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Six characteristic regions (I to VI) were identified in Shiga toxin 2 (Stx2) phages (T. Sato, T. Shimizu, M.
Watarai, M. Kobayashi, S. Kano, T. Hamabata, Y. Takeda, and S. Yamasaki, Gene 309:35-48, 2003). Region V,
which is ca. 10 kb in size and is located in the upstream region of the Stx operons, includes the most distinctive
region among six Stx phages whose genome sequences have been determined. In this study, we developed a
PCR-restriction fragment length polymorphism (RFLP) assay for the epidemiological analysis of Shiga toxin-
producing Escherichia coli (STEC) on the basis of the diversity of region V. When region V was amplified by
long and accurate-PCR (LA-PCR) with five control E. coli strains carrying six different Stx phages such as
E. coli strains C600 (Stx1 phage), C600 (933W phage), C600 (Stx2 phage-I), C600 (Stx2 phage-II), and O157:H7
Sakai strain RIMD0509952 (VT1-Sakai phage and VT2-Sakai phage), an expected size of the band was ob-
tained. Restriction digest of each PCR product with BglI or EcoRV also gave the expected sizes of banding
patterns and discriminated the RFLPs of five control strains. When a total of 204 STEC O157 strains were
analyzed by LA-PCR, one to three bands whose sizes ranged from 8.2 to 14 kb were obtained. Two STEC O157
strains, however, did not produce any bands. Subsequent restriction digest of the PCR products with BglI or
EcoRV differentiated the RFLPs of 202 STEC O157 strains into 24 groups. The RFLP patterns of pulsed-field
gel electrophoresis (PFGE) of representative strains of STEC O157 divided into 24 groups were well correlated
with those of PCR-RFLP when STEC O157 strains were isolated in the same time period and in the close
geographic area. To evaluate the PCR-RFLP assay developed here, ten strains, each isolated from four different
outbreaks in different areas in Japan (Tochigi, Hyogo, Aichi, and Fukuoka prefecture), were examined to de-
termine whether the strains in each group showed the same RFLP patterns in the PCR-RFLP assay. In ac-
cordance with the results of PFGE except for strains isolated in an area (Fukuoka), which did not produce any
amplicon, ten strains in each group demonstrated the same RFLP pattern. Taken together, these data suggest
that the PCR-RFLP based on region V is as useful as PFGE but perhaps more simple and rapid than PFGE
for the molecular epidemiological analysis of STEC strains during sporadic and common source outbreaks.

Infection with Escherichia coli O157:H7 was first recognized
in the United States when two outbreaks of an unusual gas-
trointestinal illness characterized by sudden onset of severe
crampy abdominal pain and grossly bloody diarrhea, desig-
nated hemorrhagic colitis, occurred in Oregon and Michigan in
1982 (43). This rare serotype, O157:H7, was found to produce
a cytotoxin that was toxic to HeLa and Vero cells, and was
neutralized by antibody against Shiga toxin (Stx) produced by
Shigella dysenteriae type 1 (37). Therefore, the cytotoxin was
designated Vero toxin (VT) or Stx and the E. coli strain have
since been called as Vero cytotoxin-producing E. coli (VTEC)
(22) or Shiga toxin-producing E. coli (STEC) (7).

Several virulence factors of STEC have been reported, such
as the locus of enterocyte effacement (32, 41), which has genes
for producing both attachment and effacement lesions (9) and
a type III secretion system (18), EHEC hemolysins (5), an iron
transportation system (28, 34), and Stx (37, 50). Recently,

STEC autoagglutinating adhesin was found in an LEE-nega-
tive STEC O113:H21 strain isolated from hemolytic-uremic
syndrome (HUS) patient (39) and has thus far been detected in
only non-O157 STEC strains (19, 27). Among these, Stx is the
most important virulence factor in STEC and is broadly di-
vided into two groups, namely, Stx1 and Stx2, on the basis of
their immunological properties (37, 50). Stx1 is identical or
almost identical to Stx produced by S. dysenteriae type 1 (37,
50). Stx2 is immunologically different from Stx1 but biologi-
cally and physicochemically similar to Stx1 (37, 50). Stx1 and
Stx2 consist of two subunits that include one molecule of A
subunit and five molecules of B subunits. B subunit is respon-
sible for binding to Gb3 which is the receptor molecule of Stx.
A subunit is responsible for toxic activity and has an RNA
N-glycosidase activity (37, 50). The stx1 and stx2 genes have
been reported to be encoded on lambdoid phage, the so-called
Stx phage (13, 57).

