Adherence of Escherichia coli 0157:H7 to epithelial cells in vitro and in pig
gut loops is affected by bacterial culture conditions
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Abstract

The objectives of this study were to determine the effect of bacterial culture conditions on adherence of enterohemorrhagic
Escherichia coli (EHEC) O157:H7 strain 86-24 in vivo to pig enterocytes and to compare the results with adherence in vitro to
cultured HEp-2 and IPEC-J2 cells. Growth of O157:H7 in MacConkey broth (MB) resulted in almost no adherence to both HEp-2
and IPEC-J2 cells; prior exposure of the bacteria to pH 2.5 reduced adherence. There was greater adherence by bacteria from
static cultures than by those from shaken cultures and by bacteria cultured in brain-heart infusion (BHI) plus NaHCO, (BHIN)
than by bacteria cultured in BHI. In contrast, in pig ileal loops, bacteria cultured in MB adhered well to enterocytes, and prior
exposure to pH 2.5 had no effect on adherence. Among several media tested for their effect on bacterial adherence in the pig
intestine, MB and BHIN proved to be the best. Bacterial adherence was dose-dependent and was more extensive in the ileum than
in the colon. This study demonstrated that there are remarkable differences between culture conditions that promote adherence
of an EHEC O157:H7 strain in vitro and in vivo, that culture conditions profoundly affect adherence to epithelial cells in vitro
and in vivo, and that pig ileal loops are better suited to adherence studies than are colon loops.

Résume

La présente étude avait comme objectifs de déterminer I'effet des conditions de culture sur I'adhérence d"Escherichia coli entéro-hémorragique
(EHEC) O157:H7 souche 86-24 in vivo aux entérocytes porcins et de comparer les résultats avec I'adhérence in vitro a des cellules Hep-2 et
IPEC-]2. La croissance de O157:H7 dans le bouillon MacConkey (MB) a eu comme résultat que presqu’aucune adhérence n'a été notée aux
cellules Hep-2 et IPEC-]2; une exposition préalable des bactéries a un pH de 2,5 a réduit I'adhérence. Il y avait une plus grande adhérence
par les bactéries provenant d'une culture statique comparativement a celles obtenues de cultures agitées et de bactéries cultivées en bouillon
ceeur-cerveau (BHI) additionné de NaHCO, (BHIN) que celles cultivées en BHI. Dans les anses intestinales de porc, les bactéries cultivées en
MB adhéraient bien aux entérocytes et une exposition préalable a pH 2,5 n’avait aucun effet sur I'adhérence. Parmi plusieurs milieux testés
pour leur effet sur I'adhérence des bactéries dans I'intestin de porc, le MB et le BHIN se sont avérés les meilleurs. L'adhérence bactérienne
était dose-dépendante et était plus extensive dans I'iléon que dans le colon. Cette étude a démontré qu’il y avait des différences marquées
entre les conditions de culture qui favorisaient I'adhérence d'une souche EHEC O157:H7 in vitro et in vivo, que les conditions de culture
affectaient grandement I'adhérence aux cellules épithéliales in vitro et in vivo, et que les anses intestinales porcines sont mieux adaptées
aux études sur I'adhérence que les anses de colon.

Introduction

(Traduit par Docteur Serge Messier)

colonization of the intestine. The AE lesion is characterized by
actin-rich pedestal formation on the host cell surface around the

Enterohemorrhagic Escherichia coli (EHEC), represented by the
protoserotype O157:H7, causes large outbreaks and sporadic cases of
diarrhea, hemorrhagic colitis (HC), and hemolytic-uremic syndrome
(HUS), the most serious sequela of EHEC O157:H7 infection (1).
Verotoxin (VT) secreted by EHEC is responsible for the development
of HC and HUS (2,3).

