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Abstract

A large outbreak of gastrointestinal disease occurred in 2011 in Germany which resulted in
almost 4000 patients with acute gastroenteritis or hemorrhagic colitis, 855 cases of a hemo-
lytic uremic syndrome and 53 deaths. The pathogen was an uncommon, multiresistant
Escherichia coli strain of serotype O104:H4 which expressed a Shiga toxin characteristic of
enterohemorrhagic E. coli and in addition virulence factors common to enteroaggregative
E. coli. During post-epidemic surveillance of Shiga toxin-producing E. coli (STEC) all but
two of O104:H4 isolates were indistinguishable from the epidemic strain. Here we describe
two novel STEC O104:H4 strains isolated in close spatiotemporal proximity to the outbreak
which show a virulence gene panel, a Shiga toxin-mediated cytotoxicity towards Vero cells
and aggregative adherence to Hep-2 cells comparable to the outbreak strain. They differ
however both from the epidemic strain and from each other, by their antibiotic resistance
phenotypes and some other features as determined by routine epidemiological subtyping
methods. Whole genome sequencing of these two strains, of ten outbreak strain isolates
originating from different time points of the outbreak and of one historical sporadic EHEC
0104:H4 isolate was performed. Sequence analysis revealed a clear phylogenetic distance
between the two variant strains and the outbreak strain finally identifying them as epidemio-
logically unrelated isolates from sporadic cases. These findings add to the knowledge about
this emerging pathogen, illustrating a certain diversity within the bacterial core genome as
well as loss and gain of accessory elements. Our results do also support the view that dis-
tinct new variants of STEC O104:H4 repeatedly might originate from yet unknown reser-
voirs, rather than that there would be a continuous diversification of a single epidemic strain
established and circulating in Germany after the large outbreak in 2011.
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Introduction

During a large outbreak of gastrointestinal disease 2011 in Germany, almost 4000 people con-
tracted acute gastroenteritis or hemorrhagic colitis, 855 cases developed a hemolytic uremic
syndrome (HUS) and 53 patients died [1]. Simultaneously, a smaller outbreak occurred in
France [2, 3]. The pathogen in both of the outbreaks was an uncommon, multiresistant Shiga-
toxinogenic Escherichia coli (STEC) strain of serotype O104:H4. PCR-based virulence gene
analysis of the outbreak strain revealed a combined pattern of virulence properties inherent to
two different E. coli pathovars [4-6]. The production of a Shiga toxin (Stx) is a signature prop-
erty of enterohemorrhagic E. coli (EHEC). In addition this strain contained a plasmid which
encodes the aggregative adherence-mediating fimbriae (AAF) characteristic of enteroaggrega-
tive E. coli (EAEC). Immediate extensive characterization of the outbreak strain by whole ge-
nome sequencing confirmed its hybrid pathovar type [7-11]. Routine epidemiological typing
at the German National Reference Center for Salmonella and other Bacterial Enteric Pathogens
(NRC) of hundreds of STEC 0104:H4 isolates during the outbreak using pulsed-field gel elec-
trophoresis (PFGE) after macrorestriction, plasmid profile analysis, virulence gene profiling
and antibiotic susceptibility testing did not recognize any variation [12].

On July 26™ 2011 the German national public health authority, the Robert Koch Institute,
declared the German outbreak to be over, dating the begin on May 5™ and the end on July 4™
with the peak on May 22°? [13]. During post-epidemic surveillance of STEC-caused disease by
the German NRC, all but two of O104:H4 isolates remained indistinguishable from the epi-
demic strain. Here we describe two novel post-epidemic STEC O104:H4 strains isolated in
close spatiotemporal proximity to the outbreak. These isolates differed both, from the epidemic
strain and from each other by features as determined by the routine epidemiological typing
methods to such an extent, that they were not considered to be isolates of the 0104:H4 out-
break strain but most likely isolates from sporadic cases. Whole genome sequencing of the two
sporadic strains, of ten outbreak strain isolates originating from different cases and time points
of the outbreak and of one historical sporadic EHEC O104:H4 isolate was performed. Analyses
and comparison with other published sequences of EHEC O104:H4 outbreak and sporadic iso-
lates clearly confirmed a phylogenetic relatedness but epidemiological distance between the
sporadic strains and the outbreak strain.

Materials and Methods
Escherichia coli O104:H4 strains

All E. coli strains under investigation (Table 1) were isolated from enriched cultures of coliform
bacteria and serotyped at the NRC. Isolates obtained during and shortly after the outbreak peri-
od are from infections between May and August 2011. Strain 11-02027 is the index strain pro-
vided for reference by the Robert Koch-Institute in May 2011. PCR-based virulence gene
profiling revealed the strain Shiga toxin gene stx; negative, stx,, positive, intimin gene eae neg-
ative, ABC-transporter protein gene aatA positive, master regulator gene of virulence-plasmid
genes aggR positive, secreted protein dispersin gene aap positive, AAF-fimbrial operon genes
aggA/type I and aggC/type I positive, enteroaggregative E. coli heat-stable enterotoxin gene
astA negative [5, 12]. Nine more typical outbreak isolates from clinical cases (Table 1) which
were indistinguishable from 11-02027 by routine epidemiological typing methods such as viru-
lence gene profiling, plasmid profile analysis, antibiotic susceptibility testing and PFGE after
macrorestriction were selected for whole genome sequencing. Isolates 11-06681 and 11-07153
attracted attention during post epidemic routine surveillance as they share the virulence gene
profile with the outbreak strain but differed from the outbreak strain and from each other with
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Table 1. Origin of the STEC O104:H4 isolates under investigation and characteristics as determined by standard subtyping methods.

