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Human norovirus (HuNoV) is the leading cause of foodborne illnesses, with an increasing number of outbreaks associated with
leafy greens. Because HuNoV cannot be routinely cultured, culturable feline calicivirus (FCV), murine norovirus (MNV), por-
cine sapovirus (SaV), and Tulane virus (TV) have been used as surrogates. These viruses are generated in different cell lines as
infected cell lysates, which may differentially affect their stability. Our objective was to uniformly compare the survival of these
viruses on postharvest lettuce while evaluating the effects of cell lysates on their survival. Viruses were semipurified from cell
lysates by ultrafiltration or ultracentrifugation followed by resuspension in sterile water. Virus survival was examined before
and after semipurification: in suspension at room temperature (RT) until day 28 and on lettuce leaves stored at RT for 3 days or
at 4°C for 7 and 14 days. In suspension, both methods significantly enhanced the survival of all viruses. On lettuce, the survival of
MNV in cell lysates was similar to that in water, under all storage conditions. In contrast, the survival of FCV, SaV, and TV was
differentially enhanced, under different storage conditions, by removing cell lysates. Following semipurification, viruses showed
similar persistence to each other on lettuce stored under all conditions, with the exception of ultracentrifugation-purified FCV,
which showed a higher inactivation rate than MNV at 4°C for 14 days. In conclusion, the presence of cell lysates in viral suspen-
sions underestimated the survivability of these surrogate viruses, while viral semipurification revealed similar survivabilities on
postharvest lettuce leaves.

Human noroviruses (HuNoVs) are the leading cause of acute
viral gastroenteritis in the United States (1). These viruses are

28 to 35 nm in diameter, nonenveloped, single-stranded RNA
viruses that are members of the Caliciviridae family. An increasing
number of HuNoV outbreaks have been associated with leafy
greens (2). For example, food was the primary vehicle of transmis-
sion in 1,008 HuNoV outbreaks reported between 2009 and 2012
in the United States, and leafy greens were the primary food asso-
ciated with these outbreaks (1). Therefore, there is a need to un-
derstand the occurrence and survival/persistence of HuNoV on
leafy greens. However, assessing the survival of HuNoVs on leafy
greens is hampered by the fact that these viruses are still refractory
to routine growth in cell culture; hence, their infectivity cannot be
readily quantified (3, 4). Therefore, surrogate culturable viruses
are often used as proxies to investigate HuNoV transmission
routes, disinfection, and survival in the environment.

Among members of the Caliciviridae family, feline calicivirus
(FCV) has been the most widely used HuNoV surrogate since the
1990s (5). In 2004, murine norovirus (MNV), a virus genetically
more closely related to HuNoV, was propagated in cell culture (6)
and, since then, it has been widely used as a HuNoV surrogate (7).
In 2004, bile acids in intestinal contents were identified essential
for porcine sapovirus (SaV; Cowden strain) replication in vitro
(8), and later the use of SaV as a HuNoV surrogate was established
(9–11). In 2008, Tulane virus (TV) was propagated in cell culture
(12) and is currently being investigated as a surrogate for HuNoV
(9, 13). These HuNoV calicivirus surrogates differ in their suscep-
tible hosts, disease symptoms, cell surface receptor binding, and
physiochemical properties. For example, while FCV causes respi-
ratory tract disease in domestic cats (14), MNV causes modest
intestinal pathology in wild-type mice (15), TV causes fever, diar-
rhea, and inflammation of the duodenum in rhesus macaques
(16), and SaV causes gastroenteritis in gnotobiotic piglets (17, 18).

