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Introduction

Over the past three decades, dengue disease incidence has significantly increased worldwide, creating serious public health concerns. The principal mosquito vector, Aedes aegypti, exhibits resistance to commonly used insecticides, reducing the efficacy of vector control measures. Thus, the necessity for alternate strategies is critical. Using bioinsecticides such as entomopathogenic fungi (EPF) is one such strategy. This study details the evaluation of mycoparasitic Trichoderma atroviride and entomopathogenic Aspergillus niger against pyrethroid-resistant and pyrethroid-susceptible Ae. aegypti populations.





Materials and methods

Molecular identification of the isolated entomopathogenic fungal strains was done using ITS-rDNA sequence data. Larvicidal and adulticidal assays were performed using different spore concentrations of fungal species. Pupal emergence was assessed from the survived larvae of larvicidal assays.





Results

Larvicidal assays revealed the highest mortality of 60% for T. atroviride after 9 days of exposure when compared with the highest mortality of 52% for A. niger after 6 days of exposure. No significant difference was observed between the pyrethroid-resistant and pyrethroid-susceptible mosquito colonies, suggesting a lack of connection between prior resistance status and EPF pathogenicity. No pupal mortality was observed, although pupal duration was prolonged. Both EPF strains exhibited 100% mortality in adulticidal assays, signifying the potential use of the two fungal species as adulticides.





Conclusion

However, further studies are needed to understand the biology of EPF, its mechanism of action, the mosquito immune pathways activated, and the effect on non-target organisms. The findings have implications for the possible use of A. niger and T. atroviride as potential bioinsecticides against the control of Ae. aegypti.
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1 Introduction

Dengue is a hyperendemic arboviral disease affecting tropical and subtropical regions of the world, with an estimated 100–400 million new infections occurring annually worldwide (Bhatt et al., 2013; WHO, 2024). The exponential rise of global dengue incidence rates has been attributed to rising environmental temperatures, urbanization, and human mobility (Paz-Bailey et al., 2024). The clinical manifestations of dengue range from asymptomatic or mild fever-like symptoms to severe life-threatening disease known as dengue hemorrhagic fever/dengue shock syndrome requiring hospitalizations (Tayal et al., 2023). High prevalence and frequent epidemics of dengue place a huge burden on a country’s healthcare system and economy due to hospitalizations, death, and lost productivity (Chen et al., 2024). For instance, Sri Lanka has been afflicted by dengue and dengue hemorrhagic fever epidemics for more than 40 years since the mid-1960s (Sirisena and Noordeen, 2014). The average hospitalization costs for dengue during the epidemic year of 2012 at secondary care hospitals ranged from US$216 to US$609 per pediatric case and US$196 to US$866 per adult case in Colombo district, Sri Lanka (Thalagala et al., 2016). The total number of dengue cases reported in the year 2023 is 88,458, with the district of Colombo having a notable number of occurrences, accounting for almost 21% of all cases. The reported cases increased to 76,467 in 2022 from 36,120 in 2021 (Mendis et al., 2024).

Mosquitoes belonging to the genus Aedes are the vectors of the dengue virus, with Aedes aegypti being considered as the main vector. Aedes aegypti is a major public health concern due to its ability to transmit approximately 30 of the hundreds of known arthropod-borne viruses, or arboviruses, that cause diseases in people including four vital arboviruses, namely, dengue (DENVs), chikungunya (CHIKV), Zika (ZIKV), and yellow fever (YFV) viruses. Aedes aegypti is an anthropophilic and endophilic mosquito that lives in close proximity to human habitations and breeds frequently in man-made containers (Facchinelli et al., 2023).

In the absence of a successful preventive vaccine or antiviral therapy, the control of the disease spread is achieved through vector population control via eradication of breeding sites and using chemical insecticides (Wilson et al., 2020). However, the large number and the vast variety of breeding sites together with the development of resistance in the Ae. aegypti mosquito populations to commonly used chemical insecticides coupled with toxicity to non-target organisms have rendered the currently employed control methods inefficient (Accoti et al., 2021). Thus, the necessity of implementing alternate methods for controlling mosquitoes is being emphasized. Several vector control tools and strategies are being developed, including new insecticides using botanicals, genetically engineered organisms, and entomopathogenic organisms (Achee et al., 2019). Although the use of botanicals as insecticides has been successfully experimented with, the rapid biodegradation of botanical active ingredients in field conditions and the shortage of plant biomass for the continuous production of insecticides have become major obstacles in commercialization (Isman, 2020). Although genetically engineered organisms have been successfully experimented and implemented (Wang et al., 2021), they are expensive to produce and have resulted in complex socio-political and ethical issues (Meghani and Boëte, 2018). The use of entomopathogenic organisms is an environmentally friendly alternative vector control strategy that enables the possible use of fungi, viruses, and bacteria as biological insecticides (Qin et al., 2023).

