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Enterohemorrhagic Escherichia coli (EHEC) strains comprise a subgroup of Shiga-toxin (Stx)-producing E. coli (STEC) and are
characterized by a few serotypes. Among these, seven priority STEC serotypes (026:H11, 045:H2, 0103:H2, O111:H8, O121:
H19, 0145:H28, and 0157:H7) are most frequently implicated in severe clinical illness worldwide. Currently, standard methods
using stx, eae, and O-serogroup-specific gene sequences for detecting the top 7 EHEC serotypes bear the disadvantage that these
genes can be found in non-EHEC strains as well. Here, we explored the suitability of ureD, espV, espK, espN, Z2098, and espM1
genes and combinations thereof as candidates for a more targeted EHEC screening assay. For a very large panel of E. coli strains
(n = 1,100), which comprised EHEC (n = 340), enteropathogenic E. coli (EPEC) (n = 392), STEC (n = 193), and apathogenic
strains (n = 175), we showed that these genetic markers were more prevalent in EHEC (67.1% to 92.4%) than in EPEC (13.3% to
45.2%), STEC (0.5% to 3.6%), and apathogenic E. coli strains (0 to 2.9%). It is noteworthy that 38.5% of the EPEC strains that
tested positive for at least one of these genetic markers belonged to the top 7 EHEC serotypes, suggesting that such isolates might
be Stx-negative derivatives of EHEC. The associations of espK with either espV, ureD, or Z2098 were the best combinations for
more specific and sensitive detection of the top 7 EHEC strains, allowing detection of 99.3% to 100% of these strains. In addition,
detection of 93.7% of the EHEC strains belonging to other serotypes than the top 7 offers a possibility for identifying new emerg-

ing EHEC strains.

higa toxin-producing E. coli (STEC) may cause food-borne

infections leading to life-threatening diseases in humans. The
outcomes of STEC infections may range from asymptomatic car-
riage to uncomplicated diarrhea to the severe symptoms of hem-
orrhagic colitis (HC) and hemolytic-uremic syndrome (HUS).
Owing to their human pathogenicity, some STEC strains are also
designated as enterohemorrhagic E. coli (EHEC) (1, 2). EHEC
strains comprise a subgroup of STEC and are characterized by
certain serotypes, which are frequently associated with outbreaks
and severe clinical illness (3, 4). Since the early 1980s, numerous
cases of HC and HUS were attributed to EHEC 0157:H7 (CDC re-
port of microbiological results of raw ground beef products analyzed
for E. coli O157:H7, http://www.fsis.usda.gov/wps/portal/fsis/topics
/data-collection-and-reports/microbiology/ec/summary-data
/summary-data-2011/ct_index). Consequently, public health and
regulatory responses have been focused largely on this serotype.
In recent years, cumulative evidence from numerous countries
has indicated that up to 30 to 60% of human EHEC infections are
caused by non-0O157 EHEC (5, 6; U.S. Department of Agriculture
[USDA] risk profile for pathogenic non-O157 Shiga-toxin pro-
ducing E. coli, http://www.fsis.usda.gov/wps/wcm/connect/92de0
38d-c30e-4037-85a6-065c3a709435/Non_0O157_STEC_Risk_P
rofile_May2012.pdffMOD=AJPERES). Recent studies have
shown that the number of non-O157 STEC infections sometimes
surpasses the number of STEC O157 infections (7, 8). Accord-
ingly, the list of STEC associated with HUS has been extended to
include serotypes O26:H11, O45:H2, O103:H2, O111:H8, O121:
H19, 0145:H28, and O157:H7 and their non-motile derivatives.
These are the seven priority STEC serotypes most frequently im-
plicated in outbreaks and sporadic cases of HC and HUS world-
wide (9; USDA report on detection and identification of non-
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0157 STEC from meat products, http://www.fsis.usda.gov/wps
/portal/fsis/topics/science/laboratories-and-procedures
/guidebooks-and-methods/microbiology-laboratory-guidebook
/microbiology-laboratory-guidebook), which are referred to as
the top 7 EHEC serogroups. In the United States, regulatory test-
ing for these STEC serogroups in meat started in June 2012. Al-
though regulations are disparate throughout the world, many
food inspection programs aim at detecting STEC strains that pose
a significant threat to human health in kinds of foods that are the
most likely to disseminate EHEC and to be consumed raw or
undercooked. Some beef products are thus of particular interest in
that aspect. The U.S. regulations consider these 7 EHEC sero-
groups to be adulterants in beef trim (USDA report on detection
and identification of non-O157 STEC from meat products). On
March 2013, a new regulation on sprouts and seeds was published
in Europe that introduced for the first time in European Union
legislation a microbiologic criterion for certain STEC serogroups
(namely O157,026,0103, 0111, 0145 and O104:H4) recognized
to be those causing most cases of HC and HUS occurring in the
European Union. Therefore, microbiological criteria should be
considered for these six serogroups. The European Union legisla-
tion also stipulates that the possibility cannot be excluded that
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other STEC serogroups may be pathogenic to humans as well. In
fact, such STEC may cause less severe forms of disease, such as
diarrhea and/or bloody diarrhea, and may also cause HUS and
therefore represent a hazard for the consumer’s health.

