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Comparative Effect of Commercially Available Nanoparticles on Soil Bacterial Community and “Botrytis fabae” Caused Brown Spot: In vitro and in vivo Experiment
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This study revealed the possible effects of various levels of silver nanoparticle (AgNP) application on plant diseases and soil microbial diversity. It investigated the comparison between the application of AgNPs and two commercial nanoproducts (Zn and FeNPs) on the rhizobacterial population and Botrytis fabae. Two experiments were conducted. The first studied the influence of 13 AgNP concentration on soil bacterial diversity besides two other commercial nanoparticles, ZnNPs (2,000 ppm) and FeNPs (2,500 ppm), used for comparison and application on onion seedlings. The second experiment was designed to determine the antifungal activity of previous AgNP concentrations (150, 200, 250, 300, 400, and 500 ppm) against B. fabae, tested using commercial fungicide as control. The results obtained from both experiments revealed the positive impact of AgNPs on the microbial community, representing a decrease in both the soil microbial biomass and the growth of brown spot disease, affecting microbial community composition, including bacteria, fungi, and biological varieties. In contrast, the two commercial products displayed lower effects compared to AgNPs. This result clearly showed that the AgNPs strongly inhibited the plant pathogen B. fabae growth and development, decreasing the number of bacteria (cfu/ml) and reducing the rhizosphere. Using AgNPs as an antimicrobial agent in the agricultural domain is recommended.
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INTRODUCTION

Globally, there are increasing applications of silver nanoparticles (AgNPs) based on their unique properties, which affect ecosystems. Some findings suggested population densities of microorganisms in the rhizosphere based on the physicochemical structure of the rhizosphere soil, variations in soil pH, water ability, and chemical traits of plant exudation (Mishra and Kumar, 2009). The rhizosphere is delineated as the area near a plant root, and it is inhabited by a unique population of microorganisms affected. It includes three zones, which are well-defined based on their relative proximity to the root (Hiltner, 1904). The rhizoplane can be defined as the medial zone, immediately adjacent to the root with the root epidermis and mucilage (Hartmann et al., 2008). It is the thin area of the soil or substrate directly affected by the secretions of roots and the linked soil microorganism identified as the root microbiome. It comprises several kinds of bacteria and other microorganisms, some are harmful, and others are helpful to crops (Lovern and Klaper, 2006; Hartmann et al., 2008).

The control and understanding of sizes are roughly called nanotechnology, with a size range of 1–100 nm (Klaine et al., 2008). Recently, nanoparticles (NPs) have accepted enhanced attention because of their exclusive effects. NPs are assessed for their toxic impacts on activity, abundance, and diversity of flora and fauna (Nayak et al., 2013; Zarina and Nanda, 2014; Gomaa et al., 2021; Alsalem et al., 2022). Several studies have stated that NPs involve microscopic properties of soil, such as humic acid matter and soil bacterial community (Ben-Moshe et al., 2013). Previously, its release in the ecosystem impacted microbial variety, and fungi interactions can also affect plant growth (Kumar et al., 2012; Hassan et al., 2022). Increased concentration of NPs can also impair normal microflora growth. It could also have toxic effects on various organisms (Abdelsalam et al., 2019b; Zhao et al., 2020).

Numerous NPs have already been recorded to have antimicrobial properties and directly influence microorganisms and other crop performance (Fouda et al., 2020a; Ghareeb et al., 2020; Youssef et al., 2020). Microbial toxicity has been reported for some NP products (Lovern and Klaper, 2006). “Plant growth-promoting rhizobacteria” (PGPR) are native to the plant rhizosphere and play a role as a bio-control agent for anti-plant pathogens (Khan et al., 2018). Also, PGPR raises the phytohormone production and enhances the lateral root branches. It modifies the root functions and improves plant nutrition to enhance plant physiology (Adesemoye and Egamberdieva, 2013; Abdel-Aziz et al., 2014). They play an essential role in nitrogen fixation (Yang et al., 2009; Khan et al., 2018).

Botrytis spp. is a common plant pathogen with more than 235 plants serving as hosts, including legumes, strawberries, and orchids. AgNPs are considered an inhibiting agent against microorganisms (Sondi and Salopek-Sondi, 2004; Majeed et al., 2014) and can be used as alternatives to fungicides (Kim et al., 2012) including Alternaria alternata, Botrytis spp., and Fusarium sp. in different crops. Also, the previous studies (Sondi and Salopek-Sondi, 2004; Elkobrosy et al., 2022) clarified that AgNPs could damage bacterial cells.

AgNPs are the most widely used in consumer products and medical applications. The antibacterial and antifungal properties of AgNPs may lead to a greater risk to humans and environmental health (Zhao et al., 2019; Kandil et al., 2020). NPs can accumulate in the soil due to their technological activities, involving deliberate releases by soil and water remediation (Nayak et al., 1998; Lakshmipathy and Nanda, 2013; Nayak et al., 2014). The effect of AgNPs on microorganisms can be identified through the measurement of the soil’s respiratory and enzymatic activities (Sompornpailin et al., 2014; Simonin and Richaume, 2015). The results found by Cao et al. (2016) showed that a high concentration of Fe3O4 NPs significantly decreased bacterial content in the soil. In addition, zinc oxide and CeO2 NPs influence the plate counts of Azotobacter (Chai et al., 2015).

