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Abstract

:

Simple Summary


The mosquito Aedes aegypti (Ae. aegypti) is responsible for the spread of viruses such as Zika and Dengue. The nutritional environment of immature Ae. aegypti is important for development of larvae and resulting adult mosquitoes. Larval mosquitoes with inadequate nutrition can result in developmental failure or impact the size and reproductive ability of adults. Understanding the nutritional requirements of larval mosquitoes allows us to optimize lab reared mosquitoes and identify new targets for mosquito control. We tested the effect of diets with different ratios of protein to carbohydrates on the life history traits of Ae. aegypti. Each diet was composed of autolyzed Brewer’s yeast (protein), and/or rice flour (carbohydrates). Larvae fed a medium-low protein diet had the shortest pupation time. As adults, the medium-low protein dietary group also had the longest wing lengths, highest weights, and increased lipid stores compared to the adults in all other dietary groups. These findings indicate that both carbohydrates and protein are essential components of Aedes aegypti larval diets. However, Ae. aegypti larvae fed a diet rich in carbohydrates and lower in protein seem to flourish as long as they receive enough dietary protein to fulfill basic biochemical requirements for growth and development.




Abstract


Background: the mosquito Aedes aegypti (Ae. aegypti) is an important vector of arboviruses, including Zika, Dengue, and Chikungunya. The dietary requirements of larval Ae. aegypti are not well understood and likely impact developmental and physiological parameters knowledge of which could be important for vector control. This study examines the effects nutrition has on growth and development of larval Ae. aegypti of laboratory-reared Rockefeller strain mosquitoes. Methods: mosquito larvae were split into five feeding groups with diets providing different ratios of protein and carbohydrates. Each group received autolyzed Brewer’s yeast (AY - high-protein), and/or rice flour (RF—high-carbohydrate). The groups were monitored to record larval developmental times, adult sizes and nutritional stores. Results: the 100% AY group failed to pupate, suggesting the AY alone is either lacking in critical nutrients or is toxic at higher concentrations. The 100% RF group resulted in the smallest adults that took the longest time to reach pupation. Of the remaining groups, the 25% AY/75% RF (Med–low) diet yielded adult mosquitoes with highest average weight, wing length, and lipid stores relative to the other diets. Conclusions: the dietary requirements for development, body size, and nutrient stores of Ae. aegypti mosquitoes appear to be dependent on a relatively low but essential proportion of dietary protein to carbohydrates to achieve optimal developmental outcomes.
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1. Introduction


The Yellow Fever mosquito, Aedes aegypti (Ae. aegypti), is responsible for the transmission of an array of arboviruses that are responsible for tremendous morbidity and economic loss. Currently, the CDC recommends aerial spraying of both Naled, an organophosphate adulticide, and Bacillus thuringiensis subspecies israelensis (Bti), a bacteria toxic to larvae, as the primary means for Ae. aegypti population control [1]. However, the implementation of sterile insect technique (SIT) based methods are appealing alternatives due to the widespread prevalence of insecticide resistance in Ae. aegypti populations across the globe [2,3,4].



This strategy in combination with other methods can reduce the overall reproductive rate of a population below that required for maintenance resulting in destabilization and ideally the crash of a population [3]. The effective implementation of SIT requires the release of large quantities of lab-reared, sterilized male Ae. aegypti for competition with wild, fertile males for females. However, the process of mass rearing these mosquitoes requires maintenance under optimal conditions to optimize developmental time and fitness of resulting adults. Larval nutrition is an important consideration in evaluating the optimum rearing conditions for male Ae. aegypti to utilize SIT based strategies as a means of vector control via the disruption of reproduction [5]. In addition, Ae. aegypti is frequently used as a model system in which to study basic mosquito physiology and vector pathogen interactions. However, the dietary regimens for larval mosquito rearing vary significantly between labs in terms of the type of foods and amounts used in rearing protocols. Examples of laboratory diets include fish food (typically Tetramin brand), liver powder, and various rat and cat chow varieties [5,6,7].



The impact of larval diet composition on fitness parameters, such as immature development time, adult body size, and stored nutrient composition, remains vague. Understanding of the requirements and roles individual classes of nutrients play in regulating larval development is important for practical purposes, including the development of rearing protocols to enhance experimental replicability and advance efficient mass rearing practices. Analysis of larval nutrition and the resulting impact on growth and maturation facilitates a deeper understanding of the biochemical requirements and pathways mediating the developmental processes in immature mosquitoes. The target of rapamycin (TOR) and insulin/phosphoinositide 3 kinase (PI3K) signaling cascades are conserved and well characterized mediators of growth and development in most metazoan organisms [6,8,9]. Knowledge of these aspects of mosquito biology can provide insights into exploitable physiological processes and the effects of larval nutrition on vectorial capacity. Multiple environmental factors can impact the rate and success of mosquito larval development, including temperature, larval density, diet, and environmental microbiota [10,11]. The lack of adequate nutrition during larval development of Ae. aegypti, can result in delayed or failed development [12,13] or in production of adults lacking suitable nutritional stores [6]. As a result, these mosquitoes often require multiple blood meals prior to reproduction, which results in increased vector/host interactions and vectorial capacity [14,15,16]. Mosquito larvae require sugars, nucleotides, polyunsaturated fatty acids, sterols, vitamins, and fourteen essential amino acids for proper development [12,17,18,19]. Additionally, recent work by Coon et al., reported that Ae. aegypti are dependent on gut microbiota to assimilate nutrients for growth and development [20]. E. coli perform aerobic respiration using cytochrome bd oxidases, which stimulate larval molting. Ae. aegypti larvae with non-functional cytochrome bd oxidases exhibit poor growth [20]. This study aims to assess the impact of dietary composition, in terms of how the relative proportions of carbohydrates and proteins affect larval development by rearing Ae. aegypti larvae on diets with differing ratios of these nutrients. The developmental effects were monitored via developmental and physiological parameters, including larval developmental time, pupation rate, adult body size/weight, and adult nutritional reserves.




