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Abstract

:

Nanotechnology has emerged as a new tool to combat phytopathogens in agricultural crops. Cucurbit chlorotic yellows virus (CCYV) mainly infects Solanaceae crops and causes significant crop losses. Nanomaterials (NMs) may have efficacy against plant viruses, but the mechanisms underlying complex nanomaterials-plant-virus interactions remain elusive. We challenged Nicotiana benthamiana plants with GFP-tagged CCYV and observed morphological, physiological, and molecular changes in response to 21-d foliar exposure to nanoscale Fe and Zn and C60 fullerenes at 100 mg/L concentration for 21 days. We observed that in response to C60 (100 mg/L) treatment, plants displayed a normal phenotype while the viral infection was not seen until 5 days post-inoculation. On the contrary, Fe and Zn were unable to suppress viral progression. The mRNA transcriptional analysis for GFP and viral coat protein revealed that the transcripts of both genes were 5-fold reduced in response to C60 treatment. Evaluation of the chloroplast ultrastructure showed that NMs treatment maintained the normal chloroplast structure in the plants as compared to untreated plants. C60 upregulated the defense-related phytohormones (abscisic acid and salicylic acid) by 42–43%. Our results demonstrate the protective function of carbon-based NMs, with suppression of CCYV symptoms via inhibition of viral replication and systemic movement.
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1. Introduction


Globally, over nine million souls are thought to have died and more than 800 million people are now at risk due to food security in 2020 [1]. Virus disease pandemics are a major threat to agricultural plants that are used for humankind and livestock feeding, and also, they are a major source of livelihood [2]. Plants viruses impose a serious risk to global food security by causing significant qualitative and quantitative crop losses, significantly confounding efforts to sustain food security [3]. Recently, it has been documented that globally, about 137 pests and pathogens cause qualitative and quantitative losses in the five main crops (potato, soybean, rice maize, and wheat), inducing yield losses ranging between 10.1 to 41.1% [3]. The estimated annual economic crop losses are over 30 billion USD [4] of which, 50% is contributed by the viruses of the cultivated crops that cause significant crop losses worldwide [5]. The situation becomes more complicated as the rapidly growing global population is estimated to grow by 9.8 billion people by 2050 with a 70% increased demand for food products [6]. That being said, the annual 3 billion metric tons production of agricultural crops demands the use of over 4 million tons of chemical pesticides [7]. Furthermore, the efficacy of chemical pesticides in the agricultural sector is not high, which confounds food security worldwide. As documented, about 99.9% of chemical pesticides remain off target and subsequently, they are accumulated in the environment [8]. These pesticide ingredients cause detrimental impacts by affecting soil organisms [9], soil fertility, and damaging underground water resources [10]. Furthermore, pesticides induce deleterious human health issues such as adverse birth outcomes [11], increased hypothyroidism risk [12], childhood cancer [13], hypersensitivity, allergies, and asthma [14].



Nanoscience stands as a new weapon in our arsenal against these mounting challenges to achieving food security [15]. Recently, nanomaterials have gained attention in the agricultural field due to their known efficacy for the management of plant diseases as compared to conventional techniques [16]. These nanomaterials (NMs) possess special characteristics enabling them to reduce inputs and maximized efficacy with reduced toxicity to the ecosystem [6]. Furthermore, NMs play a crucial role as nanofertilizers, biostimulants, nanocarriers, and antimicrobial agents [15,16]. Recently, Farooq et al. documented a comprehensive description of the relevant mechanisms of action by which NPs interact with plant viruses [17].



Previously, studies reported that foliar exposure to NMs increases plant growth and augments photosynthesis under abiotic stress [18], and maintains biomass and fruit quality and yield [19]. Furthermore, studies reported that NMs enhance crop immunity by general growth improvement and inducing antiviral defense responses. For example, Yi Hao et al. have documented that carbon and metal-based NMs enhance the phytohormone levels that ultimately reduce the accumulation of turnip mosaic virus (TuMV) by 15–60% [20]. Similarly, studies reported that Fe3O4 and ZnO NMs significantly prevent the spread and proliferation of the Tobacco mosaic virus (TMV) in Nicotiana benthamiana [21,22]. Recently, Adeel et al., revealed that carbon-based NMs displayed a viral protective role by suppression of viral (TMV) symptoms, inhibition of systemic movement of virus, and reduced replication of virions [23]. Though NMs might display antiviral roles of variable efficiencies, the detailed mechanisms driving NMs-plant-virus interactions largely remain elusive.



Cucurbit chlorotic yellows virus (CCYV) is an economically important and emergent phytovirus that belongs to the genus Crinivirus in the Closteroviridae family of plant viruses [24]. It was initially observed to cause infection in melon plants in Japan [25]. It possesses a bipartite genome that consists of RNA1 (8607 nt) and RNA2 (8041 nt). The proteins encoded by RNA1 play a critical role in virus replication, whereas, the RNA2-encoded proteins are important for viral encapsidation, movement, and vector-mediated transmission by whitefly (Bemisia tabaci) [24] in a semipersistent manner [26]. Although in nature, CCYV has only been known to infect cucurbit crops (cucumber, zucchini, melon, and watermelon), the experimental host range extends to at least four plant families (Convolvulaceae, Chenopodiaceae, Solanaceae, and Asteraceae) [24]. In general, the cell-to-cell movement of plant viruses depends on the movement protein (MP) that modifies the size exclusion limit of the plasmodesmata (PD) to facilitate viral genome transport to adjacent, uninfected cells [27,28]. Similarly, other research has shown that the systemic movement of CCYV is regulated by a protein P4.9 [29]. As a result of systemic infection, plants usually develop interveinal yellowing symptoms typical of CCYV [30].



In this study, we investigated the antiviral properties of both metals- and carbon-based NMs on tobacco (N. benthamiana). Fullerene (C60), ZnO, and Fe3O4, NMs were selected due to their known effects on crop growth in terms of weight, photosynthetic pigment, and nutrient utilization [31]. N. benthamiana was foliar sprayed at three concentration levels (0, 100, and 200 mg/L) of NMs suspensions for 21 days. Subsequently, the GFP-tagged CCYV (CCYV: GFP) was agroinoculated to N. benthamiana leaves. Afterward, the viral accumulation in the NMs-treated leaves was observed using UV light. Physiological, molecular, and biochemical parameters of plants were analyzed among all treatments to quantify the CCYV load in the systemic leaves. The impact of metal-based NMs on N. benthamiana leaves was evaluated using transmission electron microscopy (TEM). To the best of our knowledge, this is the first evidence that revealed that nanoparticles suppress the CCYV and promote plant growth in a dose-dependent manner. The overreaching goal of our current study was to elucidate the antiviral properties of the four tested NMs at different concentrations, expose the underlying pathway from the perspective of phytohormonal variations, and systematically extend our understanding of the prospective role of manufactured nano-objects (MNOs) in plant disease management. The findings of our work add valuable information to the development of nanopesticides and other plant disease management approaches aimed at enhancing the production of a crop.




