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miRNA-GABA influences female Aedes aegypti
reproduction by modulating midgut homeostasis
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reveals that midgut dysfunction
subsequently impairs reproductive
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SUMMARY

Aedes aegypti’s exceptional reproductive capacity drives the global proliferation of vector-borne diseases,
including dengue, Zika, and chikungunya, while its hematophagous digestion supplies essential energy to
catalyze critical reproductive processes. Our study reveals a significant microRNA (miRNA)-mediated mech-
anism. We demonstrate that miRNA-7 (miR-7) regulates y-aminobutyric acid (GABA) levels in the midgut,
thereby maintaining intestinal homeostasis. Comprehensive small RNA sequencing identifies miR-7 as a
key regulatory molecule sensitive to blood meal digestion kinetics. Mechanistically, miR-7 directly targets
glutamate decarboxylase to modulate the glutamate-GABA metabolic balance in the midgut. Concomitantly,
female mosquitoes exhibit compromised midgut protease activity, disrupted fat body lipid storage, and
diminished fecundity. This study delineates a hierarchical regulatory framework wherein miR-7-GABA mod-
ulates the efficiency of blood meal digestion and ultimately governs reproductive fitness.

INTRODUCTION

The persistent transmission of arboviruses by Aedes aegypti
imposes a profound global health burden, with this mosquito
species alone responsible for over 400 million dengue infections
annually.”? This epidemiological significance stems from its
blood-feeding behavior and exceptional reproductive plas-
ticity.>* Female mosquitoes undergo multiple (>3) reproductive
cycles in their lifetime, each yielding approximately 120 eggs
through tightly coordinated blood meal utilization and ovarian
maturation.”> A defining feature of Ae. aegypti’s reproductive
biology is its biphasic life history, alternating between post-eclo-
sion (PE) and post-blood-meal (PBM) stages.®’ During the 72-h
PE phase, newly emerged adults sustain survival on nectar-
derived carbohydrates while developing host-seeking behav-
iors.2? The PBM phase, initiated by blood feeding, triggers a
metabolic cascade: midgut proteases degrade hemoglobin
(HGB) into amino acids that fuel yolk synthesis.'®'? Concur-
rently, blood meal digestion over 72 h remodels fat body compo-
sition via hormonal and nutrient signaling pathways, mobilizing
lipid reserves to support ovarian development.'®~'® The critical
role of digestive physiology in reproductive output underscores
the necessity of dissecting its regulatory architecture.
MicroRNAs (miRNAs) are evolutionarily conserved non-coding
RNAs that exert precise spatiotemporal control over target gene
expression through 5’ seed region (nucleotides [nt] 2-8)-medi-
ated mRNA degradation.®"'® While prior studies have explored
miRNA-regulated blood meal digestion in Ae. aegypti through
various mechanisms,?°2° few have systematically investigated
the miRNAs that modulate HGB digestion kinetics. In this study,

we identified miRNA-7 (miR-7) as a key regulator of HGB
digestion rate using high-throughput small RNA sequencing
(sRNA-seq) combined with digestion rate assays. CRISPR-
Cas9 mutagenesis combined with target validation revealed
that miR-7 deletion disrupted midgut glutamate (Glu)- y-amino-
butyric acid (GABA) homeostasis by derepressing glutamate de-
carboxylase (GAD). This neuroendocrine imbalance directly
manifested as delayed blood meal processing, secondary to
impaired lipid storage, and arrested ovarian development, ulti-
mately reducing reproductive fitness. Our study established an
important miRNA that influences reproductive output through
the modulation of digestion, offering significant targets for inter-
ventions aimed at disrupting arbovirus transmission.

RESULTS

Dynamic regulation of midgut miR-7 expression
correlates with HGB digestion kinetics in Ae. aegypti

To assess blood digestion dynamics, we quantified HGB levels in
the midgut at sequential PBM time points. While HGB content pro-
gressively decreased, digestion kinetics exhibited a biphasic
pattern, peaking approximately 24 h after the blood meal (24 h
PBM) (Figures 1A and S1A). To investigate transcriptional regula-
tion during this process, we performed sRNA-seq on midgut tis-
sues 24 h PBM and 72 h PE. Multidimensional analyses (prin-
cipal-component analysis [PCA] and sample clustering) revealed
significant transcriptional divergence between the two groups,
with intragroup reproducibility maintained across technical repli-
cates (Figures S2A and S2B). The dataset comprised 188 miRNAs,
with differential expression analysis identifying 30 upregulated and
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Figure 1. Changes in miR-7 expression in the midgut in response to a blood meal

(A) Quantification of hemoglobin (HGB) digestion efficiency in the midgut across distinct temporal intervals following a blood meal.

(B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed that target genes of differentially expressed miRNAs 24 h post-blood meal
(PBM) are predominantly enriched in amino acid metabolism-related pathways.

(C) sRNA-seq identified the miRNAs exhibiting the most significant differential expression (|log4o(p value)| > 7) in the midgut 24 h PBM.

(D) Correlation analysis demonstrates the relationship between miRNA fold change (qPCR quantification, y axis) and HGB digestion rate (ELISA measurement,
X axis) across each temporal interval after blood feeding. FC, fold change.

