L T

/

1\

=y

Check for
updates

Serotonin signaling regulates insulin-like peptides for
growth, reproduction, and metabolism in the
disease vector Aedes aegypti
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Disease-transmitting female mosquitoes require a vertebrate
blood meal to produce their eggs. An obligatory hematophagous
lifestyle, rapid reproduction, and existence of a large number of
transmittable diseases make mosquitoes the world’s deadliest an-
imals. Attaining optimal body size and nutritional status is critical
for mosquitoes to become reproductively competent and effective
disease vectors. We report that blood feeding boosts serotonin
concentration and elevates the serotonin receptor Aa5HT2B
(Aedes aegypti 5-hydroxytryptamine receptor, type 2B) transcript
level in the fat-body, an insect analog of the vertebrate liver and
adipose tissue. Aa5HT2B gene disruption using the CRISPR-
Cas9 gene-editing approach led to a decreased body size, post-
poned development, shortened lifespan, retarded ovarian growth,
and dramatically diminished lipid accumulation. Expression of the
insulin-like peptide (ILP) genes ilp2 and ilp6 was down-regulated
while that of ilp5 and ilp4 was up-regulated in response to
Aa5HT2B disruption. CRISPR-Cas9 disruption of ilp2 or ilp6 resulted
in adverse phenotypes similar to those of Aa5HT2B disruption,
while ilp5 CRISPR-Cas9 disruption had exactly the opposite effect
on growth and metabolism, with significantly increased body size
and elevated lipid stores. Simultaneous CRISPR-Cas9 disruption of
Aa5HT2B and ilp5 rescued these phenotypic manifestations.
Aa5HT2B RNAi silencing rendered ilp6 insensitive to serotonin
treatment in the cultured fat-body, suggesting a regulatory link
between Aa5HT2B and ILP6. Moreover, CRISPR-Cas9 ilp6 disrup-
tion affects expression of ilp-2, -5, and -4, pointing out on a pos-
sible role of ILP6 as a mediator of the Aa5HT2B action.

CRISPR-Cas9 | serotonin receptor | insulin | body size | metabolism

M osquitoes are the most dangerous animals on earth, caus-
ing hundreds of thousands of deaths and millions of ill-
nesses annually. In addition to the energy derived from larval
and sugar diets, hematophagous female mosquitoes require an
extraordinarily high amount of energy from vertebrate blood to
initiate rapid egg maturation (1). Achieving optimal body size
and nutritional status is crucial for mosquitoes to become re-
productively competent and effective disease vectors. Therefore,
understanding regulatory mechanisms underlying both de-
termination of body size and metabolism is important for the
development of novel approaches to control mosquito pop-
ulations, and thus mosquito-borne diseases.

Despite precise control of adult body size being essential for
reproductive capacity, fitness, and survival, the associated
mechanisms remain a great puzzle (2, 3). In holometabolous
insects, adult body size is fully determined by the end of larval
growth (2), and mass is accumulated quickly during juvenile
growth to provide the energy reserves required by adults (4).
Drosophila’s eight insulin-like peptides (DILPs) are used to
control body size by coordinating growth and maturation with
nutrition and other physiological mechanisms (2). For example,
insulin-like peptide 8 (DILPS) is produced by imaginal discs in
response to tissue damage and growth perturbation; DILPS de-
lays pupation by inhibiting ecdysone biosynthesis, ensuring that
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individuals have completed adequate growth to enter the next de-
velopmental stage (5, 6). Although other DILPs promote growth,
their specific expression patterns suggest that they might carry out
distinct physiological functions (2). In Drosophila larvae, dilpsi, -2,
-3, and -5 are expressed predominantly in neurosecretory cells
(IPCs, insulin producing cells) of the brain; ablation of larval IPCs
reduces body size with delayed metamorphosis (7). These DILPs
regulate growth by means of the canonical insulin/insulin-like
growth factor (IGF) pathway. Single gene mutations in insulin/
IGF components have been shown to cause a reduction in growth
(8-10). Characterization of how these processes differ among dif-
ferent species is of interest in the study of body-size control in
biology and evolution.

Metabolic homeostasis in the organism is maintained by both
the central nervous system and hormones (11, 12). Serotonin (5-
hydroxytryptamine, 5-HT) is a biogenic amine derived from
tryptophan and functions as a neurotransmitter in the brain or as
a hormone in the periphery (13). For example, female-specific
maxillary palp serotonin is involved in mosquito blood feeding
(14), and Malpighian tubule serotonin affects the respiration of
female mosquitoes (15). Serotonin has been implicated in reg-
ulation of various physiological and behavioral processes by
interacting with multiple receptor subtypes (16). In vertebrates,
serotonin receptors have been classified into seven main re-
ceptor subtypes (termed SHT1 to -7) (17). In insects, these
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receptors are also wildly distributed and are classified based on
sequence similarities to those in vertebrates (16). Thus, charac-
terization of the role of serotonin receptors may deepen our
understanding of mosquito metabolism and growth.

The insect fat-body, an analog of vertebrate liver and adipose
tissue, is a target for hormones and has a changing metabolic role
in accordance with insect development (18). It is the principal
tissue for intermediary metabolism, immunity, and production of
yolk protein precursors during reproduction (19). However, the
mechanisms of serotonin action specific to the fat-body are
poorly understood.

