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Abstract 

Entomopathogenic fungi of the genus Metarhizium can degrade and penetrate the insect 
cuticle through the coordinated action of hydrolytic enzymes, mainly lipases, proteases, 
and chitinases, whose production varies according to the fungal species and fermentation 
conditions. These enzymes can be generated via submerged fermentation and subse-
quently employed to enhance the insecticidal activity of fungal conidia. This study aimed 
to increase protease production from Metarhizium robertsii Mt015 to strengthen biological 
control agents based solely on fungal biomass. The culture medium composition and 
physicochemical parameters were optimized using a statistical design approach. Biologi-
cal activity assays were then performed using Tuta absoluta larvae as the target insect and 
Beauveria bassiana as the reference control, tested both alone and in combination with the 
protease extract. Optimization identified wheat bran, casein, and an initial pH of 8–10 as 
the most influential variables, achieving a 5.5-fold increase in protease activity compared 
to the basal medium. When the protease extract was combined with B. bassiana conidia, 
the mortality rate reached 78.2%, significantly higher than the 55.6% achieved with B. bas-
siana conidia alone. Bliss independence analysis indicated that the observed larval mor-
tality exceeded the additive expectation (Δ = 23.3 percentage points; 95% CI: 16.7–30.0), 
supporting a synergistic interaction between B. bassiana and the protease extract at 0.68 
U/mL. These results demonstrate that enzymatic supplementation markedly improves the 
insecticidal performance of entomopathogenic fungi, supporting the use of enzyme-en-
riched formulations as a complementary strategy to strengthen biological control agents 
and advance the development of next-generation biopesticides. 
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1. Introduction 
The use of proteases has shown considerable potential in recent years for the biolog-

ical control of insects, phytopathogens, and nematodes [1,2]. Proteases used in biocontrol 
have been recovered from various biological sources, including plants, bacteria, and fungi 
[1,3]. Entomopathogenic fungi produces lytic enzymes such as proteases, chitinases, and 
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lipases, which are essential for the penetration of host cuticles and are key virulence fac-
tors [4,5]. These features enable them to control a wide range of pests, including Lepidop-
tera, Hymenoptera, Coleoptera, and Diptera [6–9]. 

Beyond their natural role in fungal pathogenicity, these proteins also hold promise 
as additive enhancers in biocontrol formulations. Biological control agents often face lim-
itations such as relatively low virulence, the need for high conidial concentrations, and a 
comparatively slow speed of action. The incorporation of virulence inducers such as en-
zymes, secondary metabolites, or microbial toxins into formulations has been proposed 
as a strategy to overcome these drawbacks and reduce the performance gap with chemical 
insecticides [10]. Such additives can synergistically stimulate conidial germination and 
enzyme production, thereby reducing lethal times and concentrations and, in some cases, 
broadening the host range [11–13]. 

Among high-priority agricultural pests, Tuta absoluta (tomato leafminer) is consid-
ered one of the most destructive worldwide, causing severe yield losses and rapidly de-
veloping resistance to chemical insecticides [14]. Previous studies have demonstrated that 
Beauveria bassiana can effectively infect and suppress T. absoluta populations under labor-
atory, greenhouse, and field conditions [15,16]. However, the practical performance of en-
tomopathogenic fungi in the field may be influenced by environmental factors such as 
temperature, humidity, and UV exposure, as well as by the relatively slow mode of action 
characteristic of fungal biocontrol agents [15,17]. These limitations highlight the need for 
strategies that can enhance fungal performance and improve the reliability of biological 
control under practical conditions. 

Against this background, the genus Metarhizium emerges as a promising resource. 
Besides being effective entomopathogens, Metarhizium species are prolific producers of 
extracellular proteases such as subtilisin-like Pr1, trypsin-like Pr2, chymotrypsins, and 
metalloproteases [5,18] and have been highlighted as highly relevant biotechnological and 
ecological candidates for biocontrol [19]. Building on previous work where M. robertsii 
was isolated and its enzymatic activity characterized using a basic culture medium [12], 
the present study sought to optimize media composition and physicochemical conditions 
for M. robertsii Mt015 to maximize protease production. By increasing enzymatic yield, 
crude extracts could be obtained with greater protease activity, enabling their evaluation 
as synergistic additives to enhance the insecticidal efficacy of B. bassiana against T. absoluta. 
This proof-of-concept underscores both the potential of enzyme–fungus interactions in 
biological control and the biotechnological significance of optimizing media composition 
and physicochemical conditions as a step toward next-generation biopesticides. 

