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Abstract
Juvenile hormone (JH) plays a pivotal role in regulating post-emergence development and metabolism in previtellogenic female Aedes aegypti mosquitoes. In contrast, yolk protein precursor production and egg maturation after a blood meal are regulated by the steroid hormone 20-hydroxyecdysone, the insulin-like growth factor (IGF)/insulin signaling (IIS) pathway, and the mammalian target of rapamycin (mTOR) pathway. The role of IIS/mTOR signaling in female adults prior to blood feeding has not been thoroughly investigated. In this study, we identified a significant increase in the phosphorylation of key effector proteins in the IIS/mTOR signaling pathway, including eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1), ribosomal protein S6 kinase (S6K), and forkhead box protein O1 (FoxO1), in previtellogenic females. In vitro fat body culture experiments suggest that JH induces these phosphorylations through rapid nongenomic signaling mediated by the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mTOR network. RNA interference experiments demonstrated that activation of IIS/mTOR signaling in previtellogenic females modulate metabolic gene expression, promoting the accumulation of energy reserves (glycogen and triglycerides), which influence mosquito fecundity. Additionally, depletion of either the insulin receptor (InR) or the JH receptor Methoprene-tolerant (Met) in adult mosquitoes abolished the phosphorylation of these proteins, indicating that both receptors are involved in JH-induced membrane-initiated signal transduction. Although the precise mechanisms remain unclear, this study uncovers a novel function of the IIS/mTOR pathway in adult mosquitoes before blood feeding, as well as a new mode of JH action through its crosstalk with the IIS pathway.
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Introduction
Female adults of many mosquito species acquire blood meals from vertebrate hosts to nourish themselves for egg production. During blood ingestion, mosquitoes can also ingest pathogens responsible for diseases such as Dengue fever, Zika fever, and malaria. These pathogens undergo development and replication within mosquito hosts before being transmitted to uninfected humans during subsequent blood feeding. Consequently, mosquitoes serve as potent vectors for these devastating infectious diseases. Controlling mosquito-borne diseases is challenging due to the lack of effective vaccines, pathogen drug resistance, and mosquito resistance to insecticides (Ferguson, 2018). Therefore, a comprehensive understanding of mosquito physiology and reproduction is crucial for developing novel control strategies to disrupt the transmission of mosquito-borne diseases.

In Aedes aegypti, the yellow fever mosquito, the first gonotrophic cycle consists of two distinct phases: the previtellogenic and vitellogenic phases, separated by a blood meal. During the previtellogenic phase, mosquito development is primarily governed by juvenile hormone (JH) III, an insect sesquiterpenoid produced and released by the corpora allata, a pair of endocrine glands behind the brain (Zhu & Noriega, 2016). JH synthesis begins shortly after adult emergence (eclosion), with hemolymph JH levels rising rapidly within the first 6 hours post-eclosion (PE) and continuing to increase at a slower rate, peaking around 48 hours PE (Hernandez-Martinez et al., 2015, Zhao et al., 2016). JH levels then remain steady throughout the remainder of the previtellogenic stage. Following a blood meal, JH levels drop sharply to near-basal levels approximately 6 hours post-blood meal (PBM) but begin to rise again at 48 hours PBM (Zhao et al., 2016, Rivera-Perez et al., 2014). In newly emerged adult female mosquitoes, JH triggers ribosome biogenesis and structural remodeling in the fat body, preparing it for massive protein synthesis required post-blood meal (Raikhel et al., 2005). JH also regulates carbohydrate and lipid metabolism during the previtellogenic stage, leading to the accumulation of glycogens and lipids, such as triacylglycerol (TAG), in the fat body as mosquitoes feed on sugars (Hou et al., 2015, Wang et al., 2017). These energy reserves are later mobilized to meet the high energy demands of egg maturation after blood feeding (Dou et al., 2023). Under the control of JH, primary follicles grow to approximately 100 nm within the first three days after adult emergence (Raikhel et al., 2005). Further development of primary follicles is paused until after blood feeding, which marks the transition to the vitellogenic phase of the gonotrophic cycle.

[bookmark: _Hlk168573215]Blood feeding triggers the release of insulin-like peptide hormones (ILPs) and ovary ecdysteroidogenic hormone (OEH) from neurosecretory cells in the brain, promoting the release of primary follicles from the developmental arrest and stimulating the synthesis of the insect steroid hormone ecdysone in the ovary (Brown et al., 2008, Dhara et al., 2013, Valzania et al., 2019). Ecdysone is then converted into its more potent form, 20-hydroxyecdysone (20E), within target tissues such as the fat body. During the vitellogenic phase, 20E, along with the insulin-like growth factor (IGF)/insulin signaling (IIS) pathway and the mechanistic Target Of Rapamycin (mTOR) pathway, regulates the synthesis of yolk protein precursors in the fat body and their uptake in the developing oocytes (Roy et al., 2018). By 36 hours PBM, 20E levels return to baseline, while JH titers begin to rise at 48 hours PBM (Zhu & Noriega, 2016). At 48-72 h PBM, secondary follicles in the ovaries become primary follicles. Following the oviposition of the first batch of eggs, the second gonotrophic cycle commences.