2. Materials and Methods


2.1. Diets


Five diets were compared for this study (Figure 1). Each diet is composed of a combination of Yeast Hydrosylate Enzymatic Autolyzed Yeast (AY) (MP Biomedicals, Burlingame, CA, USA) and/or rice flour (RF) (Erawan Group, Bangkok, Thailand). The diets were formulated with different ratios of these two ingredients. Autolyzed Brewer’s yeast extract, the water-soluble component of autolyzed Brewer’s yeast, is composed of Saccharomyces cerevisiae grown on a sugar-rich medium, such as beet molasses [21,22]. The relative proportion of nutrients in AY is 60% protein, 31% carbohydrates, and 9% lipids. The other ingredient, RF, has a nutritional constitution of 6.6% protein, 1.4% lipids, and 92% carbohydrates [23]. The five diets studied were 100% RF (Low protein), 25% AY and 75% RF (Med–low protein), 50% AY and 50% RF (Med protein), 75% AY and 25% RF (Med–high protein), and 100% AY (High protein). Figure 1 visualizes the relative nutritional proportions of these diets. Larvae for these experiments were synchronously hatched under vacuum to ensure they were equivalent in age and developmental status. On the day of hatching, larvae were fed 0.31 mL of diet. On day 1, larvae were fed 0.10 mL of diet. On day 2, larvae were fed 0.20 mL of diet. On day 3, larvae were fed 0.30 mL of diet. On day 4, larvae were fed 0.60 mL of diet. On day 5, the larvae were fed 0.31 mL of diet. On day 6 and each day after initiation of pupation, residual fourth-instar larvae were provided 0.15 mL of diet to avoid over-feeding and fouling the water. The larvae consumed most if not all of the diet each day based on visual inspection. The larvae were fed at 3:00 PM every day.




2.2. Effects of Diets on Larval Development


For this study, the lab-based Rockefeller strain of Aedes aegypti was used. In our laboratory, this strain is typically maintained on a larval diet of Tetramin fish food. Groups of 200 first-instar Ae. aegypti larvae were counted and placed in 34.3 × 25.4 × 3.8 cm Bioquip 1426B plastic trays (Bioquip Products, Inc., Compton, CA, USA) containing 600 mL of dechlorinated tap water. The tray water level was checked daily and water was added as needed to maintain 600 mL of volume. Larvae were reared at 26 °C and 80% ambient humidity. Each diet is represented by three trays with each tray representing a biological replicate including 200 larvae. The number of larvae reaching pupation were counted daily for each tray upon initiation of pupation in any of the dietary treatments. Pupal counts were performed daily over six days to determine the mean pupation time. The total number of larvae reaching pupation was divided by the starting number of larvae per tray to determine the proportion reaching pupation.




2.3. Adult Body Size


Mosquitoes were frozen and stored at −20 °C for 24 h. The bodies were then placed in a 50 °C drying oven for 24 h to eliminate excess body moisture. After drying, adult females and males were stored in petri dishes at room temperature, 20 °C. Fifteen females and fifteen males were chosen for body weight and wing length measurements from each treatment replicate. Each adult’s dry weight was measured on a Mettler balance (Mettler Toledo, Columbus, OH, USA). The adult body size was represented by a measurement of the right and left wings from the distal edge of the alula to the end of the radial vein (excluding fringe scales). The wings were removed and taped to a microscope slide. Wing lengths were measured using a Dino-Lite microscope (Dino-Lite Scopes, Torrance, CA, USA), 1.75 cm from mount to lens, while using a magnification of 40×.




2.4. Nutritional Analysis


Fifteen adult males and fifteen adult females from each treatment replicate were collected 24 h post-eclosion. These individuals were then frozen and stored at −80 °C. Sugar, glycogen, and lipids were extracted from each individual mosquito using methods that were adapted from Van Handel and Day [24,25]. Individual dried mosquitoes were homogenized and extracted in 0.5 mL of chloroform/methanol (1:1) in 16 × 100 mm borosilicate glass test tubes. The homogenate was vortexed for 15 s and then centrifuged for 1 min. to separate the aqueous from the organic phase. The aqueous phase containing sugar and glycogen was moved to another test tube and 0.1 mL of 2% sodium sulfate was added followed by vortexing and centrifugation to precipitate the glycogen. The supernatant containing simple sugars was moved to another tube. The remaining liquid in the test tubes was allowed to evaporate off in a 95 °C heating block until the tubes were dry. Anthrone reagent (for detection of carbohydrates) was created by slowly pouring 150 mL of ddH2O into 380 mL of concentration sulfuric acid followed by addition of 750 mg of anthrone. Vanillin reagent (for detection of lipids) was created by dissolving 600 mg vanillin in 100 mL of hot water followed by the addition of 400 mL of 85% phosphoric acid. Sugar and glycogen samples were treated with 1 mL of anthrone reagent followed by heating at 95 °C for 17 min. After heating, the sugar and glycogen samples were vortexed and sample absorbances were read at 625 nm on a NanoDrop spectrophotometer (ThermoFisher, Waltham, MA, USA). Dried lipid samples were treated with 0.2 mL of concentrated sulfuric acid and heated at 95 °C for 10 min. After heating, 1 mL of vanillin reagent was added to the tubes, which were then vortexed and allowed to incubate for 10 min. at room temperature. After incubation, the sample absorbances were read at 525 nm on a NanoDrop spectrophotometer. Standard curves were generated via serial dilutions of stock solutions of 1 mg/mL anhydrous glucose in water for glycogen and sugar analysis and 1 mg/mL Peanut oil in Chloroform for lipid analysis.




2.5. Statistical Analyses


Data were analyzed using R Version 3.6.2 in RStudio Version 1.2.5033 software for Macintosh (R Foundation for Statistical Computing, Vienna, Austria). Curves for pupation rates for each diet were generated by generalized linear model analysis in R. The grey bands around the curves represent the 95% confidence interval. The “survival” package was used to perform Kaplan–Meier survival analysis followed by pairwise statistical comparison of the experimental groups by log-rank in the “survival” package [26,27]. Physiological data was tested for normality using the Shapiro–Wilks test. The results indicated the datasets were likely non-normal and non-parametric statistical tests were chosen for further analyses. Comparisons of physiological features (mean weights, wing lengths and nutrients) for each diet were performed by Kruskall-Wallis test followed by pairwise scoring using the Wilcoxon signed-rank test for each sex. Packages used for figure production and statistical significance annotation include “ggplot2” [28], “aod”, “ggfortify” [29], “forcats” [30], “dplyr” [31], “ggthemes” [32], “ranger” [33], “survminer” [34], “multcompLetters4“ [35], “RVAideMemoire” [36] and “ggpubr” [37] (Code and raw data used for analyses are provided in Supplementary File S1 and in Supplementary Data S1–3). Tables summarizing p-values for all comparisons are provided in Supplementary File S2. A threshold of p < 0.05 was chosen to indicate statistical significance for all of the analyses.





