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low-grade fever, typically manifesting within 12–48 h fol-
lowing exposure to the virus, with symptom duration gen-
erally lasting 1–3 days (Robilotti et al., 2015). Despite the 
self-limiting and transient nature of this illness, its severity 
and risk of complications are heightened in vulnerable pop-
ulations such as children aged < 5 years and adults aged > 80 
years (Shah et al., 2018; Tsai et al., 2022). Although the 
overall mortality rate attributable to norovirus infection has 
consistently declined—now approximately 1.86 deaths per 
100,000 individuals—as a result of significant advance-
ments in medical treatment and healthcare infrastructure, 
there remains a concerning and disproportionate increase in 
mortality among older adults residing in high-income coun-
tries, reaching up to 900% (Zhang et al., 2022).

Norovirus transmission primarily occurs through the 
fecal–oral route via multiple pathways, including person-to-
person contact, the consumption of contaminated food and 
water, contact with contaminated surfaces, and exposure to 
aerosolized viral particles (Robilotti et al., 2015). Notably, 
norovirus is the leading cause of foodborne illness outbreaks 
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Abstract
Norovirus is a leading etiological agent of foodborne illnesses globally, with fresh produce serving as a significant vector 
for its transmission to humans. This study investigated the internalization potential of norovirus from contaminated irriga-
tion water, focusing on the temporal distribution, persistence, and removability of murine norovirus (MNV) in hydroponi-
cally grown green onions. Our results demonstrated that MNV rapidly internalized into the root tissues of green onions 
within 1 h of exposure, subsequently translocating through the vascular system to the stems and leaves. Viral loads consis-
tently peaked in the roots and persisted for at least 21 days post-inoculation. A single water exchange procedure resulted 
in a gradual decrease in viral load within plant tissues, although viral genomes remained detectable for up to 21 days. 
Repeated water exchanges effectively cleared the virus from leaves and stems but failed to eradicate it entirely from the 
roots. Immunofluorescence analysis localized the virus predominantly within the vascular tissues, specifically the xylem 
and phloem vessels, and most notably on the rough, porous surfaces of root hairs, where viral particles persisted despite 
rigorous washing protocols. Collectively, these findings unequivocally demonstrate that MNV can rapidly internalize and 
establish a sustained, long-term presence within green onion plants, particularly concentrated in the root tissues. This 
underscores the imperativeness of stringent pre-harvest preventive strategies to mitigate the risk of viral contamination in 
hydroponic cultivation systems.
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in the United States, accounting for approximately 50% of 
all foodborne outbreaks with a confirmed etiology (Hall et 
al., 2011). Foodborne transmission accounts for approxi-
mately 23% of norovirus cases, with leafy vegetables, par-
ticularly lettuce, representing the largest proportion at 33% 
(Hall et al., 2012; Shah et al., 2017). Norovirus contamina-
tion of fresh produce can occur both pre- and post-harvest. 
Post-harvest contamination often originates from infected 
food handlers, whether symptomatic or asymptomatic 
(Hardstaff et al., 2018). Pre-harvest, norovirus can be intro-
duced into produce through contaminated irrigation water 
sources, such as groundwater, rivers, and lakes, or through 
the application of diluted pesticides (López-Gálvez et al., 
2016; Potera, 2013). Notably, a meta-analysis reported that 
norovirus was detected in 43.5% of river water samples 
(Ekundayo et al., 2021).

Hydroponic cultivation systems offer significant advan-
tages over conventional soil-based agricultural practices, 
including enhanced water and essential nutrient conserva-
tion, effective soil-borne phytopathogen prevention, and 
comprehensive control over environmental parameters 
throughout the growth cycle (Thapa et al., 2024). Conse-
quently, owing to these multifaceted benefits, hydroponic 
systems have gained popularity and are now extensively uti-
lized in the commercial cultivation of fresh produce, particu-
larly leafy vegetables like lettuce and diverse culinary herbs 
(Brentlinger, 2005). The irrigation water utilized in hydro-
ponic cultivation systems is subjected to stringent manage-
ment protocols to ensure effective disinfection, employing 
various sources such as surface water, rainwater, tap water, 
and purified water obtained via reverse osmosis (Mielcarek 
et al., 2024). However, unlike bacterial contamination, viral 
water contamination is undetectable, and viruses can sur-
vive these management systems or be introduced by asymp-
tomatic infected workers (Alegbeleye et al., 2023).

