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ABSTRACT Sorbitol-fermenting (SF) enterohemorrhagic Escherichia coli (EHEC) O157:H~
strains, first identified in Germany, have emerged as important pathogens throughout
Europe. Besides chromosomally encoded Shiga toxin 2a (the major virulence factor), sev-
eral putative virulence loci, including the hly, etp, and sfp operons, encoding EHEC he-
molysin, type Il secretion system proteins, and Sfp fimbriae, respectively, are located on
the 121-kb plasmid pSFO157 in German strains. Here we report novel SF EHEC O157:H~
strains isolated from patients in the Czech Republic. These strains share the core ge-
nomes and chromosomal virulence loci encoding toxins (stx,, and the cdtV-ABC operon)
and adhesins (eae-y, efal, IpfAqis701.141, aNd IPfAg s701.154) With German strains but dif-
fer essentially in their plasmids. In contrast to all previously detected SF EHEC O157:H~
strains, the Czech strains carry two plasmids, of 79 kb and 86 kb. The 79-kb plas-
mid harbors the sfp operon, but neither of the plasmids contains the hly and etp
operons. Sequence analyses demonstrated that the 79-kb plasmid (pSFO157 258/
98-1) evolved from pSFO157 of German strains by deletion of a 41,534-bp region via
homologous recombination, resulting in loss of the hly and etp operons. The 86-kb
plasmid (pSFO157 258/98-2) displays 98% sequence similarity to a 92.7-kb plasmid
of an extraintestinal pathogenic E. coli bloodstream isolate. Our finding of this novel
plasmid composition in SF EHEC O157:H~ strains extends the evolutionary history of
EHEC O157 plasmids. Moreover, the unique molecular plasmid characteristics permit
the identification of such strains, thereby facilitating further investigations of their
geographic distribution, clinical significance, and epidemiology.

IMPORTANCE Since their first identification in Germany in 1989, sorbitol-fermenting
enterohemorrhagic Escherichia coli O157:H~ (nonmotile) strains have emerged as im-
portant causes of the life-threatening disease hemolytic-uremic syndrome in Europe.
They account for 10 to 20% of sporadic cases of this disease and have caused sev-
eral large outbreaks. The strains isolated throughout Europe share conserved chro-
mosomal and plasmid characteristics. Here we identified novel sorbitol-fermenting
enterohemorrhagic E. coli O157:H~ patient isolates in the Czech Republic which dif-
fer from all such strains reported previously by their unique plasmid characteristics,
including plasmid number, composition of plasmid-carried virulence genes, and plas-
mid origins. Our findings contribute substantially to understanding the evolution of
E. coli O157 strains and their plasmids. In practical terms, they enable the identifica-
tion of strains with these novel plasmid characteristics in patient stool samples and
thus the investigation of their roles as human pathogens in other geographic areas.
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orbitol-fermenting (SF) enterohemorrhagic Escherichia coli (EHEC) O157:H~ (non-

motile) strains, first identified in Germany in 1989 (1), have emerged as important
human pathogens throughout Europe (2-10). In Germany and the Czech Republic, SF
EHEC O157:H~ strains account for ~20% and ~13%, respectively, of all EHEC strains
isolated from patients with hemolytic-uremic syndrome (HUS) (10, 11). In the Czech
Republic, SF EHEC O157:H~ strains cause HUS as frequently as classical non-sorbitol-
fermenting (NSF) EHEC O157:H7 strains do (10). SF EHEC O157:H~ strains have caused
several outbreaks in Europe (1, 8, 12-19), the three largest of which consisted of 38, 28,
and 25 HUS cases and occurred in Germany (12, 13, 19). The outbreaks caused by SF
EHEC O157:H~ were characterized by an accumulation of HUS cases (“HUS outbreaks”)
without a parallel increase of surrounding cases of diarrhea (12-14, 16-19), which is
typical for outbreaks caused by NSF EHEC O157:H7 (20). This indicates a high rate of
progression of SF EHEC O157:H~ infections to HUS, which, together with the high case
fatality rate (8.8% in the three largest outbreaks) (12, 13, 19), suggests that SF EHEC
0157:H might be more virulent than NSF EHEC O157:H7 (13-16). Although the
reasons for this are still unknown, differences in virulence factor spectra between these
two groups of EHEC O157 strains (15, 21-23) might contribute, at least partially, to the
apparently increased virulence of SF EHEC O157:H.

