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Abstract: Tomato brown rugose fruit virus (ToBRFV) is an emerging tobamovirus infecting tomatoes
and peppers, resulting in a pandemic in recent years. In addition to its abilities of being seed-
borne, transmitted mechanically and overcoming current resistance, we speculated other factors may
also contribute to such catastrophic effect on tomato production in a hydroponic greenhouse. The
objective of this study was to evaluate whether ToBRFV can be transmissible through recirculating
hydroponic systems and, more importantly, search for an effective approach to contain its spread.
We not only detected ToBRFV in the runoff water samples collected from three greenhouses but also
determined the virus’ infectivity through a bioassay. We then conducted a water treatment using
cold plasma ozone to assess its efficacy in inactivating ToBRFV. The results showed that, with a
high concentration of ToBRFV (inoculum in 1:100 dilution), a prolonged exposure (72 min) to two
higher ozone concentrations (0.6 mg/L and 1.0 mg/L) achieved partial effects. With a medium
virus concentration (inoculum in 1:1000 dilution), an exposure to ozone for 48 min was sufficient
to completely suppress the virus’ infectivity. However, with a low virus concentration (inoculum
in 1:10,000 dilution), the virus was completely inactivated even with just a short ozone exposure
(24 min). Future work will need to confirm the efficacy of the ozone treatment against ToBRFV as
well as its impact on tomato plants in a hydroponic greenhouse.

Keywords: tomato brown rugose fruit virus; hydroponic; water transmission; cold plasma ozone;
disinfection; water treatment

1. Introduction

Tomatoes (Solanum lycopersicum L.), a flowering plant belonging to the nightshade
family (Solanaceae), are cultivated extensively in temperate, subtropical, and some trop-
ical regions for edible fruits. As the most consumed vegetable crop worldwide, global
tomato production is over 187 million tons, with a total value over USD 190 billion [1].
Although most tomatoes are grown traditionally in open fields, recent years have seen an
ever-expanding share of greenhouse tomatoes on the market (35% of the entire tomato cate-
gory), as farming has undergone a profound shift to capital and production infrastructure
intensive models [2].

Tomato brown rugose fruit virus (ToBRFV) is a relatively new member in the genus
Tobamovirus, family Virgaviridae. Since its first discovery in the Middle East during the
2014–2015 growing season [3,4], the virus has been reported in approximately 40 coun-
tries [5,6], including Asia [7–10], Europe [11–22], North America [23–26], South Amer-
ica [27], Africa [28], and Oceania [29]. The distribution of the virus is likely far greater
than the official reports, given that tomato and pepper seeds exported from Australia,
Thailand, India, Japan, Peru, Ethiopia, Lithuania, and Slovakia were also found to be
contaminated [6,30]. Like some tobamoviruses, ToBRFV is a seed-borne virus, with a low
rate of seed transmission [31,32]. The extremely robust ToBRFV virions are resilient to harsh
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environmental conditions and could survive for an extended period in contaminated seeds,
fruits, and tissue debris, as well as on workers’ hands, clothing, tools, and machineries,
all of which could become effective inoculum sources for disease dissemination in a pro-
duction greenhouse [33–35]. Although insects are generally not considered as a part of the
transmission equation for tobamoviruses, Levitzky et al. [36] suggested that a bumblebee, a
common pollinator in tomato production, could spread the virus through buzz pollination,
and contaminated bumblebee hives may serve as the primary inoculum for further virus
dissemination in a greenhouse. Under intensive greenhouse conditions, a single ToBRFV-
infected plant at the beginning of production is sufficient to infect nearly every plant during
a single cropping season [37]. Although the virus affects mainly protected production due
to frequent hands-on activities for plant growth and crop production, ToBRFV outbreaks
have also been recorded in the field [38]. In two studies, ToBRFV reduced yield by 15–55%
in protected tomato production depending on the commercial tomato variety [4,39].

The striking difference between ToBRFV and other known tobamoviruses is its ability
to break the resistance of commercial tomato cultivars rendered by Tm-1, Tm-2, or Tm-22

