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Abstract

:

Maize (Zea mays L.) is the most significant grain crop in South Africa. Despite its importance, the cereal is ravaged by several foliar fungal pathogens, which reduce maize quality and quantity at harvest. Hence, this study investigates the fungi associated with foliar diseases of maize in Molelwane, North-West Province, South Africa. The fungi were isolated, characterized and subjected to in vitro nanoparticle control. Samples of diseased maize leaves were aseptically collected from two maize-growing farms. Fungi associated with the samples were isolated and characterized using standard procedures. Bi2S3 (metal-containing) and gC3N4 (non-metallic carbon-based) nanoparticles were synthesized and used to challenge the pathogens using standard procedures. Foliar fungal pathogens isolated from the diseased maize leaves in this study were characterized as Bipolaris zeicola, Phoma herbarum, Epicoccum nigrum, Alternaria alternata and Fusarium brachygibbosum. Phoma herbarium > A. alternata > B. zeicola > F. brachygibbosum > E. nigrum was the order of percentage fungal inhibition by the nanoparticles. Bi2S3 was more effective against the pathogens at lower concentrations and gC3N4 at higher concentration levels. The two nanoparticle types evaluated in vitro shows potential for managing the foliar fungal pathogens, and this needs to be further validated in field studies.
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1. Introduction


Maize (Zea mays L.), which is the third most important crop across the world and the most significant grain crop in South Africa, is grown in diverse environments in the country [1,2]. Despite its importance, the crop is ravaged by a number of pathogenic microorganisms ranging from bacteria, fungi and viruses among others, which causes a diverse range of diseases that challenge plant health and reduce both the quantity and quality of the yield at harvest [3,4]. Among these disease-causing organisms, fungi occupy an important category owing to their short latent period, ease of spore dispersal and ability to sporulate prolifically and provide copious inoculum that could further infect plants [5]. Furthermore, their ability to infect a particular plant species is dependent on genes that differentiate the virulent fungi from their closely related nonvirulent relatives [6]. Fungi have been documented for their host specificity to maize and for causing diverse kinds of diseases such as ear and stalk rot caused by Fusarium verticilliodes [7], anthracnose stalk rot (Colletotrichum graminicola), Aspergillus ear and kernel rot (Aspergillus flavus), charcoal rot of maize (Macrophomina phaseolina), corn grey leaf spot disease (Cercospora zeae-maydis), southern corn leaf blight disease (Bipolaris maydis) and corn smut (Ustilago maydis) [8,9,10,11,12,13].



Foliar fungal pathogens of maize have been reported to cause major yield losses in maize fields across South Africa. Some of these include common rust, northern corn leaf blight, grey leaf spot and head smut diseases, among others [14,15]. Foliar diseases have been recorded as causing a high rate of severe damage in maize, with northern corn leaf blight disease alone capable of causing up to 50% production loss [16]. Furthermore, the development of secondary complications, which arise from severe foliar desiccation by the foliar pathogens, have been reported to result in severe lodging and up to 100% yield loss owing to stalk deterioration by grey leaf spot [16,17]. However, the management of foliar diseases can be complicated since multiple pathogens are involved in disease occurrences. Hence, foliar diseases of maize constitute a major threat to the sustainable production of this important cereal.



