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Abstract: Termites are keystone species and play an essential role in the ecosystem by decomposing plants and wood mate-
rials with adapted endogenous and symbiotic cellulase systems to obtain food and energy. However, some termites are also 
pests that have significant economic impacts directly or indirectly on the agricultural system, such as pastures, orchards, 
nurseries, and eucalyptus forests, and globally the estimated loss is $40 billion annually. Recently, scientists have focused 
on RNAi technology to protect plants against insect pests, and the utilization of RNAi against termites is confounded 
because of their social nature and habitats. Many termite species transcriptomes and genome sequencing projects are cur-
rently underway, and the outputs open new avenues for the species-specific design of RNAi-based termiticides. With these 
genomes, symbiotic biological agents such as fungi, bacteria, viruses, and nematodes can be screened and evaluated to 
express RNAi bioactive molecules (dsRNA, siRNA, and shRNA). In parallel, dsRNA/siRNA can also be delivered through 
nanocarriers against termites. In this perspective, we highlight existing RNAi-based functional genomic studies against 
eusocial termite pests and further discuss the prospects for RNAi-termiticides, considering unique challenges in terms of 
dsRNA delivery, target efficiency, environmental risks and termite eusociality.

Keywords: Termites, RNA interference, symbiont-mediated transfer, nanoparticles, RNAi-termiticides, termite pest man-
agement, eusociality

1 Introduction

Termites are the primary decomposers of dead organic matter 
in tropical and subtropical regions, increasing ecosystem pro-
ductivity by >10% of animal biomass and 95% of soil insect 
biomass (Khan & Ahmad 2018). Wood-feeding termites are 
classified into three categories: subterranean, dry wood, and 
wet wood termites, of which most of the damage (~80%) 
is caused by subterranean termites (Scharf 2015). Termites 
have also been considered pests resulting in economic losses 
worldwide (Rust & Su 2012). There is a requirement for 
robust and eco-friendly management strategies to control ter-
mites and minimize economic loss. Molecular tools such as 
RNA interference (RNAi) can be helpful in termite manage-
ment. RNAi is a cellular process in which mRNA degradation 
and interruption of protein synthesis turn off gene function, 
and it is conserved in eukaryotes, including insects (Zhu & 

Palli 2020). RNAi can be exploited through its sequence-
specific mode of action to target essential genes in insects, 
including termites, leading to pest control. Using transgenic 
RNAi plants designed to express pest-specific dsRNA, scien-
tists have successfully controlled plant pests (Cagliari et al. 
2019; Mezzetti et al. 2020). The transgenic maize SmartStax 
PRO was recently approved for commercialization in North 
America to limit the damage caused by the corn rootworm 
Diabrotica spp. (Head et al. 2017), further confirming the 
potential of RNAi-based pest control. Alternatively, various 
exogenous application strategies for pest-specific dsRNAs 
have been theorized, developed, and tested (Taning et al. 
2020). The prospect of RNAi against other wood-feeding for-
est pests was meticulously summarized by Joga et al. (2021), 
and the future market, regulatory, and biosafety of RNAi-
based pest control products by Christiaens et al. (2022) and 
De Schutter et al. (2022).
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So far, researchers have not focused on developing 
RNAi-based termiticides, probably due to the limited avail-
ability of transcriptome and genome data. Many termite spe-
cies genome, metagenome, and transcriptome sequencing 
projects are underway. Researchers should utilize the rapidly 
expanding sequence information to develop species-specific 
RNAi-based termiticides. There are already quite a few nota-
ble omics studies published. For instance, a wood-feeding 
termite Coptotermes formosanus transcriptomic analysis 
revealed the unique mechanism for effective biomass deg-
radation (Geng et al. 2018). Bucek et al. (2019) used tran-
scriptome-based phylogenies to evolve termite symbiosis. 
Ye et al. (2019) conducted a transcriptome study to elucidate 
the genetic mechanism underlying the reproductive plas-
ticity of lower termite workers. Rasheed et al. (2019) per-
formed a comparative transcriptomic study of Reticulitermes 
aculabialis and identified the endocuticular protein genes of 
alate adults, workers, and soldiers. Recently, genomic and 
transcriptomic studies showed that gene duplication facili-
tates social evolution in Reticulitermes speratus, a subter-
ranean termite (Shigenobu et al. 2022). However, there is 
little initiative for using sequence information from those 
generated datasets for RNAi studies, indicating the putative 
challenges of performing RNAi against eusocial termites. 
Many researchers believe that eusociality jeopardizes RNAi 
efficacy in termite colonies. In this perspective, we first con-
firmed the presence of key RNAi machinery core genes in a 
termite transcriptome through in silico analysis and then fur-
ther discussed innovative strategies in developing and apply-
ing RNAi-based termiticides, considering unique challenges 
for deployment against eusocial termites and environmental 
risks.

