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Abstract

:

The Mi-1 gene in tomato confers resistance against insects and nematodes. The mechanisms involved in the functioning of this gene are not completely known, and they differ depending on the damaging organism (insect or nematode). Transcription factors (TF) from different families are essential for plant defence, and the TGAs, members of the Basic Leucine Zipper (bZIP) TF family, are relevant in different pathosystems. In this work, the implication of TGA 1a and TGA 2.1 genes in Mi-1 resistance against the root-knot nematode Meloidogyne javanica was studied, by virus-induced gene silencing (VIGS) based on Tobacco rattle virus (TRV). Results showed that infiltration with the empty TRV vector did not alter Mi-1-mediated resistance, confirming the adequacy of this method. Silencing of the TGA 1a gene resulted in a decrease in resistance to M. javanica, as the numbers of egg masses were significantly higher than those on non-silenced plants. This decrease in resistance was similar to that caused by silencing the Mi-1 gene. However, the silencing of the TGA 2.1 gene caused a limited loss of resistance, with infestation levels intermediate between those of resistant and susceptible varieties. Thus, our results demonstrate the requirement of TGA 1a in Mi-1-mediated resistance to M. javanica, while the incomplete silencing of TGA 2.1 impaired a specific determination of its role.






Keywords:


nematodes; host resistance; tomato; VIGS












1. Introduction


Plant-parasitic nematodes (PPNs) are an enormous threat to agriculture worldwide. Crop production losses attributed to nematodes were estimated between 8.8% and 14.6% [1], with a net loss of 2–7% in food-based crops [2]. Over 250 species of PPNs have been identified [3], and root-knot nematodes (RKNs), belonging to the genus Meloidogyne, are one of the most economically important groups of PPNs worldwide [3,4,5]. M. arenaria, M. incognita, M. javanica, and M. hapla are the most important species of RKNs [6], although other threatening Meloidogyne species are emerging [7,8].



Meloidogyne spp. are biotrophic sedentary endoparasites of polyphagous nature, which induce complex feeding structures in the roots of their host plants. Typical symptoms of RKN-induced plant diseases are root deformation due to nodule formation, leading to plant wilting, leaf discoloration, and stunted growth [4]. The wide host range of RKNs combined with their ubiquitous presence, present important challenges for their control [5]. Nematode control still relies on the use of synthetic compounds [9], despite the ban of most traditional nematicides due to their high toxicity to humans and the environment. Furthermore, new chemical compounds are currently still being sought for nematode management [10,11].



Host resistance is a valuable tool for the Integrated Pest Management (IPM) of horticultural crops and increasing knowledge of the plant–RKN interaction creates new possibilities for the control of these parasitic organisms [5,12,13]. The Mi-1.2 gene of tomato (Solanum lycopersicum) confers resistance against nematodes, and it is currently widely used in commercial tomato varieties [14,15]. Together with Mi-1.2, other genes, such as Mi-3 from Solanum peruvianum [16] or Mi-9 from Solanum arcanum [17], can be important resources for breeding tomato resistance against nematodes in the future. The Mi-1.2 gene, like other resistance (R) genes, encodes a coiled-coil domain nucleotide binding site leucine-rich repeat (CC-NLR) protein [18]. Mi-1.2 provides resistance not only against M. incognita, M. arenaria, and M. javanica [19,20,21,22], but also against different phloem-feeding insect pests, such as the potato aphid Macrosiphum euphorbiae, the whitefly Bemisia tabaci, and the tomato psyllid Bactericerca cockerelli [23,24,25]. Additionally, Mi-1.2-like genes can be relevant for resistance in crop plants other than tomato [26,27].



