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Abstract: The tobamovirus tomato brown rugose fruit virus (ToBRFV), a major threat to tomato
production worldwide, has recently been documented in mixed infections with the potexvirus pepino
mosaic virus (PepMV) CH2 strain in traded tomatoes in Israel. A study of greenhouse tomato plants
in Israel revealed severe new viral disease symptoms including open unripe fruits and yellow patched
leaves. PepMV was only detected in mixed infections with ToBRFV in all 104 tested sites, using
serological and molecular analyses. Six PepMV isolates were identified, all had predicted amino
acids characteristic of CH2 mild strains excluding an isoleucine at amino acid position 995 of the
replicase. High-throughput sequencing of viral RNA extracted from four selected symptomatic
plants showed solely the ToBRFV and PepMV, with total aligned read ratios of 40.61% and 11.73%,
respectively, indicating prevalence of the viruses. Analyses of interactions between the co-infecting
viruses by sequential and mixed viral inoculations of tomato plants, at various temperatures, showed
a prominent increase in PepMV titers in ToBRFV pre-inoculated plants and in mixed-infected plants
at 18–25 ◦C, compared to PepMV-single inoculations, as analyzed by Western blot and quantitative
RT-PCR tests. These results suggest that Israeli mild PepMV isolate infections, preceded by ToBRFV,
could induce symptoms characteristic of PepMV aggressive strains.

Keywords: synergism; in situ immunofluorescence; mixed infections

1. Introduction

The tobamovirus tomato brown rugose fruit virus (ToBRFV) and the potexvirus pepino mosaic virus
(PepMV) have been established as major disease-causing agents in tomatoes (Lycopersicun esculentum)
worldwide. Recently, ToBRFV, identified in Jordan and Israel [1,2], has spread in the Middle East
and to Europe, America and China [3–10]. Unlike ToBRFV, PepMV worldwide spread has long been
established [11–17]. However, in Israel, we have only recently identified PepMV in symptomatic
traded tomatoes, co-infected with ToBRFV [18].
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Both ToBRFV and PepMV are single-stranded positive-sense RNA viruses (+ssRNA). ToBRFV particles
have a rod like shape and are ~300 nm in length. The virus has a ~6.2 kb genome containing the four
open reading frames (ORFs) encoding two subunits of RNA-dependent RNA polymerase (RdRp) complex:
a short 126 kDa protein and a large 180 kDa protein; a movement protein (MP) and a ~17 kDa coat protein
(CP) [2]. PepMV particles are filamentous and are 508 nm in length. The PepMV ~6.4 kb genome has
five ORFs encoding the RdRp complex, triple gene block proteins and a ~26 kDa CP. There are four
known PepMV genotypes: the Peruvian (LP), identified in pepino (Solanum muricatum), the European (EU),
first identified in tomatoes, the Chilean (CH2), which commonly occurs in Europe, and the American
(US1) [12,19–24].

Characteristic ToBRFV-induced symptoms are leaf narrowing and fruit bleaching [2], while PepMV
infection induces a wide range of symptoms including leaf narrowing/bubbling, fruit marbling and the
appearance of open unripe fruits [25,26]. PepMV symptom severity characteristics do not correlate with
virus genotypes although enhanced symptom severity occurred upon mixed infections with PepMV
mild and aggressive strains that belonged to different genotypes [27]. Environmental conditions,
tomato cultivars and an enhanced virus accumulation are factors affecting symptom severity [28].
In addition, nonsynonymous nucleotide sequence variations have been shown to differentiate between
aggressive and mild/attenuated PepMV strains [24,29–33]. It has also been shown that a single amino
acid mutation in a mild strain could confer induction of a necrotic phenotype [30].

The PepMV recently identified in Israel in symptomatic tomatoes has been detected only in mixed
infections with ToBRFV. Tomato plants co-infected by ToBRFV and PepMV have been reported [4,8].
However, a wide range of new distinctly severe symptoms, characteristic of PepMV aggressive strain
single infections [24,25], was observed in greenhouse grown tomato plants co-infected by PepMV and
ToBRFV. We have therefore isolated and sequenced the whole genome of the PepMV genotypes/strains
occurring in symptomatic tomato plants in Israel. We have investigated whether an aggressive strain
caused the severe disease symptoms or either co-occurrence of different PepMV genotypes or the
co-infecting ToBRFV conferred enhanced symptom severity that could be associated with a high viral
load in the symptomatic plants.

2. Materials and Methods

2.1. A Study of New Symptomatic Tomato Plants in Israel and ToBRFV and/or PepMV Inoculation Experiments

A study of field-collected symptomatic tomato plants was conducted in Israel in 2019 covering
~80% of the tomato-growing area. Three to five plants from each of the 104 plots were tested by
enzyme-linked immunosorbent assay (ELISA) and sampled plants positive for ToBRFV and/or PepMV
were further analyzed by RT-PCR followed by Sanger sequencing (see below). PepMV ELISA-positive
tomato plant samples from six different disease phenotypes were also subjected to whole-genome
sequencing (see below).

Inoculation studies were carried out with ToBRFV-IL [2] and/or PepMV-Ya isolate (MT018447),
separated from ToBRFV by inoculating Datura stramonium plants, which showed necrotic local lesions in
response to ToBRFV infections [2] and were systemically infected by PepMV [34]. Laboratory inoculation
experiments were carried out under two different environmental temperature conditions: uncontrolled
and controlled. Infectivity potential (see below) and an initial characterization of PepMV-Ya phenotypic
effects were carried out under uncontrolled temperature conditions, with a temperature range of 25–45 ◦C.
The viral effects on tomato leaf symptom development were studied by inoculating three different tomato
plant cultivars—Zohara, Shiran (cherry) and Ikram—with ToBRFV, PepMV or a mixture of the two viruses,
infecting five plants from each cultivar per inoculum. Inoculations were performed at the four to five leaf
stage of the plants. Ratios of symptomatic leaves, showing various manifestations of the disease, per total
leaf number in each inoculated plant, were calculated at 76 days post-inoculation (dpi).

Viral expression analyses in tomato plants inoculated by each virus separately or by a mixture of
the viruses, were carried out under both uncontrolled temperatures (at 25 to 45 ◦C; two experiments),
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and controlled temperatures of 20 and 30 ◦C (three experiments). The two different inoculation
experiments, conducted by infecting 2–3 tomato plants cv. Ikram per inoculum at the four to five leaf
stage of the plants, were subjected to Western blot analyses for viral CP detection at 45 and 42 dpi,
respectively (see below).

Analyses of viral gene expressions, using both Western blot and quantitative RT-PCR tests,
and symptom development as well as synergy factor calculations of symptom severity (see below)
were performed under three different controlled temperatures of 18, 25 and 30 ◦C. Tomato plants
cv. Ikram were inoculated with either ToBRFV or PepMV for detection of single infection effects.
For mixed-infection data, the plants were inoculated with a mixture of the viruses or sequentially,
either by pre-inoculations with ToBRFV or pre-inoculations with PepMV. There was a period of one
week between the sequential inoculations of the viruses. Four plants were inoculated with each viral
preparation for each of the tested temperatures. The inoculated plants were tested at 58 dpi. For all
analyses, the inoculations were performed at the four to five leaf stage of the plants and the third leaf
below the apical meristem was sampled.

2.2. Infectious Potential

Tomato plants cv. Ikram, inoculated with ToBRFV, PepMV or a mixture of the viruses, served for
infectivity potential analyses by measuring the extent of viral spread initiated by contaminated hands.
The experiments (three experiments for each inoculum source) were carried out under uncontrolled
temperatures, ranging between 25 and 45 ◦C. For hand contaminations, leaves from the various
infected plants served as inoculum sources (confirmed by ELISA) and were crushed between fingertips.
Viral transmission by contaminated hands was carried out by squeezing up to thirty new tomato
plants consecutively. The percentage of infected plants was determined by inspecting symptom
development and subjecting all newly touched plants to ELISA test at 15–21 dpi for detection of
ToBRFV and/or PepMV.

2.3. PepMV Virion Purification and Specific Antiserum Preparation

In a recent documentation of PepMV in Israel, we have found the virus in mixed infections
with ToBRFV [18]. In order to purify PepMV virions for specific antibody preparations and for
single-tomato-plant inoculation studies, D. stramonium plants were inoculated with the ToBRFV and
PepMV mixture source. While ToBRFV inoculations caused necrotic local lesions in this test plant [2],
PepMV caused a systemic infection of the plant [34]. Systemically infected D. stramonium plant leaves
(100 g) were ground in 100 mL 0.1 M potassium phosphate buffer, pH = 7.0, containing 0.5% sodium
sulfite. A mixture of chloroform-butanol (1:1 v/v), comprising 10% of the leaf suspension, was added
followed by incubation at 4 ◦C for an hour with stirring. The suspension was then centrifuged for
20 min at 13,000× g and the supernatant, filtered through Miracloth (Calbiochem-Behring Corp.,
La-Jolla, CA, USA), was ultra-centrifuged for 2.5 h at 200,000× g. The pellet, suspended in 1 mL 0.01 M
potassium phosphate buffer pH = 7.0, was then placed on 4 mL sucrose 30% in 0.01 M potassium
phosphate buffer pH = 7.0 and subjected to ultra-centrifugation for 2.5 h at 200,000× g. The pellet
was suspended in 1 mL 0.01 M potassium phosphate buffer pH = 7.0 and a sample was analyzed
by Western blot for the presence of PepMV only, using specific antibodies for PepMV (AS-1022,
kindly provided by Wulf Menzel, Leibniz Institute DSMZ-GmbH, Braunschweig, Germany) and
ToBRFV [2]. Transmission electron microscopy analysis, performed, as previously described [18],
confirmed the presence of potexvirus like particles in the virion preparation and particles characteristic
of the Tobamovirus genus were not observed. The purified PepMV virions served for antiserum
preparation, as previously described [2], performed by Adar Biotech LDT, Rehovot, Israel (Order
No. 4501746647, April 29th, 2019).
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2.4. Indirect Enzyme-Linked Immunosorbent Assay (ELISA)

Symptomatic tomato leaves and fruits as well as ToBRFV- and/or PepMV-inoculated tomato plant
leaves were analyzed by indirect ELISA test, as previously described [18]. Antiserum specific
for ToBRFV [2] or PepMV (current study), using 1:5000 dilutions in PBS, served for viral
detection. Optical density (O.D.) values with a minimum ratio of 3-fold the negative control were
considered positive.

