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For exhaustive detection of diarrheagenic Escherichia coli, we previously developed a colony-hybridization method using hydro-
phobic grid-membrane filters in combination with multiplex real-time PCR. To assess the role of domestic animals as the source
of atypical enteropathogenic E. coli (aEPEC), a total of 679 samples (333 from foods, fecal samples from 227 domestic animals,
and 119 from healthy people) were examined. Combining 48 strains previously isolated from patients and carriers, 159 aEPEC
strains were classified by phylogroup, virulence profile, and intimin typing. Phylogroup B1 was significantly more prevalent
among aEPEC from patients (50%) and bovine samples (79%) than from healthy carriers (16%) and swine strains (23%), respec-
tively. Intimin type 31 was predominant in phylogroup B1; B1-f31 strains comprised 26% of bovine strains and 25% of patient
strains. The virulence profile groups Ia and Ib were also observed more frequently among bovine strains than among porcine
strains. Similarly, virulence group Ia was detected more frequently among patient strains than strains of healthy carriers. A total
of 85 strains belonged to virulence group I, and 63 of these strains (74%) belonged to phylogroup B1. The present study suggests
that the etiologically important aEPEC in diarrheal patients could be distinguished from aEPEC strains indigenous to humans
based on type, such as B1, Ia, and 31/y1, which are shared with bovine strains, while the aEPEC strains in healthy humans are

different, and some of these were also present in porcine samples.

Enteropathogenic Escherichia coli (EPEC), one of the six diar-
rheagenic E. coli (DEC) pathotypes, is a major cause of diar-
rheal diseases among young children in developing countries (1).
A characteristic phenotype of EPEC is the ability to produce at-
taching and effacing (A/E) lesions (2). The genes responsible for
A/E lesion formation are located in a chromosomal pathogenicity
island, known as the locus of enterocyte effacement (LEE). The
LEE carries a set of genes, including the intimin gene (eae), which
plays a crucial role in the A/E phenotype (3).

EPEC can be further classified into typical EPEC (tEPEC) and
atypical EPEC (aEPEC), depending on the presence or absence of
the plasmid E. coli adherence factor (EAF). EAF has an important
operon for bundle-forming pilus (BFP), a type IV fimbrial adhesin
(4), which contributes to the phenotype of localized adherence
(LA) to HEp-2 cell monolayers. While tEPEC, so-called class I
EPEC (5), is a well-recognized pathogen in developing countries
(6), aEPEC organisms have been reported to be more prevalent in
both developing and developed countries (7). Animals can be res-
ervoirs of aEPEC, whereas the only reservoir of tEPEC is generally
considered to be humans (8).

Thus, EPEC is a well-recognized DEC; however, neither the
origin nor the etiological role of human aEPEC has been clarified
to date (9, 10). Our previous study did not show any significant
differences between the isolation rates of EPEC among healthy
individuals or among diarrheal patients (11), although EPEC was
significantly prevalent among patients aged 1 to 3 years when
study populations were stratified by age (12). Clinical microbiol-
ogists and food microbiologists often find it difficult to assess the
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significance of EPEC isolates, particularly when the organisms are
isolated from sporadic patients and foods. Therefore, it is helpful
for inspectors to understand the properties associated specifically
with EPEC isolated from diarrheal patients.

Intimin, an outer membrane protein encoded by eae, is as-
signed to 17 genetic variants (a1, a2, B1, ER/B2B, 8/k/B20, v1,
0/v2, €1, vR/€2, {, M, u1, pR/L2, N, wB, vB, and &B) (13). Torres et
al. found that the heterogeneous C-terminal (3") end of intimin is
responsible for receptor binding, and different intimin variants
may be responsible for different host and tissue cell tropisms (14).

In this study, we examined whether intimin typing, phyloge-
netic grouping (15), and virulence profile (16) are able to distin-
guish between aEPEC isolated from diarrheic patients and the
organisms from foods or fecal samples of cattle, swine, and healthy
carriers. A total of 679 foods and fecal specimens from domestic
animals and healthy carriers were examined for EPEC using our
multiplex real-time PCR method (17). By combined use with our
newly developed hydrophobic grid membrane filter-colony hy-
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bridization (HGMF-CH) method (18), 111 EPEC strains were
isolated. To accumulate precise information on the properties of
EPEC, 48 EPEC strains isolated from humans in our previous
studies (11, 19) were also examined.

MATERIALS AND METHODS

Specimens. A total of 333 food samples of various types (fishes, fruits,
meats, shellfish, vegetables, and ready-to-eat foods) were obtained from
local retail markets and the Osaka Municipal Central Wholesale Market. A
total of 227 domestic animal fecal samples (109 samples of bovine feces
and 118 samples of swine feces) and 119 fecal samples from healthy car-
riers were collected from the Osaka Municipal Meat Inspection Centre
and the Osaka City Institute of Public Health and Environmental Sci-
ences, respectively.

