© Volume 2, Issue 11, November 2026 | JATIR
e-ISSN: 2839-5786, p-ISSN: 3139-8464

Microbial and Botanical Biopesticides:
Bioactive Chemistry, Modes of Action and
Prospects for Sustainable Crop Protection

"Wilfred A, Sahaya Mary C, *Kavitha R S, “Asha D R

Assistant Professor, Department of Biotechnology, Teresian College, Siddarthanagar, Mysuru

570011, Karnataka, India
24 Assistant Professor, Department of Botany, Teresian College, Siddarthanagar, Mysuru

570011, Karnataka, India

3 Assistant Professor, Department of Zoology Teresian College, Siddarthanagar, Mysuru 570011,

Karnataka, India
https://doi.org/10.64643/jatir.141319

Abstract—Heavy dependence on synthetic pesticides has left a familiar set of problems:
contaminated soil and water, residues in food, injury to beneficial organisms and
increasingly difficult resistance. This review examines microbial and botanical biopesticides
as complementary tools rather than as automatic replacements for conventional chemistry.
It compares their active principles, modes of action, field uses and practical limitations.
Bacillus thuringiensis acts through receptor-mediated disruption of the insect midgut,
whereas entomopathogenic fungi such as Beauveria bassiana and Metarhizium anisopliae
invade through the cuticle and deploy hydrolytic enzymes and secondary metabolites.
Antagonistic and nematophagous fungi add mycoparasitism, antibiosis and induced
resistance. Botanical insecticides based on azadirachtin, pyrethrins, rotenoids, nicotine,
quassinoids and essential-oil terpenoids provide antifeedant, repellent, neurotoxic, endocrine
and respiratory effects. Progress in formulation, microbial consortia, nanotechnology,
omics-guided discovery and precision application is gradually improving consistency. The
most credible role for biopesticides is within validated, monitoring-based integrated pest
management programs that account for selectivity, safety, and persistence and resistance
risk.

Index Terms—Biopesticides; botanical insecticides; entomopathogenic fungi; integrated pest
management; microbial pesticides; secondary metabolites.

I.  INTRODUCTION

Insect pests, plant pathogens, weeds and plant-parasitic nematodes continue to limit crop
production. Synthetic pesticides remain valuable because they act quickly and predictably, but
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repeated or poorly targeted use has also produced residues in food and water, injury to pollinators
and natural enemies, disruption of agroecosystem processes and widespread resistance [1], [2].
These costs explain the continuing search for crop-protection products that combine efficacy with
greater environmental compatibility.

Biopesticides are not a single technology. The term covers living bacterial, fungal, viral and
nematode agents; plant preparations containing secondary metabolites; biochemical products such
as pheromones; and plant-incorporated protectants expressed by engineered crops [2], [3]. Their
biological diversity is important because it supplies multiple points of attack against different pest
groups and developmental stages, thereby reducing dependence on any one target site.

Interest in these products has grown steadily over the past two decades [4], [5]. The research
emphasis has also changed. Early work often stopped at the discovery of an active organism or
crude extract; current studies increasingly ask how the active principle works, whether sublethal
effects matter, and whether laboratory performance survives field conditions [6]. For microbial
products, formulation quality, shelf life, environmental persistence and farmer acceptance can be
as decisive as the intrinsic virulence of the organism [3].

This review brings those strands together. It examines the major microbial and botanical sources of
biopesticides, explains their modes of action, and evaluates the formulation, safety, resistance and
regulatory issues that determine practical value. Emerging work on nanotechnology, omics,
microbial consortia, endophytic delivery and precision agriculture is then considered as a route
toward more reliable next-generation products.

II. MICROBIAL BIOPESTICIDES

Bacterial agents

Bacteria include the most commercially established microbial pesticides. The Gram-positive, spore-
forming Bacillus thuringiensis (Bt) remains the defining example. During sporulation it produces
crystalline 6-endotoxins (Cry proteins) and, in some strains, Cyt proteins; vegetative cells may also
secrete Vip proteins [7]-[9]. After susceptible larvae ingest the crystals, the alkaline midgut
solubilizes them and host proteases release the active toxin. Binding to midgut receptors is followed
by membrane insertion, pore formation, osmotic imbalance, cell lysis and death [10]. This receptor-
dependent sequence accounts for the narrow host range and favorable vertebrate safety profile of
many Bt products [11].

