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Abstract

:

Tomato brown rugose fruit virus (ToBRFV) is considered an emerging disease and a viral pandemic for tomato consumers. The objectives of this research were to analyze the biological and physicochemical characteristics of ToBRFV in tomato and tobacco plants, as well as to evaluate its natural host range. Inoculant seeds were recovered from ToBRFV-infected tomato samples in Coahuila, Mexico, and confirmed by RT-PCR. In the first greenhouse experiment, tomato plants of the F1 hybrid variety 172–300 (Yüksel), infected with ToBRFV, were used to evaluate viral inclusions (VI), dilution endpoint (DEP), the incubation period (IP), and latency period (LP). In a greenhouse experiment, Nicotiana longiflora plants were inoculated with ToBRFV to determine the in vitro longevity (IVL) and thermal inactivation (TI) of the virus in sap. Finally, the inoculation of tomato plants grown in open fields was carried out to evaluate transmission to natural hosts. The plants tested for possible ToBRFV reservoirs near the inoculum source were inspected and confirmed by a double-antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA). The results indicate that the VIs on tomato leaves manifested as X-bodies and rounded, stacked plaques within epidermal cells. The DEP required to induce the infection in plants was from a ToBRFV concentration of 1 × 10−5.5, the IP of ToBRFV occurred 9 to 12 days post-inoculation, and LP could be detected one day after inoculation. The TI of ToBRFV in N. longiflora plants occurred at 85 °C for 30 min. Ipomoea purpurea, Mirabilis jalapa, Clematis drummondii, and Solanum tuberosum were newly identified hosts of ToBRFV. The results found contribute to a better understanding of the impact of ToBRFV, managing and preventing the spread of ToBRFV in diverse environments.
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1. Introduction


Tomatoes stand out as one of the most widely used vegetables worldwide, and their popularity is due not only to their culinary versatility but also to their remarkable nutritional contribution, which includes vitamins, minerals, and antioxidants essential for a balanced and healthy diet [1]. Tomato brown rugose fruit virus (ToBRFV) is a disease that mainly impacts tomato (Solanum lycopersicum L.) and bell pepper (Capsicum annum L.) crops [2], and it has become recognized as a global phytosanitary challenge. Since its initial detection in Jordan and Israel [3,4] and its introduction in Mexico in 2018 [5,6], phytosanitary measures for ToBRFV management have focused on reducing its impact on vulnerable crops. Due to its epidemiology, ToBRFV spreads rapidly, mainly via contaminated seeds, which constitute a source of primary inoculum [7]. ToBRFV is currently present in 47 countries and 5 continents [8].



Research has centered on different aspects of the ecological management of the virus, the epidemiology of the pathosystem, gene expression, variants, strategies such as cultural control using sanitizers, and antiviral compounds, as well as diagnosis using rapid, sensitive, and sophisticated methods, and the use of resistance elicitors for the management of ToBRFV in greenhouse conditions [9]. Since the discovery of the first virus infecting tobacco plants, Tobacco mosaic virus (TMV) [10], identification has been based on the symptoms they produced, and thus the diseases caused by the virus were named [11]. This approach led to the first virus diagnosis by differential plants, an ancestral method widely used for the identification and classification of viruses of economic relevance; however, the application of these pictorial keys became complex to distinguish viruses between species, which caused this method to be considered secondary because they did not comply with the principle of a rapid and sensitive diagnosis [12].



Subsequently, the study with differential plants proved relevant by serving as indicator plants for local lesions, thus opening new perspectives in research on emerging viruses in agriculture [13]. Relevance attaches great importance to the genus Tobamovirus, which contemplates a wide variety of plant parasites, including ToBRFV; this contributes to demonstrating the number of hosts susceptible to the virus, which can be a source of primary inoculum [4,14]. Studies indicate that ToBRFV has a host range equivalent to the TMV and ToMV due to its phylogenetic origin [15]. Recently, researchers have focused on virus inactivation from exposure of infective sap to different temperatures [16]. Other studies have evaluated the persistence of ToBRFV after a culture cycle by subjecting various materials to temperatures, tools, substrates, and clothing contaminated with ToBRFV viral particles to determine virus persistence after a culture cycle [17]. In this research, the physicochemical characteristics of ToBRFV in S. lycopersicum and N. longiflora as experimental hosts were used. We proposed the investigation of poorly explored parameters of ToBRFV like dilution endpoint, latency, the incubation period of ToBRFV, thermal inactivation point, and in vitro longevity. Epifluorescence microscopy showed the presence of viral inclusions in the epidermal cells caused by ToBRFV infection. Finally, the surrounding plants of the tomato crop were examined to identify possible reservoirs of ToBRFV not previously reported.




2. Materials and Methods


2.1. Plant Growth Condition


The research was conducted at the Agricultural Parasitology greenhouse of Universidad Autónoma Agraria Antonio Narro, located in Saltillo, Coahuila, Mexico, from August 2022 to October 2023. Initially, ToBRFV was isolated from commercial greenhouses at General Cepeda, Coahuila, Mexico (N 25°19′04.0″ W 101°24′10.6″). This step required the identification of symptomatic leaflets and fruits using pictorial keys described by [4,5]. Subsequently, rapid detection by immunoStrip (Agdia, Elkhart, IN, USA) was performed to confirm the virus in the collected isolates.



The isolates were moved to the greenhouse under controlled conditions for inoculation on Rio Grande tomato plants, which served as the main source of inoculum for the assays. Virus identification was initially confirmed by DAS-ELISA using the SRA 668/0500 Reagent Set (Agdia, Elkhart, IN, USA) specific for ToBRFV [18] and later by the RT-PCR technique, following the methodology proposed by [19]. Of the three isolates examined in a previous phase [20], only the last one (Isolate FQ3) was used in the assays, considering its pathogenic characteristics previously identified.




2.2. Dilution Endpoint from Inoculations on Tomato Plants var. 172–300


For the implementation of the experiment, ball tomato var. 172–300 (Yüksel Tohum, Antalya, Turkey) were placed in seedbeds containing 200 cavities, using a substrate composed of solid organic fertilizer, coarse sphagnum peat, perlite, and vermiculite in a 1:1:1:1 ratio. Thirty days post-germination (dpg), seedlings were transplanted into 1.5 L plastic containers using the same substrate mix mentioned earlier.



Plants were fertilized by supplying nutrients for stages V1 and V2, with Steiner’s nutrient solution at 25% [21] applied twice a week. A completely randomized design was used with seven treatments, ten replications, and ten plants as the absolute control. Treatments consisted of serial dilutions of D1 (1 × 10−3), D2 (1 × 10−3.5), D3 (1 × 10−4), D4 (1 × 10−4.5), D5 (1 × 10−5), D6 (1 × 10−5.5), and D7 (1 × 10−6), using symptomatic leaf tissue with ToBRFV. The dilutions started from a first viral concentration of 1 × 101, that is, of the infected tissue preparation at 1 × 10 (w/v) in a 0.01 M phosphate-buffered solution (PBS), pH 8, and the control was PBS and celite (Merk, Mexico City, Mexico). Inoculation was carried out ten days after transplanting (dat), following the methodology established by [22].



2.2.1. Evaluation of Agronomic Variables


Parameters measured for agronomic variables covered a period of 40 days post-inoculation (dpi) until the end of the experiment. Evaluated parameters included plant height (PH), which underwent assessment using a flexometer, stem diameter (SD) with an electronic vernier, chlorophyll index (SPAD), and nitrogen (N) units, measured in real time using a Minolta SPAD 502 plus chlorophyllometer (Copersa, Spain, Barcelona). To evaluate foliage fresh weight (FFW), root fresh weight (RFW), foliage dry weight (FDW), and root dry weight (RDW), a drying oven FE-291 (Felisa, Guadalajara, Mexico) and an electronic balance XY-C (XingYun, Changzhou, China) were used [1]. Data underwent an analysis of variance (ANOVA) and means with Tukey’s test (p = 0.05) comparisons when a statistically significant difference emerged. The results were analyzed using the SAS version 9.1 statistical program.



