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Molecular characterization and heavy metal tolerant potential of plant growth-promoting fungi isolated from rhizospheric soil



                                                           ABSTRACT
Aim: The overall aim was to isolate plant growth-promoting fungi from rhizospheric soil, identify them molecularly and assess their heavy metal tolerant potential. 	Comment by Cuenta Microsoft: The logical order of the objective should be: isolation, functional screening, metal tolerance assessment, and molecular identification.
Study Design: The study adopted a Completely Randomized Design (CRD) carried out with ten rhizospheric soil samples.
Place and Duration of Study: This study was conducted in the Microbiology Laboratory 2, Department of Biological Sciences, Bells University of Technology, Ota, Ogun State, Nigeria, between 2023 and 2024.
Methodology: Rhizospheric soil samples were collected around ten randomly selected maize plant roots. Fungi were isolated by spread plate technique and the isolated fungi were investigated for plant growth promoting traits by assaying for phosphate solusilization and indole acetic acid (IAA) production. Their heavy metal tolerant potential was assessed by growing them on potato dextrose broth supplemented with zinc sulphate and lead (II) chloride. Fungal isolates were identified based on colonial characteristics and sequencing of the genes within their internally transcribed spacer (ITS). 	Comment by Cuenta Microsoft: Experimental replicates and the experimental unit for the PGP and metal tolerance assays are not reported.	Comment by Cuenta Microsoft: There is no justification that the site presents heavy metal problems (no evidence or site diagnosis)
Results: Out of twenty (20) fungi isolated, seven (7) isolates (35%) solubilized inorganic phosphate with solubilisation index (SI) ranging from 1.08 to 2.40. All the fungal isolates produced indole acetic acid (0.34 to 2.02 mg/ml). The best five fungi with characteristics that promote plant growth were identified as Aspergillus brunneoviolaceus strain OU1 (OR342229), Penicillium oxalicum strain OU2 (OR342230), Aspergillus brunneoviolaceus strain OU3 (OR342231), Aspergillus welwitschiae strain OU4 (OR342232) and Penicillium oxalicum strain OU5 (OR342233). These fungi grew well in medium that contain zinc sulphate and lead (II) chloride. 
Conclusion: Rhizospheric fungi isolated in this study have the potential to improve plant growth and tolerate varying concentrations of heavy metals. Therefore, they can serve as good candidates of biofertilizers for sustainable agriculture.	Comment by Cuenta Microsoft: Validation in plants (growth response, metal uptake, phytotoxicity) is required before proposing their use as biofertilizers or in phytoremediation.
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INTRODUCTION
Excessive use of chemical fertilizer for increased plant development and output leads to soil infertility and raises production costs. Additionally, the ongoing use of pesticides have resulted in a number of harmful environmental effects, such as contaminated groundwater, decreased agricultural production and quality, decreased microbial diversity, increased susceptibility to infections, etc. Thus, substituting microorganisms that encourage plant development and productivity for some or all of the fertilizers is another strategy to lessen over fertilization (Seemakram et al., 2025). Because of its ability to promote plant development through a variety of pathways, such as siderophore synthesis, phosphate solubilization, and indole-3-acetic acid (IAA) production, as well as other advantageous characteristics like stress tolerance (Ripa et al., 2019) and biocontrol activity (Tatung et al., 2024), plant growth promoting fungi (PGPF) have emerged as a promising solution.
Beneficial fungi like mycorrhizal, endophytic, and rhizospheric fungi that aid in plant growth and development are known as plant growth promoting fungi (PGPF) (Seemakram et al., 2025). Because of their capacity to promote plant development, they may be used in organic farming and offer a fresh, creative method that depends less on conventional inorganic fertilizers (Sarkar et al., 2022). Plant growth-promoting fungus are a diverse group of non-pathogenic saprotrophic fungi. PGPF are common fungi from a variety of genera that are found in soil and attached to roots. Trichoderma, Penicillium, Phoma, and Fusarium are among the genera of PGPF that have been researched over the years (Hossain et al., 2020; Sarkar et al., 2022; Moropana et al., 2024). The approach through which PGPF promotes plant development is a complicated one that frequently cannot be explained by a single mechanism. Some of these mechanisms involve increasing access to macro- and micronutrients, while others involve the production of plant hormones or increasing the water acquisition rate (Ripa et al., 2019). However, the commercial applicability of the inoculated PGPF is restricted by their inconsistent performance under field circumstances (Lyn et al., 2010). In addition to mediating favorable effects on plant growth and development, PGPF is also connected with the root and has advantageous effects on inhibiting phytopathogenic bacteria (Hossaain et al., 2017). 	Comment by Cuenta Microsoft: It is stated that PGPF are saprotrophs; this is incorrect or, at least, incomplete (e.g., mycorrhizae are obligate symbionts).