The Bt repertoire is broader than the classical Cry family. Vip3A and related vegetative insecticidal
proteins act against lepidopteran pests whose susceptibility to Cry toxins may be limited, while
secreted insecticidal proteins add further breadth [12], [13]. That molecular variety is now being
used deliberately: toxin pyramids, rotations and mixtures with distinct receptors or target sites are
central to resistance-management strategies for both sprays and Bt crops [14], [15].

Other bacteria fill distinct niches. Lysinibacillus sphaericus produces binary and other
mosquitocidal toxins for larval control in aquatic habitats [16]. Bacillus subtilis and B.
amyloliquefaciens suppress plant pathogens through surfactins, iturins, fengycins, hydrolytic
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enzymes and induced systemic resistance [17], [18]. Fluorescent pseudomonads combine
antibiotics, siderophores and competition for nutrients or infection sites [19]. Engineered spore-
surface display of heterologous enzymes illustrates how bacterial platforms are being redesigned
for greater stability and functional persistence [20].
Fungal agents
Entomopathogenic fungi differ from gut-active bacterial toxins because they infect directly through
the insect cuticle. They are therefore useful against sucking pests that may never ingest a treated
surface [21], [22]. Infection proceeds through conidial adhesion, germination, enzymatic and
mechanical penetration, proliferation in the hemocoel and, finally, host death and external
sporulation. Temperature, humidity, ultraviolet exposure, substrate pH and host susceptibility can
each shift the outcome [23].
Beauveria bassiana is the most extensively developed mycoinsecticide. Its virulence depends on
cuticle-degrading proteases, chitinases and lipases, together with metabolites such as beauvericin,
bassianolide, bassianin, tenellin and oosporein [24], [25]. The fungus can also colonize plants
endophytically without causing disease. In that setting it may prime plant defenses, improve growth
and reduce later herbivore performance, creating a useful bridge between plant protection and pest
suppression [26], [27].
Metarhizium anisopliae has been formulated against soil- and foliage-dwelling pests, although
performance remains sensitive to temperature, moisture, solar exposure and formulation quality
[26]. Isaria fumosorosea is used mainly against whiteflies, aphids and thrips, while Lecanicillium
lecanii is associated with aphids, whiteflies and scale insects; both require sufficiently humid
conditions for reliable germination and infection [22].
Antagonistic fungi extend microbial control beyond insects. Trichoderma harzianum, T. virens and
T. asperellum suppress pathogens through mycoparasitism, nutrient and space competition,
antibiosis, cell-wall-degrading enzymes and induced resistance, often while promoting plant growth
[28]. Among nematophagous fungi, Purpureocillium lilacinum attacks several nematode stages,
whereas Pochonia chlamydosporia is especially associated with eggs of root-knot and cyst
nematodes [26].

TABLE 1. REPRESENTATIVE MICROBIAL BIOPESTICIDES, TARGET ORGANISMS

AND PRINCIPAL MODES OF ACTION

Principal mode of

Agent Target organisms Key bioactive factors .
action
) Midgut solubilization
Lepidopteran, . o
. S Cry, Cyt and Vip and activation;
Bacillus thuringiensis coleopteran and . g
proteins receptor binding, pore

dipteran larvae formation and cell lysis

. Midgut epithelial
Lysinibacillus . . . . .
. Mosquito larvae Binary (Bin) toxin binding and cellular
sphaericus lvsis
y
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Principal mode of