Previous studies were limited to assessing the survival of either one
or two of these surrogates on leafy greens (11, 13, 19–23). In ad-
dition, different studies have used different viral suspension ma-
trices, including undiluted or diluted virus-infected cell lysates in
phosphate-buffered saline (PBS), Hanks’ balanced salt solution
(HBSS), soil, or fecal solutions (11, 13, 19–23). For example, FCV
generated in cell lysates and diluted in cell culture medium was
90% inactivated within 1.5 days when inoculated on lettuce leaves
that were stored at 4°C (19), whereas when suspended in 10% fecal
solution the virus survived for at least 7 days (21). A 2-log reduc-
tion was reported for hepatitis A virus generated in cell lysates and
inoculated on lettuce leaves stored at 4°C for 7 days (24), whereas
less than a 0.5-log reduction occurred when the virus was sus-
pended in fecal solution (25). Uniform comparisons for all calici-
virus HuNoV surrogate survival rates on leafy greens are lacking.
This is important because different cell lysate matrices may have
different effects on the survival of these surrogate viruses, ham-
pering direct comparisons, an understanding of their comparative
survival on leafy greens, and the utility of these viruses as appro-
priate surrogates in studies concerned with survival on leafy
greens.
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Viruses are usually generated as infected cell lysates following
repeated freeze-thaw cycles implemented during the process of
harvesting the virus from infected cells. Although a brief low-
speed centrifugation (2,000 to 2,500 � g for 20 to 30 min at 4°C) is
usually performed to remove cellular debris, such as nuclei, the
cytosolic and membrane contents (with active enzymes) are re-
tained in the virus stocks. For example, LLC-PK1 and LLC-MK2,
used for SaV and TV generation, respectively, are known to secrete
significant amounts of plasminogen activator, a serine protease
(26), while RAW 264.7 cells (used for MNV generation) secrete
lysozyme, a glycoside hydrolase (27). Collectively, surrogate vi-
ruses propagated in these different cell lines are essentially sus-
pended in different infected cell lysates containing different secre-
tions and medium components, all of which may interact to affect
the stability of these viruses. Therefore, the overall objectives of
this study were to uniformly compare the survival rates of FCV,
SaV, MNV, and TV on postharvest lettuce under the same suspen-
sion matrix (water) while simultaneously assessing the effects of
infected cell lysates on their survival.

MATERIALS AND METHODS
Propagation of viruses. Cell culture propagation of SaV (Cowden strain),
FCV (F9 strain), MNV (S7 strain), and TV in an LLC porcine kidney cell
line (LLC-PK1; ATCC CL-101), the Crandell-Rees feline kidney cell line
(CRFK; ATCC CCL-94), a mouse leukemic macrophage cell line (RAW
264.7; ATCC TIB-71), and an LLC monkey kidney cell line (LLC-MK2;
ATCC CCL-7) was done as described previously (11, 12, 28). The MNV S7
strain was generously provided by Yukinobu Tohya, Department of Vet-
erinary Medicine, Nihon University, Japan (29). As reported previously,
SaV and FCV were cultured in minimum essential medium (MEM; Life
Technologies, Grand Island, NY) supplemented with nonessential amino
acids (1%) without or with 2% fetal bovine serum (FBS), respectively
(11). TV and MNV were cultured in M199 and Dulbecco’s modified Ea-
gle’s medium (DMEM) with high glucose (Life Technologies) supple-
mented with 5% and 10% FBS, respectively (12, 28). In addition, all cul-
ture media used for cell maintenance and virus generation were
supplemented with 1% HEPES and 1% antibiotic-antimycotic cocktail
(Invitrogen, Carlsbad, CA, USA). FBS (HyClone FBS characterized;
Thermo Scientific, Rockford, IL) used in culturing the cells and the viruses
(except for SaV) either received no heat inactivation (LLC-PK1) or was
heat inactivated at 56°C for 30 min (CRFK/FCV and LLC-MK2/TV) or at
60°C for 60 min (RAW 264.7/MNV) as previously described (11). Briefly,
confluent monolayers of cells (except for RAW 264.7 cells, which were
used at 90% confluence) were inoculated with each virus at a multiplicity
of infection (MOI) of 0.05. Cultures were harvested when 90% of the cells
showed cytopathic effects (CPE) at days 1.5, 2, 2.5, and 3 postinfection for
FCV, MNV, TV, and SaV, respectively. Viruses were released by applying
three cycles of freezing-thawing, and the cell debris was removed by cen-
trifugation at 2,500 � g for 30 min at 4°C. The supernatants containing the
viruses were aliquoted, stored at �80°C, and used in all subsequent ex-
periments. Virus titers were determined in CPE-based assays and ex-
pressed as the tissue culture infectious dose affecting 50% of the cultures
(TCID50), as described below. Viral yields for SaV, TV, and MNV (�6
log10 TCID50/ml) were not significantly different from each other. How-
ever, FCV was generated at a significantly higher yield (�8 log10 TCID50/
ml). Therefore, the FCV stocks were diluted 100-fold with cell lysates
(centrifuged as described above) obtained from control noninfected
CRFK cells that were incubated under similar conditions as the infected
cells.

