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Abstract

:

The main goal of our study was to determine whether biosynthesized silver nanoparticles (SNPs) could be used as a novel antibacterial material in order to control soft rot in vegetables. Exudates from oak fruit were used in the green synthesis of SNPs. Postharvest soft rot disease in vegetables has resulted in significant crop losses all over the globe. Because managing Pectobacterium carotovorum subsp. carotovorum (Pcc), the causal agent of soft rot disease, is difficult due to its wide host range, developing innovative disease-management methods that do not involve the use of hazardous chemicals is a top priority for maintaining sustainable agriculture. The current research has found that silver nanoparticles (SNPs) have a detrimental effect on the progression of Pcc and soft rot disease in in vitro conditions. At SNPs’ sub-MIC, the greatest levels of inhibition against tissue maceration were 22, 19.8, 21.5, and 18.5 percent in potato, zucchini, carrot, and eggplant, respectively. SNP treatment of tubers and fruits had a noteworthy suppressive impact on soft rot disease symptoms as compared to controls. SNPs may be able to replace chemical pesticides in the management and prevention of soft rot disease in vegetables in postharvest settings, according to this study.
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1. Introduction


Nanotechnology advancements over the last decades have had tremendous impacts on various aspects of science. Nanotechnology has emerged as a vital topic of contemporary research with wide-ranging implications in a variety of fields [1,2]. Nano-researchers are fascinated by the biosynthesis of silver nanoparticles (SNPs or AgNPs), using diverse biological approaches [3]. Nanoparticles (NPs) contain unique biological features such as antibacterial [4], magnetic [5], and catalytic abilities [6], resulting in an increasing use of nanomaterials in research applications such as the production of novel insecticides to combat plant diseases [7], nanomedicine [8], electrochemical biosensors [9], nanocomposite, and food safety [10]. Furthermore, nanobiotechnology has applications in all fields of food science, such as agriculture; prospective uses include agrochemical delivery, novel insecticides, genetic engineering, sensors of monitor soil conditions, postharvest loss reduction, food processing, and due to their effects on the environment and human health, they should be consumed with caution. [11,12]. Nanoparticles (NPs) can be synthesized via a variety of techniques, including physical, chemical, and biological approaches [13]. New green techniques for the synthesis of metal nanoparticles (NPs) are being developed by utilizing plant-based materials and microorganisms such as bacteria and fungi in order to retrieve high quantities of low-cost, and biocompatible materials [14,15,16]. Moreover, the green-synthesized SNPs using plant-based derivatives can be adjusted and controlled to attain the desired shape and size. These AgNPs, biosynthesized from naturally derived materials, are not only safe, economical, and eco-friendly, but also simple and convenient, which is encouraging researchers to explore greener routes and viable options, utilizing different parts of plants such as flowers, stems, petal, leaves, and carbohydrates such as chitosan to meet these demands [17].Green synthesis technology and protocols, through the application of plant materials and silver nanoparticles, offer a promising avenue for the production of sustainable products.



Many plant species have been utilized to synthesize SNPs with antibacterial action in different sizes of nanoparticles. SNPs were produced from aqueous leaf extracts of Ctenolepis garcini by Narayanan et al. [18] and the SNPs have shown antibacterial and antioxidant activity. In specific circumstances, Jalab et al. [19] employed Acacia cyanophylla extract as a reducing agent to prepare stable SNPs, which had a strong antibacterial activity.



The application of nanomaterials in plant protection—specially, plant pathology—is developing. Potato (Solanum tuberosum) is an important crop and a key resource for meeting the demands of the world’s growing population, ranking fourth in the world’s most valued tuber crops [20]. Soft rot is one of the most common bacterial postharvest diseases in vegetables. Pectobacterium carotovorum is a pectolytic bacterium belonging to the Enterobacteriaceae family that causes tissue soft rot [21]. Soft rot disease, produced by Pectobacterium species on potatoes, zucchini, carrots, and eggplant, may damage the storage of tubers and fruit as well as the quality of these products. Pectobacterium carotovorum subsp. carotovorum (Pcc) has the broadest worldwide host range of all the Pectobacterium spp. that infect potatoes [22,23]. This subspecies, which is a key agent of tuber rot in bulk storage conditions in Iran, causes the deterioration of potato tubers [24,25]. Moreover, Pectobacterium carotovorum is one of the most dangerous potato diseases, increasing the cost in potato storage across the globe by generating bacterial contamination both in the field and after harvesting [26]. Symptoms in zucchini (Cucurbita pepo) fruit initially appear as wet rot on the surface of the infected tissues and water soaking in the infected fruit. Subsequently, rot symptoms expand and progress to brown rot in the fruit, caused by Pcc [27]. Carrots (Daucus carota L.) are very susceptible to soft rot bacterial infection. The bacterium, Pcc, causes soft rot. The symptoms of a major spread appear as a soft rot and the watery, slimy decay of the taproot [28]. According to research, only Pcc has been reported as causing fruit rot in eggplant (Solanum melongena) [29].



