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Abstract: The global decline in crop production poses a significant threat to food security, particularly in the context of
a growing human population. Among various environmental constraints on agriculture, biotic stress, particularly that
caused by insect pests, remains a major reason for yield losses. Traditionally, synthetic pesticides have been used to
manage insect infestations; however, their excessive and non-targeted application has raised serious concerns regarding
environmental pollution, adverse health effects, and the accelerated development of pesticide-resistant pest popula-
tions. In this context, plant-derived biocactive compounds, particularly flavonoids, have emerged as promising bioin-
secticides due to their potent insecticidal properties. Flavonoids, a diverse group of secondary metabolites found abun-
dantly in plants, exhibit strong insecticidal activity by disrupting insect digestion, interfering with nutrient absorption,
and inhibiting growth and metamorphosis. These bioactive compounds act through multiple mechanisms, reducing
the likelihood of resistance development while offering an eco-friendly alternative to conventional chemical pesticides.
Additionally, flavonoids contribute to integrated pest management strategies by enhancing plant defence responses
and synergising with other bioinsecticides. Despite their potential, research on flavonoid-based insect control remains
limited, particularly in terms of their formulation, stability, and large-scale applicability. Further studies are needed to
investigate their interactions with insect physiology, optimise delivery methods, and assess their environmental impact.
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Advancing flavonoid-based bioinsecticides can contribute significantly to sustainable pest management in modern ag-

riculture, reducing dependence on synthetic pesticides while preserving ecosystem balance. This review examines the

potential role of flavonoids as biopesticides in pest management, highlighting the existing research gaps and prospects.
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Increasing agricultural crop production is cru-
cial to ensure global food security and meet the de-
mands of a growing population. It helps to address
hunger, malnutrition, and poverty while promoting
economic growth and development. However, ag-
ricultural crop production is threatened by various
environmental stresses, including biotic and abiotic
stresses, which can significantly impact crop yields
and quality. Among the biotic stressors, insect pests
have a significant impact on agricultural crop pro-
duction, causing both direct and indirect damage,
which reduces crop yields and affects crop quality.
They transmit plant pathogens, consume nutrients,
and destroy crops, resulting in significant economic
losses (Pratap et al. 2020; Nikpay et al. 2023). Effec-
tive management strategies are crucial to minimise
the impact of insect pests on agricultural crop pro-
duction. Insect pest management can be achieved
using several approaches, including chemical con-
trol, physical and mechanical control, host plant
resistance, cultural control, and biological control
(Stenberg et al. 2015; Tiwari 2024). Of all methods,
the use of chemical (synthetic) pesticides to control
pests is more effective in improving crop produc-
tion, but excessive use of these pesticides raises en-
vironmental and health issues, causing ecological
imbalances and harm to non-target species (Geier
1966; Mahmood et al. 2016; Sharma & Singhvi 2017;
Kaur et al. 2024). Moreover, residue contamination
in water and food poses risks to human health and
biodiversity (Rani et al. 2021). The adverse effects
of synthetic pesticides have intensified the search
for safer alternatives in pest management. Plant-
derived biopesticides have emerged as promising
candidates, offering cost-effective, sustainable, and
environmentally friendly solutions and can be used
as natural alternatives to synthetic pesticides. (Ay-
ilara et al. 2023).

Bioactive compounds derived from plants have
insecticidal properties that can kill or repel insect
pests (Gupta & Dikshit 2010). Notably, flavonoids
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have been identified as a promising class of bioac-
tive compounds with insecticidal properties, ex-
hibiting both anti-xenosis and antibiosis activities
(Bentivenha et al. 2018). These activities effectively
impede the growth and development of pests, pro-
viding resistance against insect damage (Treutter
2005). In plants, flavonoids function as signalling
molecules that regulate growth and development
(Wang et al. 2022a), as well as control phosphory-
lation of pathways, enzymes, and membrane fluid-
ity (Peer & Murphy 2007). Accumulating evidence
demonstrates that flavonoids are effective against
a broad spectrum of pests, exhibiting a high degree
of selectivity that harms target pests while spar-
ing non-target organisms. Increasing the flavo-
noid concentration on an artificial diet fed by a rice
brown plant hopper (Nilaparvata lugens) resulted
in decreased survival rates, especially at 0.5 mg/mL,
with no larvae surviving more than 24 h (Zhou et
al. 2011). Total flavonoids exhibit high effectiveness
comparable to chemical pesticides in controlling
Spodoptera litura infestations in Gloriosa superba,
as demonstrated by a field testing experiment (Sug-
anthy & Sakthivel 2013).

In this review, we aim to explore the poten-
tial of flavonoids as eco-friendly pesticides, high-
lighting their benefits through an examination
of their mechanism of action. We also identify ar-
eas that require further research and discuss pros-
pects for increasing the commercialisation and ac-
ceptability of flavonoids as biopesticides in modern
sustainable agriculture.

