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    Modern civilization is experiencing an environmental catastrophe as a result of prevailing pollution issues worldwide. Scientists, researchers, environmentalists, engineers, planners, as well as the developing nations, all need to address this problem to some extent through the introduction of microbes in order to recycle waste into useful forms that other well-beings can utilize efficiently. Varied microbial traits offer a strong substitute to get around the serious issues as they can withstand practically any environmental situation because of their incredible metabolic activity. Hence, the extensive nutritional capacities of microbes can be exploited in the bioremediation of environmental contaminants. Moreover, these microorganisms can be used in bioremediation to eliminate, degrade, detoxify, and immobilize a variety of physical and chemical pollutants. Enzymes are exploited in the destruction and transformation of pollutants like heavy metals, hydrocarbons, pesticides, oil and dyes.




    The book Bioremediation for Environmental Pollutants - Part 1 focuses about the bioremediation of heavy metals, pesticides, textile dyes removal, petroleum hydrocarbon, micro plastics and plastics.
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      Abstract




      Chemical elements with an atomic mass unit ranging from 63.5 – 200.6 (relative atomic mass) and a relative density exceeding 5.0 are generally termed as heavy metals. Since they are non-biodegradable inorganic contaminants, physical and chemical methods of degradation are ineffective. Heavy metals cannot be degraded easily due to their physical and chemical properties, such as the rate of oxidation & reduction reactions, rate of solubility, formation of complexes with other metal ions, etc. They are flexible, and easily accumulated in the environment. In the case of bioaccumulation, they are highly lethal to the organisms. The process of removal of toxic and hazardous material from the environment using plants and microorganisms is termed bioremediation. The disposal of toxic contaminants using plants is termed phytoremediation. Microbial bioremediation consists of the removal of toxic elements with the application of microorganisms during which the toxic substance is converted into either end products or nontoxic and non-hazardous forms or recovery of metals.
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      INTRODUCTION




      Environmental pollution is currently a major problem on a global scale. The ecosystem is severely contaminated due to the rise in industries and increased population. Urbanization with improved standard of life resulted in the reduction of quality of the ecosystem with high pollution within the past 100 years [1]. Air, water, the soil has been contaminated heavily nowadays due to the usage of pesticide, fertilizers, mining, tannery effluents, smelting, electronic appliances, electroplating, paper industries; large scale production of chemicals including solvents, chemical feedstocks, petroleum products, additives, synthetic polymers, pigments and dyes, etc., resulting in the release of heavy metals at a large scale [2]. These contaminants are accumulated in the soil, water, and air resulting in a life-threatening situation for all living organisms [3]. Elevated CO2 levels in the air, fall in natural resources, degradation and release of pollutants such as heavy




      metals, xenobiotics, toxic gases and chemical substances, etc., into the ecosystem are the primary after-effects of technological & industrial modernization [4]. When compared to various environmental pollutants heavy metals are lethal to biotic factors of the ecosystem. Heavy metals easily tend to accumulate in the soil, & water hence this type of pollution is a major ecological issue. They remain in an unstable form - ionic state and readily react with the surrounding elements [5].


    




    

      



      HEAVY METALS




      Chemical elements with an atomic mass unit ranging from 63.5 – 200.6 (relative atomic mass) and a relative density exceeding 5.0 are generally termed as heavy metals. They possess high density. Even the lowest concentration of heavy metal shows the highest level of toxicity [6]. They are non-biodegradable inorganic pollutants hence, physical and chemical methods such as are not applicable for their decomposition. Heavy metals cannot be degraded easily due to their physical and chemical properties such as the rate of oxidation & reduction reactions, rate of solubility, formation of complexes with other metal ions, etc. they are flexible, easily accumulated in the environment, in case of bioaccumulation they are highly lethal to the organisms [7].




      

        



        List of Heavy Metals




        Aluminum (Al), Antimony (Sb),, Arsenate (As (V)),Arsenic (As), Arsenite (As (III)),Barium (Ba), Bismuth (Bi),Cadmium (Cd), Chromium (Cr), Cr(VI), Cr(III)Cobalt (Co), Copper (Cu), Gold (Au), Iron (Fe), Lead (Pb), Manganese (Mn), Mercury (Hg), Molybdenum (Mo), Nickel (Ni), Selenium (Se), Silver (Ag), Titanium (Ti), Zinc (Zn) are the heavy metals present in both contaminated soil and aquatic environment [8]. The adverse effects of heavy metals on plants & human health are listed in Tables 1 and 2.




        

          Table 1 Impacts of heavy metals on plants [8].




          

            

              

                	S. No



                	Metal Ions



                	Effects

              


            



            

              

                	1.



                	Zn



                	Reduced growth, development & senescence, inhibition of metabolism, induced oxidative damage, modifications in enzyme functions, leaf-chlorosis, purple-red leaf, lead to Mn, P deficiencies.

              




              

                	2.



                	Cd



                	Injuries similar to chlorosis, growth is inhibited, roots become brown resulting in death, interrupts the transport of other mineral nutrients & inhibits enzyme activity, water imbalance, reduces ATP synthesis, inhibits CO2 incorporation & chlorophyll functions.

              




              

                	3.



                	Cu



                	Exhibits cytotoxicity in plants, induction of stress, resulting in tissues injuries, chlorosis of leaves, retarded growth, interruption of metabolism, excess oxidation, influences germination, roots & seed morphology

              




              

                	4.



                	Hg



                	Interruption of H2O flow in plants increased oxidative stress, inhibits functions of mitochondria, influences metabolism & rupture of plasma membrane

              




              

                	5.



                	Cr



                	Reduced rate of seed germination & root development, reduced CO2 incorporation & transportation of electrons, enzymatic functions & ATP synthesis, modification in pigmentation, induced synthesis metabolites & with modified structure

              




              

                	6.



                	Pb



                	Inhibition of germination, interference in enzymatic function, retardation & abnormalities of growth in various plant parts, chlorosis, interruption in carboxylation reactions. Inhibition of enzymatic functions. Alterations in H2O balances, modified membrane permeability. high oxidative stress.

              




              

                	7.



                	As



                	Competes with P carrier, leads to P deficiencies, transformed into dimethylarsinic acid (DMA), mono methyl arsenicacid (MMA)

              




              

                	8.



                	Co



                	Inhibits the growth of shoots & biomass, impedes the concentration of Fe, chlorophyll, protein, enzyme activity, reduced transpiration, other mineral elements get translocated.

              




              

                	9.



                	Ni



                	Necrosis & chlorosis, nutrient imbalance, altered cellular membrane &activities, altered ionic concentration in cytosol, and reduced water absorption.

              




              

                	10.



                	Mn



                	Reduced rate of photosynthesis, necrosis, leaf colour change to brown resulting in death. Reduced internodal length, chlorosis,

              




              

                	11.



                	Fe



                	Excess free radical formation, irreversible changes in cell morphology, injuries to the plasma membrane, protein & DNA damage, reduced photosynthesis & elevated ascorbate peroxidise function & oxidative stress

              


            

          




        




        

          Table 2 Impacts of heavy metals on the human health [7].




          

            

              

                	S, No



                	Metals



                	
Minimum


                Threshold Level




                	Toxic Effects

              


            



            

              

                	1.



                	Ag



                	0.10



                	Body parts exposed to Ag (skin & tissues) change into grey or blue-grey colour, breathing difficulties, irritation in throat & lung, and stomach ache

              




              

                	2.



                	As



                	0.01



                	Alters the cellular activities including oxidative phosphorylation and ATP synthesis

              




              

                	3.



                	Ba



                	2.0



                	Results in increased blood pressure, respiratory failure, muscle twitch cardiac arrhythmia and gastrointestinal dysfunction

              




              

                	4.



                	Cd



                	5.0



                	Carcinogenic, mutagenic, endocrine disruptor, lung damage and fragile bones, affects calcium regulation in biological systems

              




              

                	5.



                	Cr



                	0.1



                	Severe Hair loss

              




              

                	6.



                	Cu



                	1.3



                	Renal failure, Brain damage, and high concentration lead to anaemia, chronic gastrointestinal irritation & abnormalities, and liver cirrhosis.

              




              

                	7.



                	Hg



                	2.0



                	Brain damage & neural impairments, drowsiness, memory loss, fatigue, temper outbursts, restlessness, insomnia, disturbed vision Autoimmune diseases, depression, hair loss, tremors, respiratory & renal failure

              




              

                	8.



                	Ni



                	0.2



                	Dermal allergies, itching, cancer in the respiratory path and system due to chronic continuous inhalation, hair loss, neurotoxic, immunotoxin & genotoxic, head doses result to infertility,

              




              

                	9.



                	Pb



                	15



                	children exposed to high concentrations may experience growth impairments. Low IQ, severe hair loss short-term memory loss, learning disabilities and coordination problems, risk of cardiovascular disease

              




              

                	10.



                	Se



                	50



                	Intake of 300 µg/day impacts functions of the endocrine system, NK cells. liver damage & affects the gastrointestinal

              




              

                	11.



                	Zn



                	0.5



                	Fatigue & dizziness.