2 Termites as pests

Termites are often considered pests causing damage glob-
ally estimated to be $40 billion (Rust & Su 2012). Based 
on feeding habits and preferences of undecayed living and 
dead plant material, 10% of termites are reported as pests out 
of ~2700 described species (Scharf 2015). They can dam-
age cultivated plants, buildings, pastures, forests, and non-
cellulosic materials like electric cables (Scharf 2015). The 
lower and higher termites have different symbiotic partners, 
assisting them in utilizing wood materials. Lower termites 
have protists, bacteria, and fungi, but the higher termites 
lack protists. Protists perform essential functions like cellu-
lose degradation, but the higher termites solely depend on 
the symbiotic bacteria for such a function. There are four 
families of lower termites (Mastotermitidae, Kalotermitidae, 
Hodotermitidae, and Rhinotermitidae) and three subfami-
lies of higher termites (Termitinae, Nasutitermitinae, and 

Macrotermitinae) that cause the most damage to tropical agri-
culture. A wide range of crops is affected by termites, such as 
orchards and plantation trees, coconuts, palms, sugar cane, 
rice, maize, wheat, sorghum, groundnuts, coffee, tea, cocoa, 
yam, and cassava (Rouland-Lefèvre 2010). Some termites 
are also considered pests for forest ecosystems; for exam-
ple, Coptotermes (Rhinotermitidae) causes severe damage 
to mature trees (e.g., Eucalyptus grandis) in Malaysia and 
Australia (Cowie et al. 1989). Macrotermitinae (Termitidae), 
such as Macrotermes, Odontotermes and Microtermes, attack 
young, exotic trees such as Eucalyptus in India and Africa, 
causing up to 100% damage (Cowie et al. 1989). Although 
termites can be controlled using cultural management prac-
tices (Verma et al. 2009), chemicals [insecticides (Wood 
and Pearce 1991; Logan 1992; Sharma et al. 2008), chitin 
synthesis inhibitors (Stansly et al. 2001), and fungicides 
(Rouland-Lefèvre and Mora 2002)], and biological agents 
[bacteria (Devi et al. 2007), viruses (Al Fazairy et al. 1988), 
fungi (Chouvenc et al. 2009), protists (Jafri et al. 1976), and 
nematodes (Benmoussa-Haïchour et al. 1998)], but they have 
some limitations and biosafety issues. Therefore, sustainable 
integrated pest management (IPM) strategies, including the 
use of alternative control products such as RNAi-based ter-
miticides, are urgently needed for termite management.

3 RNAi against termites: current status

Three types of RNAi mechanisms have been identified in 
insects, i.e., small interfering RNA (siRNA), microRNA 
(miRNA), and piwiRNA (piRNA) (Zhu & Palli, 2020). In 
the context of RNAi-based control, the siRNA mechanism 
has been the most explored (Zhu & Palli, 2020). In brief, 
the successful delivery of dsRNA into the cell triggers the 
siRNA machinery, whereby the enzyme Dicer-2 (Dcr-2) 
processes the dsRNA into siRNAs, which are in turn incor-
porated into the RNA-induced silencing complex (RISC). 
Subsequently, Argonaute2 (Ago2) cleaves and removes 
one of the siRNA strands (sense strand), and the remain-
ing antisense strand guides the RISC to the complementary 
mRNA strand in a sequence-specific manner. AGO2 in the 
RISC then degrades the mRNA strand, leading to post-tran-
scriptional gene silencing (Zhu & Palli, 2020). The identi-
fication of RNAi machinery core genes has been explicitly 
reviewed for several insects, except for termites. For the first 
time in termites, we searched and confirmed the presence of 
RNAi core machinery and associated genes using the pub-
licly available Coptotermes formosanus transcriptome data 
(Table 1; http://v2.insect-genome.com/Pcg). Most existing 
studies on RNAi against termites are so far for validating 
gene function. RNAi studies on termites in a species-specific 
manner are summarized in Box 1 and Table 2.
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Table 1. RNAi machinery genes# identified in termites.
Gene group Gene name Gene symbol

