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The sequence of a verocytotoxin 2 (VI2) variant gene that was untypeable by the B subunit PCR and
restriction fragment length polymorphism analysis (PCR-RFLP) method described by Tyler et al. (S. D. Tyler,
W. M. Johnson, H. Lior, G. Wang, and K. R. Rozee, J. Clin. Microbiol. 29:1339-1343, 1991) was determined
and compared with published sequences. It was highly homologous to two recently reported VI2 variant
sequences. The PCR-RFLP method described by Tyler et al. was extended to include these new sequences. New
VT2 variants were identified in 65 of 359 VT-producing Escherichia coli (VTEC) with newly designed primers
(VI2-cm and VT2-f) and were characterized as well by restriction analysis of the amplification products
obtained with another VT2-specific primer pair (VI2-e and VT2-f). The VT genes harbored by 64 of these
isolates proved to be untypeable by Tyler’s PCR-RFLP method because no amplification was obtained with the
primers used with this method (VT2-c and VT2-d). The last isolate harbored the new variant gene in addition
to VI2vh-a. None of the isolates harboring these new toxin genes belonged to serogroups 0157, 026, 0103,
O111, and O145. All 65 isolates were negative for the eaed gene and were significantly less frequently
enterohemolytic or positive for the enterohemorrhagic E. coli (EHEC) virulence plasmid than non-0157 VTEC
isolates harboring other VT2 genes. They were also less frequently isolated from patients with EHEC-
associated symptoms. The extended PCR-RFLP typing method is a useful tool to identify less-virulent VTEC

isolates and for VT genotyping in epidemiological studies with non-O157 strains.

Verocytotoxins (VT), also called Shiga-like toxins and Shiga
toxins (ST), are cytotoxins produced by some Escherichia coli
strains, known as VT-producing E. coli (VTEC), ST-producing
E. coli, or enterohemorrhagic E. coli (EHEC) (17). These
organisms cause diarrhea, often bloody and sometimes com-
plicated by hemorrhagic colitis and/or hemolytic uremic syn-
drome (HUS). No consensus about toxin nomenclature has
been reached (1, 10), and VT and ST are used synonymously.
The most-common serotype of this category of diarrheagenic
E. coli is O157:H7, but more than 100 serotypes of E. coli were
shown to produce these toxins (13). In addition to the produc-
tion of cytotoxins, the most pathogenic VTEC strains harbor
accessory virulence factors, such as the eae4 gene (needed for
the production of attachment-effacement lesions), the produc-
tion of enterohemolysin, and a high-molecular-weight plasmid
called EHEC virulence plasmid (27).

VT were classified in two major classes, VT1 and VT2, based
on toxin-neutralization and DNA hybridization tests. Although
the VTI class is very homogeneous, three subtypes of VT2
were identified: VT2, VT2c, and VT2e (32). VT2e, the first-
described VT2 variant toxin, is produced mainly by VITEC
serotypes associated with edema disease in swine (14) and has
rarely been identified in human isolates (26, 35). An important
characteristic of this porcine variant toxin is toxicity to Vero
cells but not to HeLa cells. Several other VT2 variant toxins,
generally not toxic to HeLa cells, were identified in human
isolates and were classified as VT2c (18).

Primers can be used to amplify specifically VT1, VT2, or
VT2e genes (9, 30). For differentiation of the human VT2
variants, Tyler et al. (38) described a genotyping method based
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on the restriction fragment length polymorphism (RFLP) anal-
ysis of a B-subunit-encoding DNA fragment obtained by PCR.
This method classifies human VT2 genes in three groups: VT2,
VT2vh-a, and VT2vh-b. The latter two groups correspond to
two VT2c genes sequenced by Ito et al. (6), vix2ha and vex2hb.
We applied Tyler’s typing method successfully to numerous
human and animal VTEC isolates (27, 28), but 64 strains
positive with primers VT2-a and VT2-b (indicating the pres-
ence of a VT2 gene or of one of the human variants) and
VT2-vl and VT2-v2 primers (indicating the presence of a hu-
man VT2 variant) could not be further typed because no am-
plification was obtained with primers VI2-c and VT2-d, which
amplify the DNA fragment needed for the RFLP analysis. In
this study, the gene present in one human isolate was se-
quenced and compared to the numerous published sequences
of VT genes (2, 6-8, 12, 15, 21-24, 31, 33, 34, 39), and the
PCR-RFLP genotyping method of Tyler et al. was expanded by
including three new primers. This new PCR-RFLP method was
applied to 359 human and animal isolates, including the 64
strains with untypeable VT2 genes. In addition, to evaluate the
pathogenicity of the strains harboring the new VT2 genes, the
presence of accessory virulence factors was determined for all
isolates studied.

