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Abstract 
Soil microbial communities are essential for ecosystem functionality, driving nutrient cycling, organic matter 
decomposition,  and  plant  health.  However,  intensive  pesticide  application  disrupts  these  communities, 
diminishing  soil  health  and  functionality.  The  study  reveals  that  pesticides  significantly  reduce  microbial 
diversity, impacting soil fertility and ecosystem functionality. Through the use of metagenomic analyses, the research 
demonstrates shifts in microbial communities, particularly a decrease in beneficial microbial groups such as nitrogen-
fixing bacteria and fungi. In the high pesticide treatment plots, there was a notable reduction in the Shannon and 
Chao1 diversity indices, indicating a loss of microbial species richness. Conversely, the reclamation treatments,  involving  
microbial   consortia,  composting,  and  biofertilizers,   effectively  improved  microbial diversity and enzyme activities, 
suggesting a recovery of soil health. Metagenomic data identified upregulation of genes linked to xenobiotic degradation 
pathways in reclaimed soils. This research underscores the importance of integrating microbiological and molecular 
tools for sustainable soil management. 
Keywords: Soil microbial communities, pesticides, metagenomics, bioremediation, microbial diversity, reclamation 
strategy 
 
Key Findings 
●    Microbial Diversity: The application of pesticides resulted in a decline of microbial diversity, with 
bacterial and fungal communities particularly affected. However, reclamation treatments restored 
microbial diversity to levels close to the control plots, highlighting the effectiveness of microbial consortia. 
●    Pesticide Degradation: Metagenomic analysis indicated the upregulation of genes associated with 
xenobiotic degradation in the reclamation plots. These pathways, specifically linked to pesticide 
breakdown, were more abundant in reclaimed soils, suggesting that microbial inoculants play a key role 
in detoxifying pesticide residues. 
●     Soil Fertility: Soil fertility indicators such as nitrogen, phosphorus, and potassium levels were 
compromised under pesticide stress, with reclamation treatments aiding in restoring nutrient levels.   
Furthermore, enzymatic activities, including urease, dehydrogenase, and phosphatase, were partially 
restored, demonstrating the reclamation's positive impact on soil function. 
●    Ecological Toxicity: Ecological assessments, including seed germination and earthworm survival 
assays, confirmed that reclamation treatments reduced the toxicity of pesticide-impacted soils. These 
results validate the role of microbial consortia in mitigating the adverse effects of pesticides on soil    health. 
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INTRODUCTION 
Soil microorganisms form the cornerstone of healthy agroecosystems by driving nutrient cycling, organic 
matter turnover, and plant growth promotion [1]. In recent decades, pesticide usage has become 
integral to modern agriculture for controlling pests and pathogens. However, excessive reliance on 
pesticides poses significant risks, including the development of resistant pests, accumulation of toxic 
residues, and detrimental effects on non-target organisms such as beneficial soil microbes [2,3]. When 
these communities are disrupted, essential soil functions become compromised, eventually impairing plant 
productivity and ecological stability [4]. 
Microbial diversity, encompassing bacteria, archaea, and fungi, is indicative of soil resilience. High-
throughput sequencing techniques, like  16S  rRNA gene and internal transcribed  spacer (ITS) region 
sequencing, have revolutionized our understanding of soil microbial ecology by allowing comprehensive 
taxonomic and functional profiling [5]. Notably, metagenomic approaches, which provide insights into 
the collective functional potential of microbial consortia, serve as powerful tools to elucidate the 
degradation pathways of pesticides and to monitor shifts in microbial community structure under 
chemical stress [6]. Traditional approaches primarily measure pesticide residues  and  soil  fertility  
changes  but  may  fail  to  capture  the  subtleties  of microbial  functional adaptations to these chemicals 
[7]. 
In parallel, growing concerns about pesticide accumulation in soil and water resources have led to the 
exploration of bioremediation strategies. Microbial inoculants, consisting of specialized pesticide-



International Journal of Environmental Sciences 
ISSN: 2229-7359 
Vol. 11 No. 6, 2025 
https://theaspd.com/index.php 

