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GENERAL INTRODUCTION 

Escherichia coli (E. coli) 

Escherichia coli is a facultative anaerobic, gram-negative rod that lives in the intestinal tract of 

human and animals. E. coli was first described by the German-Austrian pediatrician Theodor 

Escherich in 1885, as Bacterium coli commune, which he isolated from the feces of new-born (1). E. 

coli typically colonizes the gastrointestinal tract of human infants within a few hours after birth. The 

bacterium is ingested with foods or water or obtained directly from other individuals handling the 

infant and can adhere to the mucus overlying the large intestine (2, 3). 

The relationship between E. coli and the host can be defined as commensalism, as the 

normal E. coli microbiota provides some benefits to its host by preventing colonization of other 

pathogens through the production of bacteriocins and several other mechanisms (4). However,  in 

specific situations, for example, when E. coli colonizes other organs and tissues, or when the host 

immune system has been suppressed by drug treatment or by other illnesses, E. coli can become an 

opportunistic pathogen and cause infection. Highly-adapted E. coli strains are capable of causing a 

variety of different intestinal and extraintestinal, sometimes life-threatening diseases with diarrhea 

and urinary tract infection being the most common ones (3). Recent genome analyses indicated that 

acquisition and loss of genes has contributed to the emergence of pathogroups in E. coli (5, 6). 

 

Diarrheagenic E. coli 

The most common group of pathogenic E. coli is the group of Diarrheagenic E. coli (DEC) referring to 

the strains that can cause diarrhea or other gastrointestinal diseases. Based on their specific 

virulence factors and phenotypic traits they can be divided into six main categories (3) (Table1). 

 

Shiga toxin-producing E. coli (STEC) 

Overview 

STEC refers to those strains of E. coli that produce at least one member of a potent cytotoxin family 

called Shiga toxin (Stx). STEC is one of the major food-borne pathogens associated with outbreaks 

and sporadic cases of diarrhea and severe diseases, including hemorrhagic colitis (HC) and hemolytic 

uremic syndrome (HUS) in human (7, 16). Enterohemorrhagic E. coli (EHEC), a subpopulation of STEC, 

can cause bloody diarrhea and some even hemolytic uremic syndrome (HUS) and these are known as 

HUS-associated E. coli or HUSEC (17). Karmali and colleagues first identified STEC as the infectious 

agent responsible for HUS after correlating E. coli infection in patients with diarrhea and HUS with 

the presence of the toxin (16, 18). Treatment of STEC infection is mainly restricted to supportive care 

http://www.sciencedirect.com/science/article/pii/S0022347672804451
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including balancing fluid level and electrolytes, and monitoring the possible development of 

microangiopathic complications, such as HUS (19). Antibiotic therapy is considered to be not 

beneficial as several antibiotics have been observed to induce the expression and release of Stx (20, 

21). 

 

Epidemiology of STEC infection 

STEC emerged as human pathogens for the first time in the USA in the early 1980s during large-scale 

outbreaks of HC and HUS caused by shigatoxigenic, non-sorbitol fermenting (NSF) strains of E. coli 

O157:H7 (22-24). Ever since, strains of NSF E. coli O157:H7 have been epidemiologically, 

microbiologically and clinically important worldwide. In addition, a new lineage, a sorbitol fermenting 

(SF), non-motile O157:NM, was identified as the cause of outbreaks of HUS in Germany in 1988 (25, 

26). Currently, over 450 O:H serotypes of human and non-human origin have been detected among 

STEC (27). Besides O157, serotypes O26, O45, O103, O111, O121, and O145 have been involved in 

outbreaks and severe illness, and are considered as the “top (or big) six STEC” (28). 

Ruminants and primarily cattle are the most important natural reservoir of STEC. STEC is usually not 

pathogenic for cattle, although some serogroups can cause diarrhea in calves (29). STEC can be found 

in many other reservoirs, e.g. water, soil, meat, fruit and vegetable products that are contaminated 

with ruminants’ fecal material. Furthermore, person to person transmission is a well-documented 

phenomenon during outbreaks and is probably also a reason for a significant portion of sporadic 

cases (30). 
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      Table 1. Charateristics of six Diarrheagenic E. coli groups 

Diarrheagenic E. coli 
Groups 

Type of diarrhea Major virulence factors Other specifications Reference 

Enterotoxigenic E. 
coli (ETEC) 

Acute, self-limited, 
secretory diarrhea in 
children and in travelers 
from industrialized to 
developing countries 

Toxin: Heat-labile enterotoxin (LT), 
Heat-stable enterotoxin (ST),  
Adhesin : Fimbrae, Autotransporter EtpA 

First recognized in the 1960s (7-10) 

Enteroaggregative E. 
coli (EAEC) 

Persistent diarrhea in 
children 

Adhesin : Aggregative adherence fimbriae (AAF), 
Dispersin 
Toxin : Autotransporter protease Pic, Shigella enterotoxin 
1 (ShET1), EAEC heat-stable enterotoxin 1, Plasmid-
encoded enterotoxin (Pet) 

First described in 1987. Adhere 
to HEp-2 cells in an aggregative 
(AA) pattern 

(11, 12) 

Enteropathogenic E. 
coli (EPEC) 

Infant diarrhea in 
developing countries 

Described below in detail First strain of E. coli causing 
outbreaks of infantile diarrhea 
described in the 1940s  

(3) 

Enteroinvasive E. coli 
(EIEC) 

Dysentery, Watery 
diarrhea, Invasive 
inflammatory colitis 

Plasmid-borne type III secretion system, encoded by mxi 
and spa genes, enables the insertion of a pore containing 
IpaB and IpaC proteins into host cell membranes 

First described in 1944 (3, 13) 
 

Shiga Toxin-
producing E. coli 
(STEC) 

Diarrhea, Bloody 
diarrhea, Hemorrhagic 
colitis, Hemolytic 
uremic syndrome 

Described below in detail  

Diffusely adherent E. 
coli (DAEC) 

Diarrhea in 
immunologically naive 
or malnourished 
children 

Fimbrial and afimbrial (Afa) adhesins, collectively 
designated Afa–Dr adhesins 

Defined by a pattern of diffuse 
adherence (DA) on HeLa and 
HEp-2 cells in which the 
bacteria uniformly cover the 
entire cell surface 

(14, 15) 
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Major Virulence Factors of STEC 

Toxins 

(a) Shiga toxins (Stx) 

The most important virulence factor of STEC is the Shiga toxin (Stx). It is named after Kiyoshi Shiga, 

who first described the bacterial origin of dysentery caused by Shigella dysenteriae (34). In E. coli this 

toxin was first described in 1977 as a vero cytotoxin and named as VT because of its toxic effect to 

vero cells (kidney epithelial cells extracted from an African green monkey) in culture (18). Afterwards 

the name shiga-like toxin and eventually shiga toxin was used by several investigators around the 

world (35). 

Structure and Function of Stx 

The toxin is a multisubunit protein composed of one molecule of an A subunit StxA, (molecular 

weight 32 kDa) responsible for the toxic activity of the protein, and five molecules (each has a 

molecular weight of 7.7 kDa) of the B subunit StxB (Figure 1a) (36). The B subunit binds to 

globotriaosylceramide-3 (Gb3) (Figure 1b) (37) present on specific cells and thereby determining the 

site pathophysiology in the host. The A subunit exhibits an RNA N-glycosidase activity against the 28S 

rRNA that inhibits host protein synthesis and induces apoptosis (38, 39). In humans, Stx released by 

the bacteria binds to endothelial cells expressing Gb3, allowing its absorption into the bloodstream 

and dissemination to other organs (38). Renal glomerular endothelium expresses high levels of Gb3 

in humans, and Stx production results in acute renal failure, thrombocytopenia, and 

microangiopathic hemolytic anemia, all typical characteristics of HUS (23). 

 

 

 

 

 

 

 

Figure 1. Shiga toxin structures. a) Shiga toxin with one A 
subunit (StxA), cleaved into fragments A1 and A2, and five 
B fragments that constitute the homopentameric B 
subunit (StxB). b) A ribbon diagram of Shiga toxin, 
highlighting globotriaosylceramide (Gb3- shown in a ball 
and a stick representation) binding sites on StxB. c) An 
enlargement of StxA at the site of the furin cleavage site 
(Arg25-Met252), and showing the disulphide bond 
between Cys242 and Cys261, linking the A1 and A2 
fragments. The figure is reproduced with permission from 
the Nature publishing group (39). 

 

https://en.wikipedia.org/wiki/Kiyoshi_Shiga
https://en.wikipedia.org/wiki/Dysentery
https://en.wikipedia.org/wiki/Shigella_dysenteriae
https://en.wikipedia.org/wiki/Kidney
https://en.wikipedia.org/wiki/Epithelial
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Stx subtyping 

Stxs from E. coli are classified into two major types, Stx1 and Stx2 which share approximately 60% 

amino acid identity (40). Stx1 appears to be more homogeneous and is almost identical to Stx from S. 

dysenteriae type 1 (41). Stx2 comes in different variants that may display a few amino acid changes 

influencing the disease outcome (40, 42) (Table 2). Recently, a new nomenclature for Stx variants or 

subtypes was proposed by Scheutz et al (35) which is used in this thesis.  

 

Table 2. Features of different Stx subtypes with their classical (old) and latest (new) nomenclature 

 Latest nomenclature 
according to Scheutz et 
al., 2012 (35)  

Classical typing 
as described in 
references (42-
45) 

Disease association 

Stx1 Stx1a Stx1 Presence of Stx1 alone (without Stx2) is mostly 
associates with mild diarrhea or asymptomatic carrier Stx1c Stx1c 

Stx1d Stx1d 

Stx2 Stx2a Stx2 More often associated with HUS 

Stx2b  Stx2d Associated with diarrhea or asymptomatic carrier 

Stx2c Stx2c 
More often associated with HUS 

Stx2d Stx2dact* 

Stx2e Stx2e Associated with pig edema disease, not common in 
human 

Stx2f Stx2f Initially feral pigeons were the natural reservoir, but 
nowadays emerging in human 

Stx2g Stx2g Mostly isolated from cattle and water, not common 
in human 

*Stx2dact refers to the toxin type which has the capacity to be activated by elastase present in intestinal mucus. According 

to the nomenclature by Sheutz et al., Stx2d includes the activatable Stx2 toxins and the non activatable Stx2d are 

designated as Stx2b. 

  

 

Stx lost E. coli 

Sometimes E. coli of O157:H7/NM and other serotypes without an stx gene are excreted from the 

feces of patients with HUS or diarrhea and the strains share other virulence genes common in STEC 

and belong to the same MLST (Multilocus sequence typing) clonal complex as corresponding STEC 

serotypes. These isolates are considered as Stx lost variants which might have lost the Stx encoding 

bacteriophage during the course of infection or during culturing procedures in the laboratory (46-48). 

 

(b) CDT (cytolethal distending toxin) 

Although CDT has been associated mainly with EPEC and necrotoxigenic E. coli, it was later detected 

in the majority of STEC O157:NM strains (49). CDT is encoded by three genes, cdtA, cdtB, and cdtC, 
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which are required for its cytotoxicity and is involved in chromatin disruption, which leads to G2/M-

phase growth arrest of the target cell and ultimately cell death (50). 

 

    (c) Enteroaggregative heat-stable toxin 

Enteroaggregative heat-stable toxin (EASTI) is one of the toxins produced by the EAEC but it is also 

found in STEC strains (51), where it may  contribute to the initial phase of watery diarrhea (52). 

 

Pathogenicity islands (PAIs) 

(a) Locus of Enterocyte Effacement (LEE) 

One of the most important characteristics of STEC is the ability to produce attaching and effacing 

(A/E) lesions as does the EPEC on a variety of cell types (7, 53). These lesions are characterized by the 

intimate adherence of bacteria to the enterocyte, dissolution of the brush border at the site of 

bacterial attachment, and disruption of the cellular cytoskeleton (54). This adherence is mediated by 

the outer membrane protein intimin encoded by the eae gene, which is part of a PAI named the locus 

of enterocyte effacement (LEE) (55). The LEE of STEC comprises 43,359 bp and contains 41 genes. The 

open reading frames (ORFs) that are not present in the EPEC LEE fall within a putative prophage, 

designated 933L, that is located next to the selC locus. Besides eae, the tir gene encoding the 

translocated intimin receptor (Tir), and the cesT gene encoding the Tir chaperone are required for 

adhesion to the host cell (54, 56). LEE also contains a type three-secretion system (TTSS), necessary 

to translocate bacterial proteins towards the enterocyte (55, 57), espADB genes (EPEC secreted 

proteins) encoding translocator proteins that form a conduit through which the TTSS delivers 

effector proteins to the host cell (58). There are also non-LEE encoded effector (nle) proteins 

translocated by the TTSS, including Cif (carried on a lambdoid phage), EspI/NleA (carried by a 

prophage CP- 933P) and TccP/EspFu (carried on prophage CP-933U) (59). The proteins located on the 

LEE and the prophages are shown in Figure 2. 

(b) The High pathogenicity island (HPI) 

The HPI was first described in pathogenic Yersinia species and later found in non O157 STEC isolates. 

HPI encodes the pesticin receptor FyuA and the siderophore yersiniabactin. There is a hypothesis 

that this island can contribute to the fitness of the strains in certain ecological niches (46, 60). 

(c) Tellurite Resistance and Adherence conferring Island (TAI) 

A 35-kb PAI has been detected in STEC O157:H7 and other STEC strains including serotypes that do 

not contain the eae gene (61). This island contains a gene that encodes a novel bacterial adherence-

conferring protein similar to the iron-regulated gene A (IrgA) of Vibrio cholerae and was therefore 
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termed Iha (IrgA homologous adhesin). The tellurite resistance locus was found adjacent to the iha 

gene (46).  

Pathogenecity island O#122 

Most STEC strains contain a 23 Kb PAI termed O#122. PAI O#122 carries efa1/lifA, a 10 kb virulence 

gene that is involved with in adhesion to cultured cells and the repression of the host lymphocyte 

activation response (62). 

 

EHEC Large Plasmid 

Most of the STEC strains possess a large plasmid, 75 to 100 kb in size, encoding additional virulence 

factors. This has best been described for STEC O157:H7, carryinga 90 kb plasmid pO157 (46) 

containing several putative virulence determinants described below. 

 

 

 

 

Figure 2. Genetic organization of the STEC/EPEC LEE and STEC prophages CP-933U, CP-933K, and CP-933P. 
Different colors of genes encode proteins with different functions as mentioned in the legend. In addition, the 
effector proteins e.g., espI, espJ, nleD carried by the phages are shown. The figure is reproduced with 
permission from the American Society of Microbiology (63). 
 
 

(a) Enterohemolysin 

One of the well-known virulence genes encoded on pO157 is hly, encoding hemolysin (Ehly). Ehly is a 

member of the repeats in toxin (RTX) family of toxins and could contribute to disease through lysis of 

erythrocytes and release of hemoglobin as a potential source of iron. E. coli of serogroups O157, O26 

and O111 commonly produce Ehly and it is therefore a useful epidemiological marker for potential 

Stx-producing strains (52). 
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(b) Proteases 

EspP is a 104-kDa protein secreted by E. coli O157 and has proteolytic activity against human 

coagulation factor V which could result in a decreased coagulation reaction leading to prolonged 

bleeding (52). StcE, a zinc metalloprotease is secreted by the closely linked etp type II secretion 

system on pO157. Expression of the stcE gene is up-regulated by the regulator Ler (64).  

(c) Catalase-peroxidase 

Another pO157-encoded determinant is the KatP (catalase-peroxidase), which is produced in 

addition to the two chromosomally encoded catalases or hydroperoxidases of E. coli (65). Catalases 

are part of the bacterial defense mechanisms against oxidative stress, while the peroxidases are 

haem-binding acceptors (30). 

(d) toxB 

A homologue of the efa-1/lifA gene designated toxB is present on pO157 (66). It is important for full 

expression of adherence by affecting the production and secretion of EspA, EspB, and Tir (67). 

 

Adhesion 

The fimbrial adhesins of STEC include long polar fimbriae (Lpf) (68), SfaA (69), SfpA (70), and StcA 

(69). Recently, a type IV pilus, called the hemorrhagic coli pilus, has been identified that is involved in 

adherence and biofilm formation (5). Among other adhesins, Saa (encoded by the saa gene) (71) is 

produced by strains of certain serotypes of LEE-negative STEC (e.g., O113:H21 and O91:H21), 

including some strains that have been isolated from patients with HUS. Saa is significantly more 

associated with STEC from cattle than with those from humans and could be involved in the initial 

bacterial adherence (72). E. coli common pilus (ECP), composed of a 21-kDa pilin subunit EspA, is a 

pilus-adherence factor that is crucial for the virulence of E. coli O157 in humans.  

 

Differences in virulence factors between STEC and EPEC 

Most of the virulence factors of EPEC may also be present in STEC (Table 3) (59, 69, 73). Only 

virulence factors unique to EPEC are described below. 

 

LEE PAI 

A hallmark phenotype of EPEC is the ability to produce A/E lesions like many STEC strains (7, 53) 

caused by genes on LEE. The LEE of EPEC comprises 35,624bp and contains the same 41 genes as 

STEC. However, EPEC LEE lack the prophage 933L and sequences of genes, as e.g., espA, espB, espD, 
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eae and tir in STEC and shows a high variability of 15%, 26%, 19%, 13% and 33%, respectively 

compared to these genes in STEC (6, 55, 57). 

 

Localized adherence of EPEC and Bundle-Forming Pili 

EPEC adheres to epithelial cells in vitro in a so-called localized-adherence (LA) pattern. The principal 

factor responsible for the LA phenotype is a surface appendage known as the bundle-forming pilus 

(BFP) (encoded by the bfp gene cluster), a member of the type IV fimbria family (encoded on a ∼92-

kb IncFII plasmid named EPEC adherence factor (EAF) (74-76). EPEC isolates containing this plasmid 

are named typical EPEC (tEPEC), whereas EAF negative EPEC are referred to as atypical EPEC (aEPEC) 

(77). 

The bfp gene cluster contains 14 genes, the most important one being bfpA, which encodes the 

major structural subunit of Bfp, “bundlin” (78, 79). The transcriptional regulators Per (plasmid-

encoded regulator) up-regulates the expression of BFP.  

EspC PAI 

EPEC secretes a 110-kDa protein EspC, located on a region termed as espC PAI (80). EspC possesses 

enterotoxic activity and most likely plays an accessory role in EPEC pathogenesis, presumably as an 

enterotoxin (81). The espC island also contains a putative virulent locus ORF3 similar to VirA 

of Shigella flexneri (80). 

 

Table 3. Major virulence factors of EPEC 

Virulence factor category Virulence factor Present in EPEC Present in STEC 

Adherence BFP Yes No 
Intimin Yes Yes 
Lymphostatin/LifA Yes Yes 
Paa Yes Yes 

 Type 1 fimbrae Yes Yes 

 E. coli factor 
for adherence (Efa) 

Yes Yes 

Type III trnslocated proteins Tir,EspA,EspB,EspD,EspF-I, Map, NleA-
C, Cif 

Yes Yes 

Toxin CDT Yes Yes 

EAST Yes Yes 

Regulation Ler Yes Yes 

 Per Yes No 

Protease EspC Yes No 
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Diagnosis and Typing of STEC 

Most clinical laboratories use conventional culture methods to screen for STEC in human feces. STEC 

O157:H7 can be easily distinguished from most E. coli by their inability to ferment sorbitol. To isolate 

O157 STEC, different selective and differential medium such as sorbitol-MacConkey agar (SMAC), 

cefixime tellurite-sorbitol MacConkey agar (CT-SMAC), or CHROMagar O157 are used where the 

O157 colonies are colorless on SMAC or CT-SMAC and are mauve or pink on CHROMagar O157 (82-

84). Most other STEC serotypes ferment sorbitol and are therefore difficult to differentiate from 

other E. coli. For this, non-culture methods as Stx detection and Stx activity assays may be used (85, 

86). Recently, PCR-based methods targeting the stx1 and stx2 genes are used for diagnosis and 

confirmation of STEC infection, resulting in rapid and improved detection rates (87). Other assays 

including determination of the O group, virulence factors such as intimin and enterohemolysin, and 

differentiating among the subtypes of Stx have been developed (35, 88). For typing of STEC different 

DNA fingerprinting methods e.g., Pulsed-Field Gel Electrophoresis (PFGE), Amplified-Fragment Length 

Polymorphism (AFLP), Multiple-Locus Variable-Number Tandem-Repeats Analysis (MLVA) are used 

(89, 90). Among the sequence based typing methods, MLST is the most reliable method to determine 

genetic relatedness of epidemiologically-unrelated isolates, but has limited discriminatory power 

(91). 

The primary advantage of nonculture assays is that they can be used to detect all serotypes of STEC 

and provide results more quickly than culture. However, with nonculture based assays the organism 

is not isolated for subsequent serotyping and detailed characterization limiting the ability of 

physicians to predict the potential severity of the infection in the patient (e.g., risk for HUS) (92, 93). 

A reliable verification of STEC infections is only possible using a combination of culture, molecular, 

and serological or toxicological detection methods (94). 

 

Whole genome sequencing technology 

Now-a-days using massively parallel (or “next-generation”) DNA sequencing technologies, it is 

possible to examine the complete or nearly complete genomes of bacterial isolates within days (95). 

Indeed, the rapid advances in sequencing technology and bioinformatics tools during the last decade 

have initiated a transition from classical conservation genetics to conservation genomics (96, 97). A 

number of (online) tools are available for the successful application of WGS data (Table 4). WGS 

provides the opportunity for a step-change in diagnostic microbiological practice with (in the long 

term) little or no increase in overall costs (98). The high resolution discriminatory power of WGS 

makes it suitable for molecular typing, genetic profiling, outbreak investigation and population 
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structure analysis (99, 100). A schematic representation of the use and applications of WGS is 

presented in Figure 3. 

Sequencing the STEC Genome  

The complete genome sequence of an STEC O157 strain, isolated from a large outbreak that occurred 

in 1996 in Sakai City, Japan (referred to as O157 Sakai), and of another O157 strain (EDL933) provided 

the first opportunity to perform a direct comparison of the genomes of E. coli strains at the DNA 

sequence level (101, 102). Approximately 4.1 million base pairs of “backbone” sequences are 

conserved between the genomes, but these stretches are punctuated by hundreds of sequences 

present in one strain but not in the other (73). During the E. coli O104:H4 outbreak in Germany 

several studies indicated that bench top sequencing platforms could generate data with sufficient 

speed to have an important effect on clinical and epidemiologic problems (103). 

 

STEC-ID-net study 

A multicenter prospective study, STEC-ID-net, was performed during a 12-month period (April 2013-

March 2014) in two regions of the Netherlands; Groningen, located in the north, and Rotterdam, 

located in the south-west part of the country. Two regional MMLs (Certe, Groningen and Star-MDC, 

Rotterdam), the University Medical Center, Groningen (UMCG), the National Institute for Health and 

Environment (RIVM), and the public health services (PHSs) of Groningen, Drenthe and Rotterdam-

Rijnmond participated in the study. The study was performed to formulate evidence-based 

recommendations for optimizing diagnostics, notification and surveillance of STEC in the 

Netherlands. A total of 23,153 stool samples from patients with presumed infectious gastroenteritis 

from different parts of the Netherlands were screened using qPCR targeting the stx1/stx2 (marker for 

STEC) and escV genes (marker for EPEC) by the regional MMLs. In total 425 (1.9%) feces samples 

were positive for stx1 and/or stx2 gene using direct PCR on feces. Patients that tested positive for stx 

and/or escV, were interviewed by phone or e- mail by the PHSs (104). Eventually, 132 STEC and 976 

EPEC isolates were obtained from the study. The research described in this thesis consists of spin-off 

studies performed on the STEC and part of the EPEC isolates obtained within the STEC-ID-net study.  
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Figure 3. Overview of the approaches and applications of whole genome sequencing used in this 
thesis. The workflow described here is starting from a bacterial isolate and the duration of sequencing 
may vary from 1-2 days depending on the sequenced fragment lengths. 
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Table 4. Different WGS data analysis tools used in this study  

Name of the WGS 
analysis tool* 

Application Link / Accession 

CLC genomics 

workbench 

Sequence Assembly CLC bio A/S, Aarhus, Denmark 

ABACAS Orientation of assembled sequence http://abacas.sourceforge.net  

Mauve Multiple Genome Alignment http://gel.ahabs.wisc.edu/mauve 

Rast Genome annotation http://rast.nmpdr.org/rast.cgi?page=Jobs&logout=

1 

Virulence Finder Determination of virulence gene https://cge.cbs.dtu.dk/services/VirulenceFinder/ 

VFDB Determination of virulence gene http://www.mgc.ac.cn/VFs/main.htm 

SerotypeFinder Determination of O and H type 

encoding gene 

https://cge.cbs.dtu.dk/services/SerotypeFinder/ 

MLST finder Determination of sequence type https://cge.cbs.dtu.dk/services/MLST/ 

ResFinder Determination of antibiotic resistance 

gene 

https://cge.cbs.dtu.dk/services/ResFinder/ 

SpeciesFinder Prediction of bacterial species https://cge.cbs.dtu.dk/services/SpeciesFinder/ 

Phagege Search Tool 

(PHAST) 

Prediction of bacteriophages http://phast.wishartlab.com/ 

Blast Ring Image 

Generator (BLAST) 

Genome comparison https://sourceforge.net/projects/brig/ 

Easyfig Genome comparison http://mjsull.github.io/Easyfig/ 

Artemis comparison 

Tool (ACT) 

Genome comparison http://www.sanger.ac.uk/science/tools/artemis-

comparison-tool-act 

Seqsphere MLST+ Phylogenetic relationship Ridom GmbH, Münster, Germany 

RAxML Phylogenetic relationship https://github.com/stamatak/standard-RAxML 

Other tools  Several http://seqanswers.com/wiki/Softwarehttp://molbi

ol-tools.ca/Genomics.htm 

*Mainly the tools used in this thesis are mentioned here, but many more tools are available and can be found following the 

links mentioned in the last row. 

 

 

SCOPE OF THE THESIS 

STEC are considered as emerging food-borne pathogen worldwide. Since the large outbreak in 

Germany with a rare STEC O104:H4, the necessity for continuous epidemiological and microbiological 

surveillance and a rapid and reliable diagnosis of STEC in the Netherlands seems obvious. We 

hypothesized that a better insight into the (molecular) characteristics of STEC improves their 

diagnosis and predict their pathogenic potential. Therefore, in this thesis we established and 

implemented modern molecular assays, i.e. whole genome sequencing (WGS) for diagnosis and 

detailed characterization of STEC isolates obtained from patients in the Netherlands. We also 

hypothesized that STEC with the potential to cause severe disease outcome belong to particular 

phylogenetic groups. Furthermore, we wanted to see the evolutionary relationship of 

http://abacas.sourceforge.net/
http://gel.ahabs.wisc.edu/mauve
http://rast.nmpdr.org/rast.cgi?page=Jobs&logout=1
http://rast.nmpdr.org/rast.cgi?page=Jobs&logout=1
http://www.mgc.ac.cn/VFs/main.htm
http://www.sanger.ac.uk/science/tools/artemis-comparison-tool-act
http://www.sanger.ac.uk/science/tools/artemis-comparison-tool-act
https://github.com/stamatak/standard-RAxML
http://seqanswers.com/wiki/Software
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Enteropathogenic E. coli (EPEC) serotype O157 with the clinically well-known STEC O157 strains 

known to cause severe illness to human. 

At present it is still not possible to fully define human pathogenic STEC that may cause HUS or bloody 

diarrhea. The concept of seropathotyping proposed by Karmali et al. was not applicable for isolates 

not been fully serotyped. Therefore, a molecular approach combining serotypes as well as genes 

encoding virulence factors additional to stx genes, was proposed by European Food Safety Authority 

(EFSA) to perform a quantitative risk assessment relating the presence of virulence genes and/or 

serogroup to a particular disease outcome. This molecular approach, with a slight modification was 

used in our study described in chapter 2. In this chapter, a rapid screening algorithm including both 

molecular and conventional methods of STEC detection was applied directly to stool samples of 

patients with gastrointestinal complaints. Moreover, we tried to discriminate infections with less-

virulent STEC from those with clinical relevance and risk for public health based on the proposed 

molecular approach. 

Chapter 3 describes the overall molecular characterization and diversity of 132 STEC isolates 

obtained from two different regions of the Netherlands using high throughput (WGS). In this chapter, 

we tried to find out a potential association of certain virulence factors of STEC strains with a clinical 

picture of the patient and to observe if the isolates responsible for relatively severe disease outcome 

belong to a particular phylogenetic background. 

E. coli O104:H4 isolates very similar to the outbreak strains were isolated in the Netherlands from an 

sporadic case of HUS which is described in chapter 4. Several phenotypic and genotypic laboratory 

methods were used to distinguish virulence and antibiotic resistance properties of these isolates 

from the German 2011 O104:H4 outbreak strains. Eventually WGS was used to reveal their 

phylogenetic relationship. In Chapter 5, a comprehensive investigation was performed on the 

genomes of 23 STEC O104:H4 isolates, including previously reported outbreak- and non-outbreak-

related isolates, to get insight into their evolutionary history. It also describes the role of mobile 

genetic elements, e.g., plasmids and bacteriophages in the rapid evolution of the outbreak clone. 

STEC O157:H7 has been most often associated with more severe forms of the disease and is 

considered to be one of the major food-borne pathogens across the world. Several studies have 

shown that E. coli O157:H7 often exist in nature in a toxin negative form and therefore, if only the stx 

gene is considered for screening in the laboratory, the stx negative but eae positive isolates would be 

considered as EPEC. In chapter 6, we performed a detailed molecular and phylogenetic comparison 

of stx positive and negative E. coli O157:H7 by using WGS and we were able to prove that these stx 

negative isolates of E. coli are in fact members of the STEC O157:H7 group that either have lost the 
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stx gene or are ready to acquire the Stx converting bacteriophage. In chapter 7, virulence, antibiotic 

resistance properties and phylogenetic analysis of E. coli O157 isolates other than the H7 flagellar 

type are described. The aim of this chapter was to show that E. coli O157 groups are of diverse 

phylogenetic backgrounds that have acquired the O157 antigen biosynthesis gene cluster. We also 

showed that the presence of different mobile genetic elements in different H types have contributed 

to their virulence and antibiotic resistance properties. 
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ABSTRACT 

Shiga toxin-producing Escherichia coli (STEC) is an enteropathogen of public health concern because 

of its ability to cause serious illness and outbreaks. In this prospective study, a diagnostic screening 

algorithm to categorize STEC infections into risk groups was evaluated. The algorithm consists of 

prescreening stool specimens with real-time PCR (qPCR) for the presence of stx genes. The qPCR-

positive stool samples were cultured in enrichment broth and again screened for stx genes and 

additional virulence factors (escV, aggR, aat, bfpA) and O serogroups (O26, O103, O104, O111, O121, 

O145, O157). Also, PCR-guided culture was performed with sorbitol MacConkey agar (SMAC) and 

CHROMagar STEC medium. The presence of virulence factors and O serogroups was used for 

presumptive pathotype (PT) categorization in four PT groups. The potential risk for severe disease 

was categorized from high risk for PT group I to low risk for PT group III, whereas PT group IV consists 

of unconfirmed stx qPCR positive samples. In total, 5,022 stool samples of patients with 

gastrointestinal symptoms were included. The qPCR detected stx genes in 1.8% of samples. Extensive 

screening for virulence factors and O serogroups was performed on 73 samples. After enrichment, 

the presence of stx genes was confirmed in 65 samples (89%). By culture on selective media, STEC 

was isolated in 36% (26/73 samples). Threshold cycle (CT) values for stx genes were significantly 

lower after enrichment compared to direct qPCR (P<0.001). In total, 11 (15%), 19 (26%), 35 (48%), 

and 8 (11%) samples were categorized into PT groups I, II, III, and IV, respectively. Several virulence 

factors (stx2, stx2a, stx2f, toxB, eae, efa1, cif, espA, tccP, espP, nleA and/or nleB, tir cluster) were 

associated with PT groups I and II, while others (stx1, eaaA, mch cluster, ireA) were associated with 

PT group III. Furthermore, the number of virulence factors differed between PT groups (analysis of 

variance, P<0.0001). In conclusion, a diagnostic algorithm enables fast discrimination of STEC 

infections associated with a high to moderate risk for severe disease (PT groups I and II) from less-

virulent STEC (PT group III). 
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INTRODUCTION 

Shiga toxin-producing Escherichia coli (STEC) is a zoonotic pathogen frequently identified as causative 

agent of acute diarrheal disease in humans. The outcomes of STEC infections may range from 

asymptomatic carriage and mild diarrhea to severe disease, such as hemorrhagic colitis (HC) and 

hemolytic-uremic syndrome (HUS) (1–3). Based on pathogenic properties, a subgroup of STEC is also 

designated enterohemorrhagic E. coli (EHEC); this subgroup of stx-positive strains also contains the 

locus of enterocyte effacement (LEE) pathogenicity island (4). EHEC belongs to certain serotypes that 

are frequently associated with outbreaks and life-threatening illnesses (5). Worldwide, the most 

common EHEC serotype both in outbreaks and in sporadic cases of severe disease is E. coli O157:H7 

(4, 6, 7). Consequently, public health and regulatory responses have been focused mainly on this 

serotype. However, due to increased surveillance with tests able to target all serotypes of STEC, 

evidence is accumulating that 30% to 60% of EHEC infections are caused by non-O157 strains (8, 9). 

To aid in assessing the public health risks associated with STEC, an empirical seropathotype (SPT) 

classification of strains was proposed by Karmali et al. (5), based upon the reported frequency of 

STEC serotypes in human illness, their known association with outbreaks, and the severity of the 

outcome. Serotypes classified as SPT A (O157:H7 and O157:nonmotile [NM]) or SPT B (O26:H11/NM, 

O103:H2, O111:NM, O121:H19, and O145:NM) have been associated with outbreaks and severe 

disease; however, SPT A is more frequently reported. SPT C comprises serotypes (e.g., O91:H21, 

O113:H21, O5:NM, O104:H21, O121:NM, and O165:H25) that have been associated with sporadic 

cases of severe disease but not with outbreaks. SPT D includes STEC serotypes reported to cause 

sporadic disease that are associated with diarrhea but not severe disease. Serotypes included in SPT 

E have not been associated with human illness. 

The identification of non-O157 EHEC serotypes remains challenging because of a lack of phenotypical 

characteristics that can distinguish these strains from less-virulent STEC serotypes and other E. 

coli that share the same environment. Furthermore, of all confirmed STEC infections in the European 

Union during 2007 to 2010, more than 85% of the isolates were not fully serotyped (9). As SPT 

classification requires fully serotyped isolates, the identification of non-O157 EHEC serotypes proves 

to be a major obstacle. Also, the 2011 O104:H4 EHEC outbreak has demonstrated that the 

emergence of new virulent strains is another limitation of the SPT classification proposed by Karmali 

et al., as these strains cannot be assigned to a specific SPT group (10, 11). 

While it remains unclear which virulence factors (VF) precisely define STEC pathogenicity, the STEC 

serotypes that carry VF genes in addition to stx genes are more likely to be associated with HC and 

HUS (9, 12). These strains usually carry the LEE, a pathogenicity island (PAI) containing genes 

responsible for the characteristic attaching and effacing (A/E) lesions (4, 13). In addition, they can be 
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characterized by non-LEE-encoded effector (nle) genes, which are harbored on other PAIs in the 

bacterial chromosome (5, 14, 15), and virulence plasmids encoding EHEC-hemolysin (EHEC-hlyA) that 

are widely distributed among EHEC of different serotypes (16–18). Enteroaggregative E. coli (EAEC)-

STEC hybrid strains of serotypes other than O104:H4, such as O111:H2, O86:NM, O59:NM, and 

Orough:NM, have also been associated with sporadic cases and outbreaks of HUS and (bloody) 

diarrhea, advocating the incorporation of EAEC virulence markers for the categorization of STEC (19–

21). However, no single VF or combination of virulence factors precisely defines the potential of a 

STEC strain to cause more severe disease. While the stx subtypes stx2a and stx2c and the LEE-

positive strains are associated with a high risk of more serious illness (9, 22–24), other virulence gene 

combinations (even in E. coli strains that lack the stx genes) may also be associated with severe 

disease, including HC and HUS (12, 25–27). Furthermore, patient characteristics and infectious doses 

also determine the outcome of disease (28). 

Although the current approaches for detecting STEC in clinical microbiology laboratories still mainly 

rely on a conventional culture (e.g., sorbitol MacConkey agar [SMAC] or cefixime tellurite [CT-SMAC]) 

and to a lesser extent on Stx toxin-based assays, a trend toward PCR-based methods for the rapid 

detection of STEC (stx1 and stx2 genes) has been observed in recent years, resulting in improved 

detection rates (29, 30). Enhanced detection and reporting of STEC infections have as a drawback an 

increased workload for community health services, and the clinical and public health relevance of 

PCR findings solely based on the detection of the stx genes is unclear (31). Therefore, diagnostic 

approaches that can categorize STEC while avoiding the limitations of the SPT classification of Karmali 

et al. are needed. 

