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ABSTRACT

Human norovirus (HuNoV) genogroup II genotype 4 (GII.4) strains account for about 80% of the gastroenteritis out-
breaks in the United States. Contaminated food is a major transmission vehicle for this virus. In humans, pigs, and oysters,
histo-blood group antigens (HBGAs) act as attachment factors for HuNoVs. In lettuce, although the virus-like particles
(VLPs) of a GII.4 HuNoV were found to bind to cell wall carbohydrates, the exact binding site has not been investigated.
Here, we show the presence of HBGA-like carbohydrates in the cell wall of lettuce. The digestion of lettuce leaves with cell
wall-degrading enzymes exposed more binding sites and significantly increased the level of binding of GII.4 HuNoV VLPs.
Competition assays showed that both the HBGA monoclonal antibody, recognizing the H type, and plant lectins, recogniz-
ing �-L-fucose in the H type, effectively inhibited VLP binding to lettuce tissues. Lettuce cell wall components were iso-
lated and their NoV VLP binding characteristics were tested by enzyme-linked immunosorbent assays. The binding was
inhibited by pretreatment of the lettuce cell wall materials with �-1,2-fucosidase. Collectively, our results indicate that
H-type HBGA-like carbohydrates exist in lettuce tissues and that GII.4 HuNoV VLPs can bind the exposed fucose moiety,
possibly in the hemicellulose component of the cell wall.

IMPORTANCE

Salad crops and fruits are increasingly recognized as vehicles for human norovirus (HuNoV) transmission. A recent study
showed that HuNoVs specifically bind to the carbohydrates of the lettuce cell wall. Histo-blood group antigens (HBGAs) are car-
bohydrates and are known as the attachment factors for HuNoV infection in humans. In this study, we show the presence of
HBGA-like carbohydrates in lettuce, to which HuNoVs specifically bind. These results suggest that specifically bound HuNoVs
cannot be removed by simple washing, which may allow viral transmission to consumers. Our findings provide new information
needed for developing potential inhibitors to block binding and prevent contamination.

Foodborne illnesses constitute a recurring public health bur-
den, with an estimated 9.4 million illnesses and 1,351 deaths

annually in the United States (1). Currently, most illnesses (58%)
are caused by human noroviruses (HuNoVs), and others are
caused by human bacterial pathogens, such as nontyphoidal Sal-
monella spp. (11%) and Clostridium perfringens (10%) (1). Noro-
viruses (NoVs) are nonenveloped single-stranded RNA viruses
belonging to the Norovirus genus of the family Caliciviridae. NoVs
have been classified into five genogroups (GI–GV), and GI, GII,
and GIV viruses cause gastroenteritis in humans (2). Each NoV
genogroup is further subdivided into several genotypes based on
genetic similarities. As a single genogroup, GII currently accounts
for about 86% of HuNoV cases (3, 4). HuNoVs have a very low
infectious dose, and the 50% infective dose (ID50) was estimated
as about 18 viruses and 2,800 genomic equivalents (GEs) (5, 6).
Moreover, NoVs are extremely stable in the environment and
show resistance to freezing, high temperatures (60°C), disinfec-
tion with chlorine, acidic conditions, and alcohol treatment (7, 8).
Therefore, the low infective dose, coupled with this stability, con-
tributes to the high transmission rate of HuNoVs (4).

Many studies that have dealt with foodborne illnesses have
focused on the transmission of human pathogens from foods of
animal origin; however, fruits and vegetables are increasingly
being recognized as the source of many foodborne disease out-
breaks (9). Fruits and salad crops, such as raspberries, straw-
berries, and lettuce, are recognized as vehicles for HuNoV

transmission (10–12). Fruit and vegetable produce can be con-
taminated at any stage of the production chain from the pre-
harvest to the postharvest stages. Sources of pollution may in-
clude polluted irrigation water, soil amendments, sick farm
workers, and food handlers with poor hygienic practices (13,
14). Although HuNoVs are the leading cause of acute viral
gastroenteritis worldwide, controlling virus transmission and
contamination of produce is challenging, in part due to the lack
of a tissue culture model for propagating HuNoVs and testing
the effectiveness of treatments. It was reported recently that
HuNoVs can infect B cells in vitro with the help of enteric bacteria
expressing histo-blood group antigens (HBGAs) (15). However,
HuNoVs still cannot grow efficiently in B-cell cultures. Therefore,
recombinant virus-like particles (VLPs) of HuNoVs are often used as
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surrogates for investigating HuNoV attachment to food surfaces
(16). HuNoV VLPs are not only morphologically similar to the native
virions but they also harbor the same viral antigenic epitopes and
binding sites as native virions (4).

