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Abstract

:

The biosynthesis of silver nanoparticles (AgNPs) using plant extracts has become a safe replacement for conventional chemical synthesis methods to fight plant pathogens. In this study, the antifungal activity of biosynthesized AgNPs was evaluated both in vitro and under greenhouse conditions against root rot fungi of common beans (Phaseolus vulgaris L.), including Macrophomina phaseolina, Pythium graminicola, Rhizoctonia solani, and Sclerotium rolfsii. Among the eleven biosynthesized AgNPs, those synthesized using Alhagi graecorum plant extract displayed the highest efficacy in suppressing those fungi. The findings showed that using AgNPs made with A. graecorum at a concentration of 100 μg/mL greatly slowed down the growth of mycelium for R. solani, P. graminicola, S. rolfsii, and M. phaseolina by 92.60%, 94.44%, 75.93%, and 79.63%, respectively. Additionally, the minimum inhibitory concentration (75 μg/mL) of AgNPs synthesized by A. graecorum was very effective against all of these fungi, lowering the pre-emergence damping-off, post-emergence damping-off, and disease percent and severity in vitro and greenhouse conditions. Additionally, the treatment with AgNPs led to increased root length, shoot length, fresh weight, dry weight, and vigor index of bean seedlings compared to the control group. The synthesis of nanoparticles using A. graecorum was confirmed using various physicochemical techniques, including UV spectroscopy, Fourier-transform infrared spectroscopy (FTIR), transmission electron microscopy (TEM), X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) analysis. Collectively, the findings of this study highlight the potential of AgNPs as an effective and environmentally sustainable approach for controlling root rot fungi in beans.
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1. Introduction


The world population is expected to reach nine billion by 2050, and more agricultural production will be needed [1,2]. The common bean, also known as Phaseolus vulgaris L., is a legume with great nutritional value, and many of the world’s population depend on it as their food source, which makes it ranked third in terms of cultivated area after soybeans and peanuts [3,4]. Moreover, the planted beans gradually increased year after year, from 23 million hectares in 1999 to 36 million hectares in 2018 [5]. This led to an increase in production from 15 million tons to 31 million tons. In addition to its main role in meeting human nutritional needs, P. vulgaris is considered to play a major role in improving soil fertility due to its association with some bacterial species of the genus Rhizobium, which can fix nitrogen that benefits subsequent crops and increases their productivity [6]. Unfortunately, it is estimated that about one-third of the world’s crop production is lost each year due to plant pathogens [7] and that single pathogenic fungi cause 20–40% of crop loss [8]. Also, beans are affected by many fungal diseases that attack them, especially the fungi that cause root rot, stem blight, and stem rot, causing severe economic damage [9,10,11]. These diseases, which cause significant losses exceeding 50% of bean crop production [12], are primarily caused by Macrophomina phaseolina, Pythium spp.,  Rhizoctonia solani, and Sclerotium rolfsii [5,13,14,15].



The use of fungicides is currently a major strategy for controlling these fungi. However, the intended outcome of fighting these illnesses was not realized. Furthermore, overuse of fungicides damages ecosystems and humans and results in the creation of new strains of organisms that are resistant to the chemicals [12,16]. Therefore, there is a need for alternative control methods to fight these diseases and limit their spread and damage. Recently, nanoparticles have attracted the attention of many scientists working in a variety of disciplines, including those in the agricultural sector interested in plant disease suppression due to their unique properties [17,18,19]. Many of them have observed that silver nanoparticles (AgNPs) have a distinct role against a wide range of microorganisms, such as viruses, bacteria, and fungi, which infect and damage plants [20,21,22,23,24]. Moreover, AgNPs showed potent antifungal activity against various pathogens, including Trichoderma spp., Candida albicans, C. tropicalis, Fusarium oxysporum, Trichosporona sahii, Aspergillus niger, Rhizoctonia solani, Curvularia lunata, Colletotrichum spp., Magnaporthe oryzae, and Fusarium spp. [25,26]. This antimicrobial effect is attributed to multiple mechanisms, such as AgNPs accumulating on the cell walls of pathogens, leading to structural damage, as well as inducing the production of reactive oxygen species (ROS) [27]. Furthermore, AgNPs have shown promise for enhancing plant growth [22]. However, the use of AgNPs raises several concerns, with the foremost being their potential environmental impact. AgNPs can accumulate in soil, posing a threat to nontarget beneficial organisms and aquatic life [28]. This accumulation has the potential to disrupt the delicate environmental balance and disturb microbial ecosystems [29]. Also, using AgNPs without thinking might lead to the development of more dangerous and resistant pathogens, which would make AgNPs less useful in the long run for controlling diseases. Furthermore, the exposure of both humans and animals to AgNPs poses potential health risks. Excessive use of AgNPs, particularly if they enter the food chain, could have adverse effects on human health [30,31].



AgNPs can be synthesized using various methods, including physical, chemical, and biological approaches [27,32,33,34]. However, biological methods are considered safer and more environmentally friendly compared to conventional physical and chemical methods [13,14]. The biological synthesis process is simple, involving a single vessel setup, and it is rapid, cost-effective, and eco-friendly. Biosources, such as plant extracts, contain polyphenols and proteins that act as reducing agents, thereby reducing the need for hazardous external chemical-reducing agents and minimizing toxicity. Moreover, the green synthesis approach eliminates the requirement for additional capping agents, further reducing costs and simplifying the synthetic process. In contrast, chemical and physical methods are often limited in large-scale applications, as they can be costly, energy-intensive, time-consuming, and challenging in terms of waste removal [35]. Utilizing plant extracts, including those derived from fruits, flowers, and seeds, for AgNP synthesis represents a promising biological approach that avoids the production of hazardous compounds [24]. Therefore, incorporating plant extracts as a biological agent for nanoparticle synthesis can address the aforementioned concerns and potentially play an effective role in reducing plant pathogens. Therefore, this study aims to use plant extracts to synthesize AgNPs and evaluate their antifungal activities against diseases of root rot in beans.




2. Materials and Methods


2.1. Fungal Source and Growth Conditions


The four phytopathogenic fungi employed in this study were M. phaseolina, P. graminicola, R. solani, and S. rolfsii, collected from the Vegetable Pathology Research Department, Plant Pathology Research Institute, Agricultural Research Center, Giza, Egypt. Fungi were cultured on potato dextrose agar (PDA), which had a pH of 7 and was made up of 16 g of agar, 200 g of dried potato infusion, and 20 g of dextrose per liter.




2.2. Pathogenicity Test


2.2.1. In Vitro Pathogenicity Test


The pathogenicity ability of M. phaseolina, P. graminicola, R. solani, and S. rolfsii was tested by radicle assay in Petri dishes, according to [36], with some modifications. In brief, isolates were grown at 25 ± 2 °C for 5 days. A 5 mm-diameter disc from the fungal cultures’ active growth margins was taken out, put in the center of a Petri plate full of 0.2% water agar, and cultured for three days at 25 ± 2 °C. Bean seeds of the susceptible variety (cv. Nebraska), sterilized with 4% hypooxychloride for 15 min and rinsed with sterile distilled water, were sown in a ratio of four seeds at equal distances around the mycelial disc. As a control treatment, seeds were placed around the sterilized PDA disc. All plates were stored at 25 ± 2 °C for five days, and disease development was rated based on the size of the radicle necrosis area using a scale described by [37].




