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Shiga toxin 2 (Stx2)-producing Escherichia coli (STEC) O104:H4 caused one of the world’s largest outbreaks of hemorrhagic
colitis and hemolytic uremic syndrome in Germany in 2011. These strains have evolved from enteroaggregative E. coli (EAEC) by
the acquisition of the Stx2 genes and have been designated enteroaggregative hemorrhagic E. coli. Nucleotide sequencing has
shown that the Stx2 gene is carried by prophages integrated into the chromosome of STEC 0104:H4. We studied the properties
of Stx2-encoding bacteriophages which are responsible for the emergence of this new type of E. coli pathogen. For this, we ana-
lyzed Stx bacteriophages from STEC 0104:H4 strains from Germany (in 2001 and 2011), Norway (2006), and the Republic of
Georgia (2009). Viable Stx2-encoding bacteriophages could be isolated from all STEC strains except for the Norwegian strain.
The Stx2 phages formed lysogens on E. coli K-12 by integration into the wrbA locus, resulting in Stx2 production. The nucleotide
sequence of the Stx2 phage P13374 of a German STEC O104:H4 outbreak was determined. From the bioinformatic analyses of
the prophage sequence of 60,894 bp, 79 open reading frames were inferred. Interestingly, the Stx2 phages from the German 2001
and 2011 outbreak strains were found to be identical and closely related to the Stx2 phages from the Georgian 2009 isolates. Ma-
jor proteins of the virion particles were analyzed by mass spectrometry. Stx2 production in STEC 0104:H4 strains was inducible
by mitomycin C and was compared to Stx2 production of E. coli K-12 lysogens.

n Germany between May and July 2011, Shiga toxin-producing

E. coli (STEC) O104:H4 was identified as the cause of one of the
world’s largest outbreaks of STEC (19). The outbreak spread to
other European and non-European countries and finally ac-
counted for 3,842 cases of human infections, with a high percent-
age of patients developing the life-threatening hemolytic-uremic
syndrome (HUS) (17). Until 2011, 0104:H4 was considered a rare
STEC serotype (8, 47), with only a few sporadic cases of human
STEC O104:H4 infection reported in some European and Asian
countries (51). The first STEC O104:H4 strains were isolated in
2001 from the feces of siblings with hemorrhagic colitis (HC) and
HUS in Cologne, Germany (7, 17).

The causative STEC O104:H4 strain recovered in the 2011 out-
break differs from E. coli O157:H7 and other enterohemorrhagic
E. coli (EHEC) strains, because it is negative for the EHEC viru-
lence plasmid and for the genes encoding the attaching/effacing
(A/E) mechanism (7, 51). On the genome level, STEC O104:H4
strains were shown to be most similar to the previously character-
ized enteroaggregative E. coli (EAEC) strain 55989 and were found
to carry typical virulence genes of EAEC strains (7, 46). Accord-
ingly, the term enteroaggregative hemorrhagic E. coli (EAHEC)
was proposed for this new group of human-pathogenic E. coli
(10). Interestingly, EAEC-specific virulence genes were not found
in all STEC O104:H4 isolates collected before 2011, and significant
differences in the EAEC-specific virulence genes and EAEC plas-
mids were found by comparing the German STEC O104:H4
strains from 2001 to those from 2011 (7, 26).

Similar to many classical EHEC strains, the STEC O104:H4
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outbreak isolate produces the Shiga toxin 2a (Stx2a). This toxin
type is associated with classical EHEC (16, 38, 46), in particular
with EHEC O157:H7 strains. The stx,, genes are located on the
genome of lambdoid bacteriophages integrated in the chromo-
some of their bacterial hosts (31, 38, 39). Augmented colonization
of the humans by STEC O104:H4 through aggregative adherence
fimbriae might result in large quantities of Stx2a being delivered
into the host intestine. This was suggested as the causative mech-
anism leading to the high numbers of patients with severe clinical
illness in STEC O104:H4 infection (7).

Stx2a was previously shown to be associated with severe clini-
cal illness in humans (20, 21), and the amount of Stx2a produced
by EHEC O157:H7 strains was found to correlate with the devel-
opment of severe clinical illness in a gnotobiotic piglet model (3).
The production of Stx by STEC can be significantly enhanced by
certain antimicrobial and DNA-damaging agents, such as cipro-
floxacin and mitomycin C, respectively (6, 13, 48). An increase in
Stx production caused by exposure to agents such as ciprofloxacin
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TABLE 1 STEC O104:H4 strains used for isolation of lysogenic Stx-encoding bacteriophages

Presence of virulence gene:

Strain no. Original designation Source, origin, yr of isolation, and disease stx, aggR WZX6104 aggA agg3A astA
CB13344 RKI 11-02027¢ Human, Germany, 2011, HUS + + + + — -
CB13374 Sprouted seeds, Germany, 2011 + + + + - —
CB8983 Human, Germany, 2001, HC + + + - + +
CB13437 1106-3060-1° Human, Norway, 2006, diarrhea + + + - + +
CB13771 2009EL-2050¢ Human, Georgia, 2009, HC + + + + — —
CB13372 2009EL-2071¢ Human, Georgia, 2009, HC + + + + — —

@ Provided by the Robert Koch Institute, Berlin, Germany.
¥ From the collection of the Norwegian Institute of Public Health.
¢ From the collection of the Centers for Disease Control and Prevention, Atlanta, GA.

likely results from induction of the prophage. Stx production was
also found to be stimulated by neutrophils and norepinephrine in
the gastrointestinal tract, indicating that the inducibility of Stx
plays a role in in vivo pathogenesis (14, 54). The genetic composi-
tion of Stx-encoding bacteriophages could have an influence on
bacterial host specificity and on Stx production (13, 48, 55). A
number of Stx2-encoding bacteriophages have been analyzed for
the nucleotide sequence, and significant differences in global nu-
cleotide composition and in the regulatory genes affecting Stx
production were found (31, 39, 45, 49). Genomic sequencing of
the STEC O104:H4 strains revealed that they carry Stx2a-encod-
ing prophages (40, 43).

In this work, we characterized the Stx2a-encoding short-tailed
DNA bacteriophage (podovirus) P13374 from the STEC O104:H4
strain CB13374, which was isolated in the course of outbreak in-
vestigations from an opened package of retail sprouted seeds from
the household of an infected patient (53). We analyzed P13374 for
its genetic composition, biological properties, and bacterial host
specificity. Genomic sequencing and analysis of restriction endo-
nuclease digestion patterns indicate that bacteriophage P13374 is
highly similar to the Stx2a phages carried by STEC O104:H4
strains isolated from human patients in Germany in 2001 and
2011. Additionally, a comparison to phages which are present in
Stx2a-producing STEC O104:H4 strains from Norway and Geor-
gia revealed close similarities.