AN OVERVIEW OF PLANT FLAVONOIDS,
THEIR INTERACTION WITH
PHYTOHORMONES

Flavonoids are a type of phenolic compound
that plays a vital role in plant defence mechanisms,
serving as a biochemical barrier against insect her-
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bivores (Ramaroson et al. 2022). Structurally, flavo-
noids are derived from 2-phenyl-benzyl-y-pyrone
and are characterised by a 15-carbon skeleton,
comprising two benzene rings (A and B) linked
by a 3-carbon linking chain [C/.H O] (x =2 - 6)
as C6-C3-C6 compounds. In many flavonoids,
this central chain is further fused to a heterocy-
clic pyran or pyrone ring (ring C) (Corradini et al.
2011). Plant defence-related flavonoids are catego-
rised into two main groups: preformed and induced
compounds (Treutter 2006). Induced flavonoids are
produced in response to physical injury, stress, or
environmental stimuli, whereas preformed flavo-
noids are inherent compounds synthesised during
regular plant development. Flavonoids are further
classified into distinct subclasses based on struc-
tural differences and the oxidation degree of the
central heterocycle, including: Flavonol, Flavones,
Isoflavones, Anthocyanidins, Flavanone, Flavan-
3-ols (Catechins), and Chalcones (Shen et al. 2022).
The subclasses of flavonoids, along with their de-
scription and prominent sources, are detailed
in Figure 1 and Table 1. A detailed summary of fla-
vonoids present in crops and its resistance against
various pest are given in the Table 2.

Flavonoids and phytohormones engage in intri-
cate and dynamic interactions, significantly influ-
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encing plant growth, development, and defence
mechanisms. Phytohormones, such as jasmonic
acid (JA) and salicylic acid (SA), serve as key sig-
nalling molecules in plant defence, particularly
in response to herbivory. For instance, upon attack
by the tobacco hornworm (Manduca sexta), Nicoti-
ana attenuata exhibits an upregulation of auxin bi-
osynthetic YUCCA-like genes, leading to increased
levels of indole-3-acetic acid (IAA). Elevated IAA
levels contribute to enhanced developmental pro-
cesses while simultaneously promoting JA signal-
ling, which facilitates the accumulation of phe-
nylamides in the stems, thereby strengthening
the plant's defence response (Machado et al. 2016).

Flavonoids also influence plant-insect interac-
tions. Quercetin and its glycosylated derivatives,
quercetin 7'-O-glucoside and quercetin 3'-O-
glucoside, extracted from Gossypium hirsutum L.
(cotton) buds, act as feeding stimulants for the boll
weevil (Anthonomus grandis), affecting insect be-
haviour and plant-insect dynamics (Hedin et al.
1968). Flavonoids play a crucial role in auxin trans-
port and distribution by interacting with key mem-
brane proteins, including PIN-FORMED (PIN)
and multiple drug resistance (MDR) glycoproteins.
Moreover, they modulate auxin signalling pathways
by regulating the expression of auxin-responsive

Figure 1. Illustration of flavonoid subclasses with an example

This figure illustrates the subclasses of flavonoid compounds, namely flavanol, chalcone, anthocyanin, isoflavonoids,

flavonol, flavone, flavonone and neoflavonoids, with an example for each class (the chemical structures were drawn using

chemdoodle.com)
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Table 2. A detailed summary of flavonoids present in certain crops and their resistance against various pests

S.No.  Crops Flavonoid compound(s) Resistance to pests Reference

1 Rice Naringenin Brown plant hopper Dai et al. (2019)

2 Rice Sakuranetin Brown plant hopper Liu et al. (2023)

Apigenin, naringenin, luteolin,
3 Rice apigenin-5-O-glucoside, Leaf folder Zhao et al. (2023)
neoschaftoside

4 Rice Flavanone 3-hydroxylase (F3H)* White backed planthoppers Kim et al. (2021)

5 Rice Phenygﬁz?égseag;rrﬁzr;isiiyase*, Leaf roller Cheah et al. (2020)

6 Maise Maysin Corn earworm McMullen et al. (2009)

7 Maise Apimaysin Fall army wcc)glﬁlT(i:futhwestem Lattanzio et al. (2000)
Wheat Total flavonoids Wheat aphid Zhang et al. (2022)
Wheat Tricin Aphid Dreyer & Jones (1981)

10 Wheat Epigallocatechin Orange wheat blossom midge Wang et al. (2022b)

11 Sorghum 3 - Deoxyanthocyanidins Corn leaf aphid Kariyat et al. (2019)

12 Sorfig:;;:l’ 3 - Deoxyfavonoids Fall armyworm Chatterjee et al. (2023)

Dihydroflavonol 4-reductase®,
13 Sorghum Flavanone 4-reductase®, Sugarcane aphids Puri et al. (2023)
Flavonoid 3-hydroxylase*

