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Whole‑transcriptome profiling 
across different developmental stages of Aedes 
albopictus (Diptera: Culicidae) provides 
insights into chitin‑related non‑coding RNA 
and competing endogenous RNA networks
Wenjuan Liu1†, Sha An1†, Peng Cheng3, Kexin Zhang1, Maoqing Gong3*, Zhong Zhang1,2* and Ruiling Zhang1,2* 

Abstract 

Background  The Asian tiger mosquito, Aedes albopictus, is one of the most invasive species and a vector of numer-
ous arboviruses. The deleterious effects of long-term and inappropriate use of chemical pesticides have stimulated 
the exploration of new, environmentally friendly control strategies. Non-coding RNAs (ncRNAs) have been proven to 
participate in almost all biological processes of insects. 

Methods  In this study, circular RNAs (circRNAs) and microRNAs (miRNAs) covering five developmental stages [egg, 
early larvae, late larvae, pupae, adult (female and male)] of A. albopictus were obtained using whole-transcriptome 
sequencing technology. Combined with long non-coding RNAs (lncRNAs) from previous research, circRNA/lncRNA‒
miRNA‒mitochondrial RNA (mRNA) networks were constructed.

Results  A total of 1434 circRNAs and 208 miRNAs were identified. More differentially expressed circRNAs (DE circR-
NAs) and miRNAs (DE miRNAs) were found in the egg versus early larvae comparison group. Functional enrichment 
analysis demonstrated that most of the circRNA/lncRNA‒miRNA‒mRNA networks were involved in chitin metabolism. 
Hub genes of each circRNA/lncRNA‒miRNA‒mRNA network were screened out, which can be used as novel targets 
to disturb the molting process of A. albopictus.

Conclusions  Regulatory relationships obtained from competing endogenous RNA (ceRNA) networks provide more 
information to manipulate the metamorphosis process and are helpful for developing effective and sustainable meth-
ods to control mosquitoes.
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Background
Aedes albopictus originated in Southeast Asia and has 
now spread from its area of origin to more than 70 coun-
tries and regions around the world [1]. As one of the 
important vectors, A. albopictus can transmit dengue 
virus, Zika virus, chikungunya virus, yellow fever virus, 
and some other arboviruses, posing a huge threat to pub-
lic health [2]. Despite decades of control efforts, mos-
quito-borne diseases are a major threat to public health 
in large regions of the world. Dengue virus causes an 
estimated 400 million infections annually, with 3.6 billion 
people living in areas at risk for epidemic transmission 
[2]. There is still no effective vaccine or drug for the dis-
eases caused by viruses transmitted via A. albopictus [3]. 
Mosquito population control is the most effective strat-
egy for preventing mosquito-borne diseases. Conven-
tional control methods depend primarily on insecticides, 
which have been proven to be unsustainable solutions for 
a variety of reasons, such as rapidly increasing insecti-
cide resistance [4] and negative impacts on the ecological 
environment  [5]. Therefore, the development of a novel 
control strategy with proven epidemiological impact is 
challenging.

Non-coding RNAs (ncRNAs) are functional RNA mol-
ecules that cannot be translated into proteins [6]. Micro-
RNAs (miRNAs), long non-coding RNAs (lncRNAs), and 
circular RNAs (circRNAs) are major families of ncRNAs. 
With the development of sequencing and experimen-
tal technology in recent years, a large number of studies 
have demonstrated that ncRNAs play important roles in 
the developmental regulation of insects [7–9]. miRNAs 
are small RNA molecules with 21–23 nucleotides that 
regulate gene expression post-transcriptionally, mainly 
by binding the mRNA target. lncRNAs are a heterogene-
ous class of transcripts that are more than 200 nucleo-
tides in length and lack the potential for protein coding 
[10–12]. circRNA is a newly discovered kind of endog-
enous ncRNA with covalently closed loop structures 
formed by back-splicing, which exhibits high abundance, 
stability, species conservation, and tissue/stage specificity 
[13–15].

Accumulating evidence indicates that ncRNAs exert 
their biological activity in the reproduction, embryogen-
esis, molting, development, and insecticide resistance of 
Arthropoda [16–19]. These ncRNA-mediated interac-
tions are often interconnected, constructing complex 
regulatory RNA networks [12, 19, 20]. This complicated 
regulatory network is described as competing endog-
enous RNAs (ceRNAs), which play important regulatory 
roles in post-transcriptional gene expression [21, 22]. The 
ceRNA network has been described as an intricate inter-
play among diverse RNAs [23]. In addition to mRNAs, 
lncRNAs, circRNAs, and other RNAs that share common 

miRNA response elements (MREs) can competitively 
bind with miRNAs, acting as an RNA sponge to block 
and inhibit miRNAs from binding to their target sites 
[23]. These ceRNA modulatory mechanisms have been 
found to participate in many biological processes. For 
example, ceRNA (circRNA–miRNA–mRNA) networks 
have been shown to play a comprehensive role in the 
growth, development, and metabolism in the midgut of 
the Apis cerana cerana workers [7]. lincRNA_Tc13743.2-
miR-133-5p-TcGSTm02 is involved in mediating cyflu-
metofen resistance in Tetranychus cinnabarinus [24]. 
lnc-GSTu1_AS-miR-8525-5p-GSTu1 were also found 
to regulate the expression of detoxifying enzymes (glu-
tathione S-transferase, GST) to mediate the resistance of 
Plutella xylostella to chlorantraniliprole [25].

A deep understanding of the expression profile and reg-
ulatory relationships of ncRNAs during the development 
of A. albopictus will strongly improve our knowledge 
of the molecular mechanisms underlying the holome-
tabolous development of the mosquito. Because of the 
significant heterogeneity of ncRNAs, we performed a 
comparative analysis of miRNAs and circRNAs covering 
five developmental time points during the life-cycle of A. 
albopictus. Combining the lncRNA data in previous stud-
ies [26], ceRNA networks (circRNA/lncRNA‒miRNA‒
mRNA) were established for each stage. Meanwhile, the 
hub genes of each ceRNA network were screened out, 
and a subnetwork of pivotal hub genes was also con-
structed. The results of this study will offer a novel per-
spective for investigating post-transcriptional regulatory 
mechanisms of ncRNAs underlying developmental pro-
cesses, promoting the discovery of innovative control 
strategies, such as the use of hub genes as developmental 
time-specific tuners to regulate chitin metabolism and 
ultimately control of A. albopictus.

Methods
Sample preparation
The A. albopictus colony used in this study was col-
lected in Shandong Province (China) and reared in the 
laboratory under conditions of 27 ± 1  °C and 65% rela-
tive humidity (RH) with a daily photoperiod of 14:10  h 
(light/dark). Eggs were collected within 24 h after damp 
collection filter paper was placed into an insect cage, and 
were pooled to represent the embryonic stage. Larvae 
were reared in dechlorinated tap water in plastic con-
tainers and fed a slurry that was a mixture of pork liver 
powder (homemade), yeast, and distilled water. Larvae 
samples were divided into early (first–second-instar) 
and late (third–fourth-instar) larval stages. Pupae sam-
ples were mixed pools of various stages. Individual pupae 
were placed in plastic tubes equipped with dechlorinated 
tap water and covered with absorbent cotton until adults 
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emerged. Then, male and female adults were collected 
separately. Three duplicate samples for each stage were 
prepared. All samples were flash frozen in liquid nitrogen 
immediately following the collection and then stored at 
−80 °C until RNA isolation.

RNA extraction, library construction, and sequencing
Total RNA was extracted from A. albopictus samples 
(egg, early larvae, late larvae, pupae, adults [female and 
male]) using TRIzol reagent (Invitrogen, USA). RNA 
purity was checked using a NanoPhotometer® spectro-
photometer (Implen, Germany), and the RNA concen-
tration was measured using a Qubit® RNA Assay Kit 
in a Qubit® 2.0 Fluorometer (Life Technologies, USA). 
RNA integrity was assessed using the RNA Nano 6000 
Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent 
Technologies, USA). An Epicenter Ribo-Zero™ rRNA 
Removal Kit (Epicenter, USA) was used to remove ribo-
somal RNA, and the rRNA-free residue was cleaned up 
by ethanol precipitation.

circRNA library preparation was carried out using the 
NEBNext® Ultra™ Directional RNA Library Prep Kit for 
Illumina R (NEB, USA) following the manufacturer’s rec-
ommendations. RNA sequencing (RNA-Seq) was per-
formed by Novogene (Beijing, China) using the Illumina 
HiSeq 2000 platform, and 150-base-pair (bp) paired-end 
reads were generated. NEBNext®Multiplex Small RNA 
Library Prep Set for Illumina® (NEB, USA) was used for 
miRNA sequencing library construction according to the 
manufacturer’s protocol. Single-end reads (50  bp) were 
generated using the Illumina HiSeq 2500 platform.

