
Shiga toxin–producing Escherichia coli (STEC) is a 
group of enteric pathogens that cause foodborne 

disease ranging from uncomplicated diarrhea to 
hemorrhagic colitis (HC) or hemolytic uremic syn-
drome (HUS) (1). The most serious complication of 
STEC infection is HUS, which can be fatal.

STEC strains produce Shiga toxins (Stx), a family 
composed of 2 main types of cytotoxins: Stx1 and Stx2 
(2). Stx1 is classified into subtypes a, c, and d; Stx2 
is classified into subtypes a–k (3–6). Lysogenic bacte-
riophages harbor the genes for different types of Stx;  

infected bacteria then produce the protein (7). Al-
though the production of Stx plays a central role in 
the pathogenesis of STEC-associated illness, the de-
velopment of HC and HUS requires an efficient host 
colonization by the infecting STEC. Many HUS-asso-
ciated STEC strains possess a chromosomal patho-
genicity island, defined as the locus of enterocyte 
effacement (LEE), which is associated with the attach-
ing and effacing lesions (8) described in enteropatho-
genic E. coli (9), or possess the genetic machinery con-
ferring the enteroaggregative pattern of adhesion to 
the enterocyte described in enteroaggregative E. coli 
(10,11). Other STEC strains harbor colonization fac-
tors of enterotoxigenic E. coli (12,13) and genes encod-
ing virulence features associated with extraintestinal 
pathogenic E. coli (ExPEC) (14,15). The ExPEC-asso-
ciated virulence genes code for aerobactin (encoded 
by iucC), salmochelin (iroN), serum resistance protein 
(iss), a putative secretion system I (etsABC), omptin 
(ompT), hemolysin (hlyF), and bacteriocins (cia and 
cva) (14,15).

STEC strains belonging to the O157, O26, O103, 
O111, and O145 serogroups are considered criti-
cal public health concerns. Nevertheless, since 2015, 
other STEC serogroups have been increasingly asso-
ciated with HUS and other infections in humans (16). 
Among these, O80 is emerging in Europe (17–21); 
since 2015, it has become a predominant serogroup 
associated with HUS in children in France (22). In ad-
dition to the typical clinical features of a STEC infec-
tion, bacteremia can develop in patients with STEC 
O80 (19,23).

Virulence genes increase the pathogenicity of 
STEC strains. For example, the strains associated with 
HUS are characterized by specific subtypes of the stx2 
gene, mainly stx2a, stx2c, and stx2d (24). In 2020, ex-
perts proposed a new approach to categorizing STEC  
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Shiga toxin–producing Escherichia coli (STEC) O80:H2 
has emerged in Europe as a cause of hemolytic uremic 
syndrome associated with bacteremia. STEC O80:H2 
harbors the mosaic plasmid pR444_A, which combines 
several virulence genes, including hlyF and antimicrobial 
resistance genes. pR444_A is found in some extraintesti-
nal pathogenic E. coli (ExPEC) strains. We identified and 
characterized 53 STEC strains with ExPEC-associated 
virulence genes isolated in Italy and the Netherlands 
during 2000–2019. The isolates belong to 2 major pop-
ulations: 1 belongs to sequence type 301 and harbors 
diverse stx2 subtypes, the intimin variant eae-ξ, and 
pO157-like and pR444_A plasmids; 1 consists of strains 
belonging to various sequence types, some of which lack 
the pO157 plasmid, the locus of enterocyte effacement, 
and the antimicrobial resistance–encoding region. Our 
results showed that STEC strains harboring ExPEC-as-
sociated virulence genes can include multiple serotypes 
and that the pR444_A plasmid can be acquired and mo-
bilized by STEC strains.
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infections on the basis of virulence genes (24). STEC 
O80 strains possess virulence genes carried by mo-
bile genetic elements associated with intestinal and 
extraintestinal pathogenic E. coli (14). Such strains 
harbor the LEE locus, the stx2 gene, and a plasmid 
resembling the pO157 first described in STEC O157 
serogroup carrying virulence genes including the 
enterohemolysin encoding gene (ehxA) (25,26). In ad-
dition, these strains often possess a peculiar mosaic 
plasmid called pR444_A. This pS88-like plasmid was 
first described in a STEC O80 strain isolated from 
a HUS patient with bacteremia in France (14). The 
pR444_A plasmid combines virulence genes of Ex-
PEC strain S88, including the hlyF, iro(BCDEN), iss, 
and ompT genes, with multiple antimicrobial resis-
tance (AMR) determinants (14,27–31). The hlyF gene 
is associated with an increased production of outer 
membrane vesicles, possibly contributing to the re-
lease of cytolethal distending toxin and other chemi-
cals involved in ExPEC pathogenesis (32).

