S8 (serotype O146:H�, car-
rying an Stx2 prophage), after transduction of the Stx2 phage

to E. coli DH5�, the prophage was poorly induced and no Stx2
production was detected. The opposite was found to be the
case for strain S150 (serotype O26:H�, carrying an Stx2e
prophage), in which a higher level of prophage induction was
observed and the Stx2 protein was detected after transduction
to S. sonnei. The seven other transduced prophages retained
the same phenotypic characteristics in the new lysogenic
strains. The RFLP prophage patterns obtained were the same
as the patterns obtained for the induced prophages from the
original strains.

Phage integration site. One strain belonging to serotype
O146:H� was shown to amplify the wrbA phage-bacterium
attachment site, suggesting that the phage was integrated in
this locus. Unexpectedly, 3 strains amplified only one of the
wrbA locus junctions (1 serotype O146:H21 strain, 1 serotype
O162:H7 strain, and 1 serotype O90:H� strain), while 22
strains amplified only one of the yehV locus junctions (3 sero-
type O171:H2 strains, 1 serotype O113:H21 strain, 15 serotype
O157:H7 strains, 1 serotype O91:H21 strain, and 2 serotype
O22:H8 strains). Additionally, two other strains belonging to
serotypes O127:H� and O90:H� amplified one junction from
both the wrbA and yehV loci. It should be noted that in the
newly constructed lysogens most of the prophages showed the
same integration profile; the only exception was a prophage
that became integrated in the yehV locus after transduction.

Morphological diversity of STEC prophages. In most cases
the morphology of the induced bacteriophages resembled that
of the previously described Stx2 phages 933W and H19, which
have icosahedral capsids and a short tail and long capsids and
a long tail, respectively. In a few cases other phages were
detected (Fig. 3), but they could not be transduced, and there-
fore the presence of the stx2 gene could not be determined. No
relationship between the presence of a particular stx variant
and the morphology of the observed phage was found.

DISCUSSION

Phages can be considered important reservoirs of genes that
can be mobilized in the bacterial population, which is espe-
cially relevant for the emergence of new pathogenic strains.
Bacteriophage-mediated transmission of the stx2 gene has been
examined in various studies since the emergence of STEC
strains. However, most authors have focused on Stx2 phages
isolated from clinical STEC strains or on the O157:H7 sero-
type. In this study, the presence of inducible bacteriophages in
a collection of 79 STEC strains belonging to 35 serotypes

TABLE 3. Genetic and morphological characteristics of the
transduced bacteriophages

Transduced
bacteriophagea Host stx2 gene

Size of
EcoRI

fragment
(kb)

Morphology

S8 E. coli DH5� stx2 NDb ND
S48 E. coli DH5� stx2e ND ND
S62 S. sonnei 866 stx2c 12 H19-likec

S63 S. sonnei 866 stx2c 12 H19-likec

S67 E. coli DH5� stx2c 12 H19-likec

S68 E. coli DH5� stx2c ND H19-likec

S86 S. sonnei 866 stx2g 12 933W-liked

S134 S. sonnei 866 stx2g 12 933W-liked

S150 S. sonnei 866 stx2e ND 933W-liked

a Induced prophages from the original STEC strains.
b ND, not detected.
c Bacteriophage morphology similar to that of phage H19.
d Bacteriophage morphology similar to that of phage 933W.

FIG. 3. Electron micrographs showing the Stx2 phages isolated most frequently from the newly constructed 933W-like and H19-like lysogens
(A and B, respectively) and one non-Stx2 phage isolated from the original STEC (C), which may have hindered the detection of Stx2 phages.
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isolated from different animal wastewaters and human sewage
was evaluated in order to assess the real prevalence of these
phages in environmental strains.

Eighty-nine percent of the strains contained mitomycin-in-
ducible bacteriophages, as measured by stx2 gene PCR ampli-
fication of phage DNA, and a high proportion (63%) of the
bacteriophages were capable of infecting the laboratory strains
used in this study. However, it should be noted that only 28%
of the strains isolated from human sewage carried infectious
Stx2 prophages. It could be hypothesized that loss of functional
stx2 genes occurs as STEC emerges in human populations. The
lack of infectious and inducible Stx2 phages in human sewage
isolates was supported by the absence of Stx production, a
feature that is highly related to the pathogenicity of the STEC
strains, although this was not the subject of this study. This
finding suggests that inactivation of the phages may have oc-
curred after the phage integration process. Moreover, only a
small proportion of the phages (9 of 79) were maintained after
several passages in the host strain to generate new lysogens,
which implies that although the phages are infectious in dif-
ferent hosts, their insertion and persistence as prophages in the
host genome are dependent on the genetic background of the
strains (38), including the presence of other bacteriophages.
This effect was also obvious after transduction of some of the
phages whose lysogenic strains lost or gained the ability to
produce Stx.

