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Abstract: The tobamovirus tomato brown rugose fruit virus (ToBRFV) infects tomato plants harboring
the Tm-2? resistance allele, which corresponds with tobamoviruses’ avirulence (Avr) gene encoding
the movement protein to activate a resistance-associated hypersensitive response (HR). ToBRFV has
caused severe damage to tomato crops worldwide. Unlike tomato plants, pepper plants harboring the
L resistance alleles, which correspond with the tobamovirus Avr gene encoding the coat protein, have
shown HR manifestations upon ToBRFV infection. We have found that ToBRFV inoculation of a wide
range of undefined pepper plant varieties could cause a “hypersensitive-like cell death” response,
which was associated with ToBRFV transient systemic infection dissociated from disease symptom
manifestations on fruits. Susceptibility of pepper plants harboring L', L3, or L* resistance alleles
to ToBRFV infection following HRs was similarly transient and dissociated from disease symptom
manifestations on fruits. Interestingly, TOBRFV stable infection of a pepper cultivar not harboring the
L gene was also not associated with disease symptoms on fruits, although ToBRFV was localized in
the seed epidermis, parenchyma, and endothelium, which borders the endosperm, indicating that a
stable infection of maternal origin of these tissues occurred. Pepper plants with systemic TOBRFV
infection could constitute an inoculum source for adjacently grown tomato plants.

Keywords: transient TOBRFV systemic infections; L resistance alleles; TOBRFV-infected L? pepper
seeds; root inoculation; foliar inoculation

1. Introduction

In plant-virus interactions, a hypersensitive response (HR) is a manifestation of local-
ized cell death associated with a resistance gene response toward the pathogen. However,
manifestations of localized cell death response are not always associated with resistance
toward pathogen systemic infections. Whereas HR is a characteristic of a resistance gene
defense response, other factors cause a “hypersensitive-like cell death” response, which
has been associated with plant susceptibility to viral systemic infections [1-3]. In addi-
tion, it has been shown that at temperatures above 30 °C, even HR appearances in plants
harboring resistance genes were not of the characteristic resistance-associated form with
defined boundaries. HRs formed at high temperatures had diffused boundaries and were
associated with plant susceptibility to tobamovirus systemic infections [4,5].

Tm-2% in tomatoes is an allele of a nucleotide-binding leucine-rich repeat (NB-LRR)
encoding gene of durable resistance. In the presence of the avirulence (Avr) gene encoding
the movement protein (MP) of tomato mosaic virus (ToMV) and tomato mottle mosaic virus
(ToMMYV), HRs are manifested [6,7]. The tobamovirus tomato brown rugose fruit virus
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(ToBRFV) infects tomato plants [8] and overcomes the Tm-22 resistance allele [9]. TOBRFV
has caused severe losses to tomato crops worldwide [10]. ToBRFV is a single-stranded
positive-sense RNA virus (+ssRNA). The viral genome encodes six proteins: a 126 kDa
silencing suppressor; a 186 kDa replicase complex, which is a read-through translation of
the 126 kDa encoding region; a ~30 kDa MP; a ~17 kDa coat protein (CP); and two putative
proteins of ~54 kDa and 4-5 kDa. The 126 kDa silencing suppressor of tobamoviruses
interferes with the regulation of small RNAs, including small interfering RNAs (siRNAs)
and cellular microRNAs (miRNAs) [11].

Recently, there have been several reports on the possible association between ToBRFV
infection of pepper plants and severe disease symptoms on leaves and fruits that were
sometimes apparent at high environmental temperatures [12-15]. Discolored leaves and
rugose fruits were reported in pepper plants positive for ToBRFV [14]. Either the reported
symptomatic plants were not harboring the resistance L gene [12,13,15], or the symptoms of
plants harboring resistance alleles were associated with high temperatures above 30 °C [14].
Specifically, in pepper plants, unlike Tm-2? in tomatoes, the defense response NB-LRR
encoding L gene corresponds with the tobamovirus Avr gene encoding the CP for HR
activation. The L gene of pepper plants has four alleles, L'-L*, that confer increasing
resistance toward tobamovirus pathotypes Pyp—P1 5 3 4. The pathotypes were defined either
by infecting L? plants only or by the L allele the virus overcomes [16]. Regarding the
high-temperature response of tobamovirus-infected pepper plants, an L allele showing
temperature- and dosage-dependent resistance has been identified. L!* homozygote plants
are susceptible to tobamovirus infections at high environmental temperatures [17,18].

We and others have previously described the HR response of pepper plants harboring
L', L3, and L* resistance alleles upon ToBRFV inoculations [9,19]. In the face of recent
reports on ToBRFV in pepper plants, the possibility that TOBRFV could circumvent L
gene resistance has led us to study the possible involvement of ToBRFV in symptom
development of pepper plants harboring various L resistance alleles. We subjected L°
pepper plants and undefined varieties (UDs), as well as pepper plants harboring L!, L%, and
L* resistance alleles, to TOBRFV mechanical foliar- or truncated-root inoculations. We have
previously shown that injured roots of Solanaceae plants augmented ToBRFV infection from
contaminated soil [20]. Because different defense regulatory pathways are activated in roots
and plant leaves [21,22], we carried out both foliar and root inoculations. In our current
study, we monitored ToBRFV-inoculated pepper plants for 6-12 months, inspecting any
associated symptom manifestations, as well as analyzing ToBRFV infection of leaves, fruits,
and seeds. We have found a transient TOBRFEV leaf and /or fruit infection in several L!-, L3-,
and L*-resistant plants. Infected seeds found in two L*-resistant plants were noninfectious
in a bioassay. One cultivar not harboring the L resistance gene was stably infected with the
virus. Importantly, fruits of all tested cultivars were asymptomatic.

