



Evaluating the Pathogenic Effects of Three Cuticle-Degrading Enzymes from Beauveria bassiana on various Life Stages of Bactrocera zonata


ABSTRACT
Background: This study focused on managing Bactrocera zonata, an invasive Tephritid fruit fly that attacks a variety of fruits, by applying cuticle degrading enzymes (CDE) extracted from Beauveria bassiana, a phytopathogenic agent for the biological control of insect pests, as confirmed by SDS-PAGE analysis.
Methodology: Proteases, lipases, and chitinases were among the cuticle-degrading enzymes with varying molecular weights of 19–47 kDa, 32 kDa, and 49.47 kDa, respectively. The crude enzymes that were extracted and employed at doses of 1.5, 3, 5, 7, and 10µL were applied to larvae, pupae, and adults. 
Results: At 10µL/mL, the death rates for larvae and adults were found to be 78.50±2.10% and 80±2.15%, respectively. Lower amounts (1.5µL/mL) resulted in a mortality rate of 13.33±1.92%, with control coming in second. The treated insects showed a low proportion of adult emergence (10±2.63%) from pupae, while the untreated group of insects showed a greater percentage (65.0±5.77%) of adult emergence. 
Conclusion: The outcome demonstrated that concentration affected both adult emergence from pupae and mortality. Consequently, the pathogenicity of B. bassiana mycelium against B. zonata was increased by the addition of CDE.
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INTRODUCTION
The most prevalent polyphagous pest in the world, Bactrocera zonata, causes large financial losses in tropical and subtropical regions (Khan and Akram, 2018). Peach, mango, guava, citrus, apple, fig, and apricot are the host fruits of B. zonata. It infects not only fruits, but also crops including eggplant, tomato, and pepper, which are termed secondary hosts (Ansari et al., 2019). It has been shown that using EPF as biological control agents, such as B. bassiana, is an effective way to manage B. zonata (Chergui et al., 2020). Insect survival and environmental adaptability depend on the cuticle, a part of the integument that serves as a barrier against biotic and abiotic stimuli. The thickness and hardness of the cuticle, which are primarily formed by the cross-linking that occurs during sclerotization, serve as an efficient barrier against pathological infection (Zibaee and Ramzi, 2018). The well-known microbial agent B. bassiana, a global anamorphic fungus, infects a range of insect hosts. It is seen as a possible biological control agent in temperate agricultural settings (Motholo et al., 2019).
Protease secretion is thought to be a key pathogenic element for the fungal attack on the cuticle, and the EPF employs a number of enzymatic activities to tear down the insect cuticle. Because of its high pathogenic efficacy, B. bassiana is employed to combat significant agricultural pests (Dhawan and Joshi, 2017). One distinctive feature of B. bassiana that increases its pathogenicity is the production of cuticle-degrading enzymes. Insect cuticle, which is made up of protein and chitin fibers encased in a matrix of proteins, lipids, and N-acyl catecholamines, serves as the body's first line of protection against infection (Muniz et al., 2021). 
After adhering to the hydrophobic cuticle, the fungal spore of B. bassiana produces a variety of cuticle-solubilizing enzymes and grows into an infectious structure known as an appressorium. A range of extracellular cuticle-degrading enzymes are also produced by B. bassiana (Chethana et al., 2021). Since the fungus infects the host via penetrating the cuticle, fungal proteases are essential for cuticle penetration (Shin et al., 2020). Through hyphal penetration, B. bassiana releases extracellular enzymes such lipase, chitinase, and protease to degrade the primary constituents of the insect cuticle. Disease development and other physiological processes depend on these enzymes. The insect's integument is broken down by the enzymatic machinery of B. bassiana, which includes lipases, proteases, and chitinases (Mondal et al., 2016). 
