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ABSTRACT 

	Heavy metal (HM) contamination of soils has become a critical environmental issue due to rapid industrialization, urbanization, and intensified agricultural activities. These metals are persistent, non-biodegradable, and toxic, posing serious risks to plant growth, soil health, and human well-being through the food chain. Elevated concentrations of heavy metals disrupt plant physiological processes, induce oxidative stress, and alter soil microbial community structure, thereby reducing soil fertility and agricultural productivity. Conventional remediation techniques, including physical and chemical methods, are often costly, time-consuming, and environmentally unsustainable.
Microbial bioremediation has emerged as an eco-friendly, cost-effective, and sustainable alternative for the detoxification of heavy metal-contaminated soils. This review provides a comprehensive overview of the sources and impacts of heavy metals and critically examines microbial mechanisms such as biosorption, bioaccumulation, biotransformation, and detoxification. The role of plant–microbe interactions, particularly in the rhizosphere, is also highlighted in enhancing remediation efficiency. Furthermore, recent advances, including the application of microbial consortia and genetically engineered microorganisms, are discussed along with their associated challenges. The review also identifies key research gaps and future directions, emphasizing the need for field-scale validation and integrated approaches to improve the efficiency and applicability of microbial bioremediation strategies.
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1. INTRODUCTION 

Heavy metal (HM) contamination has emerged as one of the most critical environmental challenges affecting terrestrial ecosystems worldwide. Rapid industrialization, urbanization, and intensified agricultural practices have significantly increased the release of heavy metals into the environment (Alloway, 2013; Rizwan et al., 2017). Unlike organic pollutants, heavy metals are non-biodegradable, persistent, and capable of accumulating in soils, water bodies, and living organisms, thereby posing long-term ecological and health risks (Tchounwou et al., 2012).
Heavy metals can be broadly classified into essential and non-essential elements based on their biological roles. Essential metals such as iron (Fe), zinc (Zn), copper (Cu), manganese (Mn), and nickel (Ni) are required in trace amounts for normal physiological and biochemical processes in plants and microorganisms (Marschner, 2012). However, when present beyond optimal concentrations, these metals become toxic and disrupt cellular homeostasis. Non-essential metals such as cadmium (Cd), lead (Pb), mercury (Hg), and arsenic (As) have no known biological function and are highly toxic even at low concentrations (Nagajyoti et al., 2010).
Heavy metal toxicity severely affects plant growth, development, and productivity. It interferes with key physiological processes such as photosynthesis, respiration, nutrient uptake, and enzyme activity (Shahid et al., 2014). Additionally, heavy metals induce oxidative stress through the generation of reactive oxygen species (ROS), which damage cellular components including lipids, proteins, and nucleic acids (Gill and Tuteja, 2010). These adverse effects not only reduce crop yield but also compromise food quality and safety, posing serious risks to human health and the food chain (Rai et al., 2019).
Soil microorganisms, which play a fundamental role in nutrient cycling, soil fertility, and ecosystem functioning, are also significantly impacted by heavy metal stress. Elevated concentrations of heavy metals alter microbial community structure, reduce microbial biomass, and inhibit enzymatic activities (Giller et al., 2009). However, certain microorganisms have evolved adaptive mechanisms that enable them to survive and function in metal-contaminated environments. These mechanisms include metal adsorption, bioaccumulation, efflux systems, enzymatic transformation,  extracellular  polymeric substances (EPS) intracellular sequestration through metal-binding proteins such as metallothioneins (Nies, 1999; Bruins et al., 2000; Deo et al., 2024; Kondakindi et al., 2024).
Conventional methods for heavy metal remediation, including physical and chemical techniques, are often costly, energy-intensive, and may generate secondary pollutants (Ali et al., 2013). In contrast, biological approaches such as bioremediation and phytoremediation have gained considerable attention due to their eco-friendly, cost-effective, and sustainable nature (Gadd, 2010; Rajkumar et al., 2012). Rhizospheric microorganisms play a crucial role in enhancing plant tolerance to heavy metals by modulating metal availability, producing growth-promoting substances, and facilitating detoxification processes (Ma et al., 2011; Etesami, 2018)).
Therefore, the present review was undertaken with the  objectives to critically analyze the sources of heavy metals  in soil, to elucidate the mechanisms of heavy metal tolerance and resistance in microorganisms, including bacteria and fungi, to assess the potential of genetically engineered microorganisms (GEMs) in enhancing heavy metal remediation and finally to synthesize current knowledge on microbial-mediated bioremediation processes, including biosorption, bioaccumulation, transformation, and detoxification.