Isolation and identification of EPEC from foods and fecal speci-
mens. Food samples were cultured using brain heart infusion broth (BHI;
Oxoid, Basingstoke, United Kingdom) for 3 h at 37°C and double-
strength tryptone phosphate (TP) broth for 20 h at 44°C, as reported
previously (17). Fecal samples were cultured in BHI for 20 h at 42°C for
bacterial enrichment. Enrichment culture broths were screened for the 10
target enterovirulence genes (eae, stx,, stx,, elt, est for human heat-stable
toxin [STh], est for porcine heat-stable toxin [STp], virB, aggR, astA, and
afaB) using our multiplex real-time PCR method (17), and eae-positive
enrichment broths were processed for EPEC isolation using our recently
developed HGMF-CH method (18). One-milliliter aliquots of the enrich-
ment broths were pipetted onto an Iso-Grid HGMF (QA Lifesciences Inc.,
San Diego, CA) placed on the HGMF Spreadfilter (Filtaflex Ltd., Almonte,
Canada), and the suspension was then filtered through the HGMF using
an HGMF Spreadfilter. Filters were then placed on MacConkey agar (Bec-
ton, Dickinson, Sparks, MD) or tryptic soy agar (TSA; Nissui, Tokyo,
Japan) plates and cultured overnight at 37°C; filtered bacteria formed
colonies in an HGMF array. Colonies were replicated from the incubated
HGMF (master HGMF) to fresh HGMFs using a microbial colony repli-
cator (Filtaflex Ltd.). Filters were then cultured on TSA at 37°C to produce
replicated filters for HGMF-CH. The cultured HGMFs were placed on
Whatman 3MM filter paper (GE Healthcare, Tokyo, Japan) soaked with
pretreatment solution (5 mmol liter ~' sodium phosphate buffer [pH 6.0],
100 mmol liter ' sodium bicarbonate, and 0.0066% polyethyleneimine)
and incubated at room temperature for 30 min. After blotting and air
drying for 10 min, HGMFs were transferred to fresh Whatman 3MM filter
paper soaked with lysis solution (150 mmol liter ' NaOH in 70% etha-
nol) (3 ml/HGMEF), followed by heating in a microwave oven for 30 s at
the highest setting. Heat-treated HGMFs were then gently shaken (100
strokes min ') in 20 ml 2 SSC (1XSSC is 0.15 M NaCl plus 0.015 M
sodium citrate) supplemented with 0.01% proteinase K (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) and 0.1% sodium dodecyl sulfate
(SDS) for at least 1 h in a 37°C water bath. HGMFs then were washed for
5 min in 2X SSC containing 0.1% SDS followed by 5 min in 2X SSC
solution (50 ml/HGMF), and bacterial debris was then gently removed
with a Kimwipe tissue (Nippon Paper Crecia Co., Ltd., Tokyo, Japan).
HGMFs were placed on blotting paper, air dried for 30 min, and then
exposed to 120 mJ of UV light to cross-link bacterial DNA to the filter
surface. The HGMFs with cross-linked DNA were placed in 6 ml digoxi-
genin (DIG) Easy Hyb (Roche Diagnostics) in a hybridization bag (Roche
Diagnostics) and were incubated in a water bath for 1 h with gentle shak-
ing (30 strokes min~") at 39°C to reduce nonspecific hybridization. The
DIG Easy Hyb used for prehybridization was discarded and replaced with
fresh DIG Easy Hyb (6 ml/HGMF) containing 10 pl of denatured DIG
probe solution for eae. HGMFs were incubated for 24 h at 39°C with gentle
shaking (30 strokes min '), similar to the prehybridization step. After 24
h of hybridization, immunological detection of DIG-labeled probes was
carried out using the DIG wash and block buffer set, anti-DIG antibody
solution, and detection buffer supplemented with 5-bromo-4-chloro-3-
indolylphosphate (BCIP; 375 wg ml~") and nitroblue tetrazolium (NBT;
188 wgml ') (Roche Diagnostics). Individual grid cells of HGMFs turned
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purple when the target gene was present on the square. Each isolate was
examined for the presence of other enterovirulence genes in addition to
eae by conventional PCR in order to exclude other DECs, particularly
Shiga toxin-producing E. coli (STEC) strains carrying the eae gene. Only
the strains possessing eae with or without astA were identified as EPEC
and were subjected to further study.

Strains. Twenty EPEC strains were recovered from food samples; 43
strains each were isolated from bovine feces and swine feces, and five
strains were isolated from healthy carriers. In addition, 32 EPEC strains
from fecal samples of healthy carriers and 16 from fecal samples of diar-
rheal patients were investigated in this study (11, 19). A total of 159 EPEC
strains were used to compare the subtypes of eae, phylogenetic group, and
virulence profile. DH5a was used as a nondiarrheagenic control.

