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The distribution of EDL 933 O island 122 (OI-122) was investigated in 70 strains of Verocytotoxin-producing
Escherichia coli (VTEC) of multiple serotypes that were classified into five “seropathotypes” (A through E)
based on the reported occurrence of serotypes in human disease, in outbreaks, and/or in the hemolytic-uremic
syndrome (HUS). Seropathotype A comprised 10 serotype O157:H7 and 3 serotype O157:NM strains. Sero-
pathotype B (associated with outbreaks and HUS but less commonly than serotype O157:H7) comprised three
strains each of serotypes O26:H11, O103:H2, O111:NM, O121:H19, and O145:NM. Seropathotype C comprised
four strains each of serotypes O91:H21 and O113:H21 and eight strains of other serotypes that have been
associated with sporadic HUS but not typically with outbreaks. Seropathotype D comprised 14 strains of
serotypes that have been associated with diarrhea but not with outbreaks or HUS, and seropathotype E
comprised animal VTEC strains of serotypes not implicated in human disease. All strains were tested for four
EDL 933 OI-122 virulence genes (Z4321, Z4326, Z4332, and Z4333) by PCR. Negative PCRs were confirmed
by Southern hybridization. Overall, 28 (40%) strains contained OI-122 (positive for all four virulence genes),
27 (38.6%) contained an “incomplete” OI-122 (positive for one to three genes), and 15 (21.4%) strains did not
contain OI-122. The seropathotype distribution of complete OI-122 was as follows: 100% for seropathotype A,
60% for B, 36% for C, 15% for D, and 0% for E. The differences in the frequency of OI-122 between
seropathotypes A, B, and C (associated with HUS) and seropathotypes D and E (not associated with HUS) and
between seropathotypes A and B (associated with epidemic disease) and seropathotypes C, D, and E (not
associated with epidemic disease) were highly significant (P < 0.0001).

Verocytotoxin (VT)-producing Escherichia coli (VTEC)
(34), also referred to as Shiga toxin-producing E. coli (11), is
the cause of a potentially fatal food- or waterborne illness
whose clinical spectrum includes nonspecific diarrhea, hemor-
rhagic colitis, and the hemolytic-uremic syndrome (HUS) (19,
30, 31). The serious public health concern about VTEC infec-
tion is due to the risks of massive outbreaks (1, 12, 13, 22, 41,
54) and of HUS (30, 31), the leading cause of acute renal
failure in children (30). Ruminants, especially cattle, are the
main reservoir of VTEC, which is transmitted to humans pri-
marily via contaminated foods and water (19, 28, 30, 45). Al-
though serotype O157:H7 has been implicated in most out-
breaks and in most cases of HUS (19, 28, 30, 45), there is
growing concern about the risk to human health associated
with non-O157 VTEC serotypes (3, 25, 61), more than 200 of
which have now been associated with human illness (70). First
reported in association with HUS in Canada (31, 32), non-
O157 serotypes have since been more commonly implicated in

HUS than serotype O157:H7 in Latin America (37) and Aus-
tralia (15), and their frequency may be rising in Europe (18,
66). As many as 20% of HUS cases in North America may be
associated with non-O157 VTEC (2). Some non-O157 VTEC
serotypes (e.g., serotypes O26:H11, O103:H2, O111:NM,
O121:H19, and O145:NM) are associated with outbreaks and
HUS, but less commonly than serotype O157:H7 (3, 19, 25, 39,
70). Others (e.g., O113:H21 and O91:H21) generally do not
cause outbreaks but are associated with sporadic episodes of
HUS (3, 25, 45). A large number of VTEC serotypes have been
isolated from patients with diarrhea but have not been associ-
ated with outbreaks or HUS (3, 25, 45, 70), and yet others,
isolated from cattle, have never been associated with human
disease (69, 70). Thus, VTEC serotypes appear to differ in
pathogenic potential, but the scientific basis for this is not
known. Consequently, assessment of clinical and public health
risks is greatly compromised when non-O157 VTEC strains are
found in humans, foods, animals, and the environment.

Increasing evidence suggests that major differences in viru-
lence between groups of strains within, for example, E. coli,
Salmonella spp., Shigella spp., and Helicobacter pylori are due
to specific virulence characteristics encoded on large, horizon-
tally acquired “gene cassettes” referred to as pathogenicity
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islands (PAIs) (26). An example of this in enteropathogenic E.
coli (EPEC), E. coli O157:H7, and some non-O157 VTEC
strains is the locus of enterocyte effacement (LEE) (27), which
is a ca. 43-kb chromosomal PAI (in E. coli serotype O157:H7)
containing genes that encode all the virulence factors necessary
for forming the characteristic attaching and effacing (AE) le-
sions on enterocytes. LEE-positive VTEC serotypes are com-
monly referred to as enterohemorrhagic E. coli (EHEC) (27).
LEE appears to confer enhanced virulence, since LEE-positive
VTEC serotypes (such as O157:H7, O26:H11, O103:H2, O111:
NM, O121:H19, and O145:NM) are much more commonly
associated with HUS and with epidemic diseases than are
LEE-negative serotypes (5, 27, 45). On the other hand, sero-
type O157:H7 is associated with outbreaks and HUS much
more commonly than other LEE-positive serotypes (27, 45),
and some LEE-positive serotypes from bovines have never
been associated with human disease (69). Furthermore, LEE-
negative serotypes are also associated with serious human dis-
ease (45). These observations suggest that, in addition to LEE,
other hitherto unknown factors, possibly PAIs, may also en-
hance the virulence potential of VTEC strains. Genome se-
quencing of two epidemic strains of E. coli O157:H7, EDL 933
(50) and the Sakai strain (21), has revealed several additional
candidate PAIs which, in the EDL 933 genome, include O
island 1 (OI-1), OI-43, OI-48, OI-115, OI-122, OI-140, OI-141,
and OI-154. Nothing is known about the role of these newly
discovered potential PAIs in the virulence of E. coli O157:H7
or about their presence and role in non-O157 VTEC. Our
hypothesis is that, like LEE, some of these newly recognized O
islands might contribute to virulence differences between
VTEC serotypes. The results of preliminary pilot studies look-
ing at the distribution and potential significance of different O
islands in VTEC seropathotypes suggested that EDL 933 OI-
122 (50), referred to as SpLE3 in the Sakai strain (21), was a
promising candidate for more detailed investigation. Hence
the objective of this study was to investigate the distribution

