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Enterohemorrhagic Escherichia coli (EHEC) strains adhere to the intestinal mucosa and produce an attach-
ing and effacing (A/E) lesion. Most of the genes required to produce A/E lesions are thought to be encoded by
the 36-kb pathogenicity island termed the locus for enterocyte effacement (LEE). Although the mechanisms
underlying the bacterial adherence, including the genes involved, are still poorly understood, the preferential
adherence phenotype of EHEC is thought to depend on the nature of the genes and/or the response of these
genes to changes in environmental conditions. To explore the environmental factors affecting EHEC adherence,
we used an O157:H7 strain and investigated the optimal growth conditions for its adherence to Caco-2 cells.
We observed that EHEC grown in Dulbecco’s modified Eagle’s medium (DMEM) adhered more efficiently to
Caco-2 cells than EHEC grown in Luria-Bertani (LB) broth. Among the components of DMEM, only NaHCO;
was found to remarkably stimulate bacterial adherence. When bacteria were grown in LB broth containing
NaHCO;, the production of intimin, Tir, EspA, and EspB was greatly enhanced compared with the production
in LB broth. Indeed, the transcription of ler required for LEE-encoded gene expression was promoted in
response to the concentration of NaHCO; in LB broth. Since the concentration of NaHCOj; in the lower
intestinal tract has been shown to be relatively high compared with that in the upper small intestine, our
results may imply that NaHCO; is an important signaling factor for promoting colonization of EHEC in the

lower intestinal tract in humans.

Enterohemorrhagic Escherichia coli (EHEC) is a leading
cause of hemorrhagic colitis, bloody diarrhea, and hemolytic
uremic syndrome (31, 42). Early in infection leading to illness,
the ability of the bacteria to colonize the intestinal epithelial
surface and cause histopathological alterations at so-called at-
taching and effacing lesions (A/E lesions) is thought to be vital.
The formation of A/E lesions is characterized by localized
destruction of the brush border microvilli, intimate attachment
to the host cell, and reconstitution of cytoskeletal components
beneath the attached bacteria (11). Thus, EHEC shares patho-
genic features with enteropathogenic E. coli (EPEC), rabbit
enteropathogenic E. coli, and Citrobacter rodentium, although
the extent to which A/E lesion formation, including the target
host tissue, varies among the pathogens is not clear.

Most of the genes necessary to form A/E lesions are located
in a pathogenicity island termed the locus for enterocyte ef-
facement (LEE) (7, 27, 32). This locus contains (i) sep and esc
genes encoding a type III secretion system (17), (ii) eae encod-
ing an adhesin called intimin that is necessary for intimate
attachment to epithelial cells (18), (iii) espA, espB, espD, and tir
genes encoding proteins secreted by the type III secretion
system, including EspA, EspB, EspD, and Tir (3, 20, 22, 23,
25), and (iv) ler encoding a positive regulator of LEE (LEE-
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encoded regulator) (6, 30). Esp proteins are required for trans-
location of Tir into the host cell membrane (23). Translocated
Tir serves as a receptor for intimin, and intimin-Tir interaction
leads to intimate attachment of bacteria to the surface of the
host cells (13). Recently, studies have shown that the EHEC
type III secretion system is involved in the initial diffuse ad-
herence of the bacteria to epithelial cells (40). Type III secre-
tion systems are highly conserved among EHEC and EPEC
strains, and espA, espB, espD, tir, and eae are much less highly
conserved. However, the esp protein-dependent translocation
mechanisms of Tir are thought to be identical in EPEC and
EHEC (11).

Meanwhile, the regulatory systems involved in the expres-
sion of LEE genes in the two pathogens are rather different.
For example, two distinctive quorum-sensing systems have re-
cently been shown to be involved in the expression of LEE-
encoded genes in EHEC. The expression of the LEE in both
EHEC and EPEC was shown to be activated by the autoin-
ducer of quorum-sensing system 2 (termed AI-2) during the
transition from the late exponential phase to the stationary
phase (39). In the stationary phase, however, the autoinducer
of quorum-sensing system 1 (termed AI-1) was shown to be
downregulated by the expression of EHEC LEE-encoded
genes but not by the expression of EPEC LEE-encoded genes
through the involvement of SdiA, an E. coli homologue of
quorum-sensing regulators (19; K. Kanamaru, unpublished re-
sults). Although EHEC and EPEC share coordinate regulation
of the LEE operons by Ler, EPEC has the perABC genes on
pEAF (12, 41), and the Per proteins act as a positive regulator
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for the expression of bfpA, which encodes bundle forming pili
required for EPEC to adhere to epithelial cells (4). The Per
proteins also regulate the expression of LEE genes through the
transcription of ler (30). Transfer of the LEE from EPEC into
a nonpathogenic E. coli K-12 strain was shown to be sufficient
by itself to confer on the recipient the capacity to cause A/E
lesions (28), while introduction of the LEE from EHEC into
the E. coli K-12 strain was unable to confer on the recipient the
ability to cause A/E lesions or the ability to secrete Esp pro-
teins into the medium (8). Thus, studies have indicated that the
regulatory systems required for LEE-encoded gene expression
differ in EHEC and EPEC. Although the system for regulation
of LEE gene expression in EHEC remains to be elucidated,
the difference in the regulatory systems between EHEC and
EPEC may affect the target tissue colonized in the intestine. In
fact, several studies have suggested that EPEC strains prefer-
entially colonize small intestinal epithelial cells, while EHEC
strains tend to colonize large intestinal mucosa (10, 30, 43, 44),
although some disparity has been reported (34, 35).