MATERIALS AND METHODS

Bacteria and culture conditions. Bacterial strains used in this work were
from the collection of the National Reference Laboratory for Escherichia
coli (NRL-E. coli; Federal Institute for Risk Assessment [BfR] Berlin, Ger-
many). STEC O104:H4 strains were serotyped for the O and H antigens
and confirmed by real-time PCR for the presence of stx,, aggR, terB, and
WzX 04 genes as previously described (53). To discriminate between dif-
ferent virulotypes of STEC O104:H4, the strains were additionally inves-
tigated for the EAEC heat-stable enterotoxin (astA) and for sequence en-
coding aggregative adherence fimbriae I (aggA) and III (agg3A) as
described previously (7). The strains used for induction and isolation of
Stx2-encoding bacteriophages are listed in Table 1. The STEC 0104:H4
strain RKI 11-022027 (CB13344) was isolated from a female patient with
HUS at the onset of the STEC O104:H4 outbreak in May 2011 in northern
Germany (19). Strain CB13374 was isolated from an opened package of
sprouted seeds from the household of a patient infected with STEC O104:
H4. The sprouts originated from the farm incriminated as the food source
of the STEC O104:H4 2011 outbreak strain (4, 53). STEC strain CB8983
was isolated in 2001 from a 5-year-old girl with hemorrhagic colitis in
Cologne, Germany. Subsequently, the girl developed HUS and was hos-
pitalized. The clinical case report reveals that the strain HUSEC 41 (STEC
0104:H4) was isolated from the same patient after she was hospitalized
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with HUS (7 and L. Beutin, unpublished data). STEC O104:H4 strain
1106-3060-1 (CB13437) originated from a patient in Norway who became
infected in 2006. Two STEC O104:H4 strains, 2009EL-2050 (CB13771)
and 2009EL-2071 (CB13772), were isolated in 2009 from patients with
bloody diarrhea in the Republic of Georgia (12). A collection of 31 EAEC
strains was used for susceptibility tests with the STEC O104:H4 Stx2a
phage (see Table S1 in the supplemental material) and was characterized
for serotypes and for the presence of the aggR gene as an indicator of the
presence of the aggregative adherence mechanism (24). Escherichia coli
K-12 strain C600 was used as the recipient for propagation and lysogeni-
zation of Stx bacteriophages (50). C600 derivative strain lysogenizated
with different Stx phages and phage lambda was described previously, and
the strains are listed in Table 3. Media for cultivation of bacteria, prepa-
ration of phage lysates, and phage susceptibility were used as previously
described (50).

Isolation, propagation, and purification of Stx2 phages from STEC
0104:H4 strains. Single colonies of the respective E. coli strains were
grown in Luria broth to exponential growth. Induction of lysogenic bac-
teriophages was performed by adding 0.5 pg/ml mitomycin C to the
growing bacterial cultures, which were further incubated overnight. Bac-
teriophages were isolated from single plaques grown on the E. coli K-12
strain C600 as described previously (27). High-titer phage lysates (10° to
10" PFU/ml) were obtained from E. coli C600 as described previously
(50) and were used for isolation of phage DNA, characterization of phage
envelope proteins, and phage infection studies.

Lysogenization of the E. coli K-12 strain C600 with Stx2a-encoding
bacteriophages from STEC 0104:H4 strains. Serial dilutions of phages
released in mitomycin C-induced cultures of O104:H4 strains were spot-
ted on a lawn of the stx-negative E. coli K-12 strain C600. Isolation of
lysogenic C600 (Stx phage) strains was performed as previously described
(50). The presence of the Stx phage in C600 was confirmed by stx,-specific
PCR as described previously (53) and by mitomycin C induction of viable
Stx2 phages from C600 lysogens.

Susceptibility of EAEC to the Stx2 phage from CB13374. Cultures of
31 EAEC strains belonging to 22 different serotypes from the collection of
the NRL-E. coli (see Table S1 in the supplemental material) were grown
overnight at 37°C in LB. One hundred pl of the culture was added to 3 ml
of molten LC-Top agar and immediately poured onto LB agar as de-
scribed previously (50). Twenty-pl portions of P13374 lysates (10'! PFU/
ml) and of freshly mitomycin C-induced cultures of the STEC O104:H4
strain CB13374 were spotted on EAEC strains, and the plates were incu-
bated for 20 to 22 h at 37°C. Lysis of bacteria and plaque formation was
monitored after overnight incubation. Strains C600 and CB13374 were
used as positive and negative controls for plaque formation, respectively.
To investigate the possible transfer of the stx, gene to EAEC strains by
transduction, bacteria grown in zones spotted with P13374 were subcul-
tured on LB agar and grown overnight at 37°C. DNA extracted from
subcultured bacteria was investigated for the presence of the stx, gene by
real-time PCR as described previously (53).
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Determination of Stx2 production. Stx production by bacteria was
measured semiquantitatively by the Ridascreen verotoxin enzyme immu-
noassay (Ridascreen-EIA; R-biopharm, Darmstadt, Germany). Bacterial
samples for the Stx EIA were grown at 37°C in tryptic soy broth (TSB)
supplemented with 0.5 pg/ml mitomycin C or left unsupplemented under
aeration as described previously (5). Undiluted and serially diluted bac-
terial culture fluids were tested from overnight cultures of bacteria, show-
ing titers of about 10° CFU/ml. The Ridascreen EIA results were recorded
photometrically with a Dynatech MRX microplate reader at 450 nm with
a 630-nm reference wavelength.

Statistical analysis. Independent t tests were used to test for a differ-
ence (mean value of the optical density at 450 nm [OD,5,]) between two
independent groups (STEC wild-type strains grown in the presence or
absence of mitomycin C as well as C600 Stx phage lysogens grown in the
presence or absence of mitomycin C, respectively). All analyses were per-
formed with PASW Statistics (v18.0.2). The statistical analyses were
2-tailed, and P < 0.05 was considered significant.

Morphology of isolated bacteriophages. To determine the morpho-
logical characteristics of isolated phages by transmission electron micros-
copy (TEM), the negative staining procedure was used. Briefly, Piolo-
form-carbon-coated, 400-mesh copper grids (Plano GmbH, Wetzlar,
Germany) were placed in drops from supernatants of samples collected
and primed for TEM for 10 min, fixed with a 2.5% aqueous glutaralde-
hyde (Taap Laboratories, Aldermaston, United Kingdom) solution for 1
min, and stained with 2% aqueous uranyl acetate (Merck, Darmstadt,
Germany) solution for 1 min.