Control of industrial crop disease has become more common in recent years, in order to increase environmental safety and economic efficiency, and novel techniques to battle phytopathogens, using innovative approaches, are of particular importance [30].



Farmers use a considerable number of toxic pesticides to manage soft rot disease each year, which not only adds to expenses in the short-term but also has long-term consequences for human health [31,32]. We undertook the production of SNPs from oak (Quercus brantii L.) fruit exudates, which have been used in traditional Iranian medicine. This plant is traditionally used to treat human health problems such as gastropathy, acute diarrheal inflammation, burns and cuts, and cancers.



In the present study, we have investigated the MIC and sub-MIC concentrations of SNPs as a novel antibacterial agent to reduce the pathogenic activity of bacterial soft rot in vegetables, with the goal of more environmentally friendly production at a lower cost. Within semi-practical storage conditions, the curative effects of SNPs on soft rot were explored.




2. Materials and Methods


2.1. Reagents and Source of the Pathogen


Merck Company, Germany, provided silver nitrate (AgNO3) and nutritional agar (NA). The Iranian Research Institute of Plant Protection (IRIPP) provided a virulent strain of Pcc (strain 84), which was cultured on the NA. Fresh vegetables, sourced from Baft vegetable farms, Kerman Province, Iran, were used in this study, including potato, zucchini, eggplant, and carrot. For this purpose, healthy vegetables with consistent sizes and no mechanical damage were chosen.




2.2. Preparation of Oak Fruits Exudates


Dry fruit were employed to make cork oak (Quercus brantii L.) fruit exudates. The nut section was disinfected with 75 percent ethanol after the fruit wall (pericarp) was removed, then with double-sterilized water three times. After three days of incubation at room temperature in darkness, ten grams of clean small parts were inserted in small test tubes in 150 mL deionized water, and the segments were withdrawn from the soaking media. (Figure 1a and exudates after 24 h, Figure 1b) Whatman No. 1 filter paper was used to filter the supernatant exudate [33]. The exudate was kept at 4 °C until it was needed. During the studies, the pH of the exudates was 5.5.




2.3. Green Synthesis of Silver Nanoparticles


Aqueous silver nitrate (AgNO3) (10 mL of 10−3 M) was applied to 150 mL of exudates for biogenesis of silver nanoparticles (SNPs) in order to decrease Ag+ to Ag0. The sample was held at room temperature in a stationary position for around 120 min for the bioreduction procedure; however, no agitation or shaking was incorporated. About 120 min later, the outcomes of the mixtures were analyzed for bioreduction of Ag+ and biosynthesis of AgNPs. To assess and evaluate color development in treated samples, control samples (exudates without silver nitrate) were employed (mixtures of exudates plus 0.01 M AgNO3 solution). Exudates are also utilized as blanks in biosynthesized SNPs instrumental studies [34]. UV-visible (UV-vis) spectrophotometer analysis was used to assess the production of SNPs from cork oak fruit exudates. Transmission electron microscopy (TEM), atomic force microscopy (AFM), and X-ray diffraction spectroscopy were used to analyze the synthesized SNPs (XRD).




2.4. UV-Vis Spectroscopy Analysis of SNPs


The generation of SNPs from cork oak fruit exudates was validated three times at room temperature, using a UV-visible spectrophotometer (Epoch2TC, Highland Park, IL, USA). At room temperature, the absorption wavelength was measured between 300 and 550 nm after 30, 60, and 120 min of reaction. Color shifts from colorless AgNO3 to a variety of deep brown hues were considered to indicate likely Ag+ to Ag0 conversion; however, UV-vis spectroscopy was employed to confirm this preliminary assumption [35].




