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Abstract


Edible mushrooms are an underexplored source of industrial proteases, whose synthesis is highly dependent on the cultivation substrate. This study investigated the effect of nine culture media on the proteolytic profiles of Auricularia sp., Lentinus sp., Macrocybe sp., and Grifola frondosa. Fungi were cultivated on diverse media (e.g., Czapek, Malt, Soy Flour). We analyzed total protein, specific activities (total, cysteine, serine proteases) using a biochemical assay, and protein secondary structure via FTIR, with metabolic patterns identified by PCA. A dissociation was found between total protein yield (highest in MFI/Casein media) and specific activity (highest in maltose media), suggesting catabolite repression. Distinct metabolic strategies emerged: Grifola frondosa specialized in serine protease production in the minimal Czapek medium (catabolic derepression), while Macrocybe sp. maximized cysteine protease production on soy flour (substrate induction). FTIR confirmed this, revealing a β-sheet-dominant (75.5%) structure for Grifola extract versus a random-coil-dominant (60.8%) structure for Macrocybe. This study provides a framework for mechanism-based bioprocess design, enabling the tailored production of serine proteases from G. frondosa (Czapek medium) or cysteine proteases from Macrocybe sp. (soy medium) for customized biotechnological applications.
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1. Introduction


Edible mushrooms, in addition to being a food source rich in minerals and bioactive compounds, also stand out as potential producers of industrially relevant macromolecules. Among these macromolecules, proteolytic enzymes (proteases) are particularly prominent due to their high biocatalytic efficiency and significant advantages over chemical catalysts, such as lower energy demand and high substrate specificity, which make them indispensable in several industrial processes, including baking, meat tenderization, and dairy manufacturing [1,2]. Proteases account for approximately 60% of the global enzyme market, with estimates projecting revenues of USD 11.42 billion by 2030 [3]. The substantial global production of mushrooms, whose market value reached USD 62.2 billion in 2023, highlights the potential of these organisms as sustainable sources for protease production [4,5].



The biosynthesis and secretion of proteases in fungi are highly sensitive to external conditions. Previous research has demonstrated that modifying carbon and nitrogen sources can significantly increase the total protease yield in well-studied species such as Pleurotus sajor-caju [6]. This metabolic regulation can be divided into two distinct mechanisms: catabolic repression, mediated by factors such as CreA/CreB, represses the expression of protease genes in the presence of easily assimilable carbon sources (e.g., glucose), limiting the production of certain enzyme classes, and substrate-mediated induction, which occurs when specific proteins or peptides in the medium activate the expression of protease genes. However, the substrate specificity required to induce distinct enzyme classes (e.g., serine versus cysteine proteases) is not fully elucidated, especially in non-model species [7,8].



In the literature, most research aims to optimize production to obtain maximum yield; few studies seek to manipulate culture media to intentionally target the expression of specific classes of proteases. This targeted production is essential for the development of customized biotechnological ingredients. To address this issue, it is necessary to examine the influence of regulatory mechanisms in underexplored fungal species [9,10].



Despite this potential, the commercial and scientific exploration of mushrooms has been largely restricted to a limited group of species, such as Agaricus bisporus, Lentinula edodes, and Pleurotus spp. Consequently, other edible and medicinal species, including Auricularia sp., Grifola frondosa, Lentinus sp., and Macrocybe sp., remain underexplored regarding their protein composition and enzymatic profile. It is well established that the chemical composition of macrofungi, including enzyme synthesis and activity, is strongly influenced by factors such as the nature and composition of the mushroom cultivation substrate [11,12]. These responses are governed by complex metabolic regulatory mechanisms, such as catabolite repression by simple sugars and substrate induction by proteins. While the definitive analysis of these mechanisms requires molecular tools, they can be inferred through the strategic comparison of specific enzymatic profiles under nutritionally diverse culture conditions. In this context, the present study aimed to investigate the effect of different culture media on the total protein production and proteolytic enzyme activity in underexplored mushroom strains, with the goal of prospecting new food ingredients of biotechnological interest and establishing a mechanism-based bioprocess design framework.




