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Abstract: In the search for new alternatives for controlling parasitic agents, proteases
from Beauveria bassiana stand out. The aim of this study was to evaluate in silico and
in vitro the ovicidal potential of B. bassiana proteases on Eurytrema pancreaticum Janson,
1889 (Dicrocoeliidae) eggs. Beauveria bassiana Bals. -Criv., 1835 (Cordycipitaceae) (IP 361)
was cultivated for enzymatic production. Proteins were precipitated with acetone (1:4 ratio),
and specific activity was determined. Protease profiles were assessed via zymography,
and inhibition by phenylmethylsulfonyl fluoride (PMSF) and ethylenediaminetetraacetic
acid (EDTA) was tested. Three-dimensional models of the proteases were generated.
Eurytrema pancreaticum eggs were used for the in vitro anthelmintic evaluation of the
proteases. The results showed that precipitation significantly concentrated proteolytic
activity (p < 0.01) compared to the crude extract. However, no chitinase activity was
detected. The proteolytic profile of the precipitate revealed five bands with molecular
weights from 25.6 to 66.9 kDa. In the in vitro tests, the proteases significantly (p < 0.01)
reduced the number of intact E. pancreaticum eggs by 53% compared to the control with
denatured enzymes. These findings highlight the ovicidal potential of B. bassiana proteases,
though further studies are needed to confirm their application in parasite control.

Keywords: entomopathogenic fungus; protease; eurythrematosis; 3D structure; zymogram

1. Introduction
Advances in the global industry and in-depth knowledge of enzymes have boosted

their use in the creation of high-quality products, such as bioinsecticides, making them rele-
vant tools in biological control [1]. Enzymes, biological catalysts found in all living things,
are taking on a crucial role in green chemistry as promising tools for more sustainable and
economically viable industrial processes, given their high specificity and efficiency [2–4].

Entomopathogenic fungi are well-established biological control agents that are grad-
ually replacing synthetic chemicals in pest control due to their biocontrol and enzyme
production capabilities [5,6]. As a result, many studies have been dedicated to the potential
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of various entomopathogenic fungi for the production of important enzymes and other
metabolites, with Beauveria bassiana standing out [7–9]. The main enzymes produced by
B. bassiana are lipases (EC 3.1.1.3), proteases (EC. 3.4), and chitinases (EC 3.2.1.14) [10,11].

Proteases, hydrolytic enzymes that catalyze the cleavage of proteins into smaller
peptide chains and amino acid groups, are important due to their physicochemical proper-
ties, mechanisms of action, and fundamental participation in physiological processes in
biological control [12–14].

The action of extracellular proteases is a crucial factor in the infection of ento-
mopathogenic fungi such as B. bassiana in arthropods. In this context, the most frequently
studied proteolytic enzymes for this fungus are the subtilisin-like serine protease Pr1 and
the trypsin-like protease Pr2 [13,15]. Although the nematicidal activity of B. bassiana has
been known since the 1990s, the action of its proteases has been demonstrated recently on
infective larvae (L3) of the nematode Haemonchus spp. [16]. Thus, new scientific aspects
could be outlined, opening up the possibility for an anthelmintic action of proteases from
this fungus. However, there are no reports in the literature about the interaction of this
fungus and its metabolites and helminth eggs.

The genus Eurytrema belongs to the family Dicrocoeliidae, class Trematoda, which in-
cludes the main parasites of the pancreatic ducts of ruminants [17]. Bovine eurythrematosis
is associated with a drop in the productive performance of animals and also leads to losses
in the insulin extraction industry, as it causes the pancreas to be identified as problematic
during routine inspections [18–20]. The literature describes that the problems caused by
this helminth are irreversible. In addition, effective anthelmintic drugs against Eurytrema
are unknown [21,22]. Reports of this disease in humans have also been described [23,24].

Thus, the aim of this study was to characterize in silico and in vitro the ovicidal
potential of B. bassiana proteases on E. pancreaticum eggs.

