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Abstract

Arboviruses such as dengue, Zika, and chikungunya are transmitted primarily by Aedes aegypti (L.), making this mosquito
a major public health concem in the Americas. Vector control has relied mainly on chemical insecticides, despite the
widespread emergence of resistance. Alternative strategies have been proposed, including the use of Wolbachia-infected
or sterile mosquitoes, but insecticides remain the first line of response during outbreaks. This study aimed to evaluate and
compare the short-term (24-48 h) macroscopic responses of Ae. aegypti to broflanilide, a meta-diamide insecticide with
limited prior use in mosquito control, and prallethrin, a commonly applied pyrethroid. Female mosquitoes (New Orleans
susceptible strain) were exposed to sublethal concentrations of both insecticides using the CDC bottle bioassay. Survivors
were subsequently monitored for visible changes in behavior and morphology. Prallethrin exposure caused rapid
knockdown and mortality within 24 h, with no survivors showing interest in feeding. In contrast, broflanilide did not induce
knockdown but led to a resting, immobile posture at 60 min. After 24 h, most exposed mosquitoes died; however, a subset
that fed on sucrose or blood exhibited abdominal distension with apparent gas accumulation. Broflanilide and prallethrin
produced distinct short-term phenotypic outcomes, highlighting the need for further investigation of broflanilide’s
physiological effects and its potential role in integrated vector control.
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Introduction

Aedes aegypti is the primary vector of arboviral diseases of major public health concern, including dengue,
Zika, yellow fever, chikungunya, and Mayaro. Its high dispersal capacity and the ability of its eggs to withstand
adverse conditions contribute to its persistence across diverse environments. Moreover, environmental factors,
including climate change, have facilitated its global expansion (Rodriguez-Sanchez et al., 2021). Insecticide-
based interventions remain central to vector control; however, the widespread emergence of resistance poses
an increasing challenge (Asgarian et al., 2023).

Mosquito control has historically relied on neurotoxic chemical insecticides that disrupt the nervous system,
causing paralysis and death (Zaim & Jambulingam, 2007). In Mexico, vector control programs have used
different classes of insecticides since the 1950s (NOM-032-SSA2-2014). Temephos, a larvicide applied for
over five decades, is still used for larval control (Davila-Barboza et al., 2024), although its effectiveness has
declined as resistance has intensified under sustained selection pressure (Dusfour et al., 2019).

Currently, pyrethroids and organophosphates are the primary insecticides deployed during dengue outbreaks.
Public health authorities often recommend their simultaneous use or rotation (Ong, 2016). Constant exposure
of wild Ae. aegypti populations to these insecticides has generated strong selection pressure, leading to the
evolution of resistance mechanisms (Trujillo et al., 2026). Commercial formulations frequently include
pyrethroid active ingredients such as metofluthrin, tetramethrin, d-allethrin, transfluthrin, d-phenothrin, s-
bioallethrin, cyphenothrin, deltamethrin, d-trans allethrin, prallethrin, and permethrin (Chin et al., 2017).
Prolonged household use of these products may further intensify selective pressure and promote cross-
resistance among pyrethroids.

Broflanilide is a meta-diamide insecticide that targets the y-aminobutyric acid receptor (GABAR) through a
novel mode of action involving allosteric modulation (Nakao & Banba, 2016). Accordingly, the Insecticide
Resistance Action Committee has classified it as a new group (group 30) (Sparks, 2020). Broflanilide has
demonstrated high efficacy against a range of lepidopteran pests, including Plutella xylostella (Linnaeus, 1758),
Helicoverpa armigera (Hubner, 1808), Spodoptera frugiperda (Smith, 1797), Spodoptera litura (Fabricius,
1775), and Spodoptera exigua (Hubner, 1808) (Tang et al., 2021), as well as pesticidal activity against thrips,
cotton aphids, and two-spotted spider mites (Shen et al., 2021). Commercially registered in China in 2020, it is
considered a promising candidate for agricultural pest management (Sun et al., 2022). Beyond agriculture, its
potential application in urban environments for vector control remains largely unexplored. The present study
evaluates the short-term (24-48 h) macroscopic responses of Ae. aegypti to broflanilide and compares them
with those induced by prallethrin, a commonly used pyrethroid.