Despite the publication of this legislation, detection of non-
0157 EHEC remains particularly challenging because they have
no phenotypical characteristics that distinguish them from the
large number of non-STEC that share the same habitats. The basis
of STEC virulence is not fully understood, but a greater risk of HC
and HUS is associated with STEC serotypes carrying additional
virulence factors to Stx, such as the intimin (encoded by the eae
gene of the locus of enterocyte effacement [LEE]), which is di-
rectly involved in the attaching and effacing (A/E) process of the
enterocyte microvilli and in bacterial colonization of the gut, thus
contributing to the disease process (2). The LEE also encodes reg-
ulatory elements, a type III secretion system (TTSS), secreted ef-
fector proteins, and their cognate chaperon (10, 11). However, the
LEE is not highly specific for EHEC strains and is found in Stx-
negative E. coli strains as well. LEE is a hallmark of enteropatho-
genic E. coli (EPEC), which may cause diarrhea but not HC and
HUS. Hence, current methods based on PCR detection of stx and
eae genes for screening non-O157 EHEC in complex samples bear
the disadvantage that a large number of non-EHEC strains are
detected (12, 13, 14). Identification of genetic markers allowing a
more targeted screening of EHEC strains is needed for rapidly
testing food, fecal, and environmental samples.

It is likely that a variable repertoire of virulence determinants,
including non-LEE-encoded effector (nle) genes that encode
translocated substrates of the type III secretion system are present
in highly pathogenic STEC and are carried by genetic mobile ele-
ments (15, 16, 17, 18). A molecular risk assessment approach
based on the evaluation of the nle gene content has been used to
predict which STEC strains pose a significant risk to human health
(4, 16, 17, 18). However, the genetic targets which best support
such an approach have not yet been defined. Monitoring EHEC in
foods requires, in particular, selection of genetic markers that
clearly discriminate EHEC from EPEC strains.

In an attempt to identify such factors, we explored the suitabil-
ity of certain nle genes derived from the genomic O islands OI-43,
0OI-44, OI-50, OI-57, and OI-71 as candidates to distinguish STEC
strains that constitute a severe risk for human health from EPEC
and STEC strains that are not associated with severe and epidemic
disease. We focused on ureD (urease activity) encoded by OI-43
and OI-48, espN (EspN), and espK (EspK), two genes carried by
OI-50, alocus involved in the persistence of EHEC O157:H7 in the
intestines of orally inoculated calves (19). Also, we focused on
espM1 (EspM1), which is derived from OI-71, and on Z2098, a
sequence derived from OI-57, a genomic island that may be asso-
ciated with increased virulence of STEC strains in humans (14,
20). Genome sequencing of EHEC strains (EHEC O157:H7,
0111, 0103, and 026) has also revealed other genetic markers,
such as espV, whose role in disease has not been evaluated. This
gene is located on OI-44 of EHEC O157:H7 but its prevalence in
other E. coli pathogroups has not been documented. In this study,
we evaluated the distribution of ureD, espV, espK, espN, Z2098,
and espM1 in various E. coli pathogroups to assess their associa-
tion with STEC strains with high virulence for humans and to test
their suitability for clearly distinguishing EHEC from other E. coli
pathogroups.
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TABLE 1 E. coli gene targets for the real-time PCR array

Gene (ORF name if
chromosomal)®

ureD (Z1142)

Encoded protein or family
effector

Genetic support (mobile
element)”

0OI-43 and OI-48

Urease-associated protein

UreD
espV (Z1387) AvrA family effector OI-44
espK (Z1829) Leucine-rich repeats OI-50 (prophage CP-933N)
espN (Z1824) Hypothetical protein O1I-50 (prophage CP-933N)
(Z2098) Hypothetical protein 0OI-57
espM1 (Z2565) Non-LEE-encoded type OI-71

III effector

“ Nomenclature of ORFs and mobile elements refers to the sequence of E. coli O157:H7
EDL933 (GenBank accession no. AE005174).

