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A B S T R A C T

The mosquito fat body is the principal source of yolk protein precursors (YPP) during mosquito
egg development in female Aedes aegypti. To better understand the metabolic and signaling
pathways involved in mosquito reproduction, we investigated changes in the mosquito fat body
phosphoproteome at multiple time points after a blood meal. Using LC/MS, we identified 3570
phosphorylated proteins containing 14,551 individual phosphorylation sites. We observed pro-
tein phosphorylation changes in cellular pathways required for vitellogenesis, as well as proteins
involved in primary cellular functions. Specifically, after a blood meal, proteins involved in
ribosome synthesis, transcription, translation, and autophagy showed dynamic changes in their
phosphorylation patterns. Our results provide new insight into blood meal-induced fat body
dynamics and reveal potential proteins that can be targeted for interference with mosquito
reproduction. Considering the devastating impact of mosquitoes on human health, worldwide,
new approaches to control mosquitoes are urgently needed.

1. Introduction

Aedes aegypti is the vector of major infectious diseases such as dengue, chikungunya, yellow fever, and zika [1]. Mosquitoes spread
disease by blood feeding on an infected host and then taking a subsequent blood meal from an uninfected host [2]. Many mosquito
species are anautogenous, requiring a vertebrate blood meal for each cycle of egg production [3–5]. Following a blood meal, egg yolk
synthesis is initiated in a tissue termed the fat body [5,6].
During the larval phase, the fat body is an active producer of hexametric storage proteins used for metamorphosis [7–9]. In adult

mosquitoes, the fat body is located throughout the body with large lobes attached to the abdominal body wall [10]. Fat body tissue is
mainly comprised of large polyploid trophocyte cells and few peripheral oenocytes [8,11,12]. The primary functions of the fat body are
nutrient storage and protein production for immunity, development, and reproduction [13,14]. Trophocyte cells store nutrients in the
form of lipid droplets and protein granules [11,12]. In an earlier study, we have shown that the amount of lipid stores in the fat body
decreases shortly after a blood meal and rises again after 24 h [11].
After a blood meal, nutrient and hormone signals induce vitellogenesis [5,15–18]. Vitellogenesis is the process by which yolk

precursor proteins (YPP) are synthesized by the fat body and subsequently excreted into the hemolymph and taken up by developing
oocytes [19]. In mosquitoes, the fat body is the sole producer of YPPs which are essential nutrients required for embryonic devel-
opment [5,11]. Post blood meal (PBM), massive quantities of vitellogenin (VG) and other YPPs are synthesized. An earlier RNA-seq
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analysis revealed YPP-associated genes as the most abundantly expressed transcripts 24 h PBM [7].
As mentioned above, YPP gene expression and translation is regulated via several hormone- and nutrient signaling pathways that

have been extensively characterized in earlier studies [5,11,20,21]. Juvenile hormone (JH) plays an early role in ensuring the fat body
cells are competent for vitellogenesis [22]. 20-Hydroxy-ecdysone steroid hormone triggers the ecdysone signaling pathway PBM,
resulting in amplification of vitellogenin gene expression. The target of rapamycin (TOR) pathway receives signals from amino acid
transporters that regulate YPP expression [5]. Insulin-like peptides (ILPs) are essential for direct and indirect regulation of YPP
expression in the fat body. Downregulation of ILPs decreases YPP gene expression and egg development [23]. Two types of tran-
scription factors, FOXO and GATA have been shown to essential parts of these signaling cascades [24,25]. Crosstalk between hormone
signaling pathways and nutrient signaling pathways are essential for the expression of YPP genes [5,20].
Protein phosphorylation is an important post-translational modification regulatory mechanism of proteins. Phosphate group

addition or removal can alter the activity of proteins [26,27]. Phosphoproteomics can give insight to signaling andmetabolic pathways
that involved in specific biological processes [26,28]. For example, a previous study performed in our lab analyzed the phospho-
proteome dynamics of Aedes aegyptiMalpighian tubules after a blood meal, and revealed altered phosphorylation of a host of proteins
associated with osmotic homeostasis, ion transport, and signaling pathways during blood meal processing [29].
To define the phosphoproteome of mosquito vitellogenesis signaling networks [17,20,30], and to reveal key

phosphorylation-regulated proteins, we used phosphoproteomics analysis of female Aedes aegypti fat body at various time points after a
blood meal to investigate dynamic changes within the phosphoproteome. Our results support earlier findings that insulin/FOXO and
mTOR signaling pathways are activated after a blood meal and we identified a variety of new signaling pathways that are responsive
after a blood meal in the mosquito fat body.

