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Abstract: Tomato brown rugose fruit virus (ToBRFV) is a new damaging plant virus of great interest
from both an economical and research point of view. ToBRFV is transmitted by contact, remains
infective for months, and to-date, no resistant cultivars have been developed. Due to the relevance
of this virus, new effective, sustainable, and operator-safe antiviral agents are needed. Thus, 4-
hydroxybenzoic acid was identified as the main product of the alkaline autoxidation at high
temperature of the methanolic extract of the leaves of C. micranthum, known for antiviral activity.
The autoxidized extract and 4-hydroxybenzoic acid were assayed in in vitro experiments, in
combination with a mechanical inoculation test of tomato plants. Catechinic acid, a common
product of rearrangement of catechins in hot alkaline solution, was also tested. Degradation of the
viral particles, evidenced by the absence of detectable TOBRFV RNA and the loss of virus infectivity,
as a possible consequence of disassembly of the virus coat protein (CP), were shown. Homology
modeling was then applied to prepare the protein model of ToBRFV CP, and its structure was
optimized. Molecular docking simulation showed the interactions of the two compounds, with the
amino acid residues responsible for CP-CP interactions. Catechinic acid showed the best binding
energy value in comparison with ribavirin, an anti-tobamovirus agent.

Keywords: ToBRFV; Combretum micranthum; catechinic acid; 4-hydroxybenzoic acid; coat protein;
molecular docking

1. Introduction

Phyto-viruses are one of the most common type of etiological agents of plant disease
[1] and pose a major threat to agriculture worldwide [2,3]. Literature data report that some
viruses can infect more than 1000 different plant species, comprising more than 85
families, and in subtropical and tropical regions, a viral infection can lead to a loss of up
to 98% of the crop [3-5]. Tomato (Solanum lycopersicum L.) is one of the most widespread
and economically important vegetable crops in the world. Italy is among the top ten
tomato producers worldwide, with an annual production of about five million tons [6],
and viruses drastically reduce the yield and quality of tomato crops [7]. Tobamovirus, the
largest genus of the Virgaviridae family affecting tomato crops, represents a serious threat
to the profitable production of this vegetable, due to ease of transmission, environmental
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stability, climate change, long-distance dispersal through offshore seed production, and
global trade in seeds [8]. Tobacco mosaic virus (TMV) is one of the most important species
of Tobamovirus infecting tomatoes, and it is widely used as a model to study host-pathogen
interaction and virus evolution [9]. Tomato brown rugose fruit virus (ToBRFV) is a novel
virus belonging to Tobamovirus, first reported in 2015 in Jordan [10] and afterwards in
China [7], Germany [11], Israel [12], Italy [13], Mexico [14], Palestine [15], Turkey [16],
United Kingdom [17], and United States [18], thus becoming a significant source of rising
global outbreaks of Tobamovirus. ToOBRFV is considered more virulent than other known
tomato-infecting tobamoviruses. In addition to transmission via seeds, mechanical
contacts, and stability in soil, clothing, various agricultural tools and glasshouse
structures [19-21] such as other tobamoviruses, TOBRFV breaks Tm-1, Tm-2, and Tm-22
resistance genes, which are present in many commercial tomato cultivars with disease
incidence close to 100% in some fields [7]. So far, tomato cultivars resistant to TOBRFV hae
not been reported [7]. Control measures against TOBRFV are limited and based on the
elimination of infected plants and strict hygiene measures. Currently, used disinfection
systems are not very effective and often potentially dangerous for the operator.

Chemical control measures damaging virus epidemics in cultivated plants faced with
increasing concerns over sustainability, human health, environment protection and social
issues [22]: pesticides are recognized as a central responsible factor for the observed
terrestrial biodiversity declines [23], as they are found as contaminants in soil, air, water,
and non-targeted organisms [24]. Plants extracts and pure compounds have been
described as potential tools to manage different crop pests and weeds, due to easily
available sources, low cost, biodegradability, varied modes of action, and low toxicity to
non-targeted organisms [25-29]. Activity of plant compounds against phyto-viruses has
been reported [30-32]. Plant phenolic compounds are involved in plant defense [33,34]
and show several properties against a wide spectrum of plant pathogens [35,36],
specifically against various viruses, including tobamoviruses [37-40].

The leaves of Combretum micranthum G.Don (Combretaceae) are widely used, in the
traditional medicine of West Africa, as a tea for the treatment of various diseases [41,42].
The species contain polyphenolic compounds, including O-glycosylflavones, C-
glycosylflavones, flavans [41,43,44], and flavan-piperidine alkaloids (kinkéloids) [42].
Additionally, other alkaloids, including stachydrine, choline, hydroxyl-stachydrine [45],
m-inositol, and sorbitol, have been identified [46].

In 1993, a study conducted in our laboratory showed that the alkaline autoxidized
methanolic extract of the leaves of C. micranthum inhibited the in vitro replication of HSV-
1 and HSV-2 [47,48]. Based on the observation that a freshly prepared solution of the
methanolic extract showed no antiviral activity, and a week-old one showed only a weak
activity, while the methanolic extract heated under alkaline pH was active, the research
group hypothesized that ageing, and specifically alkaline catalysis, combined with
heating at temperatures above 90 °C, promoted the formation of active compounds from
inactive precursors. To confirm this hypothesis, and considering that catechins, the main
constituents of the methanolic extract, undergo rearrangement to catechinic acid (1) in hot
alkaline solution [49], catechinic acid was prepared from pure (+)-catechin [49], then it
was oxidized in alkaline oxygen saturated solution at high temperature, and the reaction
mixture (AOCA) was tested. The almost comparable antiherpetic activity and the very
similar IR and UV absorption curves of the alkaline oxidized methanolic extract and
AOCA confirmed that the oxidation products of catechinic acid were mainly responsible
for the antiviral activity in the oxidized extract, but their chemical structures were not
defined.

Due to the antiviral activity of plant extracts containing catechins against TMV [50-
53], aim of the present work was to investigate the antiviral activity of the alkaline
oxidized methanolic extract of the leaves of C. micranthum against ToOBRFV, and to identify
its main constituents. In vitro experiment [54], combined with mechanical inoculation on
test plants [55], were performed to evaluate the viral infectivity deactivation potential. The
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absence of detectable RNA genome of ToBRFV, after a short exposure to the selected
extract and compounds, and the absence of viral genome in the host plant, as a possible
consequence of disassembly of virus coat protein (CP), was considered indicative of viral
infectivity deactivation [56,57].

It is well known that the CPs of tobamoviruses are essential in maintaining and
protecting the RNA genome [56,57]. TMV CP is characterized as a well-ordered dimer of
abilayered cylindrical disk, formed by 34 chemically identical subunits assembled around
a single strand of viral RNA [58] (Figure 1).

Figure 1. Crystal structure and active site of TMV CP. (a) The 20S disk is a four-layer cylindrical
structure with 17 CP molecules in each ring [59,60]. (b) Architecture of the two CP subunits (chain
A in green and chain B in orange) depicting the binding site residues in between them.

CPs show interesting biological functions, playing a key role in the encapsulation and
protection of single strand RNA virus genome [56,61,62], and being involved in the
symptom modulation [63-65]. CPs are involved in the CP mediated resistance (CP-MR),
a phenomenon in which mutant also reduced the formation of virus replication complexes
[66,67]. Mutational studies of TMV CP demonstrated the importance of the inter-subunit
interactions to stabilize the virion and prevent virus disassembly [66,68]. These
interactions are mainly due to Ala74, Val75, Argl34, Ser146, and Ser147 residues [59]. In
addition, Tyr139 is involved in various hydrophobic interactions around the rings of disk
assembly [69,70]. The Argl13-Arg90 interaction has also been observed [59]. These
residues have been reported to play a significant role in the formation of TMV particles
responsible for the disease promotion and to be involved in the disassembly of viral
particles [56,57,59,69,71]. Therefore, it has been suggested that alterations affecting the
stability of CP structures influence recognition by the host [61,72]. Phenolic compounds
may inhibit the assembly of the CP by blocking the interaction between chain A and chain
B (Figure 2), interrupting the CP-CP interactions [73].
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Figure 2. Interactions between chain A and chain B in TMV CP [74]. The protein residues are
represented as follows: the negatively charged residues are indicated in red, positive residues are
in cyan, neutral residues are shown in green; aliphatic residues are grey; Pro and Gly are orange. H-
bonds are depicted as cyan lines; salt bonds are reported as red lines; non-bonded contacts are light
orange dotted lines. The number of H-bond lines between any two residues indicates the number
of potential hydrogen bonds between them. The width of the striped line of non-bonded contacts is
proportional to the number of atomic contacts.

The genome organization of ToOBRFV has been described as typical of Tobamovirus
and therefore related to TMV [7]. Phylogenetic analysis demonstrated that TOBRFV could
be originated from a common ancestor of Tomato mosaic virus (ToMV) and TMV [7,75,76].
Unfortunately, the three-dimensional structure of TOBRFV CP has not yet been resolved.
Due to the high percentage of sequence identity between TMV CP and ToBRFV CP, we
built a ToOBRFV CP homology model using the TMV CP 3D structure as a template [59].
Molecular docking studies were then performed on the homology model, aiming to
investigate and compare the binding energies and the molecular interactions performed
by the studied compounds at the active site of the virus CP.

2. Results
2.1. Chemical Analysis of the Autoxidized Methanolic Extract of the Leaves of C. micranthum

The methanolic extract of the leaves of C. micranthum was submitted to alkaline
oxidation, under heating at 100 °C, to obtain the alkaline autoxidized methanolic extract
(AME) [47]. The semi-preparative HPLC purification of AME afforded 4-hydroxybenzoic
acid (2) as main compound (Figure S1, Supplementary Materials), identified by the
comparison of the spectroscopic data with those reported in the literature [77,78].