2. Materials and Methods


2.1. Characterization of Nanoparticles


All types of metal and carbon-based powdered MNOs (99.99%) were ordered from Shanghai Pantian Powder Material Co., Ltd. (Shanghai, China) and subsequently, their purification was performed before further use as described earlier [20]. An ultrasonic bath sonicator (KQ3200DE, Shumei, Cangzhou, China) was used to disperse NMs in ethanol at 40 kHz and 100 W. These suspensions were then mounted onto copper grids for size and morphology confirmation by TEM images (Hitachi H-7650, Hitachi Corp., Tokyo, Japan) observation (Figure 1).



TEM examination revealed that spherical C60 exhibited aggregation with an approximated particle size of 50 ± 5; while the average diameter of Zn and Fe-based NMs remained between 20 to 30 nm (Figure 1A–C). Then, to observe the dynamic light scattering (DLS) and zeta potential, powders were dispersed in D.I. H2O (Table 1). The zeta potential of the C60, Fe, and Zn in D.I. water was −10.8 ± 0.8, 22 ± 0.7, and −14 ± 0.5 mV while DLS was 50,109 ± 500, 127 ± 3.5, and 63.92 ± 6.21 nm, respectively (Table 1).




2.2. Plant Maintenance and MNOs Foliar Application


The seeds of wild-type (WT) N. benthamiana were germinated in a growth mixture containing black soil, perlite, vermiculite, and artificial soil (2:1:2:2) for one week at 25 °C temperature. After germination, seedlings of uniform size were transplanted into plastic pots (10 × 8 cm diameter) containing the above-mentioned substrate mixture. The plants were maintained in the controlled growth chamber using 28W T5 white fluorescent tubes (Philips, Shanghai, China), 150 µmolm−2s−1 photosynthetically active radiation (PAR), with 25–28 °C temperature and 60–65% relative humidity (RH).



Initially, we selected ten different types of NMs (CNTs, Fe, Zn, Ag, NiO, Ce, Si, Cu, rGO, and TiO2) based on their efficacy for plant growth and effectiveness against viral infection. Afterward, we chose their different dose levels (low, medium, and high) that didn’t induce toxicity in the plants. Based on previous studies and our preliminary experiments, we used foliar application of each NMs with one concentration of 100 mg/L [20]. About 6–8 mL of NM suspensions were foliar sprayed onto the plants for 3 weeks prior to viral treatment by agroinfiltration. This way, each N. benthamiana seedling was treated with about 150 mL of NMs suspension. During foliar application, black plastic was used to cover the substrate mixture to avoid direct contact with NMs. Each NM treatment included a total of 12 replications. The plants were regularly irrigated to maintain at least 60% soil moisture content. Additionally, the same volume of D.I. H2O without NMs was foliar sprayed on the plants used as control.




2.3. Agrobacterium Mediated Inoculation of CCYV


We employed a GFP-tagged viral construct (CCYV:GFP) to evaluate the effect of NMs during viral pathogenesis. Briefly, the plasmid with CCYV:GFP was chemically transformed into agrobacterium strain EHA-105 using LB with appropriate antibiotics, and the bacteria were grown overnight to reach OD600 = 1. The bacteria were then collected and resuspended in the infiltration buffer and the OD600 was adjusted to 5. Following 3 h incubation in the darkness, the agrobacterium suspension harboring CCYV:GFP was infiltrated into the lower epidermis of the N. benthamiana plants at the 5–6 leaf growth stage. For this purpose, a 1 mL needless syringe was used as described previously [32]. Prior to virus inoculation, the foliar spray of NMs suspension was stopped at 21 days. In order to track the CCYV infection, the plants were regularly observed for green fluorescence signals using a hand-held UV lamp and were imaged at 3, 6, and 12 dpi. The viral infection was observed in the systemic leaves exhibiting a qualitatively same growth stage.




2.4. Observation of N. benthamiana Plants Using SEM and TEM


A scanning electron microscope (SEM; Hitachi-SU8020, Tokyo, Japan) was used to observe plant leaves following a previously described method [33]. In short, glutaraldehyde was used to wash the leaves followed by ethanol-mediated dehydration for 15 min. Post-dehydration, the samples were fixed using gold platinum and imaged by SEM. Additionally, a TEM (Hitachi H-7650, Hitachi Corp., Tokyo, Japan) was used to observe the ultrastructure of the chloroplasts. For this purpose, the freshly harvested leaves were washed with D.I water, exposed to glutaraldehyde (2.5%), and then treated with ethanol for dehydration. The samples were then embedded in Spurr’s resin followed by the preparation of thin sections using microtome as described earlier [34].




2.5. RNA Extraction, cDNA Synthesis, and RT-qPCR


The extraction of total RNA from CCYV-infected N. benthamiana leaves was done by using a Trizol reagent according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). The quantification of RNA was done using a Nanodrop and gel electrophoresis. Subsequently, reverse transcription was performed to prepare cDNA by using HiFiScript gDNA Removal cDNA Synthesis Kit, CW2020M (Cowin Biosciences, Taizhou, China) following the manufacturer’s protocol. Afterward, qPCR was performed in triplicate by using Fast SYBR Mixture, CW0955H (Cowin Biosciences, China). The relative transcription of the target genes was calculated by the 2−ΔΔCT method [35]. The details about RT-qPCR primer sequences are given in the Appendix A Table A1.




2.6. Analysis of Photosynthetic Parameters and Relative Chlorophyll Contents


Photosynthesis indicators like photosynthetic rate (Pn) transpiration rate (Tr), stomatal conductance (Gs), and intercellular CO2 concentration (Ci) were investigated with a gas analyzer (IRGA) (Li-6400XT) (LI-COR, Lincoln, NE, USA). Chl extracts were prepared to determine the relative chlorophyll contents, using leaf tissues from virus-infected and control plants following a protocol described by Arnon [36]. A spectrophotometer was used to record the absorbance values at 645 and 663 nm wavelengths. Finally, the photosynthetic pigments were calculated by using the equation described previously [36].




