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PESTICIDE USE ALTERS MICROBIAL PHOSPHOLIPID FATTY ACID PROFILE, BACTERIAL  ABUNDANCE AND DIVERSITY IN FARM SOILS



ABSTRACT
	Aim: This study evaluated the impact of pesticide use on soil bacterial community structure, abundance and diversity. Pesticide treated (PT) and untreated (UT) soils were obtained from a farmland at Onuebum Community, Bayelsa State, Nigeria. The UT soil served as the control.
Place and Duration of Study: Department of Microbiology Laboratory, Federal University Otuoke, Bayelsa State, Nigeria, between  May 2025 and June 2025.
Methodology: The soils were analyzed for pesticide residues and phospholipid fatty acids (PLFA) using Gas Chromatography-Mass Spectrometry (GC-MS). Isolation, enumeration and identification of bacterial species were done using standard microbiological techniques.
Results:  GC-MS revealed that PT soil had four organochlorine residues; Alpha-BHC (11.55 µg/kg), Aldrin (12.93 µg/kg), Heptachlor epoxide (1.05 µg/kg) and Gamma-chlordane (16.39 µg/kg) above Maximum Residue Limits (MRL) (7.4, 5, 0.6 and 4 µg/kg) respectively. However organophosphate residues in the soils were all below MRL (0.05 µg/kg). The UT soil had one organochlorine residue; Heptachlor epoxide (4.08 µg/kg) above MRL (0.6 µg/kg), while others were below MRL. The PT soil had one PLFA; palmitic acid (biomarker for General Bacteria) out of the compounds detected, while the UT soil had 18 PLFAs (biomarkers for General Bacteria, Fungi, Gram  negative and Gram positive bacteria). The mean total csulturable heterotrophic bacterial counts (TCHBC) recorded for PT and UT were 7.1 × 104 and 2.3 × 104 CFU/g respectively. A total of 9 and 6 bacterial isolates were recovered from PT and UT soils respectively. The identified isolates from UT soil were (Bacillus pumilus, Burkholderia cepacia, Chromobacterium sp., Bacillus spp., Serratia sp., Streptococcus sp.) and PT soil (Bacillus thuringiensis, Lysinbacillus xylanilyticus, Klebsiella quasipneumoniae, Enterobacter mori, Rossellomorea marisflavi, Priestia megaterium, Chryseobacterium gleum, Lysinibacillus sphaericus).
 Conclusion:  Findings from this study reveal a shift in the microbial community structure from a more diverse structure observed in UT soil to a less diverse structure observed in PT soil, selecting for mostly Bacillus species in (PT soil) known for their resilience under environmental stress. Therefore, integrated pest management and pesticide stewardship are recommended to reduce the negative impact of pesticides on agricultural soils.
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1. INTRODUCTION
Pesticides are a myriad of biologically active or chemical agents produced to control, repel, or kill pests that can harm crops, such as rodents, insects, weeds, fungi, and others (Jat et al., 2021; Sharma et al., 2023). They have diverse classes based on their target organisms, chemical nature or mode of action, and include rodenticides, insecticides, fungicides, nematicides and herbicides, which are applied extensively in agrosystems to ensure crop protection (from diseases and pests) and improve food security (Meena et al., 2020; Jat et al., 2021). Despite these benefits, pesticides are not always selective. They can remain or persist in the environment and affect non-target organisms, including beneficial microbial communities resident in the soil (Astaykina et al., 2020; Sim et al., 2022). Organochlorine pesticides (including aldrin, lindane, chlorinated derivatives of DDT, etc), as well as, organophosphates and carbamates are renowned for their persistence in the environment, resulting in biomagnification along food chains, increasing concerns for ecological and public-health effects (Zhou et al., 2025). The significant roles soil microorganisms play include nutrient cycling, bio-transformation of contaminated soils, maintenance of soil fertility among others (Yao et al., 2024, Kiprotich et al., 2025). Pesticides can impact negatively on these soil microorganisms and they do this through diverse mechanisms which include; altering microbial communities, disrupting cellular processes, and interfering with enzyme activity. These effects consequently results in reduced microbial diversity, impaired nutrient cycling and decreased soil fertility (Virk et al., 2024). Research has shown that the use of pesticides can exert profound effects on the community structure, diversity and abundance of soil bacteria (Peprah et al., 2025; Swaine et al., 2025). 
Soil bacterial abundance refers to the total number of bacterial cells present in the soil, which can decrease as a result of the direct toxic effects of pesticides (Onwona-Kwakye et al., 2020), while, soil bacterial diversity refers to the variety of different bacterial species or groups resident in a soil ecosystem. Pesticides use directly impact bacterial cells, inhibiting vital enzymatic activities required for cellular metabolism. This inhibition often leads to a decline in population density and richness in farmlands, especially among sensitive bacterial species (Al-Ani et al. 2019; Liu et al., 2020; Onwona-Kwakye et al., 2020). Similarly, Astaykina et al. (2020) reported that Agrosoddy-Podzolic soils treated with pesticides showed a significant reduction in bacterial biomass compared to untreated soils. They attributed this to the toxic effects of pesticide residues which disrupted the physiological processes of bacteria. Furthermore, a decrease in this diversity can indicate a less functional and resilient ecosystem (Feld et al., 2015). Ataikiru et al. (2019) reported long-lasting decreased bacterial abundance and microbial diversity resulting from soil’s repeated exposure to pesticides. Resistant species such as Pseudomonas and Bacillus often thrive while sensitive species decline, leading to dominance by a few taxa (Feld et al., 2015).