In this study, we used the CRISPR-Cas9 gene-editing ap-
proach to investigate mechanisms determining body size and
metabolism in Aedes aegypti mosquitoes. We demonstrated that
the fat-body-specific serotonin receptor AaSHT2B (Aedes
aegypti 5-hydroxytryptamine receptor, type 2B) plays a key role in
these processes, and its action is mediated by ILP6, which in turn
regulates expression of ilp2, -5, and -4. Use of this CRISPR-

Cas9 approach has uncovered differential roles of ILPs in body
size determination and metabolism in A. aegypti.

Results

Blood Feeding Boosts Serotonin in Mosquito Periphery and Increases
Serotonin Receptor Aa5HT2B Level in the Fat-Body. Female mos-
quitoes are not capable of developing eggs until they change
their diet from carbohydrate-rich nectar to vertebrate blood,
which contains nearly 80% protein (20). To examine whether
serotonin levels are affected by the diet switch, we investigated
the distribution of serotonin in the head and peripheral tissues
in both sugar-fed and blood-fed females. After a blood meal,
the serotonin level increased in peripheral tissues but was
not significantly changed in the head (Fig. 14). Phylogenetic
analysis utilizing ORF amino acid sequences of Drosophila
melanogaster and A. aegypti serotonin receptors was performed
using the maximum-likelihood method (21). This analysis
and sequence alignment distinguished five serotonin receptor
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Characterization of serotonin and serotonin receptors in the mosquito A. aegypti. (A) Blood feeding elevates the amount of serotonin in the pe-

riphery but not the head of female mosquitoes. (B) Phylogenetic tree, branch lengths and bootstrap values of serotonin receptors of D. melanogaster and A.
aegypti. The numbers above the branches represent the bootstrap values for each branch (2,000 replications, significantly support for the related sequences
common to a node). Branch lengths are scaled (shown by the numbers below the branches) and indicate the number of substitutions per site. (Scale bar
indicates 0.2 units of branch length.) (C) The relative expression (RE) of serotonin receptor Aa5HT2B is greater in blood-fed (BF, 24-h PBM) than in sugar-fed

(SF) mosquitoes. Whole bodies were used for tests. (D) Relative expression of

Aa5HT2A and Aa5HT2B in the head (HD), fat-body (FB), ovaries (OV), gut and

Malpighian tubules (MT) in WT female mosquitoes at 24-h PBM. Data represent three biological replicates (10 individuals in each replication for quantitative
real-time PCR; 30 individuals in each replication for 5-HT determination) with three technical replicates and are shown as mean + SEM. ***P < 0.001.
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subtypes in A. aegypti mosquitoes—including types 1A, 1B, 2A, To evaluate the impact of 4a5HT2B CRISPR-Cas9 disrup-
2B, and 7—based on the amino acid identity of their seven- tions, Aa5SHT2B mutants (A4a5SHT2B-T1 and -72) and WT
transmembrane domains with those of D. melanogaster five  control mosquitoes were raised and maintained under identi-
serotonin receptor subtypes (Fig. 1B and SI Appendix, Fig. S1).  cal conditions at every stage of their development. For the
We then determined the expression of serotonin receptors in ~ T1 mutated site, 40% of injected embryos survived, reaching
sugar-fed and blood-fed females using quantitative real-time larval stage and further developing into adults with a normal sex
PCR analysis. The results show that the serotonin receptor ratio (females to males, 210:195). Wing length is the most
AaSHT2B transcript was significantly enriched in the fat-body = common and readily available measure of body size (22) and,
after a blood meal compared with sugar-fed mosquitoes (Fig. 1  using this estimate, we found adult size was smaller in 80% of the
C and D). In contrast, other serotonin receptors were not af- mutants (Fig. 2B and SI Appendix, Fig. S2B). AAa5HT2B-T1
fected (Fig. 1C), and a closely related receptor type 2A was mutants also exhibited a smaller larval and pupal size (Fig. 2C
significantly enriched in the head (Fig. 1D). These results and SI Appendix, Fig. S2C). We dissected the A4a5HT2B-T1
suggest that the serotonin receptor AaSHT2B may play an  adult females at 24-h postblood meal (PBM) to evaluate the
important role in altering metabolism in the fat-body to cope  ovarian development and found that all of those with a reduced
with the diet transition. body size displayed less ovarian development (SI Appendix, Fig.

S2D). To evaluate the effect of AaSHT2B in regulating metab-
CRISPR-Cas9 Gene-Editing Disruption of the Receptor Aa5HT2B Gene  olism, we stained the lipid droplets in fat-bodies of CRISPR-
Causes Severe Reduction in Body Size, Lipid Deposition, and Ovary  Cas9 mutants with Nile red and found them to be considerably
Development. To further investigate the role of AaSHT2B in  smaller at 24 h in PBM adults and fifth-day larvae (wandering
mosquitoes, we generated a genomic disruption of the 4a5HT2B  last-instar larval stage) than those in the WT controls (Fig. 2D).
gene using the CRISPR-Cas9 system. Two specific single-guide  In addition, we measured triacylglycerides (TAG) and glycogen
RNAs (sgRNAs) were designed, aimed at two sites (T1 and T2)  levels in A4a5HT2B-T1 mutants and WT controls, and found
between the cytoplasmic ends of the fifth and the sixth trans-  that while lipid stores were dramatically lower in Ada5SHT2B
membrane domains in the last exon of Aa5SHT2B, where the  mutants, glycogen exhibited the opposite trend, being signifi-
receptor C terminus is located to transmit serotonin signals.  cantly higher than in WT controls (Fig. 2E). The A4a5HT2B-T2
These sgRNAs were injected into embryos separately, each  mutant showed a similar phenotype (SI Appendix, Figs. S2 D-G
mixed with Cas9 protein to generate two independent CRISPR-  and S3). Taken together, the 4a5HT2B mutants generated using
Cas9 Aa5SHT2B lines. We identified successful genomic disrup-  the CRISPR-Cas9 gene-editing approach highlight a critical role
tions by means of Sanger sequencing in both mosquito lines (Fig.  of this serotonin receptor, AaSHT2B, in determination of body