Strains @ Antibiotic PFGE Plasmid profile ¥  date of isolation / clinical background / note
resistance profile profile ®  [kilo basepairs]
b)

11-02027 Tc Sm Sxt Ap Nal  type | 88;75; 1.5 May 19", 2011 / bloody diarrhoea, HUS / outbreak
Ceph index isolate

11-02058, 1102135, 11-03424, 11— Tc Sm Sxt Ap Nal  type | 88; 75; 1.5 outbreak isolates obtained between May 20" and

03944, 11-04083, 11-06601, 11-06782, Ceph August 12" 2011/ bloody diarrhoea, HUS, post-

11-06811, 11-06837 diarrhoeal shedding

11-06681 Tc Sm Sxt Ap Nal  type Il 95; 75; 53; 36 August 1%, 2011 / asymptomatic / sporadic isolate

11-07153 Tc Sm Sxt Ap Nal  type llI 75; 60 August 22", 2011 / bloody diarrhoea / sporadic
Cm isolate

3 All isolates share the same virulence gene PCR profile: stxy negative, stx», positive, eaeA negative, aatA positive, aggR positive, aap positive, aggA/

type | and aggCitype | positive, astA negative

®) Antibiotic resistance phenotypes: Tc—tetracyclines, Sm—streptomycin, Sxt—trimethoprim/ sulphonamides, Ap—ampicillin, Nal—nalidixic acid: Nal,

Ceph—cephalosporins, Cm—chloramphenicol.

° see Fig 1
9 see Fig 2

doi:10.1371/journal.pone.0122074.t001

respect to the antibiogram (Table 1). The historical O104:H4 isolate 01-09591 originates from
the same patient sample as the well characterized EHEC strain HUSECO041 [7, 14]. Isolated in
2001, it is considered epidemiologically unrelated to the 2011 outbreak strain and was therefore
included in our investigations for comparison.

Standard diagnostic procedures

Conventional serotyping, a broth microdilution method for testing susceptibility against anti-
biotics, PCR for virulence gene profiling, macrorestriction analysis using enzyme Xbal, pulsed-
field gel electrophoresis (PFGE), plasmid profiling and multi locus sequence typing (MLST)
assigning alleles and sequence type in accordance with the E. coli MLST database [16] were car-
ried out as described elsewhere [5, 15, 17].

Cytotoxicity Assay. Toxicity towards Vero cells was determined as described previously
[17]. Briefly, strains were grown to exponential phase in TSB (Difco), then diluted 1:100 in 5ml
TSB and incubated for 20h at 37°C with agitation (180rpm). Next, 100ul of 8-fold to 512-fold
DMEM (GE Healthcare) diluted cell free culture supernatants of the TSB-grown strains were
added to washed confluent Vero cell monolayers in 100ul DMEM/10% FCS in 96 well plates in
triplicates. For each experiment fresh culture supernatants were produced and equal growth of
the bacterial cultures was confirmed by OD600 readings. After 48h of incubation at 37°C, su-
pernatants were analyzed for LDH release by means of the CytoTox96 Non-Radioactive Cyto-
toxicity Assay (Promega) according to the manufacturer’s protocol.

Adherence to Hep-2 cells. The Hep-2 cell adherence assay was performed as previously
described [17]. Briefly, bacteria were grown to exponential growth phase in TSB (Difco), then
inoculated 1:100 in 5ml TSB containing 1% D-mannose and incubated for 20h statically at
37°C. Equal growth of the cultures was confirmed by reading OD600. Hep-2 cells, grown to 70
to 90% optical confluence in 24 well plates (in DMEM/10% FCS, GE Healthcare), were washed
with PBS nd the medium was replaced with DMEM containing 1% D-mannose. Subsequently,
40ul of the bacterial cultures were added per well. After 3h of incubation, cells were washed
three times with PBS, followed by fixation in ice-cold 70% ethanol on ice for 15min. Next, sam-
ples were stained with Giemsa staining solution (1/20 diluted 0.4% stock solution, diluted in
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PBS) for 20min at room temperature. Samples were then rinsed with water, air dried, and
mounted for microscopy at 600-fold magnification on a Nikon Eclipse inverted microscope.

