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Introduction

Broflanilide is a novel meta-diamide insecticide, which has a distinct mode of action compared to other active ingredients used for Indoor Residual Spraying (IRS). This study details a laboratory evaluation of broflanilide, of putative discriminating concentrations, potential cross-resistance, and residual efficacy on two substrates.





Methods

Mosquitoes were exposed to broflanilide in bottle bioassays to determine lethal concentrations (LC50 and LC95). These were used to calculate resistance ratios between the susceptible Kisumu and the pyrethroid-resistant Muleba-Kis strains of Anopheles gambiae s.s. Prototype wettable powder formulations of broflanilide were applied to mud and concrete to determine the optimal observation period for determining delayed mortality, and a Cox proportional hazards model was fitted to determine a potential dose response effect. Subsequently, residual efficacy of application rates ranging between 25 mg/m2 and 300 mg/m2 were monitored monthly.





Results

LC values of tested strains were not significantly different; therefore, the polyfactorial resistance mechanisms possessed by the resistant strain did not confer resistance to broflanilide. A significant effect of concentration and time since spraying was found on mosquito survival, indicating that higher broflanilide concentrations are more effective and that this effect was strongest immediately after spraying. Knockdown at 60min post exposure was negligible, with on average only 1% of all mosquitoes knocked down. On the mud surface, but not on concrete, there was a delayed killing effect, with mortality increasing until 72 hours after exposure. The residual efficacy test indicated that on concrete the 100 mg/m2 and 200 mg/m2 concentrations of both broflanilide 50WP formulations remained efficacious for 9 months post spraying. On mud, there were large variations in mosquito mortality from month to month. Generally, higher concentrations resulted in higher mortality, despite variation over time.





Discussion

Cross-resistance to broflanilide was not detected in mosquitoes with multiple resistance mechanisms. This opens up the possibility for wide-scale use of broflanilide, especially in areas with established pyrethroid resistance. Like some other insecticide classes, delayed mortality up to 72 hours post exposure was found for broflanilide. Promising residual efficacy was found with broflanilide 50WP formulations on concrete. On mud, efficacy varied and further testing with a refined formulation is recommended.
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Introduction

Mosquito vector control currently relies heavily on a limited number of insecticides in even fewer insecticidal classes. Pyrethroids, a class of insecticides used in all insecticide treated nets and, to a lesser extent, for indoor residual sprays (IRS), have been the foundation of mosquito control for over 30 years. The overuse of insecticides from this class has resulted in the evolution and spread of resistance in mosquitoes (1–4), and in some locations pyrethroid-only treated nets are failing to control malaria mosquitoes (5, 6). For IRS a wider range of insecticidal classes are WHO prequalified, and large IRS spray campaigns, like the PMI VectorLink Project, are currently conducted using formulations containing either an organophosphate or a neonicotinoid (7). To delay the emergence and spread of insecticide resistance, the World Health Organisation (WHO) ‘Global plan for insecticide resistance management in malaria vectors’ (GPIRM) recommends annual rotation of at least three insecticides with different modes of action (8). With the current available IRS products this goal cannot be achieved, and there is thus a dire need for novel insecticides that are effective against mosquitoes with multiple resistance mechanisms to maintain the momentum towards malaria eradication over the next 20 years (9, 10).

Broflanilide [N-[2-bromo-4-(perfluoropropan-2-yl)-6-(trifluoromethyl)phenyl]-2-fluoro-3-(N-methylbenzamido)benzamide] is a novel meta-diamide insecticide discovered by Mitsui Chemicals Agro, Inc. (MCAG) and further developed in collaboration with BASF (11). Broflanilide targets the gamma-aminobutyric acid (GABA) gated chloride channel in the insect nervous system (12, 13), and has been classified by the Insecticide Resistance Action Committee in the new group 30; GABA-gated chloride channel allosteric modulators (14). In insects GABA is a major inhibitory neurotransmitter both in the central nervous system and in the muscular system. The GABA neurotransmitter is received by the GABA-receptors that gate chloride channels in the target cell’s (postsynaptic) membrane. Opening of the chloride channels leads to the influx of negatively charged chloride (Cl-) ions into the postsynaptic cell, thereby inhibiting the activity of the cell. Interference with the GABA-gated chloride channel leads to hyperexcitation and convulsions in insects (15).