2.5. Physicochemical Properties of SNPs (TEM, AFM, XRD, DLS and FTIR)


The morphological characterization and size of SNPs were determined using a transmission electron microscope (TEM), specifically, using a Carl ZEISS Transmission Electron Microscope (Germany). Atomic force microscopy (AFM) was used to examine the surfaces of SNPs [36].



Using a high-resolution X-ray diffraction (XRD) method, the production of compounds, quality, phase identification, and characterization of crystalline metallic SNPs were investigated. The scanning was carried out in the two-dimensional range of 30° to 80°.



The sample of SNPs was employed for research of Fourier transform infrared spectroscopy (FTIR) by centrifuging the phytosynthesized SNP solution at 10,000 rpm for five minutes. Using the KBr pellet method and a Thermo Electron Nicolet Avatar 370 DTGS FTIR spectrophotometer, the powder of the SNP solution used for FTIR analysis was recorded in the region of 4000 to 400 cm−1.



The newly biosynthesized SNPs were determined using the dynamic light-scattering (DLS) technology, which was developed by Cordouan Technologies in France. Temperature was 25 °C, the laser power transmission was 50%, DTC position was up, wavelength was 657.00 nm, and all measurements were done in triplicates.



The average value of the zeta potential (z-average) and the polydispersity index are two parameters that may be obtained using the DLS approach (PDI). The z-average has been calculated.




2.6. Antibacterial Assays


Fresh Pcc culture in Luria–Bertani medium (LB) was applied to the surface of nutrient agar (NA) (Quelab, Montreal, Canada, 22 g/L) with 100 µL of Pcc suspension of 1 × 108 CFU/mL. After 45 min, 20 micro liters of biosynthesized SNPs were placed onto sterile blank paper discs at a final concentration of 50 µg/mL (6 mm). The widths of bacterial growth inhibition zones surrounding the discs were determined after plates were incubated at 28 °C for 24 h. Streptomycin was used as a positive control, while exudates from oak cork were used as a negative control. The diameter of growth inhibition zones was measured after the incubation period. The trials were carried out three times.




2.7. Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)


The Pcc was cultivated in LB medium overnight at 28 ± 1 °C to assess the MIC and MBC using the micro-dilution technique described by Akhlaghi et al. [37]. To achieve 500 μg/mL of SNPs in the first well of each row in 96-well microplates, 100 μL of SNPs were put to 100 μL of Mueller Hinton broth medium. SNPs were then serially 2× diluted in 96-well microplates with concentrations ranging from 500 to 0. 48 μg/mL in a total volume of 200 μL. After that, each well was infected with ten microliters of overnight bacterial culture (100 CFU/mL). At 28 ± 1 °C, the plate was incubated for one day. MIC was calculated as the lowest concentration of SNPs at which there was no discernible growth (increase in turbidity). To measure MBC, ten microliters of each bacterial culture from the wells with greater concentrations than the MIC were cultivated on the NA for 24 h at 28 °C. On the NA medium, MBC was defined as the lowest concentration with no bacterial growth. All of the tests were repeated three times.




2.8. Growth Studies of Pcc


SNPs with selected sub-inhibitory levels were added to LB broth medium in 96-well plates. At that moment, a Pcc subculture produced in fluid LB was balanced to 1 × 106 CFU/mL and swapped to the wells, with LB medium and exudate serving as the blank and solvent controls, respectively. All plates were held at room temperature with 125 rpm shaking, and density at 600 nm was measured using a microplate reader at five-hour intervals up to 35 h. The experiment was repeated three times with five duplicates each time.




2.9. In Vivo Evaluation of the SNPs against Soft Rot Disease on Potato Tubers, Carrot Roots and Fruits of Zucchini and Eggplant


Fresh vegetables were purchased from an Iranian vegetable market in Kerman. This study focused on healthy potato tubers, carrot roots, and zucchini and eggplant fruit that were consistent in size and free of mechanical damage. The soft rot pathogenicity experiment was used to investigate the role of SNPs in reducing disease symptoms on vegetable tissue. The vegetables were washed three times with distilled water before being disinfected with 5% sodium hypochlorite and dried. Bacterial cultures were centrifuged overnight and suspended in double sterile distilled water with a turbidity of 0.3 at 600 nm (1 × 108 CFU/mL). After adding SNPs sub-MIC concentration diluted in Tween 20 (one percent) to the solution, 200 μL of suspension was injected into the 1 mm depth of vegetable tissues using insulin needles. Infected tissues were stored in humidified plastic containers at 26 degrees Celsius. The tubers’ initial weight (IW) was recorded, then the decaying tissue was scooped and removed from the tubers and weighed (DW) after 48 h. Formula 1 was used to assess the proportion of symptomatic tissue: (1) Decay (%) = (DW/IW) × 100 [23]. The findings were compared with controls (tubers and fruit inoculated with Pcc suspensions only).