Besides their defining characteristics, i.e, nonmotility and the ability to ferment
sorbitol and produce B-p-glucuronidase, SF EHEC O157 strains differ from NSF EHEC
0157:H7 strains by a spectrum of molecular and phenotypic features (2). The major
chromosomal differences include the following: (i) the presence of the cdtV-ABC
operon, encoding cytolethal distending toxin V (CdtV), in most SF EHEC O157:H—
strains, compared to its rare occurrence in NSF EHEC O157:H7 strains (23); (ii) the
presence of a complete efal locus, encoding the EHEC factor for adherence (Efa1), in SF
EHEC O157:H strains, in contrast to a truncated efal locus in NSF EHEC O157:H7 strains
(24); (iii) the absence of the ter operon, encoding tellurite resistance (25), the ure
operon, encoding urease (26), and iha, encoding the iron-regulated gene A homologue
adhesin (lha) (27), in SF EHEC O157:H~ strains, in contrast to the regular presence of
these loci in NSF EHEC O157:H7 strains (25-27); and (iv) the presence of intact operons
encoding type 1 fimbriae and curli fimbriae and expression of the respective adhesins
in SF EHEC O157:H strains (15, 28) but not in NSF EHEC O157:H7 strains, in which these
loci are deleted or mutated (15, 28, 29). In addition to these chromosomal differences,
SF and NSF EHEC O157 strains also differ in their plasmid contents and plasmid gene
compositions. Specifically, SF EHEC O157:H~ strains carry a 121-kb plasmid (pSFO157)
(30, 31) in lieu of the 92-kb plasmid of EHEC O157:H7 (pO157) (32, 33). The pSFO157
plasmid typically contains the hlyCABD operon, encoding EHEC hemolysin (30, 34), an
important EHEC virulence factor (35), and the etp operon, which encodes a type I
secretion system (30, 36). However, espP and katP, encoding the serine protease EspP
and catalase peroxidase, respectively, which are regularly found together with hlyCABD
and etp on pO157 (32, 33), are absent from pSFO157 (30). In their stead, the sfpAHCDJFG
operon, encoding Sfp fimbriae (37), a putative adhesin of SF EHEC O157:H~ (22), is
present (30). This plasmid virulence gene composition is conserved among SF EHEC
0157:H~ strains isolated in Germany and other countries (2, 4, 6, 7, 18, 38). We isolated
SF EHEC O157:H~ strains from patients in the Czech Republic that differ from the typical
German SF EHEC O157:H~ strains in their plasmid profile and plasmid virulence gene
composition. In the present study, we compared the phylogenies, molecular charac-
teristics, and corresponding phenotypes of these unusual SF EHEC O157:H strains to
those of prototype German SF EHEC O157:H~ strains. We provide sequences of the
novel plasmids harbored by the Czech SF EHEC O157:H~ strains and portray their
evolutionary history.
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RESULTS

Phylogenetic relationships of Czech and German SF EHEC 0157:H~ strains. The
novel SF EHEC O157:H~ Czech strains 258/98 and 269/98 with the unique features were
isolated from patients with HUS and diarrhea, respectively (Table 1). Similar to proto-
type German SF EHEC O157:H~ strains 493/89 and 3072/96, the Czech strains belonged
to sequence type (ST) 11 and clonal complex (CC) 11 by multilocus sequence typing
(MLST) (Table 1). The same was true for NSF EHEC O157:H7 strains EDL933 and Sakai,
which were used for comparison (Table 1). To gain deeper insight into the phylogenetic
relationships of the strains investigated, we performed whole-genome sequencing
(WGS) of strains 258/98 and 3072/96 and compared the core genome coding regions
with published WGS data for strains 493/89, EDL933, and Sakai. Altogether, 2,299 genes
were present in all strains (see Table S1 in the supplemental material). Analysis of clonal
relationships based on the allelic profiles derived from sequences of these 2,299 genes
demonstrated that the Czech and German SF EHEC O157:H~ strains are closely related
to each other but differ by almost 600 alleles from NSF EHEC O157:H7 (Fig. 1).

Czech and German SF EHEC 0157 strains share chromosomal virulence loci and
phenotypes. Similar to prototype German SF EHEC O157:H~ strains 493/89 and
3072/96, the Czech SF EHEC O157 strains 258/98 and 269/98 were nonmotile (Table 1).
Molecular subtyping of the flagellar subunit-encoding fliC gene demonstrated that all
SF EHEC O157:H~ strains possessed fliC,,,, as did NSF EHEC O157:H7 strains EDL933 and
Sakai (Table 1). The presence of 0157 lipopolysaccharide (LPS) was confirmed for all
strains by a PCR assay targeting rfbE,,s,. Chromosomal virulence loci and the respec-
tive phenotypes were identical for Czech and German SF EHEC O157:H~ strains.
Specifically, all strains possessed stx,, but not stx,,, expressed only Stx2a in a latex
agglutination assay, and produced similar cytotoxicity titers on Vero cells (Table 1).
Moreover, all possessed the cdtV-ABC operon, encoding CdtV, and expressed biologi-
cally active CdtV as demonstrated by the ability of culture supernatants to cause a
progressive distension of Chinese hamster ovary (CHO) cells (Table 1), which is a
hallmark of Cdt biological activity (23). All SF O157:H~ strains shared several adhesin-
encoding genes, including eae (subtype v), encoding the major EHEC adhesin intimin
(39), efal, encoding Efa1, and IpfAq; 5501141 @and IpfAq, 5701154 €ncoding major subunits
of EHEC 0157 long polar fimbriae (LPF) on O island (Ol) 141 (LPF-1) and Ol 154 (LPF-2),
respectively (40, 41). In contrast, none of the strains carried iha, encoding lha (Table 1).
Furthermore, none of the SF EHEC O157:H~ strains harbored the terZABCDEF operon,
encoding tellurite resistance, and accordingly, none of them grew on cefixime-tellurite
sorbitol MacConkey agar (CT-SMAC). Similarly, the ureDABCEFG operon, encoding
urease, was absent from all SF EHEC O157:H~ strains (Table 1). The majority of the
chromosomal virulence characteristics of the Czech and German SF EHEC O157:H~
strains differed from those of NSF EHEC O157:H7 strains EDL933 and Sakai (Table 1).