24 and SI Appendix, Fig. S24). size, metabolism, and ovary development.
A B C
Aa5HT2B T
| £ £
B s 5
c = £=8
h [T 3 ¢ E
reeesnsenneenee ) - E - E 4
5-AGCGACGCAGTTCAACGTCCGCGTGGATC-3’ o= 2 z=,
AGCGACGCA ------------ GCGTGGATC -11bp = | =
AGCGACGCAGTTCAACG- - - - - - GTGGATC -5bp 0 0
AGCGACGCAGTTCA---==mmmmcmmmn, ATC -12bp
D
— — E 8- E
= = g/
m ) ¢ & > > 3
a N g4l £ 4.2 TAG g Glycogen £ 1.2 TAG c
= "0 dedew g " £ 8 o =
3 2 2 3] - Og o )
© L. © =] o
WT | 0 . = ) - -— - -—
E WT T1 £ S 4 £ £
= = £ 4 g0 | g2
] = = = 5 =
~ 31 = 0.0 = 0 - i
e 8, e WT ™ & & WT T &
-l 7] dedede
2 g — —
ol
WT T1 WT T 24h PBM 5d Larva

Fig. 2. Genomic disruption of Aa5HT2B by CRISPR-Cas9 resulted in a reduced body size and diminished lipid storage. (4) Sequence alignment of a sgRNA-
targeted (named T1) genomic region. Exons are shown in black boxes. The sequence of the sgRNA target site (labeled in red) is in the last exon, where the
receptor C terminus is located to transmit serotonin signals. The protospacer adjacent motif (PAM) sequence is in blue. (B) Comparison of wing length of WT
control and AAa5HT2B-T1 mutant adults. (Scale bar, 1 mm.) (C) AAa5HT2B-T1 larvae also exhibit reduced body length. (Scale bar, 1 mm.) Shown are the last-
instar larvae on the fifth day after egg hatching (wandering fourth-instar larval stage). All surviving individuals were used for measurements. (D) Lipid
droplets in the fat-bodies dissected from WT and T7 mutant adults and larvae (with reduced body size) at 24-h PBM and the fifth day after egg hatching were
detected by Nile red staining and visualized under a Leica SP5 confocal microscope. (Scale bars, 25 um.) Blue, nuclear staining with DAPI. The lipid droplet sizes
(LDs) are significantly lower in T7 mutant females than in WT. (E) TAG levels are significantly less and the glycogen levels significantly higher in 77 mutant
females than in WT. Data represent three biological replicates (six individuals in each replication for LDs, TAG, and glycogen measurement) with three
technical replicates and are shown as mean + SEM. ***P < 0.001.
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Aa5HT2B Modulates ilp2, -4, -5, and -6 Gene Expression. A primary
focus of fat-body-regulated growth is the insulin signaling path-
way, which coordinates nutrition and systemic growth (4). To
identify a potential link between the insulin signaling pathway
and the smaller body size created by Aa5HT2B CRISPR-
Cas9 disruption, we determined mRNA levels of ILPs and the
insulin/IGF pathway components using quantitative real-time
PCR analysis. ilp2 and ilp6 were shown to be transcription-
ally down-regulated, while ilp4 and ilp5 were up-regulated in
AAa5SHT?2B female mosquitoes compared with WT controls (Fig.
3). In contrast, other ilp genes and insulin/IGF pathway com-
ponents were not affected (Fig. 3). The T2 Aa5SHT2B-sgRNA
showed a similar change (Fig. 3).

We also performed fat-body-specific GAL4 transcription
factor-upstream activation sequence (GALA-UAS) RNA in-
terference (RNAIi) to knock down AaSHT2B in adult female
mosquitoes. A UAS responder vector was constructed by in-
corporating two dsAaSHT2B sequences in reverse orientation
separated by a short intron (Fig. 44). The fat-body-specific
Vitellogenin (Vg) promoter-GAL4 driver line was generated
previously (23). Importantly, the effects of AaSHT2B RNAi on
transcript levels of ilp2, -6, -4, and -5 in the generated binary
transgenic line Vg-Gal4/UAS-iAaSHT2B were similar to those in
AAa5SHT2B adults (Fig. 4B). The expression of yolk protein
precursor genes Vg or Lp (Lipophorin) was not affected in this
line (Fig. 4 B and C). Results also showed defects in ovarian
development and changes of energy stores (Fig. 4 D and E).
Body-size analysis was unavailable because this RNAi was acti-
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Fig. 3. ilp2, -6, -4, and -5 are affected by the Aa5HT2B CRISPR-
Cas9 depletion. (A) Expression levels of ilp2 and ilp6 transcripts are signifi-
cantly lower, but those of ilp4 and ilp5 are significantly higher in AAa5HT2B
mutant adults (T7 and T2 females at 24-h PBM with reduced body size) than
WT controls. The expression levels of ilp1, -3, -7, and -8 and insulin/IGF
pathway components are not affected by the depletion of Aa5HT2B. (B) The
AAa5HT2B mutant larvae (T7 and T2 larvae on the fifth day after egg
hatching with reduced body size) display the same trend of regulation as
adults in transcription. ilp8 is undetectable in late larvae of WT or mutant
females. llp1, -3, -4, -7, and 8 (head-specific expression) were determined in
the head; ilp6 was determined in the fat-body; other genes were determined
in the whole body. Data represent three biological replicates (10 individuals
in each replication) with three technical replicates and are shown as mean +
SEM. **P < 0.01; ***P < 0.001.
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vated in adults by the female and fat-body-specific Vg gene
promoter. This assay has provided additional proof of the crucial
role of AaSHT?2B in regulating metabolism in the fat-body, an
essential energy source for rapid egg development. Taken to-
gether, these results suggest that AaSHT2B is essential for co-
ordinating mosquito body size with nutritional reserves, likely by
modulating levels of some ILPs.