To verify that 4-hydroxybenzoic acid (2) derived from the alkaline oxidation at high
temperature of catechin constituents of the methanolic extract, catechinic acid was
subjected to the same alkaline oxidation [79]. For this purpose, synthetic catechinic acid
(1) was obtained by the stereoselective transformation under alkaline conditions of (+)-
catechin, following the method reported by Sears et al. [49], and identified by the
comparison of the spectroscopic data with those reported in the literature [80].
Subsequently, 1 was subjected to alkaline oxidation at high temperature, following the
method previously reported [47]. The semi-preparative HPLC purification of the alkaline
autoxidation product of 1 (AOCA) afforded 2, thus confirming the result obtained from
the HPLC purification of AME.
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2.2. Antiviral Activity Assay and Evaluation of Final Viability of the Virus

The antiviral activity of both AME and 4-hydroxybenzoic acid (2) was evaluated.
Catechinic acid (1) was tested too. Since 2 was the main constituent of AME, both AME
and 2 were tested at the same concentration. Catechinic acid (1) was evaluated at the same
conditions. The presence of detectable RNA genome of ToBRFV, after a short exposure to
the treatments in a multiwell plate, was checked with molecular detection of different
encoding regions of the virus (Figure S11, Supplementary Materials). Swabs used for the
sampling of inoculated but not treated wells (positive control) were positive for the
presence of the virus. On the contrary swabs used for the sampling of inoculated and
treated wells (1, AME, 2, NaOCl), as well as swabs used for the sampling of not inoculated
and not treated wells (negative control), were negative for the presence of the virus.
Results obtained during the three trials, by the molecular detection of ToBRFV on the
swabs used for the sampling of the wells, are summarized in Table 1.

Table 1. Qualitative evaluation of the presence of TOBRFV during the antiviral activity assay.

Treatments Concentration Tukey HSD Inoculation RT-PCR ¢ RT-PCR ¢ RT-PCR
(ppm) Test ¢ CS Ss CS Ss CS Ss

1 32 a YES N N N N N N
AME 32 a YES N N N N N N

2 32 a YES N N N N N N
NaOCl 20,000 a YES N N N N N N
DW (PC) = - b YES P P P P P P
DW (NC) b - a NO N N N N N N

The test was performed in 3 replicates and 3 different trials.» DW (PC): distilled water (Positive
Control: inoculated and not treated wells); ® DW (NC): distilled water (Negative Control: not
inoculated and not treated wells); © different letters indicate significant difference among treatments
(p < 0.05, Tukey HSD test); ¢ method of Rodriguez-Mendoza et al. [81]; ¢ method of Alkowni et al.
[15]; f method of Levitzky et al. [21]; C S = Cotton swab; S s = Swab solution; N = negative; P =
positive.

After the antiviral activity assay, treated inoculum was used for mechanical
inoculation of test plants to check the final viability of the virus (Figure 3a). Plants
inoculated with swabs used for the sampling of inoculated but not treated wells (positive
control) developed symptoms (blistering, distortion, and narrowing of leaves) starting
from 21 days after the inoculation, during all three trials. Molecular analysis performed
on the new apical leaves of the plants inoculated with positive control was positive for the
presence of the virus 35 days after the inoculation (Figure 3b,c). On the contrary, plants
inoculated with swabs used for the sampling of inoculated and treated wells (1, AME, 2,
NaOCl), as well as plants inoculated with swabs used for the sampling of not inoculated
and not treated wells (negative control), did not develop symptoms during all three trials.
Molecular analysis performed on the new apical leaves, 35 days after the inoculation, was
always negative for the presence of the virus (Figure 3d-h).



Molecules 2022, 27, 760

6 of 20

Figure 3. Plant inoculation test. a: trial’s layout. b-h: 35 days after the inoculation. b, ¢: symptomatic
apical leaves (plants inoculated with Positive Control); d: not symptomatic apical leaves (plants
inoculated with Negative Control); e: not symptomatic apical leaves (plants inoculated with
inoculum treated with 1); f: not symptomatic apical leaves (plants inoculated with inoculum treated
with AME); g: not symptomatic apical leaves (plants inoculated with inoculum treated with 2); h:
not symptomatic apical leaves (plants inoculated with inoculum treated with NaClO).

Results obtained during the three trials, by the molecular detection of ToOBRFV on the
new apical leaves of the inoculated plants collected 35 days after the inoculation, are
reported in Table 2. The young apical leaves of the 3 replicates were collected and
analyzed together.

Table 2. Qualitative evaluation of the final viability of the virus.

Concentration Tukey HSD

Treatments RT-PCR4 RT-PCR® RT-PCR ¢
(ppm) Test«

1 32 a N N N
AME 32 a N N N
2 32 a N N N
NaOCl 20,000 a N N N
DW (PC) = - b P P P
DW (NC)® - a N N N

The test was performed in 3 replicates and 3 different trials. > DW (PC): distilled water (Positive
control: inoculated and not treated wells); ® DW (NC): distilled water (Negative control: not
inoculated and not treated wells); < different letters indicate significant difference among treatments
(p £ 0.05, Tukey HSD test). ¢ method of Rodriguez-Mendoza et al. [81]; ¢ method of Alkowni et al.
[15]; f method of Levitzky et al. [21]; N = negative; P = positive.

2.3. Homology Modelling and Validation

In the absence of a 3D model for ToOBRFV CP, a homology modeling strategy was
applied. Performing BLAST-P alignments [82] and Uniprot [83] searches, the TMV CP
(P69687 CAPSD_TMV) sequence emerged as the most closely related to ToBRFV CP
sequence (A0OA0S25ZX3), with 89.3% of sequence identity (e-value: 6.1 x 10-%). The X-ray
crystal structure of TMV CP with the best resolution (2.45 A; PDB code: 1ei7) [59] was
retrieved from the Protein Data Bank [84,85] and selected as a template. TOBRFV CP
sequence differs from TMV CP sequence for 14 residues (Figure 4), among which Lys134A
and Val255B are part of the CP active site. Considering the architecture of the monomers
in the template structure, to retain the three-dimensionality of the structure, the 14
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mutations were edited manually. Protein preparation and refinement tool [86] allowed us
to align the two 3D-structures, obtaining an RMSD of 0.193 A.

Figure 4. Sequence alignment of CP sequences and homology model of ToOBRFV CP; (a) Sequences
alignment between ToBRFV CP and TMV CP; (b) 3D comparison between ToBRFV CP homology
model (green) and TMV CP crystal structure (red).

The assessment of the Ramachandran plot, produced by PROCHECK [87] (Figure 5),
showed 76.2% residues in the most popular regions, 17.8% residues were found in the
allowed areas, and 5.9% residues were found outside. Therefore, since most residues were
found in a favorable region, while only few residues were found in the external region,
we could conclude that the quality of the model was good.
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Figure 5. The Ramachandran plot of TOBRFV CP homology model. There are 218 residues located
in the most favored region (red), 51 residues in the additional allowable region (yellow), 14 residues
in the generous allowable region (light yellow), and only 3 residues in the prohibited region (white).
Gly is plotted as triangles, Pro is plotted as squares, and all other residues are plotted as circles.

2.4. Molecular Docking Studies

We evaluated the binding of catechinic acid (1) and 4-hydroxybenzoic acid (2) with
ToBRFV CP, using the Schrodinger Suite 2021-4 [88], and focusing the attention on the
region between the CP subunits, which mainly include residues Asn73, Ala74, Val75,
Lys134, Thr136, Gly137, Tyr139, Ser143, Asp219, Glu222, Val251, Lys253, Val255, Val260,
and Lys268, all described as important for TMV by several authors [73,89-91]. In such a
defined region, catechinic acid complex was stabilized by several H-bonding interactions
with Asn73A, Gly137A, Tyr139A, Ser143A, and Lys268B and by a hydrophobic interaction
with Val260B (Figure 6). Additionally, 4-hydroxybenzoic acid was bound to different key
residues, involved in direct interaction between the two CP-CP subunits. According to
our calculations, the ligand hydroxyl group made four H-bonds with Asp219B, Glu222B,
Lys253B, Pro254B; the carboxylic group bound Lys268B with an H-bond, and 4-
hydroxybenzoic acid was also involved in hydrophobic interaction with Asp219B,
Lys253B, and Val255B. This predicted binding mode was further stabilized by a salt bridge
between the carboxylic group and Lys268. Lys268B, according to our calculations, was
also engaged in a m-cation interaction with the ligand aromatic ring (Figure S12,
Supplementary Materials). Thus, catechinic acid and 4-hydroxybenzoic acid acquired a
stable conformation inside the binding pocket, interacting with a high number of residues.
Ribavirin is described in literature as a tobamovirus inhibitor, specifically active against
TMV [92,93]. Several authors recently investigated the interaction pattern of ribavirin-CP
complex and its binding between two CP subunits [73,89,91,94-97]. On these premises,
we found it interesting to investigate its molecular interaction with our homology model,
using it as a template in docking studies. Ribavirin emerged as strongly bound in the
active site of the protein by six H-bonds formed by its hydroxyl groups of f-D-
ribofuranosyl moiety as well as Asn73A, Gly137A, Ser143A, and Leul38A residues.
Additional interactions were made by Lys134 and Lys268B with the oxygen atom of the
carboxamide group. The ribavirin amino group interacted with Pro254B. All these amino
acids are considered key residues in the target (Figure 513, Supplementary Materials).
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Figure 6. Binding pose (a) and interactions (b) of catechinic acid at the TOBRFV CP active site. (a):
the protein is reported as light-yellow ribbons; catechinic acid is reported as green capped sticks. H-
bonds are presented as purple dotted lines. (b): catechinic acid is surrounded by the protein residues
represented as follows: the negatively charged residues are indicated in red, polar residues are in
cyan, hydrophobic residues are shown in green, and H-bonds are depicted as purple arrows.

Extra precision docking mode confirmed the results obtained with the standard
procedure (Material and Methods, 4.8.3). Catechinic acid achieved the best binding energy
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value (-38.794 kcal/mol), followed by ribavirin (-35.285 kcal/mol) and 4-hydroxybenzoic
acid (-25.688 kcal/mol). Ligand-binding energies and interactions are listed in Table 3.

Table 3. Docking interaction parameters of the studied compounds.