Library preparation and genome sequencing. Genomic DNA was prepared using the Qia-
gen DNeasy Blood & Tissue-Kit according to the instructions of the supplier. One ug of DNA as
determined with the Qubit-dsDNA BR assay and instrument (Invitrogen) was fragmented
using a Covaris S2 instrument (Covaris Ltd., Woodingdean Brighton, UK). The fragmented
DNA was used to generate libraries for 454 sequencing utilising the GS Rapid Library Prep Kit
(Roche Diagnostics, Mannheim, Germany) following the manufacturer’s instructions. All librar-
ies contained the genomic sequences for amplification, the sequencing primer binding sequence
and multiplex identifier sequences for multiplexing. The libraries were amplified utilising the
GS Titanium MV emPCR v2 Kit (Roche Diagnostics, Mannheim, Germany). Sequencing was
based on the 454-pyrosequencing chemistry from Roche. The Roche FLX+ instrument was used
in combination with the GS FLX Titanium Sequencing Kit XL+ chemistry (Roche Diagnostics,
Mannheim, Germany). Base calling was performed by the instrument’s software.

The raw data are deposited in the single read archive at GeneBank and available under the
project numbers SAMNO03168461 (11-02027), SAMN03174137 (11-02058), SAMNO03168462
(11-02135), SAMNO03168463 (11-03424), SAMNO03168465 (11-03944), SAMNO03168466
(11-04083), SAMNO03168467 (11-06601), SAMNO03168471 (11-06681), SAMNO03168468
(11-06782), SAMNO03168469 (11-06811), SAMNO03168470 (11-06837), SAMN03168472
(11-07153), SAMNO03174138 (01-09591).

Genome sequence analysis, single nucleotide polymorphism prediction and phylogenet-
ic analysis. The reads for each of the 13 isolates were mapped to the genome of the E. coli
0104:H4 strain TY2482 (accession number NZ_AFVR01000000) [8,9] using Bowtie2 [18].
The mappings of the reads from the outbreak index isolate 11-02027 and those from the two
variant isolates 11-06681 and 11-07153 to TY2482 were further used for a basic analysis of the
coverage of chromosomal coding sequences. The number of bases covered in each of the (puta-
tive) coding sequences annotated for the TY2482 chromosome [19] was recorded for each of
these strains (S2 Table).

Single nucleotide polymorphisms (SNPs) were called using the GATK pipeline [20]. For
this analysis we included the three finished sequences published in 2012 by Ahmed et al. [21],
one from another outbreak isolate (2011C-3493, accession number NC_018658), and two oth-
ers (2009EL-2050, NC_018650 and 2009EL-2071, NC_018661) from independent isolates dis-
covered in Georgia in 2009. Moreover, the sequences of two other historical STEC 0104:H4
isolates from France (Ec04-8351, AFRL01000000 and Ec09-7901, AFRK0100000) and
of five more recent STEC O104:H4 isolates from sporadic cases in France (Ec11-9450,
AGWF01000000; Ec12-0465, ATPQ01000000; Ec12-0466, AIPR01000000; Ec11-9941,
AGWHO01000000 and Ec11-9990, AGWG01000000) as published by Grad et al. [22, 23] were
also included in the analysis. Using custom python scripts, positions for which no sequence in-
formation was present in at least one of the strains (i.e. where no reads from at least one of the
strains mapped to the reference) were discarded. Furthermore, all positions at which the se-
quence information was identical for all strains (i.e. none of the strains contained a SNP or all
of the strains contained the same SNP) were discarded. Conceptually, this approach results in a
collection of SNPs identical to what would be obtained by creating a whole-genome alignment
of all strains and discarding all identical sites. However, it allows to avoid the time-consuming
and complex process of finishing the whole genome of each strain. From the resulting collec-
tion of 662 SNPs we then removed all those located inside of any of the eight chromosomal re-
gions which were identified as prophages or prophage-related by Ahmed et al. and Grad et al.
[21, 23] or obviously inside of potentially repeated DNA elements such as tRNA-genes, rRNA-
operons, transposons, IS sequences etc. An alignment containing only the bases at the
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remaining 224 positions was then created (files S1 Dataset for SNP positions and S2 Dataset
for sequences) and a phylogenetic tree was calculated using MrBayes [24] with the HKY85 sub-
stitution model and a chain length of 1,100,000. The historical isolate 01-09591 was used

as outgroup.

All reads from the samples 11-02027, 11-06681 and 11-07153 were also mapped against a
total of 11 reference sequences of plasmids present in strains TY2482 (three plasmids) [8, 9],
2011C-3493 (three plasmids), 2009EL-2050 (three plasmids) and 2009EL-2071 (two plasmids)
[21]. Mapping was performed using bowtie2 [18]. The percentage of coverage of the respective
reference sequences is recorded in supplementary file S3 Table.

From the single reads, contigs for use in homology analyses were generated for each of our
isolates. Reads were both mapped to the TY-2482 genome using GS Reference Mapper 2.4
(Roche) and assembled de novo using MIRA 3.2 [25, 26]. The contigs resulting from both ap-
proaches were then assembled together using Geneious 7.1 [27] to create a set of longer contigs
for each strain. The tools provided by the Geneious software were also used for phylogenetic
analysis and further DNA manipulations such as extraction of DNA sequences for homology
analyses utilizing the bl2seq facility [28] at the NCBI BLAST homepage [29].