The sequence of events involved in EHEC O157:H7 infection is
poorly understood; however, the first step is colonization of the
intestinal mucosa. This process is mediated by proteins that are
required for attaching and effacing (AE) lesions (4) and several
putative adherence factors. The locus for enterocyte effacement
(LEE) encodes these proteins and is critical for adherence to and

bacteria, destruction of brush-border microvilli, and intimate adhe-
sion of the pathogen to the enterocyte surface (5). The LEE encodes
a major outer membrane surface adhesin, intimin, and its receptor,
Tir (translocated intimin receptor), which is inserted into the host
cell membrane by the type III secretion system (TTSS) (6,7). Intimate
adherence is mediated by the interaction between Tir and intimin
(8). Many potential adherence factors found in various serotypes of
EHEC may contribute to the disease and outbreaks caused by this
organism (9). Such factors include the putative adhesins Efal (EHEC
factor for adherence 1), Tha (IrgA homolog adhesin), and AIDA-1
(the adhesin involved in diffuse adherence), as well as Lpf (long
polar fimbriae) (10,11).
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Figure 1. Effects of culture media on adherence of enterohemorrhagic
Escherichia coli (EHEC) 0157:H7 strain 86-24 to HEp-2 and IPEC-J2 cells.
Adherence was quantified by examining 100 cells for each assay and
recorded as the mean percentage of cells (+ standard deviation) with clus-
ters of 5 to 9, 10 to 19, or > 19 adherent bacteria and the total percent-
age of cells with a cluster of 5 or more adherent bacteria. * — P < 0.05;
LB — Luria-Bertani broth; EMEM — Eagle’s Minimal Essential Medium;
BHI — brain-heart infusion (BHI) broth; TSB — trypticase soy broth;
MB — MacConkey broth.

Expression of the LEE genes and potential adherence factors are
under complex regulation and respond to changing environmental
stimuli, such as temperature, pH, and nutrient availability (12,13).
Such regulation allows coordinated and timely expression of the
factors critical for bacterial growth, survival, and infection in the
environment of the intestine. Expression of the LEE genes and
secretion of their products are affected by bacterial growth condi-
tions; for example, EHEC will adhere more efficiently to epithelial
cells in vitro when grown in Dulbecco’s modified Eagle’s essential
medium (DMEM) than when grown in Luria-Bertani (LB) broth (14),
and growth with aeration inhibits AE lesion formation (15). Effects
of culture conditions on adherence of EHEC to intestinal epithelial
cells in vivo had not been investigated, and the failure of some
animal infection studies may have been due to unfavorable culture
conditions. This prompted the current investigation of the effects
of bacterial growth conditions on adherence of E. coli O157:H7 to
intestinal epithelial cells both in vitro and in vivo in order to iden-
tify those conditions that are suited for use in bacterial adherence
investigation.

Pigs are a highly relevant animal model and are extensively used
for the investigation of EHEC O157:H7 pathogenesis. Although
EHEC O157:H7 causes typical AE lesions in the pig intestine (16-18),
most studies have involved gnotobiotic pigs, which lack normal
microflora (19-21). To better reflect the intestinal environment that
EHEC O157:H7 encounters after entering the gastrointestinal tract,
this study used a gut-loop model in conventional pigs with intact
microflora.
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Figure 2. Effects of culture media, shaking (Sh), and exposure to low pH
before culture on adherence of EHEC 0157:H7 strain 86-24 to HEp-2 and
IPEC-J2 cells. Adherence was quantified and recorded as described for
Figure 1. * — P < 0.05; St — static culture; BHIN — BHI plus NaHCO,.
Arrow connections indicate that BHI and BHIN were also compared.

Materials and methods

Bacteria, tissue cells, media, and reagents

Strain 86-24, a clinical isolate of EHEC O157:H7, was used for this
study along with the mutant O157:H7 strain 86-24AescN, which lacks
the capacity to adhere (22). Cultured HEp-2 cells (American Type
Culture Collection CCL23) were maintained in Eagle’s Minimal
Essential Medium (EMEM) (Invitrogen, Carlsbad, California, USA),
and IPEC-]2 pig jejunal epithelial cells (22) were maintained in DMEM
(Invitrogen). Both media were supplemented with 10% fetal bovine
serum (FBS), penicillin (100 IU/mL), and streptomycin (100 pg/mL).