14 Sorghum Proanthocyanidins Rice weevil Ramputh (2002)

15 Pea Pisatin Pea aphid Morkunas et al. (2016)

16 Cowpea Quercetin, isorhamnetin Aphids Lattanzio et al. (2000)

17 Soybean Daidzein, genistein, kaempferol Cabbage looper Hay et al. (2020)

18 Rice Total flavonoids Brown plant hopper Hao et al. (2018)

19 Cotton Rutin, quercetin, kaempferol Cotton leaf worm/tobacco cutworm Wang et al. (2024)

20 Spinach Vitexin, Vitexin;oi;' d_e O-arabinofura- Tobacco cutworm Aboshi et al. (2018)

21 Carrot luteolin Carrot root fly Ramaroson et al. (2022)

22 Soybean Daidzein, genistein seed-sucking stink bug da Graca et al. (2016)

*Enzymes involved in pest resistance

genes, ultimately influencing auxin levels in vari-
ous plant tissues. In Medicago species, flavonoids
contribute to nodule formation by maintaining
a balanced cytokinin-to-auxin ratio (Dong & Song
2020). These compounds also induce the transcrip-
tion of genes involved in Nod factor biosynthesis,
which are essential for rhizobial signalling and
symbiotic root infection. In many legumes, specific
flavonoids exclusively activate Nod factor produc-
tion in compatible rhizobia, playing a pivotal role
in host range determination (Liu & Murray 2016).
Additionally, plant growth-promoting rhizobacte-
ria (PGPR) enhance plant resistance against insect
herbivory by inducing systemic resistance, trigger-
ing the production of secondary metabolites such
as terpenes and hydrogen cyanide. Some PGPR
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strains also exhibit direct insecticidal properties,
contributing to effective pest suppression (Disi et
al. 2019). Jasmonic acid plays a key role in flavo-
noid metabolism, promoting their accumulation
in plant tissues, which may further enhance plant
defence strategies (Woch et al. 2023).

Ethylene, another phytohormone, regulates plant
branching and increases flavonoid accumulation
in fruits and leaves. In the insect-resistant maise
genotype Mp708, inhibition of ethylene synthe-
sis increases susceptibility to caterpillar feeding,
as demonstrated by the enhanced growth rates
of fall armyworm (Spodoptera frugiperda) larvae
in ethylene-inhibited plants. This suggests a crucial
role for ethylene in plant defence against herbivory
(Harfouche et al. 2006). Flavonoids also interact
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with abscisic acid (ABA) during stress responses.
Ethylene increases the production of flavonols,
which reduces the levels of reactive oxygen spe-
cies (ROS) to trigger the stomatal closure. Since
ABA relies on the ROS to trigger stomatal closure,
the flavonols delay this process, which is evident
that flavonols help control ROS levels and regulate
how ABA affects stomatal movement (Watkins et
al. 2014). Furthermore, ABA-deficient plants ex-
hibit reduced resistance to the beet armyworm
(Spodoptera exigua), underscoring the importance
of ABA in plant defence (Thaler & Bostock 2004).
The intricate interplay between flavonoids and
phytohormones demonstrates a highly coordinated
regulatory network that governs plant develop-
ment and responses to biotic stressors. These in-
teractions underscore the evolutionary adaptability
of plants in regulating growth and defence process-
es through intricate chemical signalling pathways.

FLAVONOID BIOSYNTHESIS

The biosynthesis of flavonoids occurs within
the cytosol, facilitated by a multienzyme complex
known as the flavonoid metabolon, which is part
of the general phenylpropanoid pathway (Staf-
ford 1974). Flavonoids from varied groups of aro-
matic compounds originating from phenylalanine
and malonyl-coenzyme A (CoA) through the fatty
acid pathway (Winkel-Shirley 2001). The shikimic
acid pathway in plants is vital, as it provides pre-
cursors to maintain redox balance and regulate
plant growth and defence (Marchiosi et al. 2020).
The shikimate pathway begins with glucose and
produces shikimic acid. From there, the pathway
branches out. One important branch leads to the
production of aromatic amino acids L-Tryptophan,
L-phenylalanine, and L-tyrosine. They are essen-
tial for protein synthesis and also act as precursors
for various natural products, including pigments
(anthocyanins, chalcones, aurones, and flavonols),
alkaloids (capsaicin, colchicine, codeine, and caf-
feine), hormones (salicylic acid, jasmonic acid,
brassinosteroids, ethylene, abscisic acid, auxin,
cytokinin, and gibberellins) and cell wall compo-
nents (cellulose, hemicellulose, and pectins). An-
other branch produces a vibrant array of second-
ary metabolites, including pigments (aurones and
flavonols) and defence compounds (terpenoids and
glycosides) (Maeda & Dudareva 2012). The prod-
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ucts of shikimic acid pave the way for the dynamic
regulation of overall plant growth and development
(Santos-Sanchez et al. 2019).

