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Abstract

Background Long noncoding RNAs (IncRNAs) are versatile regulatory molecules that affect cellular phenotypes
through context-specific expression. While their role in controlling cellular pathways is well-established in insects,
investigating INCRNA expression in Anopheles in a tissue- and species-specific manner could add to our understanding
of malaria transmission by this important vector.

Methodology We performed de novo transcriptome assembly of Anopheles minimus, Anopheles albimanus, and
Anopheles arabiensis utilising publicly available RNA-Seq datasets of male reproductive tissues, male carcasses,
female reproductive tissues, and female carcasses. Various bioinformatics tools were subsequently used for IncRNA
identification, conservation analysis, and differential expression analysis across sexes and tissues.

Results We identified 9331, 5372, and 5256 IncRNA transcripts in An. albimanus, An. arabiensis, and An. minimus,
respectively. Compared with An. albimanus IncRNAs, conservation analysis revealed that a total of 1964 and 1400
INcRNAs were conserved in An. arabiensis and An. minimus; however, only 283 and 253 IncRNAs presented sequence-
level conservation. Differential expression (DE) analysis revealed that the carcasses presented the lowest difference
in INCRNA expression, whereas in each comparison, the reproductive tissues (whether male or female) presented
relatively high levels of differential expression. Additionally, 69 IncRNAs were found to be conserved at the sequence
level in all 3 species. These INCRNAs were almost exclusively upregulated in males (reproductive tissue as well as
carcasses) and exclusively downregulated in female carcasses.

Conclusions The genes in the vicinity of differentially expressed, conserved IncRNAs were found to be involved in
critical pathways such as nuclear structure, chromatin remodelling, protein and RNA metabolism, and cell cycle in
each of these species. Future studies on these IncRNAs can provide useful insights into how these functions control
sexually-dimorphic physiological phenomena such as host-seeking and biting behaviour of female mosquitoes, blood
meal metabolism, reproductive behaviour, and disease-carrying capacity.
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Background

Long noncoding RNAs (IncRNAs) are a highly hetero-
geneous class of regulatory RNAs that are usually lon-
ger (>200 nucleotides) than other types of regulatory
RNAs. LncRNAs can directly interact with the chro-
matin, recruit or act as decoys for chromatin modifiers,
bind to RNA-binding proteins, and function as competi-
tive endogenous RNAs by sponging miRNAs [1]. These
interactions modulate gene expression and thereby influ-
ence diverse physiological phenomena, such as cell pro-
liferation, differentiation, cell death, disease progression,
and the immune response [1, 2]. While most studies on
IncRNAs have been conducted in human disease mod-
els (especially various types of malignancies) and model
organisms, it has been established that these RNAs nev-
ertheless play regulatory roles in biological processes
in other life forms as well [3—-6]. Among insects, the
long noncoding transcriptome of Drosophila melano-
gaster (fruit fly) is among the most well-characterized.
IncRNAs have also been documented in other insect
species, where they affect evolutionary adaptation (e.g.,
ivory IncRNA regulates wing pigmentation in the buck-
eye butterfly Junonia coenia [7]), social immunity (e.g.,
XR_001766094.2 IncRNA was found to be enriched in
Apis cerana uncapping worker bees, potentially modu-
lating hygienic behaviour [8]), pathogen-carrying capa-
bility (e.g., IncRNAs Zincl, Zinc2, and Zinc22 affect the
permissiveness of Aedes aegypti to Zika virus infection
[9], Wolbachia-induced IncRNAs regulate intracellular
ROS stress and activate the antidengue Toll pathway in
Ae. aegypti [10]), reproductive behaviour (e.g., IncRNAs
Zinc9 and Zinc22 in Ae. aegypti affect fecundity and
oviposition [9]), insecticide resistance (e.g., CrylAc
resistance in the bollworms Pectinophora gossypiella
and Helicoverpa zea is thought to be driven by various
IncRNAs [11, 12]), and several other functions [13, 14].
The high-throughput nature of second- and third-gener-
ation sequencing technologies enables the reliable quan-
tification of relatively rare transcripts as well as facilitates
the discovery of novel transcripts. These technologies
have been employed to study the genomes and transcrip-
tomes of numerous mosquito species [15-18]. The mos-
quito genus Anopheles has been extensively studied, as
more than 40 species in this genus have been identified
as vectors of the Plasmodium parasite that causes malaria
[19]. However, limited information is available on the
annotation or expression of various classes of noncod-
ing RNAs. Among the various vector mosquito species,
the expression of IncRNAs and their regulatory effects
on reproductive competence and pathogen-carrying abil-
ity have been studied in Ae. aegypti and Ae. albopictus [9,
20, 21]. Similarly, more than 21,000 IncRNA transcripts
have been identified in various developmental stages of
Ae. albopictus, where differential IncRNA expression
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potentially affects metamorphosis at various develop-
mental time points [22]. Within the Anopheles genus,
approximately 3000 IncRNAs whose expression varies in
a context-specific manner, similar to mRNA expression,
across various life stages and sexes of An. gambiae have
been identified [23].

