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FIG 1 RETS-PCR and the process used to determine unknown $pLE1-like IE/chromosome junctions. As an example, the process to determine the left
SpLE1-like IE/chromosome junction in strain E0231 is presented. (A) In the first step, various ssDNA molecules are generated by random extension using primer
E0231]-R1, which comprises a known sequence in the SpLE1-like IE (denoted as “X”) and a random 9-base sequence. (B) In the second step, the ssDNA
molecules act as templates for single-primer PCR (using primer E0231J-R2, which anneals only to sequence X) to amplify the DNA segments encompassing the
junction between the known and unknown sequences. (C) In the third step, the sequences of the amplicons are determined using primer E0231]-R3, which aligns

to a region located between the junction and X (denoted Y).

known sequence in the SpLEI-like IE (denoted as “X” in Fig. 1) and a
random 9-base sequence in the 3’ region, was used to generate various
single-stranded DNA (ssDNA) molecules by random extension using
DNA polymerase (Fig. 1A). This step was performed in a 25-ul reaction
mixture containing template DNA, 0.2 p.M primer E0231J-R1, 0.2 mM
concentrations of each ANTP, PCR buffer, and 0.625 U ExTaq DNA poly-
merase for 5 min at 95°C, 30 s at 30°C, and 1 min at 72°C. In the second
step (Fig. 1B), the ssDNA molecules act as templates for single-primer
PCR using primer E0231J-R2, and thus only molecules containing se-
quence X permit the amplification of DNA segments encompassing the
junction. This step was performed in a 100-pl reaction mixture contain-
ing the total product of the first step, 0.4 uM primer E0231J-R2, 0.2 mM
concentrations of each dNTP, PCR buffer, and 2.5 U of ExTaq DNA
polymerase with 35 amplification cycles of 30 s at 95°C, 30 s at 60°C, and
1 min at 72°C. In the third step (Fig. 1C), the sequences of the amplicons
were determined using the primer E0231J-R3, the sequence of which cor-
responds to an upstream region of X (denoted “Y” in Fig. 1C). The nucle-
otide sequences were identified by the dideoxy chain termination method
(25) using a BigDye terminator cycle sequencing kit and an 3130xl se-
quencer (Applied Biosystems, Inc., Foster City, CA) according to the
manufacturer’s instructions. Similarly, the right junction was determined
using the primers E0231J-F1, -F2, and -F3. The sequences for the primers
used in this analysis are shown in Table 3 in the supplemental material.

Sequence determination and genomic comparison of SpLE1-like
1Es. Amplicons covering the entire SpLE1-like IE of each strain, which
were generated by PCR scanning as described above, were combined and
sequenced using the Illumina MiSeq platform (Ilumina, Inc., San Diego,
CA). Libraries for each mixture were prepared using the Nextera XT DNA
Sample Prep kit (Illumina, Inc.), and pooled libraries were subjected to
multiplexed paired-end sequencing (251 cycles X 2) according to the
manufacturer’s protocol. The sequence reads were assembled using Velvet
version 1.2.05 (26). The obtained sequences were annotated with the Mi-

1396 aem.asm.org

crobial Genome Annotation Pipeline (http://www.migap.org/) (27) and
were manually curated using IMC-GE software (In Silico Biology, Inc.,
Kanagawa, Japan). The sequence comparison of SpLE1-like IEs was per-
formed using GenomeMatcher software (28).

Nucleotide sequence accession numbers. The sequences of the
SpLE1-like IEs from strains E0046, E0092, E0124, E0217, E0223, and
E0231 have been deposited in DDBJ/EMBL/GenBank under accession
numbers AB786874 to AB786879.

RESULTS AND DISCUSSION

Screening, genotyping, and phylogenetic analysis of iee-positive
E. coli strains. We first determined the serotypes of 256 E. coli
strains isolated from diseased domestic animals and identified jee-
positive strains by PCR; iee was found only in strains of serotypes
0139 (23 of 56 strains) and 0149 (16 of 17 strains) isolated from
swine (Table 1 and Fig. 2). 0139 and 0149 are major serotypes of
ETEC that are associated with diarrhea in swine, and 0139 is also
one of the major serotypes of STEC that causes edema disease
(15).

The 73 0139 and 0149 strains were further examined by PCR
for the presence of major IS elements of “pathogenic” E. coli and
for genes encoding known VFs of ETEC and STEC (Fig. 2). PFGE
analysis was also performed after digesting the genomic DNA with
Xbal, and a dendrogram was generated to analyze the relatedness
of these strains (Fig. 2). In addition, the sequence types (STs) of
these strains were determined using the E. coli MLST database
(22). The results of the clustering analysis of the 73 strains based
on their Xbal digestion patterns correlated very well with the clus-
tering based on the MLST analysis, and the strains were divided
into three groups on the basis of their serotypes and VF profiles:
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FIG 2 Genotyping and phylogenetic analysis of E. coli strains. A dendrogram obtained by PFGE of Xbal-digested DNA from 73 E. coli 0139 and 0149 strains
is shown on the left side. Information about each strain, the results of the PCR screening for genes encoding IEEs, IS elements, and VFs, and their STs as
determined by MLST are aligned with the dendrogram. 18629, 18911, 183, and IS2 are all members of the IS3 family. The presence or absence of each gene (or IS
element) is indicated by an open or black square, respectively.
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ETEC 0149 (ST100 or ST2273), ETEC 0139 (ST42), and STEC
0139 (ST1 or §T2290). ST2290 is closely related to ST1 and con-
tains only one single-nucleotide polymorphism.

Among the 17 ETEC 0149 strains, only strain E0129 lacked iee.
However, E0129 belongs to ST100 (a member of the ST165 clonal
complex), like most of the iee-positive ETEC O149 strains, and its
genotype was also very similar to those of the iee-positive strains
(Fig. 2). ALETEC 0139 strains possessed iee, but this gene was not
found in any of the STEC O139 strains. Interestingly, the distri-
bution of iee among the 0149 and 0139 strains correlated very
well with the distribution of two IS3 family members, 1S629 and
IS911 (Fig. 2). Although we identified ETEC strains with various
serotypes isolated from swine (Table 1), the iee-positive strains
were limited to strains of the 0139 and 0149 serotypes.

To determine the phylogenetic relationships of the ETEC 0139
and 0149 strains, we constructed a phylogenetic tree using the
concatenated nucleotide sequences of the seven housekeeping
genes used for MLST. In total, 50 genome-sequenced E. cofi strains
were included in this analysis (Fig. 3). Two of the 50 strains were
the recently sequenced ETEC strains UMNKS88 and UMNF18 (se-
rotypes 0149 and O147, respectively) (29). UMNKS88 belongs to
ST100, but UMNF18 belongs to ST10, which includes E. coli K-12.
As shown in Fig. 3, the ETEC 0139 (ST42) and STEC 0139 (ST1
and §T2290) strains are relatively closely related to each other but
distantly related to the two ETEC O149 lineages (ST100 or
§T2273), which are located in distinct phylogenetic clusters.
ST100 belongs to a cluster that also contains ST10. ST2273 be-
longs to a cluster that contains EHEC 026, 0111, and 0103 but is
more closely related to 026 and O111 than to O103. These results
indicate that IEE has spread to specific lineages of ETEC and
EHEC strains by horizontal gene transfer.

Analysis of iee-containing integrated elements. The iee gene
was found on the IE “UMNKSS8 island 8” in the 0149 strain
UMNKS88 (29); this IE is similar to SpLEI and the SpLE1-like IEs
of EHEC, suggesting that iee may be encoded by SpLE1-like IEs in
the jee-positive ETEC strains identified in the present study. To
investigate the presence of SpLEl-like IEs and analyze their
genomic structures in the 0139 and 0149 ETEC strains, we per-
formed PCR scanning analysis as illustrated in Fig. S1A in the
supplemental material. The results indicated that these strains
contain SpLE1-like IEs, with the exception of strain E0231 (see
Fig. S1B in the supplemental material; see also Fig. S2 in the sup-
plemental material for the raw data). In E0231, no amplicons were
obtained from the two segments containing the left and right
SpLE1-like IE/chromosome junctions (ieelE-f/113.4-r and 113.9-
{/114-r). In addition, no amplicon was generated using the prim-
ers 113.8-f/113.9-r in E0231, but this region was amplified using a
newly designed primer, 113.9-12, as a substitute for 113.9-r (see
Fig. $2B in the supplemental material), suggesting that some se-
quence polymorphism exists in the 113.9-r site of the E0231 ge-
nome. By sequencing the ieelE-£/113.4-r amplicons, we confirmed
that the amplified regions all contained the iee genes having an
identical sequence. Importantly, no amplicon was obtained from
any segments of any of the jee-negative O139 STEC strains exam-
ined. These results indicate that the 0139 ETEC and 0149 ETEC
lineages acquired jee by SpLE!-like IEs.

