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Biolarvicide Potency of Bacillus thuringiensis Against Mosquito Larvae and Other Insects

ABSTRACT 
	Aims: The aim of the study is to review the mechanism of larvicide bacteria Bacillus thuringiensis (Bt) Against mosquito larvae and other insects.
Discussion: characteristics of mosquito larvae is unique and different from any other stage of insect. One of its vulnerabilities is due to its eating habits and this is where Bt toxin play an important role as environmental friendly biopesticide. There are several toxin genes of Bt, namely crystal (cry) genes, cytolytic (cyt) genes, Vegetative insecticidal protein (vip) genes, Secreted insecticidal protein (sip) gene, bin-like and ETX_MTX2-family proteins. These arrays of delta-endotoxins possess toxic properties and can be used as biopesticides and effective vector control aginst tropical disease such as dengue fever.
Conclusion: Bt toxin is a biological insecticide that acts as a gut toxin to kill insect larvae. Bt is a naturally occurring bacterium that produces spores that contain crystalline inclusions with proteins that are toxic to insects, especially those which responsible for transmitting vector borne disease. Several toxin genes of Bt encode insecticidal proteins that target agricultural and forestry pests which is sustainable and environmental friendly.
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1. INTRODUCTION 
Morbidity and mortality due to mosquito borne viral infections (Rudolph et al., 2014) such as dengue and chikungunya are gigantic. In 2024, more than 14 million dengue cases and 10 000+ dengue-related deaths were reported globally (European Centre for Disease Prevention and Control, 2025). Most cases were reported from the WHO PAHO in the region of the tropical (WHO PAHO, 2025). While for chikungunya, in 2024 alone, there were 620 000 cases and 213 deaths were detected through epidemic intelligence activities from countries in the Americas (15 published studies or reports), Asia (6 studies or reports), Africa (1 study or report) and Europe (1 study or report) [https://www.ecdc.europa.eu/en/chikungunya-monthly].
Nowadays, many infectious diseases were primarily controlled through environmental interventions, one of the most promising is via vector control. In case of dengue and chikungunya, vector control is a key measure to prevent the spread and transmission of dengue and chikungunya  (Siagian, 2023; Wilson et al., 2020). Vector control aims to proactively prevent or at least minimize the number of times a vulnerable individual comes into contact with a vector that conveys the seed of the disease (Siagian, 2023; Chen et al., 2016; Eisen et al., 2009; Schorderet-Weber et al., 2017). Principally, it should incorporate a simultaneous act of interventions in the physical environment (Buhler et al., 2019) combined with chemical-insecticide application (Jobe et al., 2023), and also biological agent employment (Siagian, 2023; Thomas, 2018). All of these type of interventions aim to reduce the number of mosquitoes that transmit these diseases. Out of those three interventions, the biological intervention by means of production of microorganisms, mostly pathogenic bacteria, or predatory species or entomopathogenic fungi (Kamel et al., 2024) for use as a biological control agent especially against disease causing insects (Huang et al., 2017). This approach is much easier and costs-effective than the production of chemical insecticides (Colmenarez et al., 2024) which may result to the insects’ resistance (van den Berg et al., 2021) and pollution to the environment (Ahmad et al., 2024). 

The Aedes mosquito is the primary carrier of the dengue virus (Schaefer, 2024). The life cycle of the Aedes mosquito, a vector for the dengue virus, is closely related to its role in transmitting disease (Cruz et al., 2023) which relies on its vectorial capacity. The life cycle of a mosquito has four stages: egg, larva, pupa, and adult. All mosquitoes shows to these stages, but different species may prefer different habitats. In a more specific context, the habitat and favorite breeding places of Aedes mosquitoes includes relatively clean water in natural or artificial containers (Ferede et al., 2024), such as ponds, plants that hold water or tree holes, flower pots, bottles, cans, non-mounted tires, and clogged gutters (Knoblauch et al., 2024); and in conjunction with its life cycle, except for the adult, all remaining three stages are inhabitant of aquatic milieu (Arévalo-Cortés et al., 2022) as temporary breeder (Glogoza et al., 2000). The good understanding of its life cycle become the pivotal entry point for preventing transmission.