Several studies suggested that electrostatic forces contribute to
the attachment of HuNoV surrogates (such as feline calicivirus
and porcine sapovirus) to lettuce (8, 17). In addition, certain
plant-associated factors, such as the stomata, minor veins, and
injuries on the leaf surface, enhance either virus attachment or
entrapment (18, 19). Moreover, carbohydrate moieties in the let-
tuce cell wall were reported to play an important role in the spe-
cific binding of HuNoV VLPs to lettuce (19). The plant cell wall is
a complex matrix of polysaccharides that supports and strength-
ens plant cells and confers resistance against biotic and abiotic
stress (20). It is a dynamic and highly specialized complex formed
by a heterogeneous mixture of celluloses, pectins, hemicelluloses,
and proteins and phenolic compounds. Celluloses and hemicellu-
loses, embedded in the amorphous pectin polymers, provide ri-
gidity to the cell wall, whereas pectins provide fluidity through the
gelatinous polysaccharide matrix (21). Although HBGAs were
identified as ligands in human, pig, and oyster tissues for HuNoV
binding (22–24), neither HBGAs nor their analogues have been
reportedly found in lettuce tissues.

Therefore, the objective of this study was to identify the
carbohydrates in the cell wall responsible for HuNoV VLP
binding and to investigate which cell wall component harbors
these carbohydrates. Understanding the mechanism of virus
attachment to food can provide insights into suitable preven-
tion strategies.

MATERIALS AND METHODS
Production and purification of NoV VLPs and NoV antibodies. The
recombinant baculovirus (rBac) carrying the VP1 gene (ORF2) of the
Hu/NoV/GII.4/HS194/2009/US strain (GenBank accession number
GU325839) was produced using the BaculoDirect baculovirus expression
system (Invitrogen, Carlsbad, CA). The Gateway entry clone containing
the capsid protein (VP1) of HS194 (pENTR/SD/D-TOPO-HS194) was
generated and used with BaculoDirect linear DNA to perform an LR (attL
[entry clone] � attR [destination vector]) recombination reaction to gen-
erate recombinant baculovirus DNA carrying the VP1 gene of HS194
(25). Sf9 cells were cultured at a density of 3 � 107 cells/flask (162 cm2)
and inoculated with rBac GII.4 at a multiplicity of infection (MOI) of 10,
after which the medium was harvested at 10 days postinoculation. VLPs
were semipurified through sucrose cushions and then purified by CsCl
gradient ultracentrifugation in 4.5 ml of TNC buffer (10 mM Tris-HCl,
140 mM NaCl, and 10 mM CaCl2 [pH 7.4]) containing a protease inhib-
itor cocktail of 10 �M leupeptin, 100 �M 4-(2-aminoethyl) benzenesul-
fonyl fluoride hydrochloride (AEBSF), 1 �M pepstatin A, and 1 �M E-64
(Roche, Indianapolis, IN). The band around 1.34 g/cm3 was collected and
resuspended with TNC buffer followed by ultracentrifugation to remove
CsCl. The collected VLPs were then suspended in TNC buffer with the
protease inhibitor cocktail. The VLP concentrations were quantified by
the Bradford method (Bio-Rad, Hercules, CA). The morphology of the
VLPs was examined by electron microscopy, and the antigenic reactivity
of the VLPs was confirmed by Western blotting. Hyperimmune antiserum
against HuNoV VLPs was generated previously in our lab using guinea
pigs (19). Total IgG antibodies from the guinea pig hyperimmune serum
against NoV/GII.4/HS194 were further purified using an Immunopure
IgG purification kit (Thermo/Pierce, Rockford, IL) according to manu-
facturer instructions. The production and purification of NoV/GII.12/
HS206 VLPs were performed as described previously (26). NoV/GII.4/
1997 and NoV/GII.4/2004 VLPs were obtained from the lab of Ralph Baric
at the University of North Carolina at Chapel Hill.