and possible public health significance of this PAI in VTEC
seropathotypes. OI-122 (Fig. 1) is a 23,029-bp genomic island
that is composed of 26 open reading frames (ORFs) including
those that show significant homology to virulence genes,
namely, Salmonella enterica serovar Typhimurium pagC (51),
Shigella flexneri enterotoxin 2 (sen) (46), and the EHEC factor
for adherence (efa1) (47), which is also referred to as lympho-
cyte inhibition factor (lifA) (33). OI-122 is adjacent to a pheV
tRNA locus. The terminus closest to the pheV locus consists of
a P4 integrase gene and four sequences that show homology to
E. coli ISEc8. The downstream terminal region consists of six
sequences homologous to E. coli ISEC8 and IS629. Apart from
four putative virulence genes, OI-122 also contains three pu-
tative transposases and nine genes of unknown function.

MATERIALS AND METHODS

Seropathotype classification. A “seropathotype” classification was developed
for VTEC serotypes based on their reported frequencies in human illness (in qual-
itative terms such as “high,” “moderate,” or “rare”), and their known associations
with outbreaks and with severe disease, such as HUS and hemorrhagic colitis (3, 25,
45, 70), as shown in Table 1. Assignment of serotypes to seropathotype groups was
based on published references (3, 25, 45, 70) and on two large Internet databases of
non-O157 VTEC serotypes (available at http://www.microbionet.com.au/frames
/feature/vtec/brief01.html and http://www.lugo.usc.es/�ecoli/SEROTIPOSHUM
.htm).

Bacterial strains. The 70 study strains, sorted by seropathotype, are listed in
Table 2. Positive-control strains were EDL 933 (50) and the Sakai strain (21) of
serotype O157:H7. The negative-control strain was the E. coli K-12 strain MG
1655 (50). Selection of strains was, in general, random but was influenced by the
following criteria: all strains belonging to the same serotype were selected to
ensure that they were isolates from different patients or animals that were not
linked temporally and that they gave distinct macrorestriction enzyme digest
patterns by pulsed-field gel electrophoresis (PFGE) (6, 58). The bacterial strain
typing criteria of Tenover et al. (64) were used as a general guide in interpreting
differences in PFGE patterns. Five main serotypes have been reported with
clinical and epidemiological features consistent with the criteria for seropatho-
type B (serotypes O26:H11, O103:H2, O111:NM, O121:H19, and O145:NM) (3,
25, 39, 45, 70). We selected three strains for each of these serotypes. The
best-known serotypes that conform to the features of seropathotype C are O91:
H21 and O113:H21 (3, 25, 45, 70). We included four strains for each of these two

FIG. 1. OI-122 in the genome of VTEC strain EDL 933 (O157:H7). p.Int, putative pathogenicity island integrase; ISA, insertion sequence-
associated protein; p. transposase, putative transposase.
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serotypes, and the remainder of the seropathotype C strains were selected ran-
domly. Given that multiple serotypes have been reported to conform to sero-
pathotypes D and E (3, 25, 45, 52, 53, 69, 70), study strains were selected
randomly, although no more than two strains belonging to the same serotype
were included.

Bacterial strain characterization. All strains were serotyped by using refer-
ence O- and H-specific antisera by the method of Edwards and Ewing (16). They
were tested for the presence of the VT1, VT2 (including VT2 variants), eaeA,
and hlyA genes by multiplex PCR using the method and primers reported by
Paton and Paton (48). The presence of espP and katP was detected by using the
methods and primers reported by Brunder et al. (7–9). All test strains were tested
for XbaI macrorestriction enzyme digest patterns by PFGE (6, 58). This was done
to ensure that all strains, especially those belonging to the same serotype, were
distinct.

Investigation of strains for the presence of OI-122. (i) PCR. Strains were
screened for the presence of OI-122 by testing for four EDL 933 OI-122 putative
virulence genes (Z4321, Z4326, Z4332, and Z4333) (Fig. 1) by PCR using the
primers listed in Table 3. All PCR amplifications were carried out in 50-�l
reaction mixtures containing 1� PCR buffer (Perkin-Elmer Applied Biosystems,
Foster City, Calif.), 250 �M concentrations of deoxynucleoside triphosphates, 1
mM MgCl2, 25 pmol of each primer, and 2 U of Taq DNA polymerase (Ampli-
Taq; Applied Biosystems). Cycling conditions for all OI-122 genes consisted of
an initial denaturation step at 94°C for 5 min, followed by 30 cycles, each
consisting of denaturation at 94°C for 30 s, annealing at 56°C for 1 min, and
elongation at 72°C for 2.5 min. There was a final elongation step at 72°C for 5
min.

