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Abstract 
Activities from several Industrial, agricultural, and urban settings have led to alarming environmental 
pollution, with about 2.3 billion tonnes of chemicals being produced annually. In this review, we discuss 
the use of microbial degradation as an eco-friendly and cost-effective option for the cleanup of the 
environment. We examine the core mechanisms of pollutant degradation, featuring principal microbes 
such as bacteria (Bacillus spp, Pseudomonas spp, Rhodococcus spp, Alcanivorax spp), fungi 
(Phanerochaete spp, Chrysosporium spp.), and their enzyme repertoire (oxygenases, dehalogenases, 
reductases). This review also considers how multi-omics technologies (proteomics, metagenomics, 
transcriptomics, and metabolomics) have led to a better understanding of microbial consortia 
interactions in polluted environments by allowing culture-free approaches. We also discuss the roles of 
biotechnological innovations such as CRISPR-based environmental engineering, synthetic biology, 
cell-free systems, engineered microbial consortia and artificial intelligence-driven predictive modelling 
in addressing the issues facing natural attenuation. However, in spite of the significant achievement 
that have been made using several clean up procedures to prevent or minimize environmental pollution 
there are still some challenges such as the effect of environmental complexity, microbial competition, 
and regulations for the use of genetically engineered organisms. This review discuss past prior and 
ongoing knowledge about microbial biodegradation using peer-reviewed literature from 2012–2026 to 
provide a framework for converting laboratory discoveries into field-level deployments to enable 
precision bioremediation approach for polluted ecosystem rehabilitation and public health safety. 
 
Keywords: Bioremediation; environmental pollutants; omics technologies; microbial 
degradation; enzymatic mechanisms 
 
INTRODUCTION 
Industrial boom, urban encroachment into rural areas, and agricultural development has 
resulted in the production of chemicals globally of about 2.3 billion tonnes annually and about 
85% increase is forecasted by 2030, this led to a surge in the pollution of the environment and 
reshapening of the global terrain (Chia et al., 2024). A report by the Food and Agriculture 
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Organization shows that about 80% of cultivated soils now contains organic contaminants 
residues (UN Environment Programme, 2025).  This environmental catastrophe is 
multidimensional involving several pollutants such as persistent pesticides, hydrocarbon 
compounds from petroleum, chemicals from plastics and pharmaceuticals etc resulting in a 
complicated contamination network (Das and Pandey, 2025) 
 
In 2025, during the seventh edition of UN Environment Programme (UNEP), the global 
environment Outlook (GEO-7) report depict a troubling picture, it was estimated yearly that 
garbage production is more than 20 billion tonnes and millions of early deaths are due to  
pollution-related health challenges (Chia et al., 2024; Yatoo et al., 2024). Many of these 
environmental pollutants and their metabolites are designed to be stable, however they are 
highly persistent, leading to biomagnification in the food chains and causes long term health 
threat to the ecosystem and populace. All these environmental and economic challenges is 
taking a toll on the ecosystem with environmental pollution affecting the lives of about three 
billion people and climate crisis will likely be removing about 4% from the gross domestic 
product worldwide by 2050 if not managed properly (Sharma et al., 2024). 
 
In order to manage this escalating problem, an appropriate clean up procedure must be 
developed, because several disadvantages of established remediation strategies are becoming 
obvious. For decades, physical and chemical methods such as soil washing, incineration, 
chemical oxidation and encapsulation are the main approaches though these methods are 
highly efficient they are however faced with several drawbacks (Sharma et al., 2024).  Physical 
methods like encapsulation and soil amendment are too expensive and may leads to the 
transfer of the challenge. Moreso, encapsulation method needs extended monitoring period 
to prevent impending groundwater pollution (Chia et al., 2024; Shahid, 2026). Chemical 
oxidation techniques are highly effective for recalcitrant pollutants such as polycyclic 
aromatic hydrocarbons (PAHs) though they can generate supplementary by-products that are 
associated with other ecological risks. Furthermore, energy-requiring procedures such as soil 
washing and incineration can alter the native structure of the soil and microbial community 
which makes the soil biologically inert and barren. One major deficiency of all these 
techniques is there low effectiveness against low pollutant concentrations resulting in residual 
contamination that poses long term threat (Das and Pandey, 2025). 
 
