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There are contradictory literature reports on the role of verotoxin (VT) in adherence of enterohemorrhagic
Escherichia coli O157:H7 (0157 EHEC) to intestinal epithelium. There are reports that putative virulence
genes of O island 7 (OI-7), OI-15, and OI-48 of this pathogen may also affect adherence in vitro. Therefore,
mutants of v£2 and segments of OI-7 and genes aidA,5 (gene from OI-15) and aidA,g (gene from OI-48) were
generated and evaluated for adherence in vitro to cultured human HEp-2 and porcine jejunal epithelial
(IPEC-J2) cells and in vivo to enterocytes in pig ileal loops. VI2-negative mutants showed significant decreases
in adherence to both HEp-2 and IPEC-J2 cells and to enterocytes in pig ileal loops; complementation only
partially restored VI2 production but fully restored the adherence to the wild-type level on cultured cells.
Deletion of OI-7 and aidA 3 had no effect on adherence, whereas deletion of aidA4, 5 resulted in a significant
decrease in adherence in pig ileal loops but not to the cultured cells. This investigation supports the findings
that VT2 plays a role in adherence, shows that results obtained in adherence of E. coli O157:H7 in vivo may
differ from those obtained in vitro, and identified AIDA-15 as having a role in adherence of E. coli O157:H7.

Escherichia coli O157:H7 is the prototypical enterohemor-
rhagic E. coli (EHEC) strain and is the most common serotype
associated with large outbreaks and sporadic cases of hemor-
rhagic colitis (HC) and hemolytic-uremic syndrome (HUS)
(25). It is well established that EHEC O157:H7 can colonize
the intestine of humans and animals and that adherence to
intestinal epithelial cells occurs through the formation of at-
taching-and-effacing (AE) lesions, which is a critical early step
in infection. Some researchers have suggested that EHEC uses
fimbriae to make the initial contact with epithelial cells, prior
to intimate attachment mediated by locus of enterocyte efface-
men-encoded proteins (15). Several potential adherence fac-
tors of EHEC O157:H7 have been described, but only the
outer membrane protein intimin has been demonstrated to
play a role in intestinal colonization in animal models (16).
Intimin mediates the intimate adherence component of the AE
lesion by binding to the translocated intimin receptor Tir,
resulting in close attachment of the bacteria to the host cell
membrane (17). Intimin can also bind to Bl integrins and
nucleolin on host cells (9, 36). Severe damage due to infection
with EHEC is attributable to the cytotoxic verotoxin (VT),
which damages epithelial and endothelial cells, leading to
bloody diarrhea and HUS (16). Several investigators have re-
ported that VT does not play a role in colonization of the
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intestine (2, 4, 34). However, Robinson et al. (30) reported
recently that VT enhances adherence to epithelial cells and
colonization of the mouse intestine by E. coli O157:H7. There-
fore, the present study examined the involvement of VT in
adherence in vitro and in vivo.

Several putative virulence genes have been identified in O
islands (OlIs) in EHEC O157:H7 strain EDL 933 (26), includ-
ing those encoding Tha and AIDA-I in OI-43/48, AIDA-I in
OI-15, and a ClpB chaperone protein and a putative macro-
phage toxin in OI-7 (26, 27). OI-7 also contains many unknown
open reading frames (ORFs) whose function in the pathogen-
esis of EHEC O157:H7 has not been investigated. Tha, an
adherence-conferring outer membrane protein similar to IrgA
(the product of iron-regulated gene A) (38), is a virulence
factor in uropathogenic E. coli strain CFT073 (14). AIDA-I,
encoded by aidA, was first identified in EPEC and confers the
capacity for diffuse adhesion of the bacteria to epithelial cells
(1). AIDA-I-like adhesins from OI-15 and OI-43/48 show 55%
and 68% homology, respectively, to the AIDA-I of EPEC (26,
27). All three AIDA proteins show characteristics of an auto-
transporter membrane protein with a B-barrel structure (20),
which is exposed at the surface of the bacteria (13). These
observations suggest that the two homologs of AIDA-I may
also function as adhesins in EHEC O157:H7; however, the
roles of the AIDA-I-like adhesins in EHEC have yet to be
determined.

EHEC O157:H7 has been isolated from pigs, and conven-
tional pigs are a permissive host and therefore a potential
reservoir for human infection with EHEC O157:H7 (8). One
recent family outbreak was associated with pork salami (3).
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TABLE 1. Bacterial strains and plasmids
E. coli strain or plasmid Description Source or
reference

Strains
86-24N5 EHEC O157:H7 strain 86-24 40
86-24NR EHEC O157:H7 strain 86-24 Nal* This study
SM10(\pir) Km"; RP4-2-Tc::Mu, broad-host-range conjugation strain; Tra functions conferred by 7

chromosomal RP4

DHS5a-\pir F~ hsdR17 thi-1 gyrA A(lacZYA-argF) supE44 recA1[N80dA(lacZ)M15] relA \pir 7
86-24NSAdidA 4 86-24AaidA 45::Kan (OI-48) This study
86-24N5AaidA 5 86-24AaidA5::Gm (OI-15) This study
86-24NSAaidA 5(pA15) 86-24AaidA, 5 containing pA15 This study
86-24NSAescN 86-24AescN::Gm (OI-48) This study
86-24NSK21 86-24 AZ0244-70250::Kan (OI-7) Z0250 putative macrophage toxin This study
86-24N°Gm3 86-24 AZ02550-Z20253::Gm (OI-7) This study
86-24NSGm0254 AZ0254::Gm (OI-7) putative protease, Hsp This study
86-24NGm31 86-24 AZ0255-20260::Gm (OI-7) This study
86-24N°GmS5 86-24 AZ0260-20266::Gm (OI-7) This study
86-24NGm6 86-24 AZ0266-20268::Gm (OI-7) VgrG protein, Rhs element associated This study
86-24N°Gm56 86-24 AZ0260-20268::Gm (OI-7) This study
86-24NSK2D 86-24 AZ0268-20276::Kan (OI-7) Rhs element associated, putative receptor This study
86-24NRAvi2 86-24 vi2A::Gm Nal” This study
86-24NRAV2(pVT2) 86-24NRAvt2 containing pVT2 This study
86-24NSAv12-1 86-24 vi2A::Gm This study
86-24NSAv12-2 86-24 vi2A::Gm This study
86-24NSAv2(pVT2) 86-24Avt2-1 containing pVT2 This study