2. Materials and Methods
2.1. Obtaining and Extracting Extracellular Enzymes

The isolate IP 361 of B. bassiana s.l. used in this study was kindly provided by Pro-
fessor Christian Luz. Beauveria bassiana s.l. The isolate was first isolated in 2010 from
Amblyomma sculptum Berlese, 1888 (Ixodidae) adults in Central Brazil. This fungus belongs
to the collection of the Invertebrate Pathology Laboratory of the Institute of Tropical Pathol-
ogy and Public Health (IPTSP) of the Federal University of Goiás. It was grown in Petri
dishes containing 2.0% Potato Dextrose Agar (PDA) at 25 ± 1 ◦C in the dark for 10 days.

The conidia were obtained from the culture plates and suspended in a sterile
aqueous solution of 0.04% (v/v) Tween 80. Then, an inoculum at a concentration of
1 × 107 conidia/mL was prepared. The number of conidia was counted in a Neubauer
chamber. From this solution of conidia, 0.5 mL was added to flasks containing 40 g of
pre-cooked rice and 20 mL of whey, previously autoclaved. The media were kept in a
Biochemical Oxygen Demand Incubator (BOD) under light conditions at 27 ± 1 ◦C for
10 days. Samples were manually shaken every three days to homogenize the conidia in
order to improve contact and germination [16].

After the solid fermentation period, 30 mL of sterile distilled water was added to the
culture media. The flasks were shaken for 2 h at 120 RPM. The extracts were vacuum filtered
using Whatman No. 4 paper and centrifuged at 10,000× g for 15 min. The supernatant
obtained, containing enzymes and free of fungal cells, was referred to as a crude extract, as
established by Figueroa et al. [16].



Microbiol. Res. 2025, 16, 127 3 of 12

2.2. Enzyme Concentration

The enzymes were concentrated by precipitation with acetone, following the method-
ology of Doonan [25]. A portion of the supernatant was mixed with the solvent in a
1:4 (v/v) ratio for protein concentration. The samples were incubated at 4 ◦C for 1 h and
centrifuged at 10,000× g for 10 min. The supernatant was discarded, and the precipitate
obtained was resuspended in 100 µL of distilled water for later use.

2.3. Total Protease Activity

To determine total protease activity, 20 µL of the sample was used and incubated
at 37 ◦C in the presence of 500 µL of 1.0% (w/v) casein and 480 µL of 50 mM Tris-HCl
buffer (pH 7.15) for 30 min. After this period, the reaction was stopped by adding 1 mL of
10.0% (w/v) trichloroacetic acid (TCA, P.A., ACS, Dinâmica). The suspensions were cen-
trifuged at 10,000× g for 10 min, and the absorbance of the resulting supernatant was
measured at 280 nm using a spectrophotometer. One unit of protease enzyme activity was
defined as the amount of enzyme that catalyzes the release of 1 µg of tyrosine per minute
under the aforementioned experimental conditions [26].

2.4. Total Chitinase Activity

To determine the activity of total chitinase, 20 µL of the sample was incubated at
37 ◦C in the presence of 500 µL of 1.0% (w/v) colloidal chitin, and 480 µL of 50 mM Tris-HCl
buffer (pH 7.15) was used for 60 min. After this period, the reaction was stopped with the
addition of 1 mL of DNS and brought to a boil for 5 min. The suspensions were centrifuged
at 10,000× g for 10 min, and the supernatant was used to read the absorbance at 540 nm.
One unit of chitinase activity was defined as the amount of enzyme required to catalyze
the release of 1.0 µM of N-acetylglucosamine per minute under the assay conditions [27].

2.5. Determination of Total Protein and Specific Activity

The total protein concentration was determined using bovine serum albumin (BSA)
as a standard, following the protocol described by Bradford [28]. From the data obtained,
the specific activity of the protease and chitinase was calculated by dividing the enzymatic
activity by the concentration of total proteins (U mg−1 of protein).