The contamination of fresh produce via irrigation water 
is a significant pre-harvest route that has garnered increas-
ing attention in recent years, particularly owing to concerns 
regarding norovirus internalization within produce (Hir-
neisen et al., 2012). In contrast to surface contamination, 
which can be mitigated through cleaning and disinfection, 
internalized pathogens are inaccessible to conventional 
decontamination methods (Erickson, 2012). Therefore, 
this study aimed to investigate the potential for norovirus 
internalization in fresh produce via contaminated irrigation 
water, focusing on the distribution and persistence of viral 
particles as they migrate from irrigation water into inter-
nal plant tissues, as well as evaluating their removability 
through water exchange. A hydroponic system was uti-
lized to examine norovirus internalization in green onions, 
selected for their widespread consumption, rapid growth 
characteristics, and anatomical features that facilitate 

virus transmission studies. Additionally, murine norovirus 
(MNV) was employed as a surrogate for human norovirus 
to enable controlled experimental conditions.

Materials and Methods

Virus and Cell Culture

MNV-1 was generously provided by Professor Herbert W. 
Skip Virgin from the University of Washington. It was prop-
agated in the murine macrophage-derived RAW 264.7 cell 
line (ATCC TIB-71), cultured in Dulbecco’s Modified Eagle 
Medium (DMEM; Gibco, Carlsbad, CA) supplemented with 
10% fetal bovine serum (Gibco) and 1% antibiotic–antimy-
cotic solution (AA, 100×; Gibco), and maintained at 37 °C 
in a 5% CO2 atmosphere. To generate viral stock, confluent 
monolayers of RAW 264.7 cells were infected with MNV-1 
at a multiplicity of infection of 0.1. Viral particles were 
harvested at 2 days post-inoculation (dpi) by subjecting the 
culture to three freeze–thaw cycles, followed by low-speed 
centrifugation at 1,000 × g for 30 min.

Green Onion Cultivation and Viral Inoculation

Green onions were procured from a local retail store in 
Anseong, South Korea, and their surfaces were thoroughly 
washed with sterile distilled water to eliminate potential 
contaminants. The hydroponic feed water was enriched with 
a balanced nutrient solution comprising essential macronu-
trients, specifically nitrogen, phosphorus, and potassium, to 
promote optimal plant growth. Additionally, the feed water 
was supplemented with 1% AA to effectively inhibit micro-
bial contamination. Thereafter, the hydroponic feed water 
was inoculated with MNV-1 to introduce viral contamina-
tion. The hydroponic water reservoir, with a total volume 
of 200 mL, was inoculated with 5 mL of viral suspension, 
resulting in an initial viral titer of 2.5 × 104 plaque forming 
unit/mL (1.04 × 106 genome copies/mL). This contamina-
tion level was experimental to ensure reliable quantifica-
tion of internalized viral RNA throughout the experiment, 
although it was higher than average environmental levels. 
Negative controls consisted of hydroponic feed water that 
was not inoculated with the virus. Environmental conditions 
were strictly maintained at a temperature of 20 °C and a rel-
ative humidity of 40% throughout the experimental period.

Experimental Design

To investigate the temporal internalization and distribu-
tion patterns of the virus within the crop, the leaves, stems, 
and roots of green onions were collected at 1, 3, 5, and 7 h 
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post-inoculation (hpi) following exposure to MNV-1-con-
taminated hydroponic feed. Additionally, to assess the per-
sistence of the internalized virus, leaves, stems, and roots 
were collected at 1, 3, 7, 14, and 21 dpi from independent 
samples.

Prior to the experiments, the green onions were disin-
fected to minimize the initial microbial load. The samples 
were treated with 1,000 ppm sodium hypochlorite—pre-
pared from chlorine bleach containing 4% sodium hypo-
chlorite—for 15  min. Thereafter, the samples were 
transferred to a new 200 mL beaker containing distilled 
water and submerged for 5 min, followed by neutralization 
in 0.25 M sodium thiosulfate for 5 min to remove residual 
chlorine. A similar disinfection procedure was also applied 
to the harvested samples at the conclusion of the experi-
ment to inactivate any virus present on the surface of the 
green onion tissues. Each sample portion was homogenized 
using a mortar and pestle and resuspended in 5 mL of phos-
phate-buffered saline (PBS, pH 7.0). The samples were 
subsequently centrifuged at 1,000 × g to remove cellular 
debris, and the supernatant was transferred to a new collec-
tion tube. Finally, 500 µL of each sample was designated for 
quantitative reverse transcription polymerase chain reaction 
(RT-qPCR), while the remaining unhomogenized tissues 
were allocated for immunofluorescence (IF) analysis. Three 
individual green onions were used to generate data for each 
experimental data point.

