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Abstract
Controlled environment agriculture (CEA), or indoor agriculture, encompasses non-traditional farming methods that occur 
inside climate-controlled structures (e.g., greenhouses, warehouses, high tunnels) allowing for year-round production of 
fresh produce such as leaf lettuce. However, recent outbreaks and recalls associated with hydroponically grown lettuce 
contaminated with human pathogens have raised concerns. Few studies exist on the food safety risks during hydroponic cul-
tivation of leaf lettuce; thus, it is important to identify contributing risk factors and potential mitigation strategies to prevent 
foodborne transmission via hydroponically grown produce. In this study, the concentration of infectious Tulane virus (TV), 
a human norovirus surrogate, in hydroponic nutrient solution at 15 °C, 25 °C, 30 °C, and 37 °C was determined over a dura-
tion of 21 days to mimic the time from seedling to mature lettuce. The mean log PFU reduction for TV was 0.86, 1.80, 2.87, 
and ≥ 3.77  log10 at 15 °C, 25 °C, 30 °C, and 37 °C, respectively, at the end of the 21-day period. Similarly, average decimal 
reduction values (D-values) of TV at 15 °C, 25 °C, 30 °C, and 37 °C were 48.0, 11.3, 8.57, and 7.02 days, respectively. This 
study aids in the (i) identification of possible food safety risks associated with hydroponic systems specifically related to 
nutrient solution temperature and (ii) generation of data to perform risk assessments within CEA leaf lettuce operations to 
inform risk management strategies for the reduction of foodborne outbreaks, fresh produce recalls, and economic losses.
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Introduction

Controlled environment agriculture (CEA), or indoor agri-
culture, encompasses non-traditional farming methods that 
occur inside climate-controlled structures (e.g., greenhouses, 
warehouses, high tunnels) allowing for year-round produc-
tion of fresh produce including tomatoes, cucumbers, and 
leafy greens (Sharma et al., 2018). Within these protected 
environments, deep water culture systems, wick method, 
aeroponics, and nutrient film technique are being used for 
hydroponic cultivation of fresh produce such as leafy greens 
(Riggio et al., 2019). During CEA production, plant roots 
remain immersed in a solution containing essential micro- 
and macro-nutrients throughout the cultivation period to 

aid in growth and development. Although CEA is often 
viewed as a way to mitigate microbial risks that are present 
within field-based produce production, the 2021 outbreak 
(McClure et al., 2023) and 2023 recall (USFDA, 2023) of 
CEA-grown leafy greens due to microbial contamination 
have highlighted the need to characterize microbial risks 
within hydroponic cultivation including those related to 
foodborne viruses such as human norovirus (HuNoV).

Human noroviruses are frequently associated with leafy 
greens outbreaks in the U.S. and globally (Callejón et al., 
2015; Herman et al., 2015). The primary transmission route 
for HuNoV is fecal–oral via direct contact (person-to-per-
son) followed by ingestion of contaminated food and water 
(Hirneisen & Kniel, 2013; Wu et al., 2023). Indeed, field 
workers and food handlers are most often implicated as the 
contamination source of leafy greens during field-based 
production and at the point of sale, respectively (Kokkinos 
et al., 2015). However, the risk of HuNoV contamination 
during hydroponic production of leafy greens has not been 
well characterized. Riggio and co-authors (2019) reviewed 
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the risk of pathogen internalization within leafy greens dur-
ing lab-scale cultivation experiments and described four 
studies related to foodborne viruses including HuNoV and 
its cultivable, surrogate viruses, i.e., Tulane virus (TV) 
and murine norovirus (MNV). Human norovirus, TV, and 
MNV were reported to internalize within the edible portion 
of romaine lettuce within 1 day after direct inoculation of 
the nutrient solution and persist for an additional 14 days 
during lab-scale cultivation (DiCaprio et al., 2012). Wang 
and Kniel, (2016) also reported the internalization of MNV 
within the edible portion of microgreens cultivated using 
nutrient film technique along with MNV persistence in the 
microgreens at approximately 1.5 logs per sample from day 
8 (day of inoculation) to day 12 (harvest day). Importantly, 
the study authors noted high concentrations of infectious 
virus remained in the recirculating nutrient solution for the 
duration of the experiment (Wang & Kniel, 2016). Impor-
tantly, no studies have investigated infectious virus persis-
tence within deep water culture systems used for leaf lettuce 
production.

The role of water as a contamination source during field-
based fresh produce production is well-documented (Aleg-
beleye et al., 2018; Gurtler & Gibson, 2022; Uyttendaele 
et al., 2015). In addition, the persistence of HuNoV and 
its surrogate viruses within a variety of water sources for 
prolonged periods of time have been reported (Anderson-
Coughlin et al., 2023; Desdouits et al., 2022; Seitz et al., 
2011). However, specific investigations on the persistence of 
infectious virus particles within nutrient solution under com-
mercially relevant formulations and temperatures have not 
been reported. The limited number of previous studies on 
viral pathogens and hydroponic leafy greens production have 
performed experiments under a single temperature typically 
set around 20–22 °C, yet nutrient solution temperatures can 
fluctuate within greenhouse operations due to diurnal and 
seasonal variations potentially impacting virus persistence.

