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Abstract

:

The application of green nanotechnology in agriculture has been receiving substantial attention, especially in the development of new nano-fertilizers and nano-insecticides. Herein, the metabolites secreted by the fungal strain Penicillium chrysogenum are used as a reducing agent for selenium ions to form selenium nanoparticles (Se-NPs). The synthesized Se-NPs were characterized using color change, UV-Vis spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, transmission electron microscopy (TEM), energy dispersive X-ray (EDX), X-ray diffraction (XRD), and dynamic light scattering (DLS). The biomass filtrate of the fungal strain changed from colorless to a ruby red color after mixing with sodium selenite with a maximum surface plasmon resonance at 262 nm. Data exhibits the successful formation of spherical, amorphous Se-NPs with sizes ranging between 3–15 nm and a weight percentage of 38.52%. The efficacy of Se-NPs on the growth performance of sunflower (Helianthus annuus L.) and inhibition of cutworm Agrotis ipsilon was investigated. The field experiment revealed the potentiality of Se-NPs to enhance the growth parameters and carotenoid content in sunflower, especially at 20 ppm. The chlorophylls, carbohydrates, proteins, phenolic compounds, and free proline contents were markedly promoted in response to Se-NPs concentrations. The antioxidant enzymes (peroxidase, catalase, superoxide dismutase, and polyphenol oxidase) were significantly decreased compared with the control. Data analysis showed that the highest mortality for the 1st, 2nd, 3rd, 4th, and 5th instar larvae of Agrotis ipsilon was achieved at 25 ppm with percentages of 89.7 ± 0.3, 78.3 ± 0.3, 72.3 ± 0.6, 63.7 ± 0.3, and 68.7 ± 0.3 respectively after 72 h.
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1. Introduction


The main challenge in the agriculture sector is to increase crop productivity and its products by safe approaches to cope with rapidly growing populations. Approximately one-third of crop productivity is lost due to microbial attacks, poor quality of soil, pest, and insect infestations, irrigation with contaminated water, and reducing the micro and macro-elements required for plant growth [1,2,3]. Therefore, new approaches are urgently required to overcome these problems. Nanotechnology has a promising approach to developing the agrotechnological system without negative impacts on the quality of foods. Nanotechnology is concerned with the production of novel compounds at a nanoscale range of 1–100 nm and can be integrated into various fields such as medicine, pharmaceuticals, chemistry, diagnosis, wastewater treatment, and the textile industry, to name a few [4,5]. Nanoparticles (NPs) are a final product of nanotechnology, and can be formed by chemical, physical, and biological methods. Due to the disadvantages of chemical and physical methods, such as involved toxic substances during synthesis, toxic by-products, harsh conditions needed for fabrications, and high processing cost, biological methods are preferred [6]. The metabolites secreted by various biological entities (bacteria, actinomycetes, fungi, yeast, and plants) are utilized for the green synthesis of metal and metal oxides NPs [7,8,9]. Among these NPs are Ag, Au, Cu, Se, MgO, ZnO, CuO, TiO, and Fe2O3, to name a few [6,10].



Selenium (Se) is a fundamental element for humans, animals, and plants at a specific dose. This element has an effective role in normal plant functioning and hence protects them from various stresses [11]. Recently, selenium at the nanoscale (Se-NPs) has gained more attention, especially for plants due to their efficacy to alleviate several biotic and abiotic stressors such as heavy metals, salinity, drought, and heat, as well as their ability to inhibit the phytopathogenic microbes [12,13]. The positive or negative impacts of Se on plant growth are dependent on the concentration used. For example, at low concentration, Se can protect the fluidity and structure of chloroplast and plastid membrane, can reduce the metal genotoxicity, increase the cell integrity, decrease the leakage of electrolyte, enhance the photosynthetic process, delay senescence, enhance crop yield, and regulate the production of reactive oxygen species (ROS) in the plants [14,15]. In contrast, at high concentrations, Se can induce oxidative stress and ROS overproduction, damage plant cells, reduce the leaf area, inhibit seed formation, decrease crop yield, and deform the plant cell structure [14,16].



Helianthus annuus L. or sunflower is both useful and beautiful as named by farmers. Sunflower belongs to the Asteraceae family (Compositae), has a flowering head (capitulum) surrounded by outer yellow florets to attract the pollinators. It also contains inner florets as a brownish disc that are fertile and arranged in a spiral whorl from the center to the head [17]. The sunflower plant has a high economic value, it can be cultivated as an oilseed crop, their seed can be eaten by humans, animals, and birds. Moreover, sunflower seeds are a premium source of proteins, unsaturated fats, vitamins such as B1, B5, and B6, copper, phosphorus, iron, manganese, folic acid, zinc, tannins, alkaloids, oleic acid, and amino acids [17,18]. Medicinally, the seeds of sunflower are used to calm the muscles, nerves, blood vessels, have an anti-inflammatory effect, are anti-asthmatic, have antioxidant activity, treatment of high and lower pressure, and reduce heart disease risk [18,19].



The cutworm Agrotis ipsilon is considered the major destructive insect that can attack different crops, weeds, and vegetables such as clover, cotton, soybean, corn, tomatoes, tobacco, lettuce, eggplant, turnip, broccoli, and potatoes worldwide [20]. The larva of this insect attacks the plants by cutting the stem below or above the soil, living and hiding inside the soil holes during the day. Based on damages caused by the Agrotis ipsilon insect, the conventional methods including chemicals and synthetic insecticides are still used to control larvae growth. These conventional methods have negative impacts on humans, animals, and eco-system. Hence, it is urgent to establish a new method that is low cost, effective and environmentally friendly for insect control.