resistance genes, which are routinely used to manage infection by tobamoviruses [4,30,34].
Considerable progress has been achieved to identify new sources of resistance or tolerance
to ToBRFV by screening various collections of tomato germplasm [40–44]. Breeding is a
time-consuming process, which will take years to develop a new tomato cultivar with
ToBRFV resistance. On the other hand, growers are in desperate need of curative and
preventative measures against the virus to maintain crop productivity. Several chemical
disinfectants are effective in preventing ToBRFV dissemination in the greenhouse through
seed treatment [31,32,45], soil disinfection [46], laundry cleaning and shoe soles [47,48],
total greenhouse cleaning and tool dipping [34,49,50], and surface material cleaning [51].
Despite these efforts, the virus continues encroaching upon new territories, which triggers
the question of whether other means of transmission are involved in greenhouse production.
The fact that the sequence of ToBRFV genome has been detected in wastewater samples in
Slovenia [52], the United States [53–55], and Canada [56] suggests a possible widespread
prevalence of the virus in wastewater systems. A recent report by Mehle et al. [57] demon-
strated the transmissibility of ToBRFV through contaminated irrigation water. However,
to our knowledge, a technology that effectively disinfects ToBRFV in contaminated water
has not been reported to date. To cope with the potential water-mediated transmission of
ToBRFV, we employed a cold plasma-generated ozone treatment on virus-contaminated
water. Ozone (O3) is a highly reactive oxidant that has been widely used as an antimicrobial
agent in the food industry, dental and medical field, and in wastewater disinfection [58–60].
As a flexible antimicrobial process, ozone treatment has a broad-spectrum effect on various
viral pathogens [61,62] including but not limited to severe acute respiratory syndrome
coronavirus (SARS-CoV) [63] and SARS-CoV-2, the causal agent of the global pandemic of
coronavirus disease 2019 (COVID-19) [64]. Cold plasma-generated ozone has gained an
increasing attention thanks to its effectiveness in disinfecting viral and other pathogenic
microorganisms [65–70], holding great promise as a novel disinfecting approach against a
broad spectrum of pathogens contaminating aqueous solutions. Specifically, in terms of
managing plant viruses, Filipic and colleagues have successfully applied a water treatment
using cold atmospheric plasma to inactivate potato virus Y (PVY) and pepper mild mottle
virus (PepMMV) in contaminated water samples [65,66].

In the present study, we aimed to confirm the infectivity of the ToBRFV released into
recirculating hydroponic nutrient solutions in commercial greenhouses. Once this had
been determined, we were interested in investigating the possibility of utilizing the cold
plasma-generated ozone treatment to disinfect the ToBRFV residing in virus-contaminated
solutions. Here, we document a cold plasma-generated ozone treatment successfully
rendering the ToBRFV existing in a water solution inactive, demonstrating this technology
could potentially offer a practical solution to prevent ToBRFV contamination through a
recirculating hydroponic system in commercial greenhouse tomato production.
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2. Materials and Methods
2.1. Plant Material and ToBRFV Inoculum Source

Tomato seeds of the cultivar “Moneymaker” were germinated on Metro-Mix potting
soil (SunGro Horticulture, Anderson, SC, USA). Upon germination, the seedlings were
maintained in a greenhouse with a temperature of 25 ◦C (±1 ◦C) during the day and 20 ◦C
(±1 ◦C) at night, and with natural sunlight for approximately 14 h daily. The ToBRFV
inoculum was prepared using the U.S. isolate “CA18-01” originally described by Ling
et al. [25] with its pure culture generated through a serial passage [33] and maintained on
tomato plants in an insect-proof cage inside a greenhouse at the U.S. Vegetable Laboratory
in Charleston, South Carolina.

To assess the relative virus concentration in the virus inoculum prepared from the
infected tomato plants, we conducted a bioassay [33] to determine the end-dilution point
that could trigger a positive infection on the inoculated tomato seedlings (four-leaf stage),
in comparison to the end-dilution points detected by enzyme-linked immunosorbent
assay (ELISA) and quantitative reverse transcription polymerase chain reaction (qRT-PCR),
respectively, using a serial 10× dilution (up to 1:1012). The virus inoculum prepared by
processing ToBRFV-infected leaf tissue in the tissue extraction buffer for ELISA (1:10 v/w)
was used as the positive control. Inoculated tomato plants were monitored weekly post
inoculation in a greenhouse for symptom development at both four- and eight-weeks post
inoculation (WPI), which was followed by a confirmation test for the presence of ToBRFV
using both ELISA and qRT-PCR. The results from this end-dilution point experiment were
also used to estimate the ToBRFV concentration that could trigger the positive infection on
inoculated tomato plants from greenhouse-collected runoff water samples.

2.2. Initial Screening of Water Samples Collected from Greenhouses and Bioassay Assessing
ToBRFV Infectivity on Tomato Plants

Despite the implementation of strict hygiene and sanitation procedures, some ToBRFV
infection was detected in several commercial greenhouse farms producing tomatoes hydro-
ponically. These greenhouse farms were located in three different localities in two states in
the U.S. and were all equipped with a closed-loop fertigation system. ToBRFV infection of
the tomato plants in each of those greenhouses was confirmed by ToBRFV-specific qRT-PCR.
We were interested in assessing the presence of ToBRFV and its infectivity in the collected
runoff water solutions from individual greenhouses. A total of 134 water samples were
collected from these three facilities. Specifically, the water samples were collected by collab-
orating growers at the end of each hydroponic channel using a 50 mL sterile conical tube
(ThermoFisher Scientific, Whaltham, MA, USA). The collected water samples were shipped
under a USDA-APHIS (United States Department of Agriculture—Animal and Plant Health
Inspection Service) permit with a secondary container and kept in a refrigerator (4 ◦C) until
the test. The initial assessment for the presence of ToBRFV in each of the collected water
samples was conducted directly using virus-specific qRT-PCR [33] on a small aliquot of
the solution without the need for RNA extraction. The infectivity of the ToBRFV existing
in the individual collected water sample was tested using a bioassay. Briefly, each water
sample was directly rub-inoculated onto tomato leaves lightly dusted with carborundum
using a cotton swab saturated with an individual water solution. The inoculated plants
were maintained in a greenhouse and monitored weekly for symptom development, and
the presence of ToBRFV on each individual plant (symptomatic or asymptomatic) was
confirmed using ELISA at four-to-eight WPI.