Juvenile hormone functions in insects through its receptor, the methoprene-tolerant protein (Met), a transcription factor with a basic-helix-loop-helix (bHLH)-Per-Arnt-Sim (PAS) domain (Ashok et al., 1998, Charles et al., 2011, Miura et al., 2005). Upon JH binding, Met translocates to the nucleus, forming a complex with Taiman (Tai), another bHLH-PAS transcription factor (Li et al., 2011, Zhang et al., 2011). This Met-Tai dimer binds to conserved JH responsive elements within target genes, thereby modulating their transcription (Li et al., 2014). Importantly, the Met-Tai complex directly controls the expression of Krüppel homolog 1 (Kr-h1) and Hairy genes, both of which function as transcriptional regulators downstream in the JH regulatory cascades, governing further gene expression in response to JH (Minakuchi et al., 2008, Saha et al., 2019). Besides genomic actions, JH also elicits rapid nongenomic effects (Davey, 2000). Plasma membrane-initiated JH signaling has been observed in various organisms such as the kissing bug Rhodnius prolixus, the moth Heliothis virescens, and the migratory locust Locusta migratoria (Pszczolkowski et al., 2005, Sevala & Davey, 1989). JH treatment in these species rapidly elevates second messenger levels and induces phosphorylation of Na+/K+-ATPase (Jing et al., 2018, Pszczolkowski et al., 2008, Sevala & Davey, 1989, Wyatt & Davey, 1996). This process facilitates the formation of intercellular channels between follicle cells within minutes, allowing vitellogenin in the hemolymph to access the oocyte membrane.

Exposure to JH III in Ae. aegypti mosquitoes leads to significant increases in inositol 1,4,5-trisphosphate (IP3), diacylglycerol (DAG), and intracellular calcium levels, indicating activation of the Phospholipase C (PLC) pathway (Liu et al., 2015). Consequently, Ca2+/calmodulin-dependent protein kinase II (CaMKII) and protein kinase C (PKC) boost the phosphorylation of Met and Tai, enhancing their transcriptional activity (Liu et al., 2015, Ojani et al., 2016). Additionally, JH triggers the phosphatidylinositol 3-kinase (PI3K) pathway, affecting the alternative splicing of mosquito genes, including the Tai gene (Liu et al., 2018). These nongenomic JH actions depend on receptor tyrosine kinases, although the precise mechanism remains unclear (Liu et al., 2018, Liu et al., 2015). Activation of the PLC and PI3K pathways suggests that JH could potentially use the nongenomic action to influence the signaling of other insect hormones.

[bookmark: _Hlk168575379]In the study, we found that in previtellogenic Ae. aegypti mosquitoes, JH stimulates increased phosphorylation of key IIS/mTOR pathway effectors, such as eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1), forkhead box protein O1 (FoxO1), and ribosomal protein S6 kinase (S6K). This JH-induced response requires both MET and the insulin receptor (InR) but does not require new protein synthesis for its relatively rapid effects. Activation of the IIS/mTOR pathway by JH regulates the expression of metabolic genes and is essential for glycogen and lipid droplet accumulation in previtellogenic mosquitoes. Our findings lay the groundwork for further investigation into the JH membrane receptor and the interactions between multiple hormonal regulatory pathways involved in mosquito reproduction.

[bookmark: _Hlk180411899]Materials and methods
Mosquito rearing and fat body culture
Aedes aegypti (Liverpool strain) mosquitoes were reared at 28°C and 60–70% relative humidity with a 24-hour cycle of 14 hours light / 10 hours dark. Mosquito larvae were fed pulverized fish food (Tetra). Upon adult emergence, mosquitoes were provided with 10% (wt/vol) sucrose solution and water via cotton balls. Five days post-emergence, female mosquitoes were fed defibrinated sheep blood (Colorado Serum Company) for 30 minutes using an artificial membrane feeder.
[bookmark: _Hlk159101799]Fat bodies attached to the abdominal body wall were harvested from newly emerged female mosquitoes by dissecting out guts and ovaries from the abdomens. The fat body-containing abdomen pelts were cultured in vitro as described previously (Raikhel et al., 1997), with the culture medium composition detailed in Table S1. Juvenile hormone III (Sigma Aldrich) was dissolved in ethanol. For experiments involving chemical inhibitors, fat bodies were preincubated with the inhibitors for 1 hour before the addition of JH-III. All inhibitors were purchased from Cayman Chemical, and their final concentrations in the fat body culture experiments were as follows: BIM46187, 20 μM; genistein, 100 μM; Linsitinib, 2 μM; U73122, 10 μM; wortmannin, 2 μM; MK2206, 5 μM; Torin2, 2 μM; Cycloheximide, 40 μM.

