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Abstract Aedes albopictus, the most invasive mosquito species worldwide, constitutes a
significant public health threat. The cytochrome P450 (CYP450) genes in insects, which
are associated with growth, development, and metabolism of both endogenous and exoge-
nous substances, have attracted considerable attention. However, the role of CYP450 gene
family in Ae. albopictus mosquito development remains largely unexplored. Here, a com-
prehensive analysis of CYP450 genes in mosquitoes, using comparative genomics com-
bined with Illumina short-read and PacBio full-length RNA sequencing, was conducted to
characterize Ae. albopictus CYP450 genes. As a result, CYPomes of 24 mosquito species
were identified, including 174 CYP450 transcripts in Ae. albopictus genome and 124 iso-
forms in full length transcriptome, respectively. These CYP450 genes were categorized
into four CYP clans containing 14 families, exhibiting a power-law distribution pattern.
Ecological traits, such as pathogen type and blood source were speculated to be related
to CYP450 gene family expansion across mosquito species. Gene gains and losses were
considered to be the important evolution drivers for shaping the current mosquito CYP450
repertoire. Almost all the CYP450 genes in Ae. albopictus showed developmental dynamic
expression patterns. Additionally, PacBio full-length RNA sequencing revealed the com-
plexity of CYPomes, with alternative splice events, APAs and gene fusion events iden-
tified in Ae. albopictus CYP450 full length isoforms. Together, this study characterizes
the mosquito CYPomes and their evolution history, and reveals the expression dynamics
and possible functions of CYP450 gene family in the growth, development, and adaptive
strategies of Ae. albopictus.
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Introduction

Aedes albopictus (Ae. albopictus), also known as Asian
tiger mosquito, is currently considered the most invasive
mosquito in the world that has spread from its native
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habitation areal in southeast Asia to many parts of the
world in both tropical and temperate climes (Bonizzoni
et al., 2013; Swan et al., 2022). Ae. albopictus is pos-


https://orcid.org/0000-0003-1333-8732
mailto:yinjh@nipd.chinacdc.cn

2 C.S. Liuetal

ing significant public health concerns due to its ability
to transmit various arboviruses (Kraemer et al., 2019),
including yellow fever, dengue fever, and chikungunya
fever, Zika virus, as well as parasites such as Dirofi-
laria (Genchi et al., 2024) and avian Plasmodium (Garri-
gos et al., 2024). This species is characterized by its ag-
gressive biting behavior, rapid breeding capabilities, and
adaptability to different environments, which has facili-
tated its worldwide expansion and establishment in over
70 countries (Benelli ef al., 2020). Despite decades of ef-
forts, specific vaccines and effective treatments are still
not available for many mosquito-borne viral or parasitic
diseases. Consequently, these diseases are primarily con-
trolled through vector management that depends heavily
on extensive use of insecticides (Bonizzoni et al., 2013;
Ferguson, 2018), which has led to widespread resistance.

As one of the most important superfamilies in insects
involved in endogenous metabolism and detoxification of
xenobiotics (Dermauw et al., 2020), cytochrome P450
(CYP450) monooxygenases have attracted considerable
attention because some of them play an important role in
insecticide resistance (Daborn et al., 2007; Smith et al.,
2016; Yan et al., 2018; Nauen et al., 2022; Pei et al.,
2023; Dong et al., 2025). These CYP450 genes are con-
sistently recognized as one of the largest gene families
across the domains of plants, animals, and fungi (Nelson,
2018; Dermauw et al., 2020). These enzymes are at the
interface of environmental responses, metabolism, and
endocrine regulation, catalyzing the transformation of a
myriad of exogenous and endogenous substrates through
hydroxylation, epoxidation, dealkylations, and a great va-
riety of other reactions (Dermauw et al., 2020). Ad-
ditionally, advances in genome-sequencing technologies
have enabled the systematic identification of CYP450
genes across an expanding phylogenetic spectrum of
mosquito taxa. This has facilitated the functional anno-
tation of CYP450 enzymes and permitted robust compar-
ative analyses of their evolutionary trajectories (Sezutsu
et al., 2013; Nelson, 2018; Dermauw et al., 2020). The
phylogenetic breadth and genomic depth of sequencing
projects determine the completeness and reliability of
CYP450 sequence repertoires available for downstream
evolutionary and functional studies (Nelson, 2018). So
far, genome-wide identification of CYP450 genes has
been conducted in various mosquito species, for exam-
ple, genus Anopheles (Neafsey et al., 2015; Yan et al.,
2018), Ae. aegypti (Strode et al., 2008), and Culex quin-
quefasciatus (Reddy et al., 2012).

Beyond gene annotation, high-throughput sequencing
now permits quantitative, condition-specific profiling of
transcript abundance, thereby providing direct insight
into the spatiotemporal expression dynamics and regu-

latory architecture of important genes across disparate
developmental stages, sexes, tissues, and environmental
challenges in mosquitoes. Over the past few decades,
the rapid development of next-generation sequencing
(NGS) has revolutionized genome-wide investigations of
transcripts characterization, greatly expanded the com-
plexity of transcriptome and functional genomics (Wang
et al., 2009; Su et al., 2024). Illumina RNA sequenc-
ing (Illumina RNA-seq) has been widely used to pro-
vide deeper insights and a more complete picture of
molecular mechanisms, genetic underpinnings, and com-
plex biological processes in Asian tiger mosquito. Previ-
ously, a high-resolution transcriptome analysis of 4e. al-
bopictus at 34 developmental stages has identified shared
and sex-specific gene expression patterns (Gamez ef al.,
2020). Furthermore, the molecular components of the di-
apause response were also revealed by Illumina RNA-
seq (Poelchau et al., 2011; Poelchau et al., 2013). Re-
searchers have been able to elucidate the molecular fac-
tors and mechanisms that drive virus transmission by Ae.
albopictus (Liu et al., 2022; Bellone et al., 2023). In
addition, this technology is also crucial in understand-
ing mosquito’s response to insecticides (Hao et al., 2021)
and nectar phytochemicals (Njoroge et al., 2021), as well
as the identification of key genes linked to insecticide
resistance (Grigoraki et al., 2015; Huang et al., 2024).
In terms of growth and development mechanisms, Illu-
mina RNA-seq has been applied to explore the functions
of specific tissues in Ae. albopictus, such as antennae
and maxillary palps (Lombardo et al., 2017), Malpighian
tubules (Esquivel et al., 2016), and ovaries (Choi & Kim,
2023).

