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Loss of ordered molecular structure in proteins is known to increase their adhesion to surfaces. The aim of this work was to
study the stability of norovirus secondary and tertiary structures and its implications for viral adhesion to fresh foods and agri-
food surfaces. The pH, ionic strength, and temperature conditions studied correspond to those prevalent in the principal vehi-
cles of viral transmission (vomit and feces) and in the food processing and handling environment (pasteurization and refrigera-
tion). The structures of virus-like particles representing GI.1, GII.4, and feline calicivirus (FCV) were studied using circular
dichroism and intrinsic UV fluorescence. The particles were remarkably stable under most of the conditions. However, heating
to 65°C caused losses of �-strand structure, notably in GI.1 and FCV, while at 75°C the �-helix content of GII.4 and FCV de-
creased and tertiary structures unfolded in all three cases. Combining temperature with pH or ionic strength caused variable
losses of structure depending on the particle type. Regardless of pH, heating to pasteurization temperatures or higher would be
required to increase GII.4 and FCV adhesion, while either low or high temperatures would favor GI.1 adhesion. Regardless of
temperature, increased ionic strength would increase GII.4 adhesion but would decrease GI.1 adhesion. FCV adsorption would
be greater at refrigeration, pasteurization, or high temperature combined with a low salt concentration or at a higher NaCl con-
centration regardless of temperature. Norovirus adhesion mediated by hydrophobic interaction may depend on hydrophobic
residues normally exposed on the capsid surface at pH 3, pH 8, physiological ionic strength, and low temperature, while at pas-
teurization temperatures it may rely more on buried hydrophobic residues exposed upon structural rearrangement.

Noroviruses are the main cause of acute nonbacterial gastroen-
teritis in the United States, accounting for nearly 58% of all

food-borne illnesses reported in 2011 (1). Most European coun-
tries experienced repeated outbreaks of norovirus gastroenteritis
during the period 2002 to 2006 (2). Multiple outbreaks were also
reported in Canada (3) and numerous other countries throughout
the world (4). Noroviruses are classified in the calicivirus family
(5). Human illness usually involves genogroup I or II. The former
is frequently involved in transmission via shellfish (6), while the
latter is transmitted person to person (7). The norovirus structure
comprises a single positive strand of RNA with an icosahedral
nonenveloped capsid about 28 to 35 nm in diameter (8).

The infectiousness of noroviruses is strongly correlated with
their capacity to adhere to food preparation or processing surface
materials, such as stainless steel (9), and to remain infectious over
time. Biophysical and biochemical parameters such as pH toler-
ance, isoelectric pH, ionic strength, temperature tolerance, and
electrostatic/hydrophobic interactions are reportedly important
factors for adhesion to food surfaces (6) and inert surfaces (10).
Increased ionic strength may increase adhesion by strengthening
van der Waals attraction or hydrophobic interaction (11, 12). Low
pH reportedly favors adhesion, while high pH favors detachment
(10). In studies of human norovirus GI.1, da Silva et al. observed
inconsistent attachment to silica below the isoelectric pH but a
clear decrease in attachment above the isoelectric pH (13). Other
biomaterials known to behave in this manner include bovine se-
rum albumin, gamma globulin, and fibrinogen (14) and cells of
bacteria such as Staphylococcus aureus (15). The effect of temper-
ature is less clear. While no data on noroviruses or viruses in
general have been published, proteins such as bovine serum albu-
min have been shown to adsorb to polymer surfaces by two types

of mechanisms. In the case of type 1, the attraction is somewhat
hydrophilic, and adhesion generally decreases with increasing
temperature. Type 2 involves firm hydrophobic attraction, and
adhesion usually increases with increasing temperature (14).