2. Materials and Methods


2.1. Biological Material and Fungal Growth


The Amazonian species Auricularia sp., Lentinus sp. and Macrocybe sp., together with the commercial strain Grifola frondosa, were obtained from the active culture collection maintained at the Laboratory of Edible Fungi Cultivation of the National Institute for Amazonian Research (LCFC-INPA). All strains were maintained on potato dextrose agar (PDA) (Kasvi, Curitiba, PR, Brazil) at 25 °C.



Nine culture media were used to evaluate the fungal protein profile: Casein Agar (CA), Czapek Dox Agar (CDA), Malt Extract Agar (MEA), Malt Yeast Sucrose Agar (MYSA), Oat Flakes Agar (OFA), Potato Dextrose Agar (PDA), Soy Flour Agar (SFA), Specific medium for fibrinolytic proteases (MFI), and specific medium for proteases (MILK) [13]. After autoclaving and solidification in Petri dishes (90 mm × 15 mm), fungal mycelial disks (Ø = 7 mm) were inoculated at the center of each plate and incubated at 25 °C for 7 days, or until the mycelial growth reached the maximum area (8.0 cm2), at which point extraction was performed [14].




2.2. Protein Extraction


Fungi grown in different culture media were frozen at −20 °C for 4 h. Subsequently, the samples were centrifuged (Sorvall Lynx 4000 centrifuge, Thermo Scientific, Waltham, MA, USA) at 15.000× g for 10 min at 10 °C to obtain the supernatants containing the proteins of interest. Protein quantification of the extracts was performed according to the classical methods described by Bradford (Sigma-Aldrich, St. Louis, MO, USA) [15] and Lowry [16].




2.3. Characterization of Protein Extracts


Total proteolytic activity was adapted for a 96-well plate using azocasein as a substrate [17]. Samples were incubated with dithiothreitol (DTT 3 mM) (Sigma-Aldrich, St. Louis, MO, USA), sodium acetate buffer (50 mM, pH 5.0) (Synth, Diadema, SP, Brazil) and EDTA (2 mM) ethylenediaminetetraacetic acid (EDTA 2 mM) (Sigma-Aldrich, St. Louis, MO, USA) for 10 min at 25 °C. Subsequently, azocasein (1%) (Sigma-Aldrich, St. Louis, MO, USA) was added, and incubation proceeded at 37 °C for 1 h. The reaction was stopped by adding TCA (20%) (Synth, Diadema, SP, Brazil), followed by centrifugation at 8680× g for 10 min. The resulting supernatants were neutralized with NaOH (2 M) (Biotec Reagentes, Pinhais, PR, Brazil), and absorbance readings were taken at 420 nm. Enzymatic activity was expressed as units of activity per milligram of protein (UA/mg of protein), where on unit (1 UA) was defined as the amount of enzyme required to produce an increase of 0.01 in absorbance at 420 nm [18].



Cysteine protease activity was determined using the synthetic substrate BANA (N-benzoyl-DL-arginine β-naphthylamide hydrochloride) (Sigma-Aldrich, St. Louis, MO, USA) and the chromogenic reagent DMACA (p-dimethylaminocinnamaldehyde) (Sigma-Aldrich, St. Louis, MO, USA) [19]. The reaction products were quantified spectrophotometrically at 540 nm, and the results were expressed in activity units (UA). One unit of activity (1 UA) was defined as the amount of enzyme required to produce an increase of 0.01 in absorbance at 540 nm under the assay conditions [18].



Serine protease activity was determined using the chromogenic substrates BAPNA (N-benzoyl-DL-arginine-p-nitroanilide hydrochloride) (Sigma-Aldrich, St. Louis, MO, USA) and BTPNA (benzoyl-L-tyrosine-p-nitroanilide) (Sigma-Aldrich, St. Louis, MO, USA), specific for trypsin- and chymotrypsin-like enzymes, respectively [20]. The reaction products were quantified at 405 nm using a microplate reader (Synergy H1, Biotek Instruments, Winooski, VT, USA), and enzymatic activity was expressed in activity units (UA), defined as an increase of 0.01 in absorbance under the assay conditions [18].