3. Results


3.1. Dietary Effects on Larval Development


The larval time to pupation was tracked for each treatment to measure the effect of diet on developmental rate of the larvae (Figure 2A,B). Of note, larvae that were reared on the High protein diet (AY only) showed high levels of mortality and surviving larvae failed to pupate in the six days following initiation of pupation by other groups at which point the experiment was terminated. Due to the inability to collect adults from this group, they are not included in subsequent analyses. The remaining treatments all pupated; however, significant differences were observed in the time to pupation between treatments. The dietary group with the slowest median time to pupation was the Low protein (Low) diet (nine days) (Figure 2A). The mosquitoes on the Medium–Low protein (Med–low), Medium protein (Med), and Medium-high protein (Med–high) diets had a median time to pupation of ~7 days with the Med–high diet lagging slightly behind Med–low and Medium diets. Statistical comparison of larval development rates across the diets reveals that larvae on the Med–low protein and Medium protein diets underwent equivalent rates of development. Larvae on the Med–high protein diet has a significant lag behind the Med–low and Med diets. Mosquitoes that were reared on the Low protein diet (RF only) had the slowest rate of development relative to diets Med–low protein, Medium protein, and Med–high protein (Figure 2A,B).




3.2. Dietary Effects on Adult Body Size


The quantification of the effect of dietary constitution on adult size was performed via measurements of dry weight and wing length (Figure 3A,B—p-value matrices are available in Supplementary File S2). Dietary factors had a significant effect on adult body size in both male and female mosquitoes across treatments (Figure 3A,B). None of the individuals in the treatment group receiving the High protein diet survived to pupation and are not included in the adult body size analysis. A comparison of the body weights and wing lengths of mosquitoes from the other four treatment groups revealed that the diets had significant impacts on both dry weight and wing lengths. The most dramatic impact was on the population receiving rice flour alone. These mosquitoes were significantly smaller relative to all of those with some autolyzed yeast in their diets in both male and female groups. The groups receiving the Med–low diet were consistently the largest in both sexes. The diets containing more than 25% AY (Med and Med–high) showed significant decreases in overall body size in both sexes, as reflected by both dry weight and wing lengths. The observed size reductions appear to negatively correlate with protein concentration. This effect was observed in both sexes.



In females, significant differences in dry weight were observed between all four diets (p-values < 0.001). The Med–low protein diet produced the largest individuals with a mean weight 340 mg greater than that of the Low protein diet which had the lowest average weight (Figure 3A). Of interest is that the dry weights of females from the higher protein Med and Med–high diets were significantly reduced in mean weights relative to the Med–low protein diet. Male dry weights behaved in a similar manner to the females, with the exception that a significant reduction in dry weight was not observed between the Med–low and Med diets. Similar to females, the largest difference in adult male body sizes was observed between the Low and Med–low protein diets, with individuals from the Med–low diet on average 190 mg heavier than the RF only Low group (p-value < 0.001) (Figure 3A). Males from the Med–high protein diet also showed a significant reduction in mean weight (37.11 mg) relative to males fed the Med–low and Med diets (p-values < 0.001 and < 0.03, respectively) (Figure 3A).



The wing lengths of both males and females followed almost identical trends as the dry weight measurements with statistically significant differences observed between all diets for both sexes (Figure 3B). As observed for the dry weights, mosquitoes of both sexes on the Med–low diet had the longest wing lengths and those on the Low diet the shortest. Statistical comparisons between all groups for both sexes were significant (p-values < 0.03). The negative correlation between increasing dietary protein levels and reduced size is also observed in the wing length data (Figure 3B).




3.3. Nutritional Stores


Analysis of nutrient stores in individuals revealed significant differences in simple sugar, glycogen, and lipid levels across the different diets. Analysis of differences in sugar content revealed that adult females reared on the higher carbohydrate Low and Med–low diets had significantly higher levels of sugars relative to those in the higher protein Med and Med–high diets (p-values < 0.02). In males, no significant differences were observed in sugar content between the groups (Figure 4A, p-value matrices available in Supplementary File S2).



Glycogen stores varied significantly relative to both diet and sex with higher protein diets correlating with higher glycogen levels (Figure 4B). Female mosquitoes from the higher protein Med and Med–high diets had significantly higher glycogen stores relative to those in the Low and Med–low protein groups (p-values < 0.02) (Figure 4B). A comparison of glycogen stores per diet for males revealed a similar trend as that of females. The glycogen stores were highest in males reared on the Med diet and were significantly higher than those from all other diets (Low (p-value < 0.0001), Med–low (p-value < 0.0001), Med–high (p-value < 0.009)) (Figure 4B). The male Med–high group had the second highest level of glycogen was also significantly higher than males from the lower protein Low and Med–low dietary groups (p-values < 0.003). The Low diet generated males with the lowest stored glycogen levels.



Lipid stores also varied significantly by diet in both sexes (Figure 4C). As opposed to glycogen, lipid levels were highest in females reared on the Low protein diet and were significantly higher than the Med (p-value < 0.001) and Med–high (p-value < 0.001) diets,, but the difference between the Med–low diet was not significant (Figure 4C). Adult females on Low protein diet retained an average of 54.07 µg more lipid stores than those with this lowest lipid stores on the high protein Med–high diet. The female data shows a downward trend in lipid stores in diets with higher concentrations of protein. Males from the Med–low diet had the highest levels of stored lipids and were significantly higher than in males fed the Med (p-value< 0.001) or Med–high diets (p-value < 0.02) (Figure 4C).





4. Discussion


4.1. Larval Developmental Time Is Shortest and Adult Body Sizes Are Largest on a Diet High in Carbohydrates with a Low Proportion of Protein


Larval developmental time is dependent on a properly balanced diet, and the shortest development times and largest adult body sizes were achieved with a high proportion of RF and a relatively low proportion of AY (Med–low protein diet). However, in the absence of AY, larval growth is stunted in terms of both developmental rate and body size as mosquitos on RF only were the slowest to develop and had the smallest adult body sizes. This suggests that a component of AY, possibly the high protein content, is important for larval growth. However, too much of this component appears to slow or stunt growth as diets with higher proportions were reduced in body size and were somewhat slower to develop. Additionally, pure AY inhibited development completely, suggesting that, at increased concentrations, it becomes toxic or the mosquitoes are not getting enough of a nutrient derived from the RF. It is possible that the baseline levels of carbohydrates could be a limiting factor for successful development. Female body sizes were more dramatically impacted by the diet treatments than males. Female Aedes aegypti are known to readily generate lipids from carbohydrates, which can explain their ability to grow to large sizes on the Med–low protein diet [38]. A significant observation from this study is that the female body sizes were impacted in a more dramatic manner in response to different diets relative to males. This may result from higher female dietary requirements due to increased nutrient baseline requirements tied to energetically expensive reproductive processes such as vitellogenesis and oogenesis [39]. We also speculate that the female mosquitoes may be particularly sensitive to larval dietary protein requirements, as has been observed in Drosophila [40,41,42].



