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Mosquitoes transmit devastating human diseases because they need
vertebrate blood for egg development. Metabolism in female mos-
quitoes is tightly coupled with blood meal-mediated reproduction,
which requires an extremely high level of energy consumption.
Functional analysis has shown that major genes encoding for enzymes
involved in lipid metabolism (LM) in the mosquito fat bodies are
down-regulated at the end of the juvenile hormone (JH)-controlled
posteclosion (PE) phase but exhibit significant elevation in their
transcript levels during the post-blood meal phase (PBM), which is
regulated mainly by 20-hydroxyecdysone (20E). Reductions in the
transcript levels of genes encoding triacylglycerol (TAG) catabolism
and β-oxidation enzymes were observed to correlate with a dramatic
accumulation of lipids in the PE phase; in contrast, these transcripts
were elevated significantly and lipid stores were diminished during
the PBM phase. The RNAi depletion of Methoprene-tolerant (Met) and
ecdysone receptor (EcR), receptors for JH and 20E, respectively, re-
versed the LM gene expression and the levels of lipid stores and
metabolites, demonstrating the critical roles of these hormones in
LM regulation. Hepatocyte nuclear factor 4 (HNF4) RNAi-silenced mos-
quitoes exhibited down-regulation of the gene transcripts encoding
TAG catabolism and β-oxidation enzymes and an inability to use lipids
effectively, as manifested by TAG accumulation. The luciferase re-
porter assay showed direct regulation of LM-related genes by HNF4.
Moreover, HNF4 gene expression was down-regulated by Met and
activated by EcR and Target of rapamycin, providing a link between
nutritional and hormonal regulation of LM in female mosquitoes.

juvenile hormone | 20-hydroxyecdysone | lipid | hepatocyte nuclear
factor 4 | beta-oxidation

Because of their unique biology as blood-feeding organisms,
mosquitoes impose an enormous burden on human health and

well-being, transmitting numerous devastating diseases (1–4). In
female mosquitoes, every gonadotrophic cycle occurs in two pha-
ses. During the first, the posteclosion (PE) phase, the female
mosquito’s development is controlled by a sesquiterpenoid juvenile
hormone (JH), required for blood feeding and egg maturation.
During this phase, female mosquitoes are actively involved in host
seeking. The post blood meal (PBM) phase that commences with
blood ingestion and is mainly regulated by an insect steroid hor-
mone, 20-hydroxyecdysone (20E), results in rapid egg develop-
ment supported by digestion of a large blood meal. These
physiological functions of reproducing female mosquitoes require
an unprecedented energy level supported by extremely high me-
tabolism. Thus, a thorough understanding of metabolic processes
at the molecular level will provide important insights into the re-
productive biology of these disease vectors and may lead to the
identification of previously unexplored targets for their control.
Lipid metabolism (LM) is essential for energy homeostasis of

any organism. In mosquitoes, it is tightly coupled with a large array
of physiological processes. It has been shown that diapausing
mosquitoes, such as Culex pipiens and Aedes albopictus, use lipids as
predominant energy stores (5, 6). LM plays an important role in
mosquito immune responses to pathogens, such as Plasmodium
and the Dengue virus (7–10). Moreover, lipids provide a potent

source of energy for oocyte maturation. β-Oxidation is essential for
mouse oocyte developmental competence (11), and pharmaco-
logical inhibition of this process impairs oocyte maturation and
embryo development (12). In the mosquito Culex quinquefasciatus,
∼90% of the energy used by the developing embryo originates
from lipids (13); in Aedes aegypti, 80% of lipids found in eggs of the
first reproductive cycle originate from sugars taken up before a
blood meal (14). However, although tightly regulated LM is crucial
for maintaining normal functions in reproducing female mosqui-
toes, little is known about the molecular mechanisms that regulate
mosquito LM during the reproductive cycle.
Our previous studies showed that carbohydrate metabolism

plays an important role in supporting the drastic physiological
changes in reproducing A. aegypti female mosquitoes (15).
Moreover, they implicated JH and 20E in controlling carbo-
hydrate metabolic pathways during the PE and PBM phases,
respectively (15). Here we show that these hormones and their
respective receptors, Methoprene-tolerant (Met) and Ecdysone
receptor (EcR), play key roles in regulating mosquito LM. Our
study also has linked the nuclear receptor (NR) Hepatocyte
nuclear factor 4 (HNF4) with the control of triacylglycerol
(TAG) catabolism and β-oxidation pathways in this mosquito.
Furthermore, it has revealed that the expression of the HNF4
gene is down-regulated by JH/Met and is activated by 20E/EcR
and Target of rapamycin (TOR), indicating the pivotal role of
this NR in mediating hormonal and nutritional signaling of LM
regulation in female A. aegypti mosquitoes.

Significance

Mosquitoes require a blood meal to reproduce and by blood
feeding transmit some of the most dangerous human diseases.
Female mosquitoes have extremely high metabolism, and the
elucidation of regulatory pathways coordinating reproductive and
metabolic events is essential. RNAi of the juvenile hormone re-
ceptor Methoprene-tolerant (Met) promoted triacylglycerol (TAG)
catabolism and β-oxidation and diminished TAG levels, whereas
ecdysone receptor (EcR) RNAi had an opposite effect. Hepatocyte
nuclear factor 4 (HNF4) directly regulated TAG catabolism and
β-oxidation genes, and its RNAi silencing phenocopied EcR RNAi.
The expression of the HNF4 gene was downregulated by Met and
activated by EcR and Target of rapamycin. Thus, HNF4 mediates
hormonal and nutritional signaling of lipid metabolism regulation
in reproducing female Aedes aegypti mosquitoes.
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Results
Lipid Metabolism in Female A. aegypti Mosquitoes Throughout the
Reproductive Cycle. In organisms as different as flies and humans,
body fat reserves are stored primarily as TAGs in lipid droplets
(LDs), predominantly found intracellularly within specialized stor-
age tissues such as the insect fat body (FB) or mammalian adipose
tissue (16, 17). Our previous study has shown that in female
A. aegypti mosquitoes, levels of TAGs exhibit biphasic fluctuations,
being elevated by the end of the PE phase (72 h PE) and reduced
after a blood feeding (15). Because TAGs are stored pre-
dominantly in LDs of the FB, we performed their staining using
Nile Red and evaluated the FB lipid content by measuring LD
abundance and relative size in this tissue. Both LD size and density
increased dramatically at the late PE phase (72 h PE), indicating
a shift in lipid homeostasis toward storage of energy reserves (Fig.
1A). At 6 h PBM, these LD parameters were moderately reduced,
likely through the activation of lipases in the FB by blood meal-
induced signals. LDs significantly diminished by 36 h PBM, sug-
gesting an FB TAG mobilization to support oocyte development.
By 72 h PBM, after the cessation of vitellogenesis and formation of
the first batch of eggs, the size of FB LDs increased again (Fig. 1A).