Industrial activities constantly discharge heavy metals into the atmosphere, which poses major environmental risks (Manzoor et al., 2021). At relatively low quantities, several of these heavy metals also contain components that are essential for living things (Gul et al., 2021). However, the flora and animals may be poisoned by comparatively large quantities of these elements (Ilyas et al., 2022; Natasha et al., 2022). When compared to other materials, these elements often include transition metals at high concentrations (>5 g cm−3). It is impossible to overstate the importance of using PGPF that can tolerate high levels of polluting heavy metals in the soil. In addition to facilitating the chelation and transformation of heavy metals, which increases their bioavailability for plant uptake, these fungi support plant development and stress tolerance (Natasha et al., 2022). It is necessary to evaluate the isolated fungus's capacity to withstand heavy metals since plant growth-promoting fungi are among the most promising microorganisms utilized in bioremediation and assisted-phytoremediation procedures (Oubohssaine et al., 2022a). Thus, the main goal of this work was to isolate plant growth-promoting fungi from rhizospheric soil, identify them molecularly, and evaluate their potential for heavy metal tolerance.	Comment by Cuenta Microsoft: No evidence of metal contamination in the study area is presented, nor the applied reason for sampling at that site.
Materials and methods
Sample source and collection
Rhizospheric soil from which plant growth-promoting fungi was isolated was collected from the Centre for Agricultural Technology and Entrepreneurial Studies (CATES) farm, Bells University of Technology, Ota, Ogun state. Soil was collected from the roots of ten (10) randomly selected healthy maize plants. The uprooted plant roots were immediately transported in clean polythene sampling bags (Labelled A-J) to microbiology laboratory for processing. The roots of the uprooted plants was shaken to remove the excess soil not intimately adhered to the roots. Under aseptic condition, the soil attached to the roots of each plant was separately removed into sterile sampling bottle by scraping the roots with the back side of a sterile scalpel. The rhizospheric soil collected in sampling bottles was then mixed thoroughly before analysis.	Comment by Cuenta Microsoft: To evaluate metal tolerance, sampling would be expected in a contaminated area or, at least, supported by analytical evidence of metals in the site soil.	Comment by Cuenta Microsoft: The total sampled area, sampling scheme (transects/quadrats), coordinates, and basic soil characteristics of the site should be described.
[bookmark: _Toc141365791]Isolation of plant growth-promoting fungi
PGPF isolation was done using the serial dilution technique. One gram of rhizospheric soil (A – J) was transferred to a sterile Macartney bottle containing 9 ml of sterile distilled water labelled A-J respectively and shaken for about 1 min to bring the adhering microorganisms into the solution. Serial dilutions were made for each of the solution and 0.1ml aliquots (103-104) was spread plated on Potato Dextrose Agar (containing (g /L): Potato, 200g; Dextrose, 20 g; Agar,15.0 g per 1000 ml distilled water; pH 5.6±0.2), and Czaper-Dox Agar (containing (g/L): Sucrose, 30.0 g; NaNO3, 3.0g; K2HPO4,  1.0 g; MgSO4.7H20,0.5g; FeSO4.7H2O, 0.01 g; KCl, 0.5 g; Agar,15.0g per 1000 ml distilled water; pH 5.8). The agar media was fortified with streptomycin (0.125g/L) to inhibit the growth of bacteria and permit selective isolation of fungi. The plates were then incubated at 28°C ± 1°C for 3 days and morphologically different colonies appearing on the media was picked and sub-cultured for further analysis (Kasa et al., 2015). 	Comment by Cuenta Microsoft: The culture media section is excessively detailed; it would be advisable to summarize the procedure and cite the original source of the method.	Comment by Cuenta Microsoft: An antibiotic is mentioned to inhibit bacteria, but it is unclear whether selective media or selectors for metal-tolerant fungi were used during the isolation stage.
[bookmark: _Toc141365792]Screening of the isolated fungi for plant growth-promoting (pgp) traits	Comment by Cuenta Microsoft: Functional characterization is limited (only phosphate solubilization and IAA production); more traits should be included or it should be justified why these two are sufficient.
Quantification of important PGP activities was performed following the methods described by Oubohssaine et al. (2022b).
[bookmark: _Toc141365793]Screening of fungal isolates for phosphate solubilization on agar media
Phosphate solubilization by the isolates was conducted on Pikovskaya agar medium as described by Noha and Shixue (2018) and Oubohssaine et al. (2022b). Briefly, fungal cultures pre-grown on Potato Dextrose Agar (PDA) were inoculated at the centre of Pikovskaya’s agar medium containing 0.5g/L tricalcium phosphate (TCP),  2.6g/L glucose, 0.1g/L (NH4)SO4, 0.04g/L NaCl, 0.02g/L MgSO4.7H2O, 0.04g/L KCL, 0.1g/L yeast extract, 0.002g/L MnSO4, 0.002g Fe(NH4)2(SO4)2.6H2O, 15g/L agar powder and incubated at 30 oC for 4 days. Formation of halo zone around colony indicated a positive result. After incubation, solubilization index (SI) was calculated using the formula below and the values recorded. 

