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Simple Summary: RNA methylation, a process involving chemical modifications like
N6-methyladenosine, plays a crucial role in regulating gene activity after DNA is tran-
scribed into RNA. While earlier studies focused on its roles in mammals, especially in
diseases like cancer, recent research highlights its importance in insects. This review
explores how RNA methylation influences key aspects of insect life, including growth, de-
velopment, reproduction, adaptation, and immune response to environmental challenges.
This knowledge provides a foundation for future studies in this emerging field, offering
potential for new strategies in pest management and insect control.

Abstract: RNA methylation, characterized by modifications such as N6-methyladenosine,
5-methylcytosine, and N1-methyladenosine plays a crucial role in post-transcriptional gene
regulation across diverse biological systems. While research on RNA methylation has
predominantly focused on mammals, particularly its roles in epigenetic regulation and
cancer biology, recent studies in insects have begun to explore their extensive functions
in insect physiology. This review examines the mechanisms by which RNA methylation
regulates growth, development, reproduction, environmental adaptation, and immune
response in insects, providing insights into the biological characteristics of these organisms
without prematurely speculating on pest control strategies. It aims to offer valuable insights
into the role of RNA methylation in insect biology and resistance.

Keywords: epigenetic modifications; N6-methyladenosine (m6A); 5-methylcytosine (m5C);
N1-methyladenosine (m1A); insects; pest control strategies

1. Introduction
RNA modifications and their counterparts play a critical role in regulating gene

expression by impacting various aspects of RNA metabolisms, including stability, ex-
port, translation, and decay [1,2]. This intricate regulatory framework has been tradi-
tionally emphasized in mammalian research. However, research on RNA methylation
in insects has recently garnered significant attention. RNA methylation plays a pivotal
role in the temporal regulation of gene expression, essential for processes such as dia-
pause, metamorphosis, and seasonal adaptation in insects [3,4]. The dynamic interplay
within the N6-methyladenosine (m6A) network, along with other modifications such as
5-methylcytosine (m5C), N1-methyladenosine (m1A), N6, 2′-O-dimethyladenosine (m6Am),
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and 5-hydroxymethylcytosine (hm5C), implies a complex epitranscriptomic landscape that
intricately regulates insect physiology and behavior (Figure 1) [5–10]. Considering the sub-
stantial influence of pests in agricultural productivity and food security, the investigation
of mRNA methylation in pest control strategies is highly crucial [1,11].
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comprises METTL3, METTL14, and WTAP (writers), ALKBH5 (eraser), and YTH domain-contain-
ing proteins (readers). Many regulatory components remain unidentified, highlighting the need for 
further research into insect-specific epitranscriptomic mechanisms. 
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central role, orchestrated by the coordinated actions of the “writer” complex (comprising 
METTL3, METTL14, and WTAP), “eraser” proteins (notably ALKBH5), and “reader” pro-
teins (such as those from the YTHDF and YTHDC families). This dynamic modulation 
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Figure 1. The classification of RNA methylation in insects. Note: The major types of RNA methylation
modifications found in insect mRNA are m5C, m1A, and m6A, along with their chemical structures.
Methylation events are depicted in distinct transcript regions, including the 5′ untranslated region
(UTR), coding sequence, and 3′ UTR. Enzymes involved in the deposition are described as “writers”,
“erasers”, and “readers”. Known regulators include DNMT2 and NSUN family members for m5C.
For m1A, TRMT6/61A is responsible for recognition as the “writers”. The m6A complex comprises
METTL3, METTL14, and WTAP (writers), ALKBH5 (eraser), and YTH domain-containing proteins
(readers). Many regulatory components remain unidentified, highlighting the need for further
research into insect-specific epitranscriptomic mechanisms.

The developmental progression of insect cells from the embryonic stage to adulthood is
intricately regulated by gene expression. In particular, the m6A modification plays a central
role, orchestrated by the coordinated actions of the “writer” complex (comprising METTL3,
METTL14, and WTAP), “eraser” proteins (notably ALKBH5), and “reader” proteins (such
as those from the YTHDF and YTHDC families). This dynamic modulation system exerts
a profound influence on the mRNA life cycle, thereby affecting critical cellular processes
including proliferation, growth, and cognitive functions [12,13]. This regulatory mecha-
nism extends to insect development, underscoring the necessity for precise gene expression
control that is essential to their growth and survival. In the cellular environment, RNA
methylation modifications are dynamic, contributing to the precise control of gene expres-
sion required for cell fate determination, differentiation, and function [2]. Developmental
timing and transitions between life stages are influenced by the presence and recognition of
these methylation signals. RNA methylation can activate or repress the translation of key
mRNAs. For instance, during periods of rapid cellular division and differentiation, such as
larval development or tissue regeneration, RNA methylation patterns undergo significant
changes [14]. The cellular stress response is also modulated by RNA methylation. By
controlling the stability and translation of stress response mRNAs, methylation marks
ensure that insects can rapidly adapt to environmental challenges, including temperature
fluctuations, nutrient availability, and immune challenges. Particularly, immune priming in
insects refers to the phenomenon where prior exposure to a pathogen enhances the host’s
immune response upon subsequent encounters [15]. Epigenetic modifications like m5C
modifications in rRNA and tRNA have been implicated in regulating protein synthesis
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during immune responses [10]. Alterations in these modifications can affect the efficiency
of immune protein production [5].