Little data exist on the circulation of STEC 
strains harboring ExPEC-associated virulence traits. 
Infections from such pathogens rarely have been 
described outside France, except for 1 report about 
severe HUS caused by an O80:H2 strain in the Neth-
erlands (18). We characterized the genomes of STEC 
strains with ExPEC-associated virulence traits iso-
lated from infected patients and contaminated food 
in Italy and the Netherlands. We accessed these 
genomes through the Istituto Superiore di Sanità 
(Rome, Italy) and the National Institute for Public 
Health and the Environment (Bilthoven, the Neth-
erlands). To infer population structure, we con-
ducted a phylogenetic comparison of an additional 
50 genomes of STEC strains with ExPEC-associated 
features from GenBank and RefSeq (https://www.
ncbi.nlm.nih.gov/RefSeq).

Material and Methods

Bacterial Strains
For this study, we used STEC strains from the cul-
ture collections at the Istituto Superiore di Sanità and 
the National Institute for Public Health and the Envi-
ronment. We investigated 500 STEC strains isolated 
in Italy during 2000–2019 by the National Reference 
Laboratory for E. coli as part of the national surveil-
lance program for HUS and samples isolated from 
animal and food products in the framework of the of-
ficial control activity. We also investigated 884 STEC 
strains isolated in the Netherlands from clinical sam-
ples collected during 2017–2019 as part of the surveil-
lance for human STEC infections in the Netherlands.

Whole-Genome Sequencing
We extracted the total DNA of the STEC strains 
from Italy from 2 mL of overnight culture of each 
strain grown in TSB at 37°C with the E.Z.N.A. Bac-
terial DNA kit (Omega Bio-tek, Inc., https://www.
omegabiotek.com). We prepared sequencing libraries 
of ≈400 bp from 100 ng of total DNA using the NEB-
Next Fast DNA Fragmentation & Library Prep Set for 
Ion Torrent (New England BioLabs, https://www.
neb.com). We amplified and enriched the librar-
ies through emulsion PCR using the Ion OneTouch 
2 System (Thermo Fisher Scientific, https://www.
thermofisher.com) and sequenced on an Ion Torrent 
S5 platform (Thermo Fisher Scientific, https://www.
thermofisher.com) using the ION 520/530 KIT-OT2 
(Thermo Fisher Scientific) according to the manufac-
turer’s instructions for 400 bp DNA libraries on ION 
530 chips.

We generated cell pellets of the STEC strains 
from the Netherlands using 1.8 mL of overnight 
culture of each strain grown in brain heart infusion 
broth (Thermo Fisher Scientific) at 37°C. We resus-
pended the pellets in DNA/RNA Shield (Zymo Re-
search, https://www.zymoresearch.com) and sent 
them to BaseClear (https://www.baseclear.com) 
for DNA isolation and whole-genome sequenc-
ing. The BaseClear service generated paired-end 
2 × 150 bp short-reads using a Nextera XT library 
preparation (Illumina, Inc., https://www.illumina.
com) and sequenced the libraries on the HiSeq 2500 
or NovaSeq 6000 systems (Illumina, Inc.). All the 
genomic sequences are available at the European 
Nucleotide Archive at the European Molecular Bi-
ology Laboratory (accession nos. PRJEB38068 and 
PRJEB38651).