(ii) Southern hybridization. Strains that were negative for any of the four
genes by PCR were retested by Southern hybridization (55, 56) for the presence
of that gene by using digoxigenin (DIG)-labeled probes generated by PCR (36)
using the primers shown in Table 3. Genomic DNA was isolated by using the
DNeasy Tissue kit (Qiagen, Hilden, Germany). Approximately 2 �g of DNA
digested with an excess of EcoRI and run on a 0.6% agarose gel was transferred
to a nylon membrane (Roche Diagnostics, Mannheim, Germany). DIG-labeled
probes were synthesized by using a PCR DIG Probe Synthesis kit (Roche Di-
agnostics, Germany) according to the manufacturer’s manual. Hybridizations
were carried out overnight at 42°C. The DIG Nucleic Acid Detection kit (Roche
Diagnostics) was used to detect hybridized bands. EDL 933 and the Sakai strain
of serotype O157:H7 were used as positive controls, and the E. coli K-12 strain
MG 1655 was used as a negative control.

The presence of all four putative virulence genes was taken as evidence for the
presence of a complete OI-122 (COI-122). The absence of one or more of the
genes was considered to indicate an “incomplete” OI-122, whereas the absence
of all four genes indicated an absent OI-122.

Statistical analysis. Statistical analyses were performed with SAS for Windows
(version 8.01; SAS Institute, Cary, N.C.). Associations between seropathotypes
and the presence of COI-122 and eae were analyzed using Fisher’s exact test (17).
The ability of COI-122 and eae to identify the seropathotype was assessed by
calculating the sensitivity, specificity, and predictive value.

RESULTS

Strain characterization. All 70 strains had distinct macror-
estriction enzyme digest patterns by PFGE (data not shown).
The VT genotypes and the genotypes for putative plasmid

virulence factors (hlyA, katP, and espP) and eae are listed for
each strain in Table 2. In cases where serotypes were repre-
sented by more than one strain (serotypes O157:H7, O157:
NM, O26:H11, O103:H2, O111:NM, O121:H19, O145:NM,
O5:NM, O91:H21, O113:H21, O121:NM, O103:H25, and
O117:H7), strains with the same serotype were either all pos-
itive or all negative for eae. In contrast, strain-to-strain varia-
tion in individual serotypes was evident for VT genotypes
and/or for the plasmid genes (hlyA, katP, and espP).

Detection and frequency distribution of OI-122 in different
serotypes and seropathotypes. Figure 2 shows the PCR ampli-
fication products of the four OI-122 genes that were investi-
gated (Z4321, Z4326, Z4332, and Z4333) in control strains and
in representative strains from different seropathotypes. All
strains negative by PCR were confirmed as negative by South-
ern hybridization. The distribution of OI-122 genes and eae in
different serotypes and seropathotypes is shown in Table 4.
Overall, 28 of 70 (40%) strains had a COI-122, 27 (38.6%) had
an incomplete OI-122, and OI-122 was absent in 15 (21.4%)
strains. There was a progressive decrease in the frequency of
COI-122 from seropathotype A to seropathotype E and a con-
comitant increase in the frequencies of incomplete and “ab-
sent” OI-122s (Fig. 3). The difference in the frequency of
COI-122 between seropathotypes A and B was not significant
(P � 0.2). However, the difference in the frequency of COI-122
between seropathotype A and each of seropathotypes C (P �
0.0002), D (P � 0.0001), and E (P � 0.0001) was highly sig-
nificant. There were no significant differences in the frequency
of COI-122 between seropathotypes B and C, C and D, C and
E, or D and E, but there was a significant difference in the
frequency of COI-122 between seropathotypes B and D (P �
0.02) and B and E (P � 0.001). The difference in the frequency
of COI-122 between seropathotypes A and B (which are asso-
ciated with epidemic disease), on the one hand, and serotypes
C, D, and E (which are not associated with epidemic disease),
on the other, was highly significant (P � 0.0001; odds ratio
[OR] � 22.0; 95% confidence interval [95% CI], 6.3 to 76).
The difference in the frequency of COI-122 between sero-
pathotypes A, B, and C (which are all associated with HUS),
and seropathotypes D and E (which are not) was also highly
significant (P � 0.0001; OR � 21.1; 95% CI, 4.4 to 101.3).

As with eae, in cases where a serotype was represented by
more than one strain, all strains belonging to the same serotype
had identical patterns of distribution of OI-122 genes (Table
4).