Therefore, the current study aims to develop a rapid, effective, and environmentally friendly approach used for the enhancement of the growth performance of the plant and prevent crop damage caused by insects. To achieve this goal, the metabolites secreted by the fungal strain Penicillium chrysogenum F9 were used as a biocatalyst for the formation and stabilization of Se-NPs. The biosynthesized Se-NPs were characterized by a color change of fungal biomass filtrate, UV-Vis spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, transmission electron microscopy (TEM), energy dispersive X-ray (EDX), X-ray diffraction (XRD), and dynamic light scattering (DLS) analyses. Moreover, the efficacy of different Se-NPs concentrations on the growth performance of sunflower and inhibit the growth of different Agrotis ipsilon instar larvae was investigated.




2. Results and Discussion


2.1. Biosynthesis of Se-NPs


The green synthesis of metal and metal oxide NPs is achieved due to the activity of metabolites secreted by various biological entities such as plants, algae, fungi, bacteria, and actinomycetes to reduce, cap, and stabilize metal ions [21]. In the current study, the metabolites involved in biomass filtrate of the fungal strain Penicillium chrysogenum F9 have the efficacy to reduce Se ions and form Se-NPs. In our recent study, this fungal strain was used to fabricate silver nanoparticles (Ag-NPs) to control the growth of various Candida strains [22]. P. chrysogenum has the efficacy to produce a wide range of secondary metabolites that act a biocatalyst to reduce and stabilize NPs. Among these metabolites, are penitric acid, chrysogine, chrysogenin, fungisporin, roquefortines, and different enzymes and proteins [23,24]. The reduction, capping, and stabilizing Se-NPs can be attributed to these wide secondary metabolites range.



The successful Se-NPs formation was monitored by the color change of fungal biomass after adding metal precursor (Na2SeO3) from colorless to ruby red color (Figure 1A). Compatible with our study, Joshi and coauthor reported that the efficacy of the fungal strain to reduce Se ion and form Se-NPs is due to their various proteins and enzymes secreted extracellularly [25]. The shifting of color because of the surface plasmon resonance (SPR) as reported previously [26].




2.2. Characterization of Selenium Nanoparticles


2.2.1. UV-Vis Spectroscopy


Besides color change, the synthesis of Se-NPs was proved by measuring the maximum SPR using UV-vis spectroscopy at a wavelength between 200 to 500 nm. As shown in Figure 1A, the highest SPR for Se-NPs fabricated by P. chrysogenum was noticed as a single absorption peak at 262 nm. The obtained data are compatible with those recorded by Abbas and Abou Baker [27], who reported that the highest SPR for Se-NPs fabricated by Fusarium semitectum was observed at 262 nm. Moreover, the Se-NPs synthesized through harnessing metabolite secreted by Penicillium corylophilum strain As-1 showed a single SPR peak at a wavelength of 275 nm [28]. The bacterial (Bacillus megaterium) and fungal (Aspergillus terrus) mediated green synthesis of Se-NPs showed maximum SPR peak at 245 nm and 261 nm respectively [29,30]. The shape of synthesized Se-NPs can be predicted based on the SPR peak, the spherical shape is represented by a single SPR peak, while more than one SPR peak is referred to as anisotropic compounds [31,32].




2.2.2. Fourier Transform Infrared (FT-IR) Spectroscopy


The various functional groups that exist in the fungal biomass filtrate and are corresponding to the reduction of Se ion to form Se-NPs as well as capping and stabilizing of as-formed NPs were investigated using FT-IR analysis. The FT-IR for cell-free filtrate of P. chrysogenum F9 was previously analyzed [22] and showed four intense peaks observed at 3320 cm−1, 2550 cm−1, 1635 cm−1, and 666 cm−1. These peaks are shifted in the new chart of Se-NPs (Figure 1B). As seen, there are six peaks in the FT-IR chart represented by 520 cm−1, 1025 cm−1, 1380 cm−1, 1543 cm−1, 1635 cm−1, and 2990 cm−1. The peak observed at 3320 cm−1 in fungal biomass filtrate was shifted to 2990 cm−1 which is related to the stretching N–H group of the secondary amide for fungal protein [33]. This indicates the role of N–H containing proteins in the reduction of Se ions and forming Se-NPs. Moreover, the peak at 1638 cm−1 is referred to different moieties of peptide linkages and polysaccharide rings such as C=N, C=O, and C=C, while the peak at 1543 cm−1 for NH bend for primary and secondary amines [34,35]. The medium peak at 1380 cm−1 corresponds to C–H bending of aldehyde, whereas the peak at 1025 cm−1 is attributed to C-N (primary amine stretching), skeletal C-C vibration, C-O (stretching) of a primary alcohol, C-N-C stretching bands, and C–O–C stretch [36,37]. The new peak at 520 cm−1 was observed in FT-IR for Se-NPs and it refers to successful conjugation between the OH group and Se-NPs as Se–O [28] overlapped with C-H out of plane bending [5,6]. Based on obtained data it can be concluded that the role of various functional groups related to different secondary metabolites that exist in biomass filtrate of P. chrysogenum to reduce, capping, and stabilize Se-NPs.




2.2.3. Transmission Electron Microscopy (TEM)


The morphological properties (shape and size) of myco-synthesized Se-NPs were analyzed by TEM. As shown in Figure 2A,B, the biomass filtrate of fungal strain F9 can fabricate spherical, homogenous with a modest aggregation of Se-NPs with size ranging between 3 nm to 15 nm with an average size of 7.3 ± 3.7 nm. The various biological activities of NPs, such as antimicrobial, cytotoxicity, larvicidal, and antioxidant activity, are dependent on NPs size, where smaller sizes have greater biological activity than large sizes [21]. For instance, the smaller sizes of Se-NPs fabricated by Pantoea agglomerans UC-32 showed higher biological activities (antioxidant and food additives) than those recorded by larger sizes [38]. Moreover, the antimicrobial activity of Se-NPs synthesized by garlic extract with a size range of 21–40 nm was greater than the activity recorded for higher sizes (41–50 nm) [39]. Therefore, we predict strong biological activities for Se-NPs synthesized in the current study.