The management of the foliar diseases of maize with cultural methods such as tillage practices and crop rotations has only yielded limited effects [18,19,20]. Hence, reliance on fungicides, owing to their ease of application and efficacy, has been recorded previously over a range of pathogens [21,22,23]. However, their consequent harmful impact on the soil and human health necessitates the need to explore other promising alternatives, such as nanoparticles [24]. Nanoparticles are small particles that range between 1 to 100 nanometres in size, which are specially prepared from the active ingredients of the source materials to enhance their efficiency [25,26]. They have been employed as nano-phytopathology for detecting, diagnosing and controlling plant diseases and their pathogens [27,28,29]. The action of the nanoparticles against fungal pathogens is by the inhibition of biofilm formation, destruction of cell walls, destruction of cell membranes or interaction with biomolecules [28,30]. Hence, the application of nanoparticles was considered essential in this study since foliar diseases of maize at Molelwane, North-West Province of South Africa, have persisted over a range of management practices, from cultural to the use of chemical control. This study therefore set out to characterize the fungal pathogens associated with the foliar diseases of maize and evaluate their in vitro control using bismuth sulphide nanoparticles (Bi2S3) and graphitic carbon nitride nanoparticles (gC3N4). Bismuth sulphide is a metal-containing chalcogenide nanoparticle, while graphitic carbon nitride is a non-metallic, carbon-based nanoparticle. As far as we know, this is the first report on the use of these two nanoparticle types for combating foliar fungal pathogens of maize.




2. Materials and Methods


2.1. Sample Collection and Fungal Isolation


Maize leaf samples were aseptically collected from the North-West University Agricultural Research Farm in Molelwane on March 2022 (25°47′26.4″ S 25°37′01.6″ E). From the two maize fields sampled at the research farm, leaf samples were collected from maize plants showing leaf blight diseases at three replicates per sample. The samples were separately packed in zip-lock bags and carried in an ice box to the laboratory where the leaves were rinsed in running tap water, cut into manageable pieces, sterilized in 5% NaOCl, and rinsed in three exchanges of sterile distilled water. The leaves were allowed to dry under a lamina flow hood and then plated in potato dextrose agar (PDA) poured plates. At 28 °C, the plates were incubated for a period of seven days under 12 h/12 h cycles of light and dark and observed for fungal growth. Isolates with similar morphological characteristics such as the growth rate, growth patterns, colour and morphological appearance were grouped together. The isolates were sub-cultured to obtain a pure culture of each fungal isolate, and the stock inoculums were prepared and stored at −4 °C. Other chemical reagents used for the synthesis of the nanoparticles were para-tolualdehyde (CAS-4702-76-5), 4-ethylaniliine (CAS-589-16-2), ethanol (CAS-64-17-5), methanol (CAS-67-56-1), dichloromethane (CAS-75-09-2), sodium hydroxide (CAS-1310-73-2), carbon disulphide (CAS-75-15-0), ammonium hydroxide (1336-21-6), bismuth (III) nitrate pentahydrate (CAS-10035-06-0), melamine (108-78-1) and dimethyl sulfoxide (DMSO) (CAS-67-68-5). They were used in pure form as sourced from Sigma Aldrich.




2.2. Molecular Characterization of the Isolated Fungi


2.2.1. Extraction and Amplification of Genomic DNA


Each fungal isolate was grown on PDA at 28 ± 2 °C for 5 days. The extraction of fungal DNA was then conducted using the Quick-DNA Fungal/Bacterial Miniprep Kit, in line with the manufacturer’s manual instructions (Zymo Research, Irvine, CA, USA). The extracted fungal genomic DNA was subjected to PCR amplification of the internal transcribed spacer (ITS) region of the ITS1-5.8S-ITS2 rDNA gene, as described by Daccò, et al. [31]. The primers used were ITS1 (5′-TCCGTAGG TGAACCTGCGG-3′) and ITS4 (5′ TCCTCCGCTTATTGATATGC-3′). The PCR reaction was performed on a Thermocycler Bio-Rad T100 in a 25 μL reaction mixture containing 1× DREAM Taq Green PCR MasterMix reaction buffer (Thermo Scientific, Pittsburg, PA, USA) (12.5 μL), 1 μL (10 μM) of each primer, 2 μL of the DNA sample, and 9.5 μL of nuclease-free water. The PCR program was as follows: denaturation by heating for 5 min at 95 °C; 35 cycles of 30 s at 95 °C, 45 s at 50 °C, and 1 min at 72 °C; and a final elongation step for 10 min at 72 °C. The PCR products obtained were purified with ExoSAP-IT (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol. After the PCR process, gel electrophoresis was conducted to allow imaging of the separated DNA molecules, using the ChemidocTM imaging system (BIO-RAD Laboratories, Hercules, CA, USA). The amplified and purified DNA was sequenced at Inqaba Biotechnology Pty, Pretoria, South Africa. The sequences were compared with target sequences on the NCBI database, and MEGA X 10.1.7 was used for phylogenetic tree construction.