MATERIALS AND METHODS

Bacterial strains. The origin and properties of the E. coli strains (n =
1,100) used in this study were previously described (13, 14,21). The EHEC
type strains (n = 340) were defined by the presence of both stx and eae
genes. STEC strains (n = 193) harbor stx only. EPEC strains (n = 392)
harbor eae only. Apathogenic E. coli (n = 175) were defined as stx- and
eae-negative strains. Cultivation of bacteria and preparation of DNA were
performed as previously described (13, 14, 21).

High-throughput real-time PCR. E. coli gene targets used for the real-
time PCR amplification are reported in Table 1. The genes stx,, stx,, and
eae were used as internal controls and for group assignment purposes.
Primers and probes for the detection of stx,, stx,, eae, espK, and Z2098
were described previously (14, 22), whereas those for the detection of
ureD, espV, espN, and espM1 were designed for this work. Primers and
probes are listed in Table 2. A LightCycler 1536 (Roche, Meylan, France)
was used to perform high-throughput real-time PCR amplifications as
described previously (13, 14, 21).

RESULTS

Distribution of ureD, espV, espK, espN, Z2098, and espM1 and
combinations thereof among E. coli pathogroups. Distribution
of the genetic markers ureD, espV, espK, espN, Z2098, and espM1
among the different E. coli pathogroups is shown in Table 3. Over-
all, the genetic markers investigated were mostly detected in
EHEC strains with frequencies ranging from 67.1% (espM]I) to
92.4% (espK). These markers were less commonly associated with
EPEC strains with frequencies ranging from 13.3% (espN) to
45.2% (espV) and rarely detected in STEC (0.5 to 3.6%) and non-
pathogenic E. coli (0 to 2.9%). Overall, we observed that 38.5% of
the EPEC strains which tested positive for at least one of the in-
vestigated genetic markers belonged to the top 7 EHEC serotypes
(Table 4). Interestingly, among the EPEC strains positive for at
least one of the investigated genetic markers were EPEC cluster 1
strains (45.25%) that were previously reported to be frequently
involved in severe illness and outbreaks (22). These included in
particular EPEC serotypes that have already been associated with
stx production, such as O100:H25, O103:H25, O111:H2, O119:
H25,0126:H27,0128:H2,055:H7,070:H11, 076:H7,0118:H8,
0O119:H8, 0156:H8, 02:H40, 03:HS8, 080:H2, O86:H11, O66:HS,
O111:H25, O114:H2, and O119:H2 (data not shown).

None of the genetic markers ureD, espV, espK, espN, Z2098, or
espM1 is, by itself, suitable for reliable identification of all EHEC
strains. Combinations of the genetic markers were explored to
identify those which detect EHEC with best specificity. The results
are presented in Table 3. The combined presence of these genetic
markers was highly associated with EHEC, with frequencies rang-
ing from 93.8% (espN/espM1) to 98.8% (espK/ureD). The same
combinations detected EPEC strains with frequencies ranging
from 26.5% (espN/Z2098) to 54% (espK/espV), STEC strains with
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PCR Assays for Detecting Virulent STEC Strains

TABLE 3 Distribution of the genetic markers ureD, espV, espK, espN,
72098, and espM1 and combinations thereof among E. coli pathogroups

. Distribution (%) within each pathogroup”
Genetic markers and (%) w P sroup

combinations thereof” EHEC EPEC STEC EC
22098 87.4 23.2 3.6 1.1
espK 92.4 28.8 0.5 1.1
espN 86.5 13.3 0.5 0.0
espV 84.4 45.2 1.6 0.6
ureD 89.4 18.1 3.1 2.9
espM1 67.1 34.4 0.5 1.7
espK/espV 98.5 54.1 1.6 1.1
espK/ureD 98.8 33.4 3.6 3.4
espK/Z2098 97.9 36.7 3.6 2.3
espN/Z2098 96.5 26.5 3.6 1.1
espNlespM1 93.8 38.3 1.0 1.7

“ espK/espV, strains giving a positive result for espK and/or espV; espK/ureD, strains
giving a positive result for espK and/or ureD; espK/Z2098, strains giving a positive result
for Z2098 and/or espK; espN/Z2098, strains giving a positive result for espN and/or
Z72098; espN/espM1, strains giving a positive result for espN and/or espM1.

b E. coli pathogroups are defined in Materials and Methods.

frequencies of 1% to 3.6%, and nonpathogenic E. coli strains with
frequencies between 1.1% and 3.4%.