In addition, the ultrathin sectioning method was performed for elec-
tron microscopic investigations of the E. coli K-12 strain TPE2364 (C600)
infected with phages lysates of the sprout strain CB13374. For these inves-
tigations, infected and mitomycin C-induced bacterial cell suspensions
were concentrated by centrifugation. The culture supernatant was re-
moved, and the bacterial pellet was suspended in a 2.5% aqueous glutar-
aldehyde (Taap Laboratories) solution for 24 h and centrifuged at 8,000
rpm for 5 min. The supernatant was removed and the pellet was mixed
with a 3% aqueous low-melting-point agarose (MP Biomedicals, Es-
chwege, Germany) solution, centrifuged shortly at 14,000 rpm for 5 s, and
immediately refrigerated for 10 min. This agarose/bacterial cell pellet was
cut into little cubes and soaked in 1% aqueous osmium tetroxide (Elec-
tron Microscopic Science, Hatfield, United Kingdom) solution before
embedding in Epon resin (Agar Scientific, Stansted, United Kingdom)
according to standard procedures. Thereafter, ultrathin sections were cut
and then postcontrasted with 2% aqueous uranyl acetate (Merck) solu-
tion for 20 min and 2.7% alkaline lead citrate (Serva, Heidelberg, Ger-
many) work solution for 15 min. The negatively stained specimens and
the ultrathin sections were examined with a JEM-1010 electron micro-
scope (Jeol, Tokyo, Japan) at an 80-kV acceleration voltage. Photographs
and measurements were performed using a MegaView II digital camera
and a computer-assisted analysis program (SIS Analysis; Olympus, Miin-
ster, Germany).

SDS-PAGE and in-gel digestion of P13374 proteins. Phage P13374
proteins were extracted from concentrated phage particles and reduced
with 10 mM dithiothreitol (DTT) for 5 min at 95°C, and thiol (SH) groups
were subsequently alkylated with 50 mM iodoacetamide for 45 min in the
dark at room temperature. Samples were heated for 5 min in sample
buffer at 95°C and subjected to SDS-PAGE according to the procedure of
Laemmli (29). Protein samples were electrophoresed on precast gradient
gels (4 to 20% Criterion Tris-HCl; Bio-Rad, Munich, Germany) in a Bio-
Rad Protean II electrophoresis system. Gels were washed with water and
stained using BioSafe Coomassie stain (Bio-Rad). Bands of interest were
excised and cut into smaller pieces using a clean scalpel. Gel pieces were
washed one after another with water, 50% acetonitrile (ACN), and 20 mM
NH,HCO;. Gel pieces were washed twice with 20 mM NH,HCO;-ACN
(50:50, vol/vol) to destain the proteins, dehydrated with 100% ACN, and
dried. Tryptic in-gel digestion was carried out overnight at 37°C using a
12.5 ng/ml solution of proteomics-grade recombinant trypsin (Roche,
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Mannheim, Germany) in 25 mM NH,HCO;-10% ACN-5 mM CaCl,.
Tryptic peptides were extracted with 50% ACN in 5% trifluoroacetic acid
(TFA) for 30 min. The extracted peptides were dried, reconstituted with
0.3% TFA in 60% ACN, and directly subjected to tandem matrix-assisted
laser desorption ionization—time-of-flight mass spectrometry (MALDI-
TOEF-TOF MS/MS) analysis. Alternatively, dried peptides were reconsti-
tuted in 0.1% TFA and purified using a C18 Zip-Tip according to the
manufacturer’s instructions (Millipore, Schwalbach, Germany) and sub-
jected to MALDI-TOF-TOF MS/MS analysis.

MALDI sample preparation and MALDI-TOF-TOF MS/MS analy-
sis. One pl of extracted P13374 peptide was spotted on a MALDI stainless
steel target plate and mixed with 1 ul of matrix solution (5 mg/ml
a-cyano-4-hydroxycinnamic acid in 0.3% TFA-60% ACN). Zip-Tip-pu-
rified samples were eluted with 5 ul 50% ACN in 0.1% TFA, and 1 pl was
spotted onto a 800-m AnchorChip Target plate and dried. Subsequently,
1 pl of matrix solution was added (0.7 mg/ml a-cyano-4-hydroxycin-
namic acid in 0.1% TFA-85% ACN-1 mM NH,H,PO,). For external
calibration, Peptide Calibration Standard II was used (Bruker Daltonics).
MALDI-TOF-TOF MS/MS analysis was performed on an Ultraflex II
TOF/TOF instrument (Bruker Daltonics) operated in the reflector mode
for MALDI-TOF peptide mass fingerprint (PMF) or LIFT mode for
MALDI-TOF-TOF analysis. PMF and LIFT spectra were interpreted with
the Mascot software (Matrix Science Ltd., London, United Kingdom).
Database (NCBInr) searches using Mascot were performed via BioTools
3.0 software (Bruker Daltonics) using combined PMF and MS/MS (pep-
tide fragment fingerprinting [PFF]) data sets. The peptide sequences ob-
tained were localized in the annotated P13374 genome sequence using
WU-blast 2.0 (http://www.proweb.org/).

Isolation, sequencing, and bioinformatic analysis of the CB13374
Stx prophage. The Stx prophage sequence of P13374 was deduced from
one contig of the whole-genome sequencing (WGS) project (unpublished
data) of E. coli O104:H4 strain CB13374. Genomic DNA of the bacteria
was extracted and purified by the use of the RTP Bacteria DNA minikit
(Stratec, Berlin, Germany). Determination of the CB13374 genomic se-
quence was performed with the Roche 454 genome sequencer FLX system.
Libraries for 454 sequencing were prepared and sequenced according to
Roche’s 454 protocols and as previously described (44). Assembling of the
reads resulted in several contigs with an average sequence coverage of
more than 30-fold per consensus base. The genome sequence of the pro-
phage was confirmed by partial nucleotide sequencing of DNA from iso-
lated phage particles. From these data, the final P13374 genome sequence
of 60,882 bp was identified and used for further analyses. Protein-encod-
ing open reading frames (ORFs) were predicted using the algorithms of
Accelrys Gene version 2.5 (Accelrys Inc.) and ORF-Finder (http://www
.ncbi.nlm.nih.gov/) with manual curation. For the ORF analysis, the cri-
teria were the presence of ATG, GTG, or TTG as a potential start codon
and a length of at least 25 encoded amino acids. To compare the gene
products of the P13374 ORFs to the annotated proteins of the nonredun-
dant GenBank database, BLASTp searches (http://www.ncbi.nlm.nih.gov
/blast/) were performed at the NCBI homepage. For gene products with
low e values (>0.001) or no sequence similarity, the PSI-BLAST algo-
rithm was used (1). Identification of putative tRNA genes was performed
using tRNAscan-SE (30). Putative Rho-independent transcription termi-
nators were identified using TRANSTERM (9, 15).

Analysis of integration sites of Stx2 phages. STEC O104:H4 strains
and C600 Stx2 phage lysogens were investigated for possible prophage
insertion sites with primers developed previously (11) (Table 2). PCR
amplification products obtained with STEC O104:H4 strains and E. coli
K-12 C600 phage lysogens were investigated by nucleotide sequencing.