              


            

          




        


      




      

        



        Sources of Heavy Metals




        The two major heavy metal sources are natural and anthropogenic sources.




        

          



          Natural Sources




          Natural sources include weathering of minerals from parent rocks, erosion, climatic factors, pH changes, volcanic activities, emission from biogenic sources, particles emitted from vegetation, decomposition & volatilization of the plant bodies and forest fire. Heavy metal leaching, corrosion of metals, resuspension of sediment into the soil & water, evaporation of metals form the water resources. Sea spray and aerosols from the oceans [2, 7].


        




        

          



          Anthropogenic Sources




          Artificial release of heavy metals due to human activities involves extraction of ores, electroplating, smelting, mining, utilization of pesticides, biosolids, manure and N, P, K fertilizers discharge and atmospheric depositions. Agricultural activities like limining of soil, perpetual irrigation, pigments, paints, plastic stabilizers, fly ash & ash form the combustion of Coal & petrol, nuclear power station. Steel, textiles, microelectronics, plastic, wood preservation and paper processing industries. Release of effluents from tanneries and factories, municipal & industrial wastewater, medical waste & surgical instruments and automobile batteries, lubricants, detergents, landfills & their leachate, industrial spill & leaks, incineration, etc [2, 3, 7, 8].


        


      


    




    

      



      HEAVY METAL ACCUMULATION IN ECOSYSTEM.




      Heavy metals and their extracts are highly retained in the soil, due to the cationic affinity towards the soil humus. They are widely accumulated in the dispersed form in the contaminated soil and the water bodies [8]. Due to human activities, the natural biogeochemical cycle of these elements is disturbed. Hence, get piled up in the environment. The deposition of heavy metals is governed by the following physical & chemicals reaction including, oxidation, reduction, absorption, adsorption, precipitation, complex formation, methylation, demethylation, dissolution, ionic exchange resulting in the speciation of the metal contaminants, etc. These elements inhibit the biodegradability of other elements present in the soil [3, 9].


    




    

      



      BIOREMEDIATION




      The process of removal of toxic and hazardous material from the environment using plants and microorganisms is termed as bioremediation. The disposal of toxic contaminants using plants is termed as phytoremediation. Microbial bioremediation consists of the removal of toxic elements with the application of microorganisms during which the toxic substance is converted into either end products or nontoxic and non-hazardous forms or recovery of metals. Bioremediation is grouped into bio-stimulation, and bioaugmentation. Bioremediation involves various processes such as biomineralization, bioaccumulation, bio-simulation, biotransformation, metal-microbe interactions, bioleaching, bioventing, biosorption, bioreactor, land farming, composting and phytoremediation in order to remove the toxic and hazardous contaminants. Bioremediation can be categorized into in-situ or ex-situ bioremediation based on the type of method adapted for their treatment when the bioremediation is carried out in the original site of contamination then it is termed as in situ bioremediation. In ex-situ bioremediated the contaminants are transferred to some other place for treatment [1-7].




      

        



        Principles of Bioremediation




        Conventional remediation includes 1. Contaminated sediment layers are physically removed (dredging), to isolate the contaminated sediment layer, it is coated with some clean materials (capping), burning of the contaminated materials (incineration). In contrast to conventional system’s bioremediation is comparatively cost-effective [10]. In bioremediation, the microorganisms either directly utilize the heavy metals and contaminants as a nutrient source required for their growth or degrade them into secondary substrates via breaking their chemical bonds to obtain energy. Electron transfer takes place for obtaining energy. In general, the following elements act as electron acceptors for microorganisms, including O2, CO2, sulfate, iron and nitrate, etc [3].


      




      

        



        Factors Affecting Bioremediation




        1. Less expensive.




        2. Permanent & effective results.




        3. Commercial availability of materials required.




        4. The technique selected must be generally acceptable.




        5. Should be applicable to a wide range & mixed waste including organic substances.




        6. Must be highly potent for detoxification.




        7. Must be active and effective under the increased concentration of metal ions.




        8. It should be highly capable of immobilization.




        9. It should actively reduce the quantity of contaminants [11-13].


      




      

        



        Bioremediation Strategies




        1. Natural attenuation is the natural process of removal or conversion of toxic elements into nontoxic form through an innate microbial community without human intervention.




        2. Biostimulation is a part of bioremediation where fertilizers/nutrients are added artificially to enhance the indigenous microbial growth and its activity.




        3. Bioremediation occurring naturally in the rhizosphere inhabiting microorganisms is termed as rhizoremediation.




        4. Co-metabolism is the process of exploitation of contaminants via symbiotic association of microorganism with plants plant -microbe due to degrading potency.




        5. Acclimatization is a supplementary technique applied to treat wastewater.




        6. Engineered bioremediation involves screening & selection of natural, pollutant-resistant microorganism & genetically engineered microbial strains for effective removal of contaminants [10, 14].


      




      

        



        Categories of Bioremediation




        Remediation of heavy metals contaminated soil are grouped into three categories in the treatment of hazardous wastes. Category I (In-situ remediation), Category II (In-situ harsh soil restrictive measures), Category III (In situ or Ex situ harsh soil destructive measures). These two broad categories fixed by USEPA for soil contamination, Category I- source control, Category II- containment remedies. The construction of vertical engineered barrier (VEB), caps & liners is uncomposed within the contamination remedies in order to prevent further spreading /movement of the plume containment. Additionally, the general approach of 5 categories includes extraction, isolation, immobilization, physical separation, and toxicity reduction. Integration of more than two techniques would be more economical [15].


      




      

        



        Mode of Operation




        Bioremediation can be carried out in both Aerobic and anaerobic phases. Bacillus, Flavobacterium, Mycobacterium, Nitrosomonas, Pseudomonas, Penicillium, and Xanthobacter are microorganisms commonly used for bioremediation.




        

          



          Aerobic




          Mycobacterium, Sphingomonas, Rhodococcus and Pseudomonas are the most commonly used aerobic bacteria in the bioremediation technology. They actively degrade hydrocarbons, and pesticides, especially groups such as alkanes & aromatic compounds and utilize the contaminants as C and energy sources.


        




        

          



          Anaerobic




          Anaerobic microbes are used to degrade polychlorinated biphenyls present in the river, chloroform, trichloroethylene and for solvents-dechlorination. Algae, bacteria, fungi and yeast have been reported for successful bioremediation of heavy metals & radio nuclei. Bacillus, Pseudomonas, P. aeruginosa, Streptomyces, Aspergillus, Rhizopus, and Saccharomyces, Streptoverticullum are highly potent microbial strains used for heavy metal bioremediation. In exclusion, the target site is free from metal ions, in extrusion, the elimination of metal ions from the cell as a result of chromosomal and plasmid movements. Accommodation is the formation of a metal complex with intracellular proteins and cell components, Biotransformation is the reduction of heavy metals into non-toxic forms, methylation and demethylation are the mechanisms used by the above-mentioned fungal species for heavy metal bioremediation. For survival under metallic stress, several mechanisms have been evolved in these microorganisms. A series of reactions take place in the detoxification of heavy metals which includes extracellular efflux of metal ions, formation of intracellular metallic/ionic complexes, and final stage with the reduction of toxic metal into non-toxic form [3].


        


      


    




    

      



      Interactions between Heavy Metals and Microorganisms




      Bioremediation using microorganisms includes bioaccumulation, biosorption, biotransformation, immobilization, mobilization and biomineralization processes. Comparatively Biosorption process plays a vital in the environmental remediation of heavy metals. This process includes metabolism which is independent, reversible, and passive uptake of the heavy metals by the adsorption of biological materials to the cell surface. Bioaccumulation is a complicated process that involves the active accumulation of heavy metals in the cellular components. They interact with biomolecules to obtain a stable form resulting in the formation of biotoxins (Fig. 1). Heavy metals are taken up by the microorganism via active/passive methods. The binding capacity of the microbial cells to the heavy metal is due to the presence of biomolecules such as lipids, carbohydrates and proteins which possess functional groups like phosphate, hydroxyl, carboxylate and amino groups. These functional groups are responsible for the adsorption and absorption reactions of the microbial cells to the charged particles [7, 16]. Adsorption of heavy metals to the microbial surface takes place through the following factors net negative charge of the microbial cell and metallic cation charges, ionic exchange between heavy metals and teichoic acid & peptidoglycan of the cell wall. Nucleation reaction resulting in precipitation, and formation of metallic/ionic complexes with O2 and N ligands. The teichoic acid & peptidoglycan in the cell wall accelerate the adsorption reaction, hence Gram-positive bacteria highly adsorbs to the heavy metals while gram negative bacteria lack in heavy metal adsorption [17-20]. Microorganisms sequester metal ions in two routes 1. Intracellular sequestration, 2. Extracellular Sequestration.
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Fig. (1))


      Interactions of heavy metals with microbial cell in using various methods.



      

        



        Intracellular Sequestration




        Intracellular sequestration is including the absorption of metal complexes inside the cytoplasm. This process is facilized by the formation of ligands /metal binding sites on the surface of microbial cell walls and then slowly transported into the cytoplasmic membrane. The following microbial strains exhibit intracellular sequestration of metal ions during the remediation process Cadmium and Zinc ions by Pseudomonas putida (which uses protein carrier molecules), Cadmium ions using glutathione by Rhizobium leguminosarum [21-23].