Serotyping of EPEC strains. EPEC strains were serogrouped with 50
specific O antisera designed for pathogenic Escherichia coli (Denka Seiken
Co. Ltd., Tokyo, Japan) in accordance with the manufacturer’s protocol.

Virulence profiling. Virulence profiles were based on the scheme of
Afset et al. (16). PCR was employed for detection of 12 virulence genes or
markers, including OI-122 genes (efal [lifA], set [ent], nleB, and nleE) and
genes in other locations (IpfA, ehxA, ureD, paa, yjaA, ibeA, b1121, and
astA), which were found to be significantly associated with diarrhea (16).
In this scheme, aEPEC strains were classified into two main virulence
groups based on the presence of these genes: group I strains were defined
by the presence of OI-122 genes and/or IpfA genes as well as the absence of
the yjaA gene, while group II strains were classified by the presence of the
yjaA gene and the absence of OI-122 and IpfA genes. Group I strains were
further divided into subgroups Ia and Ib depending on whether they con-
tained the gene with the strongest association with diarrhea, efal (lifA).
The 14 pairs of primers (including three variants of [pfA) and the PCR
conditions used in this study are listed in Table 1 (15-17, 20-24).

Phylogenetic group determination. EPEC strains were classified into
four major phylogenetic groups (A, B1, B2, and D) as proposed by Cler-
mont et al. (15) according to the presence or absence in the PCR using
chuA, yjaA, and DNA fragment TspE4.C2. Briefly, the primer pairs for
chuA (5'-GACGAACCAACGGTCAGGAT-3" and 5'-TGCCGCCAGTA
CCAAAGACA-3"), yjaA (5'-TGAAGTGTCAGGAGACGCTG-3" and 5'-
ATGGAGAATGCGTTCCTCAAC-3'), and TspE4C2.1 (5'-GAGTAATG
TCGGGGCATTCA-3" and 5'-CGCGCCAACAAAGTATTACG-3") were
added to the standard PCR mixture, and PCR was performed under the
following conditions: denaturation for 4 min at 94°C, 30 cycles of 5 s at
94°C and 10 s at 59°C, and a final extension step of 5 min at 72°C. Strains
that reacted with the chuA primers were assigned to group B2 or D based
on the positive or negative reaction, respectively, with yjaA primers. Sim-
ilarly, the chuA-negative strains were classified into group B1 or A based
on the positive or negative reaction, respectively, of the PCR for
TspE4.C2.

Subtyping of eae genes. In accordance with a report by Blanco et al.
(13), eae genotypes (a1, a2, B1, ER/B2B, 8/k/B20, y1, 0/v2, €1, vR/€2, {,
M, L1, pR/L2, N, wB, vB, and £B) were identified using 17 pairs of intimin
type-specific PCR primers complementary to the heterogeneous 3’ end of
the genes.

HEp-2 cell adherence assay. HEp-2 cells that had been grown in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS; Gibco) were plated onto coverslips (diameter, 13
mm) in 24-well microtiter plates in the absence of antibiotics, and then
they were incubated at 37°C for 2 days in the presence of 5% CO, to form
monolayers of HEp-2 cells. Bacterial strains were grown statically over-
night at 37°C in 1% buffered peptone water (Oxoid). After washing the
monolayers once with 1X Dulbecco’s phosphate-buffered saline (PBS),
0.5 ml of basal Eagle’s medium containing b-mannose (1%, wt/vol) with-
out antibiotics or sera was added to each well. Overnight bacterial culture
(20 pl) was inoculated into each well, and plates were incubated at 37°Cin
the presence of 5% CO, for 3 h. Monolayers were washed three times with
1X PBS, and 0.5 ml of medium was added to each well. After a further 3-h
incubation period, monolayers were washed thoroughly three times with
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TABLE 1 Primers and PCR conditions used for identification of virulence profiles of EPEC strains in this study
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source
20

(bp)
266
171
175
192
573
412
520
534
569
360
211
342

cycles

Final extension
72 (10 min)

Denaturation  Annealing  Extension

94 (1 min)
94 (1 min)

94 (30 5)
94 (30 5)

denaturation
94 (5 min)

Reverse

Forward

Gene

72 (1 min)

72 (40 s)
72 (40's)
72 (40 s)

51 (1 min)

60 (30's)
53(30's)
53(30's)

50 (50's)

TGAGGCGGCAGGATAGTT

TTCCTGGGTTGCTTTTAGCTCT CATGTCCATTTTGAAGGGCCTG

AAGGTGTTACAGAGATTA

efal (lifA)
set (ent)

nleB
nleE

This study
16
16
16
16
16
21

72 (10 min)

94 (2 min)

30

72 (10 min)

94 (2 min)

CAGGGTATGATTCTTGTTTATG
ACCGTCTGGCTTTCTCGTTA
TTATTTCTTATATTCGAC

GGTGTGCTGGTAGATGGA

72 (10 min)
72 (5 min)

94 (2 min)

