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Tomato chlorosis virus (ToCV) is an emergent plant pathogen that causes a yellow leaf disorder in tomato and other solanaceous crops. ToCV is a positive-sense, single stranded (ss)RNA bipartite virus with long and flexuous virions belonging to the genus Crininivirus (family Closteroviridae). ToCV is phloem-limited, transmissible by whiteflies, and causes symptoms of interveinal chlorosis, bronzing, and necrosis in the lower leaves of tomato accompanied by a decline in vigor and reduction in fruit yield. The availability of infectious virus clones is a valuable tool for reverse genetic studies that has been long been hampered in the case of closterovirids due to their genome size and complexity. Here, attempts were made to improve the infectivity of the available agroinfectious cDNA ToCV clones (isolate AT80/99-IC from Spain) by adding the hepatitis delta virus (HDV) ribozyme fused to the 3′ end of both genome components, RNA1 and RNA2. The inclusion of the ribozyme generated a viral progeny with RNA1 3′ ends more similar to that present in the clone used for agroinoculation. Nevertheless, the obtained clones were not able to infect tomato plants by direct agroinoculation, like the original clones. However, the infectivity of the clones carrying the HDV ribozyme in Nicotiana benthamiana plants increased, on average, by two-fold compared with the previously available clones.
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INTRODUCTION

The family Closteroviridae includes almost 60 plant virus species grouped in the genera Ampelovirus, Closterovirus, Crinivirus, and Velarivirus, plus a number of unassigned species (Fuchs et al., 2020). Closterovirids have several distinguishing characteristics: (i) semi-persistent transmission by insects, (ii) mostly phloem-limited, (iii) elongated particles built of several proteins, (iv) large single-stranded positive-sense RNA (ssRNA) genomes of 15–20 kb, (v) presence of a gene homologous to the HSP70 family of cell chaperones, and (vi) a number of duplicated and diverged genes (Agranovsky, 2016). Some closterovirids cause serious diseases in important crops including citrus, cucurbits, grapevine, sugar beet, and tomato.

Criniviruses have segmented genomes encapsidated in separate long flexuous virions that are restricted to the phloem and companion cells (Kiss et al., 2013). With the sole exception of a tripartite crinivirus, potato yellow vein virus (Livieratos et al., 2004), all members of the genus have a bipartite genome composed of RNA1 and RNA2. Criniviruses are transmitted in nature by whiteflies (Hemiptera: Aleyrodidae) in a semi-persistent manner (Tzanetakis et al., 2013).

Tomato chlorosis virus (ToCV) is a crinivirus first detected in Florida, United States, where it has caused a problem in greenhouse-grown tomatoes since 1989, the so-called “yellow leaf disorder” (Wisler et al., 1998b). Symptoms caused by ToCV include interveinal yellow chlorotic areas that initially develop on lower leaves and progress toward the upper leaves of the plant. Bronzing and red patches often occur within the yellow areas, and the leaves become thickened and crispy with the margins slightly curled upward. Fruit ripening is affected, resulting in economic damage. In addition to tomato, ToCV has a wide range of hosts, both natural and experimental, including some important crops such as pepper and potato (Fiallo-Olivé and Navas-Castillo, 2019). ToCV is transmitted in a semi-persistent manner by whiteflies of the Bemisia tabaci cryptic species complex (at least MEAM1, MED, and NW, formerly biotypes B, Q, and A, respectively), Trialeurodes vaporariorum, and T. abutiloneus (Wisler et al., 1998a; Navas-Castillo et al., 2000). Since first being detected in Florida, the presence of ToCV has been confirmed in 38 countries or territories of the Americas, Europe, Asia, and Africa (Fiallo-Olivé and Navas-Castillo, 2019; Amer et al., 2020; Kimathi et al., 2020; Raza et al., 2020), constituting a paradigmatic example of an emergent plant pathogen. The ToCV genome is composed of RNA1 (8,593–8,596 nt)-encoding proteins associated with virus replication and RNA2 (8,242–8,247 nt)-encoding proteins associated with encapsidation, cell-to-cell movement, and whitefly transmission (Wintermantel et al., 2005; Lozano et al., 2006, 2007; Figure 1). Both RNA segments contain gene-encoding proteins with RNA silencing suppression activity, the p22 protein in RNA1 and the major (CP) and minor (CPm) coat proteins in RNA2 (Cañizares et al., 2008).
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FIGURE 1. Genome organization and construction of infectious full-length cDNA clones of tomato chlorosis virus (Spanish isolate AT80/99-IC; RNA1, pToCV-35S-RNA1-Rbz; RNA2, pToCV-35S-RNA2-Rbz) in the binary vector pJL89 under the control of duplicated 35S cauliflower mosaic virus promoter (2 × 35S promoter) and incorporation of hepatitis delta virus ribozyme (HDV-Rbz). Blue boxes represent open reading frames with the putative protein products or protein domains indicated inside or above. PRO, protease; MT, methyltransferase; HEL, helicase; RdRp, RNA-dependent RNA polymerase; Hsp70 h, heat shock protein 70 homolog; CP, coat protein; CPm, minor coat protein.


