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Escherichia coli O157:H7 carried on plant surfaces, including alfalfa sprouts, has been implicated in food
poisoning and outbreaks of disease in the United States. Adhesion to cell surfaces is a key component for
bacterial establishment and colonization on many types of surfaces. Several E. coli O157:H7 surface proteins
are thought to be important for adhesion and/or biofilm formation. Therefore, we examined whether mutations
in several genes encoding potential adhesins and regulators of adherence have an effect on bacterial binding
to plants and also examined the role of these genes during adhesion to Caco-2 cells and during biofilm
formation on plastic in vitro. The genes tested included those encoding adhesins (cah, aidA1, and ompA) and
mediators of hyperadherence (tdcA, yidE, waal, and cadA) and those associated with fimbria formation (csg4,
csgD, and IpfD2). The introduction of some of these genes (cah, aidA1, and csg loci) into an E. coli K-12 strain
markedly increased its ability to bind to alfalfa sprouts and seed coats. The addition of more than one of these
genes did not show an additive effect. In contrast, deletion of one or more of these genes in a strain of E. coli
0157:H7 did not affect its ability to bind to alfalfa. Only the absence of the ompA gene had a significant effect
on binding, and the plant-bacterium interaction was markedly reduced in a tdcA ompA double mutant. In
contrast, the E. coli O157:H7 ompA and tdcA ompA mutant strains were only slightly affected in adhesion to
Caco-2 cells and during biofilm formation. These findings suggest that some adhesins alone are sufficient to
promote binding to alfalfa and that they may exist in E. coli O157:H7 as redundant systems, allowing it to
compensate for the loss of one or more of these systems. Binding to the three types of surfaces appeared to be
mediated by overlapping but distinct sets of genes. The only gene which appeared to be irreplaceable for

binding to plant surfaces was ompA.

The majority of infectious diseases are initiated by the ad-
hesion of pathogenic organisms to the tissues of the host. This
is considered the first stage in any infectious process and is an
important and critical step for colonization (30). Many human
pathogens, in addition to adhering to different mammalian
cells, are capable of interacting with other surfaces outside
their host, i.e., plants and fruits, and can live in association with
other bacteria while obtaining nutrients for their survival (22).
Food-borne illnesses present a significant health problem
throughout the world, and in the United States alone, the
Centers for Disease Control and Prevention (CDC) estimates
that there are 76 million illnesses and 5,000 deaths annually
(29). In recent years, the reported incidence of food poisoning
caused by food-borne pathogens reported to the CDC has
decreased (8). However, further efforts are needed to sustain
these declines, to reduce pathogens in food animal reservoirs,
and to prevent the contamination of produce. Among the
outbreaks associated with fresh produce consumption and for
which the etiology has been determined, Salmonella enterica
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serovar Enteritidis accounted for the largest number of out-
breaks, cases, and deaths, followed by Escherichia coli O157:
H7, which was frequently found during multistate outbreaks
(42).

E. coli O157:H7 is a human pathogen which was first iden-
tified during two independent outbreaks of hemorrhagic colitis
in 1982 (23, 36). E. coli O157:H7 colonizes the intestine and
can cause a diarrheal syndrome characterized by a copious
bloody discharge. In pediatric and elderly patients, the diar-
rhea caused by this strain can be fatal due to acute kidney
failure (hemolytic-uremic syndrome) (reviewed in reference
31). Although cattle are known to be a reservoir of E. coli
O157:H7 (9, 51) and contaminated undercooked beef has been
most frequently implicated as a vehicle for pathogen transmis-
sion (15), the organism has also been associated with unex-
pected vehicles of transmission, such as alfalfa sprouts (5),
radish sprouts (20), lettuce (1), and unpasteurized apple juice
(10). E. coli O157:H7 contamination of fruits and vegetables is
a concern in the United States, and its presence in a variety of
food products suggests that this pathogen has the ability to
express one or more adhesive structures which allow binding to
surfaces of many different types of food.

E. coli O157:H7 expresses multiple fimbrial and nonfimbrial
adhesins which have no obvious role in pathogenesis and may
be involved in adhesion to other surfaces (reviewed in refer-
ence 46). For example, curli-expressing thin aggregative fim-
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TABLE 1. Bacterial strains and plasmids used for this study