2. Materials and Methods 
2.1. Microorganisms 

The fungal strains used in this study were obtained from the Microorganism Bank of 
AGROSAVIA and stored at −20 °C until use. For reactivation, the strains were cultured 
on Potato Dextrose Agar (PDA) (Scharlau, Barcelona, España) medium and then incu-
bated at 25 ± 2 °C for 14 days. The conidia formed were collected by scraping the surface 
of the culture medium with a sterile spatula. Finally, a homogeneous conidial suspension 
was prepared in a sterile 0.1% Tween 80 solution at the desired concentration depending 
on the experiment. 

2.2. Designing Statistically Based Experiments for Maximizing Protease Production 

2.2.1. Plackett Burman Design 

Firstly, a Plackett–Burman design (PBD) was employed to identify the factors influ-
encing the production of proteases by M. robertsii Mt015 [20]. The selected variables were 
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based on literature reports and included the type and concentration of both carbon and 
nitrogen sources, inoculum concentration, pH, temperature, agitation, and/or inducing 
substances [21–23]. Each variable was tested at the following three levels: high (1), me-
dium (0), and low (−1). The substances evaluated, along with their respective levels, are 
described in Table 1. A total of 23 experiments were conducted, including three replicates 
at the central point (Supplementary File S1). The submerged fermentation was conducted 
in a 250 mL flask with a working volume of 50 mL at 28 °C for 14 days; the initial pH, 
agitation speed, and inoculum concentration depended on the specific experiment num-
ber. All experiments were supplemented with the following mineral salts (g/L): KH2PO4, 
3.0; K2HPO4, 1.0; MgSO4, 0.7; NaCl, 0.5; CaCl2, 0.5; with an initial pH of 5.6 [24]. The mi-
croelements solution comprised (g/L): FeCl3•6H2O, 8; ZnSO4•7H2O, 0.1; CuSO4•5H2O, 
0.1; CoCl•7H2O, 0.1; MnSO4•5H2O, 0.1. All the reagents for optimization were purchased 
from Merck KGaA, Darmstadt, Germany. 

Table 1. Variables used in Plackett–Burman Design for M. robertsii Mt015 proteases. 

Code Variable Units 
Level 

−1 0 1 
X1 Ammonium Sulfate g/L 0 1.5 3 
X2 Sodium Nitrate g/L 0 1.5 3 
X3 Yeast Extract g/L 0 1 2 
X4 Peptone g/L 0 4 8 
X5 Tween 80 g/L 0 1 mL 2 
X6 Glucose g/L 0 4 8 
X7 Urea g/L 0 2 4 
X8 Skim Milk g/L 0 10 20 
X9 Casein g/L 0 10 20 
X10 Wheat Bran g/L 0 10 20 
X11 Microelements Solution mL/L 0 0.5 1 
X12 Inoculum Concentration con/mL 1.0 × 107 5.0 × 107 1.0 × 108 
X13 Initial pH - 7 8 9 
X14 Agitation rpm 150 175 200 

The response variable was the protease activity (U/mL) in the medium extract. The 
magnitude and significance of the main effects were visualized using a Pareto chart with 
a confidence level of 90% (α = 0.1). Statistical analyses were performed using the online 
software Protimiza Experimental Design [25]. 

2.2.2. Response Surface Methodology 

The statistically significant variables identified through the PBD were subsequently 
evaluated and optimized using a rotatable central composite design (CCRD) [26] to refine 
the culture medium and physicochemical conditions for protease production by M. rob-
ertsii Mt015. The CCRD comprised two-star (+α, −α) points and three center-point repli-
cates, totaling 27 experiments (Supplementary File S2). The independent variables evalu-
ated in the CCRD, identified from the PBD as statistically significant variables influencing 
protease production, are shown in Table 2. These variables were studied at four levels (−1, 
+1, +α, and −α), as detailed in Table 2. The submerged fermentation conditions were con-
ducted as stated in Section 2.2.1. at 150 rpm, and an inoculum concentration of 1.0 × 105 
conidia/mL. 
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Table 2. Independent variables and their concentration ranges selected for the optimization of pro-
tease production by M. robertsii Mt015. 

Variable Units −1 1 +α −α 
X1 Wheat Bran g/L 15 25 30 10 
X2 Yeast Extract g/L 2 4 5 1 
X3 Casein g/L 15 25 30 10 
X4 Initial pH - 8.5 9.5 10.0 8.0 

The quadratic model to predict the optimal point was expressed according to Equation 
(1). 

