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Abstract

:

This research aimed to study the effects of the nanosilica supply on Si absorption and the physiological and nutritional aspects of beet plants with N and P deficiencies cultivated in a nutrient solution. Two experiments were performed with treatments arranged in a 2 × 2 factorial scheme in randomized blocks with five replications. The first experiment was carried out on plants under a N deficiency and complete (complete solution with all nutrients), combined with the absence of Si (0 mmol L−1) and the presence of Si (2.0 mmol L−1). In the other experiment, the plants were cultivated in a nutrient solution with a P deficiency and complete, combined with the absence (0 mmol L−1) and the presence of Si (2.0 mmol L−1). The beet crop was sensitive to the N and P deficiencies because they sustained important physiological damage. However, using nanosilica via fertigation could reverse the damage. Using nanotechnology from nanosilica constituted a sustainable strategy to mitigate the damage due to a deficiency in the beet crop of the two most limiting nutrients by optimizing the physiological processes, nutritional efficiency, and growth of the plants without environmental risks. The future perspective is the feasibility of nanotechnology for food security.
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1. Introduction


Most cultivated tropical soils may have source material with low nutrient levels associated with a low organic matter content and an acid reaction. The advance of climate change with periods of excess rainfall and others with water deficits can reduce the availability of nutrients in the soil, worsen the deficiency, and impair crop growth and productivity, such as with the beet crop (Beta vulgaris L.).



This species has a high economic importance, being used as a sugar or vegetable source [1]. N and P are the most limiting crop nutrients in different regions of the world.



A nitrogen deficiency in beet cultivation causes a loss of nutritional quality of the roots and leaves and a morphological modification associated with a size reduction [2], mainly due to its role in the structure of chloroplasts and photosynthesis as it is a constituent of the chlorophyll molecule as well as proteins, nucleic acids, and coenzymes, among others [3]. At the same time, a P deficiency promotes losses in the energy metabolism of the plant, decreasing the enzymatic activity, protein synthesis, and signaling of carbohydrate metabolism [4], compromising the development of the roots and the aerial part [5]. These nutritional deficiencies cause morphological changes, translating them into characteristic symptoms [5] that progress to severe ones, causing leaf necrosis and plant death. It is necessary to search for sustainable alternatives such as Si that can mitigate the effects of these nutritional disorders.



These nutritional deficiency facts have led to the need to develop ecologically correct economic strategies, mainly to keep up with the demands of the growing population. Therefore, nanoparticles are opening a new chapter in sustainable crop production [6]. These authors added that applying nanoparticles improves growth and stress tolerance in plants. Thus, information has emerged indicating that silicon (Si) is a beneficial element that can be used as a strategy to improve plant development by reducing different abiotic stresses without environmental risks [7] such as nutritional deficiencies [8]. However, in beet, these effects are unknown [9].



There are reports in other species that supplying Si from conventional sources such as sodium silicate alleviated N deficiency effects in quinoa [10] and forage plants [11]. It also alleviated P deficiency effects in sorghum [12]. The beneficial effect of Si is attributed to its action in the activation of antioxidant defense systems by increasing the synthesis of phenols and carotenoids [13] as well as ascorbic acid [14], favoring membrane integrity [15] and the protection of the photosynthetic system of the plant [15] when decreasing the degradation of chlorophylls [16]. It can also increase nutrient absorption [17].



Several studies have demonstrated the beneficial effects of Si, especially using conventional sources such as potassium silicate, sodium silicate, or calcium silicate in various crops [18]. However, in the beet crop, studies are very limited and restricted to only the foliar application of the element with conventional sources in unstressed plants [19,20,21]. Thus, another form of Si application would be via fertigation with a root application, which could increase the absorption of the element as it would be continuously supplied during the crop cycle, unlike the foliar application that occurs at a given time and growing season [18]. A recent report highlighted the benefits of Si when provided via the radicular versus the foliar route, as seen in maize plants [22].



It was evidenced that most of the indicated studies on Si were not carried out using nanotechnology such as nanosilica. Nanosilica consists of silicon dioxide (SiO2) nanoparticles in a colloidal dispersion, with physicochemical characteristics different from those of non-nanoparticulate matter due to its small size (usually less than 100 nm), varied shapes, and large surface area [23]. Using nanosilica can modify the biochemistry and physiology of a plant and, consequently, the agronomic benefits in several species such as rice plants [24], sugar cane [25], sorghum [26], cotton [27], and tomato [28]. However, there is a need for further research to prove this in other species, including vegetables.



Thus, if it is considered that the beet crop is sensitive to N and P deficiencies because they result in stress and physiological disorders and that by applying Si in the form of nanosilica via fertigation can promote a significant increase in Si absorption, it can strengthen the following hypothesis. Using Si can mitigate N and P deficiencies in a beet crop by promoting benefits in the antioxidant defense system, possibly with increased antioxidant compounds favoring the physiological and nutritional aspects of the plant.



