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Insect pests remain a major constraint to crop productivity and farm profitability. Synthetic
insecticides have provided effective and rapid pest suppression, but their repeated or
inappropriate use can contribute to resistance, resurgence, residues and adverse effects on
beneficial organisms and the environment. These concerns have increased interest in safer
and more diversified pest-management approaches. Among these, microbial biopesticides
have emerged as important tools for sustainable insect pest management. They use naturally
occurring microorganisms or microbial agents that infect or otherwise suppress insect pests.
The major groups include bacteria, entomopathogenic fungi, insect-pathogenic viruses and
entomopathogenic nematodes. Microbial control does not aim to eliminate all insects from
agricultural ecosystems. Instead, its objective is to suppress economically important pest
populations while maintaining ecological balance. When combined with monitoring,
economic thresholds, cultural practices, resistant varieties, natural enemies and selective
insecticides, microbial biopesticides can become an important component of Integrated Pest
Management (IPM).

Key message: Microbial biopesticides are most effective when they are used as part of a
scientifically planned pest-management programme rather than as stand-alone substitutes for
every conventional insecticide.

Major Microbial Groups Used in Pest Management

Table 1. Major microbial groups used in insect pest management

. Bacillus thuringiensis Susceptible Gut disruption after
Bacteria . . i
(Bt) insect larvae ingestion
. . . Various . .
Entomopathogenic Beauveria bassiana, o Cuticle penetration
. .. . . susceptible . . .
fungi Metarhizium anisopliae . and internal infection.
insects
Mainly Infection and
Viruses NPV, GV susceptible multiplication inside
caterpillars host cell
Steinernema, Selected soil and  Host penetration and
Nematodes . . . .
Heterorhabditis cryptic pests symbiotic bacteria

These groups differ considerably in their biology and application requirements. Therefore,
the selection of a microbial agent should always be based on pest species, developmental
stage, crop, environmental conditions and application method.
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Bacterial Biopesticides: The Bt Success Story

Among microbial insecticides, Bacillus thuringiensis (Bt) is one of the most widely known
and extensively used. Bt produces insecticidal proteins that are active against susceptible
insects. When an appropriate Bt toxin is ingested by a susceptible larva, it acts primarily on
the insect midgut, disrupting gut function and eventually causing mortality.

(1) Ingestion
Bacillus thuringiensis
{ hY
|- @
v v
Spore Protein crystal (2) Alkaline pH - dissolution of
protein crystal
(6) Larval septicemia
(5) Pore formation with increased = .‘/, 2] (3) Activation of protein
permeability o4 |
\\/, h
> ® - o ‘
©
Crystal Protoxin Activated toxin
*l ® eeeoe
(4) Binding of Cry toxin to the
) .. midgut receptor

Created in BioRender.com biv

Figure 1. Simplified mode of action of Bacillus thuringiensis (Bt) against susceptible insect larvae.

Different Bt strains and toxins vary in their target ranges. Consequently, successful
application depends on accurate identification of the target pest and selection of an
appropriate Bt product. Bt illustrates an important principle of microbial pest management:
specificity can be an advantage, but it also requires accurate pest identification.

Entomopathogenic Fungi: Infection Through the Insect Cuticle
Entomopathogenic fungi provide a different mechanism of biological control. Beauveria
bassiana and Metarhizium anisopliae are important examples. Fungal spores attach to the
insect body surface. Under suitable conditions, they germinate, penetrate the cuticle and
develop inside the insect.

Infection Sequence of Beauveria bassiana in Insect Host

05pore h e Germinati eCuticler i o | colonization ePhysiologiuldismpﬁon e Insect death

Fungal spores adhere to Spores germinate and Germ tubes differentiate The fungus grows inside The fungus releases toxins | The insect eventually dies
the insect cuticle. produce germ tubes on and penetrate the insect the hemocoel and spreads and enzymes, disrupting due to internal colonization
the cuticle. cuticle. throughout the body. normal insect functions. and loss of vital functions.

Germinating spore Penatration peg Fungal hyphae

Fungal hyphae

Disrupted tissues
Insect cuticle & and organs

Spore attachment Germination Cuticle penetration Internal colonization - Physiological disruption Insect death

Figure 2. Infection process of entomopathogenic fungi through the insect cuticle.
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Unlike microbial agents that must be ingested, these fungi can infect insects through the
external body surface. This makes them useful against selected sucking and chewing pests.
However, fungal performance is strongly influenced by humidity, temperature, sunlight,
rainfall and formulation quality. Environmental conditions at the time of application can
therefore determine whether a fungal product performs effectively in the field.