Results
Conventional subtyping

Identification of two novel isolates of STEC 0104:H4 from sporadic cases. Several hun-
dred STEC O104:H4 isolates obtained in Germany from May to end of August 2011 were fur-
ther subtyped at the German NRC [13]. Typing by conventional methods such as PFGE after
macrorestriction, virulence gene profiling, plasmid profile analysis and antibiotic susceptibility
testing revealed the vast majority of these isolates indistinguishable from the prototypic out-
break isolate 11-02027 (Table 1). However, during post-epidemic surveillance, two STEC
0104:H4 isolates were detected which shared the virulence gene profile and the MLST se-
quence type ST678 with the epidemic strain but differed by several features as determined by
the routine typing methods (see 11-06681 and 11-07153 in Table 1). The antibiograms of
these two strains differed from that of the epidemic strain by a lack of the cephalosporin resis-
tance phenotype. In addition, strain 11-07153 showed a chloramphenicol resistance phenotype
while neither the typical outbreak strain isolates nor isolate 11-06681 did so (Table 1). With re-
gard to their Xbal-PFGE patterns, strains 11-06681 and 11-07153 differed by several bands
from the epidemic strain and by at least one band from each other while the historical isolate
01-09591 (see Material and Methods section) was clearly distinct (Fig 1). Plasmid profile anal-
ysis showed obvious differences between the strains (Fig 2). A plasmid of about 75kbp present
in 11-02027 was identified as the AAF encoding plasmid of the epidemic strain [17]. A plasmid
of same size is also present in 11-06681 and 11-07153. Three more large plasmids present in
11-06681 and one more plasmid present in 11-07153 distinguished these strains from both
the epidemic strain and the historical isolate 01-09591 (Fig 2). Overall, according to customary
epidemiological typing results, strains 11-06681 and 11-07153 would be considered phyloge-
netically related to the outbreak strain but not as outbreak strain isolates. Rather they would be
regarded as independent isolates from sporadic cases.

The two novel sporadic STEC 0104:H4 strains and the outbreak strain show compara-
ble degrees of cytotoxicity and aggregative adherence. We compared the toxicity of Stx re-
leased by the two sporadic isolates, by the outbreak strain, and by the EHEC O157:H7 strain
EDL933. A quantitatively comparable level of toxicity towards Vero cells was detectable for
all of the STEC strains (Fig 3). Furthermore, the sporadic strains showed the same stacked
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Fig 1. The Xbal macrorestriction patterns of the two sporadic STEC O104:H4 strains 11-06681 and
11-07153 are distinct from outbreak strain isolates and from the historical strain. Lanes 1, 6, 9:
molecular weight standard Salmonella serotype Braenderup strain H9812; Lane 2: historical O104:H4 isolate
01-09591; Lanes 3, 4, 5: independent isolates of the epidemic strain (11-02027, 11-02135, 11-06811);
Lanes 7, 8: variant isolates 11-07153 and 11-06681.

doi:10.1371/journal.pone.0122074.g001

brick-like aggregative adherence pattern type as the outbreak strain which is characteristic for
EAEC (Fig 4).

Genomic analysis

Comparative whole genome sequence analysis of epidemic and sporadic STEC 0104:H4
isolates. In order to verify the conclusions from routine epidemiological typing and to ana-
lyze their phylogenetic relatedness, comparative whole genome sequencing was performed for
the two variant STEC O104:H4 strains and for the outbreak index isolate 11-02027. In addition
nine independent outbreak-strain isolates and a historical STEC O104:H4 isolate from 2001
were sequenced (Table 1). For the outbreak isolate 11-02027, de novo assembly of the reads re-
sulted in 33 contigs and for the two sporadic isolates 11-06681 and 11-07153 in 52 and 53 con-
tigs, respectively. Mapping of the reads obtained for these strains onto the O104:H4 outbreak
strain TY2482 genome covered 99.22% of this reference chromosome in the case of outbreak
isolate 11-02027 and 98.21% and 98.18% with the variant strains 11-06681 and 11-07153, re-
spectively (S1 Table). Moreover, a preliminary assessment of coverage of the chromosomal
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Fig 2. The plasmid profiles of the two sporadic STEC 0104:H4 strains 11-06681 and 11-07153 are
distinct from outbreak strain isolates and from the historical strain as well as from each other. Lane 1:
molecular weight reference E. coli 39R862; Lane 2: historical O104:H4 isolate 01-09591; Lane 3: index
isolate of the epidemic strain 11-02027—another plasmid of 1.5kbp is not visible here; Lanes 4, 5: variant
isolates 11-07153 and 11-06681. A small plasmid of 1.5kbp presentin 11-02027 as well as in 11-07153
and 11-06681 is not visible here (but see S3 Table).

doi:10.1371/journal.pone.0122074.g002

(putative) coding sequences annotated for TY2482 [19] was performed from these mappings
(S2 Table). This approach revealed about 96% of the (putative) genes annotated for TY2482
present in our outbreak isolate 11-02027 genome sequence. Of these genes 2.98% were not de-
tected in 11-06681, 2.87% were not detected in 11-07153 and 1.42% remained undetected in
both variant isolates.