2.2.2. Pathogenicity Test under Greenhouse Conditions


Inoculum Preparation and Soil Infestation


Sorghum grains were used for propagation of M. phaseolina, P. graminicola, R. solani, and S. rolfsii, according to [38]. Sorghum kernels were first soaked in water for 4 h; excess water was drained, then packed into 250 mL conical flasks at 100 g per flask and sterilized at 121 °C for 35 min. After cooling to room temperature, the flasks were inoculated at a rate of 6 mycelia discs (5 mm in diameter) for every flask of isolates (five days old in culture) separately under sterilized conditions in a laminar airflow cabinet. The inoculated flasks were kept at 26 ± 1 °C for ten days or until fungal growth completely covered the sorghum kernels. Flasks were inoculated with PDA discs as a control. For this, 1% (w/w) of sorghum inoculum was used to inoculate pots with sterilized soil. Pots inoculated with sorghum without fungi were used as controls. Surface-sterilized bean seeds (cv. Nebraska) were planted in these pots. After seven days of seed planting, the germination rate was recorded.




Virulence Assay in Bean Seedling


For seedling infection, five-day-old bean seedlings (cv. Nebraska) were inoculated as described previously [39], with some modifications. Briefly, the sorghum grain inoculum of all pathogens prepared as explained above was added around the roots at a rate of 10 grains per plant. Inoculated plants were observed daily, and three weeks after inoculation, root disease severity (%), foliar disease severity (%), root length (cm), shoot length (cm), weight of fresh plants (g), and weight of dry plants (g) were measured.






2.3. Biosynthesis of AgNPs Using Various Plant Extracts


2.3.1. Preparation of Plant Extract


Eleven extracts were prepared from 11 plant parts (Table 1 and Figure 1), according to [40]. In brief, plant parts were carefully cleaned with double-distilled water (ddH2O) and then air-dried. Dried plant parts were ground in a blender, and 5 g of each resulting powder was added to 100 mL of ddH2O and placed in a water bath at 60–70 °C for 1 h. After that, the extracts were left to cool at room temperature before their capacity to synthesize AgNPs was assessed.




2.3.2. Formation of AgNPs


AgNP synthesis was performed as described by [41], with several modifications. In separate beakers, 30 mL of each plant extract was combined with 70 mL of a 3 mM AgNO3 solution obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The mixture was stirred at 600 rpm and maintained at a temperature of 70 °C with a pH of 7 for 1 h. Subsequently, the resulting nanoparticle solution was centrifuged at 12,000× g for 15 min. The supernatant was discarded, and the precipitated nanoparticles were collected, rinsed with ddH2O, dried, and stored for further use.





2.4. AgNPs Efficacy on the Growth of the Root Rot Fungi


To study the effect of the obtained AgNPs on the growth of M. phaseolina, P. graminicola, R. solani, and S. rolfsii, the method described by [42] was used. In summary, a 5-day-old fungal disc with a diameter of 5 mm, obtained from the aforementioned fungi, was individually inoculated onto PDA Petri plates containing a concentration of 100 μg/mL for each of the eleven AgNPs. After 5 days of incubation at 25 °C, the radial growth of the fungal mycelium was measured. Among these, the most potent biosynthesis was selected for further characterization and antifungal experiments.




2.5. Characterization of the Biosynthesized AgNPs


Several techniques were used to characterize AgNPs that were produced using aqueous A. graecorum leaf extract. UV-visible spectrophotometry was used to examine the visible absorption spectroscopy of AgNPs [17]. Using Fourier-transform infrared (FTIR) and an AVATAR 370 FTIR spectrometer (Thermo Nicolet, Madison, WI, USA)with a resolution of 4 cm in the spectrum range of 4000–500 cm, the functional groups of A. graecorum leaf extract responsible for converting Ag ions to AgNPs were discovered. Using scanning electron microscopy (SEM), TM-1000, Hitachi, Japan; transmission electron microscopy (TEM), JEM-1230, JEOL, Akishima, Japan; and energy-dispersive spectrum analysis (EDS), the form, size, and presence of Ag ions in the produced AgNP pellets were ascertained. The X-ray diffraction (XRD) on an XPert PRO diffractometer with a detector voltage of 45 kV and 40 mA and CuKo radiation was used to establish the crystalline nature of biosynthesized AgNPs [42].




2.6. Minimum Inhibitory Concentrations of AgNPs


A 5 mm diameter disc of M. phaseolina, P. graminicola, R. solani, and S. rolfsii was inoculated into Petri dishes (9 cm in diameter) containing a mixture of PDA medium with AgNPs at four concentrations (25, 50, 75, and 100 μg/mL) in order to identify the minimum inhibitory concentration (MIC) of AgNPs. AgNP-free PDA plates served as the control. Following five days of incubation at 25 °C, the diameter of fungal growth was measured, and the MIC of fungal growth inhibition was computed.




2.7. Inhibition of Seed Infection by Root Rot Fungi Using the MIC of AgNPs


According to [36], the MIC inhibitory effect of silver nanoparticles on root rot diseases of beans was evaluated in vitro. In summary, the P. vulgaris (cv Nebraska) seeds were sterilized for 15 min using 4% sodium hypochlorite, and then they were washed three times with sterile ddH2O. Sterilized bean seeds were submerged in the MIC of AgNPs for two hours. As a control, bean seeds soaked in ddH2O were used. The seeds were sown around fungal discs at a rate of 4 seeds per plate. Germination rate (%) and radical length (mm) were recorded 5 days after sowing.




2.8. Antifungal Activity of AgNPs MIC under Greenhouse Conditions


The MIC-inhibitory effect of AgNPs on root rot diseases in beans in the greenhouse was evaluated according to [43]. Pots with sterilized soil were inoculated with sorghum grain inoculums of M. phaseolina, P. graminicola, R. solani, and S. rolfsii at 1% (w/w). Seeds of the Nebraska variety sterilized with sodium hypochlorite, as mentioned previously, were planted at a rate of five seeds per pot after being immersed for four hours in either the MIC of AgNPs or water as a control. Seeds grown in a soil pot containing sterilized sorghum kernels that were not inoculated with pathogens were used as a negative control. The experiment was under daily observation, and at twenty-five days after planting, germination rates (Gr), pre-emergence damping off, post-emergence damping off, root disease severity (Rs), foliar disease severity (Fs), root length (Rl), shoot length (Sl), fresh weight (Fw), dry weight (Dw), and vigor index (Vi) were recorded. A total of 15 seeds (three pots) were used for each strain, and the experiment was repeated two times.




2.9. Statistical Analysis


Three replicates of each experiment were used in the fully randomized design of this study. The results were displayed as the mean ± SD (standard deviation). SPSS version 16.0 was used for the statistical analysis (SPSS Inc., Chicago, IL, USA). The results were statistically significant at p < 0.05 or 0.01.





3. Results and Discussion


3.1. Pathogenicity Test


All fungal isolates were pathogenic to beans and caused radical necrosis in vitro. In contrast, no symptoms were observed with the control treatment (Figure 2). The results showed that the rates of radical bean necrosis caused by R. solani, S. rolfsii, M. phaseolina, and P. graminicola were 63.00, 41.67, 22.33, and 10.00%, respectively. The length of the radical was also varied between fungal isolates. The average radical bean lengths were 40.33, 27.67, 45.00, and 34.67 mm, respectively, after infection with R. solani, S. rolfsii, M. phaseolina, and P. graminicola, while the average radical length in the control was 72.33 mm. Consistent with our results, the pathogenicity of R. solani was tested on chickpeas by radicle assay in a Petri dish under in vitro conditions, and similar results have been reported [36].



According to this study’s findings, the infections decreased the rate at which bean seeds germinated in greenhouse conditions. The germination rates of bean seeds were 33.33%, 13.33%, 0.00%, and 0.00%, respectively, when the soil was infested with M. phaseolina, R. solani, S. rolfsii, and P. graminicola, respectively, while the germination rates in the control were 100% (Figure 3). The results also showed that these fungi have affected seedling growth. Where there was a decrease in root length, shoot length, fresh weight, and dry weight of bean seedlings after infection with pathogens, rotting symptoms appeared on the stem and roots and led to seedlings dropping (Table 2 and Figure 4). Root rot fungi are among the most common pathogenic diseases in bean-producing areas, attacking bean plants and causing pre- and post-emergent seedling damping, stem rot, and root rot [12,39,44,45].