Insect-Pathogenic Viruses: Precision Through Specificity

Insect-pathogenic viruses, particularly baculoviruses, are valuable biological agents for
controlling susceptible insect larvae. The important groups include nucleopolyhedroviruses
(NPVs) and granuloviruses (GVs). After entering a susceptible host, the virus multiplies
within the insect and causes disease and mortality. Their high degree of host specificity can
help reduce effects on many non-target organisms. However, this same specificity means that
viral products cannot be expected to control unrelated pest species.

Successful viral control therefore depends on:

Correct pest identification + susceptible pest stage + appropriate timing + proper
application

Baculoviruses are consequently most useful when the target pest and its biology are well
understood.

Entomopathogenic Nematodes: Biological Control in the Soil

Some economically important insects spend part of their life cycle in soil or protected
habitats, making them difficult to reach through conventional foliar applications.
Entomopathogenic nematodes (EPNs), particularly species belonging to Steinernema and
Heterorhabditis, offer an important biological option for selected pests. Their infective
juvenile stages locate insect hosts, enter them and release symbiotic bacteria. These bacteria
contribute to infection and insect mortality.

Entomopathogenic Nematodes (EPNs)

The Biological Process in the Soil

>

Infection Mortality

Heterorhabditis

Photorhabdus
bacteria

Figure 3. Basic mechanism of entomopathogenic nematodes in insect hosts.
Their effectiveness depends strongly on soil moisture, temperature, soil characteristics and
application conditions. Proper selection of nematode species and suitable timing is therefore
essential.
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Why Are Microbial Biopesticides Important?

Microbial agents can strengthen sustainable pest management in several ways.

Potential advantages

e They can provide alternatives to repeated use of conventional insecticides.

e Some microbial agents have relatively narrow host ranges.

e They can be incorporated into IPM programmes.

e Different biological modes of action can contribute to resistance-management strategies.

e Appropriate microbial agents can help conserve beneficial organisms and support
ecological balance.

e They can be particularly useful where selective pest suppression is desirable.

However, biological does not mean automatically effective. Microbial products can fail

when the wrong pest is targeted, when application timing is poor, or when environmental

conditions are unsuitable. Therefore, the success of microbial control depends on matching

agent x pest x crop x environment X application method.

Microbial Biopesticides and Chemical Insecticides
Microbial and chemical insecticides should not be considered mutually exclusive. Modern
IPM uses different tools according to the pest situation.

Table 2. Key differences between microbial and conventional insecticides

Microorganisms or

Origin microbial products Chemical active ingredients
Specificity Often relatively specific Variable
. Many provide rapid
Speed of action Often slower knockdown
Environmental sensitivity Often high Depends on product
Resistance Possible Important and widespread
concern
IPM Generally high High when selectively used
compatibility y g g y

Correct pest, timing and
conditions

The choice should therefore be based on pest biology and management objectives, rather

than simply on whether a product is biological or chemical.

Main requirement Correct pest, dose and timing

From Laboratory Success to Field Performance
One of the greatest challenges in microbial pest management is maintaining efficacy under
field conditions. Laboratory environments are relatively controlled, whereas agricultural
fields experience changing temperature, humidity, sunlight, rainfall, wind, crop canopy and
pest density. Microbial agents can therefore perform differently under different field
conditions.
From discovery to field application

Microbial discovery

!

Laboratory screening

!

Mass production

!

Formulation

!
Quality control

!
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Field evaluation

l
Application technology

!
Farmer adoption
This process highlights why formulation and application technology are as important as
discovering an effective microorganism.

Formulation and Application: The Critical Link

A microbial product must remain viable and effective during production, storage,
transportation and application. It must also survive long enough in the field to reach and
infect the target pest. Sunlight, temperature, humidity and rainfall can reduce the activity of
some microbial agents. Formulation technologies therefore aim to improve stability, shelf
life, environmental protection and delivery to the target.

Application timing is equally important.

A microbial product applied against the wrong pest stage or under unsuitable environmental
conditions may provide poor control even when the microorganism itself is highly effective.
This is why farmer training and technical guidance are essential for successful adoption.

Microbial Control Within IPM

Microbial biopesticides are most valuable when integrated with established principles of
IPM.

A practical microbial-IPM sequence

. Monitoring

Regularly observe pest populations and crop condition.

. Identification

Confirm the pest species and developmental stage.

. Assessment

Determine whether the pest population has reached an economically important level.

. Selection

Choose the most appropriate management option.

. Application

Apply the microbial product at the correct time and according to the recommended method.