Broflanilide has shown efficacy against various agricultural pests such as wireworm (Agriotes obscurus, L. 1758) (16), cotton bollworm (Helicoverpa armigera, Hübner 1808), two‐spotted spider mite (Tetranychus urticae, Koch 1836) (17), and beet armyworm (Spodoptera exigua, Hübner 1808) (18). A human safety assessment, ecological risk assessment, and tolerances for residues of broflanilide were published by the Environmental Protection Agency (EPA) (19, 20) and broflanilide was registered for use by the EPA in 2021 (21).

In parallel to the development of broflanilide (tradename TENEBENAL™) for the agricultural market, its potential as an insecticide for public health has been investigated. Recently the President Malaria Initiative published their programmatic environmental assessment and concluded that no adverse human health effects are expected from the use of broflanilide in IRS (22). The development of broflanilide for use in malaria vector control was initiated by a collaboration between MCAG and the Innovative Vector Control Consortium (23). The efficacy of broflanilide for use against mosquitoes was evaluated at the Pan-African Vector Control Research Consortium at the Kilimanjaro Christina Medical University College in Moshi, Tanzania, in collaboration with the London School for Hygiene and Tropical Medicine. To determine the characteristics of a novel insecticide for vector control, a series of tests are recommended in guidelines published by the WHO (24). These initial laboratory tests (formerly known as Phase I tests) include determining the discriminating concentration of a novel insecticide, evaluating potential cross-resistance through mechanisms of resistance to other insecticides, and determining the residual efficacy on typical house wall substrates.

Resistance to pyrethroids is widespread and as many as 87% of countries monitoring resistance reported it in at least one malaria vector species in 2020 (25). Determining potential cross-resistance to novel insecticides offered by mechanisms of resistance to pyrethroids is crucial to predicting operational success of the novel products. Bottle bioassays with a range of concentrations of active ingredient is the commonly used method to evaluate potential cross-resistance between insecticide classes (26). To detect emerging resistance in mosquito populations it is necessary to first define baseline susceptibility by determining the discriminating concentration (27). Here we report a) determination of the lethal concentrations that kill 50% and 95% of mosquitoes, and b) exploration of possible cross-resistance against these values using mosquito strains with different genotypic and phenotypic resistance profiles. All experiments were conducted with a prototype formulation of broflanilide.

Historically, the residual efficacy of novel compounds was tested using standardized cone bioassays (24, 28), which were developed to evaluate fast-acting neurotoxic insecticides like pyrethroids. However, with recently developed public health insecticides which act on alternative target sites in the mosquito, cone assays have not always been the optimal method to measure efficacy (29). Slower-acting (>24h mortality) insecticides that have recently been developed include the non-pyrethroid insecticides clothianidin (30–33) and chlorfenapyr IRS (34–36). Broflanilide, like chlorfenapyr, is a pro-insecticide that is metabolised to its active form inside the mosquito and the time to kill may extend beyond 24 hours (13). The optimal observation period to determine killing effect post-exposure was determined using a range of low concentrations of a broflanilide formulation sprayed on concrete and mud blocks.

The duration of effective action of an insecticide depends on several factors that influence insecticide decay and bioavailability on wall surfaces. Activity of insecticides may decrease when degrading to inactive forms, and bioavailability is reduced if insecticide is lost from the surface through volatilization, absorption or run-off. Interactions between insecticides and surfaces to which they are applied has been shown to have a large impact on efficacy (37, 38). In our study the residual efficacy of the wettable powder formulation of broflanilide at various concentrations was determined under laboratory conditions on two common wall substrates, concrete and mud. Data from this study was used to decide on a restricted number of target doses for experimental hut evaluations (39).





