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Repeated blood feedings are required for adult female mosquitoes
to maintain their gonadotrophic cycles, enabling them to be impor-
tant pathogen carriers of human diseases. Elucidating the molecular
mechanism underlying developmental switches between these
mosquito gonadotrophic cycles will provide valuable insight into
mosquito reproduction and could aid in the identification of targets
to disrupt these cycles, thereby reducing disease transmission. We
report here that the transcription factor ecdysone-induced protein
93 (E93), previously implicated in insect metamorphic transitions,
plays a key role in determining the gonadotrophic cyclicity in adult
females of the major arboviral vector Aedes aegypti. Expression of
the E93 gene in mosquitoes is down-regulated by juvenile hormone
(JH) and up-regulated by 20-hydroxyecdysone (20E). We find that
E93 controls Hormone Receptor 3 (HR3), the transcription factor
linked to the termination of reproductive cycles. Moreover, knock-
down of E93 expression via RNAi impaired fat body autophagy,
suggesting that E93 governs autophagy-induced termination of vi-
tellogenesis. E93 RNA. silencing prior to the first gonadotrophic cycle
affected normal progression of the second cycle. Finally, transcrip-
tomic analysis showed a considerable E93-dependent decline in the
expression of genes involved in translation and metabolism at the
end of a reproductive cycle. In conclusion, our data demonstrate that
E93 acts as a crucial factor in regulating reproductive cycle switches
in adult female mosquitoes.
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To reproduce successfully, hematophagous female mosquitoes
need to feed on blood repeatedly, the feature which makes
them crucial vectors of disease. The global incidence of devastating
human diseases transmitted by mosquitoes has dramatically risen in
recent decades. The yellow fever mosquito Aedes aegypti is the most
important carrier of flaviviruses, causing yellow fever, dengue fever,
Zika, and other viral diseases (1-4). Female mosquito reproduction
is cyclic, with each gonadotrophic cycle activated by a separate
blood feeding. Consequently, female mosquitoes are able to both
acquire and transmit disease vectors in successive gonadotrophic
cycles. Thorough investigations of the reproductive process in fe-
male mosquitoes could provide valuable insight into screening key
targets for interrupting this gonadotrophic cyclicity.

In mosquitoes, each gonadotrophic cycle consists of two
phases—previtellogenesis or posteclosion (PE) in the first cycle
and vitellogenesis or postblood meal (PBM) development—which
are regulated by two principal insect hormones, juvenile hormone
(JH) and 20E-hydroxyecdysone (20E), respectively (5). During the
mosquito PE reproductive phase, JH receptor Methoprene tolerant
(Met) mediates the activating and repressive actions of JH (6). The
downstream factors in the JH/Met signaling pathway, Kriippel ho-
molog 1 (Kr-hl) and Hairy, are involved in the repression of JH-
responsive genes (7-9). A high JH titer mediates the translation of
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the competence factor betaFTZ-F1 (fushi tarazu binding factor 1),
enabling mosquitoes to acquire responsiveness to 20E after a blood
meal (10). During the PBM phase, the ecdysone receptor (EcR)
mediates 20E signaling. A suite of transcription factors including
ecdysone-induced protein 74 (E74), ecdysone-induced protein 75
(E75), and Broad are implicated in the 20E/EcR early response,
synergistically activating the expression of late genes, such as vitel-
logenin (Vg) (11-13). However, during the terminal phase of vitel-
logenesis (when 20E titer declines), Hormone Receptor 3 (HR3) is
involved in a timely shutdown of Vg expression and betaFTZ-F1
activation, which is critical for terminating the first reproductive
cycle and entering the second. HR3 is also involved in inhibiting
target of rapamycin (TOR) signaling and activating programmed
autophagy. The combined actions of HR3 are essential for main-
taining the repeated cycles of egg maturation (11, 14). Our previous
finding that ecdysone-induced protein 93 (E93, also known as
Eip93F) is expressed in adult female A. aegypti mosquitoes (6, 15),
has prompted us to investigate a potential role of this transcription
factor in the regulation of the transition between reproductive cycles
in this vector mosquito.
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E93, a member of the helix-turn-helix transcription factors
(including nuclear receptor interaction motif, corepressor C-
terminal-binding protein interaction motif, and two DNA-binding
HTH motifs), has been shown to serve as the developmental
switch during metamorphosis to adult in hemimetabolous and
holometabolous insects (16-18). It is expressed during the meta-
morphic transition of a pupa or a last instar nymph to an adult
insect and functions as an important determinant of the respon-
siveness of downstream target genes in this process. Several
studies have reported that E93 is a 20E-induced early gene that
transduces the 20E signaling to activate autophagy and apoptosis
in the fat body (FB), salivary glands, and midgut by promoting
remodeling of these tissues (19, 20). Up-regulating E93 expression
by 20E induces the onset of adult metamorphosis, whereas acti-
vation of the JH-responsive gene Kr-hl prevents this process (18,
21-23). Moreover, research in several insects, including Drosophila
melanogaster, Nilaparvata lugens, Tribolium castaneum, and Bombyx
mori, has demonstrated that silencing of E93 could disrupt the
transition of pupa to adult, leading to the failure of tissue remod-
eling (18-21, 24).