Mosquito larvae, also known as "wigglers", actually are the most vulnerable stage of a mosquito's life cycle; they are prone to their natural predators, oils (because when applied to the water surface, oil creates a barrier that prevents them from accessing oxygen, which they need to breathe through a specialized tube called a siphon; essentially, they suffocate due to their inability to break through the oil film to reach the air at the water surface) and  also to certain bacteria. In other words, they are susceptible to biological and chemical larvicides and making them the target of larvicides is quite easy theoretically. Its life cycle continuation can be stop by killing mosquito larvae and pupae before they can grow into adult mosquitoes. The aim of the study is to revisited the mechanism of larvicide bacteria Bt against mosquito larvae and other insects.
2. CHARACTERISTICS OF MOSQUITO LARVAE

The life cycle of a typical mosquito actually has four stages, namely egg, larvae, pupae, and adult (Hawkes & Hopkins, 2022). All types of mosquitoes undergo these stages, but habitats preference varied between species. Mosquito larva (plural- larvae), called “wrigglers,” are aquatic creatures, can be described as follows: they have three body regions: head, thorax, and abdomen. The head of mosquito larvae is large and sclerotized (composed of a hardened exoskeleton). Thoracic segments that are strongly dilated compared to the wormlike abdominal ones with apods (no legs), as with all diptera (Martins et al., 2023).

Typically, they hang just right below the water surface for respiration (Lee et al., 2017), breathing air through some kind of tubes, a snorkel-like breathing siphon at the distal tip of their abdomen to establish breathe. Larva live entirely in the water and come to the surface to breathe. Larva shed (molt) their skin four times, growing larger after each molt. The periods between molting are called instars. The larval stage lasts between 4 and 14 days. The length of the larval stage depends on the species, water temperature, and food availability (Martins et al., 2023; Lee et al., 2017). This is the most vulnerable stage of the mosquito lifecycle to mosquito control efforts because it is easy to find and destroy in standing water.

One of its vulnerability is its eating habits. Mosquito larvae eat almost constantly until they exit the larval stage- harvest their nutrition by dining on their organic surrounding detritus which can consist of algae, bacteria, protozoa, and other microorganisms that are found in water. It also eats plant debris, insect exuviate and crustaceans. Mosquito larvae filter feed on microorganisms near the water's surface. Mosquito larvae scrape biofilms from rocks and underwater vegetation (Hawkes & Hopkins, 2022). This is when larvicide bacteria come into its potency.
3. Bacillus thuringiensis: ITS MICROBIOLOGY and effects
Bacillus thuringiensis (Bt) is a ubiquitous Gram-positive, spore-forming bacterium (Sun et al., 2021; sanahuja et al., 2011)) that forms a unique parasporal crystal the time of their stationary phase in its growth cycle (Unzue et al., 2022). Their existence in the nature seems to be indigenous to various types of environments, worldwide (Arrieta & Espinoza, 2006; Damgaard, 2000; Assaeedi et al., 2011) even considered as environmental pathogens with its unique host specificity which has developed as part of its adaptation to human generated ecological niches (Argôlo-Filho & Loguercio, 2013). Isolation typically involves heat treatment to select for spores (Wen et al., 2022), sometimes with an acetate enrichment step (Rivero & Cerdá-Olmedo, 1987) or alternatively using antibiotic selection (Ahmed et al., 2024). The diversity in flagellar (H-antigen) agglutination reactions (Xu & Côté, 2008) is one indication of the immeasurable genetic diversity among Bt isolates.
The astonishing diversity of Bt strains and toxins is due at least in part to a high degree of genetic plasticity and mobile genetic elements (Gillis et al., 2018). Most Bt toxin genes appear to be settled in plasmids (Guerrero et al., 2024), on numerous occasion as parts of composite structures that include mobile genetic elements (Hu et al., 2022). Great quantities of Cry gene-containing plasmids appear to be conjugative plasmid (Hu et al., 2022; Guerrero et al., 2024; Gillis et al., 2018).
This Bt was initially marked as an insect pathogen (Ruiu, 2015), and its insecticidal activity was ascribed mostly or completely (depending on the species of insect) to the parasporal crystals (Unzue et al., 2022). Bt has developed an enchanting array of molecular mechanisms to manufacture colossal amounts of biopesticidal toxins (Kumar et al., 2021; Crickmore et al., 2020) during the stationary phase of growth (Palma et al., 2014;). The toxin genes of Bt are crystal (Cry) genes (Crickmore et al., 2020; Peng et al., 2019), cytolytic (Cyt) genes (Guerchicoff et al., 2021; Crickmore et al., 2020) Vegetative insecticidal protein (Vip) genes (Gupta et al., 2021; Crickmore et al., 2020), Secreted insecticidal protein (Sip) gene (Shen et al., 2021; Crickmore et al., 2020) Bin-like and ETX_MTX2-family proteins (Crickmore et al., 2020; Palma et al., 2014). These genes encode insecticidal proteins that target agricultural and forestry pests which is sustainable and environmental friendly (Ragasruthi et al., 2024; Gupta et al., 2021; Chattopadhyay & Banerjee, 2018). Its ecological values are enormous, in addition of being an environmentally-friendly biopesticide (Ragasruthi et al., 2024; Gupta et al., 2021; .Chattopadhyay & Banerjee, 2018) and a potential candidate of safe bio fertilizer (Gomis-Cebolla & Berry, 2023) , It can also help biodegrade pollutants (organic or inorganic) in the environment (Wu et al., 2023).