Distribution of ureD, espV, espK, espN, Z2098, and espM1
and combinations thereof among EHEC serotypes. The distri-
bution of each genetic marker, ureD, espV, espK, espN, Z2098, or
espM1, was different according to EHEC serotypes. Distribution
of each genetic marker in various EHEC serotypes is reported in
Table 5. Except for espV, which was not detected in any EHEC
045:H2, and espM1, which was absent from EHEC 0O45:H2 and
from 48 out of the 49 O103:H2 strains tested, all the other genetic
markers investigated were found to be highly prevalent in EHEC
strains of the top 7 serotypes, with frequencies ranging from
71.4% (prevalence of ureD in O103:H2) to 100%.

Detection of the top 7 EHEC serotypes based on different com-
binations of these genetic markers is reported in Table 6. With the
combined detection of espN with espM1, all EHEC O157:H7, O26:
H11, O111:H8, O121:H19, O45:H2, and O145:H28 strains gave a
positive result for espN and/or espM1I, and 95.9% of O103:H2
strains tested positive. Likewise, detection of espK and/or Z2098
allowed detection of most of the EHEC serotypes associated with
human infections. Thus, all EHEC O111:H8, O26:H11, O45:H2,
0103:H2, and O145:H28 strains, 98.5% of O157:H7 strains, and
95% of O121:H19 strains gave a positive result for espK and/or
72098. With the combined detection of espN with Z2098 all EHEC
026:H11, O103:H2, O145:H28, O45:H2, and O111:HS strains,
98.5% of O157:H7 strains, and 85% (17/20) of O121:H19 strains
tested positive for espN and/or Z2098. The association of espK
with either espV or ureD allowed detection of most of the strains of
the top 7 EHEC serotypes as well. Hence, all strains of serotypes
0157:H7, O145:H28, O111:H8, 0103:H2, O45:H2, and O121:
H19 gave positive results for espK and/or espV, and 97.7% of O26:
HI11 strains gave positive result for espK and/or espV. Data were
very similar when we tested espK in association with ureD. In this
case, all strains of the top 7 EHEC serotypes gave a positive result
for espK and/or ureD (Tables 6).

DISCUSSION

In many countries the emergence of 0157 and non-O157 EHEC
in severe and epidemic human disease is of great concern. Accord-
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TABLE 4 Distribution of the genetic markers ureD, espV, espK, espN, Z2098, and espM1 and combinations thereof among EPEC serotype strains

No. of strains detected/total no. of strains (%) for:

Genetic marker” 0103:H2 O121:H19 0O145:H28 0157:H7 026:H11 Other EPEC®
72098 7/11 (63.6) 0/5 (0.0) 8/8 (100) 9/9 (100) 31/71 (43.7) 36/288 (12.5)
espK 9/11 (81.8) 3/5 (60.0) 8/8 (100) 7/9 (77.8) 30/71 (42.3) 56/288 (19.4)
espN 6/11 (54.5) 0/5 (0.0) 8/8 (100) 6/9 (66.7) 13/71 (18.3) 19/288 (6.6)
espV 6/11 (54.5) 5/5 (100) 8/8 (100) 9/9 (100) 31/71 (43.7) 118/288 (41.0)
ureD 1/11 (9.1) 5/5 (100) 5/8 (62.5) 6/9 (66.7) 20/71 (28.2) 34/288 (11.8)
espM1 0/11 (0.0) 5/5 (100) 8/8 (100) 9/9 (100) 64/71 (90.1) 49/288 (17.0)
espKlespV 10/11 (90.9) 5/5 (100) 8/8 (100) 9/9 (100) 43/71 (60.6) 137/288 (47.6)
espK/ureD 9/11 (81.8) 5/5 (100) 8/8 (100) 9/9 (100) 30/71 (42.3) 70/288 (24.3)
espK/Z2098 10/11 (90.9) 3/5 (60) 8/8 (100) 9/9 (100) 33/71 (46.5) 81/288 (28.1)
espN/Z2098 7/11 (63.6) 0/5 (0) 8/8 (100) 9/9 (100) 31/71 (43.7) 49/288 (17.0)
espN/espM]1 6/11 (54.5) 5/5 (100) 8/8 (100) 9/9 (100) 65/71 (91.5) 57/288 (19.8)