Plasmids
pUCGM Template plasmid for Gm resistance 33
pUCKan Template plasmid for Kan resistance 22
pBAD-TOPO Cloning expression vector Py, ,; Ap” Invitrogen
pKM208 Red and gam expressed from Ptac; Ap" lacl; IPTG* inducible 24
pAl5 pBAD-TOPO containing aidA,5 (OI-15) This study
pVT2 pBAD-TOPO containing v£2 genes This study
pRE107 Mobilizable suicide vector; Ap" 7
pRE107-v12 pRE107 containing v¢2 mutation cassette This study
pGEM-T Easy TA cloning vector; Ap" Promega
pGEM-v2 pGEM-T Easy containing vf2 mutation cassette Gm" inserted in the A subunit This study

“ IPTG, isopropyl-B-D-thiogalactopyranoside.

Pigs are highly relevant models for the study of virulence of
EHEC O157:H7 in humans and have been extensively used to
characterize putative virulence factors and to investigate the
pathogenesis of EHEC O157:H7 and other verotoxigenic E.
coli strains (6, 11, 21). The present study was designed to
examine VT2-negative mutants, OI-7 deletions, and aidA
knockouts from OI-15 and OI-48 of EHEC O157:H7 in vitro
and in the pig intestines for their roles in adherence.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plasmids used in this
study are described in Table 1. Mutant strains were constructed in EHEC
O157:H7 strain 86-24.

Mutant generation. (i) Generation of v2 isogenic mutants. Construction of
vi2-negative mutants of EHEC O157:H7 strains 86-24NR and 86-24N° was ac-
complished by allelic exchange (10) and by phage A-Red mediated recombina-
tion, respectively. For allelic exchange, primers vt2-F03-Sall and vt2-R03-Sphl
(Table 2) were used to amplify a fragment of 1,216 bp from position 14 of Z1464
(encoding vt2 A subunit) to position 258 of Z1465 (encoding v¢2 B subunit) from
wild-type EHEC O157:H7 strain 86-24 using the Expand high-fidelity PCR
system (Roche Diagnostics). The amplicon was cloned into pGEM-T Easy (Pro-
mega, Madison, WI). A gentamicin (Gm) resistance gene (855 bp) from
pUC-GM was released with Smal and inserted into the unique Eco47I1I site of
the v£2 A subunit gene at position 418 of the cloned fragment in pPGEM-T Easy,
resulting in pGEM-1£2 with a mutation cassette of 2,071 bp. The cassette was
subcloned into the Sall and Sphl sites in the suicide vector pRE107, creating
pRE107-vt2. Donor (E. coli SM10 N\pir containing pRE107-v2) and recipient

(EHEC O157:H7 strain 86-24NR) were mated, and transconjugants were se-
lected on tryptic soy agar plates with nalidixic acid (50 pg/ml) and Gm (20
pg/ml). Colonies that appeared were tested for susceptibility to sucrose and
ampicillin. A sucrose-resistant, ampicillin-sensitive clone was examined by PCR
using primers vt2-F03 and vt2-R03 (Table 2), generating an amplicon of 2,071 bp
for the mutant with an insertion while generating an amplicon of 1,216 bp for the
wild-type strain (data not shown). Sequencing of the 2,071-bp amplicon from the
mutant confirmed the insertion of the Gm gene, and the mutant was named
86-24NRApr2. To complement this mutation, plasmid pVT2 was introduced into
86-24NRAv2, generating a complemented mutant strain, 86-24NRAv2(pVT2)
(Tables 1 and 2). pVT2 was generated by cloning of the amplicon (enclosing the
complete v£2 A and B subunits plus a 409-bp sequence upstream of the v£2 gene)
with primers vt2-FO6B and vt2-R06 into the expression vector pPBAD-TOPO.
The loss and restoration of VT production from the mutant and complemented
strains were determined by a Vero cell cytotoxicity assay (VCA) and by an
enzyme-linked immunosorbent assay (ELISA) (see below).

Two vi2-negative mutants of the nalidixic acid-sensitive (N®) strain were gen-
erated by the phage N\-Red-mediated recombination system as described below.
The PCR amplicon obtained from pRE107-v¢2 with primers vt2-F03 and vt2-R03
was electroporated into EHEC O157:H7 strain 86-24 cells containing pKM208.
Two ve2-negative mutant strains were created in separate experiments and were
named 86-24NSAvt2-1 and 86-24NSAv2-2. Possession of an in-frame insertion
was confirmed by sequencing and PCR (data not shown). The complemented
mutant 86-24NSAvi2(pVT2) was created by introduction of pVT2 into 86-
24NSAv2-1.