2.2.2. Phylogenetic Analysis


BioEdit software version 7.0.5 was used for pairwise contrast and multiple alignments to determine similarities and differences among the nucleotides. Pairwise affinity values were calculated, and phylogenetic trees were constructed using the neighbour-joining method with the Tamura–Nei parameter as a substitution model, as implemented in MEGA X 10.1.7. The reliability of internal branches was assessed using the bootstrap method with 1000 replicates. The consensus nucleotide sequence data from this investigation were deposited in GenBank with the following accession numbers OP536174–OP536199 (Table 1).



After the genomic sequencing, the fungi were identified up to the subgroup level utilizing the ITS areas of the ribosomal DNA, and an analysis of the phylogenetic relationship of the generated sequences was conducted to identify the various identities of the isolated fungi. This was executed through the nucleotide BLAST algorithm and program of the NCBI. The highest percentage of matches obtained implied that the matches were most likely isolated fungi.






3. Synthesis and Characterization of the Nanoparticles


3.1. Synthesis and Characterization of Bismuth Sulphide


The bismuth sulphide was prepared from the thermal decomposition of the bismuth (III) dithiocarbamate complex. The first stage involved the preparation of the dithiocarbamate complex of bismuth. This stage started with the reaction of equal moles of p-tolualdehyde and 4-ethylaniline dissolved in a flask by using ethanol as a solvent. The content of the flask was stirred for 3 h under ice, and the solvent was evaporated to obtain an oil-like product. The oily product obtained was dissolved in a solution containing 1:1 methanol and dichloromethane. Then, 13.8 mmol of sodium borohydride was introduced into the flask. This was first stirred for 2 h under ice, immediately followed by 24 h stirring at room temperature.



After this, the solvent was evaporated by raising the temperature to 40 °C. The product obtained at this stage was washed with distilled water and extracted with dichloromethane via the use of a separating funnel. The organic phase was evaporated by stirring at 40 °C again to obtain a light-yellow oil. The oil obtained (4 mmol) was dissolved in ethanol in a clean flask and 4 mmol of carbon disulphide was added. The pH of the content of the flask was altered by adding 10 mL of NH4OH. The whole content was stirred for 2 h 15 min then 1.67 mmol of hydrated bismuth nitrate was introduced and stirred for 12 h. The resultant creamy solution was filtered under pressure and left to dry to obtain the bismuth (III) dithiocarbamate.



The second stage involved the thermal decomposition of the dithiocarbamate. A solvothermal reaction was employed under an atmosphere of nitrogen. Briefly, 1.00 g of the dithiocarbamate complex was introduced into a 3-necked round bottom flask and 20 mL of oleylamine was added. The mixture was steadily heated until it reached 180 °C and it was maintained at this temperature for 1 h. After the reaction was complete, the flask was allowed to cool to room temperature, and then the product obtained was washed by centrifugation with ethanol and toluene. The pure product was dried in an oven set at 80 °C for 6 h. This final product was kept for characterization. The entire synthetic processes have been summarized in Figure 1.



One of the most powerful and non-destructive tools for the structural characterization of materials is X-ray diffraction (XRD) [32]. The structural identification of bismuth sulphide was carried out in the range of 0° to 80° 2θ angle. As shown in Figure 2, all the peaks are the characteristic peaks of the orthorhombic lattice structure of bismuth sulphide, having a space group of Pbnm (62) (JCPDS card 17-0320) [33]. Prominent among these peaks are (130), (211) and (221) at 24.9°, 28.6° and 31.8°, respectively. The pattern obtained perfectly matched that of an earlier report [34]. No peak from either bismuth or sulphur was observed on the XRD spectrum and the high intensity of the peaks showed that the as-synthesized Bi2S3 had high crystallinity [35].