The role of E93 in reproduction is not well understood, although
it would be particularly advantageous to elucidate its potential in
controlling reproductive cyclicity in adult female mosquitoes. Here,
we uncover an important regulatory role for E93 during female
mosquito reproduction. Transcriptome analysis reveals that E93
promotes the end of vitellogenesis and progression into the next
cycle by regulating large gene cohorts, including those involved in
translation, metabolism, and yolk protein precursors (YPPs). In
addition, HR3 and autophagy, both associated with the termination
of reproductive cycles, are disrupted by £93 RNA interference
(RNAI). E93 silencing before the first gonadotrophic cycle alters the
normal progression of the second reproductive cycle. Thus, this
study has uncovered an additional regulatory function of E93, which
plays a crucial role in the regulation of the reproductive cyclicity in
adult female mosquitoes.

Results

E93 Expression during Gonadotrophic Cycles in A. aegypti Adult
Females Is Alternately Regulated by JH and 20E. We first conducted
a time-course transcription analysis of the E93 gene using qPCR.
There are two E93 isoforms, differing only in their first exon region.
Thus, the common region of these two isoforms was chosen for
gPCR analysis. We analyzed E93 transcript abundance in the FB,
the insect metabolic and reproductive tissue analogous to the ver-
tebrate liver and adipose tissue. FB samples were collected from
adult females at various stages during two successive gonadotrophic
cycles: the PE phase at 6 h and 72 h; the first PBM (FPBM) cycle at
6 h, 24 h, 36 h, and 72 h; and the second PBM cycle (SPBM) at 6 h,
24 h, 36 h, and 72 h. The first blood meal was given at 72 h PE,
while the second blood meal was given at 7 d FPBM, when mos-
quitoes completed egg deposition. The E93 transcript level was
relatively higher at 6 h PE but significantly lower at 72 h PE (Fig. 1).
During the FPBM cycle, E93 mRNA abundance increased dra-
matically, reaching a peak at 36 h FPBM. Subsequently, it de-
creased by 72 h FPBM to a low level similar to that at 72 h PE
(Fig. 1). Likewise, £93 mRNA level was elevated once again after
a second blood meal, exhibiting a trend resembling that of the
FPBM (SI Appendix, Fig. S1). Together, these indicate a cyclic
pattern of E93 expression.

In mosquitoes, the hormones JH and 20E are involved in co-
ordination of gonadotrophic cycles (5). Thus, in order to make
clear the correlation of these two hormones with E93, a schematic
representing the fluctuation of the titers of JH and 20E during the
gonadotrophic cyclicity was shown in Fig. 1. Meanwhile, the ex-
pression of Vg, the important marker gene during vitellogenesis,
was also presented along with JH and 20E (25-27). To further
investigate potential roles of these hormones in controlling the
E93 expression dynamics during gonadotrophic cycles, we used an
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in vitro FB culture assay in combination with the double-stranded
RNA (dsRNA) depletion of hormone receptor genes. The E93
mRNA level in the 1 h PE FB tissue was notably lower than the
control after 20 nM of the JH analog Methoprene was added to the
medium for 8 h (S Appendix, Fig. S24). Moreover, the abundance
of £93 mRNA was significantly boosted after Met RNAi at 3 d PE
in comparison with the GFP (green fluorescent protein gene) RNAi
control, indicating the repressive action of Met on E93 gene ex-
pression (SI Appendix, Fig. S2B). To investigate the signaling role
of JH on E93 gene expression during the second gonadotrophic
cycle, the FBs of the first blood-fed female mosquitoes were dis-
sected at 3 h FPBM, before the 20E increase and after the JH
decline. Treatment of these FBs with 20 nM Methoprene for 8 h
led to a pronounced repression of the E93 transcript level in
comparison with control (SI Appendix, Fig. S2C).

By contrast, when FBs at 96 h PE (when the £93 mRNA level
is normally low) were incubated in 10 uM 20E for 10 h, the E93
mRNA level was greatly increased (SI Appendix, Fig. S2D).
Additionally, E93 expression was significantly reduced at 24 h
FPBM in FBs where the 20E receptor EcR was silenced via
RNAI (SI Appendix, Fig. S2E). The function of 20E in regulating
E93 expression during the second gonadotrophic cycles was also
investigated. FB samples were collected from 7 d FPBM, when
20E levels are low. mRNA levels of £93 were significantly ele-
vated when FBs were incubated in the medium containing 10 pM
20E for 10 h (SI Appendix, Fig. S2F).

Taken together, these results have clearly established the es-
sential roles of JH, 20E, and their corresponding receptors in
coordinating £93 gene cyclical expression throughout adult female
mosquito gonadotrophic cycles. JH and Met suppressed E93 ex-
pression not only at the late PE phase, but also at the end of each
PBM phase. In contrast, 20E and EcR induced its expression after
each blood meal in successive gonadotrophic cycles.

