Chanda et al. Virol J (2021) 18:7

https:/doi.org/10.1186/512985-020-01479-8 Virol ogy J ournal

RESEARCH Open Access

Effectiveness of disinfectants iy

against the spread of tobamoviruses: Tomato
brown rugose fruit virus and Cucumber green
mottle mosaic virus

Bidisha Chanda', Md Shamimuzzaman ', Andrea Gilliard' and Kai-Shu Ling'”

Abstract

Background: Tobamoviruses, including tomato brown rugose fruit virus (ToBRFV) on tomato and pepper, and
cucumber green mottle mosaic virus (CGMMV) on cucumber and watermelon, have caused many disease outbreaks
around the world in recent years. With seed-borne, mechanical transmission and resistant breaking traits, tobamo-
viruses pose serious threat to vegetable production worldwide. With the absence of a commercial resistant cultivar,
growers are encouraged to take preventative measures to manage those highly contagious viral diseases. However,
there is no information available on which disinfectants are effective to deactivate the virus infectivity on contami-
nated hands, tools and equipment for these emerging tobamoviruses. The purpose of this study was to evaluate

a collection of 16 chemical disinfectants for their effectiveness against mechanical transmission of two emerging
tobamoviruses, ToBRFV and CGMMYV.

Methods: Bioassay was used to evaluate the efficacy of each disinfectant based on virus infectivity remaining in

a prepared virus inoculum after three short exposure times (10°s, 30 s and 60 s) to the disinfectant and inoculated
mechanically on three respective test plants (ToBRFV on tomato and CGMMV on watermelon). Percent infection of
plants was measured through symptom observation on the test plants and the presence of the virus was confirmed
through an enzyme-linked immunosorbent assay with appropriate antibodies. Statistical analysis was performed
using one-way ANOVA based on data collected from three independent experiments.

Results: Through comparative analysis of percent infection of test plants, a similar trend of efficacy among 16 disin-
fectants was observed between the two pathosystems. Four common disinfectants with broad spectrum activities
against two different tobamoviruses were identified. Those effective disinfectants with 90-100% efficacy against both
tobamoviruses were 0.5% Lactoferrin, 2% Virocid, and 10% Clorox, plus 2% Virkon against CGMMV and 3% Virkon
against ToBRFV. In addition, SP2700 generated a significant effect against CGMMYV, but poorly against TOBRFV.

Conclusion: Identification of common disinfectants against ToBRFY and CGMMYV, two emerging tobamoviruses in
two different pathosystems suggest their potential broader effects against other tobamoviruses or even other viruses.
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economically important vegetables in the world. With
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their broad geographic distribution and global seed trade,
several seed-borne pathogens, particularly those from
tobamoviruses, have posed a serious threat to the profit-
able production of these vegetable crops [1].

Tobamoviruses are single-stranded positive sense RNA
viruses, represented by tobacco mosaic virus (TMV),
which is one of the most important plant pathogens [2].
Based on their genome organization and host infection,
viruses in the genus Tobamovirus are divided into three
subgroups infecting Cucurbitaceae, Solanaceae, and
Brassicaceae and Asteraceae species [3]). TMV has been
widely used as a model to study host pathogen interac-
tion and virus evolution since its discovery 100 years ago
by Bejernick [4]. A new tobamovirus infecting toma-
toes and peppers is Tomato brown rugose fruit virus
(ToBRFV), which was recently discovered in 2014—2015
in Jordan [5] and Israel [6]. TOBRFV is considered more
virulent than other known tomato-infecting tobamo-
viruses, as it breaks the popular Tm-2? resistance gene
which is present in many commercial tomato cultivars [6,
7]. ToBRFV outbreaks in greenhouse tomatoes have been
reported in countries around the world, including China
[8] and Palestine [9] in Asia, Egypt in Africa [10], Ger-
many [11], Greece [12], Italy [13]), Turkey [14] and the
United Kingdom [15] in Europe, and Mexico [16, 17], the
United States [18, 19] and Canada [20] in North Amer-
ica. In response to the global outbreaks of ToBRFYV, the
United States Department of Agriculture issued a Federal
Order in November 2019 [21] and the Europe Union has
declared a quarantine status for TOBRFV [22].

Another member of Tobamovirus is Cucumber green
mottle mosaic virus (CGMMV), which was first described
in England in 1935 [23]. CGMMYV infects members of
Cucurbitaceae family causing serious disease in vegetable
crops, such as melons, squash, cucumbers, watermelon
and pumpkin, making it one of the most economically
important cucurbit pathogen [1, 24]. CGMMYV has in
recent years expanded its distribution to infect various
cucurbit crops from Europe [25-31]; and Asia [32-40]
to North America [41, 42] and Australia [43, 44], result-
ing in serious economic losses to cucurbit industries and
vegetable seed companies worldwide.

Tobamoviruses are seed-borne, mechanically trans-
mitted and stable in the environment, which make them
very contagious if not managed properly and timely. The
increasing worldwide outbreaks of tobamoviruses, spe-
cifically ToBRFV and CGMMY, are due to ease in trans-
mission, stability in the environment, climate change and
long-distance dispersal through offshore seed production
and global seed trade [8, 9, 11-17, 25, 26, 38, 41].

Both ToBRFV and CGMMV are seed-borne in
nature, but the mechanism of seed transmission is not
well-understood [45, 46]. CGMMYV in a contaminated
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seed can be effectively transmitted through mechani-
cal transmission to healthy seedlings through handling
of a contaminated seed [46]. Therefore, it is important
to plant certified virus-free seeds that have been tested
for tobamoviruses. Although there is no known insect
vector proven to transmit tobamoviruses, insect pol-
linators, including bumble bees and honeybees, have
been shown to spread tobamoviruses. This virus spread
is likely through mechanical wounding due to buzzing
pollination [47-49]. Once introduced to a production
field or a greenhouse, tobamovirus can remain infec-
tious for a couple of years on contaminated surfaces
such as agricultural tools and machinery, irrigation
water and contaminated plant debris. Healthy plants
can easily become infected through contact by con-
taminated hands, cutting tools, dirty clothing in plant
handling practices.

The recent outbreaks of ToBRFV and CGMMYV and
the lack of disease resistant cultivars have necessitated
a systemic evaluation of disinfectants for their effective-
ness in disease management against the spread of these
emerging tobamoviruses. It is very important to establish
proper hygiene practice and phytosanitary measures to
prevent virus introduction and to curb virus transmission
through the use of an appropriate disinfectant for hands,
cutting tools or machineries. Disinfectants are well
known to decontaminate pathogens and sterilize work-
ing surfaces. However, an effective disinfectant should
be selected based on its effectiveness against the target
virus(es) and its safe use for plants and workers [50-53].
A recent study demonstrated a promising effect of some
disinfectants against CGMMYV spread [54].

Our earlier study demonstrated the effectiveness of
several disinfectants against several tomato viruses
[tobacco mosaic virus (TMYV), tomato mosaic virus
(ToMV) and pepino mosaic virus (PepMV)] and a viroid
(potato spindle tuber virus, PSTVd) [53]. However, their
effectiveness against these emerging tobamoviruses,
particularly ToBRFV and CGMMYV, are still unknown.
Two user-friendly biologicals (SP2700 and Lactoferrin)
and some other chemical disinfectants would need fur-
ther systemic analysis. The purpose of this study was to
evaluate 16 disinfectants for their effectiveness against
mechanical transmission of two emerging tobamovi-
ruses, ToBRFV and CGMMV. Disinfectants that gener-
ated promising results with 90-100% efficacy against
either of two tobamoviruses, include 0.5% Lactofer-
rin, 2% Virocid, 10% Clorox, and Virkon (2% against
CGMMYV and 3% against ToBRFV). SP2700 generated
an effective response against the spread of CGMMY, but
a poor response against TOBRFV. We were particularly
interested in selecting disinfectants with broad spectrum
effects between the two tobamoviruses with a goal of
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rendering their recommendation to disinfect other toba-
moviruses, or even other viruses.

