
 

 

AIMS Bioengineering, 12(1): 162–176. 

DOI: 10.3934/bioeng.2025007 

Received: 28 October 2024 

Revised: 18 February 2025 

Accepted: 25 February 2025 

Published: 12 March 2025 

https://www.aimspress.com/journal/Bioengineering 

 

Research article 

Exploring the potential of fungal proteases in aquatic environments of 

the Tapajós Basin, Brazil 

Aline Lima de Aguiar1, Ana Luiza Figueira da Silva1, Rayane Bonfim Ferreira Xavier1, Marcos 

Diones Ferreira Santana1, Dávia Marciana Talgatti2, Fernando Abreu Oliveira2, Carlos Ivan 

Aguillar-Vildoso3, Érica Simplício de Souza4, Márcio Barreto Rodrigues6, João Paulo Alves 

Silva7, Lívia Melo Carneiro7, Clarice Maia Carvalho8, João Vicente Braga de Souza5, Eveleise 

Samira Martins Canto1,* 

1 Mycology and Bioassays Laboratory (LAMIB), Federal University of Western Pará (UFOPA), 

Santarém, Pará, Brazil 
2 Laboratory of Algae and Plants of the Amazon (LAPAM), Federal University of Western Pará 

(UFOPA), Oriximiná, Pará, Brazil 
3 Biotechnology and Genetic Laboratory, Federal University of Santa Catarina, Curitibanos, Santa 

Catarina, Brazil 
4 Pos graduation in Biotechnology and Natural Resources, Amazonas State University 
5 Coordination of Society, Health, and Environment (COSAS), National Institute of Amazonian 

Research (INPA), Manaus, Amazonas, Brazil 
6 Department of Chemistry, Postgraduate Program in Chemical and Biochemical Process Technology 

(PPGTP), Federal Technological University of Paraná (UTFPR), Pato Branco, Paraná, Brazil 
7 Department of Chemical Engineering (EEL), School of Engineering of Lorena (EEL), University 

of São Paulo (USP), Lorena, São Paulo, Brazil 
8 Center for Biological and Natural Sciences, Federal University of Acre (UFAC), Rio Branco, Acre, 

Brazil 

* Correspondence: Email: eveleise.canto@ufopa.edu.br; Tel: +5593991016675. 

Abstract: In this study, we focused on aquatic environments and explored the fungal biodiversity and 

protease production in the Tapajós River Basin in Pará, Brazil. Our objectives were to identify and 

characterize fungal genera with potential protease activity and evaluate their biotechnological 
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applications. Variations in the enzymatic activity index, colony diameters, and halo sizes were 

documented. For molecular identification, genomic DNA was isolated and analyzed using both the 

ITS region and the 28S rRNA region, which provided additional resolution for the most promising 

isolate. Penicillium citrinum UFOPA-MI0019 exhibited significant protease activity, suggesting 

potential applications in biotechnological processes. We also included the kinetics of protease 

production of P. citrinum UFOPA-MI0019 under solid-state fermentation using wheat bran, indicating 

a peak (340 ± 30 UI/mL) in enzyme activity at 72 hours of fermentation at an optimal temperature   

of 30 °C. These findings highlight the ecological role and industrial potential of Amazonian fungi, 

contributing to sustainable waste transformation. 

Keywords: fungal biodiversity; protease production; Tapajós River Basin; enzyme kinetics; solid-

state fermentation; aquatic fungi; Penicillium citrinum; biotechnological applications 

 

1. Introduction 

Proteases are essential enzymes in industrial processes and play pivotal roles in the biochemical 

sector, including applications in detergents, pharmaceuticals, and food industries [1–2]. Their ability 

to catalyze the breakdown of proteins into peptides and amino acids makes them invaluable in 

processes such as waste management, protein recovery, and the manufacturing of leather goods [3]. 

