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Shiga-like toxin (SLT)-producing Escherichia coli (SLTEC) O101 has recently been associated with hemor-
rhagic colitis and hemolytic-uremic syndrome in humans. In this study, SLTEC O101 strains from humans and
pigs were characterized for clonal relatedness by nucleotide sequence analysis of their slt genes, DNA finger-
printing of genomic DNA, and determination of virulence factors. The slt genes of five E. coli O101 strains were
cloned and sequenced. For all strains, the deduced amino acid sequences of the B subunits were identical to
those of the SLT-IIe present in the classical SLTEC O139 strains that cause edema disease in pigs. The A
subunit revealed more than 99% homology to that of SLT-IIe. DNA fingerprinting revealed a high degree of
genetic relatedness between the human and porcine O101 isolates. None of the O101 strains investigated had
virulence factors frequently found in porcine (F107 fimbriae or heat-stable or heat-labile enterotoxins) or
human SLTEC strains (eaeA or enterohemorrhagic E. coli hemolysin). The absence of virulence factors typical
of SLT-I- and SLT-II-producing E. coli together with the presence of SLT-IIe, a toxin previously seen only in
porcine E. coli, suggests a new pathogenic mechanism for E. coli O101 infection of humans. For diagnostic
purposes, we recommend the use of PCR primers and DNA probes complementary to slt-IIe to correctly identify
such strains and to further evaluate their role in human diseases.

Escherichia coli strains associated with hemorrhagic colitis
and hemolytic-uremic syndrome (HUS) typically produce Shi-
ga-like toxins (SLT), also called verocytotoxins. Cattle appear
to be the major natural reservoir for SLT-producing E. coli
(SLTEC) associated with human disease, and many outbreaks
traced to contaminated cattle products have been reported (8,
13). SLTEC from humans and cattle generally produce SLT-I,
which is homologous to the Shiga toxin of Shigella dysenteriae
type 1 (16, 22), and either SLT-II (16) or a variant of SLT-II
termed SLT-IIc (29). Genes encoding other alleles of the
SLT-II cytotoxin family, termed the edema disease principle
(7), SLT-IIv (34), or SLT-IIe (21), have been recently cloned
and sequenced from porcine E. coli (15, 34).
The E. coli strains which produce SLT-IIe usually belong to

serogroups O138, O139, and O141 and cause edema disease in
pigs (11). These strains are generally considered to be patho-
genic only to pigs and nonpathogenic to humans (11). How-
ever, SLTEC strains harboring slt genes which reacted in PCRs
with slt-IIe-specific primers have been recently isolated from a
patient with diarrhea (25) and from a patient with a case of
HUS (31). Interestingly, both patients yielded strains of sero-
group O101 that have never been reported among those asso-
ciated with edema disease in pigs. However, the porcine origin
of the O101 strains isolated from humans seems to be sup-
ported by the isolation of SLTEC O101 strains from the intes-
tinal contents of 4 of 242 healthy pigs in Italy (6).
Since the precise structure of the slt genes present in E. coli

O101 strains is unknown, we determined the complete se-
quence of the slt structural genes of five E. coli O101 strains of

human and porcine origin and further assessed their genetic
relatedness by DNA fingerprinting and analysis of virulence
factors.

MATERIALS AND METHODS

Bacterial strains. E. coli O101:H9 strain VUB-EH60 was isolated from a
patient with diarrhea in Belgium (25). Strains E-D42, E-D43, E-D53, and E-D68
were isolated in Italy from the intestinal contents of four different slaughtered
pigs from three different farms (6). Strains E-D43, E-D53, and E-D68 were of
serotype O101:H2, strain E-D42 was of serotype O101:H14. Additional strains
used for genetic analyses were E. coli lysogens C600 (H19J) and C600 (933W)
and wild-type strains E57 (O138), E32511 (O157), EDL933 (O157), 76/5 (O143),
HUS2/86 (O111), 4503/87 (O26), and WF96 (O7), which have been previously
described (4, 20). In addition, E. coli O139:H1 strain 2458 from a pig with edema
disease was used in Southern hybridization experiments.
PCR. Oligonucleotides and PCR conditions for amplification of slt-IB (28),