2. Materials and methods

2.1. Mosquito rearing

Aedes aegypti Liverpool strain mosquitoes were used for this study. Eggs were hatched in pans containing 1L of deionized water.
Larvae were reared in groups of approximately 250 per pan at 37 ◦C. Larvae were fed Special Kitty™ cat food pellets ad libitum
(Walmart Inc., Bentonville, AR). Pupae were separated into dishes and placed into large (30x30× 30cm) BugDorm-1 cages (MegaView

Fig. 1. Experimental flowchart of phospho-proteomics experiment. Protein isolation, phosphopeptide enrichment, and LC/MS analyses were
performed by Creative Proteomics (https://ptm.creative-proteomics.com/). Basic mosquito anatomy is illustrated. Mosquito fat bodies, including
the abdominal wall, were removed at each time point unfed, 6,12,24,48,72 h post blood meal (PBM). A total of 200 fat bodies were dissected per
biological replicate (n = 3). Squiggly lines represent proteins with blue circles as phosphorylation sites.
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Science Co., Ltd., Taichung, Taiwan) and allowed to emerge. Adults were kept under standard conditions (27 ◦C, 80 % humidity,
14hr:10hr light: dark cycle) with unlimited access to 20 % sucrose solution in a 25 mL Erlenmeyer flask with a cotton wick.

2.2. Fat body sampling

One-week post-eclosion, female mosquitoes were fed defibrinated sheep blood (HemoStat Laboratories, Dixon, CA) for 30 min. At 6
h PBM, 12 h PBM, 24 h PBM, 48 h PBM, and 72 h PBM, blood-fed females were anesthetized on ice and their fat bodies were dissected.
Using a standard fat body dissection method, abdomens were removed from mosquitoes at each time point PBM, and fat body tissue
and adhered cuticle were dissected in modified Aedes physiological saline (mAPS) [31]. Three biological samples for each time point
(n= 3) were generated by pooling 200 dissected fat bodies in 1 mL of mAPS containing 2 μL each of HALTTM protease inhibitor cocktail
(Thermo Scientific, Rockford, IL) and HALTTM phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL). An additional set of
unfed mosquitoes was dissected as a control. All samples were frozen at − 80 ◦C and shipped on dry ice to Creative Proteomics (Shirley,
New York) for protein isolation, phosphopeptide enrichment, and phosphoproteomics analysis.

2.3. Phosphoproteomics

Total protein extraction, digestion, phosphopeptide enrichment, and phosphoproteomics analysis (see Fig. 1) were performed by
Creative Proteomics (Shirley, New York) as previously described [29]. Briefly, all samples were thawed on ice, and 4 vol of lysis buffer
(8M urea, 1 % protease inhibitor, 1 % phosphatase inhibitor) were added. Lysed samples were sonicated using a CL-334 sonicator
(Qsonica L.L.C, Newtown, CT) and centrifuged at 12,000×g for 10 min at 4 ◦C to pellet debris. Supernatant was collected from each
sample, and total protein content was determined using a BCA assay kit.
Samples were transferred to Microcon devices YM-10 (Millipore, Burlington, MA) and centrifuged at 12,000×g and 4 ◦C for 10 min.