Core RNAi 
machinery

siRNA
Protein argonaute-2 AGO2
Endoribonuclease ZC3H12A Zc3h12a
Pre-mRNA-splicing factor CWC22 homolog ncm

miRNA

Probable RNA-binding protein EIF1AD eif1ad
Microprocessor complex subunit DGCR8 DGCR8
Interferon-inducible double-stranded RNA-dependent protein kinase activator A Prkra
RISC-loading complex subunit tarbp2 tarbp2
Endoribonuclease Dicer DICER1
Double-stranded RNA-specific editase Adar Adar
Probable ribonuclease ZC3H12C Zc3h12c

piRNA
Piwi-like protein Siwi Siwi
Tudor domain-containing protein 1 tdrd1
Piwi-like protein Ago3 AGO3

dsRNA uptake

Clathrin-
mediated 
transport

Epsin-2 Epn2
Clathrin heavy chain Chc
Clathrin interactor 1 CLINT1
Clathrin light chain Clc
AP2-associated protein kinase 1 AAK1
Polyubiquitin-C UBC
Polyubiquitin-A ubq-1
Ankyrin repeat domain-containing protein 50 ANKRD50
Protein unc-50 homolog Unc50

Receptor-
mediated 
transport

Transferrin TF
Scavenger receptor class B member 1 Scarb1
Sortilin-related receptor Sorl1
Innexin inx1 inx1
Innexin inx2 inx2
Innexin inx3 inx3
Innexin inx1 inx7
Scavenger receptor class B member 1 Scarb1
Low-density lipoprotein receptor LDLR

C. elegans
SID1 transmembrane family member 1 SIDT1
Spermatogenesis-defective protein 39 homolog VIPAS39

Intracellular 
transport

Proton 
transport

V-type proton ATPase catalytic subunit A Vha68-2
V-type proton ATPase subunit H VhaSFD
V-type proton ATPase subunit B Vha55
V-type proton ATPase subunit S1 VhaAC45
V-type proton ATPase subunit E VHA26
V-type proton ATPase 21 kDa proteolipid subunit ATP6V0B
V-type proton ATPase subunit F VHA14

Endosome

Ras-related protein rab7 RAB30
ADP-ribosylation factor 1 Arf79F
ADP-ribosylation factor 2 Arf102F
ADP-ribosylation factor 6 ARF6
VPS35 endosomal protein sorting factor-like VPS35L
Ras-related GTP-binding protein A RRAGA
Ras-related GTP-binding protein C Rragc
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Gene group Gene name Gene symbol

Lysosome

Protein lava lamp lva
Lysosomal-trafficking regulator LYST
Endosome/lysosome-associated apoptosis and autophagy regulator family 
member 2 Elapor2

Exosome
Regulating synaptic membrane exocytosis protein 2 RIMS2
Regulating synaptic membrane exocytosis protein 2 RIMS2
DEAD-box helicase Dbp80 Dbp80

Lipid metabolism
SAP domain-containing ribonucleoprotein Sarnp
Sphingolipid delta (4)-desaturase DES1 DEGS1
Prosaposin PSAP

Nucleases

Small RNA 2'-O-methyltransferase Hen1
U3 small nucleolar RNA-interacting protein 2 Rrp9
Ribonuclease H1 RNASEH1
Ribonuclease H2 subunit A RNASEH2 A
Ribonuclease H2 subunit B RNASEH2 B
Ribonuclease H2 subunit C RNASEH2 C
Telomerase RNA component interacting RNase TRIR
Serine/threonine-protein kinase/endoribonuclease IRE1 ERN1
Serine/threonine-protein kinase SIK2 SIK2
Endoribonuclease ZC3H12A Zc3h12a

Antiviral RNAi
Retinoid-inducible serine carboxypeptidase Scpep1
Multidrug resistance-associated protein 1 ABCC1
Beta-1,4-mannosyltransferase egh egh

