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Abstract: Invasive weeds cause significant crop yield and economic losses in agriculture. The high-
est indirect impact may be attributed to the role of invasive weeds as virus reservoirs especially
within the commercial growing areas. The new tobamovirus tomato brown rugose fruit virus (To-
BRFV), recently identified in the Middle-East, overcomes the Tm-22 resistance allele in the cultivated
tomato varieties grown in greenhouses. In this study, we determined the role of invasive weed spe-
cies as potential hosts for TOBRFV and pepino mosaic virus (PepMV). Out of all tested weed species,
the invasive species Solanum elaeagnifolium and S. rostratum, mechanically inoculated with To-
BRFV, were positive for ToBRFV in both enzyme linked immunosorbent assay (ELISA) and RT-PCR
tests. S. rostratum was also positive for PepMV. No conspicuous phenotype was observed on To-
BRFV infected S. elaeagnifolium plants suggesting a hostplant associated defense response. S.
rostratum plants inoculated with either TOBRFV alone or a mixture of TOBRFV and PepMV-IL, con-
tained high ToBRFV levels. In addition, when inoculated with ToBRFV or PepMV-IL disease symp-
tom manifestations were observed in S. rostratum plants and the symptoms were exacerbated upon
mixed infections with both viruses. The distribution and abundance of both Solanaceae species in-
crease the risks of virus transmission between species.
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1. Introduction

Weeds cause significant crop yield and economic losses in agriculture. Worldwide,
the potential loss in overall yields of our major crops due to weeds (34%, on average) is
higher compared to other crop pests, including insects, pathogens, viruses, and animal
pests [1]. Among weeds, invasive species present major economic and ecological threats
to agriculture and natural areas. In recent decades, we have experienced a rise in the re-
ports of invasive weed species due to a significant manmade global change. Among the
leading causes for this trend are import-export trades [2,3] and climate changes [4,5]. In
the United States alone, annual losses caused only by crop-related invasive weeds were
estimated to be more than $27 billion dollars [6]. In Israel, several invasive species such as
Parthenium hysterophorus, Solanaceae spp., Ambrosia confertiflora and Amaranthus spp. have
been documented. Apparently, the invasion route of these weeds is via imported animal
feed shipments [7]. The damages of invasive weeds are not restricted to yield losses, but
could be associated with increased spread of fire-fuel [8-10] and high allergenic effects
[11-13]. However, although it may be underestimated, the highest indirect impact may be
attributed to the role of invasive weeds as virus reservoirs especially within the commer-
cial growing areas.
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The new tobamovirus tomato brown rugose fruit virus (ToBRFV), recently identified
in the Middle East [14,15], overcomes the Tm-22 resistance allele in the cultivated tomato
varieties grown trellised in greenhouses [14]. Subsequently, outbreaks of the ToOBRFV dis-
ease were reported in North America [16,17], Germany [18], Turkey [19], Greece [20],
Spain, Netherland and China [21]. TOBRFV causes a range of symptoms in tomato varie-
ties [22]. Fruit yellowing and bleaching are the most commonly occurring symptoms, of-
ten accompanied by a necrotic peduncle [14,23]. In addition, a worldwide spread of the
mechanically transmitted potexvirus, pepino mosaic virus (PepMV), has occurred as well
[24-27]. PepMV could cause fruit necrosis and plant wilting [28,29]. These two viruses
(ToBRFV and PepMV) most profoundly affect the yield and quality of tomato plants.

Plant manipulations such as planting and fruit picking, as well as pruning and trel-
lising, which are essential for tomato plant cultivation, are the practices predisposing the
plants for disease spread of mechanically transmitted viruses. Regarding PepMV, even
direct contact between healthy and infected plants could spread the disease [30]. Interest-
ingly, beneficial insects are also implicated in transmission of TOBRFV, which could occur
through mechanical adsorption of the viruses to the insects [31,32]. Most importantly, the
potexvirus PepMV and tobamoviruses in general are seed-borne viruses [24,33].

The emerging spread of ToBRFV in worldwide tomato production could have been
accelerated by traded tomato fruits contributing to the disease spread across continents
and countries [34].