4. ITS TOXINS AND THEIR BIOCIDAL ACTIVITY
Bt toxins are proteins produced by the bacterium that are toxic to insects, nematodes, and some human cancer cells. These toxins are used as biopesticides to control insect pests.
Crystal (Cry and Cyt) proteins. Cry and Cyt protein are different, but share the same action, because these two widely known as pore-forming toxins which work in the stomach of an insect (Soberón et al., 2010). These proteins produced during sporulation (Xu et al., 2014) and are the most common type of Bt toxin (Palma et al, 2014). The individual Cry and Cyt proteins actually show weak toxicity to mosquito larvae, compared to the high toxic effect displayed by the whole combined crystal, which results from the synergism among these proteins (Silva-Filha et al., 2021). These two work together to kill mosquito larvae by forming pores in the midgut cells of the larvae (Silva-Filha et al., 2021; Cancino-Rodezno et al., 2012). Its mechanism of action is as follow: Mosquito larvae ingest the Cry and Cyt toxins, which are contained in crystal inclusions. The alkaline pH of the midgut dissolves the crystals (Koller et al., 1992).  Midgut proteases activate the protoxins where the structural changes that trigger receptor binding upon proteolytic activation of these insecticidal protein (Infante et al., 2024). The Cry and Cyt toxins bind to receptors and insert into the midgut cell membrane (Bravo et al., 2007). The toxins form pores (Soberón et al., 2010) that disrupt the cell's ion homeostasis and kill the cell. The combination of cry and cyt genes allows for high toxic activity, causing immediate larval death within or less than 24 hours after initial exposure (Soares-da-Silva et al., 2017). The ingestion of the crystals is important for the mode of action since it was observed that larvae treated with soluble toxins did not display mortality (Lopez-Molina et al., 2021) and this is perfectly facilitated by the voracious nature of the larval stage of the mosquito (Hawkes & Hopkins, 2022).
Vegetative insecticidal proteins (Vips). These proteins are secreted during vegetative growth and are toxic to lepidopteran, coleopteran, and some hemipteran pests (Gupta et al., 2021; Palma et al., 2014). The mechanism of action of Vip toxins involves binding to receptors in the midgut of an insect, forming pores, and killing the insect (Infante et al., 2024). Vip1 and Vip2 are binary toxins which are specific to coleopterans and hemipterans (Gupta et al., 2021; Geng et al., 2019). Vip1 binds to receptors in the midgut membrane while Vip2 enters the cell through endocytosis and acts against actin in its target cells- precisely by by preventing the formation of microfilaments through ADP-ribose catalytic transfer from NAD to actin and disintegration of insect’s cytoskeleton, resulting in the death of target insect (Sellami et al., 2016). On the other hand, Vip3 toxins are activated by proteolysis in the insect midgut (Nimsanor et al, 2020). The activated toxins bind to receptors, forming pores in the midgut cells. The mechanism of action of Vip3 toxins is similar to the Cry toxin-like protease activation (Byrne et al., 2020) where toxicity is likely to result from pore formation leading to cell necrosis, however, other mechanisms of toxicity have been suggested including the initiation of cell apoptosis via mitochondrial dysfunction and with lysosome play an important role in the action of this toxin (Hou et al., 2020).
Secreted insecticidal protein (Sip). This protein has insecticidal activity against coleopteran pests (Shen et al., 2021; Crickmore et al., 2020). Structural insight into Bt Sip1Ab reveals its similarity to ETX_MTX2 family beta-pore-forming toxin (Chen et al., 2023). It likely functions by binding to receptors in the midgut of insects and disrupting the membrane. This disrupts the function of the midgut and allows gut contents to leak out, which kills the insect.
Bin-like and ETX_MTX2-family proteins. These proteins are produced by some Bt strains and share amino acid similarities with mosquitocidal binary (Bin) and Mtx2 toxins. Binary (BinAB) toxin is primarily responsible for the larvicidal effect of the bacterium. BinAB is a single-receptor-specific toxin which act like a stomach poison and is effective against larvae of Culex and Anopheles, but not against Aedes aegypti. (Sharma & Kumar, 2021; Smith et al., 2004)
One may only conjuncture regarding the ecological contribution to the bacterium of implicating several Cry gene expression systems, which strongly suggest the broader spectrum of insecticidal activity during its active portion (Arsov et al., 2023). Unfortunately, co-expression of multiple toxins is distinctly possible to elevate the host range of a given strain (Malovichko et al., 2019) or of a population exchanging toxin genes (Gonzalez et al., 2019); it was suggested there was plasmid transfer between different Bt strains during growth within an insect which was a non-susceptible larvae (Thomas et al., 2001). Any critical experiments directed towards understanding bacterial toxin gene expression within the gut of a susceptible pest must be encourage to make a better understanding regarding its biopesticidical properties, especially in mechanism of action and also interaction with its insect host.
4. Conclusion
Bt toxin is a biological insecticide that acts as a gut toxin to kill insect larvae. Bt is a naturally occurring bacterium that produces spores that contain crystalline inclusions with proteins that are toxic to insects, especially those which responsible for transmitting vector borne disease. There are several toxin genes of Bacillus thuringiensis, namely (Bt) are crystal (Cry) genes, cytolytic (Cyt) genes, Vegetative insecticidal protein (Vip) genes, Secreted insecticidal protein (Sip) gene, Bin-like and ETX_MTX2-family proteins. These genes encode insecticidal proteins that target agricultural and forestry pests which is sustainable and environmental friendly. 
DISCLAIMER (ARTIFICIAL INTELLIGENCE)