Therefore, in this research we aimed to study the effects of a nanosilica supply on the Si absorption, antioxidant compound production, extravasation of cellular electrolytes, and physiological and nutritional aspects of beet plants with N and P deficiencies cultivated in a nutrient solution.



Suppose the hypothesis of this research is accepted. In that case, it will be possible to understand the action mechanisms of nanosilica in mitigating the effects of N and P deficiencies. It should strengthen the sustainable cultivation of sugar beet without environmental risks or global implications because there are many regions of vegetable cultivation in areas with a deficiency of one or two of the most limiting macronutrients of this species.




2. Material and Methods


2.1. Location of Experiments


Two experiments were carried out in a greenhouse at UNESP Campus de Jaboticabal from July to October 2021 using the cultivate ‘Early Wonder’ beet. During the experimental period, the temperature and relative humidity data were recorded inside the greenhouse with a thermo-hygrometer (U23-001, Sigma Sensors, São Paulo/SP, Brazil) (Figure 1).




2.2. Treatments and Experimental Design


Two experiments were performed with treatments arranged in a 2 × 2 factorial scheme in randomized blocks with five replications. The first experiment was conducted on plants under a N deficiency and complete (complete solution with all nutrients), combined with the absence of Si (0 mmol L−1) and the presence of Si (2.0 mmol L−1). In the other experiment, the plants were grown in a nutrient solution with a P deficiency and complete, combined with the absence (0 mmol L−1) and presence of Si (2.0 mmol L−1). The nanosilica Bindzil (AkzoNobel®, Rio de Janeiro/RJ, Brazil) was used for the two experiments (Si: 168.3 g/L; specific superficial area: 300 m2/g; pH: 10.5; density: 1.2 g cm−3; Na2O: 0.5%; viscosity: 7cP).



The nutrient solution used was that of Hoagland and Arnon [29], with a modification of the iron source to Fe-EDDHA.



Sowing was performed directly in a polypropylene pot with a 1.7 dm3 capacity filled with 1.5 dm3 of medium-texture washed sand; two seeds per pot were used. Five days after an emergence, the plants were fed daily with a supply of the complete nutrient solution, with 100 mL of the solution supplied with an ionic strength of 10% of the concentration of the original solution for ten days. From this period on, the omission of nutrients (−N and −P) began according to each experiment and the concentration of the solution was gradually increased until it reached 75%, maintaining it until the end of the experiment. The pH value of the nutrient solution was adjusted to 5.5 ± 0.2 using a solution of 1.0 mol L−1 of hydrochloric acid or sodium hydroxide. The substrate was leached weekly by applying 500 mL of deionized water per vessel to avoid salinization. The nutrient solution was applied to the experiment vessels after 2 h of leaching.



The plants were collected 90 days after emergence and the evaluations described below were performed.




2.3. Analysis


2.3.1. Nitrogen and Phosphorus Use: Efficiency and Accumulation


The plants were separated into shoots and roots and washed with a detergent solution (0.1% v/v; 1 mL/1000 mL), a HCl solution (0.3% v/v; 3 mL/1000 mL), and deionized water. The plant tissue samples were then dried in an oven with forced air circulation (TE394/3-MP, Tecnal, Piracicaba/SP, Brazil) (65 ± 5 °C) until a constant mass was reached and then ground. After that, a chemical analysis was performed to determine the N content from an extraction with concentrated sulfuric acid, followed by distillation and titration with sulfuric acid [30]. The P content was determined by digesting the samples of the plant material using a digestive mixture of perchloric and nitric acid, according to the methods described by Bataglia [30].



The calculation of N and P accumulations in the shoot was performed from the product of the content (g kg−1) x shoot dry mass. With the data of the accumulation of each nutrient in the aerial part of the plant, we calculated the use efficiencies of N and P as: (dry matter of the aerial part)2/accumulation of nutrients in the aerial part [31].




2.3.2. Silicon Accumulation


The Si content was determined by digestion according to Kraska [32] and read according to the methodology described by Korndörfer [33] in a spectrophotometer (B442, Micronal, Santo André/SP, Brazil) at 410 nm. The silicon accumulation in the shoot was calculated from the content (g kg−1) × dry mass.




2.3.3. Dry Mass of Plants


The dried plant material was weighed using an analytical balance (accuracy of 0.001 g) to obtain the dry mass of the shoots and roots of the plants.




2.3.4. Photosystem II Quantum Efficiency (Fv/Fm)


Photosystem II (PSII) quantum efficiency photosynthetic measurements were taken between 7 am and 8 am on the first fully grown sheet using a portable fluorometer (Os30P+, Opti-Sciences Inc., Hudson, NH, USA) [34].




