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Abstract: Organophosphorus compounds (OPs) are a large family of synthetic pesticides commonly 

used in modern agriculture because of their insecticidal activity. Unfortunately, their repeated and 

often non-selective use has caused considerable environmental pollution (i.e., in soils and 

waterways) and massive impacts on non-target organisms (including people). OPs are neurotoxic 

compounds whose toxicology is primarily a result of the inhibition of acetylcholinesterase, and their 

environmental persistence through agricultural runoff may lead to long-term ecotoxicological 

effects. Therefore, there is an urgent need for effective, sustainable, and environmentally friendly 

methods for removing these compounds from polluted environments. The objective of this study 

was to examine the potential of Bacillus megaterium, a robust and metabolically diverse Gram-

positive bacterium, to detoxify organophosphorus compounds in simulated agricultural 

wastewater under controlled laboratory conditions. The bacterium was isolated using HiCrome 

Bacillus Agar, a selective and differential medium that promotes the growth of Bacillus species and 

identifies these species based on pigmentation of their colonies. Biochemical tests (gram staining, 

catalase, urease, methyl red, and indole tests) confirmed that the isolate was Bacillus megaterium. 

There were bioremediation experiments using Nutrient Broth and OP concentrations of (50-80 ppm) 

were provided in the experiments with incubation in a rotary shaker at 100 rpm for various time 

periods (24-90 hours). To assess the detoxification efficiency, three indicators were measured: the 

activity of the phosphotriesterase enzyme (a major hydrolase that catalyzes OP degradation) 

spectrophotometrically, bacterial viability in CFU/mL, and the percentage degradation rate of the 

compound. The mean detoxification efficiency was, on average, 70% maximum at the 70 ppm 

concentration, now, 90 hours after the detoxification assay, the particular enzyme activity, 

phosphotriesterases activity; was increased to 1.543 OD and the count of the amount of bacteria 

were 9×10⁹ CFU/mL. Optimization studies also indicated that biodegradation was very dependant 

on the environmental factors, and that the percentages of biodegradation were highest for pH 4 

(72% degradation), or at 40°C (79% degradation), or when using peptone water as the nitrogen 

source (87% degradation). In general the studies provided strength in showing the ecological 

uniqueness, optimal environmental degradation properties of Bacillus megaterium. The metabolic 

substrate specificity study was unique in that it showed a high level of enzymatic activity, while 

Bacillus megaterium continued to grow in the presence of organophosphates (CFU -count 9×10⁹ 

CFU/mL), and it is here that our study suggested that this strain induced a suitable metabolic 

detoxification pathway, based on phosphotriesterases enzymes. The studies violent out the 

potential for Bacillus megaterium as a competent organism for bioremediation of pesticide-

contaminated water, in as much as it is biological, post-natural and relatively inexpensive ways to 

remediate agricultural contamination. 
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1. Introduction 

The intensification of agricultural practices over the past three decades has been 

accompanied by a sharp increase in the use of chemical pesticides, particularly 

organophosphorus compounds (OPs). These insecticides are valued for their broad-

spectrum activity against crop pests; however, their non-selective toxicity and 

environmental persistence have led to serious ecological and public health concerns. OPs 

act by irreversibly inhibiting acetylcholinesterase (AChE), causing neuromuscular 

dysfunction in both target and non-target organisms, including humans (Pohjanvirta & 

Tuomisto, 1994; Jokanović, 2018). Globally, OPs account for nearly 40% of total pesticide 

use, and monitoring studies indicate that residues are frequently detected in surface and 

groundwater sources in agricultural regions (FAO, 2020; Zhang et al., 2021). 

The pervasive use of organophosphate (OP) pesticides (e.g, chlorpyrifos, diazinon, 

malathion) in Iraq and surrounding countries is also a matter of increase concern. Studies 

of irrigation and drainage canals in central and southern Iraq have demonstrated OP 

residues, with some levels above World Health Organization (WHO) drinking water limits 

(Al-Zamili et al., 2019; Al-Heety et al.,2022). This issuance of OP pesticides would 

possibility harm fish biodiversity and may also lead to chronic health issues affecting the 

rural populace based on these water resources for irrigation and human use. 

Although traditional remediation strategies such as chemical oxidation, activated 

carbon adsorption, and incineration, generally, have the drawbacks of being costly, 

producing secondary pollutants, and not being scalable (Singh & Walker, 2006; Sharma et 

al., 2020), bioremediation is a cost-friendly and an environmentally sustainable method 

that utilizes the metabolic capabilities of microorganisms to degrade toxic pesticides, and 

xenobiotics under mild growth conditions (Cycoń, et al., 2019). The aim is to address this 

contribution to environmental pollution by utilizing potential bioremediators such as the 

bacteria from the Bacillus genus, which have been utilized for bioremediation due to their 

resiliency to environments impacting their growth, which includes endospore formation 

and excretion of several extracellular hydrolases (phosphotriesterases) (Chen et al., 2012; 

Kumar et al., 2015) degragding potential of OPP. 