(E) RNA fluorescence in situ hybridization (FISH) reveals significant upregulation of miR-7 expression in the midgut 24 h PBM, with predominant localization at the
anterior midgut during other temporal intervals (scale bar: 50 pm). MG, midgut.

Data are represented as means + SEM. ns p > 0.05, *p < 0.05, **p < 0.01, and **p < 0.001.

42 downregulated miRNA candidates (Figures S2C and S2D). To  Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
validate the transcriptomic findings, we conducted quantitative  ment analysis revealed that differentially expressed miRNAs 24 h
polymerase chain reaction (QPCR)-based verification of selected = PBM were predominantly associated with amino acid metabolism
miRNAs at the corresponding time points (Figure S2E). Kyoto  pathways in the midgut (Figure 1B).
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Figure 2. Identification of glutamate decarboxylase as a miR-7 target in Aedes aegypti

(A) The intersection of miRanda and RNAhybrid predictions identifies six potential targets.

(B) Significantly enriched glutamate decarboxylase (GAD) transcripts were observed following miR-7 disruption.
(C) Computational prediction algorithms identified the putative miR-7 binding sites in GAD.

D) The dual luciferase reporter gene assay demonstrates miR-7-targeted binding to GAD in vitro.
E) Double FISH reveals co-localization of miR-7 and GAD in vivo 24 h PBM (scale bar: 100 pm).

(
(
Data are represented as means + SEM.

We prioritized miRNAs exhibiting high statistical significance
(—log1o(p value) > 7; Figure 1C) for functional analysis. Among
the upregulated miRNAs, a systematic correlation of expression
profiles with HGB digestion kinetics across multiple time points
identified miR-7 as a key regulatory candidate whose temporal
expression pattern exhibited strong alignment with HGB diges-
tion dynamics (Figures 1D and S1B). gPCR analysis confirmed
elevated miR-7 expression during early PBM stages (24 h)
compared with that at 72 h PE, with the highest abundance de-
tected in the midgut, fat body, and Malpighian tubules
(Figure S8). Spatial localization studies via fluorescence in situ
hybridization (FISH) revealed dynamic miR-7 distribution. At
72 h PE, low-level signals were restricted to the anterior midgut.
Following blood ingestion, miR-7 expression expanded
throughout the midgut 24 h PBM before retracting to the junc-
tional region by 48 h PBM (Figure 1E). These spatiotemporal pat-

terns suggest that miR-7 plays a role in modulating blood diges-
tion processes.

miR-7 directly targets GAD in Glu-GABA homeostasis
To identify potential miR-7 target genes in Ae. aegypti, computa-
tional predictions were performed using two complementary al-
gorithms: miRanda (http://www.microrna.org/microrna/home.
do) and RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/
rnahybrid). The miRanda algorithm identified 31 candidate tar-
gets (Table S1), and RNAhybrid predicted 49 putative targets
(Table S2). The intersection of these two datasets revealed six
common target genes (Figure 2A). Among these, GAD emerged
as a notable candidate because of its critical role in insect amino
acid metabolism and involvement in GABA biosynthesis.?*?°
We generated miR-7-deficient mosquitoes (AmiR-7) using
CRISPR-Cas9 technology. Following a standard protocol,
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Figure 3. Disruption of the miR-7 genome by CRISPR-Cas9 affects the physiological state of Aedes aegypti

(A) RNA FISH demonstrates complete absence of miR-7 expression in the midgut 24 h PBM and post-knockout (scale bar: 50 pm).

(B) ELISA quantification revealed significantly altered HGB content in blood clots of midguts from wild-type (WT) and AmiR-7 females 24 h PBM.

(C and D) Quantitative ELISA analysis shows differential y-aminobutyric acid (GABA) and glutamate (Glu) levels in midguts of WT vs. AmiR-7 females 72 h post-

eclosion (PE) and 24 h PBM.

(E) Nile red staining of fat body lipid droplets in WT and AmiR-7 females (with undeveloped ovaries) 24 h PBM, visualized by confocal microscopy (scale bar:

50 pm).

(F) Histological imaging of dissected intestines and ovaries from WT and AmiR-7 females 24 h PBM (scale bar: 300 um).
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embryos were injected with a mixture of single-guide RNA
(sgRNA) (40 ng/pL) and recombinant Cas9 protein (333 ng/uL)
at 2 h post-oviposition. gPCR analysis of adult female mosqui-
toes demonstrated that GAD transcript levels were significantly
upregulated in AmiR-7 individuals compared with those in wild-
type (WT) controls 24 h PBM (Figure 2B). Spatial analysis re-
vealed that GAD and miR-7 exhibited similar localization pat-
terns but maintained a negative expression correlation in midgut
tissues across multiple time points (Figures 1E and S4), suggest-
ing a potential functional interaction.

Computational predictions identified a conserved miR-7 bind-
ing site within the GAD 3’ untranslated region (UTR) (Figure 2C).
To validate this interaction, we constructed two reporter
plasmids containing WT (GAD) and mutant GAD (mut) GAD 3’
UTR fragments, which were inserted into the Notl site of the psi-
CHECK2 vector (Figure S5). Luciferase activity assays in
Drosophila Schneider 2 (S2) cells showed that co-transfection
with the miR-7 mimic significantly reduced reporter expression
compared with the negative control (mimic-NC) (Figure 2D).
Mutagenesis of the miR-7 seed sequence in the GAD reporter
restored the luciferase activity to baseline levels (Figure 2D), con-
firming sequence-specific target recognition. To further estab-
lish this interaction in vivo, we performed FISH. The results
demonstrated the co-localization of miR-7 and GAD transcripts
in midgut tissues (Figure 2E), providing direct evidence for their
spatial association and functional pairing.