The first three steps of the phenylpropanoid
pathway are commonly referred to as the general
phenylpropanoid pathway (Dong & Lin 2021). It
begins with the enzyme phenylalanine ammo-
nia-lyase (PAL), which specifically deaminates
phenylalanine, producing trans-cinnamic acid
as the first step in the phenylpropanoid pathway.
The trans-cinnamic acid is hydroxylated using cin-
namate 4-hydroxylase and converted to para-cou-
maric acid. The coumaroyl-CoA is produced from
the amino acid phenylalanine through three enzy-
matic steps known as the general phenylpropanoid
pathway (Petersen et al. 2010). The 4-coumaroyl
CoA ligase (4CL) facilitates the transformation
of p-coumaric acid to p-coumaroyl-CoA. The mal-
onyl-CoA, on the other hand, is synthesised upon
carboxylation of acetyl-CoA, a key intermediate
in the Krebs tricarboxylic acid cycle (Jaganath &
Crozier 2011).

Flavonoid synthesis initiates with the combi-
nation of one molecule of 4-coumaroyl-CoA and
three molecules of malonyl-CoA, resulting in the
formation of chalcone, facilitated by the chalcone
synthase (CHS) (Williams et al. 2005). Subsequent-
ly, the chalcone undergoes isomerisation and intra-
molecular cyclisation through the action of chal-
cone flavanone isomerase (CHI) to yield a flavanone
(Wohl & Petersen 2020). The flavanone further re-
acts with various enzymes, such as dihydroflavonol
reductase (DFR), flavanone 3-hydroxylase (F3H),
and isoflavone synthase (IFS), producing flavanol,
dihydroflavonol, and isoflavonoids, respectively.
The dihydroflavonol is further converted into fla-
vonol under the activity of the enzyme flavonol
synthase (FLS). The detailed biosynthesis of flavo-
noids is depicted in Figure 2.

MECHANISM OF ACTION OF
FLAVONOIDS IN INSECT RESISTANCE

Plant flavonoids induce various changes in the
insect body, disrupting its physiology and life
cycle, which leads to the non-preference mecha-
nism of resistance (Afroz et al. 2021). A few of the
mechanisms include antifeedant activity, interfer-
ence with growth and development, and disrup-
tion of digestive pathways. The biochemical con-
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Figure 2. Biosynthesis pathway of flavonoids

This figure illustrates the pathway for the biosynthesis
of flavonoids in plants, starting from their precursor, Phenyl
alanine. Three molecules of malonyl Co-A on reacting
with para-coumaryl co-A forms chalcone. PAL — phenyl-
alanine ammonia lyase; C4H — cinnamate 4-hydroxyalse;
4CL - 4-coumaroyl CoA ligase; CHS — chalcone synthase;
CHI - chalcone flavanone isomerase; FNS — flavone syn-
thase; DFR — dihydro flavonol reductase; F3H — flavanone
3-hydroxylase; IFS — isoflavone synthase; FLS — flavonol

synthase

stituents present in plant parts inhibit the juvenile
hormones of insects, which are necessary for their
development, resulting in premature metamor-
phosis (Maugh 1976). Some insects sequester
plant flavonoids in their body cuticle for defence
against predators or in their wings to attract mates
(Simmonds 2003). Flavonoids can harm the feed-
ing of insect pests that aren't adapted to them,
thereby reducing their nutritional choices and
acting as feeding deterrents, digestibility reduc-
ers, and toxins (Treutter 2005). Flavonoids exhibit
chelating activity inside the insect body by binding
to metal ions, potentially disrupting essential bio-
logical processes affecting the insect metabolism
and leading to declined growth and development
(Elliger et al. 1980; Harborne & Grayer 1994).
The stability of flavonoids is enhanced through
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glycosylation, and it is proposed that the accumu-
lation of higher quantities of stable flavonoid gly-
cosides in plants could enhance their antioxidant
properties (Mierziak et al. 2014). The detailed
mechanism of action of flavonoids in the insect
body is illustrated in Figure 3.