To evaluate further the LM dynamics in female mosquitoes
during the reproductive cycle, quantities of upstream metabolites,
such as free fatty acids (FFAs), were determined by means of GC-
MS. Relative quantities of both saturated and unsaturated FFAs
were lower at 6 h and 24 h PE than at 72 h PE (Fig. 1B and Fig. S1).
A blood meal triggers a significant increase in their levels at 6 h
PBM relative to that at 72 h PE. By 36 h PBM, however, these levels
decrease and remain stable until 72 h PBM (Fig. 1B and Fig. S1).
We also evaluated changes in the β-oxidation status of these
mosquitoes by measuring relative amounts of two key β-oxidation
metabolites, NADH and acetyl-CoA (the end-product of
β-oxidation). Both were higher at 6 h PE than at 72 h PE, sug-
gesting a reduction in β-oxidation activity by the end of the PE
phase. In contrast, blood feeding resulted in a significant increase
in the amounts of these two β-oxidation metabolites by 36 h PBM
(Fig. 1 C and D). Taken together, these results show that LM in
female mosquitoes is biphasic, with contrasting dynamics during
the PE and PBM phases of the reproductive cycle.

Expression Kinetics of FB Genes Encoding LM Throughout the
Reproductive Cycle of the Female Mosquito. To understand further
the role of the FB in lipid homeostasis, we investigated the overall
expression kinetics of LM genes using two previously reported
microarray transcriptomes of the mosquito FB covering the entire
first reproductive cycle, one containing eight time points during
the PE phase (6–72 h PE) and the other nine time points during
the PBM phase (3–72 h PBM) (15, 18, 19). Transcripts of genes
encoding fatty acid synthases (FASs) were at higher levels during
the first 24 h PE and declined thereafter. Transcripts of six genes
involved in TAG catabolism and of 17 genes associated with the
β-oxidation pathway were also abundant during the first 24 h but
declined by three- to fourfold at 72 h PE compared with their
levels at 6 h PE (Fig. 2A and Dataset S1).
During the PBM phase, there was a stepwise sequential increase

in transcript levels of LM genes (Fig. 2A). Transcripts of genes
encoding FASs were elevated between 3 and 6 h PBM, reaching
maximal levels at 18 h PBM, suggesting initial activation of lipid
biosynthesis by blood meal-induced signals. At the same time,
transcripts of genes encoding several lipases, including TAG lipases,
were also increased, suggesting the onset of TAG degradation and
an increase in FFA levels. Diminished levels of TAG and LD sizes
point out that TAG catabolism predominates over biosynthesis
at this time. Transcripts of genes encoding two FFA transport
enzymes, carnitine O-acetyltransferase 1 (CPT1) and carnitine
O-acetyltransferase 2 (CPT2), increased in abundance at 18–36 h
PBM. Transcripts of genes encoding the key enzymes of the
β-oxidation pathway, such as enoyl-CoA hydratase (ECH),
3-hydroxyacyl-coa dehydrogenase-1 (3HCD-1), 3-ketoacyl-CoA
thiolase (3KCT), and very long chain acyl-CoA dehydrogenase
(VLCAD), exhibited a significant simultaneous elevation 12 h later,
at 36 h PBM, indicating a dramatic increase in lipid catabolism.
Most genes of the LM pathways declined gradually after 48 h PBM.
Their reduced mRNA levels at 72 h PBM may reflect the onset of
preparation of female mosquitoes for a second gonadotrophic cycle.
The quantitative real-time PCR (qRT-PCR) analysis of selected LM
gene transcripts at three PE time points (6, 24, and 72 h PE) and
three PBM time points (6, 36, and 72 h PBM) has validated these
transcriptome data (Fig. S2).
Western blot analysis of FB samples from the same six time

points was performed using antibodies that recognize respective
A. aegypti LM enzymes (two β-oxidation enzymes—3KCT and
VLCAD—and two fatty acid transport enzymes—CPT1 and CPT2).
This analysis has shown that the protein levels of these enzymes are
coordinated with the expression of their respective genes (Fig. 2B).

The Role of JH and Its Receptor Met in LM Regulation. In A. aegypti
female mosquitoes, JH III controls PE development and re-
productive transitions (19). The JH III titer is low at eclosion,

Fig. 1. LM changes in the FBs of A. aegypti females throughout the re-
productive cycle. (A) LDs in the FBs of A. aegypti during the PE and PBM phases
were detected using Nile red staining. (B) GC-MS was performed to analyze the
relative levels of saturated (C16:0) and unsaturated (C18:1) FFAs throughout the
reproductive cycle of mosquitoes. The relative abundances at PE and PBM time
points were normalized to 0–6 h PE and 72 h PE, respectively. At least six in-
dependently collected samples with 15 mosquito FBs for each time point were
analyzed. (C and D) The relative luminescence of NADH (C) and the fluorescence
(Fluc) of acetyl-CoA (D) were measured during the PE and PBM phases. The
relative abundance at PE and PBM time points was normalized to 0–6 h PE and
72 h PE, respectively. Amounts of NADH and acetyl-CoA were normalized to
total protein levels. At least three independently collected samples with six
mosquitoes for each time point were analyzed. Error bars represent the SEM;
*P < 0.05, **P < 0.01.
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elevated by 12 h PE, reaches its maximal levels around 48–56 h PE,
and maintained its high level until blood feeding (20). Thus, the
JH titer negatively correlates with the pattern of LM gene tran-
script abundance during the PE phase, suggesting that JH may be
responsible for the down-regulation of LM genes. To investigate
this hypothesis, we first topically applied 10 μM JH III onto the
abdomens of newly emerged female mosquitoes (3 h PE), and
extracted total RNA 24 h after hormonal treatment. mRNA levels
of selected genes (ECH, 3HCD-1, VLCAD, and 3KCT) were
measured using qRT-PCR. The JH III application resulted in
sharply reduced levels of these gene transcripts compared with
those in mosquitoes treated with solvent (acetone) only (Fig. S3A).
Next, we conducted an in vitro study, in which FB preparations,
isolated from mosquitoes 10 h PE, were incubated in the culture
medium containing 10 μM JH III in acetone or acetone alone for
8 h, as previously described (21). mRNA levels significantly de-
creased in FBs incubated in the presence of JH III compared with
those from control FBs incubated in the presence of acetone or
only the culture medium (Fig. S3B). Taken together, these results
indicate that JH III is responsible for the down-regulation of ex-
pression of LM catabolic and β-oxidation genes during the
PE phase.
Our previous studies have shown that the JH receptor Met plays