Given their broad utility, there is a continuous demand for proteases that are more efficient, stable, and 

adaptable to harsh industrial conditions [4]. This demand underscores the necessity for ongoing 

discovery and development of novel proteases that can meet or exceed the performance of available 

enzyme preparations [5]. The Amazon region, characterized by its vast biodiversity and dynamic 

ecological processes, presents a largely untapped reservoir for novel bioactive compounds, including 

enzymes [6]. The dense and diverse microbial life fostered by the unique environmental conditions of 

the Amazon suggests a high potential for the presence of fungal species capable of producing 

distinctive proteases with possibly superior characteristics [7]. Despite this potential, the region 

remains underexplored in enzymatic studies focused on industrial applications [8]. The exploration 

and characterization of Amazonian fungal biodiversity for protease production are essential not only 

for expanding the global enzyme catalog but also for leveraging region-specific resources, which could 

drive innovations in enzyme technology [9]. 

In industrial contexts, the discovery of new fungal-derived proteases from the Amazon could 

revolutionize existing production paradigms by introducing enzymes with novel properties such as 

enhanced thermal stability, altered pH optima, or increased substrate specificity [10]. These traits are 

particularly valuable for industries operating under extreme conditions where traditional proteases may 

fail [11]. For instance, proteases with higher thermal stability can be integral to industries requiring 

high-temperature processes, such as in the manufacturing of bioethanol, where they can significantly 

improve the efficiency of biomass conversion [12]. Here, we propose the hypothesis that fungi from 

the Tapajós River Basin may produce proteases with significant biotechnological applications. Our 

objectives were to identify fungal isolates from aquatic environments, assess their protease production, 

and analyze their enzymatic kinetics under solid-state fermentation. By leveraging the region’s 
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biodiversity, this research provides a foundation for exploring the ecological and industrial relevance 

of Amazonian fungi. 

2. Materials and methods 

2.1. Fungal strains 

The fungal isolates used in this study were collected from water samples in the Tapajós River 

Basin (western Pará state, Brazil) at coordinates (2.628225613108789, -55.085873686435995). This 

collection was supported by The Nature Conservancy’s Tapajós Waters project in collaboration with 

the Federal University of Western Pará. These isolates were stored in the didactic collection of the 

Mycology and Bioassays Laboratory. Strain screening based on mycelial growth led to the selection 

of 14 strains, which were reactivated on potato dextrose agar - PDA (Kasvi) and subsequently used 

in the following stages in this study. 

2.2. Wheat bran 

The wheat bran used in this study was obtained as a by-product of the industrial milling process 

provided by Bunge Food S.A., located in São Paulo, Brazil. The wheat bran adhered to stringent quality 

specifications, including a maximum moisture content of 14%, minimum crude protein content of 14%, 

maximum crude fiber content of 8%, maximum ash content of 5%, and maximum fat content of 4%. 

Furthermore, the particle size distribution indicated that 90% of the bran passed through a 20-mesh 

sieve. These specifications ensured the consistency and reliability of the wheat bran used in the 

experimental procedures. 

2.3. Conventional and molecular identification of isolates 

The conventional identification of fungal isolates was conducted through microcultures, focusing 

on the observation and identification of vegetative and reproductive structures. We utilized 

identification keys referenced from established literature sources [13,14]. For molecular identification, 

genomic DNA isolation was performed following a previously described protocol. A portion of the 

fungal mycelium was carefully excised and cryogenically macerated using liquid nitrogen to facilitate 

cell lysis. Genomic DNA was then extracted and purified using the Wizard® Genomic DNA 

Purification Kit (Promega), following the manufacturer’s standardized protocol to ensure high-yield 

and high-purity DNA for subsequent molecular analyses. 

The internal transcribed spacer (ITS) region and the 28S ribosomal RNA (rRNA) gene were targeted 

for sequence analysis. The ITS region was amplified using the ITS1 (5’- 

TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC-3’), while the D1/D2 

domain of the 28S rRNA gene was amplified using the primer pair NL1 (5’-

GCATATCAATAAGCGGAGGAAAAG-3’) and NL4 (5’-GGTCCGTGTTTCAAGACGG-3’) [15,16]. 

PCRs were performed using the following reagent concentrations: 3.0 µL MgCl2 (20 mM), 5.0 µL of  

the 10× buffer, 3.0 µL dNTP mix (20 mM each), 0.6 µM of each primer, 2 U of the Taq DNA polymerase 
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(Cellco), 1 µl of template DNA, and the total PCR volume adjusted to 50 µl with sterile ultrapure water. 