Incidence was determined using the following equation [23]:


  Incidence   ( % )   Number   of   plants   observed   showing   ToBRFV   disease   symptom   scored   Total   number of   plants   on   the   field   × 100  











Severity was assessed, and the disease index was calculated using the equation proposed by [24,25]:


  Severity   ( % )   Area   of   diseased   tissue   Total   Area   × 100  










  DSI     %   =   ∑  e = 0      e R e × 100   5 N     × 100  








where DSI is the disease severity index; e is the class; Re is the number of plants in class (e), and N is the total number of plants. The severity diagrammatic scale for ToBRFV, as detailed by [22], was utilized in this study. All variables were assessed in a completely randomized design using ANOVA, and mean comparisons utilized the Tukey test (p = 0.05).




2.2.2. Determination of Viral Concentration by DAS-ELISA


Processed samples came from one plant per replicate, in which dilutions were the treatments. In total, there were two replicates per treatment; a total of nine treatments were processed coming from the first vegetative sprout. The assay started with plate sensitization, in which the capture antibody ACC 00960 (Agdia, Elkhart, IN, USA) was added at a concentration of 1:200 µL in 1× Carbonate Coating Buffer (CCB) solution and incubated under refrigeration (12 h at 6 ± 2 °C). Subsequently, the symptomatic tissue was macerated at a concentration of 1 × 10 (w/v) in extraction bags (12 × 15 mm) (BioCiencia, Nuevo León, Mexico) with 1× General Extract Buffer (GEB) (pH 7.5); the plate was triple rinsed with PBST Buffer (1×) and 100 µL of the extracted samples, Control+, and Control were added. Finally, the enzyme conjugate ECA ACC 00960 at a concentration of 1:200 µL in 1× ECI Buffer (pH 7.5) on the plate was washed eight times and incubated for 2 h at room temperature. Later, a PNP substrate was previously prepared in 1× Buffer (pH 9.8) at a concentration of 1 mg mL−1, poured 100 µL into each well of the plate, incubated for 30 min, and proceeded to read the optical density (O.D.) at 405 nm using a Multiskan 60 plate reader (Thermo FisherTM, Madrid, Spain). We take a total of three readings every 15 min. The viral concentration was determined based on the absorbance averages of the evaluated treatments, and the plotted data were serial dilutions and the negative control (healthy).




2.2.3. Pearson’s Correlation Analysis


Pearson’s Correlation Analysis evaluates the dilution endpoint and the effect of the variables studied on the treatments performed. Evaluated variables were VC (virus concentration), severity, DSI (disease severity index), PH (plant height), FFW (foliage fresh weight), FDW (foliage dry weight), RFW (root fresh weight), RDW (root dry weight), SPAD (leaf chlorophyll content), and SD (stem diameter).





2.3. Determination of Latency and Incubation Period from Inoculations in Tomato Plants var. 172–300


In this experiment, ball-type tomato plants var. 172–300 (Yüksel Tohum) of 40 dpg were used and transplanted into 1.5 L plastic pots using a mixture of peat moss substrate and vermiculite in a ratio of 1:1, and Steiner’s 25% nutrient solution was used [21]. Apical pruning of the plants was carried out, inducing vegetative shoots, and five days after the appearance of the first shoots, initiation of the trial began.



There were two experimental blocks, with the first block designated as an experimental inoculum source with ten treatments and four replicates, considered an infected control. The ToBRFV inoculum was prepared in a phosphate-buffered solution (PBS) with a viral concentration of 1:10 (w/v) (Figure 1A) and inoculated at 17 h with 200 µL in each first vegetative shoot of plants [22,26]. After a period of 24 h, the tissue from the second apical shoot of the four replicates of the previously inoculated plants was extracted. Such tissue served to prepare inoculum at the same concentration mentioned above and was inoculated (200 µL) on plants from the second block on the first shoot (Figure 1B), with four replicates per treatment. Inoculation was repeated on day 1(IPD1), 2 (IPD2), 3 (IPD3), 4 (IPD4), 5 (IPD5), 6 (IPD6), 7 (IPD7), 8 (IPD8), 9 (IPD9), and 10 (IPD10). A control without virus (Control−) and a control infected with ToBRFV, previously described (Control+), were also included.



2.3.1. Determination of Viral Concentration by DAS-ELISA


The evaluation of viral concentration was measured by absorbance using DAS-ELISA (Agdia, Elkhart, IN, USA) at 405 nm, 45 dpi of the experimental source (Control+). The processed samples corresponded to one plant per replicate, with treatments being the application of the 1:10 (w/v) concentration on plants with different dpi and those mentioned earlier; 2 replicates per treatment processed, which came from the second vegetative shoot (Figure 1C). The assay started with plate sensitization, in which ACC 00960 capture antibody (Agdia, Elkhart, IN, USA) at a concentration of 1:200 µL in 1× Carbonate Coating Buffer (CCB) solution was added and incubated (12 h at 6 ± 2 °C) under refrigeration. Subsequently, symptomatic tissue was macerated at a concentration of 1:10 (w/v) in extraction bags (12 × 15 mm) (BioCiencia, Nuevo León, Mexico) with General Extract Buffer (GEB) 1× (pH 7.5), the plate was rinsed three times with PBST Buffer (1×), and 100 µL of the extracted samples, Control+ and Control−, were added. Finally, we added the enzymatic conjugate ECA ACC 00960 at a concentration of 1:200 µL in ECI Buffer 1× (pH 7.5), washed the plate eight times, and incubated it for 2 h at room temperature. A PNP substrate was prepared in Buffer 1× (pH 9.8) at a concentration of 1 mg mL−1, poured 100 µL into each well of the plate, incubated for 30 min, and proceeded to read the optical density (O.D.) at 405 nm using a Multiskan 60 plate reader (Thermo FisherTM, Madrid, Spain); three readings were taken every 15 min. The viral concentration was determined based on the average absorbance of the evaluated treatments, considering the positive control as the source of the experimental inoculum.




2.3.2. Determination of Severity and Area under the Disease Progress Curve (AUDPC)


Severity was evaluated at intervals of 15, 30, and 45 dat, using the diagrammatic severity scale for ToBRFV (DSST) developed by [22]. Once data were obtained, the following equation for analysis was applied [24]:


  S e v e r i t y   ( % )   Area   of   diseased   tissue   Total   Area   × 100  











To quantify the accumulation of damage caused by ToBRFV in each day corresponding to the latency period (LP), the area under the disease progress curve produced by ToBRFV (AUDPC) using the equation proposed by [27] was calculated:


  A U D P C =   ∑  i = 1   n          Y   i   +   Y   i + 1     2     ( +   X   i + 1   −   X   i   )    











Variables were evaluated in a completely randomized design, using an ANOVA, and mean comparisons with Tukey’s test were performed, with a significance level of p = 0.05.





2.4. The Presence of ToBRFV Infective Sap in Plants of Nicotiana longiflora


2.4.1. Thermal Inactivation Points of ToBRFV in Plants of Nicotiana longiflora


N. longiflora seeds were put in trays containing 50 cavities, using a mixture of peat moss and vermiculite (1:1). Subsequently, at 30 dpg, seeds were transplanted into a 1.5 L pots and fertilized with a 25% diluted Steiner solution to promote leaf elongation.



Inoculum is used to determine the thermal inactivation point of ToBRFV with a viral concentration of 1 × 101 (w/v) following [28] with modifications. The extracts came from the extraction of one gram of infected tissue, ground in phosphate solution (PBS) (0.01 M, pH 8), and centrifuged at 6000 rpm in Eppendorf tubes. Samples were then exposed to six different temperatures, including −15 °C for 24 h of incubation at 100 rpm in a Mini Dry Bath MDB100C (Joanlab, Huzhou, China). Similarly, they underwent temperatures of 85 °C (for 15 and 30 min), 95 °C (for 15 and 30 min), and 99.5 °C (for 30 min) at 100 rpm. An IncumixTM Incubator Shaker (Daeil Tech, Gangnam, Republic of Korea) incubated all samples. An amount of 100 µL of the prepared sap was taken for each treatment and inoculated into half leaves of N. longiflora corresponding to each treatment. There were 20 replicates per treatment and readings at eight dpi were carried out by counting the number of necrotic local lesions (NLL) produced [29]. An ANOVA test and a means comparison using Tukey’s multiple range test (p = 0.05) were performed.