Y = b0 + ∑ biXi + ∑ biiXi2 + ∑bijXiXj  (1)

where Y is the response variable (protease activity U/mL), b is the regression coefficient, 
and X are the independent variables. Regression analysis of the experimental data ob-
tained from the CCRD was performed to estimate the model parameters and generate the 
response surface plots. Analysis of variance (ANOVA) was used to evaluate the statistical 
significance of the model and its terms at a 95% confidence level (α = 0.05), using the online 
software Protimiza Experimental Design [25]. 

2.2.3. Validation of the Model 

The fermentation was conducted according to the conditions outlined in Section 2.2.2 
for 14 days, utilizing the medium composition and initial pH predicted by the software 
with three replicates. Upon completion of the fermentation time, protease activity was 
measured, and the resulting experimental value was compared with the optimal value 
determined by the design. The model validation fit was assessed as the ratio of the exper-
imental protease concentration to the value predicted by the model for M. robertsii Mt015. 

2.3. Growth Kinetics of M. robertsii Mt015 in the Optimized Medium 

The growth of M. robertsii Mt015 was conducted in an optimized medium containing 
(g/L): casein 10, yeast extract 5, wheat bran 10, KH2PO4 3.0, K2HPO4 1.0, MgSO4 0.7, 
(NH4)2SO4 1.4, NaCl 0.5, and CaCl2, with an initial pH of 8.5. Submerged fermentation 
conditions included a stirring speed of 150 rpm at a temperature of 28 °C, with the incu-
bation period extended to 20 days. Every two days, 200 µL samples of the culture medium 
were collected, centrifuged at 10,000 rpm for 10 min, and the resulting supernatant was 
retained for measuring protease, lipase, and chitinase activity, and total protein quantifi-
cation. pH levels were also recorded at each sampling point. 

2.4. Enzyme Activity 

rotease activity was determined based on the method described by Cupp-Enyard 
(2008) [27], with minor adjustments. Briefly, 25 µL of crude enzyme extract were com-
bined with 130 µL of substrate solution consisting of 0.65% casein prepared in 50 mM 
Tris–HCl buffer (pH 7.5) (Merck KGaA, Darmstadt, Germany).. The mixture was incu-
bated at 37 °C for 10 min, after which the reaction was terminated by adding 130 µL of 
110 mM trichloroacetic acid (TCA) (Merck KGaA, Darmstadt, Germany).. Samples were 
further incubated at 37 °C for 20 min and subsequently centrifuged at 12,000 rpm for 10 
min. An aliquot of 50 µL of the supernatant was transferred to a new tube, mixed with 
125 µL of 500 mM sodium carbonate (Na2CO3), and then reacted with 25 µL of Folin–
Ciocalteu reagent (Merck KGaA, Darmstadt, Germany). Following incubation at 37 °C for 
30 min, absorbance was recorded at 600 nm. One unit of protease activity was defined as 
the amount of enzyme required to release 1 µmol of tyrosine per minute under the assay 
conditions. In addition to protease activity, chitinase and lipase activities were measured 
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to assess the enzymatic specificity of the optimized extract and to evaluate whether the 
fermentation conditions selected for protease production also induced the synthesis of 
other hydrolytic enzymes relevant to entomopathogenic activity. 

Chitinase activity was assessed according to the procedure reported by Santos et al. 
(2017) [28]. In brief, 20 µL of crude extract was mixed with 100 µL of substrate solution 
containing 1 mg/mL N-acetyl-β-D-glucosamine (Merck KGaA, Darmstadt, Germany) in 
0.5 M citrate buffer (pH 5.0). The reaction mixture was incubated at 37 °C for 30 min and 
then stopped by adding 150 µL of 10 M glycine–NaOH. Absorbance was measured at 400 
nm. One unit of chitinase activity corresponded to the amount of enzyme releasing 1 µmol 
of p-nitrophenol per minute under the specified conditions. 

Lipase activity was quantified following the methods of Beys Silva et al. (2005) and 
Glogauer et al. (2011), with modifications [29,30]. Briefly, 20 µL of crude extract was added 
to 230 µL of substrate solution prepared by dissolving 3 mg of p-nitrophenyl palmitate 
(Merck KGaA, Darmstadt, Germany) in 1 mL of isopropanol and subsequently diluting it 
in 9 mL of 50 mM Tris–HCl buffer (pH 8.0). The reaction was incubated at 37 °C for 30 
min, and absorbance was measured at 400 nm. One unit of lipase activity was defined as 
the amount of enzyme that releases 1 µmol of p-nitrophenol per minute under the assay 
conditions. 

