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When Escherichia coli O157:H7 bacteria are added to alfalfa sprouts growing in water, the bacteria bind
tightly to the sprouts. In contrast, laboratory K-12 strains of E. coli do not bind to sprouts under similar
conditions. The roles of E. coli O157:H7 lipopolysaccharide (LPS), capsular polysaccharide, and exopolysac-
charides in binding to sprouts were examined. An LPS mutant had no effect on the binding of the pathogenic
strain. Cellulose synthase mutants showed a significant reduction in binding; colanic acid mutants were more
severely reduced, and binding by poly-f-1,6-N-acetylglucosamine (PGA) mutants was barely detectable. The
addition of a plasmid carrying a cellulose synthase gene to K-12 strains allowed them to bind to sprouts. A
plasmid carrying the Bps biosynthesis genes had only a marginal effect on the binding of K-12 bacteria.
However, the introduction of the same plasmid allowed Sinorhizobium meliloti and a nonbinding mutant of
Agrobacterium tumefaciens to bind to tomato root segments. These results suggest that although multiple
redundant protein adhesins are involved in the binding of E. coli O157:H7 to sprouts, the polysaccharides
required for binding are not redundant and each polysaccharide may play a distinct role. PGA, colanic acid,
and cellulose were also required for biofilm formation by a K-12 strain on plastic, but not for the binding of

E. coli O157:H7 to mammalian cells.

Infections with Escherichia coli O157:H7 result in bloody
diarrhea and can progress to hemolytic-uremic syndrome. The
disease was first characterized in people who had acquired the
bacteria by eating undercooked hamburger meat (5). In recent
years, there have been several outbreaks of foodborne illness
caused by E. coli O157:H7 and Salmonella enteritidis carried on
plant surfaces, as well as on meat products. The bacteria have
been associated particularly with alfalfa and radish sprouts and
lettuce and spinach leaves (4, 18). The bacteria bind tightly to
the plant surface and cannot be removed by water washing (1,
14). Thus, they pose a risk to consumers of those vegetables
which are not generally cooked prior to consumption.

S. enteritidis binds rapidly to the surface of sprouts and grows
about 3 to 4 logs in their presence (1, 6). E. coli O157:H7 binds
very slowly to sprouts and grows less well (2 to 3 logs) in their
presence (1, 6, 14). Both species of bacteria appear to prefer
roots of sprouts to shoots as a binding site (1, 14). E. coli has
not been observed in the internal tissues of water-grown
sprouts in studies using bacteria carrying the green fluorescent
protein gene (14). Although all pathogenic strains of E. coli
tested bind to sprouts, laboratory K-12 strains fail to bind (14).
The roles of some of the protein adhesins known to be made by
pathogenic strains in binding to sprouts have been examined.
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Mutations in genes coding for the synthesis of curli or the
calcium-binding adhesins Cah-1 and Cah-2 do not affect the
ability of O157:H7 strains to bind to sprouts (29). Bacteria with
triple mutations in genes encoding these surface-associated
adhesins also show no reduction in binding. However, the
introduction of plasmids carrying clones of these genes into
K-12 strains allows the bacteria to bind to sprouts (29). These
results suggest that O157 strains possess several redundant
protein adhesins, each of which is sufficient to mediate bacte-
rial binding to sprouts by K-12 strains.

The roles of these protein adhesins in binding to animal cells
and plastic were also examined. The binding of the O157:H7
strain 86-24 to Caco-2 human cells was unchanged in Cah-1
and Cah-2 double mutants and was increased in mutants un-
able to make curli (29). Biofilm formation on polyvinylchloride
(PVC) by both the Cah and the curli mutants was reduced.
However, the introduction of the genes encoding curli biosyn-
thesis or Cah-1 into K-12 strains ER2267 and DH5a did not
increase biofilm formation on PVC (29). Thus, these protein
adhesins play different roles in bacterial binding to plant, an-
imal, and abiotic surfaces.

