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Abstract
Wolbachia pipientis is an intracellular endosymbiotic bacterium that blocks the replication of several arboviruses 
in transinfected Aedes aegypti mosquitoes, yet its antiviral mechanism remains unknown. For the first time, 
we employed Nanopore direct RNA sequencing technology to investigate the impact of wAlbB strain of 
Wolbachia on the host’s N6-methyladenosine (m6A) machinery and post-transcriptional modification landscape. 
Our study revealed that Wolbachia infection elevates the expression of genes involved in the mosquito’s m6A 
methyltransferase complex. However, knocking down these m6A-related genes did not affect Wolbachia density. 
Nanopore sequencing identified 1,392 differentially modified m6A DRACH motifs on mosquito transcripts, 
with 776 showing increased and 616 showing decreased m6A levels due to Wolbachia. These m6A sites were 
predominantly enriched in coding sequences and 3′-untranslated regions. Gene Ontology analysis revealed that 
genes with reduced m6A levels were over-represented in functional GO terms associated with purine nucleotide 
binding functions critical in the post-transcriptional modification process of m6A. Differential gene expression 
analysis of the Nanopore data uncovered that a total of 643 protein-coding genes were significantly differentially 
expressed, 427 were downregulated, and 216 were upregulated. Several classical and non-classical immune-related 
genes were amongst the downregulated DEGs. Notably, it revealed a critical host factor, transmembrane protein 
41B (TMEM41B), which is required for flavivirus infection, was upregulated and methylated in the presence of 
Wolbachia. Indeed, there is a strong correlation between gene expression being upregulated in genes with both 
increased and decreased levels of m6A modification, respectively. Our findings underscore Wolbachia’s ability to 
modulate many intracellular aspects of its mosquito host by influencing post-transcriptional m6A modifications and 
gene expression, and it unveils a potential link behind its antiviral properties.
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Introduction
Mosquito-borne flaviviruses represent a significant risk 
to public health. Aedes aegypti is the primary vector that 
transmits several pathogenic arthropod-borne viruses 
(arbovirus) such as dengue, Zika, Chikungunya, and yel-
low fever viruses [62, 76, 104]. In the absence of effec-
tive vaccines or anti-viral drugs and the inefficiency of 
chemical-based control measures, viable transmission 
control alternatives are being investigated to reduce the 
spread of arboviruses. One successful approach uses the 
endosymbiotic bacterium Wolbachia pipientis in tran-
sinfected mosquitoes to suppress virus replication and 
transmission of arboviruses [7, 15, 21, 42, 49, 87, 91, 113]. 
However, the Wolbachia-mediated antiviral mechanism 
remains poorly understood. Despite considerable efforts, 
none of the proposed individual mechanisms fully 
explain the virus-blocking phenotype.

Previous studies predominantly associated Wolbachia’s 
contribution to the virus blocking phenotype in insects 
to either induction of the immune system [6, 15, 55, 97, 
103, 117, 137, 140], competition for essential cellular host 
resources and space [19, 34, 52, 90, 117, 129], inhibition 
of viral entry [81], and modulation of various pro- and 
anti-viral genes [9, 31, 40, 46, 60, 81, 139]. Further, the 
density of Wolbachia within host cells and tissues was 
found to determine the strength of Wolbachia’s virus 
blocking phenotype [22, 80, 85]. However, more recent 
research indicated that the extent of Wolbachia-mediated 
blocking of arboviruses is neither Wolbachia density-
dependent nor tissue-specific in Ae. aegypti [4, 21, 32].

The degree of viral inhibition differs significantly 
among Wolbachia strains, with some showing no inhi-
bition, while others achieve substantial blocking [7, 22, 
85, 86]. The strains wMelPop and wAu reach very high 
densities and exhibit strong transmission blocking [7, 84, 
91]. However, high Wolbachia densities are also linked 
to increased virulence in the host, adversely impacting 
various life-history traits such as reproductive fitness, 
lifespan, and egg survival [7, 88, 95, 106]. Conversely, the 
Wolbachia strain wAlbB, maintains moderate density lev-
els in Ae. aegypti and has only mild negative effects on 
host fitness, yet it still provides strong virus transmission 
inhibition [1, 7, 10, 15, 54, 83].

These admirable characteristics are likely a result of 
a complex web of molecular interactions between the 
symbiont and host. Recent studies have shown that Wol-
bachia-mediated virus inhibition occurs at early stages 
post-infection in Drosophila and mosquito cells [11, 12, 
47, 102]. These suggested that viral RNA is the target, 
which encounters rapid degradation upon virus entry [11, 
12, 47, 102]. In our recent study, genes encoding cytosine 
(m5C) and N6-adenosine methyltransferases (m6A) and 
SUMOylation pathway, involved in post-transcriptional 
modifications were elevated at the early hours of DENV 

infection in Wolbachia-transinfected Ae. aegypti mos-
quito cells [65].

Post-transcriptional modifications are key regula-
tors of biological processes across eukaryotes, and more 
than 100 different chemical RNA modifications have 
been characterised [17, 18]. However, methylation at the 
N6-position of adenosine (m6A) is the most abundant 
modification found on RNA of cellular, coding, non-
coding, and possibly viral RNAs [17, 24, 36]. It has been 
established that m6A RNA modifications regulate many 
essential cellular processes such as gene expression, RNA 
splicing, mRNA stability, translation, microRNA biogen-
esis, and host-virus interactions [2, 33, 35–37, 48, 131]. 
There are three main protein groups involved in the 
dynamic and reversible regulation of m6A modifications: 
methyltransferases (m6A-writers), demethylases (m6A-
erasers), and m6A binding proteins (m6A-readers) [48, 
73]. m6A is added to mRNA by the core complex of meth-
yltransferase-like protein 3 (METTL3) and METTL14 
[73]. METTL3 is the catalytic subunit, METTL14 is an 
essential component that features RNA binding prop-
erties, and WTAP is a stabilising factor [73, 125]. The 
METTL3-METTL14-WTAP complex targets the con-
sensus motif DRACH (where D = G/A/U, R = G/A and 
H = U/A/C) in mRNAs [23, 33, 58]. The methylation can 
be removed by m6A-erasers such as obesity-associated 
protein (FTO) and AlkB homolog 5 (ALKBH5) [48, 51, 
142]. Lastly, m6A-readers bind specifically to m6A-mod-
ified RNAs and modulate protein-RNA interactions or 
subsequent regulatory functions such as stability, locali-
sation, alternative splicing, degradation, and translation 
of m6A-modified mRNA [8, 56, 74, 75, 126, 133]. The 
main readers for m6A methylation in the nucleus are het-
erogeneous nuclear ribonucleoprotein C family members 
(HNRNPC) and HNRNPA2B1, and in the cytoplasm, the 
YT521-B homology (YTH) domain-containing proteins 
(YTHDF1-3 and YTHDC1–2) [2, 48, 64, 74, 75, 111].

The present knowledge in this relatively unexplored 
field of research is limited to human cells and Dro-
sophila melanogaster [35, 36, 109]. Gokhale et al. [36] 
demonstrated the presence of m6A modification on fla-
vivirus RNA and their role in regulating the life cycle of 
viruses. The study by Shah et al. [109] identified m6A 
RNA modifications in Drosophila adult females to be 
highly enriched in genes associated with developmental, 
regulatory, and neuronal functions, and their expression 
was considerably more tissue-specific than unmethyl-
ated genes. They only assessed the m6A-positions across 
the D. melanogaster genome using two biological repli-
cates without Wolbachia and virus infection. More recent 
studies identified the presence of m6A modifications on 
the mRNA from Ae. aegypti Aag2 cell line and mosquito 
species Anopheles sinensis [26, 71]. These studies further 
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reported that m6A methylation modulated viral infection 
and sperm tail formation.

Wolbachia also has recently been implicated in dif-
ferential viral RNA modifications in mosquito cells [14]. 
They found evidence of altered C5 cytosine methyltrans-
ferase (DNMT2), m6A expression, and viral RNA meth-
ylation in mosquito cells in the presence of Wolbachia 
and Sindbis virus [14]. In consideration of these recent 
and novel observations of altered post-transcriptional 
modifications in the presence of Wolbachia, we inves-
tigated differences in m6A expression levels and altered 
post-transcriptional modifications in the presence and 
the absence of Wolbachia in Aag2 and Aag2.wAlbB cells 
using Nanopore technology. Our results show that m6A 
gene machinery expression was elevated, and the number 
of differentially modified m6A sites on host mRNA tran-
scripts significantly increased in Wolbachia-transinfected 
cells. We also determined differentially expressed genes 
due to Wolbachia infection for the first time with Nano-
pore sequencing. Understanding m6A modifications in 
the mosquito vector Ae. aegypti, its role in the biology of 
the mosquito, and whether the m6A landscape is altered 
in the presence of Wolbachia will provide new insights 
into the intrinsic mosquito-Wolbachia interaction.

