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ARTICLE INFO ABSTRACT

Keywords: This study aimed to investigate the transcriptomic changes in the midgut and salivary glands of Aedes aegypti
Zika virus mosquitoes infected with Zika virus (ZIKV), in order to explore the molecular mechanisms underlying the
Aedes aegypti

interaction between the virus and the mosquito vector. Aedes aegypti from Jiegao (JG) and Mengding (MD) in
China were experimentally infected with ZIKV, and the midgut and salivary gland tissues were collected at 2-, 4-
and 6 days post-infection (dpi). High-throughput sequencing was performed to analyze the transcriptomic
changes between ZIKV-infected and non-infected Ae. aegypti midgut and salivary gland tissues. Bioinformatics
tools were employed for further analysis of the transcriptomic data. The expression levels of 8 significantly
differentially expressed genes (DEGs) were validated using RT-qPCR. A conjoint analysis of small RNA-seq and
mRNA-seq was performed to screen interactional miRNA-mRNA pairs during ZIKV infection. Using the Search
Tool for the Retrieval of Interacting Genes, we constructed a protein-protein interaction network of genes and
subsequently identified hub genes. The most significant transcriptional changes in Ae. aegypti occurred at 2 dpi.
On 2, 4 and 6 dpi, 11 genes showed significant changes in both the midgut and salivary glands of the same
mosquito strain, while 25 genes exhibited significant changes in the same tissue between the JG and MD strains.
The expression tendencies of 8 DEGs obtained by RNA-Seq were similar to those detected by RT-qPCR.
Furthermore, we individually identified 10 hub genes in the midgut and salivary glands. Based on previous
miRNA research, we discovered the involvement of 9 miRNAs in the regulation of these hub genes. Our findings
demonstrate that Ae. aegypti exhibit distinct transcriptomic changes in response to ZIKV infection. The identi-
fication of the hub genes and their regulatory miRNAs provides valuable insights into the molecular mechanisms
underlying ZIKV infection in mosquitoes. This study contributes to a better understanding of the pathogen-vector
interactions and may aid in the development of targeted strategies for ZIKV control.

Vector-pathogen interactions
Transcriptome analysis
miRNA-mRNA network

1. Introduction

Zika virus (ZIKV), a member of the family Flaviviridae, genus Flavi-
virus, is transmitted by Aedes spp. mosquitoes. It was first discovered in
1947 in a rhesus sentinel monkey confined in the Zika forest of Uganda,
near Lake Victoria. Subsequently, it was isolated from Aedes africanus
mosquitoes in the same forest in 1948 (Dick et al., 1952). ZIKV infection
in humans was reported during studies in Nigeria in the early 1950’s
(Macnamara, 1954). The initial ZIKV outbreak occurred in 2007 on Yap
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Island in Micronesia (Lessler et al., 2016), followed by subsequent out-
breaks in Africa, Asia, the Americas, and the Pacific islands. As of
December 2021, ZIKV transmission through local mosquitoes has been
documented in 89 countries and territories (WHO, 2022). ZIKV infection
in humans manifests as high fever, cutaneous rash, joint discomfort,
conjunctivitis, headaches, and muscle aches. However, it can also lead to
severe and occasionally fatal conditions such as Guillain-Barré syn-
drome and neonatal microcephaly (Aratjo et al., 2016; Brady et al.,
2019; Leonhard et al., 2020), posing a significant public health threat.
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Currently, specific antiviral drugs or vaccines against ZIKV infection are
not available, making vector control the primary method to mitigate
transmission risk. Yet, the efficacy of current vector control methods is
limited. Therefore, there is an urgent need for innovative strategies to
control the spread of arboviruses.