Soil bacterial community structure describes the specific types of bacteria and their relative proportions present in a soil ecosystem. With soil exposure to pesticides, microbial community structure can shift dramatically as certain sensitive bacterial populations decline while more tolerant or even pesticide-degrading species might increase (Ni et al., 2025; Peprah et al., 2025). Maharana et al. (2025) observed that long-term use of pesticide selects for resistant and opportunistic taxa such as pesticide degraders, while suppressing generalist bacteria. A study on pesticide-spiked fields revealed that Actinobacteria, Bacteriodetes and Firmicutes became dominant in treated soils, while Proteobacteria declined in untreated soils (Gangola et al., 2023). Phospholipid fatty acids (PLFAs) analysis is a widely used technique for assessing changes in soil microbial community structure especially after pesticide exposure because PLFAs are vital components of living microbial cell membranes that rapidly degrade after cell death (Rieke & Cappellazzi, 2021). Microorganisms produce PLFAs of different chain lengths and composition as a way to maintain cell membrane integrity and function in response to their surrounding environmental conditions (Quideau et al., 2016). These PLFAs are partly specific to eco-physiological groups including mycorrhizal fungi, Gram-positive and Gram-negative bacteria, and actinomycetes (Buyer & Sasser, 2012). These eco-physiological groups express unique PLFA profiles that may vary in response to environmental conditions (Frostegard et al., 2011). Different PLFAs are classified based on their structural properties, including branching pattern, saturation degree and the length of the fatty acid tail. Mono-unsaturated PLFAs (16:1w9c, 16:1w7c, 16:1w7t, 18:1w7c, 18:1w7t, and 18:1w5c) are found in Gram-negative bacteria, Branched mono-unsaturated (i17:1w7c) is used as a biomarker for Desulfovibrio, Mid-chain branched saturated PLFAs (10me18:0 and 10me16:0) are considered biomarkers for Actinomycetes and also for Gram-positive bacteria (Semenov et al., 2025). Various terminally branched saturated PLFAs (i14:0, i15:0, a15:0, i16:0, i17:0, and a17:0) are typical for Gram-positive bacteria, Polyunsaturated PLFAs (18:2w6, 18:3w3, and 20:5w3) could be an indicator of fungi and plants, 18:1w9c in fungi and plants, and 20:1w9c only in fungi, cy17:0 and cy19:0 in starving Gram-negative bacteria, 16:1w5c in Gram-negative and arbuscular mycorrhizal fungi (AMF), and 20:4w6 of protozoa (Muskus et al., 2022; Semenov et al., 2025). Some PLFAs are also suggested as biomarkers of soil processes: 16:1w5c was suggested as a biomarker of soil carbon sequestration potential and of annamox (Agnihotri et al., 2023).
Phospholipid fatty acids markers for Gram-negative bacteria and AMF are higher in soils under reduced tillage compared to conventional tillage (Hydbom et al., 2017; Zhong et al., 2017). Studies show inconsistent trends in PLFA content following pesticide application. Pesticide application can significantly alter the composition, biomass and functional groups of soil bacteria as detected by PLFA profiles (Douibi et al., 2024). Some herbicides may affect microbial community structure, as indicated by changes in PLFA profiles, but these alterations tend to be temporary (Semenov et al., 2025). PLFA markers were not sensitive to the herbicide glyphosate, either at normal field application rates or at rates simulating a chemical spill (Semenov et al., 2025). In another study, some glyphosate formulations decreased PLFA markers of both Gram-positive and Gram-negative bacteria in one of the studied soils (Banks et al., 2014). Furthermore, high inputs of methamidophos in soil led to an increase in bacterial PLFAs and a decrease in fungal PLFA contents as reported by (Semenov et al., 2025).
According to several studies, PLFA profiling shows similar results to 16S rDNA microbial gene profiling (Orwin et al., 2018; Changey et al., 2022). Phospholipid fatty acids are included in biomarker sets for soil health assessment, such as the NAPESHM project (Rieke & Cappellazzi, 2021), and are incorporated in ISO/TS 29843-2:2021 as a tool to analyze soil quality from a microbiological perspective (ISO/TS, 2021).
Beyond ecological concerns, the presence of pesticide residues in agricultural soils also poses potential risks to human health through the food chain (Umaru & Umar, 2024). The wide use of organochlorine and organophosphates pesticides can accumulate in the food chain, threaten higher trophic levels and magnify (amplify) the potential for adverse public health effects such as cancer, acute poisoning and neurological disorders (Zhou et al., 2025). Hence, this study was conducted to comprehensively evaluate the effect of pesticide residues on soil bacterial abundance, diversity, and  community structure using phospholipids fatty acid profiling and molecular identification, with implications  for soil health, environmental sustainability, and public health risk management.
 
2. MATERIAL AND METHODS

2.1 Study Area

The study was conducted at the Department of Microbiology, Federal University Otuoke, Bayelsa State, Nigeria. The GPS coordinates of the location are between 4°47'27.91"N and 4°47'44.37"N Latitudes, and 6°19'19.4"E and 6°19'52.12"E Longitudes.

2.2. Sample Collection
Sample collection was done following the method of Norby  et al. (2024). Soil samples were collected from a farmland under long-term pesticides use at Onuebum, community, Bayelsa State, Nigeria, located between coordinates 4.8071o N and 6.2619o E. Three independent top soil samples (0-10 cm depth) from the pesticide contaminated farmland and control soil (50 metres from the pesticide contaminated farmland) were collected from randomly selected points within each site and pooled to form a composite sample for analysis.
2.3 Pesticides Residue Analysis of the Pesticide-treated and untreated soil
2.3.1 Organochlorine and organophosphate pesticide residue analysis
The United States Environmental Protection Agency method 3540C (USEPA, 1996) was adopted for the extraction and analysis of organochlorine and organophosphate pesticides (OCPs and OPPs) residues from the samples. A mass of 10.0 g of the soil was homogenized with an equal mass of anhydrous sodium sulfate (Na2SO4) and spiked with 20 ng of TCmX and PCB-209 as surrogate standards prior to extraction. A Soxhlet extraction was carried out on the homogenate with a 100 mL aliquot of 1:1 (v/v) DCM/hexane for 15 hrs. The extract was concentrated to 2 mL by vacuum rotary evaporation and subsequently, purified on an alumina/ silica gel packed column. The OCPs and OPPs were eluted individually from the column with 30 mL of 3:1 (v/v) DCM/hexane. The eluate was reduced to 1 mL with a gentle stream of nitrogen gas. The identities and concentrations of OCPs and OPPs in the samples were determined with an Agilent 7980A gas chromatography coupled to an agilent 5975C mass selective detector. The separation was effected on a DB-5 capillary column (30 m × 0.25 mm × 0.25 μm) with 99.9 % purity helium as the carrier gas at a constant flow rate of 1 mL/min. Sample injection was by a pulsed splitless mode with an injection volume of 1μL. The oven temperature was initially set at 70 oC for 3 min, then raised at 15oC min-1 to 180oC, and further raised at 30oC min-1  to 290oC.
2.4 Physico-chemical  Analysis  of  the pesticide contaminated and control soils.
2.4.1 pH and Conductivity
pH and conductivity were measured using a digital Oakton pH meter (model PCD 650) and HANNA Conductivity/TDS meter (HI 9835) respectively. The pH and Conductivity meters were standardized with buffer solutions (4 & 7) and conductivity standard solution respectively. The tip of the probe in each case was rinsed with deionized water and cleaned, then immersed in the soil sample solution and the corresponding steady readings were taken in each case (APHA, 2017). Measurements were taken once per sample.
2.4.2 Salinity
This was measured by the electrical conductivity method (APHA 2510) using Oakton (model PCD 650) multi-parameter water quality meter (APHA, 2022).	
2.4.3 Nitrate and Phosphate
This was done following the method of APHA (2017), using PG T60 UV spectrophotometer. A sample cell was filled with 10 mL of the sample extract and the contents of one nitrate reagent and phosphate reagent powder pillows were added respectively (to the prepared sample). A second sample cell was filled with the sample (the blank) used to zero the equipment. The prepared sample were placed into the cell holder and results were expressed in mg/kg. 
2.4.4 Moisture Content
The method used for determining moisture content in soil was based on ASTM D2216. This is a simple weight loss technique obtained at temperature range of 105 to 115oC with the moisture content result expressed in percentage.
2.4.5 Particle Size Distribution (PSD)
The method was adopted from ASTM D1921-Practice for Description and identification of soils (usual -manual procedure) with contributions from other standards such as ASTM D2487 and D422. Soil samples were classified as clay, sandy, loam, and silt.
2.4.6 Total organic carbon and Soil organic matter
The Walkey & Black technique was employed in the estimation of soil percentage organic carbon (SOC) and organic matter (SOM) (Walkley & Black 1934). 