The Roles of ILPs in Regulation of Body Size. We then investi-
gated functions of ILPs affected by AaSHT2B. The CRISPR-
Cas9 gene-editing system was used to disrupt ilp2, -4, -5, and -6.
First, we designed the sgRNAs for each of these ilps and in-
troduced them individually into embryos (» = 600) together with
the Cas9 protein. Approximately 22% of embryos injected with
ilp2-sgRNA, 20% of those with ilp6-sgRNA, 36% of those
with ilp5-sgRNA, and 42% of those with ilp4-sgRNA survived,
reaching larval stage and adulthood. Insect wings are adult ap-
pendages originating from corresponding imaginal disks that
develop mostly after the larva has stopped feeding and the body
has stopped growing (22). To evaluate the impact of ilp disrup-
tion on body size, ilp CRISPR-Cas9 mutants (4ilp2, Ailp6, Ailp5,
Ailp4) and WT control animals were raised and maintained un-
der identical conditions at all stages of their development. Body
sizes of the last-instar larvae, pupae, and adults were then eval-
uated. Ailp2 (44%, 57 of 129) and Ailp6 (38%, 45 of 118) mos-
quitoes exhibited smaller body sizes, while Ailp5 (60%, 129 of
216) mosquitoes exhibited a larger body size than WT controls
(Fig. 54 and SI Appendix, Fig. S4). However, Ailp4 showed nearly
normal body size: that is, similar to WT (Fig. 54 and SI Ap-
pendix, Fig. S4). To ascertain whether wing size is attuned with
body size, we measured the wing length of CRISPR-Cas9
mutants and WT female mosquitoes. We found that the wing
length corresponded to changes in their body size. Compared
with WT control, wing length was shorter in A4AaSHT2B (27%),
Ailp2 (23%), and Ailp6 (28%), longer in Ailp5 (21%), but the
same as WT in Adilp4 (Fig. 5B). Our DNA sequencing resulted
in the successful genomic mutations of the target genes (S/
Appendix, Fig. S54).

In addition, we measured cell sizes in the wings of mutants and
WT controls to understand their relationship to body size and
nutrition. In insects, a cell size can be determined by counting
the number of wing hairs in a defined area (45 x 45-pm squares,
n = 20), then calculating the mean cell area (24). We found that
the mean cell area was less in AAaSHT2B, Ailp2, and Ailp6 (47%,
30%, and 44%, respectively), greater in Ailp5 (47%), but the
same in Ailp4 compared with WT control wings (Fig. 5C). These
results indicate a strong correlation between cell and body sizes.

Differential Effect of ILPs on Mosquito Metabolism. We performed
lipid-droplet Nile red staining of CRISPR-Cas9 mutant and WT
females and examined them in 24-h PBM adults and fifth-day
last-instar larvae (wandering fourth-instar larval stage). In ad-
dition, we measured TAG and glycogen levels. Compared with
WT controls, lipid stores in the fat-bodies were dramatically
higher in Ailp5 and Ailp4 mutants, but lower in Ailp2 and Ailp6
mutants (Fig. 6). Glycogen exhibited the opposite trend, being
depleted in the fat-body of Ailp5 and Ailp4 mutants and highly
elevated in that of Ailp2 and Ailp6 mutants relative to WT con-
trols (Fig. 6). Hence, experiments with CRISPR-Cas9 ilp dis-
ruptions have clearly demonstrated differential actions of ILPs,
with ILP2 and -6 exhibiting a trend opposite that of ILP5 and
-4 in regulation of body size and metabolism. We also evaluated
the ovarian development in mutant females at 24-h PBM and
found that most of those with abnormal body size displayed al-
tered ovarian development. Ailp2, Ailp5, and Ailp4 mutant fe-
males showed partially developed ovaries and reduced egg
deposition, while Ailp6 mutants had more severe inhibition of
follicle formation and egg deposition (SI Appendix, Fig. S5B).
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Fig. 4. Fat-body-specific RNAi to knockdown Aa5HT2B in female mosquito adults. (A) Schematic diagrams of the pBac[3xP3-DsRed, UAS-iAa5HT2B] and pBac
[3xP3-EGFP, Vg-Gal4] transgenic vectors. (B) The relative expression of Aa5HT2B, ilps, insulin/IGF pathway components, Lp (Lipophorin) and Vg (Vitellogenin)
in Vg-Gal4/UAS-iAa5HT2B (iAa5HT2B) and controls. iAa5HT2B displays the same trend of regulation as AAa5HT2B mutants in these transcripts. ilp1, -3, -4, -7,
and -8 (head-specific expression) were determined in the head; Aa5HT2B and ilp6 were determined in the isolated fat-body; other genes were determined in
the whole body. (C) Western blot showing the normal levels of endogenous yolk protein precursors LP and VG in a transgenic line where the Vg promoter was
used to drive transgene expression. WT, UAS-responder, and GAL4-driven animals were used as control. (D) Comparison of ovaries and follicle sizes in
iAa5HT2B and WT control. (Scale bar, 1 mm.) The dashed circles show the follicle shape. (E) TAG and glycogen levels in Vg-Gal4/UAS-iAa5HT2B and controls.
iAa5HT2B displays the same trend of regulation as AAa5HT2B mutants in metabolism. Data represent three biological replicates (10 individuals in each
replication for gPCR and Western blot assay; six individuals in each replication for TAG and glycogen measurement; six biological replicates with 10 individuals
in each replication for follicle size measurement) with three technical replicates and are shown as mean + SEM. **P < 0.01; ***P < 0.001.

