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Shiga toxin-producing Escherichia coli (STEC) O26 is one of the top five enterohemorrhagic E. coli (EHEC) O
groups most often associated with hemorrhagic colitis and hemolytic uremic syndrome (HUS) worldwide. STEC
O26 is considered to have evolved from enteropathogenic (EPEC) O26 strains through the acquisition of Shiga toxin
(Stx)-encoding genes. Our PCR data identified several STEC-like strains expressing all features of STEC except Stx
production and carrying remnants of Stx phages that were probably derivatives of EHEC O26. EHEC and EPEC
O26 strains phenotypically resemble O26 EHEC-like and apathogenic E. coli O26 strains and are therefore
undistinguishable by cultural methods. A clear discrimination between the different O26 groups is required for
diagnostics in patients and for control of food safety. To develop an assay for specific detection of EHEC and
EHEC-like O26 strains, we used a high-throughput PCR approach for selection of discriminative genetic markers
among 33 tested genes mostly encoding type III secretion system effector proteins. The genes ECs1822, nleH1-2, nleA,
nleC, nleH1-1, nleG, nleG2, nleG6-1, nleG6-2, espJ, espM2, nleG8-2, espG, ent (or espL2), nleB, nleE, efa1, and espB were
detected at different frequencies in O26 EHEC, EHEC-like, and EPEC strains, indicating the possible role of these
genes in virulence of human pathogenic O26 strains. The espK and espN genes were detected only in EHEC and
EHEC-like O26 strains. espK was present in 99.14% of EHEC and 91.14% of EHEC-like O26 strains and was hence
the best candidate as a genetic marker for characterizing these pathogroups. These data were corroborated by a
genotyping real-time PCR test based on allelic discrimination of the arcA (aerobic respiratory control protein A)
gene. The results indicate that a combination of molecular detection tools for O26 wzx (wzxO26), eae-beta, stx, espK,
and arcA genotyping is highly discriminative for clear identification of EHEC and EHEC-like E. coli O26 strains.
This simple diagnostic test might be applicable in hospital service laboratories or public health laboratories to test
strains isolated from stools of patients suffering from diarrhea.

Escherichia coli strains of serogroup O26 were originally clas-
sified as enteropathogenic E. coli (EPEC) due to their association
with outbreaks of infantile diarrhea in the 1940s (37). In 1977,
Konowalchuk et al. (28) reported that some O26 strains showed
toxic activity to Vero cells. Analysis of virulence genes present in
E. coli O26 strains revealed two groups of pathogens: EPEC O26
strains that were characterized by the presence of the LEE (locus
of enterocyte effacement) pathogenicity island and Shiga toxin-
producing E. coli (STEC) O26 strains that, in addition to LEE,
carried phages encoding the genes for Shiga toxin 1 (Stx1) and/or
Shiga toxin 2 (Stx2) (26). Human infections with Stx-producing E.
coli O26 were frequently associated with severe diseases such as
hemorrhagic colitis (HC) and hemolytic uremic syndrome
(HUS). Accordingly, these strains were assigned to the enterohe-
morrhagic E. coli (EHEC) group together with EHEC O157,
O103, O111, and O145 strains (35).

EHEC O26 constitutes the most common non-O157 EHEC
group associated with severe diarrhea and HUS in Europe (16,
17). Studies of sporadic cases of HUS in Germany and Austria
(19, 20) identified EHEC O26 in 14% of all STEC infections
and representing 40% of non-O157 STEC strains isolated from
these patients. High prevalence rates of EHEC O26 in patients
with HUS and diarrhea were reported from other European
countries, such as the Czech Republic (3), Denmark (15),
Finland (13), Italy (41), and Spain (7). Reports on an associ-
ation between EHEC O26 and HUS or diarrhea from North
America, including the United States (8, 22, 25), South Amer-
ica (39, 42), Australia (14), and Asia (23, 24), provide further
evidence for the worldwide significance of EHEC O26 strains.

Ruminant animals, in particular cattle, were identified as a
major reservoir of EHEC and STEC strains (21, 36). More
than 85% of human infections with EHEC were associated
with consumption of contaminated food (31), and studies from
different countries have shown that meat and milk products are
frequently contaminated with STEC strains belonging to nu-
merous serotypes (18). A study in Germany and Switzerland
showed that strains of serogroup O26 represented about 2% of
STEC strains isolated from food samples (1, 34, 45). In con-
trast to EHEC O157 strains, EHEC O26 strains phenotypically
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resemble other STEC and apathogenic E. coli strains and are
therefore not easily detectable by cultural methods (26). As a
consequence, molecular techniques are required for identifi-
cation of EHEC O26 strains, the second most important
EHEC type worldwide (26).