Material and Methods

Mosquito rearing

Aedes aegypti mosquitoes from the susceptible New Orleans (NO) strain were reared in the insectary of the
Laboratorio de Fisiologia Molecular y Estructural, Facultad de Ciencias Biolégicas, Universidad Auténoma de
Nuevo Leon, under controlled conditions: 28+2°C, 12:12 h light:dark cycle, and 70+2% relative humidity.

Insecticide exposure

Adult female Ae. aegypti mosquitoes of the susceptible NO strain, 3-5 days old, were used in the experiments.
Mosquitoes were reared under controlled conditions of temperature (27+2°C) and relative humidity (70+£10%)
and were provided with a 10 % sucrose solution before the experiments.
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Bioassays were conducted following the CDC’s standardized bottle protocol (CDC, 2024), using reference
insecticides: broflanilide (99% purity; catalog no. E8093, Selleckchem, USA) and prallethrin (Sigma-Aldrich
Production GmbH, Switzerland). The solutions were prepared in molecular-grade acetone at sublethal
concentrations of 0.75 pg/mL and 1 pg/mL, respectively. Aliquots of 1 mL were applied to 250-mL Wheaton
bottles, ensuring uniform distribution on the inner surface. The bottles were allowed to evaporate for 1 h under
a fume hood before the insects were introduced.

Each treatment was replicated three times with batches of 25 females per bottle. Negative control treated only
with acetone was included. Initial observations were recorded at 30 min to assess the knockdown effect of
prallethrin. Subsequently, 1 h after exposure, the surviving mosquitoes were transferred to entomological cages
measuring 30 x 30 x 30 cm and provided with a 10% sucrose solution as a carbohydrate source.

To assess blood-feeding capacity, blood was offered via an artificial feeder consisting of a metal plate coated
with Parafilm, which had been rubbed against human skin for 2 min to saturate it with CO,. Sucrose and blood
were administered simultaneously over a two-hour period. Additional observations were conducted at 24 and
48 h after exposure, only for broflanilide, with cumulative mortality and visible macroscopic changes recorded.
All procedures were performed under Biosafety Level Il conditions, using nitrile gloves and a fume hood for the
preparation of insecticides, and following institutional protocols for the disposal of chemical waste.

Statistical analysis

Mortality data were analyzed at the bottle level. For each bottle, mortality was expressed as the proportion of
dead mosquitoes relative to the total number of exposed females. The experiment included three independent
repetitions, each consisting of three broflanilide-treated bottles and one acetone-only control bottle, with 25
females per bottle. Therefore, mortality estimates were based on nine broflanilide-treated bottles and three
control bottles.

Bottle-level mortality percentages were summarized as the mean + standard deviation. For the 24-h endpoint,
cumulative mortality in broflanilide-exposed mosquitoes was compared with the acetone-only control using
Fisher's exact test. This test was selected because mortality in the control group was zero, making it more
appropriate than asymptotic tests such as the chi-square test. Exact 95% binomial confidence intervals were
calculated for cumulative mortality proportions. Statistical significance was set at p <0.05. Analyses were
conducted in R (R Core Team, 2023).
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General experimental workflow

Short-term macroscopic post-exposure observations in Aedes aegypti
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CDC hottle bioassay Post-exposure transfer Macroscopic observations
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Figure 1. General experimental workflow used to record short-term macroscopic post-exposure responses in Ae. aegypti
females exposed to broflanilide or prallethrin. (A) Twenty-five adult females were introduced into each treated bottle,
with three replicate bottles per treatment, and exposed for 60 min. (B) After exposure, surviving females were transferred
to entomological cages and offered a 10% sucrose solution and blood feeding. (C) Macroscopic observations were
recorded at 24 h and 48 h after exposure

Results

The controls treated with acetone alone showed no mortality or phenotypic changes, confirming that the
bioassay conditions were appropriate and that the solvent did not affect mosquito survival.