      




      

        



        Extracellular Sequestration




        Extracellular sequestration is the process of bioaccumulation, where metal ions are accumulated into the components of cells present in the periplasm/ formation of insoluble metal complexes. The following microorganism is well known for their extracellular sequestration of heavy metals including Cu ions by Pseudomonas syringae (in periplasm), Zn ions by Synechocystis PCC 6803 (periplasm). Geobacter sp and Desulfuromonas spp. reduces the toxicity level of various metals. Mn and Cr ions by G. metallireducens, Cr ions by G. sulfurreducens. H2S by P. aeruginosa, Klebsiella planticola. Pb ions by Vibrio harveyi [24-29].


      


    




    

      



      TYPES OF BIOREMEDIATION




      Based on the procedures adapted, bioremediation is categorised into two types such as in-situ bioremediation and ex-situ bioremediation.




      

        



        In-situ Bioremediation




        The contaminants are treated at the subsurface level, O2 and nutrients are supplied to promote the growth of indigenous microorganism consortium for the degradation of heavy metals. This method is applicable for both saturated and unsaturated soil and ground water. It includes intrusion of nutrients and energy sources diffused in water. To improve the rate and quality of bioremediation, the chemotactic capabilities of microbial consortium have to be enhanced. It is divided into intrinsic bioremediation and engineered in situ bioremediation




        

          



          Intrinsic Bioremediation




          In this method, the innate abilities of the microbial consortium are stimulated by supplying nutrients and electron acceptors e.g. O2 to degrade the heavy metal contaminants. It is the natural attenuation process.


        




        

          



          Engineered In Situ Bioremediation




          This method involves the inclusion of selected strains of microorganisms into the site of contamination. Stimulation and enhancement of the physical and chemical parameters to favour microbial growth, thereby accelerating the process of bioremediation. This method is adopted where the environmental conditions are not favourable for the indigenous microbial consortium. Few genetically modified microbial strains are capable of withstanding such conditions.


        




        

          



          Advantages




          Economically feasible, more efficient, utilization of harmless microbes, reduces the risk of further exposure, an alternate to pump and treat method for remediating aquifers and soil with organic and toxic contaminants e.g. Cr (VI), complete conversion of contaminants into simple non- toxic form/end products like CO2, H2O, C2H6. Treatment for dissolved as well as sorbed contaminants is possible with accelerated in-situ bioremediation and is time saving when compared to pump-and-treat method. Cost effective, even inaccessible areas of the plume can be treated with bioremediation.


        




        

          



          Limitations




          Based on the contamination site, incomplete conversion of pollutions into end products are possible. In the case of the intermediate cease of the bioconversion process the products formed are highly toxic than the original compounds. Recalcitrant are non-biodegradable. Injection well may get blocked/ obstructed if improper operation takes place, ultimately resulting in increased microbial growth due to accumulation of supplied nutrients & electron acceptor/donor. Some innate microbial consortiums may get inhibited due to a high concentration of toxic elements. Microbial strains adapted to contaminated environments are required since they cannot be produced in recent spills.


        


      




      

        



        Ex-situ Bioremediation




        The contaminants are treated above ground level. Contaminants are removed from on-site and transported to the treatment area. The excavation method is used for soil and pump and treat method for polluted groundwater. After excavation, the soil is aerated to stimulate the indigenous microbes to degrade the contaminants. Ex-situ bioremediation is categorised into the slurry-phase system and solid-phase system




        

          



          Slurry-Phase System




          Slurry-Phase bioremediation involves the use of bioreactors. The contaminated soil is aerated, and blended with water inside the bioreactor. In this stage, the rubbles and stones are removed. In the following step, the soil will be suspended in a fixed amount of water for the slurry formation. Based on the degree or concertation of the contaminants present, the amount of water added will vary. After the completion of this procedure, the soil is taken out and dried with the help of a centrifuge, pressure filters and vacuum filter. Further treatment depends upon the nature of the soil. In the final stage, the resulting fluids will be examined and further treated,


        




        

          Solid-Phase System




          Solid-Phase bioremediation involves the soil placed in form of piles. It contains organic waste from plants, animals, industries and MSW (Municipal Solid Waste). The soil bio-piles are aerated with a network of pipelines to facilitate ventilation and promote the growth of microbial consortium and require wide space & time when compared to slurry-phase system. This process includes composting, soil bio-piles land farming, etc.


        




        

          Soil Bio-Piles




          In this method, the contaminated soil is excavated into the treatment site where they are piled up at 3-10 feet heights. The microbial growth is promoted by aeration and supply of nutrients and moisture. These compost piles contain both aerobic as well as anaerobic microorganisms. Air is injected into the piles through a network of pipelines embedded in them. Regular tilling or ploughing help to aerate the piles. Engineered cells in the form of aerated compost piles are used to treat surface contaminants which involve volatilization and leaching.


        




        

          Land farming involves spreading and continuous treatment such as ploughing and tilling of the contaminated soil at a regular interval till the pollutants are completely degraded. Tilling and ploughing will facilitate aeration and nutrients are supplied to stimulate the growth of the innate microbial consortium.


        




        

          



          Composting




          In composting method, bulking agents are added to the contaminated soil to facilitate the supply of optimum level of water and air required for microbial growth. The contaminated soil is mixed and aerated in the treatment vessel in case of mechanically agitated composting. For window composting methods, the soil is made into lengthy piles called windows and ploughed or blended with the help of tractors like 25% compost for 75% contaminated is the standard ratio generally followed but can be altered based upon the type of soil, characteristics and concentration of the contaminants. This method has increased rate of clean-up when compared to others.


        




        

          



          Advantages




          It will be appropriate for nearly all types of organic contaminants and it can be accessed from the site investigation data.


        




        

          



          Limitations




          This method is not suitable for heavy metals and additional processing is required for soil with low permeability e.g., clay & silt.


        


      


    




    

      



      MICROBIAL REMEDIATION




      

        



        Remediation by Bacteria




        Bacteria act as a potential bio-sorbent for heavy metals. They actively take up the heavy metals from the contaminated site. Residual microbial biomass from the fermentation factories can be utilized for this process. E.g. Bacillus, Streptomyces, Citrobacter, Pseudomonas, etc. These metal ions are extensively utilized and transformed into secondary substrates or reduced into a non-toxic state. Bacteria have evolved several mechanisms at genetic as well as biochemical levels for sequestering heavy metals. A specific strain like Pseudomonas and Bacillus sp. are highly potent for heavy metal reduction and used on a large scale for remediation of contaminated sites due to their high affinity towards heavy metal and their binding potential. Functional groups present in the biomolecules of bacterial cell wall protein play an important role in metal binding and it includes the following functional groups like amide, carboxyl, phosphonate, hydroxyl and sulfonate groups. The defense mechanism of the microbial cell facilitates the surface level changes of the cell wall and mass attraction of heavy metals, and their further reduction reactions. There is a significant difference between normal bacterial cells and cells exposed to Cr (VI) metal ions. The impact had been reflected on their cell surface when exposed to heavy metals. Smooth cellular surfaces with an elongated cell shape has been reported in non-exposed bacterial cells, whereas in Cr (VI) exposed bacterial extreme modifications were noticed in form of irregular cell surface resulting in clumping of these bacterial cells.




        Bacterial cell surface has anionic charges and is drawn towards catatonically charged heavy metals. G +ve bacteria are provided with a thick cell wall consisting of peptidoglycan, teichoic and teichuronic acids and G -ve bacteria the cell wall is not thick and lacks these materials. These materials are responsible for their binding capacity. Hence, G +ve bacteria will potentially sequester heavy metals comparatively than G-ve bacteria. Significant biosorption of Cr (IV) through cell surface in novel haloalkaliphilic bacterium has been reported. reported (Karthik et al. 2017a). Active biosorption of Cr (IV) metal ions has been recorded via intracellular as well as extracellular mechanisms. Functional groups were found to be responsible for both adsorption & absorption along with active immobilization of metal ions to the bacterial cell. Functional groups observed in this reaction include amines, amide and alkanes. Generally, bacteria used for bioremediation involve chemolithotrophs and soil bacterial (Fig. 2). Bacillus licheniformis, Bacillus firmus, Bacillus coagulans, Bacillus megaterium, Enterobacter sp. JI, Bacillus licheniformis, Bacillus licheniformis, Escherichia coli, Pseudomonas fluorescens, Salmonella typhi, Bacillus cereus, Desulfovibrio desulfuricans, Enterobacter cloacae, Kocuria rhizophila, Micrococcus luteus, Lactobacillus sp., Pantoea agglomerans, Alcaligenes sp., Ochrobactrum intermedium, Cupriavidus metallidurans (Tables 3 and 4) are potent bacterial strains for adsorption of heavy metal ions [2, 30].
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Fig. (2))


        Bacterial remediation of Cr (VI) ions via intracellular reduction including 4 stages. 1. Interaction & biosorption. 2. Transportation of Cr (VI) 3. Reduction of Cr (VI). 4. Bioaccumulation of Cr (VI).



