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Introduction

“Everything can wait but not agriculture.”-Jawaharlal 
Nehru

Agriculture is the prime sector that determines the global 
food security, rural livelihood and overall economic 
development of a country. A slight fluctuation in agricultural 
crop production, therefore, can impart a tremendous 
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Agriculture is the prime sector that determines the global food security, rural 
livelihood and overall economic development of a country. With the increase 
in global population, maintaining the agricultural productivity to feed its 
population has become a major challenge. Among the biotic stresses, insect 
pests, phytopathogens and weeds are the major causes of yield reduction 
and economic losses. Although, synthetic agrochemicals such as pesticides, 
fungicides, weedicides etc. have played a significant role in mitigation of 
these biotic challenges but their indiscriminate use has raised serious safety 
concerns. Microbial biopesticides is a potential alternative to minimize these 
negative impacts of synthetic pesticides; however, their efficacy may be limited 
by slow action, environmental sensitivity and inconsistent field performance. 
Therefore, combined application of biological control agents/ microbial 
biopesticides and synthetic agrochemicals may provide an opportunity for 
effective pest management while minimizing their respective drawbacks. This 
review examines the compatibility of microbial biocontrol agents with synthetic 
pesticides. The combined application of compatible microbial biopesticide 
and synthetic pesticides create an opportunity to integrate the rapid action of 
chemical pesticides with the biological advantages of microbial control agents. 
However, the success of such combinations depends on several interacting 
factors, such as microbial strain, active ingredient, concentration, formulation of 
pesticide, duration of pesticide exposure, prevailing environmental conditions 
and application sequence of the biopesticide and synthetic pesticide. Thus, 
the combined pesticide application should primarily focus on selection of 
compatible combinations rather than indiscriminate mixing of biological and 
chemical products. Standardized compatibility testing under laboratory and 
greenhouse conditions, validation by pilot field trials and formulation-specific 
assessments are necessary before recommending these to field application.
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impact on a country’s economy. With the increase in global 
population, there is a constantly growing demand for food, 
feed and fibre. To meet these demands, the agricultural crop 
production systems are under increasing pressure to achieve 
higher productivity from the limited agriculturally productive 
land and natural resources. However, the crop production 
is susceptible to various biotic and abiotic stresses (Oerke, 
2006; Zandalinas et al., 2018). The biotic stresses i.e., 

July-September, 2026

Res. Bio., 2026, 8(3):102-114DOI: 10.54083/ResBio/8.3.2026/102-114

102 Journal Home:  https://biospub.com/journal/research-biotica



© 2026

Mahanta and Dutta, 2026

insect pests, phytopathogens and weeds are the major 
causes of yield reduction and economic losses. Synthetic 
agrochemicals such as pesticides, fungicides, weedicides 
etc. have played a major role in mitigation of these biotic 
stresses (Sharma et al., 2020).
The need for more grains, feed and fibre was met by 
intensification of agricultural production during the Green 
Revolution. The main objectives of Green Revolution i.e., 
widespread adoption of high yielding varieties (HYVs), 
adequate fertilization, irrigation and crop protection 
measures through use of synthetic pesticides, fungicides 
and weedicides contributed to fulfil the food requirement 
of the growing population. However, the non-judicious use 
of agrochemicals by the farmers during that period has 
created the problem of pest resistance and resurgence of 
secondary/ minor pests along with several other harmful 
effects on the environment including contamination of soil 
and water, effects on non-target organisms and disruption of 
ecological interactions within agroecosystems (Shiva, 1991). 
The indiscriminate use of synthetic agrochemicals can exert 
selection pressure in pest populations and may adversely 
affect the natural enemies and beneficial organisms such 
as pollinators, parasitoids and predators essential for 
maintaining the ecological balance (Desneux et al., 2007; 
Sanchez-Bayo and Wyckhuys, 2019). These negative effects 
have addressed the drawbacks of complete dependency on 
synthetic pesticides for long term crop protection and the 
need for a safer and sustainable alternative was realized.
The realization of the threat in solely chemocentric 
agriculture has promoted the concept of integrated pest 
management (IPM) via adoption and integration of cultural, 
mechanical, physical, biological and chemical approaches 
(Kogan, 1998). Application of biopesticides derived from 
nature such as micro-organisms, plants and plant parts in 
biological pest management approaches have emerged as 
an important component of integrated pest management. 
Microbial biopesticides obtained from beneficial fungi, 
bacteria and viruses can suppress the growth and population 
of agricultural pests and pathogens via mechanisms such 
as parasitism, antibiosis, competition and induction of 
host defense responses. These microbial biopesticides has 
target specific mode of action and are mostly compatible 
with beneficial organisms, thereby making them a valuable 
alternative for reducing dependence on conventional 
synthetic pesticides. However, the performances of the 
microbial biopesticides are often negatively influenced 
by environmental factors such as high temperature, ultra-
violet radiations, heavy rainfall, etc. They are relatively 
slow in action than the conventional pesticides and may 
provide inadequate control when the pest populations 
are already high. Therefore, complete replacement of 
conventional synthetic agrochemicals by biopesticides may 
not be suitable under all agricultural conditions. Hence, the 
combined application of biological control agents/ microbial 
biopesticides and synthetic agrochemicals may provide an 
opportunity for effective pest management while minimizing 
their respective drawbacks (Galli et al., 2024).