Protein extracts were characterized by Fourier Transform Infrared Spectroscopy (FTIR), with spectra recorded in the range of 4000 to 400 cm−1 using an FTIR-ATR spectrometer (Agilent Cary 630,Agilent Technologies, Santa Clara, CA, USA). This analysis aimed to identify the characteristic groups of proteins present in the extracts. It was chosen because it is a fast, non-destructive, and widely accepted method for characterizing the secondary structure of macromolecules in complex and crude biological extracts.




2.4. Statistical Analysis


All biochemical assays were conducted in triplicate, and the results were expressed as mean ± standard deviation (SD). Statistical differences between the group means (culture media and fungal species) were evaluated by Analysis of Variance (ANOVA). The assumptions of normality of residuals and homogeneity of variances were previously verified by the Shapiro–Wilk and Levene’s tests, respectively. When significant differences were detected by ANOVA, the Tukey HSD (Honest Significant Difference) post hoc test was applied to perform multiple pairwise comparisons. A significance level of α = 0.05 was adopted for all tests, and p-values < 0.05 were considered statistically significant.



To explore the multivariate relationships and identify patterns within the dataset, Principal Component Analysis (PCA) and hierarchical clustering analysis with heatmap visualization were employed. For both analyses, the data matrix containing the means values of the variables was autoscaled (standardized to a mean of zero and a standard deviation of one) to ensure equal weighting of all variables in the modeling process. The heatmap was constructed using Euclidean distance as the dissimilarity metric and Ward’s hierarchical clustering method. All statistical analyses and graphical outputs were performed in the R software environment (Version: 2025.05.1+513), with the stats, ggplot2, ggridges, and pheatmap packages.





3. Results


Both the fungal species and the chemical composition of the culture medium significantly influenced the production of extracellular biomolecules (Table 1). Analysis of variance (ANOVA) revealed a strong effect of the medium type on protein production (F(8.96) = 22.98, p < 0.001). The Tukey post hoc test indicated that the MFI (3.92 ± 0.07 mg/mL) and casein (2.23 ± 0.02 mg/mL) media promoted significantly higher protein synthesis compared with the other media evaluated (p < 0.05).



The results of the specific proteolytic activity analysis (U/mg of protein) shown in Table 1 and Figure 1 indicate no correlation. Although the MFI and casein media yielded highest total protein levels, the greatest specific activity was observed in media containing maltose (p < 0.05). Among the species analyzed, Grifola sp. emerged as the most potent producer of highly efficient enzymes (F(3.96) = 8.13, p < 0.001), significantly outperforming the other fungi in this characteristic (Table 1).



To visualize complex multivariate patterns, a hierarchical clustering heatmap was generated (Figure 1). This analysis revealed distinct visual clusters based on metabolic strategies, such as the pronounced clustering of high serine protease activity (BAPNA, BTPNA) for Grifola in the Czapek medium. To confirm and statistically quantify the metabolic segregation observed in the heatmap, a Principal Component Analysis (PCA) was performed (Figure 2). The first two principal components (PC1 and PC2) accounted for 54.1% of the total data variance, confirming a clear segregation of genera based on their metabolic responses.



The PCA results quantitatively reinforced the visual trends observed in the heatmap. A distinct cluster formed by Grifola showed a strong correlation with serine protease activity (BTPNA and BAPNA), which was positioned on the left side of PC1. This clear separation supports the hypothesis of metabolic derepression under nutritional stress, highlighting it as the predominant metabolic strategy for this genus. In contrast, the positioning of Macrocybe was associated with cysteine protease production, visually confirming the substrate induction hypothesis. The considerable overlap between the Lentinus and Macrocybe clusters further suggests a high degree of similarity in their overall proteolytic profiles compared to the highly specialized Grifola. This multivariate analysis emphasizes that the fungus–substrate interaction influences not only production yield but also defines a distinct enzymatic signature, enabling the targeted production of specific enzyme classes through the strategic selection of fungal species and cultivation substrates.



To assess the potential industrial relevance of the extracts obtained, caseinolytic activity was evaluated on solid media (Table 2). The results confirm the proteolytic capacity of Grifola frondosa, which produced the largest hydrolysis zone (24.50 mm2) in the MILK medium after 24 h, compared to the other extracts. Macrocybe sp. also displayed substantial activity, particularly in the soy flour medium (17.90 mm2), highlighting its efficiency in degrading plant-derived protein substrates. This plate assay provides clear visual evidence of the high enzymatic potency secreted by these selected strains.