However, optimizing the capture and characterization
of transcriptome diversity, which arises from alternative
transcription start sites, exons splicing, and poly(A) sites
usage, remains challenging using NGS data, due to its rel-
atively short read lengths (Wang et al., 2019). Recently,
emerging long-read sequencing (LRS) technologies from
Pacific Biosciences (PacBio) (Rhoads & Au, 2015) and
Oxford Nanopore Technologies (ONT) (Branton et al.,
2008) have addressed the shortcomings of [llumina RNA-
seq. These advanced LRS platforms significantly extend
read lengths, improve the precision in mapping isoform
structures including alternative splicing and gene fusions
events (Grigoraki ef al., 2015), and offer an in-depth
and holistic perspective on the transcriptome data (Su
etal.,2024). Sequencing a full-length cDNA library from
Anopheles stephensi via PacBio’s isoform sequencing
(Iso-Seq) significantly enhanced gene annotation (Jiang
etal.,2017). The comprehensive hemocyte transcriptome
of Anopheles gambiae acquired from bulk RNA sequenc-
ing and PacBio sequencing, identified twice as many
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transcripts as the previous An. gambiae genome annota-
tion, improved gene annotation and revealed new facets
of hemocyte development and function in adult dipterans
(Saha et al., 2024). Furthermore, the full-length transcrip-
tome revealed the molecular mechanisms governing the
developmental processes in diverse taxa (Li ef al., 2020;
Yan et al., 2021; Schiksnis et al., 2024). For instance,
it facilitated the identification of isoforms in develop-
ing leaves and tiller buds of Saccharum officinarum, and
characterized the novel isoforms and alternative splicing
events have been unearthed, along with pivotal genes as-
sociated with tiller development (Yan et al., 2021). In
addition, the distinct gene expression and isoform usage
patterns across development of Caenorhabditis elegans
was also deciphered by direct RNA sequencing on ONT
platform, delivering new insights into RNA processing
and modification and their underlying biological function
(Li et al., 2020; Schiksnis et al., 2024).

Previously, studies on CYP450 enzymes in mosquitoes
have prioritized insecticide resistance over developmen-
tal functions (Smith et al., 2016; Yan et al., 2018; Pei
et al., 2023). In this study, we present the first compre-
hensive CYPome landscape of Ae. albopictus using re-
leased genome data and PacBio Iso-seq, integrating deep
comparative genomics with high-resolution phylogenet-
ics to reconstruct its evolutionary trajectory. Coupled
with stage-resolved transcriptomics, our analysis decodes
the developmental switches governing CYP450 expres-
sion, providing a dual temporal-evolutionary framework
to dissect the functional diversification of these genes.

Materials and methods
Mosquito sample collection

Mosquitoes of Ae. albopictus were kept in incubators
with a relative humidity of 70%—-80%, and maintained
at 28 °C with a 12-h/12-h light/dark cycle. Larvae were
fed with ground mouse feed (Shanghai SLAC labora-
tory animal Co. LTD, Shanghai, China). Adults were
maintained and fed with an aqueous solution of 10%
sucrose. Females were blood-fed 3—5 d after eclosion on
anesthetized mice and then returned to normal mosquito-
rearing conditions throughout the sample collection
period. Eggs, first-instar larvae (L1), second-instar lar-
vae (L2), third-instar larvae (L3), fourth-instar larvae
(L4), pupae, female adults (F), and male adults (M) were
collected (3 biological replicates) and stored at —80
°C before RNA extraction. All animal procedures were
carried out in compliance with the Guidelines for the
Care and Use of Laboratory Animals produced by the
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Shanghai Veterinary Research Institute. This study was
approved by the Ethics Committee of the National In-
stitute of Parasitic Diseases, Chinese Center for Disease
Control and Prevention (license number: IPD-2024-007).

Illumina cDNA library construction, sequencing, and
data analysis

Total RNA was extracted from eggs, L1-L4, pupa,
F and M samples using Trizol Reagent (ThermoFisher
Scientific, Waltham, USA). After extraction, RNA was
treated with DNase I (ThermoFisher Scientific, Waltham,
USA). RNA purity and concentration were measured
using the NanoDrop Microvolumn Spectrophotometer
(Nano Drop Technologies LLC, Wilmington, USA), and
RNA integrity was checked using Agilent 2100 Bioana-
lyzer (Agilent Technologies Inc, California, USA).

The Illumina transcriptome libraries were prepared us-
ing the NEBNext Ultra Il RNA Library Prep Kit for Illu-
mina (New England Biolabs, Ipswich, England) follow-
ing manufacturer’s instructions. The libraries were then
validated using the Agilent High Sensitivity DNA As-
say on Agilent 2100 Bioanalyzer system, and quanti-
fied using Quantifluor-ST fluorometer (Promega, Madi-
son, Wisconsin, USA) as well as by quantitative PCR
(StepOnePlus Real-Time PCR Systems, ThermoFisher
Scientific, Waltham, USA). These sequencing libraries
were then sequenced on Shanghai Personal Biotechnol-
ogy CP. Ltd.’s sequencing platform, using Illumina No-
vaSeq 6000 (Illumina, California, USA). A total of 24
RNA-Seq libraries were sequenced using a 2 x 150 bp
paired End configuration. Image analysis, base calling,
raw data generation, and conversion into fastq files were
conducted using the NovaSeq Control software (Illumina,
California, USA).

Adapters-containing reads and low-quality reads (av-
erage quality scores < 20) were removed. High qual-
ity reads were aligned to the reference Ae. albopic-
tus genome (AalbF5, GCF_035046485.1, and AalbF2,
GCA_006496715.1) (Table S1) and gene expression lev-
els were quantified as Transcripts Per Kilobase Million
(TPM). The differentially expressed genes (DEGs) were
identified using a Benjamini—Hochberg false-discovery
rate (FDR)-adjusted P-value (Padj) < 0.05 and [log, fold
change| > 1 as the cutoff criteria. Then Gene ontology
(GO) and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways enrichments were performed on DEGs
(P < 0.05). Differential exon usage (DEU) analyses
based on RNA-seq data were performed and FDR was
controlled by the Benjamini—-Hochberg procedure. Fi-
nally, the Principal Component Analysis (PCA) based on
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expression levels across all samples was performed to ex-
plore the overall structure of the data and the potential
outliers. The detailed procedures for Illumina RNA-seq
data analysis are provided in the Supplementary material.

PacBio Iso-seq library construction, sequencing, and
data analysis

The equal amounts of RNA from each sample of eggs,
L1-L4, pupa, F and M were combined into one sam-
ple (named HY-iso). Meanwhile, equal amounts of RNA
from three biological replicates of F and M were pooled
as F-iso and M-iso separately. The first-strand cDNA of
samples M-iso, F-iso and HY-iso was synthesized using
Clontech SMARTer PCR c¢cDNA synthesis kit and ampli-
fied using PrimeSTAR GXL DNA polymerase (Takara,
Shiga, Japan). After fragment screening, PCR amplifi-
cation, and polyadenylated mRNA purification, cDNA
was converted into SMRTbell library using the Iso-Seq
Express Kit and SMRT Bell Express Template prep kit
(Pacifc Biosciences, California, USA). These SMRTbell
libraries were sequenced on the PacBio Sequel II plat-
form (PacBio, California, USA) by Shanghai Personal
Biotechnology CP. Ltd.