CTAATACTCAGGGCGTGTCC
ATGAAGCGTAATATTATAG
CTGCGCATTGCCGTAAC
GAAAAAGGTTCTGTTTG

30
30

72 (1 min)

94 (1 min)
94 (1 min)
94 (1 min)
94 (1 min)
94 (1 min)
94 (1 min)

94 (55s)

94 (2 min)

IpfAO113
IpfAl

72 (10 min)

72 (1.5 min)
72 (1 min)
72 (1 min)
72 (40's)

52 (1 min)
42 (1 min)

94 (5 min)

ATTTACAGGCGAGATCGTG
GTTGTAAGTCAGGTTGA

72 (10 min)

94 (5 min)

AATGAGCCAAGCTGGTTAAGCT 94 (5 min)

IpfAR141
ehxA
ureD

aa
yjaA

72 (10 min)

63 (1 min)

GCATCATCAAGCGTACGTTCC

22

30

72 (10 min)

63 (1 min)
55 (1 min)
59 (10s)
57 (45s)
60 (30 s)
53 (30s)

94 (5 min)
94 (5 min)

CGTCATCATGTCGGTCTGCTCA GCGTGGCTCCGGCGTAGTTTT

16
15
23

72 (10 min)
72 (5 min)

72 (1 min)

TCTGGTCAGGTCGTCAATAC

ATGAGGAACATAATGGCAGG

30
30
30

94 (4 min)

ATGGAGAATGCGTTCCTCAAC
CTGCCTGTTCAAGCATTGCA

TGAAGTGTCAGGAGACGCTG

72 (10 min)
72 (5 min)

72 (1 min)
72 (40 s)
72 (40 s)

94 (1 min)
94 (30's)
94 (30's)

94 (5 min)
94 (2 min)

TGGAACCCGCTCGTAATATAC
CGCCTGGGCTGCGACGTTTAT
CCATCAACACAGTATATCCGA
GGTCTGTCTTTGATTGAATC
AACAAGAGGAGAATTTAGCG

ibeA

This study

17
24
24

176
111
485
770

GCCCTGCCCAGAGTGGCGATA
GGTCGCGAGTGACGGCTTTGT

TTTACATGCAGTTGCCGCTT

bl1121
astA
bfpA
perA

72 (10 min)
72 (8 min)

94 (2 min)

30
30

72 (1 min)
72 (1 min)

55 (1 min)
56 (1 min)

94 (1 min)

94 (1 min)

94 (2 min)
94 (2 min)

72 (8 min)

CTTGTGTAATAGAATAAACGC

1X PBS, fixed with absolute methanol, and stained with 10% (vol/vol)
Giemsa, as described previously (25).

Statistics. The differences between the EPEC strains isolated from
different sources were analyzed by performing a chi-squared test with
Yates’ continuity correction or Fisher’s exact probability test. The chi-
squared statistic for an M X N contingency table was used to compare the
overall distribution of phylogenetic groupings between the EPEC strains
isolated from healthy carriers and those from patients and of adherence
between EPEC isolates from domestic animals and patients.

RESULTS

Serotyping. Forty-eight (30%) of the 159 EPEC strains belonged
to 22 O serogroups, and the 111 (70%) strains for which serotypes
could not be determined with the set of commercially available
antisera were designated UT (untypeable) (Table 2). More than
half (53%) of the O-typeable strains were of five serogroups: 026
(four strains), O74 (nine strains), O103 (four strains), O153 (five
strains), and O157:H7 (three strains).

Detection of bfpA and perA by PCR. Several EPEC strains re-
portedly react with the bfpA probe but lack a true pEAF (26);
production or nonproduction of BFP should be the best distin-
guishing characteristic for tEPEC and aEPEC strains (8). Six
strains, two from foods, three from feces of domestic animals, and
one from healthy carriers, showed positive reactions with PCR
primers for bfpA (Table 1); however, none of these strains re-
sponded to PCR for the gene perA, another virulence marker of
tEPEC (27), and these strains did not adhere to HEp-2 cells in a
3-h assay, in contrast to the characteristic adhesion of tEPEC.
Consequently, all of these strains were included as aEPEC for fur-
ther analysis as suggested by Hernandes et al. (28).

Phylogenetic distribution. Triplex PCR indicated that the 159
EPEC strains examined in this study were distributed in all four
phylogenetic groups (Table 2 and Fig. 1). Statistically significant
differences were recognized in the overall distribution of phyloge-
netic groups between healthy carriers and patients (P = 0.013 by
the chi-squared M X N method). Phylogroup B1 was more prev-
alent among patients (50%; P = 0.01) than among healthy carri-
ers. Group B1 was also significantly more predominant among
bovine EPEC strains (79%) than among swine strains (23%; P <
0.001), healthy carriers (16%; P < 0.001), and foods (15%; P <
0.001).

