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This study investigated the therapeutic potential of bacterial polysaccharides by employing a model system
based on enteroxigenic Escherichia coli (ETEC)-induced hemagglutination of erythrocytes. Exopolysaccharides
produced by strains of Lactobacillus reuteri inhibited ETEC-induced hemagglutination of porcine erythrocytes.
No effect was observed for dextran produced from Weissella cibaria and commercially available oligo- and
polysaccharides.

Lactic acid bacteria (LAB) are important in food production
due to their positive contribution to flavor and preservation of
the final product. Some of these food-grade microorganisms
are also valuable for their ability to synthesize exopolysaccha-
rides (EPSs). EPSs are high-molecular-weight sugar polymers,
which remain attached to the microorganism as capsular EPS
or become excreted into the environment in the form of slime
or ropy EPS (26, 30). LAB utilize two distinct biosynthetic
pathways to produce EPSs. Heteropolysaccharides (HePSs)
comprised of two to eight repeating units of monosaccharides
are assembled by cell wall-bound glycosyltransferases in low
quantities from intracellular sugar nucleotide precursors (4).
Extracellular glycansucrases (glucan- or fructansucrases) syn-
thesize homopolysaccharides (HoPSs) consisting of either glu-
cose or fructose from sucrose, and their yield can be as high as
40 g liter�1 (13, 19). EPS formation by glycansucrases has been
reported for lactobacilli of the species Lactobacillus reuteri, L.
pontis, L. panis, L. acidophilus, and L. frumenti (28, 29). HoPS
synthesis and the corresponding genes have been especially
well characterized in L. reuteri (27). All EPSs used in this study
were HoPSs formed in the presence of sucrose. In addition to
HoPS synthesis, glycansucrases are capable of producing
oligosaccharides (OSs). Several OSs are found to have prebiotic
properties as they can benefit host health by acting as nondi-
gestible food ingredients and by enhancing the growth of de-
sired microbial members of the gastrointestinal microbiota (7).
Emerging research efforts have investigated potential applica-
tions of OSs as antiadhesive agents in preventing pathogen
colonization. Shoaf et al. (24) suggested that commercial oligo-
and polysaccharides reduce the adherence of enteropathogenic
Escherichia coli (EPEC) to cell lines. Martín-Sosa et al. (16)
reported antiadhesive properties of human milk oligosaccha-
rides against human strains of enterotoxigenic Escherichia coli
(ETEC) and uropathogenic E. coli. Similarly, Martín et al. (15)
confirmed the binding of milk oligosaccharides to ETEC iso-

lated from calves. In contrast, adhesion studies with EPS are
limited.

The inhibition of ETEC is of special interest to the swine
industry because ETEC is the primary cause for diarrhea in
neo- and postnatal piglets and results in substantial economic
losses. We therefore aimed to test for antiadhesive properties
of EPSs synthesized by LAB and commercially available pre-
biotics against porcine ETEC strains. Hemagglutination assays
were used; these assays are generally accepted as an effective
model system for testing ETEC adherence as hemagglutina-
tion resembles the attachment of K88-positive bacteria to the
gut wall (10).

Hemagglutination assays. Four porcine ETEC strains posi-
tive for the K88 (F4) antigen were obtained from the Esche-
richia coli Laboratory (EcL) at the University of Montréal. The
strains used were E. coli ECL13086 (O149, virotype STa:STb:
LT:EAST1:F4), ECL13795 (O149, virotype STb:LT:EAST1:
F4), ECL13998 (O149, virotype STa:STb:LT:EAST1:F4:Paa),
and ECL14048 (O149, virotype STb:LT:EAST1:F4:Paa). Over-
night cultures were recovered from Minca agar (9) with 1 ml of
phosphate-buffered saline (PBS; 150 mM, pH 7.2). For prep-
aration of erythrocytes, porcine whole blood (Innovative Re-
search, Novi, Michigan) was washed three times in PBS and
resuspended in PBS at 5%. Hemagglutination tests were con-
ducted based on the protocol used by Martín et al. (15).
Briefly, ETEC suspensions, which contained between 2.5 �
1011 and 2.5 � 1012 CFU of bacterial cells in 25 �l, were
diluted 2-fold in V-bottomed 96-well polystyrene microtiter
plates (Corning, Corning, NY). Twenty-five microliters of PBS
or PBS containing EPS was added and incubated for 5 min.
Finally, 25 �l of 5% erythrocyte suspension in PBS was applied
to the wells and mixed gently. Microtiter plates were inspected
visually after 2 h of incubation at 4°C. All four porcine ETEC
strains agglutinated porcine erythrocytes and were resistant to
mannose at 10 mg ml�1 (Fig. 1).