The sequencing analysis of the ieelE-f/113.4-r and 113.9-f/
114-r amplicons revealed that SpLE1-like IEs are integrated in the
serX tRNA gene in all 0139 and 0149 ETEC strains examined,
with the exception of strain E0231 (see Fig. S2B in the supplemen-
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FIG 3 Phylogenetic tree of E. coli strains based on the sequences of seven
housekeeping genes. The sequences of the seven housekeeping genes obtained
in the MLST analysis were concatenated and aligned using CLUSTAL W in
MEGAS software (23), and a neighbor-joining tree was generated with 1,000
bootstrap replicates. All genome-sequenced E. coli strains are included in the
phylogenetic representation, and the O139 and 0149 lineages analyzed in
the present study are indicated by a single asterisk (*). The scale bar represents
the number of base substitutions. Open and black boxes indicate iee-positive
and -negative strains, respectively. The ED1a strain marked with double aster-
isks (**) possesses iee on an IE that is not similar to SpLE1 (10).
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FIG 4 Genomic comparison of the SpLE1-like IEs of the ETEC strains with the SpLE1 of EHEC 0157 and the SpLE1-like IEs of non-O157 EHEC. The genes in
each element are indicated by arrows; orange, blue, red, dark green, light green, and open arrows indicate the genes for IEE, integrase, IS TPase, Iha, the urease
operon, and other functions, respectively. The locations of two copies of 15629 in SpLE1 (one is intact and the other is truncated) are also indicated. The
nucleotide sequence identities between the elements (cutoff = 70% identity) are indicated by color shading according to the scale shown at the bottom of the

figure.

tal material). The integration site of the SpLE1-like IE of E0231
(the serW tRNA gene) was identified using a newly developed
rapid walking method designated RETS-PCR, as outlined in Fig. 1.
Similar positional variations of SpLEI were observed in EHEC
0157; strain EDL933 contains two copies of SpLE1: one at serX
and the other at serW (30). In the eight O157 strains that were
analyzed by Ohnishi et al. using WGPS, SpLE1 was also found at
the serX and/or serW loci (24). However, this variation in the
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integration site is not surprising because the serX and serW genes
have identical nucleotide sequences and because a highly conserved
phage-type integrase is shared by SpLE1 and SpLE1-like IEs.

In strain E0129 (the only iee-negative O149 ETEC strain), the
serW and serX loci were both intact and showed no sign of the
insertion of MGEs, as in the fee-negative 0139 STEC strains. Be-
cause E0129 also belongs to ST100, as do most of the 0149 ETEC
strains, it is likely that this element has been deleted in this strain.
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Comparative analysis of SpLE1-like IEs. The nucleotide se-
quences of SpLE1-like IEs from three ETEC O139 strains (E0046,
E0124, and E0217) and three 0149 strains (E0092, E0223, and
E0231) were determined and compared to those of SpLE1 in 0157
Sakai; SpLE1-like IEs in 026, O111, and 0103 EHECs (strains
11368, 11128, and 12009, respectively); and island 8 in 0149
UMNKSS. Overall, the structures of the SpLE1-like IEs in the
seven 0139 and 0149 ETEC strains were very similar to each
other, whereas the deletion of an 8.7-kb segment was observed in
the element of strain E0231 (Fig. 4). Although the elements of
0139/0149 ETEC are also similar to SpLE1 and the SpLE1-like
IEs of the 026 and O111 EHEC strains, their right end regions,
particularly the far-right region have significantly diverged in se-
quence from those of the elements of 0157, 026, and O111 (Fig. 4;
see also Fig. S3 in the supplemental material). All other structural
variations observed between the elements of EHEC strains and
those 0f 0139/0149 ETEC were small, and most appeared to have
been generated by the insertion (or deletion) of IS elements. Con-
sidering that the three iee-positive ETEC 0139 and 0149 lineages
are phylogenetically distant from each other and that the ST2273
lineage (0149 strain E0231) is closely related to 026 and O111
(Fig. 3), these findings suggest that the SpLE1-like IEs of these
0139/0149 strains have been recently derived from an ancestor
common to the EHEC elements and jumped into the three ETEC
0139 and 0149 lineages.

Yin et al. reported that the tha gene (which encodes a putative
adhesin, Tha) and the ure operon (which encodes urease), both of
which are encoded within SpLE1, are required for the efficient
colonization of EHEC Q157 strain EDL933 (the IE corresponding
to SpLE! is named “QO island 48” in EDL933 [30]) in swine intes-
tines (31). Because the iha gene and the ure operon are conserved
in the SpLE1-like IEs of ETEC 0139 and 0149 (Fig. 4), the acqui-
sition of SpLE1-like IEs may confer an advantage to these ETEC
strains in colonizing the swine intestine. Although healthy cattle
are considered the major reservoir for human infection with
EHEC O157 (6), this microorganism has also been isolated from
swine (32--35). Thus, although further studies are required, EHEC
0157 and ETEC 0139 and O149 may share an ecological niche
(the swine intestine), thus allowing the transfer of SpLE1 or
SpLE1-like IEs among these strains. Because genes required for
conjugal transfer are not found in these IEs, a molecular mecha-
nism underlying their transmission is another important issue to
be elucidated.

1S629 in ETEC 0139 and 0149 strains and variation in its
genomic copy number and insertion sites, IEE promotes the ex-
cision of 18629 and other 1S3 family members in a TPase-depen-
dent manner. It also induces various genomic deletions upon IS
excision and is thus implicated in the diversification of bacterial
genomes (10). The genomic locations of 15629 in the O157 ge-
nomes are highly variable and show complex patterns among the
0157 strains (9). Because all iee-positive ETEC 0139 and 0149
strains also contain 18629, we investigated the genomic locations
of 18629 in these strains by PFGE analysis of Sspl-digested
genomic DNA, which was followed by Southern blot hybridiza-
tion analysis using an 1S629-specific probe (Fig. 5). This 15629
fingerprinting analysis revealed that all jee-positive 0139 and
0149 strains possess multiple copies of 15629, a preferred sub-
strate of IEE (10).

Intriguingly, SpLE1 of EHEC O157 carries two copies of 15629
(one is intact, and the other is truncated), and all sequenced
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FIG 5 Southern blot hybridization analysis of the ETEC 0139 (A) and 0149
(B) strains using an 1S629-specific probe. Sspl-digested genomic DNA was
separated by PFGE and subjected to Southern blot hybridization analysis. The
prefectures where the strains were isolated are indicated. The DNA probe was
derived from the central part of the IS629 sequence (nucleotide positions 308
to 607).

SpLE1-like IEs of the ETEC 0139 and 0149 strains also carry one
truncated 18629 copy. This result raises the possibility that these
ETEC strains acquired at least one 1S629 copy, together with iee,
via the transfer of an SpLE1-like IE, followed by the transposition
and proliferation of IS629 in these strains. We cannot exclude the
possibility that these ETEC strains acquired 15629 independently
from SpLE1-like IEs, but the potential cotransfer of IEE and 1S629
merits further investigation.

The 1S629 fingerprinting patterns of the ETEC 0139 and 0149
strains also revealed considerable variation in copy numbers be-
tween these strains, as observed in EHEC O157. Although 17 0139
strains isolated in the Tokyo prefecture (E0043 to E0059) exhib-
ited very similar Xbal digestion patterns in PFGE (Fig. 2), suggest-
ing that they are closely related, some of the strains displayed 1S629
fingerprinting patterns that were distinct from the major pattern
in this group (Fig. 5B). Similarly, 0149 strains E0226 and E0227,
which exhibited similar Xbal digestion patterns in PFGE, exhib-
ited remarkable variation in their I1S629 fingerprinting patterns.
Thus, it appears that IS629 has actively transposed in these ETEC
0139 and 0149 strains, but it is also possible that some of the
variation in the copy number of IS629 is attributable to IEE-me-
diated IS excision, which could also have generated deletions in
IS-flanking regions (10).

IEE promotes the excision of other IS3 family members, such
as IS911, 183, and IS2, at the same efficiency as that for 15629 (10).
All of the IS elements are present in almost all iee-positive ETEC
0139 and 0149 lineages (Fig. 1). Although the excision frequen-
cies of IS1 and 1S30 is lower than that for the 1S3 family, these IS
elements could also be substrates of IEE (10). ISI is distributed
among all iee-positive ETEC 0139 and 0149 strains. IS30is found
in one ETEC 0149 lineage (ST100). Thus, although further re-
search is required, the acquisition of these IS elements other than
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1S629 may have accelerated the genome diversification of ETEC
0139 and 0149, which in turn could have introduced important
phenotypic variations in each lineage.

