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ABSTRACT

Rice is the staple food for the majority of the global population, especially in Asia, where 90% of rice is
cultivated and consumed. With the human population projected to reach 9.7 billion by 2050, the demand for
increased rice production must be met using ever-decreasing resources. In India, rice is cultivated under
diverse agroecological conditions, with cropping intensity varying based on the environment. Fertile deltaic
regions with consistent irrigation can support up to three rice-growing seasons annually. However, rice
crops face significant stress during growth due to a range of pests, including insects, nematodes, diseases,
weeds and rodents. Rice in India faces significant challenges from insect pests, with farmers experiencing
average yield losses of 37% annually due to pests and diseases, while over 800 insect species can damage
rice, about a dozen are considered major pests in India and Key pests include Brown planthopper
(Nilaparvata lugens Stal), Yellow stem borer (Scirpophaga incertulas Walker), Leaf roller (Cnaphalocrocis
medinalis Guenée) and Gall midge (Orseolia oryzae Wood-Mason). The complexity and prevalence of pests
damaging rice crops are on the rise, necessitating innovative solutions. This review discusses recent
advancements in pest management and their implications for future rice production, highlighting novelties
in host plant resistance, including RNAI, genome editing techniques and the application of nanotechnology.

Key words : Rice, Pest Management, RNA interference (RNAI), Genome editing, Nanotechnology, Host

plant resistance, CRISPR-Cas9, Biopesticides, Sustainable agriculture.

Introduction

Rice production is crucial for India’s food security
and economy, as the country is the world’s second-largest
producer (FAO). Approximately 65% of India’s population
depends onrice as a staple food, providing a vital livelihood
source for rural communities (Janaiah, 2020). In 2022—
2023, India’s rice production is estimated to have reached
arecord high of 1,357.55 lakh tonnes, marking an increase
of 62.84 lakh tonnes over the previous year’s production
of 1,294.71 lakh tonnes (PIB, 2023). However, paddy
farmers continue to face substantial economic losses
annually due to multiple biotic and abiotic stresses. Several
factors, including pests, diseases, soil fertility, rainfall

variability, waterlogging and climate conditions, contribute
to reduced rice yields. Among these, pest infestations
are particularly detrimental, with approximately 100 insect
species affecting rice crops; around 20-33 of these cause
significant economic damage (Ali et al., 2021; Tripathi
and Saxena, 2013; Virmani, 1994). Major pests such as
yellow stem borer (Scirpophaga incertulas Walker),
Leafhoppers (Nephotettix nigropictus Stal), Brown plant
hopper (Nilaparvata lugens Stal), Gall midge (Orseolia
oryzae Wood-Mason) and defoliators contribute
significantly to yield losses, with Asia reporting losses
between 20-51% due to pest attacks (Ali et al., 2021,
Parasappa et al., 2017). Specific pests like the yellow
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stem borer (Scirpophaga incertulas Walker),
leafhoppers, Brown plant hopper (Nilaparvata lugens
Stal), Gall midge (Orseolia oryzae Wood-Mason) result
in losses ranging from 25-30%, 10-70% and 15-60%,
respectively (Ali et al., 2021). Compared to other crops,
rice suffers notable losses—estimated at 15-25%—due
to pest infestations in South Asia, largely driven by
favourable climatic conditions that facilitate pest spread
(Dhaliwal et al., 2010).

These pressures push farmers to rely extensively on
insecticides to manage infestations and maintain yields,
highlighting the importance of sustainable pest
management practices in rice cultivation. In India, the
Central Insecticide Board and Registration Committee
(CIBRC) has recommended over 90 pesticides or
combination products to tackle various insect-related
issues. While the high pesticide usage contributes to direct
crop returns, there is growing concern about its effects
on non-target organisms, particularly humans. Small
pesticide residues may persist in crops, either from direct
application or environmental contamination, raising
significant health and environmental concerns. Despite
their agricultural benefits, less than 1% of pesticides reach
target pests, with over 99% affecting non-target areas,
thus contaminating air, water and soil and harming non-
target organisms (Shreya and Rahul 2022). Runoff and
wind dispersion can further spread pesticides, affecting
non-point areas and endangering other animals. The need
for sustainable pest management drives the development
of economically and ecologically viable alternatives.
Current technologies in pest management aim to create
environmentally friendly strategies that leverage
renewable natural resources. The following objectives
have been identified, focusing on addressing the economic
and social impacts of existing limitations and bottlenecks
in applying various pest management techniques like
RNAi and CRISPR/Cas approaches for pest
management.

Major insect pests of rice

A. National significance: Yellow stem borer
(Scirpophaga incertulas Walker), Brown plant hopper
(Nilaparvata lugens Stal), Leaf folder (Cnaphalocrocis
medinalis Guenée), Gandhi bug (Leptocorisa acuta
Thunberg), Gall midge (Orseolia oryzae Wood-Mason)

B. Regional significance: Termite (Odontotermes
obesus Rambur) - In rainfed upland areas, irrigated rice-
wheat system, Swarming caterpillar (Spodoptera
mauritia Boisduval) - Odisha, West Bengal, Jharkhand,
Chhattisgarh, and Punjab, Rice Hispa (Dicladispa
armigera Oliver) - Bihar, West Bengal, Assam, Odisha,

Meghalaya, Mizoram, Tripura, Punjab, Himachal Pradesh,
Uttar Pradesh and Uttarakhand, Climbing cutworm/Rice
Ear Cutting Caterpillar/ Armyworm (Mythimna separate
Walker) - In coastal rice growing areas, Haryana, Punjab
and Uttar Pradesh. Caseworm (Nymphula depunctalis
Guenée) - In low-lying and water-logged areas in eastern
India. Thrips (Stenchaetothrips biformis Bagnall) - In
upland rice in Odisha, Andhra Pradesh, Madhya Pradesh,
Punjab, Haryana, Assam and Tamil Nadu. Mealy bug
(Brevennia rehi Lindinger) - In upland rice in Uttar
Pradesh, Bihar, West Bengal, Odisha, Madhya Pradesh,
Tamil Nadu, Kerala, Pondicherry and Karnataka. Panicle
mite (Steneotarsonemus spinki Smiley)-Andhra Pradesh,
Odisha, West Bengal, Gujarat and Western Uttar Pradesh
and Leaf mite (Oligonychus oryzae Hirst) —Eastern India
and Andhra Pradesh, Root weevil (Echinochemus
oryzae Marshall) - Haryana, Punjab, and Tamil Nadu,
White grub (Holotrichia spp.) - Hill rice, Black bug
(Scotinophara coaractata Fabricius) -Andhra Pradesh,
Tamil Nadu, and Kerala., Blue beetle (Leptisma pygmaea
Baly) - Kerala, Maharashtra, and Tamil Nadu. (Source:
https://niphm.gov.in/IPMPackages/Rice.pdf)

Crop calendar and Pest profile

Rice insect pests are an important biotic stress
component and a significant production restriction globally.
Although over 200 insect species have been observed to
feed on rice plants, only a few dozen are economically
significant in a specific rice environment at any given
moment. Several of them have coevolved with their host
over thousands of years, and many have no substitute
host. Rice pests include insects from all feeding guilds,
ranging from defoliators, tissue borers, and sap-suckers
to gall formers and several of these are occupied by a
complex of species (Heinrichs, 1994). Most important
among these are stem borers: yellow stem borer (YSB),
Scirpophaga incertulas; planthoppers: brown
planthopper (BPH), Nilaparvata lugens; white-backed
planthopper (WBPH), Sogatella furcifera; leafhoppers:
green leafhopper; (GLH), Nephottetix virescens and
zigzag leathopper (ZLH), Recilia dorsalis; gall midge:
Orseolia oryzae and leaf folders: Cnaphalocrocis
medinalis. Several other insects such as rice hispa, grain
bugs, aphids, mealy bugs and stem flies are of minor or
regional importance (Bentur, 2010). The main rice growing
season in the country is the ‘Kharif’. It is known as winter
rice as per the harvesting time. The sowing time of winter
(Kharif) rice is June-July and it is harvested in November-
December. About 84% of the country’s rice crop is grown
in this season and generally, medium to long-duration
varieties are grown in this season. Summer rice is called
Rabi rice. The sowing time of summer rice is November
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Traditional/current management practices for rice pest management.

Table 1 : Economic thresholds of common insect pests of rice.

Pest Economic thresholds Reference

Stem borer 10% dead hearts or 1 egg mass or 1 moth/m? Pasalu et al. (2004)
BPH and WBPH 10 insects/ hill at veg. Whereas 20 insects/hill at a later stage Pasalu et al. (2004)
Green leaf hopper 2 insects/hills in Tungro endemic areas. 20-30 insects/hill in other areas Pasalu et al. (2004)
Gall midge 1 gall/m2 or 10% silver shoot Pasalu et al. (2004)
Leaf folder 2-3 damaged leaves/ hill post active tillering stage Pasalu et al. (2004)
Case worm 1-2 cases/hill Misra and Jena (2007)
Cutworm 1 damaged tiller/hill or 2 larvae/m? Prakash etal. (2014)
Earhead bug 1 nymph or adult/hill Prakash etal. (2014)
Rice hispa 2 adults or 2 dead leaf/hill Prakash etal. (2014)
Rice black bug 5 bugs/hill Prakash etal. (2014)
Whorl maggot 25% damage leaves Misra and Jena (2007)

Table 2 : Yield loss caused by major insect pests of rice.

Insect Yield loss

Reference

Yellow stem borer

1-19% in early planted and 38-80% in late transplanted crop

Catinding and Heong (2003)

Plant hopper 10-90% Seni and Naik (2017)

Gall midge 0.8% of the total production Krishnaiah (2004)

Leaf folder 10% flag leaf infestation reduces grain yield by 0.13 g per tiller Murugesan and Chelliah
and the number of fully filled grains by 4.5%. (1983)

Earhead bug 10-40%

Israel and Rao, 1954

to February and harvesting time is March to June. The
area under summer rice is only 9% and early-maturing
varieties are mostly grown in this season.

Cultural practices

As essential agronomic techniques, cultural
practices play a dual role in enhancing crop productivity
and concurrently suppressing pest populations (Reddy et
al., 1979). Techniques such as crop rotation, intercropping,
tillage, cover cropping, mulching, irrigation and drainage
management, maintaining appropriate spacing, and timed
planting are key practices for effective pest management
(Chandola et al., 2011; Faust, 2008). Crop rotation, for
instance, disrupts the life cycles of insect pests like gall

midges in rice fields, effectively reducing their populations
(Heinrichs and Muniappan, 2017). Tillage is another
fundamental practice that disturbs the natural habitats of
soil-borne insects, targeting the eggs, larvae, and pupae
stages, thus reducing pest pressure.

