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ABSTRACT

The green lacewing, Chrysoperla zastrowi sillemi (Esben-Petersen)
(Neuroptera: Chrysopidae) commonly known as aphid lion, is an effective
predator with significant potential in the biological control of insect pests. The RNA
interference (RNAI) is a natural regulatory gene silencing mechanism present
in eukaryotes. This technology relies on the introduction of double-stranded
RNA (dsRNA) which is processed by the RNA interference machinery to bind and

degrade complementary messenger RNA transcript of target genes, leading to
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genes involved in dsRNA transport, antiviral defense and dsRNA degrading

nucleases were annotated and submitted to the NCBI database.
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THE common green lacewing, Chrysoperla
zastrowi sillemi (Esben-Petersen) (Neuroptera:
Chrysopidae) is an efficient biological control
agent of insect and mite pests in various ecosystems
(Nair et al., 2020). They are promising candidates
of pest management worldwide owing to their
wide prey range and geographical distribution,
insecticide resistance, voracious larval feeding
capability as well as ensured commercial availability.
The green lacewing grubs are known to feed
voraciously on aphids, mealybugs, coccids, thrips,
psyllids, eggs and larvae of many lepidopteran

pests and mites occurring on various crops
(Pathak et al., 2022). The adult green lacewings
feed solely on nectar, pollen and plant secretions
containing sugar (Nair et al., 2020). The use of
pesticides has led to various problems, including
the development of resistance and resurgence of pests
and residual toxic effects on humans, animals, insect
parasites and predators (Ranadev ef al., 2023). RNAi
technology is a promising candidate next generation
biopesticide, which can offer a sustainable and
environment friendly pest management solution
(Flynt, 2021).
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RNA interference (RNA1i) is an evolutionary
conserved and ubiquitous gene-regulatory mechanism
that exploits small double stranded RNA molecules
to silence gene expression in a wide variety of
eukaryotic organisms (Zhu and Palli, 2020). Silencing
or knockdown of the target gene is elicited when a
dsRNA targets a cognate messenger RNA (mRNA).
RNAi has many species-specific variations, for
example in the origin of the dSRNAs and in the number
of homologous RNA silencing proteins expressed
(Arraes et al, 2021). For the complete understanding
of the RNA silencing process, the components of the
RNA silencing machinery need to be identified.

In insects, three RNAi pathways are known, triggered
by different classes of small RNAs, (i) small
interfering RNAs (siRNAs) which mediate the siRNA
pathway, (ii) micro RNAs (miRNAs) which mediate
the miRNA pathway and (iii) P-element induced
wimpy test is (Piwi)-interacting RNAs (piRNAs)
which mediate the piRNA pathway (Zhu and Palli,
2020).

In small interfering pathway, long dsRNAs of
exogenous or endogenous origin are cleaved by
arthropod specific Dicer-2 (Dcr2), an RNase III
enzyme with the help of R2D2 or Loquacious (Logs)
(Fig. 1a). The siRNA duplexes produced this way are
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Fig. 1 : Schematic diagram of (a) siRNA pathway in insects (b) miRNA pathway in insects
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typically of 19-21 bp length. Argonaute-2 (4go2) and
RISC associated proteins (RP) is assembled to form
the RNA induced silencing complex (RISC), to which
siRNA duplexes are loaded. The sense strand is then
degraded and the antisense strand guides the cleavage
of complementary target RNA by Ago2 (Zhu and Palli,
2020). It is the siRNA pathway which is exploited
when RNAI is experimentally induced. In miRNA
pathway, dsRNA specific endoribonuclease, Drosha
and its partner Pasha trim the primary miRNA which
forms hairpin like pre-miRNA structure (Fig. 1b).
Pre-miRNA is cleaved into miRNA duplexes by
Dicer-1 (Dcrl). Argonaute-1 (Agol) along with RISC
associated proteins (RP) is assembled into RISC and
mature miRNA duplexes are loaded and the
complementary target mRNA is degraded by the Ago/
enzyme. piRNA pathway is a dicer independent
pathway of RNAi which provides defense against
transposable elements. Piwi family proteins,
Argonaute-3 (4go3) and Aubergine (4Aub) are involved
in this pathway:.