2.5 Phospholipid Fatty Acids (PLFA) analysis of the soil samples
The phospholipid fatty acids in both soil samples were analysed following the method described by Giray et al. (2024). The fatty acid fractions of PLFAs were analyzed separately on a gas chromatograph by automatic injection of aliquots. For each sample, different PLFAs were considered be the representative of different groups of soil microorganisms. Purification and separation of the PLFAs was carried out, using a solid phase extraction (SPE). For measuring the specific PLFAs, solved extracts were hydrolyzed and methylated to fatty acid methyl esters (FAMEs). The prepared samples were measured on a gas chromatograph-mass spectrometry system (Agilent 19091S-433UI g) coupled to an agilent 5977B mass selective detector, and displayed with the program Mass Hunter, using an external standard. The specific column was Agilent J&W HP-5ms Ultra Inert with dimension (30 m × 0.25 mm × 0.25 μm), 
2.6 Culture-Dependent Analysis 
2.6.1 Isolation, enumeration and tentative identification of bacterial isolates from soil samples
Following the method described by Ajuzieogu et al. (2015), ten (10) grams of individual soil samples were thoroughly homogenized with 90 mL of sterile water to make suspensions. The suspensions were diluted serially (10-1 to 10-5) using physiological saline and 0.1 mL of individual dilution (10-3 and 10-4) were plated on Nutrient agar in duplicates and incubated at 37⁰C for 24-48 hours. Observed colonies were counted and expressed as Colony Forming Units per gram (CFU/g). Discrete colonies were purified with repeated subculture and maintained in nutrient agar slants at 4⁰C for further biochemical tests. The bacterial isolates were characterized based on their morphological, Gram reaction and biochemical properties as described by Cheesbrough (2005). Biochemical tests such as citrate utilization, catalase, Triple sugar iron test, motility and urease tests were performed. Isolates were coded based on sample type and cultural morphology. 
2.7 Molecular Identification of Bacterial Isolates
2.7.1 Bacteria DNA extraction, 16S rRNA Amplification and Sequencing of 16S rRNA
Extraction was done using the Fungi/Bacteria DNA mini prep extraction kit according to Saitou & Nei (1987). The ultra-pure DNA was then stored at -20oC for other downstream reaction. The 16S rRNA region of the rRNA genes of the isolates were amplified using the 27F: 5'-AGAGTTTGATCMTGGCTCAG-3’ and 1492R: 5'-CGGTTACCTTGTTACGACTT-3’ primers on an ABI 9700 Applied Biosystems thermal cycler at a final volume of 50 microlitres for 35 cycles. The PCR mix included: the X2 Dream Taq Master mix supplied by Inqaba, South Africa (Taq polymerase, dNTPs, MgCl), the primers at a concentration of 0.4 μM and the extracted DNA as template. The PCR conditions were as follows: Initial denaturation, 95ºC for 5 minutes; denaturation, 95ºC for 30 seconds; annealing, 52ºC for 30 seconds; extension, 72ºC for 30 seconds for 35 cycles and final extension, 72ºC for 5 minutes. The product was resolved on a 1% agarose gel at 120V for 15 minutes and visualized on a UV transilluminator.
Sequencing was done using the BigDye Terminator kit on a 3510 ABI sequencer by Inqaba Biotechnological, Pretoria South Africa. The sequencing was done at a final volume of 10ul, the components included 0.25 ul BigDye® terminator v1.1/v3.1, 2.25ul of 5 x BigDye sequencing buffer, 10uM Primer PCR primer, and 2-10ng PCR template per 100bp. The sequencing conditions were as follows 32 cycles of 96°C for 10s, 55°C for 5s and 60°C for 4min.
2.7.2 Phylogenetic Analysis
Obtained sequences were edited using the bioinformatics algorithm Trace edit, similar sequences were downloaded from the National Center for Biotechnology Information (NCBI) data base using BLASTN.  These sequences were aligned using ClustalX. The evolutionary history was inferred using the Neighbor-Joining method in MEGA 6.0 (Saitou & Nei, 1987). The bootstrap consensus tree inferred from 500 replicates (Felsenstein, 1985) is taken to represent the evolutionary history of the taxa analysed. The evolutionary distances were computed using the Jukes-Cantor method (Jukes & Cantor, 1969).
3. results

3.1Pesticide residues in pesticide-treated and untreated soils
The organochlorine and organophosphate pesticides residues in both soils are presented in Tables 1, 2, 3, and 4. The OCPs [Alpha-BHC (11.55 µg/kg), Aldrin (12.93µg/kg), Heptachlor epoxide (1.05 µg/kg), and Gamma-chlordane (16.39 µg/kg)] in the pesticide contaminated soil were above Maximum Residue Limits (MRL) (7.4, 5, and 0.6 and > 4 µg/kg) respectively. The OCPs [Heptachlor epoxide (4.08 µg/kg)] for the control soil was above Maximum Residue Limits (MRL) (0.6 µg/kg) respectively.