Ligand Molecules

Glide Binding Energy H-bond Interacting Amino

Hydrophobic
Interactions/m-cation  Salt Bridge

(kcal/mol) Acids .
Interactions
. . Asp219B, Glu222B, Lys253B, Asp219B, Lys253B,
4-hydroxybenzoic acid 25.688 Pro254B, Lys268B Val255B, Lys268B Lys268
.. . Asn73A, Gly137A, Tyrl39A,
h -38.794 Val260B -
Catechinic acid 38.79 Ser143A, Lys268B al260
Asn73A, Lys134A, Gly137A,
Ribavirin -35.285 Leul38A, Ser143A, Pro254B, - -
Lys268B

3. Discussion

In a previous work, the antiviral activity of the methanolic extract of the leaves of C.
micranthum after alkaline oxidation at high temperature (AME), as mediated by
autoxidation products of catechin and catechinic acid (1), was reported [47,79,80,98-100].
In the present work, the chemical investigation of AME led to the isolation of 2 as the main
compound, characterized as the 4-hydroxy derivative of benzoic acid, commonly
produced from thermolytic degradation of flavonoids [101,102]. The other compounds
described by Ohara et al. [100] and Hashida et al. [80], as originated by the alkaline
degradation of catechinic acid at lower reaction temperatures, were not detected. To
confirm that 2 was really the main product of degradation of the polyphenolic constituents
of the methanolic extract of C. micranthum, and considering that catechins produce
catechinic acid in hot caustic solutions [79], synthetic catechinic acid (1) was prepared and
subjected to the same alkaline degradation as the methanolic extract. The HPLC
purification of the obtained product afforded 2.

AME, 2, and 1 were then evaluated for their antiviral activity. The presence of
detectable RNA genome of ToBRFV on the inoculated surface, after a short exposure to
the treatments, was checked with molecular detection of different encoding regions of the
virus. The treated inoculum was then used for mechanical inoculation of test plants to
check the final viability of the virus. Molecular analysis was performed on inoculated
plants to verify the presence of the RNA genome of ToBRFV on the new apical leaves. The
in vitro test, performed to evaluate the antiviral activity of AME, 2, and 1 showed their
effectiveness against TOBRFV when applied as solutions at the concentration of 32 ppm
on a contaminated surface for an exposure time of at least 60 s. The loss of viability of the
inoculum, in the conditions of the test, was confirmed by the absence of symptoms on the
inoculated test plants during all the three trials. The molecular analysis, performed on the
same test plants 35 days after the inoculation, confirmed the absence of virus RNA
genome inside the plants. Strong oxidizing agents such as sodium hypochlorite are
considered the most effective disinfectants against the small non-enveloped viruses, such
as noroviruses [103]. The results obtained with AME, 2, and 1 were comparable with those
obtained with the solution of sodium hypochlorite, a commercially available virucidal
sanitizing agent, in the same experimental conditions. The activity of 2, the main
constituent of AME, was superimposable to AME. Catechinic acid (1) showed the same
activity.

Tobacco mosaic virus (TMV) has been widely used as a model of tobamoviruses to
investigate viral evolution and virulence [9] and as a representative virus in the study of
new antiviral agents [38]. Phylogenetic studies reported ToBRFV to be closely related to
tobamoviruses, such as TMV [7]. In recent years, other authors considered TMV CP an
important target for screening viral agents against tobamoviruses [90,97,104-107]. Careful
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literature overview highlighted several in silico studies based on the crystal structure of
TMV CP (PDB code 1ei7) [39,72,73,89,91,94,97,105-107]. Due to the high conservation of
the tobamovirus CP sequences [108] in this study, we considered the TMV CP sequence
as a template. Several TMV CP structures are available in the PDB [84,85], with a
resolution spanning from 2.8 A to 2.4 A [59,69]. Among these, we selected the best solved
one, lel7 (2.45 A) [59]. The high-resolution refined atomic model of the four-layer
aggregate of the TMV CP, as a dimer of a bilayered cylindrical disk formed by 34
chemically identical subunits assembled in a right-handed helix around a single strand of
viral RNA, is reported in the literature [59,109]. The predominant species at pH 7.0 is the
'20S" aggregate [56]. The subunits are highly ordered, and they interact with each other,
both laterally and axially, via salt bridges and H-bonds [59]. These interactions between
viral CPs are involved at every stage of a viral infection [58]. The aggregation of CP,
initiated by RNA recognition, plays an important role in viral assembly, initiation, and
elongation [57,110]. Blocking the interactions between chain A and chain B, and thus
interrupting the CP-CP interaction is considered one of the strategies for the development
of antiviral agents [73]. The formation of a complex protein-ligand generates a
reorganization in the target structure that affects the physiology of the protein itself. All
reported inhibitors are positioned between the two subunits of CP that protect the single
strand RNA [73]. Occupation of this active site, using small molecule inhibitors, produces
an alteration in interactions between the two subunits of CP [72,106,111], which impacts
CP structural stability.

With the aim of supporting the experimental data obtained in vitro, we investigated
the molecular interactions of catechinic acid (1) and 4-hydroxybenzoic acid (2) with
ToBRFV CP active site. In this docking study, the two compounds demonstrated an
interesting interaction with the target and a positive alignment with ribavirin, the most
commercialized and extensively used TMV chemical inhibitor [94,112]. Additionally, 1
and 2 were found to fit well with TOBRFV CP, binding the amino acid residues (Asn73,
Ala74, Val75, Lys134, Thr136, Gly137, Tyrl39, Ser143, Lys253, Val255, Val260, and
Lys268), which are responsible for CP-CP interactions. Ligand interactions also involved
the hydroxyl groups of both catechinic acid and 4-hydroxybenzoic acid, in full agreement
with the interactions previously reported in the literature [39,73,89]. It could be supposed
that the ligand binding between the two protein subunits may influence the interactions
between them. The interactions of catechinic acid and 4-hydroxybenzoic acid may,
therefore, generate modification in the CP protein stability and functioning, thus
obstacling virus particles self-assembly. Catechinic acid showed a better binding energy
than ribavirin, interacting efficiently with the virus CP active site and performing better
than the already used inhibitor. These results suggest the hypothesis of a potential
antiviral activity of catechinic acid on ToBRFV CP and support the idea that natural plant
compounds can interfere with virulence progress.

Several studies reported synthetic or semi-synthetic compounds showing a good
inactivating activity against TMV, superior to that of ribavirin [73,91,94-96]. Recent
research highlighted several natural anti-TMV metabolites, extracted from plants: the
seeds of Sophora tonkinensis [40], Chelidonium majus [112], Tithonia diversifolia [113], and
Picrasma quassioides Benn. [114], Cnidium monnieri [115], and essential oils isolated from
Chinese indigenous aromatic plants [116]. A review by Islam et al. [117] summarizes the
status of the research on the topic. The literature survey did not report papers about plant
compounds active against ToBRFV, and to the best of our knowledge, this study
represents the first report on this topic. Finally, our investigation highlights catechinic acid
as a promising agent against phyto-viruses.
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4. Materials and Methods
4.1. Chemicals

(+)-Catechin analytical standard Sigma-Aldrich® was purchased from Merck
(Darmstadt, Germany). All reagents were of analytical grade and purchased from Merck
(Darmstadt, Germany). Deionized water was purified by Milli-Q® plus system (Merk
Millipore, Bedford, MA, USA)

4.2. General Experimental Procedures

NMR experiments were performed on a Bruker DRX-600 spectrometer (Bruker Bio-
Spin GmBH, Rheinstetten, Germany) equipped with a Bruker 5 mm TCI CryoProbe at 300
Kand a Bruker DRX-400 spectrometer. All 2D NMR spectra were acquired in CDsOD, and
standard pulse sequences and phase cycling were used for COSY, HSQC, and HMBC
spectra. The NMR data were processed using UXNMR software. HRESIMS data were
acquired in the positive ion mode by an LTQ Orbitrap XL mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA). Semi-preparative HPLC was carried out using a
Waters W600 pump equipped with a Rheodyne Delta 600 injector, a 2414 refractive index
detector, and a 2998 photodiode array detector (all Waters Corporation, Milford, MA,
USA). A C18 column, SymmetryPrep C18, 7.8 x 300 mm ID, 7 um particle size (Waters)
was used, at room temperature, flow rate 2.0 mL/min, sample loop 100 uL, eluents A: H20,
B: CHsOH, gradient: 25% to 30% B in 50 min, then 30% B to 35% in 40 min. The column
was equilibrated with 75% A for 20 min prior to each analysis. The effluent was monitored
at 280 nm.

4.3. Plant Material

Dried leaves of C. micranthum (Kinkeliba leaves) were obtained from a commercially
available source. A voucher specimen (82/19/interno) was deposited in the Laboratorio
Fitopatologico, CERSA, Albenga (SV) Italy.

4.4. Preparation of Alkaline Autoxidized Methanolic Extract and Purification

The alkaline autoxidized methanolic extract (AME) of the leaves of C. micranthum
was prepared, as previously reported [47]. Briefly, dried leaves of C. micranthum (300 g)
were extracted with 95% methanol. After evaporation of most of the solvent, the residue
(100 mL) was washed with ethyl acetate (300 mL) and concentrated under reduced
pressure to dryness (60 g). The methanolic extract (3 g) was refluxed for 45 min under N:
in a solution of NaOH (2.4 g in 180 mL of water). Air was subsequently bubbled through
the solution while the flask was immersed in a water bath at 100 °C. After 1.5 h, the brown
solution was cooled, passed through Amberlite IR-120 (H" form, 35 mL) (Merck,
Darmstadt, Germany) ion exchange resin column, adjusted to pH 7, and evaporated to
dryness (1.7 g). AME (200 mg) was then purified by semi-preparative HPLC affording 2
(20.0 mg, tr 27 min),

4-hydroxybenzoic acid (2). "H NMR (600 MHz, CDsOD): 6 =7.87 (d, 2H, ] = 8.00 Hz,
CH (2/6)), 6.82 (d, 2H, ] = 8.01 Hz, CH (3/5)) ppm. *C NMR (150 MHz, CDsOD): d = 170.2
(COOH), 1634 (COH, C4), 133.0 (CH, C2/6), 122.7 (C, C1), 116.2 (CH, C3/5) ppm
(assignments were confirmed by HSQC and HMBC experiments). HRESIMS m/z 137.0249
[M-H]* (caled. for C7HeOs, 137.0244). (Figures S2-S5, Supplementary Materials).