2.3. Secondary Test to Assess ToBRFV Infectivity in Water Samples under Long-Term Storage

Tobamoviruses are typically extremely stable even under harsh environmental condi-
tions. To determine ToBRFV infectivity in the water samples after storage in a refrigerator
at 4 ◦C for over 2 months, four positive water samples were selected from the initial screen-
ing. Briefly, serial dilutions (undiluted, 1:10, 1:100, and 1:1000 dilutions) of the individual
samples were inoculated onto the tomato seedlings. All the water samples were stored in a
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refrigerator at 4 ◦C for two months between the initial screening and the secondary test.
Three biological replicates were included for each concentration tested and the experiment
was repeated twice. In each experiment, the tomato seedlings inoculated with ToBRFV were
included as the positive control, whereas the negative control consisted of mock-inoculated
seedlings using an inoculation buffer. Following mechanical inoculation, the plants were
maintained in a greenhouse for symptom development between 4 and 8 WPI, and leaf
samples located right below the growing tip of the individual plants were collected at
8 WPI and tested for the presence of ToBRFV using both ELISA and qRT-PCR.

2.4. Serological Test Using Enzyme-Linked Immunosorbent Assay (ELISA)

A double antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) was
conducted using a ToBRFV-specific polyclonal antibody following the manufacturer’s
instructions (Agdia, Elkhart, IN, USA). Briefly, after coating with a properly diluted an-
tibody, an ELISA plate was loaded with leaf tissue extract (1:20 w/v or other specified
concentrations) prepared by the mechanical homogenization of freshly collected leaves in
each individual meshed plastic sample bag using a HOMEX-6 tissue homogenizer (Bioreba,
Reinach, Switzerland). The ELISA results were considered positive when the optical density
(OD) absorbance value at 405 nm was at least three times that of the healthy control [35].
The OD value was obtained by averaging the readings of three technical replicates of
individual samples using a SpectraMax microplate reader (Molecular Devices, San Jose,
CA, USA).

2.5. Quantitative Real-Time PCR

The Taqman® quantitative RT-PCR assay specific to the ToBRFV developed in our
laboratory [33] was used in the present study to confirm the presence of ToBRFV. Briefly,
a 20 µL reaction was assembled using a SuperScript III Platinum One-Step RT-qPCR kit
(ThermoFisher, Whaltham, MA, USA) according to the manual, with a final concentration
of ToBRFV-F1: ToBRFV-P1: ToBRFV-R1 of 0.4 µM: 0.2 µM: 0.4 µM, respectively. Three
technical replicates were included for each sample when conducting the qRT-PCR using the
AriaMX real-time PCR system (Agilent Technologies, Santa Clara, CA, USA). The program
was initiated at 50 ◦C for 15 min, then at 95 ◦C for 2 min, followed by 40 cycles, each one at
95 ◦C for 15 s and 50 ◦C for 30 s.

2.6. Quantitative Immunocapture Real-Time PCR

One drawback to using qRT-PCR for virus detection is the need to use purified RNA
preparations, which is laborious and costly for many samples. To circumvent this drawback,
we evaluated the possibility of using immunocapture for sample preparation followed
by qRT-PCR, following which quantitative immunocapture real-time PCR (IC-qRT-PCR)
was developed and optimized. Briefly, a 100 µL low-profile strip tube was coated with
25 µL of ToBRFV-specific polyclonal antibody (1:400 diluted in ELISA coating buffer) and
incubated overnight at 4 ◦C. After a thorough wash with a phosphate washing buffer, 25 µL
plant tissue extract (1:100, w/v) and its serial dilutions were loaded in the anti-ToBRFV
antibody-coated PCR tubes and incubated at 37 ◦C for 2 h. Following the binding of the
antibody and potential virus antigen in the sample, plant sap was thoroughly washed using
a phosphate buffer with three changes. In the washed-clean tubes, the qRT-PCR reaction
reagents were assembled, followed by the thermal cycling scheme mentioned above.

2.7. Cold Plasma-Generated Ozone Treatment on ToBRFV Inoculum Prepared from Freshly
Collected ToBRFV-Infected Tomato Tissue

The confirmation of ToBRFV infectivity in runoff water solutions collected from looped
hydroponic systems demonstrated a high possibility that the virus could be transmitted
through contaminated nutrient solutions to other parts of a greenhouse under the same
irrigation line. We were interested in developing a water treatment method to inactivate
the ToBRFV in a contaminated nutrient solution. Because the current laboratory testing
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methods (i.e., ELISA and qRT-PCR) could not differentiate between live and infectious
versus degraded and non-infectious virions, it was necessary to perform bioassays on the
tomato plants to assess the efficacy of different treatment conditions. ToBRFV-infected
plant homogenates were prepared to mimic some potential contamination levels of the
virus in the runoff water solutions collected from the commercial greenhouses.