Bioinformatic Analysis
We conducted the bioinformatic analyses for the 
characterization of the genomes using the tools on 
the Galaxy public server ARIES (Istituto Superiore 
di Sanità, https://www.iss.it/site/aries) (A. Knijn, 
unpub. data, https://www.biorxiv.org/content/
10.1101/2020.05.14.095901v1). We assembled the 
single-end reads from the Ion Torrent S5 platform 
using SPADES version 3.12.0 with default parame-
ters (33) and filtered with the Filter SPAdes repeats 
tool (https://github.com/phac-nml/galaxy_tools) 
with default parameters to remove the contigs that 
were repeated or <1,000 bases. We trimmed the 
paired-end reads, filtered them with the Extended 
Randomized Numerical alignEr–filter (34), and as-
sembled them de novo by using SPAdes version 
3.10.0 (33).
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Basic Characterization of STEC Strains
We conducted multilocus sequence typing by using 
the MentaLiST tool version 0.2.3 (35), applying the 
scheme developed by Wirth et al. (36). We determined 
the virulence gene content of the STEC genomes and 
then identified the intimin gene (eae) subtype with the 
Patho_typing tool (https://github.com/B-UMMI/
patho_typing) developed by the INNUENDO project 
(37) using the E. coli virulence genes database (38). We 
analyzed the assembled contigs with BLAST (http://
blast.ncbi.nlm.nih.gov/Blast.cgi) and the blastn algo-
rithm version 2.7.1. We determined the serotype by 
aligning the contigs with the reference sequences for 
the O and H antigen genes (39). We also used BLAST to 
identify the Stx subtype with the Statens Serum Insti-
tut Shiga toxin subtypes database (https://bitbucket.
org/genomicepidemiology/virulencefinder_db/src/
master/stx.fsa). We conducted phylogrouping using a 
blastn search of the specific genes (40) on the contigs.

Characterization of STEC Strains Harboring  
ExPEC Virulence Genes
We used the hlyF gene as a putative marker for the 
pR444_A plasmid (14). We searched the assembled 
genomes for the hlyF gene (RefSeq accession no. 
NC_011980.1). We screened the hlyF-positive strains 
for antimicrobial and virulence genes associated with 
pR444_A using the ABRicate tool (https://github.
com/tseemann/abricate).

We used PCR to confirm the presence of the hlyF 
gene in the strains from Italy, as described by Dis-
sanayake et al. (41). We also investigated the presence 
of the pR444_A plasmid using the BRIG tool version 
0.95 (http://brig.sourceforge.net) by aligning the 
contigs on the reference sequence from pR444_A (Ref-
Seq accession no. NZ_QBDM01000004.1). In addition, 
we conducted the conjugation experiment among 
donor ED1284 and recipient CSH26Nal strains. We 
used streptomycin (10 µg/mL) as a selective agent for 
the pR444_A plasmid and nalidixic acid (10 µg/mL) 
for the recipient strain. We confirmed the colonies to 
be transconjugants with PCR selective for the hlyF, 
traT, iroN, cvaC, iss, and ompT genes. We also plated 
the colonies on Müller-Hinton agar plates contain-
ing trimethoprim (2 µg/mL), MacConkey plates to 
differentiate donor (lac+) and recipient (lac–) strains, 
and LB plates containing ampicillin (100 µg/mL), ka-
namycin (40 µg/mL), tetracycline (100 µg/mL), or 
sulfonamide (100 µg/mL).

Cluster Analysis
To identify additional STEC strains with ExPEC- 
associated virulence features, we conducted a blastn 

search in GenBank and RefSeq for genomes positive 
for either stx (using the stx-subtypes sequence data-
base) or hlyF (accession no. NC_011980.1) genes. We 
included these genomes in a cluster analysis along 
with the hlyF-positive STEC genomes produced in the 
current study. We carried out the analysis with core 
genome multilocus sequence typing (cgMLST) using 
the chewBBACA tool and the scheme developed by 
the INNUENDO project, which comprises 2,360 loci 
in total (37,42).

We considered the pairwise comparison to be 
reliable when >80% of loci were assigned to an al-
lele. We calculated the distances between strains by 
pairwise comparison of the allelic profiles using the 
chewTree tool available on ARIES webserver (A. 
Knijn, unpub. data, https://www.biorxiv.org/co
ntent/10.1101/2020.05.14.095901v1). For each pair 
of samples, we excluded the alleles not found, only 
partially found, or not correctly assigned to any lo-
cus. We visualized the resulting dendrogram with 
FigTree version 1.4.4 (https://github.com/ram-
baut/figtree/releases).

Results

Circulating STEC Strains with ExPEC-Associated  
Virulence Genes 
The analyzed sequences had an average coverage of 
118× and the assembled contigs an N50 average of 
94,346 bp (Appendix 1 Table 1, https://wwwnc.cdc.
gov/EID/article/27/3/20-3110-App1.pdf). Screen-
ing for the hlyF gene suggested the presence of the 
pR444_A plasmid in 53 (3.8%) of 1,384 STEC genomes 
(Appendix 1 Table 2). Of the 53 hlyF-positive strains, 
30 had been isolated in Italy, mostly from patients 
with HUS or severe HC. Two were from food prod-
ucts of bovine origin in Italy (Appendix 1 Table 2). 
The remaining 23 STEC strains had been isolated 
from patients in the Netherlands, some of whom had 
diarrhea or bloody diarrhea and some of whom were 
hospitalized (Appendix 1 Table 2).