4.5. Preparation of Catechinic Acid and of its Alkaline Autoxidation Product

Catechinic acid (1) was prepared following the method described by Sears et al. [49]
by adding (+)-catechin (4.5 g) to a refluxing solution of 0.5% NaOH with a continual N2
flush for 45 min, cooling in ice, treating with Amberlite IR-120 resin (H* form, 35 mL)
(Merck, Darmstadt, Germany), and stirring for 1 h. The resin was then filtered off, and the
solution evaporated to dryness to give a light brown resinous product, which was then
purified by precipitation from acetone (200 mL). The precipitate was filtered to give 2.5 g
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of catechinic acid-acetone complex. Evaporation of the acetone mother liquor gave
unsolvated catechinic acid (1.4 g). Then, 15 mg of catechinic acid was purified by semi-
preparative HPLC affording 1 (10 mg, tr 33 min).

Catechinic acid was then subjected to alkaline autoxidation, as previously described
[47]. Briefly, air was bubbled through an alkaline solution (1.3 g NaOH in 20 mL of water)
of 1 (1.00 g) for 30 min at room temperature, then for another 30 min at 55 °C, and finally,
for 1.5 h at 100 °C. After cooling, the solution was passed through Amberlite IR-120 (H*
form, 35 mL) (Merck, Darmstadt, Germany), ion exchange resin column, adjusted to pH
7, and evaporated, in vacuum, to dryness (0.8 g) (AOCA). Then, 20 mg of AOCA was
purified by semi-preparative HPLC, affording 2 (15.0 mg, tr 27 min).

Catechinic acid (1). 'TH NMR (600 MHz, CDsOD): 6 = 6.68 = (1H, CH (2')), 6.67 = (1H,
CH (5")), 6.55 (d, ] =8.2 Hz, 1H, CH (6')), 5.40 (br s 1H, CH (3)), 4.47 (ddd, ] =10.9, 10.9, 5.4
Hz, 1H, CH (7)), 3.03(dd, | = 4.5 Hz, 1H, CH (5)), 2.95 (dd, ] =4.2, 3.1 Hz, 1H, CH (1)), 2.83
(dd, ] =10.8, 4.5 Hz, 1H, CH(6)), 2.53 (ddd, ] =12.9, 5.4, 3.1 Hz, 1H, CH: (8)), 1.77(ddd, ] =
12.9,10.9, 4.2 Hz, 1H, CH2 (8)) ppm. *C NMR (150 MHz, CDsOD): 6 = 209.1 (C=0O, C9),
191.3 (C-O, C2), 189.1 (COH, C4), 144.6 (COH, C3'), 144.5 (COH, C4'), 130.6 (C, C1'), 119.8
(CH, C¢'), 115.4 (CH, C5'), 115.3 (CH, C2'), 104.9 (CH, C3), 66.7 (CHOH, C7), 66.4 (CH,
C5), 58.2 (CH, C1), 37.0 (CHz, C8), ppm (» = overlapped signals; assignments were
confirmed by COSY, HSQC and HMBC experiments). (Figures S6-S9, Supplementary
Materials).

4.6. Antiviral Activity Assay

The antiviral activity of 1, AME, and 2 was evaluated by in vitro test (repeated three
times) (Figure S11, Supplementary Materials). This assay was intended to define the
effectiveness of these three compounds/extracts in degrading the RNA of the viral agent
ToBRFV on a contaminated surface.

Based on the data available about the infectivity of Tobamovirus [118,119] and the
lasting persistence of TOBRFV on contaminated surfaces [8,120], the laboratory previously
validated a storage procedure for ToOBRFV through the use of environmental swabs for
the transfer and the survival of the virus for a period of at least 15 days (unpublished
method). This procedure allowed the inoculum to be handled without the transfer of
infected plant material, as well as to transfer the virus to a healthy plant to verify the
infectivity of the pathogen through the use of the infected swab.

The well’s flat bottom surface of a cell culture multiwell plate (Greiner Bio-One
GmbH, Frickenhausen, Germany) was inoculated with 0.1 mL of COPAN SRK® (Copan
Diagnostics, Inc. Murrieta, CA, USA) modified universal neutralizing solution, previously
infected with ToBRFV. The inoculum was collected in Sicily during April 2020, three days
before the plate inoculation, from the inner surface of a presumptive infected tomato
harvest box by using a cotton swab dipped in 10.0 mL of COPAN SRK® modified universal
neutralizing solution, following the manufacturer’s instructions for surface sampling.
Briefly, the pre-moistened swab was used for the sample uptake from an area of 25 cm?
and then maintained inside the tube with the solution until the analysis. The swab solution
and the cotton swab were analyzed 2 days after sampling immediately upon arrival in the
laboratory, to confirm the presence of ToOBRFV.

Taking into account the order of magnitude of the application rate of commercial
active ingredients usually applied for surface disinfection in agricultural systems [121], a
preliminary test was set up to define the minimum concentration of AME, 2, and 1 when
RNA degradation could occur. Five different concentrations were tested. One minute after
the plate inoculation, each well was treated with 0.1 mL of solution obtained dissolving
AME, 2, and 1, respectively, in DNase/RNase free distilled water (UltraPureTM
Invitrogen, Thermo Fisher Scientific Inc.,, Waltham, MA, USA), at the concentration of
8000, 1600, 320, 64, 12.8 ppm, respectively, to reach a final concentration of 4000 ppm, 800
ppm, 160 ppm, 32 ppm and 6.4 ppm, respectively. A solution of 2% NaOCl was used as a
reference product. Furthermore, inoculated wells, treated only with 0.1 mL DNase/RNase



Molecules 2022, 27, 760

13 of 20

free distilled water, were used as positive controls. Non-inoculated wells, treated with 0.1
mL clean modified universal neutralizing solution and 0.1 mL DNase/RNase free distilled
water, were used as negative controls. Treated wells and controls have been prepared in
triplicate. The plate was then maintained at room temperature with gentle agitation, and,
after an exposure time of 60 s, the liquid was removed from the wells and a new cotton
swab was used for the sampling of each well’s flat bottom surface. Considering the area
of the well’s bottom (2.27 cm?), the liquid inside the tube was adjusted to 0.9 mL.
Immediately after sampling, the tubes containing the cotton swabs and 0.9 mL of modified
universal neutralizing solution were vortexed and then analyzed for the molecular
detection of ToBRFV. Under the test conditions, the minimum concentration when RNA
degradation occurred was 32 ppm for all the products (Table 1, Supplementary Materials).
This concentration was then selected, and the antiviral activity assay was performed, as
described above, and repeated three times.

4.7. Plant Inoculation

The viability of the pathogen, collected with the swab used for the inoculation and
with the swabs used in the treated wells and controls (not treated wells), was verified by
a biological assay inoculating three different healthy tomato plants per swab. For the
mechanical inoculation, a proper quantity of carborundum (Merck KGaA, Darmstadt,
Germany) as an abrasive was added to the swab tubes (1 g for tubes containing 10 mL
solution and 0.1 g for tubes containing 0.9 mL solution). The inoculation was then carried
out by dipping the cotton swab in the tube containing solution and abrasive and by
rubbing the cotton swab briefly onto the upper surface of the leaves of 3 tomato plants
[55]. The plants used for the inoculations were at BBCH (Biologische Bundesanstalt
Bundessortenamt Chemische Industrie) [122] scale growth stage 22 (second primary
apical side shoot visible), and they were previously analyzed to verify the absence of
ToBRFV. Inoculated test plants were maintained in a containment greenhouse for 5 weeks
and a symptom observation was conducted to assess the viral symptoms expression at 10,
21, and 35 days after the inoculation. During the last assessment, young apical leaves were
collected, and molecular analysis was performed to confirm the presence of ToBRFV. The
experiment was repeated three times. Inoculation tests were carried out following each in
vitro experiment.

4.8. RT-PCR for the Detection of the Virus

The presence of TOBRFV in the swabs used for the inoculation of the wells and in the
swabs used for the sampling of treated and not treated wells was verified by molecular
analysis. Furthermore, after the last assessment of the inoculation test, samples composed
by 6 leaves obtained from each group of 3 replicated plants (plants inoculated with the
same swab) were analyzed for the presence of ToOBRFV. Total RNA was extracted with
RNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany) from each swab solution, from
the cotton swab, and from plant material following the manufacturer’s instructions. The
RT-PCR (Retro Transcriptase-Polymerase Chain Reaction) was conducted according to
the method of Rodriguez-Mendoza et al. [81], by using an internal RNA positive control,
and confirmed by the methods of Alkowni et al. [15] and Levitzky et al. [21].

4.9. Molecular Modeling Studies
4.9.1. Homology Modelling and Protein Preparation

The protein sequences of ToBRFV CP (A0A0S25ZX3 CAPSD_TBRFV) and the
template TMV CP (P69687 CAPSD_TMYV) were obtained from UniProtKB [83] in FASTA
format [123,124] and aligned with BLAST-P. The crystal structure of TMV CP was
retrieved from the Protein Data Bank (PDB code: 1ei7) [59]. Homology model for the
ToBRFV CP was developed on the TMV CP backbone using Maestro Version 12.6.144
Prime Homology Modeling [88]. Manual editing of the multiple sequence alignments was
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performed to remove any gap, to modify the 14 different residues, and to align the highly
conserved domains. Ramachandran plot calculation [125] was performed for validating
the stereochemical quality of the 3D model by PROCHECK [87]. Missing side chains and
hydrogens were added, and the resulting structure was optimized using the Protein
Preparation Wizard embedded in Schrodinger Suite 2020 [86], pH was set to 6 + 1 value.
Water molecules were removed according to the protocol already described by Sastry et
al. [126]. The structure was then energy-minimized within OPLS3 force field [127] to
constrain heavy atoms.

4.9.2. Ligands Preparation

The chemical structures of 1, 2, and ribavirin were built with Maestro Build Panel
[86] and energetically minimized with Ligprep module [128] using OPLS3e force field
[127]. For each ligand, conformational search was performed taking into account all
possible tautomers and protonation states at a pH of 6 + 1.0. The ligands set also included
the reference ligands ribavirin, already reported in previous works as TMV CP inhibitor
[73,89]. The generated conformers were then clustered by means of the Clustering of
conformer tool, and the lowest energy conformer from each cluster, for each ligand, was
considered for the following docking studies.