Clean reads were obtained by removing the adaptor 
reads and low-quality tags (containing ploy-N, 5′ adapter 
contaminants, without 3′ adapter or the insert tag, con-
taining ploy A or T or G or C and low-quality reads) from 
the raw reads using Trimmomatic v0.38 [27]. All subse-
quent analyses were performed based on the clean reads. 
The Q30 and guanine-cytosine (GC) content of the sam-
ples were calculated. The miRNAs were mapped to the 
A. albopictus genome (genome version: AalbF2, assem-
bly: GCA_006496715.1, NCBI) [28] by Bowtie 2 v 2.4.4 
[29]. circRNAs were mapped to the reference genome 
(genome version: AalbF2) using HISAT2 v2.1.0 [30].

Identification of circRNA and miRNA
Both find_circ [14] and CIRI2 [31] were used to detect 
and identify circRNAs. Known miRNAs were identified 
according to miRBase 22.1 [32]. The prediction of novel 
miRNA was performed by miREvo [33] and mirdeep2 
[34] based on the secondary structure (hairpin struc-
ture, Dicer cleavage sites, and minimum free energy) of 
miRNA. Then, miFam.dat (http://​www.​mirba​se.​org/​ftp.​
shtml) and Rfam (http://​rfam.​sanger.​ac.​uk/​search/) were 

used to search for families of known miRNAs and Rfam 
families of novel miRNAs, respectively. Target gene pre-
diction of miRNA was performed by miRanda [35].

Identification of differentially expressed circRNAs (DE 
circRNAs) and miRNAs (DE miRNAs)
The expression levels of circRNA and miRNA were esti-
mated by transcripts per million (TPM) according to the 
criteria of Zhou et al. [36]. Differential expression analy-
sis was performed using DESeq R v3.1.3 [37]. The P-value 
was adjusted using the Benjamini‒Hochberg method 
[38]. The threshold for significantly differential expres-
sion was set as |log2 (fold change)|> 1.0 and adjusted 
P-value < 0.05. Venn diagrams were drawn to depict the 
circRNA and miRNA expression profiles at different 
developmental time points.

Establishment of ceRNA networks
Both miRanda and RNAhybrid software [39] were used 
to predict the relationships among DE miRNAs, circR-
NAs, and lncRNAs. Only relationships that were identi-
fied simultaneously by these two methods were used for 
subsequent analysis. A ceRNA network was constructed 
with potential target mRNAs to the miRNAs and poten-
tial target circRNAs/lncRNAs to the miRNAs and cor-
responding mRNAs. The nodes in the network represent 
the genes, and the nodes are connected if the corre-
sponding genes are significantly co-expressed [40]. Gene 
connectivity was represented by edge weight, defined as 
the sum of the weights across all edges of a node in the 
gene co-expression network analyzed. Hub genes were 
identified based on the connectivity degree of genes in 
the network with the Cytohubba plugin [41] in Cytoscape 
v3.8.2 [42].

Functional enrichment analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analyses of the target 
gene candidates of DE circRNAs, DE miRNAs, and DE 
mRNAs in the lncRNA/circRNA–miRNA–mRNA net-
work were implemented using the GOseq R v3.3.2 pack-
age [43] and KOBAS v3.0 software [44], respectively. A 
P-value < 0.05 was considered significantly enriched.

Reverse transcription real‑time quantitative polymerase 
chain reaction (qRT‒PCR) analysis
To verify the accuracy of the results obtained from high-
throughput sequencing, four ceRNA co-expression net-
works were randomly selected. The expression profiles of 
ncRNAs and mRNAs in these selected ceRNA networks 
were confirmed using qRT‒PCR, which used the same 
RNA samples as Illumina sequencing.

http://www.mirbase.org/ftp.shtml
http://www.mirbase.org/ftp.shtml
http://rfam.sanger.ac.uk/search/
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Total RNA was isolated using the TRIzol reagent 
(Vazyme, China) according to the manufacturer’s pro-
tocol. The miRNA reverse transcription was performed 
using a miRNA first-strand cDNA synthesis kit (by 
stem-loop) (Vazyme, China). The lncRNA and mRNA 
template was reversely transcribed into complemen-
tary DNA (cDNA) using HiScript III RT SuperMix for 
qPCR (+ gDNA wiper) (Vazyme, China). Then, qPCR 
of miRNA was performed with miRNA Universal SYBR 
qPCR Master Mix (Vazyme, China); qPCR of circRNA, 
mRNA, and lncRNA was performed using ChamQ Uni-
versal SYBR qPCR Master Mix (Vazyme, China). All qRT-
PCR runs were carried out on an ABI 7500 qRT-PCR 
platform (Thermo Fisher Scientific, USA). The expression 
levels of the selected miRNAs, circRNAs, lncRNAs, and 
mRNAs were normalized against the β-actin. All experi-
ments were performed with three biological and techni-
cal replicates, respectively. The 2−ΔΔCT method was used 
to estimate the relative expression of each lncRNA [45].

Results
Identification of circRNAs and miRNAs
Altogether, 18 libraries covering five developmental 
time points (with three biological replicates for each 
time point) were constructed for circRNA and miRNA 
sequencing. The rate of reads mapped to the reference 
genome of A. albopictus was 42.17% to 67.01% for cir-
cRNA and 72.38% to 96.25% for miRNA (Additional 
file  2: Tables S1, S2). The Q30 of all samples was above 
90.98%. Raw circRNA and miRNA data were deposited 
in the NCBI Sequence Read Archive (SRA) database 
with accession numbers PRJNA863740 (miRNA) and 
PRJNA757239 (circRNA).

After normalization and filtration, a total of 1434 circR-
NAs and 208 miRNAs were identified (Additional file 2: 
Table  S3). All 1434 circRNAs are novel circRNAs, and 
there were 1262 exon_circRNAs, 138 intergenic_region_
circRNAs, and 34 intron_circRNAs according to their 
localization in the genome (Additional file 2: Table S3). A 
total of 125 known miRNAs and 83 novel miRNAs were 
identified. Venn analysis suggested that 148 circRNAs 
were detected at all developmental time points, and 87, 
30, 89, 86, 197, and 40 circRNAs were unique to E, L1, 
L2, P, M, and F, respectively (Additional file 1: Fig. S1a). 
Analysis of the miRNAs showed that only 33 miRNAs 
were present at all developmental time points, and most 
of the miRNAs were expressed at three or more develop-
mental time points (Additional file 1: Fig. S1b).

According to the successive developmental time points 
of A. albopictus, five comparison groups were assigned: 
egg versus early larvae (E vs. L1), early larvae versus late 
larvae (L1 vs. L2), late larvae versus pupae (L2 vs. P), 
pupae versus female (P vs. F), and pupae versus male (P 

vs. M). In total, 143 DE circRNAs were detected. The 
same number (31 circRNAs) of DE circRNAs was up- 
and downregulated in the E vs. L1 comparison group; 
more DE circRNAs were downregulated in the L1 vs. 
L2, P vs. M, and P vs. F comparison groups, while more 
upregulated DE circRNAs were detected in the L2 vs. P 
comparison group (Fig. 1a DE circRNA). There were 139 
DE miRNAs, and many more DE miRNAs were down-
regulated in the E vs. L1, L1 vs. L2, and P vs. F com-
parison groups; the number of upregulated DE miRNAs 
exceeded the number of downregulated DE miRNAs in 
the L2 vs. P and P vs. M comparison groups (Fig. 1b DE 
miRNA). There were 50, 12, 23, 17, and 10 DE circRNAs 
specifically expressed in the E vs. L1, L1 vs. L2, L2 vs. 
P, P vs. M, and P vs. F comparison groups, respectively 
(Fig.  1c Venn DE circRNA). Five DE miRNAs (aal-miR-
305-5p, aal-miR-279, aal-miR-957, aal-miR-282-5p, and 
aal-miR-263a-5p) were found expressed at all six devel-
opmental time points. There were 9, 5, 6, 15, and 5 DE 
miRNAs unique to the E vs. L1, L1 vs. L2, L2 vs. P, P vs. 
M, and P vs. F comparison groups, respectively (Fig. 1d 
Venn DE miRNA).

ceRNA network construction
The circRNA-associated ceRNA networks of the E vs. L1, 
L1 vs. L2, L2 vs. P, P vs. M, and P vs. F comparison groups 
included 50, 16, 28, 18, and 16 DE circRNAs, respectively 
(Additional file 2: Table S4). The highest number of nodes 
(3557, including 50 DE circRNAs, 3442 DE mRNAs, and 
65 DE miRNAs) and edges (13,573) was detected in the 
ceRNA network of the E vs. L1 group; the lowest number 
of nodes (431, including 16 DE lncRNAs, 390 DE mRNAs 
and 25 DE miRNAs) and edges (924) were found in the 
ceRNA network of the L1 vs. L2 group (Additional file 2: 
Table S4). In addition, according to the connective degree 
of each node in the networks, all of the top 10 hub genes 
in each group were miRNAs, and several of them were 
shared among groups, such as aae-miR-285, aae-miR-
305-5p, and aae-miR-34-5p (Additional file 2: Table S5).