Methods
Mosquito cell line
Aedes aegypti (Aag2)-embryonic-derived cell line per-
sistently infected with wAlbB strain of Wolbachia 
(Aag2.w AlbB) [16], wMelPop-infected Aag2 cells 
(Aag2.wMelPop) [46], and uninfected Aag2 cells were 
maintained as cell monolayers in flask in a 1:1 mixture 
of Mitsuhashi–Maramorosch and Schneider’s Insect 
Medium (Invitrogen), supplemented with 10% fetal 
bovine serum (FBS) at 27 °C.

Reverse transcription quantitative PCR (RT-qPCR)
Total RNA was extracted from cells using Qiazol accord-
ing to the manufacturer’s instructions (Qiagen). RNA 
was then treated with Turbo DNase (Invitrogen) and 
reverse transcribed using M-MuLV reverse transcriptase 
(New England Biolabs) with oligo (dT) primer according 
to the manufacturer’s instructions. No-reverse transcrip-
tase and positive control reactions were also included in 
the reverse transcription-PCR (RT-PCR). The synthe-
sized cDNAs were diluted in a 1:10 ratio with Ultrapure 
DNase/RNase-free water (Invitrogen) and used in RT-
qPCR reactions. All reactions were carried out using the 
QuantiFast SYBR Green PCR Kit (Qiagen) and a Rotor-
Gene Q thermocycler (Qiagen) as per the manufacturer’s 
instructions. Ae. aegypti’s ribosomal protein S17 (RPS17) 
gene was used as the normalizing gene [91]. The rela-
tive expression of target genes and RPS17 was measured 
using the relative quantification method as described 

previously [100]. The gene expression levels in controls 
were adjusted to 1, and the transcript levels in treatments 
are expressed relative to the controls. All primers used in 
this study are listed in Table S1.

Genomic DNA extraction and determination of Wolbachia 
density
Genomic DNA was extracted from Wolbachia cells with 
EconoSpin silica membrane columns (Epoch Life Sci-
ence) using a previously described protocol [105]. The 
relative densities of wAlbB and wMelPop cells were 
determined by qPCR, using specific primers for the rel-
evant strain’s Wolbachia surface protein gene (wsp) and 
Ae. aegypti’s RPS17 as the normalizing gene [91].

Knocking down m6A machinery genes
The potential effect of knocking down m6A machin-
ery genes on Wolbachia density in Aag2.wAlbB cells 
was evaluated by RNA interference (RNAi)-mediated 
gene silencing. For each gene, primers were designed 
that contained T7 promotor sequences in both forward 
and reverse primers. MEGAscript T7 transcription kit 
(Invitrogen) was used to generate dsRNA (~ 500  bp in 
size) from the amplified PCR fragment as per the man-
ufacturer’s instructions. The dsRNA products for each 
of the m6A genes were cloned into the pGEM-T Easy 
vector (Promega) and confirmed by Sanger sequenc-
ing. Aag2.wAlbB cells were transfected with Cellfec-
tin II reagent (Invitrogen) and serum-free transfection 
medium. Transfection was performed in 12-well plates in 
replicates, including Cellfectin II (Invitrogen) and serum-
free transfection medium-only treated cells, dsGFP as a 
negative control, and about 2 µg of dsRNA specific to the 
m6A genes. Cells were incubated for 3 h at 27ºC followed 
by adding cell culture medium containing 2% FBS and 
incubating for a further 48 h. A second transfection was 
performed two days after the first one, and cells were col-
lected for total RNA extraction, as described above. Total 
RNA and DNA were extracted, reverse transcribed (for 
RNA), and analysed by RT-qPCR and qPCR to evaluate 
gene silencing and Wolbachia density, respectively.

Nanopore direct RNA sequencing
To investigate the m6A methylation status at single-nucle-
otide resolution in mRNA, Aag2.wAlbB and Wolbachia-
free Aag2 cells in three replicates for each experimental 
condition were used to examine differences in the pres-
ence or absence of Wolbachia. Prior to the experiment, 
wAlbB’s density was quantified by qPCR as described 
above. Total RNA was extracted using the RNeasy mini 
extraction kit (Qiagen) according to the manufacturer’s 
instructions, and RNA concentration and purity were 
measured by spectrophotometry (Epoch, BioTek).
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The purification of mRNA from total RNA by Dyna-
beads mRNA purification kit (Invitrogen), direct 
RNA-Seq library preparation, and Oxford Nanopore 
sequencing utilizing the PromethION flow cell technol-
ogy was performed by the Garvan Institute of Medical 
Research in New South Wales. Nanopore direct RNA 
sequencing (DRS) included the use of R9.4.1 flow cells 
(FLO-PRO002) and direct RNA-Seq kit (SQK-RNA002). 
Data acquisition and basecalling were performed by 
using Oxford Nanopore MinKNOW software (v.22.03.4) 
and its integrated basecalling algorithm Guppy 
(v.6.0.7 + c7819bc52) in high accuracy model (rna_
r9.4.1_70bps_hac_prom) configuration. Only reads with 
a quality score above 7 (min_qscore = 7) were selected. 
Sequencing data were acquired as raw signal (FAST5/
SLOW5) and basecalled (FASTQ) files. The read base-
calling, mapping metrics, and RNA sample quality and 
yield are listed in Tables S2.

Preprocessing of reads and alignment to transcriptome
The basecalled FASTQ reads were aligned to the Ae. 
aegypti LVP_AGWG AaegL5.3 reference transcriptome 
downloaded from (​h​t​t​p​​s​:​/​​/​v​e​c​​t​o​​r​b​a​​s​e​.​​o​r​g​/​​v​e​​c​t​o​r​b​a​s​e​/​a​p​p​
/) using minimap2 (v.2.24-r1122) with the settings (mini-
map2 -ax map-ont -uf -t 6 --secondary = no) and a con-
catenated FASTA file containing coding and noncoding 
RNA reference annotations ​h​t​t​p​​s​:​/​​/​v​e​c​​t​o​​r​b​a​​s​e​.​​o​r​g​/​​c​o​​m​
m​o​​n​/​d​​o​w​n​l​​o​a​​d​s​/​​C​u​r​​r​e​n​t​​_​R​​e​l​e​​a​s​e​​/​A​a​e​​g​y​​p​t​i​L​V​P​_​A​G​W​G​
/​f​a​s​t​a​/​d​a​t​a​/) [67, 68]. The resulting sequence alignment 
map (SAM) files were converted to binary alignment 
map (BAM) files and all reads were sorted and indexed 
using SAMtools (v.1.9) [27, 69]. Nanopolish (v.0.14.0) was 
used to realign/resquiggle the raw signal SLOW5 reads 
and basecalled FASTQ reads to the expected reference 
sequence with settings (nanopolish index --slow5 nanop-
olish eventalign --reads --bam --genome --signal-index 
--scale-events --summary --threads 16) [77]. Nanopolish 
is freely available on github under the open-source MIT 
license (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​j​t​s​/​​n​a​​n​o​p​o​l​i​s​h).

m6A methylation analysis
The evaluation of m6A methylation in a 5-kmer was 
performed with xPore (v.2.1), a Python package for the 
identification of differential RNA modifications from 
Nanopore sequencing data [101]. Specifically, xpore-
dataprep (xpore dataprep --eventalign --out_dir) and 
xpore-diffmod (xpore diffmod --config --n_processes 
16) command line to process the segmented raw signal 
file and model differential modifications were used as 
per the instructions [101]. xPore applies a multi-sample 
two-Gaussian mixture distribution model followed by 
a two-tailed, unpooled z-test on the modification-rate 
difference of any two conditions for each position. The 

resulting p values were adjusted for multiple compari-
sons using the Benjamini–Hochberg correction.

Genomic alignment for gene expression analysis
The basecalled FASTQ reads were aligned to the Ae. 
aegypti LVP_AGWG AaegL5.3 genomic reference 
FASTA file using minimap2 (v.2.24) with the settings 
(minimap2 -ax splice -uf -k14) accounting for splicing 
[67, 68]. Generated SAM files were converted to BAM 
files using SAMtools (v.1.13) [27, 69].