[bookmark: _Toc141365795]Quantification of indole acetic acid (IAA) production by the isolated fungi
The test for indole acetic acid production was performed according to the methods described by Noha and Shixue (2018) and Rahmad et al. (2020). Fungal cultures were cultivated in Potato Dextrose broth (PDB) supplemented with 0.1 g/L L-tryptophan as an IAA precursor, and they were shaken at 250 rpm for seven days at 30 oC. Following the incubation times, cultures were centrifuged for ten minutes at 13,000 rpm in order to pellet the fungal cells. After thorough mixing of five milliliters (5 ml) of the supernatant with one milliliter of Salkowski's reagent (12 g/L FeCl3 in 429 ml/L H2SO4), the mixture was left at room temperature in the dark for a full day (Rahmad et al., 2020). A positive result for IAA generation was shown by the content of the test tubes appearing pink (i.e., the supernatant colour changed to pink). The IAA absorbance was measured at 535 nm using UV spectrophotometer. Auxin concentration was calculated using a standard curve with a regression equation Y = 3.8105x, and R2 = 0.974. The equation was generated from serially diluted commercially available IAA solutions ranging from 0 - 6.0 mg/ml. The absorbance of known concentrations of indole acetic acid solutions was measured spectrophotometrically at 535 nm, and a graph of the concentrations against the absorbance was plotted to obtain the standard equation. Using this equation, the concentration of indole acetic acid produced by each fungal isolates were calculated (Noha and Shixue, 2018).
x	Comment by Cuenta Microsoft: The number of replicates, metal-free controls, and objective criteria for defining ‘growth’ are not clearly specified.
Methodologically, it would be preferable to first select isolates in the presence of metals (plate/gradient) before performing molecular identification.