slt-IIB (14), and slt-IIeB (10) have been published previously. Primers FK5
(59-ATG AAG AAG ATA TTT GTA GCG-39) and FK6 (59-TTA ATT AAA
CTG CAC TTC AGC-39) were designed to amplify the B-subunit genes of
SLT-IIOX3 and SLT-IIO111 (24), and oligonucleotides FK7 (59-ATG AAG
AAG ATG ATT ATT GCA-39) and FK8 (59-TCA GTT AAA CTT CAC CTG
GGC-39) were used for amplification of slt-IIvaB (12). slt-IIeA was amplified
with primers FK9 (59-CCC GGA TCC ATG AAG TGT ATA TTG TTA-39) and
FK10 (59-CCC GAA TTC AGC ACA ATC CGC CGC CAT-39).
Bacterial DNA was prepared by incubating 10 ml of a bacterial suspension (104

bacteria) for 10 min at 958C. Amplifications were performed in a total volume of
50 ml containing 200 mM deoxynucleoside triphosphates (dATP, dCTP, dGTP,
and dTTP), 30 pmol of each primer, 5 ml of 10-fold-concentrated polymerase
synthesis buffer, and 2.5 U of Taq DNA polymerase (Amersham Laboratories,
Buckinghamshire, United Kingdom). After an initial denaturation step of 5 min
at 948C, the samples were subjected to 30 cycles of denaturation (948C, 30 s),
annealing (528C, 1 min), and extension (728C, 60 s), followed by a single, final
extension step of 5 min at 728C. A 5-ml volume of each PCR product was
subjected to submarine gel electrophoresis on a 1% agarose gel and visualized by
staining with ethidium bromide.
Rep-PCR. Preparation of intact bacterial cells for whole-cell repetitive ele-

ment sequence-based PCR (rep-PCR) has been described elsewhere (36).
Briefly, cells were cultivated in Luria-Bertani broth, centrifuged, washed in 1 M
NaCl, resuspended in 10 mM Tris–1 mM EDTA buffer (TE), and diluted in TE
until the A600 equaled 1.00. A 1-ml aliquot of each cell suspension was used for
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the PCR. For amplification of variable-length regions between interspersed
repetitive elements, the PCR primer ERIC2 was used (33). The primer was
obtained from Roth, Karlsruhe, Germany. Each 50-ml reaction mixture con-
tained 25 pmol of the ERIC2 primer; 1 ml of a whole-cell suspension; 0.20 mM
each dATP, dCTP, dGTP, and dTTP (Pharmacia LKB Biotechnology, Freiburg,
Germany); 4 mMMgCl2; and 2.5 U of TaqDNA polymerase (AmpliTaq; Perkin-
Elmer, Vaterstetten, Germany) in a buffer containing 10 mM Tris-HCl (ph 8.3),
50 mM KCl, and 0.001% (wt/vol) gelatin. Thermal cycling reactions consisted of
an initial denaturation step (958C, 5 min) followed by 30 cycles of denaturation
(948C, 1 min), annealing (408C, 1 min), and extension (728C, 2 min), and a single,
final extension step (728C, 10 min). Reactions took place in a dedicated auto-
mated DNA thermal cycler (GeneAmp 2400; Perkin Elmer). Negative controls
containing water in place of template DNA were run in parallel in each run.
An 8.0-ml volume of the PCR products was size fractionated by electrophoresis

in a 1.5% agarose gel containing 13 TBE (Tris-boric acid-EDTA) buffer and 0.5
mg of ethidium bromide per ml and then visualized and photographed under UV
light. The Boehringer VI marker was used as a size marker (Boehringer GmbH,
Mannheim, Germany). A digital image of the gel was taken by a videocamera
(INTAS, Göttingen, Germany). The digitized image was further analyzed by the
GelCompar software package (Applied Maths, Kortrijk, Belgium) for IBM/PC
computers. Calculation of the similarity matrix was done by the Pearson product-
moment correlation coefficient method (30). The hierarchic clustering was
achieved with the unweighted pair-group method with arithmetic averages clus-
tering algorithm (30). Principal-component analysis of the rep-PCR-generated
genomic fingerprints was also carried out with the GelCompar software.
DNA probes and Southern hybridization. Total bacterial DNAs of E. coli