Maturation Time Correlates with Lipid Reserves and Body Size in  to a nonfeeding pupal stage, culminating in adult eclosion (22).
Response to Aa5HT2B or ilp CRISPR-Cas9 Disruptions. Mosquitoes  To identify a link between nutrition reserves, body size, and the
can carry over energy reserves from a feeding larval instar stage  timing of maturation, we investigated the percentage of pupation
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and eclosion of CRISPR-Cas9 mutants and WT controls. We
observed a precocious pupation of mosquitoes with bigger body
size and larger lipid stores in Ailp5 mutants (71% at sixth day and
92% at seventh day), whereas a considerably late pupation oc-
curred in A4aSHT2B (no pupae at sixth day, 6% at seventh day,
and 71% at eighth day), Ailp2 (no pupae at sixth day, 6% at
seventh day, and 73% at eighth day), and 4ilp6 (no pupae at sixth
day, 8% at seventh day, and 72% at eighth day) mosquitoes with
smaller body size and depleted lipids. There were slight changes
in the pupation rates of Ailp4 (27% at sixth day and 84% at

seventh day) compared with WT controls (11% at sixth day and
73% at seventh day) (Fig. 74 and SI Appendix, Fig. S6).

We determined the percentage of eclosed adults of
AAaSHT2B and ilp (Ailp2, Ailp6, Ailp5, Ailp4) mutants. The
mutants with diminished lipid reserves and small body sizes
(AAa5HT2B, Ailp2, and Ailp6) exhibited significantly delayed
eclosion and shorter lifespan, with no adults at the 8th day, only
5% (AAa5HT2B), 8% (Ailp2), and 10% (Ailp6) of adults at the
9th day from egg hatching, and the majority eclosed on the 11th
day (Fig. 7 B and C and SI Appendix, Fig. S6). In contrast, 70% of
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Fig. 7. Maturation time in WT control and mutant females. (A) The percentage of pupation. (B) The percentage of eclosion. (C) The percentage of live
females shows the longevity. AAa5HT2B (red line), Ailp2 (green line), and Ailp6 (blue line) exhibit a delayed pupation and eclosion with a shorter lifespan; but
Ailp5 (yellow line) and Ailp4 (purple line) exhibit a precocious pupation and eclosion with a longer lifespan than WT controls (black line). The log-rank test
rests for the pupation curves and eclosion curves (times-to-event) are P < 0.0001; thus, the curves are significantly different.
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Ailp5 mutants with large body size and elevated lipid deposits
eclosed at the eighth day and 94% at ninth day, compared with
10% (at eighth day) and 72% (at ninth day) of WT controls (Fig.
7B and SI Appendix, Fig. S6). Only 30% of Ailp4 mutants, which
had elevated lipid reserves and only slightly enlarged bodies,
emerged on the eighth day (82% Ailp4 at the ninth day) (Fig. 7B
and SI Appendix, Fig. S6). Ailp5 and Ailp4 mutant females
exhibited a longer lifespan, while Ailp2 and Ailp6 had a consid-
erably shorter one than WT control (Fig. 7C). Taken together,
these data demonstrate that maturation time and longevity de-
pend not only on lipid nutrition reserves but also body size.

ILP6 Is a Possible Intermediate Component of the 5-HT/Aa5HT2B
Regulatory Hierarchy to Control ilp2, -4, and -5 Gene Expression.
First, we dissected the fat-body from the abdominal wall; the
quantitative real-time PCR analysis has shown that ILP6 origi-
nates from this tissue (SI Appendix, Fig. S7). We tested whether
the fat-body-derived ILP6 mediates AaSHT2B action. We car-
ried out experiments combining RNAI silencing and an in vitro
fat-body culture. Fat-bodies isolated from 72-h posteclosion fe-
male mosquitoes with RNAi-depleted Luc, ILP6, or Aa5SHT2B
were incubated in the presence or absence of serotonin. Sero-
tonin increased transcript levels of ilp6 gene in Luc RNAIi
mosquito fat-bodies, whereas Aa5SHT2B RNAi depletion ren-
dered ILP6 insensitive to serotonin signaling (Fig. 84). ILP6
RNAI silencing or serotonin incubation had no effect on the
expression of the 4a5SHT2B gene (Fig. 8B). These experiments
suggest that AaSHT2B regulates ilp6 expression in the fat-body.
Next, we investigated the effect of CRISPR-Cas9 ilp6 depletion
on the expression of other ilps. The ilp2 gene was down-
regulated, while ilp4 and ilp5 were up-regulated in CRISPR-
Cas9 ilp6-depleted female mosquitoes compared with WT
controls (Fig. 8C). Taken together, these results have suggested
that ILP6 is likely a factor downstream of AaSHT2B that me-
diates control of ILP2, -4, and -5 derived from distinct tissues.