To further confirm the formation of bismuth sulphide, an EDS analysis was carried out. As shown in Figure 3a, the two elements in the nanoparticles are bismuth and sulphur with a mean relative abundance of 81.96% and 18.04%, respectively. Based on the percentage abundance, the ratio of the mole of bismuth to sulphur is 3:1. This shows the formation of bismuth sulphide. The fact that there is no other element on the spectrum further confirms the purity of the synthesized bismuth sulphide. Further probing into the internal morphology of the synthesized bismuth sulphide nanoparticles showed that it has a rod-like structure (Figure 3b).




3.2. Synthesis of Graphitic Carbon Nitride


Graphitic carbon nitride was obtained by the thermal decomposition of melamine [36,37]. Briefly, 10.00 g of melamine was accurately measured into a crucible. The crucible was closed to prevent the oxidation of heteroatoms in melamine to gaseous pollutants. The crucible with its content was placed inside a muffle furnace and maintained at 530 °C for 4 h 15 min. At the completion of the reaction, the crucible was allowed to cool down to room temperature and a yellow lump was obtained. The lump was crushed with a pestle and mortar to obtain a powder with a high surface area. The powder was protected from moisture by keeping it in the desiccator. We have discussed and previously published the detailed characterization of graphitic carbon nitride [38,39]. The reader is referred to these previous publications for detailed characterization of the graphitic carbon nitride used for the present investigations.





4. Nanoparticle Management of Fungi


The nanoparticles of bismuth sulphide (Bi2S3) and graphitic carbon nitride (gC3N4) were dissolved in 20% dimethylsulfoxide (DMSO) then diluted in 80% sterile distilled water according to the method described by Akanmu, et al. [40], and further prepared into 5, 10 and 15 mg/mL concentration levels. Assessment of the antifungal activity of the nanoparticles was carried out on PDA media supplemented with 20 µL of nanoparticles in each 15 mL PDA media plate at each concentration level. On each plate the respective fungal growths of AD1, AD6, AH1, BD5A and BD2 were inoculated at the centre of the plates using a 5 mm cork-borer. The cultured plates were incubated at 28 ± 2 °C. In the control plates, the media were only supplemented with corresponding levels of DMSO, without any nanoparticles. The growth of the fungi was monitored for 2 weeks, and the fungal diameter was measured at 3 days intervals. The percentage inhibition rate was calculated according to the method described by Olowe, et al. [41] as:


  % g r o w t h =    D c  −  D t     D c    ∗ 100  








where:



   D t    = Diameter of the fungi inoculated in a nanoparticle-supplemented PDA plate



   D c    = Diameter of the fungi without a nanoparticle-supplemented PDA plate (control)



Statistical Analysis


Data collected on each replicate were subjected to analyses of variance (ANOVA), using Statistical Analysis Software (SAS 2003), while means were separated using Duncan’s Multiple Range Test. All analyses were performed at a 5% (p ≤ 0.05) level of significance.





5. Results


Five pathogenic fungi associated with corn leaf blight disease were isolated. The fungi were identified morphologically (Figure 4) and molecularly by using PCR-ITS amplification of the rRNA gene. The blast search on the NCBI was identified as AD1 Bipolaris zeicola strain 1, AD6 Phoma herbarum strain 1, AH1 Epicoccum nigrum, BD5 Alternaria alternata strain 2 and BD2 Fusarium brachygibbosum (Table 1).



Sequences of the isolated fungal strains were aligned with those earlier documented on the NCBI platform. The phylogenetic relationship tree of the isolates revealed AD6 clustered into a distinct, well-supported clade with Phoma herbarum MT420621, AH1 clustered with Epicoccum nigrum MT582797, BD2 with Fusarium brachygibbosum KY024400, and BD5A with Alternaria alternata MN249500, while AD1 clustered with a clade supported by Bipolaris zeicola MT841439 (Figure 5).