As a crucial epitranscriptomic modification, RNA methylation has a complex impact
on developmental, neurobiological, and evolutionary dimensions of insect biology. Fur-
ther investigation into RNA modifications in pests such as Locusta migratoria, Spodoptera
frugiperda, and Leptinotarsa decemlineata is crucial, as these insects pose significant agricul-
tural threats due to their extensive crop damage and their increased reliance on chemical
pesticides [16–18]. By revealing the precise role of RNA methylation in the regulation of
pests, it also paves the way for innovative, eco-friendly control methods that mitigate the
economic impacts posed by pests like Helicoverpa armigera (H. armigera) and Aedes aegypti
(A. aegypti) [19,20]. Collectively, these modifications contribute to the nuanced regulatory
processes essential for insect adaptation to environmental challenges and stress responses.
This review substantiates the integral role of RNA methylation in the regulation of insect
growth, immune responses, and reproductive mechanisms.

2. m6A Methylation in Insects
m6A plays an important role in regulating the life cycle and function of mRNAs in

insects, mediating effects on splicing, nuclear export, stability, degradation, and translation.
In mammals, the ensemble of RNA methyltransferases, including METTL3, METTL14,
WTAP, and METTL16, is crucial for RNA metabolism, dictating cellular fate in cancer
through vital regulatory processes that determine life or death [21]. This diversity reflects
the complexity of mammalian RNA regulation, where methylation affects splicing, stability,
translation, and more. In contrast, research in insects has identified a more limited set of
methyltransferases, specifically METTL3, METTL14, NSUN2, and WTAP, that catalyze the
m6A modification [3,22]. This suggests a streamlined yet essential mechanism for regulating
the mRNA life cycle and function in insects. For instance, m6A modification by METTL3
has been shown to attenuate stress responses in the brain, suggesting a neuroprotective
function [23]. The functional interpretation of these modifications is mediated by m6A
“reader” proteins, such as those from the YTH domain family, which recognize and bind to
m6A-modified RNAs, influencing their fate and function. The dynamic regulation of m6A
marks is further nuanced by “eraser” proteins like ALKBH5, which remove methyl groups,
allowing for the reversible modulation of RNA messages in response to developmental cues
and environmental conditions. A recent study revealed through bioinformatics analysis
that ALKBH8, as a key enzyme in insects, is capable of removing methyl marks from RNA,
indicating its role as a demethylase [24]. Contrary to its classification as a demethylase
in other contexts, in mammals, ALKBH8 catalyzes the methylation of uridine residues
at the wobble position (U34) in tRNA molecules [24,25]. This modification is crucial for
the proper decoding of mRNA codons during translation. Such a mechanism suggests
ALKBH8’s significant influence on insect development, stress response, and adaptation
through post-transcriptional regulation. Moreover, ALKBH8, as a potential m6A eraser,
can reduce the m6A levels of A. aegypti and Drosophila melanogaster (D. melanogaster) RNAs,
while in mammalian cells, ALKBH8 is known as a tRNA methyltransferase involved in
wobble uridine modification and DNA damage survival. Collectively, these activities
directly impact RNA’s stability, splicing, and translation by altering m6A modification.
m6A methylation also plays a pivotal role in regulating immune responses in insects. In
Laodelphax striatellus (L. striatellus), m6A levels in midgut cells decrease significantly after
infection with the Rice Black-Streaked Dwarf Virus (RBSDV) [26]. Silencing of LsMETTL3
and LsMETTL14 lowers m6A levels and increases viral accumulation, suggesting that m6A
helps suppress virus replication. In another case, m6A targets LsIMPDH, a key enzyme
in GTP synthesis. During RSV infection, m6A levels on LsIMPDH mRNA increase, while
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LsIMPDH expression and GTP levels decrease, limiting viral replication [27]. These findings
reveal that m6A methylation not only responds to virus invasion but also helps insects
restrict virus spread, offering a potential target for vector-borne virus control.