Preparation of EPS. EPS was obtained from L. reuteri strains
TMW1.656, LTH5794, and FUA3048 and Weissella cibaria
strains 10M and W58. L. reuteri TWM1.656, LTH5794, and
FUA3048 formed reuteran, levan, and an uncharacterized glu-
can, respectively (Table 1). W. cibaria 10M and W58 formed a

* Corresponding author. Mailing address: 4-10 Ag/For Centre, Ed-
monton, AB T6E 2P5, Canada. Phone: (780) 492-3634. Fax: (780)
492-4265. E-mail: cschwab@ualberta.ca.

� Published ahead of print on 14 May 2010.

4863



dextran, and the corresponding dextransucrase genes were am-
plified by PCR using primers GTFWcFor (5�-GCATCTTTCA
ATACTTGAGG-3�) and GTFWcRev (5�-CATGACTTGTTG
GCATAGC). The amplified 993- and 981-bp sequences of W.
cibaria 10M and W58, respectively, were 97% homologous
to the dextransucrase dsrWc gene of Weissella cibaria CMU
(ACK38203) (12, 21). Strains were grown in modified MRS
medium containing 100 g liter�1 sucrose as the sole carbon
source (25). EPS was harvested via ethanol precipitation (29),
dialyzed, and further purified by hot phenol extraction (32).
Mono-, di-, and oligosaccharides were removed by dialysis
using Spectra/Por 2 molecular porous membrane tubing (mo-
lecular weight cutoff [MWCO], 12,000 to 14,000) (Spectrum
Laboratories Inc., Rancho Dominguez, CA) at 4°C with fre-
quent changes of ultrapure water. UltraPure buffer-saturated
phenol (Invitrogen, Burlington, Canada) was added to each
sample at an equal volume. The samples were incubated in a
water bath at 70°C for 70 min, cooled on ice for 30 min, and
centrifuged at 3,000 � g for 20 min at 4°C. The aqueous layer
was collected and dialyzed to remove phenol for 4 days. Sam-
ples were freeze-dried. SDS-PAGE was used to confirm re-
moval of proteins. Commercially available dextrans (dextran,
1 � 105 to 2 � 105 Da; dextran HM, 5 � 106 to 4 � 107 Da;
Sigma, Oakville, Canada), isomalto-oligosaccharides (IMO)
(VitaSugar; BioNeutra Inc., Edmonton, Alberta, Canada), cel-
lobiose (Sigma), inulin from chicory (Sigma), raffinose (Difco,
Mississauga, Canada), and Raftiline ST (Orafti, Tienen, Bel-
gium) were included for comparison. Sizes of bacterial EPSs
were determined by size-exclusion chromatography using a

Superdex 200 column (GE Healthcare, Baie d’Urfe, Canada).
Water was used as a solvent at a flow rate of 0.4 ml min�1. EPS
was detected with a refractive index (RI) detector. EPSs pro-
duced by L. reuteri LTH5794 and FUA3048 were slightly larger
than EPSs synthesized by L. reuteri TMW1.656 and W. cibaria
W58 and 10M (Fig. 2 and data not shown).

Purified bacterial EPSs and commercial oligo- and polysac-
charides were tested at concentrations of 2.5, 5, and 10 mg
ml�1 in hemagglutination assays. Glucan, levan, and reuteran
consistently inhibited hemagglutination at 10 mg ml�1 for all
ETEC strains (Table 2; Fig. 1). Antihemagglutination activities
for these EPSs were also observed at 5 mg ml�1 in a few
strain-dependent cases but were less pronounced. In contrast,
antihemagglutination activities were not observed at 10 mg
ml�1 using commercially available oligo- and polysaccharides;
tests with lower sugar concentrations were not conducted.
Overall triplicate tests were conducted with three different
EPS preparations, fresh ETEC cultures, and blood.