Studies have indicated that production and secretion of the
Esp proteins required for attachment of EHEC and EPEC to
host epithelial cells are affected by various factors, including
the phase of bacterial growth, temperature, cations, pH, osmo-
larity (2, 21), and quorum-sensing systems. In addition, it is
accepted that both pathogens adhere more efficiently to epi-
thelial cells when they are grown in a tissue culture medium,
such as Dulbecco’s modified Eagle’s medium (DMEM), than
when they are grown in Luria-Bertani (LB) broth (5). In the
present study, therefore, we investigated the conditions that
stimulate adherence of EHEC to epithelial cells, such as
Caco-2 cells. We found that this adherence is strongly affected
by the NaHCO; present in DMEM; NaHCO; stimulates LEE-
encoded gene expression, thus promoting the initial adherence
of EHEC to Caco-2 cells in vitro. Importantly, the effect of
NaHCO; was very profound when EHEC was grown in LB
broth containing a physiological concentration of NaHCO,.
The significance of EHEC adherence capacity that is affected
by the presence of NaHCO; in the growth medium for infec-
tion of the human intestine is discussed below.

MATERIALS AND METHODS

Bacterial strains and plasmids. EHEC strain O157Sakai (RIMD 0509952)
has been described previously (40). EPEC strains E2348/69 and B171-8 have
also been described previously (7, 41). Clinically isolated EHEC strains
01570kayama01, O157V425, 01570kul33, O1570ku702, and O157Niimil4
were supplied by T. Honda (Research Institute for Microbial Diseases, Univer-
sity of Osaka). E. coli DH5« and HB101 were used as transformant recipients.
pBR322 was used for cloning of PCR products.

By using a PCR technique, a DNA fragment encompassing the ler gene was
generated with primers ler-1 (5'-GCCTTATCAAAGAATTCTC-3') and ler-4
(5'-TTTTTGGATCCAGTTTGATAATATCATCAG-3"). Plasmid pBRler is a
derivative of pBR322 containing 989 bp of this PCR fragment digested with
Sau3Al encompassing the ler gene. Plasmid plerCAT is a derivative of pKK232-8
containing 930 bp of the PCR fragment digested with EcoRI encompassing the
ler regulatory region, generated with primers ler-1 and ler-2 (5'-GTGAATTCT
TTTCCATATTC-3").

Media. DMEM without fetal calf serum was obtained from Gibco Life Tech-
nologies Inc. The DMEM which we used (catalogue no. 11965) was supple-
mented with 25 mM HEPES and 1 mM sodium pyruvate. LB broth has been
described previously (39).

Tissue culture and adherence assay. Caco-2 cells were maintained in DMEM
supplemented with gentamicin (100 wg/ml), kanamycin (50 pg/ml), L-glutamine
(2 mM), 100 pM minimum essential medium nonessential amino acid solution
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(Gibco BRL), and 10% fetal calf serum in a humidified atmosphere containing
5% CO, at 37°C. EHEC strain O157Sakai was grown in LB broth overnight at
37°C, and then the culture was diluted 1:20 with fresh medium. Bacteria were
preincubated in test tubes containing several media at 37°C with gentle shaking
(80 rpm). After preincubation, the bacterial cultures were removed to measure
the optical density at 600 nm and then allowed to adhere to monolayers of
Caco-2 cells. The infected monolayers were incubated for 120 min in a humid-
ified atmosphere containing 5% CO, at 37°C and washed five times with phos-
phate-buffered saline. After an additional 150 min of incubation, the monolayers
were washed five times with phosphate-buffered saline, fixed with methanol, and
stained with Giemsa solution to visualize the adherent bacterial colonies. The
adherence efficiency was determined by counting the number of bacteria adher-
ing to Caco-2 cells. Clusters containing at least eight bacteria were counted as
microcolonies. The adherence data obtained in this study were collected blind.
The numbers of microcolonies that developed on Caco-2 cell monolayers were
adjusted by using the CFU measured by plating the inoculated bacteria on agar
plates.