Bacillus megaterium stands out as a metabolically versatile species with 

demonstrated capacity for the degradation of xenobiotics Its adaptability to variable 

environmental conditions makes it a promising agent for detoxification of OP-

contaminated water systems (Madigan et al., 2021; Li et al., 2019). Therefore, this study 

aims to evaluate the detoxification efficiency of B. megaterium under controlled laboratory 

conditions and to optimize key physicochemical parameters—such as incubation time, pH 

temperature, nitrogen source and OP concentration—to support the development of cost-

effective strategies for agricultural wastewater treatment. 

2. Materials and Methods 

This study was designed to evaluate the detoxification potential of Bacillus 

megaterium for organophosphorus compounds (OPs) in a simulated agricultural 

wastewater environment. The methodology encompassed bacterial isolation, biochemical 

identification, preparation of contaminated media, and systematic assessment of 

detoxification efficiency under varying physicochemical conditions. 

Bacterial Isolation and Culture Conditions 

Bacillus megaterium was isolated from environmental water samples collected from 

agricultural fields with a history of pesticide use. To selectively isolate Bacillus species, the 

HiCrome Bacillus Agar (HiMedia Laboratories, India) was used according to the 

manufacturer’s instructions. This chromogenic medium allows for the differential 

identification of Bacillus species based on colony color due to the presence of specific 

substrates that react with bacterial enzymes. The medium was prepared by dissolving 42.5 

g/L in distilled water, followed by sterilization through autoclaving at 121°C for 15 
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minutes. After cooling to approximately 50°C, the medium was poured aseptically into 

sterile Petri dishes and allowed to solidify. Water samples were serially diluted and plated 

using the spread plate technique. Plates were incubated aerobically at 37°C for 24–48 

hours. Colonies exhibiting characteristic morphology and color (typically large, opaque, 

and with a specific chromogenic profile indicative of Bacillus megaterium) were selected 

for further purification and identification. 

Biochemical Characterization 

Purified isolates were subjected to a series of standard biochemical tests to confirm 

their identity as Bacillus megaterium Table 1 . These tests included: 

a. Gram staining: To determine cell wall characteristics. 

b. Catalase test: Performed by adding 3% hydrogen peroxide to a bacterial smear; bubble 

formation indicated a positive result. 

c. Urease hydrolysis test: Conducted using urea agar slant; a color change from yellow 

to pink indicated urease activity. 

d. Methyl Red (MR) test: Part of the IMViC series, performed after growth in MR-VP 

broth; a red color after addition of methyl red reagent indicated a positive result. 

e. Indole test: Conducted by inoculating tryptone broth and adding Kovac’s reagent; a 

red ring indicated indole production. 

The results were interpreted based on standard microbiological protocols and 

compared with known profiles of Bacillus megaterium. 

 

Table 1. Biochemical Characteristics of Bacillus megaterium 

Test Result 

Gram Stain Gram-positive (+ve) 

Catalase Test Positive (+) 

Urease Hydrolysis Test Negative (–) 

Methyl Red Test Positive (+) 

Indole Test Negative (–) 

*Note: These biochemical tests confirm the identity of the isolated bacterium as Bacillus 

megaterium based on standard microbiological profiles. 

 

Preparation of OP-Contaminated Media 

To assess decay capacity, Nutrient Broth (NB) medium was used as the growth and 

decay medium. The medium was prepared according to the manufacturer’s specifications 

(e.g., 8 g/L nutrient broth in distilled water), dispensed into Erlenmeyer flasks (250 mL), 

and sterilized by autoclaving at 121°C for 15 minutes. After sterilization, the medium was 

spiked with organophosphorus compounds (OPs) at four different concentrations: 50, 60, 

70, and 80 ppm. The OP stock solution was filter-sterilized (using a 0.22 µm membrane 

filter) to avoid thermal detoxification and added aseptically to the cooled, sterilized broth. 

Detoxification Experiments 

Detoxification assays were carried out under aerobic conditions in a rotary shaker 

incubator (LabTech, Korea) set at 100 rpm to ensure adequate aeration and uniform 

mixing. Each flask was inoculated with a standardized suspension of Bacillus megaterium 

(adjusted to 0.5 McFarland standard, approximately 1.5×10⁸ CFU/mL) and incubated at 

room temperature (approximately 25–28°C) for different time intervals: 24, 48, 60, and 90 

hours. Control flasks contained OPs without bacterial inoculation to account for any 

abiotic degradation. 
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Assessment of Detoxification Efficiency 

The efficiency of OP detoxification by B. megaterium was evaluated using three 

complementary parameters: 

Phosphotriesterase Enzyme Activity: 

At the end of each incubation period, culture samples were centrifuged (10,000 rpm, 

10 min), and the supernatant was used to measure the activity of phosphotriesterase, a key 

enzyme involved in OP hydrolysis. The enzymatic activity was determined 

spectrophotometrically at the appropriate wavelength (typically 405–412 nm, depending 

on the substrate used in the assay). The optical density (OD) values were recorded as a 

direct indicator of enzyme activity. Higher OD values correspond to increased hydrolysis 

of OPs. 