In the present study, the authors aimed to determine the 
persistence of infectious TV—a cultivable HuNoV surro-
gate—inoculated in modified Hoagland’s nutrient solution 
subjected to the wide-range of temperatures (10–40 °C) 
observed during production of leaf lettuce under greenhouse 
conditions over a 21-day period (i.e., to mimic leaf lettuce 
growth period from seedling to mature plant).

Materials and Methods

Mammalian Cell Cultivation

The LLC-MK2 cells (ATCC CCL-7; American Type Culture 
Collection, Manassas, VA) were grown in M199 medium 
(Cytiva, Marlborough, MA) supplemented with 10% Fetal 
Bovine Serum (FBS, Cytiva), 1% Penicillin–Streptomycin 

(100 U/mL, 100 μg/mL; Cytiva), and 1% amphotericin B 
(250 μg/mL; Corning, VA) at 37 °C and 5%  CO2. Tulane 
virus was provided by Dr. Jason Jiang at Cincinnati Chil-
dren’s Hospital Medical Center in Cincinnati, OH.

Tulane Virus Production and Quantification

Tulane virus production and quantification was completed 
as previously described by Arthur and Gibson (2015a, 
b). Tulane virus was generously provided by Dr. Jason Jiang 
(Cincinnati Children’s Hospital Medical Center, Cincinnati, 
Ohio). Briefly, MK2 cells were inoculated with TV at a mul-
tiplicity of infection of 0.1. The flask with inoculated MK2 
cells was rocked under 37 °C, 5%  CO2 for 1 h followed by 
the addition of 20 mL of maintenance medium (2% FBS sup-
plemented Opti-MEM) (Gibco™ Thermo Fisher Scientific, 
Waltham, MA). Further, the infected cells were incubated 
for 48 h at 37 °C, 5%  CO2 without rocking. At the end of 
incubation, the flask was tapped vigorously to detach all 
cells. Viruses were harvested by three times freeze–thaw 
(− 80 °C and 37 °C) to release the viruses from the cells. 
The lysed cells were pelleted by centrifugation at 3000 × g, 
4 °C for 15 min. The virus supernatant was then filtered 
through a 0.45 μm pore size bottle top vacuum filter (Corn-
ing Inc., Corning, NY) (Deng & Gibson, 2023). No addi-
tional methods were applied to ensure complete removal of 
spent maintenance medium or to prevent virus aggregates 
prior to inoculation of the nutrient solution (see “Inoculation 
of Nutrient Solution”).

MK2 cells were seeded in 6 well plates at a concentra-
tion of 2 ×  105 cell/well 24 h prior to performing the plaque 
assay. After overnight incubation, 500 μL of TV stock were 
added per well in duplicate. The plates were gently rocked 
for 1 h at 37 °C under 5%  CO2. Samples were aspirated, 
and cell monolayers were covered with 2 mL overlay con-
taining 3% low melting agarose (NuSieve® GTG Agarose; 
Lonza, Basel, Switzerland) and maintenance medium. The 
plates were further incubated at 37 °C for 5 days followed 
by staining with 2 mL of 5% neutral red (Sigma-Aldrich, St 
Louis, USA) diluted in 1X phosphate buffered saline (PBS, 
pH 7.4). To visualize plaques, the plates were incubated for 
an additional 3 h at 37 °C under 5%  CO2 without rocking. 
The average concentration of the TV stock utilized in the 
study was 6.99 ×  106 plaque forming units (PFU) per mL.

Preparation of Nutrient Solution

A modified Hoagland’s nutrient solution was used for all 
experiments as described previously (Dhulappanavar & Gib-
son, 2023). Briefly, macronutrient concentrations (in g/L) 
present in the stock A solution included 208.75 calcium 
nitrate, 65 potassium nitrate, and 28.49 mono potassium 
phosphate, and the stock B solution contained 100.63 g/L 
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magnesium sulfate and 27.50 g/L potassium chloride (Haifa 
Group, Altamonte Springs, FL). Micronutrient concentra-
tions in the stock C solution contained 3 g/L ferric-ethyl-
enediaminetetraacetic acid (Fe-EDTA), 1.5 g/L manganese 
ethylenediaminetetraacetic acid (Mn-EDTA), 0.5 g/L boric 
acid, 0.38 g/L copper sulfate, 0.28 g/L zinc sulfate, and 
0.05 g/L sodium ammonium molybdate (JR Peters, Inc, 
Allenstown, PA). Six hundred milliliters of hydroponic 
nutrient solution were prepared by mixing 3 mL of each 
stock solution (stock solution A, B and C) containing macro-
nutrients and micronutrients in 1:1 ratio, 0.12 mL sodium 
thiosulphate (Sigma Chemical Co., St. Louis, MO) stock 
solution (12.5 ppm), and 590.88 mL of tap water. The ini-
tial pH of the prepared hydroponic nutrient solution was 
adjusted to within the range of 5.51—5.54 using 1N sulfuric 
acid.

Inoculation of Nutrient Solution

Single 500 mL glass bottles containing 300 mL nutrient 
solution were each inoculated with 900 µL of TV stock solu-
tion (or ~ 6.24  log10 PFU total). The final TV concentration 
was approximately 4  log10 PFU per milliliter of nutrient 
solution. The bottle with inoculated nutrient solution and 
another bottle containing 300 mL nutrient solution only 
(negative control) were placed in a shaking incubator. The 
incubator was maintained at 15, 25, 30, or 37 °C for 21 days 
with shaking at 50 rpm.