2.3.5. Electrolyte Extravasation Index


Five disks (26.4 mm2 each) were collected from the first fully developed leaf and then immersed in deionized water for 2 h. The initial electrical conductivity (EC1) of the solution was read using a conductivity meter (AK51, Akso, São Leopoldo/RS, Brazil). The samples were autoclaved at 121 °C for 20 min and the final electrical conductivity (EC2) was determined after cooling. The electrolyte extravasation index was then calculated following the method described by Dionisio-Sese and Tobita [35].




2.3.6. Determination of Total Phenol Contents


The total phenol contents were determined in the leaves according to the method proposed by [36]. Readings were performed in a spectrophotometer (B442, Micronal, Santo André/SP, Brazil) at 765 nm.




2.3.7. Quantification of Chlorophyll and Carotenoid Pigments


The quantification of chlorophyll and carotenoid pigments in the fresh leaf samples was performed according to the methodology proposed by Lichtenthaler [37]. The absorbances were read at 663 nm for chlorophyll a (Chl a), 647 nm for chlorophyll b (Chl b), and 470 nm for carotenoids (Chl x + c) using a spectrophotometer (Beckman DU 640, East Lyme, CT, USA). The absorbance values were introduced into Equation (1) for the determination of chlorophyll a, Equation (2) for chlorophyll b, and Equation (3) for carotenoids:


ca = ((12.25·(d·A663)) − (2.79·(d·A647)))·m



(1)




where d is the sample dilution, A663 is the reading value at an absorbance of 663 nm, A647 is the reading value at an absorbance of 647 nm, and m is the mass of the sample.


cb = ((21.5·(d·A647)) − (5.1·(d·A663)))·m



(2)




where d is the sample dilution, A647 is the reading value at an absorbance of 647 nm, A663 is the reading value at an absorbance of 663 nm, and m is the mass of the sample.


x + c = (((1000·(d·A470)) − (1.82·ca) − (85.02·cb))/198)·m



(3)




where d is the sample dilution, A470 is the reading value at an absorbance of 470 nm, ca is the result of Equation (1), cb is the result of Equation (2), and m is the mass of the sample.





2.4. Statistical Analysis


The data were checked for normality (the Shapiro–Wilk test) and homogeneity of variances (Levene’s test) and then subjected to an analysis of variance using the F test (p ≤ 0.05). The Tukey test (p ≤ 0.05) compared the mean values of the treatments. The statistical analyses were performed using SAS® statistical software, single version (Cary, NC, USA).





3. Results


The plants from the complete treatment compared with those from the treatments with N and P deficiencies showed a greater accumulation of N and P in the shoot and the root, both in the absence and presence of Si (Figure 2a–d). The Si supply in the plants with complete and N and P deficiencies increased the N and P accumulations in the shoot and root (Figure 2a–d).



There was a greater Si accumulation in the shoots and roots of the beet plants in the complete treatment in the absence or presence of Si compared with the plants grown under N and P deficiencies in the nutrient solution (Figure 2e,f). Regarding its absence, the Si supply in the nutrient solution promoted a greater Si accumulation in all the treatments studied.



It was observed that there was a greater N use efficiency in the control treatment plants than in the N-deficient treatment plants in the absence and presence of Si (Figure 2g). However, the treatment deficiency in P compared with the plants of the complete treatment in the absence or presence of Si provided a greater P use efficiency (Figure 2h). It was also observed that the Si supply in the nutrient solution provided a greater use efficiency in all the treatments studied (Figure 2g,h).



Compared with the other treatments in the absence and presence of Si, the complete treatment plants provided higher levels of total phenols (Figure 3a). However, the supply of Si via the nutrient solution increased the total phenol content in all treatments (Figure 3a).



The carotenoid production in the complete treatment plants was higher than in the other treatments, both in the absence and presence of Si (Figure 3b). However, it was observed that the Si supply in the nutrient solution increased the carotenoid production in the plants with a deficiency of the two nutrients studied (Figure 3b).



There was a lower rate of extravasation of cellular electrolytes in the complete treatment plants compared with the plants under N or P deficiencies, regardless of the Si supply (Figure 3c). There was a decrease in cellular electrolyte extravasation when there was a Si supply via a nutrient solution in all treatments compared with the plants lacking Si (Figure 3c).



Compared with the plants deficient in N or P, the complete treatment plants showed a higher production of total chlorophyll, both in the absence and presence of Si (Figure 3d). Furthermore, it was observed that there was a greater production of total chlorophyll when Si was supplied in the nutrient solution in all the treatments of this study (Figure 3d).



It was also verified that, in the plants of the complete treatment, there was no difference regarding the supply of Si in the PSII quantum efficiency (Figure 3e). However, in the plants with N or P deficiencies, there was an increase in the PSII quantum efficiency with the presence of Si compared with its absence in the nutrient solution (Figure 3e).