Strain or
plasmid

Relevant characteristics

Reference or source

E. coli strains

86-24 E. coli O157:H7 (41), Sm" Nal" A. G. Torres stock collection
AGT103 86-24 cah::cat cah::tet, Sm" Cm" Tc* 45
AGT601 86-24 ompA::cat, Sm" Cm" 44
AGT602 86-24 ompA::cat tdcA::Tnp, Sm" Cm" Km* 44
86-24A 86-24 csgA, Sm" Ap" 21
P9C8B1 86-24 csgD::Tnp, Sm* Km* 44
P10CY9E1 86-24 yidE::Tnp, Sm" Km" 44
P9CSF2 86-24 tdcA::Tnp, Sm" Km* 44
P6COE25 86-24 waal::Tnp, Sm" Km" 44
P9C12D4 86-24 cadA::Tnp, Sm" Km* 44
P9C8F1 86-24 IpfD2::Tnp, Sm" Km" 44
AGT103A 86-24 cah::cat cah::tet csgA, Sm" Cm" Tc" Ap" 21
DHS5a pro endA 1 hsdR17(ry~ my ) supE44 thi-1 recA 1 gyrA relAl A(lacZYA-argF) Clontech
U169deoR[f80dlac A(lacZ)M15]
ER2267 F' proA™ B lacld A(lacZ)M15 zzf::mini-Tnl0 (Kan")/A(argF-lacZ)U169 New England Biolabs
ginV44 e14~ (McrA™) rfbD1? recAl relA1? endAl spoT1? thi-1
A(mcrC-mirr)114::1S10, Km"
Plasmids
pCAH100 cah from E. coli O157:H7 strain EDL933 in EcoRYV site of pACYC184, Tc' 45
pIB264 11.0-kb EcoRI fragment containing aidA gene in pBR322, Ap" Tc" 4
pRMinv 8.5-kb BamHI-Sall fragment containing csg cluster in pMMB33, Neo" 17

briae, which are rarely reported in E. coli O157:H7 compared
with other pathogenic E. coli strains (47, 48), have been re-
ported to bind eukaryotic extracellular matrix proteins as well
as to enhance the formation of E. coli O157:H7 biofilms on
inert surfaces (11, 38). Biofilm formation may increase E. coli
O157:H7 survival and would likely result in protection against
many environmental conditions. Recently, Cah (calcium bind-
ing antigen 43 homologue), a surface-expressed and heat-ex-
tractable protein that causes autoaggregation and changes in
bacterial shape, was characterized in E. coli O157:H7 and
found to participate in the formation of biofilms (45). Finally,
multiple mediators of adherence were identified during the
screening of an E. coli O157:H7 transposon-insertion mutant
library for hyperadherent strains (44). This analysis involved
the isolation of several transposon mutant strains which dis-
played different levels of adhesion to eukaryotic cells and al-
lowed the identification of OmpA (outer membrane protein A)
as a novel adhesin of E. coli O157:H7.

The adhesion of E. coli O157:H7 is a complex process, and
it is unlikely that this organism relies on one mechanism for
attachment to different surfaces (e.g., human or cattle intesti-
nal cells, food products, or abiotic surfaces). In its most basic
form, bacterial adhesion can be divided into the following two
stages: the primary or docking stage and the secondary or
locking phase (16). Primary adhesion results from a serendip-
itous meeting between a conditioned surface and a planktonic
microorganism. This stage is reversible and is dictated by a
number of physiochemical variables (electrostatic and hydro-
phobic interactions, temperature, hydrodynamic forces, etc.)
that define the interaction between the bacterial cell surface
and the conditioned surface of interest. Previous work has
shown that E. coli O157:H7 expresses low surface hydropho-
bicity (24) and that the hydrophobic components on the sur-
face can be masked by extracellular polymeric substances, such
as the capsule, influencing the ability of E. coli O157:H7 to

adhere to different surfaces (19). The second stage of adhesion
employs molecularly mediated binding between specific ad-
hesins and the surface. Once bacteria have irreversibly at-
tached to a surface, the process of biofilm maturation begins
(16). Since very little is known about the role of specific surface
structures or regulatory proteins during binding of E. coli
O157:H7 to food products, we tested whether a collection of E.
coli O157:H7 strains carrying mutations in genes encoding
proteins associated with binding to tissue culture cells also
participate in the association with fresh produce. Furthermore,
we determined the role of different mediators of adherence in
the ability of E. coli O157:H7 to bind alfalfa sprouts and seed
coats and attempted to correlate differences in adherence to
plant surfaces with those observed on Caco-2 intestinal cells
and during the formation of biofilms on plastic in vitro.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The strains and plasmids used for this
study are listed in Table 1. Strains were routinely grown in Luria-Bertani (LB)
broth or on L agar at 37°C (27). When indicated, the strains were grown in
Dulbecco’s modified Eagle’s medium (Cellgro; Mediatech, Inc., Herndon, VA),
M63 minimal glucose medium, or Congo red agar (Trypticase soy broth agar plus
0.01% Congo red dye) (35). Antibiotics (Sigma-Aldrich, Co., St. Louis, MO)
were added to media at the following concentrations: kanamycin (Km), 50 p.g/ml;
ampicillin (Ap), 100 wg/ml; chloramphenicol (Cm), 30 pg/ml; streptomycin (Sm),
100 pg/ml; tetracycline (Tc), 12.5 pg/ml; nalidixic acid (Nal), 30 pg/ml; and
neomycin, 20 pg/ml in liquid and 60 pg/ml in solid media.