@ espK/espV, strains giving a positive result for espK and/or espV; espK/ureD, strains giving a positive result for espK and/or ureD; espK/Z2098, strains giving a positive result for
72098 and/or espK; espN/Z2098, strains giving a positive result for espN and/or Z2098; espN/espM], strains giving a positive result for espN and/or espM1I.

b Most of the EPEC strains tested in this study were described by Bugarel et al. (25).

ingly, rapid and specific detection of EHEC strains has become a
priority for public health authorities (5, 6; Table 7 of the 2009
CDC Foodnet report of the food-borne diseases active sur-
veillance network, http://www.cdc.gov/foodnet/factsandfigures
/Topl0SalmonellaSerotypes.pdf.). The availability of rapid and
specific methods for testing EHEC strains and their virulence
markers is also a prerequisite for establishing monitoring pro-
grams to follow EHEC contamination in animals and foodstuffs
which are part of food inspection programs. Detection of non-
0157 EHEC is particularly challenging, because unlike EHEC
0157, these strains have few characteristics that distinguish them
from the large number of harmless commensal E. coli strains that
share the same niches.

The current approach for detecting EHEC in food and stool
samples is to screen first for the presence of the stx,/stx, genes and
the eae gene. The CEN/ISO TS 13136 (9) and MLG 5B.01 (USDA
report on detection and identification of non-O157 STEC from
meat products) standard methods request the presence of both the
stx,/stx, and eae genes for further investigation of specific se-
quences derived from the O-antigen genes associated with the
seven priority serogroups. This approach bears the disadvantage
that a large number of non-EHEC strains can produce cross-reac-
tivity with the targets used in these tests. This is of particular in-
terest in complex and polymicrobial samples such as food, fecal,
and environmental specimens (23, 24, 25). Accordingly, the sim-

ple detection of the stx,/stx,, eae, and O-antigen genes in a food
product may often result in its rejection even though it does not
contain EHEC strains of the top 7 serotypes. For food inspection
purposes, tests are needed that not only identify the targeted
EHEC serogroups but also target the most salient distinguishing
features of the priority STEC associated with human illness.

In an attempt to identify discriminative genetic markers asso-
ciated with STEC strains related to the world’s most frequent clin-
ical cases, we evaluated the distribution of the genes ureD, espV,
espK, espN, Z2098, and espM]I in various E. coli pathogroups.
Based on a high-throughput real-time PCR approach, a very large
panel of E. coli strains (n = 1,100) that comprised EHEC (n =
340), EPEC (n = 392), STEC (n = 193), and apathogenic E. coli
(n = 175) was examined for these genetic markers. Distributions
of the genetic markers ureD, espV, espK, espN, Z2098, and espM1
were significantly different among the various E. coli pathogroups.
These genetic markers were highly prevalent in EHEC (67.1% to
92.4%) but were individually insufficient to identify all EHEC
isolates. Even though none of the genetic markers was, by itself,
capable of reliably detecting all EHEC isolates, when used in asso-
ciation with each other they identified EHEC strains with high
confidence. Hence, only a few EHEC strains did not react with the
combinations of the genetic markers tested here. These might be
aberrant strains, not representative for the classical EHEC types.
Looking at other genes in these anecdotal strains or sequencing

TABLE 5 Distribution of the genetic markers ureD, espV, espK, espN, Z2098, and espM1 among EHEC serotypes

No. of strains detected/total no. of strains (%) for:

Other EHEC”