Materials and methods

Sources of CGMMV and ToBRFV

The CGMMYV isolate ABCA13-01 (GenBank accession
no. KP772568) was originally collected from Canada
[41] and maintained on cantaloupe melon plants. The
ToBRFV-US isolate CA18-01 (GenBank accession no.
MT002973) was collected from tomato in Southern
California in August 2018 [18] and a pure ToBRFV iso-
late (GenBank accession no. MT002973) was generated
through local lesion host and maintained on ‘Money-
maker’ tomato plants [19]. Active cultures of both toba-
moviruses were maintained in their respective plants
inside an insect-proof bug dome (BioQuip Products,
USA) through mechanical inoculation in a containment
greenhouse with temperature maintained at 25 to 30 °C
at the U.S. Vegetable Laboratory, Charleston, SC. The
symptomatic leaves from these infected plants were col-
lected as a source of inoculum to study the efficacy of the
disinfectants.

Plant growth and preparation

Tomato “Moneymaker” seed and watermelon “Sugarb-
aby” seeds were sown in 36-cell seed starter garden trays
filled with potting soil (Sunshine mix, SunGro Horticul-
ture, USA) and maintained in a greenhouse with routine
watering and fertilization as needed. For each experi-
ment in an efficacy test of 16 different chemicals, each
consisting of 9 plants/treatment/chemical, approximately
250 seeds were individually sown. In initial screening,
three independent experiments were conducted for each
chemical evaluated. Three individual plants were used
for each treatment at each three inoculation time points
(10's, 30 s, and 60 s). Each group of nine test plants under
the same treatment was maintained in the greenhouse
and kept separately in different trays to avoid potential
cross contamination through accidental contact. The
experiments were conducted in a greenhouse maintained
at 25-30 °C with 14 h of sunlight, followed by water-
ing and fertilizing as needed. Observation of symptoms
on test plants was conducted weekly for 3—4 weeks post
inoculation and representative leaf tissue samples col-
lected for laboratory analysis.

Disinfectant selection and preparation

A total of 16 disinfectants were collected and tested in
this study. Most of disinfectants were donated from the
manufacturers or distributors and some purchased from
the open market. The active ingredients and the rate of
application used is listed (Additional file 1: Table 1). The
concentration of each individual disinfectant was based
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on the label rates, grower recommendations and ear-
lier studies [53]. Each disinfectant was freshly prepared
according to the manufacturer’s instructions in twofold
stock concentration prior to use, then mixed with the
equal volume of the prepared virus inoculum to achieve
proper application rate.

Virus inoculum preparation and mechanical inoculation

on test plants

The virus inoculum was prepared by grinding the symp-
tomatic leaves (1:5 w/v) in plastic tissue extraction bags
containing 1 x phosphate-buffered saline solution, pH
7.0 (140 mM NaCl, 8 mM Na,HPO,, 1.5 mM KH,PO,,
2.7 mM KCI, and 0.8 mM Na,SO,) using a Homex-6 tis-
sue homogenizer (Bioreba AG, Switzerland). The freshly
prepared virus inoculum was kept on ice until used.
Seedlings in 1-2 true leaf stage (tomato ‘Moneymaker’
for ToBRFV and watermelon ‘Sugarbaby’ for CGMMYV)
were lightly dusted with Carborundum (320-grit, Ther-
moFisher Scientific, USA) before treatment. Bioassays
were conducted on test plants through rub-inoculation
as determined in our earlier study [53]. For each treat-
ment, an equal volume (0.5 ml) of the prepared virus
inoculum was transferred with a pipet to a 5-ml plastic
tube containing the same volume of prepared 2 x disin-
fectant stock solution, and mixed immediately by hands.
Mechanical inoculation was conducted using a new cot-
ton swap (Q-tip) at each time point to dip into the mix-
ture, then the dipped swab was used to inoculate three
test plants at three short exposure times for 0-10 s, 30 s
or 60 s. The inoculated test plants were shaded from
direct sunlight for several hours to minimize potential
injury from direct sunlight.

Inoculated plants were maintained in a containment
greenhouse for 3—4 weeks and a weekly symptom obser-
vation was conducted to assess the chemical related
phytotoxicity and viral symptom expression. Appropri-
ate controls were included in each experiment, a healthy
control (buffer treated) was used to ensure that the test
plants used were indeed virus-free before inoculation.
A positive control (virus inoculum without treatment)
was included to assess the virus infectivity in each batch
of freshly prepared virus inoculum. The test plants were
visually scored for the presence of symptoms, including
mosaic, mottling, necrotic spots, leaf deformation and
plant stunting. Three independent experiments were
conducted for both CGMMYV and ToBRFV, each with
three biological replicates per treatment per exposure
times. Additional experiments were conducted to con-
firm the results on those promising disinfectants selected
from the initial screening in both CGMMYV and ToBREV
evaluations. After a final reading on symptoms, systemic
leaf tissues were collected in a plastic bag to confirm the
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presence or absence of the target virus using appropriate
serological tests as described in the following.

Serological tests

Enzyme-linked immunosorbent assay (ELISA) was con-
ducted following the standard procedures as recom-
mended by the manufacturer (Agdia, USA). Collected
leaf tissue samples (~200 mg) in each individual plastic
bag were homogenized by a Homex-6 tissue homoge-
nizer (Bioreba AG, Switzerland) in 4 ml of 1X ELISA gen-
eral extraction buffer (GEB) (Bioreba AG, Switzerland).
Since a ToBRFV specific antibody was not available, an
ELISA test for TMV (Agdia, USA) was used due to its
cross serological reactivity to other tomato-infecting
tobamovirues, including ToBRFV. For CGMMY, a virus-
specific antibody for CGMMYV (Agdia, USA) was used in
this study. Absorbance values were read at OD s, with
a spectrophotometer (SPECTRAmax PLUS, Molecular
Devices, Sunnyvale, CA).

Statistical analysis

Significant effects between treatments were determined
by calculating the mean of percent infection of the test
plants in each treatment for ToBRFV and CGMMYV in
three replicated experiments. Each treatment consisted
of three biological replicates per exposure time, totaling
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up to nine plants per treatment. The percentage infec-
tion was calculated by pooling the number of infected
plants per treatment by the total number of inoculated
plants. Statistical analysis was performed using one-way
ANOVA followed by means comparisons of each treat-
ment to control using Dunnett’s multiple comparison
post-hoc test and GraphPad Prism software version 8.0
for Mac (GraphPad Software, San Diego, CA, USA).