a central role in regulating FB gene expression in the PE female
mosquitoes (15, 19, 22). To evaluate the role of Met in LM control,
we conducted Met RNAi. Female mosquitoes 12 h PE were in-
jected with either dsMet or dsLuc as a control. LM phenotypic
manifestations of Met RNAi depletion were examined 4 d post-
injection. LDs were significantly reduced in the FB, suggesting
enhanced mobilization of TAG reserves in these mosquitoes (Fig.
3A). This result is in agreement with the previous observation of

reduced total TAG levels in Met-depleted female PE mosquitoes
(15). FFA levels were considerably lower in Met-depleted mos-
quitoes than in luciferase RNAi (iLuc) controls (Fig. 3B and Fig.
S3C). Met depletion also resulted in the elevation of the β-oxida-
tion metabolites NADH and acetyl-CoA, pointing to increased
lipid consumption in Met RNAi-depleted mosquitoes (Fig. 3C).
Moreover, Western blot analysis of FB samples from mosquitoes
with depletedMet showed a dramatic elevation in the protein levels
of two major β-oxidation enzymes—3KCT and VLCAD—and two
fatty acid transport enzymes—CPT1 and CPT2 (Fig. 3D)—further
indicating an increase in β-oxidation in Met-depleted mosquitoes.
We used previously published FB transcriptome data obtained

from Met RNAi-depleted female mosquitoes to analyze LM-
related genes (19). This analysis showed that transcripts of TAG
catabolism and β-oxidation genes were dramatically elevated (P =
1.192e-07, Wilcoxon signed rank test) (Fig. 3E and Dataset S2). In
contrast, FAS genes were only marginally affected by Met RNAi
(P = 0.0625, Wilcoxon signed rank test) (Fig. 3E and Dataset S2).
We confirmed these results using qRT-PCR analysis through Met
RNAi in female mosquitoes. Transcripts of genes encoding LM
catabolic enzymes—ECH, VLCAD, 3KCT, and 3HCD-1—were
significantly up-regulated in FBs of Met RNAi-depleted mosqui-
toes (Fig. S4).

The Role of 20E and EcR in LM Regulation. In mosquitoes, 20E plays a
critical role in controlling egg maturation (23). To examine whether
20E is involved in the regulation of LM, we first conducted an in
vivo experiment. Previtellogenic female mosquitoes, which at 72 h
PE have a low level of endogenous 20E, were injected with 0.5 μL
10−6 M 20E alone or with addition of a mixture of amino acids.
Solvent (ethanol) was used as a control. FBs were dissected 24 h

Fig. 2. Temporal expression profiles of mRNA and
protein levels involved in the LM pathway in the FBs
of A. aegypti female mosquitoes throughout the
reproductive cycle. (A) The heat map of expression
patterns of LM genes during the PE and PBM phases.
Only genes with a fold change >1.75 (0.8 in
log2 scale) and a false-discovery rate of P < 0.01 are
shown. (B) Protein levels of key LM enzymes (3KCT,
VLCAD, CPT1, and CPT2) determined using Western
blots. For each indicated time point, total protein
extracts were prepared from eight female mosquito
FBs. β-Actin was used as a control.
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postinjection, and the transcript abundance of two genes encoding
β-oxidation enzymes (ECH and 3HCD-1) was evaluated using
qRT-PCR. A combination of amino acids and 20E was observed to
elicit a significant increase in these gene transcripts (Fig. S5A).
Then, we conducted an in vitro FB culture experiment, as pre-
viously described (18). FBs were dissected from female mosquitoes
at 72 h PE and were cultured in medium containing either amino
acids or amino acids and 20E. 20E was added into the culture
medium in two steps to mimic a natural rise in the 20E titer (18).
FBs were incubated first in the presence of 5 × 10−8 M 20E for 4 h
and then with 10−6 M 20E for an additional 4 h. Controls were
incubated for 8 h. qRT-PCR analyses showed a significant up-
regulation of ECH and 3HCD-1 after incubation with amino
acids and 20E (Fig. S5B). Thus, both amino acids and 20E are
implicated as positive regulators of β-oxidation.
The action of 20E is mediated by the EcR (24). To gain insight

into the involvement of this receptor in the regulation of LM, we
conducted EcR RNAi-mediated knockdown. Twelve-hour-old fe-
male mosquitoes were injected with either dsEcR or dsLuc, were
fed blood 4–5 d later, and were examined 36 h PBM for LM
phenotypic manifestations. Overall, this analysis demonstrated that
EcR RNAi profoundly affects LM by enhancing lipid storage and
reducing β-oxidation and TAG catabolism. FB LDs increased in
size in EcR-depleted female mosquitoes (Fig. 4A), a finding that is
in agreement with previous data showing a total TAG increase in
such mosquitoes (15). Furthermore, EcR-depleted mosquitoes
exhibited a tendency towards increased FFA levels and reduced
NADH and acetyl-CoA levels (Fig. 4 B and C and Fig. S5C).
Significantly, the protein level of a representative β-oxidation en-
zyme (3KCT) was low relative to the iLuc controls, further in-
dicating a decline in β-oxidation in these mosquitoes (Fig. 4D).
To understand whether EcR affects the LM gene expression, we

performed an RNAi-based transcriptomic screen for A. aegypti

EcR. Illumina RNA-sequencing (RNA-seq) technology was used to
generate the FB transcriptional profiles of genes affected by EcR
RNAi-mediated depletion in A. aegypti female mosquitoes; iLuc
served as a control. Three biological replicates of RNA-seq li-
braries were constructed for each RNAi treatment. Each RNA-seq
library contained 61–77 million clean reads (read length, 150 nt for
the three replicates) (Dataset S3). These clean reads were obtained
by adaptor removal and filtering of low-quality reads. Then the reads
were mapped to the genome of A. aegypti (https://www.vectorbase.
org/organisms/aedes-aegypti) using the TopHat2 program, and the
Cufflinks program was used to estimate expression levels of all genes
(25, 26). The resulting count table was transformed into fragments
per kilobase of transcript per million fragments mapped (FPKM)
values. Relative mRNA abundance in the iEcR and iLuc samples
was compared according to FPKM values. From these RNA-seq
data, 11,430 transcripts with FPKM >0 within at least two repli-
cates were selected for further analysis. To gain insight into the
differentially expressed genes (DEGs) in the iEcR and iLuc groups,
we performed differential analysis using the DEGseq package in R
environment (27). A P value less than 0.05 indicated that genes were
differentially expressed. In total, we obtained 1,355 DEGs, of which
513 were down-regulated and 842 were up-regulated after EcR
RNAi knockdown (Dataset S4). To analyze the gene-expression
dynamics of LM genes after EcR knockdown, we performed hier-
archical clustering of the LM genes identified during the previous
step. Transcript levels of genes belonging to the β-oxidation pathway
and TAG catabolism process significantly decreased (P = 1.907e-06,
Wilcoxon signed rank test) in the dsEcR-treated mosquitoes (Fig. 4E
and Dataset S5). FAS genes were less affected by EcR RNAi
(P = 0.0625, Wilcoxon signed rank test) (Fig. 4E and Dataset S5).
qRT-PCR analysis of selected LM genes (ECH and 3HCD-1) also
showed a significant reduction in their transcript levels in EcR
RNAi-depleted mosquitoes (Fig. S5D).