In contrast, phylogroup A was more predominant among the
swine strains (54%) than among bovine strains (14%; P < 0.001),
patients (6%; P < 0.001), and healthy carriers (19%; P = 0.0015).
B2 strains were most prevalent among healthy humans (54%),
followed by patients (19%; P < 0.05), foods (15%; P < 0.01), and
animals (9%; P < 0.001). Phylogroup B2 was significantly more
common among swine strains (19%; P < 0.01) than bovine EPEC
strains (0%).

Typing of eae genes. By subtyping of intimin (eae) genes,
strains isolated from cattle, swine, foods, healthy carriers, and pa-
tients were assigned into 8, 9, 7, 14, and 7 groups, respectively
(Table 3). EPEC strains isolated from human feces showed more
intimin types than the strains isolated from foods or feces of do-
mestic animals. Intimins a2 (one strain from healthy carriers and
one from patients), m (two strains from healthy carriers), and wB
(one strain from healthy carriers) were detected in only five hu-
man-derived EPEC strains, which belonged to phylogroup B2,
with the exception of one intimin a2-phylogroup D (a2-D) strain
from healthy carriers. Intimins wR/t2, N, vB, and &B were not
observed in this study. Twenty-four (15.1%) EPEC strains did not
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produce amplicons with the typing primers used in this study and
were designated UT.

Some of the EPEC strains could be assigned to specific subtypes
based on their intimin types and phylogenetic groups. When the
prevalence of each subtype of the intimin phylogroup was statis-
tically compared based on the source of the isolates, 31-B1 was
most prevalent among bovine strains (26%; P = 0.0017), followed
by 6/v2-B1 (19%), vR/€2-B1 (14%; P = 0.013), €1-B1 (12%; P =
0.028), and {-B1 (12%; P = 0.028) (Table 3); B1-B1 was also
significantly more prevalent among patients (25%; P = 0.025)
than among healthy carriers. In contrast, the intimin 8/k/B320-
phylogroups A (8/k/B20-A) (P = 0.00024), 6/y2-A, and 6/y2-B1
were present among 51% of EPEC strains from swine feces.

Most of the intimin 8/k/B20 strains (80%) belonged to phy-
logroup A and were from swine feces (11 strains of phylogroup A)
and healthy carriers (1 strain of phylogroup A and 3 strains of
phylogroup B2). All of the intimin vR/€2 strains (six bovine
strains and a healthy carrier strain) belonged to phylogroup B1,
and all of the intimin a1 strains (one strain from swine feces, one
from foods, and three from healthy carriers), ER/B2B strains (one
strain from foods, four strains from healthy carriers, and one from
patients), m strains (two from healthy carriers), and a B strain
from healthy carriers belonged to phylogroup B2.

A total of 12 strains (7%; five bovine strains and seven strains
from healthy carriers) showed positive reactions with two sets of
typing primers. Three O153 and two O-untypeable strains from
bovine feces and one O168 strain from healthy carriers were €1
and vR/€2 positive. For the other six strains from healthy carriers,
one 027 strain was 0/v2 and 1 positive; one O74 strain was 6/y2
and +y1 positive; one O124 strain was 6/y2 and a2 positive; one
0128 and another O-untypeable strain were €1 and m positive;
and one O-untypeable strain was al and 11 positive. Although it
was not elucidated whether this double positivity was the result of
nonspecific reactions or reflected the presence of double eae genes,
these strains were counted twice for both positive genes.

Virulence profiles. According to the scheme of Afset etal. (16),
159 strains of EPEC were assigned to three virulence groups (Table
4; also see Table S1 in the supplemental material). The virulence
groups Ia and Ib were significantly more frequent among strains
from cattle than among porcine strains. Similarly, virulence group
Ia was detected significantly more frequently among strains from
patients than among strains from healthy carriers. Organisms be-
longing to virulence group II and the untypeable group were sig-
nificantly more prevalent among porcine strains than among bo-
vine strains. Twenty-five strains did not belong to either of the two
main virulence groups.

A total of 18 strains were present in group I, and 11 strains
(61%) belonged to phylogenetic group B1 (see Table S1 in the
supplemental material). Sixty-seven strains were present in group
Ib, and 52 strains (78%) were present in phylogenetic group Bl. In
contrast, the 49 strains in virulence group II comprised 21 strains
(43%) from phylogenetic group A and 28 strains (57%) from
group B2. Twenty-five strains did not fit into any virulence group.
These untypeable strains belonged to four phylogenetic groups;
however, group A (16 strains; 64%) and group B2 (six strains;
24%) were major constituents.