Previous studies have not examined the role of polysaccha-
rides in E. coli binding to sprouts or to mammalian cells.
Polysaccharides are known to be involved in the binding of
several species of bacteria to plants, including cellulose in the
binding of Agrobacterium tumefaciens to dicot hosts (20), suc-
cinoglycan in the interaction of Sinorhizobium meliloti with
alfalfa roots (7), and alginate in the binding of Pseudomonas


https://core.ac.uk/display/345201982?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

VoL. 74, 2008

POLYSACCHARIDES AND E. COLI BINDING 2385

TABLE 1. Properties of bacterial strains and plasmids used in this research

Bacterial strain or plasmid

Relevant properties

Source or reference

E. coli strains

86-24 E. coli O157:H7 Sm" Nal* A. G. Torres
P6COE25 86-24 waal::Tnp Km" (truncated LPS) 32
8624N yhjN Carb’ (cellulose deficient) This study
8624C wcaD Carb® (colonic acid deficient) This study
8624P pgaC Carb" (PGA deficient) This study
DEC4A E. coli O157:H7 DEC collection”
DEC4AN yhjN Carb’ (cellulose deficient) This study
DEC4AC wcaD Carb® (colonic acid deficient) This study
DEC4AP pgaC Carb" (PGA deficient) This study
ER2267 K-12 F' proA*B* lacI? A(lacZ)M15 zzf::mini-Tnl0 (Kan")/A(argF- New England Biolabs
lacZ)U169 ginV44 €14~ (McrA™) rfbD1? recAl relA1? endAl
spoT1? thi-1 A(mcrC-mrr)114::1S10 Km*
ER22670 yhjO Carb" (cellulose deficient) This study
ER2267W wecaD Carb® (colonic acid deficient) This study
ER2267P pgaC Carb® (PGA deficient) This study
DH5«a K-12 endA1 hsdR17(ry~ my ) supE44 thil recAI gyrA Lab collection

relA1A(lacZYA-argF)U169 deoR[f80dlac A(lacZ)M15]

Agrobacterium tumefaciens A1045

Sinorhizobium meliloti 1021

Wild type (cellulose deficient)

C58 wild-type derivative, nonbinding mutant, chvB mutant; Neo" 10

Lab collection

Plasmids
pBBR1Imcs Cloning vector; Cm" 16
pBBRImcs-5 Cloning vector; Gent" 15
pBBRcelA pBBRImcs-5 Gent" contains the cel4 gene of A. tumefaciens C58 21
cloned behind the lac promoter
pMMI11 pBBRImcs Cm' contains the bps operon of Bordetella bronchiseptica 24

cloned behind the lac promoter

“ DEC strains were obtained from the DEC collection, Thomas Whittam, Michigan State University. Strain descriptions are listed at www.shigatox.net/cgi-bin/deca.

fluorescens to carrot roots (11). Polysaccharides are also gen-
erally important in the formation of bacterial biofilms on many
surfaces, including plants and plastic (26, 27, 33). Diarrhea-
genic E. coli strains have the potential to make several poly-
saccharides which are exposed on the surface and so could be
involved in bacterial binding; these include the O antigen of
lipopolysaccharide (LPS), colanic acid, cellulose, and poly-f-
1,6-N-acetyl-p-glucosamine (PGA). These surface polysaccha-
rides are known to be made by some strains under the
conditions in which alfalfa sprouts are grown: namely, 25°C
and low-osmotic-strength, nutrient-limited medium (12, 13,
34). In this study, we examined the roles of these polysaccha-
rides in bacterial binding to sprouts, mammalian cells, and
plastic surfaces.

MATERIALS AND METHODS

Bacterial strains and media. The strains and plasmids used in this study are
listed in Table 1. Bacteria were routinely grown in Luria-Bertani (LB) broth or
on LB agar at 37°C. Antibiotics were added to the medium at the following
concentrations: kanamycin at 20 pg/ml, chloramphenicol at 30 pg/ml, strepto-
mycin at 100 wg/ml, tetracycline at 12.5 pg/ml, carbenicillin at 100 pg/ml, and
neomycin at 20 pg/ml in liquid and 60 pg/ml in solid medium.

Recombinant DNA techniques. Plasmid DNA was isolated from 3 ml of over-
night bacterial culture by using a Qiagen QIAprep plasmid preparation kit
(Qiagen, Valencia, CA) following the manufacturers’ suggested procedure. Plas-
mid DNA was introduced by transformation into CaCl,-treated competent E.
coli strains (28). Standard molecular methods were used for restriction endonu-
clease analyses and the construction of recombinant plasmids. Mutations in
pgaC, yhjO, yhjN, and wcaD were constructed as described by Matthysse and
Jeter (14). Briefly, a fragment of the gene obtained by PCR was cloned into
pUTgfpAXho which has a pir-dependent origin of replication. The resulting