Results

Efficacy of disinfectants against mechanical transmission
of ToBRFV in tomato

A total of 16 chemicals were initially screened in an
effort to identify disinfectants that were most effective
against mechanical transmission of ToBRFV. Bioassays
were conducted on tomato ‘Moneymaker’ plants through
rub-inoculation, same as in our previous study [53]. Test
plants were observed weekly and scored for visual symp-
toms (Fig. 1, Additional file 2: Table 2) at 3—4 weeks post
inoculation, with a confirmation ELISA test on asymp-
tomatic plants. Based on our preliminary data collec-
tion (Additional file 2: Table 2), we observed no major
deviation in percent infection on test plants from each
of three short exposure times (10 s, 30 s or 60 s). There-
fore, analysis of percent infection for each treatment
was based on a combined data of nine plants from three
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Fig. 1 Assessing the effectiveness of various disinfectants against TOBRFV through visual symptom observation. Treated tomato plants were visually
compared 3-4 weeks post inoculation against the untreated ToBRFV control (ToBRFV). a Mock: buffer treated control, b 10% Clorox, ¢ 2% Virkon, d
2% Virocid, e 2% Virex, f 0.5% Lactoferrin, g 2.4% SP2700, h 10% NFD Milk, and i 2% Kleengrow
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time points. Interestingly, arranging those tested chemi-
cals based on their increasing efficacy (with decreasing
infection rate) against ToBRFV revealed a broad range
of effects on tomato plants (Fig. 2). The effectiveness of
four treatments from three disinfectants (0.5% and 2%
Virocid, 0.5% Lactoferrin and 10% Clorox) were most
significant, generating 0% infectivity on test plants. Five
other treatments displayed some effect but not enough,
generating only 10-45% infection rates on the test plants.
These treatments were 2% Virex (11.1% infectivity), 2%
Virkon (22% infectivity), 50% Lysol (26% infectivity), 2.4%
SP 2700 (30% infectivity), and 10% trisodium phosphate
(TSP, 44.4% infectivity). Overall, ten treatments were
considered no effect, as they generated 50—-100 percent
infection rates on the tested plants. These treatments
included 0.1% Lactoferrin, Ethanol/Urea/Citric Acid
(EUC), 2% Kleen grow, 1.2% SP2700, 2% Simple green,
50% Purrell, 50% Protecteav, 10% Non-fat dried (NFD)
Milk, 400 ppm Microside and 50% Microsan (Fig. 2).
However, it is important to note that 2% Virex, 2.4%
SP2700, and 2% Virocid showed some level of phytoxic-
ity to the test plants upon treatment (Additional file 3:
Fig. 1).

Efficacy of disinfectants against mechanical transmission
of CGMMV in watermelon

Similarly, the same 16 chemicals were used to test the
effectiveness of disinfection against CGMMYV infectivity
through bioassay on watermelon plants. The seedlings
(in 1-2 leaf stage) were rub-inoculated with a freshly
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prepared inoculum of CGMMYV that had been exposed
to the appropriate concentration of a disinfectant at each
set of exposure times (10 s, 30 s or 60 s). The test plants
were observed weekly and scored for visual symptoms at
3—4 weeks post inoculation (Additional file 2: Table 2).
Presence of the target virus was verified through ELISA
test against CGMMYV. Efficacy was analyzed based on
three independent experiments, and three biological rep-
licates for each treatment per exposure time. Similarly,
as observed in ToBRFYV, there were no major deviation
in the percent infection rate on test plants from each of
the three short exposure times (10, 30 and 60 s). There-
fore, analysis of percent infection for each treatment
was based on a combined data of nine plants from three
plants in each of three time points. Efficacy of a disin-
fectant was determined by percent infectivity remaining
on the treated sample, where a higher percent infectiv-
ity corresponded to a lower efficacy of the disinfectant
and vice versa. Those disinfectants resulting in 0 to 7.5%
infection rate were selected for further analysis (Fig. 3).
Overall, six chemicals and eight treatments including
10% TSP, 0.5% and 2% Virocid, 10% Clorox, 1.2% and
2.4% SP2700, 2% Virkon, and 0.5% Lactoferrin, showed
significantly better efficacy in deactivating virus infectiv-
ity against CGMMYV within 60 s. Specifically, 10% Clorox,
2.4% SP2700, 0.5% Lactoferrin and 2% Virocid showed
complete effect, with 0% infectivity against CGMMV
based on three biologically replicated experiments, fol-
lowed by 1.2% SP2700 (3.7% infectivity), 0.5% Virocid
(3.7% infectivity), 10% TSP (7.4% infectivity), 2% Virkon
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Fig. 2 Effectiveness of disinfectants against the mechanical transmission of ToBRFV on tomato. Statistical analysis using one-way ANOVA was
followed by Dunnett’s multiple comparisons (a=0.05) test to analyze the level of significance between the ToBRFV control and the treatments. ns
(not significant): adjusted p-value > 0.05. Significant treatments are designated with different number of asterisks based on the level of significance,
**adjusted p-value <0.001, ***adjusted p-value <0.0001 and ****adjusted p-value <0.00001 "."EUC represents ethanol/urea/citric acid; TSP’
represents Trisodium phosphate. Y-axis represents the mean percent infection and x-axis the treatments
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Fig. 3 Assessment of disinfectant efficacy against the mechanical transmission of CGMMV on watermelon. Statistical analysis using one-way
ANOVA was followed by Dunnett's multiple comparisons (o= 0.05) test to analyze the level of significance between the CGMMV control and the
treatments. ns (not significant): adjusted p-value >0.05. Significant treatments are designated with different number of asterisks based on the level
of significance, **adjusted p-value < 0.001, **adjusted p-value <0.0001 and ****adjusted p-value <0.00001 ".'EUC represents ethanol/urea/citric

acid; 'TSP'represents Trisodium phosphate. Y-axis represents the mean percent infection and x-axis the treatments

(7.4% infectivity) and 0.1% Lactoferrin (18.5% infectivity)
(Fig. 3). Two other treatments yielded 30-60% infectiv-
ity, including 2% Virex, EtOH/Urea/Citric Acid and 50%
Lysol. The remaining seven treatments had no appreci-
ated effects against CGMMYV, which showed 61-100%
infectivity rates, including 50% Microsan, 400 PPM
Microside, 50% Purell, 2% Simple green, 10% NFD Milk,
50% Protecteav, and 2% Kleen grow (Fig. 3). However,
it is important to point out that several of these chemi-
cals generated phytotoxicity on the inoculated leaves,
including 2.4% SP2700 and 2% Virocid (Additional file 4:
Fig. 2). There was also a mild phytotoxicity on test plants
observed on 10% Clorox treatment.

Comparison of disinfectant’s effectiveness

between the two pathosystems

When the data from the above two respective experi-
ments against ToBREV and CGMMYV were pulled
together and compared, interestingly, a similar trend of
effects was observed (Additional file 4: Fig. 2). Out of
the 16 disinfectants tested, following treatments were
considered ineffective against tobamoviruses, includ-
ing 50% Purell, 50% Protecteav, 400 ppm Microsan, 2%
Kleengrow, EtOH/Urea/Citric Acid, 10% and 20% NFD
Milk and 2% Simple Green, which resulted in 50-100%
infectivity against either ToBRFV or CGMMYV. Some
variations in efficacy between ToBRFV and CGMMV
were also observed in treatments by 10% TSP, 2%

Virkon, 0.1% Lactoferrin, 5% Clorox, with each of
them resulting in better efficacy against CGMMYV than
ToBRFV. Notably, 1.2% and 2.4% SP 2700 showed only
3.7% and 0% percent infectivity against CGMMYV, but
with 100% and 29.6% infectivity against ToBRFV. On
the other hand, some other disinfectants showing bet-
ter response against TOBRFV than CGMMYV were 50%
Lysol, 2% Virex, 0.5% Virocid with 25.9%, 11.1%, and 0%
infectivity against TOBRFV as opposed to 41%, 25.9%,
and 3.7% infectivity against CGMMYV. Nevertheless,
three disinfectants, 0.5% Lactoferrin, 2% Virocid, and
10% Clorox treatments were able to achieve a total
elimination of virus infectivity in both ToBRFV and
CGMMYV pathosystems (Additional file 4: Fig. 2).