Phylogenetic analysis. In order to establish the phylogenetic relatedness of STEC O104:
H4 strains, we included other published high quality genome sequences of STEC O104:H4 iso-
lates in our SNP-based phylogenetic analysis. Among these are three finished sequences pub-
lished in 2012 by Ahmed et al. [21], one from another outbreak isolate and two others from
independent isolates discovered in Georgia in 2009. In addition the sequences of two other his-
torical STEC O104:H4 isolates from France and of five more recent STEC 0104:H4 isolates
from sporadic cases in France as published by Grad et al. [22, 23] were also included in the
analysis. SNPs were identified comparing these sequences and the genome sequences of our 13
STEC O104:H4 isolates and a phylogenetic tree was calculated as described in the Materials
and Methods section. Using a set of 224 selected SNPs gives rise to the tree shown in Fig 5.
Obviously, all epidemic strain isolates including the US-isolate C-3493 which originated from
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Fig 3. The two sporadic STEC 0104:H4 strains 11-06681 and 11-07153 and the outbreak strain isolate 11-02027 show comparable levels of
toxicity towards Vero cells. EHEC EDL933 served as a positive control and E. coli K12 C600 as a negative control. Toxicity of strain EDL933 as a
quantitative reference was set to 100%. Shown are mean values of three independent experiments, each performed in triplicates. Bars represent means and
standard deviation of three experiments. No significant difference in cytotoxicity of the STEC strains was observed.

doi:10.1371/journal.pone.0122074.9003

a person who travelled to Germany during the epidemic in 2011, cluster into one clade. The
pairwise deviation among them with respect to numbers of SNPs ranges from three to thirty-
six (54 Table). The two German sporadic isolates 11-06681 and 11-07153 which differ from
one another by only 10 SNPs do cluster separately from the epidemic strain isolates together
with several recent sporadic isolates from France and with historical isolates from Georgia.
Moreover, the two historical strains isolated in France in 2004 and 2009, respectively, belong to

EDL933 1 10

“RE g & b % St

Fig 4. The two sporadic STEC 0104:H4 strains 11-06681 and 11-07153 and the outbreak strain isolate 11-02027 show aggregative adherence as
characteristic for EAEC. Assay of mannose-resistant adherence to Hep-2 cells included the EHEC O157:H7 strain EDL933 for comparison. Images were
taken at 600-fold magnification.

doi:10.1371/journal.pone.0122074.9004
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Ec09-7901 France 2009
EL-2071 Georgia 2009
Ec11-9450 France 2011
Ec12-0465 France 2012
EL-2050 Georgia 2009

11-06681

11-07153
Ec12-0466 France 2012

Ec11-9941 France 2011
Ec11-9990 France 2011

11-02027
11-02058
11-03424
11-04083
C-3493 USA 2011
11-06837
11-06811
11-06782
11-06601

= 01-09591 Germany 2001
Ec04-8351 France 2004
11-03944
11-02135

|W'|.
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Fig 5. Phylogeny of the 13 STEC 0104:H4 isolates under investigation and of ten more STEC 0104:H4
strains based on selected SNPs in their published genome sequences assignes the two German
sporadic isolates 11-06681 and 11-07153 to a clade clearly separate from the one containing the 2011
outbreak strain isolates. The tree was calculated using the MrBayes tool from the GENEIOUS software [26]
and routed to the German historical isolate 01-09591 which served as outgroup. The sequences for EL-2071
and EL-2050, two sporadic isolates from cases in Georgia in 2009 and C-3493, an isolate obtained in the
USA from a person with travelling history to Germany in May 2011 were published by Ahmed et al [21]. The
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sequences for Ec04-8351 and Ec09-7901, two historical strains from France and the sequences of Ec11-
9450, Ec11-9941, Ec11-9990, Ec12-0456, Ec12-0466, five more recent sporadic isolates from France were
published by Grad et al [22, 23]. The selected SNPs used for tree calculation are given in supplementary files
S1 Dataset (SNP positions) and S2 Dataset (sequences).

doi:10.1371/journal.pone.0122074.g005

an even more distant clade. Furthermore, the German historical STEC 0104:H4 strain
01-09591 isolated in 2001 is clearly separated from all other isolates.

In the studies by Grad et al. and Guy et al. [22, 30, 31] comparing isolates from the German
and the French STEC 0104:H4 outbreaks in 2011, a number of SNPs were identified and have
been mapped onto the TY2482 chromosome. Accordingly, there are two SNPs that define the
German outbreak clade. We extracted the respective positions from the sequence of TY2482
together with surrounding 100 bases upstream and downstream and used the resulting
201-nucleotide sequences to examine the corresponding regions in our genome sequences
using the bl2seq-facility at the NCBI BLAST homepage. The two SNPs typical of the German
outbreak strain do also occur in all of our outbreak isolates. They are not present, however, in
our two sporadic isolates and in the historical strain, which all have a G instead of an A at the
position corresponding to 1568661 in TY2482 and a G instead of an A at the position corre-
sponding to 2252380 in TY2482. The same way we could confirm that two SNPs identified as
unique to TY2482 by Guy et al. [30] are not present neither in any of our outbreak isolates nor
in the two sporadic isolates or in the historical strain. In the analyses performed by Grad et al.
and Guy et al. [22, 30] there is only one (from a Swedish who travelled to Germany) among 22
German isolates that was assigned to a clade different from the one where all other German iso-
lates accumulate. For this isolate three SNPs (at positions 1262666, 2564789 and 3089339)
were identified. Our two sporadic isolates which would also not fall into the German outbreak
clade do not have these SNPs, indicating an independent ancestry of these strains. Moreover,
they do not belong to any of the other lineages identified in the French outbreak because none
of the 18 SNPs detected in the 11 French outbreak strains studied by Grad et al. [22, 31]
is present.