The Energy dispersive X-ray (EDX) analysis is considered the most proper technique used for investigating the qualitative and quantitative chemical composition of the synthesized samples [40,41]. The EDX chart confirms the existence of Se at 1.38 KeV with weight and atomic percentages of 38.52% and 32.22%, respectively (Figure 2C) [42]. The maximum peaks located at 0.2 and 0.5 KeV are associated with characteristic lines of carbon and oxygen, respectively, as reported previously [43]. The presence of C and O peaks in the EDX chart can be related to the capping and stabilizing agents attached to the Se-NPs surface originating from fungal biomass filtrate [44,45]. Compatible with our data, Sharma and co-authors reported that the carbon and oxygen peaks present in the EDX chart of Se-NPs fabricated by extract of Vitis vinifera are usually correlated with a stabilizing agent which maybe was alkyl chains [43].




2.2.4. X-ray Diffraction Pattern (XRD)


The nature (crystalline or amorphous) of fungal mediated biosynthesis of NPs was explored by XRD analysis [46]. Figure 3A showed a broader XRD pattern lacking any sharp Bragg’s peak, which indicates the synthesized Se-NPs was an amorphous structure. This structure can be attributed to the array of selenium atoms in the form of irregular chains as reported previously [47]. Although the XRD pattern lacks any strong peaks, there are small peaks observed at 2θ values of 21.4°, 28.9°, 36.49°, and 44.8° (Figure 3A). These data are matched with Rajkumar et al. [48], showing the successful formation of amorphous Se-NPs by Pseudomonas stutzeri strain MH191156 with observed small peaks in XRD pattern at 2θ values of 23°, 26°, and 40°. The amorphous structure of green synthesized Se-NPs are reported previously, such as those synthesized by fruit extract of Emblica officinalis [47], Bacillus cereus [9], Alternaria alternata [49], and Anabaena variabilis strain NCCU-441 [50].




2.2.5. Dynamic Light Scattering (DLS)


The size and homogeneity of synthesized NPs in colloidal solution were assessed using DLS analysis, in which the light beam reacts with suspended NPs in the solution [51,52]. The intensity of NPs in the colloidal solution affects the size obtained from DLS analysis. In the current study, the average Se-NPs size in the colloidal solution was 58.7 nm (2.3% intensity) and 30.3 nm (97.7% intensity). As seen, the average size of Se-NPs obtained by DLS analysis is higher than those obtained by TEM analysis. This observation is because of various factors such as the accumulation of fungal metabolites (that serve as capping and stabilizing agents) on the surface of Se-NPs and which interfere with DLS measurement. Furthermore, the bigger Se-NPs size obtained by DLS can be related to the non-homogenous distribution in the colloidal solution and hydrodynamic particle residue [51,53]. The polydispersity index (PDI) that refers to homo- and heterogeneity of particles in the prepared colloidal solution can be recovered from DLS analysis. Data show that the PDI value for myco-synthesized Se-NPs was 0.03, which refers to homogenous and less aggregate of nanoparticles. Similarly, the average size of Se-NPs synthesized by aqueous extract of Ceropegia bulbosa recovered from DLS analysis was 55.9 nm, whereas the PDI value is 0.03 [54].





2.3. The Efficacy of Se-NPs on the Growth Traits of the Sunflower Plant


2.3.1. Morphological Parameters


The morphological parameters (shoot and root length, shoot and root fresh weight, and shoot and root dry weight) of sunflower due to foliar treatment with various Se-NPs concentrations (10, 15, 20, and 25 ppm) are represented in Figure 4. The mentioned concentrations of Se-NPs significantly augmented length, fresh weight, and dry weight of shoots while insignificantly enhanced length, fresh weight, and dry weight of roots. The most effective treatment was 20 ppm Se-NPs, which significantly increased the shoot length and fresh and dry weight of the shoot with percentages of 56.7%, 96.6%, and 96.6%, respectively. Recent studies have revealed that Se-NPs can enhance plant growth [10,55]. Results from Ikram and co-authors revealed that foliar treatments of Se-NPs have a growth-improving impact on wheat plants by enhancing plant height, shoot length, root length, fresh and dry weight of shoot, fresh and dry weight of root, leaf area, and leaf number [12]. Additionally, the study of Hussein et al. [56] recorded some significant improvements in the morphological growth parameters (plant height, fresh and dry weights of shoot as well as fresh and dry weights of root) of groundnut cultivars as a result of foliar spray with selenium nanoparticles.




2.3.2. Photosynthetic Pigments


It is well known that photosynthetic pigments are an important factor to generate energy from light, in a process known as plant photosynthesis [57]. The obtained results in Figure 5 clarified that the application of Se-NPs (10, 15, 20, and 25 ppm) promoted the pigments of photosynthesis (chlorophylls and carotenoids). Selenium nanoparticles (25 ppm) significantly enhanced chlorophyll-a content by 99.4%, whereas foliar treatment with Se-NPs at 15 ppm significantly increased chlorophyll-b content by 41.4%. On the other hand, Se-NPs at a concentration of 25 ppm significantly promoted the content of total chlorophyll by 77.4%, while Se-NPs at 20 ppm significantly boosted carotenoid contents by 167.4%. Similarly, a recent study showed that the treatment of groundnut cultivars (NC and Giza 6) with Se-NPs at a concentration of 20 ppm and 40 ppm cause a significant increase in the chlorophyll and carotenoid contents [56]. Another study observed a promotion in the content of chlorophyll and carotenoids in cluster beans due to treatment by Se-NPs [58]. It was documented that different metals in the nano-size can raise the content of chlorophyll, enhance the formation of pigments, and increase metabolic activities [55,59]. Besides the excellent biological characteristics and low toxicity of Se-NPs, it can be used as a stimulant for plant growth, improving the defense system, and increasing the amelioration of plants to different biotic and abiotic stresses. Therefore, Se-NPs have a significant role in improving the photosynthetic processes, increasing plant yield, and regulating the synthesis of reactive oxygen species (ROS) in plants [56,60].