PacBio Iso-Seq raw data (subreads) from SMART se-
quencing were filtered and corrected to obtain circular
consensus sequences (CCS) and then polished to obtain
isoform sequences. After removing low-quality isoforms,
the high-quality sequences were clustered and mapped
to the Ae. albopictus reference genome (AalbF5). The
coding sequences were predicted and gene function an-
notation was performed based on various databases. The
statistical enrichment of biological process pathways and
KEGG pathways were also conducted. Alternative Splic-
ing (AS) events and fusion genes were identified by map-
ping to the reference genome. The alternative polyadeny-
lation (APA) sites for each gene locus were detected. The
detailed procedures for PacBio Iso-seq data analysis are
provided in the Supplementary material.

Quantitative real-time PCR (qRT-PCR)

After treatment with DNase I (ThermoFisher Scien-
tific, Waltham, USA), 1 ug of total RNA was reverse-
transcribed into cDNA by using PrimeScript RT master
mix (Takara, Shiga, Japan) following the manufacturer’s
instructions. Subsequently, qRT-PCR was performed on
CFX96 Touch (Bio-Rad, Hercules, California, USA).
Primer sequences for all genes were designed based on
the Ae. albopictus genome (Table S5).

Cycling conditions were as follows: 95°C for 30 s, fol-
lowed by 35 cycles of 95 °C for 5 s, 60 °C for 10 s, and
72 °C for 30 s. A melting curve was generated by cooling
the products to 65 °C and then heating to 95 °C at a rate
of 0.1 °C/s while simultaneously measuring fluorescence.
The relative expression level of each gene was calculated
by the 224 method (Schmittgen & Livak, 2008). Rela-
tive expression values were assessed with #-tests. The Per-
son correlation coefficient was calculated between fold
changes in transcript levels measured by qRT-PCR and
RNA-seq.

Validating fusion genes

Total RNA was extracted from adult female and male
mosquitoes separately using TRIzol reagent and treated
with DNase I (ThermoFisher Scientific, Waltham, USA).
First-strand ¢cDNA was synthesized with 1 ug RNA
and PrimeScript™ II 1st Strand cDNA Synthesis Kit
(Takara, Shiga, Japan) using an Oligo dT primer. Fusion-
specific amplicons were generated with primer pairs de-
signed to span the predicted junction site (Table S5).
PCR was performed using PrimeSTAR GXL DNA poly-
merase (Takara, Shiga, Japan). Products were visualized
on 1% agarose gels and confirmed by Sanger sequenc-
ing (Shanghai Saiheng Biotechnology Co., Ltd, Shang-
hai, China).

Constructing a species tree including 24 mosquito
species

The species tree of insects, including 24 mosquito
species, 22 Drosophila species (reference taxa), and 10
single representatives from diverse insect orders (out-
groups) (Table S1), was constructed using OrthoFinder
v2.5.5 (Emms & Kelly, 2019). Initially, the protein se-
quence files for each species were retrieved from Vector-
base or NCBI database (Table S1). Then OrthoFinder was
executed in two stages: (i) an initial pass using the de-
fault DendroBLAST algorithm to cluster orthologs and
generate draft gene trees; (ii) a subsequent MSA-based
phase enforced codon-aware alignment with MAFFT, and
inferred maximum-likelihood gene trees with RAXML-
NG, from which the final species tree was derived. Fi-
nally, the species tree was visualized and presented us-
ing TreeGraph2 (Stover & Muller, 2010). The geographic
distributions of 24 mosquito species were depicted based
on a published study (Neafsey ef al., 2015) and data from
the Walter Reed Biosystematics Unit (WRBU) website
(https://wrbu.si.edu/index.php/).
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Data mining and CYP450 sequence curation

The CYPomes of An. gambiae, Drosophila
melanogaster, C. elegans, Homo sapiens, Bombyx mori,
and Arabidopsis thaliana were downloaded from Cy-
tochrome P450 Homepage (https://drnelson.uthsc.edu/#,
accessed on January 4, 2023) and Rene Feyereisen’s
report (Dermauw et al., 2020) (Table S6, File S1), as
query inputs. Pseudogenes and partial genes (with amino
acid sequences shorter than 200 residues and lacking
a typical cytochrome P450 superfamily domain) were
not retained for our analysis. A total of 24 mosquito
species with complete and high quality genomes, com-
prising 4 Culicinae and 20 Anophelinae were included
in the present study. The gene/protein sequences and
annotation files were downloaded from VectorBase
(https://vectorbase.org/vectorbase/app, accessed on
September 24, 2023) or NCBI Genome Assembly Data
(accessed on September 24, 2023, and March, 20 2024)
(Table S1).

In this study, two approaches were employed to iden-
tify CYP450 genes. First, orthologous genes were iden-
tified through BLASTP searches (Johnson et al., 2008)
against 25 mosquito genomes (including two Ae. albopic-
tus genomes, AalbF5 and AalbF2) and three Ae. albopic-
tus full length transcriptomes (HY -iso, F-iso, and M-iso).
For each query search, top 100 hits with an E-value cut-
off < 0.05 were kept for the following study. Second, the
hidden Markov model (HMM) profile of CYP450 domain
(PF00067) was obtained from the Pfam protein family
database (http://pfam.sanger.ac.uk/, accessed on October
28, 2023). Subsequently, this HMM profile was used as
a query to search for potential CYP450 genes within 25
mosquito genomes and three Ae. albopictus full length
transcriptomes, utilizing HMMER 3.0 (Eddy, 2011).

Finally, all candidates CYP450 genes were further iden-
tified by searching conserved domains in CDD (https://
www.ncbi.nlm.nih.gov/cdd/, accessed on April 10, 2024).
Only sequences containing the characteristic domain
(cl41757: cytochrome P450 superfamily) was used for
phylogenetic tree construction.

Maximum likelihood phylogenetic analysis

We used a small collection of “founder” genes from an-
notated CYPomes of An. gambiae and D. melanogaster.
Given that the nomenclature relies on percentages of
identity, the positions of these “founder” genes within the
phylogenetic tree aids in describing the sequence space of
a CYP450 family (Table S6). CYP450 protein sequences
were aligned using default parameters and auto strat-
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egy in MAFFT version 7 (https://mafft.cbrc.jp/alignment/
server/, accessed on April 14, 2024). These alignments
were then trimmed using TrimAI (Capella-Gutierrez
et al., 2009) with the script provided below: trimal -in R1
-out outR1_991 fa -gt 0.991. Maximum likelihood (ML)
analyses were performed using online IQ-TREE platform
(Trifinopoulos et al., 2016). The best fitting model was
defined by IQ-TREE with Bayesian information criterion
(LG + G4). The tree branches were tested with ultra-
fast bootstrapping (1000 UF) and SH-like approximate
likelihood ratio test (SH-aLRT, 1000 replicates). The fi-
nal trees were visualized and presented using TreeGraph2
(Stover & Muller, 2010) and Figtree v1.44 (http://tree.
bio.ed.ac.uk/software/figtree/, accessed on July 8, 2024).
All predicted CYP450 genes were named according to the
standardized CYP450 nomenclature system, following
the unified phylogeny-based naming framework. CYP450
genes annotated from the reference genomes were com-
piled as mosquito CYPomes, whereas expressed CY-
Pomes were constructed from CYP450 identified in three
full-length transcriptome datasets, encompassing mRNA
splicing isoforms generated through alternative splicing
events.