(new
Genetic emerging
marker Top 7 serotypes O103:H2 O111:H8 O121:H19  0O145:H28  0O157:H7 026:H11 045:H2 EHEC) Total EHEC
Z2098  250/277 (90.3)  49/49 (100) 47/51 (92.2) 17/20(85.0) 30/30 (100) 49/66 (74.2) 44/44 (100) 14/17 (82.4) 47/63 (74.6)  297/340 (87.4)
espK 269/277 (97.1)  48/49 (98.0) 51/51 (100) 19/20 (95.0) 29/30(96.7) 62/66 (93.9) 43/44(97.7) 17/17 (100) 45/63 (71.4)  314/340 (92.4)
espN  261/277 (94.2)  47/49 (95.9) 51/51 (100) 17/20 (85.0) 30/30 (100) 59/66 (89.4) 40/44 (90.9) 17/17 (100) 33/63 (52.4)  294/340 (86.5)
espV 248/277 (89.5)  48/49 (98.0) 51/51 (100) 20/20 (100) 30/30 (100) 65/66 (98.5) 34/44 (77.3) 0/17 (0) 39/63 (61.9)  287/340 (84.4)
ureD 257/277 (92.8)  35/49 (71.4) 51/51 (100) 16/20 (80.0) 30/30 (100) 64/66 (97.0) 44/44 (100) 17/17 (100) 47/63 (74.6)  304/340 (89.4)
espM1  206/277 (74.4)  1/49 (2.0)  51/51 (100) 20/20 (100) 30/30 (100) 64/66 (97.0) 40/44 (90.9) 0/17 (0) 22/63 (34.9)  228/340 (67.1)

4 0103:H25 (n = 2), O118:H16 (n = 4), O118:H2, O119:H25 (n = 5), 0123:H11, O127:H8s, 0145, 0145:H25 (n = 5), 0156:H21, O156:H25 (n = 11), 0165:H25 (n = 2), 0172:
H25 (n = 2), 0172:NM, 0177 (n = 2), 0177:H25, O182:H25, O3, 049:H16, O5 (n = 11), O55:H7 (n = 2), 076:H51, 084:H2, Ont:H2, Ont:H25 (n = 2), Or:H16, OX186:H2.
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TABLE 6 Detection of EHEC according to different combinations of the genetic markers ureD, espV, espK, espN, Z2098, and espM1

No. of strains detected/total no. of strains (%) for:

Other EHEC”

(new
Gene EHEC of the emerging
association” top 7 0O103:H2 Ol11:H8  OI121:H19 O145:H28 O157:H7 026:H11 045:H2 EHEC) Total EHEC
espKlespV  276/277 (99.6) 49/49 (100) 51/51 (100) 20/20 (100) 30/30 (100) 66/66 (100) 43/44 (97.7) 17/17 (100) 59/63 (93.7)  335/340 (98.5)
espKlureD ~ 277/277 (100) 49/49 (100) 51/51 (100) 20/20 (100) 30/30 (100) 66/66 (100) 44/44 (100) 17/17 (100) 59/63 (93.7)  336/340 (98.8)
espK/Z2098 275/277 (99.3) 49/49 (100) 51/51 (100) 19/20 (95.0) 30/30 (100) 65/66 (98.5) 44/44 (100) 17/17 (100) 59/63 (93.7)  334/340 (98.2)
espN/Z2098 273/277 (98.6) 49/49 (100) 51/51 (100) 17/20 (85.0) 30/30 (100) 65/66 (98.5) 44/44 (100) 17/17 (100) 55/63 (87.3)  328/340 (96.5)
espN/espM1 275/277 (99.3) 47/49 (95.9) 51/51 (100) 20/20 (100) 30/30 (100) 66/66 (100) 44/44 (100) 17/17 (100) 44/63 (69.8)  319/340 (93.8)

@ espK/espV, strains giving a positive result for espK and/or espV; espK/ureD, strains giving a positive result for espK and/or ureD; espK/Z2098, strains giving a positive result for
72098 and/or espK; espN/Z2098, strains giving a positive result for espN and/or Z2098; espN/espM], strains giving a positive result for espN and/or espM1I.

b 0103:H25 (n = 2), O118:H16 (n = 4), 0118:H2, O119:H25 (n = 5), 0123:H11, O127:H8s, 0145, 0145:H25 (n = 5), 0156:H21, O156:H25 (n = 11), 0165:H25 (n = 2), 0172:
H25 (n = 2), 0172:NM, 0177 (n = 2), O177:H25, 0182:H25, 03, 049:H16, O5 (n = 11), 055:H7 (n = 2), O76:H51, 084:H2, Ont:H2, Ont:H25 (n = 2), Or:H16, OX186:H2.

their genomes might reveal more differences, which may make
things clearer regarding their status. We should assume, on prin-
ciple, that it is not necessarily the case that all members of a par-
ticular serotype would be EHEC.