2.7. Biochemical Analysis of N. benthamiana Leaves


Fresh N. benthamiana leaves were used for biomarker enzyme measurements. Plant hormones like abscisic acid (ABA) and salicylic acid (SA) were quantified in the NMs-treated and control plants as previously described [20].




2.8. Statistical Analysis


All analyzed data were represented as means value ± standard deviations (SD). The significant level of difference in the data sets among the various treatments was measured by two-way ANOVA followed by a t-test. The values of p < 0.05 were considered statistically significant across the treatment.





3. Results


3.1. Impact of MNOs on the Growth of N. benthamiana


To combat the pathogenic effects of CCYV: GFP on tobacco plants, carbon-based (C60) and metals-based (Fe and Zn) MNOs increased the plant growth such as fresh weight, leaf area, and chlorophyll contents (Figure 2). C60 showed a highly significant effect on fresh weight (42%), leaf area (133%), and chlorophyll relative content (118%) as compared to control plants (treated with distilled H2O). Additionally, C60 MNOs enhanced the fresh weight (6–33%), leaf area (30–48%), and chlorophyll relative content (27–61%) as compared to Fe and Zn-based MNOs at 100 mg/L foliar application (Figure 2). Moreover, Zn MNOs were unable to enhance the fresh weight of N. benthamiana whereas leaves area and chlorophyll content was slightly increased (though not significant) than that of control plants.



The data trend for the leaf area and chlorophyll content was homogeneous to fresh weight (Figure 2). Both carbon and metal-based MNOs significantly enhanced the plant growth under the stress of CCYV: GFP. Moreover, Fe-based MNOs significantly improved the plant growth as compared to untreated control plants, though the difference was not more than that in C60-based MNOs treated plant.



Previously, numerous studies have reported that carbon and metal-based NPs have a positive impact on plant growth and development [37,38]. Carbon-based MNOs enhance plant growth by promoting nutrient absorption as well as improving photosynthesis in agricultural crops [39] and were shown to enhance the water uptake and net CO2 assimilation that increased the broccoli biomass [40]. Previous studies reported that remarkably high photosynthetic performance enhances plant growth and development [41]. The results of the current study are consistent with recent studies that documented that CNTs and C60-based NMs at 100 and 200 mg/L increased the leaf area, fresh biomass, and chlorophyll content of tobacco plants [23]. However, the impact of carbon and metal-based MNOs depends on the types of materials, size of MNOs, applied concentration, plant species, and growth conditions of the experiment. Likewise, a later study reported that Fe-based NPs (Fe3O4-NPs) enhanced the tobacco plant (that treated with TMV) growth by increasing fresh weight (52%) and dry weight (42%) as compared to the control plant (not treated with MNOs) at 100 µg/mL [21]. Another study documented that the application (foliar/ soil amended) of Fe-based MNOs increased the chlorophyll content and biomass of soybean plants [42].



García-López et al. have reported that foliar exposure of ZnO based MNOs enhanced the chlorophyll level and biomass of plants, although this increment was noted at a high concentration (1000 mg/L) in pepper plants (Capsicum chinense Jacq.) [43]. Whereas, in the current study, the applied concentration of Zn-based MNOs is 100 mg/L, so, Zn-based MNOs do not have highly significant effects on the tobacco plants as compared to control.




3.2. Application of MNOs Activates the Plant’s Defense System by Enhancing Levels of Phytohormone


The concentrations of two main phytohormones were examined in CCYV-infected tobacco (N. benthamiana) leaves upon MNOs treatment (Figure 3A,B). Exposure to 100 mg/L of C60 MNOs enhanced ABA levels by 42% in the virus-infected leaves as respective to control plants. Additionally, the Fe-based MNOs at 100 mg/L improved the ABA level by 23% more than that control being 19.8% less than the C60-based MNOs. Interestingly, the dose of Zn-based MNOs slightly increased (non-significantly) ABA only by 2% as respective to control plants (not treated with MNOs). Both C60 and Fe-based MNOs significantly enhanced the concentration of ABA at 100 mg/L by 42.9% and 23% as respective to CCYV control, respectively. Nevertheless, the ABA concentration was uninfluenced in response to the application of Zn-based MNOs. A similar trend was evident with SA (Figure 3B); at 100 mg/L of Zn-based MNOs have no effects on tobacco leaves SA concentration, which is similar to the results of physiological parameters. Although, the enhanced SA contents in infected leaves suggest that the application of the carbon-based MNOs at a 100 mg/L level improves defense-related results in the CCYV-infected leaves of the tobacco plant. For instance, at 100 mg/L concentration, C60-based MNOs increased the SA level by 41.8% as respective to control plants (Figure 3B). Moreover, exposure to the metal-based MNOs at 100 mg/L showed non-significantly enhanced SA levels in CCYV-infected tobacco leaves. Particularly, Zn-based MNOs showed a negative effect on SA concentration at 100 mg/L concentration.



Hormones of plants are endogenous molecules that modulate plant growth and development [44]. Phytohormones also play a vital role in plant tolerance against abiotic and biotic stress. For example, ABA plays a critical role in plant physiology, including regulation of fruit ripening, seed germination, and also roles as a transitional factor to modulate aquaporin protein expression in counter to various stresses. SA is a key phytohormone that plays an important function in defense responses against biotrophic pathogens by inducing the reprogramming of antimicrobial genes [45,46,47]. Plant phytohormone signaling networks contribute an important role in growth mediating, along with resistance in plants and reaction to pathogenic infections [48]. Given that viral infection of plants regulates the development of stomata [49], ABA concentration seems to modulate the stomatal movement and consequently restrict the entry of pathogens. Increments in plant phytohormones like SA and ABA can play a crucial role in stimulating the defense system of plants against viral infection. The findings of the current study are similar to the previous study which reports that carbon-based MNOs (C60 and CNTs) at 100 mg/L and 200 mg/L increased the ABA (33–40%) and SA (16–37%) concentration as compared to control plant [23]. Another study reported that Fe-based MNOs also significantly increased the concentration of ABA (223%) and SA (292%) at 100 µg/mL in tobacco leaf under the TMV infection as compared to the control plant [21]. Subsequently, our findings have demonstrated that the application of C60-based MNOs at 100 mg/L can suppress CCYV infection by modulating the concentrations of plant hormones that are related to defense. Certainly, further research is needed to understand the basis of the viral infection and MNOs prompted plant phytohormone response to enhance this imperative disease management approach.