Exploring ecological traits associated with the mosquito
CYPome

To test whether ecological traits explain variation in
the CYPome size across mosquito species while account-
ing for shared evolutionary history, we employed phylo-
genetic generalized least-squares (PGLS) regression us-
ing the caper package in R (Orme et al., 2013). The
multi-classification of mosquito ecological traits were
summarized in Fig. S4, then each trait subsequently di-
chotomized for analysis (Table S7). CYPome size was
log-transformed and then regressed against ecological
predictors using the PGLS model fitted by maximum
likelihood. Significance of individual predictors was
evaluated using two-tailed #-tests on the model coeffi-
cients (P < 0.05).

Chromosomal mapping and collinearity analysis of
CYP450 genes

Precise positions of CYP450 genes on chromosomes
were extracted from the reference genomes and visual-
ized using “Gene Location Visualize from the GTF/GFF”
module embedded in TBtools v2.225 (Chen et al., 2020).
The collinearity analysis was performed with MSCcanX
(Wang et al., 2012) in TBtools (Chen et al., 2020)
to identify inter-genomic collinear relationships among
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mosquito species, with a focus on CYP450 superfamily
members.

Ka/Ks estimation of CYP450 genes via ParaAT-MNY
pipeline

The nonsynonymous (Ka) and synonymous (Ks) sub-
stitution rates between CYP450 gene pairs were esti-
mated using the parallel pipeline ParaAT v2.0 (Zhang
et al., 2012) coupled with MUSCLE v5.1 for codon-
aware alignment and KaKs_Calculator v3.0 (Zhang,
2022) under the MNY (Modified Yang-Nielsen) model.
The Ka/Ks ratios of gene pairs were evaluated using
Fisher’s exact test, and only those with a P-value < 0.05
were retained for further analysis.

Estimation of changes in gene family size

To infer changes in gene-family size, we applied the
parsimony-based modified reconciliation method imple-
mented in Notung-3.0_24-beta (Durand et al., 2006).
The species tree generated using OrthoFinder and gene
tree reconstructed using 1Q-tree was uploaded to Notung,
with D. melanogaster rooted as an outgroup root. The
condensed gene trees (bootstrap > 70) were reconciled
against the species tree to identify duplication and loss
events, providing a history of gene-family expansion and
contraction across lineages.

Quantification and statistical analyses

All statistical analyses were performed using SPSS
26.0 (IBM, Armonk, NY, USA). The Kolmogorov—
Smirnov test and Levene test were used to inspect the
normality and homogeneity of variance of the data re-
spectively. For two-group comparison, P-values were de-
rived from the one-way Student’s #-test to determine dif-
ferences between groups with normally distributed data
and Kruskal-Wallis test with other data. For all the tests,
P-values < 0.05 were considered statistically significant.

Results
Ae. albopictus global transcriptome dynamics

A total of 1.02 billion reads were generated, with nearly
95% aligning to the most contiguous and complete Ae.
albopictus assembly available (AalbF5, Figs. 1A and S1,
Tables S2 and S3). On average, 42 456 356 Illumina se-
quencing reads were obtained per sample/library, with

98.07% of bases having a Phred quality score of Q20
or higher. Gene expression profiles across Ae. albopic-
tus developmental stages were quantified to capture the
global dynamics of gene expression (Fig. 1). The cor-
relation among biological replicates and between differ-
ent larvae stage samples was extremely high (Fig. 1B)
and the PCA scatter plots showed a clear clustering pat-
tern of these samples (Fig. 1C). According to various
patterns of gene expression, nine distinct patterns were
identified based on clustering algorithm (Fig. 1D, E,
Supplementary material). Overall, gene expression levels
were lowest in eggs with statistically significant (Fig. 1F,
Kruskal-Wallis test, P < 0.05). In addition, DEGs and
their chromosome locations in different developmental
stages were visualized in Fig. 1G. A total of 6988, 735,
4757, 3860, 5026, and 4692 protein coding genes were
considered to be DEGs between egg and L1, L1 and
L4, L4 and pupae, pupae and F, pupaec and M, F and
M samples (Fig. S2). Moreover, several critical pathways
associated with CYP450 genes (Drug metabolism and
metabolism of xenobiotics) and other metabolism (such
as glutathione metabolism) were identified using GO and
KEGG enrichment analyses of these DEGs across differ-
ent developmental stages and between female and male
of mosquitoes (Fig. S2).

Characterization of Ae. albopictus full-length transcripts

We obtained 1.14, 1.31, and 1.09 million CCS reads
from Ae. albopictus female adults (F-iso), male adults
(M-iso) and pooled samples (HY-iso) (Table S4). The
majority of reads were 2 to 4 kb in length (mean length
= 2.7, 2.7, and 3.2 kb for iso-F, iso-M, and iso-HY, re-
spectively, Fig. 2A, Table S4). Following stringent qual-
ity control, high quality isoforms (74 162, 99 898, and
64 116) of these samples were obtained and further col-
lapsed (24 076, 25 859, and 24 346) (Fig. 2B, Table S4).
Rarefaction curve analysis further showed that sampling
was saturated at the gene level but novel, rare isoforms
continue to be discovered (Fig. 2C). In all samples, most
of genes have a single detected isoform and more than
33% genes have > 2 isoforms, suggesting pervasive com-
plexity of the Ae. albopictus transcriptome and poten-
tial AS-mediated regulation (Fig. 2D). These high qual-
ity reads mapped to 7752 (37.96%), 7742 (37.91%), and
8105 (39.68%) “annotated genes” and 1195, 3546, and
847 “novel genes” (Table S4). Among these full-length
transcripts of all the samples, the majority were charac-
terized either as a complete full splice match (FSM >
35.89%) or incomplete splice match (ISM > 23.41%) to
the existing annotations (Fig. 2E, F, Table S4). However,
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a significant proportion of transcripts (> 41.05%) were
identified as “novel transcripts” that were not present in
the existing annotations (Fig. 2F, Table S4). The tran-
script expression levels (measured by the number of sup-
porting full-length reads) were significantly lower for
ISM, novel in catalog (NIC), and novel not in cata-
log (NNC), compared with FSM transcripts (Kruskal—
Wallis test, P < 0.05) (Fig. 2G). In general, novel
canonical junctions were less frequently covered than
known junctions but were significantly more supported
than novel noncanonical junctions (z-test, P < 0.05)
(Fig. 2G).