In the case of nematodes, Mi-mediated defence responses are associated with the induction of the hypersensitive response (HR), which does not occur in the case of insects [28,29]. Both HR and Reactive Oxygen Species (ROS) accumulation occur in tomato roots of Mi-1.2-resistant plants after nematode infection but not in the susceptible plants [30]. The genes HsfA1a (Class-A Heat shock factor) and Wfi1 (Whitefly induced 1) are needed for this ROS production and silencing of any of these genes compromises Mi-1.2-mediated resistance [30]. Several other genes are involved in the downstream defence signals in Mi-1.2-mediated resistance to RKNs and insects, such as Sgt1 and Hsp90-1 [31,32] and the WRKY genes SlWRKY72a and b [33]. The gene Rme1 is also required for Mi-1.2-mediated resistance and thought to function also in the early signalling cascade [34]. Common in the Mi-1-mediated resistance to nematodes and insects is the involvement of the SA-signalling pathway [35,36].



Transcription factors (TFs) from different families are essential elements in the activation of the plant defence system and therefore show great potential when it comes to improving the resistance of plants against different types of stresses [37,38,39]. TGA transcription factors are members of the Basic Leucine Zipper (bZIP) transcription factor family and are grouped into five clades according to their structure. TGA transcription factors bind the activation sequence-1 (as-1) motif in the promoter region of pathogenesis-related (PR) genes and interact with the Nonexpressor of PR Genes 1 (NPR) protein, a process affected by redox signals [40,41].



TGA transcription factors are relevant in plant defence in different pathosystems; for example, the recently reported cases of Fusarium wilt in bean (Phaseolus vulgaris) [42]; Pseudomonas syringae pv. actinidiae in kiwifruit (Actinidia chinensis spp.) [43], or Macrophomina phaseolina in soybean (Glycine max) [44]. TGAs are involved in the Mi-3-mediated resistance of S. peruvianum against the root-knot nematode M. incognita [16]. In tomato, TGA factors are important in resistance against different pathogens, such as Ralstonia solanacearum [45], Cladosporium fulvum [46], or Tomato spotted wilt virus (TSWV) [47]. TGA 1a is encoded by the first TGA gene cloned in a plant (tobacco) [48]. Both TGA 1a and TGA 2.2 transcription factors play a role in Pto-mediated resistance to Pseudomonas syringae pv. tomato in tomato [49]. TGAs are important not only in plant defence, but also in other processes such as regulation of fruit growth and ripening [50].



Virus-induced gene silencing (VIGS) is an easy and affordable technique to study functional genomics in many plants [51]. TRV is a virus with a wide host range and induces mild symptoms in infected plants, making it the virus of choice for VIGS [52,53]. VIGS has been used to study the role of different genes in Mi-1-mediated resistance. This technique was used to demonstrate the requirement of the chaperone Hsp90 in Mi-1-mediated resistance of tomato to nematodes, aphids, and whiteflies [31,32,54]. Li et al. [35] used VIGS to establish the role of MAPK kinases in Mi-1-mediated resistance to potato aphids [35]. In addition, the role of two WRKY TFs in Mi-1-mediated resistance against RKNs and potato aphids was also investigated by VIGS [33].



The potential implication of TGA TFs in Mi-1-mediated resistance to RKNs has not been studied so far. With the aim of deepening the knowledge on the mechanisms involved in this important resistance in tomato, the objective of this work is to unravel the role of TGA1a and TGA 2.2 in Mi-1-mediated resistance to M. javanica, using the TRV-based VIGS methodology.




2. Materials and Methods


2.1. Plant Material


The near-isogenic tomato cultivars Moneymaker (mi-1/mi-1) and Motelle (Mi-1/Mi-1) were used [55,56]. Seeds were germinated in vermiculite at 24 °C, L16:D8 photoperiod, and 70% RH. Ten days after germination, seedlings were transplanted into pots containing a mixture of 45% river sand, 45% pit sand, and 10% organic matter, and incubated for 10 more days at 19 °C, L16:D8 photoperiod, and 70% RH up to the time for agroinfiltration. Seedlings were watered every two days and fertilised with 3 g·L−1 Nutrichem® (Miller Chemical and Fertilizer, Hanover, PA, USA).