TABLE 1. Classification of VTEC serotypes into seropathotypes

Seropathotype Relative incidence
Frequency of

involvement in
outbreaks

Association with
severe diseasea Serotypes

A High Common Yes O157:H7, O157:NM
B Moderate Uncommon Yes O26:H11, O103:H2, O111:NM,

O121:H19, O145:NM
C Low Rare Yes O91:H21, O104:H21,

O113:H21; others
D Low Rare No Multiple
E Nonhuman only NAb NA Multiple

a HUS or hemorrhagic colitis.
b NA, not applicable.
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TABLE 2. List of study strains

Pathotype Serotype Strain Host Sourcea
Presence or absenceb of virulence gene:

VT1 VT2 eae hlyA espP katP

Control O157:H7 EDL 933 J. Kaper, Baltimore, Md. � � � � � �
Control O157:H7 Sakai T. Honda, Osaka, Japan � � � � � �
Control (K-12) MG 1655 ATCC 700926 � � � � � �

A O157:H7 93111 Human T. Whittam, East Lansing, Mich. � � � � � �
O157:H7 OK1 Human T. Whittam � � � � � �
O157:H7 278F1 Human LFZ � � � � � �
O157:H7 279F1 Human LFZ � � � � � �
O157:H7 237F1 Human LFZ � � � � � �
O157:H7 235F1 Human LFZ � � � � � �
O157:H7 D103F5 Human LFZ � � � � � �
O157:H7 254 Human LFZ � � � � � �
O157:H7 E48F9 Human LFZ � � � � � �
O157:H7 157F1 Human LFZ � � � � � �
O157:NM 158F2 Human LFZ � � � � � �
O157:NM E32511 Human H. Smith, London, United

Kingdom
� � � � � �

O157:NM ER63-94 Human F. Jamieson, OPHL � � � � � �

B O26:H11 CL1 Human LFZ � � � � � �
O26:H11 CL4 Human LFZ � � � � � �
O26:H11 CL9 Human LFZ � � � � � �
O103:H2 N01-2454 Human BCCDC, NLEP � � � � � �
O103:H2 N01-7015 Human BCCDC, NLEP � � � � � �
O103:H2 N02-1626 Human BCCDC, NLEP � � � � � �
O111:NM R82F2 Human LFZ � � � � � �
O111:NM C69F1 Human LFZ � � � � � �
O111:NM CL101 Human LFZ � � � � � �
O121:H19 CL106 Human LFZ � � � � � �
O121:H19 Z3F1 Human LFZ � � � � � �
O121:H19 274F4 Human LFZ � � � � � �
O145:NM N01-2051 Human BCCDC, NLEP � � � � � �
O145:NM N00-6496 Human BCCDC, NLEP � � � � � �
O145:NM N02-5149 Human BCCDC, NLEP � � � � � �

C O5:NM N00-4067 Human BCCDC, NLEP � � � � � �
O5:NM N00-4541 Human BCCDC, NLEP � � � � � �
O91:H21 B2F1 Human LFZ � � � � � �
O91:H21 EC7-181 Human LFZ � � � � � �
O91:H21 EC6-990 Human S. Aleksic, Munich, Germany � � � � � �
O91:H21 EC6-936 Human L. Beutin, Berlin, Germany � � � � � �
O104:H21 G5506 Human T. Whittam � � � � � �
O113:H21 CL3 Human LFZ � � � � � �
O113:H21 N99-3504 Human BCCDC, NLEP � � � � � �
O113:H21 N89-0541 Human J. Preiksaitis, APLPH � � � � � �
O113:H21 N90-0657 Human P. VanCaeseele, CPL � � � � � �
O121:NM N99-4390 Human BCCDC, NLEP � � � � � �
O121:NM N99-4389 Human BCCDC, NLEP � � � � � �
O165:H25 N00-4540 Human BCCDC, NLEP � � � � � �

D O7:I14 EC3-480 Bovine LFZ � � � � � �
O69:H11 EC7-821 Human LFZ � � � � � �
O103:H25 N00-4859 Human BCCDC, NLEP � � � � � �
O103:H25 N02-2616 Human BCCDC, NLEP � � � � � �
O113:H4 EC6-371 Bovine LFZ � � � � � �
O117:H7 N02-4495 Human BCCDC, NLEP � � � � � �
O117:H7 N02-0035 Human BCCDC, NLEP � � � � � �
O119:H25 EC2-267 Human LFZ � � � � � �
O132:NM EC2-051 Human LFZ � � � � � �
O146:H21 N02-1625 Human BCCDC, NLEP � � � � � �
O171:H2 EC2-032 Bovine LFZ � � � � � �
O172:NM EC6-484 Bovine LFZ � � � � � �
O174:H8 A2EV659 Human BCCDC � � � � � �
Orough:H2 N00-3105 Human G. Horsman, SHLDC � � � � � �

E O6:H34 EC6-626 Bovine J. Preiksaitis, APLPH � � � � � �
O8:H19 EC6-448 Bovine LFZ � � � � � �
O39:H49 EC2-293 Bovine LFZ � � � � � �
O46:H38 EC7-451 Bovine LFZ � � � � � �

Continued on following page
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Frequency distribution of eae in seropathotypes, and rela-
tionship between eae and COI-122. As with COI-122, the dif-
ference in the frequency of eae between seropathotypes A and
B (which are associated with epidemic disease) and seropatho-
types C, D, and E (which are not associated with epidemic
disease) was highly significant (P � 0.0001; OR, undefined).
The difference in the frequency of eae between seropathotypes
A, B, and C (which are all associated with HUS) and sero-
pathotypes D and E (which are not) was also highly significant
(P � 0.0001; OR � 6.6; 95% CI, 2.2 to 19.2).

The overall frequency of COI-122 was 28 of 70 (40%), com-
pared to a frequency of 43 of 70 (61.4%) for the eae gene. All
COI-122-positive strains were eae positive. On the other hand,
15 eae-positive strains were COI-122 negative. Of 10 eae-pos-
itive strains in seropathotypes D and E, only 2 contained COI-
122. The seropathotype distributions of eae and COI-122 are
shown in Fig. 4.