Infectious plant virus clones are a useful tool for confirming Koch’s postulates, performing genetic reverse studies, and selecting plants in breeding programs. Viral DNA (or cDNA for RNA viruses) cloned within bacterial Escherichia coli plasmids can be used for in vitro transcription of viral RNA for the inoculation of plants (for RNA viruses) or for in vivo transcription after transformation into Agrobacterium tumefaciens and inoculation of plants by agroinfiltration (for RNA and DNA viruses). In vivo transcription from agroinfectious clones is usually under the control of the (duplicated) cauliflower mosaic virus (CaMV) 35S promoter and the A. tumefaciens nopaline synthase (NOS) terminator signal.

Currently, agroinfectious clones are available for eight closterovirids, the closteroviruses beet yellows virus (BYV) (Prokhnevsky et al., 2002), citrus tristeza virus (CTV) (Gowda et al., 2005; Ambrós et al., 2011, 2013), and grapevine leafroll-associated virus 2 (GLRaV-2) (Liu et al., 2009; Kurth et al., 2012), the criniviruses lettuce infectious yellows virus (LIYV) (Wang et al., 2009), lettuce chlorosis virus (LCV) (Chen et al., 2012), ToCV (Orílio et al., 2014; Zhao et al., 2016), and cucurbit chlorotic yellows virus (CCYV) (Shi et al., 2016), and the ampelovirus grapevine leafroll-associated virus 3 (GLRaV-3) (Jarugula et al., 2018).

Most of the agroinfectious closterovirid clones are not able to directly infect the natural hosts but require prior infection of Nicotiana benthamiana plants or protoplasts as an intermediate host. Then, the infectious (purified) virions can be transferred to the natural hosts to initiate a successful infection by different methods like bark-flap or stem slash inoculation (CTV; Gowda et al., 2005; Ambrós et al., 2011), whitefly transmission by membrane feeding (LIYV; Wang et al., 2009), or grafting (ToCV; Orílio et al., 2014). An exception is the case of an agroinfectious clone of GLRaV-2 that is able to directly infect young micropropagated grapevine plants (Kurth et al., 2012).

In most cases examined, non-viral nucleotides at the 5′ extremity of in vivo transcripts generated from infectious plant RNA virus clones greatly diminished infectivity (Boyer and Haenni, 1994). Although not as critical as the 5′ ends, the presence of non-viral nucleotides at the 3′ ends of viral transcripts may also reduce their biological activity. This effect is, in general, dependent on the length of the non-viral extension, with short extensions having little effect on infectivity (Boyer and Haenni, 1994). In an attempt to avoid the negative effects on infectivity caused by extra non-viral nucleotides at the 3′ ends of in vivo transcripts, the sequences of a number of ribozymes, including hepatitis delta virus (HDV) ribozyme, were positioned behind the viral sequences in the infectious clones to mediate their self-cleavage and produce (quasi) proper viral ends. In some cases where this has been analyzed, a positive influence on infectivity was reported when a ribozyme sequence was introduced in infectious clones. Turpen et al. (1993) found a two-fold increase in transfection frequency when a ribozyme based on subterranean clover mottle virus satellite RNA was included in an infectious tobacco mosaic virus clone. Similarly, Scholthof (1999) found the highest levels of infectivity with an infectious tomato bushy stunt virus clone when an HDV ribozyme was used in addition to the NOS terminator signal.