In this study, we describe a rapid screening algorithm, including both molecular and conventional 

methods, to determine the pathogenic potential of STEC. The aim is to discriminate infections with 

less-virulent STEC from those with clinical relevance and risk for public health. 

 

MATERIALS AND METHODS 

Patient specimens. 

Our laboratory serves a population of about 1 million inhabitants, including both community and 

hospitalized patients. From September 2012 through December 2012 a total of 5022 stool samples 

were prospectively screened for presence of enteric bacterial, protozoan and viral pathogens. The 

samples originated from patients (n=4714) with infectious gastroenteritis (IG) included in their 

differential diagnosis. Their mean age was 39 years (range, 0 to 101 years) and 1985 (42.1%) patients 

were males. Clinical information addressing symptoms, use of antibiotics, and travelling history were 

obtained from the request form filled out by physicians. On receipt, all stool specimens were 
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routinely examined by molecular methods (real-time PCR [qPCR]) for the presence of Campylobacter 

jejuni, Salmonella enterica, Shiga toxin-producing Escherichia coli (STEC), Shigella spp., enteroinvasive 

E. coli (EIEC), Cryptosporidium parvum, C. hominis, Dientamoeba fragilis, Giardia lamblia, and 

Entamoeba histolytica. Upon specific request of physicians, examination for the presence of 

adenovirus (EIA), rotavirus (EIA), norovirus (qPCR), and Clostridium difficile toxins A and B (EIA) was 

also performed.  

 

Design of the diagnostic algorithm and STEC risk assessment. 

The algorithm consists of qPCR for detection of the stx genes (stx1 and stx2) on stool samples, as 

described previously (30). qPCR stx-negative stool samples were regarded as STEC negative. In case 

of a stx-qPCR positive result, the stool sample was enriched in brilliant green bile (BGB) broth 

followed by DNA extraction, and multiplex qPCR for the detection of VF (stx1, stx2, stx2f, escV, aggR 

and aat genes), and O-serogroup determination (wzxO26, wzxO103, wzxO104, wbdO111, wzxO121, ihpO145 

and rfbO157). In order to obtain an isolate, qPCR positive samples were cultured directly and after 

enrichment on STEC selective media. Virulence determinants and O-serogroups were confirmed by 

qPCR on suspicious colonies (or streaks) grown on STEC selective media, and by seroagglutination. 

Attempts to obtain an isolate were made up to a maximum of 5 colonies per agar plate. A schematic 

overview of the diagnostic algorithm is presented in Figure 1. 

The risk assessment of STEC infections was performed using a molecular approach, as described 

previously (9). It delivers a scheme that describes the presumptive categorization of STEC according 

to their potential risk, using the presence of genes encoding VF additional to the presence of the stx 

genes. Categorization of stx PCR positive samples is based upon the presence of the VF escV (LEE-

positive), and/or aggR/aat (pAA-positive) and on detection of O-serogroups that are most frequently 

associated with severe human disease and outbreaks, e.g. O26, O103, O104, O111, O121, O145, and 

O157. The potential risk for diarrhea and severe disease has been categorized as pathotype (PT) 

group I (high risk for diarrhea and severe disease) to PT group III (moderate risk for diarrhea/low risk 

for severe disease), while PT group IV consists of stx PCR positive samples that are not confirmed 

after enrichment (Table 1). In case an isolate was obtained and fully serotyped, a classification of the 

STEC isolate into a seropathotype (SPT) was made as described previously (5). Stx subtyping and 

genetic characterization of cultured isolates was performed in order to confirm the validity of the 

proposed molecular-based PT approach for risk assessment of STEC infections. 
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PCR guided culture. 

For culture of STEC selective media SMAC and CHROMagar STEC (CHROMagar Microbiology, Paris, 

France) were used (24h at 35°C), directly and after enrichment in BGB broth for approximately 16h at 

35°C. Identification of STEC and/or EHEC O157- suspicious colonies (non-sorbitol fermenting colonies 

on SMAC and mauve non-fluorescent colonies on CHROMagar STEC) and STEC/EHEC non-O157 

(mauve fluorescent colonies on CHROMagar STEC) was carried out by detection of virulence genes 

and serogenotyping with qPCR, performing an indole reaction and serological typing (serogroup 

O157 only). All genotypically/biochemically identified E. coli were confirmed using the VITEK 2 

system (bioMérieux, Boxtel, The Netherlands). All culture and identification media were produced by 

Mediaproducts BV, Groningen, The Netherlands, whereas the E. coli O157 agglutination serum was 

from Oxoid, Basingstoke, Hampshire, England. Resistance profiling was performed with the VITEK 2 

system. Furthermore, of qPCR positive samples with Ct<35, five E. coli colonies cultured on SMAC 

agar were sub-cultured and sent to the National Institute for Public Health and the Environment 

(RIVM, Bilthoven, The Netherlands) for genotying (stx1, stx2, stx2f, eae, EHEC-hlyA, and O157) and 

O:H-serotyping of isolates, as part of STEC national surveillance.  

 

 

 

Figure 1 The STEC diagnostic algorithm consists of both molecular and conventional methods; when stx genes 

are detected with direct qPCR, the stool sample is enriched. DNA is isolated from the enriched broth and 

screened for the presence of stx genes and additional VF and O serogroups. VF and O serogroups are confirmed 

by qPCR on suspicious colonies grown on selective media and by seroagglutination. STEC isolates were fully 

serotyped (O:H typing) at the RIVM. 
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Table 1. Proposed molecular approach for the presumptive categorization of STEC based on 

enriched BGB PCR results 

NA; not applicable 
a
 escV gene, marker for presence of the LEE PAI; aggR/aat genes, markers for the presence of the pAA plasmid 

carried by EAEC; NA, not applicable.  

 

 

Molecular assays 

(i) Specimen preparation and DNA extraction 

Specimen preparation followed by DNA extraction using the automated NucliSens easyMAG 

(bioMérieux, Boxtel, The Netherlands) according to the manufacturer’s instructions was performed 

as previously described (30). Briefly, for DNA extraction from stool, 100 µl fecal suspension and 50 µl 

of enriched selenite broth was used as input. For DNA extraction from enriched BGB broth, 100 µl 

was used as input. In addition, approximately 6000 copies of the Phocine herpes virus 1 (PhHV), 

which served as an internal control (IC), were co-purified. DNA was eluted in 110 μl of elution buffer. 

For confirmation of suspicious colonies by qPCR, DNA from isolates was extracted by heat lysis for 10 

min at 95°C in NucliSens easyMAG elution buffer. For genetic characterization by microarray, the 

DNA extraction was performed using a DNeasy blood and tissue kit (QIAGEN, GmbH Germany) from 

the overnight culture of the pure isolates according to the manufacturer’s instructions. 

(ii) Real-time PCR 

Real-time amplification was carried out on an AB 7500 sequence detection system (Applied 

Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) as described previously (30). Each 25 µl 

reaction consisted of 5 µl template DNA, 1x TaqMan Universal PCR Master Mix, and 2.5 µg bovine 

serum albumin (Roche Diagnostics Netherlands B.V., Almere, The Netherlands). The primers and 

probes used for detection of virulence determinants and O-serogroup specific gene targets are listed 

PT 
group 

Direct 
PCR 

stx genes 
present 

Enriched 
BGB PCR 
stx genes 
present 

Additional genes
a
 Serogroups 

Potential risk 

Diarrhea HUS/HC 

I Yes Yes 
escV-positive or 
aggR and/or aat 

positive 

O26, O103, O104, 
O111, O121, O145, 

O157 
High High 

II Yes Yes 
escV-positive or 
aggR and/or aat 

positive 
Any other serogroup High Moderate 

III Yes Yes 
escV negative 

and aggR and/or aa
t negative 

Any serogroup Moderate Low 

IV Yes No NA NA NA NA 
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in the supplementary table S1. Reactions were run under the following conditions: 50°C for 2 min, 

95°C for 10 min, followed by 40 cycles of 95°C for 15 sec, and 60°C for 1 min. In every PCR run a 

negative extraction control (NEC) and positive extraction control (PEC) or PCR mix control (PMC) was 

included. A real-time PCR was considered inhibited when the Ct value for the PhHV exceeded the 

mean Ct value for uninhibited specimens + 2 standard deviations. 

(iii)  Stx subtyping 

DNA isolates of the BGB broth and/or confirmed STEC isolates were sent to the University Medical 

Center Groningen (UMCG, Groningen, The Netherlands) for stx subtyping. Subtyping of the stx1 and 

stx2 gene was performed as described previously (32). Briefly, for stx1 subtyping, a triplex PCR was 

performed, each 25 μl reaction consisted of 2.5 μl of PCR buffer 10x (Qiagen), 1 μl of MgCl2 25 mM 

(Qiagen), 0.5 μl of  10 mM dNTP mix (Applied Biosystems), 0.25 μl  Hotstar Polymerase 5U/µl 

(Qiagen), 2 μl  of each of two primers for stx1a, 1 μl of each of the four primers for stx1c and stx1d 

(stock solution of all primers was 5 μM), and 5 μl of template DNA.  

For stx2 subtyping PCR, each 20 μl reaction consisted of 2.5 μl of PCR buffer 10x (Qiagen), 0.8 μl of 

MgCl2 25 mM (Qiagen), 0.4 μl of 10 mM dNTP mix (Applied Biosystem), 0.2 μl  Hotstar Polymerase 

5U/µl (Qiagen), 1.25 µl of each of the primers and 5 μl of template DNA. Stx2c and stx2e subtyping PCR 

was performed as a duplex PCR as well as stx2f and stx2g. Reactions were run under the following 

conditions: 95°C for 15 min followed by 35 cycles of 94°C for 50 s, 64°C (hybridization was at 66°C for 

stx2d) for 40 s and 72°C for 60 s, with a final extension at 72°C for 3 min. 

(iv)  Genetic characterization by DNA microarray 

Confirmed STEC isolates were sent to the University Medical Centre Groningen for genetic 

characterization using an E. coli genotyping combined assay kit according to the manufacturer’s 

protocol (Clondiag, Alere Technologies, GmbH, Jena, Germany). The E. coli oligonucleotide arraystrips 

contain gene targets for the identification of virulence genes, antimicrobial resistance genes and 

DNA-based serotyping genes. Briefly, multiplex linear DNA amplification and labeling was performed 

in a total volume of 10 µl containing 3.9 µl of 2x labeling Buffer, 1 µl of E. coli labeling primer mix, 0.1 

µl of DNA Polymerase and 5 µl of genomic DNA (100-200 ng/µl). Reactions were run under the 

following conditions: 96°C for 5 min followed by 45 cycles of 50°C for 20 s, 72°C for 30 s and 96°C for 

20 s. 

The hybridization and washing steps were performed using the Hybridization plus kit according to the 

manufacturer’s protocol. Visualization of hybridization was achieved using the ArrayMate instrument 

(CLONDIAG GmbH, Jena, Germany) and signals of the array spots were analyzed automatically. 

Ambiguous called signals were re-checked visually in order to obtain a definite interpretation when 

possible. In case any signal remained inconclusive, they were regarded as negative.  
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Statistical analysis. 

We used the Fisher exact method to test if the presence or absence of VF was associated to certain 

PT groups and whether growth of suspicious colonies on CHROMagar STEC was associated with 

presence of the escV gene (LEE-positive) (JavaStat). Median Ct values of subgroups were compared 

using the Wilcoxon rank sum test with NCSS version 2007 (NCSS statistical software, Kaysville, UT, 

USA). One-way analysis of variance (ANOVA) was used to compare the total number of VF present in 

isolated strains that were assigned to PT groups. For all tests statistical significance was indicated by 

a two-tailed p<0.05.  

Furthermore, cluster analysis of VF with construction of dendrograms was performed with 

Bionumerics version 4.6 (Applied  Maths NV, Sint-Martens-Latem, Belgium) using the Dice correlation 

and the unweighted-pair group method using average linkages (UPGMA).  

 

RESULTS 

Detection frequency of stx genes in patient specimens.  

A total of 5,022 stool specimens from 4,714 patients were examined, using direct qPCR for detection 

of the stx genes. In total, 90 samples (84 patients) were positive for the stx genes (1.8%). The 

diagnostic algorithm was applied on all samples, but for only 73 samples (70 patients) all screening 

data were available; therefore the remaining 17 samples were excluded for analysis. Direct qPCR for 

the stx genes was confirmed by qPCR on “enriched BGB” in 65 samples (89%). In the remaining 8 

samples (11%) no stx genes could be detected after broth enrichment, although in one sample the 

virulence factors aggR/aat/escV and O104 serogroup were detected. These 8 samples initially had a 

relatively high Ct-value (Ct 34) in the direct qPCR. 

The stx ΔCt values for “enriched BGB” PCR and direct qPCR (ΔCt = CtBGB – Ctdirect) ranged from Ct +9 to 

–21. In 55/65 (85%) of the “enriched BGB” samples the ΔCt  0, indicative for the presence of viable 

STEC; Ct values of “enriched BGB” PCR (mean Ct value = 23.1) were significantly lower compared to 

Ct values of direct qPCR (mean Ct value = 29.6) (Wilcoxon rank sum, p<0.001) (Figure 2A). 

The additional virulence genes escV, aggR/aat and bfpA were detected in 49% (n=36), 6% (n=4), and 

6% (n=4) of qPCR positive samples, respectively. The O145, O26, O157, O104, O121 and O111 

serogroups were detected in 11.0% (n=8), 8% (n=6), 4% (n=3), 3% (n=2), 3% (n=2), and 1% (n=1) of 

qPCR positive samples, respectively (Table 2).  

 

PCR guided culture. 

The PCR guided culture yielded a positive result in 42.5% (31/73) of direct qPCR positive samples. A 

STEC isolate was obtained in 35.6% (26/73) of the samples; from one sample two STEC isolates were 
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obtained. Two additional samples (3%) were streak PCR positive for stx genes. The serotypes that 

were identified are listed in Table 2. Using the Karmali seropathotype concept, one STEC isolate 

(O157:H7) could be assigned to SPT group A, six STEC isolates (4x O26:H11; 2x O145:NM) to SPT 

group B, and two STEC isolates (O117:H7 and O146:H21) to SPT group D. The other 17 STEC isolates 

(65.4%) could not be assigned to a SPT group. One isolate and one streak PCR positive sample could 

not be serotyped. 

From the remaining three culture positive samples an enteropathogenic E. coli (EPEC) (n=2; O88:H25 

and ONT:H31) or EAEC (n=1; O104:H4) was isolated. The isolation yield of the SMAC medium was 

higher (21/73) compared to the CHROMagar STEC medium (15/73), although 5 isolates and one 

streak PCR positive sample were only identified with CHROMagar STEC. Furthermore, the growth of 

suspicious colonies on CHROMagar STEC was highly associated with presence of the escV gene (LEE-

positive) detected by the “enriched BGB” PCR (19/23 vs 17/50) (Fisher exact; p<0.0001).      

Ct values (stx1/stx2) of samples in which the PCR guided culture remained negative were significantly 

higher than in samples with positive guided culture (Wilcoxon rank sum, p<0.0003). This difference in 

Ct value between the PCR guided culture negative and positive group remained significant, when 

comparing Ct values of enriched BGB PCR (Wilcoxon rank sum, p<0.001). The distribution of Ct values 

of enriched BGB PCR on which guided culture was performed are shown in Figure 2B.   

 

Figure 2. Direct comparison of stx CT values for direct qPCR versus stx CT values for enriched BGB PCR (A). The 

solid line represents the hypothetical identical performance between both methods. The stx CT values for 

enriched BGB PCR were significantly lower (Wilcoxon rank sum, P0.001). Distribution of CT values for STEC 

isolates that were positive according to enriched BGB qPCR (B). The black bars represent the number of stool 

specimens positive in the PCR-guided culture. The dashed bars represent the additional qPCR-positive stool 

specimens. 
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Table 2. Overall results of risk categorization of STEC-positive stool samples  

No. of 
samples by 
PT group 

qPCR Stx subtyping Serotyping of 
cultured isolates

a
 

Total no. of 
virulence factors 
by DNA array 

Serogenotype 
Additional virulence 

factors 

I (n=11)      

1 O157 escV stx1a  + stx2c O157:H7 32 

1 O157 escV, aggR/aat stx2c Not cultured  

1 O26 escV stx1a  + stx2b + stx2c O26:H11 35 

1 O26 escV stx2a O26:H11 31 

2 O26 escV (n=2) stx1a  O26:H11 29/29 

1 O26 / O121 / O145 escV stx2b + stx2c O26 (streak)
b
 - 

1 O145 escV stx1a  + stx2a O145:NM 28 

1 O145 escV stx2 not typable O145:NM
c
 34 

1 O157 / O26 / O145 escV stx2a  + stx2d + stx2e Not cultured - 

1 O121 / O111 / O145 escV stx1a Not cultured - 

II (n=19)      

2  escV (n=2) stx1a  + stx2a O165:NM 33 
    O182:H25 25 

4  escV (n=4), aggR/aat 
(n=1) 

stx1a Not cultured - 

1  escV stx2a O182:H25 27 

1  escV stx2a  + stx2c  Not typed
d
 33 

1  escV stx2c Not cultured - 

1  escV stx2f O63:H6 (n=1) 18 

1  escV stx2f O125:H6 (n=1) 16 

1  escV, bfpA stx2f O88:H25 (EPEC)
e
 15 

6  escV (n=6) stx2f Not cultured - 

1  escV stx1c Not cultured  

III (n=35)      

3  escV (n=1), bfpA (n=1) stx1a O91:NM (n=3)
f
 9/9/10 

2   stx1a O91:H14 (n=2) 9/11 

1   stx1a ONT:NM 8 

1  escV stx1a O117:H7
 f
 4 

1   stx1a Culture positive 
(streak) 

- 

11 O145 (n=1)  stx1a Not cultured - 

1  escV, bfpA stx1c + stx2b O128:H2
f
 17 

1   stx1c + stx2b O76:H19 20 
1  aggR/aat stx1c + stx2b O146:H21

f
 19 

1   stx1c + stx2b Not cultured - 

1   stx2b O7:H6 2 
1   stx2b ONT:H31 (aEPEC)

e
 12 

1   stx2b Not cultured - 

2   stx2c ONT:H28 (n=1) 11 

1   stx2d Not cultured  

1   stx2e Not cultured  
1   stx1c Not cultured  

1   stx1 not typable O16:H5 13 

3 O145 (n=1) escV, bfpA (n=1) Not typable Not cultured  

IV (n=8)      

1 O104 escV, aggR and/or aat Not typed O104:H4 (EAEC)
e
 10 

7 O145/O104 (n=1)  Not typed Not cultured - 
a NM, non-motile; ONT, O-serogroup O1 to O187 negative. 
b PCR-positive culture by screening DNA isolated from a loopful of bacterial growth of the first streaking area of culture plates. 
c Coinfection with an ONT:H45 (stx2f positive) isolate. This isolate was not genetically characterized. 
d The isolate could not be recultured after transportation to the RIVM for genotyping/serotyping. 
e Isolates did not contain stx genes and were designated EPEC (O88:H25; escV, bfpA), atypical EPEC (aEPEC [ONT:H31; escV]), and EAEC 
(O104:H4; aggR and/or aat). 
f The isolates did not contain the additional virulence factors escV or aggR and/or aat.  
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Stx subtyping of clinical samples. 

Subtyping of stx genes was performed on DNA isolates of enriched BGB broths that were PCR 

positive for stx genes. Of these 65 positive samples, 30 (46%) were stx1 positive, 26 (40%) were stx2 

positive, and 9 (14%) were stx1 and stx2 positive. Two stx1 subtypes (stx1a and stx1c) and six stx2 

subtypes (stx2a, stx2b, stx2c, stx2d, stx2e, and stx2f) were detected with a total of 15 different stx1 and 

stx2 subtype combinations. The most frequently detected subtype variants were stx1a (40%), stx2f 

(14%), stx1c + stx2b (6%), stx2c (6%), stx2b (5%), and stx1a + stx2a (5%), accounting for 49 samples (75%). 

For three samples subtyping results remained negative, although the DNA load seemed to be 

sufficient. For two of these samples subtyping remained negative after DNA isolation from the 

obtained STEC isolate. For an additional three samples no stx subtype could be obtained due to low 

DNA load (all Ct ≥32 in enriched BGB PCR). 

 

Risk categorization of STEC and distribution of virulence factors between PT groups.  

Samples were presumptively categorized in four pathotype (PT) groups based on the “enriched BGB” 

PCR results. A total of 11 samples (15%), 24 samples (33%), 30 samples (41%), and 8 samples (11%) 

were categorized in PT group I, group II, group III, and group IV respectively. However, based on the 

presence of the additional virulence factor bfpA and screening of VF in the cultured isolates, a total 

of 5 samples (7%) were re-categorized from PT group II to PT group III; 4 STEC isolates did not contain 

the escV gene (O91:NM, O117:H7, O128:H2 and ONT:H31) and in one sample there was no 

correlation in Ct value for stx (Ct=39) and the other VF escV (Ct=19) and bfpA (Ct=18). The final risk 

categorization was 11 samples (15%), 19 samples (26%), 35 samples (48%), and 8 samples (11%) for 

PT group I, group II, group III, and group IV, respectively (Table 2). The presence of stx genes for 

samples categorized in PT group IV could not be confirmed after enrichment, thereby excluding them 

from further analysis. 

The studied virulence factors (VF) differed with respect to their distribution among the different 

pathotype groups (Table 3). Compared to the PT group that is associated with a moderate risk for 

diarrhea and low risk for severe disease (III), PT groups that are associated with a high risk for 

diarrhea and higher risk for severe disease (I + II, combined) exhibited a significant higher prevalence 

of various VF analyzed (specifically, stx2, stx2a, stx2f, toxB, eae, efa1, cif, espA, tccP, espP, nleA/B, and 

the tir cluster). Although not significant, stx2c was more prevalent in PT group I + II (OR 4.1 [95%CI = 

0.7 – 32.7]). Inversely, stx1, the mch cluster, ireA and eaaA were significantly more prevalent in PT 

group III (Table 3). Interestingly, the adhesion-encoding gene iha was present in all PT group I isolates 

and almost all isolates in PT group III (92%), however there was no significant association between 
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presence of iha and PT groups. Furthermore, all LEE-positive STEC isolates contained the EHEC-hlyA 

gene, with exception of the two stx2f STEC isolates. Noteworthy, certain VF were also highly 

associated with PT group I (specifically, stx2c, toxB, eae, efa1, cif, tccP, nleA and/or nleB, katP and the 

tir cluster).  

The total number of VF present in STEC isolates also showed a significant non-random distribution 

between PT groups (Table 2); the number of VF differed significantly between PT group I (VFmean 31 

[95%CI = 27 – 35], PT group II (VFmean 25 [95%CI = 21 – 30]), and PT group III (VFmean 11 [95%CI = 8 – 

13]) (ANOVA, p<0.0001, F = 38.5). Interestingly, the total number of VF present in the two cultured 

stx2f STEC isolates (O63:H6, and O125:H6) that were categorized in PT group II, were considerably 

lower compared to other 4 STEC isolates categorized in this PT group (Table 2). By cluster analysis of 

potential VF, escV-positive and escV-negative isolates were separated into two main clusters (Figure 

3). The escV-negative cluster included all PT group III isolates and a stx-negative isolate EAEC 

O104:H4 (PT group IV). The escV-positive cluster included all PT group I + II isolates and two stx-

negative EPEC isolates (O88:H25 and ONT:H31) that clustered in a distinct branch with the two stx2f 

positive STEC isolates.   

 

Clinical symptoms of patients. 

Diarrhea was reported by 80%, 44%, 57%, and 75% of patients in PT groups I, II, III, and IV, 

respectively. Bloody diarrhea was reported by 20%, 6%, 3%, and 0% of patients in PT groups I, II, III, 

and IV, respectively. Patients in PT group I presented significantly more often with (bloody) diarrhea 

compared to PT groups II + III (Fisher exact test, P = 0.006). One patient categorized in PT group I 

developed HC (serotype O26:H11), and family members of another patient categorized in PT group I 

(serotype O26:H11) also had gastrointestinal complaints. Interestingly, symptoms reported by 

patients that are not associated with acute disease, such as persistent diarrhea and/or abdominal 

complaints without loose stools, were absent in patients categorized in PT group I (0%) but present in 

patients in PT groups II, III, and IV (33%, 29%, and 25%, respectively). The age distribution of patients 

did not differ between PT groups (PT group I: mean age = 27 years; 95% CI = 10 to 44 years; PT group 

II: mean age = 36 years; 95% CI = 23 to 48 years; PT group III: mean age = 41 years; 95% CI = 32 to 50 

years) (ANOVA, P = 0.33; F = 1.1), although the median age of patients in PT group I was considerably 

lower (15 years) compared to PT group II (33 years) and PT group III (39 years). 
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Table 3. Pathotype distribution of virulence factors and stx subtypes 

 

Total no. 
(%) 

No. (%)
a 

of isolates or enriched BGB 
broths for PT: 

Statistical comparison of PT I + PT II 
vs PT III

b
 

Virulence genotype I       II                           III           P
c                 

OR (95% CI) 

Enriched BGB 
broths (n=65) 

     

stx1 (all) 39 (60) 6 (55) 8 (42) 25 (71) 0.021 0.3 (0.08 – 0.9) 
stx1a 31 (48) 6 (55) 7 (37) 18 (51)   
stx1c 6 (9) 0 1 (5) 5 (14)   
stx2 (all) 35 (54) 8 (73) 14 (74) 13 (37) 0.006 4.7 (1.4 – 15.6) 
stx2a 7 (11) 3 (27) 4 (21) 0 0.003  ∞(1,7 – inf) 
stx2b 9 (14) 2 (18) 0 7 (20)   
stx2c 8 (12) 4 (36) 2 (11) 2 (6)  4.1 (0.7 – 32.7) 
stx2d 2 (3) 1 (9) 0 1 (3)   
stx2e 2 (3) 1 (9) 0 1 (3)   
stx2f 9 (14) 0 9 (47) 0 < 0.0001 ∞ (2.5 – inf) 
stx2a or stx2c 14 (22) 7 (64) 5 (26) 2 (6) 0.002 11.0 (2.0 – 80.5) 

Isolates (n=26)       

astA 7 (27) 3 (43) 3 (50) 1 (8)   
EHEC-hlyA 20 (77) 7 (100) 4 (67) 9 (69)   
toxB 7 (27) 6 (86) 1 (17) 0 0.005 ∞ (1.9 – inf) 
mch cluster 9 (35) 0 0 9 (69) < 0.0001 < 0.0001 (0 – 0.3) 

ireA 8 (31) 0 0 8 (62) 0.002 < 0.0001 (0 – 0.4) 

eae 13 (50) 7 (100) 6 (100) 0 < 0.0001 ∞ (18.4 – inf) 
efa 7 (27) 6 (86) 1 (17) 0 0.005 ∞ (1.9 – inf) 
iha 20 (77) 7 (100) 1 (17) 12 (92)   
lpfA 16 (62) 3 (43) 3 (50) 8 (62)   
iss 15 (58) 5 (71) 0 10 (77)   
cif 9 (35) 6 (86) 3 (50) 0 < 0.0001 ∞ (3.5 – inf)  
espA 17 (65) 6 (86) 6 (100) 5 (38) 0.011 19.2 (1.5 – 537.4) 

tccP 12 (46) 7 (100) 5 (83) 0 < 0.0001 ∞ (10.4 – inf) 
eaaA 10 (39) 0 0 10 (77) < 0.0001 < 0.0001 (0 – 0.2) 

espP 11 (42) 5 (71) 4 (67) 2 (15) 0.015 12.4 (1.4 – 142.1) 

nleA/B 12 (46) 7 (100) 5 (83) 0 < 0.0001 ∞ (10.4 – inf) 
etpD 4 (15) 2 (29) 2 (33) 0   
katP 7 (27) 5 (71) 1 (17) 1 (8)   
tir cluster  10 (39) 6 (86) 4 (67) 0 < 0.0001 ∞ (4.8 – inf) 

a
 Total no. of enriched BGB broths: PT I, 11; PT II, 19; PT III, 35. Total no. of isolates: PT I, 7; PT II, 6; PT III, 13. 

b
 PT I and II combined (associated with high risk for diarrhea and high/moderate risk for severe disease) are 

compared to PT III (lower risk for diarrhea and severe disease). 
∞, infinite. 
c
 P values (from the Fisher exact test) are shown only if the P value was <0.05. 
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DISCUSSION 

We here present the first prospective study that uses a diagnostic algorithm directly applied on stool 

samples of patients presenting with gastrointestinal complaints to assess the public health risk of 

STEC. Although the disease severity and incidence of STEC is not solely based on the pathogenic 

potential of the organism but also on host-associated and environmental factors, enough 
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information has accumulated that the presence of virulence factors (VF) carried additional to the stx 

genes varies considerably between STEC strains, and could therefore be used to categorize the 

potential risk of STEC (5, 17, 33-36).  

The detection frequency of the stx genes observed in this study (1.8%) was comparable with previous 

studies performed in The Netherlands (30, 37). The diagnostic algorithm enabled categorization of 

STEC infections into 4 pathotype (PT) groups. The majority of the initial stx-PCR positive samples 

(48%) were categorized in PT group III, while 15% and 26% of stx-PCR positive samples were 

categorized in PT group I and PT group II, respectively, both having a high risk for diarrhea and 

moderate to high risk for severe disease. The presence of stx genes could not be confirmed after 

enrichment in 11% of samples and these were categorized in PT group IV. Stx subtyping and genetic 

characterization was performed in order to confirm the validity of the proposed categorization of 

STEC infections.  

Previous studies have indicated that the subtype of shiga toxin produced may influence the clinical 

outcome of STEC infections (23, 24). STEC harboring stx2a or stx2c are associated with HUS and bloody 

diarrhea, while strains carrying stx1c or stx2b have often been isolated from patients with milder 

infections (38). Although STEC carrying stx2d usually predict a milder disease, strains that produce 

elastase-activatable Stx2d may predict a severe clinical outcome of the infection (39). Other variants, 

such as stx2e and stx2f, have been associated with animals and are rarely isolated from humans (24, 

40). 

In our study, there was a strong association between presence of stx2, in particular stx2a or stx2c, and 

samples categorized in PT group I + II (LEE-positive), while the presence of the stx1 gene was 

associated with samples categorized in PT group III. Similar to a previous study performed in Belgium, 

stx1a was the most detected subtype (41). Furthermore, the detection frequency of the stx2f gene in 

our study (12.3%) was comparable with previous studies (41, 42). Stx2f was, together with stx2b, the 

first-most detected stx2 subtype among samples that were serogroup O157 PCR negative in this 

study. Similar to previous studies, all stx2f PCR positive samples also contained the escV gene (LEE-

positive) (41-43). With exception of stx2b, the detection frequencies of subtypes stx1c (9%) and stx2e 

(3%) that are associated with milder disease or asymptomatic carriage were similar to the incidence 

detected in Belgium (41). 

Furthermore, cluster analysis of VF clearly showed a separation into an escV-negative (PT group III) 

and escV-positive cluster (PT group I + II) with a significant difference in the number of “accessory” 

virulence factors (VF) present between these PT groups. Furthermore, VF that play an important role 

in toxin production, and attachment to host cells, were highly associated with PT group I + II or PT 

group I alone, while other VF were associated with PT group III. Previous studies also reported that 
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the number of VF present in STEC isolates increases the pathogenic potential of STEC and the strong 

association of certain “accessory” VF and severe illness and outbreaks (12, 17, 22, 27, 33, 34, 36, 44). 

Interestingly, the accessory virulence gene content of both the stx2f STEC positive isolates, that 

clustered in a distinct branch with two stx-negative EPEC isolates, was lower compared to the other 

STEC isolates categorized in PT group II. Others have also reported that stx2f STEC form a distinct 

group within STEC with regard to virulence genes and their association with a relatively mild disease 

(41, 42).  

Our findings with respect to the main clinical features of STEC infection are consistent with those of 

others (9, 40). Patients with STEC infections categorized in PT group I presented significantly more 

often with (bloody) diarrhea, suggesting that the pathogenic potential of STEC in this group is higher 

compared to STEC categorized in PT group II + III, as was confirmed by stx subtyping and genetic 

characterization. Although there was no clear association between patient age and PT groups in our 

study, the age distribution of patients in PT group I was considerably lower in comparison to patients 

categorized in PT group II and PT group III. Others did also report a close relation between patient’s 

young age and infection with more virulent (LEE-positive) STEC strains (40). Furthermore, this study 

revealed a high number (45%) of other enteric pathogens detected in individual stx-PCR positive 

samples (data not shown). However, the clinical relevance of these mixed infections was beyond the 

scope of this study.     

Although stx subtyping and genetic characterization confirmed the validity of the PT classification, 

categorization with this molecular-based PT approach should be regarded as presumptive. Additional 

subtyping of stx genes, genetic characterization and O:H-serotyping of STEC isolates will provide a 

clearer assessment of the potential public health risk. Hence, a high culture yield remains important 

for facilitating these laboratory procedures. 

An important step in the diagnostic algorithm is the use of an enrichment step, which was performed 

on the initial stx PCR positive stool samples. Performing this step has several advantages. First, 

confirmation by performing PCR on the enrichment broth increases the positive predictive value for 

detection of STEC; 89% of the initial stx PCR positive results could be confirmed. In the majority of 

the samples (85%) the stx Ct values were lower after enrichment, which suggests the presence of 

viable STEC. In a part of the samples (11%) no stx genes could be detected after enrichment (PT 

group IV). The stx Ct values for direct qPCR were relatively high in all these samples, suggestive for 

presence of low loads of non-viable STEC or free stx DNA. Another possibility would be detection of 

free stx phages in the stool of these patients, which has been described previously in stool of healthy 

individuals (45).   
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Second, stx subtyping was performed directly from the DNA isolate obtained from the enriched 

broth. To our knowledge, subtyping of stx genes is only being performed on STEC isolates, which will 

take additional time for obtaining final subtyping results. Third, although not statistically proven, 

culture yield will improve using enrichment; in the majority of the initial stx PCR positive samples the 

“stx gene” load increased after enrichment, suggestive for the presence of viable STEC. Higher 

amounts of STEC bacteria in the background of intestinal flora will increase the odds of isolation by 

culture. The culture yield in our study (38%) was lower compared to other studies (24, 41). However, 

the amount of colonies screened with PCR (maximum of 10) in our study was considerably lower 

compared to those studies. Hence, increasing the total amount of colonies screened, and routinely 

screening DNA isolated from a loopful of bacteria growth from the first streaking area of culture 

plates (as was performed for two samples in this study) would increase the probability of obtaining 

an isolate or at least confirm the growth of STEC.  

Furthermore, due to more easily identification of suspicious colonies the CHROMagar STEC medium 

proved to be an effective supplemental medium for isolation of especially more virulent (LEE-

positive) STEC serotypes as described previously by others (46-48). The medium also supported the 

growth of EAEC (O104:H4) and EPEC (O88:H25, and ONT:H31), suggesting that it could also be an 

useful tool for support of EAEC and EPEC isolation as described previously (49).  

Unfortunately, our diagnostic algorithm only includes direct molecular screening for the stx genes, 

rendering the detection of shiga toxin lost (STL) EHEC impossible (25, 26, 50). Another limitation of 

this study was the concise amount of clinical information that was available on request forms that 

may have influenced clinical associations. Furthermore, the number of STEC isolates that were 

characterized was limited.  

In conclusion, the proposed diagnostic algorithm for risk categorization of STEC infection offers a 

rapid testing format that could be easily implemented in laboratories that already perform qPCR-

based detection of STEC. It enables stx-PCR positive stool samples to be categorized for the potential 

risk to public health. This risk assessment may provide valuable information to aid community health 

services in estimating the level of action required (with regard to source/contact tracing, and 

intervention measures to minimize secondary transmission) to address the potential threat, as well 

as a useful tool for public health surveillance. However, the proposed risk categorization should be 

regarded as presumptive and interpreted with care as infections with STEC serotypes categorized in 

PT group III, such as O117:H7, can still pose a public health concern as has been shown recently (51). 

Currently, a multicenter prospective cohort study is being conducted that will verify the performance 

of the proposed molecular-based pathotyping approach on a larger scale, in order to justify its 
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application in case of STEC infections for determining if swift action by community health services is 

warranted or not. 
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Supplementary Materials 

 

Supplementary Table S1. Primer and probe sequences used for five real-time (multiplex) qPCR 

reactions. 