Our results indicate that LAB EPSs can interfere with
ETEC adhesion and therefore have the potential to benefit the
swine industry. Rapid proliferation of ETEC is attributed to
fimbria-triggered attachment to specific receptors on intestinal

FIG. 1. Hemagglutination of porcine erythrocytes in the presence
of mannose, levan (Lactobacillus reuteri LTH5794), and glucan (Lac-
tobacillus reuteri FUA3048) at 10 mg ml�1, using enterotoxogenic E.
coli ECL14048, which was serially diluted 2-fold. PBS (150 mM at pH
7.2) was used as a negative control.

TABLE 1. Strains used for EPS production

Strain used for
EPS production Origin EPS formation visible

on modified MRS
Glycosyltransferase

gene(s) (PCR)
HoPS monosaccharide

component EPS Reference(s)

Lactobacillus reuteri
TMW1.656 Sourdough � gtfA, inu Glucose Reuteran 11, 22
LTH5794 Human intestine � gtfB Fructose Levanb 5, 22
FUA3048 Mouse intestine � NDc Glucose Glucan This study

Weissella cibaria
10 M Sourdough � dexWc

a Glucose Dextran This study; 12, 21
W58 Sourdough � dexWc Glucose Dextran This study; 12, 21

a Amplification of partial sequence using primers GTFWcFor (5�-GCATCTTTCAATACTTGAGG-3�) and GTFWcRev (5�-CATGACTTGTTGGCATAGC-3�)
obtained from accession no. ACK28203. dexWc is the dex gene from W. cibaria.

b D. Bundle, personal communication.
c ND, not determined.

FIG. 2. Size-exclusion chromatography of EPSs produced by W.
cibaria 58W (line 1) and L. reuteri TMW1.656 (line 2), LTH5794 (line
3), and FUA3048 (line 4) in comparison to commercially available
dextran, dextran HM, and inulin.
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enterocytes and subsequent secretion of heat-labile and heat-
stable toxins (8). In particular, K88 fimbriae were found to be
associated with the colonization of the small intestines of neo-
natal and postnatal piglets by interacting with glycoproteins in
ileal mucus and receptors on porcine intestinal epithelial cells
(3, 10, 18, 23, 33). K88 fimbriae are composed of a single
adhesin major protein subunit and minor subunits that are
suspected to regulate fimbrial expression (1, 31). K88 fimbriae
bind to cell surface receptors that contain carbohydrate struc-
tures, with �-D-galactose being an essential component (2, 6,
23). Galactose-containing glycoprotein in pig gastric mucin,
glucosamine, and chondrosine inhibited hemagglutination in
ETEC K88 strains (17, 20). Inhibition of adherence was sus-
pected to be nonspecific as the presence of large hydrophobic
glucoside molecules likely disrupted hydrophobic interactions
between fimbriae and the receptor (20). Bacterial EPSs suc-
cessfully decreased the adherence of ETEC strains. The pres-
ence of aggregatory compounds, receptor analogues, or com-
petitive exclusion might contribute to binding inhibition (14).
Interestingly, our results indicated that among glucans, the
�-(1-4)-, �-(1-6)-linked reuteran and a glucan of undetermined
linkage type had antihemagglutination activity but the predom-
inately �-(1-6)-linked dextran did not (30). In the case of
fructans, the �-(2-6)-linked levan was found to have antiadher-
ence properties but the �-(2-6)-linked inulins (Sigma and
Orafti) did not (30). Although the glucans and fructans tested
were identical in composition, they differ greatly in molecule
weight and structure. Yet, whereas no correlation between
molecule weight and antiagglutination activity could be ob-
served, our findings suggest that antiadherence requires a cer-
tain degree of structural specificity. Further studies on the
structure/function relationships among EPSs, ETEC adhesins,
and host cell receptors are needed to gain a deeper under-

standing of the antiadhesive properties of bacterial EPSs and
to determine the mode of interaction of ETEC and EPSs.

Currently, antibiotics are widely used in pig production at
subtherapeutic and therapeutic levels. However, increasing
public health concerns have led to efforts to reduce antibiotic
use. The application of bacterial EPSs might be an alternative
to prevent and treat diarrhea caused by ETEC. EPSs can be
produced in cereal fermentations and can be easily incorpo-
rated into feed in liquid and dry form (11, 21, 27).
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