Fig. 3. Effect of Met RNAi knockdown (iMet) on LM
during the PE phase in A. aegypti female mosqui-
toes. (A) Nile red staining of iMet and iLuc controls in
female mosquito FBs. The relative LD sizes were
decreased significantly after iMet treatment. (B) GC-
MS analysis showing reduced FFA levels (C18:0) in
iMet mosquitoes. RNAi knockdown of Met treat-
ments was normalized to iLuc. At least six in-
dependently collected samples were used for each
treatment. (C) NADH and acetyl-CoA levels in iMet
and iLuc mosquitoes. Measurements were normal-
ized to the total protein in each treatment. iMet
results were further normalized to iLuc. At least three
independently collected samples with six mosquitoes
were used for each treatment. (D) Western blot show-
ing increased levels of catabolic LM enzymes in the FBs
of iMet mosquitoes. β-Actin was used as a loading
control. (E ) Heat map representing transcripts of
LM-related genes in iMet mosquitoes. Error bars in
A–C represent the SEM; *P < 0.05, **P < 0.01.
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The Role of HNF4 in Regulation of LM Throughout the Female Mosquito
Reproductive Cycle. HNF4 has been reported to play an important
role in regulating development and energy metabolism. Moreover,
it has been found that these HNF4 actions result in part from its
control of the β-oxidation pathway and TAG catabolism (28). To
understand a possible role of HNF4 in female mosquitoes during
reproduction, we first evaluated phenotypic manifestations of
HNF4 RNAi. Mosquitoes were injected with HNF4 dsRNA at
12 h PE and were examined at 36 h PBM. Overall, the response to
HNF4 RNAi depletion was highly similar to that of EcR RNAi
knockdown. There was a significant increase in FB LD size as well
as the elevation of TAG levels (Fig. 5 A and B). However, NADH
levels were reduced in these mosquitoes (Fig. 5C). Protein levels
of representative β-oxidation enzymes (3KCT and VLCAD) were
low relative to the iLuc control, further indicating a decline in
β-oxidation in these mosquitoes (Fig. 5D).
To investigate further the HNF4 effect on LM, an RNAi-based

transcriptomic screen for this NR was performed. Transcriptional
profiles of genes affected by HNF4 RNAi-mediated depletions in
the FBs of A. aegypti female mosquitoes were generated by Illu-
mina RNA-seq technology. iLuc served as a control. Three bi-
ological replicates of RNA-seq libraries were constructed with each
library containing 49–93 million raw reads (read length, 150 nt for
each replicate) (Dataset S6). After the adaptor was removed and
low-quality reads were filtered, each library generated 47–89 mil-
lion clean reads that were used for further analysis. These clean reads
were mapped to the genome of A. aegypti (https://www.vectorbase.
org/organisms/aedes-aegypti) using the TopHat2 program, and the
Cufflinks program was used to estimate the expression level of all of
the genes (25, 26). The resulting count table was transformed into
FPKM values. The relative mRNA abundance in iHNF4 and iLuc

samples was compared on the basis of FPKM values. From the
RNA-seq data, 14,695 transcripts with FPKM >0 within at least two
replicates were selected for further analysis. We then performed the
analysis of these 14,695 transcripts using the DEGseq package in
R environment (27). In total, we obtained 1,971 DEGs (P < 0.05),
of which 1,004 genes were down-regulated and 967 were up-
regulated after the HNF4 RNAi knockdown (Dataset S7). Tran-
script levels of genes belonging to the β-oxidation pathway as well
as TAG catabolism were significantly decreased (P = 1.907e-06,
Wilcoxon signed rank test) in the dsHNF4-treated mosquitoes
(Fig. 5E and Dataset S8). The qRT-PCR analysis of selected
β-oxidation genes (VLCAD, 3KCT, ECH, and 3HCD-1) also
resulted in a significant reduction in their transcript levels in
HNF4 RNAi-depleted mosquitoes (Fig. S6A).
To understand the mode of HNF4 control of genes belonging to

the β-oxidation pathway and TAG catabolism, we examined whether
this NR interacts with promoters of these genes. We selected two
genes (VLCAD and 3KCT) for this analysis. Promoters of VLCAD
and 3KCT contain the putative HNF4-binding motifs with the
consensus CAAAAGG/T

T/C
C/T predicted by the JASPAR server

(jaspar.genereg.net/). Subsequently, an EMSA was performed
using nuclear extracts from S2 cells transfected with either
pAc5.1b/HNF4 or pAc5.1b empty vector. Single bands were vi-
sualized using the biotin-conjugated 25-bp VLCAD probe or
biotin-conjugated 24-bp 3KCT probe (Fig. 6 A and B and Dataset
S9). The bands disappeared after the addition of a 50× molar
excess of unlabeled VLCAD or 3KCT probes to the respective
binding reaction (Fig. 6 A and B). Preincubation of the nuclear
extract with anti-V5 antibody resulted in the loss of mobility bands
(Fig. 6 A and B). These results indicate that HNF4 binds specif-
ically to the promoter regions of VLCAD and 3KCT and point to

Fig. 4. Effect of EcR RNAi knockdown (iEcR) on LM
during the PBM phase in female A. aegypti mos-
quitoes. (A) Nile red staining of FBs was performed
on iEcR mosquitoes and compared with iLuc control
samples. The relative LD sizes increased significantly
with iEcR treatment. (B) The GC-MS analysis of an
FFA representative (C18:0) in iEcR mosquitoes. At
least six independently collected samples were ana-
lyzed for each treatment. (C) Reduced levels of
NADH in iEcR mosquitoes. iEcR results were further
normalized to iLuc, which were normalized to the
total protein levels for each treatment. At least three
independently collected samples with six mosquitoes
were analyzed for each treatment. (D) Western blot
shows a decreased protein level of the enzyme 3KCT
in iEcR mosquitoes. β-Actin was used as a loading
control. (E) Heat map representing the transcripts of
LM-related genes in FBs of iEcR mosquitoes. Error
bars in A–C represent the SEM; *P < 0.05, **P < 0.01.
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the direct control of these genes via binding to HNF4. It is note-
worthy that, when HNF4 was replaced with the empty vector in the
binding reaction, a vague band in VLCAD and 3KCT probes could
also be seen (Fig. 6 A and B), possibly showing weak binding by
endogenous HNF4 in S2 cells. To confirm further whether
HNF4 directly regulates the transcription of key LM genes, upstream
promoter sequences of VLCAD (nucleotides −2759 to +23) and
3KCT (nucleotides −781 to +24) were subcloned into the pGL4.10
vector (SI Results) to perform luciferase assays. The HNF4 cDNA
(nucleotides 1–1695) was subcloned into a pAc5.1b/V5 vector to ob-
tain the V5-HNF41–565 fusion protein inDrosophila S2 cells. Then, the
constructs pGL4.10-VLCAD−2759 to +23 or pGL4.10-3KCT −781 to +24