Accession numbers. The complete nucleotide sequence of phage
P13374 was submitted to EMBL under accession number HE664024. The
sequences of the left and right integration sites of the investigated Stx2a
phages in wild-type EAEHEC and in E. coli K-12 strains were submitted
(left site, accession numbers HE775132 to HE775141; right site, accession
numbers HE775266 to HE775275). Additionally, the phage attachment
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TABLE 2 PCR primers for detection of the wrbA gene, the Stx2 phage integration site into wrbA, and circular phage DNA

GenBank Melting  PCR
accession temp product
Gene and/or integration site no. Position in sequence  Primer Nucleotide sequence (5'-3") (°C) (bp)
wrbA; integrase prophage P13374 (ORF01)  AE005174 1,330,538-1,330,556 ML1 GTGGAACTAAAGACGCTCG 55.0 500
1,331,037-1,331,016  ML2 ATTTATTGCATCACAGATGGGG
wrbA; prophage P13374 (ORF79) HE664024  60,619-60,638 orf79 ACGGTAAATACCCTACCCAG 50.8 314
AP009048 1,068,130-1,068,108  wrbA-R  ATGGCTAAAGTTCTGGTGCTTTA
wrbA AP009048  1,067,534-1,067,550  wrbA-F  TTAGCCGTTAAGTTTAACTGCC 57 596
1,068,130-1,068,108  wrbA-R  ATGGCTAAAGTTCTGGTGCTTTA
Prophage P13374 (ORF79); integrase HE664024  60,619-60,638 orf79 ACGGTAAATACCCTACCCAG 50.8 474
prophage P13374 (ORF01) 190-210 ML2 ATTTATTGCATCACAGATGGGG

sites in the viral genomes were deposited under accession numbers
HE775127 to HE775131 (see Table S2 in the supplemental material).

RESULTS

Isolation of Stx2-encoding bacteriophages from STEC 0104:H4
strains. Six STEC O104:H4 strains from Germany (isolated in
2001 and 2011), Norway (2006), and the Republic of Georgia
(2009) were used as sources for isolation of temperate Stx2-encod-
ing bacteriophages (Table 1). All strains were found to be positive
by PCR for stx,, agr, and wzxq,, o, genes, but the presence of astA,
aggA, and agg3A genes varied by strain (Table 1).

Induction of temperate bacteriophages using mitomycin C was
successful for all 0104:H4 strains. Stx2a-encoding bacteriophages
were isolated from the German (CB8983, CB13344, and
CB13374) and the Georgian (CB13771 and CB13772) STEC
0104:H4 strains. The Norwegian strain CB13437 released only
bacteriophages which did not carry stx, genes (see below). All
phages formed pinhead-sized plaques on the lawn of strain C600.
The presence of the stx,, gene in the purified bacteriophage DNA
was confirmed by PCR as described previously (53). C600 lyso-

genic for Stx2 phages was isolated as described in Materials and
Methods. The bacteriophage released from CB13437 did not form
lysogens on C600.

To study the relatedness of the phages, purified phage DNAs
were subjected to restriction enzyme digestion with Pvul, EcoNI,
and BsrBI. The Stx2a phages isolated from strains CB8983 (Ger-
many 2001) as well as CB13344 and CB13374 (both Germany
2011) had identical restriction profiles for all enzymes tested (Fig.
1). Similar findings were obtained with Stx2a phages from other
STEC O104:H4 strains collected from human patients in the 2011
outbreak in Germany (data not shown). The restriction profiles of
the Stx2a phages isolated from the Georgian strains CB13771 and
CB13772 were highly similar to each other but showed differences
in their restriction patterns with all three enzymes tested com-
pared to the Stx2a phages isolated from the German 2001 and
2011 isolates (Fig. 1). The Norwegian O104:H4 strain CB13437
did not release Stx phages, although the strain was positive for
Stx2a phage-associated sequences at the attachment site in the
wrbA locus.

M 11 12 13 14 15 M
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FIG 1 Restriction endonuclease digestion of Stx bacteriophage DNA. Restriction nuclease-digested bacteriophage DNA separated on 0.7% agarose digested with
EcoNI (lanes 1 to 5), BsrBI (lanes 6 to 10), and Pvul (lanes 11 to 15). Lanes 1, 6, and 11, phage P8983; 2, 7, and 12, phage P13344; 3, 8, and 13, phage P13374; 4,
9, and 14, phage P13771; and 5, 10, and 15, phage P13772. M, molecular size standard (range, 0.2 to 10 kb).
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TABLE 3 E. coli K-12 (C600) Stx phage lysogenic derivative strains

Sensitivity to:

Phage P8983,

susceptible  Phage source strain Shiga P13344, P13371,
Strain to lysogeny (reference or source) toxin P13374  P13372
C600 49 + +
TPE2385 P13344 CB13344 (53) Stx2a  —
TPE2364 P13374 CB13374 (53) Stx2a  — -
TPE2369 P8983 CB8983 (this work) Stx2a  — -
TPE2381 P13771 CB13771 (this work)  Stx2a +
TPE2383 P13772 CB13772 (this work) Stx2a + -
TPE1923 P933w EDL933 (49) Stx2a  + +
TPE1914 PHI19-B H19 (50) Stx1 + +
TPE1916 Lambda + +
TPE1841 P6220 CB6220 (27) Stxle  + +
TPE1874 CB2851 CB2851 (49) Stx2¢  + +

Lysogenization of E. coli with Stx2 phages isolated from
STEC 0104:H4. Stx2a-encoding bacteriophages derived from the
German and Georgian 0104:H4 strains were found to lysogenize
C600, resulting in derivative strains TPE2364 (derived from phage
P13374, which is released by strain CB13374), TPE2369 (phage
P8983), TPE2381 (phage P13771), TPE2383 (phage P13772), and
TPE2385 (phage P13344) (Table 3). The C600 lysogens were pos-
itive for the stx,, gene and converted to Stx2 production, as tested
by Stx EIA (Fig. 2). Induction of lysogenic strains with mitomycin
C resulted in release of Stx2a phages which were morphologically
similar to those of their wild-type host strains. The integration site
of all Stx2a phages in C600 was identical to those found in the
STEC wild-type strains (see below).

Quantification of Shiga toxin production in cultures of STEC
0104:H4 and C600 lysogens with and without mitomycin C
treatment. Stx production was measured with bacteria grown in
TSB supplemented with mitomycin C or left unsupplemented. All
six STEC O104:H4 strains listed in Table 1 produced significantly
more (P = 0.033) Stx in the presence of mitomycin C than un-
treated cultures. For Stx production there were no significant dif-
ferences found (P = 0.074) between the tested STEC O104:H4
strains, and the results obtained for the six strains are summarized
in Fig. 2A. In the presence of mitomycin C, Stx was still detectable
in culture fluid diluted to between 1:400 and 1:600. In cultures
without mitomycin C treatment, Stx was not detectable in dilu-
tions of 1:100 and higher.

C600 lysogens harboring Stx2 phages from STEC O104:H4
wild-type strains (TPE2364, TPE2369, TPE2381, TPE2383, and
TPE2385; Table 3) produced significantly larger amounts of Stx
than the wild-type STEC O104:H4 strains when grown in the pres-
ence (P = 0.023) or absence (P < 0.001) of mitomycin C (sum-
marized in Fig. 2B).