Recent findings illuminate the pivotal role of m6A RNA modification in modulating
juvenile hormone (JH) levels, thereby enhancing the fitness of Plutella xylostella (P. xylostella)
in resisting Bacillus thuringiensis (Bt) pathogens through an increased JH titer [28]. Specifi-
cally, the m6A methyltransferase subunit genes PxMETTL3 and PxMETTL14 are identified
to repress the expression of JH esterase (JHE), a crucial JH-degrading enzyme, leading to
heightened JH levels that mitigate fitness costs associated with robust defense mechanisms
against the Bt pathogen [29]. This mechanism, characterized by the downregulation of
PxJHE through m6A modification mediated by PxMETTL3 and PxMETTL14, results in
increased m6A levels in PxJHE mRNA, subsequently reducing PxJHE gene expression and
elevating JH titer, thus facilitating an optimal balance between growth and Bt pathogen
resistance. This insight suggests the critical role of m6A in the hormonal regulation of
growth–defense trade-offs during host–pathogen interactions, offering potential strategies
for managing insect Bt resistance and developing novel pest control approaches. Similarly,
a novel study has found that, in Laodelphax striatellus (L. striatellus) infected with rice stripe
virus (RSV), m6A modifications on the mRNA of inosine monophosphate dehydrogenase
(LsIMPDH), which is essential for GTP synthesis, are elevated, leading to its downregu-
lation and a consequent reduction in GTP levels, which restrict viral replication [27]. The
indispensable role of m6A in insect biology is underscored by its broad regulatory impact
on development, stress response, and viral infection. The evidence increasingly reveals
how m6A modifications crucially modulate gene expression, cellular metabolism, and
host–pathogen interactions. Interestingly, an investigation reveals that m6A modulates the
cytochrome P450 gene in Bemisia tabaci (B. tabaci) and H. armigera, influencing insecticide
resistance [30–32]. Previous research has highlighted the significance of specific P450 genes,
notably CYP6CM1 and CYP4C64, in conferring resistance to neonicotinoid insecticides
through overexpression [33–35]. The regulatory mechanism of m6A RNA methylation on
these genes remains to be further investigated. Additionally, studies have shown that the
knockdown of the methyltransferases METTL3 and METTL14 reduces CYP4C64 expression
in resistant B. tabaci strains, thereby increasing their susceptibility to thiamethoxam [31].
Additionally, the overexpression of the methyltransferase complex components WTAP and
KIAA1429 in these resistant strains suggests their role in enhancing m6A methylation and
possibly contributes to the regulation of resistance-associated gene expression. It is also
revealed that m6A plays a crucial role in regulating dopamine synthesis and labor division.
The mRNAs encoding dopamine receptor 1 (Dop1) and dopamine transporter (DAT) un-
dergo m6A modification, enhancing their expression and leading to increased dopamine
levels. The study further demonstrates that the silencing of the METTLl3 enzyme results
in a decrease in the abundance and stability of Dop1 and DAT mRNAs, highlighting the
significance of RNA methylation in modulating dopamine synthesis and labor allocation in
social insects [36].

In addition to being reported in pests such as L. striatellus, S. frugiperda, and B. tabaci,
m6A modification also regulates the growth and development processes of model insects
like B. mori and D. melanogaster. In B. mori research, knocking down BmMETTL3 affects
various cellular processes including oxidoreductase and transcription regulator activities,
as well as cation binding. Subcellular localization experiments in BmN cells reveal the
cytoplasmic presence of BmYTHDF3, while BmMETTL3, BmMETTL14, and BmYTHDC
are localized in the nucleus [4,13]. This alteration significantly impacts Wnt and Toll/Imd
pathways in embryos, emphasizing the essential role of BmMETTL3 in developmental
and physiological regulation and suggesting avenues for genetic interventions in insect
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biology and biotechnology research. Further investigation reveals that ie-1 mRNA, among
viral genes linked to replication, shows significantly higher m6A modification levels. In
cells overexpressing BmYTHDF3, viral replication decreases in a dose-dependent manner.
Conversely, after transfection with si-BmYTHDF3, viral replication significantly increases.
These findings, demonstrating m6A’s role in BmNPV transcripts, provide essential in-
sights into viral mechanics in B. mori, expanding the host–virus dynamics and suggesting
new approaches for managing viral diseases in sericulture and bioengineering [37]. In
D. melanogaster, studies have shown that BuGZ, a mitotic effector, exhibits age-related and
injury-related condensation in intestinal stem cell nuclei during interphase, with the m6A
reader YT521-B acting as a key downstream effector [38]. This relationship indicates a
complex interaction between BuGZ condensation and m6A pathways. Additionally and
crucially, the interaction between the YT521-B promoter or m6A writer IME4/METTL14
and BuGZ regulates BuGZ’s coacervation, implying that these elements can significantly
alter the phase transition of transcription factors [39]. These findings illuminate how epige-
netic factors and nuclear architecture collaboratively influence stem cell behavior and tissue
repair, providing fresh insights into the processes of aging and regeneration. Another recent
study showed that METTL3 knockdown increased m6A target expression and enhanced its
stress resistance in D. melanogaster, suggesting that YTHDC1 levels decreased after METTL3
knockdown [23]. This resilience, also observed with YTHDC1 knockdown, implies that
m6A modifications dampen the brain’s stress response. These insights open avenues for
therapeutic exploration targeting m6A pathways in stress-related conditions. On the other
hand, 5′UTR METTL3-dependent m6A is enriched in transcripts of neuronal processes and
signaling pathways that increase upon stress. METTL3 knockdown results in increased
levels of m6A targets and confers resilience to stress in D. melanogaster; this result suggests
that m6A modification dampens the brain’s biological response to stress [23]. Furthermore,
the sex determination pathway in D. melanogaster involves m6A regulation, as evidenced
by research on METTL14 and its involvement in the RNA methylation complex. In Bra-
chionus plicatilis, knockdown of METTL3 results in decreased fecundity and premature
senescence of rotifers, and RT-qPCR analysis indicates a role for m6A in the nonhomologous
end-joining pathway of DNA double-strand break repair [24,40]. This complex navigates
the transcriptome by attaching m6A marks to adenosines within specific RNA consensus
sequences (Table 1) [41].