2.4.2. In Vitro Longevity from ToBRFV Inoculations in Nicotiana longiflora Plants


In this experiment, N. longiflora plants were grown in 50-cavity trays containing a substrate mixture composed of solid organic fertilizer, peat moss, perlite, and vermiculite in a 1:1:1:1:1 ratio, and Steiner’s nutrient solution was used for nutrient supply [21].




2.4.3. In Vitro Longevity of ToBRFV in N. Longiflora Plants


During this first stage of the longevity assay, the persistence of infective sap tissue infected with the FQ3 isolate was examined using tissue from infected plants with the FQ3 isolate. The infective inoculum was prepared in sterile distilled water at 1 × 101 (w/v) concentration in test vials and serial dilutions at concentrations of 1 × 10−2, 1 × 10−3, 1 × 10−4, and 1 × 10−5. The inoculates remain at room temperature of 22 ± 2 °C and stored for up to 330 days. In addition, dehydrated infected tissue was preserved under the above-mentioned environmental conditions, and at the end of the storage period (330 days), an inoculum was prepared at 1 × 101. After the storage period, 15-day-old N. longiflora plants were inoculated with 100 µL of preserved sap applied to half of the leaf. Subsequently, it was concentrated uniformly using a bacteriological loop until the selected area was covered according to that performed by [17], with modifications. The treatment was repeated 20 times, with each experimental unit consisting of half a sheet, and LLN evaluation was carried out at 10 dpi. The obtained results underwent an ANOVA, and the means were Tukey’s multiple range tests (p = 0.05).




2.4.4. Persistence of ToBRFV in Geometric Progression in Nicotiana longiflora Plants


The second phase of the experiment started 15 dat; a crude sap solution from plants infected with the FQ3-ToBRFV isolate, diluted to a concentration of 1 × 101 (w/v) in sterile distilled water, was prepared [30]. Since no information was available on the stability of ToBRFV in sap, we established intervals in a geometric progression of 1, 4, 8, 16, and 32 days. For the execution of the trial, five treatments for the first day, D1, D4 for the fourth day, D8 for the eighth day, D16 for the sixteenth day, and D32 for the thirty-second day each were designated. For each treatment, we performed 20 replicates, using half-detached leaves of N. longiflora as the replicate unit. The inoculation process was to apply 100 µL of the solution to the detached half-leaf, followed by complete dispersion using a bacterial dipper [17] and counting of LLN 10 dpi. The counting and analysis of the NLL were conducted using an ANOVA, and means were compared via Tukey’s mean test (p = 0.05) using the statistical software SAS version 9.1.





2.5. Viral Inclusions in Tomato var. 172–300 and Nicotiana Tabacum Plants


Tomato var. 172–300 and N. tabacum plants obtained at 40 dpi underwent inoculation with 200 µL of ToBRFV inoculum derived from isolate FQ3. After 30 dpi, tomato leaves and fruits showing apparent symptoms such as severe mosaic, yellowing, blistering, and blossoms were inspected and collected (Figure 2B). In the case of N. tabacum plants, symptoms of severe yellowing and blistering of the leaf blades appeared (Figure 2A). Sample preparation following the methodology proposed by [31] (with modifications) for identification of viral inclusions in ToBRFV, for tomato, a cut was made in the transverse section of the fruit pericarp. There were 20 replicates per species, using Methyl Green (Sigma-Aldrich, St. Louis, MO, USA, CAS: 7114-03-6) and Bengal rose (Sigma-Aldrich, CAS: 632-69-9) as dyes to stain the tissue (Figure 2C,D). Viral inclusions were reported in an OMAX advanced EPI-Fluorescence OMAX microscope (OMAX, Kent, WA, USA), equipped with a 100 W HBO power supply and a mercury lamp, adapted to a 9 MP digital camera (CMOS), set to a 1000× magnification (100×) objective at 2500× magnification.




2.6. Study of Alternate Hosts for ToBRFV Identified in the Natural Environment


2.6.1. Differential Plant Diagnosis


The trial was carried out in the greenhouse, using the same inoculum source as previous trials (isolate FQ3). Potential plant species that could serve as indicators of NLL, which could facilitate the diagnosis of ToBRFV, were identified. These species included Nicotiana longiflora, N. tabacum, N. glauca, Chenopodium giganteum, Ch. murale, and Ch. album Seeds of these species were grown in plastic pots with peat moss as a substrate. At 40 dpg, a ToBRFV inoculum was made at a concentration of 1 × 101 (w/v) using symptomatic leaf tissue in a phosphate-buffered solution (0.01 M, pH 8). Overall, 200 µL and the first leaves of each species under study were inoculated, with a total of 15 replicates for each species [32]. The screening of NLL and chlorotic (CLL) took place at 20 dpi.




2.6.2. Potential Hosts of ToBRFV


The second part of this research focused on new alternate host identification for ToBRFV by implementing an open-field experiment [33]. The absence of ToBRFV-infected bell pepper and tomato crops next to the experimental area was guaranteed. The experiment proceeded by planting eight 15 m long furrows with ball-type tomato plants var. 172–300 (Yüksel Tohum), with 30 m between plants. Inoculum with a concentration of 1 × 101 (w/v) of symptomatic leaf tissue sample was prepared in a phosphate-buffered solution (0.01 M, pH 8), and 200 µL was isolated from each plant. The evaluation occurred from 40 dpi onwards, inspecting plant species at approximately five meters. Hosts showing local (NLL and CLL) and systemic symptoms are reported.




2.6.3. Confirmation by DAS-ELISA


Confirmation of the presence of the virus in each host was examined by the DAS-ELISA technique, using the Reagent Set SRA 668/0500 (Agdia, Elkhart, IN, USA), following the methodology established by [22,32], using only hosts that exhibited both systemic and local symptoms. Samples containing a negative control (NC) were obtained from the healthy tissue of the host species under study, a positive control (PC) derived from FQ3, and samples with ToBRFV symptoms from each species tested. Three optical density measurements (405 nm) were performed at 15 min intervals using a Multiskang 60 plate reader (Thermo FisherTM, Madrid, Spain). For results to be acceptable, any sample with a value greater than twice the NC average had a positive ToBRFV infection, whereas samples with a value less than twice the NC average were negative for ToBRFV infection.





2.7. Statistical Analysis


Dilution endpoint from inoculations on tomato plants and the determination of latency and incubation period from inoculations in tomato plants tests were performed by one-way ANOVA and Tukey’s tests (p = 0.05) in the Statistical Analysis System (SAS) version 9.1 statistical software.





3. Results


3.1. Confirmation of the ToBRFV


Before the assays started, the identification of the inoculum source was confirmed, first by immunoStrip (Agdia, Elkhart, IN, USA), by DAS-ELISA, and finally by RT-PCR, which was confirmed positive for the first two tests, and for ToBRFV identity, it amplified a 475 bp fragment, which confirms its presence.




3.2. Dilution Endpoint from ToBRFV Inoculations in Tomato Plants


It was observed that tomato plants var. 172–300, which were inoculated with ToBRFV (Table 1), had a lower impact by treatment D7 on the variables PFF, PSF, PFR, SPAD, and N, as compared with the control. Likewise, this treatment did not cause the appearance of infection symptoms (severity). Similarly, the D6 treatment did not cause more severe symptoms in PH, SPAD, N, or disease severity.



Analysis of intensity, severity, and viral load by ELISA in response to ToBRFV infection (Figure 3) showed that the 1 × 10−6 dilution (D7) had significantly lower severity values (0), intensity (0.4), and ELISA (0.21). These results were remarkably like those reported for the control (0, 0, and 0.06, respectively).