Western blot analysis
[bookmark: _Hlk180418168]Fat bodies from adult mosquitoes were homogenized in a modified RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and 1 mM sodium fluoride). Protein concentrations were determined using the Pierce Detergent Compatible Bradford Assay Kit (Thermo Fisher Scientific). Twenty-five micrograms of proteins were loaded into each lane of a 4-20% Tris-Glycine polyacrylamide gel and separated by SDS-PAGE. Proteins were transferred onto a nitrocellulose membrane via electrophoretic transfer and subjected to standard Western blot assays. The following antibodies were used: Phospho-Akt (S473) (Cell Signaling Technology, 4060S, 1:750), Akt (pan) (C67E7) (Cell Signaling Technology, 4691, 1:2000), Phospho-FoxO1 (T24)/Fox03a (T32) (Cell Signaling Technology, 9464S, 1:1000), Phospho-4E-BP1 (T37/46) (Cell Signaling Technology, 2855S, 1:1000), Phospho-Drosophila p70 S6 Kinase (T398) (Cell Signaling Technology, 9209S, 1:1000), p70 S6 Kinase (Cell Signaling Technology, 9202, 1:1000) and GAPDH Loading Control Monoclonal Antibody (GA1R) (Invitrogen, MA5-15738, 1:5000). Proteins were visualized using chemiluminescent substrates and detected with an Azure c300 Gel Imaging System (Azure Biosystems). GAPDH was used as a loading control for protein normalization.

Quantitative Real-Time PCR
[bookmark: _Hlk180421009]Gene expression in Ae. aegypti mosquitoes was evaluated by measuring relative mRNA abundance using quantitative PCR (qPCR). Each sample comprised pooled fat bodies from five individuals. Total RNA was extracted using TRI Reagent and the Direct-zol Microprep Kit (Zymo Research). cDNA was synthesized from 1 μg of total RNA using the LunaScript RT Master Mix Kit (New England Biolabs). qPCR was conducted using the Luna Universal qPCR Master Mix (New England Biolabs) on a CFX Real-Time PCR Detection System (Bio-Rad). Gene-specific PCR primers are listed in Table S2. The qPCR reaction began with an initial 60-second denaturation at 95 °C, followed by 40 cycles consisting of a 15-second denaturation at 95 °C, and a 30-second annealing and extension step at 60 °C. Transcript levels were normalized to the ribosomal protein S7 gene (rpS7) using the 2^-ΔΔCt method.

RNA interference-mediated gene silencing
Double-stranded RNAs (dsRNA) were injected into newly emerged adult female mosquitoes to knock down specific gene expressions, following the method described by Zhu et al. (2003). PCR-amplified cDNA fragments of the target genes served as DNA templates for dsRNA synthesis using the MEGA script RNAi Kit (Ambion). dsRNA for the enhanced green fluorescent protein (GFP) was used as an injection control. A Nanoject III (World Precision Instrument) was used to inject 1.0 μg (300 nl) of dsRNA into the thorax of cold-anesthetized mosquitoes within 1 hour of adult emergence. Fat body samples were collected at 72 h PE, and knockdown efficiency was assessed in pooled samples (5 fat bodies/replicate) using qPCR.

Measurements of glycogen and triglyceride
Glycogen levels in mosquitoes were measured using the protocol established by Palanker et al. (2009) and a Glycogen Assay kit (Sigma Aldrich). Five independent biological samples were collected for mosquitoes injected with various dsRNAs, each containing six adult female mosquitoes. Free glucose was subtracted from the readings. Triglycerides (TAG) in whole-body extracts were measured as described previously (Hou et al., 2015) using the Triglyceride Colorimetric Assay Kit (Cayman Chemical) according to the manufacturer's instructions. Lipid droplets in the fat body were stained with Nile Red fluorescent dye, as reported by Wang et al. (2017).

Culture of Aag2 cells
The Aag2 cell line was originally derived from whole homogenized Aedes aegypti embryos (Lan & Fallon, 1990). Aag2 cells were cultured as a monolayer in Schneider’s Drosophila medium with L-glutamine (Sigma-Aldrich), supplemented with 10% Premium Select Grade fetal bovine serum (FBS, Atlanta Biologicals). The cells were maintained at 28 °C in a humidified atmosphere without CO2 and passaged at a 1:6 dilution every 3–4 days. Prior to hormonal treatment, Aag2 cells were seeded in 12-well plates and allowed to incubate overnight. JH-III (Sigma-Aldrich) was dissolved in ethanol and was added to the medium to achieve a final concentration of 5 µM, while an equal volume of ethanol was used as a negative control.
Results
Juvenile hormone significantly enhances the phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 in the fat body
In mosquitoes, the mTOR signaling pathway is activated by amino acids derived from a blood meal, leading to the phosphorylation of S6K and the translational repressor 4E-BP1 (Hansen et al., 2014). This activation enhances protein synthesis and facilitates egg development. Insulin-like peptides (ILPs) bind to the insulin receptor (InR), regulating reproduction through the PI3K/Akt pathway (Fig. 1A). Phosphorylation of Akt, also known as protein kinase B, activates the mTOR pathway and promotes the phosphorylation of FoxO1 (Hansen et al., 2014; Valzania et al., 2019). To explore the role of the insulin/mTOR pathway prior to blood feeding, we analyzed the phosphorylation status of these signaling proteins in the fat body of adult female Ae. aegypti mosquitoes during the previtellogenic phase. Remarkably, these four proteins displayed substantial increases in protein phosphorylation following adult emergence (Fig. 1B). Elevated phosphorylation levels were detected in the fat body as early as 12 h post eclosion (PE), reached a high plateau from 24 to 48 hours PE, and returned to baseline by 72 hours PE. The phosphorylation profiles aligned closely with the preparation period in the previtellogenic phase, during which elevated JH titers govern post-emergence development in female mosquitoes during the first 2-3 day after adult emergence.