Table 1. Mechanistic pathways of m6A methylation modulators.

Factor/Enzyme Species Pathways Function Up/Down

PxMETTL3, PxMETTL14,
and YTHDF2 [30,42] P. xylostella

CCR4/NOT complex and
HRSP12-RNase P/MRP
complex

Regulation of PxJHE
expression Down

LsIMPDH [27] L. striatellus RSV replication GTP synthesis Up
SfrMETTL3 and
SfrMETTL14 [43] S. frugiperda / Embryonic development /

CYP4C64, WTAP, and
KIAA1429 [31] B. tabaci / Insecticide resistance Up

DmMETTL3 [44] D. melanogaster Wnt Embryonic development Down
BmMETTL3 and
BmMETTL14 [13,45] B. mori Wnt and Toll/Imd Embryonic development Up

BmYTHDC [13] B. mori / Embryonic development /

BmMETTL3 [46] B. mori HSC70
Attenuates
nucleopolyhedrovirus
infection

Up
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Table 1. Cont.

Factor/Enzyme Species Pathways Function Up/Down

Juvenile hormone
analog and
BmMETTL3 [4]

B. mori Biosynthetic pathway
of JH III [47] Embryonic development Up

N2b2 [48] D. melanogaster / Male-specific lethal
regulation Down

Hakai (E3 ubiquitin
ligase) [49,50] D. melanogaster RACK1

Slit-Robo [51]
Defects in morphological
traits Up

ALKBH8 D. melanogaster
/Aedes aegypti / mRNA regulation Down

dTrmt10A [52] D. melanogaster Neuronal signaling
Heat stress pathway Stress response Up

Zinc finger CCCH
domain-containing
protein 13/Flacc
[Fl(2)d-associated
complex component]
[53]

D. melanogaster
Wnt/β-catenin
signaling
p53 pathway [54]

mRNA regulation Up

This integration of m6A into critical biological pathways underscores the complexity
of epigenetic regulation, which highlights the potential for further research in unraveling
the multiple roles of RNA modifications in developmental and evolutionary contexts.
Understanding m6A’s influence on xenobiotic metabolism genes might open pathways for
novel insecticide resistance management strategies.

3. m5C Methylation in Insects
In insects, m5C methylation by RNA methyltransferases, particularly NOL1/NOP2/Sun

domain (NSUN) family proteins and DNA methyltransferase 2 (DNMT2), is pivotal for
RNA stability, translation, and splicing, affecting gene expression and cellular differenti-
ation [55]. In addition, m5C plays a critical role in immune memory within generations
through immune priming in Tenebrio molitor (T. molitor) rather than DNA methylation. The
reduced RNA methylation in primed insects suggests that RNA methylation may regulate
the activation of immune response genes or proteins involved in immune defense [15]. In
D. melanogaster, embryos deficient in maternal mRNA m5C exhibited delays in the cell cycle
and were unable to properly initiate the maternal-to-zygotic transition, highlighting the
crucial role of maternal mRNA m5C modifications mediated by NSUN2 and NSUN6 [5].