Research has shown that trap cropping with Barnyard
millet (Echinochloa sp.) and foxtail millet around rice
fields effectively mitigates pest damage by attracting pests
away from the main crop (Chandola et al., 2011). Fertilizer
management, particularly nitrogen application at optimal
rates and split doses, has also been noted to control pests,
as excessive nitrogen can increase the populations of
pests like gall midges, leaf folders, brown plant hoppers
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and white-backed plant hoppers in rice fields (Reddy et
al., 1979). Transplanting older seedlings, for example,
can minimise the risk of vegetative-stage pests, such as
caseworms and whorl maggots, by reducing their window
of vulnerability. Additional cultural techniques include
adjusting planting times; early planting can lower gall
midge populations, while delayed planting reduces leaf
folder infestations. Post-harvest flooding of rice stubble
has been found to suppress pests like armyworms and
stem borers in the subsequent season (Heinrichs and
Muniappan, 2017). The use of undecomposed farmyard
manure is discouraged, as it can foster pest infestations,
particularly from white grubs, whose larvae are drawn
to organic material in early decomposition stages, often
leading to increased crop damage. Traditional pest control
methods in the Indian subcontinent include the application
of table salt and controlled field fires. Table salt helps to
control white grub, stem borer, and even certain fungal
diseases, while field fires sterilize the soil, reducing pest
populations in the treated area (Chandola et al., 2011).
These cultural practices collectively offer an effective,
ecologically sound approach to integrated pest
management, contributing to sustainable agriculture.

Use of resistant varieties

The adoption of resistant cultivars in rice production
can be considered a safer alternative to pesticides.
Mutagenesis, the introduction of foreign genes (single-
gene and gene pyramiding), transplastomic approaches,
genetically engineered/modified Bt Toxins,
oligonucleotide-directed mutagenesis, engineered
nucleases, engineered plant membrane transporters and
antisense technologies are all used to develop insect-
resistant rice crop varieties.

Mechanical practices

Collection of egg masses and larvae of pests to be
placed in bamboo cages for conservation of biocontrol
agents. Removal and destruction (burn) of diseased/pest-
infested plant parts. Clipping of rice seedlings tips at the

Table 3 : Varieties resistant/tolerant to various insect pests.

time of transplanting to minimize carryover of rice hispa,
case worm, and stem borer infestation from the seedbed
to the transplanted fields. Use of coir rope in rice crop
for dislodging case worms, cutworms and swarming
caterpillar and leaf folder larvae, etc. onto keratinized
water (1 L of kerosene mixed on 25 kg soil and broadcast
in 1ha).

Biological control

Biological control agents are essential for managing
crop pests within Integrated Pest Management (IPM)
frameworks. Predators and parasitoids, particularly for
pests like the yellow stem borer and leaf folder, offer
promising alternatives to chemical methods. However,
their effectiveness is often limited to these key pests and
less so for sporadic ones, such as gundhi bug, rice hispa,
and cutworm (Pasalu et al., 2004). In rice, the use of
biocontrol through inundative and inoculative releases has
shown variable success compared to other crops (Pathak
et al., 1996). In India’s rice ecosystems, inundative
releases primarily involve egg parasitoids, especially
Trichogramma japonicum and T. chilonis, as they are
easily mass-reared (Pasalu et al., 2004). Effectiveness
depends on environmental conditions and species
selection; for instance, T. dendrolimi thrives in 18—-26°C,
while T. japonicum is optimal at 30-34°C (Yuan et al.,
2012; Guoetal., 2012; Hong-xing et al., 2017). In India,
releasing T. japonicum at 20,000 per acre has effectively
reduced stem borer populations, and releasing 100,000
adults per hectare at intervals of 7-10 days has resulted
in up to 59% reduction in leaf folder damage (Pasalu et
al., 2004). However, in China, T. japonicum achieved
only 9% parasitism in yellow stem borer eggs, compared
to 15% for T. chilonis (Tang et al., 2017). Studies
indicate that Trichogramma species perform better on
newly laid pest eggs (<24 hours old) than on older ones
(Babendreier et al., 2020; Hong-xing et al., 2017).

Microbial pesticides like Bacillus thuringiensis (Bt)
and certain viruses and fungi are also effective, eco-

Insect pests Resistant/tolerant varieties

Gall midge
Kanchan and Birsa Dhan 202.

IR 36, Asha, Samalei, Samariddhi, Pusa, Surekha, Phalguna, Vikram, Shakti, Jyoti, Kakatiya,

Brown plant hopper

CO0 42, Jyoti, Chandana, Nagarjuna, Sonasali, Rasmi, Neela, Annanga, Daya, Bhadra, Karthika,
Aruna, Remya, Kanakam, Bharathidasan, Remya, Triguna, IET 8116, Rajendra Mahsuri-,
Pant dhan 11, Rajshree, Bhudeb and Hanseshwari.

White-backed plant

hopper Hanseshwari

HKR 120, HKR 126, HKR 228, PR 108, Menher, Pant dhan 10, Pant dhan 11, Mahananda and

Green leaf hopper

Vikramarya, Nidhi, IR 24, Radha, Mahananda and Kunti.

(Source:https://niphm.gov.in/IPMPackages/Rice.pdf)
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friendly options for rice pest control. Bt has shown
efficacy against rice yellow stem borers’ larval stages,
reducing dead hearts and white heads by 76.36% and
67.45%, respectively, in controlled studies (Nayak et al.,
1978). Similarly, Mamestra brassicae nuclear
polyhedrosis virus has achieved over 83% efficacy
against leaf folder larvae (Hong-xing et al., 2017) and
the combination of C medinalis granulovirus (CnmeGV)
with Bt significantly enhanced mortality rates and pest
control duration for leaf folders (Liu etal., 2013). Fungal
pathogens like Beauveria bassiana have shown promise
against rice hispa in India (Hazarika and Puzari, 1997),
while Pandora delphacis has been effective against
brown planthopper (BPH) (Narayanasamy, 1995).

Chemical control

Chemical control remains one of the most effective
and rapid methods for reducing rice pest populations,
particularly during emergencies when other options are
unavailable. However, studies indicate that improper
insecticide use can lead to pest outbreaks, ultimately
posing a risk to entire rice-growing regions (IRRI, 2011;
Ali et al., 2019). The effectiveness of chemical control
relies on selecting the appropriate active ingredient,
formulation, and application method, with a solid
understanding of pest life cycles and crop phenology
(Pasalu et al., 2004). Additionally, information on the
pest’s most susceptible stage, population intensity, and
impact on yield and natural enemies is critical for
economically sound and successful pest control.
Awareness of the potential negative effects of pesticides
on applicators, consumers and the environment is also
essential.

Among granular insecticide formulations,
chlorantraniliprole 0.4 GR at 10 kg/ha and fipronil 0.3
GR at 12 kg/ha have proven effective against stem borers
and leaf folders. In cases where both leaf folder and
stem borer are present, spray formulations such as cartap
hydrochloride 50 SP at 750 g/ha, fipronil 5 SC at 1500 ml/
ha and rynaxypyr 20 SC at 150 ml/ha are recommended
(Seni and Naik, 2020). For controlling plant and leaf
hoppers, flonicamid 50 WG at 150 g/ha, pymetrozine 50
WG at 300 g/ha, and triflumezopyrim 10 SC at 240 ml/ha
have shown high efficacy (Seni and Naik, 2017; Seni et
al., 2019; Seni and Naik, 2020). Insecticides should be
used by farmers as a last resort to prevent economic
damage to rice crops.

Modern techniques and novel approaches for the
control of rice pest

Host plant resistance
Host Plant Resistance (HPR) plays a crucial role in

crop insect pest and disease management. As the
cornerstone of integrated pest management (IPM), HPR
contributes to enhancing agricultural productivity to meet
the demands of a growing global population (Godfray et
al., 2010). Resistant crop varieties offer an efficient and
cost-effective strategy for controlling insect pests and
diseases. The identification and deployment of new
resistance genes and quantitative trait loci (QTLs) require
continuous efforts to counter virulent pest and pathogen
biotypes. Understanding the genetic diversity and
variability within pest and pathogen populations remains
a critical factor in ensuring the long-term effectiveness
and durability of host plant resistance.

Exploration and deployment of new sources of
resistance from wild and cultivated species

Wild species serve as crucial reservoirs of host plant
resistance (HPR) genes and quantitative trait loci (QTLS)
for insect pests and diseases, harbouring diverse gene
pools with significant resistance traits. Genotypes
exhibiting strong resistance are essential for wide-
hybridization programs aimed at enhancing tolerance to
biotic stressors. However, breeding efforts often face
challenges due to incompatibility issues, particularly among
divergent taxa, and the association of resistance genes
with undesirable agronomic traits. The introgression of
resistance genes from wild relatives has been linked to
reduced yield, poor grain quality, and undesirable plant
architecture (Tanksley and McCouch, 1997). Despite
these constraints, recent studies indicate that certain wild
species possess genetic components that not only confer
pest resistance but also improve agronomic performance.

Genome-wide association studies (GWAS) have
identified significant loci associated with brown
planthopper (BPH) resistance, including key candidate
genes involved in receptor-like protein kinase (RLK), NB-
LRR, and LRR protein functions, with two novel loci
discovered (Zhou et al., 2024). Genomic selection
models, particularly the random forest model, achieved a
prediction accuracy of 0.633 for BPH resistance, which
improved with an increasing number of SNP markers
and larger training populations. Feng et al. (2019)
conducted a GWAS on rice black-streaked dwarf virus
(RBSDV) resistance in the RDP1 cultivar panel using a
44K SNP array. Their study revealed that less than 15%
of cultivars were resistant, with aus, indica, and tropical
japonica sub-populations showing greater resistance than
aromatic and temperate japonica sub-populations. Four
varieties exhibited stable RBSDV resistance across
multiple environments, with GWAS identifying 84 SNP
loci linked to resistance and 13 QTLs, including gRBSDV-
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4.2 and qRBSDV-6.3, which conferred stable resistance
across field conditions. Notably, gRBSDV-6.3 reduced
disease severity by 20% and its introgression into
susceptible cultivars via marker-assisted selection
successfully enhanced resistance.