Hydrophobic interactions are thought to be the main contrib-
utor to the strength of adhesive interactions between proteins and
surfaces in aqueous media (16–22). These interactions involve loss
of hydration layers and agglomeration of hydrophobic groups.
Shedding of the hydration layer due to movement of hydrophobic
groups (proteins and surfaces) is entropy driven (21). Structural
rearrangements involving losses of secondary structure and glob-
ular conformation have been shown to expose internal hydropho-
bic groups within protein molecules and to increase entropy and
interaction with surfaces (22–24). The secondary structure con-
tent, especially the �-helix content of proteins such as bovine se-
rum albumin, chymotrypsin, cutinase, lysozyme, �-lactalbumin,
and human plasma albumin, reportedly differs between the ad-
sorbed and nonadsorbed states (16–22). However, no similar
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studies of norovirus structure/adhesion relationships have been
published.

In our investigation of norovirus zeta potential and aggrega-
tion, we found that viral particles adsorb maximally at pH 4 (near
their isoelectric point) to hydrophobic surfaces such as lettuce
leaves and common inert surfaces (polystyrene, polyethylene,
polypropylene, etc.) in the food sector (25). Virus adhesion to
hydrophobic surfaces appeared to be positively correlated with
increasing ionic strength and temperature. The objective of the
present study was to evaluate the stability of norovirus secondary
and tertiary structures under different biophysical and biochem-
ical conditions encountered in various environments, including
food manufacturing and food services. Virus-like particles (VLPs)
representing human noroviruses and feline calicivirus (FCV) were
exposed to acidic, neutral, or slightly basic pH, ionic strengths of
0.0, 0.1, or 0.25 M NaCl, and refrigeration, room, or pasteuriza-
tion temperatures and to certain combinations thereof. Structural
changes in viral capsids were monitored using circular dichroism
(CD) and UV fluorescence spectroscopic techniques.

MATERIALS AND METHODS
VLP production and purification. Virus-like particles (VLPs) of norovi-
rus GI.1 and GII.4 and feline calicivirus (FCV) were produced using a
baculovirus expression vector system (26), purified as described by Huhti
et al. (27), and concentrated by ultrafiltration using an Amicon-100 filter
(molecular weight cuttoff [MWCO], 100,000; Millipore). Purified VLPs
were then resuspended in 0.2-�m-filtered high-pressure liquid chroma-
tography (HPLC) water (for GI.1) or phosphate-buffered saline (PBS)
(pH 7.4) (for GII.4 and FCV) to obtain a stock solution whose concentra-
tion was measured as absorption at 280 nm using a NanoDrop instrument
(ND-1000; NanoDrop, Wilmington, DE, USA). The VLP suspensions
were kept at 4°C until use.

Treatment of virus-like particles under different pH, ionic strength,
and temperature conditions. The pH range of 3 to 8 was selected because
it is representative of the vehicle (vomit or feces) via which noroviruses are
most often transmitted. Neutral pH was taken as a control condition. This
range may be covered using 20 mM citrate phosphate buffer, which con-
tributes very little to ionic strength. Physiological ionic strength could
thus be set using 0.1 to 0.25 M NaCl, with deionized water taken as the
control condition. Finally, the temperatures 4, 22, 65, and 75°C corre-
spond, respectively, to refrigeration, room (control), and slow and fast
pasteurization temperatures and hence to food storage, handling, and
processing conditions. Combined treatments were investigated over a
temperature range of 4 to 90°C coupled with pH range or ionic strength
range. All buffers or NaCl solutions as well as deionized water were filtered
before use (Phenex RC 4-mm [0.2-�m] syringe filter; Phenomenex).

CD. VLP secondary structure was monitored by far-UV circular di-
chroism (CD) using a Jasco-815 spectropolarimeter (JASCO Interna-
tional Co., Ltd., USA) equipped with a water bath and a Peltier tempera-
ture controller. Samples were diluted to the appropriate concentration
(0.22 mg · ml�1) in prefiltered buffer (pH 3 to 8) or ionic strength solution
and refiltered before analysis. The sample volume was 140 �l, and the path
length was 1 mm. Quartz cuvettes were used. The desired temperature (4,
22, 65, or 75°C) was selected using the spectropolarimeter software. Each
spectrum was a mean of 10 scans from 260 to 190 nm. Blanks were made
for all physicochemical conditions and subtracted from measured values.
Measurement parameters were “standard” sensitivity, 0.5-nm resolution,
100 nm · s�1 scanning speed, 1-nm bandwidth, 1-s response time, and 1-s
digital integration time, and results or ellipticities (�) were displayed in m
degree (y axis of plots, machine unit). Assays for spectral deconvolutions
(i.e., secondary structure determination) were conducted first on
DICHROWEB (28, 29), followed by routine deconvolution on the CDPro
analysis program of the Jasco spectral analysis software. Algorithms used
for deconvolution were CONTIN (30) and CDSSTR (31), both modified

by Sreerama and Woody for CDPro analysis program use (32). The SP48
protein set was used, and only deconvolutions with root mean square
deviation (RSMD) of �0.250 were considered conclusive.