DNMT2, traditionally seen as a DNA methyltransferase, plays a crucial role in the
epitranscriptomic regulation of insects by methylating tRNAs. DNMT2 enhances stability
and function in protein synthesis. While NSUN proteins methylate various RNA species,
DNMT2 primarily targets RNA, revealing the intricacy of epigenetic control in insect devel-
opment, physiology, and adaptation. This highlights the importance of dissecting NSUN
and DNMT2 functions in m5C methylation for understanding the complex regulation of
gene expression and the conservation of epigenetic mechanisms [56]. Specifically, enzymes
like NSUN2 methylate certain cytosines in RNA molecules, including tRNA and long
non-coding RNAs (lncRNAs), to significantly enhance their stability and functionality,
thereby influencing protein synthesis and gene regulation [5]. This methylation alters RNA
interactions, folding, and recognition by proteins, underscoring RNA modifications in cellu-
lar regulation and homeostasis. More importantly, the dual role of DNMT2, affecting both
DNA and RNA, reveals the intricate and crucial nature of methylation processes within
biological systems [57]. In the whitefly B. tabaci, a study revealed that DNMT1 knockdown
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reduces m5C levels in the ovary, upregulating the ftz-f1 gene during choriogenesis [58]. This
leads to hypomethylation at the ftz-f1 promoter, prolonging its expression, which in turn
causes elevated 20-hydroxyecdysone levels and overactivates the Mmp1 gene, therefore
protecting tRNAs from degradation. This precise regulation underscores the conservation
of methylation mechanisms and their significance in cellular defense and RNA integrity.

The interaction of m5C-modified RNAs with reader proteins is pivotal in affecting
RNA stability, localization, translation, and splicing. A comprehensive bioinformatics study
identified that RNA m5C sites across Homo sapiens, Arabidopsis thaliana, Mus musculus, D.
melanogaster, and Danio rerio offer novel perspectives in pest control [59]. The predicted
universality of RNA N5-methylcytosine sites across these species confirms the pervasive
role of m5C modifications not only in insects but also in a broader range of eukaryotes. This
analysis points to the indispensable role of m5C in biological systems, emphasizing the
evolutionary continuity of epigenetic regulation. For instance, studies revealed that Ypsilon
schachtel (YPS), a homolog of human Y box binding protein 1 (YBX1), promotes germ line
stem cell (GSC) maintenance, proliferation, and differentiation in the D. melanogaster ovary
by preferentially binding to m5C-containing RNAs [60,61]. Another study suggests that
YPS is genetically demonstrated to function intrinsically for GSC maintenance, proliferation,
and progeny differentiation in the D. melanogaster ovary, and human YBX1 can function-
ally replace YPS to support normal GSC development [61]. Therefore, overexpression of
YPS and YBX1 proteins disrupts GSC development, which means m5C RNA modification
plays an important role in adult stem cell development. A study on honeybees treated
with fipronil, known for its high toxicity to honeybees and aquatic organisms, provided
additional evidence for the regulatory role of RNA methylation in response to external
stressors [62]. This study found that m5C methyltransferases (including AmNOP2, AmN-
SUN5, AmTET1, and AmYBX1) are likely to regulate fipronil detoxification in honeybees.
Further studies should explore the applicability of RNA methylation in assessing pesticide
risks to honeybees at both individual and colony levels.

4. Other Types of RNA Methylation in Insects
Methylation at the N1 position of adenosine introduces a positive charge on the

nitrogen atom, significantly altering the properties of the modified nucleotide and affecting
RNA structure and function [8]. The m1A modification is catalyzed by a specific class
of methyltransferases, which recognize target adenosines within RNA and facilitate the
transfer of a methyl group from S-adenosylmethionine to the N1 position [63,64]. However,
emerging evidence suggests that m1A modifications also occur in mRNA and may have
significant implications for mRNA stability, translation efficiency, and the cellular stress
response [65]. In tRNAs, m1A modification is critical for maintaining the correct tRNA
conformation, enabling accurate and efficient amino acid incorporation during protein
synthesis [66]. Other studies have shown that tRNA in insect viruses also contains m1A
modifications, indicating that tRNA fragments are selectively packaged. This is related
to virus infection and host adaptation, providing new insights for further research on
the role of m1A in insect physiological regulation and pest management [67]. Given its
impact on RNA structure and translation, m1A could influence the temporal and spatial
expression of key developmental genes. Moreover, the involvement of m1A in the cellular
stress response suggests a potential role in developmental plasticity, allowing insects to
modify developmental trajectories in response to environmental cues [68]. This adaptive
capacity is especially relevant for insects facing habitat changes, fluctuating food resources,
or climate variability, highlighting the ecological and evolutionary significance of RNA
methylation.
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Eukaryotic mRNAs undergo modification at the 5′ end, where a methylated guanosine
(m7G) is linked to the nucleotide at the transcription start site (TSS). This TSS nucleotide
is 2′-O-methylated (Nm) by CMTR1 across various organisms, from insects to humans.
In mammals, the adenosine at the TSS can undergo further N6-methylation by the RNA
polymerase II phosphorylated CTD-interacting factor 1, resulting in the formation of
m6Am [69]. The m6Am modification represents another layer of complexity in RNA methy-
lation. m6Am is found at the first nucleotide following the 7-methylguanosine cap of
mRNA, where it can influence mRNA stability and translation efficiency [70]. The synthesis
of m6Am is thought to be carried out by a subset of the m6A methylation machinery,
possibly involving METTL3 in conjunction with others yet to be fully identified. Therefore,
the specific biological roles and regulatory mechanisms of m6Am in insects are not well
characterized. However, the presence of m6Am suggests a conserved evolutionary mecha-
nism for fine-tuning gene expression post-transcriptionally, particularly in the regulation
of cap-proximal RNA features [71]. The comparative study of m6A and m6Am methylation
between insects and mammals promises to deepen our knowledge of evolutionary biology,
with significant implications for pest management, agriculture, and biotechnology.