Agent Target organisms Key bioactive factors .
action
) - ) S Membrane disruption,
Bacillus subtilis / B. | Fungal and bacterial = Surfactins, iturins and o . P
. ) . antibiosis and induced
amyloliquefaciens plant pathogens fengycins . .
systemic resistance
) Antibiotics, Antibiosis, niche
Pseudomonas Soil-borne plant . .
siderophores and competition and
fluorescens pathogens

hydrolytic enzymes

induced resistance

Beauveria bassiana

Broad insect host
range

Cuticle-degrading
proteases and
chitinases; beauvericin,
bassianolide and
tenellin

Cuticular adhesion and

penetration, hemocoel

proliferation and toxin-
mediated death

Metarhizium
anisopliae

Isaria fumosorosea

Wide range of insect
pests

Whiteflies, aphids and
thrips

Aphids, whiteflies and

Cuticle-degrading
enzymes and
destruxins

Hydrolytic enzymes
and metabolites

Enzymes and

Contact infection and
internal colonization

Cuticular infection and
mycosis

Cuticular infection and

Lecanicillium lecanii . antimicrobial .
scale insects ; antibiosis
metabolites
Cell-wall-degrading Mycoparasitism,

Trichoderma spp.  Fungal plant pathogens enzymes, peptaibols = competition, antibiosis
and volatiles and induced resistance
- . " Nematode parasitism
Purpureocillium Plant-parasitic Proteases, chitinases P .
. . ) and population
lilacinum nematodes and toxic metabolites .
suppression
Pochonia Root-knot and cyst Enzymes and Egg parasitism and
chlamydosporia nematode eggs metabolites hatching interference

Viruses, nematodes and plant-incorporated protectants
Baculoviruses, especially nucleopolyhedroviruses, offer highly specific control of lepidopteran
pests. Occlusion bodies dissolve after ingestion, initiate systemic infection and usually kill the host
within days, releasing progeny virus into the pest population [29]. Entomopathogenic nematodes in
the Steinernematidae and Heterorhabditidae carry Xenorhabdus and Photorhabdus bacteria into the
insect hemocoel; their active host-searching behavior makes them valuable against soil-dwelling
and otherwise concealed pests [3], [29]. Plant-incorporated protectants such as Bt maize and cotton
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provide continuous tissue-level expression of Cry proteins, but their durability depends on
disciplined insect-resistance management [11], [15].

III.  BOTANICAL BIOPESTICIDES

Plants have evolved a broad chemical defense system that includes terpenoids, limonoids, alkaloids,
phenolics, flavonoids, saponins, tannins, coumarins and sulfur-containing metabolites [30], [31].
Products derived from this chemistry can deter feeding, repel adults, disrupt development, poison
nervous systems or inhibit microorganisms. Rapid environmental degradation is often an advantage
where residues are restricted, although it also shortens residual control.
Neem (Azadirachta indica) remains the best-studied botanical source. Its principal limonoid,
azadirachtin, interferes with feeding, molting, metamorphosis, reproduction and development rather
than producing immediate neurotoxic knockdown; salannin, nimbin and meliantriol contribute
complementary activity [32], [33]. Azadirachtin disrupts endocrine control involving ecdysteroids
and juvenile hormone, leading to failed molts, developmental arrest and reduced fecundity. Because
seed chemistry varies with provenance, season and extraction method, controlled bioreactor
production has been investigated as a standardization strategy [34].
Pyrethrum flowers from Tanacetum cinerariifolium contain six insecticidal esters. These pyrethrins
prolong the open state of voltage-gated sodium channels and produce rapid knockdown [35], [36].
Other historically important botanicals include rotenoids from Derris roots, which inhibit
mitochondrial electron transport; karanjin and pongamol from Pongamia pinnata; nicotine from
Nicotiana tabacum, an agonist of insect nicotinic acetylcholine receptors; and quassinoids from
Quassia amara, which are powerful antifeedants [30], [31], [37].
Essential oils supply another major group. Limonene, linalool, geraniol, citral and eugenol can act
as contact toxins, fumigants, repellents or antimicrobial agents [38], [39]. Important sources include
Ocimum, Citrus, Thymus, Origanum and Cymbopogon, while citrus-peel waste offers a route to
link pest management with by-product valorization. Sulfur-containing plant chemistry is also
relevant: allicin released from disrupted garlic tissues has broad antimicrobial, insecticidal and
nematicidal activity, and glucosinolates in Brassicaceae yield biofumigant isothiocyanates after
hydrolysis [40], [41]. Plant-derived fumigants have particular value in stored-product protection
[42].

