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Abstract 

The use of chemical pesticides in agriculture has raised concerns regarding their detrimental 

effects on human health and the environment. As a result, there has been growing interest in 

developing alternative pest control methods, including the use of biological pesticides derived 

from plants. Synthetic biology has emerged as a powerful tool to engineer and optimize the 

production of these bio pesticides. This review aims to summarize the recent advances in 

synthetic biology research concerning the development and production of plant-derived 

biological pesticides. We discuss various strategies employed to enhance pesticide activity, 

increase production yields, and improve formulation and delivery systems. Furthermore, we 

highlight the role of genetic engineering, metabolic engineering, and genome editing 

techniques in the design and modification of plants for enhanced bio pesticide production. 

The potential benefits and challenges associated with synthetic biology approaches are also 

examined, along with the current regulatory landscape surrounding genetically modified 

organisms (GMOs) used for bio pesticide production. Overall, this review provides a 

comprehensive overview of the recent progress made in synthetic biology research pertaining 

to plant-derived biological pesticides, offering insights into the future directions and 

opportunities in this rapidly evolving field. 
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Introduction 

Background and rationale 

Chemical pesticides have long been used 

in agriculture to control pests and improve 

crop yields. However, their widespread use 

has led to concerns over their adverse 

effects on human health, non-target 

organisms, and the environment. As a 

result, there is a growing need to develop 

alternative pest control methods that are 

more sustainable and environmentally 

friendly. One promising approach is the 

use of biological pesticides derived from 

plants. These bio pesticides are natural 

compounds produced by plants to defend 

themselves against pests and pathogens. 

Unlike chemical pesticides, they often 

have specific modes of action, targeting 

particular pests while leaving beneficial 

organisms unharmed. Additionally, they 

generally have lower toxicity and shorter 

persistence in the environment [1]. 

To harness the potential of plant-derived 

bio pesticides, researchers have turned to 

synthetic biology, a multidisciplinary field 

that combines biology, engineering, and 

computational tools to design and engineer 

biological systems. Synthetic biology 

offers a powerful toolkit to modify plants 

and optimize the production of bio 

pesticides, enabling enhanced efficacy, 

improved yields, and tailored 

formulations. The rationale behind this 

research is to explore recent advances in 

synthetic biology approaches applied to 

the development and production of 

biological pesticides derived from plants. 

By understanding the latest breakthroughs 

in this field, researchers can uncover novel 

strategies to enhance biopesticide activity, 

increase production efficiency, and 

improve formulation and delivery systems. 

Furthermore, it is essential to consider the 

potential benefits and challenges 

associated with synthetic biology in bio 

pesticide production, including regulatory 

considerations and public perception 

 Synthetic biology and its applications in 

agriculture 

Synthetic biology is an interdisciplinary 

field that combines principles from 

biology, engineering, and computer 

science to design and construct new 

biological systems with improved or novel 

functions. It involves the application of 

engineering principles to biology, enabling 

the modification of biological components, 

pathways, and organisms for specific 

purposes. In the context of agriculture, 

synthetic biology offers numerous 
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applications and opportunities for 

sustainable farming practices. Some key 

areas where synthetic biology has been 

employed in agriculture include [2] 

Genetic Engineering of Crops 

Synthetic biology techniques, such as 

genetic engineering, have been used to 

introduce desirable traits into crops. This 

includes traits such as improved yield, 

enhanced disease resistance, and increased 

tolerance to environmental stressors. 

Bio fortification 

 Synthetic biology has facilitated the 

development of crops with enhanced 

nutritional profiles. Through genetic 

engineering, essential nutrients can be 

fortified in staple crops, addressing 

micronutrient deficiencies in populations 

that heavily rely on these crops [3]. 

Plant-Microbe Interactions 

Synthetic biology enables the engineering 

of beneficial plant-microbe interactions. 

This includes engineering plant roots to 

establish symbiotic relationships with 

beneficial microbes that enhance nutrient 

uptake, disease resistance, and overall 

plant health. 

Pest and Disease Management 

Synthetic biology has the potential to 

revolutionize pest and disease 

management in agriculture. By 

engineering crops to produce natural 

compounds with pesticidal or antifungal 

properties, synthetic biology can offer 

sustainable alternatives to chemical 

pesticides. 