To evaluate the impact of water exchange on internal-
ized MNV-1, two experimental approaches were used. First, 
green onion surfaces were rinsed with sterile distilled water 
at 3 dpi and transferred to fresh feed water, with periodic 
observations continuing until 21 dpi. Second, to assess the 
potential for complete removal of the internalized virus, a 
separate group underwent water exchanges every 2 days 
for five cycles, with observations concluding after the final 
exchange at 10 dpi.

RT-qPCR

Total RNA was extracted from the samples using the RNeasy 
Mini Kit (Qiagen, Hilden, Germany), followed by one-step 
RT-qPCR. One-step RT-qPCR was performed in a total vol-
ume of 25 µL, comprising 5 µL of 5× UltraSense™ enzyme 
mix (Invitrogen, Carlsbad, CA), 1 µL of 5 µM MNV prim-
ers, 2 µL of 5 µM MNV probes, 5 µL of RNA template, and 
9.75 µL of diethyl pyrocarbonate-treated water. Thermal 
cycling was conducted using a Thermal Cycler Dice Real-
time System (TaKaRa, Otsu, Japan) at 50  °C for 15 min, 
followed by 95 °C for 2 min as well as 45 cycles of 10 s at 
95 °C and 20 s at 55 °C for MNV-1 (Lee et al., 2015).

IF Analysis

Tissues from the leaves, stems, and roots of green onions 
were immediately fixed in 10% neutral buffered formalin. 
Following 48 h of fixation, the tissues were processed and 
embedded in paraffin. For IF analysis, tissue sections were 
deparaffinized and rehydrated, followed by washing in PBS 
containing 0.05% Tween 20 (PBS-T). Antigen retrieval was 
performed using Proteinase K (100 µg/mL; Invitrogen) for 
20 min at 37 °C. Non-specific binding was blocked by incu-
bation with 1% normal goat serum (AK-5001; Vector Labo-
ratories, Burlingame, CA) for 30 min. Subsequently, tissue 
sections were incubated overnight at 4 °C with rabbit anti-
MNV-1 capsid protein 1 antiserum (MNV14-S; Alpha Diag-
nostic International, San Antonio, TX). After washing three 
times with PBS-T, the sections were incubated with Alexa 
Fluor 488-conjugated goat anti-rabbit IgG (A32731, Invit-
rogen) for 1 h at room temperature (20–25 °C). Cell nuclei 
were counterstained with 4′,6-diamidino-2-phenylindole.

Statistical Analysis

All data are expressed as the mean ± standard error, repre-
senting the results of three independent replicates and three 
independent experiments. One-way analysis of variance 
was performed to assess the decrease in MNV-1 titers over 
time and following water exchange, followed by Tukey’s 
post-hoc test for multiple comparisons. Statistical signifi-
cance was set at p < 0.05.

Results

Short-term Internalization of MNV-1 in Green Onion 
Tissues

The temporal dynamics of MNV-1 internalization in green 
onion tissues (leaf, stem, and root) were assessed over a 7-h 
period following exposure to virus-contaminated hydro-
ponic feed water.

Viral genome copies were quantified via RT-qPCR 
and expressed as log10 genome copies per gram of tissue 
(Fig. 1). At 0 hpi, no viral genomes were detected in any tis-
sue type, confirming the absence of pre-existing contamina-
tion. Over time, a distinct tissue-dependent pattern of viral 
internalization emerged. The earliest and highest levels of 
viral internalization were observed in the roots.

Viral genome copies increased significantly from 
2.34 ± 0.43 log10 copies/g at 1 hpi to 4.72 ± 0.15 log10 
copies/g at 7 hpi (p < 0.001), indicating rapid MNV-1 uptake 
and accumulation in root tissues within hours of exposure.
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dpi. Statistical analysis indicated no significant differences 
in viral genome quantities over time, suggesting sustained 
viral presence in the aquatic environment.