Figure 1: Indole acetic acid standard curve
Where X = Absorbance at 535 nm, 
Y = Concentration of Indole acetic acid (mg/ml), and
R2 = Regression coefficient (Coefficient of determination)
[bookmark: _Toc141365796]Molecular identification fungal isolates
The best five fungal isolates that showed activity for plant growth promotion capabilities (Phosphate solubility and IAA production) were selected for molecular characterization. Molecular identification of the fungal isolates involved extraction of genomic DNA, amplification of the target genes and sequencing of the amplified genes.
[bookmark: _Toc141365797]Extraction of genomic DNA and amplification of rRNA genes within the internally transcribed spacer (ITS)
Fungal isolates were grown on potato dextrose agar (PDA) medium for 5 days at 30 oC and the genomic DNA was extracted using “Quick-DNA Fungal/Bacterial Miniprep kit” (Zymo Research, USA) according to the manufacturer’s instructions. The NanoDrop Spectrophotometer was used to measure the extracted DNA's concentration. An automated PCR thermocycler was used to amplify the gene fragment in the isolated fungal DNA's internally transcribed spacer (ITS). The amplification was performed using primers (ITS1F: 5′-TCCGTAGGTGAACCTGCGG-3′ and ITS4R: 5′-TCCTCCGCTTATTGATATGC-3′) (Khaled et al., 2012). The conserved region between 18S and 5.8S rDNAs was the focus of the primer pair ITS1 and ITS4. A 20 μl reaction mixture including 6 μl of PCR water, 10 μl of 2X ready master mix (containing the dNTPs, Taq DNA polymerase, MgCl2, and the reaction buffer), 1 μl forward primer, 1 μl reverse primer, and 2 μl template DNA was used for the amplification. All of the above were present in the control, with the exception of the DNA template. The following temperature cycling profiles were applied to reaction mixtures: initial denaturation (94oC for 5min), 40 cycles of denaturation (94oC for 1.3min), annealing (50oC for 1.5min), extension (72oC for 2min), and final elongation (72oC for 10min). After then, it was maintained at 4°C as a hold temperature (Khaled et al., 2012). The size of the amplified fragment was verified by electrophoresis of the product (5 μl) on 2% Agarose gel stained with ethidium bromide and viewed under a UV transilluminator. 

[bookmark: _Toc141365799]Sequence determination of PCR amplified gene and bioinformatics analysis of the its gene sequences
Gene sequences of the PCR amplified products were determined with a Dye terminator sequencing kit and the products were analyzed with an ABI Prism DNA sequencer (Jyothi et al., 2012). BioEdit sequence alignment editor was used to analyze the chromatograms of the ITS gene sequences. The resultant consensus sequences were compared to the existing sequences in the NCBI database using the BLAST (Basic Local Alignment search tool) analysis (www.ncbi.nlm.nih.gov/nucleotide). Following their identification by BLAST analysis, the isolates' ITS gene sequences were uploaded to the NCBI GenBank database. Using a phylogenetic tree derived from the BLAST data, the isolates' evolutionary relationships were examined. The MEGA 7.0 programme utilized the best homologies (97–99% identity) from the BLAST findings as input sequences to create a phylogenetic tree (Kumar et al., 2016).
[bookmark: _Toc141365800]Heavy metal tolerant potential of fungal isolates	Comment by Cuenta Microsoft: ‘Tolerance’ is evaluated only as ‘visible growth’; a quantitative metric is lacking (e.g., dry biomass, OD, growth rate, MIC/MTC).
The ability of the selected fungal isolates to tolerate heavy metal was tested by growing them in Potato Dextrose Broth (PDB) supplemented with lead (Pb2+) and zinc (Zn2+). Appropriate quantity of Zinc sulphate heptahydrate (ZnSO4.7H2O) and Lead (II) chloride (PbCl2) were dissolved in deionized water to prepare various concentrations of the heavy metals. The fungal inoculum was standardized by harvesting the fungal culture into sterile distilled water and shaking it thoroughly. Using a micro pipette, 0.5 McFarland turbidity standard inoculum was prepared and 50 µl aliquot was used for inoculation. Each fungal strain was grown in duplicate on Potato Dextrose Broth (PDB) supplemented with a range of concentrations (6 mM, 12 mM and 18 mM) of Zn2+ and Pb2+, separately (Oubohssaine et al., 2022b). After two days of incubation, the broth was observed for visible growth. XX	Comment by Cuenta Microsoft: Statistical methods are not reported (model, experimental unit, transformation, mean comparison, α), which prevents evaluation of inferential support.