Near-UV intrinsic fluorescence measurements. Tertiary structural
stability was analyzed in terms of intrinsic UV using a spectrofluorometer.
Excitation was set for tryptophan residues, for which the emission wave-
length is more meaningful than the fluorescence amplitude. When a tryp-
tophan residue is exposed, its fluorescence peak is at 350 nm, while the
peak for an embedded residue is at 330 nm (33). Based on tryptophan
exposure, the relative unfolding or refolding of a protein can be moni-
tored. Samples were diluted at the appropriate concentration (0.055 mg ·
ml�1) in prefiltered buffer (pH 3, 7, and 8 or ionic strengths 0, 0.1, and
0.25 M) and refiltered as described above before measurements. The sam-
ple volume was 300 �l. Quartz cuvettes were used. The desired tempera-
ture (4, 22, 65, and 75°C) was selected via the spectrofluorometer software
and maintained by a temperature-controlled circulating water bath. The
excitation wavelength was 280 nm, and emission was measured between
305 and 450 nm. The excitation and emission slits were set at 5; the exci-
tation and emission filters were on “auto” and “open,” respectively;
the axis minimum and maximum were 0.000 and 50,000, respectively; the
emission photomultiplier tube voltage was 800 V; and the detector voltage
was “high” and the speed “medium.” The threshold was 50, and the curve
was smoothed using the Savitzky-Golay filter set at 9. Blanks were made
for all physicochemical solutions and subtracted from measured values.
The results presented here are means of three measurements.

RESULTS
Effect of pH on VLP secondary structure. Figure 1 shows the
effect of pH (3, 7, and 8) on VLP secondary structure at 22°C based
on circular dichroism spectroscopy. The predicted secondary
structure distribution based on data deconvolution is shown in
Table 1. The unordered structure of GI.1 increased from 36.3% at
pH 7 to 40% at pH 3, while �-helix and �-strand structures de-
creased, respectively, by 2.9% and 1.3%. The effect of increasing
the pH to 8 was smaller. In comparison, GII.4 was stable, as shown
in Fig. 1b and Table 1. In the case of FCV, a conspicuous shift from
�-strand (�8.3%) to �-helix (�10.7%) occurred at pH 3, while
pH 8 did not disrupt the secondary structure nearly as much, as
shown in Fig. 1c.

Effect of ionic strength on VLP secondary structure. Changes
in VLP structure at different ionic strengths are summarized in
Table 2. In the case of GI.1, both 0.1 M and 0.25 M NaCl induced
conspicuous shifts from �-strand to �-helix and unordered struc-
tures (respectively, �13.0% and �13.7%, �9.5% and �8.4%,
and �2.0% and �3.5%), while turns remained relatively un-
changed compared to the control (deionized water). In compari-
son, GII.4 retained its �-helix and turn structures as ionic strength
was increased to 0.1 or 0.25 M, while �-strands apparently shifted
to unstructured forms. In the case of FCV, �-strands decreased
from 38.3% to 27.4% and 23.6%, respectively, as the ionic
strength increased from 0 to 0.1 and 0.25 M NaCl. A 3.4 to 5%
decrease in turn content was also observed. Meanwhile, �-helix
and unordered structures increased, respectively, by 10.3% and
11.1% and by 4.2% and 8.8% in response to these increases in
ionic strength.