2. Results
2.1. Susceptibility of Multiple Pepper Plant Varieties to TOBRFV Infection Was Not Tightly
Associated with Disease Manifestations

L cv. 6210, L! Lapid, and an additional eight undefined pepper plant varieties (UDs)
were subjected to mechanical foliar or root inoculations with ToBRFV (Figure 1). We have
recently found that only ToBRFV and not PepMV-IL systemically infects N. tabacum cv.
Samsun plants. In order to ensure that the tomato plants were singly infected with ToBRFV
and were not coinfected with PepMV-IL, we inoculated N. tabacum cv. Samsun with an
inoculum from tomato plants. The systemically infected N. tabacum cv. Samsun plants
served for inoculation of tomato plants cv. Ikram, which served as a source for TOBRFV
inoculum. These inoculations simulated leaf and soil infections commonly occurring in
growing areas. The experiment was conducted during the summertime, with average low
and high temperatures of 22.3 °C £ 2.3 °C-31.7 °C =£ 2.3 °C. Hypersensitive-like cell death
was observed in four UD cultivars, and HRs were observed in L! Lapid at the inoculation
sites, which were on both the cotyledons and the first two true leaves beneath the meristem
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—— Root inoculation ——

(Figure 1a). Yellowing and shedding of the inoculated leaves followed the HR response.
No apparent cell death responses were observed in root-inoculated plants.

cv. Lapid

cv. 6210 cv. 10875 cv. 351 cv. 352 cv. 354

—— Leaf inoculation ——

Figure 1. Response of UD pepper plant varieties as well as L° and L! plants to ToBRFV foliar
inoculations: (a) L? cv. 6210 developed symptoms of yellowing and mosaic; UD plants and L! cv.
Lapid developed a hypersensitive-like cell death response and HRs, respectively; (b1) root- and
leaf-inoculated plants cv. 354 at 14 days post-inoculation (dpi); (b2) progression of foliar-inoculated
cv. 354 toward plant death manifested at 8 dpi, 15 dpi, 50 dpi, and 60 dpi with ToBRFV-infected leaves
and stems; (c1) root- and leaf-inoculated L° cv. 6210 plants at 14 dpi; (c2) progression of TOBRFV
systemic infection and symptom development in foliar-inoculated L° cv. 6210 plants at 8 dpi, 15 dpi,
50 dpi, and 60 dpi.

The UD pepper plant response by cell death, observed at this stage, could be indicative
of yet undefined L alleles. Alternatively, other mechanisms associated with plant response
to pathogens, such as a surge in reactive oxygen species production and nitric oxide, could
have initiated cell death response to TOBRFV at the inoculation sites [2]. Severe cell death
response manifested in systemic necrosis occurred in one pepper plant, cv. 354, which
developed necrotic stems and collapsed at ca. 50 days following foliar TOBRFV inoculations
(Figure 1b). Inhibition of growth was apparent at the early stage of 14 days post-inoculation
(dpi) (Figure 1(b1)). Plant leaves and stems were infected with ToBRFV, as shown by the
enzyme-linked immunosorbent assay (ELISA). Unlike foliar inoculations of cv. 354, root
inoculations did not cause similar severe symptoms in that the cultivar and the plants
reached the fruiting stage. At 19 dpi, all UD varieties as well as L? cv. 6210 and L' Lapid
plants had ToBRFV-infected leaves. Apparently, the tested plants were susceptible to
ToBRFV infection (Figure 2(al,a2), first collection stage).
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Figure 2. ELISA results of TOBRFV in leaves, fruits, and seeds of UD varieties, Ll Lapid, and L0 cv.
6210 plants at several collection stages: (a1) TOBRFV in leaf-inoculated UD varieties, L! Lapid, and L°
cv. 6210 plants; (a2) ToBRFV in root-inoculated UD varieties, L1 Lapid, and L0 cv. 6210 and plants; L,
leaf-inoculated; R, root-inoculated.

At 75 dpi, leaves were no longer infected by ToBRFV in all tested plants, excluding
LY cv. 6210, as indicated by sensitive Western blot analyses (Figure 3). Among the tested
plants, only L cv. 6210 had ToBRFV-infected fruits at that stage (Figure 2, second collection
stage). Seeds of L cv. 6210 and of UD root-inoculated cv. 10875 were infected with ToBRFV,
shown in a Western blot, although the ELISA test did not detect fruit infection (Figure 2,
second and third collection stages; Figure 3(b1)). However, only seeds of L9 cv. 6210 were
positive in a bioassay (Figure 3(c1,c2)). Local lesions were developed on the test plants,
inoculated with either fruit pericarp or seeds of L? plants cv. 6210, which were foliar- or
root-inoculated with TOBRFV. Western blot analyses also confirmed ELISA data on the
uninfected seeds of L! cv. Lapid and of the UD cultivars, excluding the root-inoculated
plant of cv. 10875 (Figure 2(al,a2), third collection stage; Figure 3(b1,b2)). At 142 dpi, fruits
collected during the growth of all UD cultivars were asymptomatic (Figure S1).

These data indicate that multiple pepper plants, including plants that responded to
ToBRFV by hypersensitive-like cell death, were susceptible to a transient TOBRFV infection.
However, the infection was dissociated from disease symptoms on fruits. Unlike all the
above-tested cultivars, the defined L° pepper plants cv. 6210 had a ToBRFV-infected fruit
pericarp with infected seeds following both foliar and root inoculations, as shown by
both ELISA and Western blots (Figure 2(al,a2), third collection stage; Figure 3a,b). L0
pepper plants cv. 6210, which consistently showed ToBRFV infection, reached the fruiting
stage, and the fruits lacked any disease symptoms up to 12 months following inoculations
(Figures 3d and S1).