Table 1. Pesticide residues of organochlorine pesticide (OCPs) in the pesticide contaminated soil
	S/N
	Target Compounds
	Concentration units (µg/kg)
	Maximum Residue Limit (µg/kg)
	Reference

	1
	Alpha-BHC
	11.55
	>7.4
	ATSDR, 2005

	2
	Beta-BHC
	0.90
	30
	EU, 2017

	3
	Gamma-BHC
	3.07
	9
	USEPA, 1996

	4
	Heptachlor
	2.37
	20
	FAO/WHO, 2020

	5
	Delta-BHC
	1.71
	400
	ASTDR, 2005

	6
	Aldrin
	12.93
	5
	EU, 2017

	7
	Heptachlor epoxide
	1.05
	0.6
	EU, 2017

	8
	Gamma-chlordane
	16.39
	>4
	EU, 2017

	9
	Alpha-chlordane
	0.26
	>4
	EU, 2017

	10
	Endosulfan I
	1.85
	4
	USEPA, 1996

	11
	P, P’-DDE
	21.78
	2000
	ASTDR, 2005

	12
	Dieldrin
	4.22
	20
	USEPA, 1996

	13
	Endrin
	5.22
	10
	USEPA, 1996

	14
	P, P’-DDD
	1.66
	100
	FAO/WHO, 2020

	15
	Endosulfan II
	10.83
	4
	USEPA, 1996

	16
	P, P’-DDT
	0.91
	10
	USEPA, 1996

	17
	Endrin aldehyde
	1.51
	10
	EU, 2017

	18
	Endosulfan Sulphate
	0.42
	4
	EU, 2017

	19
	Methoxychlor
	0.04
	20,000
	WHO, 2017

	20
	Endrin ketone
	6.12
	NA
	NA


* ASTDR: Agency for Toxic Substances and Disease Registry, EU: European Union and Regulatory Central Baltic, FAO: Food and Agricultural Organization of the United Nations, WHO: World Health Organization, US EPA: United States Environmental Protection Agency, NA: Not available, µg/kg :  microgram per kilogram

Table 2. Pesticide residues of organophosphate pesticide (OPPs) in the pesticide contaminated soil
	S/N
	Target Compounds
	Concentration units (µg/kg)
	Maximum Residue Limit (µg/kg)
	Reference

	1
	1,3-dimethyl-2-nitrobenzene
	5.78
	NA
	NA

	2
	Diazinone
	2.47
	10
	EU,  2017

	3
	Isazophos
	0.09
	NA
	NA

	4
	Chlorpyrifos-methyl
	1.06
	NA
	NA

	5
	Pirimiphos-methyl
	0.14
	30
	USEPA, 1996

	6
	Fenitrothion
	0.11
	NA
	NA

	7
	Pirimiphos-ethyl
	0.16
	30
	USEPA, 1996

	8
	Quinalphos
	0.18
	NA
	NA

	9
	Chlorpyrifos
	4.43
	30
	USEPA, 1996

	10
	Triphenyl phosphate
	0.26
	NA
	NA

	11
	EPN
	0.39
	NA
	NA

	12
	Phosalone
	0.74
	NA
	NA

	13
	Pyrazophos
	1.41
	NA
	NA

	14
	Azinphos-ethyl
	2.74
	NA
	NA

	15
	Pyraclofos
	7.85
	10
	EU, 2017


*US EPA: United States Environmental Protection Agency, NA: Not available, µg/kg :  microgram per kilogram; EU: European Union and Regulatory Central Baltic

Table 3. Pesticide residues of organochlorine pesticide (OCPs) in control soil

	S/N
	Target Compounds
	Concentration units (µg/kg)
	Maximum Residue Limit
(µg/kg)
	Reference

	1
	Alpha-BHC
	1.24
	>7.4
	ATSDR, 2005

	2
	Beta-BHC
	0.33
	30
	EU, 2017

	3
	Gamma-BHC
	0.88
	9
	USEPA, 1996

	4
	Heptachlor
	3.97
	20
	FAO/WHO, 2020

	5
	Delta-BHC
	0.00
	400
	ASTDR, 2005

	6
	Aldrin
	4.83
	5
	EU, 2017

	7
	Heptachlor epoxide
	4.08
	0.6
	EU, 2017

	8
	Gamma-chlordane
	1.95
	>4
	EU, 2017

	9
	Alpha-chlordane
	0.63
	>4
	EU, 2017

	10
	Endosulfan I
	0.05
	4
	USEPA, 1996

	11
	P, P’-DDE
	0.33
	2000
	ASTDR, 2005

	12
	Dieldrin
	2.02
	20
	USEPA, 1996

	13
	Endrin
	0.48
	10
	USEPA, 1996

	14
	P, P’-DDD
	2.69
	100
	FAO/WHO, 2020

	15
	Endosulfan II
	1.98
	4
	USEPA, 1996

	16
	P, P’-DDT
	4.52
	10
	USEPA, 1996

	17
	Endrin aldehyde
	0.64
	10
	EU, 2017

	18
	Endosulfan Sulphate
	1.50
	4
	EU, 2017

	19
	Methoxychlor
	0.46
	20,000
	WHO, 2017

	20
	Endrin ketone
	1.21
	NA
	NA


* ASTDR: Agency for Toxic Substances and Disease Registry, EU: European Union and Regulatory Central Baltic, FAO: Food and Agricultural Organization of the United Nations, WHO: World Health Organization, US EPA: United States Environmental Protection Agency, NA: Not available, µg/kg :  microgram per kilogram


Table 4. Pesticide residues of organophosphate pesticide (OPPs) in control soil
	S/N
	Target Compounds
	Concentration units
(µg/kg)
	Maximum Residue Limit
(µg/kg)
	Reference

