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Introduction: Due to the increasing resistance of bacteria and fungi to antimicrobials, it is necessary to search for effective alternatives to prevent and treat pathogens causing diseases in humans, animals, and plants. In this context, the mycosynthesized silver nanoparticles (AgNPs) are considered as a potential tool to combat such pathogenic microorganisms.

Methods: AgNPs were synthesized from Fusarium culmorum strain JTW1 and characterized by Transmission Electron Microscopy (TEM), X-ray diffraction (XRD), Fourier Transform Infrared (FTIR) spectroscopy, Nanoparticle Tracking Analysis (NTA), Dynamic Light Scattering (DLS) and Zeta potential measurement. The minimum inhibitory (MIC) and biocidal concentrations (MBC) were determined against 13 bacterial strains. Moreover, the combined effect of AgNPs with antibiotics (streptomycin, kanamycin, ampicillin, tetracycline) was also studied by determining the Fractional Inhibitory Concentration (FIC) index. The anti-biofilm activity was examined by crystal violet and fluorescein diacetate (FDA) assays. Furthermore, antifungal activity of AgNPs was evaluated against a panel of phytopathogenic fungi viz., Botrytis, Colletotrichum, Fusarium, Phoma, Sclerotinia, and an oomycete pathogen Phytophthora by agar well-diffusion and micro-broth dilution method to evaluate the minimal AgNPs concentrations that inhibit fungal spore germination.

Results: Fungi-mediated synthesis resulted in the formation of small (15.56 ± 9.22 nm), spherical and stable (zeta potential of – 38.43 mV) AgNPs with good crystallinity. The results of FTIR spectroscopy indicated the presence of various functional groups, namely hydroxyl, amino, and carboxyl ones, from the biomolecules on the surface of AgNPs. The AgNPs showed antimicrobial and antibiofilm formation activities against Gram-positive and Gram-negative bacteria. The values of MIC and MBC ranged between 16–64 and 32–512 μg mL−1, respectively. The enhanced effect of AgNPs in combination with antibiotics was confirmed against human pathogens. The highest synergistic effect (FIC = 0.0625) was demonstrated by the combination of AgNPs with streptomycin against two strains of Escherichia coli (ATCC 25922 and ATCC 8739), followed by Klebsiella pneumoniae and Pseudomonas aeruginosa (FIC = 0.125). Enhanced effects of AgNPs with ampicillin were also shown against Staphylococcus aureus ATCC 25923 (FIC = 0.125) and P. aeruginosa (FIC = 0.25), as well as kanamycin against S. aureus ATCC 6538 (FIC = 0.25). The crystal violet assay revealed that the lowest concentration of AgNPs (0.125 μg mL−1) reduced the development of biofilms of Listeria monocytogenes and Salmonella enterica, while the maximum resistance was shown by Salmonella infantis, its biofilm was reduced after exposure to a concentration of 512 μg mL−1. A high inhibitory effect on the activity of bacterial hydrolases was observed by the FDA assay. AgNPs at a concentration of 0.125 μg mL−1 reduced the hydrolytic activity of all biofilms formed by the tested pathogens, except E. coli ATCC 25922, P. aeruginosa, and Pectobacterium carotovorum (efficient concentration was 2-fold higher, at 0.25 μg mL−1), while the hydrolytic activity of E. coli ATCC 8739, Salmonella infantis and S. aureus ATCC 6538 was suppressed after treatment with AgNPs at concentrations of 0.5, 2 and 8 μg mL−1, respectively. Moreover, AgNPs inhibited fungal growth and spore germination of Botrytis cinerea, Phoma lingam, and Sclerotinia sclerotiorum. MIC and MFC values of AgNPs against spores of these fungal strains were determined at 64, 256, and 32 μg mL−1, and zones of growth inhibition were 4.93, 9.54, and 3.41 mm, respectively.

Discussion: Fusarium culmorum strain JTW1 was found to be an eco-friendly biological system for an easy, efficient and inexpensive synthesis of AgNPs. In our study, the mycosynthesised AgNPs demonstrated remarkable antimicrobial (antibacterial and antifungal) and antibiofilm activities against a wide range of human and plant pathogenic bacteria and fungi singly and in combination with antibiotics. These AgNPs could be applied in medicine, agriculture, and food industry to control such pathogens that cause numerous human diseases and crop losses. However, before using them extensive animal studies are required to evaluate the toxicity, if any.
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1. Introduction

Modern medicine, veterinary, food, and agriculture sectors are struggling with microbial diseases due to the increasing resistance of microorganisms to available antimicrobials agents (Food and Agriculture Organization of the United Nations (FAO), 2017; Xie et al., 2018; Hashempour-Baltork et al., 2019). Antibiotic resistance results from the excessive and reckless use of antibiotics in agricultural food production, healthcare, and environmental protection sectors (Xie et al., 2018; Caniça et al., 2019; Dadgostar, 2019; Larsson and Flach, 2022). A wide range of pathogenic bacteria cause chronic infections by forming complex multicellular structures known as biofilms. Moreover, some studies indicate that conventional antibiotics may induce phenotypic changes in bacterial cells which subsequently trigger biofilm formation (Olivares et al., 2020). Biofilms provide a stable protective environment for the dissemination of microorganisms due to a self-synthesized structure which is an organic and highly hydrated matrix composed of exopolysaccharides, proteins, and nucleic acids (Hall-Stoodley and Stoodley, 2005; Olivares et al., 2020). There are several hypotheses of biofilm recalcitrant to antibiotics, including persistent cells, adaptive responses, and lower penetration of antimicrobial agents (Sahoo et al., 2021). In response to the growing threat of bacterial pathogens, it is necessary to develop approaches that are wide-ranging and effective in controlling bacterial outbreaks. An alternative to conventional chemicals is the formulation of agents that may prevent biofilm formation and also act on individual bacterial cells.