        

          Table 3 Bacterial Bioremediation of heavy metals under Optimum temperature & pH conditions.




          

            

              

                	S. No



                	Factors



                	Range



                	Microorganism Species & Strains



                	Categories



                	Metals

              


            



            

              

                	1.



                	Temperature in ˚C



                	20-40



                	Acinetobacter sp., Aspergillus niger, Bacillus cereus, Botrytis cinereal, Enterobacter aerogenes, Rhizopus oryzae., Ochrobactrum sp,, Paenibacillus sp,, Rhizobium sp., Vigribacillus sp, Chlorella vulgaris



                	Mesophilic



                	-

              




              

                	45



                	Chlorella vulgaris



                	Moderate thermophilic



                	Cd (II),


                Ni (II)

              




              

                	55



                	Bacillus cereus- TA2, Bacillus cereus- TA4



                	Moderate thermophilic



                	Cr (VI)

              




              

                	60



                	
Geobacillus thermantarcticus,


                Anoxybacillus amylolyticus




                	Moderate to hyperthermophiles



                	Cd (II), Cu (II), Co (II)


                Mn (II)

              




              

                	70-80



                	-



                	Hyperthermophiles



                	-

              




              

                	2.



                	pH



                	10



                	Ochrobactrum bacterial strain CSCr-3



                	Alkaliphiles



                	Cr (VI)

              




              

                	10.5



                	Halomonas genus



                	Alkaliphiles



                	Cr (VI)

              


            

          




        




        

          Table 4 Efficient removal of heavy metals by various microorganisms including bacteria, bacteria & algae [2].




          

            

              

                	S. No



                	Microorganism



                	Range



                	Incubation Time



                	Metal Ions

              


            



            

              

                	1.



                	Micrococcus luteus



                	408 mg/g



                	After 12 h



                	Cu

              




              

                	2.



                	Desulfovibrio desulfuricans



                	98.2 mg/g



                	After 168 h



                	Cu

              




              

                	3.



                	Aspergillus niger



                	15.6 mg/g



                	After 1 h



                	Cu

              




              

                	4.



                	Cellulosimicrobium funkei AR8



                	100, 150 and 200 µg/ml



                	-



                	Cr (VI),

              




              

                	5.



                	Chlorella vulgaris



                	69%- 80% of 2.5 ppm



                	-



                	Ni (II),


                Cu (II)

              


            

          




        


      




      

        



        Microbial Remediation by Fungi (Mycoremediation)




        Fungi are omnipresent microorganisms and they can survive in any environmental habitat due to their adaptive metabolic mechanism depending on the availability of C and N resources. Fungi have the potency to withstand and convert toxic heavy metals into non-toxic stable forms. The cell of fungal hyphae is made of carbohydrates, amino acids, triglycerides, phosphate groups and inorganic elements in an ionic state. Due to the higher surface, cell ratio has a higher affinity to contact with surrounding enzymatic and physical materials. Fungi sequester heavy metals via intracellular precipitation, valence transformation, ion exchange, and formation of metal complexes. The process of bioremediation with the application of fungal species to remediate, decompose, or convert toxic elements in the ecosystem is termed as Mycoremediation (termed by Stamets). Application of the mycelium of fungi to sieve toxic contaminates and microbe present in the soil water via stimulating the enzymatic function of the microbial cells is termed as Mycofiltration. Fungi such as saprophytes, endophytes & mycorrhizae possess the ability to remediate and restore soil-water environment & balance in the microbial community.




        The fungal mycelia produce extracellular enzymes & acids to disintegrate the basic units of polymeric cell wall materials like lignin & cellulose. The essential part of mycoremediation is the selection of appropriate fungal strains to achieve maximum efficiency for remediating individual target contaminants. It has been reported that the fungi mycorrhizae play a vital role in remediating aluminium present in soil & Melia plant roots by secreting glomalin protein. The following strains of fungi have been reported for efficient recovery of heavy metals from the contaminated site. It includes Penicillium spp., Trametes versicolor Cladosporium resinae, Aspergillus niger, Funalia trogii, Rhizopus arrhizus, Aureobasidium pullulans, Ganoderma lucidum, etc. Aspergillus versicolor shows high potency to bioaccumulate heavy metal ions under optimal conditions and it can be utilized in bioremediation of contaminated sites. It is highly recommended for remediation of Cr contaminated fields. Pb ions can be effectively removed by using the fungal strain Aspergillus fumigates and it is experimentally proved by Ramasamy et al. (2011) [10, 31-33]. Fungal biomass for heavy metal biosorption can be cultivated with the help of fermentation methods. Fungal species are cheap and can be obtained from the waste products left out in the enzyme industries. Various fungal machineries such as extracellular and intracellular precipitation, transfer of electrons from the valence shell and active absorptions are involved in the biosorption of heavy metals. The fungal cell wall is composed of carbohydrates that are rich in mannuronic and guluronic acids with carboxyl groups in large quantities facilitating heavy metals sequestration [34]. The difference between lead exposed and non-exposed fungal cells has been reported by Jacob et al. (2017). The impact of heavy metal stress has resulted in the structural modification of the fungal cell wall. There is increased pressure in the cytosol of the fungal cell as a stimulated stress response by the external Pb stress in the culture media. Agaricus bisporus, Bjerkandera adusta, Pleurotus pulmonarius, Trametes versicolor, Pleurotus tuberregium, Lentinula edodes, Pleurotus ostreatus, and Irpex lacteus, the above mentioned fungal species showed identical results under the same stress condition (Table 5). This reaction illustrates the potency of fungal species to biosorb heavy metals [35]. The following fungal species are highly potent in heavy metal biosorption. It includes Aspergillus flavus, Lepiota hystrix, Penicillium cirtinum, Mucar rouxii, Aspergillus brasiliensis, Aspergillus terreus, Rhizopus oryzae Aspergillus niger, Trichoderma longibrachiatum, Ganoderma lucidum, Pleurotus sapidus, Saccharomyces cerevisiae, Pleurotus platypus [2].




        

          Table 5 Rate of Mycoremediation of various heavy metals [10].




          

            

              

                	S. No



                	Microorganism



                	Maximum Activity Showed at pH



                	
Concentration in mg/L



                	Metal Ions



                	Recovered Quantity in %

              


            



            

              

                	1.



                	Aspergillus versicolor



                	6



                	50



                	Cr (VI)



                	99.89

              




              

                	2.



                	Aspergillus versicolor



                	6



                	50



                	Ni (II)



                	30.05

              




              

                	3.



                	Aspergillus versicolor



                	5



                	50 mg/L



                	Cu (II)



                	29.06

              




              

                	4.



                	Aspergillus fumigatus



                	-



                	100 mg/L



                	Pb (II)



                	85.41

              


            

          




        


      




      

        



        Microbial Remediation by Algae (Phycoremediation)




        Algae are autotrophic microorganism that utilizes radiant energy to perform photosynthesis. The rate of algal growth is comparatively higher than any other photosynthetic organism. It utilizes the radiant energy and converts it into biochemical form required for its growth. Based on their size and morphology they are categorised into microalgae and macroalgae. Microalgae are unicellular microscopic photoautotrophs and macroalgae algae are multicellular photoautotrophs growing at the sea bed commonly termed as seaweeds. Algae are adaptable to any aquatic habitat such as moist soil, marine and freshwater bodies. As a bio sorbent of heavy metals algae remains unexposed comparatively to bacteria & fungi. Algae have evolved many metabolisms to utilize and bioaccumulate heavy metals [36-38]. The cell surface plays a vital role in the algal biosorption of heavy metals. Similarly, to bacteria and fungi, the cell surface gets to bind with metal ions. To enhance the binding capacity of the algae, the cell surface has to be modified. Currently, many techniques are available to modify the algal cell surface. The binding potential of marine algae to the heavy metal is due to the presence of plenty of biopolymers. Algal species have the ability to sequester heavy metals by both metabolic dependent/independent processes. The most potent macroalgae for heavy metal sequestration are the red and brown algae. Polysaccharides located in the cell wall surface are provided with binding sites for metal ions. The functional groups such as carboxyl and amino groups will form a coordinate bonds with the heavy metal ions with the help of O2 and N atoms. The composition of cell walls varies based on the type of algal species. The cell wall of red algae contains protein ranging from 36-50% and green algae with 10-70%. Number binding in the cell wall is determined by the ratio of cell wall components. Electrostatic attraction takes place between the heavy metals and non-protonated functional groups such as O2, sulphate and carboxyl groups, present in the algal cell wall [39, 40].