2.2. Pepper Plants Harboring L', L3, or L* Resistance Alleles That Manifest HRs Are Susceptible
to ToBRFV Systemic Infection but Show Tolerance toward the Disease

The transient ToBRFV infection of L' Lapid infers that in pepper plants, TOBRFV
pathogenicity changes the effectivity of the NB-LRR HR response [1], preventing complete
resistance toward the virus. It seemed possible, therefore, that in pepper plants harboring
L1, 13, or L* resistance alleles that have shown HRs [9], the virus could have systemically
infected the plants. We have therefore studied pepper plant growth for ca. 6 months,
monitoring ToBRFV leaf and fruit infections in foliar- or root-inoculated Ll 13, and L*
pepper plants. The experiments were conducted during winter and spring seasons, with
average low and high temperatures of 9.5 °C £ 1.4 °C-21°C £3.9°Cand 14.9 °C £ 5.1 °C-
24.4 °C £ 3.5 °C, respectively. HRs were observed upon ToBRFV foliar inoculations of all
tested L!, L3, and L* cultivars (Figure 4a,c), and inoculated leaf yellowing and shedding
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followed the HRs. However, in cv. L! Maor, L* Raam, and L* Milena, leaf infection was
detected by ELISA test at ~140 dpi (Figure 5(al,b1), first and second collection stages).
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Figure 3. ToBRFV transiently infected leaves of UD varieties and L! Lapid plants but stably infected
L9 cv. 6210 plants. (al-a5) Western blot analyses (and ponceau-s staining) showed that excluding Lo
cv. 6210 plants, at 75 dpi, leaves of all UD varieties and L! Lapid plants were not ToBRFV infected.
(b1,b2) Western blot analyses (and ponceau-s staining) confirmed ToBRFV seed infection only in
fruits of L? cv. 6210 plants (BL, BR) and in root-inoculated cv. 10875 (AR). (c1,c¢2) Necrotic local
lesions developed on N. tabacum cv. Xanthi inoculated with fruit or seed extract of TOBRFV-infected
L0 cv. 6210 plants (leaf-inoculated). (d) Fruits of L? cv. 6210 plants were asymptomatic ca. 12 months
postinoculation. A-J, all plants of UD varieties, L Lapid (J) and L9 cv. 6210 (B) were ToBRFV leaf
infected at 19 dpi. Numbers indicate the specific plant between 1 and 10 (see Materials and Methods):
A, cv. 10875; B, L cv. 6210 plants; L, leaf-inoculated; R, root-inoculated; M, molecular size marker; (+)
positive control from tomato plants.
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Figure 4. Dissociation between ToBRFV transient infection and disease symptom manifestations
on fruits of L!, L3, and L* pepper plants: (a,c) leaf-infected plants showed HR manifestations on
inoculated leaves; (b,d) asymptomatic fruits collected from each of the tested cvs.; (e) ToBRFV-
infected fruits were not seed-infected, excluding L* Zohar seeds, as analyzed by double RT-PCR (see
Materials and Methods) using primer set number (8); L, leaf; F, fruit; S, seeds; (L), leaf-inoculated; (R),
root-inoculated; M, molecular size marker; (+) positive control; (—) negative reaction control.

Fruits collected at early pickup stages from several pepper plants harboring the L gene
were ToBRFV positive (Figure 5(a2,b2)). ToBRFV ELISA-positive fruits were found at either
105-214 dpi (Figure 5(a2), first and second collection stages) or 61-108 dpi (Figure 5(b2), first,
second, and third collection stages). Several cultivars had a high percentage of infected
fruits such as L! Maor, L? Monte, L* Zohar, and L* Ralampego, and two cultivars, L3
Niel and L* Raam, had infected fruits at a late dpi stage. Those cultivars and L' Lapid
were tested by double RT-PCR (see Materials and Methods) for seed infection (Figure 4e).
Although leaves and fruits were ToBRFV-infected, RT-PCR data showed that excluding
seeds of an infected fruit of a foliar-inoculated L* Zohar plant, seeds of infected fruits of
foliar-inoculated cultivars L! Maor, L Lapid, L3 Niel, and L3 Monte and of root-inoculated
cv. L* Raam were not infected with ToBRFV (Figure 4e). Importantly, seeds of the two
cultivars that were ToBRFV positive by using either the ELISA test (L* Deniro) or RT-PCR
(L* Zohar) were negative in a bioassay performed on N. tabacum cv. Xanthi plants. These
results indicate the detection of noninfectious virus in the seeds showing CP subunits
of noncomplete virions or fragmented RNA. Fruit pericarps of all analyzed L!-, L3-, and
L*-resistant cultivars, which were ELISA-positive at early collection stages, were ELISA-
negative for ToBRFV at later fruit collection stages (Figure 5(a2,b2), pulled fruits). In
addition, fruits of all tested cultivars harboring L' 13, or L* resistance alleles during all
collection stages were asymptomatic, indicating the dissociation between ToBRFV transient
infections and disease symptom manifestations on the fruits (Figure 4b,d).
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Figure 5. Detection of ToBRFV by ELISA in leaves, fruits, and seeds of leaf- or root-inoculated 1113,
and L* pepper cultivars: (al,b1) detection of TOBRFV infection of leaves and seeds; (a2,b2) detection
of ToBRFV infection of fruit pericarp; pulled 4th, unscheduled collections of fruits; L, leaf inoculations;
R, root inoculations.

2.3. ToBRFV in Stably Infected L° Pepper Plants cv. 6210 Was Infectious

ToBRFV systemic infection of L? pepper plants cv. 6210 was stable, and the virus was
infectious, as tested by a biological assay on N. tabacum cv. Xanthi plants (Figure 3(c1,c2)).
ToBRFV-infected leaves of L? plants cv. 6210 were analyzed by RT-PCR for the presence of
ToBRFV using amplifications of seven segments covering the whole genome of the virus
(Figure 6(al,a2),b). These data further support the infectious potential of ToBRFV in the
stably infected L? cv. 6210 plants. At the fruit harvest stage (4 months postinoculation),
the genome sequence of ToBRFV in L cv. 6210 plants was resequenced, and the obtained
sequence was highly similar to the original ToBRFV sequence (GenBank accession no.
KX619418) from Tm-22-resistant tomato plants. We have identified four nucleotide changes
at positions: G1,310A, T2,399A, C2,401T, and A2,531T. Only C2,401T was nonsynonymous,
causing the substitution of alanine for valine in the small replicase subunit. This sequence
similarity infers that no sequence adaption in the movement protein and the coat protein
was required for ToBRFV systemic infection in pepper plants.
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Figure 6. Infectious TOBRFV in systemically infected L° cv. 6210 plants: (al,a2) RT-PCR of ToOBRFV
in leaves of systemically infected L9 cv. 6210 plants using the primer sets 1-7 illustrated in (b); (b) a
scheme of ToBRFV genome showing total genome coverage by the amplicons amplified in (al,a2).