Molecular analysis of O26 EPEC and EHEC strains (6, 32)
revealed specific characteristics. Similar intimin (eae-beta) and
flagellar (antigen H11 fliC [fliCH11]) genes were detected in non-
motile (NM) and motile EPEC and EHEC O26 strains (26).
However, analysis of genotypes by multilocus enzyme electropho-
resis (MLEE), multilocus sequence typing (MLST), pulsed-field
gel electrophoresis (PFGE), and multilocus variable-number tan-
dem repeat analysis (MLVA) of a collection of 62 EPEC and
EHEC O26 strains revealed two major genetic clusters (33, 44).
EHEC O26 could be attributed to a genetic lineage which is
characterized by similar PFGE and MLVA profiles and by MLST
for allelic type 2 of the arcA (aerobic respiratory control protein
A) gene (33). EPEC O26 strains were found distributed over both
genetic clusters but divided into two subgroups according to some
phenotypical and genotypical attributes (6, 32). One group of
EPEC O26 strains showed all characteristics of EHEC O26, in-
cluding virulence markers, the EHEC virulence plasmid, and the
MLST, MLVA, and PFGE profiles (30, 33). This group of O26
EPEC was classified as EHEC-like since it expresses all features
of EHEC O26 strains except production of Shiga toxins (9, 10).
The other group of EPEC O26 strains was different from all other
EPEC and EHEC O26 strains by their biofermentative types, the
presence of the plasmids encoding alpha-hemolysin, and the arcA
allelic type 1 gene (11, 33). This group of EPEC strains was found
to cluster separately from EHEC and EHEC-like O26 strains
when investigated by PFGE and MLVA (33). Similar genotypes,
virulence markers, and phenotypes were found in the groups of
EPEC, EHEC-like, and EHEC O26 strains irrespective of
whether these strains were isolated from humans, animals, or
food (9, 10, 33), indicating that these strains are widespread in
humans, animals, and the environment.

Rapid detection of EHEC and EHEC-like O26 strains is of
diagnostic value since 5% of HUS patients were shown to
excrete stx-negative derivates of causative EHEC strains (4).
Diagnostic screening of clinical samples for Stx only bears the
disadvantage that stx-negative derivatives of EHEC are not
detected. Also, Stx screening of food samples does not alone
differentiate between human pathogenic and nonpathogenic
STEC that might be present.

In an attempt to develop an assay for specific detection of
EHEC and EHEC-like O26 strains, we used a high-throughput
PCR approach to select genetic markers among the genes
encoding type III secretion system effector proteins. Using this
approach, we could identify genetic markers which allow dis-
crimination of EHEC O26 and their stx-negative derivatives
from EPEC and apathogenic E. coli O26 strains.

MATERIALS AND METHODS

Bacterial strains. The strains used in this study (n � 250) were from the
collections of the National Reference Laboratory for E. coli (NRL-E. coli) at the
Federal Institute for Risk Assessment (BfR) in Berlin, Germany, from the WHO
Collaborating Centre for Reference and Research on Escherichia and Klebsiella
in Copenhagen, Denmark, from VetAgro Sup Campus Vétérinaire de Lyon in
Marcy l’Etoile, France, and from the French Agency for Food, Environmental
and Occupational Health (Anses) in Maisons-Alfort, France. A collection of 62
E. coli O26 strains that had previously been characterized by Miko et al. (33) for

their serotypes, virulence profiles, PFGE profiles, MLVA profiles, and arcA
genotypes was used as a reference for testing high-throughput microfluidic real-
time PCR. Other E. coli O26 strains investigated in this study had their E. coli O
(lipopolysaccharide [LPS]) and H (flagellar) antigens determined either with
specific antisera as previously described (29) or by using wzx and fliC genotyping
(38). The EHEC strain EDL933 (O157:H7) was used as a positive control for the
complete set of genes encoding the effector proteins translocated by the type III
secretion system. The strain NV254 (O113:H21) was used as a positive control
for testing the autoagglutinating adhesin (saa) and the subtilase cytotoxin (subA).