Among the detected transcripts, 22 364 (92.89%), 21
286 (82.32%), and 22 942 (92.23%) were predicted to
be protein-coding (Table S4). A small number of tran-
scripts were annotated as encoding IncRNA (HY-iso: n =

190 genes; F-iso: n = 202 genes; M-iso: n = 454 genes)
(Table S4). The overall frequency of specific AS events
was similar in HY-iso, F-iso, and M-iso, with alterna-
tive 5 splicing (Alt. 5') and alternative 3’ splicing (Alt.
3’) being the most prevalent (Table S4, Fig. S3). In addi-
tion, at least two APAs were detected in 3718, 1953, and
3610 genes from F-iso, M-iso, and HY-iso, respectively
(Table S4). Fusion transcripts were found in F-iso (n =
481 fusion transcripts [2.00% of all transcripts] associ-
ated with 623 genes [16.96% of PacBio Iso-seq identified
genes]), M-iso (n = 309 fusion transcripts [1.19% of all
transcripts] associated with 263 genes [2.32% of PacBio
Iso-seq identified genes]), and HY-iso (n = 194 fusion
transcripts [0.80% of all transcripts] associated with 326
genes [3.63% of PacBio Iso-seq identified genes]) (Table
S4, Fig. S3).

developmental stages. (C) PCA clustering of Ae. albopictus samples depicting clustering across all developmental stages. Plot depicts
the close relationship among sample replicates. (D) Dendrogram of Ae. albopictus samples clustering with similar life stages closer
together. Heatmap shows DEGs, the cutoff of |log,FC| > 1.0 and the P < 0.05 is applied. Color key indicated the intensity associated
with normalized values. Red shades: high expression; green shades: low expression. (E) Nine Ae. albopictus gene expression profile
clusters are identified based on (D). Each gene is assigned a line corresponding to its membership value. The developmental groups are
indicated by symbols on the x-axis. (F) The violin diagram of TPM expression values (Z score normalized gene expression), with each
region corresponding to five statistical measures (top-down is the maximum, upper quartile, median, lower quartile, and minimum); the
width of each violin represents the number of genes under the expression. (G) Distribution of DEGs between different developmental

stages across individual chromosomes of Ae. albopictus.
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Identification of mosquito CYPomes

Universal single-copy orthologs were employed to esti-
mate the molecular species phylogeny (Figs. 3A and S5).
The CYPomes of 24 mosquito species provided corre-
spondences between NCBI accession and CYP nomen-
clature names (File S2). Anopheles christyi had the small-
est CYPome (55 transcripts), while Culex pipiens pallens
had the largest CYPome (180 transcripts) (Fig. 3B). Over-
all, the CYPome sizes of Anophelinae (55-122 CYP450
transcripts) were smaller than Culicinae (174180 tran-
scripts) (Fig. 3B). We used the PacBio Iso-seq data to
represent the expressed CYPomes (containing expressed
CYP450 isoforms) in Ae. albopictus. Totally, 124 ex-
pressed CYP450 isoforms were detected in HY -iso, while
only 73 and 77 expressed CYP450 isoforms in F-iso and
M-iso respectively. It was observed that a large number
of CYP450 genes in clan 4 were either minimally ex-
pressed or silent during major developmental stages of
Ae. albopictus (Fig. 3B).

CYPome size of mosquito species and their genome
size showed a moderate correlation (n = 25, R?> =
0.3653-0.6743, Fig. S6). In an effort to clarify these un-
explained variations, mosquito feeding habits and their
survival environments had been taken into account as fac-
tors that may contribute to differences in CYPome size.
It was found that there were a lower abundance of CYP
genes in non-vector mosquito An. christyi, and Anophe-
les quadriannulatus that prefers animal blood (blood
source). In contrast, Nyssorhynchus and An. stephensi
with strong ecological adaptability (live in anthropogenic
water or tolerates broad pH/salinity ranges) had a higher
proportion of CYP genes in their genomes. Additionally,
compared to Anophelinae, the subfamily Culicinae had a
larger CYPome size, which may be one of the reasons for
their ability to adapt to a wide range of environments and
achieve a broader distribution, although the proportion of
CYP450 genes in the genome was lower in Culicinae than
in Anophelinae, especially in genus Aedes, where it was
only 0.13 genes/Mb (Fig. 3B, C).

To explore the account for phylogenetic non-
independence among species, we employed PGLS to ex-
amine whether niche breadth (represented by the 9 kinds
of binary ecological indicators) explains inter-specific
variations in CYPome size. After controlling for phyloge-
netic relatedness, we detected statistically significant ef-
fects of pathogen type and blood source (P < 0.05), indi-
cating that these ecological traits may be associated with
CYP450 gene family expansion across mosquito species
(Fig. 3D, Table S7).

The collinearity analysis of entire genomes showed that
An. gambiae complex genomes were largely collinear,
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sharing many common gene pairs (including CYP450
genes, red lines) that were even found at collinear ge-
nomic intervals (Fig. 3E). Likely, mosquitoes in the Nys-
sorhynchus and Aedes groups also showed high consis-
tency in their genomes. However, some gene blocks in
these mosquito groups undergone positional changes and
inversions. For instance, compared with the genome of
Ae. aegypti, the entire chromosome 2 in Ae. albopic-
tus genome has been inverted. Although both Aedes and
Culex belong to the Culicinae subfamily, they exhibited
significant differences in collinearity, indicating an early
divergence in their evolutionary history. Additionally, it
revealed that Anophelinae mosquitoes possessed an in-
dependent chromosome X (hosts several critical genes
for functions such as dosage compensation and sex deter-
mination), in addition to chromosomes 2 and 3. In con-
trast, Culex and Aedes mosquitoes lack an independent
chromosome X, with related genes distributed on chro-
mosome 1 (4edes) or 2 (Culex) (Fig. 3E).

Evolution of mosquito CYP450

Mosquito CYPomes were composed of sequences from
four clans: the Clan2, Clan 3, Clan 4, and Clan MITO
(mitochondrial) (Fig. 4A). All these four clans were
well supported (SH-aLRT/UF): Clan2 (97.9/100), Clan
4 (84.9/70), Clan 3 (98.5/91), and Clan MITO (84.4/94)
(File S2). In mosquito species, these four clans (2, 3, 4,
and MITO) were composed of 6, 2, 2, and 6 families,
respectively (Fig. 4A). It is noticed that, in contrast to
Clan 2 and Clan MITO, there were only two families in
Clan 3 (CYP6 and CYP9) or Clan 4 (CYP4 and CYP325),
but the numbers of subfamilies were abundant (Fig. 4A,
Files S2 and S3), followed a power-law pattern (coexis-
tence of numerous small families and a few large families
within gene families). The dynamic changes of CYP450
gene family during the evolution were inferred through
the phylogenetic analysis of mosquito CYP450 genes and
the species tree (Fig. 4B), indicating that gene family ex-
pansion and contraction have always existed in response
to specific selective pressures across different lineages
or ecological contexts. The overall trend of gene gain or
loss was not specific to a particular genus, but tends to
be more species-specific or restricted to two very closely
related species, with a few exceptions (Fig. 4B).