MNV-1 genome remained in root tissues throughout 
the 21-day period, with viral genome copies ranging from 
3.47 ± 0.26 log10 copies/g at 1 dpi to 4.19 ± 0.26 log10 
copies/g at 21 dpi. Although the increase was not statisti-
cally significant, the peak viral load at 21 dpi suggests 
potential viral accumulation in the roots over time.

Viral genomes were detected in stem tissues starting at 
1 dpi (2.24 ± 0.15 log10 copies/g) and remained through 21 
dpi, peaking at 7 dpi (3.18 ± 0.20 log10 copies/g). Viral lev-
els remained significantly higher than those at 0 dpi, indicat-
ing a sustained viral presence in stems throughout the study 
period (p < 0.05).

In leaves, viral genomes were intermittently detected 
at low levels, with the highest concentration at 3 dpi 
(0.96 ± 0.37 log10 copies/g). While some fluctuations 
occurred, viral loads in leaves were generally low and did 
not exhibit a consistent increasing or decreasing trend over 
time.

Overall, these results indicate that MNV-1 can persist in 
hydroponic water and internalize into green onion roots and 
stems for at least 21 days post-exposure. The roots serve as 
the primary reservoir for the virus, maintaining consistently 
high viral loads, while stems also sustain detectable viral 
levels. In contrast, leaves exhibit limited long-term viral 

Viral genomes were detected in stems starting at 1 hpi 
(0.58 ± 0.29 log10 copies/g), with a progressive increase to 
2.92 ± 0.45 log10 copies/g by 7 hpi. The increase from 3 hpi 
onward was statistically significant (p = 0.005), suggesting 
viral translocation from roots to stem tissues.

Viral genomes were exclusively detected in leaves at 7 
hpi, yielding a lower level (0.56 ± 0.30 log10 copies/g) than 
that in roots and stems (p = 0.043). At 7 hpi, significant differ-
ences in viral genome copy numbers were observed among 
tissue types, with roots exhibiting the highest internaliza-
tion. Compared with those in roots, viral loads in stems and 
leaves were significantly lower (p = 0.002 and p < 0.001, 
respectively). These results demonstrate that MNV-1 can 
rapidly internalize into green onion roots and subsequently 
translocate to stems and leaves within hours.

Long-term Internalization of MNV-1 in Green Onion 
Tissues

The internalization of MNV-1 in green onion tissues and 
hydroponic water was monitored over a 21-day period post-
inoculation (Fig.  2). Viral genome copies were quantified 
using RT-qPCR and expressed as log10 genome copies per 
gram of tissue or per milliliter of water.

The viral load in the contaminated hydroponic water 
remained relatively stable throughout the 21-day period, 
commencing at 6.02 ± 0.16 log10 copies/mL at 0 dpi and 
slightly decreasing to 5.57 ± 0.14 log10 copies/mL by 21 

Fig. 1  Short-term distribution of MNV in hydroponically grown green 
onion. The horizontal dashed line indicates the initial inoculum level. 
Each experimental point represents the average of experiments per-
formed in triplicate (n = 3). Virus titer is expressed as log genome 

copies/g ± standard error. Different lowercase letters denote statisti-
cally significant differences in viral titer over time within the same 
anatomical part of the green onion (p < 0.05)
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from 0 to 3 dpi, with mean values approximating 5.5 log10 
genome copies/mL.

Following the water exchange at 3 dpi, viral genome 
copies sharply declined to 3.38 ± 0.27 log10 copies/mL by 
7 dpi and subsequently remained relatively stable through 
21 dpi (3.88 ± 0.25 log10 copies/mL). Additionally, the slight 
increase in viral load up to 21 dpi likely emanated from the 
re-spreading of the virus from the green onions. Statistical 
analysis indicated significant reductions in viral loads in the 
water after 3 dpi (p < 0.05).

presence, suggesting minimal or transient viral internaliza-
tion in this tissue.