In this study, we used publicly available RNA-Seq data-
sets from An. albimanus, An. arabiensis, and An. mini-
mus for de novo transcriptome assembly of each species.
An. albimanus is the main anopheline species in north-
ern South America, Central America, and the Caribbean
islands [24], An. arabiensis is a sibling species of An. gam-
biae and is widely distributed throughout several African
countries [25], and An. minimus has been reported to be
widely distributed in several Southeast Asian countries,
where it has been recognized as an important malaria
vector [19, 26]. At present, IncRNA annotation using de
novo transcriptome assemblies presents various chal-
lenges such as classification of spurious transcripts
as IncRNAs, misidentification of already annotated
IncRNAs as coding genes, or misidentification of unan-
notated coding genes as IncRNAs. To this effect, after
assembling the transcriptome, we identified the poten-
tial IncRNA transcripts using various filtering criteria
and compared their expression between male and female
reproductive tissues and the remaining carcass. Previous
studies across diverse species have demonstrated a ‘sexu-
ally dimorphic’ pattern of gene expression, characterised
by a higher expression of male- or female-biased genes
in the corresponding sex [27-29]. Since only the female
Anopheles mosquitoes transmit malaria, it is impor-
tant to study how sexually dimorphic IncRNAs regulate
female-specific behavioural patterns and biological func-
tions relevant to disease transmission. We also compared
the IncRNAs of An. arabiensis, and An. minimus with
An. albimanus IncRNAs to find transcripts that may be
conserved across these species. The cataloguing of the
IncRNA components in Anophelines is a crucial step
toward the biological characterization and annotation of
this class of regulatory RNAs.

Materials and methods

Data retrieval

We obtained a publicly available dataset with the acces-
sion number SRP083856 from the NCBI Sequence Read
Archive. It consists of paired-end data from 36 samples,
with 12 samples each belonging to An. albimanus, An.
arabiensis, and An. minimus. For each species, the data
consisted of 3 replicates each from male reproductive tis-
sue (testis and accessory glands), female reproductive tis-
sue (ovaries and common oviduct), the remaining male
carcass (head, thorax, and abdomen), and the remaining
female carcass (head, thorax, and abdomen). While the
data have been previously analysed for differential mRNA
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expression, the present study used these datasets to study
differential IncRNA expression between different samples
within each species and IncRNA conservation/orthology
analysis between the three species [29].

Transcriptome assembly and alignment

The de novo transcriptome assembly pipeline is shown
in Fig. 1. LncRNA expression analysis was carried out
according to the LncEvo pipeline [30] separately for each
species. However, considering the available annotation of
each genome, the computational power available, and the
feasibility of the bioinformatics tools, we used a modified
protocol as outlined below.

First, the reference genome (in the fa.gz format) of
each species and its corresponding annotation file (in the
GTF format) were obtained from the Ensembl Metazoa
genome browser. The reference genome builds and anno-
tations used included Anopheles arabiensis (Dongola;
AaraD1; release 59), Anopheles minimus (MINIMUS]I;
AminM1; release 59), and Anopheles albimanus (STE-
CLA; AalbS2; release 59). Next, the paired-end reads
were trimmed and quality-filtered with Trimmomatic
(version 0.39) [31]. The reads were trimmed when the
quality score dropped below 25 within a sliding window
of 4 nucleotides. Any reads shorter than 50 nucleotides
were dropped from further analysis.

The cleaned and trimmed reads were used for align-
ment to the reference genome and transcriptome assem-
bly. The reads were mapped to the indexed reference
genome (of the corresponding species) via HISAT2 (ver-
sion 2.2.1) software with default parameters [32]. The
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mapped reads were obtained as BAM files and used as
input for de novo transcriptome assembly via StringTie
(version 2.2.1) [33], with the corresponding annotation
files used as guides. For each sample, a GTF file repre-
senting a custom transcriptome was generated. These
sample-specific transcriptomes were subsequently
merged to create a common transcriptome for each spe-
cies. For each species, the merged transcriptome (GTF)
was compared to the corresponding reference annota-
tion, probable erroneous transcripts were removed, and
the transcriptome sequence (FASTA) was generated from
the reference genome. Next, the merged transcriptome
of each species was indexed, and transcript quantifica-
tion was carried out by aligning the trimmed reads to the
indexed transcriptome via Salmon (version 1.4.0) [34].