Semipurification of viruses. To accurately compare the survival of the
four surrogate viruses, two approaches were followed to semipurify the
viruses from cell lysates: (i) ultrafiltration with Amicon 100K Ultra-15
centrifugal devices (Millipore, Billerica, MA) at 4,000 � g for 0.5 h at 4°C
(as recommended by the manufacturer); (ii) ultracentrifugation in Beck-

man tubes (Beckman Coulter, Brea, CA) at 112,700 � g for 1.5 h at 4°C.
Then, viruses were resuspended to their original volumes using distilled
water which was filtered through a 0.22-�m filter in a Milli-Q water sys-
tem (Millipore) and autoclaved. The pHs of cell lysate suspensions of
FCV, SaV, MNV, and TV were 7.90, 7.73, 7.23, and 8.42, respectively. The
pH of the reconstituted viral solutions in sterile water was similar to that of
sterile water (pH 7.86) used for the resuspension. There were no signifi-
cant differences in viral titers before or after ultracentrifugation or ultra-
filtration for FCV, SaV, MNV, and TV.

Survival experiments. The survival of viruses before and after semi-
purification was examined in suspension by incubating 1-ml aliquots of
the different surrogates in clear 1.5-ml microcentrifuge tubes at room
temperature (RT; �20°C) inside an opaque Tupperware box (to generate
dark conditions) for 0, 7, 14, 21, and 28 days. One-milliliter aliquots of
sterile water served as negative controls. The survival of FCV, SaV, MNV,
and TV on postharvest lettuce leaves was assessed using romaine lettuce
heads (Lactuca sativa) purchased from a local grocery store. Healthy outer
leaves were hand washed thoroughly with sterile water and then allowed
to dry before inoculation with viruses. To determine the detection limit
for each virus, 10-fold serially diluted viral suspensions were spot inocu-
lated onto lettuce leaves (1 ml per leaf at �30 cm2/leaf), allowed to dry for
2 h in a biological safety level II (BSL2) cabinet, and thereafter immedi-
ately processed as described below to determine viral titers at day 0 (de-
fined as following the 2-h drying period). Semipurified and unpurified
viruses were spot inoculated onto lettuce leaves (1 ml per leaf at �30
cm2/leaf), allowed to dry, and then bagged in sterile Whirl-Pak bags
(Nasco, Salida, CA, USA), preserving the relative humidity at 90 to 95% as
measured by a relative humidity meter (Fluke, Everett, WA). Samples
were stored under dark conditions (inside an opaque Tupperware box)
either at RT for 3 days or at 4°C for 7 and 14 days. Lettuce leaves spot
inoculated with 1 ml of sterile water served as negative controls. Viruses
were recovered from the lettuce samples as described previously (10).
Briefly, each lettuce sample was weighed, cut into small pieces, and trans-
ferred into a 50-ml Falcon tube containing 30 ml of MEM supplemented
with 1% antibiotic-antimycotic cocktail (Invitrogen, Carlsbad, CA, USA)
and 2% heat-inactivated (60°C for 1 h) FBS. Samples were shaken vigor-
ously (1 min vortexing and then 10 min shaking at 250 rpm at 4°C), and
the resulting solutions were centrifuged at 2,095 � g for 10 min to elimi-
nate plant debris and bacterial cells. The supernatants were ultracentri-
fuged at 112,700 � g for 1.5 h to concentrate the viruses. The resulting
pellets were suspended in 1 ml of sterile PBS (0.01 M, pH 7.4). The infec-
tivity titers (TCID50/g) were determined on day 0 and on postinoculation
days 3, 7, and 14, as described below.