Combined or alternative application of compatible synthetic 
pesticide and biocontrol agent can provide complementary 
pest suppression by rapid reduction of pest populations via 
synthetic pesticide, while the biocontrol agent contributes to 
subsequent and potentially sustained biological suppression. 
Such integration, therefore have the potential to improve 
holistic pest-control and reduce reliance on repeated 
applications of synthetic pesticides (Gentz et al., 2010). 
The interaction between the biological control agent and 
synthetic pesticides may be compatible, additive, synergistic 
or antagonistic and is mainly governed by factors such 
as the nature, type and strain of biological control agent, 
active ingredient (a.i.), concentration and formulation of the 
synthetic pesticide etc. (Folorunso et al., 2024). Therefore, 
identification of compatible combinations of synthetic 
pesticide and biocontrol agent is essential for development 
of effective integrated pest management programmes.
In this context, this review aims to explore and discuss the 
available information on the compatibility and combined 
use of microbial biopesticides and synthetic pesticides, with 
emphasis on antagonistic fungi, entomopathogenic fungi, 
bacterial and viral biocontrol agents.
Synthetic Pesticides in Crop Protection
In the ancient times, sulphur and compounds containing 
heavy metals such as mercury, arsenic etc. were used 
extensively in crop protection. During the 19th century, the 
naturally occurring substances, like nicotine, pyrethrum, 
rotenone, were isolated from their natural sources and 
used for pest management of agricultural crops. The 
first synthetically produced chemical pesticide was an 
organochlorine, i.e., DDT which was deployed during the 
period of 2nd World War. The insecticidal properties of DDT 
were realised by Paul Muller in 1939 for which he was 
awarded the prestigious Nobel prize in 1948. The period 
from 1939-1975 was considered as the era of pesticide as 
this was the time when pesticides were extensively used 
in crop production (Matthews, 2018). The widespread 
adoption of synthetic pesticides may be explained by their 
ability to provide rapid pest and disease suppression, ease 
of application and relatively effective over a broad range 
of environmental conditions. Due to this, the synthetic 
pesticides become the first-hand solution to farmers to save 
their crops during severe pest and disease outbreaks.
However, the harmful effects of pesticides were realised in 
1969 when Rachel Carson wrote “Silent Spring” describing 
the dreadful effects of indiscriminate use of synthetic 
agrochemicals on the biosphere. The book draws attention 
of many social activists, environmentalists. The non-judicious 
use of pesticides can kill non-target organisms such as 
pollinators, parasites and predators etc., contaminate water 
bodies and soil; thereby enter into the food web (Carson, 
1962). Consumption of the food produced on pesticide 
contaminated soil and water bodies leads to biomagnification 
of chemicals which leads to severe clinical conditions such 
as cardio-vascular diseases, gastro-intestinal problems, 
cancer, liver dysfunction, neurological ailments, kidney 
diseases, etc. (Ayilara et al., 2023). Further, development of 
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pesticide resistance due to intensive pesticide use is another 
important consequence. Repeated and indiscriminate 
application of synthetic pesticides imposes strong selection 
pressure on pest population, leading to faster rate of 
mutation and development of pesticide resistance, pest 
resurgence and disruption of natural enemy population. 
Therefore, emphasis on judicious and strategical integrated 
use of synthetic pesticides is important for sustainable pest 
management.
Biopesticides as a Component of Integrated Pest 
Management
A biopesticide can be defined as the natural pesticide derived 
from biological sources such as micro-organisms, plants and 
naturally occurring substances. The microbial biopesticides 
are produced from antagonistic microbes such as bacteria, 
fungi and viruses capable of suppressing agricultural pests 
and phytopathogens. The microbial biopesticides are one 
of the major components of biological management and 
have attained global attention due to their potential role 
in reducing reliance on synthetic pesticides (Mawcha et al., 
2025). The major advantages of biopesticides include: i) 
relatively lower persistence and residue concerns, however, 
their environmental fate is decided by the formulation type 
(viz., liquid or solid); ii) mostly target-specific with a narrow 
host range, thereby, safe to the non-target and beneficial 
organisms; iii) potential compatibility with other beneficial 
organisms including pollinators, predators and parasites; 
iv) exhibit multiple modes of action against targeted pests 
and therefore exert less selection pressure on the pest 
population (Dutta, 2022; Ayilara et al., 2023).
Despite these advantages, microbial biopesticides have 
several limitations. The action of microbial biopesticides 
is reported to be comparatively slower than the synthetic 
pesticides. As the biopesticides contain living micro-
organisms, therefore their initial establishment and 
persistence post application is often affected by the 
prevailing weather conditions such as temperature, rainfall, 
humidity, ultraviolet radiations, etc. Under severe pest 
pressure, application of microbial biopesticide alone may not 
be sufficient for rapid pest suppression necessary to prevent 
economic crop loss (Hamrouni et al., 2025). Therefore, these 
limitations provide a strong background for investigating 
combinations of compatible microbial biopesticide and 
synthetic pesticide.
Rationale for Combining Microbial Biopesticides and 
Synthetic Pesticides
The characteristics of microbial biopesticides and synthetic 
pesticides are complementary to each other and therefore, 
provide a potential ground for their strategic integration. 
Synthetic pesticides generally offer rapid suppression of pest 
population; whereas microbial biopesticides may provide a 
relatively slower yet host-specific pest management for a 
longer duration of time. Therefore, combined application 
of compatible formulations of microbial biopesticides and 
synthetic pesticides may improve the overall effectiveness 
and sustainability of the pest management programmes. 