2.10. Investigation on the Curative Activity of SNPs against Pcc In Vivo


The inhibitory action of SNPs was determined using a technique developed by Hajian-Maleki et al. [38] to determine therapeutic activity. The crops’ roots and fruit were disinfected and inoculated with bacteria as per the following procedure. Each wound was inoculated with 30 μL of Pcc suspensions (about 1 × 108 CFU/mL). Six hours later, the SNP treatments’ MIC was utilized. The control samples were inoculated with the pathogen, and were then treated with an equal amount of double-distilled water. The experiment was repeated three times with six tubers each time. All of the treatments were maintained in a humidified plastic packaging at room temperature. After a mild inoculation, just the longitudinal axis and the area across the inoculation site were sliced to quantify decay diameter (mm) and depth in SNP-treated and control tubers and fruit (d, mm). The disease rate was computed using the following equations: penetration (P, mm) based on rot depth and diameter, and reduction in incidence (percent RDI) based on lesion diameter: (2) P = [(D/2) + (d − 6)]/2 [39]. (3) % RDI = (D Positive control − D SNPs treatment)/D Positive control [40].




2.11. Statistical Analysis


Recorded data were subjected to analysis with SAS software (SAS Institute, version 9, Cary, NC, USA). Differences of p ≤ 0.05 were regarded as significant and the means were separated using Duncan’s multiple-range test.





3. Results


3.1. Visual Observation and UV-Vis Spectroscopy Studies


The fruit exudates of cork oak were exploited as a natural plant-based resource for green SNP synthetization in this study. During exposure to the exudates, the silver nitrate ions were reduced to SNPs, and after three distinct reaction periods (30, 60, and 120 min), a bright-brown color appeared, indicating the creation of SNPs (Figure 2). The SNPs’ absorbance criteria are peaks between 400 and 450 nm.




3.2. Analysis of High-Resolution Transmission Electron Microscopy (TEM) and Atomic Force Microscopy (AFM)


The results of an electro-micrograph of SNPs demonstrated that the SNP formation is spherical, hexagonal, and amorphous. Figure 3 represents a TEM electro-micrograph of the biosynthesized SNPs of oak fruit exudates.



Surfaces of generated SNPs studied by AFM are shown in one-dimensional (1D) and three-dimensional (3D) pictures, respectively. The AFM pictures indicate a distinct presence of spherical SNPs with varying particle sizes, as seen in Figure 4a,b.




3.3. XRD Analysis


The findings of X-ray diffraction (XRD) patterns indicate four sharp peaks in the whole spectrum of two theta values, ranging from 30 to 80, Figure 5. For the crystalline nature of the silver nanoparticles (SNPs), XRD peaks were seen about to be (111), (200), (220), and (311) planes at angles of 38, 44, 64, and 77°, respectively.




3.4. Dynamic Light Scattering (DLS) Analysis


The particle size was determined using the DLS method, and it was found to be 26.58 nm, 47.08 nm, and 80.07 nm in terms of number, volume, and intensity, respectively, with a polydispersity index (PDI) of 0.203 and a Z-average of 70.92 nm. The DLS histograms of the suspension of SNPs generated using oak fruit exudates are shown in Figure 6a–c. The SNPs were synthesized with a uniform distribution, which was validated. The zeta potential of the SNPs suspension is shown in Figure 6d.




3.5. FTIR Analysis


The interactions between molecules and the generated silver nanoparticles were studied using FTIR spectra. FTIR findings of synthesized SNPs are shown in Figure 7, which reveal several significant absorption peaks at 3365.92, 2925.31, 1732.64, 1450.17, and 1384.79 cm−1. The amide bond of proteins from carbonyl stretching in natural proteins and aliphatic amines band may be ascribed to the absorption peak at 1615 cm−1 [30]. The O–H stretching associated with the O–H bond of H2O molecules and carbohydrates is ascribed to the peak at 3365 cm−1 [41]. Furthermore, the absorption peak at 1628 cm−1 is similar to that of natural proteins, suggesting that proteins interact with manufactured SNPs [42]. The carboxyl, hydroxyl, and N–H groups in the oak fruit exudate are mostly involved in the conversion of Ag2+ ions to Ag0 NPs, according to the FTIR data. The carboxyl, hydroxyl, and (N–H) groups in oak fruit exudates are most likely involved in the reduction of Ag2+ ions to Ag0 NP, according to the FTIR study [43].