were cotransfected along with pAc5.1b-HNF41−565 or empty vector
pAc5.1b into Drosophila S2 cells to perform the dual luciferase re-
porter assays, and empty vector pAc5.1b was used as the control.
Obviously, the luciferase activity in experimental groups significantly
increased compared with controls (Fig. 6 C and D). Moreover,
Western blot analysis using anti-V5 antibodies confirmed that the
V5-HNF41–565 fusion protein was overexpressed in S2 cells (Fig. 6 C
andD). Taken together, these data demonstrate that direct binding to
promoters of VLCAD and 3KCT by HNF4 is required for the tran-
scriptional activation of these genes.

Hormonal and Nutritional Control of the HNF4 Gene Expression. We
used the qRT-PCR analysis to investigate the expression profile of
the HNF4 gene throughout the reproductive cycle of A. aegypti
female mosquitoes. This analysis revealed that the transcript level
of the HNF4 gene was high at the beginning of the PE phase but
reduced dramatically by 72 h PE (Fig. 7A). After a blood meal,
HNF4 mRNA abundance was up-regulated, reaching its peak at
36 h PBM and dropping to its late PE stage level by 72 h PBM
(Fig. 7A). This biphasic HNF4 expression profile suggests that

HNF4 gene expression is differentially regulated during the PE and
PMB phases. To understand the role of JH in regulation of the
HNF4 gene expression, we performed in vivo and in vitro experi-
ments as described above for LM genes (Fig. S6 B and C). The
expression of HNF4 was dramatically decreased when JH was
topically applied to 24-h-old mosquitoes (Fig. S6B). To confirm
further the involvement of the JH receptor Met, we conducted its
RNAi silencing and monitored the response of the HNF4 tran-
script using qRT-PCR analysis. In an in vitro test, Met RNAi
rendered the HNF4 gene unresponsive to JH III (Fig. S6C).
Moreover, RNAi Met depletion in PE female mosquitoes resulted
in a significant elevation of the HNF4 transcript compared with
iLuc control (Fig. 7B). RNAi EcR depletion was performed as
described above. It showed a significant down-regulation of the
HNF4 transcript compared with iLuc control, indicating in-
volvement of EcR in the up-regulation of this gene expression (Fig.
7C). Taken together, these data clearly show that major hormones
regulating reproductive events in female mosquitoes, JH and 20E,
are also involved in the control of HNF4 gene expression, with Met
downregulating this gene at the PE phase and EcR up-regulating it
at the PBM phase.
To assess further the involvement of nutritional factors in regu-

lation of LM, we used RNAi for the TOR kinase C1, which is
known to mediate amino acid signaling (29–34). TOR RNAi si-
lencing was performed as described above for EcR and HNF4. It
led to enlargement of LDs and an increase in the TAG content in
the PBMmosquito FB, mimicking phenotypes after RNAi silencing
of EcR and HNF4 (Fig. 8 A and B). Moreover, TOR RNAi
resulted in down-regulation of the expression of genes encoding
HNF4 and selected LM genes (VLCAD and 3KCT), indicating the
involvement of the TOR pathway in regulation of the HNF4 ex-
pression (Fig. 8 C and D).

Fig. 5. LM changes in the HNF4-depleted (iHNF4)
female mosquitoes at 36 h PBM. (A) Nile red staining
of FBs was performed on iHNF4 mosquitoes and
compared with iLuc control samples. The LD sizes
increased significantly in iHNF4 treatments. (B) TAG
was measured in iHNF4 and iLuc mosquitoes.
iHNF4 treatments were normalized to iLuc. At least
three independently collected samples for each
treatment were analyzed. (C) Measurements of
NADH in iHNF4 and iLuc mosquitoes, which were
normalized to the total protein levels for each
treatment. The iHNF4 results were further normal-
ized to iLuc. Measurements were performed using at
least three independently collected samples with six
mosquitoes for each treatment. (D) Western blot
showing decreased protein levels of 3KCT and
VLCAD enzymes in iHNF4 mosquitoes. β-Actin was
used as a loading control. (E) Heat map representing
transcripts of TAG degradation and β-oxidation
genes in iHNF4 mosquito FBs. Error bars in A–C rep-
resent the SEM; *P < 0.05.
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Discussion
To support their hematophagic lifestyle that involves intense host
seeking, the utilization of a very large blood meal, and rapid egg
development, female mosquitoes require tremendous energy ex-
penditure. Accordingly, a high level of metabolism is tightly co-
ordinated with the blood-mediated reproduction of these insects.
Our present study has revealed that LM undergoes biphasic
changes with opposite trends at the PE and PBM phases of the
gonadotrophic cycle. Moreover, LM is synchronized at all levels: at
gene expression; the translation of LM enzymes; levels of FFAs and
TAG stores; and the final β-oxidation products, NADH and acetyl-
CoA. Our transcriptomic analysis showed that LM genes in the
mosquito FB are down-regulated by the end of the PE phase, but
their transcript levels are significantly increased during the PBM
phase. Reduction in the transcript levels of genes encoding TAG
catabolism and β-oxidation enzymes correlates with a dramatic
accumulation of lipids in the PE phase. In contrast, the elevation of
LM gene transcripts is in accord with diminishing lipid stores during

the PBM phase. Thus, taken together these observations suggest
that LM, at least in part, is regulated at the transcriptional level.
Multiple physiological functions that are vital for female mos-

quitoes during reproduction are governed by alternating peaks of
JH and 20E (23, 35). These hormones have been implicated in
temporal coordination of mosquito carbohydrate metabolism,
with JH/Met downregulating carbohydrate metabolic pathways at
the PE phase and 20E/EcR up-regulating them at the PBM phase
(15). Our present study has demonstrated that these hormones
and their receptors play critical roles in controlling LM during
female mosquito reproduction. Met RNAi silencing resulted in a
reversal of the LM phenotype in PE female mosquitoes, man-
ifested by the dramatic increase of LM gene transcripts, β-oxida-
tion enzymes, and metabolites and by the decrease in levels of
lipid stores and FFAs. The response to EcR RNAi silencing was
the opposite, reversing all LM phenotypic signs associated with
accelerated TAG mobilization and β-oxidation in PBM female
mosquitoes to the state of lipid accumulation reminiscent of that
of the PE phase.
Transcriptomic analysis coupled with Met RNAi silencing has

confirmed the conclusion that Met is responsible for the down-
regulation of LM genes. Met is a transcription factor belonging to

