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Shiga toxin (Stx) types 1 and 2 are encoded within intact or defective temperate bacteriophages in Stx-
producing Escherichia coli (STEC), and expression of these toxins is linked to bacteriophage induction. Among
Stx2 variants, only stx,, from one human STEC isolate has been reported to be carried within a toxin-
converting phage. In this study, we examined the O91:H21 STEC isolate B2F1, which carries two functional
alleles for the potent activatable Stx2 variant toxin, Stx2d, for the presence of Stx2d-converting bacteriophages.
We first constructed mutants of B2F1 that produced one or the other Stx2d toxin and found that the mutant
that produced only Stx2d1 made less toxin than the Stx2d2-producing mutant. Consistent with that result, the
Stx2d1-producing mutant was attenuated in a streptomycin-treated mouse model of STEC infection. When the
mutants were treated with mitomycin C to promote bacteriophage induction, Vero cell cytotoxicity was elevated
only in extracts of the Stx2d1-producing mutant. Additionally, when mice were treated with ciprofloxacin, an
antibiotic that induces the O157:H7 Stx2-converting phage, the animals were more susceptible to the Stx2d1-
producing mutant. Moreover, an stx, 4,-containing lysogen was isolated from plaques on strain DH5« that had
been exposed to lysates of the mutant that produced Stx2dl only, and supernatants from that lysogen
transformed with a plasmid encoding RecA were cytotoxic when the lysogen was induced with mitomycin C.
Finally, electron-microscopic examination of extracts from the Stx2d1-producing mutant showed hexagonal
particles that resemble the prototypic Stx2-converting phage 933W. Together these observations provide strong
evidence that expression of Stx2d1 is bacteriophage associated. We conclude that despite the sequence
similarity of the stx,,,- and stx,4,-flanking regions in B2F1, Stx2d1 expression is repressed within the context

of its toxin-converting phage while Stx2d2 expression is independent of phage induction.

Stx-producing Escherichia coli (STEC) causes a spectrum of
diseases in humans, from mild diarrhea to hemorrhagic colitis
and the potentially fatal hemolytic uremic syndrome (10). The
prototype STEC, Escherichia coli O157:H7, is typically ac-
quired by ingestion of contaminated undercooked hamburger,
water, or vegetables tainted with manure from asymptomati-
cally infected cattle (2, 9). In the United States alone, the
incidence of STEC infection is estimated to be 110,000 cases
per year, and approximately 4% of these cases result in the
hemolytic uremic syndrome (29). The more severe systemic
consequences of STEC infection are attributed to the Shiga
toxins (Stxs) produced by these microbes (18, 47).

The two major types of Stx’s, Stx1 and Stx2, also referred to
as Vero toxins 1 (VT1) and VT2, have the same structure and
enzymatic activity but are antigenically distinct (35). While
StxI’s made by diverse STEC isolates are essentially the same
toxin, several related variants of Stx2 have been described that
include Stx2c, Stx2d, Stx2e, and Stx2f (16, 25, 31, 43, 44). These
toxins are highly homologous to Stx2 and are cross-neutraliz-
able with anti-Stx2 antibody, but they differ in biological activ-
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ity (e.g., preferred cellular receptor and/or relative cytotoxicity
for Vero and HelLa cells) or the host range of strains that
produce them. For example, Stx2c and Stx2d are made by
STEC strains isolated from both humans and animals, whereas
Stx2e is primarily made by STEC responsible for edema dis-
ease of swine. Nevertheless, E. coli bacteria that produce the
Stx2e variant are infrequently isolated from humans with gas-
trointestinal illness (38). Stx2f is made by STEC strains isolated
from feral pigeons but has also been associated with diarrhea
in a child (7, 43).

Although the pathogenicities of various STEC strains that
produce different types of Stx2s cannot be compared directly
because the strains are not isogenic, we have found that an
091:H21 strain that produces Stx2 is not virulent in the strep-
tomycin-treated mouse model for STEC infection, whereas
O91:H21 strains and an O91 nonmotile isolate that produce
Stx2d are highly virulent in those mice (30). Indeed, STEC
bacteria that make Stx2d are lethal for orally challenged strep-
tomycin-treated CD-1 mice at very low doses (21, 22), but
STEC bacteria that synthesize Stx2 or the variants Stx2c or
Stx2e (assessment of virulence of Stx2f-producing STEC not
reported) have an oral 50% lethal dose (LDs) of 10'® CFU/
CD-1 mouse or greater. The lower LD5, for mice of STEC that
produce Stx2d correlates with the capacity of Stx2d to be ac-
tivated by elastase derived from murine intestinal mucus (19,
31). Activation of Stx2d by elastase, which cleaves two amino
acids from the C terminus of the Stx2d A4, peptide, results in
increased cytotoxicity of Stx2d to Vero cells (30).
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Reference
B2F1 Str' Spontaneous streptomycin mutant of human isolate of E. coli O91:H21 STEC, encodes stx,g;, StX,q, 21

DH5a K-12 strain recA-E. coli strain 12

B2F1 mutant 1-1 Stx,q; toxin knockout, expresses Stx2d2, Str" This study
B2F1 mutant 7-4 Stx,q, toxin knockout, expresses Stx2d1, Str* This study
395-1 K-12 E. coli strain 41

C600 K-12 E. coli strain 47
C600(933W) Lysogen of Stx2-converting phage 933W (O157:H7 strain EDL933) 36

PUCI8 Am" 34

PCM4 Am" Ch" Tc" Pharmacia
PMAKT705 Km" orig 11
pJES210 Stx,q, cosmid clone in pHC79 This study
pSQ12 Stx,q; cosmid clone in pHC79 21
pSQ343 Stx,q; in Bluescript, Am" 21
pSQ544 StX,4, in Bluescript, Am" 20
pMB100 Stx,q, in Bluescript with blunt-ended cat inserted into EcoRV site, Am" This study
pMB101 pUCI18 with stx,g, This study
pMB102 stx,q; in pUC18 with blunt-ended cat inserted into blunted Aval and Accl sites, Am" This study
pPSTAMP Derived from pMAK705, Km" was replaced with Am", orig This study
PAM450 pSTAMP with sacB/R cloned in at PstI site 28
pMB103 PAM450 with mutated stx,y, inserted into Sal/l and BamHI sites This study
pLT10 pSTAMP with mutated stx,,, inserted into Kpnl and PstI sites This study
pIM10 Escherichia coli recA clone 6