All bacteria were cultured to single colonies on Luria-Bertani agar plates and
grown overnight at 37°C. One colony was picked and DNA extracted using either
an InstaGene matrix (Bio-Rad Laboratories, Marnes La Coquette, France) or an
EZ1 bio-robot (Qiagen, Coutaboeuf, France) with a DNA tissue kit (Qiagen,
France) in accordance with the manufacturer’s instructions.

High-throughput real-time PCR system. The BioMark real-time PCR system
(Fluidigm, San Francisco, CA) was used for high-throughput microfluidic real-
time PCR amplification using either the 96.96 or the 48.48 dynamic arrays
(Fluidigm). Amplifications were performed in accordance with the recommen-
dations of the manufacturer, using either the EvaGreen DNA binding dye
(Biotium Inc., Hayward, CA) followed by a melting curve analysis or using
6-carboxyfluorescein (FAM)- or HEX (6-carboxy-2�,4,4�,5�,7,7�-hexachlorofluo-
rescein succinimidyl ester)-labeled TaqMan probes with TaqMan universal PCR
master mix (Applied Biosystems, Coutaboeuf, France). The BioMark real-time
PCR system was used with the following thermal profile: 95°C for 10 min
(enzyme activation) followed by 35 cycles of 95°C for 15 s and 60°C for 1 min
(amplification step).

PCR amplifications were developed for detecting genes encoding Shiga toxins
1 and 2 (stx1 and stx2), intimins (eae, eae-alpha, eae-beta, eae-gamma, eae-ε, and
eae-theta), the O26 group-associated protein (O26 wzx [wzxO26]), flagellar anti-
gen H11 (fliCH11), effector proteins translocated by the type III secretion system
(EspG [espG], EspF1 [espF1], EspL2 [ent {or espL2}], NleB [nleB], NleE [nleE],
NleH1-2 [nleH1-2], NleA [nleA], EfA1 [efA1], EspX1 [espX1], NleC [nleC],
NleH1-1 [nleH1-1], EspN [espN], EspO1-1 [EspO1-1], EspK [espK], NleG [nleG],
NleG2 [nleG2], NleG6-1 [nleG6-1], EspR1 [espR1], NleG5-2 [nleG5-2], NleG6-2
[nleG6-2], EspJ [espJ], EspM2 [espM2], NleG8-2 [nleG8-2], EspB [espB], and
EspX5 [espX5]), and a hypothetical protein encoded by ECs1822. The array was
also designed for the detection of other putative EHEC virulence factors, such as
the autoagglutinating adhesin (saa) and the subtilase cytotoxin (subA). The gene
wecA was used as a reference genetic marker of E. coli (Table 1).

Real-time PCR genotyping of the arcA gene. Real-time PCR genotyping of the
arcA (aerobic respiratory control protein A) gene was based on single-nucleotide
differences (C/T) at position 430 between the arcA sequences published under
GenBank accession no. AJ875429 (EHEC O26) and AJ875430 (EPEC O26)
(26). The primers arcA-F (5�-GCGCCATGCTTCACTTCTG-3�) and arcA-R
(5�-CCGGTCATTTTCTTCAGCAGTT-3�) and the probes arcA-P1 (5�-VIC-C
AAAATTCAGTCTCGTGC-minor groove binder [MGB]-3�) and arcA-P2 (5�-
FAM-CAAAATTCAGTCCCGTGC-MGB-3�) (underlining and boldface indi-
cate the position of the single nucleotide difference used to genotype) were
selected with the Primer express 3.0 software program (Applied Biosystems,
Foster City, CA). Primers and labeled gene probes were purchased from Applied
Biosystems. Genotyping experiments were performed with an ABI 7500 instru-
ment (Applied Biosystems) in 25-�l reaction volumes according to the recom-
mendations of the supplier.

PCR detection of stx phage-associated genes in E. coli O26 strains. PCRs for
three different insertion sites of stx phages in the chromosomes of EHEC strains
were developed by designing forward primers located in the chromosomal genes
wrbA, yecE, and yjjG that were combined with backward primers located in the stx
phage integrase gene, which was located closely to the phage insertion site in the
bacterial genome (Table 2). A positive PCR result is obtained only with those strains
that carry the phage integrase in the vicinity of the targeted chromosomal genes
wrbA, yecE, and yjjG. In addition, we have developed PCRs specific for three
different open reading frames (ORFs) (orf189, orf357, and orf588; GenBank acces-
sion no. AJ236875) of the stx1 prophage that is present in the EHEC O26:[H11]
strain H19. The presence of the q gene encoding the O26 stx phage putative anti-
repressor protein was investigated by PCR with primers derived from the total
genomic sequence of EHEC O26 strain 11368 (GenBank accession no. AP010953)
(Table 2).