However, assessment of compatibility of the microbial 
biocontrol agent and synthetic pesticide is necessary before 
advocating their combined application for pest and disease 
management (Gentz et al., 2010).
The potential advantages of combined application of 
compatible microbial biopesticides and synthetic pesticides 
include rapid suppression of pest populations by the 
synthetic pesticide and continued biological suppression by 
the microbial agent, possible additive or synergistic effects 
in case of compatible interactions (Abid et al., 2020; Sarwar 
et al., 2021); reduction in the dose and/or frequency of 
synthetic pesticide application, conservation of ecological 
balance via preservation of beneficial organisms through 
reduced chemical inputs, potential delay in development 
of resistant pest population due to different mode of action 
and improved management of pests under conditions, where 
either component alone provides inadequate control.
Compatibility of Biopesticides with Synthetic Pesticides
The interaction between a microbial biopesticide and 
synthetic pesticide may be interpreted as compatible, 
additive, synergistic and incompatible/ antagonistic based 
on their outcomes. Compatibility may be broadly defined 
as the ability of the biological control agent to retain its 
viability and functional activities when exposed to a synthetic 
pesticide without unacceptable loss of its biocontrol efficacy 
(Kopparthi, 2020). Additive effects of combined application 
on the other hand equals to the sum of the individual 
effects of microbial biopesticide and synthetic pesticides 
when applied separately. Synergistic effects of combined 
application of a microbial biopesticide and synthetic 
pesticide is always greater than the sum of the expected 
effects of individual treatments, viz., microbial biopesticide 
and synthetic pesticide. When the combined application of 
the microbial biopesticide and synthetic pesticide produces 
a lower-than-expected effect due to the interference of one 
component with the activity of the other, it is termed as 
antagonistic or incompatible interaction (Sarwar et al., 2021; 
Mejia and Espinel, 2022; Folorunso et al., 2024).
The concept of combined application of microbial 
biopesticide with synthetic pesticides mainly focuses on 
the compatible/ additive/ synergistic use of biopesticides 
alongside a synthetic pesticide without hampering the 
efficacy of the propagules of biocontrol agent present 
in the formulation and with a vision to effectively tackle 
the pest problems in a short period of time (Dutta, 2022). 
Combined application of compatible biocontrol agent with 
synthetic pesticides can reap dual benefits of both the 
components than their separate application. Biologically, 
the compatibility of a formulation containing living micro-
organism with synthetic pesticide is determined by three 
parameters, viz., germinability of propagules, vegetative 
growth and further propagule production (Asi et al., 2010).
Compatibility between microbial biopesticide and synthetic 
pesticide is known to be influenced by several factors 
such as microbial strain, active ingredient, concentration, 
formulation, duration of exposure to synthetic pesticide 
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and application sequence (Dutta et al., 2017; Garcia-Riano 
et al., 2022). It has been reported that the compatibility 
to synthetic pesticide may vary among the strains of the 
same biocontrol agent. This difference in compatibility may 
be attributed to the unique mutation in biocontrol agent 
leading to development of some strains with resistance or 
tolerance to synthetic pesticides than their wild types (Samal 
et al., 2024). The chemical nature i.e., active ingredient and 
mode of action of the synthetic pesticide can determine 
its effect on the biological agent. For example, the fungal 
biocontrol agents often are more susceptible to fungicides 
than certain insecticides. Different study has indicated that a 
low concentration of synthetic pesticide may be compatible 
with microbial biopesticide but inhibitory at higher 
concentrations, thereby suggesting compatibility may be 
concentration dependent (Niassy et al., 2012; Mohiddin and 
Khan, 2013; Dutta et al., 2015; Hadimani and Kulkarni, 2017). 
The synthetic pesticide formulation is a specified mixture of 
the active ingredient having pesticidal activity with other 
adjuvants such as solvent, surfactant, emulsifier, carriers, 
stickers etc. The pesticide formulations may be classified as 
liquid (including emulsifiable concentrates-EC, suspension 
concentrates-SC, solutions-S, ultra-low volume concentrates-
ULV etc.); solid (such as wettable powder-WP, water 
dispersible granules-WDG, soluble powders-SP, granules-G, 
dust-D, etc.); and miscellaneous (fumigants). The response 
of a microbial biocontrol agent on exposure to synthetic 
pesticide therefore may be governed by the different 
formulation type of synthetic pesticide. Further, duration 
of exposure to synthetic pesticide can also influence the 
effect on microbial biopesticide (Garcia-Riano et al., 2022). 
The application sequence of the biopesticide and synthetic 
pesticide such as simultaneous application, application of 
the biopesticide before the chemical pesticide and vice 

versa may produce different outcomes (Mejia and Espinel, 
2022). The sequence of application should therefore be 
optimized for the specific combination. The environmental 
factors such as temperature, humidity, ultraviolet radiation, 
soil characteristics etc. may affect both the persistence and 
functioning of the microbial agent and the activity of the 
synthetic pesticide (Folorunso et al., 2024). Therefore, study 
on compatibility of microbial biopesticide and synthetic 
pesticide is rather complex and requires careful investigation 
and interpretation with regard to the discussed factors.
Compatibility of Antagonistic Biological Control Agents with 
Synthetic Agrochemicals
Antagonistic microorganisms such as Trichoderma spp., 
Ampelomyces quisqualis, Pseudomonas fluorescens and 
Bacillus subtilis are widely used for management of plant 
diseases. They are available in the market in the form 
of talc- and liquid-based bioformulations prepared with 
either whole organism or spore suspension of biocontrol 
agent. Although, these biocontrol agents are well known 
for effective disease management, but their performance 
might decline under adverse climatic conditions or in 
severe cases of disease pressure (Keswani et al., 2014). 
In such crisis, integration of the biocontrol agent with a 
compatible synthetic pesticide may provide rapid disease 
suppression while maintaining the functional contribution 
of the microbial biocontrol agent (Table 1).
1. Trichoderma spp.
Trichoderma is a widely known genera of ascomycetous 
fungus with many species exhibiting mycoparasitic and 
antagonistic activity against phytopathogens. Therefore, 
Trichoderma species plays a key role in plant disease 
management. Further, Trichoderma are reported to have 
endophytic association with the host plant (Dutta et al., 2023).