Recombinant DNA techniques. Plasmid DNAs were isolated using a QTAGEN
QIAprep plasmid preparation kit from 3 ml of overnight bacterial culture fol-
lowing the manufacturer’s procedure. Plasmids were introduced by the transfor-
mation of RbCl, chemically competent E. coli K-12 strains or by electroporation
of enterohemorrhagic E. coli (EHEC) O157:H7 as described by Dower et al.
(14). Standard molecular methods were used for restriction endonuclease anal-
yses and the ligation and construction of recombinant plasmids (27).

Binding to alfalfa sprouts and seed coat assays. Measurements of bacterial
binding to alfalfa sprouts were carried out as previously described (21). Briefly,
alfalfa sprouts were obtained by germinating seeds. In order to ensure that the
alfalfa sprouts were axenic, seeds were surface sterilized by being soaked briefly
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in 80% ethanol followed by 20 min in a 2.6% sodium hypochlorite solution
containing Tween 80 as a wetting agent. The seeds were then washed three times
with sterile deionized water and germinated. After 1 day of germination, sprouts
were placed in plastic dishes in groups of four with 5 ml of sterile deionized
water. Bacteria were diluted and added to the germinated seeds to a final
concentration of approximately 5 X 10® bacteria per ml. The inoculated sprouts
were incubated at room temperature for 3 days. Sprouts and open seed coats
were analyzed separately. Each was washed twice by vigorous inversions in 5 ml
sterile deionized water. The sprouts or seed coats were then homogenized in 5 ml
of washing buffer (26) in a Teflon glass homogenizer and plated to determine
viable cell counts. The numbers given are the mean log;, values of the numbers
of viable bacteria recovered from the homogenates of washed sprouts or seed
coats * standard deviations and were calculated per sprout or seed coat from a
minimum of three experiments (26). The average sprout weighed about 50 mg,
and the average opened seed coat weighed about 5 mg. In all cases, the number
of bacteria recovered from the wash water (second wash), as measured by viable
counts, was <1% of the number recovered from the sprout or seed coat. The
statistical methods used are given above.

Bacterial adhesion to epithelial cells. Caco-2 cells were seeded with 1 X 10°
cells/well and incubated for 48 h at 37°C with 5% CO, in 24-well plates (Corning,
Inc., Corning, NY). The cell monolayers were washed twice with phosphate-
buffered saline (pH 7.4), and the infection was carried out with wild-type bacteria
and isogenic mutants as described previously (43). Briefly, bacterial strains were
grown in LB broth overnight at 37°C, the monolayers were infected with 1 X 107
bacteria for 3 h, and adherence was evaluated qualitatively by Giemsa staining
and quantitatively by plating adherent bacteria on L agar plates with an appro-
priate antibiotic. The results were performed in triplicate and repeated at least
twice. P values were calculated using a paired ¢ test.

Isolation of EHEC 86-24 mutant strains. Mutants in csgA4 are described else-
where (21). Briefly, the csg4 gene was obtained by PCR and cloned into
pUTgfpAXho (28). The resulting plasmid was introduced into the E. coli
O157:H7 strain by transformation, and cointegrates were selected using Ap".
Transposon mutants of EHEC strain 86-24 (insertions in cadA, csgD, tdcA, Ipf-2,
waal, and yidE) were generated with the kanamycin resistance-encoding trans-
posome EZ:: TN <R6Kwyori/KAN-2> Tnp (Epicenter, Madison, WI), as previ-
ously described (44). Furthermore, disruption of the ompA gene was performed
in the chromosomes of EHEC strains 86-24 (41) and P9C8F2 (Table 1) by the
marker exchange approach known as the lambda red system, as described pre-
viously (44).

Biofilm assay. The growth of biofilms in LB and M63 minimal glucose media
was analyzed by the method optimized by Torres et al. (45). Bacterial strains
were grown in polyvinyl chloride (PVC) 96-well plates (Falcon; Becton Dickin-
son, San Jose, CA) without shaking for 24 h in LB broth at 30°C. Next, the cells
were diluted 1:100 into PVC plates containing either LB or M63 medium sup-
plemented with 0.8% glucose. Strains were grown statically for an additional 24 h
at 30°C, and the strains in M63 medium were diluted (1:100) again in fresh
M63-glucose and incubated for 24 h at 30°C without shaking. The biofilms
formed in LB or M63 minimal glucose medium were rinsed and stained with a
solution of 1% (wt/vol) crystal violet. Biofilm assays with E. coli strains DH5a
and ER2267 were performed with LB medium only because the DHS5« strain
displayed a growth-defective phenotype in M63 medium. To quantify the for-
mation of biofilms, the crystal violet-stained cells were solubilized in dimethyl
sulfoxide, and the samples were removed and transferred to a 96-well polystyrene
plate. The optical density (570 nm) of each crystal violet-stained sample was
determined using a microtiter plate reader. The values of at least six indepen-
dently grown biofilms were used to calculate the average of each sample. P values
were calculated by a paired ¢ test.

