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Noroviruses (NoV) annually cause millions of cases of gastrointestinal disease in the United States. NoV are
associated with raw shellfish outbreaks, particularly oysters, which are thought to bioaccumulate NoV particles
during the filter-feeding process. NoV outbreaks, however, have also been known to occur from other common-
source food-borne vehicles, such as lettuce, frozen raspberries, and salad. In this study, we evaluated romaine lettuce
as a potential vehicle for NoV transmission by testing the binding and distribution of NoV to the surface of romaine.
Recombinant Norwalk virus-like particles (rNVLP) applied to the surface of romaine lettuce localized as large
clusters primarily on the leaf veins. An extract of romaine lettuce leaves in phosphate-buffered saline (PBS)
(romaine extract [RE]) bound rNVLP in a dose-dependent manner. RE did not bind rNVLP by histo-blood group
antigens (HBGA), nor was RE competitive with rNVLP binding to porcine gastric mucin. These results suggested
that non-HBGA molecules in RE bind rNVLP by a binding site(s) that is different from the defined binding pocket
on the virion. Extracts of cilantro, iceberg lettuce, spinach, and celery also bound rNVLP. Samples of each of the
vegetables spiked with rNVLP and tested with anti-NVLP antibody revealed by confocal microscopy the presence of
rNVLP not only on the veins of cilantro but also throughout the surface of iceberg lettuce.

Noroviruses (NoV) cause an estimated 23 million annual
cases of sporadic and epidemic gastrointestinal disease in the
United States, accounting for one-half to two-thirds of all
food-borne illnesses (5, 7). The most common and best char-
acterized route of infection is through the consumption of
oysters (4), which are contaminated directly at the source of
harvest. Histo-blood group antigens (HBGA), identified as
receptors on human gastrointestinal cells to which NoV virions
bind (10, 11, 19), are also present on the surfaces of oyster
gastrointestinal cells (25). It is postulated, therefore, that dur-
ing the course of filter feeding, oysters bioaccumulate NoV
particles through HBGA binding (15, 25).

Recent outbreaks of food-borne illness have shed light and
raised concerns about the growing problem of contamination
of foods. This is a concern particularly for cold foods, such as
salads, bakery products, and cold cuts, all of which have been
associated with NoV outbreaks (21). A recent CDC survey
estimated that 58.3% of all food-borne disease outbreaks as-
sociated with leafy greens and with confirmed etiologies be-
tween 1973 and 2006 were caused by NoV (9).

Contamination of produce can occur at multiple points, in-
cluding at preharvest by contaminated water sources, contam-
inated amendments (e.g., raw manure or compost), or wildlife
intrusion and at harvest or postharvest by cross-contamination
potentially by any of the multiple people who handle the pro-
duce (16, 18). Given the low infectious doses of NoV for illness
and the long-term persistence of NoV virions (8), it is partic-
ularly important to determine whether any of the implicated
foods enhance NoV transmission by retaining NoV particles.

We report the results of studies to determine whether leafy
greens, specifically romaine lettuce, can serve as a vehicle for
NoV transmission through a capability to bind NoV particles.
Lettuce is a prime candidate to test because it is well docu-
mented that bacteria, such as Salmonella enterica and Esche-
richia coli O157:H7, are able to bind to, colonize, and contam-
inate lettuce and other leafy green leaves (13, 14). It is
noteworthy that feline calicivirus was reported to transfer be-
tween contaminated hands and lettuce or contaminated lettuce
and clean hands (1). Furthermore, it was determined that
recent outbreaks of food-borne gastroenteritis in Denmark
were caused by lettuce contaminated with both enterotoxigenic
E. coli and NoV (6). Therefore, it can be hypothesized that
lettuce becomes contaminated initially by NoV in the field by
some contaminated source, such as irrigation water, or post-
harvest by cross-contamination by an ill food handler. How-
ever, interactions between NoV particles and plant surfaces,
specifically those of leafy greens like lettuce, have not been
studied extensively. Adherence of NoV to leafy greens by a
mechanism that can resist washing could result in the bioac-
cumulation of NoV from an environment of low concentration
(e.g., water) to potentially infectious doses for humans. In the
present study, we test the potential for bioaccumulation of
NoV on a plant surface by utilizing recombinant Norwalk vi-
rus-like particles (rNVLP) to assay and characterize the bind-
ing of NoV to romaine lettuce. As a comparison to the results
obtained with romaine lettuce, we also assessed the binding of
rNVLP to other vegetables.