Statistical analysis. To analyze the relationship between the genetic markers
investigated in this work and the four E. coli O26 pathogroups, the frequencies
of the genetic markers were calculated per pathogroup (Table 1). In violation of
the conditions (small expected frequencies), Fisher’s exact test was used for
calculation. As a significance level, � was set to 0.05. All P values of �� were
considered statistically significant.
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RESULTS

Association of genes encoding phenotypes and virulence
with different groups of E. coli O26 issued from the German,
Danish, and French strain collections. We have recently in-

vestigated STEC and EHEC strains belonging to different se-
rotypes for nle (non-locus of enterocyte effector) genes and
other virulence factors (9, 10). EHEC O26:H11 and its non-
motile derivative (O26:[H11]) showed characteristic patterns

TABLE 1. Association of the genetic markers with different pathogroups of E. coli O26

Genetic marker
% of strains associated with indicated group (95% CIa)

EHEC (n � 117) EHEC-like (n � 35) EPEC (n � 87) Avirulent E. coli (n � 11)

stx 100 (94.47–100) 0 (0–8.2) 0 (0–3.38) 0 (0–23.84)
eae 99.14 (95.33–99.98) 100 (91.8–100) 98.85 (93.76–99.97) 0 (0–23.84)
eae-beta 99.14 (95.33–99.98) 100 (91.8–100) 95.55 (90.25–99.28) 0 (0–23.84)
wzxO26 100 (94.47–100) 100 (91.8–100) 100 (96.62–100) 100 (76.16–100)
fliCH11 100 (94.47–100) 100 (91.8–100) 95.55 (90.25–99.28) 0 (0–23.84)
espF1 100 (94.47–100) 94.29 (80.84–99.30) 91.95 (84.12–96.70) 100 (76.16–100)
espX1 100 (94.47–100) 100 (91.8–100) 98.85 (93.76–99.97) 90.91 (58.72–99.77)
espR1 99.14 (95.33–99.98) 100 (91.8–100) 100 (96.62–100) 90.91 (58.72–99.77)
espX5 100 (94.47–100) 100 (91.8–100) 100 (96.62–100) 100 (76.16–100)
ECs1822 90.60 (83.8–95.21) 94.14 (84.67–99.93) 90.80 (82.68–95.95) 0 (0–23.84)
nleH1-2 99.14 (95.33–99.98) 100 (91.8–100) 100 (96.62–100) 0 (0–23.84)
nleA 95.72 (90.31–98.60) 94.14 (84.67–99.93) 97.70 (91.94–99.72) 0 (0–23.84)
nleC 94.87 (89.17–98.1) 80 (63.06–91.56) 80.46 (70.57–88.19) 0 (0–23.84)
nleH1-1 99.14 (95.33–99.98) 100 (91.8–100) 98.85 (93.76–99.97) 0 (0–23.84)
nleG 90.60 (83.8–95.21) 94.14 (84.67–99.93) 91.95 (84.12–96.70) 0 (0–23.84)
nleG2 99.14 (95.33–99.98) 100 (91.8–100) 95.55 (90.25–99.28) 0 (0–23.84)
nleG6-1 96.58 (91.48–99.06) 94.14 (84.67–99.93) 94.25 (87.10–98.11) 0 (0–23.84)
nleG6-2 90.60 (83.8–95.21) 85.71 (69.74–95.19) 94.25 (87.10–98.11) 0 (0–23.84)
espJ 96.58 (95.33–99.98) 94.29 (80.84–99.30) 98.85 (93.76–99.97) 0 (0–23.84)
espM2 96.58 (95.33–99.98) 94.14 (84.67–99.93) 97.70 (91.94–99.72) 0 (0–23.84)
nleG8-2 99.14 (95.33–99.98) 94.14 (84.67–99.93) 97.70 (91.94–99.72) 0 (0–23.84)
espG 99.14 (95.33–99.98) 100 (91.8–100) 98.85 (93.76–99.97) 0 (0–23.84)
ent (or espL2) 98.30 (93.96–99.79) 100 (91.8–100) 94.25 (87.10–98.11) 0 (0–23.84)
nleB 99.14 (95.33–99.98) 100 (91.8–100) 94.25 (87.10–98.11) 0 (0–23.84)
nleE 99.14 (95.33–99.98) 100 (91.8–100) 94.25 (87.10–98.11) 0 (0–23.84)
efa1 99.14 (95.33–99.98) 100 (91.8–100) 94.25 (87.10–98.11) 0 (0–23.84)
espB 99.14 (95.33–99.98) 100 (91.8–100) 98.85 (93.76–99.97) 0 (0–23.84)
nleG5-2 61.54 (52.09–70.38) 42.86 (26.32–60.65) 4.6 (1.27–11.36) 0 (0–23.84)
espN 89.74 (82.77–94.59) 68.57 (50.71–83.15) 1.15 (0.03–6.24) 0 (0–23.84)
espK 99.14 (95.33–99.98) 94.14 (84.67–99.93) 0 (0–3.38) 0 (0–23.84)
espO1-1 0 (0–2.53) 0 (0–8.2) 0 (0–3.38) 0 (0–23.84)
saa 0 (0–2.53) 0 (0–8.2) 0 (0–3.38) 0 (0–23.84)
subA 0 (0–2.53) 0 (0–8.2) 0 (0–3.38) 0 (0–23.84)