2.5. Viral RNA Extraction, Reverse Transcription (RT) and PCR Amplification

Viral RNA extraction was performed using Accuprep Viral RNA Extraction kit (Bioneer, Daejeon,
Korea). The qPCRBIO cDNA synthesis kit (PCR Biosystems, London, UK) was employed and the
obtained cDNA was subjected to PCR amplification. The primer sets used for identification of ToBRFV
or PepMV were 1 and 2 (Table 1), respectively. The primer sets used for PepMV whole-genome
sequencing were 3–9 (Table 1). Obtained amplicons were sequenced using Sanger sequencing (HyLabs,
Rehovot, Israel) and sequence confirmation of genome segments or whole genome was performed
using the search algorithm Basic Local Alignment Search Tool (BLAST) against the National Center for
Biotechnology Information (NCBI) GenBank (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Table 1. Primer pairs served for tomato brown rugose fruit virus (ToBRFV) and pepino mosaic virus
(PepMV) detection and PepMV whole-genome sequencing.

Set No. Orientation Name
(nt. Position)

Amplicon Length
(bp) Sequence (5′-3′)

1
F ToBRFV (5557)

615
TTTAGTAGTAAAAGTGAGAAT

RC ToBRFV (6167) TTGTAAACCGGATGCACTTTCAAATG

2
F PepMV (5658)

650
CCATCAGATGCACCACCAAC

RC PepMV (6307) TTAGCTCCTCCCATGTGTCC

3
F PepMV (1)

1184
GAAAACAAAACATAACACATAATA

RC PepMV (1184) AAAAACTTGTCGCACCCATG

4
F PepMV (925)

1070
AACATCTTCCATCCCCAACA

RC PepMV (1994) CGTCTTCTCTGCCATGTGAA

5
F PepMV (1711)

1164
TGGGCTAGTCTTGCATCTGA

RC PepMV (2874) GTCTCGTGCAGTTGATTCCA

6
F PepMV (2698)

1205
CAAAAGTGCAAAGTGCCAAT

RC PepMV (3902) CTGGTGAAGGTCCCACATTT

7
F PepMV (3619)

1097
TTAAGGAAAATGCGGCAAAG

RC PepMV (4715) ATTTTTGGTGACCCCTGTCA

8
F PepMV (4522)

1130
AACTGGGAAAACCACATTGC

RC PepMV (5651) CTAACCCATCAGATGCACCA

9
F PepMV (6075)

340
GCAAAATTGGGCTATCAGGA

RC PepMV (6414) ATTTAGTAGATTTAGATACTAAGG

F, forward; RC, reverse complement; nt, nucleotide.

2.6. High-Throughput Sequencing (HTS) with Illumina HiSeq Platform and Bioinformatic Analysis

Field-collected symptomatic tomato fruits and leaves from four plants, showing one distinctive
phenotype, were combined and subjected to viral RNA extraction using Accuprep Viral RNA Extraction
kit (Bioneer, Daejeon, Korea). The RNA extract served for library construction with ScriptSeq Complete
kit (Plant Leaf, Illumina, San Diego, CA, USA). Library sequencing was performed by the use of
Illumina Hiseq 2500 (50 cycles) (Technion Genome Center, Haifa, Israel). Quality filtering of the raw
RNAseq reads was performed with Trimmomatic version 0.32 software. VirusDetect software version

https://blast.ncbi.nlm.nih.gov/Blast.cgi


Viruses 2020, 12, 879 5 of 21

1.7 was employed for clean read search, using the plant virus database with the software pipeline
default parameters [35]. For genome assembly, de novo assembly was combined with mapping to
plant virus sequences from GenBank, using velvet [36] and bwa [37] for read mapping. Calculations of
depth and coverage of the virus genome were performed using bowtie2 [38] and SAMtools [39] with
the default SAMtools software parameters. The reference viral genome for the calculations was the
fully assembled genome validated by RT-PCR. The percent nucleotide sequence identity was calculated
using the GenBank BLASTn search tool. The deduced amino acid (aa) sequence alignment of the six
PepMV isolates was performed using Multalin sequence alignment software [40]. Pairwise deduced
aa sequence alignment and identity calculations were performed using SDTv1.2 software [41].

2.7. Western Blot Analyses

Tomato leaves from ToBRFV- and/or PepMV-inoculated plants were subjected to protein extractions
and Western blot analyses, as previously described [18]. Protein extractions were performed using USB
extraction buffer (75 mM Tris-HCL (pH 6.8), 8 M urea, 4.5% (g/v) SDS and 7.5% (v/v) ß-mercaptoethanol)
while keeping a constant ratio of 1 µg/5.5 µL between leaves and buffer. Proteins were separated
on 15% SDS-PAGE and the blotted nitrocellulose membranes were subjected to viral CP detection
using specific polyclonal antibodies for ToBRFV [2] and PepMV (current study) with 1:4000 dilution
ratios in phosphate-buffered saline (PBS). Ponceau-S staining of total loaded proteins was performed
following the CP detection with alkaline-phosphatase conjugated goat anti-rabbit antibodies in order
to prevent colored background in the CP data. ImageJ software was used to estimate CP specific band
intensities. Statistical significance of differences between CP band intensities were calculated using
t-Test: Two sample assuming unequal variances.

2.8. In Situ Immunofluorescence

In situ immunofluorescence was carried out, as previously described [18]. Leaves from
tomato plants cv. Ikram with mixed infections of ToBRFV and PepMV were subjected to analysis.
Specific antisera for ToBRFV [2] and PepMV (current study) were used. For detection of both viruses
in leaves of mixed-inoculated plants, a high concentration of unlabeled goat anti-rabbit antibodies
(SIGMA, A9919, 1:100 dilution in PBS containing 2% milk) was added after binding of the first
antibody (anti-ToBRFV) and its specific anti-rabbit IgG conjugated to Alexa Fluor 488, and before
adding anti-PepMV antibodies, in order to block all unbound ToBRFV antibodies. The appropriate
concentrations of unlabeled goat anti-rabbit antibodies were tested separately and confirmed as good
for this blocking purpose. The samples were then washed with PBS solution containing 0.05% (v/v)
Tween-20 (PBS-T) before proceeding to the PepMV-specific binding analysis. The labeled secondary
antibodies were goat anti-rabbit IgG conjugated either to Alexa Fluor 488 for ToBRFV detection or to
Alexa Fluor 594 for PepMV detection (Invitrogen, Carlsbad, CA, USA).

2.9. Quantitative RT-PCR (RT-qPCR)

Leaves from ToBRFV-, PepMV- or mixed-infected tomato plants (50–100 mg) were subjected to
total RNA extraction using a TRI Reagent kit (MRC, Inc., Cincinnati, OH, USA). RNA concentrations
were measured by a spectrophotometer NanoDrop ND1000 (Thermo Scientific, Wilmington, DE, USA).
cDNA synthesis was performed on 1µg of total RNA using a Verso™ cDNA Kit (Thermo Fisher Scientific,
Epsom, UK) with the oligo (dT) primer (10 pmol/µL). RT-qPCR was performed using the power SYBR
Green PCR master MIX (Applied Biosystems, Thermo Fisher scientific, Vilnius, Lithuania) and running
was performed using the StepOnePlusTM (Applied Biosystems, Fisher Scientific Company, Ottawa,
Ontario). The tomato endogenous gene TIP41 served as a reference gene [42] and was analyzed with
each tested batch of viruses. Primers for the reference gene TIP41 and the two target genes—ToBRFV-CP
and PepMV-CP—were designed with Primer3 Plus software. The primer set for ToBRFV-CP was F 5′

CACAATCGCAACTCCATCGC 3′ and R 5′ CAGGTGCAGAGGACCATTGT 3′, amplicon size of 159 bp;
for PepMV-CP was F 5′ GTGCACTTGCTGCACAGTTT 3′ and R 5′ GGTGGCACATTGCTGTCTAA 3′,
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amplicon size of 106 bp and for TIP41 was F 5′ ATGGAGTTTTTGAGTCTTCTGC 3′ and R 5′

GCTGCGTTTCTGGCTTAGG 3′, amplicon size of 235 bp. The amplification of the tested viruses
was performed in duplicates with the specific primers. Each sample was analyzed against the TIP41
endogenous gene. Each reaction contained 100 ng cDNA (cDNA reverse transcribed from 100 ng
RNA) in a 15 µL reaction mixture containing 4 µL of diluted cDNA, 3 pmols of each primer and 7.5 µL
Absolute QPCR Sybr Green Mix (Thermo Fisher Scientific, Vilnius, Lithuania ). Reaction conditions
were: 10 min at 95 ◦C (“hot start”) followed by 40 cycles of 3 sec at 94 ◦C, 15 sec at 60 ◦C, and 20 sec
at 72 ◦C. The quantitative analysis was performed using the StepOnePlusTM bio system (Applied
Biosystems, Fisher Scientific Company, Ottawa, Ontario). The percent amplification efficiency of each
of the analyzed samples equaled: 1%. ∆Ct, obtained by subtracting Ct of the endogenous gene from Ct
of the tested virus, was calculated for each tested virus in all analyzed samples. ∆∆Ct was calculated
by subtracting mean ∆Ct of each virus in the single infection samples from each ∆Ct of the respective
mixed-infection samples. The difference between viral ∆Ct of the various mixed infections and that of
single infections (comprising the derived specific ∆∆Ct), at each of the three tested temperatures, was
subjected to t-Test: two-sample assuming unequal variances. ∆∆Ct of each mixed-infection sample
served for calculation of 2−∆∆Ct for estimation of relative gene expression in the mixed-infection
samples relative to the respective single infection samples [43,44]. The mean 2−∆∆Ct ± the standard
deviation of the mean (s.d.) data for each gene in the various tested samples were graphed.