Interest in the use of RNAi technology for insect pest
management has increased the necessity of studying
RNAIi pathways in beneficial insects also. Genomic
and transcriptomic analysis are used to identify key
players of RNAi machinery genes in many insect
groups (Koo and Palli, 2024). The rigorously designed
dsRNAs for the management of pest insect species
may not cause any lethal effects to natural enemies.
However, there are many factors that influence the
safety and efficacy of dsRNA molecules and the
understanding on the core RNAi machinery genes in
non-target organisms is essential to ascertain potential
detrimental effects. Hence, this study was designed
to mine all the RNAI related genes from the genome
of the biocontrol agent, Chrysoperla zastrowi sillemi
to understand any potential off target effects.

MATERIAL AND METHODS

In this study, genome mining was carried out to verify
the presence of important RNAi related genes. A list
of RNAI related genes was compiled, covering the
following categories; RNAi core machinery, auxiliary
factors regulating RISC, machinery genes which are

involved in dsRNA transport, antiviral defense and
dsRNA degrading nucleases (Taning et al., 2016).
Amino acid sequences of homologues of these genes
from the closest insect organism, Chrysoperla carnea
and model organisms like Drosophila melanogaster
and Tribolium castaneum were retrieved from NCBI
Genbank and used as query sequences to mine all the
RNAI related genes (Castellanos et al., 2022). The
genome of Chrysoperla zastrowi sillemi, available on
NCBI (GenBank accession GCA_040669965.1) was
then subjected to BLAST searches against the
NCBI Non-redundant (NR) database (https://
www.ncbi.nlm.nih.gov/refseq/about/non redundant
proteins/), InterPro (https://www.ebi.ac.uk/interpro/)
and Pfam (http://pfam.xfam.org/), setting the
homology threshold to 107, Hits obtained from this
were subsequently used in tBLASTn (https://
blast.ncbi. nlm.nih.gov/Blast.cgi) searches to verify
their identity and to annotate them (Taning et al.,
2016). The identification of the RNAi machinery
genes was done based on maximum score and query
coverage in the BLAST results (Pandit et al., 2023).
The annotated sequences of RNAi machinery genes
were submitted to NCBI GenBank. The tBLASTx
results were tabulated with necessary details like top
hit organism, its accession ID, E value, per cent
identity and NCBI accession ID of the RNAIi
machinery genes of C. zastrowi sillemi.

RESULTS AND DISCUSSION

The core RNAi machinery genes in an organism is
constituted by Dicer enzymes, Argonaute
endonucleases and dsRNA binding proteins (Swevers
et al., 2013). The presence of machinery genes of all
three different RNAi pathways were identified from
the genome of C. zastrowi sillemi. The siRNA pathway
genes; Dicer-2 and Argonaute-2 are present in the
genome (Table 1). Dicer-2 is involved in the
processing of long dsRNAs to siRNAs. Argonaute-2
forms the catalytic subunit of RISC and tightly binds
to single stranded siRNA and cleaves target RNA in
target RNA or siRNA hybrids. However, R2D2, the
dsRNA cofactor of Dicer-2 was not identified from
the genome.
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TaBLE 1

Core machinery genes of siRNA pathway identified from the genome of C. zastrowi sillemi

siRNA . NCB.I
. . Query E Identity accession
core Organism Accession .
cover value (%) C. zastrowi
genes : ..
sillemii
Dicer-2 Chrysoperla carnea XM _044882977.1 100% 0.0 97.00% V739941
Argonaute-2 Chrysoperla carnea XM 044881195.1 100% 0.0 100.00% V739913

The miRNA pathway constituted by nuclear RNAse
III enzyme Drosha and its partner, Pasha which is
involved in processing of miRNA precursors and
cytoplasmic RNAse III enzyme, Dicer-1 along with
its cofactor Loquacious, which catalyse the maturation
of small RNAs are present in the C. zastrowi sillemi
genome (Table 2). Argonaute proteins of the piwi class
take part in the piRNA pathway which provides
defense against transposable elements. Piwi like
protein, Siwi and Argonaute-3, catalytic units of RISC
of the piRNA pathway are encoded by the genome of
C. zastrowi sillemi (Table 3).