Comparative effectiveness of selected disinfectants

under different application rates

Despite of the success in our initial screening of 16 dis-
infectants, questions remained as to whether efficacy of
a selected promising disinfectant under different appli-
cation rates would yield a different response against
infectivity of ToBRFV on tomato and/or CGMMYV on
watermelon and whether a higher concentration of a
chosen disinfectant may result in phytotoxicity to the
tested plants? Therefore, we set up following experi-
ments to answer these two questions.
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Application rate altered the efficacy of disinfectants
against ToBRFV

Different concentrations of disinfectants: SP2700, Clorox,
Virex, Lactoferrin and Virkon were tested for their capa-
bility to prevent transmission of ToBRFV infection. An
application rate of 1.2% and 2.4% SP 2700 showed prom-
ising results against CGMMY, so similar treatments were
considered for ToBRFV. Keeping in mind the phytotoxic
nature of SP 2700 at 1.2% and 2.4% levels, a lower con-
centration of 0.6% SP 2700 was included against ToOBRFV.
Three concentrations of SP2700 (0.6%, 1.2% and 2.4%)
were tested. Among them, two lower concentrations
of SP2700 had no effect against ToBRFV, only 2.4% of
SP2700 showed better results, but still with 29.6% infec-
tivity (Fig. 4). Similarly, two lower concentrations of
Clorox (5%) and Virocid (0.5%) were tested as 10% Clorox
was observed to have a mild phytotoxicity to the test
plants, so was some phytotocity in 2% Virocid. Interest-
ingly, both 0.5% and 2% Virocid resulted in 0% infectivity
(Fig. 4). On the other hand, 5% Clorox treatment resulted
in 33.3% infection, compared to 0% by 10% Clorox
(Fig. 4). Previously, 2% Virkon was shown to be effective
against two other tobamoviruses, TMV and ToMMV
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[53]. However, in the present study, 2% Virkon was effec-
tive against ToBRFV, but still with 22.2% infectivity. Thus,
a higher application rate of 3% was considered as a treat-
ment against TOBRFV. Better performance was achieved
with 3% Virkon, with only 3.7% infectivity versus 2%
Virkon at 22.2% infectivity (Fig. 4). Similarly, 3% Virex
improved the efficacy with 3.7% infectivity than 2% Virex
at 11.1% infectivity (Fig. 4). Moreover, the treatment with
0.5% Lactoferrin resulted in a complete deactivation over
0.1% Lactoferrin with 34.6% infectivity (Fig. 4).

Application rate altered efficacy of disinfectants

against CGMMV

As aforementioned, four disinfectants were selected at
different concentrations, including Lactoferrin (0.5% and
0.1%), Clorox (10% and 5%), Virocid (2% and 0.5%) and
SP2700 at three concentrations (0.6%, 1.2% and 2.4%) for
treatments against CGMMYV infectivity. The treatment
with 5% Clorox generated 4.1% infectivity over complete
deactivation using 10% Clorox (Fig. 5). Similarly, as con-
centration of SP2700 increased in three treatments, the
virus infectivity reduced, from 20% infectivity in 0.6%,
3% infectivity in 1.2%, to complete deactivation (0%
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Fig. 4 Comparative effectiveness of selected disinfectants upon different application rate against ToBRFV. The chart depicts ToBRFV infectivity
remained after the treatment of disinfectants at different application rate of a SP 2700, b Virocid, ¢ Clorox, d Virkon, e Virex, f Lactoferrin, within a
short exposure time (< 60 s) on tomato “Moneymaker” plants. The effect of various concentrations of disinfectants on tomato plants against ToBRFV
infection is represented with symptom expression in photo panels: g (0.1% Lactoferrin), h (0.5% Lactoferrin), i (2% Virkon), j (3% Virkon), k (5%
Clorox), 1 (10% Clorox), m (positive ToBRFV control) and n (uninfected healthy control)
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Fig. 5 Comparative effectiveness of selected disinfectants in different application rates against CGMMV infectivity. The chart depicts CGMMV
infectivity remained after treatment of disinfectants at different application rate. a Clorox, b SP 2700, ¢ Lactoferrin, and d Virocid within a short
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f (CGMMV positive control without treatment), g (2.4% SP2700), h (2% Virocid), i (10% Clorox), and j (0.5% Lactoferrin)

infectivity) in 2.4%, respectively (Fig. 5). Although 2.4%
achieved full protection against CGMMYV, the efficacy
of 1.2% SP 2700 against CGMMYV was also significant,
which also showed less effect in phytotoxicity on treated
watermelon plants than that of 2.4% SP2700 (Additional
file 3: Fig. 1). Likewise, treatments with an increasing
concentration of Lactoferrin also resulted in decreased
virus infectivity, with 19% infectivity in 0.1% and com-
plete deactivation (0% infectivity) in 0.5% (Fig. 5). The
same trend was observed for Virocid treatments as well,
0.5% Virocid resulted in 5.5% infectivity and 2% Virocid
gave total destruction with 0% infectivity (Fig. 5).

Discussion

With seed-borne nature, ease of mechanical transmis-
sion and absence of disease resistance cultivar or resist-
ance breaking, tobamoviruses, including ToBRFV and
CGMMY, can quickly spread around the world, result-
ing in disease outbreaks in vegetable crop productions
around the world. These tobamoviruses are very stable in
nature and can remain infectious for months to years on
contaminated tools and surfaces, resulting in a second-
ary spread of infection through contacts by contaminated
hands, tools and machineries [1, 18, 41]. It has become
necessary to eliminate the potential chances of disease

outbreaks by following stringent cleaning procedures,
hygiene practices and utilizing effective disinfectants to
disinfect greenhouse surfaces, equipment, and cutting
tools [55].

Disinfection is achieved by inactivating virus infectiv-
ity using an effective chemical, virucide or a biological
product. Such disinfectants should be safe for workers,
little to no phyotoxicity to crop plants, inexpensive and
easily accessible to growers. The purpose of this study
was to evaluate the efficacies of 16 disinfectants against
two emerging tobamoviruses: ToBRFV and CGMMV.
The exposure time of a virus inoculum to the disinfect-
ant was kept very short (<60 s) based on quick action
required to perform cultural practices, such as deleafing,
pruning and harvesting. The results obtained from our
experiments would allow us to determine the most effec-
tive disinfectant(s) against both CGMMV and ToBRFV
through mechanical spread and compare their effective-
ness between two pathosystems for validation.

Through our study we have identified several promising
disinfectants, including 0.5% and 2% Virocid, 10% Clorox,
0.5% Lactoferrin and 3% Virkon that were able to deacti-
vate ToBRFV, causing less than 7.5% infectivity. Similarly,
2.4% and 1.2% SP2700, 5% and 10% Clorox, 0.5% and 2%
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Virocid, 2% Virkon and 0.5% Lactoferrin were found to
be effective against CGMMV.

The commercial Clorox is a common disinfectant reg-
ularly used in crop production to disinfect the surfaces
and tools. In our previous study [53], we found that 10%
Clorox and 2% Virkon were effective in deactivating the
infectivity of TMV, ToMYV, pepino mosaic virus (PepMV),
and potato spindle tuber viroid (PSTVd) on tomato.
Sodium hypochlorite (NaOCl), the active ingredient in
Clorox was also found to be effective in preventing TMV
spread from contaminated tools in petunia [50], hibis-
cus latent Fort Pierce virus (HLFPV) in hibiscus [56],
and tomato chlorotic dwarf viroid in tomatoes [57]. One
drawback is that NaOCl is corrosive to metal greenhouse
structure, unsafe for bare hands handling and potential
phytotoxic to plants. In order to minimize its phytoxic-
ity on the test plants, a lower concentration of 5% was
tested, which was found to be equally effective in deacti-
vating CGMMYV but not much on ToBRFV.