The genetic markers examined in this study were also detected
in some EPEC strains (13.3% to 45.2%) and very rarely in STEC
(0.5% to 3.6%) and apathogenic E. coli (0 to 2.9%) strains. It is
noteworthy that 38.5% of the EPEC strains that tested positive for
at least one of the genetic markers ureD, espV, espK, espN, Z2098,
and espM1 belonged to the top 7 EHEC serotypes. Interestingly,
other EPEC strains having a known EHEC serotype, such as
055:H7 and 0103:H25, were also found positive for at least one of
these genetic markers. Additionally, some of the EPEC strains that
were found positive for at least one of these genetic markers were
previously found to be closely related to EHEC strains according
to their virulence gene content (22). These findings indicate that
such isolates might be Stx—negative derivatives of EHEC that are
also designated as EHEC-like strains (14). We assumed these iso-
lates were EHEC derivatives according to their serotypes and nle
gene content but they might also be EPEC strains that we are as yet
unable to discriminate from EHEC derivatives. Further investiga-
tion using whole-genome sequencing may clarify the exact desig-
nation of these strains in the future.

The genetic markers ureD, espV, espK, espN, Z2098, and espM 1
were detected at different frequencies among the EHEC serotypes.
We explored the various associations of these genetic markers to
search for the best combinations of markers giving higher speci-
ficity and sensitivity for detecting EHEC. The genetic markers
espK, espV, ureD, and Z2098 were shown to be the best candidates
as genetic markers for detecting EHEC. Taken individually, they
were not detected in all strains of the top 7 EHEC serotypes, while
in association they were detected in 98.6% to 100% of the top 7
EHEC strains. The association of espK with either espV, ureD, or
Z2098 proved to be the best combinations for more specific and
sensitive detection of EHEC strains. Hence, a positive result for
espK and/or espV was observed in 99.6% of EHEC strains belong-
ing to the seven major serotypes of EHEC reported worldwide in
human infections (only one EHEC O26:H11 isolate tested nega-
tive). Also, 93.7% of EHEC strains with serotypes other than those
of the top 7 serotypes tested positive for espK and/or espV. Only a
subset (54.1%) of EPEC strains tested positive for espK and/or
espV. Most STEC and avirulent E. coli strains were negative for
both espK and espV. Another interesting approach was to associate
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espK with Z2098. This combination of genetic markers resulted in
the detection of 99.3% of EHEC strains belonging to the 7 major
EHEC serotypes and 93.7% of EHEC strains with serotypes other
than the top 7. The presence of espK and/or Z2098 was found in
only 36.7% of EPEC, 3.6% of STEC and 2.3% of apathogenic E.
coli strains. The best approach for detecting EHEC with the high-
est specificity and sensitivity was to combine espK with ureD. This
association allowed detection of 100% of EHEC strains of the top
7 serotypes and 93.7% of EHEC strains belonging to other sero-
types. Detection of espK and/or ureD was also reported for only
33.4% of EPEC, 3.6% of STEC, and 3.4% of apathogenic E. coli
strains.

These findings showed that combining detection of espK with
either espV, ureD, or Z2098 is a highly sensitive and specific ap-
proach for identifying with =99% confidence EHEC serotypes
related to the world’s most frequent clinical cases. Detection of
these genetic markers in combination with stx in complex samples
(food or fecal specimens) would provide a more EHEC-targeted
diagnostic approach than combining only stx and eae. Given the
rapidity of these PCR assays, this approach should have a major
impact on top-7 EHEC surveillance and outbreak investigations
and is likely to be of benefit to public health. Moreover, detection
of these sets of genetic markers in 93.7% of EHEC strains having
serotypes other than the top 7 may be helpful for identifying new
emerging EHEC strains. The number of strains and the diversity of
serotypes and pathogroups that were investigated in this study
provide a solid basis for future utilization of these tests for the
development of analytical methods and risk characterization of
STEC. This should be confirmed with further evaluation of these
assays on spiked and naturally contaminated samples. A complete
evaluation of these tests in real samples will be crucial to defini-
tively know how they can be applied in EHEC surveillance and
outbreak investigations.
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