To analyze the secondary structure of the secreted proteins, FTIR analysis was performed (Figure 2 and Table 2). The spectra of all fungal extracts showed characteristic protein bands. A broad band was observed in the range 3500–3200 cm−1, attributed to N–H and O–H stretching vibrations. The characteristic Amide I (C=O stretching), Amide II (N–H bending), and Amide III (C–N stretching and N–H bending) bands were identified around 1650–1630 cm−1, 1550–1530 cm−1, and 1242 cm−1, respectively (Table 3).




4. Discussion


The influence of substrate composition and nutrient bioavailability was evidenced by the superior performance of the MFI medium, where the synergistic effect between a readily assimilable carbon source (glucose) and a pre-hydrolyzed nitrogen source (soy peptone) likely promoted enhanced protein biosynthesis and secretion [21,22]. These results align with previous reports for Aspergillus sp., Lentinus villosus, and Pleurotus sajor-caju, in which peptone and glucose were also identified as optimal sources for protein and protease production, respectively [23,24,25]. Similarly, the high protein secretion observed in the medium containing casein reinforces the concept of substrate induction, whereby the presence of the target protein (casein) stimulates the secretion of the enzymatic machinery necessary for its hydrolysis [26].



In addition to the substrate, the fungal species itself was a significant factor influencing proteinogenesis (F(3.96) = 4.50, p = 0.005). Macrocybe sp. presented a higher protein yield (0.16 mg/mL) compared to Lentinus sp. (p = 0.004). However, an important finding of this study was the dissociation between the total amount of secreted protein and the specific enzymatic activity. This indicates that strategies aimed at maximizing total protein synthesis do not necessarily lead to increased production of specific biocatalysts of interest, highlighting that the fungus–substrate interaction determines not only the quantity but also the composition of the secretome [27].



The biomolecule production by Grifola frondosa has been widely reported, with emphasis on polysaccharides and their medicinal properties, whereas few studies have focused on optimizing substrate conditions to maximize enzymatic yield for industrial applications. Therefore, the higher enzymatic activity (U/mg protein) obtained for G. frondosa in this study indicates a more efficient and specific enzymatic extract, which may simplify and reduce the costs of subsequent purification processes [28].



The results also indicate that substrate selection is crucial for maximizing enzyme production. The superiority of maltose over glucose-rich media (such as MFI) in inducing specific activity suggests a catabolite repression mechanism. Glucose, being a readily assimilable monosaccharide, often represses the expression of enzymes required for the utilization of more complex substrates. In contrast, the disaccharide maltose may induce the secretion of a broader and functionally active set of enzymes necessary for its hydrolysis, a phenomenon also observed in other fungal systems [29,30].



Regarding the synthesis of specific enzymes, Grifola sp. exhibited marked specialization in the production of serine proteases, indicating that this is the predominant class in its secretome under the tested conditions. This specialization in Czapek medium, composed solely of inorganic nitrogen and sucrose, is particularly noteworthy, as it suggests a catabolic derepression mechanism in which the fungus, under nutritional stress, activates the expression of highly efficient “scavenging” enzymes (serine proteases) to hydrolyze any available protein residues [31]. This inference of distinct regulatory strategies is structurally supported by the FTIR results (Table 3), which reveal fundamentally different architectures between the secreted proteins. Meanwhile, cysteine protease production was higher in Macrocybe sp., with the greatest activity observed in the soy flour-based medium (SFM).



A substrate-induced regulation mechanism was evident in Macrocybe sp., where the presence of plant-derived proteins in soy flour acted as a biochemical signal promoting the synthesis of specific hydrolytic enzymes, namely cysteine proteases, optimized for the degradation of such substrates. This response aligns with previous reports describing the induction of papain-like cysteine proteases in fungi such as Aspergillus sp. when exposed to plant-based materials [32]. Meanwhile, Auricularia sp. and Lentinus sp. displayed a more heterogeneous enzymatic pattern with lower overall activity, indicating a generalized proteolytic strategy rather than substrate-specific adaptation, as observed in the more specialized Grifola and Macrocybe species.