Transcript filtering and classification as IncRNAs

After quantification, the transcriptome was again com-
pared against the reference annotation and ENSEMBL
transcript biotype information, followed by coding
potential analysis via the CPC2 [35] standalone version
and TransDecoder (https://github.com/TransDecoder/T
ransDecoder) with default parameters. Only transcripts
that were longer than 200 nucleotides and identified as
noncoding by CPC and TransDecoder were retained.
Finally, a set of IncRNAs was obtained for each species in
the GTF and FASTA formats.

LncRNA orthology analysis
Conservation and orthology analyses of IncRNAs were
carried out in a pairwise manner. An. arabiensis and An.
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Fig. 1 LncRNA assembly, conservation, and expression analysis pipeline (Abbreviations— Car: carcass; RT: reproductive tissue; M: male; F: female)
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minimus IncRNAs were used as ‘query’ sequences, and
An. albimanus IncRNAs as ‘target’ sequences (due to its
chromosome-level genome assembly) to search for con-
served IncRNAs. While the parameters recommended in
the LncEvo pipeline for various tools were used, specific
adjustments wherever required are mentioned below.

First, the IncRNA annotation (GTF) generated for each
species was converted into an Ensembl-compatible for-
mat and merged with the downloaded reference anno-
tation. For cross-species alignment, the target reference
genome FASTA was first converted into a 2-bit format
and then indexed using lastdb with a sliding window of
99 (-W99) and the seeding scheme as NEAR (-uNEAR).
Suitable substitution and gap scores for aligning the
query and target sequences were determined via last-
train, followed by alignment via lastal, with the maxi-
mum initial matches per query position set to the default
value (-m10) [36]. The MAF (multiple alignment for-
mat) files generated were converted into PSL (pairwise
sequence local) format and then into alignment chain
files using axtChain with a query 2-bit genome, a target
2-bit genome, and a substitution matrix generated with
last-train as input. The parameters were set as -min-
Score =5000 -linearGap = medium.

In the final step, IncRNA transcripts from Ensemble-
compatible IncRNA annotation (obtained above) of
target species were converted into a bed file and used
as a reference set for comparison between the target
and query species. For each comparison, two files were
obtained: (a) an orthologs.txt containing information
about all orthologue pairs between the query and tar-
get species and (b) an orthologs.top.txt file containing
only the best alignments on the basis of exonic identity
for each IncRNA [37]. Circos plots were used to plot the
genomes and visualize the IncRNA conservation in each
comparison [38].

Differential expression analysis of IncRNAs

A count matrix of potential IncRNA genes for each spe-
cies was generated by reading the corresponding 12
Salmon output files and summarizing transcript level
counts to gene level counts with the tximport (version
1.30.0) and GenomicFeatures (version 1.54.4) packages in
RStudio. Any IncRNA genes that were expressed in less
than half of the samples (i.e., zero counts in more than 6
samples) were removed from further analysis. The result-
ing normalized count matrix containing transcripts per
million (TPM) for each IncRNA was subjected to differ-
ential expression analysis using edgeR (version 4.0.16)
[39] by fitting a negative binomial generalized log-linear
model. A total of 4 comparisons were carried out for each
species: (a) male reproductive tissue vs. female reproduc-
tive tissue, (b) male carcass vs. female carcass, (c) female
reproductive tissue vs. female carcass, and (d) male
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reproductive tissue vs. male carcass. All IncRNAs with
an absolute log 2-fold change (|log2FC|)>2 and false
discovery rate (FDR) <0.05 were considered significantly
differentially expressed IncRNAs (DE-IncRNAs). Venn
diagrams were generated via Venny 2.1 (https://bioinfogp
.cnb.csic.es/tools/venny/) to identify unique and overlapp
ing DE-IncRNAs between comparisons.

Gene ontology (GO) analysis

To identify the potential functions regulated by the dif-
ferentially expressed and conserved IncRNAs, we identi-
fied their neighbouring protein-coding genes as per the
protocol outlined in Kang and Liu [40]. Briefly, neigh-
bouring genes were identified within a 100 kb window
either upstream or downstream of any IncRNA using
‘windowBed’ function in bedtools. Next, Pearson’s cor-
relation co-efficients (r) between the expression levels
of the IncRNAs and their neighbouring protein-coding
genes were calculated, and only IncRNA-gene pairs with
a correlation less than minus 0.90 (r< - 0.9) were retained
for GO analysis. GO analysis was performed using g:
GOSt function of g: Profiler [41].