[Preliminary data were presented as a poster at the 3rd
International Symposium and Workshop on Shiga Toxin
(Verocytotoxin)-Producing Escherichia coli Infections, Balti-
more, Md., 22 to 26 June 1997.]

MATERIALS AND METHODS

Bacterial strains. Three hundred fifty-nine VTEC isolates—97 O157 strains
(95 human and 2 animal isolates) and 262 non-O157 strains (185 human and 77
animal isolates)—isolated during several studies performed in Belgium from
1987 to 1996 were analyzed (25, 27-29). Except for four non-O157 isolates from
bovine stools, all animal strains were from meat samples. E. coli EH250 is one of
the 64 strains whose VT gene was not typeable by Tyler’s PCR-RFLP method. Its
O antigen is not typeable, and its flagellar antigen is type H12 (serotype Ount:
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TABLE 1. Primers used for typing VT genes
Size of
Pl;;lrer Sequence (5’ to 3") Gene specificity Location within gene a;rlg(ljllfj;d lszsegz:;:
(bp)
VTl-a GAA GAG TCC GTG GGA TTA CG VT1 From nucleotide 860 of A-subunit- 130 Pollard et
VT1-b AGC GAT GCA GCT ATT AAT AA coding region to nucleotide 31 al. (30)
of B-subunit-coding region
VT2-a TTA ACC ACA CCC ACG GCA GT VT2, VI2vh-a, VI2vh-b, From nucleotide 188 to nucleotide 346  Pollard et
VT2-b GCT CTG GAT GCA TCT CTG GT  VT2d-Ount, VT2d-OX3a 533 of A-subunit-coding region al. (30)
VT2-c  AAG AAG ATG TTT ATG GCG GT VT2, VI2vh-a, VI2vh-b From nucleotide 4 of B subunit 285  Tyler et
VT2-d CAC GAA TCA GGT TAT GCC TC region to nucleotide 21 of al. (38)
upstream region
VT2v-1 CAT TCA GAG TAA AAG TGG CC VT2vh-a, VI2vh-b, VT2d-Ount, From nucleotide 110 of B-subunit- 385  Tyler et
VT2v-2 GGG TGC CTC CCG GTG AGT TC VT2d-OX3a coding region to nucleotide 225 al. (38)
of upstream region
VT2-e AAT ACA TTA TGG GAA AGT AAT WAT2, VT2vh-a, VT2vh-b, From nucleotide 883 of A-subunit- 348  This study
VT2-f TAA ACT GCA CTT CAG CAA AT VT2d-Ount, VT2d-OX3a coding region to nucleotide 259
of B-subunit-coding region
VT2-cm AAG AAG ATA TTT GTA GCG G  VT2d-Ount, VI2d-OX3a From nucleotide 4 to nucleotide 256  This study
VT2-f TAA ACT GCA CTT CAG CAA AT 259 of B subunit region
VTe-a CCT TAA CTA AAA GGA ATA TA VT2e From nucleotide —25 downstream 230 Johnson
VTe-b CTG GTG GTG TAT GAT TAA TA to nucleotide 205 of A-subunit- et al. (9)

coding region

H12). This strain was isolated in our laboratory in 1995 from the stools of a
9-year-old girl presenting with abdominal cramps but no diarrhea and is depos-
ited under accession number LMG 18459 in the BCCM/LMG bacterium collec-
tion, Universiteit Gent, Ghent, Belgium. Polymyxin extracts of this strain pre-
pared and tested as described previously (29) were moderately cytotoxic to Vero
cells (50% cytotoxic dose [CDsp] in titers per milliliter [20]), 200) but not to
HeLa cells (50% cytotoxic dose in titers per milliliter, <100).