Materials and methods




Mosquitoes

Three mosquito strains were used: Anopheles (An.) gambiae s.s. Kisumu, An. gambiae s.s. Muleba-Kis, and An. gambiae s.l. wildtype. Pyrethroid resistance in the An. gambiae s.s. Muleba-Kis strain is polyfactorial: the strain is homozygous for the L1014S kdr mutation (kdr-east) and the cytochrome P450 CYP6P3 is overexpressed (40). An. gambiae s.s. Kisumu is fully susceptible to all insecticides. The Ace-1 (G119S) mutation is absent from the insectary-reared strains and from the wildtype An. gambiae s.l. The insectary-reared strains are routinely characterised in terms of body weight, wing length, resistance status (phenotypic and genotypic) and species identification. Routine tests using WHO test papers (41) indicated susceptibility to carbamates and organophosphates for both strains, and resistance of the Muleba-Kis strain to organochlorines and pyrethroids (40). The wildtype mosquitoes were collected as larvae from rice fields near the Harusini field station (3°40’S, 37°36’E) and reared to adults in the field insectary prior to testing. All mosquitoes were used as unfed 2-5d old adult females.





Insecticide formulations

Both the technical grade and the 50WP formulations of broflanilide were supplied by Mitsui Chemicals Agro, Inc. (MCAG; Tokyo, Japan). The technical grade active ingredient (TG-AI) had a purity of 98% (batch no. A150640B505). The wettable powder formulations had a concentration of 50% active ingredient and were supplied in two recipes: B1 (batch no. 16I-3148) and B2 (batch no. 16I-3147).





Bottle bioassays

A working solution of broflanilide was prepared by dissolving 5.1 mg technical grade in 25 mL acetone to give a concentration of 200 µg/mL. This working solution was further diluted in acetone to create six additional concentrations, 121.39 µg/mL, 73.68 µg/mL, 44.72 µg/mL, 27.14 µg/mL, 16.48 µg/mL and 10.00 µg/mL. Bottles coated with 1mL acetone only were used as a negative control. New 250mL Wheaton bottles were coated with insecticide for the assays and allowed to dry overnight at room temperature. Coated bottles were kept in the laboratory at room conditions until use and all tests were completed within 5 days of coating.

Mosquitoes were held under assay conditions (target range: 27 ± 2°C and 75 ± 10%RH) pre-exposure for a minimum of one hour. One hour before exposure, glucose-soaked cotton wool was removed from the mosquito holding cups. Separate aspirators were used to transfer 25 ± 5 mosquitoes into each negative control (acetone only) bottle and each insecticide-treated bottle. All seven concentrations and the control treatment were tested simultaneously, and a 1-hour exposure time was used throughout. Mosquitoes were then transferred back to the holding cups, were given ad libitum access to 10% glucose-soaked cotton wool, and mortality was recorded at 24h intervals, up to 72 hours post-exposure.





Insecticide application on substrates in the laboratory

Broflanilide 50WP B1 and B2 formulations were sprayed on mud and concrete blocks of 8.5 centimetre in diameter, using an auto-load precision spray Potter tower (Burkard Manufacturing Co Ltd, Rickmansworth, United Kingdom). Prior to spraying the Potter tower was centralised and calibrated using tap water at room temperature. Calibration was accepted when the volume sprayed was within 10% of the target volume for each position. Mud blocks were prepared using a ratio of 2 parts soil, 3 parts sand and 1.25 parts water and were left to dry at 27 ± 2°C and 80 ± 10%RH for at least one week before use. Concrete blocks were made using a ratio of 2 parts cement, 4 parts sand and 1.2 parts water and were left to dry under the same conditions for a minimum of one month.

Concentrations of broflanilide 50WP formulations that were at least 10-fold lower than those originally tested by Lees et al. (42) were used to determine the optimal observation period post-exposure and potential dose response of the insecticide. These low application rates, 0.5 mg/m2, 1.25 mg/m2, 2.5 mg/m2 and 5.0 mg/m2, were anticipated to result in less than 100% mortality allowing for comparisons between observation times and different concentrations. The negative controls consisted of unsprayed mud and concrete blocks.