O101 isolates and control strains were isolated and restricted with BamHI and
BglII in accordance with the manufacturer’s instructions. Hybridization experi-
ments with digoxigenin-labeled slt-IB-, slt-IIB-, and slt-IIeB-specific DNA probes
were performed under stringent conditions with the digoxigenin labeling and
detection kit (Boehringer) as previously described (28).
Cloning and nucleotide sequence analysis. The A and B structural genes were

cloned separately into vector pUC9 and subjected to Taq cycle sequencing. In
parallel, PCR products were purified with the Prep-a-gene purification kit (Bio-
Rad, Hercules, Calif.) as described by the manufacturer and then directly sub-
jected to sequence analysis. Sequence analysis was performed with the M13/pUC
sequencing and reverse sequencing oligonucleotides (Boehringer), internal prim-
ers were used to analyze the middle part of the DNA fragment. For sequencing
of the PCR products, the respective oligonucleotides were used as sequencing
primers. A total of 2 mg of the double-stranded DNA was subjected to Taq cycle
sequencing reactions with the Prism Ready Reaction Dye Deoxy Terminator
Cycle Sequencing kit (Applied Biosystems, Darmstadt, Germany) by following
the manufacturer’s instructions. Separation of sequencing products was per-
formed on 7% denaturing polyacrylamide gels in a 373A automatic sequencer
(Applied Biosystems). Nucleotide sequencing was carried out in triplicate and
analyzed with the DNASIS program, version 2.0, from Hitachi Software, San
Bruno, Calif.
Analysis for virulence factors. The O101 isolates were investigated for entero-

toxin genes, enterohemorrhagic E. coli (EHEC) hemolysin (Hly) the adhesion
factor intimin (eaeA), and the enteropathogenic E. coli adherence factor by PCR.
Samples were prepared in the same manner as described for amplification of the
slt genes. Primers and PCR conditions for detection of heat-stable and heat-
labile enterotoxins I were employed as described by Olsvik and Strockbine (23).
Oligonucleotides and amplification protocols for detection of EHEC hlyA (27),
eaeA (17), and the enteropathogenic E. coli adherence factor (9) have been
published elsewhere. F107 fimbriae were detected by agglutination assay with
anti-F107 antibodies following overnight growth at 378C in a 10% CO2 atmo-
sphere on Iso-sensitest agar plates (Oxoid, Wesel, Germany) with 0.062% al-
izarine yellow (Fluka, Neu-Ulm, Germany)–0.125% eosin (35). Determination of
the abilities of O101 strains to adhere to HEp-2 cells and the fluorescent actin
staining test were performed as described by Knutton et al. (18) with minor
modifications (17). The enterohemolytic phenotype of EHEC Hly (27) was
investigated as previously described (2).
Nucleotide sequence accession numbers. The nucleotide sequences of the

SLTs of O101 strains E-D42, E-D43, E-D53, and E-D68 were submitted to the
EBI data library and assigned accession numbers X81415 to X81418.

RESULTS

PCR and Southern hybridization of SLTEC O101. Human
E. coli O101 strain VUB-EH60 and porcine isolates E-D42,
E-D43, E-D53, and E-D68 were analyzed by PCR with primers
complementary to the published slt sequences. A positive PCR
result was obtained only with primer pairs FK1-FK2 and FK8-
FK9, which are complementary to slt-IIeB and slt-IIeA, respec-
tively.
Southern hybridization experiments with slt-IIeB as a probe

were performed with digested genomic DNAs of the five E. coli
O101 strains under study, as well as with control strains pos-

sessing slt-I, slt-II, and slt-IIe sequences. The resulting patterns
are shown in Fig. 1. No hybridization signal was observed for
either SLT-I-producing control strain C600 (H19J) (lane 1) or
SLT-II-producing strain C600 (933W) (lane 2). As shown in
lanes 3 and 9, the porcine E. coli O138 and O139 strains
demonstrated strong hybridization signals. DNA from human
E. coli O101 isolate VUB-EH60 yielded a hybridization signal
with a DNA fragment at approximately 5.1 kb (lane 4). The
probe also recognized single fragments in the DNAs from the
four porcine E. coliO101 strains (lane 5 to 8). O101:H2 strains
E-D43 (lane 6), E-D53 (lane 7), and E-D68 (lane 8) showed a
hybridization signal with a fragment of 5 kb. In contrast, the
probe recognized a DNA fragment of approximately 7 kb from
O101:H14 strain E-D42 (lane 5). When Southern hybridization
experiments with the strains analyzed in Fig. 1 were performed
with the slt-IB or the slt-IIB probe, hybridization was observed
only with DNA of the slt-I or the slt-II control strain, respec-
tively.
Nucleotide sequence analysis of slt genes of E. coli O101. To

subtype the slt genes present in the O101 strains more pre-
cisely, the A and B subunit genes resulting from PCR with
primer pairs FK8-FK9 and FK1-FK2, respectively, were cloned
into pUC9 and subjected to nucleotide sequence analysis. In
parallel experiments, the PCR products were directly subjected
to Taq cycle sequence analysis. Both methods gave identical
results. The slt genes of human isolate VUB-EH60 showed
complete homology to the published sequence (34) of SLTEC
O139 strain S1191. Porcine E. coli O101:H14 isolate E-D42
exhibited a single nucleotide difference from the published