RISC factors

F-box only protein 11 Fbxo11
E3 ubiquitin-protein transferase MAEA maea
Hermansky-Pudlak syndrome 4 protein HPS4
Probable RNA helicase armi armi
Double-stranded RNA-binding protein Staufen homolog Stau
Protein dead ringer retn
SWI/SNF-related matrix-associated actin-dependent regulator of chromatin 
subfamily A containing DEAD/H box 1 homolog Etl1

ATP-dependent RNA helicase DHX30 Dhx30
ATP-dependent RNA helicase p62 Rm62
Protein Gawky gw
Protein maelstrom homolog mael
RNA-binding protein Musashi homolog 1 MSI1
Protein arginine N-methyltransferase 1 PRMT1
Staphylococcal nuclease domain-containing protein 1 Tudor-SN
Protein CLP1 homolog cbc
Pre-mRNA cleavage complex 2 protein Pcf11 PCF11
Pre-mRNA-splicing factor ATP-dependent RNA helicase DHX16 DHX16

Others
Poly(A) RNA polymerase, mitochondrial MTPAP
Poly(A) RNA polymerase gld-2 homolog A Gld2
Poly(A) polymerase alpha PAPOLA

#For more details on RNAi machinery genes, please refer to the following: Yoon et al. 2016; Zhu & Palli 2020; Joga et al. 2021.

Table 1. continued.
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Box 1: Functional genomic studies in termites using RNAi

Reticulitermes flavipes: The first RNAi study was done in the R. flavipes by injecting short interfering RNAs (siRNAs) 
(Zhou et al. 2006a; 2006b), creating siRNA against the two hexamerin genes (Hex-1 and Hex-2) that are involved in  
the control of caste polyphenism, and administered to the worker termites. Based on RNAi knockdown studies, it was 
discovered that the two hexamerins participate in the regulation of caste differentiation by modulating JH availability, 
and the elevated ratios of Hex-2 to Hex-1 expression are associated with caste phenotypes that differentiate in response 
to rising JH titers (i.e., workers, presoldiers, and soldiers) (Zhou et al. 2006a; 2006b). The same team also examined the 
expression of 17 genes linked to morphogenesis after the Hexamerin genes were silenced and proved that most target 
genes are components of a genomic network that responds to JH (Zhou et al. 2007). Using a high-dose dsRNA feeding 
strategy, two more termite genes were silenced. One of the genes encodes an endogenous digestive cellulase enzyme 
called endoglucanase, while the other encodes a caste-regulatory storage protein called hexamerin. Silencing genes 
through high-dose dsRNA feeding resulted in significantly lower group fitness and mortality (Zhou et al. 2008). A novel 
gene “deviate” that encoded a ligand-binding protein was identified in the takeout-homologous family and characterized 
in R. flavipes using the RNAi approach (Schwinghammer et al. 2011). The unique insect cytochrome P450 gene Cyp15F1 
was functionally characterized using RNAi, demonstrating its significance in termite caste regulation in the environment. 
These results significantly advance our understanding of termite caste homeostatic processes by providing the second 
instance of a termite caste regulating gene discovered using RNAi (Tarver et al. 2012). In R. flavipes termites, the injec-
tion of dsRNAs targeting Termicin and GNBP2 resulted in a considerable decrease in gene expression and increased 
mortality after the termites were exposed to the entomopathogenic fungi Metarhizium anisopliae. This indicated that 
