
Abiotic Stress and Phyllosphere Bacteria Influence the Survival of
Human Norovirus and Its Surrogates on Preharvest Leafy Greens

Malak A. Esseili, Xiang Gao, Sarah Tegtmeier, Linda J. Saif, Qiuhong Wang

Food Animal Health Research Program, Ohio Agricultural Research and Development Center, Department of Veterinary Preventive Medicine, The Ohio State University,
Wooster, Ohio, USA

Foodborne outbreaks of human noroviruses (HuNoVs) are frequently associated with leafy greens. Because there is no effective
method to eliminate HuNoV from postharvest leafy greens, understanding virus survival under preharvest conditions is crucial.
The objective of this study was to evaluate the survival of HuNoV and its surrogate viruses, murine norovirus (MNV), porcine
sapovirus (SaV), and Tulane virus (TV), on preharvest lettuce and spinach that were subjected to abiotic stress (physical damage,
heat, or flood). We also examined the bacteria culturable from the phyllosphere in response to abiotic stress and in relation to
viral persistence. Mature plants were subjected to stressors 2 days prior to inoculation of the viruses on leaves. We quantified the
viral RNA, determined the infectivity of the surrogates, and performed bacterial counts on postinoculation days (PIDs) 0, 1, 7,
and 14. For both plant types, time exerted significant effects on HuNoV, MNV, SaV, and TV RNA titers, with greater effects being
seen for the surrogates. Infectious surrogate viruses were undetectable on PID 14. Only physical damage on PID 14 significantly
enhanced HuNoV RNA persistence on lettuce, while the three stressors differentially enhanced the persistence of MNV and TV
RNA. Bacterial counts were significantly affected by time and plant type but not by the stressors. However, bacterial counts cor-
related significantly with HuNoV RNA titers on spinach and with the presence of surrogate viruses on both plant types under
various conditions. In conclusion, abiotic stressors and phyllosphere bacterial density may differentially influence the survival
of HuNoV and its surrogates on lettuce and spinach, emphasizing the need for the use of preventive measures at the preharvest
stage.

Human noroviruses (HuNoVs) are the leading cause of acute
gastroenteritis and foodborne illnesses in the United States,

causing 19 million to 21 million cases, 570 to 800 deaths, and $777
million in health care-associated costs annually (1). These single-
stranded RNA viruses belong to the Caliciviridae family and are 28
to 35 nm in diameter and nonenveloped. Although these viruses
cause self-limiting gastroenteritis, more serious infections can de-
velop in high-risk groups, such as the elderly and immunocom-
promised populations (2). The virus is mainly transmitted to hu-
mans via the fecal-oral route either by contact with an infected
person or fomites or by ingestion of contaminated food and water
(2). Leafy greens are frequently associated with HuNoV outbreaks
(1) and are globally recognized to be a high priority in terms of the
microbial safety of fresh produce (3). Contamination of leafy
greens with HuNoVs can occur at any stage along the farm-to-fork
chain (3) through a number of sources, including fecally contam-
inated water used for irrigation, improperly treated sewage sludge
used for fertilization, and food harvesters or food handlers who
use improper hygiene practices (4, 5). Because HuNoVs have a
low infectious dose (�18 to 1,000 viral particles) (6) and posthar-
vest leafy greens are not processed in ways that effectively remove/
inactivate HuNoVs (4, 7), contamination of leafy greens with
HuNoVs constitutes a serious risk to consumers. Therefore, there
is a need to understand the factors influencing the survival/persis-
tence characteristics of HuNoVs on preharvest leafy greens to de-
velop proper measures to prevent contamination.

Leafy greens are grown in various regions of the world under a
wide range of climatic conditions to fulfill the demands of both
domestic and export markets (3). In the field, plants are exposed
to various biotic and abiotic stress factors, such as phytopathogen
infections, physical damage, waterlogging, and rapid and wide
fluctuations in temperature (8, 9). Depending on the duration and

the type of the stressor and the plant’s ability to adapt to stress, the
stressor may affect the plant’s growth and productivity (10). For
example, severe flooding causes many nutrient deficiencies in the
affected vegetable because its roots cannot take up nutrients from
the oxygen-deficient flooded soils, resulting in crop losses. How-
ever, short-term flooding (�48 h) due to poor field drainage does
not reduce crop yields (11). In addition, stressors may alter the
microenvironment on the leaf surfaces (9, 12), which may then
influence the survival of human pathogens on the phyllosphere in
cases of fecal contamination. For example, heat-stressed plants
leach carbohydrates more easily than plants held at lower temper-
atures (13), and carbohydrates and proteins are exuded as a result
of physical damage, such as open cuts, and can be used as nutrient
sources by enteric bacterial pathogens (9, 12). Leached or exposed
cell wall carbohydrates may act as binding sites for HuNoVs,
which have been shown to bind cell wall carbohydrates in lettuce
(14). In addition to abiotic stress factors, the plant phyllosphere is
colonized by diverse microorganisms that may promote or im-
pede the ability of enteric bacterial pathogens to persist on the leaf
surface (5). However, little is known about whether any of these
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factors affect the survival of HuNoV on preharvest leafy greens, in
part because HuNoV cannot be routinely propagated in cell cul-
ture; hence, its infectivity cannot be quantified.

Surrogate culturable viruses are often used as proxies to esti-
mate HuNoV infectivity and survival in the environment. Murine
norovirus (MNV), porcine sapovirus (SaV), and Tulane virus
(TV) are the only three enteric viruses belonging to the Caliciviri-
dae family which can be propagated in cell culture and as such
have been used as HuNoV surrogates. These HuNoV calicivirus
surrogates differ from each other in terms of their susceptible
hosts, disease symptoms, cell surface receptor binding, and
physiochemical properties but share various degrees of similarity
to HuNoV (15–17). For example, like HuNoV, TV binds to car-
bohydrates of histo-blood group antigens (HBGAs), whereas
MNV and SaV bind to sialic acids on ganglioside and on glyco-
proteins, respectively (18, 19). Like HuNoV, SaV and TV cause
gastroenteritis in the corresponding host species (20, 21), whereas
MNV causes a modest intestinal pathology in wild-type mice and
severe to lethal systemic disease in immunocompromised mice
(22). In addition, like HuNoV, SaV and TV have the potential for
zoonotic infections (20, 23), and human SaVs are emerging as
foodborne pathogens (24). In spite of the lack of a surrogate virus
with characteristics that comprehensively mimic the various char-
acteristics of HuNoV, a comparison of these surrogate viruses to
each other and to HuNoV on leafy greens is needed to understand
their survival characteristics with respect to those of each other
and to those of HuNoV. Taken together, the main objective of this
study was to evaluate the survival of HuNoV and its surrogates,
MNV, SaV, and TV, on preharvest lettuce and spinach plants sub-
jected to physical damage, heat, or flood stressors. We also exam-
ined the bacteria culturable from the phyllosphere in response to
abiotic stress and in relation to viral persistence.