(ii) Construction of isogenic mutants of OI genes by the A\-Red-mediated
recombination system. Deletions of genes for the AIDA-like adhesins of OI-48
(AIDA-48) and OI-15 (AIDA-15), escN of the locus of enterocyte effacement,
and segments of OI-7 were generated through the phage A-Red-mediated re-
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TABLE 2. Primers used for PCR

Primer

Sequence (5 to 3")

Function(s)

vt2-F03-Sall
vt2-R03-Sphl

gtcgacTATTTAAATGGGTACTGTGCCT*
gcatgcAAACTGCACTTCAGCAAATCCG?

vt2-F03 TATTTAAATGGGTACTGTGCCT

vt2-R03 AAACTGCACTTCAGCAAATCCG

vt2-F06B CACCCAGAATGTAGTCAGTCAGAAC”

vt2-R06 CCCTGACAACATCATAGTGT

aidA48-KF GAATCTCTTCATCATGCAGAACGGAATTGCACACAACAGACTGACTAA
CTAGGAGGAATAA

aidA48-KR GAAATCGTATTTCCGGGATACCGTATAATCAGAAAGTCATATTCATTAT
TCCCTCCAGGTAC

aidA48-LF TGATGAGCGCCAGACCAATC

aidA48-RR TAATATGCGCCTGTAGTGACTG

aidA15-GF TGATGAATAAAATATATCGGCTAAAGTGGAACAGGTCCCGTCGAGCTC
GAATTGACATAAG

aidA15-GR AACCATTGCAGAGGTGTCATTATATCCCCTATCGGCAACCTGCGTTGT
GACAATTTACCGAA

aidA15-F2B CACCGATATTCTTGACCAGTACGAG

aidA15-R2 AACACTCAAATCATGCGAAGC

escN-GF ACGAATAGATAAAATTCTGTCCAACATACTCAGGCAACCACTCGTTGT
GACAATTTACCGAA

escN-GR AATATCGAACTTAAAGTATTAGGAACGGTAAATGATTTCAGACGAGCT
CGAATTGACATAAG

escN-Fm GATAAAATTCTGTCCAACATAC

escN-Rm TCGAACTTAAAGTATTAGGAAC

K21-LF GAACTATCAAATGACCATGTTACGGAAGCGCAACTGTTTAATTGACTA
ACTAGGAGGAATAA

K21-RR GCCAGCATCTTCACTGCCAGTTACCGGTTTACGTGGTACTGATCATTAT
TCCCTCCAGGTAC

Gm3-F GAACGGGTTATCTTCCGTGTCGGTATGCACACGGTAGGTCATCGTTGT
GACAATTTACCGAA

Gm3-R ACGAGTCCGTCACAAAGGATGAAACGGTTTTATGAGCAGGTTCGAGCT
CGAATTGACATAAG

Gm3-Fm AACGGGTTATCTTCCGTGTC

Gm3-Rm CCGTCACAAAGGATGAAACG

Gm0254-LF AACCTGCTCATAAAACCGTTTCATCCTTTGTGACGGACTCGTCGAGCTC
GAATTGACATAAG

Gm0254-RR ATAAGGACGTTTATGATCCAGATTGATCTTCCCACGCTGGTACGTTGT
GACAATTTACCGAA

Gm31-LF AATTCCAGCAGATCCTGGTAACGTTTGGGTTCACGGATCAGCGAGCTC
GAATTGACATAAG

Gm31-RR TTGAAAGTTTCAGCCATCAGATGGAATACAGCCGGAAGCGGCGTTGTG
ACAATTTACCGAA

Gm5-LF TTCAGCGCGTCCGTATCCAGTAATGACAGATAATTCAGGTTCCGAGCT
CGAATTGACATAAG

Gm5-RR GGTAGTGAAATAATGCTCCTGTTTGCCTTCCACAGAGGTACGCGTTGT
GACAATTTACCGAA

Gm6-LF TGGTCTCCTTTCATCTGAACCAGTCACTCTCTTCGCTTTTTTCGAGCTCG
AATTGACATAAG

Gm6-RR TATATGTTCAATAGGATTGAGTGGGTACTGATACAGGTTCCACGTTGT
GACAATTTACCGAA

K2D-LF TGGAACCTGTATCAGTACCCACTCAATCCTATTGAACATATATGACTAA
CTAGGAGGAATAA

K2D-RR TTCAGAAAGGGATGTTTAGTGTGCTGAGCGAGAGTTAAATAATCATTA

TTCCCTCCAGGTAC

PCR for cloning

PCR for cloning

Confirmation of v£2 mutagenesis
Confirmation of v£2 mutagenesis
For vt2 complementation

For vt2 complementation

For aidA s mutagenesis

For aidA s mutagenesis

Confirmation of aidA 4 mutagenesis

Confirmation of aidA4,; mutagenesis

For aidA,s mutagenesis and
confirmation

For aidA,s mutagenesis and
confirmation

For aidA,5 complementation

For aidA,5 complementation

For escN mutagenesis

For escN mutagenesis

Confirmation of escN mutagenesis

Confirmation of escN mutagenesis

For K21 mutagenesis and
confirmation

For K21 mutagenesis and
confirmation

For Gm3 mutagenesis

For Gm3 mutagenesis

Confirmation of Gm3 mutagenesis

Confirmation of Gm3 mutagenesis

For Gm0254 mutagenesis and
confirmation

For Gm0254 mutagenesis and
confirmation

For Gm31 mutagenesis and
confirmation

For Gm31 mutagenesis and
confirmation

For Gm5 mutagenesis and
confirmation

For Gm5 mutagenesis and
confirmation

For Gm6 mutagenesis and
confirmation

For Gm6 mutagenesis and
confirmation

For K2D mutagenesis and
confirmation

For K2D mutagenesis and
confirmation

“ Lowercase letters show Sall site.
’ Lowercase letters show Sphl site.

¢ Underlined letters show 5’ overhang required for directional cloning into pBAD-TOPO.