The growing population and increasing demand for food, require solutions to increase crop yields and ensure safety in food production, distribution, and storage (Fung et al., 2018; Wypij et al., 2023). Nowadays, microbial diseases of plants are becoming an increasing problem as they reduce crop yields and significantly affect the food industry on both a global and regional scale (Charkowski, 2018; Charkowski et al., 2020). Among the most notable bacterial pathogens of plants are Pseudomonas syringae, Ralstonia solanacearum, Agrobacterium tumefaciens, Xanthomonas spp., Erwinia amylovora, and Pectobacterium carotovorum (Mansfield et al., 2012; Iwu and Okoh, 2019). The bacterial diseases of crop plants including black rot (Schaad et al., 1980; Maji and Nath, 2015), soft rot (Pérombelon and Kelman, 1980; Pérombelon, 2002), bacterial speck (Shenge et al., 2007; Butsenko et al., 2020), and fire blight (Johnson and Stockwell, 1998; Vanneste, 2000; Peil et al., 2021). While, fungal pathogens, for example, Fusarium oxysporum, Botrytis cinerea, Colletotrichum acutatum, Puccinia sp., Sclerotinia sclerotiorum, etc., have a broad host range and cause pre-and post-harvest diseases. Among them, causal agents of grey and white mold as well as black leg and dry rot are worthy of note (Amselem et al., 2011; Dean et al., 2012; Gabal et al., 2019). Plant pathogens spread rapidly and are increasingly aggressive and harmful leading to yield losses in cereals (maize, wheat, rice), vegetables (potatoes, tomatoes, brassicas), and fruits (Sundin et al., 2016; Nawaz et al., 2020; Hampf et al., 2021). Indeed, foodborne illnesses caused by bacteria, are another concern with ensuring human food security (Gandhi and Chikindas, 2007; Scallan Walter et al., 2021). Bacterial pathogens such as Listeria sp., or the the members of Enterobacteriaceae family are proliferated via the fecal-oral routes by ingestion of contaminated water or food. Virulent strains of these bacteria cause a broad-spectrum of disorders like nausea, watery or bloody diarrhea, vomiting, and inflammatory changes (Allocati et al., 2013). Thus, intracellular pathogen Listeria monocytogenes is responsible for listeriosis, a very severe and deadly illness (Chlebicz and Śliżewska, 2018). Symptoms of the infection in healthy adult patients may include lack of appetite, stomachache, nausea, or diarrhea. Nonetheless, the infection is particularly dangerous for newborns, the elderly, immunocompromised patients, and poses a risk of miscarriage for pregnant women (Zhu et al., 2017).

Silver nanoparticles (AgNPs) have pronounced antimicrobial activity, even at low concentrations (Salleh et al., 2020). Some studies indicate, that AgNPs reveal long-term antibiofilm activities by multi-site action due to their unique properties, which include nano-size and high surface area (Martinez-Gutierrez et al., 2013; Ali et al., 2015; Soliman et al., 2022). Basically, biological methods of nanoparticle synthesis have been recognized as a substitute for physical and chemical ones (Rai et al., 2021b; Al-Rajhi et al., 2022). In addition, biologically synthesized AgNPs are capped with molecules of natural origin, which enables them to interact easily with bactericides along with bacterial cells and therefore, improves their antimicrobial efficiency (Wypij et al., 2020). Among the biological synthesis methods of nanoparticles (NPs) are those mediated by plants, algae, bacteria or fungi (Wypij et al., 2021; Al-Rajhi et al., 2022; Salem et al., 2022, 2023). Among microorganisms, fungi reveal the strong potential to secrete metabolites involved in the synthesis of metallic nanoparticles (MNPs) (Rai et al., 2021a; Shaheen et al., 2021). Mycosynthesis is an environmentally friendly, inexpensive, and simple method, which can be used for the efficient production of AgNPs (Lahiri et al., 2021; Salem et al., 2023). Current research efforts focus on the optimization of mycosynthesis of AgNPs with desired physio-chemical and biological properties, which may be used to eradicate bacterial pathogens (Zhao et al., 2018).

Hence, the present study was designed to synthesize AgNPs from Fusarium culmorum strain JTW1 in an easy, eco-friendly, efficient, and inexpensive way and to estimate the potential use of AgNPs in the biomedicine, agriculture, and food production industry. The mycosynthesized AgNPs were characterized using UV–vis spectrophotometry (UV–Vis), Transmission Electron Microscopy (TEM), X-ray diffraction (XRD) spectroscopy, Energy-dispersive X-ray spectroscopy (EDX), Fourier-Transform Infrared Spectroscopy (FTIR), Nanoparticle Tracking Analysis (NTA), Dynamic Light Scattering (DLS) and Zeta potential measurement. The comprehensive antibacterial activity of AgNPs, including estimation of minimal inhibitory and biocidal concentrations (MIC and MBC, respectively), efficacy of combined antibiotics and AgNPs as well as antibiofilm activity against a wide range of Gram-positive and Gram-negative pathogenic bacteria of humans and plants were investigated. Mycosynthesized AgNPs were tested against a set of fungal and oomycete plant pathogens, including Alternaria alternata IOR 1783, Botrytis cinerea IOR 1873, Colletotrichum acutatum IOR 2153, Fusarium oxysporum IOR 342, Fusarium solani IOR 825, Phoma lingam IOR 2284, Sclerotinia sclerotiorum IOR 2242, Phytophthora cactorum IOR 1925, Phytophthora cryptogea IOR 2080, Phytophthora megasperma IOR 404 and Phytophthora plurivora IOR 2303.



2. Materials and methods


2.1. Isolation and identification

Fusarium culmorum strain JTW1 was isolated using ten-fold dilution procedure on Potato Dextrose Agar (PDA, A&A Biotechnology) from soil samples collected in Różankowo near Toruń, Poland. The Petri plates were incubated at 26°C for 7 days. Initially, the morphological and cultural characteristics of isolate F. culmorum strain JTW1 were studied after 7 days at 26°C on PDA. The isolate was identified by internal transcribed spacer (ITS) sequence. The genomic DNA of the isolate was extracted using Genomic Mini AX Yeast Spin Kit (A&A Biotechnology) according to the manufacturer’s instructions by A&A Biotechnology (Gdańsk, Poland) while amplification of ITS region and sequencing were carried out by Genomed S.A. (Warsaw, Poland). The ITS region of the ribosomal DNA of the isolate was amplified using the ITS1 and ITS2 primers (White et al., 1990). The Basic Local Alignment Search Tool (BLAST) at the National Centre of Biological Information (NCBI) was used to find the closest similarity between the isolate sequence and corresponding sequences available in the database. F. culmorum isolate JTW1 was deposited in the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) in Brunschweig, Germany under accession number DSM 114849.



2.2. Synthesis and characterization of mycosynthesized nanoparticles

Fusarium culmorum strain JTW1 was cultured in 250 ml Potato Dextrose Broth (PDB, A&A Biotechnology) for 7 days at 26°C in shaking conditions (120 revolutions per minute; rpm) and then the biomass was centrifugated at 6,500× g (Thermo Scientific, USA), washed three times with sterile distilled water, and re-suspended in sterile water for 4 days for cell autolysis. Thereafter, the cell filtrate was obtained by centrifugation of autolysate at 4000× g for 5 min and passing it through sterile Whatman filter paper No. 1. For mycosynthesis of AgNPs, the fungal extract obtained from F. culmorum strain JTW1 was treated with a 100 mM aqueous solution of silver nitrate (AgNO3; 1 mM final concentration). A biosynthesis reaction was induced on sunlight for 1 h and then the reaction mixture was incubated at room temperature in the dark. AgNPs were collected by centrifugation at 13,000× g (Thermo Scientific, USA) for 1 h and dried at 37°C (Thermo Scientific, USA; Wypij et al., 2022).

The physico-chemical analyses were performed as previously described by Wypij et al. (2018, 2022).