Several weeds have been previously identified as potential reservoirs of plant vi-
ruses. In a study conducted on 98 weed species in the state of New York, 17 species were
identified as hosts for iris yellow spot virus (IYSV), potato leafroll virus (PLRV) and potato
virus Y (PVY) [35]. Various studies have shown that within identified host weed species,
there was a high proportion of invasive weeds. P. hysterophorus, a prominent invasive
wide spread weed species, was infected with viral genes with high nucleotide sequence
identity with several tested viruses including cherry tomato leaf curl virus (CToLCV) and
tobacco curly shoot alphasatellite (TbCSA) [36]. In Turkey, A. retroflexus appeared to be a
common host of several viruses such as cucumber mosaic virus (CMV), PVY, tomato spot-
ted wilt orthotospovirus (TSWV) and more [37]. Ventenata dubia, an invasive weed species
infesting grasslands, rangelands and pastures throughout the USA was susceptible to bar-
ley or cereal yellow dwarf virus (B/CYDV) infection and served as a transient agent for
crop infection [38]. Recently, Shargil et al [39] have documented new invasive weed spe-
cies as optional hosts for the tobamovirus cucumber green mottle mosaic virus (CGMMYV)
in Israel. A. graecizans and A. muricatus, although a-symptomatic, tested positive for
CGMMYV, whereas the invasive weed Datura stramonium was CGMMYV positive only in
the inoculated leaves [39].

The main goal of the current study was to determine the potential of invasive weeds
as virus hosts for TOBRFV and PepMV. Invasive weeds common within the commercial
tomato growing areas (e.g. in greenhouses and open fields) were tested. Understanding
ToBRFV and PepMYV potential hosts in weeds throughout the production cycles of tomato
crops during the sequential growing seasons provides additional information that may
contribute to more efficient disease management via weed control approaches.

2. Results and discussion
2.1. Susceptibility of various weed species to TOBRFV and PepMV infections.

A wide variety of host plants for viruses detrimental to vegetable crops could have a
major role in interference with the various measures pursued to control viral disease pri-
mary sources. Weeds growing adjacent to crops could serve as reservoirs of various dis-
ease-causing agents counteracting measures of crop rotations and quarantines that have
been implemented to contain and overcome a disease. During the recent years, the to-
bamovirus ToBRFV has caused severe disease damages to elite tomato plants, harboring
the durable Tm-22 resistance gene [14]. Partial host plant analyses of TOBRFV showed var-
ious weed species that belonged to the Solanaceae family such as S. nigrum, as well as the


https://doi.org/10.20944/preprints202208.0079.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2022 d0i:10.20944/preprints202208.0079.v1

Amaranthaceae family members such as Chenopodium murale, which were serologically pos-
itive for the virus, with or without mottling symptoms [14,40].

ToBRFV-CP

Figure 1. Natural occurrence of weeds adjacent to tomato plants in a commercial tomato green-
house. (a) ToBRFV infected Chenopodium murale. (b) TOBRFV infected Solanum nigrum. (c) Quantifi-
cation of ToBRFV inoculum by SDS-PAGE using a BSA reference followed by coomassie blue stain-
ing. M, molecular size marker; B, bovine serum albumin (BSA); T, ToBRFV; B4-B32 are pg of BSA;
T13 and T26 are pl of 1.4 times diluted ToBRFV inoculum.

In our study, we have attempted to widen the scope of weed species susceptible to
ToBRFV infection and included two endemic weeds and eight major invasive weeds of
the Israeli flora in our tests. Out of all tested weed species, two invasive Solanaceae species
were identified as possible hosts of TOBRFV. S. elaeagnifolium and S. rostratum, mechani-
cally inoculated with ToBRFV, were positive for TOBRFV in both enzyme linked immuno-
sorbent assay (ELISA) and RT-PCR tests (Table 1).

Table 1. Susceptibility of various invasive weed species to TOBRFV and PepMYV infections. Diag-
nostics was carried out using enzyme linked immunosorbent assay (ELISA) followed by RT-PCR.

) . Invasive/ ELISA RT-PCR
Species Family ] Infected plant part
native ToBRFV  PepMV  ToBRFV  PepMV

Amaranthus blitoides Amaranthaceae  invasive leaves - - - -
. . leaves - - - -

Amaranthus retroflexus Amaranthaceae invasive -
inflorescence - - X X
Digitaria sanguinalis Poaceaa native leaves - - - -
Solanum nigrum Solanaceae leaves + X + X
Conyza bonariensis Asteraceae invasive leaves - - - -
Conyza canadensis Asteraceae invasive leaves - - - -
Setaria adhaerens Poaceaa native leaves - - - -
Solanum rostratum Solanaceae invasive leaves + + + +
Solanum elaeagnifolium Solanaceae invasive leaves + - + -
leaves - - - -