Two hundred μL of 50 mM ammonium bicarbonate was added to the concentrated protein, and the process was repeated once. Next,
10 mMDTT was added, and samples were incubated at 56 ◦C for 1 h to reduce disulfide bonds. 20 mM IAA was added to all samples for
1 h at room temperature in the dark to alkylate cysteine residues. The samples were centrifuged at 12,000×g at 4 ◦C for 10 min and
washed once with 50 mM ammonium bicarbonate, and then 100 μL of 50 mM ammonium bicarbonate and free trypsin was added to
the samples at a ratio of 1:50. All samples were incubated overnight at 37 ◦C. The next day, all samples were centrifuged at 12,000×g
and 4 ◦C for 10 min and 100 μL of 50 mM ammonium bicarbonate was added. This process was repeated once.
Fe-IMAC beads were prepared by end-over-end rotation for 10 min followed by three washes with 1 mL of wash buffer. Peptide

solutions were transferred to the beads, and the whole solutions were rotated for 30 min at room temperature at full speed. After
rotation, beads were allowed to settle, and the supernatant was removed. The beads were washed in 1 mL of wash buffer, allowed to
settle, and the supernatant was removed. This process was repeated two times for a total of 3 washes. Phosphopeptides were eluted in
50 μL of elution buffer. The supernatant containing eluted phosphopeptides was added to a tube that was previously rinsed with 0.5 mL
acetonitrile. 40 μL of 20 % TFA was added to the eluate. The elution was repeated once, and the elution fractions were combined.
Eluted phosphopeptides were dried in a speed-Vac and resuspended in 40 μL of 0.1 % FA.
One μg of each sample was loaded into a a Thermo Sceintific™ PepMap™ PepMap C18, 100 Å, 100 μm × 2 cm, 5 μm trapping

column followed by a PepMap™ C18, 100 Å, 75 μm × 50 cm, 2 μm analytical column for separation by liquid chromatography.
Samples were separated in a two-solvent linear gradient (Solvent A: 0.1 formic acid in water; Solvent B: 0.1 % formic acid in 80 %
acetonitrile) with a flow rate of 250 nL/min. The solvent gradient was as follows: first, from 2 % to 8 % Solvent B in 3 min, next from 8
% to 20 % Solvent B in 1 h, then from 20 % to 40 % Solvent B in 23 min, and finally 40 %–90 % Solvent B in 4 min. The MS scan was
performed between 300 and 1650m/zwith a resolution of 60,000 at 200m/zwith an automatic gain control target set to 3e6. TheMS/
MS scan was operated in Top 20mode using a resolution of 15,000 at 200m/zwith an automatic gain control target of 1e5, normalized
collision energy set to 28 %, and an isolation window of 1.4 Th. Charge state exclusion was unassigned, 1, >6 with dynamic exclusion
30 s.

3. Data analysis

3.1. Identification of protein phosphorylation sites

RawMS files were analyzed against an Aedes aegypti protein database usingMaxQuant© (1.6.2.14) as previously described [29](see
Supplemental Table S1). Entrez Gene IDs and names were assigned to each peptide whose Uniprot ID could be identified.
To assess differential phosphorylation of proteins, fold change and p values were calculated in MS Excel. Principal component

analysis (PCA) was used to determine the variability of individual sample groups. PCA analysis and Volcano plots were generated using
R programming [32]. In the Volcano plots, the fold-change of individual phosphopeptide amino acid residues for each experimental
group was plotted against the unfed group. A fold change less than 0.833(1/1.2) was recorded as down-regulation, while up-regulation
was associated with a fold change greater than 1.2. Phosphopeptides with an assigned p-value of less than 0.05 were considered
differentially phosphorylated.

3.2. Enrichment analyses

Enrichment analyses were done using Uniprot accession numbers for differentially phosphorylated proteins. All duplicates were
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removed manually. Enrichment plots for KEGG analyses and Gene Ontology (GO) analyses were generated in ShinyGO0.08 [33] online
tool using default settings. Endomembrane system analysis: protein accession numbers for all differentially abundant phosphoproteins
were input in DAVID bioinformatics. All mapped to GO endomembrane systemwere curated and input as a separate list. The number of
protein accession numbers that mapped to each term were input into GraphPad and analyzed as percentages.

3.3. KEGG mapping

Uniprot protein Accession Numbers for all data were entered into DAVID bioinformatics. KEGG Pathway maps were selected based
on significant enrichment.

4. Results

4.1. LC/MS analysis

In this data set, we identified a total of 14551 phosphorylated amino acid residues distributed among 3570 proteins, with an
average of about 4 phosphorylated amino acid residues per protein (Supplemental Table 1).