The same results with titanium dioxide NPs were noticed. The data reported by Maliszewska (2016) proved that the AuNPs up to 33 mg kg–1 do not affect soil processes. However, the antibacterial activities in the inhibition zone were detected on some bacterial isolates treated with ZnO NPs and produced by biological methods (Venkataraju et al., 2014). AgNPs are one of the most widely used nanomaterials (Khan et al., 2018). Silver and/or silver ions have powerful effects, such as killing and inhibiting bacteria. AgNPs could reduce plant diseases and pests (Shams et al., 2013) and improve seed germination and growth (Thuesombat et al., 2014).

Therefore, this study examines the negative or positive applications of AgNPs compared with the two commercial nanoproducts (Zn and Fe NPs) on the rhizobacterial and B. fabae population.



MATERIALS AND METHODS


Preparation of Applications of Silver Nanoparticles

AgNPs were received at 2,000 ppm, as per the datasheet provided by the company, and serial dilution with deionized water was conducted to prepare the following working concentrations: 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 75, 80, 100, 200, 300, 400, and 500 ppm.



Characterization of Applications of Silver Nanoparticles

First, “UV-vis. TG 0; Germany” depicted the absorbance band AgNPs. Notably, AgNPs display a great absorption peak that could be subjected to surface plasmon excitation. The particle shape and distribution were determined using a “transmission electron microscope”: “TEM; JEOLJEM-1230; Japan.” The LINS (AgNPs) stock-concentrated solutions were centrifuged at 20,000 rpm for 60 min to produce AgNPs in powder form. The obtained AgNPs powder was observed using “scanning electron microscopy”; SEM: Quanta 400, Oxford, United Kingdom.



Experiment Parts

The selected plants are collected from the in-house Alexandria University Farm allocated at the Alexandria University campus for Research and Development only. Different experiments were conducted at the Faculty of Agriculture (Saba Basha), Alexandria University, Alexandria. First, an experiment was conducted to complete the previous research on the influence of a high amount of green synthesized AgNPs on agronomic traits of onion using different concentrations of AgNPs as 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 75, 80, and 100 ppm. In addition, two commercial nanoparticle products, ZnNPs (2,000 ppm) and FeNPs (2,500 ppm), were published by the same author (Fouda et al., 2020b) to study the effects of AgNPs on the soil bacterial diversity in the rhizosphere area of onion roots, which was treated with previous AgNP concentration by collecting the soil beside the root area in size 200–250 g/sample and mixed well, and then, it was transferred to the microbiology laboratory. The soil samples were organized by suspending 10-g soil in 100-ml sterile distilled water, shaken (30 min, 200 rpm), and filtered on cellulose filters (Filtrak, Germany). The addition of silver nanoparticles (AgNPs) to environmental samples (during the plant growth stage to the soil through three adding times) was 25, 40, and 55 days.



In vitro Experiment


Composition of Nutrient Agar Media

Nutrient agar concentration was prepared by adding current components such as 0.5% peptone, 0.3% beef extract, 15% agar, and 0.5% NaCl and then dissolved in distilled water with stirring under the head to fully dissolve the components (pH = 7.4) at 25°C. The mixture was autoclaved for 15 min at 121°C.



Bacterial Count Experimental Procedure

Five (9 ml) sterilized distilled water tubes were labeled as 10–3, 10–4, 10–5, 10–6, and 10–7. The primary dilution was produced by transferring a 1-ml sample from the flask (which dilution is 10–2) to 99-ml sterilized distilled water (1/1,000 or 10–3 dilution). After the 10–3 dilution was shaken, 1 ml was transferred to the second 9-ml tube, which was represented as a 10–4 dilution of the original sample. The same steps were performed for the 10–5, 10–6, and 10–7 dilutions. Then, 1-ml sterilized tips were carefully added to each plate and incubated. Finally, all Petri plates containing 30 and 300 colonies were calculated.

The calculation of the bacterial number (CFU)/milliliter of the sample is as follows:
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The decrease in microorganism number® (total and species) due to nanoparticle treatment was calculated using the equation:
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where N: N is the number of microorganisms in the sample with nanoparticles (CFU/100 ml), and N0 is the number of microorganisms without nanoparticles (CFU/100 ml).



In vivo Experiment


Experimental Setup

The Effect of Tested Nanomaterial Concentration on Bacterial Community. In this part of a joint study, we spiked an agricultural soil with AgNPs with the most effective concentrations (80 and 100 ppm) as mentioned in previous in vitro experiment compared with two commercial nanoparticles: ZnNPs (2,000 ppm) and Fe NPs (2,500 ppm), and the effects of these NPs on onion (Allium cepa) combined with Pseudomonas putida as phosphate solubilizing bacteria, and whether these effects depended on the concentrations of the applied NPs.

Onion (Allium cepa) single seedlings were transferred in plastic pots (11.5-cm deep and 17 cm in diameter) filled with 2,000 g growth-autoclaved substrate (50% peat moss and 50% sand) and fertilized twice per month with 100-mL/plant mineral fertilizer. NPs were mixed with soil with four different concentrations. Onion seedlings were inoculated with PGPRs and their combinations with and without NPs. All pots were irrigated with tap water daily to keep the soil at 70% of its field capacity by weighing the pots regularly. Seedlings were collected to measure the effect of NP treatment on some vegetative characters other than shoot and root biomass. Data were subjected to the statistical analysis described in “Data confirmation and validation.”