MATERIALS AND METHODS
Preparation of viruses. Cell culture propagation of MNV, SaV, and TV
was performed as described previously (17, 25, 26) using the following cell
lines: a mouse leukemic macrophage cell line (RAW 264.7, ATCC TIB-
71), an LLC-porcine kidney cell line (LLC-PK1, ATCC CL-101), and an
LLC-monkey kidney cell line (LLC-MK2, ATCC CCL-7), respectively.
Briefly, SaV was propagated in minimum essential medium (MEM; Life
Technologies, Grand Island, NY) without fetal bovine serum (FBS), while
TV and MNV were propagated in M199 cell culture medium and high-
glucose Dulbecco modified Eagle medium (Life Technologies) containing
5 and 10% FBS (Thermo Scientific, Rockford, IL), respectively. All viruses
were released from the cells by applying three cycles of freezing-thawing.
The viruses were separated from the cell debris by centrifugation at 4°C
and 2,095 � g for 30 min. The supernatants containing the viruses were
aliquoted and stored at �80°C until further use. The HuNoV strain used
in this study belonged to GII.4/HS194/2009/US and was genetically char-
acterized in our laboratory (27). Briefly, a stool sample containing
HuNoV was diluted (1:10) in 0.01 M phosphate-buffered saline (PBS; pH
7.4), vortexed, and centrifuged at 4°C and 2,095 � g for 30 min. The
supernatant was filtered through 0.45-�m-pore-size nitrocellulose filters,
aliquoted, and stored at �80°C until further use. Virus titers were assayed
using reverse transcription (RT)-quantitative real-time PCR (qPCR) and
infectivity assays for surrogate viruses (as described below).

Plant cultivation. Seeds of romaine lettuce cultivar Tall Guzmaine
Elite (Siegers Seed Co., Holland, MI) and baby’s leaf hybrid spinach (Bur-
pee, Warminster, PA) were grown in 200-cell trays containing Fafard
superfine germinating mix (Conrad Fafard, Aguwam, MA) under green-
house conditions with temperatures of �23°C during the daytime and
15°C during the nighttime and with a 12-h photoperiod (28). At 2 weeks

of age, the seedlings were transferred to 15-cm-diameter pots containing
sterile soil (Wooster sandy loam) and were fertilized biweekly using Os-
mocote slow-release fertilizer. The spinach and lettuce plants were wa-
tered twice a day using an overhead irrigation sprinkler hose until they
reached ages of 6 and 8 weeks, respectively.

Plant treatments. One day prior to abiotic stress treatments, spinach
plants (at 6 weeks of age) and lettuce plants (at 8 weeks of age) were placed
inside 22-by-11-in. plastic trays (6 pots per tray; Hummert, Topeka, KS),
and �2 liters of water, which was not allowed to come into contact with
the leaves, was added to each tray. On the next day, the plants were sub-
jected to the following stressors, as described previously (8, 9, 29): (i)
mechanical damage, whereby 6 outer leaves were bent in half widthwise to
crack the central vein while maintaining an adequate water supply to the
plants (�2 liters/tray/day); (ii) heat stress, whereby the plants were placed
inside a growth chamber at temperatures of 36°C during the daytime and
15°C during the nighttime for 2 days while maintaining an adequate water
supply as needed (�3 liters/tray/day); or (iii) flood stress, whereby the
plants were subjected to overwatering by maintaining �6 liters of water
per tray for 2 days. Physical damage was applied only to outer leaves to
mimic field damage, and heat and flooding stressors were applied only for
2 days to avoid bolting (caused by extended heat) and root suffocation
(caused by extended flooding), which result in unmarketable plants. In
addition, heat-stressed plants received additional water to avoid wilting
and the drought effect. Physically damaged plants, flooded plants, and
control plants (2 liters/tray/day) with no signs of physical damage to the
leaves were all held for 2 days at the greenhouse at temperatures of �23°C
during the daytime and 15°C during the nighttime and with a 12-h pho-
toperiod. According to Ge et al. (29), normal irrigation for lettuce plants is
defined as 250 ml per pot per day. We used a similar approach for calcu-
lating the volume of water per tray containing 6 pots (i.e., �1.5 liters/tray/
day). We added an extra 0.5 liter per tray to take into consideration evap-
oration and the age difference between our plants (6 to 8 weeks old) and
those of Ge et al. (4 weeks old) (29). Following the stress treatments, the
soil water content was measured by obtaining 100-g soil samples from
random plant pots. The soil samples were heated in an oven at 60°C
overnight, and the calculated weight of water was divided by the weight of
the dried soil to obtain the gravimetric soil water content (grams of water
per gram of soil) as described previously (8). The soil water content was
significantly different between flooded plants (0.88 � 0.04 g of water/g of
soil) and control and physically damaged plants (0.53 � 0.03 g of water/g
of soil) and heat-stressed plants (0.67 � 0.03 g of water/g of soil).