This observation might be associated with TOR signaling, as, without the proper amino acid signals, the TOR pathway will not be activated and would likely negatively affect growth and development. Nutritional signaling via the TOR pathway is documented as an important regulator of growth and development across animals from many taxa, including Ae. aegypti [43,44,45]. The larval fat body plays a critical role in regulating hormone and nutrient levels throughout the insect [16]. As the TOR pathway requires certain amino acids to activate growth associated signaling cascades that coordinate larval growth, inadequate dietary amino acids may be preventing the secretion of growth factors from the fat body, resulting in delayed larval growth and development [42]. This process has been observed during larval development in D. melanogaster [43,46] and nutritional conditions during larvigenesis are shown to impact the secretion of insulin-like peptides in adult Ae. aegypti [6]. The TOR signaling cascade also functions to inhibit autophagy (the salvage of nutrients from cellular components) [47,48]. In this manner, dietary protein and active TOR signaling are likely important for the maximization of larval growth and development. This was observed in C. elegans where mutations in genes involved in the TOR signaling pathway result in larval developmental arrest [49]. Similarly, Drosophila insulin-like peptides (DILPs) promote growth by binding to insulin receptors of target tissues and activating a phosphoinositide 3 kinase (PI3K) signaling cascade to stimulate growth by inhibiting a specific transcription factor, dFOXO [8,9]. In D. melanogaster, hyperactivation of the PI3K pathway results in premature larval wandering, which, under normal conditions, only occurs when the larva is preparing to pupate [9]. This suggests that larval behavior and developmental dynamics are, at least in part, being mediated by insulin and nutrient based signaling.




4.2. Diets with a High Proportion of AY Result in Adults with Higher Glycogen and Lower Stored Lipids


Our observations suggest that Ae. aegypti can thrive in environments providing high proportions of carbohydrates, but key nutrients that are derived from a protein source are required for Ae. aegypti for a complete diet. Without those nutrients it appears the mosquitoes are not able to capitalize on high levels of dietary carbohydrates. Larva of Ae. aegypti have high dietary plasticity, however Souza et al. determined that bacterial and microalgal diets are not optimal for acquisition of adequate nutrient stores by Ae. aegypti larvae [11]. These diets lead to slow pupation and low survival rates. However, Saccharomyces cerevisiae presents as a viable option for mass-rearing Ae. aegypti larvae. After completing nutritional analysis, S. cerevisiae was shown to contain similar amounts of carbohydrates and protein as the standard Tetramin diet. However, despite decreased survival and slower development, larvae that were fed with microalgae and bacteria were still able to complete development [11]. Therefore, Souza et al. show that Ae. aegypti larvae demonstrate high dietary plasticity.



Algal species Chlorella sp. and A. platensis contain high amounts of protein when compared to the standard Tetramin diet [11]. The yeasts studied, S. Cerevisiae and Pseudozyma sp., are also protein rich. However, because the yeasts contain significantly more carbohydrates than the microalgae, the first instar larvae fed microalgae spent significantly more time in the larval stage than those fed yeast. Therefore, Souza’s results support the theory that carbohydrates are limiting macronutrients for development and pupation.



Glycogen is an important storage molecule for insects as a substantial amount of glycogen must be incorporated before the organism enters diapause [50,51,52]. The adult mosquitoes on the Medium protein and Med–high protein diets showed the highest glycogen concentrations in both males and females. This observation suggests that diets with higher protein composition and lower carbohydrates capacitate the synthesis and storage of glycogen over lipids and vice versa. The mobilization of fat body glycogen and trehalose allows for the organism to survive when nutrients are not readily available in the environment [53]. In mosquitoes, glycogen is frequently used as storage from which carbohydrates required for flight energy can be quickly generated [54]. Lipids often take longer to convert back to a usable source for the flight muscles [53]. In D. melanogaster, fat body glycogen can be mobilized in accordance with glucose levels in the hemolymph and in specific tissues [53]. Fat body glycogen synthesis begins during the late larval period [53,55,56].



In males, the predominant stored nutrient is glycogen, which is primarily used for flight energy during mate seeking [57]. In females, lipid stores are often more abundant, as they are required for the nutrient and energy intensive processes of vitellogenesis and oogenesis [57,58]. The shift towards glycogen in both sexes reared on the high AY diets suggests that something in these diets is capacitating glycogen formation and storage over lipids. We speculate that in the context of larval development the insulin pathway may be playing a role in the regulation of lipid biosynthesis and storage. If carbohydrate concentrations are not high enough the insulin pathway may not be stimulated highly enough to induce lipogenesis. The insulin like peptide 3 (ILP3) regulates lipid and carbohydrate storage in adult Ae. aegypti in response to sugar feeding. It is possible that ILP3 or an alternative ILP is performing an equivalent function in larvae [59]. Additionally, in Ae. aegypti, CRISPR based knockdown of the ilp2 and ilp6 genes resulted in smaller body size, delayed development, and dramatically reduced lipid storage [60]. These findings suggest that insulin signaling is playing an important role in regulating of nutrient storage and metabolism as well as development. As a result, we hypothesize that the relative composition of dietary nutrients may impact how dietary nutrients are metabolized and the form in which they are stored.



Another observation from our data that supports this hypothesis is that adult lipid levels are the highest in females on the Low protein diet, even though those mosquitoes have the smallest body size out of all the diets. A possibility is that the high carbohydrates are triggering insulin signaling resulting in a high rate of lipid synthesis and storage [41,42,49,54]. However, the lack of amino acids in the high carb diets results in reduced signaling by the TOR pathway. The low protein diet likely provides access to large amounts of carbohydrates that stimulate insulin signaling which activates lipid synthesis and storage. We hypothesize that the Med–low protein diet provides the best of both worlds with enough protein to stimulate the TOR pathway to induce cellular growth, replication, and organismal development, while carbohydrates facilitate lipid synthesis and storage.