Adherence to HEp-2 cells. One hundred thirty EPEC strains
(82%) showed the localized adherence (LA) pattern, whereas lo-
calized adherence/aggregative adherence (LA/AA) (one strain
from pig, one from patients), localized adherence/diffuse adher-
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FIG 1 Distribution of aEPEC strains from different sources. This graph shows the percentage of strains from each source distributed to each zone by specific
property (virulence group, phylogenetic group, and intimin type). White dots are for the strains isolated from foods; black, yellow, green, and red are from cattle,

swine, healthy carriers, and patients, respectively. One circle represents 1%.

ence (LA/DA) (two strains from patients), and diffuse adherence
(DA) (one strain from pig, one from healthy carriers, two from
patients) patterns were also observed (Table 5). Nineteen strains
(12%) did not adhere to HEp-2 cells in a 6-h adherence assay. Two
strains (1.3%) from swine were confirmed as promoting cell de-
tachment after six repeated adherence tests.

LA was more prevalent among animal strains (90%) than
among strains from humans (70%; P < 0.01), and prevalence of
nonadherent strains was significantly higher among humans
(19%) than among domestic animals (6%; P = 0.016). However,
no significant differences in adherence were observed between the
strains from patients and those of healthy carriers. No significant
differences in adherence ability were observed between bfpA-pos-
itive EPEC and bfpA-negative strains (P = 0.82) (data not shown).
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DISCUSSION

It remains to be clarified whether all of the eae-possessing E. coli
strains are enteropathogenic in humans (27, 28). In this study, we
attempted to discriminate between EPEC isolated from diarrheal
patients and microorganisms isolated from food, animals, and
healthy individuals. To our knowledge, this is the first study to
simultaneously perform phylogenetic grouping, intimin typing,
and virulence profiling of both human strains and strains isolated
from animals and food. Our EPEC strains included serogroups
055, 0157, and O119, which are the main EPEC serotypes (29).
We cannot confirm whether the three strains of 0157, one from a
patient and two from cattle, were originally EHEC, although they
possessed no Shiga toxin genes at their isolation. Although O an-
tigen grouping could not provide useful information to distin-
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TABLE 3 Diversity of intimin subtypes and phylogenetic groups among EPEC strains from different sources”

No. (%) and phylogenetic groups of strains from:

Intimin ~ Foods Cattle Swine Healthy carriers Patients Subtotal

al 1 (5.0); B2 0 1(2.3); B2 3(8.1); B2 (3) 0 5(3.1); B2 (5)

a2 0 0 0 1(2.7);D 1(6.3); B2 2(1.3); B2, D

p1 8 (40.0); A (3)% B1 (3),D (2) 12(27.9)% A, 5(11.6); A,B1,B2 2 (5.4); B1,D 5(31.3)*; Bl (4),B2 32(20.1); A (5), B1 (20),
B1(11) 3) B2 (4),D (3)

ER/P2B 1 (5.0); B2 0 0 4(10.8); B2 (4) 1(6.3); B2 6 (3.8); B2 (6)

3/k/B20 0 0*** 11 (25.6); A(11) 4(10.8); A, B2 (3) 0 15(9.4); A (12), B2 (3)

v1 0 2(4.7); D (2) 1(2.3);D 2(54); A,D 3(18.8); D (3) 8(5.0); A, D (7)

0/v2 3(15.0); A, B1, B2 9(20.9); A, B1(8) 11(25.6);A(5),  7(18.9);A (2), Bl 2 (12.5); B1 (2) 32 (20.1); A (9), B1 (20),

Bl (6) (3),D(2) B2,D (2)
el 2 (10.0); A, B1 5(11.6); B (5) 3(7.0A(3) 4(10.8);A,B1,B2(2) 0 14 (8.8); A (5), B1 (7),
B2(2)

vR/e2 0 6 (14.0); B1 (6) 0 1(2.7); B1 0 7 (4.4); B1 (7)

¢ 0 5(11.6); B (5) 1(2.3); B2 2 (5.4); A, B2 0 8 (5.0); A, B1 (5), B2 (2)

M 0 0 2(5.4); B2 (2) 0 2(1.3); B2 (2)

ul 1(5.0); B1 3(7.0); A (2), Bl 3(7.0); B2 (3) 5(13.5); A,B1,B2(3) 3(18.8); A,B1(2) 15 (9.4); A (4), B1 (5),

B2 (6)

rR/L2 0 0 0 0 0 0

N 0 0 0 0 0 0

wB 0 0 0 1(2.7); B2 0 1(0.6); B2

vB 0 0 0 0 0 0

£B 0 0 0 0 0 0

UT* 4(20.0); A (2), B1, D 6(14.0);A (2), Bl 7(16.3);A(3),Bl  6(16.2);A(2),B2(4) 1(6.3);D 24 (15.1); A (9), B1 (7),
(3),D (3),D B2 (4),D (4)

Total” 20 48 43 44 16 171

@ P values were determined by chi-squared tests with Yates continuity correction or Fisher’s exact probability test; * and *** indicate significant differences among cattle versus

swine and among healthy carriers versus patients at P < 0.05 and P < 0.001, respectively.
¥ Numbers in parentheses indicate the number of strains.
¢ UT, untypeable.