Fig. 2. Statistical analyses of differentially phosphorylated protein residues at sampled time points PBM. (A) Principal component analysis
of control showed clear segregation between groups at each time point. (B–F) Volcano plots show significant differentially phosphorylated protein
residues at each time point compared to the control (unfed) group. Dotted lines represent fold-change and p-value thresholds. Residues with a
significant increase in phosphopeptide abundance are denoted in orange, such with a significant decrease in blue (cut off: FC > 1.2 and FC < 1/1.2,
P-value 0.05). (B) Unfed v. 6 hrs PBM, 2583 total phosphopeptides; (C) Unfed v. 12 hrs PBM, 2986 total phosphopeptides; (D) Unfed v. 24hrs PBM,
3571 total phosphopeptides; (E) Unfed v. 48hrs PBM, 3754 total phosphopeptides; (F) Unfed v. 72hrs PBM, 3303 total phosphopeptides.
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We used a Principal Component Analysis (Fig. 2A) to compare phosphopeptide abundance sample data for mosquito fat bodies at
different time points PBM. There was strong grouping of biological replicates (n = 3) for each time point PBM and very clear
segregation between time points PBM.
Differential peptide phosphorylation between unfed and blood-fed female mosquitoes at 6, 12, 24, 48 and 72 h PBM time points are

shown in Fig. 2B–F. The fewest differentially abundant phosphopeptides occurred 6 h PBM (Fig. 2B). The number of differentially
abundant phosphopeptides increases through 12 h PBM (Fig. 2C) and 24 h PBM (Fig. 2D) with a peak at 48 h PBM (Fig. 2E), before
decreasing at 72 h (Fig. 2F) PBM.

4.2. Enrichment analyses of differentially abundant phosphoproteins

KEGG analysis identified 25 pathways that were enriched with 20 being significant. The pathways with the highest fold-enrichment
in descending order were fatty acid biosynthesis, pentose phosphate pathway, biosynthesis of amino acids, glycolysis/gluconeogen-
esis, and starch and sucrose metabolism (Fig. 3A). GO-cellular component analysis revealed that the proteasome complex, actin
cytoskeleton, nucleolus, and ribosome are the cellular components with highest-fold enrichment among all differentially abundant
phosphoproteins. (Fig. 3B).

GO-biological process analysis (Fig. 3C) revealed the highest number of phosphoproteins with changed abundance were asso-
ciated with RNA-processing, translation, and amino acid biosynthesis.

Enrichment Analyses of Phosphoproteins that were differentially increased in abundance KEGG analysis of phosphoproteins
that were differentially increased in abundance revealed only two significantly enriched pathways: protein processing in endoplasmic
reticulum and nucleocytoplasmic transport (Supplemental Figure 1A). The GO-cellular component analysis revealed significant
enrichment of the endomembrane system and several different endoplasmic reticulum terms (Supplemental Figure 1B). The GO-
biological processes analysis revealed nucleotide-containing transport and other related terms as significantly enriched (Supple-
mental Figure 1C).

Fig. 3. Enrichment analyses of all differentially abundant proteins. (A–C) Bar plots were generated using ShinyGO. Only significantly enriched
pathways are shown (p-adjusted value using false discovery rate (FDR) > 0.05). Terms are sorted from top to bottom by fold enrichment (the
percentage of proteins in each pathway divided by the percentage of genes in Aedes aegypti genome). The colors of the lines indicate the relative
number of proteins identified in each pathway. (A) KEGG pathway enrichment analysis; (B) Gene ontology cellular component enrichment analysis;
(C) Gene ontology biological process enrichment analysis.
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4.3. Enrichment Analyses of Phosphoproteins that were differentially decreased in abundance

KEGG analysis of phosphopeptides that were differentially decreased in abundance revealed several metabolic and cellular
signaling pathways with the highest number of proteins in the ribosome and spliceosome (Supplemental Figure 2A). GO-cellular
component analysis revealed phosphoproteins with reduced abundance in the nucleus, the proteasome, and the ribosome
(Supplemental Figure 2B). GO-biological processes analysis revealed decreased phosphoproteins associated with translation and
metabolic processes (Supplemental Figure 2C).