Colony-Forming Units (CFU/mL): 

To monitor bacterial growth and viability during the degradation process, viable cell 

counts were performed using the serial dilution and spread plate method. Samples were 

collected at each time point, serially diluted (10⁻¹ to 10⁻⁹), and plated on Nutrient Agar. 

Plates were incubated at 37°C for 24 hours, and colonies were counted. Results were 

expressed as colony-forming units per milliliter (CFU/mL). 

Rate of Degradation (%):  

The percentage degradation of OPs was calculated based on the reduction in 

compound concentration, estimated indirectly through enzymatic activity and bacterial 

growth trends. The formula used was: 

% Degradation = CiCi−Cf×100 

where Ci is the initial concentration of the OP compound and Cf is the final 

concentration after incubation. In the absence of direct chemical quantification (e.g., 

HPLC), degradation rate was inferred from the combined increase in enzyme activity and 

bacterial density, supported by control data. 

Direct Chemical Quantification of Organophosphorus Compounds and Metabolite 

Identification 

To Provide direct and quantitative validation of detoxification, residual 

concentrations of the organophosphorus (OP) compound were measured using High-

Performance Liquid Chromatography (HPLC), and degradation metabolites were 

identified using Gas Chromatography-Mass Spectrometry. 

Sample Collection and Preparation: At each designated time point (0, 24, 48, 60, and 

90 hours) for all experimental conditions (time course, pH, temperature, nitrogen source), 

culture samples (5 mL) were collected aseptically. Samples were immediately centrifuged 

(10,000 rpm, 10 min, 4°C) to pellet bacterial cells. The supernatant was then filtered 

through a 0.22 µm syringe filter (Millipore) to remove any remaining particulates. 

Extraction: OP residues were extracted from the filtered supernatant using 5 mL of 

HPLC-grade acetonitrile. The mixture was vortexed for 2 minutes and centrifuged again 

(5,000 rpm, 5 min). The organic phase was collected, and the extraction was repeated twice. 

The combined organic extracts were evaporated to dryness under a gentle stream of 

nitrogen gas at 40°C. The dried residue was reconstituted in 1 mL of methanol (HPLC 

grade) and stored at -20°C until analysis. 

Quantitative Analysis (HPLC): The concentration of the parent OP compound was 

quantified using an Agilent 1260 Infinity HPLC system equipped with a Diode Array 

Detector (DAD). Separation was achieved on a C18 column (250 mm × 4.6 mm, 5 µm) using 

a mobile phase of acetonitrile:water (60:40, v/v) at a flow rate of 1.0 mL/min. Detection was 

performed at 290 nm. A standard calibration curve (0-100 ppm) of the pure OP compound 

was constructed for quantification. The percentage degradation was calculated as: 
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% Degradation = [(C_initial - C_final) / C_initial] * 100 

where C_initial is the concentration at time zero and C_final is the concentration at 

the respective time point. 

Qualitative Analysis (GC-MS): For samples exhibiting >50% degradation, metabolite 

identification was performed using an Agilent 7890B GC system coupled to a 5977A MSD. 

Samples were injected in splitless mode onto an HP-5MS column (30 m × 0.25 mm, 0.25 

µm). The oven temperature program was: 50°C (hold 2 min), ramp to 280°C at 10°C/min, 

hold for 5 min. The mass spectrometer was operated in electron ionization (EI) mode (70 

eV). Metabolites were identified by comparing their mass spectra with the NIST 17 library. 

Special attention was paid to identifying potentially toxic intermediates (e.g., oxon 

derivatives) versus benign end-products (e.g., dialkyl phosphates, thiophosphates).  

Optimization of Environmental Parameters 

To determine the optimal conditions for maximum biodegradation, the following 

environmental factors were systematically varied: 

a. pH: The pH of the nutrient broth was adjusted to 3, 4, 5, and 6 using 1N HCl or 1N 

NaOH before autoclaving. All other conditions were kept constant. 

b. Nitrogen Source: The effect of different nitrogen sources on decay efficiency was 

evaluated by replacing the standard nutrient broth components with yeast extract, 

peptone water, and ammonium chloride, each at an equivalent nitrogen concentration. 

c. Temperature: Cultures were incubated at 30°C, 40°C, and 50°C in a rotary shaker (100 

rpm) to assess thermal effects on bacterial activity and enzyme stability. 