2.2. Nematode Culture


Infective-stage juveniles of M. javanica were obtained from roots of infested tomato plants cultivar Marmande, maintained in a growth chamber at 25 °C, L16:D8, and 70% RH. Eight weeks after initial inoculation, the roots with egg masses were washed, cut into pieces, and then macerated in a blender in 10% sodium hypochlorite solution. The resulting liquid was filtered through a strainer to discard the roots. It was then filtered sequentially through 0.070 mm and 0.025 mm pore mesh sieves, retaining the nematode eggs in the last filtration. The eggs were then placed on a circular moist filter paper in a modified Baermann funnel [34] and maintained at room temperature for 48–72 h. The amount and viability of the infective-stage juveniles were assessed by a stereoscopic microscope. The juveniles thus obtained were used to inoculate the plants after gene silencing, as described below.




2.3. VIGS Constructs


The Tobacco Rattle Virus (TRV) was used as a vector for gene silencing. The modified virus vector is composed of pTRV1, containing the replicative part of the virus, and pTRV2, in which a representative sequence of the targeted gene for silencing is introduced [57]. The virus vector constructs pTRV2:TGA 1a and pTRV2:TGA 2.1 were obtained from Dr. Dinesh Kumar [49]. The TGA 1a and TGA 2.1 inserts in the pTRV2 vector were amplified from Nicotiana benthamiana and N. tabacum. Sequencing confirmed that the amplified sequence also corresponded to S. lycopersicum orthologues [58,59]. A pTRV2:PDS construct was used as a visual control of gene silencing, as it silences the gene encoding phytoene desaturase, an enzyme involved in carotenoid biosynthesis resulting in photobleached symptoms when silenced, which was also obtained from Dr. Dinesh Kumar [58].



Each plasmid was introduced into Agrobacterium tumefaciens GV3101 and preserved as agroclones in glycerol at −80 °C. The presence of tomato inserts in the agroclones was confirmed by sequencing, performed at the University of Riverside. The pTRV2:Mi-1 construct used in this work has been described previously [32,35].




2.4. Growth of Agroclones and Agroinfiltration


Agroinfiltration was carried out 20 days after seed germination, when plants had two true leaves. Each agroclone was grown following the methodology previously described for VIGS silencing [32].



The 1:1 mixtures of pTRV1 with each pTRV2 (empty vector or with the gene to be silenced) were infiltrated into the undersides of leaflets and cotyledons using a needleless syringe, taking care to avoid any damage to the plant. After infiltration, plants were kept at 19 °C until nematode inoculation to slow plant growth and thus facilitate the spread of the virus. Plants were watered every 48 h and fertilised every 15 days with Nutrichem® (1 g·L−1). Tomato cultivars Motelle and Moneymaker plants were infiltrated with the empty vector pTRV1 plus pTRV2 (TRV) as a control. Motelle plants were infiltrated with TRV2:PDS, TRV2:Mi-1, TRV2:TGA 1a, and TRV2:TGA 1.2. Three independent experiments were carried out, with 10 plants initially set for each of the silencing constructs. The number of plants finally assessed was lower than 10 because some plants died or became useless.




2.5. Semiquantitative RT-PCR


To evaluate the level of gene expression in silenced plants, RNA was extracted from uninfested roots of infiltrated and non-infiltrated plants. Root samples were kept at −80 °C until use. RNA was extracted following the methodology by Portillo et al. [60]. Briefly, roots were crushed in a mortar with liquid nitrogen and RNA isolated using the TRI Reagent® kit (Sigma-Aldrich, St. Louis, MO, USA), following the manufacturer’s instructions. RNA concentration was measured with a Nanodrop NDI1000 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The ratio A260/280 was used to estimate the purity of the samples, and samples with values of this ratio between 1.8 and 2 were used to synthesise cDNA. The High-Capacity cDNA Reverse Transcription® kit (Applied Biosystems, Waltham, MA, USA) was used to synthesise cDNA from 2 ng of total RNA. Table 1 lists the primers used for semiquantitative PCR. Their sequences are detailed in another work [49] or they were specifically designed by Dr. Kaloshian for a previous study of our group [32] using the Primer Express® program (Applied Biosystems). Their specificity was checked against the SGN and NCBI databases.