The primary detection of AgNPs was carried out by visual observation of color change after treatment of fungal extract with AgNO3 and sunlight induction. The UV–Visible (UV–Vis) spectrophotometer (NanoDrop 2000, Thermo Scientific, USA) was used for scanning the absorbance spectra in a range of wavelengths from 200 to 800 nm, at the resolution of 1 nm.

Transmission Electron Microscopy (TEM) and Energy Dispersive X-Ray (EDX) analyses were performed to determine the size, morphology, and elemental composition of AgNPs from F. culmorum strain JTW1. Prior to analysis, AgNPs solution was deposited on a carbon-coated copper grid (400 μm mesh size) and dried at room temperature. Analysis was performed using a transmission electron microscope (FEI Tecnai F20 X-Twintool, Fei, Hillsboro, OR, USA) operating at an acceleration voltage of 100 kV.

The crystalline nature of AgNPs was confirmed by X-ray diffraction analysis using Philips X’Pert diffractometer (X’Pert Pro, Analytical Philips, Lelyweg, Netherlands) equipped with Cu Kα (λ = 1.54056 Å) radiation source and using Ni as a filter in range 5°–120°. The collected peaks were compared to the standard database of the International Centre for Diffraction Data (ICDD).

The functional groups present on the surface of AgNPs were identified using Fourier-Transform Infrared (FTIR) spectroscopy. Briefly, a sample for analysis was prepared by combining dry AgNPs with KBr powder in a ratio of 1:100. The AgNPs were characterized by FTIR spectrophotometer (Perkin-Elmer FTIR-2000, USA) in the range 400–4,000 cm−1 at a resolution of 4 cm−1.

The size of synthesized nanoparticles was measured using Nanosight (NanoSight NS300, Malvern, UK). The solution of AgNPs in MilliQ water was sonicated at 20 Hz for 15 min (Sonic Ruptor 250, Omni Int., Kennesaw, GA, USA), 1000-fold diluted with the MilliQ water, and filtered through a 0.22-μm filter (Millipore) prior to analysis. During measurement, five 1-min videos were captured at the cell temperature of 25°C and syringe speed of 50 μl/s. The size distribution of AgNPs was analyzed using NanoSight Software NTA version 3.4 Build 3.4.4.

To determine the size distribution and zeta potential of AgNPs the Zetasizer Nano Instrument (Malvern Instruments Ltd., Malvern, United Kingdom) was used. The AgNPs size and dispersity were measured by dynamic light scattering (DLS) to obtain information about volume [%] as a function of particle size [nm]. Zeta potential measurement and nanoparticle size distribution analysis were carried out on AgNPs sample suspended in MilliQ water, sonicated for 15 min at 20 Hz (Sonic Ruptor 250, Omni Int., Kennesaw, GA, USA) to obtain a homogenous suspension, 1000-fold diluted, and filtered through a 0.22 μm Millipore filter prior to analyses. Zetasizer software was used to analyze the data of AgNPs sample.



2.3. Evaluation of antibacterial activity of AgNPs and antibiotics


2.3.1. Bacterial strains

The antibacterial activity of mycosynthesized AgNPs and antibiotics was evaluated against Gram-negative bacterial strains, namely Escherichia coli ATCC 25922, E. coli ATCC 8739, Klebsiella pneumoniae ATCC 700603, Pseudomonas aeruginosa ATCC 10145, Salmonella enterica PCM 2565, Salmonella infantis (strain from Sanitary-Epidemiology Station in Toruń, Poland), Agrobacterium tumefaciens IOR 911, Pectobacterium carotovorum PCM 2056, Pseudomonas syringae IOR 2188 and Xanthomonas campestris IOR 512 and Gram-positive bacteria including Staphylococcus aureus ATCC 6538, S. aureus ATCC 25923 and Listeria monocytogenes PCM 2191.



2.3.2. Minimum inhibitory concentration and minimum biocidal concentration determination for AgNPs and antibiotics

The micro-dilution method was used for estimation of the minimum inhibitory concentration (MIC) of antibiotics and AgNPs according to the Clinical Laboratory Standards Institute standard [Clinical and Laboratory Standards Institute (CLSI), 2012]. Briefly, to estimate the MIC of AgNPs and antibiotics, bacteria were grown in Tryptic Soy Broth (TSB, Becton Dickinson) for 24 h at 37°C and 28°C for human and phytopathogens, respectively. Then, the density of bacterial suspension in sterile distilled water was established at 0.5 McFarland unit (approx. 1.5 × 108 colony forming units per mL; CFU mL−1) and ten-fold dilution. Antimicrobials were tested, in triplicate, using sterile 96-well plates (Nest) in the concentration range 0.125–2048 for AgNPs and 0.016–2048 μg mL−1 for antibiotics. The TSB medium was used as a diluent for AgNPs and growth medium. The final volume and bacterial concentration in each well were 150 μl and 1.5 × 105 CFU mL−1, respectively. Inoculated plates were incubated for 24 h at 37 or 28°C, respectively. The MIC value of AgNPs and antibiotics was defined as the lowest concentration of the antimicrobial agent showing no visible bacterial growth after incubation time. To determine the minimum biocidal concentration (MBC) of AgNPs and antibiotics, samples from all wells without visible bacterial growth were spread onto Trypticase Soy Agar (TSA, Becton Dickinson) in Petri plates and incubated for 24 h at 37 or 28°C, respectively. The MBC values were read as the lowest concentration of antimicrobial agent that inhibited bacterial growth ≥99.9% (Wypij et al., 2021).



2.3.3. Fractional inhibitory concentration index determination

This assay was performed, in triplicate, using sterile 96-well plates (Nest) and TSB medium for bacterial growth. Combined antimicrobial agents (AgNPs and antibiotic) were tested in the concentration range from 1/32 to 2x MIC. The final concentration of bacteria in each well was as for the MIC assay described above. The combined antibacterial effect of AgNPs and antibiotics, as FIC index, was calculated using the formula:

[image: image]

Values of the FIC index were interpreted as follows: >2.0 denote antagonistic activity, from 0.5 to 2.0 signify an additive effect, while values <0.5 specify a synergistic effect of antimicrobials (Ruden et al., 2009).