ZIKV primarily infects humans through the bites of Aedes spp.
mosquitoes, particularly Aedes aegypti. The virus must successfully tra-
verse the midgut tissue, which is considered the initial obstacle to
infection, before disseminating to other tissues and eventually reaching
the salivary glands (Zimler et al., 2021; Jia et al., 2023). In the salivary
glands, ZIKV is released into salivary ducts and transmitted to human
hosts during subsequent blood-feeding events (Zimler et al., 2021). In
mosquitoes, several innate immune pathways, such as Toll, immune
deficiency (IMD), and Janus kinase/signal transducer and activator of
transcription (JAK/STAT) signaling pathways, have been demonstrated
to inhibit viral replication under specific conditions. There is also the
RNA interference (RNAi) pathway, which is widely recognized as the
key mechanism by which mosquitoes resist viral infections. Studies have
shown that after mosquito-borne viruses infect mosquitoes, the activa-
tion of the mosquito immune system can limit their replication both
inside and outside the mosquito body. However, mosquito-borne viruses
are not completely eliminated, which may be related to immune escape
(Prince et al., 2023). The interaction between viruses and the mosquito
immune system is relatively complex and has not yet been fully eluci-
dated. Multiple studies have found that the transcriptome expression
profiles of mosquitoes undergo significant changes after mosquito-borne
virus infection. For example, a study found that the transcriptome
expression profiles of Ae. aegypti changed significantly at different time
points after ZIKV infection, and most of the altered genes were involved
in metabolic processes, cellular processes, and protein degradation
(Etebari et al.,, 2017). Another study analyzed the gene expression
changes in Ae. aegypti after ZIKV infection through transcriptome
sequencing and found that a calreticulin-like (CRT) gene was signifi-
cantly upregulated during the infection process. However, when qPCR
was used to verify the CRT expression between infected and uninfected
female mosquitoes, no significant difference was found. This may be
because CRT expression varies among individuals, changes over time,
and is affected by viral load. Further research is needed to explore its
role in the interaction between the virus and mosquitoes (Almeida et al.,
2023). Additionally, a study assessed the vector competence of Aedes
albopictus from Jinghong and Guangzhou, China, for ZIKV and
sequenced the transcripts of midgut and salivary gland tissues 10 days
after infection. It was found that Ae. albopictus from both locations were
susceptible to ZIKV, but the Guangzhou strain had stronger vector
competence. Moreover, there were significant differences in the cate-
gories and functions of differentially expressed genes responding to
ZIKV infection in different tissues and strains, indicating that the
different vector competences of Ae. albopictus for ZIKV may be related to
different strains and tissues (Jia et al., 2023). These studies indicate that
the interaction between ZIKV and mosquitoes is complex and diverse,
involving multiple molecular mechanisms. Therefore, more research is
needed to identify the host factors involved in viral replication or anti-
viral responses of mosquito hosts.

A previous study has demonstrated that Jiegao (JG) and Mengding
(MD) strains of Ae. aegypti display strong vector competence for ZIKV.
Additionally, changes in microRNA (miRNA) profiles were observed in
the midgut and salivary gland of these Ae. aegypti strains at three
different time points following ZIKV infection (Zhu et al., 2021). How-
ever, the study by Zhu et al. (2021) primarily focused on the miRNA
profiles and did not provide a comprehensive analysis of the tran-
scriptomic changes in these tissues. Here, we performed
high-throughput sequencing of the transcriptome in the midgut and
salivary gland of ZIKV-infected Ae. aegypti at the same time points and
also conducted a conjoint analysis of small RNA-seq and mRNA-seq to
identify interactional miRNA-mRNA pairs during ZIKV infection. Our
objective was to investigate the molecular interactions between the
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mosquito host and the virus, which may contribute to the development
of novel strategies for preventing insect-borne diseases.

2. Materials and methods
2.1. Virus strain

The virus strain used in this study was ZIKV SZ01, obtained from the
Microbial Culture Collection Center of the Beijing Institute of Microbi-
ology and Epidemiology. This virus was initially discovered in a patient
returning from Samoa to China in 2016 (GenBank: KU866423) (Deng
et al., 2016). Before the study, the virus was passaged four times in the
Ae. albopictus C6/36 cell lines.

2.2. Infection of mosquitoes

Two strains of Ae. aegypti (JG and MD) were originally collected from
Jiegao (23°5840"'N, 97°53'24'E) and Mengding (23°33'00"N,
99°3'33"E), Yunnan Province, China, respectively, in 2018. Both mos-
quito strains were reared under the same conditions (temperature of 26
+ 1 °C, relative humidity of 75 + 5%, and a 14:10-h light/dark photo-
period). Adult mosquitoes were provided with a 10% sucrose solution.

Five-day-old nulliparous female Ae. aegypti mosquitoes were orally
infected with viral blood meals containing a 1:1 mixture of mouse blood
and ZIKV SZ01 strain suspension using the Hemotek membrane feeding
system (Sihuan, Beijing, China) to keep the virus blood meal at 37 °C.
The titer of the viral blood meal was 1.5 x 10* PFU/ml. The non-infected
group was fed with blood meals without ZIKV. After 1 h of blood-
feeding, fully engorged mosquitoes were transferred to plastic cups
and reared under standard conditions.

2.3. Sample preparation for mRNA-seq

The midguts and salivary glands of infected and uninfected
mosquitoes were dissected at 2-, 4-, and 6 days post-infection (dpi). A
total of 24 groups, each consisting of approximately 100 mosquito
samples, were used to create RNA-seq libraries. These tissues were
collected in 1.5 ml RNase-free microcentrifuge tubes containing 500 pl
TRIzol reagent (Invitrogen, Carlsbad, USA) and stored at —80 °C until
subsequent RNA extraction.