Further GWAS studies identified 3,502 SNPs and 59
loci associated with resistance to three BPH biotypes,
including the newly identified Bph37 gene, with evidence
of ancient balancing selection at resistance-associated
loci, particularly in response to virulent BPH biotypes Il
and Il (Zhou et al., 2024). High-SNP-density regions
on chromosomes 4 and 6 were enriched with resistance
loci, potentially retained from Oryza nivara. Shi et al.
(2023) evaluated 123 rice varieties for BPH resistance,
identifying three immune and nine highly resistant
varieties. Whole-genome resequencing revealed 1,897,845
SNPs, with linkage disequilibrium (LD) decay occurring
at approximately 233 kb. A GWAS using the Fast-MLM
model identified a major QTL on chromosome 2,
containing 13 candidate genes, including those with
leucine-rich repeat and CC-NBS-LRR or NB-ARC
domains, potentially contributing to pest resistance. Among
them, LOC_0s02g27540 exhibited high expression upon
BPH induction, highlighting its role in durable BPH
resistance. These findings provide critical genetic
resources for developing resilient rice varieties with
enhanced pest resistance.

Application of molecular markers in host plant
resistance against insect pest

Over the past several decades, various molecular
techniques have been developed and successfully applied
to characterize genetic diversity, detect DNA sequence
polymorphisms, perform genome sequencing and
fingerprinting, map genes and quantitative trait loci
(QTLs), conduct population genetics studies, and facilitate
plant breeding. Molecular markers have been instrumental
in constructing high-density genetic linkage maps for rice
(Sharma et al., 2009). Traditionally, breeding programs
require six generations to introgress pest and pathogen
resistance traits from donor sources into high-yielding
cultivars. However, molecular marker-assisted selection
(MAS) has significantly reduced the time and resources
required for resistance breeding by streamlining the
transfer of desired traits from wild sources (Sharma et
al., 2009).

Advanced breeding populations such as near-isogenic
lines (NILs), recombinant inbred lines (RILS), F,
populations, and backcross populations, along with doubled
haploid technologies, have been extensively utilized in rice
gene mapping programs (Mohan et al., 1997; Sharma et

al., 2009). Several DNA markers, including Random
Amplified Polymorphic DNA (RAPD), Restriction
Fragment Length Polymorphism (RFLP), Amplified
Fragment Length Polymorphism (AFLP), Simple
Sequence Repeats (SSRs)/microsatellites, Sequence
Tagged Sites (STS) and Single Nucleotide Polymorphisms
(SNPs), have been widely used for molecular
characterization of rice genotypes (Botstein et al., 1980;
Williams et al., 1990; Vos et al., 1995). These markers
have been successfully employed in identifying resistance
genes and QTLs for major rice pests, including stem
borers (Mohan et al., 1994; Jain et al., 2004), brown
planthopper (Sharma et al., 2002; Jena et al., 2010) and
gall midge (Du et al., 2020). The integration of molecular
marker technologies with conventional breeding strategies
has greatly enhanced the efficiency of rice improvement
programs, facilitating the development of resistant
cultivars with minimal linkage drag.

Marker-assisted selection (MAS) is a breeding
strategy that utilizes molecular markers linked to desired
traits for the indirect selection of superior genotypes
(Wakchaure et al., 2015; Rani et al., 2014). MAS is
particularly beneficial for traits that are challenging or
expensive to measure, exhibit low heritability, or are
controlled by recessive alleles (Wakchaure et al., 2015).
This approach facilitates the precise transfer of specific
genomic regions while expediting the recovery of the
recurrent parent genome in breeding programs (Babu et
al., 2004). MAS has been successfully applied to both
simple and complex traits, with more widespread
implementation in the former (Babu et al., 2004; Collard
and Mackill, 2008). It offers several advantages, including
early-stage screening, cost reduction, and increased
selection precision (Shrestha et al., 2020).

MAS has been extensively employed in crop
improvement programs to enhance various agronomic
traits across cereals, legumes, and oilseeds. In cereals
such as wheat, maize and rice, MAS has facilitated the
improvement of disease resistance, insect resistance,
abiotic stress tolerance and yield components (Liu et al.,
2007). Inrice breeding, MAS has played a crucial role in
incorporating resistance against bacterial blight and blast
disease (Henkrar, 2020). Furthermore, MAS has been
instrumental in germplasm characterization, genetic
diversity analysis, and targeted trait improvement in pulses,
oilseeds and fiber crops (Kumawat et al., 2020).

In rice, MAS has emerged as a promising tool for
developing varieties resistant to insect pests, particularly
the brown planthopper (BPH). The Bph3 gene, mapped
to chromosome 4, has been successfully introgressed into
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susceptible rice lines, significantly enhancing their BPH
resistance (Qing et al., 2019). Similarly, Prahalada et al.
(2017) identified BPH31 on chromosome 3, while
pyramiding Bph14 and Bph15 genes resulted in superior
BPH resistance (Jiang et al., 2018). These MAS-derived
resistant lines exhibit not only improved pest resistance
but also maintain yield potential comparable to their
susceptible counterparts (Jiang et al., 2018). This
approach has been effective in developing varieties
resistant to multiple BPH biotypes (Qing-li et al., 2011).
The use of DNA markers linked to resistance genes
allows for efficient screening of breeding populations and
the development of broad-spectrum resistant cultivars
(Jena and Mackill, 2008).

Recent studies have identified several SSR markers
significantly associated with BPH resistance, including
RM401, RM5953, and RM217, which contribute to
phenotypic variation in resistance to BPH biotypes 2 and
3 (Shabanimofrad et al., 2015). Researchers have
successfully introgressed and pyramided multiple BPH
resistance genes, such as Bph3, Bph27(t), Bphl4, and
Bphl5, into elite rice cultivars using MAS, thereby
improving resistance and minimizing yield losses (Liu et
al., 2016; Xu, 2013). MAS has also been employed in
identifying genomic regions associated with gall midge
resistance, such as the gm3 gene linked to marker
RM17480 on chromosome 4 (Sahu et al., 2023).
Additionally, MAS has facilitated the introduction of
multiple resistance genes, including Gm8 for gall midge
resistance, into elite Indian rice varieties like Naveen
(Ramayya et al., 2021). Similarly, the Gm4 gene has been
successfully incorporated into the Tellahamsa cultivar
along with bacterial blight resistance (Hari et al., 2022).
These advancements underscore the potential of MAS
as a powerful tool for rice breeders in developing high-
yielding, stress-resistant cultivars capable of withstanding
evolving pest pressures.

RNA.i for pest management

Crop damage and losses due to insect pests” amount
to billions of dollars annually, with heavy reliance on
synthetic chemical insecticides leading to unintended
consequences such as insect resistance, non-target
effects on beneficial insects, and environmental pollution
(Kumar et al., 2019). Therefore, a major focus of
researchers is to develop more target-specific pest
management strategies, one of which is RNA interference
(RNAI). RNAI is an emerging technology that silences
key genes in insects or plants, offering a highly specific
and environmentally friendly alternative to synthetic
chemical pesticides, leading to selective mortality of target

species (Joga et al., 2016; Christiaens et al., 2020).
Originally tested in Caenorhabditis worms (Fire et al.,
1998), RNAIi functions by down-regulating gene
expression through post-transcriptional gene silencing
using artificial RNA molecules (Whangbo and Hunter,
2008).

RNAI technology provides a suite of molecular tools
with diverse applications in genetic studies and agriculture,
including the protection of beneficial insects from viruses
and parasites (Hunter et al., 2010; Zotti and Smagghe,
2015), pest resistance management (Zhu et al., 2014),
and plant defence against insect pests (Huvenne and
Smagghe, 2010; Joga et al., 2016; San Miguel and Scott,
2016; Andrade and Hunter, 2016). This technology
enables the silencing of genes crucial for insect
development, reproduction, and insecticide detoxification
(Jindal and Grover, 2019). It has been effectively utilized
to identify and validate genes encoding insecticide target
proteins and to study mechanisms of insecticide resistance
(Kimet al., 2015).

RNA silencing is a homology-based process initiated
by double-stranded RNA (dsRNA), leading to gene
expression suppression. Initially discovered in plants, RNA
silencing was hypothesised to function as a defence
mechanism against viruses (Lindbo, 2012). It operates at
three distinct levels in plants: (i) cytoplasmic silencing via
dsRNA, resulting in mRNA cleavage, known as post-
transcriptional gene silencing (PTGS); (ii) micro-RNAs
(miRNAs) regulating endogenous mRNAs through base-
pairing, leading to RNA cleavage or inhibition of protein
translation; and (iii) transcriptional gene silencing (TGS),
wherein sequence-specific DNA methylation suppresses
transcription.

The RNA interference (RNAIi) mechanism
specifically targets and degrades RNAs, utilizing either
exogenous/endogenous small interfering RNA (siRNA)
or endogenous microRNA (miRNA). While siRNAs are
double-stranded, miRNAs are single-stranded and both
function as ~21 nucleotide RNA duplexes that induce
mMRNA silencing. However, they differ in precursor
structures, biogenesis pathways and modes of action
(Wang et al., 2021). SiRNAs typically lead to the direct
cleavage of fully complementary target RNAs, whereas
miRNAs induce translational inhibition and exonucleolytic
decay due to partial complementarity (Neumeier and
Meister, 2021). MiRNA-based approaches may offer
advantages over SiRNA, including reduced off-target
effects and the potential to regulate multiple genes
simultaneously (Wang et al., 2021).

RNAI-based strategies have shown potential against
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various rice insect pests, including the brown planthopper
(Nilaparvata lugens) and the striped stem borer (Chilo
suppressalis). Transgenic rice plants expressing dsSRNA
targeting insect genes have demonstrated significant
impacts on pest survival and reproduction (Yu et al., 2014;
Maoetal., 2021; Zha et al., 2011). Effective target genes
include the ecdysone receptor (EcR) in N. lugens and a
small heat shock protein gene (CssHsp) in C.
suppressalis (Yu et al., 2014; Mao et al., 2021).
Additionally, nanomaterial-wrapped dsRNA targeting
the CYP15C1 gene in C. suppressalis has demonstrated
enhanced efficacy compared to naked dsRNA (Sun et
al., 2020).

Shen et al. (2021) identified three ferritin genes in N.
lugens: ferritin 1 Heavy Chain (NIFer1), ferritin 2 Light
Chain (NIFer2), and soma ferritin (NIsoma-Fer). RNAI-
mediated knockdown of Nlsoma-Fer resulted in < 14%
mortality, whereas silencing NIFerl or NIFer2 led to
retarded growth, 100% mortality in young nymphs,
undeveloped ovaries in newly emerged females,
extremely low fecundity, and a zero hatching rate due to
inhibited oocyte growth. These findings suggest
that NIFerl and NIFer2 are essential for N.
lugens development and reproduction and may serve as
promising targets for RNAi-based pest management.

