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Multi-omics pro ling reveals
associations between gut
microbiota and olfactory gene
expression in mosquitoes
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HaoTian Yu*, Dan Xing™, Teng Zhao™ and ChunXiao Li*

State Key Laboratory of Pathogen and Biosecurity, Beijing Institute of Microbiology and
Epidemiology, Beijing, China, 2Institute of Tropical Medical, Guangzhou University of Chinese
Medicine, Guangzhou, China

Introduction: The interplay between gut microbiota and host physiological
processes has been extensively studied in vertebrates, where it plays a crucial
role in regulating appetite, emotion, immunity, and other physiological functions.
However, whether a similar regulatory mechanism exists in insects remains
unclear, especially regarding the long-distance regulation of olfactory function..
This study focused on three Culex subspecies (Culex quinquefasciatus, Culex
pipiens pallens, and Culex pipiens molestus) that are closely related but exhibit
signi cant differences in olfaction-dependent ecological habits. By integrating
antennal transcriptomic and gut metagenomic data, we systematically analyzed
the expression characteristics of olfactory-related genes, the structure of gut
microbial communities, and their intrinsic associations.

Methods: We integrated antennal transcriptomic and gut metagenomic
sequencing to analyze olfactory-related gene expression, gut microbial
community structure, and their intrinsic associations in male and female
individuals of the three Culex subspecies. Bioinformatics analyses included
differential gene screening, functional enrichment, microbial taxonomic
annotation, and Spearman correlation analysis.

Result: The results showed that a large number of sex-speci ¢ and species-
speci c differentially expressed genes (DEGs) were identi ed in the antennae of
the three Culex subspecies. Among these, 345 DEGs were shared sex-speci ¢
genes across species, which were signi cantly enriched in pathways such as odor
binding, signal transduction, and xenobiotic metabolism. At the phylum level,
the gut microbial composition was dominated by Proteobacteria, Bacteroidetes,
and Firmicutes, showing a conserved structure; at the genus level, 11
dominant genera (including Wolbachia, Elizabethkingia, and Asaig exhibited
distinct species-speci c distribution patterns. Diversity analysis revealed
that the gut microbial richness of male individuals was signi cantly higher than
that of females, and the b-diversity showed an obvious "sex clustering”
pattern.Correlation analysis further indicated that 152 DEGs were signi cantly
correlated with 107 microbial genera. Among them, olfactory-related genes
were closely associated with several core genera (e.g., Wolbachia, Asaig
Serratia). Gut microbes may remotely regulate the expression and function
of olfactory genes in antennae through metabolites or signaling molecules,
thereby in uencing mosquito behaviors such as host localization, mating,
and oviposition.
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Discussion: This study reveal the intrinsic association between gut microbes and
olfactory function in Culex mosquitoes, providing a new perspective for
understanding the "microbe-host" cross-organ regulatory mechanism and
laying a theoretical foundation for the development of novel mosquito vector
control strategies based on microbial or olfactory interference.
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Introduction

In vertebrates, the functional connections between gut microbiota
and the central nervous system form a critical regulatory pathway,
which has been con rmed to be extensively involved in various
physiological processes of the host, including appetite regulation,
emotional perception, and immune defense (Desai et al., 2016; Kim
et al., 2022; Carbia et al., 2023; Siopi et al., 2023; Yu et al., 2024). Its
core mechanism lies in the cross-organ communication between gut
microbes and the central nervous system via metabolites or immune
signaling molecules. For example, g-aminobutyric acid (GABA)
produced by gut microbiota metabolism can act on brain neurons
through the bloodstream, in uencing the host’s anxiety-like
behaviors (Bravo et al., 2011; Strandwitz et al., 2019). Conversely,
stress hormones secreted by the brain can also regulate the function
of the intestinal mucosal barrier and the composition of gut
microbiota in a reverse manner (Rykalo et al., 2024; Khan et al.,
2025). The identi cation of functional connections between gut
microbiota and the central nervous system has provided an
important theoretical framework for analyzing “microbe-host
physiology” interactions, advancing research in elds such as
metabolic diseases and neurodegenerative diseases.