The amplification conditions were 95 °C for 4 min and 35 cycles at 95 °C for 1 min, 52 °C for 30 s   

and 72 °C for 1 min, and a final extension of 72 °C for 5 mins in a ProFlex TM 3 × 32-Well PCR 

System thermocycler (Thermo Fisher Scientific). Amplicons were visualized on a 1.0% agarose gel in 

TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) at 60 V for 60 min, stained with Blue Green 

dye, and visualized on an LT blue light transilluminator BLUE (Loccus). The PCR products for 

sequencing were dried in an oven at 60 °C before being sent to the company ACTGene Molecular 

Analysis (https://actgene.com.br) for sequencing. The nucleotide sequences of D1/D2 and ITS 

generated from the yeast isolates were checked, compiled, and edited using the BioEdit 7.0.9.0 

program [15]. The DNA sequences from related species that were retrieved from the National Center 

for Biotechnology Information (NCBI) database using BLASTn [16] were compared to those obtained 

and considered when values were above 99% similarity. 

2.4. Screening of fungi for protease production 

For the induction of protease enzyme, the solid agar-milk culture medium was prepared [17], 

comprising 5.0 g of skim milk, and 1 g of nutrient agar in 100 mL of distilled water. The medium was 

sterilized and poured into 90 mm diameter Petri dishes, where two approximately 5 mm mycelial discs 

were inoculated onto the surface. Plates were then incubated in a Biological Oxygen Demand (BOD) 

incubator at 28 ± 2 °C for five days, with the formation of translucent enzymatic halos observed    

every 24 hours without the need for revealing substances. Upon formation, the diameters of both the 

enzymatic halos and the colonies were measured using a ruler. The Enzymatic Activity Index (EAI) was 

determined using Equation 1 as described by Florencio et al., [18], whereby a microorganism is 

considered a proficient enzyme producer in solid medium when the EAI value equals or exceeds 2.0 [18]. 

Equation 1: EAI = diameter of halo (mm) / diameter of colony (mm). 

2.5. Kinetics of protease production by Penicillium citrinum Thom UFOPA-MI0019 

For inoculum preparation, the selected strain for solid-state fermentation was subcultured on PDA 

at 30 ± 2 °C for five days in a BOD incubator. Following growth, mycelium from the culture was 

scraped using an inoculation loop and homogenized in test tubes containing 5 mL of sterile 0.85% 

saline solution with the aid of an orbital shaker for 15 seconds. Subsequently, 10 µL of the suspension 

was pipetted onto a Neubauer chamber, and the number of fungal cells was counted by observing three 

random squares in the central quadrant using an optical microscope, aiming to achieve a final solution 

of 1 × 106 spores. 

Solid-state fermentation (SSF) was conducted using wheat bran agro-industrial residue. In 125 

mL Erlenmeyer flasks, 5.0 g of moistened wheat bran was supplemented with 10 mL of nutrient 

solution containing 0.1% (w/v) each of (NH4)2SO4, MgSO4·7H2O, and NH4NO3. The material was 

autoclaved at 121 °C for 40 minutes [19]. Inoculation with 1 × 106 spores per 5 g of wheat bran was 

performed according to [20]. Fermentation proceeded for 96 hours at 30 °C and 25 °C in a BOD 

Incubator, with samples taken every 24 hours and solubilized in 40 mL of deionized water at 4 °C. The 

fermentation process was conducted for 96 hours at 25 °C and 30 °C in a BOD incubator. The selection 

https://actgene.com.br/
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of these temperatures was guided by the findings of Haq et al. (2005) [21]. Homogenized samples 

were filtered through Whatman No. 1 filter paper and subsequently centrifuged at 5,000 x g for 20 

minutes at 4 °C. The supernatant from crude extracts was stored for proteolytic activity quantification 

and subsequent spectrophotometric analysis. 