Despite significant advancements in understanding plant and microbial responses to heavy metal stress, there remains a need for a comprehensive synthesis of the mechanisms underlying microbial tolerance and their interactions with plants in contaminated environments. It is recommended that future research focus on eco-designed NPs, soil-specific microbial consortia optimization, and multidisciplinary frameworks that connect laboratory techniques and materials to practical applications. A deeper understanding of these processes is essential for developing efficient and sustainable strategies for heavy metal remediation. 

2. METHODOLOGY
A comprehensive literature search was conducted to gather relevant information on heavy metal contamination and microbial-mediated bioremediation. Multiple scientific databases, including Web of Science, Scopus, PubMed, ScienceDirect, and Google Scholar, were systematically explored to ensure broad coverage of peer-reviewed research.
The search was performed using a combination of keywords such as: “heavy metals”, “bioremediation”, “microbial remediation”, “plant–microbe interaction”, “rhizosphere”, “metal tolerance”, “biosorption”, “bioaccumulation”, and “genetically engineered microorganisms”. The inclusion criteria encompassed peer-reviewed journal research articles and review papers focusing on heavy metal contamination in soil and its remediation, research addressing microbial mechanisms of heavy metal tolerance and detoxification. The literature search primarily focused on studies published between 2000 and 2024, with emphasis on recent advances from the last decade. 
Despite providing a comprehensive overview of microbial-mediated heavy metal (HM) bioremediation, the present review has certain limitations like although an extensive range of studies has been considered, the heterogeneity in experimental conditions, such as differences in soil types, metal concentrations, environmental factors, and microbial strains, makes it difficult to directly compare results or draw universally applicable conclusions. Furthermore, while the review highlights the potential of genetically engineered microorganisms (GEMs), their application is still largely restricted to experimental settings due to biosafety concerns, regulatory constraints, and ecological risks, which limit their immediate practical implementation.

3. SOURCES AND TOXIC EFFECTS OF HEAVY METALS
The accumulation of heavy metals in agricultural soils is largely driven by anthropogenic activities, including excessive use of chemical fertilizers, pesticides, crop disease control agents, industrial effluent discharge, mining and smelting operations, sewage sludge application, and vehicular emissions (Ali et al., 2013; Wuana and Okieimen, 2011). Natural processes such as weathering of metal-rich rocks and volcanic activity further contribute to metal enrichment in soils (Kabata-Pendias, 2011). Due to their mobility and persistence, heavy metals can spread across large distances through atmospheric deposition and water systems, leading to widespread contamination (Alloway, 2013) Figure 1. Polluted metal particles released into the air from mining operations gradually accumulate in floodplains and riverbank soils, where they can persist for hundreds or even thousands of years. Millions of people living in floodplain regions across North and South America, Asia, and other areas of the globe may be exposed to hazardous waste from both current and former metal mining activities at alarmingly high levels (Macklin et al. 2023).



