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Ten sorbitol-fermenting Escherichia coli 0157 strains that cause infantile diarrhea and are positive in the
fluorescence actin staining test were determined to be negative for Shiga-like toxin (SLT) genes. We amplified
their complete eae genes, contrasting them with those of SLT-producing E. coli 0157 by restriction fragment
length polymorphism analysis and nucleotide sequence analysis of a 400-bp stretch of the 3’ end of eae. The
data substantiated the presence of two eae genotypes within serogroup 0157, one resembling eae of
enteropathogenic E. coli (EPEC) strain E2348/69, found in nontoxinogenic E. coli 0157 strains, and the other
resembling eae of EHEC strain EDL 933, found in toxinogenic E. coli 0157 strains. Another EPEC-specific
virulence determinant was also shown to be large plasmids harboring EPEC adherence factor sequences. The
SLT-negative E. coli 0157 strains described here fall under the heading of EPEC, which serves as an
explanation for their virulence in infants, and represent a third pathogroup within serogroup 0157.

Identification of virulence genes in Escherichia coli strains
has led to better understanding of the pathogenesis of
diarrheal diseases caused by these organisms, providing a
new dimension to their diagnostics. This identification has
also allowed these strains associated with enteric disease to
be categorized more plausibly than by conventional serotyp-
ing. Furthermore, the occurrence of distinct pathogroups
could be shown within one serogroup (18). This also applies
to strains of serogroup 0157, which can now be broken
down into three pathogroups based on the various virulence
determinants expressed by them. (i) Enterohemorrhagic E.
coli (EHEC) H7 and H~ strains, which produce Shiga-like
toxin (SLTs) as obligatory virulence factors, harbor large
plasmids which favor adherence to intestinal cells and pos-
sess the intimin-coding gene eae, which is important for
attaching-and-effacing lesions. A comparison of EHEC eae
and enteropathogenic E. coli (EPEC) eae genes showed a
major divergence in the 3’ ends of the genes. EHEC 0157
strains cause hemorrhagic colitis (HC) and hemolytic uremic
syndrome (HUS), resulting in very serious outbreaks of
these diseases throughout the world (5, 11, 13, 17, 21, 23). (ii)
Enterotoxigenic E. coli strains of various H-antigen types
express K88 fimbriae and enterotoxins. They are associated
mainly with colibacillosis in pigs (22). (iii) A hitherto uncat-
egorized pathogroup of E. coli 0157 strains is associated
with infantile diarrhea (ID) and has no demonstrable siz
genes but a capacity to induce a positive fluorescence actin
staining (FAS) test. In this study, we characterized their eae
genes and discovered that they closely resemble the EPEC
eae gene. Without doubt, this pathogroup must be catego-
rized as EPEC because of the presence of EPEC adherence
factor (EAF), thus representing a third pathogroup within
serogroup 0157.