In contrast to the above-named approaches, bioremediating techniques emerges as a more 
sophisticated and sustainable approach because natural metabolic machinery is being 
leveraged, utilizing the unique abilities of microorganism such as bacteria, actinomycetes and 
fungi in detoxifying, transforming, or entirely mineralizing environmental contaminant 
(Shahid, 2026). The fundamentals of green chemistry as well as the circular economy is in 
intrinsic alignment with the bioremediative principles. The principle of bioremediation is 
based on utilizing biological processes to convert harmful chemicals/contaminants into 
innocuous substances like water, microbial biomass and carbon dioxide with minimal energy 
consumption and waste generation (Renganathan et al., 2025). These bioremediative 
techniques remove the pollutant, helps in the restoration of soil health and the function of the 
ecosystem For example, plant assisted bioremediation is based on the interaction between 
plant roots and their associated microbes resulting in degradation of organic pollutants while 
also improving plant growth and the structure of the soil.  These techniques are providing 
economical, widely acceptable, and ecologically harmonious alternative that leads to efficient 
waste management and healthy environment (Renganathan et al., 2025). 
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The aims of this review is to provide an overview of bioremediation techniques discussing 
fundamental scientific principles to groundbreaking innovations and applications. Key 
microbes and their mechanisms for degrading pollutants, latest technological innovations that 
are revolutionizing the field, which includes the application of multi-omics technologies 
(metagenomics, transcriptomics, proteomics, metabolomics), the potential of genetic 
engineering and synthetic biology in creating enhanced microbial strains and consortia with 
more effective degradative capabilities, degradation pathways using artificial intelligence (AI) 
to predict and optimize the bioremediation techniques would be discussed. 
 

Review Design and Scope 
This review was structured using the framework proposed by Arksey and O’Malley (2005) 
for scoping reviews. A systematic search of PubMed, Scopus, and Web of Science was 
performed for peer-reviewed literature published between January 2012 and January 2026. 
The scoping review design was used to search the literatures in existence on precision 
bioremediation of environmental pollutants, recognize key concepts, knowledge deficiencies, 
and types of evidence available especially at the intersection of multi-omics technologies, 
synthetic biology, and artificial intelligence. The search plan includes terminologies and 
search terms associated to four concept blocks, these are Bioremediation: "bioremediation", 
"microbial degradation", "phytoremediation", "biotransformation"; Pollutants: 
"environmental pollutants", "persistent organic pollutants", "hydrocarbons", "pesticides", 
"heavy metals", "xenobiotics"; Technologies: "multi-omics", "metagenomics", 
"transcriptomics", "proteomics", "metabolomics", "synthetic biology", "CRISPR", "cell-free 
systems", "artificial intelligence", "machine learning"; Microorganisms: "bacteria", "fungi", 
"microbial consortia", "enzymes", "oxygenases", "dehalogenases". Studies were included if 
they were original research, reviews, or conference papers published in peer-reviewed 
sources with focused on microbial, enzymatic, or plant-assisted bioremediation of 
environmental pollutants addressing the concept block stated above and excluded if they are 
focused exclusively on chemical or physical remediation without biological components, did 
not evaluate pollutant degradation pathways or outcomes. The scope of this review covers 
five major focus areas, these include (1) basic principles of microbial-pollutant interplay, (2) 
enzymic degradation pathways across pollutant groups, (3) application of multi-omics 
innovations, (4) new biotechnological interventions including CRISPR, synthetic biology, etc., 
and (5) in situ applications challenges and future course of action. 
 