Evaluation of the effect of different enzymatic digestions on binding
between NoV VLPs and plant leaves assessed by using immunofluores-
cence microscopy. All plants used here (romaine lettuce, red leaf lettuce,
basil, and celery) were purchased from a local grocery store. The leaves
and veins were cut into small pieces (0.5 � 0.5 cm2), and about 30 pieces
of samples were dehydrated in 30 ml of a gradient ethanol series (70%
[vol/vol], 90%, 95%, 100%, and 100%) for 6 h. Following dehydration,
the plant pieces were incubated in Pro-par clearant solution (Anatech,
Battle Creek, MI) for 3 h at room temperature (RT) and then in paraffin
for 2 h at 63°C. Five-micrometer sections were cut using a microtome and
collected on glass slides (Thermo Fisher Scientific, Pittsburgh, PA). Slides
were dried at 37°C for 2 h, deparaffinized in xylene for 15 min, and rehy-
drated in 300 ml of a gradient ethanol series (100%, 90%, 70%, 50%
[vol/vol]) at RT for 15 min per ethanol step. Different slides were incu-
bated with one of four cell wall-digesting enzymes, including cellulase
R-10 and macerozyme R-10 (PhytoTechnology Laboratories, Lenexa,
KS), cellulase from Trichoderma viride (Sigma-Aldrich, St. Louis, MO),
and pectinase from Aspergillus niger (Sigma-Aldrich). The enzymes were
added at a final concentration of 1 �g/�l per slide and incubated at 37°C
for 1 h. For NaIO4 oxidation, after cellulase R-10 digestion, slides were
incubated with 200 �l of 50 mM NaIO4 (Sigma-Aldrich) at RT for 30 min
in the dark. For fucosidase digestion, each slide was digested with 20 U of
�-1,2-fucosidase (NEB, Ipswich, MA) at 37°C for 1 h. Following three
washes with 300 ml of phosphate-buffered saline (PBS) containing 0.05%
Tween 20 (PBS-T), blocking was performed at RT with PBS supple-
mented with 1% bovine serum albumin (BSA). Subsequently, the slides
were incubated with 200 �l of NoV VLPs (final concentration, 10 �g/ml)
at RT for 1 h. The HuNoV VLPs on lettuce were detected by immunofluores-
cence assay (IFA) as follows. For the detection of GII.4 HS194 and GII.12
HS206 VLPs, 200 �l of anti-HS194 or anti-HS206 VLP guinea pig serum
(1:1,800) and 200 �l of the Alexa Fluor 488-conjugated goat anti-guinea
pig IgG (1:700; Invitrogen, Eugene, OR) were used as the primary and
secondary antibodies, respectively; for NoV/GII.4/1997 and NoV/GII.4/
2004 VLPs, 200 �l of rabbit anti-NoV VLP antiserum (1:1,000) and Alexa
Fluor 488-conjugated goat anti-rabbit IgG (1:700; Invitrogen, Eugene,
OR) were used. Two controls were used, including slides treated as de-
scribed above but without the VLPs (to check the specificity of the primary
antibody) and slides without the primary antibody (to check the specific-
ity of the secondary antibody). Controls with no secondary antibody were
also used to assess the autofluorescence of the tissue, and the results re-
vealed no background fluorescence (data not shown). All antibody incu-
bation steps were performed at RT for 1 h. The slides were washed three
times by immersing them in jars containing 300 ml of PBS-T after each
incubation step.

Detection of HBGA-like carbohydrates in digested lettuce by mono-
clonal antibodies to human HBGAs. To unmask the HBGA binding sites,
paraffin-embedded lettuce slides were digested by 200 �l of 1 �g/�l cel-
lulase R-10 at 37°C for 1 h, followed by washing with 300 ml of PBS buffer
and blocking with 200 �l of PBS containing 1% BSA for 1 h. For porcine
intestine paraffin slides, 200 �l of 20 �g/ml proteinase K (Roche, India-
napolis, IN) was applied for 10 min. After washing, the slides were blocked
with 200 �l of PBS containing 1% BSA for 1 h (23). After blocking, slides
were incubated with 200 �l of various HBGA monoclonal antibodies
(anti-A type I and II [BG1, Covance, Emeryville, CA], anti-B [BG2, Im-
mucor, Norcross, GA], and anti-H type 1 [BG3, Covance]) diluted in PBS
(1:50). Alexa Fluor 488-conjugated goat anti-mouse IgG serum (Invitro-
gen) was used as the secondary antibody. All antibody incubation steps
were performed at RT for 1 h. The slides were washed three times by
immersing them in jars containing 300 ml of PBS-T after each incubation
step.