Until recently, Stx2 variants from human isolates of E. coli
were thought to be chromosomally encoded; however, an Stx2e
toxin-converting phage has been isolated from an O-nontype-
able, H-negative human STEC isolate (32). In contrast, Stx1
and Stx2 were shown to exist on inducible bacteriophages as
early as 1983 (36, 46; S. M. Scotland, H. R. Smith, G. A.
Willshaw, and B. Rowe, Letter, Lancet ii:216, 1983), and sub-
sequent reports demonstrated the homologies of these phages
with lambda phage (15). More recent data demonstrate that
Stx1 and Stx2 expression is strongly influenced by the phage
lytic cycle (33, 50). Circumstances that trigger the host cell SOS
response upregulate transcription of rec4. The RecA protease
cleaves CI, the repressor of the lytic cycle, which, in turn, leads
to transcription of the gene for the antitermination factor Q. Q
modifies RNA polymerase at the late gene promoter pg’, and
transcription proceeds beyond the strong transcription termi-
nation site 7. The toxin genes are then transcribed along with
the late phage genes downstream of #" (6, 39, 52). In addition,
the toxin genes are amplified through bacteriophage genome
replication, and host cell lysis promotes toxin release (33, 50).

In this study we began to examine the regulation of activat-
able Stx2d produced by the O91:H21 Escherichia coli strain
B2F1. B2F1 produces two Stx2ds, Stx2d1 and Stx2d2 (formerly
designated VT2vha and VT2vhb, respectively, by Ito et al. in
1990 [16] and Shiga-like toxin II-vha [SLTII-vha] and SLTII-
vhb by Lindgren et al. in 1993 [21]). These activatable toxins
differ by only one amino acid in the noncatalytic portion of the
A subunit (16, 30) and are equally toxic to Vero cells and in the
mouse model when expressed from plasmids in a K-12 strain
(22). Stx2d1 and Stx2d2 also appear to be activated to the same
degree by mouse intestinal mucus (31). Examination of DNA
sequences that flank stx,4, and stx,4, for putative regulatory
elements of toxin expression revealed regions of homology
with inducible as well as noninducible bacteriophages. There-
fore, we hypothesized that regulation of toxin expression is

influenced by bacteriophage elements or that the toxin genes
are actually bacteriophage borne. To test that theory, we as-
sessed whether factors known to induce bacteriophages influ-
enced toxin production from B2F1 in vitro or virulence in vivo
and isolated a toxin-converting bacteriophage that carries
Soqy-

MATERIALS AND METHODS

Bacterial strains, plasmids, phage induction, and growth conditions. The
strains and plasmids used in this investigation are summarized in Table 1. An-
tibiotics were added at the following concentrations as needed for selection:
ampicillin, 100 pwg/ml; chloramphenicol, 30 pg/ml; and streptomycin, 50 wg/ml. E.
coli strain DH5a served as the host strain for recombinant plasmids. E. coli strain
B2F1 was kindly supplied by M. A. Karmali, and a streptomycin-resistant mutant
was spontaneously derived from this strain (21). Strains 395-1, C600, and DH5«
were challenged with bacteriophage lysates from B2F1 as described below for the
detection of bacteriophage plaques and to isolate potential lysogens of Stx2d-
converting phages. Strain C600 lysogenized with 933W (36) was challenged with
phage lysates from B2F1 to assess phage immunity as an indicator of phage
relatedness. All E. coli strains were routinely grown overnight at 37°C in Luria
Bertani (LB) broth with aeration or on LB agar. Reduced-salt (2.5 g/liter) LB
media supplemented with 10 mM CaCl, (hereafter called modified LB media)
were used for bacteriophage induction and plaque detection. Bacteriophages
were induced with 0.5 pg of mitomycin C (Sigma, St. Louis, Mo.)/ml, which was
added after broth cultures had been incubated for 1 h. To test for antibiotic
induction of bacteriophages, 25 ng of ciprofloxacin (Bayer, Westport, Conn.)/ml
or 800 ng of fosfomycin (Sigma)/ml was incorporated into the modified LB broth.
Induced cultures were grown with aeration for 4 h at 37°C. Bacteriophages were
harvested by chloroform lysis of the host bacterial strain in suspension, centrif-
ugation of the lysate, and filter sterilization (0.45 pm) of the resulting superna-
tant (25). This clarified cell supernatant was then serially diluted in 10-fold
increments in LB broth. Samples (100 wl) of each dilution were incubated at
37°C for 20 min with 200 wl of log-phase indicator cells. These phage-bacterial
cell cultures were then added to 2.8 ml of warm, liquid modified LB top agar, the
mixtures were overlaid onto LB agar in petri dishes, and the top layer was
permitted to solidify at room temperature (double-layer method). After over-
night incubation of these double-layer plates at 37°C, the top agar was examined
for plaques.

Recombinant DNA techniq Plasmid DNA was isolated by the Miniprep
procedure (Qiagen, Valencia, Calif.) according to the manufacturer’s instruc-
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tions. Restriction enzymes were purchased from New England Biolabs (Beverly,
Mass.). Restriction DNA fragments were purified by agarose gel electrophoresis
and eluted from the gel with GENECLEAN SPIN columns and reagents (Bio
101, Carlsbad, Calif.). T4 ligase was purchased from U.S. Biochemicals (Cleve-
land, Ohio).

DHS5a was made competent for transformation by calcium chloride treatment
and heat shock (23). B2F1 or its derivatives were made competent for transfor-
mation as described previously by Sizemore (45) or by the procedure of Chuang
et al. (5) with the following modifications. These bacteria were grown in LB at
30°C, subjected to heat shock at 37°C, harvested by centrifugation, and resus-
pended in 10% glycerol prior to being frozen at —80°C. Samples of these frozen
treated organisms were thawed as needed and transformed with mutagenic
suicide vectors by electroporation with a Bio-Rad Gene Pulser (25 pF, 1.25 kV,
1,000 Ohms).

Nucleic acid sequencing of the stx,4-flanking regions was done with the ABI
Prism or Big Dye Sequencing kit (Applied Biosystems, Inc., Foster City, Calif.)
with primers synthesized on the ABI Nucleic Acid Synthesizer model 394 or
3948. The products were separated and analyzed with the Applied Biosystems
model 377 or 3100, and the sequence results were aligned and compared with
those in GenBank of the National Center for Biotechnology and Informatics by
the BLAST program, version 2.2.1 (1) or the Wisconsin Package, version 10.1
(Genetics Computer Group, Madison, Wis.).