Contamination of plant leaves with viruses. Following abiotic stress
treatment, viral contamination of plant leaves was performed inside a
biohazard hood. The suspension of feces containing HuNoV and the cell
lysates of MNV, SaV, and TV were buffer exchanged to sterile water (to
mimic contamination through irrigation water) using Amicon 100K Ul-
tra-15 centrifugal devices (Millipore, Billerica, MA) that were centrifuged
at 4,000 � g for 0.5 h at 4°C as described previously (30). The titer of
HuNoV RNA used in subsequent experiments was 6.3 � 0.1 log10

genomic equivalent (GE)/ml. The infectivity titers of MNV, SaV, and TV
used were 6 � 0.1, 5.5 � 0.2, and 6 � 0.3 log10 tissue culture infectious
dose affecting 50% of the cultures (TCID50)/ml, corresponding to RNA
titers of 8.2 � 0.2, 10.3 � 0.2, and 9.8 � 0.1 log10 GE/ml, respectively. The
infectivity titers were not significantly different from each other. How-
ever, the HuNoV, MNV, SaV, and TV RNA titers were all significantly
different from each other, with the exception of the SaV and TV RNA
titers. Therefore, the y axes for the infectivity graphs for surrogate viruses
start at the infectivity assay detection limit of 0.3 log10 TCID50/ml, while
those for the graphs for RNA titers start at different titers for different
viruses but span 4 log10 units for all viruses.

Viruses were spot inoculated onto stressed lettuce and spinach outer
leaves (1 ml per leaf over an area of �30 cm2). Spot inoculation was
chosen as the method for viral application because it has been shown to be
a more efficient method than immersion for application of virus to leaves
(31). Control plants included plants not subjected to any of the three
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stressors and inoculated with viruses (negative treatment control) and
stressed plants inoculated with sterile water (negative virus control). Spe-
cifically, the four viruses were inoculated on different leaves (marked with
a pen) of each plant. One milliliter of each virus solution was inoculated as
�50-�l droplets per leaf. Different plants were used for replication for
each time point. The viral droplets were allowed to dry in a biosafety level
2 (BSL2) hood for 2 h before all the plants were transferred to biosafety
level 2 plant growth chambers under controlled conditions (12-h photo-
period, 20°C daytime and 15°C nighttime temperatures, 80% relative hu-
midity). Extra care was taken, especially with physically bent leaves, not to
lose any viral droplets from the leaves at the time of inoculation. This was
achieved by limiting the area inoculated to a circle about 6 cm in diameter
and allowing time (usually 2 h) for the applied viral droplets to dry. Water
(2 liters/tray containing 6 plants/day) was added to the trays daily as de-
scribed above. Sampling of leaves was done on postinoculation days
(PIDs) 0 (immediately following the 2-h dry period), 1, 7, and 14.

Elution of viruses from leaves. On each harvesting day, for each sam-
pling time point, three marked leaves from each of three different plants
inoculated with each virus and receiving each treatment were aseptically
detached from the plants. Each leaf was weighed, cut into small pieces, and
individually suspended in elution buffer. The viruses were eluted from the
leaf samples using MEM supplemented with a 1% antibiotic-antimycotic
cocktail (Invitrogen, Carlsbad, CA, USA) and 2% heat-inactivated (60°C
for 1 h) fetal bovine serum (Thermo Scientific HyClone) as described
previously (28). Briefly, the samples were shaken vigorously (vortexing
for 1 min, followed by shaking at 250 rpm for 10 min at 4°C), and the
resulting solutions were transferred to sterile 50-ml Falcon tubes and cen-
trifuged at 2,095 � g for 10 min to remove bacterial cells and plant debris.
The supernatants were ultracentrifuged at 112,700 � g for 1.5 h to con-
centrate the viruses. The resulting pellets were suspended back in the
original inoculum volume of 1 ml in sterile 0.01 M PBS (pH 7.4) supple-
mented with the 1% antibiotic-antimycotic cocktail (Invitrogen). The
latter was used for RNA and infectivity assays, as described below.

Infectivity assays. Viruses were titrated for the determination of their
TCID50s using their respective cell lines cultured in 96-well plates, as
described previously (17, 32–34). Briefly, 1- to 2-day-old confluent cell
monolayers (except for RAW 264.7 cell monolayers, which were used at
�50% confluence) in 96-well plates were infected in quadruplicate with
serially diluted samples (diluted 1:10 in the respective cell culture medium
supplemented with 1% antibiotic-antimycotic cocktail) and incubated at
37°C. The plates were inspected daily for a cytopathic effect (CPE),
whereby final observations were performed on day 5 for MNV and TV.
For SaV, on day 5, virus-infected cells in the wells with the highest dilution
showing an isolated CPE and negative-control wells were indistinguish-
able. Therefore, an immunohistochemistry protocol described previously
(17) was used to stain virus-infected cells to determine the TCID50 of SaV
on day 5. The CPE for SaV and TV manifested as rounding of the cells,
followed by their detachment from the cell monolayer, while that for
MNV was observed as a shrinking of the cells, detachment, and a loss of
their 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 TCID50 (35). Leaf samples processed with
the negative virus control were used to assess bacterial contamination or the
cytotoxic effects of plant debris on cells. No bacterial contamination or cyto-
toxic effects were observed on any of the cell lines. The minimum viral con-
centrations that had to be on the leaf for virus to be detected were 1.3 � 0.1,
2.1�0.3, and 1.9�0.1 log10 TCID50/ml for MNV, SaV, and TV, respectively.
An average of 0.6 � 0.1, 1.2 � 0.2, and 0.9 � 0.2 log10 TCID50/ml was lost
during the recovery process for MNV, SaV, and TV, respectively. The infec-
tivity assay’s detection limit was 0.3 log10 TCID50/ml.