Results

Transcriptome assembly, LncRNA identification, and
LncRNA characteristics

A total of 9331, 5372, and 5256 transcripts were classified
as IncRNAs in An. albimanus, An. arabiensis, and An.
minimus, respectively. As the data on IncRNA annotation
in these species are limited, the proportion of transcripts
classified as known IncRNAs (class code ‘=’) or those hav-
ing exons overlapping with a reference transcript (class
code ‘0’) was less than 1% in all the species. The classwise
distributions of all the IncRNAs are shown in Fig. 2 (A).
Most of the identified IncRNA transcripts belonged to
one of the 3 classes, viz.:

a) Intergenic (class code ‘W’; lincRNAs): 56% in An.
albimanus as well as in An. arabiensis, 53% in An.
minimus;

b) Exonic overlaps with the reference on the opposite
strand (class code ‘x’; exonic IncRNAs): 34% in
An. albimanus, 33% in An. arabiensis, 41% in An.
minimus; and.

) Entirely intronic (class code ‘i’; intronic IncRNAs):
10% in An. albimanus; 11% in An. arabiensis, 6% in
An. minimus.

More than 80% of the IncRNA transcripts had either one
or two exons (Fig. 2 (B)). Since IncRNAs typically have
fewer exons, they are generally shorter than protein-cod-
ing genes (e.g., 4.6 exons per protein-coding gene in An.
darlingi and 4.4 in An. gambiae [42]). The distribution of
IncRNA lengths vs. lengths of the neighbouring genes in
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Fig. 2 Distribution of INcRNAs by class code (A) and number of exons (B). The inset tables show the number of IncRNAs for the class code in (A) and for
the number of exons per transcript in (B) in each species. An. albimanus is represented by salmon bars, An. arabiensis by green bars, and An. minimus by
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Table 1 Summary of the transcript lengths of LncRNAs and their
host/neighbouring genes

Species Feature Mini- Median Mean  Maxi-
mum Length Length mum
Length (Q1,Q3; (nt) Length
(nt) nt) (nt)
An. albimanus  IncRNA 200 499 899.6 16,421
(293, 969)
Neighbour- 67 3018 3928 45,495
ing genes (1425,
5349)
An. arabiensis  InCRNA 200 619.5 11451 22,579
(350, 1227)
Neighbour- 48 3175 4270 50,767
ing genes (1458,
5971)
An. minimus IncRNA 200 665 1338.7 21,396
(36828,
1488)
Neighbour- 72 2106 3071 45474
ing genes (1058,
4229)

each species confirms this correlation, as summarized
in Table 1 and shown in Fig. 3. The IncRNA annotation
files for each species are provided in Supplementary
files S1 (An. albimanus), S2 (An. arabiensis), and S3 (An.
minimus).

LncRNA orthology analysis

Conservation analysis revealed that there were 1964
orthologous IncRNA pairs between An. arabiensis and
An. albimanus and 1400 orthologous pairs between
An. minimus and An. albimanus. Among the conserved
IncRNAs, most of the IncRNA pairs were of the inter-
genic-intergenic type in both species, as shown in Fig. 4A.
Additionally, the highest number of the conserved An.

arabiensis IncRNAs mapped to the 2R chromosome of
An. albimanus, whereas the highest number of An. mini-
mus IncRNAs mapped to the 3L chromosome. In each of
these species, the least number of conserved IncRNAs
mapped to the X chromosome of An. albimanus. A
summary of the chromosomewise mapping is shown in
Fig. 4B.

Next, we compared the locusID and exonID scores
generated by slncky and investigated how the IncRNA
pairs were conserved at the sequence level. In the An.
arabiensis vs. An. albimanus comparison, 283 IncRNA
transcript pairs were found to have nonzero exon locus
identity scores (i.e., exonID and locusID>0), whereas
in the An. minimus vs. An. albimanus comparison, 253
IncRNA pairs had nonzero exon locus identity scores
(i.e., exonID and locusID >0). Among these IncRNAs, 69
IncRNAs presented sequence-level conservation in all
three species (i.e., these IncRNA triads presented non-
zero exonlID and locusID scores in all the species). A list
of these conserved triads is provided in Supplementary
file S4. The sequences of these IncRNAs in FASTA format
are provided in Supplementary files S5 (An. albimanus),
S6 (An. arabiensis), and S7 (An. minimus).