Immunoblot analysis. Bacterial strains were grown at 37°C in several media.
The bacterial cultures were spun down, and each cell pellet was dissolved in 2X
sodium dodecyl sulfate (SDS) sample buffer (62.5 mM Tris-HCI [pH 6.8], 2%
SDS, 10% glycerol, 5% B-mercaptethanol, 0.1% bromophenol blue). The super-
natant fluid was passed through a 0.45-pm-pore-size filter and precipitated by
addition of 24% (vol/vol) trichloroacetic acid and 5% (vol/vol) deoxycholic acid,
incubation for 20 min at 4°C, and subsequent centrifugation at 15,000 X g for 10
min at 4°C. The pellet was resuspended in both 1.5 M Tris base and 2X SDS
sample buffer. The samples were analyzed by SDS-12% polyacrylamide gel
electrophoresis (PAGE). Immunoblotting with intimin-, EspA-, EspB-, or Tir-
specific antiserum was performed as described previously (39).

Northern blot analysis. Total RNAs were prepared by the hot-phenol extrac-
tion method. The total RNAs (10 pg) were resolved by 1.0% agarose gel elec-
trophoresis in the presence of formaldehyde and blotted onto a Hybond-N+
membrane (Amersham) as described previously (1). The membrane was hybrid-
ized to a DNA probe labeled with biotin by using a Psoralen biotin kit (Ambion)
and washed. The signals were visualized with a BrightStar Biodetect kit (Am-
bion) by following the manufacturer’s protocol. The 989-bp DNA fragment
digested with Sau3AI containing the ler gene, prepared from the DNA fragment
obtained by PCR with primers ler-1 and ler-4, was used as a probe for ler. The
526-bp DNA fragment containing iifa amplified by PCR with primers iAfa-1
(5'-CCATAAGCCGGATCCTGCAAGATACCAGCCG-3') and ifa (5'-GCA
TGGGATCCGTTCTGCTGAAGTG-3") was used as a probe for iAfa.

Promoter activity analysis. A DNA fragment containing the regulatory region
of ler was isolated by PCR from chromosomal DNA of EHEC strain O157Sakai.
This fragment contains 740 bp of the upstream region and a 190-bp downstream
region transcription start site for ler. After digestion with appropriate restriction
enzymes, the DNA fragment was inserted upstream of the cat gene in pKK232-8
(Pharmacia). plerCAT and control plasmid pKK232-8 were introduced into
EHEC strain O157Sakai and used for experiments. Bacteria were grown in LB
broth with or without 44 mM NaHCOj; with gentle shaking after dilution (50-
fold) of an overnight culture in LB broth. At each sampling time, an aliquot of
culture was removed, the optical density at 600 nm was measured, and the
bacteria were collected by centrifugation. The chloramphenicol acetyltransferase
(CAT) activity of the protein extract of bacteria, which was prepared by sonica-
tion following centrifugation to remove insoluble material and debris, was mea-
sured as described by Shaw (38).

RESULTS

The capacity to adhere to Caco-2 cells is greater in EHEC
grown in DMEM than in EHEC grown in LB broth. To assess
the stimulatory effects of DMEM on the adherence to epi-
thelial cells, EHEC strain O157Sakai cultures grown in
DMEM-glucose (referred to as DMEM below unless indicated
otherwise) or in LB broth to various growth phases were in-
vestigated for the capacity to adhere to Caco-2 cells at 4.5 h
postinfection (see Materials and Methods). O157Sakai grown
to the late log phase in DMEM for 90 to 120 min showed a
marked increase in adherence compared to a culture grown in
LB broth (Fig. 1A). The increased number of adherent bacte-
ria in DMEM cultures at 4.5 h postinfection resulted from an
increase in the number of microcolonies, as well as an increase
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FIG. 1. Effect of preincubation conditions on EHEC adherence to Caco-2 cells. (A) EHEC grown in DMEM shows a greater capacity to adhere
to Caco-2 cells than EHEC grown in LB broth. After 30, 60, 90, 120, and 150 min, bacterial cultures were removed to measure optical density at
600 nm, and the bacteria were allowed to adhere to Caco-2 cells. The adherence assay was performed in triplicate, and values are expressed relative
to the value for EHEC preincubated in DMEM for 120 min. The data are the means and standard errors of the means for microscopic fields.
(B) Caco-2 cells were infected with EHEC strain O157Sakai preincubated in LB broth or DMEM for 120 min. Microcolony formation was

examined by Giemsa staining and phase-contrast microscopy (40).

in the number of bacteria, suggesting that the increase in ad-
herence was due to intimate attachment to the epithelial cells
(Fig. 1B).