2.4. RNA extraction, mRNA library preparation and sequencing

The RNA extraction, library preparation, and sequencing analyses
were performed by BGI Company (Shenzhen, China). Total RNA was
extracted from each group using TRIzol reagent according to the man-
ufacturer’s protocol. The quality and quantity of RNA were assessed
using Agilent 2100 (Agilent, Santa Clara, USA). Each RNA sample was
split into two sections: one for mRNA library preparation and
sequencing, and the other for real-time quantitative PCR (RT-qPCR)
analysis. Oligo(dT) magnetic beads were used for the enrichment of
mRNAs with a poly(A) tail. After fragmenting the purified mRNA,
random N6 primers were employed for reverse transcription, and
double-stranded c¢DNA was synthesized. The synthesized double-
stranded DNA was flattened, while the 5-end was phosphorylated and
the 3'-end was added with an A-tail. Following PCR amplification, the
PCR product was denatured into single-stranded DNA, which was then
cyclized to obtain a single-stranded circular DNA library. The quality of
the cDNA was assessed using Agilent 2100 (Agilent). Subsequently, the
mRNA libraries were sequenced using Illumina genomic analyzer.

2.5. Bioinformatics
Filtering the original data is crucial to ensure the quality and reli-

ability of the data analysis. We utilized SOAPnuke v1.5.2 (Cock et al.,
2010) to eliminate reads containing adapters, undetermined base
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information, and low quality. To determine the mapping position of the
reads on the reference genome, clean reads were mapped to the refer-
ence genome using HISAT2 v2.0.4 (Kim et al., 2015). Bowtie2 (v2.2.5)
(Langmead and Salzberg, 2012) was employed to align the clean reads to
the reference coding gene set, and then RSEM (v1.2.12) (Li and Dewey,
2011) was used to estimate the gene expression levels. Lastly, the genes
were subjected to enrichment analysis based on Gene Ontology (GO;
http://amigo.geneontology.org/amigo) and the Kyoto Encyclopedia of
Genes and Genomes (KEGG; https://www.genome.jp/kegg/pathway.ht
ml).

2.6. Expression profiling of mRNAs in response to ZIKV

An algorithm was employed to analyze the differentially expressed
mRNAs between ZIKV-infected and non-infected groups: p(y) = e ™%/
x!, where y is defined as the number of reads from mRNA, and A is the
real number of transcripts of the mRNA. The detailed methodology was
described by Audic and Claverie (1997). Significantly differentially
expressed genes were determined using the threshold parameters of FDR
< 0.001 and [log2(FC)| > 1.

2.7. RT-qPCR analysis of mRNAs

The expression of 8 mRNA transcripts was validated by two-step RT-
gqPCR using the primers shown in Supplementary Table S1. Reverse
transcription (RT) reaction was conducted in a mixture containing 6 pl
of RNase-free water, 0.5 pul of RNase inhibitor (50 U/pl), 2 pl RT Primer
(50 pM/pl), 2 pl of total RNA, incubated at 65 °C for 5 min, 37 °C for 10
min and centrifuged at high speed (> 5000 g) for 5 s. Then, the solution
was mixed with 0.5 pl of RNase inhibitor (50 U/pl), 4 pl of 5x Buffer, 2
pl of ANTP (10 mM each), 2 pl of DTT and 1 pl AMV (200 U/pl) and
incubated at 40 °C for 1 h, 90 °C for 5-10 min, 4 °C for 5 min and
centrifuged at high speed (> 5000 g) for 5 s. All RT reagents were pur-
chased from Invitrogen (Carlsbad, CA, USA). The resulting cDNA were
used as templates for qPCR reaction, which contains 8 pl of 2x PCR mix
(Qiagen, Hilden, Germany), 0.2 pl of each forward and reverse primers,
1 pl of template and 6.6 pl of nuclease-free water. qPCR was performed
in an ABI Vii 7 PCR system programmed as follows: 1 cycle at 95 °C for 2
min, 94 °C for 10 s, and 40 cycles at 59 °C for 10 s and 72 °C for 40 s. The
analysis of qPCR results was performed using 222" method (Livak and
Schmittgen, 2001). Ribosomal Protein S7 RNA was used to normalize
the fold changes in mRNA expression in each sample.

2.8. Correlation analysis of miRNAs and mRNAs

A previous study screened for differentially expressed miRNAs in the
JG and MD strains of Ae. aegypti infected with ZIKV (Zhu et al., 2021). In
the present study, the mRNA corresponding to these differentially
expressed miRNA were identified by intersecting with the differentially
expressed mRNA in JG and MD strains following ZIKV infection.
Candidate target gene pairs were selected based on the regulatory
principle of miRNA-mRNA interactions, including significantly down-
regulated miRNA and upregulated mRNA, as well as significantly
upregulated miRNA and downregulated mRNA. The miRNA-mRNA
interaction network was constructed using Cytoscape-3.10.0, incorpo-
rating the miRNA-mRNA data obtained from the aforementioned se-
lection criteria. The interaction gene retrieval tool (STRING) is an
interactive gene database designed to analyze PPI information
(Szklarczyk et al., 2019). In STRING, overlapping genes are mapped to
generate functional protein-protein interaction networks. Subsequently,
Cytoscape-3.10.0 is used for visualization of the PPI network. Addi-
tionally, we utilized the cytoHubba plugin to identify hub genes using
the Maximum Clique Centrality (MCC) method and performed further
analysis on the top 10 hub genes with the highest MCC scores (Chin
et al., 2014).
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3. Results