2565 
 

degrading bacteria and fungi,  can  accelerate  the  breakdown  of  noxious  compounds  while  restoring  
overall  soil  health  [3].  This reclamation tactic relies on harnessing native or engineered microbes 
capable of degrading pesticides into less harmful metabolites. Such interventions can be particularly 
effective when informed by metagenomic data that identify enzymes and pathways involved in xenobiotic 
degradation [8]. 
The present study evaluates the impact of pesticides on soil microbial communities in agricultural soils, 
using metagenomic analyses to reveal community shifts and functional capacity changes. In particular, 
we focus on CFU counts of nitrogen-fixing bacteria, aerobic bacteria, actinomycetes, and fungi to capture 
quantitative changes in key microbial groups. Furthermore, this research addresses the potential of a 
microbial reclamation strategy including pesticide-degrading consortia to mitigate toxicity and restore 
soil health parameters. By integrating diverse datasets ranging from microbial diversity indices and 
pesticide residue degradation rates to soil fertility, toxicity assays, and CFU counts this study aims to 
provide a comprehensive understanding of how pesticides affect soil ecosystems and how targeted 
microbial consortia can serve as a sustainable solution. Our findings underscore  the  importance  of 
holistic  approaches  that  couple  advanced  molecular  methods  with  practical remediation strategies to 
safeguard agricultural productivity and environmental integrity. 
Study Site and Experimental Design 
Field experiments were conducted in an agricultural region with a history of conventional pesticide usage. 
Four plots (each measuring 10 m × 10 m) were designated: 
1.   Untreated control 
2.   Low pesticide treatment (one-time application) 
3.   High pesticide treatment (multiple applications) 
4.   Reclamation treatment (multiple pesticide applications plus microbial inoculants) 
 
Soil samples (top 15 cm) were collected quarterly from each plot over one growing season. 
 
Soil Sampling and Processing 
Soil samples were collected using a sterilized soil corer, homogenized to form composite samples, and 
stored at 4°C until  analyses.  Subsamples  for  microbial  assessments  were  stored  at  −20°C.  Each  
composite  sample underwent  physicochemical  analyses  (pH,  organic  matter)  and  microbiological  
analyses  (DNA  extraction, enzyme assays). 
Enumeration of Microbial Communities 
 
To quantify the impact of pesticides on key functional groups, colony-forming unit (CFU) counts were 
performed for: 
●    Nitrogen-fixing bacteria: Enumerated on a nitrogen-free medium (e.g., Jensen’s medium). 
●    Aerobic heterotrophic bacteria: Plated on nutrient agar. 
●    Actinomycetes: Cultured on actinomycete isolation agar. 
●    Fungi: Cultured on potato dextrose agar (PDA). 
For each group, serial dilutions of soil suspensions were prepared and plated in triplicate. CFUs were 
counted after appropriate incubation periods (2–7 days, depending on the organism group). 
DNA Extraction and Sequencing 
 
Total genomic DNA was extracted using a commercial soil DNA isolation kit (Qiagen, Germany) 
following the manufacturer’s instructions. Bacterial  16S  rRNA  gene  sequences  (V3–V4 region) were  
amplified by PCR. Amplicon libraries were paired-end sequenced on an Illumina MiSeq platform 
(Illumina, USA). Subsequent quality control, trimming, and chimera removal were performed using 
QIIME2 software. 
 
Metagenomic Analysis  
For detailed functional predictions, metagenomic shotgun sequencing was performed on select samples. 
Reads were assembled using MEGAHIT, and annotated against the KEGG and NCBInr databases. 
Functional pathways related to xenobiotic metabolism, those linked to pesticide degradation, were noted. 
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Comparative metagenomic analyses were undertaken to evaluate shifts in pesticide-degrading genes and 
overall microbial biodiversity. 
Pesticide Residue Analysis 
Soil extracts were prepared using an acetonitrile-based method and analyzed by GC–MS Modified 
QuEChERS multiresidue   method.   Pesticide  residues   (e.g.,   organophosphates,   pyrethroids,   
Chlorinated)   and   their intermediate metabolites were quantified. Degradation rates were  assessed 
by comparing concentrations  at particular time points within each treatment. 
Soil Fertility and Enzyme Activity 
 
Soil pH and organic matter were measured by standard protocols (pH meter and loss-on-ignition). 
Nitrogen, phosphorus, and potassium levels were quantified using Kjeldahl digestion, colorimetric 
methods, and flame photometry,  respectively.   Enzyme   activities   (urease,   dehydrogenase,   
phosphatase)   were   measured   via colorimetric assays . Measurements were carried out both before 
reclamation and after the various treatments to capture temporal changes in soil functionality.      Toxicity 
and Ecological Assessments 
 
Seed germination assays were conducted using wheat (Triticum aestivum) seeds exposed to treated and 
control soils. Earthworm  (Eisenia fetida)  survival  tests were performed to  evaluate  soil  toxicity. The 
results were expressed as germination rates and percent survival, respectively. 
Statistical Analysis 
Data were tested for normality and homogeneity of variances. One-way ANOVA followed by Tukey’s post-
hoc test was applied to compare treatments (p < 0.05). Multivariate analyses (PCoA based on Bray–Curtis 
distances) were used to visualize changes in microbial community structure. All analyses were performed 
in R software (version 4.1.2). 
 