TABLE 2. SELECTED PLANT SPECIES EXPLOITED AS SOURCES OF BIOPESTICIDES

. Major bioactive . .
Plant species Plant part used ) . Principal activity
constituent(s)
Antifeedant activity,
Azadirachta indica Azadirachtin, salannin, growth regulation,
. Seeds and leaves . S
(Meliaceae) nimbin and meliantriol repellency and
oviposition deterrence
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Major bioactive

Plant species Plant part used . Principal activit
P p constituent(s) P Y
Tanacetum . Rapid knockdown
. o1t Pyrethrins I and 11, P .
cinerariifolium Flowers L . . through sodium-channel
cinerins and jasmolins )
(Asteraceae) modulation
Inhibition of
. Rotenone and other . .
Derris spp. (Fabaceae) Roots . mitochondrial electron
rotenoids
transport
P 1 vinnat Insecticidal, antifeedant
ongamia pinnata . .
Seeds Karanjin and pongamol = and growth-regulatin
(Fabaceace) y pong g .. gulating
activity
Nicotiana tabacum . Agonism of nicotinic
Leaves Nicotine .
(Solanaceae) acetylcholine receptors
uassia amara . . Potent antifeedant and
Q Wood Quassin and neoquassin

(Simaroubaceae)

Ocimum spp.
(Lamiaceae)

Leaves and aerial parts

Eugenol, linalool and
methyl eugenol

Limonene and other

insecticidal activity

Repellent, fumigant and
contact insecticidal
activity

Fumigant, repellent and

Citrus spp. (Rutaceae) Peel ..
monoterpenes contact toxicity
. . .. Antimicrobial,
Allium sativum Allicin and related . .
Bulbs insecticidal and

(Amaryllidaceae)

thiosulfinates

nematicidal activity

Brassica spp.
(Brassicaceac)

Seeds and tissues

Glucosinolates, which
release isothiocyanates
on hydrolysis

Biofumigant, nematicidal
and antimicrobial
activity

IV.  PHYTOCHEMICAL CLASSES AND THEIR MODES OF ACTION

Terpenoids form the largest class of plant specialized metabolites and include insecticides,
antifeedants, repellents and fumigants. Linalool, limonene, thymol, carvacrol and 1,8-cineole can
inhibit acetylcholinesterase, alter GABA-gated chloride channels or octopaminergic signaling, and
disturb neuronal ion balance and mitochondrial respiration [43], [44]. Their volatility makes them
effective in enclosed storage systems, but field use requires formulations that slow evaporation.

Alkaloids such as nicotine and anabasine overstimulate nicotinic acetylcholine receptors, producing
hyperexcitation, paralysis and death; their mammalian toxicity is a reminder that natural origin does
not equal low risk [30], [37]. Flavonoids, including quercetin, rutin, kaempferol and naringenin,
can inhibit digestive enzymes, reduce nutrient use and alter oviposition, with structure—activity
relationships strongly affected by hydroxylation and glycosylation [45]. Saponins bind membrane
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sterols and increase permeability [46], while tannins bind dietary and digestive proteins and thereby
suppress growth and fecundity [47].