Although highly variable between experiments, typical infection rates of N. benthamiana plants with agroinfectious ToCV (Spanish isolate AT80/99-IC) clones rarely exceed 50% and despite our repeated attempts no tomato plants could be agroinfected (Orílio et al., 2014; our unpublished results). In this context, the objectives of this work were (i) to generate infectious cDNA clones for ToCV RNA1 and RNA2 containing a ribozyme at the 3′ end, (ii) to identify the 3′ ends of the virus genomes generated after agroinoculation with clones with or without the ribozyme, (iii) to quantify the effect of the ribozyme on the infection rate of N. benthamiana plants, and (iv) to determine whether a possible increase in infectivity due to the presence of the ribozyme would allow direct agroinfection of tomato plants.



MATERIALS AND METHODS


Virus Isolate

Tomato chlorosis virus isolate AT80/99 was obtained from a naturally infected tomato plant collected in Málaga province, southern Spain, in 1999 (Lozano et al., 2006, 2007). Infectious ToCV clones (isolate AT80/99-IC, GenBank acc. nos. KJ740256 and KJ740257) have previously been developed under the control of the SP6 RNA polymerase promoter (pToCV227 [RNA1] and pToCV230 [RNA2]) and the 2× CaMV 35S promoter (pToCV-35S-RNA1 and pToCV-35S-RNA2) (Orílio et al., 2014).



Construction of Infectious ToCV Clones Incorporating a Ribozyme Sequence

Clones pToCV227 and pToCV230 were used as templates to obtain the full-length sequences of ToCV RNA1 and RNA2 by PCR amplification, respectively. PCR was performed using PfuTurbo DNA polymerase, a mix of cloned Pfu DNA polymerase and ArchaeMaxx polymerase-enhancing factor (Agilent Technologies), and 5′ phosphorylated primers MA682/MA683 and MA684/MA685 (Table 1) based on AT80/99-IC RNA1 and RNA2 sequences, respectively. PCR products of the expected sizes were purified with a Zymoclean Gel DNA Recovery Kit (Zymo Research) and cloned into SmaI- and StuI-digested pJL89, a binary vector from the pJL series constructed by Lindbo (2007), between the 2× CaMV 35S promoter and HDV ribozyme plus CaMV 35S terminator (Figure 1). Ligation products were transformed in E. coli strain ElectroMAX Stbl4 by electroporation (25 μF, 200 Ω, 1,200 V) in a Gene Pulser XCell (Bio-Rad). The presence of the correct inserts in clones selected by restriction analysis was confirmed by sequencing (Macrogen Inc., Seoul, South Korea) using primers based on the 2× CaMV 35S promoter (MA2720) and CaMV 35S terminator (MA2721) (Table 1). Clones pToCV-35S-RNA1-Rbz and pToCV-35S-RNA2-Rbz were selected for transformation into Agrobacterium tumefaciens strain GV3101 by electroporation as described above.


TABLE 1. List of primers used in this study.
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Plant Agroinoculation

For agroinoculation experiments, A. tumefaciens GV3101 carrying the constructs pToCV-35S-RNA1-Rbz or pToCV-35S-RNA2-Rbz were grown in Luria-Bertani broth containing rifampicin (25 μg/mL), gentamicin (20 μg/mL), tetracycline (2.5 μg/mL), kanamycin (50 μg/mL), 10 mM of 4-morpholineethanesulfonic acid (MES), and 20 mM of acetosyringone with vigorous shaking at 28°C for 48 h. Bacterial cells were harvested by centrifugation and resuspended in induction buffer (10 mM of MgCl2, 10 mM of MES pH 5.6, 10 mM of MgCl2, 150 mM of acetosyringone) to a final OD600 of 1.0. Both bacterial suspensions were mixed in a 1:1 ratio and then kept at room temperature for 2 h without shaking. In some experiments the OD600 = 1.0 cultures were diluted 1/50 and incubated for 2 h prior to inoculation. A. tumefaciens cultures carrying the constructs pToCV-35S-RNA1 and pToCV-35S-RNA2 (Orílio et al., 2014) or empty vectors (pCAMBIA2300 or pJL89) were used as positive and negative (mock) controls, respectively. N. benthamiana plants were agroinfiltrated at the 3–5 leaf stage on the underside of leaves with a 1 mL syringe without a needle. Tomato plants (cv. Moneymaker and cv. Micro-Tom) were inoculated by agroinfiltration at the 2–3 leaf stage as described for N. benthamiana or by agroinjection with a 27-gauge needle in the apex of the seedlings. Agroinoculated plants were maintained in a controlled temperature, insect-free growth chamber (25°C day/18°C night, 70% relative humidity, 16 h photoperiod at 250 μmol s–1 m–2 photosynthetically active radiation).