Transcript quantification
Bambu (v.3.2.4) multiple samples settings (se.multiSam-
ple <- bambu(reads = c(WB_1, WB_2, WB_3, Aag2_1, 
Aag2_2, Aag2_3), annotations = gtf, genome = fasta)) 
including genomic alignment sample BAM files, Ae. 
aegypti LVP_AGWG AaegL5.3 nucleotide sequences 
genomic reference FASTA file, and GTF annotation file 
were used as per the instructions for transcript quanti-
fication [20]. Bambu is an R package available on github 
under the GNU general public version 3.0 license (​h​t​t​p​​s​:​/​​
/​g​i​t​​h​u​​b​.​c​​o​m​/​​G​o​e​k​​e​L​​a​b​/​b​a​m​b​u).

Differential gene expression analysis with DESeq2
Quantified transcript file (se.multiSample) was loaded in 
DESeq2 (v. 1.40.1) and developers’ instructions were fol-
lowed for the analysis of differentially expressed genes 
[79]. DESeq2 is an R package available on bioconductor 
under the GNU lesser general public license (​h​t​t​p​​s​:​/​​/​b​i​o​​
c​o​​n​d​u​​c​t​o​​r​.​o​r​​g​/​​p​a​c​​k​a​g​​e​s​/​d​​e​v​​e​l​/​​b​i​o​​c​/​v​i​​g​n​​e​t​t​​e​s​/​​D​E​S​e​​q​2​​/​i​n​
s​t​/​d​o​c​/​D​E​S​e​q​2​.​h​t​m​l).

For data visualisation and generation of graphs, ggplot2 
was used as per the instructions. ggplot2 is an open-
source data visualization R package available on tidyverse 
under the MIT license (​h​t​t​p​​s​:​/​​/​g​g​p​​l​o​​t​2​.​​t​i​d​​y​v​e​r​​s​e​​.​o​r​g​/​L​I​C​
E​N​S​E​.​h​t​m​l). The threshold of statistical significance for 
identified DEG’s was set to false discovery rate (FDR) of 
less than 0.05 and log2 fold change greater than 2.

Differential gene expression analysis with CLC genomics 
workbench
The RNA-Seq analysis for long reads (beta v. 1.1) with 
long read support (v.22.0.1) and incorporated minimap2 
was used to align the basecalled FASTQ reads to the Ae. 
aegypti LVP_AGWG AaegL5.3 with default settings [68]. 
Principal component analysis (PCA) graphs were pro-
duced between Wolbachia-transinfected Aag2.wAlbB 
and Wolbachia-free Aag2 cells that served as a control 
to identify any outlying samples within the dataset. The 
CLC-GWB differential expression for RNA-Seq tool 
with the default parameters was used to identify DEGs 
between Aag2.wAlbB and Aag2 samples. The relative 
expression levels were produced as RPKM (reads per 
kilobase of transcript per million reads mapped) values, 

https://vectorbase.org/vectorbase/app/
https://vectorbase.org/vectorbase/app/
https://vectorbase.org/common/downloads/Current_Release/AaegyptiLVP_AGWG/fasta/data/
https://vectorbase.org/common/downloads/Current_Release/AaegyptiLVP_AGWG/fasta/data/
https://vectorbase.org/common/downloads/Current_Release/AaegyptiLVP_AGWG/fasta/data/
https://github.com/jts/nanopolish
https://github.com/GoekeLab/bambu
https://github.com/GoekeLab/bambu
https://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
https://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
https://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
https://ggplot2.tidyverse.org/LICENSE.html
https://ggplot2.tidyverse.org/LICENSE.html
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which accounts for the relative size of the transcripts 
normalising for sequencing depth.

Validation of DEGs using quantitative reverse 
transcription-PCR
For validation of the differentially expressed Ae. aegypti 
genes identified through differential gene analysis using 
DESeq2 and CLC, a total of nine up- and downregulated 
genes were selected. The NCBI Primer-BLAST primer 
design tool was used to design primers for the selected 
DEGs and the Ae. aegypti RPS17 gene was used as the 
normalizing gene [91, 135]. All primers used in this 
study are listed in Table S1. RNA samples from Aag2 and 
Aag2.wAlbB previously extracted for the gene expres-
sion analysis were used for validating the differentially 
expressed mosquito genes. Reverse transcription, and 
qPCR were performed as described above. The relative 
abundance of Ae. aegypti RPS17 gene and selected DEGs 
were determined using the relative quantification method 
as described previously [100].

Knocking down TMEM41B and virus infection
To evaluate the potential effect of knocking down 
TMEM41B on virus replication, Aag2 cells were seeded 
into a 12-well culture plate (Greiner Bio-One) at 1.5 × 106 
cells per well and allowed to adhere for 1 h at 27 °C. Cells 
were transinfected with Cellfectin II reagent (Invitro-
gen) and serum-free transfection medium. Transfection 
was performed in 12-well plates in replicates, including 
Cellfectin II (Invitrogen) and serum-free transfection 
medium-only treated cells, dsGFP as a negative control, 
and about 2 µg of dsRNA specific to the TMEM41B gene. 
Cells were incubated for 3 h at 27ºC followed by adding 
cell culture medium containing 2% FBS and incubat-
ing for a further 48  h. A second transfection was per-
formed two days after the first one, the medium was then 
removed, and cells were inoculated with DENV serotype 
2 (DENV-2) East Timor strain (ET-300) at a multiplic-
ity of infection (MOI) of 1. The 12-well plate was incu-
bated on a rocker for 1 h at room temperature followed 
by the removal of supernatant and subsequent replenish-
ment with fresh medium containing 2% FBS. The plate 
was then incubated for 48 h at 27 °C, and cells were col-
lected for total RNA extraction, as described above. Total 
RNA was extracted, reverse transcribed, and analysed by 
RT-qPCR with both forward and reverse gene-specific 
primers (DENV2-qF and DENV2-qR) (Table S1) used 
to amplify the DENV-2 NS5 region of the viral genome 
[9]. Ae. aegypti RPS17 forward and reverse primers were 
used to amplify the normalizing gene [91]. All qPCRs 
were performed in duplicates using a Rotor-Gene Q ther-
mocycler (Qiagen) under the conditions specified above.

Gene ontology analysis
Differentially expressed Ae. aegypti genes identified by 
CLC-GWB were submitted to Blast2GO for gene ontol-
ogy (GO) [38]. We used Basic Local Alignment Search 
Tool (BLAST) and InterProScan algorithms to iden-
tify GO terms of DEGs [53]. Enrichment analysis using 
Fisher’s exact test of down- and upregulated DEGs was 
performed to find over- and under-represented terms for 
each category of molecular function, biological process, 
and cellular components [3]. GO terms were considered 
significantly enriched with a p value of 0.05 adjusted for 
multiple comparisons using the Benjamini–Hochberg 
(FDR) correction. The identical Blast2GO for GO term 
analysis settings were used for genes containing differen-
tially modified m6A DRACH motifs.

Results
Expression of m6A genes in the presence and absence of 
Wolbachia
Prior to assessing the expression of the m6A genes, 
the density of Wolbachia was examined in cell lines. 
The average density expressed in standard error of the 
mean (± SEM) of wAlbB Wolbachia passage 10–11, and 
Aag2.wMelPop passage 30–31 used in the in vitro m6A 
gene expression experiments was at about comparable 
densities of Wolbachia at 145, 107, and 136, 111 per cell, 
respectively (Fig. 1A and B).