MATERIALS AND METHODS

Antibodies. Polyclonal rabbit antiserum against Norwalk virus (R183) was
kindly provided by P. Reilly (Wyeth Research, Pearl River, NY); R183 activity
has been described previously (24, 25). Goat anti-rabbit immunoglobulin conju-
gated to Alexa 488 and goat anti-rabbit immunoglobulin conjugated to alkaline
phosphatase (AP; Invitrogen, Carlsbad, CA) were used to detect R183. Mono-
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clonal antibodies were used to detect various HBGA; antibodies designated BG1
to BG8 are specific for a common blood group antigen precursor glycoprotein
(BG1) and type A, type B, type H1, type Lewis a, type Lewis b, type Lewis x, and
type Lewis y HBGA, respectively (Signet Labs, Dedham, MA). BG antibodies
were detected with goat anti-mouse immunoglobulin conjugated to alkaline
phosphatase (Zymed Labs, South San Francisco, CA).

Cells and virus preparation. Sf9 cells were grown in a suspension culture at
28°C in TNM-FH insect media (Gemini Bio-Products, West Sacramento, CA)
supplemented with 10% fetal bovine serum (JR Scientific, Woodland, CA) and
0.1% Pluronic F-68, a cell stabilizer and surfactant (Sigma-Aldrich, St. Louis,
MO). For infection, cells were transferred to ESF-921 protein-free insect cell
culture media (Expression Systems, Davis, CA). Recombinant Norwalk virus-like
particles (rNVLP) were generated by expressing the Norwalk virus capsid (NCBI
reference NC_001959.2) from the BestBac recombinant baculovirus expression
system (Expression Systems). At 5 to 6 days postinfection, the infected cell
suspension was centrifuged for 10 min at 5,000 rpm (approximately 3,300 � g) in
an Eppendorf 5810 R centrifuge. The supernatant was transferred to a fresh
container, stored at 4°C, and used for the enzyme-linked immunosorbent assay
(ELISA). For immunofluorescence microscopy, rNVLP were further purified by
ultracentrifugation through a 30% sucrose cushion in a Beckman-Coulter ultra-
centrifuge at 25,000 rpm in a SW28 rotor (82,500 � g) at 15°C for 2 h. The
resulting pellet was resuspended in phosphate-buffered saline (PBS; 100 �M, pH
7.5) and stored at 4°C.

Extract of romaine lettuce leaves. Heads of romaine lettuce were purchased
from a local grocery store and stored in the lab at 4°C. For microscopy, strips
were cut from the ends of leaves, flattened onto precleaned glass microscope
slides, and then taped down at the edges, exposing approximately 1 to 2 cm2 of
romaine. For ELISA, crushed romaine extract (RE) was prepared by cutting the
top half of a leaf, weighing it, and placing it into a 50-ml conical vial. An equal
amount of PBS (wt/vol) was added to the conical vial, and the blunt end of a cell
spreader was used to crush the romaine leaf in the tube for 2 min. The vial was
then vortexed for 1 min, and the liquid phase was transferred to a fresh conical
vial and centrifuged at 10,000 � g for 10 min. The supernatant was transferred
to a fresh tube and stored at 4°C for up to 2 days.

The other vegetables tested were prepared similarly but with modifications
noted below. After green onions were crushed, it was necessary to cool the liquid
phase at 4°C for 30 min prior to centrifugation. For raspberries, an initial round
of centrifugation was performed after vortexing and prior to transferring the
liquid phase to a fresh tube. Celery stalks were crushed using a sterile mortar and
pestle, and the juice was transferred to a conical vial with PBS equal to the weight
of the initial stalk.