In order to confirm the establishment of TOBRFV in the infected L9 cv. 6210 plant tissues,
we have examined the plant seeds for virus distribution using in situ immunofluorescence
(Figure 7). ToBRFV localization in the infected seeds, studied by in situ immunofluores-
cence, revealed that TOBRFV infected the inner maternal-derived tissues (Figure 7(c1-c3)).
Apparently, ToBRFV in seeds of foliar-inoculated L° cv. 6210 plants were not restricted
to the epidermis of the seed coat but were localized in the inner parenchyma and in the
endothelial cells bordering the endosperm as well (Figure 7a,b,(c1-c3)). Seeds of L! Lapid
that were ToBRFV-negative, shown by a Western blot and double RT-PCR (see Materials
and Methods) (Figure 3(b2,4e)), served as a negative control (Figure 7(d1-d3)). ToBRFV-
infected seeds of LY plants cv. 6210 showed a ToBRFV PCR product of 1122 bp (Figure 7e).
These data further indicated that foliar-inoculated L° cv. 6210 plants had a stable systemic
infection of ToBRFV, which allowed the virus to penetrate the parenchyma and the en-
dothelium through the maternal precursor tissues [23]. However, TOBRFV seed infection

was not associated with disease symptom manifestations on fruits of L cv. 6210 plants
(Figures 3d and S1).
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dl

d2 d3

Figure 7. ToBRFV in seeds of systemically infected L° cv. 6210 plants were not restricted to epidermis
surface but localized in the maternal parenchyma and endothelium: (a) a bright light image of a
longitudinal dissected seed; (b) higher magnification of the area marked by a box in (a); (c1-c3) seeds
of ToBRFV foliar-inoculated L° cv. 6210 (d1-d3); seeds of ToBRFV foliar-inoculated L! cv. Lapid
serving as a negative control for ToBRFV seed infection; (c1,d1) a red channel showing ToBRFV in
the epidermis, parenchyma, and endothelium not entering the endosperm of L? cv. 6210 plants and
not in L cv. Lapid plants (the same setting used for the two images); (c2,d2) a transmitted light
image; (c3,d3) merging transmitted and red channel images; (e) RT-PCR showing the presence of 1122
ToBRFV amplicon in seeds of leaf- and root-inoculated 19 cv. 6210 plants using primer set number (5);
Ep, epidermis; Pa parenchyma; En, endothelium; ES, endosperm; E, embryo.

3. Discussion

We have shown that pepper plants harboring the L resistance alleles could have a
transient systemic infection of ToBRFV, but the infection was dissociated from disease
symptom manifestations on fruits and seeds. ToBRFV detected in seeds of two L-resistant
cultivars was not infectious. Transient systemic infection occurred, although HRs were
observed on the inoculated leaves. It has been previously documented that depending
on the pathogen plant, resistance genes could activate HRs, which were not associated
with resistance response [1]. HRs could be misleading in terms of plant susceptibility
to viral infection, manifested in systemic infection of the pathogen. However, regarding
ToBRFV infection of L-resistant pepper plants, the HRs were associated with a transient
viral systemic infection and tolerance toward the viral disease [24].

HR induction is temperature-dependent, and high temperatures lead to increased
susceptibility of the plants to the pathogen. Low temperature-dependent induction of HRs
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and high temperatures associated with an increase in plant susceptibility to pathogens have
been observed in many plant-pathogen interactions, including bacteria fungi or viruses,
such as Pseudomonas, Puccinia graminis, and capsicum chlorosis virus, as well as tobacco
mosaic virus, respectively [4,25-28]. However, in several cases, the high temperatures
induced recovery [28]. We conducted our experiments during the winter, spring, and
summer seasons, and the plants grown in a greenhouse were exposed to a wide temperature
range of 10 °C to 30 °C. Our results, therefore, simulated uncontrolled field conditions
occurring in multiple growing areas in the world.

Because we did not carry out our inoculation experiments under controlled high-
temperature conditions, it could be that TOBRFV pathogenicity was the causal factor in
compromising the HR resistance effect. It has been shown that miRNAs regulate NB-LRR
protein expression [29-31]. It seems possible, therefore, that the silencing suppressor pro-
tein of TOBRFV would affect NB-LRR family members other than tomatoes’ Tm-22 via
interference with miRNA regulatory pathways. We hypothesize that in pepper plants,
deregulation of miRNA regulatory loops by the silencing suppressor of ToBRFV rendered
NB-LRR-associated HR less effective in the resistance response toward the pathogen sys-
temic infection, but resistance toward disease manifestations was not impaired, and further
studies may shed light on the role of RNA the silencing suppressor. The difference between
root and plant leaf regulatory pathways of RNA silencing [21,22] could be the source
of differences found in systemic TOBRFV infection efficacy of foliar- and root-inoculated
L-resistant pepper plants, as well as the systemic necrosis that occurred only in foliar-
inoculated cv. 354 plants.

Our finding of the stable systemic infection in LY cv. 6210 plants emphasizes the
difference between pepper plants harboring the L resistance gene and L° plants. However,
the asymptomatic fruits and seeds indicate that in pepper plants, under conditions of stable
systemic ToBRFV infections, there could be a dissociation between systemic infection and
disease manifestations. This tolerance toward the disease allowed the preservation of the
crops but should alert growers of tomato plants regarding a possible disease inoculum
source in the ToBRFV-infected L? pepper plants. Putatively, TOBRFV transient systemic
infection of pepper plants harboring the L resistance alleles could constitute a source of
infection for tomato plants.