Furthermore, Zheng et al. (2021) developed a
transgenic rice line, ‘csu260,” for striped stem borer (C.
suppressalis) resistance using miRNA expression
technology. This line expresses CSU-novel-miR260, an
endogenous miRNA that inhibits ecdysteroid production
in SSB, thereby disrupting its development and
reproduction.At 35 days after feeding, larval mortality
in csu260-16 and csu260-18 engineered rice-fed SSB
larvae was 55.6% and 53.3%, respectively, compared to
only 20% in control larvae. Additionally, repeated feeding
of SSB larvae with transgenic rice expressing the SSB-
specific miRNA candidate csu-novel-miR15 (csu-
15 rice) delayed pupation by four days (Jianget al., 2017).
While these studies highlight the potential of RNAi-based
pest control in rice, careful selection of target genes and
optimization of dsSRNA delivery methods are essential
for effective field-level pest management. Unlike
conventional insecticides, targeting fundamental cellular
processes such as gene expression and protein
homeostasis has shown high efficacy (Buer et al., 2024).

Despite its promise, challenges such as potential off-
target effects and the need for efficient delivery systems
remain (Munawar, 2023). Recent advancements have
focused on improving RNA. efficiency through optimized
target gene selection, dsRNA design refinement, and

enhanced delivery technologies (Silver et al., 2021).
Approaches such as dsSRNA encapsulation and microbial
or plant-based dsRNA production have been explored to
increase stability and cellular uptake. Oral and topical
delivery methods targeting key physiological pathways—
such as energy metabolism, hormone regulation, and
insecticide resistance—offer potential for field applications
(Lu et al., 2023). RNAi-based solutions, including
genetically modified crops and foliar spray formulations,
are emerging as viable alternatives for pest management
(Lu et al., 2023). Future research should focus on
enhancing RNA. efficacy while minimizing off-target
effects, ensuring its compatibility with integrated pest
management strategies (Willow et al., 2021).

CRISPR/CAS approach for pest management

Though pesticides were effective at controlling pests,
the detrimental environmental impact and pesticide
resistance were key issues (Damalas and
Eleftherohorinos, 2011). Recently, genome editing
technology, Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/ Cas (CRISPR-
associated protein) has gained popularity due to its
precision and efficiency in understanding the biological
function of genes in crop plants (Ishino et al., 2018).
Furthermore, CRISPR-Cas is more robust in terms of
total gene knockdown than RNAI, which induces partial
gene silencing (Shelake et al., 2019) and has higher
specificity (Brandt and Barrangou, 2019). In rice,
serotonin is known to increase attractiveness to brown
planthopper (BPH) nymphs, enhances their feeding
behaviour, and promotes their survival (Chenet al., 2022).
In contrast, salicylic acid (SA) levels increased in
resistant rice varieties after BPH infestation, suggesting
SA’s importance in BPH resistance (Li et al., 2017). The
use of the CRISPR/Cas tool to knock out the cytochrome
P450 gene, CYP71A1, which encodes tryptamine 5-
hydroxylase which catalyzes the conversion of tryptamine
to serotonin, resulted in decreased serotonin and elevated
SA levels in rice plants, conferring enhanced resistance
against the brown planthopper, the most notorious pest
of rice (Lu etal., 2018). NICSAD-edited mutants created
using CRISPR/Cas9 exhibited darker pigmentation with
homozygous mutants showing fewer eggs and lower
hatchability compared to heterozygotes. This study
establishes NICSAD as essential for normal pigmentation
and reproductive traits, highlighting its potential as a visible
marker for genetic manipulation in pest management
strategies for N. lugens (Chen et al., 2021). Using
CRISPR/Cas9 with HDR, Zhang et al. (2024) generated
a knock-in homozygous strain (NI-G932C) confirming this
mutation confers a 94.9-fold resistance to buprofezin,
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though field strains showed higher resistance (2078.8-
fold), indicating additional mechanisms. This is the first
study to use CRISPR in hemipteran insects to validate a
mutation’s role in pesticide resistance, providing a
foundation for resistance management strategies. Since
limited information is available on the genome editing
application using CRISPR/CAS the use of this tool in
rice insect pest management holds a bright prospective.

Nanotechnology in plant protection

Nanoparticles with different properties can play an
important role in agriculture, particularly crop protection
(Adenubi et al., 2024). There has been an increase in
research on nanotechnology in agriculture in recent years,
as evidenced by the number of patents registered and
publications published in this sector (Yata et al., 2017).
Nano-based kits can treat plant diseases, nano-sensors
can detect crop pests, and nano-pesticides can be used
to manage pests in an effective and environmentally
benign manner.

In general, nanotechnology in agriculture does not
exactly adhere to the size dimension (100nm in any one
dimension), but the product-saving features connected
with the small size fall under the purview of
nanotechnology. Nanotechnology pesticide applications
can minimize the dose, enhance plant absorption, and
deliver pesticides to the intended target. This will lower
the total amount of pesticides used, saving money while
also being environmentally friendly (Yousef et al., 2023).
Pesticide requirements will be reduced due to the smaller
size of nano-pesticides with a large surface area, which
will result in greater absorption (Zannat et al., 2021). As
a result, nanotechnology is commonly promoted as
harmless to the environment (Kah, 2015; Liu and Lal,
2015). Inorganic nano-materials with the ability to kill
pests, such as nano-silica, nano-copper, nano-silver, nano-
zinc, and nano-aluminium, are one class of nano pesticides
for pest management (Kah and Hofmann, 2014; Adak et
al., 2020). While nanometal pesticides may not have much
potential as plant protection agents, pesticide formulation
employing nanotechnology has the potential to
revolutionize the future of pesticide formulation
technology. The recent interest in organic-based
nanomaterials as formulation adjuvants is gaining traction.
Amphiphilic polymer-based nano-formulations of several
pesticides, such as carbofuran, imidacloprid,
thiamethoxam and others are being developed for longer
residual life and maintained efficacy (Shakil et al., 2010;
Adak et al., 2012). These polymers self-assemble into
nano micelles (10-300 nm) in agueous media, offering
controlled release of pesticides (Sarkar etal., 2023). Poly

(ethylene glycol) —based ACPs have shown efficacy in
developing nano formulations for various pesticides,
including mancozeb and imidacloprid (Majumder et al.,
2020; Adaketal., 2012). These formulations demonstrate
improved pest management with reduced pesticide doses
compared to conventional formulations. Recent research
has explored renewable plant oil-based polymers as
sustainable alternatives to petroleum-based nanocarriers,
with bottlebrush copolymers showing superior loading
capacity and sustained release efficacy (Wang et al.,
2022). Despite their potential, ACP-based pesticide nano
formulations face challenges such as limited loading
capacity and lack of biosafety data (Sarkar et al., 2023).

Pesticide nano-emulsions containing botanicals may
have increased efficacy and targeted activity (Adak et
al., 2019). Nano-emulsions containing glyphosate,
acephate, eucalyptus oil and neem oil outperform
traditional formulations (Anjali et al., 2012; Jiang et al.,
2012). Another area of the formulation is nano-
composites, which trap volatile compounds such as
essential oils and pheromones for gradual release (Abreu
etal., 2012; Bhagat et al., 2013). Through the prolonged
release of active components, nano-pesticide formulations
can improve the solubility of poorly soluble compounds,
defend against hostile environments and reduce losses.

Despite substantial developments in agricultural
nanotechnology application techniques, a few difficulties
must be addressed more efficiently. More research is
needed to develop hybrid carriers for pesticide and
fertilizer delivery that adhere to green chemistry and
environmental sustainability principles to maximize their
efficiency. The current technology is on a laboratory scale
and is not cost-effective. As a result, solutions will be
developed at the industrial level to lower the cost of
preparation. The risk and lifecycle evaluation of nano-
pesticides should be verified, and adequate nanomaterials
legislation should be implemented.

Microbial biopesticides

The persistence of hazardous contaminants has
heightened global environmental challenges, threatening
countless species survival. Traditional chemical and
physical remediation methods are often costly and
environmentally damaging, leading to a growing
preference for bioremediation through genetically
engineered microbes (GEMSs). Microbial biopesticides are
emerging as a sustainable alternative to chemical
pesticides in agriculture, offering environmental safety
and pest control efficacy (Manda et al., 2020; Kumari et
al., 2022). These engineered organisms outperform
natural microbes in adaptability and degradation speed,
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offering a safer and more sustainable solution for
environmental remediation (Rafeeq et al., 2023). The
global biopesticide market is valued at approximately $3
billion, accounting for 5% of the total crop protection
market (Damalas and Koutroubas, 2018). India’s
biopesticide market is also expanding, with microbials
comprising about 5% of the pesticide market and 970
microbial formulations registered (Kumar et al.,
2019). Entomopathogenic bacteria (EPBs), particularly
from families like Bacillaceae and Pseudomonadaceae,
are essential in pest control, with Bacillus thuringiensis
(Bt) being the most prominent (Karaborklii et al., 2022).
However, due to rising insect resistance to Bt toxins,
alternatives from the Pseudomonadaceae and
Enterobacteriaceae families are being explored. Genetic
engineering efforts on EPBs, such as Bacillus,
Pseudomonas and Serratia aim to create new toxin
combinations, expanding the target pest range for more
effective control (Azizoglu et al., 2020).
Entomopathogenic fungi (EPF) like Beauveria,
Metarhizium, Lecanicillium and Isaria are increasingly
used to manage crop pests due to their safety,
environmental sustainability and specificity (Bergman et
al., 2019). EPFs insect pests by degrading their cuticle
and proliferating in hemolymph, ultimately causing death.
They offer cost-effectiveness, minimal residual impact,
and overcome insect resistance issues. Commercial EPF
formulations (liquid, powder, granules) are available
globally, with optimized storage conditions required for
efficacy (Sinha et al., 2016; Sharma et al., 2023).
Advances in biotechnology may further enhance EPF
effectiveness, supporting sustainable agriculture. Genetic
engineering enhances viral insecticides by accelerating
the killing time and boosting their pesticidal potential
(Agboola et al., 2022; Yu et al., 2023). Research has
focused on genetically engineered recombinant viruses
that reduce the lethal time (LT50) and lethal dose (LD50)
of viral pathogens like baculoviruses, they initiate infection
in the insect midgut and then spread the infection to other
tissues throughout the insect, thereby increasing virulence
and potentially expanding host ranges. This approach aims
to make viral biocontrol agents faster-acting and more
effective, ultimately reducing crop damage and improving
pest control outcomes (Yu et al., 2023). Historical
development of Bacillus thuringiensis (Bt) as a
biocontrol agent, detailing the classification of Cry
proteins, their specific modes of action against various
insect pests, and the integration of cry genes into plants
to create transgenic Bt crops like cotton, potato, and maize
(Kumar et al., 2021). The study by Lian et al. (2022),
demonstrates the development of insecticide-

tolerant Trichogramma strains (T. japonicum and T.
chilonis) through exposure to sub-lethal doses of
insecticides targeting rice planthoppers. T. japonicum
showed the highest tolerance to imidacloprid (17.8-fold)
after multiple treatments, indicating its potential for
integrated pest management (IPM) in rice fields where
insecticides are used, enhancing compatibility with
chemical control strategies. In India, eight microbial
pesticides have been registered, comprising five bacteria
(four Bacillus spp. and one Pseudomonas fluorescens),
three fungi (Trichoderma spp. and Beauveria bassiana),
and one virus (Nuclear Polyhedrosis Virus, NPV).
Research on other microbial insecticides in rice is limited,
with a few studies evaluating Beauveria bassiana
products against rice leaf folder but with limited success
(Katti et al., 2023).