Crop Protection and Stress Tolerance 

 Synthetic biology approaches can help 

develop crops with improved resistance to 

pests, diseases, and abiotic stresses such as 

drought, salinity, and extreme 

temperatures. This can reduce the reliance 

on chemical inputs and enhance the 

resilience of agricultural systems [4]. 

Precision Agriculture 

Synthetic biology tools, such as biosensors 

and genetic circuitry, can be used to 

monitor and control crop growth, nutrient 

availability, and pest infestations. This 

enables more precise and targeted 

interventions, optimizing resource 

utilization and reducing environmental 

impact. 

Sustainable Biofuel Production 

Synthetic biology has been employed to 

engineer microbes or crops that can 

efficiently convert biomass into biofuels. 

This can contribute to the development of 

sustainable and renewable energy sources 

[5]. 

Biological pesticides derived from plants 

Biological pesticides derived from plants, 

also known as plant-based bio pesticides, 

are natural compounds produced by plants 
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that possess pesticide properties. These bio 

pesticides offer a promising alternative to 

chemical pesticides in agriculture due to 

their potential effectiveness against pests 

while being less harmful to the 

environment, non-target organisms, and 

human health. This section explores the 

definition, examples, advantages, and 

challenges associated with biological 

pesticides derived from plants. 

Definition and Examples 

 Biological pesticides derived from plants 

are substances extracted or derived from 

plant sources that exhibit pesticidal 

activity. These compounds can be 

synthesized within the plants as part of 

their defense mechanisms against pests, 

pathogens, or herbivores. Examples of 

plant-based bio pesticides include [6] 

Botanical Extracts 

Extracts derived from plants, such as neem 

(Azadirachta indica), pyrethrum 

(Chrysanthemum cinerariifolium), and 

rotenone (Derris spp.), have been used for 

centuries as natural pesticides. 

 Essential Oils 

 Essential oils extracted from various 

plants, such as peppermint, thyme, and 

garlic, possess pesticidal properties and are 

used in pest management [7]. 

 Proteins and Peptides 

Certain proteins and peptides isolated from 

plants, such as Bacillus thuringiensis (Bt) 

toxin, have been widely used as bio 

pesticides to control specific pests. 

Advantages and Challenges 

Biological pesticides derived from plants 

offer several advantages over chemical 

pesticides: 

Reduced Environmental Impact 

Plant-based biopesticides often have lower 

persistence and reduced toxicity compared 

to chemical pesticides. They break down 

more rapidly in the environment, 

minimizing potential long-term effects [8]. 

Targeted Pest Control 

 Many plant-derived bio pesticides exhibit 

specific modes of action, selectively 

targeting pests while sparing beneficial 

organisms like pollinators and natural 

enemies of pests. 

Integrated Pest Management (IPM) 

 Plant-based bio pesticides can be 

integrated into IPM strategies, combining 

multiple pest control methods for 

sustainable and effective pest management 

[9]. 

Public and Consumer Acceptance 

Biological pesticides derived from plants 

are often perceived as more 

environmentally friendly and safer for 

human health, aligning with consumer 
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demand for sustainable and organic 

products. 

Synthetic biology approaches for bio 

pesticide development 

Synthetic biology offers powerful tools 

and techniques to engineer and optimize 

the production of bio pesticides derived 

from plants. These approaches enable the 

enhancement of bio pesticide activity, 

increased production yields, and improved 

formulation and delivery systems. This 

section discusses some of the key synthetic 

biology strategies used in bio pesticide 

development, including genetic 

engineering, metabolic engineering, and 

genome editing techniques [10]. 

Genetic Engineering for Enhanced 

Pesticide Activity 

Genetic engineering involves the 

manipulation of an organism's genetic 

material to introduce or modify specific 

genes of interest. In bio pesticide 

development, genetic engineering can be 

used to enhance the activity of plant-

derived pesticidal compounds or introduce 

novel traits. Some genetic engineering 

strategies include 

 Gene Overexpression 

 Increasing the expression of genes 

responsible for the synthesis of bioactive 

compounds can boost the production of 

pesticidal proteins or secondary 

metabolites, enhancing their efficacy. 

Protein Engineering 

Modifying the structure and properties of 

pesticidal proteins through protein 

engineering techniques, such as site-

directed mutagenesis or domain swapping, 

can optimize their activity, stability, and 

specificity [11]. 