4. Materials and Methods
4.1. Tested Plants, TOBRFV Inoculations, and Biological Assays for Infectious Virus

The following pepper plant cultivars were analyzed for TOBRFV systemic infections:
one cultivar not harboring the L gene cv. 6210 (b); eight cultivars of undefined genotypes,
10,875 (a), 348 (c), Antinema (d), 352 (e), 354 (f), 334 (g), 374 (h), and 351 (i); two cultivars
harboring the L! resistance allele, Lapid (j) and Maor; two cultivars harboring the L3
resistance allele, Niel and Monte; and six cultivars harboring the L* resistance allele,
Raam, Ralampego, Milena, Zohar, Top 142, and Deniro. The multiple pepper cultivars
served for confirmation of the results, serving as controls for each other. Each cultivar was
either foliar (5-10 plants) or root (5-10 plants) sap-inoculated with ToBRFV via mechanical
inoculation using an inoculum source from ToBRFV-infected Tm-22-resistant tomato plants
cv. Ikram. For foliar inoculations, the cotyledons and the first two true leaves beneath the
meristem were inoculated, and for root inoculations, truncated roots were dipped in the
inoculum solution.

In recent years, tomato plants in Israel have mostly been coinfected with TOBRFV
and the potexvirus Pepino mosaic virus (PepMV-IL) [32]. Therefore, we used systemically
infected N. tabacum cv. Samsun plants for the inoculation of tomato plants cv. Ikram.
Leaves of ToBRFV (GenBank accession no. KX619418)-infected tomato plants cv. Ikram,
which were confirmed to contain ToBRFV only by ELISA and Western blot using specific
antibodies for TOBRFV and PepMYV [32], were crushed in 0.01 M sodium phosphate buffer
pH =7.0 and served for inoculation of the pepper plants.
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The ToBRFV-infected and negative control pepper plants (noninoculated plants) were
grown in an experimental greenhouse and inspected for symptom manifestations. The
upper leaf beneath the meristem was sampled for the various tests of ToBRFV infec-
tion. All the fruits were collected and inspected for symptoms and ToBRFV infection for
ca. 6 months. The experiments with plants harboring the L resistance alleles were con-
ducted during winter and springtime, and the plants were exposed to a wide temperature
range, with average low and high temperatures of 9.5 °C + 1.4 °C-21°C £ 3.9 °C and
149 °C £ 5.1 °C-24.4 °C £+ 3.5 °C, respectively. The experiments with ToBRFV-infected
UD varieties, L' Lapid, and L cv. 6210 plants were conducted during the summer-
time, with average low and high temperatures of 22.3 °C £ 2.3 °C-31.7 °C £ 2.3 °C
(https://ims.data.gov.il/ims /1), accessed at the time range 1 January 2021-31 August 2021.
L0 cv. 6210 plants were left to grow for ca. 12 months.

Biological assays were conducted by inoculating N. tabacum cv. Xanthi plants for local
lesion manifestations using seed or fruit pericarp extractions in 0.01 M sodium phosphate
buffer pH =7.0.

4.2. Indirect Enzyme-Linked Immunosorbent Assay (ELISA)

Leaf samples, as well as fruit pericarp and washed seeds (24 h in water), were subjected
to indirect ELISA test, principally as previously described [32]. Samples were ground in
coating buffer (Agdia) at a ratio of ~600 pL/pg sample and incubated with 1:5000 dilution
of specific antibodies against TOBRFV [9] in PBS for 3 h at 37 °C. For detection, alkaline
phosphatase (AP)-conjugated goat antirabbit IgG (Sigma, Steinheim, Germany, 1:5000 in
PBS) and p-nitro phenyl phosphate substrate (Sigma, 0.6 mg/mL) were used. Data were
recorded at 405 nm and 620 nm, and O.D. values that were 2.5 times the value of the
negative controls were considered positive.

4.3. Western Blot Analysis

ToBRFV-inoculated pepper plant leaves or seeds were subjected to protein extraction
with urea-SDS-3-mercaptoethanol (USB) buffer, principally as previously described [32]. A
constant ratio of 5.5 uL/ug tissue sample or 5.5 uL/seed (50 seeds/sample) was kept in all
tested samples. The electro-blotted nitrocellulose membranes were subjected to TOBRFV
detection using specific antibodies against TOBRFV [9]. AP-conjugated goat antirabbit
antibodies (Sigma) were used for detection with NBT and BCIP (Bio-Rad, Hercules, Califor-
nia, USA) substrate. Ponceau-s staining of total loaded proteins was conducted following
ToBRFV-CP detection in order to avoid ponceau-s background in CP detection.

4.4. Reverse Transcription (RT)-PCR

Fruit pericarp, leaf, and seed samples were ground in general extraction buffer
(Bioreba, Reinach, Switzerland) and subjected to viral RNA extraction using Accuprep
viral RNA Extraction kit (Bioneer, Daejeon, Korea). Reverse transcription was conducted
using qPCRBIO c¢DNA synthesis kit (PCR Biosystems, London, UK). PCR amplification
was performed using eight different primer sets. Primer sets 1-7 were used for the whole
ToBRFV genome coverage. (1) For an amplicon size of 1550 bp, F-22 (5" CCAACAA-
CAACAAACAACAAACA 3') and R-1572 (5" CTAATGCGTCTCCCGACACT 3'). (2) For
an amplicon size of 1586 bp, F-1070 (5" TTACAGCGCAATGGAAGATG 3') and R-2656
(5" GCCTGCTTACCCGGTACTAA 3'). (3) For an amplicon size of 1701 bp, F-2527 (5’
ATGGAGAGCCTCATGTCAGC 3') and R-4228 (5" AGCTGGCGTCTTCCTTGTAA 3').
(4) For an amplicon size of 835 bp, F-5557 (5" TTTAGTAGTAAAAGTGAGAAT 3') and
R-6392 (5" TGGGCCCCTACCGGGGGT 3'). (5) For an amplicon size of 1572 bp, F-4035 (5’
GGCCTTGCAGACGATTGTGTA 3') and R-5607 (5" TGCAAGCCTTACAGACATCG 3').
(6) For an amplicon size of 2156 bp, F-4035 (5 GGCCTTGCAGACGATTGTGTA 3') and
R-6191 (5 TCAAGATGCAGGTGCAGAG 3). (7) For an amplicon size of 461 bp, F-5931
(5 ACAATGCGGTACTAGATCCTCT3') and R-6392 (5" TGGGCCCCTACCGGGGGT 3).
(8) For an amplicon size of 1122 bp, F-1534 (5" AGATTTCCCTGGCTTTTGGA 3') and
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R-2656 (5" GCCTGCTTACCCGGTACTAA 3'). Amplicons were Sanger sequenced (Hylabs,
Rechovot, Israel). In selected samples from plants harboring the L alleles that showed
no visible amplicons, the PCR was repeated twice on 1 uL of the first PCR amplification

mixture, serving as a template for the second PCR amplification using the same primers
(double RT-PCR).