2.3.3. Metabolic Parameters (Carbohydrates, Proteins, Free Proline, and Phenols)


The impact of Se-NPs treatments at different concentrations (10, 15, 20, and 25 ppm) on the contents of carbohydrates, proteins, free proline, and phenols in sunflower plants was observed in Table 1.



Regarding carbohydrate contents in sunflower plants, all the tested concentrations caused significant enhancements and the highest significant treatment was Se-NPs (10 ppm), which augmented carbohydrate contents by 101.2%. Furthermore, the rest Se-NPs concentrations of 15, 20, and 25 ppm recorded significant increases by 96.7%, 71.4%, and 55.3%, respectively. In this respect, soluble sugar content in groundnut cultivars (NC, Gregory, and Giza 6) was promoted due to the foliar application with Se-NPs either at 20 ppm or 40 ppm [56].



With respect to protein content, all tested treatments have significantly increased the contents of protein in sunflower plants. Se-NPs (15 ppm) recorded the highest effective treatment that increased protein content by 34.6%, while Se-NPs at 10, 20, and 25 ppm caused significant increases reaching 16.4%, 18.4%, and 5%, respectively. It has been recorded in previous studies that the application of nanoparticles enhanced the content of protein [61,62]. It was previously documented that Se-NPs at 400 ppm enhanced protein content in cluster bean plants more than those recorded by 500 ppm [58]. Moreover, the foliar treatment for cowpea plants with selenium increased protein content either in normal or stressed conditions [63].



Free proline content in sunflower plants was significantly promoted due to the foliar application of Se-NPs at 10, 15, 20, and 25 ppm by 43.3%, 35.4%, 47.4%, and 64.6%, respectively. It has been reported that treating cluster bean plants with different concentrations of Se-NPs resulted in the induction of proline levels [58]. In a similar study, a significant increase in proline levels in the tomato plant was demonstrated due to the application of Se-NPs at a concentration of 3 and 10 mg L–1 [64].



Regarding phenolic compounds content, it was observed that the application of the tested treatments enhanced the content of phenolic compounds in sunflower plants. Se-NPs at 10 and 20 ppm insignificantly increased phenolic compound contents, while Se-NPs at 15 and 25 ppm recorded significant increases by 58.4% and 99.7%, respectively. Interestingly, the foliar application with Se-NPs (20 and 40 ppm) led to a marked increase in total phenols content in groundnut cultivars (NC and Giza 6) [56]. Moreover, applications of Se-NPs enhances some responses in plants such as the content of phenolic compounds and total protein regarding healthy plants [14].




2.3.4. Antioxidant Enzymes


Figure 6 shows the antioxidant enzymes (catalase (CAT), peroxidase (POD), polyphenol oxidase (PPO), and superoxide dismutase (SOD)) of the sunflower plant due to foliar spray with different concentrations of Se-NPs. Data showed that the activities of antioxidant enzymes, CAT, POD, PPO, and SOD were significantly reduced as a result of the treatment with Se-NPs at 10, 15, 20, and 25 ppm. Our results are compatible with those obtained by Hussein et al. [56], who reported that the activities of some antioxidant enzymes such as peroxidase and catalase were strongly decreased in different cultivars of groundnut (Giza 6, Gerogry, and NC) that were treated with Se-NPs. The author suggested that the decrease in the antioxidant enzymes attributed to the critical role of selenium in detoxification that originates from oxidative stress. In a recent study, catalase activity was significantly decreased in the tested varieties of Brassica napus L. (Yangyou 9 and Zhongshuang 11) in response to the treatment with Se-NPs compared with the untreated plants, while SOD and POD activities were reduced as a result of Se-NPs application in comparison with stressed plants [65].





2.4. Larvicidal Activity


The efforts are increased to discover new active compounds that have activity against different medical and agricultural insects with low negative impacts on humans, animals, and the eco-system. In the past, researchers have proven the efficacy of different plant extracts and various essential oils as mosquitocidal agents, and used them as an alternative source for commercial compounds [66]. Recently, nano-formulation, especially those synthesized by green approaches, have become widely used in the treatment of various insects and pests [67]. The toxicity studies of biosynthesized nanoparticles are focused on the pests and insects that have medical importance over the crop insects. Therefore, the current research paper focused on the efficacy of green synthesized of Se-NPs on one of the most important crop insects, cutworm Agrotis ipsilon, as these NPs have a positive impact on the growth performance of the sunflower plant as mentioned above. To date, this is the first report to investigate the toxicity of Se-NPs on the A. ipsilon. Data represented in Table 2 reported that the activity of Se-NPs against different instar larvae was dose and time-dependent. This result is compatible with others who reported that the toxicity of biosynthesized CuO-NPs, MgO-NPs, and Ag-NPs was dose-dependent [68,69,70]. Data analysis showed that the highest mortality percentages were achieved at the highest Se-NPs concentration (25 ppm), which were 34.3 ± 0.3%, 32.3 ± 0.3%, 46.0 ± 1.0%, 35.7 ± 0.6%, and 39.3 ± 0.3% for 1st to 5th instar larvae after 24 h. These mortality percentages were increased by increasing incubation time to reach 89.7 ± 0.3%, 78.3 ± 0.3%, 72.3 ± 0.6%, 63.7 ± 0.3%, and 68.7 ± 0.3% for the same instar larvae after 72 h (Table 1). Mesbah and co-authors reported that the mortality percentages of 4th instar larvae of A. ipsilon due to treatment with 0.1 g of silica nanoparticles (Si-NPs) was 63.3% after 12 days and increased to 73.3% mortality percentages by increasing the Si-NPs concentration to 0.5 g after the same time [71]. The difference between larvicidal efficacy of various nano-formulation can be attributed to the insect species, mode of action, application methods, developmental stages used, and incubation days after treatment [72]. Data analysis showed that the LC50 (that kills 50% of larvae population) of Se-NPs was ranging between 2.9–4.2 ppm for different instar larvae, whereas the LC90 (that kills 90% of larvae population) was ranging between 5.1–7.5 ppm. Similarly, the LC50 for nano-chlorantraniliprole and nano-thiocyclam against A. ipsilon were 0.015 and 4.46 mg L–1 which showed higher toxicity than bulk material [73].