Fig. 6. (A and B) EMSA results showing specific binding between VLCAD
(A) and 3KCT (B) probes and S2 cell nuclear extracts with expressed V5-
HNF4 protein. The DNA probes containing HNF4 putative binding motifs
(VLCAD: 5′-ATAGTGGGGCAAAAGTTCGAATCAG-3′; 3KCT: 5′-GAAGTTAAT-
CAAAAGTCTCTAAAA-3′) and their flanking regions from the promoter re-
gions of VLCAD and 3KCT were selected as probes. Unlabeled specific probes
(50× cold probes) identified the specificity of the binding, and anti-
V5 antibody confirmed the presence of HNF4 protein. The arrow indicates
the specific complex. FP marks a free eluted probe. (C and D) Dual luciferase
reporter assays, in which pGL4.10/VLCAD −2759 to +23 (C) or pGL4.10/
3KCT −781 to +24 (D) were cotransfected into S2 cells with either the
pAc5.1b-HNF4 or the pAc5.1b empty vector. pGL4.73 vector containing the
hRluc reporter gene and an SV40 early promoter was used as an expression
control in the luciferase assay. The relative luciferase activity was normalized
to empty cell groups. Fluc/Rluc represents the ratio of Firefly to Renilla lu-
ciferase activity. Western blots show the V5-HNF4 protein input in S2 cells.
The protein extracts from empty S2 cells and empty vector pAc5.1b were
used as negative controls, and β-actin was used as a loading control. Error
bars represent the SEM; **P < 0.01.

Fig. 7. Met and EcR regulate HNF4 gene expression. (A) Relative HNF4mRNA
levels throughout the A. aegypti female reproductive cycle. (B) Met RNAi up-
regulates HNF4 gene expression at the PE phase. (C) EcR RNAi represses the
HNF4 gene expression at the PBM phase. Metrics in the y axis in all figures
represent relative fold changes. Error bars represent the SEM; **P < 0.01.
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the basic helix–loop–helix (bHLH)–Per-Amt-Sim (PAS) family
that requires a heterodimeric partner to mediate the JH response
(36, 37). Met interacts with a bHLH-PAS domain containing ste-
roid receptor coactivator (SRC), also known as “Taiman” or
“β-FTZ-F1 (fushi tarazu binding factor 1) interacting steroid re-
ceptor coactivator (FISC),” binds to E-box motifs in the regulatory
regions of JH-controlled genes, and affects gene expression in a
JH-dependent manner (22, 37–40). It appears that JH-mediated
gene activation occurs via direct binding of Met/SRC, whereas
gene repression is indirect and requires additional intermediate
factors (19). Recently, it was shown that a long-distance repressor,
Hairy, and its corepressor, Groucho, mediate the Met action in the
repression of some JH-regulated genes (21). However, only 15% of
Met-repressed genes have been shown to be controlled by Hairy/
Groucho. Thus, further studies should uncover other mechanisms
of Met gene repression.
The NR superfamily includes ligand-activated and orphan

transcription factors that regulate gene expression by interacting
with specific DNA sequences in regulatory regions of their target
genes. NRs play essential roles in controlling development, re-
production, and metabolism and are important targets for therapy
of metabolic diseases (41–43). Because of their ability to interact
with fatty acids and other lipids, many NRs, including HNF4, are
important regulators of LM (44–46). There is a remarkable evo-
lutionary conservation of these lipophilic factors and mechanisms
of their action between mammals and invertebrates (47). However,
in contrast to mammals and nematodes, in which there are multiple
NHF4 members, insects appear to have a single HNF4 ortholog
that is highly similar to the mammalian HNF4α (28). HNF4 has
been implicated in the regulation of lipid catabolism and β-oxida-
tion during larval development of the model insect Drosophila

melanogaster (28). Here, we reported a key role of HNF4 in con-
trolling such functions in reproducing female mosquitoes. HNF4
RNAi-silenced mosquitoes exhibited an adverse LM phenotype
similar to that of EcR RNAi mosquitoes. LM phenotypic abnor-
malities caused by HNF4 RNAi are manifested in the inability to
use lipids and correlated with a dramatic down-regulation of gene
transcripts encoding TAG catabolism and β-oxidation enzymes. We
have demonstrated that, as in D. melanogaster (28), the mosquito
HNF4 is involved in the transactivation of TAG catabolism and
β-oxidation genes. However, we have additionally shown its direct
action on gene representatives encoding β-oxidation enzymes. Our
EMSA and the luciferase reporter assay have clearly shown that
HNF4 controls the activation of representative β-oxidation genes
(3KCT and VLCAD) via direct binding of their promoters to its
cognate binding site with the consensus CAAAAGG/T

T/C
C/T. In-

terestingly, this action of the mosquito HNF4 is reminiscent of that
of the mammalian HNF4α, which binds to the H4-specific
CAAAGTCCA site and up-regulates its target LM genes (48).
The pattern of the HNF4 gene expression is synchronized with

that of genes encoding TAG degradation and β-oxidation enzymes
during the mosquito gonadotrophic cycle. This synchronization
suggests that similar regulatory networks could be involved in its
control. Indeed, HNF4 gene expression is repressed by JH and
Met but is activated by EcR. Although the precise mechanisms of
the respective repressive and activating actions of Met and EcR in
controlling the HNF4 gene expression remain to be elucidated,
our study has revealed a link between these major regulators of
developmental timing governing mosquito reproduction and the
HNF4 gene transcriptional regulation. Therefore, HNF4 likely
acts as a mediator of JH and 20E signaling in setting the stage for
temporal coordination of TAG degradation and β-oxidation with
the energy demands of a reproducing female mosquito.
Clearly, regulation of metabolism is extremely complex and oc-

curs at many physiological levels. Sensing the nutritional status is a
critical adaptation for organism survival. The amino acid/TOR
pathway is essential for the female mosquitoes; the amino acid
pulse that follows early blood digestion signals to TOR that in turn
acts synergistically with EcR to activate vitellogenic events (18, 29–
34). Our data also demonstrate the importance of this pathway in
LM. In vitro experiments showed that amino acids are required for
20E activity in up-regulating the expression of β-oxidation genes,
and TOR RNAi depletion resulted in the down-regulation of these
genes as well as HNF4. TOR also is required for TAG mobiliza-
tion, similar to that of EcR and HNF4. Thus, TOR appears to be
involved in maintaining the HNF4 expression level either directly
or by affecting EcR. Another link to the nutritional status is pro-
vided by FFAs. In transgenic D. melanogaster, the key FFAs, such
as palmitic acid (16:0) and oleic acid (18:1), are important as li-
gands for HNF4 transactivating activity (28). It is likely that the
elevated FFA levels observed in female mosquitoes play similar
roles. However, to perform its role in gene activation, HNF4 needs
to be expressed and is controlled predominantly by EcR at the
PBM phase.
In summary, we have performed a comprehensive investigation

of LM throughout the reproductive cycle of the A. aegypti female
mosquito. Our transcriptome and metabolic data have revealed
that transcript levels of genes encoding enzymes of the LM path-
way and the LM intermediate metabolites exhibit biphasic dynamic
changes during this cycle, with opposite trends during the PE and
PBM phases of the cycle. We have identified that LM is controlled,
at least in part, at the transcriptional level. HNF4 appears to be a
direct regulator of the expression of genes encoding TAG catab-
olism and β-oxidation enzymes. The developmental hormones JH
and 20E and their receptors set the stage for the temporal co-
ordination of LM, mainly by controlling the HNF4 gene expres-
sion, with Met repressing this gene by the end of the PE phase and
EcR up-regulating it during the PBM phase. In addition, the nu-
tritional signaling exemplified by the amino acid/TOR pathway is