4.4. Enrichment analyses of differentially abundant phosphoproteins at sampled time points PBM

In general, KEGG pathway analysis showed significant enrichment of phosphoproteins that are part of metabolic and signaling
pathways through every time point PBM (Fig. 4A–E). These phosphoproteins are either up- or down-regulated. In the 6, 12, and 24 h
PBM time points, the largest number of proteins were mapped to the ‘Metabolic pathways’ KEGG pathway map (Fig. 4A–C). The GO
biological processes termed metabolism, gene expression, RNA processing, and translation were significantly enriched at every time
point PBM (Supplemental Fig. 3 A-E). Supplemental Fig. 4 A–E shows the results of the GO cellular component enrichment analysis.
The GOmolecular function analysis revealed that ‘fold enrichment’ of phosphoproteins associated with the term ‘RNA binding’ had the
highest significance at every single time point PBM (Supplemental Figure 5). The Uniprot accession numbers of proteins that mapped
to each term in our enrichment analysis are listed in Supplemental Table 1.

4.5. Top 10 proteins showing maximum change in phosphorylation level

Phosphopeptides with highest and lowest fold-change in abundance at 6, 12, 24, 48, and 72 h PBM compared to the unfed control
are shown in Table 1. Vitellogenin A1-like (Q177I2) 2036 S was detected as the most abundant phosphopeptide at 6, 12, and 24 h
PBM. The phosphopeptides of several ribosomal proteins were detected in the highest fold-change abundance lists at all sampled time
points PBM.
Phospho-peptide abundance changes in signaling and metabolic pathways that regulate Cellular-signaling regulation of YPP

expression in mosquito fat body.
Fig. 5A–E shows phosphoproteins identified in our dataset. These proteins were chosen, because past studies implicated them in the

regulation of vitellogenesis in mosquitoes [5], [34], 35. Shown are the ecdysone-signaling pathway, the mTOR-signaling pathway, the
insulin-signaling pathway, and the GCN pathway. We added the Hippo-signaling pathway, because a large number of its proteins were
identified (Fig. 5F). Supplemental Table 2-7 depict heatmaps of phosphopeptides that are annotated as part of these signaling path-
ways. Below is a description of the phosphoproteins associated with these signaling pathways:
Ecdysone Signaling Pathway- We identified seven phosphopeptides across three proteins annotated as part of the Ecdysone Re-

ceptor signaling pathway. The nuclear ecdysone receptor (A0A6I8TI42) was detected with two phosphorylation sites. We detected two
ecdysone induced proteins-ecdysone- induced protein 74 EF (A0A6I8U2J1) with four phospho-sites and ecdysone-induced protein E75
(A0A1S4FGD0) with one phospho-site (Fig. 5A, Supplemental Table 4).
mTOR Signaling Pathway- We identified 212 phosphopeptides across 29 proteins annotated as part of the mTOR signaling pathway

(Fig. 5B–Supplemental Table 2). Most phosphopeptides annotated as part of this pathway did not significantly change in abundance
compared to the unfed control (Supplemental Figure 6). KEGG analyses maps show the presence of several nutrient sensors such as the
Y + L amino acid transporter, GATOR 1 complex, GATOR 2 complex, and insulin receptor substrate 1 annotated as part of the mTOR
pathway (Supplemental Figure 7). Two GATA transcription factors were detected with one phosphorylation site each- GATA 1
(A0A1S4FSA7) and GATA 10 (Q171S6) (Fig. 5B–Supplemental Table 4).
FOXO Signaling Pathways-We identified 134 phosphopeptides across 23 proteins annotated as part of the FOXO signaling pathways

(Fig. 5C–Supplemental Table 3). Most phosphopeptides annotated as part of this pathway did not significantly change in abundance
compared to the unfed control (Supplemental Figure 6). FOXO (A0A6I8TVP2) was detected with 9 phosphorylation sites (Fig. 5C).
Insulin receptor protein (Q93105) was detected with one phosphorylation site. (Fig. 5C–Supplemental Table 4), Autophagy Signaling
Pathway- We identified 105 phosphopeptides across 24 proteins annotated as part of the autophagy signaling pathway
(Fig. 5D–Supplemental Table 5). Six different autophagy-related proteins were detected.
Notch Signaling Pathway- We identified 32 phosphopeptides across 10 different proteins annotated as part of the notch signaling

pathway (Fig. 5E–Supplemental Table 6).
Hippo Signaling Pathway- We identified 99 phosphopeptides across 18 different proteins annotated as part of the fly Hippo

signaling pathway (Fig. 5F–Supplemental Table 7).