Effect of Single Water Exchange on MNV 
Internalization

The influence of a single water exchange at 3 dpi on the 
internalization and persistence of MNV-1 in hydroponic 
water and green onion tissues was evaluated (Fig. 3). In the 
hydroponic water, high viral genome levels were maintained 

Fig. 3  Effect of water exchange on MNV internalization and persis-
tence in hydroponically grown green onion. The arrows indicate the 
time points at which water exchange was performed. The horizontal 
dashed line indicates the initial inoculum level. Each experimental 
point represents the average of experiments performed in triplicate 

(n = 3). Virus titer is expressed as log genome copies/g ± standard error. 
Different lowercase letters denote statistically significant differences 
in viral titer over time within the same anatomical part of the green 
onion (p < 0.05)

 

Fig. 2  MNV internalization in hydroponically grown green onion from 
days 1 to 21. The horizontal dashed line indicates the initial inoculum 
level. Each experimental point represents the average of experiments 
performed in triplicate (n = 3). Virus titer is expressed as log genome 

copies/g ± standard error. Different lowercase letters indicate statisti-
cally significant differences in viral titer over time within the same 
anatomical part of the green onion (p < 0.05)
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the hydroponic water, MNV-1 titers significantly decreased 
from 5.66 ± 0.09 log10 genome copies/mL before water 
changes to 2.21 ± 0.18 log10 copies/mL after the first cycle, 
further declining to below detection limits by the fourth and 
fifth cycles (p < 0.001). This demonstrates effective viral 
clearance through repeated water changes.

Leaf tissues contained minimal viral genome copies 
throughout the experiment, with low levels sporadically 
detected (maximum: 0.23 ± 0.23 log10 copies/g at cycle 3) 
and mostly below detection limits, indicating limited viral 
internalization or retention.

In stem tissue, the viral load was 2.03 ± 0.18 log10 
copies/g before the water exchange, and it slightly decreased 
after the first cycle to 1.82 ± 0.24 log10 copies/g (p = 0.436). 
The viral genome was not detected from the second cycle 
onward, although considerably low residual levels (approxi-
mately 0.11–0.13 log10 copies/g) were observed during the 
fourth and fifth cycles. This suggests that while the virus 
was effectively reduced in the stem through repeated water 
exchanges, it could be re-disseminated from residual virus 
in the roots.

Root tissues consistently harbored the highest viral 
genome copies, starting at 3.03 ± 0.17 log10 copies/g before 
the water change and maintaining relatively stable lev-
els throughout the five cycles (2.40–2.49 log10 copies/g). 
Although a gradual decline was observed over time, the 
virus persisted in roots despite multiple water exchanges.

Localization of MNV Internalized in Green Onions

IF analysis was conducted to compare the distribution and 
localization patterns of internalized MNV-1 in green onions 

In leaf tissues, viral genomes were detected at low lev-
els starting from 1 dpi (0.45 ± 0.23 log10 copies/g), peaking 
at 3 dpi (0.68 ± 0.25 log10 copies/g), and decreased slightly 
following the water exchange, becoming undetectable at 
14 dpi. However, no significant differences in viral load 
occurred over time.

In stem tissue, viral genome copies increased from 
1.67 ± 0.27 log10 copies/g at 1 dpi to a peak of 2.79 ± 0.19 
log10 copies/g at 3 dpi (p = 0.01). After the water exchange, 
viral loads gradually declined to 1.84 ± 0.17 log10 copies/g 
by 21 dpi.

Consistent with previous results, the highest viral 
genome copy number was observed in root tissue, with 
rapid accumulation reaching 4.06 ± 0.19 log10 copies/g at 3 
dpi. This was followed by a marked decrease to 2.41 ± 0.33 
log10 copies/g by 7 dpi, a count that subsequently remained 
relatively stable through 21 dpi.

Overall, the single water exchange at 3 dpi effectively 
reduced viral loads in the hydroponic water, accompanied 
by a gradual decline in viral genome copies within green 
onion tissues over time. However, viral genomes persisted 
in roots and stems up to 21 dpi, indicating MNV-1 internal-
ization and retention within these tissues despite the water 
exchange.

Effect of Multiple Water Exchanges on MNV 
Internalization

The influence of repeated water changes on MNV-1 inter-
nalization and persistence was assessed by measuring viral 
genome copies in hydroponic water and green onion tissues 
before and after five cycles of water changes (Fig.  4). In 

Fig. 4  Effect of multiple water exchange cycles on MNV internaliza-
tion and persistence in hydroponically grown green onion. The feed 
water was completely exchanged with fresh, uncontaminated water 
at each indicated time point on the graph. The horizontal dashed line 
indicates the initial inoculum level. Each experimental point represents 

the average of experiments performed in triplicate (n = 3). Virus titer is 
expressed as log genome copies/g ± standard error. Different lowercase 
letters denote statistically significant differences in viral titer over time 
within the same anatomical part of the green onion (p < 0.05)
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they persisted even after the water change (Fig.  5K). No 
MNV-1 antigen was detected in any tissues of the negative 
control group (Figs. 5C, F, I, and L).