The PCR was used to amplify a portion of the Stx2d toxin genes with the
following primers: LT2 (CAGATAATCAGTGCGAGC) or LT10 (GTCAGAA
CGGATGATATTGC) and JCS2 (ACTCCGGAAGCACATTGC). The full-
length Stx2 or Stx2d gene was amplified with primers CKS1 (TGAGAGCGAT
CGACTCATAAT) and CKS2 (GACTGAATTGTGACACAGATTA).

AmpliTaq and GeneAmp reagents by Perkin-Elmer (Roche, Branchburg,
N.J.) were used for the PCRs done in a Perkin-Elmer DNA Thermocycler
(Perkin-Elmer, Norwalk, Conn.) or MJ Research Minicycler (Watertown, Mass.).

Construction of individual toxin-producing mutants of B2F1. Individual mu-
tants of B2F1 Str* that produced either Stx2d1 or Stx2d2 were derived by allelic
exchange as follows. First, a suicide vector, pPSTAMP, was constructed in which
the kanamycin (kan) resistance marker from the temperature-sensitive vector
PMAKT705 (11) was replaced with the beta-lactamase gene from pUCIS8. This
step was necessary because B2F1 gives rise to kanamycin-resistant derivatives at
a high frequency (A. R. Melton-Celsa, unpublished observation). A sucrose
sensitivity allele, sacB/R, was then inserted into the PstI site in pSTAMP to give
rise to pAM450 (28). The original purpose of introducing the sacB/R allele into
pSTAMP was to create a generalized suicide vector for use in STEC in which
putative mutants that retained the sacB/R allele (such as an unresolved cointe-
grate) could be selected against by the addition of sucrose to the media, as
described by Blomfield et al. (4). We subsequently found, however, that B2F1
was not sensitive to high concentrations of sucrose even in the presence of
sacB/R. Nevertheless, both pPSTAMP and pAM450 (without benefit of the su-
crose selection) were used to facilitate allelic exchange in B2F1.

Next, the chloramphenicol acetyltransferase (cat) cassette was released from
pCM4 (Amersham Pharmacia Biotech, Piscataway, N.J.) by digestion with
BamHI. The DNA polymerase I Klenow fragment (Boehringer Mannheim, In-
dianapolis, Ind.) was used to blunt the staggered ends that resulted from cleavage
with BamHI. The cat cassette was then ligated into pMB101 (stx,4;) that had
been digested with Aval and Accl and treated with Klenow to yield compatible
blunt ends, or into pSQ544 (carries stx,4,) at the EcoRV site to make pMB102
and pMB100, respectively. The mutated toxin genes were then subcloned into
pSTAMP or pAM450, respectively. B2F1 was transformed with the resulting
clones (pLT10 or pMB103) by electroporation (as described above). Putative
cointegrates were selected for vigorous growth during incubation at 44°C in the
presence of 100 pg of ampicillin/ml. Cointegrates were then resolved by several
rounds of growth at 30°C in LB broth with or without chloramphenicol (15
pg/ml). Putative mutants (sensitive to ampicillin with low-level resistance to
chloramphenicol) were screened for insertions in the toxin genes by PCR and
confirmed by Southern blot analysis as described in the next section.

DNA hybridization studies. Southern analyses were used to verify that muta-
tional insertions of the appropriate size had been made within the individual
toxin genes of B2F1 following mutation by allelic exchange. Chromosomal DNA
was isolated by phenol-chloroform extraction (3) from broth-grown wild-type
B2F1 and its toxin gene mutants. The DNA was then digested with PstI. The
resulting DNA fragments were separated by electrophoresis in 0.8% agarose gels
and transferred by capillary action to nitrocellulose with the Turboblotter system
(Schleicher & Schuell, Keene, N.H.) for subsequent detection with labeled gene
probes.

Dot blot hybridization was used to assess differences in toxin gene copy
number in the B2F1 toxin mutants with and without phage induction. The
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bacteria were grown in LB broth for 4 h in the presence or absence of mitomycin
C to induce bacteriophage and then disrupted by sonication. The lysates were
clarified by centrifugation, serially diluted, and applied to nitrocellulose mem-
branes with a vacuum manifold. The membranes were probed with a PCR-
derived stx,q; DNA or the cat DNA restricted from pCM4 with BamHI and
labeled as described below, and the intensity of the signal was visually compared
to detect gene amplification with induction.

Colony hybridization was used to detect DH5a colonies transduced with the
stx,q,-bearing phage. Colonies of putative lysogens were lifted from agar plates
onto nitrocellulose filters. The filters were treated with 0.5 M NaOH to lyse the
colonies and denature the DNA. The membranes were then washed in 5X SSC
(75 mM sodium citrate, 0.75 M sodium chloride, [pH 7.0]) and probed with stx,,
gene DNA. The toxin gene probes for each experiment were generated from
PCR-derived DNA products (described above) that were labeled with the ECL
Direct Nucleic Acid Labeling System reagents (Amersham Life Science, Buck-
inghamshire, England). DNA-DNA hybridization was detected with the ECL
detection system according to the manufacturer’s instructions (Amersham Life
Science).

Cytotoxicity measured by Vero cell assay. Bacterial cell lysates were prepared
by sonically disrupting cells from broth cultures. The lysates were then centri-
fuged to remove cellular debris. To determine toxin levels in mouse feces, pellets
were collected, weighed, and suspended in sterile saline to make a 1:10 dilution
(wt/vol). The suspensions were homogenized with a vortex mixer, and the su-
pernatants sterilized by filtration. The supernatants from cultures or fecal ex-
tracts were serially diluted in tissue culture medium and inoculated into wells of
microtiter plates that had been seeded with 10* Vero cells per well 24 h prior to
addition of the toxin-containing materials (8). After 48 h of incubation, the viable
adherent cells in each well were fixed in 10% formalin and stained with crystal
violet, and the absorbance at 600 nm was measured in each well with an auto-
mated ELx800 microtiter plate reader (Bio-Tek Instruments Inc., Winooski,
Vt.). The reciprocal of the dilution that caused death of 50% of the cells in the
monolayer compared with control wells was expressed as the 50% cytotoxic dose
(CDs) per milliliter of culture lysate or CDs, per milliliter of fecal extract from
a gram of feces. Assays were done at least three times, and the geometric means
were calculated from the log values of CDsy/ml of lysate or fecal extract. The
95% confidence intervals were determined from the standard errors of the
geometric mean of each group.