2.10. Synergy Factor (SF) Calculations

ToBRFV and PepMV co-infection effects on the proportional change in tomato plant growth or
viral load, measured by Western blot analysis, were subjected to synergy factor (SF) calculations by
applying the Abbott method for an independent joint action assumption [45,46]. The synergistic
interaction between the viruses was indicated by a higher value of the observed disease effects of
the co-infecting viruses (Eobs) when compared to the expected effects calculated from the disease
symptoms caused by each virus separately (Eexp). Eexp is calculated according to the equation:

Eexp (%) = A + B − (AB/100) (1)

where A and B are the plant proportional response to a single infection by ToBRFV or PepMV,
respectively. The synergistic interaction is calculated according to the equation:

SF = Eobs/Eexp (2)

where Eobs is the mean of the results obtained under the mixed-infection procedures. It is important
to note however, that at high response levels to co-infections, this calculation method would show low
synergy factor values [47]. For calculations of phenotypic synergy between the viruses, mean percent
reduction in plant heights or number of leaves by each virus separately, were A and B in Equation (1)
for each phenotype, and Eobs for Equation (2) was the mean observed change in those parameters in
mixed-infected plants. For calculations of synergy in total viral load, mean proportional viral load
values were estimated by measurements of the viral CP band intensity for each virus, calculated from
Western blot data using ImageJ software, as a percentage of a constant plant protein band, observed in
the same Western blot membrane subjected to Ponceau-S staining of total loaded proteins. The mean
proportional viral CP values obtained in ToBRFV or PepMV single inoculations were A and B in
Equation (1), respectively, and the mean proportional total viral load (CP of both viruses combined) in
the mixed-infected plants was Eobs in Equation (2).
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3. Results

3.1. ToBRFV and PepMV Co-Infections in Distinctly Severe Symptomatic Tomato Plants

In recent years, ToBRFV has spread widely in the tomato-growing locations in Israel, displaying
disease symptoms in 10–30% of the harvested fruits. Recently, distinctly severe viral disease symptoms
have occurred in greenhouse-grown tomato plants in Israel, resulting in scarred or open unripe fruits
along with narrow or yellow patched leaves (Figure 1).
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Figure 1. New severe symptomatic tomato plants observed in tomato-growing plots widely spread in
Israel showed mixed infections with pepino mosaic virus (PepMV) and tomato brown rugose fruit
virus (ToBRFV-IL). (a) A geographical scheme of the tomato-growing sites in Israel affected by the
new disease symptoms: 1, Ramat Negev; 2, Bsor; 3, Lakhish; 4, Arava; 5, Beit She’an Valley; 6, Hefer
Valley. (b)–(f) Symptomatic tomato plants. (b1) Brown rugose spots on unripe fruits. (b2) Mild
mottling on leaves. (c1) Scarred and open unripe fruits. (c2) Leaf narrowing. (d) Open undeveloped
fruits and interveinal chlorosis on leaves. (e) Bright yellow patched leaf margins. (f) Bright yellow
patched and marbled fruits and mosaic on fern leaves. (g) A scheme of PepMV genome depicting
open reading frames and selected deduced amino acids (aa) shared by all the Israeli isolates (GenBank
accession Nos.: MT018444, MT018445, MT018446, MT018447, MT018448, MT018449). Blue-colored aa
are characteristic of mild PepMV CH2 strains; a red-colored aa is characteristic of an aggressive PepMV
CH2 strain; a green-colored aa triplet is a conserved sequence shared by both aggressive and mild
PepMV CH2 strains; RdRp, RNA-dependent RNA polymerase; CP, coat protein. (h) High-throughput
sequencing of PepMV-Ah isolate and ToBRFV-IL isolate (GenBank accession Nos. MT018444 and
KX619418, respectively) found in symptomatic tomato plants collected from Ahituv (Hefer Valley).
Read Nos. and depths covering the whole genome of either PepMV or ToBRFV are depicted.

A study of greenhouse tomato plants conducted in Israel in 2019, covering ~80% of the
tomato-growing area, revealed a wide occurrence of the new symptom type in tomato plants.
These new symptoms featured characteristics of disease caused by PepMV aggressive strain infection
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of tomatoes [24,25]. Three to five plants from each of the 104 tomato-growing plots were sampled
and analyzed first by ELISA, and positive samples were confirmed by RT-PCR followed by Sanger
sequencing. The results revealed the presence of both ToBRFV and PepMV in the severe symptomatic
tomato plants (Table 2). The ELISA-obtained O.D. value range for the infected plants was 0.6–2.8
for ToBRFV and 1.3–3.5 for PepMV, while the control value range was 0.002–0.025. Tomato plants
co-infected by ToBRFV and PepMV have been reported [4,8] and we have recently documented the
new detection of PepMV in Israel [18]. Considering the wide spread incidence of ToBRFV-infected
tomato plants in Israel, the co-occurrence of ToBRFV and PepMV in the symptomatic plants was not
surprising. However, the wide spread of the extremely severe symptoms led us to ask whether an
aggressive PepMV strain, co-infection of various PepMV strains or ToBRFV in the mixed-infected
plants was the causal factor for the severe disease.

Table 2. Viral analyses of tomato plants collected from 104 greenhouse tomato plots in Israel,
using enzyme-linked immunosorbent assay (ELISA) and RT-PCR.

Location (Number of Samples)
ELISA a RT-PCR

ToBRFV PepMV ToBRFV PepMV

1. Ramat Negev (11) 11/11 10/11 11 10

2. Bsor (69) 69/69 50/69 69 50

3. Lakhish (5) 5/5 5/5 5 3

4. Arava (5) 5/5 5/5 5 2

5. Beit She’an Valley (8) 5/8 5/8 5 1

6. Hefer Valley (6) 6/6 6/6 6 6
a RT-PCR validations of selected ELISA-positive samples; ToBRFV, tomato brown rugose fruit virus; PepMV,
pepino mosaic virus.

3.2. Genome Characterization of PepMV Isolates in Symptomatic Tomato Plants Co-Infected by ToBRFV and PepMV

Field-collected co-infected tomato plants, demonstrating six distinctly different severe phenotypes,
were subjected to PepMV whole-genome sequencing using Sanger sequencing of RT-PCR amplicons
along the genomes (five phenotypes) and HTS (one phenotype). Each phenotype was studied
by combining fruits and leaves from three to four symptomatic tomato plants, which showed the
distinctive phenotype and were ELISA and RT-PCR positive for both ToBRFV and PepMV. Six different
PepMV isolates were identified (GenBank accession Nos.: MT018444, MT018445, MT018446, MT018447,
MT018448, MT018449). Importantly, HTS of the viral RNA preparation showed prevalence of
ToBRFV and PepMV in the tested symptomatic plants (Figure 1h). Total read number was 33,512,845.
Reads aligned exactly one time on the ToBRFV genome were 13,610,178, comprising 40.61% overall
distribution alignment rate. Reads aligned exactly one time on the PepMV genome were 3,931,318,
comprising 11.73% overall distribution alignment rate. No other plant viruses were detected. The six
PepMV isolates were highly similar, showing 99.25–99.58% nucleotide sequence identity, covering
99% of the genome. All newly identified PepMV isolates showed 98.32–98.58% nucleotide sequence
identity with PepMV CH2 strains, with 99% genome coverage. Deduced aa sequence of the six PepMV
Israeli isolates were aligned showing aa sequence identity of 99.2–99.8% in the RdRp, 98.7–100% in
the CP, 98.7–100% in TGB1, 100% in TGB2 and 98.8–100% in TGB3, with the differential aa listed in
Table S1. Importantly, analyses of the deduced aa for the presence of aa characteristic of aggressive
strains [24,29–33] showed that the six Israeli isolates were identical. We have found that excluding
an isoleucine at the 992 HFPIANG 998 domain, at the aa position 995 of the replicase coding region,
previously found in an aggressive PepMV CH2 strain [25], all other reported aa characteristic of
attenuated or mild PepMV strains were encoded by all the Israeli isolates (Figure 1g). In addition,
the conserved GDD triplet at the polymerase domain of the replicase, associated with a conditional
necrotic phenotype induction [28], was encoded by all PepMV isolates as well (at the deduced aa
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position 1306–1308). Importantly, in light of a previous report that a single aa mutation in a mild
PepMV CH2 strain could confer aggressive characteristics to the mild strain [30], it was imperative to
determine whether the Israeli PepMV isolates could be classified as mild strains.

3.3. Biological Assays and Serological Tests Showing PepMV Mild Effects in Singly Infected Tomato Plants
Turn Aggressive in Mixed Infections with ToBRFV

Characterization of the new PepMV isolate was carried out by inoculating three different cultivars
of tomato plants: Zohara, Shiran (cherry) and Ikram, with PepMV-Ya isolate (MT018447), either alone or
in a mixture with ToBRFV-IL. PepMV-Ya isolate was extracted from systemically infected D. stramonium
plants. The inoculated tomato plants were grown in a greenhouse under uncontrolled temperature
conditions (at a temperature range of 25–45 ◦C). The ELISA O.D. value range of the infected plants
was 0.3–3.1 for ToBRFV, 0.2–3.4 for PepMV while the O.D. value range of the control was 0.04–0.08.
Leaf symptom manifestations were rated as degrees of severity, the highest indicated the appearance
of shoestring-like leaves; milder manifestations were leaves with serrated margins and the lowest
severity indicated the appearance of mosaic or bright yellowing leaves (Figure 2). The percentages of
the various symptomatic leaves per plant in each cultivar under three viral inoculation conditions were
graphed. The results clearly showed that in all three tested cultivars, disease symptoms induced by
PepMV single inoculations were of the lowest severity, showing only mosaic/bright yellowing leaves,
which amounted to 44 ± 33% s.d. (n = 30), 7 ± 8% s.d. (n = 30) and 4 ± 10% s.d. (n = 33), of the total
leaves in Zohara, Shiran and Ikram, respectively. Interestingly, the ratios of mild manifestations of
serrated leaves, amounting to 7 ± 6% s.d. (n = 96), 16 ± 6% s.d. (n = 125) and 19 ± 3% s.d. (n = 134) of
the total leaves in ToBRFV singly inoculated Zohara, Shiran and Ikram plants, respectively, were 1.4- to
2.1-fold higher in ToBRFV and PepMV mixed-infected tomato varieties. Importantly, very low ratios of
symptomatic leaves showing the most severe shoestring-like phenotype were observed in ToBRFV
singly inoculated plants but the ratios were high in ToBRFV and PepMV co-inoculated plants. ToBRFV
singly inoculated Zohara, Shiran and Ikram plants showed shoestring-like leaf ratios of 12 ± 9% s.d.,
3 ± 5% s.d. and 2 ± 2% s.d, respectively, while the ToBRFV and PepMV co-inoculated cultivars showed
high ratios of 27 ± 7% s.d. (n = 113), 25 ± 9% s.d (n = 134) and 26 ± 10% s.d. (n = 133), respectively.
These results suggest that regarding leaf symptom development, the Israeli PepMV isolate is a mild
strain, and these inoculation studies seemed to recapitulate the severe effects of ToBRFV and PepMV
mixed infections.