Virus inoculum preparations were processed using leaf tissue samples collected from
the ToBRFV-infected tomato plants expressing typical mosaic symptoms, and we confirmed
the presence of ToBRFV by qRT-PCR. Each individual sample bag containing 0.8 g, 8 g, or
80 g of ToBRFV-infected tomato leaf tissue was first processed in a small volume of the
inoculation buffer at a 1:10 ratio (w/v) using a Homex-6 tissue homogenizer [33]. Prior
to water treatment, the individual homogenate was then blended into 8 L of water in a
large glass vase, generating ToBRFV inocula containing different dilutions of the ToBRFV-
infected tissue extract (10−2, 10−3, or 10−4) (w/v), respectively. Because of the need to assess
efficacy using three different concentrations of cold plasma ozone for water treatment, it
was necessary to prepare the same concentrations of individual virus inoculum in three
separate glass vases for their respective ozone treatments.

Water treatment was conducted using cold plasma ozone generated using a PMOSafe
system (Clear Path Holdings Corp, Morganville, NJ, USA). Briefly, ozone was introduced
into the virus inoculum prepared in individual 8 L glass vases in the form of tiny air
bubbles to produce O3 concentrations at 0.1 mg/L, 0.6 mg/L, and 1.0 mg/L, respectively.
Different concentrations of the prepared stock virus inoculum (at a 1:10 ratio (w/v)) were
then added to generate a water reservoir containing different ToBRFV dilutions (10−2, 10−3,
and 10−4) that had been balanced with specific concentrations of the cold plasma ozone,
which were incubated for pre-designated exposure timeframes (0 min, 24 min, 48 min,
and 72 min). The 0 min treatment was a water sample (3 mL) taken from the reservoir
immediately after the virus inoculum had been introduced into the ozone-activated water
solution, with no time for ozone exposure. This treatment served as a positive control for
the experiment, establishing a baseline to determine virus infectivity prior to the ozone
treatment. At the end of each ozone exposure timeframe, a small volume of treated water
solution (3 mL) was withdrawn from each reservoir with a sterile pipette and then used
to assess the efficacy of the ozone treatment on ToBRFV infectivity through a bioassay.
Briefly, for each treatment with a combination of a specific ozone concentration and an
exposure timeframe, six tomato seedlings at the four-leaf stage were rub-inoculated with
the collected water solution. At four and eight WPI, the inoculated plants were observed for
disease symptoms, and the presence of ToBRFV was confirmed using ELISA and qRT-PCR,
as described above. The percentage of virus infection (number of plants which tested
positive for ToBRFV/number of plants inoculated) for each treatment was analyzed to
reach a conclusion on their respective efficacies.

3. Results
3.1. ToBRFV Detected in Runoff Water Solutions Collected from Commercial Greenhouses Induce
Virus Infection in Inoculated Tomato Seedlings

To assess whether ToBRFV exists in the runoff water solution collected from the
commercial greenhouses and whether the existing ToBRFV is infectious, we conducted an
initial screening on a total of 134 water samples. We first performed a ToBRFV-specific
qRT-PCR assay to detect the presence of the virus, followed by conducting a bioassay on the
tomato seedlings to determine whether the detected ToBRFV could induce virus infection.
The results (Table 1) showed that both samples collected from Farm #1 not only tested
positive for the virus but also triggered ToBRFV infection in the inoculated tomato plants
during the bioassay, exhibiting typical mosaic symptoms (Figure 1), and virus infection was
further confirmed by ELISA. In Farm #2, although 32 of the 35 water samples tested positive
for ToBRFV based on the qRT-PCR results, only 2 out of the 32 samples with relatively low
Ct values (19.90 and 22.97, respectively) resulted in virus infection of the inoculated tomato
plants, which was confirmed with respect to the presence of ToBRFV in ELISA (Table 1).
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On the other hand, none of the 97 samples collected from Farm #3 resulted in the positive
infection of the inoculated tomato plants, although nearly 50% of them (48 of 97) tested
positive for ToBRFV in the qRT-PCR, with most of the Ct readings in the water samples
being near the cut-off value (Ct 30.00) (Tables 1 and S1). Overall, the individual water
samples were considered to be ToBRFV-contaminated when they met the following criteria:
tested positive during the qRT-PCR and also induced ToBRFV infection during the bioassay.
Based on this, four samples (V22-14, V22-15, V22-29, and V22-43) were considered positive
and selected for further evaluation.

Table 1. Summary of initial screening of ToBRFV in runoff water samples collected from different
commercial greenhouses.