The subtilisin-like serine protease (Pr1, Pr2), which contributes to host invasion, provides the basis for the pathogenicity of the EPF. Because they break down the protein in the insect cuticle, these enzymes are essential during the early penetration stages (Petrisor and Stoian, 2017). The fungus B. bassiana produces a lot of proteases, which break down proteinaceous material and solubilize proteins, to meet its nutritional needs. Amino peptidases and exopeptidases subsequently hydrolyze these proteins to yield amino acids. Because of extracellular proteases, B. bassiana's pathogenicity toward its hosts is mostly determined by proteases (Dhawan et al., 2020). Lipases, the first enzymes that B. bassiana produces, hydrolyze the ester bonds of lipids, waxes, and lipoproteins within the insect's integument. Lipases are important for early nutrient release and cuticle penetration (Dhawan and Joshi, 2017). In order to investigate mortality and adult emergence from females under laboratory settings, a recent study examined the pathogenicity of B. bassiana cuticle-degrading enzymes at varying mycelium concentrations against the three life stages of B. zonata (adult, larvae, and pupae).
Materials and methods
Insect culture
By setting up pheromone traps (15×5 cm), adults of B. zonata were gathered from guava and mango plantations in the districts of Multan and Layyah. Protein hydrolysate and methyl eugenol were used in the traps to attract females and males, respectively. Flies were collected from the field and taken to the Institute of Plant Protection's Insect Pathology lab at Muhammad Nawaz Shareef University of Agriculture Multan to be raised. Both individuals' populations were housed in 45 x 30 cm acrylic rearing cages. B. zonata was fed fresh fruits (apples, mangos, and bananas) and baking yeast. The humidity and temperature were maintained at 65.5% and 25.2°C, respectively. Regular feed changes and cage cleaning were performed.
Preparation of Fungal culture
The Insect Pathology Laboratory at Muhammad Nawaz Shareef University of Agriculture Multan's Institute of Plant Protection provided the pre-maintained cultures of B. bassiana. For fungal growth, 39 g/l of commercially prepared potato dextrose agar (PDA) (Merck KGaA, Darmstadt, Germany) was autoclaved and kept at 25±2°C and 65±5%. B. bassiana conidia were inoculated using a sterile inoculation pin following the solidification of the media. For fungal culture, the plates were incubated at 25°C for five to seven days after being wrapped with parafilm tape. After 14 days, B. bassiana conidia were removed using a 0.01% aqueous solution of Tween-80 to prepare the necessary spore concentrations.
Cuticle degrading enzymes
According to Ulker et al. (2012), the cuticle-degrading enzymes were isolated from B. bassiana conidia after they were harvested. The three life stages of B. zonata (larvae, pupae, and adults) were tested using the isolated cuticle-degrading enzymes. As indicated in Table 1, the components used to produce B. bassiana's CDE were calcium chloride (0.01%), potassium dihydrogen phosphate (0.02%), magnesium sulfate (0.01%), zinc chloride (0.01%), and olive oil.
Table 1. Chemicals and their quantity used in media for cuticle degrading enzyme extraction
	Sr#
	Ingredients
	Quantity (Grams) per 200 ml