Preparation of Bacterial Inocula. One strain of PGPR (Pseudomonas putida; ATCC17453) was obtained from the Bio-fertilization unit, Faculty of Agriculture, Ain Shams University, Cairo, Egypt. The bacteria were reproduced on Luria Bertani (LB) medium comprising (g/L) tryptone, 10; yeast extract, 5; NaCl, 5. The pH of the medium was adjusted to 7.2–7.4 using 1-N HCl or 1-N NaOH and sterilized by autoclaving at 121°C for 15 min, L.B., media were inoculated for 24 h and incubated in a shaking incubator at 30°C for 72 h. The inocula were centrifuged at 3,000 rpm for 10 min. The supernatant was removed, but the pellet was suspended in distilled water to change the optical density at 660 nm, equivalent to 106 cells per ml. Then, 30-day-old seedlings were soaked in bacterial inocula for 2 h, whereas control seedlings were soaked in autoclaved LB broth for 2 h. The seedlings were sown in pots combined with different kinds of nano-treatments. The seedlings were then allowed to grow under natural conditions. The AgNPs were donated by Fouda et al. (2020b).

Growth Parameters and Chlorophyll Concentration Index. After 8 weeks of onion growth, branches and leaves number were calculated. Fresh and dry weight of shoots and roots were assessed after 2 months of seedling growth. Plants were collected after 60 d of planting. Before collection, the chlorophyll concentration index was measured using a chlorophyll meter (Model: CCM-200, Hudson, NH 03051, United States).

The Effect of the Tested Applications of Silver Nanoparticle Concentration on Botrytis fabae in vitro Experiment. The antifungal activity of AgNPs was determined against B. fabae under laboratory conditions. The antifungal activity was calculated as the inhibition percentage in the growth relative to the control treatment. Potato dextrose agar (PDA) spiked with AgNPs at 26 concentrations (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 150, 200, 250, 300, 400, and 500 ppm) was used. In addition, Ridomil Gold was used as the negative (non) and positive control (mz 68 wg, Company: Syngenta, United States, Active ingredients: Mefenoxam + Mancozeb) and was poured into Petri dishes (9-cm diameter: 15 ml/dish). Mycelial disks of 5-mm diameter were cut from the leading edge of 7-day-old fungal cultures (B. fabae) and used for inoculation into Petri dishes containing the corresponding culture media (PDA) and the different treatments. Agar plugs of 5-mm diameter were achieved from the actively growing B. fabae inoculated into the center of plates supplemented with various treatments. The incubation time for the plates at 28°C was extended until the full growth of B. fabae (mycelium reaching the edge of the plate) in the untreated control group. Colony diameters were measured at the time of full growth in the control. Control plates were inoculated with B. fabae in a growth medium without AgNPs. The percentage of inhibition was measured compared with the control using the next formula:
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where R and r are the radial growth of fungus in control and treated plates, respectively.

In vivo Experiment. The efficacy of AgNPs against B. fabae was determined under greenhouse conditions. Faba bean seedlings were grown in plastic pots randomly arranged for each treatment. Five replicates were used in this experiment. Based on the achieved data, four successful concentrations of AgNPs solution (100, 200, 300, and 400 ppm) were applied to the leaves of plants. For an inoculation pretreatment, AgNPs were sprayed on thirty-day-old plants. After that, the plants were inoculated with conidial suspensions (105 conidia/ml), and the inoculated plants were coated with plastic for 12 h. The distilled water was used as a control, and the fungicide was used as Ridomil Gold (mz 68 wg, Company: Syngenta, United States, Active ingredients: Mefenoxam + Mancozeb). Ten days after treatment, disease severity (DS) was calculated using the disease scale from 0 to 5 suggested by ICARDA (2005), where 0 means the plants without chocolate spots, one means the leaf with a few chocolate spots, two means the number of spots increased, and scattered, three means the spots combined and became larger, four means the necrotic spots reached half of the leaf, and five means that most of the leaves were necrotic and dropped. The disease severity index (DSI) percentage was calculated according to Chiang et al. (2017) as follows:
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After planting, samples were taken for 45 d to estimate growth parameters as chlorophyll index, shoot and root lengths, shoot, fresh root weights, and shoot and root dry weights.

Statistical Analysis. One-way ANOVA (p < 0.05) of the in vivo experiment was conducted by Tukey’s HSD (significant difference) and at p ≤ 0.05 to detect significant interactions between factors. Randomized block design (split-plot) in three replicate nanoparticles and control, AgNPs 80 ppm, AgNPs 100 ppm, Zn NPs 2,000 ppm, and Fe NPs 2,500 ppm were the main plot, and the two treatments uninoculated and inoculated with Pseudomonas putida were randomly distributed in the sub-plot; all data are shown as mean values. The reduction in the bacterial count due to AgNPs treatment was calculated using equation (1), where “N” is the number of microorganisms in the samples with NPs. Statistically significant differences were observed among control samples (without AgNPs) and samples with AgNPs.