The initial results showed that m6A-writer methyl-
transferase-like 3 (METTL3) was significantly upregu-
lated (One-way ANOVA, p < 0.0001) in the presence of 
wAlbB strain of Wolbachia compared to Wolbachia-free 
cells. In contrast, no significant difference in the expres-
sion levels for m6A-writer AeMETTL3 in the wMelPop 
strain of Wolbachia was observed between the infected 
and uninfected cells (Fig.  2A). The expression of the 
m6A-writer methyltransferase-like 14 (METTL14) was 
also only upregulated (One-way ANOVA, p < 0.0164) 
in the presence of the wAlbB strain of Wolbachia com-
pared to Wolbachia-free cells. No significant difference 
in the expression levels for m6A-writer AeMETTL14 in 
the wMelPop strain of Wolbachia was evident between 
the infected and uninfected cells (Fig. 2B). However, this 
was different for the m6A-reader AeYTHDF3 encod-
ing gene, which was upregulated in the presence of both 
wAlbB (One-way ANOVA, p < 0.0001) and wMelPop 
(Dunnet post-hoc test p < 0.0249) strains of Wolbachia 
compared to Wolbachia-free cells (Fig. 2C). Expression of 
the m6A-eraser AeALKBH8 encoding gene [25] was also 
slightly upregulated (One-way ANOVA, p < 0.0175) in 
the presence of the wAlbB strain of Wolbachia compared 
to Wolbachia-free cells. Still no significant difference in 
the expression levels was observed in the presence of the 
wMelPop strain of Wolbachia between the infected and 
uninfected cells (Fig. 2D).
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Double-stranded RNA-mediated knockdown of m6A-
writers, -reader, and -eraser does not affect Wolbachia 
density
To find out whether knocking down m6A modification 
genes has any effect on Wolbachia density in Aag2.wAlbB 
cells, we used dsRNA specific to Ae. aegypti m6A-writ-
ers, -reader, and -eraser. Cells were transfected with 
m6A-gene-specific or non-targeting dsRNA (dsGFP). 
Following RNA extraction from harvested cells, RT-
qPCR quantification of m6A-writers, -reader, and -eraser 
gene expression showed an average knockdown of 82% 
(Fig. 3A), 75% (Fig. 3B), 61% (Fig. 4A), and 63% (Fig. 4B) 
relative to non-targeting GFP controls. However, Wol-
bachia density was not affected (One-way ANOVA, 
p < 0.9848, and p < 0.6151) by m6A-writers AeMETTL3 
and AeMETTL14 knockdown when compared to 
negative control dsGFP three days post-transfection 
(Fig.  3C). However, there was a slight difference (One-
way ANOVA, p < 0.0045) in Wolbachia density between 
Cellfectin transfection medium-only and dsGFP negative 
control treated cells (Fig.  3C). No reduction (One-way 
ANOVA, p < 0.1965, and p < 0.7371) in Wolbachia den-
sity was also observed following the knockdown of m6A-
reader AeYTHDF3, and m6A-eraser AeALKBH8 under 
the same conditions shown in Fig. 4C.

Despite not observing an effect on Wolbachia density 
following the knockdown of m6A related genes, a study 

investigating m6A modification on DENV genomic 
RNA demonstrated that knockdown of m6A-writers and 
reader AeYTHDF3 significantly reduced the levels of 
DENV gRNA and resulted in a decrease of DENV titre 
[26].

Identification of differential m6A RNA modification
To investigate the m6A methylation status at the single-
nucleotide resolution in mRNA, RNA extracted from 
Aag2.wAlbB (average 90 Wolbachia per cell) and Wolba-
chia-free Aag2 cells were used for Nanopore direct RNA 
sequencing (DRS) (Fig. S1). Sequencing runs of 72 h gen-
erated between 3.2 and 6.1 and 2.9 to 4.5  million reads 
for cells persistently infected with the wAlbB strain of 
Wolbachia and Wolbachia-free Aag2 cells, respectively 
(Table S2). The average sequence read length, mean 
quality score, and other DRS metrics are shown in Table 
S2. To prepare the DRS data, we aligned the basecalled 
FASTQ reads to the Ae. aegypti (AaegL5.3) reference 
transcriptome achieving between 94 and 96% alignment 
with minimap2 (Table S2). We applied the nanopolish 
eventalign function to group the signal-level data from 
each read into 5-mer events (five nucleotides in length) 
and mapped them to their corresponding positions in 
the Ae. aegypti transcriptome. For the detection of dif-
ferential m6A RNA modification, the xPore tool was used 
[101]. The 3rd position (NNANN) in a 5-mer was chosen 

Fig. 1  Relative density of Wolbachia in Aag2.wAlbB (A) and Aag2.wMelPop (B) cell lines. The relative density of Wolbachia was determined by qPCR analy-
sis using genomic DNA extracted from Aag2.wAlbB, Aag2.wMelPop, and Wolbachia-free Aag2 cells that served as a control. The numbers on each dataset 
show the average Wolbachia density of the three biological replicates in each cell line. Density is expressed as the mean ratio between the Wolbachia 
surface protein gene (wsp) and Ae. aegyptiPRS17 was used as the normalizing gene. The error bars represent the standard error of the mean (SEM) of the 
three biological replicates
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to identify m6A modifications based on studies showing 
that the signal intensity of the centre nucleotide showed 
the strongest difference between predicted modified and 
unmodified sites, and with dwell time showing the small-
est difference [m6Anet Fig.  1b [41]], [xPore Fig.  2d and 
i [101], and EpiNano Fig. 2a [72]]. The detailed steps of 
Nanopore DRS analysis categorised into pre-process, 
input/output data files, and post-process are illustrated in 
Fig. S2. Furthermore, since m6A RNA modification spe-
cifically occurs at the DRACH consensus motif (where 

D = G/A/U, R = G/A and H = U/A/C), we removed any 
non-DRACH motifs from the dataset.

Transcriptome-wide DRACH motif frequency
Using a differential modification rate (DMR) cut-off of 
0.25 and p value < 0.05 resulted in a total of 1,392 dif-
ferentially modified m6A sites transcriptome-wide. Of 
these, 776 were associated with increased and 616 with 
decreased differentially modified m6A DRACH motifs 
due to Wolbachia (Fig.  5A and C, Table S3). Illustra-
tions of the most frequently modified m6A sites for both 

Fig. 2  Differential expression of m6A methylation-related genes in Aag2, Aag2.wMelPop, and Aag2.wAlbB cells. The relative expression of (A) AeMETTL3, 
(B) AeMETTL14, (C) AeYTHDF3, and (D) AeALKBH8 in Aag2, Aag2.wMelPop, and Aag2.wAlbB cells was measured using RT-qPCR, respectively. Ae. aegypti 
ribosomal protein S17 (RPS17) gene was used as the normalizing gene. One-way ANOVA with Dunnett’s post-hoc multiple comparison tests was performed 
to determine statistical significance between groups where each data point represents three biological replicates from two independent experiments 
and cell line passages. All gene expression levels were adjusted to 1 and expressed as fold changes relative to controls. The error bars represent the stan-
dard error of the mean (SEM) of the six biological replicates for each condition. Asterisks denote statistical significance, ns, not significant; *, p < 0.05; ****, 
p < 0.0001. FC, fold change
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Fig. 4  Double-stranded RNA-mediated knockdown of m6A-reader AeYTHDF3 and m6A-eraser AeALKBH8 does not affect the density of Wolbachia. 
Aag2.wAlbB cells were transfected with (A) dsAeYTHDF3, (B) AeALKBH8, and non-targeting dsGFP, and Cellfectin transfection reagent only as controls. 
Three days post double transfection, total RNA was extracted, reverse transcribed and analysed by RT-qPCR. Ae. aegypti RPS17 was used as the normalizing 
gene. (C) Relative density of Wolbachia following dsRNA knockdown using dsAeYTHDF3, dsAeALKBH8, non-targeting dsGFP, and Cellfectin transfection 
reagent only as controls shown in A and B. qPCR analysis of extracted genomic DNA using primers to Wolbachia’s wsp gene and the host cell RPS17 gene 
showed no reduction in Wolbachia density following m6A-reader AeYTHDF3 and m6A-eraser AeALKBH8 dsRNA knockdown when compared to controls 3 
days post double transfection. One-way ANOVA with Tukey’s post-hoc multiple comparison tests was performed to determine the statistical significance 
between groups. The error bars represent the standard error of the mean (SEM) of six biological replicates. Asterisks denote statistical significance, ns, not 
significant; ****, p < 0.0001. FC, fold change

 

Fig. 3  Double-stranded RNA-mediated knockdown of m6A-writer AeMETTL3 and AeMETTL14 does not affect the density of Wolbachia. Aag2.wAlbB cells 
were transfected with (A) dsAeMETTL3 or (B) dsAeMETTL14, and non-targeting dsGFP, and Cellfectin transfection reagent only as controls. Three days post 
double transfection, total RNA was extracted, reverse transcribed, and analysed by RT-qPCR. Ae. aegypti RPS17 was used as the normalizing gene. (C) Rela-
tive density of Wolbachia following dsRNA knockdown. qPCR analysis of extracted genomic DNA using primers to Wolbachia’s wsp gene and the host cell 
RPS17 gene showed no reduction in Wolbachia density following m6A-writer AeMETTL3, and AeMETTL14 dsRNA knockdown when compared to controls 
3 days post double transfection. One-way ANOVA with Tukey’s post-hoc multiple comparison tests was performed to determine the statistical significance 
between groups. All reported values are relative to non-targeting GFP control. Controls and dsRNA treatments were adjusted to 1. The error bars represent 
the standard error of the mean (SEM) of six biological replicates for each treatment. Asterisks denote statistical significance, ns, not significant; **, p < 0.001, 
****, p < 0.0001. FC, fold change
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increased and decreased DRACH motif levels are shown 
in Fig. 5B and D.