[bookmark: _Hlk180419861][bookmark: _Hlk176958147][bookmark: _Hlk176944080]To confirm the direct role of JH in enhancing protein phosphorylation, fat bodies from newly emerged female adults, within 2 h PE—before the endogenous rise in JH levels—were cultured in vitro with 5 µM JH III. This concentration was empirically determined in earlier studies (Liu et al., 2015) to ensure a consistent JH response in cultured fat bodies. Importantly, this dose is significantly higher than the peak JH levels found in Ae. aegypti hemolymph, estimated at 117 fmol/female (Hernandez-Martinez et al., 2015). The need for a high JH concentration in the in vitro culture system likely arises from the absence of JH carrier proteins and the lack of active hemolymph circulation, both of which normally facilitate efficient hormone delivery in vivo. Within 1-2 hours after JH addition, the phosphorylation levels of Akt, FoxO1, S6K, and 4E-BP1 increased considerably from basal levels (Fig. 2). Although the culture medium, containing 20 amino acids (Table S1), was used for incubation with JH or ethanol, elevated phosphorylation was only observed in the JH-treated fat bodies. Since the IIS/mTOR pathway is known to be activated by amino acids in Ae. aegypti (Hansen et al., 2014), we repeated the fat body culture experiment using a medium devoid of amino acids. Even in the absence of amino acids, JH effectively stimulated phosphorylation of Akt and 4E-BP1 in the cultured fat bodies (Fig. S1). Additionally, amino acid supplementation alone increased the phosphorylation of Akt and 4E-BP1, but a more pronounced effect was observed when the fat bodies were incubated with JH in the medium supplemented with amino acids (Fig. S1), suggesting a synergistic effect of JH and amino acids on IIS/mTOR pathway activation. These findings strongly suggest that JH interacts with the insulin/mTOR signaling pathway by modulating the activity of key players through protein phosphorylation.

The JH-induced protein phosphorylation relies on the insulin/mTOR pathway
[bookmark: _Hlk177120668]To elucidate the signal transduction mechanisms underlying the JH-induced phosphorylation of Akt, FoxO1, S6K, and 4E-BP1, fat bodies from newly emerged adult female mosquitoes (0-2 h PE) were cultured in vitro for two hours with JH III, alongside specific chemical inhibitors targeting various cell signaling molecules. Genistein, an inhibitor of membrane receptor tyrosine kinases, significantly reduced the phosphorylation levels of Akt, FoxO1, S6K, and 4E-BP1 upon JH stimulation (Fig. 3 and Fig. S2). This finding is consistent with our earlier studies showing the involvement of these receptors in initiating JH action at the plasma membrane (Liu et al., 2018, Liu et al., 2015). Conversely, BIM-46187, which targets heterotrimeric G-protein signaling, caused approximately a 30% reduction in JH-induced S6K phosphorylation without significantly affecting the phosphorylation of Akt, FoxO1, and 4E-BP1 (Fig. 3). This suggests that the JH action may not primarily rely on G-protein-coupled receptors.

Moreover, co-incubation with Linsitinib, a selective dual inhibitor of the IGF-1 receptor and insulin receptor (InR), considerably reduced the JH-triggered phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 in the fat body (Fig. 3 and Fig. S2), indicating the involvement of the insulin signaling pathway in JH-induced phosphorylation. Inhibition of PI3K and Akt, key regulators within the insulin signaling pathway, by wortmannin and MK2206, respectively, resulted in significant decreases in protein phosphorylation in response to JH (Fig. 3 and Fig. S2). Similarly, suppression of mTOR activity by Torin2 led to a 60-85% reduction in JH-induced phosphorylation of the target proteins. These findings collectively suggest that JH utilizes the insulin/mTOR signaling pathway to modulate the phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 in the mosquito fat body.

[bookmark: _Hlk167446244]Additionally, inhibition of phospholipase C by U73122 substantially diminished JH-induced phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 in the fat body (Fig. 3). This implies the involvement of phospholipase C in JH-mediated modulation of these proteins, although the precise underlying mechanisms remain to be elucidated.

The JH-induced phosphorylation does not depend on new synthesis of insulin-like peptides
Since JH is known to regulate insulin-like peptide expression in Ae. aegypti mosquitoes (Ling & Raikhel, 2021), we investigated whether the JH-triggered phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 resulted from JH-induced synthesis of insulin-like peptides. To explore this, cycloheximide, a potent inhibitor of eukaryotic translation, was introduced into the fat body culture during incubation with JH III. Surprisingly, the phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 remained largely unaffected by the suppression of new protein synthesis (Figure 3). This suggests that JH-induced protein phosphorylation does not require the synthesis of new proteins, including insulin-like peptides, at least within the initial two hours following JH treatment.