Sample Collection and TV Quantification

Post inoculation, 30 mL of sample was collected from each 
bottle on day 0, 1, 3, 5, 7, 14, and 21. At each time point, 
5 mL of the collected sample was filtered using a 0.22 µm 
syringe filter (VWR EZFlow® Syringe Filter, Hydrophilic 
PVDF, Sterile, Foxx Life Sciences) to eliminate any bacteria 
that may be present. TV inoculated nutrient solution samples 
were used for serial dilution, and 500 μL of each dilution (or 
in some cases, undilute sample) was added in duplicate to 
6-well plates containing 80–90% confluent MK2 cell mon-
olayer. Samples without TV (negative control) were added 
to a separate 6-well plate. Plaque assays were performed 
as described previously in “Tulane Virus Production And 
Quantification”. The results obtained were expressed in PFU 
per mL. The limit of detection (LOD) for the assay is 1 PFU/
mL.

Preliminary studies were conducted to determine any 
cytotoxic effect of the nutrient solution on the MK2 cells 
during the plaque assay. Briefly, nutrient solution at undi-
lute, twofold, fivefold, tenfold, and 100-fold dilutions were 
applied to 6-well plates with MK2 cells without TV as well 
as spiked with a known amount of TV to determine impact 
on the plaque assay. Results indicated no cytotoxic effect on 

the MK-2 cells, and no impact on virus plaque formation and 
the expected number of plaques.

Data Analysis

In this study, three trials were performed at each tempera-
ture (15, 25, 30, or 37 °C), and technical duplicates were 
completed. A completely randomized block design with a 
split-split plot was used for experimental design. Before 
data analysis, values below the LOD were assigned a value 
of one-half the LOD, or 0.5 PFU/mL. All data were log-
transformed by taking the  log10(PFU + 1). More specifically, 
the LOD was reported as 0.5 PFU, and thus, resulting in a 
negative log value. By adding 1 to the number of PFU for 
each data point prior to log transformation, all values are 
positive without impacting the statistical analysis (Baker 
et al., 2021). Outliers were detected using the interquartile 
range where data points below the 10th percentile and above 
the 90th percentile were deemed outliers and removed from 
the dataset.

A mixed model was used to determine the effect of 
temperature and time (day) on TV concentration  (log10 
[PFU + 1]/mL). Least squares mean estimates were com-
pared with Tukey’s HSD test, and P < 0.05 was considered 
statistically significant. In addition, decimal reduction val-
ues (D-values) were calculated using the slope from linear 
regressions by plotting each data point  (log10 [PFU + 1]/mL) 
from each temperature. D-values indicate one log (90%) 
virus reduction (in days) in hydroponic nutrient solution for 
each temperature. All data were analyzed using JMP® Pro 
17 (SAS Institute, Inc., Cary, NC, USA) software.

Results

Hydroponic Nutrient Solution Temperature Impact 
on Infectious TV

Least squares means and 95% confidence intervals for TV 
across each temperature and time are provided in Table 1. 
Statistical analysis indicated that a 2-way interaction effect 
between temperature and sampling day had a significant 
effect on TV persistence in nutrient solution (P < 0.0001), 
thus interpretations cannot be made for main effects. At 
15 °C and 25 °C, there was no significant effect (P = 0.7991 
and P = 0.0594, respectively) on TV persistence in hydro-
ponic nutrient solution from the initial day of sampling (day 
0) to the final day of sampling (day 21). However, 30 °C 
and 37 °C had significant effects (P < 0.0001 at both tem-
peratures) on infectious TV concentrations in nutrient solu-
tion from the initial to final day of sampling. The average 
pH and electrical conductivity of inoculated and control 
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nutrient solution were 5.89 ± 0.29 and 2.25 ± 0.15 mS/cm 
and 5.57 ± 0.45 and 2.27 ± 0.15 mS/cm, respectively.

Estimated D‑values (in Days) for TV in Hydroponic 
Nutrient Solution by Temperature

Slopes from linear regression equations were used to cal-
culate the D-values, or time (in days) to attain a 1  log10 
reduction of TV in one milliliter of hydroponic nutri-
ent solution, at different temperatures. Lack of fit tests 
were completed and indicated a statistically significant 

(P = 0.0358) lack-of-fit F statistic at 25 °C. However, given 
the moderate significance in the lack of fit at 25 °C, D-val-
ues were still calculated using the linear fit model. The 
calculated R-squared values based on the fit lines for 15, 
25, 30, and 37 °C were 0.41, 0.49, 0.72, and 0.80, respec-
tively. Figure 1 displays the mean estimated D-values at 
15, 25, 30, and 37 °C which were determined to be 48.0, 
11.3, 8.57, and 7.02 days, respectively, indicating that TV 
may persist in hydroponic nutrient solution for a prolonged 
duration at lower temperature (15 °C) compared to higher 
temperature (37 °C).