In order to confirm that the PepMV singly inoculated tomato plants harbor viable viruses and to
analyze the possible contribution of ToBRFV and PepMV mixed infections to each virus spread range,
we tested the infectious potential of the various inoculated tomato plants and measured the extent of
viral spread. Contaminated hand transmission was carried out by crushing infected leaves (ELISA
positive) of the three-inoculum sources between fingertips followed by squeezing up to thirty new
plants, consecutively in order to measure viral spread range. All the touched tomato plants in the
various experiments were tested by ELISA, showing an O.D. value range of 0.128–2.85 for ToBRFV
and 0.093–2.065 for PepMV compared to 0.0009–0.031 of the control. The data presented in Figure 3
showed that PepMV from the PepMV singly infected tomato plant inoculum source had a low spread
range, amounting to 26.25 ± 18% s.d. of the plants (n = 80). The range of tomato plant infection by
ToBRFV from singly and ToBRFV and PepMV mixed-infected plants was high, showing infection ratios
of 84.85 ± 18% s.d. (n = 119) and 83.22 ± 15% s.d. (n = 127), respectively. The infection ratio of PepMV
from ToBRFV and PepMV mixed-infected plants was 1.5-fold higher (the factor refers to mean ratios,
n = 127) than that from PepMV singly infected plant inoculum source. Importantly, monitoring leaf
symptom development showed that during the fourteen days of the conducted experiments PepMV
singly infected plants did not show any viral symptoms. Unlike PepMV, ToBRFV singly infected plants
as well as ToBRFV and PepMV mixed-infected plants were symptomatic. ToBRFV singly infected
plants showed severe mottling and serrated leaves while mixed-infected plants (ToBRFV and PepMV
co-infected) showed additional fern leaf symptoms.
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Figure 2. Enhanced severity of symptom development in tomato brown rugose fruit virus (ToBRFV)
and pepino mosaic virus (PepMV) mixed-inoculated tomato plants compared to singly inoculated
plants. (a) A graphical depiction of mean percent symptomatic leaves in each of three tomato plant
cultivars: Zohara, Shiran and Ikram either singly inoculated with ToBRFV or PepMV, or co-inoculated
with a mixture of the viruses. The various leaf manifestations are color coded. A green color indicates
healthy leaves; a yellow color with green slanted stripes indicates mosaic yellowing leaves; a bright
orange color with vertical stripes indicates mosaic serrated leaves; a dark orange color with vertical
stripes indicates a shoestring-like phenotype. (b) Shoestring-like leaves. (c) Mosaic serrated leaves.
(d) Mosaic yellowing leaves.
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Figure 3. Infectious potential of tomato brown rugose fruit virus (ToBRFV) and pepino mosaic virus
(PepMV) singly and mixed-infected tomato plants. (a)–(d) Depiction of enzyme-linked immunosorbent
assay results. (a1) A spread range of ToBRFV from ToBRFV and PepMV mixed-infection inoculum
source (n = 127). (a2) A spread range of PepMV from ToBRFV and PepMV mixed-infection inoculum
source (n = 127). (b) A spread range of ToBRFV from ToBRFV single infection inoculum source (n = 119).
(c) A spread range of PepMV from PepMV single infection inoculum source (n = 80). (d) A graphical
depiction of calculated mean percentages of infected plants. Bars represent the standard deviation of
the mean. Exp., experiment; ToBRFV detection results are green colored; PepMV detection results are
pin colored; ToB, ToBRFV; Pep, PepMV; inf, infection; n, number of total plants.
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The low infectious potential of PepMV singly infected tomato plants could reflect a low virus titer.
Therefore, the viral CP expression levels were analyzed by Western blot of the various viral inoculated
plants grown under uncontrolled temperature conditions (at 25–45 ◦C). The obtained results revealed
that PepMV CP levels in PepMV singly inoculated plants were very low when compared to PepMV
CP levels in the ToBRFV and PepMV mixed-inoculated plants, which were 6.55-fold higher (n = 4)
(Figure 4a).
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Figure 4. Enhanced pepino mosaic virus (PepMV) titers in tomato brown rugose fruit virus (ToBRFV) and
PepMV co-inoculated tomato plants compared to PepMV singly inoculated plants. (a1,2) Western blot
analyses showing coat protein (CP) levels of ToBRFV and PepMV in singly and mixed-inoculated tomato
plants grown under uncontrolled temperatures (at a temperature range of 25–45 ◦C). (a3) A prominent
reduction in plant heights observed in the mixed-inoculated tomato plants grown at a temperature
range of 25–45 ◦C. (b1,2) Western blot analyses showing CP levels of ToBRFV and PepMV in singly and
mixed-inoculated tomato plants, grown under controlled temperatures of 20 and 32 ◦C. H, healthy
controls; M, molecular size marker; arrows indicate the two viral CPs and a constantly expressed plant
protein stained by Ponceau-S dye.

ToBRFV CP levels remained similar in single and mixed-infected plants. Low PepMV CP levels
could be indicative of impairment of replication efficiency and/or viral systemic spread. Therefore,
PepMV responsiveness to temperature reduction was tested by conducting similar inoculation
experiments under controlled temperature conditions (in three repeats). Western blot analyses showed
that upon temperature reduction from 32 to 20 ◦C, PepMV CP levels in PepMV singly infected plants
increased by a factor of 3.0 ± 1.7 s.d. (n = 4) (Figure 4b, showing a representative Western blot data).
However, under these low temperature conditions (at 20 ◦C), there was still a prominent increase in
PepMV CP levels in ToBRFV and PepMV mixed-inoculated plants when compared to PepMV single
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inoculations, amounting to a factor of 5.56 ± 4.42 s.d. (n = 14) (Figure 4b2). A study of ToBRFV
and PepMV localization in leaves of the mixed-infected tomato plants showed co-localization of the
two viruses (Figure 5).Viruses 2020, 12, x FOR PEER REVIEW 12 of 21 
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Figure 5. In situ immunofluorescence imaging of tomato brown rugose fruit virus (ToBRFV) and
pepino mosaic virus (PepMV) in mixed-inoculated tomato plants. (a1) ToBRFV coat protein (CP)
detection in mixed-inoculated tomato plant leaves, using antibodies conjugated to Alexa 488, visualized
with a green channel. (a2) PepMV CP detection in mixed-inoculated tomato plant leaves, using
antibodies conjugated to Alexa 594, visualized with a red channel. (a3) Mixed-inoculated tomato plant
leaves visualized using a bright field. (a4) ToBRFV and PepMV detection in mixed-inoculated tomato
plant leaves, using merged channels. (a5) A symptomatic leaf of mixed-inoculated tomato plants,
showing mosaic and leaf narrowing and a deformity. (b1) A healthy tomato leaf. (b2) Visualization
of a healthy tomato leaf using a green channel. (b3) Visualization of a healthy tomato leaf using a
bright field. (b4) Visualization of a healthy tomato leaf using merged channels. (c1) Visualization of a
healthy tomato leaf using a red channel. (c2) Visualization of a healthy tomato leaf using a bright field.
(c3) Visualization of a healthy tomato leaf using merged channels.

3.4. PepMV Inoculations of Tomato Plants, Preceded by ToBRFV, Resulted in a High PepMV Titer Compared to
PepMV Single Inoculations

High PepMV titers, presented by the viral CP detection, in the ToBRFV and PepMV
mixed-inoculated tomato plants compared to PepMV singly inoculated plants, could be the causal
factor of the severe disease symptoms observed in the field. To characterize the contribution of ToBRFV
to manifestations of high PepMV titer levels and increased plant symptom severity in ToBRFV and
PepMV mixed-infected tomato plants, viral inoculation experiments were conducted employing two
different ToBRFV and PepMV sequential inoculation procedures, at three different temperatures.
The rated tomato plant leaf-symptom severity observed under all experimental conditions were
summarized in Table 3.



Viruses 2020, 12, 879 13 of 21

Table 3. Symptom manifestations in mixed-infected tomato plants inoculated with a mixture of
tomato brown rugose fruit virus (ToBRFV) and pepino mosaic virus (PepMV) or sequentially by
pre-inoculations with PepMV or ToBRFV.

Temp. PepMV ToBRFV Mixed PepMV
»ToBRFV

ToBRFV
»PepMV

18 ◦C LY (20–30%)
LM (20–30%)

LY (20–30%)
LM (80–90%)
LD (20–30%)

LY (20–30%)
LM (80–90%)
LD (80–90%)

LY (60–70%)
LM (60–70%)
LD (60–70%)

LY (80–90%)
LM (80–90%)
LD (80–90%)

25 ◦C NS LM (60–70%)
LD (20–30%)

LY (60–70%)
LM (60–70%)
LD (60–70%)

LY (20–30%)
LM (80–90%)
LD (60–70%)

LY (60–70%)
LM (60–70%)
LD (20–30%)

32 ◦C NS LM (20–30%)
LD (60–70%)

LM (60–70%)
LD (20–30%)

LY (60–70%)
LM (60–70%)
LD (60–70%)

LY (20–30%)
LM (20–30%)
LD (60–70%)

Temp., temperature; LY, leaf yellowing; LM, leaf mosaic; LD, leaf deformations; NS, no symptoms; in brackets,
estimated percentages of phenotype degree of severity.