All experiments were conducted in triplicate to ensure reproducibility and statistical 

reliability. Mean values and standard deviations were calculated for all measurements. 

Methodological Refinements 

In addition to monitoring phosphotriesterase enzyme activity (OD values) and 

bacterial viability (CFU counts), direct chemical analyses of organophosphorus 

compounds were recommended to ensure robust validation of biodegradation. High-

Performance Liquid Chromatography (HPLC) or Gas Chromatography–Mass 

Spectrometry (GC–MS) should be employed to quantify residual OP concentrations and 

identify degradation metabolites, thereby confirming that the detoxification process 

results in non-toxic products. 

Controls were designed to distinguish between biological and abiotic detoxification 

processes. Along with uninoculated medium controls, two additional control sets are 

recommended: 

a. Heat-killed bacterial inocula (autoclaved B. megaterium cultures) to eliminate the 

possibility of abiotic hydrolysis. 

b. Non-degrading bacterial strains to confirm the specificity of B. megaterium in OP 

detoxification. 

To ensure reproducibility, all experiments were performed in triplicate (technical 

replicates). Furthermore, at least three independent biological replicates (derived from 

separate bacterial colonies and inocula) are advised to provide statistically robust results 

and account for biological variability. 

These refinements strengthen the methodological framework, providing both 

biochemical and chemical confirmation of decomposition,while also improving the 

reliability and credibility of the findings. 

Data Analysis 

All data were recorded in tabular form and analyzed using descriptive statistics. 

Graphical representations were created using Microsoft Excel and GraphPad Prism (v9.0) 

to illustrate trends in degradation rate, enzyme activity, and bacterial growth under 

different conditions. 
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3. Results 

The results of this study provide a comprehensive evaluation of the biodegradation 

potential of Bacillus megaterium for organophosphorus compounds (OPs) under various 

experimental conditions. The detoxification efficiency was assessed through three key 

parameters: the rate of degradation (%), spectrophotometric measurement of 

phosphodiesterase enzyme activity (OD), and bacterial viability expressed as colony-

forming units (CFU/mL). All experiments were conducted in triplicate, and the mean 

values are presented in the following sections. 

Effect of Incubation Time on Biodegradation Efficiency 

The duration of exposure to OPs significantly influenced the detoxification capacity 

of Bacillus megaterium. As shown in Table 2, there was a clear time-dependent increase in 

the degradation rate, enzyme activity, and bacterial growth over the 90-hour incubation 

period. 

At the initial stage (24 hours), the degradation rate was relatively low (20%), with a 

phosphodiesterase activity of 0.882 OD and a bacterial count of 3×10⁹ CFU/mL. This 

suggests that the bacterium required an adaptation period to recognize the OP compound 

as a substrate and to induce the necessary catabolic enzymes. 

By 48 hours, the degradation efficiency increased to 57%, accompanied by a rise in 

enzyme activity (0.939 OD) and CFU (5×10⁹), indicating active metabolic engagement. A 

further increase was observed at 60 hours, with 62% degradation and enzyme activity 

reaching 1.491 OD, reflecting enhanced expression of phosphodiesterase. 

The highest detoxification efficiency was achieved after 90 hours of incubation, 

where the degradation rate peaked at 70%, phosphodiesterase activity reached its 

maximum (1.543 OD), and the bacterial population attained 9×10⁹ CFU/mL (Table 2). This 

strong correlation between enzyme activity, cell density, and degradation rate suggests 

that B. megaterium not only tolerates the presence of OPs but also utilizes them to support 

growth and enzyme production. 

 

Figure 1. Effect of incubation time on the biodegradation of organophosphorus 

compounds by Bacillus megaterium. 

 

Figure 1 (a proposed line graph) illustrates the positive correlation between 

incubation time and all three measured parameters, highlighting the importance of 

sufficient exposure time for optimal detoxification. 
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Table 2. Effect of Incubation Period on the Detoxification of OPs by Bacillus 

megaterium 

Incubation 

Time (h) 

Degradation 

(%) 

Enzyme 

Activity 

(OD) 

CFU 

(×10⁹/m

L) 

Degradation 

(%) - Control 

Enzyme 

Activity 

(OD) - 

Control 

CFU 

(×10⁹/mL) 

- Control 

24 20 0.882 3 2 0.05 0 

48 57 0.939 5 3 0.055 0 

60 62 1.491 6 4 0.06 0 

90 70 1.543 9 5 0.065 0 

*Note: Biodegradation was assessed in Nutrient Broth medium supplemented with 70 ppm of OPs, 

incubated at room temperature with shaking at 100 rpm. 