CRISPR-Cas9-mediated miR-7 deficiency disrupts
midgut homeostasis and induces reproductive
dysfunction in blood-fed females

To investigate the functional consequences of miR-7 deficiency
in female Ae. aegypti, we analyzed the CRISPR-Cas9-generated
AmiR-7 mutants. Approximately 31% of injected embryos
survived to adulthood, with a female-to-male ratio of 85:82,
and underwent systematic phenotypic characterization. Sanger
sequencing revealed extensive sequence variations in the
mature miR-7 region and its flanking sequences (Figure SEA),
confirming successful locus disruption via CRISPR-Cas9.
gPCR and FISH analyses demonstrated a significant reduction
in miR-7 expression levels in the midguts of AmiR-7 females
compared with those in WT controls (Figures 3A and S6B).

At 24 h PBM, we assessed blood digestion efficiency and
Glu-GABA homeostasis in AmiR-7 females. Loss of miR-7 func-
tion caused pronounced digestive dysfunction, evidenced by
an ~0.5-fold increase in midgut HGB content in AmiR-7 females
relative to that of the WT controls (Figure 3B). GABA biosyn-
thesis analysis revealed dysregulated temporal expression
patterns: while WT females exhibited a 0.5-fold decrease in
midgut GABA content from 72 h PE to 24 h PBM, AmiR-7 fe-
males maintained elevated GABA levels across both time
points (Figure 3C). This was accompanied by altered Glu dy-
namics: although both genotypes showed increased Glu accu-
mulation post-blood feeding, AmiR-7 females exhibited 50%
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lower Glu levels 24 h PBM compared with those of the WT
(Figure 3D). In summary, miR-7 deficiency disrupts Glu-GABA
metabolic homeostasis in the midgut and is accompanied by
midgut digestive dysfunction.

Given the critical functional interplay between fat body lipid
metabolism and midgut blood meal digestion,”®?” we assessed
lipid storage using Nile red staining. At 24 h PBM, AmiR-7 fe-
males exhibited significantly smaller lipid droplets in the fat
body compared with those in WT controls (Figure 3E). Since
normal digestive processes and lipid metabolic pathways are
essential for ovarian development,?’ 2 we performed histologi-
cal analysis of AmiR-7 female ovaries, which revealed that
AmiR-7 female individuals identified as mutants had severe
developmental abnormalities: their bilateral ovaries either
completely lacked developing follicles or displayed unilateral
follicular development (Figures 3F and S6C-S6E). Collectively,
these observations imply that miR-7 deficiency disrupts lipid
biosynthetic pathways by influencing blood meal digestion, ulti-
mately leading to ovarian dysmorphogenesis.

To evaluate reproductive behavior, we quantified oviposition
rates using a standardized protocol. Fifty females per group
were monitored across six experimental replicates. Oviposition
assays were conducted every 12 h, starting at 48 h PBM, with
each female placed on a moist filter paper for 3 h under
controlled environmental conditions. AmiR-7 females exhibited
significantly reduced oviposition rates (60% vs. 100% in the
WT) and delayed oviposition kinetics, reaching peak egg depo-
sition at 96 h PBM compared with that of the WT at 72 h PBM
(Figure 3G). Although AmiR-7 females produced ~70% fewer
eggs overall (Figure 3H), embryo hatchability rates remained
comparable between genotypes (Figure S6F). Collectively, these
findings demonstrate that miR-7 plays a pivotal role in maintain-
ing reproductive fitness in female mosquitoes by regulating
nutrient metabolism, which in turn affects ovarian development
and oviposition behavior.

GAD interference restores the miR-7-deficient female
phenotype

To determine whether GAD functions as a causal mediator be-
tween miR-7 deficiency and physiological dysfunction, we per-
formed RNA interference rescue experiments using AmiR-7
adult female mosquitoes 60 h PE. Experimental mosquitoes
were treated with either dsGAD (AmiR-7+iGAD; targeting GAD)
or dsLuciferase (AmiR-7+iLuc; NC) (Figure 4A). gPCR analysis
revealed that GAD expression was specifically silenced in
AmiR-7+iGAD compared with that in AmiR-7+iLuc across all
time points (Figure 4B). Consistent with WT controls, AmiR-7
+iGAD exhibited a biphasic GAD expression pattern—downre-
gulated 24 h PBM and upregulated thereafter —confirming tran-
scriptional rescue (Figure 4B). Spatial analysis further demon-
strated that GAD expression localized to the anterior midgut in
all groups 24 h PBM, mirroring miR-7 expression patterns
(Figures 4C and 1E).

(G) Oviposition rate (every 50 females) analysis reveals significant differences between WT (n = 6) and AmiR-7 (n = 6) females at multiple time points after blood

feeding (**“p < 0.001, final oviposition rate shown with statistical significance).