In contrast to the STEC O104:H4 wild-type strains, there were
no significant differences for Stx production between the C600
lysogens for growth with or without mitomycin C (P = 0.397). To
determine if this was due to an increasing spontaneous induction
of Stx phages in the P13374 K-12 lysogen, we explored the differ-
ences in the spontaneous phage release between TPE2364 (Table
3) and CB13374 during a 24-h bacterial growth period. This was
investigated in three independent experiments and different time
intervals (6, 12, and 24 h) by titration of cell-free supernatants of
both strains on E. coli C600. Compared to the STEC strain
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CB13374, a higher level (one to two orders of magnitude) of re-
leased phages in cell-free supernatants of TPE2364 was observed
(data not shown). These findings could explain the relatively
higher Stx2 levels found in the C600 lysogens.

The amounts of Stx2a produced by STEC wild-type strains
were found to be similar to that produced by an Stx2a EHEC
0157:[H7] strain (CB6161; stx,,) in cultures with (P = 0.605) and
without (P = 0.81) mitomycin C (data not shown).

Morphology of phage particles. Negative staining shows that
all investigated strains except CB13437 (Table 1) release phages
with a short tail and a hexagonal head (indicative of the virus
family Podoviridae). Phage tails were 12.7 nm (*=1.4 nm; n = 20)
in width, and their lengths were up to 40 nm (approximately 26
nm on average). The diameters of the phage heads were 68.5 nm
(£2.3 nm) as measured between the parallel sides and 70.7 nm
(*£1.4 nm) as measured diagonal to the tail. The phages from all
strains (CB8983, CB13344, CB13374, CB13771, and CB13772) as
well as from their C600 lysogens (Table 3) were morphologically
very similar to each other (Fig. 3), resembling the Stx2a phage
933W of EHEC O157:H7 strain EDL933, which is also a podovirus
(34, 39, 41, 56). In ultrathin sections of C600 infected with
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FIG 2 Stx production of STEC O104:H4 wild-type strains and C600 phage
lysogens. Extinction values (OD,5,) obtained by measuring serial dilutions of
the six STEC O104:H4 wild-type strains (Table 1) and five E. coli K-12 lysogens
(Table 3) by the Stx EIA. (A) B, STEC wild-type strains listed in Table 1 grown
in the presence of mitomycin C; [J, STEC wild-type strains grown without
mitomycin C induction. (B) A, C600 Stx phage lysogens grown in the presence
of mitomycin C; A, C600 Stx phage lysogens grown without mitomycin C.
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FIG 3 TEM of Stx phages from STEC O104:H4 strains. Shown are negatively
stained phages with a short tail (arrowheads) and hexagonal head isolated
from E. coli K-12 (C600) after infection with phage lysates of strains CB8983
(A), CB13344 (B), CB13771 (C), and CB13374 (D). Bars, 50 nm.

P13374, several stages of phage development were observed
(phage attachment, propagation, and liberation by bacteriolysis)
(Fig. 4A and B). Upon mitomycin C induction, the Norwegian
strain CB13437 yielded a morphologically different Stx-negative
phage of the virus family Myoviridae (Fig. 5).

Complete nucleotide sequencing and annotation of Stx2
prophage P13374. The complete nucleotide sequence of the Stx2
prophage P13374 was deduced from the whole-genome sequence
of the German E. coli 0104:H4 outbreak strain CB13374 and con-
firmed by partial sequencing of relevant regions of the phage DNA
of virion particles. Based on this analysis, a genomic sequence of
60,894 bp with a mean G+ C content of 50.3% for the temperate
phage P13374 was inferred. The annotated prophage genome also
includes the left and right core sequences of the attachment sites
(13 nucleotides). From detailed bioinformatic analyses (for de-
tails, see Materials and Methods), 79 open reading frames (ORFs)
with good coding potential were predicted. Furthermore, the in-
vestigated prophage genome comprises 14 putative Rho-indepen-
dent transcription terminators and three transfer RNAs (tRNAs)
(see Table S3 in the supplemental material). The modular organi-
zation of the prophage and the specific features of the bioinfor-
matic analyses are summarized in Fig. 6. Further detailed infor-

October 2012 Volume 86 Number 19

Stx2 Phage of Enteroaggregative E. coli 0104:H4

FIG 4 TEM of P13374 induction from lysogenic strain TPE2364. Ultrathin
sections of two bacterial cells (TPE2364) with maturating virion particles
within the cytoplasm indicated by arrows (bars, 500 nm). The cells show signs
of bacteriolysis (loss of cytoplasm) (A) and damaged cell walls, as well as the
formation of vesicles or opaque clumps (B). (C) TEM of CsCl-purified, nega-
tively stained P13374 particles released by strain TPE2364 (bar, 100 nm). Four
phages with a short tail (arrows) and a hexagonal head are shown. In the upper
part, two phages with tail-to-tail interactions are shown.

mation is given in Table S3 in the supplemental material. Out of 79
gene products that have been predicted for phage P13374, 62 gene
products revealed values of identity to annotated proteins of pre-
viously characterized Stx-encoding phages ranging from 38 to
100% (see Table S3). According to the predicted function of the
suggested gene products on P13374, the genome can be divided
into two parts (Fig. 6), left and right halves. Moreover, the whole-
genome organization of P13374 is strongly reminiscent of the en-
terobacterial phage sequences TL-2011c (JQO11318.1) and
VT2phi_272 (HQ424691.1), which originate from E. coli patho-
types O103:H25 and O157:H7, respectively (28). The annotation
of the P13374 genome was arranged according to the organization
of the prophage sequence starting with the putative genes int

FIG 5 TEM of myovirus phages isolated from the Norwegian STEC O104:H4
strain CB13437. Negatively stained phages comprise a hexagonal head, con-
tractile tail, and kinked tail fibers (Myoviridae). The phages were propagated
on E. coli K-12 strain C600 using phage lysates of the Norwegian strain
CB13437. (A) Myovirus with noncontracted tail. (B) Myovirus with con-
tracted tail (bars, 100 nm).
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FIG 6 Genome organization of prophage P13374. Putative genes are colored according to the predicted functions of their products. The positions of putative
Rho-independent transcription terminators and transfer RNAs (tRNAs) are indicated. Further detailed information on the structural components of P13374 are
given in Table S3 in the supplemental material. P13374 virion proteins which were identified by SDS-PAGE and mass spectrometry are marked by asterisks.