Top significant m6A-modified genes ranked by DMR
Applying DMR cut-off of 0.25 and p value < 0.05 identi-
fied a total of 1,126 genes with significantly differentially 
modified m6A DRACH motifs (Table S4A and B). We 
observed a global increase in m6A modifications due to 
Wolbachia with 620, and 506 genes showing an increase 
and decrease in modified m6A sites, respectively (Table 
S4A and B).

Of the top 20 genes containing the highest number of 
increased m6A DRACH motifs, Toll-like receptor (Toll5A) 
(AAEL007619) carried the most, with nine m6A sites 
being modified, followed by ATP-binding cassette sub-
family A member 3 (AAEL012698) with six sites. The 
remaining genes contained either five, four, or three 
m6A sites (Fig. 6A, Table S5). As for the top genes with 

decreased m6A DRACH motifs, the elongation of very 
long chain fatty acids protein baldspot (AAEL013128) 
contained eight m6A DRACH motifs, while vanin-like 
protein 2 (AAEL025718) contained four. The remaining 
ones carried all three, except for one gene with two m6A 
sites present (Fig. 6B, Table S5). Essentially, the majority 
of differentially m6A-modified genes exhibited fewer than 
five m6A sites per gene (Fig. 6A and B, Table S5).

m6A DRACH motif sites were highly enriched in the 
coding sequences (CDS; 56%, 57%), and in the 3′-untrans-
lated regions (3’-UTR; 21%, 18%) in differentially modi-
fied m6A positions with increased and decreased levels 
due to Wolbachia, respectively (Fig.  7, Table S7A and 
S7B). 5′-untranslated regions (5’-UTR) represented 6%, 
and m6A DRACH motif sites between regions (Others), 
17% and 19%, respectively.

Fig. 5  Transcriptome-wide DRACH motif frequency of increased and decreased m6A levels due to Wolbachia. (A) The frequency of the top 10 increased 
DRACH motifs at significantly differentially modified positions based on differential modification rates (DMR) 0.25 from the total number of 776 sites. (B) 
Most frequently modified DRACH motifs of the 776 sites with increased levels of m6A (p < 0.05) and DMR 0.25. (C) The frequency of the top 10 decreased 
DRACH motifs at significantly differentially modified positions based on DMR 0.25 from total numbers of 616 sites. (D) Most frequently modified DRACH 
motifs of the 616 sites with decreased levels of m6A (p < 0.05) and DMR 0.25. All m6A modified sites were identified by xPore, and p values were calculated 
from a two-tailed, unpooled z-test on the modification-rate difference between Wolbachia-transinfected vs. Wolbachia-free Aag2 cells and adjusted for 
multiple comparisons using the Benjamini–Hochberg correction
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Gene ontology enrichment analysis of the differentially 
modified m6A genes
The 620 and 506 genes containing differentially modified 
m6A DRACH motifs were submitted for Gene Ontology 
enrichment analysis in Blast2GO. A total of 35 and 36 
GO terms amongst the combined categories of molecu-
lar function, biological process, and cellular component 
for increased and decreased differentially modified m6A 
genes were returned, respectively (Table S8A and S8B). 
The top 30 over-represented GO terms of increased 
modified m6A sites revealed 17 unique GO terms: bind-
ing, metabolic process, primary metabolic process, 
cellular metabolic process, nucleus, localisation, estab-
lishment of localisation, transport, endomembrane sys-
tem, catabolic process, intracellular transport, catalytic 
activity-acting on a nucleic acid, cytoplasmic vesicle, 

intracellular vesicle, vesicle, nucleoside-triphosphatase 
regulator activity, GTPase regulator activity (Fig.  8A). 
Similarly, 17 uniquely enriched GO terms were discov-
ered for decreased modified m6A sites carrying genes 
that are related to cellular component organisation, anion 
binding, purine nucleotide binding, purine ribonucleo-
side triphosphate binding, ribonucleotide binding, purine 
ribonucleotide binding, phosphorus metabolic process, 
phosphate-containing compound metabolic process, 
adenyl nucleotide binding, ATP binding, adenyl ribonu-
cleotide binding, cell cycle, cytoskeletal protein binding, 
protein transport, cell cycle process, intracellular protein 
transport, supramolecular fibre (Fig. 8B).

Fig. 6  The number of differentially modified positions in genes ranked by differential modification rate (DMR). (A) The top 20 genes were ranked by 
the total number of increased m6A DRACH motifs, and (B) the top 20 genes were ranked by the total number of decreased m6A DRACH motifs due to 
Wolbachia. (C) Top 20 genes with positive DMR (increased m6A) ranked by differential modification rate (DMR) including m6A status of increased and 
decreased DRACH motifs, and (D) Top 20 genes with negative DMR (decreased m6A) including m6A status of increased and decreased DRACH motifs due 
to Wolbachia. All significantly differentially modified positions are based on p < 0.05 and DMR 0.25 criteria. The m6A DRACH motifs with increased levels 
are shown in blue, and the m6A DRACH motifs with decreased levels are shown in red
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Differential expression of mosquito genes in Wolbachia-
infected and uninfected cells
A total of 810 protein-coding genes were significantly 
differentially expressed when comparing Aag2.wAlbB 

to Aag2 cells and considering log2 fold change ≥ 2 and 
FDR p value ≤ 0.05 using DESeq2. Of these, 500 (61.7%) 
were downregulated, and 310 (38.3%) were upregu-
lated (Fig. 9A and C, Table S9A). Furthermore, a total of 
174 long non-coding RNA (IncRNA) with 151 (86.8%) 
down- and 23 (13.2%) upregulated were also identified 
(Fig. 9B, Table S9B). DEG analysis with CLC-GWB iden-
tified roughly similar numbers with a total of 802 differ-
entially expressed protein-coding genes, of which 527 
(65.7%) and 275 (34.3%) were down- and upregulated, 
respely (Fig.  9A and C, Table S9C). In addition, a total 
of 182 IncRNAs, with 162 (89.0%) down- and 20 (11.0%) 
upregulated, were also identified (Fig.  9B, Table S9D). 
Venn diagram of differentially expressed genes identi-
fied by DESeq2 and CLC-GWB showed an overlap of 643 
(66.4%) genes (Fig. 9C, Table S9E). Of these overlapping 
DEGs, 427 (66.4%) were downregulated, and 216 (33.6%) 
were upregulated (Table S9E).

A representative selection of nine differentially 
expressed Ae. aegypti genes identified by differential 
gene analysis using DESeq2 and CLC were validated by 
RT-qPCR. The results showed an overall consistency 
between Nanopore DRS read counts and RT-qPCR, 
when DEGs in Aag2 and Aag2.wAlbB cells were consid-
ered (Fig. 10).

Principal-component analysis (PCA) showed a sig-
nificant difference in variance between Wolbachia-
transinfected Aag2.wAlbB and Wolbachia-free Aag2 
samples, demonstrating a high level of similarity among 

Fig. 8  Gene Ontology (GO) enrichment analysis of m6A DRACH motif enriched genes. The data represents the combined Gene Ontology term categories 
of biological process, molecular function, and cellular component for over-represented terms of (A) 620 genes containing differentially modified m6A 
DRACH sites increased and (B) 506 genes containing differentially modified m6A DRACH sites decreased due to Wolbachia at significantly differentially 
modified positions based on differential modification rate (DMR) 0.25 and p < 0.05. Point size represents the number of enriched genes in each term, and 
the red-coloured scale indicates the significance by p value

 

Fig. 7  Genomic locations of m6A DRACH motif sites. Differentially modi-
fied m6A motifs were identified at the transcriptome level and mapped to 
genomic coordinates of the Ae. aegypti genome. m6A sites of increased 
and decreased DRACH motifs due to Wolbachia at significantly differen-
tially modified positions based on differential modification rate (DMR) 
0.25 and p < 0.05. Genomic location names and percentages are depicted 
within the graph and legend. Coding sequence (CDS), untranslated region 
(UTR), and m6A DRACH motif sites between regions (Others)
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the biological replicates (Fig. S3A, B). The first and sec-
ond principal components described 93% and 64% of the 
variance for mapped reads analysed with DESeq2 and 
CLC-GWB, respectively.