The distribution of CYP450 genes across mosquito
species was depicted, revealing numerous conserved or-
thologous groups (Fig. 4C). Particularly, four CYP450
genes (CYP304B1, CYP329A41, CYP9J3, and CYP4H14)
exhibited strict 1 : 1 : 1 orthologous relationships across
all surveyed mosquito species. Among the four CYP



10 C. S Liuetal

(A)
WAn. gambiae
. An. arabiensis
W An. coluzzii
V An. quadriannulatus
@ An. merus

@ An. melas

YV An. christyi

@ An. epiroticus

@ An. maculipalpis

3 An. stephensi

@ An. minimus

[ An. culicifacies

M An. funestus

W An. dirus

n. farauti

B An. atroparvus

[ An. sinensis

& an. aquasalis

@ An. albimanus

B An. darlingi

Culex [ Culex quinquefasciatus

[ culex pipiens pallens

Ae. aegypti
Ae. albopictus

Gambiae

F5-genome 174

7 e
0.32
72 B ssnnanass

CYPome size/
Genome size (Mb)

P 777]
I 77772727277 0.49

0.36

87 2
0.35

ZAE

g 27272727273 0.39

0.1

Vector satuts

M-iso 73
F-iso 77 HEEE
HY-iso 124 0.09

Anophelinae

Culex

. A Clan MITO
L] Major CClan 2 F2-genome 236 0.09
O Minor EClan 3 & :
1] ) J ) ) 1
V Non BClan 4 0 50 100 150 200 250
(D) (E) X Chromosome 2 Chromosome 3 Chromosome X
P=17.77e-06 An. gambiae
Gambiae
Complex An. arabiensis
2.2
‘@ An. coluzzii
©21- 4
£ b
g_0- 2.0 _ An. merus < <
S = —_
b 1.9 - An. stephensi >
S 1.8 . Cellia g Y=
An. maculipalpis
Virus Protozoa
Pathogen Type An. funestus
hel Anopheles O An. atroparvus
p=0.01329
An. albimanus
o 2.2-
3 2.1 An. aquasalis
g —
% 2.0- An. darlingi
= 1.9
o —O Culex pipiens pallens.
- 18-
. ) . 3 Culicinae Aedes aegypti
Non-anthropophagic Anthropophagic e
Blood Source Aedes albopictus i/ 3 L L
Chr 1 Chr 2 Chr 3
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Clans, Clan MITO was the most conserved, with 5 out of
10 CYP450 genes (50.00%) being found in more than 22
mosquito species. It was followed by Clan 4 (34.09%),
Clan 3 (22.50%) and Clan 2 (23.08%). The diversity
of CYP450 genes in Clan 3 and Clan 4 of Anopheli-
nae and Culicinae showed significant differences, which
were reflected in the types of subfamilies and gene
counts (Fig. 4C). Compared with Anophelinae, Culicinae
lacked some types of subfamilies, such as CYP32541-
3,CYP325CI-3, CYP325D1-2, CYP4H16/24, CYP4H16,
CYP4AAI of Clan 4, and CYP64AI, CYP6P, CYP6S
of Clan 3. This indicates that Culicinae may have ex-
perienced divergence in these particular lineages. How-
ever, new families/subfamilies had emerged in Culici-
nae, including CYP325C/D and CYP305A1 subfamily,
which were not present in Anophelina. Moreover, the
gene expansion patterns of some specific subfamilies
also differed. For example, CYP32541-3, CYP325CI-
3, CYP325D1-2, CYP325F1-2, CYP6NI contained more
than two genes in An. gambiae complex, while CYP4H 14,
CYP4D22, CYP4J5, CYP6AG2, CYP6AGI, CYP6AA2,
CYP9J3 contained multiple genes in Culicinae. Addition-
ally, dynamic changes of CYP450 genes have been ob-
served in Anophelinae, such as the loss of CYPI841 in
An. gambiae complex, CYP4H26 and CY6R1 in Anophe-
les minimus, Anopheles culicifacies, Anopheles funes-
tus, Anopheles atroparvus, and Anopheles sinensis, and
CYP4C36 in Anopheles and Nyssorhynchus.

Concurrently, the Ka/Ks ratio was also used to assess
the selective pressures on CYP450 genes in molecular
evolution of Anophelinae or Culicinae (Fig. 4C). How-
ever, comparisons of CYP450 genes from all studied
mosquito species with those of An. gambiae, Ae. albopic-
tus, or Anopheles albmanus revealed significant negative
selection (Ka/Ks < 1). This indicates that these genes
have high conservation and are under strong functional
constraint, which was reflected in the low frequency of
nonsynonymous mutations. Most genes exhibited Ka/Ks
values below 0.2, indicating that they are under strong pu-
rifying selection. A smaller subset, including CYPI2F3,
CYP4H16, and CYP4H27, fell within the Ka/Ks values of
0.2-0.5, suggesting moderate purifying selection that tol-
erates a limited number of amino-acid replacements. For
a few genes such as CYP4D22, some species in Anopheli-
nae and Culicinae showed Ka/Ks values between 0.5 and
1, implying markedly relaxed constraint. This weakening
of purifying selection allows functional fine-tuning and
the evolution of molecular interaction interfaces that re-
spond to environment challenges.

Cytochrome P450 gene family in Aedes albopictus 11

Characteristics of Ae. albopictus CYPome

In Ae. albopictus, a total of 174 CYP450 protein cod-
ing transcripts corresponding to 156 genome-annotated
CYP genes (11 genes in Clan 2, 7 genes in Clan MITO,
79 genes in Clan 3, and 59 genes in Clan 4) were iden-
tified (Table S8). Most of these genes in Clan2/3/4 were
presented in the form of clusters rather than scattered on
chromosomes (Fig. SA). The genes within the CYP325,
CYP6, or CYPY family exhibited significant expansions
(gene blooms) and were primarily located in the close ge-
nomic region on chromosomes. Ae. albopictus CYP18A1
and CYP306A41 family/subfamily each contained only
one gene, they were not only clustered on the same branch
in the phylogenetic tree, but also resided at the same locus
on Chr 1 (Fig. 5A). This pattern implies that these genes
may have undergone duplication events during evolution
and retained similar locations on the chromosomes. How-
ever, there were some exceptions, for example, the Clan
MITO CYPI12F4 was found to be less than one kilobase
(kb) distant from a cluster of Clan 4 CYP4G17 (Fig. 5A).