Molecular Mechanism Controlling E93 Expression by the JH Pathway
in Adult Female Mosquitoes. Previously, two transcription factors,
Hairy and Kr-hl, have been implicated in JH/Met-mediated gene
repression in adult mosquitoes (8, 9). To investigate whether either
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Fig. 1. The cyclic pattern of E93 expression across the first gonadotrophic

cycles. Time course of £93 gene expression during the first cycle including the
PE period (6 h and 72 h), FPBM period (6 h, 24 h, 36 h, and 72 h). The ex-
pression of £93 at PE 6 h was used as controls during the first cycle. The titers
of JH, 20E, and the expression of Vg during the first reproductive cycle are
schematically shown at Top. Data are shown as mean + SEM **P < 0.01.
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of these intermediate factors is required for the JH-dependent
repression of E93, in vitro FB culture experiments were carried
out as described previously (9). FBs of female mosquitoes at 1 h PE
were incubated in medium containing 20 nM Methoprene in the
presence or absence of cycloheximide (CHX), a protein synthesis
inhibitor, for 8 h. E93 transcript level was significantly lower in the
presence of Methoprene than the medium containing solvent
(ethanol). However, the addition of 20 pM CHX to the culture
medium rendered E93 unresponsive to the repressive action of
Methoprene (SI Appendix, Fig. S3A4), suggesting that the action of
JH is indirect. Transcript abundance of Kr-hl and Hairy, on the
other hand, still increased with the addition of Methoprene in the
presence of CHX (SI Appendix, Fig. S3 B and C). Thus, these re-
sults indicate a possible role of intermediate factors downstream of
Met in the JH-mediated repression of E93.

Next, Kr-hl and Hairy dsRNAs were injected into separate
groups of female mosquitoes within 24 h PE. For the simultaneous
knockdown of Hairy and Kr-hl, equal amounts of both dsRNAs
were used (iMix). FB samples were collected 4 d postinjection to
perform qPCR analysis. In comparison with bacterial luciferase
gene RNAI (iLuc) controls, E93 expression was increased in all
tested samples: iKr-h1, iHairy, and iMix (Fig. 24), suggesting £93
repression by both Kr-h1 and Hairy. The E93 activation in iMix
was notably higher than that in either iKr-h1 or iHairy, indicating

a synergistic action of these factors, as previously observed for
other JH-regulated genes (8).

The genetic interaction of the £93 gene with these transcription
factors was then investigated. We first looked to Hairy involve-
ment in £93 repression using the dual luciferase reporter assay
with a 1.9-kb region of the E93 promoter (see SI Appendix, Sup-
plemental Results for details). These results indicated a repressive
role of Hairy/Grouchol in E93 regulation (Fig. 2B). Next, the
chromatin immunoprecipitation (ChIP)-qPCR experiments were
conducted to analyze the binding between Hairy and the E93
promoter. As shown in Fig. 2 C and D, the Hairy-binding region
was significantly enriched when Hairy antibody was applied. At
the same time, the binding in the promoter region was nearly 2.91-
fold higher than that in the coding region. In order to elucidate
further the Kr-hl regulatory function on the E93 gene, we also
performed ChIP-qPCR analysis (SI Appendix, Supplemental Re-
sults). A significantly higher enrichment of identified Kr-h1 DNA-
binding sites was observed when ChIP was performed using the
Kr-h1 antibody than that of the IgG (Fig. 2E). For the DNA
enriched by the Kr-h1 antibody, we also compared the binding of
Kr-h1 to the downstream coding region (control) of £93 with the
regulatory region. There was an 8.76-fold stronger binding in the
promoter region than in the control region (Fig. 2F). Electro-
phoretic mobility shift assay (EMSA) was also performed to fur-
ther demonstrate a potential physical interaction between Kr-hl
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Fig. 2. Hairy and Kr-h1 act as intermediate factors in JH/Met repression of the E93 gene. (A) gPCR analysis of E93 transcript abundance after RNAI
knockdowns of Kr-h1, hairy, and a mixture of both (Kr-h7 and hairy). (B) The reporter plasmid (E93 ox,-Luc) and a control Renilla luciferase reporter vector
pCopia were cotransfected into Drosophila S2 cells along with the Hairy-Flag and Gro1-V5 expression plasmids. Western blot results showing the expression of
fusion protein Hairy-Flag and Gro1-V5. (C) The Hairy binding site occupancy on the £93 gene promoter region, as measured using ChIP-qPCR. Chromatin was
immunoprecipitated with anti-Hairy and anti-IgG (control) antibodies from FBs at 72 h PE. Results are shown as % of total input chromatin compared with IgG
control. (D) The E93 coding sequence was used as a control to compare with the enrichment of Hairy binding sites in the £93 promoter region. (E) The Kr-h1
binding site occupancy on the E93 gene promoter region, as measured using ChIP-qPCR. Chromatin was immunoprecipitated with anti-Kr-h1 and anti-lgG
(control) antibodies from FBs at 72 h PE. Results are shown as % of total input chromatin compared with 1gG control. (F) The E93 coding sequence was used as
a control to compare with the enrichment of Kr-h1 binding sites in the £93 promoter region. (G) EMSA results confirming the binding of Kr-h1 to biotin-
labeled E93 probe. The unlabeled E93 (cold) probe in 200x molar excess was used to test the binding specificity, while a mutant probe of the same con-
centration was a control. Histone H3 antibody served as a nonspecific antibody control. Data are shown as mean + SEM *P < 0.05, **P < 0.01.
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Fig. 3. E93 is the 20E-regulated primary response gene. (A) The occupancy
of EcR on the promoter region of the £93 gene as measured using the ChiP-
gPCR assay. Chromatin from FBs at 36 h PBM was immunoprecipitated with
anti-EcR or anti-IgG (control) antibodies. Results are shown as % of total
input chromatin compared with 19G control. (B) The E93 coding sequence
was used as a control in the ChIP-qPCR analysis to compare with the en-
richment of the EcR-binding region in the E93 promoter. (C) EMSA results
showing the binding of EcR to biotin-labeled £93 probe. The unlabeled £93
(cold) probe in 200x molar excess was used to test the binding specificity,
while a mutant probe of the same concentration was a control. Histone H3
antibody served as nonspecific antibodies. Data are shown as mean + SEM
**P < 0.01.

