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ABSTRACT

Background: Pesticides, herbicides and fertilizers are major environmental pollutants that contaminate soil and
water ecosystems and pose significant risks to human health and biodiversity. Traditional remediation methods
are often ineffective, expensive, and environmentally unsustainable.

Objective: To construct synthetic enzymatic pathways for efficient degradation of agricultural chemical residues
by recombinant microbial systems and synthetic biology techniques.

Methodology: It employed CRISPR-assisted metabolic engineering to engineer microbial strains that express
organophosphate hydrolase and oxidoreductase enzymes. The biodegradation efficiency was evaluated under
controlled laboratory conditions by using high performance liquid chromatography (HPLC), enzyme kinetics
analysis and toxicity reduction assays. Additionally, the metabolic pathways were optimized to improve the
degradation stability and substrate conversion efficiency.

Findings: Engineered microbial system B achieved 89% residue degradation efficiency as opposed to 42% in
wild-type strains. The degradation of organophosphate and herbicide resulted to increased enzyme activity (185%)
and great reduction in toxicity. Engineered systems showed improved metabolic stability and lower accumulation
of toxic intermediates.

In summary, synthetic enzymatic pathways significantly improve the biodegradation of agricultural chemicals,
offering sustainable and scalable approaches for environmental detoxification and agricultural waste management.
Conclusion: Synthetic enzymatic pathways significantly enhance agricultural chemical biodegradation and
provide sustainable, scalable solutions for environmental detoxification and agricultural waste management.

KEYWORDS: Synthetic enzymes, biodegradation, agricultural residues, pesticide degradation, metabolic
engineering, environmental biotechnology, enzymatic pathways, bioremediation.

1 INTRODUCTION

1.1 Agricultural Chemical Pollution

Agriculture is becoming more intensive with the increased use of pesticides, herbicides, fungicides and synthetic
fertilizers to increase crop productivity and improve food security. However, the over and uncontrolled application
of these agrochemicals caused accumulation of toxic residues in soil, groundwater and aquatic ecosystems [1].
Agricultural chemicals residues persist in the environment for long periods and may enter the food chain, causing
adverse effects on human health, biodiversity and ecological balance [2]. Agricultural runoff and soil systems
frequently detect organophosphate pesticides and herbicides as contaminants. Prolonged exposure to these
chemicals has been shown to cause decline in soil fertility, microbial imbalance, water eutrophication and toxicity
to non-target organisms [3]. Therefore, the development of sustainable technologies for detoxification of
agricultural residues has become an important environmental priority.

1.2 Biodegradation and Environmental Biotechnology

Remediation methods, such as chemical oxidation, incineration, adsorption, and physical extraction, are often
costly, energy intensive, and can lead to the generation of secondary pollutants [4]. Biodegradation by microbial
and enzymatic systems is an eco-friendly and economically feasible option for detoxifying agricultural pollutants.
Enzymatic biodegradation refers to the catalytic transformation of toxic compounds into less toxic metabolites,
under mild environmental conditions [5]. Microbial degradation systems based on bacteria, fungi and engineered
microbial consortia have shown great promise for the degradation of pesticides and herbicides in contaminated

Genetics and Molecular Research 25 (3s): 2026 1



ecosystems. Biodegradation methods have the advantages of being sustainable, highly specific and can perform
under natural environmental conditions [6].

1.3 Synthetic Biology and Enzyme Engineering

Recent advances in synthetic biology and enzyme engineering have developed recombinant microbial systems
with improved biodegradation capabilities. Recombinant enzyme systems expressing hydrolases, oxidoreductases
and dehalogenases can efficiently metabolise persistent agricultural pollutants [7]. Moreover, engineering of the
metabolic pathway improves the efficiency of degradation by optimizing substrate conversion and preventing
accumulation of toxic intermediates. CRISPR-based genome editing technologies enable precise control of
microbial metabolic functions and enzyme expression pathways [8]. In addition, synthetic enzyme cascades can
couple multiple catalytic reactions into coordinated biodegradation networks, which can improve overall
detoxification efficiency and metabolic stability [9]. These developments have increased the use of environmental
biotechnology for the management of agricultural waste and pollution control.

1.4 Aim and Objectives
Aim
To engineer synthetic enzymatic pathways for efficient biodegradation of agricultural chemical residues.

Objectives
1. Develop engineered microbial systems expressing degradation enzymes.
2. Optimize synthetic metabolic pathways for residue breakdown.
3. Evaluate biodegradation efficiency and toxicity reduction.
4. Assess environmental applications of engineered enzymatic systems.