Conclusion

The future of managing rice pests lies in the effective
integration of advanced scientific techniques with
traditional breeding methods. Research should continue
to focus on discovering new pest-resistant genes and
quantitative trait loci (QTLs), and the development of
varieties with stacked resistance genes to ensure long-
term pest control. RNA interference (RNAI) offers a
promising, environmentally friendly alternative to chemical
pesticides by targeting specific genes to disrupt pest
growth, reproduction, and survival. Genome editing
technologies, such as CRISPR/Cas9, provide precise and
efficient methods for enhancing resistance against pests
like the brown planthopper (BPH) and gall midge.
Additionally, the potential of nanotechnology in targeted
pesticide delivery and controlled release systems offers
significant advantages in improving pest management
sustainability. By combining these innovative strategies
with integrated pest management approaches, rice farming
can achieve enhanced resilience, productivity and
environmental sustainability, ensuring food security for
future generations.

References

Abd El-Ghany, N.M., Abd El-Aziz S.E. and Marei S.S. (2020). A
review: application of remote sensing as a promising
strategy for insect pests and diseases management.
Environ. Sci. Poll. Res., 27(27), 33503-33515.

Abreu F.O., Oliveira E.F., Paula H.C. and de Paula R.C. (2012).
Chitosan/cashew gum nanogels for essential oil
encapsulation. Carbohydrate Polymers, 89(4), 1277-
1282. https://doi.org/10.1016/j.carbpol.2012.04.048

Adak, T., Barik N., Patil N.B., Gadratagi B.G., Annamalai M.,
Mukherjee A.K. and Rath P.C. (2020). Nanoemulsion of
eucalyptus oil: An alternative to synthetic pesticides
against two major storage insects (Sitophilus oryzae (L.)




Modern Techniques and Novel Approaches in Rice Pest Management 1247

and Tribolium castaneum (Herbst)) of rice. Industrial
Crops and Products, 143, 111849.

Adak, T., Kumar J., Shakil N.A. and Walia S. (2012).
Development of controlled release formulations of
imidacloprid employing novel nano-ranged amphiphilic
polymers. J. Environ. Sci. HIth, Part B, 47(3), 217-225.

Adenubi, A.O., Oduroye P. and Akanni A. (2024). Cultivating
the future: Nanotechnology’s green revolution in
agriculture. Int. J. Res. Education Humanities and
Commerce. https://doi.org/10.37602/ijrehc.2024.5202

Ali, M.P,, Nessa B., Khatun M.T., Salam M.U. and Kabir M.S.
(2021). A way forward to combat insect pest in rice.
Bangladesh Rice J., 25(1), 1-22.

Andrade, E.C. and Hunter W.B. (2016). RNA interference —
Natural gene-based technology for highly specific pest
control (HiSPeC). In: Abdurakhmonov, LY. (Ed.), RNA
Interference, 391-409. InTech. https://doi.org/10.5772/
61612

Anjali, C.H., Sharma Y., Mukherjee A. and Chandrasekaran N.
(2012). Neem oil (Azadirachta indica) nanoemulsion—
A potent larvicidal agent against Culex
quinquefasciatus. Pest Manage. Sci., 68(2), 158-163.
https://doi.org/10.1002/ps.2233

Azizoglu, U., Jouzani GS., Yilmaz N., Baz E. and Ozkok D. (2020).
Genetically modified entomopathogenic bacteria, recent
developments, benefits and impacts: A review. Sci. Total
Environ., 734, 139169.

Babendreier, D., Hou M., Tang R., Zhang F., Vongsabouth T.,
Win K.K., Kang M., Peng H., Song K., Annamalai S. and
Horgan F.G. (2020). Biological control of lepidopteran
pests in rice: A multi-nation case study from Asia. J.
Integrated Pest Manage., 11(1), 5. https://doi.org/
10.1093/jipm/pmaa002

Babu, R., Nair S.K., Prasanna B.M. and Gupta H.S. (2004).
Integrating marker-assisted selection in crop breeding—
prospects and challenges. Curr. Sci., 86(5), 607-619.

Bentur, J.S. (2011). Insect pests of rice in India and their
management. Pests and Pathogens: Management
Strategies. CRC Press, Boca Raton, 1-42.

Bhagat, D., Samanta S.K. and Bhattacharya S. (2013). Efficient
management of fruit pests by pheromone nanogels.
Scientific Reports, 3(1), 1-8.

Botstein, D., White R.L., Skolnick M. and Davis R.W. (1980).
Construction of a genetic linkage map in man using
restriction fragment length polymorphisms. Amer. J. Hum.
Gen,, 32(3), 314.

Brandt, K. and Barrangou R. (2019). Applications of CRISPR
technologies across the food supply chain. Annu. Rev.
Food Sci. Technol., 10(1), 133-150. https://doi.org/
10.1146/annurev-food-032818-121511

Buer, B., Donitz J., Milner M., Mehlhorn S., Hinners C.,
Siemanowski-Hrach J., Ulrich J.K., Gromann D., Cedden
D., Nauen R., Geibel S. and Bucher G. (2024). Superior
target genes and pathways for RNAi-mediated pest
control revealed by genome-wide analysis in the

beetle Tribolium castaneum. Pest Manage. Sci., DOI:
10.1002/ps.8505 (Advance online publication).

Catinding, J.L.A. and Heong H.L. (2003). Rice Doctor©2003.
International Rice Research Institute, Philippines.

Chandola, M., Rathore S. and Kumar B. (2011). Indigenous
pest management practices prevalent among hill farmers
of Uttarakhand.

Chen, J.X., LiW.X., Lyu J., Hu Y.T., Huang G. and Zhang W.Q.
(2021). CRISPR/Cas9-mediated knockout of the NICSAD
gene results in darker cuticle pigmentation and a
reduction in female fecundity in Nilaparvata lugens
(Hemiptera: Delphacidae). Comparat. Biochem. Physiol.
Part A: Mole. Integ. Physiol., 256, 110921.

Chen, L., Feng, L., Liang, X,, Li,J., Liao, G, Zhu, L., Fu, K., Fan,
W.S., Wang, S. and Liu, J. (2022). Characterizing the
Mechanism of Serotonin Alleviates Rice Resistance to
Brown Planthopper Nilaparvata lugens (Homoptera:
Delphacidae) Nymphs. Agronomy.

Christiaens, O., Niu J. and Nji Tizi Taning C. (2020). RNAI in
insects: a revolution in fundamental research and pest
control applications. Insects, 11(7), 415.

Collard, B.C. and Mackill D.J. (2008). Marker-assisted selection:
an approach for precision plant breeding in the twenty-
first century. Philos. Trans. Royal Soc. B: Biological
Sci., 363(1491), 557-572.

Damalas, C.A. and Eleftherohorinos 1.G. (2011). Pesticide
exposure, safety issues and risk assessment indicators.
Int. J. Environ. Res. Publ. HIth., 8(5), 1402-14109.

Damalas, C.A. and Koutroubas S.D. (2018). Current Status
and Recent Developments in Biopesticide Use.
Agriculture, 8, 1-6.

Dhaliwal, G.S., Jindal V. and Dhawan A.K. (2010). Insect pest
problems and crop losses: changing trends. Indian J.
Ecol., 37(2), 1-7.

Deleon, L., Brewer M.J., Esquivel I.L. and Halcomb J. (2017).
Use of a geographic information system to produce pest
monitoring maps for south Texas cotton and sorghum
land managers. Crop Protection, 101, 50-57.

Dong, J., Metternicht G., Hostert P., Fensholt R. and
Chowdhury R.R. (2019). Remote sensing and geospatial
technologies in support of a normative land system
science: Status and prospects. Curr. Opin. Environ.
Sust., 38, 44-52.

Du, B., Chen R., Guo J. and He G. (2020). Current understanding
of the genomic, genetic, and molecular control of insect
resistance in rice. Molecular Breeding, 40(2), 24.

Faust, R.M. (2008). General introduction to areawide pest
management. In: Areawide Pest Management: Theory
and Implementation, pp. 1-14. Wallingford, UK: CABI.

Feng, Z., Kang H., Li M., Zou L., Wang X., Zhao J., Wei L.,
ZhouN., Li Q., Lan Y. and Zhang Y. (2019). Identification
of new rice cultivars and resistance loci against rice black-
streaked dwarf virus disease through genome-wide
association study. Rice, 12, 1-13.



1248 M. Chethankumar et al.

Fire, A., Xu S., Montgomery M.K., Kostas S.A., Driver S.E.
and Mello C.C. (1998). Potent and specific genetic
interference by double-stranded RNA in Caenorhabditis
elegans. Nature, 391(6669), 806-811.

Gilles. A.F., Schinko J.B. and Averof M. (2015). Efficient
CRISPR-mediated gene targeting and transgene
replacement in the beetle Tribolium castaneum.
Development, 142(16), 2832-2839. DOI: 10.1242/
dev.125054

Godfray, H.C.J., Beddington J.R., Crute |.R., Haddad L.,
Lawrence D., Muir J.F., Pretty J., Robinson S., Thomas
S.M. and Toulmin C. (2010). Food security: The challenge
of feeding 9 billion people. Science, 327(5967), 812-818.
DOI: 10.1126/science.1185383

Gowda, D.K. (2011). Insect pests of rice and their management
in Karnataka state of India—A review. Agricult. Rev.,
32(1), 55-62.

Gu, L. and Knipple D.C. (2013). Recent advances in RNA
interference research in insects: Implications for future
insect pest management strategies. Crop Protection, 45,
36-40. DOI: 10.1016/j.cropro.2012.10.012

Guo, Z., Ruan C.C., Zang L.S., Zhang F. and Jin F.Y. (2012).
Design of specific primer for Trichogramma japonicum
based on rDNA-ITS2 and application of diagnostic
primers in identification of four Trichogramma species.
Chinese J. Rice Sci., 26(1), 123-136.