2.4. Antibiofilm activity of AgNPs


2.4.1. Inhibition of biofilm formation

The ability to biofilm formation by tested bacteria in presence of AgNPs was evaluated, in triplicate, in 96-well flat-bottom plates using crystal violet staining assay (Feoktistova et al., 2016). Each well contained 150 μl of TSB, desired concentration of AgNPs in the range 0.125–512 μg mL−1 (2-fold dilutions of AgNPs were maintained from 0.125 to 512 μg mL−1), and tested bacteria (final concentration approx. 1.5 × 105 CFU mL−1). The plates were incubated for 24 h at 37 or 28°C, respectively. The positive (inoculated TSB without nanoparticles) and negative (sterile TSB) controls as well as background (nanoparticles in TSB) were maintained during the test. After incubation, the suspension was gently removed and wells were washed with sterile distilled water to eliminate planktonic cells. Adherent cells were fixed by drying at room temperature for 1 h and stained with 1% water solution of crystal violet (BTL) for 15 min. Crystal violet was removed and biofilm was washed thrice with sterile distilled water. The aliquots (200 μl) of 99.9% ethanol (Avantor) were added to each well to release absorbed crystal violet from biofilm and absorbance at the wavelength of 595 nm was read using a plate reader (SpectraMax iD3 Multi-Mode Microplate Reader, Molecular Devices, USA). The data were averaged, and the standard deviation was also calculated. Results are presented as percent of biofilm formation in the presence of AgNPs compared to control and calculated using the following formula:

[image: image]



2.4.2. Evaluation of hydrolytic activity of biofilm

Hydrolytic activity of biofilms developed in presence of different concentrations (mentioned above) of AgNPs from F. culmorum strain JTW1 were assessed using fluoresceine diacetate (FDA; Sigma-Aldrich) assay (Peeters et al., 2008). Bacterial biofilm was developed in the presence of AgNPs in sterile 96-well flat bottom plates dedicated for fluorescence assays (Thermo Fisher Scientific, USA), as described above. The positive and negative controls as well as background samples were also maintained. Plates were incubated as described previously. After incubation, the suspension was gently removed and wells were washed thrice with 3-(Morpholin-4-yl)propane-1-sulfonic acid (MOPS) buffer (Sigma-Aldrich), pH 7. Subsequently, working solution (0.02%, w/v) of FDA in acetone was prepared, which was then diluted 1:100 (v/v) with MOPS buffer. The aliquots (200 μl) of the FDA solution in MOPS were added to each well and plates were incubated for 4 h at 37°C or 28°C, respectively in the darkness. Fluorescence measurements were performed using plate reader (SpectraMax iD3 Multi-Mode Microplate Reader, Molecular Devices, USA) at an excitation wavelength 494 nm and an emission wavelength 518 nm. Results were shown as percence of released fluorescein compared to the control sample which is directly proportional to the activity of hydrolases produced by developed biofilms. Hydrolytic activity was calculated using the following formula:

[image: image]




2.5. Antifungal activity


2.5.1. Antifungal assay using agar-well diffusion method

Preliminary screening assay was performed to estimate inhibitory effect of AgNPs against 12 phytopathohenic fungi, namely Alternaria alternata IOR 1783 (isolated from kohlrabi), Botrytis cinerea IOR 1873 (isolated from tomato), Colletotrichum acutatum IOR 2153 (isolated from blueberry), Fusarium oxysporum IOR 342 (isolated from pine), Fusarium solani IOR 825 (isolated from parsley), Phoma lingam IOR 2284 (isolated from rape), Sclerotinia sclerotiorum IOR 2242 (isolated from broccoli), and oomycetes, such as Phytophthora cactorum IOR 1925 (isolated from strawberry), Phytophthora cryptogea IOR 2080 (isolated from Lawson cypress), Phytophthora megasperma IOR 404 (isolated from raspberry), Phytophthora plurivora IOR 2303 (isolated from Quercus petraea) using agar well-diffusion method (Magaldi et al., 2004), with some modifications. Briefly, fungal colonies grown on potato dextrose agar (PDA, Becton Dickinson) in Petri plates for 14 days at 26°C were washed with 10 ml of sterile distilled water to release fungal spores/sclerotia. Their suspensions were collected and filtered through a sterile cotton wool syringe filter to remove mycelia. The concentration of fungal spores/sclerotia were estimated using cell counting chamber (Brand, Germany) and diluted to adjust concentration of 106 spores mL−1. One milliliter of such suspension was added into 6 ml of sterile melted PDA and spread on the surface of sterile medium in Petri plates, as a second layer. Subsequently, the wells (Ø =5 mm) were cut in the inoculated plates using sterile cork borer and filled with 50 μl of AgNPs solution at concentration of 3 mg mL−1. Then, inoculated plates were incubated for 7 days at 26°C and zones of inhibition of fungal growth around wells were measured in mm.



2.5.2. Determination of minimum inhibitory concentration and minimum fungicidal concentration of AgNPs against fungal spores

Two-fold broth microdilution method [Clinical and Laboratory Standards Institute (CLSI), 2012] adopted for fungal spores, in potato dextrose broth (PDB, A&A Biotechnology), was used to evaluate inhibition of spore germination of the fungal strains, namely Botrytis cinerea IOR 1873, Phoma lingam IOR 2284 and Sclerotinia sclerotiorum IOR 2242 that were selected in agar-well diffusion assay described above. Assay was performed, in triplicate, in sterile 96-well plates (Nest). The AgNPs concentration range was 2–2048 μg mL−1. Each well was inoculated with spore/sclerotia suspension (final concentration 105 spores mL−1). Negative (sterile broth) and positive (inoculated broth without AgNPs) controls were also maintained. Plates were incubated at 26°C and examined after 7 days for MIC determination. For minimal fungicidal concentration (MFC) the 100 μl from wells without visible fungal growth were spread on the surface of sterile PDA in Petri plates and incubated at 26°C for 7 days.




2.6. Statistical analyses

The data were presented as mean ± standard deviation (SD). For results from antibiofilm assays the differences between means were statistically tested by One-way ANOVA followed by Tukey’s test and considered statistically significant if p < 0.05. The data were analyzed by Statistica Software (StatSoft Inc., Tulsa, OK, United States).




3. Results


3.1. Isolation and identification

The ITS sequence of isolate JTW1 showed 100% similarity to corresponding sequence of Fusarium culmorum isolate F52 (ITS sequence accession number: MH681149). Strain morphology and growth on potato dextrose agar are shown in Supplementary Figure S1.



3.2. Synthesis and characterization of mycosynthesized silver nanoparticles

The color change of the reaction mixture (cell filtrate with silver nitrate) from yellow to dark-brown indicated the formation of AgNPs. The UV–Vis spectroscopy of AgNPs showed the maximum absorption peak at 430 nm (Supplementary Figure S2) which confirmed reduction of Ag+ to Ag0 and AgNPs formation.

TEM micrographs (Figure 1) revealed that mycosynthesized AgNPs were polydisperse, spherical, with the size range from 3.58 to 58.63 nm. The average size was determined at 15.56 ± 9.22 nm. Energy dispersive X-ray (EDX) spectrum of AgNPs confirmed the presence of silver metal, as shown in Supplementary Figure S3. The elemental analysis data obtained from EDX displayed a 53.00 W% mass of Ag, followed by 44.49 W% of C, and 2.00 W% of O. The EDX pattern showed silver peaks at 3, 22, and 24 keV.

[image: Figure 1]

FIGURE 1
 TEM micrographs of silver nanoparticles from F. culmorum strain JTW1 (A–C) and SAED.