(H) Comparative egg count analysis demonstrates reduced fecundity in AmiR-7 mutants compared to WT females (n = 19).
Data are represented as means + SEM. ns p > 0.05, *p < 0.05, *p < 0.01, and ***p < 0.001.
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Figure 4. Interference with GAD can
compensate for the losses caused by miR-7
deficiency

(A) Experimental design outline for functional
rescue analysis.

(B) gPCR analysis reveals GAD mRNA expression
levels in midguts of WT, AmiR-7+iLuc, and AmiR-7
+iGAD females at pre- and post-blood-meal time
points.

(C) RNA FISH visualization demonstrates GAD
localization in midguts of WT, AmiR-7+iLuc, and
AmIR-7+iGAD females 24 h PBM (scale bar:
50 pum; blue fluorescence: DAPI; green fluores-
cence: GAD).

(D-F) Quantitative ELISA analysis quantifies
GABA, Glu, and HGB contents in intestines of
AmiR-7+iLuc and AmiR-7+iGAD females 24 h
PBM.

(G) Confocal microscopy imaging reveals lipid
droplet accumulation in fat bodies of WT, AmiR-7
+iLuc (with undeveloped ovaries), and AmiR-7
+iGAD females 24 h PBM (scale bar: 50 um).

(H) Histological analysis of dissected intestines
and ovaries from WT, AmiR-7+iLuc, and AmiR-7
+iGAD females 24 h PBM (scale bar: 500 pm).

(I) Oviposition rate (every 50 females) analysis
compares fecundity between AmiR-7+iLuc and
AmiR-7+iGAD groups (n = 6) at multiple post-
blood-feeding time points (*p < 0.01, significant
differences observed in final oviposition rates).

(J) Comparative egg count analysis demonstrates
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At 24 h PBM, AmiR-7+iGAD achieved ~60% GAD knock-
down efficiency, accompanied by restored metabolic homeo-
stasis: midgut GABA levels decreased by 40%, while Glu levels
increased by 100% compared with those in AmiR-7+iLuc
(Figures 4D and 4E). These metabolic improvements correlated
with enhanced HGB digestion capacity (Figure 4F), leading to
restored lipid metabolism in the fat body (Figure 4G) and the
recovery of ovarian follicle development (Figures 4H and S7A).
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reduced fecundity in AmiR-7+iGAD mutants
compared to AmiR-7+iLuc controls (n = 19).

204 Data are represented as means + SEM. ns
b p > 0.05, *p < 0.05, **p < 0.01, and **p < 0.001.

lipid droplet size (pm)

8 Collectively, these data establish that
GAD serves as a critical molecular hub
through which miR-7 maintains midgut
homeostasis, nutrient processing, and
reproductive output in female Ae.
- aegypti.

Complementary fecundity analysis re-
vealed that, compared with AmiR-7
+iLuc, AmiR-7+iGAD females exhibited

50 Too earlier oviposition and an increased
oviposition rate (85% vs. 60% 84 h
PBM) (Figure 4l). Moreover, AmiR-7
+iGAD ovaries produced twice as many
embryos as AmiR-7+iLuc ovaries, with
comparable hatching rates (Figures 4J
and S7B). Collectively, these findings
demonstrate that GAD is an essential
regulatory node that mediates the control of miR-7 over midgut
physiology, nutrient utilization, and reproductive success in Ae.
aegypti females.

100

eggs per female

GABA functions as a signaling transducer in the miR-7-
GAD axis to mediate female physiological regulation

We have established that the female midgut miR-7-GAD axis
regulates GABA synthesis. To investigate how GABA transmits
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Figure 5. Excessive GABA on female Aedes aegypti mimics the effects of miR-7 deficiency

A) Experimental mode.

B) Quantitative ELISA analysis reveals GABA content variation in midguts of sucrose-fed and GABA-fed females across PBM time points.
C and F) ELISA quantification shows differential HGB and Glu levels in midguts of sucrose-fed vs. GABA-fed females 24 h PBM.

scale bar: 50 pm).

E) Histological analysis of dissected intestines and ovaries from sucrose-fed and GABA-fed females 24 h PBM (scale bar: 1,000 pm).
G) gPCR quantification measures GAD mRNA expression levels in midguts of sucrose-fed and GABA-fed females 24 h PBM.
H) Oviposition rate (every 50 females) analysis compares fecundity patterns between sucrose-fed and GABA-fed groups (n = 6) at multiple post-blood-feeding

intervals (*p < 0.01, significant differences observed in final oviposition rates).

(
(
(
(D) Confocal microscopy imaging visualizes lipid droplet accumulation in fat bodies of sucrose-fed and GABA-fed females (with undeveloped ovaries) 24 h PBM
(
(
(
(

(I) Comparative egg count analysis demonstrates reduced fecundity in GABA-fed females compared with that in sucrose-fed controls (n = 19).
Data are represented as means + SEM. ns p > 0.05, *p < 0.05, **p < 0.01, and **p < 0.001.

miR-7-GAD regulatory functions and maintains physiological ho-
meostasis in adult females, we performed feeding experiments
using a GABA (1 mg/mL)-sucrose (1%) solution starting at adult
emergence, with 1% sucrose solution serving as the control
(Figure 5A). In sugar-fed females, GABA concentration exhibited
a positive correlation with the WT midgut GAD expression
pattern, showing a transient decrease followed by an increase
during the PBM phase (Figures 5B and 4B). Notably, although
GABA levels continued to decline after a blood meal in GABA-
fed females, their midgut GABA levels were still significantly

higher than those of females fed with 1% sucrose 24 h PBM
(Figure 5B).