Sequencing of the VT gene of one VTEC isolate. The VT gene of strain EH250
was amplified with two 17-mer oligonucleotide primers fitting all known VT
sequences described by Paton et al. (24). The protocol of these authors was used
with one modification: the annealing temperature was increased from 46 to 56°C
to prevent the appearance of nonspecific DNA fragments. Double-strand se-
quencing was performed by Eurogentec Bel, Seraing, Belgium, by using an
ABI377-based fluorescent sequencing protocol. The resulting sequence was an-
alyzed and compared to other VT sequences with GeneCompar software (Ap-
plied Maths, Kortrijk, Belgium). This sequence (VT2d-Ount) and two others that
clustered in a distinct group within the VT2 variant sequences (see Results) will
be referred to in this study as VT2d genes, also comprising VT2d-OX3a (23), and
VT2d-O111 (24).

VT2 variant B subunit gene PCR-RFLP. The VT genotypes harbored by the
VTEC isolates were identified by separate PCRs with specific primers presented
in Table 1. Primer VT2-cm, a modification of primer VT2-c, was designed in this
study specifically to fit VT2d variant sequences in combination with primer
VT2-f. Bacterial suspensions were used without pretreatment in a PCR mixture
by denaturation for 5 min at 94°C and subsequently underwent 30 cycles of
amplification with denaturation for 25 s at 94°C, annealing for 50 s at 55 or 45°C
(for VT2e reactions only), and primer extension for 26 s at 72°C in a GeneAmp
PCR system 9600 DNA thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.).
The amplified DNA was analyzed by electrophoresis through a 2% agarose gel
and visualized by ethidium bromide staining. Appropriate positive and negative
controls were used in each run. The B subunit genes of strains positive with
primers VT2-a and VT2-b—specific for VT2 and its human variants—were
subtyped by Tyler’s PCR-RFLP method (38), which identifies VT2, VT2vh-a,
and VT2vh-b. In addition, the fragment obtained with primers VT2-e and VT2-f,
designed in this study to fit the sequences of VT2 and all human variants, was
digested by enzymes Haelll and Pvull to confirm the identification of VT2d
genes and to identify sequences related to VT2d-OX3a and VT2d-Ount. The
expected sizes of the restriction fragments obtained by PCR-RFLP are shown in
Table 2.

Accessory virulence factors. E. coli hemolysins were detected as described
before (27) by comparison of hemolysis on CaCl,-washed and unwashed blood
agar. Three phenotypes were distinguished as follows: enterohemolysis, alpha-
hemolysis, and absence of hemolysis. The eae4 gene was detected by PCR with

AE 9 and AE 10 primers (5), and EHEC virulence plasmid sequences were
detected with primers MFS1F and MFSIR (4).

Statistical tests. Statistical analysis was performed by using Yates corrected
chi-squared tests or, if an expected value was less than 5, the one-tailed Fisher
exact test.

Nucleotide sequence accession number. The sequence of the VT gene of strain
EH250 (VT2d-Ount) has been submitted to the GenBank database under ac-
cession no. AF043627.

RESULTS

Sequence of the VT2 gene of strain EH250 and comparison
with other VT sequences. After elimination of the 17 nucleo-
tides at the 5" and 3’ ends corresponding to the sequences of
the primers used to amplify the DNA fragment, a sequence of
1,470 bp (the VT2d-Ount sequence) was obtained. It contained
two open reading frames (bp 177 to 1133 and 1149 to 1409)
coding for polypeptides of 319 amino acids (putative A sub-
unit) and 87 amino acids (putative B subunit), respectively.
Comparison with VT2 sequences available in the GenBank
and EMBL databases revealed that VT2d-Ount was more ho-
mologous to sequences sltII-OX3a (accession no. X65949) and
sitII-O111 (accession no. L11078), called VT2d-OX3a and
VT2d-O111, respectively, in this study. By alignment of the
A-subunit-coding region of VT2d-Ount with VT2d-OX3a and
VT2d-O111, 29- and 30-nucleotide differences, corresponding
to 8- and 9-amino-acid changes, respectively, were identified.
The B-subunit-coding regions of VI2d-Ount and VT2d-O111
were identical, while only one nucleotide difference was ob-
served with the B-subunit-coding region of VT2d-OX3a, re-
sulting in one amino acid change.