The XRD patterns of AgNPs showed diffraction peaks at: 38.412°, 46.565°, 64.752°, 77.645°, 85.929° and 115.118° corresponding to (1 1 1), (2 0 0), (2 2 0), (3 1 1) (2 2 2), and (4 2 0) planes of the face-centered cubic (fcc) silver crystal, respectively (Figure 2).

[image: Figure 2]

FIGURE 2
 X-ray diffraction (XRD) pattern of AgNPs from F. culmorum strain JTW1.


FTIR analyses of AgNPs, shown in Figure 3, revealed peaks at 3448.75, 2923.34, 2852.38, 1632.52, 1384.60, 1352.28 and 1085.60 cm−1.

[image: Figure 3]

FIGURE 3
 FTIR spectra of control (a) and silver nanoparticles (b).


Particle size distribution provided by NTA is presented in Figure 4. This analysis revealed that average size and concentration of AgNPs were 188.4 nm and 1.46 × 1012 particles mL−1, respectively. The zeta potential analysis demonstrated that nanoparticles were negatively charged (−38.43 mV), as shown in Supplementary Figure S4. The dynamic light scattering (DLS) presented that the most frequent were AgNPs with a dimension of 169.9 nm (Supplementary Figure S5).

[image: Figure 4]

FIGURE 4
 Silver nanoparticle size distribution from nanoparticle tracking analysis.




3.3. Antimicrobial activity


3.3.1. Minimal inhibitory concentration and minimal biocidal concentration of silver nanoparticles against bacterial strains

The MIC and MBC values of the AgNPs are shown in Table 1. AgNPs synthesized from F. culmorum strain JTW1 exhibited strong antibacterial activity against Gram-negative and Gram-positive bacteria. The findings presented here indicate that the activities of AgNPs against different pathogenic microbes were dose-dependent. MIC and MBC of AgNPs against human and food-borne pathogens were in the range of 16–64 and 32–512 μg mL−1, respectively.



TABLE 1 Minimal inhibitory (MIC) and minimal biocidal (MBC) concentration values [μg mL−1] of AgNPs against bacterial strains.
[image: Table1]

The AgNPs from F. culmorum strain JTW1 showed the maximum antibacterial activity against phytopathogens as follows: P. syringae (MIC = 8 μg mL−1 and MBC = 128 μg mL−1), A. tumefaciens (MIC = 8 μg mL−1 and MBC = 256 μg mL−1), X. campestris (MIC = 32 μg mL−1 and MBC = 64 μg mL−1) and P. carotovorum (MIC = 128 μg mL−1 and MBC = 512 μg mL−1).



3.3.2. MICs and MBCs of antibiotics against bacteria

The MIC and MBC values of the antibiotics are shown in Table 2. All microorganisms were sensitive to antibiotics in a dose-dependent manner. Minimum inhibitory concentration (MIC) values ranged from 0.016–16, 4–64, 4–128, and 0.064–2048 μg mL−1 for tetracycline, streptomycin, kanamycin, and ampicillin, respectively. Overall, Gram-negative bacteria showed lower susceptibility to tested antibiotics than Gram-positive ones. K. pneumoniae and P. aeruginosa strains were most resistant to tested antibiotics. All of the antibiotics were most efficient (MIC and MBC values in the range 0.016–16 μg mL−1) against both S. aureus strains. The only exception was tetracycline, for which the MBC was not determined up to the test concentration of 2048 μg mL−1.



TABLE 2 MIC and MBC values [μg mL−1] of antibiotics: streptomycin, kanamycin, ampicillin, and tetracycline against human pathogenic bacteria.
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3.3.3. Effects of AgNPs combinations with different antibiotics against human pathogens – FIC index determination

The combined effects of AgNPs from F. culmorum strain JTW1 and conventional antibiotics against bacterial strains were demonstrated by using a checkboard method and determination of the FIC index (Table 3). Synergistic effects were found for AgNPs and streptomycin against both E. coli strains (FIC = 0.0625), K. pneumoniae (FIC = 0.125), and P. aeruginosa (FIC = 0.125). MIC values of AgNPs and streptomycin, in combination, were decreased 16-fold against E. coli, and 8-fold against K. pneumoniae and P. aeruginosa when compared to antimicrobials used separately. The combination of AgNPs with ampicillin significantly enhanced the antibacterial activity of antimicrobials against S. aureus ATCC 25923 (FIC index = 0.125) and P. aeruginosa (FIC index = 0.25). The implemented dose of AgNPs and ampicillin were 8 and 4 times lower, respectively, than MIC values of antimicrobials used alone. Synergistic effects of AgNPs in combination with kanamycin was observed only against S. aureus ATCC 6538 (FIC index = 0.25); concentration of AgNPs and antibiotic were reduced four times. In turn, a combination of AgNPs and tetracycline revealed an additive effect against test bacteria (FIC index values were 0.5 or 1).



TABLE 3 FIC index values of AgNPs in combination with antibiotics: ampicillin (AM), kanamycin (K); streptomycin (S), and tetracycline (TE) against bacteria.
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3.4. Antibiofilm formation activity of AgNPs

Bacterial biofilm formation was assessed using crystal violet assay while the hydrolytic activity of the formed biofilms was determined by FDA assay (Figures 5-7). Percentages of biofilm formation and hydrolytic activity of biofilms after AgNPs treatment was estimated compared to control samples (without AgNPs). Metabolic activity and formation of biofilms were inhibited by AgNPs at a concentration range of 0.125–512 μg mL−1, in a dose-dependent manner, for all tested microorganisms.

[image: Figure 5]

FIGURE 5
 Percent of bacterial biofilm formation and hydrolase activity in biofilms after treatment with various concentrations of AgNPs from F. culmorum strain JTW1. E. coli ATCC 25922 (A), E. coli ATCC 8739 (B), K. pneumoniae ATCC 700603 (C), P. aeruginosa ATCC 10145 (D), S. aureus ATCC 25923 (E), S. aureus ATCC 6538 (F). The statistical significance (value of p < 0.05) of tested variants (different concentrations of AgNPs) compared with untreated control were indicated by * and # signs for biofilm formation and hydrolytic activity tests, respectively.
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FIGURE 6
 Percent of bacterial biofilm formation and hydrolase activity in biofilms after treatment with various concentrations of AgNPs from F. culmorum strain JTW1. Listeria monocytogenes (A), Salmonella enterica (B), S. infantis (C). The statistical significance (value of p < 0.05) of tested variants (different concentrations of AgNPs) compared with untreated control were indicated by * and # signs for biofilm formation and hydrolytic activity tests, respectively.
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FIGURE 7
 Percent of bacterial biofilm formation and hydrolase activity in biofilms after treatment with various concentrations of AgNPs from F. culmorum strain JTW1. A. tumefaciens (A), P. carotovorum (B), P. syringae (C), X. campestris (D). The statistical significance (value of p < 0.05) of tested variants (different concentrations of AgNPs) compared with untreated control were indicated by * and # signs for biofilm formation and hydrolytic activity tests, respectively.