Exposure to broflanilide

At 60 min post-exposure, no mortality was observed in broflanilide-treated mosquitoes. Exposed females did
not show knockdown or ataxia; instead remaining mostly immobile in a resting position at the bottom of the
bottles, with their wings folded and bodies steadily positioned.

A marked delayed mortality effect was recorded at 24 h post-exposure. Across the nine broflanilide-treated
bottles, 203 of 225 exposed females were dead, corresponding to a cumulative mortality of 90.2% (95% Cl:
85.6-93.8%). At the bottle level, mortality was 90.2242.11% (mean £ SD). The mortality rate after 48 h was
100%. In contrast, no mortality was observed in the acetone-only control group, with 0 of 75 control females
dead at 24 h (0.0%; 95% CI: 0.0-4.8%). The difference in 24 h mortality between broflanilide-treated mosquitoes
and the acetone-only control was statistically significant according to Fisher's exact test (p <0.0001) (Table I).
Surviving broflanilide-exposed mosquitoes represented approximately 10% of the treated individuals and
showed reduced mobility. Some of these individuals attempted to feed on sucrose or blood after transfer to
entomological cages. Fed survivors displayed visible abdominal distension and apparent gas accumulation in the
digestive tract. This alteration was observed in both sucrose-fed and blood-fed mosquitoes and persisted up to 48
h, with individuals remaining immobilized and showing little or no response to mechanical stimuli (Figs. 2 and 3).

Exposure to prallethrin

The response was immediate and consistent with the mode of action of pyrethroids. Within the first 5 min,
widespread knockdown was observed, accompanied by uncoordinated movements and ataxia. At 60 min, less
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than 5 % of the individuals showed transient recovery, characterized by unsuccessful flight attempts; however,
none attempted to feed on carbohydrates or blood.

At 24 h, mortality was 100 %, confirming the high efficacy of prallethrin under the experimental conditions. No
additional morphological alterations were observed, as all individuals died before 24 h.

Comparison of insecticides

The results show contrasting macroscopic responses:

Prallethrin produced a rapid knockdown effect and total mortality in less than 24 h, with no survivors capable
of feeding. Broflanilide produced a pattern of progressive immobility, with partial survival associated with
morphological changes in the abdomen (Figs. 2 and 3), particularly in individuals that fed after exposure.
These differences suggest distinct physiological mechanisms and highlight the need for further studies to
understand the implications of broflanilide on the biology of Ae. aegypti, including its interaction with the gut
microbiota and digestive processes.

Table I. Delayed mortality of Ae. aegypti females exposed to broflanilide and prallethrin in CDC bottle bioassays

Treatment Time Dead/total Mortality % 95% CI
Broflanilide 60 min 0/225 0.0% —
Broflanilide 24h 203/225 90.2% 85.6-93.8%
Prallethrin 24h 225/225 100% 100%
Acetone control 24h 0/75 0.0% 0.0-4.8%

NN &

Figure 2. Comparison of the abdomen in female Ae. aegypti at 24 h. Panel A (control): female fed only a 10 % sucrose
solution, observed at 24 h. The abdomen retains its characteristic banded pattern and shows no signs of distension or
gas accumulation, reflecting a normal physiological state. Panel B (treated): female exposed to broflanilide and
subsequently fed a 10% sucrose solution. At 24 h, marked abdominal distension is evident, with visible bubbles in the
digestive tract associated with gas accumulation. This finding suggests an abnormal physiological process, possibly
linked to internal fermentation or alterations in the gut microbiota induced by the insecticide, which could compromise
the insect's digestive homeostasis and ability to rest.
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Figure 3. Comparison of the abdomen in blood-fed Ae. aegypti females at 24 h. Panel A (control): female fed blood
without exposure to insecticide, observed at 24 h. The abdomen retains its translucent appearance and characteristic
banding pattern, with no evidence of distension or gas accumulation, reflecting a normal physiological state following
blood ingestion. Panel B (treated): female exposed to broflanilide and subsequently fed blood. At 24 h, she was found
immobilized, lying on her side, and with marked abdominal distension. Translucent bubbles were observed in the
posterior region of the abdomen, indicative of gas accumulation in the digestive tract. Although the mosquito remained
alive, it showed no ability to fly and did not respond to stimuli. This phenomenon constitutes an unusual morphological
effect, distinct from the typical pyrethroid-induced knockdown, and suggests that broflanilide significantly alters digestive
and metabolic processes.