Author(s)  hereby  declare  that NO generative  AI technologies   such   as   large   language   models (chatGPT, COPILOT,   etc.)   and   text-to-image generators  have  been  used  during  writing  or editing of this manuscript.
References
Ahmad, M. F., Ahmad, F. A., Alsayegh, A. A., Zeyaullah, M., AlShahrani, A. M., Muzammil, K., et al. (2024). Pesticides impacts on human health and the environment with their mechanisms of action and possible countermeasures. Heliyon, 10(7), e29128. https://doi.org/10.1016/j.heliyon.2024.e29128

Ahmed, F., Zhang, D., Tang, X., & Malakar, P. K. (2024). Targeting Spore-Forming Bacteria: A Review on the Antimicrobial Potential of Selenium Nanoparticles. Foods, 13(24), 4026. https://doi.org/10.3390/foods13244026

Arévalo-Cortés, A., Granada, Y., Torres, D., & Triana-Chavez, O. (2022). Differential Hatching, Development, Oviposition, and Longevity Patterns among Colombian Aedes aegypti Populations. Insects, 13(6), 536. https://doi.org/10.3390/insects13060536

Argôlo-Filho, R. C., & Loguercio, L. L. (2013). Bacillus thuringiensis Is an Environmental Pathogen and Host-Specificity Has Developed as an Adaptation to Human-Generated Ecological Niches. Insects, 5(1), 62–91. https://doi.org/10.3390/insects5010062

Arrieta, G., & Espinoza, A. M. (2006). Characterization of a Bacillus thuringiensis strain collection isolated from diverse Costa Rican natural ecosystems. Revista de Biología Tropical, 54(1), 13-27

Arsov, A., Gerginova, M., Paunova-Krasteva, T., Petrov, K., & Petrova, P. (2023). Multiple cry Genes in Bacillus thuringiensis Strain BTG Suggest a Broad-Spectrum Insecticidal Activity. International journal of molecular sciences, 24(13), 11137. https://doi.org/10.3390/ijms241311137

Assaeedi, A.S., Osman, G.E., & Abulreesh, H.H. (2011). The occurrence and insecticidal activity of 'Bacillus thuringiensis' in the arid environments. Australian Journal of Crop Science, 5, 1185-1190.

Bravo, A., Gill, S. S., & Soberón, M. (2007). Mode of action of Bacillus thuringiensis Cry and Cyt toxins and their potential for insect control. Toxicon : official journal of the International Society on Toxinology, 49(4), 423–435. https://doi.org/10.1016/j.toxicon.2006.11.022

Buhler, C., Winkler, V., Runge-Ranzinger, S., Boyce, R., & Horstick, O. (2019). Environmental methods for dengue vector control - A systematic review and meta-analysis. PLoS neglected tropical diseases, 13(7), e0007420. https://doi.org/10.1371/journal.pntd.0007420

Byrne, M. J., Iadanza, M. G., Perez, M. A., Maskell, D. P., George, R. M., Hesketh, E. L., Beales, P. A., Zack, M. D., Berry, C., & Thompson, R. F. (2021). Cryo-EM structures of an insecticidal Bt toxin reveal its mechanism of action on the membrane. Nature communications, 12(1), 2791. https://doi.org/10.1038/s41467-021-23146-4

Cancino-Rodezno, A., Lozano, L., Oppert, C., Castro, J. I., Lanz-Mendoza, H., Encarnación, S., Evans, A. E., Gill, S. S., Soberón, M., Jurat-Fuentes, J. L., & Bravo, A. (2012). Comparative proteomic analysis of Aedes aegypti larval midgut after intoxication with Cry11Aa toxin from Bacillus thuringiensis. PloS one, 7(5), e37034. https://doi.org/10.1371/journal.pone.0037034

Chattopadhyay, P., Banerjee, G. (2018) Recent advancement on chemical arsenal of <i>Bt</i> toxin and its application in pest management system in agricultural field. 3 Biotech. 2018 Apr;8(4):201. DOI: 10.1007/s13205-018-1223-1.