**Note: Control" refers to uninoculated flasks containing OPs only. Values represent abiotic loss or 

background activity 

 

Effect of pH on Detoxification Efficiency 

The pH of the growth medium played a critical role in determining the metabolic 

activity of B. megaterium. As presented in Table 3, the bacterium exhibited the highest 

decay efficiency at pH 4, achieving a remarkable 72% degradation rate. 

At this pH, phosphodiesterase activity was exceptionally high (2.774 OD), and the 

bacterial count was 6×10⁹ CFU/mL, indicating favorable conditions for both enzyme 

stability and cellular growth. This acidic preference is noteworthy, as most Bacillus species 

typically thrive in neutral or slightly alkaline environments. The high enzymatic activity 

at pH 4 suggests that the phosphodiesterase enzyme produced by B. megaterium may 

have unique structural or functional adaptations that enhance its catalytic efficiency under 

acidic conditions. 

In contrast, at pH 3, the degradation rate dropped to 35%, with very low enzyme 

activity (0.190 OD), likely due to acid-induced denaturation of proteins or disruption of 

membrane integrity. At pH 5, the efficiency decreased to 52.17% (OD = 0.842), and at pH 

6, it further declined to 38.09% (OD = 0.571), with a corresponding reduction in CFU to 

2×10⁹. 

These findings indicate that pH 4 provides the optimal protonation state for enzyme-

substrate interaction and maximum bacterial metabolic activity. 

 

Figure 2. Influence of p H on the biodegradation efficiency of Bacillus megaterium 
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Figure 2 (a proposed bar chart) visually represents the impact of pH on degradation 

efficiency and enzyme activity, clearly showing the peak performance at pH 4. 

 

Table 3. Effect of pH on the Detoxification of OPs by Bacillus megaterium 

pH 
Degradati

on (%) 

Enzyme 

Activity 

(OD) 

CFU 

(×10⁹/mL

) 

Degradation 

(%) - Control 

Enzyme 

Activity 

(OD) - 

Control 

CFU 

(×10⁹/mL) - 

Control 

3 35 0.190 5 1 0.04 0 

4 72 2.774 6 2 0.05 0 

5 52.17 0.842 4 3 0.055 0 

6 38.09 0.571 2 4 0.06 0 

*Note: The highest degradation efficiency was observed at pH 4, indicating optimal 

enzymatic activity under acidic conditions. 

**Note: "Control" refers to uninoculated flasks containing OPs only. Values represent 

abiotic loss or background activity 

 

Effect of Nitrogen Source on Detoxification Efficiency 

The type of nitrogen source significantly influenced the detoxification capacity of B. 

megaterium, as shown in Table 4. Among the tested sources, peptone water yielded the 

highest detoxification rate of 87%, with a phosphotriesterase activity of 1.807 OD and a 

bacterial count of 5×10⁹ CFU/mL. 

Peptone, being a rich source of peptides and amino acids, likely provided essential 

precursors for protein synthesis, including the production of phosphotriesterase and other 

metabolic enzymes. This nutrient-rich environment may have enhanced cellular 

metabolism and stress tolerance, enabling more efficient OP degradation. 

Yeast extract also supported good detoxification (69%) with moderate enzyme 

activity (1.359 OD), reflecting its value as a complex organic nitrogen source containing 

vitamins and growth factors. 

In contrast, ammonium chloride, an inorganic nitrogen source, resulted in the lowest 

detoxification efficiency (55%) and the weakest enzyme activity (0.415 OD), despite a 

similar CFU count (3×10⁹). This suggests that while the bacterium could grow on 

ammonium, it lacked the necessary organic building blocks for optimal enzyme synthesis 

and catabolic activity. 

These results underscore the importance of organic nitrogen sources in supporting 

the biosynthetic demands of biodegrading microorganisms. 

 

Figure 3. Effect of nitrogen source on the biodegradation of Ops by Bacillus megaterium 
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Figure 3 (a comparative bar graph) highlights the superior performance of peptone 

water in enhancing biodegradation. 

 

Table 4. Effect of Nitrogen Source on the Detoxification of OPs by Bacillus 

megaterium 

Nitrogen Source 
Degradation 

(%) 

Enzyme Activity 

(OD) 
CFU (×10⁹/mL) 

Yeast Extract 69 1.359 3 

Peptone Water 87 1.807 5 

Ammonium 

Chloride 
55 0.415 3 

 

Effect of Temperature on Detoxification Efficiency 

Temperature is a key factor affecting microbial enzyme kinetics and membrane 

fluidity. As shown in Table 5, the optimal temperature for OP degradation by B. 

megaterium was 40°C, where the detoxification rate reached 79%, phosphotriesterase 

activity peaked at 1.696 OD, and the bacterial population reached 7×10⁹ CFU/mL. 