Figure 1: Sources of Heavy Metals


Polluted air, water, and soil act as pathways for the spread of heavy metals, putting plants, animals, and humans at risk of harm. Once heavy metals enter biological systems, they can disturb cellular processes, hinder enzymatic functions, and cause oxidative stress (Table 1). The danger posed by these pollutants is increasingly concerning due to ecological, nutritional, and environmental issues. Heavy metals like arsenic, cadmium, chromium, copper, lead, nickel, and zinc are the most identified heavy metals in wastewater and pose risks to both public health and the ecosystem (Lambert and Leven 2000).
Table 1:  Toxic effects of heavy metals
	Heavy Metal
	EPA Regulatory Limit (ppm) (EPA, 2009)
		Toxic Effects	
	Reference

	Ag
	0.10
	Causes skin and other body tissues to turn grey or blue grey, breathing problems, lung and throat irritation and stomach pain.
	(ATSDR 1990)

	As
	0.01
	Affects essential cellular processes like oxidative phosphorylation and ATP synthesis.
	(Tripathi et al., 2007)

	Ba
	2.0
	Respiratory failure, cardiac arrhythmias, gastrointestinal dysfunction, twitching of muscles and increased blood pressure.
	(Jacobs et al., 2002)

	Cd
	5.0
	Endocrine disruptor, carcinogenic, mutagenic, kidney dysfunction, damage to lungs and bones, hinders regulation of calcium in biological systems.
	(Degraeve 1981; Bernard 2008; Kaji M 2012)

	Cr
	0.1
	 Lung cancer, hair loss, birth defects.
	 (Salem et al., 2000)

	Cu
	1.3
	Damage kidney and brain, increased levels cause liver cirrhosis and chronic anaemia, stomach and intestine irritation.
	 (Wuana & Okieimen      2011)

	Hg
	2.0
	Fatigue, drowsiness, autoimmune diseases, loss of hair, insomnia, memory loss, restlessness, vision disturbance, temper outbursts, tremors, brain damage, kidney failure
	 (Ainza et al., 2010; Gulati et al., 2010)

	Ni
	0.2
	Skin diseases e.g., itching, nose cancer, sinuses, throat and lungs through constant inhalation, affect fertility and hair loss.
	 (Das et al., 2008)

	Pb
	15
	Affects neurological, haematological, gastrointestinal, cardiovascular and renal systems. In children, excessive exposure leads to impaired development, short-term loss of memory, deceased intelligence, learning disabilities and coordination problems
	 (Salem et al., 2000;    Wuana and Okieimen, 2011)

	Se
	50
	Causes malfunctioning of endocrine function, damage to natural killer cell activity, hepatotoxicity, fatigue, gastrointestinal disturbances, dizziness 
	 (Hess and Schmid, 2002)