Phenotypic Rescue in CRISPR-Cas9 Aa5HT2Blilp5 Double-Knockout
Mosquitoes. To investigate whether the AaSHT2B-regulated ilp
genes are the authentic trigger of the defects in growth and
metabolism, we conducted phenotypic rescue experiments using
CRISPR-Cas9 to generate the AaSHT2B/ilp5 double-knockout
mosquitoes. First, we introduced the mixture of sgRNAs
(40 ng/uL AaSHT2B-sgRNA and 40 ng/pL ilp5-sgRNA) and
Cas9 protein (333 ng/uL) into embryos (n = 2000). Of these
embryos, 36% survived, reaching larval stage and adulthood,
named A(2B+ilp5). Our DNA sequencing has shown the suc-
cessful genomic mutations of both target genes (SI Appendix, Fig.
S84). To evaluate the impact of AaSHT2B-ilp5 CRISPR-
Cas9 disruption on body size and metabolism, the A(2B+ilp5)
mutants and WT control animals were raised and maintained
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under identical conditions at every stage of their development.
We estimated the adult body sizes by measuring wing length and
found that the A(2B+ilp5) mutants had only slightly longer wing
length than WT females (Fig. 94). We also observed recoveries
of pupation/eclosion rates (Fig. 9 B and C), larval/pupal size (S
Appendix, Fig. S8 B and C), and wing cell size (SI Appendix, Fig.
S8D). Next, we performed lipid droplet Nile red staining of the
A(2B+ilp5)/WT females and examined TAG/glycogen levels in
24-h PBM adults and fifth-day fourth-instar larvae. The A(2B+
ilp5) improved the nutrition status compared with WT control,
AAa5SHT2B and Ailp5 (Fig. 10). In addition, we dissected the
ovaries at 24-h PBM and found that Aa5SHT2B-ilp5 disruption
partially rescued the ovarian development with A4a5SHT2B (SI
Appendix, Fig. S2D) and Ailp5 mutants (SI Appendix, Fig. S5B).
However, A(2B+ilp5) mutant females had less developed ovaries
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Fig. 9. Rescue of the Aa5HT2B-depletion phenotypes by CRISPR-Cas9
genomic disruption of ILP5. (A) Comparison of female body size (Left) and
wing length (Right) between WT control and the A(2B+ilp5) mutants
(compound knockout of Aa5HT2B and ilp5 genes by CRISPR-Cas9). [Scale
bars: 2 mm (Left) and 1 mm (Right).] All females (n = 285) were used for
measurement. *P < 0.05; ***P < 0.001. (B and C) Rescue of pupation (B) and
eclosion (C) rates in double CRISPR-Cas9 depletion of Aa5HT2B and ilp5. The
log-rank test rests for the pupation curves and eclosion curves (times-to-
event) are P < 0.0001; thus, the curves are significantly different; 200 indi-
viduals in one culture container were used for counting.
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were alleviated. Data represent three biological replicates (six individuals in each replication) with three technical replicates and are shown as mean + SEM.

**P < 0.01; ***P < 0.001.

than in WT mosquitoes (SI Appendix, Fig. S8E, Upper). Their egg
deposition was severely limited (SI Appendix, Fig. SS8E, Lower).
CRISPR-Cas9 depletion of ilp5 appears to have no effect on the
expression of AaSHT2B or ilp2, -4, and -6 (SI Appendix, Fig. S9).

Discussion

Evolution by natural selection has shaped organisms in two im-
portant ways, maximizing both metabolic capacity and the in-
ternal efficiency to sustain and reproduce life (25). An optimal
species-specific body size is essential for other characteristics,
such as metabolism, habitat, life history, and extinction risk (25).
Control of body size is extremely complex and provided by nu-
merous intrinsic and environmental cues (2). In this work, we
have identified the fat-body—specific serotonin signaling that is
involved in regulation of body size and metabolism in mosqui-
toes. Furthermore, the fat-body—specific serotonin receptor
AaSHT2B mediates this serotonin action. The fat-body is the
main nutrient sensor in insects, linking nutritional state, metab-
olism, and growth (2, 19). In adult female mosquitoes, this tissue
is central for coordinating the blood-meal-activated amino acid
signaling with subsequent egg maturation (26). We found that a
blood meal elevates the level of peripheral serotonin and
AaSHT?2B, revealing another signaling adaptation of mosquitoes
for hematophagy.

Insulin-like signaling is a conserved mechanism that coordi-
nates growth and metabolism with nutrient status (4). Expression
and release of ILPs are controlled by a number of means, in-
cluding nutrients, steroid hormone, and neurotransmitters, such
as serotonin (27). In Drosophila, serotonin that functions as a
neurotransmitter in the brain regulates ILPs (27). Drosophila
NS3 (a nucleostemin-family GTPase) acts on serotonergic neu-
rons to control global growth by regulating DILP2 levels
expressed in brain cells (24). Ablation of these IPCs in the
Drosophila adult brain leads to increased storage of both lipid
and carbohydrate (28). Knockdown of Drosophila brain-specific
SHT1A receptor in IPCs by RNAI leads to increased expression
of dilp2 and dilp5 mRNA, decreased starvation resistance and
food intake, but no effect on growth (29). DILP2 ubiquitous
overexpression increases body size (30). Although the insect
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brain was shown to integrate peripheral metabolic information to
direct feeding behavior and energy homeostasis, the mechanisms
of serotonin in the insect fat-body and corresponding control of
metabolism remained elusive.