RESULTS


Characterization of Silver Nanoparticles

To characterize the commercial silver nanoparticles, TEM was applied to detect the particle shape of AgNPs. It was observed at two different magnifications (Figure 1). The evaluation was conducted by diluting the original sample, LINS, with deionized water followed by ultrasonication—for 5 min at room temperature. It was depicted that the particles’ shape was small and spherical size (around 40–60 nm). The concentrated sample obtained from the company makes it feasible for industrial application in several domains.


[image: image]

FIGURE 1. TEM of LINS at two different magnifications power of AgNPs.




Impact of Applications of Silver Nanoparticles on the Number of Bacteria (cfu/ml) and Reduction Percentage


In vitro Experiment

The recording results demonstrated the impact of different AgNP concentrations on total count soil bacteria isolated from soil samples compared with some commercial products, that is, ZnNPs and FeNPs. As shown in Table 1 and Figures 2, 3, the highest number of bacteria was in control (untreated) soil samples, 152.50 × 105 cfu/ml forward by the samples treated with Fe and Zn (2,500 and 2,000 ppm), and it was 41.30 × 105 and 40.00 × 105, respectively. At a concentration of 80 ppm, bacteria were susceptible to AgNPs with the highest reduction percentage of 97.37% compared with the other two commercial products, which showed 73.77 and 72.92%, respectively, for Zn and FeNPs (Table 1 and Figures 2, 3).


TABLE 1. Influence of nanoparticles on the number of bacterial in soil samples.

[image: Table 1]


[image: image]

FIGURE 2. Reduction percentage (R%) of several bacterial in soil samples treated by nanoparticles.
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FIGURE 3. Calculation of the number of bacteria (cfu) per milliliter at soil samples treated with AgNPs with different concentrations compared with commercial products Zn and FeNPs. (A) Total bacteria cfu/ml as control, (B,C) total bacteria cfu/ml treated with Zn and FeNPs, respectively, (D) total bacteria cfu/ml treated with 30 ppm Ag NPs, (E,F) samples with low total count cfu/ml with 80 and 50 ppm Ag NPs, respectively, (G) total bacteria cfu/ml treated with 100 ppm AgNPs, and (H) samples treated with 5 ppm AgNPs.


However, a growth (in CFU) was seen on mostly low concentration AgNPs. Ag NPs decreased the bacterial number when using all concentrations with a percentage of almost 90%. The number of colonies formed on nutrient agar media was observed for nanoparticles at different concentrations as Zn and Fe nanoparticles. The present data showed no differences in the soil samples exposed to Zn and Fe NPs for the number of colony-forming units. Alternatively, the highest values for all AgNPs samples were 154.67 × 104 cfu/ml demonstrated under 30 ppm concentration even though the samples with five ppm concentration recorded 77.00 × 104 cfu/ml. Still, viability count is not a reliable method for evaluating the toxicity of nanoparticles on soil diversity.

Figures 2, 3 represent the different reduction percentages of microbial communities in soil treated with Ag, Zn, and FeNPs, compared with control. The microbial communities from the incubated soil sample with a combination of low concentrations of AgNPs indicated a high reduction in using two substrates (Zn and Fe) compared with the control samples. A decrease in AgNPs use was recorded from the samples treated with a low concentration of 97.0, 96, 95.08, and 94.9% with concentration values of 15, 10, 20, and 5 ppm, and between the high concentration of AgNPs, the high reduction recorded in 50 and 60 ppm, respectively, was 97.18%. The highest decrease in bacterial numbers (R = 97.37%) was observed with the soil sample treated with 80 ppm AgNPs, while the lowest was with the iron soil samples (R = 72.92%) (Table 1 and Figure 2).



In vivo Experiment

Table 2 shows significant differences in the number of onion leaves and branches between inoculated and uninoculated plants under all different levels of nanoparticles. Data in Table 2 showed that the number of leaves increased in all inoculated plants with P. putida than in uninoculated plants. The maximum increase in leaf number appeared in AgNPs control plants in the case of inoculated plants with P. putida (24.67). However, the number of branches has the highest value in inoculated plants treated with 100-ppm AgNPs (4.67).


TABLE 2. Effects of PGPR and different NPs on leaves number, number of branches, total chlorophyll (SPAD), shoot, and root parameters after 8 weeks of seeds germination in onion plants.

[image: Table 2]

The greenhouse experiment confirmed the data, which indicated that the nanoparticles decreased the number of leaves and branches. The highest decrease was recorded in plants treated with Fe NPs (2,500 ppm) concentration in the case of non-inoculated plants with P. putida were 11.33 and 3, formed for the numbers of leaf and branch, respectively. Moreover, Table 2 could conclude that the interaction between the nanoparticles treatments and bacterial inoculation had no significant impact. The total chlorophyll content was increased compared to control (non-treated plants with NPs) and compared with inoculated and uninoculated with Pseudomonas putida (Table 2). The maximum total chlorophyll content was 63.47. A similar response was observed in 100-ppm Ag NPs concentration. By contrast, the two commercial nanoparticles, Zn NPs (2,000 ppm) and FeNPs (2,500 ppm), recorded the lowest chlorophyll content (46.07 and 48.57), respectively (Table 2). The interaction between inoculation and nanoparticles with different concentrations had a significant difference. In addition, there is a variate impact between the four nanoparticles’ concentration and control.