Han, Y.,Wu C,, Yang L., Zhang D. and Xiao Y. (2018). Resistance
to Nilaparvata lugens in rice lines introgressed with the
resistance genes Bph14 and Bphl5 and related resistance
types. PLoS One, 13(6), e0198630. DOI: 10.1371/
journal.pone.0198630

Hari, Y., Yamini K.N., Devi K.R., Chandra B.S., Venkanna V.,
Malathi S. and Nagabhushanam U. (2022). Marker
assisted introgression of gall midge (Gm4) and bacterial
blight (Xal3) resistant genes into Tellahamsa rice
cultivar. Int. J. Bio-resource Stress Manage., 13(2), 197-
204.

Hazarika, L.K. and Puzari K.C. (1997). Field efficacy of white
muscardine fungus (Beauveria bassiana) on rice hispa
(Dicladispa armigera). Indian J. Agricult. Sci., 67(10),
463-465.

He, L., Huang Y. and Tang X. (2022). RNAi-based pest control:
Production, application and the fate of dsRNA. Front.
Bioengg. Biotechnol., 10, 1080576.

Heinrichs, E.A. (Ed.) (1994). Biology and Management of Rice
Insects, pp. x+-779.

Heinrichs, E.A. and Rangaswamy Muniappan R.M. (2017).
IPM for tropical crops: rice. CABI Reviews, 2017, 1-31.

Henkrar, F. and UDUPA S. (2020). Marker assisted selection in
plant breeding. Moroccan J. Agricult. Sci., 1(5).

Himabindu, K., Suneetha K., Sama V. S. A. K. and Bentur J.S.
(2010). A new rice gall midge resistance gene in the
breeding line CR57-MR1523, mapping with flanking

markers and development of NILs. Euphytica, 174(2),
179-187.DOI: 10.1007/s10681-010-0144-0

Hong-xing, X., Ya-jun Y., Yan-hui L., Xu-song Z., Jun-ce T,,
Feng-xiang L., Qiang F. and Zhong-xian L. (2017).
Sustainable management of rice insect pests by non-
chemical-insecticide technologies in China. Rice Sci.,
24(2), 61-70.

Hunter, W., Ellis J., Vanengelsdorp D., Hayes J., Westervelt D.
and Glick E. (2010). Large-scale field application of RNAI
technology reducing Israeli acute paralysis virus disease
in honey bees (Apis mellifera, Hymenoptera: Apidae).
PLoS Pathogens, 6(12), e1001160. DOI: 10.1371/
journal.ppat.1001160

Huvenne, H. and Smagghe G. (2010). Mechanisms of dsSRNA
uptake in insects and potential of RNAI for pest control:
Areview. J. Insect Physiol., 56(3), 227-235. DOI: 10.1016/
j-jinsphys.2009.10.004

Ishino, Y., Krupovic M. and Forterre P. (2018). History of
CRISPR-Cas from an encounter with a mysterious
repeated sequence to genome editing technology. J.
Bacteriol., 200(7), €00580-17. DOI: 10.1128/JB.00580-17

Israel, P. and Rao Y.S. (1954). Rice bugs. Rice Newslett., 2(3—
4),139-143.

Jain, A., Ariyadasa R., Kumar A., Srivastava M.N., Mohan M.
and Nair S. (2004). Tagging and mapping of a rice gall
midge resistance gene, Gm8 and development of SCARs
for use in marker-aided selection and gene pyramiding.
Theoret. Appl. Gen., 109(7), 1377-1384. DOI: 10.1007/
s00122-004-1742-7

Janaiah, A. (2020). Growth performance and value addition of
rice industry in India: Potential opportunities and
challenges. Int. J. Curr. Microbiol. Appl. Sci., 9(6), 2020.

Janaki Ramayya, P., Vinukonda V.P., Singh U.M., Alam S.,
Venkateshwarlu C., Vipparla A.K. and Kumar A. (2021).
Marker-assisted forward and backcross breeding for
improvement of elite Indian rice variety Naveen for
multiple biotic and abiotic stress tolerance. PLoS One,
16(9), e0256721.

Jena, K.K. and Mackill D.J. (2008). Molecular markers and
their use in marker-assisted selection in rice. Crop Sci.,
48, 1266-1276.

Jiang, H., Hu J., Li Z., Liu J., Gao G, Zhang Q., Xiao J. and He
Y. (2018). Evaluation and breeding application of six
brown planthopper resistance genes in rice maintainer
line Jin 23B. Rice, 11, 1-11.

Jiang, S., Wu H., Liu H., Zheng J., Lin Y. and Chen H. (2017).
The overexpression of insect endogenous small RNAs
in transgenic rice inhibits growth and delays pupation of
striped stem borer (Chilo suppressalis). Pest Manage.
Sci., 73(7), 1453-1461. https://doi.org/10.1002/ps.4477

Jindal, V. and Grover S. (2019). Applications of RNA interference
in insect pest management. Agricult. Res. J., 56(3).

Joga, M.R., Zotti M.J., Smagghe G. and Christiaens O. (2016).
RNA.i efficiency, systemic properties, and novel delivery
methods for pest insect control: What we know so far.
Front. Physiol., 7, 553. https://doi.org/10.3389/

fphys.2016.00553




Modern Techniques and Novel Approaches in Rice Pest Management 1249

Karaborkli, S., Azizoglu U. and Azizoglu Z.B. (2017).
Recombinant entomopathogenic agents: A review of
biotechnological approaches to pest insect control. World
J. Microbiol. Biotechnol., 34(1), 14. https://doi.org/
10.1007/s11274-017-2397-0

Kah, M. (2015). Nanopesticides and nanofertilizers: Emerging
contaminants or opportunities for risk mitigation? Front.
Chem., 3, 64.

Kah, M. and Hofmann T. (2014). Nanopesticide research:
Current trends and future priorities. Environ. Int., 63,
224-235. https://doi.org/10.1016/j.envint.2013.11.015

Kim, Y.H., Soumaila Issa M., Cooper A.M. and Zhu K.Y. (2015).
RNA interference: Applications and advances in insect
toxicology and insect pest management. Pest. Biochem.
Physiol., 120, 109-117.

Klein, 1., Uereyen S., Eisfelder C., Pankov V., Oppelt N. and
Kuenzer C. (2023). Application of geospatial and remote
sensing data to support locust management. Int. J. Appl.
Earth Observat. Geoinformation, 117, 103212.

Krishnaiah, K., Bennett J., Bentur J.S., Pasalu I.C. and
Krishnaiah K. (2004). Rice gall midge, Orseolia oryzae—
An overview. New approaches to gall midge resistance
in rice. International Rice Research Institute, Los Bafos,
The Philippines, 1-5.

Krishnaiah, K. and Varma N.R.G. (2011). Changing insect pest
scenario in the rice ecosystem—a national
perspective. Rice Knowledge Management Portal 1-28.

Kumar, K.K., Sridhar J., Murali-Baskaran R.K., Senthil-Nathan
S., Kaushal P., Dara S.K. and Arthurs S. (2019). Microbial
biopesticides for insect pest management in India: Current
status and future prospects. J. Invertebrate Pathology,
165, 74-81.

Kumar, S., Nehra M., Dilbaghi N., Marrazza G., Hassan A.A.
and Kim K.H. (2019). Nano-based smart pesticide
formulations: Emerging opportunities for agriculture. J.
Controlled Release, 294, 131-153. https://doi.org/
10.1016/j.jconrel.2018.12.012

Kumari, I., Hussain R., Sharma S. and Ahmed M. (2022).
Microbial biopesticides for sustainable agricultural
practices. In: Biopesticides (pp. 301-317). Woodhead
Publishing.

Kumawat, G., Kumawat C.K., Chandra K., Pandey S.P., Chand
S., Mishra U.N., Lenka D. and Sharma R. (2020). Insights
into marker-assisted selection and its applications in plant
breeding. Plant Breeding - Current and Future Views.

Lakmal, D., Kugathasan K., Nanayakkara V., Jayasena S., Perera
A.S. and Fernando L. (2019). Brown planthopper damage
detection using remote sensing and machine learning.
In: Proceedings of 2019 18th IEEE International
Conference on Machine Learning and Applications
(ICMLA), 97-104. IEEE.

Li, C., Luo C., Zhou Z., Wang R., Ling F., Xiao L., Lin Y. and
Chen H. (2017). Gene expression and plant hormone levels
in two contrasting rice genotypes responding to brown
planthopper infestation. BMC Plant Biology, 17.

Li, J., ChenQ., Lin Y., Jiang T., Wu G. and Hua H. (2011). RNA
interference in Nilaparvata lugens (Homoptera:
Delphacidae) based on dsRNA ingestion. Pest Manage.
Sci., 67(7), 852-859. https://doi.org/10.1002/ps.2124

Lindbo, J.A. (2012). A historical overview of RNAI in
plants. Methods Mole. Biol., 894, 1-16.

Liu, R.and Lal R. (2015). Potentials of engineered nanoparticles
as fertilizers for increasing agronomic productions. Sci.
Total Environ., 514, 131-139. https://doi.org/10.1016/
j.scitotenv.2015.01.104

Liu, S., Banik M., Yu K., Park S.J., Poysa V. and Guan Y. (2007).
Marker-assisted selection (MAS) in major cereal and
legume crop breeding: Current progress and future
directions. Int. J. Plant Breed., 1(2), 75-78.

Liu, S., Ding Z., Zhang C., Yang B. and Liu Z. (2010). Gene
knockdown by intro-thoracic injection of double-
stranded RNA in the brown planthopper, Nilaparvata
lugens. Insect Biochem. Mole. Biol., 40(9), 666-
671. https://doi.org/10.1016/j.ibmb.2010.06.009

Liu, Y.,Chen L., LiuY., Dai H., He J., Kang H., Pan G., Huang J.,
Qiu Z., Wang Q. and Hu J. (2016). Marker-assisted
pyramiding of two brown planthopper resistance genes,
Bph3 and Bph27(t), into elite rice cultivars. Rice, 9, 1-7.

Lou, Y.H., LuJ.B., Li D.T., Ye Y.X., Luo X.M. and Zhang C.X.
(2019). Amelogenin domain-containing NIChP38 is
necessary for normal ovulation in the brown planthopper.
Insect Mole. Biol., 28(5), 605-615. https://doi.org/10.1111/
imb.12576

Lu, H.P., LuoT., FuH.W., Wang L., Tan Y.Y., Huang J.Z., Wang
Q., Ye GY., Gatehouse A.M.R., Lou Y.G and Shu Q.Y.
(2018). Resistance of rice to insect pests mediated by
suppression of serotonin biosynthesis. Nature Plants, 4,
338-344. https://doi.org/10.1038/s41477-018-0152-7

Lajis, A., Nasir H.M. and Ismail N. (2017). Web GIS based
information visualization for pest infection: A case study
of rice plantation.