      




      

        



        Cyanoremediation




        Cyanoremediation is one of the bioremediation techniques which involves the application of cyanobacteria for heavy metal removal and is also used as an agent for pollution control. Green algae & blue green algae have been proven to be a potent microorganisms that can be utilized for the removal of heavy metal contamination in water bodies [41-44] Indigenous as well as genetically modified strains are used for this purpose. The single celled-blue algae the Synechocysis sp. PCC6803 showed bioaccumulation of Arsenic metal at a maximum rate of 1.0 and 0.9 g/kg DW in 0.5 mM for a duration of 14 days in the arsenate & arsenite solution. Rapid oxidation of arsenite into arsenate resulting in active bioaccumulation by Synechocysis sp was noticed in 2.37µM arsenite concentration. Hence, it is experimentally proven that Synechocysis sp has the potency for efficient removal of arsenic elements and recommended for remediating arsenic polluted water bodies. Apart from this, multicellular algae such as Oscillatoria spp., Synechoccus spp., Calothrix spp., Nostoc spp., and Anabaena spp., are highly suitable for cyanoremedaition of heavy metals [45]. Cladophora fascicularis is an effective biosorbing marine green alga that removes lead ions in polluted water. Based on the study reports of Lee & Saunders et al. (2012), the bioaccumulation of heavy metal vanadium and arsenic has been increased upto 8% of dry biomass when Hydrodictylon, Oedogonium and Rhizoclonium species were utilized to remediate Coal treated wastewater from the power generating units (Table 6).




        

          Table 6 Effective bioaccumulation & biosorption of heavy metals by cyanobacteria/ algae at various concentrations of heavy metal ion [10].




          

            

              

                	S. No



                	Microorganism



                	Under the concentration



                	Recovery rate



                	Metal ions



                	References

              


            



            

              

                	1.



                	
Oscillatoria sp., Synechococcus sp., Nodularia sp., Nostoc sp. and Cyanothece sp.


                Pure culture



                	5 ppm



                	69.5 - 99.6%



                	-



                	Dubey et al. (2011)

              




              

                	Mixed culture



                	5 ppm



                	91.6 - 100%,



                	-



                	Dubey et al. (2011)

              




              

                	2.



                	Spirogyra



                	5 mg/L



                	-



                	Pb2+



                	Lee and Chang (2011)

              




              

                	5 mg/L



                	98.23%



                	Cr

              




              

                	5 mg/L



                	(89.6%



                	Cu

              




              

                	5 mg/L



                	99.73%



                	Fe

              




              

                	5 mg/L



                	(99.6%



                	Mn

              




              

                	5 mg/L



                	98.16%



                	Se

              




              

                	5 mg/L



                	(81.53%



                	Zn

              




              

                	5 mg/L



                	-



                	Cu2+

              




              

                	3.



                	Cladophora



                	-



                	-



                	Pb2+



                	Lee and Chang (2011)

              




              

                	-



                	-



                	Cu2+

              




              

                	4.



                	Spirulina sp



                	5 mg/L



                	98.3%



                	Cr



                	Lee and Chang (2011)

              




              

                	5 mg/L



                	81.2%



                	Cu

              




              

                	5 mg/L



                	(98.93%



                	Fe

              




              

                	5 mg/L



                	(99.73%



                	Mn

              




              

                	5 mg/L



                	98.83%



                	Se

              




              

                	5 mg/L



                	79%



                	Zn

              




              

                	5.



                	
Hydrodictylon, Oedogonium and Rhizoclonium sps




                	-



                	1,543 mg/kg DW



                	V



                	Mane and Bhosle, (2012)

              




              

                	-



                	137 mg/kg DW



                	As

              


            

          




        




        Tran et al. 2016 conducted an experiment to evaluate the biosorption ability of cyanobacteria gelatin colonies for the sequestration of Pb++, Cu++ and Cd++ metal ions in the water. Active biosorption was reported. Algae can be used to treat waste water as well as to produce biofuel. The algal strains used for lipid and biofuel production can be used for active sequestration of heavy metals in contaminated wastewater [38]. Proper maintenance including immobilization, pre-treatment, optimum physiochemical conditions and selection of suitable genetically engineered algal strains will endorse heavy metal biosorption [46]. The following algal strain is highly potent to bioaccumulate the heavy metals. Chlorealla sorokintana, Spirogyra sp., Dunaliella sp., Spirogyra sp., Palmaria palmate, Sargassum wighti, Spirulina maxima, Sargassum sp, Cystoseira barbata, Spirogyra hyaline, S. neglecta, Micrasterias denticulate, Ulva lactuca,, Cladophora sp, Scenedesmus obliqus, Cladophora, Nitella opaca hutchinsiae, Chlorella vulgaris, Eucheuma denticulatum, Chara aculeolate, etc.


      


    




    

      



      Effects of Heavy Metals on the Mechanism of Microbe




      Heavy metals are commonly essential micronutrients needed for all living organisms within their required limit. Increased concentration of these elements will result in abnormalities by showing various degrees of toxicity at molecular, biochemical, genetical, cellular, and physiological levels [2]. Increased concentration of heavy metals will affect the microorganism at two stages, first stage is microbial metabolism will be inhibited due to the impact of heavy metals. Various cellular functions are blocked including mitosis, enzymatic functions and proteins are denatured and the second stage is genetic level changes due to alteration in genetic components. The process of transcription is inhibited and genetic mutations will occur (Fig. 3). Microbial remediation is a complicated process (Table 7). Microorganism either hinders or inhibits the bioaccumulation of heavy metals by the living organism through various metabolic activities including the secretion of enzymes, inorganic and organic acids e.g. H2SO4 and citric acid, redox reactions, formation of complexion agents e.g., cyanide [47]. Biotic and abiotic components extremely affect the microbial remediation of heavy metals by disturbing their metabolism and reducing the growth rate. Microorganism are highly adaptable to their surroundings and can withstand unfavourable conditions. Proper selection of microbial strain will result in effective bioremediation of heavy metals. Microorganisms are limited to physical, chemical, biological and climatic factors.




      

        Table 7 Impacts of increased heavy metal concentration on microorganism [2].




        

          

            

              	S. No



              	Microorganism



              	Impacts



              	Heavy Metals



              	References

            


          



          

            

              	1.



              	
Aspergillus


              Micrococcus sp.




              	Inhibition of growth & metabolism



              	Cr (VI),


              Ni (II)



              	(Congeevaram et al., 2007)

            




            

              	2.



              	Aspergillus, Penicillium & Cephalosporium sp.



              	Reduced growth & metal removing efficiency



              	Cu, Cd & Pb



              	(Hemambika et al., 2011)

            




            

              	3.



              	Cellulosimicrobium funkei AR8



              	Reduction in metal removing efficiency



              	Cr (VI)



              	(Karthik et al., 2017b)

            




            

              	4.



              	Chlorella vulgaris



              	Bioremediation efficiency is reduced



              	Ni (II), Cu (II)



              	(Mehta and Gaur, 2001)
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Fig. (3))


      Influence of heavy metal stress on microbial cells in two routes. 1. Inhibiting the metabolism. 2. Alteration in the genetic material.



      

        



        Biological Factors




        Microbial remediated is highly influenced by biotic factors such as alteration in the cell shape, size, cellular surface, composition of cell wall and production of extracellular products. The concentration of biomass determines the efficiency of heavy metal bioremediation. In the lowest concentration, there is sufficient intercellular space between the microbial cells and the rate of biosorption will be high. The microbial consortium will freely interact with metal ions, to form metal complexes or bio-transform & bioaccumulate heavy metals effectively in the lowest concentration. If the equilibrium stage is attained by the microbial biomass, then there will be an increased concentration gradient in addition to adsorption resulting in the entry of heavy metals into the microbial cell. In case of increased microbial biomass concentration, the metal microbe interaction via the binding sites of cellular surface is inhibited [48]. Shell effects on the external surface of the microorganism take place due to elevated concentration of microbial cells. In such cases, the intercellular space gets compressed due to the clumping of microbial cells and the amount of metal absorbed will be reduced [49]. The biosorbent ability of Scenedesmus abundans has been reported to be decreased when there is an increased concentration of microbial cells used in Cd (II) & Cu (II) remediation. Similar results had been reported for the removal of heavy metals using various algal strains. Extreme biosorption was recorded at the minimum concentration of biomass. Bacillus subtilis, Saccharomyces cerevisiae, Microcystis and Pseudomonas aeruginosa also showed the highest activity in the lowest concentration [50-53]. Microbial Consortium is the biological factor affecting the efficiency of bioremediation. Different microbial strains like Mycobacteria, Flavobacteria, Corynebacteria, Aeromonas, Acinetobacter, Pseudomonas, Chlorobacteria, Streptomyces, Aeromonas, Bacilli, Cyanobacteria and Arthrobacter species, etc., inhabiting the soil/aquatic ecosystem [10]. Macrobenthos diversiform is diverse form of plants and animals present in domestic wastewater that possess the ability to reduce/ deteriorate chemical oxygen demand (COD) Biological Oxygen Demand (BOD), turbidity, NH3, NO2-etc [10, 54].