In insects, functional connections between gut microbiota and
host physiology—analogous to the associations characterized in
vertebrate gut-brain research—have been increasingly recognized.
Gut microbes not only synthesize essential nutrients for the host
and sustain basic physiological metabolism but also may be linked
to insect nervous system function and behavioral phenotypes
through metabolite signaling or signaling molecule interactions
(Das De et al,, 2022; Zeng et al., 2024; Zhong et al., 2024).
Existing studies have shown that in Drosophila, acetic acid
produced by intestinal lactic acid bacteria can activate the insulin
signaling pathway in the central nervous system, which is associated
with the regulation of host foraging behavior (Li et al., 2018; Kim
et al, 2021; Chen et al., 2024). In honeybees, gut microbiota
metabolites may modulate dance communication and homing
ability by affecting brain neurotransmitter levels (Zhang et al.,
2022a, b). However, research on the potential associations
between gut microbes and olfactory function in mosquitoes
remains scarce—despite the olfactory system being a core reliance
for mosquito survival and pathogen transmission.
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For mosquitoes, the olfactory system serves as the “navigational
center for life activities,” as almost all key behaviors depend on the
accurate recognition of olfactory signals: Female mosquitoes need to
capture volatile substances released by hosts through olfaction to
accurately locate hosts and complete blood-sucking, a process that is
not only a necessary condition for ovarian development in most
female mosquitoes but also a core link in their pathogen transmission
(De Obaldia et al., 2022; Herre et al., 2022; Baik et al., 2024). Male
mosquitoes, on the other hand, rely on olfaction to detect sex
pheromones released by females, ensuring the smooth completion
of mating behavior (Barredo and DeGennaro, 2020; Bansal and Sen,
2025). Meanwhile, mosquitoes also use olfaction to identify metabolic
odors of speci ¢ microbes in water-accumulating environments,
selecting suitable oviposition sites to ensure the survival of their
offspring (A fy and Galizia, 2015; Zhao S. et al., 2024). It can be said
that the performance of olfactory function directly determines
mosquitoes’ reproductive success rate, population continuity, and
pathogen transmission risk, making it a key biological trait for
mosquitoes to adapt to the ecological environment.

Culex quinquefasciatus (Cx. quinquefasciatus), Culex pipiens
pallens (Cx. p. pallens), and Culex pipiens molestus (Cx. p. molestus)
all belong to the Culex pipiens complex (Turell, 2012; Alout et al.,
2025). As widespread urban sanitary pests globally, they are closely
related with minimal genetic differences yet exhibit signi cant
differentiation in olfaction-dependent ecological habits: Cx. p.
pallens has a preference for human odors and is often active in
human-inhabited areas (Ikeshoji, 1966); Cx. quinquefasciatus has a
broader host range and can switch exibly between humans and
other animals (Gao et al., 2022); Cx. p. molestus, due to its autogeny
(non-hematophagous egg maturation and oviposition), has lower
dependence on host odors and tends to select special environments
such as underground stagnant water for oviposition (Gu et al,
2022). This difference in olfaction-based ecological habits makes
them ideal models for studying the association between gut
microbes and olfactory function. Questions such as whether the
difference in host odor preference among different subspecies is
related to the differential expression of olfactory genes in antennae,
and whether metabolites produced by gut microbes can affect
olfactory gene expression or neural signal transmission through
remain to be explored in relevant studies to propose potential
regulatory mechanisms of mosquito olfaction.

frontiersin.org


https://doi.org/10.3389/fcimb.2025.1745848
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Gao et al.

This study takes Cx. quinquefasciatus, Cx. p. pallens, and Cx. p.
molestus as research objects, integrating antennal transcriptome
sequencing and gut metagenomic sequencing technologies to focus
on analyzing the expression characteristics of olfactory-related
genes in the antennae of the three mosquito species, the core
composition of gut microbial communities, and the association
network between the two. The study aims to clarify the interaction
mechanism between gut microbes and mosquito olfactory function
and providing theoretical support for the development of novel
mosquito control strategies targeting the olfactory system or
gut microbes.

Materials and methods

Experimental materials and sample
collection

The Cx. quinquefasciatus, Cx. p. pallens, and Cx. p. molestus
used in this study were all long-term domesticated strains in the
laboratory. These strains were continuously reared for multiple
generations under standardized conditions to ensure genetic
stability and consistency in biological characteristics, thereby
avoiding interference from wild population variations on the
experimental results.

The environmental conditions for larval mosquito rearing were
set as follows: the temperature was controlled at 26 + 1°C, the
relative humidity was maintained at 75% * 5%, and the photoperiod
was 14 hours of light/10 hours of dark (14L:10D). During the larval
stage, commercial sh feed was used for regular feeding. After larval
eclosion, the adult mosquitoes were still reared under the same
environmental conditions as the larval stage. Adult mosquitoes
were fed with a 10% sucrose solution to meet their basic nutritional
needs. At 3-5 days post-eclosion, male mosquitoes and non-blood-
fed female mosquitoes were collected for subsequent experiments—
at this stage, the olfactory system of adult mosquitoes is fully
mature, and the intestinal microbial community is stable.

Forty mosquitoes of each species were randomly selected for
tissue separation, and all operations were performed under aseptic
conditions to avoid external microbial contamination. First, the
mosquitoes were anesthetized on ice, and then their antennae and
intestinal tissues were carefully separated using sterile dissecting
needles and forceps.