combination system as described previously (24). Briefly, competent EHEC
O157:H7 strain 86-24 cells containing pKM208 were electroporated with PCR
products. The PCR products were generated with primers containing 40- to
42-nucleotide overhangs at the 5" end homologous to the gene to be replaced and
20 nucleotides at the 3’ end targeting the drug resistance genes derived from
either the template plasmid pUCGM (carrying a Gm resistance cassette) or
pUCKan (carrying a kanamycin [Kan] resistance cassette) (Tables 1 and 2). After
electroporation, cells were incubated at 37°C overnight with shaking and plated
on medium containing either 20 pg/ml Gm or 50 pg/ml Kan. The resulting

colonies were confirmed for absence of the genes by PCR using primers flanking
the deleted region. Positive clones with gene deletions were tested for ampicillin
sensitivity for the loss of pKM208. Mutant strains 86-24NSAaidA,s, 86-
24NSAaidA s, 86-24N5AescN, 86-24N5K21, 86-24NSGm3, 86-24NSGm0254, 86-
24NSGm31, 86-24N5Gm5, 86-24NSGm6, 86-24N5Gm5-6, and 86-24NSK2D were
generated using the primer pairs listed in Table 2. The whole OI-7 was deleted
by the eight overlapping deletion mutants (Fig. 1). To complement the mutant
86-24NSAaidA, 5, wild-type aidA 5 (gene from OI-15) was amplified by PCR with
primers aidA15-F2B/aidA15-R2 and cloned into the expression vector pBAD-
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FIG. 1. Scheme for creation of eight deletion mutants that covered
the entire OI-7 of EHEC O157:H7 strain 86-24N°. The deletions were
made with the phage N\-Red system. Each deletion mutant is shown
with its name and size in base pairs. Mutant K21 contains a deletion of
the gene for a putative macrophage toxin (Z0250), and mutant
Gm0254 represents a major deletion of Z0254, encoding a putative
ClpB-like chaperone protein.

TOPO (behaving as a low-copy-number plasmid under uninduced conditions),
resulting in pA15. The latter was then electroporated into 86-24AaidA s, yielding
86-24AaidA 5(pAl5) (Tables 1 and 2).

In vitro adherence assay. Effects of the mutants on adherence in vitro were
evaluated by comparison with adherence of the wild-type bacteria to HEp-2 and
IPEC-J2 cells. The bacteria were grown for 16 tol8 h in 3 ml of brain heart
infusion (BHI) broth plus 44 mM NaHCO; (BHIN) in tightly capped 12-ml
sterile plastic tubes (Fisher Scientific, Nepean, Ontario, Canada) without shak-
ing. The density of all bacterial cultures was adjusted photometrically so that
cultures contained approximately 5 X 10% CFU/ml prior to their use in the assay.

HEp-2 (ATCC CCL23) cells were maintained in Eagle’s minimal essential
medium (EMEM) (Invitrogen, Carlsbad, CA). The IPEC-J2 pig jejunal epithe-
lial cells (a gift from Joshua Gong of Agriculture and Agri-Food Canada) were
maintained in Dulbecco’s minimal essential medium (Invitrogen). Both media
were supplemented with 10% fetal bovine serum (FBS), penicillin (100 TU/ml),
and streptomycin (100 pg/ml). HEp-2 and IPEC-J2 cell adherence assays were
conducted as previously described (31), with some modifications. Briefly, approx-
imately 2 X 10° HEp-2 or IPEC-J2 cells per well were dispensed in six-well cell
culture plates (Corning, NY) and grown in EMEM or Dulbecco’s minimal
essential medium, respectively, overnight in the presence of 5% CO,. For the
adherence assay, cell monolayers at ~50% confluence were washed and recon-
stituted with fresh EMEM (800 pl per well) without antibiotics. A 20-ul volume
(approximately 107 bacteria) of an overnight culture of each strain was added
individually to sets of duplicate wells. After incubation for 6 h at 37°C in 5% CO,
with a medium change at 3 h, the plates were washed with phosphate-buffered
saline to remove unbound bacteria, fixed with 70% methanol, stained with 1:40
Giemsa stain (Sigma), and examined by light microscopy. Adherence was quan-
tified by examining 100 consecutive cells per well and recording the percentage
of HEp-2 or IPEC-J2 cells with clusters of 5 to 9, 10 to 19, and =20 bacteria. The
percentage of cells with at least five adherent bacteria per cell was calculated as
a measure of total adherence. Data are expressed as the means of at least three
separate experiments = standard deviation (SDs).

VT detection by the Vero cell assay and ELISA. VT2 production was deter-
mined by the following methods. Overnight bacterial cultures were subcultured
into two tubes with 5 ml fresh Luria-Bertani broth (LB) and grown with shaking
at 37°C to an optical density at 600 nm of 0.6 (mid-log phase). Mitomycin C
induction and whole-cell lysate preparation were performed according to the
method of Ritchie et al. (29). The VT concentrations in each sample of culture
supernatant and sonicated whole-cell lysate were determined by ELISA and by
VCA (18). The ELISA was performed as described previously (5) with VT
concentrations determined from a standard curve generated with purified VT2.
For the VCA, 100 pl of serially diluted samples was mixed with 100 ul of Vero
cell suspension (4 X 10° cells/ml) in 96-well plates and incubated at 37°C in a 5%
CO, atmosphere. After 3 days of incubation, the plates were stained with crystal
violet and were examined visually to determine the 50% cytotoxic dose (CDs),
the dilution at which half of the cells had detached from the monolayer. The titer
of a preparation was the number of CDs,s per ml of the preparation.

APPL. ENVIRON. MICROBIOL.

Pig gut loop experiments. The mutants were tested in ligated ileal loops of
pigs. The experimental protocols and care of the animals were approved by the
University of Guelph Animal Care Committee. Bacteria were grown without
shaking at 37°C overnight in BHIN, concentrated by centrifugation, and resus-
pended to a concentration of 5 X 10'® CFU/ml in EMEM containing 10% FBS.