3.1. Analysis of Ae. aegypti transcriptome using RNA sequencing (RNA-
seq)

The transcriptome of 24 samples from ZIKV-infected and non-
infected Ae. aegypti mosquitoes was sequenced using the Illumina
high-throughput sequencing platform. The samples were collected at 2-,
4-, and 6 days post-infection (dpi). Each library produced approximately
21.62-22.75 Mb of raw reads, and after removing low-quality reads and
reads without proper mapping, approximately 21.07-21.89 Mb of clean
reads were obtained. The mapping results demonstrated that about
87.8-90.89% of the reads per sample were successfully mapped to the
genome (Supplementary Table S2).

3.2. Analysis of mRNA expression differences

The analysis of mRNA expression profiles in ZIKV-infected Ae. aegypti
midgut tissue revealed a total of 1359 and 4496 differentially expressed
genes (|log2 FC| > 1) in the JG strain and MD strain, respectively, at the
three time points compared to non-infected controls. The most pro-
nounced changes among the three time points were observed at 4 dpi,
with 822 differentially expressed genes in the JG strain, and at 2 dpi,
with 3724 differentially expressed genes in the MD strain.

Additionally, the salivary gland tissue of ZIKV-infected Ae. aegypti
showed 1292 and 8620 differentially expressed genes in the JG strain
and MD strain, respectively, compared to their respective control
groups. The highest number of gene alterations occurred at 2 dpi for
both Ae. aegypti strains (Fig. 1). The differences in the number and
timing of DEGs in the transcriptome of Ae. aegypti JG and MD strains
after ZIKV infection may be closely related to the genetic background of
the mosquitoes.

3.3. Overlapping genes in the midgut and salivary glands of Ae. aegypti at
three time points following ZIKV infection

Comparing the transcriptome profiles of ZIKV-infected Ae. aegypti,
we identified 51 overlapping genes (JG strain) and 55 overlapping genes
(MD strain) in the midgut tissue, and 68 overlapping genes (JG strain)
and 118 overlapping genes (MD strain) in the salivary gland tissue
across the three time points (Fig. 2). On 2, 4 and 6 dpi, 3 genes from JG
strains and 8 genes from MD strains showed significant changes in both
the midgut and salivary gland of the same mosquito strain (Table 1).
Furthermore, we found that 9 genes in the midgut tissue and 16 genes in
the salivary gland tissue were consistently altered in both JG and MD
strains following ZIKV infection (Table 2). Among these genes, 7 were
upregulated and one gene was downregulated in the midgut tissue,
displaying the same tendency in both Ae. aegypti strains. Interestingly,
one gene (AAEL013535) was upregulated only at 2 dpi in the midgut of
the JG strain and exhibited opposite regulation in the MD strain and
other time points in the JG strain. However, in the salivary gland tissue,
only one gene (5576721) showed consistent regulation by both JG and
MD strains across the three time points, while the remaining 15 genes
exhibited opposite regulation at different time points.

3.4. RT-qPCR validation of differentially expressed genes

To validate the results of RNA-Seq data, we determined the expres-
sion of 8 genes in the midgut and salivary gland tissue (AAEL004805,
AAEL005951, AAEL009596, AAEL012644, AAEL013535, AAEL006485,
AAEL009524, AAEL005849), with reverse transcription-quantitative
PCR (RT-qPCR) assays on 2, 4 and 6 dpi for both the JG and MD
strains (Fig. 3). The expression tendencies of these genes obtained by
RNA-Seq were similar to those detected by RT-qPCR, indicating that
results from RNA-Seq data were reliable.
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Fig. 1. Volcano plots of differentially expressed genes. Gene expression levels in the midgut or salivary gland of the two Ae. aegypti strains (JG and MD) infected with
ZIKV at the indicated time points are compared with those of the control group. The genes with |log2 FC| > 1 and FDR <0.001 were considered to be significantly

changed. Red and green plots indicate significantly upregulated (Up) and downregulated (Down) expression, respectively. Grey plots (non-DEGs) indicate no sig-
nificant difference between infected and control libraries.

3.5. Conjoint analysis of small RNA-Seq and mRNA-Seq strain, while 240 miRNA-mRNA pairs (226 pairs at 2 dpi, 11 pairs at 4
dpi, and 3 pairs at 6 dpi) were identified in the MD strain. Furthermore,

A negative correlation analysis was conducted on the differentially in the salivary glands, 19 miRNA-mRNA pairs (11 pairs at 2 dpi, 2 pairs
expressed miRNAs and mRNAs in JG and MD strains of Ae. aegypti after at 4 dpi, and 6 pairs at 6 dpi) were identified in the JG strain, while 334
ZIKV infection. In the midgut, a total of 8 miRNA-mRNA pairs (2 pairs at miRNA-mRNA pairs (180 pairs at 2 dpi, 20 pairs at 4 dpi, and 134 pairs
2 dpi, 5 pairs at 4 dpi, and 1 pair at 6 dpi) were identified in the JG at 6 dpi) were identified in the MD strain (Supplementary Table S3). A
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Fig. 2. Venn diagram representing the number of differentially expressed genes
of the two Ae. aegypti strains (JG and MD) at three different time points post-
ZIKV infection.