2.5. Biological Assay 

The entomopathogenic fungus B. bassiana Bv066 was suspended at a concentration of 
2 × 105 conidia/mL, corresponding to its previously determined LC50 against Tuta absoluta 
larvae. Treatments included the fungus alone, the fungus combined with protease extract 
at concentrations of 0.17, 0.34, and 0.68 U/mL, and the protease extract alone at 0.68 U/mL 
to assess its direct effect on larval mortality. These enzyme concentrations were selected 
based on previous assays conducted with recombinant chitinase, as reported by Lovera et 
al. (2020) [10], and were prepared by dilution in 50 mM phosphate buffer pH 7.5. 

Tomato leaves were sprayed on each side with 2 mL of treatment using a Potter® 
tower to ensure uniform coverage. After air drying, the leaves were cut into 2.5 × 2.5 cm 
pieces and placed individually into 0.5 oz plastic cups containing a sterile water-mois-
tened filter paper. Two neonate larvae of T. absoluta were carefully transferred onto each 
leaf fragment using a fine brush. Untreated leaves served as absolute control. Each exper-
imental unit consisted of one cup with two larvae, and five units (10 larvae) constituted a 
single replicate. 

The bioassay was established under a completely randomized design with three rep-
licates per treatment. Larval mortality data were analyzed using a generalized linear 
model (GLM) with binomial error distribution and logit link function. The numbers of dead 
and surviving larvae within each replicate were used as the response variable. Pairwise com-
parisons among treatments were performed using estimated marginal means with p-values 
adjusted for multiple comparisons. Analyses were conducted in R version 4.5.0. 

Synergistic or antagonistic effects between B. bassiana and the enzymatic extract were 
evaluated using the Bliss Independence model [31,32], which assumes independent action 
of the agents. The expected additive mortality (E) was calculated as follows: 

E = A + B − (A × B) (2)

where E is the expected mortality of the combination, A is the mortality caused by the 
fungus alone, and B is the mortality caused by the extract alone (all expressed as propor-
tions between 0 and 1). Deviations between observed and expected mortality were inter-
preted according to the Bliss Independence criterion. To assess whether observed mortal-
ity significantly exceeded the Bliss expectation, bootstrap resampling was performed us-
ing replicate-level mortality data. For each bootstrap iteration, replicate mortalities from 
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the fungus-alone, extract-alone, and combination treatments were resampled with re-
placement, and the difference between observed mortality and the Bliss-predicted mor-
tality (Δ = Mobs − MBliss) was calculated. A total of 10,000 bootstrap iterations were per-
formed, and 95% confidence intervals were obtained from the empirical percentile distri-
bution. Synergism was inferred when the confidence interval of Δ was entirely above zero. 

Observed values greater than E indicated a synergistic interaction, whereas values 
lower than E suggested antagonism. The interpretation of these interactions followed the 
framework proposed by Cedergreen [33]. 

3. Results 
3.1. Screening of Significant Factors by Plackett–Burman Design (PBD) 

A PBD was conducted with 14 variables to identify those with the most statistically 
significant effects. The Pareto chart (Figure 1) indicate that wheat bran, yeast extract, 
casein, and initial pH had a statistically significant positive impact on protease 
production. Conversely, the salt solution and ammonium nitrate had a statistically 
significantly negative effect on protease activity. Additionally, the significant curvature 
indicates that the relationship between the variables and protease production is not purely 
linear, suggesting the presence of higher-order effects. 

 

Figure 1. Pareto chart ranking the absolute effects of the factors on protease production by M. rob-
ertsii Mt015. The dashed vertical line indicates the significance threshold; factors with absolute ef-
fects greater than this value were considered significant.. 

3.2. Response Surface Methodology 

Table 3 summarizes the experimental results obtained from the central composite 
rotatable design, showing the effects of wheat bran, yeast extract, casein, and pH on pro-
tease production by M. robertsii Mt015. A broad range of protease activity was observed 
across the experimental runs, with values varying from 1.3 to 24.6 U/mL, reflecting the 
strong influence of the tested factors and their combinations. Notably, higher protease 
production was achieved under specific combinations of yeast extract and pH, while ele-
vated casein concentrations tended to reduce enzyme activity in several treatments. The 
central points (runs 25–27) showed relatively consistent values, indicating good experi-
mental reproducibility. 
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Table 3. Rotatable central composite design matrix showing the protease production of M. robertsii 
Mt015. 