3.2. Biosynthesis of AgNPs


According to our findings, after incubating 30 mL of each plant extract with 70 mL of AgNO3 and stirring at 600 rpm and 70 °C for one hour, the solution’s color altered from light yellow to a deep brown, suggesting the creation of nanoparticles in the reaction mixture (Figure 5). According to reports, the presence of certain biomolecules, such as proteins, terpenoids, enzymes, polysaccharides, vitamins, amino acids, phenolic compounds, etc., caused the color change from yellow to brown and refers to the conversion of silver particles into nanoparticles [41,42,46,47].




3.3. Efficacy of AgNP Treatment on Root Rot Fungi


By monitoring the radial growth of mycelium, the antifungal activities of eleven AgNPs against root rot fungi (R. solani, P. graminicola, S. rolfsii, and M. phaseolina) were studied in vitro (Figure 5). As shown in Figure 6, AgNPs reduced the radial growth of the mycelium for all of these phytopathogenic fungi at a concentration of 100 μg/mL. Inhibition of mycelium growth was recorded compared to the control treatments (Table 3). The biosynthesis of AgNPs using A. graecorum was the most effective synthetic nanomaterial for suppressing fungal growth. Using 100 μg/mL of biosynthesized AgNPs using A. graecorum resulted in a reduction of the mycelial diameter of R. solani, P. graminicola, S. rolfsii, and M. phaseolina by 92.60, 94.44, 75.93, and 79.63%, respectively. Therefore, we focused on using only this nanomaterial (AgNPs biosynthesis using A. graecorum) for further investigations. According to earlier research, AgNPs can be employed as antifungal agents to stop fungal infections in plants, including Fusarium oxysporum, Magnaporthe oryzae, Phytophthora cinnamomi, Alternaria solani, Aspergillus niger, and Aspergillus flavus [17,18,42,48,49,50].




3.4. Characterization of AgNPs Synthesized with A. graecorum


The formation of AgNPs was monitored by UV-Vis analysis by collecting the reaction mixture of plant extract and AgNO3 at the point of nanoparticle formation. The resulting UV-Vis spectrum showed absorption in the visible range of 400 to 450 nm, with a sharp and intense peak observed at 432 nm (Figure 7), confirming AgNP formation. Conversely, when examining the UV spectrum of phytomolecules derived solely from A. graecorum extract, an absorption peak at 280 nm was observed. Previous studies have reported various wavelengths within the range of 400 to 450 nm for AgNPs, including 409 nm, 412 nm, 422 nm, 418 nm, and 430 nm [21,24]. The surface plasmon resonance (SPR) of metallic nanoparticles is known to be sensitive to several factors, such as shape, size, and interparticle interactions, including cluster formation, with the surrounding medium [51].



The biosynthesis of AgNPs using A. graecorum was characterized by TEM and SEM analysis, revealing spherical nanoparticles with nanoscale sizes ranging from 4.02 nm to 21.90 nm, and an average size of 8.20 nm (Figure 8A,B). These findings also suggest the presence of organic molecules acting as stabilizing agents on the surface of the silver nanoparticles. The accumulation of these organic molecules may be attributed to hydrogen bonding and/or electrostatic interactions between the functional groups of A. graecorum and the AgNP surface. Previous studies have reported similar spherical structures in the biosynthesis of AgNPs using various plant extracts. For instance, AgNPs were synthesized with Phyllanthus emblica fruit extract [41]. The EDS results showed that the carbon, silicon, and silver peaks were 19.31, 5.85, and 74.84%, respectively (Figure 8C), and the silver ion peak was formed at 3 KeV. The results are consistent with the silver nanoparticle literature, where an Ag peak was observed at 3 KeV [22].



The crystal nature and particle size characteristics of AgNP biosynthesis were confirmed by XRD analysis (Figure 9A). The AgNPs biosynthesis using A. graecorum plant extract showed strong diffraction peaks at 28.81°, 31.98°, 37.85°, 46.03°, and 77.06°, with crystalline silver planes (101), (111), (200), (220), and (311), similar to the results obtained by [41,46]. The additional peaks observed at approximately 28.8°, 31.98°, and 46.03° in the XRD patterns can be attributed to the bio-organic phase present on the surface of the particles. The broadening of peaks in XRD patterns of solids is generally indicative of smaller particle sizes. This broadening effect reflects the influence of experimental conditions on the nucleation and growth of crystal nuclei [52]. Based on the FTIR analysis, the functional groups of the synthesized AgNPs were identified. Figure 9B presents the FTIR spectra comparing the biogenic AgNPs derived from A. graecorum leaf extract after reaction with AgNO3 to the leaf extract control without AgNO3. The spectra exhibit marginal shifts in peak positions, as depicted in Figure 9B. The spectral analysis provides insights into the functional biological groups responsible for stabilizing the nanoparticles and acting as capping or stabilizing agents. The FTIR measurements of AgNPs synthesized using A. graecorum leaf extract revealed distinct absorption peaks at specific wavenumbers. These peaks include 3444 cm−1, indicating N-H elongation vibrations; 2920 cm−1, 1384 cm−1, and 1077 cm−1, associated with C-H elongation vibrations, C=N binding Amide II, O-H deformation vibrations, and C-N elongation amine vibrations, respectively. The peak at 1637 cm−1 represents the carbonyl group C=O and C=C elongation vibrations. Furthermore, the presence of proteins linked to AgNPs through amine groups is indicated by the shift from 1648 cm−1 (in leaf extract) to 1637 cm−1 (in AgNPs), corresponding to amide I vibrations. Similarly, the peak observed around 1439 cm−1 in AgNPs spectra, assigned to C–H symmetric vibrations, shifted from the original 1384 cm−1 in the leaf extract. The C–C stretching vibration peak at 1108 cm−1 in the extract shifted to 1077 cm−1 in AgNPs. Additionally, the N-H elongation vibrations peak at 3371 cm-1 in the extract and shift to 1444 cm−1 in AgNPs (Figure 9B). The presence of such groups in the chlorofluorocarbons (CFCs) from the plant extract of A. graecorum confirms the presence of proteins and indicates that these functional groups play a major role in reducing Ag+ to Ag0 [53,54,55].




3.5. Minimum Inhibition Concentration (MIC) of AgNPs


Metal nanoparticles such as magnesium nanoparticles [56,57], copper nanoparticles [58,59], and zinc nanoparticles [60] are widely used to control fungal pathogens in plants. However, silver nanoparticles have strong antifungal activity and are rarely used to control plant fungal pathogens. In this study, silver nanoparticles were biosynthesized using A. graecorum to control M. phasolina, R. solani, S. rolfsii, and P. graminicola. Concentrations of AgNP ranging from 25 to 100 μg/mL were tested as antifungal agents, as shown in Figure 10. The results showed that AgNPs had antifungal activity at concentrations of 25, 50, 75, and 100 μg/mL against M. phasolina, R. solani, S. rolfsii, and P. graminicola. A 100 μg/mL concentration had the highest antifungal activity with inhibition rates of 73.33, 77.78, 92.95, and 93.33%, with M. phasolina, S. rolfsii, R. solani, and P. graminicola, respectively. From these results, the MIC was 75 μg/mL, which was the lowest concentration for inhibition of all fungi, with inhibition rates of 40.24, 41.11, 60.00, and 70.00% for M. phaseolina, S. rolfsii, R. solani, and P. graminicola, respectively.