4. HEAVY METAL SIGNALING AND PLANT TOLERANCE
Research on plant response to HM stress has advanced substantially in the previous few decades. Several genes induced by HM stress have been discovered owing to various omics methodologies viz. transcriptome analysis of Brassica, Arabidopsis, and Lycopersicum pointing to the role played by numerous transcription factors (TFs) under HM stress, such as AP2/ERF, bZIP, DREB and bHLH (Singh et al., 2016). Heavy metal stress signal transduction is the process by which the stress signal (s) is first detected by a variety of proteinaceous ion channels and receptors, then by non-protein messengers such as calcium, cyclic nucleotides, and hydrogen ions. Numerous phosphatases and kinases transmit the stress signals, which in turn cause the expression of several TFs and, ultimately, the synthesis of peptides that detoxify metals (Islam et al., 2015; Kumar and Trivedi, 2016). Different signalling pathways in plants, including calcium-dependent signaling (Shi et al., 2018), mitogen activated kinase protein signalling, reactive oxygen species (ROS) signalling, and hormone signalling, are triggered by heavy metal(s), which increases the expression of TFs and/or of genes related to stress response (Kumar and Trivedi, 2016). Similarly, the MAPK (Mitogen activated protein kinases) signaling cascade phosphorylates many TFs, including MYC, DREB, ABRE, bZIP, MYB, WRKY and NAC which have a strong impact response against metal stress (Jalmi et al., 2018). Furthermore, several phenols, organic acids, amines, amino acids, tocopherol and glutathione influence HM stress resistance in plants (Yusuf et al., 2012). Some of the plant responses to various stresses are so complicated that their roles are yet unclear.
Moreover, biological remediation is commonly regarded as the best technique for removing HM toxicity; being an environmentally acceptable, low-cost, and widely accepted technology (Khalid et al., 2017). The release of exudates from roots mobilizes metals through complexation (Etesami and Maheshwari, 2018), along with supplying nutrients (Mishra et al., 2017) and acting as a source of energy to microbial communities (Keiluweit et al., 2015), supporting plant survival and growth (Hayat et al., 2017). In addition, root exudates contain phytochelatins (PC) and amino acids, that act as binding molecules for HM intracellularly (Fremont et al., 2021). Root exudates emit enzymes and protons (H+), which aid in rhizosphere acidification and electron transport thus, resulting in higher metal bioavailability (Ma et al., 2016). Exudate concentration changes brought about by certain HMs promote development of biomarkers. Mass spectrometry, gas chromatography and metabolomics approaches have been employed to demonstrate the effect of lead accumulation on root exudates of Sedum alfredii herb, 15 chemicals have been discovered that are assumed to be potential biomarkers of lead (Pb) contamination (Luo et al., 2017).
Microbes assist in promoting survival and growth of plants under stress due to heavy metal by digesting waste and transforming complicated waste into non-toxic by-products owing to multiple resistance mechanisms that enable them to cope with harmful HMs (Parmar et al., 2022; Chaudhary et al., 2022). Plant-associated microbes use a variety of remediation techniques, including metal sorption, bioaccumulation, enzymatic oxidation/reduction reactions to convert HMs to non-toxic form, and their efflux from cells (Zhang et al., 2020; Hemdan et al., 2022).
5. HEAVY METAL TOLERANCE BY MICROBES
Microorganisms have a vital role to play in biogeochemical cycling of HMs by metal reclamation (Ali et al., 2019b; Sharma et al., 2021). Consequently, microbial presence aids in lowering soil HM concentration through a range of mechanisms such as passive or fast metal uptake via cell surface adsorption by extracellular components such as polysaccharide and active or slow metal uptake through sequestration involving metallothioneins (MT), which are metal binding proteins. However, because HM toxicity induces poor plant growth, HM bioavailability can stymie the phytoremediation even further (Scragg, 2005)). Plant-associated microbes use a variety of remediation techniques, including metal sorption, Rhizospheres are home to HM-tolerant bacteria that support plant development. These bacteria simultaneously handle these two primary problems by regulating plant growth and altering the physico-chemical characteristics of the soil to raise metal bioavailability, which leads to quick HM detoxification (Khanna et al., 2019; Aparicio et al., 2021). They also decrease soil metal availability by precipitation, acidification, complexation, redox processes and chelation (Etesami, 2018).  HM-PGP (plant growth promoting) bacteria produce organic acids that reduce pH of soil and sequester soluble metal ions (Ali et al., 2019a; Mishra et al., 2021; Parihar et al., 2021). Further, acidic pH levels in rhizosphere promote HM adsorption and bioavailability (Mishra et al., 2017). Fungus filamentous hyphae have been observed to penetrate deeper soil aggregates, leading to HM chelation and adsorption (Mishra et al., 2021; Dada, 2019). 