a CI, confidence interval.

TABLE 2. PCR primers for detection of stx phage-specific sequences in E. coli O26 strains

DNA target GenBank
accession no.

Positions in
sequence Primer Nucleotide sequence (5�–3�) Tm

a (°C)

Length of
PCR

product
(bp)

Between wrbA and prophage EC26
integrase gene

AP010953 1558679–1558697 ML1 GTGGAACTAAAGACGCTCG 55.0 500

ML2 ATTTATTGCATCACAGATGGGG

Between yecE and stx2 prophage AP010960 2440340–2440597 ML25 TCAAYGTWTACGGAGCATGGATG 56.0 253
ECO111_P11 integrase gene ML26 AAAACAGAAGCGGAAGTCATCTG

Between yjjG and prophage ECO103_P15 AP010958 5363848–5364273 ML29 TGTGTAAACACTGATTGCCTCC 56.0 425
putative integrase gene ML30 AACGCAACCACGCATCAGAC

orf357 of bacteriophage H19 AJ236875 89–342 Orf357–F AGGAGAACGAGGATATTGCG 56.0 253
Orf357-R TCCTTCAAGCGTCGATTTGG

Prophage ECO26_P06 putative AP010953 1576524–1576723 ML21 TCATCCTCTGGACAGAACG 54.0 200
antirepressor protein ML22 GCGGTTAGCATAATCCCAC

a Tm, melting temperature.
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of chromosome (eae-beta, ent [or espL2], nleB, nleE, nleF,
nleH1-2, and nleA)- and plasmid (e-hlyA, katP, and espP)-en-
coded virulence genes (9, 10, 30, 33). Furthermore, we could
identify stx-negative derivatives of E. coli O26:H11 and
O26:NM strains that resembled EHEC O26 for their virulence
attributes and have classified these as “EHEC-like” strains (9,
10). EHEC and EHEC-like O26 strains were furthermore
characterized by their arcA allelic type 2 genes. A reference
collection of 62 EHEC, EHEC-like, EPEC, and apathogenic
O26 strains, which was previously investigated by genotyping
methods (33), was investigated together with 188 additional E.
coli O26 strains for 33 different genetic markers by high-
throughput microfluidic real-time PCR amplification (Table
1). Only 3 of the 33 markers (espO1-1, saa, and subA) were
absent in all 250 E. coli O26 strains. A combination of molec-
ular detection tools for wzxO26, eae-beta, stx, and espK was
found suitable for assignment of the 250 strains in respective
groups of EHEC (n � 117), EHEC-like (n � 35), EPEC (n �
87), and avirulent E. coli O26 (n � 11) strains (Table 1).

All 250 strains tested positive for wzxO26. The 117 O26
EHEC strains were positive for the genes stx1 (n � 97), stx1-stx2

(n � 5), and stx2 (n � 15) and for the eae-beta (n � 116) gene.
The eae-negative EHEC strain (1049.3) was also negative for
map, which is another LEE genetic marker (data not shown).
All 117 O26 EHEC strains tested positive for the fliCH11 gene.
EHEC-like strains were negative for the stx genes but all tested
positive for eae (eae-beta) and fliCH11 genes.