At 24 h PBM, GABA-fed females exhibited compromised blood
digestion kinetics, reduced lipid droplet accumulation in fat
bodies, and delayed ovarian development compared with
sugar-fed controls (Figures 5C-5E). These phenotypic abnormal-
ities closely resembled those observed in AmiR-7 mutants, sug-
gesting functional equivalence between miR-7 deficiency and
GABA hyperactivation. Interestingly, unlike AmiR-7 females,
GABA-fed individuals exhibited reduced midgut Glu consumption
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compared with controls (Figure 5F). gPCR analysis revealed an
approximately 50% reduction in midgut GAD expression upon
GABA treatment (Figure 5G), indicating a negative feedback
mechanism in which exogenous GABA suppressed GAD expres-
sion and Glu metabolism.

GABA feeding caused persistent reproductive defects
throughout the experimental period. Although the peak oviposi-
tion timing was not significantly altered, GABA-fed females ex-
hibited substantially reduced final egg production (80% vs.
98% in controls) (Figure 5H). Additionally, compared with su-
crose-fed controls, the number of embryos produced by GABA-
fed female mosquitoes was approximately 80% of that of the con-
trol group, though embryo hatching rates remained comparable
(Figures 51 and S8). Collectively, these findings establish that
the miR-7-GAD-GABA axis is a critical regulatory network that
controls midgut homeostasis in female Ae. aegypti, which has
significant implications for reproductive output modulation.

The miR-7-GABA regulatory axis orchestrates serine
protease homeostasis through modulating midgut cell
apoptosis
Mammalian studies demonstrate that elevated GABA concentra-
tions induce apoptosis through multiple molecular mecha-
nisms.*%*" To characterize how experimental manipulations affect
blood meal digestion, we analyzed GABA receptor expression in
the midgut and quantified midgut cell apoptosis following blood
ingestion. At 24 h PBM, we identified a single GABA receptor ho-
molog, the dieldrin resistance protein (RDL), in the midgut
(Figure 6A). TUNEL staining was performed to quantify apoptotic
indices in midgut tissues at 24 h PBM across experimental groups.
AmiR-7 females exhibited elevated apoptotic indices in midgut
cells compared to WT controls, which were significantly reduced
following GAD knockdown (Figure 6B). Midgut cell apoptosis
was significantly elevated in GABA-fed females relative to sucrose
controls (Figure 6B). Core apoptotic regulators Dronc and Ark
showed significant positive correlations with midgut GABA levels,
whereas anti-apoptotic IAP1/2/5/6 transcripts displayed inverse
correlations (Figure 6C).% These findings collectively demonstrate
that the miR-7-GABA axis orchestrates midgut cell apoptosis.
PBM digestive enzyme secretion is tightly regulated by the dy-
namic proliferation and differentiation of midgut cells.>® Serine
proteases (SPs) represent the primary enzymes that mediate
blood digestion in the midgut of Ae. aegypti, with their abun-
dance serving as a critical indicator of midgut digestive capac-
ity.'07123% To assess how apoptotic states influence protease
secretion, we profiled major serine protease expression under
experimental conditions. Both AmiR-7 mutants and GABA-fed
females exhibited SP expression levels comparable to those of
WT controls at 72 h PE (Figure 6D). However, distinct temporal
regulation patterns emerged: at 12 and 24 h PBM, most SPs
(JA15, ET, SPI, LT, SPVI, and SPVII) were significantly downre-
gulated in both AmiR-7 and GABA-fed groups (Figure 6D).
Notably, selected enzymes (LT, SPVI, and SPVIl) maintained
suppressed expression through 48 and 72 h PBM (Figure 6D).
These collective findings demonstrate that GABA disrupts diges-
tive enzyme secretion via induction of midgut cell apoptosis, with
SP reduction emerging as a hallmark feature, particularly during
the critical early phase (<24 h PBM).
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DISCUSSION