A component of DMEM can stimulate EHEC adherence. To
examine the possibility that some component(s) present in
DMEM improved the adherence capacity, components of
DMEM were added to LB broth. First, the components of
DMEM were categorized into four groups: inorganic salts,
amino acids, vitamins, and other compounds (glucose, phenol
red, HEPES, and sodium pyruvate). Previous reports showed
that the presence of several salts and buffer in minimum me-
dium stimulates the expression of LEE-encoded genes in
EHEC and EPEC (2, 21). Furthermore, our preliminary data
showed that addition of an amino acid mixture or a vitamin
mixture to LB broth did not affect the expression of LEE-
encoded genes in EHEC (data not shown). Thus, eight com-
ponents, CaCl,, KCI, MgSO,, NaHCO,, NaH,PO,, HEPES,
sodium pyruvate, and Casamino Acids, were each added to LB

broth. In each of the LB broth preparations, the pH and the
concentration of the component added were adjusted to the
pH and the concentration in DMEM. Addition of CaCl,, KCl,
MgSO,, NaH,PO,, HEPES, sodium pyruvate, or Casamino
Acids had no significant effect on the adherence capacity (Fig.
2A). However, NaHCO; markedly increased the adherence
capacity; the adherence of bacteria grown in LB broth contain-
ing 44 mM NaHCO; was five times more efficient than the
adherence of bacteria grown in DMEM (Fig. 2A). Under the
conditions used, neither hyperosmotic LB broth nor LB broth
containing a high concentration of HEPES, both of which have
been reported to promote expression of the esp operon (2),
had a significant effect on the adherence of O157Sakai to
Caco-2 cells (data not shown). Although the adherent bacteria
grown under both conditions produced microcolonies on
Caco-2 cells, the number of microcolonies and the number of
bacteria in each colony were greater for O157Sakai grown in
LB broth with NaHCO; (44 mM) than for O157Sakai grown in
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FIG. 2. Effect of DMEM components on EHEC adherence to Caco-2 cells. Bacteria were preincubated in test tubes containing LB broth
supplemented with 1.8 mM CaCl,, with 5.3 mM KClI, with 0.8 mM MgSO,, with 44 mM NaHCO;, with 1 mM phosphate buffer (pH 7.4), with 25
mM HEPES-Tris (pH 7.4), with 1 mM sodium pyruvate, or with 0.1% Casamino Acids. (A) EHEC grown in LB broth supplemented with NaHCO,
shows a greater capacity to adhere to Caco-2 cells than EHEC grown in LB broth and DMEM. After 120 min, bacterial cultures were allowed to
adhere to Caco-2 cells. The adherence assay was performed in triplicate, and values are expressed relative to the value for EHEC preincubated
in DMEM for 120 min. The data are the means and standard errors of the means for microscopic fields. (B) Caco-2 cells were infected with EHEC
0O157Sakai preincubated in LB broth supplemented with NaHCO; or in DMEM for 120 min. Microcolony formation was examined by Giemsa

staining and phase-contrast microscopy.

DMEM (Fig. 2B). Thus, these results suggested that NaHCO,
is a component of DMEM that stimulates EHEC adherence.

NaHCOj; can stimulate LEE gene expression. To investigate
whether the stimulatory effect of NaHCO; on O157Sakai could
result from increased secretion of EspA, EspB, or Tir, the
proteins secreted into the medium were precipitated with tri-
chloroacetic acid and analyzed by immunoblotting with anti-
EspA, anti-EspB, and anti-Tir antibodies (see Materials and
Methods). The results showed that protein secretion was sig-
nificantly enhanced for bacteria grown in LB broth with

NaHCO; compared to bacteria grown in LB broth (data not
shown). Bacteria grown in LB broth with various concentra-
tions of NaHCO; were subsequently investigated for the pro-
duction of EspA, EspB, Tir, and intimin. As shown in Fig. 3,
the production of these proteins in O157Sakai was stimulated
upon addition of NaHCO; to LB broth, and the levels of
production increased as the concentration of NaHCO; in-
creased. The same was true for DMEM (Fig. 3). In this study,
we performed a Western blot experiment to test the effects of
NaHCO; on expression of the LEE genes together with visu-
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FIG. 3. Effect of NaHCO; on the expression of LEE-encoded genes. Whole-cell extracts of EHEC strain O157Sakai grown in LB broth
supplemented with 0, 2, 5, 11, 22, and 44 mM NaHCO; (lanes 1, 2, 3, 4, 5, and 6, respectively) and in DMEM supplemented with 2, 5, 11, 22, and
44 mM NaHCOs; (lanes 7, 8, 9, 10, and 11, respectively) were analyzed. The expression levels of intimin, Tir, EspB, and EspA were determined

by Western blotting with protein-specific antiserum (40).

alization of bacterial products by Coomassie blue and silver
staining of SDS-PAGE gels. However, there was no significant
difference in the profiles of proteins visualized in the SDS-
PAGE gels with and without NaHCO; in LB broth and
DMEM (data not shown). In a medium, NaHCO; at concen-
trations of 11 to 44 mM resulted in high levels of production of
EspA, EspB, Tir, and intimin, suggesting that expression of the
LEE-encoded genes could be coordinately activated by the
presence of NaHCOj;.