Table 1: Compatibility of microbial biocontrol agents with different synthetic pesticides
Biocontrol 
agent

Synthetic 
pesticide

Formulation Dose of 
synthetic 
pesticide

Parameter 
evaluated

Interaction Nature of 
Experiment

References

Trichoderma 
asperellum

Metalaxyl 35% SD 250-750 ppm Mycelial 
growth

Highly 
compatible

In vitro Kumari et 
al. (2025)Mancozeb 75% WP

Copper 
oxychloride

50% WP

Thiram 75% WP 50-200 ppm Compatible
Thiram + 
Carboxin

37.5% WS

T. asperellum Azoxystrobin 23% SC 0.05-0.15% Mycelial 
growth

Compatible In vitro Sunkad et 
al. (2023)Propineb 70% WP 0.1-0.3%

Copper 
oxychloride

50% WP 0.1-0.2%

Copper 
hydroxide

77% WP 0.1-0.3%

T. viride Polyoxin D zinc 
salt

5% SC 600-1200 
ppm

- Compatible In vitro Saha et al. 
(2020)

Mahanta and Dutta, 2026
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Biocontrol 
agent

Synthetic pesticide Formulation Dose of 
synthetic 
pesticide

Parameter 
evaluated

Interaction Nature of 
Experiment

References

T. 
pseudokoningii

Mancozeb 75% WP 0.125-0.5% Mycelial 
growth

In vitro Dutta et al. 
(2017)Methomyl 40% W/W 0.02-0.04%

Thiamethoxam 25% WG 0.125%, 0.05%

Diafenthiurn 50% WP 0.02%

Glyphosate 41% SL 0.15%

T. harzianum Metalaxyl 35% SD 1050 µg ml-1 Mycelial 
growth

Compatible In vitro Mohiddin and 
Khan (2013)Thiram 75% WP 25 µg ml-1

T. virens Metalaxyl 35% SD 1000 µg ml-1 Mycelial 
growth

Compatible In vitro

Thiram 75% WP 9 µg ml-1

T. harzianum 
with CMC 
carrier

Carbendazim 50% WP 0.05% Disease 
reduction, 
yield

Compatible Field trial Dutta and Das 
(2009)

Ampelomyces 
quisqualis

Polyoxin D zinc salt 5% SC 600-1200 ppm - Compatible In vitro Saha et al. 
(2020)

A. quisqualis 
M-10

Boscalid 50% WG 500 mg l-1 Mycelial 
growth 
inhibition

Compatible In vitro Roberti et al. 
(2010)Fosety-al 80% WG 1670 mg l-1

Dimethomorph 50% WP 200 mg l-1

Fluazinam 39.5% SC 147 mg l-1

Spiroxamine 30.9% SC 401.7 mg l-1

Pseudomonas 
fluorescens

Polyoxin D zinc salt 5% SC 600-1200 ppm - Compatible In vitro Saha et al. 
(2020)

P. fluorescens Hexaconazole 5% SC 1 ml l-1 Cell 
growth

Compatible In vitro Dhanya et al. 
(2016)

Hexaconazole 5% 
SC + Potassium 
phosphonate 40% 
(3:1)

- 3 ml l-1 In vitro Dhanya et al. 
(2016)

Acephate 75% SP 1.5 g l-1 Highly 
compatibleChlorantraniliprole 18.5% SC 0.3 ml l-1

Quinalphos 25% EC 2 ml l-1

Dimethoate 30% EC 1.5 ml l-1 Moderately 
compatibleFlubendiamide 39.35% SC 0.1 ml l-1

Imidacloprid 17.8% SL 0.5 ml l-1

Bacillus subtilis Polyoxin D zinc salt 5% SC 600-1200 ppm Cell 
growth

Compatible In vitro Saha et al. 
(2020)

B. subtilis Carbendazim 50% WP 50-1000 mg l-1 Cell 
growth

Highly 
compatible

In vitro Hadimani and 
Kulkarni (2017)Hexaconazole 5% EC 50-500 μl l-1

Kresoxim-methyl 44.3% SC 50-500 μl l-1

Mancozeb 75% WP 50-100 mg l-1 Poorly 
compatible

B. subtilis Carbendazim 50% WP 5000 mg l-1 Cell 
growth

Highly 
compatible

In vitro Mohiddin and 
Khan (2013)

Captan 50% WP 3200 mg l-1 Compatible

B. subtilis Azoxystrobin 25% EC 5-250 ppm Cell 
growth

Compatible In vitro Ahila Devi 
and Prakasam 
(2013)
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Biocontrol 
agent

Synthetic pesticide Formulation Dose of 
synthetic 
pesticide

Parameter 
evaluated

Interaction Nature of 
Experiment

References

B. subtilis 
strain mbI 
600

Hexaconazole 5% EC 1000 ppm Cell growth Compatible In vitro Vijaykrishna et al. 
(2011)Propiconazole 25 EC

Validamycin 3% L

B. bassiana 
strain BV060

Chlorpyrifos - 455 ppm Conidial 
germination 
and viability

Compatible In vitro Garcia-Riano et 
al. (2022)Lambda-

cyalotrine-
Thiamethoxam

- 21 ppm

Methoxyfenozide - 4800 ppm

Methomyl - 4500 ppm

B. bassiana Profenofos 50% EC 0.25-0.5% Mycelial 
growth 
and spore 
germination

Compatible In vitro Joshi et al. (2018)