Run Wheat Bran g/L Yeast Extract g/L Casein g/L pH Protease U/mL 
1 15 2 15 8.5 22.7 
2 25 2 15 8.5 15.2 
3 15 4 15 8.5 22.4 
4 25 4 15 8.5 8.9 
5 15 2 25 8.5 3.9 
6 25 2 25 8.5 1.4 
7 15 4 25 8.5 1.3 
8 25 4 25 8.5 20.8 
9 15 2 15 9.5 16.6 
10 25 2 15 9.5 7.2 
11 15 4 15 9.5 15.8 
12 25 4 25 9.5 20.6 
13 15 2 25 9.5 6.7 
14 25 2 25 9.5 4.1 
15 15 4 25 9.5 5.6 
16 25 4 25 9.5 23.0 
17 10 3 20 9 9.6 
18 30 3 20 9 3.9 
19 20 1 20 9 14.5 
20 20 5 20 9 24.6 
21 20 3 10 9 16.8 
22 20 3 30 9 1.9 
23 20 3 20 8 4.3 
24 20 3 20 10 12.7 
25 20 3 20 9 3.7 
26 20 3 20 9 3.9 
27 20 3 20 9 4.6 

The data obtained from the CCRD were subjected to multiple regression analysis to 
develop a model describing the relationship between the variables and protease produc-
tion of day 10 of fermentation (see Table 4). Based on these data, the fitted regression 
model revealed that yeast extract (x2) had a significant positive linear and quadratic effect 
on protease production (p < 0.01), while casein (x3) exhibited a significant negative linear 
effect (p < 0.01). In addition, significant interaction effects were observed between wheat 
bran and yeast extract (x1 · x2) and between wheat bran and casein (x1 · x3), suggesting that 
the combined levels of these factors play an important role in enzyme production. In con-
trast, wheat bran (x1) and pH (x4) did not show significant individual effects within the 
studied range. 

Table 4. Regression analysis of the CCRD results. 

Variable Coefficient Standard Error Calculated t p-Value 
Mean 6.78 2.21 3.07 0.0097 

x1 0.65 0.78 0.84 0.4195 
x12 1.17 0.83 1.42 0.182 
x2 2.45 0.78 3.13 0.0087 
x22 2.63 0.83 3.18 0.0079 
x3 −2.43 0.78 −3.11 0.009 
x32 0.38 0.83 0.46 0.6538 
x4 1.11 0.78 1.43 0.179 
x42 1.15 0.83 1.38 0.1913 

x1 · x2 2.71 0.96 2.83 0.0152 



Appl. Microbiol. 2026, 6, 79 8 of 17 
 

https://doi.org/10.3390/applmicrobiol6070079 

x1 · x3 2.21 0.96 2.31 0.0392 
x1 · x4 0.22 0.96 0.23 0.8254 
x2 · x3 1.38 0.96 1.44 0.176 
x2 · x4 0.25 0.96 0.26 0.7958 
x3 · x4 0.93 0.96 0.97 0.3504 

 

Y2 = 6.78 + 0.65 x1 + 1.17 x12 + 2.45 x2 + 2.63 x22 − 2.43 x3 + 0.38 x32 + 1.11 x4 + 1.15 x42 + 2.71 x1 x2 + 2.21 x1 x3 + 
0.22 x1 x4 + 1.38 x2 x3 + 0.25 x2 x4 + 0.93 x3 x4 

Y = 9.67 + 0.65x1 + 2.45x2 + 2.09x22 − 2.43x3 + 2.71x1 x_2 + 2.21x1 x3 + 1.38 x2 x3 (3)

Here, 𝑌 represents protease activity (U/mL) at day 14, while 𝑥1, 𝑥2, and 𝑥3 denote the 
concentrations of wheat bran, yeast extract, and casein, respectively. The reparameterized 
model achieved an R-sq of 70.65, and the model’s fit to the experimental data was con-
firmed through an ANOVA test, yielding satisfactory values that validate the model’s 
quality, as shown in Table 5. 

Table 5. ANOVA for the model obtained from the CCRD. 