3.6. In Vitro MIC Inhibited Bean Root Rot Diseases


In vitro, the MIC (75 μg/mL) of AgNPs was evaluated to inhibit root rot diseases of beans by measuring germination rates and radicals’ length. It was found that bean seeds grown in dishes with M. phasolina, S. rolfsii, R. solani, and P. graminicola had much lower germination rates and radical lengths than bean seeds treated with AgNPs at a concentration of 75 μg/mL and grown in dishes with the same pathogens. Particularly, the germination rates were 91.67, 58.33, 0.00, and 33.33%, and the length of radicals was 40.33, 33.00, 0.00, and 2.67 mm, respectively, when untreated bean seeds were grown in inoculated dishes with M. phasolina, R. solani, S. rolfsii, and P. graminicola. The germination rates were 100.00, 91.67, 66.67, and 91.67%, and the length of radicals was 92.76, 83.35, 40.67, and 59.00 mm, respectively, when the seeds were treated with silver nanoparticles (75 μg/mL) and grown in inoculated dishes with the same pathogens mentioned above. Moreover, seeds treated with AgNPs had a higher growth rate and radical length (Figure 11). Our results showed that the radical length was 110 mm when seeds were treated with AgNPs and 63.00 mm with untreated seeds. In line with what we found, Cu-chitosan nanoparticles were able to kill Alternaria solani and Fusarium oxysporum fungi and improve the rate at which tomatoes germinated, the length of their roots and shoots, and the vigor index of their seeds [61]. Despite the known effectiveness of silver nanoparticles (AgNPs) against pathogens, several studies have highlighted the emergence of resistance in certain Gram-negative bacterial species. For example, studies have demonstrated that repeated exposure to silver nanoparticles has led to the development of resistance in bacteria such as Escherichia coli 013, Pseudomonas aeruginosa CCM 3955, and Escherichia coli CCM 3954, highlighting the potential for the development of resistance over time [62].




3.7. Under Greenhouse MIC Inhibited Bean Root Rot Diseases


Under greenhouse conditions, the MIC (75 μg/mL) of silver nanoparticles was assessed to inhibit root rot diseases of beans by pre- and post-emergence damping off, root rot, and foliar disease severity. The study revealed that treating bean seeds with silver nanoparticles (AgNPs) at MIC of 75 μg/mL led to a decrease in damping off incidence and disease severity in pots infected with M. phasolina, S. rolfsii, R. solani, and P. graminicola compared to untreated bean seeds (Table 4). The fungi that cause root rot affect the growth and biomass of many plants, greatly affecting their production [43,63]. The results demonstrated that bean seeds treated with silver nanoparticles at MIC of 75 μg/mL exhibited enhanced germination rates, root length, shoot length, fresh weight, dry weight, and vigor index, compared to the control group (Figure 12). The germination rates, root length, shoot length, fresh weight, dry weight, and vigor index of bean seedlings were 100.00 cm, 55.00 cm, 35.33 cm, 61.33 g, 4.83 g, and 9033.33, respectively. In the case of control treatments, the results were 100, 00 cm, 45.00 cm, 26.00 cm, 50.00 g, 3.90 g, and 7100.00, respectively. In addition, the MIC of AgNPs played a major role in suppressing root rot pathogens, as seedlings that were treated with MIC and grown in pots inoculated with the pathogens showed much better growth rates than those that were not treated and grown in the same soil (Table 5). Consistent with our findings, the synthesized AgNPs significantly increased the root length, shoot length, fresh weight, and dry weight of rice seedlings [22]. On the other hand, while several studies, including our own, have shown positive effects of AgNPs on promoting plant growth, concerns have also been raised regarding their potential toxicity. It is speculated that AgNPs may exert a toxic effect on plants by affecting various aspects of plant physiology. These effects may include a reduction in the efficiency of chlorophyll absorption, a decrease in photosynthetic efficiency, a disturbance in nutrient absorption and transport, an alteration of hormone levels, a decrease in transpiration rates, and the potential to disrupt essential plant processes [64,65]. All of these concerns must be taken into consideration before expanding the use of nanomaterials in general and nano-silver in particular and moving into the field.





4. Conclusions


A safe alternative to traditional chemical synthesis techniques is the biosynthesis of silver nanoparticles (AgNPs) using plants. In this study, novel plant extracts were used to produce AgNP biosynthesis. Using XRD, FTIR, TEM, SEM, EDS, UV-vis spectroscopy, and other techniques, the creation of biogenic AgNPs was further verified and described. Moreover, in in vitro and greenhouse settings, biosynthesized AgNPs demonstrated potent antifungal action against root rot pathogens (M. phaseolina, S. rolfsii, R. solani, and P. graminicola) and enhanced the growth of bean plants. Therefore, these nanoparticles may play a vital role in protecting plants from infection by phytopathogenic fungi as a powerful alternative to fungicides and their harmful effects.







Author Contributions


Conceptualization, E.I., E.-S.A. and A.A.G.; methodology, E.I., A.A.A. and M.A.B.; software, S.O.O., Y.A. and E.I.; validation, S.O.O., M.A.K. and E.I.; formal analysis, E.I. and M.A.K.; investigation, E.I., E.-S.A. and A.A.G.; data curation, E.I. and M.M.; writing—original draft preparation, E.I.; writing—review and editing, A.A.A., E.-S.A., A.A.G., S.S.A.-R. and B.L.; visualization, A.A.G., M.M. and E.I.; supervision, A.A.A., L.S. and B.L.; funding acquisition, S.S.A.-R., L.S. and B.L. All authors have read and agreed to the published version of the manuscript.




Funding


This study is partially supported by the Zhejiang Provincial Natural Science Foundation of China (LZ24C140004), Shanghai Agriculture Applied Technology Development Program of China (X2021-02-08-00-12-F00760), the Hangzhou Science and Technology Development Plan Project (20231203A05), and the Zhejiang Province Key Research and Development Program of China (2019C02035). This study was funded by the Researchers Supporting Project (RSPD2024R758), King Saud University, Riyadh, Saudi Arabia.




Data Availability Statement


The data are contained within the manuscript.




Acknowledgments


The authors extend their appreciation to the Researchers Supporting Project (RSPD2024R758), King Saud University, Riyadh, Saudi Arabia.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Silva, G. Feeding the World in 2050 and Beyond—Part 1: Productivity Challenges. Michigan State University Extension. 3 December 2018. Available online: https://www.canr.msu.edu/news/feeding-the-world-in-2050-and-beyond-part-1 (accessed on 11 January 2024).

	



Sekhon, B.S. Nanotechnology in agri-food production: An overview. Nanotechnol. Sci. Appl. 2014, 7, 31–53. [Google Scholar] [CrossRef]

	



Castro-Guerrero, N.A.; Isidra-Arellano, M.C.; Mendoza-Cozatl, D.G.; Valdés-López, O. Common bean: A legume model on the rise for unraveling responses and adaptations to iron, zinc, and phosphate deficiencies. Front. Plant Sci. 2016, 7, 600. [Google Scholar] [CrossRef] [PubMed]

	



Broughton, W.J.; Hernandez, G.; Blair, M.; Beebe, S.; Gepts, P.; Vanderleyden, J. Beans (Phaseolus spp.)–model food legumes. Plant Soil. 2003, 252, 55–128. [Google Scholar] [CrossRef]

	



Porteous-Álvarez, A.J.; Mayo-Prieto, S.; Álvarez-García, S.; Reinoso, B.; Casquero, P.A. Genetic Response of Common Bean to the Inoculation with Indigenous Fusarium Isolates. J. Fungi 2020, 6, 228. [Google Scholar] [CrossRef] [PubMed]

	



Mulas, D.; García-Fraile, P.; Carro, L.; Ramírez-Bahena, M.-H.; Casquero, P.; Velázquez, E.; González-Andrés, F. Distribution and efficiency of Rhizobium leguminosarum strains nodulating Phaseolus vulgaris in Northern Spanish soils: Selection of native strains that replace conventional N fertilization. Soil Biol. Biochem. 2011, 43, 2283–2293. [Google Scholar] [CrossRef]

	



Bramhanwade, K.; Shende, S.; Bonde, S.; Gade, A.; Rai, M. Fungicidal activity of Cu nanoparticles against Fusarium causing crop diseases. Environ. Chem. Lett. 2016, 14, 229–235. [Google Scholar] [CrossRef]