B. bassiana Thiamethoxam 25% WG 0.04% Mycelial 
growth

Compatible In vitro Puzari et al. 
(2006)Diafenthiuron 50% WP 0.04%

Imidacloprid 17.8% SL 0.1%-0.2%

Propargite 57% EC 0.2%

Monocrotophos 36% SL 0.31%

Dichlorvos 76% EC 0.12%

B. bassiana 
strain CG424

Abamectin 18% EC 650 ppm Conidial 
germination, 
mycelial 
growth and 
sporulation

Compatible In vitro de Oliveira and 
Neves (2004)

Metarhizium 
anisopliae 
isolate ICIPE 
69

Abamectin 18% EC - Vegetative 
growth 
and spore 
production

Compatible In vitro Niassy et al. 
(2012)Imidacloprid 200 SC 0.5 ml l-1

Thiamethoxam 250 g kg-1 
WDG

0.2 g l-1

Metarhizium 
anisopliae

Buprofezin 25 EC 0.015% Mycelial 
growth 
and spore 
germination

Compatible In vitro Patil et al. (2022)

Sulphur 80 WDG 0.2%

M. 
anisopliae

Polyoxin D zinc salt 5% SC 600-1200 
ppm

Mycelial 
growth and 
sporulation

Compatible In vitro Saha et al. (2020)

M. 
anisopliae

Thiamethoxam 25% WG 0.04% Mycelial 
growth 
and spore 
viability

Compatible In vitro Dutta et al. 
(2015)Methomyl 40%W/W 0.04%

Diafenthiuron 50% WP 0.04%

Imidacloprid 17.8% SL 0.1-0.2%

Propargite 57% EC 0.2%

Different species of Trichoderma are also used in the 
bioremediation of soils contaminated with excessive 
synthetic pesticides and herbicides. Studies have highlighted 
that Trichoderma spp. has demonstrated an active ingredient 
and concentration dependent response to different contact 
and systemic fungicide evaluated (Table 1). According to 
Mohiddin and Khan (2013), T. harzianum and T. virens 

exhibited comparatively high tolerance to metalaxyl under 
in vitro experiment, with maximum tolerance concentrations 
(MTCs) of 1050 and 1000 µg mL-1, respectively. On the other 
hand, they were comparatively prone to thiram, with MTCs 
of only 25 and 9 µg mL-1, respectively for T. harzianum and T. 
virens. A recent finding by Kumari et al. (2025) revealed that 
T. asperellum was highly compatible with different fungicides 
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in individual treatments such as metalaxyl, mancozeb and 
copper oxychloride from 250 to 750 ppm; whereas exposure 
to thiram and thiram + carboxin was found to be compatible 
from 50 to 200 ppm. Similar findings were reported in 
T. pseudokoningii which was compatible to mancozeb at 
0.125% to 0.5% concentration under in vitro conditions 
(Dutta et al., 2017). These findings indicate that the 
different species and strains behave differently to different 
active ingredient and concentration of synthetic pesticide. 
Moreover, the results obtained from in vitro studies may 
differ under field conditions; therefore, before advocating 
the combined or simultaneous application of Trichoderma 
with synthetic pesticide, it is important to validate these 
findings under natural conditions by conducting multi-
location pilot field trial. Dutta and Das (2009) revealed 
that integration of T. harzianum with suitable carrier such 
as carboxymethyl cellulose (CMC) and sub lethal dose of 
carbendazim (0.05-0.1%) as seed pelleting agent and soil 
application produced significant reduction in the incidence 
of white mold disease of French bean and improved dry 
shoot and root mass along with increase in yield (Table 1). 
Bhowmick et al. (2015) reported better management of 
cabbage wire stem disease by integrating a carbendazim 
tolerant T. viride isolate compared with a wild isolate.
2. Ampelomyces quisqualis
Ampelomyces quisqualis is a hyperparasite of powdery 
mildews (Erysiphales). They are found in colonies in the 
pockets where their hosts, i.e., powdery mildew pathogens 
are available. The mycoparasite has a broad host range 
within the powdery mildews and has been reported 
from more than 64 species belonging to several genera 
of Erysiphales, occurring on more than 256 plant species 
worldwide (Falk et al., 1995; Kiss et al., 2004). Compatibility 
of A. quisqualis with synthetic agrochemicals has been 
reported to be strain specific and varies from compound to 
compound. According to the study conducted by Shishkoff 
and McGrath (2002), simultaneous application of synthetic 
fungicides viz., myclobutanil (10 µg ml-1) and triadimefon 
(100 µg µg ml-1) with biofungicide AQ10- prepared from 
the conidia of A. quisqualis revealed that there was no 
significant reduction in colonization of powdery mildew 
fungus by the mycoparasite in AQ-10, suggesting that the 
mycoparasite in the formulation AQ-10 is insensitive to 
myclobutanil and triadimefon at these concentrations. Buttar 
and Agraal (2005) demonstrated that the entomopathogenic 
Beauveria bassiana is also compatible with A. quisqualis. 
Roberti et al. (2010) have reported in vitro compatibility of A. 
quisqualis M-10 with synthetic fungicides viz., boscalid 50%, 
cyazofamid 2.03%, dimethomorph 50%, fluazinam 39.5% and 
spiroxamine 30.9% in a concentration dependent manner 
(Table 1). Saha et al. (2020) evaluated the compatibility 
of fungicide Polyoxin D zinc salt 5% SC and reported that 
it is compatible with A. quisqualis from 600 to 1200 ppm 
concentration.
3. Pseudomonas fluorescens
Pseudomonas spp. is an aerobic bacterium which is used as 
a biocontrol agent of several pathogenic micro-organisms. 