Western blot analyses showed that under all temperature conditions, PepMV CP levels were
significantly higher in mixed-infected plants obtained by ToBRFV pre-inoculations, when compared
to PepMV singly inoculated plants (Figure 6a–c). The factorial ratios were higher at 18 and 25 ◦C
when compared to 32 ◦C. Interestingly, at 18 and 25 ◦C, the enhanced PepMV CP levels in the
mixed-inoculated plants were significantly higher than the levels in PepMV singly inoculated plants
irrespective of the inoculation order (Figure 6a2–c2). In addition, specifically at 18 ◦C, mixed-infected
plants obtained by ToBRFV pre-inoculations showed significantly higher levels of ToBRFV CP when
compared ToBRFV single inoculations (Figure 6a2). Analyses of relative gene expression ratios in the
various mixed-infected plants using RT-qPCR revealed that at 18 ◦C the 2−∆∆Ct values (calculated
relative to the respective singly infected plants) reflected exactly the Western blot data at this temperature
showing high PepMV expression levels in mixed-infected plants irrespective of viral inoculation order
(Table S2, Figure 6d1). In addition, at 18 ◦C in ToBRFV pre-inoculated plants, significantly higher
PepMV expression ratios were observed compared to PepMV pre-inoculated plants, concomitant to
an increase in ToBRFV relative gene expression ratios (Figure 6d1,e1). Regarding viral inoculation
order, both RT-qPCR and Western blot data showed that at the two extreme temperatures—18 and
32 ◦C—ToBRFV pre-inoculations showed a significantly higher effect on PepMV enhanced expression
compared to the PepMV pre-inoculation procedure (Figure 6a2,c2,d1,d3). Particularly noteworthy is
the positive correlation observed at 18 ◦C between the enhanced PepMV expression and high symptom
severity in the ToBRFV pre-inoculated plants when compared to PepMV pre-inoculation (Table 3).
This correlation did not occur in the ToBRFV pre-inoculated plants that were kept at 32 ◦C, which also
showed low levels of ToBRFV (Table 3, Figure 6e3).
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Figure 6. Enhanced pepino mosaic virus (PepMV) titers in tomato plants, successively inoculated with
tomato brown rugose fruit virus (ToBRFV) and PepMV, compared to PepMV singly inoculated plants,
occurred at both low and high environmental temperatures. (a)–(c) Western blot analyses results.
(d), (e) Graphical depictions of viral relative gene expression ratios (2-∆∆Ct) calculated from quantitative
RT-PCR results. (a1) A Western blot analysis showing coat protein (CP) levels of ToBRFV and PepMV
in singly and various mixed-inoculated tomato plants grown at 18 ◦C. (a2) A graphical depiction
of a calculated mean factorial increase in viral CP levels in the two sequentially mixed-inoculated
plants compared to singly inoculated plants grown at 18 ◦C, using ImageJ software for band intensity
measurements (n = 4). (b1) A Western blot analysis showing ToBRFV and PepMV CP levels in singly
and various mixed-inoculated tomato plants grown at 25 ◦C. (b2) A graphical depiction of a calculated
mean factorial increase in viral CP levels in the two sequentially mixed-inoculated plants compared
to singly inoculated plants grown at 25 ◦C (n = 4). (c1) A Western blot analysis showing ToBRFV
and PepMV CP levels in singly and various mixed-inoculated tomato plants grown at 32 ◦C (n = 4).
(c2) A graphical depiction of a calculated mean factorial increase in viral CP levels in the two sequentially
mixed-inoculated plants compared to singly inoculated plants grown at 32 ◦C (n = 4). H, healthy
control; M, molecular size marker; arrows indicate the two viral CPs and a constantly expressed plant
protein stained by Ponceau-S dye. Dotted columns represent PepMV results; striped columns represent
ToBRFV results; bars indicate the standard deviation of the mean; a, b, c, indicate statistically significant
PepMV results between the marked columns, p < 0.05; A, B, C, indicate statistically significant ToBRFV
results between the marked columns, p < 0.05; statistical analyses: t-Test: Two sample assuming
unequal variances. (d1–3) PepMV relative gene expression ratios in the various mixed-infected tomato
plants at three different environmental temperatures. (e1–3) ToBRFV relative gene expression ratios in
the various mixed-infected tomato plants at three different environmental temperatures. Asterisks (*)
indicate a significant increase in viral relative gene expression ratios (p < 0.05), determined by subjecting
the difference between viral ∆Ct obtained in mixed infections and that obtained in single infections
(comprising the derived viral ∆∆Ct), to t-Test: Two sample assuming unequal variances. PepMV results
are pink colored; ToBRFV results are green colored; ToB, ToBRFV; Pep, PepMV; n, number of total plants.
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3.5. Synergy Factor (SF) for ToBRFV and PepMV Interactions

The significantly higher PepMV CP levels and relative gene expression ratios (2−∆∆Ct) as well
as the increase in the severe shoestring-like leaf symptoms observed in the ToBRFV and PepMV
mixed-infected tomato plants (Figure 2, Figure 6 and Table S2) were significant manifestations of
synergy between the viruses. However, for calculations of SF, estimates of relative proportions in
plant response under each inoculation condition were necessary [45,46]. Subjecting the proportional
change in plant heights and leaf number to SF calculations showed that at 18 ◦C ToBRFV and PepMV
mixed-infected plants, obtained by either inoculating the plants with a mixture of the viruses or by
successive inoculations of PepMV and ToBRFV, had SF > 1 for both parameters (Table 4). We have
also subjected the proportional viral load to SF calculations by estimating viral CP levels, obtained in
Western blots, as a proportion of a constantly expressed plant protein, detected on the same blotted
membrane by Ponceau-S total protein staining. Data observed in Figures 4a2 and 6a were subjected
to the calculations. The results clearly showed that in all tested ToBRFV and PepMV mixed-infected
plants the combined proportional viral CP values (of both ToBRFV and PepMV) were higher than
expected from the values obtained by each virus in the singly infected plants, showing SF > 1, indicating
synergistic interactions between the viruses (Table 4).

Table 4. Synergy factor of tomato brown rugose fruit virus (ToBRFV) and pepino mosaic virus (PepMV)
co-inoculation effects on tomato plant heights and total viral load.

Treatment Temp. Mean Heights (cm) s.d. (n = 4) % Height Reductions SF
Healthy 18 77 7.39 0% -

Mixed 18 46.75 2.5 39% 1.10

PepMV»ToBRFV 18 43.25 2.22 44% 1.23

PepMV 18 52.5 2.38 32% -

ToBRFV 18 74 1.63 4% -

Treatment Temp. Mean Number of
Leaves s.d. % Leaf Reductions SF

Healthy 18 10.75 0.5 0% -

Mixed 18 10 0.82 7% 2.99

PepMV»ToBRFV 18 9 0.82 16% 6.97

PepMV 18 9.5 1.29 12% -

ToBRFV 18 11.75 1.5 −9% -

Treatment Temp. Mean Intensity
Ratios, PepMV s.d. Mean Intensity

Ratios ToBRFV s.d. SF

PepMV 18 ◦C 76% 35% - - -

ToBRFV 18 ◦C - - 64% 49% -

PepMV»ToBRFV 18 ◦C 125% 33% 120% 42% 1.75

ToBRFV»PepMV 18 ◦C 190% 106% 250% 95% 3.14

PepMV 25–45 ◦C 20% 3% - - -

ToBRFV 25–45 ◦C - - 117% 37% -

Mixed 25–45 ◦C 123% 31% 78% 18% 1.47

Temp., temperature; s.d., standard deviation of the mean; SF, synergy factor.

4. Discussion

ToBRFV has been established in Israel as a major pathogen of tomato production, ever since 2014,
showing characteristic symptoms familiar to growers. In 2019, new distinctly severe symptoms were
reported in tomato plant-growing areas in Southern Israel. A study of greenhouse tomato plants was
therefore conducted covering ~80% of the tomato-growing area in Israel. This study showed that severe
symptoms were widespread in open or scarred unripe fruits with leaves showing various disease
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phenotypes including bubbling, yellow patches, narrowing or serrated margins. Interestingly, all the
observed severe symptoms were associated with ToBRFV and PepMV co-infections. Importantly, none
of the symptomatic tomato plants collected in the study were PepMV singly infected. Whole-genome
sequence analyses of six different phenotypic manifestations of the new disease revealed the occurrence
of six different PepMV isolates, which were highly similar showing ~99% nucleotide sequence identity
and 98.7–100% deduced aa sequence identity. All PepMV new isolates showed ~98% aa sequence
identity with CH2 strains. Although differing in up to 24 aa residues (Table S1), all six Israeli isolates
had the characteristic aa of attenuated or mild PepMV strains, excluding the isoleucine aa at position
995 of the RdRp, characteristic of a CH2 aggressive strain (Figure 1) [25,30,33]. Most importantly, in
laboratory analyses of phenotypic characteristics of a PepMV Israeli isolate, we have shown that three
tomato plant cultivars inoculated with the PepMV-Ya isolate did not show any of the leaf symptoms
characteristic of aggressive PepMV strains [25] suggesting that the Israeli PepMV isolates were not
aggressive strains. However, the various differences between the six Israeli isolates in deduced aa in
other sites of the encoded proteins (Table S1), not known to be associated with characterization of
symptom phenotype, might have an effect on symptom manifestations.

For further characterization of the newly identified PepMV isolates, various factors involved
in manifestations of the viral disease should be considered. Among those are the host-specific
response, viral systemic spread efficiency, viral titer and environmental conditions. Regarding the
host plant response, the data presented in the current study involved viral infections of the most
commonly occurring commercially available tomato plants harboring the Tm−22 resistance allele,
which was effective against the tobamoviruses tobacco mosaic virus (TMV) and tomato mosaic
virus (ToMV) but has been broken by ToBRFV [2]. Regarding viral titers and spread in correlation
with environmental conditions, PepMV isolates identified as CH2 strains are highly responsive to
temperature variations [28]. Accordingly, the new PepMV-Ya isolate CP levels showed an increase in
systemic viral titer upon temperature reduction by a factor of 3.0 ± 1.7 s.d. (n = 4) (Figure 4), suggesting
that the tested unaggressive isolate was not impaired in viral replication machinery or plant systemic
spread and was responsive to an environmental temperature change. In addition, PepMV-Ya singly
infected tomato plants caused viral spread in an infectivity potential assay with uninfected tomato
plants, showing viability of the PepMV viral particles (Figure 3) in the mildly symptomatic singly
inoculated plants.