Figure 4 shows a negative correlation between viral concentration and nitrogen levels in tomato leaves (r = −0.97, p ˂ 7.93 × 10−5), PFR (r = −0.962, p ˂ 1.33 × 10−4), and PSF (r = −0.96, p ˂ 1.53 × 10−4); in addition, negative reports of disease intensity and chlorophyll (r = 0.95, p ˂ 2.81 × 10−4) and nitrogen (r = −0.95, p ˂ 2.83 × 10−4) contents occurred. On the other hand, there is a positive correlation between the effect of PSF with PFR (r = 0.99, p ˂ 1.77 × 10−6) and chlorophyll content (r = 0.99, p ˂ 2.27 × 10−6), as well as between the intensity and severity of disease caused by ToBRFV (r = 0.98, p ˂ 1.35 × 10−5).




3.3. Determination of Latency and Incubation Period in Tomato Plants var. 172–300 Inoculated with ToBRFV


In tomato plants infected with ToBRFV at a concentration of 1 × 101 (w/v) it was shown that plants inoculated on days 9 (PID9) and 10 (PID10) had a decrease in viral load of 36.7% and 42.02%, respectively, when compared to the control infected with ToBRFV (Control+) (Figure 5).



The severity caused by different days of ToBRFV inoculation on tomato plants (Table 2) showed that the PID10 treatment presented a significant reduction of 0.25 at 15 dpi, 4.25 at 30 dpi, and 12.55 at 45 dpi, as compared to the infected control (Control+). Treatments PID7, IPD8, and PID9 also showed a decrease in severity at the beginning of the experiment (15 dpi), from 0.43 to 0.76 compared to the Control+. The statistically significant reduction in disease expression caused by ToBRFV (AUDPC) was reported in the PID10 treatment, which generated a disease progression of 174 compared to the infected control with 302.06 (Table 2).




3.4. Presence of ToBRFV Infective Sap in Nicotiana longiflora Plants


3.4.1. Thermal Inactivation Points of ToBRFV in Nicotiana longiflora Plants


After subjecting ToBRFV-infected saps to different temperatures, they showed that at 85 °C for 15 min followed by 85 °C for 30 min, they presented NLL on N. longiflora leaves, indicating that they did not inactivate ToBRFV but managed to reduce the number of lesions by 51.8% (52.6 NLL) and 96.1% (4.22 NLL), respectively, compared to the ToBRFV-infected control (109.2 NLL). The other temperatures evaluated were effective in inactivating ToBRFV, which prevented the appearance of NLL on tobacco leaves (Figure 6).




3.4.2. In Vitro Longevity of Nicotiana longiflora following Inoculation with ToBRFV


The persistence of infective sap with ToBRFV preserved for 330 days, evaluated on N. longiflora plants, resulted in dilutions that reduced the number of local necrotic lesions (NLL) to 1 × 10−4 (13.33) and 1 × 10−5 (10), compared to dilution of 1 × 101 (158.97), demonstrating the survival of infectious viral particles, even while remaining dormant (Figure 7). Furthermore, ToBRFV-infected tissue stored for 330 days is capable of harboring viral particles even without being in liquid media, which acquired an amount of NLL formed in N. longiflora leaves (135.33), almost equivalent to that reported with the 1 × 101 dilution.




3.4.3. Persistence of ToBRFV in Geometric Progression in Nicotiana longiflora Plants


The geometric progression of ToBRFV infection in N. longiflora plants (Figure 8) made it possible to evaluate the infection with viral particles. Inoculation of sap preserved for 32 days registered a decrease of 138.05 NLL and 188.82 NLL at 16 days, a reduction of 50.2% compared to inoculation on day 1 (378.96 NLL). In addition, inoculation of N. longiflora plants with fresh infected tomato sap at a concentration of 1 × 101 (Figure 8) generated more than twice as much NLL (378.96) compared to the same concentration kept for 330 days (158.97) (Figure 7), showing that virions can remain infectious for short periods.





3.5. Viral Inclusions in Tomato var. 172–300 and Nicotiana Tabacum Plants in Response to ToBRFV Infection


Tobamoviruses have the peculiarity of inducing physicochemical alterations in cells of infected tissue after infection with their host. The most prominent inclusions were those stained with Methyl Green in S. lycopersicum and N. tabacum tissue (Figure 9A–D). In S. lycopersicum, inclusions reported within the parenchymal palisade were rounded and stacked plaques (Figure 9A) with a size of 44.89 μm long and 30.80 μm wide, an association of X-bodies in a mass of aggregates with uniform sizes (Figure 9B) of 18.32–73.91 μm long and 18.32–28.32 μm wide, and the inclusion of X-bodies with the following dimensions: width 37.88 μm and length 54.05 μm (Figure 9C,D). In N. tabacum, in the upper epidermis, X-bodies in a mass of aggregates (Figure 9E–G) with sizes ranging from 46.45–61.98 μm wide to 48.55–102.02 μm were found, as were inclusions inside a plant cell with a size of 31.14–37.55 μm (width) and 55.31–82.01 μm long (Figure 9H). When the pericarp of severely symptomatic fruits could be visualized, chromoplasts (Figure 9I) with a diameter of 8.95 to 10.76 μm were found, with spots in the center of the epidermal.




3.6. Diagnosis of ToBRFV by Differential Plants


Table 3 shows indicator plants and possible alternative reservoirs for ToBRFV to facilitate the diagnosis of ToBRFV. As an alternative reservoir, we selected N. longiflora, Chenopodium murale, and N. glauca as indicator plants for the local lesions we selected. These species showed local symptoms, such as chlorosis and necrosis, in response to hypersensitivity (RH). Notably, these species have not previously served for virus diagnosis, making them viable options to play the role of differential plants in detecting ToBRFV. They also provide a valuable tool for evaluating the efficacy of disinfectant compounds against ToBRFV by assessing local lesions.



Host Plants Susceptible to Inoculation with ToBRFV


Weeds are a potential source of inoculum for ToBRFV, with the risk of triggering outbreaks in tomato crops either in the field or in greenhouses (Figure 10). About 28 potential hosts displaying both local and systemic symptoms were tested, which could contribute to the ToBRFV infection. ELISA tests revealed that 85.7% of these species were found to be positive for ToBRFV infection, whereas only five species are registered as alternate hosts (Table 4). Therefore, it suggests that maintaining a weed-free area could significantly reduce the spread of ToBRFV. Some weeds identified in this study belong to perennial and easily dispersed species, being reservoirs of the virus and facilitating its dissemination to tomato plants over time.






4. Discussion


4.1. Impact of ToBRFV Infection at Diverse Sap Concentrations in Tomato var. 172–300 Plants


The viral species that conform to the genus Tobamovirus are subject to relevant attention in plant pathology [36], mainly due to the remarkable stability of virions, which can reproduce by contact and often cause significant diseases in various crops [37]. Knowledge about the transmission of viral particles between plants and their roots attaches mainly to contamination of the nutrient solution, contamination of plant residues, and raw materials such as plastics, equipment, and tools [17,38]. By performing serial dilutions, we were able to identify both the dilution endpoint (DEP) and examine the effects of ToBRFV infection on tomato plants. Results indicate that ToBRFV requires at least a dilution of 1 × 10−5.5 (D6) to trigger infection in tomato var. 172–300 plants and affect agronomic variables (Table 1).



Previous research studies, such as that of [39], reported that TMV infection at a concentration of 1 × 101 reduces tomato hybrid growth, coinciding with these results that revealed a decrease in PH (21.6 cm) compared to the control (35.4 cm). In another study by [26], ToBRFV infection was evaluated in eight chili bell pepper varieties, reporting growth retardation ranging from 12 to 30%. On the other hand, results showed a loss in PH ranging from 13.56% (D7) to 38.99% (D1) (Table 1). These findings confirm those reported by [40], which mention that size reduction stands out as a principal symptom caused by virus infection in susceptible tomato hybrids.