Eighty-five of the 87 EPEC O26 strains were characterized
as positive for wzxO26, fliCH11, eae-beta, alpha-hemolysin, and
the arcA type 1 genotype. One strain (7391) sharing all other
characteristics with the O26 EPEC group tested negative for
the eae gene. This strain was also negative for map, which is
another LEE genetic marker (data not shown).

Two of the EPEC O26 strains tested positive for the eae-ε
subtype and carried genes and expressed flagellar antigens H31
(C238-09) and H34 (C257-09). These two strains originated
from human patients (a 30-year-old male and a 2-year-old
female, both in Denmark) and were positive for the genes
espG, espF, nleH1-2, nleA, espX1, nleC, nleH1-1, espR1, espJ,
espM2, nleG8-2, espB, and espX5 but were negative for espK. In
contrast to all other O26 EPEC strains, they showed arcA
genotype 2 and did not express alpha-hemolysin.

Eleven stx- and eae-negative E. coli O26 strains that were
negative for fliCH11 were shown to express the flagellar antigen
H32 or were nonmotile. These nle-negative strains were as-
signed to a group of avirulent E. coli O26 strains (Table 1).

The relationship between the genetic markers investigated
in this work and the four E. coli O26 pathogroups is shown in
Table 1. The genetic markers espF1 (91.95 to 100% of strains),
espX1 (90.91 to 100% of strains), espR1 (90.91 to 100% of
strains), and espX5 (100% of strains) were common in strains
of all groups and were thus not suitable for discrimination
between O26 pathotypes. Eighteen virulence-associated genes
(ECs1822, nleH1-2, nleA, nleC, nleH1-1, nleG, nleG2, nleG6-1,
nleG6-2, espJ, espM2, nleG8-2, espG, ent [or espL2], nleB, nleE,
efa1, and espB) were detected only in strains belonging to
EHEC, EHEC-like, and EPEC groups. Two virulence-associ-
ated genes (espN and espK) were present only in O26 EHEC
and EHEC-like strains. espN was less frequent in EHEC
(89.74%) and EHEC-like (68.57%) strains than espK, which

was present in 116/117 EHEC (99.14%) and 33/34 EHEC-like
(91.14%) strains. Strains H19 and CB6706 were the only
EHEC and EHEC-like strains, respectively, that tested nega-
tive for the gene espK.

Presence of EHEC- and EPEC-associated “virulence” genes
in E. coli O26 reference strains and association with arcA
alleles. EHEC, EHEC-like, and EPEC strains could be distin-
guished by their allelic types of the arcA gene as tested by
nucleotide sequencing (33). For diagnostics, we have devel-
oped a rapid arcA genotyping assay for detection of EHEC,
EHEC-like, EPEC, and apathogenic E. coli O26 strains. The
reference collection of 62 E. coli O26 strains that were previ-
ously characterized by Miko et al. (33) was used for evaluation
of this assay. The results from the arcA genotyping assay were
consistent with those obtained from arcA sequencing (33). All
22 EHEC and 16 EHEC-like O26 strains were positive for the
arcA “allele” in the genotyping TaqMan assay. The 18 EPEC
O26:[H11] strains were confirmed for their arcA allelic type 1
genes by real-time PCR genotyping. The six eae- and stx-neg-
ative O26:H32 strains from the reference collection shared the
arcA allelic type 2 gene with EHEC and EHEC-like O26
strains.

Our results indicate that a combination of molecular detec-
tion tools for wzxO26, eae-beta, stx, espK, and arcA genotyping
is highly discriminative for identification of EHEC and EHEC-
like E. coli O26 strains.

PCR detection of stx phage-specific sequences in E. coli O26
strains. In order to further characterize stx-negative E. coli
O26 strains for their relationship with EHEC O26, we have
investigated 44 strains of the E. coli O26 reference collection
(33) for stx phage integration sites, phage-specific antirepressor
protein gene (q gene), and phage-integrase genes and for the
presence of ORFs specific for the E. coli O26 stx1 phage H19.
The results are summarized in Table 3. Phage-specific genes
were detected in 18 of 19 (94.7%) EHEC, 7 of 16 (43.8%)
EHEC-like, and 1 of 9 (11.1%) EPEC O26 strains. Phage
H19-specific orf357 was the most frequent gene, present in 23
strains (Table 3). Similar results were obtained for phage H19-
specific ORFs orf199 and orf588 (data not shown). The nine
tested EPEC O26 strains were negative for all stx phage-spe-
cific gene sequences except strain CB277, which was positive
for H19-specific ORFs orf199, orf357, and orf588.