The Key Microbial Players in Pollutant Breakdown 
The metabolic ambidexterity of microorganisms is the foundation of bioremediation. 
Microorganisms have developed unique catabolic pathways that enable them to utilise a vast 
collection of organic and inorganic compounds as energy and carbon sources (Renganathan 
et al., 2025). The principal agents are bacteria, fungi, and microalgae, each with its own unique 
enzymic arsenals. However, of all the principal agent Bacteria is the most extensively studied 
and used for bioremediation because of their rapid exponential growth, high metabolic 
heterogeneity, and evolutionary genetics. Genera such as Pseudomonas spp, Bacillus spp, 
Rhodococcus spp, and Alcanivorax spp are prominent for their competence to degrade 
hydrocarbons (Bharagava and Chowdhary, 2019; Dell’ Anno et al., 2021). For example, 
Pseudomonas putida has been ascertained to have the ability to metabolize aromatic 
compounds such as naphthalene and toluene through well-defined catabolic pathways 
(Molina-Santiago, 2016). Also, Rhodococcus spp are capable of degrading a broad array of 
recalcitrant compounds, comprising halogenated hydrocarbons, nitriles, and polycyclic 
aromatic hydrocarbons (PAHs), on account of their robust metabolic networks and large 
genomes (Ceniceros et al., 2017; Perdigão et al., 2021).  
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Recently, the use of metagenomic analyses in oil spill sites has led to the consistent 
identification of obligate hydrocarbonoclastic bacterium (OHCB) Alcanivorax borkumensis that 
thrives in alkane-rich environments which plays a major role in the natural remediation of 
marine oil spills (Wang et al., 2024). Complex pollutants that are resistant to bacterial attack 
are susceptible to degradation by Fungi, especially the white-rot fungi. Laccases, manganese 
peroxidases (MnP), and lignin peroxidases (LiP) are part of the extracellular ligninolytic 
enzyme system, and are capable of co-metabolising several xenobiotics, including pesticides, 
PAHs and dyes (Hussain et al., 2025). Phanerochaete chrysosporium, belonging to the genus of 
crust fungi, remains the prototype for fungal bioremediation, capable of efficiently 
mineralising persistent organic pollutants (POPs) such as polychlorinated biphenyls (PCBs) 
and dioxins under controlled laboratory conditions using its enzymatic machinery (Kumar et 
al., 2020). In addition, the mycelial network of fungi acts as a biological conduit, enabling the 
movement of nutrients and microbial flora in soil, which improves the breakdown capacity of 
the whole soil microbial community (Choudhary et al., 2019; Heidi-Jayne et al., 2023). 
 

Enzymatic Mechanisms of Biodegradation 
A cascade of Intracellular and extracellular enzymes is responsible for the actual 
detoxification processes; they direct the pathway, rate, and degree of pollutant degradation. 
Having a thorough understanding of these mechanisms is important for developing an 
approach to accelerate and enhance bioremediation (Rodriguez, 2012). The enzyme class 
oxygenases are the main class of enzymes involved in the commencement of organic pollutant 
breakdown. The procedure involved the enzymes catalysing the incorporation of molecular 
oxygen into the substrate, making it more water soluble and prone to further degradation 
(Singh et al., 2020).  
 

During the preliminary hydroxylation of alkanes by alkane hydroxylases (AlkB), an important 
initial step in petroleum hydrocarbon degradation, one atom of oxygen will be introduced by 
monooxygenases (Sangeeta and Satyapriy, 2024). However, the degradation of PAHs and 
other aromatic compounds involved the incorporation of both atoms of oxygen by 
dioxygenases, which primarily cleaves the aromatic ring. Ring-cleaving dioxygenases 
includes catechol 1,2-dioxygenase and catechol 2,3-dioxygenase, and this ascertain if the 
degradation pathway will  proceeds through the ortho- or meta-breakup pathway, which can 
lead to these accumulation of intermediates (Soal et al., 2022). 
 

The dehalogenases are the chief enzymes responsible for the degradation of chlorinated 
pollutants by catalysing the removal of halogen atoms, and this is the rate-controlling step in 
their degradation. Some of the procedures used by dehalogenases include hydrolytic 
dehalogenation, reductive dehalogenation, and dehydrohalogenation to release halide ions 
and minimise toxicity. In anaerobic environments, reductive dehalogenases (RDases) such as 
Dehalococcoides mccarty are essential, where they allow the use of chlorinated ethenes (e.g., 
tetrachloroethene, PCE) as final electron acceptors in a procedure termed dehalorespiration 
(Löffler et al., 2013). Recently, structural and functional investigations have provided novel 
awareness into the catalytic mechanisms of these RDases, revealing complicated active sites 
that organises the reduction of complex organohalogens (Jing et al., 2026). 
 

Microorganisms can’t degrade heavy metals; however, they can transform the chemical state 
of the heavy metals by enhancing their solubility, motility, and minimizing deleterious effects. 
Some of the mechanisms employed includes intracellular biological accumulation, 
bioconversion via redox reactions and biosorption to cell walls (Rodriguez, 2012). Chromate 
reductases (ChrR) in bacteria such as Bacillus spp and Pseudomonas spp mediate the 
detoxification strategy of highly soluble and toxic hexavalent chromium [Cr(VI)] to the less 
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soluble and less toxic trivalent chromium [Cr(III)] via reduction (Thatoi et al., 2014).  In 
addition, mercuric reductase (MerA) is a well-defined enzyme involved in the reduction of 
ionic mercury [Hg(II)] to volatile, elemental mercury [Hg(0)], providing a pathway for 
mercury elimination from contaminated sites (Vinay et al., 2025). 
 