Termicin and GNBP2 play an essential role in defence by limiting fungal establishment on the cuticle of R. flavipes 
(Hamilton & Bulmer, 2012). More recently, in R. flavipes, sixty-two dsRNAs were synthesized from thirty-one target 
genes and used for immersion or feeding assays, and three lead termiticidal dsRNAs were identified, i.e., 3’ Hexamerin-2, 
3’ Glycosyl Hydrolase Family (GHF) 9-2 cellulase, and 5’ GHF9-2 cellulase (Raje et al. 2018).
Reticulitermes speratus: In 2015, Saiki et al. examined the Methoprene-tolerant gene function by RNAi and showed that 
the juvenile hormone (JH) titres of neotenic were significantly higher than those of nymphs and workers and suggested 
that abdominal activation of JH signalling may induce the reproduction of termite neotenic (Saiki et al. 2015).
Reticulitermes chinensis: Active immunization can shield individuals from infectious diseases in social insects. To prove 
the isocitrate dehydrogenase (IDH) active immunization regulating mechanism against fungi, Liu et al. (2020) injected 
dsIDH into R. chinensis termites (Liu et al. 2020). In 2020, Zhao et al. investigated the active immunization function 
of selenoprotein T (SELT) gene in R. chinensis termites. The knockdown of SELT and TG demonstrated that both the 
SELT and TG play essential roles in driving active immunization against the entomopathogenic fungus M. anisopliae in 
R. chinensis (Zhao et al. 2020). Recently, Liu et al. (2022) showed that Dicer-1-silenced and miR-71-5 stimulant-treated 
termite groups exhibited a high level of mortality during fungal contamination, suggesting that miRNAs play a role in 
shaping social immunity in termite colonies (Liu et al. 2022).
Odontotermes formosanus: In termites, trail pheromones play significant roles in their ability to form tunnels and 
nests and engage in foraging behaviour, although it is practically unclear how termites perceive trail pheromones. Gao 
et al. (2020) discovered that Orco knockdown made it difficult for termites to follow pheromone trails and hindered 
their perception of trail pheromones, indicating the role of Orco in detecting their trail pheromones (Gao et al. 2020). 
Antimicrobial peptides (AMPs) are essential components of the innate immune system in insects. However, there is still 
a lack of precise knowledge about AMPs in termites. The oftermicin gene knockdown in O. formosanus, treated with 
Serratia marcescens Bizio (SM1), showed significantly higher mortality, suggesting that oftermicin genes are potent 
immunosuppressants in termites (Feng et al. 2022).
Zootermopsis nevadensis: In social insects, all castes exhibit distinctive morphologies suited to their functions and 
participate in social interactions. A significant development in the evolution of social insects was the acquisition of caste-
specific characteristics. Nevertheless, knowledge of the genetic underpinnings and the developmental processes that give 
rise to these characteristics is still quite limited. A comparative study between termites (Z. nevadensis) and cockroaches 
showed that caste-specific cuticular pigmentation resulted from different expression patterns of “key genes” in the 