In the lncRNA-associated ceRNA networks, most of 
the nodes and edges were also found in the ceRNA net-
work of the E vs. L1 comparison group, which consisted 
of 1604 DE lncRNAs, 3692 DE mRNAs and 77 DE miR-
NAs (Additional file  2: Table  S6). Similar to that of the 
circRNA-associated ceRNA network, only 816 nodes 
(308 DE lncRNAs, 465 DE mRNAs, and 43 DE miR-
NAs) and 2508 edges were included in the lncRNA-
associated ceRNA network of the L1 vs. L2 comparison 
group (Additional file 2: Table S7). The top 10 hub genes 
in all lncRNA-associated ceRNA networks were miR-
NAs, and aae-miR-305-5p was detected in all groups; 
aae-miR-34-5p, aae-miR-285, aae-miR-92a-3p, and 
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aae-miR-92b-3p were found in the L1 vs. L2, L2 vs. P, P 
vs. M, and P vs. F comparison groups (Additional file 2: 
Table S7).

Functional enrichment of the ceRNA networks
To assess the putative regulatory roles of the circRNAs 
and miRNAs at different developmental time points, 
functional enrichment analysis was performed for all DE 
mRNAs in the circRNA- and lncRNA-associated ceRNA 
networks.

Overrepresented GO terms and KEGG pathways 
reflected stage-specific key biological processes during 
the development of A. albopictus. The top 20 enriched 
GO terms and KEGG pathways are listed in Additional 
file  3: Tables S8–S11. Notably, the top 20 enriched 
KEGG pathways were primarily metabolism-related, 
including “alanine, aspartate and glutamate metabolism 
(map00250),” “nitrogen metabolism (map00910),” “carbon 

metabolism (map01200),” and “biosynthesis of unsatu-
rated fatty acids (map01040),” in both the circRNA- and 
lncRNA-associated ceRNA networks. Highly enriched 
GO terms including “structural constituent of cuticle 
(GO: 0042302),” “endopeptidase activity (GO: 0004175),” 
“proteolysis (GO: 0006508),” “serine hydrolase activity 
(GO: 0017171),” and “hydrolase activity (GO: 0016787)” 
were found in several circRNA- and lncRNA-associated 
ceRNA networks.

GO term annotation analysis showed that circRNA-
associated ceRNA networks were significantly enriched 
in “structural constituent of cuticle,” which was the most 
enriched GO term in all four comparison groups (E vs. 
L1, L1 vs. L2, P vs. M, and P vs. F); “peptidase activity, 
acting on L-amino acid peptides (GO: 0070011),” was the 
most highly enriched GO term in the L2 vs. P compari-
son group. KEGG pathway enrichment analysis showed 
that “nitrogen metabolism” was the most enriched 
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pathway in the E vs. L1, L2 vs. P, P vs. M, and P vs. F com-
parison groups. In the L1 vs. L2 comparison group, “argi-
nine and proline metabolism (map00330)” was the most 
enriched pathway. Functional annotation of lncRNA-
associated ceRNA networks showed a similar pattern to 
that of the circRNA-associated ceRNA networks. “Struc-
tural constituent of cuticle” was the most enriched GO 
term in the E vs. L1, L1 vs. L2, P vs. M, and P vs. F com-
parison groups. Meanwhile, “serine-type peptidase activ-
ity (GO: 0008236)” and “serine hydrolase activity” were 
the top two significantly enriched GO terms in the L2 vs. 
P comparison group. “Nitrogen metabolism (map00910)” 
was the most enriched pathway in the E vs. L1, P vs. M, 
and P vs. F comparison groups. “Arginine and proline 
metabolism (map00330)” and “carbon metabolism” were 
the highly enriched pathways in the L1 vs. L2 and L2 vs. P 
comparison groups, respectively.

Stage-specific and shared functional annotations of 
DE circRNAs and DE miRNAs were obtained by con-
ducting Venn analysis. Based on functional annotation 
of all circRNA- and lncRNA-associated ceRNA net-
works, the “structural constituent of cuticle” GO term 
was enriched in all five comparison groups (Fig.  2a, c). 
“Nitrogen metabolism” and “alanine, aspartate and gluta-
mate metabolism” were KEGG pathways highly enriched 
in all comparison groups (Fig.  2b, d). Ultimately, the 
overlapping GO terms (structural constituent of cuti-
cle) and KEGG pathways (nitrogen metabolism, alanine, 
aspartate, and glutamate metabolism) that were highly 
enriched in the circRNA–miRNA–mRNA networks and 
lncRNA–miRNA–mRNA networks were used for further 
investigation.

Identification of hub genes in the co‑expressed key 
functions
Based on the results of functional enrichment analysis, 
ncRNAs of all developmental time points were integrated 
to construct ceRNA networks that participated in the 
regulation of “structural constituent of cuticle,” “nitro-
gen metabolism,” and “alanine, aspartate and glutamate 
metabolism.” Meanwhile, hub genes of each network 
were obtained according to their connective degree in the 
networks.

Altogether, 2753 nodes (94 circRNAs, 2344 lncR-
NAs, 116 miRNAs, 199 mRNAs) and 10,019 edges were 
involved in the ceRNA networks of the “structural con-
stituent of cuticle” (Fig. 3a; Additional file 3: Table S12). 
All of the top 20 hub genes were miRNAs, and aae-
miR-375 had the highest connective degree (Additional 
file  4: Table  S13). In the subnetwork of aae-miR-375, 
there were 290 nodes (7 circRNAs, 268 lncRNAs, and 
15 mRNAs) (Fig.  3b). In the ceRNA networks that par-
ticipate in the regulation of “nitrogen metabolism,” 1121 

nodes (41 circRNAs, 1044 lncRNAs, 17 miRNAs, 19 
mRNAs) and 1509 edges were included. Among the top 
20 hub genes, there were 16 miRNAs and four lncRNAs 
(Fig.  4a; Additional file  4: Table  S12). Notably, the con-
nective degree of aae-miR-375 is also at the top of the lists 
(Additional file 4: Table S13). In this ceRNA network, the 
subnetwork of aae-miR-375 consisted of 178 nodes (6 cir-
cRNAs, 171 lncRNAs, 116 miRNAs, 1 mRNA) (Fig. 4b). 
The ceRNA networks involved in “alanine, aspartate and 
glutamate metabolism” consisted of 1477 nodes (44 cir-
cRNAs, 1377 lncRNAs, 34 miRNAs, and 22 mRNAs) and 
2730 edges (Fig. 5a; Additional file 4: Table S12). The con-
nective degree of aae-miR-981 was ranked first among 
all nodes (Additional file  4: Table  S13). Altogether, 277 
nodes (7 circRNAs, 268 lncRNAs, and 1 mRNA) were 
included, and 276 edges constituted the subnetwork of 
aae-miR-981 (Fig. 5b).

qRT‑PCR confirmation of differentially expressed miRNAs
To validate the reliability of the RNA-seq data, four 
ceRNA networks (LINC6445-miR-375-XM019671701.2, 
novel circ0001644-miR-375-XM019695236.2, LOC10941 
6725-AS1-miR 981-TCONS00078437, and LINC8338-
miR-306-5p-XM019678125.2) were randomly selected 
for further qRT-PCR analyses. The primers used in this 
study are listed in Table S14. The changes in the expres-
sion levels of miRNAs, lncRNAs, circRNAs, and mRNAs 
included in these four ceRNA networks showed similar 
trends as the RNA-seq data (Fig. 6), confirming the relia-
bility of the RNA-seq data and guaranteeing the accuracy 
of the related analysis.