Czech and German SF EHEC 0157 strains differ in their plasmid profiles and
plasmid-carried virulence loci. In contrast to the conserved chromosomal virulence
characteristics, striking differences were found in plasmid profiles and plasmid gene
compositions between the Czech and German SF EHEC O157:H~ strains. Plasmid
profiling demonstrated that Czech strains 258/98 and 269/98 contained two large
plasmids, of ~79 kb and ~86 kb, whereas a single plasmid of 121 kb was present in
German strains 493/89 and 3072/96 (Table 2; Fig. 2). In contrast to the German strains,
which carried EHEC-hlyA and etpD on their plasmids, the Czech strains did not carry
these genes as determined by both PCR and Southern blot hybridization (Table 2).
However, sfpA, encoding the major subunit of Sfp fimbriae (37), which is a typical
molecular feature of SF EHEC O157:H (42), was present in each of the Czech strains
and was located on a Smal plasmid fragment of the same size as that for sfpA in German
strains (Table 2). Hybridization of undigested plasmids with the sfpA probe demon-
strated that sfpA is located on the 79-kb plasmid, but not on the 86-kb plasmid, in
Czech strains and on the 121-kb plasmid in German strains (Table 2; Fig. 2). The plasmid
profiles and plasmid gene compositions of Czech and German SF EHEC O157:H~ strains
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FIG 1 Whole-genome relationships of sorbitol-fermenting (SF) EHEC O157:H~ Czech (258/98) and
German (493/89 and 3072/96) strains in comparison to non-sorbitol-fermenting (NSF) EHEC O157:H7
strains. The minimum spanning tree is based on allelic profiles derived from sequences of 2,299 core
genome genes present in all strains (shown in Table S1 in the supplemental material). Each circle
represents a given allelic profile based on these 2,299 target genes. SF and NSF EHEC O157 strains are
distinguished by the colors of the circles. The numbers on the connecting lines illustrate the numbers of
alleles by which the respective strains differ.

differed from those of NSF EHEC O157:H7 strains EDL933 and Sakai (Table 2; Fig. 2); the
latter strains harbored, in accordance with published data (32, 33), 92-kb plasmids
containing the EHEC-hlyA, katP, espP, and etpD genes but not sfpA (Table 2). In contrast
to NSF EHEC O157:H7 strains that produced EHEC hemolysin, neither EHEC-hlyA-
negative Czech SF EHEC O157:H~ strains nor EHEC-hlyA-positive German SF EHEC
0157:H~ strains displayed an enterohemolytic phenotype (Table 2). The lack of EHEC
hemolysin production is a common feature of EHEC-hlyA-harboring SF EHEC O157:H~
strains from different countries (2, 4, 6, 7, 10), but this could not be explained by

TABLE 2 Plasmid profiles, plasmid-borne virulence genes, and corresponding phenotypes of Czech and German SF EHEC O157:H~ strains

Presence of plasmid-borne virulence genec Phenotype
Country of  Plasmid size (kb)/sfpA EHEC Sfp
Strain Serotype  origin? hybridization® EHEC-hlyA  katP espP etpD sfpA hemolysind  fimbriae®
258/98 0157H- CR 79/+, 86/— —/= —/= —/= —/= +/49 - +
269/98 0157H- CR 79/+, 86/— —/—= —/= —/= —/— +/49 - +
493/89 O0157:H~ G 121/+ +/15.0 —/—= —/—= +/3.9; 1.9 +/4.9 - +
3072/96  O157:H- G 121/+ +/15.0 —/—= —/—= +/39;19 +/49 - +
EDL933 0157:H7 USA 92/— +/12.0 +/9.0 +/7.5 +/3.9; 1.9 —/— + -
Sakai 0157:H7 J 92/— +/12.0 +/90 +/75 +/3919 /- + -

aCR, Czech Republic; G, Germany; USA, United States; J, Japan.

bHybridization of undigested plasmids with an sfpA probe. +, positive result; —, no signal obtained.