Since 1982, a number of outbreaks and sporadic cases of
STEC infection have been reported all over the world (8, 11,
24, 29, 58, 60), and STEC has become recognized as an emerg-
ing human pathogen. Much attention has been focused on this
group of organisms because STEC infection can cause life-
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threatening sequelae such as hemorrhagic colitis, HUS, and
neurological disorders, particularly in infants and elderly peo-
ple (23, 55). In 1996, the largest outbreak caused by STEC
O157:H7 occurred in Japan (33). Although the number of
large outbreaks caused by STEC has diminished since 1996,
the number of sporadic cases, including diffuse outbreaks
caused by a single clone in different areas, has increased (52–
54). Therefore, it is important to rapidly identify the strain
associated with diffuse outbreaks.

Complete genome sequences of E. coli O157:H7 strains
933W and RIMD0509952 have been determined by two inde-
pendent groups (12, 40). Ohnishi et al. (38) further analyzed
genomic diversity of STEC O157 strains by whole-genome
PCR scanning and reported that bacteriophages are the most
diverse region in the O157 genome. Thus far, the entire ge-
nome sequences of at least seven Stx phages have been deter-
mined (30, 35, 42, 47, 48, 62). Comparison of the entire ge-
nome sequences of four different Stx2 phages genomes has
revealed six characteristic regions (I to VI) (48). Moreover,
regions I to VI were also located in Stx1 phage; however, only
regions II, V, and VI were found in VT1-Sakai phage (T. Sato
and S. Yamasaki, unpublished data). Among these, region V is
the most distinct portion in the entire phage genome and is
located in the upstream region of the Stx2 operons that is
responsible for the immunity and replication. Therefore, tar-
geting region V in Stx phage is the most reasonable for mo-
lecular typing.

In the present study, we developed a rapid and simple DNA
fingerprinting method by means of a PCR-restriction fragment
length polymorphism (RFLP) assay for the molecular epide-
miological analysis of STEC strains on the basis of previously
reported diversity of region V in Stx phage genome (48). Fur-
thermore, we evaluated whether the PCR-RFLP assay devel-
oped here could be utilized for the epidemiological analysis of
STEC strains with isolates from recent outbreaks that have
occurred in Japan.

(This study was performed in partial fulfillment of the re-
quirements of a Ph.D. thesis for K. Shima from the Graduate
School of Agriculture and Biological Sciences, Osaka Prefec-
ture University, Osaka, Japan.)

MATERIALS AND METHODS

Bacterial strains and growth media. Bacterial strains used in the present study
are listed in Table 1. The source of STEC O157 strains used in the present study
was either clinical or nonclinical. E. coli strains were grown either on L agar or
in L broth.

Chemicals and enzymes. Chemicals were purchased either from Nacalai
Tesque (Kyoto, Japan), Wako Pure Chemical Industries (Tokyo, Japan), or
Sigma Chemical Co. (St. Louis, Mo.). Restriction enzymes, Takara LA Taq, and
LA PCR kit version 2 were purchased from Takara Shuzo (Kyoto, Japan). Bacto
tryptone and yeast extract used for preparation of medium were purchased from
Difco Laboratories (Detroit, Mich.). Pulsed-field certified agarose, low-melting-
point preparative-grade agarose, Seakem GTG agarose and Seakem HGT (for
high gelling temperature) agarose were from either Bio-Rad (Hercules, Calif.) or
Takara Shuzo. Molecular weight makers were purchased from Bio-Rad, Takara
Shuzo, or Invitrogen (Carlsbad, Calif.).