RESULTS

E. coli adhesins mediate binding to alfalfa. Since curli and
the Cah protein have been associated with adhesion to inert
surfaces in E. coli O157:H7 (11, 45) and since these proteins
are either absent or not expressed in E. coli K-12 strains (6, 17,
21, 45), we examined whether these structures were able to
mediate E. coli K-12 binding to alfalfa sprouts and seed coats.
We first determined whether E. coli K-12 strains express curli
or the Cah protein under the conditions used to infect alfalfa
(incubating samples at room temperature for 2 to 3 days). The
E. coli K-12 strains formed white colonies on Congo red agar
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TABLE 2. Binding to sprouts and seed coats of E. coli K-12 strains
alone or with plasmids containing genes associated with adhesion
and biofilm formation

Mean log,, no. (+ SD)
of bacteria recovered
per sprout or seed coat

Bacterial strain [phenotype] after 3 days of

incubation
Sprouts ngjg

DH5a pro 0 0
DH5a pro(pCAH100) [cah, ™) 49x06 47x07
DH5a pro(pIB264) [aidAI™"] 22+03 20=%=10
DH5a pro(pRMinv) [csg™] 37206 41+05
DH5a pro(pIB264)(pCAH100) [aidAI™ 3302 37%05

cahl™]
DH5a pro(pIB264)(pRMinv) [aidA1" ¢sg*] 3.8 +04 48*+04
DH5a pro(pCAH100)(pRMinv) [cahl™* 27+06 28=*03

csg]
ER2267 0¢ (0
ER2267(pCAH100) [cahl™] 58+04 59%03
ER2267(pIB264) [aidAI™) 4115 39=x14
ER2267(pRMinv) [csg™*] 5602 58%03

“ No bacteria were recovered.

plates, which was indicative of their inability to express curli.
Furthermore, the K-12 strains tested do not carry the cah gene.
Instead, they possess a homologue gene (agn-43). However, we
have shown that Ag43 does not interfere with the function of
Cah and seems to be repressed when Cah is overexpressed
(45). In addition, Ag43 only contributes to E. coli biofilm
formation when the bacteria are grown in minimal glucose
medium and not when they are grown in Luria-Bertani broth
(see below). As shown in Table 2, alfalfa was inoculated with
the K-12 strains DH5a pro and ER2267 expressing either Cah
(pCAH100) or curli (pRMinv). After incubation, bacteria were
recovered from washed sprouts and seed coats. We found that
the expression of Cah or curli enhanced binding to alfalfa,
regardless of the E. coli K-12 strain used in the assay. In
contrast, we were unable to recover bacteria from alfalfa in-
oculated with the DH5a pro or ER2267 strain alone. The Cah
protein belongs to a family of autotransporters associated with
adherence which includes Ag43 and AidA-I. Since AidA-I
mediates bacterial attachment to a broad variety of human and
other mammalian cells, participates in biofilm formation, and
is only associated with some diarrheagenic E. coli strains (39),
we determined whether AidA-I mediates binding to alfalfa to
the same extent as Cah. We found that pIB264 (aidA™) also
mediates binding to alfalfa sprouts and seed coats, but not as
well as pCAH100 (cah ™). The plasmid gene products encoded
in plasmids pBI264 and pRMinv have previously been shown
to be expressed in and to mediate the adhesion of K-12 strains
to mammalian cells (4, 17). The next experiment was designed
to determine the effect of a combination of plasmids expressing
the different surface structures on the binding phenotype. As
shown in Table 2, there were no significant differences in the
total numbers of bacteria on seeds or sprouts for E. coli K-12
expressing either one or two adhesins, indicating that their
expression did not have an additive effect on alfalfa binding.
Since our data suggest that multiple factors influence the bind-
ing of E. coli K-12 to alfalfa, we determined whether these and



VoL. 71, 2005

TABLE 3. Binding of E. coli O157:H7 strain 86-24 and its mutants
to alfalfa sprouts and seed coats

BINDING OF E. COLI O157:H7 TO PLANT AND ANIMAL CELLS 8011

TABLE 4. Binding of E. coli O157:H7 strain 86-24 and its mutants
to Caco-2 cells

Mean log,, no. (= SD) of
bacteria recovered per

Bacterial strain Mutation or genotype sprout or seed coat

% Bacteria recovered
after 3 h of Caco-2
infection (mean * SD)

Bacterial strain Mutation(s)

Seed
Sprouts coats
86-24 Wild type 4.7 = 0.6 5.6 £0.2
AGT103 cahl cah2 3.8+ 0.8 54 0.5
AGT601 ompA 32+0.5 39+ 1.5
AGT602 ompA tdcA 0“ 0“
86-24A csgA 41+0.2 5.7x0.2
P9C8B1 csgD 5.8 £0.7 53x0.5
P10C9E1 yidE 54+04 54+0.1
PI9C8F2 tdcA 59 0.1 59 *0.5
P6C6E25 waal 57x0.1 54+0.5
PI9C12D4 cadA 6.0 0.3 6.1 £0.3
PI9C8F1 IpfD2 6.2+0.2 6.4+ 04
AGTI103A cahl cah2 csgA 4.7 = 0.6 6.0 £0.2

“ No bacteria were recovered.

other factors had an impact on the binding phenotype of E. coli
O157:H7.