The sources and characteristics of the 20 FAS test-
positive E. coli 0157 strains used in this study are given in
Table 1. In addition, we used EPEC O127:H6 isolate E2348/
69, 0157:H7 strain EDL 933, and five FAS test-negative E.
coli 0157 strains that produce H antigens 19 and 43 (1, 2) or
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are nonmotile. The DNA probes used to detect slt genes
were a 282-bp polymerase chain reaction (PCR) product
from the sit-IB subunit gene, derived from amplification of
strain C600(H19J) with primers specific for siz-IB, and a
288-bp PCR fragment from the s/z-IIB gene, which was
derived from amplification of E. coli C600 (933W) with
primers complementary to siz-IIB (6). The CVD 419 probe
was a 3.4-kb HindIII fragment (15), and the EAF probe was
a 1-kb Sall-BamHI fragment (16). The eae probe used here
was an 863-bp DNA fragment of the conserved region seen
in EPEC and EHEC eae genes resulting from amplification
of DNA from strain E 2348/69 with primer pair SK1-SK2
(10). Probe fragments were excised from Tris acetate-
EDTA-agarose gels and randomly labeled with digoxigenin
as described in the Boehringer manual (Boehringer GmbH,
Mannheim, Germany). For amplification of the whole EPEC
eae gene (2,817 bp), primers LP1 (5'-ccc ggg atc cat gat tac
tca tgg ttt tt-3') and LP2 (5'-ccc gaa ttc tta ttt tac aca agt
ggc-3') were deployed, whereas primer LP3 (5'-ccc gaa ttc
tta ttc tac aca aac cgc-3') in combination with LP1 was used
to amplify the entire EHEC eae gene (2,802 bp). The precise
PCR conditions were as follows. The samples were incu-
bated at 94°C for 45 s to denature the DNA, at 48°C for 1 min
to anneal the primers, and at 72°C for 150 s to extend the
annealed primers. Amplifications were performed in a total
volume of 50 pl containing deoxynucleoside triphosphates at
200 pM, 50 pmol of each primer, 5 pl of 10-fold-concentrated
polymerase synthesis buffer, and 2.5 U of Tag DNA poly-
merase (Amersham Laboratories, Buckinghamshire, United
Kingdom). To confirm the identity of the eae PCR products
and to distinguish between EHEC and EPEC eae genes,
restriction enzyme (RE) analysis with PstI and Haelll was
performed. Total genomic DNA was digested with EcoRI
and separated by agarose gel electrophoresis. Plasmids were
prepared from 30-ml overnight cultures grown in Luria broth
by using the Quiagen plasmid midi kit (Diagen, Diisseldorf,
Germany). The FAS test was performed as described previ-
ously (10). For nucleotide sequence analysis, the eae genes
of EPEC and EHEC strains were amplified with primer pairs
LP1-LP2 and LP1-LP3, respectively, to obtain the 2.8-kb
PCR products comprising the entire eae genes. PCR prod-
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TABLE 1. Sources and phenotypic and genotypic characteristics of FAS test-positive E. coli O157 strains used in this study

Hybridization with gene

Stain  Serotype  Disease associated with strain _ Sorbitol probe PCR result Classification based on
(source or reference) fermentation fragments
slt CVD 419 EAF LP1-LP2 LP1-LP3
589/90 O157:H7 HC (1) - + + - - + EHEC
356/89 0157:H7 HC (1) - + + - - + EHEC
4220/87  O157:H7 HC (2) - + + - - + EHEC
634/88 0157:H7 HC (1) - + + - - + EHEC
5769/87  0O157:H7 HUS (2) - + + - - + EHEC
703/88 0157:H™ HUS (1) + + + - - + EHEC
425/88 O157:H~ HUS (1) + + + - - + EHEC
493/89 O157:H™ HUS (10) + + + - - + EHEC
817/90 O157:H™ HUS (1) + + + - - + EHEC
658/91 O157:H™ HUS (10) + + + - - + EHEC
202/88 0157:H45 ID (10) + - - + + - EPEC
966/89 0157:H45 ID (10) + - - + + - EPEC
904/90 0157:H45 ID (1) + - - - + - EPEC
006/91 0157:H45 ID (10) + - - + + - EPEC
1083/87  0O157:H45 ID (1) + - - + + - EPEC
159/91 0157:H45 ID (this study) + - - + + - EPEC
423/92 0157:H45 ID (this study) + - - + + - EPEC
132491 O157:H™ ID (this study) + - - + + - EPEC
2814/91 O157:H™ ID (this study) + - - + + - EPEC
3504/92 O157:H- ID (this study) + - - + + - EPEC

¢ RFLP, restriction fragment length polymorphism.

ucts were separated on 0.8% agarose gels. Gel slices with the
appropriate fragments were excised, and the DNA was
purified with a gene clean kit (Dianova, Hamburg, Germany)
as described by the manufacturer. One microgram of the
double-stranded PCR product was subjected to Taq cycle
sequencing reactions by using the Prism Ready Reaction
DyeDeoxy Terminator Cycle Sequencing kit (Applied Bio-
systems, Darmstadt, Germany). Briefly, 9.5 ul of a termina-
tor premixture (containing 4 pl of reaction buffer, 1 ul of a
deoxynucleoside triphosphate mixture, 1 pl of DyeDeoxy A
[900 uM], 1 pl of DyeDeoxy T [450 pM], 1 pl of DyeDeoxy
G [15 pM], 1 pl of DyeDeoxy C [4 pM], and 0.5 ul [4 U] of
AmpliTaq DNA polymerase), template DNA (1 pg), and 3.2
pmol of primer LP3 were mixed in a 0.6-ml reaction tube that
was filled with water to a final volume of 20 pl. The tube was
placed in a thermal cycler preheated to 96°C and subjected to
25 cycles with the following parameters: 96°C for 15 s, 55°C
for 15 s, and 60°C for 4 min. The cycle sequencing products
were extracted with phenol-chloroform and ethanol precip-
itated. The resulting DNA pellets were dissolved in 4 pl of a
mixture of formamide and 50 mM EDTA (pH 8.0) at a ratio
of 5:1. Separation of sequencing products was performed on
7% denaturing polyacrylamide gels in an A737 automatic
sequencer (Applied Biosystems). Sequence analyses were
carried out in triplicate with the DNAsis program, version
2.0, from Pharmacia LKB.