3.6. Antibacterial Activity of SNPs


We examined the antibacterial activity of silver nanoparticles mediated by oak fruit exudate as potential antibacterial agents against Pcc (strain 84). The existence of a growth inhibition zone surrounding the discs indicates antibacterial potential against the tested bacterium (Figure 8). Antibacterial characteristics were not found in the control group (just exudates). Streptomycin is a standard control antibiotic for a variety of phytopathogens, including Pcc, which was employed in all of the studies. The inhibitory zones surrounding the discs treated with SNPs were 8 ± 0.55 mm in diameter, compared to 14 ± 0.85 mm for the discs treated with streptomycin.




3.7. MIC and MBC Studies


The minimum inhibitory concentration (MIC μg/mL medium) and minimum bactericidal concentration (MBC, μg/mL medium) of the SNPs were identified as 150 and 200 μg/mL, respectively, Table 1.




3.8. Evaluation of SNPs Effects on Pcc Growth


The in vitro growth index of Pcc in the presence of treated chemicals was examined in order to demonstrate that test materials had no growth inhibitory effects at certain levels. The growth of the pathogen was monitored until they reached the stationary phase. In the growth curve investigations, significant variations in the growth patterns of control and SNPs at tested doses were identified (Figure 9).




3.9. Inhibitory Effects of the SNPs on Soft Rot Disease in Tested Vegetables


When compared to the positive control (vegetables inoculated with bacteria), which exhibited the highest percentage of deterioration, the SNPs reduced soft rot symptoms on the individual fruits of zucchini and eggplant, potato tubers, and carrots (22, 19.8, 21.5, and 18.5 percent for potato (scale bar = 3 cm), zucchini, carrot, and eggplant, respectively). SNPs reduced the quantity of soft rot in potatoes by 12.6 and 13.5 percent, and 10.2 and 6.5 percent, respectively, in zucchini (scale bar = 25 cm), carrot (scale bar = 23 cm), and eggplant (scale bar = 15 cm), (Figure 10a,b).




3.10. In Vivo Curative Activity of SNPs against Soft Rot Disease


The in vivo test was used to assess the SNPs’ curative effects at minimum inhibitory concentration (MIC) levels in order to identify a suitable control for soft rot disease in vivo (results are demonstrated in Table 2). The soft rot disease was dramatically reduced when the SNPs were used, according to our findings. When inoculation was conducted after the SNPs were applied, the infection incidence was reduced by 74.3, 57.2, 48.7, and 65.1 percent for potato, zucchini, carrot, and eggplant, respectively. In addition, as compared to controls, the vegetables treated with SNPs had a considerable reduction in soft rot penetration.