NaHCO; is slightly alkaline in solution, in which it acts as a
pH buffer through equilibrium with CO,. Since addition of
NaHCO; to LB broth at a final concentration of 44 mM re-
sulted in a slightly alkaline medium (pH 7.5 to 7.7) (Abe, un-
published results), morpholinepropanesulfonic acid (MOPS)-
containing LB broth (MOPS-LB broth) preparations with pH
values ranging from 6.0 to 8.0 (pH 6.0, 6.5, 6.7, 7.0, 7.2, 7.5, 7.7,
and 8.0) were investigated to determine whether there was a
stimulatory effect on the production of EspA, EspB, and Tir by

immunoblotting whole bacterial lysates with anti-EspA, anti-
EspB, anti-Tir, and anti-intimin antibodies. MOPS-LB broth
was prepared by adding MOPS (final concentration, 100 mM)
to LB broth and adjusting the pH with NaOH or HCl. As
shown in Fig. 4A, a change in the pH of the medium from pH
6.0 to 8.0 had no significant effect on the production of protein,
suggesting that the HCO; ™ ion itself is the factor that stimu-
lates LEE-encoded gene expression in O157Sakai. To test this
hypothesis, O157Sakai grown in MOPS-LB broth (pH 7.5)
with NaHCO; was investigated for the capacity to stimulate
the production of EspA, EspB, and Tir by immunoblotting
whole bacterial lysates with anti-EspA, anti-EspB, anti-Tir, and
anti-intimin antibodies. The results showed that the levels of
protein production were significantly increased in bacteria
grown in MOPS-LB broth with NaHCO; compared to the
levels of protein production in bacteria grown in LB broth (Fig.
4A, lane 12). In addition, O157Sakai grown in LB broth with
and without KHCO; was investigated by the same procedure.

FIG. 4. Effect of the HCO; ™ ion on the expression of LEE-encoded genes. EHEC strain O157Sakai was grown in LB broth overnight and then
diluted 1:20 with fresh medium. Bacteria were grown for 120 min at 37°C, and 1 ml of the culture was removed to measure optical density and
to prepare whole-cell extracts. (A) The pH of LB broth did not affect the expression of LEE-encoded genes. Whole-cell extracts of EHEC strain
0157Sakai grown in LB broth supplemented with 0 and 44 mM NaHCO; (lanes 1 and 2) and in DMEM (lane 3) were analyzed by using the
experimental procedure. Whole-cell extracts of EHEC strain O157Sakai grown in MOPS-LB broth at pH 6.0, 6.5, 6.7, 7.0, 7.2, 7.5, 7.7, and 8.0
(lanes 4, 5, 6, 7, 8, 9, 10, and 11, respectively) and at pH 7.5 supplemented with 44 mM NaHCO; (lane 13) were analyzed. (B) KHCO; also
stimulated the expression of intimin, Tir, EspB, and EspA. Whole-cell extracts of EHEC strain O157Sakai grown in LB broth supplemented with
0,2, 5,11, 22, 44, and 88 mM KHCOj; (lanes 1, 3, 4, 5, 6, 7, and 8, respectively) and with 44 mM NaHCOj; (lane 2) were analyzed by using the
experimental procedure described above. (C) Whole-cell extracts of EHEC strain O157Sakai (lanes 1 to 3), EPEC strain E2348/69 (lanes 4 to 6),
and EPEC strain B171-8 (lanes 7 to 9) grown in LB broth (lanes 1, 4, and 7), in LB broth supplemented with 44 mM NaHCOj (lanes 2, 5, and
8), and in DMEM (lanes 3, 6, and 9) were analyzed by using experimental procedure described above. The expression levels of EspB were
determined by Western blotting with EspB-specific antiserum. (D) Whole-cell extracts of EHEC strains O157Sakai (lanes 1 and 2),
01570kayama01 (lanes 3 and 4), O157V425 (lanes 5 and 6), O1570ku133 (lanes 7 and 8), O1570ku702 (lanes 9 and 10), and O157Niimil4 (lanes
11 and 12) grown in LB broth (lanes 1, 3, 5, 7, 9, and 11) and in LB broth supplemented with 44 mM NaHCOj (lanes 2, 4, 6, 8, 10, and 12) were

analyzed by using the experimental procedure described above.
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As shown in Fig. 4B, production of all the proteins was en-
hanced when the bacteria were grown in LB broth with
KHCO; at a concentration of 22 to 88 mM, strongly indicating
that HCO5 ™ ions are responsible for the induction of LEE-
encoded gene expression.