Regarding FFW and FDW, [26] found a difference of 15 to 33% in the biomass of roots of native and jalapeño peppers infected with ToBRFV, but no statistical difference was found in foliage fresh weight between treatments. On the other hand, [41] showed that infection by the White Clover Mosaic Virus (WClMV) caused a decrease in the root biomass of Trifolium repens. The variable SD showed a minor difference between treatments and control, ranging from 70.1% (D1) to 84.25% (D7) compared with the control (Table 1). They obtained similar findings to [26] because no statistical differences emerged in the SD of the chili bell pepper treatments they evaluated. Regarding the relationship of chlorophyll (SPAD) and nitrogen (N) levels detailed in Table 1, it coincides with the research [9] showing that ToBRFV hurts chlorophyll and N production in tomato plants; however, they found that applying external elicitor therapies, such as Supermagro and enhanced Supermagro, significantly increased these variables by 27% and 26%, respectively. The results observed are consistent with the conclusions of [42], who suggest that virus infections, such as the Obuda pepper virus (OPV), affect the photosynthetic system of plants, even before visible symptoms appear, which manifests itself in the chlorophyll content.



Severity expression was symptomless only on D7 (Table 1). Several studies indicate that severity may vary in ToBRFV-infected plants due to differences in plant susceptibility, environmental conditions, the diversity of virus isolates, and the presence or absence of resistance genes in specific genotypes [43,44]. These studies were implemented on N. tabacum cv. Xanthi, targeted to assess the infective viral load of ToBRFV, confirmed that the local infection limit of the virus is 1.28 × 10−4 mg/mL [29]. Other studies carried out inoculations of different dilutions of ToBRFV in tomato plants and identified a viral load up to a dilution of (1 × 10−8, Cq = 25) from RT-qPCR [45]. The results in Figure 1 indicate that the viral concentration measured by DAS-ELISA was 0.21 absorbance (405 nm) at 45 dpi, using a dilution of 1 × 10−6, indicating that ToBRFV probably remained latent without expressing symptoms in the plants, even though the virus continued to replicate within the host, which happened in potato and eggplant [46]. Another study [47] detected ToBRFV at dilutions of 1 × 10−4 (using the 4B10 antibody) and 1 × 10−3.5 (with the 5A6 antibody), both monoclonal. This study highlighted that the sensitivity of antibodies can vary depending on whether they are monoclonal or polyclonal, which affects detection ability. In this research, monoclonal antibodies with a detection limit of 3.86 × 10−6 were used, according to the validation provided by the manufacturer.



Figure 2 shows that negative correlations exist between several agronomic variables and the presence of ToBRFV, which correspond to severity, intensity, and viral load. Various studies on the impact of tobamoviruses on plants have revealed that these viruses mainly use the phloem as the medium for their distribution in the plant, followed by cell-to-cell movement [11,14]. According to reports, their principal involvement is in the photosynthetic electron transport chain, connected to photosystem II and the Calvin cycle. This effect has an impact on chlorophyll content and shows a relationship between viral distribution in the plant and infection of the vascular system, affecting leaf fluorescence [48,49]. In addition, the concentration of viral load can influence this phenomenon, where decreased inoculum concentrations can lead to the absence of symptoms [50]. In tomato plants, it became evident that ToBRFV exhibited potential developmental damage, resulting in the depletion of essential phytohormones, such as auxin [16]. Considering the above-mentioned, the effects on tomato plants caused by ToBRFV depend directly on the amount of viral load in the plant.




4.2. Determination of the Latency and Incubation Period of ToBRFV in Tomato Plants var. 172–300


The ability of tobamoviruses to manifest an LP in infected tissues is because viruses can release their nucleic acid from the capsid after infection and before the replication process [51]. An analysis performed with TMV-infected tissue (0.1 g) in tobacco plants revealed an exponential increase in viral load with time, starting from the early stages [52]. Results obtained indicate a constant and accelerated increased viral load in tomato plants during the study period (Figure 5), particularly when the infection is established at 24 h of the experimental process, together with a virus concentration of 1.28 × 10−4 mg mL−1 [29], which showed that tomato plants exposed to ToBRFV can transmit to other tomato plants, one day after inoculation. The spread of ToBRFV in protected agriculture is attributed to mechanical damage and the use of contaminated tools, discarding seed as a source of inoculum; therefore, for a plant to show symptoms, it takes 9 to 12 days after exposure to the virus, according to the incubation period [2]. It has been demonstrated that only a 1.45% incidence of ToBRFV in a greenhouse containing tomato plants at the commencement of the crop is sufficient to achieve an infection rate of 80% after four months [51].



This study also examined how the severity of ToBRFV infection evolved in tomato plants at 15, 30, and 45 dpi and the accumulation of ToBRFV-generated AUDPC in tomato plants (Table 2). It has become documented that virus spread among plants, absent seed contamination in greenhouse tomato crops, could have a severity rate directly related to the incidence at 21 weeks post-transplanting [2]. Results in this research showed that four weeks after infection (30 dpi), there were significant levels of ToBRFV damage, which could imply an increasing correlation between the incidence and severity of infection in tomato F1 hybrids. To our knowledge, this is the only report combining aspects of latency period and disease progress with viral load accumulation.



The spread severity of ToBRFV is abiotic since mechanical manipulation of plants during routine crop work increases the spread of the disease [36,53]. Early in the emergence of ToBRFV, effective transmission involved damaging the roots and leaves of diseased plants; however, it is known that the most common way to spread the disease is by physical attachment [36]. The transmission rate between roots and seeds sown with contaminated soil is usually low [38] compared to seedlings spread in contaminated soil [54]; therefore, hands, equipment, and tools are the most effective mechanisms for ToBRFV transmission [36]. In a trial by [54], it is mentioned that three weeks after inoculation of CGMMV in tomato plants, it produced an 86% infection (without any management); however, in tomato greenhouses, 11 plants were found infected by CGMMV, which constituted 0.5% of the incidence; after the continuous management of plants and the spread of the virus in the crop, an increase of 32% of the incidence occurred after 40 days. Other studies evaluated 44 genotypes, including wild and commercial ones, and found that S. pimpinellifolium (LA1651), S. penellii (LA0716), and S. chilense (LA4117A, LA2747) had resistance to ToBRFV and did not express significant symptoms 30 dpi, whereas the hybrids evaluated showed high susceptibility, as in the case of Torry F1 [44]. According to what was described above, there is limited information on the study focused on the tolerance of tomato hybrids, whereas most of the works support the idea that wild species represent a source of resistance to ToBRFV, which can provide opportunities for the improvement in resistance genotypes via wild species.




4.3. Presence of ToBRFV Infective Sap in Nicotiana longiflora Plants


Most tobamoviruses can remain in the soil; data from [55] show that CGMMV can survive in irrigated soils, facilitating its transmission to watermelon plants. Also, it has become apparent that the presence of YTMMV in hydroponic systems could trigger epidemics via infection of the roots of healthy plants [56]. The persistence of these viruses in water contributes to their dissemination in agricultural systems, demonstrating the presence of infectious ToBRFV viral particles in wastewater located at some distance from production areas [56,57]. Lately, the persistence of ToBRFV viral particles has become apparent in conventionally treated wastewater, and these particles maintain their infectious capacity even after treatment [58]. Likewise, virulent ToBRFV particles obtained from infected persons have been ascertained in the gastrointestinal tract and oropharyngeal cavity [59]. This situation could well reflect the ability of ToBRFV to survive in plant debris after a culture cycle, although no detailed information regarding the period during which it retains its infectious capacity is provided [2]. The study conducted by [60] on the spread of ToBRFV on materials and tools indicates that the main route of pathogen dissemination in production areas is via hands, clothing, personal protective items, and footwear. Due to this circumstance, in vitro longevity, also known as persistence, has emerged as a critical descriptor for tobamoviruses, considering the point of thermal inactivation and the duration of their viability outside the organism.