The E. coli O157 strains listed in Table 1 comprise clinical
isolates with and without s/t genes that all had positive FAS
tests. They were therefore subjected to PCR analysis to
establish the presence of eae. We managed to amplify the
complete eae gene of EPEC control strain E2348/69 by
deploying primer pair LP1-LP2. Likewise, we amplified the
complete eae gene of EHEC control strain EDL 933 with
primer pair LP1-LP3. With the latter primer pair, however,
PCR provided a fragment of the expected size only with all
of the SLT-producing E. coli 0157 strains, whereas the

nontoxinogenic E. coli O157 strains surprisingly indicated a
positive PCR result with primer pair LP1-LP2 (Table 1). The
FAS-negative E. coli O157:H~ H19 and H43 strains did not
react at all with any of the primer pairs (data not shown). To
establish differentiation within the eae genes of the E. coli
0157 strains listed in Table 1, RE analysis of the PCR
products was performed with PstI and HaellIl. Within the 20
strains, we observed only two restriction fragment length
polymorphism profiles with each of these enzymes. All of
the SLT-producing O157:H strains had PszI and Haelll RE
profiles identical to those obtained after analysis with strain
EDL 933 (Fig. 1, lanes 1 and 5). The second eae RE profile
is represented by all of the nontoxinogenic E. coli 0157
strains and is identical to the profile of strain E2348/69 (Fig.
1, lanes 2 and 6). Two representative PstI and Haelll RE
analyses of the eae genes from nontoxinogenic E. coli 0157
strains are depicted in Fig. 1, lanes 3 and 4 and 7 and 8. This
direct comparison clearly reveals RE pattern identity to the
eae gene of strain E2348/69, suggesting the presence of two
eae genotypes among strains of E. coli serogroup 0157. In
addition to PCR and restriction fragment length polymor-
phism analyses, the nucleotide sequence of a 400-bp stretch
of the 3’ end of the eae genes was determined for two
nontoxinogenic E. coli 0157 strains. The data from these
analyses (Fig. 2) revealed 99.3% homology for the eae gene
of strain 904/90 and 99.8% homology for the eae gene of
strain 1083/87 compared with the published nucleotide se-
quence (9) for this specific region of the eae gene of strain
E2348/69. In contrast to these results, homologies of only
52.8 and 53.4% for the above-described strains were re-
vealed when they were compared with the published nucle-
otide sequence (23) of strain EDL 933.

To localize the eae genes in nontoxinogenic E. coli 0157
strains, Southern blot hybridization of total DNA with the
eae probe was performed. As can be seen from Fig. 3B,
lanes 7 to 10, one type of hybridization signal, 7 kb long, was
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FIG. 1. RE analysis of the complete eae genes of EHEC strain
EDL 933 with Pstl (lane 1) and Haelll (lane 5) and EPEC strain
E2348/69 with the same enzymes (lanes 2 and 6, respectively). The
Pstl pattern of eae of nontoxinogenic E. coli O157 strains 1083/87
and 3504/92 are depicted in lanes 3 and 4, and their respective
Haelll patterns are in lanes 7 and 8. Lane M contained molecular
size markers.