The cDNA amplification by PCR consisted of an initial denaturalization at 94 °C, and three-step cycles: 30 s at 94 °C, 30 s at 62.5 °C, and 30 s at 72 °C. At the end of the amplification cycles, samples were subjected to 3 s extension at 72 °C. For each gene, 4 amplification cycles were used: 5, 15, 30, and 40 cycles. PCR products were analysed by electrophoresis in agarose gels (4% w:v).




2.6. Nematode Inoculation and Assessment of Infection Levels


Plants were inoculated 20 days after infiltration, with approximately 3000 infective-stage juveniles per plant, and maintained at 19 °C for an additional 8 weeks. Plants infiltrated with TRV2:PDS were not inoculated with nematodes.



To assess the level of infection, roots were washed with abundant running water and dried with paper. To count egg masses, roots were stained by immersion in a 0.1 g·L−1 erioglaucine (Sigma-Aldrich, St. Louis, MO, USA) solution [61] for more than 2 h, and then washed with water. Egg masses, stained green, were counted under a stereomicroscope. The number of egg masses was analysed by the non-parametric Kruskal–Wallis test and Dunn’s post test for multiple comparisons, as most data did not meet the requirements to carry out an analysis of variance.





3. Results


3.1. Assessment of the Effect of Agroinfiltration with the Empty Vector TRV


The effect of agroinfiltration on M. javanica infestation was evaluated by comparing the level of infestation in non-infiltrated susceptible Moneymaker and resistant Motelle plants with that of plants of the same varieties infiltrated with the empty pTRV1:pTRV2 vector (TRV). Significant differences in the number of egg masses were detected according to the Kruskal–Wallis test (H = 17.936; df = 3; p = 0.0004534). As the results in Figure 1 show, the number of egg masses on plants infiltrated with the empty TRV and non-infiltrated plants did not differ significantly, regardless of the cultivar. The number of egg masses per root was significantly lower in the Motelle variety compared to Moneymaker, both in infiltrated and non-infiltrated plants. Thus, infiltration with empty TRV did not affect the infestation of tomato by nematodes.



For Motelle plants, it was confirmed by semiquantitative PCR that the empty TRV vector did not alter the expression of the Mi-1 gene, as transcript levels were similar in infiltrated and non-infiltrated plants (Figure 2).




3.2. Silencing of Mi-1 Gene in Tomato Plants


The effect of Mi-1 gene silencing on M. javanica infestation was assessed on 8-week-old plants. Figure 3 shows the number of egg masses per root of Mi-1-silenced plants (Motelle TRV:Mi-1) compared to Moneymaker and Motelle plants infiltrated with the empty vector TRV. Significant differences in the number of egg masses were detected according to the Kruskal–Wallis test (H = 15.706; df = 2; p = 0.0003885).



The number of egg masses per root was significantly higher on Mi-1-silenced Motelle plants (Motelle TRV:Mi-1) than on Motelle plants infiltrated with the empty vector (Motelle TRV). In contrast, the level of nematode infestation was not significantly different when comparing Mi-1 silenced Motelle plants with Moneymaker plants infiltrated with the empty vector (Moneymaker TRV). This indicates the loss of resistance in Motelle plants by Mi-1 gene silencing. While the number of egg masses was higher on Moneymaker plants infiltrated with the empty vector than on Mi-1-silenced Motelle plants, this difference was not statistically significant.



To confirm the silencing of the Mi-1 gene, its expression was analysed in Motelle plants infiltrated with the empty vector and in Mi-1-silenced Motelle plants, by semiquantitative RT-PCR. Figure 4 shows the results. Transcripts of the Mi-1 gene were detected in Motelle plants infiltrated with the empty TRV vector, while in roots of Mi-1-silenced Motelle plants, no Mi-1 transcripts were observed, indicating reduced expression of Mi-1 in the latter roots.