      




      

        



        Physical and Chemical Factors on Microbial Remediation




        

          



          Temperature




          Temperature affects bioremediation in two ways. Direct impact on the physical and chemical state of the pollutants and interrupting the microbial metabolism [2]. Microorganism requires optimum temperature to perform microbial metabolism under normal conditions. Elevated temperature tends to denture the enzymes and proteins resulting in death or reduced activity [55]. Temperature exceeding the optimum level will influence the ribosomes thereby restricting the protein translation resulting in the fall of protein synthesis. Thermophilic bacteria can survive and effectively remediate contaminants in elevated temperatures but under arid conditions the growth of fungal biomass declines [56]. Low temperature will interrupt the growth rate due to disturbance in the transportation of substrate into the cell membrane & its movement. Alterations in membrane fluidity will affect the rate and speed of movement of particles through the cell membrane. Microorganisms will be dead in case of extreme temperature fluctuations (increase/decrease) and disturbance in the diffusion of gas into the cell membrane [2]. The optimum temperature reported for bioremediation is 20 – 40°C for mesophilic bacteria, 45°C for moderate thermophilic bacteria and 55-80°C for hyperthermophiles.


        




        

          



          pH




          The hydrogen ion concentration plays a vital role in the growth and enzyme regulation, formation of metallic complexes, regulating the functional groups of cellular surfaces. Enzymes are essential for active biotransformation of heavy metals, any alteration in the pH will interrupt the enzymatic function thereby influencing the biosorption of heavy metals. At optimum pH maximum reduction of heavy metal has been reported. The pH fluctuation will directly affect the solubility and bioavailability of heavy metals, a decrease of pH in the media resulted in reduced bioaccumulation. The optimum pH for microbial growth is 5.5 - 8.5 for active bioremediation. Increased pH affects the solubility of metal and its bioavailability. Elevation of pH from 6-7 at 1.3 mM phosphate solution showed a fall in the cadmium ion solubility. The function groups of the cell wall are influenced by alteration in the pH of the media, e.g. Acidic/alkaline medium. Thus, the interaction between the metal ion at the binding site to heavy metals is hindered or inhibited. Under low pH, the hydronium ion tends to diminish the negative charge of functional groups present in the cell wall material. Thus, the ability to biosorb and reduce heavy metal at high [H+] ion concentration via microbial cell wall is decreased [57]. Increased pH also influences the effectiveness of microbial remediation. The hydroxyl ion in the alkaline media will interact with heavy metals leading to the complexation of metal-hydroxyl ions via proton substitution. Under alkaline condition, the microbial log phase tend to elevate resulting in the reduction of heavy metal remediation [58]. The following microorganism has been reported for maximum bioremediation at optimum pH. It includes Bacillus sp, Acinetobacter junii, Cellulosimicrobium funkei, Escherichia coli, Micrococcus luteus, Pannonibacter phragmitetus, Pleurotus platypus, Lentinula edodes, Pseudochrobactrum saccharolyticum, Vigribacillus sp. Pseudomonas aeruginosa and Trichoderma sp.


        




        

          Characteristics of Pollutants




          Bioremediation is influenced by the nature of the contaminant. Includes the type, physical, and chemical state of the pollutants. (i) Physical states are liquid, semi-solid, gaseous/volatile, solid, etc. (ii) Chemical states are inorganic, organic, hazardous, non-hazardous (iii) Types of materials such as heavy metals, hydrocarbons, pesticides, solvents that are chlorinated (iv) level of toxicity like high, moderate, low and harmless/non-toxic.


        




        

          Structure of the Soil




          It includes the soil type, texture, particle size, and soil profile (e.g. clay, sand & silt). Ensuring the availability of H2O, air and nutrients is mandatory. It will directly reflect on the effectiveness of bioremediation in case of contaminated soil and also determines the type of techniques to be adapted for effective treatment [10].


        




        

          



          Nutrients




          For normal metabolic activities and cell development nutrients such as N, P, K is required. In general, these lack in the contaminated sites, due to its unavailability microorganism inhabiting that site will be interrupted. In such cases, biostimulation techniques are highly recommended for the efficient removal of contaminants. The ratio for carbon to other nutrients for effective removal of heavy metals & other contaminants includes C: N - 10:1, C: P-30:1, for treatment of soil the ratio varies such as C: N- 2:1 [59].


        




        

          



          Redox Potential




          Redox potential highly influences the movement and speciation of heavy metal. It affects the interaction of heavy metals and their reaction such as biosorption and desorption, metal ion complexation and speciation [60].


        




        

          



          Oxygen Content




          Oxygen is the key factor for determining the mode of reaction to be aerobic or anaerobic. The quantity of O2 at a sufficient level is essential for various biochemical reactions [10, 61].


        




        

          



          Ionic Concentration




          The concentration of metal ion also influences the efficiency of cellular activities in microbial remediation. Under elevated ionic concentration the microbial remediation escalates followed by a gradual fall in the efficiency to treat the heavy metals [62]. Minimum concentration of metal ions is essential for regulating microbial metabolism but increased concentration will create stress on the cells resulting in retardation of cellular actives [63]. Based on the heavy concentration in the treatment of the medium, the bioremediation potential varies. The bioremediation efficiency has been reported to be reduced in the following microorganism due to elevated heavy metal concentration. It includes Aspergillus, Micrococcus sp. Penicillium and Cephalosporium sp, Cellulosimicrobium funkei AR8, Chlorella vulgaris. This is due to heavy metal toxicity resulting in reduced microbial biomass production, interruption in cellular activities, and enzyme inhibition & denaturation [64]. Increased metal ion concentration will influence the microbial metabolism in the following routes such as permanent impairment or changes in the membrane integrity due to metal-microbe interactions; inhibition/denaturation of enzymes in the cell membrane due to accumulation of metal ions; genetic modifications including DNA damage and mutation [65, 66].


        




        

          



          Climatic Factors




          Environmental factors such as climate play a vital in the growth of the microbial community. There is an indirect influence of climatic conditions on the microbial community via alterations in physical & chemical parameters acting upon microbial metabolism [67, 68]. The synthesis of extracellular enzymes gets modified by these parameters through alterations in the microbial community inhabiting the soil [56]. Increased carbon dioxide in the atmosphere along with temperature greatly influences the microbial community. It has been reported that there is a rise in bacterial cell and a fall in fungal biomass significantly under increased CO2 concentration [69, 70].


        




        

          



          Light




          Radiant energy is vital for the process of photosynthesis. Many photoautotrophs depend on radiant energy for typical cellular activities. Rate photosynthesis also reflects on the bioremediation and heavy metal sequestration in some microorganisms, especially algae. The maximum efficacy of the algae to sequester the heavy metals is based on the light/heat intensity due to climatic changes. Since algae are hypertensive even mild alteration in the climatic condition can cause permanent changes in the cellular activities, thereby influencing the rate of bioremediation [71-73].


        




        

          



          Moisture




          Moisture is the water content present in solid/liquid phase. The Relative permittivity (dielectric constant) is determined by the moisture content present in the soil ranging from 25-28% [10].


        


      


    




    

      



      VARIOUS BIOREMEDIATION METHODS




      

        



        Bioventing




        Bioventing is a process used for stimulating the native aerobic bacteria to remediate the soil contamination by proving nutrients and O2via wells in located the soil. It is a type of sub-surface in-situ bioremediation. O2 is strictly provided at the required amount and the rate of O2 flow is low in order to reduce the escape/leakage of volatile gases and contaminants. Naturally contaminates are bioremediation under the aerobic condition, which involves active participation of innate microbial consortium inhabiting the treatment material and site. Under anaerobic conditions, the bioremediation process is promoted by the supply of O2 at a minimal level. Bioremediation of aquifers by implying redox potential, dynamics adsorption of heavy metals indirectly results in the treatment of soil for heavy metal contaminants in case of sub-surface in-situ bioremediation. The treated water is consumable & can be used for irrigation as well [10, 75].


      




      

        



        Bioaugmentation




        It is the process where either native or selected pre-cultured microbial strains are used for improving the deterioration rate of contaminants. Competence of exogenic microbial cultures with native microbial colonies occurs infrequently. Bioaugmentation with effective results can be achieved by integrating it with biosimulation technique. Integration of biostimulation with potent bacterial strains, nutrients & carbon source, and biosurfactants, with optimum moisture & temperature, will provide maximum results [10, 74-76].


      




      

        



        Biodegradation




        It is a natural process occurring in the ecosystem which involves the microbial decomposition of organic waste into simple organic/inorganic elements or end products such as CO2, NH3, H2O, O2, N, C, etc. This process has been developed into remediation techniques to achieve active elimination of organic/inorganic wastes, remediating contaminated sites and treatment of hazardous materials. To overcome the limitations, appropriate knowledge of microbial growth metabolism, nutrients & other parameters is required. Geological, biochemical, proteomic, genomic studies provide all information required. Under aerobic conditions, O2 is required in adequate amounts in order to act as an electron acceptor in the subsurface degradation [10, 75, 77-79].


      




      

        



        Microbial Induced Calcite Precipitation




        More environment friendly & low-cost techniques are under demand in current bioremediation technologies to remediate heavy metal contamination. MICP act as a substitute for solving such issues. MICP products are highly adsorbed to the heavy metal surface. The metal ions present within the ionic radius near the elements including Cu2+, Pb2+, Ca2+, Sr2+, and Cd2+ are actively amalgamated into the calcite crystals during precipitation of calcite via substitution reaction. Kocuria flava CR1 is an innate calcitrant bacterial strain that showed 95% of Cu removal based on the MICP process after its isolation from a mining area. It is a highly potent bacterial strain that can be used for environmental-friendly, heavy metal remediation in Cu polluted spots [80].