The term “entomopathogenic fungi (EPF)” refers to parasitic microorganisms that have the ability to infect arthropods (Islam et al., 2021). Entomopathogenic fungi infect a wide range of life stages in insects, ranging from eggs to adults. Entomopathogenic fungi can either invade their host directly through the cuticle and grow inside their body, or EPF can produce a wide variety of extracellular enzymes, thus degrading the integument of the host organism (Brivio and Mastore, 2020; Shen et al., 2019; Souza-Neto et al., 2019). The use of EPF for mosquito control is very appealing as a control agent due to several reasons. They can infect mosquitoes directly through contact with their cuticles, without the need for ingestion, and they can be applied to control any stage of the life cycle of mosquitoes. However, repeated application, being most recognized to control larvae, is not mandatory due to the ability of the fungus to produce new spores on the dead mosquito body and disseminate (Qin et al., 2023).

Several species of EPF are commonly used and commercialized for the biological control of forest and agricultural pests (Lacey et al., 2015; Sharma et al., 2023). The entomopathogenic fungi Beauveria bassiana and Metarhizium anisopliae are the most characterized and widely used fungi, and many species and subspecies of these two fungi have been commercially formulated to be used as insecticides for a variety of agricultural insects (Mascarin et al., 2019; Yapa et al., 2024). Due to their environmentally benign methods and potential for eliminating all mosquito life stages, numerous studies have also indicated their promise for managing disease-carrying mosquito vectors (Rodrigues-Alves et al., 2020).

In Sri Lanka, EPF are heavily understudied as mosquito control agents. This study aims to discover the larvicidal and the adulticidal potential of the mycoparasitic Trichoderma atroviride and the entomopathogenic Aspergillus niger for the control of Ae. aegypti mosquito vector. For the first time in Sri Lanka, the effect of different conidia concentrations and time of exposure on highly pyrethroid-resistant and pyrethroid-susceptible mosquito populations was tested for two locally isolated fungi species.




2 Materials and methods



2.1 Fungal strains

Two fungal isolates were used for the current study. One strain was isolated from an Ae. aegypti mosquito cadaver by culturing the sample onto a potato dextrose agar (PDA) (pH = 5.65) medium followed by a subculturing step (GMBUCC 24-015). Morphological identification of the isolated fungal strain was carried out according to Diba et al. (2007). The mycoparasitic strain of T. atroviride (GMBUCC 24-014) was obtained from the culture collection of the Genetics and Molecular Biology Unit, University of Sri Jayewardenepura, Sri Lanka (Konara et al., 2024), as the second isolate. Both fungal isolates were cultured at room temperature conditions [27°C ± 2°C; relative humidity (RH) ≥ 80%].




2.2 Molecular identification of entomopathogenic fungi

The DNA extraction of each fungal isolate was performed following the method of Thambugala et al. (2015). The nuclear ribosomal internal transcribed spacers region (ITS) was amplified using the primers ITS4 and ITS5 (White et al., 1990).

The amplification reactions were carried out in a thermal cycler, with each 25 μl of reaction mixture consisting of 12.5 μl of FastGene Master Mix (1.5 mM of MgCl2 at 1×) (Nippon Genetics, Europe), 0.25 μl each of the forward and reverse primers, and 5 ng of the DNA template. The polymerase chain reaction (PCR) cycling conditions included an initial denaturation step at 95°C for 3 min, followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 54°C for 30 s, and extension at 72°C for 1 min. A final elongation step was performed at 72°C for 10 min, followed by a holding step at 4°C (Thambugala et al., 2017).

Successfully amplified products were sent to Macrogen Inc. (Korea) for Sanger sequencing, and the returned sequences were blasted in the NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome) against fungal taxa for species identification. The new sequences generated in this study were deposited in GenBank.




2.3 Entomopathogenic fungi suspensions

Conidia were harvested from each fungal species separately by scraping the sporulated colonies on the surface of the agar and suspended into respective conical flasks containing sterile filter water with 0.05% Tween 20 (v/v aqueous solution). The resulting conidial suspensions were filtered separately through sterile filter paper (Whatman No. 1) to obtain a hyphal-free conidial suspension. The suspension containing conidia was concentrated by removing the supernatant after centrifugation for 3 min at 5,000 rpm. The conidial concentration of the suspension was determined using a hemocytometer and the desired concentrations (1 × 106, 1 × 107, 1 × 108, 1 × 109, and 1 × 1010 conidia/ml) were prepared by making adjustments using sterile filtered water with 0.05% Tween 20 (v/v aqueous solution) (Renuka et al., 2023; Scholte et al., 2003).