A previous report of Kenny et al. showed that the NaHCO;
concentration in DMEM can affect the secretion of LEE-
encoded proteins (21). We also observed that the NaHCO,
concentration in DMEM could affect the expression of LEE-
encoded proteins in EHEC (Fig. 3). Thus, the effects of
NaHCO; in LB broth on the expression of EspB were exam-
ined by using two additional EPEC strains. Although NaHCO,
in LB broth affected the expression of EspB in EHEC, no
effect was observed for EPEC strains (Fig. 4C). Furthermore,
stimulation of the expression of EspB was demonstrated with
several clinically isolated O157:H7 strains (Fig. 4D). These
data clearly indicate that the effect in EHEC of NaHCO;,
which triggers expression of LEE-encoded genes in EHEC,
was different from the effect in EPEC under the growth con-
ditions used.

Activation of the ler gene by NaHCO;. Since LEE-encoded
gene expression can be positively regulated by Ler encoded by
the ler gene (30, 6), we hypothesized that the enhanced pro-
duction of EspA, EspB, Tir, and intimin in O157Sakai grown in
LB broth with NaHCO; resulted from activation of the ler
gene, which led to production of LEE-encoded genes, includ-
ing espA, espB, tir, and eae. Analysis of the mRNA extracted
from O157Sakai grown in LB broth with NaHCO; by Northern
blotting with a DNA probe specific for eae indicated that the
level of eae mRNA was greater in bacteria grown in LB broth
containing 11 to 44 mM NaHCO; than in bacteria grown in LB
broth (data not shown).

Elliott et al. previously reported that Ler stimulated the level
of expression of LEE-encoded genes and bacterial adherence
(6); these authors examined the effect of ler when bacteria were
grown under certain conditions, such as incubation at 37°C in
minimal essential medium. We confirmed that the ler locus
enhanced the expression of LEE-encoded genes, including
bacterial adherence, in DMEM (data not shown). However, it
was not clear whether introduction of the ler gene into EHEC
0O157:H7 could stimulate adherence when bacteria were grown
in LB broth, as it did when bacteria were grown in minimal
essential medium or DMEM. The ler mRNA in the bacteria
grown in LB broth, LB broth with NaHCO;, or DMEM was
examined by Northern blotting with a ler-specific DNA probe.
As shown in Fig. 5A, although transcription was barely de-
tected in the absence of NaHCO;, production of ler mRNA
could be detected when the bacteria were grown in LB broth
with NaHCOj; or in DMEM. The activation of the ler gene by
NaHCO; was further confirmed by constructing a pler-cat tran-
scriptional fusion plasmid (plerCAT) (Fig. SB). When plerCAT
was introduced into O157Sakai and the organism was grown in
LB broth, the CAT activity was about three times higher in
bacteria grown in the presence of 44 mM NaHCO; than in
bacteria grown in the absence of NaHCO; (Fig. 5C). Consis-
tent with the results described above, when a cloned ler gene
on pBR322 (pBRler) was introduced into O157Sakai, the bac-
teria adhered more efficiently to Caco-2 cells, even when they
were grown in LB broth without NaHCO,, than the mock
control adhered (Fig. 5D and E). The levels of production of
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LEE-encoded genes were more than three times greater in the
bacteria carrying pBRler than in the bacteria not carrying
pBRler (data not shown).

Thus, these results clearly indicated that NaHCO; could
stimulate the expression of ler in O157Sakai, which in turn
induced the expression of LEE-encoded genes required for
bacterial adherence.

DISCUSSION

In the present study, we investigated the abilities of the com-
ponents of DMEM to stimulate the adherence of O157Sakai to
Caco-2 cells, since it has been noted that both EHEC and
EPEC strains grown in a tissue culture medium, such as
DMEM, have a remarkably efficient adherence phenotype on
epithelial cells compared to the phenotype of EHEC grown in
LB broth. In addition, studies have indicated that production
and secretion of the type III secreted proteins (LEE gene-
encoded secretion proteins), such as EspA, EspB, EspD, and
Tir, from EHEC (and Shiga toxin-producing E. coli) or EPEC
strains are affected by various environmental stimuli. Re-
cent whole-genome analyses of EHEC strains, including
O157Sakai, supported this notion and resulted in the predic-
tion that the pathogens have an elaborate putative sensing
system to detect environmental signals, as well as a regulatory
system involved in the expression of virulence-associated
genes, such as LEE-encoded genes (14, 15, 33). The results of
the present study confirmed that O157Sakai grown to the late
log phase had a greatly enhanced adherence capacity when it
was grown in DMEM rather than in LB broth (Fig. 1A). An
examination of the DMEM components responsible for the
stimulatory effect on O157Sakai showed that NaHCO; can
greatly enhance the capacity to adhere to Caco-2 cells. The
efficiency was increased further when the bacteria were grown
in LB broth supplemented with NaHCO,; under these condi-
tions the adherence capacity was more than five times that in
DMEM and more than 50 times that in LB broth.