and the E93 promoter using the FB nuclear extract (FB-NE). As
shown in Fig. 2G, a band shift was detected when FB-NE was
incubated with the biotin-labeled £93 probe. However, this band
was abolished when it was preincubated with the unlabeled E93
probe, but not the unlabeled mutant probe. A diminished band
was observed using the anti-Kr-h1 polyclonal antibody, suggesting
the presence of Kr-hl in FB-NE—probe complexes. When the
histone H3 antibody was preincubated with FB-NE, the intensity
of the band shift was similar to that in normal binding samples.
These results demonstrate the specificity of genetic interaction
between Kr-h1 and the £93 promoter and further confirm Kr-hl
as the intermediate factor mediating the Met repressive action on
the £93 gene.

Molecular Mechanism Controlling E93 Expression by the 20E Pathway
in Adult Female Mosquitoes. To examine whether an intermediate
factor(s) is required for the 20E-dependent activation of E93, we
again used in vitro FB cultures and CHX application (SI Ap-
pendix, Supplemental Results). CHX was ineffective in preventing
the 20E activation of E93 gene expression, suggesting a possible
direct control of the £93 gene by the 20E regulatory pathway (S
Appendix, Fig. S44). The early genes E74 and E75, which are
directly activated by EcR, were used as controls. The mRNA
expression of E74 and E75 exhibited a similar responsive tendency
to CHX as E93 (SI Appendix, Fig. S4 B and C). To investigate the
genomic interaction of EcR and E93, we first analyzed the E93
upstream regulatory region (nucleotides [nt] —1900 to —1) using a
luciferase cell transfection assay. The results also suggested a di-
rect action of EcR/Ultraspiracle (USP) in activation of the E93
gene after 20E treatment (SI Appendix, Fig. S4D). Furthermore,
ChIP-qPCR analysis demonstrated a direct genetic interaction
between EcR and the E93 promoter (Fig. 3 4 and B) (SI Ap-
pendix, Supplemental Results). We also performed EMSA to verify
the physical interaction between EcR and the E93 promoter. As
shown in Fig. 3C, a band shift was detected when FB-NE was in-
cubated with the biotin-labeled £93 probe. However, the band was
abolished when FB-NE was preincubated with excess of the unla-
beled E£93 probe, but not the unlabeled mutant probe. A diminished
band was observed using anti-EcR polyclonal antibody, suggesting
the existence of EcR in FB-NE-probe complexes. When the his-
tone H3 antibody was preincubated with FB-NE, the intensity of the
band shift was similar to that in normal binding samples. Thus, these
results demonstrate a direct action of 20E/EcR on the E93 gene, as
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has been previously observed for D. melanogaster and B. mori
(20, 28).

E93 Is Essential for the Regulation of Gonadotrophic Cycles in Adult
Female A. aegypti Mosquitoes. We investigated the potential role
of E93 in controlling reproductive switches. We injected dsSRNA
targeting £93 (dsE93) into female mosquitoes within 24 h PE,
fed them blood 3 d after injection, and examined the outcome
during the FPBM period. The other batch of £93 RNAi mos-
quitoes was permitted to lay eggs, feed on blood, and was exam-
ined during the SPBM period. The £93 mRNA abundance was
reduced to a low level throughout the FPBM and SPBM periods
after a single dsE93 injection (SI Appendix, Fig. S5). During
FPBM, ovarian development was severely retarded following E93
knockdown, with a similar defect in ovaries in the second cycle
(Fig. 44 and SI Appendix, Fig. S6A4). The average follicle length of
iE93 mosquitoes was 57.46% lower (86.86 pm on average) in the
FPBM and 55.96% lower (86.40 pm on average) in the SPBM
than iGFP controls (204.20 pm and 196.20 pm, on average, re-
spectively) (Fig. 4B and SI Appendix, Fig. S6B). Consistent with
ovarian defects, egg deposition was dramatically lower in iE93
mosquitoes than iGFP (21.6 versus 118.1 eggs per female mos-
quito in the FPBM period; 47.10 versus 108.0 eggs per female
mosquito in the SPBM period) (Fig. 4C and SI Appendix, Fig.
S6C). E93 RNAI also had a significant impact on the hatchability
of mosquito eggs. A single £93 RNAI depletion event severely
reduced the egg hatchability by 65.08% in the first reproductive
cycle and by 79.68% in the second reproductive cycle (Fig. 4D and
SI Appendix, Fig. S6D).