Antifeedant activity. Plant flavonoids exhibit
antifeedant activity against insect pests by inter-
fering with their feeding behaviour (Simmonds
2001). The taste-sensing system is crucial for rec-
ognising food in insects and animals. Addition-
ally, some flavonoids may negatively impact in-
sect feeding by inhibiting specific enzymes crucial
for digestion (Vihakas 2014). These natural com-
pounds serve as a defensive mechanism for plants,
acting as chemical defences that discourage insect
pests and contribute to the plant's overall resis-
tance against herbivory (War et al. 2012). These
compounds act as feeding deterrents by affect-
ing the taste receptors and disrupting the diges-
tive processes of the target organisms. Flavonoids
can alter the palatability of plant tissues, making
them less appealing to insects. The leaves of soy-
bean plants exposed to both normal and elevated
CO, levels, and affected by leaf skeletoniser her-
bivores such as Popillia japonica, exhibited a rise
in the concentration of a single flavonoid — quer-
cetin — under elevated CO, conditions, altering
the palatability of the insect feeding on the soy-
bean plants (O'Neill et al. 2010). Monophagous or
oligophagous lepidopterans rely on gustatory re-
ceptors (Grs) to select host plants sensed by taste
organs. The study on Bombyx mori gustatory re-
ceptor (BmGr) 16, BmGr18, and BmGr53 revealed
that these Grs responded to various feeding de-
terrents, suggesting a broader role for Grs in host
plant recognition. The coumarin present in plants
prevented the feeding of the Bombyx mori (Kasu-
buchi et al. 2018). The Electropenetrography (EPG)
analysis of the pea aphid Acyrthosiphon pisum's
feeding behaviour revealed that luteolin and ge-
nistein, when included in an artificial diet, clearly
affected its feeding behaviour, thereby causing re-
sistance in the plants (Gotawska & Lukasik 2012).
The antifeedant activity of certain flavonoids,
such as catechinic acid and its derivatives, against
the subterranean termite (Coptotermes formosa-
nus) was observed (Ohmura et al. 2000). Many
flavonoids have bitter tastes and unpleasant odors,
acting as feeding-deterrents and reduces insect
herbivory (Glas et al. 2012).
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Figure 3. Schematic illustration of the mechanism of action of flavonoids in insect larvae and adults

The mode of action of flavonoids inside the insect adults and the larvae, and various reactions occurring inside their

bodies as a resistance mechanism, and helping the host plant to protect itself (created with BioRender.com)

Disruption of digestion and nutrient absorp-
tion. Protease inhibitors (PIs) can interact with
proteolytic enzymes, hindering their catalytic ac-
tivity (Zhao et al. 2019). Found as secondary me-
tabolites (e.g., tannins and flavonoids) or proteins,
PIs disrupt digestion processes, resulting in re-
duced nutrient absorption and decreased amino
acid bioavailability. This interference with diges-
tive processes can have significant physiological
effects on insects. Ingesting PIs may delay devel-
opment, cause deformities, and decrease fertil-
ity in insects (Napoledo et al. 2019). Specifically,
plant proteinase inhibitors have been shown to af-
fect the growth and digestive physiology of larval
insects, potentially hindering various enzymatic
activities in the larval midgut and reducing the in-
sect’s growth (Lawrence & Koundal 2002). Addi-
tionally, lectins, proteins that interact with glyco-
conjugates, disrupt various midgut components
and functions, including the peritrophic matrix,
brush border, secretory cell layer, apoptosis, oxida-
tive stress, interference with nutrient absorption,
and harm to symbionts (Napoledo et al. 2019).
Quercetin and other flavonoids undergo meta-
bolic conversion primarily in the small intestine,
predominantly through enzymatic processes such
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as glucuronidation and sulfation. After absorption
from the intestinal lumen, these compounds are
mainly transformed into conjugated metabolites
before entering circulation. This conversion po-
tentially helps the plant mitigate the harmful ef-
fects of pests, enabling it to maintain antioxidant
activity and inhibit insect larval activity. The im-
portance of dietary quercetin intake is linked to the
conjugation reactions responsible for the physio-
logical roles of antioxidative metabolites in insect
resistance (Murota & Terao 2003). Flavonoids can
inhibit key enzymes crucial for insect digestion
and nutrient absorption, effectively starving them
or reducing their ability to utilise food efficient-
ly. For instance, quercetin significantly decreases
lipase, protease, and a-amylase activities in the
midgut of diamondback moth (Plutella xylostella)
(Mikani 2019).

Interfere with insect growth and development:

Flavonoids can mimic or interfere with essen-
tial insect hormones, such as ecdysone, which
regulates moulting and metamorphosis (Viha-
kas 2014). Upon interference, vulnerable insects
suffer developmental abnormalities, stunted
growth, and even death at a premature stage.
The flavonoids of the plant angico, Piptadenia



Review

Plant Protection Science, 62, 2026 (3): 191-209

rigida, include liquiritigenin, 7,3",4'-trihydroxyfla-
vone, and 7,8,3,4'-tetrahydroxyflavanone, which
inhibit the growth and alter the feeding behav-
iour of the larvae (Narciso et al. 2011). Incorpo-
ration of the flavonoid Rutin into sorghum and
chickpea-based diets exerts a significant influence
on the moulting process, which disrupts the func-
tions of prothoracicotropic hormone and ecdys-
teroids, ultimately leading to the death of tobacco
cutworm, Spodoptera litura (Jadhav et al. 2012).
Flavonoids, such as rutin and quercetin, have
shown ovicidal effects on bruchid eggs. When
pulse beetle (Callsobruchus chinesnsis) was fed
with the flavonoid extracts from Calotropis pro-
cera, both the number and weight of emerging
adults were significantly reduced (Salunke et al.
2005). Application of rutin hydrate and quercetin
dehydrate increased the nymph mortality of Erio-
soma lanigerum, a woolly apple aphid (Ateyyat et
al. 2012). Flavonoids possess strong antioxidant
properties that allow them to neutralise free radi-
cals within the insect cells, disrupting the normal
cellular function. This oxidative imbalance can
hinder insect growth and development, making
the flavonoids effective plant defence compounds
(Czerniewicz et al. 2017). At earlier stages, such
as larvae, they are often more susceptible to the
detrimental effects of flavonoids (Onyilagha et al.
2004). The mortality of first-instar Colorado po-
tato beetle larvae was elevated by plant flavonoids
taxifolin and quercetin through the detoxification
process facilitated by glutathione S-transferases
and esterase (Wang et al. 2016).