Sample Source
Water Sample Bioassay on Tomato Plant

Sample Name qRT-PCR a Symptoms DAS-ELISA b

Farm #1
V22-14 27.83 (+) Yes 0.55 (+)

V22-15 26.18 (+) Yes 2.65 (+)

Farm #2

V22-29 19.90 (+) Yes 2.56 (+)

V22-43 22.97 (+) Yes 2.35 (+)

33 other water samples 21.25 (+) to No Ct (−) No 0.01 (−) to 0.03 (−)

Farm #3 97 water samples 22.62 (+) to 32.13 (−) No 0.01 (−) to 0.04 (+)

Positive control ToBRFV-infected
tomato 13.43 (+) Yes 2.67 (+)

Negative
control Healthy tomato 31.22 (−) No 0.01 (−)

a Number represents the Ct value of the corresponding sample. The Ct cut-off value for qRT-PCR was 30 in this
experiment. Water samples with a Ct (∆Rn) reading <30 were considered positive (+) for ToBRFV, while those >30
were negative (−). b Number represents ELISA absorbance values OD405. OD405 > 0.3 was considered positive
(+), and those ≤0.3 were negative −).
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Figure 1. Phenotypes of tomato plants of the “Moneymaker” variety in a bioassay to evaluate
ToBRFV infectivity four weeks post mechanical inoculation using runoff water samples collected
from commercial greenhouses. (A) Typical mottling, mosaic, and chlorosis symptoms on tomato
plants inoculated with water sample V22-43, which tested positive for ToBRFV during qRT-PCR.
(B) A typical asymptomatic tomato leaf on a tomato plant inoculated with the other water samples
that did not cause virus infection and tested negative for ToBRFV.

3.2. Secondary Test of ToBRFV Infectivity in Selected Water Samples through Serial Dilution

To further confirm the infectivity of ToBRFV in the four selected water samples identi-
fied in the preliminary screening, we conducted an extensive bioassay using their serial
dilutions to assess the potential infectivity of the ToBRFV that remained in them after being
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stored at 4 ◦C for two months. The results showed that virus infection was confirmed in
the tomato plants inoculated with two out of the four water samples (V22-15 from Farm
#1 and V22-43 from Farm #2), and this was the case only for their undiluted groups. In
comparison, none of the plants inoculated using their further dilutions (1:10, 1:100, or
1:1000) triggered the infection (Table 2), suggesting that the concentration of infectious
ToBRFV in the undiluted water samples approached the lowest virus titer to trigger ToBRFV
infection after two months of storage. For water sample V22-15 from Farm #1, only one
of the six inoculated tomato plants was infected and expressed typical mosaic symptoms
at 8 WPI, which was confirmed as presenting ToBRFV using ELISA and IC-qRT-PCR. For
water sample V22-43 from Farm #2, two of the inoculated tomato plants expressed mosaic
symptoms at 4 WPI, while a third one at 8 WPI (Table 2). All the four infected plants (one
from V22-15 and three from V22-43) exhibited typical mosaic symptoms for ToBRFV at
the time when they also tested positive for the virus (Figure 1). This experiment further
validated the fact that the bioassay is a powerful tool to evaluate the level of infectious
virus in a given sample.

Table 2. Secondary test to evaluate ToBRFV infectivity in selected water samples.

Sample Name
Plant Sap Dilutions

V22-14 V22-15 V22-29 V22-43

ELISA a IC-qRT-PCR b ELISA IC-qRT-PCR ELISA IC-qRT-PCR ELISA IC-qRT-PCR

Undiluted −(0/6) −(0/6) +(1/6) c +(1/6) c −(0/6) −(0/6) +(3/6) d +(3/6) d

1:10 −(0/6) −(0/6) −(0/6) −(0/6) −(0/6) −(0/6) −(0/6) −(0/6)

1:100 −(0/6) −(0/6) −(0/6) −(0/6) −(0/6) −(0/6) −(0/6) −(0/6)

1:1000 −(0/6) −(0/6) −(0/6) −(0/6) −(0/6) −(0/6) −(0/6) −(0/6)

a,b Fraction in parenthesis represents the number of plants that tested positive for ToBRFV/the number of plants
tested in total using individual methods. (+) and (−) indicate positive and negative testing results for ToBRFV,
respectively. c Tested positive at 8 WPI. d Two plants tested positive at 4 WPI, and another one tested positive at
8 WPI.

3.3. Assessing the Dilution Endpoint of the Inoculum Prepared from ToBRFV-Infected Tomato
Tissue for Its Ability to Trigger Virus Infection in Tomato Plants

Given that only undiluted runoff water samples caused ToBRFV infection, we were in-
terested in assessing the level of infectious ToBRFV in these water samples compared to that
in the serial dilutions of the ToBRFV inoculum we used in this experiment. Understanding
the dilution endpoint that could trigger virus infection using the ToBRFV inoculum we
generated, which reflects the level of infectious ToBRFV in the runoff water, could help
us determine the appropriate parameters used for the water treatment. Through testing
serial dilutions (1:100–1:1012) of the virus inoculum prepared from ToBRFV-infected leaf
tissue, ToBRFV was detectable up to 1:106 based on the absorbance readings at OD405nm
in DAS-ELISA and from the Ct values in IC-qRT-PCR (Table 3). However, in the bioassay,
successful infection of the inoculated tomato plants was detectable up to a 1:105 dilution
(Table 3).