The most important finding in the present study is
identification of Lactoferrin, a low-cost, non-phytotoxic,
environmentally friendly chemical, found to protect the
test plants in a rate of 0.5% effective against both toba-
moviruses, ToBRFV and CGMMYV. Lactoferrin is a
milk-based iron-binding glycoprotein well known for
its antimicrobial properties in humans [58]. The anti-
viral nature of Lactoferrin begins with its binding to a
cell receptor, which then mediate blocking the entry of
a DNA and RNA based virus into a cell [59]. Previous
studies [60, 61] demonstrated that spraying plants with
0.1% Lactoferrin protected them against potato virus X
in potatoes and tomato yellow leaf curl virus in tomatoes
[60, 61]. Another report [62] showed that 0.1% Lactofer-
rin inactivated 81% of TMV infection in tobacco when a
TMYV inoculum was mixed and incubated with lactofer-
rin for 30 min. In the present study, we were interested in
a short-time exposure in order to determine if Lactofer-
rin could be used as a disinfectant against the spread of
ToBRFV and CGMMV. Surprisingly, the 0.5% Lactofer-
rin treatments were shown to achieve a complete protec-
tion on test plants against both tobamoviruses, TOBRFV
and CGMMV. The treatments by 0.1% Lactoferrin were
also effective, although not in complete protection. As
a natural product, Lactoferrin could be handled with
bare hands as well as for disinfecting cutting tools and
equipment.

Similarly, SP2700, with its active ingredient ningnan-
mycin, is a biopesticide derived from a fermentation
broth of Streptomyces noursei var. xichangensis result-
ing in an effective, efficient and low cost antimicrobial
compound [63, 64]. SP2700 was shown to directly deac-
tivate the TMV particles when incubated with 0.5 mM
(6.8 G/L) for 30 min. TMV particles were also inactivated
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when incubated with 500 mg/ml (0.5 G/L) for 30 min
[65, 66]. In the present study, we were again interested
in determining its quick action as a disinfectant against
ToBRFV and CGMMYV. Thus, we used higher rates in
our virus deactivation studies. In CGMMYV treatments,
0.6% (6 G/L), 1.2% (12 G/L) and 2.4% (24 G/L) reduced
the percent infectivity of CGMMYV to 17%, 3.7% and 0%,
respectively. On the other hand, in ToBRFV treatments,
only higher concentration (2.4%) of SP 2700 reduced the
virus infectivity to 30% against ToBRFV, with no major
effect on virus infectivity with two lower concentrations
(1.2% and 0.6%). At this moment, it is still unknown as
to why there was such a dramatic discrepancy existed
between these two tobamoviruses. The reason for their
differential infectivity could be because viruses may react
differently to this antimicrobial chemical and in two dif-
ferent host plants. The shorter incubation time used in
our study also calls for the use of a higher concentration
of SP2700 for virus inactivation.

Quaternary ammonium-based compounds (QABC)
are well known virucides. Of the seven QABC chemi-
cals used in this study, 2% Virex showed <20% infectiv-
ity against ToBRFYV, although phytotoxicity was observed.
Lysol, a common household disinfectant showed 40%
and 25% infectivity against CGMMV and ToBRFYV,
respectively. QABC are nitrogenous based organic com-
pounds, where the ammonium is a nitrogen atom with
four hydrogen atoms attached around it. Quaternary
ammonium is created when each of those four hydrogen
atoms are replaced with some combination of four other
organic chains or rings. This could explain the variation
in percent infectivity of different quaternary ammonium-
based compounds against CGMMYV and ToBRFV.

Alcohol based chemicals are also widely used as effec-
tive disinfectants particularly in healthcare system, for
viruses such as Severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), the virus causes coronavirus
disease 2019 (COVID-19). We tested three alcohol-based
chemicals having 70% alcohol (v/v) as active ingredient:
Proteacteav, Purell and ethanol/urea/citric acid. None
of them was effective in deactivating either CGMMV
or ToBRFV. A disinfectant with 60% or more of alco-
hol can effectively deactivate coronaviruses (such as
SARS-CoV-2), which have a lipid membrane. For toba-
moviruses, their RNA molecules are protected by coat
proteins and the lack of a lipid membrane, which may
explain why ethanol-based chemicals are not effective as
disinfectants against TOBRFV and CGMMV.

The oxidizing agent-based chemicals including Virkon
(Potassium monoperoxy sulphate) and Clorox (Sodium
hypochlorite) were among the best performers, generated
nearly total deactivation for both tobamoviruses when
using 3% Virkon or 10% Clorox. A higher concentration



Chanda et al. Virol J (2021) 18:7

of 3% Virkon reduced the percent infectivity to 3.7% in
ToBRFV. Our previous studies also indicated 2% Virkon
and 10% Clorox were effective in preventing transmis-
sion of PepMV, PSTVd, ToMV, and TMV from mechani-
cal inoculation [53]. Consistently, Virkon was effective at
reducing the incidence of TMV on petunia [50]. These
broad-spectrum effects of Clorox and Virkon, suggest
they could be used as disinfectants for other viruses.

Finally, Virocid showed consistent reduction of infec-
tivity against both ToBRFV and CGMMYV in a range of
concentrations from 0.5% to 2%. Virocid has glutaralde-
hyde as an active ingredient complemented with qua-
ternary ammonium compounds. Glutaraldehyde-based
chemicals are considered a broad spectrum virucide
within a short exposure time against DNA and RNA
viruses [67, 68]. Our results are consistent with a previ-
ous study showing 3% Virocid could inactivate CGMMV
within 1 min [54].

Conclusions

In conclusion, we evaluated the efficacy of a large col-
lection of 16 commercially available disinfectants
against two emerging and economically important viral
pathogens infecting tomato and cucurbit crops world-
wide. From the results obtained we were able to nar-
row down five disinfectants with broad spectrum effect
against ToBRFV and CGMMYV. These disinfectants
include Clorox (10%), Lactoferrin (0.5%), Virkon (2%
against CGMMYV and 3% against ToBRFV), Virocid (2%
and 0.5%) and Virex (3% against ToBRFV). In addition,
2.4% SP2700 showed 100% deactivation of CGMMV
and 1.2% SP2700 was equally promising. These results
were consistent with previous studies using other plant
virus pathosystems [53, 54, 69], suggesting that some
or all of these selected disinfectants may have a broader
effect against other viruses. However, the identification
of Lactoferrin as an effective disinfectant against toba-
moviruses is a major discovery as this natural biological
product could be safely handled by growers during crop
production, particularly under greenhouse conditions.
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Additional file 1: Table 1: List of disinfectants and their application rates
and active ingredients.

Additional file 2: Table 2: Effectiveness of disinfectants against tomato
brown rugose fruit virus (ToBRFV) and cucumber green mottle mosaic
virus (CGMMV) infectivity through bioassay. Bioassay experiments were
conducted through mechanical inoculation using a virus inoculum
treated with specified concentration of respective chemicals at desig-
nated exposure time periods (10's, 30 s or 60 s) in three experiments (R1,
R2 and R3) each with three seedlings (tomato ‘Moneymaker'for TOBRFV
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or watermelon ‘Sugarbaby’for CGMMV. After four weeks post inoculation,
plants with disease symptoms were recorded from three independent
experiments. The numbers represent symptomatic virus-infected plants
out of three inoculated plants observed four weeks post inoculation using
a virus inoculum that had been treated with specific chemical at that
exposure time point."-" represents data not available. NFD Milk: Non-fat

dried milk. TSP: Trisodium phosphate.