The presence and definition of these amide bands are characteristic signatures of peptides and proteins, confirming the nature of the analyzed extracts. The Amide I band is particularly important, as it is highly sensitive to the protein secondary structure, such as α-helices and β-sheets [33,34]. Moreover, the FTIR results provided structural validation of the quantitative data. The spectra of Macrocybe extracts showed markedly higher intensities in the Amide I and II bands, particularly in the MFI and Casein media, consistent with the higher total protein concentrations previously determined by the Lowry and Bradford methods (Table 1). In contrast, Lentinus extracts displayed weaker bands, correlating with their lower protein yield. This analysis strongly supports the conclusion that the fungus–substrate interaction not only determines the amount of secreted protein but also influences the conformational characteristics and types of enzymes produced.



In addition to validating protein quantity, the deconvolution of the Amide I band provided structural evidence consistent with the inferred regulatory mechanisms (Table 3). The extracts of Grifola frondosa (Czapek medium), rich in serine proteases (inferred catabolic repression), exhibited a highly ordered structure dominated by β-sheets (75.5%). This high β-sheet content is characteristic of many stable fungal proteases and is often associated with the structural core of trypsin-like enzymes. In contrast, the extract of Macrocybe sp. (soy flour medium), rich in cysteine proteases (inferred substrate induction), was predominantly composed of random coil structures (60.8%). We recognize that the FTIR spectrum reflects the overall secreted protein pool and electrophoresis (SDS-PAGE or Zymography) is necessary for the accurate determination of the molecular mass and number of protease isoforms; however, the observed structural divergence serves as a crucial qualitative validation.



This suggests a less rigid and more flexible protein conformation or potentially the presence of a heterogeneous mixture of smaller peptides and proteins lacking a defined secondary structure. Such structural divergence reinforces the idea that the two fungi produce not only different enzyme classes but also proteins with fundamentally distinct architectures and potential stabilities, corroborating the conclusions obtained from the enzymatic activity assays. Further electrophoretic analyses will be performed to confirm the relative purity and molecular mass of the proteases induced under each condition.



The main biotechnological benefit of this study lies in the ability to customize the protease profile (serine or cysteine) by altering the culture medium. This method represents an industrial competitive advantage, allowing the production of customized enzyme cocktails. Grifola extracts (rich in serine proteases) can be applied in milk coagulation and the production of protein hydrolysates with functional and bioactive properties (such as antihypertensive activity and allergenicity reduction) [35,36,37]. Macrocybe extracts (rich in cysteine proteases) are ideal as alternatives to papain for meat tenderization and beer clarification [38]. Furthermore, the use of underexplored edible fungi confers an advantage in terms of regulatory and market acceptance.




5. Conclusions


This study expands the understanding of fungal biochemistry with direct relevance to food chemistry, providing a framework for the tailored production of enzymatic cocktails. The implications are straightforward: (I) for the production of a robust cocktail of serine proteases (including trypsin-like and chymotrypsin-like activities) with potential for complex hydrolysis or bioactive peptides generation, cultivation of Grifola sp. in minimal Czapek medium represents the most effective strategy; (II) for obtaining cysteine proteases analogous to enzymes such as papain, Macrocybe sp. grown on soy-based substrates is a promising system; (III) for crude extracts exhibiting broad general proteolytic activity aimed at co-product valorization, Grifola sp. cultivated in malt medium is ideal. This work represents a transition from empirical screening to mechanism-based bioprocess design, a critical step toward the development of biotechnological food ingredients with customized functionalities.
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	LCFC
	Laboratory of Edible Fungi Cultivation