	



Srivastava, S.; Bist, V.; Srivastava, S.; Singh, P.C.; Trivedi, P.K.; Asif, M.H.; Chauhan, P.S.; Nautiyal, C.S. Unraveling aspects of Bacillus amyloliquefaciens mediated enhanced production of rice under biotic stress of Rhizoctonia solani. Front. Plant Sci. 2016, 7, 587. [Google Scholar] [CrossRef]

	



Valenciano, J.; Casquero, P.; Boto, J.; Guerra, M. Effect of sowing techniques and seed pesticide application on dry bean yield and harvest components. Field Crop. Res. 2006, 96, 2–12. [Google Scholar] [CrossRef]

	



Schwartz, H.F.; Steadman, J.R.; Hall, R.; Forster, R.L. Compendium of Bean Diseases; American Phytopathological Society (APS Press): St. Paul, MN, USA, 2005. [Google Scholar]

	



Pathania, A.; Sharma, S.K.; Sharma, P.N. Common bean. In Broadening the Genetic Base of Grain Legumes; Springer: Berlin/Heidelberg, Germany, 2014; pp. 11–50. [Google Scholar]

	



El-Mohamedy, R.; Abd Alla, M. Bio-priming seed treatment for biological control of soil borne fungi causing root rot of green bean (Phaseolus vulgaris L.). J. Agric. Technol. 2013, 9, 589–599. [Google Scholar]

	



Naseri, B. Root rot of common bean in Zanjan, Iran: Major pathogens and yield loss estimate Austral. Plant Pathol. 2008, 37, 546–551. [Google Scholar] [CrossRef]

	



Leon, M.C.C.; Stone, A.; Dick, R.P. Organic soil amendments: Impacts on snap bean common root rot (Aphanomyes euteiches) and soil quality. Appl. Soil Ecol. 2006, 31, 199–210. [Google Scholar] [CrossRef]

	



Pieczarka, D.; Abawi, G. Effect of interaction between Fusarium, Pythium, and Rhizoctonia on severity of bean root rot. Phytopathology 1978, 68, 403–408. [Google Scholar] [CrossRef]

	



Ahmed, M.S.; Sallam, N.M.; Mohamed, A.A.; Hassan, M.H. Effect of mycorrhiza and biofertilisers on reducing the incidence of Fusarium root and pod rot diseases of peanut. Arch. Phytopathol. Plant Protect. 2013, 46, 868–881. [Google Scholar] [CrossRef]

	



Ibrahim, E.; Zhang, M.; Zhang, Y.; Hossain, A.; Qiu, W.; Chen, Y.; Wang, Y.; Wu, W.; Sun, G.; Li, B. Green-synthesization of silver nanoparticles using endophytic bacteria isolated from garlic and its antifungal activity against wheat Fusarium head blight pathogen Fusarium graminearum. Nanomaterials 2020, 10, 219. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, N.; Upadhyaya, C.P.; Singh, A.; Abd-Elsalam, K.A.; Prasad, R. Applications of silver nanoparticles in plant protection. In Nanobiotechnology Applications in Plant Protection; Springer: Berlin/Heidelberg, Germany, 2018; pp. 247–265. [Google Scholar]

	



Ahmed, T.; Luo, J.; Noman, M.; Ijaz, M.; Wang, X.; Masood, H.A.; Manzoor, N.; Wang, Y.; Li, B. Microbe-mediated nanoparticle intervention for the management of plant diseases. Crop Health 2023, 1, 3. [Google Scholar] [CrossRef]

	



Reidy, B.; Haase, A.; Luch, A.; Dawson, K.A.; Lynch, I. Mechanisms of silver nanoparticle release, transformation and toxicity: A critical review of current knowledge and recommendations for future studies and applications. Materials 2013, 6, 2295–2350. [Google Scholar] [CrossRef] [PubMed]

	



Kasprowicz, M.J.; Gorczyca, A.; Szymocha, A. Physiological effects of nanosilver on vegetative mycelium, conidia and the development of the entomopathogenic fungus, Isaria fumosorosea. Biocontrol Sci. Technol. 2015, 25, 873–887. [Google Scholar] [CrossRef]

	



Ibrahim, E.; Fouad, H.; Zhang, M.; Zhang, Y.; Qiu, W.; Yan, C.; Li, B.; Mo, J.; Chen, J. Biosynthesis of silver nanoparticles using endophytic bacteria and their role in inhibition of rice pathogenic bacteria and plant growth promotion. RSC Adv. 2019, 9, 29293–29299. [Google Scholar] [CrossRef] [PubMed]

	



Shang, W.; Xiong, Q.; Xie, Z.; Cheng, J.; Yu, B.; Zhang, H.; Su, Y.; Zhao, J. Functional, eco-friendly, and starch-based nanocarriers with sustained release of carvacrol for persistent control of tomato gray mold. Crop Health 2023, 1, 13. [Google Scholar] [CrossRef]

	



Noman, M.; Ahmed, T.; Wang, J.; Ijaz, M.; Shahid, M.; Islam, M.S.; Azizullah; Manzoor, I.; Li, D.; Song, F. Nano-enabled crop resilience against pathogens: Potential, mechanisms and strategies. Crop Health 2023, 1, 15. [Google Scholar] [CrossRef]

	



Tariq, M.; Mohammad, K.N.; Ahmed, B.; Siddiqui, M.A.; Lee, J. Biological synthesis of silver nanoparticles and prospects in plant disease management. Molecules 2022, 27, 4754. [Google Scholar] [CrossRef] [PubMed]

	



Hafeez, R.; Guo, J.; Ahmed, T.; Ibrahim, E.; Ali, M.A.; Rizwan, M.; Ijaz, M.; An, Q.; Wang, Y.; Wang, J. Integrative transcriptomic and metabolomic analyses reveals the toxicity and mechanistic insights of bioformulated chitosan nanoparticles against Magnaporthe oryzae. Chemosphere 2024, 356, 141904. [Google Scholar] [CrossRef] [PubMed]

	



Hafeez, R.; Guo, J.; Ahmed, T.; Jiang, H.; Raza, M.; Shahid, M.; Ibrahim, E.; Wang, Y.; Wang, J.; Yan, C. Bio-formulated chitosan nanoparticles enhance disease resistance against rice blast by physiomorphic, transcriptional, and microbiome modulation of rice (Oryza sativa L.). Carbohydr. Polym. 2024, 334, 122023. [Google Scholar] [CrossRef] [PubMed]

	



Rajan, R.; Huo, P.; Chandran, K.; Dakshinamoorthi, B.M.; Yun, S.-I.; Liu, B. A review on the toxicity of silver nanoparticles against different biosystems. Chemosphere 2022, 292, 133397. [Google Scholar] [CrossRef] [PubMed]

	



Anjum, N.A.; Gill, S.S.; Duarte, A.C.; Pereira, E.; Ahmad, I. Silver nanoparticles in soil–plant systems. J. Nanopart. Res. 2013, 15, 1896. [Google Scholar] [CrossRef]

	



Jaswal, T.; Gupta, J. A review on the toxicity of silver nanoparticles on human health. Mater. Today Proc. 2023, 81, 859–863. [Google Scholar] [CrossRef]

	



Ferdous, Z.; Nemmar, A. Health impact of silver nanoparticles: A review of the biodistribution and toxicity following various routes of exposure. Int. J. Mol. Sci. 2020, 21, 2375. [Google Scholar] [CrossRef]

	



Socol, Y.; Abramson, O.; Gedanken, A.; Meshorer, Y.; Berenstein, L.; Zaban, A. Suspensive electrode formation in pulsed sonoelectrochemical synthesis of silver nanoparticles. Langmuir 2002, 18, 4736–4740. [Google Scholar] [CrossRef]

	