6. HEAVY METAL BIOREMEDIATION BY BACTERIAL SPECIES
Firmicutes, Actinobacteria and Proteobacteria, dominate the populations of bacteria in HM polluted locations, with Bacillus, Pseudomonas, and Arthrobacter species dominating (Pires et al., 2012). Bacterial cells can bioremediate heavy metals by a utilizing variety of mechanisms, including: i) adsorption on the cell surface; ii) precipitation outside the cell; iii) intracellular accumulation through the action of specific metal binding proteins called metallothioneins; iv) entrapment and accumulation within extracellular capsules; v) biosorption (procedure where organisms can adhere to both inorganic and organic pollutants, using a range of processes that include various physical and chemical procedures. ) and bioaccumulation within the cell wall (involves the collection of contaminants within microbial cells to ease their elimination from the ambiance); and vi) intracellular accumulation into vacuoles (Bae et al., 2001; Akkoyun et al., 2020; Açıkel 2011; Ahmad et al., 2016; Hassan et al., 2017; Banik  et al., 2014). Figure 2 depicts various mechanisms used by bacteria for bioremediation of HMs. 
Heavy metal remediation in bacteria can also take place by way of synthesis of siderophores facilitated by protein-mediated membrane metal transport and siderophore-metal complex development. Biosurfactants production is another mechanism employed by bacteria for HM remediation. HM remediation caused by biosurfactant takes place either through association of free-form residues of metals with complex ones or accumulation in solid solution interface, leading to metal-biosurfactant interaction (Miller, 1995). Biosurfactant-metal complex leaves soil surface owing to desorption leading to micelles development (Açıkel 2011). Biosurfactants are produced by a wide range of bacteria, including Acinetobacter sp., Pseudomonas sp., Bacillus sp., and Arthrobacter sp. compared with synthetic substances, biosurfactants have a low or no environmental impact and they can be formed in situ (Sinha & Paul 2012; Zubair et al., 2016). Organic pollutants are mineralized by bacteria into end products viz. water, carbon dioxide or metabolic intermediates that act as primary substrates for growth and development cells in bioremediation process. Microorganisms put up a two-way defense, viz. degradative enzyme production against target pollutants besides resisting heavy metals (Ahmad et al., 2016).
Furthermore, a diverse range of free-living and symbiotic PGPR occurring in soil rhizosphere influence plant development and productivity by generating growth regulators, supplying and assisting in nutrient extraction from soil (Vejan et al., 2016). They limit metal bioavailability by building complexes with siderophores, bacterial transporters and particular metabolites (Rezanka et al., 2019). The HM tolerant PGPRs such as Bacillus, Pseudomonas, Streptomyces, and Methylobacterium boost crop development and production by minimizing the negative effects of HMs (Raklami et al., 2019). Moreover, several rhizobacteria assist metal accumulation, HM uptake and build tolerance of hyper accumulating plants (Thijs et al., 2017). Nitrogen fixation symbiotically has been reported in HM tolerant (HMT) rhizobial strains from polluted sites, even though nitrogenase enzyme activity and nodulation are prone to HM stress. It is well known that the rhizobia and legume symbiosis detoxifies HM and restores the damaged soils (Checcucci et al., 2017). Despite these practices, HM bioremediation might benefit from using genetically modified bacteria (Rai et al., 2021; Ullah et al., 2021); nevertheless, this remains restricted to laboratory studies (Gupta and Singh, 2017).
The naturally existing microorganisms are either incapable or have limited ability to eliminate chemicals that are hazardous. The capacity of these indigenous bacteria to remove contaminants has been increased by the multidisciplinary use of genetics, bioinformatics, molecular methods, and microbiology; these altered organisms are referred to as genetically modified organisms or genetically engineered microbes (GMOs/GEMs) (Wu et al., 2021). Many naturally or genetically created microbes can breakdown, convert, or chelate many harmful substances, providing better environmental pollution control solutions. Scientists use natural or modified microbes on a regular basis to remove HM toxins, radioactive waste, metalloids, metals and oil products from polluted locations. 
 The availability of genetic engineering technology provides the possibility of specially tailoring microbial biosorbents with the required selectivity and affinity for heavy metals. Table 2 represents the genetically modified microorganism for bioremediation of heavy metals. Genetically modified bacteria have either one or many genes that promote heavy metal remediation, such as genes related to metal chelators, biodegradative enzyme transporters, metal uptake regulators, metal homeostasis, abiotic and biotic stress tolerance (Singh et al., 2011).  For example, genetically modified bacteria viz. Moraxella sp and E. coli. expresses synthetic phytochelatin EC20 on their cell surface that can collect as much as 25 times more cadmium or mercury as collected by wild-type strains (Bae et al., 2003).
Table 2: Genetically engineered bacteria for HM bioremediation
	S No.
	Genetically engineered microbes
	Modified Genes
	Mode of expression
	Reference