The presence of hm5C as part of a demethylation pathway points to a sophisticated
level of epitranscriptomic control, where modifications are not only added but can also
be actively removed or converted into different marks, offering a mechanism for rapid
adaptation and modulation of gene expression [72]. The conversion of m5C to hm5C further
adds to the regulatory complexity, mediated by enzymes like the ten-eleven translocation
family, enhancing RNA function refinement and interaction dynamics [73]. This conversion
underscores the sophisticated regulation of RNA processes, warranting further exploration.
The presence of hm5C indicates a conserved RNA modification pathway, emphasizing the
importance of RNA modifications in gene expression and adaptation. Further research into
hm5C formation and its effects will advance our understanding of the epitranscriptome
in insect biology [74,75]. This reversibility suggests a dynamic regulatory process that
could fine-tune RNA function in response to cellular cues, environmental changes, or
developmental stages. Understanding these processes at the molecular level may reveal
novel strategies for pest control and contribute to the development of biotechnological
applications based on RNA modification (Table 2).

Table 2. Primal function of epigenetic modification in different insects.

Types of Modification Different Insects Function

m6A B. dorsalis Regulates male reproductive system development [76]
m6A S. invicta Regulates dopamine synthesis [36]
m6A B. mori Regulates Hsc70 expression to suppress BmNPV infection [46]
m6A L. striatellus Regulates GTP levels to inhibit viral replication [27]

m6A H. armigera Regulates expression of P450 genes, potentially involved in pesticide
resistance [30–32]

m6A P. xylostella Improving Bt resistance and growth–defense balance [29]
m6A B. plicatilis Reduces fecundity and lifespan; involved in DNA repair [24,40]

m5C T. molitor Enhances immune priming by regulating translation of immune
proteins [1]

m5C A. mellifera Associated with RNA metabolism and immune regulation [2]
m5C B. mori Regulates maternal mRNA stability during early embryogenesis [59,60]

m5C D. melanogaster Regulates germ line stem cell development via YPS-m5C RNA
interactions [60,61]
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Table 2. Cont.

Types of Modification Different Insects Function

m5C B. tabaci Knockdown increases ftz-f1 expression, which disrupts
hormone levels and choriogenesis [62]

m1A A. mellifera Influences selective packaging of tRNA fragments into virions
by iflaviruses [67]

m1A D. melanogaster
Regulates maternal-to-zygotic transition, including mRNA
storage, translational activation, and developmental timing
during early embryogenesis [68]

5. Discussion and Concluding Remarks
RNA methylation modification plays a pivotal role in insects’ physiology (Figure 2).