Chen, B., Yang, J., Luo, L., Yang, Z., & Liu, Q. (2016). Who Is Vulnerable to Dengue Fever? A Community Survey of the 2014 Outbreak in Guangzhou, China. International journal of environmental research and public health, 13(7), 712. https://doi.org/10.3390/ijerph13070712

Chen, Z., Shi, Y., Wang, D., Liu, X., Jiao, X., Gao, X., & Jiang, K. (2023). Structural insight into Bacillus thuringiensis Sip1Ab reveals its similarity to ETX_MTX2 family beta-pore-forming toxin. Pest management science, 79(11), 4264–4273. https://doi.org/10.1002/ps.7622

Colmenarez, Y.C., Vasquez, C. (2024) Benefits associated with the implementation of biological control programmes in Latin America. BioControl, 69, 303–320. https://doi.org/10.1007/s10526-024-10260-7

Crickmore, N., Berry, C., Panneerselvam, S., Mishra, R., Connor, T.R., & Bonning, B.C. (2020). A structure-based nomenclature for Bacillus thuringiensis and other bacteria-derived pesticidal proteins. Journal of invertebrate pathology, 107438. https://doi.org/10.1016/j.jip.2020.107438

Cruz, J.-M., González-Gutiérrez, J., Salgado-García, R., & Díaz-Hernández, O. (2023). A New Stochastic Model for the Aedes aegypti Life Cycle and the Dengue Virus Transmission. Applied Sciences, 13(10), 6241. https://doi.org/10.3390/app13106241

Damgaard, P.H. (2000). Natural occurrence and dispersal of Bacillus thuringiensis in the environment. In: Charles, JF., Delécluse, A., Roux, C.NL. (eds) Entomopathogenic Bacteria: from Laboratory to Field Application. Springer, Dordrecht. https://doi.org/10.1007/978-94-017-1429-7_2

Eisen L, Beaty BJ, Morrison AC, Scott TW. ProactiveVector control strategies and improved monitoring and evaluation practices for dengue prevention. J Med Entomol. 2009;46(6):1245-1255. doi:10.1603/033.046.0601

European Centre for Disease Prevention and Control. (2025). Dengue. https://www.ecdc.europa.eu/en/dengue

European Centre for Disease Prevention and Control.Chikungunya worldwide overview.https://www.ecdc.europa.eu/en/chikungunya-monthly

Ferede, G., Tiruneh, M., Abate, E., Kassa, W. J., Wondimeneh, Y., Damtie, D., et al. (2018). Distribution and larval breeding habitats of Aedes mosquito species in residential areas of northwest Ethiopia. Epidemiology and health, 40, e2018015. https://doi.org/10.4178/epih.e2018015

Geng, J., Jiang, J., Shu, C., Wang, Z., Song, F., Geng, L., Duan, J., & Zhang, J. (2019). Bacillus thuringiensis Vip1 Functions as a Receptor of Vip2 Toxin for Binary Insecticidal Activity against Holotrichia parallela. Toxins, 11(8), 440. https://doi.org/10.3390/toxins11080440

Gillis, A., Fayad, N., Makart, L., Bolotin, A., Sorokin, A., Kallassy, M., & Mahillon, J. (2018). Role of plasmid plasticity and mobile genetic elements in the entomopathogen Bacillus thuringiensis serovar israelensis. FEMS microbiology reviews, 42(6), 829–856. https://doi.org/10.1093/femsre/fuy034

Glogoza, P., McBride, D., Albin, E., Anderson, W.(2000) Mosquito Management. NDSU www.ag.ndsu.edu, E-472, 2000. 45

Gomis-Cebolla, J., & Berry, C. (2023). Bacillus thuringiensis as a bio fertilizer in crops and their implications in the control of phytopathogens and insect pests. Pest management science, 79(9), 2992–3001. https://doi.org/10.1002/ps.7560

Gonzalez, D., & Mavridou, D. A. I. (2019). Making the Best of Aggression: The Many Dimensions of Bacterial Toxin Regulation. Trends in microbiology, 27(11), 897–905. https://doi.org/10.1016/j.tim.2019.05.009

Guerchicoff, A., Delécluse, A., & Rubinstein, C. P. (2001). The Bacillus thuringiensis cyt genes for hemolytic endotoxins constitute a gene family. Applied and environmental microbiology, 67(3), 1090–1096. https://doi.org/10.1128/AEM.67.3.1090-1096.2001

Guerrero, G., Favela-Hernandez, J., Balderas-Renteria, I. (2024). Plasmid vector(s) in Bacillus thuringiensis harbor genes for insect pest control and for neglected infectious diseases in humans. Frontiers in Tropical Diseases. 5. 10.3389/fitd.2024.1416187. 