A consideration and potential weakness of this study to keep in mind while interpreting this data is the adaptability of our lab strain, which has been maintained on a diet of Tetramin fish food. It is possible that, in the presence of sustained selective pressure, adaptive turning to this diet could also impact their responses to these diets. It is also important to note that while autolyzed Brewer’s yeast extract is high in protein it also includes various other nutritional components, such as lipids, vitamins, and nucleic acids that are not accounted for by these experiments and likely play important roles in growth and development [21,22]. Future studies are required in order to determine the role that these compounds play in the effects observed here.




4.3. High Concentrations of AY Appear to be Toxic Inhibiting Larval Growth and Pupation


The AY only diet killed or stunted all of the mosquitoes reared under that regimen. There are a few hypotheses that can explain this result. One likely possibility was that the high levels of protein resulted in the production of toxic concentrations of ammonia. This is due to the increased levels of nitrogenous waste associated with protein and amino acid metabolism. High levels of ammonia that are produced during protein digestion have been demonstrated to be toxic to Ae. aegypti [61,62]. Dietary protein is degraded to amino acids in the mosquito gut lumen and absorbed by the midgut epithelial cells [63,64]. The absorbed amino acids are then transported through hemolymph and available for uptake by the fat body [65]. Ammonia is produced when amino acids are deaminated to form alpha-keto acids. Ammonia toxicity is demonstrated to have a negative impact on the development rates of larvae [61]. Dias, Rodrigues, and Silva observed that development time of Anopheles darlingi (An. darlingi) larvae increased significantly with chronic ammonia treatment. In addition, increased ammonia treatment of L1 An. darlingi, in both chronic and acute applications, increased larval mortality [62].



Another possible explanation for our results is that carbohydrate acts as a limiting nutrient. In other species low protein to carbohydrate ratios in larval diets yields adults with preferential life history traits in other species. For example, Barragan et al. found that black soldier flies (Hermetia illucens) that were fed a larval diet high in carbohydrate retained high amounts of lipid stores as adults [66]. Along these lines, females in the high protein 75% AY diet had the lowest lipid levels of all the diets tested. The high protein diet may bias against the biosynthesis and storage of lipids, as many lipids are synthesized from hexoses [67]. We speculate that larvae fed the pure AY diet may be attempting to compensate by synthesizing other key nutrients from protein, but, as a result, they are generating a toxic amount of nitrogenous waste. The larvae seem to thrive under high carbohydrate conditions as long as they have enough protein presumably to activate crucial growth and developmental processes. If carbohydrates are a limiting factor, the mosquitoes may lack the energy to support basic functions, let alone nutrient storage and are dying of malnutrition. As a result, the poor survival observed in the high AY diets may be due to a combination of incomplete nutrition and ammonia toxicity.





5. Conclusions


Diet plays an important role in immature development in all organisms and they can vary significantly based on the life history of the species. This is particularly so for insects, as they rapidly evolve to occupy specialized niches with potential nutritional limitations [68]. Different species of mosquitoes have different life histories and larval habitats. While Ae. aegypti originated as tree hole mosquitoes, populations have adapted to man-made container habitats and readily develop in temporary water sources, such as tires, food containers, flowerpots, and planters [69]. These environments are typically composed of a mixture of leaf and animal detritus, and a previous study found that optimal Aedes aegypti development relies on high relative nitrogen content [70]. It appears that the dietary needs of Ae. aegypti are tuned, such that they thrive in high carbohydrate environments, but must maintain a baseline of protein intake to take advantage of these nutrients. This likely reflects what is found in their natural habitats with carbohydrates reliably available from plant-based materials that are supplemented with nutrients from animal detritus and co-habiting bacteria. Protein can be supplanted later in life via vertebrate blood meals typically required for egg development by anautogenous female mosquitoes. The nutritional dependencies of larval mosquitoes could be an important target for development of alternative larval control measures.



Overall, Ae. aegypti larvae fed the Med–low protein diet exhibited the most preferential life history traits. However, the Med–low protein diet may not be the optimal larval diet as there are many combinations of protein to carb dietary ratios that have not been tested, and there are other factors that affect growth besides protein and carbohydrate intake. The next step in this research is to query the molecular/biochemical mechanisms dictating the outcomes of larval development in Ae. aegypti. Analysis of the hormonal and nutritional signaling responses to these different dietary regimes will be important for understanding the key triggers and requirements for the critical processes of larval development and pupation in this important disease vector.








Supplementary Materials


The following are available online at https://www.mdpi.com/2075-4450/11/8/535/s1, Supplementary Data S1: Wing length and body size measurements, Supplementary Data S2: Pupation data, Supplementary Data S3: Nutrition assay data, Supplementary File S1: R code for statistical analyses and data plots, Supplementary File S2: P-value tables.





Author Contributions


Individual contributions of the authorship include: Conceptualization: G.M.A., T.v.S. and N.T.; methodology: E.T.K., N.T. and T.v.S.; insect maintenance, N.T. and T.v.S.; writing—original draft preparation, T.v.S., E.T.K. and G.M.A.; writing—review and editing: T.v.S., E.T.K., NT and G.M.A.; data analysis and visualization: T.v.S. and E.T.K.; supervision, G.M.A.; All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by startup funding to G.M.A. from the University of California, Davis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mosquito Control. Available online: https://www.cdc.gov/zika/vector/index.html (accessed on 5 August 2020).

	



Carvalho, D.O.; McKemey, A.R.; Garziera, L.; Lacroix, R.; Donnelly, C.A.; Alphey, L.; Malavasi, A.; Capurro, M.L. Suppression of a Field Population of Aedes aegypti in Brazil by Sustained Release of Transgenic Male Mosquitoes. PLoS Negl. Trop. Dis. 2015, 9, e0003864. [Google Scholar] [CrossRef]

	



Bouyer, J.; Yamada, H.; Pereira, R.; Bourtzis, K.; Vreysen, M.J.B. Phased Conditional Approach for Mosquito Management Using Sterile Insect Technique. Trends Parasitol. 2020, 36, 325–336. [Google Scholar] [CrossRef]

	



Lees, R.S.; Gilles, J.R.; Hendrichs, J.; Vreysen, M.J.; Bourtzis, K. Back to the future: The sterile insect technique against mosquito disease vectors. Curr. Opin. Insect Sci. 2015, 10, 156–162. [Google Scholar] [CrossRef] [PubMed]

	



Bond, J.G.; Ramírez-Osorio, A.; Marina, C.F.; Fernández-Salas, I.; Liedo, P.; Dor, A.; Williams, T. Efficiency of two larval diets for mass-rearing of the mosquito Aedes aegypti. PLoS ONE 2017, 12, e0187420. [Google Scholar] [CrossRef] [PubMed]