The most accepted mechanism that explains the toxicity of nanoparticles against different insects was their efficacy in triggering oxidative stress in the arthropodal tissues [74]. Moreover, the toxicity of NPs can be attributed to their efficacy to penetrate the insect exoskeleton and settle down onto the intracellular space. Then, the NPs bind to sulfur or phosphorus in proteins and nuclear materials leading to damage of different organelles and inhibiting enzyme functions. These lead to the disruption of selective permeability functions and proton motive force which lead to loss of cellular function and ultimately cell death [75,76].





3. Materials and Methods


3.1. Myco-Synthesized Se-NPs


3.1.1. The Fungal Strain Used


The fungal strain Penicillium chrysogenum F9 which was previously isolated from the historical manuscript was used as a biocatalyst for green synthesis of Se-NPs [24]. The fungal strain F9 was identified by morphological, cultural, and molecular-based amplification and sequencing of the internal transcribed spacer (ITS) gene. The obtained sequence of P. chrysogenum strain F9 was added in the genebank under the accession number MK452266.




3.1.2. Myco-Synthesis of Se-NPs


The fungal strain F9 was inoculated into potato dextrose broth (PDB) media and incubated for 7 days at 28 ± 2 °C. After an incubation period, the content of inoculated PDB was subjected to filtration by Whatman filter paper No.1 and then collected the filtrate which was further undergoing a centrifugation process at 8000 rpm for 10 min to remove any cells and medium components. The supernatant (biomass filtrate or fungal cell-free filtrate) was used to reduce sodium selenite (Na2SeO3) to form Se-NPs as follows: approximately 100 mL of collected biomass filtrate was mixed with Na2SeO3 to get a final concentration of 2 mM, mixed well, and incubated at 32 ± 2 °C, pH = 7, for 24 h under shaking condition (150 rpm). The formation of Se-NPs was checked by a color change of biomass filtrate from colorless to red color [28]. Finally, the as-formed Se-NPs were collected and subjected to oven-dried at 100 °C for 48 h.





3.2. Characterization of Myco-Synthesized MgO-NPs


3.2.1. UV-Vis Spectroscopy


The myco-synthesized Se-NPs were examined visually through a color change of biomass filtrate during the incubation period. Moreover, the myco-synthesized Se-NPs were also checked by measuring the UV (JENWAY 6305 Spectrophotometer, 230 V/50 Hz, Staffordshire, UK) at wavelengths of 200–500 nm to detect the maximum surface plasmon resonance (SPR) which refer to intense absorption peak. The UV spectrum was recorded after 24 h of mixing fungal biomass filtrate and metal precursors to ensure the complete reduction. The biomass filtrate without Na2SeO3 served as a blank.




3.2.2. Fourier Transform Infrared (FT-IR) Spectroscopy


The role of fungal metabolites present in biomass filtrate in the reduction and stabilizing of Se-NPs was explored by Fourier transform infrared (FT-IR) analysis. The FT-IR spectra were analyzed using the Agilent system Cary 630 FT-IR model (Shimadzu, Tokyo, Japan). The analysis was achieved using the potassium bromide (KBr) method as follows: approximately 0.3 g of myco-synthesized Se-NPs was mixed with KBR under high pressure to form a disk that scanned at a range of 4000–400 cm–1.




3.2.3. Transmission Electron Microscopy (TEM)


The morphological properties of fungal-mediated synthesized Se-NPs were investigated by transmission electron microscopy (TEM, JEM-1230, JEOL, Tokyo, Japan, operating voltage 200 KV). A drop of Se-NPs solution was loaded on the TEM-grid (carbon-coated copper grid) and remains to complete adsorption. The excess amount of Se-NPs solution was removed by contacting the TEM-grid to blotting paper. The loaded grid was dried at room temperature before being added to the TEM-grid box for analysis [77]. The elemental contents of the Se-NPs sample were detected using energy dispersive X-ray (EDX).




3.2.4. X-ray Diffraction (XRD) Patterns


The crystalline or amorphous nature of myco-synthesized Se-NPs was assessed using X-ray analysis by X-ray diffractometer X’Pert Pro (Philips, Eindhoven, The Netherlands). The range of 2θ value was from 0° to 80°. The X-ray source used during analysis was Ni-filtered Cu Ka radiation, while the voltage was 40 KV and the current was 30 mA.




3.2.5. Dynamic Light Scattering (DLS)


The distribution and size of green synthesized Se-NPs in colloidal solutions were studied using dynamic light scattering (DLS). The samples are suspended in distilled water and remain for one hour before being sonicated to ensure complete homogenization. The prepared colloidal solution was subjected to DLS measurement by a Zeta sizer nano-series (Nano ZS), Malvern, UK. The DLS analysis gives information about the hetero- or homogeneity of NPs solutions by measuring the poly-dispersity index (PDI).





3.3. Effect of Different Se-NPs Concentrations on the Growth Performance of Helianthus annuus L. (sunflower) under Field Conditions


3.3.1. Experimental Design


In the current study, the Helianthus annuus L. seeds (var Sakha 53) were obtained from Agricultural Research Centre (ARC), Agriculture Ministry, Giza, Egypt. Uniform sunflower seeds were planted in natural loamy soil under field conditions in a plot (12 m × 15 m width x length). The constituent of the loamy soil was as follows: sand (95.2%), silt (3.5%), clay (1.4%), Na (185.25 mg kg–1), Ca (25 mg kg–1), K (16.2 mg kg–1), P (24.3 mg kg–1), and Cl (132.5 mg kg–1). The field experiment was achieved under a completely randomized design containing five blocks, each block containing five plots for the following treatment: an untreated plot which served as a control, and a second, third, fourth, and fifth plot treated with 10, 15, 20, and 25 ppm of fungal mediated biosynthesized Se-NPs, respectively. The seeds were sown on one side of the ridge, 15 cm apart between the hills. The irrigation of growing plants was done whenever required [78]. The growing plants were sprayed with the above-mentioned treatments twice, the first and second sprays were applied at 15 and 25 days of planting, respectively. The five plants for each treatment were randomly collected for analysis when the plants were 30 days old.