Gupta, M., Kumar, H., & Kaur, S. (2021). Vegetative Insecticidal Protein (Vip): A Potential Contender From Bacillus thuringiensis for Efficient Management of Various Detrimental Agricultural Pests. Frontiers in microbiology, 12, 659736. https://doi.org/10.3389/fmicb.2021.659736

Hawkes FM, Hopkins RJ. (2022) The mosquito: An introduction. In: Hall M, Tamïr D, editors. Mosquitopia: The Place of Pests in a Healthy World [Internet]. New York: Routledge. Chapter 2. Available from: https://www.ncbi.nlm.nih.gov/books/NBK585164/ doi: 10.4324/9781003056034-3

Hou, X., Han, L., An, B., Zhang, Y., Cao, Z., Zhan, Y., et al. (2020). Mitochondria and Lysosomes Participate in Vip3Aa-Induced Spodoptera frugiperda Sf9 Cell Apoptosis. Toxins, 12(2), 116. https://doi.org/10.3390/toxins12020116

Hu, X., Huang, D., Ogalo, J., Geng, P., Yuan, Z., Xiong, H., Wan, X., & Sun, J. (2020). Application of Bacillus thuringiensis strains with conjugal and mobilizing capability drives gene transmissibility within Bacillus cereus group populations in confined habitats. BMC microbiology, 20(1), 363. https://doi.org/10.1186/s12866-020-02047-4

Huang, Y. S., Higgs, S., & Vanlandingham, D. L. (2017). Biological Control Strategies for Mosquito Vectors of Arboviruses. Insects, 8(1), 21. https://doi.org/10.3390/insects8010021

Infante, O., Gómez, I., Pélaez-Aguilar, A. E., Verduzco-Rosas, L. A., García-Suárez, R., García-Gómez, B. I., et al. (2024). Insights into the structural changes that trigger receptor binding upon proteolytic activation of Bacillus thuringiensis Vip3Aa insecticidal protein. PLoS pathogens, 20(12), e1012765. https://doi.org/10.1371/journal.ppat.1012765

Jobe, N. B., Huijben, S., & Paaijmans, K. P. (2023). Non-target effects of chemical malaria vector control on other biological and mechanical infectious disease vectors. The Lancet. Planetary health, 7(8), e706–e717. https://doi.org/10.1016/S2542-5196(23)00136-5

Kamel, H.M., Eid, A.E., Nouh, G.M. (2024) Using predatory species and entomopathogenic fungi as alternatives to chemical pesticides in green bean field. Egypt J Biol Pest Control 34, 34. https://doi.org/10.1186/s41938-024-00799-z

Knoblauch, S., SuYin, M., Chatrinan, K., de Aragão Rocha, A. A., Haddawy, P., Biljecki, F., et al. (2024). Author Correction: High-resolution mapping of urban Aedes aegypti immature abundance through breeding site detection based on satellite and street view imagery. Scientific reports, 14(1), 23090. https://doi.org/10.1038/s41598-024-73687-z

Koller, C. N., Bauer, L. S., & Hollingworth, R. M. (1992). Characterization of the pH-mediated solubility of Bacillus thuringiensis var. san diego native delta-endotoxin crystals. Biochemical and biophysical research communications, 184(2), 692–699. https://doi.org/10.1016/0006-291x(92)90645-2

Kumar, P., Kamle, M., Borah, R. (2021) Bacillus thuringiensis as microbial biopesticide: uses and application for sustainable agriculture. Egypt J Biol Pest Control 31, 95. https://doi.org/10.1186/s41938-021-00440-3

Lee, S. C., Kim, J. H., & Lee, S. J. (2017). Floating of the lobes of mosquito (Aedes togoi) larva for respiration. Scientific reports, 7, 43050. https://doi.org/10.1038/srep43050

Lopez-Molina S., do Nascimento N.A., Silva-Filha M., Guerrero A., Sanchez J., Pacheco S., Gill S.S., Soberon M., Bravo A. (2021) In vivo nanoscale analysis of the dynamic synergistic interaction of Bacillus thuringiensis Cry11Aa and Cyt1Aa toxins in Aedes aegypti. PLoS Pathog, 17,e1009199. doi: 10.1371/journal.ppat.1009199. [DOI] [PMC free article] [PubMed] [Google Scholar]