	



Pooraiiouby, R.; Sharma, A.; Beard, J.; Reyes, J.; Nuss, A.; Gulia-Nuss, M. Nutritional Quality during Development Alters Insulin-Like Peptides’ Expression and Physiology of the Adult Yellow Fever Mosquito, Aedes aegypti. Insects 2018, 9, 110. [Google Scholar] [CrossRef] [PubMed]

	



Klowden, M.J.; Blackmer, J.L.; Chambers, G.M. Effects of larval nutrition on the host-seeking behavior of adult Aedes aegypti mosquitoes. J. Am. Mosq. Control Assoc. 1988, 4, 73–75. [Google Scholar] [PubMed]

	



Tennessen, J.M.; Barry, W.E.; Cox, J.; Thummel, C.S. Methods for studying metabolism in Drosophila. Methods 2014, 68, 105–115. [Google Scholar] [CrossRef] [PubMed]

	



Britton, J.S.; Lockwood, W.K.; Li, L.; Cohen, S.M.; Edgar, B.A. Drosophila’s insulin/PI3-kinase pathway coordinates cellular metabolism with nutritional conditions. Dev. Cell 2002, 2, 239–249. [Google Scholar] [CrossRef]

	



Couret, J.; Dotson, E.; Benedict, M.Q. Temperature, larval diet, and density effects on development rate and survival of Aedes aegypti (Diptera: Culicidae). PLoS ONE 2014, 9, e87468. [Google Scholar] [CrossRef]

	



Souza, R.S.; Virginio, F.; Riback, T.I.S.; Suesdek, L.; Barufi, J.B.; Genta, F.A. Microorganism-Based Larval Diets Affect Mosquito Development, Size and Nutritional Reserves in the Yellow Fever Mosquito Aedes aegypti (Diptera: Culicidae). Front. Physiol. 2019, 10, 152. [Google Scholar] [CrossRef]

	



Singh, K.R.P.; Brown, A.W.A. Nutritional requirements of Aedes aegypti L. J. Insect Physiol. 1957, 1, 199–220. [Google Scholar] [CrossRef]

	



Akov, S. A qualitative and quantitative study of the nutritional requirements of Aedes aegypti L. larvae. J. Insect Physiol. 1962, 8, 319–335. [Google Scholar] [CrossRef]

	



Farjana, T.; Tuno, N. Multiple blood feeding and host-seeking behavior in Aedes aegypti and Aedes albopictus (Diptera: Culicidae). J. Med. Entomol. 2013, 50, 838–846. [Google Scholar] [CrossRef] [PubMed]

	



Klowden, M.J.; Lea, A.O. Blood meal size as a factor affecting continued host-seeking by Aedes aegypti (L.). Am. J. Trop. Med. Hyg. 1978, 27, 827–831. [Google Scholar] [CrossRef] [PubMed]

	



Shiao, S.H.; Hansen, I.A.; Zhu, J.; Sieglaff, D.H.; Raikhel, A.S. Juvenile hormone connects larval nutrition with target of rapamycin signaling in the mosquito Aedes aegypti. J. Insect Physiol. 2008, 54, 231–239. [Google Scholar] [CrossRef] [PubMed]

	



Damiens, D.; Benedict, M.Q.; Wille, M.; Gilles, J.R.L. An inexpensive and effective larval diet for Anopheles arabiensis (Diptera: Culicidae): Eat like a horse, a bird, or a fish? J. Med. Entomol. 2014, 49, 1001–1011. [Google Scholar] [CrossRef]

	



Puggioli, A.; Balestrino, F.; Damiens, D.; Lees, R.S.; Soliban, S.M.; Madakacherry, O.; Dindo, M.L.; Bellini, R.; Gilles, J.R. Efficiency of three diets for larval development in mass rearing Aedes albopictus (Diptera: Culicidae). J. Med. Entomol. 2013, 50, 819–825. [Google Scholar] [CrossRef]

	



Kassim, N.F.; Webb, C.E.; Russell, R.C. The importance of males: Larval diet and adult sugar feeding influences reproduction in Culex molestus. J. Am. Mosq. Control Assoc. 2012, 28, 312–316. [Google Scholar] [CrossRef]

	



Coon, K.L.; Valzania, L.; McKinney, D.A.; Vogel, K.J.; Brown, M.R.; Strand, M.R. Bacteria-mediated hypoxia functions as a signal for mosquito development. Proc. Natl. Acad. Sci. USA 2017, 114, E5362–E5369. [Google Scholar] [CrossRef]

	



Amorim, M.; Pereira, J.O.; Gomes, D.; Pereira, C.D.; Pinheiro, H.; Pintado, M. Nutritional ingredients from spent brewer’s yeast obtained by hydrolysis and selective membrane filtration integrated in a pilot process. J. Food Eng. 2016, 185, 42–47. [Google Scholar] [CrossRef]

	



Bortoluzzi, C.; Barbosa, J.G.M.; Pereira, R.; Fagundes, N.S.; Rafael, J.M.; Menten, J.F.M. Autolyzed yeast (Saccharomyces cerevisiae) supplementation improves performance while modulating the intestinal immune-system and microbiology of broiler chickens. Front. Sustain. Food Syst. 2018, 2, 85. [Google Scholar] [CrossRef]

	



Luh, B.S.; Liu, Y.-K. Rice flours in baking. In Rice; Springer: Boston, MA, USA, 1991; pp. 428–452. ISBN 9781489937568. [Google Scholar]

	



Van Handel, E. Rapid determination of glycogen and sugars in mosquitoes. J. Am. Mosq. Control Assoc. 1985, 1, 299–301. [Google Scholar] [PubMed]

	



Van Handel, E. Rapid determination of total lipids in mosquitoes. J. Am. Mosq. Control Assoc. 1985, 1, 302–304. [Google Scholar] [PubMed]

	



Therneau, T.M. A Package for Survival Analysis in R; R Package Version 3.2-3. 2020. Available online: https://cran.r-project.org/web/packages/survival/index.html (accessed on 14 August 2020).

	



Therneau, T.M.; Grambsch, P.M. Modeling Survival Data: Extending the Cox Model; Springer Science & Business Media: New York, NY, USA, 2000; ISBN 9780387987842. [Google Scholar]

	



Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016. [Google Scholar]

	



Horikoshi, M.; Tang, Y. ggfortify: Data Visualization Tools for Statistical Analysis Results. 2018. Available online: https://cran.r-project.org/web/packages/ggfortify/index.html (accessed on 14 August 2020).