3.3. Effect of MNOs on the Photosynthetic Activity of N. benthamiana


The photosynthetic performance of tobacco leaves treated carbon and metal-based MNOs was assessed in response to the infection of CCYV. Foliar application of carbon-based MNOs at 100 mg/L significantly increased Pn nearly 5-fold as respective to the control plants. With metal-based MNOs (Fe and Zn) at 100 mg/L concentration, the rate of Pn were 129% and 7% increased than that in control plants (Figure 4A). Additionally, the lowest increment in Pn was noted under the application of Zn-based MNOs as compared to the control.



The photosynthetic activity, which is assessed by the entry of CO2 through the stomatal cell and fixation within the chloroplast, can be changed when plants are under stress [50]. Additionally, Zhang et al. have reported that tomato plants exposed to higher CO2 concentrations show a decrease in the severity and incidence of TMV infection [51]. Moreover, C60-based MNOs at 100 mg/L considerably enhanced the transpiration rate by 95%, stomatal conductance by 52%, and intercellular CO2 by 75% as respective to the control (Figure 4B–D). Conversely, the application of Zn-based MNOs at 100 mg/L enhanced Ci by 27% compared to control plants (Figure 4D) as well as significantly decreased the transpiration rate and Gs than that in control plants. The results of the current study are in agreement with a previous study in which both CNTs and C60-based MNOs significantly increased (4 folds) the Pn at 100 and 200 mg/L under the inoculation of TMV as compared to the control plants [23]. Another study has documented that CNTs enhanced the photosynthesis activity in plants (soybean, barley, and corn) [38]. Recently, a study reports that foliar application of Fe3O4-based MNOs to Pseudostellaria heterophylla significantly increased the Pn (30%) by promoting the chlorophyll content [52]. The enhancement of chlorophyll content is related to the pigment and photosynthetic gene that further enhanced the inoculation of Fe3O4 MNOs to barley (Hordeum vulgare L.) [53]. Yoon et al. have reported that Fe-based NPs (nZVI) significantly enhanced the photosynthetic performance, which ultimately increased the plant biomass and promoted the CO2 uptake in Arabidopsis thaliana [54].



High performance of photosynthetic activity increased by MNOs that enhanced the overall growth and development of plants which finally resulted in enhanced crop yield [18]. Furthermore, Kromdijk et al. have documented that higher induction of CO2 in leaves also leads to increased dry matter ~15% in tobacco (N. benthamiana) [55]. In the current study, found that higher fresh biomass of the plants within C60-based MNOs treatment (Figure 2A) as compared to other applied MNOs. It is possible that the enhanced photosynthesis induced by C60-based MNOs application is due to the normal ultra-structure and integrity of the chloroplasts that were maintained in the CCYV-infected tobacco leaves. The above results were verified by TEM observation of the chloroplast ultrastructures of the leaf (Figure 5).




3.4. Ultrastructural Analysis of Leaf Chloroplasts Infected by CCYV


In plant cells, the chloroplast is one of the important dynamic organelles. It performs photosynthesis, productions of main phytohormones, plays a crucial role in the plant defense response as well as is crucial for inter-organelle signaling [56]. As shown in Figure 5, the chloroplast images of plants that were exposed to 100 mg/L C60-based MNOs. For the chloroplast observation, we selected the systemic leaves with the same growth stage and position. The TEM observation indicated that infection of CCYV remarkable damaged the cellular integrity of tobacco leaves, as shown by the development of abnormally distributed plastoglobulus, multiple large starch globules, distorted thylakoid membranes, invagination of vesicular membranes and disarranged grana stalks (Figure 4A, upper panel). Moreover, the number of chloroplasts was lower than that of control plant leaves. Similar abnormal changes were reported in the tissues of Fe and Zn-based MNOs treatments, showing the unhindered negative effects of viral infection. Whereas, ultrastructure observation of CH in C60-based MNOs treated leaves were significantly lesser damaged as compared to control and other applied MNOs. As well as the chloroplasts number was slightly (but non-significant) downregulated in both treatments (Fe and Zn-based MNOs); which implies that overall, there was no effect on the structural integrity of the organelle. These TEM observations concluded that the harmful impacts of CCYV infection in plant chloroplasts were significantly lesser or stopped by the use of C60-based MNOs as a pre-application. This suppression of damage in the new leaf tissues obviously indicated an improved plant growth as opposed to the viral pathogen. Previous studies have reported that the virus caused ultrastructural and functional damages/changes in chloroplast tissues in numerous plant species [57]. The chloroplasts are the well-known main targets of viruses that utilize these organelles for replication and pathogenesis [56,57]. Our results are in agreement with a recently reported study in which CNTs and C60-based MNOs prevented the chloroplast tissues from the infection of TMV in tobacco plants than that control plants at 100 and 200 mg/L concentrations [23]. Subsequently, we conclude that pretreatment with C60-based MNOs highly stimulates the plant defense system as opposed to the viral infection by minimizing/delaying the damage and building up the plant immunity averse to the pathogen.




3.5. Carbon and Metal-Based MNOs Treatments Suppressed the CCYV Infection


Nanoparticles play important role in enhancing the growth and development of plants as well as promoting tolerance against biotic/abiotic stress [58,59]. Lately, it has been reported that various kinds of NMs used as anti-pathogenic agents play significant roles in disease prevention [20,22]. The physiological effects of MNOs treated N. benthamiana to CCYV infections were remarkably noted and photographed at 3, 6, and 12 dpi for better observation. However, the qualitative effects of virus inoculation and symptoms development were apparent as early as 3 dpi, the infection was not observable among the NMs treated plants. In plants treated with C60-based MNOs a normal growth was reported compared to the infected controls and the systemic leaves at 12 dpi, showed no symptoms of CCYV infection (Figure 6B). The disperse of viral infection from inoculated leaves to the newly emerged leaves was prohibited by foliar application of C60-based MNOs. Although, Fe and Zn-based MNOs did not repress viral infection or symptoms as compared to the control. For the detailed mechanism by which MNOs suppress viral disease development, we measured the expression levels of CCYV-CP in the systemic leaves at 5 dpi. The results clearly demonstrated that the abundance of viral CP transcripts was significantly reduced by 4 fold in the C60-treated plants (100 mg/L) as respective to the virus-infected control plants, respectively (Figure 3). Additionally, both Fe and Zn-based MNOs treatments had slightly reduced the mRNA concentration of CCYV-CP, proposing limited positive impacts but the effect was not as strong as with the carbon-based exposure. The suppression of viral CP by C60 indicates that these NMs interfere with CCYV replication and subsequently inhibited the viral movement into apical tissues. Current results are similar to a recently reported study in which C60-based NPs significantly suppressed the viral infection as respective to the control plant [23]. Cai et al. have documented that Fe-based NPs enhanced plant immunity against TMV [21]. Zn-based NPs also play an important role to protect the tobacco plants against TMV [22].