Mouse model of STEC infection. The streptomycin-treated mouse model of
STEC infection (49) was used to assess virulence of B2F1 Str* and the individual
toxin-producing mutants. Briefly, juvenile CD-1 male mice were fed streptomy-
cin water (5 g/liter), and food was withheld overnight to reduce normal gut flora.
The following day, bacterial strains that had been grown overnight in LB broth
were diluted to the desired concentration in saline and then suspended in a 20%
sucrose solution that was fed to the mice in a 25-pl volume. The mice were then
permitted food ad libitum but maintained on streptomycin water for the duration
of the experiment. To conduct a comparative LDs, study of orally administered
B2F1, the Stx2d1-producing mutant, and the Stx2d2-producing mutant, inocula
ranging from 10% to 10® CFU were fed to groups of five mice each.

To assess the influence of subinhibitory doses of ciprofloxacin on virulence of
the Stx2d1-producing B2F1 mutant, we used a modified version of the protocol
described by Zhang et al. (53). These investigators tested the influence of cip-
rofloxacin therapy on in vivo Stx2 expression by E. coli O157:H7. In our studies,
the subinhibitory dose of ciprofloxacin for the Stx2d1-producing B2F1 mutant
was defined as that concentration that decreased fecal bacterial counts by 1 to 3
logs. The timing of the dosing of ciprofloxacin to achieve this reduction in CFU/g
of feces was determined in a pilot study and was different from that used by
Zhang and colleagues (53). The requirement for such an adjustment in the
dosing schedule probably reflects the fact that E. coli O157:H7, unlike strain
B2F1 and the Stx2d1-producing B2F1 mutant, readily lyses after ciprofloxacin
induction in vitro. For these mouse experiments, 20 animals were fed approxi-
mately 107 organisms (day zero). Ten of the mice were then treated intraperi-
toneally on days 2, 3, 4, and 5 with 40 pg of ciprofloxacin (in 100 pl of sterile
water), while the other 10 received 100-pl intraperitoneal injections of sterile
saline according to the same schedule. Five control mice received ciprofloxacin
injections but no bacteria. The actual dose of bacteria given to each group of
animals was calculated retrospectively on the basis of CFU/ml of the original
overnight broth culture. The mice were assessed daily for signs of illness and
death over a 3-week period, and fecal pellets were obtained on days 2 through 5
and again on day 9 to quantitate CFU/g of feces. Note that moribund animals
typically stopped producing fecal pellets. The LDs, was calculated by the Reed
and Meunch method for computation of 50% endpoints (40). Fecal cytotoxicity
levels were assayed as detailed above.
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Isolation and identification of an stx,4, lysogen. Cultures of wild-type B2F1
were induced with mitomycin C and grown for 4 h. The cells were then treated
with 0.5 ml of chloroform per 3.0 ml of broth culture, and the resulting phage
lysate was filter sterilized and used to infect indicator strains as described above.
The indicator cell-phage mixture was suspended in soft top agar and plated.
Samples of the surface agar that contained plaques were excised, suspended in
broth, and emulsified, and the supernatant was diluted 10°-fold. A 100-pl sample
of the diluted broth was plated onto agar and incubated overnight. Isolated
colonies that appeared were first subcultured onto LB agar and then transferred
onto nitrocellulose membranes to be screened for toxin gene acquisition. Poten-
tial lysogens were identified from the colony blots by hybridization with an stx, 4,
DNA probe. Probe-positive isolates were transformed with a clone of the recA
gene (pIM10, generously provided by T. Oelschlaeger and J. Hacker) to com-
plement the recA defect in DHS5« (6). The putative lysogens were grown in broth
with and without addition of mitomycin C, and the culture lysates were tested for
Vero cell cytotoxic activity. To determine which Stx2d gene had been transduced
into DH5a, the toxin gene was amplified by PCR with primers LT2 or LT10 and
JCS2 from chromosomal DNA of the lysogen, and the resulting PCR products
were digested with EcoRV and Accl. The stx,y, fragment contains no EcoRV site
and one Accl site, while the stx,4, fragment contains one EcoRV site and two
Accl sites (16). The restriction fragments were separated by agarose gel electro-
phoresis and compared to corresponding restriction digests of PCR products
amplified from chromosomal DNA from B2F1 and purified plasmid DNA from
Stx2d toxin clones.

Electron microscopy. Five-hundred-milliliter cultures of the Stx2d1-producing
B2F1 mutant or the RecA-complemented DH5a lysogen were induced with
mitomycin C and incubated for 4 h, and the cellular material was removed by
centrifugation. Bacteriophages were collected from the supernatant by precipi-
tation with polyethylene glycol 8000 (Fisher Biotech, Fair Lawn, N.J.). Chloro-
form was used to extract the polyethylene glycol 8000 and cell debris, and
bacteriophages were harvested from the aqueous phase by centrifugation as
described previously (24). The bacteriophage pellet was resuspended in SM
buffer (0.1 M NaCl, 10 mM MgSO, 50 mM Tris- Cl, 0.01% gelatin [pH 7.5]) with
gentle agitation at 4°C overnight. Approximately 15 pl of the suspension was
applied to Formvar-coated copper grids (Ladd Industries, Burlington, Vt.). After
20 min, excess liquid was absorbed from the edges of the grids with a paper towel,
and 15 pl of 2% uranyl acetate (Sigma) was applied to the grids for negative
staining. Excess stain was removed by absorption as described above. The dried
grids were viewed in a Philips electron microscope, model CM100, under
X94,000 magnification.

Nucleotide sequence accession numbers. The DNA sequences upstream and
downstream of stx,y; and stx,y, were determined and submitted to GenBank
under the accession numbers AF479828 and AF479829, respectively.

RESULTS

Cytotoxicity and virulence of the B2F1 toxin mutants. Mu-
tants of B2F1 were generated in which one or the other Stx2d
gene was disrupted. The individual mutants grew at the same
rate as wild-type B2F1 (data not shown). The single-toxin-
producing mutants of B2F1 did not produce equivalent levels
of cytotoxin. Rather, the geometric mean CDs,ml of sonically
disrupted broth culture of Stx2d1-producing mutant was ap-
proximately ninefold lower than that of wild-type B2F1 (Fig.
1). Conversely, the Stx2d2 producer yielded essentially the
same levels of cytotoxin as the wild type. When the two mu-
tants were compared, a sevenfold difference in geometric mean
CDs,ml of sonically disrupted broth culture was noted (Fig. 1).
Although the 95% confidence intervals of the geometric means
of the groups overlapped, paired comparisons of these mutants
in different experiments, always showed that the Stx2d1-pro-
ducing mutant was less cytotoxic than the Stx2d2-producing
mutant. In contrast, when the individual stx,4; and stx,4, genes
were separately ligated into the same type vector, the clones
expressed comparable levels of toxin as determined by the
Vero cell cytotoxicity assay (data not shown). The latter result,
combined with the lower toxicity of the mutant that produced
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FIG. 1. Cytotoxicities of sonicated lysates of overnight cultures of
B2F1 and single-toxin-producing mutants. Columns depict log,, of
geometric means of seven or eight experiments, and error bars repre-
sent the 95% confidence intervals for the log,, of geometric mean for
each group.