2.4 Mosquito rearing

Two mosquito populations, a pyrethroid-susceptible mosquito population (New Orleans mosquito colony, NeO) and a pyrethroid-resistant mosquito population (USJ mosquito colony), were used for the present study. Both mosquito colonies were reared within the insectary at the Department of Zoology, University of Sri Jayewardenepura, Sri Lanka. Dr. William C. Black IV, Colorado State University, USA, initially donated eggs of the NeO mosquito strain. This strain is 100% susceptible to pyrethroid insecticides and, thus, was used as the insecticide-susceptible strain. A pyrethroid-resistant colony was established from mosquito eggs collected from the University of Sri Jayewardenepura, Sri Lanka premises, where a highly pyrethroid-resistant mosquito population has been recorded previously (Fernando et al., 2018, 2020; Mendis et al., 2024). Mosquito eggs for the USJ population were collected using ovitraps placed in the indoor environment of the sampling location—the University of Sri Jayewardenepura. The traps were collected after 5 days, along with the larval stages already present in the ovitraps’ water at the time of collection. Eggs were hatched in deoxygenated water. All immature stages were fed on sterile fish feed (Fernando et al., 2020). Upon emergence, adult mosquitoes were morphologically classified to the species level using standard taxonomic keys (Rueda, 2004). To induce egg-laying, female Ae. aegypti were artificially blood-fed and mated with 10% sucrose-fed male Ae. aegypti. The insectary held the mosquito cages at 27°C ± 2°C room temperature, 80%–100% RH, and a 12-h:12-h light:dark photoperiod. The process was continued for several generations to obtain adequate population numbers required for the bioassays. The same rearing procedure was followed for the NeO Ae. aegypti mosquito population (Fernando et al., 2020).

Both mosquito populations (NeO and USJ) were continuously tested for pyrethroid susceptibility using the WHO standard susceptibility tube bioassays (WHO, 2022). The insecticide susceptibility status for each colony was determined according to the WHO criteria, whereby a final mortality of 98%–100% indicates full susceptibility, while mortality lower than 97% suggests resistance in the colony.




2.5 Larvicidal bioassays

Larvicidal bioassays of the EPF were performed following the methods described by Vivekanandhan et al. (2020). Twenty-five second instar larvae of Ae. aegypti from each colony (25 sets from each USJ and NeO population) were put into disposable containers (11 cm height, 6 cm diameter), containing 250 ml of tap water and 250 ml from each of the five different fungal spore concentrations (1 × 106, 1 × 107, 1 × 108, 1 × 109, and 1 × 1010 conidia/ml). An equal number of controls were set up simultaneously using sterile distilled water + 0.05% Tween 20. The mortality of the exposed mosquito larvae was assessed for 12 days, starting from the second day of treatment (Vivekanandhan et al., 2020). Larvae that failed to move after probing with a needle were identified as dead larvae. The experiment was replicated four times for each spore concentration per fungal species at 27°C ± 2°C room temperature and 80%–100% RH.




2.6 Adulticidal bioassays

For each population (NeO and USJ), adulticidal bioassays were carried out using the WHO standard bioassay kits. Adult Ae. aegypti mosquitoes that were 2 to 5 days old, which were sugar-fed, were used in the experiment.

Whatman No. 1 filter papers were cut to the dimensions of the WHO standard bioassay kit (8 × 6 cm) and sterilized by autoclaving at 121°C for 15 min. The sterilized filter paper pieces were placed on large petri dishes. One milliliter from each conidia solution with concentrations of 1 × 106, 1 × 107, 1 × 108, 1 × 109, and 1 × 1010 conidia/ml was pipetted evenly on five separate sterilized filter paper pieces using a sterilized pipette. The filter paper piece designated for the negative control was prepared by pipetting out a solution made up of sterile distilled water + 0.05% Tween 20. All were left to dry for 48 h at 80% RH condition. The dried filter paper pieces were gently placed in the WHO standard bioassay kits under sterile conditions so that the paper coated the inside of the tubes (Scholte et al., 2003). Accordingly, six exposure tubes were prepared (for five spore concentrations and the negative control).

Each holding tube containing 25 healthy adult mosquitoes was examined carefully for any damage before being transferred to exposure tubes. The gender ratio of mosquitoes was 4:1 (female:male). The bioassays were carried out at 27°C ± 2°C (Scholte et al., 2007). Following the exposure for 1 h, the adult mosquitoes were reintroduced to the holding tubes, where they were fed with a 10% sucrose solution (Accoti et al., 2021). The knocked-down mosquitoes were recorded 1 h after exposure, followed by 24-h intervals, for a period of 12 days.

The experiment was replicated four times for each spore concentration per fungal species at 27°C ± 2°C room temperature and 80%–100% RH.




2.7 Confirmation of the pathogenicity of the fungi

Dead mosquitoes resulting from the bioassay experiments were randomly selected, and fungi were re-isolated and cultured on PDA medium at room temperature conditions (27°C ± 2°C; RH ≥ 80%) for the confirmation of entomopathogenic activity.




2.8 Post-experimental treatment

World Health Organization standard bioassay kits and disposable containers used throughout the experimental procedure were sterilized by dipping in a 95% ethanol bath. All glassware was autoclaved at 121°C for 15 min. The used filter paper pieces contaminated with fungal conidia were autoclaved at 121°C for 15 min and disposed of as litter.