We also performed a conjoint analysis of the differ-
entially modified m6A genes and their respective gene 
expression levels to see whether the m6A modifica-
tions’ status affects gene expression. The chi-square test 

Fig. 9  Differentially expressed protein-coding genes (DEGs) and long non-coding RNAs (lncRNAs) between Aag2 and Aag2.wAlbB cells. The bar graphs 
show the number of (A) DEGs and (B) lncRNAs identified using CLC-GWB and DESeq2. Parameters of log2 fold-change of ≥ 2.0 and an adjusted p value of 
< 0.05 were applied. (C) Venn diagram showing DEGs identified with CLC-GWB versus DESeq2. (D) Chi-Square test of differentially modified m6A genes 
and their respective gene expression levels. (E) TMEM41B normalized counts
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showed an overall upregulation of gene expression in 
genes with increased and decreased levels of m6A modi-
fication (Fig. 9D, Table S10A-C). TOLL5A, the gene with 
the largest increase of nine m6A modifications due to 
Wolbachia, was downregulated by several magnitudes 
(log2FC = -3.49) as shown in Fig. 6A. Whereas baldspot, 
the gene with the largest decrease of eight m6A modifica-
tions due to Wolbachia, was upregulated (log2FC = + 1.08) 
as shown in Fig.  6B. Additionally, a gene encoding a 
transmembrane protein 41B (TMEM41B), which is a crit-
ical host factor required for flavivirus infection, was also 
present among the upregulated (log2FC = + 2.22) differen-
tially expressed genes (Fig. 9E, Table S9E). Interestingly, 
TMEM41B contained an increase of three m6A modifica-
tions due to Wolbachia (Table S9A).

Wolbachia infection increased the expression of 
TMEM41B in Aag2.wMelPop (One-way ANOVA, 
p < 0.0049), and Aag2.wAlbB (One-way ANOVA, 
p < 0.0001) cells when compared to Aag2 cells (Fig. 11A). 
To further determine whether TMEM41B affects DENV 
replication, we knocked down TMEM41B in Aag2 cells 
using dsRNAs and infected the cells with DENV. RT-
qPCR was performed on RNA extracted from cells col-
lected at 2 days post-infection (dpi), confirming the 
effective knockdown of TMEM41B (83%) (Fig.  11B). 
TMEM41B depletion significantly decreased (~ 2-3-fold; 
p < 0.0019) the levels of DENV genomic RNA (Fig.  11B 
and C). Our results of reduced DENV gRNA follow-
ing the knockdown of TMEM41B are consistent with 
research conducted with knocked out and reconstituted 

Fig. 10  Validation of differentially expressed mosquito genes. The bar graphs represent the Nanopore direct RNA sequencing read counts and RT-qPCR 
relative expression results of the differentially expressed genes in Aag2 and Aag2.wAlbB cells. The error bars represent the standard error of the mean 
(SEM) of three biological replicates
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mosquito TMEM41B ortholog in Aag2 (Ae. aegypti) and 
C6/36 (Ae. albopictus) mosquito cells [43]. They found 
that infection rates of DENV and other flaviviruses 
were decreased by 41–67% following the knockout of 
TMEM41B, and found that TMEM41B was required as 
a host factor in various virus-cell combinations such as 
CHIKV, DENV, WNV, YFV, and ZIKV [43].

Gene ontology for DEGs
Gene Ontology (GO) enrichment analysis of down- 
and upregulated DEGs was performed using Blast2GO 
(Fig. 12A and B, Table S11A and B). This analysis identi-
fied 191 combined GO terms amongst the categories of 
biological process, molecular function, and cellular com-
ponent. The top 30 over-represented GO terms of down-
regulated DEG’s include catalytic activity, serine-type 
endopeptidase activity, defense, defense response to bac-
terium and other organisms, innate immune response, 
regulation of immune response, and cellular process, 
and cellular biosynthetic processes. For the upregulated 
group, a total of 6 GO terms were over-represented, 
which included glutathione catabolic process, glutathi-
one hydrolase activity, threonine-type peptidase activity, 
omega peptidase activity, heat shock-mediated polytene 
chromosome puffing, polytene chromosome puffing.

Discussion
Previous studies reported Wolbachia’s ability to alter 
the expression of Ae. aegypti’s arginine methyltransfer-
ase [138], and cytosine methyltransferase in Drosophila 

and mosquito cells [12–14, 139]. In our previous inves-
tigation, we found genes encoding adenosine (m6A) and 
cytosine (m5C) methyltransferases involved in post-
transcriptional modifications were elevated at the early 
hours of dengue virus (DENV) infection in wAlbB strain 
of Wolbachia-transinfected Ae. aegypti mosquito cells 
[65]. However, the expression of adenosine methyltrans-
ferase and its role in the post-transcriptional landscape 
in the presence of Wolbachia has not been explored. This 
present study identified m6A methyltransferase machin-
ery-associated genes to be elevated in Wolbachia wAlbB 
strain-transinfected cells. However, Aag2.wMelPop-tran-
sinfected cells showed no change in gene expression for 
m6A-writers AeMETTL3, AeMETTL14, and m6A-eraser 
AeALKBH8. The m6A-reader AeYTHDF3 was the only 
m6A machinery component with a significant increase 
in expression in Aag2.wMelPop cells. Given the dynamic 
nature of m6A methylation, YTH domain-containing 
family protein 3 (YTHDF3) m6A-readers located within 
the cytoplasm have been shown to bind to m6A-modified 
mRNAs selectively and to facilitate translation and decay 
of modified target transcripts in HeLa cells [110, 111]. 
In fact, YTHDF3 is the first reader to interact with m6A 
modified mRNAs and its binding facilitates the access 
to YTHDF1 and YTHDF2 that promote translation and 
degradation, respectively [110]. In addition, cytoplasmic 
YTHDF1-3 proteins can be relocated to the nuclei of cells 
by stimuli such as heat shock stress and viral infection 
[39, 111, 143].

Fig. 11  Wolbachia infection increased gene expression of TMEM41B and double-stranded RNA-mediated knockdown of TMEM41B decreased the levels 
of DENV genomic RNA. (A) Relative expression of TMEM41B in Aag2, Aag2.wMelPop, and Aag2.wAlbB cells was measured using RT-qPCR. (B) and (C) 
Reduction in DENV genomic RNA in Aag2 cells following dsRNA knockdown. Aag2 cells were double transfected with dsTMEM41B, non-targeting dsGFP, 
and Cellfectin transfection reagent only as controls. Cells were collected at 2 dpi, for RNA extraction and quantification of TMEM41B expression (B), and 
for DENV genomic RNA by RT-qPCR (C). Ae. aegypti RPS17 was used as the normalizing gene. One-way ANOVA with Tukey’s post-hoc multiple comparison 
tests was performed to determine the statistical significance between groups. The error bars represent the standard error of the mean (SEM) of the bio-
logical replicates. Asterisks denote statistical significance, ns, not significant; **p < 0.01; ***p < 0.001; ****p < 0.0001. FC, fold change
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Fig. 12  Gene Ontology (GO) enrichment analysis of down- and upregulated DEGs in Wolbachia-transinfected cells. The data represents the combined 
Gene Ontology term categories of biological process, molecular function, and cellular component for over-represented terms of (A) down and (B) up-
regulated DEGs due to Wolbachia. (A) In total, 179 GO terms were identified for downregulated, with 104 being over- and 75 terms under-represented. 
(B) A total of 12 GO terms were identified for upregulated DEGs with six being over- and six terms under-represented. Point size represents the number 
of enriched genes in each term, and the red-coloured scale indicates the significance by p value
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Other studies have also shown contrasting gene expres-
sion levels. For example, arginine methyltransferase was 
upregulated in Aag2.wMelPop-transinfected Aag2 Ae. 
aegypti cells [138]. However, the same strain of Wolba-
chia significantly suppressed the expression of AaD-
nmt2, the gene encoding cytosine methyltransferase in 
Aag2.wMelPop mosquito cells [139]. The same pattern 
of reduced AeDnmt2 expression was observed in Aedes 
albopictus mosquito cells colonized with either wAlbB 
or wMel strain of Wolbachia [14]. This was the opposite 
and resulted in increased Dm DNMT2 expression in a 
Drosophila melanogaster cell line transinfected with Wol-
bachia strain wMel [12]. Evidently, different strains of 
Wolbachia and host combinations confer certain char-
acteristics. Our results showed that knocking down the 
individual host m6A-writers, -reader, and -eraser genes 
using dsRNA did not affect Wolbachia density three 
days post-transfection. Conversely, knockdown of m6A-
writers and reader AeYTHDF3 in virus-infected Aag2 
cells significantly reduced the levels of DENV gRNA and 
resulted in a decrease of DENV titre [26].