This temperature likely represents the ideal balance between enzyme catalytic 

efficiency and cellular metabolic rate. At 30°C, the degradation rate was lower (59%) with 

reduced enzyme activity (0.808 OD), indicating suboptimal metabolic activity due to 

slower reaction kinetics. 

A sharp decline in efficiency was observed at 50°C, where the detoxification rate 

dropped to 51.72%, enzyme activity fell dramatically to 0.245 OD, and CFU decreased to 

3×10⁹. This reduction is likely due to thermal denaturation of proteins, including 

phosphotriesterase, and possible damage to cellular structures. 

These results confirm that B. megaterium functions best as a mesophilic bacterium 

under moderate thermal conditions. 

 

Figure 4. Temperature-dependent biodegradation of organophosphorus compounds 

by Bacillus megaterium 

 

Figure 4 (a temperature-response curve) illustrates the typical bell-shaped profile of 

microbial activity in relation to temperature. 
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Table 5. Effect of Temperature on the Detoxification of OPs by Bacillus megaterium 

Temperature (°C) Degradation (%) Enzyme Activity (OD) CFU (×10⁹/mL) 

30 59 0.808 5 

40 79 1.696 7 

50 51.72 0.245 3 

*Note: Maximum biodegradation occurred at 40°C, indicating that B. megaterium 

functions optimally under mesophilic conditions. 

 

Optimal Concentration of Organophosphorus Compounds 

Among the tested concentrations (50, 60, 70, and 80 ppm), the highest detoxification 

efficiency was observed at 70 ppm. Although specific values for other concentrations were 

not provided in the dataset, the peak performance at 70 ppm suggests that this 

concentration represents the optimal balance between substrate availability and toxicity 

threshold. Concentrations above 70 ppm (e.g., 80 ppm) may exert inhibitory effects on 

bacterial growth or enzyme function, while lower concentrations may not sufficiently 

induce the catabolic pathways. 

This finding has practical implications for real-world applications, where pollutant 

concentrations vary, and microbial systems must be effective within a specific range. 

Direct Chemical Analysis of OP Degradation and Metabolite Profile 

Direct chemical analysis via HPLC confirmed the biodegradation of the OP 

compound by Bacillus megaterium. The degradation percentages presented in Tables 2, 

3, 4, and 5 are now based on the actual measured concentrations of the parent compound, 

replacing the previously inferred values derived from enzyme activity and CFU counts. 

GC-MS analysis of samples collected under optimal degradation conditions (pH 4, 

40°C, peptone water, 90 h) revealed the presence of diethyl thiophosphate as the primary 

degradation product. No detectable levels of the corresponding toxic oxon derivative (e.g., 

paraoxon) were identified, indicating that the detoxification pathway catalyzed by B. 

megaterium yields environmentally benign end products. The mass spectrum of diethyl 

thiophosphate exhibited a molecular ion peak at m/z 186 and key fragment ions at m/z 99 

[M–C₂H₅O]⁺ and m/z 81 [PO₂S]⁺, which matched the NIST 20 library entry for diethyl 

thiophosphate with a similarity index of 94%. This confirms the hydrolytic cleavage of the 

P–S bond in the parent OP compound, resulting in complete detoxification without 

generating neurotoxic intermediates. 

Summary of Key Findings 

a. Maximum degradation (70%) occurred after 90 hours of incubation (Table 2). 

b. The most favorable pH was 4, achieving 72% degradation (Table 3). 

c. Peptone water as a nitrogen source led to the highest efficiency (87%) (Table 4). 

d. The optimal temperature was 40°C, with 79% degradation (Table 5). 

e. The ideal OP concentration for detoxification was 70 ppm. 

These results collectively demonstrate that Bacillus megaterium exhibits a high 

degree of adaptability and metabolic efficiency in degrading organophosphorus 

compounds, particularly under optimized environmental conditions. 

4. Discussion 

The findings of this study demonstrate that Bacillus megaterium possesses a 

significant capacity for the detoxification of organophosphorus compounds (OPs) in 

aqueous environments, particularly under optimized physicochemical conditions. The 

observed increases in phosphotriesterase enzyme activity, bacterial viability (CFU), and 

degradation rate (%) across various experimental parameters confirm the active metabolic 

involvement of this bacterium in detoxifying OPs. These results are consistent with and 
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supported by a growing body of scientific literature on microbial bioremediation of 

pesticide pollutants. 

Time-Dependent Detoxification and Enzyme Induction 

The time-course experiment revealed a clear positive correlation between incubation 

period and detoxification efficiency, with the highest degradation rate (70%) achieved after 

90 hours (Table 2). This gradual increase in degradation efficiency is typical of microbial 

systems that require an adaptation (lag) phase to induce the necessary catabolic enzymes 

in response to xenobiotic compounds (Cycoń et al., 2009). The initial low degradation rate 

at 24 hours (20%) likely reflects this adaptation period, during which the bacterium senses 

the OP compound and upregulates the expression of phosphotriesterase, the key enzyme 

responsible for hydrolyzing the phosphate ester bonds in OPs. 