Discussion
As one of the most important classes of post-transcrip-
tional regulatory factors, several studies have addressed 
the identification, characterization, and function of miR-
NAs and confirmed their roles in the growth, develop-
ment, and immunity of insects [16]. Nevertheless, the 
expression profiles, functions, and mechanisms of ncR-
NAs in A. albopictus remain largely unknown. In the 
current study, circRNA, lncRNA, and miRNA data were 
combined to obtain a comprehensive profile of ncRNAs 
involved in the development of A. albopictus.

Expression pattern analysis demonstrated that 
most of the circRNAs and miRNAs were differen-
tially expressed at five developmental time points in A. 
albopictus. The dynamic changes in the DE circRNAs 
and DE miRNAs were significantly different between 
the comparison groups, with the most DE circRNAs 
and DE miRNAs all found in the E vs. L1 comparison 
group (Fig. 1a, b). A similar result was also detected for 
the lncRNAs [26]. Consistent with the dynamic pattern 
of DE ncRNAs, the highest number of nodes in both 
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circRNA- and lncRNA-associated ceRNA networks was 
in the E vs. L1 group (Additional file  2: Table  S4, S6). 
These results suggested complex regulatory relation-
ships among ncRNAs during the transition from eggs 
to early larvae. As a holometabolous insect, the bio-
logical cycle of A. albopictus involves egg, larval, pupal, 
and adult stages. Embryogenesis of the mosquito is a 
complex process involving rapid cell proliferation and 

organogenesis [46]. Therefore, it makes sense that a rel-
atively high proportion of differentially expressed genes 
(DEGs) and more complex ceRNA networks were iden-
tified in the E vs. L1 comparison group. Meanwhile, the 
fewest ceRNA network nodes were found in the L1 vs. 
L2 comparison group, suggesting simpler regulatory 
relationships within the same developmental stage.
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Although the exact functions of the majority of ncR-
NAs remain unclear, directly linked genes in ceRNA net-
works usually have similar functions and may be involved 

in the same biological process. Correspondingly, in a 
specific network, the higher the connection degree of a 
node, the more important this gene might be. Functional 
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Fig. 3  Constructed ceRNA networks based on ncRNAs involved in the “structural constituent of cuticle” (a) and subnetwork of miR-375 (b). Each 
node represents a ncRNA, each edge denotes a target relationship between ncRNAs. The yellow arrow represents circRNA, the blue triangle 
represents lncRNA, the green square represents mRNA, and the red dot represents miRNA
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Fig. 4  Constructed ceRNA networks based on ncRNAs involved in “nitrogen metabolism” (a) and subnetwork of miR-375 (b). Each node represents 
a ncRNA, each edge denotes a target relationship between ncRNAs. The yellow arrow represents circRNA, the blue triangle represents lncRNA, the 
green square represents mRNA, and the red dot represents miRNA
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enrichment analyses revealed that most of the circRNA- 
and lncRNA-associated ceRNA networks were metabo-
lism-related. As is well known, during the metamorphic 
development of insects, either the larva molts from 
one instar to the next or the final larval instar under-
goes a metamorphic molt to pupa to adult, combined 
with extensive remodeling of organs and tissues, and in 
some cases the organism is completely rebuilt [47]; thus, 
metabolism-related biological processes are necessary to 
provide materials such as energy and nutrients to sup-
port the metamorphic development of A. albopictus.

All insects produce exoskeletons, which are essential 
in all developmental stages to protect the insect from 
mechanical injury and predation. Due to growth and 
development, the old exoskeleton becomes a physical 
constraint, and the insect synthesizes a new cuticle and 
partially digests and sheds the cuticle from the previ-
ous developmental stage during each molt [48–51]. It 
has been observed that the growth of insects is highly 
dependent on their capability for remodeling of the 
exoskeleton. Chitin is a major component of the cuti-
cle that forms the exoskeleton and the internal chitin-
ous structures such as the peritrophic matrix (PM) of 
the midgut [50, 52, 53]. The periodic synthesis and deg-
radation of chitin accompanying each molt explains the 
highly enriched “structural constituent of cuticle” GO 
terms detected in almost all developmental stages of A. 
albopictus.

Chitin is the most abundant nitrogen-containing 
biopolymer on Earth [54]. As a nitrogenous polysaccha-
ride, chitin is a linear homopolymer composed of β-1,4-
linked subunits of N-acetylglucosamine [55]. Therefore, 
the predominant “nitrogen metabolism” pathways in 
both circRNA- and lncRNA-associated ceRNA networks 
fulfill the requirements for chitin synthesis during the 
life-cycle of A. albopictus. Additionally, molting is a high-
energy-demanding event. The energy is needed for the 
disruption of and emergence from the old cuticle, and a 
new cuticle has to be built toward the end of metamor-
phosis (larva to larva, larva to pupa, pupa to adult) [56]. 
As one of the most important energy metabolism path-
ways, “nitrogen metabolism” might also participate in the 
energy supply during the metamorphic development of 
A. albopictus.

Functional annotation of both circRNA- and lncRNA-
associated ceRNA networks revealed active amino acid 
metabolism, including the “alanine, aspartate and glu-
tamate metabolism” KEGG pathway, which was highly 
enriched in all developmental stages of A. albopictus. 
Amino acids are the main building blocks of proteins 
[57]. It is speculated that these amino acids might partici-
pate in the formation of chitin-binding proteins, which is 
another important component of the cuticle in addition 
to chitin. Chitin-binding proteins together with lipids, 
carbohydrates, and other minor components depend 
largely on the mechanical properties of the cuticle [58, 