Table 1  Least squares mean 
[95% CI] of infectious TV in 
nutrient solution at different 
temperatures across a 21-day 
period for experiments 
performed in triplicate

* All samples below the LOD thus least squares means [95% CI] were not calculated
The limit of detection (LOD) is 1 PFU/mL. Samples below the LOD were assigned a value of one-half the 
LOD (0.5 PFU/mL) which, after data preprocessing (i.e., PFU + 1), is 0.18 log ([PFU + 1]/mL). The dataset 
was then evaluated for outliers using the interquartile range where data points below the 10th percentile 
and above the 90th percentile were deemed outliers, and when detected, these values were removed. One 
outlier was detected each on Day 14 and 21 at 25 °C within one experimental replication

Day 15 °C 25 °C 30 °C 37 °C

0 4.05 [3.54, 4.56] 4.02 [3.51, 4.53] 4.11 [3.60, 4.62] 3.95 [3.44, 4.46]
1 3.85 [3.34, 4.36] 3.70 [3.08, 4.32] 3.19 [2.68, 3.70] 2.29 [1.78, 2.80]
3 3.99 [3.48, 4.50] 3.60 [3.09, 4.11] 3.06 [2.55, 3.57] 1.76 [1.25, 2.27]
5 3.72 [3.21, 4.23] 3.18 [2.67, 3.69] 3.15 [2.64, 3.66] 1.32 [0.81, 1.83]
7 3.67 [3.16, 4.18] 2.50 [1.99, 3.01] 2.97 [2.46, 3.48] 0.18*
14 3.63 [3.12, 4.13] 3.00 [2.37, 3.62] 1.70 [1.19, 2.21] 0.18*
21 3.19 [2.68, 3.70] 2.47 [2.85, 3.09] 1.24 [0.73, 1.75] 0.18*

Fig. 1  Calculated decimal 
reduction values (D-values) 
in days for the persistence of 
Tulane virus in nutrient solution 
for a duration of 21 days (n = 3). 
Points represent the calculated 
D-value for each experimen-
tal replication. Outliers were 
omitted from the dataset as 
described in “Data Analysis” 
and included day 14 and 21 for 
25 °C for one experimental rep-
lication. Values below the LOD 
were assigned a value of one-
half the LOD, or 0.5 PFU/mL. 
All data were log-transformed 
by taking the  log10(PFU + 1). 
Data below the LOD were 
assigned a  log10 value of 0.18 C
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Discussion

Overall, the present study indicates the significant role 
of temperature in TV persistence in modified Hoagland’s 
nutrient solution. A few previous studies have character-
ized the persistence of viruses of public health concern, 
including HuNoV and its surrogate viruses, within nutri-
ent solutions for hydroponic production of produce. Car-
ducci and co-authors (2015) described the persistence of 
the enterovirus, Coxsackievirus B2, within a lab-scale 
hydroponic system for the cultivation of lettuce. The study 
authors inoculated 0.5 M sterile Hoagland’s solution with 
Coxsackievirus B2 for a final concentration of approxi-
mately 9.3  log10 genomic copies per liter (gc/L). While the 
temperature of the nutrient solution was not reported, let-
tuce cultivation experiments were controlled at 23 °C and 
70% relative humidity over a 7-day period under a fluo-
rescent light cycle of 12 h light and 12 h dark (Carducci 
et al., 2015). The authors observed a 5  log10 gc/L reduction 
in Coxsackievirus B2 within the nutrient solution by day 
3, and the virus was below the limit of detection by day 4. 
This rapid decline in enterovirus persistence differs from 
the TV reduction of ~ 0.5  log10 PFU/mL observed at a sim-
ilar temperature (25 °C) on day 3 in the present study (see 
Table 1). Indeed, previous reports have indicated greater 
inactivation of viruses in water (i.e., groundwater) once 
temperatures exceed 20 °C (John & Rose, 2005). This dif-
ference in inactivation rate also highlights the variation 
that would be expected when comparing viruses belonging 
to different genera such enteroviruses and caliciviruses.

The persistence of the HuNoV surrogate, MNV, was 
also characterized within nutrient solution used for the 
production of kale and mustard microgreens (Wang & 
Kniel, 2016). Briefly, recirculating nutrient solution was 
inoculated with ~ 3.5  log10 PFU/mL MNV on day 8 in sys-
tems with and without microgreens, and the temperature of 
the greenhouse was maintained at an average of 22.3 °C. 
For samples collected from systems without microgreens 
(i.e., only recirculating nutrient solution), MNV was 
detected in the nutrient solution at 2.73  log10 PFU/mL 
on day 12. The ~ 0.8  log10 PFU/mL reduction of MNV in 
nutrient solution over 4 days at ~ 22 °C is similar to the 
TV reduction of ~ 0.5  log10 PFU/mL at 25 °C reported 
on day 3 in the present study (see Table 1). Meanwhile, 
Dicaprio et al. (2012) reported a 1 to 2  log10 PFU/mL 
reduction for both MNV and TV along with a 1 to 2  log10 
gc/mL reduction in HuNoV (GII.4) in nutrient solution 
by day 4 during romaine lettuce cultivation at 20 °C and 
40% relative humidity. Notably, DiCaprio and coauthors 
(2012) did not include a no plant control, thus the presence 
of lettuce likely impacted virus reduction in the nutrient 
solution over time. Indeed, TV was shown to associate 

with the plant roots and further internalized into the roots, 
shoots, and leaves over time (Dicaprio et al., 2012). In 
addition, the nutrient solution was described as hydroponic 
feed water supplemented with a nutrient solution contain-
ing nitrogen, phosphorus, and potassium with no further 
details provided such as pH or relevance to commercial 
formulations.