Genomic Characterization of hlyF-Positive  
STEC Strains
The genomic analysis revealed that the 53 hlyF-posi-
tive STEC strains belonged to 10 different serotypes; 
O80:H2 was the most common (Appendix 1 Table 2). 
Most of the strains harbored the genes encoding the 
flagellar antigen H2, including 33 O80:H2 strains, 3 
O186:H2 strains, and 4 O45:H2 strains (Appendix 1 
Table 2). Two hlyF-positive STEC strains belonged to 
serotype O26:H11, one of the most common causes of 
HUS in Italy (43).
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In silico MLST showed that ST301 was the most 
abundant sequence type (ST) (41/53; 77.4%) (Ap-
pendix 1 Table 2). Strains of 4 different serotypes be-
longed to ST301: 33 O80:H2 strains, 4 O45:H2 strains, 
3 O186:H2 strains, and 1 O55:H9 strain. Two STEC 
O26:H11 strains belonged to ST21; the 10 remaining 
strains belonged to 6 other STs (Appendix 1 Table 
2). All the strains belonged to the B1 phylogroup, ex-
cept for 1 strain belonging to the B2 phylogroup and 
3 strains whose phylogroup could not be identified 
(Appendix 1 Table 2).

In total, 49 strains tested positive for the stx2 gene 
and 4 for stx1 (Appendix 1 Table 2). The stx2 gene sub-
typing revealed stx2a, stx2b, stx2d, stx2e, and stx2f  sub-
types: stx2a was the most common. All stx1 genes were 
stx1a (Appendix 1 Table 2).

The 41 ST301 and 2 O26:H11 ST21 strains also 
harbored genes such as ehxA that are commonly 
found on pO157-like plasmids. In addition, they also 
tested positive for the intimin-coding eae gene, which 
indicates the presence of the LEE locus (Appendix 1 
Table 2). All 41 ST301 genomes, regardless of sero-
type, carried the rare eae-ξ variant (Appendix 1 Ta-
ble 2). The remaining 10 hlyF-positive strains tested 

negative for pO157-like plasmid genes and the LEE 
locus, except for strain NL1701358, which had the 
LEE locus with the eae-λ3 variant. The NL1700566, 
NL1701474, NL1800025, and NL1800037 strains also 
carried the hlyA gene (data not shown), which en-
codes α-hemolysin (HlyA), a pore-forming toxin 
found in ExPEC strains that cause urinary tract infec-
tion (44,45).

 In addition to hlyF, the pR444_A plasmid also 
contains other virulence-associated genes such as 
ompT, iss, the iroBCDEN gene cluster, and a gene cas-
sette that encodes determinants of AMR (14). The 
hlyF- positive STEC strains identified in this study 
carried many of these virulence determinants (Ap-
pendix 1 Table 2), suggesting the presence of a similar 
plasmid. Most hlyF-positive strains also had an AMR-
encoding region (Appendix 1 Table 3). The align-
ment of the contigs on the pR444_A sequence further 
confirmed the presence of pR444_A–like plasmids 
in most hlyF-positive strains, regardless of country 
of isolation (Figures 1, 2). In most strains, we could 
not identify the regions of the pR444_A plasmid that 
harbor the iucABCD and etsABC genes. We conducted 
conjugation experiments to confirm the presence of 
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Figure 1. Whole-genome comparison of pR444_A–like plasmids in Shiga toxin–producing Escherichia coli strains harboring 
extraintestinal pathogenic E. coli (ExPEC)–associated virulence genes, Italy, 2000–2019. The pR444_A plasmid from RDEx444 
strain was used as reference for alignment and gene annotation. Genomic annotation was performed by using the Prokka tool 1.14.5 
(https://github.com/tseemann/prokka) and a multi-fasta file of trusted proteins related to ExPEC-associated genes on pR444_A. The 
comparative analysis also included the pS88 plasmid (GenBank accession no. CU928146.1) commonly found in ExPEC strains. 
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a transferable pR444_A–like plasmid in the O26:H11 
strain ED1284. After the mating, we observed that the 
hlyF, iroN, cvaC, iss, traT, and ompT genes were suc-
cessfully transferred to the recipient K12 strain along 
with the cassette conferring resistance to streptomy-
cin, ampicillin, sulfonamide, and trimethoprim.