Results
Isolation and Phosphate Solubilisation Assay
A total of 20 fungi were isolated from rhizospheric soils. Pure isolated species of Aspergillus and Penicilium grown on PDA are presented in Plate 1 while plate 2 showed pictures of phosphate solubilisation by fungi grown on Pikovskaya agar medium. Out of the 20 fungi isolated, 7 (35 %) isolates were able to solubilize phosphate with varying phosphate solubilisation index while 13 of the isolates (65 %) were not able to solubilize inorganic phosphate (Table 1). The solubilzation index (SI) among the positive fungal isolates ranged from 1.08 to 2.40. Penicillium oxalicum strain OU2 (FC2) had the highest phosphate solubilisation index of 2.40, while the least phosphate solubilisation index (1.08) was recorded by fungal isolate FJ3.  Generally, a relatively small proportion (35 %) of the fungal isolates demonstrated phosphate solubilisation capability, with only three (3) showing high SI greater than 2.0.	Comment by Cuenta Microsoft: Molecular identification is presented before consolidating robust functional evidence; the selection of the ‘best five’ isolates should be justified with explicit criteria.
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Plate 1: Pure fungal isolates grown on Potato Dextrose Agar (PDA)
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Plate 2: fungal isolates solubilizing phosphate on Pikovskaya agar medium.


Table 1: Phosphate solubilization by fungal isolates and their solubilization index (SI)
	Isolate Code
	Phosphate Solubilization
	Solubilization Index

	FA1
	-
	-

	FA2
	-
	-

	FB1
	+
	2.35

	FB2
	-
	-

	FC1
	-
	-

	FC2
	+
	2.40

	FD1
	-
	-

	FD2
	-
	-

	FE1
	-
	-

	FE2
	+
	1.30

	FF1
	-
	-

	FF2
	+
	1.61

	FG1
	-
	-

	FG2
	-
	-

	FH1
	-
	-

	FH2
	-
	-

	FI1
	-
	-

	FJ1
	+
	2.35

	FJ2
	+
	1.20

	FJ3
	+
	1.08


+ = Solubilized phosphate; - = No phosphate solubilization 

Quantification of indole acetic acid (IAA) production
The concentrations of indole acetic acid produced by fungal isolates are presented in Table 2. The result showed that all the twenty (20) fungal isolates (100 %) produced detectable amounts of indole acetic acid ranging from 0.34 mg/ml to 2.02 mg/ml with corresponding absorbance values at 535 nm that ranged from 0.089 to 0.53. Isolate FJ1 had the highest IAA production (2.02 mg/ml; A535nm = 0.52) followed by FD2, FG2 and FF1 with IAA production of 1.58 mg/ml, 1.54 mg/ml and 1.51 mg/ml respectively. In general, substantial variability was observed in IAA production among the isolates, with FJ1 exhibiting the highest auxin-producing capability (Table 2).
Table 2: Production of Indole Acetic Acid (IAA) by fungal isolates
	Isolate Code
	Absorbance Value (A535nm)
	IAA Production (mg/ml)

	FA1
	0.089
	0.34

	FA2
	0.175
	0.67

	FB1
	0.114
	0.43

	FB2
	0.095
	0.36

	FC1
	0.14
	0.53

	FC2
	0.296
	1.13

	FD1
	0.137
	0.52

	FD2
	0.414
	1.58

	FE1
	0.268
	1.02

	FE2
	0.12
	0.46

	FF1
	0.397
	1.51

	FF2
	0.089
	0.34

	FG1
	0.371
	1.41

	FG2
	0.403
	1.54

	FH1
	0.331
	1.26

	FH2
	0.135
	0.51

	FI1
	0.184
	0.70

	FJ1
	0.53
	2.02

	FJ2
	0.159
	0.61

	FJ3
	0.158
	0.60





Molecular identification of fungal isolates	Comment by Cuenta Microsoft: Reporting essentially only Aspergillus and Penicillium suggests methodological bias (medium/conditions/time) or undersampling; this should be discussed.
The concentrations and purity of the genomic DNA determined using Nanodrop-spectrophotometer are depicted in Table 3. The results showed that the genomic DNA extracted was relatively pure. The ethidium bromide stained agarose gel electrophoresis of PCR product showing amplification of the targeted genes within the internally transcribed spacer (ITS) of the fungal isolates is presented in plate 3. The plate indicated that the gene fragments of the expected base pair size (500bp – 600bp) were amplified. Basic Local Alignment search tool (BLAST) analysis of the final consensus sequences in the National Centre for Biotechnology Information (NCBI) database showed the identities of the isolates as Aspergillus brunneoviolaceus strain OU1, Penicillium oxalicum strain OU2, Aspergillus brunneoviolaceus strain OU3, Aspergillus welwitschiae strain OU4 and  Penicillium oxalicum strain OU5 (Table 4). The sequences of the isolated fungi have been deposited in the NCBI database, Maryland US, with the accession numbers OR342229, OR342230, OR342231, OR342232 and OR342233 respectively. The phylogenetic tree of the fungal isolates constructed using Molecular Evolutionary Genetics Analysis version 7.0 (MEGA 7.0) is presented in Figure 2. The result revealed that isolates from this study clustered among related species already deposited in the NCBI database.