Identification of differentially expressed IncRNAs

In the differential expression analysis, the IncRNA tran-
scripts mapped to 8097, 4601, and 4616 IncRNA genes in
An. albimanus, An. arabiensis, and An. minimus, respec-
tively. We carried out a specieswise differential expres-
sion analysis, and the findings are as follows:

An. albimanus

Among 8097 IncRNA genes, only 2998 were expressed
in at least 6 samples and were retained for differen-
tial expression analysis. There were 289 significant
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DE-IncRNAs between male and female carcasses, 1704
between male reproductive tissue and female reproduc-
tive tissue, 840 between male reproductive tissue and
male carcass, and 1085 between female reproductive tis-
sue and female carcass. The dysregulated genes are rep-
resented by volcano plots in Fig. 5, Panel A. Among the
dysregulated genes, 28 unique DE-IncRNAs were identi-
fied when the male and female carcasses were compared,
whereas 304 DE-IncRNAs were found when male and
female reproductive tissues were compared. Additionally,

77 and 228 unique DE-IncRNAs were observed in the
male reproductive tissue vs. male carcass and female
reproductive tissue vs. female carcass comparisons,
respectively. The overlap between various comparisons is
shown in Fig. 6 (A).

An. arabiensis

Among the 4601 IncRNA genes, only 2546 were
expressed in at least 6 samples and were retained for dif-
ferential expression analysis. There were 81 significant
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Fig.5 Volcano plots depicting DE-INcRNAs across three Anopheles species. Panel A presents DE-INcCRNAs in An. albimanus for the four comparison groups
(labels on top), Panel B shows the DE-INCRNAs in An. arabiensis, and Panel C displays DE-INcRNAs in An. minimus. The vertical dotted lines represent the
log2-fold-change (FC) cut-off for significance, whereas the horizontal dotted lines represent the false discovery rate (FDR) cut-off for significance. Colours
of dots: Salmon, significantly upregulated IncRNAs (log2FC >+ 2 and FDR < 0.05); blue, significantly downregulated IncRNAs (log2FC < -2 and FDR < 0.05);
grey, IncRNAs that do not meet either cut-off (nonsignificant: +2 < log2FC < -2 and FDR > 0.05). For consistency, the x-axis has been restricted to represent
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Fig.6 Venn diagrams representing the overlap of DE-INCRNA expression between various comparisons. A represents the overlap in An. albimanus tissues,
B in An. arabiensis, and C in An. minimus. (Abbreviations — Car: carcass, RT: reproductive tissue, M: male, F: female)
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DE-IncRNAs between the male carcass and female car-  dysregulated genes are represented by volcano plots in
cass, 756 between the male reproductive tissue and Fig. 5, Panel B. Among the dysregulated genes, there were
female reproductive tissue, 1206 between the male 8 unique DE-IncRNAs when male and female carcasses
reproductive tissue and male carcass, and 932 between  were compared, 163 when male and female reproduc-
the female reproductive tissue and female carcass. The tive tissues were compared, 399 when male reproductive
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Table 2 Summary of differential INcRNA expression in the 3 species. (+: number of upregulated IncRNA genes;'—" number of
downregulated INcRNA genes; T" total number of dysregulated genes)

Comparison An. albimanus An. arabiensis An. minimus

- + T - + T - + T
Male carcass vs. female carcass 52 237 289 45 36 81 26 39 65
Male reproductive system vs. female reproductive system 206 1498 1704 425 331 756 161 825 986
Male reproductive system vs. male carcass 297 543 840 1011 195 1206 365 267 632
Female reproductive system vs. female carcass 1085 356 1441 731 201 932 890 256 1146

Table 3 Conserved LncRNA counts by comparison and
upregulation. (Abbreviations — Car: Carcass, RT: reproductive
tissue, M: male, F: female)

Species Comparison Upregulated Number of
in conserved
IncRNAs

An. albimanus M_Car_vs_F_Car Male_Car 3
M_RT_vs_F_RT Female_RT 4
M_RT_vs_F_RT Male_RT 26
F_RT_vs_F_Car Female_RT 2
M_RT_vs_M_Car Male_Car 2

An. arabiensis M_RT_vs_F_RT Female_RT 4
M_RT_vs_F_RT Male_RT 15
F_RT_vs_F_Car Female_RT 2
M_RT_vs_M_Car Male_Car 18
M_RT_vs_M_Car Male_RT 1

An. minimus M_RT_vs_F_RT Male_RT 25
F_RT_vs_F_Car Female_RT
M_RT_vs_M_Car Male_Car 4

tissue and carcass were compared, and 123 when the
female reproductive tissue and carcass were compared.
The overlap between various comparisons is shown in
Fig. 6 (B).