Numerous studies have demonstrated that the midgut-fat body-
ovary axis in female Ae. aegypti collaboratively maintains repro-
ductive homeostasis.'>*>~*® This investigation identified a sig-
nificant regulatory mechanism involving miR-7-GABA that
mediates relevant physiological responses in this axis system
by modulating blood meal digestion. HGB constitutes over
95% of the vertebrate blood protein content and serves as the
primary nutritional substrate for reproductive energy production
in Ae. aegypti.>**' Given this functional significance, we quanti-
fied digestion capacity through midgut consumption analysis af-
ter blood feeding. Our data revealed rapid HGB degradation 24 h
PBM, consistent with prior investigations.**~*® Transcriptomic
analysis comparing 24 h PBM vs. 72 h PE revealed that differen-
tially expressed miRNAs in the midgut primarily target amino
acid metabolism pathways, aligning with their role in blood
digestion processes.”**®*” The miRNA miR-7, identified
through differential expression screening, exhibited inverse tem-
poral expression patterns with its target gene GAD in the midgut
while maintaining spatial co-localization. Such spatiotemporal
regulation of miRNA targets has been documented in other sys-
tems,*®? corroborating the functional relationship between
miR-7 and GAD. CRISPR-Cas9-mediated loss-of-function
studies demonstrated that miR-7 deficiency induced midgut
Glu-GABA metabolic imbalance through GAD overexpression,
leading to digestive dysfunction. Rescue experiments confirmed
that target gene manipulation can reverse miRNA-deficient phe-
notypes, which is a well-established method for validating
miRNA regulatory specificity.®*>* Specifically, GAD overexpres-
sion under miR-7-deficient conditions resulted in the elevation
of GABA synthesis and subsequent digestive disorders.
Conversely, GAD knockdown restored midgut GABA homeosta-
sis and alleviated both metabolic and phenotypic abnormalities.
Notably, this phenotypic rescue exhibited partial efficacy. We
infer that this residual dysfunction may derive from the pleio-
tropic regulatory targets of miR-7, as supported by accumulating
evidence from Ae. aegypti studies demonstrating functional
redundancy among multi-target miRNAs.>® Oral administration
of exogenous GABA validated the tissue specificity of this regu-
latory network, as direct midgut delivery induced pathophysio-
logical changes that mirrored miR-7 deficiency. Collectively,
these findings established that miR-7 modulates digestive pro-
cesses through GABA signaling via GAD regulation.

GABA, a non-proteinogenic amino acid with established roles
in neurotransmission and metabolic regulation, has pleiotropic
functions across diverse biological contexts.®®°® In mammalian
systems, GABA inhibits intestinal motility and modulates nutrient
absorption efficiency.”®®® Previous studies on high-fat-diet-
induced obesity models have revealed GABA’s inhibitory effects
on adipogenesis.®’ Our data suggest that elevated midgut GABA
levels may similarly disrupt digestive homeostasis in mosqui-
toes, potentially through mechanisms involving midgut cell
apoptosis and secretory function modulation. The observed inhi-
bition of SP secretion in this study represents a notable but
non-exclusive biochemical signature of midgut cell apoptosis.
Although these phenotypic manifestations may reflect the sec-
ondary downstream effects of GABA-mediated metabolic
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Figure 6. The reduction in serine protease activity represents a critical downstream consequence of the miR-7-GABA regulatory axis
(A) gPCR analysis reveals GABA receptor subtype expression profiles in midguts of WT females immediately PBM (0 h).
(B) Assessment of experimental intervention effects on midgut cell apoptosis was performed using TUNEL-based apoptosis detection (scale bar: 100 pm; blue

fluorescence: DAPI; green fluorescence: TUNEL).

(C) Quantification of core apoptotic regulator expression profiles in midguts at 24 h PBM was conducted via gPCR.
(D) gPCR analysis demonstrates differential regulation in WT, AmiR-7, and GABA-fed females across multiple PBM time points.
Data are represented as means + SEM. ns p > 0.05, *p < 0.05, *p < 0.01, and ***p < 0.001.

regulation, they provide critical insights into the complex inter-
play between neurotransmitter signaling and digestive function
in Ae. aegypti. These findings hold significant translational impli-
cations. As a well-characterized neurotransmitter and drug
target, the repellent activity of GABA against insects has been
documented,®”®* and the RDL receptor has been identified as
a target of ivermectin and fluralaner in Ae. aegypti.®® These
observations highlight the potential of GABA-based therapeutics
for vector control. Our work provides critical insights into

the specific tissue targets of GABA signaling and establishes
a translational framework for developing mosquito-specific re-
pellents that target intestinal regulatory pathways. miR-7 not
only regulates GABA synthesis but also modulates Glu meta-
bolism in the midgut. As shown in Figures 3D and 4E, our data
establish a significant correlation between hematophagic diges-
tion dysfunction and reduced Glu consumption. Notably, despite
Glu accumulation in the GABA-supplemented group (Figure 5F),
midgut digestive defects remain unresolved. This experimental
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evidence further corroborates the absence of a direct causal
relationship between blood-meal digestion capacity and midgut
Glu content. Collectively, this study delineates an innovative reg-
ulatory mechanism through the miR-7-GABA axis, in which
digestive system homeostasis exerts systemic control over the
reproductive processes in female Ae. aegypti.

Limitations of the study

Our findings establish the regulatory role of miR-7 in female
reproductive fitness. However, for experiments with a large sam-
ple size (Figures 3G, 3H, 41, 4J, S6F, and S7B), the random sam-
pling methodology applied in genotyping analyses introduces
variability. While this variability does not negate the overall trend
of results, it must be factored into the interpretation of exact
reproductive inhibition rates. Although the physiological
changes observed 24 h PBM are sufficient to support our con-
clusions, whether miR-7 regulates the physiological state of
Ae. aegypti at other PBM time points remains to be investigated.
miR-7 serves as a central regulator within the hierarchical
network governing lipid metabolism in Ae. aegypti. While orches-
trating midgut digestive physiology through classical pathways,
its capacity to modulate lipid metabolic processes via non-intes-
tinal tissues remains to be fully defined. While GABA treatment in
the digestive tract has demonstrated the tissue specificity of the
regulatory network proposed in this study, the broader organ-
ismal effects of GABAergic modulation in this organ remain
largely unknown. The activation of diverse apoptotic pathways
by GABA has been documented across biological systems.***"
However, the molecular mechanism underlying its pro-apoptotic
effect on midgut epithelial cells remains to be elucidated in this
investigation. Our results confirm that midgut miR-7 in female
Ae. aegypti directly targets GAD to regulate GABA synthesis,
thereby reducing reproductive fitness by affecting midgut func-
tion. Despite the limitations of this study, these findings offer
practical relevance for developing vector control strategies
focused on midgut modulation to mitigate disease transmission.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Aedes aegypti Lab stock N/A
White-feathered broilers Lab stock N/A