plasmid was then introduced into the target strain, and a mutant resulting from
homologous recombination between the cloned fragment and the bacterial gene
was isolated by selecting for carbenicillin resistance carried on the plasmid. The
PCR primer pairs used were as follows: pgaC (5'-GCAGGTACCGCGATGCG
TTATTAGACCGC-3" and 5'-CGATCTAGAGCCCTGAGCCCAGCGCAGG
CGC-3'), yjhN (5'-GTAACATTCTGTTCCGTGGTGAAAGCG-3' and 5'-CG
CATCGTACGGCTTACGCGGTAGCAGCGG-3'), yhjO (5'-GCCTGCAGTA
GATCTGCGAAAGCAGGCAACATCAACAATGCG-3" and 5'-GCGAGCT
CTCCCGGGCCTTACGGGCTGTTCTTCACCTTGTAC-3"), and weaD (5'-G
ATGATTGCCTTAGGGATTGGCG-3" and 5'-CGTCTAGACGCGATTACC
ACACCAACCAGG-3").

Assays of binding to alfalfa sprouts and seed coat. Measurements of bacterial
binding to alfalfa sprouts were carried out as previously described (14). Alfalfa
sprouts were obtained by germinating seeds. In order to ensure that the alfalfa
sprouts were axenic, the seeds were surface sterilized by soaking them briefly in
80% ethanol followed by 20 min in 2.6% sodium hypochlorite solution contain-
ing Tween 80 as a wetting agent. The seeds were then washed three times with
sterile deionized water and germinated in the dark at 25°C. About 1 in 30 seeds
in our present seed lot has bacteria and fungi on the inside of the seed coat (this
number is typical of most alfalfa seed lots) (25); these organisms cannot be killed
without harming the plant. For most experiments, seeds were germinated in
small batches (less than 10 seeds) and those batches which were contaminated
were discarded. Contamination was determined by visual and microscopic ex-
amination and by plating a sample of the water surrounding the germinating
seeds on LB agar.

After 1 day of germination, sprouts (between 0.3 and 0.8 cm long) 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. In some cases, 0.2 p.g/ml isopropyl-B-p-
thiogalactopyranoside (IPTG) was added to induce the expression of genes
cloned behind the lac promoter. The inoculated sprouts were incubated at 25°C
for 3 days. This time was chosen because previous research has shown that the
number of E. coli which can be recovered from sprouts or seed coats reaches a
plateau after 2 to 3 days of incubation (14). Less than 10 bacteria per sprout were
bound after 1 day (14). The number of free bacteria increased to between 10*
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and 10° per ml after 1 day and to 10° to 10° after 2 days. At 3 days, the number
of free bacteria was between 10° and 107 per ml for the wild type and its mutant
derivatives. The number of wild-type bacteria bound was between 10* and 10°
per sprout and between 10°and 10° per open seed coat. There was 1.2 ml of water
present for each sprout. Sprouts and open seed coats were analyzed separately.
Each was washed twice by vigorous inversion in 5 ml sterile deionized water. The
sprout or seed coat was then homogenized in 5 ml of washing buffer (19) in a
Teflon glass homogenizer and plated on McConkey agar containing antibiotics as
appropriate to determine viable cell counts. The numbers given are the mean
log,, = the standard deviation of the number of viable bacteria recovered from
the homogenate of washed sprouts or seed coats (numbers calculated per sprout
or seed coat). All numbers are the results of a minimum of three separate
experiments. The average sprout weighed about 50 = 5 mg (mean * standard
deviation), and the average opened seed coat about 5 = 3 mg wet weight.

The numbers of bacteria bound would include any internalized bacteria since
the sprouts and seed coats were ground before the viable-bacterial-cell count was
made. However, in previous experiments we observed no internal E. coli bacteria
using strains marked with a plasmid carrying the gfp gene (14). In addition, when
the numbers of bacteria released by grinding were compared with the numbers
released from sprouts by sonication in a bath sonicator, no significant difference
was observed (data not shown). Sonication leaves the sprouts intact and thus
would not be expected to release internal bacteria. This is in contrast to the
results obtained using older sprouts which were grown on agar, in which Salmo-
nella enteritidis and E. coli bacteria were internalized into the sprouts, apparently
largely through the sites of emergence of lateral roots (9). None of our sprouts
had any visible lateral roots. In all cases (except for the pgaC mutant, for which
few bound bacteria were recovered) the number of bacteria recovered from the
wash water (second wash) as measured by viable cell counts was less than 1% of
the number recovered from the sprout or seed coat.