An. minimus

Among the 4616 IncRNA genes, only 2608 were
expressed in at least 6 samples and were retained for dif-
ferential expression analysis. There were 65 significant
DE-IncRNAs between male and female carcasses, 986
between male reproductive tissue and female reproduc-
tive tissue, 632 between male reproductive tissue and
male carcass, and 1146 between female reproductive
tissue and female carcass. The dysregulated genes are
represented by volcano plots in Fig. 5, Panel C. Among
the dysregulated genes, 7, 149, 85, and 267 unique DE-
IncRNAs were identified in the male carcass vs. female
carcass, male reproductive tissue vs. female reproduc-
tive tissue, male reproductive tissue vs. male carcass, and
female reproductive tissue vs. female carcass compari-
sons, respectively. The overlap between various compari-
sons is shown in Fig. 6 (C).

A summary of the results is provided in Table 2. The
results indicate that, in each species, the carcasses dif-
fer the least in terms of IncRNA expression, whereas the
reproductive tissues show a greater level of differential

expression in each comparison. For each species and
each comparison, the top 15 upregulated and top 15
downregulated genes plotted as heatmaps are available in
Supplementary file S8.

Differentially expressed, sequence-conserved IncRNAs
Next, we analysed how these IncRNAs with sequence
conservation were expressed across comparisons in each
species. We found that 37, 40, and 31 IncRNAs were dif-
ferentially expressed in An. albimanus, An. arabiensis,
and An. minimus, respectively. Interestingly, the con-
served IncRNAs were almost exclusively upregulated in
male tissues (reproductive tissue or carcass). Addition-
ally, across comparisons, these conserved IncRNAs were
found to be exclusively downregulated in the female car-
cass. The results are summarized in Table 3. Finally, the
overall summarized results of the analysis are presented
as Circos plots in Fig. 7 (An. arabiensis vs. An. albima-
nus) and Fig. 8 (An. minimus vs. An. albimanus). The
genome assemblies available for all the three species are
contig-level, with An. albimanus having a better annota-
tion (5 chromosomes and 196 contigs) than An. arabien-
sis (1217 contigs) and An. minimus (678 contigs). For the
sake of clarity, only contigs longer than 300 kilobasepairs
are shown in the Circos plots.

Functional analysis of differentially expressed, sequence-
conserved IncRNAs

In An. albimanus, 1312 neighbouring genes were located,
and GO analysis found these to be involved in functions
related to nucleic acid metabolism, chromatin expres-
sion and remodelling, and cell cycle. In An. arabiensis,
470 neighbouring genes were identified and found to
be involved in terms related to RNA biogenesis, pro-
tein synthesis, and cell cycle. Similarly, in An. minimus,
451 neighbouring genes were identified and found to be
involved in protein metabolism, nucleic acid metabolism,
and cell cycle. A complete list of the enriched GO terms
is given in Supplementary file S9. A list of the signifi-
cantly enriched, driver GO terms is provided in Table 4.

Discussion

There is a limited amount of data available on the anno-
tation of IncRNAs in anopheline species. LncRNAs are
an area of special interest because they can regulate the
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Fig. 7 Circos plot representing IncRNA conservation between An. arabiensis and An. albimanus. From periphery to centre, the first track (blue) represents
the distribution of protein-coding genes (reference annotation) across the genomes of these 2 species; the second track (orange; inverted) represents the
distribution of de novo assembled INCRNA transcripts across the genomes; the third track represents the ideograms of An. albimanus (A to B; clockwise;
salmon) and An. arabiensis (B to A; clockwise; green); the next four tracks depict the DE-IncRNAs (upregulated in red and downregulated in green) in the
4 comparisons (from innermost to outer: male vs. female carcass, male vs. female reproductive tissue, female reproductive tissue vs. female carcass, and
male reproductive tissue vs. male carcass); and the innermost links track depicts the conservation of INcRNAs between the two species. For ideograms,
only contigs longer than 300 kbp are represented. For conserved IncRNAs, only the topmost orthologues with sequence-level conservation (i.e,, locuslD
and exonID scores greater than 0) are depicted. In the innermost track, the colored links connect An. arabiensis INcCRNAs with the corresponding location
of their ortholog on An. albimanus chromosome (red: 2R, blue: 2L, orange: 3R, green: 3L, yellow: X)