PCR-RFLP. Long and accurate PCR (LA-PCR) was performed by using an
LA-PCR Kit version 2 (Takara Shuzo). The primer sequences were as follows:
primer 1, 5�-GACATTGCTCCGTGTATTCACTCGTTGGAA-3�; and primer
2, 5�-ATTTTGCATTTCCTTCGCGCTGGTTTAGCC-3�. The reaction began
with denaturation for 1 min at 94°C, followed by 30 cycles of replication (20 s at
98°C and 10 min at 68°C) and final extension at 72°C for 10 min by using a
GeneAmp PCR System 2400 (Perkin-Elmer, Wellesley, Mass.). The PCR prod-

ucts were analyzed by 0.4% agarose gel electrophoresis with HGT agarose or by
field inversion gel electrophoresis with 1.0% pulsed-field certified agarose gel in
0.5� TBE (45 mM Tris-HCl, 45 mM boric acid, 1.0 mM EDTA [pH 8.0]) buffer
for 32.26 h, followed by ethidium bromide staining. Then, a 5-kb DNA ladder
(Invitrogen) was used as the molecular mass standard. The run condition was
generated by the autoalgorithm mode of CHEF Mapper pulsed-field gel elec-
trophoresis (PFGE) system with a size range of 6 to 15 kb. The PCR products
were further restriction digested for 2 h either by 10 U of BglI or 8 U of EcoRV
and then analyzed by 1.5% agarose gel electrophoresis or by field inversion gel
electrophoresis with 1.0% pulsed-field certified agarose gel in 0.5� TBE buffer
for 20.41 h, followed by ethidium bromide staining. Then, a 1-kb DNA ladder
(Invitrogen) and �HindIII digest (Takara Shuzo) were used as the molecular
mass standard. The run condition was generated by the autoalgorithm mode of
CHEF Mapper PFGE system with a size range of 1 to 10 kb for the BglI digest
or 1 to 6 kb for the EcoRV digest, followed by ethidium bromide staining. A
model 1000 Mini-Chiller (Bio-Rad) was used to maintain the temperature of the
buffer at 14°C. The photograph of the ethidium bromide staining gel was taken
by Gel-Doc 2000 (Bio-Rad).

PFGE. PFGE was performed by using essentially the same protocol as de-
scribed previously (59). Briefly, the genomic DNAs of the various E. coli O157
strains were prepared in agarose plugs. Agarose blocks containing genomic DNA
were equilibrated in restriction enzyme buffer for 1 h at room temperature and
cleaved in fresh buffer at the appropriate incubation temperature. For complete
digests of the DNAs, 50 U of XbaI or ApaI was used. PFGE of the inserts was
performed by using the contour-clamped homogenous electric field method on a
CHEF Mapper system (Bio-Rad) in 0.5� TBE buffer for 40.24 h. As recom-
mended (45, 49), 50 �M thiourea was included in the PFGE running buffer when
smearing bands were obtained. A DNA size standard � ladder (Bio-Rad) was
used as the molecular mass standard, and a model 1000 Mini-Chiller was used to
maintain the temperature of the buffer at 14°C. Run conditions were generated
by the autoalgorithm mode of the CHEF Mapper PFGE system with a size range
of 20 to 300 kb.

TABLE 1. E. coli strains used in this study

Strain or origin Serotypea No. of
strainsb

Presence (�)
or absence (�)

of genec

stx1 stx2

C600 NA 1 � �
C600 (Stx 1 �) NA 1 � �
C600 (Stx2 �-I) NA 1 � �
C600 (Stx2 �-II) NA 1 � �
C600 (933W) NA 1 � �
RIMD0509952

(Sakai strain)
O157:H7 1 � �

Okayama, Japan O157 48 � �
O157 1 � �

Osaka, Japan O157 37 � �
O157 2 � �

Gifu, Japan O157 2 � �
Gobou, Japan O157 6 � �
Hiroshima, Japan O157 3 � �
Nagano, Japan O157 62 � �

O157 1 � �
O157 1 � �

United States O157 26 (6) � �
O157 3 (2) � �
O157 2 (2) � �

Canada O157 7 � �
O157 3 � �

Tochigi, Japan O157:H7 10 � �
Hyogo, Japan O157:H7 10 � �
Aichi, Japan O157:H7 10 � �
Fukuoka, Japan O157:H- 10 � �

a NA, not applicable.
b Numbers in parentheses indicate the number of strains isolated from beef or

beef products.
c The stx1 and stx2 genes were detected by colony hybridization as described in

Materials and Methods.
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Colony hybridization test. Colony hybridization test was carried out as de-
scribed previously (61) with nitrocellulose membrane (Schleicher & Schuell,
Dassel, Germany) under high-stringency conditions. For stx1- and stx2-specific
polynucleotide probes, an internal 0.9-kb HincII-HpaI fragment of the stx1 gene
(61) and an internal 0.86-kb PstI-SmaI fragment of the A subunit of the stx2 gene
(15) were used. These fragments were labeled by the random priming method by
using Multiprime DNA labeling system (Amersham Biosciences Corp. Piscat-
away, N.J.) and [�-32P]dCTP (Perkin-Elmer). The radioactivity was visualized by
using BAS FLA-3000 (Fujifilm, Tokyo, Japan).

RESULTS

PCR-RFLP. To develop a PCR-RFLP assay for the epide-
miological analysis of STEC strains, we focused on the diver-
sity of region V of Stx phages (48), and a set of PCR primers
that can amplify region V, located upstream of Stx2 operons,
was designed (Fig. 1). When the genomic DNA of five control
strains was amplified by LA-PCR and the products were ana-
lyzed by 0.4% agarose gel electrophoresis, the five control
strains that carry known Stx phages, including E. coli strains
C600 (Stx1 phage), C600 (Stx2 phage-I), C600 (Stx2 phage-II),
C600 (933W phage), and E. coli O157:H7 Sakai strain
RIMD0509952 (VT1-Sakai phage and VT2-Sakai phage) gave
expected sizes of the bands such as 9.3, 11, 10.5, 11, and 8.5 and
10.5 kb, respectively (Fig. 2A). No band was obtained with E.
coli C600, which was used as the negative control. Since several
BglI and EcoRV sites are present in region V as shown in Fig.
1B, the PCR products were further restriction digested by BglI
or EcoRV, and the digests were further analyzed by 1.5%
agarose gel electrophoresis. When digested by BglI, three to
seven bands were visible, and RFLP patterns of the five control
strains were different (Fig. 2B). When digested by EcoRV,
although C600 (Stx2 phage-I) and C600 (933W phage) showed
identical RFLP patterns, five to seven bands were visible and
the RFLP patterns of four control strains out of five were

different (Fig. 2C). Since the PCR-RFLP assay was able to
differentiate five control strains (particularly with BglI) on the
basis of their RFLP patterns, a total of 204 STEC O157 strains,
including 194 clinical and 10 nonclinical strains isolated in
Japan, Canada, and the United States, were analyzed by LA-
PCR. When amplified by LA-PCR, one to three bands were
obtained from 202 STEC O157 strains (Fig. 3A). However, two
strains did not produce any bands. As shown in Fig. 3A, nine
STEC strains produced one band whose sizes ranged from 8.25
to 12.5 kb. Two bands whose sizes ranged from 8.2 to 14 kb
were obtained from 13 STEC strains. Three bands whose sizes
ranged from 8.3 to 11.5 kb were obtained from two STEC
strains. The PCR products were further digested by BglI or
EcoRV, and the digests were analyzed by field inversion gel
electrophoresis. BglI digest gave 3 to 11 bands whose sizes
ranged from 500 bp to 9.6 kb (Fig. 3B) and EcoRV digest gave
4 to 13 bands whose sizes ranged from 450 bp to 5.0 kb (Fig.
3C). In some case, the bands were visible on the display but
very faint on the photograph. Therefore, the results are sum-
marized in Table 2. Restriction digests of BglI or EcoRV
clearly differentiated the RFLP patterns of 202 STEC strains
into 24 types.