Nanopore direct RNA sequencing (DRS) identified 
a total of 1,392 high-confidence differentially modified 
m6A sites in 1,126 genes. Of these DRACH motif methyl-
ated sites, 776 and 616 showed increased and decreased 
m6A level abundance within 620 and 506 genes due to 
Wolbachia, respectively. Our total number of detected 
differentially methylated m6A sites and genes is lower 
than other studies using Nanopore sequencing and 
xPore in human cell lines, cancer tissues, and Arabidop-
sis [101, 134]. The study in human HEK293T and clini-
cal myeloma cells identified a total of 4,447 differentially 
modified positions [101]. Researchers conducting work 
in Arabidopsis thaliana found a total of 3,459 differen-
tially methylated m6A sites in 2,068 protein-coding genes 
[134]. What both studies have in common is that their 
detection focused on the A-centred k-mers (NNANN) 
reporting modification results for non-DRACH and 
DRACH motifs, using a p < 0.05 but no differential modi-
fication rate cut-off. However, we also adopted the A-cen-
tred k-mer (NNANN) approach in our initial detection 
step followed by selectively filtering our data for m6A 
DRACH consensus motifs, therefore removing all non-
DRACH modifications from the dataset, used p < 0.05, 
and applied a DMR cut-off of 0.25. Exclusively selecting 
for m6A DRACH motifs and applying a more stringent 
DMR cut-off criteria provides a reasonable explanation 
for the difference in total numbers of m6A modified sites 
being reported.

Most of the differentially m6A-modified genes con-
tained fewer than five m6A sites per gene. The gene 
with the largest increase of nine m6A modifications 
due to Wolbachia was a Toll-like receptor (Toll5A) 
(AAEL007619). In contrast, the gene with the largest 

decrease of eight m6A modifications due to Wolbachia 
was an elongation of very long chain fatty acids protein 
baldspot (AAEL013128). Toll-like receptors such as 
Toll5A are part of and link extracellular immune signals 
to the Toll intracellular transduction pathway [63, 112]. 
Toll5A is known for its immune sensory function and as 
a receptor that recognises bacterial flagellin [5, 107]. The 
ATP-citrate synthase gene encodes an enzyme involved 
in the biosynthesis of the essential metabolite acetyl-
coenzyme A (CoA), which is a critical building block for 
fatty acids, cholesterol, and protein acetylation [120]. 
Acetylation is the major process of post-translational 
protein modifications within eukaryotic cells [28, 132]. 
Indy encodes a citrate transporter located within the cell 
plasma membrane. Its function as a longevity gene with 
the ability to regulate metabolic processes was originally 
discovered in D. melanogaster [96, 130]. Ced-6 was iden-
tified as an adaptor protein that mediates intracellular 
signals during phagocytosis, leading to the engulfment 
of apoptotic cells [114]. Vnn2, the gene with the same 
number of differentially modified m6A DRACH sites, is 
known to encode a membrane-associated enzyme active 
in coenzyme A synthesis [50].

The top 20 genes ranked by the greatest differential 
modification rate difference showed that genes with 
positive DMR contained more increased m6A DRACH 
motifs, whereas the genes with negative DMR had more 
decreased m6A DRACH motifs present. We also looked 
at the expression levels of these genes to see if there is 
a clear correlation between a gene’s expression and m6A 
modification status. Of the genes with increased m6A 
DRACH motifs levels, 12 (60%), and eight (40%) were 
up- and downregulated, respectively. For the genes with 
decreased levels of m6A DRACH motifs, an identical 
number of genes showed up- and downregulation, 10 
(50%), and 10 (50%), respectively. Additionally, we per-
formed a conjoint analysis on the global differentially 
modified m6A genes and their respective gene expression 
dataset to see whether there is a clear trend between the 
m6A modification status and gene expression. Indeed, 
there is a strong correlation between gene expression 
being upregulated by 65.97% and 60.28% in genes with 
both increased and decreased levels of m6A modification, 
respectively. The percentages from the conjoint analy-
sis of differentially modified m6A genes and their gene 
expression levels are comparable to values observed by a 
study in human renal carcinoma cells [70]. The authors 
performed a Chi-squared test on 5,224 genes to inves-
tigate the association between aberrant m6A modifica-
tion and differential gene expression. They reported that 
genes with increased m6A levels showed 59.5% unregu-
lated and 40.5% downregulated gene expression [70]. 
For genes with decreased m6A levels, 56.8% exhibited 
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unregulated and 43.2% for downregulated gene expres-
sion, respectively [70].

To further investigate the functionality of the m6A 
modifications on genes, we performed Gene Ontology 
enrichment analysis on the 620 genes with increased 
and the 506 genes with decreased m6A DRACH motifs 
levels. Interestingly, genes with reduced differentially 
modified m6A DRACH motifs due to Wolbachia revealed 
several GO terms associated with purine (adenine and 
guanine) nucleotide binding, purine ribonucleoside, tri-
phosphate binding, purine ribonucleotide binding, ribo-
nucleotide binding, adenyl nucleotide binding, adenyl 
ribonucleotide binding, anion and ATP binding being 
over-represented.

Taken together, the results indicate that lower levels of 
m6A DRACH motifs favour gene stability and increase 
functions critical in the post-transcriptional modification 
process of m6A. This and the fact that m6A modifications 
can regulate gene expression is backed by research sug-
gesting that the addition or removal of m6A methylations 
on mRNA can enhance or destabilise transcript stability, 
consequently altering gene expression levels and pro-
moting or impeding translation efficiency [44, 110, 111, 
124, 140]. In terms of genomic coordinates context, m6A 
DRACH sites were highly enriched in coding sequences 
(CDS) and 3′-UTR regions and, to a lesser extent, in the 
5′-UTR regions in Wolbachia-transinfected Aag2.wAlbB 
cells. A recent study discovered a previously unknown 
pathway and revealed that the location of the m6A modi-
fication in the coding sequence triggers mRNA degrada-
tion via CDS-m6A decay (CMD) [144]. This supports our 
findings of m6A DRACH sites being highly enriched in 
coding sequences and highlights the importance of the 
m6A location and influence on transcript stability. The 
abundance of m6A sites predominately within the CDS 
and 3’UTR is a scenario commonly observed in human 
and mouse cells [45, 73, 89, 111]. Meyer et al. [89] found 
that the majority of m6A peaks were present in CDS 
(50.9%), 3’UTR (37.7%), and 5’UTR (4.2%). In addition, 
they reported that two-thirds of 3′ UTRs with m6A peaks 
also contained at least one predicted microRNA-binding 
site [89]. The 3′ UTR of mRNAs is a crucial region that 
contains regulatory elements involved in mRNA process-
ing, mRNA stability, subcellular localization, translation 
regulation/initiation, and microRNA-binding sites [58, 
89, 108, 119, 124]. However, most of these studies used 
antibody-based methods such as methylated RNA immu-
noprecipitation sequencing (MeRIP-Seq) to detect modi-
fied sites. We used Nanopore direct RNA sequencing 
that reads continuous native mRNA and a computational 
method called xPore, which removes the requirement of 
an experimentally generated unmodified control sam-
ple (knockout control) to identify differentially modi-
fied positions. xPore models a mixture of two Gaussian 

distributions corresponding to unmodified and modified 
RNA [101]. In addition, it uses prior information relat-
ing to the theoretical signal distribution to guide the 
Gaussian parameters with means and variances of these 
two distributions to be shared across samples [101]. Fur-
thermore, the authors evaluated their algorithm against 
six cell lines and multiple patient samples, reporting 
high accuracy of predicted modified sites. A recent and 
comprehensive study evaluated 10 computational tools, 
including xPore, for the identification of RNA modifica-
tions from Nanopore direct RNA-Seq data [115]. Sindbis 
virus (SINV) RNA isolated from mammalian or mosquito 
cells with in vitro-transcribed RNAs serving as modifica-
tion-free control was used to test these tools. xPore was 
one of the two current signal-based methods to detect 
most m6A-modified sites accurately.

We also performed DEG analysis utilising the existing 
Nanopore DRS data to uncover the effect of Wolbachia 
on the mosquito host at the transcriptome level as it 
has not previously been done with long-read Nanopore 
sequencing data. We used DESeq2, an R package-based 
method, and the recently released CLC RNA-Seq analysis 
package with a long-read support beta tool. Amongst the 
commonly downregulated DEGs were cellular, catalytic 
activity, and predominately classical and non-classical 
immune-related genes. Notably, genes coding for cactus 
(AAEL000709), Toll-like receptor Toll5A (AAEL007619), 
spaetzle-like cytokine 1  A (AAEL013433), spaetzle-
like cytokine 1  C (AAEL013434), Gram-negative Bind-
ing Protein (GNBPB1) (AAEL003889), clip-domain 
serine proteases (CLIP-SPs), serine protease inhibitor 
(serpins), antimicrobial peptides (AMPs) such as cecro-
pin (AAEL029047), defensin A (AAEL003841), defensin 
C (AAEL003832), and cytochrome P450 (CYP450), and 
leucine-rich proteins.