(ORFO01) and exc (ORF02), coding for a phage integrase and exci-
sionase, respectively. Both genes are closely related to their func-
tional counterparts on a cryptic prophage sequence of the E. coli
026:H11 strain 11368 (NC_013361.1) and previously described
Stx-encoding phages (933W, VT2-Sakai, Stx1-converting phage,
and Stx2-converting phages I and II). Further, genes on the left
half of the genome code for proteins involved in regulatory cir-
cuits, antitermination, replication, nucleotide metabolism, Shiga
toxin production, and host cell lysis. The core sequences of the
genetic switch of P13374 show an organization similar to that of
lambda-like phages but consist of only the two antagonistic re-
pressor genes cI and cro, which code for the prophage repressor CI
and the lytic repressor Cro. Whereas the two repressor proteins
could be identified due to their close relationships to lambda-like
phage repressors, it was not possible to find operator sites in the
intergenic region between these repressor genes. Furthermore,
genes encoding proteins like CII and CIII, which are involved in
the regulation of the genetic switch of lambda-like phages, could
not be identified on the genome of P13374. This finding suggests
that P13374 carries a regulation mechanism for the lysogenic/lytic
cycle which is only distantly related to lambda-like phages. Fur-
ther analyses have to be performed to determine the specificity of
the repressors (Cro and CI) to its operator sequences. Down-
stream of the repressor genes cI and cro, functional counterparts of
genes for a bacteriophage-related helicase and primase were iden-
tified. Both gene products might be of key importance for the
replication of the phage genome. While helicases act on DNA to
separate the double-stranded DNA into single strands, primases
catalyze the synthesis of short RNA or single-strand DNA frag-
ments to initiate complementary strand synthesis. Downstream of
the genes encoding Shiga toxin subunits A and B, the functional
module for cell wall degradation and the lysis of the host cell was
identified. This module consists of the two essential genes which
are typically transcribed from adjacent ORFs and serve as func-
tional counterparts to holins (Gp50) and endolysins (Gp51).

The right half of the P13374 genome begins with the small and
large subunits of the terminase genes (terS and ferL, respectively)
(Fig. 6). Both putative proteins are closely related to their func-
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tional counterparts on phage genomes 933W, VT2-Sakai, and
other Shiga toxin-converting phages (86, Stx1, Stx2-1, and Stx2-
II). Further, genes of the right half of the P13374 genome might
represent a cluster of structural proteins involved in virion mor-
phology and synthesis (Fig. 6). Almost all annotated P13374 gene
products encoding proteins for phage morphology have func-
tional counterparts to proteins of the virion structure module of
Stx-converting phages (Fig. 6). An unusual feature of the tail gene
cluster (gp65, gp66, and gp69) is the 2,043-bp open reading frame
ORF65. The putative gene product of this ORF has functional
counterparts in characterized phages which are of key importance
for the adsorption specificity of a phage to its host cell. From the
bioinformatic analyses it can be suggested that the specificity of
phage P13374 follows the presence of short (gp65) and distal
(gp66 and gp69) tail fibers. Self-comparison analyses of the phage
tail fiber protein (gp65) shows a large insertion sequence which
consists of several imperfect direct repeats (data not shown).
Some putative gene products of P13374 were confirmed by SDS-
PAGE and mass-spectrometric analyses as the main structural
proteins of the virion particle (see below).

Genetic similarity of phage P13374 to other E. coli phages.
Overall, the gene content and structural organization of several
functional modules are similar to most of the previously described
Stx-converting phages. As summarized in Fig. 7, gene products of
TL-2011c and VT2phi272 show the highest degree of similarity to
the predicted P13374 proteins. Fifty-eight and 57 putative gene
products of phage P13374 (79 gene products in total) are related
(51to 100%) to TL-2011c and VT2phi272, respectively. The high-
est degree of similarity to previously characterized Stx-converting
phages was to 933W (AF125520), Min27 (NC_010237), VT2-
Sakai (AP000422), and Stx1- and Stx2-converting bacteriophages
(AP005153 and AP0044202). The enterobacterial phages HK97
(NC_002167) and lambda (J02459) and the Stx2c phage 2851
(FM180578) share only lower numbers of related proteins with
P13374 (see Table S3 in the supplemental material).

Except for three singular stretches (genome regions 5,250 to
6,750, 29,100 to 31,300, and 40,900 to 43,800) of the P13374 ge-
nome that exhibit no significant homology to known Stx-encod-
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FIG 7 Relationship of P13374 to Stx phages and phage lambda. The circular synthetic plot shows the P13374 genome organization and the similarity of predicted
gene products to proteins of related Stx phages. The two outermost circles represent the plus and minus strands of the P13374 genome, respectively (coloring
according to Fig. 6). The inner circles show phage TL-2011c (accession no. JQ011318), phage VT2phi272 (HQ424691), phage 933W (AF125520), phage
VT1-Sakai (AP000400), phage VT2-Sakai (AP000422), Stx1-converting phage (AP005153), Stx2-converting phage (AP0044202), phage 2851 (FM180578), and

phage lambda (J02459).

ing phages, the remaining P13374 DNA is 99 to 100% identical to
E. coli phage TL-2011c (Fig. 7). On average, P13374 and TL-2011c
DNAs are 90% identical. Interestingly, the one major difference
between the two phage genomes concerns the putative outer
membrane lipoprotein (Bor protein precursor) homolog, the
coding sequence of which is present on the TL-2011c genome and
which is widespread among a number of other lambdoid co-
liphages. A functional counterpart of the TL-2011c Bor-like pro-
tein which might promote bacterial resistance to serum comple-
ment killing could not be identified on P13374. Further
differences were identified in the tail gene clusters of P13374 and
TL-2011c. In contrast to P13374, which contains the information
for a long tail fiber adhesin (gp66) downstream of the tail fiber
protein encoding ORF65, a related gene product on TL-2011c
could not be identified. Therefore, it can be speculated that TL-
2011c and P13374 form different types of tail fibers. Further dif-
ferences between the two phages are restricted to sequences for
which no function can be predicted.

Analysis of P13374 proteins. To verify the bioinformatic anal-
ysis of the phage genome, major protein bands from phage prep-
arations were excised from one-dimensional SDS-PAGE gels and
subjected to tryptic in-gel digestion followed by tandem MALDI-
TOF-TOF MS/MS identification. In this way, four abundant pro-
teins could be assigned to putative coding regions (ORF58,
ORF60, ORF61, and ORF78) of the genome sequence of phage
P13374 (Fig. 6 and Table 4). These ORFs most likely represent
structural phage proteins.

The E. coli wrbA locus is the integration site of Stx2a phages
from STEC O104:H4 strains. STEC O104:H4 strains and C600
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Stx2 phage lysogens were investigated by PCR for different known
Stx phage insertion sites as previously described (11) (Fig. 8. A
500-bp product was obtained for all 0104:H4 strains and C600
Stx2 phage lysogens (Table 3) with primers ML1 and ML2 (Table
2) spanning the region between the E. coli wrbA gene and the
phage integrase gene, thus defining the left integration site of the
prophage. Nucleotide sequence analysis of the PCR fragments ob-
tained with ML1 and ML2 primers indicated that the Stx2 pro-
phages are integrated in the 5" end of the coding region of the E.
coli wrbA gene (AP009048 in E. coli K-12 W3110). The core region
for attachment in the bacterial genome attB is a 13-bp-long se-
quence, GTTTCAATATGTC. Due to the insertion of the Stx2
phage, the coding region of the wrbA gene is altered.