Malovichko, Y. V., Nizhnikov, A. A., & Antonets, K. S. (2019). Repertoire of the Bacillus thuringiensis Virulence Factors Unrelated to Major Classes of Protein Toxins and Its Role in Specificity of Host-Pathogen Interactions. Toxins, 11(6), 347. https://doi.org/10.3390/toxins11060347

Martins, R.M., Espíndola, B.M., Araujo, P.P., von Wangenheim, C.G., de Carvalho Pinto, C.J., Caminha, G. (2023). Development of a Deep Learning Model for the Classification of Mosquito Larvae Images. In: Naldi, M.C., Bianchi, R.A.C. (eds) Intelligent Systems. BRACIS 2023. Lecture Notes in Computer Science(), vol 14197. Springer, Cham. https://doi.org/10.1007/978-3-031-45392-2_9

Nimsanor, S., Srisaisup, M., Jammor, P., Promdonkoy, B., & Boonserm, P. (2020). Intracellular localization and cytotoxicity of Bacillus thuringiensis Vip3Aa against Spodoptera frugiperda (Sf9) cells. Journal of invertebrate pathology, 171, 107340. https://doi.org/10.1016/j.jip.2020.107340

Palma, L., Muñoz, D., Berry, C., Murillo, J., & Caballero, P. (2014). Bacillus thuringiensis toxins: an overview of their biocidal activity. Toxins, 6(12), 3296–3325. https://doi.org/10.3390/toxins6123296

Peng, Q., Yu, Q., & Song, F. (2019). Expression of cry genes in Bacillus thuringiensis biotechnology. Applied microbiology and biotechnology, 103(4), 1617–1626. https://doi.org/10.1007/s00253-018-9552-x

Ragasruthi, M., Balakrishnan, N., Murugan, M., Swarnakumari, N., Harish, S., & Sharmila, D. J. S. (2024). Bacillus thuringiensis (Bt)-based biopesticide: Navigating success, challenges, and future horizons in sustainable pest control. The Science of the total environment, 954, 176594. https://doi.org/10.1016/j.scitotenv.2024.176594

Rivero, F., & Cerdá-Olmedo, E. (1987). Spore activation by acetate, propionate and heat in Phycomyces mutants. Molecular & general genetics : MGG, 209(1), 149–153. https://doi.org/10.1007/BF00329850

Rudolph, K. E., Lessler, J., Moloney, R. M., Kmush, B., & Cummings, D. A. (2014). Incubation periods of mosquito-borne viral infections: a systematic review. The American journal of tropical medicine and hygiene, 90(5), 882–891. https://doi.org/10.4269/ajtmh.13-0403

Ruiu, L. (2015). Insect Pathogenic Bacteria in Integrated Pest Management. Insects, 6(2), 352-367. https://doi.org/10.3390/insects6020352

Sanahuja, G., Banakar, R., Twyman, R. M., Capell, T., & Christou, P. (2011). Bacillus thuringiensis: a century of research, development and commercial applications. Plant biotechnology journal, 9(3), 283–300. https://doi.org/10.1111/j.1467-7652.2011.00595.x

Schaefer TJ, Panda PK, Wolford RW. Dengue Fever. [Updated 2024 Mar 6]. In: StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2025 Jan-. Available from: https://www.ncbi.nlm.nih.gov/books/NBK430732/

Schorderet-Weber, S., Noack, S., Selzer, P. M., & Kaminsky, R. (2017). Blocking transmission of vector-borne diseases. International journal for parasitology. Drugs and drug resistance, 7(1), 90–109. https://doi.org/10.1016/j.ijpddr.2017.01.004

Sellami, S., Jemli, S., Abdelmalek, N., Dabbéche, E., & Jamoussi, K. (2016). Localization and in silico study of the vegetative insecticidal proteins Vip2S-Vip1S of Bacillus thuringiensis. International journal of biological macromolecules, 91, 510–517. https://doi.org/10.1016/j.ijbiomac.2016.06.003

Sharma, M., & Kumar, V. (2021). Mosquito-larvicidal Binary (BinA/B) proteins for mosquito control programs -advancements, challenges, and possibilities. Current research in insect science, 2, 100028. https://doi.org/10.1016/j.cris.2021.100028

Shen, X., Yu, Q., Liu, H., Wang, J., Zhang, R., Peng, Q., & Song, F. (2021). Transition Phase Regulator AbrB Positively Regulates the sip1Ab1 Gene Expression in Bacillus thuringiensis. Microbiology spectrum, 9(1), e0007521. https://doi.org/10.1128/Spectrum.00075-21