Next, we examined the effect of the £93 knockdown on Vg
gene expression throughout both FPBM and SPBM periods.
According to the previous report (27), Vg expression in mos-
quitoes normally peaks at 24 h PBM and then it rapidly declines
by 36 h PBM. After £93 RNAi knockdown, Vg expression was
significantly reduced at 18 h and 24 h PBM, but sharply roused at
36 h and 44 h FPBM in comparison with that in GFP knockdown
mosquitoes (Fig. 54). During the SPBM period, the expression

FPBM 24 h

o9)

Follicle Size (um)
3
S

0
$ &
C Egg Deposition D _ L ¥
200 £ 150
(2] ~
2 150 5100 e
£ 100 5
&8 S 50
& 50 -
0 : § 0 |
R o 2 P
& ¢ &

Fig. 4. E93 RNAI negatively affects the development of mosquito ovaries
during the first gonadotrophic cycle. Female mosquitoes were injected with
dsRNA of E93 or GFP within 24 h PE, and ovarian development was exam-
ined at 24 h FPBM. (A) The ovary phenotypes of iGFP and iE93 mosquitoes
are shown. Images were captured under a 5-megapixel high-definition
CMOS camera built into a Leica EZ4W stereoscopic microscope. (B) The fol-
licle lengths (24 h FPBM) of iGFP and iE93 mosquitoes were measured in
ImageJ software. Comparison of the egg deposition (C) and hatchability (D)
between iE93 and iGFP mosquitoes. Data shown in B-D are represented as
mean + SEM **P < 0.01.
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Fig. 5. Effect of £93 depletion on the Vg mRNA abundance during the first

and second gonadotrophic cycles of female A. aegypti mosquitoes. (A) Fe-
male mosquitoes, injected with dsRNA of E93 or GFP within 24 h PE, were
given the first blood meal 3 d postinjection. Vg transcript levels were ex-
amined at 18 h, 24 h, 36 h, and 44 h FPBM. (B) Another batch of mosquitoes
was given a second blood meal after laying eggs, and Vg transcript levels
were inspected at 18 h, 24 h, 36 h, and 44 h SPBM. Transcript levels of Vg
were quantified using gPCR. Each sample was normalized to its internal
control ribosomal protein 7 mRNA (rps7). All the data in iE93 mosquitoes
were normalized to that in iGFP mosquitoes, which were represented as 1.
(C) Western blotting showing Vg protein levels in iE93 and iGFP mosquitoes
at 24 h and 36 h FPBM. Data are shown as mean + SEM **P < 0.01.

tendency of the Vg gene after E93 knockdown was similar to the
FPBM period, but the repressive role of E93 on Vg expression
was delayed until 44 h (Fig. 5B). We also examined the protein
levels of Vg at 24 h FPBM and 36 h FPBM using Western
blotting analysis. After the £93 knockdown, the Vg protein level
was nearly 50% lower at 24 h FPBM, while significantly higher at
36 h FPBM (Fig. 5C), which is similar to the pattern observed
with mRNA expression in Fig. 54. This suggests the E93 role in
the regulation of the Vg gene switches at the time of vitello-
genesis termination from being an activator to a repressor.

In adult female 4. aegypti mosquitoes, HR3 has been implicated
in regulating reproductive cycles (11). Here, we show that the ex-
pression of this gene was affected by the £93 RNAI in FBs of adult
female Aedes mosquitoes. We find that RNAi-mediated knock-
down of E93 disrupts expression of the HR3 gene throughout both
FPBM and SPBM periods, in a pattern very similar to that of Vg
(SI Appendix, Fig. ST A and B). This suggests that in HR3 gene
expression, the E93 role also switches at the time of vitellogenesis
termination from being an activator to a repressor. The molecular
mechanism determining the E93 functional switch remains to be
investigated. Collectively, the data indicate that E93 is required for
the regulation of the ovarian development during vitellogenesis
and plays a key role in determining the gonadotrophic cyclicity.