Similar to our investigation, Castallenos et al. (2022)
screened the transcriptome of parasitoid wasp,
Telenomus podisi for the presence of most important
genes related to RNAi machinery. All the genes
representing the core proteins of the three RNAi
pathways found in insects siRNA, miRNA and piRNA
were identified, except R2D2 from the transcriptome
of T. podisi. In the absence of R2D2, Dicer-2 is still
capable of efficiently processing long dsRNA into
siRNAs using the machinery gene loquacious, that
has function comparable to R2D2 (Reddy et al., 2025).
The presence of RNAi machinery genes of three main

TABLE 2

Core machinery genes of miRNA pathway identified from the genome of C. zastrowi sillemi

miRNA . NCB.I
. . Query E Identity accession

core Organism Accession .
cover value (%) C. zastrowi

genes . .

sillemii
Dicer-1 Chrysoperla carnea XM _044885558.1 100% 0.0 90.02% V739914
Drosha Chrysoperla carnea XM _044885390.1 93% 0.0 94.27% V739916
Pasha Chrysoperla carnea XM _044885645.1 100% 0.0 82.68% V739915
Loquacious Chrysoperla carnea XM _044878676.1 100% 0.0 93.99% V739917

TABLE 3

Core machinery genes of piRNA pathway identified from the genome of C. zastrowi sillemi

piRNA . NCBI
. . Query E Identity accession
core Organism Accession .
cover value (%) C. zastrowi
genes : g
sillemii
Siwi Chrysoperla carnea XM 044884311.1 92% 0.0 96.06% V739919
Argonaute-3 Chrysoperla carnea XM _044882093.1 100% 0.0 90.95% V739918
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Auxiliary factors related to RNAi identified from the genome of C. zastrowi sillemi

TABLE 4

Auxiliary . NCB.I
factors Organism Accession Query b Ide:1 tity aceession
(RISC) cover value (%) C. ?astr?yvl

sillemii

Translin Chrysoperla carnea XM 044882727.1 100% le-165 93.55% V739920

Trax-B Chrysoperla carnea XM _044874101.1 100% 0.0 100.00% V739921

Gawky Chrysoperla carnea XM _044878328.1 100% 0.0 77.48% V739922

FXMR Chrysoperla carnea XM _044880460.1 100% 0.0 81.35% V739924

Belle Chrysoperla carnea XM _044870674.1 100% 0.0 76.63% V739926

p68 RNA helicase  Chrysoperla carnea XM_044880450.1 83% 0.0 95.50% V739923

Armitage Chrysoperla carnea XM _044879498.1 100% 0.0 96.67% V739925

Staufen Chrysoperla carnea XM _044885430.1 98% 0.0 76.79% V739927

Maelstrom Chrysoperla carnea XM 044872891.1 100% 0.0 96.37% V739928

PRMTS Chrysoperla carnea XM _044875904.1 100% 0.0 99.67% V739929

Clp-1 Chrysoperla carnea XM _044872687.1 100% 0.0 85.08% V739930

pathways was similarly studied in various insects;
Spodoptera litura by Gong et al. (2015), Agrilus
planipennis by Zhao et al. (2015), Diabrotica v
irgifera virgifera, Spodoptera frugiperda and
Nezara viridula by Davis-Vogel et al. (2018) and
Anastrepha fraterculus by Dias et al. (2019).