Table 3: Concentration and purity of chromosomal DNA determined using Nanodrop-spectrophotometer
	Isolate Code
	DNA conc.(ng/µl)
	A260/A280(purity)

	FB1
	48.85
	1.80

	FC2
	23.14
	1.81

	FE2
	35.91
	1.80

	FF2
	43.93
	1.81

	FJ1
	79.81
	1.99











[image: ]
Plate 3: Ethidium bromide stained agarose gel (2.0 %) electrophoresis of PCR product showing amplification of the targeted genes within the internally transcribed spacer (ITS) of the fungal isolates
Key: L: ladder, 1: FB1, 2: FC2, 3: FE2, 4: FF2, 5: FJ1.
Table 4: Molecular identification of fungal isolates based on ITS gene sequencing data
	Isolate Code
	Identified Fungi
	% Similarity
to First Hit 
in GenBank
	Assigned GenBank
accession Number

	FB1
	Aspergillus brunneoviolaceus strain OU1
	98.12%
	OR342229

	FC2
	Penicillium oxalicum strain OU2
	99.27%
	OR342230

	FE2
	Aspergillus brunneoviolaceus strain OU3
	98.52%
	OR342231

	FF2
	Aspergillus welwitschiae strain OU4
	100%
	OR342232

	FJ1
	Penicillium oxalicum strain OU5
	99.27%
	OR342233


Penicillium pedernalense (NR 146250)
Penicillium infrabuccalum DAOMC 250537 (NR 172032)
Penicillium araracuarense CBS 113149 (NR 119814)
Penicillium panissanguineum CBS 140989 (NR 158825)
Penicillium cataractarum CBS 140974 (NR 158822)
Penicillium bissettii CBS 140972 (NR 158821)
Penicillium tanzanicum CBS 140968 (NR 158820)
Penicillium reticulisporum NRRL 3447 (NR 121231)
Penicillium soosanum CCF 3778 (NR 173354)
Penicillium oxalicum NRRL 787 (NR 121232)
Penicillium oxalicum strain OU2 (OR342230)
Penicillium oxalicum strain OU5 (OR342233)
Aspergillus awamori (NR 077143)
Aspergillus welwitschiae CBS 139.54 (NR 137513)
Aspergillus foetidus CBS 121.28 (NR 163668)
Aspergillus welwitschiae strain OU4 (OR342232)
Aspergillus tubingensis NRRL 4875 (NR 131293)
Aspergillus costaricensis CBS 115574 (NR 103604)
Aspergillus homomorphus CBS 101889 (NR 077189)
Aspergillus brunneoviolaceus strain OU1 (OR342229)
Aspergillus aculeatus CBS 172.66 (NR 111412)
Aspergillus japonicus CBS 114.51 (NR 131268)
Aspergillus indologenus CBS 114.80 (NR 172030)
Aspergillus uvarum (NR 135330)
Aspergillus assiutensis AUMC 5748 (NR 151787)
Aspergillus brunneoviolaceus NRRL 4912 (NR 138279)
Aspergillus brunneoviolaceus strain OU3 (OR342231)
Aspergillus aculeatinus CBS 121060 (NR 135417)
93
67
72
38
100
63
31
62
24
29
7
40
99
100
97
71
99
100
88
63
56
39
27
52
56
0.0100





















Figure 2: Phylogenetic tree indicating the phylogenetic relationship of rRNA gene sequences within the ITS region of the fungi isolated in this study to those in the GenBank database. The accession numbers of the fungi are in parentheses while the bold accession numbers were those of the fungi isolated in this study.
Heavy metal tolerant potential of fungal isolates
The results of the heavy metal tolerant potentials of the selected fungal isolates grown on potato dextrose broth supplemented with different concentrations of lead (Pb2+) and zinc (Zn2+) are presented in Table 5. All fungal isolates showed growth (+) at every concentration of both heavy metals tested. The fungal isolates demonstrated consistent growth pattern across all concentrations (6 mM, 12 mM and 18 mM) of both lead (Pb2+) and zinc (Zn2+). 