Conclusions. This study demonstrated that IEE is distributed
specifically among three distinct ETEC lineages isolated from
swine and is encoded by IEs similar to SpLE1 of EHEC O157. The
SpLE1-like IEs are highly conserved in genomic structure among
these ETEC lineages, and similar to SpLE1, they carry the tha gene
and the ure operon, which are shown to be required for the effi-
cient colonization of O157 in the swine intestine. These data sug-
gest that IEE may have been transferred among EHEC and ETEC
in swine via the acquisition of SpLE1-like IEs. Furthermore, be-
cause the IEE-positive ETEC lineages all contained multiple cop-
ies of 1S629, a preferred substrate of IEE, and their genomic loca-
tions vary significantly between strains, 1S629 is likely actively
moving on the ETEC genomes. As in O157, in combination with
IEE, 15629 is likely promoting the diversification of the ETEC
genome.
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Abstract

Background: Cytolethal distending toxin (CDT)-producing Escherichia coli (CTEC) has been isolated from patients
with gastrointestinal or urinary tract infection, and sepsis. However, the source of human infection remains
unknown. In this study, we attempted to detect and isolate CTEC strains from fecal specimens of healthy farm
animals and characterized them phenotypically and genotypically.

Results: By PCR analysis, the cdtB gene was detected in 90 and 14 out of 102 and 45 stool specimens of healthy
cattle and swine, respectively, and none from 45 chicken samples. Subtypes of the cdtB genes (I to V) were further
examined by restriction fragment length polymorphism analysis of the amplicons and by type-specific PCRs for the
cdt-lll and cdt-V genes. Of the 90 cdiB gene-positive cattle samples, 2 cdt-1, 25 cdt-i, 1 cdt-IV, 52 cdt-V and 1 both
cdt-ll and cdt-V gene-positive strains were isolated while 1 cdt-ll and 6 cdt-V gene-positive were isolated from 14
cdtB positive swine samples. Serotypes of some isolates were identical to those of human isolates. Interestingly, a
cdt-ll gene-positive strain isolated from swine was for the first time identified as Escherichia albertii. Phylogenetic
analysis grouped 87 E. coli strains into 77 phylogroup B1, 6 B2, and 4 D, respectively. Most of the B1 strains harbored
both IpfAc;;3 and ehaA. Three and twenty-two cdt-V gene-positive strains harbored eaeA and stx genes, respectively,
and seven possessed cdt-V, stx and subAB genes. The ¢cnf2 gene, normally present in cdt-lll gene-positive strains, was
also detected in c¢dt-V gene-positive strains.

Conclusions: Our results suggest that healthy cattle and swine could be the reservoir of CTEC, and they could be a

potential source of human infections.

Keywords: Escherichia coli, Cytolethal distending toxin, Escherichia albertii, Molecular typing

Background

Cytolethal distending toxin (CDT) was discovered in
an Escherichia coli strain isolated from diarrheal pa-
tient in 1987 [1]. Since then, expression of CDT has been
reported from a variety of pathogenic Gram-negative bac-
teria, including Ageregatibacter (formerly Actinobacilius)
actinomycetemcomitans, Campylobacter spp., Escherichia
albertii, Haemophilus ducreyi, Helicobacter spp., Providen-
cia alcalifaciens, and Shigella spp. [2-4].
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The cdt operon contains three adjacent genes, cdtA,
cdtB and c¢dtC, and expression of all the genes is neces-
sary for maximum toxin activity. While CdtB acts as an
active subunit with DNase I activity, CdtA and CdtC fa-
cilitate binding of CDT to a yet-to-be-identified receptor
molecule(s) on susceptible cells and entry of CdtB into
the cytoplasm. As a result, CDT induces distention and
eventual death of certain cultured eukaryotic cell lines
by causing an irreversible arrest of the cell cycle at the
Gy or G, phase [4].

In CDT-producing E. coli (CTEC), five subtypes of
CDT (I through V) have been reported based on the
amino acid sequences and the genomic location of their
genes [4]. Although CTEC strains have been isolated
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from children with diarrhea [4], case control studies con-
ducted in children up to 5 years of age in Brazil (used
DNA probes for CDT-I) [5], Bangladesh (for CDT-I) [6]
and Nigeria (for CDT-I and CDT-II) [7] failed to dem-
onstrate significant association of CTEC with acute
diarrhea. However, animal experiments with recombin-
ant CDT of Shigella dysenteriae and Campylobacter
jejuni CDT knockout mutants indicated that CDT is
involved in diarrhea and inflammatory response [2].
Moreover, Pandey et al. [8] reported that high titer
CDT-I-producing enteropathogenic E. coli (EPEC) were
isolated from patients with bloody diarrhea in India
while low titer producers were isolated from patients
with acute watery diarrhea. We also demonstrated that
an E. coli strain isolated from a child with bloody diar-
rhea in Japan, which was initially suspected to be Shiga
toxin-producing E. coli (STEC), did not possess the stx
genes rather it produced CDT-1 by a retrospective analysis
[9]. Furthermore, we have recently reported presence of
various subtypes of the cdtB (cdt-I to cdt-V) genes in diar-
rheal stool specimens of children at a high rate (~9.7%).
Moreover, out of 30 CTEC isolates, which produced any
of the 5 subtypes of CDT (CDT-I to CDT-V), 23 were
isolated as a sole pathogen [10] suggesting possible as-
sociation of CTEC with diarrhea in children.

E. coli normally resides in the intestine of warm-blooded
animals which are suspected to be the reservoir and pos-
sible source of human infection of pathogenic E. coli. For
example, major natural reservoirs for STEC, one of the
most important groups of food-borne pathogens, have
been established to be domestic ruminants, such as cattle,
sheep, and goats [11]. During the processing of carcasses,
fecal contamination or transfer of bacteria from animal’s
skin to the carcass can facilitate transmission of STEC to
the meat [12]. Indeed, on a number of occasions, CTEC
also have been isolated from various farm animals [13-16],
and these were associated with diseased animal.

In this study, we attempted to detect cdtB gene in
stool specimens of apparently healthy domestic animals
including cattle, swine and chickens from Nara prefecture
in Japan. We further isolated and characterized CTEC
strains from these farm animals by serotyping, phylogen-
etic grouping and virulence gene profiling and compared
with the strains of human origin.

Results

Detection and isolation of cdtB gene-positive bacteria

For analyzing the presence of CTEC in healthy farm ani-
mals, 102 stool specimens collected from cattle in a farm
and 45 rectal swabs collected from swine and chickens in
another farm were subjected to PCR-RFLP analysis which
can specifically amplify so far known E. coli cdtB genes
followed by subtyping them as cdt-I to cdt-V based on
restriction site polymorphism. As shown in Table 1, 90
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Table 1 Detection of various subtypes of Escherichia coli
cdtB gene in domestic animals by PCR-RFLP

Animal No.of No.of cdt No.of cdtsubtype (PCR/isolate)
samples po(sit;ve isolates cdt-l cdt-ll cdt-lN  cdt-Iv
%
Cattle 102 90 (88%) 81 2/2 0 87/78 1
Swine 45 14 (31%) 7 0 i 13/6 0
Chicken 45 0 (0%) - - - - -

and 14 samples from cattle and swine, respectively, pro-
duced a 588-bp long PCR fragment containing the cdtB
gene, while no PCR product was obtained using samples
of chicken origin. The 90 cdtB gene-positive amplicons
obtained from cattle stools were found to be comprised of
2 cdt-1, 87 cdt-Ill/V and 1 cdt-IV. Although same number
of bacterial strains carrying the cdi-I and cdt-IV genes was
successfully recovered, in the case of cdt-III/V, 78 bacterial
isolates were obtained out of 87 PCR-positive cases. Simi-
larly, the 14 amplicons derived from swine samples were
identified as 1 cdt-1 and 13 cdt-11I/V. Analysis of bacterial
cells allowed us to recover 1 and 6, as cdt-II and cdt-I1I/V,
respectively (Table 1). The cdtB-positive isolates were con-
firmed to carry cdtd, cdiB and cdtC genes by colony
hybridization using corresponding gene probes (data not
shown).