Sorghum halepense Poaceaa invasive -
inflorescence - - X X
; ; . . leaves - - - -

Xanthium strumarium Asteraceae invasive fruit

ruits - - - -

+ = Positive results 2.5 fold compared to the negative control.
X=Not tested

- Negative results less than 2.5 fold the compared to the negative control.
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Following the first cycle of mechanical inoculations, the two weed species S. elaeag-
nifolium and S. rostratum were re-inoculated with ToBRFV using a larger plant number of
34 and 26 plants, respectively. Apparently, 35% of S. elaeagnifolium plants and 88% of S.
rostratum plants were ToBRFV positive, as tested by ELISA.

Recently a synergism has been documented between the tobamovirus ToBRFV and
the mild strain of PepMV-IL potexvirus, which were both found in mixed infections of
commercially available tomato fruits and in elite tomato crops [34,41]. The new severe
disease symptoms, conspicuously observed during the wintertime in Israel, were charac-
teristic of an aggressive PepMYV strain although only the mild PepMV-IL was present in
the mixed infected plants [41]. The synergism between ToBRFV and PepMV-IL was man-
ifested in accelerated levels of PepMV-IL in the presence of ToBRFV, when compared to
PepMV-IL levels in PepMV-IL singly infected tomato plants. This synergism has been re-
produced in a glass house grown crop, kept at 24+3°C growing temperature conditions
[41]. We have therefore asked whether the tested weeds could host the mild PepMV-IL
that could initiate synergism with the abundant ToBRFV. We have found that only S.
rostratum, mechanically inoculated with either ToOBRFV or PepMV-IL, tested positive for
both ToBRFV and PepMV-IL using ELISA and RT-PCR tests (Table 1). None of the other
analyzed weeds tested positive for PepMV-IL alone suggesting that those weeds could
not be the source for PepMV-IL and the consequential synergism with ToBRFV in toma-
toes in Israel [41].

2.2. S. elaeagnifolium as a host for plant viruses.

S. elaeagnifolium is a deep-rooted perennial weed species native to the Western plains
of the United States and Mexico [42]. According to a literature documentation by A. Dafni,
the initial introduction of this species into Israel had occurred in 1956 through Egypt [43].
Today, this weed has spread intensely across the country and inhabited extensive areas
and multiple habitats. Due to its high abundance across the country, we may assume that
since the first introduction in 1950s multiple introductions have occurred. Propagation of
this weed occurs via seeds, creeping rhizomes or root fragments [44]. Distribution into
new habitats may include the transfer of commercial seed and plant material harvested
from infested fields. Root fragments retain high sprouting ability and could be extended
up to 2 m from the parent plant [45]. In addition, dried plants could break off and spread
with the wind their attached berries similar to tumbleweed seed dispersal [43]. In Israel,
S. elaeagnifolium infests agricultural and non-agricultural habitats including field crops,
roadsides and waste grounds. We have therefore analyzed the risk of S. elaeagnifolium to
serve as a potential host of TOBRFV.

In order to test the infectious potential of TOBRFV in infected S. elaeagnifolium plants
we have first established the presence of the virus in the plants using RT-qPCR and west-
ern blot assays that quantitate the virus. We have found that indeed TOBRFV was detected
in the inoculated plants but the virus titer was very low, compared to tomato plants (Fig.
2a, b). Importantly, in a bioassay performed on N. glutinosa plants with S. elaeagnifolium,
inoculated either with ToOBRFV alone or with a mixture of ToOBRFV and PepMYV, the test
plants were infected in two out of three plants and one out of three plants, respectively.
These results indeed confirm that although low in ToBRFV titer, S. elaeagnifolium plants
infected with the virus could serve as a primary infection source. The low ToBRFV titer
could be related to the genetic background of S. elaeagnifolium that has close genetic prox-
imity to S. melongena (eggplants) [46], which were not susceptible to ToOBRFV infections
[14,40]. Interestingly, no conspicuous phenotype was observed on ToBRFV infected S.
elaeagnifolium plants suggesting that hostplant associated defense response, specific to S.
elaeagnifolium, has determined the phenotype preservation and the low ToBRFV levels
(Fig. 1c-e). Solanaceae family members' characteristic defense response could be more ef-
fective under conditions of low ToBRFV systemic infections, determined by host suscep-
tibility to TOBRFV replication or movement. Importantly, S. elaeagnifolium plant could not
host the potexvirus PepMV-IL using both a single inoculum source of the virus and an
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inoculum source extracted from ToBRFV and PepMV-IL mixed infected tomato plants, in
which a synergism between the co-infecting viruses accelerated PepMV-IL levels (Fig. 2a,
b; [41]). The unique response of S. elaeagnifolium to inoculations with ToBRFV and/or
PepMV-IL could indicate that the plant unique defense response determines the resistance
towards ToBRFV induced disease manifestations and it is worth further studying as a tool
for the development of virus-resistant crop varieties.
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Figure 2. S. elaeagnifolium is a new host of TOBRFV, keeping a low virus titer. Graphical depiction of
ToBRFV relative gene expression ratios in comparison to healthy controls (using the RPL8 endoge-
nous gene). 2"-AACt was calculated from quantitative RT-PCR results (a). Western blot analyses
showing high ToBRFV-CP levels in singly inoculated ToBRFV tomato plants compared to single
and mixed-inoculated S. elaeagnifolium plants (TOBRFV n=5, PepMV n=2, Mixed n=5). M, molecular
size marker; arrows indicate the ToBRFV-CP; H, healthy control (b). Depiction of S. elaeagnifolium
plants (c, healthy controls) that were a-symptomatic at 30 dpi following inoculation either with To-
BRFV alone (d) or a mixture of TOBRFV and PepMV (e).