The persistence of infectious virus in nutrient solution at 
temperatures outside of the 20 to 25 °C range has not been 
reported to our knowledge. To understand the significance 
of results in the present study, studies on viral persistence 
in water under different temperatures are considered. Wu 
and coauthors (2023) determined the persistence of TV 
and MNV within three water sources (irrigation tailwater, 
groundwater, ultrapure water) held at 11, 19, and 24 °C for 
28 days. The authors inoculated the water sources with 3.6 
to 4  log10 PFU/mL TV and 4.1 to 5  log10 PFU/mL MNV and 
observed no significant difference in virus infectivity based 
on the type of water source or temperature for the 28-day 
study period (Wu et al., 2023). However, there were signifi-
cant differences in virus concentration between day 0 and 
day 28 within each water type and temperature combination. 
A maximum reduction of 1.5  log10 PFU/mL was reported 
for the duration of the study with slightly greater reductions 
seen at 11 °C compared to 19 and 24 °C. These results differ 
from the persistence of TV in modified Hoagland’s nutrient 
solution observed in the present study with less than 1  log10 
PFU/mL reduction at 15 °C and ~ 2.4  log10 PFU/mL reduc-
tion at 25 °C after 21 days. The reason for the observed dif-
ferences at 25 °C across studies are not clear, though could 
be due to the pH of the nutrient solution (pH 5.5) compared 
to the pH of the water sources, i.e., 7.36 to 7.76 across all 
water types, in Wu et al. (2023). To our knowledge, no pub-
lished studies have investigated the impact of prolonged 
(> 150 min) exposure of TV within water (or other solu-
tions) at a pH outside of the neutral range (pH 6.5 to 8), 
although TV inactivation would not be expected at pH 5.5 
as studies have shown little impact on infectivity at a pH 
ranging from 2 to 9 (Arthur & Gibson, 2015b, 2016; Bai, 
2020; Cromeans et al., 2014; Hirneisen & Kniel, 2013; Wu 
et al., 2023).

Previous research has shown that virus aggregation—
relevant to both virus persistence and accurate quantifica-
tion—is dependent on pH along with the types of salts in 
solution and, most importantly, virus type (Gerba & Betan-
court, 2017). Bai (2020) and Fuzawa et al. (2020) observed 
the pH-dependent aggregation of TV with an increase in 
aggregate diameter as the pH decreased from 7 to 3. Thus, 
the greater  log10 reduction reported in the present study 
for TV in nutrient solution at 25 °C compared to Wu et al. 
(2023) could have been the result of greater TV aggregation 
leading to inaccurate quantification. Indeed, Gassilloud and 
Gantzer reported that 8 to 26% of the observed decrease of 
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poliovirus titer in groundwater after 20 days was due to virus 
aggregation (Gassilloud & Gantzer, 2005). Regarding the 
role of salts in TV aggregation, minimal information is avail-
able, although divalent cations (e.g.,  Ca2+,  Mg2+,  Fe2+) are 
reported to have a stronger effect on aggregation compared 
to monovalent cations (e.g.,  Na+,  K+,  Cu+) (Gerba & Betan-
court, 2017). Each of the aforementioned salts are present in 
the modified Hoagland’s nutrient solution and could impact 
TV aggregation and downstream quantification.

Hirneisen and Kniel (2013) investigated the persistence 
of TV and MNV in tap water held at 4 and 20 °C over a 
30-day period. The authors reported that both viruses were 
significantly reduced (> 5  log10 PFU/mL) by day 25 at 20 °C. 
This differs from the present study where TV remained rela-
tively stable at 15 °C for 21 days and only decreased by 2.4 
 log10 PFU/mL at 25 °C. However, these differences may 
be explained by the use of dechlorinated tap water in the 
present study to prepare the modified Hoagland’s nutrient 
solution while Hirneisen and Kniel (2013) did not dechlo-
rinate the tap water prior to virus inoculation. The World 
Health Organization (2014) recommends residual chlorine 
concentrations in drinking water to be within the range of 
0.2 and 5 ppm, preferably between 0.4 and 0.6 ppm at the 
tap. Although these chlorine concentrations are low, TV has 
been shown to be sensitive to chlorine treatment even at low 
concentrations (Hirneisen & Kniel, 2013; Tian et al., 2013). 
For instance, at 20 °C, TV was reduced by 1.33 ± 0.13 and 
2.11 ± 0.62  log10 PFU/mL when exposed to 0.2 and 2 ppm 
chlorine for 5 min, respectively (Hirneisen & Kniel, 2013). 
Even still, the presence of residual chlorine does not fully 
explain the difference in TV inactivation rates across similar 
temperatures.

For temperatures greater than 25 °C, Arthur and Gib-
son (2015b) previously reported a D-value of 500  min 
(or 0.35 days) for TV held at 37 °C in PBS compared to 
7.02 days estimated in the present study. These differences 
in TV inactivation rates at 37 °C are likely due primarily to 
the difference in study periods where Arthur and Gibson 
(2015b) collected samples over a 2-h period as opposed to 
multiple days, thus decreasing the accuracy of the estimated 
D-value. Tian and coauthors (2013) also reported no changes 
in TV concentration after a 30-min exposure to 37 °C. In 
general, research has repeatedly shown that human enteric 
viruses and their surrogates are relatively stable at tempera-
tures ≤ 37 °C compared to those > 37 °C (Arthur & Gibson, 
2015a).