Discrimination of cdt-lll/V-positive bacteria

We attempted to further discriminate cdt-III/ V-positive
bacteria by type-specific PCR assays as reported previ-
ously [10,17]. However, the type-specific PCR failed to
differentiate cdt-IIl and cdt-V genes in 2 cdt-V gene-
positive E. coli (CTEC-V) OUT:H48, 1 both cdt-III and
cdt-V gene-positive E. coli (CTEC-III and V) of cattle,
and 5 CTEC-V 098:H10 and 1 OUT:HUT of swine as
indicated by asterisk in Table 2. Therefore we developed
new type-specific PCR primers for cdt-III and cdt-V
genes in this study as shown in Figure 1. Using these
primers all cdt-III/V positive isolates were clearly differ-
entiated according to the subtypes of cdt, except for one
isolate in which both c¢dt-IIl and cdt-V genes were de-
tected as given in Table 2. Finally, among 81 cdtB gene-
positive isolates of cattle origin, 2 were found to harbor
cdt-1, 25 cdt-III, 1 cdt-IV; 52 cdt-V and 1 both cdt-IIT and
cdt-V; whereas 1 and 6 out of 7 cdtB gene-positive iso-
lates from swine contained cdt-II and cdt-V, respectively.

Identification of CTEC

All cdtB gene-positive isolates from cattle and swine were
confirmed as E. coli by biochemical tests except for a cdt-II
gene-positive strain from swine (strain Sw-9). By API 20E
testing, the strain Sw-9 was identified as E coli (74.6%)
with a doubtful api profile of 51445021 (https://apiweb.
biomerieux.com/jsp). However, unlike typical E. coli, strain
Sw-9 was nonmotile at 37°C and indole-negative, did not



Table 2 Bacteriological characterization, virulence gene profile and cdt subtype of CDT-preducing Escherichia coli isolated from cattle and swine in Japan

Host CDT Serotype PG' n= CDT-1ll and -V subtyping Virulence gene

subtype DEC® Adhesin® NTEC'™
cdtllli?  cdt-Vi®  cdt-IABC*  cdt-Vup®/down®  stx1 stx2 subAB eaeA astA  saa  IpfAO113 ehaA  iha nf2

Cattle  CDTH Ol12acH20 BT 1 ND’ ND ND ND/ND - - - - - - + + - -

OUT:H26 D 1 ND ND ND ND/ND - - - - - - - + - -

CDT-V 0169H10 B2 1 ND ND ND ND/ND - - - - + - - - - -

COT-l O2HUT B2 3 + - + -/~ - - - - - - - - . +

O2NM B2 1 + - + /- - - - - - - - - - +

O7:H6 B1 1 + - + /- - - - - - - + + - +

088:H2 BT 1 + - + ~/- - - - - - - + + - +

088:H4 BT 1 + - + /= - - - - + - + + - +

088:H6 BT 1 + - + ~/- - - - - - - + + - +

OUTH1 BT 1 + - + -/= - - - - - - + + - +

OUT:H21 BT 1 + - + /= - - - - + - + + - +

OUT:H45 D 1 + - + —/- - - - - - - - + - +

OUTHUT  B1 1 + - + -/~ - - - - - - + + - +

OUT:NM B 3 + - + ~/= - - - - - - + + - +

COT-V 02:H10 B2 1 - + - ++ - - - - - - - - -

O8HUT B 1 + - ++ - - - - - - + - - +

022:H8 Bl 5 - + - ++ + @53 @5 - N O + + + -

022:HUT BT 2 - + - +/+ + + - - - + + + + -

O113H21 Bl 3 - + - +/+ - + + - - + + + + -

OT13NM BT 2 - + - +/+ - + + - - + + + + -

O118NM BT 1 - + - +/+ - - - - + - + + - -

0154:H34 B1 1 - + - +/+ - - - - - - + + + .

O156HUT BT 3 - + - ++ - - - +1 - - + + - -

0163:HUT B1 1 - + - +/+ - - - - + - + + - -

OUT:H1 Bt 1 - + - +/+ - - - - - - + - - +

QUTH19 BT 2 - + - +/+ - - - - + - + + - -

OUT:H2 Bl 5 - + - +/+ - - - - - - + - - +

OUT:H21 CI - + - ++ - - - - - - + + - -

OUT:H25 B1 1 - + - +/+ + + + - - + + + + -

OUT:H48* D 2 - + - ~/- - - - - + - - + - -

OUTH6 B1 2 - + - +/+ + + - - - + + + + -
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Table 2 Bacteriological characterization, virulence gene profile and cdt subtype of CDT-producing Escherichia coli isolated from cattle and swine in Japan
(Continued)

QUTHS8 BT 5 - + - +/+ + + - - - + + 4 + -

OourHUT ~ B1 7 - + - ++ +Q7) +@n - Y] + + o+ -

OUTNM B1 6 - + - +/+ - +(/6) +(1/8) - +(5/6) +(1/6) + (/8 -

CDT-litand V. O2HUT* B2 1 + + : -/~ - - - - + - - R - .

Swine CDT-V 098H10* Bl 5 - + - —/+ - - - - + - + + - -
OUTHUT* B1 1 - + - ~/+ - - - - + - + + - -

COT 084NM™ D 1 ND ND ND ND/ND - - - + - . . . N .

bfp, EAF, elt, est, aggR, invE genes for DEC, cnf1 for NTEC, and efa’ for adhesin were negative in all strains tested.

*Not properly differentiated by previous type-specific PCR assays, 'phylogenetic group, *PCR result by Cdtill/VB-F and CdtllIC-R primers, 3PCR result by Cdtlil/VB-F and CdtVC-R primers, *PCR result by Cdt-lIAf and
Cdt-IIACr primers *PCR result by P2-A2 and cdtA-F primers, ®PCR result by cdtC-F and P2-C3 primers, “not done, ®genes for DEC, °genes for Adhesin, '°gene for NTEC, ''eae-6/y2, **No. of positive strains, >No. of tested
strains, "*identified as Escherichia albertii.
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and both cdt-lil and cdt-V genes, respectively.

Cdi-TITAf e it o e kv o e e o) S TTTCR
e edi-MlA | edt-IIB | edi-lIIC |
___________ = CAtIIICR
CUIVBF merzr
““““““““““ qum CLVC-R
. cdt-VA R
I L S re—rre CAECF mm-eeemacera ¢ P2-03

Figure 1 Schematic representation of PCR primer binding region of type specific PCR for cdt-lll and cdt-V. White (Cdt-llIAf, Cdt-llICr and
CdtlliC-R), black (CdtVC-R, P2-A2, cdtA-F, cdtC-F and P2-C3) and gray (Cdtll/VB-F) arrows indicate PCR primers which specifically bind to cde-1ll, cdt-V

ferment lactose and sucrose, and did not produce (-
glucuronidase. Partial 165 rRNA gene sequence of
strain Sw-9 was identical (452/452 bp; 100%) to that of
E. albertii (GenBank: HM194884), but also highly simi-
lar to those of Shigella boydii (GenBank: AY696682;
451/452 bp [99.8%]) and E. coli (GenBank: GU237022;
450/452 bp [99.6%]). Sugar utilization tests of dulcitol,
D-mannitol, D-melibiose, L-rhamnose and D-xylose also
suggested that strain Sw-9 was E. albertii and not as E. coli
[18,19]. Multilocus sequence (MLS) analysis based on
the nucleotide sequence variation at 7 housekeeping loci
(a total of 3,423 bp) in the genome revealed that strain
Sw-9 belongs to the E. albertii lineage (Figure 2), consist-
ent with the data of biochemical tests and 16S rRNA gene
sequencing. Considering these findings together, the strain
Sw-9 was identified as E. albertii.

Serotyping and phylogenetic grouping

To characterize the CTEC strains further, their serotype
and phylogenetic groups were determined (Table 2). The
81 cattle isolates were grouped into 12 different O ser-
ogroups and 31 O:H serotypes. Two cdt-I gene-positive E.
coli (CTEC-I) isolates were identified as O112ac:H20
(phylogenetic group Bl) and OUT:H26 (D), respectively.
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Figure 2 Neighbor-joining tree based on nucleotide variation
at 7 conserved housekeeping loci. The partial gene sequences for
7 housekeeping loci of CTEC! strains Sw-9 and AH-5, E coli, E.
fergusonii and E. albertii were concatenated in the order adk, fumC,
gyrB, icd, mdh, purA and recA and aligned. Based on 3,423 bp of the
concatenated sequences, a neighbor-joining tree was constructed
by using MEGA 4 software.

Three cdt-III gene-positive E. coli (CTEC-III) isolates were
identified as O2:HUT (B2), 16 as OUT (B1) and 1 OUT
(D), whereas one each of the 5 CTEC-III isolates belonged
to serotype O2:NM (B2), O7:H6 (B1), O88:H2 (B1), O88:
H4 (B1), and O88:H6 (B1), respectively. One cdi-IV gene-
positive E. coli (CTEC-1V) isolate was identified as 0169:
H10 (B2). The CTEC-V isolates belonged to divergent sero-
types and phylogenetic groups, including 0O2:H10 (B2), O8:
HUT (B1), O22:H8 (B1), O22:HUT (B1), O113:H21 (B1),
O113:NM (B1), O118NM (B1), O154:H34 (B1), O156:
HUT (B1), O163:HUT (B1) and OUT (30 Bl and 2 D
strains), as shown in Table 2. One isolate which was posi-
tive for both cdt-III and cdt-V genes was identified as O2:
HUT (B2). Five and one CTEC-V isolates from swine were
identified as O98:H10 (B1) and OUT:HUT (B1), respect-
ively. Interestingly, the E. albertii strain Sw-9 showed cross
reaction with the E. coli O84 antiserum.