Identification and homology analysis of selected features of the sporadic STEC 0104:H4
isolates 11-06681 and 11-07153. Based on the contigs assembled for each of the strains, se-
lected features were compared using the BLAST facilities at NCBI. As a quality check of our ge-
nome sequences, we analysed the alleles of those housekeeping genes targeted by classical
MLST [16, 32] in silico by BLAST analysis of the assembled contigs. Using the sequences deter-
mined from the respective PCR products, there was perfect homology confirming the MLST
sequence type ST678 (adké, fumC6, gyrB5, icd136, mdh9, purA7, recA7) in all of our isolates.

The Shiga toxin-encoding E. coli phage P13374 was induced from a German STEC O104:
H4 outbreak isolate and sequenced to completion by Beutin et al. [33]. We extracted from the
complete prophage genome (accession number HE664024) the stx-operon including 200 nu-
cleotides adjacent to each end to give a sequence 1641 nucleotides in length. This sequence was
used for BLAST analyses of the contigs assembled for the outbreak isolate 11-02027, for the
two sporadic STEC O104:H4 isolates 11-06681 and 11-07153 and for the historical isolate
01-09591 and was found completely present in one of the contigs of each genome sequence, re-
spectively. For 11-02027 and for 01-09591, a sequence identical to E. coli phage P13374 was
observed. Strains 11-06681 and 11-07153, however, show a difference of two nucleotides, one
silent T to A mutation at position 909 in the open reading frame of the stxA,, subunit gene and
another G to A exchange 133 nucleotides downstream of the stop codon of the stxB,, subunit
gene resulting in an exchange of serine to leucine in a predicted hypothetical protein. Compar-
ing the corresponding stx,-operon containing DNA segment of 11-07153 with the two
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Georgian STEC 0104:H4 isolates from 2009 as sequenced by Ahmed et al. [21] revealed identi-
ty with strain 2009EL-2050. In contrast, the other strain 2009EL-2071 only showed the G to A
exchange 133 nucleotides downstream of the stop codon of the stxB,, subunit gene whereas
the silent mutation in the open reading frame of the stxA,, subunit gene was not present.

The respective stx-operon-comprising contig from the sporadic strain 11-07153 genome se-
quence aligns to the phage P13374 sequence continuously along about half of the phage ge-
nome to 96.1% pairwise identity. The equivalent contig of 11-06681 contains the left end of
the phage and aligns continuously along about 40% of the phage sequence with 95.5% pairwise
identity. An appropriate BLAST-based approach, using each of the ends of the prophage and
1000 nucleotides of the adjacent DNA sequence from the TY2482 chromosome, mapped the
phage integration site in the genome of isolates 11-07153 and 11-06681 to exactly the same po-
sition as in the outbreak strain 11-02027 inside the flavoprotein gene wrbA, that is altered due
to the integration [33].

Grad et al. [23] discussed the gyrA mutations responsible for the nalidixic acid resistance of
their O104:H4 strains. They found an amino acid exchange S83A in the GyrA protein sequence
of the 2011 epidemic O104:H4 strain as well as in all sporadic isolates from 2011 but a GyrA
S83L exchange in HUSECO041, the historical EHEC O104:H4 strain from the HUSEC collection
[14] and in their two historical French isolates from 2004 and 2009, respectively. Analysing the
genome sequences of the epidemic isolate 11-02027, of the two sporadic isolates 11-06681 and
11-07153 and of the historical strain 01-09591 we found a complete gyrA gene assembled into
one of the contigs of each of the genome sequences. The predicted GyrA protein sequences of
all but strain 01-09591 were identical with an alanine at position 83 of the translated protein
sequence revealing the S83A mutation responsible for the Nal phenotype (Table 1). The Ger-
man historical strain 01-09591 revealed a GyrA S83L exchange as seen in HUSEC041.

In order to identify the chloramphenicol resistance determinant of strain 11-07153
(Table 1), a BLAST analysis in our genome sequence assembly was performed using the open
reading frames of common chloramphenicol resistance genes such as cat (extracted from
BX664015), cmlA (AY509004) and floR (AF231986) as a query. Not any of these genes was
found assembled into a contig of 11-07153. However, mapping of all sequence reads of this ge-
nome onto the open reading frames of the chloramphenicol resistance genes identified floR but
not cat or cmlA present in 11-07153. For the 11-06681 genome, no homology with any of the
chloramphenicol resistance genes was detected, what is in agreement with the chloramphenicol
sensitive phenotype of this strain (Table 1). The floR gene of 11-07153 differs from the most
similar floR-allele (accession number AB591424) on a Salmonella plasmid by one nucleotide
(transversion of A to C) at position 93 in the open reading frame, resulting in an amino acid ex-
change of leucine for isoleucine.