Compared with the plants in the treatments with N and P deficiencies, the complete treatment plants showed a higher shoot and root dry mass production, both in the absence and presence of Si (Figure 4a,b). Regarding its absence, the Si supply increased the dry mass production in the shoot and root in the complete treatment plants and the N- and P-deficient plants (Figure 4a,b).




4. Discussion


In beet plants, nitrogen (-N) and phosphorus (-P) deficiencies in the nutrient solution led to a decrease in these elements due to low N and P absorption, which caused biological damage to the plants. The N and P deficiencies promoted an imbalance in the nutrient absorption [38], compromising the nutritional roles of these elements in the plants. Nitrogen has a structural function constituting the chlorophyll molecule that plays a fundamental role in transferring excitation energy to photosystems [39]. P is also linked to metabolic activities, from energy transfer as a constituent of NADP (nicotinamide adenine dinucleotide phosphate) and ATP (adenosine triphosphate) [40] to a high activity of the enzyme ribulose 1,5-bisphosphate carboxylase (Rubisco). Its low supply directly affects the gas exchange and photosynthetic rate [41], decreasing new cell formation and cell elongation [42].



Thus, it is common to see disturbances in the physiological mechanisms of plants with N and P deficiencies [43] due to the decrease in the levels of chlorophyll and carotenoid pigments, which leads to a reduction in the PSII quantum efficiency and, consequently, a reduction in the dry mass of the plants, as observed in this research with beet plants.



Silicon is a sustainable strategy to mitigate N and P deficiencies of plants. It is interesting because this beneficial element is already known as a great mitigator of different stresses, whether biotic [9,44] or abiotic [45,46]. However, there is little information on plants grown without stress [47]. In the beet crop, studies are restricted to a foliar application of Si from conventional sources, which has promoted improvements in crop growth and productivity [48]. Studies are incipient with the application of the element in innovative sources from nanosilica nanotechnology, with application via fertigation, especially when evaluating plants deficient in N and P.



The importance of Si in the uptake of N and P in plants deficient in these nutrients was observed when the nutrients were supplied at the beginning of the experiment and especially in the N and P use efficiency. The effect of Si in increasing the use efficiency of these nutrients drew attention, constituting a good indication that this element favors the ability of the plant to use N and P in important nutritional functions involved in the physiological processes responsible for dry mass production.



In addition to the nutritional benefits of Si in plants deficient in N and P, its antioxidant action became clear from the increased levels of phenols and carotenoids. Silicon acts on the metabolism of these phenolic and carotenoid compounds, favoring their synthesis [49], which can be maximized due to the Si enzymatic action increasing the activation of the enzymes involved in the secondary defense metabolism [50]. This increase in the phenol content in the plant, mediated by Si, acts on the balance of the antioxidant system, directly eliminating active molecular oxygen and H2O2, inhibiting lipid peroxidation [51], and avoiding cellular compound degradation.



This study proved that Si decreased the electrolyte leakage rate in plants with N and P deficiencies, reinforcing its modulation of antioxidant production, thus preventing membrane damage and cytosol efflux into the free space between cells.



Another benefit of Si is that the increase in antioxidant compounds and the decrease in oxidative stress reduces chlorophyll degradation [13]. Therefore, the effect of Si delaying this process benefits plants with N and P deficiencies, as evidenced by the increase in the Fv/Fm values; that is, the quantum efficiency of photosynthesis.



Overall, it became evident that an increase in the Si accumulation by the plant by increasing the photosynthetic pigments and the photosynthetic efficiency favored the ability of the plant to convert dry mass, favoring the dry mass increase and proving that the nanosilica alleviated the N and P deficiencies in beet plants. This effect of Si on the plant physiological aspects has also been recently reported in other species such as quinoa [10] and forager plants [52].



The results of this study allow us to accept the hypothesis that using nanosilica can mitigate N and P deficiencies in beet crops by promoting benefits in the antioxidant defense system, possibly with an increase in the antioxidant compounds favoring the physiological and nutritional aspects of the plant.



It should also be noted that the beneficial effect of nanosilica was evidenced even in plants cultivated without a nutritional deficiency. This effect of Si occurred due to the improvement of the antioxidant capacity, demonstrated by the increase in the production of phenolic compounds, which, in turn, reduced the electrolyte leakage rate. It favored an increase in the total chlorophyll and carotenoid levels, even though it did not affect the PSII quantum efficiency. However, there was an increase in the dry matter production.



The results of this study open the way for nanosilica nanotechnology to enable the sustainable cultivation of beet for marginal regions in low fertility soils or that employ sub-doses of nitrogen and phosphate fertilizers typical of the low-technology agriculture developed in many underdeveloped countries with limited financial resources. The perspective is that further studies will be conducted on this vegetable with nanosilica in field crops, which may include K, Ca, Mg, and S in addition to the nutrients studied, as it may increase benefits in beet production in different regions of the world.