Discussion

The present study aimed to elucidate the potential for nor-
ovirus internalization in fresh produce via contaminated 
irrigation water, focusing specifically on the dynamics of 
MNV as a surrogate for human norovirus uptake and persis-
tence in green onion tissues using a controlled hydroponic 
system. We found that MNV could reach and accumulate 
in the roots and stems within 1 hpi and transition from the 
roots to the leaves of green onions within 7  h. Although 
few studies have examined the degree of crop internaliza-
tion by foodborne pathogens on an hourly basis, insights 
can be gained from the plant transport system. While time 
varies depending on the plant type and nutrients absorbed, 
it generally takes approximately 1 h per 100 cm for water 
absorbed through the roots to reach the leaves (Atanasov, 
2021; Bodale et al., 2021). The green onions used in this 
study were approximately 50  cm tall, and although water 

before and after the water change (Fig. 5). In leaf tissues, 
which exhibited the lowest viral load, MNV-1 was local-
ized to parenchyma cells in a few spots (arrowhead) and 
colocalized with chloroplasts, although the signal intensity 
remained weak (arrow). No MNV-1 antigen was detected 
after the water exchange (Fig. 5B).

In the stem, MNV-1 was localized over a wide area. Prior 
to washing, MNV antigens partially lined the cell walls of 
the phloem and were present in significant amounts within 
the cytoplasm of the parenchyma (Fig. 5D). After washing, 
MNV-1 antigens were significantly reduced and localized to 
some phloem and parenchyma cells (Fig. 5E).

In root tissues, where MNV-1 was most abundantly 
detected via RT-qPCR and persisted for an extended dura-
tion, numerous MNV-1 antigens were observed lining the 
cell walls of phloem and xylem vessels before the water 
change, as well as in the cytoplasm of parenchyma cells 
(Fig.  5G). After the water change, MNV-1 antigens were 
primarily observed within the metaxylem (Fig. 5H). A nota-
ble observation was the hairy portion of the root. Despite 
removing external contaminants using 1,000 ppm sodium 
hypochlorite during tissue harvest, extremely high levels of 
MNV-1 antigen were detected in the root hairs (Fig. 5J), and 

Fig. 5  MNV localization in 
hydroponically grown green 
onions by plant part. Arrowheads 
indicate MNV localization, 
while the white arrow indicates 
MNV localized specifically 
to chloroplasts. Nuclei were 
counterstained with 4′,6-diamid-
ino-2-phenylindole. Scale bar 
= 25 μm. Abbreviations: ph, 
phloem; xy, xylem; pa., paren-
chymal cell; ep, epidermis
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of implementing stringent preventive measures to inhibit 
viral contamination of irrigation water sources. Considering 
these findings, a series of targeted preventive measures can 
be recommended to growers to mitigate the risk of contami-
nation. These measures include the stringent reinforcement 
of routine disinfection protocols specifically tailored for 
water recirculation and distribution systems, the enhance-
ment of worker hygiene practices through comprehensive 
training and monitoring, and the prioritization of a holistic 
approach centered on proactive contamination prevention 
strategies (Saldinger et al., 2023).

IF analysis further demonstrated that MNV, following its 
absorption through the root system, subsequently migrated 
and accumulated predominantly within the parenchymal 
cells of aerial tissues, specifically concentrating in both the 
leaves and, notably, the stems of the plant. During the devel-
opmental stages of Allium species, essential nutrients, pre-
dominantly carbohydrates, accumulate in the stem region 
immediately beneath the leaves, which is the specific site 
for subsequent bulb formation (Gao et al., 2022; Kiani et al., 
2022). This accumulation may be linked to the interaction 
between carbohydrates and norovirus. Norovirus recognizes 
histo-blood group antigens (HBGAs) as receptors, and its 
capsid protein interacts with oligosaccharide residues of the 
HBGA receptor (Tan et al., 2010). Furthermore, norovirus is 
capable of interacting with a diverse array of carbohydrate 
molecules, encompassing porcine gastric mucin, sialylated 
carbohydrates and human milk oligosaccharides, beyond the 
oligosaccharide structures associated with HBGA receptors. 
(Creutznacher et al., 2021; Dancho et al., 2012; Weichert et 
al., 2016). Similarly, within plant systems, norovirus report-
edly demonstrates binding affinity for specific carbohydrate 
components located in the cell walls of lettuce, including 
hemicellulose polysaccharides, which are integral struc-
tural constituents of the plant cell wall matrix (Esseili et al., 
2012; Gao et al., 2016).