Among the 8 Ae. aegypti ILPs, only Ilp2, Ilp5, and Ilp6 are known to be expressed in fat body-containing abdomen pelts in adult mosquitoes (Riehle et al., 2006). The mRNA levels of these three ILPs were compared in fat bodies (0-2 h PE) cultured in vitro for two hours with 5 μM JH III or ethanol. Notably, JH treatment did not significantly affect the transcript abundance of Ilp5, while Ilp2 and Ilp6 showed only minor changes (≤10%) in response to JH treatment (Figure 4). This suggests that the JH-induced phosphorylation of target proteins is unlikely to result from altered ILP expression in the fat body, at least within the first few hours of JH exposure. Additionally, the mRNA levels of Akt, FoxO1, S6K, and 4E-BP1 in fat bodies treated with JH were comparable to those treated with ethanol (Figure 4), indicating that JH primarily influences protein phosphorylation without affecting the expression of these target proteins.

Met and the insulin receptor are required for the phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 in previtellogenic mosquitoes
Given the central roles of Akt, FoxO1, S6K, and 4E-BP1 in the mTOR and insulin signaling pathways, we investigated the involvement of upstream signaling proteins in JH-induced protein phosphorylation in previtellogenic mosquitoes through an RNA interference (RNAi) experiment. Newly emerged adult female mosquitoes were injected with dsRNAs targeting the insulin receptor (InR), Tor, and Akt, with dsRNAs for enhanced green fluorescent protein (GFP) serving as a control (Fig. 5A). At 72 h PE, depletion of either InR or Akt substantially reduced the phosphorylation levels of Akt, FoxO1, S6K, and 4E-BP1 in the fat body (Fig. 5B and 5C). Knockdown of Tor markedly weakened the phosphorylation of 4E-BP1 and S6K, with marginal effects on Akt and FoxO1 phosphorylation (Fig. 5C). These findings were consistent with those from fat body culture experiments (Fig. 3), confirming the essential roles of insulin receptor and Tor in JH-induced protein phosphorylation.

In a parallel experiment, Met expression was independently knocked down in the same manner. At 72 h PE, the phosphorylation levels of Akt, FoxO1, S6K, and 4E-BP1 in the fat body were significantly lower in the Met RNAi mosquitoes, compared to the GFP RNAi control group (Fig. 5B and 5C). This result suggests that Met plays a crucial role in JH membrane signaling.

The phosphorylation induced by JH significantly impacts carbohydrate and lipid metabolism in female mosquitoes
Previous studies have demonstrated that JH promotes the accumulation of lipid droplets and glycogen during the previtellogenic stage of adult female Ae. aegypti mosquitoes (Hou et al., 2015, Wang et al., 2017). To investigate the involvement of the JH-activated IIS/mTOR pathway in lipid and carbohydrate metabolism, key components of this pathway were knocked down via RNAi in newly emerged adult mosquitoes. Staining lipid droplets with Nile Red fluorescent dye revealed a substantial decrease in abundance at 72 PE in Met RNAi mosquitoes compared to those with GFP RNAi (Fig. 6A). This observation was corroborated by quantitative whole-body measurement of triacylglycerols using a colorimetric assay (Fig. 6B). Knocking down either InR or Akt also resulted in significantly reduced deposition of lipid droplets at 72 PE in the fat body. Conversely, Tor RNAi mosquitoes exhibited increased lipid reserves (Fig. 6A and 6B), suggesting that mTOR signaling modulates lipid metabolism during the previtellogenic stage.

Glycogen levels were also monitored in this loss-of-function experiment. At 72 h PE, female mosquitoes injected with Met dsRNA displayed significantly lower glycogen levels compared to control mosquitoes (Fig. 6C). Knockdown of InR, Akt, or Tor similarly led to decreased accumulation of glycogen in sugar-fed female mosquitoes (Fig. 6C).

[bookmark: _Hlk177049948]Gene expression involved in lipid and carbohydrate metabolism was examined in the fat body of the RNAi mosquitoes. Fatty acid synthase 1 (Fas1), an enzyme that catalyzes the synthesis of saturated long-chain fatty acids and contributes to lipid storage in the fat body, was significantly downregulated in Met RNAi mosquitoes but remained unaffected by the knockdown of InR, Akt, and Tor (Fig. 7). TAG lipase 1 (Tagl1), a lipolytic enzyme responsible for releasing fatty acids from TAG stores in the fat body, showed increased expression in response to depletion of Met, InR, or Akt. However, Tor RNAi mosquitoes exhibited a reduction in Tagl1 expression compared to the control group (Fig. 7). Glycogen phosphorylase (Gp) and hexokinase (Hex), enzymes involved in the rate-limiting steps of glycogen and glucose breakdown, respectively, exhibited markedly enhanced expression following the depletion of Met, InR, or Akt, suggesting their role in regulating carbohydrate catabolism. In contrast, the loss of Tor function did not alter the expression of Gp and Hex in this experiment (Fig. 7). These changes in gene expression align with the observed alterations in TAG and glycogen levels in RNAi mosquitoes, providing strong support for the proposed roles of the JH-activated IIS/mTOR signaling pathway in promoting lipid and glycogen storage as energy reserves in previtellogenic adults.