Target Multiplex 
reaction 

Sequence name Sequence (5’ – 3’)
a, b

 Tm 
(°C) 

Conc 
(nM) 

Reference 

       
stx1 A stx1F934_mod TGG CAT TAA TAC TGA ATT GTC ATC ATC 59.2 300 

(1, 2) 

  stx1F934F_mod1d TGG CAT TAA TAT TAA ATT GCC ATC AT 58.7 300 
  stx1R1042_G  GCG TAA TCC CAC GGA CTC TTC 59.6 300 
  stx1R1042_modC GCG TAA TCC CAC GCA CTC TT 58.8 300 
  stx1R1042_mod1d GAG TAA TCC CAC GCC CAC TTC 59.4 300 
  stx1P990_mod_MGB FAM-TTC CTT CTA TGT GTC CGG CAG-

NFQMGB 
69.0 100 

  stx1P990_mod1c_MGB FAM-CCT TCT ATG TGC CCG GTA G-
NFQMGB 

69.0 100 

  stx1P990_mod1d_MGB FAM-TCC TTC TAT GTG CCC GAC AG-
NFQMGB 

69.0 100 

       
stx2 A stx2F_LvI CCG GAA TGC AAA TCA GTC GT 59.5 300 

(2) 
  stx2R_G_LvI ACC ACT GAA CTC CAT TAA CGC C 59.0 300 
  stx2R_A_LvI TAC CAC TAA ACT CCA TTA ACG CCA 58.7 300 
  stx2P_LvI_MGB VIC-ACT CAC TGG TTT CAT CAT A-

NFQMGB 
68.9 100 

       
stx2f A stx2F_mod2f_LvI GGA ACG TAC AGG GAT GCA GAT T 59.0 300 

(1) 
  stx2R_mod2f_LvI CGT CCT CTG AAC TCC ATT AAA TCC 59.0 300 
  stx2P_mod2f_LvI VIC-ATG AAC CAA CCA GTG AAT-

NFQMGB 
69.0 100 

       
escV A escV_F GCG TCA TTY TGA CCG CTT TAG 56.4 300 

(3) 
  escV_R1 TCC TGA AAA GAG AGC ACG GG 59.0 300 
  escV_R2 TCC TGA AAA GAA AGC ACA GGG 58.0 300 
  escV-TM CY5- ACT GAC GGG AAC GAA CCT TCA 

ATC ATT TTC -BBQ 
68.9 200 

       
wzxO103 B Ec_wzxO103_F CGT TGT TAT CTA TGG TGG GCT TAG T 58.6 300 

This study 
  Ec_wzxO103_R CAC CTG CAA CCG CAT TAT TTA A 58.7 300 
  Ec_wzxO103_PTM FAM-TTG GCC TCA AAG GCG CAT TAG 

TGT CT-BHQ1 
68.2 75 

       
wzxO121 B Ec_wzxO121_F CAT GGC GGG ACA ATG ACA 58.4 400 

(4) 
  Ec_wzxO121_R CGA TAG TGA AGA ACA AAA TAT GAA 

GAG TTC 
59.2 400 

  Ec_wzxO121_PMGB VIC-TGC TGG ACT ACA GAA AA-NFQMGB 69.0 100 
       
rfbEO157 B Ec_rfbEO157_F CGA TGA GTT TAT CTG CAA GGT GAT 58.3 600 

(5) 
  Ec_rfbEO157_R TTT CAC ACT TAT TGG ATG GTC TCA A 58.6 600 
  Ec_rfbEO157_PTM CY5 -CCT TAA TTC CTC TCT TTC CTC TGC 

GGT CCT -BBQ 
68.5 150 

       
wzxO26 C Ec_wzxO26_F CGC GAC GGC AGA GAA AAT T 59.9 400 

(5) 
adapted 

  Ec_wzxO26_R AGC AGG CTT TTA TAT TCT CCA ACT TT 58.2 400 
  Ec_wzxO26_PMGB VIC-CCG TTA AAT CAA TAC TAT TTC ACG 

A-NFQMGB 
68.0 100 

       
ihp1O145 C Ec_ihp1O145_F CGA TAA TAT TTA CCC CAC CAG TAC AG 58.0 400 

(6) 
adapted 

  Ec_ihp1O145_R GCC GCC GCA ATG CTT 59.0 400 
  Ec_ihp1O145_PMGB FAM-CGA TAT TGT GTG CAT TCT-

NFQMGB 
68.0 100 
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Target Multiplex 
reaction 

Sequence name Sequence (5’ – 3’)
a, b

 Tm 
(°C) 

Conc 
(nM) 

Reference 

       
wbdIO111 C Ec_wbdIO111_F CGA GGC AAC ACA TTA TAT AGT GCT TT 58.8 400 

(5) 
  Ec_wbdIO111_R TTT TTG AAT AGT TAT GAA CAT CTT GTT 

TAG C 
58.8 400 

  Ec_wbdIO111_PTM CY5-TTG AAT CTC CCA GAT GAT CAA CAT 
CGT GAA-BBQ 

68.7 150 

       
wzxO104 D Ec_wzxO104_F TGT CGC GCA AAG AAT TTC AAC 59.8 400 

(7) 
adapted 

  Ec_wzxO104_R ATC CTT TAA ACT ATA CGC CCT AGA AAC 
C 

59.6 400 

  Ec_wzxO104_PMGB VIC-TTT GTA TTA GCA ATA AGT GGT 
GTC-NFQMGB 

68.0 100 

       
aggR D aggR_F CAA TAA GGA AAA GRC TTG AGT CAG A 59.4 300 

(3) 
  aggR_R1 TCA AGC AAC AGC AAT GCT GC 59.7 300 
  aggR_R2 TTA TCA AGC AAT AGC AAT GCT GCT 59.1 300 
  aggR_P FAM-CCT TAT GCA ATC AAG AAT-

NFQMGB 
69.0 50 

       
aat D aat_F GGG CAG TAT ATA AAC AAC AAT CAA 

TGG 
59.8 300 

(3) 

  aat_R1 GGG CAG TAT ATA AAC AAC AAC CAG TG 58.9 300 
  aat_R2 GCT TCA TAA GCC GAT AGA AGA TTA 

TAG G 
59.2 300 

  aat_PMGB1 FAM-TCT CAT CTA TTA CAG ACA GCC-
NFQMGB 

69.0 25 

  aat_PMGB2 FAM-CTC ATC TAT TAC AGA CAG CAA T-
NFQMGB 

69.0 25 

       
bfpA D bfpA_F1 ATC ACA CCT GCG GTA ACG G 58.0 600 

(3) 
  bfpA_F2 TCA CAC CGG CGG TAA CG 58.6 600 
  bfpA_R CGA RAA AGG TCT GTC TTT GAT TGA 60.7 600 
  bfpA_PTM CY5-CAG CAA GCG CAA GCA CCA TTG C-

BBQ 
68.7 200 

       
PhHV 
(internal 
control) 

All PhHV-267s GGG CGA ATC ACA GAT TGA ATC 58.1 300 

(2, 8) 
 PhHV-337as GCG GTT CCA AAC GTA CCA A 58.1 300 

  PhHV-1-MGB NED-CGC CAC CAT CTG GAT-NFQMGB 70.0 100 

a 
Fluorescent dyes used are represented in bold. FAM, 6-carboxyfluorescein; VIC, 6-carboxyrhodamine; BHQ1, black hole 

quencher-1; NFQ-MGB, non-fluorescent quencher minor groove binder; Cy5, reactive water-soluble fluorescent dye of the 

cyanine dye family; BBQ, black berry quencher; NED, 2′-chloro-5′-fluoro-7′,8′-fused phenyl-1,4-dichloro-6-

carboxyfluorescein. 
b
 Y, C or T; R, A or G. 
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ABSTRACT 

Shiga toxin-producing Escherichia coli (STEC) is one of the major causes of human gastrointestinal 

disease and has been implicated in sporadic cases and outbreaks of diarrhoea, haemorrhagic colitis 

and haemolytic uremic syndrome worldwide. In this study we determined the molecular 

characteristics and phylogenetic relationship of STEC isolates, and their genetic diversity was 

compared with that of other E. coli populations. Whole genome sequencing (WGS) was performed 

on 132 clinical STEC isolates obtained from faeces of 129 Dutch patients with gastrointestinal 

complaints. STEC isolates of this study belonged to 44 different sequence types (STs), 42 

serogenotypes and 14 stx subtype combinations. Antibiotic resistance genes were more frequently 

present in stx1 positive isolates compared to stx2 and stx1+stx2 positive isolates. The iha, mchB, 

mchC, mchF, subA, ireA, senB, saa, sigA genes were significantly more frequently present in eae 

negative than in eae positive STEC isolates. Presence of virulence genes encoding type III secretion 

proteins and adhesins was associated with isolates obtained from patients with bloody diarrhoea. 

Core genome phylogenetic analysis showed that isolates clustered according to their ST or 

serogenotypes irrespective of stx subtypes. Isolates obtained from patients with bloody diarrhoea 

were from diverse phylogenetic background. Some STEC isolates shared common ancestors with 

non-STEC isolates. WGS is a powerful tool for clinical microbiology allowing high resolution molecular 

typing, population structure analysis and detailed molecular characterization of strains. STEC isolates 

of a substantial genetic diversity and of distinct phylogenetic groups were observed in this study. 
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INTRODUCTION 

Shiga toxin-producing Escherichia coli (STEC) is a pathogen of significant public health concern 

associated with both outbreaks and sporadic cases of human gastrointestinal illness worldwide (1). 

Enterohaemorrhagic E. coli (EHEC), a subpopulation of STEC, can cause bloody diarrhoea in humans 

and some of them can cause haemolytic-uremic syndrome (HUS) (2). The ability of STEC to cause 

disease is associated with the production of Shiga-like toxins (Stx), which are classified into two major 

types Stx1 and Stx2 (encoded by stx1 and stx2 genes). Stx1 and Stx2 are further categorised into 

several subtypes; according to the new classification proposed by Scheutz et al, Stx1 consists of three 

variants, Stx1a, Stx1c and Stx1d, whereas Stx2 is a diverse group composed of seven distinct variants, 

namely Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f and Stx2g (3). The production of Stx might not be 

solely responsible for pathogenesis of STEC (4); several mobile genetic elements, e.g., plasmids, 

transposons, phages and pathogenicity islands also play a role in disease outcome (4,5). One of the 

major virulence factors is the outer membrane protein intimin, encoded by eae gene, which is part of 

a pathogenicity island named the locus of enterocyte effacement (LEE) (6). Intimin is thought to be 

the genetic determinant of the formation of attaching and effacing (A/E) lesions, which is 

characterized by the intimate attachment of the bacteria to the enterocyte membrane and by the 

effacement of the microvilli of the enterocyte (6). 

More than 100 O-serotypes (based on the somatic antigen) of STEC have been associated with 

human disease (7), STEC O157:H7 being the predominant serotype implicated in food-borne 

infections world-wide and the cause of outbreaks in many countries like Canada, Japan, the United 

Kingdom and the United States (8). However, several non-O157 STEC types have also been associated 

with sporadic cases and outbreaks. Six O-serotypes (O26, O111, O103, O121, O45, and O145) have 

been reported by the CDC as the cause of 71% of non-O157 STEC infection and these serotypes are 

considered as the “top (or big) 6 STEC” (7). Moreover, in Europe infections caused by non-O157 STEC 

strains are more common than those by O157:H7 strains (8).  

Different methods have been used to classify STEC. Karmali et al introduced seropathotypes to assess 

the pathogenic potential of STEC based on their reported frequencies in human illness. Subsequently, 

the classification was modified by the European Food Safety Authority (EFSA) based on the health 

outcome of reported confirmed human VTEC cases (9). For epidemiological purposes various genetic 

fingerprinting methods have been developed to identify, trace and prevent dissemination of STEC 

(10). Among the sequence based methods, multilocus sequence typing (MLST) is a reliable method to 

determine genetic relatedness of epidemiologically-unrelated isolates, but has limited discriminatory 

power (11). Currently whole genome sequencing (WGS) of bacterial genomes is an accessible and 

http://www.sciencedirect.com/science/article/pii/S0022347672804451
http://www.efsa.europa.eu/en
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affordable method (12,13). An obvious application for WGS is epidemiological typing to detect and 

support outbreak investigations, to define transmission pathways of pathogens, and to reveal 

laboratory cross-contamination (14). Due to the public health importance of STEC infections, 

epidemiological and molecular surveillance systems are essential for early outbreak detection and to 

differentiate STEC strains based on their potential to cause severe illness in human (15,16). This study 

was performed to determine the molecular characteristics, phylogenetic relationship and diversity of 

STEC isolates from faeces of patients obtained from two regions in the Netherlands, and to reveal the 

relation between molecular determinants and disease outcome. 

 

MATERIALS and METHODS 

Collection of Isolates  

A multicentre prospective study, STEC-ID-net, was performed during the period from April 2013 to 

March 2014 in the Dutch regions Groningen and Rotterdam. Stool samples from patients with 

suspected infectious gastroenteritis were screened using qPCR targeting the stx1/stx2/escV genes 

and positive samples were further processed to obtain pure stx-positive isolates (17).  

 

Phenotypic antibiotic resistance pattern 

Antibiotic resistance patterns of the STEC isolates were determined using VITEK2 (bioMerieux, Marcy 

l’Etoile, France) following European Committee on Antimicrobial Susceptibility Testing guidelines. 

 

Whole genome sequencing 

To perform the whole genome sequencing of stx positive isolates, DNA was extracted using the 

UltraClean® microbial DNA isolation kit (MO BIO Laboratories, Carlsbad, CA, US) according to the 

manufacturer’s protocol. A DNA library was prepared using the Nextera XT kit (Illumina, San Diego, 

CA, US) according to the manufacturer’s instructions and then ran on a Miseq (Illumina) for 

generating paired-end 250-bp reads aiming at a coverage of at least 60 fold. 

 

Data analysis and molecular characterization. 

De novo assembly was performed using CLC Genomics Workbench v7.0.3 (CLC bio A/S, Aarhus, 

Denmark) after quality trimming (Qs ≥ 28) with optimal word sizes based on the maximum N50 value 

(18). The average N50 value of the sequenced 132 STEC isolates was 144166 (range 23341 to 387919) 

and the average number of contigs was 178 (range 59 to 497). Gene annotation was performed by 

uploading the assembled genome on RAST server version 2.0 (19). The sequence types (STs) and O- 
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and H- serogenotypes were identified by uploading the assembled genomes to the MLST finder 1.7 

(20) and SerotypeFinder 1.1 tool (21) respectively of Center for Genomic Epidemiology (CGE) 

website. The virulence genes and stx subtypes were determined using CGE VirulenceFinder 1.2 (22), 

and antibiotic resistance genes were determined by CGE ResFinder 2.1 (23). For the CGE server the 

threshold of ID was set to 85% and the percentage of minimum overlapping gene length to 60%. The 

sequences assigned unknown sequence type by CGE MLST finder were submitted to the EnteroBase 

database of the University of Warwick. 

This whole-genome shotgun project has been deposited in NCBI under BioProject PRJNA285020. The 

GenBank accession numbers are listed in Supplementary Table S1. 

 

Statistical analysis 

To determine the association of virulence genes with different patient groups and to compare the 

presence of virulence genes in eae-positive and -negative STEC isolates, the Pearson chi-square test 

was used. To observe the effect of the virulence genes on patient groups, univariate binary logistic 

regression was performed. All analyses were done using two-tailed tests at a 5% significance level. 

The statistical analyses were performed using IBM SPSS Statistics 22 (IBM SPSS, Chicago, IL, USA). 

 

Phylogenetic analysis of STEC isolates 

To determine the phylogenetic relationship of the isolates, a gene-by-gene approach was performed 

using SeqSphere+ v3.0 (Ridom, Münster, Germany). Briefly, an ad hoc core genome MLST (cgMLST) 

scheme was developed using the genome of E. coli O157:H7 strain Sakai (accession no. NC_002695) 

as reference genome and additional ten E. coli as query genomes (Supplementary File S2) to extract 

open reading frames (ORFs) from the genome of each isolate using MLST+ Target Definer  v2.1.0 of 

SeqSphere+. Only the ORFs without premature stop codon and ambiguous nucleotides from contigs 

of assembled genomes were included. The genes shared by all isolates analysed were defined as the 

core genome for phylogenetic analysis [18]. A Neighbour Joining (NJ) tree was constructed based on 

a distance matrix among the isolates depending on the core genome of all isolates. To compare the 

isolates with previously reported ones, five additional genomes of STEC (E. coli strain Sakai, strain 

EDL933, strain 11368, strain 2011c-3493 and strain 12009) available on NCBI were included in the 

phylogenetic analysis. To see the allele differences among the isolates a minimum spanning tree 

(MST) was constructed by SeqSphere+ based on the numerical allele type for each isolates according 

to the sequence identity of each gene (24). An additional NJ tree based on the accessory genome of 

the isolates was also constructed.   
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Phylogenetic comparison of STEC isolates with the Diarrhoeagenic E. coli (DEC) reference collection 

The phylogenetic relationship of the STEC isolates of this study with isolates of the DEC reference 

collection (n=76) (25) was determined by cgMLST. The DEC consists of predominant clones of 

diarrhoeagenic E. coli, including 27 STEC, 25 Enteropathogenic E. coli (EPEC) and 24 non STEC/EPEC E. 

coli.  

 

Genetic Diversity of STEC isolates  

To reveal the genetic diversity of the STEC isolates of this study, median pairwise distance (MPD) was 

calculated (26) and the MPD was compared with that of two other independent strain collections, 

i.e.,76 isolates of the DEC collection and 131 isolates that were randomly selected from a collection 

of ESBL (extended-spectrum beta-lactamase) producing Enterobacteriaceae (ESBL-E) from a multi-

centre study on the epidemiology of ESBL-E in Dutch hospitalised patients (SoM study, unpublished 

data). As neither of the underlying population followed normal distribution pattern, the median of 

the pair-wise distances and interquartile ranges (IQR) were calculated in all three populations. To 

identify the group differences on MPD of three E. coli isolates, the Kruskal-Wallis test was used. 

Additionally, to compare the genetic diversity within the STEC isolates with that of other E. coli 

populations, the Mann-Whitney U-test was performed and the statistical significance level was 

corrected by Bonferroni correction for multiple testing.  

 

RESULTS 

STEC isolates and patient groups 

From 425 stx positive faecal samples, 132 STEC isolates (Groningen, n= 70 and Rotterdam, n= 62) 

from 129 patients were obtained. From three patients two different types of STEC were isolated. 

Characteristics of the isolates are summarized in Supplementary Table S1. Based on clinical outcomes 

(available for 110 patients), patients were classified into groups with bloody diarrhoea (including one 

HUS patient) (n=26), non-bloody diarrhoea (n=64) and no diarrhoea (n=20) but having other clinical 

symptoms as abdominal pain, nausea, malaise and so on (Supplementary Table S1). 

 

Serotypes, sequence types and stx subtypes  

Forty-two different serogenotypes and 44 different STs were found among the 132 isolates. The most 

predominant serogenotypes were O91:H14 (n=19), O157:H7 (n=17) and O26:H11 (n=15) (Figure 1a). 

The most predominant STs were ST33 (n=19), ST11 (n=17) and ST21 (n=17) (Figure 1b). For six of the 

isolates we found new STs assigned by EnteroBase database (Table S1). Fourteen different stx 
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subtypes (combinations) were found among the isolates with stx1a being most predominant (n=55, 

41.6%) (Figure 1c). Almost all O91:H14 isolates contained only the stx1a gene except two, of which 

one (STEC 2620) contained the stx1a+stx2b and the other (STEC 2110-1) only the stx2a gene (Table 

S1). One stx2 positive isolate (STEC 2826) had both stx2d (encoding Stx A subunit) and stx2a 

(encoding Stx B subunit) gene.  

 

Presence of virulence genes 

Among the eae positive isolates (n=71), 33 (46%) contained stx1, 21 (30%) contained stx2, 16 (23%) 

contained stx1+stx2 and one isolate was found without stx gene. Among the eae negative isolates 

(n=61), the prevalence of stx1, stx2 and stx1+stx2 positive isolates was 49% (n=30), 26% (n=16) and 

24.5% (n=15) respectively. In eae positive isolates, the virulence genes tir, espA, espB, espF, espJ, 

espP, nleA, nleB, nleC, etpD, katP, toxB, efa1 and cif were significantly more often present, whereas 

iha, mchB, mchC, mchF, subA, ireA, sepA, senB, saa and sigA genes were significantly more often 

found in eae negative isolates (Figure 2). The associations and the effects (odds ratios and their 

confidence interval) of the presence of virulence genes with bloody diarrhoea and diarrhoea are 

presented in Table 1. 

 

Antibiotic resistance patterns and presence of resistance genes 

Phenotypic antibiotic resistance patterns of the isolates are shown in Supplementary Table S3. In 

thirty-three (25%) STEC isolates at least one antibiotic resistance gene was found. Although not 

significant, presence of resistance genes was higher in only stx1 positive isolates (35.5%) compared 

to stx2 (16.5%) (P=0.063) and stx1+stx2 (15%) (P=0.054) positive isolates. Antibiotic resistance genes 

found in STEC isolates are shown in Table 2. Two isolates (STEC 381-1 and STEC 1255) of serotype 

O104:H4 and O5:H9 were ESBL producers and contained the blaCTX-M-15 and blaCTX-M-1 genes, 

respectively. 
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Figure 1. Distribution of different serogenotypes (a), sequence types (STs) (b), and stx subtype combinations  

(c) among STEC isolates. 

*Other serogenotypes and sequence types of all isolates are summarized in supplementary Table S1. 

 

 

 

Figure 2. Comparison of virulence genes in eae-positive and eae-negative STEC isolates. Blue and red bars 

represent the frequency of virulence genes in eae-positive and eae-negative isolates, respectively. 

*P < 0.05, **P < 0.001 
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Table 1. Distribution of virulence genes (other than stx) among isolates obtained from three 

patient groups 

Virulence 
gene 

category 

Virulence 
genes 

Patient groups n (%) 

P
a
 

OR
b
 (95% CI)  

BD 
(N=26) 

 

NBD (N=64)  ND (N=20) 
BD vs NBD BD vs ND 

Adhesin 

eae 21(80) 34(53) 7(35) 0.006* 3.7 (1.24-11.04) 7.8(2.04-29.7) 

tir 21(80) 34(53) 7(35) 0.006* 3.7 (1.2-11.04) 7.8(2.04-29.7) 

espB 18(69) 24(37.5) 6(30) 0.009* 3.7(1.4-9.9) 5.2(1.4-18.6) 

iha 14(54) 36(56) 15(75) 0.272 0.9(.36-2.2) 0.39(0.11-1.38) 

efa1 11(42) 18(28) 4(20) 0.231 1.87(0.72-4.8) 2.93(0.76-11.2) 

 saa 1(4) 2(3) 1(5) 0.924 1.24(0.10-14.3) 0.76(0.04-12.9) 

Toxin 

ehxA 24(92) 41(64) 13(65) 0.023* 6.7(1.4-31) 6.4(1.1-35.7) 

toxB 12(46) 15(23) 4(20) 0.063 2.8(1.06-7.3) 3.4(0.89-13) 

astA 17(65) 26(41) 7(35) 0.059 2.7(1.06-7.13) 3.5(1.03-11.9) 

subA 2(8) 10(15.6) 5(25) 0.273 0.45(0.92-2.21) 0.25(0.04-1.45) 

cnf1 0(0) 1(1.6) 0(0) 0.696 Undefined Undefined 

cdtB 0(0) 1(1.6) 1(5) 0.441 Undefined Undefined 

senB 1(4) 5(8) 2(10) 0.704 0.47(0.05-4.2) 0.36(0.03-4.28) 

Secretion 
system 

espA 21(80) 33(51) 7(35) 0.005* 3.9(1.3-11.7) 7.8(2.04-29.7) 

espC 1(3.8) 3(4.7) 0(0) 0.619 0.81(0.08-8.19) Undefined 

espF 19(73) 27(42) 5(25) 0.003* 3.7(1.3-10) 8.1(2.1-30.8) 

espI 3(11.5) 8(12.5) 2(10) 0.954 0.91(0.22-3.75) 1.17(0.18-7.8) 

espJ 21(80) 33(51) 6(30) 0.002* 3.9(1.3-11.7) 9.8(2.5-38.4) 

nleA 20(77) 27(42) 6(30) 0.002* 4.5(1.6-12.9) 7.7(2.07-29.1) 

nleB 19(73) 30(47) 6(30) 0.011* 3.07(1.1-8.3) 6.3(1.7-23) 

nleC 16(61.5) 22(34) 6(30) 0.035* 3.05(1.1-7.8) 3.7(1.08-12.9) 

etpD 12(46) 15(43) 1(5) 0.005* 2.8(1.06-7.3) 16.2(1.8-140) 

cif 12(46) 26(40.6) 6(30) 0.534 1.25(0.50-3.13) 2.00(0.58-6.83) 

tccP 2(8) 13(20) 1(5) 0.125 0.33(0.06-1.56) 1.58(0.13-18.8) 

SPATE 

espP 16(61.5) 23(36) 6(30) 0.045* 2.8(1.1-7.3) 3.7(1.08-12.9) 

pic 1(4) 4(6) 0(0) 0.494 0.60(0.06-5.63) Undefined 

sepA 1(4) 2(3) 0(0) 0.69 1.24(0.10-14.2) Undefined 

sigA 1(4) 5(8) 3(15) 0.387 0.47(0.05-4.24) 0.22(0.02-2.36) 

Colicin 
cma 

3(11.5) 
3(4.7) 1(5) 0.465 2.65(0.49-14) 2.47(0.23-25.8) 

cba 7(27) 12(19) 5(25) 0.648 1.6(0.54-4.65) 1.10(0.29-4.19) 

celb 6(23) 17(26.6) 5(25) 0.941 0.83(0.28-2.41) 0.9(0.23-3.51) 

Microcin 

mchB 4(15) 13(20) 8(40) 0.110 0.71(0.21-2.43) 0.27(0.06-1.1) 

mchC 4(15) 13(20) 8(40) 0.110 0.71(0.21-2.43) 0.27(0.06-1.1) 

mchF 6(23) 17(26) 8(40) 0.407 0.83(0.28-2.41) 0.45(0.12-1.61) 

mcmA 1(4) 1(1.6) 1(5) 0.657 2.5(0.15-41.8) 0.76(0.04-12.9) 

Fimbriae lpfA 20(77) 44(69) 17(85) 0.323 1.51(0.53-4.34) 0.59(0.12-2.71) 

Other 
ireA 3(11.5) 14(22) 8(40) 0.071 0.46(0.12-1.78) 0.19(.04-.87) 

katP 10(38.5) 22(34) 4(20) 0.379 1.12(0.46-3.06) 2.5(0.64-9.6) 

BD, Bloody diarrhoea; NBD, Non-bloody diarrhea; ND, No diarrhea; CI, confidence interval; OR, odds ratio. 
*Statistically significant p values. 
a
P values were obtained from Chi-square test comparing three groups 

b
OR obtained from binary logistic regression. OR was also calculated for group D vs ND but was found to be not significant, 

therefore is not mentioned in this table.  

 
 



Chapter 3

 

64 

 

Table 2. Presence of antibiotic resistance genes in  STEC isolates. 

Isolate Id Serogenotype stx subtype Presence of antibiotic resistance genes 

STEC 168 O91:H14 stx1a dfrA1, strA-B, sul2  

STEC 169 O6:H10 stx1c aadA1, blaTEM-1B, dfrA1, mphB,  strA-B, sul1-2, tetA  

STEC 196 O91:H14 stx1a aadA1, sul1, tetA 
STEC 200 O174:H21 stx2c strA-B, sul2, tetB 
STEC 299 O5:H9 stx1a strA-B, sul2 
STEC 329 O91:H14 stx1a aadA5, catB3, dfrA1, sul1, tetA  
STEC 338 O104:H4 stx2a blaTEM-1B, dfrA7, sul1 
STEC 370 O111:H8 stx1a aadA1, aph(3')-Ia, catA, dfrA1, mphB, strA-B, sul1, tetA, tetM  

STEC 381-1 O104:H4 stx2a bla CTX-M-15, blaTEM-1B, dfrA7, sul1 
STEC 381-4 O104:H4 stx2a blaTEM-1B, dfrA7, sul1 
STEC 479 O26:H11 stx1a aadA1, blaTEM-1B, dfrA1, mphB, strA-B, sul1-2, tetA  

STEC 487 O26:H11 stx1a aadA1, blaTEM-1B, dfrA1, mphB, strA-B, sul1-2, tetA 

STEC 690 O69:H11 stx1a aac(3)-IIa, aadA1, aph(3')-Ic, blaTEM-1A, catA1, dfrA1, mphB, strA-B, sul1-2, 
tetA-B  

STEC 691 O69:H11 stx1a aac(3)-IIa, aadA1, aph(3')-Ic, blaTEM-1A, catA1, dfrA1, mphB, strA-B, sul1-2, 
tetA-B 

STEC 757 O69:H11 stx1a aac(3)-IIa, aadA1, aph(3')-Ic, blaTEM-1A, catA1, dfrA1, mphB, strA-B, sul1-2, 
tetA-B 

STEC 1255 O5:H9 stx1a+ stx2a blaCTX-M-1, mphA  
STEC 1500 O76:H19 stx1c strA-B 
STEC 1585 O91:H14 stx1a aadA1, sul1, tetA 
STEC 2193 O103:H2 stx1a blaTEM-1C, strA-B, sul2 
STEC 2236 O113:H4 stx2d strA-B, sul2, tetB 
STEC 2359 O55:H12 stx1a blaTEM-1B, strA-B, sul2, tetA 
STEC 2441 O5:H9 stx1a strA-B, sul2 
STEC 2564 O117:H7 stx1a dfrA14, strA-B, sul2, tetA 
STEC 2573 O112:H19 stx1a+ stx2d blaTEM-1B, catA, floR, strA-B,sul2, tetA 
STEC 2633 O146:H10 stx1a  aadA1, sul1, tetA 
STEC 2743 O103:H2 stx1a aadA1, blaTEM-1B, dfrA1, strA-B, sul1-2, tetA 
STEC 2770 O157:H7 stx1a+ stx2c blaTEM-1B, strA-B, sul2, tetA 
STEC 2797 O100:H30 stx2e aadA1, blaTEM-1B, dfrA1, strA-B, sul1-2, tetA 
STEC 2820 O157:H7 stx1a+ stx2c aadA1, aph(3')-Ia , blaTEM-1B, dfrA8, strA-B, sul2, tetA 
STEC 2821 O157:H7 stx1a+ stx2c blaTEM-1B, strA-B, sul2, tetA 
STEC 3084 O91:H14 stx1a aadA5, catB, dfrA1, sul1, tetA  
STEC 3087 O91:H14 stx1a aadA5, catB, dfrA1, sul1, tetA 
STEC 3106 O91:H14 stx1a tetA 

 

 

Phylogenetic Analysis 

The core genome phylogenetic tree was constructed including those 2069 genes (defined as core 

genome) shared by all 137 isolates including 5 reference STEC isolates (Figure 3). To describe the 

isolates from the tree, the NJ tree in Figure 3 is arbitrarily divided into 8 groups (Group 1-Group 8). 

Isolates of the same serogenotype or ST clustered together irrespective of their stx subtypes and 

isolation region (Groningen or Rotterdam). Group 2, 4, 5 and 7 contained isolates of serogenotypes 

O157:H7, O26:H11, O91:H14 and O103:H2, respectively, which were the most prevalent 

serogenotypes in this study. In Group 7 isolates of serotype O128:H2 formed a subcluster. Group 3 

and Group 6 contained heterogeneous isolates of different STs and serogenotypes. All but one (STEC 
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309, in Group 7) of the stx 2f positive isolates clustered together (in Group 1) and belonged to 

O63:H6 and O113:H6 serogenotypes (Figure 3). 

Several subclusters were observed in a single ST cluster. In Group 4, isolates of serogenotype 

O26:H11 formed different subclusters within ST21; notably, one of the subclusters contained three 

O69:H11 isolates which had a 290 minimum allele difference (data not shown) from their closest 

O26:H11 isolate STEC 380. In some cases, isolates from the same O serogroups e.g., O5:H9 and 

O5:H19 were found to be scattered at distinct positions in the tree. On the other hand  most of the 

cases, isolates of the same H type irrespective of their O serotypes shared a common ancestor, e.g., 

serogroups O103:H2 and O128:H2, serogroups O174:H21, O146:H21 and O91:H21, and serogroups 

O113:H6 and O63:H6. 

To reveal the genetic relatedness of the isolates based on their virulence genes and other mobile 

genetic elements an additional NJ tree was constructed. This tree was based on the accessory 

genome containing 2586 genes that were present in at least one isolate but not in all of the 137 

isolates (Figure S4). The tree was almost identical to the core genome phylogenetic tree and no 

clusters based on disease severity were found. 

 

Distribution of isolates with clinical manifestation, geographical location and epidemiological link 

The isolates obtained from the patients with bloody diarrhoea belonged to different serogenotypes 

and STs (Figure 3). No significant geographical distribution was observed among the STEC isolates in 

relation to their genotypes. Two exceptions should be mentioned within Group 6, in which all 4 

isolates belonging to ST442 were obtained from patients in the Rotterdam region. In addition, in 

Group 1 seven out of nine stx2f isolates were obtained from patients in the Groningen region. All 

other closely related subclusters contained isolates from both regions. Isolates of two clusters 

containing three (STEC 338, STEC 381-1 and STEC 381-4 in Group 6) and two (STEC 690 and STEC 757 

in Group 4) epidemiologically related isolates were also closely genetically related. In figure 3, we 

also highlighted isolates having almost similar core genomes; e.g. STEC 563 and STEC 709 (3-allele 

difference), STEC 479 and STEC 487 (no allele difference), STEC 2174 and STEC 2363 (1-allelle 

difference), STEC 384 and STEC 464 (no allele difference), STEC 299 and STEC 2441 (2-allele 

difference); for those isolates no epidemiological data were available. The number of allele 

differences was obtained from MST analyses (data not shown). 
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Phylogenetic comparison of STEC isolates with the DEC reference collection 

Figure 4 shows a NJ tree representing all the STEC isolates from this study and E. coli isolates from 

the DEC collection. STEC isolates of this study represented a diverse collection and did not form a 

separate cluster but were interspersed among the DEC isolates. The phylogenetic tree shows that 

STEC serogroups O157:H7 evolved from E. coli O55:H7 isolates (DEC5), and O26:H11 clustered with 

DEC9 and DEC10 isolates in a separate lineage. In both cases clusters contained only STEC isolates. In 

contrast, STEC O103:H2 shared a common ancestor with EPEC O111:H2 (DEC12) and O128:H2 

(DEC11A-D). STEC O63:H6 and O113:H6, both belonging to the stx2f subtype, shared a common 

ancestor with EPEC O55:H6 (DEC1 and DEC2). Among the non-STEC/EPEC isolates, DEC13, DEC14 and 

DEC15 isolates shared a common ancestor with several of our STEC isolates of heterogeneous 

serotypes and DEC6 (O111:H21) isolates clustered together with our STEC ST10 isolates. 

 

Genetic diversity of STEC isolates compared to DEC isolates and ESBL-producing E. coli isolates 

The MPD of the STEC, DEC and ESBL-producing E. coli isolates was 0.86 (IQR 0.24), 0.93 (IQR 0.24) 

and 0.97 (IQR 0.10), respectively. The result from the Kruskal-Wallis test indicated that the MPD of 

the three populations (STEC, DEC and ESBL) was significantly different (p<0.001). Additionally, a 

Mann-Whitney U test showed that there was a highly significant difference (p<0.001) between the 

MPD of STEC and ESBL, and DEC and ESBL (p<0.001) but not between the MPD of STEC and DEC 

(p=0.137). 
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Figure 3. Neighbour Joining (NJ) Phylogenetic tree of STEC isolates based on 2069 genes (defined as core 

genome) shared by 137 STEC isolates (including 5 reference STEC). The whole tree is arbitrarily divided into 8 

groups indicated by circles (Group 1-Group 8). Predominant serogenotypes are mentioned in the circles. Each 

isolate Id is followed by isolation region (G for Groningen and R for Rotterdam), serogenotype, sequence type 

and stx subtype. Closely related isolates with an allele difference <5 (obtained from the minimum spanning tree 

analysis) are highlighted with red lines behind them. New sequence types were not updated in Seqsphere 

server during analysis therefore were left as ‘?’ as an unknown sequence type.  STEC, Shiga toxin-producing 

Escherichia coli. 
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Figure 4. Neighbour Joining (NJ) Phylogenetic tree of STEC isolates and DEC reference isolates based on 1231 

genes (defined as core genome) shared by 208 isolates. The non- STEC isolates are marked with a red asterisk. 

For each isolates, the serogenotypes and sequence types are mentioned behind the isolate name. DEC, 

diarrhoeagenic E. coli; STEC, Shiga toxin-producing E. coli. 

 

 

DISCUSSION 

In this study, STEC isolates were collected from faecal samples of patients with gastrointestinal 

complaints from two regions of the Netherlands. Molecular characterization and high resolution 

typing of the isolates was performed using WGS. Serogenotyping, MLST and subtyping of stx genes 

revealed a diverse group of STEC in the study population. Twenty five per cent of the isolates carried 

one or more antibiotic resistance gene(s), including ESBL genes.  Resistance genes were mostly found 

in stx1 positive isolates belonging to O-serotypes other than the big six known to be most frequently 

involved in severe human infection. These isolates often originate from food-producing animals 

which are regularly treated with antibiotics that may lead to STEC becoming resistant. In addition, as 
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stx1 positive bacteria often cause only mild symptoms without bloody diarrhea and patients may 

receive antibiotic therapy if no detailed diagnostics is performed (27-29). Recently, several reports 

including the one on the 2011 German E. coli O104:H4 outbreak, have described the association of 

STEC isolates with ESBL genes (30). Antibiotic resistance genes are mainly carried on mobile genetic 

elements that can be transferred from one bacterium to the other while subjected to selective 

pressure, e.g., by exposure to antibiotics. Transferring of resistance genes into clinically significant 

bacteria for human could make their treatment option complicated (31). 