TCONS_00049816

TCONS_00245749

novel_circ_0001467

TCONS_00038539

novel_circ_0001043

XR_003893917.1

XR_002132103.2

TCONS_00286070

TCONS_00113789

TCONS_00229382

TCONS_00117024

TCONS_00265730

TCONS_00270460

TCONS_00211154

TCONS_00063514

XR_003893296.1

TCONS_00254409

TCONS_00209475

TCONS_00227659

TCONS_00167177

TCONS_00158492

XR_002130754.2

XR_003895319.1

TCONS_00028601

TCONS_00148260

TCONS_00288325

TCONS_00121262

TCONS_00119842

TCONS_00303952

TCONS_00283453

TCONS_00255244

TCONS_00113068

TCONS_00088277

TCONS_00074427

TCONS_00235135

XR_003895395.1

TCONS_00195403

TCONS_00101997

novel_circ_0001820

TCONS_00246318

aal-miR-981

TCONS_00213676

novel_266

TCONS_00246084

TCONS_00104525

TCONS_00031592

TCONS_00236416

TCONS_00106838

TCONS_00241770

TCONS_00201784

TCONS_00019420

TCONS_00244292

TCONS_00133855

TCONS_00247448

TCONS_00154472

TCONS_00254418

XR_003893622.1

TCONS_00063452

TCONS_00213816

TCONS_00158491

TCONS_00019797

TCONS_00039170

TCONS_00283809

TCONS_00027556

TCONS_00128372

TCONS_00202761

TCONS_00010376

XR_003897652.1

XR_002127043.2

XR_003895085.1

TCONS_00042669

TCONS_00244469

TCONS_00172012

TCONS_00088808

TCONS_00086935

TCONS_00104527

novel_circ_0001210
TCONS_00036644

novel_circ_0001644

TCONS_00309716

novel_circ_0000468

TCONS_00265636

TCONS_00070712

TCONS_00109505

TCONS_00299907

TCONS_00165921

TCONS_00228638

TCONS_00041194

TCONS_00094411

TCONS_00196137

XR_003894351.1

TCONS_00097972

TCONS_00275926

TCONS_00120027

XR_003896620.1

TCONS_00044257

TCONS_00086027

aal-miR-71-3p

TCONS_00059380

TCONS_00101543

TCONS_00143745

XR_003892514.1

TCONS_00130381

TCONS_00006074

TCONS_00175305

TCONS_00271269

TCONS_00087068

TCONS_00173700

TCONS_00031933

XR_003893714.1

TCONS_00238872

TCONS_00129294

TCONS_00283045

TCONS_00110022

novel_circ_0001395

TCONS_00176722

novel_circ_0002271

TCONS_00061405

novel_circ_0000310

TCONS_00066037

TCONS_00283664

TCONS_00167330

XR_002132676.2

TCONS_00160520

TCONS_00286643

TCONS_00207711

TCONS_00161459

TCONS_00111125

TCONS_00016073

TCONS_00268246

XR_003892939.1

TCONS_00007604

TCONS_00254428

TCONS_00300490

TCONS_00285839

TCONS_00227575

TCONS_00268092

TCONS_00297627

TCONS_00195932

TCONS_00100734

TCONS_00304824

TCONS_00194041

TCONS_00012942

TCONS_00187059

XR_003898060.1

XR_003894991.1

TCONS_00108192

TCONS_00176110

TCONS_00170912

TCONS_00120215

TCONS_00265635

TCONS_00240298

XM_029858276.1

TCONS_00133333

aal-miR-316

XR_003895034.1

novel_111

TCONS_00030457

TCONS_00303708

TCONS_00056432

TCONS_00019558

TCONS_00265637

TCONS_00298852

TCONS_00044464

TCONS_00151062

TCONS_00017193

TCONS_00292231

TCONS_00174538

TCONS_00156919

TCONS_00261296

TCONS_00070556

TCONS_00000097

TCONS_00234438

TCONS_00301986

TCONS_00097296

TCONS_00256201

TCONS_00039515

TCONS_00128373
TCONS_00095478

TCONS_00009647

TCONS_00113871

TCONS_00130721

TCONS_00272068

TCONS_00099936

TCONS_00265218

TCONS_00191264

TCONS_00241847

TCONS_00009752

TCONS_00208806

XR_003894779.1

XM_029858059.1

TCONS_00269022

novel_circ_0000145

XR_003893539.1

novel_circ_0002179

TCONS_00270662

TCONS_00043653

XR_003896140.1

TCONS_00021791

XR_003894637.1

TCONS_00241822

TCONS_00246317

TCONS_00060646

TCONS_00178524

TCONS_00234631

TCONS_00183290

TCONS_00233876

TCONS_00291958

XR_003898330.1

TCONS_00009967

TCONS_00294540

TCONS_00168716

TCONS_00265612

TCONS_00210383

TCONS_00115114

TCONS_00032688
TCONS_00260626

TCONS_00080329

TCONS_00013264

TCONS_00070038

TCONS_00236476

XR_002133213.2

TCONS_00013883

TCONS_00101398

TCONS_00087403

TCONS_00073460

TCONS_00200858

TCONS_00265648

novel_circ_0001206

XR_003893150.1

aal-miR-988-5p

TCONS_00032970

XM_029870863.1

TCONS_00029152

TCONS_00041195

TCONS_00051562

XR_003893269.1

TCONS_00167041

TCONS_00060824

TCONS_00246319

TCONS_00178732

TCONS_00105525

TCONS_00231339

XR_002128568.2

XR_003893702.1

TCONS_00158431

XR_003898323.1

TCONS_00258349

TCONS_00232691

TCONS_00152098

TCONS_00034500

TCONS_00141169

TCONS_00296258

TCONS_00151246

TCONS_00236523

TCONS_00196511

TCONS_00225531

TCONS_00238300

TCONS_00152374

TCONS_00261828

XR_003894794.1

TCONS_00291612

TCONS_00049001

XR_003895392.1

TCONS_00140034

TCONS_00242509

novel_circ_0000224

TCONS_00046934

aal-miR-283

XR_003893036.1

TCONS_00227900

TCONS_00125542 TCONS_00270459

TCONS_00044303

TCONS_00176573

TCONS_00053993

TCONS_00092018

TCONS_00186607

TCONS_00298359

TCONS_00311411

TCONS_00311375

TCONS_00194072

TCONS_00145514

TCONS_00125162

TCONS_00254427

TCONS_00012769

TCONS_00142247

TCONS_00146984

TCONS_00131489

TCONS_00121367

TCONS_00206856

TCONS_00041926

TCONS_00200551

TCONS_00000166

TCONS_00072161

TCONS_00283969

TCONS_00072165

TCONS_00300887

TCONS_00099294

TCONS_00046259

TCONS_00244270

TCONS_00300009

XR_003896916.1

TCONS_00046759

XM_029859465.1

TCONS_00104714

novel_circ_0002308

TCONS_00065341

XR_003895801.1

TCONS_00096915

TCONS_00154235

XR_002134477.2

TCONS_00082139

TCONS_00083331

TCONS_00140912

TCONS_00050158

XR_003897340.1

XR_003892026.1

TCONS_00278215

TCONS_00121870

TCONS_00211230

TCONS_00076106

TCONS_00020648

TCONS_00021536

XR_003895037.1

TCONS_00014882

TCONS_00063783

TCONS_00265633
TCONS_00298783

TCONS_00001831

TCONS_00222168

TCONS_00241865

TCONS_00235201

XR_003896330.1

TCONS_00284916

TCONS_00060264

TCONS_00018511

TCONS_00288793

TCONS_00257238

TCONS_00092939

TCONS_00076150

TCONS_00130714

XM_029857556.1

XR_003895019.1

aal-miR-1175-5p
TCONS_00304198

TCONS_00245627

TCONS_00202760

TCONS_00016727

TCONS_00193003

TCONS_00291623

TCONS_00211352

TCONS_00274129
TCONS_00295122

TCONS_00004158

TCONS_00204919

XR_003893516.1

TCONS_00188578

TCONS_00014806

TCONS_00033034

TCONS_00295272

TCONS_00282977

TCONS_00051123

TCONS_00099414

TCONS_00063768

TCONS_00080518

TCONS_00288860
TCONS_00108714TCONS_00180542

TCONS_00058843

TCONS_00158421

XR_003893548.1

TCONS_00184698

TCONS_00181249

XR_002134837.2

TCONS_00257237

TCONS_00259906

TCONS_00149272

XR_003893954.1

TCONS_00028013

XM_019699239.2

TCONS_00104524

novel_circ_0001550

TCONS_00195645

TCONS_00033394

TCONS_00258357

TCONS_00117726

XR_003897985.1

TCONS_00104520

TCONS_00164359

TCONS_00120193

TCONS_00164357

TCONS_00170907

TCONS_00042748

TCONS_00167959

TCONS_00244271

TCONS_00069121

TCONS_00169088

TCONS_00159652

TCONS_00299812

TCONS_00092611

TCONS_00029879

TCONS_00072252

TCONS_00187330

TCONS_00168860

XR_003895385.1

TCONS_00306738

TCONS_00104398

TCONS_00036013

TCONS_00225530

TCONS_00115178

XR_003893321.1

XR_003898793.1

TCONS_00291925

TCONS_00063763

TCONS_00159398

TCONS_00183850

XR_002133138.2

XR_003893151.1

XM_019699238.2

TCONS_00117123

novel_circ_0002177

TCONS_00049335

TCONS_00122653

XR_003895158.1

TCONS_00038538

TCONS_00176326

TCONS_00228585

TCONS_00251778

TCONS_00027793

TCONS_00139842

TCONS_00205682

TCONS_00025222

TCONS_00208017

TCONS_00164296

TCONS_00209748

XR_002134185.2

TCONS_00166298

XR_003893298.1

TCONS_00106356

TCONS_00258352

TCONS_00063773

TCONS_00158186

TCONS_00244248
TCONS_00169604

TCONS_00213657

TCONS_00161860

XR_003895665.1

TCONS_00115690

XR_003898738.1

TCONS_00297619

TCONS_00203976

TCONS_00273781

XR_003894680.1