Phages carrying different stx2 gene variants, including the
recently reported stx2g variant, were detected in this study (16).
The differences between stx genes from S. dysenteriae, which
traditionally appear to be chromosomally encoded, and stx
genes from E. coli strains, which are bacteriophage encoded,
are unknown. However, an stx gene-carrying bacteriophage
was isolated from the related species S. sonnei (5). This bac-
teriophage was adapted to different Shigella species (42). Ad-
aptation of the induced Stx2 phages from STEC strains to S.
sonnei could be inferred from the results obtained in this study
since the majority of the prophages were able to infect S.
sonnei 866. This is not surprising since similar results were
obtained with free Stx2 phages isolated from sewage (22).
These observations support the hypothesis that Shigella could
act as a reservoir of the stx2 gene. To our knowledge, no studies
have examined the prevalence of Stx2 phages in the phages in
nonclinical isolates of Shigella species, which could provide
new insight into the horizontal transmission of stx2 genes in the
environment. In any case, it is important to point out that the
Stx2 phages that are present mostly in potentially nonpatho-
genic STEC strains are similar to the phages that have previ-
ously been linked to human outbreaks (8, 9).

Ten STEC strains contained two stx2 genes, although only
one phage was induced from the majority of these strains.
Similar results have been obtained in other studies, showing
that simultaneous induction of two prophages results in an
induction rate for one of the prophages that is lower than the
induction rate when a single prophage is present in the strain
(21).

A low proportion of the induced Stx2 phages from non-O157
STEC strains were capable of infecting the E. coli O157 host
strains used in this study. It has been reported previously that
short-tailed Stx phages share a common receptor, YaeT, which
is an outer membrane protein commonly found in members of

the Enterobacteriaceae (40). Although the possibility of the
presence of another receptor in O157 that is preferentially
used by induced phages from O157 strains cannot be ruled out,
this information suggests that some other mechanisms in the
genetic background of the O157 strains can also hinder infec-
tion with Stx phages isolated from non-O157 strains. Accord-
ingly, 14 of 15 induced phages from O157 STEC were able to
infect the O157 serotype host strains, as well as the majority of
the host strains tested.

The RFLP studies revealed a high degree of heterogeneity
among the different induced STEC prophages, which could be
attributed to the presence of more than one phage (probably
non-Stx2) in the genomes of the strains. However, the degree
of heterogeneity of Stx2 phages was supported by the finding
that the stx2 gene was located in fragments with different mo-
lecular weights in the RFLP patterns. The differences were
attributed to variations in the genetic sequences of the phages.
Recombination of Stx2 phages with other prophages or phage
genes in intergenic regions that do not disrupt functional mod-
ules is a plausible explanation for reorganization events lead-
ing to an increase in such genetic heterogeneity (7). Genes that
are present in some phage genomes may also increase the
fitness of the phage (12). It is noteworthy that some of the
induced Stx2 phages from different STEC strains having dif-
ferent origins had similar RFLP patterns, suggesting that the
horizontal transfer of these phages could have been a recent
event or that the phages are subjected to high selective pres-
sure. In addition, two induced phages were from a strain be-
longing to E. coli serotype O91:H21, which is consistent with a
previous study that found two stx2 genes in a genome (8). The
heterogeneity of the Stx2 prophages present in the environ-
mental STEC strains is consistent with the heterogeneity re-
ported in previous studies performed with free environmental
Stx2 phages (22).

Numerous Stx phages have been shown to be integrated in
the wrbA and yehV loci (39). In this study only 1 strain showed
PCR amplification of both wrbA bacteriophage-bacterium
junctions, 2 strains showed simultaneous PCR amplification of
a single wrbA-yehV junction, while 3 and 22 strains showed
amplification of the wrbA and yehV junctions, respectively. The
two strains that showed PCR amplification of both loci had
previously been shown to carry two stx2 gene variants (8). The
change of integration site that occurred in one of the trans-
duced bacteriophages is not surprising since it has been re-
ported that an Stx phage has a preferred integration site when
it is available but is also able to integrate at different sites when
this site is occupied (38). The high amplification rate for only
one of the locus junctions may be related to slight variability in
one of the junctions, although this has not been reported to
date.

Some instability of free Stx2 phages after propagation has
been reported previously (22), which suggests that these
phages could have evolved so that they were integrated in an
STEC bacterial host as a prophage. A prophage can be in-
duced when the environmental conditions activate its lytic cy-
cle. Accordingly, in this study all the strains studied allowed
induction of their Stx phages at moderate or high levels, en-
suring that free viral particles remained free in the environ-
ment, which ensured the survival necessary to allow new infec-
tion of a suitable host once environmental conditions were
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optimal again. The cycle is thus closed and allows the stx genes
to be prevalent in the environment, which may be their real
reservoir.
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