Binding to tomato root segments. Tomato seeds (cv. Rutgers) were surface
sterilized and germinated in sterile water as previously described (22). Bacterial
binding to root segments was measured as previously described (22). Briefly,
when the roots were 5 to 10 cm long, segments approximately 1 cm long were cut
from them, placed in 5 ml of sterile water, inoculated with approximately 5 X 103
bacteria per ml (Agrobacterium tumefaciens) or 10° bacteria per ml (Sinorhizo-
bium meliloti), and incubated for 2 or 18 h, respectively, at 25°C. Bound bacteria
were released from washed roots by sonication in a bath sonicator and enumer-
ated by viable cell counts on LB agar containing appropriate antibiotics as
previously described (22). This method does not reduce the viable-bacterial-cell
count but does remove more than 99% of the bacteria from the root surface (22).

Bacterial adhesion assays. The ability of the E. coli O157:H7 strains to adhere
to Caco-2 (human adenocarcinoma intestinal epithelial cells) cells was assessed
as previously described (32). The Caco-2 cells were grown to confluence in
24-well plates at 37°C in 5% CO,. Before use, the cells were washed with sterile
phosphate-buffered saline (PBS) (pH 7.4) and replenished with Dulbecco’s mod-
ified Eagle’s medium. The cells were then infected with the individual E. coli
strains (multiplicity of infection of approximately 100:1) for 3 h at 37°C. To
quantify the adherence of the E. coli strains, the infected cells were washed twice
with PBS and lysed with 200 pl of 0.1% Triton X-100 in PBS buffer. The
adherent bacteria were recovered and plated on LB agar plates. The plates were
incubated at 37°C overnight, the colonies counted, and the results expressed as
the mean * standard error of the mean of the results of three independent
experiments. Statistical differences were considered significant if the P value was
<0.05 as determined by analysis of variance followed by Student’s ¢ test.

Biofilm formation on PVC. The growth of biofilms on plastic was analyzed by
the method optimized by Torres et al. (30). Briefly, bacterial strains were grown
in polyvinyl chloride (PVC) 96-well plates without shaking in LB or M63 minimal
glucose broth at 30°C for a period of 2 to 3 days. The biofilms formed in LB or
M63 medium were rinsed and stained with 1% (wt/vol) crystal violet. To quantify
the formation of biofilms, the crystal violet-stained cells were solubilized in
dimethyl sulfoxide or ethanol, and the optical density (570 nm) of each crystal
violet-stained sample was determined by using a microtiter plate reader or a
spectrophotometer. The values for at least six independently grown biofilms were
used to calculate the average results for each sample. P values were calculated by
a paired ¢ test.

RESULTS

We used two strategies to investigate the role of surface
carbohydrates in the binding of E. coli O157:H7 to alfalfa
sprouts. The first was the examination of the effect of muta-
tions in genes required for the production of various carbohy-
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TABLE 2. Effects of mutations on binding of E. coli O157:H7 to
sprouts and open seed coats

Bacterial binding to*:

Bacterial Mutation or genotype
strain (relevant phenotype) Alfalfa Open seed
sprouts” coats
86-24 None (wild type) 47+ 0.6 5.6 =02
P6COE25 waal (truncated LPS) 57x0.1 63 0.4
8624N YhjN (cellulose deficient) 2.9 *+0.7¢ 3.5 *0.6°
8624C wecaD (colonic acid 1.8 = 0.7¢ 2.4 x0.5¢
deficient)
8624P pgaC (PGA deficient) <1.0¢ 1.0 = 1.0°
DEC4A None (wild type) 5602 6.1*+03
DEC4AN yhjN (cellulose deficient) 4.8 +0.87 4.1 +0.8¢
DEC4AC  wcaD (colonic acid 3.9 +0.5° 4.8 +0.87
deficient)
DEC4AP pgaC (PGA deficient) <1.0° 1.2 0.7

“Mean * standard deviation of a minimum of three measurements of the
number (log;,) of cells bound after 3 days.

" Sprouts were washed before measurement.

¢ Significantly different from the wild type: P < 0.01.

4 Significantly different from the wild type: P < 0.05.

drates on binding, and the second strategy was the introduction
of genes encoding the enzymes required for the synthesis of
carbohydrates cloned behind the inducible lac promoter into
nonbinding K-12 strains and other nonbinding plant-associated
bacteria. In order to obtain a broader picture of the roles of
these polysaccharides in the adhesion of the bacteria, the abil-
ities of these strains to bind to mammalian cells and to PVC
plastic were also examined.