Pathway Engineering 

 Manipulating metabolic pathways in 

plants can enhance the production of 

bioactive compounds or redirect metabolic 

flux towards the synthesis of desired 

pesticidal compounds. 

Metabolic Engineering for Increased 

Production Yields 

Metabolic engineering involves modifying 

cellular metabolic pathways to enhance the 

production of target compounds. In 

biopesticide development, metabolic 

engineering can be employed to increase 

the yields of plant-derived bioactive 

compounds. Some metabolic engineering 

strategies include 

 Flux Analysis and Optimization 

Analysing and optimizing metabolic fluxes 

can improve the efficiency of precursor 

molecules' utilization and increase the 

production of desired bio pesticides [12]. 

Introduction of Pathway Genes 

 Introducing genes from other organisms 

or synthetic gene clusters into plant 

genomes can enhance the production of 
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bioactive compounds involved in pest 

resistance. 

 Engineering Regulatory Elements 

 Manipulating the expression of regulatory 

genes or elements can fine-tune the 

metabolic pathways involved in bio 

pesticide production, resulting in higher 

yields. 

Genome Editing Techniques for Plant 

Modification 

 Genome editing techniques enable precise 

modifications in an organism's DNA 

sequence, allowing for targeted changes in 

specific genes. In bio pesticide 

development, genome editing techniques 

are employed to modify plant genomes for 

improved bio pesticide production or 

resistance against pests. Some commonly 

used genome editing techniques include 

[13] 

 CRISPR-Cas9 

 The CRISPR-Cas9 system enables the 

targeted editing of specific DNA 

sequences, facilitating the introduction of 

beneficial traits or modifications in genes 

involved in bio pesticide production. 

 TALENs 

Transcription activator-like effector 

nucleases (TALENs) can also be used for 

precise genome editing to modify specific 

genes associated with bio pesticide 

synthesis or resistance. 

Zinc Finger Nucleases (ZFNs) 

ZFNs are another genome editing tool that 

can be used to introduce targeted genetic 

modifications in plant genomes for 

enhanced bio pesticide production [14]. 

Strategies to improve formulation and 

delivery systems 

In addition to enhancing the production 

and efficacy of plant-derived bio 

pesticides, it is crucial to develop effective 

formulation and delivery systems to ensure 

their efficient and targeted application in 

agricultural settings. This section discusses 

some strategies used to improve the 

formulation and delivery of bio pesticides 

derived from plants. 

Encapsulation and Nanoformulations 

 Encapsulation techniques involve 

enclosing bio pesticide compounds within 

protective matrices or carriers. This 

approach offers several advantages, 

including enhanced stability, controlled 

release, and improved adherence to target 

surfaces. Some encapsulation strategies 

include [15] 

Microencapsulation 
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 Bio pesticides can be encapsulated within 

micro sized particles, such as 

biodegradable polymers, liposomes, or 

inorganic materials. This protects the 

active compounds, prolongs their release, 

and improves their adhesion to target pests 

or surfaces. 

Nanoencapsulation 

Nanoscale encapsulation involves 

encapsulating bio pesticides within 

nanoparticles, such as lipid-based 

nanoparticles or polymer nanoparticles. 

These nanoformulations offer improved 

stability, controlled release, and enhanced 

penetration into pests or plant tissues. 

Stabilization Agents 

Incorporating stabilizing agents, such as 

surfactants or polymers, into bio pesticide 

formulations can improve their stability, 

dispersibility, and adhesion properties. 

Targeted Delivery Systems 

 To optimize the efficiency and specificity 

of bio pesticide applications, targeted 

delivery systems can be employed. These 

systems ensure that bio pesticides reach 

their intended targets while minimizing 

off-target effects. Some targeted delivery 

strategies include [16] 

Adjuvants and Synergists 

Adding adjuvants or synergists to bio 

pesticide formulations can enhance their 

efficacy and target specificity. These 

compounds can improve penetration into 

pests, enhance bioavailability, or act as co-

pesticides to synergistically enhance the 

pesticidal activity. 

 Formulation Modifications 

 Tailoring the formulation properties, such 

as droplet size, viscosity, or surface 

charge, can improve the penetration and 

adhesion of bio pesticides onto pests or 

plant surfaces. 