network association graph for these miRNA-mRNA pairs was con-
structed (Fig. 4). Using the MCC algorithm in the cytoHubba plugin of
Cytoscape-3.10.0, the top 10 hub genes in the midgut and salivary
glands were selected (Fig. 4A-C). To further investigate the expression
and regulatory relationships among the hub genes, a network associa-
tion graph between the hub genes and miRNAs was constructed. In the
network association graph, 10 hub genes in the midgut were regulated
by novel mir65 (Fig. 4B), while in the salivary glands, AAEL0O00010 and
AAEL002639 were regulated by aae-miR-276-3p; AAEL010168 and
AAEL009078 were regulated by novel mir43; AAEL013533 was regu-
lated by aae-miR-263b-5p; AAEL002047 was regulated by aae-miR-275-
3p; AAEL000138 was regulated by aae-miR-2b; AAEL007771-PB was
regulated by novel mirl5; AAEL014889 was regulated by novel mirl7;
and AAEL008329 was regulated by novel mir56 (Fig. 4D).

3.6. GO/KEGG pathway

To further investigate the biological functions of the hub genes
among the three time points in two Ae. aegypti strains after ZIKV infec-
tion, GO terms were used to classify the functions of these genes (Fig. 5).
In the functional enrichment analysis of hub genes in midgut tissue, the
annotation of biological processes revealed that most genes were asso-
ciated with biological regulation, regulation of cellular process, and
regulation of biological process. The cell component annotation showed
that most genes were related to nucleoplasm. The molecular function
annotation indicated that virus-infected cells frequently displayed

Table 1
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functional alterations related to catalytic activity and transferase ac-
tivity (Fig. 5A). In contrast, the functional enrichment of hub genes in
salivary glands showed differences compared to the midgut. The anno-
tation of biological processes revealed that most genes were associated
with nitrogen compound metabolic process, cellular nitrogen compound
metabolic process, and organonitrogen compound metabolic process.
The cell component annotation showed that most genes were related to
intracellular organelles, cytoplasm, and cytoplasmic part. The molecular
function annotation indicated that virus-infected cells frequently dis-
played functional alterations related to a structural constituent of the
ribosome and structural molecule activity (Fig. 5B).

According to the KEGG pathway analyses, the hub genes in the
midgut tissue are involved in the response to the Wnt signaling pathway,
TGF-beta signaling pathway, FoxO signaling pathway, MAPK signaling
pathway - fly, and Dorso-ventral axis formation (Fig. 5C). On the other
hand, the hub genes in the salivary glands are predominantly enriched in
two pathways, namely Ribosome and Oxidative phosphorylation
(Fig. 5D).

4. Discussion

ZIKV is a rapidly emerging infectious disease that poses a significant
threat to public health. Previous studies have focused on understanding
the molecular interactions between ZIKV and Ae. aegypti through
changes in small RNA and transcriptome expression (Etebari et al.,
2017; Zhu et al.,, 2021; Almeida et al., 2023). However, the
tissue-specific responses during the infection process remain poorly
understood. Upon ingestion of an infectious blood meal, the midgut of
the mosquito acts as the primary barrier for arbovirus replication, while
the salivary glands plays a crucial role in efficient arbovirus transmission
(Cui et al., 2019; Sanchez-Vargas et al., 2021). In our study, we aimed to
investigate the virus-vector interactions occurring in the midgut and
salivary gland tissues upon ZIKV infection at three time points. Our re-
sults demonstrate that the most significant changes in transcript levels
within the midgut and salivary gland tissues of ZIKV-infected Ae. aegypti
mosquitoes occur predominantly at 2 dpi compared to other time points.
This suggests that the modulation of gene expression in the midgut and
salivary gland tissues is most pronounced early in the infection process.
However, in a previous transcriptomic study that examined the impact
of ZIKV on the overall transcriptome of Ae. aegypti mosquitoes using
RNA-Seq, the highest number of altered genes was observed at 7 dpi,
while the numbers of altered genes at 2 dpi and 14 dpi were lower (Franz
et al.,, 2015). This indicates that the regulation of viral infection is
tissue-specific and dependent on mosquito and viral genotypes.

In the study conducted by Londono-Renteria et al. (2015) differen-
tially expressed genes were observed in Ae. aegypti following infection
with yellow fever virus (YFV), dengue virus (DENV), and West Nile virus
(WNV). Additionally, in another study on ZIKV infection in Ae. aegypti, 5

DEGs in the midgut and salivary gland tissues of the same Ae. aegypti strain at three time points after ZIKV infection.