5. Conclusions


A beet crop was sensitive to N and P deficiencies because it sustained important physiological damage. However, using nanosilica via fertigation could reverse the damage. Using nanosilica nanotechnology constituted a sustainable strategy for beet cultivation regarding the two most limiting nutrients of the crop by optimizing the physiological processes, nutritional efficiency, and growth of the plant without any environmental risks.



The future perspective is the feasibility of nanotechnology for food security, enabling the production of vegetables in nutrient-poor environments.







Author Contributions


Conceptualization, L.T.d.S.C. and R.d.M.P.; Data curation, J.L.F.D.S.; Formal analysis, L.T.d.S.C. and J.L.F.D.S.; Funding acquisition, R.d.M.P.; Investigation, L.T.d.S.C. and J.L.F.D.S.; Methodology, L.T.d.S.C., R.d.M.P., J.L.F.D.S., P.M.F. and R.I.A.; Project administration, R.d.M.P.; Resources, R.d.M.P.; Supervision, R.d.M.P.; Writing—original draft, L.T.d.S.C., J.L.F.D.S., P.M.F. and R.I.A.; Writing—review & editing, L.T.d.S.C. and R.d.M.P. All authors have read and agreed to the published version of the manuscript.




Funding


This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES): 001—Brazil.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Galewski, P.; McGrath, J.M. Genetic Diversity among Cultivated Beets (Beta vulgaris) Assessed via Population-Based Whole Genome Sequences. BMC Genom. 2020, 21, 1–14. [Google Scholar] [CrossRef]

	



Tivelli, S.; Factor, T.; Teramoto, J. Beterraba: Do Plantio à Comercialização; (N. 210); Boletim Técnico IAC: Campinas, Brazil, 2011; ISBN 1809-7936. [Google Scholar]

	



Ali, N.; Réthoré, E.; Yvin, J.C.; Hosseini, S.A. The Regulatory Role of Silicon in Mitigating Plant Nutritional Stresses. Plants 2020, 9, 1779. [Google Scholar] [CrossRef]

	



Hawkesford, M.; Horst, W.; Kichey, T.; Lambers, H.; Schjoerring, J.; Møller, I.S.; White, P. Functions of Macronutrients. In Marschner’s Mineral Nutrition of Higher Plants, 3rd ed.; Elsevier Ltd.: Amsterdam, The Netherlands, 2012; pp. 135–189. [Google Scholar] [CrossRef]

	



Alves, A.U.; Prado, R.D.M.; Gondim, A.R.D.O.; Fonseca, I.M.; Cecílio Filho, A.B. Desenvolvimento e Estado Nutricional Da Beterraba Em Função Da Omisão de Nutrientes. Hortic. Bras. 2008, 26, 292–295. [Google Scholar] [CrossRef]

	



Akhtar, N.; Ilyas, N.; Meraj, T.A.; Pour-Aboughadareh, A.; Sayyed, R.Z.; Mashwani, Z.U.R.; Poczai, P. Improvement of Plant Responses by Nanobiofertilizer: A Step towards Sustainable Agriculture. Nanomaterials 2022, 12, 965. [Google Scholar] [CrossRef]

	



Ma, J.F. Role of Silicon in Enhancing the Resistance of Plants to Biotic and Abiotic Stresses. Soil Sci. Plant Nutr. 2011, 50, 11–18. [Google Scholar] [CrossRef]

	



Pavlovic, J.; Kostic, L.; Bosnic, P.; Kirkby, E.A.; Nikolic, M. Interactions of Silicon with Essential and Beneficial Elements in Plants. Front. Plant Sci. 2021, 12, 1224. [Google Scholar] [CrossRef]

	



Wang, L.; Ning, C.; Pan, T.; Cai, K. Role of Silica Nanoparticles in Abiotic and Biotic Stress Tolerance in Plants: A Review. Int. J. Mol. Sci. 2022, 23, 1947. [Google Scholar] [CrossRef]

	



Sales, A.C.; Campos, C.N.S.; de Souza Junior, J.P.; da Silva, D.L.; Oliveira, K.S.; de Mello Prado, R.; Teodoro, L.P.R.; Teodoro, P.E. Silicon Mitigates Nutritional Stress in Quinoa (Chenopodium Quinoa Willd.). Sci. Rep. 2021, 11, 1–16. [Google Scholar] [CrossRef]

	



Buchelt, A.C.; Teixeira, G.C.M.; Oliveira, K.S.; Rocha, A.M.S.; de Mello Prado, R.; Caione, G. Silicon Contribution Via Nutrient Solution in Forage Plants to Mitigate Nitrogen, Potassium, Calcium, Magnesium, and Sulfur Deficiency. J. Soil Sci. Plant Nutr. 2020, 20, 1532–1548. [Google Scholar] [CrossRef]

	