As revealed in Table 2, there remained a significant difference in both shoot and fresh root weight of onion leaves after 8 weeks of applications for all treatments. The fresh weight in control untreated with any kind of nanoparticle was 70.16 and 20.92 g/plant for shoot and root, respectively, while it was 59 and 17.71 g/plant at the lowest concentrations of AgNPs 80 ppm. However, the highest concentrations (100 ppm) decreased the value of shoot and fresh root weights after application. Furthermore, the application of Zn and FeNPs with concentrations (2,000-ppm Zn and 2,500-ppm Fe) had the lowest fresh weight in the case of plants inoculated or uninoculated with growth-promoting rhizobacteria (PGPR) Pseudomonas putida.

However, the interaction between bacterial inoculation and nanoparticle treatment recorded a significant difference in root fresh weight; also, no significant differences in shoot fresh shoot weight were observed. Overall, it can observe that there was a direct relationship among the high concentration of nanoparticles, even AgNPs or the commercial Zn and Fe NPs. However, the fresh shoot weight showed non-significant differences between bacterial inoculation and the interaction between all treatments. On the contrary, plants treated with different types and concentrations of AgNPs had a significant impact.

The results obtained from Table 2 showed that the impact of AgNPs can be partially affected by shoot and dry root weights under the high concentration, and it is completed by decreasing the value from 100 to 80 ppm. Further increase in AgNPs decreased the plant biomass related to the strong antibacterial activity. By contrast, control plants observed the highest biomass growth. The maximum shoot dry weight was observed in plants inoculated with P. putida in case of plants untreated with any NPs. However, 100-ppm AgNPs give the highest value compared to other commercial nanoparticles (Zn NPs and FeNPs). The root dry weight had the same results, and the highest concentration of AgNPs decreased bacterial growth, followed by a decrease in the onion plant biomass. Data in Table 2 recorded that a significant change was observed in the shoot and root dry weight of onion plants within treatments of nanoparticles and treatments of the bacterial inoculation. Moreover, the interaction between both factors had the same result.



Impact of Applications of Silver Nanoparticles on Botrytis fabae


Impact of Applications of Silver Nanoparticles on Growth Inhibition Percentages of Botrytis fabae

The radial growth technique is used to check the potential of AgNPs for suppressing the development of B. fabae compared with chemical fungicide (Ridomil Gold, Syngenta, United States) and control during this study. The AgNPs with different concentrations potentially suppressed B. fabae development compared with the control group. The same previous concentrations from 5 to 100 ppm were used during this study.

The radial growth (cm) of B. fabae decreased with the increase in AgNP concentration, and the results were divided into some groups, starting from a range from 7 to 8 cm including the concentrations of 5, 10.15, 20, 25, and 30 ppm; the second group was from 6 to 7 cm and included the 35, 40, 45, 50, and 55 ppm concentration; the third group was from 5 to 6 cm and counting the AgNP concentration of 60, 65, 70, 75, and 80 ppm; the fourth group from 2 to 4 cm and includes 85, 90, 95, and 100 ppm; the fifth group from 1 to 2 cm and includes 150, 200, 250, 300, 400, and 500 ppm comparing with control, which showed 90 mm (9 cm) for the full Petri dish as found in Figure 4. In addition, the data for commercial fungicide showed 1.07 cm.
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FIGURE 4. Effect of different AgNP concentrations on growth inhibition percentages of B. fabae under laboratory conditions compared with fungicide and control.


Alternatively, the inhibition (%) increased from the lowest to highest concentrations and started from 11.48% (5 ppm) to 76.30% (100 ppm) as found in Figures 4, 5 and jumped from 78.15% (150 ppm) to 88.52% (500 ppm) (Figures 6, 7), besides these values of the chemical fungicide showed 89.98% (Figure 7) compared with control. Nevertheless, the greatest growth inhibition percentage of B. fabae was reached at the greatest concentration (500 ppm). The growth inhibition percentage of B. fabae treated with AgNPs ranged from 11.48 to 88.52, while fungicide was the most effective treatment against the fungus with 93.7% (Figures 4–7). AgNPs activity on B. fabae increased with increasing concentration. The results also showed no difference between 400 and 500 ppm on suppressing the effect on the radial growth of the fungus.
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FIGURE 5. Antifungal activity of the AgNPs against Botrytis fabae of the concentrations of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, and 100 ppm.
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FIGURE 6. Antifungal activity of the AgNPs against B. fabae of the concentrations of control, 100, 400, and 500 ppm, respectively.
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FIGURE 7. Compression between control, AgNPs, and fungicide against B. fabae used in this study.




Disease Severity Index

Data in Table 3 show that AgNP spraying of faba bean plants with the four evaluated AgNP concentrations (100, 200, 300, and 400 ppm) had an effective role against leaf infection with B. fabae. The DS, expressed as the percentage, was significantly reduced by the AgNPs 400 ppm to 9.33%, which is insignificantly different from the fungicide treatment (8.0%) with disease reduction (89.39 and 90.91%, respectively). However, the DSI% value for the non-treated control reached 88.0%. All tested AgNP concentrations effectively reduced the DSI% values on infected faba bean plants, where the efficiency of the concentration (100, 200, and 300 ppm) was 29.33, 22.67, and 14.67, with disease reduction of 66.67, 74.24, and 83.33%, respectively. Thus, the obtained results showed that all applied concentrations of AgNPs reduced the disease severity index (DSI) caused by B. fabae compared with infected control plants.