5. Discussion

Mosquito vitellogenesis is activated in the fat body in response to a rise in blood-meal-derived amino acids [36]. Studies on the
molecular mechanisms by which the fat body detects and responds to these signals have led to the discovery of several canonical
signaling pathways that regulate this process. To gain a more complete picture of the cellular metabolic and signaling pathways and
proteins involved, we analyzed the phosphoproteomes of female Ae. aegypti fat bodies at different time points after a blood meal. A
vitellogenic cycle begins with the uptake of a bloodmeal and ends with the deposition of fully developed eggs. It takes about 72 h in the
yellow fever mosquito Aedes aegypti [37]. We isolated and analyzed phosphopeptide abundance in fat bodies of unfed females and at
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Table 1
List of the Top-Ten Phospho-peptides with highest and lowest fold-change in abundance compared to the unfed control group. Phospho-peptides
are sorted by the 10 phospho-peptides.
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five different time points spanning the entire process of vitellogenesis. The PCA analyses of our dataset (see Fig. 2A) shows that the
biological replicates of specific time points PBM are strongly clustered giving confidence in the reproducibility of these phospho-
peptide abundance data. Interestingly, the replicates of the unfed control group and the replicates of the 72-h PBM time point, were
well separated. This indicates that the fat body does not fully return to its previtellogenic ‘state of arrest’ in which YPP expression is
tightly repressed. This ‘state of arrest’ is rapidly terminated after a blood meal [38].
The results of the KEGG analyses of our dataset, that is shown in Figs. 3 and 4, confirms the notion that the regulation of mosquito

vitellogenesis is a complex interplay between numerous cell-signaling pathways, many of which have already been implicated in this
process. Earlier studies have clearly established that mTOR signaling, FoxO/insulin signaling, and autophagy are activated in mosquito
females PBM [5,39–42]. In another study, it was observed that silencing of Notch in Aedes aegypti led to a ‘sterile-like’ phenotype that
did not produce viable eggs [43]. Our results strongly suggest that the Notch signaling pathway is indeed active in the mosquito fat
body after a blood meal.
The GO term analyses of our data set shown in Figs. 3 and 4, reveal cellular components and biological processes that highlight a

hallmark of vitellogenesis-the rapid and massive synthesis of YPP’s. In order to achieve this task, fat body trophocytes quadruple the
number of ribosomes in their cytoplasm after a blood meal [44]. In accordance with this finding, we noticed high-fold enrichment of
cellular component terms, that are the location of ribosome biogenesis. The enrichment of the term ‘nucleolus’ aligns with existing
literature, as ribosome biogenesis takes place in this compartment [45,46]. We hypothesize, that the enrichment of the actin cyto-
skeleton term may be linked to its function in transporting endosomal vesicles carrying YPPs to the cellular plasma membrane for
secretion into the hemolymph [47].We found several pathways that were to our knowledge not previously implicated in the regulation
of vitellogenesis in mosquitoes. Our data suggests, that the Hippo signaling pathway, a known regulator of cell proliferation and viral
infection in mosquitoes [48,49], is active in the fat body during vitellogenesis. We also noted that the well-known immune pathway,
Toll/IMD pathway [50], appeared in our analysis at the 24 and 48 h PBM time points, when yolk protein production by that fat body is
at its peak. Another interesting finding is that the Spliceosome pathway [51] was enriched at each time point PBM. This suggests that at
different time points PBM, specific mRNAs may be alternatively spliced. A thorough analysis of fat body transcriptome data could
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identify such alternative splicing events in the future.
It is important to note that changes in phosphopeptide abundance can be explained by either a change in abundance of a parent