The presence of several virulence genes (iha, mchB, mchC, mchF, subA, ireA, senB, saa, sigA) was 

significantly higher in eae-negative isolates compared to eae-positive ones similar as reported by 

previous studies in which these genes were described as additional virulence factors in eae negative 

strains (32,33). The presence of virulence genes (eae, tir, espA, espF, espJ) associated with the LEE 

pathogenicity island and non-LEE-encoded effector (nle) that encode translocated substrates of the 

type III secretion system was more frequent in isolates obtained from patients with bloody 

diarrhoea. These genetic determinants were also described to be associated with highly pathogenic 

STEC and therefore with severe disease (15,34) although a wide number of STEC LEE-negative strains 

also have been associated with sporadic cases and outbreaks (4). There was no correlation between 

the serogenotype or STs and the disease outcome. Thus, isolates obtained from bloody diarrhoea did 

not belong to a specific phylogenetic cluster but were scattered throughout the phylogenetic tree. 

This finding supports the idea that STEC from different phylogenetic backgrounds could be 

responsible for severe disease outcome in human by acquiring virulence factors contributing to their 

pathogenicity (15). Furthermore, clustering of isolates according to their STs and serogenotype 

pattern irrespective of stx subtypes suggests that Stx converting phages are carried by a genetically 

diverse group of E. coli (35). In addition, the phylogenetic tree based on the accessory genome of the 

isolates also showed no correlation with disease severity. Clearly, disease outcome is multifactorial 

and does not only depends on the genetic contents or virulence factors of the isolates but also on 

host susceptibility factors and several Stx phage related factors (36). 

MLST provides an adequate tool for producing genetic profiles for a vast number of isolates 

especially in non-epidemic circumstances, i.e., for national reference services or when comparing 

large international strain collections, but has a low discriminatory power. We found several 

subclusters within the same ST and serogenotype clusters. In addition, isolates highly similar in their 

core genome were also identified using cgMLST. Five historical isolates obtained from outbreaks or 

sporadic cases were included in the phylogeny and we found that two of our O157:H7 isolates 

clustered with two O157:H7 isolates associated with a previous outbreak (18) and that three 
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epidemiologically related O104:H4 isolates clustered with the 2011 E. coli O104:H4 outbreak isolate 

2011c-3493 (24). Therefore, the detailed gene-by-gene phylogenetic approach using cgMLST enabled 

us to discriminate among isolates within same STs and helped us to identify potentially more virulent 

clones thereby improving risk assessment and outbreak management. Isolates belonging to different 

serogroups clustered with each other, suggesting that using just serogroups may cause misleading 

conclusions about the phylogenetic relatedness between STEC strains and their health risks (37). 

However, the two regions (Groningen and Rotterdam) from which the isolates were obtained are 

only approximately 250 km away and probably both regions share many food sources. This may be 

an explanation that no geographical distribution was observed among the STEC isolates of the 

different regions. In some cases, isolates of the same O-serogroup were located in different 

phylogenetic clusters. On the other hand isolates of the same H type, irrespective of their O 

serotype, shared a common ancestor. This finding is in concordance with previous findings where H- 

serogroups were described as monophyletic, whereas O-serogroups were described as polyphyletic 

(37,38).  

Comparing STEC isolates of this study with DEC isolates revealed that the STEC isolates represent a 

heterogeneous group. Some of the serogroups formed distinct branches containing only STEC 

isolates. However, some serogroups shared a common ancestor with EPEC and other stx/eae 

negative DEC isolates. This supports the hypothesis that Stx converting bacteriophages can integrate 

into different E. coli pathogroups thereby converting them into a more pathogenic variant (33). 

Moreover, STEC isolates of this study had a similar diversity pattern compared to DEC isolates but 

were less diverse than ESBL-producing E. coli isolates. This result supports the idea that Stx 

converting bacteriophages may have a preference in host selection (36).  

Our study has several limitations. Firstly, it was not possible to link all the isolate characteristics with 

patient disease outcome and epidemiology due to lacking of patient information. Therefore, an 

unknown epidemiological linkage may exist among isolates that might have influenced the reported 

diversity. Moreover, as some of the faecal samples were also positive for parasites, and other 

bacteria causing gastro-enteritis and all samples were not tested for gastroenteric viruses, it was not 

possible to reveal the exact aetiology of the disease outcome.  

In conclusion, STEC isolates of a substantial genetic diversity and of distinct phylogenetic groups were 

observed in two regions of the Netherlands. WGS serves perfectly well for detailed characterization 

of STEC strains compared to serotyping and MLST that have less discriminatory power and do not 

provide any information on virulence and resistance genes. WGS of STEC could be very useful for 

outbreak tracing within a clinical outbreak, but as STEC strains are very diverse it may not always be 
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suitable for comparing different outbreaks. WGS may not always be useful to find common ancestors 

of STEC, because of its great heterogeneity and incorporation of mobile genetic elements, but so far 

it is the best available method. There was no clear correlation between serogenotypes, stx subtype 

or STs and the outcome of the disease, as it is also influenced by several factors in addition to 

virulence factors or a specific pathotype. 
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Supplementary Materials 
 
Supplementary Table S1. Information of the patients and STEC isolates used in this study. 
 

Isolate ID 
Collecti
on date 

Collection 
Region 

Host disease 
Host 
age 

Host 
sex 

Serogenot
ype 

stx 
subtyp

e 

Seque
nce 
type 

Bioproject ID 
NCBI accession 

number 

STEC 29 Apr-13 Groningen 
Abdominal 
discomfort, 

Nausea 
6 F O91:H14 stx1a 33 PRJNA285020 LNFU00000000 

STEC 66 May-13 Groningen Diarrhoea 4 M O165:H25 
stx1a+s

tx2a 
119 PRJNA285020 LNFT00000000 

STEC 168 Jun-13 Groningen Diarrhoea 81 F O91:H14 stx1a 33 PRJNA285020 LNFV00000000 

STEC 169 Jun-13 Groningen Unknown 14 F O6:H10 stx1c 43 PRJNA285020 LNZJ00000000 

STEC 196 Jun-13 Groningen 
Abdominal 
complain 

1 M O91:H14 stx1a 33 PRJNA285020 LNZK00000000 

STEC 200 Jun-13 Groningen Malaise 80 F O174:H21 stx2c 677 PRJNA285020 LNZL00000000 

STEC 299 Jul-13 Groningen Bloody Diarrhoea 27 F O5:H9 stx1a 342 PRJNA285020 LOCR00000000 
           

STEC 309 Jul-13 Groningen Abdominal pain 13 F O128:H2 stx2f 20 PRJNA285020 LOCS00000000 

STEC 329 Jul-13 Groningen Diarrhoea 11 M O91:H14 stx1a 33 PRJNA285020 LOCT00000000 

STEC 338 Jul-13 Groningen HUS 23 F O104:H4 stx2a 678 PRJNA285020 JRJF00000000 

STEC 343 Jul-13 Groningen Diarrhoea 27 F O157:H7 stx2c 11 PRJNA285020 LDOZ00000000 

STEC 370 Jul-13 Groningen Unknown 67 F O111:H8 stx1a 16 PRJNA285020 LOCU00000000 

STEC 380 Jul-13 Groningen Diarrhoea 69 F O26:H11 stx1a 21 PRJNA285020 LOCV00000000 

STEC 381-
1 

Jul-13 Groningen Diarrhoea 22 F O104:H4 stx2a 678 PRJNA285020 JRKD00000000 

STEC 381-
4 

Jul-13 Groningen Diarrhoea 22 F O104:H4 stx2a 678 PRJNA285020 JRLD00000000 

STEC 384 Jul-13 Groningen Diarrhoea 62 M O103:H2 stx1a 17 PRJNA285020 LOCW00000000 

STEC 464 Aug-13 Groningen Bloody Diarrhoea 43 F O103:H2 stx1a 17 PRJNA285020 LOCX00000000 

STEC 477 Aug-13 Groningen Diarrhoea 1 F O26:H11 stx1a 21 PRJNA285020 LOCY00000000 

STEC 479 Aug-13 Groningen Bloody Diarrhoea 2 F O26:H11 stx1a 21 PRJNA285020 LOCZ00000000 

STEC 487 Aug-13 Groningen Diarrhoea 82 F O26:H11 stx1a 21 PRJNA285020 LODA00000000 

STEC 545 Aug-13 Groningen Diarrhoea 60 F O9:H9 stx2e 10 PRJNA285020 LODB00000000 

STEC 559 Aug-13 Groningen Diarrhoea 1 M O182:H25 stx1a 300 PRJNA285020 LODC00000000 

STEC 563 Aug-13 Groningen Diarrhoea 19 F O26:H11 
stx1a+s

tx2a 
21 PRJNA285020 LODD00000000 

STEC 565 Aug-13 Groningen Bloody Diarrhoea 63 F O121:H19 stx2a 655 PRJNA285020 LODE00000000 

STEC 605 Aug-13 Groningen Unknown 52 M O157:H7 stx2c 11 PRJNA285020 LFUA00000000 

STEC 623 Aug-13 Groningen Bloody Diarrhoea 25 M O157:H7 
stx1a+s

tx2c 
11 PRJNA285020 LFUB00000000 

STEC 627 Aug-13 Groningen Nausea 15 F O5:H9 stx1a 342 PRJNA285020 LODF00000000 

STEC 645 Aug-13 Groningen Diarrhoea 31 F O91:H14 stx1a 33 PRJNA285020 LODG00000000 

STEC 690 Sep-13 Groningen Diarrhoea 1 F O69:H11 stx1a 21 PRJNA285020 LOFJ00000000 

STEC 691 Sep-13 Groningen Abdominal pain 43 M O69:H11 stx1a 21 PRJNA285020 LOFK00000000 

STEC 707 Sep-13 Groningen Diarrhoea 27 M O103:H2 stx1a 17 PRJNA285020 LOFL00000000 

STEC 709 Sep-13 Groningen Bloody Diarrhoea 55 F O26:H11 
stx1a+s

tx2a 
21 PRJNA285020 LOFM00000000 

STEC 731 Sep-13 Groningen Diarrhoea 1 F O145:Hnt stx2a 32 PRJNA285020 LOFN00000000 

STEC 757 Sep-13 Groningen 
Abdominal 
discomfort 

3 F O69:H11 stx1a 21 PRJNA285020 LOFO00000000 

STEC 764 Sep-13 Groningen Diarrhoea 19 F O26:H11 stx1a 21 PRJNA285020 LOFP00000000 

STEC 771 Aug-13 Groningen Diarrhoea 30 F O157:H7 
stx1a+s

tx2c 
11 PRJNA285020 LGAZ00000000 

STEC 793 Sep-13 Groningen Bloody Diarrhoea 23 F O63:H6 stx2f 6044
b,c

 PRJNA285020 LOFQ00000000 

STEC 886 Oct-13 Groningen Diarrhoea 16 F O91:H14 stx1a 33 PRJNA285020 LOFR00000000 
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Isolate ID 
Collecti
on date 

Collection 
Region 

Host disease 
Host 
age 

Host 
sex 

Serogenot
ype 

stx 
subtyp

e 

Seque
nce 
type 

Bioproject ID 
NCBI accession 

number 

STEC 915 Oct-13 Groningen Bloody Diarrhoea 8 M O157:H7 
stx1a+s

tx2c 
11 PRJNA285020 LFUH00000000 

STEC 931 Oct-13 Groningen Bloody Diarrhoea 34 F O26:H11 stx2a 29 PRJNA285020 LOFS00000000 

STEC 940 Oct-13 Groningen Diarrhoea 5 M O63:H6 stx2f 6045
b,d

 PRJNA285020 LOFT00000000 

STEC 989 Oct-13 Groningen Bloody Diarrhoea 58 M O157:H7 
stx1a+s

tx2c 
11 PRJNA285020 LGBA00000000 

STEC 994 Oct-13 Groningen Bloody Diarrhoea 43 M O157:H7 stx2c 11 PRJNA285020 LGBB00000000 

STEC 1109 Oct-13 Groningen 
Abdominal pain, 

Nausea 
78 M O157:H7 stx2c 11 PRJNA285020 LGBC00000000 

STEC 1117 Nov-13 Groningen Unknown 2 F O26:H11 stx1a 21 PRJNA285020 LOFU00000000 

STEC 1161 Nov-13 Groningen Diarrhoea 29 F O84:H2 stx1a 6042
b,e

 PRJNA285020 LOFV00000000 

STEC 1178 Nov-13 Groningen Diarrhoea 4 F O113:H6 stx2f 121 PRJNA285020 LOFW00000000 

STEC 1188 Nov-13 Groningen 
Abdominal 
discomfort 

5 F O91:H14 stx1a 33 PRJNA285020 LOFX00000000 

STEC 1198 Nov-13 Groningen Unknown 
unkn
own 

unkn
own 

O63:H6 stx2f 583 PRJNA285020 LOFY00000000 

STEC 1201 Nov-13 Groningen Bloody Diarrhoea 24 F O103:H2 stx1a 17 PRJNA285020 LOFZ00000000 

STEC 1225 Nov-13 Groningen Bloody Diarrhoea 11 F O182:H25 stx1a 300 PRJNA285020 LOGA00000000 

STEC 1236 Nov-13 Groningen Diarrhoea 51 F O26:H11 stx1a 21 PRJNA285020 LOGB00000000 

STEC 1255 Nov-13 Groningen Bloody Diarrhoea 8 F O5:H9 
stx1a+s

tx2a 
342 PRJNA285020 LOGC00000000 

STEC 1270 Nov-13 Groningen 
Abdominal 
complain 

3 F O113:H6 stx2f 121 PRJNA285020 LOGD00000000 

STEC1284 Nov-13 Groningen Diarrhoea 0 F O103:H2 stx1a 17 PRJNA285020 LOGE00000000 

STEC 1293 Dec-13 Groningen Bloody Diarrhoea 42 M O26:H11 
stx1a+s

tx2a 
21 PRJNA285020 LOGF00000000 

STEC 1299 Dec-13 Groningen Diarrhoea 5 M O128:H2 
stx1c+s

tx2b 
25 PRJNA285020 LOGG00000000 

STEC 1303 Dec-13 Groningen Diarrhoea 4 F O113:H6 stx2f 121 PRJNA285020 LOGH00000000 

STEC 1363 Dec-13 Groningen Abdominal pain 40 M O128:H2 stx2b 25 PRJNA285020 LOGI00000000 

STEC 1375 Dec-13 Groningen Diarrhoea 87 F O185:H7 stx2c 2387 PRJNA285020 LOGJ00000000 

STEC 1442 Jan-14 Groningen Bloody Diarrhoea 11 M O145:Hnt stx2a 32 PRJNA285020 LOGK00000000 

STEC 1465 Jan-14 Groningen Unknown 31 M O128:H2 stx1c 25 PRJNA285020 LOGL00000000 

STEC 1473 Jan-14 Groningen Diarrhoea 75 F O113:H6 stx2f 121 PRJNA285020 LOGM00000000 

STEC 1500 Jan-14 Groningen Diarrhoea 21 F O76:H19 stx1c 675 PRJNA285020 LOGN00000000 

STEC 1506 Jan-14 Groningen Abdominal pain 12 F O5:H19 
stx1c+s

tx2b 
447 PRJNA285020 LPWV00000000 

STEC 1513 Jan-14 Groningen Diarrhoea 14 F O103:H2 stx1a 17 PRJNA285020 LOGO00000000 

STEC1528 Feb-14 Groningen Diarrhoea 57 M O75:H7 stx2b 80 PRJNA285020 LOGP00000000 

STEC1532 Feb-14 Groningen Diarrhoea 55 M O103:H2 stx1a 17 PRJNA285020 LOGQ00000000 

STEC 1585 Feb-14 Groningen 
Abdominal 
complain 

83 M O91:H14 stx1a 33 PRJNA285020 LOGR00000000 

STEC 1634 Apr-14 Groningen Diarrhoea 46 F Ont:H8 stx2b 26 PRJNA285020 LOGS00000000 

STEC 1686 Apr-14 Groningen Unknown 50 M O27:H30 
stx1a+s

tx2b 
753 PRJNA285020 LOGT00000000 

STEC 2064 May-13 Rotterdam Diarrhoea 83 M O91:H14 stx1a 33 PRJNA285020 LOJC00000000 

STEC 2074 May-13 Rotterdam 
Abdominal pain, 

Nausea 
29 M O146:H21 stx1c 442 PRJNA285020 LOJD00000000 

STEC 2075 May-13 Rotterdam Diarrhoea 1 M O157:H7 stx2c 11 PRJNA285020 LGBD00000000 

STEC 
2110.1 

Jun-13 Rotterdam Abdominal pain 9 F O91:H14 stx2a 33 PRJNA285020 
LPWW0000000

0 

STEC 
2110.3 

Jun-13 Rotterdam Abdominal pain 9 F O26:H11 stx lost 21 PRJNA285020 LOJE00000000 

STEC 2112 Jun-13 Rotterdam Diarrhoea 10 F O157:H7 
stx1a+s

tx2a 
11 PRJNA285020 LGBE00000000 

STEC 2144 Jun-13 Rotterdam Diarrhoea 21 F O26:H11 stx1a 21 PRJNA285020 LOGU00000000 
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Isolate ID 
Collecti
on date 

Collection 
Region 

Host disease 
Host 
age 

Host 
sex 

Serogenot
ype 

stx 
subtyp

e 

Seque
nce 
type 

Bioproject ID 
NCBI accession 

number 

STEC 2174 Jun-13 Rotterdam 
Abdominal pain, 

Nausea 
20 M O91:H14 stx1a 33 PRJNA285020 LOGV00000000 

STEC 2193 Jun-13 Rotterdam Bloody Diarrhoea 14 F O103:H2 stx1a 17 PRJNA285020 LOGW00000000 

STEC 2211 Jul-13 Rotterdam Bloody Diarrhoea 51 F O108:H25 stx1a 300 PRJNA285020 LOGX00000000 

STEC 2236 Jul-13 Rotterdam Diarrhoea 62 M O113:H4 stx2d 10 PRJNA285020 LOGY00000000 

STEC 2257 Jul-13 Rotterdam Unknown 4 F O157:H7 
stx1a+s

tx2c 
11 PRJNA285020 LGBF00000000 

STEC 2270 Jul-13 Rotterdam Diarrhoea 1 F O111:H8 stx1a 16 PRJNA285020 LPWX00000000 

STEC 2334 Aug-13 Rotterdam Diarrhoea 1 F O63:H6 stx2f 583 PRJNA285020 LOGZ00000000 

STEC 2346 Aug-13 Rotterdam Diarrhoea 0 F O26:H11 stx1a 21 PRJNA285020 LOHA00000000 

STEC 2359 Aug-13 Rotterdam Diarrhoea 41 M O55:H12 stx1a 101 PRJNA285020 LOHB00000000 

STEC 2363 Aug-13 Rotterdam Unknown 67 F O91:H14 stx1a 33 PRJNA285020 LPWY00000000 

STEC 2410 Aug-13 Rotterdam Diarrhoea 14 F O157:H7 stx2c 11 PRJNA285020 LGBG00000000 

STEC 2419 Sep-13 Rotterdam Diarrhoea 38 F O103:H2 stx1a 17 PRJNA285020 LPWZ00000000 

STEC 2441 Sep-13 Rotterdam Diarrhoea 79 F O5:H9 stx1a 342 PRJNA285020 LOHC00000000 

STEC 2450 Sep-13 Rotterdam Diarrhoea 82 F O146:H21 
stx1c+s

tx2b 
442 PRJNA285020 LPXA00000000 

STEC 2499 Sep-13 Rotterdam Abdominal pain 10 M O181:H49 
stx1a+s

tx2d 
4043

b,f
 PRJNA285020 LOIE00000000 

STEC 2505 Sep-13 Rotterdam Diarrhoea 59 M O128:H2 
stx1c+s

tx2b 
25 PRJNA285020 LPXB00000000 

           

STEC 2539 Sep-13 Rotterdam Unknown 79 F O63:H6 stx2f 583 PRJNA285020 LOIF00000000 

STEC 2564 Sep-13 Rotterdam 
Abdominal 
complain 

70 F O117:H7 stx1a 504 PRJNA285020 LOIG00000000 

STEC 2573 Sep-13 Rotterdam Bloody Diarrhoea 29 M O112:H19 
stx1a+s

tx2d 
201 PRJNA285020 LOIH00000000 

STEC 2591 Sep-13 Rotterdam Diarrhoea 68 F O174:H2 
stx1a+s

tx2d 
661 PRJNA285020 LOII00000000 

STEC 2595 Sep-13 Rotterdam Diarrhoea 2 M 
O17/O77/
O44:H18 

stx2d 69 PRJNA285020 LOIJ00000000 

STEC 2620 Sep-13 Rotterdam Bloody Diarrhoea 25 F O91:H14 
stx1a+s

tx2b 
33 PRJNA285020 LPXC00000000 

STEC 2633 Oct-13 Rotterdam Unknown 
unkn
own 

unkn
own 

O146:H10 stx1a 745 PRJNA285020 LOIK00000000 

STEC 2667 Oct-13 Rotterdam Unknown 4 F O157:H7 
stx1a+s

tx2c 
11 PRJNA285020 LGBH00000000 

STEC 2708 Oct-13 Rotterdam Diarrhoea 52 M O110:H9 stx1c 10 PRJNA285020 LOIL00000000 

STEC 2743 Oct-13 Rotterdam Diarrhoea 3 M O103:H2 stx1a 1786 PRJNA285020 LOIM00000000 

STEC 2746 Oct-13 Rotterdam Unknown 31 F O128:H2 
stx1c+s

tx2b 
25 PRJNA285020 LPXD00000000 

STEC 2764 Nov-13 Rotterdam Diarrhoea 39 M O174:H8 stx1c 13 PRJNA285020 LOIN00000000 

STEC 2770 Nov-13 Rotterdam Unknown 
unkn
own 

unkn
own 

O157:H7 
stx1a+s

tx2c 
11 PRJNA285020 LPXF00000000 

STEC 2788 Nov-13 Rotterdam Bloody Diarrhoea 19 F O91:H14 stx1a 33 PRJNA285020 LOIO00000000 

STEC 2797 Nov-13 Rotterdam Unknown 55 F O100:H30 stx2e 993 PRJNA285020 LOIP00000000 

STEC 2820 Nov-13 Rotterdam Unknown 
3 

mont
h 

unkn
own 

O157:H7 
stx1a+s

tx2c 
11 PRJNA285020 LGBQ00000000 

STEC 2821 Nov-13 Rotterdam Bloody Diarrhoea 72 F O157:H7 
stx1a+s

tx2c 
11 PRJNA285022 LGBI00000000 

STEC 2826 Nov-13 Rotterdam Diarrhoea 19 F O91:H21 
stx2a+s

tx2d
a
 

442 PRJNA285020 LOJA00000000 

STEC 2839 Nov-13 Rotterdam Unknown 41 M O76:H19 stx1c 675 PRJNA285020 LOJB00000000 

STEC 2841 Nov-13 Rotterdam Diarrhoea 50 M Ont:H20 stx1c 6060
b
 PRJNA285020 LOIQ00000000 

STEC 2861 Nov-13 Rotterdam Unknown 57 F Ont:H20 stx2d 724 PRJNA285020 LOIR00000000 
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Isolate ID 
Collecti
on date 

Collection 
Region 

Host disease 
Host 
age 

Host 
sex 

Serogenot
ype 

stx 
subtyp

e 

Seque
nce 
type 

Bioproject ID 
NCBI accession 

number 

STEC 2868 Nov-13 Rotterdam Bloody Diarrhoea 14 F O157:H7 
stx1a+s

tx2a 
11 PRJNA285020 LGBJ00000000 

STEC 
2894.1 

Dec-13 Rotterdam Diarrhoea 19 F Ont:H20 stx1a 6041
b,g

 PRJNA285020 LOIS00000000 

STEC 
2894.2 

Dec-13 Rotterdam Diarrhoea 19 F O177:H25 stx2c 659 PRJNA285020 LOIT00000000 

STEC 2920 Dec-13 Rotterdam Bloody Diarrhoea 79 F O26:H11 stx1a 21 PRJNA285020 LOIU00000000 

STEC 2938 Dec-13 Rotterdam Diarrhoea 76 F O182:H25 stx1a 300 PRJNA285020 LOIV00000000 

STEC 2953 Dec-13 Rotterdam Unknown 15 M O113:H4 
stx1c+s

tx2b 
10 PRJNA285020 LOIW00000000 

STEC 2954 Dec-13 Rotterdam Diarrhoea 1 F O174:H8 
stx1c+s

tx2b 
13 PRJNA285020 LPXE00000000 

STEC 2962 Dec-13 Rotterdam Diarrhoea 20 F O91:H14 stx1a 33 PRJNA285020 LOIX00000000 

STEC 2980 Jan-14 Rotterdam Diarrhoea 
11 

mont
h 

F O128:H2 
stx1c+s

tx2b 
25 PRJNA285020 LOIY00000000 

STEC 3031 Jan-14 Rotterdam Bloody Diarrhoea 17 F O38:H26 
stx1c+s

tx2b 
548 PRJNA285020 LOIZ00000000 

STEC 3039 Feb-14 Rotterdam 
Abdominal 
complain 

36 M O146:H21 
stx1c+s

tx2b 
442 PRJNA285020 LPUH00000000 

STEC 3055 Feb-14 Rotterdam Diarrhoea 10 F O91:H14 stx1a 33 PRJNA285020 LPUI00000000 

STEC 3084 Mar-14 Rotterdam Unknown 0 M O91:H14 stx1a 33 PRJNA285020 LPUJ00000000 

STEC 3087 Mar-14 Rotterdam Diarrhoea 51 M O91:H14 stx1a 33 PRJNA285020 LPUK00000000 

STEC 3094 Mar-14 Rotterdam Diarrhoea 7 M O103:H2 stx1a 17 PRJNA285020 LPUL00000000 

           

STEC 3098 Mar-14 Rotterdam Unknown 60 F O174:H21 stx2c 677 PRJNA285020 LPUM00000000 

STEC 3106 Mar-14 Rotterdam Unknown 72 M O91:H14 stx1a 33 PRJNA285020 LPUN00000000 

 
a 

The A subunit of the stx gene was of subtype stx2d and the B subunit was of subtype stx2a 
b 

These new STs were assigned by EnteroBase, but was not updated in Seqsphere, therefore in Figure 3 they are shown as 
unknown ST.  
c
 ST6044 has a single nucleotide change in purA gene of ST583, 

 

  d
 ST6045 has a single nucleotide change in recA gene of ST583 

   e
 ST6042 has a single nucleotide change in fumC gene of ST306 

  f
 ST6043 has a single nucleotide change in recA gene of ST173 

  g 
ST6041 has a single nucleotide change in fumC gene of ST724 

   

Reference STEC isolates from NCBI 

 

Strain 
name 

Year of 
isolation 

Country of 
isolation 

Disease outcome 
Serogenot

ype 
stx subtype 

Sequence 
type 

NCBI accession 
number 

EDL 933 1982 Michigan, USA 
Isolated from 
ground beef 

O157:H7 stx1a+stx2a  11 CP008957 

Sakai 1996 Japan HUS  O157:H7 stx1a+stx2a  11 NC_002695 

2011c-3493 2011 USA HUS O104:H4 stx2a 678  NC_018658 

11368 2001 Japan 
Diarrhoea(outbre

ak) 
O26:H11 stx1a 21 NC_013361 

12009 2001 Japan Bloody diarrhoea O103:H2 stx1a 17  NC_013353 
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Supplementary File S2 

Resulting Targets: 

2952 targets were defined for MLST+ (2884626 bases) 

1699 targets were used as Accessory targets (1431581 bases) 

553 targets were discarded 

 

Reference Genome: 

 * GenBank entry NC_002695.1, 5498450 bases, 5204 genes (Escherichia coli O157:H7 str. Sakai chromosome, 

complete genome.) 

Query Genomes (10): 

 * GenBank entry NC_017626.1, 5241977 bases, 4793 genes (Escherichia coli 042, complete genome.) 

 * GenBank entry NC_013364.1, 5371077 bases, 4968 genes (Escherichia coli O111:H- str. 11128, complete 

genome.) 

 * GenBank entry NC_011601.1, 4965553 bases, 4548 genes (Escherichia coli O127:H6 str. E2348/69 

chromosome, complete genome.) 

 * GenBank entry NC_011353.1, 5572075 bases, 5315 genes (Escherichia coli O157:H7 str. EC4115 

chromosome, complete genome.) 

 * GenBank entry NC_002655.2, 5528445 bases, 5286 genes (Escherichia coli O157:H7 str. EDL933 

chromosome, complete genome.) 

 * GenBank entry NC_013008.1, 5528136 bases, 5253 genes (Escherichia coli O157:H7 str. TW14359 

chromosome, complete genome.) 

 * GenBank entry NC_013361.1, 5697240 bases, 5360 genes (Escherichia coli O26:H11 str. 11368 chromosome, 

complete genome.) 

 * GenBank entry NC_013941.1, 5386352 bases, 5010 genes (Escherichia coli O55:H7 str. CB9615 chromosome, 

complete genome.) 

 * GenBank entry NC_017656.1, 5263980 bases, 4912 genes (Escherichia coli O55:H7 str. RM12579 

chromosome, complete genome.) 

 * GenBank entry NC_017646.1, 5313531 bases, 5009 genes (Escherichia coli O7:K1 str. CE10 chromosome, 

complete genome) 

 

Reference Genome Filters: 

 * Minimum length filter 

 * Start Codon Filter 

 * Stop Codon Filter 

 * Homologous Gene Filter 

 * Gene overlap filter 

 * Excluded Sequences Filter 

Query Genomes Filters: 

 * Stop Codon Percentage Filter 
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Supplementary Table S3.  Antibiotic resistance profiles of STEC isolates of this study. 
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 STEC 168                                 R R     

 STEC 169 R                               R R R   

 STEC 196                                     R   

STEC 200 I                                   R   

 STEC 299 I                                       

 STEC 329                                 R R R   

 STEC 338 R                               R       

STEC  370                           R     R R R   

STEC  381-1 R     R   R R R                 R     ESBL 

STEC  381-4 R                               R       

STEC 479 R                         R     R R R   

STEC 487 R                         R     R R R   

STEC 690 R                   R R         R R R   

STEC 691 R                   R R         R R R   

STEC 757 R                   R R       R R R R   

STEC 1255 R     R   R R R                       ESBL 

STEC 1500 I                                       

STEC 1585                                     R   

STEC2193 R                                       

STEC 2236                                     R   

STEC 2359 R                                   R   

STEC 2441 I                                       

STEC 2564 I                                   R   

STEC 2573 R                                   R   

STEC 2633 I                                   R   

STEC 2743 R R                             R R R   

STEC 2770 R                                   R   

STEC 2797 R                               R R R   

STEC 2820 I                               R R R   

STEC 2821 R                                   R   

STEC 3084                                 R R R   

STEC 3087                                 R R R   

STEC 3106                           R         R   
R=resistant, I= intermediate 
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Supplementary Figure S4. Neighbour Joining (NJ) Phylogenetic tree of STEC isolates based on 2586 genes 

(defined as accessory genome) which were present in at least one isolate but not in all of the 137 isolates 

(including 5 reference STEC genomes). Each isolate Id is followed by isolation region (G for Groningen and R for 

Rotterdam) and sequence type. New sequence types were not updated in Seqsphere server during analysis 

therefore were left as ‘?’ as an unknown ST. 
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ABSTRACT 

In 2011, a Shiga toxin-producing Enteroaggregative Escherichia coli (EAEC Stx2a+) O104:H4 strain 

caused a serious outbreak of acute gastroenteritis and hemolytic-uremic syndrome (HUS) in 

Germany. In 2013, E. coli O104:H4 isolates were obtained from a patient with HUS and her friend 

showing only gastrointestinal complaints. The antimicrobial resistance and virulence profiles of these 

isolates together with three EAEC Stx2a+ O104:H4 isolates from 2011 were determined and 

compared. Whole-genome sequencing (WGS) was performed for detailed characterization and to 

determine genetic relationship of the isolates. Four additional genomes of EAEC Stx2a+ O104:H4 

isolates of 2009 and 2011 available on NCBI were included in the virulence and phylogenetic analysis. 

All E. coli O104:H4 isolates tested were positive for stx2a, aatA and terD but were negative for escV. 

All, except one 2011 isolate, were positive for aggR and were therefore considered EAEC. The EAEC 

Stx2a+ O104:H4 isolates of 2013 belonged to sequence type (ST) ST678 as the 2011 isolates and 

showed slightly different resistance and virulence patterns compared to the 2011 isolates. Core-

genome phylogenetic analysis showed that the isolates of 2013  formed a separate cluster from the 

isolates of 2011 and 2009 by  27 and 20 different alleles, respectively. In addition, only a one-allele 

difference was found between the isolate of the HUS-patient and that of her friend. Our study shows 

that EAEC Stx2a+ O104:H4 strains highly similar to the 2011 outbreak clone in their core genome are 

still circulating necessitating proper surveillance to prevent further outbreaks with these potentially 

pathogenic strains. In addition, WGS not only provided a detailed characterization of the isolates but 

its high discriminatory power also enabled us to discriminate the 2013 isolates from the isolates of 

2009 and 2011 expediting the use of WGS in public health services to rapidly apply proper infection 

control strategies. 
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INTRODUCTION 

Shiga toxin-producing Escherichia coli (STEC) are a pathogenic group of Escherichia coli (E. coli) 

producing the potent cytotoxin Shiga-toxin (Stx) similar to the one produced by Shigella dysenteriae 

serotype 1 (1). STEC may cause a broad spectrum of illness, ranging from diarrhea to the potentially 

fatal hemolytic uremic syndrome (HUS) (2). A subset of STEC can cause bloody diarrhea in humans 

and they are known as enterohemorrhagic E. coli (EHEC) while a subset of EHEC can cause HUS and 

are known as hemolytic uremic syndrome-associated E coli HUSEC (3). In addition to Shiga toxin-

converting bacteriophages, STEC may contain several other mobile genetic elements encoding 

virulence factors as pathogenicity islands (PAI), and a large, approximately 90 kb plasmid (pO157) (4). 

Stx production is common to all HUS-associated E. coli isolates regardless of their serotype. When the 

toxin enters the blood stream it binds to receptors on endothelial cells abundantly present in kidneys 

and brain, leading to neurological sequel and/or to microvascular disease that may result in HUS (5).  

In 2011, a large outbreak was reported in Germany caused by an Enteroaggregative E. coli (EAEC) 

O104:H4 strain lysogenized with the Stx2a bacteriophage and thereby becoming an EAEC/STEC 

hybrid strain (6, 7). Besides the stx2a gene, this unusual strain had virulence properties of EAEC 

including plasmid pAA carrying the aggregative adherence fimbriae (AAF) variant I encoded by the 

aggA gene whose expression is regulated by the aggR gene. In addition, it contained a protein-coat 

secretion system (Aat), dispersin (Aap), a putative type VI secretion system (Aai), and a rare 

combination of serine protease autotransporters of Enterobacteriaceae (SPATEs) genes, i.e., sepA, 

sigA and pic (8, 9). It also contained a terD gene (tellurite resistance gene as a marker for the ter 

cluster) and a plasmid-borne extended spectrum beta-lactamase (ESBL) gene blaCTX-M-15 resulting in 

resistance to several antibiotics (7, 8). However, the outbreak clone did not possess the escV gene 

encoding the predicted outer membrane protein and a marker for the locus of enterocyte 

effacement (LEE) PAI (9, 10).  

In clinical microbiology, Whole Genome  Sequencing (WGS) has already shown its value in outbreak 

investigations and epidemiological typing due to its high-resolution discriminatory power and 

detailed virulence profiling, thereby becoming more and more important in routine diagnostics (11-

13). In this study, we characterized EAEC Stx2a+ O104:H4 strains isolated from a HUS patient and her 

friend who travelled together to Turkey in 2013 prior to diagnosing the patient with HUS. For this, a 

WGS approach in parallel with routine phenotypic and genotypic laboratory methods was used. 