Gene ID Gene description Strain log2 FC

Midgut Salivary gland

2 dpi 4 dpi 6 dpi 2 dpi 4 dpi 6 dpi
5569630 AAEL007780 Uncharacterized LOC5569630 JG 1.18 2.47 1.99 -5.17 —5.30 —4.49
5577338 AAEL000442 Maternal effect protein oskar JG 6.84 —4.21 3.29 -3.25 —1.98 2.10
5579856 AAEL005849 Synaptic vesicle glycoprotein 2C JG 2.54 4.22 5.78 —1.42 —1.58 —2.63
5569242 AAEL005849 Synaptic vesicle glycoprotein 2A MD 1.92 4.17 6.98 —2.42 3.21 2.95
5569528 AAEL007703 Uncharacterized LOC5569528 MD 1.15 2.60 6.27 —5.02 3.46 4.20
5571793 AAEL009309 Protein Peter Pan MD —7.02 7.29 9.20 6.81 -1.81 8.45
5576617 AAEL012644 Uncharacterized LOC5576617 MD 2.62 2.57 6.49 —5.64 3.85 3.60
5576619 AAEL012646 Uncharacterized LOC5576619 MD 2.75 3.40 4.98 —4.57 5.87 2.68
5576969 - UDP-glucuronosyltransferase 2B18 MD 2.08 2.81 4.42 1.50 5.29 1.25
23687754 AAEL017334 Flocculation protein FLO11 MD 2.37 2.74 6.60 —-3.51 3.13 6.26
110673979 AAEL001085 Mitochondrial intermembrane space import and assembly protein 40 MD -1.01 -8.01 —-2.07 —8.20 9.12 -1.60

Abbreviations: JG, Jiegao; MD, Mengding; dpi, days post-infection.
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DEGs in the same tissues of two Ae. aegypti strains (JG and MD) at three time points after ZIKV infection.

Gene ID Gene description Tissue log2 FC
JG MD
2 dpi 4 dpi 6 dpi 2 dpi 4 dpi 6 dpi

5564054 AAEL004048 UNC93-like protein M 1.81 4.29 2.44 1.75 2.73 8.08
5565499 AAEL004805 Sodium/potassium/calcium exchanger 4 M 1.70 1.64 3.31 1.69 2.55 6.31
5566438 AAELO005385 Uncharacterized LOC5566438 M 2.08 4.41 4.05 3.71 2.78 5.49
5569242 AAEL007489 Synaptic vesicle glycoprotein 2A M 1.92 4.69 4.01 1.92 4.17 6.98
5571480 AAEL010921 Solute carrier organic anion transporter family member 2A1 M 1.90 3.70 3.39 3.93 3.60 7.27
5572188 AAEL009596 Sterol O-acyltransferase 1 M —2.31 -1.76 -1.13 —-1.03 —-2.10 —-1.33
5576617 AAEL012644 Uncharacterized LOC5576617 M 2.05 4.23 2.59 2.62 2.57 6.49
5577500 AAEL003184 Solute carrier family 22 member 21 M 2.18 3.71 3.26 2.64 3.04 6.17
5578159 AAELO013535 Arrestin homolog M 1.62 -3.83 —2.98 —1.61 —2.68 -3.35
5566809 AAEL005656 Myosin heavy chain, muscle SG —2.02 -1.33 -2.15 2.40 -2.31 -2.17
5567956 AAEL006417 37 kDa salivary gland allergen Aed a 2-like SG -1.37 —5.02 —3.67 3.32 -9.32 —7.98
5568044 AAEL006485 Probable uridine nucleosidase 1 SG —-1.66 —5.04 —4.53 2.74 —8.03 —2.59
5569630 AAELO007780 Uncharacterized LOC5569630 SG —5.17 —5.30 —4.49 —3.02 -1.37 3.47
5569903 AAEL007986 Uncharacterized LOC5569903 SG —10.60 —8.65 —6.06 2.58 —-8.82 -8.13
5570845 AAEL008619 Kallikrein 1-related peptidase b3 SG —1.84 —5.61 —3.84 2.58 —8.42 —6.81
5571443 AAEL009081 Uncharacterized LOC5571443 SG -9.21 —8.98 —6.52 1.70 —9.70 —6.82
5572111 AAEL000392 Probable maltase SG —-5.14 -6.19 —-5.39 3.29 —-5.85 -1.19
5572722 AAEL009993 Uncharacterized LOC5572722 SG —-1.06 —5.02 —4.23 5.78 —-7.61 —4.00
5576721 - COX assembly mitochondrial protein 2 homolog SG 8.10 7.13 7.92 1.76 1.48 7.15
5577338 AAEL000442 Maternal effect protein oskar SG -3.25 —1.98 2.10 4.46 —3.07 —7.00
5579856 AAEL005849 Synaptic vesicle glycoprotein 2C SG —1.42 —1.58 —2.63 —2.76 2.23 2.44
23687754 AAEL017334 Flocculation protein FLO11 SG -1.75 2.32 -3.82 -3.51 3.13 6.26
110675441 - Biofilm and cell wall regulator 1-like SG —9.23 -8.81 —6.29 3.05 —10.04 —8.40
110680819 - Uncharacterized protein C120rf73 homolog SG 10.19 10.40 9.99 —5.31 1.56 10.76
110681458 - Transcription factor TFIIIB component B” homolog SG —6.23 —4.91 —6.29 6.88 2.67 6.97