Detection of genes was performed by PCR/Southern blot hybridization with the respective probe. +, positive result; —, no signal obtained. Plasmid DNA was
digested with BamHI before hybridization with the EHEC-hlyA, espP, and etpD probes and with Smal before hybridization with the katP and sfpA probes. Sizes of
hybridizing fragments (in kilobases) are shown.

dProduction of EHEC hemolysin was sought on enterohemolysin agar. +, hemolysis present; —, no hemolysis (SF EHEC O157:H~ strains usually do not produce EHEC
hemolysin even though they possess the hlyCABD operon).

eSfp fimbriae were detected by immunoblotting with an anti-SfpA antibody. +, signal present; —, signal absent.
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FIG 2 Plasmid profiles (A) and plasmid hybridization with an sfpA probe (B) of SF EHEC O157:H~ Czech
and German strains and EHEC O157:H7 strain EDL933. Lanes 1, strain 3072/96 (SF EHEC O157:H-,
Germany); lanes 2, strain 258/98 (SF EHEC O157:H, Czech Republic); lanes 3, strain 269/98 (SF EHEC
0157:H~, Czech Republic); lanes 4, strain EDL933 (NSF EHEC O157:H7, United States); lanes 5, molecular
mass marker (plasmid 39R861) (69). The plasmids of strains 258/98 and 269/98 that hybridized with the
sfpA probe are marked by arrows in panel A, and the sizes of the sfpA-hybridizing plasmids are indicated
in panel B.

analysis of the pSFO157 sequence (30). Unlike the results for EHEC hemolysin, both
Czech and German SF EHEC O157:H~ strains expressed Sfp fimbriae as demonstrated
by immunoblotting with anti-SfpA antibody (Table 2).

Sequence analyses and origins of plasmids of Czech SF EHEC O157:H~ strain
258/98. To gain a deeper insight into the differences between the plasmids of the
Czech and German SF EHEC O157:H~ strains, we sequenced plasmid DNA from strain
258/98 and compared the sequence to the published sequence of pSFO157 from strain
3072/96 (GenBank accession no. AF401292) (30). Sequencing of the 258/98 plasmid
DNA resulted in 175,092 reads; of these, 65,933 mapped to the reference sequence of
pSFO157 3072/96, resulting in an average 123-fold sequencing depth. The mapped
reads of the 258/98 plasmid DNA displayed a perfect match, without any variations, for
67 of the 96 annotated open reading frames (ORFs) of the reference sequence. The
remaining ORFs were not detected. In-depth analysis of the mapping results identified
a deletion of ~41 kb in the 258/98 plasmid, spanning the region from ORF w0013 to
ORF w0041 in the reference sequence. This deletion was further specified by use of the
de novo assembly data as being 41,534 bp, which corresponds to nucleotide positions
17,615 to 59,148 in the reference sequence (Fig. 3). We confirmed the gap by mapping
the de novo contigs. The gap was flanked by two nearly identical (99%) regions of 2,148
bp, containing the identical ORFs w0013 and w0041, encoding the IncFIB replication
protein RepA (Fig. 3). This indicated that this pSFO157 258/98 plasmid (which we term
pSFO157 258/98-1) evolved from pSFO157 3072/96 via deletion of a 41,534-bp region
by homologous recombination between the 2,148-bp fragments, resulting in a plasmid
size of 79,705 bp (Fig. 3). The sequence of the pSFO157 258/98-1 plasmid, including the
Sfp fimbria-encoding sfp operon located on this plasmid (Fig. 3), was 100% identical in
the overlapping region to the pSFO157 3072/96 reference sequence (Fig. 3). The
sequencing of the pSFO157 258/98-1 plasmid corroborated the absence of etpD and
EHEC-hlyA in strain 258/98 determined by PCR and Southern blot hybridization (Table
2), as these genes are located in the plasmid region that was deleted in comparison to
the pSFO157 3072/96 sequence (Fig. 3).

As the Czech strains also contain a second large plasmid, of 86 kb (Fig. 2; Table 2)
(termed pSFO157 258/98-2), we performed BLAST queries of the de novo-assembled
contigs of 258/98 plasmid DNA that did not map to pSFO157 3072/96. Interestingly,
two large contigs, of 40.9 kb and 31.9 kb, showed 99% similarity to a 92.7-kb plasmid
(pSF-468-2) (GenBank accession no. CP012627) of an extraintestinal pathogenic E. coli
(EXPEC) strain isolated from a bloodstream infection (43). Subsequent mapping of the
consensus sequence of pSFO157 258/98-2 to the reference sequence of pSF-468-2
demonstrated that pSFO157 258/98-2 covered 92% of the reference plasmid, with an
identity of 98% in the overlapping region (Fig. 4). The most prominent difference
between these two plasmids was a deletion of a 4,779-bp region (nucleotide positions
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7100 kbp - _-IS3 (interrupted)

—IS1 (interrupted)

pSFO157 3072/96 (121,239 bp) 1702617020
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VS.
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FIG 3 Comparison of pSFO157 3072/96 from German SF EHEC O157:H~ strain 3072/96 (reference plasmid)
(GenBank accession no. AF401292) and pSFO157 258/98-1 from Czech SF EHEC O157:H~ strain 258/98
(consensus sequence derived by combined de novo assembly and read mapping to the reference). The
sequences share 100% identity over the overlapping region (modified BRIG image) (63). Plasmid pSFO157
258/98-1 evolved from the reference plasmid by homologous recombination between 2,148-bp fragments
(depicted in red; 99% identity) resulting in a deletion of 41,534 bp. The sizes of the plasmids are shown
inside the scheme. Annotations are specified only for the sfp operon and the deleted region (ORFs/operons
are shown in black, and insertion sequence [IS] elements are shown in gray). sfp, plasmid-borne genes
encoding sorbitol-fermenting EHEC 0157 fimbriae; repA, gene encoding replication protein A; L7026-L7029,
genes encoding hypothetical proteins; tagA, gene encoding ToxR-regulated lipoprotein; etp, genes encod-
ing type Il secretion system-related proteins; hly, operon encoding EHEC hemolysin and its secretion
machinery.