Preliminary studies showed that EHEC O157:H7 strain 86-24
grown overnight in LB with shaking adhered poorly to HEp-2 cells:
on average 19% of the HEp-2 cells had adherent bacteria, most hav-
ing clusters of only 5 to 9 bacterial cells. In a search for improved
levels of adherence, the effects of various culture conditions, includ-
ing various culture media, addition of NaHCO,, pretreatment by
exposure to low pH, and incubation with shaking versus without
shaking, were assessed. The effect of adding NaHCO, was exam-
ined, as it was reported that bicarbonate ion enhanced bacterial
adherence (23). Sodium bicarbonate was added to the medium at a
final concentration of 44 mM. To mimic the low pH environment of
the human stomach before bacteria encounter intestinal epithelial
cells, O157:H7 strain 86-24 was cultured in LB at pH 2.5 at 37°C with
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Figure 3. Pattern of adherence to HEp-2 (A and B) and IPEC-J2 (C and D) cells of EHEC 0157:H7 strain 86-24 grown in LB (A and C) and
BHIN (B and D). The cells were stained with Giemsa and viewed by light microscopy (x400) after the 6-h adherence assay. Bacteria adhered
to IPEC-J2 cells in clusters that appeared localized but not in the classic pattern (arrows). Adherence was more extensive for bacteria
cultured in BHIN than for those cultured in LB for both HEp-2 and IPEC-J2 cells.

shaking for 3 h, pelleted by centrifugation, resuspended in BHIN or
MB, and incubated without shaking at 37°C overnight before it was
used in the adherence assays.

Fisher Scientific, Nepean, Ontario, was the source of LB broth,
brain-heart infusion (BHI) broth, trypticase soy broth (TSB), and
MacConkey broth (MB).

In vitro adherence assay

Bacteria were grown for 16 to 18 h in 3 mL of each of the media,
which included LB, EMEM, BHI, TSB, MB, and BHI plus NaHCO,
(BHIN), in a 12-mL sterile plastic tube (Fisher Scientific) either
capped tightly and incubated without shaking or capped loosely
and incubated with shaking. Unless otherwise indicated, cultures
were grown without shaking. The density of the cell cultures was
adjusted photometrically so that cultures contained approximately
5 X 108 CFU (colony forming units)/mL before their use in the assay.

The HEp-2 and IPEC-]2 cell adherence assays were conducted as
described previously (22). Briefly, approximately 2 X 10° HEp-2 or
IPEC-]2 cells were dispensed into each well of 6-well cell culture
plates (Costar, Corning, New York, USA) and grown in EMEM

and DMEM, respectively, overnight in the presence of 5% CO,.
The assays and quantification of adherence were conducted as
previously detailed (24), with approximately 107 bacteria from each
overnight culture added and the mixture incubated at 37°C in 5%
CO,. After 3 h of incubation the medium was removed by pipetting,
fresh medium was added, and the cells were incubated under the
same conditions for another 3 h. The cells were then washed with
phosphate-buffered saline to remove unbound bacteria, fixed with
70% methanol for 10 min, and stained with 1:40 Giemsa (Sigma, St.
Louis, Missouri, USA) for 30 min. Adherence was examined by light
microscopy and quantified by examining 100 consecutive cells per
well and recording the percentage of cultured cells with clusters of
5t09,10 to 19, or > 19 bacteria.

Pig gut-loop experiments

Preliminary studies were conducted, using bacteria grown in LB
with shaking, to determine the age of pigs to be used in the experi-
ments and to assess whether the tests should be done in the terminal
ileum or the colon. No adherence of O157:H7 strain 86-24 to intes-
tinal epithelial cells was observed in any of the six 4-week-old pigs
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Figure 4. Bacterial adherence on villi in pig ileal (A) and colon (B) loops inoculated with wild-type EHEC 0157:H7 strain 86-24 grown in
BHIN; the adherence is more extensive in the ileal loops than in the colon loops. Arrows point to clusters of bacteria. Villi in control ileal
(C) and colon (D) loops, inoculated with the mutant strain 86-24AescN, show no adherence. Giemsa; xX200.

that were tested, whereas there was adherence among the 2-week-old
pigs tested: ileal loops from 3 of the 17 showed some adherence, the
mean proportion of villi with clusters of bacteria being 8.7% (stan-
dard deviation 11.7%). Therefore, the effects of culturing in selected
media and of initial exposure to low pH were investigated only in
ileal loops. Selection of the culture media and growth conditions
was according to publications commonly used.