The percentage inhibition of the Bismuth sulphide nanoparticles against the evaluated fungi showed Phoma herbarun (35.72%), Bipolaris zeicola (31.58%) and Alternaria alternata (28.86%) were the most significant (p < 0.05) at 5 mg/mL concentration. Alternaria alternata (37.56%) produced the most significant result at 10 mg/mL, while 2 fungi, Phoma herbarum (39.71%) and A. alternata (35.35%), recorded the most inhibition at 15 mg/mL. Similarly, results obtained from the graphitic carbon nitride nanoparticles showed its effectiveness against Phoma herbarum at 5 mg/mL (45%) and at 10 mg/mL (65.64%), while P. herbarum (41.03%) and A. alternata (34.33%) showed the most significant inhibition at 15 mg/mL, a performance that was followed by Fusarium brachgibbosum and Bipolaris zeicola at a similar level of significance (p > 0.05) (Table 2).



The pooled effect of the two nanoparticle types against the tested fungi showed Phoma herbarum (40.36%, 43.37% and 40.37%), followed by Alternaria alternata (28.74%, 28.99%, and 34.84%) and Bipolaris zeicola (22.40%, 21.96% and 17.75%) as the most significantly inhibited fungi across the concentration levels, respectively (Table 3).



Phoma herbarium > A. alternata > B. zeicola > F. brachygibbosum > E. nigrum was the order of fungal inhibition by the pooled effect of the nanoparticles at all the concentration levels observed (Figure 6). Bi2S3 nanoparticles showed a higher percentage inhibition (22.95%) than gC3N4 nanoparticles at 5 mg/mL. However, gC3N4 nanoparticles recorded better performances (25.43% and 24.46%) at 10 mg/mL and 15 mg/mL concentrations, respectively (Figure 7).



The most significant nanoparticle inhibition of fungal growths was obtained at day 3 after culturing. No significant (p > 0.05) difference was recorded in the fungal growths inhibited by Bi2S3 nanoparticles at 5 mg/mL and 10 mg/mL concentrations on days 3, 5, 7 and 9, while the least inhibition at 15 mg/mL was recorded on day 9 of observation. Also, with the gC3N4 nanoparticles, the percentage inhibition on day 5 significantly followed performances recorded on day 3 across all the concentration levels, while days 7 and 9 showed no significant differences in the fungal growth inhibition (Table 4).



The pooled effect of nanoparticles on the fungal inhibition showed no significant (p < 0.05) difference in the results obtained at all concentration levels on days 3, 5 and 7, while the results produced at a concentration of 10 mg/mL were more significant on day 9 (Figure 8).




6. Discussion


The fungal pathogens isolated from the corn leaf blight disease of maize in Molelwane, North-West Province of South Africa, were characterized as Bipolaris zeicola, Phoma herbarum, Epicoccum nigrum, Alternaria alternata and Fusarium brachygibbosum. Bipolaris zeicola, earlier identified as Cochliobolus carbonum, is from the phylum Ascomycota and family Pleosporales. Selections from these populations have been predicted to keep evolving, especially in seed fields where novel pathotypes with distinctive lesions, toxins, and/or genotype specificity are present [42]. Some of its races have been previously implicated with the Helminthosporium leaf spot disease of maize [43], maize root rot [44], northern corn leaf spot, and northern and Southern corn leaf blight disease [45], while it has been found as the causal agent of leaf blight disease on the invasive grass Microstegium vimineum [46].



Phoma has been reported as the largest and the most widely distributed genus of the order Pleosporales [47]. Its species have reportedly thrived in various habitats where they have occurred as saprophytes, epiphytes, parasites and hyperparasites [48]. Phoma herbarum, which was recently reclassified as Phoma sensu stricto, has been reported to attack crop plants, producing symptoms such as root rot, leaf blight and the wilting of the host plant [47]. The fungus has also been found to cause leaf spot disease of purple coneflower (Echinacea purpurea) in Northern Italy [49].