91,881 to 3,893 in the reference sequence) in pSFO157 258/98-2, covering the blamrMM
extended-spectrum-B-lactamase (ESBL) gene of pSF-468-2 (43) and two adjacent inser-
tion sequences (Fig. 4). In addition, a region of 1,518 bp at nucleotide positions 56,979
to 58,496 of the reference plasmid, containing an ORF with a hypothetical protein
product (locus tag AN206_27055), was replaced by a fragment of 38 bp in pSFO157
258/98-2 (Fig. 4). In both cases, the mechanistic background of these events remains
unknown, since sequence analyses revealed no motifs within the plasmids that are
required for site-specific or homologous recombination. The pSFO157 258/98-2 plasmid
contains the complete Incl conjugal transfer region present in pSF-468-2. However,
neither of these plasmids carries EXPEC virulence genes encoding toxins, adhesins, or
iron uptake systems (44).

Antibiotic susceptibilities of Czech and German SF EHEC O157:H~ strains. To
confirm the absence of the blacry.m14 ESBL gene in plasmid DNA of strain 258/98 on a
phenotypic level, we tested the susceptibilities of strains 258/98 and 3072/96 (used for
comparison) to ampicillin, piperacillin, cefuroxime, cefotaxime, cefpodoxime, ceftazi-
dime, cefepime, piperacillin-tazobactam, tigecycline, imipenem, ertapenem, mero-
penem, gentamicin, amikacin, trimethoprim-sulfamethoxazole, ciprofloxacin, nitrofu-
rantoin, and fosfomycin. We also specifically investigated the phenotypic presence of
ESBLs by using the MAST ESBL detection disc set. Both strains were susceptible to all
antibiotics tested and were phenotypically negative for ESBLs.
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blacrx.m1a
SN _1s1380

ey

pSF-468-2 (92,766 bp)
- 70 kbp VS.

pSFO157 258/98-2 (86,084 bp)

FIG 4 Comparison of pSF-468-2 from ExPEC strain SF-468 (reference plasmid) (GenBank accession no.
CP012627) and pSFO157 258/98-2 from Czech SF EHEC O157:H~ strain 258/98 (consensus sequence
derived by combined de novo assembly and read mapping to the reference). The latter covers 92% of the
reference plasmid, with 98% identity over the overlapping region (modified BRIG image) (63). Plasmid
pSFO157 258/98-2 differs from the reference plasmid by a deletion of 4,779 bp (positions 91,881 to 3,893
in the reference plasmid) covering the blacry ., gene and two insertion sequences in pSF-468-2. A
region of 1,518 bp (positions 56,979 to 58,496 in the reference plasmid) that contains an ORF encoding
a hypothetical protein (locus tag AN206_27055) is replaced by a 38-bp fragment in pSFO157 258/98-2.
Sizes of the plasmids are shown inside the scheme. Annotations are specified only for the deleted region
(the ORF is shown in black, and IS elements are shown in gray). bla, gene encoding a beta-lactamase; IS,
insertion sequence.

DISCUSSION

We report novel SF EHEC O157:H~ strains isolated from patients in the Czech
Republic. These strains are closely related to German SF EHEC O157:H~ strains by their
core genomes and share identical chromosomal virulence characteristics with them,
but they differ essentially from German strains in their unique plasmid composition. In
contrast to the German strains, which harbor a single, 121-kb pSFO157 plasmid, the
Czech strains carry two plasmids, of 79 kb (pSFO157 258/98-1) and 86 kb (pSFO157
258/98-2). Sequence analyses of these plasmids demonstrated that neither of them
contains the hlyCABD and etpCDEFGHIJKLMNO operons that are present on pSFO157
of German strains (30, 31), but the 79-kb plasmid pSFO157 258/98-1 harbors an
sfpAHCDJFG operon that is 100% identical to that carried on pSFO157 3072/96. Notably,
these two pSFO157 258/98 plasmids have different evolutionary origins. The 79-kb
pSFO157 258/98-1 plasmid evolved from the 121-kb pSFO157 plasmid of German
strains (represented here by pSFO157 3072/96) by homologous recombination be-
tween two nearly identical 2,148-bp regions, containing ORFs w0013 and w0041, which
resulted in a 41,534-bp deletion (Fig. 3). This deletion led to the loss of the hlyCABD and
etp operons but retained the sfpAHCDJFG operon (Fig. 3). In contrast to pSFO157
258/98-1, the 86-kb plasmid pSFO157 258/98-2 showed no homology to pSFO157
3072/96. This in turn indicates the lack of its relatedness to plasmids of NSF EHEC
0157:H7 strains, including pO157 of strains EDL933 and Sakai (32, 33) and pO157_2 of
strain G5101 (31), all of which share >99% overall similarities with pSFO157 3072/96
(31). Surprisingly, pSFO157 258/98-2 was highly (98%) similar to a 92.7-kb plasmid of an
EXPEC bloodstream isolate belonging to a globally distributed ST95 EXPEC clonal
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ExPEC
SF-468