Flavonoids exhibit toxicity in various pests
through mechanisms such as enzyme inhibition,
disruption of hormonal balance, and interference
with cell signalling pathways. Brown plant hop-
per (BPH) fed with methyl jasmonate, apigenin,
kaempferol, gallic acid, and benzyl benzoate ex-
hibited a slower rate of weight gain. It demon-
strated inhibitory effects on the growth of newly
emerged female adults (Deng et al. 2023). Addi-
tionally, 0.50% quercetin treatment significantly
delayed the developmental period of Hyphantria
cunea larvae and inhibited their growth (Gao et
al. 2022). Apigenin, administered at 50 pg per
primary reproductive pair, and Biochanin A were
identified as the most toxic flavonoid and fecun-
dity reducer. Oral feeding and topical application
also showed a significant reduction in progeny
numbers (Boué & Raina 2003).
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RECENT ADVANCEMENTS IN
FLAVONOIDS FOR INSECT RESISTANCE

Plant flavonoids can be formulated into a spray
solution by dissolving them in a suitable carrier
solution. This spray enhances plant defences, pro-
moting growth and providing protection against
stressors when applied correctly. In-silico mo-
lecular docking studies can confirm the practical
application for biopesticides. Ocimum basilicum
extract inhibited protease activities with IC50
values (in vitro) of 119.4, 91.0, 102.4, 76.4, and
52.4 pg/mL. In silico studies, including molecu-
lar docking, were conducted. The cell suspension
technique is recommended for optimal O. basi-
licum extract production, yielding high levels
of bio-insecticidal secondary metabolites (Darrag
et al. 2022).

These plant-derived bioactive compounds have
gained significant attention as eco-friendly alter-
natives to synthetic pesticides due to their potent
insecticidal properties. Several phytochemicals
have been identified for their strong larvicidal,
adulticidal, and repellent effects against major ag-
ricultural pests, primarily targeting key enzymatic
pathways in insect physiology. These compounds
exhibited significant toxicity against both larvae
and adults of Rhynchophorus ferrugineus (Red palm
weevil), highlighting their potential as botanical in-
secticides. Further computational studies revealed
that chicoric acid, another compound from

O. basilicum, demonstrated strong inhibito-
ry activity against acetylcholinesterase (AChE),
a critical enzyme in the insect nervous system
(Darrag et al. 2024).

Similarly, ultra-performance liquid chroma-
tography-mass spectrometry (UPLC-MS) analy-
sis of Solidago graminifolia identified several
flavanols, including quercetin, hyperoside, iso-
quercetin, kaempferol, and avicularin, which ex-
hibited potent insecticidal activity with an LDs,
value of 0.157 mg/mL. Docking studies further
confirmed that quercetin displayed high binding
affinity to AChE in Spodoptera frugiperda, lead-
ing to neural disruption and mortality (Herrera-
Mayorga et al. 2022). In another study, essential
oil constituents of Rosmarinus officinalis, par-
ticularly limonene (23.03%), cis-vaccenic acid
(12.91%), and (2E,4E)-deca-2,4-dienal (11.67%),
were found to have strong repellent activity
against Tribolium castaneum, a significant stor-
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(A)

Figure 4. Structures of Spodoptera frugiperda

https://doi.org/10.17221/56/2025-PPS

(A) Beta-glucosidase enzyme protein structure of Spodoptera frugiperda modelled in Modellor tool; (B) protein structure

of beta-glycosidase receptor (A chain) in Spodoptera frugiperda

age pest. In-silico studies confirmed that li-
monene exhibited high binding affinity with in-
sect detoxifying proteins, further reinforcing its
potential as a natural insect repellent (Alhaith-
loul et al. 2023). The inhibitory effects of Un-
caria tomentosa-derived compounds, including
mitraphylline, chlorogenic acid, and llagate, were
demonstrated through molecular docking studies
targeting Farnesyl Diphosphate Synthase (FPPS),
a crucial precursor in the juvenile hormone bio-
synthesis pathway of Helicoverpa armigera. These
compounds exhibited strong inhibition, suggest-
ing their role in disrupting insect growth and de-
velopment (Alam et al. 2023). Extracts of Ficus
carica containing psoralen and bergapten showed
high insecticidal activity against Euschistus heros.
Docking studies revealed that these compounds
had a strong affinity towards AChE, indicating
their neurotoxic effects on insects (Britto et al.
2021). Furthermore, nimbolide, a bioactive com-
pound from Azadirachta indica, demonstrated
a 66% reduction in larval populations of Plutella
xylostella. Molecular docking studies confirmed
its interaction with AChE, with a binding ener-
gy of —7.80 kcal/mol, further validating its role
in pest control (Navinraj et al. 2023).