Unsurprisingly, the GFP quantification shows a remarkable viral accumulation in the inoculated tobacco leaves at the site of infection. The presence of CCYV in the systemic leaves was measured by GFP signal intensity imaging at 3, 5, and 12 dpi (Figure 6A,B). Notably, treatment with C60-based MNOs at 100 mg/L significantly reduced viral infection. The fresh emerging systemic leaves had negligible fluorescence intensity, representing that the virus was incapable to establish successful infection in these tissues. Otherwise, Fe and Zn application had a slight impact on the development of viral symptoms. These quantifications were further confirmed by observing the relative expression of GFP transcripts in systemic leaves; analysis exposed that 100 mg/L C60-based MNOs treatments downregulated the GFP expression by 241% more than that in control plants (Figure 6d). Briefly, GFP imaging, phenotypic observation, and RT-qPCR investigation clearly proved that C60 at 100 mg/L was significantly highly effective at repressing the growth of viral symptoms and at preventing CCYV propagation into systemic leaves. Further comprehensive research was then required at understanding the mechanistic in-depth processes and the protective roles of MNOs during plant and disease development.





4. Conclusions


The current research emphasizes on antiviral effects of carbon-based NMs against CCYV-infected N. benthamiana host plants. Interestingly, we found that at 100 mg/L concentration, the carbon-based NMs not only significantly reduced the appearance of viral disease symptoms but also, the relative abundance of viral particles in the newly emerged leaf tissues was remarkably inhibited. The downregulation of viral CP transcripts and mRNA of GFP was obvious in the systemic tissues of CCYV-infected plants. This is perhaps because of the possible disturbance of the inter-cellular viral movement and hindered replication events caused by carbon-based NMs. It is a well-known fact that chloroplast is the common target of plant viruses during plant-virus interactions and conversely, plants do use chloroplast-based defense weapons to combat viruses. Our data involving chloroplast ultrastructural observation and measurements of biochemical parameters unequivocally demonstrates that treatment of carbon-based NMs greatly imposed a protective and antiviral effect during CCYV-plant interaction. As a result, not only the chloroplast structural integrity of the N. benthamiana was retained but also, the structural and functional properties of the photosynthetic machinery remained unaffected. This data supports our hypothesis that during plant-virus interactions, carbon-based NMs interfere with the molecular events (more specifically molecular interactions between plant and viral factors) that abort the establishment of successful viral infection, ultimately resulting in no/reduced disease symptoms and viral particles. Categorically, the results of our experimental data shed light on the use of carbon-based NMs to protect the plants against CCYV infection and to enhance the overall growth and development by augmenting the disease resistance of the host plants. To our knowledge, this is the first study explaining the combinatorial impact of NMs and viral infection on the N. benthamiana host plants. These findings will enrich our understanding of efforts to develop environmental-friendly NMs-based antiviral medicines to cure/protect the plants.







Author Contributions


Conceptualization, M.H.S.; Data curation, S.K.A.; Formal analysis, M.I.A.-Z., S.K.A. and S.A.; Funding acquisition, S.K.A., A.E.A., S.A. and P.P.; Investigation, M.H.S.; Project administration, A.S.D.; Resources, A.S.D. and F.A.A.-S.; Software, M.I.A.-Z., A.E.A. and B.A.; Supervision, P.P.; Validation, S.A.; Visualization, F.A.A.-S.; Writing—original draft, B.A. and M.H.S.; Writing—review & editing, M.I.A.-Z., A.E.A., B.A., M.H.S., F.A.A.-S. and P.P. All authors have read and agreed to the published version of the manuscript.




Funding


The publication was supported by Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2022R84), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia. The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University for funding this work through the Research Group Project under grant number (R.G.P 1-100/43). Peter Poczai acknowledges the support of the iASK Grant.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The publication was supported by Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2022R84), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia. The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University for funding this work through the Research Group Project under grant number (R.G.P 1-100/43). Open access funding provided by University of Helsinki. Peter Poczai acknowledges the support of the Eötvös Research Fund.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table] 





Table A1. Primers used for RT-qPCR analysis.
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Primer

	
Sequence (5′-3′)

	
Product Size






	
CCYV-CP-F

	
CTGAGGATGGAGCCGAAG

	
200 bp




	
CCYV-CP-R

	
TCCCTCATACACTGTTCG




	
GAPDH-F1

	
GTTGCCTTCCAAACCTCT

	
200 bp




	
GAPDH-R1

	
TTGAGAAGGTGAGAGGCT




	
GFP-F

	
ACTACTGGAAAACTACCTG

	
200 bp




	
GFP-R

	
TCAAACTTGACTTCAGCAC











References


	



W. H. Organization. The State of Food Security and Nutrition in the World 2020: Transforming Food Systems for Affordable Healthy Diets; Food & Agriculture Org.: Rome, Italy, 2020; Volume 2020. [Google Scholar]

	



Jones, R.A. Global plant virus disease pandemics and epidemics. Plants 2021, 10, 233. [Google Scholar] [CrossRef] [PubMed]

	



Savary, S.; Willocquet, L.; Pethybridge, S.J.; Esker, P.; McRoberts, N.; Nelson, A. The global burden of pathogens and pests on major food crops. Nat. Ecol. Evol. 2019, 3, 430–439. [Google Scholar] [CrossRef]

	



Sastry, K.S.; Zitter, T.A. (Eds.) Management of Virus and Viroid Diseases of Crops in the Tropics. In Plant Virus and Viroid Diseases in the Tropics: Volume 2: Epidemiology and Management; Springer: Dordrecht, The Netherlands, 2014; pp. 149–480. [Google Scholar]

	