Diagnostic application of COI-122 and eae in the detection
of strains belonging to seropathotypes A, B, and C. For the
collection of 70 strains in this study, the use of eae to detect
pathotypes A, B, and C (i.e., pathotypes that are associated
with HUS) has a sensitivity of 79%, a specificity of 64%, and
positive and negative predictive values of 61 and 39%, respec-
tively. In contrast, the use of COI-122 to detect seropathotypes
A, B, and C has a sensitivity of only 62% but a specificity of
93% and positive and negative predictive values of 40 and
60%, respectively.

DISCUSSION

The concept of a seropathotype classification, based on the
reported occurrence of specific serotypes in human disease and
on their association with HUS and with outbreaks, was used as
an approach for better understanding the scientific basis for
the apparent differences in virulence between groups of VTEC
serotypes, with the recognition that this approach may have
limitations. Disease incidence and severity are likely to be
functions of a complex interplay between host, pathogen, and
ecological factors and may not necessarily be explained on the
basis of pathogen attributes alone. Furthermore, incidence
may vary depending on the frequency with which specific di-
agnostic tests are used. Nevertheless, sufficient information has
been published on the subject of VTEC infections to lend
credence to the principle of the proposed seropathotype clas-
sification, though the boundaries between seropathotypes may
be fluid. For example, seropathotypes A and B are both asso-
ciated with outbreaks and HUS. The main difference between
these two seropathotypes is that serotypes O157:H7 and pos-
sibly O157:NM are more commonly reported than are sero-
types in seropathotype B. However, this distinction may not be
valid in Australia, where serotype O111:NM was reported to
be more common than O157:H7 (15).

Taking these limitations into account, our underlying hy-
pothesis in this study is that differences in virulence between
seropathotypes are related to the presence or absence of spe-

TABLE 2—Continued

Pathotype Serotype Strain Host Sourcea
Presence or absenceb of virulence gene:

VT1 VT2 eae hlyA espP katP

O76:H7 EC9-333 Ovine P. Desmarchelier, Brisbane,
Australia

� � � � � �

O84:NM EC2-044 Bovine LFZ � � � � � �
O88:H25 EC4-453 Bovine LFZ � � � � � �
O98:H25 EC3-377 Bovine LFZ � � � � � �
O113:NM EC2-211 Bovine LFZ � � � � � �
O136:H12 EC3-208 Bovine LFZ � � � � � �
O136:NM EC2-258 Bovine LFZ � � � � � �
O153:H31 EC2-104 Bovine LFZ � � � � � �
O156:NM EC2-020 Bovine LFZ � � � � � �
O163:NM EC2-459 Bovine LFZ � � � � � �

a LFZ, Laboratory for Foodborne Zoonoses; OPHL, Ontario Public Health Laboratory; BCCDC, British Columbia Centre for Disease Control; NLEP, National
Laboratory for Enteric Pathogens; APLPH, Alberta Provincial Laboratory for Public Health; CPL, Cadham Provincial Laboratory, Winnipeg, Manitoba, Canada;
SHLDC, Saskatchewan Health Laboratory and Disease Control Services Branch.

b �, presence; �, absence.

TABLE 3. Primers used in this study

Primer Sequence (5�-to-3� direction) Target gene Amplicon size (bp) Location within gene GenBank accession no.

Z4321-a ATGAGTGGTTCAAGACTGG pagC 521 14–33 NP_289546
Z4321-b CCAACTCCAACAGTAAATCC 534–517

Z4326-a GGATGGAACCATACCTGG sen 551 927–944 NP_289551
Z4326-b CGCAATCAATTGCTAATGC 1477–1459

Z4332-a CTCCCAGAGATAATTTTGAGG efa1 504 428–448 NP_289557
Z4332-b CAACTGTATGCGAATAGTACTC 931–910

Z4333-a CTGTCAGACGATGACATTGG efa1 547 103–122 NP_289558
Z4333-b GAAGGATGGGCATTGTGTC 649–631
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cific PAIs. This is based on increasing evidence that differences
in virulence between groups of strains within species may be
related to the presence of specific PAIs (26). The insertion of
OI-122 into a tRNA locus is consistent with its being a PAI
(20). Thirteen of its 26 ORFs are genes associated with mobile
genetic elements, and the remaining 13 comprise the 4 viru-
lence genes tested in this study and 9 genes of unknown func-
tion. Detection of flanking sequences was not considered a
useful approach for identifying OI-122, because both upstream
and downstream terminal sequences in OI-122 consist of genes
associated with mobile genetic elements. The latter may be
present in multiple copies, and their presence may not neces-
sarily predict the presence of specific virulence genes which are
essential components of a PAI. We therefore screened strains
for OI-122 by using the only four genes (other than those
associated with mobile genetic elements) that had a putative
function based on homology. Thus, the underlying assumption
in this study is that the presence of all four putative virulence
genes is indicative of the presence of COI-122.