Controlled Release Systems 

 Developing controlled-release 

formulations allows for the sustained 

release of bio pesticides over time, 

ensuring prolonged efficacy and reducing 

the frequency of application [17]. 

Targeted Delivery Carriers 

Utilizing specialized carriers, such as bio 

adhesive nanoparticles or bio control 

agents (e.g., entomopathogenic fungi or 

bacteria), can deliver bio pesticides 

directly to target pests or specific plant 

tissues. 

Benefits and challenges of synthetic 

biology in bio pesticide production 
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Synthetic biology offers several benefits 

and opportunities in the production of bio 

pesticides derived from plants. However, 

there are also challenges and 

considerations that need to be addressed. 

This section discusses the benefits and 

challenges associated with the application 

of synthetic biology in bio pesticide 

production [18]. 

Benefits of Synthetic Biology in Bio 

pesticide Production 

Enhanced Efficacy 

 Synthetic biology allows for the 

optimization and engineering of bio 

pesticide compounds, improving their 

activity, specificity, and stability. This can 

lead to more effective pest control and 

reduced reliance on chemical pesticides. 

Increased Production Efficiency 

 Synthetic biology techniques, such as 

genetic and metabolic engineering, enable 

the development of high-yielding bio 

pesticide production platforms. This can 

result in improved scalability, cost-

effectiveness, and accessibility of bio 

pesticides [19]. 

Tailored Formulations 

Synthetic biology enables the design of 

specific bio pesticide formulations with 

desired properties, such as controlled 

release, improved adhesion, or enhanced 

target specificity. This customization 

enhances the efficacy and practicality of 

bio pesticide applications. 

Sustainable Pest Management 

 By harnessing the potential of plant-

derived bio pesticides through synthetic 

biology, sustainable pest management 

strategies can be developed. This reduces 

the environmental impact associated with 

chemical pesticide use and promotes 

ecological balance in agricultural systems 

[20]. 

Innovation and Novelty 

 Synthetic biology offers opportunities for 

the discovery and engineering of new 

bioactive compounds with pesticidal 

properties. This can lead to the 

development of novel bio pesticides that 

target specific pests or overcome 

resistance issues. 

Challenges of Synthetic Biology in Bio 

pesticide Production 

Regulatory Considerations 

 The regulatory landscape for bio 

pesticides, including those developed 

using synthetic biology, can be complex 

and rigorous. Meeting regulatory 

requirements and obtaining approvals for 

commercialization can be time-consuming 

and costly. 
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Public Perception and Acceptance 

 Public perception and acceptance of 

genetically modified organisms (GMOs) 

and synthetic biology technologies can 

influence the adoption and market 

acceptance of bio pesticides. Public 

education and communication are essential 

to address concerns and build trust. 

Biosafety and Environmental Impact 

While bio pesticides derived from plants 

are generally considered safer than 

chemical pesticides, the introduction of 

genetically modified organisms or 

synthetic biology components raises 

concerns about potential unintended 

effects on ecosystems, non-target 

organisms, and biodiversity. Thorough risk 

assessments and monitoring are necessary 

to ensure environmental safety. 

Scale-up and Manufacturing Challenges 

 Transitioning from laboratory-scale 

production to large-scale manufacturing of 

biopesticides can present technical and 

economic challenges. Optimization of 

production processes, scalability, and cost-

effectiveness are key considerations in 

commercialization [21]. 

Intellectual Property Rights 

 Protecting intellectual property rights 

associated with synthetic biology 

techniques and bio pesticide development 

can be complex, which may impact 

innovation, collaboration, and investment 

in the field.Addressing these challenges 

requires interdisciplinary collaborations, 

regulatory frameworks that accommodate 

innovative technologies, public 

engagement, and continued research and 

development efforts to ensure the 

responsible and sustainable application of 

synthetic biology in biopesticide 

production. 

Future directions and opportunities 

The field of synthetic biology in bio 

pesticide production is rapidly evolving, 

and several future directions and 

opportunities can shape its development. 

Here are some potential areas for 

advancement and exploration: 

Advanced Genetic Tools 

Continued advancements in genetic 

engineering techniques, such as CRISPR-

Cas systems and other genome editing 

tools, will provide more precise and 

efficient methods for modifying plant 

genomes. This will enable the 

development of bio pesticide crops with 

enhanced traits and improved pest 

resistance. 