Auxillary factors are associated with the or regulate
the activity of RISC complexes. Genes like Translin,
Trax-B, Gawky, Belle, FXMR, p68 RNA helicase,
Staufen, Armitage, Maelstrom, PRMT-5 and Clp-1
were mined from the genome of C. zastrowi sillemi

(Table 4). SID1, FBXO011, Exportin-1, Exportin-5
genes which are associated with the dsSRNA transport
were identified (Table 5). Homologues of SIDI
proteins are present in insects which is thought to be
involved in transport of dsRNA across the plasma
membrane (Swevers et al., 2013). The RNAi genes
involved in the antiviral defense are Arsenite
resistance protein, Ars2 and Egghead (Table 6).
Nibbler and RNA exonucleases (RexS, Rex! and Rex4)
are dsRNA degrading enzymes found in C. zastrowi
sillemi (Table 7). An overview of the RNA interference
related genes identified from the genome with brief
description of their functions is presented in Table 8.

TABLE 5

RNAi machinery genes involved in the transport of dsRNA identified
from the genome of C. zastrowi sillemi

dsRNA . NCBI

transport Organism Accession Query E Identity accession .

cover value (%) C. zastrowi

sillemii

SID1 Chrysoperla carnea XM _044882095.1 100% 0.0 96.99% V739937
FBXO011 Chrysoperla carnea XM _044872004.1 100% 0.0 88.81% V739940
Exportin-1 Chrysoperla carnea XM _044876395.1 100% 0.0 97.35% V739939
Exportin-5 Chrysoperla carnea XM _044880269.1 100% 0.0 97.18% V739938
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TABLE 6

RNAi machinery genes involved in antiviral defense identified from
the genome of C. zastrowi sillemi

NCBI
Antiviral . . Query E Identity accession
RNAI Organism Accession cover value (%) C. zastrowi
sillemii
Ars2 Chrysoperla carnea XM _044875637.1 87% 0.0 87.29% V739931
Egghead Chrysoperla carnea XM _044879903.1 93% 0.0 99.63% V739932
TABLE 7
dsRNAses identified from the genome of C. zastrowi sillemi
NCBI
Nucleases Organism Accession Query E Identity accession .
cover value (%) C. zastrowi
sillemii
Nibbler Chrysoperla carnea XM _044875780.1 100% 0.0 95.31% V739933
Rex 5 Chrysoperla carnea XM _044881656.1 100% 0.0 93.59% V739934
Rex1 Chrysoperla carnea XM _044885394.1 76% 0.0 97.38% V739935
Rex4 Chrysoperla carnea XM _044885686.1 100% 0.0 93.19% V739936
TABLE 8

Overview of RNA interference factors mined from the genome of C. zastrowi sillemi,
with a brief description of their function

RNAI related genes Function
Dicer-2 dsRNA specific RNase-III-type endonucleases which catalyse the maturation of small RNAs
Argonaute-2 Component of RISC, tightly binds to single stranded siRNA and cleaves target RNA in target
RNA/siRNA hybrids
Dicer-1 dsRNA specific RNase-III-type endonucleases which catalyse the maturation of small RNAs
Drosha dsRNA specific RNase-III-type endonucleases involved in processing of miRNA precursors $
Pasha dsRNA-binding, essential co-factor of Drosha .§
Loquacious dsRNA-binding, essential co-factor of Dicer-1, paralog of R2D2 3
Siwi Argonauteof PIWI subfamily which is a catalytic subunit of RISC E
Argonaute-3 Argonaute of PIWI subfamily which is a catalytic subunit of RISC \i
Translin RNA-binding protein and endonuclease complex, triggers miRNA and siRNA pathway .go
Trax-B RNA-binding protein and endonuclease complex, triggers miRNA and siRNA pathway Q‘i
Gawky RNAI effector, interacts with Argonaute proteins §
FXMR Fragile-X-related protein, component of the RISC complex of S2 cells §
Belle DEAD-box RNA helicase which interacts with small RNAs and RISC §
p68 RNA helicase DEAD-box RNA helicase, involved in RNAi %
Continued.... | §
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TasLE 8 Continued....