expression of genes across various physiological condi- tissue vs. carcass), and their conservation across these
tions of the vector [14]. In this study, we used publicly  species. A comparison of IncRNA expression between
available datasets to discover novel IncRNA transcripts male and female mosquitoes can provide useful insights
in 3 anopheline species, their expression under differ- into how these transcripts control the biting behav-
ent conditions (sex: male vs. female; tissue: reproductive  iour of female mosquitoes and affect their reproductive
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Fig. 8 Circos plot representing INcRNA conservation between An. minimus and An. albimanus. From periphery to centre, the first track (blue) represents
the distribution of protein-coding genes (reference annotation) across the genomes of these 2 species; the second track (orange; inverted) represents the
distribution of de novo assembled INCRNA transcripts across the genomes; the third track represents the ideograms of An. albimanus (A to B; clockwise;
salmon) and An. minimus (B to A; clockwise; blue); the next four tracks depict the DE-IncRNAs (upregulated in red and downregulated in green) in the 4
comparisons (from innermost to outer: male vs. female carcass, male vs. female reproductive tissue, female reproductive tissue vs. female carcass, and
male reproductive tissue vs. male carcass); and the innermost links track depicts the conservation of INcRNAs between the two species. For ideograms,
only contigs longer than 300 kbp are represented. For conserved IncRNAs, only the topmost orthologues with sequence-level conservation (i.e,, locuslD
and exonlD scores greater than 0) are depicted. In the innermost track, the colored links connect An. minimus INcRNAs with the corresponding location
of their ortholog on An. albimanus chromosome (red: 2R, blue: 2L, orange: 3R, green: 3L, yellow: X)

behaviour and, consequently, their disease-carrying manuscript. Moreover, we did not investigate the con-
capacity. However, this study was limited to only cata- served IncRNAs that were not differentially expressed,
loguing IncRNAs; therefore, how the differential expres-  and their presence cannot be ruled out.

sion (or absence) and conservation of these IncRNAs In previous studies in An. gambiae, IncRNAs have
affect cellular biology is beyond the scope of this been reported to range in length from 200 to 7000 nts in
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Table 4 List of significantly enriched driver terms identified by
GO analysis of neighbouring protein-coding genes

Species Source Term_name Term_ID Adjusted
p-value
Anopheles  GO:MF  nucleic acid binding G0:0003676  2.23E-27
albimanus  GO: MF  catalytic activity, GO:0140640  2.23E-10
acting on a nucleic
acid
GO:MF  structural constitu-  GO:0017056  6.55E-04
ent of nuclear pore
GO: MF  isomerase activity GO:0016853  2.51E-02
GO: MF  ATP-dependent GO:0140658  4.19E-02
chromatin remod-
eler activity
GO: MF  pseudouridine GO:0009982  4.63E-02
synthase activity
GO:MF  methyltransferase GO:0008168  4.78E-02
activity
GO:BP  nucleicacid meta-  G0:0090304  5.37E-30
bolic process
GO:BP  cellcycle GO:0007049  2.04E-09
GO:BP  RNA localization GO:0006403  9.86E-07
GO:BP  nucleocytoplasmic  GO:0006913  3.21E-06
transport
GO:BP  cell division GO:0051301  3.59E-05
GO:BP  chromatin GO:0006338  3.67E-05
remodeling
GO:BP  deoxyribonucleo- G0O:0009262  1.29E-03
tide metabolic
process
GO:BP  protein-RNA com-  G0O:0071826  2.39E-02
plex organization
GO:CC  nucleus GO:0005634  1.36E-48
Anopheles  GO:MF  organic cycliccom-  GO:0097159  2.95E-09
arabiensis pound binding
GO: MF  catalytic activity, GO:0140640 1.78E-04
acting on a nucleic
acid
GO:MF  aminoacyl-tRNA GO:0004812  3.98E-02
ligase activity
GO:BP  ribonucleoprotein  GO:0022613  9.01E-07
complex biogenesis
GO:BP  cellularresponseto  G0O:0033554  2.83E-03
stress
GO:BP  cell division GO:0051301  2.20E-02
GO: CC  intracellular ana- GO:0005622  1.07E-14
tomical structure
Anopheles  GO:MF  catalytic activity, GO:0140640  1.20E-11
minimus acting on a nucleic
acid
GO:MF  nucleic acid binding  GO:0003676  8.48E-10
GO: MF  unfolded protein GO:0051082  8.54E-04
binding
GO:MF  structural constitu- ~ GO:0017056  1.71E-02
ent of nuclear pore
GO:BP  nucleicacid meta-  G0O:0090304  1.00E-14
bolic process
GO: CC intracellular ana- GO:0005622  1.48E-18
tomical structure
GO: CC  preribosome GO:0030684  5.00E-02
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mosquito haemocytes [15], with a greater proportion of
T type IncRNAs than X’ type IncRNAs [43]. Similar stud-
ies in Ae. aegypti have reported long intergenic noncod-
ing RNA (lincRNA) lengths ranging from 200 to 9000
nts [44]. The IncRNAs identified in our study ranged in
length from 200 nts to ~23,000 nts, with most of them
having one or two exons. This finding aligns with other
studies reporting that IncRNAs tend to be shorter in
length and have fewer exons than mRNAs do [4, 15,
43-45]. We also found that most of the novel IncRNAs
belong to one of 3 classes: intergenic (‘W) (53-56%),
exonic (x’) (33-41%), or entirely intronic (1) (6-11%).
Only a small proportion (less than 1%) of the IncRNAs
identified in our analysis were identical to or had exonic
overlaps with known reference genes for the reasons
mentioned earlier.