Effect of £93 RNAI Silencing on the FB Transcriptome at 24 h and 36 h
FPBM in Adult Female Aedes Mosquitoes. To uncover gene targets of
E93 during reproduction, FBs of £93 dsRNA-injected mosquitoes
were subjected to transcriptome analysis at 24 h and 36 h FPBM.
Transcripts with a fold change (FC) of either >2 (up-regulated
genes) or <0.05 (down-regulated genes) and a g value (adjusted P
value) <0.05 were considered as differential expression genes
(DEGs). Notably, a large number of gene cohorts (2,252) were
significantly affected by £93 knockdown at 36 h FPBM, while only
a small number at 24 h (617). DEGs detected at both time points
are shown in SI Appendix, Table S1 and Fig. S8. Most genes were
affected by silencing of £93 at 36 h FPBM. We find 309 genes
commonly regulated at both time points (Fig. 64), of which 146
were up-regulated and 84 were down-regulated in both samples.
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The remaining 79 genes displayed the opposite pattern of expres-
sion after £93 silencing. Additionally, 308 genes (116 up-regulated
and 192 down-regulated) were uniquely regulated at 24 h FPBM
and 1,943 genes were uniquely regulated at 36 h FPBM (1,140 up-
regulated and 803 down-regulated) (Fig. 64). This indicates that
E93 plays an important role during adult female reproduction, es-
pecially at the end of the vitellogenesis.

To examine the functional classification of the DEGs at these two
time points, the up- and down-regulated genes were subjected to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. The
functional distribution of DEGs at 24 h and 36 h FPBM exhibited
similar tendencies (Fig. 6B). However, the gene number in most
cohorts exhibited a remarkable increase at 36 h FPBM in com-
parison with 24 h FPBM. These included genes related to carbohy-
drate metabolism (CM), lipid metabolism (LM), nucleotide
metabolism (NM), and amino acid metabolism (AM). The functional
groups that showed significant overrepresentation in iE93-down-
regulated clusters at 24 h FPBM and iE93-up-regulated clusters at
36 h FPBM were environmental information processing (EIP), glycan
biosynthesis and metabolism (GBM), and cellular processes (CPs)
(Fig. 7B). This indicates that £93 knockdown changed the basal
metabolism and energy homeostasis in adult female mosquitoes.
Importantly, the gene cohorts that include translation (Tlat) were
significantly enriched in iE93-up-regulated gene sets, particularly at
36 h FPBM (Fig. 7B). We then performed the hierarchical clustering
analysis of the differentially expressional transcripts involved in
translation between 24 h and 36 h FPBM (Fig. 6C). Obviously, the
expressional pattern of these genes could be divided into three
groups. Group 1 included two genes referring to RNA transport.
Transcripts in group 2 were involved in ribosome biogenesis. Except
for a small number of genes associated with RNA transport and ri-
bosome biogenesis, the majority of genes involved in aminoacyl-
tRNA biosynthesis were in group 3. This analysis has confirmed
the extensive E93-mediated shutdown of translation during vitello-
genesis, especially at 36 h FPBM.

Consistent with the qPCR results shown in Fig. 54, the ex-
pression level of Vg and Vg-like genes in the iE93 transcriptome
was down-regulated at 24 h and up-regulated at 36 h FPBM
(Fig. 6D). Notably, expression of these genes in iGFP tran-
scriptomic data exhibited higher expression at 24 h than that at 36
h, which was consistent with the observation reported previously
(27). In fact, in addition to Vg, the female mosquito FB produces
several other genes involved in vitellogenesis. For example, vitel-
logenic carboxypeptidase (VCP) is activated during embryogene-
sis, and cathepsin B-like protease (VCB) is involved in embryonic
degradation of vitellin (29, 30). £93 knockdown negatively af-
fected these genes at 24 h FPBM, suggesting an activating role of
this factor at the beginning of vitellogenesis. However, transcripts
of these genes were significantly increased at 36 h FPBM in iE93
mosquitoes, indicating that E93 acts as a repressor at the terminal
phase of vitellogenesis (Fig. 6D). A timely shutdown of the ex-
pression of vitellogenesis-related genes is essential for mosquitoes
to enter into the second reproductive cycle. These data further
demonstrate the role of E93 in gonadotrophic cyclicity.

E93 Regulates Autophagy in Female Aedes Mosquitoes. Autophagy is
involved in tissue remodeling and has been linked with the regu-
lation of reproductive cyclicity in A. aegypti female mosquitoes (14).
We investigated whether E93 is involved in controlling autophagy
activity. As expected, several autophagy-related genes (ATGs), in-
cluding ATGS, ATG4B, and ATG?2, were among DEGs and showed
a significant reduction after £93 knockdown. It is worth mentioning
that ATG8 was an important autophagy marker gene. A further
transcriptome data mining (FC < 0.67) revealed that ATG18A4 also
showed a reduction in mRNA expression after £93 knockdown at
24 h FPBM, except for ATGS, ATG4B, and ATG?2 (SI Appendix, Fig.
S94). However, a considerably larger number of ATGs showed re-
duced expression levels at 36 h FPBM in E93-depleted mosquitoes
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Fig. 6. Comparison of FB transcriptomes after £93 dsRNA injection between 24 h FPBM and 36 h FPBM. (A) The Venn diagram analysis of commonly and
uniquely E93-regulated genes at 24 h and 36 h FPBM. (B) Distribution of gene functional groups within up- and down-regulated £93 RNAi-depleted tran-
scriptome at 24 h and 36 h FPBM. Functional group abbreviations: MOAA, metabolism of other amino acids; MCV, metabolism of cofactors and vitamins;
GBM, glycan biosynthesis and metabolism; EIP, environmental information processing; CP, cellular process; XBM, xenobiotics biodegradation and metabolism;
Tlat, translation; F/S/D, folding, sorting, and degradation; NM, nucleotide metabolism; AAM, amino acid metabolism; LM, lipid metabolism; and CM, car-
bohydrate metabolism. Hierarchical clustering analysis of differentially expressed genes involved in translation (C) and vitellogenesis (D) at 24 h and 36 h
FPBM between iE93 and iGFP control. Part of the genes associated with ribosome biogenesis and aminoacyl-tRNA biosynthesis are shown in C.