Fig. 8. Effect of TOR on LM during PBM period. (A) Nile red staining of FBs
was performed on iTOR female mosquitoes and compared with iLuc control
samples. LD size increased in iTOR mosquitoes. (B) TAG was measured in
iTOR and iLuc mosquitoes. dsTOR treatments were normalized to iLuc. At
least three independently collected samples for each treatment were ana-
lyzed. (C and D) qRT-PCR results showing significantly reduced mRNA
levels of HNF4 (C) and LM (D) genes (VLCAD and 3KCT) in iTOR mosquitoes.
Metrics in the y axis in C and D represent relative fold changes. Error bars
represent the SEM; *P < 0.05, **P < 0.01.
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involved synergistically with EcR in the control of HNF4 gene
expression at the PBM phase of the mosquito reproductive cycle
(Fig. S7). This work provides insight into the regulatory pathways
controlling the temporal coordination of LM in female mosquitoes
throughout their reproductive cycles.

Experimental Procedures
Animals. The A. aegypti mosquitoes were raised as described previously (15).
Adult mosquitoes were maintained continuously on water and 10% (wt/vol)
sucrose solution. All procedures for vertebrate animal use were approved by
the Animal Care and Use Committees of the Chinese Academy of Sciences
Institute of Zoology and the University of California Riverside.

Bioinformatics Analysis. Bioinformatics analysis was performed as previously
described (49). DEG datasets from PE and PBM time-course microarrays were
used to construct expression profiles of LM genes. Complete linkage hierar-
chical clustering was performed using the hclust function in R (19). Orthologous
groups and pathway information, based on the KEGG, were downloaded from
the database (50) and used in this study. Genes with a fold change greater than
1.75 (0.8 in log2 scale) and a false-discovery rate (P value) less than 0.01 were
selected. RNA-seq analysis was carried out as described previously (51), and
about 1.5 μg total RNA from each sample was used to enrich poly(A) mRNA
using Oligo(dT) magnetic beads (Invitrogen). In the next step, paired-end 150
RNA-seq libraries were prepared following the Illumina’s library construction
protocol. The libraries were sequenced using the Illumina HiSeq. 4000 platform
(Illumina) at Novogene. Three replicates of each sample were pooled for
analysis. Raw reads generated from the sequencing were processed by adaptor
removal and filtering of low-quality reads. Afterward, these clean reads were
mapped to the genome of A. aegypti (https://www.vectorbase.org/organisms/
aedes-aegypti) using TopHat2, and Cufflinks was used to estimate the expres-
sion level of all genes (25, 26).

RNA Extraction and qRT-PCR. Dissected FB tissues from 10–15 individual mos-
quitoes were homogenized using a motor-driven pellet pestle mixer and were
lysed by TRIzol reagent (Invitrogen). Total RNA was extracted according to the
protocol described previously (15). cDNA was synthesized using the FastQuant
RT Kit (Tiangen). qRT-PCR was performed using SYBR Green SuperReal PreMix
(Tiangen) in quadruplicate on the MX3005P system (Stratagene). Template
concentrations were normalized to endogenous reference ribosomal protein
S7 (rps7). Primers for qRT-PCR are shown in Dataset S9.

Cell Culture and Western Blot Analysis. S2 cells were cultured in Schneider’s
insect medium (Sigma), and plasmids were transfected into the S2 cells using
Lipofectamine 3000 (Invitrogen). Harvested cells were lysed in CelLytic M Cell
Lysis Reagent (Sigma). The dissected FBs were lysed in breaking buffer [50 mM
Tris (pH 7.4), 1% IGEPAL, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, 1× protease inhibitor mixture, 1×
phosphatase inhibitor mixture] (Roche). Both protein extracts were used for
Western blots, which were performed according to protocols described pre-
viously (15). Primary antibodies used in this study are shown in Dataset S10.

Determination of FFA Levels. Fifteen mosquito FBs per time point were frozen
in liquid nitrogen and ground in 1 mL of a 2% H2SO4/98% methanol solution.
Samples were sealed with a cap and incubated at 80 °C for 1 h. After the
addition of 0.3 mL of hexane and 1.5 mL of H2O, the fatty acid methyl esters
were extracted into the hexane layer by shaking and then were centrifuged at
5,000 × g for 10 min. Samples of the organic phase were carried out by means
of GC-MS on an Agilent Technologies 6890N GC-5973N mass selective de-
tector. The GC was equipped with a HP-5MS column [60 mm × 0.25 mm (i.d.);
film thickness 0.25 μm] (J&W Scientific). One-microliter samples were injected
at a temperature of 280 °C; the GC-MS transfer line temperature was 280 °C,
ion source 230 °C, and quadrupole 150 °C. All compounds were analyzed with
70 eV nominal electron energy and a scan range of 35–400 atomic mass units,
with a solvent delay of 3 min. After injection, the column temperature was
held at 50 °C for 0.5 min and then was increased to 200 °C at 5 °C/min, fol-
lowed by an increase to 240 °C at 2 °C/min and then an increase to 250 °C at
5 °C/min and held for 10 min. Subsequently, the temperature was increased
further to 280 °C at 3 °C/min and held for 3 min. Compounds were identified
by comparing their retention time with those of authentic reference com-
pounds and comparing the spectra with that of mass spectral library NIST02
(Rev. D.04.00; Agilent Technologies).

Lipid Droplet Staining. Lipid was visualized by staining female mosquito FBs
with Nile Red. Mosquitoes were dissected and washed two or three times with

1× PBS and then were incubated for 2 h in Nile Red mounting medium
[20% (vol/vol) glycerol in PBS, with a 1:10,000 dilution of 10% (vol/vol) Nile Red
in DMSO] at room temperature. After two or three washings with 1× PBS, FBs
were mounted on glass slides and examined under a Zeiss LSM 710 confocal
microscope at 63×magnification with an excitation wavelength of 543 nm and
an emission wavelength of 626 nm. The size of LDs was measured using Zeiss
ZEN software.