	INPA
	National Institute for Amazonian Research



	PDA
	Potato Dextrose Agar



	CA
	Casein Agar



	CDA
	Czapek Dox Agar



	MEA
	Malt Extract Agar



	MYSA
	Malt Yeast Sucrose Agar



	OFA
	Oat Flakes Agar



	SFA
	Soy Flour Agar



	MFI
	Specific medium for fibrinolytic proteases



	MILK
	Specific medium for proteases



	DTT
	Dithiothreitol



	EDTA
	Ethylenediaminetetraacetic acid



	TCA
	Trichloroacetic acid



	NaOH
	Sodium hydroxide



	UA
	Activity unit



	BANA
	N-benzoyl-DL-arginine β-naphthylamide hydrochloride



	DMACA
	p-dimethylaminocinnamaldehyde



	BAPNA
	N-benzoyl-DL-arginine-p-nitroanilide hydrochloride



	BTPNA
	benzoyl-L-tyrosine-p-nitroanilide



	FTIR
	Fourier Transform Infrared Spectroscopy



	FTIR-ATR
	Attenuated Total Reflection Fourier-Transform Infrared



	SD
	Standard deviation



	ANOVA
	Analysis of Variance



	HSD
	Honest Significant Difference



	PCA
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Figure 1. Hierarchical clustering and heatmap of fungal enzymatic activities. The activity values for each assay were normalized using a row-wise Z-score to allow for comparison. Hierarchical clustering was applied to group both the enzymatic assays (rows) and the fungus-medium combinations (columns) based on their activity profiles. The color scale represents the relative activity, from low (blue) to high (red). Row annotations on the left categorize the assays by enzyme class. 
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Figure 2. Principal Component Analysis (PCA) of the enzymatic profile of four fungal genera. The score plot illustrates the distribution of the samples, where each data point represents the enzymatic profile of a specific fungal species grown in one culture medium condition, based on the enzymatic variables. The groups are represented by Auricularia (red circles), Grifola (blue circles), Lentinus (green circles), and Macrocybe (purple circles). The axes represent the first two principal components (Dim1 and Dim2), which explain 33.7% and 20.4% of the total data variation, respectively. The vectors (arrows) indicate the contribution and correlation of each original variable (enzymatic activities and protein quantification) with the components. The ellipses represent the 95% confidence interval for each group. 
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Table 1. Effects of culture medium and fungal species on total protein production and specific proteolytic activities. Significant differences between groups are denoted by the symbols “>” (greater than) and “<” (less than), indicating relative differences among treatment means.
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Variable

	
Factor

	
F Statistic (df)

	
p-Value

	
Significant Differences in Culture Media (Tukey)

	
Main Finding






	
Proteins (Lowry)

	
Medium

	
F(8.96) = 22.98

	
<0.001

	
MFI > CA > SFA > Mysa > OFA

	
MFI promotes greater protein production




	
Proteins

(Bradford)

	
Mushroom

	
F(3.96) = 4.50

	
0.005

	
Macrocybe > Lentinus

	
Interspecies differences




	
Total

Proteases

	
Mushroom

	
F(3.96) = 8.13

	
<0.001

	
Grifola > Auricularia; Macrocybe < Grifola

	
Grifola is the most productive




	
Medium

	
F(8.96) = 6.46

	
<0.001

	
Malte > MFI > SFA > OFA; CDA inhibits

	
Malt is the most efficient medium




	
Serine

proteinases

(BTPNA)

	
Mushroom

	
F(3.96) = 4.60

	
0.005

	
Grifola > Auricularia; Grifola > Lentinus

	
Grifola produces more

serine proteases




	
Medium

	
F(8.96) = 3.98

	
<0.001

	
CDA > SFA ≈ MFI > OFA

	
Czapek stimulates serine

proteinases




	
Serine

proteinases

(BAPNA)

	
Mushroom

	
F(3.96) = 8.31

	
<0.001

	
Grifola > Auricularia; Grifola > Macrocybe

	
Grifola dominates production




	
Medium

	
F(8.96) = 6.82

	
<0.001

	
CDA > SFA ≈ MEA

	
Czapek stimulates serine

proteinases




	
Cysteine

proteinases

(BANA)

	
Mushroom

	
F(3.96) = 18.67

	
<0.001

	
Macrocybe > Auricularia;

Lentinus < Macrocybe

	
Macrocybe excels in cysteine

proteases




	
Medium

	
F(8.96) = 2.96

	
0.005

	
SFA > Mysa ≈ CA

	
Soybean flour favors cysteine proteases








Note: CA: Casein Agar; CDA: Czapek Dox Agar; MEA: Malt Extract Agar; MFI: Specific medium for fibrinolytic proteases; Mysa: Malt Yeast Sucrose Agar; OFA: Oat Flakes Agar; SFA: Soy Flour Agar; BAPNA: Nα-Benzoyl-DL-arginine 4-nitroanilide hydrochloride; BTPNA: benzoyl-L-tyrosine-p-nitroanilide; BANA: Nα-Benzoyl-DL-arginine β-naphthylamide hydrochloride.