	1
	1,3-dimethyl-2-nitrobenzene
	0.12
	NA
	NA

	2
	Diazinone
	0.01
	10
	EU, 2017

	3
	Isazophos
	0.10
	NA
	NA

	4
	Chlorpyrifos-methyl
	0.16
	NA
	NA

	5
	Pirimiphos-methyl
	0.01
	30 
	USEPA, 1996

	6
	Fenitrothion
	0.17
	NA
	NA

	7
	Pirimiphos-ethyl
	0.03
	30 
	USEPA, 1996

	8
	Quinalphos
	0.11
	NA
	NA

	9
	Chlorpyrifos
	0.52
	30 
	USEPA, 1996

	10
	Triphenyl phosphate
	0.28
	NA
	NA

	11
	EPN
	0.47
	NA
	NA

	12
	Phosalone
	0.05
	NA
	NA

	13
	Pyrazophos
	0.80
	NA
	NA

	14
	Azinphos-ethyl
	0.11
	NA
	NA

	15
	Pyraclofos
	0.04
	10 
	EU, 2017


*US EPA: United States Environmental Protection Agency, NA: Not available, µg/kg :  microgram per kilogram; EU: European Union and Regulatory Central Baltic


3.2 Physico-chemical properties of pesticide contaminted and control soils
The physico-chemical properties of the pesticide contaminated and control soils are presented in Table 5. Soil pH was 4.10 and 4.28 for untreated and pesticide contaminated soils respectively, while phosphate concentrations in pesticide treated and control soils were 1.20 mg/kg and 0.82 mg/kg, respectively.

Table 5. Physico-chemical properties of pesticide contaminated and control soils
	S/N
	Parameters
	Control
	Pesticide contaminated soil

	1
	PH
	4.10
	4.28

	2
	Conductivity (µS/cm)
	20.00
	26.10

	3
	Salinity (ppt)
	0.02
	0.02

	4
	Moisture Content (%)
	12.21
	10.54

	5
	Nitrate (mg/kg)
	1.46
	2.19

	6
	Phosphate (mg/kg)
	0.82
	1.20

	7
	Soil Organic Matter (%)
	3.40
	3.70

	8
	Soil Organic Carbon (%)
	2.06
	2.14

	
	(PSD) (%)

	9
	Sand (%)
	68.50
	65.10

	10
	Silt (%)
	22.40
	26.30

	11
	Clay (%)
	9.10
	8.60


*PSD: Particle size distribution
3.3 Phospholipid fatty acids profile of the pesticides contaminated soil
The PLFA analysis of the pesticide contaminated soil detected a total of 45 compounds as shown in Table 6. Only one PLFA (C16:0 also known as palmitic acid) was identified, which is a biomarker for general bacteria. The remaining compounds were hydrocarbons, phthalates, and related organic residues not linked to microbial groups. The total relative abundance of PLFA identified  was 0.63%.
3.4 Phospholipid fatty acids profile of the control soil
The PLFA analysis of the control soil detected 34 compounds, out of which 13 PLFAs were identified, as shown in Table 7. The PLFA were biomarkers for general bacteria, Gram-negative bacteria, Gram-positive bacteria, and fungi. The total relative abundance PLFA identified  was 4.36%. 
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Table 6. Phospholipid fatty acids profile of the pesticides contaminated soil

	S/N
	Target compounds
	Relative abundance (Percent Area points) 
	Phospholipid Fatty acids
notation
	Biomarker for microbial group

	1
	Dodecane
	3.97
	Nil
	Nil

	2
	Benzocycloheptatriene
	2.32
	Nil
	Nil

	3.
	Naphthalene, 1-methyl-
	0.65
	Nil
	Nil

	4
	Tetradecane
	0.47
	Nil
	Nil

	5
	Naphthalene, 2,6-dimethyl-
	0.38
	Nil
	Nil

	6
	Naphthalene, 1,4-dimethyl-
	0.23
	Nil
	Nil

	7
	Naphthalene, 1,6-dimethyl-
	0.39
	Nil
	Nil

	8
	Pentadecane
	0.25
	Nil
	Nil

	9
	5-Octadecene,(E)-
	0.17
	Nil
	Nil

	10
	Hexadecane
	0.44
	Nil
	Nil

	11
	Heptadecane
	0.32
	Nil
	Nil

	12
	Pentadecane, 2,6,10,14-tetramethyl
	0.16
	Nil
	Nil

	13
	E-15-Heptadecenal
	0.36
	Nil
	Nil

	14
	Octadecane
	0.41
	Nil
	Nil

	15
	Octadecane
	0.19
	Nil
	Nil

	16
	Carbonic acid, eicosyl vinyl ester
	0.28
	Nil
	Nil

	17
	1-Nonadecene
	0.20
	Nil
	Nil

	18
	Nonadecane
	0.25
	Nil
	Nil

	19
	Octadecane
	0.39
	Nil
	Nil

	20
	2-Dodecen-1-yl(-)succinic anhydride
	0.13
	Nil
	Nil

	21
	2,4,7,14-Tetramethyl-4-vinyl-tricyclo[5.4.3.0(1,8)]tetradecan-6-ol
	0.19
	Nil
	Nil

	22
	n-Hexadecanoic acid 
	0.63
	C16:0
	General bacteria

	23
	Cyclohexadecane, 1,2-diethyl-
	0.44
	Nil
	Nil

	24
	Eicosane
	0.48
	Nil
	Nil

	25
	Triacontyl heptafluorobutyrate
	0.27
	Nil
	Nil

	26
	Tetrapentacontane, 1,54-dibromo-
	0.24
	Nil
	Nil

	27
	Tetratriacontyl pentafluoropropionate
	0.23
	Nil
	Nil

	28
	Dotriacontyl pentafluoropropionate
	0.12
	Nil
	Nil

	29
	Heptadecane, 2-methyl-
	0.39
	Nil
	Nil

	30
	1-Docosene
	0.25
	Nil
	Nil

	31
	Nonadecane
	0.35
	Nil
	Nil

	32
	1-Eicosene
	0.50
	Nil
	Nil

	33
	Triacontyl heptafluorobutyrate
	0.41
	Nil
	Nil

	34
	1-Hexacosanol
	0.27
	Nil
	Nil

	35
	Octadecane
	0.32
	Nil
	Nil

	36
	Dotriacontyl pentafluoropropionate
	0.18
	Nil
	Nil

	37
	Nonadecane
	0.62
	Nil
	Nil

	38
	Heneicosane
	0.27
	Nil
	Nil

	39
	Dotriacontyl pentafluoropropionate
	0.25
	Nil
	Nil

	40
	Tricosane
	0.38
	Nil
	Nil

	41
	Hexadecane
	0.21
	Nil
	Nil

	42
	9-(2',2'-Dimethylpropanoilhydrazono)-3,6-dichloro-2,7-bis-[2-(diethylamino)-ethoxy]fluorene
	0.51
	Nil
	Nil