Infectivity assays. Viruses were titrated for TCID50 by using their
respective cell lines cultured in 96-well plates. Briefly, 1- to 2-day-old
confluent cell monolayers (except for RAW 264.7 cells, which were used at
�50% confluence) in 96-well plates were infected in quadruplet with
serially diluted samples (1:10 in the respective cell culture medium sup-
plemented with 1% antibiotic-antimycotic cocktail) and incubated at
37°C. The plates were inspected daily for CPE, whereby final observations
were performed on day 5 for FCV, MNV, and TV. For SaV, on day 5
virus-infected cells in the highest dilution wells showing isolated CPE and
negative-control wells were indistinguishable. Therefore, an immunohis-
tochemistry protocol described previously (10) was used to stain virus-
infected cells to determine the TCID50 of SaV on day 5. The CPE for SaV,
TV, and FCV manifested as rounding of the cells followed by their detach-
ment from the cell monolayer, while that for MNV was observed as
shrinking of the cells, detachment, and loss of translucent appearance.
The wells with infected cells were scored positive, and the viral titers were
estimated following the Reed-Muench equation for the calculation of the
TCID50 (30). Virus negative-control processed leaf samples were used to
assess cytotoxic effects of plant debris on cells. No cytotoxic effects or
bacterial contamination was observed for any of the cell lines.

Statistical analysis. Prism version 5 (GraphPad Software, USA) was
used for statistical analyses. The entire data set was log10 transformed, and
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the reduction in infectivity titers at each incubation day was reported. The
reductions in infectivity were calculated by subtracting titers at each in-
cubation day from their respective titers at day 0. Significant differences in
mean reductions in infectivity titers of the different surrogate viruses were
determined by using either one-way (followed by Tukey post hoc) or two-
way (followed by Bonferroni posttest) analysis of variance (ANOVA),
depending on whether one or two factors were compared. Each experi-
ment was repeated twice with triplicate samples per virus per time point
per treatment. Differences in means were considered significant when the
P value was �0.05. Data are expressed as means � standard errors (SE).

RESULTS
Semipurification enhanced the survival of all viruses in suspen-
sion at RT. On day 0, there were no significant differences in the
virus titers for FCV, SaV, MNV, and TV (6.41 � 0.84, 5.83 � 0.07,
6.63 � 0.01, and 6.17 � 0.31 log10 TCID50/ml, respectively). FCV,
SaV, and TV generated in cell lysates were completely inactivated
on day 7, 14, and 21, respectively (Fig. 1A, D, and J). In contrast,
MNV showed an �2-log reduction in infectivity titer by day 7,
which remained stable through day 28 (Fig. 1G). All viruses puri-
fied by either ultracentrifugation or ultrafiltration exhibited sig-
nificantly lower reduction in infectivity titers compared to corre-
sponding viruses in cell lysates (Fig. 1). In addition, ultrafiltration
had a more positive effect on TV survival than ultracentrifugation
(Fig. 1K and L), while there was the opposite effect in the case of
FCV at days 21 and 28 (Fig. 1E and F). In contrast, there were no
significant differences between the effect of ultrafiltration in com-
parison to ultracentrifugation on either SaV (Fig. 1B and C) or
MNV survival (Fig. 1H and I). Ultrafiltered and ultracentrifuged
MNV was stable over time, showing no significant differences in
infectivity reduction titers on days 7, 14, 21, and 28 (Fig. 1H and I).
In contrast, ultracentrifuged and ultrafiltered SaV, FCV, and TV
showed significantly increased reductions in infectious titers on
day 28 compared to day 7 (Fig. 1). Overall, the semipurified vi-
ruses were still infectious on day 28. Purification by ultracentrif-
ugation showed that MNV had the lowest significant reduction in
infectivity titers, followed by FCV, SaV, and TV, which showed
similar reductions in titers (�1, 2, 2, and 2 log10 TCID50/ml, re-
spectively). While purification by ultrafiltration showed that
MNV had a similar reduction rate as TV, followed by SaV and then
by FCV (�0.5, 1, 2, and 3 log10 TCID50/ml, respectively).