Despite the detailed mechanisms of RNA methylation outlined, several questions about
the functional implications of this diversity remain unanswered. How does the diversity
in RNA methylation patterns affect gene expression and phenotype in insects? Will insec-
ticides developed with this target affect the health of human or beneficial insects? Can
such insecticides be widely used in the future? Utilizing CRISPR-Cas9, research demon-
strates that enhanced CYP9A genes in Spodoptera exigua and Spodoptera frugiperda enable
the metabolism of furanocoumarin, a plant defense compound, along with pyrethroid,
avermectin, and oxadiazine insecticides. However, the potential regulation of these phe-
nomena by RNA methylation warrants further investigation [35]. Future studies need to
investigate the functional outcomes of these methylation patterns, perhaps through CRISPR-
Cas9-mediated editing of methylation sites, to elucidate their roles in insect biology [77].
From a broader perspective of RNA modification, pseudouridine (Ψ) is a prominent post-
transcriptional RNA modification found in a variety of RNA species, and by altering RNA
structure and stability, it adds another layer of regulation, impacting ribosome function and
the fidelity of protein synthesis [78]. This modification enhances the structural integrity
of RNA molecules, particularly rRNA and tRNA, which are crucial for efficient protein
synthesis and proper ribosomal function [9]. What then is Ψ’s role in RNA modification
within the context of those RNA methylations? Research indicates that Ψ modifications in
mRNA and lncRNA could influence gene expression patterns crucial for developmental
processes. For instance, in D. melanogaster, the modulation of Ψ levels in mRNA has been
linked to the regulation of circadian rhythms and may affect neuronal function, suggesting
a broader role in neurodevelopment and behavior [79]. This modification is catalyzed by
pseudouridine synthases (PUS enzymes), which recognize specific uridine residues in RNA
and catalyze their conversion to Ψ without the use of a cofactor. Pseudouridylation alters
the structure and hydrogen-bonding properties of RNA, influencing its stability, folding,
and interaction with proteins, which can significantly impact RNA function across a variety
of cellular processes. Investigations into D. melanogaster have delineated the neuronal roles
of two RNA modification genes, RluA-1 and RluA-2. RluA-1 is confined to larval sensory
neurons, in contrast to the widespread expression of RluA-2. Targeted RNAi knockdown of
RluA-1 in nociceptors induces hypersensitivity, a phenotype mirrored by genetic nulls and
ameliorated by nociceptor-specific UAS-RluA-1-cDNA expression [80]. Similarly, RluA-2
loss-of-function mutants exhibit hyperalgesia, highlighting their shared importance in
nociceptive modulation. In rRNA, Ψ also plays a critical role in maintaining ribosome
integrity and function, facilitating accurate and efficient protein synthesis. Similarly, in
tRNA and snRNA, pseudouridylation affects folding and base-pairing. Though the role of
Ψ modification in regulating exact cellular movement through specific pathways remains
vague in insects, the significance of Ψ in regulating gene expression and maintaining RNA
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stability is certain. It is worth investigating whether Ψ modification is indispensable or
complementary to further regulation in insects.

Insects 2025, 16, x FOR PEER REVIEW 10 of 16 
 

 

 

Figure 2. RNA methylation function in insects. Note: RNA methylation, including m1A, m6A, m5C, 
and hm5C, occurs on various RNA types such as mRNA, tRNA, rRNA, lncRNA, miRNA, snRNA, 
and eRNA in insects. RNA methylation has been shown to regulate embryonic development, neu-
ronal function, ovary maturation, and sex determination. It also plays a key role in caste-specific 
behaviors such as division of labor between foragers and nurses. RNA methylation is involved in 
insect–virus interactions, including responses to pathogens like BmNPV and RSV, and holds poten-
tial for pest control strategies targeting species such as (P. xylostella) and B. tabaci. These findings 
highlight the widespread influence of epitranscriptomic regulation across insect physiology, im-
munity, and applied entomology. 

In insects, RNA methylation typically involves modifications such as m6A and m5C, 
which are similar to those in mammals [21]. However, in insects, these modifications may 
have unique functions during specific developmental stages or in response to environ-
mental stress. For instance, studies in D. melanogaster have shown that m6A methylation 
is involved in the sex determination process, a feature not prominently observed in mam-
mals [81,82]. This suggests that m6A modification in insects has distinct roles in regulating 
reproductive development, potentially providing an evolutionary advantage for insects 
to adapt to diverse environments. In honeybees, m5C methylation plays a crucial role in 
regulating social behavior [14]. m5C modification affects the differential development of 
worker bees and queens. Additionally, some unique RNA modifications in insects are es-
sential for regulating plant–insect interactions, providing new insights into pest manage-
ment strategies, which are not feasible for study in mammals [83]. Using insect models, 
researchers can further explore the unique functions of RNA methylation in non-mamma-
lian species and extend these findings to other non-model organisms, thereby enhancing 
our understanding of the diversity and evolutionary adaptation of RNA modifications 
across the biological spectrum. 

The evolutionary aspect of RNA methylation mechanisms in insects presents another 
area ripe for investigation. How have these mechanisms evolved across different insect 
species, and what does this suggest about the evolutionary pressures that have shaped 
them, especially in social insects [84,85]? Are there conserved methylation patterns among 
insects that suggest a fundamental biological importance? Comparative genomics and 

Figure 2. RNA methylation function in insects. Note: RNA methylation, including m1A, m6A, m5C,
and hm5C, occurs on various RNA types such as mRNA, tRNA, rRNA, lncRNA, miRNA, snRNA, and
eRNA in insects. RNA methylation has been shown to regulate embryonic development, neuronal
function, ovary maturation, and sex determination. It also plays a key role in caste-specific behaviors
such as division of labor between foragers and nurses. RNA methylation is involved in insect–virus
interactions, including responses to pathogens like BmNPV and RSV, and holds potential for pest
control strategies targeting species such as (P. xylostella) and B. tabaci. These findings highlight the
widespread influence of epitranscriptomic regulation across insect physiology, immunity, and applied
entomology.