Table 3. Comparative analysis to assess relative virus titer of ToBRFV inocula prepared in plant extract.

Plant Sap
Dilutions

Virus Detection Bioassay on Tomato Plants

DAS-ELISA a IC-qRT-PCR b Symptoms c DAS-ELISA d IC-qRT-PCR d

1:100 3.33 27.35 Yes (3/3) 2.02 (3/3) 26.75 (3/3)

1:103 3.32 27.01 Yes (3/3) 2.12 (3/3) 28.52 (3/3)

1:104 3.04 30.15 Yes (2/3) 2.25 (2/3) 27.73 (2/3)

1:105 1.24 31.32 Yes (1/3) 2.02 (1/3) 26.49 (1/3)

1:106 0.21 34.17 No (0/3) 0.11 (0/3) No Ct

1:107 0.03 No Ct No (0/3) 0.11 (0/3) No Ct
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Table 3. Cont.

Plant Sap
Dilutions

Virus Detection Bioassay on Tomato Plants

DAS-ELISA a IC-qRT-PCR b Symptoms c DAS-ELISA d IC-qRT-PCR d

1:108 0.01 No Ct No (0/3) 0.10 (0/3) No Ct

1:109 0.01 No Ct No (0/3) 0.10 (0/3) No Ct

1:1010 0.01 No Ct No (0/3) 0.10 (0/3) No Ct

1:1011 0.09 No Ct No (0/3) 0.10 (0/3) No Ct

1:1012 0.01 No Ct No (0/3) 0.10 (0/3) No Ct

Positive
Control e 3.18 26.37 Yes (3/3) 2.66 (3/3) 20.02 (3/3)

Mock
Control 0.02 No Ct No (0/3) 0.11 (0/3) No Ct

a Number represents the average OD405 values of DAS-ELISA. OD405nm > 0.2 is considered positive. b Number
represents the Ct values of IC-qRT-PCR. The cut-off Ct value for IC-qRT-PCR is 35. No Ct represents the fact that a
Ct value is not detected. c Number in parenthesis represents the ratio of the number of plants exhibiting ToBRFV
symptoms to the total number of plants tested. d Number in parenthesis represents the ratio of the number of
plants that tested positive using individual methods to the total number of plants tested. e Positive control: a
virus inoculum prepared through the processing of ToBRFV-infected leaf tissue in a tissue extraction buffer for
ELISA (1:10 w/v) was used as the positive control.