The homology between the sequence of VT2d-Ount and
those of the other VT genes most representative of the A- and
B-subunit-coding regions is shown in Fig. 1 and 2, respectively.
For the A subunit, as expected, VT1 was clearly distant from
all VT2 sequences (61.0 to 62.5% homology) and VT2e was
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TABLE 2. Sizes of the restriction fragments used for RFLP analysis
Size(s) of fragment(s) in genes coding for B subunit (bp)
Primers used to Restriction VT2e VT2d
amplify fragment enzyme VT2
VT2vh-a VT2vh-b VT2d-Ount VT2d-OX3a

VT2-c, VT2-d* Haelll 285 161, 124 161, 124

Rsal 216, 69 136, 80 (69)° 216, 69

Ncil 285 285 159, 126
VT2-e, VT2 Haelll 348 216, 132 216, 132 216, 132 167, 132 (49)b

Pvull 323 (25)b 323 (25)” 250, 73 (25)b 200, 120 (28)b 200, 120 (28)1’

¢ This primer pair was used according to the method of Tyler et al. (38).

® This fragment did not resolve or was too small to be clearly visible under the electrophoresis conditions used.

92.0 to 94.4% homologous to the other VT2 sequences. Two
groups of highly homologous A subunit sequences were
present: group 1 with VT2 and the two VT2c variants
(VT2vh-a and VT2vh-b), which were 99.1 to 99.2% homolo-
gous to each other; and group 2 with the three VT2d variants,
which were 96.9 to 99.9% homologous to each other. The
individual sequences of these two groups were 93.4 to 96.0%
homologous to the sequences in the other group. For the B
subunit sequences, again as expected, VT1 was very distant
from the VT2 sequences (64.0 to 65.1% computed homology)
and VT2e was only 80.1 to 84.7% homologous to the other
VT2 sequences. As for the A subunit, the sequences of the
different VT2c and VT2d variants formed two distinct groups,
but in contrast to the A subunits, the homology was higher
within group 2 (99.6 to 100%) than within group 1 (95.9 to
98.5%). The individual sequences of these two groups were
86.2 to 89.3% homologous to the sequences in the other group.
Other published VT2 variant sequences (12, 15, 24, 31) are not
shown in the figures but were all related to group 1 for both the
A and the B subunits. By Tyler’s PCR-RFLP method they
would be assigned to subgroups VT2, VT2vh-a, and VT2vh-b.

Detection of VT2d sequences in VTEC isolates. To include
the sequences mentioned above, the PCR-RFLP verocytotoxin
B subunit identification method of Tyler et al. (38) was ex-

tended as described in Materials and Methods (Tables 1 and 2)
by the addition of three primers combined into two pairs.
Three hundred forty-four of the 359 VT-producing isolates
analyzed in this study could be assigned to a VT genotype or to
a combination of VT genotypes, as shown in Table 3. RFLP
results for the last 15 isolates did not fit the patterns shown in
Table 2 and are referred as VI2vh atypical. New VT2d vari-
ants were identified in all 64 strains with previously untypeable
genes, in addition to one strain in which VT2d-Ount was
present in combination with VT2vh-a. None of the strains
previously shown to harbor only a VI1 or VI2e gene was
positive for the new VT2 variants.