Two-way ANOVA performed for each virus separately (with
suspension matrix and time as factors) revealed that the virus
suspension matrix exerted a significant effect (P � 0.05) on the
infectivity reductions for FCV, SaV, MNV, and TV, accounting
for �87, 91, 48, and 79% of the total variance in the data set. Time
had a less significant effect, accounting for 5, 7, and 12% of the
total variance for FCV, SaV, and TV, respectively. For MNV, time
had no significant impact on infectivity reductions, accounting for
2% of total variance. The interaction between the two factors was
significant only for FCV and TV (accounting for �3% of total
variance).

Semipurification enhanced the survival of FCV, SaV, and TV
on postharvest lettuce leaves. The minimum viral concentration
that could be detected per gram of lettuce leaves was not signifi-
cantly different among FCV, SaV, MNV, and TV (1.42 � 0.7, 1.7 �
0.30, 0.84 � 0.11, and 0.75 � 0.1 log10 TCID50/g, respectively). By
subtracting the titers of the recovered viruses obtained on day 0
(following the 2-h drying period) from the viral titers of the inoc-
ula, it was found that an average of 1.3 � 0.21, 1.18 � 0.22, 0.61 �
0.14, and 0.86 � 0.15 log10 TCID50/ml was lost during the recov-

ery process for FCV, SaV, MNV, and TV, respectively. This recov-
ery loss was not significantly different between the four viruses.
On day 0, there were no significant differences in the recovered
virus infectivity titers from lettuce leaves among FCV, SaV, MNV,
and TV (4.44 � 0.17, 3.44 � 0.48, 3.97 � 0.5, and 3.99 � 0.12 log10

TCID50/g of lettuce, respectively).
The four viruses incubated at RT for 3 days on lettuce leaves

exhibited significant differences in infectivity reductions when
suspended in cell lysates (Fig. 2A). In contrast, there were no sig-
nificant differences in the infectivity reductions among the semi-
purified surrogate viruses (Fig. 2B and C). Both ultrafiltration and
ultracentrifugation significantly improved the persistence of FCV
in comparison to FCV in cell lysates (Fig. 2B and C). However,
purification had no effect on the persistence of SaV, MNV, and
TV. When the four viruses were incubated on lettuce leaves at 4°C
for 7 days, a similar reduction in infectivity titers was detected
among SaV, FCV, MNV, and TV in cell lysates (Fig. 2D) and
following ultracentrifugation (Fig. 2E) or ultrafiltration purifica-
tion (Fig. 2F). Ultracentrifugation only enhanced the persistence
of FCV (Fig. 2E). While ultrafiltration enhanced the persistence of
SaV, FCV, and TV compared to viruses in cell lysates (Fig. 2F). On
day 14 at 4°C, only ultrafiltration produced significant enhance-
ment in the persistence of SaV and FCV compared to unpurified
viruses (Fig. 2I). The survival of MNV was not significantly differ-
ent between semipurified and unpurified viruses on days 7 (Fig.
2D, E, and F) or 14 (Fig. 2G, H, and I). Overall, all purified viruses
showed similar persistence to each other on lettuce stored under
all conditions, with the exception of ultracentrifugation-purified
FCV, which showed a significantly greater infectivity reduction
than MNV at 4°C at 14 days (Fig. 2H).