All vegetable preparations involved samples taken from multiple parts of the
same retail sample as well as different vegetable samples purchased over a period
of several months. ELISA and microscopy experiments were performed at least
in triplicate with samples taken from vegetables purchased at different times to
represent different field conditions.

Fluorescence microscopy. Strips of romaine on glass slides were blocked with
10% skim milk in PBS at 4°C overnight and then washed for 5 min in PBS.
Partially purified rNVLP (100 �g total protein in 100 �l PBS) or PBS was applied
to the surface of the romaine, which was then topped by a coverslip to evenly
distribute the virus on the surface of the lettuce. After 1 h of incubation, the
slides were washed in PBS plus 1% Tween 80 (PBS-T) for 5 min. Anti-Norwalk
virus antibody (R183; 1:2,000 in PBS) was applied to the surface, covered, and
incubated at room temperature for 1 h, followed by a 5-min wash in PBS-T.
Alexa 488-conjugated secondary antibody (1:100 in PBS) was applied to the
surface, covered, and incubated at room temperature for 1 h, followed by a 5-min
wash in PBS-T and a 5-min wash in PBS. Thirty microliters of PBS was applied
to the surface of the romaine, covered by a coverslip, and viewed on a Leica
dissecting microscope equipped for fluorescence microscopy or a Leica confocal
laser scanning microscope.

Iceberg lettuce, cilantro, and spinach strips on glass slides were prepared as
described above for microscopy. Celery stalks were assayed along their concave
surface, and all solutions were spread across the surface using a pipette tip to
evenly distribute the solution.

Measurement of the binding of rNVLP to RE by ELISA. To test the binding of
rNVLP, Nunc Immuno modules were incubated at 4°C overnight with a coating
of 100 �l of PBS, porcine gastric mucin (PGM) (100 �g/ml unless otherwise
specified; Sigma-Aldrich), or vegetable extract (RE was diluted 1:5 in PBS,
unless otherwise specified; all other extracts were tested undiluted). To deter-
mine whether proteins were involved in rNVLP binding, PGM and RE were
boiled for 5 min prior to being applied to wells. Unbound extract material was
removed by decanting, and wells were blocked with 10% skim milk in PBS at
37°C for 2 h. Plates were washed 2 times with Tris-buffered saline (TBS) plus 1%

Tween 20 (TBS-T) using a BioTek plate washer, and 100 �l PBS or 100 �l
rNVLP (1 �g/�l of total protein) was added to wells and incubated at 37°C for
1 h. To determine whether carbohydrates were involved in rNVLP binding, 100
�l of potassium periodate (4 mg/ml; Sigma-Aldrich) was added to wells, and
plates were incubated for 30 min at 37°C prior to the addition of rNVLP. For
competition assays, PBS or rNVLP were preincubated with competitor at 37°C
for 30 min immediately prior to being added to wells. After 1 h of incubation with
rNVLP, plates were washed 2 times with TBS-T, 100 �l R183 (1:2,500 in PBS)
was added to wells, and plates were incubated at 37°C for 1 h. Plates were washed
2 times with TBS-T, 100 �l of AP-conjugated secondary antibody (1:3,000 in
PBS) was added to each well, and plates were incubated at 37°C for 1 h. Plates
were washed 3 times with TBS-T, and 100 �l p-nitrophenyl phosphate (PNPP)
disodium salt (1 mg/ml in diethanolamine substrate buffer; Pierce) was added to
each well. Plates were allowed to develop for up to 100 min, and absorbance
readings at 405 nm were recorded every 20 min on a SpectraMax ELISA reader.

To test romaine for the presence of HBGA-like motifs, Nunc Immuno mod-
ules were incubated at 4°C overnight with 100 �l of the extract coating solution,
decanted, and blocked with skim milk as described above. Plates were washed 2
times with TBS-T, 100 �l of individual BG antibodies (1:50 in PBS) were added
to each well, and plates were incubated at 37°C for 1 h. Plates were then washed
2 times with TBS-T, 100 �l of AP-conjugated immunoglobulin was added to each
well, and plates were incubated at 37°C for 1 h. Plates were washed 3 times in
TBS-T, and the antibody binding was determined by addition of PNPP, as
described above.