The present study indicates that temperature can possi-
bly impact the persistence of human norovirus (HuNoV) 
in hydroponic nutrient solution during production. Also, 
prolonged persistence of HuNoV in the nutrient solution 
at lower temperatures during hydroponic production could 
possibly increase the risk of internalization into the leafy 
greens. To further our knowledge regarding the effect of 

temperature on HuNoV during hydroponic production, 
future studies will focus persistence and internalization of 
TV within lettuce across multiple cultivars produced using 
recirculating deep water culture hydroponic systems within 
a greenhouse. Overall, it is evident that increased vigilance 
and improvised food safety guidelines are required to under-
stand and mitigate potential food safety risks associated with 
hydroponic cultivation. This will aid in reducing foodborne 
outbreaks caused by human pathogens, fresh produce recalls, 
and economic losses.

Acknowledgements We thank Dr. Ryan W. Dickson for helping us 
with Hoagland’s nutrient solution formulation.

Author Contributions GRD: Conceptualization, Methodology, Valida-
tion, Formal analysis, Investigation, Data curation, Writing – original 
draft, Writing – review & editing, Visualization. KEG: Conceptual-
ization, Methodology, Resources, Writing – original draft, Writing 
– review & editing, Supervision, Project administration, Funding 
acquisition.

Funding This project was supported by Agriculture and Food Research 
Initiative Competitive Grant no. 2020-68008-31559 from the USDA 
National Institute of Food and Agriculture.

Data Availability The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Declarations 

Competing interests The authors have no competing interests to 
declare that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alegbeleye, O. O., Singleton, I., & Sant’Ana, A. S. (2018). Sources and 
contamination routes of microbial pathogens to fresh produce dur-
ing field cultivation: A review. Food Microbiology, 73, 177–208. 
https:// doi. org/ 10. 1016/j. fm. 2018. 01. 003

Anderson-Coughlin, B. L., Vanore, A., Shearer, A. E., Gartley, S., 
Joerger, R. D., Sharma, M., & Kniel, K. E. (2023). Human norovi-
rus surrogates persist in nontraditional sources of irrigation water 
in excess of 100 days. Journal of Food Protection, 86(1), 100024. 
https:// doi. org/ 10. 1016/j. jfp. 2022. 100024

Arthur, S. E., & Gibson, K. E. (2015a). Comparison of methods for 
evaluating the thermal stability of human enteric viruses. Food 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.fm.2018.01.003
https://doi.org/10.1016/j.jfp.2022.100024


Food and Environmental Virology 

and Environmental Virology, 7, 14–26. https:// doi. org/ 10. 1007/ 
s12560- 014- 9178-9

Arthur, S. E., & Gibson, K. E. (2015b). Physicochemical stability pro-
file of Tulane virus: A human norovirus surrogate. Journal of 
Applied Microbiology, 119(3), 868–875. https:// doi. org/ 10. 1111/ 
jam. 12878

Arthur, S. E., & Gibson, K. E. (2016). Environmental persistence of 
Tulane virus—A surrogate for human norovirus. Canadian Jour-
nal of Microbiology, 62(5), 449–454. https:// doi. org/ 10. 1139/ 
cjm- 2015- 0756

Bai, H. (2020). Inactivation mechanisms of human norovirus surrogate 
Tulane virus by peracetic acid at different pHs (Masters thesis).

Baker, C. A., Almeida, G., Lee, J. A., & Gibson, K. E. (2021). Patho-
gen and surrogate survival in relation to fecal indicator bacteria in 
freshwater mesocosms. Applied and Environmental Microbiology, 
87(15), e00558–e00621.

Callejón, R. M., Rodríguez-Naranjo, M. I., Ubeda, C., Hornedo-Ortega, 
R., Garcia-Parrilla, M. C., & Troncoso, A. M. (2015). Reported 
foodborne outbreaks due to fresh produce in the United States 
and European Union: Trends and causes. Foodborne Pathogens 
and Disease, 12(1), 32–38. https:// doi. org/ 10. 1089/ fpd. 2014. 1821

Carducci, A., Caponi, E., Ciurli, A., & Verani, M. (2015). Possible 
internalization of an enterovirus in hydroponically grown let-
tuce. International Journal of Environmental Research and Pub-
lic Health, 12(7), 8214–8227. https:// doi. org/ 10. 3390/ ijerp h1207 
08214

Cromeans, T., Park, G. W., Costantini, V., Lee, D., Wang, Q., Farkas, 
T., Lee, A., & Vinjé, J. (2014). Comprehensive comparison of 
cultivable norovirus surrogates in response to different inacti-
vation and disinfection treatments. Applied and Environmental 
Microbiology, 80(18), 5743–5751. https:// doi. org/ 10. 1128/ AEM. 
01532- 14

Deng, W., & Gibson, K. E. (2023). Microgreen variety impacts leaf 
surface persistence of a human norovirus surrogate. Food and 
Environmental Virology, 15(1), 82–88. https:// doi. org/ 10. 1007/ 
s12560- 022- 09536-x

Desdouits, M., Polo, D., Le Mennec, C., Strubbia, S., Zeng, X., 
Ettayebi, K., Atmar, R. L., Estes, M. K., & Le Guyader, F. S. 
(2022). Use of human intestinal enteroids to evaluate persistence 
of infectious human norovirus in seawater. Emerging Infectious 
Diseases, 28(7), 1475–1479. https:// doi. org/ 10. 3201/ eid28 07. 
220219

Dhulappanavar, G. R., & Gibson, K. E. (2023). Persistence of Sal-
monella enterica subsp. enterica ser. Javiana, Listeria monocy-
togenes, and Listeria innocua in hydroponic nutrient solution. 
Journal of Food Protection, 86(10), 100154.