S2 cells Lab stock N/A
Chemicals, peptides, and recombinant proteins

Cas9 protein PNA Bio CPO1
GABA Macklin A794384
miRNA mimics Qiagen 219600
psiCHECK-2 Vector Promega C8021

T4 DNA Ligase NEB M0202V
Nile red Sango A606340
Trizol Vazyme R411

PBS Sango E607008
Critical commercial assays

MEGAscript™ T7 Transcription Kit Invitrogen AM1334
MEGAclear™ Transcription Clean-Up Kit Invitrogen AM1908
FastPure Tissue/Bacteria DNA Isolation Mini Kit Vazyme DC112
Taq Pro Universal SYBR gPCR Master Mix Vazyme Q712
HiScript Ill RT SuperMix for gPCR (+gDNA wiper) Vazyme R323
miRNA First-Strand cDNA Synthesis SuperMix Transgen AT351
Lipofectamine 3000 Invitrogen L3000015
Hemoglobin Microplate Assay Kit Absin abs580111
Insect Glutamic acid Microplate Assay Kit Meimian N/A

Insect Gamma-aminobutyric acid Microplate Assay Kit Meimian N/A
APO™ One-Step TUNEL Apoptosis Kit Ribo C11012
Dual-Luciferase® Reporter Assay System Promega E1910
Software and algorithms

Prism 8 GraphPad https://www.graphpad.com
ZEN 3.1 Carl Zeiss https://www.zeiss.com/microscopy/en/

products/software/zeiss-zen.html

Deposited data
sRNA-seq data this paper SRA: PRUINA1209617

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mosquito rearing

The eggs were laid on a humidified filter paper. Larvae were reared in water maintained at 27°C and supplemented with commercial
fish food pellets (Yee). Adult mosquitoes were housed in cages maintained at 27°C and 80% relative humidity and provided with 10%
sucrose solution and sterile water as dietary resources. Blood feeding assays on adult mosquitoes were conducted on white-feath-
ered broilers. All vertebrate animal handling protocols were approved by the Experimental Ethics Committee of Southeast University.

METHOD DETAILS
sRNA-seq and data processing

Each sample comprised 30 female Ae. aegypti midguts with three independent biological replicates per experimental group. Total
RNA was extracted from female midguts 72 h PE and 24 h PBM using TRIzol (Vazyme) and treated with DNase | (NEB). The RNA
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purity was assessed by measuring the A260/A280 ratio using a NanoDrop OneC Spectrophotometer (Thermo Fisher Scientific). RNA
integrity was validated using a LabChip GX Touch Nucleic Acid Analyzer (Revvity). Qualified small RNA concentrations were quan-
tified with a Qubit 3.0 Fluorometer and the Qubit miRNA Assay Kit (Thermo Fisher Scientific). The miRNA library was constructed
using the QlAseq miRNA Library Kit (Qiagen) following the manufacturer’s instructions. The amplified libraries were purified and
size-selected (180 bp) by magnetic bead-based separation. Libraries were sequenced on the NovaSeq X Plus platform (lllumina) us-
ing paired-end 150 bp (PE150) sequencing. Raw sequencing data were subjected to quality control (QC) to ensure suitability for
downstream analysis. After deduplication, SRNAs (18-30 nt) were retained for analysis. The reads were mapped against the Aedes
aegypti reference genome (release-60) using the Bowtie software to identify known and novel miRNAs. Expression levels were
normalized to transcripts per million. Differentially expressed miRNAs were identified using EdgeR with the criteria of |logso-fold
change| > 1 and false discovery rate <0.05. Cluster analysis was performed based on these criteria. Gene Ontology terms and
KEGG pathway enrichment analyses (http://www.genome.jp/kegg/) of the target genes were performed using the Profiler R package.

Quantitative real-time PCR assays of genes and miRNAs

The composition of samples and the extraction of total RNA were described in the "sRNA - seq and data processing" section. A con-
stant amount of total RNA (500 ng) was reverse-transcribed into cDNA using either the HiScript Il RT SuperMix for gPCR (+gDNA
Wiper) kit or the miRNA First-Strand cDNA Synthesis SuperMix kit. Following 10-fold dilution, cDNA samples were amplified using
Taq Pro Universal SYBR gPCR Master Mix (Vazyme). And signal collection was performed on CFX96 gPCR system (Bio-Rad) accord-
ing to the manufacturer’s instructions. U6 or RPS7 was selected as the internal reference gene, and relative expression analysis was
conducted using the 2722 method. Primer sequences for qPCR analysis are detailed in SI Appendix, Table S3. All the gPCR exper-
iments were conducted with >3 biological replicates. The reagent specifications are listed in the key resources table.