Discussion

The mode of action of pyrethroids involves binding to the a subunit of voltage-dependent sodium channels,
thereby reducing their activation (Lafargue et al., 2018). When the channel is open, pyrethroids prolong
activation and consequently the depolarization of the neuronal membrane, which manifests as knockdown in
mosquitoes. The symptoms observed in our experiments with prallethrin were consistent with these
mechanisms and with previous reports (Matsuda et al., 1991; Azratul-Hizayu et al., 2021).

Andreazza et al. (2021) reported that exposure to sublethal concentrations of pyrethroids negatively affects
insect performance by altering physiology and behavior, placing individuals at a disadvantage compared with
unexposed organisms. Our results support this observation; none of the mosquitoes exposed to prallethrin
were able to feed on carbohydrates or blood. In contrast, broflanilide exposure allowed a subset of mosquitoes
to retain the ability to feed, suggesting a distinct physiological outcome.

Mosquitoes exposed to broflanilide also showed responses consistent with the reported mode of action of this
molecule. As an allosteric modulator of the GABA receptor in chloride channels, broflanilide induces neurotoxic
activity that causes hyperexcitation and ultimately prevents movement (Snetselaar et al., 2023). In our assays,
the compound produced approximately 90% mortality at 0.75 pg/mL. This efficacy is notable, though somewhat
lower than expected, since previous work has shown higher mortality at lower concentrations (Lees et al.,
2020). Differences may be attributable to factors such as the proprietary formulation of the molecule or the
specific strain tested.

Other studies have described tissue-level inflammation after ingestion of toxic compounds, such as boric acid,
in insects (Sippy et al., 2020). In these studies, electron microscopy revealed disruptions of the gut tissue
following exposure to sugar solutions containing boric acid. In our experiments, abdominal swelling was visible
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to the naked eye in broflanilide-exposed mosquitoes that had fed on carbohydrates or blood and was
associated with apparent gas accumulation. This swelling may have resulted from fermentation of
polysaccharides: fructose in sucrose-fed mosquitoes and glucose in blood-fed mosquitoes, although at lower
concentrations. This could explain the differences in abdominal size between treatments, with smaller
abdomens in blood-fed individuals. Such fermentation processes may generate methane and volatile fatty
acids, as documented in other insect taxa (Brune, 2019).

In Ae. aegypti, changes in microbiota composition have been detected as early as 24 to 48 h after feeding.
Moreover, the composition and diversity of the microbiome vary according to the type of food consumed. Adults
fed a sugar-based diet exhibited greater microbial diversity than those fed blood. Similarly, bacterial interaction
networks differed according to diet. In blood-fed mosquitoes, significant associations were identified among the
phylotypes Salmonella enterica, Enterobacter cloacae, and other members of the order Enterobacterales. In
contrast, in sugar-fed individuals, Pseudomonas fluorescens, Aspergillus flavus, and Metarhizium majus
showed the strongest associations within the microbial community (Salgado et al., 2024).