Bernardo, P.; Charles-Dominique, T.; Barakat, M.; Ortet, P.; Fernandez, E.; Filloux, D.; Hartnady, P.; Rebelo, T.A.; Cousins, S.R.; Mesleard, F.; et al. Geometagenomics illuminates the impact of agriculture on the distribution and prevalence of plant viruses at the ecosystem scale. ISME J. 2018, 12, 173–184. [Google Scholar] [CrossRef] [PubMed]

	



Lowry, G.V.; Avellan, A.; Gilbertson, L.M. Opportunities and challenges for nanotechnology in the agri-tech revolution. Nat. Nanotechnol. 2019, 14, 517. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W. Global pesticide use: Profile, trend, cost/benefit and more. Proc. Int. Acad. Ecol. Environ. Sci. 2018, 8, 1–27. [Google Scholar]

	



Avellan, A.; Yun, J.; Zhang, Y.; Spielman-Sun, E.; Unrine, J.M.; Thieme, J.; Li, J.; Lombi, E.; Bland, G.; Lowry, G.V. Nanoparticle size and coating chemistry control foliar uptake pathways, translocation and leaf-to-rhizosphere transport in wheat. ACS Nano 2019, 13, 5291–5305. [Google Scholar] [CrossRef]

	



Simões, T.; Novais, S.C.; Natal-da-Luz, T.; Leston, S.; Rosa, J.; Ramos, F.; Pouca, A.S.V.; Freitas, A.; Barbosa, J.; Roelofs, D.; et al. Fate and effects of two pesticide formulations in the invertebrate Folsomia candida using a natural agricultural soil. Sci. Total Environ. 2019, 675, 90–97. [Google Scholar] [CrossRef]

	



Villamar-Ayala, C.A.; Carrera-Cevallos, J.V.; Vasquez-Medrano, R.; Espinoza-Montero, P.J. Fate, eco-toxicological characteristics, and treatment processes applied to water polluted with glyphosate: A critical review. Crit. Rev. Environ. Sci. Technol. 2019, 49, 1476–1514. [Google Scholar] [CrossRef]

	



Larsen, A.E.; Gaines, S.D.; Deschênes, O. Agricultural pesticide use and adverse birth outcomes in the San Joaquin Valley of California. Nat. Commun. 2017, 8, 302. [Google Scholar] [CrossRef]

	



Shrestha, S.; Parks Christine, G.; Goldner Whitney, S.; Kamel, F.; Umbach David, M.; Ward Mary, H.; Lerro Catherine, C.; Koutros, S.; Hofmann Jonathan, N.; Beane Freeman Laura, E.; et al. Pesticide Use and Incident Hypothyroidism in Pesticide Applicators in the Agricultural Health Study. Environ. Health Perspect. 2018, 126, 097008. [Google Scholar] [CrossRef]

	



Patel, D.M.; Jones, R.R.; Booth, B.J.; Olsson, A.C.; Kromhout, H.; Straif, K.; Vermeulen, R.; Tikellis, G.; Paltiel, O.; Golding, J.; et al. Parental occupational exposure to pesticides, animals and organic dust and risk of childhood leukemia and central nervous system tumors: Findings from the International Childhood Cancer Cohort Consortium (I4C). Int. J. Cancer 2020, 146, 943–952. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.-H.; Kabir, E.; Jahan, S.A. Exposure to pesticides and the associated human health effects. Sci. Total Environ. 2017, 575, 525–535. [Google Scholar] [CrossRef] [PubMed]

	



Elmer, W.; White, J.C. The Future of Nanotechnology in Plant Pathology. Annu. Rev. Phytopathol. 2018, 56, 111–133. [Google Scholar] [CrossRef] [PubMed]

	



Fu, L.; Wang, Z.; Dhankher, O.P.; Xing, B. Nanotechnology as a new sustainable approach for controlling crop diseases and increasing agricultural production. J. Exp. Bot. 2019, 71, 507–519. [Google Scholar] [CrossRef] [PubMed]

	



Farooq, T.; Adeel, M.; He, Z.; Umar, M.; Shakoor, N.; da Silva, W.; Elmer, W.; White, J.C.; Rui, Y. Nanotechnology and Plant Viruses: An Emerging Disease Management Approach for Resistant Pathogens. ACS Nano 2021, 15, 6030–6037. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.; Tito, N.; Giraldo, J.P. Anionic Cerium Oxide Nanoparticles Protect Plant Photosynthesis from Abiotic Stress by Scavenging Reactive Oxygen Species. ACS Nano 2017, 11, 11283–11297. [Google Scholar] [CrossRef]

	



Kole, C.; Kole, P.; Randunu, K.M.; Choudhary, P.; Podila, R.; Ke, P.C.; Rao, A.M.; Marcus, R.K. Nanobiotechnology can boost crop production and quality: First evidence from increased plant biomass, fruit yield and phytomedicine content in bitter melon (Momordica charantia). BMC Biotechnol. 2013, 13, 37. [Google Scholar] [CrossRef]

	



Hao, Y.; Yuan, W.; Ma, C.; White, J.C.; Zhang, Z.; Adeel, M.; Zhou, T.; Rui, Y.; Xing, B. Engineered nanomaterials suppress Turnip mosaic virus infection in tobacco (Nicotiana benthamiana). Environ. Sci. Nano 2018, 5, 1685–1693. [Google Scholar] [CrossRef]

	



Cai, L.; Cai, L.; Jia, H.; Liu, C.; Wang, D.; Sun, X. Foliar exposure of Fe3O4 nanoparticles on Nicotiana benthamiana: Evidence for nanoparticles uptake, plant growth promoter and defense response elicitor against plant virus. J. Hazard. Mater. 2020, 393, 122415. [Google Scholar] [CrossRef]

	



Cai, L.; Liu, C.Y.; Fan, G.J.; Liu, C.L.; Sun, X.C. Preventing viral disease by ZnONPs through directly deactivating TMV and activating plant immunity in Nicotiana benthamiana. Environ. Sci. Nano 2019, 6, 3653–3669. [Google Scholar] [CrossRef]

	



Adeel, M.; Farooq, T.; White, J.C.; Hao, Y.; He, Z.; Rui, Y. Carbon-based nanomaterials suppress tobacco mosaic virus (TMV) infection and induce resistance in Nicotiana benthamiana. J. Hazard. Mater. 2021, 404, 124167. [Google Scholar] [CrossRef] [PubMed]

	