Several studies have indicated S. elaeagnifolium potential as a host of crop plant pests.
In a study aimed to identify potential sources of infection of both tomato plants and S.
elaeagnifolium by tomato yellow leaf curl virus (TYLCV) and tomato yellow leaf curl Sar-
dinia virus (TYLCSV), S. elaeagnifolium was identified as a natural host of the two viruses
[47]. S. elaeagnifolium plants collected from pepper (Capsicum annuum) fields were in-
fected and identified as hosts for pepper mottle virus (PepMoV) as well [48].
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2.3. S. rostratum response to plant viruses.

Unlike S. elaeagnifolium, S. rostratum plants inoculated with either TOBRFV alone or a
mixture of TOBRFV and PepMV-IL, contained high ToBRFV levels when the inoculum
source was S. lycopersicum plants (Fig. 3a). In a biological assay testing the infectious po-
tential of TOBRFV in S. rostratum plants by inoculating either new un-infected S. rostratum
plants (Fig. 2a) or un-infected S. lycopersicum plants (Fig. 3b), both test plants were in-
fected. Nevertheless, the tomato inoculum source has constantly caused higher TOBRFV
titer in either one of the inoculated plants (Fig. 3a, b). Importantly, similar to S. lycopersi-
cum plants, S. rostratum plants were infected by PepMV-IL when either singly inoculated
or in a mixture with ToBRFV and the plants showed synergism between the viruses man-
ifested in increased PepMV-IL levels under mixed infection conditions (Fig. 3c, d). Mani-
festation of the synergism was also observed in symptom development showing yellow-
ing and mottling on serrated leaves and leafroll (Fig. 3e-g). Severe disease symptom man-
ifestations associated with TOBRFV and PepMV-IL mixed infections, resembling elite to-
mato plant response to the mixed infections, could serve as a warning sign designating a
disease area detrimental for re-growing tomato crops. The similarities between S. rostra-
tum and S. lycopersicum regarding ToBRFV and PepMV-IL infections could be an addi-
tional indication of genetic similarities between these two Solanaceae species with a possi-
ble common ancestor as previously assessed [49,50].
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Figure 2. S. rostratum is a new host of TOBRFV and PepMYV in a single and mixed infections. Graph-
ical depictions of ToBRFV relative gene expression ratios in comparison to healthy controls (with
the TIP41 endogenous gene). 2"-AACt was calculated from quantitative RT-PCR results showed that
both inoculum sources, S. rostratum (a) and S. lycopersicum (b), were infectious. Western blot anal-
yses showing CP levels of PepMV (c) ToBRFV (d) in singly and mixed-inoculated S. rostratum plants
in comparison with (H), a healthy control. Symptomatic S. rostratum plants inoculated with PepMV
alone (e), ToBRFV alone (f) or with a mixture of TOBRFV and PepMV showing leafroll and serrated
leaves (g).