 RNAi-based termiticides    59



tyrosine metabolic pathway (dopamine decarboxylase, NBAD synthase, acetyltransferase, and laccase 2) using RNAi 
(Masuoka & Maekawa, 2016). In 2018, Masuoka et al. further investigated the function of JH and its signalling route in 
the Z. nevadensis termites and compared it with its sister group of termites C. punctulatus wood roach, using RNAi. They 
detected the inhibition of the presoldier molt in Z. nevadensis and the nymphal molt in C. punctulatus after silencing the 
JH receptor Methoprene tolerant (Met). 20-hydroxyecdysone production genes were suppressed by Met knockdown in 
both species. However, Met RNAi particularly suppressed several 20E signalling genes in Z. nevadensis (Masuoka et al. 
2018a). Further using RNAi, the unique role of controlling the balance between JH and 20E signalling during soldier 
differentiation in termites was thoroughly investigated (Masuoka et al. 2018b). In Z. nevadensis, larval gene expres-
sion revealed that a unique gene called Neural Lazarillo (NLaz1) expressed differently in these soldier-destined larvae 
compared to worker-destined larvae. Soldier differentiation rates were reduced, and trophallactic interactions with the 
queen were severely hindered by RNAi-induced NLaz1 knockdown, demonstrating the significance of high larval NLaz1 
expression for termite soldier determination through social communication (Yaguchi et al. 2018).
Coptotermes formosanus: Liu et al. (2017) used RNAi to functionally analyze the exoglucanase gene cellobiohydrolase 
(CBH), which was highly expressed in Pseudotrichonympha grassii, a flagellate found in the hindgut of C. formosanus, 
in order to ascertain the function of glycosyl hydrolase family 7 (GHF7) members in vivo. They showed that the CBH 
gene is crucial for host survival and the lignocellulolytic process in the protist (Liu et al. 2017). Termites use endogenous 
and symbiotic cellulases to digest wood and other wood-related materials for food and energy. Wu et al. (2019) inves-
tigated the impact of RNAi on C. formosanus termites by focusing on a conserved area of five endoglucanase genes 
(CfEG1a, CfEG1b, CfEG2, CfEG3, and CfEG4) (Wu et al. 2019).
Cryptotermes secundus: Using cDNA representational difference analysis (cDNA-RDA), Karb et al. (2009) discovered 
the Neofem2 gene and proposed that Neofem2 is essential for queen-worker communication. They conducted behav-
ioural experiments after using RNAi to silence Neofem2 in queens in eight colonies of queenright, and they concluded 
that Neofem2 is required for the queen to prevent worker reproduction by making workers act as though the colony is 
queenless. It might have evolved from an ancestral role of wood digestion to pheromonal communication within termites 
(Korb et al. 2009).
Hodotermopsis sjostedti: In the damp wood termite H. sjostedti, insulin/insulin-like growth factor signalling (IIS) factors 
were studied by Hattori et al. (2013) throughout the soldier differentiation process. Insulin receptor (InR) was signifi-
cantly expressed in the mandibular epithelial tissues by in situ hybridization, and RNAi against InR interfered with sol-
dier-specific morphogenesis, including mandibular elongation. These results suggested that the IIS pathway is required 
for soldier-specific morphogenesis (Hattori et al. 2013). Sugime et al. (2019) performed 18 candidate gene expression 
analyses in H. sjostedti to determine the factors causing termite mandibular enlargement and discovered that dachshund 
(dac) and distal-less (Dll) are mandible-specific, and RNAi knockdown of dac and Dll decreased mandibular length and 
changed its morphology (Sugime et al. 2019).
Nasutitermes takasagoensis: Toga et al. (2012) investigated the homeobox gene Distal-less (Dll) function in N. takasa-
goensis during nasus development to comprehend the developmental basis of the evolutionarily new form of termites. 
Dll RNAi inhibited nasus growth, not the formation of frontal-gland. The co-option of Dll is proposed to contribute to 
acquiring a novel defensive structure in a termite lineage and adaptive defensive behaviours (Toga et al. 2012). Later 
Toga et al. (2013) investigated Dfd roles in nasus/frontal gland development and mandibular regression. Mandibular 
regression during presoldier differentiation was prevented by Dfd RNAi, although nasus and frontal gland development 
were unaffected. These findings indicate that Dfd functions during presoldier differentiation in N. takasagoensis to deter-
mine mandibular positioning information and its specific modification (Toga et al. 2013).

Box 1. continued.
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4  RNAi-based termiticides: barriers and 
innovative solutions

The social lifestyle, habitat, and feeding habits of termites 
(e.g., soil contains many microbes that produce dsRNA-
degrading nucleases, and insects have also been reported 
to produce these nucleases in their guts) present complex 
challenges in the application of RNAi-based termiticides. 
Therefore, the stability and delivery strategy of dsRNA are 
likely to be the key factors that could affect the effective-
ness of this control strategy. Carefully designed dsRNA 
packaging strategies could help in protecting dsRNA from 
environmental degradation and facilitate cellular uptake. The 
dsRNA can be encapsulated within a few hundred nanome-
tres size organic and inorganic materials to form nano-com-
plexes. For controlling many insect species, several types 
of nano-complexes have shown great potential (Christiaens 
et al. 2020b; Zhu & Palli, 2020; Gurusamy et al. 2020; Kolge 
et al. 2021), and these can be used against termite pests via 
GMO-free approaches such as spraying on nests and barks, 
trunk injection, root absorption, etc. (Hunter et al. 2012; 
Dalakouras et al. 2018; Máximo et al. 2020). Moreover, 
some recent studies have shown that some dsRNA-nanocar-
rier complexes can enable successful transdermal delivery of 
dsRNA into insects (Zheng et al. 2019; Yan et al. 2020a; Wei 
et al. 2022). Some nanoparticles that improve RNAi efficacy 
in insects include chitosan, guanylated polymers, core-shell 
nanoparticles, liposomes, and branched amphiphilic peptide 
capsules (BAPCs) (Christiaens et al. 2020a). Researchers 
demonstrated that non-toxic and biodegradable chitosan 
binds to dsRNA via electrostatic interactions, protecting the 
chitosan-dsRNA complexes from nucleases and successfully 
knocking down the target genes in RNAi refractory pest 
Spodoptera frugiperda (Gurusamy et al. 2020a).