4. Discussion


Biosynthesis of SNPs from plant materials has fascinated scientists in the last decade, being a novel technique with a simple one-step methodology that does not produce hazardous chemicals. As a result, this method is very cost-effective, as well as ecologically benign and leaves minimally hazardous residues in soil and water [44,45,46]. The stronger the bactericidal activity, the bigger the surface area of the bacterial membrane, resulting in smaller SNPs, according to one probable mechanism for silver nanoparticles’ antibacterial capabilities. The method through which SNPs affect pathogenic bacteria is as yet unknown. However, there are a few theories that explain why SNPs are antibacterial: (A) the release of Ag+ ions from SNPs denaturizes proteins by interacting with sulfhydryl groups; (B) the adhesion of SNPs to bacteria and the subsequent damage to bacteria’s capacity to live; (C) the attachment of SNPs to bacteria and the subsequent damage to bacteria’s ability to survive (this results in high Ag+ concentrations near the bacterial cell wall over time, inhibiting bacterial growth). However, a recent study has found that Ag+ generated by SNPs may be antibacterial, resulting in cell damage or repercussions [47,48]. Positive silver ions interact with the negative cell membrane, causing morphological damage to the cell and subsequent cell leakage, which leads to cell death [49]. To boost bactericidal action, SNPs produce hydroxyl radicals. The cysteine moiety of proteins that interact with respiratory proteins has a strong affinity for silver ions with thiol groups [50]. SNPs with a high surface-to-volume ratio have a high capacity to interact with the cell layer by disturbing cell division structures and altering DNA and proteins in the same way that chain-affecting microorganisms’ respiration and cell division. Increased levels of reactive oxygen species (ROS) in bacterial cells cause the transcription of genes that protect cells against ROS. A reactive oxygen species (ROS) is a kind of oxygen that is created during normal metabolism. To deal with this undesired chemical and avoid harm to important biomolecules inside the cell, universal intracellular defense systems have emerged. ROS levels may rise dramatically under intense stress, and their generation is thought to be one of the key NP modes of action that limits bacterial growth [51,52,53]. Silver nanoparticle characterizations were investigated using UV-vis spectroscopy, TEM, XRD, and FTIR. The intensity of color change from yellow to deep brown is directly related to the quantity of the oak exudate and the incubation period. This might be as the cause of the stimulation of longitudinal plasmon vibrations and AgNO3 reduction [4]. In addition, the inhibitory activities of green synthesized AgNPs in sub-MIC concentration were investigated against Pcc as postharvest diseases. The FTIR spectra analysis revealed various absorption bands ranging from 530 to 4000 cm−1. Such results represent the existence of potential biomolecules which probably mediate the reduction and stabilization of silver ions to silver nanoparticles available in aqueous fruit exudates [30]. We investigated the anti-pathogenic action of SNPs in our tests to support the results of the virulence trait experiments. In comparison to the control, the SNPs dramatically reduced the capacity of Pcc to cause infection. Our findings show that experimental SNPs could be used to prevent tissue rot and degeneration after infection. However, infection progression was seen to be greater with curative SNP therapy than during preventative application. The explanation for this might be that the microorganism has a 48 h window to permeate tissue under curative settings, and test chemicals are less likely to prevent infection transmission. This highlights the challenges we encounter when managing a disease after it has effectively penetrated plant tissue [38]. This study has generated useful information on the characterization of synthesized SNPs, utilizing cork oak fruit exudates (Quercus brantii L.). Furthermore, the antimicrobial effects of SNPs were shown in vitro and in vivo conditions. Accordingly, the antibacterial effects of the SNPs were dependent on their size, shape, and applied dosage. With all treatments, the disease incidence (percentage) of Pcc soft rot was dramatically reduced [54]. The smaller the silver nanoparticles were, the more silver ions they produced, posing a threat to the bacteria’s function [55]. The cell walls of Gram-positive and Gram-negative bacteria are both negatively charged. This is a characteristic that is hypothesized to influence the interaction between the bacterial cell wall and the nanoparticles or ions generated by the bacterium [56]. According to the MIC and MBC tests, the SNPs’ antibacterial activities against Pcc are less than streptomycin. Further research on the efficacy of bio-SNPs against different plant-pathogenic bacteria is suggested. Researchers should note that nanomaterials applied as food additives or as an antimicrobial agent have the most significant negative properties on human health, to an alarming extent [57].



The application of SNPs had a detrimental effect on the percentage of rotten tissue (RT percent), according to our findings. The information offered here might be applied as a foundation for future research with the goal of commercializing these SNP biosynthesized goods and moving toward sustainable agriculture. This method, we think, can be used to successfully manage comparable postharvest plant diseases. Furthermore, our study has produced information on the early phases of creating SNPs to protect crops from soft rot disease caused by Pcc. However, we insist that all bio-safety and health concerns of biosynthesized materials be examined in subsequent investigations before any large-scale production occurs.