Omics Technologies: Illuminating the Microbial Black Box 
For decades, culturing microorganisms in the laboratory has been the basis for studying 
bioremediation. However, the development of high-capacity "omics" innovation has modified 
the field by encouraging a comprehensive, culture-independent study of microbial consortia 
and their role in situ (Renganathan et al., 2025). Microbiomics, which is the direct sequencing 
of genomic DNA obtained from environmental samples, provides a broad exposure of the 
phylogenetic makeup and metabolic possibilities of the whole microbial consortia. This 
technique has been useful in recognising degradative genes and their mode of action from 
unculturable microorganisms. The study of the Deepwater Horizon oil spill using 
metagenomic led to the discovey of the swift succession of microbial population, the 
identification of an earlier unrecognised hydrocarbon-degrading Colwellia species and the 
energetic shifts in gene abundance associated with chemotaxis and alkane degradation 
(Renganathan et al., 2025). This innovation empowers researchers to modify the entire 
metabolic pathways from environmental DNA, eluding the need for culturing and creating a 
direct connection linking the community structure and functional capacity (Ufarté et al., 2015). 
 

While metagenomics reveals the microorganisms available in that environment, 
transcriptomics describes what the microbial community is doing. Metatranscriptomics 
entails sequencing the total RNA, this allows researchers to identify which genes are diligently 
expressed due to pollutant stress and also enhances the understanding of real-time metabolic 
operations of key enzymes involved in pollutant degradation (Zhang et al., 2025). For example, 
on soils polluted with the atrazine (a pesticide), metatranscriptomic was used to identify the 
active players in the ecosystem which was discovered to be atzD gene for cyanuric acid 
hydrolysis that was harboured by many taxa; though, only a precise Arthrobacter lineage was 
actively expressing the atzD gene under field conditions (Liu et al., 2023). Therefore, with this 
approach, it is easier to pinpoint the most effective organisms and pathways, thereby enabling 
the development of targeted biostimulation strategies. 
 

In addition, the use of proteomics and metabolomics to obtain more useful information has 
been of great benefit. Metabolomics is the thorough analysis of low molecular weight 
metabolites, allowing the final confirmation of catabolic activity by monitoring the reduction 
of pollutants and the buildup of transformed products. Proteomics is the comprehensive 
evaluation of proteins with a focus on quantity, posttranslational modification and 
interactions within proteins (Rylott and Bruce, 2020). Metaproteomics involves wide spread 
characterization of expressed proteins in a microbial consortia to validate the existence and 
abundance of the genuine enzymes participating in the degradation process. It is also used to 
identify post-translational modifications that control enzymic activity, so as to measure 
metabolic capacity directly (Van, 2025). The incorporation of these omics databases—a 
systems biology approach is presently considered as the benchmark for discovering the 
complicated process of pollutant biodegradation, to enable the development of predictive 
models of the microbial community behaviour (Zhang et al., 2024). 
 
Emerging Biological Engineering 
The underlying principles obtained from omics research are now being exploited to emerge 
next-generation biotechnological interventions. These emerging techniques will overcome the 
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disadvantages of natural attenuation, such as a slow rate of degradation and the incompetence 
associated with degrading compounds that are highly recalcitrant. 
 
Genetic Modification and Synthetic Biology 
Genetic modification has advanced beyond the expression of just one degradative gene. 
Constructing simulated consortia that have defined functions or converging the whole 
catabolic pathways into one host are the recent strategies of modern synthetic biology. The 
development of Pseudomonas putida strains with decreased genomes and enhanced metabolic 
fluxes for the effective breakdown of organophosphorus pesticides is a typical example (Ting 
et al., 2018). Moreso, the theory of "bioremediation switches" is gaining momentum, where a 
known degradation pathway is subjected to regulation by inducible promoters that are 
switched on only when the target pollutant is present, promoting biocontainment and 
effectiveness (Rylott and Bruce, 2020). Environmental CRISPR (Clustered regularly 
interspaced short palindromic repeats) innovations are also presently being used to modify 
local microbes in situ, which allows the triggering of catabolic genes that are silent or the 
insertion of novel functions that do not require the release of foreign organisms, an important 
supervisory advantage (Echavarria and Lai, 2025). 
 