Virulence gene profile

To analyze the virulence gene profile of the CTEC and
E. albertii strains isolated in this study, genes for DEC,
NTEC and putative adhesins reported in STEC (see details
in Material and Methods section) were investigated by col-
ony hybridization assays (Table 2). In agreement with the
previous report {20], all the CTEC-III strains possessed
the cnf2 gene, indicating that cdt-III of these strains could
be located on pVir-like plasmid. Surprisingly, 7 of the
CTEC-V strains also possessed cnf2.

The eaeA gene that encodes an outer membrane protein
called intimin, which is necessary for intimate attachment
of EPEC and EHEC strains to epithelial cells, was detected
in the E. albertii strain Sw-9 from swine and all of the 3
CTEC-V 0O156:HUT (B1) strains from cattle (Table 2).
The intimin subtype of three CTEC-V O156 strains was
determined as 6/y2 by PCR-RFLP, but the amplicon was
not obtained in E. albertii strain Sw-9. Sixteen CTEC-V
isolates (6 022, 10 OUT) were positive for the stx1 and
stx2 genes, while 6 CTEC-V strains (5 0113, 1 OUT)
were positive for only stx2. Cytotoxicity assay using
Vero and CHO cells, which are susceptible and unsus-
ceptible to Stx intoxication, respectively, indicated that
all the stx gene-positive CTEC strains produced functional
Stx (titer ranging from 16 to 128<) and CDT (1 to 64)
(Figure 3). However, 7 strains caused unexpected
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this study are shown.
.

Figure 3 Cytotoxic effect of sonic lysate of stx gene-positive CTEC strains on Vero (A) and CHO cells (B). Vero and CHO cells were
incubated with sonic lysate of stx gene-positive CTEC strains for 72 h. The cells were then fixed and observed under microscope (magnification,
200x). STEC strain Sakai (a) and CTEC- strain GB1371 (¢) were used as positive controls for Stx and CDT, respectively. E. coli strain C600 (b) was
used as negative control. The representative cytotoxicity patterns by CTEC strains positive for stx, cdt-V (d), and for stx, cdt-V, subAB (e) analyzed in

morphological change to CHO cells, indicating that these
strains might produce a third toxin. Since the observed
morphological change resembled to that induced by
SubAB, an ABj toxin discovered in LEE-negative STEC
[21], the 7 strains were subjected to PCR analysis specific
to the subA and subB genes and all the strains were posi-
tive for both the genes. Collectively, these data indicate
that the 7 E. coli strains produced CDT-V, Stx and SubAB
toxins.

stx gene-positive CTEC strains harbored the putative
adhesin genes of STEC such as saa, [pfAo;i3 ehaA and
iha, among which lpfA;;3 and ehaA may be linked with
long-term persistence in cattle [22], Taguchi et al. un-
published]. In addition, 20 (80%) and 21 (84%) of the
CTEC-1II isolates from cattle and 49 (94%) and 44 (85%)
of the CTEC-V isolates also harbored the IpfAp;;3 and
ehaA genes, respectively (Table 2). All the 6 CTEC-V
strains from swine also harbored both of the IpfAp;;3
and ehaA genes.

Sequencing of the cdt-/ll and cdt-V genes

To confirm the cdt subtyping, a total of 20 strains were
selected and subjected to cdi-gene sequencing as shown
in Table 3, including 7 cuf2-positive CTEC-V strains, 2
strains which were negative in cdt-V-specific PCR using
P2-A2 and cdtA-F, and cdtC-F and P2-C3 primer sets
(Figure 1), CTEC-III and V, a CTEC-V strain from
swine, and 9 additional strains randomly selected from
bovine CTEC-V strains. Strains Bv-7, Bv-43, Bv-56, Bv-61,
Bv-91 and Bv-98 were found to contain the identical
(100% nucleotide sequence identity) cdt-V genes to those
in human clinical strains 9282/01 (GenBank: AY365042),
5249/01 (GenBank: AY365043), and AH-26 (GenBank:

AB472870). The cdt-V genes in strains Bv-1, Bv-3, Bv-5,
Bv-8, Bv-15, Bv-49, Bv-65, Bv-55, Bv-68, Bv-21, Bv-88 and
Bv-100 also showed high sequence similarity (>96% iden-
tity) to the cdt-V genes (GenBank: AY365042). The cdt-1I1
genes in the strain Bv-87 were 98.7, 97.6 and 88.9% identi-
cal to the cdi-IIl (GenBank: U89305), cdt-V (GenBank:
AJ508930) and cdt-II (GenBank: U04208) genes, respect-
ively, whereas the cdt-V genes in the same strain were
98.3, 97.1 and 89.6% identical to c¢dt-V, cdt-III and cdt-1,
respectively. P2 phage-related sequence was found in the
flanking sequences of all the cdt-V genes examined. The
cdt-IIT and cdt-V genes in strain Bv-87 were 97.0% identi-
cal to each other. Strain Bv-87 may have both cdz-III genes
located on the pVir-like plasmid encoding CNF2 and cdt-
V genes located on bacteriophage.

Although cdtB (99.0% nucleotide sequence identity)
and cdtC (97.4% identity) in the strain Sw-26 were highly
homologous to those of CDT-V (GenBank: AY365042),
the cdtA was most homologous to that of S. boydii
CDT (94.5% identity, GenBank: AY696753), followed by
E. albertii CDT (94.2% identity, GenBank: AY696755),
CDT-II (93.1%), CDT-V (91.2%, GenBank: U04208) and
CDT-III (91.0%). The cdtA genes in other CTEC-V strains
Sw-27, Sw-33, Sw-43, Sw-44 and Sw-45 were also identical
to that of strain Sw-26. These data suggest that the
CTEC-V from swine in this study might harbor chimeric
cdt genes consisting of Sbedt-A or Eacdt-A, cdt-VB and
cdt-VC.

Discussion

Clinical importance of CTEC in humans including intes-
tinal and extra-intestinal infections is not yet fully under-
stood. Several studies, however, showed that on several
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Table 3 Percentage of nucleotide sequence identity of cdt genes between selected strains and type strains

Strain  Serotype PG cdt cdtA

cdtB cdtC

cnf2-positive CTEC-V

Bv-1 OQUTH1 Bl cdt-V' (99.8%)/cdt-lIP* (98.0%)

Bv-3 O8HUT  BI
Bv-5 OUTH2  BI1
‘Bv-8 OUTH2  B1
Bv-15  OUTH2 Bl
Bv-49  OUTH2  B1
Bv-65  OUTH2 Bl

cdt-VA (1009%)/cdt-lllA (97.3%)

cdt-B (100%)/cdt-VB (99.9%)  cdt-VC (99.3%)/cdt-HlIC (96.2%)

CTEC-V with untypable cdt genes by previous PCRs

Bv-55  OUTH48 D cdt-V (97.1%)/cdt-1il (95.9%) cdt-VA (96.4%)/cdt-lllA (94.6%)  cdt-iIB (97.0%)/cdt-VB (96.9%)  cdt-VC (98.4%)/cdt-MlIC (36.0%)

Bv-68  OUTH48 D

Sw-26  O98H10 Bl cdt-V (95.8%)/cdt-lll (95.1%) SbedtA® (94.5%)/EacdtA’ cdt-lIB (99.1%)/cdt-VB (99.0%)  cdt-VC (97.4%)/cdt-llIC (95.1%)
(94.2%)

CTEC-lll and V

E\QSZ/) O2HUT B2 cdtlll (98.7%)/cdt-V (97.6%) cdt-llIA (97.6%)/cdt-VA (95.1%)  cdt-llIB (100%)/cdt-VB (99.9%)  cdt-IC (98.5%)/cdt-VC (97.6%)

cat-

(8\287\/) cdt-V (98.3%)/cdt-lll (97.1%) cdt-VA (96.5%)/cdt-IIA (94.7%)  cdt-llIB (99.8%)/cdt-VB (99.6%)  cdt-VC (98.7%)/cdt-1IIC (96.3%)

cat-

Randomly selected 9 strains from CTEC-V

cdt-VA (100%)/cdt-lIA (97.3%)

cdt-VB (1009%)/cdt-lIB (99.9%)  cdt-VC (100%)/cdt-IIC (96.2%)