S. rostratum is a noxious weed as it grows aggressively following habitat disturbance
[51], livestock is discouraged from grazing on vegetation where it grows as thorns cover
all the plant except the flowers [52]. This species is a native species of the Mexican high-
lands [53], and has invaded several different regions across the world including Canada,
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China, Russia, Australia, and Europe [51]. In contrast to S. elaeagnifolium this species re-
produces only via seeds as dried berries open up and spread their seeds. However, similar
to S. elaeagnifolium, plants may also break and move across the land as tumbleweeds im-
proving seed distribution [53]. In Israel, S. rostratum was first documented at the Jezreel
valley in 1953, since then several field populations have been located in the Jordan valley,
the Hulla valley and at the Mediterranean Sea coast line [54]. S. rostratum can be found
mainly within field and at field margins of crops, such as watermelon (Citrullus lanatus
Thunb.), onion (Allium cepa L.), and tomato (S. lycopersicum L.).

Although the infectious potential of TOBRFV in S. rostratum was lower than that of
ToBRFV in S. lycopersicum (Fig. 3a, b), an ongoing evolutionary process is possible when
further viral host jumps may accelerate the spread and the damage of the virus in the
future via S. rostratum. In order to confirm the preservation and infectious potential of
ToBRFV in S. rostratum, we have planted in 100 L pots four ToBRFV infected plants for
flowering and seed development under natural environmental conditions. New plants
grown from the germinated seeds were subjected to virus identification. One out of the
five mature plants was ToBRFV positive in ELISA test showing optical density (O.D.) val-
ues of 4.7 times the negative refrence with no visual symptomes. Further research is
needed to understand the potential of transgenerational transmission of ToBRFV in S.
rostratum.

3. Materials and Methods
3.1. Plant material and virus source for the inoculation experiments.

Seeds of various weed species collected during 2018-2019 in agricultural fields or
field margins were tested for susceptibility to TOBRFV and PepMYV infection. Tested spe-
cies were; A. blitoides, A. retroflexus, Digitaria sanguinalis, Conyza canadensis, C. bonariensis,
Setaria adhaerens, S. rostratum, S. elaeagnifolium, Sorghum halepense, Xanthium strumarium.
Seeds were germinated in 500ml pots filled with commercial potting media (Tuff, Marom
Golan, Israel) including Osmocote® slow release fertilizer. Seedlings were grown in a
greenhouse under natural growing conditions for the spring season at Newe Yaar Re-
search Center. At a three to four leaf stage, seedlings were transferred into plastic pots
0.3L containing one plant per pot.

ToBRFV and PepMV were extracted from infected tomato plants. To ensure single
inoculations of either TOBRFV or PepMV ToBRFV was isolated on Nicotiana tabacum cv.
Samsun, systemically infected by ToBRFV only (Oded Lachman, personal communica-
tion). PepMV was isolated on D. stramonium plants, systemically infected by PepMV and
developed necrotic local lesions towards ToBRFV [14,55]. Cultures of each virus were
propagated continuously on tomato plants cv. Ikram (heterozygote for the Tm-22 re-
sistance allele), serving as a source of inoculum. The inoculum was prepared by grinding
virus infected tomato leaves ~1 g/25 ml 0.01M sodium phosphate buffer pH=7.0. For esti-
mating viral content viral proteins were extracted with urea-SDS-f-mercaptoethanol
(USB) buffer using X1.4 dilution factor and proteins were run on SDS-PAGE adjacent to a
bovine serum albumin (BSA) control (Figure 1c). Coomassie staining allowed estimation
of viral CP in the inoculum, which was ~0.4 mg/ ml sap inoculum. The inoculation was
performed mechanically by rubbing the ToBRFV or PepMV sap extract on the tested
weeds 5-10 plants from each weed species. Plants were kept in a 24°C+3°C growth cham-
ber. At the thirty days post inoculation (DPI) leaf samples were collected for virus diag-
nostics first by ELISA followed by RT-PCR.

3.2. Viral inoculations for quantitative RT-PCR and bioassays.

S. elaeagnifolium, S. rostratum and S. lycopersicum (tomato) plants were grown in
growth chambers in a glass-house under controlled temperature conditions of 24°C+3°C.
The tobamovirus tomato brown rugose fruit virus (TOBRFV) was mechanically inoculated
onto the third leaf above the cotyledon. In parallel, a mixture of ToOBRFV and the mild
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potexvirus pepino mosaic virus (PepMV-IL) that have shown synergism under mixed in-
fection conditions, observed in tomato plants in Israel [34,41], were also inoculated onto
the tested plants. PepMV-IL single inoculations were carried out for quantifying the in-
crease in PepMV-IL under mixed infection conditions. At 30 days post inoculations bio-
assays of infected plants were carried out by using two inoculum sources: TOBRFV singly
infected and ToBRFV and PepMV-IL mixed infected plants. For bioassays using N. gluti-
nosa, equal ratios of inoculation buffer per leaf weight (6ml/g) of S. elaegnifolium served for
inoculations. Systemic ToBRFV infection showing mild mottling were tested using ELISA
[14]. Bioassays for S. rostratum singly infected with ToBRFV as well as mixed infected with
ToBRFV and PepMV were also carried out by inoculating new wild S. rostratum plants
and the cultivated tomato plants.