      




      

        



        Biosparging




        It is the process in which indigenous microbial consortia are stimulated by proving aeration under pressurised conditions below the level of the water table in order to achieve the maximum rate of biodegradation [81]. This process elevates the blending of water with soil in the saturated zone. Construction of small sized air injection points is advantageous and favours the designing & system construction with easy installation in a cost-effective way. This method is highly suitable for remediating the contaminated oil fields, petroleum- hydrocarbons associated heavy metals contaminants. In Texas, this process is used for cleansing the arsenic-hydrocarbon contaminates in the aquifer at an oilfield. Air supply depends on the type of soil, contaminants to be removed, mode of treatment and the site structure. Optimum pH and temperature are mandatory for the active biochemical reaction taking place in the microbial cell [82]. Fe2+ particles interrupt the permeability of soil in the saturated zone during the operation. It has been experimentally recorded that there is a positive correlation existing between the rate of bioremediation and air supply [83].


      




      

        



        Biostimulation




        Biostimulation is a process where artificially nutrients and aeration are provided to enhance the ability of indigenous microbial consortium to degrade chemical substances. It is generally used in in-situ bioremediation [75, 76]. N, P, O2, CH3, C6H6O, C7H8, are supplied to induce the rate of bioremediation in heavy metals [84, 85]. Isolation of a bacterial consortia from Cr polluted site shows plasmid-mediated Cr resistance and reduced it via enzyme activity. Strain with improved activity can be obtained through modification at the molecular level [86]. The capabilities of microorganisms segregated as a sample for culture taken from heavy metal contaminated waste disposal site showed the maximum rate of bioremediation for Cu, Fe, & Cd at an elevated concentration of 100 mg/L with a recovery rate of 99.6, 100 and 98.5%, respectively [87]. The heavy metal bioremediation potential of sulfate reducing bacteria (RBS) was tested in a column reactor, the results showed complete removal of heavy metals including Zn, Cd, Cu, As (V) & Cr (VI) along with 50-60% sulfate reduction [88]. Even though the maximum results are obtained some organisms cannot tolerate elevated heavy metal concentrations or get killed by toxins formed from microbial activity [86].


      




      

        



        Biomineralization




        Biomineralization is a naturally occurring process in living organism that produces minerals in their tissues/cells. All living organisms are capable of synthesising inorganic elements by metabolic activities [91]. Algae and diatoms store silicates and carbonates are stored in invertebrates and shell-forming marine forms, Ca, P and CO3 are sequestered by vertebrates, Cu, Fe and Au are mineralized in bacteria. Fungal species are known to be actively involved in biodegradation and biomineralization via metal fungi interactions. Fungi biomineralize inorganic elements with the help of organic protein which provide a nucleation site in this process. Cu containing mineral precipitate has been produced by fungal hyphae in form of calcium carbonate by precipitation reaction. The fungal mycelia of Aspergillus niger and Paecilomyces javanicus has a special feature that it can tolerate and biomineralize P ions amalgamated with uranium [89, 90]. Sporosarcina ginsengisoli CR5 bacteria have the ability to withstand As (III) heavy metal at the highest concentration. Under 50mM concentration, the bacteria actively synthesized calcite-precipitating enzyme urease to accumulate AS III. This bacterial strain is highly recommended for the recovery of Arsenic polluted sites [92]. For active CaP calcium phosphate biomineralization MSP- mesoporous silica particles are produced with help of hyaluronic acid which provides reaction site for mineral sedimentation Microbial biomineralization is a vital part of biogeochemical cycles for heavy metal sequestration [93]. Bacillus sp. KK1 showed tolerance and active bioremediation of Pb ions in mine tailing via bacterially induced calcite precipitation [94].


      




      

        



        Biosorption




        Biosorption is the process of metabolism-independent passive uptake, ad/absorption of heavy metals by the microbial cells. Interactions of metals ion with microbial cells occur at the level of cell wall /periplasm (surface/sub-surface) level. Biomass that are alive or dead possess the ability to biosorb heavy metals. Binding sites/ligands include functional groups present in the microbial cell wall. Biosorption is influenced by diffusion, heterogenous surface and pH. It can be enhanced by improving the metal binding site for specific /target metals to be treated to achieve the maximum rate of metal removal. When the metal-resistant Ralstonia eutropha strain was genetically engineered with mouse metallothionein in the outer membrane of microbial cells the resulting strain showed active sequestration of Cd2+ ions. Similarly, the E. coli fimbriae were modified with metal binding peptides for active uptake of ZnO & metal binding motif for Cd2+, Hg2+ ions. Staphylococci sp. with external binding peptides for Cd2+ and Hg2+ ions [95].


      




      

        



        Biotransformation




        Many microbial strains' potential modifies organic and inorganic substances inside the cell and this process is termed as biotransformation. Various microorganisms reduce heavy metals ion through enzymatic action and convert them from soluble to insoluble states. The majority of the bacteria strains potentially reduce soluble Cr (III), into insoluble precipitate Cr (OH)3. Segregation of Cr (VI) reducing microbial strains such as Pseudomonas aeruginosa S128, Arthrobacter sp, few anaerobic bacteria & algae from the Cr polluted sites showed effective sequestration of Cr (VI) ions nearly 67% during a period of 30 to 40 days along with nitrate & electron donor supplement. This indicates that the molasses hinders the transportation of Cr and NO3- into the core acquirers. Other than enzymatic reduction of heavy metals into insoluble, indirect reduction also takes place in sedimentary & subsurface conditions. Metal/sulfate-reducing bacteria actively immobilize the pollutants in the indirect method. This can be achieved by combining either oxidization of organic compounds or H2 to reduce iron Fe (III), Mn (IV) and S (IV) in sulfate from SO4. The reduced metals finally precipitated in form of hydroxide minerals, reduced oxide or coprecipitate with Fe (III) during the redox reaction of Fe (II) [95].


      




      

        



        Microbial Leaching




        Microbial leaching is a technique used for the recovery of valuable metals such as Cu, Co, Zn, Pb, Au, Ag, As, Sb, Hg, Ni, Mo, etc., from ores, mining site, heavy metal remediation, with the application of microorganism. Sulfur oxidizing bacteria Thiobacillus thiooxidans & Thiobacillus ferrooxidans are well known for microbial leaching by oxide formation & sulfur reduction. Fungal strains include Aspergillus niger, Penicillium simplicissimum for Cu, Sn with a recovery rate of 65% and 96% for Pb, Al, Zn Ni, via metabolic activities by dissolving metals [95]. Muti-metal resistant bacteria were experimentally tested for active recovery of the following metals Fe+3, Al+3, Cr6+, Ni2+, Mn2+ and Zn2+. Bacterial strains segregated for experiment were cultured under 30°C at a pH of 7± 0.2 for a period of 24 h, under nutrient agar media with a different ionic concentration of heavy metal concentrations ranging from 25, 50, 100 mg mL-1. C6H12O6 is used as C source (Table 8). Brevibacterium casei sp. showed 99% of Cr (VI) under pH 7




        at 30°C within 12 h and 67% of Mn under 6.5 pH and 36°C with C source with a duration of 9 days [96].




        

          Table 8 Culture conditions for bacterial isolates [97].




          

            

              

                	S. No



                	Metals



                	Source



                	Media With Metal Concentration in mg mL-1



                	pH



                	Temperature



                	Experimental Concentration in mg mL-1



                	Incubation Period

              


            



            

              

                	1.



                	Cr (VI)



                	K2Cr2O7



                	100 mg mL-1



                	7± 0.2



                	30C



                	25, 50, 100



                	24 h

              




              

                	2.



                	Zn



                	ZnSO4



                	100 mg mL-1



                	7± 0.2



                	30C



                	25, 50, 100



                	24 h

              




              

                	3.



                	Ni



                	NiCl2,



                	100 mg mL-1



                	7± 0.2



                	30C



                	25, 50, 100



                	24 h

              




              

                	4.



                	Fe



                	FeSO4



                	100 mg mL-1



                	7± 0.2



                	30C



                	25, 50, 100



                	24 h

              




              

                	5.



                	Al



                	Al2(SO4)3



                	100 mg mL-1



                	7± 0.2



                	30C



                	25, 50, 100



                	24 h

              


            

          




        


      




      

        



        Microbial Remediation with the Use of Chelating Agents




        Chelators are chemical substances used to form stable water-soluble metallic complexes. Chelating agents establish the bond between metal ions and other molecules. It controls the metal ion mobility. Ethylenediamine tetra acetic acid (EDTA) and Nitrilotriacetic acid (NTA) are highly capable of forming metallic complexes with heavy metal ions. In general, they used to cleanse the nuclear fuels in industries. The metal-chelate complexes formed at the end of the cleaning process are released into the ecosystem which later on penetrate the soil & reach the ground water table. In the water insoluble mineralization of metal oxides due to precipitation reaction takes place. After decomposition of chelators, these metal ions are permanently immobilized/ mineralized which reduces the risk of further spreading of contaminants. Most of the chelating agents are decomposed by innate microorganisms [95].