4.5. In Situ Immunofluorescence

Seeds of LY pepper plants cv. 6210, which were ToBRFV foliar-inoculated, as well as
seeds of L! Lapid-inoculated plants, were washed in water for 24 h before being subjected
to longitudinal dissection and in situ immunofluorescence using specific antibodies against
ToBRFV. The procedure was principally conducted as described before [32], with few
modifications. Samples were fixed for 2 h at a room temperature with a fixation buffer
containing formaldehyde (4%, v/v) and glutaraldehyde (0.2%, v/v) in 50 mM PIPES and
1 mM CaCl2, pH = 7.0. After washing twice with PBS-Tween-20 (0.05%, v/v), samples
were blocked with PBS-skim milk (1%, w/v) for 30 min and then incubated with specific
antibodies against ToBRFV [9], using a 1:4000 dilution factor in PBS-skim milk, overnight
at 4 °C. Samples were washed twice with PBS-Tween and incubated for 1.5 h at 37 °C with
goat antirabbit IgG conjugated to Alexa Fluor 594 (Invitrogen, Carlsbad, CA, USA) at 1:1000
dilution in PBS with agitation at 100 rpm. Image acquisition was performed using a Leica
SP8 laser scanning microscope (Leica, Wetzlar, Germany) equipped with solid-state lasers
with 552 nm light, HC PL APO CS 10x/0.40 objective (Leica, Wetzlar, Germany), and Leica
Application Suite X software (LASX, Leica, Wetzlar, Germany). Red emission signals were
detected with PMT detector in the range of 560-650 nm.

5. Conclusions

We have shown that L resistance gene was not broken by ToBRFV single inoculation
of pepper plants harboring L', L3, or L* alleles. However, HRs or hypersensitive-like cell
death responses showed compromised resistance toward the virus.

e  Both foliar- and root-inoculated plants harboring the L alleles were susceptible to a
transient TOBRFV infection, which was not associated with symptomatic fruits.

e A severe cell death response and wilting occurred in one foliar-inoculated undefined
cultivar (cv. 354) that showed systemic necrosis and did not reach the fruiting stage.
The root-inoculated plants of this cultivar had asymptomatic fruits.

e A stable systemic ToBRFV infection occurred in defined L0 pepper plants, in which the
virus was localized to the maternal origin of the seed tissues (epidermis, parenchyma,
and endothelium). ToBRFV in the LY plants was infectious and highly similar to
the original ToOBRFV sequence from tomato plants, indicating low constraints were
imposed on ToBRFV by the L pepper host. Similar to L gene-resistant plants, there
was a dissociation between ToBRFV systemic infection of the LY plants and disease
symptoms on fruits.

Regarding a disease management conclusion, susceptible L° pepper plants could con-
stitute a primary source of infection and mediate disease spread when grown in proximity
to tomato plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants11182378/s1. Figure S1, Dissociation between transient
ToBRFYV leaf infection and disease symptoms on fruits.

Author Contributions: Conceptualization, A.D.; methodology, O.E., A.O,, N.L.,, CK,, O.L, E.B.
(Elena Bakelman) and E.S.; software, E.B. (Eduard Belausov); validation, O.E., A.O.,N.L., CK,, O.L.
and E.S.; formal analysis, O.E., N.L., C.K,, E.S. and A.D.; investigation, A.D.; resources, A.D.; data
curation, O.E., A.O,,N.L, CK,, O.L, E.B. (Elena Bakelman) and E.S.; writing first draft, O.E, E.S.
and A.D; writing—review and editing, E.S. and A.D; visualization, O.E.,, N.L., CK,, E.S. and AD.;
supervision A.D.; project administration, A.D.; funding acquisition, A.D. All authors have read and
agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/plants11182378/s1
https://www.mdpi.com/article/10.3390/plants11182378/s1

Plants 2022, 11, 2378 13 of 14

Funding: This research was funded by the Israeli chief scientist, the Ministry of Agriculture, TOBRFV
grant number: 20-02-0103.

Data Availability Statement: Not applicable.
Acknowledgments: We thank Hishtil nurseries for supplying pepper seedlings.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Balint-Kurti, P. The plant hypersensitive response: Concepts, control and consequences. Mol. Plant Pathol. 2019, 20, 1163-1178.
[CrossRef] [PubMed]

Delledonne, M.; Zeier, J.; Marocco, A.; Lamb, C. Signal interactions between nitric oxide and reactive oxygen intermediates in the
plant hypersensitive disease resistance response. Proc. Natl. Acad. Sci. USA 2001, 98, 13454-13459. [CrossRef] [PubMed]

Chen, B.; Niu, E; Liu, W.-Z; Yang, B.; Zhang, ].; Ma, ].; Cheng, H.; Han, E; Jiang, Y.-Q. Identification, cloning and characterization
of R2R3-MYB gene family in canola (Brassica napus L.) identify a novel member modulating ROS accumulation and hypersensitive-
like cell death. DNA Res. 2016, 23, 101-114. [CrossRef] [PubMed]

Jockusch, H. The role of host genes, temperature and polyphenoloxidase in the necrotization of TMV infected tobacco tissue.
J. Phytopathol. 1966, 55, 185-192. [CrossRef]