Statistics. For microscopy, binding was tested using strips from at least three
different vegetable samples bought at different times of the year. For the ELISA,
each plate contained at least 3 wells for each treatment, and each treatment was
repeated at least three times with vegetable samples bought at different times.
Each plate also contained the following two internal negative controls: rNVLP in
PBS-coated wells and wells coated with vegetable extract without added rNVLP.
The negative control with the higher optical density (OD) value was used as the
nonspecific binding value, equal to 1. Competitive binding values (see Fig. 3)
were compared by one-way analysis of variance (ANOVA), using the program
SigmaStat.

RESULTS

Localization of rNVLP binding to romaine lettuce. To de-
termine if rNVLP binding could be observed directly on ro-
maine lettuce, rNVLP was applied to lettuce and stained with
R183 anti-Norwalk virus antibody followed by an Alexa 488-
conjugated secondary antibody. Using the natural fluores-
cence/autofluorescence of romaine for contrast, rNVLP were
visualized under a fluorescent dissecting microscope and a
confocal microscope. rNVLP clusters remained on romaine
leaves after being washed and were localized primarily to the
veins of the romaine leaf, suggesting possible specificity of
rNVLP binding (Fig. 1A and C). Romaine samples without
rNVLP added had minimal background antibody staining (Fig.
1B and D). Furthermore, romaine leaves without exposure to
antibody showed no staining, regardless of the presence of
rNVLP (data not shown). Occasional antibody staining was
observed on the samples without rNVLP added (Fig. 1D),
possibly due to cross-reactivity of one of the antibodies with an
unknown leaf antigen, nonleaf material, or an unknown organ-
ism bound to the leaf. Nevertheless, significant differences
were observed in the overall amount of rNVLP detected com-
pared to that detected with the no-rNVLP control.

Dose-dependent binding of rNVLP to romaine lettuce ex-
tract. The specific localization of rNVLP binding to the surface
of romaine suggested that romaine might have a ligand on the
surface that serves as a receptor for rNVLP. Wells coated with
a 50% dilution of romaine extract (RE) bound a 6-fold-larger
amount of rNVLP (OD at 405 nm [OD405] value of 1.670 �
0.085) compared to that bound by uncoated wells (OD405 value
of 0.277 � 0.019) (Fig. 2). In contrast, wells coated with the
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PGM positive control bound a 15-fold-larger amount of
rNVLP (OD405 value of 4.139 � 0.054) compared to that
bound by uncoated wells. rNVLP binding appeared to be dose
dependent over a 3-log range of diluted extract, although bind-
ing at a 1:2,000 dilution of RE had a positive-to-negative (P/N)
ratio of less than 2 (OD405 of 0.395 � 0.018).

Characterization of molecules involved in rNVLP binding to
RE. RE was compared to PGM in terms of binding of rNVLP
to determine whether the binding domains on rNVLP were
similar for the two types of samples. PGM was used as a
positive control, since HBGA has been characterized as the
receptor for human NoV and receptor binding has been local-
ized to the HBGA-binding pocket of the protruding domain of
NoV particles. By ELISA, antibodies against precursor-type,
ABO-type, and Lewis-type HBGA did not bind to RE-coated
wells, indicating no HBGA-like sugars of these types present in
RE (data not shown).

The RE tested did not have any cross-reacting HBGA, but
we wanted to determine whether rNVLP could bind to other
protein or sugar moieties contained on or within romaine let-
tuce. Therefore, the RE was treated by being boiled or with

FIG. 1. Strips of romaine lettuce were viewed under a dissecting microscope (A and B) or a confocal microscope (C and D), after the
application of rNVLP (A and C) or PBS (B and D), followed by antibody staining. Red, autofluorescence of romaine leaves; green, rNVLP.