3.4. Efficacy of Cold Plasma-Generated Ozone Treatment against the Infectivity of ToBRFV

Upon proving that ToBRFV existing in the runoff water solutions from commercial
greenhouses could trigger virus infection in the bioassay by directly inoculating the water
solution onto tomato plants, which indicated that ToBRFV could potentially be transmitted
through a hydroponic irrigation line to other parts of a greenhouse, we were interested in
developing a water treatment using cold plasma ozone against ToBRFV infection. To evalu-
ate the efficacy of the treatment, we conducted bioassays to assess the infectivity of ToBRFV
inocula prepared in different dilutions after being exposed to different ozone concentra-
tions for pre-selected timeframes. With a combination of three ozone concentrations and
four treatment timeframes, fifteen different treatments including a mock inoculation were
evaluated for three dilutions of virus inocula (1:100, 1:1000, and 1:10,000 dilutions) (Figure 2,
Supplementary Table S2). The results showed that, under the highest concentration of
ToBRFV inoculum (1:100 dilution), a prolonged exposure (72 min) to the two higher ozone
concentration inputs (0.6 mg/L and 1.0 mg/L) resulted in a lower percentage of the test
plants (33.3% and 16.7%) developing virus infection (Figure 3), although the infectivity of
ToBRFV was not completely aborted. Under a medium concentration of the virus inoculum
(1:1000 dilution), although an exposure for 24 min at two higher ozone concentrations
(0.6 mg/L and 1.0 mg/L) only reduced the virus infection rate to 16.7%, a longer exposure
for 48 min completely suppressed virus infectivity, as demonstrated by the 0% infection
of the inoculated plants (Figure 4). The same effect was achieved using even the lowest
concentration of ozone input (0.1 mg/L). Furthermore, under the lowest concentration of
virus inoculum (1:10,000 dilution), the virus was completely inactivated even at a shorter
exposure time (24 min) in any of the three ozone concentrations (0.1 mg/L–1.0 mg/L)
(Figure 5). Given that the level of infectious ToBRFV in the greenhouse-collected runoff
water samples, as determined above, was comparable to the lowest concentration of the
virus inoculum (1:10,000 dilution) used here, which could be fully inactivated using a
minimal ozone input within the shortest treatment timeframe selected, the results from this
study show great promise in inactivating the ToBRFV residing in runoff water solutions
from greenhouses.
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Figure 2. Assessing the effectiveness of a treatment against ToBRFV infectivity in bioassays using
three concentrations of cold plasma ozone on three dilutions of ToBRFV-infected plant tissue extracted
in experimental water reservoirs. Panel (A): Percentage of the test tomato plants (6) infected in the
bioassays in a virus inoculum at a 1:100 dilution upon exposure for 0 min, 24 min, 48 min, and 72 min
using three concentrations of cold plasma ozone (0.1, 0.6, and 1 mg/L). Panel (B): Percentage of the
test tomato plants (6) infected in the bioassays in a virus inoculum at a 1:1000 dilution upon exposure
for 0 min, 24 min, 48 min, and 72 min using three concentrations of cold plasma ozone (0.1, 0.6,
and 1 mg/L). Panel (C): Percentage of the test tomato plants (6) infected in the bioassays in a virus
inoculum at a 1:10,000 dilution upon exposure for 0 min, 24 min, 48 min, and 72 min using three
concentrations of cold plasma ozone (0.1, 0.6, and 1 mg/L).
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ozone treatment using a virus inoculum at a 1:100 dilution upon exposure for 0 min, 24 min, 48 min,
and 72 min using three concentrations of cold plasma ozone (0.1, 0.6, and 1 mg/L). The label in each
panel represented by A is the virus inoculum in a 1:100 dilution of ToBRFV-infected tomato tissue
sap, followed by the ozone concentration (0.1, 0.6, or 1.0 mg/L), and, finally, the exposure time (0, 24,
48, or 72 min).
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Figure 4. The phenotypes of the tomato plants in the bioassays to assess the efficacy of a cold plasma
ozone treatment using a virus inoculum at a 1:1000 dilution (B) upon exposure for 0 min, 24 min,
48 min, and 72 min using three concentrations of cold plasma ozone (0.1, 0.6, and 1 mg/L). The label
in each panel represented by B is the virus inoculum in a 1:1000 dilution of ToBRFV-infected tomato
tissue sap, followed by the ozone concentration (0.1, 0.6, or 1.0 mg/L), and, finally, the exposure time
(0, 24, 48, or 72 min).
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ozone treatment using a virus inoculum at a 1:10,000 dilution (C) upon exposure for 0 min, 24 min,
48 min, and 72 min using three concentrations of cold plasma ozone (0.1, 0.6, and 1 mg/L). The label
in each panel represented by C is the virus inoculum in a 1:10,000 dilution of ToBRFV-infected tomato
tissue sap, followed by the ozone concentration (0.1, 0.6, or 1.0 mg/L), and, finally, the exposure time
(0, 24, 48, or 72 min).
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4. Discussion

The existence of plant viruses in water environments has been described for many
years with a primary concern that the contaminated water could serve as an inoculum to
initiate a secondary virus infection, exacerbating disease problems [57,71,72]. However, the
virus concentration of water samples collected from rivers, creeks, stream, drainage, and
sea water was often too low to directly work on, and therefore, they were often concentrated
by ultracentrifugation or polyethylene glycol (PEG) precipitation before any in-depth test
such as RT-PCR could be performed [73,74]. Agricultural manufacturing facilities such as
large-scale hydroponic farms equipped with closed-recycling fertigation water systems,
on the other hand, aid in accumulating water-borne pathogens. Previous studies did
reveal that some highly transmissible viruses such as the tomato mosaic virus (ToMV) and
the cucumber green mottle mosaic virus (CGMMV) could spread easily from one single
infected plant to the entire hydroponic system in greenhouses [75,76].

A bioassay is the only approach to infer the infectivity of a virus existing in a given
sample even though DAS-ELISA and qRT-PCR may have a higher sensitivity for detecting
the presence of the virus (Tables 1 and 3). It is noteworthy that neither of the two methods
could differentiate between infectious and non-infectious virions in a particular sample,
considering that molecular detection assays only target specific regions of a virus’ genetic
material, and in the case of ToBRFV, it is a 98-nucleotide segment of the movement protein
gene, whereas a serological assay detects the presence of structural components of the
virion, for instance, the viral capsid protein. These components could be present in samples
containing either intact virus particles or remnants of degraded virions [77,78], and the
latter could still yield positive results in molecular and/or serological detection but would
fail to trigger virus infection in the bioassay. For this reason, a bioassay was utilized in
the current study to evaluate the infectivity of the collected runoff water solutions and the
efficacy of the cold plasma-generated ozone treatment against ToBRFV. In conjunction with
the results of the bioassay, none of the further-diluted runoff water solutions led to ToBRFV
infection, indicating that the approximate active virus titer in the samples collected from
Farms #1 and #2 approached the 1:105 dilution of the ToBRFV-infected tissue (Tables 2 and 3).
This number was at an alarmingly high level considering that these runoff water solutions
were uncondensed environmental samples. On the other hand, none of the 97 runoff water
sample collected from Farm #3 could trigger ToBRFV infection, suggesting that the active
virus titer was below this threshold, despite a number of samples testing positive in the
qRT-PCR. In addition, Mehle and colleagues proved that the ToBRFV residing in a nutrient
solution or in irrigation water could infect healthy plants through their roots [57], further
substantiating the water-borne nature of ToBRFV and the fact that a virus-contaminated
hydroponic irrigation system is a potential high-risk factor for disseminating the virus and
hence should be targeted as a vulnerable stage in the ToBRFV disease cycle. To minimize
potential disease dispersal, the water solution circulating in a hydroponic system should
be treated properly to inactivate ToBRFV infectivity prior to being recirculated within the
same hydroponic system.