Phylogenetic Analysis of STEC Strains with  
ExPEC-Associated Virulence Genes
We conducted a whole-genome comparison; we in-
cluded the STEC O80:H2 strain RDEx444 isolated in 
France (14) as reference strain, and 2 hlyF-negative 
STEC O80:H2 strains, ED0867 and ED1301, which 
were isolated in Italy, for comparative purposes. To 
more broadly analyze the population structure, we 
also included 50 hlyF-positive STEC strains retrieved 
from GenBank and RefSeq (Appendix 1 Tables 4, 5). 
Then, we computed the number of allelic differences 
between strains (Appendix 2 Table, https://wwwnc.
cdc.gov/EID/article/27/3/20-3110-App2.xlsx).

The results of the cluster analysis clearly distin-
guished the strains belonging to ST301 (Figure 3). The 
strains belonging to serotype O80:H2 were related, 

showing a range of 2–210 allelic differences (Appen-
dix 2 Table). The strains harboring the stx2d subtype, 
regardless of country origin, also were related (Fig-
ure 3). The branch containing the ST301 strains was 
divided into subclades corresponding to serotype 
(Figure 3). Among the ST301 strains, the O55:H9 
EF0475 and O45:H2 strains were located close to the 
O80:H2 population, with a range of 58–219 allelic dif-
ferences (Appendix 2 Table). The remaining genomes 
displayed >1,400 allelic differences from the ST301 
strains (Appendix 2 Table).

Discussion
E. coli bacteria continually acquire and lose genom-
ic information carried by mobile genetic elements 
through horizontal gene transfer. This process con-
tributes to the emergence of pathogenic E. coli vari-
ants. Horizontal gene transfer also can occur between 
pathogenic E. coli variants, producing hybrid patho-
genic strains. Some STEC hybrid strains are highly 
virulent, such as enteroaggregative STEC serotype 
O104:H4, which caused one of the most severe STEC 
outbreaks ever reported (46).
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Figure 2. Whole-genome comparison of pR444_A–like plasmids in Shiga toxin–producing Escherichia coli strains harboring 
extraintestinal pathogenic E. coli (ExPEC)–associated virulence genes, the Netherlands, 2017–2019. The pR444_A plasmid 
from the RDEx444 strain was used as reference for alignment and gene annotation. Genomic annotation was performed with the 
Prokka tool 1.14.5 (https://github.com/tseemann/prokka) and a multi-fasta file of trusted proteins related to ExPEC-associated 
genes on pR444_A. The comparative analysis also included the pS88 plasmid (accession no. CU928146.1) commonly found in 
ExPEC strains. 
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Extraintestinal STEC serotype O80:H2 is a serious 
threat to public health. This hybrid clone was described 
in France in 2005 (19). Since then, extraintestinal STEC 
O80 strains have caused cases of severe HUS associated 
with bacteremia (19,22,23). In 2017, an O80:H2 strain 
caused a severe case of HUS with multiorgan failure in 
the Netherlands (18). Other cases of STEC O80:H2 infec-
tion have occurred in Switzerland and Belgium (20,21).

In this study, we demonstrated that genetic fea-
tures associated with STEC and ExPEC strains are not 
restricted to the O80:H2 serotype. The STEC strains 
presenting ExPEC-associated virulence genes investi-
gated in this study belonged to 10 different serotypes, 
with a high prevalence of O80:H2. We also identi-
fied 5 additional serotypes from the genomes avail-
able in GenBank and RefSeq. Most of the strains in 
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Figure 3. Cluster analysis by core genome multilocus sequence typing of Shiga toxin–producing Escherichia coli strains harboring 
extraintestinal pathogenic E. coli–associated virulence genes. The analysis also included the RDEx444 strain from France; 2 Shiga 
toxin–producing E. coli O80:H2 strains negative for the pR444_A plasmid (i.e., ED0867 and ED1301); and the set of 50 E. coli 
genomes positive either for stx or hlyF genes, downloaded from GenBank or RefSeq (www.ncbi.nlm.nih.gov/RefSeq). Each entry on 
the phylogenetic tree indicates the strain name, corresponding serotype, and sequence type. Colors indicates serotype and sequence 
type. Scale bar indicates the number of allelic differences.
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this study, regardless of serogroup, were of ST301; 
had the flagellar antigen H2; and harbored the stx2, 
eae-ξ, and ehxA genes (Appendix 1 Table 2). This ge-
netic homogeneity seems to extend beyond the pres-
ence of these genes; cgMLST showed that the ST301 
genomes were related. The ST301 strains formed 
subclades corresponding to serotype and stx subtype 
(Figure 3). The stx2d–positive RDEx444 strain isolated 
in France in 2016 clustered with strains of the same stx 
subtype isolated in Italy and the Netherlands during 
2016–2019, and in Belgium and Switzerland during 
2015–2019, suggesting a spatiotemporal persistence 
of this clade in the last decade.