Analyses were performed to get more insight into the antibiotic resistance and virulence profiles of 

the isolates and to reveal their genetic relationship with the 2011 German outbreak EAEC Stx2a+ 

O104:H4 isolates.  
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MATERIALS AND METHODS 

E. coli isolates used in this study 

In July 2013, four E. coli isolates were obtained from a HUS patient (isolate 338) and her friend 

(isolates 381-1, 381-3 and 381-4). They were compared to three EAEC Stx2a+ O104:H4 strains named 

7N, 8G and LB227103 which were a kind gift of Dr. Alexander Mellmann (Institute of Hygiene, 

University of Muenster, Muenster, Germany) and were isolated during the 2011 German outbreak 

period from stool samples of patients, submitted to the National Consulting Laboratory for Hemolytic 

Uremic Syndrome in Münster, Germany, between May 23 and June 2, 2011 (6, 14). In addition, 

publically available genomes of five previously reported strains (TY-2482, 2011C-3494, 2009EL-2050, 

2009EL-2071 and 55989) were included in virulence and phylogenetic analyses. Detailed information 

on the isolates used in this study is shown in Table 1. 

              

Diagnostic procedures 

Fecal samples from the HUS patient (patient 338) and her friend (patient 381) were collected for 

diagnostic purposes at Certe Laboratory for Infectious Diseases as described previously (18). Shortly, 

fecal samples were screened for the presence of the virulence genes stx1, stx2 and escV by real-time 

PCR (qPCR) and stx-positive samples were subsequently enriched in Brilliant green bile (BGB) broth. 

After DNA isolation from the enriched broth, qPCR was performed for detection of the EAEC pAA 

plasmid encoding genes aggR and aatA and, O-serogroup encoding genes (O26, O91, O103, O104, 

O111, O121, O145 and O157). In parallel, part of the BGB broth was plated on CHROMagar STEC and 

Sorbitol MacConkey agar plates (Mediaproducts BV, Groningen, the Netherlands). To obtain a pure 

isolate from the selective agar plates, more than 30 colonies of each patient were analysed for the 

presence of stx genes by qPCR and for ESBL production by using CHROM ID ESBL agar (bioMérieux, 

Marcy I'Etoile, France). In addition, sorbitol fermentation and tellurite resistance of the isolates were 

determined by observing their ability to grow on CT-SMAC plates (Sorbitol MacConkey agar with 

Cefixime and Tellurite). In addition, conventional PCRs for stx-subtypes 2a, 2b, 2c, 2d, 2e, 2f and 2g 

were performed to determine the subtype of the stx2 gene as described previously (19). Finally, a 

multiplex PCR targeting typical molecular features of the 2011 outbreak strain, i.e. the presence of 

the wzyO104 (O antigen polymerase as a marker for the E. coli O104 gene cluster), fliCH4 (encoding the 

H4 specific flagellin), stx2, and terD  genes was performed (6, 20).  
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Antimicrobial Resistance  

Antibiotic resistance patterns of the four isolates of 2013 (338, 381-1, 381-3 and 381-4) and three 

isolates of 2011 (7N, 8G and LB227103) were analyzed using VITEK2 (bioMerieux, Marcy l'Etoile, 

France) and E-Test (bioMérieux, Marcy l'Etoile, France) following EUCAST guidelines. Presence of 

ESBL, carbapenemases and AmpCs genes was confirmed using the Check-MDR CT103 assay according 

to the manufacturer’s protocol (Check-Points BV Wageningen, the Netherlands).  

 

DNA isolation 

For repetitive sequence based PCR fingerprinting and whole genome sequencing, genomic DNA was 

extracted by the UltraClean® microbial DNA isolation kit (MO BIO Laboratories, Carlsbad, CA, US) 

according to the manufacturer’s protocol. For other molecular assays DNA was extracted using a 

DNeasy blood and tissue kit (QIAGEN, GmbH, Hilden, Germany) following the manufacturer’s 

protocol. 

 

Multilocus sequence typing (MLST) 

MLST was performed using a 3130xl Genetic Analyzer (Applied Biosystems) to sequence internal 

fragments of seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and recA) according to the 

protocol described in the E. coli MLST databases      

(http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/documents/primersColi_html). The alleles and sequence 

types (ST) were assigned in accordance with the same database. 

 

Virulence properties  

To assess the presence of known E. coli virulence genes, a DNA microarray analysis was performed 

using the E. coli genotyping combined assay kit according to the manufacturer’s protocol (Clondiag, 

Alere Technologies, GmbH, Jena, Germany) (21).  

 

Repetitive sequence based PCR (rep-PCR)    

Isolated DNA was amplified using the DiversiLab Escherichia kit for repetitive sequence based PCR 

fingerprinting following the manufacturer’s instructions (bioMérieux, Marcy-l’Etoile, France). The 

rep-PCR products were detected and analysed using lab-on-a-chip microfluidics technology on an 

Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA). Further analysis was performed with the web-

based DiversiLab software (version 3.4) using the Pearson correlation coefficient to calculate pairwise 
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similarities among all samples. In this study, we used 95% similarity thresholds for the data analysis 

(22). 

 

Whole genome sequencing and analysis 

A DNA library was prepared using the Nextera XT kit (Illumina, San Diego, CA, US) according to the 

manufacturer’s instructions and then run on a Miseq (Illumina) for generating paired-end 250-bp 

reads. De novo assembly was performed using default settings of CLC Genomics Workbench v6.0.5 

(CLC bio A/S, Denmark) as described previously (23). The MLST sequence type was also confirmed 

from the whole genome sequence by uploading the assembled genomes to the CGE MLST server 

(version 1.7) (24); the configuration for MLST was set to E. coli scheme 1. The resistome was 

generated by uploading assembled genomes to the CGE Resfinder server 2.0 (25). The default 

settings for Resfinder were used except for the threshold of ID that was set to 85%. The 

serogenotype of the isolates was identified using CGE SerotypeFinder 1.0 (26). The virulence genes 

were identified by mapping reads to a pseudomolecule generated by concatenating a set of E. coli 

virulence genes described before (6, 27). In addition to the isolates of 2013 and 2011, the genomes 

of two isolates of 2009 (2009EL-2050, 2009EL-2071) were included for comparison of the virulence 

genes. The genome sequence of 2011C-3493 (GenBank accession no. NC_018658.1) was used as 

reference for extracting open reading frames (ORFs) from contigs of each strain by SeqSphere v1.0 

(Ridom GmbH, Münster, Germany). Only the ORFs without premature stop codons and ambiguous 

nucleotides were extracted, and the sequences of those ORFs shared by all samples analyzed here 

were defined as the core genome for subsequent phylogenetic analysis (28). According to the 

sequence identity of each ORF, a numerical allele type was assigned by SeqSphere. SeqSphere used 

the allelic profile formed by the combination of all alleles in each genome for constructing the 

minimum-spanning tree. This Whole Genome Shotgun project has been deposited at 

DDBJ/EMBL/GenBank under the accession number JRJF01000000 (E. coli 338), JRKD01000000 (E. coli 

381-1), JRLM01000000 (E. coli 381-3), JRLD01000000 (E. coli 381-4), JRKE01000000 (E. coli 7N), 

JRLN00000000 (E. coli 8G), JRKF01000000 (E. coli LB227103). The version described in this paper is 

the first version. 

 

RESULTS  

Demographic and clinical characteristics of patients 

Strain 338 was isolated from the fecal sample of a 22 year-old female patient (338) admitted to the 

Intensive Care Unit of the University Medical Center Groningen (UMCG) in July 2013, after returning 
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from a holiday in Turkey. She presented with abdominal pain, bloody diarrhea, vomiting and 

eventually developed HUS. Patient 381, a 24-year-old female travelling together with patient 338, 

showed symptoms of diarrhea, abdominal cramps and abdominal pain but was not hospitalized. 

 

 Table 1. Characteristics of isolates analyzed in this study. 

 

a 
NA = Not applicable as these isolates are stx negative 

 

Primary screening results 

Direct screening of feces by qPCR revealed the presence of stx1, stx2 and escV genes (patient 338) 

and stx2 gene (patient 381). Additional molecular screening of DNA isolated from enriched BGB broth 

for other virulence genes and O-serogroups resulted in detection of aggR, aatA and wzyO104 in both 

patients. Subsequently, as a result of colony screening for the presence of the stx gene and/or for 

ESBL production one stx2-positive non ESBL-producing isolate (isolate 338) was obtained from 

patient 338, whereas two different stx2-positive isolates were recovered from patient 381: an ESBL 

producing isolate (381-1) and a non ESBL producing isolate (381-4). In addition, one stx-negative but 

ESBL-producing isolate (381-3) was obtained from this patient. All stx-positive isolates contained the 

aatA and terD but not the escV gene, similar to the 2011 German outbreak isolates. No stx1-positive 

Isolate    ID Date of 
isolation 

Country of 
Isolation 

Clinical 
manifestations 

stx 
subtype 

Serotype ESBL MLST Source 

338 July 2013 Netherlands HUS 2a O104:H4 negative ST-678 this study 

381-1 July 2013 Netherlands Diarrhea 2a O104:H4 positive ST-678 this study 

381-3 July 2013 Netherlands Diarrhea NA
a
 O126:H2 positive ST-10 this study 

381-4 July 2013 Netherlands Diarrhea 2a O104:H4 negative ST-678 this study 

7N 2011 Germany Unknown 2a O104:H4 positive ST-678 this study 

8G 2011 Germany Unknown 2a O104:H4 positive ST-678 this study 

LB227103 2011 Germany HUS 2a O104:H4 positive ST-678 (6, 14) 

TY-2482 2011 Germany HUS 2a O104:H4 positive ST-678 (12)  

2011C-
3493 

2011 U.S.A. HUS 2a O104:H4 positive ST-678 (15)  

2009EL–
2050 

2009 Republic of 
Georgia 

Bloody 
diarrhea 

2a O104:H4 negative ST-678 (15) 

2009EL–
2071 

2009 Republic of 
Georgia 

Bloody 
diarrhea 

2a O104:H4 negative ST-678 (15) 

55989 1995 Central 
African 
Republic 

Diarrhea NA
a
 O104:H4 negative ST-678 

(16, 17)  
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isolates were obtained. The aggR gene was detected in the 2013 and two of the three 2011 isolates 

(7N and 8G) but unexpectedly not in isolate LB227103. All stx-positive isolates were subtyped as 

stx2a and shared the same serotype (O104:H4) as the 2011 German outbreak isolates, whereas the 

stx negative ESBL producing isolate was serotype O126:H2. All isolates were sorbitol fermenting and 

tellurite resistant.  MLST analysis showed that all 2013 EAEC Stx2a+ O104:H4 isolates belonged to 

ST678 as the 2011 outbreak strains, whereas the stx-negative isolate (381-3) was assigned to ST10. 

The screening results are summarized in Table 1.   

 

Phenotypic and genotypic resistance profiles 

Isolates 338 and 381-4 (both ESBL negative) were resistant to ampicillin and trimethoprim. Isolate 

381-1 (ESBL positive) was resistant to ampicillin, cefotaxime, ceftazidime, cefepime, cefuroxime, and 

trimethoprim and this resistance pattern was almost identical to that of the stx-negative/ESBL  

positive isolate 381-3 from the same patient except that the latter was susceptible to trimethoprim. 

The resistance pattern of isolate 381-1 differed from that of three of the 2011 outbreak isolates 

which were resistant to amoxicillin-clavulanic acid, tetracycline and trimethoprim/sulfamethoxazole 

(Table 2).  

In agreement with the results of the phenotypic resistance pattern, the  resistome of the three 2013 

EAEC Stx2a+ O104:H4 isolates differed from that of the 2011 isolates: the strA, strB (streptomycin 

resistance), sul2 (sulfonamide resistance) and tetA (tetracycline resistance) genes were only found in 

the 2011 outbreak isolates (Table 2). A blaCTX-M-15 gene was detected in isolate 381-1 (stx-positive) and 

381-3 (stx-negative) as well as in the 2011 isolates. In addition, WGS showed the presence of the 

dfrA7 gene in all isolates except 381-3 resulting in the latter’s trimethoprim-sensitive phenotype. A 

truncated sul1 gene resulting from an insertion of IS26 was found in all EAEC Stx2a+ O104:H4 

isolates.  

 

Virulence Profile  

DNA microarray results showed that the virulence profile of the 2013 isolates was similar to that of 

the EAEC Stx2a+ O104:H4 isolates of 2011 and 2009 used in this study. The only difference was the 

presence of the microcin H47 biosynthesis gene mchB and mchC, which were identified in the 2009 

and 2011 strains, but were absent in the EAEC Stx2a+ O104:H4 isolates of 2013.  

The results obtained by WGS were identical to that of the DNA microarray and confirmed the 

absence of the aggR gene in the outbreak strain LB227103. WGS revealed the presence of several 

additional virulence genes including aap, aaiC, aggA, lpfAO113, lpfAO26,  fyuA, irp2 and set1 (not 

detected by PCR or microarray) in our isolates (Table 3). 



Comparing Escherichia coli O104:H4 isolates

 

89 

 

 

Table 2. Phenotypic antibiotic resistance patterns and presence of corresponding antibiotic 

resistance genes among the isolates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                        2011 isolates 
 

2013 isolates 
 

Name of 
Antibiotics 

7N 8G LB227103 338           381-1      381-4  381-3 

Ampicillin R/blaTEM-1 R/blaTEM-1 R/blaTEM-1 R/blaTEM-1 R/blaTE -1       R/blaTEM-1 R/blaTEM-1 

Amoxicillin+ 
Clav acid 

R/blaTEM-1 R/blaTEM-1 R/blaTEM-1 S I S S 

Cefuroxime R/blaCTX-M-15 R/blaCTX-M-15 R/blaCTX-M-15 S/N R/blaCTX-M-15 S/N R/blaCTX-M-15 

Cefotaxime R/blaCTX-M-15 R/blaCTX-M-15 R/blaCTX-M-15 S/N R/blaCTX-M-15 S/N R/blaCTX-M-15 

Ceftazidime R/ blaCTX-M-15 R/ blaCTX-M-15 R/ blaCTX-M-15 S/N R/ blaCTX-M-15 S/N R/blaCTX-M-15 

Cefepime R/blaCTX-M-15 R/blaCTX-M-15 R/blaCTX-M-15 S/N R/blaCTX-M-15 S/N R/blaCTX-M-15 

Co-trimoxazole R/sul1 & 2 R/sul1 & 2 R/sul1 & 2 S/sul1
a
 S/sul1

a
 S/sul1

a
 S/N 

Tetracycline R/tetA R/tetA R/tetA S/N S/N S/N S/N 

Trimethoprime R/dfrA7 R/dfrA7 R/dfrA7 R/dfrA7 R/dfrA7 R/dfrA7 S/N 

Streptomycin ND/strA-B ND/strA-B ND/strA-B ND/N ND/N ND/N ND/N 

a sul1 gene was deactivated by an IS26 insertion 

(R represents drug resistance, S represents drug sensitivity; I represents intermediate; N represents not found; ND 
represents not determined) 
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Table 3. Virulence genes detected by qPCR, microarray and whole genome sequencing (WGS) 

analysis.  

 

Gene name Function 7N 8G LB22710
3 

338 381-1 381-4 2009EL-
2050 

2009EL-
2071 

55989 

aap
a
 synthesis of anti-aggregation protein 

dispersin 
+ + + + + + + + + 

aatA necessary for translocation of dispersin 
(Aap) 

+ + + + + + + + + 

aaiC
a
 aggR-activated island C + + + + + + + + + 

aggA
 a

 
(AAF/I) 

Pilin subunit of aggregative adherence 
fimbriae I 

+ + + + + + + + - 

aafA
a
 Pilin subunit of aggregative adherence 

fimbriae II 
- - - - - - - - - 

agg3A
 a

 
(AAF/III) 

Pilin subunit of aggregative adherence 
fimbriae III 

- - - - - - - - + 

agg4A
 a

 Pilin subunit of aggregative adherence 
fimbriae IV 

- - - - - - - - - 

Agg5A
 a

 Pilin subunit of aggregative adherence 
fimbriae V 

- - - - - - - - - 

aggR Transcriptional regulator AggR + + - + + + + + + 

astA (EAST1) heat-stable enterotoxin 1 - - - - - - - - + 

bfpA Bundle-forming pili - - - - - - - - - 

cdt (I-V) Cytolethal distending toxin - - - - - - - - - 

eae Intimin - - - - - - - - - 

EHEC-hlyA EHEC haemolysin - - - - - - - - - 

elt Heat-labile enterotoxin (LT) - - - - - - - - - 

espP Serine protease - - - - - - - - - 

est1a Heat-stable enterotoxin (STIa) - - - - - - - - - 

est1b Heat-stable enterotoxin (STIb) - - - - - - - - - 

fyuA
 a

 Component of iron uptake system on HPI + + + + + + + + + 

ial
 a

 Invasive plasmid (pInv) - - - - - - - - - 

iha Iron-regulated gene + + + + + + + + + 

irp2
 a

 Component of iron uptake system on HPI + + + + + + + + + 

lpfAO113
a 

Structural subunit of LPF of STEC O113 + + + + + + + + + 

lpfAO157-OI141
 

a
 

Structural subunit of LPF of STEC O157:H7 - - - - - - - - - 

lpfAO157-OI154
 

a
 

Structural subunit of LPF of STEC O157:H7 - - - - - - - - - 

lpfAO26
 a

 Structural subunit of long polar fimbriae 
(LPF) of STEC O26 

+ + + + + + + + + 

mchB synthesis of Microcin + + + - - - + + - 

mchC synthesis of Microcin + + + - - - + + - 

mchF synthesis of Microcin + + + + + + + + - 

pet plasmid-encoded toxin - - - - - - - - - 

pic gene encoding protein for intestinal 
colonization 

+ + + + + + + + + 

saa STEC autoagglutinating adhesin - - - - - - - - - 

sat Secreted autotransporter toxin - - - - - - - - - 

set1
a
 Shigella enterotoxin 1 + + + + + + + + + 

sepA Shigella extracellular protease + + + + + + + + - 
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Gene name Function 7N 8G LB22710
3 

338 381-1 381-4 2009EL-
2050 

2009EL-
2071 

55989 

sfpA plasmid-borne gene encoding the pilin 
subunit 

- - - - - - - - - 

sigA Shigella IgA-like protease homologue + + + + + + + + + 

stx1 Shiga toxin 1 - - - - - - - - - 

stx2 Shiga toxin 2 + + + + + + + + - 

subA Subtilase cytotoxin - - - - - - - - - 

ter cluster Tellurite resistance + + + + + + + + - 

a
Data derived only from WGS  

 

 

Phylogenetic analyses 

Rep-PCR analysis was used to investigate the genetic relationship between the different isolates. 

EAEC Stx2a+ O104:H4 isolates of 2011 and 2013 clustered into two different groups sharing a 

similarity of less than 95% whereas the two non O104:H4 isolates (E. coli ATCC 25922 and E. coli 

O126:H2) separated from the O104:H4 clusters with less than 80% similarity (Figure 1). To type the 

different isolates with an even higher resolution, a core-genome phylogenetic analysis based on WGS 

results was performed. In total 3764 ORFs were shared by all isolates analyzed and these were 

defined as the core genome for further phylogenetic analysis in this study. The minimum-spanning 

tree shows that the three 2013 EAEC Stx2a+ O104:H4 isolates clustered together with one to two-

allele difference among them. One-allele difference of isolate 381-1 from isolates 338 and 381-4 was 

found in the gene encoding a carboxyterminal protease and was caused by a non-synonymous point 

mutation (1481T>A) resulting in a premature protein (Leu494Stop) in isolate 381-1. In addition, one-

allele difference of isolate 381-4 from isolates 338 and 381-1 was found in a gene encoding a 

putative cation:proton antiport protein caused by a non-synonymous point mutation (1465A>C) 

resulting in an amino-acid change in the protein (Ile489Leu) in isolate 381-4. No allele differences 

were found between the three 2011 outbreak isolates (7N, 8G and LB227103), and they clustered 

together with two other reported outbreak strains (TY-2482 and 2011C-3493) with two to three-

allele difference among them (Figure 2). The 2009 isolates (2009El-2071 and 2009El-2050) were 

separated from each other with a five-allele difference. The cluster of 2013 O104:H4 isolates were 

separated from the 2009 and 2011 O104:H4 clusters with a minimum of 20 and 27 different alleles, 

respectively (Figure 2 and Table S1). There were more than 193 different alleles between the typical 

EAEC strain 55989 (O104:H4 stx-negative) and the 2013 EAEC stx2a+ O104:H4 isolates, whereas 

isolate 381-3 (O126:H2, stx-negative) was far distinct from any of the O104:H4 strains analyzed, with 

more than 3291-allele differences (Figure 2).  
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Figure 2. Core-genome phylogenetic analysis of E. coli strains. The minimum spanning tree was generated by 

SeqSphere and based on allelic profiles comparing 3764 alleles present in all analyzed strains and defined as 

their core genome. Numbers in the lines indicate the number of allele differences between isolates. Black lines 

indicate minimum distances and red lines connect isolates with more than minimum distances. Different colors 

represent isolates of different time periods except isolate 381-3, which was isolated in 2013 but marked in a 

different color as it is stx negative. EAEC 55989 was used as the hypothetical EAEC Stx2a+ O104:H4 progenitor. 

 

Figure 1. Dendrogram of E. coli 

isolates based on rep-PCR results. 

Stx2a+ O104:H4 isolates of 2011 and 

2013 are separated into two clusters 

with a similarity of less than 95% 

whereas the non O104:H4 E. coli 

isolates are clearly separated with a 

similarity of less than 80%. 
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DISCUSSION 

In this study, EAEC Stx2a+ O104:H4 isolates obtained from stool samples of a HUS patient and her 

friend, travelling together to Turkey in 2013, were characterized and compared with the 2011 

German EAEC Stx2a+ O104:H4 outbreak isolates and with two isolates from cases of bloody diarrhea 

that occurred in the Republic of Georgia in 2009. The phylogenetic relationship of these isolates was 

also compared with EAEC 55989, the hypothetical EAEC Stx2a+ O104:H4 progenitor strain isolated in 

central Africa in 1995. Besides using established molecular typing methods routinely used in our 

laboratory, WGS was used. Initially, the three EAEC Stx2a+ O104:H4 isolates obtained in 2013 were 

suspected to be similar to the 2011 German outbreak strains based on PCR results. The 2013 isolates 

could not be distinguished from the 2011 outbreak strains using a multiplex screening PCR targeting 

O104wzy, fliCH4, stx2, and terD genes as characteristic features of the 2011 outbreak strains (6, 20). 

Our microarray analyses revealed more detailed information but did not allow us to definitely 

discriminate the 2013 EAEC Stx2a+ O104:H4 isolates from the 2011 ones. Differences found between 

the 2011 and 2013 EAEC Stx2a+ O104:H4 isolates included two virulence genes (mchB and mchC) and 

three drug-resistant genes (tetA, strA-B and sul2). However, these genes are known to be located in 

multiple genomic islands and could therefore be easily lost or obtained (29, 30). Although rep-PCR 

separated the 2011 and 2013 EAEC Stx2a+ O104:H4 isolates into two clusters, this technique is not 

suitable for large-scale/global outbreak typing, as the inter-laboratory reproducibility is not sufficient 

for this. In addition, also the intra-laboratory reproducibility may vary making it necessary for an 

accurate typing to include all the isolates that need to be compared within the same run (22). The 

high resolution of WGS enabled us to discriminate the 2013 isolates from the 2011 German outbreak 

in the most accurate way.  

In this study, a gene-by-gene typing approach also known as whole genome MLST (wgMLST), 

extended MLST, MLST+ or core genome MLST (cgMLST) was used (31). The EAEC Stx2a+ O104:H4 

isolates of 2013 appear to differ from those of 2011 and 2009 by a minimum of 27 and 20 alleles, 

respectively. This suggests that 2013 isolates were relatively closer related to the 2009 clone of 

southeast Europe than to the 2011 outbreak clone. Unfortunately, there is no established threshold 

for the MLST+ approach to address intra- and inter-cluster differences yet. In addition, only the core 

genome was used for constructing the phylogenetic tree minimizing the chance of including mobile 

genetic elements (MGEs) in the analysis as there is no consensus on how MGEs should be taken into 

account in bacterial phylogeny (32, 33). As the estimated mutation rate of E. coli is reported to be 1.1 

nucleotide per genome per year (34), the 27-allele difference between the 2013 and 2011 isolates 

suggests that the EAEC Stx2a+ O104:H4 isolates from the different time periods belong to different 
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clones. Moreover, only a one-allele difference was found between the isolate of the HUS patient and 

that of her friend, strongly supporting the hypothesis that either both patients obtained STEC from 

the same source or that one transmitted STEC to the other.  

In addition to high resolution typing, WGS provided us with more detailed molecular characteristics 

of the isolates. This helped us to explain in more detail the phenotypic results of the isolates. For 

example, an insertion within the sul1 gene resulting in protein truncation was found in all 2013 EAEC 

Stx2a+ O104:H4 isolates, which could explain why the isolates were susceptible to 

trimethoprim/sulfamethoxazole in spite of the presence of the sul1 gene detected by the microarray. 

On the other hand, a sul2 gene existing in the 2011 but not the 2013 isolates may confer resistance 

to trimethoprim/sulfamethoxazole in spite of the fact that also the 2011 isolates carried the 

truncated sul1. 

Notably, one of the 2013 EAEC Stx2a+ O104:H4 isolates (381-1) was blaCTX-M-15 positive as the 2011 

outbreak isolates. As isolate 381-3 (stx-negative/O126:H2/blaCTX-M-15) was also obtained from the 

same host, it is likely that 381-1 acquired this ESBL gene from isolate 381-3 or the other way around. 

Our study did, however,  not address a detailed analysis of the MGEs and plasmids as the aim of the 

study was to show the value of WGS technique in routine clinical diagnostics to identify and compare 

potentially pathogenic strains.  

Recently, two similar isolates of EAEC Stx2a+ O104:H4 causing bloody diarrhea and HUS were 

reported in Belgium. Patients of both cases travelled to Tunisia and Turkey respectively, and the 

infection may have been acquired in those regions (35). This is similar to our and other studies 

describing EAEC Stx2a+ O104:H4 infections associated with travelling to Turkey, Tunisia, Egypt and 

North Africa (30, 36).   

Our study shows that WGS has the potential to be integrated in current routine laboratories to 

relatively rapidly obtain reproducible and detailed information in one single step. This facilitates 

hospitals and public health organizations to make appropriate strategies for infection control and 

public health measures in real time (37). Surely, some challenges have to be overcome before 

applying WSG to routine diagnostics, like the availability of user-friendly bioinformatics tools, 

automation of the workflow and availability of genomic databases (38). 

In conclusion, the detailed characterization of EAEC Stx2a+ O104:H4 isolates obtained in 2013 

including the high resolution typing approach helped us to distinguish them from the 2011 German 

outbreak strains. It further supported the general idea that, although the 2011 outbreak is stopped, 

EAEC Stx2a+ O104:H4 strains highly similar to the 2011 outbreak strain in their core genome still 
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circulate. They still pose a serious risk for public health being a potential source for causing a new 

EAEC Stx2a+ O104:H4 outbreak if not monitored carefully. 
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ABSTRACT 

Shiga toxin-producing Escherichia coli (STEC) O104:H4 emerged as an important pathogen when it 

caused a large outbreak in Germany in 2011. Little is known about the evolutionary history and 

genomic diversity of the bacterium. The current communication describes a comprehensive analysis 

of STEC O104:H4 genomes from the 2011 outbreak and other non-outbreak related isolates. 

Outbreak-related isolates formed a tight cluster which shared a monophyletic relation with two non-

outbreak clusters, suggesting that all three clusters originated from a common ancestor. Eight single 

nucleotide polymorphisms, seven of which were non-synonymous, distinguished outbreak from non-

outbreak isolates. Lineage-specific markers indicated that recent partitions were driven by selective 

pressures associated with niche adaptation. Based on the results, an evolutionary model for STEC 

O104:H4 is proposed. Our analysis provides the evolutionary context at population level and 

describes the emergency of clones with novel properties, which is necessary for developing 

comprehensive approaches to early warning and control. 
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INTRODUCTION 

From early May to July 2011, nearly 4000 clinical infections were ascertained by health authorities in 

Germany accounting for the largest STEC outbreak on record. Over 900 patients developed hemolytic 

uremic syndrome (HUS) of which 54 were fatal (1). Two features set this outbreak apart from 

previous ones caused by STEC O157:H7, including the high incidence of HUS (>20%) and a rare 

serotype O104:H4 (1). Isolates associated with the outbreak had an unusual combination of virulence 

factors not only attributed to STEC but also to enteroaggregative E. coli (EAEC) harboring the Stx2-

encoding prophage and pAA-like plasmid (2), which may have contributed to the high rate of HUS (3). 

Moreover, outbreak isolates contained an extended spectrum β-lactamase (ESBL) gene, which is 

rather rare in STEC (4). 

Using the power of Next-Generation Sequencing (NGS) technology, the first available draft sequence 

of an outbreak strain (TY-2482) isolated from a 16-year-old girl became available while the outbreak 

was still ongoing. It revealed a high degree of genome plasticity with numerous mobile genetic 

elements (MGEs) and three plasmids (2). Further analysis showed that outbreak strains shared the 

same sequence type (ST) known as ST678 with a historical STEC O104:H4 strain 01-09591, which was 

isolated from a child presenting with HUS in Germany in 2001. Genomic comparisons revealed a 

genetic relationship of 99.8% nucleotide similarity with an AggR positive EAEC O104:H4 strain 55989 

isolated in Central Africa in the late 1990s (2). This was further supported by a study that included 

additional EAEC O104:H4 strains into the phylogenetic analysis. It was therefore suggested that EAEC 

O104:H4 strain 55989 represented a clade at the root of the emerging clone of STEC O104:H4 that 

rapidly expanded in 2011 (5). The limited number of single nucleotide polymorphisms (SNPs) among 

all sequenced outbreak isolates suggested their clonality (6,7). However, it remains to be elucidated 

how this clone evolved and attained its repertoire of virulence factors. In this study, we attempt to 

shed light on the evolution of STEC O104:H4 by describing the genome structure and population 

structure of outbreak and available non-outbreak isolates obtained from sporadic infections reported 

before and after the outbreak. 

 

MATERIALS AND METHODS 

Strains analyzed in this study 

In all, 23 E. coli isolates have been used in this study (Table 1). Seven isolates were sequenced as part 

of our previous study (Ferdous et al., unpublished). Briefly, DNA libraries were prepared using the 

Nextera XT v2 kit (Illumina, San Diego, CA, US) according to the manufacturer’s instructions and then 

run on a Miseq (Illumina, San Diego, CA, US) for generating paired-end 250-bp reads. De novo 

assembly was performed using CLC Genomics Workbench v6.0.5 (CLC bio A/S, Denmark) after quality 
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trimming (Qs ≥ 28) with optimal word sizes based on the maximum N50 value. Four of the seven 

isolates were obtained from a HUS patient (338) and her travel partner (381-1, 381-3 and 381-4), and 

the other three (7N, 8G and 9Z) were isolated during the 2011 outbreak in Germany. Apart from 

isolate 381-3, which is non-O104:H4, stx negative and ST10, the other six isolates belong to STEC 

O104:H4 / ST678. Therefore 381-3 was only used for plasmid comparison in this study. In addition, 17 

genomes were obtained from publically available databases:  genome sequences of 55989, 2009EL-

2050, 2009EL-2071, 2011C-3493 and E112/10 were downloaded from the NCBI database, and the 

others were downloaded from 

http://www.broadinstitute.org/annotation/genome/Ecoli_O104_H4/Downloads.html. Detailed 

information of all the isolates analyzed in this study is listed in Table 1. The GenBank accession 

number of all isolates analyzed in this study: NC_011748 (55989), NC_018650 (2009EL-2050), 

NC_018661 (2009EL-2071), NC_018658 (2011C-3493), NZ_AHAV00000000 (E112/10), AFVR00000000 

(TY-2482), AFUX01000000 (Ec11-4404), AFVA01000000 (Ec11-4632.1), AIPQ01000000 (Ec12-0465), 

AIPR01000000 (Ec12-0466), AGWF01000000 (Ec11-9450), AGWH01000000 (Ec11-9941), 

AGWG01000000 (Ec11-9990), AFRL01000000 (04-8351), AFRK01000000 (09-7901), AFPS00000000 

(HUSEC041), JRJF00000000 (338), JRKD00000000 (381-1), JRLM00000000 (381-3), JRLD00000000 

(381-4), JRKE00000000 (7N), JRLN00000000 (8G), JRKF00000000 (9Z). 

 

Annotation 

To annotate the genomes, contigs were first oriented and ordered using ABACAS (8) against the 

reference TY-2482 chromosome and plasmids with the following settings: using sensitive mapping in 

Numer, a minimum percent identity of 40, a minimum percent contig coverage of 20, minimum 

contig converage difference set to 0, and reference sequence is circular. The start coordinate of all 

genomes has been reset according to the first nucleotide of TY-2482 (GATGTTGCTCCCCCAAG). 

Contigs were concatenated following this order as a pseudomolecule with appending the unmapped 

contigs at the end. Each ordered genome was manually curated after performing automatic 

annotation on the RAST server (9). 

 

Mapping and SNP analysis  

Reads were mapped to the chromosome of TY-2482 by CLC Genomics Workbench v6.05 with default 

settings. To acquire reliable SNPs, the regions of MGEs (prophages and genomic islands) and repeats 

were masked during mapping. Candidate SNPs were called by the algorithm Quality-based variant 

detection of CLC Genomics Workbench. SNPs were filtered out if one of the following occurred: (i) 

their quality score was below 30; (ii) the neighborhood quality was below 30; (iii) the minimum 

http://www.broadinstitute.org/annotation/genome/Ecoli_O104_H4/Downloads.html
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variant frequency was below 35%; (iv) the minimum coverage was below 10; (v) only detected on a 

single strand. SNPs called from assembly genomes were identified by Mauve (10).  

 

Genome analysis: genomic islands, prophages and plasmids 

Fragments larger than 5 kb that were absent in at least one genome were detected by BLAST and 

were defined as genomic islands (GEIs) in this study. The prophages were predicted on the web 

server PHAST (11) followed by manual curations. Only “intact” prophages detected by PHAST were 

included in the further analysis, and those were grouped according to the sequence similarity aligned 

by Mauve. The plasmid analysis was mainly dependent on BLASTn. The contigs of each sample were 

blasted against the reference plasmid and plotted by BLAST Ring Image Generator (BRIG) (12). The 

reference plasmid was artificially generated by concatenating sequences of a set of plasmids, 

including pTY1, pTY2, pTY3 (2), p55989 (13), pHUSEC41-1, pHUSEC41-2, pHUSEC41-3, pHUSEC41-4 

(14), and p09EL50 (15). 

 

Core-genome phylogenetic analysis 

The whole genomes were aligned by Mauve. Fragments (≥500 bp) shared by all genomes were 

collected and then concatenated. The resulting pseudomolecules were defined as the core genome, 

which was used for the phylogenetic analysis. SNPs were collected from the core genomes by in-

house scripts. A maximum likelihood phylogeny was estimated by RAxML v7.2.8 (16) with 1000 

bootstrap replications under the general time-reversible model with Gamma correction (GTR+G). 

 

RESULTS 

Core-genome phylogeny of STEC O104:H4 

To reveal the evolutionary relationship of STEC O104:H4 analyzed in this study, a core-genome 

phylogenetic analysis based on single nucleotide polymorphisms (SNPs) was performed. A maximum-

likelihood (ML) phylogenetic tree was constructed based on 3659 SNPs detected from the alignments 

of the 4.5 Mbp core genome (Figure 1). The phylogeny showed that the sequenced German outbreak 

isolates 7N, 8G, and 9Z from our previous study [Ferdous et al., submitted] shared a monophyletic 

relationship (outbreak clade; highlighted in red in Figure 1) with two other German outbreak isolates 

(TY-2482 and 2011C-3493)  and two French outbreak isolates (Ec11-4404 and Ec11-4632.1). Three 

isolates from 2013 (338, 381-1 and 381-4) clustered in a separated clade (non-outbreak clade A, 

shortly clade A; highlighted in green in Figure 1) together with four other non-outbreak isolates 

(E112/10, Ec11- 9941, Ec11-9990 and Ec12-0466). E112/10 was isolated in 2010 from a Swedish 

patient, and Ec11- 9941, Ec11-9990 and Ec12-0466 were isolated after the outbreak in France 2011. 
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Notably, Ec12-0466 formed a separated branch within this clade. Two additional 2011 isolates from 

France (Ec11-9450 and Ec12-0465) isolated after the outbreak clustered with two 2009 isolates from 

the Republic of Georgia (2009EL-2050 and 2009EL-2071) forming another distinct clade (non-

outbreak clade B, shortly clade B; highlighted in blue in Figure 1). All three clades are closely related, 

suggesting that they shared a common ancestor. Notably, clade A and the outbreak clade were more 

closely related to each other than to clade B (Figure 1). The three clades share relatively distant 

relationship with three isolates (HUSEC041, 04-8351, 09-7901) and the hypothetical progenitor EAEC 

strain 55989, and the clades formed by the four strains were collectively named as “historical clade” 

(shown in black in Figure 1). Taken together, the phylogeny of STEC O104:H4 indicated that this 

bacterium has diversified into multiple lineages, at least three of them sharing a close relationship 

which may represent the dominant population of STEC O104:H4. We note that clade A and B isolates 

were obtained from different geographic regions (Table 1), indicating the local expansion of certain 

STEC O104:H4 clones.   