Based on this assumption, our results show that the presence
of COI-122 is strongly correlated with VTEC seropathotypes
(A and B) that are associated with epidemic disease and with
seropathotypes (A, B, and C) associated with HUS. The study
also confirms the close correlations between eae (a stable
marker of the LEE PAI) (27) and seropathotypes that are
associated with epidemic disease (A and B) and between eae
and those associated with HUS (A, B, and C). The association
between OI-122 and LEE-positive organisms (including
EHEC and enteropathogenic E. coli) has been reported re-
cently by Morabito et al. (44). It is noteworthy that within
serotypes that were represented by more than one strain, all

strains showed identical patterns for OI-122 (either complete,
incomplete, or absent) and for eae. This supports our approach
of postulating virulence differences between seropathotypes
based on the presence or absence of specific PAIs rather than
on the basis of individual virulence genes. In contrast to OI-122
and eae, VT genes and plasmid-encoded putative virulence
genes (hlyA, espP, and katP) showed variability among individ-
ual strains belonging to the same serotype in several instances,
indicating that these genes are not suitable for exploring viru-
lence differences between seropathotypes.

Seropathotype A is characterized by the presence of COI-
122 and eae. Strains of 3 of 5 serotypes (9 of 15 strains) in
seropathotype B, 2 of 6 serotypes (4 of 14 strains) in seropatho-
type C, and 1 of 12 serotypes (2 of 14 strains) in seropathotype
D were also positive for COI-122 and eae. This could mean
that such strains have the same virulence potential as sero-
pathotype A strains or that there are other, hitherto unknown
factors that make seropathotype A strains more virulent than
strains of the other seropathotypes. As shown in Fig. 4, there
was a progressive increase in the frequency of strains with
incomplete OI-122s from seropathotype A to E. The nature of
incomplete OI-122 was different for different seropathotypes
and serotypes. One-third of the 27 strains with incomplete
OI-122s were lacking only one of the four OI-122 genes tested,
whereas two-thirds were negative for two or three of the four
genes. Most of the strains (6 of 9) lacking only one gene were
in seropathotype B, whereas all 18 strains that lacked two or
three genes were distributed in seropathotypes C, D, and E.
The significance of these findings remains to be established.

A practical benefit of understanding the scientific basis for
the difference in virulence between seropathotypes is that it
can aid in the identification of suitable DNA targets for selec-
tive detection of strains (in seropathotypes A, B, and C) that
pose a significant risk of severe and/or epidemic disease in
humans. In the collection of 70 strains employed in this study,
eae had a sensitivity and specificity of 79 and 64%, respectively,
for detection of seropathotype A, B, and C strains, in contrast
to a sensitivity and specificity of 62 and 93%, respectively, for
COI-122. Clearly, neither test is completely reliable for field
use. The eae gene is a stable marker for the LEE PAI. In
contrast, detection of COI-122 requires testing for four genes,
which limits its practical use, but this limitation may be over-
come by using a multiplex PCR assay. The EDL 933 genome
(50) has at least another seven putative PAIs whose pathogenic
significance and value in distinguishing seropathotypes are un-
known. Investigation of the seropathotype distribution of these
seven putative PAIs may identify tests more practical than
either eae or COI-122 for selectively detecting seropathotypes
A, B, and C in a reliable manner.

The LEE PAI is associated with the characteristic AE le-
sions in several pathogens. These include EHEC, EPEC,
Hafnia alvei, rabbit diarrheagenic E. coli (RDEC), the murine
pathogen Citrobacter rodentium, and EPEC-like pathogens of
cattle and dogs (40, 45). Although the sizes of LEEs in these
organisms may be different, the core regions are highly con-
served and consist of 41 genes that comprise the structural,
effector, and regulatory components of a type III secretion
system (23, 24) that mediates the AE lesion (40, 45). The core
regions of LEE are devoid of elements associated with mobile
genetic elements (27). In contrast, the core region of OI-122

FIG. 2. Distribution of OI-122 genes in representative strains of
different seropathotypes (A to E) and controls. Lanes: L, 100-bp lad-
der; 1, pagC (Z4321); 2, sen (Z4326); 3, efa1 (Z4332); 4, efa1 (Z4333).
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contains several genes associated with mobile genetic elements
(Fig. 1) (50), which could make this PAI less stable than LEE.
The fact that OI-122 was incomplete in 27 (38.6%) strains is
probably a reflection of instability resulting from the presence
of mobile genetic elements. On the other hand, in serotypes
that contain more than one strain, the pattern of genes in the
incomplete structures appears to be conserved, suggesting that
the latter became stabilized at some point in their evolutionary
history.

While the core region of LEE from different AE bacteria is
highly conserved, the flanking regions are divergent among
various AE bacteria, e.g., EPEC strain E2348/69 (serotype
O127:H6), EHEC strain EDL 933 (serotype O157:H7), and
the RDEC strain RDEC-1 (serotype O15:NM) (49, 62, 71). In

EPEC strain E2348/69, the right end of the LEE core region
contains a transposon before its insertion into the selC locus.
The right end of LEE in EDL 933 contains 13 ORFs belonging
to a putative P4 family prophage before joining selC. Partial
sequencing of the right end of the LEE core region of
RDEC-1, on the other hand, revealed an ORF which is ho-
mologous to the efa1/lifA gene of EDL 933 OI-122 (71). Taus-
chek et al. (62) found that the LEE of an RDEC-1-like strain
(83/89) of serotype O15:NM is much larger (59,540 bp) than
the LEE regions of EDL 933 and E2348/69, which are less than
44,000 bp. Complete sequencing of the right end revealed that
the 83/89 LEE is inserted into pheU tRNA and contains a ca.
15-kb region which includes two putative virulence genes of
EDL 933 OI-122, namely, efa1/lifA (ORFs Z4332 and Z4333)