In addition, we have performed molecular
docking studies to confirm the insecticidal prop-
erties of plant flavonoids by targeting the beta-
glucosidase enzyme receptor, a key mode of ac-
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tion for insecticides against the polyphagous pest
Spodoptera frugiperda. The protein structure
of the beta-glucosidase enzyme receptor is com-
putationally built using MODELLER and subse-
quently validated. The active site for the protein
modelled was predicted using the CAASTp serv-
er. Molecular docking studies were performed
using CB-DOCK software (Liu et al. 2020), and
the interactions were visualised using LIGPLOT +.
The results showed that flavonoids bound to the
insect protein, similar to other chemical insecti-
cides. The beta-glucosidase enzyme, used as an
insect receptor for docking studies, is depicted
in Figure 4A.

This study demonstrates that plant flavonoids,
including rutin, quercetin, apimaysin, maysin,
vitexin, pinocembrin, apigeninidin, kaempferol,
and luteolinidin, have interacted with the be-
ta-glucosidase receptor enzyme of Spodoptera
frugiperda, resulting in mortality in this poly-
phagous pest, similar to chemical insecticides.
Hence, formulations of plant flavonoids could be
effective in controlling the insect pests. Figure 5
provides confirmation studies of the molecular
docking of plant flavonoids to the modelled struc-
ture of beta-glucosidase enzyme, thereby proving
a strong interaction and causing insecticidal ef-
fects on the pest. The interactions of the com-
pounds, as indicated by the Vina score and coor-
dinates, are mentioned in Table 3.
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Figure 5. Molecular docking of various plant flavonoids to the Spodoptera frugiperda beta-glucosidase enzyme and

visualised through LIGPLOT +

The figure illustrates the interactions of the Spodoptera frugiperda beta—glucosidase enzyme with plant flavonoids,

highlighting their role in pest resistance. (A) maysin; (B) kaempferol; (C) quercetin; (D) vitexin; (E) apimaysin; (F) rutin;

(G) luteolininidin; (H) apigeninidin; (I) pinocembrin

Additionally, molecular docking studies have been
performed on the insecticide binding receptor, be-
ta-glycosidase. The insecticides bind to this recep-
tor, repelling and killing the pest. The 3D structures
of Spodoptera frugiperda beta glycosidase receptor
(PDB ID: 5CGO, resolution: 2.09 A) were acquired
from the Protein Data Bank (PDB). The A chain
of beta-glycosidase was processed by eliminating
other chains, ligands, and water molecules (specifi-
cally water without hydrogen bonds) using the BIO-
VIA Discovery Studio software, as depicted in Fig-
ure 4B. Molecular docking studies were performed

using the CB-DOCK software (Liu et al. 2020), and
the interactions were visualised using LIGPLOT+.
The results of this molecular docking showed
that plant flavonoids bound to this target protein
with a similar level of binding energy to that of
chemical insecticides, and a few plant flavonoid
compounds have higher levels of binding energy
than chemical insecticides, as represented in Table 4,
and the docking of the plant compounds was depict-
ed in Figure 6. These findings collectively highlight
the potential of plant-derived flavonoid compounds
as natural insecticidal agents. Their ability to inter-

Table 3. Molecular docking analysis of the various plant flavonoids and beta—glucosidase enzyme

Coordinates of centre

S. No. Ligand name PubchemID  Vinascore Cavity size . ) .
1 Rutin 5280805 -9.7 817 -43 12 49
2 Quercetin 5280343 -8.8 7 560 -12 -2 23
3 Vitexin 5280441 -8.7 7 560 -12 -2 23
4 Kaempferol 5280863 -8.8 13935 -14 2 22
5 Luteolinidin 441701 -9.0 13935 -14 2 22
6 Apigeninidin 159360 -9.4 13935 -14 2 22
7 Pinocembrin 68071 -8.8 13935 -14 2 22
8 Maysin 70698181 -9.6 13935 -14 2 22
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fere with key enzymatic and physiological pathways alternatives to synthetic pesticides, promoting eco-
in insects underscores their viability as sustainable friendly pest management approaches.