3.3.2. Morphological Characteristics


After collecting the plant samples, the plant shoots were separated and the morphological parameters including shoot and root length, fresh weight of shoots and roots, and dry weight of shoots and roots after being oven dried at 80 °C were measured [79].




3.3.3. Biochemical Analysis


Photosynthetic Pigments


In this method, one gram from fresh leaves was ground and extracted in 100 mL acetone (80%). The mixture was then filtered using Whatman filter paper (No. 1). The filtrate was transferred to a 100 mL volumetric flask and completed to get a volume of 100 mL with acetone (80%). The optical density of the extract was measured at 470, 649, and 665 nm. The following equations were used to calculate the contents of chlorophyll a, chlorophyll b, chlorophyll (a + b), and carotenoids [80]:


  Chlorophyll   a   ( mg / g   tissue ) = { ( 11.63 ×   O . D . 665 ) − ( 2.39 × O . D . 649 ) }  



(1)






  Chlorophyll   b   ( mg / g   tissue ) = { ( 20 . 11 × O . D . 649 ) − ( 5.18 × O . D . 665 ) }  



(2)






  Chlorophyll   a + b   ( mg / g   tissue ) =   { ( 6 . 45   ×   O . D . 665 )   +   ( 17.72   ×   O . D . 649 ) }    



(3)






  Cartenoids   ( mg / g   tissue )   =     { 1000   ×   O . D . 470 )   −   ( 1.82   ×   Chla )   −   ( 85.02   × Chlb ) }   198    



(4)




where A is the optical density; Chla is the chlorophyll-a; Chlb is the chlorophyll-b.




Determination of Carbohydrate Content


The carbohydrate contents were estimated as follows: one gram of the dried plant tissues was extracted in 5 mL of phenol solution (2%) and 10 mL of trichloroacetic acid solution (30%). After filtration, 2 mL from the extract was added to 4 mL of anthrone reagent (0.2% anthrone/sulfuric acid (95%)). Finally, the green-blue color was measured, which appeared at 620 nm [81].




Determination of Soluble Proteins


The content of soluble proteins was assessed in the dried shoot of sunflower plants by the Lowery et al. [82] method. Approximately 0.1 g of the dried sample was homogenized with 5 mL of phenol solution (2%) and 10 mL of distilled water. After that, one mL of the obtained extract was blended with 5 mL of alkaline reagent {containing: 50 mL from solution A (50 mL of 2% sodium carbonate and dissolved in 0.1 N sodium hydroxide): 1 mL from solution B (0.5 g copper sulfate dissolved in 1.0% potassium sodium tartrate)} and homogenized thoroughly. Then, 0.5 mL of the diluted folin phenol reagent (1:3 v/v) was added. After 30 min, the developed color at 750 nm was measured.




Determination of Free Proline


The proline content in the dried shoot samples was assessed according to Bates et al. [83]. Briefly, a half gram of the dried sample was mixed with 10 mL of sulfosalicylic acid (3%). The mixture was filtrated, then 2 mL of the filtrate was added to 2 mL of acid ninhydrin (prepared by warming 1.25 g ninhydrin with 30 mL acetic acid (glacial) and 20 mL of 6 M phosphoric acid) and 2 mL of acetic acid (glacial) in a boiling water bath for one hour. After that, the reaction was kept in an ice bath followed by adding 4 mL of toluene to the previous mixture. At 520 nm the absorbance of the developed color was read. Proline contents in the sample were detected based on a prepared standard curve with known L-proline concentration




Determination of Phenols


The content of the total phenols in the dry shoot was determined as the following: the plant extract was added to a test tube and mixed with distilled H2O to get a final volume of 3.5 mL. After that, the test tube content was oxidized by adding 250 μL of Folin’s-phenol reagent. After five minutes of incubation, the mixture was neutralized using 1.25 mL of 20% Na2CO3. The absorbance of the formed color was measured at 725 nm after 40 min of the reaction against the blank solution. The content of phenols was calculated using the gallic acid standard curve [84].




Extraction and Estimation of Antioxidant Enzymes


The activities of antioxidant enzymes including peroxidase, catalase, superoxide dismutase, and polyphenol oxidase were detected from the young leaves and terminal buds. In this method, approximately two grams of the plant buds were ground with 10 mL of phosphate buffer (0.1 M, pH 6.8), then the mixture was cooling centrifuged for 20 min at 20,000 rpm. The clear supernatant (containing the enzymes) was taken as the source of the enzyme



For catalase (CAT, EC 1.11.1.6) activity, 10 mL of the total mixture which consists of 40 µL of the enzyme extract and mixed with 9.96 mL of oxygen water phosphate buffer at pH 7.0 (0.16 mL of H2O2 (30%) + 100 mL of 50 mM phosphate buffer). The activity of catalase enzyme was calculated through the change in H2O2 absorbance degree after 60 s using a UV-colorimetry at 250 nm. Along with the experiment, the same procedure was achieved except that the enzyme extract with buffer solution and was replaced and used as a blank. The enzyme activity unit was estimated to be equivalent to the enzyme amount that reduced 50% of H2O2 at 25 °C within 60 s [85].