Inhibition effect of monoclonal antibodies to HBGAs on HuNoV
VLP binding to lettuce. For fresh leaf samples, the abaxial wax layer was
peeled away using tweezers. Both leaves and paraffin slides were di-
gested with 1 �g/�l cellulase R-10 at 37°C for 1 h, followed by blocking
with 200 �l of PBS containing 1% BSA. Two hundred microliters of
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HBGA monoclonal antibodies diluted in PBS (1:50) was added and
incubated for 1 h. Subsequently, 200 �l of 10 �g/ml NoV VLPs (GII.4,
HS194) was added and incubated for 1 h. Alexa Fluor 488-conjugated
goat anti-guinea pig IgG (Invitrogen, Carlsbad, CA) diluted in PBS
(1:700) was used as the secondary antibody. The VLPs were detected by
IFA as described above.

Inhibition effect of plant lectins on NoV VLP binding to lettuce.
Paraffin-embedded lettuce was digested with 200 �l of 1 �g/�l cellu-
lase R-10 at 37°C for 1 h before the blocking step. Plant lectins, includ-
ing BS-I (Bandeiraea simplicifolia), LcH (Lens culinaris), and UEA-I
(Ulex europaeus), were diluted in TBS buffer (50 mM Tris-HCl and 150
mM NaCl, supplemented with 2.5 mM MnCl2 and CaCl2) to a final
concentration of 100 �g/ml. Two hundred microliters of each lectin
was incubated on different digested slides for 1 h at RT. After washing
with 300 ml of PBS-T, the slides were incubated with 200 �l of 10
�g/ml NoV VLPs for 1 h at RT. The VLPs were detected by IFA as
described above.

Extraction of lettuce hemicellulose. Extraction of lettuce cell wall
materials (CWMs) was performed using the method described by Hoff-
man et al. (44). Mature romaine lettuce was purchased from a local gro-
cery store, and about 200 g of lettuce was washed thoroughly with sterile
water (21). Then, the leaves were cut to separate the midrib, also known as
the principal vein, from the green leaf lamina. Each of the two tissues was
first ground to a fine powder in liquid nitrogen, homogenized in 80%
ethanol using a Polytron homogenizer (Cole-Parmer Instruments, Ver-
non Hill, IL), and centrifuged for 20 min at 2,500 � g. The resulting pellet
was subjected to a series of ethanol washes (80% twice and 100% once)
and then stirred in 60 ml of methanol-chloroform (1:1 [vol/vol]) for 2 h at
4°C. The pellet was collected by filtration using Whatman glass microfiber
filters (Fisher Scientific, Pittsburgh, PA) and washed with 100 ml of meth-
anol-chloroform, followed by 100 ml of ice-cold acetone. The pellet was
dried in a chemical hood overnight. The resulting CWMs were stored at
4°C in sealed bottles under dark conditions.

For hemicellulose (xylan) extraction from CWM, we used a previously
described method (27). Xylan delignification and solubilization were
done simultaneously in warm 3.25 M NaOH (60°C) at an alkali charge of
13% (wt/vol) and a liquid-to-biomass ratio of 3:1 for 2 h. The liquid
portion containing the xylan was collected, and the residue was washed
with 20 ml of 60°C water. The pH of xylan extract was adjusted with acetic
acid to pH 5.0. The xylan polymers were precipitated in 2 volumes of 95%
ethanol overnight at 4°C before centrifugation at 7,500 � g for 10 min.
The xylan pellets were washed with 30 ml of ethanol before freezing
at �20°C.

Detection of NoV VLP binding to cell wall fractions by ELISA. The
enzyme-linked immunosorbent assay (ELISA) was performed according
to the method of Esseili et al. (19). Briefly, the xylan fraction of CWMs was
resuspended in PBS (pH 7.4) at 0.2 mg/ml to coat 96-well MaxiSorp plates
(Thermo Fisher Scientific, Rochester, NY). For cellulase R-10 digestion,
samples were digested with 1 �g/�l cellulase R-10 at RT for 1 h. For
fucosidase digestion, samples were digested with 20 U of �-1,2-fucosidase
(NEB) at 37°C for 1 h after cellulase R-10 digestion. The plates were coated
with CWMs at 4°C for 18 h, washed three times with PBS-T, and blocked
with 1% BSA in PBS for 1 h at 37°C. Then, NoV VLPs (50 �l of 10 �g/ml)
were added and incubated for 1 h at RT. The optimal dilutions of the
purified primary antibody (guinea pig anti-HS194 VLP serum) and the
secondary antibody (goat anti-guinea pig IgG– horseradish peroxidase
[HRP] conjugated, KPL, Gaithersburg, MD) were 1:2,000 and 1:4,000,
respectively. Plates were washed with PBS-T four times following each
incubation step. Plates were incubated with the peroxidase substrate te-
tramethylbenzidine (KPL) for 8 min at RT in the dark, and the reaction
was stopped by adding 0.3 M sulfuric acid. The absorbance was read at 450
nm. Controls consisted of wells coated with CWMs (with neither VLPs
nor the primary antibodies added) and PBS-coated wells with VLPs
added.