The most effective inhibition of biofilm formation was observed for Pseudomonas aeruginosa. In this case, significant inhibition (by 37%) of biofilm formation was found in the presence of 0.25 μg mL−1 AgNPs. The AgNPs at a concentration of 0.5 μg mL−1 inhibited formation of biofilm by E. coli ATCC 25922, by nearly 30%, while at concentration of 64 μg mL−1 by >80%. Similarly, AgNPs at concentration of 64 μg mL−1 reduced by >60% formation of biofilm by E. coli ATCC 8739. In turn, the biofilm formation by P. aeruginosa and K. pneumoniae was strongly (by 91%) inhibited after treatment with 16 and 64 μg mL−1 of AgNPs, respectively. The maximum tested concentration (512 μg mL−1) prevented the formation of S. aureus ATCC 6538 and S. aureus ATCC 25923 biofilms by 50 and 88%, respectively.

AgNPs significantly inhibited the metabolic activity of biofilms formed by strains of E. coli, K. pneumoniae, P. aeruginosa and S. aureus (Figure 5). Analyses of hydrolases activity in biofilm formed by P. aeruginosa in the presence of AgNPs at concentration of 0.25 μg mL−1 showed significant decrease in enzyme activity (by 56.6%) while at concentrations ≥16 μg mL−1 complete inhibition of activity. The latter is in line with the results of biofilm formation which was strongly prevented. The AgNPs concentrations of 32, 64, and 256 μg mL−1 completely inactivated the hydrolytic enzymes of E. coli ATCC 8739, K. pneumoniae, and S. aureus ATCC 25923 biofilms, respectively. The highest tested concentration (512 μg mL−1) of AgNPs clearly reduced (by 97.02%) the hydrolytic activity of E. coli ATCC 25922 biofilm. The hydrolytic activity of the S. aureus ATCC 6538 biofilm remained high until the AgNPs concentration of 16 μg mL−1, while higher concentrations caused a decrease in enzyme activity ranging from 23 to 11.7% (32–512 μg mL−1).

Metabolic activity of biofilms of Listeria monocytogenes and Salmonella enterica were notably inhibited with AgNPs at a concentration of 0.125 μg mL−1 while the biofilm formation was completely inhibited after treatment of the bacteria with AgNPs at a concentration of 64 μg mL−1 or higher (Figure 6). Biofilm of S. infantis was extensively formed up to a concentration of 256 μg mL−1 of AgNPs and exhibited hydrolytic activity (> 82%) up to AgNPs concentration of 2 μg mL−1, while higher AgNPs concentrations resulted in enzyme inactivation (Figure 6).

AgNPs significantly inhibited the enzymatic activity of hydrolases and the formation of biofilm by bacterial plant pathogens (Figure 7). Among them, the most susceptible was A. tumefaciens which after exposure to the lowest tested concentration (0.125 μg mL−1) of AgNPs caused a decrease in hydrolytic activity to 8% and biofilm formation to 63%. An increase in the dose of AgNPs to 1 μg mL−1 completely inhibited hydrolase activity and reduced biofilm formation by 83%. Biofilm formation of P. syringae, X. campestris, and P. carotovorum was reduced by 80, 73, and 56%, and hydrolytic activity remained below 10% in the presence of 0.5 μg mL−1 of AgNPs.



3.5. Antifungal activity

Three out of 11 fungal phytopathogens were susceptible to AgNPs from F. culmorum strain JTW1 tested using agar well diffusion method. The highest efficiency was observed against Botrytis cinerea IOR 1873, followed by Phoma lingam IOR 2284 and Sclerotinia sclerotiorum IOR 2242. The zones of growth inhibition were found to be 9.54, 4.93, and 3.41 mm, respectively (Table 4; Supplementary Figure S5). AgNPs exhibited strong inhibitory effects against fungal spore germination (Table 4). MIC and MFC values of AgNPs against spore germination of three tested fungal strains were in the range of 32–256 μg mL−1. Among them, sclerotia of Sclerotinia sclerotiorum displayed the highest susceptibility (MIC and MFC at 32 μg mL−1), followed by spores of Botrytis cinerea (MIC and MFC at 64 μg mL−1) and Phoma lingam (MIC and MFC at 256 μg mL−1).



TABLE 4 Antifungal activity of AgNPs form Fusarium culmorum strain JTW1 against plant pathogens.
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4. Discussion

We synthesized AgNPs by mycelial extract of Fusarium culmorum isolate JTW1 after treatment with 1 mM aqueous solution of silver nitrate, and visually characterized by the color change, from light-yellow to dark-brown. The color change provides evidence of the formation of AgNPs due to the surface plasmon resonance (SPR) exhibited by the synthesized AgNPs (Smitha et al., 2008). Synthesis of myco-AgNPs was confirmed spectroscopically by observation of a characteristic absorbance peak at 430 nm, which is characteristic of AgNPs. According to the literature, the absorption peaks between 380–450 nm are related to the surface plasmon resonance (SPR) of silver nanoparticles (Desai et al., 2012; Mistry et al., 2021). Our UV–Vis results corroborate with those presented by Huang et al. (2018) and Osorio-Echavarría et al. (2021) who showed that AgNPs synthesized from fungi releveled strong peaks at 430 nm.

Mycosynthesized silver nanoparticles are well known for their bioactivities including antimicrobial activity against both Gram-positive and Gram-negative bacteria (Majeed et al., 2018). The bioactivity of AgNPs is highly dependent on the size, shape, stability, and capping molecules of nanoparticles as well as target cells (e.g., bacterial strain; Li et al., 2012). Therefore, comprehensive characterization of the physical and chemical properties of mycosynthesized AgNPs is important for their potential application.