 

Clade-specific SNPs  

We identified eight canonical SNPs in the core genome that are unique to the outbreak clade (Table 

2), suggesting they were acquired by the outbreak clone recently. Mapping these SNPs to the 

available sequences of 40 additional outbreak isolates (including German and French isolates) 

reported previously (6,7,17) (http://www.hpa-bioinformatics.org.uk/lgp/genomes) supported their 

canonical nature. All SNPs located within coding regions and seven of them were non-synonymous.  

 

Comparison of the accessory genome 

Plasmids 

Plasmids of outbreak strain TY-2482 (pTY1, pTY2 and pTY3), non-outbreak strain 2009EL-2050 

(p09EL50) and historical strain HUSEC041 (pHUSEC41-1, pHUSEC41-3, and pHUSEC41-4) were used as 

reference to investigate the plasmid content of isolates analyzed here. Substantial variations in the 

content of plasmids were observed among strains analyzed (Figure 2). Plasmid pTY1 carrying the 

ESBL gene blaCTX-M-15 and a beta-lactamase gene blaTEM-1  is present in all isolates of the outbreak 

clade, but not in any isolates of other clades, indicating that pTY1 may be recently acquired by the 

outbreak strains resulting in potential adaptive advantages (e.g. antibiotic resistance). The plasmid 

pTY2 carries an agg operon encoding AAF/I fimbriae resulting in the enteroaggregative phenotype of 

the outbreak strains. The pTY2-like plasmid was not found in any isolates of the historical clade, but 

in all isolates of outbreak and non-outbreak clades A and B except Ec11-9450 (due to plasmid loss 

during culturing; (18)). Notably, we observed a spontaneous deletion in the pTY2 plasmid of isolate 

http://www.hpa-bioinformatics.org.uk/lgp/genomes
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9Z resulting in the loss of the aggR gene, which encodes a transcriptional activator for the fimbriae 

expression (Figure S1). This gene was detected in the original isolate (3), and may therefore have 

been lost during propagation in vitro. In contrast, another enteroaggregative plasmid p55989 (also 

known as pAA from EAEC) encoding AAF/III fimbriae instead of AAF/I fimbriae was exclusively found 

in strains of historical clade, suggesting a recent replacement of pAA by pTY2. Plasmid pTY3 is a small 

cryptic plasmid only carrying a repA gene, which was found in all isolates of outbreak and non-

outbreak clades except in Ec11-9990. It was not present in the isolates of historical clade. We blasted 

the sequence of pTY3 in GenBank to explore the origin of the small cryptic plasmid. Besides plasmids 

found in E. coli O104:H4, highly similar plasmids (identity > 90%) were found in other E. coli strains 

and also in some other bacterial species (Table S1).  Therefore, the origin of the small cryptic plasmid 

could not yet been resolved. 

The plasmid pHUSEC41-1 from the historical isolate HUSEC041 carries a Tn3-like transposase flanked 

by the multiple drug-resistance (MDR) genes blaTEM-1, strA, strB and sul2. Besides HUSEC041, 

pHUSEC41-1-like plasmid was found in historical isolate 04-8351, clade-A isolates 381-1, E112/10, 

Ec11-9941, Ec11-9990, Ec12-0466, clade-B isolates Ec11-9960 as well as the non-O104 / stx-negative 

isolate 381-3 (Figure 2). However, none of the outbreak isolates harbored this plasmid, which may be 

caused by the fact that both plasmid pTY1 and pHUSEC41 share the same incompatibility group 

(Incl1). Notably, the region containing MDR genes was missing on the pHUSEC41-1-like plasmid in 04-

8351, Ec11-9450, Ec11-9990 and E112/10 (Figure 2). However, such region was replaced by another 

carrying the ESBL gene blaCTX-M-15 on the pHUSEC41-1-like plasmid of 381-1. To our knowledge, this is 

the first ESBL-producing non-outbreak isolate reported to date. Noteworthy, an almost identical 

pHUSEC-41-1-like plasmid as that observed in 381-1 was found in the non-O104 / stx-negative isolate 

381-3, both of which were recovered from the same patient (Figure S2). This may result from a 

possible transconjugation event between 381-1 and 381-3 or between a common donor and both 

isolates, since the plasmid harbored an intact transconjugation operon (trb, tra and pil). This finding 

may explain why only 381-1 but not 338 and 381-4 were ESBL positive although the three isolates 

were clonal. No significant hit of pHUSEC41-3, pHUSEC41-4 and p09EL50 were found in any of the 

isolates studied here except their origins. 
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Table 1. Isolates analyzed in this study 
 

Isolate ID
a
 Date of 

isolate 
Patient 
information 

Clinical 
manifestati
ons 

Epidemic 
information 

Country of 
isolation 

ESBL Virulence 
group

b
 

Reference 

7N 2011 Unknown Unknown German 
outbreak 

Germany + Group I Ferdous et al., 
unpublished 

8G 2011 Unknown Unknown German 
outbreak 

Germany + Group I Ferdous et al., 
unpublished 

9Z 2011 Unknown HUS German 
outbreak 

Germany + Group I
c
 Ferdous et al., 

unpublished 
TY-2482 2011 16-year-old 

female 
HUS German 

outbreak 
Germany + Group I (2) 

2011c-
3493 

2011 51-year-old 
male 

HUS Germany, 
Travel, German 
outbreak 
period 

U.S. + Group I (15) 

Ec11-4404 06. 2011 Male HUS French 
outbreak 

France + Group I (7) 

Ec11-
4632.1 

06. 2011 Female HUS French 
outbreak 

France + Group I (7) 

Ec12-0466 12. 2011 Child HUS North Africa, 
Travel 

France - Group I (18) 

381-4 07. 2013 23-year-old 
female 

Diarrhea Turkey, Travel Netherlands + Group I Ferdous et al., 
unpublished 

381-1 07. 2013 23-year-old 
female 

Diarrhea Turkey, Travel Netherlands - Group I Ferdous et al., 
unpublished 

338 07. 2013 22-year-old 
female 

HUS Turkey, Travel Netherlands - Group I Ferdous et al., 
unpublished 

Ec11-9941 9.2011 Child HUS Unknown France - Group I (18) 
E112/10 2010 Unknown Unknown Tunisia, Travel Sweden - Group I (18) 
Ec11-9990 8.2011 Child HUS Unknown France - Group I (18) 
Ec11-9450 10. 2011 Unknown HUS Turkey, Travel, 

Local outbreak 
France - Group I

c
 (30) 

2009EL-
2071 

2009 Unknown Bloody 
diarrhea 

Unknown Republic of 
Georgia 

- Group I (31) 

Ec12-0465 11. 2011 Child HUS Unknown France - Group I (18) 
2009EL-
2050 

2009 Unknown Bloody 
diarrhea 

Unknown Republic of 
Georgia 

- Group I (31) 

04-8351 2004 6-year-old 
male 

Hemorrhagi
c colitis 

Unknown France - Group II [32] 

09-7901 2009 Adult male HUS Unknown France - Group II (32) 
HUSEC041  
(01-
09591) 

2001 Child HUS Unknown Germany - Group II (33)  

55989 Late 
1990s 

HIV patient Diarrhea Unknown Central 
African 
Republic 

- Group III (13) 

381-3
d
 07. 2013 23-year-old 

female 
Diarrhea Turkey, Travel Netherlands + Group IV Ferdous et al., 

unpublished 
a
The isolates listed here were grouped in different colours according to the phylogenetic results shown in Fig. 1. The 

sequence type and serotype of all isolates is ST678 and O104:H4, with the exception of isolate 381-3 which is ST-10 and 
O126:H2. 
b
The virulence groups are defined as Group I (positive for stx2/aggA/aggR/aatA/sigA/pic/iha), Group II (positive for 

stx2/agg3A/aggR/aatA/sigA/pic/iha), Group III (positive for agg3A/aggR/aatA/sigA/pic/iha) and group IV (positive for 
aatA/iha). 
c
Strain 9Z lost a fragment containing aggR (please refer to the text for more details), and strain Ec11-9450 lost pTY2 in vitro 

as described previously (18). 
d
This strain was not included in the phylogenetic analysis but only in the plasmid analysis. 
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Figure 1. Maximum-likelihood phylogeny of Escherichia coli O104:H4. The phylogeny was derived by core-
genome analysis using an approximately 4.5-Mbp genome sequence of each sample. The three major clades 
were respectively referred as to outbreak clade (red), non-outbreak clade A (green), and non-outbreak clade B 
(blue). The other clades were collectively named ‘historical clade’ (black). The inset shows the close-up 
phylogenetic tree of the three major clades. The numbers on the nodes represent the percentage of bootstrap 
support (>90). 

 
 

 

Figure 2. Comparison of the plasmid content in Escherichia coli O104:H4 strains. Each ring corresponds to the 
BLASTn result of one genome relative to the artificial plasmid reference. The reference was composed of 
numerous plasmids shown by the first outer ring with labels in alternate colors. From outer to inner, the rings 
were ordered as the sequence shown in the legends (left). Strains were grouped in different colors according to 
the phylogenetic results shown in Figure 1. The gradients (dark, pale and white) of each color represent the 
sequence similarity (from 100% to 0%) between samples and reference. The multiple drug-resistance region in 
pHUSEC41-1 is marked by a purple frame. 

http://www.sciencedirect.com/science/article/pii/S1198743X14001621#fig1
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Table 2. Eight SNPs distinguishing outbreak isolates from non-outbreak isolates 
 
Reference 
Position

a
 

SNP 
(Ob->Nob)

b
 

Location Annotation Amino acid 
change 

347122 C->T CDS Putative oxidoreductase Arg130Gln 

1323393 A->G CDS PTS system, galactitol-specific IIC component 
GatC 

synonymous 

1449640 T->C CDS ferredoxin-type protein NapG (periplasmic nitrate 
reductase) 

His47Arg 

1768361 T->G CDS uracil phosphoribosyltransferase protein Glu184Asp 

2602394 A->G CDS putative calcium/sodium:proton antiporter YrbG Ile108Met 

3033847 T->G CDS selenocysteine-specific translation elongation 
factor 

Asn169His 

3429136 T->C CDS rhamnulokinase Glu424Gly 

4527390 C->T CDS DNA-binding ATP-dependent protease La Type I Thr319Ile 

a
 TY-2482 was used as reference here, of which the start coordinate was reset as described in the text. 

    b
 Ob and Nob represent outbreak and non-outbreak, respectively. 

 

Prophages 

Frequent gain or loss of prophages occurred across the investigated population. To further analyse 

the diversity of prophages among STEC O104:H4 isolates, we used the seven prophages identified 

from TY-2482 (named as Phage-I to Phage-VII according to their positions on the chromosome) (18) 

as reference to group the others according to sequence identity.  

Our analysis found several lineage-specific prophages. Phage-IV was the most diverse prophage 

found in this study, which was identified in all isolates except for two isolates of the historical clade 

Ec09-7901 and 55989 (Figure 3). All Phage-IV shared the same integration site within the yecE gene 

(Figure S3). Phylogenetic analysis using ML trees revealed a striking topological homology with the 

core-genome ML tree indicative of co-evolution. Thus the phage-IV of outbreak isolates clustered 

tightly in a single clade distant from the clade formed by other isolates, with the exception of Ec12-

0466 that appeared to be more closely related to the one of the outbreak isolates (Figure 4A), 

consistent with its outlier position in the core-genome ML tree. This indicates that a replacement of 

Phage-IV occurred in the outbreak clone recently, although it remains unknown whether this 

prophage is functional or not. 

Phage-VII carries the stx2 gene, and so is known as the Stx2-encoding prophage. Except the 

progenitor strain 55989, all other strains harbored this prophage which chromosomally located 

within wrbA. Remarkably, phylogenetic analysis revealed that Stx2-encoding prophages detected 

from clade-B isolates clustered in a single clade separated from the one formed by all other isolates 

(Figure 4B). This suggests that a single replacement of the Stx2-encoding prophage occurred in the 

ancestor of clade B. Further sequence analysis showed that one of the significant differences 
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between the two clusters of Stx2-encoding prophages was found within the lysis region, where a rha 

gene (encoding the Rha family phage regulatory protein) and an unnamed gene (encoding the lytic 

protein) were replaced in clade-B isolates by a bor gene (encoding a virulence factor) and another 

unnamed gene (encoding lytic protein), respectively (Figure S4). Additionally, Phage-V seems to be 

another lineage-specific prophage, which was lost by clade-B isolates except 2009EL-2071 (Figure 3). 

Phage-I and Phage-VI were relatively conserved among all isolates, suggesting that these two 

prophages were likely to be present in a common ancestor. 

 

Genomic Islands 

Multiple genomic islands (GEIs) were detected in each of the isolates. Here we focus on several 

highly diverse GEIs only (Figure 3). One such region, referred to as GEI-1 contains the mch operon 

(microcin H47 biosynthesis), iha (adhesin), ter operon (tellurium resistance), ag43 (antigen 43) and 

yeeV-yeeU pair (toxin-antitoxin system). This GEI was found in all isolates except in the progenitor 

strain 55989. However, a significant deletion with the loss of multiple genes of the mch operon (i.e. 

mchB and mchC involved in microcin biosynthesis) was found in clade-A isolates with exception of 

Ec12-0466 (Figure 3 and Figure S5), again consistent with its outlier position in the core-genome ML 

tree. 

GEI-2 contains MDR genes (dfrA7, sul2, ebr, strA, strB, mer operon, tetA) as well as the virulence 

genes ag43 and yeeV-yeeU pair. This region was detected in all outbreak as well as clade A and B 

isolates, but not in any isolates of the historical clade. Syntenic analysis revealed that the structure of 

GEI-2 was largely conserved on the intra-clade level, but highly diverse on the inter-clade level 

(Figure 3 and Figure S6) supporting the core-genome phylogeny. A large deletion including almost all 

of the resistance genes (sul2, strA, strB, mer operon, tetA) occurred in clade-A isolates with the 

exception of Ec12-0466, again consistent with its outlier position. In contrast, all MDR genes were 

maintained in clade-B isolates except 2009EL-2071, in which the mer operon and tetA were deleted 

(Figure S6). This finding suggests a differential antibiotic selection between clade B and the outbreak 

clade compared to clade A (except Ec12-0466). The third diverse GEI named GEI-3 mainly contains 

the type VI secretion system (T6SS) and an incomplete prophage. A consistent deletion occurred in 

the region of the incomplete prophage in clade B isolates as well as in the historical strain 04-8351, 

whereas a different deletion within the same region occurred in 55989 (Figure 3).  
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Figure 3. Genomic comparison of Escherichia coli O104:H4. The core represents the chromosome of TY-2482 

(taken as the reference genome and depicted as a black circle) and its GC content (indicated in black) and GC 

skew (indicated in purple/green) shown in three circles (in-outside), and the chromosomal position is 

numbered in a clockwise direction. Strains were grouped in different colors according to the phylogenetic 

results shown in Figure 1. The order of strains followed the direction of the legend from ‘GC Content’ to 

‘55989’. The gradients (dark, pale and white) of each color represent the sequence identity (from 100% to 0%) 

between samples and reference defined by BLASTn. The prophages (purple) and genomic islands (orange) 

identified from reference TY-2482 were labeled by an arc. 

 

 

Figure 4. Phylogeny of prophages uncovered from Escherichia coli O104:H4 STEC analyzed in this study. 

Prophages were marked in different colors according to the phylogenetic results of their hosts shown in Figure 

1. Not all analyzed strains are shown. (a) Phylogeny of phage-IV; (b) phylogeny of the Stx2-encoding prophage 

(phage-VII). The phage VT2phi_272 (Accession number HQ424691) was used as the outgroup. 
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DISCUSSION 

STEC O104:H4 has attained significant public health importance, however, little is known about the 

population history of the clone that caused the large outbreak in Germany in 2011. In this study, we 

comprehensively investigated the genomes of 23 STEC O104:H4 isolates, including previously 

reported outbreak- and non-outbreak-related isolates, in more detail to elucidate their evolutionary 

past. In accordance with our findings we propose a model as illustrated in Figure 5. This allows a 

more detailed understanding about the steps that have led to the emergence of the STEC O104:H4 

outbreak clone (15,18,19). Our model reveals that the STEC O104:H4 population diversified into 

multiple lineages, of which two (clade A and B) derived from a recent common ancestor shared by 

the outbreak clone. This is the first time that two additional clones that have so far not been 

associated with any outbreak have been shown to share close evolutionary relationship with the 

2011 outbreak clone. We presume that the three clades may represent the most successful 

descendants of STEC O104:H4 to date because of their present abundance among ascertained clinical 

cases. Noteworthy, we identified eight canonical SNPs within coding regions which are able to 

unambiguously distinguish all of the 2011 outbreak isolates from the remaining population. This 

finding may help to setup clinical diagnostics tools (i.e. real-time PCR) to support early identification 

and appropriate infection control and public health measures. Additionally, seven of the eight SNPs 

are non-synonymous, mostly located within genes whose products involved in metabolisms (i.e. 

ferredoxin-type protein NapG, uracil phosphoribosyltransferase protein and rhamnulokinase). 

Further work would be worth investigating the role of these SNPs with respect to positive selection 

of the outbreak clone. 

Our model also describes a set of lineage-specific epidemiological markers of STEC O104:H4, some of 

them show the hallmarks of genomic adaptation. These findings may be helpful to identify the 

driving forces that lead to the diversification of STEC O104:H4. One of the obvious diversities is 

antibiotics, and this is supported by two observations. First, an ESBL-producing (blaCTX-M-15) plasmid 

pTY1 was exclusively detected in the 2011 outbreak isolates and appeared to be relatively stable, i.e. 

there are no reports of pTY1 loss yet to our best knowledge. This is consistent with previous studies 

(15, 18). Second, GEI-2 was only found in the three major clades (outbreak, A and B), and the region 

containing MDR genes within GEI-2 was lost in the clade A isolates (except isolate Ec12-0466). Both 

findings suggest that diverse antibiotic selective pressures may have shaped the evolution of STEC 

O104:H4. However, one may argue the influence of antibiotic-driven evolution of STEC as 

conventional guidelines discourages the use of antibiotics in the management of clinical cases of 

STEC infections (20), but it cannot be ignored that many patients with diarrhea receive empirical 

antibiotic therapy by their physicians (4). Another driving force can be related to the niche 
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competition. Isolates of clade A lost multiple microcin-biosynthesis genes within GEI-1. Microcin is a 

bactericidal antibiotic involved in competitive exclusion of other bacteria to form nutritionally 

restricted niches. Therefore, any habitat switch would have impact on the divergence between clade 

A and the other clades. 

 

 

 

Figure 5. The evolutionary model for STEC O104:H4. Populations are grouped in different colors according to 

the phylogenetic results shown in Fig. 1. The gray boxes with dashed outline represent hypothetical 

populations not identified yet. The symbol “+” and “-” represents gain and loss of MGEs, respectively. Not all 

events of MGE changes observed in this study are shown here.  

 

 

Although some other lineage-specific MGEs indicated in our model cannot directly be related to any 

ecological constraints, valuable information can still be extracted from our findings. For instance, it is 

unclear whether the replacement of pAA (AAF/III) by pTY2 (AAF/I) occurring in the three major clades 

confers any fitness, however, our observations  indicate that pTY2 may not be crucial in adhesion / 

colonization of the outbreak clone i.e. the outbreak isolate 9Z lost the globe regulator AggR. In fact, 

frequent loss of pTY2 during infection progression was detected previously from other outbreak 

isolates (21,22). This differs markedly from the pAA of prototypical EAEC, which is so stable that an 1-

kb fragment of this plasmid has been widely used as a sensitive and specific diagnostic marker 

(23).Notably, a more recent study suggested that the pTY2 plasmid may be dispensable for the 
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adhesion / colonization ability of STEC O104:H4 in vivo. This is based on observations that the overall 

abundance and intestinal distribution of the plasmid-devoid strains were indistinguishable from the 

wild-type strain in a rabbit infection model (24). However, we cannot exclude that in humans the 

plasmid may be lost in the course of the infection but may still be crucial for during the early phase of 

an infection. The cryptic plasmid pTY3 is one of the smallest plasmids found in E. coli, containing only 

a gene repA encoding the plasmid replication protein. Our model suggests that the hypothetical 

progenitor of the three major clades acquired the small cryptic plasmid after splitting from the 

historical clade (Figure 5). The origin of the small cryptic plasmid is difficult to be tracked due to its 

broad host range (Table S1; (25)). A recent study suggests that a pTY3-like plasmid pSERB2 (GenBank 

accession number: NG_036178) frequently co-transforms with an Incl1 pHUSEC-1-like plasmid 

(GenBank accession number: NG_035985) carrying a type IV pilus system (26). Both plasmids have 

been associated with an atypical EAEC strain and are necessary for adherence to abiotic surfaces 

required for fully mature biofilm formation in those strains (26). We thus speculate that pTY3 might 

co-transform with pTY2 acquired by STEC O104:H4, which may contribute to the pathogenicity of 

STEC O104:H4. 

It is unclear what caused the replacement of Stx2-encoding prophages in clade B, which has also 

previously been reported for the two Georgia isolates 2009EL-2050 and 2009EL-2071 (27). However, 

a recent study demonstrated experimentally that Stx2-encoding prophages from the 2011 German 

outbreak strains are completely identical to that of HUSEC041, but distinct to those from the two 

Georgia isolates with respect to host range and superinfection susceptibility (28). Beutin et al. (2012) 

found that the replaced Stx2-encoding phage can only infect the Georgia isolates but not others. 

Together with the core-genome (Figure 1) and Stx2-encoding phage (Figure 4B) phylogeny shown in 

this study, we suspect that a replacement event of the Stx2-encoding prophages would have 

occurred within clade B after the lineage split. Whether the other lineage-specific events, like the 

replacement of Phage-IV and acquirement of pTY3 in outbreak clone as well as the loss of Phage-V by 

clade B, were caused by additional ecological forces remains to be resolved. 

When accepting our model one should be aware of the fact that the genome of STEC O104:H4 is 

rather dynamic. Moreover, certain isolates may be able to evolve much more rapidly than other 

isolates within the same clade. For example, the accessory genome (i.e. GEI-1, GEI-2 and Phage-IV) of 

the clade-A isolate Ec12-0466 was closer related to the outbreak isolates whereas its core genome is 

more closely related to other clade-A isolates. Rapid gain or loss of plasmids occurred in the three 

2013 Dutch isolates even though they are clonal. Additionally, epidemiological data suggest that 

isolates of clade A and B are circulating in different regions, which may result from overlooked 

transmissions events between these regions, i.e. by travelling and trading.  
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Our investigation revealed that the genome of STEC O104:H4 is rather mosaic in nature mainly due 

to the frequent loss or gain of MGEs on very short evolutionary time scales. We also suggest multiple 

ecological constraints that may have shaped the phylogeny of STEC O104:H4. Our findings further 

support the hypothesis that STEC O104:H4 might have evolved to public health importance from 

EAEC by exploiting a rather specific cocktail of MGEs (29). This highlights the possibility that further 

outbreaks could be triggered if strains attain novel combinations of MGEs. Therefore, molecular 

surveillance on STEC O104:H4 is necessary for early identifying of the putative outbreak strains, 

especially in regions where they are frequently recovered from patients. 
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Supplementary Figures 

 

Figure S1. Comparison of the region with agg3 operon on the pTY2 plasmid of TY-2482 and 9Z. Partial 
components of original pTY2 (TY-2482) are shown. Open-reading frames are shown by blue arrows. The 
gradients (dark to pale) in the alignment region represent the percentage of sequence identity between 
samples as defined by BLASTn. 

 

 

 
 

Figure S2. Comparison of the pHUSEC41-1-like plasmid of 381-1and 381-3. The original pHUSEC41-1 from 
strain HUSEC041 is shown as reference. Open reading frames are indicated by blue arrows. The gradients (dark 
to pale) of alignment region represent the percentage of sequence identity between samples defined by 
BLASTn. 
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Figure S3. Comparison of phage-IV in Escherichia coli O104:H4 strains. The sequence of 55989 shown here 
represents the conserved flanking region of phage-IV in all analyzed strains. Open reading frames are indicated 
by blue arrows. The gradients (dark to pale) of alignment region represent the percentage of sequence identity 
between samples defined by BLASTn. Please note that not all analyzed strains are shown in this figure. 

 

Figure S4. Comparison of Stx2-encoding phage (phage-VII) in Escherichia coli O104:H4 strains. The sequence of 
55989 shown here represents the conserved flanking region of phage-IV in all analyzed strains. Open reading 
frames are indicated by blue arrows. The gradients (dark to pale) of alignment region represent the percentage 
of sequence identity between samples defined by BLASTn. One of gene replacements between clade A and B is 
highlighted in red. Please note that not all analyzed strains are shown in this figure. 

 
Figure S5. Comparison of GEI-1 in Escherichia coli O104:H4 strains. The sequence of 55989 shown here 
represents the conserved flanking region of phage-IV in all analyzed strains. Open reading frames are indicated 
by blue arrows. The gradients (dark to pale) of alignment region represent the percentage of sequence identity 
between samples defined by BLASTn. Please note that not all analyzed strains are shown in this figure. 
 



The plastic genome structure of STEC O104:H4 

 

119 

 

 

Figure S6. Comparison of GEI-2 in Escherichia coli O104:H4 strains. The sequence of 55989 shown here 
represents the conserved flanking region of phage-IV in all analysed strains. Open reading frames are indicated 
by blue arrows. The gradients (dark to pale) of alignment region represent the percentage of sequence identity 
between samples defined by BLASTn. Please note that not all analysed strains are shown in this figure. 

 

Supplementary Table 

Table S1. The homologies of pTY3 detected by BLASTn in GenBank 

Plasmid ID Accession nr. Cover Identity Source Reference 

pCE10D CP003038 100% 99% E. coli O7:K1 1 

pO26-S1 EU999782 100% 99% E. coli O26 2 

pEC299-1 NG_041600 100% 97% E. coli ST131 3 

pSF301-1 JF813186 99% 99% Shigella flexneri strain 2a 301 - 

pJJ1886_1 NC_022661 97% 94% E. coli ST131 4 

pCR1 X99132 95% 95% Corynebacterium renale 5 

Strain ID 
     FHI63 LM996420 100% 97% E. coli O145 - 

FHI30 LM995872 100% 96% E. coli O113 - 

FHI65 LM996502 99% 99% E. coli  O146 - 

FHI59 LK999963 99% 95% E. coli O91 - 

FHI97 LM997177 97% 97% E. coli O103 - 

Note: Only the plasmids and strains with clear information and high similarity to pTY3 (> 90% identity) are listed here. 
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ABSTRACT 

The ability of Escherichia coli O157:H7 to induce cellular damage leading to disease in humans is 

related to numerous virulence factors, most notably stx gene encoding Shiga toxin (Stx), carried by a 

bacteriophage. Loss of the Stx encoding bacteriophage may occur during infection or culturing of the 

strain. Here, we collected stx-positive and stx-negative variants of E. coli O157:H7/NM (non-motile) 

isolates from patients with gastrointestinal complaints. Isolates were characterized by whole genome 

sequencing (WGS) and their virulence properties and phylogenetic relationship were determined. 

Because of the presence of the eae gene but lack of the bfpA gene, the stx-negative isolates were 

considered as atypical enteropathogenic E. coli (aEPEC). However, they had similar phenotypic 

characteristics as the Shiga toxin producing E. coli (STEC) isolates and belonged to the same sequence 

type, ST11. Furthermore, EPEC and STEC isolates shared similar virulence genes, the locus of 

enterocyte effacement region and plasmids. Core-genome phylogenetic analysis using a gene-by-

gene typing approach showed that the sorbitol fermenting (SF) stx-negative isolates clustered 

together with an SF STEC isolate and one non-sorbitol fermenting (NSF) stx-negative isolate clustered 

together with NSF STEC isolates. Therefore, these stx-negative isolates were thought either to have 

lost the Stx phage or to be a progenitor of STEC O157:H7/NM. As detection of STEC infections is often 

based solely on the identification of the presence of stx genes, these may be misdiagnosed in routine 

laboratories. Therefore, an improved diagnostic approach is required to manage identification, 

treatment strategy, and prevention of transmission of these potentially pathogenic strains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Comparison of stx-Positive and -Negative E. coli O157:H7 

 

123 

 

INTRODUCTION 

Escherichia coli of serotype O157:H7 was first recognized in 1982 as a human pathogen associated 

with outbreaks of bloody diarrhea in the US and is now considered as a major cause of foodborne 

infections (1, 2). The virulence of E. coli O157:H7 depends on the presence of a number of mobile 

genetic elements (MGE) such as Shiga toxin (Stx)-converting bacteriophages carrying different genes 

encoding Stx1 and Stx2, the virulence plasmid pO157, the locus of enterocyte effacement (LEE), O 

islands, an arginine translocation system and various adhesion factors (3). In Stx producing E. coli 

(STEC), Stx is thought to be responsible for the most severe form of the infection causing the life 

threatening hemorrhagic colitis (HC) and hemolytic uremic syndrome (HUS) (4). Strains causing these 

clinical symptoms are also known as enterohaemorrhagic E. coli (EHEC) (5). The genes encoding Stxs 

(stx1 and stx2) are found in lysogenic lambdoid bacteriophages (6), which can integrate into the host 

chromosome via specific insertion sites. Integration sites for stx2-converting phages in STEC O157:H7 

include wrbA, argW, sbcB, and yecE, whereas stx1-converting phages integrate in the yehV region (7-

11).  

STEC O157:H7 strains generally do not ferment sorbitol (NSF) and this feature is widely used to 

identify these pathogenic strains. Nevertheless, sorbitol-fermenting (SF) STEC O157:NM (non-motile) 

strains as an emerging and important pathogen in Europe have been isolated from patients with HUS 

and diarrhea (12). Both SF and NSF O157:H7/NM strains are thought to have evolved from a common 

non-pathogenic ancestor of serotype O55:H7 following the modification of the O-antigen genes 

cluster and the acquisition of a number of virulence-associated mobile genetic elements (MGE) via 

horizontal gene transfers (13). The most current and accepted evolutionary model proposes that E. 

coli O157:H7 lost the O55 rfb-gnd gene cluster and acquired the Stx2 bacteriophage and the O157 

rfb-gnd gene cluster. Subsequently, SF stx2-producing E. coli O157 separated from this lineage. After 

the diversification of the two lineages, E. coli O157:H7 acquired stx1 via acquisition of the 

bacteriophage containing the stx1 gene, and lost the ability to ferment sorbitol, while the sorbitol-

fermenting stx2-producing E. coli O157 lost its motility and evolved into non-motile E. coli O157:NM 

(14, 15). Most E. coli O157 isolates produce a large outer membrane protein intimin (encoded by the 

eae gene) which is the genetic determinant of the formation of attaching and effacing (A/E) lesion, a 

central mechanism in the pathogenesis of enteropathogenic E. coli (EPEC) (16). Strains containing eae 

but not stx are categorized as EPEC (17).   

As described in previous studies, stx-negative E. coli O157:H7/NM isolates were obtained from 

patients with HUS and diarrhoea. It was assumed, especially for the HUS cases that these patients 

were originally infected with an EHEC strain and that excision of the Stx bacteriophage occurred 

during the infection. Those stx-negative O157:H7/NM appeared to be closely related with stx-
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positive O157:H7 isolates as determined by conventional molecular typing methods (18-21). In this 

study, whole genome sequencing (WGS) was used to get a more detailed molecular characterization 

of stx-negative E. coli O157:H7/NM isolates and to reveal their genetic relationship with stx-positive 

O157:H7 isolates obtained from patients with gastrointestinal complaints.  

 

MATERIALS AND METHODS 

Selection of isolates for the study. 

Fecal samples were collected from patients with gastrointestinal complaints in the regions of 

Groningen and Rotterdam during the period April 2013-March 2014, as part of a large multicenter 

study (STEC-ID-Net, unpublished data). Samples were screened for the presence of stx1, stx2 and 

escV (used as an alternative marker for LEE instead of eae gene), and O-serogroup determination 

(O26, O103, O104, O111, O121, O145 and O157) by real-time PCR as described previously (22). This 

resulted in the collection of 34 E. coli O157 isolates (with or without stx) from 34 different patients. 

PCR for the detection of the fliC-H7 gene was performed as described before (23) and only the 

isolates positive for fliC-H7 were then subjected to WGS. 

The publically available genomes of E. coli O157:H7 strains Sakai, EDL933 and SS52, E. coli O157:H45 

strain C639_08, E. coli O127:H6 strain E2348/69 and E. coli O55:H7 CB9615 were also included in the 

comparative analysis. Moreover, as no complete genomes of SF STEC O157:NM and stx-negative 

O157:H7/NM were available in the NCBI database when the study was performed, we have 

sequenced the genome of one SF STEC O157:NM (E09/10) and one stx-negative O157:NM (E09/224) 

and included them as control strains in all the analyses. The information on the isolates used in this 

study is presented in Table S1 in the supplemental material. 

 

Phenotypic Characterization. 

Sorbitol fermentation was determined using CT-SMAC plates (Sorbitol MacConkey agar with Cefixime 

and Tellurite) and motility was tested using motility test medium with triphenyltetrazolium chloride 

(Mediaproducts BV, Groningen, the Netherlands). The production of beta-glucuronidase and urease 

were checked using MacConkey II agar with 4-methylumbelliferryl-β-D-glucuronide (MUG) (BD 

Diagnostics, Breda, the Netherlands) and urea- triple sugar iron (TSI) agar (Mediaproducts BV, 

Groningen, the Netherlands) respectively. The O and H serotypes of the isolates were determined by 

seroagglutination performed in the National Institute for Public Health and the Environment (RIVM, 

Bilthoven, the Netherlands). 
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DNA Extraction and WGS. 

DNA was extracted using the UltraClean® microbial DNA isolation kit (MO Bio Laboratories, Carlsbad, 

CA, USA) according to the manufacturer’s protocol. A DNA library was prepared using the Nextera XT 

kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions and then run on a 

Miseq instrument (Illumina) for generating paired-end 250-bp reads aiming at a coverage of at least 

60 fold.   

Data analysis. 

De novo assembly was performed using CLC Genomics Workbench v7.0.3 (CLC bio A/S, Aarhus, 

Denmark) after quality trimming (Qs, ≥ 28) with optimal word sizes based on the maximum N50 

value. Annotation was performed by uploading the assembled genome on the RAST server version 

2.0 (24). The sequence type (ST) was identified by uploading the assembled genomes to the MLST 

(multilocus sequence type) server (version 1.7) (25) and the virulence genes and stx subtypes were 

determined by virulence finder 1.2 (26). The serogenotype of the isolates was determined using the 

CGE SeroTypeFinder tool (27). 

 

Comparison of the LEE island, plasmids and other genes. 

To analyze the sequence homology of the LEE pathogenicity island in the isolates, the contigs of each 

sample were subjected to a BLAST search against the LEE region of E. coli O157:H7 strain 71074 

(accession no GQ338312) as reference and plotted by BLAST Ring Image Generator (BRIG) (28). To 

identify plasmids pO157 (accession no. NC_002128) and pOsak1 (Accession no. AB011548) of the E. 

coli strain Sakai and plasmid pSFO157 (accession no. NC_009602) of the E. coli O157:NM strain 

3072/96 were used as references for BLAST analyses. For identifying proposed marker genes for 

differentiating NSF STEC O157:H7/NM from SF STEC O157:NM, including the complete cdt cluster, 

the complete sequence of efa1,  the tellurite resistance- and adherence-conferring pathogenicity 

island (TAI), and the urease gene cluster (29), contigs were either blasted using blastn 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) or mapped by CLC Genomics Workbench v7.0.3 using default 

settings against a reference sequence artificially generated by concatenating sequences of the 

marker genes. 

 

Phylogenetic analysis. 

To determine the phylogenetic relationship of the isolates, a gene-by-gene typing approach was 

performed using SeqSphere+ v1.0 (Ridom GmbH, Münster, Germany). Briefly, an in-house defined 

MLST+ scheme was developed using the genome of E. coli O157:H7 strain Sakai as reference genome 

to extract open reading frames (ORFs) from the genome of each isolate by SeqSphere+. Only the 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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ORFs without premature stop codon and ambiguous nucleotides from contigs of assembled genomes 

were included. The genes shared by the genomes of all isolates analyzed were defined as the core 

genome for phylogenetic analysis (30, 31). A Neighbor Joining (NJ) tree was constructed based on a 

distance matrix among the isolates depending on the core genomes of all isolates.  

 

Analyzing phage integration sites. 

The most common and well described Stx phage integration sites for STEC O157:H7/NM were 

analyzed in our stx-negative isolates to reveal if any phage was occupying these sites or that they 

were available for future integration of a phage including one that contains stx genes. Five 

integration sites were studied: yehV (for the Stx1 phage), wrbA and argW (for the Stx2a phage), sbcB 

(for the Stx2c phage) and yecE (for the Stx2a phage of SF STEC) (11). These five loci were identified in 

the contigs and the adjacent regions were extracted and the presence of phage integrases was 

detected using the blastn algorithm.  

 

Accession numbers. 