	01
	Tris HCL
	3.15 g

	02
	NaCl
	1.75 g

	03
	Calcium chloride
	4.13 g

	04
	Sodium phosphate
	3.45 g

	05
	Magnesium sulfate
	6.12 g

	06
	Olive oil
	5.00 ml



Procedure for measuring size of CDE from B. bassiana 
Using sodium dodecyl polyacrylamide gel electrophoresis (Demir et al., 2018), a 4% (w/v) stacking gel and a 10% (w/v) separating gel were used to determine the molecular mass and purify the enzymes. TAE buffer solution and 12% Acrylamide gel (AppliChem Biochemical Chemical Synthesis Services, Germany) were used to purify the enzymes. After being put into the tray, the gel was allowed to dry. To examine the bands in enzyme samples, Coomassie brilliant blue (Biochem Chemopharma, France) was used to stain the gel. The enzymes were evaluated according to their molecular weight (kDa) using several bands of dyed colors. In order to run enzymes for purification or quantitative analysis to ascertain the weight of the enzyme sample, gels were polymerized and buffer solution was added to the chambers.
Table 2. Recipe used for resolving gel (12%) and stacking gel (4%) 
	Sr. No.
	Chemical name
	Resolving gel (12%)
	Stacking gel (4%)

	01
	Acrylamide
	2.6 ml
	0.75 ml

	02
	Tris HCl
	1.5 ml
	0.5 ml

	03
	TEMED
	6µl
	6µl

	05
	SDS 10%
	150µl
	200µl

	06
	Distill water
	3.4ml
	3.2ml

	07
	Ammonium per sulphate
	3g/ 30 ml Distill water
	2.5g/30ml distill water



Table 3. Chemicals used for running buffer 
	Sr. No.
	Chemical
	Weight

	01
	Glycine
	14.4g

	02
	Tris base
	3.02g

	03
	SDS
	1g

	04
	Coomassie blue dye
	25µl/sample



Larval bioassay
B. zonata larval instars (L2) were subjected to several doses of extracted enzymes (1.5, 3, 5, 7.5, and 10µL/mL). Using the larval immersion approach, 20 larvae of comparable age were exposed to enzymes (Ugwu and Nwaokolo, 2020). Larvae of B. zonata were dipped into 9 cm sterile Petri plates with the necessary amount of CDE. A similar batch of 20 B. zonata treated with B. bassiana mycelium medium served as the untreated control. Dead larvae were removed following the count, and data were taken 24, 48, 72, and 96 hours later. After being quickly surface sterilized with 70% alcohol, the dead larvae were rinsed for three minutes with 1% sodium hypochlorite, then they were placed on a filter in sterile water.
Pupal bioassay
The 20 pupae were taken from the culture in the lab. Six treatments with varying doses were used: 1.5, 3, 5, 7.5, and 10 µL/mL, as well as a control. After being submerged in the suspension bioassay procedure, roughly 20 pupae (4 days old) were maintained in sterile Petri dishes (9 cm). To help treated and untreated pupae emerge as adults, sterile sand was added to petri plates. Following 3, 6, 9, and 12 days of treatment, the adult emergence data were obtained under controlled conditions, with a temperature of 26±2°C and a relative humidity of 65±5% at 16:8 (L:D). Three replications of the experiment were conducted using a completely randomized design.
Adult bioassay
An immersion approach was used in a bioassay to assess the pathogenicity (Yousef et al., 2018). Five different concentrations of crude enzymes (1.5, 3, 5, 7.5, and 10µL per ml of mycelium liquid medium) were added to plastic rearing cages containing ten pairs of adult B. zonata three-day-olds (♂ and ♀) for testing, along with a control. Adults in the control group were only given sugar and yeast hydrolysate (Ortiz-Urquiza et al., 2013). Under CRD, three replications of six treatments involving ten pairs of B. zonata were conducted. At 16:8 (L:D), the experimental conditions were kept at 25±2°C and 60±5% relative humidity. 
Statistical analysis
ANOVA was performed using a completely randomized design (CRD) to determine the percentage mortality and efficacy of five concentrations of the cuticle-degrading enzymes (1.5, 3, 5, 7.5, and 10µL per ml of mycelium liquid media). Minitab 10.0 and 8.1 were used to analyze the data. The means and standard errors were separated using Tukey's test as a post-ANOVA technique with a 5% probability (Beris, 2021).
RESULTS
Gel electrophoresis analysis for enzymes 
The isolated enzyme's molecular weight, as determined by SDS-PAGE, was 31 KDa. The optimal pH for enzyme activity was 7.0 and the temperature was 35°C. For SDS-PAGE gel electrophoresis, samples were put onto a stacking gel and a 10% polyacrylamide gel containing 0.1 percent SDS. Following electrophoresis, gels were stained with Coomassie blue (Ali et al., 2014). Figure 1 and Figure 2 show the bands of different enzymes. 
Figure 1. A visualize band of 34 and 49.7 KDa of lipases and proteases from B. bassiana
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Figure 2. A visual band of 19 and 50 KDa chitinase from B. bassiana 
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Activity of CDE against second instar larvae of B. zonata
The pathogenicity of B. bassiana CDE against B. zonata larvae in their second instar was observed after a 24-hour application period. Larvae showed significant mortality (F5, 12 = 29.1, P=0.0039, α=0.05) 24 hours after treatment. Concentration-dependent mortality was observed, with the batch treated with 1.5µL/mL cuticle-degrading enzymes and the untreated control group showing the lowest mortality of 13.33±1.92% and the highest mortality of 31.67±1.92% at 10µL/mL. Larval mortality rates were 31.67±1.92%, 25±1.92%, 21.68±2.72%, 16.66±1.92%, and 13.33±1.90%, respectively, for treatments 10≥7.5 ≥5 ≥3.5, and 1.5 (Fig. 3). 
Figure 3. Larval mortality of B. zonata at various intervals after application of CDE of the B. bassiana 