FIG. 1. Southern hybridization of BamHI-BglII-restricted genomic DNA
with a digoxigenin-labeled slt-IIeB probe. E. coli C600 (H19J) (lane 1), C600
(933W) (lane 2), E57 (O138) (lane 3), VUB-EH60 (O101) (lane 4), E-D42
(O101) (lane 5), E-D43 (O101) (lane 6), E-D53 (O101) (lane 7), E-D68 (O101)
(lane 8), and 2458 (O139) (lane 9) are shown. Lanes M contained the 1-kb DNA
ladder (Gibco-BRL).
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slt-IIeB sequence at position 187 (data not shown). Compari-
son of the nucleotide sequences present in the three porcine E.
coli O101:H2 strains revealed complete identity with the pub-
lished slt-IIeB sequence. The A-subunit genes present in the E.
coli O101 isolates revealed several single aberrations from the
published slt-IIe DNA sequence but, nevertheless, showed
more than 99% similarity to the slt-IIeA subunit gene. In Fig.
2, the sites of amino acid changes within the SLTs of the five
O101 strains are shown and compared to the respective orig-
inal SLT-IIeA regions.
Rep-PCR analysis of E. coli O101 strains. The primer cor-

responding to a conserved DNA sequence of ERIC elements
annealed to genomic DNA and generated genomic fingerprints
of each strain (Fig. 3). Rep-PCR DNA fingerprints clearly
distinguished the E. coli O101 isolates from other SLTEC
isolates. The patterns obtained from the human and porcine
O101 strains were nearly congruent, whereas the fingerprints
of the other SLTEC isolates demonstrated no similarity.
Two clusters were obtained by the Pearson product-moment

correlation coefficient method and following unweighted pair-
group method with arithmetic averages clustering (Fig. 4). One
group contained all O101 isolates. Principal-component anal-
ysis also showed a distinct O101 group which clearly was dif-
ferent from all other groups and thus supporting the results

obtained from unweighted pair-group method with arithmetic
averages clustering (data not shown).
Analysis of virulence factors in SLT-IIe-producing E. coli.

All E. coli O101 strains were tested by PCR with primers
complementary to lt, st, EHEC Hly, eaeA, and the entero-
pathogenic E. coli adherence factor. These PCR analyses re-
vealed no evidence for the presence of these virulence factors.
In addition, all of the strains showed negative results in the
assay for EHEC Hly, as well as in the fluorescent actin staining
test, and were negative for F107 fimbriae.

DISCUSSION

Recently, SLT-IIe-producing E. coli strains of serogroup
O101 have been isolated from a patient with diarrhea in Bel-
gium (25) and from a patient with HUS in the United Kingdom
(31). In both cases, the porcine origin of the infecting strain
was not demonstrated, because no history of possible sources

FIG. 2. Amino acid sequence changes in the O101 SLTs compared with SLT-IIeA. Human isolate VUB-EH60 showed 100% homology to SLT-IIeA, whereas
porcine isolates E-D42, E-D43, E-D53, and E-D68 revealed single mutations at five sites within the A subunit. The B-subunit genes of all of the strains tested were
identical to the published slt-IIeB sequence (34), except for strain E-D42, which exhibited a single nucleotide difference at position 187.

FIG. 3. Rep-PCR-generated DNA fingerprints obtained with primer ERIC2
from different E. coli isolates. An 8.0-ml portion of each rep-PCR mixture was
loaded onto a 1.5% agarose gel. The resulting electrophoresis patterns of E. coli
isolates EDL933 (lane 1), 76/5 (lane 2), HUS2/86 (lane 3), 4503/87 (lane 4),
WF96 (lane 5), VUB-EH60 (lane 6), E-D53 (lane 7), E-D43 (lane 8), E-D42
(lane 9), and E-D68 (lane 10) are shown. Lanes M contained DNA molecular
size markers (Boehringer VI marker); the sizes are in base pairs.