The stimulatory effect of NaHCO; on EHEC adherence
resulted from an increase in expression of the LEE-encoded
genes via activation of the ler gene. Importantly, the increase in
the amount of protein expressed from O157Sakai accompa-
nied an increase in the concentration of NaHCOj; (from 0 to
~44 mM) in the medium (Fig. 3), suggesting that NaHCO; can
somehow stimulate the expression of LEE-encoded genes in
EHEC. The observation that the NaHCO; concentration in
DMEM affects the secretion of LEE-encoded proteins was
originally reported by Kenny et al. (21). In that study, Kenny
suggested that secretions produced by small intestine mucosa
contain high levels of NaHCO, that neutralize the acid envi-
ronment of the stomach and perhaps signal the passage of
EPEC to the site of colonization on epithelial cells. This hy-
pothesis is called the high to low gradient hypothesis for EPEC
(20). In the present study, we found that although the presence
of NaHCO; in DMEM can affect the expression of LEE-
encoded proteins in EHEC (Fig. 3), the effect of NaHCO; in
LB broth on EHEC LEE expression was more dramatic than
the effect of NaHCO; in DMEM, which was never observed to
have an effect on EPEC LEE expression (Fig. 4C). Although
the mechanisms of the different effects of NaHCO; on ex-
pression in EHEC and EPEC are still unclear, since the
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FIG. 5. HCO;™ ion stimulates the expression of LEE-encoded regu-
lator. EHEC O157:H7 was grown in LB broth overnight and then diluted
1:20 with fresh medium. Bacteria were grown for 120 min at 37°C, and 10
ml of the culture was removed to measure optical density and to isolate
total cellular RNAs. (A) NaHCO; stimulated transcription of ler. Total
RNAS (10 wg) prepared from EHEC strain O157Sakai grown in LB broth
not supplemented with NaHCOj; (lane 1) or supplemented with 44 mM
NaHCO; (lane 2) and in DMEM (lane 3) were subjected to Northern
blot analysis. The transcription levels of ler mRNA were determined by
using the labeled Sau3AI DNA fragment containing the ler gene as the
probe (upper panel). The levels of iif mRNA were determined as the
control by using the labeled PCR fragment containing the iifa gene as
the probe (lower panel). (B) Cloning of the ler regulatory region into
the pKK232-8 vector. The blunted 930-bp EcoRI PCR fragment en-
compassing the ler regulatory region was cloned into the Smal site
between the nB T1 terminator and the cat gene. (C) Activation of the
ler promoter in response to addition of NaHCOj; to LB broth. EHEC
strain  O157Sakai containing pKK232-8 (triangles) or plerCAT
(squares) was grown in LB broth (open symbols) or in LB broth supple-
mented with 44 mM NaHCO; (solid symbols). The solid triangles are not
visible due to overlap with the open triangles. CAT activity was deter-
mined at different times (38). The data are the means and standard
errors of the means (SEM) obtained in triplicate. SEMs are not visible
due to the very narrow range. ODj,, optical density at 600 nm; w.t,
EHEC strain O157Sakai wild type. (D) Effect of ler overproduction on
adherence of EHEC to Caco-2 cells. EHEC strain O157Sakai containing
pBR322 or pBRler was grown in LB broth. After 120 min, bacterial
cultures were allowed to adhere to Caco-2 cells. The adherence assay was
performed in triplicate, and values are expressed relative to the value for
EHEC preincubated in DMEM for 120 min. The data are the means and
standard errors of the means for microscopic fields. (E) Caco-2 cells were
infected with EHEC strain O157Sakai containing pBRler preincubated
in LB broth for 120 min. Microcolony formation was examined by
Giemsa staining and phase-contrast microscopy.
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effect on EHEC LEE expression was observed when the
bacteria were grown in LB broth containing a physiological
concentration of NaHCO,, at least the richness of the growth
medium could be an important factor in the stimulation of
EHEC adherence.