TABLE 3. Effect of different AgNP concentrations on disease severity and disease reduction in brown spot of faba bean under greenhouse conditions.

[image: Table 3]



Impact of Applications of Silver Nanoparticles on Growth Parameters of Faba Bean

Data presented in Table 4 show that the chlorophyll content increased gradually with an increase in AgNP concentration from 100 to 400 ppm compared with fungicide and non-treated control. Compared to infected control, all tested concentrations significantly increased the chlorophyll content in faba bean leaves infected with B. fabae. The highest chlorophyll value was obtained from 400 ppm (53.76) followed by 300, 200, and 100 ppm) (49.60, 48.08, and 45.66, respectively), while the fungicide treatment was 46.06 compared with the infected control (29.60). In contrast, AgNPs increased the shoot and root lengths compared with fungicide and infected control. The highest value was obtained from 400 ppm for shoot length (35.34 cm) and root length (9.90 cm) compared with the infected control, 18.68 and 6.88 cm for shoot and root, respectively.


TABLE 4. Effect of AgNP concentration growth parameters of faba bean under greenhouse conditions.
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Data showed that spraying faba bean plants with AgNPs significantly affected fresh shoot and root weight (Table 4). The highest shoot and fresh root weights were 27.02 and 4.18 g, respectively, observed under 400 ppm AgNPs, superior over infected control, which was recorded at 19.89 and 3.22 g for shoot and root, respectively. The maximum dry weight of shoot was 3.51 g from 400 ppm of AgNPs, while the highest dry weight of root was recorded from 300 ppm of AgNPs (1.08 g), superior over other varieties. The minimum plant height was noticed with the mulch cultivar. In contrast, the minimum dry weight of shoot and root (1.93 and 0.79 g, respectively) was noticed with infected control plants.






DISCUSSION

The main core of this study was designed following the two steps. The first one is to apply an Egyptian commercial nanoproduct called LINS, which is based on AgNPs, in the agricultural domain, in a term as the antibacterial, and the second one as an antifungal agent, to overcome the problems associated with roots, namely “microbial community” and the common plant diseases, B. fabae. This study aimed to discover the best concentration of LINS (AgNPs) that can kill both the pathogenic bacteria affecting the root system and the common plant disease resulting from the presence of the dangerous fungi; B. fabae.

Bacteria are considered the predominant group of microorganisms in the environment with various types. And some are harmful, and others are helpful in the rhizosphere. The bacterial species are crucial soil components, which maintain several biotic activities of the soil ecosystem to produce it suitable for nutrient uptake and sustainable crop production (Gruyer et al., 2014). From the data, AgNPs efficiently enhanced the number of branches/plants but reduced PGPR effectiveness in producing branches. The number of leaves was increased in response to Pseudomonas putida inoculation in 100-ppm AgNPs dose.

Also, Nawaz and Bano (2020) evaluated the role of (PGPR) P. putida and AgNPs in two cucumber varieties. They reported that both varieties successfully increased shoot length at the maturity phase, while when using AgNPs, shoot length was reduced. This result concluded that P. putida were affected by various nanoparticle applications even Ag, Zn, or Fe types or their different concentrations. The toxic impacts on microbial communities depend on the kind of NP considered (Simonin and Richaume, 2015).

This study is in harmony with Xu et al. (2004), who reported that AgNPs could enhance the permeability of bacterial cell membrane, penetrate the cytoplasm, and deactivate vital respiratory enzymes and proteins responsible for RNA and DNA replication, causing bacterial death (Morones et al., 2005). In addition, the antibacterial activities of AgNPs are frequently based on the high concentration since the random physical collision of silver nanoparticles with the bacterial surface causes the penetration of silver nanoparticles into the cytoplasm (Lara et al., 2011). Usually, the antimicrobial agents target single or multiple sites in the microbial cell, and the antibacterial damage these target sites.

Various Ag NP applications, such as 0.0032, 0.032, and 0.32 mg kg–1 soil, reduced microbial biomass dose response (Hänsch and Emmerling, 2010). However, soil pollution with iron oxide magnetic NPs did not affect microbial biomass with 10 and 100 mg kg–1 soil (Vittori Antisari et al., 2013). Also, Simonin et al. (2015) found no significant impact of TiO2 NPs on bacterial abundances in the six tested soils.

It was well recognized that AgNPs exhibit great antibacterial activity because of their well-developed surface, which provides maximum contact with the environment. Here, the antibacterial effect of AgNPs was studied using the total count of bacterial numbers as described in the in vitro experiment with different concentrations of AgNPs and commercial Zn and Fe NPs. P. fluorescence was reported to increase plant height and the number of flowers of tomato plants and crop growth (Abdelsalam et al., 2022; Choudhary et al., 2022) because it plays a vital role in the growth and metabolism of the plant (Somers et al., 2004).