5. Conclusions


We effectively employed oak fruit exudates for the green synthesis of silver nanoparticles, which led to the development of a new nano-pesticide. Plant-based biosynthesis is a fast, simple, safe, cost-effective, and more convenient process than chemical biosynthesis. SNPs had antibacterial effects that were proportional to their size and dosage. Further research on the efficacy of bio-SNPs against various postharvest plant diseases is suggested. Nanotechnology’s potential advantages in postharvest disease control are widely known, and it has been shown to be the most promising tool in the development of novel antibacterial agents for bacterial infection management. Finally, based on our literature review, there is no record of fruit exudates of cork oak (Quercus brantii L.) being utilized to biosynthesize silver nanoparticles and being applied as a countermeasure against Pcc as a postharvest plant pathogen.
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Figure 1. Fruits and segments of cork oak (a,b) oak fruits exudates after 24 h. 
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Figure 2. The UV-vis spectra and the exudate color change of biosynthesized silver nanoparticles (SNPs) at multiple-times exposure to AgNO3, (b–d) are exudate, 30, 60 and 120 min after synthesis reaction, respectively and (a) is control (exudate solely). 
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Figure 3. TEM studies of spherical silver nanoparticles ((a,b) different scales), synthesized (silver nanoparticles) in oak exudates. 
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Figure 4. Atomic force microscopy (AFM) image analysis of silver nanoparticles (SNPs) green synthesized by oak exudates, indicative of typical presence of spherical SNPs, (a) 1D and (b) 3D. 
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Figure 5. XRD analysis of silver nanoparticles biosynthesized by oak exudates shows four sharp peaks, indicating the crystalline nature of the biological synthesis SNPs. 
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Figure 6. Dynamic light-scattering (DLS) micrographs that indicate size dispersion. (a) Number (26.58 nm), (b) volume (47.08), and (c) intensity (80.07); PDI is 0.203 and the other distributions at lower and higher ranges than nanoparticle size show that the synthesized particles are lower and higher in range in particle size and the uniform distribution of silver nanoparticles. (d) Indicate zeta potential measurement of the silver nanoparticle (SNP) suspension. Mobility mean 0.86 μm/s/V/cm; standard deviation: 0.57; zeta mean: −11.40 mV; standard deviation: 7.59. 
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Figure 7. Fourier transform infrared spectroscopy (FTIR) spectrum of the phytosynthesized silver nanoparticles (SNPs) mediated by oak fruit exudates. 






Figure 7. Fourier transform infrared spectroscopy (FTIR) spectrum of the phytosynthesized silver nanoparticles (SNPs) mediated by oak fruit exudates.



[image: Agronomy 13 01624 g007]







[image: Agronomy 13 01624 g008 550] 





Figure 8. Antibacterial activity of photosynthesized SNPs against Pcc by the disk diffusion method: (a) control, (b) streptomycin, and (c) SNPs. 
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Figure 9. The growth curves of Pectobacterium carotovorum subsp. crotovorum (Pcc) in the presence of silver nanoparticles (SNPs) throughout a 32 h period, compared to control (without SNP addition). Pcc cells were exposed to sub-MIC SNPs in LB medium (different lowercase letters error bars represent standard error of the mean and Duncan’s multiple range test, p ≤ 0.05). 
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Figure 10. (a) In vitro examination of silver nanoparticles’ (SNPs’) inhibitory effects on vegetables against Pectobacterium carotovorum subsp carotovorum (Pcc), which causes soft rot. Soft rot symptoms were significantly reduced in SNP-treated tubers and fruits, compared to controls. As a positive control, streptomycin, was used. (b) The experiment was carried out three times. The standard error of the means is represented by error bars (three replicates). At p ≤ 0.05, different letters indicate a significant difference. 
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Table 1. In vitro condition inhibitory effects of the SNPs against Pcc. The MIC and MBC were measured at 150 and 200 µg/mL, respectively. Control was oak exudate.
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Growth (OD = 600 nm)

	
Treatments




	
Concentration (µg/mL)

	

	
Control

	
SNPs

	
Streptomycin






	
200

	
1.69 *a

	
0 b

	
0 b




	
150

	
1.72 a

	
0.05 b

	
0 b




	
100

	
1.75 a

	
0.11 bc

	
0 b




	
50

	
1.73 a

	
0.18 c

	
0 b




	
25

	
1.63 a

	
0.21 c

	
0 b




	
12.50

	
1.74 a

	
0.37 c

	
0 b




	
6.25

	
1.68 a

	
0.53 c

	
0.08 cb




	
3.12

	
1.77 a

	
0.92 ac

	
0.28 c




	
1.62

	
1.77 a

	
1.04 a

	
0.55 c




	
SE

	
0.58

	
0.05

	
0.03








* The presented analysis are the means of tree replications, and they are subjected to the analysis with the variance n = 3. For each trait, different letters indicate significant differences at p ≤ 0.05 according to Duncan’s Multiple Range Test.
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Table 2. The effects of silver nanoparticles (SNPs) on soft rot in vegetables infected with pathogen. (30 μL of 1 × 108 CFU/mL) in in vivo conditions. The therapies were evaluated after a week, and the disease incidence and penetration were assessed. The experiment was repeated three times with three different replications each time. Significant differences are shown by different findings.
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Treatments