LncRNAs vary in their nucleotide sequence more than
protein-coding genes do. However, functional orthology
between IncRNAs termed as syntenic homologs can exist
at the structural level in a sequence-independent man-
ner [3, 30, 37, 45-47]. Comparative analyses of insect
lincRNAs have revealed similarly low levels of sequence
conservation across species [48]. In each of the two com-
parisons in this study, more than 80% of the conserved
transcripts showed syntenic homology. The conserva-
tion of IncRNAs at the structural level has previously
been reported within the Gambiae complex [43]. These
IncRNAs, usually enriched in cis-regulatory repressor
functions and located in the proximity of protein-coding
genes [49], could play a role in regulating similar or iden-
tical genes and/or pathways across the three species.

We found that the male and female carcasses of the
three species presented similar IncRNA expression pat-
terns, with lower levels of differential expression in the
carcasses than in the reproductive tissues. Previous stud-
ies comparing IncRNA expression in multiple sex-specific
developmental stages of D. melanogaster and D. pseu-
doobscura have yielded similar results [50]. In the origi-
nal paper (for the datasets used in this study), Papa et al.
reported a greater correlation for gene (mRNA) expres-
sion between the carcasses than between the reproduc-
tive tissues [29].

Sexually-dimorphic expression of IncRNAs has been
previously reported in various species of plants as well
as in animals [51]. In animals, IncRNAs have been shown
to regulate sex determination, sex chromosome dosage
compensation, gonadogenesis, sex hormone responses,
gametogenesis, etc [50-53]. In plants, IncRNAs regulate
floral transition, pollen and anther development, photo-
periodism, seed development, and male fertility [51, 54,
55]. In our study, sixty-nine IncRNAs presented some
degree of sequence-level conservation and were differ-
entially expressed in at least one comparison group. GO
analysis of the genes in the vicinity of these IncRNAs
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revealed that the neighbouring protein-coding genes are
involved in pathways that regulate nucleic acid and pro-
tein metabolism, chromatin remodelling, nuclear struc-
ture, and cell cycle. Since most of these IncRNAs were
upregulated in male reproductive tissue as well as in
carcasses, they potentially negatively regulate the expres-
sion of genes involved in female-specific behavioural
patterns and biological functions, thus governing sexual
dimorphism.

Conclusion

This study provides the first comprehensive catalogue
of IncRNA expression and conservation in anophelines,
revealing sex- and species-specific expression patterns.
We found that, compared with carcass tissues, male and
female reproductive tissues presented higher variation
in IncRNA expression. While the number of conserved
IncRNAs was high across species, only a small number of
IncRNAs presented sequence-level conservation most of
which were upregulated only in male tissues. The present
study is limited by the fact that the authors did not study
how the differences in IncRNA expression could impact
biological functions. Future validation of differential
IncRNA expression and functional assays, co-expression
analysis, and structural modelling of conserved IncRNAs
can help answer important questions in mosquito biol-
ogy. Further areas of interest in this direction include
studying IncRNAs in infected and noninfected Anoph-
eles mosquitoes to decipher how parasites affect IncRNA
expression, as has been documented in other mosquito
species [9, 44]. Such studies could unravel the dynam-
ics of disease transmission as well as provide targets for
interrupting parasite-mosquito interactions. There is
also potential for species- and sex-specific IncRNAs to
be used as tools for vector control through transgenesis
[56]. Exploring the role of IncRNAs in insecticide resis-
tance, such as identifying specific pathways or resistance-
associated genes regulated by IncRNAs could be another
area of interest from the vector control perspective. Nev-
ertheless, this genome-wide discovery and orthology
analysis of long non-coding RNA expression across three
Anopheles species provides a foundational framework
for understanding the evolution, conservation, and func-
tional potential of IncRNAs, paving the way for future
studies on their roles in mosquito biology, vector control,
and disease transmission.
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