FIG. 2. Wells of a plate were coated with PBS, PGM, or the listed
dilution amount of RE, and rNVLP binding was assayed by ELISA.
Error bars represent standard deviations (SD).
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potassium periodate (KIO4) to denature proteins or oxidize
carbohydrates, respectively. PGM was used as a positive
binding control. rNVLP binding to PGM was affected by
treatment with KIO4 but not by being boiled, confirming
carbohydrate involvement in rNVLP binding to PGM (Fig.
3A). Binding of rNVLP to RE, however, was affected by
both KIO4 and by boiling RE by a small, but statistically
significant, amount. KIO4 treatment resulted in a minor
increase in binding (8.9 � 4.0%) relative to untreated RE
(P � 0.05). Boiling the RE resulted in a decrease of rNVLP
binding (19.3 � 5.0%) relative to untreated RE (P � 0.01),
with a range of 14 to 25% (Fig. 3A).

Competition assays were also performed to determine if RE
and PGM interacted with the same binding site of rNVLP. No
inhibition was observed with rNVLP preincubated with up to
10 �g/ml PGM before addition to RE-coated wells or with
rNVLP preincubated with various dilutions of RE before ad-
dition to PGM-coated wells (P � 0.05) (Fig. 3B and C).

Binding of rNVLP to other vegetable extracts. The results of
experiments performed on romaine lettuce stimulated us to
survey other vegetable extracts for binding of rNVLP. Extracts
prepared from cilantro, iceberg lettuce, celery, spinach, green
onions, clover sprouts, and raspberries were used to coat
ELISA wells to measure rNVLP binding (Fig. 4). Using a P/N
ratio of 2 as the positive binding cutoff, we determined that
cilantro (OD405 of 1.060 � 0.075), iceberg lettuce (OD405 of
0.583 � 0.218), celery (OD405 of 0.427 � 0.038), and spinach
(OD405 of 0.391 � 0.146) bound rNVLP at significant levels
compared to that of PBS (OD405 of 0.186 � 0.076). However,
none of these vegetable extracts bound rNVLP as well as RE
(OD405 of 1.580 � 0.358). Microscopy revealed that rNVLP
localized to the veins of cilantro, similar to the localization
observed for romaine lettuce. In contrast, iceberg lettuce
bound rNVLP over the whole leaf, whereas no rNVLP on the
surface of celery was observed. Finally, rNVLP appeared to
bind to spinach at specific locations that appeared to be de-
pressions on the leaf (Fig. 5).

FIG. 3. Comparison between rNVLP binding to PGM and RE was
assayed by ELISA. (A) The involvement of sugar and protein moieties
in rNVLP binding was determined by treatment of PGM or RE with
KIO4 or after being boiled. (B) Competition assay in which rNVLP
were preincubated with the listed dilution amount of RE prior to
incubation on PGM-coated plates. (C) rNVLP were preincubated with
the listed amount of PGM prior to incubation on RE-coated plates.
Error bars represent SD.

FIG. 4. Wells of a plate were coated with extracts from each of the
different listed vegetables, and rNVLP binding was assayed by ELISA.
Error bars represent SD.
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DISCUSSION

The results of this study indicate that rNVLP can bind to
romaine lettuce. Even rNVLP applied evenly throughout the
surfaces of romaine leaves appeared by confocal microscopy to
localize in clusters on veins rather than with an even distribu-
tion throughout the romaine leaf. The localization of the bind-
ing of rNVLP along romaine leaf veins implies that binding
may involve a specific ligand(s) on the leaf surface.

Veins of leaves have a thinner waxy coat than the overall leaf
surface and bind naturally occurring epiphytic bacteria along
veins in a manner similar to that of rNVLP shown in this study
(2). Several species of bacteria are able to express HBGA-like
sugars on their lipopolysaccharide O-chains (20, 27); therefore,
it is possible that rNVLP might have bound to lipopolysaccha-
ride (LPS) or some other component of natural bacteria bound
to veins (2). Our preliminary results suggest this is not the case,
but we cannot yet eliminate this as a possible mechanism of

binding to components in RE or on the leaf surface. For
example, a surface wash of a romaine leaf was plated on Luria-
Bertani agar plates, and the three most common bacteria
(based on colony morphology) were isolated. None of these
bacteria used to coat wells of an ELISA plate could bind
rNVLP (data not shown). Furthermore, the RE preparation
included a 10,000 � g centrifugation step that should eliminate
most, if not all, of the bacterial cells in the extract, minimizing
them as possible receptors for rNVLP. Finally, rNVLP binding
to RE did not mimic rNVLP binding to HBGA, and anti-
HBGA antibodies did not bind to RE, implying that bacteria
with HBGA-like sugars on the surface were not present in RE
to facilitate rNVLP binding.