DiCaprio, E., Ma, Y., Purgianto, A., Hughes, J., & Li, J. (2012). Inter-
nalization and dissemination of human norovirus and animal cali-
civiruses in hydroponically grown romaine lettuce. Applied and 
Environmental Microbiology, 78(17), 6143–6152. https:// doi. org/ 
10. 1128/ AEM. 01081- 12

Fuzawa, M., Bai, H., Shisler, J. L., & Nguyen, T. H. (2020). The basis 
of peracetic acid inactivation mechanisms for rotavirus and Tulane 
virus under conditions relevant for vegetable sanitation. Applied 
and Environmental Microbiology, 86(19), e01095–e01120. 
https:// doi. org/ 10. 1128/ AEM. 01095- 20

Gassilloud, B., & Gantzer, C. (2005). Adhesion-aggregation and inacti-
vation of poliovirus 1 in groundwater stored in a hydrophobic con-
tainer. Applied and Environmental Microbiology, 71(2), 912–920. 
https:// doi. org/ 10. 1128/ AEM. 71.2. 912- 920. 2005

Gerba, C. P., & Betancourt, W. Q. (2017). Viral aggregation: Impact 
on virus behavior in the environment. Environmental Science & 
Technology, 51(13), 7318–7325. https:// doi. org/ 10. 1021/ acs. est. 
6b058 35

Gurtler, J. B., & Gibson, K. E. (2022). Irrigation water and contamina-
tion of fresh produce with bacterial foodborne pathogens. Current 

Opinion in Food Science, 100889. https:// doi. org/ 10. 1016/j. cofs. 
2022. 100889

Herman, K. M., Hall, A. J., & Gould, L. H. (2015). Outbreaks attrib-
uted to fresh leafy vegetables, United States, 1973–2012. Epi-
demiology & Infection, 143(14), 3011–3021. https:// doi. org/ 10. 
1017/ s0950 26881 50000 47

Hirneisen, K. A., & Kniel, K. E. (2013). Comparing human norovirus 
surrogates: Murine norovirus and Tulane virus. Journal of Food 
Protection, 76(1), 139–143. https:// doi. org/ 10. 4315/ 0362- 028X. 
JFP- 12- 216

John, D. E., & Rose, J. B. (2005). Review of factors affecting microbial 
survival in groundwater. Environmental Science & Technology, 
39(19), 7345–7356. https:// doi. org/ 10. 1021/ es047 995w

Kokkinos, P., Bouwknegt, M., Verhaelen, K., Willems, K., Moloney, 
R., de Roda Husman, A. M., D’Agostino, M., Cook, N., & Van-
tarakis, A. (2015). Virological fit-for-purpose risk assessment in 
a leafy green production enterprise. Food Control, 51, 333–339. 
https:// doi. org/ 10. 1016/j. foodc ont. 2014. 11. 041

McClure, M., Whitney, B., Gardenhire, I., Crosby, A., Wellman, A., 
Patel, K., McCormic, Z. D., Gieraltowski, L., Gollarza, L., Low, 
M. S. F., Adams, J., Pightling, A., Bell, R. L., Nolte, K., Tijerina, 
M., Frost, J. T., Beix, J. A., Boegler, K. A., Dow, J. et al. (2023). 
An outbreak investigation of Salmonella Typhimurium illnesses 
in the United States linked to packaged leafy greens produced at 
a controlled environment agriculture indoor hydroponic opera-
tion–2021. Journal of Food Protection, 86(5), 100079. https:// 
doi. org/ 10. 1016/j. jfp. 2023. 100079

Riggio, G. M., Jones, S. L., & Gibson, K. E. (2019). Risk of human 
pathogen internalization in leafy vegetables during lab-scale 
hydroponic cultivation. Horticulturae, 5(1), 25. https:// doi. org/ 
10. 3390/ horti cultu rae50 10025

Seitz, S. R., Leon, J. S., Schwab, K. J., Lyon, G. M., Dowd, M., 
McDaniels, M., Abdulhafid, G., Fernandez, M. L., Lindesmith, 
L. C., Baric, R. S., & Moe, C. L. (2011). Norovirus infectivity 
in humans and persistence in water. Applied and Environmental 
Microbiology, 77(19), 6884–6888. https:// doi. org/ 10. 1128/ AEM. 
05806- 11

Sharma, N., Acharya, S., Kumar, K., Singh, N., & Chaurasia, O. P. 
(2018). Hydroponics as an advanced technique for vegetable pro-
duction: An overview. Journal of Soil and Water Conservation, 
17(4), 364–371. https:// doi. org/ 10. 5958/ 2455- 7145. 2018. 00056.5

Tian, P., Yang, D., Quigley, C., Chou, M., & Jiang, X. (2013). Inactiva-
tion of the Tulane virus, a novel surrogate for the human norovi-
rus. Journal of Food Protection, 76(4), 712–718. https:// doi. org/ 
10. 4315/ 0362- 028X. JFP- 12- 361