2.9 Statistical analysis

The comparison of the mean mortality of each adult and larval population and the pupal emergence of survived larvae from larvicidal assays exposed to the spore concentrations from the two fungal isolates was analyzed using analysis of variance (ANOVA). Tukey’s pairwise comparison with Bonferroni correction was done for each significant group. The significance of each of the spore concentrations applied and time intervals of exposure, toward the cumulative larval and adult mortalities and pupal emergence for each mosquito population treated with the two fungal species, was determined using Kruskal–Wallis pairwise multiple comparison. The p-value was adjusted using the false discovery rate (FDR) followed by a Dunn pairwise analysis with the “ggbetweenstats” function. The plots were prepared using version 4.3.3 of the R statistical software (R Development Core Team, 2024). Lethal parameters, including LC50 (the lethal concentration required to kill 50% of the population), LC90 (the lethal concentration required to kill 90% of the population), and LT50 (the lethal time required to kill 50% of the population at a specified concentration), were determined using probit analysis.





3 Results



3.1 Identification of fungal strains

The fungal isolate from the mosquito cadaver was identified morphologically and confirmed using the 600-bp genomic DNA fragment amplified using the ITS region. The strain GMBUCC 24-015 (GenBank accession number: PQ226004) was identified as A. niger based on the closest matches in the BLAST search (strain number QMS6; GenBank accession number: MT430878; percent identity 99.16%, query coverage 99%).




3.2 Cumulative mortality percentages of Aedes aegypti larvae to different spore concentrations of fungi over time

In the USJ mosquito population exposed to spores of A. niger, the highest cumulative mortality percentage of 52% ± 0% was observed at the highest spore concentration (1 × 1010 conidia/ml). In contrast, all the other concentrations showed a maximum cumulative mortality percentage ranging from 37% ± 1% to 39% ± 1% (Figure 1A). All spore concentrations were devoid of any larval death beyond the 6th day. In the NeO population exposed to A. niger spores, the highest cumulative mortality recorded was 53% ± 0%, which was recorded at the highest spore concentration (1 × 1010 conidia/ml) (Figure 1B). A positive correlation was observed between the concentration of spores applied and the cumulative mortality percentage of the mosquito population over time, as indicated by the ANOVA results (p < 2e−16).




Figure 1 | Cumulative mortality percentages of Aedes aegypti larvae to different spore concentrations of fungi over time. (A) Aspergillus niger on the USJ population, (B) A. niger on the NeO population, (C) Trichoderma atroviride on the USJ population, and (D) T. atroviride on the NeO population.



The effect of T. atroviride spores on the USJ mosquito population showed a delayed mortality, with onset occurring after 4 days of exposure. The highest cumulative mortality reached 60% ± 1.63% at the highest spore concentration (1 × 1010 conidia/ml) (Figure 1C). Similarly, upon treatment of the T. atroviride spores on the NeO larval population, mortality onset occurred after 4 days of exposure. The highest cumulative mortality, 60% ± 3.27%, was recorded at the spore concentration of 1 × 1010 conidia/ml (Figure 1D). No larval death was observed after 10 days of exposure in any concentration of T. atroviride spores in both Ae. aegypti larval populations (Figure 1).

Tukey’s pairwise comparisons revealed a significant difference between the time intervals (p < 2 × 10−16), fungal spore concentrations (p < 2 × 10−16), and fungal species (p < 2 × 10−16). When comparing different time intervals, significant differences were observed except for a few, such as between 1 h and 24 h, 1 h and 48 h, 24 h and 48 h, 48 h and 72 h, 48 h and 96 h, and 72 h and 96 h. A significant difference was observed between different spore concentrations other than 1 × 109 and 1 × 1010, 1 × 107 and 1 × 106, 1 × 108 and 1 × 106, 1 × 109 and 1 × 106, 1 × 108 and 1 × 107, 1 × 109 and 1 × 107, and 1 × 108 and 1 × 109 conidia/ml. A significant difference between the larval mortalities of the two species A. niger and T. atroviride was also observed.




3.3 Cumulative pupal emergence of Aedes aegypti to different spore concentrations of fungi over time

More than 50% pupal emergence occurred by the 9th day in the A. niger spore-treated population, while the negative control reached 50% pupal emergence by the 7th day (Figure 2A). All the concentrations (1 × 106, 1 × 107, 1 × 108, 1 × 109 conidia/ml) except 1 × 1010 conidia/ml of the A. niger spore-treated NeO population showed a similar pattern of pupal emergence to that of the USJ population (Figure 2B). Nevertheless, the highest concentration of the spores, 1 × 1010 conidia/ml, exhibited a significantly higher rate of pupal emergence in NeO after the 7th day compared to the USJ population (Figure 2A). Specifically, on the 8th day, 27.3% ± 21% of the surviving larvae had pupated in the NeO population, whereas only 4.55% ± 5.25% had pupated in the USJ population.