Since rNVLP do not appear to bind bacteria on the romaine
surface, it seemed possible that rNVLP were binding to plant
molecules exposed at the veins. It is difficult to test the vein
region only, so the binding of rNVLP to romaine lettuce was

FIG. 5. rNVLP binding to the surfaces of cilantro (A), iceberg lettuce (B), celery (C), and spinach (D) was assayed by confocal microscopy.
Red, autofluorescence of vegetable; green, rNVLP.
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further assessed with RE. Binding of rNVLP to RE molecules
with and without inhibitors was assessed by an ELISA devel-
oped previously to test NoV binding to various substrates (25).
Binding was dose dependent over a 1,000-fold range to RE and
was relatively specific (6-fold higher than that of the negative
control). rNVLP binding to RE was reproducible with multiple
preparations from different leaves and different heads of retail
romaine lettuce. However, the extent of binding relative to the
negative control was variable between preparations, ranging
from P/N ratios of 3.5 to 10. The variability in binding between
preparations could be the result of differing amounts of a
binding factor released during extraction or of differences in
the physical or anatomical factors in the different heads of
lettuce. Additional research will be needed to determine the
exact nature of the receptors binding rNVLP in this study.

HBGA are recognized receptors for human NoV, and bind-
ing has been mapped to the outer pocket of the P domain
protrusions on the Norwalk virus shell (3, 22). RE did not
appear to contain any HBGA-like sugars based on the lack of
binding of specific anti-HBGA antibodies by ELISA. Cur-
rently, it is unclear if ligands other than HBGA are involved in
NoV binding. The binding of rNVLP to romaine was therefore
compared to the binding of rNVLP to PGM, which contains
type A, type O, and type Lewis b HBGA and to which Norwalk
virus is known to bind (24). Unlike PGM, which binds to
rNVLP primarily via sugar moieties, as reflected by abolished
binding activity after oxidation of PGM (24), RE binding of
rNVLP was increased slightly by oxidation but decreased
slightly but significantly by being boiled. This suggests that
proteins might have some role in rNVLP binding to RE,
whereas sugars do not play a role and may serve to mildly
inhibit binding. However, the leaf phylloplane is composed of
epidermal cells covered by cuticle, which is a mixture of cutin,
polysaccharides, and a variety of waxes composed of long-
chain fatty acids (17). For example, a wax (stigmasterol) ex-
tracted from cilantro leaves was shown to bind Salmonella
enterica cells (see Fig. 2.3F in reference 17). Whether a single
protein or a more complex set of glycoconjugates, proteins,
waxes, and/or other molecules provide multiple binding recep-
tors on romaine remains unclear. The results of these experi-
ments, however, do imply that some molecules in romaine
lettuce, unlike HBGA, might be involved in the binding of
rNVLP, molecules which have not been described previously
for human NoV.

Competition assays were performed between RE and PGM
to determine if ligands in RE might bind to the outer pocket of
the P domain of rNVLP, shown previously to bind to HBGA
receptors. A dilution series of RE preincubated with rNVLP
had no effect on rNVLP binding to PGM. Similarly, when
PGM was preincubated with rNVLP prior to rNVLP incuba-
tion with RE, PGM at concentrations of up to 10 �g/ml did not
compete against rNVLP binding to RE. The lack of competi-
tion between PGM and RE for rNVLP binding implies that
RE does not utilize the HBGA binding pocket of rNVLP,
which also has not been characterized previously for the at-
tachment of Norwalk virus.