4.9.3. Docking Studies

The Receptor Grid Generation tool in the Glide module [129] was used to set up a
grid that allowed the prepared ligands to bind into the receptor pocket [126]. A 25 x 25 x
25 As grid box was centered at the active site of TOBRFV CP, defined on those residues
that are located between two CP subunits— Asn73, Ala74, Val75, Lys134, Thr136, Gly137,
Tyr139, Ser143, Lys253, Val255, Val260, and Lys268 [73]. The Glide-SP and the Glide-XP
flexible docking approaches were consecutively applied [129]. For each ligand, they
resulted in agreement, proposing similar binding modes. The protein-ligand Interaction
Profiler tool (https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index, accessed on 20th
October 2021) [130] and Ligand interaction diagram Maestro’s tool [86] were used to
analyze the target-ligand complex interactions.

4.10. Statistical Analysis

The effect of treatments was assessed using the analysis of variance (ANOVA),
followed by Tukey HSD test mean separation at p < 0.05. Statistics were performed by
using the “Statistica” software package, version 8.0, Statsoft Inc. [131].

5. Conclusions

ToBRFV is transmitted by contact and can remain infective for months, and control
measures are limited and based on the elimination of infected plants and strict hygiene
measures [120]. Currently used disinfection systems are often not very effective or
potentially dangerous for the operator [8]. Due to the relevance of this virus, new effective,
sustainable, and operator safe antiviral agents as well as new formulated products useful
for the containment of the pathogen in the field must be developed. Additionally, 4-
hydroxybenzoic acid (2) was identified as the alkaline autoxidation product of both the
methanolic extract of the leaves of C. micrantum and of catechinic acid (1). Then, 1, 2, and
AME successfully deactivated viral infectivity of TOBRFV. The loss of virus infectivity and
the absence of viral genome in the host plant indicated a possible disassembly of virus CP.
Docking simulations highlighted that 1 and 2 bound ToBRFV CP into the active site
between the two protein subunits. This suggested that the binding to key residues in the
active site may influence the interactions between the two chains, affecting the stability of
CP 1 and 2, and providing a basis for the study of natural compounds targeting ToOBRFV
CP. To our knowledge, this is the first study of antiviral activity of plant derived
compounds against TOBRFV. Moreover, a computational approach on ToBRFV CP is
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reported here for the first time, and catechinic acid (1) revealed the best binding energy
value.

In conclusion, the in vitro experiment, combined with inoculation and modelling
studies, showed that the virus can be degraded, and therefore, 1 and 2 could be developed
as environmental virucides, but their direct use on the host as plant protectors is a
promising prospect not yet sufficiently investigated.

Supplementary Materials: The following supporting information can be downloaded, Figure S1.
Catechinic acid (1) and 4-hydroxybenzoic acid (2); Figure S2. 1H NMR (600 MHz, CD30D) spectrum
of 4-hydroxybenzoic acid (2); Figure S3. HSQC (600 MHz, CD3OD) spectrum of 4-hydroxybenzoic
acid (2); Figure S4. HMBC (600 MHz, CD3OD) spectrum of 4-hydroxybenzoic acid (2); Figure S5.
ESI(-)-HRMS spectrum of 4-hydroxybenzoic acid; Figure S6. 1H NMR (600 MHz, CD30D) spectrum
of catechinic acid (1); Figure S7. HSQC (600 MHz, CDsOD) spectrum of catechinic acid (1); Figure
S8. HMBC (600 MHz, CDsOD) spectrum of catechinic acid (1); Figure S9. COSY (600 MHz, CDsOD)
spectrum of catechinic acid (1); Figure S11. Experimental set up for antiviral activity assay and plant
inoculation; Figure S12. Binding pose (a) and interactions (b) of 4-hydroxybenzoic acid at the
ToBRFV CP active site; Figure S13. Binding pose (a) and interactions (b) of ribavirin at the TOBRFV
CP active site; Table S1. Preliminary test: qualitative evaluation of RNA degradation of the viral
agent after an exposure time of 60 s to different concentrations of catechinic acid (1), 4-
hydroxybenzoic acid (2) and AME.

Author Contributions: Conceptualization, A.B., V.I, and A.P.L.; methodology, V.I, AB., APL.,
G.F., and P.F.; validation, A.B., A.P.L., and P.F.; formal analysis, V.I. and A.P.L.; investigation, V.I.,
AP.L, AM. and V.S,; resources, A.B.; data curation, A.B.; writing—original draft preparation, V.I.,
APL., and A.B.; writing—review and editing, V.I, A.P.L.,, and A.B.; visualization, V.I., A.P.L.;
supervision, A.B. and P.F.; project administration, A.B.; funding acquisition, A.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by EU INTERREG V ALCOTRA (2014-2020) PITER Project
“ALPIMED INNOV” n° 4073.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors thanks Giovanni Romussi for his suggestions.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1.  Pennazio, S.; Roggero, P.; Conti, M. Yield losses in virus-infected crops. Arch. Phytopathol. Plant Prot. 1996, 30, 283-296,
do0i:10.1080/03235409609383178.

2. Rubio, L.; Galipienso, L.; Ferriol, I. Detection of plant viruses and disease management: Relevance of genetic diversity and
evolution. Front. Plant Sci. 2020, 11, 1092, doi:10.3389/fpls.2020.01092.

3. Nazarov, P.A.; Baleev, D.N,; Ivanova, M.I,; Sokolova, L.M.; Karakozova, M.V. Infectious plant diseases: Etiology, current status,
problems and prospects in plant protection. Acta Naturae 2020, 12, 46-59, doi:10.32607/actanaturae.11026.

4, Jones, R.A.C. Global plant virus disease pandemics and epidemics. Plants 2021, 10, 233, doi:10.3390/plants10020233.

5. Chauhan, P,; Singla, K.; Rajbhar, M.; Singh, A.; Das, N.; Kumar, K. A systematic review of conventional and advanced
approaches for the control of plant viruses. J. Appl. Biol. Biotechnol. 2019, 7, 89-98, doi:10.7324/JABB.2019.70414.

6.  FAO. The State of Food and Agriculture 2019. Moving forward on Food Loss and Waste Reduction; FAO: Rome, Italy, 2019.

7. Yan, Z.-Y,; Zhao, M.-S;; Ma, H.-Y.; Liu, L.-Z; Yang, G.-L.; Geng, C.; Tian, Y.; Li, X.-D. Biological and molecular characterization
of tomato brown rugose fruit virus and development of quadruplex RT-PCR detection. J. Integr. Agric. 2021, 20, 1871-1879,
doi:10.1016/52095-3119(20)63275-0.

8.  Chanda, B.; Shamimuzzaman, M.; Gilliard, A.; Ling, K.-S. Effectiveness of disinfectants against the spread of tobamoviruses:
Tomato brown rugose fruit virus and Cucumber green mottle mosaic virus. Virol. ]. 2021, 18, 7, d0i:10.1186/s12985-020-01479-8.

9. Scholthof, K.B. Tobacco mosaic virus: A model system for plant biology. Annu. Rev. Phytopathol. 2004, 42, 13-34,

doi:10.1146/annurev.phyto.42.040803.140322.



Molecules 2022, 27, 760 16 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Salem, N.; Mansour, A.; Ciuffo, M.; Falk, B.W.; Turina, M. A new tobamovirus infecting tomato crops in Jordan. Arch. Virol.
2016, 161, 503-506, doi:10.1007/s00705-015-2677-7.

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, 1-1, doi:10.5197/j.2044-0588.2019.039.001.

Luria, N.; Smith, E.; Reingold, V.; Bekelman, I.; Lapidot, M.; Levin, I; Elad, N.; Tam, Y; Sela, N.; Abu-Ras, A.; et al. A new Israeli
tobamovirus isolate infects tomato plants harboring Tm-2?> resistance genes. PLoS ONE 2017, 12, e0170429,
doi:10.1371/journal.pone.0170429.

Panno, S.; Ruiz-Ruiz, S.; Caruso, A.G.; Alfaro-Fernandez, A.; Font San Ambrosio, M.I.; Davino, S. Real-time reverse transcription
polymerase chain reaction development for rapid detection of Tomato brown rugose fruit virus and comparison with other
techniques. Peer] 2019, 7, €7928, d0i:10.7717/peer;j.7928.

Camacho-Beltran, E.; Pérez-Villarreal, A.; Leyva-Lopez, N.E.; Rodriguez-Negrete, E.A.; Ceniceros-Ojeda, E.A.; Méndez-Lozano,
J. Occurrence of Tomato brown rugose fruit virus infecting tomato crops in Mexico. Plant Dis. 2019, 103, 1440.

Alkowni, R.; Alabdallah, O.; Fadda, Z. Molecular identification of Tomato brown rugose fruit virus in tomato in Palestine. J.
Plant Pathol. 2019, 101, 719-723, doi:10.1007/s42161-019-00240-7.

Fidan, H.; Sarikaya, P.; Calis, O. First report of Tomato brown rugose fruit virus on tomato in Turkey. New Dis. Rep. 2019, 39,
18, d0i:10.5197/j.2044-0588.2019.039.018.

Skelton, A.; Buxton-Kirk, A.; Ward, R.; Harju, V.; Frew, L.; Fowkes, A.; Long, M.; Negus, A.; Forde, S.; Adams, L.P.; et al. First
report of Tomato brown rugose fruit virus in tomato in the United Kingdom. New Dis. Rep. 2019, 40, 12, doi:10.5197/j.2044-
0588.2019.040.012.

Ling, K.-S.; Tian, T.; Gurung, S.; Salati, R.; Gilliard, A. First report of Tomato brown rugose fruit virus infecting greenhouse
tomato in the United States. Plant Dis. 2019, 103, 1439, doi:10.1094/pdis-11-18-1959-pdn.

Broadbent, L.; Fletcher, ].T. The epidemiology of tomato mosaic. IV. Persistence of virus on clothing and glasshouse structures.
Ann. Appl. Biol. 1963, 52, 233-241.

Giilser, C.; Yilmaz, N.D.K,; Candemir, F. Accumulation of Tobacco mosaic virus (TMV) at different depths clay and loamy sand
textural soils due to tobacco waste application. Environ. Monit. Assess. 2008, 146, 235-242.