Comparing the survival rates of viruses in cell lysates incubated
on lettuce leaves at 4°C to those lysates incubated at RT revealed
that a period of 3 days of incubation at RT exerted a similar reduc-
tion effect on infectivity titers for all viruses as did a period of 7
days of incubation at 4°C (Fig. 2A and D). In addition, no further
significant reduction in infectivity titers was observed on day 14
compared to day 7 for any viruses (Fig. 2D and G). A similar trend
was observed for viruses that were ultracentrifuged and ultrafil-
tered, with the exception of ultracentrifuged FCV, which showed a
greater reduction in infectivity on day 14 (4°C) than on day 7
(4°C) or day 3 (RT) (Fig. 2H, E, and B), and ultrafiltered SaV and
TV, which showed a significantly greater reduction when incu-
bated at RT for 3 days versus at 4°C for 7 days (Fig. 2C and F).

Two-way ANOVA performed for the results with each virus
separately (with suspension matrix and storage conditions as fac-
tors) revealed that the virus suspension matrix exerted significant
effects on the infectivity reductions for FCV, SaV, and TV, ac-
counting for �43, 51, and 38% of total variance. Storage condi-
tions (3 days at RT or 7 and 14 days at 4°C) had fewer but signif-
icant effects for FCV, SaV, and TV, accounting for 14, 14, and 18%
of total variance, respectively. In contrast, neither suspension ma-
trix nor storage condition accounted for any significant effects on
MNV infectivity reductions. The interaction between the two fac-
tors was significant only for SaV (accounting for 15% of total
variance).

DISCUSSION

Our study demonstrated that the presence of cell lysates in viral
suspensions resulted in the complete inactivation of FCV, SaV,
and TV by day 7, 14, and 21, whereas it had lesser effects on MNV
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FIG 1 Reductions in viral infectivity titers (log10 TCID50 per milliliter) for SaV (A, B, and C), FCV (D, E, and F), MNV (G, H, and I), and TV (J, K, and L)
incubated at RT for 7, 14, 21, and 28 days. Viruses were left suspended in their virus-infected cell lysates or were semipurified by ultracentrifugation and
ultrafiltration followed by resuspension in sterile water. Significant differences between time points within each virus are indicated by at least one different
alphabet letter. Significant differences between semipurified viruses with respect to unpurified viruses are indicated by *, while those between the two purification
methods are indicated by #.
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during 28 days. The replacement of a cell lysate suspension matrix
by sterile water slightly changed the pH values for TV (8.4 to 7.8)
and MNV (7.2 to 7.8) but not for SaV and FCV suspension solu-
tions. However, based on previous studies, there were no signifi-
cant differences in infectivity titers at pH 7 or 8 for MNV and TV
incubated at RT for 30 min (13). The lower survival of these sur-
rogate viruses in cell lysates may have been due to the fact that as
infected cells die, they release proteolytic enzymes, reactive oxygen
species, and other metabolic by-products which may exert dam-
aging effects on viral capsid proteins (31, 32). One major differ-
ence in the virus-infected cell lysates of FCV, SaV, MNV, and TV
was the concentration of FBS used in their propagation. We prop-
agated these viruses as reported previously for MNV in 10% FBS,
TV in 5%, FCV in 2%, and SaV in 0% FBS (11, 12, 28). However,

other studies have used various concentrations of FBS for propa-
gation of these viruses. For example, MNV was propagated in 2%
(7, 33) or 5% FBS (34), TV in 2% (9, 33) or 10% (13, 35), and FCV
in 0 to 2% (19, 36, 37) or 10% FBS (7, 21, 38). Serum contains
lipids, attachment factors, and stabilizing and detoxifying factors
needed to inhibit proteases (39). When added directly to the viral
suspensions, FBS had protective effects on viruses incubated at RT
(40–42) or on viruses exposed to UV or gamma irradiation (43,
44). Although the exact mechanism for such effects is unknown, it
may be that the high protein load of FBS (32) associates with the
viral particles, stabilizing them, or deactivates the action of pro-
teases present in the cell lysate (39). However, it is not known
whether FBS added to culture media used for viral propagation
has any effect on the stability of the generated viruses. In our