Table 5: Growth of selected fungal isolates on potato dextrose broth supplemented with lead (Pb2+) and zinc (Zn2+) 	Comment by Cuenta Microsoft: If all isolates grow at all Pb and Zn concentrations, the assay does not discriminate tolerance; a more informative gradient or quantitative metric is needed.
	Fungal Isolate
	Lead (II) Chloride (PbCl2)
	
	Zinc Sulphate (ZnSO4.7H2O) 

	
	6 mM
	12 mM
	18 mM
	
	6 mM
	12 mM
	18 mM

	Aspergillus brunneoviolaceus strain OU1
	+
	+
	+
	
	+
	+
	+

	Penicillium oxalicum strain OU2
	+
	+
	+
	
	+
	+
	+

	Aspergillus brunneoviolaceus strain OU3
	+
	+
	+
	
	+
	+
	+

	Aspergillus welwitschiae strain OU4
	+
	+
	+
	
	+
	+
	+

	Penicillium oxalicum strain OU5
	+
	+
	+
	
	+
	+
	+


+ = Growth; - = No growth


DISCUSSION 
Synthetic fertilizers, insecticides, and other chemical-based agricultural technologies are routinely applied to improve crop yield (Moropana et al., 2024).  However, small-scale farmers frequently find these synthetic items costly, and poor management can damage ecosystems that are not the intended goal (Balogun et al., 2022). On the other hand, using microorganisms as biofertilizers offers a more affordable and sustainable option. Plant development is both directly and indirectly stimulated by microorganisms, especially fungi, which help produce phytohormones, improve nutrient absorption, and shield plants from stress (Moropana et al., 2024). Plant growth-promoting fungi (PGPF) are soil-borne, nonpathogenic fungi that interact favourably with plants in the rhizosphere. In Agriculture, fungi and bacteria interact with host plants to support and encourage plant development and productivity in the soil, which is one of their primary habitats. PGPF also increase crop productivity by enhancing seed germination, vigour, roots and shoots morphogenesis, and flowering (Tang et al., 2022). In terms of the potential for heavy metal tolerance, some PGPF species have the capacity to tolerate and even detoxify heavy metals in the soil. This tolerance will enable the plants to grow in contaminated areas while defending them from metal toxicity. This study was therefore carried to investigate the presence of plant growth promoting fungi in rhizospheric soil around maize plant roots obtained from the Centre for Agricultural Technology and Entrepreneurial Studies (CATES) farm, Bells University of Technology, Ota. It also assesses the potentials of the isolated PGPF to tolerate heavy metal.
Some of the fungi isolated in this study have high capacity to solubilize insoluble phosphate, indicating that these fungal isolates (especially Penicillium oxalicum strain OU2, Aspergillus brunneoviolaceus strain OU1, Penicillium oxalicum strain OU5, Aspergillus welwitschiae strain OU4, and Aspergillus brunneoviolaceus strain OU3) can serve as useful plant growth enhancer for improvement of agricultural productivity. This result is comparable with the reports of Kumar et al. (2023), Sarkar et al., 2022 and Li et al. (2016) that phosphate solubilizing fungi can increase phosphorus levels for plant growth and yields. A similar work by Hussain et al. (2024) reported that rhizospheric phosphate solubilizing augment phosphorus availability in soil and improve crop yield. Additionally, the fungus Penicillium oxalicum has a high capacity for phosphate-solubilization and can use maize root exudates to thrive both in vitro and in soil (Chandra et al., 2025). Furthermore, three fungal strains that showed the capacity to solubilize both organic (PCS) and inorganic (TCP) phosphates were examined by Moropana et al. (2024): Aspergillus flavus JKJ7, Talaromyces purpureogenus JKJ12, and Trichoderma koningiopsis JKJ18. According to their findings, all three strains showed normal fungal growth on NBRIP medium, with varied degrees of mycelial expansion and clear zone development that were comparable to the SI values we reported here. The outcomes show how promising these strains are at fostering the growth and development of plants.