Stx2d1, suggests that Stx2d1 expression is repressed in strain
B2F1.

The toxicity difference between the mutants was even more
pronounced in vivo, as measured in comparative lethal dose
studies in mice. The oral LD, of wild-type B2F1 in strepto-
mycin-treated mice was less than 20 CFU. The Stx2d2-produc-
ing mutant was still highly virulent (LD5, = 2 X 10? CFU), but
the Stx2d1-producing mutant was almost completely attenu-
ated (LDs, = 10® CFU). Both mutants colonized the mice
equally well (data not shown). These results further support
the hypothesis that the individual toxin genes are intact but
differentially regulated in B2F1 and that Stx2d2 contributes
more to cytotoxicity and pathogenicity in mice than does
Stx2d1.

Comparison of DNA sequences flanking stx,,, and stx,4,.
Previous attempts in this laboratory to induce bacteriophages
from B2F1 were not successful (20). Therefore, we initially
examined the DNA sequences directly upstream of both stx, g,
and stx,y, in an effort to identify other possible regulatory
mechanisms that might influence the differential expression of
either toxin. No obvious transcriptional regulatory elements
were detected. Instead, we found sequences homologous to
lambdoid bacteriophage genes upstream of both toxin genes.
We continued to sequence 4 kb upstream and downstream
from each stx,y gene and compared the sequences flanking
Stx,q, to those flanking stx,4, (Fig. 2). The DNA sequences
upstream of each were very similar to one another (95% iden-
tical) over a distance of 1.9 kb. This homologous region con-
tained three putative tRNA genes, ileZ, argN, and argO, di-
rectly upstream of each toxin gene and a putative DNA methyl
transferase gene just upstream of the tRNA genes. There was
a complete open reading frame for the putative methyl trans-
ferase upstream of stx,4,, whereas the methyl transferase gene
upstream of stx, 4, contained an internal stop codon that would
result in a truncated protein product. Upstream beyond the
methyl transferase genes the sequences diverged and shared no
significant homology.

Downstream of both stx,q4, and stx,4, we detected an open
reading frame (ORF) homologous to yjAS and of a size (1 kb)
comparable to that of the K-12 gene. The function of the
protein that yjaS encodes has not yet been defined. The stx,4
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FIG. 2. Comparison of stx,q- and stx,4,-flanking regions to one another. Arrows show relative lengths and directions of open reading frames.
Black arrows represent ORFs with homologues in GenBank. White arrows indicate that no homologues were identified. The regions of greatest
DNA homology between the stx,4-associated sequences appear on a stippled background. Abbreviations for putative genes are as follows: EN,
endonuclease; MT, methyl transferase; Q% 50-bp fragment homologous to the 5’ end of the Q gene sequence in 933W; tRNAs, ileZ, argN, argO,

S, holin lysis gene, yjhsS, E. coli K-12 homologue with unknown function. ORFs containing X encode proteins truncated by stop codons.

genes were followed further downstream by sequences homol-
ogous to the lambdoid bacteriophage holin gene,S. The inter-
vening DNA sequences between the toxin genes, the yjAS ho-
mologues, and the holin genes were less than 75% identical. In
sum, the genetic arrangement and DNA sequences of the
Stx,q,- and str,q,-flanking regions were very similar from ap-
proximately 2 kb upstream to 4 kb downstream of the toxin
genes, a finding that suggests they share a common origin.
Because of their similarity we could not predict a mechanism
for their differential expression from the sequences we studied.

Similarity of the stx,,-flanking DNA to that of other toxin-
converting phages. Next we compared the genetic organization
and DNA sequences of the stx,4-flanking regions to those of

tRNAs
ste, A B yjhS N

o) — Kt ——)-

MT

¢$B2F1 =>—Cf :

3985/96 and E32511
¢ 933W B

other toxin-converting phages and DNA sequences in Gen-
Bank (Fig. 3.). Stx2 toxin-converting phages encode tRNA
genes immediately upstream of their toxin genes, and the tran-
scriptional antiterminator-encoding Q gene is directly up-
stream of the tRNA genes (39, 42). In contrast, both stx,4
genes had sequences homologous to those of a bacteriophage-
associated DNA methyl transferase gene instead of Q up-
stream of the tRNA genes. Furthermore, we did not identify a
Q gene homologue within the 4 kb that we sequenced up-
stream of either toxin allele. However, we did find a 50-bp
sequence 3 kb upstream of stx, 4, that was 90% identical to the
5’ portion of the Q gene from the stx,-bearing bacteriophage
933W (39), an observation that suggests that a Q gene homo-

CP-B2F1

933W

-9330I

CP-933V

B s

>90% W4 >85%

FIG. 3. Diagram of DNA sequences flanking stx,4; and stx,4, compared with the most closely related sequences from GenBank. Abbreviations
are the same as those used in Fig. 2. CP, cryptic phage. Sequences near stx, in E. coli strain 3985/96 and stx,. in E32511 were available only
downstream of the B-subunit toxin genes. Strains 3985/96 and E32511 both exhibited the same extent of homology to $B2F1 over the downstream
region shown. A key to percent identities is shown at bottom.
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logue may have once existed in that region (Fig. 3). Although
the stx,-converting phages encode a similar DNA methyl trans-
ferase gene, it is generally found further upstream, about 3 kb
from the start of the toxin genes.

DNA sequences upstream of both stx,, alleles most closely
resembled the non-toxin-bearing cryptic phage (CP) CP-9330
of strain EDL 933 (37) and a homologue in the Sakai strain of
E. coli O157:H7 (13). Specifically, neither the sequences up-
stream of stx,4, and stx,4, nor the region upstream of CP-9330
encode a homologue of the 933W Q gene. Furthermore, the
DNA sequence 5’ of stx,4, was homologous to CP-9330 over
the entire 4 kb sequenced and contains an ORF homologous to
the CP9330. The comparable region of stx,4, was homologous
to CP-9330 for 1.9 kb and diverged from CP-9330 at the same
site where the upstream stx,4, and stx,4, sequences also began
to differ. The region up to 1.9 kb upstream of each toxin gene
was also 89% identical to the corresponding region in the
stx,.-bearing phage ¢$27 (32). Beyond the point at which the
stx,4,-flanking sequence diverged from stx,,,, we identified one
ORF that was homologous in part to a putative cytoplasmic
protein, STM2240, in Salmonella enterica serovar Typhimu-
rium (27).