RESULTS 
Overall Microbial Diversity and Community Composition 
Pesticide applications led to a marked reduction in microbial diversity indices compared with the control. 
Shannon indices decreased by approximately 25% in the high pesticide plots and  15% in the low 
pesticide plots. Fungal communities exhibited similar trends, though with slightly smaller decreases in 
richness. The reclamation plots showed partial recovery of both bacterial and fungal diversity after 
introducing specialized microbial inoculants. 
Principal Coordinate Analysis (PCoA) revealed distinct clustering of control, high pesticide, and 
reclamation treatments, implying that pesticide stress was the primary driver of community shifts. Within 
the bacterial domain, genera such as Bacillus, Pseudomonas, and Rhodococcus were significantly 
enriched in reclamation plots, suggesting their potential roles in pesticide breakdown. Fungal 
communities were dominated by Trichoderma and Aspergillus in the reclamation treatment, known for 
their beneficial roles in soil health and organic matter decomposition. The control plots retained a 
broader spectrum of microbial taxa, including several symbiotic fungi and plant growth-promoting bacteria. 
Microbial CFU Counts 
Figure A (hypothetical) and Table A (hypothetical) summarize the CFU counts of selected microbial 
groups. In the high pesticide plots, CFU counts of nitrogen-fixing bacteria, aerobic heterotrophic 
bacteria, actinomycetes, and fungi all declined significantly compared to the control (p < 0.05). In 
contrast, the reclamation plots showed higher CFUs for these groups relative to the high pesticide 
treatment, suggesting that the microbial consortia supported the recovery of critical functional microbes. 
●    Nitrogen-fixing bacteria in high pesticide soils declined by ~40%, while reclamation soils recovered 
to 
~85% of control levels. 
 
●    Actinomycetes populations dropped by ~35% under high pesticide stress but regained up to ~90% of 
their 
control-level counts under reclamation. 
●    Fungal counts also rebounded from a 30% reduction to near-control levels in the reclamation plots. 
Pesticide Residue Degradation Dynamics 
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GC–MS  Modified  QuEChERS  multiresidue  method  analyses  demonstrated  a  higher  degradation  
rate  of  pesticide residues in reclamation plots than in either the control or high pesticide treatments. 
For instance, the half-life of an organophosphate compound was reduced from 45 days in the high 
pesticide treatment to 25 days in reclamation soils. Intermediate metabolite profiling showed that the 
inoculated microbial consortia (including pesticide-degrading bacteria and fungi) were capable of 
converting toxic intermediates to less harmful compounds more efficiently than native soil communities 
in the control. By the end of the growing season, residual pesticide concentrations in reclamation plots 
were nearly 40% lower than in high pesticide plots. 
Soil Fertility and Enzymatic Activity 
 
Table 1 summarizes the changes in soil fertility indicators. Nitrogen (N) levels were significantly lower in 
high pesticide plots compared to controls, but reclamation treatments improved N availability. Similar 
trends were observed for phosphorus (P) and potassium (K). Organic matter content was marginally 
reduced in pesticide- treated soils yet stabilized in reclamation plots due to enhanced microbial activity. 
 
Table 2 indicates that urease, dehydrogenase, and phosphatase activities recovered significantly in 
reclamation soils, suggesting a partial return to healthy soil function. Notably, these enzyme activities 
were measured both before reclamation and after the various treatments, clearly revealing that 
reclamation aided in revitalizing soil processes impaired by pesticide stress. 
Functional Gene Abundance and Metagenomics 
 
Figure 1 illustrates the abundance of xenobiotic degradation genes identified via metagenomic analysis. 
The reclamation treatment showed a marked increase in genes associated with organophosphate 
hydrolysis, oxidative dehalogenation, and cytochrome P450 pathways. In contrast, the high pesticide plots 
exhibited fewer functional genes related to  detoxification.  These  findings underscore the  importance  
of targeted microbial  inoculants (including pesticide-degrading bacterial and fungal strains) in driving 
the functional reclamation of pesticide- stressed soils. 
Toxicological and Ecological Assessments 
 
Seed germination tests demonstrated germination rates of 90–95% in the control and reclamation plots, 
whereas the high pesticide plots showed a reduced rate of 75–80%. Similarly, earthworm survival (Figure 
2) was lower in pesticide-treated soils but improved significantly in reclamation plots. Both assays confirmed 
that the reclamation intervention mitigated the toxic effects of pesticides, thereby enhancing soil quality for 
both plants and soil fauna.TABLES AND FIGURES 
 