Additional file 3: Fig. 1. Phytotoxic effects of certain disinfectants. Virex
2%, Virocid 2%, and SP2700 2.4% on tomato plants (b-d) and watermelon
plants (f-h) in comparison with the untreated control tomato plants (a)
and watermelon plants (e).

Additional file 4: Fig. 2. An overlay of efficacy trends between 16 differ-
ent disinfectant in 22 treatments against CGMMV and ToBRFV. The x-axis
represents the treatments used against CGMMV and ToBRFV with their
respective concentrations. 'EUC represents ethanol/urea/citric acid; TSP’
represents Trisodium phosphate. Y-axis represents the mean percent infec-
tion. The green color represents the percent infection of ToBRFV and the
brown color represents the percent infection of CGMMV.

Abbreviations

ANOVA: Analysis of variance; CGMMV: Cucumber green mottle mosaic virus;
Covid-19: Coronavirus disease 2019; ELISA: Enzyme-linked immunosorbent
assay; HLFPV: Hibiscus latent Fort Pierce virus; NaOCl: Sodium hypochlorite;
NFDM: Non-fat dried milk; NNM: Ningnanmycin; PepMV: Pepino mosaic virus;
PSTVd: Potato spindle tuber viroid; QABC: Quaternary ammonium-based
compounds; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2;
TMV: Tobacco mosaic virus; ToBRFV: Tomato brown rugose fruit virus; ToOMMV:
Tomato mottle mosaic virus; ToMV: Tomato mosaic virus; TSP: Trisodium
phosphate.

Acknowledgements

We thank Mr. Chet Kurowski of HM Clause and Dr. Michael Bledsoe of Village
Farms for stimulating discussion on disinfectant selection and appreciate
many gifted disinfectant products from numerous manufacturers. We thank
Drs. Sharon Andreason and Mihir Mandal for critical review and comments on
a draft manuscript.

Authors’ contributions

KSL participated in the research design, performance of the research, data
analysis, and revision of the paper; BC participated in performance of research,
data analysis, writing of the paper; MS participated in data analysis and revi-
sion of the paper; AG participated in performance of research and revision of
the paper. All authors approved the final version for publication and agree to
be held accountable for all aspect of the work.

Funding

This work is supported in part by the American Seed Trade Association (58-
6080-0-02) and USDA-ARS National Plant Disease Recovery Program (6080-
22000-028-00D) to KSL.

Availability of data and materials
The dataset(s) supporting the conclusions of this article are included within
the article and its supplementary information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
As of the time of the submission of this manuscript, the U.S. Government has
submitted a patent application based in part on the results described herein.

Author details
! United States Department of Agriculture - Agricultural Research Service,
U.S. Vegetable Laboratory, Charleston, SC 29414, USA. 2 USDA-Agricultural


https://doi.org/10.1186/s12985-020-01479-8
https://doi.org/10.1186/s12985-020-01479-8

Chanda et al. Virol J (2021) 18:7

Research Service, Edward T. Schafer Agricultural Research Center, Fargo, ND
58102-2765, USA.

Received: 12 October 2020 Accepted: 21 December 2020
Published online: 06 January 2021

References

1. Dombrovsky A, Tran-Nguyen LTT, Jones RAC. Cucumber green mottle
mosaic virus: rapidly increasing global distribution, etiology, epidemiol-
ogy, and management. Annu Rev Phytopathol. 2017;55:231-56.

2. Scholthof KB, Adkins S, Czosnek H, Palukaitis P, Jacquot E, Hohn T, Hohn B,
Saunders K, Candresse T, Ahlquist P, Hemenway C, Foster GD. Top 10 plant
viruses in molecular plant pathology. Mol Plant Pathol. 2011;12:938-54.

3. Pagan|, Firth C, Holmes EC. Phylogenetic analysis reveals rapid evolution-
ary dynamics in the plant RNA virus genus tobamovirus. J Mol Evol.
2010;71:298-307.

4. Scholthof KB. Tobacco mosaic virus: a model system for plant biology.
Annu Rev Phytopathol. 2004;42:13-34.

5. Salem N, Mansour A, Ciuffo M, Falk BW, Turina M. A new tobamovirus
infecting tomato crops in Jordan. Arch Virol. 2015;161:503-6.

6. Luria N, Smith E, Reingold V, Bekelman |, Lapidot M, Levin |, Elad N,
TamY, Sela N, Abu-Ras A, Ezra N, Haberman A, Yitzhak L, Lachman O,
Dombrovsky A. A new Israeli tobamovirus isolate infects tomato plants
harboring Tm-2° resistance genes. PLoS ONE. 2017;12:20170429.

7. Maayan Y, Pandaranayaka E, Srivastava DA, Lapidot M, Levin |, Dom-
brovsky A, Harel A. Using genomic analysis to identify tomato Tm-2
resistance breaking mutations and their underlined evolutionary path in
a new and emerging tobamovirus. Arch Virol. 2018;163:1863-75.

8. YanZ MaH,Han S, Geng C, TianY, Li X. First report of tomato brown
rugose fruit virus infecting tomato in China. Plant Dis. 2019;103:2973.

9. Alkowni R, Alabdallah O, Fadda Z. Molecular identification of
tomato brown rugose fruit virus in tomato in Palestine. J Plant Path.
2019;101:719-23.

10. Amer MA, Mahmoud SY. First report of tomato brown rugose fruit virus
on tomato in Egypt. New Dis Rep. 2020;41:24.

11. Menzel W, Knierim D, Winter S, Hamacher J, Heupel M. First report of
tomato brown rugose fruit virus infecting tomato in Germany. New Dis
Rep.2019;39:1.

12. Beris D, Malandraki |, Kektsidou O, Theologidis |, Vassilakos N, Varveri
C. First report of tomato brown rugose fruit virus infecting tomato in
Greece. Plant Dis. 2020. https://doi.org/10.1094/PDIS-01-20-0212-PDN.

13. Panno S, Caruso AG, Davino V. First report of tomato brown rugose fruit
virus on tomato crops in Italy. Plant Dis. 2019;103:1443.

14. Fidan H, Sarikaya P, Calis O. First report of tomato brown rugose fruit virus
on tomato in Turkey. New Dis Rep. 2019;39:18.

15. Skelton A, Buxton-Kirk A, Ward R, Harju V, Frew L, Fowkes A, Long M,
Negus A, Forde S, Adams IP, Pufal H, McGreig S, Weekes R, Fox A. First
report of tomato brown rugose fruit virus in tomato in the United King-
dom. New Dis Rep. 2019;40:12.

16. Cambron-Crisantos JM, Rodriguez-Mendoza J, Valencia-Luna JB, Alcasio-
Rangel S, Garcia-Avila CJ, Lopez-Buenfil JA, Ochoa-Martinez DL. First
report of tomato brown rugose fruit virus (ToBRFV) in Michoacan. Mexico
Revista Mexicana de Fitopatologia. 2018;37:185-92.

17. Camacho-Beltran E, Perez-Villarreal A, Rodriguez-Negrete EA, Ceniceros-
Ojeda E, Leyva-Lopez NE, Mendez-Lozano J. Occurrence of tomato
brown rugose fruit virus infecting tomato crops in Mexico. Plant Dis.
2019;103:1440.

18. Ling KS, TianT, Gurung S, Salati R, Gilliard AC. First report of tomato brown
rugose fruit virus infecting greenhouse tomato in the U.S. Plant Disease
2019; 103:1439.

19. Chanda B, Rivera Y, Nunziata S, Galvez ME, Gilliard A, Ling KS. Complete
genome sequence of a tomato brown rugose fruit virus isolated in the
United States. Microbiol Resour Announc. 2020;9:e00630-e720.