Figure 2 | Cumulative pupal emergence of Aedes aegypti to different spore concentrations of fungi over time. (A) Aspergillus niger on the USJ population, (B) A. niger on NeO population, (C) Trichoderma atroviride on the USJ population, and (D) T. atroviride on the NeO population.



In both USJ (Figure 2C) and NeO (Figure 2D) populations treated with T. atroviride spores, the pupal emergence was slightly delayed but still reached 100% at day 11 at the highest concentration (1 × 1010 conidia/ml). Lower concentrations (1 × 106 to 1 × 109 conidia/ml) followed a similar trend with cumulative pupal emergence increasing over time but generally lower than the control initially. Until the 6th day, the control group of the NeO population exhibited a significant increase in the pupation of the treated groups. From the 7th day, the pupation of different concentrations became noticeable. The negative control continued to increase steadily, while the increasing rate varied among the treated groups. By the 11th day, 100% pupation was observed in all the treated groups.

The plots indicated that fungal spore concentrations affect the cumulative pupal emergence of Aedes larvae, with higher concentrations showing a slight delay in pupal emergence compared to the control. However, at the end of the observation period, cumulative pupal emergence across all treatment approaches 100% pupation. In all negative control groups, pupal emergence commenced on the 5th day, while by the 11th day, pupation had completed. The plot indicated a slight delay in the treated populations when compared with the control groups. In all treated populations, the pupation commenced on day 6, showing a delay compared to the control groups, while completed on day 11 (Figures 2C, D). Significantly, no larval death (100% pupation) occurred in the tested populations, as well as in the controls (Figure 2).

There was a significant difference in the pupal emergence when the following variables were considered: time (p < 2 × 10−16), spore concentration (p < 2 × 10−16), fungal species (p < 2 × 10−16), and population of Ae. aegypti (p < 3.64 × 10−10). Tukey’s pairwise comparisons revealed a significant difference in pupation between emergence between the negative control and all the other concentrations. Tukey’s pairwise comparison revealed that there is a significant difference in pupal emergence with the fungal species (p = 0.0005456) and the Ae. aegypti population (p = 0.0448608).




3.4 Cumulative mortality of Aedes aegypti adults to different spore concentrations of fungi over time

In the USJ adult population treated with spores of A. niger, at 24 h of treatment, mortality had onset in all populations except the negative control. Within the treated groups, there was a gradual increase in the cumulative mortality over time, and it reached 100% ± 0% in all concentrations. The highest spore concentration always exhibited a higher cumulative mortality rate than the other spore concentrations at each time interval (Figure 3A). At 24 h of treatment with A. niger spores, all concentrations resulted in adult mortality in the NeO population. All concentrations showed nearly similar trends in mortalities except the lowest concentration (1 × 106 conidia/ml), as it has taken a much longer time duration with slow rates of mortality (Figure 3B).




Figure 3 | Cumulative mortality of Aedes aegypti adults to different spore concentrations of fungi over time. (A) Aspergillus niger on the USJ population, (B) A. niger on the NeO population, (C) Trichoderma atroviride on the USJ population, and (D) T. atroviride on the NeO population.



Upon application of T. atroviride spores on the USJ adult population, although 1 × 1010 conidia/ml concentration is the highest among others, its mortality occurred at 48 h of exposure, then continued to a sudden increase in mortality percentages until the 5th day of exposure (Figure 3C). All populations treated reached 100% mortality by the 11th day post-exposure (Figures 3C, D).

Mortality was first recorded in the population exposed to the lowest spore concentration (1 × 106 conidia/ml) of T. atroviride. By 48 h, every treated population had recorded mortality. Nevertheless, the population treated with the 1 × 1010 conidia/ml concentration of T. atroviride showed a considerably higher cumulative mortality compared to the cumulative mortalities of other concentrations. There was no mortality recorded in any of the control groups (Figure 3).

There was a significant difference in the pupal emergence in terms of the following variables: time (p < 2 × 10−16), spore concentration (p < 2 × 10−16), and fungal species (p < 7.04 × 10−10). A significant difference in adult mortality was observed between the lower and higher conidia concentrations.

A significant difference was observed in Tukey’s pairwise comparisons among higher and lower time durations, including 1 h and 24 h and 24 h and 48 h. A positive correlation was observed between the spore concentration applied and the time taken to achieve the highest mortality.

Tukey’s pairwise comparisons revealed a significant difference in adult mortalities between the fungal species (p = 0.0135).




3.5 Kruskal–Wallis multiple comparisons



3.5.1 Kruskal–Wallis multiple comparisons of larvicidal assay

The larval mortality among USJ population spores of A. niger showed a significant difference (p < 2.2 × 10−16) among different time intervals and spore concentrations. Most of the time intervals resulted in a significance in larval mortality when compared. The negative control and the highest spore concentration (1 × 1010 conidia/ml) exhibited a significant difference with the larval mortality recorded in all the other spore concentrations (Supplementary Figure 1).