Correlation between the presence of VI2d sequences and
other virulence factors. All 65 strains with sequences that were
identified as VT2d by the present PCR-RFLP method, alone
or in combination with other VT genes, belonged to sero-
groups other than O157 and were negative for the eae4 gene
(Table 3), while 10 (15%) were positive by PCR for the se-
quences of the EHEC virulence plasmid and 22 (34%) were
enterohemolytic. The correlation between the presence of ac-
cessory virulence factors and the presence of VT2d sequences
in non-O157 VT2-producing isolates is shown in Table 4. An
association was found between the presence of a VT2d gene
and the absence of the eae4 gene or the EHEC plasmid in

100
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FIG. 1. Dendritic representation of A subunit nucleotide sequence homology. The nucleotide sequence of the A-subunit-coding region of the following genes were
compared: VT1 (nucleotide sequence accession no. M16625) (2), VT2 (nucleotide sequence accession no. X07865) (7), VI2vh-a and VT2vh-b (not present in
databases) (6), VT2e (nucleotide sequence accession no. M21534) (39), VT2d-OX3a (nucleotide sequence accession no. X65949) (23), VT2d-O11 (nucleotide sequence
accession no. L11078) (24), and VT2d-Ount (nucleotide sequence accession no. AF043627) (this study).
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FIG. 2. Dendritic representation of B subunit nucleotide sequence homology. See the legend for Fig. 1 for nucleotide sequence accession number for the sequences

containing the B-subunit-protein-coding region.

human isolates but not in animal isolates. There was also a
negative association between the presence of a VI2d gene and
EHEC-associated clinical symptoms in 83 of the 90 patients
with non-O157 isolates for whom clinical data were available.
Twenty-six of 45 VT2-producing isolates (58%) that did not
harbor VT2d genes were from patients with either uncompli-
cated diarrhea (20 patients) or HUS (6 patients), while only 11
of the 38 VT2d-producing isolates (29%) were from patients
with uncomplicated diarrhea and none were from patients with
HUS (x* = 19.7, P = 0.0000093). When only HUS was con-
sidered, this difference was still statistically significant (Fisher’s
exact test, P = 0.022).

Strains of neither serogroup O157 (97 isolates) nor other
more-pathogenic serogroups such as 026 (20 isolates), 0103
(15 isolates), O111 (13 isolates), and O145 (8 isolates) were
positive for VT2d sequences.

DISCUSSION

There are no or only a few nucleotide differences between
the VT1 genes that were sequenced from different wild-type
VTEC strains and the ST gene of Shigella dysenteriae type 1,
resulting in toxins that are identical or differ by only a few
amino acids (22, 33, 34). However, sequences of toxins of the

TABLE 3. Results of VT genotyping

No. and type of isolate in indicated group

VT genotype Total no. Serogroup 0157 Other O serogroups
Human Animal Human Animal
VT1 118 0 0 95 23
VT2 42 16 0 14 12
VT2vh-a 33 27 1 4 1
VT2vh-b 9 0 0 5 4
VT2vh atypical® 15 0 0 12 3
VT2 + VT2vh-a 32 28 0 3 1
VT2 + VT2vh-b 6 0 0 1 5
VT2d-Ount 23 0 0 15 8
VT2d-OX3a 3 0 0 1 2
VT2vh-a + VT2d-Ount 1 0 0 0 1
VT1 + VT2 5 3 0 1 1
VT1 + VT2vh-a 21 20 1 0 0
VT1 + VT2vh-b 4 0 0 1 3
VT1 + VT2vh-atypical” 1 0 0 1 0
VT1 + VT2d-Ount 38 0 0 28 10
VT1 + VT2 + VT2vh-a 1 1 0 0 0
VT1 + VT2 + VT2vh-b 1 0 0 1 0
VT2e 6 0 0 4 2
Total 359 95 2 186 76

¢ Positive with VT2v1 and VT2v-2 primers and negative with VT2-cm and VT2-f primers, but restriction of amplicons obtained with VI2-c and VT2-d primers and

with VT2-e and VT2-f primers does not fit predicted RFLP patterns.
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TABLE 4. Accessory virulence factors in non-O157 isolates positive for any VT2 gene included in this study
No. of isolates positive for virulence factor/no. of
Origin of isolates Virulence factor isolates tested (%) X2 P
With VT2d gene Without VT2d gene
Human eaeA 0/44 (0) 16/46 (35) 16.31 0.000054
EHEC plasmid 8/44 (18) 21/46 (46) 6.56 0.010
Enterohemolysin 16/44 (36) 21/46 (46) 0.46 NS¢
Animal eaeA 0/21 (0) 1/32 (3) NA® NS
EHEC plasmid 2/21 (10) 6/32 (19) NA NS
Enterohemolysin 6/21 (29) 10/32 (31) NA NS

“ NS, not significant.