Analysis of the plasmids of the sporadic STEC 0104:H4 isolates 11-06681 and 11-
07153. We investigated whether the genome sequences of the outbreak index strain isolate
11-02027 and those of the two sporadic strains 11-06681 and 11-07153 contained the DNA
sequences of plasmids from other STEC O104:H4 strains by mapping all reads of our genome
sequences to the published plasmid reference sequences of four independent STEC O104:H4
isolates as decribed in the Materials and Methods section. The results are compiled in the sup-
plementary file S3 Table. Plasmid profiling revealed that 11-02027 contains three plasmids
(Fig 2) corresponding in size to those identified in the outbreak strain reference genomes of
TY2428 [8, 9] and 2011C-3493 [21]. Mapping the genome sequence reads of the outbreak
strain isolate 11-02027 to each of the plasmids of the outbreak strain reference isolates gave
100% coverage of these plasmids. This is not a direct proof that 11-02027 contains these plas-
mids, but rather indicates that a complete equivalent of the DNA of these plasmids is also pres-
ent in 11-02027. However given the results of plasmid profiling (Fig 2), chromosomal SNP
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analysis (Fig 5) and epidemiological evidence of 11-02027 being an outbreak strain isolate it is
reasonable to conclude that the 100% coverage actually indicates presence of the plasmids. By
a similar line of arguments one might conclude that the 100% coverage of the EAEC-type
adherence-encoding plasmids and of a small cryptic plasmid common to all of the reference ge-
nomes in the genome sequences of the two sporadic isolates 11-06681 and 11-07153 does indi-
cate the presence of those plasmids in these strains. The coverage of the ESBL-encoding
epidemic reference strain plasmid pTY-1 or pESBL-EA11 in the genome sequences of the two
sporadic isolates 11-06681 and 11-07153 is only around 50% (S3 Table). Therefore, one can
conclude that such a plasmid is not present in the sporadic isolates what is in agreement with
their plasmid profiles (Fig 2) and phenotypes (Table 1). A coverage level of 50% might indicate
that the sporadic isolates contained related plasmids (e.g. of the same incompatibility group)
which share some plasmid specific sequences encoding similar replication and conjugative
transfer systems with pTY-1 and pESBL-EA11. Alternatively there could be some mobile ge-
netic elements (e.g. transposons, IS elements) present somewhere in the genome of the sporad-
ic strains which are also present as accessory genetic elements on pTY-1 and pESBL-EA11.
Finally, only a coverage of less than 5% for the large IncF plasmid unique to strain 2009EL-
2050 was detected, indicating that there is no similar plasmid present in the German sporadic
STEC O104:H4 strains 11-06681 and 11-07153.

Discussion

Infections with pathogenic E. coli of the serovar O104:H4 only rarely were reported before the
year 2011. An enteroaggregative E. coli isolated in the 1990s in Africa [34] and a Shiga toxin-
producing isolate obtained in 2001 in Germany, HUSEC041 [14], which is identical to the
strain 01-09591 included in our investigations, have been the best studied strains of this sero-
var for many years. After the 2011 outbreaks with a Shiga toxin-producing, enteroaggregative
E. coli 0104:H4 in Germany [1] and France [2], substantial effort has been made in studying
this emerging pathogen. A few more historical isolates were extensively characterized in com-
parison to the more recent outbreak strains [21-23, 35, 36]. Whole genome sequencing ap-
proaches in addition to conventional typing methods, rapidly uncovered the particular
pathogenetic background of this uncommon pathogen [5-11].

Moreover, including numerous additional genome sequences obtained from independent
isolates from the German and from the French outbreak, comprehensive SNP analyses provid-
ed insight into the phylogenetic relatedness among more recent isolates from 2011 and histori-
cal strains [21, 22, 30, 31, 36]. The SNP analyses of several German 2011 outbreak isolates
clearly separated them from all historical strains and disclosed only very few differences among
them. Even though a slightly greater diversity was observed for the French outbreak strain the
degree of conservation among the genome sequences of isolates collected throughout the out-
breaks in 2011 [22, 31] was remarkable. The nearly clonal nature of the German isolates in con-
trast to the more diverse groups of isolates from the much smaller French outbreak led to the
hypothesis of a single “major source” for the German outbreak [22, 31] what is in accordance
with the conclusions drawn from epidemiological investigations [1]. Our SNP typing results
are in good agreement with those of Grad et al. [22, 31] and Guy et al. [30]. The SNP-based
tree shown in Fig 5 confirms the phylogenetic relatedness among all of the STEC 0104:H4 iso-
lates as suggested by serotyping. However, it also reveals considerable accumulation of muta-
tions during the independent evolution of strains, allowing to discriminate between isolates
belonging to the outbreak and epidemiologically obviously unrelated sporadic isolates of
this serovar.
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Besides the ten outbreak-related STEC 0104:H4 isolates, we investigated two distinct STEC
0104:H4 strains, 11-06681 and 11-07153, which were isolated in 2011 in Germany and resem-
ble the outbreak strain not only regarding the MLST and the serotype, but also with respect to
the virulence gene profile, the stx, operon-containing prophage, the expression of Shiga toxin,
the degree of cytotoxicity (Fig 3) and the aggregative adherence pattern (Fig 4). However, they
differ from the outbreak strain and from each other as well as from the historical 2001 isolate
with respect to the antibiograms (Table 1), the PFGE patterns (Fig 1) and the plasmid profiles
(Fig 2, S3 Table). Moreover, although isolated in close spatiotemporal proximity to the out-
break in 2011, according to the SNP-based phylogenetic analysis they are clearly separated
from outbreak strain isolates (Fig 5). In particular, at the two positions corresponding to
2252380 and 1568661, respectively, in TY2482, which define the clade comprising the German
outbreak isolates in the study of Grad et al. [22, 31], they differ from all of the outbreak isolates.
Moreover, none of the SNPs identified by Grad et al. [22, 31] and Guy et al. [30] in German or
French outbreak isolates is present in neither 11-06681 nor 11-07153 indicating that there is
no direct ancestry. Concluding from SNP analyses, the two German sporadic STEC O104:H4
isolates from 2011 are closely related to each other and in terms of phylogeny less distant to the
two historical Georgian isolates described by Ahmed et al. [21] than to the historical German
isolate from 2001 or to the two historical isolates from France (Fig 5). Moreover, the two spo-
radic German STEC 0104:H4 isolates from 2011 fall into one clade with more recent isolates
obtained from sporadic cases in France in 2011 and 2012, respectively (Fig 5).