Activity in botanical preparations rarely rests on one molecule alone. Crude extracts and essential
oils contain mixtures whose constituents may act additively, synergistically or antagonistically, and
minor components can materially change the performance of a dominant compound [30], [48].
Chemical profiling is therefore a prerequisite for reproducible products. Across the documented
phytochemical classes, mechanisms include receptor agonism, ion-channel and
acetylcholinesterase disruption, endocrine interference, feeding deterrence, digestive and
respiratory inhibition, membrane and mitochondrial damage, oxidative stress and reproductive
impairment [38], [39]. This diversity provides useful rotation and mixture options for resistance

management.
TABLE 3. MAJOR PHYTOCHEMICAL CLASSES IMPLICATED IN BIOPESTICIDAL
ACTIVITY
R tati .
Class epresentalive Documented effects Proposed mechanism(s)
compounds
Acetylcholinesterase
Limonene, linalool, .. inhibition; GABAergic
. . . Insecticidal, repellent, : .
Monoterpenes geraniol, citral, a-pinene . .. and octopaminergic
. fumigant and acaricidal ..
and 1,8-cineole modulation; ion-channel
disturbance
Insecticidal, Neurotoxicity and
. .. . urotox
Phenolic monoterpenes | Thymol and carvacrol antimicrobial and . Y .
. membrane disruption
antifungal
Insecticidal and Neurotoxicity and
Phenylpropanoids Eugenol nse.c 1(.:1 ? ?n curotoxiclly al .
antimicrobial membrane perturbation
. . . Antifeedant, growth- Interference with
. . Azadirachtin, salannin . ) ) . .
Limonoids L disrupting and ecdysteroid and juvenile-
and nimbin i
reproductive effects hormone pathways
. Aconi £ nicotini
Alkaloids Nicotine and anabasine Neurotoxmlj[y and gonism .o nicotinic
paralysis acetylcholine receptors
Quercetin, rutin, ) Digestive-enzyme
Antifeedant, growth and
Flavonoids kaempferol and 5 1 © 'a‘n ’ gro' . 'an inhibition and altered
. . oviposition inhibition ) e
narmgenin nutrient utilization
) Triterpenoid and Insecticidal and Membrane-sterol binding
Saponins . . .. . -
steroidal glycosides antimicrobial and permeability changes
Protein bindi
. Hydrolyzable and Feeding deterrence and r? eln.blndlng and
Tannins . o digestive-enzyme
condensed tannins antinutritional effects e
inhibition
. Coumarin and Insecticidal and Developmental and
Coumarins . . .
derivatives antifungal enzymatic interference
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R tati
Class epresciiative Documented effects Proposed mechanism(s)
compounds
. o . Prol d ing of
. Pyrethrins I-II, cinerins = Rapid knockdown and rolonge opemng ©
Pyrethrins . . . voltage-gated sodium
and jasmolins mortality
channels
Allicin and Insecticidal, nematicidal =~ Thiol-reactive protein
Sulfur compounds . . .. : N,
isothiocyanates and antimicrobial and enzyme inhibition
. . a-Solanine and a- Antifeedant and toxic Membrane disruption
Steroidal glycoalkaloids . S
tomatine effects and digestive inhibition

V.  APPLICATIONS ACROSS CROPPING SYSTEMS

Bt sprays and Bt-expressing cultivars remain the principal biopesticide technologies for
lepidopteran control in field crops. Metarhizium-based products are used against soil pests and
locusts, while Trichoderma seed and soil treatments suppress root diseases in cereals, oilseeds and
pulses [28], [29]. Protected horticulture is an especially suitable niche because greenhouse humidity
favors Beauveria bassiana, Isaria fumosorosea and Lecanicillium lecanii against whiteflies, aphids
and thrips [26].

In perennial and high-value crops, nematophagous fungi and entomopathogenic nematodes provide
options where conventional nematicides or soil insecticides have been withdrawn [26]. Stored-
product protection remains a strong application for essential oils, pyrethrum powders and plant-
derived fumigants because the volatility that limits outdoor persistence becomes an advantage in
enclosed grain systems [42]. Organic and residue-sensitive export markets provide additional
demand, and Bacillus-based larvicides continue to serve public-health mosquito control [16].
Endophytic entomopathogens extend the model further by providing prophylactic protection within
plant tissues [27].