	1
	Ralstonia eutropha
	Recombinant rhizobacteria bound on Chambliss
	Removes heavy metals
	(Sharma, 2020))

	2.
	Acidithiobacillus ferrooxidans
	Mer C; Ion transporter
	Degradation of mercury 
	(Arshadi and Yaghmaei, 2020))

	3.
	Pseudomonas putida X3 strain
	Incorporation of EGFP and methyl parathion cadmium degradation gene
	Degradation of cadmium and methyl parathion
	(Ayogu et al., 2020)

	3
	Rhodopseudomonas palustris
	Express mercury transporting system
	Degradation of mercury
	(Brown et al., 2020)

	4
	E. coli SE5000 strain
	nixA; express nickle transporting system
	Degradation of nickle from aqueous system
	(Tsyganov et al., 2020)

	5
	Mesorhizobium huakuii
	Genes from Arabidopsis thaliana encoding PCs
	Degradation and accumulation of cadmium
	(Luo et al., 2020)



However, there is worry that GEMs, when introduced into polluted locations, may cause harmful environmental consequences due to horizontal transfer of recombinant DNA and may compete with native bacterial populations (Dixit et al., 2015; Wu et al., 2006). In other circumstances, the released GEMs do not survive long and perish before having any influence on bioremediation. The ability of GMOs to survive in ecologically stressful environments is crucial to their successful use, and once they have served their intended purpose, there must be a suitable method to remove them from their area of action (Tsyganov et al., 2020).
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Figure 2: Heavy metal bioremediation mechanisms employed by bacterial cell
7. HEAVY METAL BIOREMEDIATION BY FUNGI
Due of their extensive potential for bioremediation applications, fungi are organisms that are receiving more attention. HM stress has been observed to be tolerated by some filamentous fungi from the genera Aspergillus, Penicillium (Khan et al., 2019), Trichoderma, Mucor (Oladipo et al., 2018), Fusarium (Singh et al., 2015), Rhizopus (Srivastava et al., 2011). Various fungi including Fomitopsis meliae, Rhizopus microspores, Trichoderma ghanense and Absidia cylindrospora can resist and biosorb iron, lead, arsenic, cadmium and copper (Albert et al., 2018),).  The process of detoxifying heavy metal ions through fungi-metal interactions involves multiple mechanisms viz. i) the metals are mobilized through the production and excretion of fungal products. Such products include citric acid, which is an effective metal-ion chelator, and oxalic acid, which transforms metal ions into insoluble oxalates that contain primary metals resulting from phosphate breakdown. Figure 3 depicts fungal cell mechanisms for heavy metals (Zn, Cu, Ca, Mg, Pb, Ni, Cd, Co, Sr and Mn) bioremediation.
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Figure 3: Heavy metal bioremediation mechanisms employed by fungal cell
The organic acids produced by fungi might augment the metal solubility aided by mycosphere acidification and formation of metal-complex structure (Gadd et al., 2014) ii) the chemical behaviour of metals and biomass concentration affect the metal-fungal cell wall interaction; an intricate mechanism comprising several processes e.g., ion exchange, complexation, crystallization, adsorption and precipitation, iii) metal uptake induced by specific metal transporters. The constituents of carriers may include metabolically coupled H+ gradient driven transport system iv) intracellular metal immobilization which comprises of two processes i.e., complexation by cytoplasmic protein (metallothionein and phytochelatins) and vacuoles compartmentation. Metallothioneins are metal binding proteins which modulate intracellular concentrations and bind both essential and inessential metals for example Cu and Cd, respectively. Fungal vacuole plays an important role in molecular degradation, storing of metabolites, regulating the metal ion cytosolic concentrations and detoxification of potentially toxic HM ions. v) Metal transformations are brought about by various kinds of chemical reactions that involve reduction, oxidation, dealkylation and methylation (Srivastava et al., 2011). These reactions can cause metal volatilization thereby reducing metal toxicity. Metal transportation occurs through cytoplasmic vacuoles and vesicles to plant symbionts and other parts of fungus mycelium. 
Species of genera Allescheriella sp. Phlebia sp., Stachybotrys sp., Pleurotus pulmonarius, Botryosphaeria rhodian are remarkable examples of properties of metal binding resulting from the negative charge (-) present on various functional groups viz. carboxylic, amine and phosphate across various components of cell walls of fungi. Arbuscular mycorrhizal fungi are prominent soil microbes that improve surface area of root and nutrient absorption in plants by establishing a direct contact between plant roots and soil ((Saxena et al., 2017). These AMF also reduce host plant’s metal toxicity (Gamalero et al., 2005; Riaz et al., 2021). The filamentous hyphal structures of mycorrhizal and wood-rotting fungi forms oxalate crystals that are reported to halt and detoxify HM by penetrating deep soil aggregates and chelates or adsorbing HM (Gadd et al., 2014). Aspergillus parasitica, Ganoderma carnosum, and Cephalosporium aphidicola biodegrade Pb (II) in toxic soil via the process of biosorption (Akar et al., 2006; Tunali et al., 2006; Akar et al., 2007). In addition to this few Hg resistant fungus have also been reported (Hymenoscyphus ericae, Neocosmospora vasinfecta, Verticillum terrestreare etc.) that are capable of biotransforming Hg (II) state to  ꞵ HgS   and Hg0(Kelly et al., 2006). Thus, detoxifying it.
8. FUTURE PROSPECTIVES
The widespread use of microbial bioremediation of heavy metals is constrained by a number of gaps, despite significant advancements. The majority of research is conducted under in vitro conditions and has little field-scale validation under challenging environmental circumstances. Furthermore, a thorough integration of omics techniques to connect microbial pathways with practical performance is lacking.