Two mosquito strains, Kisumu and Muleba-Kis, were exposed to treated and untreated blocks 24h and 1 week after treatment. Blocks were stored after spraying and between tests at 30 ± 2°C and 80 ± 10%RH (24).

For the residual efficacy experiment, additional mud and concrete blocks were prepared and stored as described above. Application rates of 25 mg/m2, 50 mg/m2, 100 mg/m2, 200 mg/m2 and 300 mg/m2 were chosen to replicate work done by Lees et al. (42). The negative controls consisted of unsprayed mud and concrete blocks. Blocks were monitored for at least 6 months post spraying, and the monitoring period was extended, if possible, for those application rates that continued to show high mortality beyond 6 months.





Cone bioassays

Cone assays were conducted following WHOPES guidelines (24). Mosquitoes were held in paper cups, 5-10 mosquitoes per cup, for a pre-exposure period of at least one hour at 27 ± 2°C and 75 ± 10%RH. Ten mosquitoes were aspirated into each cone and exposed to the insecticide-treated and control blocks for 30 minutes under the same conditions. Two replicates were conducted per block for each mosquito strain. Post-exposure, mosquitoes were returned to the holding cups with ad libitum access to 10% glucose. Knockdown at 60 minutes after the end of the exposure period was recorded, and mortality was observed at 24h, 48h, 72h and 96h after exposure. Assay conditions were recorded every 10 minutes throughout the study using a Tinytag® View 2 Data Logger (Gemini Data Loggers Ltd, Chichester, United Kingdom).





Data management and analysis

Raw data hard-copy record sheets were double entered by a data entry clerk into a database in MS Access 2016. The two entries were compared using a query function, and where inconsistencies were detected the hard-copy data record sheets were consulted for the true value. Mosquito mortality in cone assays was corrected using Abbott’s formula if control mortality was higher than 5%.

The lethal doses killing 50% and 95% of mosquitoes (LC50 and LC95) in bottle bioassays were generated using the BioRssay package (43) in RStudio (Version 4.0.5) using a probit model and concentration on the log scale. The lethal concentration values were then used to calculate resistance ratios relative to the susceptible Kisumu strain. The dose response curves of the three strains were compared using a likelihood ratio test, using the glm function in R, with the quasi-binomial family to account for overdispersion.

A Cox proportional hazards model was fitted to determine the mosquito dose response in the cone assays. A failure event was defined as a mosquito dying during observation, and time was set as number of hours post-exposure, from 24 hours up to 96 hours. The following variables were included in the model: concentration and recipe (B1 or B2), substrate (concrete or mud), mosquito species/strain, time since spraying (1 day or 1 week). The Cox proportional hazards model was conducted in Stata I/C v.15 (StataCorp LLC, Texas, USA).

Residual efficacy was evaluated as the number of months that mosquito mortality was equal to or greater than 80% (24). When mosquito mortality dropped below 80% the latest timepoint at which the threshold was reached was used as the duration of effective action. For application rates that yielded mortality higher than 80% at the time monitoring was stopped, the residual efficacy was stated as at least the number of months that data was collected.






Results




Determining cross-resistance and lethal concentrations using bottle bioassays

The number of replicates per strain depended on mosquito availability: For the susceptible An. gambiae s.s. Kisumu strain 10 replicates with 25 mosquitoes were conducted; for the resistant An. gambiae s.s. Muleba-Kis strain 7 replicates were conducted. For the wild-type An. gambiae s.l. strain only 4 replicates were conducted due to challenges collecting sufficient larvae from the rice fields (Table 1).


Table 1 | Bottle bioassays.



Mosquito mortality at 72h was plotted against the log scale of concentrations of broflanilide for each strain, Figure 1. All three strains showed a dose-response curve; exposure to higher doses resulted in higher mortality. For the four replicates of wild type An. gambiae s.l. mosquitoes, one replicate produced results which showed much lower mortality for the 16.48 µg/mL and 27.14 µg/mL doses compared to the other 3 replicates, which resulted in large error bars for these datapoints. A Chi test indicated that for both the Kisumu and the Muleba-Kis strain a linear regression model could be fitted, however for the An. gambiae s.l. strain heterogeneity in the data was substantially higher and the data did not follow a linear regression. The An. gambiae s.l. data was thus excluded from further analysis.