Da Silva, J.L.F.; de Mello Prado, R. Elucidating the Action Mechanisms of Silicon in the Mitigation of Phosphorus Deficiency and Enhancement of Its Response in Sorghum Plants. J. Plant Nutr. 2021, 44, 2572–2582. [Google Scholar] [CrossRef]

	



Oliveira, K.S.; de Mello Prado, R.; Checchio, M.V.; Gratão, P.L. Silicon via Nutrient Solution Modulates Deficient and Sufficient Manganese Sugar and Energy Cane Antioxidant Systems. Sci. Rep. 2021, 11, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Da Silva, D.L.; de Mello Prado, R.; Tenesaca, L.F.L.; da Silva, J.L.F.; Mattiuz, B.-H. Silicon Attenuates Calcium Deficiency by Increasing Ascorbic Acid Content, Growth and Quality of Cabbage Leaves. Sci. Rep. 2021, 11, 1770. [Google Scholar] [CrossRef] [PubMed]

	



Vaculíková, M.; Vaculík, M.; Šimková, L.; Fialová, I.; Kochanová, Z.; Sedláková, B.; Luxová, M. Influence of Silicon on Maize Roots Exposed to Antimony—Growth and Antioxidative Response. Plant Physiol. Biochem. 2014, 83, 279–284. [Google Scholar] [CrossRef] [PubMed]

	



Jafarei, Y.; Tabrizi, E.F.M.; Bybordi, A. Effect of Different Stages and Times of Silicon Foliar Spray on Yield and Yield Components of Bean. Cumhur. Sci. J. 2015, 36, 81–92. [Google Scholar]

	



Mantovani, C.; Prado, R.M.; Pivetta, K.F.L. Silicon Foliar Application on Nutrition and Growth of Phalaenopsis and Dendrobium Orchids. Sci. Hortic. 2018, 241, 83–92. [Google Scholar] [CrossRef]

	



Prado, R.D.M. Mineral Nutrition of Tropical Plants, 1st ed.; Springer International Publishing: Jaboticabal, Brazil, 2021. [Google Scholar]

	



Urban, J.; Pulkrabek, J. Increased Yield and Quality of Sugar Beet by Means of Foliar Nutrition and Biologically Active Substances. Listy Cukrov. Řepařské 2018, 134, 188–194. [Google Scholar]

	



Artyszak, A.; Kondracka, M.; Gozdowski, D.; Siuda, A.; Litwińczuk-Bis, M. Impact of Foliar Application of Various Forms of Silicon on the Chemical Composition of Sugar Beet Plants. Sugar Tech 2021, 23, 546–559. [Google Scholar] [CrossRef]

	



Artyszak, A.; Gozdowski, D.; Siuda, A.; Matichenkov, V.; Schaller, J.; Nagabovanalli, P.B.; Katz, O. Effect of the Application Date of Fertilizer Containing Silicon and Potassium on the Yield and Technological Quality of Sugar Beet Roots. Plants 2021, 10, 370. [Google Scholar] [CrossRef]

	



Dos Santos Sarah, M.M.; de Mello Prado, R.; Teixeira, G.C.M.; de Souza Júnior, J.P.; de Medeiros, R.L.S.; Barreto, R.F. Silicon Supplied Via Roots or Leaves Relieves Potassium Deficiency in Maize Plants. Silicon 2021, 14, 773–782. [Google Scholar] [CrossRef]

	



De Souza Júnior, J.P.; de Mello Prado, R.; Campos, C.N.S.; Teixeira, G.C.M.; Ferreira, P.M. Nanosilica-Mediated Plant Growth and Environmental Stress Tolerance in Plants: Mechanisms of Action. In Silicon and Nano-Silicon in Environmental Stress Management and Crop Quality Improvement; Academic Press: Cambridge, MA, USA, 2022; pp. 325–337. [Google Scholar] [CrossRef]

	



Felisberto, G.; de Mello Prado, R.; de Oliveira, R.L.L.; de Carvalho Felisberto, P.A. Are Nanosilica, Potassium Silicate and New Soluble Sources of Silicon Effective for Silicon Foliar Application to Soybean and Rice Plants? Silicon 2020, 13, 3217–3228. [Google Scholar] [CrossRef]

	



Dos Santos, L.C.N.; Teixeira, G.C.M.; de Mello Prado, R.; Rocha, A.M.S.; dos Santos Pinto, R.C. Response of Pre-Sprouted Sugarcane Seedlings to Foliar Spraying of Potassium Silicate, Sodium and Potassium Silicate, Nanosilica and Monosilicic Acid. Sugar Tech 2020, 22, 773–781. [Google Scholar] [CrossRef]

	



De Oliveira, R.L.L.; de Mello Prado, R.; Felisberto, G.; Cruz, F.J.R. Different Sources of Silicon by Foliar Spraying on the Growth and Gas Exchange in Sorghum. J. Soil Sci. Plant Nutr. 2019, 19, 948–953. [Google Scholar] [CrossRef]