Abbreviations: M, midgut; SG, salivary gland; dpi, days post-infection.

of 20 genes also displayed significant differential expression (Etebari
et al., 2017). In our study, we also observed two of these genes differ-
entially expressed significantly, AAEL0O00379 (cysteine-rich venom
protein 379, CRVP379) and AAEL013122. CRVP379 exhibited a
downregulation of 4.24-fold in the midgut tissue of the JG strain
compared to the control group, while in the midgut tissue of the MD
strain, it showed an upregulation of 9.06-fold. In the salivary gland
tissue, CRVP379 displayed a 3.32-fold upregulation in the JG strain,
while no significant differential expression was observed in the MD
strain. AAEL013122, on the other hand, showed significant down-
regulation of 4.54-fold, specifically in the salivary gland tissue of the MD
strain. Although both studies focused on Zika virus (ZIKV) infections in
Ae. aegypti, Etebari et al. (2017) utilized whole mosquitoes whereas our
study specifically examined the midgut and salivary gland tissues. This
suggests potential variations in gene expression regulation in different
geographical strains and mosquito organs. Furthermore, Londono-Ren-
teria et al. (2015) demonstrated that silencing the gene CRVP379 led to
a reduction in dengue virus (DENV) replication. Another study demon-
strated that Ae. aegypti with the CRVP379 gene knocked out, when
infected with DENV, did not exhibit significant changes in midgut DENV
replication; however, these mosquitoes showed a significant decrease in
egg-laying quantity and a marked reduction in egg hatching rates (Tikhe
et al.,, 2022). The differences in these two studies may potentially be
attributed to different factors such as experimental methods and
experimental conditions. Nevertheless, these studies have demonstrated
that CRVP379 exhibits complex and multifaceted functions. It not only
affects the replication of DENV within Ae. aegypti but also significantly
impacts its reproductive capacity. However, there are currently no re-
ports on the influence of CRVP379 on the replication of ZIKA in Ae.
aegypti. Therefore, further research is needed to thoroughly explore the
mechanism by which CRVP379 acts in the replication of ZIKA. In
addition, the role of AAEL013122 in virus-mosquito interactions re-
mains unclear at present, and further experiments are needed for its
exploration.

Our results revealed significant variations in DEGs between the two
tissue types of the same mosquito strain and within the same tissue type

of two different mosquito strains. A total of 36 overlapping genes were
identified, including sodium/potassium/calcium exchange 4, synaptic
vesicle glycoprotein 2A, arrestin homolog, myosin heavy chain, muscle,
biofilm and cell wall regulator 1-like, and transcription factor TFIIIB
component B homolog, among others. Previous studies have shown that
during the invasion of the midgut of Anopheles albimanus by Plasmodium
vivax, myosin (AALB007909) acts as a key target, providing the power
for the movement and entry of the malaria parasite into the mosquito
midgut epithelial cells, enabling the parasite to effectively penetrate the
cellular barrier and complete the invasion process (Lecona-Valera et al.,
2016). This suggests that myosin may be an important protein for
pathogen infection of mosquitoes. However, there are currently no
studies reporting its role in the viral infection of mosquitoes. Our study
demonstrated significant downregulation of arrestin homolog and
myosin in the midgut tissue of MD strains at three distinct time points
following ZIKV infection. Therefore, future research can explore the
potential role of myosin in ZIKA-infected mosquitoes, which will help us
gain a more comprehensive understanding of the interaction mecha-
nisms between ZIKA and mosquito hosts. Furthermore, other over-
lapping genes also displayed significant changes, suggesting their
important regulatory role in ZIKV infection in mosquitoes.

Several studies have demonstrated the important role of miRNAs in
virus infection by regulating the expression of target genes. For instance,
aae-miR-989 is involved in the replication of dengue virus (DENV) in Ae.
aegypti by negatively regulating the expression of the AaATL gene
(Hussain et al., 2022). Building upon previous research (Zhu et al.,
2021), we constructed a miRNA-mRNA regulatory network, in which 10
hub genes in the midgut were found to be regulated by novel mir65.
Furthermore, novel mir65 was downregulated in our experiments,
whereas the expression levels of the 10 hub genes were upregulated.
This suggests that novel mir65 may regulate the interaction between
ZIKV and Ae. aegypti by targeting these genes and influencing relevant
pathways. Novel mir65 is a newly discovered miRNA in this study,
which has not yet been identified or named. Therefore, further in-
vestigations are needed to explore its specific regulatory mechanisms. In
contrast to the midgut, the 10 hub genes in the salivary glands are
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Fig. 3. RT-qPCR verification of differentially expressed genes from RNA-Seq. Gene expression in the midgut (A-E) and salivary gland (F-H) of the two Ae. aegypti
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Fig. 4. Conjoint analysis of miRNA and RNA-seq in Ae. aegypti infected with ZIKV. A, C Hub genes in the midgut (A) and salivary gland (C) of the two Ae. aegypti
strains (JG and MD) infected with ZIKV. B, D miRNA-hub genes in the midgut (B) and salivary gland (D) of the two Ae. aegypti strains infected with ZIKV. Red and
green plots indicate significantly upregulated and downregulated expression, respectively (panels B and D). The shades of red, orange, and yellow, from dark to light,