Siagian , F. E. (2023). Safety and Proven Risk Assessment on the Release of Wolbachia-Inserted Aedes Aegypti: Lesson Learned from the Partial Resistance of the Community. Asian Journal of Research in Infectious Diseases, 14(4), 127–137. https://doi.org/10.9734/ajrid/2023/v14i4316
Silva-Filha, M. H. N. L., Romão, T. P., Rezende, T. M. T., Carvalho, K. D. S., Gouveia de Menezes, H. S., Alexandre do Nascimento, N., et al. (2021). Bacterial Toxins Active against Mosquitoes: Mode of Action and Resistance. Toxins, 13(8), 523. https://doi.org/10.3390/toxins13080523

Smith, A. W., Camara-Artigas, A., & Allen, J. P. (2004). Crystallization of the mosquito-larvicidal binary toxin produced by Bacillus sphaericus. Acta crystallographica. Section D, Biological crystallography, 60(Pt 5), 952–953. https://doi.org/10.1107/S0907444904006535

Soares-da-Silva, J., Queirós, S.G., de Aguiar, J.S., Viana, J.L., Neta, M.D.R.A.V., da Silva, M.C., et al. (2017) Molecular characterization of the gene profile of Bacillus thuringiensis Berliner isolated from brazilian ecosystems and showing pathogenic activity against mosquito larvae of medical importance. Acta Trop, 176, 197–205.

Soberón, M., Pardo, L., Muñóz-Garay, C., Sánchez, J., Gómez, I., Porta, H., & Bravo, A. (2010). Pore formation by Cry toxins. Advances in experimental medicine and biology, 677, 127–142. https://doi.org/10.1007/978-1-4419-6327-7_11

Sun, H., Xiang, X., Li, Q., Lin, H., Wang, X., Sun, J., et al (2021). Comparative genome analysis of Bacillus thuringiensis strain HD521 and HS18-1. Scientific reports, 11(1), 16590. https://doi.org/10.1038/s41598-021-96133-w

Thomas, D. J., Morgan, J. A., Whipps, J. M., & Saunders, J. R. (2001). Plasmid transfer between Bacillus thuringiensis subsp. israelensis strains in laboratory culture, river water, and dipteran larvae. Applied and environmental microbiology, 67(1), 330–338. https://doi.org/10.1128/AEM.67.1.330-338.2001

Thomas, M.B. (2018) Biological control of human disease vectors: a perspective on challenges and opportunities. BioControl 63, 61–69. https://doi.org/10.1007/s10526-017-9815-y

Unzue, A., Caballero, C. J., Villanueva, M., Fernández, A. B., & Caballero, P. (2022). Multifunctional Properties of a Bacillus thuringiensis Strain (BST-122): Beyond the Parasporal Crystal. Toxins, 14(11), 768. https://doi.org/10.3390/toxins14110768

van den Berg, H., da Silva Bezerra, H. S., Al-Eryani, S., Chanda, E., Nagpal, B. N., Knox, T. B., et al. (2021). Recent trends in global insecticide use for disease vector control and potential implications for resistance management. Scientific reports, 11(1), 23867. https://doi.org/10.1038/s41598-021-03367-9

Wen, J., Smelt, J. P. P. M., Vischer, N. O. E., de Vos, A. L., Setlow, P., & Brul, S. (2022). Heat Activation and Inactivation of Bacterial Spores: Is There an Overlap?. Applied and environmental microbiology, 88(5), e0232421. https://doi.org/10.1128/aem.02324-21

Wilson, A. L., Courtenay, O., Kelly-Hope, L. A., Scott, T. W., Takken, W., Torr, S. J., & Lindsay, S. W. (2020). The importance of vector control for the control and elimination of vector-borne diseases. PLoS neglected tropical diseases, 14(1), e0007831. https://doi.org/10.1371/journal.pntd.0007831

Wu, S., Zhong, J., Lei, Q., Song, H., Chen, S. F., Wahla, A. Q., Bhatt, K., & Chen, S. (2023). New roles for Bacillus thuringiensis in the removal of environmental pollutants. Environmental research, 236(Pt 1), 116699. https://doi.org/10.1016/j.envres.2023.116699

Xu, C., Wang, B. C., Yu, Z., & Sun, M. (2014). Structural insights into Bacillus thuringiensis Cry, Cyt and parasporin toxins. Toxins, 6(9), 2732–2770. https://doi.org/10.3390/toxins6092732

Xu, D., & Côté, J. C. (2008). Sequence diversity of Bacillus thuringiensis flagellin (H antigen) protein at the intra-H serotype level. Applied and environmental microbiology, 74(17), 5524–5532. https://doi.org/10.1128/AEM.00951-08