Variation 
Source 

Sum of 
Squares 

Degrees of Free-
dom 

Mean 
Square 

Fcalc p-Value 

Regression 727.9 14 52 3.6 0.01693 
Residuals 175.7 12 14.6   
Lack of Fit 173.2 10 17.3 14 0.06833 
Pure Error 2.5 2 1.2   

Total 903.6 26    
R2 = 80.56%      

The adequacy of the quadratic model was verified through analysis of variance 
(ANOVA). The calculated F-value for the regression/residuals was higher than the tabu-
lated F-value (2.76), indicating that the model was significant and adequately explained 
the variation in protease production. In contrast, the F-value for the lack of fit/pure error 
was lower than the corresponding tabulated F-value (19.4), demonstrating that the lack of 
fit was not significant when compared with the pure error. These results confirm that the 
model assumptions were satisfied and that the fitted equation appropriately represents 
the experimental data. 

The interaction of factors and their effects on protease concentration at day 14 are 
illustrated in Figure 2 in the form of contour plots. Concerning casein (Figure 2a,b), the 
lowest value optimizes protease production in both graphs; thus, a concentration of 10 
g/L was selected. Conversely, yeast extract (Figure 2b,c) should be adjusted to the highest 
value (5 g/L) as it enhances protease activity. Finally, wheat bran exhibits two maxima at 
the endpoints of the convex curve in its interactions with casein and yeast extract (Figure 
2c). Therefore, it was determined to evaluate both the highest and lowest values of wheat 
bran (10 g/L and 25 g/L) in the forthcoming validation stage. Given that the pH within the 
studied range does not influence protease concentration, any of the assessed values may 
be utilized, and it was established at the lowest value of 8.5. 
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(a) 

 

(b) 

(c) 

Figure 2. Contour plot for protease activity (U/mL) at day 10 of fermentation as a function of the different 
interactions between the selected variables. (a) Casein vs. wheat bran. (b) Casein vs. yeast extract (c) Yeast 
extract vs. wheat bran. Black dots indicate the experimental design points used for model fitting. 

3.3. Model Validation 

The model validation was conducted using the optimal concentrations of the factors 
that allowed for predicting the highest protease activity, identified in the previous section, 
which corresponded to yeast extract 5 g/L, casein 10 g/L, and pH 8.5. For wheat bran, 
validation was performed using 10 g/L. The average of experimental data was 18.47 for 
experiment 1 and 13.52 for experiment 2. In experiment 1, the experimental value was 
16.1% below the value predicted by the quadratic model, while in experiment 2, the ex-
perimental value was 13.5% less than the predicted value. This can be attributed to the 
inherent variability of such experiments, and these variation percentages can be mini-
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mized by conducting more replicates of the experiments. However, the results are close 
to the predicted range. 

Thus, the optimal condition for protease production with M. robertsii Mt015 was se-
lected as the medium composed of: wheat bran 10 g/L, casein 10 g/L, yeast extract 5 g/L, 
KH2PO4 3 g/L, K2HPO4 1 g/L, NaCl 0.5 g/L, CaCl2 0.5 g/L, MgSO4 0.7 g/L with a pH of 8.5, 
incubation temperature of 28 °C, 150 rpm, and an inoculum concentration of 1.0 × 105 co-
nidia/mL. 

3.4. Kinetics of Enzyme Production by M. robertsii Mt015 in the Optimized Medium 

Although protease activity was the primary target of optimization, chitinase and li-
pase activities were also monitored throughout fermentation to assess the enzymatic spec-
ificity of the extract and to determine whether the optimized conditions selectively fa-
vored protease synthesis over other hydrolytic enzymes relevant to entomopathogenic 
fungi. At the selected optimal conditions, a fermentation kinetics study was conducted 
over 20 days, with measurements taken every two days for chitinases, proteases, lipases, 
and pH. As shown in Figure 3, the highest protease production occurred on day 10, with 
this enzyme showcasing the greatest activity, though low activity of chitinases (below 0.3 
U/mL) and lipases (below 0.006 U/mL) was also observed. Furthermore, a notable decline 
in protease activity began on day 12. The pH displayed the most significant drop during 
the first 10 days of fermentation, decreasing from 8.18 ± 0.05 to 6.66 ± 0.05, and then re-
mained relatively stable around seven for the remainder of the fermentation. 

 

Figure 3. Kinetics of protease, chitinase, lipase production, and pH dynamics during the 20 days of 
fermentation of M. robertsii Mt015. The error bars correspond to the standard deviation of the ex-
periments performed in triplicate. 

The protein content exhibited a highly variable kinetic pattern during the fermenta-
tion days. It initially decreased over the first 8 days and then started to increase until day 
12. This increase may correlate with the rise in protease activity, which could be solubil-
izing the present protein in the wheat bran. Later, as protease production began to decline, 
the protein concentration also decreased and remained stable at around 4 mg/mL. 