The experimental protocols and care of the animals were approved
by the University of Guelph Animal Care Committee. Bacteria were
grown in different culture media at 37°C overnight, concentrated by
centrifugation, and resuspended in EMEM containing 10% FBS to
prepare approximately 5 X 108, 5 X 10°, and 5 X 10! CFU/mL of
bacteria as inocula.

The 63 pigs used were female and 12 to 14 d old; 2 or 3 pigs from
the same litter were used each time. Preparation of the gut loops
was as previously described (24). With a 25-gauge needle, a 2-mL
inoculum containing 10° to 10" CFU of the test organisms was

injected into the lumen of the ileal loops and a 1.0-mL volume of
inoculum into the colon loops. For each pig the treatments were
assigned randomly, 1 loop receiving strain 86-24 and the other
loop the negative-control mutant O157:H7 strain 86-24AescN. After
inoculation the ileum and colon were replaced in the abdomen, and
the laparotomy incision was closed.

The pigs were euthanized by an overdose of pentobarbital 15 to
16 h after inoculation of the loops, and pieces of the intestinal loops
were quickly excised for histopathologic, immunohistochemical,
and electron microscopic (EM) examination. Sample preparation and
procedures were as described previously (24). Fluid accumulation in
the ileal loops was measured as the volume per loop.

Statistical analysis

All analyses were performed with SAS for Windows, version 8.02
(SAS Institute, Cary, North Carolina, USA). In vitro adherence of
bacteria to the cultured cells was compared by analysis of variance
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of the percentage of cells with adherent clusters of 5 to 9, 10 to 19,
and > 19 bacteria, as well as the total adherence (the percentage of
cells with = 5 adherent bacteria), with the use of PROC GLM. Data
were expressed as the mean of at least 3 separate experiments = the
standard deviation. In vivo adherence was compared similarly by
analysis of variance of the mean percentage of villi with = 5 adherent
bacteria for the total number of loops tested. P-values = 0.05 were
considered significant.

Effects of culture conditions on bacterial
adherence in vitro

There was almost no adherence to HEp-2 cells when EHEC
0157:H7 was grown in MB (Figure 1). Among the other culture
media, TSB was associated with the least total adherence to HEp-2
cells (P < 0.008), the most small clusters (P < 0.0001), and the fewest
large clusters (P < 0.01). Similar patterns of adherence were observed
for IPEC-J2 cells (Figure 1). Total bacterial adherence to HEp-2 cells
was significantly lower with shaken overnight cultures in LB and
BHI than with static cultures in those media (Figure 2). Similar
results were observed with bacteria grown in TSB and EMEM and
tested for adherence to HEp-2 cells (data not shown).

The addition of NaHCO; to the medium at a final concentra-
tion of 44 mM increased the pH by only 0.2 units, but in tests with
HEp-2 cells this addition increased the proportion of cells with
large clusters of bacteria cultured in BHI (Figure 2) and increased
both total adherence (from 56.0% * 3.7% to 77.0% =+ 4.0%; P < 0.05)
and the proportion of cells with large clusters of bacteria cultured
in TSB (from 18.8% = 3.7% to 60.0% = 4.0%; P < 0.05) (data not
shown). Despite the addition of NaHCO, to MB, bacteria grown in
this medium failed to adhere (data not shown). Similar results were
observed with IPEC-]2 cells with the addition of NaHCO, to BHI,
TSB, and MB (Figure 2 and data not shown).

Exposure to a pH of 2.5 resulted in a reduction in total adherence
and large cluster formation on HEp-2 cells (Figure 2) and a reduction
in large cluster formation on IPEC-]2 cells (Figure 2).

