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Original Research Article 
A Proteomic analysis of the bacterially infected midgut of the silkworm Bombyx mori L
Abstract
The midgut is a crucial organ for the digestion and absorption of nutrients in silkworms. It also serves as a barrier to the entry of various diseases. The primary objective of this study was to investigate the midgut proteins expressed after the inoculation of bacteria, specifically Staphylococcus aureus and Bacillus subtilis. These two pathogens cause the bacterial flacherie in silkworms. We focused on the midgut proteins of 5th instar larvae and analyzed them using SDS gel electrophoresis and matrix-assisted laser desorption time-flight mass spectrometry. The midgut samples were collected from both infected and uninfected larvae on the second to sixth day post-infection (DPI). The protein content was determined using the nano-drop spectrophotometric method to gain insights into the variations in protein expression in bacterially infected silkworms. The outcome revealed that total protein concentration increased on day 2 and decreased on days 3 and 4. On days 5 and 6, the Bacillus subtilis post-infection gradually increased. In contrast, protein content increases in samples with Staphylococcus aureus infection on days 2 and 3, decreases on days 4, and then gradually increases on days 5 and 6. The expressed 43 kDa protein was analyzed by MALDI-TOF/MS following electrophoresis. The expressed protein is a member of the actin A3 protein family. This member of the actin family includes Actin A3.
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1. INTRODUCTION
An important insect for several studies, including biochemical, physiological, and genetic ones, is the silkworm. In vivo and in vitro studies have been conducted to evaluate the biocompatibility and antioxidant potential of silkworm proteins such as sericin and fibrion. These proteins have shown promising applications in various fields, including biomedicine, food, and cosmetic industries. They have been used as supplements in culture media, for cryopreservation and wound healing, and have demonstrated antitumor effects. Furthermore, they have shown various metabolic effects in organic systems. These findings highlight the importance of studying and understanding the potential benefits and applications of silkworm proteins in different areas.
The foregut, midgut, and hindgut are the three segments of the gut of lepidoptera larvae. The midgut of the silkworm is an important organ for food digestion, nutrient absorption, and serving as a barrier for external substances (Kannan et al., 2006). It represents the middle portion of the alimentary canal. The peritrophic matrix, an acellular fibrous film primarily made of chitin, mucopolysaccharides, and proteins, lines the midgut. The silkworm's midgut has a significant impact on how resistant it is to different parasites. It is widely believed that the digestive tract, particularly the midgut area, serves as the natural entry point for harmful microorganisms (Kalpana et al., 1994). The primary point of entry for pathogens into insects is the mouth. According to Philipp et al. (2013), specific regions of the insect gut exhibit both low or high pH levels and release enzymes like lysozymes or peptidoglyconhydrolases. These enzymes target the structural components of bacterial cell walls. Different variants of bacterial peptidoglycan can bind to extracellular or intracellular epithelial receptors belonging to the peptidoglycan recognition protein (PGRP) family, thereby activating them. The transcription factor Relish is activated by downstream signalling through the IMD pathway, which in turn triggers the production of numerous AMPs and other immunity-related genes (Zhou et al., 2022).

Although insects lack an immune system that involves antigen antibody reactions, they have efficient defences against bacterial infection that cause antibacterial proteins when they become infected (Ganz, 2003; Cederlund et al., 2011). Numerous antibacterial proteins have been identified in different insect species and classified into five main categories: cecropins, insect defensins, attacin-like proteins (Carlsson et al., 1991), proline-rich peptides, and lysozymes. Among these categories, cecropins are particularly important as they demonstrate antibacterial activity against a broad range of gram-positive and gram-negative bacteria. In response to bacterial infection or injury, insect antibacterial proteins are rapidly synthesized in specific tissues and released into the hemolymph (Suparna et al., 2011). Antibacterial proteins attack bacteria in a number of ways, such as by disrupting bacterial membranes, obstructing their metabolism, and concentrating on their cytoplasm. Both gram-positive and gram-negative bacteria are resistant to attacins  (Carlsson  et al., 1991). From Bombyx mori, Glossina morsitans, Tricho plusiani, and other species, attacin and attacin-related proteins have been identified (Yi et al., 2014). The antimicrobial peptide moricin, which has a high basicity, is made up of a lengthy alpha helix with twists from a 42-amino-acid sequence. It works well against both gram-positive and gram-negative bacteria, with gram-positive bacteria being the primary target of its main activity (Yi et al., 2014). Drosogon is a peptide composed of 19 amino acids. It exhibits resistance not only to gram-positive bacteria but also to several gram-negative bacteria. Defensin peptides belong to a small, variable, cationic, and arginine-rich subclass of peptides (Ganz et al., 2003). These inducible antibacterial peptides, known as insect defensins, are effective against both gram-positive and gram-negative bacteria, including pathogens that can harm humans, such as Staphylococcus aureus (Hoffman and Hetru, 1992;  Hetru et al., 2003).