Statistical analyses. GraphPad Prism was used for statistical analyses.
One-way analysis of variance (ANOVA) was used to determine significant
differences in VLP binding to different cell wall fractions. Student’s t test
was used to determine significant differences in VLP binding after fuco-
sidase digestion. Each treatment in the ELISA was run in triplicate wells,
and the entire ELISA was repeated at least three times. The reported re-
sults are representative of those from one ELISA, but the same trend was
shown among different ELISA runs. Differences in means are considered
significant when the P value is �0.05, and data are represented as means
and standard deviations (SDs).

RESULTS
Binding of HuNoV VLPs to lettuce tissues was enhanced after
cell wall digestion. Our previous results showed that minor veins
inside the lettuce leaf and leaf cut edges had the highest levels of
Hu/NoV/GII.4/HS194 VLP binding (19). We hypothesized that
the binding sites of the lettuce cell wall are located under the leaf
surface and are not exposed to bind to the HuNoV VLPs but that
lesions on the leaves may expose them. To test the hypothesis,
lettuce paraffin slides were incubated with cell wall digestion en-
zymes, and then HuNoV VLP binding was tested by immunofluo-
rescence assay. The results show that lettuce sections from both
green lamina and veins had strong binding signal after cellulase
R-10 digestion. The binding was inhibited by treatment with 50
mM NaIO4 (Fig. 1). Several other commercial enzymes, such as
cellulase, macerozyme R-10, and pectinase, were also tested, and
all of them increased HuNoV VLP binding (see Fig. S1 in the
supplemental material). HuNoV VLP binding specificity by
lettuce CWMs was also determined by testing the VLPs of sev-
eral other Hu/NoV/GII.4 strains. As in the case of NoV GII.4/
HS194, both GII.4/1997 and GII.4/2004 bound to the lettuce
after cellulase R-10 digestion (see Fig. S2 in the supplemental
material). As a control, the Hu/NoV/GII.12/HS206 VLPs that
did not show HBGA binding in vitro (26) did not bind to let-
tuce (see Fig. S2D). We also investigated the binding between
Hu/NoV/GII.4/HS194 VLPs and several other vegetables, red
leaf lettuce, celery, and basil. The results show that HuNoV
VLPs bound to both digested red leaf lettuce and celery veins
(see Fig. S3A and B in the supplemental material) but not the
digested basil leaves (see Fig. S3C).

HBGA-like carbohydrates can be detected in digested lettuce
tissues. HBGA-like carbohydrates on lettuce leaves were detected
using HBGA monoclonal antibodies after enzymatic digestion.
The H-type antigen was detected on lettuce, but the A- and B-type
antigens were not (Fig. 2). Competition assays with HBGA mono-
clonal antibodies were performed to confirm the specific binding
between HuNoV VLPs and H-type antigens in lettuce. The results
show that pretreatment of lettuce with H-type monoclonal anti-
bodies inhibited the interaction between HuNoV VLPs and let-
tuce (Fig. 3C). Similar competition results were also obtained by
using fresh lettuce leaves whose surface cuticle was peeled off with
tweezers (Fig. 3F).

HuNoV VLPs recognize �-1,2-fucose of HBGA-like carbohy-
drates in lettuce tissue. The central binding pocket of the GII.4/
NoV/VA387 strain fits well with an �-fucose, and VA387 VLPs
used �-1,2-fucose as the major binding saccharide (H epitope)
(28). Lectins, plant-derived carbohydrate-binding proteins, are
highly specific for sugar moieties and can be used to test binding
specificity by blocking NoV VLP binding sites (19). Competition
assays with lectins were performed to investigate sugar moieties
for NoV VLP recognition. The results show that treatment of di-
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gested lettuce slides with lectin UEA-I (Ulex europaeus aggluti-
nin), recognizing �-1,2-fucose, partially inhibited NoV/GII.4
VLP binding to lettuce (Fig. 4I). However, two lectins (BS-I and
LcH) against other sugar moieties (�-D-galactose, �-D-mannose,
and �-D-glucose) showed no clear inhibition effects (Fig. 4C and
F). Moreover, incubation with �-1,2-fucosidase after cell wall di-
gestion completely inhibited NoV/GII.4 VLP binding (Fig. 4L).
These results suggest that recognition by NoV VLPs is likely via

�-1,2-fucose moieties in HBGA-like carbohydrates in the lettuce
leaves.