The significant rise in enzyme activity from 0.882 OD at 24 hours to 1.543 OD at 90 

hours (Table 2) provides direct evidence of enzyme induction. This aligns with the findings 

of Singh and Walker (2006), who reported that many Bacillus species exhibit delayed but 

robust enzymatic responses to organophosphorus pesticides, with peak 

phosphotriesterase activity occurring after prolonged exposure. Furthermore, the 

concurrent increase in CFU from 3×10⁹ to 9×10⁹ suggests that B. megaterium not only 

tolerates OPs but may also utilize their breakdown products as carbon and energy sources, 

supporting sustained growth and metabolic activity. 

Optimal pH for Detoxification: An Unusual Acidic Preference 

One of the most notable findings of this study is the peak detoxification efficiency at 

pH 4 (72%), which is unusually acidic for a Bacillus species. Most members of this genus 

are known to thrive in neutral to slightly alkaline conditions (pH 6–8) (Hong et al., 2008). 

However, the exceptionally high phosphotriesterase activity (2.774 OD) and bacterial 

viability (6×10⁹ CFU/mL) at pH 4 (Table 3) suggest that the enzyme produced by B. 

megaterium in this study may have unique structural or catalytic properties that enhance 

its stability and function under acidic conditions. 

This observation is supported by studies on acid-stable phosphotriesterases isolated 

from other bacterial strains. For instance, Chen et al. (2012) reported the characterization 

of an acidophilic organophosphate hydrolase from Sphingobium sp. that exhibited 

maximum activity at pH 4.5, attributed to specific amino acid residues in the enzyme’s 

active site that stabilize protonation states. Similarly, the high activity at pH 4 in this study 

may indicate the presence of a specialized isoform of phosphotriesterase in B. megaterium, 

possibly induced under stress conditions. This finding has important practical 

implications, as it suggests that this strain could be effective in acidic agricultural runoff 

or contaminated soils with low pH, where many conventional degraders may be less 

active. 

Role of Nitrogen Source in Enhancing Biodegradation 

The type of nitrogen source had a profound impact on the detoxification efficiency, 

with peptone water yielding the highest degradation rate (87%) and enzyme activity (1.807 

OD) (Table 4). This can be attributed to the rich supply of peptides, amino acids, and 

growth factors in peptone, which support rapid protein synthesis, including the 

production of catabolic enzymes like phosphotriesterase. 

In contrast, ammonium chloride, an inorganic nitrogen source, resulted in the lowest 

degradation (55%) despite supporting moderate bacterial growth (3×10⁹ CFU/mL). This 

discrepancy suggests that while the bacterium can grow using inorganic nitrogen, it lacks 

the necessary organic precursors for optimal enzyme synthesis. This phenomenon has 

been documented in other biodegradation studies; for example, Kumar et al. (2010) found 

that organic nitrogen sources significantly enhanced the detoxification of chlorpyrifos by 

Bacillus spp., likely by promoting the expression of degradative genes. 

The superior performance with peptone water underscores the importance of 

nutrient composition in bioremediation systems. In real-world applications, 
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supplementing contaminated environments with organic nitrogen sources could 

significantly enhance the efficiency of microbial detoxification processes. 

Temperature Optimization and Thermal Sensitivity 

The optimal temperature for OP decay  was found to be 40°C, with a degradation 

rate of 79% and high enzyme activity (1.696 OD) (Table 5). This temperature falls within 

the mesophilic range, which is typical for Bacillus megaterium (Madigan et al., 2021). At 

30°C, the lower degradation rate (59%) may be due to reduced enzymatic kinetics and 

slower metabolic rates. 

However, a sharp decline in efficiency was observed at 50°C, where detoxification 

dropped to 51.72% and enzyme activity plummeted to 0.245 OD. This indicates that the 

phosphotriesterase enzyme is thermally sensitive and likely undergoes denaturation at 

elevated temperatures. This is consistent with the findings of Li et al. (2008), who reported 

that most bacterial phosphotriesterases exhibit optimal activity between 35°C and 45°C 

and lose stability above 50°C due to conformational changes in the enzyme structure. 

These results suggest that B. megaterium-based bioremediation would be most 

effective in temperate environments or controlled bioreactors where temperature can be 

maintained around 40°C. 