(Fig. 74). Furthermore, the mRNA levels of ATGS and ATG4B
were reduced at both time points, indicating a positive effect of
E93 on the regulation of autophagy genes and thus the autophagy
process during vitellogenesis. The larger amount of ATGs at 36 h
FPBM than at 24 h FPBM suggests that the regulation of auto-
phagy by E93 occurs mainly at 36 h FPBM.

Subsequently, several ATGs have been analyzed using qPCR
after £93 knockdown. In line with the transcriptome data, £93
RNAI led to an obvious reduction in transcript abundance of
ATGS8, ATG2, and ATG18A at 24 h FPBM (SI Appendix, Fig. S9B)
and ATG8, ATG7A, and ATG7B at 36 h FPBM (Fig. 7B). We next
determined the ATGS8 protein level of iE93 and iGFP female
mosquitoes using Western blotting. As shown in SI Appendix, Fig.
S9C, the band of lipidated ATGS-PE (ATGS8-phosphatidyletha-
nolamine) was remarkably lower in iE93 mosquitoes than iGFP
controls, indicating that the delivery of ATGS to the autophago-
some double membrane was blocked (31). Immunofluorescence
analysis was conducted to monitor the intracellular distribution of
the ATGS protein in FBs at 36 h FPBM. At that time, there is a
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high level of lysosomal activity in FB cells (14). iE93 mosquitoes
exhibited less fluorescent signal than control mosquitoes (iGFP),
again indicating the E93-activating role in regulating autophagy
(Fig. 7C). Next, we examined the role of E93 effect on the ATG8
promoter using the dual luciferase reporter assay. Luciferase ac-
tivity was significantly increased after overexpressing the E93-V5
fusion protein and the ATGS luciferase reporter plasmid in S2
cells compared with control groups (Fig. 7D) (SI Appendix, Sup-
plemental Results). These findings highlight a critical role for E93
as an ATGS8-positive regulator that interacts with the ATG8 pro-
moter region. Taken together, the present findings suggest that
autophagy in E93-depleted mosquitoes is impaired and the dis-
ruption of developmental transitions in iE93 mosquitoes during
the gonadotrophic cycle might be caused, at least partially, by the
incompetent autophagy at the terminal phase of vitellogenesis.

Discussion

A unique aspect of female mosquitoes is the cyclicity of their egg
development. Importantly, each cycle is closely coupled with a
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Fig. 7. Autophagy of mosquitoes is affected by E93. (A) Hierarchical clus-
tering analysis of autophagy-related genes at 36 h FPBM. (B) gPCR analysis of
the mRNA levels of autophagy-related genes in £93 RNAi mosquitoes. (C) Im-
munofluorescence assays showing the ATG8 distribution in FBs of iE93 mosqui-
toes compared with iGFP control. Anti-ATG8 antibodies were used to detect the
ATGS protein (red). Alexa Fluor 594 was used as the secondary antibody. Nuclei
stained with Hoechst 488 was blue. (D) The dual luciferase reporter assay
showing the effect of E93 on the ATGS8 gene. Cells transfected with the empty
vector pAc5.1b or no transfection served as the control. The Renilla luciferase
vector pGL4.73 was used as an expression control in the luciferase assays. The
Western blot showed the protein levels of E93-V5 fusion proteins after trans-
fection in S2 cells for 48 h using anti-V5 monoclonal antibody. GAPDH antibody
was used as a loading control. Data are shown as mean + SEM **P < 0.01.

separate blood meal and successive gonadotrophic cycles aid the
transmission of mosquito-borne pathogens. Thus, deciphering
the molecular mechanism governing mosquito reproductive cy-
clicity is vital for the development of innovative strategies for
vector control. Our work described here has revealed that E93
has a remarkable impact on the reproduction of adult female A.
aegypti mosquitoes by playing a critical role in the regulation of
reproductive cyclicity.