Whitham, S.; McCormick, S.; Baker, B. The N gene of tobacco confers resistance to tobacco mosaic virus in transgenic tomato.
Proc. Natl. Acad. Sci. USA 1996, 93, 8776-8781. [CrossRef]

Lanfermeijer, F.C.; Jiang, G.; Ferwerda, M.A_; Dijkhuis, J.; de Haan, P; Yang, R.; Hille, J. The durable resistance gene Tm-22 from
tomato confers resistance against ToMV in tobacco and preserves its viral specificity. Plant Sci. 2004, 167, 687-692. [CrossRef]
Nagai, A.; Duarte, L.M.; Chaves, A.L.; Peres, L.E.; dos Santos, D.Y. Tomato mottle mosaic virus in Brazil and its relationship with
Tm-22 gene. Eur. |. Plant Pathol. 2019, 155, 353-359. [CrossRef]

Salem, N.; Mansour, A.; Ciuffo, M.; Falk, B.; Turina, M. A new tobamovirus infecting tomato crops in Jordan. Arch. Virol. 2016,
161, 503-506. [CrossRef]

Luria, N.; Smith, E.; Reingold, V.; Bekelman, I.; Lapidot, M.; Levin, L; Elad, N.; Tam, Y.; Sela, N.; Abu-Ras, A ; et al. A New Israeli
Tobamovirus Isolate Infects Tomato Plants Harboring Tm-22 Resistance Genes. PLoS ONE 2017, 12, e0170429. [CrossRef]
Zhang, S.; Griffiths, ].S.; Marchand, G.; Bernards, M.A.; Wang, A. Tomato brown rugose fruit virus: An emerging and rapidly
spreading plant RNA virus that threatens tomato production worldwide. Mol. Plant Pathol. 2022, 23, 1262-1277. [CrossRef]
Vogler, H.; Akbergenov, R.; Shivaprasad, P.V.; Dang, V.; Fasler, M.; Kwon, M.-O.; Zhanybekova, S.; Hohn, T.; Heinlein, M.
Modification of small RNAs associated with suppression of RNA silencing by tobamovirus replicase protein. J. Virol. 2007,
81, 10379-10388. [CrossRef] [PubMed]

Panno, S.; Caruso, A.; Blanco, G.; Davino, S. First report of Tomato brown rugose fruit virus infecting sweet pepper in Italy. New
Dis. Rep. 2020, 41, 20. [CrossRef]

Rizzo, D.; Da Lio, D.; Panattoni, A.; Salemi, C.; Cappellini, G.; Bartolini, L.; Parrella, G. Rapid and sensitive detection of tomato
brown rugose fruit virus in tomato and pepper seeds by reverse transcription loop-mediated isothermal amplification assays
(real time and visual) and comparison with RT-PCR end-point and RT-qPCR methods. Front. Microbiol. 2021, 12, 640932-640944.
[CrossRef] [PubMed]

Fidan, H.; Sarikaya, P,; Yildiz, K.; Topkaya, B.; Erkis, G.; Calis, O. Robust molecular detection of the new Tomato brown rugose
fruit virus in infected tomato and pepper plants from Turkey. J. Integr. Agric. 2021, 20, 2170-2179. [CrossRef]

Abou Kubaa, R.; Choueiri, E.; Heinoun, K.; Cillo, F.; Saponari, M. First report of tomato brown rugose fruit virus infecting sweet
pepper in Syria and Lebanon. |. Plant Pathol. 2022, 104, 425. [CrossRef]

Tomita, R.; Sekine, K.-T.; Mizumoto, H.; Sakamoto, M.; Murai, J.; Kiba, A.; Hikichi, Y.; Suzuki, K.; Kobayashi, K. Genetic basis
for the hierarchical interaction between Tobamovirus spp. and L resistance gene alleles from different pepper species. Mol.
Plant-Microbe Interact. 2011, 24, 108-117. [CrossRef]

Sawada, H.; Takeuchi, S.; Hamada, H.; Kiba, A.; Matsumoto, M.; Hikichi, Y. A new tobamovirus-resistance gene, L1a, of sweet
pepper (Capsicum annuum L.). J. Jpn. Soc. Hortic. Sci. 2004, 73, 552-557. [CrossRef]

Matsumoto, K.; Sawada, H.; Matsumoto, K.; Hamada, H.; Yoshimoto, E.; Ito, T.; Takeuchi, S.; Tsuda, S.; Suzuki, K.; Kobayashi, K.
The coat protein gene of tobamovirus PO pathotype is a determinant for activation of temperature-insensitive L 1a-gene-mediated
resistance in Capsicum plants. Arch. Virol. 2008, 153, 645-650. [CrossRef]

Chanda, B; Gilliard, A.; Jaiswal, N.; Ling, K.-5. Comparative analysis of host range, ability to infect tomato cultivars with Tm-22
gene, and real-time reverse transcription PCR detection of tomato brown rugose fruit virus. Plant Dis. 2021, 105, 3643-3652.
[CrossRef]

Dombrovsky, A.; Mor, N.; Gantz, S.; Lachman, O.; Smith, E. Disinfection Efficacy of Tobamovirus-Contaminated Soil in
Greenhouse-Grown Crops. Horticulturae 2022, 8, 563. [CrossRef]