Localization of miRNA and its targets by RNA FISH

A two-color fluorescence in situ hybridization analysis was performed to visualize miR-7 and its target gene GAD in mosquito guts,
following the protocol described by Guo et al.®® Briefly, intestinal tissue samples underwent sequential processing steps including:
fixation, dehydration, sectioning, pre-hybridization treatment, hybridization, washing, counterstaining, and mounting. Samples were
stored under dark conditions following completion of all procedures. Confocal microscopy was performed using the Zeiss LSM 900
system (Carl Zeiss Microscopy GmbH). Excitation were carried out at 555 nm (Cy3) and 492nm (FAM), and images were captured
using ZEN 3.1 software (Zeiss). The specific antisense RNA probes labeled with Cy3 (5-Cy3- ACAACAAAAUCACUAGUC
UUCCA-3') for miR-7 detection and with FAM (5'-FAM-UGAAGUGAAUAGUUGAGCA-3’) for GAD detection were commercially syn-
thesized (Sangon Biotech). The scrambled probe with Cy3 (5'-Cy3-UUGUACUACACAAAAGUACUG-3') for miRNA and with FAM
(5'-FAM-UUGUACUACACAAAAGUACUG-3') for mRNA were used as negative controls.

Measurement of Glu, GABA, and HGB levels

Gut lysates in phosphate-buffered saline (PBS) were collected from female mosquitoes. The concentrations of Glu and GABA were
quantified using ELISA kits (Jiangsu Meimian Industrial Co., Ltd.), whereas HGB levels were measured using an HGB assay kit
(Absin). All assays were performed according to manufacturer’s instructions. Optical density values were determined at 450 nm
for Glu/GABA detection and 435 nm for HGB quantification using a Varioskan Flash Multimode Reader (Thermo Fisher Scientific).

RNA interference

The methodology for RNA interference was described in detail elsewhere.®” Female mosquitoes were anesthetized using a cold plate
and microinjected with 1 pg/300 nL dsRNA targeting specific genes into the thoracic region. The injected mosquitoes were recovered
under standard rearing conditions (27°C, 80% humidity) for 36 h. Gene silencing efficiency was quantified by gPCR analysis. Primer
sequences for the target genes are listed in the SI Appendix (Table S3).

In vitro luciferase reporter gene assays

An approximately 120-bp fragment encompassing the predicted miR-7 target sites in the GAD gene was cloned into the psiCHECK-2
dual-luciferase reporter vector (Promega). Mutations were introduced to disrupt miRNA-binding specificity by altering 20 nt of the
target sites, including the region complementary to the miR-7 seed sequence. Co-transfection assays in S2 cells were performed
using the methodology described by Yang et al.®® Transfected cells were processed per the Dual-Luciferase Reporter Assay System
kit guidelines. Signal intensities were quantified at 480 nm (Renilla luciferase) and 560 nm (Firefly luciferase) using the Varioskan Flash
Multimode Reader (Thermo Fisher Scientific). Detailed reagent information is provided in the key resources table.

Lipid droplet staining

Fat body tissues were incubated in Nile red staining solution (20% glycerol in PBS containing a 1:10,000 dilution of 10% Nile red stock
solution in dimethyl sulfoxide [DMSQ]) for 15 min at room temperature. Confocal microscopy was performed using the Zeiss LSM 900
system (Carl Zeiss Microscopy GmbH). Excitation was carried out at 543 nm, and images were captured using ZEN 3.1 software
(Zeiss). Detailed reagent information is provided in the key resources table.
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Embryonic injection and genotyping

The synthesis of sgRNA has been described in detail in our previous study.®® Primer sequences for sgRNA target design are listed in
the Sl Appendix, Table S3. Briefly, a mixture of sgRNAs (40 ng/pL) and Cas9 protein (333 ng/pL) was microinjected into pre-gastru-
lation embryos. They hatched 5 d after injection and were reared to adulthood according to the described protocol.®® Females were
crossed and blood-fed for phenotypic analysis. Genotyping was conducted by examining the exuviae shed during the pupal stage of
the first transgenic generation. For experimental groups with fewer than nine biological replicates, complete genotyping was per-
formed for all female mosquitoes. In contrast, groups containing 10 or more replicates (Figures 3G, 3H, 4l, 4J, S6F, and S7B) em-
ployed a randomized sampling strategy (20% sampling rate) to ensure statistical efficiency while maintaining experimental accuracy.
Reagent details are provided in the key resources table.

TUNEL staining

Apoptotic cell death rates were quantified through terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
assays. Midgut tissues were processed following manufacturer protocols for the APO One-Step TUNEL Apoptosis Kit (Ribo).
Confocal microscopy was performed using the Zeiss LSM 900 system (Carl Zeiss Microscopy GmbH). Excitation were carried out
at 492 nm, and images were captured using ZEN 3.1 software (Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis
All data are presented as the mean + standard error of the mean (SEM). Comparisons between groups were performed using the

Student’s t test, with significance levels defined as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. Statistical analyses were performed
using GraphPad Prism version 8.
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