It is interesting to note, that despite beeing phylogenetically closely related (Fig 5, S4 Table)
the two German sporadic STEC O104:H4 isolates considerably differ from each other with re-
spect to their plasmid content. Strains 11-06681 and 11-07153 both do contain a plasmid,
identical in size to the EAEC-type adherence-encoding plasmid in the epidemic STEC O104:
H4 strain (Fig 2). Most likely, these plasmids are genetically identical or very similar, since the
entire DNA sequence of the EAEC-type adherence-encoding plasmid is also present in the ge-
nome sequences of strains 11-06681 and 11-07153 (S3 Table). However, there are several
more unknown large plasmids in strain 11-07153 and 11-06681 (Fig 2).

Grad et al. [23] concluded from their comprehensive genome comparison analyses that
there were two lineages among STEC O104:H4 strains, one comprising the two French histori-
cal isolates from 2004 and 2009 and another comprising the 2011 epidemic strain and several
French sporadic isolates from 2011 and 2012. These two lineages separated before indepen-
dently acquiring distinct gyrA mutations resulting in resistance to nalidixic acid [23]. In agree-
ment with this conclusion and the SNP-based tree shown in Fig 5, our two German sporadic
isolates belong to the lineage comprising the 2011 epidemic strain and the 2011-2012 French
sporadic isolates in sharing their GyrA S83A genotype, whereas the German isolate from 2001
shares the GyrA S83L genotype with the French historical isolates. Overall, for the two German
sporadic STEC O104:H4 isolates under investigation, the analysis of their whole genome se-
quences confirms the conclusions drawn from conventional epidemiological subtyping. More-
over, the results do not support a direct derivation of these isolates from the outbreak strain.

The STEC 0104:H4 strain Ec11-9450 isolated in October 2011 by Jourdan-da Silva et al.
from a French tourist who developed HUS after returning from Turkey revealed a virulence
gene profile closely resembling that of the 2011 outbreak strain but the PFGE pattern was
slightly different [37]. Moreover, the antibiogram of this strain is similar to that of the 2011
outbreak strain except for the absence of an extended-spectrum betalactamase phenotype, thus
resembling the antibiogram of the German sporadic isolate 11-06681 (Table 1). Strain Ec11-
9450 was sequenced by Grad et al. and was also found closely related but distinct and not de-
rived from the 2011 outbreak strain [23]. Our SNP-analysis revealed close similarity of the two
German sporadic isolates 11-07153 and 11-06681 with Ec11-9450 (Fig 5). In the light of the
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report of Jourdan-da Silva et al. with respect to the Turkish origin of their STEC O104:H4 iso-
late it is worth mentioning, that the two German sporadic STEC O104:H4 strains 11-06681
and 11-07153 (Table 1) were isolated from patients with a travel history to Turkey [38]. How-
ever, it is not completely without doubt whether the German patients were infected in Turkey
because the onset of symptoms or date of isolation, respectively, was only late after returning
from Turkey (11 and 18 days, respectively) in contrast to the French traveler, where there is
strong epidemiological evidence that this infection was contracted in Turkey [37].

In conclusion, we here describe two additional EHEC/EAEC strains of the serovar O104:H4
which share virulence determinants with the 2011 outbreak strain and with several other spo-
radic STEC O104:H4 isolates but are epidemiologically unrelated. The results of our investiga-
tion of STEC O104:H4 strains add to the knowledge about this emerging pathogen, concerning
a certain diversity within the bacterial core genome as well as loss and gain of accessory ele-
ments such as plasmids. Our results do also support the view that distinct new variants of
STEC 0104:H4 might repeatedly originate from a yet unknown reservoir, rather than that
there would be a continuous diversification of a single strain established and circulating in
Germany after the large outbreak in 2011 [38, 39, 40].
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