3.3. Serological tests for viral infections.

ELISA and western blot analyses were carried out as previously described [34]. For
western blot analyses, the leaf samples were comparable by keeping constant ratios of
USB lysis buffer and leaf weights. Accordingly, the increase in PepMV-IL in ToBRFV and
PepMV-IL mixed infected plants was a quantitative comparison with PepMV-IL singly
infected plants.

3.4. Quantitative RT-PCR (RT-qPCR).

Leaves from ToBRFV-, PepMV- or mixed-infected S. elaeagnifolium and S. rostratum
and tomato plants (50-100 mg) were subjected to total RNA extraction using a TRI Rea-
gent kit (MRC, Inc., Cincinnati, OH, USA). RNA concentrations were measured by a spec-
trophotometer NanoDrop ND1000 (Thermo Scientific, Wilmington, DE, USA). cDNA syn-
thesis was performed on 1 pg of total RNA using a Verso™ cDNA Kit (Thermo Fisher
Scientific, Epsom, UK) with the oligo (dT) primer (10 pmol/uL). RT-qPCR was performed
using the power SYBR Green PCR master MIX (Applied Biosystems, Thermo Fisher sci-
entific, Vilnius, Lithuania) and running was performed using the StepOnePlusTM (Ap-
plied Biosystems, Fisher Scientific Company, Ottawa, Ontario). The endogenous gene
TIP41 served as a reference gene for S. elaeagnifolium and S. lycopersicum [41] and RPL8
served as a reference gene for S. elaeagnifolium and S. rostratum [56] and were analyzed
with each tested batch of viruses. Primers for the 2 reference genes TIP41 and RPLS, 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 TIP41 was F 5'
ATGGAGTTTTTGAGTCTTCTGC 3’ and R 5" GCTGCGTTTCTGGCTTAGG 3' ,amplicon
size of 235 bp and for RPL8 was F 5' CAAATCCCACACCCACCACC 3' and R 5'
GCAACACATTACCAACCATAAGACTAGC 3', amplicon size of 260 bp. The amplifica-
tion of the tested viruses was performed in duplicates with the specific primers. Each sam-
ple was analyzed against the TIP41 endogenous gene (S. elaeagnifolium and S. lycopersicum)
and RPL8 (S. elaeagnifolium and S. rostratum). Each reaction contained 100 ng cDNA
(cDNA reverse transcribed from 100 ng RNA) in a 15 pL reaction mixture containing 4 uL
of diluted cDNA, 3 pmols of each primer and 7.5 uL 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 Bio-
systems, Fisher Scientific Company, Ottawa, Ontario). The percent amplification effi-
ciency of each of the analyzed samples equaled: 1%. ACt, obtained by subtracting Ct of
the endogenous gene from Ct of the tested virus, was calculated for each tested virus in
all analyzed samples. AACt was calculated by subtracting mean ACt of each virus in the
healthy control samples from each ACt of the respective infected samples. AACt of each
infected sample served for calculation of 2-AACt for estimation of relative gene expression
in the infected samples relative to the respective healthy control samples. The mean
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2-AACt * the standard deviation of the mean (s.d.) data for each gene in the various tested
samples were analyzed and visualized using R software [57].

4. Conclusions

Several studies have indicated S. elaeagnifolium potential as a host of crop plant pests.
However, to the best of our knowledge, this is the first report on S. rostratum as a host for
tobamoviruses and potexviruses and most importantly the synergism between ToBRFV
and PepMV-IL in weed plants. The distribution and abundance of both Solanaceae species
within and in close proximity to agricultural fields in general, and specifically to tomato
fields, increase the risks of virus transmission between species. Due to the fact that toma-
toes constitute an important crop, developing weed management tools in order to prevent
further buildup of S. elaeagnifolium and S. rostratum populations is highly important.
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