Discussion
In the first gonadotrophic cycle, adult female mosquitoes rely on multiple energy and nutrient sources to support their survival, mating, host-seeking, and egg production. Shortly after eclosion, they utilize teneral reserves before they can fly and find plant nectar, fruit juices, and honeydew for nourishment. The excess sugars obtained from these plant sources are converted into glycogen and neutral lipids stored in the fat body. These glycogen and lipid reserves, accumulated during the previtellogenic stages, are primarily mobilized shortly after blood ingestion (Zhou et al., 2004). Low previtellogenic nutritional reserves have been shown to significantly increase the rate of primary follicle resorption, reducing the number of eggs laid by female mosquitoes (Clifton & Noriega, 2012), underscoring their crucial role in mosquito fecundity. The depleted energy stores are replenished by 72 h PBM, just as the female mosquitoes are about to initiate the second gonadotropic cycle (Dou et al., 2023).

Multiple signals, including JH, 20E, amino acids, ILPs, OEH, and adipokinetic hormone (AKH), regulate the metabolic flux in this process (Dou et al., 2023, Hou et al., 2015, Wang et al., 2017). While previous studies of the IIS/mTOR pathway focused on its activation/function in female mosquitoes after a blood meal, we discovered a previously unreported robust activation of the IIS/mTOR pathway during the previtellogenic phase. This stage-specific activation appears necessary for the accumulation of energy reserves in the fat body. Most significantly, our study demonstrates that JH is directed linked to this activation and signal transduction, revealing a novel mode of JH action.

In the previtellogenic phase, JH and its receptor Met play a crucial role in the regulation of both carbohydrate and lipid metabolism (Wang et al., 2017). Chromatin immunoprecipitation studies of many key metabolic genes, which display significant mRNA changes in response to RNAi knockdown of Met or topical application of JH, do not support physical interaction of either Met or Kr-h1 with the promoters of those genes (Ling & Raikhel, 2021). This suggests that JH modulates the expression of metabolic enzymes via different players and/or previously unknown mechanisms. A recent study demonstrated that JH regulates the expression of some metabolic enzymes via a JH-ILPs-FoxO axis (Ling & Raikhel, 2021). In response to elevated JH concentrations after adult emergence, Met and/or Kr-h1 directly bind to the promoters of ilps 2, 6, and 7 in the previtellogenic Ae. aegypti mosquitoes (Ling & Raikhel, 2021). Significant upregulation of these ILPs was detected 24 h after JH application to newly emerged female mosquitoes, which in turn activates IIS pathway and modulates the subcellular localization and transactivation activity of FoxO via phosphorylation in the fat body cells (Ling & Raikhel, 2021). FoxO then serves as the effector that modulates the transcription of these metabolic genes.

[bookmark: OLE_LINK1]In this study, we uncovered an alternative mechanism by which juvenile hormone activates the IIS/mTOR signaling pathway. JH rapidly and transiently affected the phosphorylation of Akt, FoxO1, S6K, and 4E-BP1. In cultured Ae. aegypti Aag2 cells, peak phosphorylation of these four proteins was observed 10 minutes after the addition of JH III to the culture medium (Fig. S3). In ex vivo cultured fat bodies, JH-induced phosphorylation predominantly occurred within 1-2 hours of JH treatment (Figure 2). The use of Aag2 cells and in vitro cultured fat bodies in this study was intended to minimize complications from other signaling molecules present in mosquitoes while examining JH signal transduction. Along with the rapid onset of this hormonal response, several lines of evidence support our hypothesis that this JH action is independent of new ILP synthesis: ILP mRNA levels were unaffected by JH in cultured fat bodies within 2 hours of incubation, and inhibition of new protein synthesis did not impact JH-induced phosphorylation. However, it is important to note that ILP availability can be influenced in insects by secretion and carrier proteins in the hemolymph (Nässel & Vanden Broeck, 2016). Whether this specific JH action involves these mechanisms remains to be investigated.

[bookmark: _Hlk176953158]The phosphorylation of select proteins in the IIS/mTOR pathway significantly increases between 24 and 48 hours post-eclosion, whereas hemolymph JH levels rise substantially as early as 6 hours post-eclosion (PE). The delayed phosphorylation response to JH is likely due to the ongoing maturation of certain mosquito organs, including the fat body, which can take several hours or even days after emergence (Clements & Clements, 1992). The lack of a phosphorylation response in the fat body at 12 hours PE may be attributed to insufficient levels of critical signaling components at this early stage. This is supported by our observation that Akt and S6K levels were notably low between 12- and 24-hours PE but increased substantially afterward.

In this study, we used fat bodies from newly emerged mosquitoes in an in vitro culture system to avoid exposure to endogenous JH. Although this system is valuable for dissecting the signal transduction pathways, it is important to recognize that certain stage-specific hormonal responses may be overlooked. Additionally, an important limitation of the current study is its focus on Akt, FoxO1, S6K, and 4E-BP1, without exploring the effects of JH on other IIS-related signaling molecules such as adenosine monophosphate-activated kinase (AMPK), mitogen-activated protein kinases (MAPKs), and glycogen synthase kinase. Further in vivo investigations of the nongenomic response are necessary to fully elucidate the broader scope of JH action within its physiological context.