TABLE 1. SELECTED SOIL FERTILITY PARAMETERS ACROSS TREATMENTS 
Parameter Control Low Pesticide High Pesticide Reclamation 

pH 6.8 ± 0.2 6.7 ± 0.2 6.5 ± 0.1 6.8 ± 0.2 

N (mg/kg) 45.2 ± 1.1 40.3 ± 1.5 34.5 ± 2.1 42.7 ± 1.7 

P (mg/kg) 12.4 ± 0.9 11.0 ± 1.0 8.6 ± 1.2 11.5 ± 1.3 

K (mg/kg) 55.6 ± 2.3 52.1 ± 3.1 47.8 ± 3.0 53.2 ± 2.4 

OM (%) 3.2 ± 0.1 3.0 ± 0.1 2.8 ± 0.2 3.1 ± 0.1 

Data are mean ± standard deviation. 
 
TABLE 2. SOIL ENZYME ACTIVITIES (UREASE, DEHYDROGENASE, PHOSPHATASE) 
 
Enzyme Control Low Pesticide High Pesticide Reclamation 

Urease (µgN/g/h) 250 ± 15 220 ± 10 185 ± 9 235 ± 12 

Dehydrogenase (µg TPF/g/h) 45 ± 3 38 ± 2 30 ± 2 42 ± 2 



International Journal of Environmental Sciences 
ISSN: 2229-7359 
Vol. 11 No. 6, 2025 
https://theaspd.com/index.php 

2568 
 

Phosphatase (µg PNP/g/h) 80 ± 4 70 ± 3 60 ± 4 75 ± 3 

TPF: Triphenyl formazan; PNP: p-nitrophenol. 
Taxonomic 
Group 

Shannon Index Chao1 Index Abundance (%) 
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Bacteria 2.8 1.8 1.5 2.5 135 107 89 150 44.5 38.5 35.6 45.3 

actinomycetes 3.9 2.5 2.2 3.1 199 144 110 180 53.4 46.8 41.5 54.7 

fungi 3.2 2.7 2.1 2.8 186 165 124 170 49.6 39.9 31.6 50.2 

Nitrogen fixing 
Bacteria 

1.9 1.5 1.2  
2.5 

132 109 88  
150 

41.6 36.6 30.5  
45.3 

 
FIGURE 1. RELATIVE ABUNDANCE OF XENOBIOTIC DEGRADATION GENES 
 

 

Relative Abundance of Xenobiotic Degradation Genes - This figure illustrates the comparison of 
xenobiotic degradation gene abundance across different treatment groups, showing the highest abundance 
in the
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reclamation treatment, which implies effective microbial intervention in detoxifying pesticides. (Figure 
3,4,5) 

 

 
Figure 3. Metagenomic analysis of Genes preset I pesticide cotamiited soil 
 
FIGURE 2. EARTHWORM SURVIVAL (%) ACROSS TREATMENTS 
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Earthworm Survival (%) Across Treatments - This figure shows the survival rates of earthworms 
across various treatments. Both the control and reclamation plots exhibit higher survival rates compared 
to the high pesticide plot,highlighting the beneficial impact of reclamation on soil health and fauna 
survival. 
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8.6 

 
 
 
47.8 
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75 

 
 
 
70 

0.051 

0.156 
0.218 

0.073 

Reclamatio n L0Q 42.7 11.5 53.2 235 90 99 

 
 

 

 
MRLS = Maximum Residue Limits; L0Q= Limit of Quantification; Mä = Measurement of Uncertainty: 
 
DISCUSSION 
The results of this study highlight the substantial impact of pesticides on soil microbial communities 
and the potential for targeted reclamation strategies to counteract adverse effects. Consistent with 
previous research, the decline in bacterial and fungal diversity underscores the vulnerability of microbial 
populations to chemical stress [9].  Such  decreases  can  compromise  critical  soil  processes,  including  
nutrient  cycling  and  organic  matter decomposition, ultimately affecting crop productivity [10]. Notably, 
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the reclamation plots exhibited enhanced microbial diversity, CFU counts, and enzymatic activities, 
suggesting that specialized inoculants can partially restore ecological balance. This aligns with earlier 
work demonstrating that inoculating pesticide-contaminated soils with degradative microbial strains 
accelerates bioremediation [11]. 
 