2.6. Protease quantification 

The protease activity was determined through an enzymatic assay using Sigma-Aldrich Azocasein 

as a substrate, following the colorimetric methodology described in the literature [22] Leighton. The 

enzymatic reaction involved the hydrolysis of Azocasein, releasing amino acids and peptide fragments 

that absorb UV light at a wavelength of 280 nm. The reaction mixture consisted of a 0.5% (w/v) 

Azocasein solution in Tris-HCl buffer, pH 7.2. A reaction mixture containing 150 µL of enzyme extract 

and 250 µL of Azocasein was prepared and incubated in Eppendorf microtubes with a capacity      

of 2.0 mL at 25 °C in the absence of light. After one hour, the reaction was terminated by adding 1.2 

mL of 10% (w/v) Trichloroacetic acid (TCA), followed by centrifugation at 8,000 x g for 10 minutes 

at 4 °C. From the recovered supernatant, 800 µL was withdrawn for homogenization in 1.2 mL of 1M 

NaOH. A blank sample was prepared under the same conditions as the test sample. 

The protease activity was expressed in U/mL, defined as the amount of enzyme required to  

release 1 µmol of Tyrosine per minute under the assay conditions, with the absorbance standard of 

Tyrosine set at 0.1. The reaction was monitored for 60 minutes at a wavelength of 280 nm using a UV-

Vis spectrophotometer (Shimadzu UV-1900). 

2.7. Statistical analysis 

The experimental design followed a completely randomized structure with three replicates for 

each condition tested. Arithmetic means of triplicate values were calculated and plotted using Excel 

version 365. All experimental data underwent analysis of variance (ANOVA), and the means were 

compared using the Tukey test (P < 0.05) for significance analysis. T-tests analyzed differences in 

protease activity across temperatures. Statistical analyses were performed using Past        

software (version 4.03). Enzyme activity was calculated based on tyrosine equivalents released per 

minute. 
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3. Results 

3.1. Strain identification 

We focused on isolates with potential protease production capabilities. From the collected 

samples, 14 fungal isolates were selected based on specific criteria, including distinct morphological 

features such as pigmentation, colony texture, and growth patterns, as well as evidence of protease 

activity through agar-milk assays (Table 1). The selection process aimed to prioritize isolates 

demonstrating enzymatic potential rather than comprehensively representing the region’s fungal 

diversity. As a result, five genera, Curvularia Boedijn, Aspergillus P. Micheli ex Haller, Trichocladium 

Harz, Talaromyces C.R. Benj., and Penicillium Link, were identified among the selected isolates and 

subsequently analyzed for their protease production capacity. 

Table 1. Isolated fungal strains from aquatic environments in the Tapajós River Basin, 

Brazil: NCBI isolate accession numbers, % identity/similarity and reference accession 

numbers. 

Strain code NCBI best blast hits Identity % Ac. number 

NCBI ITS 

Ac. number NCBI 

28S 

UFOPA-

MI0005 

Aspergillus sydowii 100 MN413179.1 - 

UFOPA-

MI0054 

Curvularia lunata 100 GQ169765.1 - 

UFOPA-

MI0019 

Penicillium citrinum 99.8 LC514694.1 DI188008.1 

UFOPA-

MI0008 

Talaromyces sp.1 99.8 MK359011.1 - 

UFOPA-

MI0039 

Trichocladium arxii 100 MN733136.1 - 

The molecular identification of the fungal strains tested was performed through ITS sequencing, 

enabling precise taxonomic classification. Sequences alignments revealed that the 14 isolates belonged 

to five distinct genera: Curvularia, Aspergillus, Trichocladium, Talaromyces, and Penicillium. The 

internal transcribed spacer (ITS) region was used to molecularly identify all five tested genera, while 

the strain P. citrinum MI0019, which exhibited the highest enzymatic activity, was further analyzed 

using the 28S ribosomal RNA (rRNA) gene to achieve higher taxonomic resolution. P. citrinum 

UFOPA-MI0019 was identified with 99.8% sequence identity to reference strains. These results 

demonstrate the effectiveness of combining molecular techniques with morphological screening to 

identify fungal taxa with biotechnological potential. Figure 1 succinctly illustrates the macro and 

micromorphology of these isolates, providing valuable insights into their structural characteristics. 
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Figure 1. Macromorphology and Micromorphology of Filamentous Fungi Isolated from 

Aquatic Environments in Santarém, Pará, Brazil. Details of cultures on Potato Dextrose 

Agar (PDA) medium and micromorphological observations at 40x magnification: A-C: 

Curvularia lunata UFOPA-MI0054 (top and bottom views of the colonies); D-F: 

Aspergillus sp. UFOPA-MI0017 (top and bottom views of the colonies); G-I: 

Trichocladium arxii UFOPA-MI0039 (top and bottom views of the colonies); J-L: 

Talaromyces sp. UFOPA-MI0002 (top and bottom views of the colonies); and M-O: P. 

citrinum UFOPA-MI0019 (top and bottom views of the colonies). Scale bars:100 m. 