Current research on the thermal inactivation point of ToBRFV in vitro experiments focuses on applying thermotherapy to seeds, tools, and substrates. In this setting, Ref. [61] extracted contaminated tomato seeds, applying thermal treatments at 72 °C for 72 h without achieving disinfection. Meanwhile, Ref. [28] used an efficient heat treatment of 92 °C for 30 min to disinfect substrates, plastic articles, and other greenhouse utensils. Similarly, [62] has indicated that the thermal inactivation point for ToBRFV is 90 °C, according to an in vitro assay with sap applied to plastic carriers and the use of Sodium Hypochlorite. The results presented in Figure 5 indicate that inhibition of ToBRFV occurred at both low (−15 °C) and high temperatures (85 °C to 99.5 °C). These varied temperatures are applicable in treatments to decontaminate equipment, tools, substrates, clothing, and seeds after a crop cycle in which the virus was present. The purpose is to reduce the source of inoculum that could trigger an epidemic in tomato plants during a subsequent growing season.



The in vitro longevity experiment reported that sap preserved for 330 days at a temperature of 22 °C, in 1 × 10−4 and 1 × 10−5 dilutions, generated a lower number of NLL; however, 1 × 101 dilutions of sap (158.9) and tissue (135.3) showed a higher number of NLL (Figure 7). The results obtained coincide with the findings of [45], in which inoculations on tomato plants cv. Moneymaker reported that ToBRFV persistence in aqueous environments was maintained for four weeks at dilutions of 1 × 10−2 and 1 × 10−4, decreasing three weeks at a dilution of 1 × 10−6, while the viral load quantified by RT-qPCR continued to increase after nine weeks (1 × 10−2, Cq 11), (1 × 10−4, Cq 21), and (1 × 10−6, Cq 21). This trend could be related to the analysis of [63], who reported that purified TMV can maintain its infectious capacity after 50 years.




4.4. Viral Inclusions


The International Committee on Taxonomy of Viruses has established that inclusion bodies are considered classification criteria for infected viruses in plants [64]. Fenner made the first descriptions of VI in 1976, and it was in 1978 that cytoplasmic inclusions became detectable [65]. They also reported elongated paracrystals, rounded and stacked plaques, and X-bodies, which were later associated with tobamovirus infection and named viroplasms [66]. This research shows inclusions like those described for tobacco mosaic virus (Figure 9A–I), where the presence of X-bodies in S. lycopersicum and N. tabacum induced by ToBRFV was found, indicating that inclusions produced do not vary in function of the host. Also, the identified inclusions in palisade parenchymal cells (Figure 9D) indicate that these inclusions may be related to membranes harboring viral replication complexes. These complexes may be highly organized structures involving elements of the cytoskeleton, allowing interaction with protein movement (PM) and facilitating its movement between cells, which favors the spread of viral infection [67]. In addition, PM increases the size of plasmodesmata so that the virus can transmit through the cytoplasm of cells [68]. The capsid protein (CP) of tobamoviruses maintains a critical role in long-distance virus dissemination [69], as it is necessary for viral movement between the vascular parenchymal and the accompanying cells [70]. The significance of the CP in interacting with host plant factors has not been thoroughly investigated [71]. Nevertheless, epidermis and mesophyll cells are pivotal scenarios for processing RNA silencing and inducing plant resistance programs [72].



There is controversy regarding the purpose of studying viral inclusions and using them as viral classification criteria. In certain circumstances, mixed infections with viruses of different genera make identification according to the species under study problematic [73]. Nevertheless, research on viral inclusions in the host has primarily aimed not at sorting but at comprehending the physicochemical alterations impacting the virus following infection [53]. Some studies suggest that X-bodies act as virus factories in the cytoplasm of a cell during the initial stages of infection, promoting virus replication and causing damage to the host [74]. From 40 dpi onwards, the presence of viroplasms that had colonized the parenchymal palisade could be observed (Figure 9). Not only do virus factories harbor PM particles, but they also store virus movement proteins [75]. These PMs play an essential role in cell-to-cell virus motility via plasmodesmata, resulting in the expression of symptoms in plants [76]. The accumulation of these particles in cells contributes to increased infection, although the host regulates and inhibits particle replication via its immune system as a defense mechanism [75]. Studies also mention that tobamovirus-infected cells, when stained with antibodies, show that replication proteins colocalize in the cytoplasmic granular bodies, known as X-bodies or viroplasms [76]. The results presented allowed us to establish a relationship between these alterations in S. lycopersicum and N. tabacum, increasing the intensity of the disease, which contributes to the cytopathology and damage caused by ToBRFV.




4.5. Diagnostic Hosts and Alternate Reservoirs of ToBRFV


Most tobamoviruses exhibit characteristic symptoms that distinguish them from other virus species [77]. According to research, ToBRFV shares a similar host range to ToMV and TMV due to its phylogenetic origin [14]. ToBRFV can infect more than 40 species spanning diverse families, such as Amaranthaceae, Apocynaceae, Asteraceae, and Solanaceae [4]; however, it cannot affect species of the families Brassicaceae, Cucurbitaceae, and Verbenaceae [32]. Tomato and bell pepper species are susceptible to natural infection by ToBRFV [14]; therefore, indicator plant screening emerges as a valuable tool to improve the ability to distinguish and diagnose ToBRFV in other plant species and to analyze susceptible hosts that served as principal sources of inoculum [2,78].



Results of this research (Table 3) show that of the six species considered as differential plants, N. longiflora, Ch. murale, and N. glauca have not yet registered as susceptible to ToBRFV infection. This finding is of significant phytosanitary concern. N. longiflora has become a model to address pest and disease resistance [79,80]. On the other hand, Ch. murale underwent research due to its insecticidal, fungicidal, and bactericidal properties, supported by its pharmacological and biological activities; however, in natural environments, it is usually an annual plant that commonly grows in association with other weeds [81]. As for N. glauca, it is a perennial invasive species that generates disturbances in response to climatic conditions, such as heavy rains and floods, demonstrating its resistance to extreme temperatures [82] and identifying it as a host highly susceptible to TMV [83]. The data collected suggest a potential risk for these species as alternative hosts of ToBRFV, which could affect tomato crops in this region of Coahuila, Mexico.



In the analysis of plants susceptible to ToBRFV inoculation under field conditions (Table 4), it was observed that eight species belong to the Solanaceae family, six to Asteraceae, three to Chenopodiaceae, two to Malvaceae, and two to Amaranthaceae. Likewise, one plant species each in the families Convolvulaceae, Labiatae, Oxalidaceae, Resedaceae, Araliaceae, Plantaginaceae, Polygonaceae, Rubiaceae, Vitaceae, Rosaceae, Ranunculaceae, and Euphorbiaceae was identified (Figure 10). Among these plants, 23 species have not previously received identification as potential hosts of ToBRFV. An analysis of the species A. hybridus, known as A. retroflexus, via ELISA and RT-PCR did not show ToBRFV [33]. These results are consistent with the findings of these researchers (Table 4). Most species identified are species considered weeds and play an essential role in the spread of viral pathogens, being a source of inoculum for dispersal via work personnel; therefore, it is important to implement appropriate management strategies, including crop rotation with non-host species and specific control of these weeds [14].



In previous reports, S. melongena and S. tuberosum have demonstrated that they play a host role for ToBRFV, being able to develop latent infections [46]. The analysis of species belonging to the Apocynaceae and Asteraceae families highlights the importance of ornamental plants susceptible to ToBRFV, such as Catharanthus roseus (an annual weed) and Glebionis coronaria (cultivated as a leafy vegetable in East Asia, but also considered as an invasive weed in California) [14]. Table 4 displays the assessment of cultivated plants near rows of tomato plants infected with ToBRFV. The plants, so far not reported as susceptible, include Vitis vinifera, Hedera helix, Oxalis latifolia, and Helianthus annus, which showed local symptoms, whereas Rubus idaeus showed no apparent symptoms; however, all species tested positive for virus infection by ELISA. Although [32] identified 12 wild species, highlighting that Ch. murale and S. nigrum are natural hosts of ToBRFV, this study has revealed that Ch. murale can also be used as a plant differential for ToBRFV. In addition, it was observed that ToBRFV can infect M. jalapa, an ornamental plant in Mexico that is important in soil phytoremediation in various desert areas of the world [84]. Several researchers indicate the importance of performing a broader host range analysis to compare ToBRFV isolates and evaluate their connection with plant species examined in other studies [4,15,32]. Based on the findings of this study, it can be inferred that ToBRFV exhibits a diverse range of hosts. However, further research is required to comprehend the potential of these reservoirs as inoculum sources for transmission to healthy tomato plants, either in greenhouses or open fields.