Colony hybridization test. Colony hybridization test was
used to examine if 204 STEC strains carry stx1 and stx2 genes or
either the stx1 gene or the stx2 gene. As shown in Table 2, three
STEC strains grouped in 13-M harbored only the stx1 gene.
Eight STEC strains grouped in 6-F, 9-I, 11-K, 17-Q, 18-R,
23-W, and 24-X harbored only the stx2 gene. Two STEC strains
that were not typed by LA-PCR also harbored the stx2 gene
only. However, 191 STEC strains clustered into the other 16
groups harbored both the stx1 and the stx2 genes.

PFGE. A total of 101 representative strains were randomly
selected out of 202 STEC O157 strains differentiated into 24

FIG. 1. (A) Restriction map of the Stx2�-I genome and the location of the six characteristic regions (I to VI). B and X represent BamHI and
XhoI, respectively. Arrows indicate the location of primers. (B) Restriction map of region V in six Stx phages. Bg and E represent BglI and EcoRV,
respectively.
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groups by PCR-RFLP, and the typing result obtained by PFGE
was compared to that obtained by PCR-RFLP. First, the
genomic DNAs of each representative STEC O157 strain from
24 groups were digested by XbaI, and the RFLP patterns of
each strain were analyzed by PFGE. The PFGE pattern of
three strains could not be analyzed due to smearing; thus, we
reanalyzed the three strains with running buffer containing
thiourea. The RFLP patterns of 24 STEC O157 strains ob-
tained by PFGE were clearly differentiated, and the result was
well correlated with that of PCR-RFLP (data not shown). To
confirm the correlation between PCR-RFLP and PFGE typing

results, RFLP patterns obtained by XbaI digestion of addi-
tional 77 STEC O157 strains, including 17 strains from 1-A, 24
strains from 2-B, 19 strains from 3-C, 11 strains from 4-D, 4
strains from 10-J, and 2 strains from 12-L, were further ana-
lyzed by PFGE. In general, the typing results obtained by
PFGE correlated well with those obtained by PCR-RFLP in
STEC strains isolated in the same time period and in a nearby
geographic area (data not shown). However, there was one
case in which the RFLP pattern of PFGE was identical but the
PCR-RFLP yielded different results. Namely, one strain iso-
lated in Okayama belonging to 1-A had RFLP patterns iden-
tical to those obtained by PFGE of a strain isolated in Nagano
which, however, was determined to belong to 3-C when it was
digested by either XbaI or ApaI, as shown in Fig. 4. When
region V was amplified by LA-PCR, different amplicon sizes
were obtained. In addition, a restriction digest of the PCR
products by BglI or EcoRV distinguished these two strains as
1-A and 3-C, indicating that the PCR-RFLP assay may give
better resolution than PFGE in some cases.

Evaluation of PCR-RFLP with outbreak strains. We at-
tempted to evaluate the PCR-RFLP assay with STEC strains
isolated from four different outbreaks that occurred in Tochigi,
Hyogo, Aichi, and Fukuoka prefecture in Japan in 2002 and
were identified as caused by a clone when examined by PFGE
(J. Terajima and H. Watanabe, unpublished). When the region
V in 10 Tochigi strains was amplified by LA-PCR, all strains
gave two bands of 8.3 and 12.5 kb (data not shown). Restriction
digest of each PCR product with BglI gave an identical band-
ing pattern with six bands, while restriction digestion with
EcoRV also gave identical banding pattern with nine bands
(data not shown). When another 10 STEC strains isolated
during Hyogo outbreak were analyzed by LA-PCR, all strains
gave two bands of 8.3 and 10.2 kb. Restriction digests of each
PCR product with BglI or EcoRV gave identical banding pat-
terns. A BglI digest gave seven bands, and an EcoRV digest
gave nine bands (data not shown). Another 10 STEC strains
isolated during the Aichi outbreak were also analyzed by the
PCR-RFLP assay. When the genomic DNA of these strains
was amplified by the LA-PCR, an 11-kb fragment was specif-
ically obtained from all 10 strains. Restriction digestion of each
PCR product with BglI or EcoRV gave identical banding pat-
terns, with a BglI digest yielding five bands and an EcoRV
digest yielding seven bands (data not shown). In one case,
however, no amplicon was obtained when the LA-PCR was
used with 10 STEC strains isolated during Fukuoka outbreak.
Although we did not confirm the presence of Stx phage in
these strains, the presence of Stx2 gene has been demonstrated
in all 10 STEC O157 strains by colony hybridization test (Table
1), suggesting that an Stx2 phage may be present in the strains.
These data indicate that there is more diversity in region V in
some Stx phages.