Effect of temperature on VLP secondary structure. The effect
of temperatures ranging from 4°C to 75°C on VLP secondary
structure at neutral pH is summarized in Table 3. No VLP under-
went any significant shift in structure at 4°C relative to the corre-
sponding control held at room temperature (22°C). Heating to
65°C altered the �-strand content of GI.1, causing the helix con-
tent to increase from 8.1% to 16.1%, while all ordered structures
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shifted slightly to unordered structure in GII.4, and the �-strand
content of FCV dropped by 9.9% in favor of unordered structure
(helix and turn contents remained relatively stable). Further heat-
ing to 75°C caused additional shifts of secondary structure to un-
ordered in both GI.1 and GII.4 (from 36.9% to 45.1% in the latter
case), mostly at the expense of the �-helix content. In the case of
FCV, this shift occurred at the expense of the �-helix (�3.3%),
�-strand (�6.3%), and turn (�4.5%) structures. Beta-strands
withstood the increase from 65°C to 75°C better in GII.4.

Combined effects of temperature with pH or ionic strength
on VLP secondary structure. Figure 2 shows the response plot of
VLP secondary structures for combined treatments (temperature
with pH and temperature with ionic strength). The loss of orderly
secondary structure in GI.1 fluctuated considerably in tempera-
ture/pH combined treatments (Fig. 2a), with maxima observed at
T � 12.6°C/pH 5 to 6 and T 	 72.8°C/pH 6 to 8. The greatest
losses were observed over the temperature range of 29.8 to 55.6°C
regardless of pH. In contrast, GII.4 (Fig. 2b) and FCV (Fig. 2c)
presented flat loss profiles, with a minimum at 4°C regardless of
pH and maxima at 90°C at pH 3 and pH 8.

In addition, temperature and ionic strength had the opposite
effects on GI.1 VLP secondary structure (Fig. 2d). While increas-
ing temperature brought losses of order starting at 15°C, increas-
ing ionic strength appeared to bring a gain independent of tem-
perature. Similarly, loss in the case of FCV was minimal over the
0.1 to 0.2 M range regardless of temperature (Fig. 2f). Loss was
maximal at 0.25 M NaCl regardless of temperature or at 4°C or
high temperatures (64.2 to 90°C) combined with low ionic
strength (0 to 0.05 M). In contrast, increasing ionic strength dis-
rupted GII.4 VLP secondary structure (Fig. 2e), with maximal loss
in the 0.1 to 0.2 M range regardless of temperature.

Effects of pH, ionic strength, and temperature on the stabil-
ity of VLP tertiary structure. Unfolding of VLP tertiary structure
as a function of pH, ionic strength, or temperature was monitored
as tryptophan fluorescence (Table 4). Neither pH nor ionic
strength produced a variation of more than about 1 nm at 22°C.
Decreases of 0.98 and 0.68 nm at pH 3 and increases of 1.02 and 1
at pH 8 were noted, respectively, for GI.1 and FCV, while increases
of approximately 1 and 0.07 nm, respectively, at pH 3 and pH 8
were noted for GII.4. A small increase (2.34 nm) was noted for
GI.1 at 4°C. In contrast, heating to 65°C produced increases of
2.66 nm and 3.32 nm in the cases of GI.1 and FCV, respectively,
and heating to 75°C produced increases of 6.34, 6.32, and 5.32 nm,
respectively, for GI.1, GII.4 and FCV.

DISCUSSION

In this study, the effects of pH, ionic strength and temperature on
the secondary and tertiary structures of virus-like particles repre-
senting noroviruses GI.1 and GII.4 and feline calicivirus were ob-
served using circular dichroism and fluorescence spectroscopy.
The experimental treatments were selected in order to produce
conditions prevalent in the most likely vehicles of norovirus trans-
mission (vomit and feces) and in the environment that the virus
would have to withstand (pasteurization and refrigeration) in or-
der to remain infectious. At neutral pH, the three VLPs, but espe-
cially GI.1 and GII.4, had similar proportions of the four types of
secondary structure. The measured percentages of �-helices and
�-strands (i.e., 8% and 35%, respectively) were in good agreement
with the theoretical calculations and similar to levels reported by
Ausar et al. for Norwalk VLPs (34).