This whole-genome shotgun project has been deposited in NCBI under the bioproject PRJNA285020. 

The GenBank accession numbers of the isolates analyzed in this study are LDOZ00000000, 

LFUA00000000, LFUB00000000, LGAZ00000000, LFUH00000000, LGBA00000000, LGBB00000000, 

LGBC00000000, LGBD00000000, LGBE00000000, LGBF00000000, LGBG00000000, LGBH00000000, 

LGBQ00000000, LGBI00000000, LGBJ00000000, LGBK00000000, LGBL00000000, LGBM00000000, 

LGBN00000000, LGBO00000000, and LGBP00000000.  

 

RESULTS  

Selection of Isolates. 

Among 34 E. coli O157 isolates initially obtained in this study, 16 were STEC (all were fliC- H7 positive) 

and 18 were categorized as EPEC (as they were stx negative but eae positive). Among the 18 EPEC 

isolates, four O157:H7, eight O157:H16, two O157:H26 and four O157:H39 were identified. For the 

subsequent comparative study, 20 isolates positive for fliC-H7 (16 STEC O157:H7 and 4 EPEC 

O157:H7/NM) were used. 

 

Phenotype. 

The phenotypic characteristics of the 20 O157:H7 isolates of this study and the two control strains 

are shown in Table 1. The 16 STEC O157:H7 isolates did not ferment sorbitol (NSF) and were beta-
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glucuronidase negative whereas among the four EPEC isolates one (EPEC 287) was NSF and beta-

glucuronidase negative. The remaining three (EPEC 393, EPEC 1572, EPEC 1669) and the control 

strain (E09/224) were sorbitol fermenting (SF) and beta-glucuronidase positive as the SF STEC control 

strain E09/10 (Table S1). Among the NSF STEC isolates, six of the sixteen isolates were non-motile as 

were all SF isolates. All isolates of this study were urease negative.  

 

Molecular typing and presence of virulence genes. 

stx-subtyping of STEC isolates revealed eight (50%) isolates with stx1a and stx2c subtypes, two 

(12.5%) with stx1a and stx2a subtypes and six (37.5%) with stx2c subtype only. All isolates contained 

the O serotyping gene wzx-O157 and the flagellar gene fliC-H7 and eae (type gamma) and were 

assigned to ST11 (Table 1). The virulence profiles of the isolates are shown in Table 2. All NSF STEC 

isolates had identical virulence profiles with exception of isolate STEC 1109 that contained the cdt-v 

gene encoding for cytolethal distending toxin. Some of the virulence genes, like serine protease 

autotransporter gene espP, toxin encoding gene toxB, catalase peroxidase encoding gene katP, 

tellurite resistance and adherence conferring island (TAI) and the urease gene cluster were only 

present in NSF STEC and in the only NSF EPEC isolate but not in any SF isolates. On the other hand, 

sfpA, the complete efa1 and cdt gene cluster were only present in SF isolates. The SF EPEC isolates 

carried almost all the virulence genes carried by the German SF STEC O157:NM isolate with the 

exception of the tccP gene (encoding tir cytoskeletal coupling protein) that was present only in SF 

EPEC isolates.  

 
Table 1.  Phenotypic and molecular characteristics of the isolates.  
 

Pathotype and 
serotype

a
 

Number of 
isolates (n) 

Beta 
glucuronidas
e activity 

Urease 
producti
on 

Motility 
(no. of 
isolate) 

Stx subtype (no. 
of isolate) 

Intimin 
type

b
 

Sequence 
type by 
MLST 

NSF stx 
positive 
O157:H7/NM 

16 - - +(10) stx1a+stx2c (8) 
stx1a+stx2a(2) 
stx2c(6) 

gamma 11 

NSF stx 
negative 
O157:NM 

1 - - - NA
c
 gamma 11 

SF stx positive 
O157:NM 

1
d
 + - 

-
 stx2a gamma 11 

SF stx negative  
O157:NM 

4
e
 + - - NA gamma 11 

a NSF, non-sorbitol fermenting; SF, sorbitol fermenting; NM, non-motile. 
b The type of the eae gene was determined from WGS data using blastn. 
c NA, not applicable. 
d This isolate was obtained from Germany and used as a control strain for SF STEC O157:NM isolates. 
e One of these four isolates was obtained from Germany and used as a control strain for the stx-negative O157:NM isolates. 



Chapter 6 

 

128 

 

LEE pathogenicity island.  

All the STEC isolates contained an LEE region highly similar to the LEE of STEC O157:H7 strain 71074, 

used as a reference. However, some NSF STEC isolates lacked two genes encoding the mobile 

element proteins orfA and orfB located in the insertion sequence IS911. Three STEC isolates (STEC 

2257, STEC 2820, and STEC 2821) did not possess the intL gene, which is known to encode an 

integrase of the putative prophage 933L carried in the LEEs of other STEC O157:H7 isolates. The 

sequences of the LEEs of our NSF and SF EPEC isolates were more similar to those of NSF and SF 

STEC, respectively, than to the LEE of EPEC reference genomes E2348/69 and C639_08 (Figure. 1). 

 

 

Figure 1. Comparison of LEE pathogenicity islands, showing a BLAST comparison of STEC and EPEC isolates, 

depicted by each ring, against the reference LEE sequence (core black circle). The color of the rings represents 

sequence identity on a sliding scale; the more gray the ring is, the lower the percent identity. Different colors of 

the rings represent different groups of isolates. The colors of different groups as well as the order of the rings 

for each isolate (from inner to outer) with the color gradient for sequence identity are shown at the right. 

 

 

Plasmids.  

All the NSF isolates analyzed (including EPEC 287) carried a pO157-like plasmid. No sequence 

variation was observed in regions carrying putative virulence genes such as, e.g., genes involved in 

the type II secretion system, hemolysins, toxins, and catalase peroxidase in pO157 of NSF STEC. 

However, with the exception of the two stx2a-positive isolates (STEC 2112 and STEC 2868), all STEC 
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isolates lacked the pO157p35 gene, encoding a reverse transcriptase. Only three STEC isolates (STEC 

605, STEC 989, and STEC 1109) harbored the plasmid pOSAK1. Among the EPEC isolates, the NSF one 

(EPEC 287) had almost the intact pO157 plasmid, lacking only an intact espP gene. The SF EPEC 

isolates contained an almost identical copy of plasmid pSFO157 of SF STEC O157:NM (Figure. 2). 

 

 

 

 

Figure 2.  Comparison of plasmids, showing a BLAST comparison of STEC and EPEC isolates, depicted by each ring, against 

the reference plasmid composed of three plasmids shown in the outermost ring by three different colors (black, blue, and 

orange represent plasmids pO157, pOSKA1, and pSFO157, respectively). The color of the rings represents sequence identity 

on a sliding scale; the more gray the ring is, the lower the percent identity. Different colors of the rings represent different 

groups of isolates. The colors of different groups as well as the order of the rings for each isolate (from inner to outer) with 

the color gradient for sequence identity are shown at the right. 
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Table 2.  Distribution of virulence and other genes among stx-positive and stx-negative O157:H7/NM isolates.  

 

 
Presence of genes (no. of positive strains) 

 

Adhesins genes Fimbrial genes Secretion system genes 

Autotran

sporter 

gene Toxins genes Other genes 

Pathotype 
and serotype 

eae tir efa1
a
 espB lpfA bfpA sfpA prfB espA espF espJ nleA,

B,C 

etpD tccP espP astA ehxA cdt
b
 toxB katP TAI

c
 Urease 

cluster
d
 

NSF STEC 
O157:H7/NM

(n=16) 

+ + - + + - - + + + + + + - + + + + (1) + + + + 

NSF EPEC 
O157:NM 

(n=1) 

+ + - + + - - + + + + + + - +
e
 + + - + + + + 

SF STEC 
O157:NM

f
 

(n=1) 

+ + + + + - + + + - + + + - - + + + - - - - 

SF EPEC 
O157:NM 

(n=4) 

+ + + + + - + + + + (1) + + + + - + +   (3)
g
 - - - - 

aComplete efa1 gene  
bEncoding cytolethal distending toxin A, B and C subunit 
cTellurite resistance and adherence-conferring island (TAI) encoding adhesin gene iha and  putative tellurite resistance genes tlrA, tlrB, tlrC and tlrD 
dure gene cluster containing ureA, ureB, ureC, ureD, ureE, ureF and ureG 
e
Only part of the espP gene was present   

f

This strain was used as a control strain for SF STEC 
gcdt was absent in isolate E09/224 
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Phylogenetic analysis. 

Core genome phylogenetic analysis was performed to evaluate the evolutionary relationship 

between the stx-positive (STEC) and stx-negative (EPEC) O157:H7/NM isolates. In total, 3,005 ORFs 

were shared by all isolates analyzed in this study, and these were defined as the core genome for 

phylogenetic analysis. This analysis separated EPEC C639_08 and EPEC E2348/69 from the 

O157:H7/NM isolates in this study (Fig. 3). The latter isolates formed two separated clusters: SF 

isolates (cluster 1) and NSF isolates (cluster 2). Remarkably, in cluster 1, four SF EPEC isolates (EPEC 

393, EPEC 1572, EPEC 1669, and E09/224) clustered together with the SF STEC isolate. Cluster 2 (NSF 

O157:H7 isolates) could be divided into three subclusters: cluster 2a, containing STEC O157:NM 

(nonmotile) isolates together with one NSF EPEC isolate (EPEC 287); cluster 2b, containing six of the 

motile STEC O157:H7 isolates; and cluster 2c, containing two stx2a-positive isolates (STEC 2112 and 

STEC 2868) clustered closely with two previously described STEC outbreak isolates, Sakai and EDL933 

(1, 32). The last subcluster also included two other motile isolates (STEC 1109 and STEC 989) and 

STEC O157:H7 strain SS52 (stx2a and stx2c positive), isolated from super shedder cattle (33). Taken 

together, the data indicate that the EPEC O157:NM isolates clustered with STEC isolates but not with 

EPEC isolates (Fig. 3). 

 

Phage insertion sites. 

In the SF EPEC strains (EPEC 393, EPEC 1572, EPEC 1669 and EPEC E09/224) the phage insertion sites 

analyzed were intact with the exception of argW that was occupied in isolate EPEC 393 and EPEC 

1572. In EPEC 287, although yehV and argW were occupied by phages, the wrbA and sbcB loci 

(integration sites for Stx2a and Stx2c phage respectively) were unoccupied. Comparison of the 

different integration sites is shown in Figure 4. 

http://jcm.asm.org/content/53/11/3530.long#F3
http://jcm.asm.org/content/53/11/3530.long#ref-1
http://jcm.asm.org/content/53/11/3530.long#ref-32
http://jcm.asm.org/content/53/11/3530.long#ref-33
http://jcm.asm.org/content/53/11/3530.long#F3
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Figure 3. Neighbor-joining (NJ) phylogenetic tree of STEC and EPEC isolates. Different isolate groups are 

indicated in different colors. The NJ tree was constructed based on a distance matrix among the isolates 

depending on their core genomes. 

  

Figure 4. Phage integration sites. Genes surrounding phage integration sites of the isolates are shown in boxes. 

A red arrow indicates the presence of a phage integrase adjacent to the integration site. (a) SF STEC isolate 

E09/10; the yecE region is occupied by phage. (b) SF EPEC isolate EPEC 1572; the yecE region is unoccupied. (c) 

NSF EPEC isolate EPEC 287; the wrbA region is unoccupied. (d) NSF EPEC isolate EPEC 287; the sbcB region is 

unoccupied. (e) NSF EPEC isolate EPEC 287; the yehV region occupied by phage. 
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DISCUSSION 

E. coli O157:H7 is one of the major causes of food-borne illness and represents a considerable public 

health concern worldwide (34). This study aimed at determining the phylogenetic relationships and 

comparing the virulence factors of stx negative E. coli O157:H7/NM with those of stx positive E. coli 

O157:H7 with the highest resolution and greatest possible detail using a WGS approach. E. coli 

O157:H7 isolates of this study were obtained from patients with diarrhea and other gastrointestinal 

complaints from two different regions in the Netherlands (Groningen and Rotterdam). Isolate E09/10 

and E09/224 were sequenced and used as control strains for SF STEC O157:NM and stx-negative 

O157:NM isolates, respectively. As the stx-negative isolates were found to be positive for eae but 

negative for the bfpA gene, they were considered as atypical EPEC. Notably, the EPEC isolates 

belonged to ST11 and contained type gamma intimin which are not typical features of EPEC, but 

frequently associated with STEC O157:H7 (35). 

All STEC isolates shared a similar virulence pattern. Remarkably, all the typical genes (e.g., ehxA, astA, 

lpfA,, katP, etpD, espP, the pathogenicity island TAI, and urease gene cluster) of NSF STEC O157:H7 

described previously were present in EPEC 287. In contrast, SF EPEC isolates possessed the sfp gene 

cluster, the cdt gene cluster and the complete efa1 gene but lacked the genes toxB, katP, espP 

carried on plasmid pO157, the urease gene cluster and the pathogenicity island TAI, which are typical 

features of SF STEC O157:NM (18, 29). Subsequent analyses showed that EPEC 287 harbored an 

almost identical plasmid pO157 as the STEC isolates with sequence variability mostly in mobile 

genetic elements. The SF EPEC isolates contained a plasmid similar to the pSFO157 present in the SF 

STEC O157:NM isolate strain 3072/96. Additionally, our NSF and SF EPEC isolates shared an almost 

identical LEE pathogenicity island with the STEC isolates containing additional ORFs encoding a 

putative prophage normally not present in the LEE of EPEC (36). All these results together suggest 

that the EPEC O157:H7/NM isolates investigated, shared a virulence profile similar to STEC isolates 

rather than to the virulence profile of EPEC.  

The genetic relationship of the O157:H7/NM isolates of this study was confirmed by the phylogenetic 

analysis using a gene-by-gene comparison analysis by core genome MLST. The NSF EPEC isolate 

clustered together with the non-motile NSF STEC isolates and the three SF EPEC clustered together 

with the control strain of SF STEC O157:NM. It has already been described that the non-motile 

characteristic of SF STEC O157 is due to a 12 base pair deletion in the master regulator of flagellar 

biosynthesis, the flhC gene (37). We also observed this deletion in the same gene in our non-motile 

SF EPEC isolates, but not in our non-motile NSF STEC isolates, further strengthening the hypothesis of 

their derivation from stx-positive SF O157:NM. Taken together, the results of our analyses provide 

further evidence that the NSF and SF EPEC isolates were mostly related to the STEC group, but 
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lacking the Stx-converting phages and might be referred to as EHEC that lost the Shiga-toxin (EHEC-

LST), as has also been proposed previously (19, 20). Studying in more detail the typical Stx phage 

insertion sites (yecE for SF EPEC and wrbA and sbcB for NSF EPEC) revealed that they were 

unoccupied in the stx-negative isolates. Such unoccupied regions could be an indication of loss of the 

Stx bacteriophage, e.g., in course of infection, or during isolation or subculture (38). Conversely, stx-

negative strains could be progenitors of STEC prepared to acquire one or more Stx-converting phages 

(18, 39). In our case, the stx genes were not lost in the laboratory during isolation or subculture as 

they were not detected in the feces of the patient. Therefore, the patients may have been infected 

with an stx-negative variant which could explain the mild symptoms they displayed. 

In routine diagnostic testing, these stx-negative isolates may be missed as most of the 

microbiological laboratories depend on the molecular screening of STEC by the detection of the stx 

genes only. Screening for several additional genes (including eae, saa, sfpA) in routine diagnostics to 

identify these pathogens has already been proposed (18). Moreover, our findings bring into question 

if classifying pathogenic E. coli into STEC and EPEC based on detection of the stx and eae gene, 

respectively, is reliable enough. Due to integrating and interchanging mobile genetic elements, e.g., 

the Stx converting bacteriophages which could integrate into several E. coli pathogroups, it is 

sometimes complicated to precisely define the classification of pathogenic E. coli (40, 41). Obviously, 

screening a bunch of accessory virulence genes of STEC would be laborious for routine diagnostics. In 

our opinion, screening of at least the fliC-H7, together with the O157 encoding gene may help to 

identify EHEC-LST of the most virulent clone of EHEC (O157:H7) as all the fliC-H7 positive isolates 

were genetically related to STEC O157:H7 in this study. Our results are consistent with the finding 

that the proportion of stx-negative variants among SF O157:NM isolates is generally higher than 

among NSF O157:H7 (20, 42). Nevertheless, the number of isolates studied was too low to draw firm 

conclusions. However, to our best knowledge, this is the first report where the genetic relationship of 

stx negative variants of E. coli O157:H7/NM with stx positive O157:H7/NM has been confirmed using 

WGS. 

In conclusion, stx-negative E. coli O157:H7/NM are a cause of gastrointestinal disease in the 

Netherlands, and because of the presence of the complete set of accessory virulence genes, these 

isolates should be considered of public health concern similar to their stx-positive variants. 

Additional diagnostic approaches should be implemented to identify these EHEC-LST isolates for 

surveillance purposes and to allow appropriate treatment measures and for preventing their 

transmission.  
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Supplementary Table 

Table S1. Information of the patients and isolates used in this study 

Isolate ID Serotype
 a

 stx 
type 

Isolation 
period 

Isolation 
region 

Patient 
Age(Year)
/Sex 

Clinical 
symptom 

Genbank 
accession 
number 

References 

NSF STEC         

STEC 343 O157:H7 stx2c July 2013 Groningen, NL 27/Female Diarrhoea LDOZ00000000 This study 

STEC 605 O157:H7 stx2c August 2013 Groningen, NL 52/Male Unknown
b
 LFUA00000000 This study 

STEC 623 O157:NM stx1a+
stx2c 

August 2013 Groningen, NL 25/Male Bloody 
Diarrhoea 

LFUB00000000 This study 

STEC 771 O157:H7 stx1a+
stx2c 

September 
2013 

Groningen, NL 30/Female Diarrhoea LGAZ00000000 This study 

STEC 915 O157:NM stx1a+
stx2c 

September 
2013 

Groningen, NL 8/Male Bloody 
Diarrhoea 

LFUH00000000 This study 

STEC 989 O157:H7 stx1a+
stx2c 

October 
2013 

Groningen, NL 58/Male Bloody 
Diarrhoea 

LGBA00000000 This study 

STEC 994 O157:H7 stx2c October 
2013 

Groningen, NL 43/Male Bloody 
Diarrhoea 

LGBB00000000 This study 

STEC 1109 O157:H7 stx2c October 
2013 

Groningen, NL 78/Male Abdominal 
pain 

LGBC00000000 This study 

STEC 2075 O157:H7 stx2c May 2013 Rotterdam, NL 1/Male Diarrhoea LGBD00000000 This study 

STEC 2112 O157:H7 stx1a+
stx2a 

June 2013 Rotterdam, NL 10/Female Diarrhoea LGBE00000000 This study 

STEC 2257 O157:NM stx1a+
stx2c 

July 2013 Rotterdam, NL 4/Female Unknown
b
 LGBF00000000 This study 

STEC 2410 O157:H7 stx2c August 2013 Rotterdam, NL 14/Female Diarrhoea LGBG00000000 This study 

STEC 2667 O157:NM stx1a+
stx2c 

October 
2013 

Rotterdam, NL 4/Female Unknown
b
 LGBH00000000 This study 

STEC 2820 O157:NM stx1a+
stx2c 

November 
2013 

Rotterdam, NL 3 
months/u
nknown 

Unknown
b
 LGBQ00000000 This study 

STEC 2821 O157:NM stx1a+
stx2c 

November 
2013 

Rotterdam, NL 72/Female Diarrhoea LGBI00000000 This study 

STEC 2868 O157:H7 stx1a+
stx2a 

November 
2013 

Rotterdam, NL 14/Female Bloody 
Diarrhoea 

LGBJ00000000 This study 

SF STEC         

E09/10
c
 O157:NM stx2a 2009 Münster 

Germany 
4 
/unknown 

HUS LGBK00000000 This study 

NSF EPEC         

EPEC 287 O157:NM NA July 2013 Groningen, NL 4/Male Abdominal 
pain 

LGBL00000000 This study 

SF EPEC         

EPEC 393 O157:NM NA July 2013 Groningen, NL 37/Male diarrhoea LGBM00000000 This study 

EPEC 1572 O157:NM NA February 
2014 

Groningen, NL 13/Female Abdominal 
pain 

LGBN00000000 This study 

EPEC 1669 O157:NM NA March 2014 Groningen, NL 9/Female Abdominal 
pain 

LGBO00000000 This study 

E09/224
c
 O157:NM NA 2009 Lübeck 

Germany 
3/unknow
n 

Diarrhoea LGBP00000000 This study 

STEC 
Reference 
genomes 

        

EDL933
d
 O157:H7 stx1a+

stx2a 
1982 Michigan, USA Isolated 

from 
ground 
beef  

 CP008957 (1) 
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Isolate ID Serotype
 a

 stx 
type 

Isolation 
period 

Isolation 
region 

Patient 
Age(Year)
/Sex 

Clinical 
symptom 

Genbank 
accession 
number 

References 

Sakai
d
 O157:H7 stx1a+

stx2a 
1996 Japan Unknown HUS NC_002695 (2) 

SS52
d
 O157:H7 stx2a+

stx2c 
unknown USA Super 

shedder 
cattle 

 CP010304 (3) 

EPEC 
Reference 
genomes 

        

C639_08
d,e

 O157:H45 NA unknown Denmark unknown Diarrhoea AIBH00000000 (4) 

CB9615
d,e

 O55:H7 NA 2003 Germany infant Diarrhoea CP001846 (5) 

E2348/69
d,

f
 

O127:H6 NA 1969 Taunton, 
United 
Kingdom  

unknown Diarrhoea FM180568 (6) 

 NA= Not applicable, NL= the Netherlands 
a All the isolates used in this study are positive for fliC H7 gene. 
b Information from the patients was not available. 
c These isolates were collected from Germany and used as control strains. 
d The genome was obtained from NCBI database and used for comparison. 
e This is an atypical EPEC 
f This is a typical EPEC 
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ABSTRACT 

Escherichia coli (E. coli) O157 that do not produce Shiga toxin and do not possess flagellar antigen H7 

are of diverse H serotypes. In this study, the antibiotic resistance properties, genotype of a set of 

virulence associated genes and the phylogenetic background of E. coli O157:non-H7 groups were 

compared. Whole genome sequencing was performed on fourteen O157:non-H7 isolates collected in 

the STEC-ID-net study. The genomes were compared with E. coli O157 genomes and a typical 

Enteropathogenic E. coli (tEPEC) genome downloaded from NCBI. Twenty-six (86%) of the analyzed 

genomes had the intimin encoding gene eae but of different types mostly correlating with their H 

types, e.g., H16, H26, H39 and H45 carried intimin type ε, β, κ and α, respectively. They belonged to 

several E. coli phylogenetic groups, i.e., to phylogenetic group A, B1, B2 and D. Seven (50%) of our 

collected O157:non-H7 isolates were resistant to two or more antibiotics. Several mobile genetic 

elements, such as plasmids, insertion elements and pathogenicity islands, carrying a set of virulence 

and resistance genes were found in the E. coli O157:non-H7 isolates. Core genome phylogenetic 

analysis showed that O157:non-H7 isolates probably evolved from different phylogenetic lineages 

and were distantly related to the E. coli O157:H7 lineage. We hypothesize that independent 

acquisition of mobile genetic elements by isolates of different lineages have contributed to the 

different molecular features of the O157:non-H7 strains. Although distantly related to the STEC 

O157, E. coli O157:non-H7 isolates from multiple genetic background could be considered as 

pathogen of concern for their diverse virulence and antibiotic resistance properties. 
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INTRODUCTION 

Enteropathogenic Escherichia coli (EPEC) was first identified in the United Kingdom in the 1940s as 

the cause of outbreaks of infantile diarrhea (1). Although such outbreaks are now rare in developed 

countries, EPEC strains continue to be a leading cause of diarrhea among infants from developing 

countries (2). The most important feature of EPEC pathogenesis is its ability to produce characteristic 

histopathological intestinal lesions known as "attaching and effacing" (A/E) lesions that are also 

characteristic for some Shiga toxin-producing E. coli (STEC) (3). The genes responsible for this activity 

in EPEC are encoded on a 35-kb pathogenicity island (PAI) called the locus of enterocyte effacement 

(LEE), whereas the LEE of STEC contains some additional genes encoded within a putative prophage 

designated 933L (4). Both EPEC and STEC LEE encode a type III secretion system, multiple secreted 

proteins, and a bacterial adhesin called intimin (5). The 5′ regions of intimin-encoding gene eae are 

conserved in both EPEC and STEC, whereas the 3′ regions are heterogeneous even within the same 

pathotype (6). Several variants of the eae gene encoding different intimin types and subtypes are 

described (7-9) and it has been suggested that different intimins may be responsible for different 

host tissue cell tropisms (10). 

EPEC, carrying EPEC adherence factor plasmid (pEAF) is named as typical EPEC (tEPEC), while those 

without the pEAF as atypical EPEC (aEPEC) (11, 12). aEPEC are thought to be a concern as they can 

acquire Shiga toxin (Stx) converting bacteriophages, thereby obtaining the ability to cause more 

serious illness (13). Besides the virulence genes encoded on LEE, EPEC strains also carry other 

virulence genes including astA (heat stable enterotoxin), the cdt (cytolethal distending toxin) gene 

cluster, efa1 (enterohemorrhagic E. coli factor for adherence) and paa (porcine attaching-effacing 

associated protein) (14-17). 

Antibiotic resistance is a global concern due to the increased use of antibiotics, especially for the 

intestinal organisms as the gut is a heavily populated niche and resistance genes can be transmitted 

horizontally via these resistant organisms in the gut (18). High prevalence of antimicrobial resistance 

among EPEC strains has been reported in different countries but the genetic basis for this resistance 

and the evolutionary consequences are rarely studied (19-21). 

The serotyping of O antigens (together with the H-flagellar antigen) is used as an effective method to 

identify various pathogenic clones (22). The serotype O157 is a predominant serotype of the 

documented STEC related outbreaks worldwide (5, 23) and is frequently associated with the H7 

antigen (encoded by fliC H7). E. coli O157:H7 strains that do not possess Stx are presumably the Stx-

lost variants or progenitors of STEC as they share the same phylogenetic lineage (24). However, the 

large and diverse O157 serogroup also includes many non-H7 serotypes that are commonly found in 

animals, food and clinical samples. EPEC strains of the O157:H45 serotype have been noted as agents 
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of diarrhea in outbreaks and in sporadic cases in Germany, Japan, Korea and Thailand (25, 26). 

Strains of serotype O157:H8 and O157:H16 have been isolated from cases of diarrhea in human, 

whereas the latter serotype was also isolated from cattle, beef and water (22, 27). As these strains 

do not carry the stx gene, they are often not detected or no detailed characterization is carried out 

(27). Recently, two studies were performed on comparative genomics analysis and phylogenetic 

relationship of E. coli O157:H7 and non-H7 strains (28, 29). However, there is a lack of information 

regarding their virulence, antimicrobial resistance properties and some other molecular features. In 

our current study, apart from the phylogenetic and evolutionary relationship of E. coli O157:non-H7 

groups, a comprehensive characterization was performed focusing on their diversity in virulence and 

antimicrobial resistance properties. 

 

MATERIALS AND METHODS 

Selection of isolates for the study. 

A total of fourteen E. coli O157 strains that were negative for fliC H7 gene were selected for this 

study. Isolates were obtained from fecal samples of patients with gastrointestinal complaints in the 

regions of Groningen and Rotterdam during the period April 2013-March 2014, as part of a large 

multicenter study (STEC-ID-net, unpublished data). 

Additionally, publically available genomes of sixteen E. coli including two O157:H7, one O55:H7, 

twelve O157:non-H7 and one tEPEC strain (E2348/69; O127:H6) were included in the comparative 

analyses. The information of isolates and downloaded genomes used in this study are presented in 

Table 1. 

Phenotypic characterization and antibiotic resistance profile 

Sorbitol fermentation was determined using CT-SMAC plates (sorbitol MacConkey agar with cefixime 

and tellurite, Mediaproducts BV, Groningen, the Netherlands). Motility was tested using Motility test 

medium with triphenyltetrazolium chloride (Mediaproducts BV, Groningen, the Netherlands). The 

production of beta-glucuronidase and urease were checked by using MacConkey II agar with 4-

methylumbelliferryl-β-D-glucuronide (MUG) (BD Diagnostics, Breda, the Netherlands) and urea-triple 

sugar iron (TSI) agar (Mediaproducts BV, Groningen, the Netherlands), respectively. The O and H 

serotypes of the isolates were determined by seroagglutination performed at the National Institute 

for Public Health and the Environment (RIVM, Bilthoven, the Netherlands). Antibiotic resistance 

patterns of the isolates were determined using VITEK2 (bioMérieux, Marcy l'Etoile, France) following 

EUCAST guidelines. 
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Whole genome sequencing 

From all the isolates DNA was extracted using the UltraClean® microbial DNA isolation kit (MO BIO 

Laboratories, Carlsbad, CA, US) according to the manufacturer’s protocol. A DNA library was 

prepared using the Nextera XT kit (Illumina, San Diego, CA, US) according to the manufacturer’s 

instructions and then ran on a Miseq (Illumina) for generating paired-end 250-bp reads aiming at a 

coverage of at least 60 fold as described previously (24, 30). 

 

Data analysis and molecular typing 

De novo assembly was performed using CLC Genomics Workbench v7.0.3 (CLC bio A/S, Aarhus, 

Denmark) after quality trimming (Qs ≥ 28) with optimal word sizes based on the maximum N50 value 

(24, 30). All the assembled genomes of this study and the assembled genomes downloaded from 

NCBI were subjected to further analyses. Annotation was performed by uploading the assembled 

genomes onto the RAST server version 2.0 (31). The sequence type (ST) was identified by uploading 

the assembled genomes to the Center for Genomic Epidemiology (CGE) MLST finder website (version 

1.7) (32). For four of the isolates the allele numbers were submitted to the E. coli MLST databases 

(http://mlst.warwick.ac.uk/mlst/dbs/Ecoli) to obtain a ST for them. The virulence genes were 

determined by virulence finder 1.2 (33), antibiotic resistance genes were determined by ResFinder 

2.1 (34) and the serotyping genes of the isolates were confirmed using the SeroTypeFinder tool (35) 

from the CGE server. Intimin types of the isolates were determined using blastn. Isolates were 

assigned to one of the major E. coli phylogenetic groups A, B1, B2 or D using the genetic markers 

chuA, yjaA and the DNA fragment TspE4.C2 (36). 

 

Synteny analysis of resistance and virulence genes 

To determine the location of virulence and antibiotic resistance genes in the isolates, the contigs 

containing the targeted genes were subjected to BLAST in NCBI to look for the most related genomic 

regions which were later used as reference to confirm their presence in our analyzed isolates. 

To compare the sequences of the LEE region, the LEE of the E. coli O157:H7 strain 71074 (accession 

no GQ338312) was used as the reference and the contigs of each sample were subjected to BLAST 

against the reference and plotted by BLAST ring image generator (BRIG) (37). 

 

Phylogenetic analysis. 

To determine the phylogenetic relationship of the isolates, a gene-by-gene approach was performed 

using SeqSphere+ v3.0 (Ridom GmbH, Münster, Germany). For this, an ad hoc core genome MLST 

(cgMLST) scheme was used as described previously (38). Briefly, the genome of E. coli O157:H7 strain 

http://mlst.warwick.ac.uk/mlst/dbs/Ecoli
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Sakai was taken as a reference genome and ten additional E. coli genomes were used as query 

genomes to extract open reading frames (ORFs) using MLST+ Target Definer 2.1.0 of SeqSphere+. 

Only the ORFs without premature stop codon and ambiguous nucleotides from contigs of assembled 

genomes were included. The genes shared by the genomes of all isolates analyzed in this study were 

defined as the core genome for phylogenetic analysis (38). A Neighbor Joining (NJ) tree was 

constructed based on a distance matrix among differences in the core genome of the isolates. 

 

RESULTS 

Phenotype 

Ten of the fourteen O157 isolates collected in our study were motile and were of serotype O157:H16 

(n=8) or O157:H26 (n=2); the other four were non-motile. All the isolates were positive for beta-

glucuronidase and negative for urease. Except two isolates (EPEC 2646 and EPEC 2669) all grew on 

CT-SMAC agar and fermented sorbitol. 

Molecular typing 

The molecular typing results of the E. coli O157 isolates included in this study are summarized in 

Table 1. The four non-motile isolates of this study were confirmed to carry the fliC H39 gene and 

were assigned to a new ST (ST4554). All of the O157:H16 isolates belonged to E. coli phylogenetic 

group A except strain Santai which belonged to phylogenetic group D (phylogenetic group of STEC 

O157:H7). None of the strains were positive for the stx gene. 

 

Virulence profiling and intimin typing 

The virulence profiles of the isolates and of the genomes are presented in Figure 1. Four of the 

genomes obtained from NCBI (N1, T22, 3006 and Santai) did not have the eae gene. The rest carried 

the gene but different types of it were found mostly correlating to their genoserotypes, e.g., 

O157:H16 and O157:H39 isolates carried intimin type ε and κ respectively (Table 1). None of the 

isolates carried intimin γ. Like tEPEC E2348/69, all O157:H45 strains had intimin α. 

Besides the virulence genes located on the LEE PAI, isolates contained other virulence genes carried 

on several mobile genetic elements (MGEs), e.g., the plasmid-borne genes etpD, toxB, sepA, the 

prophage encoded genes espI, tccP, cif, the PAI related genes iha and espC, and other virulence 

determinants carried on insertion elements or transposons (Figure 1). All O157:H39 isolates carried 

the etpD gene located on pO55 like (O55:H7 strain CB9615) plasmid encoding the type II secretion 

system proteins (etp gene cluster) and the conjugal transfer proteins (tra gene cluster) 

(Supplementary figure S1), and adhesion gene iha presumably on a transposon. All of the O157:H45 
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and O157:H39 strains carried the espC PAI (Supplementary figure S2). All the isolates analyzed in this 

study were negative for the pillin subunit encoding gene sfpA. 

 

Table 1. E. coli isolates used in this study. 

Isolate ID Isolation 
region

a
 

Source Symp 
toms

b
 

Genosero 
-type 

MLST Phylogen
etic group 

Intimin 
type 

Accession No References 

EPEC 400 Groningen (NL) Human D O157:H16 10 A ε LZDU00000000 This study 
EPEC 536 Groningen (NL) Human ND O157:H16 10 A ε LZDV00000000 This study 

EPEC 631 Groningen (NL) Human N O157:H16 10 A ε LZDW00000000 This study 

EPEC 720 Groningen (NL) Human N O157:H16 10 A ε LZDX00000000 This study 

EPEC 1316 Groningen (NL) Human D O157:H16 10 A ε LZDY00000000 This study 

EPEC 2646 Rotterdam (NL) Human N O157:H16 10 A ε LZDZ00000000 This study 

EPEC 2669 Rotterdam (NL) Human N O157:H16 10 A ε LZEA00000000 This study 

EPEC 3029 Rotterdam (NL) Human N O157:H16 10 A ε LZEB00000000 This study 

EPEC 1150 Groningen (NL) Human D O157:H39 4554 B2 κ LZEC00000000 This study 

EPEC 1554 Groningen (NL) Human D O157:H39 4554 B2 κ LZED00000000 This study 

EPEC 2252 Rotterdam (NL) Human D O157:H39 4554 B2 κ LZEE00000000 This study 

EPEC 2272 Rotterdam (NL) Human D O157:H39 4554 B2 κ LZEF00000000 This study 

EPEC 2081 Rotterdam (NL) Human N O157:H26 189 A β LZEG00000000 This study 

EPEC 2827 Rotterdam (NL) Human D O157:H26 189 A β LZEH00000000 This study 

Sakai Japan Human HUS O157:H7 11 D γ NC_002695 (39) 
SS52 USA Cattle NA O157:H7 11 D γ CP010304 (40) 

CB9615 Germany Human D O55:H7 335 D γ CP001846 (41) 

Santai China Duck NA O157:H16 1011 D NA CP007592 Cheng et al., 
unpublished 

3006 USA Human N O157:H16 5502 A NA AMUN0100000
0 

(28) 

TW15901 France Food NA O157:H16 10 A ε AMUK01000000 (28) 

TW00353 USA Human N O157:H16 10 A ε AMUM0100000
0 

(28) 

C639_08 Denmark Human N O157:H45 725 B2 α AIBH00000000 (42) 

C844_97 Japan Human N O157:H45 725 B2 α AIBZ01000000 (42) 
RN587/1 Brazil Human N O157:H45 725 B2 α ADUS01000000 (42) 

ARS4.2123 USA Water NA O157:H45 725 B2 α AMUL01000000 (28) 
TW07793 Unknown Water NA O157:H39 1041 B2 κ AFAG0200000 Sanka et al., 

unpublished 
7798 Argentina Human N O157:H39 5611 B2 κ AMUP00000000 (28) 
N1 Unknown Food NA O157:H29 515 B1 NA AMUQ0100000

0 
(28) 

T22 Hungary Human N O157:H43 155 B2 NA AHZD02000000 (28) 

E2348/69 Taunton, 
United 
Kingdom 

Human D O127:H6 15 B2 α FM180568 (43) 

a
NL, the Netherlands. 

b
D, Diarrhea; ND, Abdominal pain and other gastrointestinal problems without diarrhea; N, Not available; HUS, Hemolytic 

uremic syndrome; NA, Not applicable. 
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Comparison of LEE 

Figure 2 shows the variations in the sequence of the LEE PAI in EPEC O157 isolates with different H 

types. The first 8 kb region, encoding the phage associated integrase and IS elements in STEC LEE, is 

not intact in EPEC isolates and some of them only contain part of it. For example, EPEC O157:H16 

isolates and EPEC 2827 contain the insertion element IS66 and O157:H26 isolates contain a similar 

but not identical phage integrase as present in the STEC LEE. Among the core LEE genes, EPEC 

secreted proteins encoding genes (esp genes) and the genes encoding the proteins for adhesion (e.g., 

eae, tir-encoding translocated intimin receptor) of the EPEC isolates are different from those of STEC. 