	



Wickham, H. forcats: Tools for Working with Categorical Variables (Factors). 2020. Available online: https://cran.r-project.org/web/packages/forcats/index.html (accessed on 14 August 2020).

	



Wickham, H.; François, R.; Henry, L.; Müller, K. dplyr: A Grammar of Data Manipulation. 2020. Available online: https://cran.r-project.org/web/packages/dplyr/index.html (accessed on 14 August 2020).

	



Arnold, J.B. ggthemes: Extra Themes, Scales and Geoms for “ggplot2”. 2019. Available online: https://CRAN.R-project.org/package=ggthemes (accessed on 14 August 2020).

	



Wright, M.N.; Ziegler, A. ranger: A Fast Implementation of Random Forests for High Dimensional Data in C++ and R. J. Stat. Softw. 2017, 77, 1–17. [Google Scholar] [CrossRef]

	



Kassambara, A.; Kosinski, M.; Biecek, P. survminer: Drawing Survival Curves using “ggplot2”. 2020. Available online: https://cran.r-project.org/web/packages/survminer/survminer.pdf (accessed on 14 August 2020).

	



Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous Inference in General Parametric Models. Biom. J. 2008, 50, 346–363. [Google Scholar] [CrossRef] [PubMed]

	



Hervé, M. RVAideMemoire: Testing and Plotting Procedures for Biostatistics. 2020. Available online: https://cran.r-project.org/web/packages/RVAideMemoire/RVAideMemoire.pdf (accessed on 14 August 2020).

	



Kassambara, A. ggpubr: “ggplot2” Based Publication Ready Plots. 2020. Available online: https://cran.r-project.org/web/packages/ggpubr/ggpubr.pdf (accessed on 14 August 2020).

	



Briegel, H. Metabolic relationship between female body size, reserves, and fecundity of Aedes aegypti. J. Insect Physiol. 1990, 36, 165–172. [Google Scholar] [CrossRef]

	



Linenberg, I.; Christophides, G.K.; Gendrin, M. Larval diet affects mosquito development and permissiveness to Plasmodium infection. Sci. Rep. 2016, 6, 38230. [Google Scholar] [CrossRef]

	



Andersen, L.H.; Kristensen, T.N.; Loeschcke, V.; Toft, S.; Mayntz, D. Protein and carbohydrate composition of larval food affects tolerance to thermal stress and desiccation in adult Drosophila melanogaster. J. Insect Physiol. 2010, 56, 336–340. [Google Scholar] [CrossRef]

	



Tennessen, J.M.; Thummel, C.S. Coordinating growth and maturation - insights from Drosophila. Curr. Biol. 2011, 21, R750–R757. [Google Scholar] [CrossRef]

	



Hyun, S. Body size regulation by maturation steroid hormones: A Drosophila perspective. Front. Zool. 2018, 15, 44. [Google Scholar] [CrossRef]

	



Schmitt, S.; Ugrankar, R.; Greene, S.E.; Prajapati, M.; Lehmann, M. Drosophila Lipin interacts with insulin and TOR signaling pathways in the control of growth and lipid metabolism. J. Cell Sci. 2015, 128, 4395–4406. [Google Scholar] [CrossRef] [PubMed]

	



Hatem, N.E.; Wang, Z.; Nave, K.B.; Koyama, T.; Suzuki, Y. The role of juvenile hormone and insulin/TOR signaling in the growth of Manduca sexta. BMC Biol. 2015, 13, 44. [Google Scholar] [CrossRef] [PubMed]

	



Wullschleger, S.; Loewith, R.; Hall, M.N. TOR signaling in growth and metabolism. Cell 2006, 124, 471–484. [Google Scholar] [CrossRef] [PubMed]

	



Hennig, K.M.; Colombani, J.; Neufeld, T.P. TOR coordinates bulk and targeted endocytosis in the Drosophila melanogaster fat body to regulate cell growth. J. Cell Biol. 2006, 173, 963–974. [Google Scholar] [CrossRef]

	



Noda, T.; Ohsumi, Y. Tor, a phosphatidylinositol kinase homologue, controls autophagy in yeast. J. Biol. Chem. 1998, 273, 3963–3966. [Google Scholar] [CrossRef]

	



Scott, R.C.; Schuldiner, O.; Neufeld, T.P. Role and regulation of starvation-induced autophagy in the Drosophila fat body. Dev. Cell 2004, 7, 167–178. [Google Scholar] [CrossRef]

	



Jia, K.; Chen, D.; Riddle, D.L. The TOR pathway interacts with the insulin signaling pathway to regulate C. elegans larval development, metabolism and life span. Development 2004, 131, 3897–3906. [Google Scholar] [CrossRef]

	



Tolmasky, D.S.; Rabossi, A.; Quesada-Allué, L.A. Synthesis and mobilization of glycogen during metamorphosis of the medfly Ceratitis capitata. Arch. Biochem. Biophys. 2001, 392, 38–47. [Google Scholar] [CrossRef]

	



Liu, H.; Remedi, M.S.; Pappan, K.L.; Kwon, G.; Rohatgi, N.; Marshall, C.A.; McDaniel, M.L. Glycogen synthase kinase-3 and mammalian target of rapamycin pathways contribute to DNA synthesis, cell cycle progression, and proliferation in human islets. Diabetes 2009, 58, 663–672. [Google Scholar] [CrossRef]

	



Zhang, L.; Wang, H.; Chen, J.; Shen, Q.; Wang, S.; Xu, H.; Tang, B. Glycogen phosphorylase and glycogen synthase: Gene cloning and expression analysis reveal their role in trehalose metabolism in the Brown planthopper, Nilaparvata lugens Stål (Hemiptera: Delphacidae). J. Insect Sci. 2017, 17, 42. [Google Scholar] [CrossRef]

	



Yamada, T.; Habara, O.; Kubo, H.; Nishimura, T. Fat body glycogen serves as a metabolic safeguard for the maintenance of sugar levels in Drosophila. Development 2018, 145. [Google Scholar] [CrossRef]

	



Van Handel, E.; Lea, A.O. Control of glycogen and fat metabolism in the mosquito. Gen. Comp. Endocrinol. 1970, 14, 381–384. [Google Scholar] [CrossRef]

	