RNA extraction and quantification by RT-qPCR. Viral RNA was ex-
tracted from 250 �l of the processed leaf samples using an RNeasy minikit
(Qiagen, Valencia, CA, USA). In addition to negative virus control plant
samples, a sterile water sample was extracted with every run to serve as an
RNA extraction control. Prior to RNA extraction, samples were treated

with RNase A (0.5 �g/�l; Invitrogen) for 1 h at 37°C. The RNA was eluted
in 50 �l nuclease-free water and stored at �20°C. A one-step TaqMan
virus-specific RT-qPCR was used to estimate the virus RNA titers in plant
samples as described previously for HuNoV, MNV, SaV, and TV (17, 21,
36). All reactions were performed by taking 2 �l of each RNA sample and
mixing it with 18 �l of master mix prepared using a Qiagen one-step
RT-PCR kit (Qiagen). The master mix contained 1� PCR buffer, 400 �M
deoxynucleoside triphosphates, 200 nM each primer, 100 nM TaqMan
probe, 0.8 �l of enzyme mix, and 0.4 units/�l of RNasin (Promega, Mad-
ison, WI). The amplification cycle for HuNoV, MNV, SaV, and TV con-
sisted of a reverse transcription step (50°C for 30 min) and 1 cycle at 95°C
for 15 min, followed by 45 cycles consisting of two steps: 15 s at 95°C and
1 min at either 56°C for HuNoV, 60°C for MNV, 57.5°C for SaV, or 60°C
for TV. RT-qPCR was performed with a MasterCycler RealPlex system
(Eppendorf, Germany). Negative samples (nuclease-free water) and pos-
itive samples (virus with a known threshold cycle [CT] value) were in-
cluded with each run. Each sample was tested in duplicate. An internal
RNA control was spiked into randomly selected samples to check for the
presence of RT-PCR inhibitors as described previously (17). None of the
RNA samples showed any PCR inhibitors.

To avoid biases in virus infectivity and RNA titer calculation due to the
significant differences in the weights of lettuce (5.23 � 0.14 g) and spinach
(1.82 � 0.13 g) leaves, the viral inoculum used was fixed to 1 ml per
replicate leaf sample and the droplets were spread over an approximately
similar surface area (a 6-cm-diameter circle; total area, �30 cm2) on all
leaves. Since our processing protocol involved a concentration step and
suspension back into the original inoculum volume, the viruses’ infectiv-
ity and RNA titers were reported in TCID50 and GE per milliliter of re-
covered virus instead of per gram of leaf tissue.

Quantification of culturable bacterial population associated with
leaf surfaces. To quantify the culturable aerobic bacteria on the surface of
leaves, outer leaves were sampled and processed as described previously
(37). Briefly, the leaves were weighed and aseptically cut into small pieces
before they were transferred into sterile Whirl-Pak bags (Nasco, Salida,
CA, USA). Each leaf sample received 10 ml of the elution buffer (1%
peptone supplemented with 1% Tween 90), and the mixture was shaken
vigorously (by vortexing for 1 min, followed by shaking at 250 rpm for 10
min at 4°C) to detach the bacteria. The resulting suspensions were col-
lected, placed into new tubes, and serially diluted in 0.01 M PBS. A 100-�l
aliquot from multiple dilutions per sample was plated onto R2A medium
(Thermo Scientific) supplemented with cycloheximide (100 �g/ml;
Sigma) to prevent fungal growth (38). The plates were incubated at room
temperature for 3 to 4 days. The bacterial CFU were enumerated from
dilutions showing 30 to 300 colonies.

Statistical analysis. GraphPad Prism (version 5) software (GraphPad
Software, USA) was used for statistical analyses. The entire data set for
viruses and bacteria was log10 transformed. Significant differences in
mean infectivity, RNA titers, and bacterial counts were determined by
using two-way analysis of variance (ANOVA) followed by the Bonferroni
posttest. The factors analyzed included time, stress treatment, and plant
type. Each greenhouse experiment was repeated twice with triplicate
plants per time point per treatment per plant type. Differences in means
were considered significant when the P value was �0.05. Data are ex-
pressed as the mean � standard error (SE). Pearson product-moment
correlation analysis was used to determine significant correlations (P �
0.05) between the infectivity and RNA titers of each virus and between the
viral titers and bacterial counts over time within each plant.

RESULTS
Abiotic stress treatments did not affect the infectivity of MNV,
SaV, or TV on PID 1 or 7. On PID 1, the infectivity titers of MNV,
SaV, and TV inoculated on lettuce and spinach plants subjected to
abiotic stressors (physical damage, heat, or flood) showed no sig-
nificant differences from those of the corresponding viruses inoc-
ulated on plants held under control conditions (Fig. 1A to F). A

Esseili et al.

354 aem.asm.org January 2016 Volume 82 Number 1Applied and Environmental Microbiology

http://aem.asm.org


similar result was obtained for PID 7. On both plant types, MNV,
SaV, and TV showed significant decreases in infectivity titers on
PID 0 compared to those on PID 1 and PID 7 and on PID 1
compared to those on PID 7 under control and all stress treat-
ments (Table 1). Infectious viruses could not be detected for SaV
on PID 7 and for all surrogate viruses on PID 14.

There were no significant differences in infectivity titers be-
tween the corresponding viruses on PIDs 0, 1, and 7 when infec-
tivities for lettuce were compared to those for spinach, with the
exception of the damage treatment for MNV and the flood stress

treatment for MNV and TV on PID 7 (Table 2). Two-way ANOVA
with time and stress treatments as factors revealed that time ex-
erted significant effects on MNV, SaV, and TV infectivity for both
lettuce and spinach (Table 3). Neither the treatment nor the in-
teraction between the two factors had any significant effects (Ta-
ble 3). Two-way ANOVA with plant and stress treatments as fac-
tors revealed that plant type exerted significant effects on PID 7 for
MNV and TV (Table 4).

Abiotic stress treatments differentially affect the RNA titers
of HuNoV, MNV, and TV only on PID 14. On either PID 1 or PID

FIG 1 Infectivity titers (log10 TCID50 per milliliter) for MNV, SaV, and TV on lettuce (A to C) and spinach (D to F) subjected to the following stressors: physical
damage, heat, and flood. No significant differences between stress and control treatments on each PID were detected for any of the viruses.
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7, the HuNoV RNA titers on lettuce and spinach plants subjected
to abiotic stressors (physical damage, heat, or flood) were not
significantly different from those of the corresponding viruses in-
oculated on plants held under control conditions (Fig. 2A and E).
The trend for all surrogate viruses mimicked this trend (Fig. 2B to
D and F to H). On PID 14, the persistence of HuNoV RNA on
lettuce subjected to physical damage was significantly enhanced
compared to the persistence of HuNoV RNA on lettuce plants
held under control conditions (Fig. 2A). In contrast, MNV RNA
titers were significantly enhanced by heat treatment, while TV
RNA titers were significantly enhanced by heat or flood treatment
(Fig. 2B and D). For spinach, none of the stressors showed any
significant effects on HuNoV RNA titers (Fig. 2E). In contrast, all
stressors significantly enhanced MNV and TV RNA persistence
when the RNA titers were compared to the RNA titers of the cor-
responding viruses inoculated on control plants (Fig. 2F and H).
SaV RNA titers were not affected by any of the stressors (Fig. 2C
and G).