[bookmark: _Hlk180416332][bookmark: _Hlk180417451]The pattern of protein phosphorylation also suggests a twofold JH action during the previtellogenic phase in regulating the IIS/mTOR pathway. While the non-genomic JH response initiates the IIS/mTOR pathway activation, it is unlikely to sustain this activation for nearly 24 h, as seen in the rapid decline of protein phosphorylation in cultured fat bodies (Figure 2). This transient activation might either directly influence the transcriptional regulation of ILP genes by Met and Kr-h1 or trigger a signal that stimulates ILP synthesis in other mosquito organs, such as the brain, through inter-organ communication. In either scenario, the newly synthesized ILPs are likely responsible for the sustained IIS/mTOR signaling observed between 24 and 48 hours post-eclosion in previtellogenic females.

[bookmark: _Hlk180414000][bookmark: _Hlk180416002][bookmark: _Hlk180414154][bookmark: _Hlk180499000]Our results demonstrate that JH-induced activation of the IIS/mTOR pathway requires the contribution of the JH receptor Met and the insulin receptor InR. However, the underlying mechanisms remain obscure. Previous studies have shown that nongenomic JH action in previtellogenic Ae. aegypti depends on receptor tyrosine kinases (Liu et al., 2018, Liu et al., 2015). The mRNA transcripts of ILPs in the fat body did not significantly change after JH treatment in vitro (Figure 4), suggesting that InR, a receptor tyrosine kinase, may activate downstream signaling in response to JH without an increase in ILP levels. While there is no precedent for InR directly binding lipid ligands, it is plausible that JH may act through a membrane JH receptor to indirectly activate InR via protein-protein interactions. We hypothesize that upon JH binding, the membrane JH receptor associates with InR and induces its autophosphorylation, thus activating downstream signaling. This mechanism mirrors the interaction between growth factor pathways and the membrane estrogen receptor α (ERα) in mediating membrane-initiated steroid signaling in breast cancer cells (Levin & Hammes, 2016). Estrogens, like insect juvenile hormone, act through both nuclear and membrane-initiated signaling. In addition to its classical nuclear actions, a subpopulation of ERα is localized to the plasma membrane (Fu & Simoncini, 2008). In that context, 17β-estradiol-activated ERα binds to epidermal growth factor receptor (EGFR) and insulin-like growth factor 1 receptor (IGF-IR), leading to rapid activation of both EGFR and IGF-IR and their downstream signaling (Fan et al., 2007, Pietras, 2003, Song et al., 2004). Identifying membrane JH receptor will be crucial to further elucidate InR function in JH-induced IIS/mTOR signaling activation.

[bookmark: _Hlk176946277]The role of Met in JH-induced phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 is equally intriguing. While JH-induced IIS/mTOR activation does not rely on new protein synthesis, it is possible that Met is essential for the production of a critical protein factor, such as the membrane JH receptor, that preexists before JH exposure. The intracellular JH receptor Met could also serve as the membrane JH receptor. A similar example is the human and mouse estrogen receptor α (ERα), a member of the steroid nuclear receptor family. Liganded ERα at the membrane interacts with other membrane-associated signaling proteins, such as growth factor receptors, leading to rapid activation of intracellular signaling pathways (Fu & Simoncini, 2008). The membrane localization of ERα is facilitated by the palmitoylation of a cysteine residue within a highly conserved 9-amino acid motif in the ER ligand domain (Pedram et al., 2007). However, this conserved motif is not present in the mosquito Met protein. Future research will aim to elucidate the mechanistic role of Met and the Met-InR interaction in the nongenomic response to JH.
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Figure legends

[bookmark: _Hlk180481350]Figure 1. Phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 in the fat body of previtellogenic Ae. aegypti. (A) Schematic representation of the IIS/mTOR signaling pathways. Protein phosphorylation is central to the activation of these signaling pathways. Arrows indicate activation, while flathead symbols denote inhibition. (B) Temporal profiles of protein phosphorylation in the previtellogenic fat body. Fat bodies were dissected from adult female mosquitoes at the indicated time points after adult emergence. Western blot analysis was conducted to assess the phosphorylation status of Akt, FoxO1, 4E-BP1, and S6K, along with their total protein levels (both phosphorylated and unphosphorylated forms). However, antibodies specific to unphosphorylated Ae. aegypti 4E-BP1 and FoxO1 are not commercially available.

[bookmark: _Hlk167439602]Figure 2. JH-induced phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 in cultured fat bodies. Fat bodies isolated from female mosquitoes within 2 hours after adult emergence were cultured in vitro with 5 µM JH III or ethanol. (A) Protein phosphorylation in the cultured samples was assessed by Western blot analysis. Cultured fat bodies were collected at the indicated time points (hours). The experiments were conducted three times, with representative images from one experiment shown. (B) Signal intensities from the three Western blot experiments were compared to those at 0 h for both ethanol and JH treatments using Student’s t-test. Data are presented as means ± SE (standard error). *p < 0.05; **p < 0.01.

[bookmark: _Hlk167439989]Figure 3. Inactivation of the insulin/mTOR pathway suppressed JH-induced protein phosphorylation. Fat bodies dissected from adult female mosquitoes within 2 h PE were cultured in vitro with the indicated chemical inhibitors for 1 hour before adding 5 µM JH III to the culture. Two hours after JH treatment, the cultured samples were harvested. Inhibitor concentrations were selected based on published studies from various insect systems and were empirically validated for this study. A control experiment without JH was conducted, and the results are shown in Fig. S2. (A) Western blot analysis of the cultured fat bodies. The experiments were repeated three times. (B) Statistical analysis of the signal intensities from the three independent Western blot experiments. Signal intensities were compared to those from fat bodies treated with JH alone using Student’s t-test. Data are presented as means ± SE (standard error). *p < 0.05; **p < 0.01.