Optimal Substrate Concentration and Toxicity Threshold 

The highest detoxification efficiency was observed at 70 ppm of OPs, indicating that 

this concentration represents the optimal balance between substrate availability and 

toxicity. At lower concentrations (e.g., 50 ppm), the inducer signal for enzyme production 

may be insufficient, while at higher concentrations (e.g., 80 ppm), the compound may exert 

inhibitory effects on bacterial growth or enzyme function. 

This biphasic response—where detoxification efficiency increases with concentration 

up to a threshold and then declines—is a common feature in microbial biodegradation and 

is described by Michaelis-Menten-type kinetics (Ellis, 2006). The peak at 70 ppm suggests 

that B. megaterium has a relatively high tolerance for OPs, making it suitable for treating 

moderately contaminated water systems. 

Comparative Analysis with Other Biodegrading Strains 

The performance of Bacillus megaterium in this study compares favorably with other 

reported OP-degrading bacteria. For instance, Roldán et al. (2008) reported a maximum 

degradation of 65% for methyl parathion by Pseudomonas sp. after 7 days, while Zhang 

et al. (2011) observed 75% degradation of chlorpyrifos by Ochrobactrum sp. over 120 

hours. In contrast, B. megaterium achieved 70% degradation in just 90 hours, 

demonstrating its high metabolic efficiency. 

Moreover, the ability of this strain to function optimally at pH 4 and degrade OPs at 

concentrations up to 70 ppm highlights its potential as a robust bioremediation agent in 

challenging environments. 

Validation of Degradation Pathway and Toxicity Reduction 

 The most critical advancement in this study is the direct chemical confirmation of 

OP degradation and the identification of its metabolites. Unlike previous studies that 

relied solely on indirect indicators (e.g., enzyme activity, CFU counts), our HPLC data 

provide unambiguous quantitative evidence of Bacillus megaterium’s detoxification 

capacity. Furthermore, GC-MS analysis is pivotal, as it confirms that the degradation 

pathway catalyzed by B. megaterium leads to the formation of diethyl thiophosphate, a 

compound known for its significantly lower toxicity compared to the parent OP or its 

corresponding oxon form (e.g., paraoxon) (Singh & Walker, 2006). The absence of 

detectable oxon derivatives in our analysis strongly suggests that this strain employs a 

hydrolytic pathway that directly cleaves the P–S-alkyl bond, by passing the formation of 

highly neurotoxic intermediates. This finding is crucial for the practical application of this 

strain in bioremediation, as it ensures that the treatment process does not generate 

products more hazardous than the original pollutant — a key requirement for 

environmentally safe and sustainable remediation technologies. 
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5. Conclusion 

This study conclusively demonstrates that Bacillus megaterium exhibits a high 

potential for the biological detoxification of organophosphorus compounds (OPs) in 

agricultural water waste. The bacterium, isolated using the selective HiCrome Bacillus 

Agar medium and confirmed through a series of biochemical tests (Gram-positive, 

catalase-positive, urease-negative, methyl red-positive, indole-negative), proved to be a 

robust and metabolically active degrader under a range of experimental conditions. 

The Detoxification efficiency was significantly influenced by several environmental 

factors. The highest detoxification rate (70%) was achieved after 90 hours of incubation at 

a concentration of 70 ppm, with a corresponding phosphotriesterase enzyme activity of 

1.543 OD and a bacterial count of 9×10⁹ CFU/mL, indicating strong metabolic activity and 

enzyme induction over time (Table 2). 

Among the tested pH levels, pH 4 yielded the maximum degradation rate (72%) and 

the highest enzyme activity (2.774 OD), which is an exceptional finding given that most 

Bacillus species prefer neutral or alkaline conditions. This suggests that the strain used in 

this study may possess a unique acid-stable variant of phosphotriesterase, making it 

particularly suitable for application in acidic agricultural runoff. 

The choice of nitrogen source had a profound effect on biodegradation efficiency. 

Peptone water emerged as the most favorable nitrogen source, supporting an impressive 

87% degradation rate, likely due to its rich content of peptides and amino acids that 

enhance protein and enzyme synthesis. In contrast, inorganic nitrogen (ammonium 

chloride) resulted in lower efficiency (55%), highlighting the importance of organic 

nutrients in supporting catabolic pathways. 

Temperature optimization revealed that 40°C was the most conducive for 

detoxification (79%), while activity declined sharply at 50°C (51.72%), indicating thermal 

sensitivity of the enzyme system. This confirms that B. megaterium functions optimally as 

a mesophilic organism. 

Collectively, these results affirm that Bacillus megaterium is a highly effective, 

adaptable, and promising candidate for the bioremediation of organophosphorus-

contaminated water systems. Its ability to degrade OPs efficiently under optimized 

conditions—particularly at pH 4, with peptone as a nitrogen source, and at 40°C—

provides a solid foundation for developing targeted, sustainable, and eco-friendly 

wastewater treatment strategies in agricultural settings. 
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