3.3. Silencing of TGA 1a and TGA 2.1 Genes in Tomato Plants


Figure 5 shows the number of M. javanica egg masses on 8-week-old Motelle plants, with the genes TGA 1a or TGA 2.1 silenced. These egg mass numbers were compared with those counted on roots of Moneymaker:TRV, MotelleTRV, and MotelleTRV:Mi-1. Significant differences in the number of egg masses were detected according to the Kruskal–Wallis test (H = 24.088; df = 4; p = 0.0000767).



Silencing of the TGA 1a gene in Motelle plants (Motelle TRV2:TGA 1a) resulted in a significant increase in the nematode infestation compared to the resistant non-silenced Motelle (Motelle TRV). Infestation levels on Motelle TRV2:TGA 1a were close (although slightly lower) to those of the susceptible Moneymaker plants infiltrated with the empty vector (Moneymaker TRV), as differences were statistically not significant. Silencing of the TGA 1a gene in the resistant Motelle resulted in an increase in the number of egg masses, which was almost equal to that registered on Motelle plants with the Mi-1 gene silenced (Motelle TRV:Mi-1).



In contrast, when the TGA 2.1 gene was silenced, it was observed that the difference with the non-silenced Motelle plants (Motelle TRV) was not significantly different. Interestingly, the difference in nematode infestation levels between TGA 2.1-silenced plants was also not significantly different from the susceptible Moneymaker (Moneymaker TRV). The levels of infestation in TGA 2.1-silenced plants showed an intermediate level of resistance loss between that of the resistant and susceptible varieties.



Semiquantitative RT-PCR was used to check gene silencing by evaluating the gene transcript levels in the silenced plants compared to non-silenced control plants. Figure 6 shows the results. The amplified transcripts of the TGA 1a gene in non-silenced Motelle plants were detected at 30 cycles onwards. No transcripts appeared in the roots of Motelle TRV2:TGA 1a, even at 40 cycles. This result was consistent with the number of nematode egg masses, which was significantly higher in Motelle TGA 1a-silenced plants compared to non-silenced control plants.



In non-silenced Motelle plants, transcripts of the TGA 2.1 gene slightly appeared from cycle 30, as for the TGA 1a gene. However, transcripts were also observed in TGA 2.1-silenced Motelle plants at 30 cycles, and more clearly after 40 cycles. This result indicated a lower level of TGA 2.1 silencing, which contributed to the lower number of egg masses on TGA 2.1-silenced plants.





4. Discussion


4.1. Effect of Agroinfiltration with the Empty Vector TRV and TRV-Mi


Agroinfiltration with the empty TRV2 vector did not alter basal defence or Mi-1-mediated resistance to M. javanica, as the number of egg masses did not change on the roots of Moneymaker (mi-1/-mi-1) or Motelle (Mi-1/Mi-1) plants infiltrated with TRV. Furthermore, the differences between the susceptible Moneymaker and resistant Motelle plants were maintained, as expected. This supports the suitability of the TRV vector for VIGS studies with nematodes. These results agree with those obtained previously with aphids [35], whiteflies [32], and with the same nematode species used in this study [31], confirming that the TRV vector does not alter the resistance conferred by the Mi-1 gene to nematodes and insects. Similarly, in other plant species, infiltration with the TRV empty vector did not affect resistance to pathogens mediated by different R genes, such as the N gene conferring resistance to tobacco mosaic virus, TMV [58], or the SacMi gene, involved in resistance against M. incognita in Solanum aculeatissimum [62].



In contrast, silencing the Mi-1 gene in Motelle plants caused a considerable reduction of resistance to M. javanica, as the number of egg masses increased compared to non-silenced Motelle, although the infestation level was slightly lower than that observed in the susceptible Moneymaker.



In parallel to the partial loss of resistance to M. javanica, semiquantitative PCR showed a significant reduction of Mi-1 expression levels in plants agroinfiltrated with the TRV:Mi-1 construct. This loss of resistance is only partial because silencing by the TRV vector in tomato is not uniform, as shown in previous works [31,32,35]. This phenotype is species dependent as a more uniform silencing has been reported in N. benthamiana [57,58,63]. This patchy silencing has been demonstrated by silencing the PDS gene [32,58].