Two or three 12- to 14-day-old female pigs from the same litter were used at
a time. The pigs were fed only electrolytes in warm water (Vetoquinol, Lavaltrie,
Quebec, Canada) for 24 h before surgery. The pigs were premedicated with a
mixture of ketamine (50 mg/ml), xylazine (10 mg/ml), and butorphenol (1 mg/
ml), given intramuscularly at 0.2 ml/kg of body weight. About 10 min later,
anesthesia was achieved by slow intravenous injection of sodium pentobarbital
(55 mg/100 ml). Following cleaning and disinfection of the abdomen, a ventral
midline laparotomy was performed aseptically and the distal ileum was exteri-
orized. Six to eight ligated loops (each about 10 cm long) were created with nylon
ligatures in the distal ileum, beginning approximately 10 cm from the ileocecal
junction. Each loop was followed by a short intervening segment (2 to 3 cm) that
was not inoculated. A 2-ml volume of inoculum containing 10'! CFU of the test
organisms was injected into the lumen of the ileal loops with a 25-gauge needle.
In each pig, the treatments were assigned randomly: one loop received the
positive control of wild-type EHEC strain 86-24 and one loop received the
negative-control EMEM with 10% FBS. After inoculation, the ileum was re-
placed in the abdomen and the laparotomy incision was closed. Immediately
following the surgery and at 4-h intervals thereafter, the pigs were injected
intramuscularly with butorphenol (Wyeth Canada, St. Laurent, Quebec, Canada)
at 0.4 mg/kg body weight. The pigs were euthanized by an overdose of pento-
barbital 15 to 16 h after inoculation of the loops, and pieces of the ligated
intestine were quickly excised from each loop for histopathology, electron mi-
croscopy, and bacteriology. Fluid accumulation in the ileal loops was measured
as the volume per loop.

A total of 63 pigs were used in the ligated intestine tests. Comparison of
adherence of the mutants and the wild-type parent was based on tests conducted
in the same pigs, and data were considered valid when the positive control
showed adherent bacterial clusters and the negative control showed no adherent
bacterial clusters.

Histological examination, immunoperoxidase staining with anti-O157 anti-
body, and electron microscopy. Tissues taken from the loops were fixed imme-
diately in 10% neutral buffered formalin for at least 24 h at room temperature.
Additional 4-mm-square pieces were immediately immersed in cacodylate-HCI-
buffered glutaraldehyde for possible electron microscopy. The fixed tissues were
cut into smaller pieces, and every second piece of tissue was chosen for a total of
four pieces from each loop that were processed by routine methods. After the
tissue was embedded in paraffin, 1-pm-thick sections were cut and stained with
Giemsa stain and with hematoxylin and eosin. All villi in these sections were
examined by light microscopy to determine the percentage of villi with adherent
bacterial clusters (=5 bacteria). The score for each treatment was calculated as
the mean percentage (+SD) of villi with adherent bacterial clusters for all loops
subjected to the treatment. Bacteria seen in these sections were tested for the
0157 antigen by indirect immunoperoxidase staining of adjacent sections with
anti-O157 antibody (Difco, Detroit, MI) using Histostain (Zymed Laboratories,
San Francisco, CA), according to the manufacturer’s instructions. Selected fixed
tissues likely to contain AE lesions as identified by the light microscopic exam-
ination were processed for electron microscopy. Thin sections were stained with
uranyl acetate and lead citrate and examined with a 100S transmission electron
microscope (JEOL, Japan).

RNA isolation and RT-PCR. To determine the expression of the plasmid-
carried genes for the complemented strains, reverse transcription-PCR (RT-
PCR) was performed from bacterial total RNA that was isolated using the
RiboPure-Bacteria kit protocol (Ambion, Texas). Briefly, bacteria grown over-
night in BHIN at 37°C without shaking were harvested and treated in RNAlater
solution (Ambion) overnight. Subsequent RNA isolation and purification and
DNase I treatment steps were done according to the manufacturer’s protocol.
Total RNA from tissue culture cells was isolated with an RNeasy minikit (Qia-
gen, Mississauga, Ontario, Canada) according to the manufacturer’s instructions.
All the RNAs that were treated with DNase I were confirmed free of DNA
contamination as determined by PCR using RNA as template. Total RNA
concentration was determined with a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE), and RNA integrity was verified by
visualization on an agarose gel.

First-strand cDNA was synthesized from the DNase I-treated total RNA using
SuperScript II reverse transcriptase with 100 ng of random primer pd(N)9 for
bacterial RNA or with olig(dT),, for RNA from tissue-cultured cells according
to the procedures recommended by the supplier (Invitrogen). Reverse-tran-
scribed cDNAs were amplified by PCR in a final volume of 50 pl, containing 1.5
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mM MgCl,, 0.2 mM deoxynucleoside triphosphate mixture, 10 pmol of each
primer as indicated in Table 2, and 2.5 units of Tag DNA polymerase (New
England Biolabs, MA). An initial exposure to 94°C for 4 min was followed by 35
cycles of denaturation at 94°C for 30 s, annealing at 55 to 58°C (depending on the
primers used) for 30 s, and extension at 72°C for 120 s and a final extension step
of 10 min at 72°C.

Statistical analysis. All analyses were performed with SAS for Windows ver-
sion 8.02 (SAS Institute Inc., Cary, NC). The in vitro adherences of the various
strains to cultured cells were compared by analysis of variance of the percent
adherence of clusters with 5 to 9, 10 to 19, and =20 bacteria per cell, as well as
the total percent adherence (=5 adherent bacteria per cell) using PROC GLM.
In vivo adherences of the tested strains were compared similarly by analysis of
variance of the mean percentage of villi with adherent bacteria (=5 bacteria per
villus) for the total number of loops that were tested. P values of =0.05 were
considered significant.

RESULTS

VT2 production by wild-type and mutant O157:H7 EHEC.
Production of VT2 by the NS and N® wild-type O157:H7
EHEC varied markedly, with mean titers in the VCA of 23,040
and 436,906 CDs,/ml, respectively. VT2 antigen production, as
measured by ELISA, was also considerably higher with 86-
24NR® than with strain 86-24 N® (data not shown). The three
vi2-negative mutants exhibited no cytotoxicity in the VCA and
produced little detectable VT antigen in the ELISA (data not
shown). The complemented mutants produced low levels of
VT2 (1,706 and 5,120 CDs,/ml, respectively, for the NS and N®
strains), indicating that VT2 was not efficiently produced in
strains with the plasmid-carried v¢2 compared with the wild
type with a chromosomal vt2 gene.