Stx phage integrase genes were found in the chromosome of
10/19 EHEC and 6/16 EHEC-like O26 strains. In contrast, the
phage q gene which was present in 10/19 EHEC strains was
absent in the 16 EHEC-like and the nine EPEC O26 strains.

Only two stx-positive strains (D618/98 and CB5805) were
negative for all stx phage-associated sequences that were in-
vestigated in this study (Table 3). These showed remarkable
differences in regard to the other EHEC O26 strains. D618/98
shows all characteristics of EHEC O26 except for its stx2d

(activatable) subtype (33). CB5805 (stx2) was grouped as
EPEC O26 on the basis of the arcA type 1 allele, production of
alpha-hemolysin, and its nle genotype (this work, 33).

DISCUSSION

To date, EHEC O26 constitutes the most common non-
O157 EHEC strain associated with diarrhea and HUS world-
wide. EHEC O26:H11 and its nonmotile derivatives were
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found to be positive for Stx1, Stx2, or both toxins and share
similarities with EPEC O26 for intimin-� (eae-beta), the long
polar fimbriae (lpfAO26), an iron-repressible protein (irp-2),
the porcine-attaching and -effacing protein (paa) gene (2, 26),
and many chromosomally encoded effector proteins translo-
cated by the type III secretion system (2, 9, 10). EPEC O26 and
stx-negative derivatives of EHEC O26:H11/NM cannot be eas-
ily and rapidly distinguished based on their biochemical pro-
files.

A rapid and clear discrimination between O26 EPEC or
apathogenic strains and EHEC/EHEC-like strains is needed
for clinical diagnostics and for control of food safety. The
presence of stx-negative derivatives of EHEC O26 in stool
could indicate an infection with Stx-producing EHEC O26 in
the patient and is an indicator of possible progress of infection
into HUS (6). In human infections with EHEC, (bloody) di-
arrhea often precedes HUS (20, 27, 40). The combination of

molecular detection tools for wzxO26, eae-beta, stx, espK, and
arcA genotyping was found suitable for a rapid and specific
identification of EHEC as well as EHEC-like O26 strains. This
method could be used as a simple and rapid diagnostic ap-
proach applicable in hospital, public health, and food control
laboratories for performance of the appropriate clinical man-
agement, epidemiological investigations, and food safety mea-
sures.

We showed by PCR that stx phage-specific sequences were
present in 94.7% of O26 EHEC and in 43.8% of O26 EHEC-
like strains but only in 11.1% of EPEC O26 strains. This
indicates that most of the O26 EHEC-like strains are deriva-
tives of EHEC O26 that have lost their stx genes. Also, previ-
ous findings showed that stx-negative/eae-positive E. coli O26:
H11/NM (EHEC-like) can be converted to EHEC by
transduction with stx phages (5). The finding that 6/16 EHEC-
like strains were positive for phage integrase genes but that

TABLE 3. PCR detection of stx phage-specific sequences in E. coli O26 strains

Strain Type stx gene
Length (bp) of stx phage-specific sequence detected by PCR

ML1/2 ML25/26 ML29/30 ML21/22 orf357-1

CB10782 EHEC stx1 250
CB11578 EHEC stx1 300
CB8236 EHEC stx1-stx2 300 200 250
CB6996 EHEC stx1-stx2 500 300 200 250
CB8474 EHEC stx1-stx2 500 250
D618/98 EHEC stx2d
CB8112 EHEC stx1 200 250
CB8240 EHEC stx2 300 250
CB9410 EHEC stx1 450 200 250
RL0083/05 EHEC stx1 450 200 250
CB9271 EHEC stx1 450 200 250
CB9703 EHEC stx2 300 250
D613/98 EHEC stx1 300 250
331/02 EHEC stx1 200 250
D316/04 EHEC stx1 200 250
CB7505 EHEC stx1 200 250
H19 EHEC stx1 250
CB8962 EHEC stx1 250
CB282 EHEC stx1 200 250
C2810/67 EHEC-like
CB1025 EHEC-like
CB278 EHEC-like 400
IP2844 EHEC-like
C3888 EHEC-like
CB9853 EHEC-like 500 250
C4006 EHEC-like 300 500 250
C3096/70 EHEC-like
CB9855 EHEC-like 500 250
DG237/1 EHEC-like 300
DG501/5 EHEC-like
CB6706 EHEC-like
CB9862 EHEC-like 250
DG223/5 EHEC-like
CB9857 EHEC-like 500 250
C1970-1 EHEC-like
CB5805 EPEC stx2
C3322/73 EPEC
KK111/1 EPEC
CB1030 EPEC
CB277 EPEC 250
DG113/5 EPEC
CB1027 EPEC
CB286 EPEC
691/83 EPEC