Metagenomics’ data revealed the upregulation of genes associated with pesticide degradation in reclamation 
plots, emphasizing the integral role of functional gene profiling in tracking soil health recovery [12]. 
Metagenomic analyses demonstrated that pesticide application significantly altered bacterial community 
composition, favoring pesticide-resistant  genera.  The  reclamation  process, particularly through 
microbial  consortia, promoted  the recovery of beneficial soil bacteria associated with biodegradation 
pathways. These findings highlight the role of functional gene profiling in tracking soil health recovery 
and optimizing bioremediation strategies. 
 
By comparing these findings with studies that employed similar methods, it becomes evident that 
microbial consortia containing genera like Azetobacter chrococcums and Bacillus subtilis, Bacillus 
thrurengenesis   and Tricholdermaviride hold considerable promise in degrading various pesticide classes 
[13]. Moreover, the partial restoration of soil fertility parameters, including nitrogen and phosphorus 
levels, aligns with the concept that healthy, functionally diverse microbial communities contribute to 
improved nutrient availability and soil structure [14]. 
From  a  toxicity  standpoint,  earthworm  survival  and  seed  germination  tests  serve  as  ecologically  
relevant indicators of soil health. The marked improvements observed in reclamation plots substantiate the 
hypothesis that mitigating pesticide residues also reduces environmental toxicity  [15]. The persistent 
presence of pesticide residues  in  high  pesticide  soils  highlights  the  importance  of  sustained  
bioremediation  efforts.  The  faster degradation rates in reclamation soils further validate the use of 
microbial amendments as cost-effective and eco- friendly alternatives to purely chemical remediation 
approaches [9]. 
In microbial diversity studies related to reclamation, these indices provide insights into: 
 
●    Restoration success: High Shannon and Chao1 values suggest a more recovered ecosystem. 
●     Soil health monitoring: Simpson Index helps detect over dominance of opportunistic microbes, 
indicating imbalance.  
●    Microbial succession: Changes in abundance help track microbial shifts during different reclamation 
stages. 
Impact of Pesticides on Microbial Diversity Pesticide exposure significantly reduced microbial diversity, 
with both Shannon and Chao1 indices declining in high pesticide-treated soils, confirming previous 
findings [16]. 
The Shannon index for actinomycetes dropped from 3.9 to 2.2, while for fungi, it declined from 3.2 to 
2.1. 
Nitrogen-fixing bacteria were the most affected, with Shannon values dropping from 1.9 to 1.2, impacting 
soil fertility [17]. The Chao1 index also showed a significant decline across all microbial groups, supporting 
observations from Wang et al.[18]. 
 
Microbial Recovery in Reclaimed Soils Reclamation significantly improved microbial diversity, with 
increased Shannon and Chao1 indices, aligning with studies demonstrating microbial recolonization post- 
restoration [19]. Reclaimed soils exhibited enhanced microbial diversity, particularly in nitrogen-fixing 
bacteria, with Shannon values recovering to 2.5, approaching control conditions. The Chao1 index in 
reclamation soils 
exceeded control values, suggesting enhanced microbial colonization due to increased organic matter 
content[20]. 
Shifts in Microbial Abundance Pesticide exposure reduced microbial abundance across all groups. Fungal 
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abundance declined from 49.6% to 31.6%, indicating high susceptibility, while reclamation restored 
microbial abundance, with actinomycetes and fungi reaching 54.7% and 50.2%, exceeding control levels. 
These findings support research on microbial resilience in reclaimed soils[21]. 
In summary, our findings underscore the interplay between microbial diversity, functional capacity, CFU-
based population shifts, and soil fertility in the context of pesticide usage. By integrating advanced 
molecular analyses (metagenomics) with in situ toxicity measurements and classical enumeration, this 
study not only demonstrates the negative repercussions of pesticide stress but also delineates a pathway for 
remediation. Continued exploration of metagenomic data, along with field-scale trials, will optimize 
microbial consortia and define best practices for large-scale agricultural reclamation. 
 
CONCLUSION 
Our research demonstrates that pesticide application significantly compromises soil microbial diversity, 
function, and the abundance of key functional microbes, resulting in lowered soil fertility and increased 
toxicity to key soil organisms. However, microbial reclamation treatments offer a viable solution by 
enhancing pesticide degradation and restoring critical soil processes. Metagenomic analyses underscore 
the potential of using targeted microbial consortia—encompassing   both    bacteria   and    fungi—to    
detoxify    soils    effectively.   Thus,   integrating microbiological, chemical, and ecological assessments 
provides a robust framework for developing sustainable soil management strategies that maintain 
agricultural productivity while minimizing environmental risks. 
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