In insects, RNA methylation typically involves modifications such as m6A and m5C,
which are similar to those in mammals [21]. However, in insects, these modifications may
have unique functions during specific developmental stages or in response to environmen-
tal stress. For instance, studies in D. melanogaster have shown that m6A methylation is
involved in the sex determination process, a feature not prominently observed in mam-
mals [81,82]. This suggests that m6A modification in insects has distinct roles in regulating
reproductive development, potentially providing an evolutionary advantage for insects to
adapt to diverse environments. In honeybees, m5C methylation plays a crucial role in regu-
lating social behavior [14]. m5C modification affects the differential development of worker
bees and queens. Additionally, some unique RNA modifications in insects are essential for
regulating plant–insect interactions, providing new insights into pest management strate-
gies, which are not feasible for study in mammals [83]. Using insect models, researchers can
further explore the unique functions of RNA methylation in non-mammalian species and
extend these findings to other non-model organisms, thereby enhancing our understanding
of the diversity and evolutionary adaptation of RNA modifications across the biological
spectrum.

The evolutionary aspect of RNA methylation mechanisms in insects presents another
area ripe for investigation. How have these mechanisms evolved across different insect
species, and what does this suggest about the evolutionary pressures that have shaped
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them, especially in social insects [84,85]? Are there conserved methylation patterns among
insects that suggest a fundamental biological importance? Comparative genomics and
evolutionary biology approaches could shed light on the evolutionary trajectories of RNA
methylation mechanisms and their significance in the insect kingdom. Additionally, the link
between RNA methylation and insect behavior remains an intriguing avenue for research.
How do changes in RNA methylation influence behaviors critical for survival, such as
foraging, mating, and social organization? Furthermore, given the crucial role of insects
in agriculture, both as pests and pollinators, understanding RNA methylation can have
significant biotechnological implications. Can manipulation of RNA methylation patterns
be harnessed to develop novel pest control strategies that are more specific and environ-
mentally friendly than current methods [29,85]? Additionally, could enhancing beneficial
methylation patterns in pollinators improve their health and efficiency, contributing to
agricultural sustainability?

Despite the fundamental role that RNA methylation plays in regulating both pest
and economic insects, what specific roles do RNA methylation modifications play in the
regulatory mechanism of gene expression associated with insecticide resistance? How
does the variability in RNA methylation patterns among different insect species influence
their susceptibility or resistance to different insecticides? To what extent can environmen-
tal factors influence RNA methylation patterns, and how do these changes contribute to
rapid adaptation to pesticides? Are there potential off-target effects of RNA methylation
modifications that could impact insect health, behavior, or pesticide resistance? What
are the challenges and limitations in current methodologies for studying RNA methyla-
tion in insects? Allowing us to answer these questions is spatial transcriptomics, which
is an advanced technology allowing simultaneous analysis of gene expression patterns
and their spatial distribution in tissues. It provides insights into functional organization
and cellular heterogeneity in complex biological systems. Leveraging spatiotemporal
omics, its potential applications in RNA methylation research in insects are promising.
Spatiotemporal omics can reveal dynamic epigenetic alterations across various physiologi-
cal states and developmental stages of insects, offering unprecedented insights into their
complex regulatory mechanisms. By deciphering these mechanisms, researchers can gain a
deeper understanding of insect biology, potentially identifying novel targets for pest control
strategies that specifically target essential insect processes analogous to oncogene-induced
cellular plasticity in cancer research. When integrated with multimodal data and traditional
molecular biology techniques, it would provide comprehensive biological insights, thereby
promoting deeper advancements in entomological research [86–88].

Addressing the intricate roles of RNA methylation in insect pesticide resistance neces-
sitates innovative methodologies that unravel the molecular complexities of life.
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Abbreviations

m6A N6-methyladenosine
m5C 5-methylcytosine
m1A N1-methyladenosine
H. armigera Helicoverpa armigera
B. mori Bombyx mori
D. melanogaster Drosophila melanogaster
T. molitor Tenebrio molitor
JH Juvenile hormone
P. xylostella Plutella xylostella
L. striatellus Laodelphax striatellus
S. frugiperda Spodoptera frugiperda
B. tabaci Bemisia tabaci
Dop1 Dopamine receptor 1
DAT Dopamine transporter
NSUN NOL1/NOP2/Sun domain
DNMT2 DNA methyltransferase 2
lncRNA Non-coding RNAs
YPS Ypsilon schachtel
YBX1 Y box binding protein 1
GSC Germ line stem cell
PUS Pseudouridine
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