Garrido, D.; Rubin, T.; Poidevin, M.; Maroni, B.; Le Rouzic, A.; Parvy, J.-P.; Montagne, J. Fatty acid synthase cooperates with glyoxalase 1 to protect against sugar toxicity. PLoS Genet. 2015, 11, e1004995. [Google Scholar] [CrossRef]

	



Zirin, J.; Nieuwenhuis, J.; Perrimon, N. Role of autophagy in glycogen breakdown and its relevance to chloroquine myopathy. PLoS Biol. 2013, 11, e1001708. [Google Scholar] [CrossRef]

	



Van Handel, E. The obese mosquito. J. Physiol. 1965, 181, 478–486. [Google Scholar] [CrossRef]

	



Sawabe, K.; Moribayashi, A. Lipid utilization for ovarian development in an autogenous mosquito, Culex pipiens molestus (Diptera: Culicidae). J. Med. Entomol. 2000, 37, 726–731. [Google Scholar] [CrossRef]

	



Wen, Z.; Gulia, M.; Clark, K.D.; Dhara, A.; Crim, J.W.; Strand, M.R.; Brown, M.R. Two insulin-like peptide family members from the mosquito Aedes aegypti exhibit differential biological and receptor binding activities. Mol. Cell. Endocrinol. 2010, 328, 47–55. [Google Scholar] [CrossRef]

	



Ling, L.; Raikhel, A.S. Serotonin signaling regulates insulin-like peptides for growth, reproduction, and metabolism in the disease vector Aedes aegypti. Proc. Natl. Acad. Sci. USA 2018, 115, E9822–E9831. [Google Scholar] [CrossRef]

	



Scaraffia, P.Y.; Tan, G.; Isoe, J.; Wysocki, V.H.; Wells, M.A.; Miesfeld, R.L. Discovery of an alternate metabolic pathway for urea synthesis in adult Aedes aegypti mosquitoes. Proc. Natl. Acad. Sci. USA 2008, 105, 518–523. [Google Scholar] [CrossRef]

	



Dias, A.C.A.; Rodrigues, M.M.S.; Silva, A.A. Effect of acute and chronic exposure to ammonia on different larval instars of Anopheles darlingi (Diptera: Culicidae). J. Vector Ecol. 2019, 44, 112–118. [Google Scholar] [CrossRef]

	



Caroci, A.S.; Noriega, F.G. Free amino acids are important for the retention of protein and non-protein meals by the midgut of Aedes aegypti females. J. Insect Physiol. 2003, 49, 839–844. [Google Scholar] [CrossRef]

	



Evans, A.M.; Aimanova, K.G.; Gill, S.S. Characterization of a blood-meal-responsive proton-dependent amino acid transporter in the disease vector, Aedes aegypti. J. Exp. Biol. 2009, 212, 3263–3271. [Google Scholar] [CrossRef] [PubMed]

	



Carpenter, V.K.; Drake, L.L.; Aguirre, S.E.; Price, D.P.; Rodriguez, S.D.; Hansen, I.A. SLC7 amino acid transporters of the yellow fever mosquito Aedes aegypti and their role in fat body TOR signaling and reproduction. J. Insect Physiol. 2012, 58, 513–522. [Google Scholar] [CrossRef] [PubMed]

	



Barragan-Fonseca, K.B.; Gort, G.; Dicke, M.; van Loon, J.J.A. Effects of dietary protein and carbohydrate on life-history traits and body protein and fat contents of the black soldier fly Hermetia illucens. Physiol. Entomol. 2019, 44, 148–159. [Google Scholar] [CrossRef]

	



Le Gall, M.; Behmer, S.T. Effects of protein and carbohydrate on an insect herbivore: The vista from a fitness landscape. Integr. Comp. Biol. 2014, 54, 942–954. [Google Scholar] [CrossRef] [PubMed]

	



Wigglesworth, V.B. Digestion and Nutrition. In The Principles of Insect Physiology; Wigglesworth, V.B., Ed.; Springer: Dordrecht, The Netherlands, 1972; pp. 476–552. ISBN 9789400959736. [Google Scholar]

	



Powell, J.R.; Tabachnick, W.J. History of domestication and spread of Aedes aegypti—A review. Mem. Inst. Oswaldo Cruz 2013, 108 (Suppl. 1), 11–17. [Google Scholar] [CrossRef]

	



Yee, D.A.; Kaufman, M.G.; Ezeakacha, N.F. How Diverse Detrital Environments Influence Nutrient Stoichiometry between Males and Females of the Co-Occurring Container Mosquitoes Aedes albopictus, Ae. aegypti, and Culex quinquefasciatus. PLoS ONE 2015, 10, e0133734. [Google Scholar] [CrossRef]








[image: Insects 11 00535 g001 550] 





Figure 1. Carbohydrate, fat, and protein composition of the 5 diets composed of varying ratios of autolyzed yeast (AY) and rice flour (RF). The diet ratios are as follows: Low = All RF, Low-Med = 1 part AY: 3 parts RF, Med =1 AY:1 RF, High-med 3 AY:1 RF, High = All AY. Nomenclature represents relative amount of protein associated with each diet. 
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Figure 2. Analysis of pupation rates on different diets. (A) Analysis of pupation rate by diet. Points represent the time to pupation for individual mosquitoes within each diet relative to initiation of pupation across all groups. Trend lines represent generalized linear models derived from the data for each diet. Grey areas above and below the trendlines represent 95% confidence intervals. (B) Kaplan–Meier Survival analysis shows the percent of remaining larvae for each diet over the six days following onset of pupation. Pairwise comparison by log-rank test of all diets resulted in significant differences between pupation rates (p < 0.001) for all comparisons with the exception of the Med–low and Med diets. 
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Figure 3. Analysis of dietary impacts on body size. (A) Dry body weight in µg. Adults were frozen and then dried for 24 hours before weighing. (B) Wing Length in mm. Mosquitoes were measured from alula to the end of the radial vein excluding fringe scales. Letter annotations represent statistical groups (p < 0.05) as determined by Kruskall–Wallis test followed by pairwise scoring using the Wilcoxon signed-rank test. Bars sharing letters are not significantly different. Statistical comparisons are only within sex. p-value matrices available in Supplementary File S2. 
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Figure 4. Effect of larval diet on Nutrition Stores of (A) Sugar, (B) Glycogen, and (C) Lipids. Letter annotations represent statistical groups (p < 0.05) as determined by Kruskall-Wallis test followed by pairwise scoring using the Wilcoxon signed-rank test for both sexes. Bars sharing letters are not significantly different. Statistical comparisons are only within sex. 
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