After 48 hours, the substantial mortality was observed (F5, 12 = 38.33±2.63, P=0.000, α=0.05). The B. zonata larvae treated with 10µL/mL cuticle-degrading enzymes had the highest mortality rate (38.33±2.63), while the untreated group had the lowest mortality rate (21.66±2.50) at 1.5µL/mL. When substantial mortality (F5, 12 = 15.81, P=0.0001, α=0.05) was recorded at 58.33±3.96% and 78.33±2.80% in a batch of insects treated with 10µL/60mL, respectively, the cuticle-degrading enzymes from B. bassiana were found to be fatal after 72 and 96 hours of treatment. Following 72 and 96 hours of treatment with 1.5 µL/mL of cuticle-degrading enzymes, the lowest death rate of 43.32± 2.96% was observed, followed by an untreated group of 3.00±2.80% (Fig. 3).
The activity of CDE of B. bassiana against 4 days old pupa to observe adult emergence
Adult emergence was 8.33±3.11% at 10µL of cuticle-degrading enzymes after 6 days of treatment, compared to 50±3.12% in pupae that were not treated. After 9 days of treatment with 10µL of B. bassiana's cuticle-degrading enzymes, poor adult emergence was observed at 3.33±2.72%, while in an untreated group, adult emergence was observed at 60±2.99%. Adult emergence was poor at 8.33±2.22% at 10µl of cuticle-degrading enzymes after 12 days of treatment (F5, 12 = 23.93, P=0.0002, α=0.05), compared to 65.00±5.77% in pupae that were not treated. Following a review of all the data, the control group showed the highest adult emergence, followed by the less concentrated ones, and the 10µL concentrated checks showed the lowest adult emergence after three
Figure 4. Adult emergence percentage of B. zonata at different intervals after application of CDE 




The activity of CDE of B. bassiana against 3 days old adult of B. zonata
Significant mortality was detected at 36.66±1.92% at 10µL after 2 days of treatment (F5, 12 =22.31, P=0.012, α=0.05). The lowest mortality was recorded at 11±1.50% at 1.5µL, followed by untreated adults at 5±1.22%. Likewise, following three days of therapy, the highest fatality rate was 41.66±2.43% at 10uL, while the lowest mortality rate was 20±2.2% at 1.5µL, with untreated people coming in last. After 4 and 5 days of therapy, the adult B. zonata mortality rate was 50±2.88% and 80±2.15% at 10 µl, respectively, while the adult mortality rate was 30±2.88% and 36±2.33% at 1.5 µl. Under laboratory conditions, the largest and most substantial mortality was seen in relation to the concentration and exposure time of insect-based trends (Fig. 5).