® NA, not applicable; the expected value was less than 5. The Fisher exact test was used to determine the P value.

VT2 class, found in E. coli and in Citrobacter freundii and a few
Enterobacter spp. (21, 37), exhibit important natural variation,
as shown in Fig. 1 and 2, leading to a number of variant toxins
that were classified as VT2, VT2c, and VT2e (1). LeClerc et al.
(11) demonstrated high mutation frequencies in 0157 EHEC,
a factor that could explain the emergence of multiple VT2
genes but that does not explain why VT1 genes are much less
variable.

Sequencing of the VT2 gene of strain EH250, one of the 64
strains that could not be typed by Tyler’s method due to lack of
amplification with primers VT2c¢ and VT2-d, showed that it
was very homologous to two VT2 variant sequences reported
by Paton et al. (23, 24). After Tyler’'s RFLP-PCR method was
extended by the addition of two new primer pairs, all 64 strains
with previously untypeable VT genes proved to possess one of
the new variant genes, VT2d-Ount or VT2d-OX3a, and one
isolate was already positive for VI2vh-a. In addition, the VT2
genes of 15 other strains were atypical: the RFLP patterns of
the amplicons obtained with primers VI2-c and VT2-d and
primers VT2-e and VT2-f did not fit the predicted patterns.
These atypical genes seem to more closely resemble VT2c
variants, since amplification was obtained with primers VT2-v1
and VT2-v2 and not with primers VT2-cm and VT2-f. This
result confirms that sequence variation in VT2 genes is fre-
quent.

Some data suggest that toxin type could be important in
determining the probability of developing HUS. Animal stud-
ies have shown that naturally occurring VT2 sequence varia-
tion may have a direct impact on the capacity of a given VTEC
to cause disease (20). In humans, strains producing VT2 class
toxins resulted in HUS more frequently than did VT1 produc-
ers (19, 25). However, the VT2d variant toxins we identified in
many of our strains are probably less pathogenic for humans.
The two VT2d-related variant toxins described by Paton et al.
(23, 24) showed a low cytotoxicity to Vero cells, as did the
isolate we sequenced. Paton et al. showed also that VT2d-
O111 was associated with the lowest oral virulence for strep-
tomycin-treated mice, although VT2d-OX3a showed an oral
virulence that was almost as high as that of other VT2 toxins
(20). It must also be noted that the new VT2 variant genes
were not detected in O157 or the other most-virulent VTEC
serotypes, 026, 0103, O111, and O145. We compared clinical
symptoms in patients with strains harboring the new VT2 vari-
ants (all non-O157) to those in patients with strains harboring
other non-O157 VT2-positive strains and not with those in
patients with non-O157 strains producing only VT1, since the
latter were previously shown to harbor accessory virulence
factors more frequently (27). VT2d-positive isolates were less
frequently associated with diarrhea and HUS. This lower

pathogenicity could be due not only to the lower cytotoxicity of
these toxins but also to the lack of accessory virulence factors
in VT2d-producing strains. The presence of VT2d sequences
could indeed be only a marker for less-pathogenic strains. In
any case, the absence of known accessory virulence factors
should be interpreted cautiously, since it has been shown that
alternative virulence factors can be present in some fully
pathogenic strains, such as O113:H21, which possesses distinct
binding properties (3), or O111:H2, which is enteroaggregative

(16).
The extended PCR-RFLP typing method described in this
study could be used to identify some less-virulent VTEC iso-
lates. It might be useful as well for subtyping non-O157 strains
in epidemiological studies, as has been shown for VT genotyp-
ing of O157 strains (36).
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