	



De Souza Junior, J.P.; de Mello Prado, R.; Soares, M.B.; da Silva, J.L.F.; de Farias Guedes, V.H.; dos Santos Sarah, M.M.; Cazetta, J.O. Effect of Different Foliar Silicon Sources on Cotton Plants. J. Soil Sci. Plant Nutr. 2021, 21, 95–103. [Google Scholar] [CrossRef]

	



Dos Santos, M.M.M.; da Silva, G.P.; de Mello Prado, R.; Pinsetta Junior, J.S.; Mattiuz, B.H.; Braun, H. Biofortification of Tomato with Stabilized Alkaline Silicate and Silicic Acid, Nanosilica, and Potassium Silicate via Leaf Increased Ascorbic Acid Content and Fruit Firmness. J. Plant Nutr. 2021, 45, 896–903. [Google Scholar] [CrossRef]

	



Hoagland, D.R.; Arnon, D.I. The Water-Culture Method for Growing Plants without Soil; (No. 337); The College of Agriculture University of California: Berkeley, CA, USA, 1950. [Google Scholar]

	



Bataglia, O.C.; Furlani, A.M.C.; Teixeira, J.P.F.; Furlani, P.R.; Gallo, J.R. Métodos de Análise Química de Plantas; Boletim Técnico: Campinas, Brazil, 1983. [Google Scholar]

	



Siddiqi, M.Y.; Glass, A.D.M. Utilization Index: A Modified Approach to the Estimation and Comparison of Nutrient Utilization Efficiency in Plants. J. Plant Nutr. 1981, 4, 289–302. [Google Scholar] [CrossRef]

	



Kraska, J.E.; Breitenbeck, G.A. Simple, Robust Method for Quantifying Silicon in Plant Tissue. Soil Sci. Plant Anal. 2010, 41, 2075–2085. [Google Scholar] [CrossRef]

	



Korndörfer, G.H.; Pereira, H.S.; Nolla, A. Análise de Silício No Solo, Planta e Fertilizantes, 2nd ed.; UFU: Uberlândia, Brazil, 2004. [Google Scholar]

	



Lichtenthaler, H.K.; Buschmann, C.; Knapp, M. How to Correctly Determine the Different Chlorophyll Fluorescence Parameters and the Chlorophyll Fluorescence Decrease Ratio R Fd of Leaves with the PAM Fluorometer. Photosynthetica 2005, 43, 379–393. [Google Scholar] [CrossRef]

	



Dionisio-Sese, M.L.; Tobita, S. Antioxidant Responses of Rice Seedlings to Salinity Stress. Plant Sci. 1998, 135, 1–9. [Google Scholar] [CrossRef]

	



Singleton, V.L.; Rossi, J.A., Jr. Colorimetry to Total Phenolics with Phosphomolybdic-Phosphotungstic Acid Reagents. Am. J. Enol. Vinic. 1965, 16, 144–158. [Google Scholar]

	



Lichtenthaler, H.K. Chlorophylls and Carotenoids: Pigments of Photosynthetic Biomembranes. Methods Enzym. 1987, 148, 350–382. [Google Scholar] [CrossRef]

	



Souza Osório, C.R.W.; Teixeira, G.C.M.; Barreto, R.F.; Campos, C.N.S.; Leal, A.J.F.; Teodoro, P.E.; de Mello Prado, R. Macronutrient Deficiency in Snap Bean Considering Physiological, Nutritional, and Growth Aspects. PLoS ONE 2020, 15, e0234512. [Google Scholar] [CrossRef] [PubMed]

	



Havaux, M. Carotenoid Oxidation Products as Stress Signals in Plants. Plant J. 2014, 79, 597–606. [Google Scholar] [CrossRef] [PubMed]

	



Calderón-Vázquez, C.; Sawers, R.J.H.; Herrera-Estrella, L. Phosphate Deprivation in Maize: Genetics and Genomics. Plant Physiol. 2011, 156, 1067–1077. [Google Scholar] [CrossRef] [PubMed]

	



Santos, K.R.; Pereira, M.P.; Ferreira, A.C.G.; de Almeida Rodrigues, L.C.; de Castro, E.M.; Corrêa, F.F.; Pereira, F.J. Typha Domingensis Pers. Growth Responses to Leaf Anatomy and Photosynthesis as Influenced by Phosphorus. Aquat. Bot. 2015, 122, 47–53. [Google Scholar] [CrossRef]

	



Sun, L.; Tian, J.; Zhang, H.; Liao, H. Phytohormone Regulation of Root Growth Triggered by P Deficiency or Al Toxicity. J. Exp. Bot. 2016, 67, 3655–3664. [Google Scholar] [CrossRef]

	