pSF-468-1
pSF-468-2
pSF-468-3
pSF-468-4
OSF-468-5

Czech clone

A8

0157:H-

- blacrxwia

258/98
pSFO157 258/98-2
\PSFO157 258/98-1
German clone
Scottish clone
- hlyCABD
- etoCDEFGHIJKLMNO

O157:H-
3072/96, 493/89,
H2687

FIG 5 Extended evolutionary scenario for SF EHEC 0157 plasmids based on sequence analyses of the
plasmids of SF EHEC O157:H~ strain 258/98. The pSFO157 plasmid of the A4 clonal complex (SF EHEC
0O157:H~ strains of the German clone and the Scottish clone), represented by pSFO157 3072/96, evolved
from a common 0157 ancestor plasmid of a hypothetical intermediate strain of the A3 clonal complex
by acquisition of the sfpAHCDJFG operon. From pSFO157 of the A4 complex, pSFO157 258/98-1 (79 kb)
(A8 clonal complex; Czech clone) evolved via deletion of a 41,534-bp region by homologous recombi-
nation, leading to loss of the hlyCABD and etpCDEFGHIJKLMNO operons but retention of the sfpAHCDJFG
operon. In addition, the A8 clonal complex strains acquired an EHEC O157-unrelated plasmid, pSFO157
258/98-2 (86 kb), which is 98% similar to pSF-468-2 (92.7 kb) (GenBank accession no. CP012627) from an
EXPEC strain. The clonal complexes A5, A6, and A7 represent the evolution of NSF EHEC O157:H7
plasmids and were previously described in detail (31). (Adapted from reference 31 with permission.)

lineage (43, 45). However, the blacry_m14 ESBL gene carried by EXPEC plasmid pSF-468-2
(43, 45) was absent from pSFO157 258/98-2 (Fig. 4). Accordingly, similar to strain
3072/96, strain 258/98 was susceptible to all antimicrobials tested and did not display
an ESBL phenotype.

Our data contribute to elucidating the evolutionary history of EHEC 0157 plasmids.
Previous studies indicated that both NSF EHEC O157:H7 and SF EHEC O157:H~ plasmids
are nonconjugative because they lack a number of transfer genes of the plasmid F
required for conjugation (30, 31, 33, 46). Therefore, their recent introduction into EHEC
0157 by conjugation is unlikely (31). It was hypothesized that these plasmids evolved
together with their bacterial hosts from a hypothetical ancestral plasmid carried by
the 0157 intermediate strain of clonal complex A3 (31, 47, 48), through a process of
multiple structural changes due to acquisitions and losses of various genes via inser-
tion/transposition events, and possibly plasmid fusion (30, 31). This hypothesis is
supported by comparative sequence analyses of pO157 and pO157_2 of NSF EHEC
0157:H7 strains Sakai and G5101, respectively, and pSFO157 of SF EHEC O157:H~ strain
3072/96 (30, 31). Our sequence analyses of the two 258/98 plasmids confirm this
hypothesis and, moreover, bring new insights into the evolutionary history of EHEC
0157 plasmids proposed by Rump et al. (31), based on the stepwise evolutionary model
of EHEC 0157 (47, 48). In this extended plasmid evolutionary scenario that includes our
data (Fig. 5), the Czech SF EHEC O157:H~ strains represent the novel clonal complex A8
(termed the “Czech clone”). One plasmid of these strains (pSFO157 258/98-1) evolved
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from pSFO157 of the “German clone” (the A4 clonal complex, which also contains
Scottish SF EHEC O157 strains) by deletion of a large plasmid region that led to the loss
of the hly and etp operons. The second plasmid (pSFO157 258/98-2), which is highly
similar to the ExPEC plasmid pSF-468-2, might have been acquired by SF EHEC O157:H~
from ExPEC, plausibly by conjugation (as supported by the presence of the complete
Incl conjugal transfer machinery in pSF-468-2) in the human intestine, which is the
niche for SF EHEC O157:H~ during infection and the primary source of EXPEC (44). This
demonstrates a novel mechanism in the evolution of EHEC O157 plasmids. The absence
of the blacry_m14 9geNe harbored by pSF-468-2 in pSFO157 258/98-2 might be due to the
loss of this gene before the plasmid acquisition by SF EHEC O157:H~ or within its new
host. Alternatively, blacry.m:4 Might have been acquired in the lineage that led to
pSF-468-2 after it had diverged from an ancestor that also gave rise to pSFO157
258/98-2.