Using the RNA-seq data, we investigated the expres-
sion profiles of genome-annotated CYP450 genes across
various developmental stages to elucidate its role in reg-
ulating growth and development. Here, developmentally
dynamic expression genes were defined as those that ex-
hibit significantly higher expression levels at a particu-
lar developmental stage compared to preceding or sub-
sequent stages (Padj) < 0.05 and |log, FC| > 1). Firstly,
the expression results of CYP450 genes from qRT-PCR
showed good reproducibility with the Illumina RNA-
seq data, which demonstrated a strong correlation be-
tween the two datasets (R> = 0.9015) (Figs. 5B and
S7). Then the expression patterns of these CYP450 genes
across different developmental stages of Ae. albopic-
tus were depicted (Fig. 5SC, Table S9). We found cer-
tain CYP450 genes upregulated or downregulated dur-
ing development of Ae. albopictus, particularly during
stage transitions. Overall, consistent with Iso-seq find-
ings (Fig. 3B), most CYP450 genes in Clan 4 exhib-
ited relatively low expression levels, suggesting that they
have limited influence on growth and development and
are more likely involved in responses to environmen-
tal stimuli. In contrast, other genes, such as CYP304C1,
CYP4C36, CYP4G17, CYP6AHI, and CYP9JLI1, de-
spite exhibiting divergent expression patterns across de-
velopmental stages, maintained consistently high tran-
script levels. This prompts us to pay closer attention to
their potential roles in sustaining fundamental physio-

the mosquito genomes, while the red lines highlight syntenic CYP450 gene pairs. The red box indicates the chromosome X-related

genes.
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methods (expressed as log, ratio). Lower panel displays the correlation between RNA sequencing (RNA-seq) and qRT-PCR results. (C)
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logical functions of this mosquito species. In addition,
both CYP31541 and CYP6N6, which belonged to pat-
tern cluster 9, were upregulated at the egg stage. Unique
CYP450 genes expression patterns were found at pupal
stage of Ae. albopictus, such as CYP304B2, CYP18A1,
CYP30341, CYP325FG3, CYP325CD7, CYP325E1, and
CYP4C28 were upregulated (cluster 6 or 8), while
CYPI2F4,CYPI2F2, CYP6MI,CYP325B1, CYP6SI and
CYP6AGY were downregulated (cluster 4 or 7). Although
many CYP450 genes were expressed consistently be-
tween adult females and males, some sex-related DEGs
were identified, including genes in cluster 1, 6 and 9
(CYPYJL17, CYPI1841, and CYP12F4) that were highly
expressed in females, whereas those in cluster 2 and 3
(CYP325G3 and CYP9JLI) that were downregulated.

CYP450 fusion genes, including CYP6ZB4, CYP6AGH,
CYP9JLS, and CYP9J3, were detected and validated
with several in independent samples (Figs. 6A and S8).
Moreover, AS events, primarily exon skipping and in-
tron retention, occurred most frequently in iso-M samples
(Fig. 5C). Among these genes, AS events of CYP9.J3B3,
CYP49A41, and CYP4J7 were found in more than two
samples (Fig. 6B). In addition, CYP450 genes exhibiting
significant differential exon usage were also identified,
however, their relationship to gene expression could not
be directly established from the present data (Fig. 5C).
For APA sites detected, it was found that common genes
in HY-iso, F-iso, and M-iso samples had conserved APA
sites, while sex-specific APA sites were identified in ei-
ther female or male adults (Fig. 5C). APA sites were
enriched in highly expressed genes such as CYP304C1,
CYP4941, CYP4G16, CYP4G17, and CYP6Z2, implicat-
ing their involvement in the regulation of gene expres-
sions (Fig. 5C).

Discussion

The present study characterized the CYPomes of
mosquito species by referring to the extensively stud-
ied CYPomes of An. gambiae and D. melanogaster. This
framework provided sequence information to conduct
more accurate analyses of the nomenclature and classi-
fication of CYP450 genes in different mosquito species.

For instance, the CYP6BB3 and CYP6CC?2 reported in
Culicinae (Zou et al., 2019) were clustered within the
same evolutionary branch as CYP6AD1 in genus Anophe-
les. However, CYP6ALI reported in certain studies relat-
ing to Aedes species (David et al., 2006) was reclassified
to CYP6Z subfamily in our study. Given the complexity of
CYP450 gene families, we recommend cross-referencing
gene identifiers (e.g., accession numbers) (David et al.,
2006; Zou et al., 2019) as alternative naming con-
ventions in future, alongside existing nomenclature, to
minimize confusion. Furthermore, a subset of these
genes, exemplified by CYP304B1, CYP329A41, CYP9YJ3,
and CYP4HI4, displayed strict 1 : 1 : 1 orthology
across all surveyed mosquito taxa, implying indispens-
able physiological roles and meriting prioritized func-
tional characterization. Meanwhile, for highly conserved
Halloween genes (phantom, CYP306A1; disembodied,
CYP30241; shadow, CYP31541; spook, CYP307AI,
spookier, CYP307BI; shade, CYP314A1), phylogenetic
clustering supports conserved function (Sieglaff et al.,
2005; Rewitz et al., 2006; Rewitz et al., 2007). How-
ever, the functional conservation of remaining paralogs
requires experimental validation.

Similar to other insects (Dermauw et al., 2020), the
mosquito CYP450 gene families exhibited a characteris-
tic power-law distribution pattern (CYP450 genes in Clan
3 and Clan 4 underwent large-scale expansions, while the
diversity of CYP subfamilies in other two clans remained
relatively stable). The present study suggests that adap-
tive evolution may be a key driver of CYP450 genes dis-
tribution in mosquitoes, highlighting predictable expan-
sions and contractions of CYP450 gene families under
new selection pressures (Sezutsu ef al., 2013; Vertacnik
et al.,2023). We infer that this power-law distribution pat-
tern of CYP450 gene families in mosquitoes is resulted
primarily from gene gains and losses, with gene duplica-
tion as the key evolutionary driver (Despres ef al., 2007).
These CYP450 gene clusters have the potential to collec-
tively form a diverse catalytic function library, such as
the CYP6AE gene clustered in Helicoverpa armigera (Shi
et al., 2018; Wang et al., 2018). Moreover, some gene
duplication events have given rise to novel CYP450 sub-
families within Culicinae in the form of clusters (e.g.,
CYP14/16-19/24, CYP9J/L, CYP304/306/15B1), when

mRNA expression and alternative splicing (AS)/alternative polyadenylation (APA) of CYP450 genes in eight Ae. albopictus develop-
mental stages. mRNA expression levels of genes are analyzed using RNA-seq. AS and APA events are detected using PacBio Iso-seq.
[llumina RNA-seq panel: Left heatmap shows mRNA expression levels; right heatmap shows fold changes (FCs). Color key indicates
the intensity associated with normalized values. Red shades: high expression; green shades: low expression. Gray indicates genes that
are not differentially expressed (non-DEGs). Each CYP450 gene is assigned to one of nine expression patterns (C1-C9) based on its
transcriptomic profile (bottom, Fig. 1E). Asterisks (*) indicates significant differential exon usage (DEU). PacBio Iso-seq panel: AS,
number of AS events; APA: number of alternative polyadenylation sites.
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comparing with Anophelinae. These CYP450 duplica-
tions may underlie unique adaptations or functional in-
novations in Culicinae. However, research on CYP450
gene loss mechanisms remain limited, such as the loss of
CYP18A41 in An. gambiae complex (Neafsey et al., 2015).
In addition, our study has identified several potential
CYP450 gene losses in some mosquitoes that are present
in Drosophila. For instance, CYP44A 1 was lost in Culici-
nae, and CYP4D17, CYP303A41, CYP6RI, and CYP4H26
were absent in several related mosquito species.