In the present study, various analytical techniques were used to characterize silver nanoparticles, namely TEM, EDX, XRD, FTIR, DLS, NTA, and Zeta potential measurement. TEM analysis showed small (average size 16 nm) and spherical nanoparticles from F. culmorum. Similarly, Bawaskar et al. (2010) reported the synthesis of spherical and small (average size 11 nm) AgNPs by F. culmorum extract after challenging with 1 mM AgNO3 at ambient temperature. Our results are also in accordance with the findings of Azmath et al. (2016), who reported the fabrication of AgNPs from Colletotrichum sp. ALF2-6 with a size ranging from 5 to 60 nm, but with highly variable shapes. However, TEM micrographs showed a clearly smaller size of AgNPs from F. culmorum strain JTW1 than NTA and DLS analyses (188.4 and 169.9 nm, respectively) used for further characterization. In the case of the latter analyses the larger size of nanoparticles is due to the presence of capping molecules from fungal extract on the surface of AgNPs (Joshi et al., 2013). Moreover, smaller nanoparticles may not be detected in the DLS technique, as they can be covered by bigger ones (Tomaszewska et al., 2013). In turn, EDX spectrum confirmed elemental composition of AgNPs and the peaks observed at 3, 22, and 24 keV were typical for the absorption of AgNPs due to surface plasmon resonance (Soliman et al., 2022). The X-ray diffraction pattern confirmed the reduction of Ag + ions and the formation of AgNPs with a face-centered cubic (fcc) structure. However, several unassigned peaks were also recorded in the XRD analysis. It is suggested that these additional peaks arise due to the crystallization of the bioorganic phase on the surface of the AgNPs (Elumalai et al., 2017; Wypij et al., 2022). The presence of biomolecules on the surface of synthesized AgNPs was confirmed by FT-IR measurements which revealed characteristic peaks. The band recorded at 3448.75 cm−1 was assigned to the stretching vibrations of primary and secondary amines and indicated the presence of free OH and NH groups. The peaks at 2923.34 and 2852.38 cm−1 showed the presence of CH stretching (Ghaseminezhad et al., 2012; Wypij et al., 2021). A band at 1632.52 cm− 1 corresponded to the bending vibrations of the amide I and amide II bands of proteins (Elamawi et al., 2018). The bands observed at 1384.60 and 1352.28 cm−1 can be assigned to the C–N stretching vibrations of aromatic amines (Jain et al., 2011; Salem, 2022) while the peak at 1085.60 cm−1 can be associated with the C–N stretching vibrations of the aliphatic amines (Vigneshwaran et al., 2007). The presence of different functional groups associated with amines, alkanes, and a carboxylic acid, on the surface of AgNPs suggest that various biomolecules from fungal extracts can be involved in nanoparticle formation and stabilization (Ammar and El-Desouky, 2016; Akther et al., 2019). Besides, the biological capping of AgNPs prevent their aggregation and may affect their biological activity, including antimicrobial activity (Hamouda et al., 2019). The high negative value of zeta potential (−38.43 mV) confirmed the repulsion among the particles and indicates their high stability. Elamawi et al. (2018) reported negatively charged (−19.7 mV) and well-dispersed silver nanoparticles synthesized from Trichoderma longibrachiatum. However, their zeta potential was much lower suggesting lower stability.

AgNPs synthesized from F. culmorum strain JTW1 demonstrated remarkable antimicrobial activity against human pathogens (Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylococcus aureus), food-borne pathogens (Listeria monocytogenes, Salmonella enterica, Salmonella infantis) and plant pathogens (Agrobacterium tumefaciens, Pectobacterium carotovorum, Pseudomonas syringae, and Xanthomonas campestris). Interestingly, among human pathogens, the most sensitive to mycosynthesized AgNPs was P. aeruginosa, followed by E. coli, K. pneumoniae, and food-borne pathogens, including Gram-positive L. monocytogenes. It is particularly significant that AgNPs from F. culmorum JTW1 inhibited the growth of members of Gram-negative bacteria that are on the list of multidrug-resistant taxa highlighted by the World Health Organization (WHO) (2021).

AgNPs have been found to be effective in the management of plant diseases caused by bacteria, such as Xanthomonas oryzae, X. phaseoli, Ralstonia solanacearum, Clavibacter michiganensis and many more (Tariq et al., 2022). In the present study, P. carotovorum was found to be the least sensitive to mycosynthesized AgNPs (MIC and MBC values were 128 and 512 μg mL−1, respectively) when compared to P. syringae, X. campestris, and A. tumefaciens.

It is suggested that effective action of silver nanoparticles against bacteria may be through the progressive release of lipopolysaccharides and proteins as well as the further formation of irregularly shaped pits at the outer membrane of Gram-negative bacteria (Amro et al., 2000; Fayaz et al., 2010). Salvioni et al. (2017) demonstrated that antimicrobial activity of negatively charged AgNPs depended on the concentration and was associated with their incorporation into the membrane of Gram-negative bacteria (E. coli) and penetration into the cells. In addition, intracellular leakage and coagulation of nanoparticles on the bacterial surface were also observed. In turn, treatment of Gram-positive S. aureus with AgNPs resulted in the appearance of blisters on the surface of cells and cell lysis (Salvioni et al., 2017). Other studies indicated that AgNPs or released Ag+ ions after penetration into a cell may generate free radicals (Qing et al., 2018; Tian et al., 2018) and interact with biomolecules and intracellular structures (Li et al., 2010; Adeyemi et al., 2020; Gul et al., 2021). Yuan et al. (2017) reported that AgNPs caused lower lactate dehydrogenase activity (LDH) and decreased levels of adenosine triphosphate (ATP) in P. aeruginosa and S. aureus. Moreover, ROS generated after AgNPs treatment led to inhibition of metabolic activity and the growth of bacterial cells. It is claimed that due to the different mechanisms of AgNPs action, which affect various aspects of bacterial growth and metabolism, the development of microbial resistance to nanoparticles is limited (Wang L. et al., 2017).

In the present study, tested antibiotics demonstrated antibacterial activity against Gram-negative and Gram-positive bacteria which was increased in combination with AgNPs from F. culmorum strain JTW1. The enhanced antimicrobial activity against E. coli, K. pneumoniae, and P. aeruginosa was observed for a combination of AgNPs and streptomycin and against P. aeruginosa with ampicillin. In the case of S. aureus, increased activity of ampicillin and kanamycin was observed when combined with AgNPs. The increased antimicrobial effect may be due to the binding of antibiotics to AgNPs. The molecules of antibiotics react easily with nanoparticles due to many active groups such as hydroxyl and amido groups (Wypij et al., 2022). Hence, AgNPs may be covalently bound to streptomycin due to the presence of four-terminal –NH2 groups in antibiotic structure. In addition, this association might be enhanced by the electrostatic interactions between negatively charged AgNPs and positively charged streptomycin molecules (Wang C. et al., 2017). Moreover, biologically synthesized nanoparticles showed more stable adsorption of ampicillin when compared to chemically synthesized ones due to the presence of an organic layer on their surface, which acts as a stabilizer (Rogowska et al., 2017). It is claimed that AgNPs in combination with antibiotics can promote cell wall disruption and damage, and facilitate the transport of antibiotics into the cell by increasing membrane permeability. Other mechanisms of AgNPs action include inhibition of enzymes responsible for the hydrolysis of antibiotics due to the disruption of their structure and release of Ag+ ions (Panáček et al., 2016). Therefore, it is assumed that the combination of AgNPs and antibiotics enhanced their inhibitory activity against pathogenic bacteria. This allows the use of lower doses of antibacterial agents and reduces the risk of resistance to antimicrobial agents (Hemeg, 2017).