Effects of mutations in genes required for the synthesis of
surface carbohydrates on binding to sprouts. The O antigen of
LPS is one of the prominent carbohydrates exposed on the
surface of gram-negative bacteria. However, truncation of the
O antigen in the waal mutant of E. coli O157 strain 86-24 had
no effect on binding, suggesting that this polysaccharide is not
required for binding (Table 2). Cellulose, colanic acid, and
PGA are all reported to be made by various strains of E. coli
under conditions similar to those used in studying bacterial
binding to sprouts: room temperature (23 to 25°C), low-ionic-
strength medium, and nutrient limitation. A mutation in the
cellulose synthesis operon (yAjN, also called bscB) reduced the
binding of strain 86-24 by approximately 100-fold. A lack of
cellulose synthesis had a smaller effect on the binding of
DEC4A (another E. coli O157:H7 strain); the binding of the
mutant was reduced 10-fold (Table 2). A mutation which pre-
vented the synthesis of colanic acid (wcaD) also reduced the
binding of both strain 86-24 (1,000-fold) and strain DEC4A
(100-fold). A mutation in pgaC which prevents the synthesis of
PGA blocked binding to sprouts. In both the 86-24 and the
DECA4A strain, bacteria with the pgaC mutation showed no
detectable binding to sprouts and only marginal levels of bind-
ing to open seed coats (Table 2). Thus, although PGA appears
to be essential for binding to sprouts, both cellulose and col-
anic acid are required in addition to PGA for maximum bind-
ing of E. coli O157. The growth of the parent strain and that of
its mutant derivatives in the water surrounding the sprouts
were the same, resulting in populations of about 107 bacte-
ria/ml at the end of the incubation. The parent strain shows
diffuse binding to sprouts, typically binding end on as individ-
ual bacteria or as loose clusters of 5 to 15 bacteria (see Fig. 1
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TABLE 3. Effects of plasmids carrying genes for the synthesis of
cellulose or PGA on the binding of E. coli K-12 to sprouts

Bacterial binding to

Bacterial strain alfalfa sprouts”

Plasmid (relevant phenotype)

ER2267 None 02x0.2
ER2267 pBBR1mcs (vector) 05*+04
ER2267 pBBRmcs-5 (vector) 03=*02
ER2267 pBBRcelA (cellulose synthesis) 3.4 +05°
ER2267 pMM11 (PGA synthesis) 1.5 +0.4°
DH5«a None <0.7

DH5«a pBBRcelA (cellulose synthesis) 3.6 +02°

“Mean * standard deviation of a minimum of three measurements of the
number (log,,) of cells bound after 3 days. Sprouts were washed before mea-
surement.

® Significantly different from the wild type: P < 0.01.

¢ Significantly different from the wild type: P < 0.05.

and 2 in reference 14). No bacterial colonies were observed on
the surface of sprouts incubated with the parent or mutant
strains in these experiments (data not shown).

Effects of introduction of plasmids carrying genes encoding
enzymes involved in carbohydrate biosynthesis on binding to
sprouts. Although K-12 strains of E. coli carry genes for the
biosynthesis of the polysaccharides found to aid in the binding
of O157:H7 strains to sprouts (colanic acid, cellulose, and
PGA) the bacteria may not make PGA or cellulose under the
conditions used for binding to sprouts. Binding to sprouts was
carried out at room temperature in low-ionic-strength me-
dium. Colanic acid is known to be made under these conditions
(12). However, the regulation of the synthesis of cellulose and
PGA is not well understood. It is possible that the inability of
K-12 bacteria to make one or both of these polysaccharides
under these conditions is responsible for their failure to bind.
When a plasmid carrying the cellulose synthase gene from
Agrobacterium tumefaciens (celA; Atu3309) (21) cloned behind
the lacZ promoter (plasmid pBBRcelA4) was introduced into E.
coli K-12 ER2267 or DH5aq, the resulting bacteria showed
more than a 100-fold increase in binding to sprouts after gene
induction with IPTG (Table 3). The introduction of a plasmid
carrying the Bps polysaccharide biosynthesis operon (plasmid
pMM11) from Bordetella bronchiseptica (24) resulted in a
smaller but significant increase in binding to sprouts. The bps
locus from B. bronchiseptica encodes a polysaccharide that is
biochemically and antigenically similar to the PGA polysaccha-
rides from other bacteria, including the PGA of E. coli (24). As
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previously described (24), we utilized immunoblotting to con-
firm that the E. coli strains harboring pMM11 produced the
Bps polysaccharide (data not shown). The failure of the pro-
duction of PGA to allow the binding of K-12 strains to sprouts
suggests that PGA is not sufficient by itself to mediate such
binding.