Effect of v£2 gene on adherence of EHEC O157:H7 in vitro.
All three v£2 gene insertion mutants, generated independently
(Table 1), showed significant reduction in adherence to HEp-2
and IPEC-J2 cells compared with the wild type (Fig. 2). Since
data obtained from the in vitro adherence assays were similar
for mutants 86-24NSAv2-1 and 86-24NSAv¢2-2, only the mu-
tant 86-24NSAv£2-1 was used for subsequent experiments. For
all three vt2 mutants, the reduction in adherence to IPEC-J2
cells was less marked than that for the HEp-2 cells. This is
consistent with the tendency of EHEC O157:H7 to adhere
more efficiently to IPEC-J2 cells than to HEp-2 cells. Adher-
ence by the complemented mutant 86-24N®Ave2(pVT2) was
restored to the wild-type level (Fig. 2), but this was not the case
for the complemented mutant 86-24N5Av2(pVT2) (data not
shown). Mutant 86-24N5AescN was used in this study as a
control, which caused no adherence to HEp-2 or IPEC-J2 cells.

Effect of v¢2 gene on adherence of EHEC O157:H7 in the pig
intestine. Typical bacterial clusters on the ileal villi under a
light microscope are shown in Fig. 3A. Electron microscopy of
a sample of sections with adherent bacteria showed typical AE
lesions (Fig. 3B), sometimes with invasion (Fig. 3C). The ad-
herent bacteria were confirmed to be O157 by immunohisto-
chemistry (data not shown).

Initial data obtained with cultures grown in LB with shaking
showed that in five pigs the average percentage of villi with
clusters of 86-24NSAvt2-1 was 0.93% =+ 1.3%, significantly
lower than the level of 7.14% = 3.7% for the wild-type 86-
24NS (P = 0.0072). Subsequent tests were all done with static
cultures in BHIN, because it was later shown that cultures
grown without shaking in BHIN caused the most extensive
intimate adherence of bacteria in ligated ileal loops. Seven pigs
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FIG. 2. Adherence to HEp-2 and IPEC-J2 cells by wild-type 86-
24NR mutant 86-24NRAv2, and complemented mutant 86-24N®
Ave2(pVT2) (A) and by wild-type 86-24N° and mutant 86-24N5Avz2-1
(B), grown in BHI plus NaHCOj; without shaking. Adherence was
quantified by examining 100 cells for each assay and averaged as the
mean percentage of cells (+SD) with clusters of 5 to 9 (a), 10 to 19 (c),
and >19 (b) adherent bacteria per cell and the total percentage of cells
with a cluster of =5 adherent bacteria per cell (d). *, P < 0.05.

were inoculated with the bacteria grown without shaking in
BHIN and showed 14.9% = 16.5% of the villi with adherent
bacterial clusters in loops inoculated with the mutant, signifi-
cantly lower than the 39.1% = 19.6% for the wild-type organ-
ism (Table 3). To test the effect of v£2 complementation,
strains 86-24N5, 86-24NSAvt2-1, and 86-24NSAve2(pVT2) were
evaluated in ileal loops of three pigs, only two of which yielded
valid data (Fig. 4). Adherence of the mutant was less than that
of the wild type, but the difference was not significant and there
was no evidence of complementation. Since complementation
of the mutant 86-24N®Avz2 had restored the adherence phe-
notype of the wild-type strain in in vitro assays, the comple-
mented strain 86-24N®Avz2(pVT2) was then evaluated in ileal
loops in five pigs together with the corresponding wild-type
and mutant strains. Valid data were obtained from three pigs,
which showed that there was a reduction in adherence of the
mutant and that adherence of the complemented mutant was
greater than that of the mutant, but the differences in adher-
ence were not significant (Fig. 4). The control mutant 86-
24NSAescN caused almost no adherence to the villi in the pig
ligated intestines (Table 3).

Effect of AIDA-like adhesins of OI-15 and OI-48 on adher-
ence. aidA genes are found in OI-43/48 and OI-15 (26). OI-48
is identical to OI-43, and some strains contain both OIs. PCR
involving OI junction primers demonstrated that strain 86-24
contained only OI-48 and not OI-43 (data not shown). aidA 5
and aidA,g are named for the genes encoding AIDA-I-like
proteins in OI-15 and -48, respectively. OI-15 contains only
one ORF. Mutants 86-24NSAaidA,s and 86-24NSAaidA 4
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of pig ileal loops inoculated with wild-type EHEC O157:H7 strain 86-24NS,
grown in BHI plus NaHCO; without shaking. Adherence was quantified as the percentage of villi that had clusters of =5 adherent bacteria per
villus. Arrowheads point to clusters of bacteria. The sections were stained with Giemsa stain. Magnification, X200. (B and C) Transmission electron
micrographs of AE lesions in pig ileal loops inoculated with wild-type EHEC O157:H7 strain 86-24NS. Arrowheads show bacteria intimately

adherent to epithelial cells. The arrow shows bacterial invasion of the epithelium. Bars, 1 pm.

(Table 1) showed no significant difference in their capacities to
adhere to the HEp-2 and IPEC-J2 cells compared with the
wild-type strain (data not shown).

For mutant 86-24N5AaidA 5, grown initially in LB with shak-
ing, loops from four pigs showed that deletion of aidA 5 caused
a significant reduction in adherence (1.92% = 3.0%) com-
pared to the wild-type 86-24N° (8.28% = 3.0%, P = 0.042).
Tests with bacteria grown without shaking in BHIN in loops of
eight pigs also showed that formation of adherent clusters by
the same mutant strain was significantly lower (10.7% * 4.2%)
than that for the wild-type 86-24N° (34% = 16.6%, Table 3).
Tests with the complemented mutant strain 86-24NSAaidA,s(pA15)
in ileal loops in three pigs showed that the complemented
strain resulted in adherent clusters on an average of 17.1% =
25.1% of the villi, similar to the value of 19.5% * 15.3% for
the wild-type bacterium, while the value for the mutant strain
was 1.7% * 1.6% (Fig. 5A). Despite this marked reduction for
the mutant, the difference from the wild type was not statisti-
cally significant (P = 0.0559), likely due to the marked varia-
tion in the data for the wild type. Detection of gene transcripts
showed that aidA,5s was efficiently produced in the comple-