TAG, NADH, and Acetyl-CoA Measurements. TAG was measured as described
previously (15). Six mosquitoes were homogenized in 100 μL PBS containing
0.5% Tween-20 and were incubated at 70 °C for 5 min. Then, the samples were
incubated with triglyceride reagent (Sigma) for 30 min at 37 °C. Following
centrifugation, samples were transferred into 96-well plates, incubated with
free glycerol reagent (Sigma) for 5 min at 37 °C, and then assayed using
SpectraMax Plus384 with a wavelength of 540 nm.

For NADH measurements, six mosquitoes per sample were frozen in liquid
nitrogen and ground in 5 mL PBS/bicarbonate/0.5% DTAB buffer; then 50 μL of
each sample was transferred into 1.5-mL centrifuge tubes and heated in a
water bath at 60–65 °C for 15 min. After cooling at room temperature for
10 min, 50 μL of a 1:1 mixture of 0.4 N HCl with 0.5 M Trizma base solution was
added. Finally, 50 μL of the mixture was transferred into 96-well white assay
plates to measure NADH with NAD/NADH-Glo luciferin detection reagent
(Promega) using SpectraMax Plus 384. Determination of acetyl-CoA levels was
conducted using the acetyl-coA assay kit (Sigma). Female mosquito samples
were homogenized in ice-cold perchloric acid. After concentration, the super-
natant was neutralized with 3 M potassium bicarbonate solution. After
the pellet of potassium bicarbonate was removed, the remaining samples
were brought to a final volume of 50 μL with acetyl-CoA assay buffer. To
correct for background created by free CoA and succinyl-CoA, 10 μL of the
acetyl-CoA quencher was used for each sample by incubation at room
temperature for 5 min. After the quencher was removed with 2 μL quench
remover, 50 μL of the acetyl-CoA assay reaction mix was added to each
sample. Resulting samples were mixed either by using a horizontal shaker
or by pipetting, and the reaction was incubated in darkness for 10 min at
37 °C. To detect acetyl-CoA, fluorescence intensity was measured using
SpectraMax Plus384 with an excitation wavelength of 535 nm and an
emission of 587 nm.

EMSA. Drosophila S2 cells were transfected with pAc5.1b and pAc5.1b/HNF41-565

(V5-HNF4) using Lipofectamine 3000 (Invitrogen). At 48 h posttransfection,
S2 cell nuclear protein extracts containing V5-HNF4 and empty vector were
isolated using the NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit
(Thermo Scientific). The DNA probes (VLCAD: 5′-ATAGTGGGGCAAAAGTTCGA-
ATCAG-3′; 3KCT: 5′-GAAGTTAATCAAAAGTCTCTAAAA-3′) were end-labeled
with biotin and were purified by Sangon Biotech. EMSA was carried out
using the Pierce LightShift Chemiluminescent EMSA Kit (Thermo Scientific).
Nuclear protein extracts were incubated with biotin-labeled probes in
binding buffer provided by the kit at room temperature for 30 min. For
competition assays, 50× molar excess of unlabeled probes (50× cold probes)
were added to the binding reagent. For supershift studies, the nuclear
extracts were preincubated with anti-V5 (Invitrogen) antibody at 4 °C for
1 h before the addition of the labeled probes. The reaction mixtures were
applied onto 6% (vol/vol) native polyacrylamide gels in 0.5× Tris-borate/
EDTA buffer. The bands were detected according to the instructions pro-
vided with the EMSA kit.

Dual Luciferase Reporter Assay. The sequence corresponding to the HNF4
coding region (amino acids1–565) was subcloned into the pAc5.1b/V5/His ex-
pression vector (Invitrogen); those corresponding to the promoter regions of
VLCAD (−2759 to +23) and 3KCT (−781 to +24) were subcloned into the
pGL4.10 vector (Promega) (Dataset S9). Afterward, pGL4.10-VLCAD−2759 to +23

and pGL4.10-3KCT−781 to +24 were cotransfected with pAc5.1b-HNF41–565 into
Drosophila S2 cells and were kept at 27 °C in Schneider Drosophila me-
dium supplemented with 10% (vol/vol) FBS. Cell transfections were carried out
using Lipofectamine 3000 (Invitrogen). Luciferase activity was determined using
the Dual-Luciferase Reporter Assay System and a GloMax 96 Microplate
Luminometer (Promega) at 48 h posttransfection. The promoter sequences of
VLCAD and 3KCT are shown in SI Results.

RNAi Experiments. dsRNA was prepared using the T7 RiboMAX Express RNAi
system (Promega) following the manufacturer’s instructions, as described pre-
viously (51). The bacterial luciferase gene was used to generate control Luc
dsRNA. The corresponding dsRNAs were injected into the thorax of ice-
anesthetized female mosquitoes within 12 h after emergence using a Nanoliter
2000 injector (World Precision Instruments). ForMet RNAi, samples were collected
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4 d after injection, and samples for EcR, HNF4, and TOR RNAi were collected at
36 h PBM. The efficiency of Met, EcR, HNF4, and TOR RNAi knockdown is shown
in Fig. S8. All primers used for making dsRNA are listed in Dataset S9.

In Vivo Hormone Application and in Vitro FB Culture Experiments. JH (10 μM)
(Sigma) in acetone as solvent or acetone alone was topically applied to the
abdomens of newly eclosed female mosquitoes (3 h PE) in the in vivo hormone
application assays. 20E (Sigma), dissolved in ethanol and used at a final con-
centration of 1 ×10−6 M, was injected with or without amino acids into female
mosquitoes at 72 h PE. Control samples were treated with the same volume of
acetone and ethanol, respectively, instead of hormone. Amino acids used in
this study were a mixture solution. All samples were collected at 24 h
after treatment.

In vitro FB culture experiments and hormone applications were performed as
described previously (15, 18). To test the effect of JH in vitro, FBs isolated from
mosquitoes at 10 h PE were incubated in the medium containing 10 μM JH
dissolved in solvent (acetone) or acetone alone for 8 h. To determine the effect
of 20E in vitro, FBs were dissected from female mosquitoes at 72 h PE and were

cultured in medium containing either amino acids or amino acids and 20E. 20E
was added to culture medium in two steps to mimic a natural rise in the 20E
titer: FBs were incubated first in the presence of 5 × 10−8 M 20E for 4 h and then
in the presence of 10−6 M 20E for an additional 4 h. Controls were incubated for
8 h. Experiments were performed in triplicate under the same conditions.

Statistical Analysis. The significance of RNA-seq data was calculated using a
Wilcoxon signed rank test in R environment. In all other experiments, the
mathematical significance of differences between samples was analyzed using
the Student’s t test (GraphPad 6.0) and was expressed as a P value less than
0.05. All quantitative data are reported as mean ± SEM.
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