HTS analysis of the field-collected symptomatic tomato plants showed the prevalence of ToBRFV
and PepMV in the viral RNA extraction. Importantly, no other plant viruses were detected. In addition,
only one PepMV strain was recovered by whole-genome sequencing of PepMV purified from
field-collected tomato plants showing six distinct manifestations of the viral disease, suggesting
that the observed severe symptoms could not be attributed to mixed infections with various PepMV
strains [27]. Therefore, our laboratory inoculation studies, showing increased PepMV-Ya titers in
ToBRFV and PepMV-Ya co-infected tomato plants compared to PepMV-Ya single infections (Figure 4,
Figure 6 and Table S2), present appropriate model systems reflecting the possible causal factors involved
in the severe symptomatic tomato plants collected from the field. For a more accurate characterization
of the field-collected symptomatic tomato plants, the possible contributions of aa differences observed
in the various encoded proteins of the six isolates to symptom manifestations need to be studied as well.
Importantly, the ToBRFV and PepMV-Ya co-inoculated plants showed increased severe symptoms
on plant leaves when compared to PepMV-Ya single inoculations (Figure 2, Figure 4 and Table 3)
and the high PepMV-Ya titers in the co-inoculated plants were associated with SF > 1 calculated for
proportional plant height reductions and an enhanced total viral load (Table 4).

Interactions between tobamoviruses and potexviruses and the contribution of tobamoviruses
to increased titers of a heterologous co-infecting virus have been observed before. For example,
induction of replication efficiencies of both cymbidium mosaic potexvirus and odontoglossum ring spot
tobamovirus in mixed-infected protoplasts has been reported [48]. In addition, an effect of tobamovirus
MP on complementation of potexvirus cell-to-cell impaired movement has been shown [49,50].
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In tomatoes, enhancement of symptom severity and potexvirus titer have been observed in plants
mixed-infected with TMV and the potexvirus potato virus X (PVX) [51–53], or mixed-infected with
ToMV and PVX [54]. Interestingly, tobamovirus and potyvirus mixed-infected Solanum brevidens plants
showed a high titer of the potyvirus although most mixed infections with potyviruses involved steady
unaffected levels of the potyvirus and increased levels of the heterologous co-infecting viruses [55].
These data strengthen our results regarding the effect of ToBRFV on enhanced PepMV expression in
the co-infected tomato plants. Most interesting are reports regarding manifestations of viral synergies
involving potexviruses, showing maximal effects on the potexvirus accumulation when potexvirus
infections were second in order [56,57]. Our results showing a prominent effect of ToBRFV on PepMV
accumulations in tomato plants pre-inoculated with ToBRFV seem to be in line with those reports
(Figure 6 and Table S2).

The mechanism involved in ToBRFV effect on PepMV titers in the mixed-infected tomatoes could
be the activity of RNA silencing suppression attributed to 126-kDa and 130-kDa small RdRp subunits
of the tobamoviruses: TMV and ToMV, respectively [58–60]. RNA silencing is a major plant response
to viral infection, suppressing viral gene expression post-transcriptionally [61,62]. While counteracting
this plant response, many viral RNA silencing suppressors (VSRs) promote viral genome amplification
and virus spread through increased cell-to-cell and long distance movement [63]. Enhancement of
potexvirus viral titers and pathogenicity involving expression of VSRs from a heterologous virus
has been observed [64]. In addition, the involvement of plant RNA silencing in potexvirus long
distance movement and the contribution of the potexvirus VSR to viral cell-to-cell movement have
been shown [65,66], strengthening the possible contribution of tobamovirus VSRs to increased PepMV
systemic titers.

The severe tomato plant symptom manifestations occurring in the ToBRFV and PepMV
mixed-infected tomato plants could be associated with VSR activities and/or the PepMV high titers.
VSR interference with the plant microRNA pathways, which participate in regulation of plant growth
and development, has been a suggested mechanism for enhanced symptom development associated
with synergy between a potexvirus and a potyvirus [67]. Regarding PepMV high titer effect on
symptom development, a mild PepMV isolate accumulation in Nicotiana benthamiana expressing p19
RNA silencing suppressor was correlated with a necrotic phenotype induction, which was attributed
to the conserved GDD triplet motif at the polymerase aa domain of the RdRp (Figure 1) [28,68].
Interestingly, the shoestring-like leaf symptom, observed in tobamovirus infected tomato plants [69,70],
was augmented in the ToBRFV and PepMV mixed-infected plants compared to ToBRFV single
infections (Figure 2), suggesting that features of tobamovirus biological effects were also affected by the
mixed-infection conditions. Whether the observed ToBRFV effects on PepMV titers and/or symptom
phenotypes in mixed-infected tomato plants involved VSR activities or direct interactions between the
viruses [71] is an intriguing question that needs further molecular analyses of this synergism.

5. Conclusions

The tobamovirus ToBRFV, a major disease-causing agent in tomato plants, could evidently initiate
distinctly severe symptoms in the plants upon co-infections with a mild potexvirus, the Israeli PepMV
CH2 isolate. Interestingly, the severe symptoms were characteristic of the effects a PepMV aggressive
strain, indicating the crucial role of PepMV in disease manifestations. The severe disease was associated
with high PepMV titers, observed more profoundly when ToBRFV preceded PepMV in the sequential
inoculation experiments. ToBRFV could therefore be involved in enhancement of PepMV titers in
the mixed-infected plants. This deduced conclusion could serve tomato growers in combating the
new severe disease. Implementing current approaches to prevent ToBRFV disease spread by breeding
new ToBRFV-resistant tomato varieties as well as inducing cross protection with mild tobamovirus
species or strains would be an important strategy towards neutralizing the ToBRFV effects on PepMV
in mixed infections.



Viruses 2020, 12, 879 18 of 21

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/8/879/s1.
Table S1: Differential deduced amino acids in six Israeli pepino mosaic virus isolates. Table S2: Relative gene
expressions and relative gene expression ratios of tomato brown rugose fruit virus (ToBRFV) and pepino mosaic
virus (PepMV), normalized to tomato endogenous gene TIP41 in mixed-infected tomato plants inoculated with a
mixture of the viruses or sequentially, by pre-inoculations with PepMV or ToBRFV.

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

Funding: This research was funded by the Israeli Chief Scientist, Ministry of Agriculture on ToBRFV grant number:
20-02-0103 to AD; https://agriscience.co.il/. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Acknowledgments: We would like to thank Shelly Ganz, Lior Avraham, Shahar Pincovici from Agricultural
Extension Service—SHAHAM for collections of symptomatic tomato plants for our study and Amnon Koren from
Histil-nurseries for supplying various tomato plant cultivars for our experiments.

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

References

1. 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]

2. 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-22 Resistance
Genes. PLoS ONE 2017, 12, e0170429. [CrossRef]

3. Fidan, H.; Sarikaya, P.; Calis, O. First report of Tomato brown rugose fruit virus on tomato in Turkey.
New Dis. Rep. 2019, 39, 18. [CrossRef]

4. 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, 2044. [CrossRef]

5. Panno, S.; Caruso, A.; Davino, S. First Report of Tomato Brown Rugose Fruit Virus on Tomato Crops in Italy.
Plant Dis. 2019, 103, 1443. [CrossRef]

6. Skelton, A.; Buxton-Kirk, A.; Ward, R.; Harju, V.; Frew, L.; Fowkes, A.; Long, M.; Negus, A.; Forde, S.;
Adams, I. First report of Tomato brown rugose fruit virus in tomato in the United Kingdom. New Dis. Rep.
2019, 40, 12. [CrossRef]

7. Cambrón-Crisantos, J.M.; Rodríguez-Mendoza, J.; Valencia-Luna, J.B.; Rangel, S.A.; de Jesús García-Ávila, C.;
López-Buenfil, J.A. First report of Tomato brown rugose fruit virus (ToBRFV) in Michoacan, Mexico.
Mex. J. Phytopathol. 2018, 37, 185–192.

8. Ling, K.-S.; Tian, T.; Gurung, S.; Salati, R.; Gilliard, A. First report of tomato brown rugose fruit virus infecting
greenhouse tomato in the US. Plant Dis. 2019, 103, 1439. [CrossRef]

9. Yan, Z.; Ma, H.; Han, S.; Geng, C.; Tian, Y.; Li, X. First report of Tomato brown rugose fruit virus infecting
tomato in China. Plant Dis. 2019, 103, 2973. [CrossRef]

10. Beris, D.; Malandraki, I.; Kektsidou, O.; Theologidis, I.; Vassilakos, N.; Varveri, C. First report of Tomato
brown rugose fruit virus infecting tomato in Greece. Plant Dis. 2020. [CrossRef]

11. Wright, D.; Mumford, R. Pepino mosaic Potexvirus (PepMV): First records in tomato in the United Kingdom.
In Plant Disease Notice; Central Science Laboratory: York, UK, 1999; Volume 89, p. 400.

12. Van der Vlugt, R.A.A.; Stijger, C.C.M.M.; Verhoeven, J.T.J.; Lesemann, D.E. First report of Pepino mosaic
virus on tomato. Plant Dis. 2000, 84, 103. [CrossRef] [PubMed]

13. Lesemann, D.-E.; Dalchow, J.; Winter, S.; Pfeilstetter, E. Occurrence of Pepino mosaic virus in European
tomato crops: Identification, etiology and epidemiology. Mitt. -Biol. Bundesanst. Fur Land Und Forstwirtsch.
2000, 323.