Effects of mutations in genes encoding putative adhesins on
binding of E. coli O157:H7 to alfalfa. To analyze the role of
Cah or curli in the binding of E. coli O157:H7 to alfalfa,
sprouts were inoculated with the E. coli O157:H7 wild type or
its isogenic mutant strains. As shown in Table 3, the isogenic
strains AGT103 (cahl cah2) and 86-24A (csgA) bound to al-
falfa sprouts or seeds as well as the wild-type strain (86-24),
indicating that single or double mutations in these genes did
not have an effect on binding. Therefore, a triple mutant
(AGT103A; cahl cah2 csgA) was created, and the binding
assay was repeated. Our results showed no differences in bind-
ing to sprouts and seed coats compared with the wild-type
strain, suggesting that additional adhesins encoded in the ge-
nome of E. coli O157:H7 might be responsible for the binding
phenotype of these mutant strains.

The expression of adhesion factors in E. coli O157:H7 ap-
pears to be tightly regulated under in vitro conditions (44). For
this reason, we looked for factors increasing adhesion and
recently isolated several mutants that adhere at higher levels
than the wild-type strain to tissue culture cells (HeLa and
Caco-2) (44). We tested this collection of mutants in the alfalfa
binding assay, and as shown in Table 3, mutations in the me-
diators of hyperadherence encoded by tdcA, cadA, waal, and
IpfD2 caused a slight increase in binding to sprouts compared
with that of the wild-type strain (mutations in yidE and csgD
had no significant effect). None of the mutants was affected in
binding to seed coats. cadA and IpfD2 mutants were recovered
in the largest numbers from sprouts. Since we had previously
shown that OmpA is an adhesin of E. coli O157:H7 which is
differentially expressed during hyperadherence (44), the ompA
mutant was assayed, and we found that strain AGT601 bound
to sprouts at only about 10% the level of the wild-type strain
(Table 3). This result suggests that OmpA has a role during
binding to alfalfa. To confirm this observation, we tested the
AGT602 strain containing mutations in the hyperadherence
regulator TdcA and in OmpA, which has previously been
shown to display reduced adherence to tissue culture cells (44).

86-24 None (wild type) 100 = 2.9
AGT103 cahl cah2 97.8 + 19.2¢
AGT601 ompA 86.5 + 15.9¢
AGT602 ompA tdcA 82.7 + 16.2¢
P9C8B1 csgD 131.1 + 4.9°
P10C9E1 yidE 146.1 + 1.6°
P9CSF2 tdcA 147.8 + 1.03”
P6C6E25 waal 172.9 = 2.9°
P9C12D4 cadA 144.8 + 1.4°
P9CSF1 IpfD2 122.0 + 9¢

“pP > 0.05.

bp <0.01.

<P < 0.05.

To our surprise, strain AGT602 showed no detectable binding
to sprouts or seed coats, strongly indicating that OmpA and
TdcA participate in the bacterium-plant interaction.

Role of hyperadherent mutants on binding of E. coli
0157:H7 to Caco-2 cells. It was previously shown that OmpA
acts as an E. coli O157 surface protein mediating binding to
different human-derived tissue culture cell lines (44). However,
our previous studies to identify and characterize the other
mediators of hyperadherence were performed with HeLa cells,
an epithelial cell line obtained from a cervix adenocarcinoma
that has been used extensively in the study of adherence pat-
terns of E. coli strains, but which does not represent the actual
epithelial cells that E. coli O157:H7 encounters during human
infection. Since E. coli O157:H7 is a pathogen colonizing the
large intestine, we were interested in determining whether
these regulators play a role in adherence to intestinal epithelial
cells. Therefore, we repeated the adherence experiments using
Caco-2 cells, a colorectal adenocarcinomic cell line, and used
this information to compare the abilities of these isogenic E.
coli O157:H7 strains to mediate binding to alfalfa and to mam-
malian cells (Table 4). Our results confirmed our previous
assays performed with HeLa cells indicating that transposon
mutants with mutations in the mediators of adherence encoded
by cadA, csgD, tdcA, yidE, waal, and IpfD2 displayed an in-
crease in adherence compared with the wild-type strain (the
increase varied from 22% to 73% depending on the mutation;
P < 0.05). In contrast, a slight reduction of adherence with no
statistical significance was observed with the ompA and ompA
tdcA mutants (the adherence of AGT601 was reduced 13.5%
and that of AGT602 was reduced 17.3% compared with that of
the wild-type strain; P > 0.05). Mutations in the cah genes did
not have any effect on the adherence phenotype (P > 0.05).
Our results are in accordance with our previous data for HeLa
cells showing that E. coli O157:H7 carrying mutations in the
mediators of adherence displayed increase adherence. The
slight reduction in adherence of the ompA and ompA tdcA
mutants during infections of Caco-2 cells did not reflect the
striking reduction in binding of the E. coli O157:H7 ompA tdcA
double mutant to alfalfa, which strongly suggests that OmpA
acts as an accessory adhesin during binding to human-derived
tissue culture cells but that OmpA and TdcA play an important
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Bacterial strains (media)