FIG 2 Reduction in infectivity titers (log10 TCID50 per gram) for SaV, FCV, MNV, and TV on lettuce leaves incubated at RT for 3 days (A, B, and C), at
4°C for 7 days (D, E, and F), or at 4°C for 14 days (G, H, and I). Significant differences among the viruses are indicated by at least one different alphabet
letter. Significant differences between semipurified viruses with respect to unpurified viruses are indicated by *, while those between the two purification
methods are indicated by #.
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study, MNV propagated in 10% FBS showed stable infectivity re-
ductions until day 28, while FCV and SaV propagated in a solution
with a lower percent FBS showed complete inactivation. The latter
suggested that a higher percentage of FBS may enhance virus sta-
bility at RT. However, when we recultured all viruses under 10%
or 0% FBS and incubated them for 7 days at RT, we observed a
significantly lower log reduction in infectivity titers with 10% FBS
for FCV and TV versus 0% FBS (3.01 � 0.29 and 2.34 � 0.23
versus 5.35 � 0.85 and 4.08 � 0.19 log10 TCID50/ml, respectively)
but not for MNV (0.82 � 0.12 versus 1.12 � 0.1) and SaV (4.4 �
0.22 versus 3.5 � 0.12). Therefore, FBS in cell lysates may be one of
the factors that differentially impact the stability of certain viruses.
Enteric calicivirus capsids are considered to be more stable than
respiratory calicivirus capsids (45), which may explain the faster
inactivation of FCV in suspension compared to inactivation of
SaV, MNV, and TV. Consistent with our results, it was previously
reported that MNV was more stable than FCV when both were
cultured under 5% FBS (34) or even when FCV was cultured at a
higher FBS concentration than was MNV (10 versus 3%, respec-
tively) (7). While it was beyond the scope of our study to identify
the components of the cell lysates mediating the observed effects
on the four viruses, it may be that multiple factors in the cell lysates
interact to affect the stability of these viruses. Therefore, it is im-
portant to purify viral suspensions from cell lysates before choos-
ing to reconstitute them in a given matrix, such as water, a fecal
suspension, a soil solution, etc. This will minimize the negative
impact of the cell lysates and allow uniform comparisons of
HuNoV surrogate survival on leafy greens.

Semipurification of viruses from their cell lysates resulted in a
less-degrading and/or more protective effect on the stability of
FCV, SaV, MNV, and TV viruses in suspension. The proteolytic
enzymes require a higher centrifugal speed to be pelleted
(�500,000 � g) (46), and in general the average molecular mass of
eukaryotic proteins is less than 100 kDa (47). Therefore, both
ultracentrifugation and ultrafiltration, under the conditions used
in our study, are expected to remove many damaging cellular by-
products. Also, we performed the survival experiments of viruses
in suspension at RT and not at 4°C as a proof of concept that cell
lysates can exert a negative effect on virus stability. It is expected
that such a negative effect would be more pronounced at RT than
4°C, as the activities of enzymes are slower at 4°C. At a similar
initial titer, a previous study reported a lower reduction in infec-
tivity for FCV (3-log10 reduction by day 7 versus �6-log10 reduc-
tion in the TCID50/ml by day 7 in our study) when generated in
cell lysates that were diluted 10-fold in culture media (36). In
contrast, our study showed that semipurified FCV exhibited 1-log
reduction on day 7 at RT. While dilution of cell lysates lessens the
negative effects on the survival of FCV, it decreases the initial viral
titers (which may not be desirable) and still leaves damaging cel-
lular by-products. Ultrafiltration and ultracentrifugation treat-
ments showed different effects on reductions in infectivity for the
different surrogate viruses. This may have been due to the fact
both treatments can retain disparate cytosolic contents that may
have differential effects on different viruses. For example, ultra-
centrifugation at �100,000 � g for 1 h retains, in addition to the
viruses, the membrane fraction of the cells while the cytosolic
contents are removed with the supernatants (46, 48), whereas ul-
trafiltration retains the lysate contents that are greater than 100
kDa. Therefore, it is equally important when removing cell lysates

from the viruses to assess the effect of the viral purification
method on the stability of the virus before further applications.