There was a significant difference of the larval mortality among different time intervals (p < 2.2 × 10 −16) and spore concentrations (p < 1.824 × 10−10) in the NeO population treated with A. niger spores. Most of the pairwise comparisons among the time intervals and spore concentrations were significant (Supplementary Figure 2).

The USJ population treated with T. atroviride spores showed a significant difference in larval mortality when compared among different time intervals (p < 2.2 × 10−16) and spore concentrations (p < 1.013 × 10−7). Only a few intervals including 1 h and 24 h and 24 h and 48 h were observed as non-significant, while in the pairwise comparison of concentrations, they appeared significantly different in larval mortalities except for several comparisons such as 1 × 106 and 1 × 1010 and 1 × 107 and 1 × 1010 conidia/ml (Supplementary Figure 3).

Larval mortalities resulting from all concentrations of T. atroviride spores (p < 2.2 × 10−16) and the time intervals (p < 1.024 × 10−7) applied to the NeO population appeared to be significant. Most of the pairwise comparisons of time intervals were significantly different in the larval mortality recorded, excluding a few such as 48 h and 96 h and 72 h and 96 h. All the spore concentrations had significantly different larval mortalities except for a few, such as 1 × 109 and 1 × 1010, 1 × 108 and 1 × 1010, 1 × 107 and 1 × 1010, and 1 × 107 and 1 × 1010 conidia/ml (Supplementary Figure 4).




3.5.2 Kruskal–Wallis multiple comparisons of pupal emergence

The pupal emergence was significantly different between different time intervals (p < 2.2×10−16) (Supplementary Figure 5) in the study groups but was not significant between concentrations of spores (p > 0.05). It is quite evident that most of the pairwise comparisons of pupal emergence between the time intervals in the tested groups were significant (Supplementary Figure 6).




3.5.3 Kruskal–Wallis multiple comparisons of adulticidal assays

All the Ae. aegypti populations (USJ and NeO) treated with spores of A. niger and T. atroviride showed a significant difference in the adult mortalities when compared between different time intervals (Supplementary Figure 7) and spore concentrations (Supplementary Figure 8) (p < 2.2 × 10−16).





3.6 LC50, LC90, and LT50 of larvicidal and adulticidal assays

The results of LC50, LC90, and LT50 values of the larvicidal and adulticidal assays are tabulated in Tables 1, 2. The LC50 and LC90 values decreased with the increase of concentration most of the time, but there were some deviations. The adult populations showed high LC50 values at the beginning, which decreased over time due to the increase in susceptibility because of extended exposure. Aspergillus niger exhibits a decline in LC50 over time which attained 100% mortality at 264 h. The larval populations exhibited relatively slower mortality trends. At early time intervals (24–96 h), T. atroviride showed high LC50 values (Table 1).


Table 1 | LC50 and LC90 values of larvicidal and adulticidal assays treated with Aspergillus niger and Trichoderma atroviride at each time interval.




Table 2 | LT50 values of larvicidal and adulticidal assays treated with Aspergillus niger and Trichoderma atroviride at each concentration.



In most of the study groups, the LT50 value decreased with an increase in concentration. The adult populations were killed faster than the larval populations (Table 2).




3.7 Confirmation of the pathogenic activity of the fungi

A typical fungal infection was re-confirmed in dead mosquito larvae and adults from the bioassay experiments by culturing in a PDA medium over time (Figure 4).




Figure 4 | Aedes aegypti mosquitoes exposed to EPF indicating pathogenesis. (A) Aedes aegypti larvae exposed to Trichoderma atroviridae exhibiting the growth of fungal conidia; (B) Aspergillus niger re-isolated from a dead adult mosquito after the bioassay.







4 Discussion

The development of resistance to commonly used synthetic insecticides and the exponential increase in dengue incidences worldwide have highlighted the urgent need for new mosquito control methods. Entomopathogenic fungi are underexplored and underutilized as mosquito control agents. In the present study, we examined the potential use of A. niger and T. atroviride, respectively, as control agents for Ae. aegypti. We evaluated the efficacy of A. niger and T. atroviride spores against the larval, pupal, and adult stages of Ae. aegypti mosquitoes belonging to pyrethroid-resistant and pyrethroid-susceptible populations.