5. Conclusions


The results obtained revealed that PI of ToBRFV occurred between 9 and 12 days post-inoculation, while LP could be detected only one day after inoculation. It was found that ToBRFV at 1 × 10−5.5 (DEP) could still induce symptoms in tomato plants. In addition, the evaluation of serial dilutions provides a novel finding on the impact of the virus on the agronomic parameters of the tomato crop. ToBRFV IT in N. longiflora plants occurred at 85 °C for 30 min. Twenty-three plant species were found to act as ToBRFV new hosts. The VIs caused by the virus on tomato leaves were characterized by the presence of X-bodies, whose plaques were found to be rounded and stacked within the epidermal cells. The study significantly enhances our understanding of addressing and mitigating the risks associated with ToBRFV. Future research could focus on developing innovative protocols that improve the disinfection of personnel and equipment, thus facilitating the identification of viral strains originating from the region in which isolation occurs.
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Figure 1. Determination of the latency period (LP) from ToBRFV inoculations. (A) Inoculum preparation. (B) Folioles 24 h post-inoculation. (C) Apical folioles selected for analysis by DAS-ELISA. 
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Figure 2. Preparation of samples for visualization of viral inclusions. (A,B) Tomato and tobacco synthosomes. (C,D) Sample extraction and mounting. 
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Figure 3. Inoculation of tomato plants var. 172–300 in the greenhouse with different dilutions of ToBRFV. The treatments consist of different dilutions, designated as D1 = 1 × 10−3, D2 = 1 × 10−3.5, D3 = 1 × 10−4, D4 = 1 × 10−4.5, D5 = 1 × 10−5, D6 = 1 × 10−5.5, and D7 = 1 × 10−6. 
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Figure 4. Pearson’s correlation analysis between dilution end point and ToBRFV inoculations in tomato plants var. 172–300. VC (viral concentration), DSI (disease severity index), PH (plant height), FFW (foliage fresh weight), FDW (foliage dry weight), RFW (root fresh weight), RDW (root dry weight), SPAD (leaf chlorophyll content), and SD (stem diameter). 
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Figure 5. Effect of 1 × 101 (w/v) ToBRFV viral concentration on tomato plants var. 172–300 in greenhouse. Means with different letters indicate statistically significant differences, according to Tukey’s test (0.05). Bars represent the standard deviation from the mean (n = 6). Control− = control without ToBRFV, Control+ = control infected with ToBRFV, PID1 = plant inoculated day 1 after infected control, PID2 = plant inoculated day 2 after infected control, PID3 = plant inoculated day 3 after infected control, PID4 = plant inoculated day 4 after infected control, PID5 = plant inoculated day 5 after infected control, PID6 = plant inoculated day 6 after infected control, PID7 = plant inoculated day 7 after infected control, PID8 = plant inoculated day 8 after infected control, PID9 = plant inoculated day 9 after infected control, and PID10 = plant inoculated day 10 after infected control. 
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Figure 6. Determination of the thermal inactivation point of ToBRFV sap inactivation in Nicotiana longiflora plants. Means correspond to 20 replicates for each treatment. 
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Figure 7. Various dilutions of ToBRFV preserved sap inoculated to Nicotiana longiflora plants. Means correspond to 20 replicates for each treatment. 
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Figure 8. Geometric progression of ToBRFV fresh sap infection in Nicotiana longiflora plants. 
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Figure 9. Viral inclusions formed by ToBRFV infection. Different types of inclusions in S. lycopersicum (A–D), N. tabacum (E–H), infected epidermal cells of tomato folioles. Scale bars: (A) 20 μm, (B) 50 μm, (C–G) 20 μm, and (H,I) 40 μm. 
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Figure 10. Expression of systemic and local symptoms in studied hosts. Malvastrum coromandelianum (A); Ipomoea purpurea (B,Y,C); Amaranthus hybridus (D); Hedera hélix (E); Mirabilis jalapa (F); Malva neglecta (G); Bidens pilosa (H); Vitis vinífera (I); Helianthus annus (J); Chenopodium giganteum (K); Polygonum colvolvulus (L); Sonchus oleraceus (M); Bouvardia termifolia (N); Marrubium vulgare (O); Rubus idaeus (P); Ch. album (Q); A. viridis (R); Lactuca serriola (S); Nicotiana glauca (T); Clematis drummondii (U); Plantago lancelolata (V); Datura quercifolia (W); Verbesina encelioides (X); Ch. murale (Y); N. tabacum (Z,AB); Reseda luteola (AC); N. longiflora (AD); Oxalis latifolia (AE); Ricinus comunis (AF); Solanum nigrum (AG); Titonia tubaeformis (AH); and S. tuberosum (AI). 
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Table 1. Impact of varying dilutions of ToBRFV on agronomic variables in tomato var. 172–300 plants 45 days post-inoculation.
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Treatments

	
Agronomic Variables Evaluated




	
PH (cm)

	
FFW (g)

	
FDW (g)

	
RFW (g)

	
RDW (g)

	
SD (mm)

	
Chlorophyll (SPAD)

	
N

	
Severity A






	
Control

	
35.4 ± 1.14 a

	
13.34 ± 1.54 a

	
6.94 ± 0.36 a

	
7.33 ± 0.30 a

	
4.46 ± 1.96 a

	
5.08 ± 0.04 a

	
17.57 ± 1.30 a

	
5.74 ± 0.58 a

	
0 ± 0 c




	
D1

	
21.6 ± 3.36 e

	
3.77 ± 1.44 f

	
1.82 ± 0.73 g

	
1.24 ± 0.10 h

	
0.52 ± 0.06 d

	
3.56 ± 0.45 b

	
2.80 ± 2.55 e

	
1.16 ± 1.07 e

	
44.98 ± 21.48 a




	
D2

	
24.2 ± 2.17 de

	
4.68 ± 1.18 ef

	
2.35 ± 0.76 fg

	
1.60 ± 0.06 g

	
0.73 ± 0.08 d

	
3.78 ± 0.51 b

	
4.20 ± 3.84 de

	
1.34 ± 1.22 de

	
37.90 ± 21.72 ab




	
D3

	
26.1 ± 1.59 cde

	
6.16 ± 0.04 de

	
3.10 ± 0.06 ef

	
2.08 ± 0.08 f

	
1.05 ± 0.08 cd

	
4.94 ± 0.27 a

	
7.62 ± 0.04 cd

	
2.64 ± 0.15 c

	
16.00 ± 0.22 bc




	
D4

	
27 ± 2.00 cd

	
6.88 ± 0.12 d

	
3.46 ± 0.07 de

	
2.69 ± 0.16 e

	
1.30 ± 0.07 cd

	
4.84 ± 0.63 a

	
7.90 ± 0.07 c

	
2.52 ± 0.04 cd

	
11.79 ± 0.27 c




	
D5

	
29.8 ± 1.30 bc

	
7.70 ± 0.15 cd

	
4.072 ± 0.15 cd

	
3.66 ± 0.06 d

	
1.80 ± 0.02 bcd

	
4.98 ± 0.13 a

	
10.98 ± 0.16 bc

	
3.68 ± 0.13 bc

	
9.35 ± 0.24 c




	
D6

	
33.8 ± 3.56 ab

	
8.96 ± 0.15 bc

	
4.83 ± 0.10 bc

	
4.43 ± 0.06 c

	
2.38 ± 0.04 bc

	
4.38 ± 0.27 a

	
12.14 ± 0.27 b

	
4.02 ± 0.08 b

	
1.36 ± 3.04 c




	
D7

	
30.6 ± 1.67 bc

	
10.70 ± 0.11 b

	
5.48 ± 0.12 b

	
5.88 ± 0.11 b

	
2.90 ± 0.02 b

	
4.28 ± 0.13 a

	
13.12 ± 0.15 b

	
4.46 ± 0.26 b

	
0.00 ± 0.00 c




	
p value

	
0.05








Significant differences between treatments in each column have different letters in the values (Tukey, 0.05). Each value corresponds to the mean obtained from five replicates. Treatments consist of different dilutions, designated as D1 = 1 × 10−3, D2 = 1 × 10−3.5, D3 = 1 × 10−4, D4 = 1 × 10−4.5, D5 = 1 × 10−5, D6 = 1 × 10−5.5, and D7 = 1 × 10−6. PH (plant height), FFW (foliage fresh weight), FDW (foliage dry weight), RFW (root fresh weight), RDW (root dry weight), SD (stem diameter), and N (nitrogen units). An Arcosine transformed data.