The regions downstream of stx,4; and stx,4, have an orga-
nizational structure like that of stx,- and stx,-bearing phages
(48), both of which also encode an ORF homologous to the
yjhS gene of E. coli K-12 (albeit larger, 2 kb). The sequences
downstream of the two Stx2d genes showed some highly con-
served regions between them, but overall they resembled dif-
ferent toxin-associated phages. The region downstream of
stx,4; most closely resembled the corresponding regions down-
stream of stx, in E. coli strain 3985/96 and stx,. in strain E32511
(48) and was somewhat less similar to the region downstream
of stx, in 933W. The sequence 3’ of stx,4, most closely resem-
bled the stx,-bearing cryptic phage of strain EDL933, CP-
933V, but also shared regions of strong homology with 933W.
Although the DNA 5’ to both of the toxin genes was similar to
$27, neither of the toxin genes stx,4, showed homology to ¢$27
in the 3’ direction. In sum, the stx,,-flanking regions resembled
other toxin-converting phages in organization, but these DNA
sequences did not show strong identity to any one previously
described phage. Rather, the sequences surrounding the stx,4
alleles appeared as a patchwork with strong similarities over
short distances to a variety of specific genes associated with
both inducible and cryptic phages.

Results of bacteriophage induction. As a first step to deter-
mine whether an inducible, toxin-converting phage was indeed
present in strain B2F1 (as implied by the sequence data), we
measured the cytotoxicity of clarified cell lysates from each
toxin mutant after growth in the presence or absence of mit-
omycin C. Although the broth cultures treated with mitomycin
C remained relatively turbid, the levels of cytotoxicity of wild-
type B2F1 (data not shown) and the Stx2d1-producing mutant
were greatly enhanced by exposure to mitomycin C. The cyto-
toxicity of the Stx2d2-producing mutant was unchanged by
mitomycin C treatment (Fig. 4). These results suggested that
Stx2d1, but not Stx2d2, is associated with an inducible bacte-
riophage. Tiny turbid plaques were observed on E. coli strains
395-1, C600, and DH5« that were treated with cell lysates from
either toxin mutant. Because the plaques were barely discern-
ible it was not possible to determine the actual numbers of
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FIG. 4. Cytotoxicity of clarified sonic lysates from overnight cul-
tures of single-toxin-producing mutants of B2F1 treated with subin-
hibitory concentrations of agents that induce bacteriophages. Each
columns represents the log,, of the geometric mean for three experi-
ments, and error bars depict 95% confidence intervals for the log,,
geometric means.

PFU; however, the most concentrated samples applied to the
host bacterial lawn resulted in a very mottled appearance on
the host culture surface, and this effect was eliminated by
dilution of the phage inoculum.

Dot blots of clarified cell lysates of both mutants probed with
stx,q; DNA revealed an increase in gene dosage upon mito-
mycin C treatment (data not shown). However, the gene probe
used to detect stx,, in these dot blots could not differentiate
between mutant and wild-type toxin alleles. When the dot blots
were probed with the chloramphenicol acetyltransferase gene
to distinguish the mutated from functional toxin allele, only the
mutated stx,q4,::cat copy number was increased with induction.
Mitomycin C induction increased the stx,q, and stx,q,::cat gene
dose and cytotoxicity in the B2F1 mutant with an intact Stx2d1
gene, while Stx2d2 gene copy number and expression were
unchanged by this treatment. These findings provide further
evidence that stx, 4, expression is bacteriophage associated but
S, 4, €Xpression is not.

Phage immunity. The DNA sequence immediately upstream
of each stx,4 was 95% identical to the Stx2 toxin-converting
phage 933W. Therefore, we asked whether the putative stx2d1-
bearing phage shared lysogenic immunity with phage 933W.
For this purpose, we tested the capacity of lysates from B2F1,
the individual toxin-producing mutants, and a C600 lysogen of
933W to form plaques on one another. Plaques were observed
on C600 and C600(933W) cocultured with extracts from B2F1
or either of the individual toxin-producing mutants of B2F1, a
finding that indicates that a phage released from B2F1 was not
of the same immunity group as 933W. As expected, the B2F1
phage lysates failed to produce plaques on B2F1, and lysates of
C600(933W) did not produce plaques on C600(933W). We
anticipated that lysates from C600(933W) would produce
plaques on strain B2F1 because lysogenic immunity is gener-
ally reciprocal, but no plaques were observed. Other factors,
such as capsule type or lack of appropriate receptor molecules,
may have prevented infection of B2F1 with 933W. It is also
possible that B2F1 is lysogenized with another phage of the
same immunity group as phage 933W.

Influence of ciprofloxacin on toxin expression. Quinolone
antibiotics induce bacteriophages and increase toxin produc-
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FIG. 5. Comparison of the ratios of the geometric mean log,, val-
ues of cytotoxicity (CDs,) per gram of feces to the bacterial counts
(CFU) per gram of feces pooled for each group of mice fed the
Stx2d1-producing mutant of B2F1. Stippled columns represent sam-
ples from mice treated with ciprofloxacin, and black columns depict
those treated with PBS. Asterisks indicate the days on which the
animals were treated, and daggers (f) represent time points when the
six ciprofloxacin-treated animals died.

tion in strains that harbor Stx2-bearing bacteriophages (26,
53). The investigators who reported this finding speculated
that the inhibitory effect of these antibiotics on DNA gyrase
probably results in the accumulation of single-stranded DNA
fragments that trigger the SOS response and a subsequent
RecA-mediated conversion of the phage from the lysogenic
cycle to the lytic cycle. Based on the observation of quinolone-
mediated induction of Stx2-expressing phage, we decided to
test whether subinhibitory concentrations of ciprofloxacin ex-
ert a similar inductive effect on Stx2d1 expression in vitro and
in infected animals. First, we compared cytotoxicity of the
single-toxin-producing mutants grown in broth alone to those
grown in broth supplemented with mitomycin C, ciprofloxacin,
or fosfomycin, an antibiotic that does not induce stx,-convert-
ing phages from STEC O157:H7 (53). The results of those
antibiotic studies are summarized in Fig. 4. Ciprofloxacin in-
duced Stx2d1 production nearly as well as mitomycin C, while
fosfomycin did not cause an increase in cytotoxicity from the
mutants. As was the case with mitomycin C induction, in-
creased cytotoxicity with ciprofloxacin induction was seen only
with B2F1 (not shown) or the mutant that carried a functional
Str,g, gene.