Although chemical disinfectants have been shown to be effective against ToBRFV
through various treatments [31,32,34,45–51], offering practical solutions to manage both the
vertical and horizontal transmission of the virus in the greenhouse, applying chemotherapy
such as using these chemicals in hydroponic water systems can be challenging due to the
concern of phytotoxicity and chemical residues. It is therefore imperative to explore other
environmentally friendly methods that can be safely applied in water treatments. Different
non-chemical methods, such as heat, sonication, media and membrane filtrations, etc.,
have also been used to control viruses [79]. Ultraviolet (UV) radiation, another commonly
used sanitation measure in hydroponic production systems, has been shown to greatly
reduce tobacco mosaic virus (TMV) and confine the spread of lettuce ring necrosis virus
(an ophiovirus transmitted by Olpidium brassicae), respectively [80,81]. However, the
disinfection effect of UV radiation on many other targeted viruses in water environments
is generally considered to be minimal [66]. To cope with this challenge, we treated the
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virus-contaminated water reservoir with ozone generated by cold plasma and subsequently
evaluated the efficacy of this approach in inactivating ToBRFV infectivity. The results
showed that the effectiveness of the ozone treatment was affected by a combination of
virus titer in the contaminated water, the input ozone concentration, and the timeframe
of the exposure to the ozone treatment. When the virus inoculum was at 1:100 dilution of
ToBRFV, virus infectivity was not affected until the water was exposed to higher ozone
concentrations for 72 min (Figure 2). As the relative virus titer reduced to the 1:1000 dilution,
a 48 min exposure at the lowest ozone level (0.1 mg/L) was sufficient to inactivate the virus.
Furthermore, a minimal exposure time (24 min) at the lowest level of ozone input was
adequate to inactivate the virus when the virus inoculum dropped to the 1:10,000 dilution,
which was equivalent to the active virus titer detected from the greenhouse-collected runoff
water samples. Taken together, our results suggest that the cold plasma-generated ozone
treatment is effective in inactivating ToBRFV infectivity in water if appropriate ozone
concentrations and exposure timeframes are applied. Given that the lowest active virus
titer tested in this experiment (1:104 dilution of the ToBRFV inoculum), which could be
completely inactivated by the lowest ozone input with 24 min of exposure, was 10 times
higher than those in the runoff water solutions collected from commercial greenhouse
farms (approximately 1:105 dilution of the ToBRFV inoculum), the cold plasma ozone
treatment could offer a promising solution for preventing potential ToBRFV outbreaks in
a hydroponic greenhouse. Future work will focus on evaluating the effects of this ozone
treatment on plant growth and development, including but not limited to whether the
treatment could lead to phytotoxicity, how the stability of nutrient fertilizers is impacted,
and how crop yield and quality are affected. The ultimate goal is to further assess the
feasibility of using cold plasma ozone in treating ToBRFV in a real-world situation through
specifying the optimized parameters for practical applications.

5. Conclusions

ToBRFV has become a most troubling plant pathogen threatening global tomato
production in recent years, with its high mechanical transmissibility and seed-borne char-
acteristic serving as the driving forces behind its quick expansion worldwide. Apart from
known transmission pathways, here we proved the water-borne nature of the virus and
added a new element to its epidemiology. Although additional studies are needed to
thoroughly assess water-mediated ToBRFV transmission to answer questions on whether
virus-infected water is the disease trigger directly causing outbreaks, the fact that ToBRFV-
contaminated nutrient solutions and irrigation water could infect healthy plants through
their roots presents an alarming new sign for vegetable growers [57] while raising spe-
cial concerns for hydroponic farms as virus outbreaks continue to occur even when strict
sanitation measures are implemented. Although the number of water samples that tested
positive in this study is relatively low (4/134), in the closed-loop fertigation system where
a nutrient solution is captured and recirculated, virus infection occurring in only one spot
could be readily spread to the entire system [37]. With the proven efficacy of the ozone
treatment in disinfecting ToBRFV in the nutrient solution reported here, we are one step
closer to conquering this devastating virus through minimizing its spread in greenhouse
tomato production.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/horticulturae10040416/s1, Table S1. Preliminary screening
results of ToBRFV in runoff water samples collected from three commercial greenhouses; Table S2.
Assay to assess the effectiveness of cold plasma ozone treatment against ToBRFV infectivity in
experimental virus-spiked water reservoir.
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