AgNPs are reported to hinder the biofilm formation in many bacteria (Markowska et al., 2013; Ansari et al., 2021; Hetta et al., 2021). Crystal violet staining and fluorescein diacetate assay was used for the visualization of adherent biofilm bacteria and measurement of biofilm activity, respectively. Interestingly, AgNPs from Fusarium culmorum strain JTW1, at low concentration (0.25 μg mL−1), efficiently inhibited the formation and hydrolytic activity of P. aeruginosa biofilm. Similar results were reported by Akther et al. (2020) who studied the efficiency of AgNPs synthesized from Rhizopus arrhizus BRS-07 in reducing biofilm formation by P. aeruginosa and found that the formation of this structure was inhibited by 7–93% in a dose-dependent manner (5–25 μg mL−1). Furthermore, AgNPs synthesized from F. culmorum strain JTW1 at a higher concentration of 64 μg mL−1 also efficiently (by 67–96%) reduced the formation of biofilms in E. coli strains, P. aeruginosa, and K. pneumoniae. These nanoparticles were found to be more active against biofilm than those reported by Ramachandran and Sangeetha (2017) which completely inhibited the formation of Escherichia coli (ETEC12), Klebsiella pneumoniae (SKP7) and Pseudomonas aeruginosa (ETPS11) biofilms after treatment with AgNPs at a concentration of 100 μg mL−1. Ansari et al. (2014) found the highest antibiofilm efficiency of commercially available water-soluble AgNPs (5–10 nm) against Escherichia coli and Klebsiella spp. at the concentration of 50 μg mL−1. The inhibition of biofilm formation by AgNPs is a consequence of bacterial growth arrest, prevention of exopolysaccharide formation (Ansari et al., 2014), and disruption of bacterial quorum sensing signaling (Akther et al., 2020). In our study, although AgNPs at the lower concentrations had no impact on biofilm formation by E. coli ATCC 8739, K. pneumoniae, and S. aureus ATCC 25923, they significantly decreased the activity of hydrolases.

Food-borne pathogens, such as Listeria monocytogenes and Salmonella enterica are known to form biofilms, which ultimately leads to serious problems in the food industry (Harrell et al., 2021; Muthulakshmi et al., 2022). Our findings confirmed that both the aforementioned bacteria showed sensitivity to mycofabricated AgNPs. However, the development of biofilm in L. monocytogenes was more prevented than S. infantis. Our results are in line with those reported by Chlumsky et al. (2020) who showed higher activity of AgNPs in reducing biofilm formation and a decrease in metabolic activity against L. monocytogenes, S. aureus than S. infantis S59. The in vitro studies on the AgNPs from Terminalia catappa leaf extract against L. monocytogenes revealed the inhibition of biofilm formation and reduction in the virulence factors such as protease production, at concentrations of 50 and 100 μg mL−1 (Muthulakshmi et al., 2022). Similarly, AgNPs from F. culmorum strain JTW1 remarkably prevented biofilm formation ability in bacterial plant pathogens, especially in A. tumefaciens and P. carotovorum. Moreover, a significant reduction in the hydrolase enzymatic activity of these bacteria was recorded. Recently, Olfati et al. (2021) also reported the inhibitory effect of AgNPs synthesized from Calendula officinalis extract against the biofilm formation of P. carotovorum. Consequently, the obtained results clearly reveal that mycosynthesized AgNPs not only effectively inhibited the activity of enzymes but also the growth of the bacteria. Therefore, it can be hypothesized that the ability to inhibit the hydrolytic enzyme activity of bacteria may occur due to an interaction of AgNPs with proteins, causing an alteration in structure and interfering with enzymatic functions (Wigginton et al., 2010).

Silver nanoparticles from F. culmorum strain JTW1 showed strong inhibitory activity against the growth and spore germination of Botrytis cinerea, Sclerotinia sclerotiorum, and Phoma lingam, but not against remaining fungal strains. Similarly, antifungal activity of AgNPs obtained from strains of the genus Trichoderma to plant pathogens was shown in other studies reported by Guilger et al. (2017) and Tomah et al. (2020). For instance, AgNPs synthesized from Trichoderma sp. at a concentration of 200 μg mL−1 reduced the growth of mycelia of Sclerotinia sclerotiorum, formation of new sclerotia and their germination (Tomah et al., 2020). The authors further reported the changes in fungal cells by induction of pore formation in the cell wall and further accumulation of AgNPs inside the fungal cells (Tomah et al., 2020). Similarly, Guilger et al. (2017) found that AgNPs at a concentration of 0.31 × 1012 NPs/mL inhibited mycelial growth and the formation of new sclerotia of Sclerotinia sclerotiorum. However, in our study, inhibition of sclerotia germination was achieved at a much lower concentration of myco-AgNPs (32 μg mL−1) showing their higher effectiveness in elimination of S. sclerotiorum. In another study, Malandrakis et al. (2019) tested the sensitivity of a number of fungal pathogens to commercially available silver nanoparticles (size <100 nm) and reported the highest susceptibility of Botrytis cinerea, followed by Verticillium dahliae, Colletotrichum gloeosporioides, Monilia fructicola, Alternaria alternata, Fusarium oxysporum f. sp. Radicis-Lycopersici and Fusarium solani (the latter was unaffected in tested concentration range). The higher inhibitory effect of AgNPs was observed against spores germination (EC50 values in the range 5.08–390.20 μg mL−1) than mycelial growth (EC50 value were > 306 μg mL−1) of tested pathogens (Malandrakis et al., 2019). Our findings provide evidence of the differential response of fungal pathogens to AgNPs. The highest inhibition of mycelial growth was recorded in P. lingam (9.54 mm), followed by B. cinerea (4.93 mm) and S. sclerotiorum (3.41 mm) whereas, in the case of spore germination, maximum inhibition was found in S. sclerotiorum (32 μg mL−1), followed by B. cinerea (64 μg mL−1) and P. lingam (256 μg mL−1). Nevertheless, our findings of antimicrobial potential of AgNPs against a wide range of fungal crop pathogens indicate their potential for use in agricultural crop management to protect against diseases such as gray or white mold, blackleg, canker, and dry rot.



5. Conclusion

In this study, AgNPs were effectively synthesized from Fusarium culmorum strain JTW1. They were comprehensively characterized using UV–vis, TEM, XRD, NTA, Zeta potential measurements, and FTIR which revealed small size, spherical shape, stability, crystalline nature of AgNPs, and that mycosynthesized AgNPs were capped with biomolecules. Moreover, AgNPs were found to have strong antimicrobial potential against bacterial pathogens of humans and plants. AgNPs also enhanced antibacterial activity of streptomycin against Gram-negative bacteria, namely E. coli strains ATCC 8739 and ATCC 25922, K. pneumoniae ATCC 700603, P. aeruginosa ATCC 10145, ampicillin against P. aeruginosa, and ampicillin and kanamycin against Gram-positive S. aureus ATCC 25923 and S. aureus ATCC 6538, respectively. Furthermore, AgNPs significantly reduced bacterial biofilm formation and inhibited activity of hydrolytic enzymes synthesized by biofilm cells. In addition, AgNPs showed great potential to inhibit fungal spore germination, which is crucial in the fungal spread in the environment, and growth of fungal mycelia. Therefore, these mycosynthesized silver nanoparticles in view of their unique properties, have a high potential as an antimicrobial agent in medicine and promising solution to control or reduce pathogens in agriculture and the food industry.
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