HBGA-like carbohydrates are present mainly in lettuce
hemicellulose fraction. To identify the cell wall component that
contains the HBGA-like carbohydrates to which NoV/GII.4 VLPs
bind, the binding between several purchased cell wall polysaccha-
rides and NoV/GII.4 VLPs was tested by ELISA. Apple pectin,
ghatti gum, and locust bean gum did not show VLP binding, even

Leaf

Vein

NaIO4 

Cellulase R-10

HuNoV VLPs + +

+ +
+
+

+-

- - -
-

A B C D

E F G H

FIG 1 Binding of HuNoV VLPs to lettuce tissues. Immunofluorescence microscopy was performed on lettuce paraffin slides. NoV/GII.4/HS194 VLPs attached
to lettuce green leaf lamina (A–D) and vein (E–H). (A and E) The control sample was not subjected to cellulase R-10 digestion before incubation with NoV VLPs.
(B and F) Samples were digested with cellulase R-10 and then incubated with NoV VLPs. (C and G) Samples were digested with cellulase R-10 but not incubated
with NoV VLPs. (D and H) Samples were digested with cellulase R-10 and then exposed to NaIO4, followed by incubation with NoV VLPs. The binding signal
(green) was detected by primary antiserum against NoV/GII.4/HS194 VLPs and the Alex Fluor 488-conjugated goat anti-guinea pig IgG antibody. Nuclei were
stained with 4=,6-diamidino-2-phenylindole (DAPI, blue). All pictures were taken using the same exposure time.

_Anti-HBGA A type B type H type

Lettuce leaf

Porcine intestine

A B C D

E F G H

FIG 2 Detection of HBGA-like carbohydrates on lettuce leaves with anti-HBGA monoclonal antibodies. Paraffin slides of lettuce were digested with 1 �g/�l
cellulase R-10 at room temperature (RT) for 1 h before addition of PBS (no anti-HBGA), anti-A-type HBGA monoclonal antibody (A type), anti-B-type HBGA
monoclonal antibody (B type), or anti-H-type HBGA monoclonal antibody (H type). Porcine intestine paraffin slides were used as positive controls for A-type
and H-type antigens and were digested with proteinase K at RT for 10 min before incubation with antibodies. The binding signal (green) was detected by Alex
Fluor 488-conjugated goat anti-mouse IgG antibody. Nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI, blue). All pictures were taken using the
same exposure time.
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after cellulase R-10 digestion, whereas lettuce xylan and beech-
wood xylan showed VLP binding (Fig. 5A). Moreover, the binding
of beechwood xylan increased after digestion with cellulase R-10
(Fig. 5A), suggesting that xylan, a group of hemicelluloses in the
plant cell wall, might account for NoV VLP binding. Indeed, the
extracted lettuce xylan bound to HuNoV VLPs, and its digestion
with cellulase R-10 further enhanced the signal (Fig. 5A). Next,
lettuce xylan was digested with �-1,2-fucosidase, and this treat-
ment also significantly inhibited NoV/GII.4 VLP binding (Fig.
5B). These results suggest that HBGA-like carbohydrates in the
lettuce hemicellulose component were responsible for NoV/GII.4
VLP binding.

DISCUSSION

Human HBGAs are complex carbohydrates distributed mainly on
red blood cells and mucosal epithelia of the genitourinary, respi-
ratory, and digestive tracts (29), and they are also present as free
oligosaccharides in the secretions (including biologic fluids, such
as saliva, intestinal content, and milk) of secretor-positive individ-
uals (28). HuNoV/GI.1 and GII.4 VLPs bound to pig duodenal
and buccal tissues expressing either A or H antigens (23), and
HuNoV/GI.1 VLPs also bound to A antigens in oyster gastrointes-
tinal cells (24, 30). A recent study also showed the existence of an
HBGA-like substance in extracellular polymeric substances of the
enteric bacterium strain Enterobacter sp. SENG-6 (31). All of these
results suggest the important role of HBGAs in specific HuNoV
binding. HBGAs are synthesized from disaccharide precursors