FIG. 1. Quantification of crystal violet staining of biofilms formed by E. coli O157:H7 strain 86-24 and its isogenic mutants in minimal glucose
medium. Strain 86-24 does not form biofilms in LB broth; therefore, this result was included as a negative control. *, P < 0.05; #*, P < 0.01. OD,

optical density.

role during binding to alfalfa sprouts and seed coats. Further
experimentation is required to fully understand the role of
OmpA and TdcA during binding to plant surfaces.

Multiple mediators of adherence participate in the forma-
tion of biofilms. We determined whether the mediators of
adherence, Cah, or the OmpA adhesin participates in the for-
mation of E. coli O157:H7 biofilms when grown in minimal
media. The E. coli wild-type strain 86-24 and several isogenic
mutants with mutations in genes previously associated with
adherence were tested using a crystal violet assay (12, 45). As
previously shown, the wild-type strain 86-24 was able to form
biofilms on PVC when grown in minimal glucose medium but
was unable to form biofilms in LB broth (Fig. 1). We then
compared the wild type and its isogenic mutants for the ability
to form biofilms after growth in LB broth and found that none
of the mutants tested showed any difference in biofilm forma-
tion compared to the wild-type strain (Fig. 1). We have previ-
ously shown that E. coli O157:H7 strains carrying mutations in
either the flagellum apparatus or the quorum-sensing mecha-
nism (both processes are important for biofilm formation in E.
coli and other organisms) (50) did not show any difference in
biofilm formation compared with the wild type when the
strains were grown in Luria-Bertani broth (45). When the
strains were grown in minimal glucose medium, we obtained
significant differences between the biofilm formed by the wild
type and those formed by the isogenic mutant strains. We have
previously shown that an E. coli O157:H7 cah double mutant,
AGT103, had a reduced ability to form biofilms compared with
strain 86-24, and we proposed that the residual biofilm ob-
tained with the mutant strain suggests that other proteins con-
tribute to biofilm formation (Fig. 1) (45). To address this issue,
we first determined whether mutations in the regulators of
adherence had an effect on biofilm formation. All of the mu-
tant strains tested (cadA, csgD, tdcA, waal, and yidE) displayed

an overall reduction in the ability to form biofilms. The csgD
mutant (regulator of curli) had the largest effect on biofilm
formation on PVC plates. We also observed that the ompA
mutant strain (AGT601) had a reduced ability to establish
biofilms compared to the AGT103 strain. Introduction of the
ompA mutation into E. coli O157:H7 tdcA::Tnp (AGT602)
further reduced the ability of this strain to form biofilms.

To further establish the role of Cah and curli in biofilm
formation, E. coli K-12 strains carrying plasmids with either the
cah or csg gene were tested in the crystal violet assay. Neither
of the strains tested was able to form biofilms in PVC plates
(Table 5). Interestingly, when E. coli K-12 strain ER2267 con-
taining the plasmid with the aidA1 gene was tested, we found
that the strain was able to form a biofilm. Although this result
is interesting, the nature of the interaction of the AidA-I pro-
tein with PVC plates is unknown. Overall, the results obtained
with the crystal violet assay confirmed that (i) Cah participates
in biofilm formation and (ii) curli expression is required for the
formation of stable biofilms and suggest that (iii) OmpA plays

TABLE 5. Biofilm formation by DHSa pro and ER2267 strains
grown in LB broth”

Crystal violet staining of biofilm formed
in PVC plates by E. coli K-12 strain®

Plasmid
DH5a pro ER2267
None (parent strain) 0.007 = 0.01 0.04 = 0.03
pCAHI100 0.01 = 0.01 0.06 = 0.04
pIB264 0.008 = 0.01 0.23 + 0.04>
pRMinv 0.02 = 0.04 0.04 = 0.04

“ The assay was performed in LB medium due to the growth defect of DH5«
in minimal glucose medium.

bp <0.01.

¢ Values are indicated as optical densities at 570 nm.
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a role in but is not the principal adhesin mediating biofilm
formation in PVC plates.