Microbial Communities and Cell-Free Systems 
The degradation of complex pollutants is rarely carried out by a single organism, and this has 
necessitated using engineered microbial consortia. Engineered microbial consortia are 
intended to enhance division of labour, in which one of the strains achieves the activation step 
which is the initial step and often toxic, and another strain completes the mineralization 
process (Matuszyńska et al., 2024). Such engineered consortia are more stable and sturdy than 
individual strains, because they can resist environmental variations and avoid the metabolic 
responsibility of accommodating the whole pathway (McCarty andz Ledesma-Amaro, 2019). 
Simultaneously, cell-free systems are appearing as a groundbreaking technology which 
allows the use of enzymatic machinery removed from cells such as isolated enzymes or crude 
cellular extract to degrade pollutants without the involvement of living organism, this 
prevents issues associated with cell survival and biomass yield. They enable fine-tuning of 
operating conditions and the direct utilisation of concentrated enzyme preparations to 
polluted sites, which will enable speedy degradation of precise high-concentration of 
accumulated pollutants (Sivaprakash, 2022). 
 
Artificial Intelligence and Machine Learning 
Predictive modelling is a key challenge due to complicated environmental systems. Hundreds 
of datasets produced by omics and environmental monitoring to forecast ideal bioremediation 
conditions are now being analysed using Machine learning (ML) and Artificial intelligence 
(AI).  Soil type, temperature, and the composition of the microbial community are some of the 
factors that can be utilised to forecast the degradation half-life of pollutants using ML 
algorithms trained with historical data (Akintola, 2024).  
 
In order to move field bioremediation techniques from a trial-and-error approach to data-
driven precision bioremediation, these models are being incorporated into a digital decision-
making aid that can suggest the most efficient and economical bioremediation approach for a 
specified location (Praburaman, 2026). 
 
Artificial intelligence and machine learning algorithms such as XGBoost, Artificial Neural 
Networks, and Support Vector Machines are used to process comprehensive biological and 
chemical datasets to solve serious environmental issues as well as to examine operational 
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parameters such as degradation half-lives and oxidation-reduction potential to control and 
accelerate biological wastewater treatment (Shan et al., 2023; Numan, 2024). The ML models 
also helps to ascertain the best mix of bacteria or fungi strain to degrade recalcitrant pollutants 
(Pooja and Soumya, 2025). The computational models can also forecast the intermediate 
byproducts formed during microbial breakdown so as to prevent the formation of toxic 
secondary compounds. In field practice, Artificial Neural Networks have been used to predict 
optimal culture condition that resulted in 95.5% efficiency in breaking down ciprofloxin an 
antibiotics in medical wastewater (Kamal et al., 2024). Moreso, the RISE AI- Driven modelling 
of biodegradable polymers have been used to determined how biodegradable plastics 
degrade in colder environment to prevent microplastic accumulation (Praburaman, 2026). 
 
Difficulties and Emerging Trends 
In spite of the substantial breakthrough, translating laboratory discovery to field-scale 
achievement is met with notable obstacles. The main problems are heterogeneity of the 
environment because geographical distribution of pollutants and nutrients is irregular, 
another major challenge is microbial competition, in which introduced or stimulated 
degraders are outcompeted by indigenous flora; and also the biological availability of 
pollutants, which are often restricted in soil matrices and unavailable to microorganisms 
(Gajendra et al., 2020).  
 
The use of holistic approaches, such as combining multiple techniques, should be the goal of 
future studies. The combination of synthetic biology that will be used to make resilient, self-
directing degraders, with AI-powered site supervision, and a thorough insight into plant-
microbe relationships (rhizoremediation) is pivotal to conquering these hurdles (Kinnecle, 
2025). In addition, regulations and guidelines should be developed for the use and release of 
genetically modified organisms (GMOs) for environmental remediation. The establishment of 
regulatory guidelines before the implementation of advanced biotechnologies is important for 
ascertaining their maximum potential (Liao et al., 2023). 
 

CONCLUSION 
The intensifying issues associated with environmental pollution require efficient, eco-
friendly, and expandable solutions. The metabolic power inherent within the microbes 
provides a route that agrees with the ecosystem principles and circular economy goals. This 
review has emphasised the journey from basic understanding of the primary enzymatic 
mechanisms of microbial degraders to exploring groundbreaking omics technologies that 
have given further insights into the complicated interplay of polluted environments. The field 
of bioremediation is now on the verge of a new age, propelled by developing biotechnological 
involvement encompassing synthetic biology and artificial intelligence. The persistent 
integration of multifaceted methods promises to produce sturdy, specific, and cost-effective 
strategies for reviving contaminated ecosystems and protecting global health, which will 
eventually overcome the challenges in field application and regulatory oversight. However, 
the challenges associated with the translation of laboratory discovery to field-scale 
achievement must be tackled individually in the future. 
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