Fermentation could also reflect shifts in the gut microbiota induced by insecticide exposure. Previous studies
have shown that chronic exposure to insecticides can alter microbiota composition in several insect orders
(Rouzé et al., 2019; Zhang et al., 2022). Moreover, in resistant strains of Spodoptera frugiperda, the gut
microbiota has been reported to degrade insecticidal compounds (Almeida et al., 2017). This phenomenon
may be relevant to our observation that a small proportion of broflanilide-exposed mosquitoes continued to
feed during the first 24 h post-exposure.

Conclusions

Exposure to broflanilide produced previously unreported morphological changes in Ae. aegypti, including
feeding-associated abdominal swelling. Although these findings highlight the novel effects of broflanilide, its
indiscriminate use in vector control could contribute to the emergence of resistance. Its application should
therefore be approached cautiously and integrated with other vector control strategies.

Insecticide exposure can produce a wide range of morphophysiological effects. As new molecules are
introduced for vector management, documenting and characterizing these effects is essential for informing
their safe and effective integration into existing control programs.
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N3Bop

Apbosupyce, nonyT geHra BUpYca, 3KKa W YWKYHIyHe, NPBEHCTBEHO npeHocu komapal, Aedes aegypti (L.),
300r yera oBa BpcTa NMpeAcTaBrba 3HavajaH 3gpaBcTBeHn npobrnem y Amepuun. Cysbujare BekTopa ce
YIMaBHOM 3acHMBA Ha MPUMEHWM XEMUJCKMX MHCEKTULMEA, YMPKOC LIMPOKO PacnpoCTpakeHoj MojaBy
pesucTeHumje. MpeanoxeHe cy 1 anTepHaTUBHe cTpaTeruje, ykiby4yjyhu ynotpeby komapaua MHGULmMpaHux
Gaktepujom Wolbachia nnu ctepunHux komapaua, anu WHCEKTULMAM U Larbe NpeacTaBrbajy NpBy AMHUjY
onbpaHe Tokom enuaemuja. Liurb oe cTyamje Buo je oa ce npoueHe u ynopege kpaTtkopouHe (24-48 h)
MaKpOCKONCKe peakuuje Bpcte Ae. aegypti Ha GpodhinaHnnng, MHCEKTULMA U3 rpyne MeTa-auamuaa Koju je oo
cafia orpaHnyeHo KopuhieH y cy3bujarby komapava, ¥ npaneTpyH, YeCTO NPUMEHMBAHN MHCEKTULME U3 Tpyne
nupetpouga. KeHke komapaua ocemsbuBor coja New Orleans Oune cy uanoxeHe cybnetanHum
KOHLEeHTpaumjama oba nHcektuumaa npumeHom CDC Tecta y 6Gouunuama. MpexuBene jeduHke cy 3aTum
npaheHe pagu youaBara BUATBUBIX MPOMEHA Y NOHALLAHY U MOpdonoruju. 3anoxeHOCT npaneTpuHy aosena
je #o 6p3or rybutka cnocobHOCTU KpeTaka U CMPTHOCTM Y POKY 0f 24 yaca, npu Yemy HujedHa npexveena
jeanHKa Huje nokasana MHTEpecoBake 3a Xparere. HacynpoT Tome, 6podnanmnug Huje usassao rybutak
cnocoBHOCTM KpeTarba, anu je HakoH 60 MUHyTa [JOBEO [0 3ay3uMara Mupyjyher nonoxaja. Mocne 24 vaca
yruHyna je BehuHa M3noxeHux komapaua; MefyTum, kof [ena jednHKku koje Cy ce XpaHune caxaposom 1
KPBIbY YOYEHO je mpolumpewe abpomeHa, npaheHO NpUBWAHWMM HaromunaBaweM raca. bpodnanunug u
npaneTpuH 13aseanu cy pasnuuute KpaTkopouHe HEHOTUMNCKe edpekTe, WTO yKasyje Ha NoTpeby 3a Aarbum
ucTpaxuBamiMa u3MonoLWKNX edekata OpocmaHunMaa M HEroBOT MOTEHUMjana y WMHTErpUcaHoM
cy3bujatby BekTOpa.
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