Primer orf79 binding to the 3’ region of the P13374 prophage
sequence and primer wrbA-R8 (Table 2) were used to identify the
right integration site of the prophage in the interrupted wrbA
gene. A 256-bp PCR fragment was investigated for its nucleotide
sequence. PCR amplification of the phage DNA from P13374 vi-
rion particles using primers orf79 and ML2 (int gene) yielded a
PCR product of 473 bp and revealed the phage attachment site
attP (GTTTCAACATGTC). The attachment sites attB and attP
were found to be different in one nucleotide position (underlined
nucleotides) (Fig. 8).

From lysates of phages P8983, P13344, P13374, P13771, and
P13772, the same PCR product of 473 bp was amplified, whereas
no PCR product was obtained with the stx-negative phage from
strain CB13437 as the template. Nucleotide sequencing showed
that all phage genomes in virion particles are closed between
ORF79 (hypothetical protein) and the integrase (ORF01) gene.
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TABLE 4 Peptide identification by PMF and PFF using MALDI-TOF-TOF MS/MS and MASCOT database searching on tryptic digests of P13374

proteins

P13374  Nucleotide Molecular mass (kDa) No. of peptides found ~ GenBank accession no.

ORF position Calculated Estimated” (method used) (GI) Function, name

58 34,002-36,146  81.030 70-90 11 (PMF) EGR59966 (340730675)  Putative portal protein (Escherichia coli O104:H4
strain 01-09591)

60 37,335-38,549  44.877 46-50 28 (PMF); 5 (PFF) NP_049514 (9632520) Hypothetical protein 933Wp54 (Enterobacteria
phage 933W)

61 38,605-38,994  13.496 <14 7 (PMF); 2 (PFF) NP_049515 (9632521) Hypothetical protein 933Wp55 (Enterobacteria
phage 933W)

78 51,952-60,372  309.315 >250 3 (PFF) NP_049532 (9632538) Hypothetical protein 933Wp72 (Enterobacteria
phage 933W)

“ Data are from SDS-PAGE analysis.

Thus, the sequence analyses of phage DNAs revealed that the pro-
phage genomes between ORF79 and the integrase gene are joined,
which leads to circular permuted genomes of the phage.
Immunity of C600 Stx phage lysogens to superinfection with
Stx2a phages from STEC 0104:H4 strains. To investigate the im-
munity between the Stx2 phages from STEC O104:H4 strains and

other Stx-encoding bacteriophages, plaque assays were per-
formed. For these examinations, phage lysates originating from
the German and Georgian STEC O104:H4 strains were used on
different C600 Stx1- and Stx2-encoding phage lysogens (Table 3).
C600 was used as a phage-negative control. The Stx2 phages from
the German STEC O104:H4 strains did not form plaques on C600
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*

FIG 8 Integration of Stx phage P13374 into E. coli K-12 C600. (A) Integration of phage P13374 into the wrbA gene of E. coli C600. Selected genes and the
attachment site of the bacteria (at¢tB) and the phage (attP) are indicated. (B) Sequences flanking the attachment sites in E. coli strain C600, phage P13374, and the
left (attL) and right (a#fR) core sequences in lysogenic C600 strains. wrbA* indicates a putative modified wrbA gene.
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lysogens carrying the phages P8983, P13344, and P13374. On all
other C600 derivatives, including strains TPE2381 and TPE2383,
which carry the Stx2a phages from the Georgian STEC O104:H4
strains, lytic phage activity was determined. In contrast, the Stx2
phages from the Georgian O104:H4 strains (P13771 and P13772)
did not lyse C600 lysogen carrying the Stx2 phages from the Ger-
man outbreak strains (TPE2364, TPE2369, and TPE2385) or from
the Georgian O104:H4 strains (TPE2381 and TPE2383).

Investigation of EAEC for susceptibility to the Stx2a-encod-
ing bacteriophage P13374. To obtain information about the host
range of the Stx2a phage P13374, phage preparations with approx-
imately 2 X 10° PFU were plated on enteroaggregative E. coli
strains. However, none of 31 EAEC strains belonging to 22 differ-
ent O:H serotypes (see Table S1 in the supplemental material)
showed plaque formation or lysis. C600 was used as a phage-sen-
sitive control. Subcultures of bacteria grown in zones spotted with
P13374 preparations were negative for the stx, gene by PCR, indi-
cating that lysogenization with P13374 had not occurred. The 31
STEC strains were further investigated by PCR for the presence of
an intact wrbA gene, which is the E. coli host integration site for
P13374. All but one of the EAEC strains (CB7373; O111:H10)
yielded a 596-bp PCR product with primers wrbA-F and wrbA-R,
which amplify the complete wrbA gene encompassing the bacte-
rial attachment site for P13374 integration. These results indicate
that despite the presence of the potential phage integration site,
phage P13374 is restricted for its host range among E. coli strains
belonging to the EAEC group.

DISCUSSION

STEC O104:H4 is a new type of emerging pathogen which has
been identified as the causative agent in one of the world’s largest
outbreaks of food-borne illness in humans, resulting in 855 HUS
and 53 fatal cases (7, 19). There are several models for the evolu-
tion of the German STEC O104:H4 strains. STEC O104:H4 could
have evolved from an enteroaggregative E. coli (EAEC) ancestor by
the uptake of Stx2 phages into the chromosome of the bacterium
(10, 40). It is also possible that an Stx2 O104:H4 strain was the
progenitor of both HUSEC41 (Germany 2001) and the 2011 out-
break strains (LB226692), as described by Mellmann et al. (32).
The latter model could explain our findings that the Stx2 phages
found in CB8983 (Germany 2001), CB13344, and CB13374 (Ger-
many 2011) were highly similar to each other (this work). The
increased human virulence potential of the STEC O104:H4 strain
compared to any EAEC O104:H4 progenitor probably results
from production of phage-encoded Stx2a combined with the ef-
ficient enteroaggregative colonization of the human intestine.
These properties in combination are believed to be the cause of
maximum delivery of Stx into the human host, resulting in aug-
mented numbers of cases with severe clinical illness (7).

The presence of Stx phages in EAEC strains is unusual, and
apart from EAEC O104:H4, only a few other EAEC serotype
strains were reported to carry stx, genes (25, 33). In this work, we
were interested to explore the characteristics of the Stx phages
present in STEC O104:H4 strains isolated in the 2011 German
outbreak and from earlier, epidemiologically unrelated episodes
of human infections with STEC O104:H4.