Bv-7 022:HUT BT cdt-V (100%)/cdt-lil (98.0%)
Bv-43 0154H34 B1
Bv-56  O156HUT B
Bv-61 OUTH8  B1
Bv-91 022H8  B1
Bv-98  022:H8  BI
Bv-21 O2H10 B2 cdt-V (99.8%)/cdt-lIl (98.1%)
Bv-88  OUTH25 B1  cdt-V (99.8%)/cdt-1il (98.0%)
Bv-100 OUTH21 Bl cdt-V (99.7%)/cdt-li (98.0%)

cdt-VA (100%)/cdt-lliA (97.3%)
cdt-VA (100%)/cdt-HlIA (97.3%)
cdt-VA (99.9%)/cdt-IlIA (97.2%)

cdt-lliB (99.9%)/cdt-VB (99.8%)
cdt-Ml1B (100%)/cdt-VB (99.9%)
cdt-HlIB (99.9%)/cdt-VB (99.8%)

cdt-VIC (99.5%)/cdt-llIC (96.7%)
cdt-VIC (99.3%)/cdt-llIC (96.2%)
cdt-VIC (99.5%)/cdt-llIC (96.3%)

"From E. coli strain 9282/01 (AY365042), *from 1404 (U89305), 3from S. boydii strain K-1 (AY696753), “from E. albertii strain 19982 (AY696755).

occasions CTEC strains were isolated from patients with
diarrhea, septicemia, or urinary tract infection [4], suggest-
ing that CTEC might be associated with human diseases.
To understand the possible reservoir and potential source
of CTEC infection, we have screened feces of healthy farm
animals (cattle, swine and chicken) for the presence of
E. coli cdtB gene by a PCR-RFLP assay, which can detect
and differentiate 5 subtypes of the E. coli cdtB gene [10].
In addition, we isolated CTEC strains from the cdtB
gene-positive samples and characterized them for sero-
types, virulence gene profiles and phylogenetic groups
to compare with those of CTEC strains from diarrheal
patients. There is a report regarding the isolation of
CDT-V-producing E. coli O157 from healthy cattle by
Téth et al. [23]. In most of the previous studies, how-
ever, CTEC strains were isolated from diseased animals
with various symptoms [13-16]. In this study, to avoid
any bias, we have isolated CTEC strains from cdtB-posi-
tive fecal sample of apparently healthy cattle and swine.

A total of 81 and 7 CTEC strains have been isolated
from 90 and 14 c¢dtB gene-positive fecal samples of cattle
and swine, respectively (Table 1). The 81 strains from
cattle samples were grouped into 12 O serogroups and
31 O:H serotypes (Table 2). In our previous work, we
showed that CTEC-I belonging to the O2 serogroup and
B2 phylogenetic group was most predominant among the
CTEC strains isolated from children with diarrhea in
Japan [10]. Although 6 CTEC strains belonged to the O2
serogroup and B2 phylogenetic group were isolated in this
study, none of them were CDT-I producers (4 CTEC-IIJ, 1
CTEC-V, and 1 CTEC-III and V). This may be because
of different geographical background between clinical
and animal samples collected. Alternatively although
cattle and swine carry a variety of CTEC strains, all the
CTEC strains in cattle and swine may not be associated
with human diseases. Since all types of CTEC have been
isolated from patients with diarrhea, CTEC strains found
in cattle and swine in this study might be associated with
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human diseases in future. Results obtained in this study
indicate that further studies on prevalence of CTEC in
food animals in several farms and meats are needed.

Té6th et al. [23] reported the isolation of CDT-V-
producing E. coli O157 from healthy cattle in Hungary.
However, all the CTEC strains isolated in the present
study did not belong to O157 serogroup. It might be
due to difference of the strategies. In their study, they
tried to isolate only E. coli O157 from healthy cattle
samples by using cefixime-tellurite-sorbitol-MacConkey
agar and also by following the International Organization
for Standardization reference method (ISO 16654) using
an O157-specific immunomagnetic beads. On the other
hand, we targeted CTEC by using PCR-RFLP for detection
of all five subtypes of the E. coli cdtB gene. We further
characterized only one strain from each cdtB gene-positive
sample. Thus, we cannot exclude the possibility that
CTEC 0157 was present in our samples, but we could
not isolate CTEC O157.

Presence of the cdi-I and cdt-IV, and cdt-Ill genes
were reported to be strongly associated with that of the
cnfl and cnf2 genes, respectively [13,24]. It has also been
reported that the cdt-III genes were located on a plasmid
harboring the cnf2 gene [20], whereas ¢cdt-V was chromo-
somal and carried by bacteriophage [25], suggesting that
detection of the cnf2 gene could be one of the genetic
markers to differentiate cdt-III and cdi-V gene-positive
strains. Indeed, all the 25 strains with cd¢-IIl were also
positive for cnf2. However, 7 out of the 52 cdt-V gene-
positive strains from cattle also contained cnf2 and this
gene arrangement has not yet been reported. Since hom-
ology between cdt-III and cdt-V genes is very high (cdtA,
97.3%; cdiB, 99.7%; cdtC, 96.5%) [4], it is difficult to dif-
ferentiate the cdi-III and cdi-V genes by PCR, suggest-
ing that some of the cdt-III and cdt-V genes might have
been misidentified. In the present study, three PCR primer
sets, cdt-IIIABC, cdt-Vup, cdt-Vdown, each targeting the
internal region of cdt-III [10], the 5’ and 3 flanking re-
gions of cdt-V [17], failed in producing specific amplicon
in 1, 9 and 3 strains, respectively, out of the 58 CTEC-V
and 1 CTEC-II and V (Table 2). However, the type-
specific PCR developed in this study using two primer sets
each targeting cdt-IIl or cdt-V (Figure 1) could produce
specific amplicon either for ¢dt-III or cdt-V. The cdt-1lI-
and cdt-V-specific PCR designed in this study is more
reliable to differentiate these genes and to generate more
precise epidemiological data. In fact, using the type-
specific PCR, we identified a both cdt-IIl and cdt-V gene-
positive E. coli strain. To our knowledge, this is the first
report to describe the isolation of CTEC-III and V strain.

Since reservoir for STEC has been identified to be ru-
minant such as cattle and this study also indicates that
reservoir for CTEC could be the same, similar genes for
adhesion might be associated with colonization of both
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STEC and CTEC. In addition to the eaeA gene, saa, iha,
IpfAc;13 and ehaA genes have also been reported to en-
code putative adhesins in STEC O157 and non-0O157
[26-29]. Recently Wu et al. [22] described a probable
association of these 4 genes, in particular [pfAp ;3 and
ehaA genes, with the long-term STEC shedding from
cattle. When virulence gene profiling, in particular, for
adhesin were analyzed in this study, 86 and 83% strains
from cattle and swine, respectively, were found to be
positive for IpfAp;3 and ehaA genes, while 100% stx
gene-positive CTEC isolates were all positive for saa,
IpfAci13 ehaA and iha genes. Furthermore, almost all
of them were positive for cdt-Ill or cdt-V whereas 2
strains were positive for cdt-I genes. In this study, 97%
of cdt genes detected in the feces of cattle was cdt-IIT or
cdt-V whereas only 2 and 1% of cdt genes were cdt-I
and cdt-1V, respectively. Clark et al. [13] also reported
that the cdt-III genotype was more prevalent in animal
strains although the majority of cdt genotypes isolated
from humans was cdt-I and cdi-IV [10]. Taken together,
these data indicate that LpfAo15 and EhaA could be asso-
ciated with adhesion of CTEC in cattle intestine, especially
CTEC-III and CTEC-V.

Strain Sw-9 initially identified as CTEC-II O84:NM by
biochemical test was re-identified as E. albertii, a newly
emerging diarrheagenic pathogen [19], by a MLS ana-
lysis and sugar utilization tests. This may be the first re-
port showing isolation of E. albertii from swine in Japan.
Furthermore, this finding prompted us to reinvestigate if
previously identified CTEC-II strains were of E. albertii
or not. Indeed the CTEC-II strain AH-5, previously
identified as OUT:NM [10], was found to be E. albertii
(Figure 2). Ooka et al. [19] recently reported that 26 out
of 179 eaeA gene-positive E. coli strains, isolated from
humans, birds and the environment in Japan, were iden-
tified as E. albertii by MLS analysis and cdtB gene of
CDT-II/II1/V subtypes group was detected by PCR in all
the E. albertii strains except 1 strain. EPEC isolates, previ-
ously identified as E. coli O86:K61 and contained the cdtB
gene, were also identified as E. afbertii [30]. The cdt genes
of E. albertii strain 19982 (GenBank: AY696755) are
highly homologous to the cdt-II genes present in E. coli
strains. These data suggest that E. albertii might have been
misidentified as not only EPEC but also CTEC-IL Since
there is no reliable method to identify E. albertii other
than MLS analysis to date, the development of simple and
reliable identification method of E. albertii is required.
The cdt-II genes could be one of useful genetic markers
for this purpose although discrimination of E. albertii
from true CTEC-II is still necessary.