Solanki, J.N.; Murthy, Z. Highly monodisperse and sub-nano silver particles synthesis via microemulsion technique. Colloid Surf. A-Physicochem. Eng. Asp. 2010, 359, 31–38. [Google Scholar] [CrossRef]

	



Nasser, R.; Ibrahim, E.; Fouad, H.; Ahmad, F.; Li, W.; Zhou, Q.; Yu, T.; Chidwala, N.; Mo, J. Termiticidal, biochemical, and morpho-histological effects of botanical based nanoemulsion against a subterranean termite, Odontotermes formosanus Shiraki. Front. Plant Sci. 2024, 14, 1292272. [Google Scholar] [CrossRef]

	



Mukherjee, S.; Patra, C.R. Biologically synthesized metal nanoparticles: Recent advancement and future perspectives in cancer theranostics. Future Sci. OA 2017, 3, FSO203. [Google Scholar]

	



Basbagci, G.; Unal, F.; Uysal, A.; Dolar, F.S. Identification and pathogenicity of Rhizoctonia solani AG-4 causing root rot on chickpea in Turkey. Span. J. Agric. Res. 2019, 17, 1007. [Google Scholar] [CrossRef]

	



Ichielevich-Auster, M.; Sneh, B.; Koltin, Y.; Barash, I. Suppression of damping-off caused by Rhizoctonia species by a nonpathogenic isolate of R. solani. Phytopathology 1985, 75, 1080–1084. [Google Scholar] [CrossRef]

	



Prajapati, S.; Godika, S.; Kumar, N.; Lakhran, L.; Maurya, S.; Sharma, J. Isolation, identification and pathogenicity of Sclerotinia sclerotiorum causing Sclerotinia rot of chilli. J Pharmacogn. Phytochem. 2020, 9, 20–23. [Google Scholar]

	



Güney, İ.G.; Güldür, E. Inoculation techniques for assessing pathogenicity of Rhizoctonia solani, Macrophomina phaseolina, Fusarium oxysporum and Fusarium solani on pepper seedlings. Türkiye Tarımsal Araştırmalar Derg. 2018, 5, 1–8. [Google Scholar] [CrossRef]

	



Ogunyemi, S.O.; Abdallah, Y.; Zhang, M.; Fouad, H.; Hong, X.; Ibrahim, E.; Masum, M.M.I.; Hossain, A.; Mo, J.; Li, B. Green synthesis of zinc oxide nanoparticles using different plant extracts and their antibacterial activity against Xanthomonas oryzae pv. oryzae. Artif. Cell. Nanomed. Biotechnol. 2019, 47, 341–352. [Google Scholar] [CrossRef]

	



Masum, M.; Islam, M.; Siddiqa, M.; Ali, K.A.; Zhang, Y.; Abdallah, Y.; Ibrahim, E.; Qiu, W.; Yan, C.; Li, B. Biogenic synthesis of silver nanoparticles using Phyllanthus emblica fruit extract and its inhibitory action against the pathogen Acidovorax oryzae strain RS-2 of rice bacterial brown stripe. Front. Microbiol. 2019, 10, 820. [Google Scholar] [CrossRef] [PubMed]

	



Ibrahim, E.; Luo, J.; Ahmed, T.; Wu, W.; Yan, C.; Li, B. Biosynthesis of Silver Nanoparticles Using Onion Endophytic Bacterium and Its Antifungal Activity against Rice Pathogen Magnaporthe oryzae. J. Fungi 2020, 6, 294. [Google Scholar] [CrossRef] [PubMed]

	



Zaki, S.A.; Ouf, S.A.; Albarakaty, F.M.; Habeb, M.M.; Aly, A.A.; Abd-Elsalam, K.A. Trichoderma harzianum-mediated ZnO nanoparticles: A green tool for controlling soil-borne pathogens in cotton. J. Fungi 2021, 7, 952. [Google Scholar] [CrossRef]

	



García, R.; Robinson, R.A.; Aguilar, J.A.; Sandoval, S.; Guzman, R. Recurrent selection for quantitative resistance to soil-borne diseases in beans in the Mixteca region, Mexico. Euphytica 2003, 130, 241–247. [Google Scholar] [CrossRef]

	



Liton, M.J.A.; Bhuiyan, M.; Jannat, R.; Ahmed, J.; Rahman, M.; Rubayet, M.T. Efficacy of Trichoderma-fortified compost in controlling soil-borne diseases of bush bean (Phaseolus vulgaris L.) and sustainable crop production. Adv. Agric. 2019, 7, 123–136. [Google Scholar]

	



Manikandan, R.; Beulaja, M.; Thiagarajan, R.; Palanisamy, S.; Goutham, G.; Koodalingam, A.; Prabhu, N.; Kannapiran, E.; Basu, M.J.; Arulvasu, C. Biosynthesis of silver nanoparticles using aqueous extract of Phyllanthus acidus L. fruits and characterization of its anti-inflammatory effect against H2O2 exposed rat peritoneal macrophages. Process Biochem. 2017, 55, 172–181. [Google Scholar] [CrossRef]

	



Murugan, K.; Senthilkumar, B.; Senbagam, D.; Al-Sohaibani, S. Biosynthesis of silver nanoparticles using Acacia leucophloea extract and their antibacterial activity. Int. J. Nanomed. 2014, 9, 2431. [Google Scholar]

	



Matei, P.M.; Martín-Gil, J.; Michaela Iacomi, B.; Pérez-Lebeña, E.; Barrio-Arredondo, M.T.; Martín-Ramos, P. Silver nanoparticles and polyphenol inclusion compounds composites for Phytophthora cinnamomi mycelial growth inhibition. Antibiotics 2018, 7, 76. [Google Scholar] [CrossRef] [PubMed]

	



Mostafa, Y.S.; Alamri, S.A.; Alrumman, S.A.; Hashem, M.; Baka, Z.A. Green Synthesis of Silver Nanoparticles Using Pomegranate and Orange Peel Extracts and Their Antifungal Activity against Alternaria solani, the Causal Agent of Early Blight Disease of Tomato. Plants 2021, 10, 2363. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.; Gupta, A.; Patade, V.; Balakrishna, G.; Pandey, H.; Singh, A. Synthesis of silver nanoparticles using extract of Ocimum kilimandscharicum and its antimicrobial activity against plant pathogens. SN Appl. Sci. 2019, 1, 1652. [Google Scholar] [CrossRef]

	



Ajlouni, A.-W.; Hamdan, E.H.; Alshalawi, R.A.E.; Shaik, M.R.; Khan, M.; Kuniyil, M.; Alwarthan, A.; Ansari, M.A.; Khan, M.; Alkhathlan, H.Z. Green synthesis of silver nanoparticles using aerial part extract of the Anthemis pseudocotula boiss. plant and their biological activity. Molecules 2022, 28, 246. [Google Scholar] [CrossRef]

	



Umadevi, M.; Shalini, S.; Bindhu, M. Synthesis of silver nanoparticle using D. carota extract. Adv. Nat. Sci. Nanosci. Nanotechnol. 2012, 3, 025008. [Google Scholar] [CrossRef]

	



Hossain, A.; Hong, X.; Ibrahim, E.; Li, B.; Sun, G.; Meng, Y.; Wang, Y.; An, Q. Green synthesis of silver nanoparticles with culture supernatant of a bacterium Pseudomonas rhodesiae and their antibacterial activity against soft rot pathogen Dickeya dadantii. Molecules 2019, 24, 2303. [Google Scholar] [CrossRef] [PubMed]

	



Anthony, K.J.P.; Murugan, M.; Gurunathan, S. Biosynthesis of silver nanoparticles from the culture supernatant of Bacillus marisflavi and their potential antibacterial activity. J. Ind. Eng. Chem. 2014, 20, 1505–1510. [Google Scholar] [CrossRef]

	



Jyoti, K.; Baunthiyal, M.; Singh, A. Characterization of silver nanoparticles synthesized using Urtica dioica Linn. leaves and their synergistic effects with antibiotics. J. Radiat. Res. Appl. Sci. 2016, 9, 217–227. [Google Scholar] [CrossRef]