20. Davidson K. Tomato brown rugose fruit virus identified in Ontario. 2019.
http://thegrower.org/news/tomato-brown-rugose-fruit-virus-identified
-ontario. Last accessed 6 Oct 2020

21. USDA Federal Order. 2019. https://www.aphis.usda.gov/aphis/ourfocus/
planthealth/import-information/federal-import-orders/tobrfv/tomat
o-brown-rugose-fruit-virus. Last accessed 6 Oct 2020

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 11 of 12

Commission Implementing Decision (Eu) 2019/1615. Establishing emer-
gency measures to prevent the introduction into and the spread within
the Union of Tomato brown rugose fruit virus (ToBRFV). Off. J Eur Union
2019. https://eur-lex.europa.eu/legal-content/en/TXT/PDF/?uri=CELEX
%3A32019D1615&qid=1570792698530. Last accessed 6 Oct 2020.
Ainsworth GC. Mosaic diseases of the cucumber. Ann appl Biol.
1935;22:55-67.

Gibbs AJ, Wood J, Garcia-Arenal F, Ohshima K, Armstrong JS. Tobamovi-
ruses have probably co-diverged with their eudicotyledonous hosts for
at least 110 million years. Virus Evol. 2015;1:vev019.

Borodynsko-Filas N, Minicka J, Hasiow-Jaroszewska B. The occurrence of
cucumber green mottle mosaic virus infecting greenhouse cucumber in
Poland. Plant Dis. 2017;101:1336.

Budzanivska I, Rudneva T, Shevchenko T, Boubriak I, Polischuk V. Investiga-
tion of Ukrainian isolates of cucumber green mottle mosaic virus. Arch
Phytopathol Plant Prot. 2007;40:376-80.

Wallingford UK. Cucumber green mottle mosaic virus. In: Distribution
maps of plant diseases, 2015; pp Map1174 (Edition 1). https://www.cabi.
org/dmpd.

Wallingford UK. Cucumber green mottle mosaic virus (white break
mosaic). Crop Protection Compendium Datasheet 201. p 16951. https://
www.cabi.org/cpc/datasheet/16951.

Slavokhotova AA, Istomina EA, Andreeva EN, Korostyleva TV, Pukhalskij
VA, Shijan AN, Odintsova Tl. An attenuated strain of cucumber green
mottle mosaic virus as a biological control agent against pathogenic viral
strains. Am J Plant Sci. 2016;7:724-32.

Norwegian Scientific Committee for Food Safety. Pest Risk Assessment of
the Cucumber Green Mottle Mosaic Virus in Norway. 2008; VKM Report
2008:07. https://vkm.no/download/18.d44969415d027c43cf1598e/15003
87338796/c4303083c8.pdf . Last accessed 6 Oct 2020.

Varveri C, Vassilakos N, Bem F. Characterization and detection of
cucumber green mottle mosaic virus in Greece. Phytoparasitica.
2002;30:493-501.

Ali A, Natsuaki T, Okuda S. Identification and molecular characterization of
viruses infecting cucurbits in Pakistan. J Phytopathol. 2004;152:677-82.
Choi GS. Occurrence of two tobamovirus diseases in cucurbits and
control measures in Korea. Plant Pathol J. 2001;17:243-8.

Antignus Y, Pearlsman M, Benyoseph R, Cohen S. Occurrence of a vari-
ant of cucumber green mottle mosaic virus in Israel. Phytoparasitica.
1990;18:50-6.

Chen HY, Zhao WJ, Cheng Y, Li MF, Zhu YF. Molecular identification of the
virus causing watermelon mosaic disease in middle of Liaoning. Acta
Phytopathol Sin. 2006;36:198-200.

Liu L, Peng B, Zhang Z, Wu Y, Miras M, Aranda MA, Gu Q. Exploring differ-
ent mutations at as single amino acid position of cucumber green mottle
mosaic virus replicase to attain stable symptom attenuation. Phytopa-
thology. 2017;107:1080-6.

ReingoldV, Lachman O, Koren A, Dombrovsky A. First report of cucumber
green mottle mosaic virus (CGMMV) symptoms in watermelon used for
the discrimination of non-marketable fruits in Israeli commercial fields.
Plant Pathol. 2013;28:11.

LiuY, Wang Y, Wang X, Zhou G. Molecular characterization and distribu-
tion of cucumber green mottle mosaic virus in China. J Phytopathol.
2009;157:393-9.

Shim CK, Han KS, Lee JH, Bae DW, Kim DK, Kim HK. Isolation and char-
acterization of watermelon isolate of cucumber green mottle mosaic
virus (CGMMV-HY1) from watermelon plants with severe mottle mosaic
symptoms. J Plant Pathol. 2005;21:167-71.

Yoon JY, Choi GS, Choi SK, Hong JS, Choi JK, Kim W, Lee GP, Ryu

KH. Molecular and biological diversities of cucumber green mottle
mosaic virus from cucurbitaceous crops in Korea. Phytopathology.
2008;156:408-12.

Ling KS, Li R, Zhang W. First Report of cucumber green mottle mosaic
virus infecting greenhouse cucumber in Canada. Plant Dis. 2014;98:701.
Tian T, Posis K, Maroon-Lango CJ, Mavrodieva V, Haymes S, Pitman TL, Falk
BW. First report of cucumber green mottle mosaic virus on melon in the
United States. Plant Dis. 2014;98:1163.

Australian Government Department of Agriculture and Water Resources.
Final pest risk analysis for cucumber green mottle mosaic virus (CGMMV),
Department of Agriculture and Water Resources, Canberra. 2017. https://


https://doi.org/10.1094/PDIS-01-20-0212-PDN
http://thegrower.org/news/tomato-brown-rugose-fruit-virus-identified-ontario
http://thegrower.org/news/tomato-brown-rugose-fruit-virus-identified-ontario
https://www.aphis.usda.gov/aphis/ourfocus/planthealth/import-information/federal-import-orders/tobrfv/tomato-brown-rugose-fruit-virus
https://www.aphis.usda.gov/aphis/ourfocus/planthealth/import-information/federal-import-orders/tobrfv/tomato-brown-rugose-fruit-virus
https://www.aphis.usda.gov/aphis/ourfocus/planthealth/import-information/federal-import-orders/tobrfv/tomato-brown-rugose-fruit-virus
https://eur-lex.europa.eu/legal-content/en/TXT/PDF/?uri=CELEX%3A32019D1615&qid=1570792698530
https://eur-lex.europa.eu/legal-content/en/TXT/PDF/?uri=CELEX%3A32019D1615&qid=1570792698530
https://www.cabi.org/dmpd
https://www.cabi.org/dmpd
https://www.cabi.org/cpc/datasheet/16951
https://www.cabi.org/cpc/datasheet/16951
https://vkm.no/download/​18.d44969415d027c43cf1598e/​1500387338796/​c4303083c8.pdf
https://vkm.no/download/​18.d44969415d027c43cf1598e/​1500387338796/​c4303083c8.pdf
https://www.agriculture.gov.au/biosecurity/risk-analysis/plant/cucumber-green-mottle-mosaic-virus/final-report

Chanda et al. Virol J (2021) 18:7

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

www.agriculture.gov.au/biosecurity/risk-analysis/plant/cucumber-green
-mottle-mosaic-virus/final-report. Last accessed 7 Oct 2020.

Tesoriero LA, Chambers G, Srivastava M, Smith S, Conde B, Tran-Nguyen
LTT. First report of cucumber green mottle mosaic virus in Australia.
Australas Plant Dis Notes. 2015;11:1-3.