TCONS_00052447

TCONS_00290206

XR_003897965.1

TCONS_00109459

XM_029858852.1

TCONS_00300060

aal-miR-1175-3p

TCONS_00263593

TCONS_00089712

TCONS_00207710

TCONS_00056714

TCONS_00152581

XR_003893979.1

TCONS_00209087

XR_002134404.2

TCONS_00147185
TCONS_00209648

TCONS_00134118

TCONS_00142393

TCONS_00126941

TCONS_00131410

aal-miR-309a

TCONS_00209667

XR_003895435.1

XR_003898329.1

TCONS_00258350

TCONS_00142862

TCONS_00066317

XR_003896486.1

TCONS_00189631

TCONS_00264777

TCONS_00131819

TCONS_00131756

TCONS_00220601

TCONS_00236475

TCONS_00120431

TCONS_00231551

TCONS_00279194TCONS_00031152

TCONS_00097025

TCONS_00202744

TCONS_00263551

TCONS_00102774

XM_029866158.1

TCONS_00099868

novel_circ_0002097

TCONS_00004095

XR_003898586.1

TCONS_00118917

XR_003897542.1

TCONS_00159579

TCONS_00094618

XR_003894639.1

TCONS_00192778

TCONS_00026523

TCONS_00003614

TCONS_00033073

TCONS_00077243

TCONS_00266608

TCONS_00283078

TCONS_00034905

TCONS_00063628

TCONS_00269040

TCONS_00149552

TCONS_00262238

TCONS_00082317

XR_003894156.1

XR_003892486.1

TCONS_00078583

TCONS_00293538

TCONS_00148353

TCONS_00203973

TCONS_00117501

TCONS_00303959

TCONS_00108193

TCONS_00248592

TCONS_00168115

TCONS_00244273

TCONS_00252343

TCONS_00286865

TCONS_00169110

TCONS_00155911

XM_029875011.1

TCONS_00091716

aal-miR-308-5p

TCONS_00010541

XR_003898056.1

TCONS_00049233

XR_003897848.1

TCONS_00109718

TCONS_00106796

XR_003892139.1

TCONS_00284678

TCONS_00220590

TCONS_00272171

TCONS_00085402

TCONS_00041372

TCONS_00092994

TCONS_00213431

TCONS_00076109

TCONS_00029128

TCONS_00265011

TCONS_00115418

XR_003897084.1

XR_003893740.1

TCONS_00069806

TCONS_00254043

TCONS_00220648

TCONS_00229219

XR_003898008.1

XR_003898581.1

TCONS_00169704

TCONS_00048159

TCONS_00013882

TCONS_00250091

TCONS_00107668

XR_003896866.1

XR_003893675.1

XR_003893731.1

TCONS_00193000

TCONS_00195614

XM_029858943.1

TCONS_00184481

novel_circ_0002006

TCONS_00183120

TCONS_00088463

TCONS_00004094

XR_003897296.1

TCONS_00107819

TCONS_00228577

TCONS_00302088

TCONS_00246316

TCONS_00256018

TCONS_00058708

TCONS_00268932

XR_002131656.2

XR_003891877.1

XR_003894922.1

XR_002129533.2

TCONS_00207115

TCONS_00064792

XR_003893700.1

TCONS_00217290

TCONS_00104582

TCONS_00244099

TCONS_00309168

TCONS_00232184

TCONS_00259623

XR_003896110.1

TCONS_00288467

TCONS_00244779

TCONS_00130087

TCONS_00111573

TCONS_00215414

XR_003892485.1

TCONS_00111214

TCONS_00151901

TCONS_00069909

TCONS_00053106

XM_029855892.1

XR_003895195.1

novel_circ_0002134

TCONS_00195404

TCONS_00271876

TCONS_00077167

TCONS_00194944

XR_003898517.1

TCONS_00166349

TCONS_00072168

TCONS_00192779

TCONS_00233873

TCONS_00112189

TCONS_00226993

TCONS_00076402

TCONS_00218020

TCONS_00055873

TCONS_00147897

XR_003893712.1

TCONS_00265036

XR_003895979.1

TCONS_00043261

TCONS_00259243

TCONS_00106797

TCONS_00308057

TCONS_00196090

TCONS_00063681

TCONS_00097663

TCONS_00073955

TCONS_00000627

TCONS_00185838

TCONS_00127461

TCONS_00244277

TCONS_00291619

TCONS_00099926

XR_003893472.1

XR_003895814.1

TCONS_00265645

XM_029858066.1

TCONS_00265647

aal-miR-2942

TCONS_00195641

TCONS_00268350

TCONS_00137286

XR_003899019.1

TCONS_00254491

TCONS_00201470

TCONS_00006569

TCONS_00129575

TCONS_00283052

TCONS_00024493

TCONS_00226576

TCONS_00040504

XR_003898336.1

TCONS_00262109

TCONS_00063629

aal-miR-10365

TCONS_00216272

XR_003897136.1

TCONS_00112973

TCONS_00156727

TCONS_00194925

TCONS_00207648

TCONS_00025554

TCONS_00063496

TCONS_00224516

XR_003896617.1

TCONS_00200078

TCONS_00308503

TCONS_00064826

TCONS_00274438

TCONS_00020425

TCONS_00195647

TCONS_00300061

TCONS_00038578

TCONS_00293082

TCONS_00078437

TCONS_00015965

novel_circ_0000215

TCONS_00262076

TCONS_00201845

TCONS_00137421

TCONS_00105353

TCONS_00189864

TCONS_00027033

XR_003895454.1

TCONS_00095115

TCONS_00045981

TCONS_00200397

TCONS_00013571

XR_003893759.1

TCONS_00267754

TCONS_00259865

XR_003893195.1

TCONS_00100420

TCONS_00149550

XR_002131873.2

XR_003893198.1

TCONS_00126287

TCONS_00269280

TCONS_00186231

TCONS_00254390

TCONS_00082138

TCONS_00237819

TCONS_00044140

XR_003896912.1

TCONS_00230077

TCONS_00055595

XR_003896129.1

TCONS_00022733

TCONS_00177957

TCONS_00187213

TCONS_00127649

TCONS_00100069

XM_019698531.2

TCONS_00126688

novel_circ_0000866

TCONS_00292830

TCONS_00168854

TCONS_00062425

TCONS_00170911

TCONS_00228778

TCONS_00197741

TCONS_00220639

TCONS_00189861

TCONS_00111124

XR_003898698.1

TCONS_00057865

TCONS_00066445

TCONS_00152414

TCONS_00156491

TCONS_00306360

TCONS_00108050

XR_003898090.1

TCONS_00063778

XR_002131348.2

TCONS_00038856

TCONS_00268537

TCONS_00307437

TCONS_00195431

TCONS_00103820

TCONS_00028046

XR_003892925.1

TCONS_00087179

TCONS_00301690

TCONS_00133471

TCONS_00033863

TCONS_00201475

TCONS_00196002

TCONS_00060293

TCONS_00159649

TCONS_00146151

XM_019697954.2

TCONS_00296063

novel_circ_0001879

TCONS_00016734

TCONS_00216627

TCONS_00061606

TCONS_00045235

TCONS_00044428

TCONS_00289766

TCONS_00139692

XR_003896231.1

XR_003897419.1

TCONS_00311413

TCONS_00298026

XR_003898980.1

TCONS_00138819

TCONS_00098203

TCONS_00076120

TCONS_00148660

XR_003898094.1

TCONS_00265611

TCONS_00033935

TCONS_00293960

TCONS_00043385

TCONS_00084535

XR_003897751.1

TCONS_00240189

TCONS_00081305

TCONS_00073032

TCONS_00195931

TCONS_00270919

XR_003899064.1

XR_003896629.1

TCONS_00069955

TCONS_00295193

XR_003895944.1

TCONS_00239223

TCONS_00004692

XM_029869534.1

XR_003899193.1

aal-miR-9a

XR_003897109.1

TCONS_00297014

XR_003894470.1

TCONS_00054342

TCONS_00016091

TCONS_00245629

TCONS_00050159

TCONS_00291668

TCONS_00074497

TCONS_00239885

TCONS_00249878

TCONS_00285999

TCONS_00156914

TCONS_00019507

XR_003898163.1

TCONS_00189812

TCONS_00055451

TCONS_00030503

XR_003892373.1

TCONS_00090144

TCONS_00024226

TCONS_00217766

XR_002127323.2

TCONS_00064213

TCONS_00140046

TCONS_00027043

TCONS_00045865

TCONS_00213979

TCONS_00099295

XR_003895108.1

TCONS_00007339

TCONS_00223181

TCONS_00017274

TCONS_00174797

TCONS_00023266

novel_circ_0001647

TCONS_00309741

novel_circ_0000986

TCONS_00252921

TCONS_00274667

XR_003893914.1

TCONS_00202718

XR_003897403.1

TCONS_00164361

TCONS_00245628

TCONS_00152028

TCONS_00177083

TCONS_00108963

TCONS_00150455

TCONS_00139096

TCONS_00034906

TCONS_00226617

TCONS_00173901

TCONS_00115419

XR_003898324.1

TCONS_00262891

TCONS_00083861

TCONS_00152796

TCONS_00188898

TCONS_00230494

TCONS_00249779

TCONS_00111519

TCONS_00275507

TCONS_00000214

TCONS_00169257

TCONS_00030298

XR_002130593.2

XR_002131134.2

TCONS_00106704

TCONS_00240427

TCONS_00086994

TCONS_00174692

TCONS_00035725

novel_circ_0002232

TCONS_00030460

aal-miR-317

TCONS_00107433

TCONS_00048260

XR_003893513.1

TCONS_00128210

TCONS_00234164

TCONS_00004157

TCONS_00284679

TCONS_00237068

TCONS_00284458

TCONS_00186610

TCONS_00149048

TCONS_00101027

XR_003895451.1

XR_003898062.1

TCONS_00224848

TCONS_00284419

TCONS_00191196

TCONS_00071009

TCONS_00033933

TCONS_00227238

XR_003898129.1

XR_003894891.1

TCONS_00162198

TCONS_00157596

TCONS_00244778

TCONS_00035150

TCONS_00178123