2 BACKGROUND WORK

2.1 Agricultural Chemical Residues

Modern agriculture is widely used and residues of agricultural chemicals, particularly organophosphate pesticides
and herbicides, are significant environmental pollutants. Organophosphates are widely used for pest control but
they can persist in soil and water ecosystems and induce toxicity to non-target organisms and disrupt the microbial
biodiversity [10]. Herbicide accumulation in agricultural soils also contributes to groundwater contamination as
well as long-term ecological imbalance. Many of these compounds degrade slowly in nature, resulting in
prolonged environmental persistence and bioaccumulation in food chains [11]. Continuous exposure to
agricultural residues has also been associated with reduced soil fertility and negative human health effects.

2.2 Enzymatic Biodegradation Mechanisms

Enzymatic biodegradation is an efficient and eco-friendly strategy for detoxification of agricultural contaminants.
Hydrolases and oxidoreductases are among the most important enzymes that are involved in the degradation
pathways of pesticides and herbicides [12]. These enzymes catalyze the hydrolysis and oxidation-reduction
reactions of complex toxic compounds to simpler and less harmful metabolites. Enzyme-substrate specificity is
important for degradation efficiency and pathway selectivity. Synthetic metabolic detoxification pathways can
improve biodegradation by establishing multi-enzymatic reactions into a well-coordinated network of degradation
[13].
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Figure 1. Synthetic enzymatic biodegradation pathway for agricultural chemical residues
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Enzymatic biodegradation is an efficient and eco-friendly strategy for detoxification of agricultural contaminants.
Hydrolases and oxidoreductases are among the most important enzymes that are involved in the degradation
pathways of pesticides and herbicides [12]. These enzymes catalyze the hydrolysis and oxidation-reduction
reactions of complex toxic compounds to simpler and less harmful metabolites. Enzyme-substrate specificity is
important for degradation efficiency and pathway selectivity. Synthetic metabolic detoxification pathways can
improve biodegradation by establishing multi-enzymatic reactions into a well-coordinated network of degradation
[13].

2.3 Synthetic Biology Approaches

Recent progress in synthetic biology has opened opportunities for engineering microbial hosts with enhanced
biodegradation abilities. Recombinant degradation enzymes can be introduced into microbial systems through
genetic engineering techniques to target specific pollutants for degradation [14]. Synthetic promoters and
regulatory circuits enable fine-tuning of enzyme expression and metabolic responses to environmental conditions.
Enzyme pathway balancing also increases the efficiency of substrate conversion and decreases the accumulation
of toxic intermediates, thus improving metabolic stability and biodegradation performance [15].

2.4 Previous Research Studies

Several studies have demonstrated the efficacy of engineered microbial system for agricultural residue
biodegradation. Lee et al. (2022) engineered Escherichia coli strains with synthetic detoxification pathways to
greatly reduce herbicide toxicity. In soil conditions, Kumar et al. (2023) developed a microbial consortium-based
multi-enzyme biodegradation system that improved the pesticide degradation efficiency. More recent studies have
been focused on synthetic enzyme cascades and CRISPR-assisted optimization to improve biodegradation
stability and scalability [16].

2.5 Research Gap

Several studies have demonstrated the efficacy of engineered microbial system for agricultural residue
biodegradation. Lee et al. (2022) engineered Escherichia coli strains with synthetic detoxification pathways to
greatly reduce herbicide toxicity. In soil conditions, Kumar et al. (2023) developed a microbial consortium-based
multi-enzyme biodegradation system that improved the pesticide degradation efficiency. More recent studies have
been focused on synthetic enzyme cascades and CRISPR-assisted optimization to improve biodegradation
stability and scalability [16].

3 MATERIALS & METHODS

3.1 Experimental Design Flow

The aim of this study was engineering synthetic enzymatic pathways for biodegradation of agricultural chemical
residues using recombinant microbial systems. The experimental design involved microbial strain selection,
plasmid construction, CRISPR-Cas9 gene integration, recombinant enzyme expression, pathway optimization,
and biodegradation analysis. Pseudomonas putida was selected as host organism because of its high metabolic
adaptability and biodegradation potential under environmental conditions [9]. Engineered enzyme pathways for
the degradation of organophosphate pesticides were introduced to improve the detoxification efficiency of
residues and the metabolic stability of microbial cells.

Microbial Strain
Selection

(E Enhanced Biodegradation of Agricultural Chemical Residues

Figure 2. Experimental workflow for engineering synthetic enzymatic biodegradation systems
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The sequential workflow used in the present study, including microbial culturing, plasmid engineering, CRISPR-
based gene integration, recombinant enzyme production, biodegradation experiments, HPLC analysis, and
statistical analysis of biodegradation efficiency, is illustrated in Figure 2.