14. French, C.; Bouthillier, M.; Bernardy, M.; Ferguson, G.; Sabourin, M.; Johnson, R.; Masters, C.; Godkin, S.;
Mumford, R. First report of Pepino mosaic virus in Canada and the United States. Plant Dis. 2001, 85, 1121.
[CrossRef] [PubMed]

http://www.mdpi.com/1999-4915/12/8/879/s1
https://agriscience.co.il/
http://dx.doi.org/10.1007/s00705-015-2677-7
http://dx.doi.org/10.1371/journal.pone.0170429
http://dx.doi.org/10.5197/j.2044-0588.2019.039.018
http://dx.doi.org/10.5197/j.2044-0588.2019.039.001
http://dx.doi.org/10.1094/PDIS-12-18-2254-PDN
http://dx.doi.org/10.5197/j.2044-0588.2019.040.012
http://dx.doi.org/10.1094/PDIS-11-18-1959-PDN
http://dx.doi.org/10.1094/PDIS-05-19-1045-PDN
http://dx.doi.org/10.1094/PDIS-01-20-0212-PDN
http://dx.doi.org/10.1094/PDIS.2000.84.1.103C
http://www.ncbi.nlm.nih.gov/pubmed/30841211
http://dx.doi.org/10.1094/PDIS.2001.85.10.1121B
http://www.ncbi.nlm.nih.gov/pubmed/30823296


Viruses 2020, 12, 879 19 of 21

15. Jordá, C.; Perez, A.L.; Martínez-Culebras, P.; Abad, P.; Lacasa, A.; Guerrero, M. First report of Pepino mosaic
virus on tomato in Spain. Plant Dis. 2001, 85, 1292. [CrossRef] [PubMed]

16. Mumford, R.; Metcalfe, E. The partial sequencing of the genomic RNA of a UK isolate of Pepino mosaic
virus and the comparison of the coat protein sequence with other isolates from Europe and Peru. Arch. Virol.
2001, 146, 2455–2460. [CrossRef] [PubMed]

17. Roggero, P.; Masenga, V.; Lenzi, R.; Coghe, F.; Ena, S.; Winter, S. First report of Pepino mosaic virus in tomato
in Italy. Plant Pathol. 2001, 50, 798. [CrossRef]

18. 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. [CrossRef]

19. Jones, R.A.C.; Koening, R.; Lesemann, D.E. Pepino mosaic virus, a new potexvirus from pepino
(Solanum muricatum). Ann. Appl. Biol. 1980, 94, 61–68. [CrossRef]

20. Ling, K.-S. Molecular characterization of two Pepino mosaic virus variants from imported tomato seed
reveals high levels of sequence identity between Chilean and US isolates. Virus Genes 2007, 34, 1–8. [CrossRef]

21. Maroon-Lango, C.; Guaragna, M.; Jordan, R.; Hammond, J.; Bandla, M.; Marquardt, S. Two unique US isolates
of Pepino mosaic virus from a limited source of pooled tomato tissue are distinct from a third (European-like)
US isolate. Arch. Virol. 2005, 150, 1187–1201. [CrossRef]

22. Gómez, P.; Sempere, R.; Elena, S.F.; Aranda, M.A. Mixed infections of Pepino mosaic virus strains modulate
the evolutionary dynamics of this emergent virus. J. Virol. 2009, 83, 12378–12387. [CrossRef]

23. Hasiów-Jaroszewska, B.; Pospieszny, H.; Borodynko, N. New necrotic isolates of Pepino mosaic virus
representing the CH2 genotype. J. Phytopathol. 2009, 157, 494–496. [CrossRef]

24. Hanssen, I.M.; Thomma, B.P. Pepino mosaic virus: A successful pathogen that rapidly evolved from emerging
to endemic in tomato crops. Mol. Plant Pathol. 2010, 11, 179–189. [CrossRef] [PubMed]

25. Hanssen, I.; Paeleman, A.; Vandewoestijne, E.; Van Bergen, L.; Bragard, C.; Lievens, B.; Vanachter, A.;
Thomma, B. Pepino mosaic virus isolates and differential symptomatology in tomato. Plant Pathol. 2009, 58,
450–460. [CrossRef]

26. Spence, N.; Basham, J.; Mumford, R.; Hayman, G.; Edmondson, R.; Jones, D. Effect of Pepino mosaic virus on
the yield and quality of glasshouse-grown tomatoes in the UK. Plant Pathol. 2006, 55, 595–606. [CrossRef]

27. Hanssen, I.M.; Gutiérrez-Aguirre, I.; Paeleman, A.; Goen, K.; Wittemans, L.; Lievens, B.; Vanachter, A.C.;
Ravnikar, M.; Thomma, B. Cross-protection or enhanced symptom display in greenhouse tomato co-infected
with different Pepino mosaic virus isolates. Plant Pathol. 2010, 59, 13–21. [CrossRef]

28. Sempere, R.N.; Gómez-Aix, C.; Ruíz-Ramón, F.; Gómez, P.; Hasiów-Jaroszewska, B.; Sánchez-Pina, M.A.;
Aranda, M.A. Pepino mosaic virus RNA-dependent RNA polymerase pol domain is a hypersensitive
response-like elicitor shared by necrotic and mild isolates. Phytopathology 2016, 106, 395–406. [CrossRef]
[PubMed]

29. Hasiów-Jaroszewska, B.; Borodynko, N. Characterization of the necrosis determinant of the European
genotype of pepino mosaic virus by site-specific mutagenesis of an infectious cDNA clone. Arch. Virol.
2012, 157, 337–341. [CrossRef]

30. Hasiów-Jaroszewska, B.; Borodynko, N.; Jackowiak, P.; Figlerowicz, M.; Pospieszny, H. Single mutation
converts mild pathotype of the Pepino mosaic virus into necrotic one. Virus Res. 2011, 159, 57–61. [CrossRef]

31. Hasiów-Jaroszewska, B.; Paeleman, A.; Ortega-Parra, N.; Borodynko, N.; Minicka, J.; Czerwoniec, A.;
Thomma, B.P.; Hanssen, I.M. Ratio of mutated versus wild-type coat protein sequences in P epino mosaic
virus determines the nature and severity of yellowing symptoms on tomato plants. Mol. Plant Pathol.
2013, 14, 923–933. [CrossRef]

32. Duff-Farrier, C.R.; Bailey, A.M.; Boonham, N.; Foster, G.D. A pathogenicity determinant maps to the
N-terminal coat protein region of the P epino mosaic virus genome. Mol. Plant Pathol. 2015, 16, 308–315.
[CrossRef] [PubMed]

33. Chewachong, G.M.; Miller, S.A.; Blakeslee, J.J.; Francis, D.M.; Morris, T.J.; Qu, F. Generation of an attenuated,
cross-protective Pepino mosaic virus variant through alignment-guided mutagenesis of the viral capsid
protein. Phytopathology 2015, 105, 126–134. [CrossRef] [PubMed]

34. Blystad, D.-R.; van der Vlugt, R.; Alfaro-Fernández, A.; del Carmen Córdoba, M.; Bese, G.; Hristova, D.;
Pospieszny, H.; Mehle, N.; Ravnikar, M.; Tomassoli, L. Host range and symptomatology of Pepino mosaic
virus strains occurring in Europe. Eur. J. Plant Pathol. 2015, 143, 43–56. [CrossRef]

http://dx.doi.org/10.1094/PDIS.2001.85.12.1292C
http://www.ncbi.nlm.nih.gov/pubmed/30831820
http://dx.doi.org/10.1007/s007050170015
http://www.ncbi.nlm.nih.gov/pubmed/11811692
http://dx.doi.org/10.1046/j.1365-3059.2001.00621.x
http://dx.doi.org/10.3390/plants9050623
http://dx.doi.org/10.1111/j.1744-7348.1980.tb03896.x
http://dx.doi.org/10.1007/s11262-006-0003-x
http://dx.doi.org/10.1007/s00705-005-0495-z
http://dx.doi.org/10.1128/JVI.01486-09
http://dx.doi.org/10.1111/j.1439-0434.2008.01496.x
http://dx.doi.org/10.1111/j.1364-3703.2009.00600.x
http://www.ncbi.nlm.nih.gov/pubmed/20447268
http://dx.doi.org/10.1111/j.1365-3059.2008.02018.x
http://dx.doi.org/10.1111/j.1365-3059.2006.01406.x
http://dx.doi.org/10.1111/j.1365-3059.2009.02190.x
http://dx.doi.org/10.1094/PHYTO-10-15-0277-R
http://www.ncbi.nlm.nih.gov/pubmed/26667188
http://dx.doi.org/10.1007/s00705-011-1162-1
http://dx.doi.org/10.1016/j.virusres.2011.04.008
http://dx.doi.org/10.1111/mpp.12059
http://dx.doi.org/10.1111/mpp.12184
http://www.ncbi.nlm.nih.gov/pubmed/25131553
http://dx.doi.org/10.1094/PHYTO-01-14-0018-R
http://www.ncbi.nlm.nih.gov/pubmed/25496364
http://dx.doi.org/10.1007/s10658-015-0664-1


Viruses 2020, 12, 879 20 of 21

35. Zheng, Y.; Gao, S.; Padmanabhan, C.; Li, R.; Galvez, M.; Gutierrez, D.; Fuentes, S.; Ling, K.-S.; Kreuze, J.;
Fei, Z. VirusDetect: An automated pipeline for efficient virus discovery using deep sequencing of small
RNAs. Virology 2017, 500, 130–138. [CrossRef]

36. Zerbino, D.R.; Birney, E. Velvet: Algorithms for de novo short read assembly using de Bruijn graphs.
Genome Res. 2008, 18, 821–829. [CrossRef]

37. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows–Wheeler transform. Bioinformatics
2009, 25, 1754–1760. [CrossRef]

38. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357. [CrossRef]
39. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.

The sequence alignment/map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
40. Corpet, F. Multiple sequence alignment with hierarchical clustering. Nucleic Acids Res. 1988, 16, 10881–10890.