For antenna samples: Antennae from every 10 mosquitoes of
the same species and gender were pooled into one biological
replicate, and 4 biological replicates were set for each species-
gender combination. For intestinal samples: the same pooling
strategy as that for antenna samples was adopted—intestines from
every 10 mosquitoes of the same species and gender were combined
into one biological replicate, with 4 biological replicates also set for
each species-gender combination.

After sample collection, all pooled antenna and intestinal
samples were immediately frozen in liquid nitrogen to minimize
RNA degradation and maintain the stability of the intestinal
microbial community. subsequently, the frozen samples were
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transferred to a -80°C ultra-low temperature refrigerator for long-
term storage.

Nucleic acid extraction and high-
throughput sequencing

Total RNA was extracted from antenna samples using the
TRIzol method. After extraction, the integrity of RNA was
detected by agarose gel electrophoresis, and the purity of RNA
was determined using a NanoDrop nucleic acid detector. For total
RNA with quali ed purity and integrity, MRNA was enriched using
magnetic beads conjugated with Oligo (dT). The enriched mRNA
was fragmented and then used as a template to synthesize cDNA for
the construction of strand-speci ¢ cDNA libraries. After passing the
library quality inspection, 150 bp paired-end (PE) sequencing was
performed on the Illumina NovaSeq 6000 sequencing platform to
obtain raw transcriptome sequencing data of the antennae.

Total DNA was extracted from intestinal tissues using the
QIAGEN 69506 DNeasy Blood & Tissue Kit. After total DNA
extraction, the integrity of DNA fragments was detected by agarose
gel electrophoresis, and the purity of DNA was measured using a
NanoDrop. The quali ed total DNA was fragmented, followed by
end repair, adapter ligation, and PCR ampli cation steps to
construct metagenomic sequencing libraries. After the libraries
passed quality veri cation, high-throughput sequencing was
conducted to obtain raw metagenomic sequencing data of
intestinal microorganisms.

Bioinformatics analysis

Raw transcriptome sequencing data were rst subjected to
quality assessment using Fastp (Chen et al., 2018) and Fastqc (de
Sena Brandine and Smith, 2019) software, and low-quality reads
were Itered out to obtain high-quality clean data. The clean data
were aligned to the reference genome using Hisat2 (Kim et al., 2019)
software. Based on the alignment results, transcript assembly was
performed using Stringtie (Pertea et al., 2015) software, and
quantitative analysis of gene expression levels was conducted for
the assembled transcripts to obtain the gene expression matrix of
each sample. The R package DESeq2 (Love et al., 2014) was used for
screening differentially expressed genes (DEGS), with the screening
criteria set as |log,FoldChange| > 1 and padj < 0.05, to obtain the set
of differentially expressed genes. To clarify the pathways in which
the differentially expressed genes exert their functions, the R
package clusterPro ler was used to perform Kyoto Encyclopedia
of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000)
pathway enrichment analysis and Gene Ontology (GO)
enrichment analysis on the differentially expressed genes.

Raw metagenomic sequencing data were also subjected to
quality assessment and ltering using Fastp and Fastqc software
to remove low-quality reads and adapter sequences, resulting in
clean data. To eliminate the interference of host genome, Bowtie2
(Langmead and Salzberg, 2012) software was used to align the clean
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data with the host genome sequence of the corresponding mosquito
species and reads aligned to the host genome were ltered out to
retain reads derived from microorganisms. Kraken2 (\Wood et al.,
2019) software was used for taxonomic annotation of microbe-
derived reads, and Bracken software was used to correct the
annotation results to realize quantitative analysis of the relative
abundance of microbial species, thus obtaining the microbial
species abundance matrix of each sample. In addition, Megahit
software was used to assemble the microbe-derived reads into
microbial genome drafts, providing a basis for subsequent
functional gene annotation and metabolic pathway analysis.

The reference genomes were obtained by downloading the
corresponding species’ genome data from the National Center for
Biotechnology Information (NCBI) (Benson et al., 2013; O’Leary
et al., 2016), with the following accessions: Cx. quinquefasciatus:
GCF_015732765.1 (Behura et al., 2011), Cx. p. pallens:
GCF_016801865.2 (Peng et al., 2021) and Cx. p. molestus:
GCA_024516115.1 (Liu et al., 2023).

Correlation analysis

The gene expression matrix and the microbial genus-level
relative abundance matrix were preprocessed. The R package
corrplot was used to calculate the Spearman correlation
coef cient between differentially abundant microbial genera and
the expression levels of differentially expressed genes. Due to the
large number of gene-microbe pairs involved in a single analysis
(multiple comparisons), false discovery rate correction (FDR
correction) was required to control false positive results. The R
package vegan was used to perform the Mantel test, and the
Spearman correlation coef cient was used to measure the strength
of the association between the two distance matrices, which could
reveal whether the overall changes in the intestinal microbial
community were associated with the overall uctuations in the
antenna gene expression pro le. b-diversity analysis is a core
analytical method in microbial community ecology and
biodiversity research, whose primary purpose is to quantify the
degree of differences in community composition among different
sample groups. Mantel test is a non-parametric statistical method,
whose core purpose is to test the correlation between two matrices,
and is particularly suitable for analyzing the association between
community composition data and molecular data.