Similarly, fungi, including Epicoccum, Fusarium and Alternaria species, also have multiple habitats, and they colonize the stems, leaves and areas of the plants. Thus, plant leaves in tropical forests have been found to contain numerous independent infections, which are of high diversity [50]. Alternaria alternata has been found as the cause of leaf blight of maize in China [51], and also in sunflower cultivation in South Africa, especially where sunflower is grown in rotation with maize [52]. Although Fusarium brachygibbosum has been considered a plausible candidate for deployment as a bioagent for Striga hermonthica management in sorghum [53], other races of Fusarium brachygibbosum have been implicated in maize stalk rot [54]. Similarly, the report of Taguiam, et al. [55] revealed a total of 18 species of Epicoccum, which are pathogens to 46 different plant species in about 20 countries where they mostly cause leaf spot disease. However, there are five other Epicoccum species (E. nigrum, E. layuense, E. dendrobii, E. mezzettii, and E. minitans) with biological control capabilities against different plant pathogens, with Epicoccum nigrum, as the most promising of the five. This claim was verified in the study of Bagy, et al. [56], who reported that Epicoccum nigrum ASU11 served as a biocontrol agent against Pectobacterium carotovora subsp. atrosepticum PHY7, the bacterial strain responsible for the potato blackleg disease.



The use of nanoparticles in this study becomes important because of the wide range of fungi with diverse degrees of severity and specificity of action. This therefore calls for the use of a more ecofriendly control agent with a broader scope of action compared to the commonly use fungicide [57]. The similar pattern of performances expressed by the two nanoparticle types in the inhibition of fungal growths affirms their antifungal properties, and, as earlier reported, as safe and effective delivery systems of antifungal agents [58]. In this investigation, the results revealed Phoma herbarium as the most inhibited, followed by A. alternata, then B. zeicola, with F. brachygibbosum and E. nigrum showing the least inhibition, consistent with the properties of the fungi discussed earlier. Phoma herbarium, A. alternata and B. zeicola are endophytic pathogens that cause leaf spots and leaf blight diseases on maize plants [45,49,51,59]. On the other hand, F. brachygibbosum and E. nigrum, which were the least inhibited, could possibly exhibit biocontrol potentials [49,53]. The efficacy of the nanoparticles was observed to increase with increasing concentration levels, which is consistent with the earlier report of Kim, et al. [60] that AgNPs possess antifungal properties which were effective against the 18 tested plant pathogens at various levels. However, Bi2S3 nanoparticles were more effective at the lower concentration (5 mg/mL), as similarly recorded with sulphur nanoparticles where the fungal growths were hampered at 1500–3000 μg/mL concentration levels. Hence, the efficacy of sulphur nanoparticles was reported to be directly proportional to a reduction in the particle size [61]. The effectiveness of gC3N4 nanoparticles at higher concentrations (10 mg/mL and 15 mg/mL) could further substantiate its earlier-reported antifungal potentials [39]. Furthermore, the two nanoparticle types used in this study have been reported for their safety to humans, because of having little or no toxicity to cells as evident in their use in tomography imaging [57,62].




7. Conclusions


Foliar fungal pathogens isolated from the diseased maize leaves in this study were characterized as Bipolaris zeicola, Phoma herbarum, Epicoccum nigrum, Alternaria alternata and Fusarium brachygibbosum. Except Epicoccum nigrum, the fungal species were pathogens causing diseases such as leaf blight, leaf spot, wilting and stalk rot. Phoma herbarium > A. alternata > B. zeicola > F. brachygibbosum > E. nigrum was the order of percentage fungal inhibition by the nanoparticles. Bi2S3 was more effective against the pathogens at lower concentrations and gC3N4 at higher concentration levels. The two nanoparticle types evaluated in vitro show potential in managing these foliar pathogens, and this needs to be further validated in field studies. Other non-toxic nanoparticles could also be investigated against different fungal infections of plants. In addition, the mechanism of the interactions between the nanoparticles and the plants’ fungi should be studied by using different characterization tools. The effects of changes in nanoparticle morphologies on their antifungal performance is worth studying.
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	Bi2S3
	 Bismuth sulphide nanoparticles