represent the MCC scores of the hub genes, from high to low (panels A and C).

regulated by 8 different miRNAs, including 4 novel miRNAs identified in
the present study.

This study conducted a conjoint analysis of SRNA-seq and mRNA-seq
in the midgut and salivary glands of Ae. aegypti infected with ZIKV and
identified 10 key hub genes (AAEL004592, AAEL005238, AAEL017391-
PA, AAEL017286-PA, AAEL013939, AAEL004319, AAEL014072,
AAEL006013, AAEL003388, AAEL017357-PA). Gene ontology (GO)
enrichment analysis revealed that these hub genes in the midgut are
mainly involved in biological regulation, transferase activity, catalytic
activity, and other functions. The enriched pathways primarily include
the Wnt signaling pathway, TGF-beta signaling pathway, FoxO signaling
pathway, and MAPK signaling pathway - fly. Previous studies have
shown that tyrosine-protein kinase Src64B (AAEL005238) can restrict
the replication of White Spot Syndrome Virus (WSSV) in shrimp by
regulating cell apoptosis (Wei et al., 2019). Glycogen synthase kinase-3
beta (AAEL005238) acts as a drug target to activate the Wnt/p-catenin
pathway, leading to the augmentation of the host’s immune response
and suppression of viral replication (Wang et al., 2023). CREB-binding
protein (AAEL017391-PA) facilitates viral replication within astro-
cytes, during ZIKV infection of the mammalian central nervous system
(Sun et al., 2020). Histone acetyltransferase Tip60 (AAEL014072)

inhibits the replication of influenza A virus by activating the TBK1-IRF3
signaling pathway (Ma et al., 2018). These studies indicate the signifi-
cant roles of these 4 genes in regulating viral replication, but their
functions in mosquitoes remain unknown. Among the 10 hub genes in
the salivary glands (AAEL013533, AAEL002047, AAEL000010,
AAEL002639,  AAEL000138,  AAEL007771-PB,  AAEL(014889,
AAEL010168, AAEL009078, AAEL008329), their main functions are
related to intracellular organelles, ribosomes, cellular nitrogen com-
pound metabolic processes and so on. The enriched pathways are pri-
marily Ribosome and Oxidative phosphorylation. It has been shown that
40S ribosomal protein S2 (AAEL010168) is significantly upregulated in
Ae. aegypti infected with dengue fever and Rift Valley fever viruses
(Licciardi et al., 2020). However, in the present study, the expression of
AAFL010168 was downregulated in the salivary glands of Ae. aegypti
infected with ZIKV, indicating its important role in the mosquito-virus
interaction, but the specific mechanism remains unclear.

Overall, our study provides a comprehensive analysis of the tran-
scriptomic changes occurring in Ae. aegypti upon ZIKV infection. The
identification of candidate genes and miRNAs provides new insights into
the molecular mechanisms underlying mosquito susceptibility to ZIKV
infection and host-pathogen interactions. These results will contribute to
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lar Function.

our understanding of ZIKV transmission and may inform the develop-
ment of novel vector control strategies. In subsequent studies, we will
explore and investigate the roles of these genes in the interaction be-
tween mosquitoes and ZIKV.

5. Conclusions

In this study, we investigated the transcriptomic changes in the
midgut and salivary glands of Ae. aegypti mosquitoes from JG and MD in
response to ZIKV infection. Our results demonstrated that both JG and
MD strains of Ae. aegypti are susceptible to ZIKV, but significant differ-
ences in transcriptional profiles were observed between the two strains.
The most significant transcriptomic changes occurred at 2 dpi. A total of
11 genes showed significant changes in both the midgut and salivary
glands within the same mosquito strain, while 25 genes exhibited sig-
nificant differences in the same tissue between the JG and MD strains.
We identified 8 DEGs whose expression levels were validated by RT-
gPCR, and 10 hub genes in the midgut and salivary glands, regulated
by 9 miRNAs. These findings provide new insights into the molecular
mechanisms underlying ZIKV infection in mosquitoes and highlight the
distinct transcriptomic responses of different Ae. aegypti strains to ZIKV.
This study enhances our understanding of pathogen-vector interactions
and may contribute to the development of targeted strategies for ZIKV

control.
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