Ability of PGA biosynthesis genes to promote binding of
other bacteria to plants. Since the introduction of a plasmid
encoding the PGA biosynthesis operon resulted in only a mar-
ginal increase in the binding of K-12 strains, we were unable to
use this method to assess the role of PGA in binding to root
surfaces. PGA could be directly involved in binding to the root
surface, or its role could be indirect; for example, it could be
involved in the presentation of other surface molecules in an
orientation suitable for their participation in binding. For this
reason, we turned to other plant-associated bacteria which fail
to bind to roots to examine the possible role of PGA in bind-
ing. The chvB mutant of A. tumefaciens fails to bind to a variety
of plant surfaces, including tomato root segments, at temper-
atures above 22°C (3). The ability of this mutant to bind can be
restored by the overproduction of cellulose caused by muta-
tions in genes which regulate cellulose biosynthesis (21). Thus,
it seemed possible that the synthesis of another exopolysaccha-
ride, PGA, might also be able to restore binding ability to this
mutant. Sinorhizobium meliloti 1021 binds to alfalfa sprouts
and causes the formation of root nodules. However, it fails to
bind to distantly related nonlegumes, such as tomato. Both A.
tumefaciens and S. meliloti lack genes for PGA synthesis. In
addition, S. meliloti strain 1021 lacks cellulose biosynthesis
genes. The plasmid pMM11 carrying the PGA biosynthesis
operon was introduced into these two bacteria, and their abil-
ities to bind to tomato root segments were measured. Both
bacteria showed significant binding to tomato roots only when
they carried pMMI11 (Table 4). Microscopic observation
showed that strain A1045 bound as single cells to the epidermis
and root hairs (Fig. 1). S. meliloti 1021 appeared to be bound
as large aggregates on the root hairs and epidermis (Fig. 2).
These results suggest that PGA may be directly involved in
binding to plant surfaces.

Effects of mutations in genes required for carbohydrate syn-
thesis on binding to animal cells. Because E. coli O157:H7
bacteria colonize the colonic intestinal epithelia, we deter-
mined whether mutations in genes encoding proteins required
for carbohydrate synthesis affect adherence to Caco-2 cells.

TABLE 4. Effect of a plasmid carrying genes for the synthesis of PGA on the binding of 4. tumefaciens A1045 and S. meliloti 1021 to tomato
root segments

Bacterial strain phenotype)

Plasmid (relevant

Binding to tomato root segments®

% of inoculum
bound after 2 h

No. (log,) of bacteria
bound after 18 h

A. tumefaciens A1045; chvB mutant None
A. tumefaciens A1045; chvB mutant

A. tumefaciens A1045; chvB mutant

S. meliloti 1021
S. meliloti 1021
S. meliloti 1021

None

pBBR1mcs (vector)
pMM11 (PGA synthesis)

pBBR1mcs (vector)
pMM11 (PGA synthesis)

5+5
5%5
19 + 6"

None detected
None detected
5.6 +0.5°

“ Mean * standard deviation of a minimum of 3 measurements.
® Significantly different from the parent: P < 0.01.
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)

FIG. 1. A. tumefaciens A1045 (A and B) and A1045 (pMM11) (C
and D) binding to tomato root epidermis (A and C) and individual
root hairs (B and D). The arrows point to bound bacteria.

Our results indicate that mutations in the pgaC and yAjN genes
produced increases in adherence compared with the adherence
of the wild-type strain (2.4-fold in the case of pgaC [P > 0.05]
and 7.2-fold for yhjN [P < 0.05]), which suggests that the
absence of PGA and, particularly, the absence of cellulose
synthesis have direct effects on the ability of E. coli O157:H7 to
bind colonic cells (Fig. 3). In contrast, no change in adherence
was observed when the wecaD gene was disrupted.