3.2 Microbial Strains and Culture Conditions

The engineered biodegradation system was constructed in Pseudomonas putida grown in Luria-Bertani (LB)
medium under optimized laboratory conditions. Organophosphate pesticides were used as the main chemical
substrates to assess the degradation efficiency and the enzymatic activity as depicted in figure 1. Cultures were
grown at 30°C for 24—72 h with continuous shaking to ensure aerobic metabolism and expression of the enzymes

[11].

Table 1. Microbial Strains and Culture Conditions

Parameter Description

Host organism Pseudomonas putida
Growth medium LB medium

Incubation temperature | 30°C

Chemical substrate Organophosphate pesticide
Incubation duration 24-72 hours

pH conditions 6.8-7.2

Aecration 150 rpm shaking

3.3 Experimental Procedures

The construction of plasmids harboring genes coding for organophosphate hydrolases and oxidoreductase
enzymes in expression vectors, using recombinant DNA techniques, was performed. Stable expression of
synthetic biodegradation pathways was achieved by CRISPR-Cas9 mediated genome integration [8].
Recombinant enzyme expression was induced under optimized culture conditions, and pathway balancing was
performed to increase substrate conversion efficiency and reduce toxic intermediate accumulation. Enzyme
purification assays by affinity chromatography and protein quantification methods were performed to assess
recombinant enzyme stability and activity.

3.4 Biodegradation Assays

Biodegradation efficiency was analyzed using high-performance liquid chromatography (HPLC) to quantify
pesticide residue reduction and metabolite formation. Enzyme activity assays of substrate degradation reactions
were used to determine catalytic efficiency. The efficiency of detoxification was assessed by toxicity reduction
assays on microbial viability and environmental toxicity indicators. The residual pesticide concentration was
determined at regular intervals during the incubation period [14].

Table 2. Biodegradation Assay Parameters

Assay Parameter Measurement Method
Residue degradation | HPLC analysis
Enzyme activity Spectrophotometric assay

Toxicity reduction Cell viability assay
Metabolite analysis | Chromatographic quantification

3.5 Statistical Analysis

All experiments were performed in triplicate to guarantee reproducibility and statistical reliability. Data were
analyzed by one-way analysis of variance (ANOVA) and statistical significance was considered at p < 0.05. For
all measurements of biodegradation and enzymatic activity the mean values and standard deviation were
calculated.

3.6 Dataset and Experimental Parameters

The experimental dataset comprised measurements of biodegradation efficiency of engineered Pseudomonas
putida strains subjected to organophosphate pesticide residues under controlled laboratory conditions. Enzyme
activity, per cent degradation of residues, toxicity reduction, incubation period and growth rate of microbes were
measured at 24-72 h of incubation. The activity of the recombinant enzyme was determined
spectrophotometrically, and the residue quantification was done by high-performance liquid chromatography
(HPLC). Data were collected in triplicates to ensure statistical reliability and reproducibility of the data. These
parameters were chosen to assess the efficiency and stability of synthetic enzymatic biodegradation systems under
simulated environmental conditions [14,15].
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Table 3. Dataset Parameters for Biodegradation Analysis

Parameter Description Measurement Method

Residue degradation (%) | Percentage of pesticide breakdown | HPLC analysis

Enzyme activity Catalytic efficiency of enzymes Spectrophotometric assay

Toxicity reduction Reduction in chemical toxicity Cell viability assay

Incubation duration Exposure period Time-course analysis

Microbial growth rate Biomass production Optical density (OD600)
4 RESULTS & DISCUSSION

The designed synthetic enzymatic systems showed significantly higher biodegradation efficiency and
environmental detoxification performance than wild-type microbial strains. Expression of the recombinant
enzyme led to increased degradation of the pesticide, reduced accumulation of toxic intermediates, and increased
metabolic stability under simulated environmental conditions. The multi-enzyme cascade systems showed the
best catalytic efficiency and degradation of residues. The experimental results showed that synthetic biology
assisted pathway optimization was effective to enhance the detoxification of agricultural chemicals. The
development of scalable and sustainable biodegradation technologies for applications in environmental
remediation and agricultural waste management was supported.

4.1 Enzyme Expression and Pathway Optimization

The recombinant enzyme expression analysis indicated the increased catalytic efficiency of the engineered
microbial systems. Organophosphate hydrolases and oxidoreductase modules significantly enhance substrate
degradation efficiency and metabolic detoxification pathways.

Table 4. Enzyme Expression and Functional Performance

Enzyme Construct Relative Activity (%) | Functional Outcome
Organophosphate hydrolase | 185% Increased pesticide degradation
Oxidoreductase module 152% Enhanced detoxification
Multi-enzyme cascade 171% Improved residue breakdown

Table 4 shows that the organophosphate hydrolase construct exhibited the highest relative enzymatic activity
(185%), thereby enhancing the degradation efficiency of pesticides. Detoxification performance was improved
with the oxidoreductase module through reduction of toxic intermediate accumulation. The multi-enzyme cascade
system showed a co-ordinated catalytic activity, resulting in a better breakdown of residues and stability of the
metabolic pathway.