Previously, E93 has been defined as the adult specifier de-
termining metamorphic shifts from a pupa or a last instar nymph
to an adult in both holo- and hemimetabolous insect species (16).
During successive gonadotrophic cycles of an adult female
mosquito, £93 gene expression is sequentially suppressed by JH
and induced by 20E. Similar responses to JH and 20E on the £E93
gene have been reported during metamorphic transitions in D.
melanogaster and B. mori (17, 20, 28). We show that the re-
pression of E93 expression during the PE phase of mosquito
reproduction is indirect and mediated by a synergistic action of
Kr-h1 and Hairy. This mode of JH-mediated gene repression has
been characterized for other mosquito genes (8). The timely
activating of £93 by 20E after a blood meal is required for in-
ducing expression of g and other YPP genes essential for egg
maturation. £93 RNAi-depleted mosquitoes displayed a retar-
dation of ovary development in both the first and second re-
productive cycles, once again indicating the importance of E93 in
female mosquito reproduction. Similarly, studies in the brown
planthopper N. lugens and red flour beetle T. castaneum showed
that £93 knockdown delayed ovary development and reduced
the number of egg depositions (32, 33). Thus, the E93 role in
regulating reproduction is likely widespread among insects.

Our transcriptome-based analysis of the adult female mosquito
FB has implicated E93 in mediating many gene cohorts, particularly
those genes encoding translation, YPP, and metabolism. Of impor-
tance, this analysis has shown the massive E93-dependent shutdown
of these genes’ expression at reproductive cycle termination. In-
triguingly, we observed a switch in E93 activity on YPP and HR3
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from being a transcriptional activator at the peak of vitellogenesis
(24 h PBM) to a transcriptional repressor at the time of termination
(36 h PBM). At that time period, the 20E titer is dropping from its
24-h peak to a low level at 36 h and JH titer begins to increase (25,
26). We hypothesize that this switch of the E93 action might be the
cross-talk of the JH and 20E and involved in the recruitment of
functionally different cofactors. E93 acts as an activator at 24 h
PBM, when 20E exhibits its peak titer. However, the E93 role
switches to transcriptional repression when the 20E titer is dramat-
ically reduced and JH begins to increase at 36 h PBM, initiating the
termination event. Indeed, these two opposing transcriptional out-
puts controlled by E93 have been indicated in D. melanogaster
during wing development. E93 regulated its target gene expression
by controlling chromatin accessibility, which was involved in chro-
matin opening and closing. Importantly, the regulation of chromatin
accessibility in developmental timing was hormone dependent (34,
35). In addition, the multiple functional domains in E93 protein
might contribute to either the activation or repression dependent on
the developmental context. LCoR, the homolog of E93 in mam-
mals, has been reported to function differentially through binding
with various transcriptional regulator proteins (36). In A. aegypti, the
elucidation of the molecular mechanism underlying this E93 func-
tional switch over time awaits a future investigation.

Autophagy is a classic degradation pathway, which is mediated by
lysosomes. It is involved in a variety of cellular processes, including
immunity, tissue remodeling, metabolism, and reproduction (14,
37-39). In A. aegypti, FB remodeling caused by a programmed
autophagy during oogenesis is important for a timely termination of
vitellogenesis and maintenance of an unobstructed reproductive
cycle. After a blood meal, activation of TOR signaling pathway, Vg
production, and autophagy are successive events. At the early phase
of vitellogenesis, amino acids and insulin-mediated TOR pathway
activation are required for up-regulating Vg expression and inhib-
iting autophagy (11). However, during the terminal phase of vitel-
logenesis, programmed autophagy inhibits TOR signaling and Vg
production. Autophagy-deficient mosquitoes show the continuously
active TOR signaling and extended vitellogenesis (14). In D. mel-
anogaster, autophagy protein ATG1 has also been shown to be a
negative regulator of TOR (40-42). In addition, impairment of
autophagy was unable to activate the expression of competence
factor betaFTZ-FI and hindered the second cycle of egg develop-
ment (14). In the current study, we found that several ATGs were
induced by E93 during the termination of vitellogenesis. Autophagic
flux in the FB of £93 RNAi-silenced mosquitoes dramatically di-
minished at the late phase of vitellogenesis. Moreover, we have
demonstrated an increased luciferase activity when cotransfected
E93 plasmids with ATGS promoter in S2 cells. Similarly, E93 has
been confirmed to trigger autophagy by binding to the promoter
region of ATGI during the B. mori pupal-adult transition (20).

In summary, our study has identified the critical role of E93—
previously implicated in metamorphic transitions—in controlling
reproductive switches in the adult female A. aegypti mosquitoes. It
has shed further light on the regulatory complexity of gonadotrophic
cyclicity in this important vector of human disease. It has also ex-
panded our understanding of the role of E93 in insect reproduction.

Materials and Methods

A detailed description of the materials and methods is given in S/ Appendix,
Materials and Methods. In brief, the culture of A. aegypti mosquitoes, qPCR,
Western blot, EMSA, and dual luciferase report assay were performed according
to the protocols described previously (43). ChIP assays were performed using
Magna ChIP G Tissue Kit (Sigma-Aldrich) following the manufacturer’s instruc-
tions. FBs, stained with ATG8 antibody, were visualized under a Zeiss LSM 710
confocal microscope to collect the immunofluorescence data. Total mRNA
extracted from FBs were sequenced using the lllumina platform. Primers used in
this study are shown in S/ Appendix, Table S2.

Data Availability. All study data are included in the main text and supporting
information.
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