4 Five bovine strains and seven strains from healthy carriers showed positive reactions with two sets of intimin primers simultaneously.

guish patient EPEC from other EPEC strains, molecular epidemi-
ological grouping could be effective for this purpose.
Phylogenetic grouping revealed that group A is prevalent in
swine while group B1 is prevalent in cattle; these findings are con-
cordant with the observations of Baldy-Chudzik et al., who re-
ported the prevalence of group B1 in herbivorous animals and the
prevalence of group A in carnivorous and omnivorous animals
(30). The prevalence of groups B2 and A in healthy individuals was
also similar to the findings of Escobar-Pdramo et al. (31). In con-
trast, the strains isolated from patients belonged to groups B1 and

TABLE 4 Prevalence of each virulence group of aEPEC isolated from
different sources”

No. (%) of strains in virulence group:
Source Ia b 1T None Subtotal
Cattle 8%* (18.6) 31***(72.1) 3(7.0) 1(2.3) 43
Swine 0 14 (32.6) 1894 (41.9)  11** (25.6) 43
Foods 1(5.0) 8 (40.0) 5(25.0) 6 (30.0) 20
Healthy 2(5.4) 8 (21.6) 20% (54.1) 7 (18.9) 37
carriers

Patients 7**(43.8) 6 (37.5) 3(18.8) 0 16
Total 18 67 49 25 159

@ P values were determined by chi-squared tests with Yates continuity correction or
Fisher’s exact probability test; *, **, and *** indicate significantly higher numbers of
strains at P < 0.05, P < 0.01, and P < 0.001, respectively, between cattle and swine or
patients and healthy carriers.
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D. These findings suggest cattle as a major source of diarrheagenic
strains in humans, particularly of group B1.

Afset et al. developed a virulence profiling scheme and showed
its epidemiological significance (16). In this study, we utilized
their scheme, but PCR was used instead of oligonucleotide mi-
croarray. Our virulence profiling also supports the finding that

TABLE 5 Number of EPEC strains with HEp-2 adhesion patterns from
different sources

No. of strains from“:

Source LA DA LA/DA LA/AA DE NA Subtotal
Cattle 41 0 0 0 0 2 43
Swine 36 1 0 1 2 3 43
Subtotal 77t ] 0 1 2 86
Food 16 0 0 0 0 4 20
Healthy carriers 28 1 0 0 0 8t 37
Patients 9 2 2# 1 0 2 16
Total 130 4 2 2 2 19 159

“ LA, localized adherence; DA, diffuse adherence; LA/DA, localized adherence/diffuse
adherence; LA/AA, localized adherence/aggregative adherence; DE, detachment; NA,
nonadherence. P values were determined by chi-squared tests with Yates continuity
correction or Fisher’s exact probability test; * and *** indicate significantly more strains
among domestic animals versus healthy carriers and patients, at P < 0.05 and P <
0.001, respectively, # indicates significantly more strains among patients versus healthy
carriers at P < 0.05, and 1 indicates significantly more strains among healthy carriers
versus domestic animals at P < 0.01.
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cattle are the source of diarrheagenic EPEC, in addition to the
phylogenetic and intimin typing data. Combined use of phyloge-
netic grouping and virulence profiles confirmed that groups Bl
and D and virulence group Ia were specific among patients and
cattle. Virulence group II was prevalent among swine and healthy
individuals; however, group B2 was common in healthy individ-
uals while group A was common in swine, and this finding is
concordant with a previous report that used a microarray (32).
These findings could be due to the fact that aEPEC of group Ia has
efal (lifA) instead of bfp, as these genes are implicated in the ad-
herence to aEPEC to epithelial cells (28, 33).

Through the simultaneous analysis of intimin types and phy-
logenetic groups, we found that several intimin subtypes belonged
to specific phylogenetic groups. Intimin type 31 was prevalent
among the strains, particularly in phylogenetic group B1 and vir-
ulence group I; similarly, intimin type «y1 was found in phyloge-
netic group D and virulence group Ia. This is also concordant with
a previous report in which most intimin 3 strains belonged to
phylogenetic groups A and B1 (34). As these aEPEC strains were
from patients and cattle, the organisms must be diarrheagenic in
humans and be carried by beef products; they were also detected in
three food samples. Strains of 8/y2 belonged to phylogenetic
group B1l. However, most of these belonged to virulence group Ib
and were often observed among healthy individuals rather than
patients. All strains of intimin type al, £R/B2B, m, and pB be-
longed to phylogenetic group B2 in this study, and most of these
were in virulence group II; this finding is similar to those of pre-
vious reports in which all intimin « and £ strains belonged to
phylogenetic group B2 (34, 35).