XR_002132649.2

TCONS_00086722

TCONS_00213780

XR_003898066.1

TCONS_00076039

XR_003894832.1

TCONS_00221894

TCONS_00149876

aal-miR-2940-3p

TCONS_00017708

novel_circ_0000045

XR_003894605.1

TCONS_00045985

TCONS_00027392

TCONS_00109981

TCONS_00120962

TCONS_00253907

XR_003897297.1

TCONS_00233968

TCONS_00069766

TCONS_00263008

TCONS_00244143

TCONS_00298876

TCONS_00268854

TCONS_00095898

XR_003891810.1

TCONS_00259581

XR_003895925.1

TCONS_00063780

TCONS_00112229

TCONS_00072640

TCONS_00157827

TCONS_00272204

TCONS_00203323

TCONS_00145311

TCONS_00237860

TCONS_00151058

TCONS_00245630

TCONS_00193047

TCONS_00263327

XR_002134262.3

TCONS_00063762

TCONS_00026113

XR_003892038.1

TCONS_00086051

TCONS_00262115

novel_circ_0001207

TCONS_00311026

aal-miR-2944b-5p

TCONS_00130298

TCONS_00228482

TCONS_00127650

XR_003892959.1

TCONS_00298933

TCONS_00060826
TCONS_00189858

TCONS_00299055

TCONS_00224777

TCONS_00044550

TCONS_00229226

TCONS_00059637

XR_003893672.1

TCONS_00140097

TCONS_00096752

TCONS_00258558

TCONS_00221013

TCONS_00162292

TCONS_00189780

TCONS_00234398

TCONS_00131899

TCONS_00050256

TCONS_00219503

TCONS_00189925

TCONS_00174104

TCONS_00265216

XR_002135422.2

TCONS_00237898

TCONS_00234022

TCONS_00020424

TCONS_00281432

TCONS_00258463

TCONS_00192447

TCONS_00226609

TCONS_00231923

novel_circ_0000982

TCONS_00146150

novel_86

TCONS_00084344

TCONS_00284854

TCONS_00156149

TCONS_00197448

XR_002129601.2

TCONS_00066543

TCONS_00146805

TCONS_00139768

TCONS_00308194

TCONS_00110360

TCONS_00145499

TCONS_00062923

XR_002129300.2

TCONS_00209666

TCONS_00169879

XR_003897991.1

TCONS_00100117

TCONS_00298969

TCONS_00105889

TCONS_00138138

XR_003896611.1

TCONS_00110146

TCONS_00230788

TCONS_00281328

TCONS_00266698

TCONS_00014459

TCONS_00290611

TCONS_00277790

TCONS_00190843

TCONS_00186850 TCONS_00045953

TCONS_00072250

TCONS_00154875

TCONS_00078013

TCONS_00088090

novel_27

TCONS_00007311

novel_circ_0000648

TCONS_00164360

TCONS_00026573

TCONS_00063535

TCONS_00188180

TCONS_00239237

TCONS_00298637

TCONS_00235256

TCONS_00124462

XR_003898747.1

TCONS_00178469

TCONS_00029659

TCONS_00306006

TCONS_00076107

XR_002129094.2

TCONS_00258351

XR_003896590.1

TCONS_00288264

TCONS_00269789

TCONS_00257044

TCONS_00116496

TCONS_00182730

TCONS_00244009

XR_003895551.1

TCONS_00040098

TCONS_00087406

TCONS_00179633

TCONS_00151059

XR_003896959.1

TCONS_00193045

TCONS_00220045

TCONS_00118461

TCONS_00249429

XR_002130955.2

TCONS_00235286

TCONS_00140055

novel_circ_0001904

TCONS_00144633

novel_48

TCONS_00302766

TCONS_00285052

TCONS_00040629

TCONS_00227239

XR_003898844.1

TCONS_00120194

TCONS_00218465

TCONS_00069007

TCONS_00098016

TCONS_00311376

TCONS_00017956

TCONS_00272017

XR_003894197.1

TCONS_00063627

TCONS_00311099

TCONS_00221016

TCONS_00119274

TCONS_00239088

TCONS_00063779

TCONS_00132878

TCONS_00059275

TCONS_00208092

TCONS_00009643

TCONS_00033934

TCONS_00151060

TCONS_00142291

TCONS_00048809

TCONS_00136269

TCONS_00025377

TCONS_00206997

TCONS_00118462

TCONS_00116924

TCONS_00070345

TCONS_00176330

XR_002129800.2

novel_circ_0000027

XR_003894687.1

novel_circ_0000629

XR_003897909.1

XR_003894254.1

TCONS_00081372

TCONS_00045982

XR_003894522.1

TCONS_00252350

TCONS_00120192

TCONS_00059811

TCONS_00301692

TCONS_00208018

TCONS_00244269

TCONS_00047375

TCONS_00276751

XR_003899021.1

XR_002128411.2

TCONS_00171713

TCONS_00064805

XR_003895455.1

TCONS_00297626

TCONS_00121306

TCONS_00302507

TCONS_00242524

TCONS_00232687

TCONS_00119843

TCONS_00118326

XR_003897480.1

TCONS_00308049

TCONS_00075394

TCONS_00161713

TCONS_00177569

TCONS_00069071

TCONS_00234165

TCONS_00275528

TCONS_00072167

TCONS_00232384

novel_circ_0000927

TCONS_00299658

novel_circ_0002332

TCONS_00287003

TCONS_00060917

XR_003892863.1

TCONS_00252845

TCONS_00241797

TCONS_00275178

TCONS_00246321

TCONS_00025678

TCONS_00079575

TCONS_00287203

TCONS_00097295

TCONS_00119262

TCONS_00176196

TCONS_00116860

XR_002202037.2

XR_003899625.1

TCONS_00222587

TCONS_00243226

TCONS_00167257

TCONS_00174128

TCONS_00168373

TCONS_00131889

XR_003896363.1

TCONS_00096211

TCONS_00030357

XR_003892613.1

TCONS_00231458

TCONS_00080688

TCONS_00098889

TCONS_00150091

TCONS_00063754

TCONS_00195649

TCONS_00196296

XR_003898461.1

TCONS_00126689

novel_circ_0001645

TCONS_00076038

novel_circ_0000742

XR_003891851.1

XR_003893626.1

TCONS_00270990

TCONS_00266527

XR_003895393.1

XR_003891974.1

TCONS_00256259

TCONS_00284676

TCONS_00074492

TCONS_00311467

TCONS_00266062

TCONS_00067703

TCONS_00016067

XR_002132031.2

TCONS_00308040

TCONS_00064797

TCONS_00055452

TCONS_00231807

XR_003894768.1

TCONS_00302014

TCONS_00077247

TCONS_00041883

TCONS_00283435

TCONS_00045493

TCONS_00134786

TCONS_00148926

TCONS_00110558

XR_003897253.1

TCONS_00294321

TCONS_00009887

TCONS_00063764

TCONS_00161589

TCONS_00054484

TCONS_00027319

TCONS_00159260

TCONS_00195403

TCONS_00049816

XR_003893539.1

TCONS_00270662

XR_003896140.1

XR_003894637.1

TCONS_00086935

TCONS_00078437

TCONS_00032970

TCONS_00029152

TCONS_00051562

TCONS_00167041

TCONS_00283045

XR_003893036.1

TCONS_00125542

TCONS_00044303

TCONS_00053993

TCONS_00265635

TCONS_00065341

TCONS_00096915

XR_002134477.2

TCONS_00083331

TCONS_00208806

TCONS_00304198

TCONS_00202760

TCONS_00193003

TCONS_00211352

TCONS_00200858

TCONS_00195645

TCONS_00258357
XR_003897985.1

TCONS_00164359

TCONS_00140034

TCONS_00049335

XR_003895158.1

TCONS_00176326

TCONS_00251778

XR_003896916.1

TCONS_00263593

TCONS_00207710

TCONS_00152581

TCONS_00209087

TCONS_00076150

TCONS_00004095

TCONS_00118917

TCONS_00159579

XR_003894639.1

XR_003893954.1

TCONS_00010541

TCONS_00049233

TCONS_00109718

XR_003892139.1

XR_002133138.2

TCONS_00183120

TCONS_00004094

TCONS_00107819

TCONS_00159398

XR_003897965.1

TCONS_00195404

TCONS_00077167

XR_003898517.1

TCONS_00052447

TCONS_00263551

TCONS_00195641

TCONS_00137286

TCONS_00254491

TCONS_00097025

TCONS_00169110

TCONS_00262076

TCONS_00137421

TCONS_00189864

TCONS_00252343

TCONS_00193000

TCONS_00292830

TCONS_00062425

TCONS_00228778

XR_003893675.1

TCONS_00069909

novel_circ_0000027
TCONS_00016734

TCONS_00061606

TCONS_00044428

TCONS_00111214

XR_003895814.1

novel_circ_0000927

XR_003897109.1

XR_003894470.1TCONS_00016091

TCONS_00099926

TCONS_00038578

novel_circ_0001645

TCONS_00252921

XR_003893914.1

XR_003897403.1

TCONS_00195647

TCONS_00127649

novel_circ_0001467

TCONS_00107433XR_003893513.1

TCONS_00234164

TCONS_00177957

TCONS_00159649

aal-miR-981

XR_003894605.1

TCONS_00027392

TCONS_00120962

TCONS_00196002

TCONS_00239223

novel_circ_0001644

TCONS_00130298

TCONS_00127650

TCONS_00298933

TCONS_00295193

TCONS_00174797

TCONS_00007311

TCONS_00084344

TCONS_00156149

XR_002129601.2

TCONS_00223181

TCONS_00174692

TCONS_00144633

TCONS_00164360

TCONS_00063535

TCONS_00239237

TCONS_00240427

TCONS_00221894

XR_003894687.1

TCONS_00302766

TCONS_00040629

XR_003898844.1

TCONS_00076039

TCONS_00086051

TCONS_00299658

XR_003897909.1

TCONS_00081372

XR_003894522.1

TCONS_00026113

TCONS_00226609

novel_circ_0002179

TCONS_00287003 XR_003892863.1

TCONS_00241797