Effects of mutations in genes required for carbohydrate syn-
thesis on biofilm formation on PVC. E. coli O157 strain 86-24
grown in LB broth made only a very small biofilm on PVC. The
amount of biofilm formed was not reduced in the polysaccha-
ride mutants (Fig. 4). Another O157 strain, DEC4A, failed to
form a detectable biofilm on PVC (the optical density at 540
nm of the crystal violet-stained biofilm cells was less than 0.01).
The introduction of pMM11 into strain 86-24 failed to signif-

FIG. 2. Binding of S. meliloti 1021 (A and C) and S. meliloti
1021(pMM11) (B and D) to tomato root hairs and epidermis. Panels
A and B show a single tomato root hair. Panels C and D show the
surface of an epidermal cell. The arrows point to bound bacteria.
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86-24 pgaC yhjN weaD

Bacterial strains

FIG. 3. Proportions of E. coli O157 strains 86-24, 8624P (pgaD),
8624N (yhjN), and 8624C (wcaD) adherent to cultured Caco-2 cells
after 3 h of incubation. The proportions were calculated in relation to
the concentration of the initial inoculum. The error bars indicate the
standard deviations of the means. %, P < 0.05.

% bacteria on Caco-2 cells

icantly increase the biofilm formed, as did using minimal me-
dium instead of LB broth (data not shown). The K-12 strain
ER2267 grown in LB broth did form a significant biofilm on
PVC. The biofilms of the polysaccharide mutants tested, pgaC,
wcaD, and yhjO, were reduced to approximately one-third the
amount formed by the parent strain (Fig. 4). Thus, PGA,
cellulose, and colanic acid each play a role in biofilm formation
by K-12 strains on PVC plastic. All of the strains tested showed
approximately equal growth in the planktonic phase.

DISCUSSION

In contrast to mutants altered in their ability to make surface
proteins, bacteria with mutations in genes required for the
production of three of the four polysaccharides examined had
reductions in their ability to bind to sprouts. It was not sur-
prising that the mutation which results in a truncated O anti-
gen had no effect, since DEC strains with a variety of O and H
antigens are able to bind to sprouts (14). However, the other
three polysaccharides examined all appeared to play a role in
bacterial binding to sprouts and tomato root segments. These
roles must be distinct to some extent since mutants with single
mutations in each of the polysaccharides were reduced in bind-
ing. Although all three polysaccharides were required for max-
imum binding to plants, mutants unable to produce them were
either unaffected (colonic acid) or showed increases in binding
to mammalian cells (cellulose). The lack of effect of a mutation
in colanic acid biosynthesis was expected since this polysaccha-
ride is typically made by E. coli grown at 25°C and not at 37°C
(12). None of these polysaccharides appeared to be required
for the small biofilm formed by strain 86-24 on PVC plastic.
However, all of them were required for the more-extensive
biofilm formed by the nonpathogenic E. coli strain ER2267.
PGA has been shown previously to be involved in the binding
of E. coli K-12 to plastic (33).

Alfalfa sprouts incubated in water provide only very limited
nutrients to bacteria incubated with them. Sugars, dicarboxylic
acids, and amino acids secreted by the sprouts are estimated to
be present at approximately 1 mM when dense populations of
sprouts are germinated (13). More than 90% of the nutrients
which were released by the germinating sprouts were released
during the first 3 days after germination. After this time, very
few nutrients were detected in the water surrounding the
sprouts (13). In our experiments, sprouts were present at 1
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FIG. 4. Measurements of crystal violet staining of biofilms formed on PVC plastic by O157:H7 strain 86-24 and its mutant derivatives (gray
bars) and by K-12 strain ER2267 and its mutant derivatives (black bars). Numbers shown are the means of the results of at least three separate
experiments. Error bars indicate standard errors of the means. The reduction in biofilm formation in the pgaC, yhjO, and wcaD mutants of ER2267

is significant at a P value of <0.05. OD 570, optical density at 570 nm.

sprout per 1.25 ml of water, and so the concentration of nu-
trients would be expected to be less than 1 mM. Under these
conditions, the pathogenic strain and its mutants grew from an
initial inoculum of approximately 10*/ml to about 107/ml. As
previously observed, the K-12 strain ER2267 failed to grow or
bind (14). Earlier observations suggest that growth is a result of
binding rather than vice versa. In mixed populations of
ER2267 carrying plasmids which do and do not allow binding
to sprouts, only those bacteria which bind grow (14).