On both plant types, the RNA titers of HuNoV on PID 14 were
not significantly different from those on PID 1 (Table 1). In con-
trast, all surrogate viruses showed significant decreases in RNA
titers on PID 14 compared to those on PID 1 under control and all
stress conditions (Table 1). In general, there were no significant
differences in HuNoV RNA titers between lettuce and spinach

plants with any of the treatments except the flood treatment (Ta-
ble 2). MNV and TV RNA titers showed a similar trend (Table 2).

Two-way ANOVA with time and stress treatments as factors
revealed that time exerted significant effects on HuNoV, MNV,
SaV, and TV RNA titers for both lettuce and spinach, with greater
effects being seen with the surrogate viruses (Table 3), whereas
stress treatment and the interaction between the two factors
showed significant effects only for MNV and TV on spinach (Ta-
ble 3). Two-way ANOVA with plant and stress treatments as fac-
tors revealed that stress exerted a significant effect on HuNoV
RNA titers on PID 14 (Table 4). Both MNV and TV showed a
similar trend. In contrast, plant type exerted a significant effect on
MNV and TV RNA titers on PID 7, SaV RNA titers on all PIDs,
and HuNoV RNA titers only on PID 1 (Table 4).

Significant correlations between the entire infectivity data set
and the RNA titer data set were found for MNV, SaV, and TV on
lettuce and spinach (r � 0.67, 0.66, and 0.55, respectively, for the
infectivity data set and 0.82, 0.54, and 0.9, respectively, for the
RNA titer data set).

Stress treatment did not affect the bacterial counts on the
phyllosphere of lettuce or spinach leaves. On PIDs 0, 1, 7, and 14,
both lettuce and spinach plants subjected to physical damage,
heat, or flood stress exhibited no significant differences in their
bacterial counts compared to those on control plants (Fig. 3A and

TABLE 2 Results of statistical analyses comparing viruses (infectivity and RNA titers) or bacterial counts between lettuce and spinach

PID

Statistically significant difference bya:

Infectivity RNA titer

Bacterial countMNV SaV TV HuNoV MNV SaV TV

0 None None None None None None None HF
1 None None None F None CHF None None
7 DF — F None F CDHF F CDH
14 — — — None None None None None
a C, D, H, and F, control, damage, heat, and flood treatments, respectively. The presence of a letter (C, D, H, or F) indicates a significant difference between the two plants
compared for that group, while “none” indicates no significant differences. Statistical analyses were performed by two-way ANOVA. —, no data were available because infectivity
titers were below the method’s detection limit.

TABLE 1 Results of statistical analyses comparing viruses (infectivity and RNA titers) or bacterial counts between different PID

Plant PID data compareda

Statistically significant difference byb:

RNA titer

Bacterial countHuNoV MNV SaV TV

Lettuce 0 and 1 None CDHF None None None
1 and 7 None None None None H
7 and 14 C CDF CDHF CD None
0 and 7 None CDHF None H CDH
0 and 14 C CDHF CDHF CDHF CHF
1 and 14 None CDHF CDHF CDHF H

Spinach 0 and 1 F CF None None F
1 and 7 None HF None DF None
7 and 14 None C None C H
0 and 7 F CDHF CF DF F
0 and 14 C CDHF CDHF CF CDHF
1 and 14 None CDF CDHF CDF CH

a For infectivity data, control, damage, heat, and flood treatments were all significantly different between PID 0 and PID 1, PID 0 and PID 7, and PID 1 and PID 7 for MNV, SaV,
and TV.
b C, D, H, and F, control, damage, heat, and flood treatments, respectively. The presence of a letter (C, D, H, or F) indicates a significant difference for that treatment between the
two PIDs compared, while “none” indicates no significant differences between the two PIDs compared. Statistical analyses were performed by two-way ANOVA.
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B). When the results for PID 0 were compared to those for PID 14,
it was revealed that the bacterial counts on control and all stressed
lettuce and spinach plants decreased significantly, with the excep-
tion of those on lettuce subjected to the physical damage treat-
ment (Table 1). Comparison of the bacterial counts on lettuce to
those on spinach revealed significantly higher counts on spinach
on PID 0 and PID 7 for certain groups (Fig. 3 and Table 2). How-
ever, by PID 14, there were no significant differences between the
bacterial counts on lettuce and those on spinach for the control or
any of the stress treatments (Table 2). Two-way ANOVA with
time and stress treatment as factors revealed that time had a sig-
nificant effect on the total variance of the data set on both lettuce
and spinach (Table 3). Two-way ANOVA with plant and stress
treatments as factors revealed that plant type exerted a significant
effect on the total variance of the data set on all PIDs (Table 4).

Phyllosphere bacterial counts correlated significantly with
HuNoV, MNV, SaV, and TV RNA titers under various condi-
tions. On control spinach, only HuNoV RNA titers correlated
significantly with bacterial counts (Table 5). On control spinach,
both SaV infectivity titers and RNA titers showed significant cor-
relations with bacterial counts (Table 5). Various significant cor-
relations between the infectivity and RNA titers of the different
surrogate viruses and bacterial counts were found under different
conditions. For example, the bacterial count on heat-stressed let-
tuce and flood-damaged spinach consistently correlated signifi-

cantly with the infectivity and RNA titers of all surrogate viruses
but not with the HuNoV RNA titer on the corresponding stressed
plants (Table 5).