Cavalcante, V.S.; de Mello Prado, R.; de Lima Vasconcelos, R.; de Almeida, H.J.; da Silva, T.R. Growth and Nutritional Efficiency of Watermelon Plants Grown under Macronutrient Deficiencies. HortScience 2019, 54, 738–742. [Google Scholar] [CrossRef]

	



Debona, D.; Rodrigues, F.A.; Datnoff, L.E. Silicon’s Role in Abiotic and Biotic Plant Stresses. Annu. Rev. Phytopathol. 2017, 55, 85–107. [Google Scholar] [CrossRef]

	



Cooke, J.; Leishman, M.R. Consistent Alleviation of Abiotic Stress with Silicon Addition: A Meta-Analysis. Funct. Ecol. 2016, 30, 1340–1357. [Google Scholar] [CrossRef]

	



Teixeira, G.C.M.; de Mello Prado, R.; Rocha, A.M.S.; de Cássia Piccolo, M. Root- and Foliar-Applied Silicon Modifies C: N: P Ratio and Increases the Nutritional Efficiency of Pre-Sprouted Sugarcane Seedlings under Water Deficit. PLoS ONE 2020, 15, e0240847. [Google Scholar] [CrossRef]

	



Detmann, K.C.; Araújo, W.L.; Martins, S.C.V.; Sanglard, L.M.V.P.; Reis, J.V.; Detmann, E.; Rodrigues, F.Á.; Nunes-Nesi, A.; Fernie, A.R.; Damatta, F.M. Silicon Nutrition Increases Grain Yield, Which, in Turn, Exerts a Feed-Forward Stimulation of Photosynthetic Rates via Enhanced Mesophyll Conductance and Alters Primary Metabolism in Rice. New Phytol. 2012, 196, 752–762. [Google Scholar] [CrossRef]

	



Artyszak, A.; Gozdowski, D.; Payne, W.A.; Barbanti, L. Influence of Various Forms of Foliar Application on Root Yield and Technological Quality of Sugar Beet. Agriculture 2021, 11, 693. [Google Scholar] [CrossRef]

	



Chen, D.; Cao, B.; Wang, S.; Liu, P.; Deng, X.; Yin, L.; Zhang, S. Silicon Moderated the K Deficiency by Improving the Plant-Water Status in Sorghum. Sci. Rep. 2016, 6, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



De Oliveira, R.L.L.; de Mello Prado, R.; Felisberto, G.; Checchio, M.V.; Gratão, P.L. Silicon Mitigates Manganese Deficiency Stress by Regulating the Physiology and Activity of Antioxidant Enzymes in Sorghum Plants. J. Soil Sci. Plant Nutr. 2019, 19, 524–534. [Google Scholar] [CrossRef]

	



Sharma, P.; Jha, A.B.; Dubey, R.S.; Pessarakli, M. Reactive Oxygen Species, Oxidative Damage, and Antioxidative Defense Mechanism in Plants under Stressful Conditions. J. Bot. 2012, 2012, 1–26. [Google Scholar] [CrossRef]

	



Araújo, W.B.S.; Teixeira, G.C.M.; de Mello Prado, R.; Rocha, A.M.S. Silicon Mitigates Nutritional Stress of Nitrogen, Phosphorus, and Calcium Deficiency in Two Forages Plants. Sci. Rep. 2022, 12, 6611. [Google Scholar] [CrossRef]








[image: Nanomaterials 12 04038 g001 550] 





Figure 1. Maximum temperature, minimum temperature, and average relative humidity inside the greenhouse during the experiments. 






Figure 1. Maximum temperature, minimum temperature, and average relative humidity inside the greenhouse during the experiments.



[image: Nanomaterials 12 04038 g001]







[image: Nanomaterials 12 04038 g002 550] 





Figure 2. Accumulation of nitrogen (a,c), phosphorus (b,d), silicon (e,f), and nitrogen and phosphorus use efficiency (g,h) in beet plants with complete nutrition and nitrogen or phosphorus deficiencies in the presence and absence of silicon. Lowercase letters demonstrate differences from Si within the same nutritional status and uppercase letters demonstrate differences from the full treatment according to Tukey’s test at a 5% probability. 
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Figure 3. Total phenols (a), carotenoids (b), electrolyte leakage (c), total chlorophyll (d), and Fv/Fm (e) in beet plants with complete nutrition and nitrogen or phosphorus deficiency in the presence and absence of Si. Lowercase letters demonstrate differences from Si within the same nutritional status and uppercase letters demonstrate differences from the full treatment according to Tukey’s test at a 5% probability. 
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Figure 4. Dry mass of the aerial part (a) and roots (b) of beet plants with complete nutrition and nitrogen or phosphorus deficiencies in the presence and absence of Si. Lowercase letters demonstrate differences from Si within the same nutritional status and uppercase letters demonstrate differences from the full treatment according to Tukey’s test at a 5% probability. 
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