Lu, Y., Deng X., Zhu Q., Wu D., Zhong J., Wen L. and Yu X.
(2023). The dsRNA delivery, targeting and application in
pest control. Agronomy, 13(3), 714.

Majumder, S., Kaushik P., Rana V.S., Sinha P. and Shakil N.A.
(2020). Amphiphilic polymer based nanoformulations of
mancozeb for management of early blight in tomato. J.
Environ. Sci. Hlth., Part B, 55(5), 501-507.

Manda, R.R., Addanki V.A. and Srivastava Seweta (2020).
Microbial bio-pesticides and botanicals as an alternative
to synthetic pesticides in the sustainable agricultural
production. Plant Cell Biotechnol. Mol. Biol., 21, 31-
48.

Mao, C., Zhu X.,Wang P., Sun Y., Huang R., Zhao M., Hull J.J.,
Lin Y., Zhou F., Chen H. and Ma W. (2022). Transgenic
double-stranded RNA rice, a potential strategy for
controlling striped stem borer (Chilo suppressalis). Pest
Manage. Sci., 78(2), 785-792.

Matsumoto, Y. and Hattori M. (2016). Gene silencing by
parental RNA interference in the green rice




1250 M. Chethankumar et al.

leafthopper, Nephotettix cincticeps (Hemiptera:
Cicadellidae). Arch. Insect Biochem. Physiol., 91(3), 152-
164. https://doi.org/10.1002/arch.21306

Misra, H.P. and Jena B.C. (2007). Integrated pest management
in rice. In: Jain, P.C. and Bhargava M.C. (Eds.).
Entomology: Novel Approaches pp. 267-286. New India
Publishing Agency, New Delhi.

Mohan M, Nair S, Bentur J S, Rao U P, Bennett J. 1994. RFLP
and RAPD mapping of the rice gm2 gene that confers
resistance to biotype 1 of gall midge (Orseolia
oryzae). Theoretical and Applied Genetics 87(7): 782-
788. https://doi.org/10.1007/BF00221129

Mohan, M., Nair S., Bhagwati A., Krishna T.G,, Yano M., Bhatia
C.R. and Sasaki T. (1997). Genome mapping, molecular
markers, and marker-assisted selection in crop
plants. Molecular Breeding, 3(2), 87-103. https://
doi.org/10.1023/A:1009638421833.

Munawar, I. (2023). RNA. for the management of insect pests:
A review. Agrobiological Records.

Murugesan, S. and Chelliah S. (1983). Rice yield losses caused
by leaffolder damage to the flag leaf. Int. Rice Res.
Newslett., 9(4), 18.

Narayanasamy, P. (1995). Mycoinsecticide: A novel
biopesticide in Indian scenario. Biotechnology and
Development Review January—June: 15-20.

Nath, R.K. and Dutta B.C. (1997). Assessment of yield loss
due to rice hispa (Dicladispa armigera). J. Agricult. Sci.,
10(2), 268-270.

Nayak, P., Rao P.S. and Padmanabhant S.Y. (1978). Effect of
thuricide on rice stem borers. Proc. Indian Acad. Sci.
(Animal Sciences), 87B(3), 59-62.

Neumeier, J. and Meister G. (2021). siRNA specificity: RNAI
mechanisms and strategies to reduce off-target effects.
Front. Plant Sci., 11, 526455.

Parasappa, H.H. and Reddy N.G. (2017). Rice insect pests and
their natural enemies complex in different rice ecosystems
of Cauvery command areas of Karnataka. J. Entomol.
Zool. Stud., 5(5), 335-338.

Pasalu, I.C., Mishra B., Krishnaiah N.V. and Katti G. (2004).
Integrated pest management in rice in India: Status and
prospects. In: Birthal, P.S. and Sharma O.P. (eds).
Integrated Pest Management in Indian Agriculture.
National Centre for Agricultural Economics and Policy
Research, New Delhi. pp. 25-50.

Pathak, M.D., Jayaraj S., Rao Y.R.J., Rao K.V.S.R.K. and
Mukhopadhyay S.K. (1996). Integrated pest management
in rice (Abstract). In: Proceedings of the International
Symposium on Rainfed Rice for Sustainable Food
Security. Central Rice Research Institute, Cuttack. pp.
259-300.

Prahalada, G.D., Shivakumar N., Lohithaswa H.C., Sidde Gowda
D.K., Ramkumar G, Kim S.R., Ramachandra C., Hittalmani
S., Mohapatra T. and Jena K.K. (2017). Identification and
fine mapping of a new gene, BPH31, conferring resistance
to brown planthopper biotype 4 of India to improve

rice, Oryza sativa L. Rice, 10, 1-15.

Prakash, A., Bentur J.S., Prasad M.S., Tanwar R.K., Sharma
O.P., Bhagat S., Sehgal M., Singh S.P., Singh M.,
Chattopadhyay C., Sushil S.N., Sinha A.K., Asre R.,
Kapoor K.S., Satyagopal K. and Jeyakumar P. (2014).
Integrated Pest Management for Rice. National Centre
for Integrated Pest Management, New Delhi.

Qing, D., Dai G,, Zhou W.,, Huang S., Liang H., Gao L., Gao J.,
Huang J., Zhou M., Chen R., Chen W., Huang F. and
Deng G. (2019). Development of molecular marker and
introgression of Bph3 into elite rice cultivars by marker-
assisted selection. Breed. Sci., 69(1), 40-46.

Qing-li P.E.Il., Chun-lian Wang, Pi-qing Liu, Jian Wang and
Kai-jun Zhao (2011). Marker-assisted selection for
pyramiding disease and insect resistance genes in
rice. Chinese J. Rice Sci., 25(2), 119.

Rani, P.J., Satyanarayana P.V., Chamundeswari N. and Rani
M.G. (2014). A review on marker-assisted selection in crop
improvement.

Rafeeq, H., Afsheen N., Rafique S., Arshad A., Intisar M.,
Hussain A., Bilal M. and Igbal H.M.N. (2023). Genetically
engineered microorganisms for environmental
remediation. Chemosphere, 310, 136751. https://doi.org/
10.1016/j.chemosphere.2022.136751.

Rao, Y.C., Dong GJ., Zeng D.L., Hua J., Zeng L.J., Gao Z.Y.,
Zhang GH., Guo L.B. and Qian Q. (2010). Genetic analysis
of leaf folder resistance in rice. J. Gen. Genom., 37(5),
325-331. https://doi.org/10.1016/S1673-8527(09)60045-2.

Rano, S.H., Afroz M. and Rahman M.M. (2022). Application of
GIS on monitoring agricultural insect pests: A review. Rev
Food Agric., 3, 19-23.

Reddy, A.P.K., Mackenzie D.R., Rouse D.l. and Rao A.V. (1979).
Relationship of bacterial leaf blight severity to grain yield
of rice. Phytopathology, 69(9), 967-969.

Rosa, C., Kuo Y., Wuriyanghan H. and Falk B.W. (2018). RNA
interference mechanisms and applications in plant
pathology. Annu. Rev. Phytopathol. 56, 581-610.

Sahu, N., Gadratagi B.G,, Rath L.K., Chandrappa A., Sah R.P.,
Mandal L., Pandi Govindharaj G.P., Patil N.B., Adak T.,
Mahendiran A. and Rath P.C. (2023). Marker-trait
association analysis for gall midge (Orseolia oryzae)
resistance in a diverse rice population. Annals Appl. Biol.,
182(3), 361-370. https://doi.org/10.1111/aab.12824.

San Miguel, K. and Scott J.G. (2016). The next generation of
insecticides: dsRNA is stable as a foliar-applied
insecticide. Pest Manage. Sci., 72(4), 801-809. https://
doi.org/10.1002/ps.4056.

Sarkar, D.J., Mulu Loha K., Adak T., Kaushik P., Koli P.,
Majumder S., Yadav D.K., Chowdhury A.R., Kumari A.,
Singh B.B. and Rana V.S. (2023). Amphiphilic copolymer-
based pesticide nanoformulations for better crop
protection: Advances and future need. Curr. Chinese
Sci., 3(5), 369-385.

Sekar, 1. (2014). Supply of rice (Oryza sativa) commodity in
India: Insights on domestic production performance.




Modern Techniques and Novel Approaches in Rice Pest Management 1251

Indian J. Agricult. Sci., 84(8), 907-913.

Seni, A. and Mandal D. (2021). Steneotarsonemus
spinki Smiley (Acari: Tarsonemidae): A hidden arthropod
pest posing current threat in rice production. In: Kearns,
H.N. (ed). Oryza sativa: Production, Cultivation and
Uses. Nova Science Publishers, Inc., New York. pp. 173-
192.

Seni, A. and Naik B.S. (2017). Evaluation of some insecticides
against brown planthopper (Nilaparvata lugens) in rice
(Oryza sativa). Int. J. Bio-resource Stress Manage., 8,
268-271.

Shabanimofrad, M., Yusop M.R., Ashkani S., Musa M.H., Adam
N.A., Haifa I., Harun A.R. and Latif M.A. (2015). Marker-
assisted selection for rice brown planthopper
(Nilaparvata lugens) resistance using linked SSR
markers. Turkish J. Biol., 39(5), 666-673.

Shakil, N.A., Singh M.K., Pandey A., Kumar J., Pankaj, Parmar
V.S., Singh M.K., Pandey R.P. and Watterson A.C. (2010).
Development of poly (ethylene glycol) based amphiphilic
copolymers for controlled release delivery of carbofuran.
J. Macromole. Sci.®, Part A: Pure Appl. Chem., 47(3):
241-2417.

Sharma, A., McClung A.M., Pinson S.R., Kepiro J.L., Shank
A.R., Tabien R.E. and Fjellstrom R. (2009). Genetic
mapping of sheath blight resistance QTLs within tropical
japonica rice cultivars. Crop Sci., 49(1), 256-264. https:/
/doi.org/10.2135/cropsci2008.05.0277

Sharma, H.C. and Ortiz R. (2002). Host plant resistance to
insects: An eco-friendly approach for pest management
and environmental conservation. J. Environ. Biol., 23(2),
111-135.