We aimed to identify the most proficient protease-producing fungi in aquatic environments of 

Santarém, Pará, Brazil. Therefore, measurements of degradation halo diameter, colony diameter, and 

enzymatic activity index (EAI) were performed for various fungal isolates. Table 2 presents a 

comprehensive summary of these measurements. 



169 

AIMS Bioengineering  Volume 12, Issue 1, 162–176. 
 

Table 2. Enzymatic Activity Index (EAI), halo and colony diameters for fungal isolate 

from aquatic environments in Santarém, Pará, Brazil. 

Specie Isolate code Halo 

diameter 

(mm) 

Colony 

diameter 

(mm) 

Enzymatic 

activity 

index 

(EAI) 

P. citrinum Thom  UFOPA-MI0019 12.0 ± 0.1 5.0 ± 0.5 2.45 ± 0.1 

Penicillium javanicum J.F.H. 

Beyma  

UFOPA-MI0001 20.0 ± 0.2 9.0 ± 0.1 2.22 ± 0.2 

Talaromyces sp.1  UFOPA-MI0008 15.0 ± 0.1 7.0 ± 0.1 2.14 ± 0.2 

Aspergillus sydowii (Bainier & 

Sartory) Thom & Church  

UFOPA-MI0005 19.1 ± 0.2 11.0 ± 0.1 1.75 ± 0.2 

Trichocladium arxi (Benny) 

X. Wei Wang & Houbraken i  

UFOPA-MI0039 15.1 ± 0.1 10.0 ± 0.1 1.5 ± 0.2 

Penicillium javanicus 

J.F.H.Beyma  

UFOPA-MI0047 27.0 ± 0.3 20.0 ± 0.2 1.35 ± 0.1 

Penicillium sp.1  UFOPA-MI0041 2.0 ± 0.1 1.6 ± 0.1 1.27 ± 0.1 

Curvularia lunata (Wakker) 

Boedijn  

UFOPA-MI0054 40.0 ± 0.4 34.0 ± 0.2 1.25 ± 0.2 

Talaromyces sp.2  UFOPA-MI0002 14.0 ± 0.1 12.0 ± 0.1 1.21 ± 0.2 

Aspergillus sp.1 UFOPA-MI0007 20.0 ± 0.2 16.0 ± 0.1 1.19 ± 0.1 

Penicillium sp.2  UFOPA-MI0038 0 5.0 ± 0.1 0.00 

Aspergillus sp.2 UFOPA-MI0017 0 5.0 ± 0.1 0.00 

Aspergillus sp.3 UFOPA-MI0015 0 5.0 ± 0.1 0.00 

Aspergillus sp.4  UFOPA-MI0045 0 5.0 ± 0.1 0.00 

Among the isolates, P. citrinum UFOPA-MI0019 exhibited a degradation halo diameter       

of 12 mm, colony diameter of 5 mm, and a the highest EAI (2.45). Similarly, P. javanicus UFOPA-

MI0001 and Talaromyces sp.1 UFOPA-MI0008 demonstrated substantial enzymatic activity, with 

EAI values of 2.2 and 2.14, respectively. Conversely, some isolates, such as Aspergillus sp.2 UFOPA-

MI0017, 0015, 0045, exhibited low protease activity. 

Figure 2 illustrates the kinetics of protease production by the isolate P. citrinum UFOPA-MI0019 

under solid-state fermentation using wheat bran as an agro-industrial substrate. At 25 °C, the enzymatic 

activity of P. citrinum UFOPA-MI0019 fluctuated over time, peaking at 72 hours before declining   

at 96 hours. The activity ranged from 158.0 U/mL at 48 hours to a peak of 227.6 U/mL at 72 hours. 