Detection of Viral RNA in Agroinoculated Plants

The presence of ToCV RNA in non-inoculated leaves of agroinoculated plants was determined by tissue blot molecular hybridization 30 days post-inoculation (dpi). Freshly cross-sectioned leaf petioles were squash-blotted on positively charged nylon membranes (Roche Diagnostics) and hybridized with a ToCV-specific digoxigenin-labeled negative-sense RNA probe obtained from the coat protein gene (Fortes et al., 2012). The cross-linked RNA was hybridized at 65°C overnight in standard hybridization buffer [5×SSC (750 mM of NaCl, 75 mM of sodium citrate, pH 7.0), 0.1% N-lauryl sarcosine, 0.02% sodium dodecyl sulfate, and 2% blocking reagent (Roche Diagnostics)] with 50% formamide, followed by high stringency washing (65°C in 0.1× SSC, 0.1% sodium dodecyl sulfate) following standard procedures. Chemiluminescent hybridization signals were detected on X-ray film (Mamoray HT, Agfa) after treatment with CDP-Star (Roche Diagnostics).



Cloning and Sequencing of the 3′ Ends of ToCV RNA1 and RNA2 in Agroinoculated N. benthamiana Plants

Total RNA was extracted from infected leaves of six (three agroinoculated with pToCV-35S-RNA1 + pToCV-35S-RNA2 and three with pToCV-35S-RNA1-Rbz + pToCV-35S-RNA2-Rbz) N. benthamiana plants 30 dpi using TRIsure Reagent (Bioline) as described by the manufacturer. The sequences of primers used in this study, including those based on the sequence of ToCV isolate AT80/99-IC, are listed in Table 1. To generate cDNA of the RNA1 3′ end, total RNA was polyadenylated using yeast USB poly (A) polymerase (USB Corporation). Reverse transcription was performed with SuperScript III reverse transcriptase (Invitrogen) and oligo(dT) primer MA297 using the positive-strand RNA as the template. Then, PCR amplification was conducted with Biotaq DNA polymerase (Bioline) using the nested primers MA324/MA279 and MA2813/MA279. cDNA of the RNA2 3′end was obtained using the 5′/3′ RACE Kit 2nd Generation (Roche Diagnostics) and oligo(dT)-anchor primer using the negative-strand RNA as the template. The RNA2 cDNA was purified with the High Pure PCR Product Purification Kit (Roche Diagnostics) and the d(A)-tail was added using Recombinant Terminal Transferase. Finally, PCR amplification was conducted with the Expand High Fidelity PCR System (Roche Diagnostics) using the nested primers MA2798/Anchor and MA2799/Anchor. DNA bands with the expected size were extracted from agarose gels, purified using the QIAquick Gel Extraction Kit (QIAGEN), cloned in the pGEM-T Easy System (Promega), and transformed into E. coli DH5α by electroporation (25 μF, 200 Ω, 1,200 V) with a Gene Pulser XCell electroporation system (Bio-Rad). Three clones were selected for each plant and sequenced at Macrogen Inc. (Seoul, South Korea) using T7 and SP6 promoter primers. DNA sequences were analyzed using the SeqMan software included in the DNASTAR package (Lasergene).



RESULTS AND DISCUSSION


Construction of ToCV RNA1 and RNA2 cDNA Clones Incorporating an HDV Ribozyme

With the objective of improving the infectivity of available ToCV agroinfectious clones (Orílio et al., 2014), an HDV ribozyme sequence was incorporated at the end of both RNA1 and RNA2 by cloning in the binary vector pJL89 (Lindbo, 2007). This vector is designed to accommodate viral cDNA inserts able to produce in vivo-transcribed genome copies without, theoretically, extra non-viral nucleotides, an important point when attempting to obtain highly infectious transcripts (Boyer and Haenni, 1994). pJL89 vector has been successfully used to generate infectious clones of RNA plant viruses including two important pathogens of tomato: tomato marchitez virus (genus Torradovirus) (Ferriol et al., 2016) and pepino mosaic virus (genus Potexvirus) (Ruiz-Ramón et al., 2019).