Except for the Czech Republic, where the novel SF EHEC O157 strains account for
20% of all SF EHEC O157:H~ strains isolated from patients with HUS (10), the distribu-
tion and frequencies of these strains in other geographic regions, as well as the
epidemiology of these infections, are currently unknown. In the Czech Republic, a SF
EHEC O157:H~ strain with these unique plasmid characteristics was isolated from a cow
epidemiologically associated with an HUS case (3), suggesting that cattle can be a
reservoir for these novel strains, as also demonstrated for the “classical” SF EHEC
0157:H~ strains belonging to the German clone (6, 17, 18). Notably, SF E. coli O157:H~
(fliC,) strains that share chromosomal (presence of cdtV-ABC and ede-y) and plasmid
(presence of sfpA and absence of EHEC-hlyA and etpD) characteristics with the novel SF
EHEC O157:H~ strains but lack stx,, were isolated from patients with HUS (n = 1) or
diarrhea (n = 2) in the Czech Republic (M. Marejkovéa and M. Bielaszewska, unpublished
data). Since SF EHEC O157:H~ strains can frequently lose their stx,, genes via loss of
stx,,-harboring phages (38, 49), these strains plausibly represent stx-negative variants
of the novel SF EHEC O157:H~ clone. Similar strains, i.e., stx-negative SF E. coli O157:H~
(fliC,,) harboring sfpA but lacking EHEC-hlyA, were recently reported for patients with
HUS or diarrhea in Germany (50). These strains clustered with SF EHEC O157:H~ in the
WGS-based analysis (50), corroborating their descent from SF EHEC O157:H~ by stx,,
loss (50). Altogether, these findings indicate that a subset of SF EHEC O157:H~ strains
of the novel Czech clone may occur as stx-negative variants. As a consequence, such
strains in patient stools are missed by diagnostic approaches that rely solely on the
detection of stx and/or Stx. This in turn hampers the determination of their etiological
role in human diseases. In order to reliably identify such strains, we propose the testing
of all SF E. coli O157:H~ (fliC,,,) isolates, regardless of whether they possess or lack stx,,
for the unique plasmid molecular characteristics of the novel SF EHEC O157:H~ clone
(presence of sfpA but absence of EHEC-hlyA and etpD). This will enable further investi-
gations of the geographic distribution of such strains, their role as human pathogens, and
the epidemiology of these infections. This is particularly important considering the pro-
pensity of the stx-negative SF EHEC O157:H~ variants to again become EHEC via transduc-
tion by stx,,-harboring phages (49).

In conclusion, we identified and characterized novel plasmids in SF EHEC O157:H~
strains isolated from patients. Our data extend the evolutionary history of EHEC 0157
plasmids and demonstrate an important role for plasmids in the evolution of SF EHEC
0157:H~ pathogens. The unique molecular characteristics of these novel plasmids
enable the identification of such strains, thereby facilitating further investigations of
their geographic distribution, clinical significance, and epidemiology.

MATERIALS AND METHODS

Strains and serotyping. The origins and serotypes of the strains used are listed in Table 1.
Conventional serotyping was performed as described previously (51). Motility was determined using soft
(0.5%) agar (10). The presence of 0157 LPS was confirmed by PCR targeting rfbE,, 5, (52), and the fliC
gene was subtyped using Hhal restriction fragment length polymorphism (RFLP) analysis (53).

Detection of virulence genes. Chromosomal virulence loci encoding toxins (stx and the cdtV
operon), adhesins (eae, efal, IpfAs;s701.141: IPfAois701154- @nd iha), and other characteristics (ter and ure
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operons) and plasmid-borne putative virulence genes (EHEC-hlyA, katP, espP, etpD, and sfpA) were
detected using established PCR protocols (4, 23-26, 34, 36, 37, 54); stx and eae genes were subtyped as
described previously (55, 56).

Phenotypes. Sorbitol fermentation was detected on sorbitol MacConkey agar (SMAC) (Oxoid,
Hampshire, United Kingdom), B-p-glucuronidase activity on nutrient agar with 4-methylumbelliferyl-g3-
p-glucuronide (MUG) (Becton Dickinson, Heidelberg, Germany), production of EHEC hemolysin on
enterohemolysin agar (Sifin, Berlin, Germany), and tellurite resistance on CT-SMAC (Oxoid, Hampshire,
United Kingdom). Stx production was determined using a latex agglutination assay (verotoxin-producing
E. coli reverse passive latex agglutination [VTEC-RPLA] assay; Denka Seiken Co. Ltd., Tokyo, Japan)
according to the manufacturer’s instructions. Vero cell cytotoxicity assay and CHO assay were performed
as described previously (23, 57). Stx and CdtV titers were defined as the highest dilutions of culture
supernatants that caused Vero cell detachment after 3 days and CHO distension after 4 days of
incubation, respectively, in 50% of cells. Expression of Sfp fimbriae was determined using immunoblot-
ting with an anti-SfpA antibody (produced by Davids Biotechnologie, Regensburg, Germany) and alkaline
phosphatase-conjugated goat anti-rabbit immunoglobulin G (Dianova, Hamburg, Germany) as described
previously (22).