(types I and II) through sequential additions of sugar residues with
specific linkages catalyzed by three different glycosyltransferases
(28). Lewis (Le), O secretor/nonsecretor (Se�), and AB pheno-
types are the products of FUT3 (�-1,3- or �-1,4-fucosyltrans-
ferase), FUT2 (�-1,2-fucosyltransferase), and two glycosyltrans-
ferases (A and B), respectively (28). Hu/NoV/GII.4/VA387
interacts with all major ABO antigens, while �-1,2-fucose (H
epitope) is the major binding saccharide (32). Interestingly, plant
carbohydrates also share oligosaccharide branches similar to those
of human Lea antigen (33). Moreover, two nonredundant �-1,2-
fucosyltransferases, which catalyzed the formation of terminal
�-1,2-fucose residues, were identified in Arabidopsis thaliana
(34). The results of all these studies raise the possibility of HBGA-
like carbohydrates being present in lettuce tissues, to which
HuNoVs potentially bind. Our data show that H-type HBGA-
like carbohydrates on lettuce leaves can be detected by mono-
clonal antibodies to the human HBGAs and that preincubation
of these antibodies with lettuce leaves reduces NoV VLP bind-
ing. In addition, fucose in HBGA-like carbohydrates might also
play a main role in HuNoV/GII.4 attachment, because lectin
UEA-I against fucose and �-1,2-fucosidase can significantly
inhibit the binding.

Fruit and vegetables, such as raspberries and romaine lettuce,
are being recognized as sources of HuNoV transmission (10, 19).
Besides romaine lettuce, the binding between HuNoV VLPs and
several other green leaf vegetables, such as red leaf lettuce (Lactuca
sativa L.), celery (Apium graveolens), and basil (Ocimum basili-

FIG 3 Inhibition of HuNoV binding to lettuce tissues by anti-H-type HBGA monoclonal antibodies. Competition assays were performed by adding
anti-H-type HBGA monoclonal antibodies prior to HuNoV VLP incubation. Paraffin slides of lettuce and fresh lettuce leaves whose cuticle was peeled
away were incubated with anti-H-type HBGA monoclonal antibody (1:50). (A and D) The control sample was not subjected to cellulase R-10 digestion
before incubation with NoV VLPs. (B and E) The sample was digested with cellulase R-10 and then incubated with NoV VLPs. (C and F) The sample was
digested with cellulase R-10 and then exposed to anti-H-type HBGA antibody, followed by incubation with HuNoV VLPs. The binding signal (green) was
detected by primary antiserum against NoV/GII.4/HS194 VLPs and the Alex Fluor 488-conjugated goat anti-guinea pig IgG antibody. All pictures were
taken using the same exposure time.
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cum), was also investigated. HuNoV/GII.4 VLPs bound to both
lettuce and celery veins after digestion with cellulase R-10.
These results suggest that HuNoV bound not only specifically
to lettuce but also to other plants. Moreover, HuNoV/GII.4
VLPs could not bind to basil leaves, even after cellulase R-10
digestion. Whether basil leaves contain H-type HBGA carbo-
hydrates or bind to other genogroups of HuNoVs needs to be
further investigated.

Hemicelluloses are heterogeneous cell wall polysaccharides
that are characterized as having �-(1-4)-linked backbones of glu-
cose, xylose, or mannose. Xylan, a group of hemicelluloses with
�-(1-4)-linked xylose residues, is the dominant noncellulosic
polysaccharide in the secondary wall of dicots (35). Plant fucosyl-
transferases can transfer fucose to xyloglucan in cell walls as part of
the hemicelluloses with �-Fuc-(1-2)-�-Gal linkage (36). Our re-
sults confirm the binding between lettuce hemicellulose of the cell

FIG 4 Inhibition of HuNoV binding to lettuce tissues by plant lectins and fucosidase. Competition assays were performed by adding carbohydrate-specific
lectins before NoV VLP incubation. Lettuce paraffin slides were incubated with different plant lectins (BS-I/anti-B-type HBGA, recognize D-galactose; LcH/no
HBGA specificity, recognize D-mannose and D-glucose; UEA-I/anti-H-type HBGA, recognize L-fucose). (A, D, G, and J) Control slides incubated with NoV VLPs
but not subjected to cellulase R-10 digestion. (B, E, H, and K) Slides digested with cellulase R-10 and then incubated with HuNoV VLPs. (C, F, I, and L) Cellulase
R-10-digested slides exposed to plant lectins or �-1,2-fucosidase, followed by incubation with HuNoV VLPs. The binding signal (green) was detected by primary
antiserum against NoV/GII.4/HS194 VLPs and the Alex Fluor 488-conjugated goat anti-guinea pig IgG antibody. Nuclei were stained with 4=,6-diamidino-2-
phenylindole (DAPI, blue). All pictures were taken using the same exposure time.
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wall and NoV VLPs. Pretreatment with cell wall digestion en-
zymes enhanced the binding, while �-1,2-fucosidase inhibited
it. These results and the immunofluorescence microscopy data
suggest that H-type HBGA-like carbohydrates present in let-
tuce tissue and �-1,2-fucose residues are involved in HuNoV
VLP binding.