VOL. 77, 2011 REAL-TIME PCR FOR CHARACTERIZATION OF E. COLI O26 2279



none of these strains was positive for stx phage q genes sup-
ports these suggestions. The integrase gene is closely located to
the chromosomal integration site of stx phages, and the q gene
is located in the vicinity of the stx gene on the phage genome.
Deletions of the stx genes could more frequently extend into
the q gene than into the integrase genes, which could explain
our findings. Similar findings have been made for stx2e phage
P27, which is present in truncated forms in many Stx2e-pro-
ducing STEC strains. In addition, our suggestion that EHEC-
like O26 is a derivative of EHEC O26 is supported by clinical
studies. Conversion of EHEC to EHEC-like strains over time
has been observed in follow-up studies for patients with bloody
diarrhea (6) and HUS (4), and the necessity of an stx-indepen-
dent diagnostic strategy was, therefore, strongly indicated (4).

Only two stx2-positive strains (D618/98 and CB5805) were
negative for all tested stx phage-associated gene sequences
(Table 3). D618/98 was the only O26 EHEC strain that showed
the activatable (stx2d) genotype. CB5805 shared all character-
istics of EPEC O26:[H11] strains but expressed Stx2. It is
possible that these strains have acquired their stx genes by a
phage-independent mechanism or harbor stx phages that are
different from those commonly found in EHEC O26 strains.

The espK gene was the unique genetic marker found only in
EHEC (99.14%) and EHEC-like (91.14%) strains of O26. The
only exceptions were strains H19 (EHEC) and CB6706
(EHEC-like). We do not know if these strains were originally
espK positive and have mutated or have lost their espK genes.
Nevertheless, the close association of espK with EHEC and
EHEC-like O26 strains makes espK a suitable candidate for
detection of EHEC and EHEC-related O26 strains. In a recent
study, Creuzburg et al. (12) investigated 136 STEC strains for
the presence of 16 nle genes, including espK, and showed that
10 of 12 (83%) of EHEC O26 strains tested PCR positive for
the gene espK. The fact that espK is highly specific for EHEC
and EHEC-like O26 strains provides evidence to support the
association of espK with the virulence. This corroborates the
work of Vlisidou et al. (43), which indicated that espK was
involved in the persistence of EHEC O157:H7 in the intestines
of orally inoculated calves and had a role in virulence of EHEC
O157:H7.

Most strains belonging to a given pathogroup were very
similar to each other in their virulence genes and phenotypical
traits. However, a few exceptions were observed. In the EHEC
group, one food-borne strain (1049.3) which was negative for
LEE-associated genes eae and map was detected. It is possible
that this strain has lost the complete LEE island. Another
eae-negative strain was found to be associated with the group
of O26 EPEC strains (7391). In contrast to these strains, which
are supposed to be mutants, two other EPEC O26 strains that
are genetically more distant from the rest of the EPEC O26
strains since they were showing altered signatures for their fliC,
arcA, and eae genes were identified. These strains belonged to
serotypes O26:H31 and O26:H34. EPEC strains from these
serotypes have been described as causes of diarrhea and char-
acterized as atypical EPEC (6).

In conclusion, this study demonstrates that a high-through-
put PCR approach can be used for selection of a highly specific
genetic marker characterizing EHEC and EHEC-like O26
strains. The virulence of pathogenic O26 E. coli strains is
associated with a number of well-characterized and putative

factors with espK as a candidate. Hence, several other genes
encoding effector proteins secreted through the type III secre-
tion system were detected only in EHEC, EHEC-like, and
EPEC pathogroups, not in avirulent E. coli O26 strains. These
genes, which were found to be present in both EHEC, EHEC-
like, and EPEC strains but with various distributions might be
associated with virulence. Additional work is still needed to
substantiate this hypothesis, but simultaneous detection of
these markers in combination with wzxO26, eae-beta, stx, espK,
and arcA alleles provides data suitable for molecular risk as-
sessment of the potential virulence of E. coli O26 isolates.
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