Plasmid profiles and Southern blot hybridization. Plasmid profiles were determined as de-
scribed earlier (58, 59). For Southern blot hybridization, plasmid-extracted DNAs (Plasmid Midi kit;
Qiagen, Hilden, Germany), either undigested or digested with BamHI or Smal (New England BioLabs,
Frankfurt, Germany), were separated in a 0.6% agarose gel, blotted to a nylon membrane (Roche
Molecular Biochemicals, Mannheim, Germany), and hybridized with digoxigenin-labeled (DIG High
Prime kit; Roche Molecular Biochemicals) sfpA, EHEC-hlyA, katP, espP, and etpD probes prepared as
described earlier (60). Labeled probes were detected using a DIG Luminescent detection kit (Roche
Molecular Biochemicals).

Sequence analyses of plasmids from SF EHEC 0157 strain 258/98. To determine the sequences
of 258/98 plasmids, we first extracted plasmid DNA by using the method of Barton et al. (61) to detect
and size large plasmids by pulsed-field gel electrophoresis (PFGE) (61), performed with the following
modifications: 1% agarose gel, initial switch of 1 s, final switch of 25 s, and run time of 21 h. Subsequently,
the linearized plasmids were manually excised from the PFGE gel, and DNA was eluted using a GFX PCR
DNA and gel band purification kit (GE Healthcare, Freiburg, Germany). Finally, the plasmid DNA was
tested for the presence of sfpA by PCR (37). Subsequent library preparation using Nextera XT chemistry
(Illumina Inc.,, San Diego, CA, USA) and 250-bp paired-end sequencing on an lllumina MiSeq machine
(Illumina) were done as described recently (62). After quality trimming of the resulting reads using CLC
Bio genomics workbench software, version 10 (Qiagen, Aarhus, Denmark), with default parameters, reads
were mapped to the reference sequence of pSFO157 of strain 3072/96 (GenBank accession no.
AF401292) (30; http://www.ncbi.nlm.nih.gov/nucleotide). Default parameters within the CLC Bio genom-
ics workbench software were used, with the exception of the parameters “length fraction = 0.8” and
“similarity fraction = 0.95.” In parallel, we created two de novo assemblies. First, we assembled all reads
originating from the 258/98 plasmid DNA and compared the resulting contigs with the sequence of
pSFO157 3072/96. Second, we assembled all plasmid reads that were not mapped to the reference
sequence of pSFO157 3072/96 and queried all resulting contigs of >5 kb by using NCBI Nucleotide
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=Dblastn). Finally, we compared all de novo-
assembled contigs that did not map to the pSFO157 3072/96 sequence with the reference sequence
of EXPEC plasmid pSF-468-2 (GenBank accession no. CP012627) (43; http://www.ncbi.nlm.nih.gov/
nucleotide). Differences between the sequences were extracted from the reference mapping results
within the CLC Bio genomics workbench software and visualized using BRIG (63).

MLST and WGS-based analysis of the core genomes. MLST was performed as described previously
(11), and sequence types (STs) were assigned in accordance with the E. coli MLST website (http://mlst
.warwick.ac.uk/mlst/dbs/Ecoli). Related STs were grouped into clonal complexes (CCs) in accordance with
the MLST website.

For the whole-genome sequencing of strains 258/98 and 3072/96, the genomic DNAs were purified
by use of a MagAttract HMW DNA kit (Qiagen, Hilden, Germany) following the manufacturer’s instruc-
tions. Subsequent library preparation and sequencing were done as described above for the plasmid
DNA. Sequence quality trimming, de novo assembly, and extraction of coding regions were done as
described recently (62), using SeqSphere* software, version 2.0 beta (Ridom GmbH, Minster, Germany).
For the gene-by-gene core genome analysis, we included all core genome genes present in all strains
analyzed (see Table S1 in the supplemental material) and displayed them in a minimum spanning tree
by using SeqSphere* software. For comparison, we used published genome sequences of SF EHEC
0157:H~ strain 493/89 (GenBank accession no. AETY00000000) (64) and NSF EHEC O157:H7 strains
EDL933 (GenBank accession no. NZ_CP008957) (65) and Sakai (GenBank accession no. NC_002695) (66)
(http://www.ncbi.nlm.nih.gov/nucleotide).

Antimicrobial susceptibility testing. Susceptibilities of strains 258/98 and 3072/96 to antimicrobials
were tested by the disc diffusion method, using clinical breakpoints established by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) and the Clinical and Laboratory Standards
Institute (CLSI) (for fosfomycin) (67, 68). In addition, the presence of ESBLs was investigated phenotyp-
ically by using the MAST ESBL detection disc set (Mast Group Ltd., Bootle, United Kingdom).

Accession number(s). All generated raw reads, including those derived from either plasmid DNA of
strain 258/98 or whole genomic DNAs of strains 258/98 and 3072/96, were deposited at the European
Nucleotide Archive (ENA) (http://www.ebi.ac.uk/ena/) under study accession no. PRJEB21607.
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