Although fresh produce should be kept cool during its shelf life
(�2 weeks), it can be accidently exposed to RT for short periods of
time between harvest and consumption. Therefore, we assessed
the survival of FCV, SaV, MNV, and TV on lettuce at both 4°C and
RT. Because our “in suspension” experiments provided evidence
for the negative impact of cell lysates on the survival of these vi-
ruses, we exchanged the different cell lysate matrices to a uniform
matrix (water) prior to assessing their survival on lettuce leaves.
Irrigation water (preharvest contamination source) and wash wa-
ter (postharvest contamination source) are potential vehicles for
HuNoV contamination of lettuce, justifying the use of water as a
suspension matrix in our study. Whether semipurified viruses
suspended in water persist longer than viruses mixed with differ-
ent matrices is largely dependent on the matrix. For example,
certain food matrices may inactivate the viruses faster than others
(49), while other matrices, such as soil or sediments, to which
viruses can adsorb may help the viruses persist longer (as in the
case of fecal contamination in rivers and on beaches) (50). In
addition, our results indicated that the survival of semipurified
MNV on lettuce was not significantly different than that of MNV
in cell lysates. Therefore, the survival of semipurified viruses may
vary depending on the resuspension matrix. Overall, viruses semi-
purified by ultrafiltration from cell lysates and suspended in water
showed similar persistence to each other under all storage condi-
tions. Under the experimental conditions applied, FCV, SaV,
MNV, and TV will be negatively charged, because the calculated
isoelectric points (pI; 4.9, 5.4, 4.7, and 4.8, respectively) (11, 51,
52) of their major capsid proteins are lower than the pH of the
suspension matrix (water or cell lysates). Therefore, the viral pI is
not the primary factor that explains the similar survival character-
istics of the semipurified viruses on lettuce, which is consistent
with results of a previous study (51). In addition, our results
showed that cell lysates and storage conditions exert a significant
effect on the survival of FCV, SaV, and TV but not MNV, which
may reflect an inherently more stable capsid structure for MNV.
In contrast to a previous study that reported an �4-log10 reduc-
tion in FCV infectivity titer within 7 days at 4°C when the virus was
inoculated in cell lysates on iceberg lettuce (19), our study showed
an �2-log10 reduction at 4°C for 7 days. The latter was cultured in
2% FBS, while the former was cultured in 0% FBS, suggesting that
cell lysate contents such as FBS may affect virus survival on lettuce.
It was reported, however, that FCV reconstituted in a 10% fecal
suspension was reduced by �2 log10 on day 7 at 4°C on lettuce
(21), indicating again the importance of considering the effect of
the suspension matrix in determining virus survival. A 1.5-log
reduction in infectivity for 3 days at RT was estimated for MNV
suspended in a soil solution and inoculated on lettuce (20). That
level is similar to the reduction levels obtained for semipurified
and unpurified MNV in our study on day 3 at RT (�1 to 1.5 log10

TCID50/g), supporting our finding that the suspension matrix for
MNV has a limited effect on the virus survival on lettuce. Collec-
tively, virus-infected cell lysates may lessen the survival potential
of FCV, SaV, and TV surrogate viruses on lettuce, warranting
careful examination of the survival of these HuNoV surrogates
without such influences.

In conclusion, the presence of cell lysates can underestimate
the survival potential of these viruses, limiting their utility as
HuNoV surrogates. Since HuNoV is widely known for its high
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stability in the environment, enhancing the stability of FCV, SaV,
MNV, and TV should benefit efforts focused on using these vi-
ruses as HuNoV surrogates. Uniform comparisons of FCV, SaV,
MNV, and TV in a similar suspension matrix (water) revealed that
these viruses have similar stabilities on postharvest lettuce leaves.
The observation that all surrogate viruses remained infectious
throughout the lettuce shelf life highlights an increased risk to
consumers from accidental HuNoV contamination events and
calls for effective countermeasures for fresh produce decontami-
nation.
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