Levitzky, N.; Smith, E.; Lachman, O.; Luria, N.; Mizrahi, Y.; Bakelman, H.; Sela, N.; Laskar, O.; Milrot, E.; Dombrovsky, A. The
bumblebee Bombus terrestris carries a primary inoculum of Tomato brown rugose fruit virus contributing to disease spread in
tomatoes. PLoS ONE 2019, 14, e0210871, doi:10.1371/journal.pone.0210871.

Jones, R.A.C. Control of plant virus diseases. In Advances in Virus Research; Academic Press: Cambridge, MA, USA, 2006; Volume
67, pp. 205-244.

Briihl, C.A.; Zaller, ].G. Biodiversity decline as a consequence of an inappropriate environmental risk assessment of pesticides.
Front. Environ. Sci. 2019, 7, 177, d0i:10.3389/fenvs.2019.00177.

Assey, G.E.; Mgohamwende, R.; Malasi, W.S. A review of the impact of pesticides pollution on environment including effects,
benefits and control. ]. Pollut. Eff. Cont. 2021, 9, 1-5, d0i:10.35248/2375-4397.21.9.282.

Lengai, GM.W.; Muthomi, ].W.; Mbega, E.R. Phytochemical activity and role of botanical pesticides in pest management for
sustainable agricultural crop production. Sci. Afr. 2020, 7, 1-13, d0i:10.1016/j.sciaf.2019.e00239.

Souto, A.L.; Sylvestre, M.; Tolke, E.D.; Tavares, J.F.; Barbosa-Filho, ].M.; Cebrian-Torrejon, G. Plant-derived pesticides as an
alternative to pest management and sustainable agricultural production: Prospects, applications and challenges. Molecules 2021,
26, 4835, d0i:10.3390/molecules26164835.

Bisio, A.; Fraternale, D.; Giacomini, M.; Giacomelli, E.; Pivetti, S.; Russo, E.; Caviglioli, G.; Romussi, G.; Ricci, D.; De Tommasi,
N. Phytotoxicity of Salvia spp. exudates. Crop. Prot. 2010, 29, 1434-1446, d0i:10.1016/j.cropro.2010.08.002.

Bisio, A.; Damonte, G.; Fraternale, D.; Giacomelli, E.; Salis, A.; Romussi, G.; Cafaggi, S.; Ricci, D.; De Tommasi, N. Phytotoxic
clerodane diterpenes from Salvia miniata Fernald (Lamiaceae). Phytochemistry 2011, 72, 265-275.

Bisio, A.; Fraternale, D.; Damonte, G.; Millo, E.; Lanteri, A.P.; Russo, E.; Romussi, G.; Parodi, B.; Ricci, D.; De Tommasi, N.
Phytotoxic activity of Salvia x jamensis. Nat. Prod. Commun. 2009, 4, 1621-1630.

Parizipour, M.H.G.; Shahriari, A.G. Investigation of antiviral potential of licorice (Glycyrrhiza glabra L.) crude extract against
Tobacco mosaic virus. J. Anim. Plant Sci. 2020, 30, 107-114, doi:10.36899/japs.2020.1.0013.

Bezj, N.; Dunkj, V.; Vuko, E. Antiphytoviral activity of essential oils of some Lamiaceae species and there most important
compounds on CMV and TMV. In Microbial Pathogens and Strategies for Combating Them: Science, Technology and Education,
Méndez-Vilas, A., Ed.; Microbiology Book Series; Formatex Research Center: Badajoz, Spain, 2013; pp. 982-988.

Emamzadeh Yazdi, S.; Mulabisana, J.; Prinsloo, G.; Cloete, M.; Kritzinger, Q. Plants containing cardiac glycosides showing
antiphytoviral activity against Potato virus Y (PVYNTN) on tobacco plants. ]. Plant. Prot. Res. 2018, 58, 397-403,
doi:10.24425/jppr.2018.124648.

Bhattacharya, A.; Sood, P.; Citovsky, V. The roles of plant phenolics in defence and communication during Agrobacterium and
Rhizobium infection. Mol. Plant Pathol. 2010, 11, 705-719, d0i:10.1111/j.1364-3703.2010.00625.x.

Dadékova, K.; Heinrichova, T.; Lochman, J.; Kasparovsky, T. Production of defense phenolics in tomato leaves of different age.
Molecules 2020, 25, 4952.

Yang, Y.; Zhang, T. Antimicrobial activities of tea polyphenol on phytopathogens: A review. Molecules 2019, 24, 816.



Molecules 2022, 27, 760 17 of 20

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

Gillmeister, M.; Ballert, S.; Raschke, A.; Geistlinger, ].; Kabrodt, K.; Baltruschat, H.; Deising, H.B.; Schellenberg, 1. Polyphenols
from Rheum roots inhibit growth of fungal and Oomycete phytopathogens and induce plant disease resistance. Plant Dis. 2019,
103, 1674-1684, d0i:10.1094/pdis-07-18-1168-re.

Li, W.-F.; Chik, .W.; Wang, D.-Y.; Pan, L.-T. Plant phenolic compounds as potential lead compounds in functional foods for
antiviral drug discovery. Curr. Org. Chem. 2017, 21, 1847-1860, d0i:10.2174/1385272821666170207160128.

Song, P.; Yu, X,; Yang, W.; Wang, Q. Natural phytoalexin stilbene compound resveratrol and its derivatives as anti-Tobacco
mosaic virus and anti-phytopathogenic fungus agents. Sci. Rep. 2021, 11, 16509, d0i:10.1038/s41598-021-96069-1.

Ren, X,; Li, X; Yin, L.; Jiang, D.; Hu, D. Design, synthesis, antiviral bioactivity, and mechanism of the ferulic acid ester-
containing sulfonamide moiety. ACS Omega 2020, 5, 19721-19726, doi:10.1021/acsomega.0c02421.

Hu, Z.-X,; Zou, ].-B.; An, Q; Yi, P.; Yuan, C.-M.; Gu, W.; Huang, L.-].; Lou, H.-Y.; Zhao, L.-H.; Hao, X.-J. Anti-Tobacco mosaic
virus (TMV) activity of chemical constituents from the seeds of Sophora tonkinensis. |. Asian Nat. Prod. Res. 2021, 23, 644-651,
d0i:10.1080/10286020.2021.1886089.

Welch, C.; Zhen, J.; Basséne, E.; Raskin, I.; Simon, J.E.; Wu, Q. Bioactive polyphenols in kinkéliba tea (Combretum micranthum)
and their glucose-lowering activities. J. Food Drug Anal. 2018, 26, 487-496, doi:10.1016/j.jfda.2017.05.009.

Zhen, J.; Welch, C.; Guo, Y.; Basséne, E.; Raskin, I.; Simon, J.E.; Wu, Q. Novel skeleton flavan-alkaloids from African herb tea
kinkéliba: Isolation, characterization, semisynthesis, and bioactivities. In African Natural Plant Products, Volume III: Discoveries
and Innovations in Chemistry, Bioactivity, and Applications; ACS Symposium Series; American Chemical Society: Washington, DC,
USA, 2020; Volume 1361, pp. 297-312.

D’ Agostino, M.; Biagi, C.; De Feo, V.; Zollo, F.; Pizza, C. Flavonoids of Combretum micranthum. Fitoterapia 1990, 61, 477.

Tine, D.; Fall, A.D.; Mbacké Dieng, S.I; Sarr, A.; Bassene, E. Total polyphenol, tannin and flavonoid contents of Combretum
micranthum leaves harvested in three regions of Senegal: Diass, Sandiara and Essyl. Int. |. Biol. Chem. Sci. 2019, 13, 1817-1820.
Bassene, E.O.; Olschwang, D.; Pousset, ]J.L. Plantes medicinales Africaines. Les alcaloides du Combretum micranthum G. Don
(Kinkeliba). Ann. Pharm. Fr. 1986, 44, 191-196.

Bassene, E.; Olschwang, D.; Pousset, J. Plantes medicinales africaines I: Caracterisation de 1'inositol et du sorbitol principes actifs
probables du Kinkeliba (Combretum micranthum G.Don.). Dakar Med. 1981, 26, 219-225.

Ferrea, G.; Canessa, A.; Sampietro, F.; Cruciani, M.; Romussi, G.; Bassetti, D. In vitro activity of a Combretum micranthum extract
against Herpes simplex virus types 1 and 2. Antivir. Res. 1993, 21, 317-325, doi:10.1016/0166-3542(93)90010-g.

El Sayed, K.A. Natural products as antiviral agents. In Studies in Natural Products Chemistry, Attaur, R., Ed.; Elsevier:
Amsterdam, The Netherlands, 2000; Volume 24, pp. 473-572.

Sears, K.D.; Casebier, R.L.; Hergert, H.L.; Stout, G.H.; McCandlish, L.E. Structure of catechinic acid. Base rearrangement product
of catechin. J. Org. Chem. 1974, 39, 3244-3247, d0i:10.1021/j000936a015.

Okada, F.; Takeo, T.; Okada, S.; Tamemasa, O. Antiviral effect of theaflavins on Tobacco mosaic virus. Agric. Biol. Chem. 1977,
41, 791-794.

Okada, F. Antiviral effects of tea catechins and black tea theaflavins on plant viruses. JARQ 1978, 12, 27-32.

Abdelkhalek, A.; Al-Askar, A.A.; Alsubaie, M.M.; Behiry, S.I. First report of protective activity of Paronychia argentea extract
against Tobacco mosaic virusi infection. Plants 2021, 10, 2435, doi:10.3390/plants10112435.

Zhang, X.N.; Liao, Y. W.; Wang, X.R,; Zhang, L.; Ahammed, G.J.; Li, Q.Y.; Li, X. Epigallocatechin-3-gallate enhances tomato
resistance to Tobacco mosaic virus by modulating RBOH1-dependent H20: signaling. Plant Physiol. Biochem. 2020, 150, 263-269,
doi:10.1016/j.plaphy.2020.03.008.

Reybrouck, G. The testing of disinfectants. Int. Biodeterior. Biodegrad. 1998, 41, 269-272, doi:10.1016/50964-8305(98)00024-9.
Hull, R. Mechanical inoculation of plant viruses. Curr. Protoc. Microbiol. 2009, 13, 16B.16.11-16B.16.14,
do0i:10.1002/9780471729259.mc16b06s13.

Klug, A. The Tobacco mosaic virus particle: Structure and assembly. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 1999, 354, 531—
535, d0i:10.1098/rstb.1999.0404.