[bookmark: _Hlk180437568]Figure 4. Expression of ILPs in fat bodies cultured in vitro with JH III. Fat bodies from newly emerged adult female mosquitoes (0-2 h PE) were cultured in vitro with 5 µM JH III or ethanol for 2 hours. mRNA levels of Ilps were measured by quantitative real-time PCR and compared between the JH and ethanol treatments using student’s t-test. The experiments were conducted three times. Data are shown as means ± SE (standard error). ns, p > 0.05; *p < 0.05; **p < 0.01.

[bookmark: _Hlk177029207]Figure 5. Knockdown of Met and InR expression reduced the phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 in previtellogenic mosquitoes. Newly emerged adult female mosquitoes (0-2 h PE) were injected with dsRNA targeting Met, InR or GFP. Fat bodies were dissected from the injected mosquitoes (5 in each of 3 replicates) at 72 h PE. (A) Confirmation of RNAi-mediated knockdown. Total RNA was extracted from the fat body samples, and mRNA levels were measured by quantitative RT-PCR. (B) Phosphorylation analysis in RNAi-treated mosquitoes. Proteins from the fat body at 72 h PE were analyzed by Western blot using antibodies specific to the phosphorylated forms of the proteins. Note that increased antibody concentrations and extended signal capture times were used in this experiment compared to Fig. 1. The experiments were repeated three times. (C) Relative phosphorylation levels in (B) were compared to the control group (dsGFP). Data are presented as means ± SE and analyzed by Student’s t-test. **p < 0.01.

Figure 6. Effect of IIS/mTOR signaling pathway inactivation on glycogen and TAG accumulation in previtellogenic mosquitoes. Newly emerged adult female mosquitoes (0-2 h PE) were injected with dsRNAs targeting Met, InR, Akt, Tor, or GFP. (A) Nile red staining of lipid droplets in the fat body of RNAi mosquitoes at 72 h PE. The size and number of lipid droplets (LDs) from three independent experiments were compared to the control group (dsGFP) using Student’s t-test (*p < 0.05; **p < 0.01). Error bars represent the standard error. (B) Quantitative measurement of TAG levels in whole-body mosquitoes at 72 h PE. Error bars represent the standard error from three independent experiments. TAG levels were compared to the control group (dsGFP) using Dunnett’s multiple comparison test (*p < 0.05; **p < 0.01). (C) Quantitative measurement of glycogen levels in whole-body mosquitoes at 72 h PE. Data from three independent experiments are presented with error bars indicating standard error and were compared to those in the GFP RNAi mosquitoes using Dunnett’s multiple comparison test (*p < 0.05; **p < 0.01).

[bookmark: _Hlk180443353]Figure 7. Expression of metabolic genes in previtellogenic mosquitoes following IIS/mTOR pathway suppression via RNAi. Newly emerged adult female mosquitoes (0-2 h PE) were injected with dsRNAs targeting Met, InR, Akt, Tor or GFP. Total RNA was extracted from mosquito fat bodies collected at 72 h PE. The experiments were conducted three times, each with three independently collected biological replicates. Transcript abundances for selected metabolic genes, measured by quantitative RT-PCR, were normalized to the reference gene rpS7 and are presented as means ± standard errors. Relative mRNA levels in RNAi-treated mosquitoes were compared to the control group (dsGFP) using Dunnett’s multiple comparison test (**p < 0.01). Fas1, Fatty acid synthase 1; Tagl1, TAG lipase 1; Gp, Glycogen phosphorylase; Hex, Hexokinase.


Supporting information
Table S1 Composition of culture medium
Table S2 Primers for dsRNA synthesis and qPCR

Figure S1. Effects of amino acids in the culture media on JH-induced phosphorylation. Two media formulations were prepared, differing solely in the presence of amino acids: one with amino acids and one without. Fat bodies from newly emerged female mosquitoes (0-2 h PE) were cultured in these media for 2 hours, during which they were treated with either ethanol (control) or 5 µM JH III. Western blot analysis was performed to evaluate the phosphorylation of Akt and 4E-BP1, with GAPDH serving as a loading control.

Figure S2. Effects of inhibitors alone on protein phosphorylation in the absence of JH. Fat bodies dissected from adult female mosquitoes within 2 h PE were cultured in vitro with the indicated chemical inhibitors for 2 hours. Western blot analysis was conducted to assess the phosphorylation status of Akt, S6K, and 4E-BP1, along with their total protein levels.

FigureS3. JH induced rapid phosphorylation of Akt, FoxO1, S6K, and 4E-BP1 in cultured Aag2 cells. Aedes aegypti Aag2 cells were treated with 5 µM JH III, using ethanol as a solvent control. Cells were harvested at the specified time points after the treatment. Western blot analyses were performed using equal amounts of protein extracts and antibodies specific for the phosphorylated forms of Akt, FoxO1, S6K, and 4E-BP1. GAPDH was used as a loading control for protein normalization. The experiments were conducted three times, and representative images from one experiment are shown.