In the present study, normal fifth-instar silkworm larvae were infected with Staphylococcus aureus and Bacillus subtilis, respectively. Subsequently, SDS-PAGE electrophoresis and MALDI-TOF/MS analysis were conducted to determine the total proteins. The identified protein closely resembles Actine A3.
2. Materials and methods
2.1. Silkworm rearing
The silkworm Bombyx mori utilized in this study was obtained from the Bivoltine Breeding Laboratory, Central Sericulture Research and Training Institute, Mysuru. The larvae were raised on fresh mulberry leaves under controlled conditions of 25–27 °C room temperature and 70–75% humidity until the fifth instar stage.

2.2. Isolation of bacteria from silkworm cadavers

After incubation, plates showed the growth of bacterial colonies. The characterization of bacteria was carried out by cellular and morphological characteristics such as colony morphology and staining techniques for bacterial pathogen identification. The inoculated plates were inverted and placed in an incubator for 24–48 hours (Fig. 1).

2.3. Bacterial infection
During the fifth instar, the silkworm larvae were randomly divided into two groups, each consisting of 300 larvae. These larvae were subjected to a 12-hour period of starvation. For every 100 larvae, mulberry leaves were coated with 1 ml (2x106) of Staphylococcus aureus and 1 ml (2x106) of Bacillus subtilis for feeding. Additionally, 100 larvae were kept as controls.
2.4. Sample collection

After two days of infection, a midgut sample was collected from both control and infected larvae. A midgut sample was collected by dissecting the silkworm larvae (Fig. 2).

2.5. Protein extraction

About 500mg of midgut tissue was homogenised in 1-2 ml of homogenization buffer (5 mM Tris, 10 mM EDTA, 15% Glycerol, and 0.005% Polythiourea) in a mortar and pestle. Homogenate was centrifuged at 10000 rpm for 5 minutes at 4°C. The supernatant was collected, and an equal volume of a mixture containing 0.07% beta-mercaptoethanol and 10% trichloroacetic acid in ice-cold acetone was added to it. The mixture was kept at 4 °C for 10 minutes and then centrifuged at 10,000 rpm for 15 minutes at 4 °C. The resulting pellet was resuspended in 1-2 ml of lysis buffer (7% urea, 2% thiourea, 1% DTT, and 40 mM Tris) and centrifuged again at 10,000 rpm for 15 minutes. The supernatant was collected and stored at -20°C for further proteomic analysis.
2.6. SDS-PAGE analysis

For SDS-PAGE analysis, the experiment followed our previously standardized protocol. Hemolymph protein was mixed with sample buffer (4% SDS, 20% glycerol, 10% 2-Mercaptoethanol, 0.004% bromphenol blue, and 0.125 M Tris HCl, pH 6.8) and heated at 100 °C for 5 minutes. A 15% polyacrylamide gel was used, and electrophoresis was carried out using a Bio-rad protean tetra cell at 150 V, 30 mA, and 1.30 min. The gel was then subjected to silver staining after electrophoresis.
2.7. Sample preparation for MALDI-TOF/MS
For sample preparation in MALDI-TOF/MS analysis, the targeted protein band corresponding to the 43 kDa digestive juice protein on the 3rd day post-infection was isolated from the SDS-PAGE gel. The protein band was extracted from the gel, stored in 7% acetic acid, and sent for MALDI-TOF/MS analysis at the Molecular Biophysics Laboratory, Indian Institute of Science, Bangalore.
2.8. Database search
To identify the proteins, the resulting files from the MALDI TOF and TOF MS detection were analyzed using the MASCOT search engine (version 2.0; Matrix Science, London, UK) with GPS Explorer software (version 3.0; Applied Biosystems, Foster City, CA, USA). The SWISSPROT database was used for peptide and protein identifications.