The findings of this study highlight the significant larvicidal potential of A. niger and T. atroviride, independent of the development of resistance to synthetic insecticides in mosquitoes. As the mosquito population in Sri Lanka has developed a high level of resistance to pyrethroid insecticides, our study may provide an eco-friendly larval control method. Many studies done in different parts of the world have highlighted the potential of fungi in terms of versatility. Beauveria bassiana and M. anisopliae fungal species have shown a significant reduction in both the larvae and adults of Ae. aegypti mosquitoes. A study done in Brazil has resulted in an approximate 80% reduction in larval populations tested for M. anisopliae (Carolino et al., 2014; Quinelato et al., 2012). Similarly, in Mexico, the use of B. bassiana has resulted in more than a 90% death rate among adult mosquitoes (García-Munguía et al., 2011). Laboratory trials carried out for M. anisopliae in Brazil, where dengue is emerging, have resulted in high larval mortalities (Bitencourt et al., 2023). A field experiment carried out in India has shown a significant reduction in mosquito densities when treated with B. bassiana (Veerwal et al., 2022). Miranpuri and Khachatourians (1990) demonstrated that Ae. aegypti larvae treated with B. bassiana conidia showed 50% mortality. However, our findings suggest that both A. niger and T. atroviride larvae show mortality of less than 50% at 96 h post-exposure for both A. niger and T. atroviride showing low efficacy, compared to B. bassiana or M. anisopliae. Furthermore, Soni and Prakash (2013) revealed that after an hour of treatment, the second instar larvae showed zero mortality in responding to the silver nanoparticles synthesized using A. niger. Similarly, the current findings of larvicidal bioassays conducted using A. niger spores suggest that zero mortality occurs at an hour of exposure, regardless of the type of population. However, a study conducted by Awad et al. (2022) revealed 100% mortality in both larval and pupal populations when exposed to silver nanoparticles synthesized by the metabolites of A. niger indicating high toxicity. Perera et al. (2023) studied the potential of metabolic extracts of T. longibrachiatum and T. viride against Ae. aegypti and Ae. albopictus. The study revealed high insecticidal activity against both mosquito vectors. Thus, further experiments are needed to confirm the role played by the metabolites excreted by the fungi.

Several factors have been suggested to be responsible for larval mortality due to EPF. Lacey et al. (1988) reported that larval mortality may occur due to blockage of the trachea and siphon of the mosquito larvae by the fungus. Researchers have also observed the presence of propagules in the larval gut and peri-spiracular lobes (Miranpuri and Khachatourians, 1990). Bhatt et al. (2013) suggested that the larvicidal effect was due to multiple factors, including asphyxiation and stress-induced apoptosis by spore-bound proteases. In contrast to these observations, blastospores on the larval surface and gut indicate larval penetration (Alkhaibari et al., 2016). Goettel (1988) hypothesized that variations in larval mortality during the bioassay might be caused by the inability of the ingested conidia to be digested and expelled in a viable form, which may influence the low mortality rates after some time. Overall, both fungal species in this study showed variations in larval mortality at each concentration and even among the replicates of the same concentration. Clark et al. (1968) also suggested that conidial dust from various strains of B. bassiana may result in varied mortality rates in mosquito larvae of several Culex sp. but not Aedes. They clarified that the longer time needed for a fungal infection to form in the larval peri-spiracular lobes was the cause of the observed variation in susceptibility. In the present study, Tukey’s pairwise comparisons of cumulative larval mortalities against time of exposure reveal significant differences in mortality with respect to time.

When considering the LC50 and LC90 values, there is no significant difference between the efficacy of A. niger and T. atroviride (p = 0.1824). A similar scenario can be observed with LT50 values as they are lower in A. niger than in T. atroviride. While there is a substantial difference in the mean values of LT50, the statistical analysis reveals that the significance is marginal but not conclusive (p = 0.05423). An effective larvicide may require rapid action potential in killing the larval stage; as time goes on, the larval stage might transform into pupae as a counteraction of withstanding unfavorable conditions. Hence, considering all these factors, A. niger can be more competent than T. atroviride as a larvicide.

It was of interest to observe that in both mosquito colonies, larval mortality did not reach 100% in response to either fungi strain. It has been suggested that mosquito immune response stimulated due to fungi may be responsible for this effect (Tawidian et al., 2019). A set of receptors found on the mosquito cell surface is able to detect fungal molecules or secondary metabolites secreted by EPF, which stimulate different immune signaling pathways in the mosquito such as Toll, immune deficiency, and Janus kinase/signal transducer and activator of transcription (Cherry and Silverman, 2006; Dimopoulos, 2003). Further studies are needed to identify the responsible immune signaling pathways for lower larval mortality.

Renuka et al. (2023) reported a delayed pupation when Ae. aegypti larvae were treated with the fungal conidia of B. bassiana. In a study on the late effect of B. bassiana on the larval stages of Ae. aegypti, it was observed that it took 36 days for the larvae to complete the larval stage upon exposure to B. bassiana (Quintero-Zapata et al., 2022). Current findings exhibit regular duration for pupation in the USJ population. However, the USJ and NeO populations treated with A. niger took 9 days to onset pupation. It has been suggested that developmental delays could be observed with mosquito larvae exposed to fungal entomopathogens. Several studies have reported scenarios similar to Ae. albopictus, Cx. pipiens, and Anopheles gambiae larvae exposed to various EPF, including B. bassiana and M. ansiopliae (Shoukat et al., 2016, 2020). The delayed pupation could be attributed to their natural life cycles being affected. A similar scenario was observed in several moth species exposed to B. bassiana; M. anisopliae have been attributed to metabolic changes and reduced larvae feeding resulting from fungal infection (Hussain et al., 2009). This delay may lead to higher population doubling time, impacting the disease transmission potential of the mosquito vector (Renuka et al., 2023). However, the population treated with the 1 × 1010 conidia/ml concentration of T. atroviride shows an unusually higher rate of pupation, even higher than the negative control, on the 8th and 9th days. The underlying cause for this scenario is currently unknown.