VI.  FORMULATION AND DELIVERY TECHNOLOGIES

The distance between laboratory activity and dependable field control is often a formulation
problem. Microbial products are supplied as dusts, wettable powders, granules, aqueous
suspensions, oil dispersions and emulsifiable concentrates. Each format must protect the organism
from desiccation, ultraviolet radiation and temperature extremes while maintaining shelf life,
uniform coverage and compatibility with farm equipment [3], [26]. Seed dressings remain an
economical route for soil-applied agents because the active ingredient can be fixed to the seed coat
with suitable carriers and warning pigments [49].

Botanical products face a parallel problem at the chemical level. Essential oils volatilize, oxidize
and photodegrade, and their composition changes with genotype, geography, season, plant age and
extraction method [39]. Marker-compound quantification, controlled cultivation and bioreactor
production can reduce batch variability [34]. Timing is equally important: fungal products generally
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require adequate humidity and are often best applied early or late in the day, whereas short-lived
botanical sprays may require repetition. Monitoring-based thresholds within IPM programs make
these narrower performance windows manageable [1], [2].

VII.  SAFETY, RESISTANCE AND REGULATION

Biopesticides should not be treated as intrinsically harmless. Bt Cry toxins have favorable
mammalian toxicology because activation depends on insect midgut conditions and specific
receptors that vertebrates lack [11]. Safety assessments of Beauveria products also indicate low risk
to people and most non-target organisms when label directions are followed [21]. By contrast,
nicotine and rotenone can be highly toxic to mammals and aquatic organisms, and their use has
been restricted accordingly [30]. Product-specific testing for beneficial insects, soil fauna and
aquatic organisms remains essential.

Resistance is a second shared constraint. Field-evolved resistance to Bt toxins shows that biological
products can impose strong selection pressure; pyramids, refuges, rotation and integration with
unrelated tactics are needed to preserve susceptibility [14], [15]. Phytochemical mixtures may slow
resistance when their components are selected on mechanistic grounds rather than blended
empirically. Regulatory requirements differ among jurisdictions, and efficacy, toxicology and
environmental-fate data still account for a substantial part of development cost even where
biopesticide pathways are shorter than those for synthetic pesticides [1], [2], [50].

VIII. EMERGING DIRECTIONS

Several technologies are converging on the weaknesses that have limited biopesticide adoption.
Genomics, transcriptomics and metabolomics are accelerating the discovery of virulence genes,
secondary-metabolite clusters and bioactive plant compounds, allowing mechanism-guided
screening instead of mortality assays alone [6], [25]. Nanoemulsions, lipid nanoparticles and
polymer matrices can protect essential oils from volatilization and photodegradation, provide
controlled release and improve leaf adhesion. Consortia that pair complementary organisms—such
as Trichoderma with Bacillus, or mycorrhizal fungi with entomopathogens—are being designed to
suppress several pest groups while supporting plant growth [3], [28].

Endophytic delivery allows entomopathogenic fungi to colonize plant tissues and reduce
dependence on repeated foliar sprays [27]. Precision-agriculture tools can then match application
to pest phenology and to microclimatic windows of temperature and humidity. Synthetic-biology
and fermentation approaches, including spore-surface display and in situ cultivation of toxin-
producing cells, point toward more scalable and quality-controlled manufacture [20], [34].

IX.  CONCLUSION

Biopesticides have moved from peripheral alternatives to credible components of sustainable crop
protection. Microbial agents provide receptor-specific gut toxins, contact infection,
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mycoparasitism, antibiosis and induced resistance. Botanicals contribute chemically diverse
products that act on insect nervous, endocrine, digestive, respiratory and reproductive systems.
Used together within IPM, these tools reduce dependence on single-site synthetic chemistry and
create more options for resistance management.

The next phase should be judged by field reliability rather than by discovery volume alone.
Priorities include rigorous identification of active principles, formulations that protect biological
and chemical activity, standardized production, transparent non-target and mammalian safety
assessment, resistance monitoring and validation under commercial farming conditions.
Biopesticides are therefore best viewed not as one-for-one substitutes for synthetic pesticides but
as essential parts of diversified, ecologically informed crop-protection systems [1], [2], [5].
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