	DNA
	 Deoxyribonucleic acid



	EDS
	 Energy-dispersive X-ray spectroscopy



	gC3N4
	 Graphitic carbon nitride nanoparticles



	ITS
	 Internal transcribed spacer



	NaOCl
	 Sodium hypochlorite



	NCBI
	 National Center for Biotechnology Information



	NH4OH
	 Ammonium hydroxide solution



	PCR
	 Polymerase chain reaction



	PDA
	 Potato dextrose agar



	rRNA
	 Ribosomal RNA



	TEM
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Figure 1. Synthesis of bismuth sulphide and graphitic carbon nitride used for the antifungal treatment of foliar fungi of maize. 
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Figure 2. The XRD spectrum of bismuth sulphide. The prominent peaks are indexed in red color. 






Figure 2. The XRD spectrum of bismuth sulphide. The prominent peaks are indexed in red color.



[image: Applsci 13 03731 g002]







[image: Applsci 13 03731 g003 550] 





Figure 3. (a) EDS spectrum of bismuth sulphide showing the presence of bismuth and sulphur only in the as-prepared nanoparticles and (b) TEM spectrum of bismuth sulphide showing a nanorod internal morphology. 
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Figure 4. Front and back view of the fungal isolates (a) Bioplaris zeicola, (b) Phoma herbarum, (c) Epicoccum nigrum, (d) Alternaria alternata, (e) Fusarium brachygibbosum. 
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Figure 5. The phylogenetic relationships between the isolated pathogenic fungi and selected database relatives on the NCBI generated through transcribed spacer (ITS) rRNA genes, analysed via Kimura’s two-parameter models. Bootstrap support values higher than 50% from 1000 replicates are shown at the nodes. Bipolaris zeae (MT079295) was used as the out-group. 
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Figure 6. Pie chart showing the pooled effect of the nanoparticles on the percentage mycelial inhibition. 
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Figure 7. Heatmap showing performances of the two nanoparticle types at different concentration levels. 
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Figure 8. Heatmap showing the effect of days of observation on the percentage of fungal inhibition at different concentration levels. Means with different letters across the days are significantly (p < 0.05) different. 
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Table 1. 16 s rRNA gene sequence-based identification of the isolates and their accession numbers.
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	Accession Code
	Isolate Name
	Accession Number
	Blastn, Closest Relative
	Relative Accession
	Similarity %
	E Value





	AD1
	Bipolaris zeicola strain 1
	OP536177
	Bipolaris zeicola
	MK841439
	99.81
	0.0



	AD6
	Phoma herbarum strain 1
	OP536178
	Phoma herbarum
	MT420621
	100
	0.0



	AH1
	Epicoccum nigrumisolate
	OP536185
	Epicoccum nigrum
	MT582797
	100
	0.0



	BD5A
	Alternaria alternata strain 2
	OP536192
	Alternaria alternata
	MN249500
	100
	0.0



	BD2
	Fusarium brachygibbosum
	OP536195
	Fusarium brachygibbosum
	KY024400
	100
	0.0
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Table 2. Percentage inhibition of different concentrations of nanoparticles on the growth of some pathogenic fungi.
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Organisms