Utilization of the CRISPR-Cas9 approach has permitted us to
elucidate the role of AaSHT?2B in determination of body size and
metabolic status in mosquitoes. A diminished lipid deposi-
tion and abnormal ovary development response to AaSHT2B
CRISPR-Cas9 disruption indicate participation of this serotonin
receptor in regulation of metabolism and reproduction; in ad-
dition, decreased body size and postponed maturation led us to
implicate insulin signaling in the serotonin receptor pathway in
mosquitoes. We found that AaSHT2B interacts with the insulin
pathway affecting the transcription levels of ilp2, -6, -5, and -4.
Interestingly, our experiments demonstrate that this serotonin
receptor activates ilp2 and -6, but represses ilp4 and -5. Addi-
tional experiments were conducted to clarify the AaSHT2B ef-
fects. Previously, DILP6 in Drosophila was characterized as the
fat-body-secreted IGF (31). Riehle et al. (32) have found that
the ILP6 transcript is enriched in the thorax and the abdominal
wall of A. aegypti mosquito, suggesting its presence in the fat-
body. Using isolated fat-bodies, we have shown that the mos-
quito ILP6 is specific to this tissue. Therefore, we utilized the
in vitro fat-body culture combined with serotonin incubations
and RNAI depletions to investigate the relationship between
ILP6 and AaSHT?2B in this tissue. The results imply that sero-
tonin activates ILP6 via AaSHT2B, but ILP6 has no effect on
Aa5SHT2B expression. Serotonin levels are up-regulated in re-
sponse to a blood meal, linking a nutritional signaling with ilp6
activation. In contrast, starvation activates dilp6 in both Dro-
sophila larvae and adults (31, 33). Additional studies should
clarify this difference in regulation of DILP6 and the mosquito
ILP6. We further investigated the role of the fat-body—derived
mosquito ILP6 and found that the CRISPR-Cas9 ilp6 deletion
affects the expression of ilp2, -4, and -5. This appears to
suggest a regulatory link between ILP6 and other ILPs, in
which ILP6 activates ilp2 and represses ilp4 and -5. Significantly,
the simultaneous CRISPR-Cas9 loss of Aa5HT2B and ilp5 res-
cued some phenotypic manifestations associated with either
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Aa5SHT2B or ilp5 deletions. In particular, the body size of these
double mutants was nearly similar to that of WT mosquitoes.
Equally, metabolic indicies, related to TAG and glycogen, were
partially restored. This confirms the importance of AaSHT2B and
ILPs for body-size determination and metabolism homeostasis.
However, fecundity of these mutants was still severely affected,
showing that other factors are likely to be essential for reproductive
events. Further studies are required to fully explain the mechanism
underlying the rescue phenomenon in the A(2B-+ilp5) mutants.

In insects, growth is mediated by ILPs acting through a ca-
nonical downstream kinase cascade (34). In A. aegypti mosqui-
toes, eight ILPs have been identified. In particular, ilp!, ilp3, and
ilp8 are expressed exclusively in heads as an operon; ilp4 and ilp7
are expressed in female heads; ilp5 is expressed most abundantly
in the abdominal body wall; and ilp6 is the fat-body-derived IGF
(31). We investigated the roles of ILP2, -4, -5, and -6 in the
control of body size and metabolism homeostasis using the ge-
netic CRISPR-Cas9 approach, and have shown that ilp2 and ilp6
CRISPR-Cas9-depleted mosquito mutants had smaller body
sizes, while mosquitoes of the ilp5-depleted mutant exhibited a
dramatically larger body size, suggesting that ILP2, -6, and -5 are
involved in body size control. Additionally, lipid reserves were
reduced in ilp2- and ilp6-depleted mutants, but elevated in ilp5-
and ilp4-depleted mutants. Moreover, we observed that glycogen
levels exhibited the opposite trends in these mutant mosquitoes,
and ovarian development was affected, indicating that the an-
tagonistic actions of ILP-2 and -6, and -5 and -4 are also involved
in regulation of carbohydrate metabolism required for normal
development and reproduction. We have previously reported
CRISPR-Cas9 analysis of ilp7 and ilp8 and found that these two
ILPs also exhibit opposite effects on lipid accumulation (35).
However, body size was not affected in these CRISPR-Cas9
mutants. Further studies are required to elucidate the observed
differences in ILP actions at the molecular level.

Both energy resources acquired for juvenile growth and the
timing of feeding cessation during the final larval instar are
critical to the final adult body-size determination (36, 37). Thus,
we used the fifth-day fourth-instar larva when it stops feeding
(wandering stage) as a checkpoint to determine the larval body
size. We found that the mutant larvae displayed changes in body
size the same as that seen in pupae and adults. Moreover, we
used the fifth-day larvae to determine the levels of TAG and
glycogen, and found similar changes to those observed in
adulthood, indicating that a regulated balance between lipid and
sugar metabolism during juvenile growth influences the final
adult body size. How individuals determine the feeding and
growth cessation is a larger question. Here, we identified that fat-
body-specific 5-HT/AaSHT2B signaling plays an essential role in
controlling the timing of pupation and eclosion by regulating the
balance of nutrition storage, which is a primary determinant of
lifespan. Body size is controlled by insulin-like signaling and
depends on nutrient use and cell growth (38). When we in-
vestigated the cell sizes in the wings of CRISPR-Cas9 mutants
and WT control mosquitoes, we observed a strong correlation
between their dimensions, body size, and lipid reserves. The cell
size was reduced in AAaSHT2B, Ailp2, and Ailp6, but elevated in
Ailp5 to the same extent as the body-size mutation, indicating
that the overall body-size phenotypes in these mutants are
caused by the variations in cell size.