The phylogenetic analysis highlighted that the 
O80:H2, O45:H2, and O55:H9 genomes were close-
ly related (Appendix 2 Table). These genomes also 
shared a clade with the 2 STEC O80:H2 strains that 
tested negative for pR444_A. This finding suggests 
that the pR444_A plasmid was acquired before these 
different serotypes diverged from a common ances-
tor of ST301. It is also possible that this plasmid was 
acquired in multiple events during the evolution of 
these serotypes; however, the presence of the rare 
eae-ξ gene in all these serotypes suggests that the plas-
mid was probably acquired in a single event.

The genomic analysis also revealed that the hlyF-
positive STEC O26:H11 strains were distantly related 
to the other hlyF-positive STEC ST301 strains (Figure 
3). These isolates resembled typical STEC O26:H11 
strains because they possessed the eae-β1 variant (Ap-
pendix 1 Table 2) and a pO157-like plasmid harboring 
the katP gene (not shown), which is not found on the 
pO157-like plasmid found in ST301 strains (14). STEC 
O26:H11 strain ED1284 successfully transferred the 
pR444_A plasmid through conjugation, indicating 
that STEC O26:H11 can acquire and maintain an addi-
tional large virulence plasmid conferring supplemen-
tary pathogenic potential while retaining the ability 
to spread this mobile genetic element to other E. coli. 
In Italy, we observed some HUS patients with STEC 
O80:H2 and enteropathogenic E. coli O26:H11 coin-
fection (S. Morabito, G. Scavia, unpub. data). Other 
O80:H2–O26:H11 coinfections were described during 
an outbreak linked to unpasteurized cheese (47), pos-
sibly explaining the presence of the pR444_A plasmid 
in STEC O26 strains.

In this study, 2 strains from Italy (Appendix 1 Ta-
ble 2) and 1 strain from the GenBank and RefSeq data-
bases were isolated from food products of bovine ori-
gin, suggesting the potential for zoonotic transmission. 
Since 1987, several studies have reported the isolation 
of STEC and atypical enteropathogenic E. coli with 
ExPEC-associated virulence genes from cattle (21,48). 

On the other hand, human infections caused by similar 
strains have been described only since 2008, mainly in 
the form of rare and mild disease (21). We showed that 
since 2001, STEC strains with ExPEC-associated viru-
lence genes, especially those belonging to ST301, have 
caused many severe diseases including HUS, HC, and 
HC associated with severe diarrhea (Appendix 1 Table 
2); these findings reinforce the high pathogenic poten-
tial of such hybrid strains.

Of the 53 hlyF-positive strains analyzed in this 
study, 4 also tested positive for the hlyA gene, which 
encodes an α-hemolysin typically produced by ExPEC 
strains that cause urinary tract infection (44,45). Such 
strains formed a distinct population of STEC strains; 
these strains lacked the pO157-like plasmid and the 
LEE locus and harbored a pR444_A plasmid without 
the AMR-encoding region (Figure 2; Appendix 1 Table 
3). Accordingly, all their genomes grouped together in 
the cgMLST analysis and far from the bigger group of 
the ST301 strains (Figure 3; Appendix 2 Table).

In conclusion, STEC strains with ExPEC-associ-
ated virulence genes have circulated in Europe and 
caused human severe infections since 2001 or earlier. 
Moreover, we showed that this group of pathogen-
ic E. coli includes multiple serotypes and sequence 
types. We propose that these strains belong to >2 
different lineages that might have emerged after the 
dissemination of the ExPEC plasmid pR444_A into a 
heterogeneous population of STEC strains.
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