	
Bi2S3

	
gC3N4




	
5 mg/mL

	
10 mg/mL

	
15 mg/mL

	
5 mg/mL

	
10 mg/mL

	
15 mg/mL






	
Bioplaris zeicola

	
31.58 ± 3.30 a

	
28.49 ± 2.53 b

	
16.97 ± 2.63 b

	
13.23 ± 2.80 c

	
15.44 ± 2.81 b

	
18.53 ± 4.12 b




	
Phoma herbarum

	
35.72 ± 4.03 a

	
21.09 ± 2.95 c

	
39.71 ± 2.90 a

	
45.00 ± 3.97 a

	
65.64 ± 2.32 a

	
41.03 ± 3.21 a




	
Epicoccum nigrum

	
4.59 ± 1.21 c

	
7.58 ± 1.61 e

	
7.54 ± 1.71 c

	
5.27 ± 1.37 d

	
5.09 ± 1.50 c

	
9.06 ± 1.34 c




	
Alternaria alternata

	
28.86 ± 5.35 a

	
37.56 ± 1.82 a

	
35.35 ± 1.87 a

	
28.63 ± 2.12 b

	
20.42 ± 3.17 b

	
34.33 ± 1.79 a




	
Fusarium brachygibbosum

	
14.00 ± 2.54 b

	
14.13 ± 2.78 d

	
16.54 ± 2.92 b

	
7.92 ± 2.90 dc

	
20.58 ± 2.54 b

	
19.37 ± 2.43 b




	
LSD

	
7.96

	
6.31

	
5.43

	
6.13

	
6.85

	
7.47








Means with different letters across the column are significantly (p < 0.05) different. Bi2S3 = Bismuth sulphide nanoparticles, gC3N4 = Graphitic carbon nitride nanoparticles.
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Table 3. Percentage inhibition of the pooled effect of nanoparticles on the fungi growth.
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	Organisms
	5 mg/mL
	10 mg/mL
	15 mg/mL





	Bioplaris zeicola
	22.40 ± 2.53 c
	21.96 ± 2.10 c
	17.75 ± 2.42 c



	Phoma herbarum
	40.36 ± 2.88 a
	43.37 ± 3.74 a
	40.37 ± 2.14 a



	Epicoccum nigrum
	4.93 ± 0.90 e
	6.33 ± 1.10 d
	8.30 ± 1.08 d



	Alternaria alternata
	28.74 ± 2.85 b
	28.99 ± 2.20 b
	34.84 ± 1.28 b



	Fusarium brachygibbosum
	10.96 ± 1.96 d
	17.35 ± 1.92 c
	17.96 ± 1.89 c



	LSD
	5.27
	6.44
	4.61







Means with different letters across the column are significantly (p < 0.05) different.
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Table 4. Effects of experimental duration (days) on the nanoparticle inhibition of fungi.
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Days

	
Bi2S3

	
gC3N4




	
5 mg/mL

	
10 mg/mL

	
15 mg/mL

	
5 mg/mL

	
10 mg/mL

	
15 mg/mL






	
3

	
30.41 ± 4.21 a

	
29.32 ± 2.52 a

	
31.97 ± 2.98 a

	
26.97 ± 3.81 a

	
31.71 ± 4.90 a

	
30.27 ±3.21 a




	
5

	
22.80 ± 3.24 b

	
21.34 ± 2.35 b

	
25.10 ± 2.66 b

	
21.82 ± 3.59 ba

	
26.27 ± 4.63 ba

	
25.82 ± 2.86 ba




	
7

	
19.65 ± 3.91 b

	
19.07 ± 3.13 b

	
20.28 ± 3.17 cb

	
16.40 ± 3.62 bc

	
21.41 ± 3.91 b

	
22.88 ± 3.23 b




	
9

	
18.94 ± 3.61 b

	
17.35 ± 2.99 b

	
15.53 ± 2.96 c

	
14.85 ± 3.35 c

	
22.35 ± 4.17 b

	
18.88 ± 3.38 b




	
LSD

	
7.12

	
5.65

	
4.85

	
5.48

	
6.13

	
6.68








Means with different letters across the column are significantly (p < 0.05) different. Bi2S3 = Bismuth sulphide nanoparticles, gC3N4 = Graphitic carbon nitride nanoparticles.
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