4.2. The Genes TGA 1a and TGA 2.1 in the Mi-1-Mediated Resistance to M. javanica


Silencing of the TGA 1a gene in tomato Motelle cultivar resulted in the loss of resistance to M. javanica since nematode infestation levels recorded were almost identical to those registered after silencing of the Mi-1 gene, and only slightly lower than those on the susceptible Moneymaker. Thus, we demonstrated that TF TGA 1a is involved in Mi-1-mediated resistance to M. javanica.



The TGA TFs function by activating promoters of several plant defence genes [40,41,64,65,66,67]. It is known that the TGA gene family is quite extensive, and its members have extensive roles in plants [68]. Ekengren et al. [49] proposed a model for the function of TGA TFs in the resistance mediated by the Pto gene to the phytopathogenic bacteria P. syringae pv. tomato. In this model, the TGA 1a and TGA 2.2 genes in particular were regulated by transcriptional activation and through the NPR1 protein. The two TGA TFs function as heterodimers interacting with NPR1 [49]. This same function has been shown in other pathosystems, mostly in the model plant Arabidopsis [69,70,71,72,73,74]. However, the results obtained in the present work suggest that the TGA 1a and TGA 2.1 genes would not act in tomato resistance to M. javanica following the Ekengren’s model; they would not function as heterodimers, since silencing TGA 1a alone resulted in the loss of nematode resistance. This work supports a diverse function for these TFs in plant resistance. For instance, TGA TFs are regulated, independently of NPR1, in Arabidopsis defence against P. syringae and Hyaloperonospora arabidopsidis [68].



Apparently, NPR1 always needs to interact with TFs, including positive regulators, such as TGA TFs [68,74]. It is also known that SA activates NPR1 [74,75,76]. In addition, the function of NPR1 seems to be highly conserved in the plant kingdom, since homologs of NPR1 have been found in various cultivated plants, such as rice, tobacco, tomato, apple, and citrus [58,75,77]. However, in the pathosystem studied in this work, it is known that the Mi-1-mediated resistance to RKNs does not require SA [78,79], and therefore this seems to suggest that TGAs would not function through the NPR1 protein in Mi-1-mediated resistance to M. javanica.



The partial loss of resistance to M. javanica observed in Motelle plants in which TGA 1a was silenced was correlated with a decrease in the TGA 1a expression levels. This reduction in gene expression has also been reported in different works that study the involvement of different genes in resistance processes through semiquantitative and quantitative analyses. For example, when studying the function of SlSERK3A and SlSERK3B in bacterial and nematode innate immunity [80], the roles of the HsfAs gene in the Mi-1-mediated resistance to nematodes [30], or the role of Hsp90 in the Mi-1-mediated resistance to nematodes, aphids, and whiteflies [31,32].



In contrast to what we observed for the TGA1a gene, TGA 2.1-silenced Motelle plants showed infestation levels intermediate between those of the resistant non-silenced Motelle and the susceptible Moneymaker, although differences were not statistically significant. The inefficient silencing of TGA 2.1, as demonstrated by semiquantitative PCR, makes it difficult to draw meaningful conclusions regarding the role of TGA 2.1 in Mi-1-mediated resistance to M. javanica.