DISCUSSION

In this study, we have demonstrated that the attachment of
E. coli O157:H7 to plant tissues, human cell lines, and plastic
appears to be mediated by overlapping but distinct sets of
genes encoding multiple adhesins, some of which exist as re-
dundant systems allowing the organism to compensate for the
loss of one or more of them. It is possible that some of these
systems may be selectively expressed or used under specific
environmental conditions. The propensity for E. coli O157:H7
to colonize different surfaces is advantageous from an ecolog-
ical standpoint because it allows the organism to persist in
many different locations and may provide access to required
nutrients or potential hosts. Our studies are important in in-
creasing our understanding of the processes of surface adhe-
sion and biofilm development by E. coli O157:H7, which will
allow us to propose more effective approaches to treat con-
taminated plant, animal, or inert surfaces and thereby reduce
the chance of human infection.

Attachment and biofilm formation by E. coli O157:H7 on
food products and containers are a public health concern, and
since E. coli O157:H7 has been shown to form biofilms on inert
surfaces (37, 38, 45), our current study was intended to target
adhesion to these surfaces. Thus, mutations in specific E. coli
O157:H7 adhesins and/or mediators of adherence were ana-
lyzed. We removed unbound bacteria from plants, animal cells,
and plastic surfaces before measuring the numbers of adherent
organisms and thus would not have detected reversibly or
loosely bound bacteria (see Materials and Methods). Our
present results are in accordance with our previously published
data indicating that bacteria which bound tightly to the surface
included both those bacteria bound directly to the surface
(bacterium-surface interactions) and those bacteria bound to
other bacteria in a biofilm (bacterium-bacterium interactions)
(21, 44).

The surfaces used in the current study are quite distinct, e.g.,
in their hydrophobicity, surface charge, and types of molecules
expressed. The surfaces of plants are generally covered with
polysaccharides and glycoproteins such as cellulose, pectins,
xylans, and arabinogalactans, are hydrophilic, and have a net
negative charge due to the presence of pectin and of acetyl
groups on some sugars. The surfaces of animal cells, particu-
larly of Caco-2 cells, are hydrophobic in nature, exhibiting
dome formation and electrical properties similar to those of
the intestinal epithelium. This cell line forms a polarized
monolayer with the presence of tight junctions and regular
microvilli and the presence of glycoproteins and hydrolases.
Finally, the surface of the plastic used in our experiments,
polyvinyl chloride, is relatively hydrophobic in character, with
acid properties, and it is known to minimize bacterial adhesion.
Therefore, we did not try to find a unique and overall mech-
anism that explains adherence to the three surfaces. Instead,
we examined specific mediators of adherence of E. coli
O157:H7 to establish their role during binding to alfalfa
sprouts and seed coats and then showed that some of the
differences in adherence correlate with those observed on
Caco-2 intestinal cells and during biofilm formation on plastic.
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The individual analysis of specific E. coli O157:H7 genes or
gene clusters in an E. coli K-12 background showed that some
of these adhesins participate in attachment, e.g., during bind-
ing to alfalfa sprouts and seed coats. Although these studies
demonstrated that K-12 strains of E. coli expressing these
proteins can display an increase in adherence, a decrease in
attachment was not observed when a mutation in the same
gene(s) was introduced into E. coli O157:H7. Our data gener-
ated with K-12 suggest that individual adhesins are sufficient to
promote binding but that they may exist in E. coli O157:H7 as
redundant systems allowing bacteria to compensate for the loss
of one or more of these systems and to retain the ability to bind
to plant and animal surfaces. The binding of K-12 strains to
plant and mammalian cells was promoted by the addition of
the cah, aidA1l, or csg gene to the bacteria, suggesting that all
of their gene products can participate in binding to both types
of surfaces. While E. coli K-12 strains possess the genes for
curli biosynthesis and a cah homologue gene (agn-43), it has
been shown that the expression of their protein products is
repressed or the genes are inactivated (6, 17, 21, 45), which
renders them unable to interfere with the phenotypes ob-
served.

Mutation in ompA and the ompA tdcA double mutant re-
duced the binding of O157 to plant cells, although these mu-
tations had little effect on binding to Caco-2 cells. It is known
that TdcA is a transcriptional activator of the tdcABC operon
involved in the transport and metabolism of threonine and
serine during anaerobic growth (18). In contrast, the nature of
the genes regulated by TdcA which are required for binding
(or alternatively, inhibiting binding) to plant surfaces is un-
known, and characterization of the TdcA regulatory network is
a current interest of our laboratory. OmpA, one of the major
proteins in the outer membrane of E. coli, which forms small,
nonspecific diffusion channels with a low permeability, is re-
quired for the structural integrity of the outer membrane and
the generation of a normal cell shape (25). It is also involved in
cell-cell interactions in laboratory strains of E. coli (2) and in
the invasion of pathogenic E. coli K-1 strains associated with
neonatal meningitis (33, 34). We have recently demonstrated
that OmpA displays adhesive properties in E. coli O157:H7
strains and participates in bacterial binding to intestinal epi-
thelial cells (44). The attachment of E. coli directly or indirectly
triggers reactions in the bacterial cell, which cause major
changes in the compositions of outer membrane proteins (32).
It is feasible to speculate that the expression of OmpA is
altered upon contact with different surfaces, and in addition to
playing a multifunctional role in the outer membrane of E. coli
O157:H7, OmpA acts as a critical adhesin for binding to plant
surfaces. Another possibility is that TdcA controls the expres-
sion of other adhesins in E. coli O157:H7 but that their func-
tions or location in the outer membrane is impaired by ompA
mutation. This hypothesis is supported by previous data indi-
cating that the C-terminal end of OmpA displays binding to
peptidoglycan (13) and to the Pal protein (in the Tol-Pal sys-
tem), which has a critical role in outer membrane integrity (7).
Studies in progress will determine more precisely the change in
OmpA expression and the specific role played by this protein
during the adhesion of E. coli O157:H7 to abiotic, plant, and
animal surfaces.