DISCUSSION

The preharvest contamination of leafy greens with HuNoV is of
great concern because of the reported low infectious dose of the
virus (18 to 1,000 particles) and the lack of an effective postharvest
decontamination method to remove/inactivate HuNoV (4).
However, the duration of HuNoV survival on preharvest leafy
greens is not known. The survival of these viruses may differ be-
tween preharvest and postharvest environments, and survival on
the leaf surfaces may differ from that within the leaf tissues. Mul-
tiple studies that have investigated the postharvest survival of
HuNoV on fresh produce have shown that this virus or its calici-
virus surrogates (MNV, SaV, and TV) can survive during the chill-
ing storage period and well beyond the produce shelf life (17, 30,
39–42). For example, HuNoV inoculated onto cut lettuce pieces
persisted at 4°C for the entire 14-day study period with only a 1- to
1.5-log-unit reduction in RNA titers (39).

In contrast, few studies have investigated the preharvest sur-
vival of HuNoV or its surrogate viruses on leafy greens. A number
of studies reported that HuNoV and its surrogates can internalize
inside lettuce and spinach plants under normal conditions (28, 43,
44) and in lettuce under certain biotic and extreme abiotic stress

TABLE 3 Results of statistical analyses of effect of each factor (time and stress treatment) and their interaction on the total variance of lettuce and
spinach infectivity for RNA and bacterial count data sets

Plant Factor

% by which the factor accounted for total variance of data seta

Infectivity RNA

Bacterial countMNV SaV TV HuNoV MNV SaV TV

Lettuce Interaction 0.9 0.2 0.3 12.9 3.0 1.9 5.6 6.2
Stress 0.2 0.1 0.4 6.4 0.7 0.7 1.7 1.0
Time 61.9 96.3 76.4 11.9 73.3 62.9 61.1 33.9

Spinach Interaction 0.7 0.3 1.3 14.9 6.2 1.6 10.1 8.3
Stress 0.5 0.1 0.9 3.3 3.9 2.1 5.2 0.5
Time 88 95 88.6 13.7 64.4 48.4 41.6 45.0

a Numbers in bold indicate a significant effect (P � 0.05) for that factor. Statistical analyses were performed by two-way ANOVA.

TABLE 4 Summary of statistical analyses of effect of each factor (plant and stress treatment) and their interaction on the total variance of lettuce
and spinach infectivity for RNA and bacterial count data sets

PID Factor

% by which the factor accounted for total variance of data seta

Infectivity RNA titer

Bacterial countMNV SaV TV HuNoV MNV SaV TV

1 Interaction 0.9 14.0 1.0 12.3 1.0 0.6 2.0 6.7
Plant 0.3 0.3 0.1 7.2 6.6 42 6.8 24.9
Stress 0.6 4.1 2.6 11.6 5.6 3.9 13.4 4.6

7 Interaction 3.1 — 7.2 4.0 6.4 1.6 6.0 9
Plant 53.9 — 45.8 3.7 15.2 65 25.6 59
Stress 15.8 — 15.8 16.1 3.6 0.6 2.2 2.0

14 Interaction — — — 7.3 8.7 2.8 4.0 3.0
Plant — — — 1.2 1.0 13.2 0.2 10.6
Stress — — — 17 30.2 6.4 31.9 11.8

a Numbers in bold indicate a significant effect (P � 0.05) for that factor. Statistical analyses were performed by two-way ANOVA. —, no data were available because infectivity
titers were below the method’s detection limit.
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FIG 2 RNA titers (log10 GE per milliliter) for HuNoV, MNV, SaV, and TV on lettuce (A to D) and spinach (E to H) subjected to the following stressors: physical
damage, heat, and flood. *, significant differences between stress and control treatments on each PID for each of the viruses.
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conditions (45). However, only one study investigated the prehar-
vest survival of HuNoV on leaf surfaces, reporting that the virus
can persist on the leaves of mature spinach plants and showing no
significant differences in viral RNA titers during the 7-day study
period (46).

Our results expand on those of the latter study and show that
HuNoV RNA can persist on mature lettuce and spinach plant
leaves for at least 14 days. In contrast, MNV, SaV, and TV showed
increased inactivation over time (according to their infectivity and
RNA titers), consistent with the findings of previous studies uti-
lizing MNV and TV on preharvest spinach (46) and SaV on lettuce
(28). These findings are also consistent with those from a recent
systematic review showing that, on the basis of RNA data, HuNoV
is more stable than its surrogates (47). Both MNV and TV inocu-
lated on spinach adaxial surfaces exhibited a 1-log-unit reduction
in infectious titer every 2 to 3 days (46). This finding suggests what
has been shown in our study that, by day 14, the virus in an initial
inoculum of 6 log10 TCID50/ml is completely inactivated or is
present at levels below the detection limit of current methods. In
addition, plant type (lettuce or spinach) had stronger effects on
surrogate viruses (infectivity and RNA titer) than on HuNoV,
again suggesting that HuNoV is more stable than its surrogates.

Under the experimental conditions applied, HuNoV, SaV,
MNV, and TV are negatively charged, because their isoelectric
points (pI; 4.15, 5.4, 4.7, and 4.8, respectively [17, 48–50]) are less

than the pH of their suspension matrix (water, pH 7). This infor-
mation suggests that viral charge does not explain the different
survival patterns between HuNoV and its surrogates. When sub-
jected to heat treatment at 56°C, MNV and TV behaved similarly
(51) and both MNV and SaV showed behavior similar to that of
HuNoV (17, 52), suggesting that the capsids of the four viruses
have similar stabilities at 56°C. Therefore, capsid stability does not
explain the difference between HuNoV and its surrogates ob-
served under the greenhouse conditions used in this study (23°C).

A recent study has shown that HuNoV VLP, TV, and MNV
preferentially aggregate inside lettuce stomata, suggesting that the
three viruses exhibit similar patterns of attachment to lettuce
leaves (53). However, specific binding was not investigated in that
study. HuNoV is known to bind to HBGAs and was found to
attach specifically to cell wall carbohydrates in lettuce leaves (14).
Of the three surrogates used, only TV mimics HuNoV binding to
HBGAs; however, it is not known whether TV can bind plant
carbohydrates. The specific binding of HuNoV to plant carbohy-
drates may explain its higher degree of stability in comparison to
that of the surrogates. However, the specific binding of surrogates
to plant carbohydrates needs to be investigated.