	



Wani, A.; Shah, M. A unique and profound effect of MgO and ZnO nanoparticles on some plant pathogenic fungi. J. Appl. Pharm. Sci. 2012, 2, 4. [Google Scholar]

	



Abdel-Aziz, M.M.; Emam, T.M.; Elsherbiny, E.A. Bioactivity of magnesium oxide nanoparticles synthesized from cell filtrate of endobacterium Burkholderia rinojensis against Fusarium oxysporum. Mater. Sci. Eng. C 2020, 109, 110617. [Google Scholar] [CrossRef] [PubMed]

	



Kanhed, P.; Birla, S.; Gaikwad, S.; Gade, A.; Seabra, A.B.; Rubilar, O.; Duran, N.; Rai, M. In vitro antifungal efficacy of copper nanoparticles against selected crop pathogenic fungi. Mater. Lett. 2014, 115, 13–17. [Google Scholar] [CrossRef]

	



Pariona, N.; Mtz-Enriquez, A.I.; Sánchez-Rangel, D.; Carrión, G.; Paraguay-Delgado, F.; Rosas-Saito, G. Green-synthesized copper nanoparticles as a potential antifungal against plant pathogens. RSC Adv. 2019, 9, 18835–18843. [Google Scholar] [CrossRef] [PubMed]

	



Rajiv, P.; Rajeshwari, S.; Venckatesh, R. Bio-Fabrication of zinc oxide nanoparticles using leaf extract of Parthenium hysterophorus L. and its size-dependent antifungal activity against plant fungal pathogens. Spectroc. Acta Pt. A-Molec. Biomolec. Spectr. 2013, 112, 384–387. [Google Scholar] [CrossRef]

	



Saharan, V.; Sharma, G.; Yadav, M.; Choudhary, M.K.; Sharma, S.; Pal, A.; Raliya, R.; Biswas, P. Synthesis and in vitro antifungal efficacy of Cu–chitosan nanoparticles against pathogenic fungi of tomato. Int. J. Biol. Macromol. 2015, 75, 346–353. [Google Scholar] [CrossRef] [PubMed]

	



Panáček, A.; Kvítek, L.; Smékalová, M.; Večeřová, R.; Kolář, M.; Röderová, M.; Dyčka, F.; Šebela, M.; Prucek, R.; Tomanec, O. Bacterial resistance to silver nanoparticles and how to overcome it. Nat. Nanotechnol. 2018, 13, 65–71. [Google Scholar] [CrossRef]

	



Hashem, A.H.; Abdelaziz, A.M.; Askar, A.A.; Fouda, H.M.; Khalil, A.; Abd-Elsalam, K.A.; Khaleil, M.M. Bacillus megaterium-Mediated Synthesis of Selenium Nanoparticles and Their Antifungal Activity against Rhizoctonia solani in Faba Bean Plants. J. Fungi 2021, 7, 195. [Google Scholar] [CrossRef] [PubMed]

	



Tripathi, D.K.; Tripathi, A.; Shweta; Singh, S.; Singh, Y.; Vishwakarma, K.; Yadav, G.; Sharma, S.; Singh, V.K.; Mishra, R.K. Uptake, accumulation and toxicity of silver nanoparticle in autotrophic plants, and heterotrophic microbes: A concentric review. Front. Microbiol. 2017, 8, 7. [Google Scholar] [CrossRef]

	



Yan, A.; Chen, Z. Impacts of silver nanoparticles on plants: A focus on the phytotoxicity and underlying mechanism. Int. J. Mol. Sci. 2019, 20, 1003. [Google Scholar] [CrossRef]








[image: Nanomaterials 14 00710 g001] 





Figure 1. Plant parts used in the biosynthesis assay. (1) Alhagi graecorum, (2) Nerium oleander, (3) Withania somnifera (fruits), (4) Althoea officinalis, (5) Ziziphus spina shristi, (6) Mentha arvensis, (7) Capsicum annuum, (8) Schinus terebinthifolius, (9) Lantana camara, (10) Bauhinia variegate, and (11) Withania smnifera (leaves). 






Figure 1. Plant parts used in the biosynthesis assay. (1) Alhagi graecorum, (2) Nerium oleander, (3) Withania somnifera (fruits), (4) Althoea officinalis, (5) Ziziphus spina shristi, (6) Mentha arvensis, (7) Capsicum annuum, (8) Schinus terebinthifolius, (9) Lantana camara, (10) Bauhinia variegate, and (11) Withania smnifera (leaves).



[image: Nanomaterials 14 00710 g001]







[image: Nanomaterials 14 00710 g002] 





Figure 2. R. solani, S. rolfsii, M. phaseolina, and P. graminicola in vitro pathogenicity assay on been seeds. (A) The radical bean necrosis (%). (B) Effect of pathogenic root rot fungi on radical length. (C) Seeds infected with pathogens. 
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Figure 3. Pathogenicity assay of M. phaseolina, R. solani, S. rolfsii, and P. graminicola using the soil infection method under greenhouse conditions. (A) Germination rate (%) of bean seeds. (B) Pots treated and untreated by bean root rot fungi. 
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Figure 4. Pathogenicity assay using the seedling infection method under greenhouse conditions. (A) Control seedlings. (B) Seedlings inoculated with S. rolfsii. (C) Seedlings inoculated with P. graminicola. (D) Seedlings inoculated with M. phaseolina. (E) Seedlings inoculated with R. solani. 
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Figure 5. Confirmation of AgNP biosynthesis using plant extract. (A) The eleven plant parts were used in biosynthesis. (A1) Alhagi graecorum. (A2) Nerium oleander. (A3) Withania somnifera (fruits). (A4) Althoea officinalis. (A5) Ziziphus spina shristi. (A6) Mentha arvensis. (A7) Capsicum annuum. (A8) Schinus terebinthifolius. (A9) Lantana camara. (A10) Bauhinia variegate. (A11) Withania smnifera (leaves). (B) Plant powders. (C) Plant extracts. (D) The color changes from light yellow to dark brown following the incubation of 30 mL of each plant extract with 70 mL of AgNO3. 
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Figure 6. The antifungal activity of biosynthesized silver nanoparticles (AgNPs) at a concentration of 100 μg/mL evaluation against R. solani (A), P. graminicola (B), S. rolfsii (C), and M. phaseolina (D). The AgNPs were derived from various plant sources, namely Alhagi graecorum (1), Nerium oleander (2), Withania somnifera (fruits) (3), Althoea officinalis (4), Ziziphus spina shristi (5), Mentha arvensis (6), Capsicum annuum (7), Schinus terebinthifolius (8), Lantana camara (9), Bauhinia variegate (10), Withania smnifera (leaves) (11), and control (c). 
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Figure 7. The UV-Vis spectrum of AgNPs synthesized using A. graecorum plant extract. 
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Figure 8. Characterization of AgNPs biosynthesized by using A. graecorum plant extract. (A) Scanning electron microscopy. (B) Transmission electron microscopy. (C) EDS analysis. 
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Figure 9. Characterization of the biosynthesized AgNPs using A. graecorum plant extract with X-ray diffraction (XRD) spectra (A) and Fourier-transform infrared (FTIR) spectra (B). 
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Figure 10. MIC assay of AgNPs against M. phasolina, R. solani, S. rolfsii, and P. graminicola causing bean root rot disease. Mycelium growth inhibition (%) (A). Radial development of mycelium on PDA medium (B). 
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Figure 11. In vitro, the MIC (75 μg/mL) of AgNPs inhibited root rot diseases in beans by measuring the germination rates (%) (A) and radical length (B). Bean seeds grown in inoculated dishes with M. phasolina, S. rolfsii, R. solani, and P. graminicola (Ca), germination rates of bean seeds treated with AgNPs at a concentration of 75 μg/mL grown in inoculated dishes with pathogens (Cb), and the radical length of seeds treated (right) and untreated (left) with AgNPs grown in inoculated dishes with pathogens (Cc). 
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Figure 12. Root rot fungi inhibition using the MIC of silver nanoparticles under greenhouse conditions. (A) Seed beans treated and untreated with silver nanoparticles at the MIC of 75 μg/mL. (B) The root length of treated and untreated seed beans with P. graminicola (1), R. solani (2), M. phasolina (3), Control (4), AgNPs (5), M. phasolina +AgNPs (6), R. solani +AgNPs (7), P. graminicola +AgNPs (8), and S. rolfsii +AgNPs (9). 