When glucose and salts were added to the water, ER2267
bacteria grew but still failed to bind to the sprouts or seed coats
(14). ER2267 bacteria carrying plasmids which allowed binding
to sprouts grew to 10° to 107 bacteria/ml (14). The addition of
pBBRcelA to strain ER2267 caused the bacteria to bind to
sprouts and to grow to 10%*/ml, which represents approximately
a 10-fold increase in the number of bacteria present.

The roles of the O antigen, colanic acid, and cellulose in the
binding of E. coli bacteria contrast with those reported for
Salmonella enterica in which mutations in genes required for
the biosynthesis of the O antigen or cellulose disrupt binding to
alfalfa sprouts (2). A mutation in colanic acid biosynthesis had
no effect on the binding of S. enterica bacteria. These bacteria
lack the genes for the biosynthesis of PGA. Thus, S. enterica
uses the O antigen and cellulose for binding, while E. coli uses
colanic acid, cellulose, and PGA. Interestingly, plants are ca-
pable of interacting with E. coli O157:H7 LPS, which has been
shown recently to play an important role in plant innate im-
munity against bacterial infection (23). Treatment of Arabidop-
sis thaliana leaf discs with E. coli O157:H7 LPS caused the
closure of the stomata. However, in contrast to the situation
with many plant pathogenic bacteria, which are able to cause
the plant to reopen its stomata, the stomata remained closed
after contact with E. coli. This response may lead to restricted
access of E. coli to the stomata.

In S. enterica, mutations in colanic acid and cellulose bio-

synthesis genes disrupt biofilm formation on HEp-2 cells but
have no effect on biofilm formation on plastic (17). In E. coli,
the genes for colanic acid, cellulose, and PGA biosynthesis
were all required for biofilm formation on plastic, but none of
them were required for binding to Caco-2 cells; the reasons for
this difference are unknown. It is possible that the presence of
genes for the synthesis of PGA in E. coli may influence the
production and/or roles of cellulose and colanic acid in this
organism. Data generated by other research groups and ours
support the role of fimbrial and afimbrial adhesins as the main
mediators of binding to intestinal epithelial cells (31). The role
of polysaccharides in the initial binding to human cells seems
to be accessory, and it is overshadowed by distinct adhesins
expressed upon contact with the cells. Once the initial attach-
ment has been established, it is possible that colonic acid,
cellulose, and PGA could play a role during the formation of a
biofilm or in persistence in the intestine. We have just recently
begun to investigate this possibility.

One of the major differences between plant and animal cells
is the hydrophilic polysaccharide plant cell wall which covers
the more hydrophobic plasma membrane. In the shoot, the cell
wall is covered by the hydrophobic cuticle, but in the root, the
hydrophilic cell wall is exposed. The surfaces of animal cells
and of PVC plastic are hydrophobic. All three of the polysac-
charides involved in binding to plants are hydrophilic and
could potentially bind to the hydrophilic surface of the plant
root. On animal cells, the presence of the hydrophilic polysac-
charide cellulose or PGA appears to inhibit bacterial binding
to the hydrophobic cell surface. These data confirm our pre-
vious conclusion that E. coli O157:H7 binding to plants and
human cells appears to be mediated by overlapping but distinct
sets of surface-exposed factors encoded in the genome of this
organism (29). The ability of PGA to mediate the binding of
other plant-associated bacteria (4. tumefaciens and S. meliloti)
to the root surface suggests that it may be able to bind directly
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to this surface. Microscopic examination of the location of the
bound bacteria suggested that binding was not associated with
a particular site on the root. The bacteria bound to the epi-
dermis and to root hairs. No preference for epidermal cells in
any particular location was observed. Similar observations
were made with the nonbinding A. tumefaciens chvB mutant
into which the plasmid pBBRcel4 was introduced (21). Thus, it
appears that both cellulose and PGA mediate binding to the
surface of the root in general without any site specificity.

In addition to mediating binding to surfaces, these polysac-
charides may be involved in the binding of bacteria to each
other to form a biofilm. The role of cellulose in forming ag-
gregates of A. tumefaciens on root surfaces is well documented
(20). Danese et al. (8) showed that the role of colanic acid in
biofilm formation on plastic is largely to aid in the formation of
a deep three-dimensional biofilm. PGA has been shown to
participate in binding E. coli K-12 cells to each other as well as
in the adherence of the bacteria to plastic (33). Thus, it appears
that a likely role for these hydrophilic carbohydrates in biofilm
formation on the hydrophobic surface of PVC is in the devel-
opment of a three-dimensional biofilm.
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