In our study, plant type and abiotic stress (with the exception
of SaV) made significant contributions to the total variance of the
results for the different viruses, suggesting that different viruses
may be indirectly affected by the changes in the leaf microenvi-

FIG 3 Bacterial counts (log10 CFU per gram) over time for lettuce (A) and spinach (B) subjected to the following stressors: physical damage, heat, and flood. No
significant differences between stress and control treatments were detected on any PID.

TABLE 5 r values obtained by Pearson product-moment correlation analyses performed on virus infectivity or RNA titer and bacterial counts on
lettuce or spinach plants over time

Plant Bacterial source

r valuea

Infectivity RNA titer

MNV SaV TV HuNoV MNV SaV TV

Lettuce Control 0.75 0.6 0.68 0.07 0.3 0.2 0.17
Damage 0.8 0.4 0.6 �0.26 0.27 �0.03 0.09
Heat 0.74 0.64 0.78 �0.1 0.72 0.58 0.57
Flood 0.61 0.3 0.42 0.37 0.51 0.51 0.41

Spinach Control 0.33 0.63 0.5 0.44 0.67 0.83 0.86
Damage 0.37 0.62 0.52 0.39 0.15 0.55 0.24
Heat �0.01 0.27 0.15 �0.01 0.22 0.45 0.42
Flood 0.69 0.80 0.74 0.31 0.60 0.73 0.66

a Numbers in bold indicate a significant correlation (P � 0.05).
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ronment induced by stress on different plants. In addition, phyl-
losphere bacteria may play a role in the differential survival of
HuNoV in comparison to that of SaV, MNV, and TV since bacte-
rial counts more often correlated with the RNA titers of the sur-
rogates than with the RNA titer of HuNoV under the various
abiotic stress conditions. The latter result suggests that the titer of
these surrogates may be influenced by bacterial density to a greater
extent than the titer of HuNoV. Further investigation is needed to
understand the microbial as well as the metabolic changes hap-
pening on the surfaces of lettuce and spinach leaves with and with-
out abiotic stress and in relation to virus survival.

Although infectious surrogate viruses were undetectable on
PID 14, on PID 7 the plants were market ready and had detectable
infectious viruses. Similar to our results, it was reported that ap-
proximately 1 log unit of the viral infectivity titer is lost during the
processing step (31, 46). This loss could be due to drying, the
elution step, and/or the release of various inactivating/damaging
factors from plant tissues during the sample processing steps.
Therefore, since no current methods allow the complete recovery
of viruses from the leaves, potentially infectious viruses may still
be present on leaf samples that test negative (i.e., viruses may be
present at levels below the test method’s detection limit). The
14-day study period was chosen because by 7 and 14 days plants
can be harvested and because of the importance of the period
between a contamination event and harvest time. In addition, the
14-day study period used in our study is similar to or longer than
the study periods reported for studies dealing with the survival of
HuNoV (7 days) or TV and MNV (14 days) on leaf surfaces (45,
46). Collectively, because HuNoV RNA showed a higher degree of
stability than MNV, SaV, and TV RNAs and RNA titers correlated
significantly with infectivity titers for all surrogates, our results
suggest that infectious HuNoVs contaminating leafy greens close
to the harvest time may persist until the vegetables are harvested.

Production of leafy greens on the farm exposes the plants to
several abiotic stressors of various durations. We followed the
same methods for application of the heat, flood, and physical
damage stressors reported in previous studies that addressed the
effects of these abiotic stressors on human-pathogenic bacteria,
such as Escherichia coli O157:H7 and Salmonella enterica serovar
Typhimurium and evaluated the same parameters (8, 9, 29). The
heat (36°C) and flood stressors were applied for a short duration
(2 days), whereas physical damage was limited to bending of the
outer leaves only (mimicking the common damage due to ani-
mals, farmers, equipment, etc., that occurs in the field). More
importantly, extended periods of heat or flood result in bolting
and root suffocation, making the plants unfit for sale (11, 46). As
such, we focused on the end product, i.e., plant growth and pro-
ductivity, rather than investigate how plants respond to the stres-
sors because any visible deformities or stunted growth renders
leafy greens unmarketable and the question of whether HuNoV
survives on the leaf or not does not pose any further risk to con-
sumers. The fresh weights of the leaves of the control lettuce and
spinach plants on any sampling date were not significantly differ-
ent from those of stressed plants for any of the stressors (data not
shown), indicating that the stressors applied in our study did not
affect the overall growth of the plants.

Only two previous studies examined the role of abiotic stress
on the survival of HuNoV on leafy greens. The first study investi-
gated the role of sunlight (UVA/UVB) on the survival of the sur-
rogate viruses MNV and TV on spinach for 7 days and reported

that it had a negative effect only when viruses were inoculated on
the adaxial surfaces (46). The other study reported that extreme
drought decreased the rate of MNV and TV internalization in
lettuce plants (45). However, both studies relied on surrogates and
did not assess the survival of HuNoV on plants subjected to abiotic
stress. In contrast, more studies have investigated the effects of
abiotic stressors on the survival of enteric bacterial pathogens on
leafy greens. For example, physical damage, such as cutting, bruis-
ing, or bending of the leaves, promoted the survival and growth of
E. coli O157:H7 on postharvest spinach (54) and pre- and post-
harvest lettuce (9, 54, 55). Heat and drought applied to lettuce
plants individually or in combination for 2 days did not promote
the internalization of E. coli O157:H7 from soil into leaves (8).
Similarly, the application of flooding or drought stress to lettuce
plants for 2 days did not enhance the internalization of Salmonella
Typhimurium from leaf surfaces into internal tissues (29).

Although the findings of these studies on enteric bacterial
pathogens cannot be directly compared to those of our study, it
can be inferred that certain stressors, such as physical damage, can
promote the survival of human bacterial pathogens on leafy
greens. In our study, physical damage significantly affected the
persistence of HuNoV RNA on lettuce leaves only on PID 14. The
latter effect was not detected for any of the surrogate viruses on
physically damaged lettuce or for HuNoV on physically damaged
spinach but was detected for most surrogate viruses on physically
damaged spinach. Therefore, surrogate viruses can behave differ-
ently from HuNoV, depending on the plant type and condition.
This may be because spinach and lettuce respond differently when
subjected to physical damage, thus exerting differential effects on
different enteric viruses.