Contaminated, sprouted seeds produced at a horticultural
farm in northern Germany were identified as the food source of
the STEC O104:H4 2011 outbreak strain (4, 18). We determined
the nucleotide sequence of the Stx2 phage present in the STEC
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0104:H4 strain CB13374, which was isolated from sprouted seeds
produced at this farm. As this strain is believed to be the origin of
the pandemic spread of STEC O104:H4 in May/June 2011, we
compared its Stx2 phage to those present in STEC O104:H4
strains from human patients in Germany (2001 and 2011), Nor-
way (2006), and Georgia (2009). Although all of the STEC
0104:H4 strains carried stx, genes, Stx2 phages could be isolated
only from the German and the Georgian O104:H4 strains. All of
these phages were identified as podoviruses and were morpholog-
ically similar to the Stx2 phage 933W that was carried by EHEC
0157:H7 strain EDL933 (34). Similar to phage 933W, the Stx2a
phages harbored by the German and the Georgian O104:H4
strains were found to be integrated in the wrbA locus in the wild-
type STEC O104:H4 and in E. coli K-12 phage-lysogenic strains
(37). Although we found evidence for the presence of a similar
Stx2a prophage in the Norwegian STEC O104:H4 strain CB13437,
viable Stx phages could not be isolated. Instead, a morphologically
different bacteriophage of the Myoviridae family which does not
encode Stx was released from CB13437. Interestingly, myoviruses
were not found in mitomycin C-induced cultures of the German
and the Georgian O104:H4 strains.

Surprisingly, the Stx2 phages isolated from the 2011 German
outbreak STEC O104:H4 strains (sprouts and patients) were in-
distinguishable for their restriction endonuclease profiles from
the Stx2 phage harbored by the STEC O104:H4 strain CB8983,
which was isolated in 2001 from the feces of a child with HC in
Germany. Phage genome sequencing of P8983 revealed >99.9%
identity to the genome of P13374 (R. Reinhardt, unpublished re-
sults). In contrast, Stx2 phages from STEC 0104:H4 strains from
two patients in Georgia (2009) showed clearly altered endonu-
clease restriction profiles compared to the German STEC
0104:H4 strains. Differences between the German and the Geor-
gian O104:H4 Stx2 phages were also found in their bacterial host
range and superinfection susceptibility. The phage-encoded pro-
phage repressor protein binds efficiently to specific sites in the
immunity region on the phage genome. This mechanism is highly
specific, as most of the temperate phages only bind to their own
DNA and not that from other closely related phages.

All Stx2 phages from STEC O104:H4 strains showed lysis and
plaque formation on E. coli K-12 strains harboring phage lambda
or different lambdoid Stx1 and Stx2 phages. These observations
suggest that the Stx phages from the STEC 0104:H4 strains and
previously characterized Stx1- and Stx2-encoding phages from
other STEC serotypes exhibit different prophage repressor speci-
ficities. This is in strong concordance with the findings obtained
from the DNA sequence analysis of the primary immunity region
of phage P13374. No related lambda-like or other Stx phage-like
prophage repressor or Cro repressor binding sites (operators)
could be identified in the predicted immunity region (cI to cro) of
P13374.

Differences between the German and the Georgian E. coli
0104:H4-derived Stx2 phages were also found in their bacterial
host range and superinfection susceptibility. The Stx2 phages
from the German O104:H4 strains possessed a more extended
lysis spectrum than the Stx2 phages from the Georgian O104:H4
strains, pointing to possible differences in their immunity regions.
This needs to be confirmed by nucleotide analysis of the Stx2
phages harbored by the Georgian STEC O104:H4 strains.

We therefore investigated EAEC strains of different serotypes
for their susceptibility to P13374 as a prototype of the highly vir-
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ulent Stx2 phage from the German STEC O104:H4 strains, and
despite the presence of an undisrupted wrbA gene in most of the
EAEC recipient strains, these strains were found to be resistant to
a high infective dose of P13374. We do not know the mechanisms
which confer resistance to the Stx2 phage, but this observation
indicates that the generation of STEC by uptake of Stx phages in
nature is a rare event. Nevertheless, under unknown conditions
Stx phages are able to infect EAEC strains, thus pointing to an
extended host range. Previous findings about the presence of Stx
phages and stx genes in Enterobacteriaceae other than E. coli also
show this possibility (35, 36, 52).

It is remarkable that despite the genomic differences found
between the German STEC O104:H4 strains isolated in 2001 and
2011, both harbor the same Stx2 phage. Strain CB8983 from 2001
differs from the outbreak 2011 strains in the composition of its
EAEC plasmid, the presence of a plasmid encoding heat-stable
enterotoxins, and the presence of genes conferring antibiotic re-
sistance (7).

The original source of human infections and outbreaks with
STEC O104:H4, which has been reported from different coun-
tries, has not been identified in any case. As EAEC and STEC
strains were found to be associated only with humans and not
animals, a human source is supposed as most likely (4). Based on
similarities between STEC O104:H4 strains that caused the 2011
outbreak in Germany and a satellite outbreak in France in June of
the same year, a batch of fenugreek seeds imported from Egypt
which served for sprout production in Germany and France was
suspected as the origin of the outbreaks in both countries (18).
Analysis of SNPs (single-nucleotide polymorphisms) of STEC
0104:H4 strains isolated in Germany and France in 2011 revealed
a higher diversity in the French strains than in the German iso-
lates. This is surprising, as the French outbreak was confined to
only 15 persons. This finding raises questions about the analysis of
the source of the STEC O104:H4 outbreak in Europe in 2011 (22).

The high similarity observed between the Stx2 phages present
in STEC O104:H4 strains isolated in Germany in 2001 and 2011 is
surprising in light of the Egyptian origin of the suspect seeds, the
amount of time between their isolations, the considerable genetic
heterogeneity generally seen among Stx phages in nature (23), and
the finding that the phages harbored by the Georgian isolates
showed distinct differences from the German STEC O104:H4
phages. The sequence of the Norwegian Stx2 prophage in strain
CB13437 has yet to be determined.

It has previously been shown that STEC O104:H4 can survive
in a viable but nonculturable (VBNC) state for long periods of
time (2). During and after the outbreak, it has also been shown
that asymptomatic human carriers may serve as a natural reservoir
for STEC O104:H4 strains (4, 42). Further research is needed on
Stx2 phages present in other STEC O104:H4 strains to determine
their potential for long-term survival outside the bacterial host.

As with many STEC and EHEC strains, Stx production in
STEC O104:H4 strains could be increased with mitomycin C, re-
sulting in a significant enhancement of Stx2 production and de-
livery (5, 48). Similar results were reported with ciprofloxacin as
an inducer for stx, transcription, Stx2 production, and release of
Stx phages from STEC O104:H4 strains (6). However, a basal level
of Stx2 production was still observed in the absence of mitomycin
C in STEC O104:H4 wild-type strains, confirming previous find-
ings made for other STEC serotype strains harboring Stx2-encod-
ing bacteriophages (13). In our study, the amount of Stx2 pro-
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duced by the STEC O104:H4 strains was not significantly different
from that of an Stx2a-producing EHEC O157:H7 strain. Similar
results were reported when ciprofloxacin was used as an inducer
to compare Stx2 production of STEC O104:H4 and O157:H7
strains (6). These findings suggest that the augmented virulence of
STEC 0104:H4 is not related to enhanced production of Stx2 but
rather to the efficient colonization of the STEC strains allowing
sustained delivery of Stx2a into the host intestine. Genetic studies
of additional Stx prophages from STEC O104:H4 strains will allow
us to determine if P13374 is a prototype phage for the conversion
of EAEC strains to Shiga toxin production.
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