Okuda, M.; Okazaki, S.; Yamasaki, S.; Okuda, S.; Sugiyama, M. Host range and complete genome sequence of Cucurbit chlorotic yellows virus, a new member of the genus Crinivirus. Phytopathology 2010, 100, 560–566. [Google Scholar] [CrossRef] [PubMed]

	



Gyoutoku, Y.; Okazaki, S.; Furuta, A.; Etoh, T.; Mizobe, M.; Kuno, K.; Hayashida, S.; Okuda, M. Chlorotic yellows disease of melon caused by Cucurbit chlorotic yellows virus, a new crinivirus. Jpn. J. Phytopathol. 2009, 75, 109–111. [Google Scholar] [CrossRef]

	



Li, J.; Liang, X.; Wang, X.; Shi, Y.; Gu, Q.; Kuo, Y.-W.; Falk, B.W.; Yan, F. Direct evidence for the semipersistent transmission of Cucurbit chlorotic yellows virus by a whitefly vector. Sci. Rep. 2016, 6, 36604. [Google Scholar] [CrossRef] [PubMed]

	



Wolf, S.; Lucas, W.J.; Deom, C.M.; Beacxhy, R.N. Movement protein of tobacco mosaic virus modifies plasmodesmatal size exclusion limit. Science 1989, 246, 377–379. [Google Scholar] [CrossRef]

	



Mann, K.S.; Bejerman, N.; Johnson, K.N.; Dietzgen, R.G. Cytorhabdovirus P3 genes encode 30K-like cell-to-cell movement proteins. Virology 2016, 489, 20–33. [Google Scholar] [CrossRef]

	



Wei, Y.; Shi, Y.; Han, X.; Chen, S.; Li, H.; Chen, L.; Sun, B.; Shi, Y. Identification of cucurbit chlorotic yellows virus P4. 9 as a possible movement protein. Virol. J. 2019, 16, 82. [Google Scholar] [CrossRef]

	



Shi, Y.; Shi, Y.; Gu, Q.; Yan, F.; Sun, X.; Li, H.; Chen, L.; Sun, B.; Wang, Z. Infectious clones of the crinivirus Cucurbit chlorotic yellows virus are competent for plant systemic infection and vector transmission. J. Gen. Virol. 2016, 97, 1458–1461. [Google Scholar] [CrossRef]

	



Su, Y.; Ashworth, V.; Kim, C.; Adeleye, A.S.; Rolshausen, P.; Roper, C.; White, J.; Jassby, D. Delivery, uptake, fate, and transport of engineered nanoparticles in plants: A critical review and data analysis. Environ. Sci. Nano 2019, 6, 2311–2331. [Google Scholar] [CrossRef]

	



Cui, X.; Tao, X.; Xie, Y.; Fauquet, C.M.; Zhou, X. A DNA Associated with Tomato Yellow Leaf Curl China Virus Is Required for Symptom Induction. J. Virol. 2004, 78, 13966–13974. [Google Scholar] [CrossRef]

	



Nhan le, V.; Ma, C.; Rui, Y.; Liu, S.; Li, X.; Xing, B.; Liu, L. Phytotoxic Mechanism of Nanoparticles: Destruction of Chloroplasts and Vascular Bundles and Alteration of Nutrient Absorption. Sci. Rep. 2015, 5, 11618. [Google Scholar] [CrossRef] [PubMed]

	



Adeel, M.; Ma, C.; Ullah, S.; Rizwan, M.; Hao, Y.; Chen, C.; Jilani, G.; Shakoor, N.; Li, M.; Wang, L.; et al. Exposure to nickel oxide nanoparticles insinuates physiological, ultrastructural and oxidative damage: A life cycle study on Eisenia fetida. Environ. Pollut. 2019, 254, 113032. [Google Scholar] [CrossRef] [PubMed]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Arnon, D.I. Copper Enzymes in Isolated Chloroplasts. Polyphenoloxidase in Beta Vulgaris. Plant Physiol. 1949, 24, 1–15. [Google Scholar] [CrossRef]

	



Abdel Latef, A.A.H.; Srivastava, A.K.; El-sadek, M.S.A.; Kordrostami, M.; Tran, L.-S.P. Titanium dioxide nanoparticles improve growth and enhance tolerance of broad bean plants under saline soil conditions. Land Degrad. Dev. 2018, 29, 1065–1073. [Google Scholar] [CrossRef]

	



Lahiani, M.H.; Nima, Z.A.; Villagarcia, H.; Biris, A.S.; Khodakovskaya, M.V. Assessment of effects of the long-term exposure of agricultural crops to carbon nanotubes. J. Agric. Food Chem. 2017, 66, 6654–6662. [Google Scholar] [CrossRef]

	



Verma, S.K.; Das, A.K.; Gantait, S.; Kumar, V.; Gurel, E. Applications of carbon nanomaterials in the plant system: A perspective view on the pros and cons. Sci. Total Environ. 2019, 667, 485–499. [Google Scholar] [CrossRef]

	



Martínez-Ballesta, M.C.; Zapata, L.; Chalbi, N.; Carvajal, M. Multiwalled carbon nanotubes enter broccoli cells enhancing growth and water uptake of plants exposed to salinity. J. Nanobiotechnol. 2016, 14, 42. [Google Scholar] [CrossRef]

	



Evans, J.R. Improving photosynthesis. Plant Physiol. 2013, 162, 1780–1793. [Google Scholar] [CrossRef]

	



Yang, X.; Alidoust, D.; Wang, C. Effects of iron oxide nanoparticles on the mineral composition and growth of soybean (Glycine max L.) plants. Acta Physiol. Plant. 2020, 42, 128. [Google Scholar] [CrossRef]

	



García-López, J.I.; Niño-Medina, G.; Olivares-Sáenz, E.; Lira-Saldivar, R.H.; Barriga-Castro, E.D.; Vázquez-Alvarado, R.; Rodríguez-Salinas, P.A.; Zavala-García, F. Foliar application of zinc oxide nanoparticles and zinc sulfate boosts the content of bioactive compounds in habanero peppers. Plants 2019, 8, 254. [Google Scholar] [CrossRef] [PubMed]

	



Islam, W.; Naveed, H.; Zaynab, M.; Huang, Z.; Chen, H.Y. Plant defense against virus diseases; growth hormones in highlights. Plant Signal. Behav. 2019, 14, 1596719. [Google Scholar] [CrossRef] [PubMed]

	



Ma, K.-W.; Ma, W. Phytohormone pathways as targets of pathogens to facilitate infection. Plant Mol. Biol. 2016, 91, 713–725. [Google Scholar] [CrossRef]