	43
	Bis(2-ethylhexyl) phthalate
	79.48
	Nil
	Nil

	44
	Tricosane
	0.13
	Nil
	Nil

	45
	Squalene
	0.94
	Nil
	Nil

	
	Total Relative abundance of PLFA identified
	
	0.63%
	
















[bookmark: _GoBack]Table 7. Phospholipid fatty acids profile of the control soil

	S/N
	Target compounds
	Relative abundance (Percent Area points) 
	Phospholipid Fatty acids
notation
	Biomarker for microbial group

	1.
	Naphthalene
	5.47
	Nil
	Nil

	2.
	L-Alanine,TMSderivative
	0.42
	Nil
	Nil

	3.
	Naphthalene,2-methyl-
	2.3
	Nil
	Nil

	4.
	Naphthalene,2-methyl-
	0.87
	Nil
	Nil

	5.
	Tetradecane
	0.2
	Nil
	Nil

	6.
	Naphthalene,1,6-dimethyl-
	0.28
	Nil
	Nil

	7.
	Naphthalene,2,7-dimethyl-
	0.6
	Nil
	Nil

	8.
	Pentadecane
	0.23
	Nil
	Nil

	9.
	Hexadecane
	0.36
	Nil
	Nil

	10.
	Heptadecane
	0.17
	Nil
	Nil

	11.
	Propanamide
	0.2
	Nil
	Nil

	12.
	E-15-Heptadecenal
	0.18
	Nil
	Nil

	13.
	Octadecane
	0.16
	Nil
	Nil

	14.
	N-sec-Butyl-n-propylamine
	0.23
	Nil
	Nil

	15.
	Hexadecanoic acid, methyl ester
	0.31
	16:0
	General bacteria

	16.
	Dibutyl phthalate
	0.14
	Nil
	Nil

	17.
	n-Hexadecanoic acid
	1.09
	16:0
	General bacteria

	18.
	1-Octadecene
	0.18
	Nil
	Nil

	19.
	Eicosane
	0.11
	Nil
	Nil

	20. 
	2(1H)-Naphthalenone,
octahydro-4a-methyl-7-(1-methylethyl)-, (4a.alpha.,7.beta.,8a.beta.)-
Methyl 6,11-octadecadienoate
Methyl 7,12-octadecadienoate

	0.14
	Nil
Nil

18:2
18:2
	Nil
Nil

Fungi (saprophytic)
Fungi (saprophytic)

	21.
	9-Octadecenoic acid(Z)-,methyl ester
	0.55
	18:1
	Gram-negative bacteria/eukaryotes

	22.
	3-Butenamide
	0.15
	Nil
	Nil

	23.
	Methyl stearate
Heptadecanoic acid,14-methyl-,methylester
	0.18
	18:0
17:0iso/anteiso
	General bacteria
Gram-positive bacteria

	24.
	Dodeca-1,6-dien-12-ol,6,10-dimethyl-
	0.26
	Nil
	Nil

	25.
	Octadec-9-enoic acid
9-Octadecenoic acid,(E)-
	1.03
	
18:1
	
Gram-negative bacteria

	26.
	cis-Vaccenic acid, 
cis-13-Octadecenoicacid, 
trans-13-Octadecenoic acid
	0.6
	18:1ω7c
18:1
18:1
	Gram-negative bacteria
Gram-negative bacteria/eukaryotes
Gram-negative bacteria/eukaryotes



	27.
	cis-13-Octadecenoic acid, 
Oleic Acid
	0.46
	18:1
18:1ω9c
	Gram-negative bacteria/eukaryotes
Fungi

	28.
	2-(Heptyloxycarbonyl)benzoic acid
	0.21
	Nil
	Nil

	29.
	Bis(2-ethylhexyl) phthalate
	82.18
	Nil
	Nil

	30.
	Trichothec-9-en-4-ol,
7,8:12,13-diepoxy-,
2-butenoate,[4.beta.(Z),7.beta.,8.beta.]-
	0.42
	Nil
	Nil

	31.
	Cyclotrisiloxane, hexamethyl-
	0.08
	Nil
	Nil

	32. 
	Benzo[h]quinoline,2,4-dimethyl-
	0.13
	Nil
	Nil

	33.
	Benzo[h]quinoline,2,4-dimethyl-
	0.03
	Nil
	Nil

	34.
	1,2-Benzisothiazol-3-amine,TBDMS derivative
	0.06
	Nil
	Nil

	
	Total Relative abundance of PLFA identified
	
	4.36%
	

















3.5 Enumeration of bacterial isolates from the pesticide-contaminated and control soils
The bacterial counts from the pesticide contaminated and control soils are presented in Table 8. Total culturable heterotrophic bacterial counts (TCHBC) from the control was 7.1 x 104 CFU/g, while the pesticide contaminated soil was 3.6 x 104 CFU/g.

Table 8. Bacterial population of the pesticide contaminated and control soils
	S/N
	Sample 
	Total culturable heterotrophic bacteria counts
(CFU/g)

	1. 
	Control
	7.1 × 104 ±0.070

	2. 
	Pesticide contaminated soil
	2.3 × 104  ±1.838


* NA: Not available, CFU/g: Colony forming unit per gram
3.6 Gram reaction and biochemical characteristics of the bacterial isolates
The Gram reaction and biochemical characteristics of the isolates are shown in Table 9. Bacterial  Isolates from the pesticide contaminated soil were mostly Gram positive bacteria from the Genus Bacillus.