USFDA. (2023). Revolution Farms, LLC announces expanded recall of 
lettuce due to possible health risk. Retrieved 8 June from https:// 
www. fda. gov/ safety/ recal ls- market- withd rawals- safety- alerts/ 
revol ution- farms- llc- annou nces- expan ded- recall- lettu ce- due- possi 
ble- health- risk

Uyttendaele, M., Jaykus, L. A., Amoah, P., Chiodini, A., Cunliffe, 
D., Jacxsens, L., Holvoet, K., Korsten, L., Lau, M., McClure, P., 
Medema, G., Sampers, I., & Rao Jasti, P. (2015). Microbial haz-
ards in irrigation water: Standards, norms, and testing to manage 
use of water in fresh produce primary production. Comprehensive 
Reviews in Food Science and Food Safety, 14(4), 336–356. https:// 
doi. org/ 10. 1111/ 1541- 4337. 12133

Wang, Q., & Kniel, K. E. (2016). Survival and transfer of murine 
norovirus within a hydroponic system during kale and mustard 
microgreen harvesting. Applied and Environmental Microbiology, 
82(2), 705–713. https:// doi. org/ 10. 1128/ AEM. 02990- 15

World Health Organization. (2014). Water safety in distribution sys-
tems. WHO Library Cataloguing-in-Publication Data. Retrieved 
22 December from https:// www. who. int/ publi catio ns/i/ item/ 97892 
41548 892

https://doi.org/10.1007/s12560-014-9178-9
https://doi.org/10.1007/s12560-014-9178-9
https://doi.org/10.1111/jam.12878
https://doi.org/10.1111/jam.12878
https://doi.org/10.1139/cjm-2015-0756
https://doi.org/10.1139/cjm-2015-0756
https://doi.org/10.1089/fpd.2014.1821
https://doi.org/10.3390/ijerph120708214
https://doi.org/10.3390/ijerph120708214
https://doi.org/10.1128/AEM.01532-14
https://doi.org/10.1128/AEM.01532-14
https://doi.org/10.1007/s12560-022-09536-x
https://doi.org/10.1007/s12560-022-09536-x
https://doi.org/10.3201/eid2807.220219
https://doi.org/10.3201/eid2807.220219
https://doi.org/10.1128/AEM.01081-12
https://doi.org/10.1128/AEM.01081-12
https://doi.org/10.1128/AEM.01095-20
https://doi.org/10.1128/AEM.71.2.912-920.2005
https://doi.org/10.1021/acs.est.6b05835
https://doi.org/10.1021/acs.est.6b05835
https://doi.org/10.1016/j.cofs.2022.100889
https://doi.org/10.1016/j.cofs.2022.100889
https://doi.org/10.1017/s0950268815000047
https://doi.org/10.1017/s0950268815000047
https://doi.org/10.4315/0362-028X.JFP-12-216
https://doi.org/10.4315/0362-028X.JFP-12-216
https://doi.org/10.1021/es047995w
https://doi.org/10.1016/j.foodcont.2014.11.041
https://doi.org/10.1016/j.jfp.2023.100079
https://doi.org/10.1016/j.jfp.2023.100079
https://doi.org/10.3390/horticulturae5010025
https://doi.org/10.3390/horticulturae5010025
https://doi.org/10.1128/AEM.05806-11
https://doi.org/10.1128/AEM.05806-11
https://doi.org/10.5958/2455-7145.2018.00056.5
https://doi.org/10.4315/0362-028X.JFP-12-361
https://doi.org/10.4315/0362-028X.JFP-12-361
https://www.fda.gov/safety/recalls-market-withdrawals-safety-alerts/revolution-farms-llc-announces-expanded-recall-lettuce-due-possible-health-risk
https://www.fda.gov/safety/recalls-market-withdrawals-safety-alerts/revolution-farms-llc-announces-expanded-recall-lettuce-due-possible-health-risk
https://www.fda.gov/safety/recalls-market-withdrawals-safety-alerts/revolution-farms-llc-announces-expanded-recall-lettuce-due-possible-health-risk
https://www.fda.gov/safety/recalls-market-withdrawals-safety-alerts/revolution-farms-llc-announces-expanded-recall-lettuce-due-possible-health-risk
https://doi.org/10.1111/1541-4337.12133
https://doi.org/10.1111/1541-4337.12133
https://doi.org/10.1128/AEM.02990-15
https://www.who.int/publications/i/item/9789241548892
https://www.who.int/publications/i/item/9789241548892


 Food and Environmental Virology

Wu, X., Moyne, A. L., Ramos, T. D. M., Harris, L. J., & DiCaprio, E. 
(2023). Impact of irrigation water quality on human norovirus sur-
rogate survival during leafy green production. Frontiers in Plant 
Science, 14, 1128579. https:// doi. org/ 10. 3389/ fpls. 2023. 11285 79

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3389/fpls.2023.1128579

	Hydroponic Nutrient Solution Temperature Impacts Tulane Virus Persistence over Time
	Abstract
	Introduction
	Materials and Methods
	Mammalian Cell Cultivation
	Tulane Virus Production and Quantification
	Preparation of Nutrient Solution
	Inoculation of Nutrient Solution
	Sample Collection and TV Quantification
	Data Analysis

	Results
	Hydroponic Nutrient Solution Temperature Impact on Infectious TV
	Estimated D-values (in Days) for TV in Hydroponic Nutrient Solution by Temperature

	Discussion
	Acknowledgements 
	References