. Evaluation

Assess pest suppression and crop response.

. Continued monitoring

Determine whether additional intervention is required.

Finding an insect in a crop does not automatically mean that pesticide application is
necessary.

Economic thresholds, natural enemies, crop stage and pest biology should all be considered
before intervention.

Opportunities for India

India has considerable potential for microbial pest management because of its diverse crops,
agro-climatic conditions and wide range of insect pests.

Microbial agents such as Bacillus thuringiensis, Beauveria bassiana, Metarhizium
anisopliae and baculoviruses have received substantial research attention.

However, wider adoption requires more than product availability. Important requirements
include:

. reliable product quality,

. appropriate storage,

. correct pest identification,
. proper application timing,
. farmer training,
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. field validation,
. quality assurance, and
. compliance with applicable regulations.

For small and marginal farmers, affordability and accessibility are especially important.
Agricultural universities, research institutions, extension agencies, Krishi Vigyan Kendras
and trained service providers can play an important role in transferring microbial
technologies from research programmes to farm-level practice.

Microbial Control Meets Precision Agriculture

The next stage of microbial pest management may involve integration with digital
agriculture. Smart insect traps, weather stations, drones, remote sensing and Al-based image
analysis can improve pest monitoring and help identify areas requiring attention.

From Smart Monitbring to Targeted Control

Microbial Control Meets Precision Agriculture

Figure 4. Precision-agriculture workflow for targeted microbial pest management.
Such systems could help shift pest management from routine calendar-based spraying toward
more targeted and information-based intervention.
However, digital tools should support rather than replace biological expertise.
Al can identify patterns; entomology provides biological interpretation.

Climate Change and Microbial Control

Changing climatic conditions may influence both insect populations and microbial agents.
Temperature, humidity and rainfall affect insect development as well as the survival and
infectivity of microbial pathogens. Changes in pest distribution and crop-growing seasons
may also alter when and where microbial products can be used effectively.

Future research should therefore emphasize:

. environmentally robust microbial strains,
. improved formulations,

. better environmental forecasting,

. optimized application methods, and

. region-specific field validation.

Developing microbial technologies that remain effective under variable field conditions will
be essential for their wider adoption.

Major Challenges

Despite their promise, microbial biopesticides face several limitations:
Variable field efficacy

Environmental conditions can substantially influence performance.
Formulation and shelf life

Microbial agents require appropriate stabilization and storage.
Application knowledge

Incorrect pest identification, timing or application can reduce efficacy.
Production and quality control

Commercial products require consistent microbial viability and quality.
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Resistance management

Microbial agents can also face reduced sensitivity, making diversified management
important.

Regulatory requirements

Products must meet applicable safety, efficacy and registration standards.

These challenges require collaboration among entomologists, microbiologists, agronomists,
industry, extension personnel and farmers.

The Future: Toward Smarter Biological Pest Management

The future of microbial control is unlikely to depend on a single “miracle” organism. Greater
progress is likely to come from combining biological control with modern monitoring and
decision-support technologies.

A future pest-management system could integrate:

\7 The Future: Toward Smarter
Biological Pest Management

'/l ?,,, g "~
\ ;' . 1| = ‘l'y
& X >

Microbial Natural Smart Weather Al-assisted Precision Economic

//.'
/

biopesticides enemies traps data monitoring application thresholds

Smarter, Targeted &
V Environmentally Responsible
Pest Management

‘% R
/ Improve the quality Not just maximize
O of pest-management pesticide use with
decisions better technology

Figure 5. Integrated framework for smarter biological pest management

Such integration could make pest management more timely, targeted and environmentally
responsible. The key objective should not be to maximize pesticide use with better
technology. It should be to improve the quality of pest-management decisions.

Conclusion

Microbial biopesticides represent an important opportunity for sustainable insect pest
management. Bacteria, fungi, viruses and entomopathogenic nematodes provide different
biological mechanisms for suppressing economically important pests. Their greatest value
lies not in completely replacing conventional insecticides, but in diversifying the pest-
management toolbox. Successful microbial control requires accurate pest identification,
suitable microbial agents, quality formulations, appropriate timing, favourable environmental
conditions and integration with IPM. The future of sustainable crop protection will therefore
depend on combining biology, entomology, technology and farmer knowledge. Microbial
control offers a practical step toward this future—where insect pests are monitored carefully,
interventions are targeted, beneficial organisms are conserved and crop protection becomes
increasingly precise. The goal is not to eliminate every insect. The goal is to manage pests
intelligently, sustainably and only when necessary.
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