Positive selection is one of the driving forces
for CYP450 gene evolution, such as CYP2841 and
CYP31841 in Drosophila (Bono et al., 2008; Good
etal., 2014), CYP6AE74 and CYP340L16 in Spodoptera
frugiperda (Gouin et al., 2017), and CYP9Q3 and
CYP6AQI in social bees (Lago et al., 2023). These mech-
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anisms enable insects to adapt to environmental changes
and thrive in different ecological niches by retaining and
spreading advantageous genetic variations, thereby in-
creasing gene functional diversity. However, our com-
parative study of 24 mosquito species revealed that
all CYP450 genes have undergone purifying selection,
in line with previous reports on Anopheles mosquitoes
(Neafsey ef al., 2015; Moss et al., 2024). Therefore,
our results suggest that the evolution of CYP450 fam-
ily in mosquitoes is considered to be driven by gene gain
and loss. In addition, other factors not examined in the
present study, such as single base mutations (Moss et al.,
2024), copy number variation (Despres ef al., 2007), and
chromosomal inversion polymorphisms (Ibrahim et al.,
2023), may also contribute.
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In mosquitoes, researches on CYP450 gene family have
largely centered on functions in detoxification and resis-
tance (Nauen et al., 2022). In the studies exploring the
regulation of CYP450 genes on the growth and develop-
ment of mosquitoes and other insects, the primary focus
has been on the Halloween genes (Dermauw et al., 2020),
with other CYP450 genes comparatively less studied.
For example, CYP4G333, CYP6CY97, and CYPI18A41 of
Pseudoregma bambucicola regulated soldiers’ hardened
epidermis and arrested development to meet the colony
defense strategies of this social insect (Lu ef al., 2023);
CYP353A1 and CYP9AAI of the beetle Tribolium casta-
neum were involved in embryonic development, whereas
CYP40Q59 might play a role in pupation (Wang et al.,
2022); CYP4AAIl of Solenopsis invicta was associated
with chemical communication and reproductive domi-
nance, and CYP30541 and CYP1841 likely contributed
to the synthesis of ecdysteroids and juvenile hormones
supporting larval development and worker physiology (Li
et al., 2025).

For mosquitoes, the regulation of CYP450 genes on
the life cycle progression has not been fully explored.
In the present study, numerous Ae. albopictus CYP450
genes with unique expression patterns were identified,
suggesting their potential roles in regulating various de-
velopmental processes. For example, CYP6G2, downreg-
ulated in pupae and highly expressed in male adult of
Ae. albopictus, was the principal CYP450 epoxidase in-
volved in juvenile hormone biosynthesis in Drosophila,
regulating insect molting, metamorphosis, and reproduc-
tive processes (Jia et al., 2024). CYP303A1, highly ex-
pressed during the pupal stage of Ae. albopictus, was es-
sential for wing expansion in Locusta migratoria and D.
melanogaster (Wu et al., 2019), impacting cuticle for-
mation (Wu et al., 2024; Du et al., 2025) and sensory
organ development (Willingham & Keil, 2004). More-
over, these two CYP450 genes were also implicated in
insecticide resistance (Daborn ef al., 2007; Dong et al.,
2025). In addition, some CYP450 genes, which exhib-
ited unique expression patterns at specific developmen-
tal stages, such as CYP6N, CYP6M, CYP304B1, CYP6Z,
have also been reported to be associated with resistance
in mosquito species (Dusfour et al., 2015; Main ef al.,
2018). While most other CYP450 genes remained func-
tionally uncharacterized, their developmentally dynamic
expression patterns across clusters 1-9 enable identifica-
tion of candidate genes for deeper investigation at crit-
ical stages of morphological transformation or in sex-
specific contexts. Furthermore, several genes maintained
low expression across all tested developmental stages. It
was speculated that they may represent environmentally
responsive or tissue-specific genes whose functions are

activated under particular conditions, warranting targeted
further studies.

The differential expressed insect CYP450 genes have
been explained by multiple regulatory mechanisms, in-
cluding cis-regulatory transcriptional factors and trans-
acting regulating elements (Nauen ef al., 2022), noncod-
ing RNAs (Li ef al., 2021), and epigenetic modifications
(Roy & Palli, 2018). In this study, we tried to predict
potential regulatory mechanisms for differential CYP450
gene expression based on Iso-seq and RNA-seq data. As
a key post-transcriptional regulatory event in eukaryotes
that fine-tunes gene expression and largely enhances the
complexity of transcriptome (Zhang et al., 2021), many
APA sites were detected in full-length CYP450 tran-
scripts. These APA sites varied across different samples
and were enriched in some highly expressed genes, im-
plicating their regulatory roles. However, we have yet to
establish a relationship between AS events or significant
differential exon usage and gene expression in mosquito
CYP450 genes without subsequent research findings, un-
like the AS of Tetranychus urticae CYP4C62 gene, which
was reported to reduce the oxidation of chlorpyrifos to
chlorpyrifos-oxon by affecting mRNA stability, transla-
tion efficiency, and the production of non-functional pro-
teins (Xu et al., 2024).

There are several limitations in the present study.
First, although all 25 mosquito reference genomes were
used, decade-spanning sequencing advances have cre-
ated quality gaps that systematically bias downstream
analyses, future work will incorporate subsequent high-
quality releases to expand and refine the analysis. Sec-
ond, taxon sampling was heavily skewed toward Anophe-
linae (especially Anophels gambiae complex), whereas
Culicinae (4edes and Culex) is represented by only a
few species. This imbalance inflated phylogenetic co-
variance within the over-represented subfamily, violat-
ing the PGLS assumption of residual variance homogene-
ity. Third, whole-body RNA-seq, while providing a com-
prehensive overview of gene expression across develop-
mental stages, lacked the resolution to capture tissue-
related expression patterns, potentially obscuring crit-
ical functional insights. Fourth, the functional signifi-
cance and regulatory mechanism (e.g., AS or APA) of
these CYP450 genes in Ae. albopictus remains specula-
tive, their roles in juvenile hormone catabolism, xenobi-
otic detoxification or insecticide resistance have yet to
be validated through in vitro enzymatic assays, CRISPR
knockout or transgenic expression studies.

In conclusion, we conducted a comprehensive analy-
sis of CYP450 genes in mosquitoes, particularly in Ae.
albopictus, using phylogenetic analysis, comparative ge-
nomics, Illumina RNA-seq and full-length RNA-seq. It
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provided the CYPomes and their evolutionary history in
mosquito species, as well as the developmental expres-
sion dynamics of CYP450 gene in Ae. albopictus. These
findings not only enhance our understanding of the ge-
netic basis for mosquito survival and adaptation, but also
highlight the importance of the CYP450 gene family in
these processes. These findings serve as a valuable re-
source for further functional characterization studies to
elucidate the roles of these genes in the development of
Ae. albopictus, potentially aiding innovative genetic con-
trol strategies for mosquito-borne diseases.
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