TABLE 4. Serotype distribution of OI-122 virulence genes and eae

Seropathotype Serotype No. of
strains

No. of strains positive by PCR for:

Z4321 Z4326 Z4332 Z4333 eae

Control (EDL 933) O157:H7 1 1 1 1 1 1
Control (Sakai) O157:H7 1 1 1 1 1 1
MG 1655 E. coli K-12 1 0 0 0 0 0

A O157:H7 10 10 10 10 10 10
O157:NM 3 3 3 3 3 3

B O26:H11 3 0 3 3 3 3
O103:H2 3 0 3 3 3 3
O111:NM 3 3 3 3 3 3
O121:H19 3 3 3 3 3 3
O145:NM 3 3 3 3 3 3

C O5:NM 2 2 2 2 2 2
O91:H21 4 4 0 0 0 0
O104:H21 1 1 0 0 0 0
O113:H21 4 4 0 0 0 0
O121:NM 2 2 2 2 2 2
O165:H25 1 0 1 1 1 1

D O7:H4 1 1 0 0 0 0
O69:H11 1 0 1 0 0 1
O103:H25 2 2 2 2 2 2
O113:H4 1 0 0 0 0 0
O117:H7 2 0 0 0 0 0
O119:H25 1 0 1 0 0 1
O132:NM 1 0 0 0 0 0
O146:H21 1 0 0 0 0 1
O171:H2 1 1 0 0 0 0
O172:NM 1 0 1 1 1 1
O174:H8 1 0 0 0 0 0
O-rough:H2 1 0 1 1 1 1

E O6:H34 1 0 0 0 0 0
O8:H19 1 0 0 0 0 0
O39:H49 1 0 0 0 0 0
O46:H38 1 0 0 0 0 0
O76:H7 1 0 1 0 0 1
O84:NM 1 1 1 0 0 1
O88:H25 1 1 0 0 0 0
O98:H25 1 1 1 0 0 1
O113:NM 1 0 0 0 0 0
O136:H12 1 0 0 0 0 0
O136:NM 1 0 0 0 0 0
O153:H31 1 0 0 0 0 0
O156:NM 1 1 0 0 0 0
O163:NM 1 0 0 0 0 0
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and sen (Z4326) (62). Such an arrangement has been referred
to as a mosaic PAI by Morabito and colleagues (44), who
found evidence of a LEE–OI-122 mosaic PAI in eight different
serogroups of EPEC and non-O157 EHEC, including sero-
groups O26 and O103. A mosaic PAI (containing LEE ad-
joined to an incomplete OI-122) would thus be a plausible
explanation for the incomplete OI-122 observed in some sero-
pathotype B strains (of serotypes O26:H11 and O103:H2)
which, like the mosaic PAI in the RDEC-like strains, were
found to be positive for efa1/lifA (ORFs Z4332 and Z4333) and
sen (Z4326) but negative for pagC (Z4321). The close clonal
relationship of RDEC-1 to EHEC serotype O26:H11 (http:
//www.shigatox.net/stec/) further supports this hypothesis.

To study their evolutionary relationship, Whittam and col-

leagues have studied the clonal relationship of VTEC strains
that have been characterized by multilocus enzyme electro-
phoresis or by multilocus sequence typing (67, 68; STEC Ref-
erence Center [http://www.shigatox.net/stec/index.html]). Four
major clonal groups have been identified: EHEC 1, EHEC 2,
STEC 1, and STEC 2 (67; STEC Reference Center). Dendro-
grams exhibiting these clonal groups may be viewed at the
STEC Reference Center website. The correlation between
Whittam’s clonal groups and some of the serotypes and sero-
pathotypes in this study is of interest. EHEC 1, comprising
serotypes O157:H7 and O157:NM, corresponds to seropatho-
type A. EHEC 2 contains serotype O26:H11, which is classified
as seropathotype B. However, other serotypes in seropatho-
type B, such as O103:H2 and O145:NM, are outside the EHEC
2 clonal group, as is serotype O121:H19 (59). The STEC 1
clone (also known as the H21 clone) contains serotypes O91:
H21 and O113:H21, which are major components of sero-
pathotype C. However, STEC 1 also contains serotype O146:
H21, one strain of which was included in the present study and
classified as seropathotype D. Strains of serotype O91:H21 and
O113:H21 contain only one of the OI-122 virulence genes
(Z4321; pagC-like), whereas the O146:H21 strain contains
none of the OI-122 putative virulence genes. Another H21
strain, of serotype O104:H21, is, like the O91:H21 and O113:
H21 strains, classified as seropathotype C, and, like the latter,
contains only the pagC-like gene Z4321. But, unlike serotype
O91:H21 and O113:H21 strains, the O104:H21 strain is not in
the H21 STEC 1 clonal group. It is, however, clonally related
to a strain of serotype O132:NM. A strain of this serotype in
our study is classified in seropathotype D and contains none of
the OI-122 genes tested. Whittam’s STEC 2 clone contains a
serotype O103:H2 strain that belongs to seropathotype B. The
tendency toward a linkage between serotypes, seropathotypes,
clonal groups, and PAIs is consistent with Whittam’s model,
which envisages the clonal evolution of STEC pathogens
through the acquisition of novel horizontally acquired genetic
elements (67).