We also examined the functions of some of these genes
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during the adherence of E. coli O157:H7 to a plastic surface.
Several genes appeared to inhibit binding to both plant and
animal cells; these included IpfD2, waal, cadA, and tdcA (as
single mutants). Since some of these genes are not required for
binding to the relatively hydrophobic plastic surface (e.g., cadA
and tdcA), it is possible that they mediate interactions with
putative receptors found on animal and plant surfaces which
are absent from the plastic surface. In addition, a mutation in
yidE which caused increased binding to Caco-2 cells did not
have an effect on binding to plant or plastic surfaces. It is
unclear how these genes inhibit binding so that mutants bind
better than the wild type when specific surface conditions are
encountered. Furthermore, we also tested the effect of the
addition of the cah, aidA1, and csg genes on the ability of K-12
strains to form biofilms on plastic. Only the addition of the
aidA1 gene to the ER2267 strain caused the bacteria to bind to
plastic, suggesting that AidA-I can stimulate biofilm formation
by this strain and that either the DH5a strain requires more
than one adhesin for the formation of a biofilm or the regula-
tory mechanisms for the expression of AidA-I are different in
the two strains.

Another isogenic strain tested carried a mutation in the csgD
gene, and this strain produced a hyperadherence phenotype in
Caco-2 cells, was unable to form a stable biofilm on plastic, and
did not seem to have a major impact on adherence to plant
cells. We have previously shown that E. coli O157:H7 produces
red colonies on Congo red plates, which is indicative of curli
biosynthesis. CsgD is the regulator of curli biosynthesis: curli
proteins are highly aggregated extracellular fibers expressed by
E. coli and Salmonella spp. (40, 49). Both genera have curli
genes; however, it has been reported that single-base-pair csgD
promoter mutations leave =95% of E. coli O157:H7 cells un-
able to express curli (47). These mutations also cause E. coli
O157:H7 to display increased virulence in mice and increased
invasion of HEp-2 cells (48). We previously reported that E.
coli O157:H7 is not an invasive organism and that a mutation
in the csgD gene does not increase the invasion ability of the
mutant compared to the E. coli O157:H7 wild-type strain (43).
Although it has been reported that curli production by E. coli
O157:H7 enhances biofilm formation on inert surfaces, i.e.,
stainless steel (37, 38), our data do not support these findings.
In our hands, the c¢sgD gene product of E. coli O157:H7 may be
controlling the expression of an adhesive factor required for
hyperadherence to tissue culture cells and/or a factor necessary
for biofilm formation because the csgD mutant strain was un-
able to form biofilms on PVC plastic plates. These differences
could be explained if we considered that bacteria are able to
“sense” the surface structures and, through a regulatory mech-
anism, control the expression of specific adhesins. In the case
of alfalfa sprouts and seed coats, curli may play a role in the
attachment of those E. coli O157:H7 strains which are able to
express these fimbriae, since curli fimbriae are induced in an
environment similar to that in which sprouts are grown, i.e., a
low temperature and low osmolarity (3). Current studies in the
laboratory and our understanding of the biology of E. coli
O157:H7 will allow us to examine the specificity of binding to
the different surfaces and determine the specific roles of these
putative redundant systems in the pathogenesis of this organ-
ism.

In summary, we were able to perform an initial analysis of
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multiple gene products associated, directly or indirectly, with
the binding of E. coli O157:H7 to different surfaces and to
demonstrate that only the absence of the ompA and tdcA genes
had a significant effect on binding, particularly during plant-
bacterium interactions. Furthermore, we showed that binding
to the three types of surfaces appeared to be mediated by
overlapping but distinct sets of genes. The definition and char-
acterization of genes important in the adherence of E. coli
O157:H7 will provide new and deeper insight into the coloni-
zation process of this pathogen on intestinal epithelial cells,
plants, and inert surfaces and build up a foundation for devel-
oping novel approaches for the control of E. coli O157:H7 and
potentially other pathogenic E. coli strains.
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