      




      

        



        Siderophore-Mediated Incorporation of Metal Ions




        Siderophores are iron (Fe3+)-chelating agents produced by microorganisms including fungi & bacteria. It shows great affinity to iron particles and is involved in the active transport of iron particle through the cell membrane. A wide range of microbes have been experimentally proven to be active siderophore producers. Microbacterium flavescens produces siderophores to acquire adequate iron as a nutrient material. This metabolic activity might be a vital route for the entry and transfer of heavy metals in various tropical levels. The following microorganism produces sidephores for active iron biosorption. It includes Yeast (Rhodotorula pilimanae), Fungi (Ustilago sphaerogena, Fusarium roseum) and Bacteria (Streptomyces pilosus, Streptomyces coelicolor, Burkholderia cepacian, E. coli, Bacillus anthracis, B. subtilis, Vibrio cholerae, Azotobacter vinelandii, Pseudomonas aeruginosa, Yersinia pestis, Shigella sp., Salmonella sp., Pseudomonas sp., Bordetella sp., Staphylococcus sp., and Mycobacterium tuberculosis,etc) [95, 97].


      




      

        



        Application of Biopolymers in Heavy Metal Remediation




        They are polymers macromolecules produced by living cells. It has metal binding properties due to immediate covalent bond formation. It includes exopolysaccharides, biosurfactants and cyclodextrins. They possess functional groups such as hydroxyl, phosphoryl, & carboxyl groups. These materials can be synthesised in the polluted soil using metal resistant microbial strains or directly introduced into washing solvents. These molecules are further improved via genetic engineering to achieve maximum effects of bioremediation [95].




        

          



          Exopolysaccharides




          Exopolysaccharides are macromolecules, possessing acid functional groups resulting in a negative charge. Metallic interaction may lead to folding due to its flexibility & extreme hydration. Certain exopolysaccharides may result in flocculation due to metal interaction leading to the formation of insoluble metallic products which provide the nucleus for additional precipitation. The low solubility & mobility helps in effective bioremediation. Many microorganisms synthesize free or capsulated polysaccharides and a majority of them are especially for metallic interactions. Metallic interactions, active binding and adsorption of 3.3 lg cadmium by Arthrobacter and 22 lg copper for Klebsiella were recorded experimentally. These molecules also perform active desorption of metal ions bound to the mineral surface & transportation of meatal complexes via the porous media. The G-ve soil bacterial strain 9702-M4 synthesizes a polysaccharide that produces Cd2+ complexes and a weak bond is established with the surface of sand particles. Nearly 57% (̴ 0.08 ppm) of Cd was biosorbed with the sand particles per 1500 pore volume [95].


        




        

          Biosurfactants




          Biosurfactants are amphiphilic compounds consisting of polar heads & non-polar tails. The head contains P and tails with lipid groups. Biosurfactants are actively synthesized by diverse microorganisms. It helps to form metal complexes. These molecules reduce the force of attraction amongst particles at surface level when present in a liquid. This facilitates bioremediation function via concentration of molecules at the surface level. Metal ions present near sorbed molecules reaches the equilibrium stage by the formation of metal complexes due to enhanced activity by surfactants. Critical micelle concentration (CMC) is an adequate maximum concentration of 1–200 mg/L where biosurfactants form micellar bodies via aggregation, thereby assimilating chelated metals ion actively enclosed inside the micellar bodies. These micelles are about 50 nm in diameter. Pseudomonas aeruginosa produces rhamnolipid micelle with negative charge. It leads to metal complexation including the metal ions Zn2+, Cd2+, & Pb2+ in a solution. The minimum metal-mobilizing potency of rhamnolipid in sand-loam soil was 0.11% organic substances, indicating its strength to lead desorption. After metal reabsorption or recovery, this biosurfactant can be reused [95].


        




        

          



          Cyclodextrins




          Cyclodextrins are oligosaccharides made up of macrocyclic glucose units produced as a result of enzyme action on starch during microbial decomposition of starchy tissues. The glucose subunits are bonded with the help of glycoside bond. The formation of complexes to non-polar molecules is facilitated through a less polarized cavity present in the middle of the ring leading to the development inclusion in a ratio of 1:1. The outer ring is hydrophilic in nature and makes the complex water soluble. The metal biding potency of cyclodextrin was facilitated by the presence of carboxyl group in the outer and carboxymethyl-b-cyclodextrin (CMCD). This CMCD form complexation with Cd2+ions at a rate of 103.66 for 1 g/l CMCD, cyclodextrins reduces the surface tension of H2O along with the absence of CMC. Since they are tiny, they cannot be excluded from the soil pores. They are eco-friendly and suitable for the pump-treat method for heavy metals bounded with organic contaminants [95].


        


      




      

        



        Dissimilatory Metal Reduction




        Most of the microbial community acquires energy through enzymatic activities redox reaction including electron donor/ acceptors like C6H12O6, acetate or H2 coupled with NO3, O2, Fe3+, SO42+/-. Numerous metallic ions are recorded to be terminal electron acceptors. It includes As (V) as arsenate, Se (VI) as selenite, Cr (VI). It helps in the reduction and separation of metal ions from solid surfaces [95].


      




      

        



        Role of Enzymes in Bioremediation




        In the microbial remediation of heavy metals, enzymes play a key role in metal removal/recovery. Sequential enzymatic reactions favour metal sequestration and metal-microbe interactions. They act as a catalyst for enhancing reactions including precipitation, redox reaction, polymerization & extraction of H+ ion E.g., urease, peroxidase, by bacteria [2].


      


    




    

      



      Genetically Modified Microorganism for Heavy Metal Remediation




      Genetically engineered microorganisms (GEMs) are applied in order to enhance the rate of heavy metal bioremediation. Under the certain circumstance, the innate microorganism shows a moderate rate of metal recovery or fails to withstand heavy metal stress or the population gets declined due to increased concentration of heavy metals. In such cases, GEM are adapted for active removal of contaminants. R.eutropha CH34, Alcaligenes eutrophus AE104 (pEBZ141), Rhodopseudomonas palustris, M.huakuii subsp. Rengei strain B3, Astragalus sinicus are a few genetically modified microbial strains used for Cr, Hg, Cd2+ heavy metal removal. Suicidal genetically engineered microorganisms (S-GEMS) are generally used in the bioremediation process to avoid risk and effective removal of pollutants. Adaptation to the natural ecosystem and sustaining the contaminant stress without any molecular / genetic mutation is a major risk factor for recombinant microbial strains (Table 9). The release of GEMs into the environment still remains a challenge. Continuous monitoring of remediation site is mandatory for GEMs. Sometimes, these strains may potentially affect the indigenous microbial consortium [1].




      

        Table 9 Effective remediation of heavy metals of GEM bacteria [7].




        

          

            

              	S. No



              	Heavy Metal



              	Initial Conc. (ppm)



              	Removal Efficiency (%)



              	Genetically Engineered Bacteria



              	Expressed Gene

            


          



          

            

              	1.



              	As



              	0.05



              	100



              	E. coli strain



              	Metalloregulatory protein ArsR

            




            

              	2.



              	Cd2+



              	-



              	-



              	E. coli strain



              	SpPCS

            




            

              	3.



              	Cr6+



              	1.4–1000



              	100



              	Methylococcus capsulatus



              	CrR

            




            

              	4.



              	Cr



              	-



              	-



              	P. putida strain



              	Chromate reductase (ChrR)

            




            

              	5.



              	Cd2+, Hg



              	-



              	-



              	Ralstonia eutropha CH34, Deinococcus radiodurans



              	merA

            




            

              	6.



              	Hg



              	-



              	-



              	E. coli strain



              	Organomurcurial lyase

            




            

              	Hg



              	7.4



              	96



              	E. coli JM109



              	Hg2+ transporter

            




            

              	Hg



              	-



              	-



              	Pseudomonas K-62



              	Organomercurial lyase

            




            

              	Hg



              	-



              	-



              	Achromobacter sp AO22



              	mer

            




            

              	7.



              	Ni



              	145



              	80



              	P. fluorescens 4F39



              	Phytochelatin synthase (PCS)

            


          

        




      


    




    

      CONCLUSION




      Heavy metals were one of the major group of pollutants persisting in the environment and it is highly toxic & life threatening. Bioremediation is an effective eco-friendly technique for pollutant removal. Application of microorganism that was suitable for the removal of particular heavy metals can be a promising method to clean-up the contaminated as well as to recover the valuable metals in the different ionic states further subjected for recycling/reuse. Based on the type of microbial mechanism involved, physicochemical parameters of the contaminated sites, selection of the most suitable microbial strain or consortium will augment the remediation process. It acts as an effective technique for pollutant removal & it requires the combination of detailed analysis of the contaminated site including vital information such as type of metal pollutant, physiochemical properties of the site, selection of most appropriated microbes & type of remediation process.
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