VTs and LEE provide the only proven virulence strategies
for VTEC infection. VTs act systemically to produce cytopa-
thology in capillary endothelial cells in the kidneys, bowel, and
other organs and tissues, causing HUS and hemorrhagic colitis
(30). LEE orchestrates the activities of a type III secretion
system to produce AE cytopathology in the colonic mucosa
(45). Several other putative virulence factors, both plasmid
encoded and chromosomally encoded, have been described,
mostly in E. coli O157:H7, but their role in pathogenesis re-
mains unclear. E. coli O157: H7 and other EHEC isolates
contain a large plasmid carrying several candidate virulence
genes. In strain EDL 933, the 92-kb F-like plasmid pO157
contains 100 ORFs, 20 of which encode putative virulence
factors (10, 29, 38). These include EHEC hemolysin (encoded
by the hlyCABD operon), catalase-peroxidase (katP), a serine
protease (espP), a 13-gene cluster (etpC to etpO) related to the
type II secretion pathway, and an ORF encoding a large
(3,169-amino-acid) predicted product that shares homology
with large clostridial toxins (LCT). The large plasmid is present
in several other VTEC serotypes, but its composition is very
heterogeneous (4, 7). Plasmids from strains causing HUS have
lacked one or more of hly, katP, and espP, suggesting that the
latter are not, by themselves, critical for the development of

FIG. 3. Distribution of complete, incomplete, and absent OI-122 in
VTEC seropathotypes.

FIG. 4. Distributions of COI-122 and eae in VTEC seropatho-
types.
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disease (4, 7). The present study showed that within serotypes,
different strains had different hly, katP, and espP contents,
indicating that the latter are not suitable for distinguishing
seropathotypes. Other putative virulence genes include efa1, a
chromosomal gene (corresponding to Z4332 and Z4333 in the
present study) reported in a serotype O111:NM strain that has
been associated with adherence to Chinese hamster ovary cells
(47), and iha (60), a putative chromosomally encoded adhesin
in E. coli O157:H7 that is similar to the iron-regulated gene A
(irgA) of Vibrio cholerae. Like many other enteric pathogens, E.
coli O157: H7 is able to utilize heme and/or hemoglobin as iron
sources (35). ChuA, an outer membrane protein, is thought to
be a specific receptor for heme uptake in this organism (43, 65)
and also to be a marker for human-pathogenic strains (35).

The publication of the genome sequence of E. coli O157:H7
has revealed, in addition to LEE, at least eight genomic is-
lands, including OI-122, that contain candidate virulence genes
(21, 50). Two islands, corresponding to EDL 933 OI-154 and
OI-43, have been studied further. OI-43 is a large genomic
island of �87.5 kb which is inserted at the serW tRNA locus
and contains 106 ORFs, including prophage elements, urease
and tellurite resistance operons, and the iha adhesin gene.
Taylor et al. (63) investigated 15 E. coli O157:H7 strains for the
presence of the tellurite resistance operon, consisting of the
terABCDEF genes. Six strains carried a single copy of the
tellurite resistance operon, five carried two copies, and in four
strains the tellurite resistance operon was not detected. The
possible significance of variability in the tellurite resistance
operon to the virulence of E. coli O157:H7 is unknown. The
distribution of this operon in different VTEC serotypes has not
been reported. Doughty et al. (14) investigated OI-154, a fim-
brial operon (lpfABCD) with homology to the long polar fim-
bria of Salmonella. A homologue of this operon, identified in a
VTEC serotype O113:H21 strain, was found in 26 of 28 LEE-
negative VTEC strains and in 8 of 11 non-O157:H7 LEE-
positive VTEC strains. An lpfA mutant showed decreased ad-
herence to epithelial cells, suggesting that Lpf may function as
an adhesin.

The results of our study show an association between OI-122
and VTEC seropathotypes linked to epidemic and/or serious
disease. OI-122 is thus an additional candidate virulence ele-
ment whose role in disease remains to be established by further
study. OI-122, or its component genes, may be a marker for
these seropathotypes, or it may be involved in pathogenesis.
OI-122 has four genes that exhibit homology to virulence genes
and nine genes of unknown function, some of which may also
be virulence genes. One of the four candidate virulence genes,
Z4321, shows 45.71% identity (in residues 7 to 177 of 177) to
the PagC membrane protein of Salmonella serovar Typhi-
murium. PagC is thought to be involved in promoting the
survival of Salmonella in macrophages (42, 51). Z4326 shows
38.2% identity (in residues 5 to 543 of 549) to residues 22 to
559 (of 565) of S. flexneri enterotoxin 2 (ShET2), encoded by
the plasmid-mediated sen gene (46). Z4332 shows 99.3% iden-
tity (in residues 1 to 433 of 433) to residues 1 to 433 (of 3,223)
of Efa1 (EHEC factor for adherence), described for a VTEC
strain of serotype O111:NM (47), and to an EPEC lymphocy-
totoxin (33). Z4333 shows 100% identity (in residues 1 to 275
of 275) to residues 437 to 711 (of 3,223) of Efa1. Efa1 is
thought to be involved in bovine bowel colonization, because

efa1 mutants exhibit markedly reduced association with the
bovine intestinal epithelium (57). Further studies in various
experimental systems are needed in order to understand the
functions of all the putative virulence genes of OI-122 and to
determine if and how OI-122 can provide a selective virulence
advantage to VTEC.
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