On nutrient agar medium, the bacterium produces smooth 
edged white coloured colony with convex surface. They 
are ubiquitous in nature and specific in their action. They 
are either non-toxic or with negligible toxicity towards 
mammalian cell. The bacterium is highly sensitive to 
synthetic agrochemicals; however, appropriate stickers, 
emulsifiable oils, etc. can be used in order to increase 
their effectivity in biological control of pests (Bora et 
al., 2014). Dhanya et al. (2016) conducted a study on 
compatibility of P. fluorescens with different synthetic 
insecticides and fungicides. The results demonstrated that 
the bacterium was highly compatible with insecticides 
such as acephate, chlorantraniliprole and quinalphos and 
moderately compatible with dimethoate, flubendiamide 
and imidacloprid. Further, it exhibited compatibility with 
hexaconazole and combined application of hexaconazole 
and potassium phosphonate (Table 1). Hoesain et al. (2021) 
conducted an in vitro compatibility study of different strains 
of Pseudomonas sp. with mixture of botanical pesticides viz., 
Azadirachta indica, Ageratum conyzoides, Aglaia odorata at 
different doses, i.e., 0%, 25%, 50%, 75% and 100% are found 
compatible with the botanicals from 0-100% concentrations. 
However, the compatibility is reported as strain specific.
4. Bacillus subtilis
Bacillus subtilis is a Gram-positive, spore forming bacterium 
used widely as a biological control agent against several 
phytopathogens. They are compatible with antagonistic 
fungi, entomopathogenic fungi, biofertilizers, baculoviruses/ 
granulosis virus-based preparation and with different 
synthetic agrochemicals; however, their compatibility is 
greatly dependent on the microbial strain and chemical/ 
formulation type. Several studies have revealed that 
fungicides such as carbendazim, captan, hexaconazole, 
azoxystrobin and validamycin were compatible with B. subtilis 
at different concentrations; whereas mancozeb was found 
to substantially inhibit bacterial growth (Vijaykrishna et al., 
2011; Mohiddin and Khan, 2013; Ahila Devi and Prakasam, 
2013) (Table 1). Similar observations were reported by 
Hadimani and Kulkarni (2017) where they found that B. 
subtilis was compatible with carbendazim, hexaconazole 
and kresoxim-methyl at their recommended concentration 
for disease management whereas it exhibited minimum 
tolerance to mancozeb. A recent study on compatibility of 
B. subtilis Bs006 against 57 different synthetic pesticides 
further demonstrated that compatible reaction to tested 
fungicides such as carbendazim, dimethomorph, flutriafol, 
kasugamycin, thiabendazole and validamycin A; and 
insecticide and acaricides such as chlorfenapyr, lambda-
cyhalothrin, methoxyfenozide, sulfoxaflor, spiromesifen 
(Barrios-Candil et al., 2026). Thus, it is important to assess 
compatibility before combining B. subtilis-based biopesticide 
with synthetic pesticides.
Compatibility of Entomopathogenic Biological Control 
Agents with Synthetic Agrochemicals
1. Beauveria bassiana
Beauveria bassiana, also known as ‘white muscardine’ 
fungus is an important entomopathogenic fungus used for 
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biological control of insect pests (Goettel et al., 2005). The 
compatibility of B. bassiana with synthetic agrochemicals is 
greatly influenced by the fungal strain, pesticide molecule, 
concentration, formulation and method of application. 
Generally, fungicides pose a higher risk to B. bassiana 
than several insecticides and herbicides. de Oliveira and 
Neves (2004) reported that B. bassiana strain CG424 was 
compatible with acaricide abamectin at mean recommended 
concentration without affecting conidial germination, 
mycelial growth and sporulation of the biocontrol agent. 
Puzari et al. (2006) reported compatible interaction of B. 
bassiana with synthetic insecticides such as thiamethoxam, 
diafenthiuron, imidacloprid, propargite, monocrotophos and 
dichlorvos at different concentrations (Table 1). Joshi et al. 
(2018) reported that profenofos 50% EC was highly inhibitory 
to the growth and spore germination of B. bassiana at higher 
concentrations; however, the lower concentrations of 0.25% 
and 0.5% were compatible with B. bassiana, indicating that 
the compatibility of profenofos with the fungus is strongly 
influenced by its concentration. Garcia-Riano et al. (2022) 
reported compatibility of B. bassiana strain BV060 based 
biopesticide with several insecticide such as chlorpyrifos 
(455 ppm), Lambda-cyalotrine-Thiamethoxam (21 ppm), 
methoxyfenozide (4800 ppm) and methomyl (4500 ppm); 
whereas, incompatible reaction was recorded with all 
the fungicides evaluated viz., azoxystrobin, carbendazim, 
difenoconazole, tebuconazole and trifloxystrobin. The 
incompatibility of B. bassiana BV060 with fungicides may 
be due to the mode of action exhibited by these fungicides 
which either interfere with mitochondrial respiration and 
DNA biosynthesis processes, or at the transmembrane level, 
thereby, hindering ergosterol biosynthesis of the biocontrol 
agent (Patyal et al., 2013). It is also noteworthy that the 
compatibility of B. bassiana BV060 with chlorpyriphos (455 
ppm) and methomyl (4500 ppm) was relatively reduced 
after prolonged period of exposure from 180 minutes to 360 
minutes. Likewise, herbicide paraquat at 3000 ppm caused 
considerable reduction in germination and viability of conidia 
of B. bassiana BV060 after 360 minutes of exposure. These 
findings have, therefore, highlighted the critical role played 
by strain, exposure time and pesticidal active ingredient in 
their interaction. The reduction in germination and viability 
of conidia during exposure to paraquat may be triggered 
by the free radicals produced by the herbicide, which in 
turn might cause lipid peroxidation in the membrane of 
the biocontrol agent followed by dropping in NADP in cells 
(Suntres, 2002; Lin et al., 2003).
2. Metarhizium anisopliae
Metarhizium anisopliae is an important entomopathogenic 
fungus commonly found in undisturbed soil environments. 
It is cosmopolitan in nature. The fungus produces green 
coloured spores and therefore called as “Green Muscardine” 
fungus (Goettel et al., 2005). During an in vitro study on 
the interaction of M. anisopliae with different synthetic 
pesticide, such as insecticide, fungicide and weedicide, 
it was reported that insecticide such as deltamethrin, 
fungicides including captan, carbendazim, mancozeb, 