In this work, full-length ToCV RNA1 and RNA2 sequences were obtained by PCR amplification using primers corresponding to the exact 5′ and 3′ ends of the viral sequence using high-fidelity DNA polymerases. To avoid the presence of extra 5′ non-viral nucleotides, the duplicated CaMV 35S promoter was positioned immediately upstream of the first nucleotide of the viral sequences, both for RNA1 and RNA2. On the other hand, the HDV ribozyme sequence, followed by the CaMV terminator sequence, was positioned immediately downstream of the viral cDNA with the objective of generating authentic viral 3′ ends. In an attempt to avoid the instability and toxicity problems observed with infectious closterovirid cDNA clones (Satyanarayana et al., 2003), ligation products were transformed into E. coli strain Stbl4, specifically designed for cloning unstable inserts. Recombinant plasmids pToCV-35S-RNA1-Rbz and pToCV-35S-RNA2-Rbz (Figure 1) were selected after confirming the size and sequence of the insert ends, and transformed into A. tumefaciens to be tested in plants.



Improved Infectivity of Agroinfectious ToCV Clones in N. benthamiana

The biological activity of the new ToCV clones containing the HDV ribozyme downstream of the viral genome components (pToCV-35S-RNA1-Rbz + pToCV-35S-RNA2-Rbz) was first compared with that of previously available clones lacking the ribozyme sequence (pToCV-35S-RNA1 + pToCV-35S-RNA2) (Orílio et al., 2014), by agroinoculation of N. benthamiana plants. For this, systemic infection was assessed by tissue printing hybridization of non-infiltrated apical leaves using a negative sense CP gene probe. Four independent experiments were carried out, each including 6–24 plants per condition. Figure 2 shows the results of the molecular hybridization conducted in Experiment 2. In all experiments, the infectivity of the clones carrying the ribozyme, measured as the number of infected plants, was higher than that of the previously available clones. Considerable variability was observed between experiments, with the increase in infectivity ranging from 130 to 300% (Table 2). Considering all the experiments together, 82.1% of the plants inoculated with the clones containing the ribozyme became infected, whereas only 40.9% of the plants became infected with the previously available clones, thus resulting in a two-fold increase in infectivity. Similar heterogeneity of results between experiments was reported for infectious clones of the criniviruses LIYV (Wang et al., 2009) and LCV (Chen et al., 2012). A few studies of plant viruses belonging to different families also showed an increase in infectivity, measured as number of local lesions, when a ribozyme was incorporated into infectious clones. Examples include tobacco mosaic virus plus subterranean clover mottle virus satellite RNA ribozyme (Turpen et al., 1993) and tomato bushy stunt virus plus HDV ribozyme (Scholthof, 1999).
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FIGURE 2. Agroinoculation experiments with tomato chlorosis virus. Nicotiana benthamiana plants were inoculated with Agrobacterium tumefaciens GV3101 cultures carrying pToCV-35S-RNA1 + pToCV-35S-RNA2 or pToCV-35S-RNA1-Rbz + pToCV-35S-RNA2-Rbz (Experiment 2 in Table 2). A specific digoxigenin-labeled RNA probe was used to analyze the agroinoculated N. benthamiana plants by molecular hybridization after tissue printing on nylon membranes. Tissue prints of mock-inoculated plants were included as negative controls. C+, ToCV-infected N. benthamiana plant used as positive control; x, no sample.



TABLE 2. Agroinoculation experiments carried out with infectious tomato chlorosis virus RNA1 and RNA2 clones (isolate AT80/99-IC) with or without the HDV ribozyme (Rbz).
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ToCV Clones Containing the HDV Ribozyme Are Still Not Agroinfectious in Tomato

Tomato chlorosis virus clones harboring the HDV ribozyme, which were shown to have increased infectivity in N. benthamiana plants, were further tested in tomato plants (Table 2). A total of 106 tomato plants were agroinoculated with pToCV-35S-RNA1-Rbz + pToCV-35S-RNA2-Rbz clones in five independent experiments. The experiments also included 70 tomato plants agroinoculated with the clones lacking the ribozyme (ToCV-35S-RNA1 + pToCV-35S-RNA2), previously reported to be agroinfectious in N. benthamiana but not in tomato (Orílio et al., 2014). The agroinoculation conditions assayed included leaf agroinfiltration and stem agroinjection, tomato cv. Moneymaker and cv. Micro-Tom, and different A. tumefaciens concentrations. None of the tomato plants agroinoculated with either clones became infected with ToCV according to tissue printing hybridization (data not shown).