Next, we examined whether the enhanced toxicity of the
Stx2d1 producer that we observed in vitro upon treatment with
ciprofloxacin would render this strain virulent for mice treated
with ciprofloxacin (Fig. 5). Therefore we fed the Stx2d1-pro-
ducing mutant to 20 mice and, after 48 h, treated half of the
mice with subclinical doses of ciprofloxacin according to a
modified version of the protocol used to increase Stx2 produc-
tion in vivo in antibiotic-treated mice (53). The remainder of
the infected mice received intraperitoneal injections of phos-
phate-buffered saline (PBS) to serve as controls. None of the
10 infected mice that received PBS and none of the 5 unin-
fected mice given ciprofloxacin died. However, 6 out of 10 of
the ciprofloxacin-treated mice infected with the Stx2d1-pro-
ducing mutant died, compared to 9 of the 10 control mice fed
wild-type B2F1.
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Fecal pellets from the infected mice were pooled by group
and cultured to verify that the mice had become colonized.
After antibiotics were administered, fecal pellets were tested
for cytotoxicity and cultured for CFU/gram of feces. In the
ciprofloxacin-treated group, the number of colony counts per
gram of feces decreased with treatment, as expected, while the
CDsy/gram of feces increased sharply. With the PBS-treated
controls the number of CFU/gram remained relatively con-
stant, while the number of CDsy/gram increased less dramat-
ically during infection than for the ciprofloxacin-treated mice.
The log values of CDs, per CFU for each group at each sample
day are depicted in Fig. 5. The ciprofloxacin-treated mice
showed up to twofold-higher fecal toxin levels per CFU per
gram of feces compared to the PBS-treated controls. The re-
sults of this mouse experiment strongly suggest that ciprofloxa-
cin upregulated toxin expression in the B2ZF1 mutant that only
expresses Stx2d1. The implication of this conclusion, in the
context of the in vitro induction studies, is that ciprofloxacin
therapy induced an Stx2d1-converting phage in vivo.

Isolation of a DH5« lysogen-bearing stx,4, The increased
cytotoxicity and mouse virulence of the B2F1 mutant that pro-
duces Stx2d1 when exposed to ciprofloxacin, together with the
formation of bacteriophage plaques when these mutant bacte-
ria were induced with mitomycin C, indicated coordinate
Stx2d1 expression and production of phage(s). To assess
whether the simultaneous increase in toxin expression and
phage plaques occurred because stx,4, was actually borne on a
phage, we attempted to transduce the toxin gene into other E.
coli strains. Cultures of wild-type B2F1 were induced with
mitomycin C, and sterile cell lysates were prepared and used to
heavily infect C600 or 395-1. Samples of the plaqued soft agar
were harvested and subcultured for potential lysogens. We
reasoned that organisms which did not lyse when challenged
with the B2F1 cell extract either were uninfected by phages or
were lysogenized and therefore protected from lysis. To iden-
tify potential lysogens, we screened the colonies that we recov-
ered from the cultured plaques by PCR for toxin genes or
colony blot hybridization with a toxin gene probe. Despite the
appearance of incomplete plaques on 395-1 and C600, re-
peated efforts failed to yield any lysogens of these RecA™
strains. Therefore, we challenged DH5« with B2F1 phage ly-
sates because that RecA-negative strain had been used suc-
cessfully to isolate a lysogen of the stx,.-bearing phage $27
(32). Of the 538 DH5a colonies we screened, 38 reacted with
the toxin gene probe. Chromosomal DNA of two representa-
tive probe-positive colonies was subjected to PCR with two sets
of primer pairs that would yield internal toxin gene sequences
of two different lengths. Fragments of the appropriate sizes for
stx,4 were obtained. To verify that the stx,y, allele and not the
stx,y, allele had been transduced, the PCR products were
treated with EcoRV that cleaves stx, 4, but not stx,4, and Accl
that cuts once in stx,4, and twice in stx,4,. The PCR products
were resistant to digestion with EcoRV but cut with Accl,
yielding fragments consistent with digests of control PCR
products obtained from an stx,4, clone and distinguishable in
size from those obtained from a clone of stx, 5.

To test whether a functional toxin gene had been trans-
duced, we sought to demonstrate that the putative lysogens
were cytotoxic. Preliminary Vero cell assays showed that the
transductants were not cytotoxic. However, DHS« lacks the
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FIG. 6. Transmission electron micrograph of bacteriophage $bB2F1.
Bacteriophage preparation was made from a broth culture of the
Stx2d2-producing mutant of B2F1. Bar, 100 nm.

RecA protease necessary to cleave the phage repressor of
delayed early gene expression, a step that is required for the
lytic cycle to be induced in lysogens that contain the lambda-
like 933W phage and for concomitant Stx2 expression (6, 33).
Therefore, in an effort to promote expression of Stx2d1 from
the putative lysogen, we complemented that lysogen of DHS5a
with a cloned recA4 gene contained in pIM10. These transfor-
mants produced 2.9 X 10 CDs,/ml of broth without mitomycin
C induction and 10* CDs,/ml with induction, a finding that
supports the hypothesis that Stx2d1 expression is linked to
phage induction. Additionally, phage preparations derived
from the induced RecA-complemented lysogen produced
plaques on DHSa and 395-1 host cells.

Electron-microscopic examination of phage from the Stx2d1-
producing mutant of B2F1 and from the RecA-complemented
lysogen of DH5a. Finally, we were able to visualize bacteri-
ophage-like particles by transmission electron microscopy from
lysates of induced broth cultures of the Stx2d1-producing mu-
tant of B2F1 (Fig. 6). The stx,4,-converting bacteriophage,
which we designated $B2F1, appeared morphologically similar
to the stx,-converting phage, 933W. The head appeared to be
a regular hexagonal shape. Filaments were also seen that were
quite long and did not appear to be attached to the hexagonal
particles. We speculated that the strands were flagella, because
this preparation was made from the motile B2F1 toxin mutant
that produces Stx2d1 and were absent in a preparation made
from the nonmotile RecA-complemented lysogen of DHS5«a
(data not shown).