The epidermis of plant leaves is usually covered with a protec-
tive cuticle, which consists of lipid and hydrocarbon polymers
impregnated with wax that is synthesized by the epidermal cells.
This extracellular hydrophobic layer prevents water loss and pro-
vides protection against both external environmental stresses
(physical damages, etc.) and biotic stress (virus and bacterium
penetration, etc.) (20). We reported previously that the cut edges
and injured surfaces of lettuce leaves had the highest level of
HuNoV VLP binding signal (19). This was probably due to the
damaged cuticle of those areas on the leaf surface. Therefore, to
detect the HBGA-like carbohydrates on fresh lettuce leaves, we
first peeled away the cuticle layer on the leaf surfaces to expose the
cell wall. Bacteria and fungi on plant surfaces secrete enzymes to
depolymerize the main structural polysaccharide components of
the plant cell wall, and these enzymes can be used to decipher the
carbohydrate structure (37–39). We found significantly increased
HuNoV VLP binding to lettuce after digestion with several com-
mercial cell wall-digesting enzymes from fungi. Cellulase R-10, a
multienzymatic system from the fungus Trichoderma viride, con-
tains cellulase, pectinase, and hemicellulase activity. Combined
with macerozyme R-10, it was used in the preparation of plant
protoplasts (40). In this study, the purified cellulase from the fun-
gus Trichoderma viride exposed HuNoV VLP binding sites on let-
tuce, and such binding was inhibited by HBGA antibodies. These
data suggest that lettuce HBGA-like carbohydrates can be exposed
after cellulase digestion. Several ready-to-eat fresh vegetables, in-
cluding lettuce, can be contaminated by the mold Aspergillus fla-
vus, resulting in a decay process, such as slime formation and loss
of firmness (41). These decay processes are accompanied by cell
wall degradation, which may also increase the chance of NoV
binding and enhance virus persistence and transmission. More-
over, GII.4 HuNoV can infect human B cells with the help of either

HBGA-expressing bacteria or synthesized free HBGA (15). The
human gastrointestinal tract harbors extremely dense microbial
communities, and these regions are also the sites of active micro-
bial breakdown of dietary plant polysaccharides (42). Commensal
microbes determined if enteric murine norovirus infections were
persistent, while antibiotic treatment prevented persistent murine
norovirus infections (43). Therefore, polysaccharide metabolites
in the human gut, such as HBGA-like carbohydrates from bacteria
and plant cell walls, may play a role in norovirus infection. Anti-
biotics may prevent certain viral infections in the intestine by in-
hibiting the growth of gut bacteria, which can express HBGA and
digest the plant cell wall.

Noroviruses have been classified into five genogroups (GI–
GV) based on the similarity of complete capsid (VP1) sequences
(2). However, GII.4 NoVs currently account for most of the
HuNoV outbreaks (4). Besides GII.4/HS194 VLPs, two other
GII.4 VLPs of 1997 and 2004 strains showed positive binding sig-
nals, whereas GII.12/HS206 did not. Our results confirm the spe-
cific binding between lettuce cell wall and the Hu/NoV/GII.4
strains.

In conclusion, we have demonstrated the presence of HBGA-
like carbohydrates in romaine lettuce leaves and the fact that fu-
cose was responsible for NoV VLP recognition. Also, HBGA-like
carbohydrates were distributed mainly in the hemicellulose frac-
tion of the lettuce cell wall polysaccharides. Since current food-
processing technologies rely on simple washing to remove patho-
gens adsorbed to the surface of leaves, specifically bound viruses
require more robust technologies to remove or inactivate them.
Knowledge about the mechanisms of NoV binding to the surface
of ready-to-eat vegetables is of paramount importance for devel-
oping better technologies to control NoV transmission through
vegetables.
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