The variability in measurements was reflected in standard deviation values, which ranged        

from 19.88 U/mL at 48 hours to 25.80 U/mL at 72 hours, indicating consistency in the experimental 

setup. Statistical analysis using ANOVA revealed significant differences among time          

points (F = 5.8077, p = 0.021). Tukey’s post-hoc test identified significant differences specifically 

between 48 and 72 hours (p < 0.05), suggesting a sharp increase in enzymatic activity during this 

period. At 30 °C, enzymatic activity was consistently higher across all time points compared to 25 °C, 

with a notable peak at 72 hours. Activity ranged from 224.6 U/mL at 24 hours to a maximum        
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of 341.6 U/mL at 72 hours, followed by a decline to 256.0 U/mL at 96 hours. The standard deviation 

increased over time, from 14.97 U/mL at 24 hours to 28.80 U/mL at 96 hours, reflecting greater 

variability in measurements at later stages of fermentation. Statistical analysis using ANOVA 

confirmed significant differences among time points (F = 12.6917, p = 0.0026). Tukey’s post-hoc test 

revealed significant increases in enzymatic activity between 24 and 72 hours (p < 0.01), highlighting 

the progressive enhancement in protease production. Additionally, a significant decline in activity was 

observed between 72 and 96 hours (p < 0.05), indicating the end of the peak production phase. 

 

Figure 2. Kinetic profile of protease production by P. citrinum UFOPA-MI0019 isolated 

from the Tapajós River Basin, using wheat bran as a solid-state fermentation substrate. 

P. citrinum UFOPA-MI0019 was identified through sequencing of the ITS region, exhibiting 99,8% 

similarity with the type strains and confirmed by the 28S region, exhibiting 99% similarity with the 

type strain. Additionally, a detailed micromorphological study was conducted for species identification, 

revealing distinctive characteristics. Microscopic examination unveiled septate, hyaline (non-

pigmented) hyphae, and smooth-walled conidiophores featuring rather long stipes (100–300 µm) and 

a biverticillate structure. Metulae, arranged in whorls of 3–5 divergent structures, measured 

approximately 12–15 µm in length (Figure 1). These microscopic features are consistent with the 

identification of P. citrinum TYPE with accession numbers for the sequence being LC514694.1 (ITS) 

and DI188008.1 (28S). 

Notably, the maximum production of proteases (340 ± 30 U/mL) was observed at 72 hours of 

fermentation time, suggesting a critical time point for optimal enzyme synthesis under the specified 

conditions. Moreover, our findings underscore the pronounced influence of temperature on protease 

production, with higher temperatures (30 °C) generally correlating with elevated enzyme activity 
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levels compared to lower temperatures (25 °C), highlighting the temperature sensitivity of P. citrinum 

UFOPA-MI0019 in enzyme synthesis. 

4. Discussion 

The fungal genera identified, Curvularia, Aspergillus, Trichocladium, Talaromyces, and 

Penicillium, are well-documented for their roles in decomposing vegetative matter in aquatic   

systems [23–25]. Researchers confirm the presence of these genera in similar ecological niches, 

highlighting their ability to thrive in transient spore states while seeking suitable substrates for 

colonization [26,27]. Our findings align with the literature, reinforcing the expected ecological roles 

of these fungi as decomposers and transient colonizers in riverine environments [28]. 

The discussion on fungal identification methods provides strong support for the molecular 

approaches used in the present study [29]. The importance of the internal transcribed spacer (ITS) 

region as the primary DNA barcode for fungi was highlighted, particularly in metabarcoding and 

species-level identification. However, it is emphasized that the ITS alone may not always provide 

sufficient taxonomic resolution, advocating for the use of secondary DNA markers, such as 28S rRNA 

and other genomic regions, for a more precise classification. Our findings align with this 

recommendation, as the strain P. citrinum UFOPA-MI0019, which exhibited the highest enzymatic 

activity, was further analyzed using the 28S ribosomal RNA (rRNA) gene, achieving 99.8% sequence 

identity with reference strains. This multi-locus approach ensured a more accurate taxonomic 

classification, reinforcing the need for integrative methods that combine sequence alignment and 

multiple genetic markers to enhance fungal identification. 