Recently, in our lab, for in vitro studies, we used chi-
tosan nanoparticles to protect dsRNA from enzymatic deg-
radation in the gut of termites, and the initial results seem 
very promising but need further experimental corroboration 
(unpublished data). The synthesis of chitosan-dsRNA nano-
complexes is a simple and cost-effective technology that 
might be used in termite pest management. Polyethylenimine 
glycol (PEI) and Polyethylene Glycol 200 (PEG200) have 
been successfully used to make carbon quantum dot (CQD) 
nanoparticles, where PEI with a positively charged surface 
could efficiently bind with negatively charged dsRNA to 
form a CQD-dsRNA nano-complex. The study demonstrated 
that the CQD-dsRNA nanocomplexes could protect against 
degradation by dsRNA-degrading nucleases and success-
fully shut down genes in moderate RNAi-resistant pests such 
as mosquitoes and whiteflies (Das et al. 2015, Kaur et al. 
2020). These CQD-dsRNA nanoparticles can also be specifi-
cally designed to target termites used for termite pest control. 
Researchers found that dsRNA interacts with the cationic 
surface of branched amphiphilic peptide capsules (BAPCs) 
to generate dsRNA-BAPCs pills, which protect dsRNA-

BAPCs from nucleases and improve RNAi in two distinct 
insect species, the red flour beetle Tribolium castaneum 
and the pea aphid Acyrthosiphon pisum (Avila et al. 2018). 
Termite-specific dsRNA-BAPCs capsules could be devel-
oped, combined with wood powder and fed to termites in the 
context of RNAi-based termite pest management in the field. 
The delivery of dsRNA via liposomes would be a promis-
ing technique because liposomes are made up of natural lip-
ids and are biodegradable. Through endocytosis, liposomes 
fuse with the plasma membrane and facilitate the transport 
of liposome-encapsulated dsRNAs into the cell’s cytoplasm. 
Several studies have demonstrated that liposome-encapsu-
lated dsRNAs can be protected from the degrading action 
of nucleases and can considerably improve RNAi efficiency 
in RNAi recalcitrant pests (Dalby et al. 2004; Taning et al. 
2016; Zhang et al. 2018; Gurusamy et al. 2020b). However, 
lipid-based nanoparticles are expensive, and there have 
been no reports of dsRNA administration using liposomes 
in the field to suppress insect pests. However, with constant 
improvements in the field of nanotechnology, this could be a 
feasible option for insect pest control in the future.

For field application, a large amount of dsRNA is required. 
E. coli strains such as HT115(DE3) and Pet28-BL21(DE3), 
which have T7 expression vectors, can be used for large-
scale dsRNA production at a low cost (Ma et al. 2020). The 
biotechnology company “GENOLUTION” has developed a 
platform under the name AgroRNA, which exploits a bac-
terial system for large-scale manufacturing of dsRNA with 
potential for field application. In the Asian long-horned 
beetle, Colorado potato beetle, South American tomato pin 
warm, Plagiodera versicolora, and Henosepilachna vigin-
tioctopunctata, bacterially-expressed dsRNA showed higher 
RNAi efficiency (Leelesh & Rieske 2020; Zhang et al. 2019). 
Likewise, bacteria symbionts have been identified in the kiss-
ing bug and the western flower thrips, which can be used for 
dsRNA expression and delivery (Rotenberg et al. 2020). The 
symbiont-mediated dsRNA delivery method is intriguing 
because it carries species-specific dsRNA by species-specific 
symbionts, making it less costly and efficient for termite pest 
management. Furthermore, many promising studies have 
already been done to understand symbiotic associations in 
termites, which may facilitate identifying suitable candidates 
for symbiont-mediated dsRNA transfer (SMT) (Auer et al. 
2017; Tokuda et al. 2018; Noda et al. 2018).