detected. For categorization as an EPEC strain, besides eae,
EAF sequences are mostly present (5). We therefore tested
the strains listed in Table 1 by colony blot hybridization for
EAF and CVDA419 sequences; the latter are characteristic of
EHEC. Of the 10 nontoxinogenic, FAS-positive E. coli 0157
strains, 9 hybridized with the EAF probe but not with the
CVDA419 probe (Table 1). Conversely, all of the SLT-pro-
ducing 0157 strains reacted with the CVD419 probe but not
with the EAF probe (Table 1). To locate the EAF sequences,
plasmids were isolated, separated by electrophoresis, blot-
ted onto nylon membranes, and hybridized with either the
EAF or the CVD419 probe. Figure 4A, B, and C shows the
resultant plasmid profiles, the hybridization pattern with the
EAF probe, and the hybridization pattern with the CVD419
probe, respectively. A plasmid present in the nontoxino-
genic E. coli 0157 strains, estimated to be approximately 95
kb long hybridized with the EAF probe (Fig. 4B, lanes 1, 3,
and 5), whereas hybridization signals with EAF were absent
with the 90-kb plasmids (Fig. 4B, lanes 2 and 4) from the two
SLT-producing E. coli 0157 strains used as controls here.
On the other hand, with the CVD419 probe, specific signals
occurred with the plasmids from the SLT-producing E. coli
0157 strains (Fig. 4C, lanes 2 and 4) but not with the
plasmids from the nontoxinogenic strains (Fig. 4C, lanes 1,
3, and 5). The bands of about 50 kb that hybridized in
addition to the large plasmids probably represent other
conformations of the same plasmids also present in plasmid
preparations of laboratory strains transformed with 90-kb
plasmids (11).

It was the search for sorbitol-fermenting SLT-producing
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FIG. 2. Comparison of the nucleotide sequences of a 400-bp
stretch from the 3’ end of the eae structural gene of strain E2348/68
(top line) with those of the eae genes of O157:H45 strain 904/90,
O157:H45 strain 1083/87, and O157:H7 strain EDL 933. Dashes
indicate nucleotides identical to the eaze gene of strain E2348/69.
Dots represent residues for which nucleotides were absent and were
inserted with the DNAsis software for better homology.

B TCC- GGGG----T- T--A-ACTC- A-=-==T====

E. coli 0157, which is an important enteric pathogen in
Germany (1, 6, 10), that revealed sorbitol-fermenting E. coli
0157 strains that were nontoxinogenic. Because these
strains were obtained from infants suffering from diarrhea
and we were unable to find any other pathogens in the stool
samples, the question of whether these strains had any
potential virulence arose. This was demonstrated by the
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FIG. 3. Agarose gel electrophoresis (A) and Southern blot anal-
ysis (B) with the eae probe of EcoRI-digested total cellular DNA
isolated from FAS-negative E. coli 0157:H19 and H43 strains (lanes
1 and 3), from FAS-positive, SLT-producing O157:H7 strains (lanes
2, 4, 5, and 6), and from FAS-positive but sit-negative E. coli
0157:H45 and O157:H™ strains (lanes 7 to 10). Lanes M contained
molecular size markers.
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FIG. 4. Agarose gel electrophoresis of plasmids from SLT-pro-
ducing E. coli O157:H7 strains and nontoxinogenic E. coli O157:H45
strains (A) and Southern blot analysis with digoxigenin-labeled EAF
(B) and CVDA419 (C) probes. Lanes: 1, 3, and 5, plasmids from
FAS-positive, nontoxinogenic O157 strains; 2 and 4, plasmids from
SLT-producing 0157 strains. The arrow indicates the location of the
90-kb plasmid.