Bacterial growth conditions affect the expression of LEE in
a Shiga toxin-producing E. coli O26 strain, as reported by Ebel
et al. (5), who found different levels of LEE-encoded secretion
proteins, such as EspB, in bacteria grown in LB broth and in
bacteria grown in a serum-free tissue culture medium. Later,
Beltrametti et al. indicated that the esp promoter in EHEC was
activated in response to Ca**, Mn*>", and high osmolarity in
M9 medium or in response to HEPES in DMEM (2). We also
examined the capacity of O157Sakai grown in LB broth with
Ca?*, Mn**, or HEPES or in LB broth at high osmolarity to
adhere to Caco-2 cells with the capacity of cells grown in plain
LB broth to adhere to Caco-2 cells; however, none of these
components had an appreciable effect on adherence, including
the expression of LEE genes (Fig. 2A and unpublished data),
suggesting that they do not affect the adherence capacity of
EHEC in rich medium. Therefore, to our knowledge, NaHCO,
is the first reported compound capable of stimulating EHEC
adherence, including expression of LEE-encoded genes under
nutrient-rich conditions.

As an environmental signal, the HCO; ™ ion affects the ex-
pression of various virulence-associated genes in many patho-
genic bacteria (29). For example, the expression of anthrax
toxin genes (pag, lef, and cya) in Bacillus anthracis is enhanced
by two physiological signals, CO,-HCO;~ and temperature
(24, 26). The production of several other bacterial virulence
factors, including cholera toxin (16) and toxic shock syndrome
toxin 1 of Staphylococcus aureus (36), was shown to be stimu-
lated by CO,. Although the target tissues for infection by the
pathogens differ, such studies have strongly indicated that the
HCO;™ ion present in the microenvironment is an important
signal not only in promoting infection but also for evading host
defense systems. For the stimulatory effect of NaHCO, in a
rich medium on the adherence of EHEC, we hypothesized that
the nutrient-rich medium containing the HCO; ™ ion mimics a
growth environment, such as the human intestine. The HCO; ™~
ion in the intestinal tract contributes to the buffering of extra-
cellular fluids in equilibrium with CO,; the concentration of
the ion in the ileum is greater than that in the jejunum, and
thus the HCO; ™ ion concentration increases along the intes-
tinal tract (37, 45). Consistent with this notion, HCO; ™ at a
concentration of 44 mM, which is close to the concentration in
the ileum (9, 37), can strongly stimulate LEE-encoded gene
expression in O157Sakai, thus promoting adherence to epithe-
lial cells.

The effect of the HCO; ™ ion on EHEC adherence seemed
to depend on the growth phase. Transcriptional fusion with cat
as a reporter gene demonstrated that ler was activated at the
transcriptional level upon addition of NaHCO; to LB broth
(Fig. 5C), in which activation of ler expression was dependent
on the bacterial growth phase. Indeed, the ler promoter activity
increased greatly from the mid-exponential phase to the sta-
tionary phase. Very recently, two kinds of quorum-sensing
systems have been reported to be involved in the expression of
LEE-encoded genes in EHEC (19, 39). Sperandio et al. (39)
showed that expression of LEE-encoded genes in EHEC and
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EPEC is activated by one of the systems, termed quorum-
sensing system 2, and an autoinducer called AI-2, which has
been shown to be involved during the transition from the late
exponential phase to the stationary phase, although the effect
of AI-2 in LB broth seems not to be as strong as the effect in
DMEM. Thus, it is intriguing to speculate that the observed
stimulation of expression of LEE-encoded genes in O157Sakai
from the mid-exponential phase to the stationary phase of
growth in the presence of HCO; ™ ions is due to the synergistic
effects of NaHCO; and AI-2. In fact, it has been proposed that
the autoinducer is synthesized by the normal E. coli flora re-
siding in the large intestine (39).

The intestinal tissues targeted by EPEC and EHEC seem to
differ. An intestinal biopsy of a patient infected with EPEC
showed that the bacteria preferentially adhered to the small
intestine epithelium (31). In a piglet infection model, EPEC
was shown to adhere to the small intestine, while EHEC col-
onized the large intestine epithelium (10, 43, 44). Although the
host factors and the bacterial factors affecting the preference
for attachment sites on the intestinal epithelium remain to be
elucidated, environmental regulation of LEE-encoded gene
expression in EHEC and EPEC is an important factor. Indeed,
Kenny et al. have recently indicated that the secretion of Esp
proteins from EPEC is maximized when bacteria are grown
under physiological conditions similar to those in the intestine
(21). Thus, although the mechanisms underlying the stimula-
tion of ler gene expression in EHEC grown in rich medium in
the presence of NaHCO; remain unclear, our findings provide
insight into the strategy employed by the bacteria when they
target the site of attachment in the human intestine. At
present, although we cannot rule out the possibility that some
unknown adherence factor(s) stimulated by NaHCO; is in-
volved in colonization of the intestine by EHEC, we believe
that expression of LEE-encoded genes in EHEC stimulated in
response to conditions similar to those in the lower intestinal
tract environment plays a crucial role in the initial attachment,
including the development of microcolonies on the intestinal
epithelium.
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