The overall pattern of adherence to IPEC-]2 cells was similar to
that for HEp-2 cells, but there was a trend towards greater adher-
ence and more large clusters of bacteria with IPEC-]2 cells than
with HEp-2 cells (Figures 1, 2, and 3; P < 0.024). The pattern of
adherence of the bacteria to IPEC-]J2 cells was mainly localized
(Figure 3). Growth of the bacteria in the commonly used medium
LB resulted in less bacterial adherence than did growth in BHIN
(P < 0.05) (Figure 3).

Effects of loop location on bacterial adherence

The typical light microscopic appearance of clusters of EHEC
0O157:H7 strain 86-24 on villi in the ileum and in the colon is shown
in Figures 4A and 4B, respectively. The negative-control strain
86-24AescN failed to adhere to the ileum or the colon (Figures 4C
and 4D, respectively). As shown in Figures 4 and 5, adherence
was significantly more extensive in the ileum than in the colon
(P = 0.0435), and there was a dose-related adherence response
to EHEC O157:H7 grown in BHIN or in LB with shaking in both
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Figure 5. Effects of bacterial dose (10°, 10%°, or 10** colony-forming units)
on adherence in the ileum and the colon of EHEC 0157:H7 strain 86-24
grown in BHIN or in LB with shaking. Adherence was quantified as the per-
centage of villi with 5 or more adherent bacterial clusters. * — significant
difference (P < 0.05) between the ileum and the colon.

the ileum and the colon (P = 0.0001). In the ileal loops the EHEC
0157:H7 inoculum of 10! CFU resulted in significantly more accu-
mulated fluid than did the inoculum of 10° CFU (P = 0.0495; data
not shown). Examination by EM of a sample of the bacterial clusters
showed characteristic AE lesions, and the adherent bacteria were
identified as being O157 by immunohistochemical study (data not
shown). These findings suggested that ileal loops were better suited
for studies of bacterial adherence and fluid accumulation induced by
EHEC 0157:H7 than were colon loops, and that the dose of 10" CFU
was suitable for studies of the frequency of adherence by EHEC
0157:H7. Therefore, for the subsequent experiments in the 2-wk-old
pigs, ileal loops and a dose of 10" CFU were used.

Effects of culture conditions on bacterial
adherence in pig ileal loops

Of the 63 pigs tested, 40 (64%) had intimately adherent bacterial
clusters on their villi after inoculation of 10" CFU of EHEC O157:H7
strain 86-24. Table I summarizes the effects of various culture condi-
tions on the number of ileal loops with adherent bacterial clusters
and the percentage of villi with bacterial clusters. Growth of the
bacteria in BHIN (with or without prior exposure to pH 2.5) resulted
in the highest percentages of loops with adherent clusters (100% and
84%, respectively). Growth in MB caused massive accumulation
of fluid in the loops; therefore, a dose of 10'® CFU of bacteria was
used in subsequent experiments. With the reduced dose, growth
in MB (with or without prior exposure to pH 2.5) resulted in lower
percentages of loops with adherent bacterial clusters (42% and 52%,
respectively) but a mean percentage of villi with bacterial clusters
similar to that with growth in BHIN and testing at a dose 10 times
higher. Static growth in LB, LB plus NaHCO, (LBN), and EMEM was
much less effective, inducing adherence to 0% to 40% of the loops.

Considerable pig-to-pig variation was observed. When pigs from
the same litter were compared for their responses to inoculation
with EHEC O157:H7 strain 86-24, some pigs showed no adherence,
some had adherence in a small percentage of loops, and some had
adherence in a high percentage of villi. There were no significant dif-
ferences in the mean percentage of villi with bacterial clusters after
inoculation of bacteria cultured in BHIN, MB, or LB with shaking,
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Table 1. Effect of culture conditions on adherence of
enterohemorrhagic Escherichia coli 0157:H7 strain 86-24
inoculated [in a dose of 10! colony-forming units (CFU)] into
pig ileal loops

Number
(and %) % of villi with
Number of loops with  clusters of bacteria
of loops clusters of (mean * standard
Culture conditions tested bacteria deviation)
BHIN, pH 7.42 31 26 (84) 30.2 £ 20.2
BHIN, pH 2.5° 14 14 (100) 23.4 £ 155
MB, pH 7.42 21 11 (52) 21.5 + 20.6
MB, pH 2.5° 12 5(42) 23.1+12.3
LB 5 1 (20) 0.3
LB-Sh 21 7 (33) 19.9 £ 22.12
LBN 5 2 (40) 5.2
EMEM 5 0 (0) n/a°

@ Without prior exposure to pH 2.5.

b Exposed to pH 2.5 for 3 h before culture.