Cactus, spaetzle-like cytokines, GNBPB1, and Toll-
like receptor are core components of the Toll signalling 
pathway [63]. Cactus is a negative regulator of the Toll 
pathway, whereas spaetzle-like cytokine molecules acti-
vate Toll-like receptors [99]. A recent study in Ae. aegypti 
mosquito showed that spaetzle1C and Toll5A intercalate, 
and their binding promotes immune signalling [107]. 
Our data revealed in the presence of Wolbachia cactus, 
spaetzle1A,1 C, Toll5A, sixteen CLIP-SPs, and six serpins 
were all downregulated. Given that the critical negative 
regulator cactus is downregulated, this could suggest that 
the Toll pathway is, in turn, induced. A study conducted 
in wAlbB-transinfected Aag2 cells supports this as it 
showed when both cactus and caspar, the respective neg-
ative regulators of the Toll and immune deficiency (IMD) 
pathways, were induced by dsRNA silencing, Wolbachia 
density increased significantly [97]. Likewise, cecropin 
and defensin, as known AMPs and part of the mosquito 
innate immune response, were also downregulated [121, 
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127]. AMPs can directly target and lyse bacterial mem-
branes, defending against a broad spectrum of invad-
ing microorganisms [93, 121, 127]. Overexpression of 
cecropin and defensin in Ae. aegypti mosquitoes strongly 
inhibited the parasite Plasmodium and pathogenic bacte-
ria [61].

Non-classical immune genes associated with patho-
gen recognition, such as leucine-rich proteins (LRPs) 
and CYP450 were also among the downregulated genes. 
Our previous work, in which we investigated the tran-
scriptional response of Wolbachia-transinfected Ae. 
aegypti mosquito cells to DENV infection showed 
immune-related genes such as CYP450, CLIP-SPs, 
and LRPs were predominantly upregulated [65]. CLIP-
SPs are a diverse group of genes encoding proteolytic 
enzymes, and LRPs are associated with pathogen rec-
ognition; both play a critical role in the insects’ innate 
immunity response such as the Toll and IMD pathways 
and melanization [29, 57, 94, 122, 128]. Studies in a vari-
ety of organisms, including Ae. aegypti, have observed 
enhanced expression of immune-related genes such as 
AMPs, CLIP-SPs, and LRPs in response to arbovirus 
infection [6, 82, 93, 141, 39, 104]. Among the commonly 
upregulated DEGs were genes encoding immune-related, 
cellular, transmembrane, transport, stress response 
functions, and an important virus host factor. Notably, 
GNBPB4 (AAEL009178), thioredoxin peroxidase (Trx) 
(AAEL002309), poor Imd response upon knock-in (Pirk) 
(AAEL021557), transmembrane protein 41B (TMEM41B) 
(AAEL022930/AAEL009713), and a small number of 
classical and non-classical immune genes such as CLIP-
SPs, LRPs, CYP450, and heat shock protein 70 (Hsp70) 
were among the upregulated genes. GNBPs are Toll path-
way effector defensins, and the upregulation of immune 
pathway-related genes, including GNBPs, by Wolbachia 
is consistent with other studies performed in mosquito 
and cell line [98, 103]. Trx are antioxidant enzymes that 
protect cells against reactive oxygen species (ROS) [116]. 
This is consistent with reports from wAlbB-transinfected 
mosquitoes, which found a number of antioxidant genes 
amongst the upregulated genes [98]. Pirk encodes a 
cytoplasmic protein that co-immunoprecipitates with 
the IMD signalling pathway and receptor peptidoglycan 
recognition protein LE (PGRP-LE) [59]. The IMD is pri-
marily responsible for mounting an immune response 
against bacterial infection. However, overexpression of 
pirk reduced the IMD pathway response to Gram-nega-
tive bacteria in Drosophila and mosquitoes [59, 66, 123]. 
Nevertheless, these studies focused on the increased or 
decreased bacterial infection using Gram-negative bac-
teria such as Enterobacter cloacae and Escherichia coli. 
Notably, Wolbachia alters the IMD pathway directly to 
achieve immune tolerance and maintain its survival. A 
study in wAlbB-transinfected mosquitoes and Aag2 cell 

line confirmed the induction of PGRP-LE by wAlbB and 
supports the importance of PGRP-LE to Wolbachia’s sur-
vival within the host cell as RNAi silencing resulted in 
significantly decreased density [97].

TMEM41B is a pan-flavivirus host factor located in the 
endoplasmic reticulum (ER) membrane and was identi-
fied through a genome-wide loss of function CRISPR-
Cas9 screening as a critical host factor required for 
flavivirus infection in mammalian and mosquito cells 
[43]. Effectively, TMEM41B is recruited to flavivirus 
RNA replication sites, mobilising lipids and inducing 
membrane curvature, which creates structures protecting 
viral RNA during replication [43, 92]. In addition to flavi-
viruses such as DENV, Zika virus, Yellow fever virus, and 
West Nile virus, this and follow-up studies in mamma-
lian and mosquito cells found that SARS-CoV-2 of Coro-
naviridae also requires TMEM41B for infection [43, 118, 
136]. Interestingly, Wolbachia is also located and repli-
cates around the ER membrane of Drosophila and mos-
quito cells [30, 78, 129]. A study comparing antiviral or 
non-antiviral Wolbachia strains found that lipid droplets 
(LDs) increased in volume in wMel- and wAlbB-infected 
cell lines and mosquito tissues compared to cells infected 
with wPip or Wolbachia-free controls [78]. Remarkably, 
wMel and wAlbB virus blocking strains were shown to 
be entirely wrapped by the host ER membrane, whereas 
wPip was clustered separately within the host cell cyto-
plasm [78]. TMEM41B induction by Wolbachia and sub-
sequent provision of lipids, lipid droplet formation and 
structural rearrangements of host ER membranes could 
be an undiscovered link between Wolbachia and its anti-
viral capabilities. We observed an increase of three m6A 
modifications and significant upregulation of TMEM41B 
by Wolbachia.

In summary, we found that Wolbachia elevates the 
expression of the host’s methyltransferase machinery 
and alters the m6A methylation landscape in Ae. aegypti 
Aag2 mosquito cells transinfected with the wAlbB strain 
of Wolbachia. Interestingly, genes with reduced levels of 
differentially modified m6A DRACH motifs due to Wol-
bachia are related to several functional GO terms asso-
ciated with purine (adenine and guanine) nucleotide 
binding. The binding to adenine forms the basis for the 
m6A modification to take place, and our results indicate 
that lower levels of m6A DRACH motifs favour gene sta-
bility and increase the purine nucleotide binding func-
tions critical in the post-transcriptional modification 
process of m6A. Overall, we show that Wolbachia alters 
many intracellular aspects of its mosquito host by influ-
encing post-transcriptional m6A modifications down to 
gene expression, forging a symbiotic relationship while 
manifesting itself by encapsulating within the host’s ER 
membrane.
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Code Availability
All the algorithms and related codes used are freely avail-
able on github under open-source license agreements. 
Minimap2 (v.2.24): ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​l​h​3​/​​m​i​​n​i​m​a​p​2. 
SAMtools (v.1.9): ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​s​a​m​t​​o​o​​l​s​/​​s​a​m​​t​o​o​l​​s​
/​​r​e​l​e​a​s​e​s​/. Nanopolish (v.0.14.0): ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​j​t​s​/​​
n​a​​n​o​p​o​l​i​s​h. xPore (v.2.1): ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​G​o​e​k​​e​L​​a​b​/​
x​p​o​r​e. Bambu (v.3.2.4): ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​G​o​e​k​​e​L​​a​b​/​b​a​
m​b​u. DESeq2 (v. 1.40.1): ​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​c​​o​n​d​​u​c​t​o​​r​.​​o​r​g​​/​
p​a​​c​k​a​g​​e​s​​/​r​e​​l​e​a​​s​e​/​b​​i​o​​c​/​v​​i​g​n​​e​t​t​e​​s​/​​D​E​S​​e​q​2​​/​i​n​s​​t​/​​d​o​c​/​D​E​S​e​
q​2​.​h​t​m​l.
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