presence of eae, a positive FAS test, and the presence of
plasmids harboring EAF sequences. In agreement with the
proposal of Donnenberg and Kaper (5) to define EPEC on
the basis of the above-mentioned virulence determinants and
not by membership in a classical enteropathogenic serotype,
we found that nontoxinogenic E. coli 0157 strains must be
categorized as EPEC. Therefore, it is unlikely that they
represent isolates that lost their sit genes during subcultiva-
tion, a phenomenon frequently observed in non-O157 strains
(12). The homology of their eae genes with the eae gene
found in EPEC O127:H6 strain E2348/69 supports the con-
cept, over and above the O antigens, that EPEC strains are
clonally related organisms that share a high degree of ho-
mology in their virulence genes (5). From tissue culture
assays, human volunteer studies, and epidemiological find-
ings, there is ample evidence that EAF plasmids are vital for
potentiation of diarrheal disease (4, 5, 7, 8, 14, 16). They
were shown to be necessary for efficient adherence (7, 16);
for enhanced production of the eae gene product termed
intimin (8), which is involved in attaching-and-effacing le-
sions; and for internalization by epithelial cells (3, 4), which
seems to be induced by tyrosine phosphorylation of eucary-
otic proteins (19). Although the clinical significance of inva-
sion in EPEC pathogenesis is not fully clear, in this context
it will be of interest to determine whether sorbitol-ferment-
ing E. coli O157 strains also possess this capacity. Scotland
et al. (20) described nontoxinogenic E. coli O157:H8 strains
that were FAS test positive. These strains hybridized with
the eae probe but, in contrast to the strains described here,
not with the EAF probe. Our finding of large plasmids in
nontoxinogenic E. coli O157:H45 strains was also made by
Wells et al. (21), who described the first outbreaks of E. coli
O157:H7. In this context, they compared plasmids of E. coli
0157:H7 with plasmids of E. coli strains of other H types,
among them four E. coli O157:H45 isolates of which three
contained a large plasmid. It is possible that their strains also
harbor eae and EAF. The absence of the EAF plasmid in 1
of our 10 FAS test-positive E. coli O157 strains suggests the
loss of this plasmid during subcultivation or in the host, a
phenomenon already known in EPEC strains (14).

Until we were aware of EAF and eae sequences, we
classified sorbitol-fermenting E. coli O157 isolates with no
demonstrable SLT genes as nonpathogenic. In at least a
portion of strains, this diagnosis was misleading. As a
consequence, we now perform the eae PCR on SLT-nega-
tive E. coli O157 strains. Since the eae genes are stably
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expressed, in contrast to EAF, this procedure is thought to
be slightly more sensitive than EAF detection. Our findings
presented here should stimulate further epidemiological re-
search on nontoxinogenic E. coli O157 strains to ascertain
their importance in ID.

We thank Jiirgen Heesemann for helpful discussions and Barbara
Plaschke and Beatrix Henkel for excellent technical assistance.

This work was supported by grant Ka-717-2 from the Deutsche
Forschungsgemeinschaft.

REFERENCES

1. Aleksic, S., H. Karch, and J. Bockemiihl. 1992. A biotyping
scheme for Shiga-like (Vero) toxin-producing Escherichia coli
0157 and a list of serological cross-reactions between O157 and
other gram-negative bacteria. Int. J. Med. Microbiol. Virol.
Parasitol. Infect. Dis. 276:221-230.

2. Béhm, H., and H. Karch. 1992. DNA fingerprinting of Esche-
richia coli O157:H7 strains by pulsed-field gel electrophoresis.
J. Clin. Microbiol. 30:2169-2172.

3. Donnenberg, M. S., A. Donohue Rolfe, and G. T. Keusch. 1989.
Epithelial cell invasion: an overlooked property of enteropatho-
genic Escherichia coli (EPEC) associated with the EPEC adher-
ence factor. J. Infect. Dis. 160:452-459.

4. Donnenberg, M. S., A. Donchue Rolfe, and G. T. Keusch. 1990.
A comparison of HEp-2 cell invasion by enteropathogenic and
enteroinvasive Escherichia coli. FEMS Microbiol. Lett. 5§7:83-
86.

5. Donnenberg, M. S., and J. B. Kaper. 1992. Enteropathogenic
Escherichia coli. Infect. Immun. 60:3953-3961.

6. Gunzer, F., H. Bohm, H. Riissmann, M. Bitzan, S. Aleksic, and
H. Karch. 1992. Molecular detection of sorbitol-fermenting
Escherichia coli O157 in patients with hemolytic-uremic syn-
drome. J. Clin. Microbiol. 30:1807-1810.

7. Jerse, A. E., K. G. Gicquelais, and J. B. Kaper. 1991. Plasmid
and chromosomal elements involved in the pathogenesis of
attaching and effacing Escherichia coli. Infect. Immun. §9:3869-
3875.

8. Jerse, A. E., and J. B. Kaper. 1991. The eae gene of entero-
pathogenic Escherichia coli encodes a 94-kilodalton membrane
protein, the expression of which is influenced by the EAF
plasmid. Infect. Immun. §9:4302-4309.

9. Jerse, A. E., J. Yu, B. D. Tall, and J. B. Kaper. 1990. A genetic
locus of enteropathogenic Escherichia coli necessary for the
production of attaching and effacing lesions on tissue culture
cells. Proc. Natl. Acad. Sci. USA 87:7839-7843.