All the fungi isolated were capable of producing various degree of indole acetic acid (IAA). This shows that the rhizospheric fungi isolated in this study are very important for plant growth and development as they can serve as biofertilers which is in line with the observations made by Mukherjee et al. (2023). This result is similar to the findings of Rahmad et al. (2020), who reported that tryptophan compounds are what cause fungi to produce IAA and that tryptophan is a source of carbon, nitrogen, and energy in the process of microorganisms metabolizing carbohydrates to support plant growth.

Comparably, among the fungi isolated from this study, Penicillium oxalicum strain OU2 (FJ1) stood out as the most promising isolate based on its high performance in phosphate solubilzation and IAA production. Thirteen (13) isolates did not exhibit phosphate solubilization but produced measurable amounts of IAA. Notably, isolates FD2, FG2 and FF1 produced high levels of IAA but lacked the ability to solubilize phosphates while isolate FG1 and FH1 showed strong IAA production only. These observations indicate that IAA production was more widespread among the isolates compared to phosphate solubilisation. Kumar and co-worker reported similar result, they isolated A. fumigatus and Colletotrichum gloeosporioides which had the ability to solubilize phosphate and produce IAA (Kumar et al., 2023). 
Molecular characterization techniques, including DNA extraction, gene amplification and sequencing, have revolutionized the research of PGPF, enabling precise identification and categorization of these fungi at the species or even at strain level. Several researchers have reported the isolation of species of fungi similar to the ones isolated from this study and identified using molecular techniques (Chandra et al., 2025; Moropana et al., 2024; Coutinho et al., 2012). This understanding of molecular techniques allows scientists to select the most effective strains for specific agricultural applications, as different fungi may possess distinct capacities for promoting plant growth and combating environmental challenges (Lei et al., 2020).

Apart from their role in enhancing plant development, some PGPFs have exhibited remarkable resistance to heavy metal stress. Given that rhizospheric soils often face heavy metal contamination due to human activities such as mining and industrial operations, this capability of certain PGPFs becomes highly relevant. Generally, fungi isolated in this study have the ability to grow in the presence of high concentrations of zinc and lead which highlights their possible potential as candidates for bioremediation of heavy metal polluted sites. Moreover, these fungi could defend plants against heavy metals and even immobilize them, thereby reducing their toxicity to plants. 	Comment by Cuenta Microsoft: Metal contamination of the rhizosphere due to human activities is assumed, but this is not documented for the study site.	Comment by Cuenta Microsoft: The inferences regarding biofertilizer or bioremediation potential are premature without plant assays (greenhouse/field) and without quantifying tolerance.

CONCLUSION
In conclusion, this study successfully identified Aspergillus brunneoviolaceus strain OU1, Penicillium oxalicum strain OU2, Aspergillus brunneoviolaceus strain OU3, Aspergillus welwitschiae strain OU4, and Penicillium oxalicum strain OU5 as promising plant growth-promoting fungi (PGPF) with the ability to solubilize phosphate and produce indole acetic acid. Particularly, Penicillium oxalicum strain OU2, Aspergillus brunneoviolaceus strain OU1, Aspergillus welwitschiae strain OU4 and Penicillium oxalicum strain OU5 demonstrated strong capabilities as phosphate solubilizers and indole acetic acid producers. This finding holds great potential for enhancing the agricultural productivity of soils. By using these isolated fungi as biofertilizers, agriculture can be improved without relying heavily on synthetic fertilizers that may pose risks to the environment and human health. Additionally, the isolated fungi could be promising agents for environmental cleanup, especially in areas with high concentrations of heavy metals. Their ability to resist and even immobilize heavy metals offers new possibilities for assisted-phytoremediation strategies, contributing to the restoration of contaminated soils and ecosystems. 	Comment by Cuenta Microsoft: With the current data, it is not valid to claim fertilizer substitution or direct application; only a preliminary potential can be suggested.	Comment by Cuenta Microsoft: Validation in plants (growth response, metal uptake, phytotoxicity) is required before proposing their use as biofertilizers or in phytoremediation.
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