RNAI related genes Function

Armitage ATP-dependent helicase required for RISC maturation, nuclease involved in piRNA
biogenesis, miRNP assembly

Staufen Tubulin-binding and dsSRNA-binding domain involved in the transport of mRNA
Maelstrom piRNA pathway domain weak similarity to HMG box, Mael domain with weak homology
with the DnaQ-H 32 -to-52 exonuclease
PRMTS Protein methyltransferase that methylates Piwi proteins at conserved Arg-residues
Clp-1 RNA kinase involved in phosphorylation of thesiRNAs
SID1 Homolog of the putative dsSRNA transporter
FBXO011 Involved in the degradation of proteins involved in dSRNA uptake (endocytosis)
Exportin-5 Export pre-microRNA (also known as pre-miRNA) out of the nucleus and into the cytoplasm
Exportin-1 Nuclear export of various RNA species
Ars2 Regulator of siRNA- and miRNA-mediated silencing, suppressor of RNA virus infection
Egghead Uptake of dsRNA, innate immunity against RNA virus
MUT-7/Nibbler Processing of 32 ends of miRNAs (Drosophila)

Rex 5/ Rex 4/ Rex 1

Single-strand-specific small RNA degrading nucleases; degradation of mature miRNAs

Similar to this investigation, identification and
analysis of RNAi related genes in Asian citrus psyllid,
Diaphorina citri, unveiled the presence of various
auxillary factors, factors related to dsSRNA uptake,
antiviral RNAi and nucleases (Taning et al., 2016).
Tian et al. (2019) comprehensively identified 33
potential genes involved in the RNAi pathway in
Bemisiata baci genome, putatively associated with
biosynthesis, transmission, regulation and others,
similar to our findings.

Analysis of various insect genomes show variations
in the number of core RNAi pathway genes between
different major insect groups (Dowling et al., 2016).
All sequences representing the core RNAi machinery
genes of C.zastrowi sillemi were identified in the
genome, except for R2D2, cofactor of Dicer-2 in
siRNA pathway and Argonaute-1 of miRNA pathway:.
The absence of these genes could be attributed to low
transcript abundance or gene deletion (Reddy et al.,
2025). The RNAi machinery genes of C. zastrowi
sillemi share more identity with its sibling species
C. carnea as revealed by the BLAST analysis.
Importantly, the presence of Sid-1 was confirmed in
C.zastrowi sillemi, which is absent in the model

organism, Drosophila melanogaster (Order Diptera).
Duplication of core RNAi machinery genes as in case
of model organisms like Tribolium castaneum
(Order Coleoptera) and Drosophila melanogaster
(Order Diptera) has not been observed in the genome
of C. zastrowi sillemi.

Variability in RNAi silencing efficacy among insects
may be partially explained by differences in the
diversity and copy number of RNAi pathway genes
present across lineages. Although RNAi has been
extensively studied in several insect orders such as
Diptera, Lepidoptera, Hemiptera and Coleoptera, no
consolidated literature currently exists on the RNAI
machinery genes in Neuroptera. Despite being a well
exploited natural enemy, the genomic makeup of
Chrysoperla zastrowi sillemi has not been analyzed
and only limited sequence information is available.
In this study, we confirmed the presence of 29 RNAi
machinery genes in the genome of C. zastrowi sillemi
through in silico analysis. Identification and analysis
of core genes for the RNAi pathway encoded by the
genome suggests the presence of functional RNAI
pathways in this beneficial insect. This investigation
provides the first detailed account of RNAi machinery
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genes in the insect order Neuroptera. These findings
provide valuable ground information for the future
research on the exploitation of RNAIi in C. zastrowi
sillemi. It also lays the foundation for RNAi-based
functional genomics research and safety assessment
to determine the ecological safety of dsRNA
constructs on this beneficial insect.
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