[CrossRef]
41. Muhire, B.M.; Varsani, A.; Martin, D.P. SDT: A virus classification tool based on pairwise sequence alignment

and identity calculation. PLoS ONE 2014, 9, e108277. [CrossRef]
42. Lacerda, A.L.; Fonseca, L.N.; Blawid, R.; Boiteux, L.S.; Ribeiro, S.G.; Brasileiro, A.C. Reference gene selection

for qPCR analysis in tomato-bipartite begomovirus interaction and validation in additional tomato-virus
pathosystems. PLoS ONE 2015, 10, e0136820. [CrossRef] [PubMed]

43. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2− ∆∆CT method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

44. Yuan, J.S.; Reed, A.; Chen, F.; Stewart, C.N. Statistical analysis of real-time PCR data. Bmc Bioinform. 2006, 7,
85–97. [CrossRef]

45. Abbott, W.S. A method of computing the effectiveness of an insecticide. J. Econ. Entomol 1925, 18, 265–267.
[CrossRef]

46. Murphy, J.F.; Bowen, K.L. Synergistic disease in pepper caused by the mixed infection of Cucumber mosaic
virus and Pepper mottle virus. Phytopathology 2006, 96, 240–247. [CrossRef]

47. Levy, Y.; Benderly, M.; Cohen, Y.; Gisi, U.; Bassand, D. The joint action of fungicides in mixtures: Comparison of
two methods for synergy calculation. Eppo Bull. 1986, 16, 651–657. [CrossRef]

48. Hu, W.-W.; Wong, S.-M.; Loh, C.-S.; Goh, C.-J. Synergism in replication of cymbidium mosaic potexvirus
(CymMV) and odontoglossum ringspot tobamovirus (ORSV) RNA in orchid protoplasts. Arch. Virol.
1998, 143, 1265–1275. [CrossRef]

49. SYu, M.; Fedorkin, O.; Schiemann, J.; Baulcombe, D.; Atabekov, J. Complementation of a potato virus X
mutant mediated by bombardment of plant tissues with cloned viral movement protein genes. J. Gen. Virol.
1997, 78, 2077–2083.

50. Ajjikuttira, P.; Loh, C.-S.; Wong, S.-M. Reciprocal function of movement proteins and complementation of
long-distance movement of Cymbidium mosaic virus RNA by Odontoglossum ringspot virus coat protein.
J. Gen. Virol. 2005, 86, 1543–1553. [CrossRef]

51. MacNeill, B.H.; Ismen, H. Studies on the virus-streak syndrome in tomatoes. Can. J. Bot. 1960, 38, 9–20.
[CrossRef]

52. Murakishi, H.; Honma, S. Resistance to tobacco mosaic virus in Lycopersicon hybrids evaluated by potato
virus X synergy. Euphytica 1963, 12, 27–31.

53. Balogun, O.S.; Xu, L.; Teraoka, T.; Hosokawa, D. Effects of single and double infections with Potato virus
X and Tobacco mosaic virus on disease development, plant growth, and virus accumulation in tomato.
Fitopatol. Bras. 2002, 27, 241–248. [CrossRef]

54. Balogun, O.S. Seedling age at inoculation and infection sequence affect disease and growth response in
tomato mixed infected with potato virus X and tomato mosaic virus. Int. J. Agric. Biol. 2008, 10, 145–150.

55. Syller, J. Facilitative and antagonistic interactions between plant viruses in mixed infections. Mol. Plant Pathol.
2012, 13, 204–216. [CrossRef] [PubMed]

56. Goodman, R.M.; Ross, A.F. Enhancement by potato virus Y of potato virus X synthesis in doubly infected
tobacco depends on the timing of invasion by the viruses. Virology 1974, 58, 263–271. [CrossRef]

57. Chávez-Calvillo, G.; Contreras-Paredes, C.A.; Mora-Macias, J.; Noa-Carrazana, J.C.; Serrano-Rubio, A.A.;
Dinkova, T.D.; Carrillo-Tripp, M.; Silva-Rosales, L. Antagonism or synergism between papaya ringspot virus
and papaya mosaic virus in Carica papaya is determined by their order of infection. Virology 2016, 489,
179–191. [CrossRef]

http://dx.doi.org/10.1016/j.virol.2016.10.017
http://dx.doi.org/10.1101/gr.074492.107
http://dx.doi.org/10.1093/bioinformatics/btp324
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1093/bioinformatics/btp352
http://dx.doi.org/10.1093/nar/16.22.10881
http://dx.doi.org/10.1371/journal.pone.0108277
http://dx.doi.org/10.1371/journal.pone.0136820
http://www.ncbi.nlm.nih.gov/pubmed/26317870
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1186/1471-2105-7-85
http://dx.doi.org/10.1093/jee/18.2.265a
http://dx.doi.org/10.1094/PHYTO-96-0240
http://dx.doi.org/10.1111/j.1365-2338.1986.tb00338.x
http://dx.doi.org/10.1007/s007050050374
http://dx.doi.org/10.1099/vir.0.80772-0
http://dx.doi.org/10.1139/b60-002
http://dx.doi.org/10.1590/S0100-41582002000300001
http://dx.doi.org/10.1111/j.1364-3703.2011.00734.x
http://www.ncbi.nlm.nih.gov/pubmed/21726401
http://dx.doi.org/10.1016/0042-6822(74)90160-3
http://dx.doi.org/10.1016/j.virol.2015.11.026


Viruses 2020, 12, 879 21 of 21

58. Ding, X.S.; Liu, J.; Cheng, N.-H.; Folimonov, A.; Hou, Y.-M.; Bao, Y.; Katagi, C.; Carter, S.A.; Nelson, R.S.
The Tobacco mosaic virus 126-kDa protein associated with virus replication and movement suppresses RNA
silencing. Mol. Plant-Microbe Interact. 2004, 17, 583–592. [CrossRef]

59. 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]

60. Kubota, K.; Tsuda, S.; Tamai, A.; Meshi, T. Tomato mosaic virus replication protein suppresses virus-targeted
posttranscriptional gene silencing. J. Virol. 2003, 77, 11016–11026. [CrossRef]

61. Palauqui, J.C.; Elmayan, T.; Pollien, J.M.; Vaucheret, H. Systemic acquired silencing: Transgene-specific
post-transcriptional silencing is transmitted by grafting from silenced stocks to non-silenced scions. Embo J.
1997, 16, 4738–4745. [CrossRef]

62. Voinnet, O.; Baulcombe, D.C. Systemic signalling in gene silencing. Nature 1997, 389, 553. [CrossRef]
[PubMed]

63. Moissiard, G.; Voinnet, O. Viral suppression of RNA silencing in plants. Mol. Plant Pathol. 2004, 5, 71–82.
[CrossRef] [PubMed]

64. Pruss, G.; Ge, X.; Shi, X.M.; Carrington, J.C.; Vance, V.B. Plant viral synergism: The potyviral genome encodes
a broad-range pathogenicity enhancer that transactivates replication of heterologous viruses. Plant Cell
1997, 9, 859–868. [CrossRef]

65. Schwach, F.; Vaistij, F.E.; Jones, L.; Baulcombe, D.C. An RNA-dependent RNA polymerase prevents meristem
invasion by potato virus X and is required for the activity but not the production of a systemic silencing
signal. Plant Physiol. 2005, 138, 1842–1852. [CrossRef] [PubMed]

66. Bayne, E.H.; Rakitina, D.V.; Morozov, S.Y.; Baulcombe, D.C. Cell-to-cell movement of Potato Potexvirus X is
dependent on suppression of RNA silencing. Plant J. 2005, 44, 471–482. [CrossRef]

67. Pacheco, R.; García-Marcos, A.; Barajas, D.; Martiáñez, J.; Tenllado, F. PVX–potyvirus synergistic infections
differentially alter microRNA accumulation in Nicotiana benthamiana. Virus Res. 2012, 165, 231–235.
[CrossRef]

68. Scholthof, H.B. The Tombusvirus-encoded P19: From irrelevance to elegance. Nat. Rev. Microbiol. 2006, 4,
405–411. [CrossRef]

69. Andrade, O.; Latorre, B.; Escaffi, O. Tomato mosaic virus associated with shoestring symptom in Chilean
tomatoes. Plant Dis. 1981, 65, 761–762. [CrossRef]

70. Agrios, G.N. Plant Pathology, 5th ed.; Elsevier Academic Press: San Diego, CA, USA, 2005.
71. Mascia, T.; Gallitelli, D. Synergies and antagonisms in virus interactions. Plant Sci. 2016, 252, 176–192.

[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1094/MPMI.2004.17.6.583
http://dx.doi.org/10.1128/JVI.00727-07
http://dx.doi.org/10.1128/JVI.77.20.11016-11026.2003
http://dx.doi.org/10.1093/emboj/16.15.4738
http://dx.doi.org/10.1038/39215
http://www.ncbi.nlm.nih.gov/pubmed/9335491
http://dx.doi.org/10.1111/j.1364-3703.2004.00207.x
http://www.ncbi.nlm.nih.gov/pubmed/20565584
http://dx.doi.org/10.1105/tpc.9.6.859
http://dx.doi.org/10.1104/pp.105.063537
http://www.ncbi.nlm.nih.gov/pubmed/16040651
http://dx.doi.org/10.1111/j.1365-313X.2005.02539.x
http://dx.doi.org/10.1016/j.virusres.2012.02.012
http://dx.doi.org/10.1038/nrmicro1395
http://dx.doi.org/10.1094/PD-65-761
http://dx.doi.org/10.1016/j.plantsci.2016.07.015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	A Study of New Symptomatic Tomato Plants in Israel and ToBRFV and/or PepMV Inoculation Experiments 
	Infectious Potential 
	PepMV Virion Purification and Specific Antiserum Preparation 
	Indirect Enzyme-Linked Immunosorbent Assay (ELISA) 
	Viral RNA Extraction, Reverse Transcription (RT) and PCR Amplification 
	High-Throughput Sequencing (HTS) with Illumina HiSeq Platform and Bioinformatic Analysis 
	Western Blot Analyses 
	In Situ Immunofluorescence 
	Quantitative RT-PCR (RT-qPCR) 
	Synergy Factor (SF) Calculations 

	Results 
	ToBRFV and PepMV Co-Infections in Distinctly Severe Symptomatic Tomato Plants 
	Genome Characterization of PepMV Isolates in Symptomatic Tomato Plants Co-Infected by ToBRFV and PepMV 
	Biological Assays and Serological Tests Showing PepMV Mild Effects in Singly Infected Tomato Plants Turn Aggressive in Mixed Infections with ToBRFV 
	PepMV Inoculations of Tomato Plants, Preceded by ToBRFV, Resulted in a High PepMV Titer Compared to PepMV Single Inoculations 
	Synergy Factor (SF) for ToBRFV and PepMV Interactions 

	Discussion 
	Conclusions 
	References