Melnyk, C.W.; Molnar, A.; Bassett, A.; Baulcombe, D.C. Mobile 24 nt small RNAs direct transcriptional gene silencing in the root
meristems of Arabidopsis thaliana. Curr. Biol. 2011, 21, 1678-1683. [CrossRef] [PubMed]


http://doi.org/10.1111/mpp.12821
http://www.ncbi.nlm.nih.gov/pubmed/31305008
http://doi.org/10.1073/pnas.231178298
http://www.ncbi.nlm.nih.gov/pubmed/11606758
http://doi.org/10.1093/dnares/dsv040
http://www.ncbi.nlm.nih.gov/pubmed/26800702
http://doi.org/10.1111/j.1439-0434.1966.tb02222.x
http://doi.org/10.1073/pnas.93.16.8776
http://doi.org/10.1016/j.plantsci.2004.04.027
http://doi.org/10.1007/s10658-019-01762-7
http://doi.org/10.1007/s00705-015-2677-7
http://doi.org/10.1371/journal.pone.0170429
http://doi.org/10.1111/mpp.13229
http://doi.org/10.1128/JVI.00727-07
http://www.ncbi.nlm.nih.gov/pubmed/17634237
http://doi.org/10.5197/j.2044-0588.2020.041.020
http://doi.org/10.3389/fmicb.2021.640932
http://www.ncbi.nlm.nih.gov/pubmed/33967980
http://doi.org/10.1016/S2095-3119(20)63335-4
http://doi.org/10.1007/s42161-021-00987-y
http://doi.org/10.1094/MPMI-06-10-0127
http://doi.org/10.2503/jjshs.73.552
http://doi.org/10.1007/s00705-008-0032-y
http://doi.org/10.1094/PDIS-05-20-1070-RE
http://doi.org/10.3390/horticulturae8070563
http://doi.org/10.1016/j.cub.2011.08.065
http://www.ncbi.nlm.nih.gov/pubmed/21962713

Plants 2022, 11, 2378 14 of 14

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Andika, I.B.; Kondo, H.; Sun, L. Interplays between soil-borne plant viruses and RNA silencing-mediated antiviral defense in
roots. Front. Microbiol. 2016, 7, 1458-1470. [CrossRef]

Genda, Y.; Sato, K.; Nunomura, O.; Hirabayashi, T.; Ohnishi, J.; Tsuda, S. Inmunolocalization of Pepper mild mottle virus in
Capsicum annuum seeds. J. Gen. Plant Pathol. 2005, 71, 238-242. [CrossRef]

Pagan, I.; Garcia-Arenal, F. Tolerance to plant pathogens: Theory and experimental evidence. Int. J. Mol. Sci. 2018, 19, 810.
[CrossRef] [PubMed]

Keen, N.; Ersek, T.; Long, M.; Bruegger, B.; Holliday, M. Inhibition of the hypersensitive reaction of soybean leaves to incompatible
Pseudomonas spp. by blasticidin S, streptomycin or elevated temperature. Physiol. Plant Pathol. 1981, 18, 325-337. [CrossRef]
Harder, D.; Samborski, D.; Rohringer, R.; Rimmer, S.; Kim, W.; Chong, J. Electron microscopy of susceptible and resistant
near-isogenic (sr6/Sr6) lines of wheat infected by Puccinia graminis tritici. III. Ultrastructure of incompatible interact. Can. J. Bot.
1979, 57, 2626-2634. [CrossRef]

Widana Gamage, S.M.; McGrath, D.J.; Persley, D.M.; Dietzgen, R.G. Transcriptome analysis of Capsicum chlorosis virus-induced
hypersensitive resistance response in bell Capsicum. PLoS ONE 2016, 11, e0159085. [CrossRef]

Tsai, W.-A.; Shafiei-Peters, J.R.; Mitter, N.; Dietzgen, R.G. Effects of Elevated Temperature on the Susceptibility of Capsicum
Plants to Capsicum Chlorosis Virus Infection. Pathogens 2022, 11, 200. [CrossRef]

Shivaprasad, P.V.; Chen, H.-M.; Patel, K.; Bond, D.M.; Santos, B.A.; Baulcombe, D.C. A microRNA superfamily regulates
nucleotide binding site-leucine-rich repeats and other mRNAs. Plant Cell 2012, 24, 859-874. [CrossRef]

Leonetti, P; Stuttmann, J.; Pantaleo, V. Regulation of plant antiviral defense genes via host RNA-silencing mechanisms. Virol. ].
2021, 18, 194. [CrossRef]

Lopez-Gomollon, S.; Baulcombe, D.C. Roles of RNA silencing in viral and non-viral plant immunity and in the crosstalk between
disease resistance systems. Nat. Rev. Mol. Cell Biol. 2022, 1-18. [CrossRef] [PubMed]

Klap, C.; Luria, N.; Smith, E.; Bakelman, E.; Belausov, E.; Laskar, O.; Lachman, O.; Gal-On, A.; Dombrovsky, A. The Potential Risk
of Plant-Virus Disease Initiation by Infected Tomatoes. Plants 2020, 9, 623-637. [CrossRef] [PubMed]


http://doi.org/10.3389/fmicb.2016.01458
http://doi.org/10.1007/s10327-005-0189-0
http://doi.org/10.3390/ijms19030810
http://www.ncbi.nlm.nih.gov/pubmed/29534493
http://doi.org/10.1016/S0048-4059(81)80083-5
http://doi.org/10.1139/b79-311
http://doi.org/10.1371/journal.pone.0159085
http://doi.org/10.3390/pathogens11020200
http://doi.org/10.1105/tpc.111.095380
http://doi.org/10.1186/s12985-021-01664-3
http://doi.org/10.1038/s41580-022-00496-5
http://www.ncbi.nlm.nih.gov/pubmed/35710830
http://doi.org/10.3390/plants9050623
http://www.ncbi.nlm.nih.gov/pubmed/32422863

	Introduction 
	Results 
	Susceptibility of Multiple Pepper Plant Varieties to ToBRFV Infection Was Not Tightly Associated with Disease Manifestations 
	Pepper Plants Harboring L1, L3, or L4 Resistance Alleles That Manifest HRs Are Susceptible to ToBRFV Systemic Infection but Show Tolerance toward the Disease 
	ToBRFV in Stably Infected L0 Pepper Plants cv. 6210 Was Infectious 

	Discussion 
	Materials and Methods 
	Tested Plants, ToBRFV Inoculations, and Biological Assays for Infectious Virus 
	Indirect Enzyme-Linked Immunosorbent Assay (ELISA) 
	Western Blot Analysis 
	Reverse Transcription (RT)-PCR 
	In Situ Immunofluorescence 

	Conclusions 
	References