	
SNPs

	
Control




	
RDI (%) a

	
P b

	
RDI (%)

	
P






	
Potato

	
74.3 ± 8.1

	
1.6 ± 0.4 *b

	
_

	
7.1 ± 0.5 a




	
Zucchini

	
57.2 ± 6.3

	
3.1 ± 0.3 bc

	
-

	
5.2 ± 0.3 a




	
Carrot

	
48.7 ± 5.7

	
3.4 ± 0.5 bc

	
-

	
4.9 ± 0.2 a




	
Eggplant

	
65.1 ± 5.9

	
2.8 ± 0.7 b

	
-

	
6.2 ± 0.6 a








RDI a—reduction of disease incidence. P b—penetration of soft rot disease in treated subjects (mm). * The labels a, b and c, when followed by another letter within the same column, indicate that the indicated values differ significantly (p ≤ 0.05) according to Duncan’s Multiple Range Test.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
d






media/file4.png
3.00 -
50
2.00 -
B gy

('n 8) 2dueqIOSqQy

1.00 -

0.50 -

0.00

Wavelength (nm)






media/file18.png
® OV ¢ N A Y
e e e I o O O

(wupp9=10) Puors

N ©
S

16 20 24 28 32
Time (h)

12

—&— SNPs

—+— Control






media/file3.jpg
Absorbance (a.u)

200

150

100

050






media/file19.jpg





media/file7.jpg
00pm20 40 50 80

00 % “ 1M70m

207

w0 { iz
607 . ; A\ 4 i

so| 10m W "






media/file10.png
BEERELY

3

8§

02

Aescvdhiuas
: Experimental patteen (Aghighi.)
Do sns snanin am Ramos S80S ssnsiis m sand .hfillnn Ao iuie - a As snMasans 88 l.l-l
;r_:s«n 37] Ag Siiver - 3C Siiver

I
=
2000 2500 30.00 35.00 4000 4500 S0.00 §5.00 60.00 65.00 70.00 75.00 80.00
(1541874 ) 2theta

Cu-Ka





media/file14.png
LLVES
0¥ 803
25 159
85591
04506
05 Fi0)
g1'00Z1
97 VGE |
6L VBEL
£1'05k)
GO'GI5I
PYZELL
\E'GZ6T
26 GBEE
o W o Ww o Ww o W o W o W
m o o an] am} - F- w w Lo Lo =+

S0UBYITISUBI], 32

3000 2500 2000 1500 1000 500
‘Wavenumbers (cm —1)

3500

4000






media/file11.jpg
Size dispersion by Number

Stz aisporsionty Volume

iz disprsion by nansity.






media/file6.png





media/file15.jpg





nav.xhtml


  agronomy-13-01624


  
    		
      agronomy-13-01624
    


  




  





media/file16.png





media/file2.png





media/file20.png
DAL






media/file5.jpg





media/file1.jpg





media/file12.png
dc

Number {i.a.)

Size dispersion by Number

0.01

.00
. 10 100 1000
size (nm)

Size dispersion by Volume

0.045

0.040
0.025

0.020
0.025

0.020

Volume (u.a.)

0.015

0.010

0.005

0.000 |
h 10 100 1000

size (nm)

Size dispersion by Intensity

Intensity (u.a.)

C 10 100 1000
slze (inm)

6 5 4 3 2 4 0 1 2 3 4

A4 43 42 A1 40 9 8 7 2 - 5 6 7 8 9 10 11 12 13 14 15
Mobilty in pmisfiVicm





media/file9.jpg
no  mm  wm

Qukat SHOTA)





media/file0.png





media/file8.png
0.0

2.0

40 |

6.0 |

8.0 |

1. i ': - % ‘."., > 11Tnm
i ItII it s ab 'y '-. :
d & b L ' ¥ ;
:llu . . 9 -c . v
N » . f ‘P L’ :
L.I. [ l‘. s b .." ‘I|_ .
g L ;- . .,.’1 |
» . : Y v .
» ik i . .
ko i L B iv
b [ < b
L . o l‘ o »
I
‘ : an ,.‘ 3 ¥
4 .. : r
E s x
i : kol
; = : i «
A = LA o “d
L L 1 nm

117 nm
1 nm






media/file17.jpg
(wig09=(0) o)

28

2

16
Time (B)

12

—=—SNPs.

—+—Control