Our results are similar to Laware and Raskar (2014) and Abbas et al. (2022) reported that onion plants treated with different concentrations of ZnO NPs showed no significant increase in plant height, but the leaf number was significantly increased in all treatments. The highest number, that is, 23.14, was displayed in plants treated with 30-μg ml–1 ZnO NPs compared to control plants.

Based stimulation could trigger advantageous effects of PGPRs and can increase crop yield (Karunakaran et al., 2013). Using ZnNPs (2,000 ppm) and FeNPs (2,500 ppm) decreased the plant growth, as found in Table 2. These results agree with Timmusk et al. (2017) who found that wheat biomass did not significantly increase with nano-Titania (TNPs) treatment associated with PGPR. Moreover, these PGPRs stimulate plant growth and improve plant biomass (Adesemoye et al., 2009; Ahmad et al., 2022). Differences in the chlorophyll concentration in the plant could be due to several interactions of allelochemicals present in the plant extracts (Talukder et al., 2015).

P. putida increased the chlorophyll a in Poinsett 76, whereas P. stutzeri increased the chlorophyll b content in Poinsett 76 (Nawaz and Bano, 2020). The results recorded the same trend. The combined impact of P. putida and AgNPs was more efficient in Sialkot selection. Hänsch and Emmerling (2010) found that the lesser concentrations of AgNPs did not show any variations in the enzymatic activities in the soil. Using soluble Ag ions as a positive control, these studies showed that AgNPs were responsible for the negative impacts on soil microorganisms (Shin et al., 2012; Gomaa et al., 2021).

The results showed that the impact of AgNPs and PGPRs differs with nanoparticle’s types and the treatment dose. P. putida enhanced the shoot and fresh root weights (Table 2), whereas it was inhibitory in Zn and Fe NPs. PGPR inoculation increased the rate of root development and root and shoot weight (Krishnaraj et al., 2012a). The effects of AgNPs on the root system demonstrated both positive and negative impacts based on plant species (Lamsa et al., 2011). PGPR improved the growth of the plant and seed germination (Lamsa et al., 2011). Shoot fresh weight was very much higher at 80 ppm of AgNPs, while P. putida did not improve the fresh weight of the shoot (Table 2). AgNP application inhibited PGPR for growth factors (Nawaz and Bano, 2020).

The AgNPs used this strategy to decrease the fresh shoot weight at the expense of an increase in root length and weight (Nawaz and Bano, 2020). AgNPs increased the fresh weight and length of roots and shoots in some crops (Abdelsalam, 2014; Abdelsalam et al., 2019a; Zhao et al., 2019; Fouda et al., 2020b). Also, Waqas et al. (2015) tested the influence of AgNPs (NM-300 K; < 20 nm) on soil microorganisms and obtained a decrease of 39.9–73.2% in microbial biomass after 7 days. Waqas et al. (2015) obtained a higher reduction of 92.9–94.6% in bacterial numbers in sewage following AgNP application compared to our results. In addition, our results are consistent with Arvanitidou et al. (2005). Based on our findings, we hypothesize that the sensitivity of various microorganisms to AgNPs may be linked to environmental properties (protective or enhancing AgNPs effectiveness).

During this research, we tried protecting beneficial flora by using novel strategies and alternative approaches to fungicides by using AgNPs of different concentrations to detect the identical dose of B. fabae and compared this nanomaterial with other commercial products. The current data showed a high effect for AgNPs when using all different concentrations with different responses on B. fabae. These results agree with Akther and Hemalatha (2019) who used some non-fungicides as alternative approaches to fungicides and promising alternatives to preserve the biota and control the plant pathogenic fungi. They reviewed the importance of metal nanoparticles as potential fungicides rather than conventional chemical fungicides.

Also, they reported that AgNPs showed high effectiveness in controlling plant pathogens and showed a broad-spectrum antifungal activity by inhibiting the radial growth. Also, using nanofungicides was reported by Arciniegas-Grijalba et al. (2017). They detected the antifungal capacity in vitro of ZnO NPs and examined their action on E. salmonicolor fungi causal of a pink disease. Also, our results agree with the previous studies (Kanhed et al., 2014; Tabussam et al., 2022), who reported the significant antifungal activity of copper nanoparticles on some selected crop pathogenic fungi. Other studies were conducted by Bramhanwade et al. (2016). They found that copper nanoparticles (CuNPs) showed the highest activity against Fusarium equiseti with a 25 mm zone of inhibition, followed by Fusarium oxysporum (20 mm) and F. culmorum (19 mm). Also, Kim et al. (2012) used AgNPs solution as fungicidal properties for various plant pathogens.

These results agree with Ouda (2014), who investigated the antifungal activity of AgNPs, CuNPs, and Ag/Cu NPs against two plant pathogenic fungi A. alternata and B. cinerea. Their results revealed that nanoparticles had a damaging effect on fungal hyphae and conidia. Earlier reports confirmed that the antimicrobial activity of AgNPs was different depending on microbial species (Ouda, 2014). AgNPs can significantly delay mycelial growth in a dose-dependent manner in vitro (Aguilar-Méndez et al., 2011; Alam et al., 2022). AgNPs may directly attach to and penetrate the cell membrane to kill spores, while the penetration of AgNPs into microbial cell membranes is not clearly understood (Hwang et al., 2008).