Table 9: Gram reaction and biochemical characteristics of bacterial isolates
	
S/N
	Isolate code
	Gram reaction
Shape    Colour
	Citrate
	Catalase
	    TSI

Slant    Butt       Gas        H₂S            Motility      Urease
	Probable Identity of Organism

	1
	BSCF
	Rods
	Purple
	-ve
	+ve
	Yellow
	Yellow
	-ve
	-ve
	-ve
	-ve
	Bacillus sp.

	2
	BSWR
	Rods
	Purple
	-ve
	+ve
	Red
	Yellow
	-ve
	+ve
	-ve
	+ve
	Bacillus sp.

	3
	CPUR
	Rods
	Pink
	+ve
	+ve
	Red
	Yellow
	-ve
	+ve
	-ve
	-ve
	Chromobacterium violaceum

	4
	CDCIM
	Rods
	Purple
	+ve
	+ve
	N/A 
	N/A
	NA
	NA
	+ve
	-ve
	Bacillus sp.

	5
	CCRH
	Rods
	Purple
	+ve
	+ve
	N/A 
	N/A
	NA
	NA
	-ve
	+ve
	Bacillus sp.

	6
	CRED
	Rods
	Pink
	+ve
	+ve
	Red
	Yellow
	-ve
	-ve
	-ve
	-ve
	Serratia sp.

	7
	CLY
	Rods
	Pink
	N/A
	-ve
	N/A
	N/A
	NA
	NA
	-ve
	+ve
	Pseudomonas sp.

	8
	CCWRG
	Cocci
	Purple
	+ve
	-ve
	Red
	Yellow
	-ve
	-ve
	-ve
	+ve
	Streptococcus sp.

	9
	RACWR
	Rods
	Purple
	-ve
	+ve
	Red
	Red
	-ve
	-ve
	NA
	NA
	_

	10
	RAPPF
	Rods
	Purple
	+ve
	+ve
	Yellow
	Yellow
	-ve
	+ve
	-ve
	-ve
	Bacillus sp.

	11
	RBRW
	Rods
	Purple
	-ve
	+ve
	Yellow
	Red
	-ve
	-ve
	+ve
	+ve
	Bacillus sp.

	12
	RBRCL
	Rods
	Purple
	-ve
	+ve
	Red
	Yellow
	-ve
	-ve
	NA
	NA
	Bacillus sp.

	13
	RBRY
	Rods
	Pink
	N/A
	+ve
	N/A 
	N/A
	N/A
	N/A
	-ve
	+ve
	NA

	14
	RBRCR
	Rods
	Pink
	+ve
	+ve
	Yellow
	Red
	+ve
	-ve
	+ve
	-ve
	Klebsiella sp.

	15
	RBRW2
	Rods
	Pink
	+ve
	+ve
	N/A 
	N/A
	NA
	NA
	NA
	NA
	Enterobacter sp.


*+ve: positive, -ve: negative, sp: species, NA: Not available, TSI: Triple sugar iron, H2S: Hydrogen sulphide
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3.7 The 16S rRNA identities of the bacterial isolates
The 16S rRNA identities of the bacterial isolates are displayed in in [Plate 1], [Figure 1] and [Table 10]. Majority of the isolates recovered from the pesticide contaminated soil belonged to the Bacillus genus; as Bacillus thuringiensis, Priestia megaterium, and others, while bacteria from the control soil were identified as Burkholderia cepacia, Bacillus pumilus and others.
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Plate 1. Agarose gel electrophoresis of selected bacterial isolates. Lanes 1 - 11 represent 16SrRNA gene bands (1500bp). Lane C represents the 100bp Molecular ladder.
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Fig 1. The evolutionary relationship of the bacterial isolates with closely related reference sequences from NCBI
Table 10: 16S rRNA identification of the bacterial isolates
	Isolate Code
	Closest Match (NCBI BLAST)
	Percentage Similarity index

	BSCF
	Bacillus thuringiensis 
	100

	BSWR
	Lysinibacillus xylanilyticus
	100

	CCRH
	Bacillus pumilus
	100

	CLY
	Burkholderia cepacia
	100

	RBRCR
	Klebsiella quasipneumoniae
	100

	RBRW2
	Enterobacter mori
	100

	RACWR
	Rossellomorea marisflavi
	100

	RAPPF
	Priestia megaterium
	100

	RBRY
	Chryseobacterium gleum
	100

	RBRCL
	Lysinibacillus sphaericus
	100

	RBRW
	Bacillus thuringiensis
	100






3.8 Comparative bacterial diversity across the control ad pesticide contaminated soils
 The comparative bacterial diversity of both soils are displayed in Figures 2 and 3. The pesticide contaminated soil was dominated by members of the Bacillales Order [Bacillus thuringiensis (22.22%) and  Lysinibacillus spp. (22.22%)] (Figure 3), while the control soil was dominated by Bacillus species (Figure 2).




Fig.2. Comparative bacterial diversity of the control soil




Fig.3. Comparative bacterial diversity of the pesticide contaminated soil




DISCUSSION
Pesticide residue analysis revealed detectable levels of both organochlorine (OCPs) and organophosphate (OPPs) pesticide residues in the pesticide treated soils  (Tables 1 and 2). Organochlorine residues such as alpha-BHC (11.53 µg/kg), aldrin (12.93 µg/kg), Heptachlor epoxide (1.05 µg/kg) and gamma-chlordane (16.39 µg/kg), exceeded European union (EU) and Agency for Toxic Substances and Disease Registry (ATSDR) maximum residue limits (MRLs) (>7.4 µg/kg), (>5.0 µg/kg) (0.6 µg/kg) and (> 4 µg/kg) respectively, while others were below MRLs. These results show legacy contamination from banned OCPs. Comparable findings have been reported in Akwa Ibom, Nigeria, and sub-Saharan Africa where  persistence of aldrin, chlordane, DDT derivatives and similar residues exist (Olisah et al., 2020; Udoekpo et al., 2024). A broad European survey similarly reported frequent multi-residue detection of legacy OCPs in agricultural soils (Silva et al., 2019). The persistence mechanisms of these organochlorides mirror those of polycyclic aromatic hydrocarbons (PAHs), which remain in soils due to sorption and hydrophobicity (Akinpelumi et al., 2023). 
Organophosphate residues were all below international MRLs (Table 2). In contrast, some studies reported higher OPP concentrations in soil and water, often above MRLs (Awe et al., 2022; Tesi et al., 2025). The control soil in this study also contained OCPs [Heptachlor epoxide (4.08 µg/kg) above MRLs (0.6 µg/kg) (Table 3), suggesting long distance transport from the farm where it was used, or historical contamination in the area (Olisah et al., 2020). Similar contamination of “control” soils has been documented in other African and Asian countries, reflecting the pervasive legacy of organochlorines (FAO & WHO, 2021; Uneze et al., 2024). 
Physico-chemical results revealed both pesticide contaminated and control soils were acidic, and  indicated differences between pesticide contaminated and control soils (Table 4), reflecting the influence of pesticide residues on soil chemistry. Particle size distribution classifies the soil as sandy loam (Table 4). Acidic, sandy soils tend to prolong organochlorine half-life and modulate organophosphate degradation (Tesi et al., 2025). This aligns with reports that persistent pesticides can alter soil pH, organic matter, and nutrient cycling (Li et al., 2020). Nitrate and phosphate content levels were also higher in the pesticide contaminated soil (2.19 mg/kg and 1.20 mg/kg respectively) compared to the control (1.46 mg/kg and 0.82 mg/kg), which could indicate nutrient enrichment resulting from microbial mineralization of xenobiotics (Yadav et al., 2019).