 





Table 2. Severity and area under the disease progress curve (AUDPC) in tomato var. 172–300 plants in response to ToBRFV infection.
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Treatments

	
Severity (Days Post-Inoculation)

	
AUDPC




	
15

	
30

	
45






	
Control−

	
0 h

	
0 h

	
0 g

	
0 i




	
Control+

	
1.89 ± 0.08 a

	
9.85 ± 0.21 a

	
16.8 ± 0.08 a

	
302.06 ± 4.18 a




	
PID1

	
1.83 ± 0.09 ab

	
9.45 ± 0.13 ab

	
16.62 ± 0.17 a

	
293.89 ± 3.25 a




	
PID2

	
1.46 ± 0.1 b

	
9.17 ± 0.17 b

	
16.3 ± 0.08 ab

	
279 ± 4.02 b




	
PID3

	
1.45 ± 0.13 b

	
9 ± 0.18 bc

	
16.01 ± 0.19 abc

	
268.93 ± 2.58 c




	
PID4

	
1.23 ± 0.05 c

	
8.7 ± 0.23 c

	
15.65 ± 0.21 bcd

	
263.63 ± 4.17 c




	
PID5

	
1.13 ± 0.05 cd

	
8.63 ± 0.17 c

	
15.68 ± 0.09 bcd

	
253.65 ± 4.69 d




	
PID6

	
0.99 ± 0.02 d

	
8.07 ± 0.13 d

	
15.4 ± 0.08 cd

	
253.57 ± 2.36 d




	
PID7

	
0.76 ± 0.03 e

	
7.65 ± 0.1 d

	
15.12 ± 0.17 d

	
241.69 ± 2.4 e




	
PID8

	
0.55 ± 0.06 ef

	
6.05 ± 0.19 e

	
14.83 ± 0.1 de

	
212.44 ± 3.02 f




	
PID9

	
0.43 ± 0.05 fg

	
5.18 ± 0.3 f

	
14.2 ± 0.29 e

	
195.15 ± 3.46 g




	
PID10

	
0.25 ± 0.19 g

	
4.25 ± 0.25 g

	
12.55 ± 1.11 f

	
174 ± 5.37 h




	
p value

	
0.0001








Different letters in the values (Tukey, 0.05) indicate significant differences between treatments in each column. Each value corresponds to the obtained mean from four replicates. Control+ = control infected with ToBRFV, PID1 = plant inoculated day 1 after infected control, PID2 = plant inoculated day 2 after infected control, PID3 = plant inoculated day 3 after infected control, PID4 = plant inoculated day 4 after infected control, PID5 = plant inoculated day 5 after infected control, PID6 = plant inoculated day 6 after infected control, PID7 = plant inoculated day 7 after infected control, PID8 = plant inoculated day 8 after infected control, PID9 = plant inoculated day 9 after infected control, and PID10 = plant inoculated day 10 after infected control.













 





Table 3. Hosts utilized as indicator plants for ToBRFV diagnosis.
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	Family
	Host
	Local

Expressions
	Systemic

Expressions
	ELISA

Detection
	Report

by Authors





	Solanaceae
	Nicotiana tabacum L.
	NLL
	M, D.
	ANP
	[4]



	Solanaceae
	Nicotiana longiflora Cav.
	NLL
	NS
	AP
	



	Chenopodiaceae
	Chenopodium giganteum D. Don.
	CLL
	NS
	ANP
	[4,15]



	Chemopodiaceae
	Chenopodium album L.
	NLL, LLP
	NS
	ANP
	[34]



	Chenopodiaceae
	Chenopodium murale L.
	CLL
	NS
	AP
	[32]



	Solanaceae
	Nicotiana glauca Graham.
	CLL, CLS
	NS
	AP
	







AP: analysis performed; ANP: analysis not performed; CLL: chlorotic local lesions; NLL: local lesions necrotic; M: mosaic; D: leaf deformation; NS: no symptoms; CLS: chlorotic local spots; LLP: local lesions purple.













 





Table 4. Alternate hosts for ToBRFV.
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	Family
	Host
	Local

Expressions
	Systemic

Expressions
	ELISA

Detection
	Report

by Authors





	Amaranthaceae
	Amaranthus hybridus L.
	NS
	NS
	ANP
	[33]



	Convolvulaceae
	Ipomoea purpurea L
	NS
	M, D
	AP
	



	Asteraceae
	Lactuca serriola L.
	NS
	M
	AP
	



	Nyctaginaceae
	Mirabilis jalapa L.
	NS
	M, Jl, D, AS
	AP
	



	Asteraceae
	Verbesina encelioides Cav.
	LCS
	NS
	AP
	



	Labiatae
	Marrubium vulgare L.
	Ln, Jl
	NS
	AP
	



	Malvaceae
	Malva neglecta Wallr.
	CLS
	Cn, M
	AP
	



	Oxalidaceae
	Oxalis latifolia Kunth
	CLL
	D
	AP
	



	Resedaceae
	Reseda luteola L.
	CLL
	NS
	AP
	



	Araliaceae
	Hedera hélix L.
	CLL
	NS
	AP
	



	Solanaceae
	Solanum eleagnifolium Cav.
	NS
	SC
	ANP
	[14]



	Plantaginaceae
	Plantago lanceolata L.
	CLL
	NS
	AP
	



	Polygonaceae
	Polygonum convolvulus L.
	CLL
	NS
	AP
	



	Amaranthaceae
	Amaranthus viridis L.
	CLS
	NS
	AP
	



	Solanaceae
	Datura quercifolia Kunth.
	CLL, NLL
	NS
	ANP
	[35]



	Solanaceae
	Datura innoxia Mill.
	LLC, AS
	NS
	AP
	



	Asteraceae
	Bidens pilosa L.
	CLS
	NS
	AP
	



	Asteraceae
	Helianthus annus L.
	CLS
	NS
	AP
	



	Malvaceae
	Malvastrum coromandelianum (L.) Garcke
	CLL
	NS
	AP
	



	Rubiaceae
	Bouvardia termifolia (Cav.) Schleter.
	NS
	NS
	AP
	



	Solanaceae
	Solanum nigrum L.
	CLL
	NS
	ANP
	[33]



	Vitaceae
	Vitis vinífera L.
	CLS
	NS
	AP
	



	Rosaceae
	Rubus idaeus L
	NS
	NS
	AP
	



	Ranunculaceae
	Clematis drummondii K.
	NS
	M, IY, D
	AP
	



	Asteraceae
	Sonchus oleraceus L.
	CLL
	IY,
	AP
	



	Asteraceae
	Titonia tubaeformis (Jacq)
	CLS
	NS
	AP
	



	Euphorbiaceae
	Ricinus comunis L.
	CLL
	M, D
	AP
	



	Solanaceae
	Solanum tuberosum L.
	NS
	Jl, D.
	AP
	[34]







AP: analysis performed; ANP: analysis not performed; CLL: chlorotic local lesions; NLL: necrotic local lesions; M: mosaic; D: leaf deformation; IY: interval yellowing; Cn: calyx necrosis; Ln: leaflet necrosis; NS: no symptoms; CLS: chlorotic local spots; Jl: yellowing on leaves; AS: annular spot; SC: slight curliness.
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