2.6. Enzyme Characterization
2.6.1. Zymogram

In order to analyze the profile of the proteases present in the active precipitate extract
of the fungus B. bassiana (IP 361), a zymogram was produced using casein as a substrate
(Casein-SDS-PAGE), as described by Braga et al. [29], with some modifications. The samples
were subjected to electrophoresis on a 10% polyacrylamide gel containing 1% casein. The
samples were mixed with sample buffer (without β-mercaptoethanol) and applied without
prior heating. After electrophoresis, the gel was incubated in a 2.5% solution of Triton X-100
for one hour, followed by three washes with distilled water. The gel was then incubated in
50 mM Tris-HCl reaction buffer (pH 7.15) for 2 h at 37 ◦C. For further development, the gel
was stained with 0.5 g of Coomassie Brilliant Blue R-250 in an aqueous solution containing
10% acetic acid and 30% methanol. The presence of enzymatic action was evidenced by the
formation of white halos on the gel.

2.6.2. Effects of Inhibitors on Proteolytic Activity

Proteolytic activity was determined using 20 µL of the precipitated extract in the
presence of casein as a substrate and the following inhibitors at a concentration of
10 mM: iodoacetamide, phenylmethylsulfonyl fluoride (PMSF, as serine inhibitors), and
ethylendiaminetetraacetic acid (EDTA, as a metalloprotease inhibitor). The conditions used
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in the assay were: pH 7.15 (50 mM Tris-HCl buffer) at 37 ◦C for 30 min. For the proteolytic
assay, a control group was set up without the presence of inhibitors. All groups were
carried out in triplicate [30].

2.6.3. Structural Prediction

The FASTA sequence was selected from the National Center for Biotechnology In-
formation (NCBI) database, using as precursors the proteases of B. bassiana ARSEF 2860
(GCF_000280675). Pepstats and DeepLoc 2.0 (https://www.ebi.ac.uk/Tools/seqstats/
emboss_pepstats/) were used to predict protein characteristics such as theoretical iso-
electric point (pI), molecular weight, and localization (https://services.healthtech.dtu.dk/
services/DeepLoc-2.0/).

In silico prediction of the three-dimensional (3D) structure of B. bassiana proteases
was carried out by protein modeling using the ColabFold tool (https://colab.research.
google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb). The FASTA
sequences of the identified B. bassiana proteases were edited, after eliminating the amino
acid residues encoding the signal peptide, using the SignalP-5.0 platform (https://services.
healthtech.dtu.dk/services/SignalP-5.0/).

2.7. Obtaining Eurytrema Pancreaticum Eggs

The adults of E. pancreaticum were manually removed from the pancreas of cattle
after death at the farm of the Veterinary School of the Federal University of Minas Gerais
(UFMG), Belo Horizonte, Brazil. The helminths were then homogenized in water and
filtered through 250-mesh per-inch metal sieves. The sedimentation method was then used
to recover the eggs [31]. The eggshell integrity was assessed by optical microscopy using a
10× objective.

2.8. In Vitro Ovicidal Effect

Two experimental groups were defined to evaluate the ovicidal effect of IP 361 pro-
teases on E. pancreaticum in vitro. The first group consisted of the active precipitated extract
(“APE”), and the second group contained the denatured precipitated extract (“DPE,” an
extract previously boiled for 2 h). Each group contained 100 µL of the active and dena-
tured precipitated extracts and 100 µL of approximately 70 ± 7.20 eggs of E. pancreaticum,
respectively. Six replicates were made for each experimental group. The experiment was
kept at 28 ◦C ± 1 in the dark for 24 h. After this period, the number of intact eggs present
in each replicate was counted. The count was made using an optical microscope with a
10× objective.

2.9. Statistical Analysis

One-way analysis of variance (ANOVA) was carried out with significance levels of 1
to 5%. The efficiency of egg destruction by the APE-treated groups compared to the DPE
group was evaluated using the Tukey test at 1 to 5% significance levels [32]. The following
equation was used to calculate the average percentage reduction in the number of intact
eggs [33]:

%Reduction =
xintact eggs DPE − xintact eggsAPE

xintact eggs DPE
× 100

3. Results
3.1. Specific Activity of Extracellular Enzymes

The proteolytic activity obtained from the production of the crude extract in the solid
medium of rice with whey was 15 Umg−1, showing a significant difference (p < 0.01) in
relation to the activity after precipitation, where it was 180 U mg−1. The proteolytic activity
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value after optimization was approximately 12 times higher. The chitinolytic activity of
the crude extract was 0.282 Umg−1. However, after precipitation, no chitinase activity
was evident. From this precipitated enzyme extract, enriched in proteases, the enzymatic
characterization and ovicidal activity analyses on E. pancreaticum eggs were carried out.