DISCUSSION

Molecular epidemiological analyses are very useful to track
and identify an epidemic strain during an outbreak. There are
several molecular typing methods available such as ribotyping,
random amplified polymorphic DNA-PCR, PFGE, etc. (10,
56). PFGE is the most commonly used molecular typing meth-
od and has been used for a variety of pathogens, including

FIG. 2. (A) LA-PCR products of region V in six Stx-phages. Lanes:
1 and 8, 5-kb DNA ladder; 2, C600; 3, C600 (Stx1�); 4, C600 (Stx2�-I);
5, C600 (Stx2�-II); 6, C600 (933W phage); 7, RIMD0509952 (Sakai
strain; VT1-Sakai phage, VT2-Sakai phage). BglI digest (B) and EcoRV
digest (C) of LA-PCR products obtained from region V in six Stx
phages. Lanes: 1, �-HindIII digest; 2 and 8, 1-kb DNA ladder; 3, C600
(Stx1�); 4, C600 (Stx2�-I); 5, C600 (Stx2�-II); 6, C600 (933W phage);
7, RIMD0509952 (Sakai strain; VT1-Sakai phage, VT2-Sakai phage).
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FIG. 3. (A) Field inversion gel electrophoresis of LA-PCR products obtained from 6 control strains and 24 representative strains differentiated
by the PCR-RFLP assay. Lanes: 1 and 32, 5-kb DNA ladder; 2, C600; 3, C600 (Stx1�); 4, C600 (Stx2�-I); 5, C600 (Stx2�-II); 6, C600 (933W phage);
7, RIMD0509952 (Sakai strain; VT1-Sakai phage, VT2-Sakai phage); 8, 1-A (Okayama, Japan); 9, 2-B (Osaka, Japan); 10, 3-C (Okayama, Japan);
11, 4-D (Okayama, Japan); 12, 5-E (Okayama, Japan); 13, 6-F(Okayama, Japan); 14, 7-G (Osaka, Japan); 15, 8-H (Osaka, Japan); 16, 9-I (Osaka,
Japan); 17, 10-J (Osaka, Japan); 18, 11-K (Nagano, Japan); 19, 12-L (Nagano, Japan); 20, 13-M (Nagano, Japan); 21, 14-N (Nagano, Japan); 22,
15-O (Nagano, Japan); 23, 16-P (United States); 24, 17-Q (United States); 25, 18-R (United States); 26, 19-S (United States); 27, 20-T (United
States); 28, 21-U (Canada); 29, 22-V (Canada); 30, 23-W (Canada); 31, 24-X (Canada). Field inversion gel electrophoresis of BglI digest (B) and
EcoRV digest (C) of LA-PCR products obtained from 6 control strains and 24 representative strains differentiated by the PCR-RFLP assay. Lanes:
1, �-HindIII digest; 2, 32, 1-kb DNA ladder; 3, C600 (Stx1�); 4, C600 (Stx2�-I); 5, C600 (Stx2�-II); 6, C600 (933W phage); 7, RIMD0509952 (Sakai
strain; VT1-Sakai phage, VT2-Sakai phage); 8, 1-A (Okayama, Japan); 9, 2-B (Osaka, Japan); 10, 3-C (Okayama, Japan); 11, 4-D (Okayama,
Japan); 12, 5-E (Okayama, Japan); 13, 6-F (Okayama, Japan); 14, 7-G (Osaka, Japan); 15, 8-H (Osaka, Japan); 16, 9-I (Osaka, Japan); 17, 10-J
(Osaka, Japan); 18, 11-K (Nagano, Japan); 19, 12-L (Nagano, Japan); 20, 13-M (Nagano, Japan); 21, 14-N (Nagano, Japan); 22, 15-O (Nagano,
Japan); 23, 16-P (United States); 24, 17-Q (United States); 25, 18-R (United States); 26, 19-S (United States); 27, 20-T (United States); 28, 21-U
(Canada); 29, 22-V (Canada); 30, 23-W (Canada); 31, 24-X (Canada).
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STEC, because of its high resolution and reproducibility (17,
20, 52–54). However, there are some disadvantages to using
PFGE. For example, PFGE requires expensive and elaborate
equipment and can only analyze a few strains at a time. If a
large outbreak occurs, such as the EHEC outbreak that oc-
curred in Japan in 1996 (33), it may happen that more than a
thousand strains may have to be analyzed. In addition, it takes
at least 2 days to obtain the complete PFGE results. Moreover,
the PFGE is labor-intensive and fairly time-consuming. Apart
from this, there is the problem of some strains that give a
smear by PFGE, as we experienced in the present study be-
cause of strong deoxyribonuclease activity or degradation by
free radical or peroxide produced during electrophoresis (17).
This type of problem has been reported for E. coli O157:H7,
Pseudomonas aeruginosa, Vibrio parahaemolyticus, Salmonella
serovars, and Clostridium difficile (20, 25, 26, 31, 44). It has
been reported that the addition of thiourea, which is toxic to
humans, in Tris-HCl buffer or the use of HEPES buffer instead
of Tris-HCl buffer might solve the smearing caused by the
scavenger activity of free radical or peroxide by inhibiting the
production of free radical and peroxide in some cases (25, 45,
49). In addition, it has also been reported that PFGE alone is
not sufficient and that other typing methods may be necessary
in epidemiological surveys (6, 10). Therefore, PFGE and an-
other typing method, such as phage typing or ribotyping, were
often combined to obtain better resolution in epidemiological
surveys (3, 4, 16, 46). However, phage typing can be carried out