10. Karch, H., H. Bohm, H. Schmidt, F. Gunzer, S. Aleksic, and J.
Heesemann. 1993. Clonal structure and pathogenicity of Shiga-
like Toxin-producing, sorbitol-fermenting Escherichia coli
0157:H". J. Clin. Microbiol. 31:1200-1205.

11. Karch, H., J. Heesemann, R. Laufs, A. D. O’Brien, C. O.
Tacket, and M. M. Levine. 1987. A plasmid of enterohemor-
rhagic Escherichia coli O157:H7 is required for expression of a
new fimbrial antigen and for adhesion to epithelial cells. Infect.
Immun. 55:455-461.

12. Karch, H., T. Meyer, H. Riissmann, and J. Heesemann. 1992.
Frequent loss of Shiga-like toxin genes in clinical isolates of
Escherichia coli upon subcultivation. Infect. Immun. 60:3464—
3467.

13. Knutton, S., T. Baldwin, P. H. Williams, and A. S. McNeish.
1989. Actin accumulation at sites of bacterial adhesion to tissue
culture cells: basis of a new diagnostic test for enteropathogenic
and enterohemorrhagic Escherichia coli. Infect. Immun. 57:
1290-1298.

14. Levine, M. M., J. P. Nataro, H. Karch, M. M. Baldini, J. B.
Kaper, R. E. Black, M. L. Clements, and A. D. O’Brien. 1985.
The diarrheal response of humans to some classic serotypes of
enteropathogenic Escherichia coli is dependent on a plasmid
encoding an enteroadhesiveness factor. J. Infect. Dis. 152:550-
559.

15. Levine, M. M., J. G. Xu, J. B. Kaper, H. Lior, V. Prado, B. Tall,
J. Nataro, H. Karch, and K. Wachsmuth. 1987. A DNA probe to



4898

16.

17.

18.

19.

NOTES

identify enterohemorrhagic Escherichia coli of O157:H7 and
other serotypes that cause hemorrhagic colitis and hemolytic
uremic syndrome. J. Infect. Dis. 156:175-182.

Nataro, J. P., M. M. Baldini, J. B. Kaper, R. E. Black, N. Bravo,
and M. M. Levine. 1985. Detection of an adherence factor of
enteropathogenic Escherichia coli with a DNA probe. J. Infect.
Dis. 152:560-565.

O’Brien, A. D., T. A. Lively, T. W. Chang, and S. L. Gorbach.
1983. Purification of Shigella dysenteriae 1 (Shiga)-like toxin
from Escherichia coli O157:H7 strain associated with haemor-
rhagic colitis. Lancet i:573.

@rskov, F., and 1. @rskov. 1992. Escherichia coli serotyping and
disease in man and animal. Can. J. Microbiol. 38:699-704.
Rosenshine, I., M. S. Donnenberg, J. B. Kaper, and B. B. Finlay.
1992. Signal transduction between enteropathogenic Esche-
richia coli (EPEC) and epithelial cells: EPEC induces tyrosine

20.

21.

22.

INFECT. IMMUN.

phosphorylation of host cell proteins to initiate cytoskeletal
rearrangement and bacterial uptake. EMBO J. 11:3551-3560.
Scotland, S. M., G. A. Willshaw, T. Cheasty, and B. Rowe. 1992.
Strains of Escherichia coli 0157:H8 from human diarrheoea
belong to attaching and effacing class of E. coli. J. Clin. Pathol.
45:1075-1078.

Wells, J. G., B. R. Davis, 1. K. Wachsmuth, L. W. Riley, R. S.
Remis, R. Sokolow, and G. K. Morris. 1983. Laboratory inves-
tigation of hemorrhagic colitis outbreaks associated with a rare
Escherichia coli serotype. J. Clin. Microbiol. 18:512-520.
Wilson, R. A., and D. H. Francis. 1986. Fimbriae and entero-
toxins associated with Escherichia coli serogroups isolated from
pigs with colibacilliosis. Am. J. Vet. Res. 47:213-217.

. Yu, J., and J. B. Kaper. 1992. Cloning and characterization of

the eae gene of enterohaemorrhagic Escherichia coli O157:H7.
Mol. Microbiol. 6:411-417.