FIG. 4. Dendrogram derived from ERIC2 rep-PCR data with the GelCom-
pare software package. The similarity matrix was calculated by the Pearson
product-moment correlation method, and hierarchic clustering was achieved
with the unweighted pair-group method with arithmetic averages clustering al-
gorithm. The similarity scale is above the dendrogram.
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of infection was available for the patients. However, SLTEC
strains have been isolated from healthy pigs in Italy, suggesting
that pigs are a natural reservoir of O101 SLTEC and that pork
products may be contaminated with and transmit pathogenic
strains (6). In this study, the SLTEC O101 strains from humans
and pigs were compared by rep-PCR, which revealed a high
degree of genetic relatedness. This makes the porcine origin of
human O101 SLTEC strain VUB-EH60 very likely. The rep-
PCR method proved to be a valuable and powerful tool for
epidemiological analysis. We chose the Pearson correlation
coefficient and not a band-based similarity coefficient (e.g., the
coefficient of Jaccard or Dice) for numerical comparison, be-
cause the Pearson coefficient has proved to be the most objec-
tive and reliable measure of similarity (32). This coefficient is
by far the most robust one, as it does not rely on subjective
band detection and matching criteria, because it compares
entire densitometric curves rather than band characteristics.
We demonstrated that the structural slt genes of the O101

strains were either identical or nearly identical to that previ-
ously published for the slt-IIe genes of the O139 SLTEC strains
typically associated with edema disease (34). Comparison of
the nucleotide sequence of the slt-IIe genes with those of slt-II
showed 94% homology and 80% homology for the A and B
subunits, respectively. SLT-IIe preferentially binds to globo-
tetraosylceramide, whereas SLT-II produced by human and
bovine strains binds predominantly to globotriaosylceramide.
The impact of the distribution of globotriaosylceramide on the
clinical manifestations of SLTEC infection has been the sub-
ject of several studies (3, 5, 26). Site-directed mutagenesis of
the B subunit of slt-IIe changes the target distribution of SLT-
IIe in piglets (5). Conversely, little is known regarding the
distribution of globotetraosylceramide in human tissues, which
could have an important role in determining the localization
and intensity of toxin-induced damage during infections with
SLT-IIe-producing E. coli. Only recently was it shown that
SLT-I, SLT-II, and SLT-IIe bind efficiently to human erythro-
cytes in vitro (3). Interestingly, SLT-IIe binds to human eryth-
rocytes with even higher efficiency than does SLT-I or SLT-II
(3). Erythrocytes seem either to be a vehicle for SLT or to
compete with SLT receptors on endothelial cells. Boyd et al.
(5) have shown that erythrocyte binding of SLT-IIe prolonged
toxin circulation after intravenous injection into pigs. How-
ever, those investigators could not demonstrate protection of
the experimental pigs against toxin-mediated damage of endo-
thelial cells (5).
Although SLTEC strains pathogenic to pigs often harbor

genes that encode the production of adhesins (1, 35, 37) and
enterotoxins (20, 37), the O101 isolates described here were
negative in PCR analysis for the genes for heat-stable and
heat-labile enterotoxins I and did not produce the F107 fim-
briae found in O139 strains that cause edema disease (1, 35).
In addition, other virulence characteristics of human SLTEC,
such as the presence of the eaeA gene (38), positivity in the
fluorescent actin staining test on HEp-2 cells (18), and pro-
duction of the EHEC Hly (27), could not be detected. The
absence of the eaeA determinant and of the ability to adhere to
Hep-2 cells has been reported for SLTEC strains associated
with hemorrhagic colitis or HUS and belonging to serogroups
such as O18, O91, O113, O117, and O145 (19). Similarly,
SLTEC strains associated with edema disease in pigs do not
cause attaching and effacing lesions and do not possess the
eaeA gene, but some of them express fimbrial adhesins and
attach to the intestinal mucosa in a fashion similar to that
displayed by enterotoxigenic E. coli (1). Further investigation
of the adhesion properties of O101 strains is needed.
SLTEC O101 strains appear to be nonpathogenic to pigs,

since they have been isolated from healthy animals (6) but not
from diseased animals. Many SLTEC serotypes which have
been firmly associated with human disease, including the most
dangerous serotype, O157:H7, seem to be innocuous to adult
cattle (6, 13). If this is also true for O101 SLTEC strains, it
could have important epidemiologic and hygienic implications
in the preparation of food from porcine sources. Further in-
vestigations are required to evaluate the frequency of SLT-IIe-
producing E. coli in human infections. To address this issue, it
is important that PCR primers and DNA probes complemen-
tary to SLT-IIe DNA sequences be included in the tools for
laboratory diagnosis of SLTEC infections to correctly identify
these strains.
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