In this study, green onion roots constituted the plant part 
most prominently occupied by MNV. The roots sustained 
elevated viral titers over prolonged periods and retained 
these titers despite repeated water exchange processes. IF 
analysis demonstrated viral localization within the xylem 
and phloem vessels of the root. Moreover, MNV was nota-
bly detected on root hairs on the outer root surface, with 
viral particles persisting even after thorough washing with 
high-concentration bleach. The roots possess a rough and 
porous anatomical structure that plays a critical role in 
facilitating the efficient absorption of essential nutrients and 
water necessary for plant growth and development. The pore 
sizes within roots are approximately 30–40  nm in diam-
eter, which closely correspond to the physical dimensions 
of norovirus particles, potentially influencing viral adher-
ence and penetration (Sembada et al., 2024). Furthermore, 

can reach the leaves in approximately 30  min, additional 
time is presumably necessary for MNV to accumulate to 
levels detectable by RT-qPCR. Internalization is known to 
occur when human enteric pathogens are taken up through 
the roots into intercellular spaces between plant cells and 
into the plant’s vascular tissues, including the xylem and 
phloem (Hirneisen et al., 2012). Additionally, enteric patho-
gens are more easily internalized in crops when roots are 
damaged, and absorption is likely facilitated since some 
roots are cut during the distribution process of green onions 
(Erickson, 2012).

This study demonstrated that MNV persists stably within 
the leaves, stems, and roots of green onion plants for over 
21 days. Consistent with these findings, previous research 
indicates that human norovirus and its surrogates, includ-
ing MNV and Tulane virus, can be internalized within 
diverse leafy greens, such as romaine lettuce, kale, and 
mustard microgreens, remaining detectable for up to 30 
days throughout the experiments (DiCaprio et al., 2012; 
Hirneisen et al., 2013; Wang et al., 2016; Wei et al., 2010; 
Yang et al., 2018). In contrast, while our findings revealed 
minimal MNV detection in the leaves, norovirus and its sur-
rogates were detected at similar levels from roots to leaves 
in romaine lettuce, a short-growing crop (DiCaprio et al., 
2012; Wei et al., 2010). Yang et al. (2018) studied norovi-
rus internalization in three crops and found no internaliza-
tion in radish (Raphanus sativus) at all, suggesting that crop 
type influences internalization. This difference in norovi-
rus distribution between romaine lettuce and green onions 
is attributable to factors beyond plant length. In our study, 
internalized MNVs were detected solely by quantifying 
genome copies. However, when internalized viruses in crops 
were detected using PCR combined with RNase treatment 
to identify intact viruses, or when infectious viruses were 
assessed using plaque assays, the observed trends aligned 
with those based on genome copy numbers (DiCaprio et al., 
2012; Hirneisen et al., 2013). This suggests that the inter-
nalized virus maintains high stability. Although plants pos-
sess defense mechanisms against pathogens, their immune 
response is unlikely activated against norovirus, which is 
an animal virus (Faulkner, 2016). This immunological blind 
spot may enable the virus to persist stably within plants for 
extended periods.

Hydroponic cultivation systems utilize recirculating 
water management strategies to maintain and optimize water 
quality throughout the growth cycle. In the present study, 
water exchange procedures were conducted either once or 
five times to simulate recirculation within the hydroponic 
system. Despite continuous water exchange, this study 
demonstrated that viruses internalized within plant tissues 
persisted and were not effectively eliminated through these 
interventions, thereby underscoring the critical importance 
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exposure and subsequently translocate to stems and leaves, 
with roots serving as the primary reservoir sustaining viral 
loads for at least 21 days post-inoculation. Notably, a single 
water exchange partially reduced the presence of the virus 
in plant tissues, whereas repeated water exchanges effec-
tively removed the virus from leaves and stems; however, 
the virus persisted and was not eliminated from the roots. 
This study enhances the current understanding of norovi-
rus transmission via pre-harvest contamination routes by 
providing detailed temporal and spatial insights into viral 
internalization and persistence within edible plant tissues.
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