DISCUSSION

Four lines of evidence derived from this investigation indi-
cate that the stx,y, gene for the potent activatable Stx2d1 toxin
is borne on an inducible toxin-converting bacteriophage in E.
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coli strain B2F1. First, the Stx2d1 toxin gene was transferred to
DH5a via a protocol used for transduction, and the resulting
lysogen was cytotoxic when recA was supplied in trans. We
believe that stx,4;, moved by specific transduction rather than
generalized transduction because of the high frequency of
Stx,4, transductants isolated from bacteriophage plaques on
DH5«, the presence of intact phage gene sequences flanking
stx,q,, and the fact that Stx genes are often found on competent
phages. Second, Stx2d1 expression was increased in vitro and
in vivo under conditions that are known to induce bacterio-
phages. Although the in vivo induction of elevated toxin ex-
pression in the presence of ciprofloxacin therapy was not as
pronounced as that which we observed in vitro, the biological
variations in colonization levels and antibiotic uptake in the
mouse model make it difficult to optimize the inductive effect
of ciprofloxacin. Nonetheless, the normally attenuated mutant
of B2F1 that produces only Stx2d1 became more virulent in the
presence of ciprofloxacin. Third, the RecA-dependent nature
of Stx2d1 expression in DHS5« suggested that Stx2d1 is coregu-
lated with the bacteriophage late genes involved in the lytic
cycle. The low level of expression of Stx2d1 without induction
implies that $B2F1 is not readily induced spontaneously in
vitro or in mice. Fourth, electron-microscopic examination of
lysates from the Stx2d1-producing mutant of B2F1 (Fig. 6) or
the RecA-complemented lysogen of DHSa revealed particles
with a morphology similar to that of the stx,-converting bacte-
riophage 933W.

Comparison of the stx,4,-flanking regions with the GenBank
database revealed genetic as well as structural similarities be-
tween $B2F1 and 933W. However, unlike the Stx2-converting
phages, no Q gene homologue, Q binding site, or ¢’ termina-
tion sequence was identified in the corresponding upstream
region of the stx,q4,-bearing phage. The antiterminator Q en-
hances the transcription of stx; and stx, (33), and it is puzzling
that we did not identify a Q homologue in the stx,,, phage.
Perhaps a QO gene homologue is encoded further upstream
beyond the 4 kb that we sequenced, or a protein analogous to
Q, not readily apparent by DNA sequence, serves as an anti-
terminator factor. Alternatively, late gene expression in $B2F1
may not be regulated by the same terminator-antiterminator
control found in other toxin-converting phages. Roughly 3 kb
upstream of the start of the stx,,4, gene there is a 50-bp region
that is 90% identical to a portion of the 933W Q gene. This
finding suggests a third possibility, that the O gene was present
at some time in the evolution of $B2F1 and was truncated or
replaced during a recombination event. The immunity regions
of $B2F1 and 933W differ as well, as evidenced by the forma-
tion of plaques on a 933W lysogen challenged with lysates from
B2F1.

The expression of the other toxin allele in B2F1, stx,4,, was
not influenced by bacteriophage induction. Paradoxically, stud-
ies with the single-toxin-expressing mutants of B2F1 revealed
that the cytotoxicity and virulence in mice of wild-type B2F1
was predominantly attributable to Stx2d2. In the wild-type
background, expression from the stx,4, gene remained rela-
tively low while Stx2d2 expression was apparently constitutive
or regulated by some other yet-to-be-defined host or phage
factor. The DNA sequence upstream of the stx,y, gene was
similar to that region upstream of stx,,, and shared homology
with the cryptic phage CP-9330. However, the abrupt diver-
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gence of these 5'-flanking regions 1.9 kb upstream of stx,4; and
stx,4, suggests that an insertion, deletion, and/or recombina-
tion event occurred during the evolution of B2F1 that either
provided a mechanism for Stx2d1 phage repression or disen-
gaged Stx2d2 expression from phage-mediated repression (or
both). The sequence downstream of stx,,, was most similar in
structure and sequence to CP-933V, the cryptic stx;-bearing
phage of O157:H7. We observed from the DNA sequence that
the holin lysis gene homologue downstream of stx,,, was trun-
cated. If transcription of the stx,4, gene along with the late
phage genes is constitutive, then defects in the late genes that
prevent the lytic phase, coupled with tight regulation of Stx2d1
phage induction, would likely be necessary to maintain a lyso-
genized population of E. coli. Therefore, we conclude that
Stx,4, 1s encoded within a defective or cryptic phage. Addi-
tional sequencing and regulation studies have been undertaken
in our laboratory to define mechanisms of regulation of Stx2d2
expression.

The sequences flanking stx, 4, and stx,4, showed homology to
more than one bacteriophage. The recombinational promiscu-
ity of lambdoid phages both within and among species has
been well documented (14). Moreover, Johansen et al. ana-
lyzed stx,-encoding phages from various O157:H7 strains and
described them as mosaics in which the toxin genes and basic
lambdoid phage organization are conserved but the heteroge-
neity of individual phage genes reflects exchanges among a
broader gene pool (17). Unkmeier and Schmitt have shown
that the chromosomally encoded variant toxin genes stx,. and
stx,e as well as sty in Shigella are flanked with DNA of phage
origin and hypothesized that all Stxs are bacteriophage asso-
ciated, whether or not they are actually inducible (48).
Genomic sequencing has demonstrated that up to 20% of the
E. coli chromosome is comprised of bacteriophage DNA that
could provide many opportunities for intragenomic homolo-
gous recombination as well as recombinational exchange with
newly acquired and cryptic bacteriophages (37). We speculate
that a recombination event occurred that resulted in the du-
plication of the 2d toxin gene in B2F1 but that only one of the
toxin alleles was situated within a phage that could be induced.
Although many STEC strains encode more than one toxin
type, B2F1 is the first STEC organism described to our knowl-
edge where two Stx2 variants are differentially regulated.

We previously hypothesized that Stx2d may be more toxic
than Stx2 based on our observations that it is activatable and
because Stx2d-producing organisms kill mice, but Stx2 produc-
ers do not. These studies with the individual toxin-producing
mutants of B2F1 show that Stx2d2 is expressed at lethal levels
independently of induction, whereas a Stx2d1-only-producing
B2F1 derivative is lethal for mice under bacteriophage-induc-
ing conditions. The isolation of an Stx2d toxin-converting
phage demonstrates that this activatable toxin has the potential
to be transferred horizontally and reinforces the notion that
quinolone therapy is contraindicated for treatment of E. coli
O157:H7 infections (51, 53).
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