Figure 5. Adult mortality of B. zonata at different intervals after application of CDE 

Physical deformities resulted in different life stages of B. zonata after application of CDE
Physiological malformation in arthropods can be caused by chemicals, mutagens, diseases, and physical disruptions. This might happen naturally or as a result of any other condition. Despite the fact that coleopterans are known to be sensitive to physical disruption, little research has been done on how this impacts juvenile development and results in malformations (Bong et al., 2018). Numerous arthropods have been discovered to have morphological abnormalities. It can occur spontaneously (idiopathic) or be brought on by physical disturbances, illnesses, and substance mutagens (Barbosa et al., 2015).
 The effects of several B. bassiana cuticle-degrading enzymes, such as proteases, chitinases, lipases, and proteinases, significantly altered the structure of the insect cuticles in the current study. Certain enzymes cause the development of insects from pupae to adults to be delayed, which results in aberrant development of B. zonata from pupae to adults. After dipping in the different concentrations of B. bassiana's CDE, numerous physical abnormalities were seen in the larvae of B. zonata. The creation of melanin, which is triggered by immunological reactions after dipping in enzymes, causes the cuticle of insects to turn black, which lowers the likelihood that pupae will form from two to three old day larvae. Melanization was also observed in pupae, which decreased the proportion of adult emergence.
Figure 6. Poor adult emergence, melanization of pupae and larvae after bioassay
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DISCUSSION
Fungi create mycelium to penetrate the epicuticle and penetrate epithelial tissue, causing infection of the epidermis, which is one of the most common ways of infection. This study aimed to demonstrate the beneficial effects of B. bassiana cuticle-degrading enzymes on larval mortality and deformities in various stages of B. zonata. B. bassiana ultimately enters insects through a combination of enzymatic and mechanical processes, primarily through intact cuticles rather than wounds or natural openings (Kaur, 2022).
Instead of hyphal growth, blastospores are the primary method of reproduction for the anamorphic fungi B. bassiana (Chandler, 2017). Proteases produced by B. bassiana aid in the hydrolysis of cuticuler proteins found in the insect's epidermis and render antifungal proteins inactive. The breakdown of lipids and lipoproteins found in insect cuticles is significantly aided by B. bassiana lipases. It facilitates the germination and adhesion of spores on the insect cuticle by improving hydrophobic interactions between the fungal surface and the cuticle and breaking triacylglycerol ester bonds to release free fatty acids. Additionally, B. bassiana produces phospholipase C, which aids in the hydrolysis of phosphodiester bonds and breaks down phospholipids in insect cell membranes.
It enables the fungus to infect other tissues by piercing the insect's hemocoel. Tissue penetration, extensive growth in the hemolymph, and the subsequent manufacture of poisons all contribute to the insect host's demise. By spreading throughout the insect's body cavity via hemolymph, these blastospores infiltrate vital organs, obstructing the circulatory system and ultimately resulting in the insect's death. Following the death of the host, the fungus enters a facultative feeding stage, during which it begins hyphal development outside the epicuticle and generates a large number of spores (Altinok et al., 2019). 
Germ tubes on the cuticle can be impacted by environmental stressors such high temperatures and UV radiation, as well as insect defensive reactions in the cuticle. The virulence of the fungus may be positively impacted by accelerated cuticle breaching since it may reduce the duration of exposure to these conditions and, thus, increase the chance of successful infection. Concurrent enzymatic cuticle breakdown is beneficial in addition to the mechanical pressure required to break through the cuticle. A chitin-based framework, along with auxiliary proteins and lipids, make up the majority of the cuticle (Zhang et al., 2010).
 Hydrolytic enzymes including lipases, chitinases, and proteases are created and released when a fungus breaks through the cuticle of its host. The initiation of the infection process, which leads to cuticle transposition, depends on these enzymes. When B. bassiana is cultivated in the cuticle of an arthropod or chitin as the sole source of carbon and nitrogen, it produces a number of extracellular enzymes that break down the components of the host cuticle (Cheong et al., 2020). 