For peroxidase activity (POD, EC 1.11.1.7), the assay solution (5 mL) consisted of the following: 50 μM pyrogallol + 50 μM H2O2 + 125 μM of phosphate buffer (pH 6.8) + 1.0 mL of the 20 × diluted enzyme extract. The formed color due to the amount of purpurogallin was measured at an absorbance of 420 nm. The activity of the peroxidase enzyme was expressed as enzyme unit (EU)/mg protein [80].



The activity of polyphenol oxidase (PPO, 1.10.3.1) was assessed according to the method of Kar and Mishra [86]. Briefly, the solution assay consists of 100 µmol of pyrogallols mixed with 125 µmol of phosphate buffer (pH 6.8) and 2 mL of crude enzyme extract and incubated at 25 °C for 5 min. At the end of the incubation period, the reaction was stopped by adding 1.0 mL of 5% of H2SO4. The control sample (blank) was carried out as mentioned above without enzyme extract. The developed color in treated and control solutions was measured at 430 nm. The enzyme activity was calculated as the difference between two optical densities/g fresh weight/h.



Finally, the superoxide dismutase (SOD, EC 1.15.1.1) activity was examined according to methods described by Kong et al. [85]. In this method, 10 mL of assay solution consisting of: 3.6 mL of distilled H2O + 5.5 mL of 50 mM phosphate buffer (pH 7.8) + 0.1 mL of enzyme extract + 0.8 mL of 3 mM pyrogallol (dissolved in 10 mM HCl) was used. The reduction percent of pyrogallol was measured at 325 nm. The activity of SOD was measured as an EU mg–1 protein required to inhibit 50% of the autoxidation of pyrogallol at 25 °C.






3.4. Larvicidal Bioassay


3.4.1. Insect Culture


Larvae of Agrotis ipsilon were purchased from Agricultural Research Center, Dokki, Giza, Egypt. Larvae were reared on the artificial diet under optimum conditions which were: 25 ± 1 °C, relative humidity (75 ± 5%), and photoperiod of 16:8 h light: dark [87]. The used artificial diet containing the following: 175 g of chickpea flour, 24 g of yeast, 1.5 g of methyl 1-4 hydroxybenzoate, 0.75 g of sorbic acid, 2.35 g of ascorbic acid, 6.0 mL of linseed oil, 0.8 g of streptomycin, 8.0 g of agar-agar, and dissolved in 700 mL of double-distilled H2O. Approximately twenty-one pairs of adult insects were added to the plastic jar (15 cm × 15 cm × 30 cm length × width × height) containing a cotton swab adsorbed with a honey solution (10%) for feeding the moth. The plastic jar was covered with a muslin cloth to prevent the moths escaping. The oviposition was done on the hanging tissue paper in the plastic jar, after hatching, the yields were transferred to vials containing an artificial diet. The released 2nd, 3rd, 4th, and 5th instar larvae were collected for the next step. Five Se-NPs concentrations (5 ppm, 10 ppm, 15 ppm, 20 ppm, and 25 ppm) were prepared and used as treatment, whereas water was used as a control.




3.4.2. Bioassay


Different slices of an artificial diet (4 mm3) were prepared and each one was immersed into a solution of various Se-NPs concentration separately and left to dry. The different instar larvae of Agrotis ipsilon remained without feeding for two hours, after that, twenty larvae from each instar were fed on treated slices for 24 h., followed by adding non-treated diet slices as larvae needed.



The experiment was achieved in glass vials covered with wire-Gaz lids under the previous optimum conditions required for the growth of Agrotis ipsilon. The experiment was done in triplicate, and larval mortality percentages were calculated after 72 h of treatment using the following equation [88].


  Mortality   percentages ( % )   =     Number   of   dead   insect   Number   of   treated   insect     ×   100      



(5)









3.5. Statistical Analysis


Data in the current study were subjected to statistical analysis by SPSS v17 (SPSS Inc., Chicago, IL, USA). The analysis of variance (ANOVA) was used to estimate the efficacy of Se-NPs on the growth performance of sunflowers. A posteriori multiple comparisons were done using Tukey’s range tests at p < 0.05. All results are the means of three to five independent replicates, as specified above.





4. Conclusions


In the current study, Se-NPs were successfully fabricated by reducing Se ions by metabolites secreted by fungal strain Penicillium chrysogenum F9. The successful fabrication process was monitored by the change in biomass filtrate color from colorless to ruby red color after mixing with metal precursor (Na2SeO3). The physicochemical characterization of myco-synthesized Se-NPs was achieved by UV-Vis spectroscopy, TEM, FT-IR, XRD, EDX, and DLS analyses. Data showed the formation of amorphous nature, spherical Se-NPs with sizes ranging between 3 to 15 nm. Moreover, FT-IR exhibited the role of functional groups present in fungal biomass filtrate in reducing, capping, and stabilizing Se-NPs. The growth performance of sunflower, as well as the growth inhibition of cutworm Agrotis ipsilon due to Se-NPs treatment at different concentrations, were investigated. Analysis of variance showed that the growth of sunflower as indicated by morphological characters and biochemical analysis was enhanced due to treatment by different concentrations of Se-NPs. Moreover, the mortality of cutworm A. ipsilon was dependent on the time and concentration of Se-NPs. The highest mortality percentages were 89.7 ± 0.3, 78.3 ± 0.3, 72.3 ± 0.6, 63.7 ± 0.3, and 68.7 ± 0.3 for 1st, 2nd, 3rd, 4th, and 5th instar larvae, respectively, after 72 h of treatment with 25 ppm. This study provides a promising tool to enhance plant growth and control of agricultural insects by an eco-friendly, low-cost, and highly efficient approach.
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Figure 1. Characterization of Se-NPs fabricated by P. chrysogenum strain F9. (A) is shown the formation of ruby red color after mixing the biomass filtrate with sodium selenite and measuring their absorbance using UV-Vis spectroscopy; (B) is FT-IR (KBR methods) for green synthesized Se-NPs. 
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Figure 2. (A) is transmission electron microscopy (TEM); (B) is the size distribution based on TEM image, and (C) is the energy dispersive X-ray (EDX) analysis for fungal mediated green synthesize Se-NPs. 
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Figure 3. The X-ray diffraction (XRD) pattern (A) and the dynamic light scattering (DLS) (B) of the myco-synthesized Se-NPs. 
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Figure 4. Effect of Se-NPs at different concentrations (10, 15, 20, and 25 ppm) on the length of the shoot (A) and root (B), shoot fresh (C) and dry (D) weight, root fresh (E), and dry weight (F) of sunflower. Different letters on bars at the same test denote that mean values are significantly different (p ≤ 0.05) (n = 5). 
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Figure 5. Effect of different concentrations of Se-NPs (10, 15, 20, and 25 ppm) on the contents of chlorophyll-a (A), chlorophyll-b (B), chlorophyll a+b (C), and carotenoids (D) of sunflower. Different letters on bars at the same test denote that mean values are significantly different (p ≤ 0.05) (n = 3). 
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Figure 6. Effect of Se-NPs at different concentrations (10, 15, 20, and 25 ppm) on the activities of catalase (A), peroxidase (B), polyphenol oxidase (C), and superoxide dismutase (D) of sunflower plants. Different letters on bars at the same antioxidant enzyme denote that mean values are significantly different (p ≤ 0.05) (n = 3). 
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Table 1. Effect of Se-NPs at different concentrations (10, 15, 20, and 25 ppm) on the contents of carbohydrates, proteins, free proline, and phenols of sunflower plants.
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	Treatments/ppm
	Carbohydrates
	Proteins
	Free Proline
	Phenols