TABLE 3. Frequency of adherence in pig ileal loops induced by
mutants and wild-type EHEC O157:H7 strain 86-24NS
grown in BHI plus NaHCO; without shaking®

No. of No. Of L
Strain 10(; s loops with Mean (=SD) % of villi with P value
p: d
tested” cluster§ of clusters of bacteria'
bacteria®
86-24NSAvr2-1 9 7 14.9 = 16.5 (39.1 £ 19.6) 0.027
86-24N5AaidA15 9 8 10.7 = 4.2 (34 = 16.6) 0.0018
86-24N5AaidA48 6 6 30.4 = 18.4 (32.9 = 18.9) 0.8204
86-24NSK21 6 5 27.1 £11.8 (28.6 = 15.5) 0.869
86-24N5Gm0254 6 4 15.7 £ 7.3 (30.3 = 10.9) 0.0681
86-24NSAescN 16 6 3.0 = 2.44 (44.8 = 24.9) 0.0022

Total 52 36 NA* NA

@ All inocula consisted of a dose of 10'" CFU.

> The treatments that were being compared were done in the same pigs.

¢ Number of loops with valid data.

4 Values in parentheses are those for the wild-type strain in each comparison.
¢ NA, not applicable.

mented 86-24N5AaidA,5(pAl5) while no transcripts were de-
tected for the mutant strain 86-24NSAaidA,5 (Fig. 5B). The
deletion of aidA .4 did not result in any significant difference in
bacterial adherence between the mutant and the wild type
(Table 3).

Effect of OI-7 on adherence. None of the eight mutants with
overlapping deletions in OI-7 (Fig. 1) showed any significant
difference from the wild type in their capacity to adhere to the
HEp-2 and IPEC-J2 cells (data not shown). Mutant 86-
24NSK21, which encompasses deletions of seven ORFs (Z0244
to Z0250) including a putative macrophage toxin (Z0250), and
mutant 86-24N°Gm0254, which represents a deletion of 20254
encoding a putative ClpB-like protease/hsp (heat shock pro-
tein) (26), were evaluated for their adherence in the ileal loops.
In four loops, 86-24N°Gm0254 induced adherence to 15.7% +
7.3% of the villi, lower than the 30.3% =+ 10.9% for the wild-

>
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FIG. 4. Effect of adherence in pig ileal loops associated with intro-
ducing a plasmid-carried copy of the v¢2 gene into the vf2-negative
mutants. The bacteria were grown in BHI plus NaHCO; without shak-
ing, and adherence was quantified as the percentage of villi with clus-
ters of =5 adherent bacteria per villus (mean + SD).
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FIG. 5. (A) Effect of complementation of 86-24N5AaidA,s on ad-
herence in pig ileal loops inoculated with bacteria grown in BHI plus
NaHCO; without shaking. Adherence was quantified as the percent-
age of villi with clusters of =5 adherent bacteria per villus (mean +
SD). (B) RT-PCR for the transcripts of aidA, s for the complement and
mutant strains grown in BHI plus NaHCO; without shaking with
primers 15aidA-F and 15aidA-R (expected size, 518 bp).

type 86-24N5, However, the difference was not significant (Ta-
ble 3). Deletion of Z0244 to Z0250 (strain 86-24N5K21) did
not influence adherence (Table 3).

Effects of the mutations on fluid accumulation in ligated
ileal loops. No significant difference in fluid accumulation was
observed in ileal loops inoculated with mutants compared with
the loops inoculated with the wild-type strain.

DISCUSSION

VT is well established as a major virulence factor of EHEC
O157:H7 that plays a central role as a toxin in HUS and HC
(39), but its role in adherence is controversial (4). It is only
recently that evidence supported a role for VT in adherence to
HEp-2 cells and in colonization of the intestine of mice; this
enhanced colonization correlated with a VT-induced increase
in nucleolin, a receptor for intimin on the host epithelial cells
(30). VT could also facilitate colonization indirectly by inhibi-
tion of the activation and proliferation of lymphocytes (23).
This modulation of the host immune response could affect
pathogen-host interaction in favor of colonization by the
pathogen (37). VT was reported to bind to Gb3 on Paneth cells
in the crypt intestinal epithelia of human biopsy specimens
(32). This binding could have an inhibitory effect on antibac-
terial peptide secretion, as has been described for Shigella spp.,
thereby promoting bacterial colonization (12, 32).

The present study showed that inactivation of VT2 caused a
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marked decrease on adherence of EHEC O157:H7 strain
86-24 to both HEp-2 and IPEC-J2 epithelial cells. This reduc-
tion in adherence to cultured cells by mutant 86-24N®Avt2,
generated by allele exchange, was restored to the wild-type
level by introduction of the wild-type v2 genes in a plasmid
(Fig. 2). But this was not the case for mutant 86-24N5Av2-1,
made by the A-Red recombination system. The failure of
complementation for the N® mutant in vitro might be due to
inadequate production of VT2 by the complemented strain,
which produced a relatively small amount of VT2. It is also
possible that secondary mutations might have affected adher-
ence, because the plasmid-encoded A\-Red recombination sys-
tem is able to generate secondary mutations (24). Complemen-
tation was also attempted with the plasmid (pCR2.1) for the
N® mutant, but the results were unchanged (data not shown).

It is interesting that the v#2 mutant had similar effects on
adherence to both HEp-2 and IPEC-J2 cells. IPEC-J2 cells,
originating from pig intestine, do not appear to carry nucleolin
or Gb3 synthase, as an in silico search failed to identify ho-
mologs of human nucleolin and Gb3 synthase against a porcine
(Sus scrofa) genome and expressed sequence tags, and tran-
scripts for Gb3 synthase and nucleolin were not detected by
RT-PCR using primers based on human genome sequences.
However, transcripts for Bl-integrin and Gb4 synthase were
detected by RT-PCR in IPEC-J2 cells (data not shown). This
suggests that the effect of VT2 on adherence was independent
of nucleolin or Gb3. Therefore, B1-integrin, Gb4, and other
unidentified factors may be involved in the VT2-mediated ef-
fect on adherence to IPEC-J2 cells by O157:H7.