Figure 1 | Percentage 72h mortality in bottle bioassays. Two insectary-reared strains, Kisumu and Muleba-Kis, were exposed to 7 concentrations of broflanilide (BRF). Dose response curves (solid lines) ± 95% confidence intervals (dotted lines) are given for both strains.



Lethal doses that are predicted to kill 50% and 95% were calculated for both insectary strains (Table 2). Resistance ratios of the Muleba-Kis strain relative to the susceptible reference strain (Kisumu) were RR50: 0.29 (0.00, 1.64e5), and RR95: 2.01 (1.50, 2.70). The dose response curves of the two strains were compared using a likelihood ratio test, which did not result in significant differences (p=0.1449), indicating no cross resistance was conferred by the polyfactorial resistance mechanisms of the Muleba-Kis strain.


Table 2 | Lethal doses for each mosquito strain.







Evaluation of delayed mortality and dose response using cone assays

Mosquito survival was analysed using a Cox proportional hazards model. The Schoenfeld residuals test indicated that the proportional-hazards assumption was not met, so the model was then stratified by substrate and re-run.

Mosquito strain (Muleba-Kis vs Kisumu) and broflanilide recipes (B1 vs B2) did not have a significant effect on survival, therefore were grouped for further analysis. A significant effect of concentration [HR] 1.24, (95% CI 1.22-1.26), p<0.001 and time since spraying [HR] 1.08 (95% CI 1.01-1.16), p<0.05 was found on mosquito survival, indicating that higher concentrations are more effective in killing mosquitoes and that this effect was stronger 1 day after spraying compared to 1 week post spraying, Figure 2.




Figure 2 | Control-corrected mean mortality of insectary-reared An. gambiae s.s. against a range of low concentrations of broflanilide 50WP, exposed 1 day (A) or 1 week (B) post application. Graphs show grouped data from the An. gambiae s.s. Kisumu and An. gambiae s.s. Muleba-Kis strains, and the two broflanilide recipes. All mosquitoes were monitored up to 96 hours post exposure on two substrates in a laboratory setting. Each bar represents the mean mortality (± 95% CI).



Knockdown at 60min post exposure was negligible, with on average only 1% of all mosquitoes being knocked down. Broflanilide sprayed on concrete surfaces was highly efficacious at all tested concentrations, resulting in >90% of mosquitoes dead after 24h and >99% mortality 48h after exposure. On the mud surface there was a delayed mortality effect, with control-corrected mortality increasing until 72 hours after exposure. There was some evidence of further mortality beyond 72h, although this was masked by increasing control mortality in some cases.





Residual efficacy of broflanilide 50WP by recipe, concentration, and block substrate

On a concrete surface the two highest concentrations, 100 mg/m2 and 200 mg/m2, of broflanilide 50WP remained efficacious, with mortality higher than 80%, for at least 9 months post-exposure, Figure 3. The 25 mg/m2 dose was effective for 3 months for both recipes and dropped below 80% mortality afterwards. Exposure to the 50 mg/m2 dose resulted in an 89% mean mortality (recipe B2) and 76% mortality (recipe B1) after 6 months.




Figure 3 | Residual efficacy of broflanilide (BRF) at a range of concentrations in mg a.i./m2 against the susceptible Kisumu strain. (A) BRF recipe B1 on a concrete surface, (B) BRF recipe B2 on a concrete surface, (C) BRF recipe B1 on a mud surface, (D) BRF recipe B2 on a mud surface. Monthly cone assays were conducted up to 10 months post-application. Two recipes of broflanilide 50WP; B1 (graph A, C) and B2 (graph B, D) were evaluated on two substrates; concrete (graph A, B) and mud (graph C, D). Line graphs indicate the mean mortality per month (± 95% CI). The lowest concentration of 25 mg/m2 was discontinued after 3 months on the mud surface, after which the 300 mg/m2 concentration was introduced.