Based on the results of rNVLP binding to romaine lettuce,
binding of rNVLP to a variety of vegetables was assayed.
rNVLP were determined to bind to extracts from cilantro,
iceberg lettuce, celery, and spinach but not to green onions,

clover sprouts, and raspberries. This binding was weaker than
binding to RE, and when further analyzed by microscopy, only
cilantro and iceberg lettuce were observed to consistently bind
rNVLP. rNVLP localized to the veins of cilantro, in a pattern
that mimicked the localization of rNVLP on romaine lettuce,
suggesting that cilantro may also contain a specific ligand that
is able to bind rNVLP and that this ligand may be present
along the veins where the waxy cuticle is thinner or absent.
Iceberg lettuce, on the other hand, was determined to bind
rNVLP along the entire surface. This suggests that a ligand is
present along the length of the iceberg leaf surface and/or that
binding is less specific than to other vegetable locations. In
contrast, celery stalks did not appear to bind rNVLP along the
surface, possibly due to diffuse binding on the surface or a lack
of clustering of particles, which could make the signal too weak
to detect. Another possibility is that the binding observed by
ELISA is due to the release of a factor when preparing the
extract that is internal to the celery stalk normally and is not
present on the stalk surface to allow rNVLP binding. Finally,
rNVLP bound weakly along the surface of a spinach leaf, or
perhaps, rNVLP were trapped in pockets along the surface.

During the course of preparing the manuscript, a similar
study was performed looking at murine NoV (MNoV) binding
to romaine lettuce. Wei and colleagues (26) determined that
MNoV binds to the surface, stomata, and open cuts on ro-
maine, though they could not confirm that binding was statis-
tically significant. Furthermore, they demonstrated that vari-
ous biosolids increased the binding of MNoV to romaine. As
norovirus contamination is likely caused by human fecal con-
tamination, this result is relevant to theories about preharvest
contamination of produce, including adjacent contaminated
watersheds or biosolid soil amendments. The major difference
between the cited study and our study is the use of MNoV
rather than recombinant human norovirus. The binding char-
acteristics of human NoV to HBGA have been characterized
with live virions of several species as well as virus-like particles
(3, 22), whereas MNoV appears to use ganglioside-linked ter-
minal sialic acids as receptors on macrophages (23). Further-
more, the crystal structure of the MNoV capsid demonstrates
a structure very different from those of human NoV and other
caliciviruses (12), which implies that the binding properties of
MNoV also could be different than those of other human NoV
and caliciviruses. Since MNoV can be amplified in cell culture,
Wei and colleagues used SYBR green-tagged quantifiable
amounts of viral particles, facilitating visualization of single
virions bound to the romaine leaf (26). In contrast, our study
utilized human rNVLP to look for general binding patterns on
romaine and determined that rNVLP bound preferentially to
the veins of romaine leaves. The differences in the binding and
pathogenicity of MNoV compared to those of human NoV,
however, emphasize that human NoV is an appropriate choice
for studies related to improved detection, tracking, and biology
of NoV in food production environments and for information
relevant to NoV illness.

In conclusion, we have shown that human rNVLP bind to
the surfaces of romaine lettuce. The localization pattern of
rNVLP on romaine suggests that specific ligands may be avail-
able on the leaf surface to bind rNVLP. We hypothesize that
ligands enhance the bioaccumulation of NoV particles on ro-
maine, similar to processes that occur in oysters (15, 25). Bio-
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accumulation may also occur on other leafy greens, including
iceberg lettuce and cilantro. Fundamental research will be
needed to identify and characterize the potential binding li-
gand(s) and to determine whether other leafy green types and
their cultivars can bind rNVLP and intact NoV. Additionally,
determining how the virions of different NoV species bind to
produce and the effect of biosolids and other cocontaminants
on binding will be important for elucidating the health risks to
produce in public. The numerous outbreaks and illnesses as-
sociated with NoV-contaminated produce emphasize the need
to better understand NoV biology related to fresh produce in
general and leafy greens in particular. The most important
goal, however, is to determine whether NoV is present in
produce production environments and whether preharvest
contamination with NoV could be contributing to produce
associated outbreaks.
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