Sharma, P.N., Torii A., Takumi S., Mori N. and Nakamura C.
(2004). Marker-assisted pyramiding of brown
planthopper (Nilaparvata lugens Stal) resistance genes
Bphl and Bph2 on rice chromosome 12. Hereditas,
136(1), 39-43. https://doi.org/10.1111/j.1601-
5223.2002.01393.x

Shelake, R.M., Pramanik D. and Kim J.Y. (2019). Exploration of
plant-microbe interactions for sustainable agriculture in
the CRISPR era. Microorganisms, 7(8), 269. https://
doi.org/10.3390/microorganisms7080269

Shen, Y., Chen Y. and Zhang C.X. (2021). RNAi-mediated
silencing of ferritin genes in the brown planthopper
Nilaparvata lugens affects survival, growth and female
fecundity. Pest Manage. Sci., 77(1), 365-377. https://
doi.org/10.1002/ps.6053

Shi, S., Wang H., ZhaW., Wu Y., Liu K., Xu D., He G, Zhou L.
and You A. (2023). Recent Advances in the Genetic and
Biochemical Mechanisms of Rice Resistance to Brown
Planthoppers (Nilaparvata lugens Stal). Int. J. Mole.
Sci., 24(23), 16959. https://doi.org/10.3390/ijms242316959

Shrestha, S., Subedi S. and Jiban J. (2020). Marker-assisted
selection: A smart biotechnological strategy for modern
plant breeding. Peruvian J. Agron., 4(3), 104-120.

Shreya, R.P. and Rahul B.P. (2022). Global Scenario of
Pesticides and Benefits from Pesticide Usage: A review.

Int. J. Zoological Investigations.

Silver, K., Cooper A.M. and Zhu K.Y. (2021). Strategies for
enhancing the efficiency of RNA interference in insects.
Pest Manage. Sci., 77(6), 2645-2658.

Sun, Y., Wang P., Abouzaid M., Zhou H., LiuH., Yang P, Lin Y.,
Hull J.J. and Ma W. (2020). Nanomaterial wrapped ds
CYP15C1, a potential RNAI based strategy for pest control
against Chilo suppressalis. Pest Manage. Sci., 76(7),
2483-2489.

Tan, Y., Sun J.-Y., Zhang B., Chen M., Liu Y. and Liu X.-D.
(2019). Sensitivity of a Ratio Vegetation Index Derived
from Hyperspectral Remote Sensing to the Brown
Planthopper Stress on Rice Plants. Sensors, 19(2),
375. https://doi.org/10.3390/s19020375

Tang, R., Babendreier D., Zhang F., Kang M., Song K. and
Hou M.L. (2017). Assessment of Trichogramma
japonicum and T. chilonis as potential biological control
agents of yellow stem borer (Scirpophaga incertulas
Walker) in rice. Insects, 8(1), 19.

Tanksley, S.D. and McCouch S.R. (1997). Seed banks and
molecular maps: Unlocking genetic potential from the
wild. Science, 277(5329), 1063-1066. https://doi.org/
10.1126/science.277.5329.1063

Tomizawa, M. and Noda H. (2013). High mortality caused by a
high dose of dsRNA in the green rice leafhopper
Nephotettix cincticeps (Hemiptera: Cicadellidae). Appl.
Entomol. Zool., 48(4), 553-559. https://doi.org/10.1007/
§13355-013-0192-1

Tripathi, K. and Saxena A. (2013). Evaluation of local, improved
and hybrid rice varieties against insect pests in district
Rewa (MP), India. Int. J. Scientific Res. Publ., 3(11), 1-4.

\os, P., Hogers R., Bleeker M., Reijans M., Lee T.V.D., Hornes
M., Friters A., Pot J., Paleman J., Kuiper M. and Zabeau
M. (1995). AFLP: a new technique for DNA fingerprinting.
Nucl. Acids Res., 23(21), 4407-4414.

Virmani, S.S. and Virmani S.S. (1994). Disease and insect
resistance in hybrid rice. In: Heterosis and Hybrid Rice
Breeding, pp. 111-118.

Wakchaure, R., Ganguly S., Praveen P.K., Kumar A., Sharma S.
and Mahajan T.J.D.M. (2015). Marker assisted selection
(MAS) in animal breeding: a review. J Drug Metab
Toxicol., 6(5), e127.

Wan, PJ., Jia S., Li N, Fan J.M. and Li GQ. (2014). RNA
interference depletion of the Halloween gene
disembodied implies its potential application for the
management of planthopper Sogatella furcifera and
Laodelphax striatellus. PLoS One, 9(1), e86675. https:/
[/doi.org/10.1371/journal.pone.0086675

Wang, P., Zhou Y. and Richards A.M. (2021). Effective tools
for RNA-derived therapeutics: siRNA interference or
miRNA mimicry. Theranostics, 11(18), 8771-8796.

Wang, S.Y., Li B.L. and Zhang D.Y. (2019). NICYP4G76 and
NICYP4G115 modulate susceptibility to desiccation and
insecticide penetration by affecting cuticular
hydrocarbon biosynthesis in Nilaparvata lugens




1252 M. Chethankumar et al.

(Hemiptera: Delphacidae). Front. Physiol., 10, 913. https:/
[doi.org/10.3389/fphys.2019.00144

Wang, Y., Xu X., Fang X., Yao N., Lei H., Yang G,, Wang Z.,
Dong Y. and Hua Z. (2022). Rationally designing renewable
plant oil-based polymers as efficient nanocarriers for
sustained pesticide delivery. Chem. Engg J., 450, 138294.

Waris, M.1., Younas A., UlQamar M.T., Hao L., Ameen A. and
Ali S. (2018). Silencing of chemosensory protein gene
NIugCSP8 by RNAI induces declining behavioral
responses of Nilaparvata lugens. Front. Physiol., 9,
379. https://doi.org/10.3389/fphys.2018.00379

Whangbo, J.S. and Hunter C.P. (2008). Environmental RNA
interference. Trends in Genetics, 24(6), 297-305. https://
doi.org/10.1016/j.tig.2008.03.006

Williams, J.G,, Kubelik A.R., Livak K.J., Rafalski J.A. and Tingey
S.V. (1990). DNA polymorphisms amplified by arbitrary
primers are useful as genetic markers. Nucl. Acids Res.,
18(22), 6531-6535. https://doi.org/10.1093/nar/18.22.6531

Willow, J., Taning C.N.T., Cook S.M., Sulg S., Silva A.l.,
Smagghe G. and Veromann E. (2021). RNAI targets in
agricultural pest insects: advancements, knowledge gaps,
and IPM. Front. Agron., 3, 794312.

Xu, J. (2013). Pyramiding of two BPH resistance genes and
Stv-bi gene using marker-assisted selection in japonica
rice. Crop Breed. Appl. Biotechnol., 13, 99-106.

Yang, Y., Wan P.J., Hu X.X. and Li G.Q. (2014). RNAi-mediated
knockdown of the ryanodine receptor gene decreases
chlorantraniliprole susceptibility in Sogatella furcifera.
Pesticide Biochem. Physiol., 108, 58-65. https://doi.org/
10.1016/j.pestbp.2013.12.003.

Yadav, M. and Yadav A. Remote Sensing: A Revolutionary
Approach in IPM.

Yata, V.K., Tiwari B.C. and Ahmad 1. (2017). Research trends
and patents in nano-food and agriculture. Nanosci. Food
Agricult., 5, 1-20.

Yousef, H.A., Fahmy H.M., Arafa F.N., Abd Allah M.Y., Tawfik
Y.M., El Halwany K.K., EI-Ashmanty B.A., Al-Anany F.S.,
Mohamed M.A. and Bassily M.E. (2023).
Nanotechnology in pest management: advantages,
applications, and challenges. Int. J. Trop. Insect Sci.,
43(5), 1387-1399.

Yu, R., Xu X., Liang Y., Tian H., Pan Z., Jin S., Wang N. and
Zhang W. (2014). The insect ecdysone receptor is a good
potential target for RNAi-based pest control. Int. J.
Biolog. Sci., 10(10), 1171-1180. https://doi.org/10.7150/

ijbs.9621.

Yuan, X.H., Song L.W., Zhang J.J., Zang L.S., Zhu L., Ruan
C.C. and Sun G.Z. (2012). Performance of four

Chinese Trichogramma species as biocontrol agents of
the rice striped stem borer (Chilo suppressalis) under
various temperature and humidity regimes. J. Pest Sci.,
85(4), 497-504.

Zannat, R., Rahman M.M. and Afroz M. (2021). Application of
nanotechnology in insect pest management: A review.
SAARC J. Agricult., 19(2), 1-11.

Zha, W., Peng X., Chen R., Du B., Zhu L. and He G. (2011).
Knockdown of midgut genes by dsRNA transgenic plant-
mediated RNA interference in the hemipteran insect
Nilaparvata lugens. PLoS One, 6(11), e20504. https://
doi.org/10.1371/journal.pone.0020504.

Zhao, Y., Huang J., Wang Z., Jing S., Wang Y., Ouyang Y., Cai
B., Xin X.F., Liu X., Zhang C., Pan Y., Ma R., Li Q., Jiang
W., Zeng Y., Shangguan X., Wang H., Du B., Zhu L., Xu
X.,Feng Y.Q., He S.Y., Chen R., Zhang Q. and He G (2016).
Allelic diversity in an NLR gene BPH9 enables rice to
combat planthopper variation. Proc. Nat. Acad. Sci.,
USA, 113(44), 12850-12855. https://doi.org/10.1073/
pnas.1614862113.

Zhang, F., Zhang Y.C., Yu Z.T., Zeng B., Sun H., Xie Y.Q., Zhu
K.Y. and Gao C.F. (2024). The G932C mutation of chitin
synthase 1 gene (CHS1) mediates buprofezin resistance
as confirmed by CRISPR/Cas9-mediated knock-in
approach in the brown planthopper, Nilaparvata
lugens. Pest. Biochem. Physiol., 202, 105953.

Zheng, Q., Huang W., Xia Q., Dong Y., Ye H., Jiang H., Chen S.
and Huang S. (2023). Remote Sensing Monitoring of Rice
Diseases and Pests from Different Data Sources: A
Review. Agronomy, 13(7), 1851. https://doi.org/10.3390/
agronomy13071851.

Zheng, X., Weng Z., Li H., Kong Z., Zhou Z., Li F., Ma W., Lin
Y. and Chen H. (2021). Transgenic rice overexpressing
insect endogenous microRNA csu-novel-260 is resistant
to striped stem borer under field conditions. Plant
Biotechnol. J., 19(3), 421-423. https://doi.org/10.1111/
pbi.13504.

Zhou, C., Jiang W., Guo J., Zhu L., Liu L., Liu S., Chen R., Du
B. and Huang J. (2024). Genome-wide association study
and genomic prediction for resistance to brown
planthopper in rice. Front. Plant Sci., 15, 1373081.

Zhu, F., Cui Y., Walsh D.B. and Lavine L.C. (2014). Application
of RNAI toward insecticide resistance management. Short
Views on Insect Biochemistry and Molecular Biology, 2,
595-619.

Zotti, M.J. and Smagghe G. (2015). RNAI technology for insect
management and protection of beneficial insects from
diseases: lessons, challenges, and risk assessments.
Neotropical Entomology, 44, 197-213.