 





Table 2. Proteolytic (caseinolytic) activity of crude extracts from macrofungi grown in different media, evaluated by the casein agar hydrolysis zone assay. Values represent the hydrolysis zone area (mm2, mean ± standard deviation) after 16 and 24 h of incubation at 37 °C.
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Species

	
Culture

Media

	
Area (mm2)




	
16 h

	
24 h






	
Lentinus

	
PDA

	
9.30 ± 0.00

	
13.05 ± 3.89




	
MEA

	
10.70 ± 0.00

	
12.2 ± 0.14




	
MILK

	
10.45 ± 0.21

	
15.8 ± 0.28




	
MYSA

	
14.80 ± 0.00

	
14.8 ± 0.00




	
Auricularia

	
OFA

	
4.30 ± 0.00

	
4.3 ± 0.00




	
SFA

	
11.95 ± 0.07

	
14.55 ± 0.07




	
MEA

	
9.20 ± 0.00

	
9.55 ± 0.07




	
MFI

	
9.50 ± 0.00

	
10.2 ± 0.00




	
MILK

	
8.35 ± 0.07

	
9.65 ± 0.21




	
MYSA

	
7.65 ± 0.07

	
7.65 ± 0.07




	
Grifola frondosa

	
PDA

	
0.00 ± 0.00

	
11.40 ± 0.42




	
CA

	
10.20 ± 0.00

	
10.20 ± 0.00




	
MILK

	
15.45 ± 0.00

	
24.50 ± 0.07 *




	
Macrocybe

	
OFA

	
7.20 ± 0.00

	
7.20 ± 0.00




	
CA

	
9.75 ± 0.00

	
9.75 ± 0.00




	
SFA

	
13.95 ± 0.00

	
17.90 ± 0.28




	
MEA

	
7.20 ± 0.00

	
7.20 ± 0.00




	
MILK

	
10.10 ± 0.07

	
10.10 ± 0.07








Activity is expressed as the area of the clarification halo (total halo area minus the well area), calculated from diameter measurement. Higher values indicate greater proteolytic activity of the crude extract against casein. PDA = Potato Dextrose Agar; Malt = Malt Agar; MILK = Specific medium for proteases (MILK/SP medium); MYSA = Malt Yeast Sucrose Agar; OFA = Oat Flakes Agar; MEA = Malt Extract Agar; SFA = Soy Flour Agar; Casein = Casein Agar; MFI = Specific medium for fibrinolytic proteases. * = extract with significant activity.













 





Table 3. Percentage distribution of protein secondary structure components in crude extracts of Grifola frondosa (grown in Czapek medium) and Macrocybe sp. (grown in soybean flour medium), determined by deconvolution of the FTIR spectrum in the amide I region (1600–1700 cm−1).
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Structure

	
Position (cm−1)

	
Percentage (%)




	
Grifola

	
Macrocybe

	
Grifola

	
Macrocybe






	
β-sheet

	
1628.6

	
1623.4

	
75.5

	
20.2




	
α-helix

	
1656.4

	
-

	
19.1

	
-




	
Turns

	
1678.0

	
1673.2

	
5.4

	
18.9




	
Random coil

	
-

	
1645.0

	
-

	
60.8








Spectral deconvolution was performed by fitting Gaussian curves using the nonlinear least squares algorithm (minpack.lm package in the R environment). The assignment of vibrational modes to secondary structure elements followed the convention established in the literature: β-sheets (1620–1640 cm−1), α-helices (1645–1655 cm−1), turn-type structures (1660–1680 cm−1) and random coils (~1645 cm−1). The contribution of each component was calculated from the integrated area under each Gaussian curve normalized by the total area of the deconvoluted spectrum.
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