carbendazim + mancozeb, mancozeb + metalaxyl, weedicides 
like glyphosate and paraquate dichloride are highly toxic 
to M. anisopliae thereby hindering its vegetative growth 
and spore survivality (Dutta et al., 2015). A study on the in 
vitro compatibility of Metarhizium riley (Nomuraea rileyi) 
with different pesticides revealed that sub lethal dose of 
thiomethoxam 25% WG, malathion 50% EC, bifenthrin 
10% WP and chlorpyrifos 20% EC caused lowest growth 
inhibition of M. riley (Hazarika et al., 2016). Khun et al. (2021) 
reported compatible reaction of trichlorfon, acephate and 
indoxacarb with M. anisopliae, while diazinon, carbendazim 
and pyraclostrobin were found toxic to the mycelial growth 
and sporulation of M. anisopliae. Similarly, Patil et al. (2022) 
observed relatively good compatibility of M. anisopliae with 
azadirachtin, buprofezin and sulphur. Niassy et al. (2012) 
reported compatibility of M. anisopliae isolate ICIPE 69 
with abamectin, imidacloprid and thiamethoxam; whereas, 
azadirachtin, L-cyhalothrin and spiromesifen were found 
toxic to the bicontrol agent. Therefore, it may be concluded 
that the compatibility of M. anisopliae to different synthetic 
pesticides and botanical insecticide greatly determined by 
the active ingredient, concentration and formulation of the 
pesticide as well. Differential level of compatibility exhibited 
by different strains and isolates of M. anisopliae to the same 
active ingredient may be attributed to the development 
of resistance towards it due to target site mutation in the 
biocontrol agent (Roberti et al., 2017) or the ability of the 
strain or isolate to flush out the toxic compound through 
active transport system or cellular detoxification pathways 
similar to plant pathogenic fungi (Samal et al., 2024).
3. Lecanicillium lecanii
Lecanicillium lecanii is an important entomopathogenic 
fungus used for the biological management of sucking 
pests, such as aphids, whiteflies, mealybugs and scale 
insects. The fungus colonizes and sporulates on infected 
insects, frequently producing a characteristic white 
mycelial growth on the cadaver, therefore also known as 
‘white halo’ fungus (Goettel et al., 2005). Its compatibility 
with chemical pesticides is variable and depends on the 
pesticide molecule, formulation, concentration and method 
of application. Dhanya et al. (2019) and Xie et al. (2020) 
reported moderate compatibility of L. lecanii with neem oil 
and other neem-based botanicals. Ummer and Kurien (2021) 
demonstrated that L. lecanii exhibited compatible interaction 
with insecticide imidacloprid and fungicide copper 
hydroxide; whereas, carbendazim was found to be toxic 
to the vegetative growth and sporulation of the biocontrol 
agent, indicating the role of different pesticidal molecules in 
these interactions. Gowda and Rani (2022) reported in vitro 
compatibility of L. lecanii with several newer insecticides, 
including imidacloprid, thiamethoxam, chlorantraniliprole 
and flubendiamide; whereas tebuconazole, hexaconazole, 
carbendazim, mancozeb, malathion, quinalphos and 
chlorpyrifos were inhibitory to fungal growth, sporulation 
and conidial germination. Mejia and Espinel (2022) observed 
a significant difference in the results of in vitro and in planta 
study of L. lecanii with different pesticides. Although different 
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synthetic insecticides such as chlorfenapyr, spinetoram 
and pyrimethanil and fungicides such as dimethomorph 
and kasugamycin exhibited compatible interaction with 
L. lecanii in the in vitro study, it was observed that the 
combined application the compatible set of fungicide + L. 
lecanii and insecticide chlorfenapyr + L. lecanni in planta for 
the management of white fly (Trialeurodes vaporariorum) 
exhibited toxicity reactions; whereas, spinetoram and 
pyrimethanil exhibited compatible reaction in both in vitro 
and in planta studies. Interestingly, insecticide bifenthrin was 
found incompatible to L. lecanii in the in vitro study, but was 
found compatible under the in planta analysis. These results, 
therefore, suggested the probable influence of host plant 
and environmental factors and highlighted the importance 
of validation of the results obtained under in vitro study in 
field conditions. Shejale et al. (2026) conducted a study on 
in vitro compatibility of L. lecanii with different insecticides 
and fungicides. The results revealed that the biocontrol 
agent was highly compatible with synthetic insecticides, 
such as chlorantraniliprole, flupyridifurone, imidacloprid, 
spiromesifen and botanical insecticide azadirachtin, 
moderately compatible with synthetic insecticides including 
acetamiprid, diafenthiuron, deltamethrin, emamectin 
benzoate, fipronil, flonicamid, flubendamide, lambda 
cyhalothrin, spinosad and thiamethoxam; whereas, 
triazophos exhibited partial compatibility with L. lecanii 
and incompatible interaction was recorded from all the 
treatments with fungicides viz., carbendazim, copper 
oxychloride and propiconazole.
4. Purpureocillium lilacinum
Purpureocillium lilacinum (formerly Paecilomyces lilacinus) 
is an important nematophagous fungus widely used as a 
biological control agent against plant-parasitic nematodes. 
The fungus is cosmopolitan in nature and can be isolated 
from a diverse range of habitat including estuaries 
sediments, decaying plants and food products (Moosavi 
and Zare, 2011). Earlier studies have reported variable 
responses of P. lilacinum to chemical pesticides, indicating 
that its compatibility is highly dependent on the nature of 
the pesticide, concentration and fungal isolate (Kumar and 
Ramya, 2014; Dhanya et al., 2019).
5. Bacillus thuringiensis (Bt)
Bacillus thuringiensis (Bt) is a ubiquitous, spore-forming 
entomopathogenic bacterium, generally found in soil, 
aquatic environment, plants, animal faeces and in infected 
insects. Integration of B. thuringiensis with chemical 
insecticides can improve pest management; however, its 
compatibility is greatly dependent on the active ingredient, 
formulation, concentration and timing of application. Earlier 
studies demonstrated that carbamate insecticides were 
generally more compatible with B. thuringiensis than several 
other insecticide groups; whereas the technical formulations 
were recorded less harmful to the bacterium followed by 
wettable powders and emulsifiable concentrates (Morris, 
1977). In a study on Tuta absoluta, Amizadeh et al. (2015) 
reported that chlorantraniliprole, dichlorvos and abamectin 
exhibited synergistic interactions with Bt in causing mortality 