Similarly to ToCV, most agroinfectious closterovirid clones are not able to directly infect the natural hosts but require prior infection of N. benthamiana as an intermediate host. Subsequently, the infectious virions can be transferred to the natural hosts to initiate an infection by bark-flap or stem slash inoculation (CTV; Gowda et al., 2005; Ambrós et al., 2011), whitefly transmission (LIYV; Wang et al., 2009), or grafting (ToCV; Orílio et al., 2014). It is worth mentioning that the cDNA clones generated for a Chinese ToCV isolate are also agroinfectious in N. benthamiana (Zhao et al., 2016) but not in tomato (Tao Zhou, personal communication).

Wang et al. (2009) suggested a number of factors that could contribute to the inability of agroinfectious viral clones to accomplish systemic infection in the natural host plants, including transcript splicing, thus reducing the functional RNA transcripts reaching the cytoplasm, the difference in virulence conferred by different A. tumefaciens strains, the plant defense responses caused by the combination of specific A. tumefaciens strains and viruses, the inaccessibility of phloem cells, or a strong silencing response at the very early stages of infection. Another possible factor is the difficulty coinfecting a single cell with several genome segments in the case of multipartite viruses such as criniviruses.



Determination of 3′ End Viral Progeny Sequences

In addition to analyzing the effect of positioning the HDV ribozyme behind the viral sequences in the infectious ToCV RNA1 and RNA2 clones on infectivity, which theoretically would be caused by the elimination of extra non-viral nucleotides at the 3′ ends of in vivo transcripts, the actual effect of the ribozyme on the viral progeny sequences was assessed. For this, the 3′ end viral progeny sequences present in the agroinoculated N. benthamiana plants were determined by cloning and sequencing at 30 dpi as a proxy for RNA sequences generated from the cDNA clones after HDV ribozyme self-cleavage. Three plants were analyzed per condition (pToCV-35S-RNA1 + pToCV-35S-RNA1 or pToCV-35S-RNA1-Rbz + pToCV-35S-RNA2-Rbz) and six clones (three for RNA1 and three for RNA2) were sequenced per plant (Figure 3). Variability was observed in the 3′ ends, mainly for RNA1, even among clones derived from the same plant. When compared with the sequence of the infectious clone (isolate AT80/99-IC), the very end of the RNA2 progeny showed 0–1 nucleotide differences regardless of whether clones with or without ribozyme were used. In contrast, differences were observed for RNA1 between the viral progeny present in plants agroinoculated with the clones with (0–3 nucleotide changes) or without (1–7 nucleotide changes) the ribozyme. Interestingly, most of the changes observed in the RNA2 progeny of the clones with the ribozyme resulted in sequences present in other ToCV isolates (Table 3), which could be considered as alternative proper viral ends. In summary, the presence of the HDV ribozyme produced RNA1 3′ ends more similar to those present in the clones used for agroinoculation or in other naturally occurring ToCV isolates. Sequence heterogeneity in the 3′ end of sequences of closterovirid isolates is not surprising, as this has been shown in CTV isolates, for example (López et al., 1998; Chen et al., 2018).
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FIGURE 3. Sequencing of tomato chlorosis virus RNA1 and RNA2 3′ ends cloned from systemically infected Nicotiana benthamiana plants at 30 dpi. Plants were agroinoculated with pToCV-35S-RNA1 + pToCV-35S-RNA1 (pToCV-35S) or pToCV-35S-RNA1-Rbz + pToCV-35S-RNA2-Rbz (pToCV-35S-Rbz). Three plants were analyzed per condition and six clones (three for RNA1 and three for RNA2) were sequenced per plant. Nucleotide changes (deletions, insertions, or substitutions) with respect to the sequence of the infectious clones (isolate AT80/99-IC) are highlighted in bold and red. Of these, those nucleotide changes resulting in sequences present in other ToCV isolates (Table 3) are outlined in red.



TABLE 3. Tomato chlorosis virus isolates available in GenBank with 3′ end nucleotide sequences identical to some of the variants detected in the viral progeny of agroinoculated Nicotiana benthamiana plants (Figure 3).
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CONCLUSION