BHIN — brain-heart infusion broth plus NaHCO,; MB — MacConkey
broth (a dose of 10° CFU was used because a dose of 10'* CFU
elicited a massive fluid response); LB — Luria-Bertani broth; LB-Sh —
LB with shaking; LBN — LB plus NaHCO3; EMEM — Eagle’s Minimal
Essential Medium.

¢ There was no adherence.

whereas growth in LB without shaking, LBN, and EMEM was asso-
ciated with significantly lower (P < 0.05) percentages of villi with
adherent bacteria (Table I).

Adherence of bacteria grown in LB with and without shaking was
compared in the same 5 pigs: adherence was observed in only 1 pig,
in which 1 loop with LB static culture had attachment to 0.3% of the
villi and 1 loop with LB-shaken culture had attachment to 1.7% of the
villi. Exposure to pH 2.5 before culture in BHIN resulted in intimate
bacterial adherence in the highest percentage of loops; however,
the mean percentage of villi with bacterial clusters was not signifi-
cantly different from that for bacteria not exposed to pH 2.5 before
culture. Similarly, with growth in MB, prior exposure to pH 2.5 did
not result in a significant difference in the mean percentage of villi
with bacterial clusters.

The distance of the ileal loops from the ileocecal junction appeared
not to affect the extent of AE lesion development (data not shown).

This study has shown that EHEC O157:H7 strain 86-24 tends to
bind more to IPEC-J2 cells than to HEp-2 cells, in agreement with a
previous report that cells of porcine intestinal origin support a high
level of adherence of EHEC O157:H7 (25). Since HEp-2 cells, which
are immortalized human laryngeal epithelial cells, have been used
extensively for studies on adherence of enteropathogenic E. coli and
EHEC (26,27), it was valuable to use these cells so that comparisons
could be made with other studies. However, IPEC-J2 cells, which are
undifferentiated and not immortalized porcine intestinal epithelial
cells (28), are a more relevant cell for studies of the intestinal patho-
gen E. coli O157:H7. This is particularly the case when comparisons

are being made between adherence in vitro and in the ligated pig
intestine. The slightly larger estimated size of the IPEC-]2 cells,
compared with the HEp-2 cells, could have contributed to the higher
frequency of adherence of the bacteria to the IPEC-J2 cells. The pres-
ent observations strongly suggest that IPEC-]2 cells may be a suitable
model for studying some aspects of EHEC O157:H7 pathogenesis.

The more extensive adherence to epithelial cells by bacteria grown
under static as opposed to shaken culture conditions supports
reports that oxygen-enriched environments impair the ability of
EHEC 0157:H7 to adhere (15). High oxygen levels may negatively
regulate the expression of proteins such as Tir, EspA, and EspB that
are involved in AE lesion formation (29). With restriction of oxygen,
maturation of a functional TTSS was accelerated in EHEC O157:H7
(30). Limited oxygen may better mimic the host intestinal environ-
ment, which induces expression of the LEE-encoded proteins.

Addition of NaHCO, to BHI and TSB enhanced adherence. This
result supports previous findings that bicarbonate ion stimulates
expression of LEE and certain non-LEE encoded genes and results
in greater adherence of EHEC O157:H7 to Caco-2 cells and more
shedding from 14-week-old conventional pigs (23,25). Sodium
bicarbonate was also required for maximum secretion of EspB by
EPEC (12); however the effect of NaHCO, appears to be related to
the medium, as its addition to MB in the present study did not result
in increased adherence.