All three VLPs were shown to undergo secondary and tertiary
structural changes induced by changes in pH, ionic strength, and
temperature. While acidic pH affected secondary structures of

TABLE 1 Effect of pH on the distribution of secondary structures in
VLPs, based on circular dichroism spectroscopy

VLP pH

Secondary structure type (%)

�-Helix �-Strand Turns Unordered

GI.1 3 5.0 34.7 20.4 40.0
7 8.1 36.0 19.3 36.3
8 6.2 37.7 19.1 37.2

GII.4 3 7.2 35.7 19.5 36.8
7 7.7 35.2 20.2 36.9
8 7.1 35.7 20.4 36.8

FCV 3 15.7 24.9 20.8 38.5
7 5.0 33.2 19.9 40.7
8 7.2 32.4 18.4 41.6

FIG 1 Circular dichroism spectra of virus-like particles of GI.1 (a), GII.4 (b),
and FCV (c) at pH 3 (dotted lines), pH 7 (solid lines), and pH 8 (dashed lines).
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FCV (loss of �-strands) more than those of GI.1 (small losses of
�-helices and �-strands), slightly basic pH did not induce much
change in either VLP. Ausar et al. (34) reported that pH alone had
no significant effect on Norwalk virus secondary structure other
than a slight decrease in �-helix content concomitant with a slight
increase in unordered structure at pH 8. In our study, FCV under-
went a conspicuous shift from � to � at pH 3 but no net loss of
ordered structure. These relative stabilities were reflected in the
UV fluorescence results, which indicated no significant variation
(
1 nm) in tryptophan emission wavelength and suggest that
acidic and slightly basic conditions have minimal impact on the
tertiary structures of these VLPs. This further suggests that the
usual vehicles of human norovirus transmission do not promote
viral adhesion to hydrophobic surfaces (e.g., lettuce, polypropyl-
ene, polyethylene, or polystyrene), since exposure of buried hy-
drophobic residues, loss of the hydration layer, structural rear-
rangement, and increased entropy do not result from a simple pH

effect. While Girard et al. did not find any influence of pH on
human norovirus adhesion to stainless steel (9), Vega et al. re-
ported that FCV was more adherent to lettuce at pH 5 to 8 (35). In
addition, Ausar et al. (34) did report changes in Norwalk virus
tertiary structure due to pH variations and considered these to be
sufficient to expose buried tryptophan residues particles to the
solvent.

Variation of ionic strength caused conspicuous shifts from
�-strand to �-helix, concomitant with slight losses of ordered sec-
ondary structure in GI.1 and FCV and barely perceptible losses of
both structures in GII.4 particles. Increased ionic strength pro-
moted helix formation in GI.1 and FCV at the expense of
�-strands, a phenomenon likely due to a decrease in the dielectric
constant of the solvent (36) favoring intrapeptide hydrogen bond-

TABLE 2 Effect of ionic strength ([NaCl]) on the distribution of
secondary structures in VLPs, based on circular dichroism spectroscopy

VLP
Ionic strength
(M)

Secondary structure type (%)

�-Helix �-Strand Turns Unordered

GI.1 0.00 6.4 39.8 18.9 35.4
0.10 15.9 26.8 19.4 37.4
0.25 14.8 26.1 19.9 38.9

GII.4 0.00 7.5 36.1 19.9 37.0
0.10 6.7 33.2 22.9 37.7
0.25 6.3 30.0 20.7 41.9

FCV 0.00 5.8 38.3 23.1 32.1
0.10 16.1 27.4 19.7 36.3
0.25 16.9 23.6 18.1 40.9

TABLE 3 Effect of temperature on the distribution of secondary
structures in VLPs, based on circular dichroism spectroscopy

VLP Temp (°C)

Secondary structure type (%)