Wu HJ, Qin BX, Chen HY, Peng B, Cai JH, Gu QS. The rate of seed con-
tamination and transmission of cucumber green mottle mosaic virus in
watermelon and melon. Sci Agric Sin. 2011;44:1527-32.

Sui X, Li R, Shamimuzzaman M, Wu Z, Ling KS. Understanding the trans-
missibility of cucumber green mottle mosaic virus in watermelon seeds
and seed health assays. Plant Dis. 2019;103:1126-31.

Fitzgerald D. Bees and other insects may transfer cucumber green mottle
mosaic virus. Darwin, Aust.: Aust. Broadcast. Corp. 2016. https://www.abc.
net.au/news/rural/2016-12-16/cgmmv-research-bees-may-transmit-virus
/8127056. Last accessed 7 Oct 2020.

Kawai Y, Kudo G. Effectiveness of buzz pollination in Pedicularis chamis-
sonis: significance of multiple visits by bumblebees. Ecol Res. 2009;24:215.
Levitzky N, Smith E, Lachman O, Luria N, Mizrahi Y, Bakelman H, Sela N,
Laskar O, Milrot E, Dombrovsky A. The bumblebee Bombus terrestris car-
ries a primary inoculum of tomato brown rugose fruit virus contributing
to disease spread in tomatoes. PLoS ONE. 2019;14:e0210871.
Lewandowski DJ, Hayes AJ, Adkins S. Surprising results from a search for
effective disinfectants for tobacco mosaic virus-contaminated tools. Plant
Dis. 2010;94:542-50.

Wintermantel WM. A comparison of disinfectants to prevent spread

of potyviruses in greenhouse tomato production. Plant Health Prog.
2011;12:19. https://doi.org/10.1094/PHP-2011-0221-01-RS.

Coutts BA, Kehoe MA, Jones RAC. Zucchini yellow mosaic virus: contact
transmission, stability on surfaces, and inactivation with disinfectants.
Plant Dis. 2013,97:765-71.

Li R, Baysal-Gurel F, Abdo Z, Miller SA, Ling KS. Evaluation of disinfectants
to prevent mechanical transmission of viruses and a viroid in greenhouse
tomato production. Virol J. 2015;12:5.

Darzi E, Lachman O, Smith E, Koren A, Klein E, Pass N, Frenkel O, Dom-
brovsky A. Paths of cucumber green mottle mosaic virus disease spread
and disinfectant-based management. Ann Appl Biol. 2020. https://doi.
0rg/10.1111/aab.12629.

Reingold V, Lachman O, Blaosov E, Dombrovsky A. Seed disinfection
treatments do not sufficiently eliminate the infectivity of cucumber
green mottle mosaic virus (CGMMV) on cucurbit seeds. Plant Pathol.
2015;64:245-55.

Kamenova |, Adkins S. Transmission, in planta distribution, and manage-
ment of hibiscus latent Fort Pierce virus, a novel tobamovirus isolated
from Florida hibiscus. Plant Dis. 2004;88:674-9.

Page 12 of 12

57. Matsuura S, Matsushita Y, Usugi T, Tsuda S. Disinfection of tomato chlo-
rotic dwarf viroid by chemical and biological agents. Crop Protection.
2010;29:1157-61.

58. Plaut AG, Geme J. Chapter 805—Lactoferrin. Handb Proteolytic Enzymes.
2013;3:3635-40.

59. van der Strate BW, Beljaars L, Molema G, Harmsen MC, Meijer DK. Antiviral
activities of lactoferrin. Antiviral Res. 2001;52:225-39.

60. Taha SH, Mokbel SA, Hamid MA, Hamed AH. Antiviral activity of lactofer-
rin against potato virus x /n vitro and In vivo. Int J Dairy Sci. 2015;10:86-94.

61. Abdelbacki AM, Taha SH, Sitohy MZ, Abou Dawood Al, Abd-El Hamid MM,
Rezk AA. Inhibition of tomato yellow leaf curl virus (TYLCV) using whey
proteins. Virol J. 2010;7:26.

62. Wang J, Wang HY, Xia XM, Li PP, Wang KY. Inhibitory effect of esterified
lactoferrin and lactoferrin against tobacco mosaic virus (TMV) in tobacco
seedlings. Pestic Biochem Physiol. 2013;105:62-8.

63. AnM, ZhouT, Guo'Y, Zhao X, Wu Y. Molecular regulation of host defense
responses mediated by biological anti-TMV agent Ningnanmycin. Viruses.
2019;11:815.

64. HanY,LuoY,Qin S, XiL, Wan B, Du L. Induction of systemic resistance
against tobacco mosaic virus by Ningnanmycin in tobacco. Pestic Bio-
chem Physiol. 2014;111:14-8.

65. LiX,Chen Z JinL, Hu D, Yang S. New strategies and methods to study
interactions between tobacco mosaic virus coat protein and its inhibitors.
Int J Mol Sci. 2016;17:252.

66. LiX, Hao G,Wang Q, Chen Z,Ding Y, Yu L, Hu D, Song B. Ningnanmycin
inhibits tobacco mosaic virus virulence by binding directly to its coat
protein discs. Oncotarget. 2017,8:82446-58.

67. Lin Q Lim J, Xue K, Yew P, Owh C, Chee PL, Loh XJ. Sanitizing agents
for virus inactivation and disinfection. View. 2020;1:e16. https://doi.
org/10.1002/viw2.16.

68. Chambon M, Archimbaud C, Bailly JL, Gourgand JM, Charbonne F,
Peigue-Lafeuille H. Virucidal efficacy of glutaraldehyde against enterovi-
ruses is related to the location of lysine residues in exposed structures of
the VP1 capsid protein. Appl Environ Microbiol. 2004;70:1717-22.

69. Ling KS. Effectiveness of chemo- and thermotherapeutic treatments on
pepino mosaic virus in tomato seed. Plant Dis. 2010,94:325-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.agriculture.gov.au/biosecurity/risk-analysis/plant/cucumber-green-mottle-mosaic-virus/final-report
https://www.agriculture.gov.au/biosecurity/risk-analysis/plant/cucumber-green-mottle-mosaic-virus/final-report
https://www.abc.net.au/news/rural/2016-12-16/cgmmv-research-bees-may-transmit-virus/8127056
https://www.abc.net.au/news/rural/2016-12-16/cgmmv-research-bees-may-transmit-virus/8127056
https://www.abc.net.au/news/rural/2016-12-16/cgmmv-research-bees-may-transmit-virus/8127056
https://doi.org/10.1094/PHP-2011-0221-01-RS
https://doi.org/10.1111/aab.12629
https://doi.org/10.1111/aab.12629
https://doi.org/10.1002/viw2.16
https://doi.org/10.1002/viw2.16

	Effectiveness of disinfectants against the spread of tobamoviruses: Tomato brown rugose fruit virus and Cucumber green mottle mosaic virus
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Sources of CGMMV and ToBRFV
	Plant growth and preparation
	Disinfectant selection and preparation
	Virus inoculum preparation and mechanical inoculation on test plants
	Serological tests
	Statistical analysis

	Results
	Efficacy of disinfectants against mechanical transmission of ToBRFV in tomato
	Efficacy of disinfectants against mechanical transmission of CGMMV in watermelon
	Comparison of disinfectant’s effectiveness between the two pathosystems
	Comparative effectiveness of selected disinfectants under different application rates
	Application rate altered the efficacy of disinfectants against ToBRFV
	Application rate altered efficacy of disinfectants against CGMMV

	Discussion
	Conclusions
	Acknowledgements
	References