Conclusions
We could isolate a number of CTEC strains from cattle
and swine, which had diverse variations in serotype and
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genotype. Some of the CTEC strains possessed virulence
genes associated with human diseases and serotype that
are frequently detected among human clinical strains.
Thus, cattle and swine could be possible reservoirs of
CTEC and serve as potential sources of infection to
human. To the best of our knowledge, this might be the
first report regarding comprehensive surveillance and
characterization of CTEC strains isolated from healthy
food animals. Because of the limited number of animals
and farms examined, further studies are of course needed
to verify the probability that these animals are indeed the
source of CTEC infection to humans.

Methods

Sample collection

In August 2004 in Japan, stool specimens from the rectum
of 102 cattle (around 1 year of age), including 95 cross
breeding cattle (from Bv-1 to Bv-95) and 7 Holstein cow
(Bv-96 to Bv-102), and rectal swabs from 45 cross
breeding swine (<6 month-old) and 45 broiler chickens
(<1 year-old) were collected in Nara, Japan. The cattle
were kept in several barns in a farm, the swine in several
pens in a barn, and the chickens in a windowless broiler
house. All the animals were healthy and asymptomatic.
The samples were transported to the laboratory at am-
bient temperature and processed within 6 h of collec-
tion. Fecal sampling in the present study was approved
by Laboratory of Animal Research of Nara Prefectural
Livestock Experiment Station and performed according
to the Guidelines for Animal Experimentation of Nara
Prefectural Livestock Experiment Station.

Detection of cdtB gene by PCR

Aliquot of stool specimens and rectal swabs were inocu-
lated into 3 mL of tryptic soy broth (Nissui Pharmaceut-
ical Co., Tokyo, Japan) for enrichment and incubated
overnight at 37°C with shaking. Fifty microliter of the
culture was added into 450 pL of TE buffer (10 mM
Tris—HCl, 1 mM EDTA [pH 8.0]) and boiled for 10 min.
After centrifugation at 12,000 x g for 3 min, the super-
natant was used as a template for PCR in a thermal cy-
cler (GeneAmp PCR System 9700; Life Technologies,
Carlsbad, CA, USA). In the PCR assay, the cdtB gene
was detected by using the cdtB common primer set which
can detect all five subtypes of the E. coli cdtB gene [10]
(Table 4). E. coli strain C600 and E. coli O86 strain
GB1371 (harboring the cdi-I genes) were used as negative
and positive controls, respectively. To examine the CDT
subtypes, a PCR-RFLP assay was employed as reported
previously [10]. Briefly, PCR products were digested by ei-
ther EcoR1/EcoRV or Mspl (Takara Bio Inc., Shiga, Japan)
and the digests were analyzed by electrophoresis in 3.0%
agarose gels (NuSieve 3:1 Agarose; Takara Bio Inc.). Since
differentiation of cdt-III from cdt-V by PCR-RFLP assay
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was not successful, type-specific PCRs were performed to
further discriminate cdt-III from cdt-V by using specific
primers such as Cdt-IIIAf and Cdt-IIICr [10], P2-A2/
cdtAF and cdtC-F/P2-C3 [17] and newly designed primers
such as Cdtlll/VB-F/CdtllIC-R and CdAtIII/VB-F/CdtVC-R
in this study (Figure 1). The primer sequences and PCR
conditions are presented in Table 4.

Identification of cdt-harboring organisms

Enrichment culture in which cdtB gene was detected by
the PCR was serially diluted in sterile 10 mM phosphate
buffered saline (pH 7.4) and 100 uL of each dilution was
spread on MacConkey agar (Difco Laboratories, Detroit,
MI, USA). Colonies were transferred to nitrocellulose
(Schleicher & Schuell, Dassel, Germany) or Hybond-N*
membrane (GE Healthcare, Buckinghamshire, UK) by a
replica blotting method and a colony hybridization assay
was carried out by using specific DNA probes under high
stringent condition. For preparation of probes, the cdt-IB,
cdt-IIB, cdt-IIIB and cdt-IVB genes were PCR amplified
using template DNAs isolated from E. coli strains NT3363
[8], AH-5, AH-6 and AH-8 [10], respectively, and com-
mon primer sets (Table 4) followed by labeling of each
PCR product by random priming method using the
MultiPrime DNA Labeling System (GE Healthcare) and
(a-*?P)-dCTP (111 TBq/mmol) (Perkin Elmer, Wellesley,
MA, USA). Hybridization positive colonies were detected
from the corresponding master plate and reconfirmed by
cdtB-specific PCR using the common primers (Table 4).
To identify cdtB-positive colonies as E. coli, bacterial cells
were further analyzed by the API 20E System (bioMérieux,
Marcy-1'Etoile, France) and by conventional biochemical
tests [31]. When the results of biochemical tests were am-
biguous, further confirmation was done by 16S rRNA
gene sequencing (approximately 500 bp in size) by using
the MicroSeq 500 16S rDNA Sequencing Kit and an ABI
PRISM 3100 Genetic Analyzer (Life Technologies). Sero-
typing was carried out by tube agglutination method using
somatic (01-0173) and flagellar (H1-H56) antisera [31],
which were prepared at the Osaka Prefectural Institute of
Public Health, Osaka, Japan.

Multilocus sequence analysis

Multilocus sequence (MLS) analysis was applied to the
cdt-1I-positive strain according to the protocol by Univer-
sity of Warwick (http://mlst.warwick.ac.uk) with minor
modifications. Briefly, partial gene sequences for 7 house-
keeping loci (adk, fumC, gyrB, icd, mdh, purA, recA) were
determined by sequencing their PCR products using the
BigDye Terminator Sequencing Kit (Life Technologies).
Obtained sequences were aligned and trimmed to a uni-
form size by using Seqman (DNASTAR, Madison, W1,
USA) and concatenated. Based on the concatenated se-
quences, a neighbor-joining tree was constructed using
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Table 4 PCR primers and conditions used in this study

PCR conditions Amplicon
Primer Sequence (5-3') Target Denaturing Annealing Extension (bp) Reference
Cdt-Bcomu TAAATGGAATATACATGTCCG cdt-18 ~ VB 94°C, 30 s 50°C, 30 s 72°C, 60 s 588 [10]
Cdt-Bcomd TITCCAGCTACTGCATAATC
Cdt-INAf GTAGGCATTCTTATTCCA cdt-ABC 94°C, 30 s 50°C, 30 s 72°C,90 s 1,909 [10]
Cdt-lliCr AGTTITCTTATCTGTCGG
Cdtllive-F CAGAAGGACTCAGATGTC
CdtlliC-R TGGTTGTTTGAGGTCAGT cdt-lBC 94°C, 30 s 55°C, 30 s 72°C, 60 s 546 this study
CdtvC-R GCTCTGTGGTACAACTTC cdt-VBC 94°C, 30 s 55°C,30s 72°C, 60 s 537 this study
pVir-u TCATGTGGAATAACTAGC cdt-IABC 94°C, 30 s 52°C,30s 72°C,120s 2818 this study
pVir-d GTTCTGAACTTCACCAG
FaeA-f AAACAGGTGAAACTGTTGCC eaeA 94°C, 30 s 50°C, 30 s 72°C, 60 s 454 [10]
EaeA-r CTCTGCAGATTAACCCTCTGC
BfpA-f AATGGTGCTTGCGCTTGCTGC bipA 94°C, 60 s 56°C, 90 s 72°C,90 s 324 [10]
BfpA-r GCCGCTTTATCCAACCTGGTA
EAF-f CAGGGTAAAAGAAGATGATAA EAF 94°C, 60 s 60°C, 90 s 72°C,90s 397 [10]
EAF-r TATGGGGACCATGTATTATCA
Est-f ATTTTTMTTTCTGTATTRTCTT est 94°C, 30 s 50°C, 30's 72°C,60 s 190 [10]
Est-r CACCCGGTACARGCAGGATT
Elt-f GGCGACAGATTATACCGTGC elt 94°C, 30 s 54°C, 30 s 72°C, 60 s 450 [10]
Elt-r CGGTCTCTATATICCCTGTT
AstA-f CACAGTATATCCGAAGGC astA 94°C, 60 s 53°C, 60 s 72°C, 60 s 94 (101
AstA-r CGAGTGACGGCTTTGTAG
Eagg-f CTGGCGAAAGACTGTATCAT aggh 94°C, 60 s 53°C, 60 s 72°C,60 s 630 101
Eagg-r CAATGTATAGAAATCCGCTGTT
EVT1 CAACACTGGATGATCTCAG stx1 94°C,30 s 55°C,30's 72°C, 60 s 349 (o
EVT2 CCCCCTCAACTGCTAATA
EVST ATCAGTCGTCACTCACTGGT stx2 94°C, 30 s 55°C,30s 72°C, 60 s 110 [10]
EVC2 CTGCTGTCACAGTGACAAA
CNF1-f GGGGGAAGTACAGAAGAATTA enfl 94°C, 60 s 55°C, 60 s 72°C, 60 s 1112 [10]
CNF1-r TTGCCGTCCACTCTCACCAGT
CNF2-f TATCATACGGCAGGAGGAAGCACC cnf2 94°C, 60 s 55°C, 60 s 72°C, 60 s 1.241 [0
CNF2-r GTCACAATAGACAATAATTTTCCG
InvE-f AGTTCTCGGATGCTATGCTC invE 94°C, 30's 60°C, 30 s 72°C, 60 s 293 [10]
InvE-r CAAGATTTAACCTTCGTCAACC
Saa-f ACCTTCATGGCAACGAG saa 94°C, 30 s 57°C,30's 72°C, 60 s 1,504 [23]
Saa-r  AATGGACATGCCTGTGG
Iha-f GAAATCAGCATCCGAGG iha 94°C,30's 55°C,30 s 72°C, 60 s 410 [23]
lha-r ATACGCGTGGCTGCTG
Efal-f GTCAAAGGTGTTACAGAG efal 94°C, 30 s 55°C,30s 72°C, 60 s 640 [23]
Efal-r ATTCCATCCATCAGGCC
LpfAC113-f ACTTGTGAAGTTACCTCC pfAOT13 94°C, 30 s 55°C, 30 s 72°C, 60 s 360 [23]