	



Alazem, M.; Lin, N.S. Roles of plant hormones in the regulation of host–virus interactions. Mol. Plant Pathol. 2015, 16, 529–540. [Google Scholar] [CrossRef]

	



Moradi, P.; Ford-Lloyd, B.; Pritchard, J. Metabolomic approach reveals the biochemical mechanisms underlying drought stress tolerance in thyme. Anal. Biochem. 2017, 527, 49–62. [Google Scholar] [CrossRef]

	



Berens, M.L.; Berry, H.M.; Mine, A.; Argueso, C.T.; Tsuda, K. Evolution of hormone signaling networks in plant defense. Annu. Rev. Phytopathol. 2017, 55, 401–425. [Google Scholar] [CrossRef] [PubMed]

	



Murray, R.R.; Emblow, M.S.M.; Hetherington, A.M.; Foster, G.D. Plant virus infections control stomatal development. Sci. Rep. 2016, 6, 34507. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, Y.; Sugano, S.S.; Shimada, T.; Hara-Nishimura, I. Enhancement of leaf photosynthetic capacity through increased stomatal density in Arabidopsis. New Phytol. 2013, 198, 757–764. [Google Scholar] [CrossRef]

	



Zhang, S.; Li, X.; Sun, Z.; Shao, S.; Hu, L.; Ye, M.; Zhou, Y.; Xia, X.; Yu, J.; Shi, K. Antagonism between phytohormone signalling underlies the variation in disease susceptibility of tomato plants under elevated CO2. J. Exp. Bot. 2015, 66, 1951–1963. [Google Scholar] [CrossRef]

	



Li, J.; Ma, Y.; Xie, Y. Stimulatory Effect of Fe3O4 Nanoparticles on the Growth and Yield of Pseudostellaria heterophylla via Improved Photosynthetic Performance. HortScience 2021, 56, 753–761. [Google Scholar] [CrossRef]

	



Tombuloglu, H.; Slimani, Y.; Tombuloglu, G.; Almessiere, M.; Baykal, A. Uptake and translocation of magnetite (Fe3O4) nanoparticles and its impact on photosynthetic genes in barley (Hordeum vulgare L.). Chemosphere 2019, 226, 110–122. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, H.; Kang, Y.-G.; Chang, Y.-S.; Kim, J.-H. Effects of zerovalent iron nanoparticles on photosynthesis and biochemical adaptation of soil-grown Arabidopsis thaliana. Nanomaterials 2019, 9, 1543. [Google Scholar] [CrossRef] [PubMed]

	



Kromdijk, J.; Głowacka, K.; Leonelli, L.; Gabilly, S.T.; Iwai, M.; Niyogi, K.K.; Long, S.P. Improving photosynthesis and crop productivity by accelerating recovery from photoprotection. Science 2016, 354, 857–861. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharyya, D.; Chakraborty, S. Chloroplast: The Trojan horse in plant-virus interaction. Mol. Plant Pathol. 2018, 19, 504–518. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Zhang, X.; Hong, Y.; Liu, Y. Chloroplast in Plant-Virus Interaction. Front. Microbiol. 2016, 7, 1565. [Google Scholar] [CrossRef]

	



Ocsoy, I.; Paret, M.L.; Ocsoy, M.A.; Kunwar, S.; Chen, T.; You, M.; Tan, W. Nanotechnology in plant disease management: DNA-directed silver nanoparticles on graphene oxide as an antibacterial against Xanthomonas perforans. ACS Nano 2013, 7, 8972–8980. [Google Scholar] [CrossRef]

	



Zhao, L.; Lu, L.; Wang, A.; Zhang, H.; Huang, M.; Wu, H.; Xing, B.; Wang, Z.; Ji, R. Nano-biotechnology in agriculture: Use of nanomaterials to promote plant growth and stress tolerance. J. Agric. Food Chem. 2020, 68, 1935–1947. [Google Scholar] [CrossRef]








[image: Microorganisms 10 01837 g001 550] 





Figure 1. TEM images of C60 (A), Fe (B), and Zn (C). Each nanomaterial was imaged at a magnification of 107, the scale bar represents 200 nm. 
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Figure 2. Effect of foliar application of carbon and metal-based nanoparticles (100 mg L−1) on N. benthamiana, (A) fresh weight, (B) leaf area, and (C) chlorophyll relative amount after the inoculation of CCYV: GFP (n = 4). Lowercase letters are Nanoparticle formula. Fullerene (C60). 
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Figure 3. The concentration of phytohormones (ABA and SA) in the tobacco leaves treated with C60, Fe3O4, and ZnO-based MNOs, (A) abscisic acid (ABA), and (B) salicylic acid (SA). p < 0.05, n = 3). Lowercase letters are Nanoparticle formula. Fullerene (C60). 
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Figure 4. Carbon and metal-based MNOs significantly enhanced (A) net photosynthesis rate (Pn), (B) concentration of intercellular CO2 (Ci), (C) transpiration rate (Tr), and (D) stomatal conductance (gs). Various letters represent the significance level across the applied treatments (p < 0.05) (n = 3). 
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Figure 5. TEM observation of N. benthamiana leaf tissues that were infected by CCYV: GFP after foliar application of different MNOs at 100 mg/L. Ch, chloroplast; CW, cell wall; V, vacuole PG, plastoglobule; SG, starch granule, Th, thylakoid membraneand VM, vacuole membrane. 
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Figure 6. Effect of carbon and metal-based MNOs on the inhibition of CCYV multiplication in N. benthamiana. RT-qPCR was done to estimate the relative accumulation of viral coat protein mRNA. (A) CCYV infection (observed by GFP fluorescence) in the tobacco leaves with various treatments, (B) disease index of the CCYV infection of the tobacco plants, (C) relative accumulation of viral coat protein mRNA, (D) GFP mRNA in the N. benthamiana leaves and (E) percentage of disease severity in leaves (p < 0.05) (n = 3). Lowercase letters are Nanoparticle formula. Fullerene (C60). 
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Table 1. Properties of carbon and metal-based MNOs.
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	Parameter
	C60
	Fe
	Zn





	Size (nm)
	50 ± 5
	20–30
	30 ± 7



	Zeta Potential (mV)
	−10.8 ± 0.8
	22 ± 4.1
	−14 ± 0.5



	DLS (nm)
	882 ± 85
	127 ± 3.5
	63.92 ± 6.21
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