3.2. Enzyme Characterization
3.2.1. Zymogram

From the results identified in Figure 1, the active precipitate extract (APE) showed
five proteases. The molecular weights of the proteases visualized in the zymogram were
approximately 25.6, 37.2, 46.0, 57.0, and 66.9 kDa. The molecular weights of the proteins
identified were compared with the sequences of B. bassiana ARSEF 2860 proteases deposited
in the NCBI. The weights coincided with the following proteases: trypsin-related protease
(~25.6 kDa), subtilisin-like protease Pr1F (~37.2 kDa), subtilisin-like protease Pr1A
(~46.0 kDa), subtilisin-like protease (~57.0 kDa), and alkaline serine protease (~66.9 kDa).
Proteolytic activity was observed as clear bands on the gel containing casein (1% m/v) as
a substrate.

Figure 1. Zymogram of the active precipitated extract produced by Beauveria bassiana IP 361 s.l., in
rice culture medium with whey. Lane M. Protein molecular mass marker (Thermo Scientific). Lane 1.
Active precipitated extract. Clear bands, indicated by black arrows, showing protease activity on a
10% native PAGE gel containing 1% (w/v) casein.

3.2.2. Effects of Inhibitors on Proteolytic Activity

Several inhibitors were evaluated for their effects on the proteases of B. bassiana IP
361. The serine protease inhibitor PMSF (10 mM) showed significant inhibition of enzyme
activity (100%) compared to the control (no inhibitors), while EDTA (10 mM) showed no
inhibition with a value of 0%.

The presence of serine proteases in the precipitated extract of B. bassiana was confirmed
by this analysis, providing essential data for the construction of the phylogenetic tree.

3.2.3. Structural Prediction

The three-dimensional structure (Figure 2) of B. bassiana serine proteases was modeled
using the ColabFold software for protein structure prediction. This tool generates a model
confidence score per residue (pLDDT), ranging from 0 to 100. Regions with a score of
less than 50 pLDDT may not have a well-defined structure in isolation. Figure 2A–D
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shows the modeled structures for the sequences with a conserved domain in Family:
Peptidase_S8, including Subtilisin-like protease Pr1F, Subtilisin-like protease Pr1A, Alkaline
serine protease, and Sublitisin-like protease. Additionally, the structure of the serine
protease belonging to the Trypsin Family is shown in Figure 2E.

Figure 2. Three-dimensional (3D) structures of Beauveria bassiana proteases by ColabFold model-
ing tool, using the model confidence score per residue (pLDDT). (A) Subtilisin-like protease Pr1F.
(B) Subtilisin-like protease Pr1A. (C) Alkaline serine protease. (D) Sublitisin-like protease.
(E) Trypsin-related protease.

3.3. In Vitro Ovicidal Effect

The proteases present in the APE produced by B. bassiana caused a significant reduction
(p < 0.01) in the number of intact eggs of E. pancreaticum compared to the DPE group,
indicating its ovicidal effect in vitro. The percentage reduction compared to the DPE group
was 53% (Figure 3). Figure 4C,D show the digestive action of the proteases on the eggshell
and subsequently on the internal contents of the helminth.

Figure 3. Evaluation of the ovicidal effect of Beauveria bassiana proteases on Eurytrema pancreaticum,
after 24 h of incubation at 28 ± 1 ◦C in the dark. Different letters indicate that the control group
with denatured extract and the group treated with the active extract showed a significant difference
(p < 0.01).
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Figure 4. In vitro ovicidal effect of Beauveria bassiana proteases on Eurytrema pancreaticum eggs.
(A) Denatured precipitated extract, (B–D) Active precipitated extract. The black arrows indicate the
digestion of the shell and internal contents due to the action of the proteases.

4. Discussion
To obtain optimum levels of extracellular enzyme production from B. bassiana, rice

culture medium supplemented with whey was used. By containing sugars and nitrogen-
containing compounds, this culture medium can increase conidia production, improve
persistence, and increase germination under optimum relative humidity conditions. The
production of microbial biomass from cheese whey has been considered as an option [16,34].