Li, X.; 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, 82446-82458, doi:10.18632/oncotarget.19401.

Callaway, A.; Giesman-Cookmeyer, D.; Gillock, E.T.; Sit, T.L.; Lommel, S.A. The multifunctional capsid proteins of plant RNA
viruses. Annu. Rev. Phytopathol. 2001, 39, 419460, doi:10.1146/annurev.phyto.39.1.419.

Bhyravbhatla, B.; Watowich, S.J.; Caspar, D.L. Refined atomic model of the four-layer aggregate of the Tobacco mosaic virus
coat protein at 2.4-A resolution. Biophys. ]. 1998, 74, 604—615, doi:10.1016/s0006-3495(98)77819-1.

Sehnal, D.; Bittrich, S.; Deshpande, M.; Svobodova, R.; Berka, K.; Bazgier, V.; Velankar, S.; Burley, S.K.; Koca, J.; Rose, A.S. Mol*
Viewer: Modern web app for 3D visualization and analysis of large biomolecular structures. Nucleic Acids Res. 2021, 49, W431-
W437, d0i:10.1093/nar/gkab314.

Ehrenfeld, N.; Gonzalez, A.; Cafién, P.; Medina, C.; Perez-Acle, T.; Arce-Johnson, P. Structure-function relationship between
the tobamovirus TMV-Cg coat protein and the HR-like response. ]. Gen. Virol. 2008, 89, 809-817, d0i:10.1099/vir.0.83355-0.
Guo, X,; Li, W.-X,; Lu, R. Silencing of host genes directed by virus-derived short interfering RNAs in Caenorhabditis elegans. ].
Virol. 2012, 86, 11645-11653, doi:10.1128/JVI1.01501-12.

Dawson, W.O. Tobamovirus-plant interactions. Virology 1992, 186, 359-367, doi:10.1016/0042-6822(92)90001-6.

Dawson, W.O.; Bubrick, P.; Grantham, G.L. Modifications of the Tobacco mosaic virus coat protein gene affecting replication,
movement, and symptomatology. Phytopathology 1988, 78, 783-789.



Molecules 2022, 27, 760 18 of 20

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

Novikov, V.K.; Belenovich, E.V.; Dobrov, E.N.; Zavriev, S.K. Kazakh strains of Tobacco mosaic virus: Two strains with
potentially destabilizing amino acid substitutions in the coat protein. Physiol. Mol. Plant Pathol. 2000, 56, 71-77,
doi:10.1006/pmpp.1999.0251.

Lu, B.; Taraporewala, F.; Stubbs, G.; Culver, ].N. Intersubunit interactions allowing a carboxylate mutant coat protein to inhibit
tobamovirus disassembly. Virology 1998, 244, 13-19, d0i:10.1006/viro.1998.9099.

Asurmendi, S.; Berg, R.H.; Smith, T.J.; Bendahmane, M.; Beachy, R.N. Aggregation of TMV CP plays a role in CP functions and
in coat-protein-mediated resistance. Virology 2007, 366, 98-106, doi:10.1016/j.virol.2007.03.014.

Culver, ]J.N. Tobacco mosaic virus assembly and disassembly: Determinants in pathogenicity and resistance. Annu. Rev.
Phytopathol. 2002, 40, 287-308, doi:10.1146/annurev.phyto.40.120301.102400.

Bloomer, A.C.; Champness, ].N.; Bricogne, G.; Staden, R.; Klug, A. Protein disk of Tobacco mosaic virus at 2.8 A resolution
showing the interactions within and between subunits. Nature 1978, 276, 362-368, d0i:10.1038/276362a0.

Namba, K.; Pattanayek, R.; Stubbs, G. Visualization of protein-nucleic acid interactions in a virus. Refined structure of intact
Tobacco mosaic virus at 2.9 A resolution by X-ray fiber diffraction. ]. Mol. Biol. 1989, 208, 307-325, doi:10.1016/0022-
2836(89)90391-4.

Stubbs, G.; Warren, S.; Holmes, K. Structure of RNA and RNA binding site in Tobacco mosaic virus from 4-A map calculated
from X-ray fibre diagrams. Nature 1977, 267, 216-221, doi:10.1038/267216a0.

Sharma, J.; Purohit, R.; Hallan, V. Conformational behavior of coat protein in plants and association with coat protein-mediated
resistance against TMV. Braz. ]. Microbiol. 2020, 51, 893-908, d0i:10.1007/s42770-020-00225-0.

Zhao, L.; Zhang, J.; Liu, T.; Mou, H.; Wei, C.; Hu, D.; Song, B. Design, synthesis, and antiviral activities of coumarin derivatives
containing dithioacetal structures. J. Agric. Food Chem. 2020, 68, 975-981, d0i:10.1021/acs.jafc.9b06861.

Laskowski, R.A.; Jabtoniska, J.; Pravda, L.; Varekova, R.S.; Thornton, ].M. PDBsum: Structural summaries of PDB entries. Protein
Sci. 2018, 27, 129-134, doi:10.1002/pro.3289.

Oladokun, J.O.; Halabi, M.H.; Barua, P.; Nath, P.D. Tomato brown rugose fruit disease: Current distribution, knowledge and
future prospects. Plant Pathol. 2019, 68, 1579-1586, doi:10.1111/ppa.13096.

Maayan, Y.; Pandaranayaka, E.P.].; Srivastava, D.A.; Lapidot, M.; Levin, I.; Dombrovsky, A.; Harel, A. Using genomic analysis
to identify tomato Tm-2 resistance-breaking mutations and their underlying evolutionary path in a new and emerging
tobamovirus. Arch. Virol. 2018, 163, 1863-1875, d0i:10.1007/s00705-018-3819-5.

Georgousaki, K; Tsafantakis, N.; Gumeni, S.; Lambrinidis, G.; Gonzalez-Menéndez, V.; Tormo, J.R.; Genilloud, O.; Trougakos,
L.P.; Fokialakis, N. Biological evaluation and in silico study of benzoic acid derivatives from Bjerkandera adusta targeting
proteostasis network modules. Molecules 2020, 25, 666.

Honma, K.; Kuroiwa, Y.; Hamada, A. Aliphatic dehydroxylation of octopamine in the rat and rabbit. Chem. Pharm. Bull. (Tokyo)
1975, 23, 1745-1751, doi:10.1248/cpb.23.1745.

Kiatgrajai, P.; Wellons, ].D.; Gollob, L.; White, ].D. Kinetics of epimerization of (+)-catechin and its rearrangement to catechinic
acid. J. Org. Chem. 1982, 47, 2910-2912, d0i:10.1021/j000136a021.

Hashida, K.; Ohara, S. Formation of a novel catechinic acid stereoisomer from base-catalyzed reactions of (+)-catechin. ]. Wood
Chem. Technol. 2002, 22, 11-23, d0i:10.1081/WCT-120004431.

Rodriguez-Mendoza, J.; Garcia-Avila, C.D.J.; Lopez-Buenfil, J.A.; Araujo-Ruiz, K.; Quezada-Salinas, A.; Cambrén-Crisantos,
J.M.; Ochoa-Martinez, D.L. Identificacién de Tomato brown rugose fruit virus por RT-PCR de una regién codificante de la
replicasa (RARP). Rev. Mex. Fitopatol. 2019, 37, 345-356.

Altschul, S.F.; Gish, W.; Miller, W.; Myers, EW.; Lipman, D.J. Basic local alignment search tool. . Mol. Biol. 1990, 215, 403410,
do0i:10.1016/s0022-2836(05)80360-2.

The UniProt Consortium. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2020, 49, D480-D489,
doi:10.1093/nar/gkaa1100.

Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, LN.; Bourne, P.E. The protein data
bank. Nucleic Acids Res. 2000, 28, 235-242.

RCSB PDB. RCSB protein data bank: Powerful new tools for exploring 3D structures of biological macromolecules for basic and
applied research and education in fundamental biology, biomedicine, biotechnology, bioengineering and energy sciences.
Nucleic Acids Res. 2021, 49, D437-D451 d0i:10.1093/nar/gkaal038.

Schrodinger. Schridinger Release 2020: Maestro; Schrodinger, LLC.: New York, NY, USA, 2020.

Laskowski, R.A.; MacArthur, M.W.; Moss, D.S.; Thornton, ].M. PROCHECK: A program to check the stereochemical quality of
protein structures. |. Appl. Crystallogr. 1993, 26, 283-291.

Schrodinger. Schridinger Release 2021-4: Prime; Schrédinger, LLC.: New Yourk, NY, USA, 2021.

Sharma, J.; Bhardwaj, V.K,; Das, P.; Purohit, R. Plant-based analogues identified as potential inhibitor against Tobacco mosaic
virus: A biosimulation approach. Pestic. Biochem. Physiol. 2021, 175, 104858, d0i:10.1016/j.pestbp.2021.104858.

Wang, Z,; Xie, D.; Gan, X,; Zeng, S.; Zhang, A.; Yin, L.; Song, B.; Jin, L.; Hu, D. Synthesis, antiviral activity, and molecular
docking study of trans-ferulic acid derivatives containing acylhydrazone moiety. Bioorg. Med. Chem. Lett. 2017, 27, 4096-4100,
doi:10.1016/j.bmcl.2017.07.038.

Li, M,; Zan, N.; Huang, M; Jiang, D.; Hu, D.; Song, B. Design, synthesis and anti-TMV activities of novel chromone derivatives
containing dithioacetal moiety. Bioorg. Med. Chem. Lett. 2020, 30, 126945.



Molecules 2022, 27, 760 19 of 20

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Cassells, A.C. Chemical control of virus diseases of plants. Prog. Med. Chem. 1983, 20, 119-155, d0i:10.1016/s0079-6468(08)70218-
2.

Lozoya-Saldana, H.; Dawson, W.O.; Murashige, T. Effects of ribavirin and adenine arabinoside on Tobacco mosaic virus in
Nicotiana tabacum L. var Xanthi tissue cultures. Plant Cell Tiss. Org. Cult. 1984, 3, 4148, d0i:10.1007/BF00035919.