Mosquito mortality showed large variation from month to month on mud substrate (Figure 3). In general, the higher concentrations resulted in a higher mortality, despite the variation over time. The lowest concentration, 25 mg/m2, resulted in mortality higher than 80% for 1 month (Recipe B2) or 2 months (recipe B1) only and was discontinued after 3 months and the highest concentration 300 mg/m2 was introduced at month 4.

On mud surfaces residual efficacy of broflanilide 50WP recipe B1 was 2 months at 25 mg/m2 and 50 mg/m2, 5 months at 100 mg/m2, and 7 or more months for the two highest concentrations 200 mg/m2 and 300 mg/m2.

For the second recipe, B2, residual efficacy of broflanilide 50WP on mud surfaces was 1 month for 25 mg/m2, 2 months for 50 mg/m2 and 100 mg/m2, 5 months for the 200 mg/m2 concentration, and 9 months for the highest concentration tested, 300 mg/m2.






Discussion

Broflanilide is a novel insecticide for malaria vector control that has undergone laboratory testing for the first time in East Africa using various Anopheline strains. During 1-hour bottle bioassays, even 10-fold lower concentrations of broflanilide were sufficient to generate high mortality of all three mosquito strains. There was no significant difference in mortality between the susceptible An. gambiae s.s. Kisumu strain and the resistant An. gambiae s.s. Muleba-Kis strain, a polyfactorial resistant strain with the L1014S kdr mutation and upregulated P450s. Similarly, in other studies, broflanilide was shown to be effective against Anopheles strains with >200 fold resistance to pyrethroids (44), and polyfactorial resistant strains with the L1014F and ace-1 mutations and upregulated P450 CYP6M2, CYP6P3 and CYP6P4 (42, 45).

Broflanilide acts on the GABA-receptor of mosquitoes, which is also the target site for cyclodienes such as dieldrin. Dieldrin was once widely used as an insecticide but, because of its persistence in the environment and relatively high mammalian toxicity, its use was prohibited following the 2004 Stockholm Convention of Persistent Organic Pollutants. Resistance to dieldrin, following a point mutation in the GABA receptor, was reported in wild An. gambiae s.s. populations as early as 1956 (46). Cross-resistance between RDL (resistant to dieldrin) mutant mosquitoes and other insecticides targeting the GABA-receptor can significantly reduce effectiveness (47–50). Nakao et al. (2013) discovered that meta-diamides have a distinct mode of action compared to other insecticides targeting the GABA-receptor in that it binds to a different site (51), and that broflanilide was thus effective against cyclodiene- and fipronil-resistant insects (13). This was confirmed by Lees et al. where broflanilide was effective against a dieldrin selected strain; Kisumu RDL (42). Cross-resistance against dieldrin was not tested in this study due to absence of a strain possessing the RDL mutation at KCMUCo, but a recent study investigating the effect of dieldrin resistance on the efficacy of broflanilide confirmed that no association between the presence of the RDL mutation and survival in broflanilide bioassays could be found (52).

Determining the discriminating concentration for a novel insecticide is key to subsequent differentiation of susceptible and resistant populations, so that emerging resistance can be monitored, and next steps determined according to strategies outlined in the countries’ insecticide resistance management plans. In this study the LC95 for the susceptible Kisumu strain was found to be 25 µg/bottle, which is lower than results found in West Africa by Ngufor et al. where the LC95 for the susceptible Kisumu strain was 70 µg/bottle (44). Whilst the Kisumu strains colonised at many research facilities was derived from the same field sampled An. gambiae s.s. from Kisumu, Kenya in 1953, variation in environmental conditions and rearing techniques at these facilities may give rise to a concomitant variability in fitness and, therefore, in tolerance to insecticides. Recent studies have also mixed broflanilide with the adjuvant Mero® (81% rapeseed oil methyl ester) in bottle assays to reduce the crystallisation of broflanilide after the acetone solvent has evaporated (42, 53). Including Mero at 400ppm resulted in a lower LC95 of 3.97 µg/bottle, corresponding to a discriminating concentration of 11.91 µg/bottle (42). Current studies use a higher concentration of 500 or 800ppm Mero, with a tentative discriminating concentration of 6 µg/bottle in Benin (54), and a range of discriminating concentrations between 0.74 μg/ml and 17.82 μg/ml in a recent multicentre study (52). Further research is recommended to reach consensus on the optimal discriminating concentration of broflanilide, including the optimal concentration of any adjuvant used.