�-Helix �-Strand Turns Unordered

GI.1 4 7.7 35.3 19.4 37.0
22 8.1 36.0 19.3 36.3
65 16.1 26.3 19.5 37.7
75 7.0 28.0 21.4 43.4

GII.4 4 8.2 35.4 20.3 36.0
22 7.7 35.2 20.2 36.9
65 6.3 34.0 18.4 41.3
75 0.7 33.6 20.2 45.1

FCV 4 7.1 29.5 22.2 40.5
22 5.0 33.2 19.9 40.7
65 5.2 23.3 22.3 49.0
75 1.7 26.9 15.4 55.1

FIG 2 Response plot for the combined effects of temperature and pH (a, b, and c) or ionic strength (d, e, and f) on the unordered structure content of virus-like
particles representing GI.1 (a and d), GII.4 (b and e), and FCV (c and f).
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ing (33). Intrapeptide hydrogen bonds are features of helical con-
formations, while intermolecular hydrogen bonds are associated
with strand-like conformations (33, 37). Trifluoroethanol (TFE)
reportedly decreases the dielectric constant and promotes �-helix
formation at the expense of both unordered and �-strand struc-
tures (33, 37). In contrast, increasing the ionic strength did not
favor helical conformation in GII.4, which might be due to the
observed overall stability of this VLP. In addition, changes in tryp-
tophan emission wavelength at different ionic strengths were neg-
ligible and nonlinear, suggesting that VLP tertiary structures did
not unfold to any appreciable degree, as was the case for the pH
effect. A report by da Silva et al. (13) showed increased stability of
GII.4 VLPs at higher concentrations of NaCl. Under the ionic
strengths conditions tested in the present study, structural rear-
rangement, though considerable, was not expected to allow inter-
nal hydrophobic residues as large as tryptophan to disrupt the
surface hydration layer and generate sufficient entropy to allow
VLP adhesion to hydrophobic surfaces such as polystyrene, poly-
ethylene, lettuce, etc. This might occur nevertheless, since da Silva
et al. (13) reported positive correlations between ionic strength
and adhesion of GI.1 and GII.4 VLPs to such surfaces at pH 8.

None of the three VLPs were sensitive to refrigeration at neu-
tral pH, since their secondary structures remained comparable to
that of the control (room temperature). However, heating to 65°C
altered �-strands in both GI.1 and FCV, while these structures
remained stable in GII.4. Although the helix remained relatively
stable in GII.4 and FCV, a noticeable increase in helix content was
observed in the case of GI.1, similar to that reported by Ausar et al.
for Norwalk virus at 63°C (and at pH 3, 7, and 8) but attributed to
the inherent inaccuracy of the structural evaluation (34). The ob-
served drop in �-helix content in all three VLPs at 75°C is obvi-
ously consistent with the reported unfolding effect of temperature
on this structure (33). The stability of �-strands is consistent with
a previous report by Barrow et al. (37), who demonstrated that
�-sheets are not sensitive to temperature and often increase to
some extent. The secondary structures of the tested VLPs were
generally more sensitive to heat than to pH or ionic strength. In
addition, fluorescence UV results showed the largest variation in

tryptophan emission wavelength, with positive shifts in the range
of 5.32 to 6.34 nm for all VLPs at 75°C. Ausar et al. (34) found that
the secondary, tertiary, and quaternary structures of norovirus
VLPs are altered above 60°C. It therefore appears likely that heat
would increase the adhesion of noroviruses to hydrophobic ma-
terials or food surfaces, and this adhesion is expected to be endo-
thermic, in view of the conclusions of Dillman and Miller (1973)
based on bovine serum albumin adhesion assays (14).