Thus, combined use of phylogenetic grouping and intimin typ-
ing or virulence grouping is able to distinguish human diarrhea-
genic strains among aEPEC isolates. Intimin mediates the inti-
mate bacterial attachment to the host cell surface of EPEC. EPEC
strains from patients reportedly possess intimin prevalence simi-
lar to that of STEC strains, particularly those recovered from out-
breaks of hemolytic-uremic syndrome (HUS) and hemorrhagic
colitis (HC); intimin B1, y1, and 6/y2 were the most prevalent
subtypes of eae-possessing STEC (36, 37). In our study, intimin 31
(31%) was the most common subtype of aEPEC strains from pa-
tients, and it was significantly more prevalent than strains from
healthy carriers, although no significant differences were observed
between the isolation rates of y1 and 6/y2 EPEC among patients
and among healthy carriers.

EPEC strains isolated from healthy carriers showed a diversity
of intimin types compared to strains from foods, domestic ani-
mals, and patients. Intimin a2, n, and uB were detected in only
five human-derived EPEC strains. Previously, intimin a2, 1, and
. were detected mainly in human EPEC strains (36, 38—40), with
the exception of one intimin a2 strain from cat (40) and one
intimin m?2 strain from cattle (41). Humans also appear to be a
reservoir of the aEPEC possessing these intimin types in Japan.
However, avian pathogenic E. coli (APEC) possessing eae is highly
prevalent in chickens (42, 43) and tends to belong to phylogenetic
group B2 (44). A future investigation will be necessary to deter-
mine whether the variety of aEPEC strains of the phylogenetic
group B2 isolated from healthy individuals is from poultry origins.

In addition to healthy carriers, intimin 8/k/B20 strains were
found only in swine feces. However, swine strains of intimin 38/k/
20 were of phylogenetic group A, while intimin §/x/320 strains
from healthy carriers belonged to phylogenetic groups A and B2.
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Intimin d, k, B2, and $2/8 subtypes were reportedly detected in
cattle and sheep (phylogenetic group not known), dogs and cats
(phylogenetic group A), and diarrheal children (phylogenetic
group notknown) (34, 38,41, 45). These results suggest that swine
and pets are a reservoir of 8/k/320-A strains, while humans are a
reservoir of 8/k/B20-B2 EPEC.

The £R/B2B-B2 strains were found in one ocean fish sample,
one patient, and four healthy carriers. The fish may have been
contaminated at the market, as ruminants are a potential reservoir
of ER/B2B-B2 strains (41, 45). On the other hand, intimin €1, ¢,
and (1 strains are not associated with specific phylogenetic groups
or sources, while intimins wR/t2, N, vB, and £B were not detected
in this study or in the study of Blanco et al. (13). Few studies have
reported EPEC with intimins ., v2, \, v, and & Two intimin p and
one intimin \ strain from children (39), one intimin \ strain from
a diarrheal child (46), two intimin & strains from goose (34), and
two intimin 2 and three v strains from cattle (45) were detected in
Brazil, India, the United States, and New Zealand, respectively.
One intimin £ strain from cattle was STEC (47). The intimin wR/
2, N\, vB, and &€B EPEC strains do not appear to be prevalent in
humans or domestic animals in Osaka, Japan.

Nonadherent EPEC strains were isolated from healthy carriers
more frequently than from domestic animals (P < 0.01). How-
ever, Fisher’s exact test showed no significant differences between
domestic animals and patients. This finding also supports the no-
tion that domestic animals are the reservoirs and sources of EPEC
infection in humans, as previously suggested (48). The EPEC
group mainly isolated from healthy individuals may be part of
human commensal flora and is unlikely to be enteropathogenic in
humans.

According to the definition of typical and atypical EPEC, a total
of 6 strains (2.5%) were first identified as typical EPEC based on
their possessing bfp, although none of these was isolated from
patients. In tEPEC, the per operon located on the EPEC adherence
factor plasmid is known to be a positive regulator for the LEE
genes (49). As our bfp-positive strains were per negative and, un-
like tEPEC, did not show typical localized adhesion to HEp-2 cells
in 3 h, we assigned these strains to aEPEC; bfp is unlikely to be a
decisive marker to identify highly virulent tEPEC strains in Japan.
The results are similar to recent reports in which aEPEC is an
emerging DEC pathotype (28).

EPEC is the most well-known category of DEC; however, re-
cent isolates are atypical EPEC, and its etiological role remains
controversial. It is difficult to judge whether aEPEC isolates are
causative agents in sporadic patient cases or serious hazards in
food hygiene. The present study suggests that aEPEC, particularly
of phylogenetic group B1 or D, virulence group Ia, or intimin type
B1 or yl, induce diarrhea in humans. To conveniently screen for
aEPEC strains that are diarrheagenic to humans, phylogenetic
grouping is the first choice, and combined use with intimin typing
or virulence grouping would further assist in estimating the diar-
rheagenicity of aEPEC strains. Alternating the full scheme of Afset
etal. (16) or intimin typing, PCRs for efal (lifA) and intimin types
B1 and y1 could be used to identify the most etiologically impor-
tant aEPEC strains.
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