(E) (F) (G) (H)

Figure 6. Molecular docking of various plant flavonoids
and insecticides to the Spodoptera frugiperda beta—Gly-
cosidase receptor

The figure illustrates the interactions between the Spodop-
tera frugiperda beta—glycosidase receptor and plant fla-
vonoids, as well as commercial insecticides, in relation
to pest resistance. (A) maysin; (B) tricin; (C) kaempferol;
(D) rutin; (E) apimaysin; (F) apigeninidin; (G) pinocembrin;
(H) luteolininidin; (I) vitexin; (J) quercetin; (K) chlorpyrifos;

(K) L) (L) mnethoxyfenozide
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Table 4. Molecular docking analysis of the various plant flavonoids and beta-glycosidase receptor

Coordinates of centre

S. No. Ligand name PubChem ID  Vina score Cavity size . ) .

1 Rutin 5280805 -9.6 816 -23 31 -69
2 Quercetin 5280343 -9.6 816 -23 31 -69
3 Vitexin 5280441 -10.1 816 -23 31 -69
4 Kaempferol 5280863 -10.6 816 -23 31 -69
5 Luteolinidin 441701 -7.6 816 -23 31 -69
6 Apigeninidin 159360 -6.4 816 -23 31 -69
7 Maysin 70698181 -8.7 816 -23 31 -69
8 Apimaysin 194566 -9.1 816 -23 31 -69
9 Pinocembrin 68071 -9.6 816 -23 31 -69
10 Tricin 5281702 -9.2 816 -23 31 -69
11 Chlorpyrifos 2730 -9.7 816 -23 31 -69
12 Methoxyferoxide 105010 -9.6 816 -23 31 -69

PROGRESS OF FLAVONOIDS AS
BIOPESTICIDES

A study explored the interaction of soybean-
exclusive flavonoids, daidzein, genistein, and
kaempferol, with entomopathogenic baculovirus
to enhance insect resistance against the cabbage
looper (Trichoplusia ni). Combining these flavo-
noids at leaf-level concentrations synergistically
enhanced baculovirus activity, with higher con-
centrations of genistein and kaempferol showing
concentration-dependent improvements (Hay et
al. 2020). Total flavonoids from fresh plant parts,
such as roots, stems, and leaves, are extracted us-
ing solvents like ethanol, methanol, and acetone
and then subjected to one of the chromatographic
techniques for purification (Awouafack et al. 2017).
These extracted flavonoid compounds can be used
for direct applications or as insecticidal blends
to enhance pest resistance in plants. Formulations
of emulsifiable concentrate (EC) were prepared
using seed oils derived from Pongamia pinnata,
Pachyrhizus erosus, and Annona squamosa, which
contain flavonoid compounds shown insecticidal
effectiveness when assessed through in-vitro ex-
periments targeting cabbage aphid (Brevicoryne
brassicae) and in-vivo studies against eggplant
aphid (Aphis gossypii) and whitefly (Bemisia taba-
ci). The botanical formulation of 40% EC derived
from seed oils of Annona squamosa demonstrated
comparatively higher insecticidal efficacy against
the cabbage aphid than the synthetic insecticide di-
methoate 30 EC (Aloke Purkait et al. 2019). The ef-
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fect of myrrh extract from Commiphora molmol,
along with sub-lethal treatments of profenofos/
chlorofluazuron, fenvalerate, and pyriproxyfen,
was studied on Spodoptera littoralis larvae, which
displayed the highest activity, with a mortality rate
of 44.4% of the pest (Shonouda et al. 2000). The use
of biodegradable and non-toxic biochemical pes-
ticides promotes environmentally safe and eco-
friendly insect resistance strategies. The different
biopesticidal activities of flavonoids against various
pests are presented in Table 5.

CONCLUSION AND FUTURE
PERSPECTIVES

Chemical pesticides have played a crucial role
in the development of agriculture, contributing
to improved crop yields and enhanced food pro-
duction. However, excessive and inappropriate
use can harm the environment and human health.
Therefore, developing sustainable alternatives
to replace traditional methods is essential. In this
context, flavonoid-based pesticides are emerging
as a highly effective solution for enhancing the ef-
ficacy of agricultural chemicals. To date, signifi-
cant advancements have been made in researching
the practical applications of flavonoids for insect
resistance, but some gaps still need to be ad-
dressed. There is currently a lack of comprehensive
understanding of the anti-feedant and anti-insecti-
cidal activities of flavonoids. Therefore, the mecha-
nisms underlying this activity need to be elucidated
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through reliable results obtained by combining
field and genomics advances. Moreover, it is crucial
to understand the dynamic co-evolution between
plants, pests, and their interactions with specif-
ic flavonoids to anticipate potential adaptations
and ensure the long-term durability of resistance.
The commercialisation of flavonoids as a biopesti-
cide is still in its infancy. Several factors, including
large-scale production, the unavailability of a stan-
dard extraction protocol/analytical approach, short
shelf life, residual toxicity, environmental and hu-
man safety concerns, and the need for comprehen-
sive field trials for host plants in multiple environ-
ments, are limiting the use and commercialisation
of flavonoid-based pesticides. There is no doubt
that flavonoids are promising natural pesticides
for pest management; however, they still have
a long way to go before being proposed as an alter-
native to chemical pesticides.
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