The reason for the lack of adherence in vitro by the bacteria cul-
tured in MB is not known. Bacteria grown in MB adhered relatively
well in the ileal loops. Some factors required for adherence and AE
lesion development may have been repressed by culture in MB but
activated by the host intestinal environment. Bile salts may act as an
environmental signal in vivo, regulating bacterial gene expression
and contributing to bacterial survival and colonization of the intes-
tine (31,32). It may be worth while to investigate the effect of lactose,
a major component of MB, on adherence both in vitro and in vivo.

Since low pH is a feature of the gastric environment, the effect
on EHEC O157:H7 adherence of prior exposure to pH 2.5 for 3 h
was examined. This treatment caused a reduction in the pathogen’s
attachment to the epithelial cells in vitro. The mechanism for the
reduced adherence is not known. However, the 2 acid-resistance
pathway regulators rpoS and gadE in EHEC O157 are induced by a
low pH (33). GadE was reported to be a negative regulator of LEE-
encoded gene expression, reducing the adherence of EHEC 0157
to Caco-2 cells (34). Overnight incubation at pH 7.4 after the low
pH treatment did not restore the adherence phenotype. In contrast
with the in vitro adherence assay, exposure to pH 2.5 had essentially
no effect on cluster development in pig gut loops. After the 3 h of
low-pH treatment, the number of live bacteria was a small percent-
age of the inoculum (2.9 X 10? compared with 8.5 X 108 cells). This
might suggest that exposure to the low pH selectively enriched the
acid-resistant bacteria that were more virulent in the host intestine.
Clearly, in vitro conditions differ from the conditions in the intestine,
where the environment might favor the expression and secretion of
virulence factors required for infection (12). The effects of culture in
MB on adherence in vivo support this hypothesis.

The present experiments revealed that EHEC O157:H7 strain
86-24 caused adherence more frequently in the distal ileum than in
the spiral colon. These results are consistent with recent findings
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with in vitro organ culture of the human colon: EHEC O157:H7
had a tropism for follicle-associated epithelium (FAE) of Peyer’s
patches in the distal ileum (35). These patches may represent the
initial colonization site for EHEC O157:H7, after which the bacteria
spread to other regions of the gut, including the proximal intestine
and colon (35). Colonic colonization is the subsequent major event
and leads to colonic disorders. The FAE may be important in medi-
ating colonization and the initial stage of infection, during which
bacteria are selected for subsequent colonic colonization or genes
are induced to mediate subsequent adherence in other regions of the
intestine (35).

Fluid accumulation in the ileal loops in response to EHEC
0157:H7, estimated as the volume per loop, was dose-dependent.
It is difficult to accurately measure length of intestine owing to
contraction and relaxation, and this activity slows the collection of
tissue samples at postmortem examination. The loops were all of the
same approximate length, and no adjustment was made for slight
differences in length.

The loop experiments were terminated after 15 to 16 h so that
the pigs’ intestinal ligations would be maintained no longer than
was necessary. The preliminary studies had determined that AE
lesions were visible as early as 4 h in some pigs and that 15 to 16 h
was a satisfactory period for detection of AE lesions. It is possible
that later examination of the loops might have resulted in different
observations, such as reversal of adherence or delayed adherence. It
is one of the limitations of the gut-loop model that observations are
usually made at a single time point and that, for humane reasons,
the duration of the study must be limited.

In conclusion, our study showed that culture conditions play an
important role in the ability of EHEC O157:H7 to adhere to cultured
cells and to epithelial cells in the pig terminal ileum. Bacteria cul-
tured in BHIN adhered well both in vitro and in vivo, whereas those
grown in MB adhered to ileal loops but showed little or no adherence
in vitro. Pre-exposure of the bacteria to pH 2.5 reduced adherence
in vitro but had no effect on the frequency of adherence in the ileal
loops. Interestingly, EHEC O157:H7 strain 86-24 adhered more exten-
sively in the distal ileum than in the spiral colon. Investigation of the
genes involved in the influence of culture conditions on adherence
in vivo is under way in our laboratory.
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