One important factor in B. bassiana's pathogenicity was thought to be its extracellular enzyme activity. B. Bassiana had the highest extracellular chitinase activity and was the most harmful to its hosts. The pathogenicity of B. bassiana chitinase has been linked to the enzyme's ability to break down the chitin polymer of an insect's cuticle. According to Dhawan and Joshi (2017), protease was considered to be an essential enzyme during the infection stage of EPF.
 Second only to chitin, protein is one of the most important components of an insect's cuticle. Chitinase is one of the most crucial and early enzymes engaged in the invasion, after the proteolytic breakdown of the target proteins and the ultimate exposure of the chitin in the host cuticle. There were extracellular proteases in insect hemolymph as well. The B. bassiana isolates' protease activity varied significantly from one isolate to another, and their peak protease production time varied as well (Cheong et al., 2020). The timing of maximum protease synthesis is not always determined by the media components, as seen by the high levels of protease release observed in media with varying nitrogen sources three days after inoculation. 
Proteolytic activity declined as the cultures of B. bassiana isolates grew older; this was probably due to either culture autolysis or nutrient restriction. In almost every isolate of B. bassiana, two trypsin-like proteases with molecular weights of 30-kDa and 27-kDa, together with a 66-kDa protease, were found. B. bassiana conidia were shown to have a metalloprotease with a molecular weight of 103 and 12 kDa (Dhar and Kaur, 2010). Among the promising biocontrol agents is B. bassiana. It has been used in agroecosystems for a long time and has proven to be quite successful in controlling insect outbreaks. Due to their unusual ability to enter their host insects through the cuticle, these microbes heavily depend on a class of hydrolyzing enzymes.
 According to studies, proteases are essential enzymes for fungal penetration through insect cuticles because they are released early in the pathogenic process. Almost all virulent entomopathogenic fungi have elevated proteolytic activity for trypsin-like proteases (Pr2) and subtilisin-like proteases (Pr1) because these two proteases directly affect their host insects. The genetic engineering of entomopathogenic fungi has brought attention to the role of proteases in virulence and their potential use in the development of novel mycoinsecticides. The majority of research on the effects of entomopathogenic fungi has focused on the possibility of inoculum formation and mortality in target insects in order to differentiate between various fungal species or strains. 
It is essential to take into account other pathogenic elements, such as the ability of enzymes to secrete, and try to overexpress them in order to ensure efficacy. Proteases would be good choices as they guarantee fungal penetration and are directly poisonous to insects. Furthermore, research on the pathological management of insect pests has shifted its focus to the use of genetic engineering to increase the virulence and speed of entomopathogenic fungi's ability to kill insects. The study's findings will aid in our comprehension of the degree of protease production in various B. bassiana isolates, as well as the length of incubation and the generation of Pr1 and Pr2 by these isolates. This will lead to new research on the role of chitinases, lipases, and proteases in entomopathogenic fungus virulence.
Conclusion
Numerous insect pests can be managed by the amorphous entomopathogenic fungus Beauveria bassiana. Because B. bassiana contains enzymes that break down cuticles, it is harmful to insects. The SDS-PAGE technique was used to analyze the isolated cuticle-degrading enzymes. Based on their molecular weights, it was separated into three cuticle-degrading enzymes following investigation. These enzymes, which vary in their molecular weights in Kilo Dalton (kDa), include lipases, chitinases, and proteases. 
After the gel was stained, the bands of their molecular weights were plainly evident, indicating the presence of these enzymes that break down cuticles. When combined with the mycelial body of less pathogenic strains of B. bassiana, these enzymes can increase the activity of the species. Consequently, it is possible that these enzymes contribute significantly to the pathogenicity of numerous insect pests. 
Protease, lipase, and chitinases are among the enzymes found in B. bassiana that break down the antifungal protein found in the B. zonata cuticle. As a result, B. bassiana is an effective biological control agent for B. zonata management. 
Novelty statement
B. bassiana is a potent biological control agent that releases certain cuticle degrading enzymes. These cuticle degrading enzymes cause direct toxicity in the insect cuticle by destroying the antifungal protein present in the insect cuticle.  
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