Several studies have demonstrated the feasibility of enzyme production through
solid fermentation, showing promising results. Alves et al. [35] optimized the production
of extracellular enzymes from B. bassiana in solid fermentation, obtaining a significant
increase in the activity of exocellulase (10%), endocellulase (63%), chitinase (60%), and
β-1,3-glucanase (61%). However, the results of this study show the potential of solid
fermentation as an effective and sustainable strategy for enzyme production.

Proteolytic activity was enhanced by the precipitation process compared to the cell-free
crude extract (p < 0.01). Moreover, no chitinolytic activity was evident in the precipitated
extract. This result is based on the role of acetone as an organic solvent, which increased
the degree of purification about twelvefold and reduced the activity of the chitinases, in
addition to the residual impurities present in the culture medium.

Acetone precipitation stands out as an effective technique for fractionating, concen-
trating, and purifying proteins in complex biological systems [36]. Studies have shown the
selectivity of acetone precipitation, as it favors the precipitation of high molecular weight
proteins, which makes it a valuable tool for concentrating specific proteins [37].

The zymogram stood out as a valuable tool for identifying and characterizing the
proteases present in the active precipitate extract. In our study, the presence of five bands
expressed by proteolytic activity was evidenced by the formation of casein digestion halos
in the precipitated extract of B. bassiana isolate IP 361 (Figure 1). The estimated molecular
weight of these bands agrees with the molecular weight of subtilisin- and trypsin-type
serine proteases previously reported for the B. bassiana isolate ARSEF 2860 in the NCBI
database [38]. Monte et al. [39] reported that this technique allows the detection of latent and
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active forms of enzymes in different samples, such as cells, extracts, tissues, or biological
fluids, making it a robust and versatile technique.

Arias-Aravena et al. [40] used the zymogram technique to identify exoenzymes se-
creted by the entomopathogenic fungus B. pseudobassiana RGM 2184 in different culture
media. This technique revealed the presence of three proteases in the supernatant, with
estimated molecular weights of approximately 36, 105, and 113 kDa. The authors suggested
that these proteases belong to the Pr1 protease complex, similar to subtilisin, and may play
a crucial role in the pathogenicity of the fungus.

Correlating with the results of our study, we can suggest the presence of two isoforms
of serine proteases in the IP 361 isolate of B. bassiana, the subtilisin-like protease Pr1F and
the subtilisin-like protease Pr1A (Figure 1). The subtilisin-like (Pr1) and trypsin-like (Pr2)
serine proteases are the most studied proteolytic enzymes of entomopathogenic fungi,
with eleven isoforms related to the gene encoding Pr1 in B. bassiana [41,42]. The study by
Gao et al. [43] showed that the conserved Pr1 proteases act in the degradation of insect
cuticle, with five of them (Pr1C, Pr1G, Pr1A2, Pr1B1, and Pr1B2) individually contributing
to 19–29% of the virulence of B. bassiana.

There is a wide variation in the molecular weight of proteases from different strains
of B. bassiana, from 32 kDa to 105 kDa. In addition, these proteases have been shown to
exhibit proteolytic activities on a wide range of substrates, from collagen to casein and
elastin [11,44–46].

The effect of inhibitors of serine proteases and metalloproteases on the proteolytic
activity of the precipitate of B. bassiana (IP 361) is described. The inhibition by PMSF (100%)
is related to serine proteases, and the lack of effect of EDTA (0%) suggests the absence of
active metalloproteases in the extract. Studies such as that reported by AlGhanimi et al. [42]
mentioned that concentrations of 1 and 5 mM of PMSF completely inhibited the activity
of proteases, indicating the presence of serine proteases, where the amino acid residues in
the active site are sulfonated by the inhibitor. However, in this same study, EDTA induced
activity to 144.13% and 163.75% using 1 and 5 mM, respectively.

Similarly, studies reported that alkaline-type proteases may be present in the strain of
Beauveria sp. (MTCC 5184), showing the existence of alkaline proteases [47]. The proteolytic
enzymes of the subtilisin S8 family are mostly endopeptidases that are best known for
their thermostability and nonspecificity and are particularly active at neutral and slightly
alkaline pHs [48].