Broflanilide was formulated as a 50% wettable powder IRS product, and evaluations on mud and concrete substrate were conducted using two recipes, B1 and B2. Using low concentrations of broflanilide showed delayed mortality on the mud surface, with an optimal post-exposure period of 72 hours. This result aligned with experiments performed in Benin, where it was also found that 72 hours is an optimal post-exposure observation period (44). Observation of delayed mortality has become standard practice for next generation insecticides, which are typically slower-acting than pyrethroids, including 120 hours for clothianidin formulated as SumiShield® 50WG (32, 55), 72 hours for chlorfenapyr formulated as Sylando® 240CS (34) and 72 or 120 hours for clothianidin (and deltamethrin) formulated as Fludora® Fusion (56–59).

Analysis of the cone assay data demonstrated a significant effect of broflanilide 50WP application rate on mosquito survival indicating a dose-response effect. This effect was found both for the residual efficacy test and for the experiment with lower application rates of broflanilide. Residual efficacy of broflanilide ranged from 1 ≥ 9 months, depending on surface substrate, recipe, and application rate. Broflanilide performed better on concrete surfaces compared to mud surfaces. Similar results have been reported with other insecticides used for IRS, where duration of effective action is typically longer on concrete surfaces compared to mud and dung surfaces (37, 60–62). On the concrete surface the 100mg/m2 and 200mg/m2 concentrations resulted in a residual life of at least 9 months post-application. On the mud surface efficacy was considerably variable but continued to show a dose-dependent effect. Residual efficacy on mud did not reach a similar duration to that reported from other laboratory studies, where mortality of the susceptible Kisumu strain was maintained >80% up to 5 months in Liverpool (42) and up to 14 months in Burkina Faso (63). It is important to note that properties of mud can vary strongly between different locations, and efficacy of an insecticide can thus vary based on where it is tested. The results reported here triggered MCAG to develop an improved recipe (B3), which was designed to improve performance on a mud surface, specifically surfaces with a high porosity as found in Tanzania. This B3 recipe was subsequently tested in semi-field experiments with broflanilide WP in Tanzania, where 7 months of efficacy was recorded at an application rate of 150mg/m2 (39) Similarly, in Benin, Ngufor et al. reported at least 6 months of residual efficacy (44), and current experiments suggest a duration of effective action of up to 18 months on a mud surface in some locations (54). Overall, initial testing with broflanilide 50WP demonstrated that it meets the target product profile established for IRS products (64).





Conclusion

At least three insecticide classes, in annual rotation, are recommended to decrease and slow down the spread and development of resistance in malaria endemic countries. In addition to the current neonicotinoid and organophosphate products, broflanilide 50WP has potential for use in such IRS rotations. This study showed that broflanilide has good efficacy against mosquitoes with multiple resistance mechanisms, providing no evidence of cross-resistance to broflanilide via the L1014S kdr mutation or upregulated P450s (CYP6P3) leading to pyrethroid resistance. This opens the possibility for wide-scale use of this insecticide for indoor residual spraying, especially in areas where pyrethroid-resistance is impacting on malaria vector control. Like some insecticides formulated into other WHO-PQT listed products, delayed mortality up to 72 hours post exposure was found for broflanilide. Residual efficacy testing showed promising results of two prototype formulations on a concrete surface, resulting in a duration of effective action of at least 9 months post exposure. On mud efficacy varied and further testing with the refined B3 recipe is recommended to determine what application rate of broflanilide 50WP should be used to give good residual efficacy on a range of substrate types.
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