The combination of temperature with pH or ionic strength
induced a broader range of changes to VLP secondary structure.
Temperatures above 72.8°C combined with acidic pH brought the
greatest loss of ordered structure for GII.4 particles, while GI.1
and FCV were more unstructured at pH 6 to 8. Heating to pas-
teurization temperatures or higher would be required to increase
GII.4 or FCV adhesion to hydrophobic surfaces, while either re-
frigeration or pasteurization temperatures would favor GI.1 ad-
hesion. Temperature and ionic strength had negatively correlated
effects on GI.1 VLP structure. Regardless of the temperature, in-
creased ionic strength caused a loss of ordered structure in GII.4
VLP but a gain in the case of GI.1. FCV lost ordered structure at
low ionic strength (0 to 0.05 M) at refrigeration temperature, pas-
teurization temperature, and above and at high ionic strength
(0.25 M) regardless of temperature. Under these conditions, sub-
sequent loss of the hydration layer is expected to increase particle
adhesion to hydrophobic surfaces. NaCl is the most common in-
gredient in prepared foods (e.g., sauces and condiments) and has
been reported to favor virus adhesion by reinforcing hydrophobic
or van der Waals attractions (11, 12). Combinations of low or high
temperature with low or high ionic strength appear to increase
VLP adhesion to hydrophobic surfaces, in particular that of GII.4.
Human noroviruses GI and GII have been detected in berries after
heating (heat drying treatment) to 80°C and 120°C, respectively
(38). Although the authors of that study stated clearly that the
particles detected were not infective (38), the finding that heating
to pasteurization temperatures or higher may enhance VLP adhe-
sion should be taken seriously in the food processing and food
services sectors. In fact, native noroviruses can resist temperatures
from freezing to 60°C and can persist on various surrounding
surfaces, seafood, fresh foods, fruits, and vegetables (39). They are
reportedly more heat resistant than poliovirus (40, 45), which may
withstand 30 min of steaming (94°C) when buried in oysters (41).
Any precautions for noroviruses should be extended to enteric
viruses such as hepatitis A virus (HAV), which also has been found
to resist inactivation by heat drying on berries at 100°C for 20 min
(38). Furthermore, it is not yet certain that pasteurization inacti-
vates all enteric viruses, including noroviruses and HAV (8, 42).
Butot et al. reported that while blanching at 95°C considerably
reduced the 50% tissue culture infective dose (TCID50) of HAV
and FCV on various herbs (basil, chives, mint, and parsley), its
efficacy for human norovirus GI and GII depended on the variety
of the herb (38). The VLPs used in this study consisted of VP1
monomers. Norovirus VLPs are reportedly identical morpholog-
ically and antigenically to the native virus (26). However, they may
be less stable because they lack the VP2 unit, which increases the
stability of the major component VP1 by preventing disassembly
and resisting attack by proteases (43). VLPs have been found to
tolerate pH 3 but not pH 10 for 10 min (26). They are sensitive to
temperatures above 60°C, and damage undergone at temperatures
above 65°C has been found to be irreversible (34). They also have
been found to be slightly more sensitive to physical agents such as

TABLE 4 Effect of pH, ionic strength, and temperature on the stability
of virus-like particle tertiary structure, as monitored by UV fluorescence
emission

Condition

Tryptophan emission peak (nm)

GI.1 GII.4 FCV

pH
3 331.4 329.7 329.0
7 332.4 328.7 329.7
8 333.4 329.4 330.7

Ionic strength (M)
0 332.05 331.0 330.0
0.1 333.0 330.4 330.0
0.25 332.4 329.0 331.0

Temp (°C)
4 334.7 328.7 330.3
22 332.4 328.7 329.7
65 335.0 330.0 333.0
75 338.7 335.0 335.0
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gamma radiation than is murine norovirus 1 (MNV-1) (a well-
known surrogate for human norovirus) and are believed to be
inherently less stable than native human norovirus (44). However,
the study of VLP stability may shed light on native norovirus sta-
bility and prove helpful in setting effective inactivation measures
to limit the outbreak and spread of noroviruses.

VLP secondary and tertiary structural stability under the dif-
ferent pH and ionic strength conditions tested does not appear to
be a major contributor to VLP adhesion. Under these conditions,
a loss of hydration layer would rely on the exposed hydrophobic
residues rather than the buried ones upon denaturation (struc-
tural rearrangement). In contrast, heat treatments, including pas-
teurization, are expected to expose buried hydrophobic residues
that are likely to contribute to particles adhesion to hydrophobic
material through structural rearrangement. Refrigeration would
contribute to adhesion essentially under low- and high-ionic-
strength conditions but to a lesser extent than would high temper-
atures. Since adhesion is a very complex phenomenon resulting
from other intrinsic properties related to viral proteins and sor-
bent surfaces (food or inert surfaces), adhesion assays would be
useful to clarify the role of structure and surface properties in the
adhesion phenomenon. Of course, the actual infectiousness of
viruses that become adherent as a result of structural rearrange-
ments needs to be determined as well.
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