3.5. Bioassay—Effect of Protease Extract on B. bassiana Efficacy Against T. absoluta 

Mortality data were reanalyzed using a binomial GLM. Relative to B. bassiana alone, 
the combinations containing 0.17 and 0.34 U/mL protease extract did not significantly af-
fect larval mortality (Figure 4). The combination containing 0.68 U/mL protease extract 
showed the highest mortality and a positive effect relative to B. bassiana alone (β = 1.06; 
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OR = 2.88), although this difference did not reach conventional statistical significance (p = 
0.062). This result may reflect the limited statistical power associated with the sample size. 
Consistent with this trend, Bliss analysis combined with bootstrap resampling indicated 
that observed mortality exceeded the additive expectation by 23.3 percentage points (95% 
CI: 16.7–30.0 percentage points), providing statistical support for a synergistic interaction 
between B. bassiana and the protease extract at 0.68 U/mL. 

Effect size comparisons among Beauveria-containing treatments indicated negligible 
to small differences between B. bassiana alone and the formulations containing 0.17 or 0.34 
U/mL protease extract (h = 0.13–0.20), whereas the formulation containing 0.68 U/mL 
showed a moderate effect relative to B. bassiana alone (h ≈ 0.50). The addition of 0.68 U 
mL−1 protease extract increased the odds of larval mortality by approximately 2.9-fold rel-
ative to B. bassiana alone (Supplementary File S2). 

 

Figure 4. Larval mortality of Tuta absoluta following treatment with B. bassiana Bv066 alone or com-
bined with protease extract (EeMt). Points represent observed mortality proportions and horizontal 
bars indicate exact 95% binomial confidence intervals. The dashed vertical line represents the base-
line condition corresponding to spore-only application.. Different letters indicate significant differ-
ences among treatments according to the binomial GLM (p < 0.05). 

4. Discussion 
Metarhizium species are distinguished by their multifunctionality within ecosystems 

and are therefore regarded as some of the most versatile entomopathogens, with substan-
tial ecological contributions [19,34]. These species have been investigated for their poten-
tial in insect pest control, plant growth promotion, tolerance to water stress, bioremedia-
tion, among other applications [34–36]. Their multifunctionality is largely attributed to 
their metabolic plasticity, characterized by the production of a broad spectrum of enzymes 
and metabolites [5]. 

Among these enzymes, proteases are of relevance in agriculture. These enzymes have 
attracted increasing attention in recent years due to their potential role in biological pest 
management, thereby reducing reliance on agrochemicals. Notably, bacterial, fungal, and 
plant-derived proteases have been evaluated for their effectiveness in controlling pests 
and diseases [1,37–39]. 

The use of agro-industrial residues for enzyme production has been widely docu-
mented and exemplifies the principles of the bioeconomy, as it fosters sustainable produc-
tion processes by reducing medium-related costs [40]. Among these residues, wheat bran 
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is particularly suitable as a fungal substrate due to its nutrient richness and low lignin 
content [41]. In the present study, wheat bran was identified as the most effective substrate 
of protease production in M. robertsii Mt015 at both day 10 and day 14 of fermentation, a 
result likely linked to its protein content of 13–18% [42]. The second most effective sub-
strate was yeast extract, which has previously been shown to stimulate protease produc-
tion in fungal strains such as Beauveria bassiana [43]. 

Fermentation kinetics revealed that pH declined from 8.5 to approximately 7 during 
early fermentation, likely as a result of metabolic activity, and remained stable throughout 
the productive phase. The fact that protease activity was highest under these near-neutral 
conditions is consistent with the activity profiles reported for aminopeptidases (optimal 
activity ~pH 7) or metalloproteases (optimal activity pH 6–8), although further character-
ization would be needed to confirm the enzyme class. Previous studies with M. anisopliae 
have shown that, despite the ability of these fungi to grow across a wide pH range (2.5–
10.5), their gene regulation mechanisms restrict enzyme and metabolite synthesis to those 
compatible with the prevailing pH conditions [44]. In addition, although the culture medium 
was optimized for protease production, a threefold increase in chitinase activity was observed 
in M. robertsii compared to the basal medium; however, this chitinase activity is low compared 
to protease activity quantified in the enzymatic extract. This increase may be attributed to the 
incorporation of wheat bran, which is known to act as an inducer of chitinase activity [45,46]. 
Few studies have focused on the optimization of protease production by Metarhizium species 
[22,47]. However, this genus shows great potential for the production of proteases with appli-
cations in biological control. In the present study, M. robertsii demonstrated high protease ac-
tivity within a relatively short fermentation period of 10 days, highlighting its efficiency and 
potential for industrial or agricultural applications. 