3. Results
3.1. Protein quantification

Spectrophotometric analysis results conclude that protein concentrations in infected samples varied as compared to the control (Table 1). Protein concentrations in the control midgut sample were found to be 10.73 mg/ml, whereas in the infected midgut, protein concentrations were up-regulated. 

3.2. Electrophoresis

Quantified midgut samples were subjected to SDS-PAGE analysis for protein profiling. After electrophoresis, performed silver staining procedure. The silver staining method is a more sensitive protein detection method because the protein concentration was very low, and this method is very sensitive; it detected minute protein bands (<10 ng). We found 26 protein bands in Staphylococcus aureus infected silkworm samples (Fig. 3) and 28 protein bands in Bacillus subtilis-infected samples (Fig. 4). The interested protein (43 kDa) expression showed similarity in both pathogen-treated samples. 

3.3. Identification by MALDI-TOF/MS

Significant bands at 43 kDa were observed in the protein electrophoresis profiles of samples infected with Staphylococcus aureus and Bacillus subtilis, respectively, in the current study. We sequenced a single protein of interest for MALDI-TOF/MS analysis (Fig. 5). The 43 kDa protein was selected based on its expression level and previous studies that conducted MALDI-TOF/MS analysis on this protein. MALDI-TOF/MS analysis was performed to evaluate the expressed protein band, which was found to belong to the actin A3 protein family. Using the NCBI BLAST search, we identified this as a member of the actin family (Fig. 5). 
4. Discussion 

The midgut of the larva undergoes full remodeling throughout metamorphosis to become the midgut of the adult insect (Martins et al., 2006), which, in the case of Lepidoptera, has distinct feeding habits or doesn't eat at all, like in the case of Bombyx mori (Hakim et al., 2010). In particular, the larval epithelium creates a compact mass of cells termed the yellow body, which is gradually digested by autophagic and apoptotic mechanisms. The newly formed epithelium that persists until the adult stage regenerates the products produced from cell digestion. Intestinal stem cells proliferate and differentiate to produce this epithelium (Philipp et al., 2013). More than 2000 proteins were identified by using proteomic studies on this organ have been conducted in recent years to better understand the molecular processes involved in protein-protein interactions, food digestion, nutrient absorption, and midgut defence (Berenbaum 1980; Zhang, et al., 2019). Kour et al., (2024) reported that a total of 3047 proteins were identified and a total of 854 of these were significantly different in abundance in different starvation time point comparisons in Manduca sexta midgut. According to Agarwal et al., (2014), chitin and proteins make up the majority of the peritrophic matrix in insects' midguts, which is thought to help in digestion and offer defence against food particles and intestinal infections.
Protein concentration were analyzed after inoculation of both pathogenic bacteria. In the 2nd day, protein concentration is up-regulated to 14.47 mg/ml, but down-regulated in the 3rd and 4th days, and again up-regulated in the 6th day to 20.55 mg/ml. The protein concentration in the control midgut sample was found to be 10.73 mg/mL. In the 2nd, 3rd, 5th, and 6th days, protein concentrations were up-regulated (13.36, 14.43, 13.92, and 14.39 mg/ml, respectively), but in the 4th day, they were down-regulated (13.61 mg/ml).