Wang, Y.; He, F.; Wu, S.; Luo, Y.; Wu, R.;; Hu, D.; Song, B. Design, synthesis, anti-TMV activity, and preliminary mechanism of
cinnamic acid derivatives containing dithioacetal moiety. Pestic. Biochem. Physiol. 2020, 164, 115-121,
doi:10.1016/j.pestbp.2020.01.002.

Wei, C.; Zhao, L.; Sun, Z.; Hu, D.; Song, B. Discovery of novel indole derivatives containing dithioacetal as potential antiviral
agents for plants. Pestic. Biochem. Physiol. 2020, 166, 104568, doi:10.1016/j.pestbp.2020.104568.

Yang, S.; Wang, T.; Zhou, Y.; Shi, L.; Lu, A.; Wang, Z. Discovery of cysteine and its derivatives as novel antiviral and antifungal
agents. Molecules 2021, 26, 383, d0i:10.3390/molecules26020383.

Zhou, D.; Xie, D.; He, F.; Song, B.; Hu, D. Antiviral properties and interaction of novel chalcone derivatives containing a purine
and benzenesulfonamide moiety. Biorg. Med. Chem. Lett. 2018, 28, 2091-2097, d0i:10.1016/j.bmcl.2018.04.042.

Germann, D.; Stark, T.D.; Hofmann, T. Formation and characterization of polyphenol-derived red chromophores. Enhancing
the color of processed cocoa powders: Part 1. |. Agric. Food Chem. 2019, 67, 4632-4642, doi:10.1021/acs.jafc.9b01049.

Laks, P.E.; Hemingway, R.W.; Conner, A.H. Condensed tannins. Base-catalysed reactions of polymeric procyanidins with
phloroglucinol: Intramolecular rearrangements. J. Chem. Soc. Perkin Trans. 1 1987, 1875-1881, d0i:10.1039/P19870001875.
Ohara, S.; Hemingway, R.W. Condensed tannins: The formation of a diarylpropanol-catechinic acid dimer from base-catalyzed
reactions of (+)-catechin. J. Wood Chem. Technol. 1991, 11, 195-208, doi:10.1080/02773819108050270.

Newhall, W.F.; Ting, S.V. Degradation of hesperetin and naringenin to phloroglucinol. J. Agric. Food Chem. 1967, 15, 776-777.
Niklas, KJ.; Giannasi, D.E. Geochemistry and thermolysis of flavonoids. Science 1977, 197, 767-769,
doi:10.1126/science.197.4305.767.

Lin, Q.; Lim, J.Y.C,; Xue, K.; Yew, P.Y.M.; Owh, C.; Chee, P.L.; Loh, X.J. Sanitizing agents for virus inactivation and disinfection.
VIEW 2020, 1, €16, d0i:10.1002/viw2.16.

Zhang, J.; Wang, X.; Zhou, K;; Chen, G.; Wang, Q. Self-assembly of protein crystals with different crystal structures using
Tobacco mosaic virus coat protein as a building block. ACS Nano 2018, 12, 1673-1679, d0i:10.1021/acsnano.7b08316.

Xia, R.; Guo, T.; Chen, M.; Su, S.; He, J.; Tang, X,; Jiang, S.; Xue, W. Synthesis, antiviral and antibacterial activities and action
mechanism of penta-1,4-dien-3-one oxime ether derivatives containing a quinoxaline moiety. New ]J. Chem. 2019, 43, 16461—
16467, doi:10.1039/CIN]J03019K.

Tang, X.; Zhang, C.; Chen, M; Xue, Y.; Liu, T.; Xue, W. Synthesis and antiviral activity of novel myricetin derivatives containing
ferulic acid amide scaffolds. New ]. Chem. 2020, 44, 2374-2379, d0i:10.1039/CINJ05867B.

Chen, Y.; Li, P;; Su, S.; Chen, M,; He, J.; Liu, L.; He, M.; Wang, H.; Xue, W. Synthesis and antibacterial and antiviral activities of
myricetin derivatives containing a 1,2,4-triazole Schiff base. RSC Adv. 2019, 9, 23045-23052, doi:10.1039/CO9RA05139B.

Alon, D.M,; Hak, H.; Bornstein, M.; Pines, G.; Spiegelman, Z. Differential detection of the tobamoviruses Tomato mosaic virus
(ToMV) and Tomato brown rugose fruit virus (ToBRFV) using CRISPR-Cas12a. Plants 2021, 10, 1256.

Butler, P.J.; Klug, A. Assembly of Tobacco mosaic virus in vitro: Effect of state of polymerization of the protein component. Proc.
Natl. Acad. Sci. USA 1972, 69, 29502953, d0i:10.1073/pnas.69.10.2950.

Li, X.-Y.; Song, B.-A. Progress in the development and application of plant-based antiviral agents. |. Integr. Agric. 2017, 16, 2772—
2783, doi:10.1016/52095-3119(17)61788-X.

Purohit, R.; Kumar, S.; Hallan, V. Screening of potential inhibitor against coat protein of Apple chlorotic leaf spot virus. Cell
Biochem. Biophys. 2018, 76, 273-278, d0i:10.1007/s12013-017-0836-z.

Guo, W.; Lu, X;; Liu, B,; Yan, H.; Feng, J. Anti-TMV activity and mode of action of three alkaloids isolated from Chelidonium
majus. Pest Manage. Sci. 2021, 77, 510-517, doi:10.1002/ps.6049.

Zhao, L.; Dong, J.; Hu, Z; Li, S.;; Su, X;; Zhang, J; Yin, Y,; Xu, T.; Zhang, Z.; Chen, H. Anti-TMV activity and functional
mechanisms of two sesquiterpenoids isolated from Tithonia diversifolia. Pestic. Biochem. Physiol. 2017, 140, 24-29,
doi:10.1016/j.pestbp.2017.05.009.

Chen, J.; Yan, X.-H.; Dong, J.-H.; Sang, P.; Fang, X,; Di, Y.-T.; Zhang, Z.-K.; Hao, X.-]. Tobacco mosaic virus (TMV) inhibitors
from Picrasma quassioides Benn. ]. Agric. Food Chem. 2009, 57, 6590-6595, d0i:10.1021/jf901632j.

Chen, Y.-H.; Guo, D.-S,; Lu, M.-H,; Yue, J.-Y,; Liu, Y.; Shang, C.-M.; An, D.-R.; Zhao, M.-M. Inhibitory effect of osthole from
Cnidium monnieri on Tobacco mosaic virus (TMV) infection in Nicotiana glutinosa. Molecules 2020, 25, 65.

Min, L.; Zhigiang, H.; Yun, X. In vitro and in vivo anti-Tobacco mosaic virus activities of essential oils and individual
compounds. ]. Microbiol. Biotechnol. 2013, 23, 771-778, d0i:10.4014/jmb.1210.10078.

Islam, W.; Qasim, M.; Noman, A.; Tayyab, M.; Chen, S.; Wang, L. Management of Tobacco mosaic virus through natural
metabolites. Rec. Nat. Prod. 2018, 12, 403-415, doi:10.25135/rnp.49.17.10.178.

Li, J.-X,; Liu, S.-S.; Gu, Q. Transmission efficiency of Cucumber green mottle mosaic virus via seeds, soil, pruning and irrigation
water. J. Phytopathol. 2016, 164, 300-309, doi:10.1111/jph.12457.

Smith, E.; Luria, N.; Reingold, V.; Frenkel, O.; Koren, A.; Klein, E.; Bekelman, H.; Lachman, O.; Dombrovsky, A. Aspects in
tobamovirus management in modern agriculture: Cucumber green mottle mosaic virus. Acta Hortic. 2019, 1257, 1-8,
d0i:10.17660/ActaHortic.2019.1257.1.



Molecules 2022, 27, 760 20 of 20

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

EPPO. Pest Risk Analysis for Tomato Brown Rugose Fruit Virus; European and Mediterranean Plant Protection Organization: Paris,
France, 2020.

Li, R; Baysal-Gurel, F.; Abdo, Z.; Miller, S.A.; Ling, K.-S. Evaluation of disinfectants to prevent mechanical transmission of
viruses and a viroid in greenhouse tomato production. Virol. J. 2015, 12, 5, doi:10.1186/s12985-014-0237-5.

Meier, U. Growth Stages of Mono- and Dicotyledonous Plants-BBCH Monograph; Open Agrar Repositorium: Quedlinburg,
Germany, 2018.

Lipman, D.J; Pearson, W.R. Rapid and sensitive protein similarity searches. Science 1985, 227, 1435-1441,
doi:10.1126/science.2983426.

Pearson, W.R.; Lipman, D.]. Improved tools for biological sequence comparison. Proc. Natl. Acad. Sci. USA 1988, 85, 2444-2448,
doi:10.1073/pnas.85.8.2444.

Ramachandran, G.N.; Ramakrishnan, C.; Sasisekharan, V. Stereochemistry of polypeptide chain configurations. . Mol. Biol.
1963, 7, 95-99, d0i:10.1016/s0022-2836(63)80023-6.

Sastry, G.M.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W. Protein and ligand preparation: Parameters, protocols,
and influence on virtual screening enrichments. J. Comput. Aided Mol. Des. 2013, 27, 221-234, d0i:10.1007/s10822-013-9644-8.
Harder, E.; Damm, W.; Maple, J.; Wu, C.; Reboul, M.; Xiang, J.Y.; Wang, L.; Lupyan, D.; Dahlgren, M.K_; Knight, J.L.; et al.
OPLS3: A force field providing broad coverage of drug-like small molecules and proteins. J. Chem. Theory Comput. 2016, 12, 281—
296, d0i:10.1021/acs.jctc.5b00864.

Schrodinger. Schrodinger Release 2021-3: LigPrep; Schrodinger, LLC.: New York, NY, USA, 2021.

Schrodinger. Schrodinger Release 2021-2: Glide; Schrodinger, LLC.: New York, NY, USA, 2021.

Adasme, M.F.; Linnemann, K.L.; Bolz, S.N.; Kaiser, F.; Salentin, S.; Haupt, V.J.; Schroeder, M. PLIP 2021: Expanding the scope
of the protein-ligand interaction profiler to DNA and RNA. Nucleic Acids Res. 2021, 49, W530-W534, do0i:10.1093/nar/gkab294.
Statsoft Inc. Statistica for Windows (Data Analysis Software System), version 8.0.; Statsoft. Inc.: Tulsa, OK, USA, 2008.