LpfACT13-r CGGTATAAGCAGAGTCG
EhaA-f AGGCATGAGACACGATC ehaA 94°C, 30 s 55°C,30's 72°C, 60 s 500 [23]



Hinenoya et al. BMC Microbiology 2014, 14:97
http://www.biomedcentral.com/1471-2180/14/97

Page 11 of 13

Table 4 PCR primers and conditions used in this study (Continued)

EhaA-r AAGTCGTGCCATTGAGC

SubA-f GTACGGACTAACAGGGAACTG SubA
SubA-r ATCGTCATATGCACCTCCG

SubB-f GTAGATAAAGTGACAGAAGGG subB
SubB-r GCAAAAGCCTTCGTGTAGTC

P2-A2 CACTGACAACGGCTGAAC Upstream
cdtA-F AAATGGGGAGCAGGATAC of cdt-VA
cdtC-F GAACCCCAAATACAGACC Downstream
P2-C3 TGGTTGATGACGGTGTTA of cdt-VC
eae-F AGGATATTCTTTCTCTGAATA eaeA
eae-R ATATYTATTTGCWGSVCCCCAT

94°C, 30 s 55°C, 30 s 72°C,60's 1,264 [22]
94°C, 30 s 55°C,30s 72°C, 60 s 715 [22]
94°C, 305 55°C, 30's 72°C,60's 848 [18]
94°C, 305 55°C, 30's 72°C,60's 712 [18]
94°C, 30 s 55°C,30's 72°C,60's 1,300 [33]

the MEGA 4 software. Following E. coli, E. fergusonii and
E. albertii strains were included in the MLS analysis as
references: E. coli strains K-12 (GenBank: NC000913),
EDla (GenBank: CU928162), HS (GenBank: CP000802),
and SE11 (GenBank: AP009240), uropathogenic E. coli
strains 536 (GenBank: CP000247), and IAI39 (GenBank:
CU928164), avian-pathogenic E. coli strain O1 (GenBank:
CP000468), enteroaggregative E. coli (EAEC) strain 55989
(GenBank: CU928145), enterotoxigenic E. coli (ETEC)
strain E24377A (GenBank: CP000800), STEC O157:H7
strain Sakai (GenBank: BAQ00007), O26 strain 11368
(GenBanlk: AP010953), 0103 strain 12009 (GenBank:
AP010958), CDT-II-producing E. coli (CTEC-II) strain
AH-5 [10], E. fergusonii strain ATCC 35469 (GenBank:
CU928158) and E. albertii strain LMG20976 [32].

Phylogenetic grouping of CTEC
Phylogenetic groups of each CTEC isolates were deter-
mined by PCR developed by Clermont et al. [33].

Detection of virulence genes

Presence of virulence genes including c¢dt in diarrhea-
genic E. coli (DEC) and necrotoxigenic E. coli (NTEC)
and putative adhesin genes of STEC were analyzed by col-
ony hybridization assays using appropriate DNA probes
(Table 2) as described previously [10,22]. CTEC strain
GB1371 (cdt-IA, cdt-IC, eaeA, bfpA, EAF), ETEC strains
12566 (elt) and 12671 (est), EAEC strain O42 (aggR, astA),
STEC O157:H7 strain Sakai (stxl, stx2, iha, efal, ehaA),
STEC O113:NM strain D-129 (subAB, saa, IpfAoiis)
[Taguchi et al. unpublished], enteroinvasive E. coli strain 3
(invE), CTEC strains AH-1 (cnfl), AH-5 (cdt-lIA, cdt-1IC),
AH-6 (cdt-IIIA, cdt-LIIC, cnf2), AH-8 (cdt-IVA, cdt-IVC)
and AH-10 (cdt-VA and cdt-VC) were used as positive
controls. The DNAs of these control strains were also
used as template to PCR amplify each of the virulence
gene followed by preparation of DNA probes. The E. coli
eaeA gene was PCR amplified using the eae-F and eae-R

primer set and subtyped by PCR-RFLP with Mspl as
described previously [34].

Cytotoxicity assay

Cytotoxicity assay was performed as described earlier
[10]. Briefly, test strains were grown overnight in 3 mL
of tryptic soy broth at 37°C overnight with shaking. Bac-
terial cells were lysed by sonication using an Astrason
ultrasonic processor (Heat-System 7 Ultrasonics, Farming-
dale, NYY, USA) and each sonic lysate was passed through
sterile disposable filter with 0.22-um pore size and each
filtrate was used for cytotoxicity assay. Vero and CHO
cells were seeded at density of 1 x 10* cells in a 96 well
plate (Asahi glass Co., Ltd., Tokyo, Japan) respectively, and
20 pL of 2-fold serially diluted each toxin solution was
added to assay their cytotoxic effects. After 9 h of incuba-
tion, 100 pL of fresh medium was added per well and
cytotoxic effect of each test sample, if any, was examined
microscopically after 72 h of incubation. The toxin titer
was expressed as the reciprocal of the highest dilution that
caused 50% of the Vero and CHO cells in a well to be
killed and distended, respectively. E. coli strains Sakai and
GB1371 were always used as positive controls and as a
negative control we used E. coli strain C600. Vero and
CHO cells were cultured in Minimum Essential Medium
(MEM) and MEM-a (Life technologies), respectively, con-
taining 10% fetal bovine serum (EuroClone S.p.A., Pero,
Italy), and 1% antibiotic-antimycotic (100x) (Penicillin G so-
dium [10,000 U/mL], streptomycin sulfate [10,000 pg/mL],
and 25 pg/mL amphotericin B in 0.85% saline [Life
technologies]). Cells were cultured at 37°C under 5%
CO, in air.

Sequence analysis of cdt-lll and cdt-V

To determine the entire sequence of the cdt genes, the
cdt gene-cluster including their flanking regions were
PCR amplified followed by sequencing as previously de-
scribed [10]. For the cdz-III genes, PCR product obtained
by the pVir-u and pVir-d primers specific to the flanking
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region of cdt-1ll on the pVir plasmid was sequenced. For
the cdt-V genes, PCR products obtained by the P2-A2
and CdtVC-D2 primers and the CdtIll/VB-F2 and P2-C3
primers were sequenced (Figure 1). Each PCR product
was purified by the QIAquick PCR Purification Kit
(QIAGEN, Hilden, Germany) and the nucleotide sequence
of the PCR product was determined as described above.
Nucleotide and amino acid sequences were analyzed and
compared with each subtype using the BLAST program
through the DDBJ (DNA Data Bank of Japan), and the
DNA Lasergene software package (DNASTAR).

Nucleotide sequence accession numbers

All nucleotide sequences obtained in this study have
been registered in the DDBJ database. The accession
numbers are AB839651-AB839676 (for the cdi genes)
and AB839677-AB839690 (for 7 housekeeping genes used
for MLS analysis).
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