only at certain laboratories, such as reference laboratories,
because of the availability of biologically active phages and
control strains. It is important to introduce a more simple
method that can be used in an ordinary laboratory in an epi-
demiological survey.

A delay in identifying a strain responsible for an outbreak
would result in many people being affected, and this will in-
crease the number of cases of HUS and neurological disorders
in children and elderly people, resulting in death (23, 55).
Therefore, it is important to develop a simple and rapid DNA
fingerprinting method that can replace PFGE. Extensive com-
parative analysis of the nucleotide sequences of Stx2 phages
has revealed six distinct regions in the Stx phage genome (48).
In the present study, we developed a PCR-RFLP for the epi-
demiological analysis of STEC strains on the basis of the di-
versity of region V in Stx phages and evaluated this assay in
comparison to PFGE with strains isolated from recent out-
breaks that occurred in Japan (Terajima and Watanabe, un-
published). We demonstrated that the PCR-RFLP assay is as
useful and more discriminative than PFGE for the molecular
epidemiological analysis of STEC strains. In addition, some of
the disadvantages of PFGE were offset in several ways by the
PCR-RFLP assay. First, PCR-RFLP, in contrast to PFGE,
does not require special equipment. Second, a large number of
strains can be analyzed at the same time. Third, the PCR-
RFLP assay can be completed rapidly within a day. Fourth, it
is possible to analyze the RFLP without the isolation of strains.

TABLE 2. Results of typing of STEC O157

PCR-RFLP
typing

patterna

PCR amplicon
size(s) (kb)