No pupal mortality was observed in any of the assays for either pyrethroid-resistant or pyrethroid-susceptible populations, confirming the absence of pupicidal activity of both A. niger and T. atroviride. However, unlike the larval stage, the type of population significantly influenced pupal emergence for both fungal species. Pupal emergence also varied significantly with different concentrations within the same fungal species. These differences, combined with the lack of pupal mortality, may stem from the inability of larvae to digest the ingested conidia, which are expelled in a viable form, potentially affecting their pupation process. Overall, T. atroviride had a minimal impact (p = 0.00054) on pupation compared to A. niger, showing trends similar to the negative controls.

Current findings suggest that both A. niger and T. atroviride show rather slow but gradually increasing mortality rates upon increasing spore concentrations in adults of Ae. aegypti of both USJ and NeO populations. According to Scholte et al. (2007), in Ae. aegypti mosquitoes, a higher spore dosage was linked to a higher mortality rate, implying that the mosquitoes’ immune system is only partially efficient in fighting fungal infection at low concentrations. It becomes less effective at higher conidial doses. Re-isolation of the fungi from the dead adult mosquito body suggests entomopathogenic activity of the two fungi species used.

Adult mosquitoes are the primary vectors of dengue. Therefore, control of the adult Ae. aegypti is crucial. Upon exposure to fungal spores of both A. niger and T. atroviride, adult mortality has reached 100% at all concentrations regardless of the type of population. This reveals that the prior susceptible/resistant state of a mosquito population does not affect the entomopathogenicity of the fungi tested. Hence, it can be stated that the spores of both A. niger and T. atroviride are successful tools for controlling the primary vector stage of Ae. aegypti.

A study in which M. anisopliae was tested on Ae. aegypti, LT50 of mosquitoes infected with fungus varied from 3.1 ± 0.2 days for male Ae. aegypti and 4.1 ± 0.3 days for female Ae. aegypti (Scholte et al., 2007). The present study reveals similar LT50 values (LT50 is approximately 4 to 5 days at 1 × 109 conidia/ml concentration) for both A. niger and T. atroviride. At all concentrations, LT50 values shown by A. niger are significantly lower (p = 0.00275) lower than that of T. atroviride. It suggests that as a potential bioinsecticide against Ae. aegypti adult mosquitoes, A. niger is more competent than T. atroviride.

Based on current findings, the effects of A. niger and T. atroviride on both larval and adult stages and also on pupal emergence rates make both fungal species competent in the control of Ae. aegypti. However, the method of delivering the EPF to the target stage is important. The persistence and virulence of spores are key factors that need to be considered in the method of exposure or delivery.

According to Islam et al. (2021), there are several benefits of EPF over synthetic insecticides for mosquito control. These include being host-specific and environment-friendly, with a unique mode of action that can develop low or no resistance, etc. However, there are limitations as well. Germination and infection require a certain amount of time without the use of fungicides, as well as ideal climatic factors (high relative humidity and comfortable temperature). They are typically expensive and challenging to create on a commercial scale. Entomopathogenic fungi have a relatively short shelf life, it takes 2 to 3 weeks to control insects. Secondary metabolites produced by fungi, which can be toxins, pose a threat to the ecosystem and biodiversity. This is mainly why EPF is applied as formulations.

In Sri Lanka, EPF is heavily understudied, and only a few studies have reported the efficiency of EPF that can be used as potential bioinsecticides for Ae. aegypti mosquito control. The findings of this study can be improved to explore optimal conidial doses, mass culturing of fungi, the optimal shelf life of fungi and their conidia, and optimal suspension for the conidia and also to explore combined formulations such as nanoparticles and oil formulations.




5 Conclusion

This is a pioneer preliminary study in Sri Lanka on the evaluation of mycoparasitic T. atroviride and an EPF A. niger against the dengue vector, Ae. aegypti. In this study, it was observed that both A. niger and T. atroviride were partially effective as larvicides against Ae. aegypti. A proportion of larvae remained resistant in both instances. Both fungal species delayed the development of larvae into pupae, but the effect was not pupicidal. Both A. niger and T. atroviride were found to be fully effective as adulticides for Ae. aegypti. There was no significant difference among the pyrethroid-susceptible or pyrethroid-resistant mosquito populations, suggesting that prior development of resistance will not affect the entomopathogenic activity. Therefore, it can be concluded that at a preliminary level, both A. niger and T. atroviride can be effective as potential bioinsecticides to control both larval and adult stages of Ae. aegypti mosquito populations.
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