Other genes encoding type III secretion system (e.g., esc and sep genes) and the regulator gene ler 

are similar in O157:H39 and O157:H45 EPEC isolates (represented by dark blue and dark pink color in 

figure 2, respectively) to those of STEC but are different in O157:H16 and O157:H26 (represented by 

the relatively light green and orange colors in figure 2, respectively). The sequence of the tir gene is 

conserved between O157:H16 and O157:H26 serotypes (97-98% similar), and between O157:H39 

and O157:H45 serotypes (98-99% similar). Notably, the tir gene of H39 and H45 is similar (97-98%) to 

that of tEPEC E2348/69, whereas in H16 and H26 it is different (<78% similarity) from all other 

serotypes analyzed in this study (data not shown). Clearly, the sequence of the LEE region is variable 

in different O157 EPEC strains. 

Antibiotic resistance profile and presence of resistance genes 

Among the fourteen O157 isolates collected in this study, all O157:H39 and O157:H26 isolates and 

one of the O157:H16 isolates (EPEC 1316) were resistant to two or more antibiotics and EPEC 2827 

was resistant to several antibiotics. The presence of antibiotic resistance genes was determined for 

all the genomes analyzed in this study (including those downloaded from NCBI without available 

phenotypic data) and the results are presented in Table 2. More than ten resistance genes were 

found in two isolates, EPEC 2827 and Santai. EPEC 2827 carried the resistance gene strA on a plasmid 

similar to pSTU288 (accession no. CP004059) of Salmonella enterica (Figure 3(A)), and dfrA, aphA, 

aadA, blaOXA, and catB on an integron (accession no. HQ386835) of Proteus sp. VIITMP5 (Figure 

3(B)). EPEC 1554 carried the tetA gene on a transposon similar to Tn1721  (accession no. X61367) 

(Figure 3(C)). The O157:H39 strains had a plasmid similar to pCERC1 (accession no. JN012467) of E. 

coli strain S1.2.T2R carrying a cluster of antibiotic resistance genes including strA-B, sul2 and dfrA14 

(Figure 3(D)). EPEC 1316 carried the strA and blaTEM genes on a plasmid similar to pVR50A 

(accession no. CP011135) (data not shown) of E. coli VR50 caused an asymptomatic bacteriuria. 
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Figure 1. Virulence profiles of the isolates analyzed in this study. Predicted locations of the virulence genes 

are indicated. The red color indicates the presence of a gene in the corresponding isolate. 

 

 

 

Figure 2. Comparison of LEE in E. coli isolates analyzed in this study. The figure shows BLAST comparison of E. 
coli isolates against the reference LEE sequence (core black circle). Each ring represents one isolate, different 
colors of the rings represent different genoserotypes. The gradients (dark, pale and white) of each color 
represent the sequence similarity (from 100% to 0%) between samples and reference. The colors of different 
isolates as well as the order of the rings (from inner to outer) with the color gradient for sequence identity are 
shown in the legend (right). Please note that, for each genoserotype only representative isolates showing 
variations in the LEE sequences are presented in the figure. 
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Table 2. Antibiotic resistance profiles of the analyzed isolates 

Isolate ID
a
 Genoserotype Phenotypical 

resistance
b
 

Presence of Resistance genes
c
 

EPEC 1316 O157:H16 AMP, SXT, TMP blaTEM-1B, dfrA8, strA/B, sul2 

EPEC 1150 O157:H39 AMP, SXT, TMP blaTEM-1B, dfrA14, strA/B, sul2 
EPEC 2252 O157:H39 AMC, AMP, SXT, TMP blaTEM-1B, dfrA14, strA/B, sul2 

EPEC 2272 O157:H39 AMC, AMP, SXT, TMP blaTEM-1B, dfrA14, strA/B, sul2  
EPEC 1554 O157:H39 AMP, TET blaTEM-1B, tetA 
EPEC 2081 O157:H26 AMP, NOR, TET, TMP blaTEM-1B, dfrA8, tetA, 
EPEC 2827 O157:H26 AMP, CIP, FOX, GEN, 

NIT, NOR, SXT, TMP, 
TET, TOB 

aadB, aph(3’) IIA/XV, blaOXA-4, blaTEM-1B, 
catB, dfrA1, mphA, strA/B, sul2, tetA 

C639_08 O157:H45 NT sul2 

RN587/1 O157:H45 NT blaTEM-116 

Santai O157:H16 NT aac(3)-IId, aac(6')Ib-cr, aadA, armA, ARR-3, 
strA/B, blaOXA-1, blaTEM-1B, catA/B, dfrA12, 
floR, fosA, mphA/E, msrE, sul1/2, tetA 

TW00353 O157:H16 NT blaTEM-1C 
ARS4.2123 O157:H45 NT strA/B, sul2 

E2348/69 O127:H6 NT strA/B, sul2 

a
The first seven rows shaded grey are isolates collected in our study and their resistance profile was determined using 

VITEK2. 
b
AMP, ampicillin; AMC, amoxicillin-clavulanic acid; FOX, cefoxitin; CIP, ciprofloxacin; GEN, gentamicin; NIT, nitrofurantoin; 

NOR, norfloxacin; TET, tetracycline; TOB, tobramycin; TMP, trimethoprim; SXT, trimethoprim-sulfamethoxazole. NT, Not 

tested as only the genomes of these strains were available. 
c
Resistance genes mentioned in the table confer resistance to antibiotics of the following categories: 

aac(3)-IId, aac(6')Ib-cr, aadA, aph(3’), arma, strA/B against aminoglycosides; ARR-3 against 

rifampicin; blaOXA, blaTEM against beta lactum antibiotics; catA/B, floR against phenicols; fosA against fosfomycin; 

mphA/E, msrE against macrolides; dfrA against trimethoprim; sul1/2 against sulfonamides; tet against tetracycline. 

 
 

 

Phylogenetic analysis 

Figure 4 shows a NJ tree based on 2683 genes (core genome). The tree shows that strain Santai 

(phylogenetic group D) shared a common ancestor with the E. coli O157:H7 lineage and its 

progenitor O55:H7. The tEPEC O157:H45 (RN587/1 and ARS4.2123) and the aEPEC O157:H45 

(C639_08 and C844_97) genomes clustered together and O157:H45 was the serogroup most closely 

related to tEPEC reference strain E2348/69. O157:H39 isolates were more closely related with tEPEC 

isolates than the O157:H16 and O157:H26 isolates. Three of the O157:H39 isolates (EPEC 1150, EPEC 

2252 and EPEC 2272) appeared to be exactly similar in their core genome. Remarkably, except strain 

3006 and Santai, the other ten O157:H16 isolates belonging to ST10 were closely related to each 

other with allele differences ranging from 0 to 41, whereas Santai and 3006 had a minimum of 2176 

allele differences (data not shown) with the other O157:H16 isolates of this study indicating that only 

one fifth of their core genome contains identical alleles.  
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Figure 3. Comparison of mobile genetic elements containing antibiotic resistance genes. Resistance genes of 
EPEC 2827 are carried on a plasmid similar to pSTU288-2 of Salmonella enterica (A) and on an integron similar 
to VIITMP5 1 of Proteus sp. (B). (C) Presence of a transposon like Tn1721 in EPEC 1554. (D) Presence of plasmid 
like pCERC1 in O157:H39 strains is shown by a representative isolate (EPEC 2252). For all the figures, the color 
represents sequence identity on a sliding scale, the lighter the color, the lower the percentage identity. 

 

 

Figure 4. Phylogenetic relationship of the isolates analyzed in this study. This Neighbor Joining tree was 

constructed based on a distance matrix among differences in the core genome of the isolates. Each isolate Id is 

followed by its genoserotype, sequence type and major phylogenetic group. 



Chapter 7 

 

152 

 

DISCUSSION 

E. coli O157 strains are mostly known as enterohemorrhagic E. coli (EHEC) that have been associated 

with food born outbreaks worldwide. But they are also comprised of other E. coli pathogroups, 

including ones containing eae and lacking stx, which are considered as EPEC. E. coli O157:H7 isolates 

lacking stx gene are assumed to be members of STEC that lost the Stx encoding bacteriophages (24). 

The current study was performed to compare the molecular features and virulence properties of 

EPEC O157 having different H antigens (other than H7) with those of STEC O157:H7 isolates and to 

determine their phylogenetic relationship. STEC O157 isolates generally belong to ST11 and carry the 

fliC H7 gene encoding flagellar antigen H7 but the EPEC O157 isolates appeared to be from different 

sequence and H serotypes. The stx negative O157 isolates in this study were usually sorbitol 

fermenting (SF) and some of them were non-motile. Therefore, they could be misidentified as STEC 

SF O157:NM if proper molecular tests are not performed (27). For some draft genomes obtained 

from NCBI, prediction of the O157 serotyping gene wzx was difficult probably because of the 

breaking of contigs in the middle of the gene sequence, therefore a lower threshold of the 

percentage of minimum overlapping gene length was applied to confirm the genoserotype. 

Intimin types of the isolates correlated to their genoserotypes; four of the genomes did not possess 

intimin and therefore were not considered to be EPEC. Our phylogenetic analysis based on cgMLST 

confirmed that E. coli O157:H7 belong to a different lineage than the non-H7 group, the latter 

belonging to diverse phylogenetic lineages (28). Our results support previous findings that horizontal 

transfer of the O157 antigen gene cluster has occurred independently among different E. coli 

lineages (22). Interestingly, isolates of O157:H45 clustered together independent of being a tEPEC or 

aEPEC. However, strain C844-97 was previously described to have lost its EAF plasmid (42), and this 

may also be the case for strain C639-08 explaining their aEPEC features in spite of clustering together 

with tEPEC strains. Although the whole bfp gene cluster was present in tEPEC strains RN587/1 and 

ARS4.2123, they did not contain the complete EAF plasmid. 

Almost all of the O157:H39 isolates included in this study belonged to recently evolved STs (e.g., 

ST4554 and ST5611). Alternatively, they were not reported previously, because no further 

characterization was performed as they did not carry the stx gene. We observed the presence of 

several plasmids, insertion elements and PAIs in O157:H39 isolates contributing to their virulence 

and resistance features. Three of the O157:H39 isolates of the new sequence type ST4554, shared an 

identical core genome but no epidemiological link could be identified among the patients from whom 

they were isolated. 



Molecular diversity of EPEC O157 

 

153 

 

The distribution of virulence genes almost perfectly correlated to the STs although slight intra-ST 

variations in virulence patterns were observed. The virulence genes were often carried on plasmids, 

PAIs, prophages and insertion elements suggesting that these virulence factors were acquired from 

numerous sources via MGE, found specifically in the genome of pathogenic strains (44). The lineage 

specific acquisition of specific combinations of virulence factors may confer selective advantages 

contributing to the fitness of the pathogens favoring their establishment and transmission as new 

virulent clones (45). It was observed that ten of the O157:H16 isolates of ST10 (including one isolate 

from the US, one non-human isolate from France, and the rest from the Netherlands) shared almost 

identical virulence properties and were closely related in cgMLST with a maximum of a 41-allele 

difference (data not shown). A similar finding was observed in a previous study where O157:H16 

strains were described as representatives of a widespread clone (27). However, the other two 

O157:H16 isolates, 3006 and Santai, belonged to two different STs, ST5502 and ST1011, respectively, 

and possessed almost no virulence genes. They were not classified as EPEC supporting the idea that 

the O and H serotyping might not represent the virulence status of the isolates and that the 

distribution of O and H antigen encoding genes is irrespective of the E. coli pathotype (25). 

Moreover, aEPEC isolates analyzed in this study were distributed in two completely different 

phylogenetic branches; one containing O157:H39 and O157:H45 (closer related to tEPEC) and 

another containing O157:H16 and O157:H26. This may be explained by horizontal transfer of the LEE 

PAI to different E. coli groups contributing to their EPEC feature (27). 

Strain Santai belonging to the phylogenetic group D as does STEC O157:H7, appears to be more a 

multidrug resistant strain than a virulent one. The resistance genes were integrated into the 

chromosome of this organism through insertion elements and transposons from different species. 

EPEC 2827 was also resistant to several antibiotics and carried the drug resistance genes on a plasmid 

very similar to that of Salmonella enterica (46) and on an insertion element similar to a class1 

integron of Proteus sp. (47). Isolates of ST4554 carried a plasmid similar to pCER1, a small, globally 

disseminated plasmid harboring sulphonamide and streptomycin resistance genes (48). EPEC 1316 

carried the resistance genes on a plasmid similar to pVR50A which also carries a tra gene cluster 

encoding conjugal transfer proteins (49). Clearly, the transmission of MGEs plays a role in the 

evolution of new MDR lineages (50, 51). EPEC infections can normally be recovered without 

antimicrobial therapy, therefore, the persistence of resistant EPEC strains is more likely to be related 

to selective pressure from antimicrobials applied at the population level or present in the 

environment (18). Indeed the presence of resistance genes in E coli that originated from the 

environment have been described before (52). 
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In conclusion, E. coli O157:non-H7 isolates have evolved from multiple genetic backgrounds. They are 

distantly related to the most virulent EHEC clonal lineage EHEC O157:H7. Diversity in virulence and 

antibiotic resistance patterns have been observed among these O157:non-H7 isolates and mobile 

elements carried by these organisms could play a role in the evolution and dissemination of these 

virulent and resistant clones. 
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Supplementary Figures 

 

Supplementary Figure S1. pO55 like plasmid in O157:H39 Isolates. The figure shows BLAST comparison of the 
isolates against the reference plasmid pO55 of strain CB9615 (core black circle). The color of the rings, each 
representing one isolate indicates the sequence identity on a sliding scale, the more grey it gets, the lower the 
percentage identity. The order of the rings (from inner to outer) with the color gradient for sequence identity 
are shown in the legend (right). 
 
 
 

 

 

Supplementary Figure S2.  espC pathogenicity island in O157:H45 and O157:H39 isolates. The figure shows 
BLAST comparison of the isolates against the reference espC pathogenicity island of strain E2348/69 (core black 
circle). The color of the rings, each representing one isolate indicates the sequence identity on a sliding scale, 
the more grey it gets, the lower the percentage identity. The order of the rings (from inner to outer) with the 
color gradient for sequence identity are shown in the legend (right). 
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General Discussion and Summary 

The research performed in this thesis describes rapid molecular diagnosis of Shiga toxin-producing E. 

coli (STEC) together with risk assessment and detailed characterization of the bacterium using 

modern, high resolution whole genome sequencing (WGS). This research focused on two serotypes 

O157:H7 and O104:H4, which are clinically important and relevant to public health. It also describes 

the plasticity in virulence and antibiotic resistance properties and the molecular typing of E. coli 

O157:non-H7 strains lacking the Shiga toxin (Stx) encoding gene stx to reveal their relation with STEC 

O157:H7. 

STEC infections are usually diagnosed through laboratory testing of stool specimens. Most 

laboratories can identify STEC O157:H7 by cultural techniques. To detect non-O157 STEC infections, 

molecular methods, in particular detection of the stx gene, is the most reliable way. Improved 

diagnosis and classification of STEC is necessary for the diagnostic laboratories to implement proper 

infection control measures in hospitals and to alert public health services, which on their turn need 

to prevent (further) dissemination of this pathogen in the community. In chapter 2, a rapid screening 

algorithm including both molecular and conventional methods of STEC detection was applied on 

direct fecal materials. Risk assessment of STEC infection was performed using a presumptive 

categorization of STEC based on serotyping and presence of virulence genes together with stx as 

described by the European Food Safety Authority (EFSA) in 2013 with slide modifications. Risk groups 

for disease severity were defined and ranged from high risk pathotype (PT) group I to low risk PT 

group III, whereas PT group IV consists of not culture confirmed stx qPCR-positive samples. It was 

observed that PT I, defined to have the escV or agg and/or aat gene and belonging to one of the 

major O serotypes (O26, O103, O104, O111, O121, O145, O157), was significantly associated with 

bloody diarrhea. stx subtypes 2a and 2c were more associated with PT I confirming the association of 

these subtypes with severe clinical outcomes, which is in concordance with previous findings (1, 2). 

Therefore, subtyping of the stx gene directly on DNA extracts from enriched stool samples could help 

to increase the speed to obtain data for risk assessment, compared to subtyping performed on 

isolates. Moreover, it can also determine the subtype in case the stx gene is present in a free Stx 

converting bacteriophage rather than in E. coli. In this chapter, it was also observed that an 

enrichment step of fecal samples increased the chance to obtain a pure isolate for further 

characterization. Moreover, our study showed the effective use of selective agar medium (CHROM 

Agar STEC) for easier identification and isolation of eae positive STEC as well as enteroaggregative E. 

coli (EAEC) and enteropathogenic E. coli (EPEC) pathotypes (3, 4). 
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In chapter 3, we performed an overall molecular characterization using WGS of the STEC 

isolates. We confirmed that WGS is a reliable and robust one-step process for characterization of 

STEC. The most common serotypes found in this study were O91:H14 (14%), O157:H7 (13%), 

O26:H11 (11%), O103:H2 (8%), O128:H2 (5%) and the most predominant (MLST) sequence types 

(STs) were ST33 (14%), ST11 (13%), ST21 (13%) , ST17 (7%), and ST25 (4%). Previous studies in the 

Netherlands also observed the predominance of non-O157 over O157 STEC (5-7). Over the period 

2007–2012 the most reported non-O157 serotypes were O26 (12%), O63 (10%), O91 (9%), O113 

(6%), O103 (5%) and O146 (4%) (7). 

The presence of the pathogenicity island LEE (locus of enterocyte effacement) is thought to 

be an important virulence determinant in STEC. This is also observed in our study as the presence of 

virulence genes located on LEE were significantly more frequently found in isolates obtained from 

patients with bloody diarrhea. In addition, several virulence genes were significantly more often 

present in eae negative strains confirming their role in the virulence of these strains. In contrast, no 

correlation between the severity of the disease and any specific phylogenetic background (e.g. 

particular ST) of the STEC isolates was observed. Clearly, there is no single factor that could predict 

the disease outcome. Several factors related to the bacterial isolate, such as its heterogeneity in 

phage content and competition with intestinal microflora as well as host and environmental factors 

may play a role in the disease development (8, 9). Therefore, it is difficult to predict if a specific STEC 

strain can cause an outbreak or not, only based on sequence data. An example of this is E. coli 

O104:H4, supposed not to be associated with outbreaks previously. Indeed, only few sporadic cases 

with Hemolytic Uremic Syndrome (HUS) in Germany, Korea and Georgia were reported in 2001, 2005 

and 2009, respectively, before the outbreak in Germany in 2011 (10). The 2011 outbreak strain 

showed an unusual combination of virulence factors typically associated with both STEC and EAEC. 

By comparing our collection of STEC isolates with a collection of diarrheagenic E. coli (DEC) 

reference isolates in chapter 3, it was revealed that many of the STEC isolates shared a common 

ancestor with other E. coli pathogroups. This finding suggests that STEC cannot be considered as a 

single E. coli pathogroup in evolutionary history, rather originated from multiple pathogroups that 

have acquired the Stx phage (11, 12). The genomic diversity pattern of STEC isolates of this study was 

similar to that of DEC isolates but was less diverse than the extended spectrum beta-lactamase 

(ESBL) producing E. coli suggesting that Stx phages integrate preferentially in specific E. coli types. 

Such limitation in host range of the Stx phage can be explained by a preference of this phage for 

specific integration sites not present in all E. coli strains. Alternatively, specific bacteriophages 
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provide selective advantages for certain E. coli strains to let them survive in the environment (8, 13, 

14). 

As already shortly mentioned, in 2011 one of the largest and most severe outbreaks of STEC 

infections occurred in Germany (10, 15) which forced scientists and clinical microbiologists to change 

the STEC detection scheme into a new direction. Because the outbreak strain was not a classical STEC 

strain, but actually an EAEC strain with an O104:H4 serotype possessing the Stx encoding 

bacteriophage, the name Enteroaggregative Hemorrhagic E. coli (EAHEC) was proposed for the strain 

(15). In chapter 4, we have described three similar EAHEC strains obtained in the Netherlands from 

two friends who had been travelling to Turkey just before one of them was diagnosed with HUS. One 

of the EAHEC O104:H4 strains was ESBL positive as the German 2011 outbreak strain. Interestingly, 

an stx negative ESBL positive strain was also isolated from the friend of the HUS patient indicating a 

possible transfer of resistance genes between bacteria inside the gut. In fact, by comparing the core 

genome of the isolates it was observed that the stx negative strain was genetically at a large distance 

from the stx positive ones. Although we were not able to prove that the STEC strains originated from 

Turkey, there are several studies describing EAHEC O104:H4 strains associated with traveling to 

Turkey, Tunisia, Egypt, and North Africa (16). In the same chapter we used WGS to differentiate 

between the very closely related isolates that was not possible using conventional methods. Thus, 

WGS is a powerful and helpful tool for hospitals and public health organizations and facilitates taking 

the appropriate strategies for infection control especially during outbreak situations. 

There were several studies performed during the 2011 outbreak describing the role of WGS 

to identify and fully characterize outbreak strains within short time periods and to reveal the 

phylogenetic background of them. Several hypotheses have been made on the evolution of the 

EAHEC O104:H4 including the derivation of this strain from an EAEC that acquired an stx2-phage by 

horizontal gene transfer (15, 17) and the idea that it originated from an ancestor STEC O104:H4 by 

stepwise gain and loss of chromosomal and plasmid-encoded virulence factors (18). In chapter 5, we 

have proposed an evolutionary model based on the phylogenetic analysis results of 23 O104:H4 

genomes including the outbreak and non-outbreak clones. According to our model, the evolution of 

three successful clades, including the one containing the 2011 outbreak strain and two non-outbreak 

clades of EAHEC O104:H4, occurred from a recent common ancestor. Furthermore, we could identify 

some of the driving forces that lead to evolution of successful clones, the most important ones being 

use of antibiotics and niche competition. Frequent gain and loss of mobile genetic elements (MGEs) 

could give rise to a new combination of virulence factors in a pathogen, which could trigger a future 

outbreak. The data obtained in chapter 4 and 5 revealed that E. coli O104:H4 strains, similar to the 
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2011 outbreak clone are still circulating in Europe pointing out the necessity for proper molecular 

surveillance of STEC. 

Another and the best studied STEC serotype is O157:H7 associated with large food-borne 

outbreaks worldwide. Thirteen percent of our collected STEC isolates were O157:H7, whereas we 

had four stx negative O157:H7 isolates. In chapter 6, we have described a detailed genomic 

comparison of stx positive and negative E. coli O157:H7, the latter not attracting the attention of 

most clinical laboratories. These stx negative isolates can be considered as EPEC if they contain the 

eae gene. Using WGS and subsequent phylogenetic analysis, we proved that stx negative variants of 

E. coli O157:H7 carrying all other accessory virulence genes except stx, are in fact closely related to 

STEC O157:H7. Either they may have lost the Stx encoding bacteriophage or they may be a 

progenitor for STEC O157:H7 being prepared to acquire the Stx phage. Indeed, stx negative isolates 

were also reported in previous studies even from feces of HUS patients and they may have lost this 

gene during infection (19). As the stx gene is encoded on a bacteriophage that could be gained or lost 

by other E. coli pathogroups, it is not always reliable enough to predict the virulence potential of a 

strain only based on traditional classification of E. coli. Therefore, we suggest to screen for the 

presence of other additional virulence genes to get an idea about the pathogenic potential of an E. 

coli isolate. 

Little is known about stx negative E. coli O157 that carry a flagellar antigen other than H7. As 

stx negative O157 isolates are usually sorbitol fermenting (SF) and could be non-motile, they could be 

misidentified as STEC SF O157:HNM if no proper molecular characterization is performed (20). E. coli 

O157 lacking the stx gene are very diverse and belong to several STs and H types as described in 

chapter 7. They can be classified as typical or atypical EPEC but also as non-EPEC. However, all of 

them are distantly related to STEC O157:H7. They appeared to have different virulence properties 

and some possess genes conferring resistance to multiple antibiotics. We observed the presence of 

several plasmids, pathogenicity islands, and insertion elements which originated from different E. coli 

types or even from other species. Some of the isolates may not be considered as pathogenic, but the 

presence of resistance genes in the isolates could play a role in dissemination of these genes to other 

pathogenic strains in the gut or in the environment. 

In this thesis, we have tried to combine advanced diagnostic approaches and comprehensive 

research in the field of diarrheagenic E. coli focusing on STEC and to a lesser extent on EPEC. Instead 

of using conventional cultural techniques we implemented molecular schemes for rapid diagnosis 

together with a presumptive risk categorization of STEC that facilitates the health care authorities 

and scientific communities to get prepared to protect the community from a large epidemic. 
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Although some serotypes of STEC are known to cause outbreaks and mortality, none of the other 

serotypes should be neglected as MGEs carrying virulence markers could be integrated in E. coli 

chromosomes and a combination of them could give rise to new pathogenic clones even of a rare 

serotype (21). The dissemination of MGEs is rather dynamic and gain and loss of these elements 

make it hard to define if the organism is a threat for public health or not. Furthermore, we showed 

that 25% of our STEC isolates carried one or more antibiotic resistance genes, which they may 

transfer to other clinically significant pathogens. Most of the characterization was performed by 

WGS, a tool enabling us to study a broad range of characteristics and applicable to a wide range of 

pathogens (22, 23). Without applying WGS it would not have been possible to compare the detailed 

virulence, resistance and other molecular features together with the phylogenetic background of so 

many isolates within a relatively short time span. As WGS is now-a-days becoming less expensive and 

turnaround times decrease, it is perfectly applicable in routine diagnostics and clinical laboratories. 

Indeed, primers and probes specific for (outbreak) specific signature sequences to setup a rapid 

molecular screening test can be developed based on the WGS data. This is of great help for the rapid 

identification of an outbreak strain (24) enabling taking infection control measures to prevent further 

spread.  

The knowledge obtained from this thesis will be helpful for the rapid identification, risk 

assessment and understanding of the genomics of STEC leading towards a broad and diverse 

research field on STEC. 

 

Future Perspective 

As most of the large STEC outbreaks and several sporadic cases of STEC infections are linked to food, 

screening of food, water and food producing animals for the presence of STEC and characterization 

of the isolates from these sources will contribute to reveal the source of STEC within the food chain 

and will help to prevent its transmission. Also screening of the healthy human population for the 

presence of STEC will give insight into possible transmission routes of STEC via asymptomatic carriers. 

Stx phage heterogeneity may be responsible for converting the pathogenic profiles of their 

bacterial hosts (25). The expression of Stx phage genes can be regulated by the presence of other 

phages in the host genome (26, 27). Therefore, it is worth to analyze the complete phage properties 

of the isolates of different serotypes that may be of help to define relatively more virulent STEC. 

To establish infection, pathogens have mechanisms to interact and compete with the 

resident microbial community at the site of infection as well as with numerous host factors. Studies 

have described changes in Stx expression in the presence of other organisms, indicating that the 

microbial balance has an impact on growth and establishment of STEC infection (28-30). However, 
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there is a significant gap in our knowledge regarding the way the intestinal microbiota affects 

STEC/EPEC persistence, Stx activation and disease outcome. For this, a metagenomics approach 

based on RNA sequencing can be used. It will help us to understand how the intestinal microbiota 

affects the likelihood of disease development with regard to a STEC/EPEC infection and will also 

allow us to observe host mRNA expression. In addition, proteomics and transcriptomics of the 

selective E. coli strains will enable us to observe the gene expression to get an idea about their 

relevance in disease development and their contribution to survival mechanisms. 
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Nederlandse Samenvatting 

Dit proefschrift beschrijft het onderzoek naar snelle moleculaire diagnostiek van Shiga toxine 

producerende E. coli (STEC) in combinatie met risico-inschatting en een gedetailleerde 

karakterisering van de bacterie. Hierbij is gebruik gemaakt van een moderne techniek met een hoog 

discriminerend vermogen: whole genome sequencing (WGS). Het onderzoek richt zich met name op 

de STEC serotypes O157:H7 en O104:H4. Daarnaast beschrijft dit proefschrift de plasticiteit van 

virulentie- en antibioticaresistentie eigenschappen, de moleculaire typering van E. coli O157:non-H7 

isolaten zonder het Shiga toxine (Stx) coderende gen stx en hun genetische verwantschap met STEC 

O157:H7. 

Hoofdstuk 2 beschrijft de screening van fecale monsters op STEC met behulp van een snel 

screeningsalgoritme gebaseerd op zowel moleculaire als conventionele diagnostiek. Op basis van de 

pathogeniciteit van STEC werden risicogroepen gedefinieerd die varieerden van de hoog risico 

pathotype (PT) groep I tot de laag risico PT groep III. Stx-PCR positieve monsters die niet met een 

bacteriële kweek bevestigd konden worden, werden ingedeeld in een vierde PT-groep. Het bleek 

dat de PT I groep, gedefinieerd door de aanwezigheid van escV of agg en/of aat genen en eveneens 

behorend bij de belangrijkste O-serotypes (O26, O103, O104, O111, O121, O145 en O157), 

significant geassocieerd is met bloederige diarree. Ook de Stx subtypes 2a en 2c bleken 

geassocieerd te zijn met PT I, waarmee de relatie van deze subtypes met ernstige klinische 

uitkomsten zoals bloederige diarree werd bevestigd. 

Hoofdstuk 3 beschrijft een algemene moleculaire karakterisering van de STEC isolaten, uitgevoerd 

met behulp van WGS. Voor de karakterisering van STEC blijkt WGS een betrouwbare en robuuste 

methode te zijn. Een specifiek fylogenetische achtergrond (bijvoorbeeld bepaalde sequence type 

(ST)) van het isolaat bleek niet te correleren met de ernst van de ziekte. Aangetoond werd dat veel 

STEC isolaten een gemeenschappelijke voorouder delen met andere E. coli pathogroepen. Dit 

suggereert dat in de evolutionaire geschiedenis STECs niet als één enkele E. coli pathogroep 

beschouwd kunnen worden, maar dat ze zijn ontstaan uit meerdere pathogroepen welke de Stx 

faag hebben verkregen. In deze studie kwam de genomische diversiteit van de STEC isolaten 

overeen met die van een referentie collectie van diarree veroorzakende E. coli (DEC) isolaten, maar 

bleek minder divers dan die van beta-lactamase (ESBL) producerende E. coli’s. Dit suggereert dat de 

Stx faag bij voorkeur integreert in bepaalde E. coli types. 

In hoofdstuk 4 worden EAHEC (Enteroaggregatieve hemorragische E. coli) isolaten beschreven. 

Deze isolaten zijn verkregen uit fecale monsters van twee Nederlandse vriendinnen die op vakantie 

waren geweest in Turkije, vlak voordat één van hen gediagnostiseerd werd met het hemolytisch-

uremisch syndroom (HUS). Eén van de EAHEC O104:H4 isolaten was ESBL positief, net zoals de 
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Duitse uitbraak stam uit 2011. Uit de feces van de vriendin van de HUS patiënt werd ook een stx 

negatieve ESBL-positieve bacterie geïsoleerd, hetgeen een aanwijzing kan zijn voor mogelijke 

overdracht van resistentie genen tussen bacteriën in de darm. 

In Hoofdstuk 5 wordt een evolutionair model gepresenteerd gebaseerd op de fylogenetische 

analyse van 23 O104:H4 isolaten, inclusief uitbraak en niet-uitbraak isolaten. Volgens dit model 

hebben drie succesvolle E. coli clusters, te weten de uitbraakstam uit 2011 en twee niet-uitbraak 

EAHEC O104:O4 clusters, een recente gemeenschappelijke voorouder. Het frequent opnemen en 

verliezen van mobiel genetische elementen (MGE) kan resulteren in een nieuwe combinatie van 

virulentie factoren in een pathogeen. Dit kan een mogelijke trigger zijn voor een toekomstige 

uitbraak. De data verkregen in hoofdstuk 4 en 5 laat zien dat E. coli O104:H4, vergelijkbaar met die 

van de uitbraakstam in 2011, nog steeds in Europa circuleert en benadrukt het belang van een 

goede moleculaire surveillance van STEC. 

Hoofdstuk 6 beschrijft een gedetailleerde genetische vergelijking van stx positieve met negatieve E. 

coli O157:H7. Deze stx negatieve isolaten kunnen als EPEC worden beschouwd indien ze het eae gen 

bevatten. Met behulp van WGS en fylogenetische analyse werd aangetoond dat de stx negatieve 

varianten van E. coli O157:H7 wel alle overige aan stx geassocieerde virulentie genen bevatten en 

daarmee nauw verwant zijn aan STEC O157:H7. Of zij hebben de Stx coderende bacteriofaag 

verloren of zij zijn mogelijk een voorganger van STEC O157:H7, in staat om de Stx faag op te nemen. 

Aangezien stx negatieve O157:non-H7 isolaten gewoonlijk sorbitol fermenterend (SF) zijn en 

onbeweeglijk kunnen zijn, kunnen ze ten onrechte als STEC SF O157:HNM geïdentificeerd worden 

indien geen gedegen moleculaire karakterisering wordt uitgevoerd. E. coli O157:non-H7 isolaten 

zonder het stx gen blijken erg divers te zijn en behoren tot verschillende ST’s en H-types, zoals 

beschreven in hoofdstuk 7. Deze isolaten kunnen geclassificeerd worden als typische en atypische 

EPEC maar ook als non-EPEC verre verwant aan STEC O157:H7. Ze blijken verschillende virulentie 

eigenschappen te hebben en enkelen bevatten resistentiegenen tegen meerdere antibiotica. De 

aanwezigheid van verschillende plasmiden, pathogeniciteitseilanden en insertie elementen, die een 

rol kunnen spelen bij de verspreiding van virulentie en resistentiegenen naar andere 

pathogenetische bacteriën in de darmen of in het milieu, zijn waargenomen. 

Ten behoeve van de gezondheidszorgautoriteiten en de wetenschappelijke gemeenschap zijn in 

plaats van conventionele kweektechnieken, moleculaire schema’s voor een snelle diagnostiek van 

STEC geïmplementeerd, tezamen met een voorlopige risicoclassificatie. Door goed voorbereid te 

zijn op een mogelijke epidemie wordt de volksgezondheid beschermt. De verspreiding van MGE’s is 

dynamisch en het opnemen of verliezen van deze genetische elementen maakt het moeilijk om het 

organisme te classificeren als bedreiging voor de volksgezondheid of juist niet. De karakterisering is 
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voornamelijk uitgevoerd met behulp van WGS, een methode geschikt voor een groot aantal 

pathogenen en die ons in staat stelt om een uitgebreid aantal kenmerken van isolaten te 

bestuderen. Zonder het gebruik van WGS was het niet mogelijke geweest om van een groot aantal 

isolaten in een relatief korte tijd de virulentie, resistentie, andere moleculaire eigenschappen en de 

fylogenetische verwantschap tot in detail te bestuderen. Aangezien WGS steeds goedkoper wordt 

en de doorlooptijd korter, is het goed toepasbaar in de routine diagnostiek en klinische laboratoria. 

Aangezien de meeste grote STEC uitbraken en verschillende sporadische STEC infecties gelinkt zijn 

aan voedsel, zal het screenen van voedsel, water en voor voedsel bestemde dieren op de 

aanwezigheid van STEC, en de karakterisering van de isolaten afkomstig uit deze bronnen, bijdragen 

aan het opsporen van de bron in de voedselketen en een bijdrage leveren aan het voorkomen van 

transmissie. Ook het screenen van ”gezonde” mensen op de aanwezigheid van STEC geeft inzicht in 

mogelijke transmissie routes via asymptomatische dragers. Daarom is het van belang om de 

complete faag-eigenschappen van verschillende isolaten met verschillende serotypes in kaart te 

brengen om relatief hoog-virulente STEC varianten te kunnen definiëren. Daarnaast geven 

proteomics en transcriptomics van geselecteerde STEC isolaten ons inzage in de genexpressie die 

mogelijk relevant kan zijn voor de ontwikkeling van ziekte en betrokken kunnen zijn bij 

overlevingsmechanismes van de bacterie. 
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