TCONS_00258463

TCONS_00078013

TCONS_00076038

XR_003891851.1

TCONS_00270990

XR_003895393.1

TCONS_00072250
TCONS_00235286

TCONS_00038539

XR_003893917.1

TCONS_00286070

TCONS_00229382

TCONS_00249429

TCONS_00176330

circRNA

TCONS_00213676

TCONS_00246084

TCONS_00031592

TCONS_00106838

TCONS_00116924

TCONS_00072167

lncRNA

TCONS_00309716

TCONS_00265636

TCONS_00109505

TCONS_00165921

TCONS_00234165

XR_003898461.1

mRNA

TCONS_00061405

TCONS_00066037

TCONS_00167330

TCONS_00160520

TCONS_00195649

TCONS_00027319

miRNA

XR_003895034.1

TCONS_00030457

TCONS_00056432

TCONS_00265637

TCONS_00161589

(a) (b)

Fig. 5  Constructed ceRNA networks based on ncRNAs involved in “alanine, aspartate and glutamate metabolism” (a) and subnetwork of miR-981 
(b). Each node represents a ncRNA, each edge denotes a target relationship between ncRNAs. The yellow arrow represents circRNA, the blue 
triangle represents lncRNA, the green square represents mRNA, and the red dot represents miRNA



Page 10 of 13Liu et al. Parasites & Vectors           (2023) 16:33 

59]. Similar results were also found in the molting of 
Helicoverpa armigera at the proteomic level. Upregu-
lated proteins in larval and metamorphic molting of H. 
armigera were found to be enriched in the amino sugar 
metabolism pathway, lipid transport process, and protein 
catabolism, which are related to the metabolism of chitin 
[60].

Molting of insects involves both the synthesis of chi-
tin in the new procuticle and the degradation of chitin 
(and protein) in the innermost parts of the old cuticle 
[50].  The digestion of chitin in the old cuticle requires 

the participation of several enzymes, including an assort-
ment of proteolytic enzymes  [61, 62]. This explains the 
highly enriched GO terms “endopeptidase activity (GO: 
0004175),” “proteolysis (GO: 0006508),” “serine hydro-
lase activity (GO: 0017171),” and “hydrolase activity (GO: 
0016787)” found both in circRNA- and lncRNA-associ-
ated ceRNA networks.

As shown above, ncRNAs play vital roles in the chitin 
metabolism of A. albopictus, especially “structural con-
stituent of cuticle,” “nitrogen metabolism,” and “alanine, 
aspartate, and glutamate metabolism,” which are crucial 
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for chitin synthesis and were highly enriched in all devel-
opmental stages. Therefore, key ncRNAs involved in 
these three biological processes would be the optimal 
choice for altering the formation of the cuticle. How-
ever, ncRNAs may regulate multiple targets in different 
ceRNA networks, and vice versa: one gene can be regu-
lated by multiple ncRNAs [19]. Because some ncRNAs 
exhibited stage specificity, ncRNAs at all developmental 
time points involved in the above three chitin metab-
olism-related biological processes were integrated to 
provide a comprehensive understanding of the interac-
tions between the ncRNAs (Figs. 3a, 4a, 5a). In both the 
“structural constituent of cuticle” and “nitrogen metabo-
lism” regulatory networks, aae-miR-375 was found to 
have the highest connectivity degree, suggesting a crucial 
role of aae-miR-375 in chitin metabolism. In addition, 
aae-miR-981 was the node with the highest connectiv-
ity in the regulatory network of “alanine, aspartate and 
glutamate metabolism.” Therefore, the miRNA–target 
gene interaction network of aae-miR-375 (Figs.  3b, 4b) 
and aae-miR-981 (Fig.  5b) was constructed to obtain 
more detailed regulatory relationships centered on this 
gene. The subnetwork of aae-miR-375 and aae-miR-981 
provided more information for exploring the extensive 
regulatory roles of these two hub genes. Combined with 
the top 10 hub genes in each ceRNA network of differ-
ent comparison groups (Additional file 2: Table S5), this 
study provided many vital targets for disturbing the molt-
ing process of A. albopictus in future work. Hub genes 
that are conserved in all developmental stages, such as 
aae-miR-375 and aae-miR-981, allow intervention in 
normal growth and development of A. albopictus at any 
stage, while hub genes specific to certain stages can be 
used as stage-specific tuners to disrupt the normal molt-
ing process and achieve the goal of controlling mosqui-
toes and mosquito-borne diseases.

Taken together, a comprehensive catalog of ncRNAs 
across five developmental stages of A. albopictus was 
produced in the present study. ceRNA networks revealed 
interplay among circRNAs, lncRNAs, and miRNAs, 
improving our knowledge of the post-transcriptional 
regulations involved in the development of A. albop-
ictus. Functional classifications of most typical ceRNA 
networks were linked to cuticle formation and chitin 
metabolism. As chitin is an indispensable structure for 
insects and is one of the structural components essen-
tial for individual growth and development, research on 
exploiting targets to disrupt the biosynthesis and regula-
tory pathways of chitin would be helpful for developing 
new insect control technologies. Previous studies have 
attempted to inhibit chitin synthesis in insects mainly 
by interrupting chitin synthase using RNA interference 
(RNAi) technology [63–66]. Some studies have shown 

that miRNAs are involved in chitin biosynthesis and reg-
ulate gene expression during the molting of insects [67–
70]. The present study revealed roles of ncRNAs in chitin 
metabolism, providing more molecular targets for regu-
lating chitin-related biological processes. To be specific, 
hub genes of each developmental stage were provided; in 
addition to miRNAs, some lncRNAs and circRNAs were 
also found as hub genes, which might be used as new tar-
gets to manipulate chitin metabolism. More importantly, 
aae-miR-981 and aae-miR-375 were shown to be crucial 
hub genes involved in three important chitin metabolism 
pathways that are highly enriched in all developmental 
stages. The results generated in this study can be a start-
ing point for dissecting the mechanisms of ncRNA func-
tions in A. albopictus, chitin metabolism-related hub 
genes and the regulatory relationship between ncRNAs, 
which may act as new target sites to shed light on pos-
sible strategies for mosquito control. If chitin metabolism 
is dysregulated, such as failure of degradation of old cuti-
cles or synthesis of new ones, the growth and develop-
ment of the insect will be blocked.

Conclusion
This study provides comprehensive insight into ncRNAs 
across different developmental stages of A. albopictus. DE 
circRNAs, DE miRNAs, and circRNA- and lncRNA-asso-
ciated ceRNA networks for five comparison groups were 
obtained. Functional annotation suggested that both cir-
cRNA- and lncRNA-associated ceRNA networks played 
crucial roles in chitin metabolism. “Structural constituent 
of cuticle,” “nitrogen metabolism,” and “alanine, aspartate 
and glutamate metabolism,” which are important chi-
tin metabolism-related biological processes, were highly 
enriched in most developmental stages of A. albopictus. 
Hub genes of each ceRNA network were screened out, 
which can be inferred as promising candidate molecular 
target sites to interrupt chitin metabolism, and used for 
developing safe, effective, and sustainable mosquito con-
trol methods.
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