	Control
	94.8 ± 0.66 d
	13 ± 0.11 d
	6.6 ± 0.21 c
	0.19 ± 0.016 c



	Se-NPs 10 ppm
	190.8 ± 2.17 a
	15.1 ± 0.06 b
	9.5 ± 0.19 b
	0.28 ± 0.026 abc



	Se-NPs 15 ppm
	186.5 ± 1.89 a
	17.5 ± 0.03 a
	9 ± 0.2 b
	0.30 ± 0.017 ab



	Se-NPs 20 ppm
	162.5 ± 0.93 b
	15.4 ± 0.13 b
	9.7 ± 0.34 b
	0.25 ± 0.018 bc



	Se-NPs 25 ppm
	147.2 ± 0.67 c
	13.7 ± 0.10 c
	10.9 ± 0.16 a
	0.37 ± 0.031 a







Values within the same column with different letters are significantly different (p ≤ 0.05), values are means ± SE (n = 3).
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Table 2. Mortality percentages of different instar larvae of Agrotis ipsilon due to treatment by different concentrations (5, 10, 15, 20, and 25 ppm) of myco-synthesized Se-NPs.






Table 2. Mortality percentages of different instar larvae of Agrotis ipsilon due to treatment by different concentrations (5, 10, 15, 20, and 25 ppm) of myco-synthesized Se-NPs.





	
Se-NPs Conc.

	
Mortality Percentages (%)/h.




	
1st Instar Larvae

	
2nd Instar Larvae

	
3rd Instar Larvae

	
4th Instar Larvae

	
5th Instar Larvae




	
24 h

	
48 h

	
72 h

	
24 h

	
48 h

	
72 h

	
24 h

	
48 h

	
72 h

	
24 h

	
48 h

	
72 h

	
24 h

	
48 h

	
72 h






	
5 ppm

	
16.3 ± 0.3

	
29.3 ± 0.3

	
37.7 ± 0.4

	
13.7 ± 0.3

	
26.0 ± 0.6

	
39.7 ± 0.3

	
15.7 ± 0.6

	
26.7 ± 0.3

	
40.3 ± 0.3

	
13.0 ± 0.6

	
27.3 ± 0.3

	
35.7 ± 1.2

	
17.7 ± 0.3

	
28.3 ± 0.3

	
36.7 ± 0.3




	
10 ppm

	
22.0 ± 0.6

	
31.7 ± 0.3

	
45.3 ± 0.3

	
17.3 ± 0.3

	
29.3 ± 0.4

	
43.3 ± 0.3

	
25.3 ± 0.8

	
38.7 ± 0.3

	
56.3 ± 0.6

	
20.3 ± 0.8

	
30.7 ± 0.9

	
39.3 ± 0.6

	
22.3 ± 0.3

	
31.7 ± 0.3

	
44.3 ± 0.3




	
15 ppm

	
29.3 ± 0.3

	
39.0 ± 0.0

	
49.0 ± 0.6

	
21.3 ± 0.3

	
36.3 ± 0.3

	
45.7 ± 0.6

	
33.7 ± 0.3

	
48.3 ± 0.3

	
62.0 ± 1.2

	
23.7 ± 0.9

	
34.7 ± 0.7

	
46.7 ± 0.3

	
29.7 ± 0.3

	
43.0 ± 0.6

	
53.3 ± 1.2




	
20 ppm

	
37.3 ± 0.3

	
49.7 ± 0.3

	
61.7 ± 0.3

	
28.3 ± 0.8

	
40.3 ± 0.3

	
57.7 ± 0.3

	
39.7 ± 0.3

	
56.3 ± 0.7

	
69.7 ± 0.3

	
29.7 ± 0.3

	
37.3 ± 0.3

	
56.7 ± 0.3

	
31.7 ± 0.3

	
43.0 ± 0.6

	
62.7 ± 0.3




	
25 ppm

	
34.3 ± 0.3

	
59.3 ± 0.3

	
89.7 ± 0.3

	
32.3 ± 0.3

	
49.3 ± 0.5

	
78.3 ± 0.3

	
46.0 ± 1.0

	
62.3 ± 1.2

	
72.3 ± 0.6

	
35.7 ± 0.6

	
46.3 ± 0.3

	
63.7 ± 0.3

	
39.3 ± 0.3

	
53.0 ± 1.5

	
68.7 ± 0.3
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