It was possible to identify and quantify protease production among fungal isolates from the 

Tapajós River Basin, highlighting significant variability in enzyme activity. Notably, P. citrinum 

UFOPA-MI0019 emerged as a standout performer, exhibiting an Enzymatic Activity Index (EAI)   

of 2.4 ± 0.1, indicative of its potent protease production capabilities [30]. This high level of enzyme 

activity underscores the potential of selected fungal strains to contribute to biotechnological 

applications, particularly in the degradation of protein-rich substrates like wheat bran [31]. 

Among the strains tested, P. citrinum UFOPA-MI0019 demonstrated the highest protease 

production. Comparatively, researchers have identified other prolific protease producers, such as 

Bacillus species [32]. The comparison of protease indices is complicated by varying methodologies 

across studies, which affects the direct comparability of enzymatic activity levels. Nonetheless, the 

EAI observed in our study is notably high, suggesting an efficient protease production by P. citrinum 

UFOPA-MI0019 under our experimental conditions [31]. 

Protease production peaked at 72 hours for P. citrinum UFOPA-MI0019, a finding consistent 

with the literature, which suggests that early enzyme production is crucial for the initial stages of 

substrate degradation [33]. This optimal timeframe aligns with the degradation requirements for wheat 

bran, a protein-rich, economically viable substrate for solid-state fermentation. 

The selection of 25 °C and 30 °C as incubation temperatures provided critical insights into the 

thermal dependence of protease production by P. citrinum UFOPA-MI0019. The higher activity 

observed at 30 °C aligns with earlier reports, such as those by Haq et al. [21], indicating that fungal 

proteases typically exhibit peak production at temperatures around 30 °C. This suggests that metabolic 
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processes involved in enzyme synthesis are most efficient at this temperature. Conversely, the reduced 

activity at 25 °C highlights the temperature sensitivity of the protease production process, emphasizing 

the importance of maintaining optimal conditions for industrial applications. 

The maximum protease production at 30 °C highlights the importance of optimizing temperature 

conditions in enzymatic processes [33]. This result is consistent with the broader search for 

thermotolerant proteases that can operate efficiently under varying industrial conditions. Our findings 

contribute to this ongoing research, emphasizing the need for enzymes that maintain stability and 

activity at higher temperatures [34]. 

The results of statistical analyses reinforce the reliability of the measures obtained. The 

application of the Tukey test allowed to identify significant differences between the conditions tested, 

providing greater robustness to the conclusions about the proteolytic activity of the demonstrated strain. 

The limitations of this study include the low number of species tested, which does not fully 

represent the environmental diversity, and the challenges associated with comparing our results with 

other studies due to the absence of standard enzymes for industrial potential comparison [35,36]. To 

establish P. citrinum UFOPA-MI0019 as a definitive candidate for industrial applications, researchers 

should focus on large-scale fermentation trials, stability assays under industrial conditions, and testing 

across a broader range of substrates. These steps will provide the necessary statistical and empirical 

support to validate its suitability for industrial use [37–39]. By addressing these gaps, future research 

will contribute significantly to leveraging Amazonian biodiversity for innovative enzyme technologies. 

5. Conclusions 

We successfully isolated and identified 14 fungal strains from aquatic environments in the 

Tapajós River Basin, representing five genera: Curvularia, Aspergillus, Trichocladium, Talaromyces, 

and Penicillium. Among these, five isolates exhibited protease production, with P. citrinum UFOPA-

MI0019 demonstrating the highest enzymatic activity. The protease production kinetics of P. citrinum 

UFOPA-MI0019 under solid-state fermentation showed peak activity at 340 ± 30 U/mL after 72 hours 

at 30 °C, followed by a decline at 96 hours. This pattern indicates that enzymatic activity is influenced 

by fermentation time and temperature, with 30 °C supporting significantly higher production      

than 25 °C. The key factors influencing protease production in the identified species include their 

ability to utilize wheat bran efficiently, an agro-industrial substrate, and their capacity for high 

enzymatic yield under optimized conditions. These findings underscore the biotechnological potential 

of Amazonian fungi for enzyme production and sustainable organic waste biotransformation. To 

establish P. citrinum UFOPA-MI0019 as a viable candidate for industrial applications, researchers 

should focus on scaling up fermentation processes, evaluating enzyme stability under industrial 

conditions, and utilizing additional molecular markers to enhance species identification and assess the 

genetic basis of protease synthesis. 
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