No. of
isolates

analyzedb

No. of strains that originated inb: Colony hy-
bridization

Japan United
States Canada stx1 stx2

Okayama Osaka Gifu Gobou Hiroshima Nagano

1-A 11.0 36 33 1 2 � �
2-B 10.5, 8.20 52 (4) 31 4 3 10 (4) 4 � �
3-C 11.0, 9.60 41 13 1 3 24 � �
4-D 12.8, 11.0 24 1 2 21 � �
5-E 12.2, 8.20 1 1 � �
6-F 10.5 1 1 � �
7-G 10.4, 8.20 1 1 � �
8-H 12.0, 9.60 1 1 � �
9-I 12.2, 11.0 1 1 � �
10-J 13.0, 8.20 11 2 7 2 � �
11-K 11.5 1 1 � �
12-L 10.5 5 5 � �
13-M 8.25 3 (2) 1 2 (2) � �
14-N 11.2, 9.80, 8.40 1 1 � �
15-O 9.60 1 1 � �
16-P 11.2, 8.40 12 (1) 12 (1) � �
17-Q 10.5 1 1 � �
18-R 11.8 2 (1) 1 (1) 1 � �
19-S 10.2, 8.30 2 (1) 1 (1) 1 � �
20-T 11.5, 10.5, 8.30 1 1 � �
21-U 14.0, 12.8 1 1 � �
22-V 10.2, 9.60 1 1 � �
23-W 12.5 1 1 � �
24-X 13.2, 11.0 1 1 � �
None 2 (1) 1 1 (1) � �

Total 204 (10) 49 39 2 6 3 64 31 10

a PCR-RFLP typing data are presented as binary combinations: the numeral represents the BglI digest-obtained pattern, and the letter represents the EcoRV
digest-obtained pattern.

b Values in parentheses are numbers of strains isolated from beef or beef products.
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For example, when the largest O157 outbreak and sporadic
cases of infection occurred in Japan in 1996 and 1997, radish
sprouts were suspected to be the contaminant food with E. coli
O157 (33). Although we attempted to isolate E. coli O157 not
only from radish sprouts but also from radish seeds, we were
unable to isolate the organism despite intense efforts. How-
ever, PCR with enrichment culture sample as a template DNA,
followed by Southern hybridization with stx1, stx2, and O157-
specific gene probes demonstrated the specific amplification of
each target gene only after cultivation but not before cultiva-
tion (T. Shimizu and Y. Takeda, unpublished), indicating that
there was a live E. coli O157 strain in the enrichment culture.
In such cases, the PCR-RFLP combined with Southern hybrid-
ization could be useful for analyzing the DNA fingerprint with-
out the isolation of strains. Fifth, smearing due to strong
DNase activity can be avoided. In addition, in the case of
PFGE, the changing of a few bands during cultivation of the
STEC strain, even between the same clones, has been observed
(14, 51). It has been also reported that RFLP patterns of
PFGE change even after strain passage through cow or human
gastrointestinal tract (1, 2, 21). If the Region V in the Stx
phage is stable, this can be averted. This possibility is under the
investigation in our laboratory. Sixth, it is not necessary to send
STEC strains in order to compare the RFLP patterns at two
different laboratories. In the PCR-RFLP assay, it is easier to
compare the RFLP patterns obtained at two different labora-
tories because the numbers and sizes of the bands are expected
to be smaller compared to those of PFGE. To compare the
RFLP patterns more precisely, however, it will be better if
genomic DNA of the strain but not the STEC O157 strain
itself, which is safer and easier to ship, can be exchanged.

However, there are some disadvantages in the PCR-RFLP
also. For instance, PCR-RFLP is less discriminative than
PFGE if the strains were isolated in different time periods and

different geographic areas. Because it is possible that a clonal
Stx phage can be present in a clonal strain during outbreak,
however, it is also possible that the identical Stx phage may be
present in different E. coli strains. In addition, there may be a
strain that has more diversity in region V. In this case, region
V cannot be amplified by the LA-PCR. Region V, which cor-
responds to the region responsible for immunity and replica-
tion, has been reported to be important for the regulation of
toxin production (36). Therefore, analysis of region V by PCR-
RFLP may give crucial information about the structure-func-
tion relationship of the phage genome and virulence.

Taken together, our findings indicate that PCR-RFLP based
on region V can be a useful DNA fingerprinting method when
it is necessary to rapidly analyze a number of STEC strains for
molecular epidemiological analyses during outbreak and that
the combined use of PCR-RFLP and PFGE will provide more
accurate results regarding DNA finger printing in an epidemi-
ological survey. The PCR-RFLP based on region V will be a
useful tool for analyzing structure-function relationships for
phage genomes and toxin production. Further investigation
with more STEC strains is needed for a thorough evaluation of
the PCR-RFLP assay.
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