Termite-specific viruses can be exploited through a 
process known as virus-induced gene silencing (VIGS) to 
develop RNAi-based termiticides. In this approach, a termite-
specific virus that can replicate in termites without causing 
significant mortality is modified to express an mRNA frag-
ment of a termite-specific essential gene. During viral repli-
cation, the production of complementary viral strands leads 
to the formation of termite-specific dsRNAs, which then tar-
get a specific endogenous mRNA in the insect cell, ultimately 
leading to lethal effects. Proof of concept of VIGS has been 
successfully reported for several insect species, confirm-

 RNAi-based termiticides    63



Fig. 1. Scheme illustrating the method and goals of RNAi-based termite management. 
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ing its feasibility (Kolliopoulou et al. 2017). However, the 
application of recombinant viruses in the environment can 
be challenging due to strict regulations and social concerns. 
Alternatively, a fungal-mediated gene silencing (FMGS) 
approach could be adopted for termite pest management. 
Here, entomopathogenic fungi or fungal symbionts from ter-
mites could be modified to produce termite-specific dsRNA 
to trigger RNAi in termites. The feasibility of FMGS has 
been confirmed in other insect species (Niu et al. 2018; Hu 
& Xia 2019). Nevertheless, the increasing amount of omics 
data for termites and identifying the true symbionts will sig-
nificantly contribute to developing these innovative delivery 
strategies for dsRNA, facilitating termite pest control.

5  Biosafety considerations for 
RNAi-termiticides

The consideration of potential ecological, environmental, 
and human risk assessment is essential in developing RNAi-
based termiticides. RNAi-based termiticides will likely also 
be used indoors to protect wooden structures, implying that 
the definition of non-target organisms (NTOs) in safety eval-
uations should be extended to include house pets. In the field, 
safety assessment for NTOs should include soil organisms 
(including beneficial microbes) and other beneficial organ-
isms (i.e., pollinators such as bees and natural enemies such 
as predators and parasitic wasps) that share a common habi-
tat with termite pests. As more omics data for termites and 
NTOs becomes available, the ability of scientists to design 
termite pest-specific dsRNAs will improve, thereby contrib-
uting to limiting potential risks. Fortunately, in collaboration 
with colleagues from Japan (Okinawa Institute of Science 
and Technology), researchers from our university (CZU, 
Prague) have recently sequenced ~50 termite genomes 
(unpublished), which will significantly enhance sequence 
information on termites and facilitate future species-specific 
RNAi-based termiticide development. The development of 
novel delivery methods (i.e., BioClay spray) also raises high 
hopes for deploying RNAi against termites (Jain et al. 2022).

6 Summary

RNAi in insects is obtained by the siRNA, miRNA, and 
piRNA pathways. However, lepidopterans are less sensi-
tive, and coleopterans are more sensitive to RNAi, whereas 
other insect orders, including termites, are moderately sensi-
tive (Zhu & Palli 2020). This variation may result from the 
choice of the target gene, cellular uptake and intracellular 
transit of dsRNA, stability of dsRNA, RNAi core machin-
ery gene expression, and dsRNA processing to siRNA. 
Researchers have relied on simple dsRNA delivery methods 
like microinjection and feeding but have not seen any nota-
ble outcomes (Table 2). For superior transport of dsRNA, 
combining more modern development technologies (such 

as nanoparticle-enabled and symbiont-mediated) into feed-
ing methods is necessary. These technologies may also aid 
dsRNA stability, endosomal escape, and dsRNA process-
ing. The effectiveness of RNAi, the absence of dependable 
dsRNA delivery techniques, off-target and non-target effects, 
and potential resistance development are the main obstacles 
to the widespread use of RNAi for termite pest management. 
Obtaining high effectiveness of RNAi in eusocial termites 
will be more challenging due to their social behaviour and 
immunity to defend against RNAi activity. In this perspec-
tive, we revisited such problems and searched for putative 
mitigation strategies (Fig. 1). We first identified complete 
RNAi machinery genes in termites and cross-checked them 
with RNAi-sensitive coleopteran RNAi machinery genes 
(Joga et al. 2021) and concluded that termites have the same 
type of RNAi machinery and the potential to be sensitive 
to RNAi. Finding suitable target genes and dsRNA delivery 
methods concerning dsRNA stability and cellular transport 
will be the key to success. Impediments to RNAi efficacy 
in eusocial termite colonies must be resolved using superior 
technology. All facets of termite biology as holobiont, from 
eusocial behaviour to symbiosis, await further illumination 
to develop RNAi-based termite control products.
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