Multi-omics Approaches 
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 Integrating genomics, transcriptomics, 

proteomics, and metabolomics can provide 

a comprehensive understanding of plant 

bio pesticide production pathways. This 

holistic approach will facilitate the 

identification and optimization of key 

genes and metabolic networks involved in 

bio pesticide synthesis. 

Microbial Interactions 

 Exploring plant-microbe interactions and 

engineering beneficial microbial 

communities can enhance bio pesticide 

production, improve nutrient uptake, and 

strengthen plant resistance against pests. 

Synthetic biology can be employed to 

manipulate and engineer these interactions 

for optimized agricultural outcomes. 

Synthetic Peptides and Proteins 

 Designing and synthesizing novel 

peptides and proteins with pesticidal 

properties using synthetic biology 

approaches hold significant potential. 

These bioactive molecules can be 

optimized for enhanced efficacy, 

specificity, and stability, offering new 

options for bio pesticide development [22]. 

Biosensors and Precision Delivery 

Integrating biosensors and 

nanotechnology-based delivery systems 

can enable precise monitoring of pest 

populations and targeted delivery of bio 

pesticides. This approach will enhance the 

effectiveness and reduce the overall 

amount of bio pesticides required, leading 

to sustainable and efficient pest 

management practices. 

Data Science and AI 

 Leveraging data science and artificial 

intelligence (AI) can enable the analysis of 

large-scale genomic and environmental 

data to identify patterns, optimize bio 

pesticide production, and develop 

predictive models for pest control. AI can 

also aid in the design of novel bioactive 

compounds and formulation optimization. 

Sustainability and Environmental 

Impact 

 Future research should focus on 

developing bio pesticides with reduced 

environmental impact, improved 

biodegradability, and minimized off-target 

effects. This includes studying their 

persistence in the environment, assessing 

their impact on non-target organisms, and 

integrating bio pesticides into integrated 

pest management (IPM) practices [23]. 

Market Expansion and Adoption 

 Increasing public awareness and 

acceptance of bio pesticides derived from 

plants will be crucial for their wider 

adoption. Education and communication 
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efforts should highlight the benefits of 

sustainable pest management and the 

safety of bio pesticides, addressing any 

concerns regarding GMOs or synthetic 

biology.Overall, the future of synthetic 

biology in bio pesticide production is 

promising, with opportunities to enhance 

efficacy, optimize production processes, 

and develop environmentally friendly 

solutions for pest control. Continued 

research, collaboration, and innovation 

will drive the field forward, leading to 

more sustainable and effective pest 

management practices in agriculture [24]. 

Conclusion 

In conclusion, the application of synthetic 

biology in bio pesticide production derived 

from plants offers tremendous potential for 

sustainable and effective pest management 

in agriculture. By leveraging genetic 

engineering, metabolic engineering, and 

genome editing techniques, researchers 

can enhance the production of bio 

pesticides, improve their efficacy, and 

develop novel compounds. Additionally, 

the optimization of formulation and 

delivery systems ensures efficient and 

targeted application of bio pesticides, 

minimizing off-target effects and 

maximizing their impact. The benefits of 

synthetic biology in bio pesticide 

production include enhanced efficacy, 

increased production efficiency, tailored 

formulations, and the promotion of 

sustainable pest management practices. 

However, challenges such as regulatory 

considerations, public perception, 

biosafety concerns, scale-up, and 

manufacturing issues need to be addressed 

to ensure responsible and successful 

implementation [25]. 

Future directions and opportunities lie in 

advanced genetic tools, multi-omics 

approaches, microbial interactions, 

synthetic peptides and proteins, precision 

delivery systems, data science and AI, 

sustainability, environmental impact 

assessment, and market expansion. By 

embracing these avenues, researchers can 

further optimize bio pesticide production, 

develop innovative solutions, and foster 

widespread adoption of sustainable pest 

management practices. Overall, the 

continued advancement of synthetic 

biology in bio pesticide production holds 

great promise for achieving effective pest 

control while reducing the reliance on 

chemical pesticides, minimizing 

environmental impact, and ensuring the 

long-term sustainability of agricultural 

systems. Through interdisciplinary 

collaborations, regulatory support, and 

public engagement, the field can 

contribute to a more sustainable and 
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environmentally friendly future in 

agriculture. 
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