5. Conclusions


The present work provided new insights into the mechanisms involved in the Mi-1-mediated resistance to plant-parasitic nematodes, demonstrating that the transcription factor TGA 1a gene is required for the correct functioning of such a resistance against M. javanica. Despite having confirmed the adequacy of gene silencing by the TRV virus in these types of studies, the partial silencing of the TGA 2.1 gene impaired the determination of its role in the Mi-1-mediated resistance to M. javanica. More research is needed to unravel the metabolic pathways involved in the complex process of the tomato resistance mediated by Mi-1, a gene whose function is unique and exceptional as it confers resistance to harmful organisms of a very diverse nature and, as such, provides the basis for a multiple resistance that is undoubtedly useful for IPM in agriculture.
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Figure 1. Number of M. javanica egg masses per root on Moneymaker (mi-1/mi-1) and Motelle (Mi-1/Mi-1) plants infiltrated or not with the empty pTRV1:pTRV2 vector (TRV). Each dot represents the number of egg masses on a root system. The lines indicate the median values. Different letters indicate significant differences (p < 0.05) by the non-parametric Kruskal–Wallis test and Dunn’s post test. This assay was repeated twice with similar results. 
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Figure 2. Agarose gels with transcripts of the Mi-1 gene amplified by semiquantitative PCR from roots of Motelle plants not infiltrated and infiltrated with the TRV empty vector. The number of PCR cycles used is indicated at the top of the figure, as well as the molecular marker (M). 
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Figure 3. Number of M. javanica egg masses per root of Moneymaker (mi-1/mi-1) and Motelle (Mi-1/Mi-1) plants infiltrated with the empty pTRV1:pTRV2 vector (TRV) and on Motelle plants agroinfiltrated with the vector pTRV1:pTRV2-Mi (Motelle TRV-Mi). Each dot represents the number of egg masses on a plant. The lines indicate the median values. Different letters indicate significant differences (p < 0.05) by the non-parametric Kruskal–Wallis test and Dunn’s post test. This assay was repeated twice with similar results. 
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Figure 4. Agarose gels with transcripts of the Mi-1 gene amplified by semiquantitative PCR from roots of Motelle plants infiltrated with the TRV empty vector and Mi-1-silenced Motelle plants (Motelle TRV:Mi-1). The number of PCR cycles used is indicated at the top of the figure, as well as the molecular marker (M). 
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Figure 5. Number of M. javanica egg masses per root of Moneymaker (mi-1/mi-1) and Motelle (Mi-1/Mi-1) plants infiltrated with the empty pTRV1:pTRV2 vector (TRV) and on Motelle plants agroinfiltrated with pTRV1:pTRV2-Mi-1 (Motelle TRV:Mi-1), pTRV1:pTRV2-TGA 1a (Motelle TRV:TGA 1a), and pTRV1:pTRV2:TGA 2.1 (Motelle TRV:TGA 2.1). Each dot represents the number of egg masses on a plant. The lines indicate the median values. Different letters indicate significant differences (p < 0.05) by the non-parametric Kruskal–Wallis test and Dunn’s post test. This assay was repeated twice with similar results. 
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Figure 6. Agarose gels with transcripts of the TGA 1a and TGA 2.1 genes amplified by semiquantitative PCR from roots of Motelle plants infiltrated with the TRV2 empty vector (Motelle TRV2), TGA 1a-silenced Motelle plants (Motelle TRV2:TGA 1a), and TGA 2.1-silenced Motelle plants (Motelle TRV2:TGA 2.1). The number of PCR cycles used is indicated at the top of the figure, as well as the molecular marker (M). 
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Table 1. Primers used in semiquantitative RT-PCR to assess the transcription of Mi-1, TGA 1a, and TGA 2.1 genes.






Table 1. Primers used in semiquantitative RT-PCR to assess the transcription of Mi-1, TGA 1a, and TGA 2.1 genes.





	
Gene

	
Primer

	
Sequence

	
Fragment Length a

	
SGN b

	
Source






	
Mi-1

	
Mi-RT-F

	
5′-AGAGGAGGGAACGATCTTCAGA-3′

	


78

	


U564276

	


[32]




	
Mi-RT-R

	
5′-AAGCAAAGTTCAACCAAAATGCT-3′




	
TGA 1a

	
TGA 1a-RT-F

	
5′-GGGCTTACTCGCCTTGGGGG-3′

	


281

	


U570984

	


[49]




	
TGA 1a-RT-R

	
5′-CCAACGCGTTCAAAAGTTGCTCGG-3′




	
TGA 2.1

	
TGA 2.1-RT-F

	
5′-CCAGACAATCAGCCCGTGCTCT-′

	


228

	


U571820

	


[49]




	
TGA 2.1-RT-R

	
5′-TTCTGCACTTCCACAAGCACATACA-3′








a The length (measured in bp) of tomato cDNA fragments amplified with the corresponding primers; b Sol Genomics Network (SGN) name of the gene product.
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