Concerns about biosafety, regulations, and the environment continue to limit the use of genetically modified microbes (GEMs). Moreover, little research has been done on long-term sustainability, microbiological persistence monitoring, and metal remobilization hazards. The creation of site-specific microbial consortia, field-level investigations, and the integration of multidisciplinary techniques like phytoremediation and nanotechnology should be the main goals of future study. For actual implementation to be successful, cost-effective, scalable technologies must be advanced and regulatory frameworks strengthened.

9. CONCLUSION
Plants contribute to the formation of their own rhizobiome and some plant species may have a unique microbial community that can fluctuate depending on the stage of growth and the location of the plant's roots. Plants can develop a unique rhizobiome that is helpful for their resistance when they are cultivated in polluted soils or under stress situations, like when there are heavy metals present in soil. Microbial communities living in various habitats have developed numerous efficient methods for detoxifying metal-contaminated surroundings. Metal toxicity is mitigated by useful soil microflora using myriads of strategies, including: i) exclusion; ii) active metal transport from cell; iii) intracellular and extracellular requisition; iv) enzyme-mediated degradation of HMs from more toxic to lesser toxic forms; and iv) reduction in cellular metal sensitivity. Soil bacteria and fungi can detoxify a polluted environment by employing single or multiple concurrent methods. Metal clearance procedures may differ depending on microorganism type, metal concentrations and species, and environmental conditions. HM resistant bacteria and fungi have been isolated and traced from several sources e.g., soil, water etc. A microbiological approach to HM tolerance and clean-up is both eco-friendly and cost-effective. However, the commercialization of this technology is still awaited in the absence of ample information. Furthermore, genetically engineered microorganisms adapted to local conditions can effectively cure the soils of HM contamination. Thereby, increase the effectiveness of microbial remediation, however they do have certain moral, legal, and biosafety concerns. Additionally, the effectiveness of GEMs in real-world settings is a constant source of worry. Therefore, in accordance with biosafety regulations, significant research on GEMs is required.  Consequently, the constant loop between research and development to estimate and treat growing concentrations of metal contaminants along with techniques, equipment, and understanding to handle these problems have been this review’s chief concerns.
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