To our knowledge, this is the first time that the effect of the presence/absence of a ribozyme positioned immediately downstream from the viral genome in a cDNA clone on infectivity and 3′ end viral progeny sequences has been analyzed for a closterovirid. From a practical perspective, the novel infectious ToCV cDNA clones represent an advance as infectivity on N. benthamiana, an almost universal plant virus host that is very useful for studying basic aspects of the plant–virus interaction, increased by 100%. Also, the availability of these clones could form the basis for further approaches to achieve an important goal, the direct agroinfection of tomato plants, the primary host of ToCV, which would allow reverse genetic studies, understanding of the virus–vector interactions and facilitation of breeding programs to incorporate resistance against ToCV in commercial cultivars.
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Isolate Acc. no. Sequence (5'-3) Acc. no. Sequence (5'-3) References
AT80/99-IC KJ740256 TAAATAAATAGGTCG KJ740257 TAAATAAATAGGTC- Orilio et al., 2014
ToC-Br2 JQ952600 TAAATAAATAGGC- - - Albuquerque et al., 2013
2.5 KJ200304 TAAATAAATAGGTT- - — Unpublished
MM8 KJ200306 TAAATAAATAGGTC- = = Unpublished
Pl-1-2 KJ200308 TAAATAAATAGGTC- - = Unpublished
XS - = KY618797 TAAATAAATAGGTCC Kang et al., 2018
FERA_160205 KY810786 TAAATAAATAGGTC- - - Pecman et al., 2017

Nucleotide changes present in the mentioned variants with respect to the sequences of the infectious clones (isolate AT80/99-IC, included for comparison) are highlighted

in bold and underlined.
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Primer Sequence (5'-3') Position in the ToCV genome? Use

MAB82 PGAAATAGTATTCGTGTGATTACAC 1-24 RNA1 amplification

MAB83 PCGACCTATTTATTTATATACTAGATC 8,594-8,569 RNA1 amplification

MAB84 PGAAATACAAGTCCAGGTGTTTCCTGTG 1-27 RNA2 amplification

MAB85 PGACCTATTTATTTATATACTAAATCTACC 8,241-8,213 RNA2 amplification

MA2720 TAAGGGATGACGCACAATCC - RNA1/BNA2 5" end sequencing (CaMV 35S promoter)
MA2721 CCCTTATCTGGGAACTACTC - RNA1/BNA2 3’ end sequencing (CaMV 35S terminator)
MA324 GRACDGGDTCDCCRAAYACKTGG 7,120-7,142 RNA1 3 end cloning

MA2813 GGCTTGTCAAGACATTCTTGAGGG 8,012-8,035 RNA1 3" end cloning

MA2798 GGAGTGTTTCACAAGATACGGG 7,484-7,505 RNA2 3" end cloning

MA2799 GTTGCTCCATTCGGGAGTAACAGG 7,976-7,999 RNA2 3’ end cloning

MA279 CCGGATCCTCTAGAGCGGCCGCT7V - RNA1/RNA2 3’ end cloning
Oligo(dT)-anchor GACCACGCGTATCGATGTCGACT 15V - RNA1/RNA2 3’ end cloning

Anchor GACCACGCGTATCGATGTCGAC - RNA1/RNA2 3’ end cloning

aNucleotide positions refer to the sequences of ToCV isolate AT80/99-IC (GenBank acc. nos. KJ740256 for RNAT and KJ740257 for RNA2).
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Host Experiment pToCV-35S-RNA1 pToCV-35S-RNA1-Rbz Mock (empty vectors) Notes
+ pToCV-35S-RNA2 + pToCV-35S-RNA2-Rbz
N. benthamiana 1 5/12 (41.66) 23/24 (95.83) 0/12 (0)
2 16/24 (66.66) 22/24 (91.66) 0/12 (0)
3 5/24 (20.83) 15/24 (62.50) 0/12 (0)
4 1/6 (16.66) 4/6 (66.66) 0/6 (0)
Tomato 1 0/12 (0) 0/24 (0) 0/12 (0)
2 0/12 (0) 0/24 (0) 0/12 (0)
3 0/6 (0) 0/18 (0) 0/6 (0)
4 0/10 (0) 0/10 (0) 0/6 (0) AR
0/10(0) 0/10 (0) 0/6 (0) Al, MTP
5 0/10 (0) 0/10 (0) 0/6 (0) Al, 1:50¢
0/10(0) 0/10 (0) 0/6 (0) Al, MT, 1:50

Systemic infection was determined on agroinoculated and mock-inoculated Nicotiana benthamiana and tomato plants by tissue printing hybridization using a negative
sense CP gene probe 30 days post-inoculation. Agroinfiltration, tomato cv. Moneymaker and A. tumefaciens OD = 1 were used unless otherwise specified.
aAl, agroinjection; PMT, cv. Micro-Tom; ©1:50, A. tumefaciens OD = 1 diluted 1:50.
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