Figure 12. Root rot fungi inhibition using the MIC of silver nanoparticles under greenhouse conditions. (A) Seed beans treated and untreated with silver nanoparticles at the MIC of 75 μg/mL. (B) The root length of treated and untreated seed beans with P. graminicola (1), R. solani (2), M. phasolina (3), Control (4), AgNPs (5), M. phasolina +AgNPs (6), R. solani +AgNPs (7), P. graminicola +AgNPs (8), and S. rolfsii +AgNPs (9).
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Table 1. List of the eleven plants’ names in both English and Latin, along with the specific portions of each that are utilized in the biosynthesis of AgNPs.






Table 1. List of the eleven plants’ names in both English and Latin, along with the specific portions of each that are utilized in the biosynthesis of AgNPs.










	English Name
	Latin Name
	Used Part





	
	1-

	
Manna tree






	Alhagi graecorum
	Leaves



	
	2-

	
Oleander






	Nerium oleander
	Flowers



	
	3-

	
Winter cherry






	Withania somnifera
	Fruits



	
	4-

	
Marshmallow






	Althoea officinalis
	Flowers



	
	5-

	
Christ’s thorn jujube






	Ziziphus spina shristi
	Leaves



	
	6-

	
Mint






	Mentha arvensis
	Leaves



	
	7-

	
Chili pepper.






	Capsicum annuum
	Fruits



	
	8-

	
Brazilian pepper-tree






	Schinus terebinthifolius
	Leaves



	
	9-

	
Lantanas






	Lantana camara
	Flowers



	
	10-

	
Orchid tree






	Bauhinia variegata
	Seeds



	
	11-

	
Winter cherry






	Withania smnifera
	Leaves










 





Table 2. Pathogenicity assay of M. phaseolina, R. solani, S. rolfsii, and P. graminicola using the seedling infection method under greenhouse conditions.






Table 2. Pathogenicity assay of M. phaseolina, R. solani, S. rolfsii, and P. graminicola using the seedling infection method under greenhouse conditions.





	
Treatments

	
Disease Severity (%)

	
Growth Rates




	
Foliar

Symptom

	
Root Rot Symptom

	
Shoot Length (cm)

	
Root Length (cm)

	
Fresh Weight (g)

	
Dry Weight (g)






	
S. rolfsii

	
100.00

	
100.00

	
11.00

	
0.00

	
0.40

	
0.20




	
P. graminicola

	
83.33

	
77.00

	
10.00

	
4.00

	
0.75

	
0.42




	
R. solani

	
55.00

	
38.00

	
26.20

	
7.00

	
1.44

	
0.61




	
M. phaseolina

	
44.14

	
32.00

	
28.00

	
8.00

	
2.10

	
0.80




	
Control

	
0.00

	
0.00

	
33.00

	
15.00

	
3.50

	
1.30











 





Table 3. Antifungal activity of eleven silver nanoparticles synthesized using different plant extracts against bean root rot disease.






Table 3. Antifungal activity of eleven silver nanoparticles synthesized using different plant extracts against bean root rot disease.





	
Treatments

	
Inhibition of Mycelium Growth (%)




	

	
R. solani

	
P. graminicola

	
S. rolfsii

	
M. phaseolina






	
1

	
92.60

	
94.44

	
75.93

	
79.63




	
2

	
89.61

	
85.56

	
62.96

	
63.33




	
3

	
62.52

	
90.00

	
70.74

	
66.67




	
4

	
51.21

	
31.48

	
61.11

	
60.00




	
5

	
15.70

	
93.33

	
55.19

	
3.33




	
6

	
60.08

	
91.85

	
8.89

	
68.52




	
7

	
55.65

	
76.67

	
68.89

	
35.19




	
8

	
14.19

	
87.78

	
26.30

	
2.22




	
9

	
53.68

	
90.00

	
56.67

	
30.00




	
10

	
87.24

	
53.70

	
72.22

	
75.19




	
11

	
83.71

	
92.22

	
52.22

	
37.41








(1) Alhagi graecorum; (2) Nerium oleander; (3) Withania somnifera (fruits); (4) Althoea officinalis; (5) Ziziphus spina shristi; (6) Mentha arvensis; (7) Capsicum annuum; (8) Schinus terebinthifolius; (9) Lantana camara; (10) Bauhinia variegate; (11) Withania smnifera (leaves).













 





Table 4. Antifungal activities of AgNPs synthesized by A. graecorum against root rot fungi of beans under greenhouse.






Table 4. Antifungal activities of AgNPs synthesized by A. graecorum against root rot fungi of beans under greenhouse.





	
Treatments

	
Disease Assessment




	
Pre (%)

	
Post (%)

	
FS (%)

	
RS (%)






	
M. phasolina

	
33.30

	
49.67

	
51.00

	
36.00




	
R. solani

	
66.70

	
83.33

	
59.33

	
43.67




	
P. graminicola

	
66.70

	
83.33

	
79.33

	
78.33




	
S. rolfsii

	
100.00

	
100.00

	
100.00

	
100.00




	
M. phasolina + AgNPs

	
0.00

	
8.33

	
12.67

	
6.67




	
R. solani + AgNPs

	
8.30

	
16.67

	
34.67

	
24.67




	
P. graminicola + AgNPs

	
16.70

	
19.33

	
54.00

	
43.00




	
S. rolfsii + AgNPs

	
58.30

	
50.00

	
70.00

	
63.00




	
AgNPs

	
0.00

	
0.00

	
0.00

	
0.00




	
Control

	
0.00

	
0.00

	
0.00

	
0.00








Pre = pre-emergence damping off (%), Post = post-emergence damping off (%), FS = foliar disease severity (%), and RS = root disease severity.













 





Table 5. Effects of the biosynthesized AgNPs by A. graecorum on the growth parameters of beans.
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Treatments

	
Growth Parameters




	
Sg (%)

	
Rl (cm)

	
Sl (cm)

	
Vi

	
Fw (g)

	
Dw (g)






	
M. phasolina

	
66.67

	
16.00

	
13.33

	
1955.56

	
14.53

	
1.03




	
R. solani

	
33.33

	
15.00

	
16.00

	
1033.33

	
13.53

	
0.70




	
P. graminicola

	
33.33

	
12.33

	
8.00

	
677.78

	
6.17

	
0.40




	
S. rolfsii

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
M. phasolina + AgNPs

	
100.00

	
28.33

	
20.33

	
4866.67

	
40.30

	
2.87




	
R. solani + AgNPs

	
91.67

	
31.33

	
24.00

	
5072.22

	
33.77

	
2.40




	
P. graminicola + AgNPs

	
83.33

	
28.67

	
22.00

	
4222.22

	
27.37

	
1.90




	
S. rolfsii + AgNPs

	
41.67

	
21.00

	
18.33

	
1638.89

	
20.83

	
1.27




	
AgNPs

	
100.00

	
55.00

	
35.33

	
9033.33

	
61.33

	
4.83




	
Control

	
100.00

	
45.00

	
26.00

	
7100.00

	
50.00

	
3.90








Sg = seed germination rates (%), Rl = root length (cm), Sl = shoot length (cm), Fw = fresh weight (g), DW = dry weight (g), and Vi = vigorous index.
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