of Tuta absoluta larvae at LC25 concentrations and additive 
interaction was reported at LC10 concentration. Further, 
incompatibility of Bt with pesticides such as azadirachtin 
and metaflumizone was also reported. However, a recent 
study demonstrated compatible reaction of Bt isolates with 
azadirachtin and chlorantraniliprole in an in vitro assay; 
whereas emamectin benzoate showed incompatible reaction 
(Timmi and Joshi, 2024), indicating the strain and chemical-
specific nature of these interactions. Thus, compatible 
agrochemicals may be incorporated into integrated pest 
management programmes with Bt, but their compatibility 
should be validated for the specific Bt strain, pesticide 
formulation, concentration and application sequence before 
combined use.
6. Nuclear Polyhedrosis Viruses
Nuclear Polyhydrosis Virus (NPVs) are species-specific 
entomopathogenic viruses from the family Baculoviridae 
and are widely used as microbial biocontrol agents against 
several economically important lepidopteran insect pests. 
They are highly host specific, eco-friendly and are known 
to be compatible with different synthetic insecticides; 
thereby, making them a suitable alternative for conventional 
insecticides in IPM programmes (Martinez-Balerdi et al., 
2025). Depending on the virus isolate, target pest, insecticide 
chemistry, concentration and application sequence, 
combined application of NPVs with synthetic insecticides 
may result in compatible or additive or synergistic effects 
(Dader et al., 2020). Synergistic interactions have been 
reported between NPVs and modern insecticides such 
as spinetoram, emamectin benzoate, chlorantraniliprole, 
cyantraniliprole and metaflumizone, with enhanced insect 
mortality compared with individual treatments. Abid et 
al. (2020) demonstrated that HaNPV works synergistically 
with insecticides viz., spinetoram and emamectin benzoate 
against insecticide resistant larvae of Helicoverpa armigera 
in a dose dependent manner. Likewise, Sarwar et al. 
(2021) reported that application of indigenous NPVs at sub 
lethal (1×104, 6×104 POB ml-1) and lethal (3×105 POB ml-1) 
concentrations and chlorantraniliprole insecticide (0.01 μl l-1) 
resulted in synergistic interaction at lethal concentration 
and caused higher larval mortality on 2nd and 4th instar larva 
of Sporoptera litura and S. exigua; whereas, at sub lethal 
concentration on NPV, the results were found to be additive. 
Therefore, the integration of NPVs with selected synthetic 
insecticides represents a promising component of IPM; 
however, compatibility should be assessed for individual 
virus-insecticide combinations, as interactions may range 
from compatible to additive to synergistic to antagonistic.
Conclusion
Synthetic pesticides are an important tool for management 
of pest and diseases of agricultural crops, particularly 
under severe pest and disease pressure. However, 
their indiscriminate and intensive use has contributed 
to development of pests and pathogen resistance, 
environmental pollution and disruption of ecological 
balance. Microbial biopesticides, therefore, provide a 
valuable alternative and complementary tool. Different 

110

Research Biotica 2026, 8(3):102-114



© 2026

mode of action exhibited by biological control agents 
exerts negligible selection pressure on the target pest, 
thereby making it a potential candidate for sustainable pest-
management programmes. However, they are relatively slow 
in action and can be affected by environmental conditions.
Therefore, the combined application of compatible microbial 
biopesticide and synthetic pesticides create an opportunity 
to integrate the rapid action of chemical pesticides with 
the biological advantages of microbial control agents. 
However, the success of such combinations depends on 
several interacting factors, such as microbial strain, active 
ingredient, concentration, formulation of pesticide, duration 
of pesticide exposure, prevailing environmental conditions 
and application sequence of the biopesticide and synthetic 
pesticide. Thus, the combined pesticide application should 
primarily focus on selection of compatible combinations 
rather than indiscriminate mixing of biological and chemical 
products. Standardized compatibility testing under 
laboratory and greenhouse conditions, field validation 
by pilot field trials and formulation-specific assessments 
are necessary for converting these observations into 
reliable IPM recommendations. An appropriately designed 
combination has the potential to reduce dependence on 
synthetic pesticides, improve pest-management efficiency 
and therefore, can contribute to sustainable agricultural 
production.
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