In conclusion, using the CRISPR-Cas9 gene-editing system
and fat-body-specific GAL4-UAS RNAIi, our study has un-
covered the essential role of the fat-body-specific serotonin re-
ceptor AaSHT?2B in regulation of body size and metabolism in
A. aegypti. AaSHT2B CRISPR-Cas9 disruption decreased ex-
pression of ilp2 and -6 and antagonistically increased that of
ilp5 and -4. Functional evidence demonstrated that modulation
of these ILPs by AaSHT?2B is required for control of growth and
metabolism in mosquitoes. Further investigation using the
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CRISPR-Cas9 system has revealed differential roles of ILPs in
these essential processes, especially the antagonistic actions of
ILP5. We have also provided evidence that peripheral serotonin
recruits the fat-body ILP6 via the AaSHT2B receptor to transmit
fat-body metabolic information and regulate ilp2, ilp5, and ilp4
expression, thereby exerting control in body-size growth and
metabolism homeostasis. Altogether, our results recognize
AaSHT2B as a fundamental element of the hitherto undefined
fat-body—specific serotonin signaling system governing antago-
nistic ILP actions that ensures stability of development and
plasticity of metabolism and body size.

Materials and Methods

Mosquito Rearing. A. aegypti larvae were reared at 27 °C in water supple-
mented with complete larval food (a mixture of rat chow, yeast, and lact-
albumin, 1:1:1 ratio). Adult mosquitoes were reared at 27 °C and 80%
humidity with unlimited access to water and 10% (wt/vol) sucrose solution.
Four-day-old females were blood-fed on White Leghorn chickens. The use of
vertebrate animals was approved by the University of California Riverside
Institutional Animal Care and Use Committee.

Determination of Serotonin Levels. Serotonin levels were measured using the
serotonin ELISA kit (ImmuSmol). In brief, 30 mosquito heads or bodies were
used per assay and homogenized in Diluent Buffer (Invitrogen). The super-
natant was subjected to acylation and quantification according to the
manufacturer’s instructions.

RNA Extraction and Quantitative Real-Time PCR. Total RNA was extracted using
TRIzol (Invitrogen); cDNAs were produced using the SuperScript Il Reverse
Transcriptase (Invitrogen); and quantitative real-time PCR was performed
using the SYBR Green Supermix (Bio-Rad), all according to the manufacturer’s
instructions. Each sample was measured in triplicate, and relative expression
was calculated as 2742 and normalized with the housekeeping gene RPS7.

Embryonic Injection for CRISPR-Cas9. sgRNAs were synthesized using the
MEGAscript T7 Transcription Kit (Ambion) (SI Appendix, Table S1) and pu-
rified using the MEGAclear Transcription Clean-Up Kit (Ambion) following
the manufacturer’s instructions. Next, 40 ng/uL sgRNAs and 333 ng/uL
Cas9 protein (PNA Bio) were microinjected into preblastoderm embryos in
the posterior pole. The injected eggs were hatched on the fifth day after
injection and reared to adulthood.

Generating Transgenic Mosquitoes. Fat-body-specific RNAi was generated by
the transgenic mosquitoes Vg-Gal4/UAS-iAa5HT2B. The driver Vg-Gal4 line
was generated previously (23). The responder line UAS-iAa5HT2B was
produced by microinjecting transformation vector pBac[3xP3-DsRed, UAS-
iAa5HT2B] and helper into preblastoderm embryos from the posterior pole.
The UAS-iAa5HT2B fragments containing a fold-back construct of the double-
stranded Aa5HT2B RNA (iAa5HT2B) were inserted into the pBac[3xP3-DsRed]
plasmid at the Ascl restriction site. The iAa5HT2B construct consists of a sense
498-pb fragment from the Aa5HT2B coding sequence (S/ Appendix, Table S1),
followed by a spacer and antisense conformation of this fragment (39).
Germline transformation was performed according to described protocols (23).

Immunoblot. Protein analyses of LP (Lipophorin) and VG (Vitellogenin) were
performed by means of Western blot. The lysates from blood-fed females
were loaded with 2x Laemmli Sample Buffer (Sigma) on 4-20% protein gels
(Bio-Rad) and transferred to PVDF membranes in the NuPAGE Transfer
Buffer (Thermo Fisher) and 20% (vol/vol) methanol. The membranes were
blocked in StartingBlock (PBS) Buffer (Thermo Fisher). For VG detection,
the VG antibody (1:5,000 dilution) was used followed by the secondary anti-
mouse-HRP (Abcam) at a 1:5,000 dilution. For LP detection, apolipoprotein-I
polyclonal antibody (1:10,000 dilution) was used followed by the secondary
anti-rabbit-HRP (Abcam) at a 1:5,000 dilution. Monoclonal antibody for
B-actin (Sigma) was used as a loading control.

Lipid Droplet Staining. Fat-bodies were incubated in Nile red solution (20%
glycerol in PBS, with a 1:10,000 dilution of 10% Nile red in DMSO), mounted
by ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher) and
examined under a Leica SP5 confocal laser-scanning microscope.

Determination of TAG Levels. TAG levels were measured using the Triglyceride
Colorimetric Assay (Cayman) following the manufacturer’s instructions. Six
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mosquitoes were homogenized in 100 uL of Diluent Assay Reagent
(Cayman). Then, 10 uL of the supernatant was incubated with enzyme
(Cayman). The values of TAG contents were measured and results were
calculated using the equation obtained from the standard curve.
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