Our results demonstrate that supplementing B. bassiana Bv066 with a protease extract 
enhanced larval mortality against T. absoluta in a threshold-dependent manner, with an effect 
observed only at the highest concentration evaluated (0.68 U/mL). The extract alone at any of 
the concentrations tested produced no larval mortality, indicating that lethal activity was at-
tributable exclusively to the fungus. Bliss independence analysis further supported a syner-
gistic interaction at this concentration, suggesting that the protease extract potentiates fungal 
pathogenicity rather than acting as an independent insecticidal agent. This enhancement is 
consistent with the established role of cuticle-degrading enzymes in fungal pathogenicity, as 
subtilisin-like Pr1 proteases facilitate host penetration by degrading structural cuticular pro-
teins [48]. Previous studies have shown that elevated protease and chitinase activity acceler-
ates infection and reduces LT50 in lepidopteran hosts [49], supporting the rationale for enzyme 
supplementation to enhance natural infection processes. 

Although proteases represented the predominant enzymatic activity in the extract, low 
levels of chitinase and lipase activities were also detected during fermentation. These enzymes 
may have contributed to the observed enhancement, as chitinases facilitate the degrada-
tion of chitin-containing structures in the cuticle and peritrophic matrix, while lipases can 
disrupt epicuticular lipids and improve fungal adhesion and penetration [50–52]. There-
fore, the enhanced larval mortality observed in this study should be attributed to the com-
bined action of the crude enzymatic extract rather than exclusively to proteases. 

Despite the trends observed in larval mortality, the bioassay was conducted using a 
relatively limited number of insects. Therefore, these results should be considered as proof 
of concept, and future studies involving larger sample sizes, additional fungal isolates, 
and different target species will be necessary to confirm the robustness and broader ap-
plicability of the observed synergistic effect. 

Our findings are in line with recent reports showing that crude enzymatic extracts 
from M. robertsii and Trichoderma harzianum significantly enhanced the insecticidal activity 
of B. bassiana against Diatraea saccharalis [12], as well as evidence of improved pathogenic-
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ity against Bactrocera dorsalis [53]. Collectively, these studies confirm that protease-rich 
extracts can act as effective virulence enhancers across diverse host–pathogen systems. 

The underlying mechanism likely relates to the enzymatic breakdown of insect cuti-
cle, which shares structural similarities across species [51,54]. Enzymatic supplementation 
may therefore improve fungal penetration and colonization across different insect hosts 
and entomopathogenic genera. At the protease concentrations evaluated in this study 
(0.17–0.68 U/mL), the extract alone did not cause larval mortality, indicating that the en-
tomopathogenic fungus remains the primary killing agent. Although this may suggest a 
lower risk to non-target organisms, dedicated ecotoxicological studies are required before 
any conclusions regarding environmental safety can be made. This distinction not only 
enhances target specificity but also provides an additional layer of environmental safety 
for beneficial insects and non-target arthropods [55], positioning this approach as a poten-
tially safer alternative to genetic modification strategies for enhancing virulence. 

From a practical standpoint, enzyme-supplemented biocontrol may offer advantages 
by improving the insecticidal activity of entomopathogenic fungi. Since biological control 
agents often require high spore concentrations and extended lethal times, strategies that 
enhance virulence or accelerate host mortality could potentially reduce the amount of fun-
gal biomass needed to achieve effective control [56,57]. In the present study, supplemen-
tation with protease extract increased the larval mortality of B. bassiana without increasing 
the fungal dose applied. This improvement may represent an attractive strategy for 
strengthening biological control programs, as increased biocontrol efficacy could contrib-
ute to more reliable pest suppression and reduce dependence on synthetic chemical pes-
ticides. Although the implications of this approach for large-scale implementation remain 
to be established, this proof-of-concept highlights the potential of enzyme supplementa-
tion as a complementary strategy for improving the performance of fungal biocontrol 
agents while maintaining or reducing the required fungal dose. 

Finally, the present study provides proof of concept that optimizing protease pro-
duction in M. robertsii enables the generation of extracts with measurable biological im-
pact when combined with B. bassiana against T. absoluta. By improving fungal efficacy at 
lower conidial doses, enzyme supplementation could strengthen integrated pest manage-
ment programs in tomato cultivation, reduce reliance on chemical insecticides, and con-
tribute to the development of more reliable and sustainable next-generation biopesticides. 
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