The adherence of the VT2-negative mutant in pig ileal loops
was also reduced significantly. Complementation of the N®-
vt2-negative strain caused adherence in the pig ileal loops that
was similar to that of the wild type (Fig. 4A) but not signifi-
cantly different from that of the uncomplemented mutant. This
might be due to the pig-to-pig variation in response to the
strains and to the limited number of valid tests. However,
complementation of the NS-vt2-negative mutant failed to re-
store the adherence to the wild-type level in the loops (Fig.
4B). In addition to the reasons as stated above, this failure of
complementation for the NS-v#2-negative mutant might also
represent the difference in the regulation of VT production in
vivo between the plasmid-carried v¢2 genes and chromosomally
carried v2 genes, as VT2 production by the plasmid-carried v£2
genes was only a small fraction of the level of the wild type.

The nucleotide sequences of aidA s and aidA,g share 37.3%
homology in EHEC EDL933. During the mutant generation,
primers that targeted either aidA 5 or aidA 4 were designed so
as to be specific for the target. RT-PCR showed that the aidA
gene that was not targeted remained intact (data not shown).
Deletion of aidA,g did not affect adherence in vitro or in the
pig ileal loops; it is possible that loss of AIDA-48 might have
been compensated for by AIDA-15 or other virulence factors
of similar function. A double mutant would be useful to test
this hypothesis. Deletion of the aidA4,s gene significantly im-
paired the ability of EHEC O157:H7 to cause adherence in pig
ileal loops (Table 3). When the complementation studies were
done (Fig. 5), complemented mutant 86-24N5AaidA , s resulted
in adherence similar to that of the wild type. In this experi-
ment, however, pig-to-pig variation prevented the substantial
decrease in adherence of the mutant from achieving statistical
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significance. These data strongly suggest that aidA4,s plays a
role in colonization of the pig’s intestine by EHEC O157:H7.
The notion that OI-15 may encode an adhesin in EHEC
O157:H7 is further supported by the recent study by Wells et
al. (41), in which overexpression of aidA,s (named ehaA) in E.
coli K-12 conferred the ability to form large cell aggregates,
promote strong biofilm formation, and adhere to primary ep-
ithelial cells of the bovine terminal rectum. However, deletion
of aidA,s (ehaA) from EHEC O157:H7 strain EDL933 and
O111:H™ did not cause decreased biofilm growth, suggesting
that redundant factors may compensate for the deletion (41).

OI-7 was not involved in the adherence of EHEC O157:H7
to HEp-2 or IPEC-J2 epithelial cells. Z0250-encoded putative
macrophage toxin in OI-7 has 20.6% homology to 949 amino
acids of Legionella pneumophila Icmf (26). This similarity im-
plies that Z0250 may also confer an advantage on EHEC
O157:H7 in the hostile host intestinal environment; however,
deletion of Z0250 did not affect colonization or fluid accumu-
lation in the pig ileal loops. Z0254 of OI-7 encodes a protein
with 40% homology to 728 amino acids of the plant Hsp101
(26), a member of the ClpB subfamily, which plays a role in
thermotolerance and resolubilization of protein aggregates
(19). This function of ClpB suggests that the ClpB-like protein
of EHEC O157:H7 could provide similar advantages to the
bacteria in hostile host environments such as the low gastric
pH, although data from this study showed that deletion of
70254 did not influence adherence or fluid accumulation in the
pig ileal loops. It cannot be ruled out that the putative mac-
rophage toxin and ClpB-like chaperone may play a role in the
general stress tolerance of EHEC O157:H7 in the host gastro-
intestinal tract, the effect of which might not be shown in pig
ileal loops, since this system bypasses the acidic stomach and
fluctuating pH in the upper gastrointestinal tract. The effect of
OI-7 on bacterial pathogenesis and fitness requires further
investigation.

Tests of EHEC O157:H7 mutants showed that the in vitro
and in vivo data were sometimes different. For example, the
deletion of aidA,5 did not impair adherence to cultured epi-
thelial cells but caused significant reductions in adherence in
the pig ileal loops. This discrepancy between the in vitro and in
vivo results may be due to the different environments in which
the bacteria and epithelial cells interact, differences in the
epithelial cells themselves, differences in the variations ob-
served in the two systems, and/or differences in mechanisms
involved in adherence. The in vitro adherence conditions are
excellent for bacterial growth and less stressful and lack the full
host response component, while the in vivo environment in-
cludes the harsh conditions in the intestinal tract, such as the
immune response, the indigenous microflora, and competition
for nutrients (35). Deletion of aidA,s may influence the ability
to colonize efficiently under such conditions. Colonization fac-
tors may be host specific and/or environmentally regulated
(28), resulting in differential activity or expression of virulence
genes.

IPEC-J2 cells were successfully used for bacterial adherence
assays with EHEC O157:H7. The results with these porcine
intestinal epithelial cells were similar to those with HEp-2
cells, and there was a tendency for the EHEC organisms to
adhere to a greater extent to the IPEC-J2 cells than to the
HEp-2 cells. Our data indicate that IPEC-J2 cells are a useful
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in vitro model for studies of adherence of EHEC O157:H7.
Although the pig ileal loops allowed comparisons to be made
in adjacent segments of intestine, pig-to-pig variation was con-
siderable. Further studies using intact pigs are required. How-
ever, our attempts to establish a conventional pig model were
thwarted by extreme resistance of pigs to colonization by
O157:H7 strain 86-24. A total of 76 conventional pigs of var-
ious ages ranging from less than 8 h to 3 days were tested by
oral challenge (unpublished data), but the inoculated O157:H7
organisms failed to establish in any of them. It is possible that
modifications such as treatment with corticosteroids might re-
duce this colonization resistance.
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