The different histories of the lineages in the evolution of insect pathogenicity suggest
the possibility that Pr1 is fundamental for the degradation of the host cuticle and is possibly
more conserved in B. bassiana than in the M. anisopliae complex, in which the Peptidase_S8
family has been diversified through molecular evolution [49]. Likewise, Xiao et al. [38]
demonstrated that the genome of B. bassiana has a similar number of proteases to that
of M. robertsii.

In this context, Sánchez-Pérez et al. [50] identified that the catalytic activity in the
degradation of the cuticle by Pr1 and Pr2 in the integument of insects occurred through
microorganisms such as B. bassiana and M. anisopliae. However, the biochemical characteri-
zation of Pr2 has not yet been elucidated [51].

The three-dimensional structures of the subtilisin-like protease Pr1F, subtilisin-like
protease Pr1A, alkaline serine protease, subtilisin-like protease, and trypsin-related protease
from ARSEF 2860 were elucidated and modeled in silico using FASTA protein sequences
obtained from the NCBI database. This modeling allowed the predictive generation of
the three-dimensional conformation of each protease (Figure 2). Further investigation is
necessary to determine nucleotide sequences of the protease and confirm the structural
prediction in the present study based on the sequences.
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In principle, it is suggested that all serine peptidases could be cataloged as homologous
to chymotrypsin. Subtilisin enzymes are proteases that contain the catalytic triad in the
order of aspartic acid (Asp39), histidine (His69), and serine (Ser224) residues, which
have evolved independently [52,53]. Likewise, Dhawan et al. [15] described that the
molecular structure of the subtilisin-like protease Pr1 consists of five cysteines forming two
disulfide bridges.

The trypsin-like peptidase Pr2 catalyzes the cleavage of peptide chains mainly on
the carboxylic side of the amino acids Arginine and Lysine, and the bonds formed by
hydrophobic residues are catalyzed in the cleavage by Pr1 [13] (Figure 2E).

Ramos-Llorca et al. [54] found that the catalytic activity of trypsin family aminopep-
tidases is dependent on an aspartic acid residue located at the base of the primary sub-
strate binding site. The results of the predictive characterization of the proteases of B.
bassiana IP 361 reinforce the importance of subtilisin-like (Pr1) and trypsin-like (Pr2) in the
pathogenic process of entomopathogenic fungi. Pr1 acts in the comprehensive catalysis
of the insect cuticular protein and is secreted in the initial stages of fungal penetration.
Pr2 works as a supplementary protease, collaborating with Pr1 in the catalysis of protein
degradation [55,56].

Pinheiro et al. [57] detailed that Eurytrema spp. eggs, in general, have a rich composi-
tion of structural proteins such as sclerotin and keratin. In the present study, the proteases
of B. bassiana showed ovicidal activity on the eggs (Figure 3) and a percentage reduction
in the number of intact eggs compared to the denatured extract (p < 0.01), showing the
release of their internal contents (Figure 4). However, the challenge for the future is to better
elucidate possible ways of applying the enzymatic precipitate of the B. bassiana fungus with
a view to sustainable parasite control [58,59]. Another future possibility is the applicability
of these entomopathogenic fungi in the environmental control of Eurytrema, which, in turn,
has an arthropod (grasshopper) in its evolutionary cycle [60].

Based on the results obtained, we suggested that further experimental studies need
to be carried out with a view to the applicability of B. bassiana proteases in the control of
pre-parasitic forms of gastrointestinal helminth parasites.

5. Conclusions
This study represents the first report of the in vitro action of Beauveria bassiana proteases

on Eurytrema pancreaticum eggs.
Precipitation significantly concentrated proteolytic activity. However, no chitinase

activity was detected. The proteolytic profile of the precipitate revealed at least five
enzymes. Moreover, B. bassiana proteases had a destructive action on E. pancreaticum eggs.

The results obtained provide valuable information that paves the way for further
research into the in vitro use of cell-free enzyme extracts. These findings could boost
the development of new biochemical control sustainable technologies, with a focus on
environmental mitigation of neglected diseases.
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