Previous studies reported AgNPs to control plant pathogenic fungi, including Botrytis, with efficient inhibitory activities observed in vitro (Krishnaraj et al., 2012a; Fouda et al., 2020b). Nevertheless, the mechanism of action of nanoparticles is still unknown (Krishnaraj et al., 2012b; Alghuthaymi et al., 2015). A similar result was observed by Salama (2012), who reported that AgNPs had a stimulating effect on the growth of the common bean and corn plants. Also, Latif et al. (2017) demonstrated that various concentrations of AgNPs as foliar application increased the growth parameters of the wheat plant. Furthermore, Nghia et al. (2017) verified this positive effect of AgNPs.
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Samples NPs concentration (ppm) Number of bacteria (cfu/ ml)

1 5 77.00 x 10% £ 11.02 x 10%
2 10 61.00 x 10* + 16 x 10*
3 15 4467 x 10* £ 4.04 x 10*
4 20 63.67 x 10 £16.05 x 104
5 25 Missing

6 30 154.67 x 10* £ 32.05 x 10*
7 40 58.50 x 10% £+ 8.32 x 104
8 50 43.00 x 10* +£13.53 x 10*
9 60 43.00 x 10* £ 9.61 x 10*
10 75 130.25 x 10% &+ 14.19 x 104
11 80 40.00 x 10* +1.53 x 10*
12 100 139.33 x 10* + 12.49 x 10*
Zn 2,000 40.00 x 10° £15.59 x 108
Fe 2,500 41.30 x 10° £7.81 x 10°
15 Control 152.50 x 10° +8.02 x 10°

Average =+ standard deviation; R, reduction calculated according to equation.
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Treatment Disease severity index Disease reduction

100 ppm 29.33% 66.67%
200 ppm 22.67% 74.24%
300 ppm 14.67% 83.33%
400 ppm 9.33% 89.39%
Fungicide 8.00% 90.91%

Control 88.00% 0.00%
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Nano-treatments P putida Leaves Number of Total chlorophyll Shoot fresh Root fresh Shoot dry Root dry

number branches (SPAD) weight (g) weight (g) weight (g) weight (g)
Control Non-inoc 20.33 3.33 54.63 7217 21.80 7.77 2.87
Inoc 24.67 4.33 63.47 68.17 22.33 8.64 3.03
80 ppm Non-inoc 19.33 3.67 59.70 62.10 17.63 6.83 1.66
Inoc 20.00 3.33 56.80 55.90 19.80 7.32 2.20
100 ppm Non-inoc 22.33 3.33 62.63 31.038 6.78 2.39 0.21
Inoc 23.67 4.67 63.17 28.70 6.79 2.43 0.26
FeNPs Non-inoc 11.33 3.00 48.57 27.97 14.03 4.30 0.61
Inoc 12.67 3.33 51.70 27.33 14.54 5.50 0.72
ZnNPs Non-inoc 12.33 3.00 46.07 27.57 8.93 3.83 0.37
Inoc 15.33 3.00 50.67 24.37 12.20 4.73 0.60
A) Nano-treatments
Control 22,5 3.83 59.05 70.16 20.92 8.20 2.07
80 ppm 23 4 62.9 59 17.71 7.07 1.61
100 ppm 19.67 3.5 58.25 29.86 7.78 2.41 0.236
FeNPs 12 3.16 50.13 27.65 13.28 4.89 0.660
ZnNPs 13.83 3 48.36 25.96 9.56 413 0.489
LSD (0.05 246" 0.695* 3.686"** 8.1gr 1.085%* 0.808*** 0.1
B) P. putida
Non-inoculated 17.18 3.26 54.32 4416 12.77 4.96 0.87
Inoculated 19.27 3.73 57.16 40.89 1413 572 1.18
LSD (0.05 1.56"* 0.439* 2.33" 5.17ns 0.686"** 0.511** 0.082***
Axx B ns ns * ns * ns

*The data represent mean of three replicates. The values are the mean of three replicates. AGNPs treatments = 80 ppm, 100 ppm, commercial nanoparticles; ZnNPs
(2,000 ppm) and FeNPs (2,500 ppm), bacterial treatments, Non-inoc (non-incubated seedling with Pseudomonas putida), and Inoc (inoculated seedling with P. putida)
A x B the interaction between the two treatments. Asterisks indicate a significant difference according to Tukey’s HSD test “p < 0.05. ns, not significant.
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Treatment Chlorophyll Shoot length (cm) Root length (cm) Fresh weight (g) Dry weight (g)
Shoot Root Shoot Root
AgNPs 100 ppm 45.66° 30.94° 8.88° 22.25P 3.66° 3.03° 0.89°
AgNPs 200 ppm 48.08° 33.302 9.142 25,552 3.722 3.352 0.96°
AgNPs 300 ppm 49.60° 34.142 9.702 26.162 4,022 3.452 1.082
AgNPs 400 ppm 53.76% 35.342 9.902 27.022 4182 3.518 1.022
Fungicide 46.06° 29.90° 8.06° 25.112 3.742 2.99° 0.87°
Control 29.60° 18.68° 6.884 19.89° 3iope 1.934 0.79°

Different letters refer to significant at 5% (p < 0.05), significant at 1% (p < 0.01) and significant at 0.1% (p < 0.001) probability level, respectively.