4.2 Biodegradation Efficiency

Residue degradation analysis and toxicity reduction assays were used to evaluate the efficiency of biodegradation.
Under controlled laboratory conditions, engineered microbial systems performed much better degradation than
wild-type strains.
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Figure 3. Comparison of biodegradation efficiency between wild-type and engineered systems
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Fig. 3 Comparison of biodegradation efficiency for wild-type and engineered microbial systems Engineered
system B showed the best residue degradation and toxicity reduction performance, indicating the successful
optimization of synthetic enzymatic pathways for the detoxification of agricultural residues.

Table 5. Biodegradation Efficiency and Toxicity Reduction

System Type Residue Degradation (%) | Toxicity Reduction
Wild-type strain 42% Moderate
Engineered system A | 71% High

Engineered system B | 89% Very High

Table 5 shows that the highest system efficiency for residue degradation was obtained with engineered system B
(89%) which is more than two-fold higher than the wild-type strain (42%). Furthermore, toxicity assays confirmed
the detoxification potential of the engineered systems and validated the successful application of synthetic
enzymatic pathways for the degradation of harmful agricultural residues.

4.3 Environmental Detoxification Performance

Engineered microbial systems sustained augmented biodegradation activity under soil-like environmental
conditions. Optimized metabolic pathway balancing and coordinated enzyme cascade activity led to reduced
accumulation of toxic intermediate metabolites. The engineered pathways also showed improved metabolic
stability over extended incubation suggesting potential for application in environmental bioremediation and in
field-scale agricultural residue detoxification systems.

4.4 Discussion

The present study shows that synthetic enzymatic pathways can significantly improve the efficiency of
biodegradation of agricultural chemicals and environmental detoxification performance. The enhanced expression
of the recombinant enzyme increased the catalytic activity and accelerated the pesticide degradation. Multi-
enzyme systems also increased metabolic coordination and reduced the accumulation of toxic intermediates.

4.5 Comparative Analysis

The engineered systems developed in this work demonstrated improved degradation efficiency and improved
metabolic stability under environmental conditions than earlier studies on biodegradation. The results suggest the
potential for synthetic enzymatic biodegradation systems to process large volumes of agricultural waste and clean
up the environment. Ecologically, these systems may reduce long-term pesticide persistence, improve soil health
and contribute to sustainable agricultural and environmental management practices.

5 CONCLUSION

This study suggests that synthetic biology and metabolic engineering approaches can be utilized to significantly
enhance degradation efficiency of agricultural chemical residues via synthetic enzymatic pathways. Recombinant
hydrolases and oxidoreductase expressing engineered microbial systems exhibited significantly enhanced
pesticide degradation, metabolic stability and lower toxicity than wild-type strains. Integration of multi-enzyme
cascade pathways enabled coordinated catalytic reactions, which led to a faster breakdown of residues and less
buildup of harmful intermediate metabolites. The experimental results validated the highest degradation efficiency
(89%) of engineered system B which indicated the effectiveness of optimized synthetic biodegradation pathways
in a controlled environment. Also, the engineered microbial systems showed stable biodegradation activity under
soil-like conditions, suggesting their potential for environmental remediation applications. In conclusion, the
study emphasizes the high potential of recombinant enzyme systems and CRISPR-enabled metabolic pathway
engineering to develop sustainable, environmentally friendly and scalable technologies for the detoxification of
agricultural waste. In conclusion, synthetic enzymatic biodegradation systems could significantly contribute to
reduce long term environmental contamination, ameliorate soil health and promote sustainable management of
agricultural ecosystem.

6. Scope of future

Future research should focus on the integration of artificial intelligence (Al)-assisted enzyme pathway
optimization to improve the catalytic efficiency, substrate specificity and metabolic stability of the engineered
biodegradation system. Bioreactors for biodegradation at field scale could provide a means for large scale
detoxification of agricultural sites contaminated with pesticides. Multi-species synthetic microbial consortia may
also be used to enhance cooperative biodegradation processes and resilience to changing environmental
conditions. Genome engineering approaches based on CRISPR can further improve the degradation efficiency by
introducing stress-tolerant and high-performance metabolic pathways into microbial hosts. Future studies may
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also look at industrial applications of synthetic enzymatic biodegradation systems for agricultural waste
management, wastewater treatment, and soil restoration technologies. Advances in synthetic biology, systems
biotechnology and environmental engineering are expected to accelerate commercialization and environmental
deployment of sustainable biodegradation platforms for mitigating agricultural chemical pollution and supporting
ecological sustainability.
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