The phospholipid fatty acid (PLFA) profile of the pesticide contaminated and control soils  revealed the impact of pesticides contamination on the soil microbial community structure. The control soil had a richer microbial structure, with 13 distinct PLFA biomarkers detected (for General bacteria, Gram-negative bacteria/Eukaryotes, Gram-positive bacteria, and fungi) (Table 7), relative to the pesticide contaminated soil, with one PLFA biomarker detected [C16:0 (palmitic acid), for General bacteria] (Table 6). The other compounds in the pesticide contaminated soil were hydrocarbons, phthalates, and related organic residues not linked to microbial groups. The dominance of non-PLFA compounds indicates strong chemical contamination, while the limited presence of microbial PLFA suggests a reduction in microbial activity and diversity resulting from pesticide contamination. The rich PLFA profile of the control soil reflects normal soil organic matter composition and active microbial communities. Similar findings were reported by (Zhang et al., 2010, Cycon et al., 2013, Kujur & Patel, 2014) that the application of herbicides (imazethapyr, napropamide) resulted in a shift in soil microbial community structure, including ratios of Gram negative/Gram Positive bacteria and Fungi/Bacteria. Also, Kujur & Patel (2014), reported that herbicides had negative effects on fungi abundance.
The PLFA profiles in the control soil suggested higher level of Gram negative bacteria/ eukaryotes (1.61 %), Fungi (0.6%), Gram negative bacteria (1.63 %), Gram positive bacteria (0.18 %), and General bacteria (1.58 %) abundance, compared to the PLFA profiles in the pesticide contaminated soil [General bacteria (0.63%)].These results reveal the impact of the pesticides on fungi and other specific bacterial communities, highlighting the sensitivity of these microorganisms to the pesticides (chemical) residues. Similar findings were reported by Douibi et al. (2024) and Romero et al. (2025).

The enumeration of bacterial isolates revealed a higher TCHBC abundance in control soil compared to pesticide contaminated soil (Table 8), suggesting that pesticide residues may have disrupted microbial enzymes and metabolic processes leading to reduced microbial population density (Edosa et al., 2023). Previous studies have shown that pesticide stress suppresses microbial abundance, particularly sensitive taxa, while promoting the growth of resistant groups capable of metabolizing pesticides (Sharma et al., 2019; Singh et al., 2021). Walder et al. (2022), highlighted the pesticide residues alters the soil microbiome and pesticide residues were positively associated with relative abundance of bacterial and fungal species, several of them assigned to taxa known as pesticide degraders.

16S rRNA sequencing identified a diverse bacterial community including members of the  Bacillales Order (Bacillus thuringiensis, Priestia megaterium, Lysinibacillus sphaericus, Lysinibacillus xylanilyticus) and gram-negative bacteria such as Klebsiella quasipneumoniae, Chryseobacterium gleum and Enterobacter mori (Figure 1 and Table 10)  from the pesticide contaminated soil. Phylogenetic analysis showed clear clustering into two main groups; Firmicutes (Bacillus, Priestia and Lysinibacillus) and Proteobacteria/Bacteriodetes (Klebsiella, Chryseobacterium and Enterobacter). These findings are consistent with previous reports from Onwona-Kwakye et al. (2020) that agricultural soils exposed to pesticides often harbour both spore-forming Bacilli and Gram-negative bacteria. Bacillus thuringiensis and Lysinibacillus species have been associated with the degradation of organophosphates and organochlorines (Asamba et al., 2022; Wu et al., 2023; Haro et al., 2024). 
The dominance of members of the Bacillales Order (Bacillus and Lysinibacillus) in the pesticide contaminated soils (Figure 3) is notable, as members of these Genera are well known for their resilience under environmental stress, including pesticide exposure, due to spore formation and diverse metabolic capacities (Babalola, 2015). Similarly, Onwona-Kwakye et al. (2020) and Peprah et al. (2025)  reported  increased Bacillus abundance in pesticide exposed soils.

On the other hand, bacterial species from the control soil were identified as Chromobacterium sp., Streptococcus sp., Serratia sp. Bacillus sp., Bacillus pumilus, and Burkholderia cepacia (Table 9 and 10), with Bacillus spp. recording the highest dominance (33.33%) among the bacterial species identified (Figure 2).   Uneze et al. (2024) reported corresponding findings of distribution and occurrence of Bacillus sp., Pseudomonas sp. and Proteus sp. from the control soil analysed in their study.

The lower bacterial diversity observed in the pesticide contaminated soils reflects the selective elimination of sensitive groups, a pattern also reported in Nigerian farmlands exposed to herbicides and insecticides (Onwona-Kwakye et al., 2020). The dominance of pesticide-tolerant genera suggests a microbial shift driven by pesticide exposure. This aligns with the findings of Lamuka & Aliwu (2024), that pesticide contamination selects for resistant bacterial communities, often reducing diversity but enhancing populations capable of xenobotic degradation. The presence of opportunistic pathogens such as Klebsiella quasipneumoniae highlights potential ecological and public health concerns, as pesticide-driven shifts may increase the prevalence of resistant or pathogenic organisms in soil ecosystems (Ramakrishnan et al., 2019; Qiu et al., 2022). Maintaining soil microbial balance is critical because pesticide-driven shifts may disrupt nutrient cycling and long-term soil fertility (Nwankwo et al., 2025). This study provides local evidence that continuous pesticide use in agricultural soils can compromise microbial community structure and diversity, while favouring resistant and sometimes pathogenic taxa.

Conclusion
The study highlights the dual challenge of soil contamination and microbial disruption posed by pesticides use. The altered microbial community structure, reduced microbial abundance and diversity in the pesticide contaminated soils could compromise nutrient cycling and soil health, while the enrichment of resistant taxa suggests potential for bioremediation. Addressing these issues will require integrated pesticides management strategies, including stricter pesticide regulation, monitoring programs, sustainable agricultural practices and the exploration of indigenous bacterial isolates with pesticide-degrading potential for sustainable remediation efforts.
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