protein, variation in the level of phosphorylation of a target phosphorylation site, or the combination of these factors [52] and a change
in phosphorylation does not necessarily coincide with activation or deactivation, or in a change in enzyme activity of a protein [27].
Our top 10 list of phospho-peptides shown in Table 1, ranks phosphoproteins we observed with the highest and lowest fold-change at
each time point PBM. Vitellogenin A1 is the only yolk protein precursor protein (YPP) present in these lists at all time points. As
mentioned above, transcription and translation of YPPs is tightly repressed during the state-of-arrest before a blood meal and strongly
up-regulated during vitellogenesis [14]. Therefore, we hypothesize that the high fold-change value we observed for this phospho-
peptide is mainly due to the change in abundance of the parent protein during the process of vitellogenesis. We found nine phos-
phorylation sites within this protein, with a stretch of seven phosphoserine residues close to the C-terminus of the protein.
The other proteins in the top-ten lists (Table 1) fall into the categories of regulation of transcription, translation, posttranscriptional

protein modification, signal transduction and metabolic processes which reflects the massive activation of YPP synthesis in this tissue.
In this study, for the first time, we identified 3570 phosphoproteins with 14,551 individual phosphorylation sites in Ae. aegypti. A

limitation of our study is the fact that we used a single technique to generate our data. Confirmation of results for individual phospho-
proteins will require the generation of phospho-specific antibodies, which is time-consuming and expensive. In future studies, we will
use this approach to confirm our findings regarding the involvement of Notch and Hippo signaling pathways in the regulation of

Fig. 4. KEGG pathway enrichment analyses by PBM time point. (A–E) Lollipop plots were generated using ShinyGO. Only significantly enriched
pathways are shown (p-adjusted value using false discovery rate (FDR) < 0.05). Terms are sorted from top to bottom by fold enrichment, the
percentage of proteins in each pathway divided by the percentage of genes in Aedes aegypti genome. The circles at the end of the lines represent the
relative number of proteins identified in each pathway. The color of the line indicates the significance level. (A) 6h PBM; (B) 12h PBM; (C) 24h PBM;
(D) 48h PBM; (E) 72h PBM.
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mosquito vitellogenesis.
An interesting finding of the present study was that the majority of phosphopeptides detected in the fat body were significantly

differentially abundant at each time point PBM compared to the unfed control. This is in contrast to our previous findings on the
phosphoproteome of the Malpighian tubules of mosquitoes, where most phosphopeptides were not differentially abundant in unfed or
fed mosquitoes [29].
Also, while some signaling pathways appear in both tissues, Malpighian tubules and fat bodies have clearly different phospho-

proteomes, reflecting their different physiological roles.
In conclusion, we show that the blood-meal dependent activation of the mosquito fat body is a powerful model system to study

nutrient signaling in a key metabolic organ. We describe a substantial number of novel phosphoproteins that change abundance in the
course of mosquito vitellogenesis for the first time. We identified new leads that point towards novel nutrient-sensitive signaling
pathways. Our work highlights the importance of post-translational protein modification in the post-embryonic development of
mosquitoes and provides numerous leads for further studies into individual proteins involved in this process.
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Fig. 5. Map of phospho-proteins in cellular signaling pathways that regulate YPP expression in mosquito fat body. Each large box rep-
resents a cell with proteins involved in specific signaling pathways. Grey boxes are pathways that have been previously identified as regulators of
mosquito vitellogenesis, the green box marks the newly identified Hippo pathway. Small boxes within the cells represent proteins with abbreviated
names. For full list of abbreviated proteins refer to Supplemental Tables 1–6. A green circle indicates that at least one phospho-site within the
attached protein was identified in our dataset. The size of the green circle corresponds to the number of phospho-sites identified. The dotted circles
represent a nucleus. Lines with an arrow represent activation, lines with a T-end represent repression. (A) Ecdysone signaling pathway-20E, 20
hydroxyecdysone; EcR, ecdysone receptor; USP, ultraspiracle; E74, Ecdysone-induced protein 74; E75, Ecdysone-induced protein 75; vg-1 vitel-
logenin 1. (B) mTOR signaling pathway. AA, amino acid. (C) FOXO signaling pathways. ILP, insulin-like peptide; IR, insulin receptor. (D) Autophagy
signaling pathway. MTORC1, mechanistic target of rapamycin complex 1. (E) Notch signaling pathway. (F) Hippo signaling pathway.
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