In our study, browning occurred at the damaged sites on let-
tuce leaves, while no such effect was noted on spinach leaves. This
observation is consistent with the findings of previous studies that
showed that ascorbic acid, which causes inhibition of enzyme-
derived browning, has a higher antioxidant capacity on spinach
leaves than lettuce leaves (54, 56). Since HuNoV was found to
specifically bind to cell wall carbohydrates of lettuce leaves (14),
exposed carbohydrates at damaged sites on lettuce may enhance
the persistence of HuNoV, whereas other factors at damaged sites
on spinach (e.g., antioxidants [57, 58]) may interfere with HuNoV
RNA persistence but not MNV and TV RNA persistence.

Furthermore, the effects of all stressors on viruses were ob-
served only on PID 14, indicating that the short-term stress (2 days
in this study) had relatively long-term effects on virus survival. A
previous study, however, implemented an extreme weather situa-
tion where drought or flooding was applied for 14 days (45). That
study showed a negative effect of drought on virus internalization.
However, leafy greens subjected to drought or flood for a long
duration are unmarketable (11), and their contamination with
HuNoV does not pose an increased risk to consumers. In contrast,
previous studies, such as the study of Ge et al. (29), tripled the
normal amount of water to achieve flooding conditions, and Er-
ickson et al. (59) decreased the water level to 50% below normal to
achieve stress from reduced amounts of water. Consistent with
these studies, we used overwatering, maintaining triple the nor-
mal volume of water for 2 days, to simulate short-term flooding
scenarios, and we showed a significant difference in soil water
content between flooded and control soils. Collectively, since tis-
sue damage is common not only in the field but also during har-
vest and postharvest, contamination with HuNoV on damaged
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lettuce leaves may pose a greater risk to consumers. Also, our
results suggest that the occurrence of high temperatures or flood-
ing for short periods (2 days) does not enhance HuNoV persis-
tence in the case of accidental contamination.

Bacteria on the phyllosphere have been shown to influence the
survival and growth of human bacterial pathogens (37, 60, 61).
Previous studies have shown that the application of physical dam-
age changes the microenvironment of the leaf due to nutrient
leakage and sugar exudation, which in turn may affect the survival
of human-pathogenic bacteria on the surfaces of leaves (9, 12, 54).
However, no previous studies have explored whether phyllo-
sphere bacteria have any role in the persistence of HuNoV on
plants. In our study, the overall range of bacterial counts obtained
on PID 0 (3.5 and 4.5 log10 CFU/g for lettuce and spinach, respec-
tively) was similar to previously reported ranges of culturable bac-
teria on plants cultivated under greenhouse conditions (62, 63).

Consistent with the findings of previous studies, our results
showed that plant type significantly impacts bacterial density (64,
65). Furthermore, the culturable bacteria on both lettuce and
spinach showed a trend toward a decrease over time with respect
to the count on PID 0. The latter may be due to changes in the
amount of water available on leaf surfaces, as bacterial density can
be affected by the leaf moisture content (63) and the plants in our
study were watered through secondary pots (i.e., they were wa-
tered by the capillary action of the roots).

The response of the phyllosphere bacterial density to stress is
largely unknown for leafy greens (63). In our study, the applied
stressors did not affect the bacterial counts on lettuce or spinach.
However, since culturable bacterial counts represent a small frac-
tion of the total bacteria on the plant’s phyllosphere, it is possible
that the effect of abiotic stressors on these bacteria can be missed
when only culturable counts are examined. In addition, the short
period of stress application (2 days in this study) might not have
significant effects on bacterial counts, which are known to change
over the long growing season (65, 66). On the other hand, the
structure of phyllosphere bacterial communities can be influ-
enced by a number of environmental factors (63, 67, 68), which
may explain the various significant correlations between the dif-
ferent viruses and the bacterial counts on lettuce and spinach ob-
served under different conditions. In our study, both the levels of
bacteria and the virus infectivity and RNA titers showed signifi-
cant positive correlations under multiple conditions for multiple
viruses. The latter indicates that the decrease in the levels of bac-
teria correlates with the decrease in viral titers.

Time may be one of the factors driving the various significant
correlations between the viral titers and bacterial counts observed,
as these were significantly impacted by time. Furthermore, other
biological factors, such as leaf leachates (12, 69), may impact the
survival of both viruses and bacteria on leaves. However, since
virus-like particles of HuNoV were previously reported to adhere
to certain locations on the plant phyllosphere (14, 70, 71) where
native bacteria are reported to adhere, such as the leaf veins and
stomata (72), it is possible that the HuNoVs contaminating plant
leaves occupy niches similar to those that native bacteria occupy
and therefore directly interact with those bacteria. A recent study
by our group has shown an enhanced persistence of SaV on post-
harvest lettuce leaves that were infected by a plant-pathogenic
bacterium preharvest (73), suggesting that plant bacteria may
have a direct influence on the survival of viruses on the leaves.

Further research is needed to examine the lettuce and spinach

bacterial community structure and their effects on HuNoV sur-
vival on the phyllosphere. This is especially important, as (i)
HuNoVs are known to bind to multiple carbohydrate moieties
(14), (ii) bacteria are known to express extracellular polysaccha-
rides (5), and (iii) recent reports suggest that HuNoV can bind to
bacteria found in the intestinal tract (74, 75). Collectively, our
data suggest that the culturable bacterial density in the phyllo-
sphere may influence the persistence of HuNoV and its surrogates
on leafy greens.

In conclusion, our results suggest that (i) HuNoV RNA may
persist under preharvest conditions on lettuce and spinach until
harvest; (ii) abiotic stress, especially physical damage and the bac-
terial density in the phyllosphere of spinach, may influence the
HuNoV RNA titer; and (iii) the persistence of no one surrogate
virus mimicked the persistence of HuNoV over time and with the
different abiotic stressors.
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