Silver staining was used to identify low-concentration proteins after electrophoresis. We found 26 protein bands in Staphylococcus aureus infected silkworm samples and 28 protein bands in Bacillus subtilis-infected samples. The interested protein (43 kDa) expression showed similarity in both pathogen-treated samples. A total of 90 proteins were found by Hui et al. (2009), and in that, 79 of those were identified for the first time. These proteins were linked to signal transduction, substance transport, and the cell skeleton. They also play a role in the midgut's digestion process, energy and substance metabolism, and signal transduction. Kajiwara et al. (2005) reported 256 proteins in the midgut, including chaperonins, ATPases, and many specialized cytoskeleton proteins. Zhang et al. (2011) investigated the proteins in the midgut of larvae in their fifth instar as well as those in the midgut under starvation. In total, 96 proteins were found in this study, 69 of which have been identified for the first time in the midgut. Found that the 10 kDa heat shock protein and a precursor to the diapause hormone were produced by the silkworm larval midgut in its response to starvation. The progressive increase in protein content in both from days 2 to 6, with some variation on days 3 and 4, indicates that an increasing amount of midgut proteins may be essential for silkworm growth and resistance. Many proteins are found in the midgut of silkworms, including transferrin (77.2 kDa), which is involved in cell growth, homeostasis, and immunity; actin depolymerizing factor (17.25 kDa), which regulates cytoskeleton dynamics by separating and depolymerizing actin filaments; and Dnaj-like protein (59.9 kDa), which aids in silkworm growth and development and serves as a chaperon for proteins (Yinu et al., 2016). Tavares, (2011) reported that differential structure of the intronic promoter of the Bombyx mori A3 actin gene correlated with silkworm resistance to nucleopolyhedrovirus. Maolong et al., (1998) found a BmMNPV protein (P95) that causes increased actin expression in B. mori cell lines, proving that actin functions in the infection process.
The 43 kDa protein was selected based on its expression level and previous studies that conducted MALDI-TOF/MS analysis on this protein. MALDI-TOF/MS analysis was performed to evaluate the expressed protein band, which was found to belong to the actin A3 protein family. Actin A3 is a highly conserved protein involved in various cell motility processes. It is a key component of the cytoskeleton and plays a major role in cell streaming, shape determination, division, organelle movement, and extension expansion. Kannan et al. (2016) conducted research on the silkworm midgut to identify different protein expressions using various techniques. Their 2D-PAGE analysis revealed up-regulated or differently expressed midgut proteins at 45, 29.8, and 20 kDa during the pupal stage. MALDI-TOF/MS analysis was used to identify the proteins, which were identified as Hemolin, low molecular weight 30-kDa lipoproteins, HSP 20.8 kDa and HSP 20.4 kDa, and 37-kDa serine protease (Table 2).

5. Conclusion
In the process of breaking down food and absorbing nutrients, the midgut is crucial. We conducted a proteomic analysis of the Bombyx mori larval midgut to identify proteins that exhibit significant changes in expression during bacterial infection. In this study, silkworms were infected with Staphylococcus aureus and Bacillus subtilis, and we performed proteome analysis using SDS-PAGE electrophoresis. The protein band generated was then subjected to MALDI-TOF/MS analysis. The results of the NCBI BLAST search revealed that the specific protein band belongs to the actin family, with an 82% homology match to the actin A3 protein. This protein plays a crucial role in regulating cell growth and proliferation.
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Table 1. Nanodrop analysis of Silkworm midgut protein sample infected with Staphylococcus aureus and Bacillus subtilis
	Midgut sample
	Concentration (mg/ml)

	
	Staphylococcus aureus
	Bacillus subtilis

	Control
	10.73
	10.00

	Day 2
	13.36
	14.47

	Day 3
	14.43
	12.64

	Day 4
	13.61
	12.37

	Day 5
	13.92
	13.54

	Day 6
	14.39
	20.55


Table 2. List of midgut proteins and their function

	Protein
	MW[kDa]
	Function
	Reference

	Carboxypeptidase
	       48
	Role in physiological processes of blood coagulation/ fibrinolysis, inflammation, food digestion.
	Ye, et al., 2023

	Cyclophillins
	     18.12
	Peptidyl prolyl isomerase activity, which catalyses the isomerization of peptide bonds.
	Zhang et al., 2011

	Transferrin
	     77.20
	Act as marker for inflammation.
	Zhang et al., 2011

	Actin depolymerizing factor
	     17.23
	Regulate cytoskeleton dynamics by severing and depolymerizing acting filaments.
	Zhang et al., 2011

	DnaJ
	     59.96
	Act as molecular chaperon for protein folding.
	Yinu et al., 2016

	Enolase
	     47.19
	Responsible for majority of energy production.
	Kikuchi et al., 2017

	Juvenile harmone
	     20.79 
	Play a key role in regulating development, metamorphosis and reproduction.
	Zhang et al., 2011
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      Fig 1: a. Bacillus subtilis culture plate b. Staphylococcus aureus culture plate








Fig 2: Midgut sample collection from control and infected silkworm.








Fig 3: Protein profiling of control and Bacillus subtilis infected Silkworm midgut by using silver staining
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Fig 4: Protein profiling of control and Staphylococcus aureus infected Silkworm midgut by using silver �staining
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Fig 5: Identification of Actin A3 protein MALDI-TOF/MS analysis specetru
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