Statistical analysis

All statistical analyses were conducted in the R 4.3.1
environment. For comparisons of gene expression levels and
microbial abundance between groups, parametric or non-
parametric tests were selected based on the distribution
characteristics of the data. For Spearman’s rank correlation
analysis (used to screen for potential associations between gut
microbiota and mosquito genes), the screening thresholds were
set as an absolute Spearman’s correlation coef cient (|R|) > 0.6 and
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a false discovery rate (FDR)-adjusted p-value (padj) < 0.05. The
FDR correction was performed using the Benjamini-Hochberg
method (implemented via the p.adjust() function in the base R
stats package) to control for the false positive rate associated with
multiple comparisons. The signi cance level for other statistical
analyses was set to P < 0.05. All graphs were generated using the
ggplot2 package in R.

Results

Quality control and basic statistics of high-
throughput sequencing data

After Itering low-quality reads (Qphred < 20) and removing
adapter sequences from the antenna transcriptome sequencing data,
the sequencing data volume of 24 samples (3 Cx. subspecies x 2
sexes x 4 biological replicates) showed stable performance. The
number of clean reads ranged from 2.90 Gbp to 4.59 Gbp, with an
average of 3.62 Gb of clean data obtained per sample. After aligning
the clean reads to the reference genome of Cx. quinquefasciatus, a
total of 17,159 transcripts were successfully annotated, with an
annotation rate of 92.96%, indicating a high coverage of the genome
by the sequencing data. Base quality assessment results showed that
the base quality is all above Q30, demonstrating that the sequencing
data quality was reliable and suf cient for subsequent transcriptome
analysis and multi-omics association analysis (Supplementary File
1, Supplementary Table S1).

After the same quality control process was applied to the gut
metagenome sequencing data, the number of clean reads for 24
samples ranged from 7.21 Gb to 9.03 Gb, with an average of 8.12 Gb
of clean data per sample. After removing the host genome
sequences, the proportion of microbe-derived reads was between
82.35% and 88.67%, which effectively retained the sequencing
information of gut microbes and provided high-quality data
support for subsequent analysis of microbial community
composition and diversity (Supplementary File 2, Supplementary
Table S2).

Transcriptome sequencing analysis of
antennae from mosquito

Based on the 17,159 annotated transcripts, principal component
analysis (PCA) was rst performed to analyze the overall inter-
group differences in gene expression. The results showed that the

rst principal component (PC1) and the second principal
component (PC2) together explained 54.6% of the gene
expression variation (PC1 contribution rate: 36.7%, PC2
contribution rate: 17.9%). From the perspective of group
clustering characteristics, male and female samples of the same
mosquito showed a signi cant aggregation trend, forming
independent sub-clusters respectively, and the replicate samples
within each group had high aggregation degree, indicating
consistency in the effect of sex difference within species on gene
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expression. In contrast, samples of different mosquito with the same
sex did not show an aggregation trend. it should be noted that,
based solely on the gene expression variation explained by PC1 and
PC2, we cannot elaborate on the differences in antenna
transcriptome caused by sex factors (Figure 1A). Meanwhile, the
universality of gene expression across different groups was counted,
and the results showed that approximately 80% of the annotated
genes (13,646/17,159) were expressed in all six groups (Figure 1B).
This indicated that these genes might be conserved genes
maintaining the basic physiological functions of Culex antennae,

10.3389/fcimb.2025.1745848

while the remaining genes showed group-speci ¢ expression,
providing target objects for subsequent differential analysis.

Analysis of gene expression characteristics based
on sex differences

The screening results of DEGs (]log,FoldChange|>1, padj<0.05)
showed that there were signi cant sex-speci ¢ expressed genes in all
three Cx. subspecies: the number of DEGs between males and
females was the highest in Cx. quinquefasciatus (1,731), followed by
Cx. p. molestus (1,622), and the lowest in Cx. p. pallens (1,376).

FIGURE 1

pattern for inter-species DEGs.

Transcriptome sequencing analysis results of mosquitoes. (A) PCA of the antennal RNA-Seq data. (B) Upset diagram for six groups transcrips.
(C) Ternaryplot showing the distribution of sex-speci ¢ genes across three mosquitoes. (D) GO enrichment analysis of sex speci ¢ DEGs. (E) KEGG
enrichment analysis of sex speci ¢ DEGs. (F) Venn diagram of species-speci c differentially expressed genes. (G) Heatmap of overall expression
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