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    The process of production and consumption to meet the incessant demands of mankind leads to the generation of different undesirable pollutants and waste materials. Such undesirable products are potential threats to the environment and pose different kinds of risks to mankind. We need a proper management system and decontamination technologies for the abatement of pollutants and waste materials in a sustainable manner. Most of the decontamination methods are not only costly and energy-consuming, but the generated byproducts are toxic to the environment. Nevertheless, bioremediation is an ecofriendly and economical method that employs different types of microorganisms for the removal of pollutants from the environment. Microorganisms utilize several strategies to remove contaminants, including enzymatic detoxification, adsorption to cell surfaces, intracellular accumulation, sequestration into exopolysaccharides, volatilizations, and biotransformation into their non-toxic form. The wide metabolic and physiological capabilities of microorganisms allow them to survive in extreme environments. These properties render microorganisms the incredible potential of bioremediation, but microorganisms also meet several challenges when applied to the environment for bioremediation. Researchers are working consistently to combat challenges for the successful development of new bioremediation technologies.




    This book titled “Bioremediation: Challenges and Advancements” discusses the concepts of bioremediation, challenges, and advancement in bioremediation of different pollutants such as hydrocarbons, xenobiotics, heavy metals, radioactive compounds, and phytoremediation of industrial wastes. Some of the chapters that make the book unique and distinguish it from its contemporaries are the management of plastic wastes and e-wastes, biomedical wastes, and the management of agricultural wastes. Another very interesting chapter is “Application of ‘omics’ in bioremediation.” I hope this book will be beneficial for undergraduate and postgraduate students, researchers, and environmental scientists involved in the bioremediation of different contaminated sites.
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    DURGESH NARAIN SINGH MANIKANT TRIPATHI


    


    


    


  




  

    Waste management is one of the major challenges for environmental and public health worldwide. With the growing population and urbanization, it is increasing every day. These wastes contain various types of toxic pollutants of organic and inorganic nature, which disturb the ecosystem and pose adverse effects to humans and animals. The provision of pollution-free soil, air, and safe water is critical for a balanced ecosystem. Several treatment techniques, including physical, chemical, and biological, are used to remediate hazardous wastes, whereas bioremediation offers cost-effective and green technology for the abatement of toxic pollutants in the environment. However, there are lots of constraints and complexity in dealing with waste management. This book comprises eight chapters that focus on the waste source to its adverse impacts on the ecosystem, and the advanced strategies for their remediation along with associated challenges. The first two chapters explain microbe-assisted remediation technology to detoxify heavy metals and degrade xenobiotic compounds through various biosynthetic mechanisms, along with the significance of recent biotechnological methods in improving the capability of microbial remediation methods. The toxic pollutants are successfully degraded in microbe-assisted remediation along with phytoremediation. The challenges, future outlooks, and limitations are also discussed. Chapter 3 describes strategies including physical, chemical, and biological methods to mitigate radioactive waste from contaminated sites and water bodies. This chapter is focused on eco-friendly and economical solutions for global radioactive waste disposal problems and other associated challenges. Chapter 4 discusses biomedical waste, which is hazardous, and if left untreated, can cause serious health hazards. This chapter detailed the use of microbial-aided remediation techniques for the removal of biomedical waste. Chapter 5 explains the source of electronic waste, its impact on humans and animals, physicochemical and advanced microbiological methods for the management of e-waste, as well as challenges associated with this. Chapter 6 describes bioremediation strategies for the decontamination of solid waste pollutants. Chapter 7 focuses on the application of OMICs approaches such as genomics, transcriptomics, proteomics, and metabolomics in bioremediation. It plays a significant role in generating information about degradative enzymes and pathways involved in the remediation of pollutants by microorganisms. The last chapter describes the bioremediation of agricultural wastes.




    The peculiarity of the book is that it does not only cover methods of bioremediation but also describes the challenges as well recent advancements in the bioremediation of different pollutants. This book would be beneficial to students of environmental sciences, including microbiology and biotechnology, environmental engineers, and researchers working for the restoration of contaminated sites.
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      Abstract




      In the last few decades, the increase in population, the industrial revolution, and modernization have produced numerous problems in the form of hazardous pollutants in the ecosystem rapidly. These hazardous pollutants such as polycyclic aromatic hydrocarbons (PAHs), heavy metals, manmade pesticides (xenobiotics), radioactive materials, toxic chemicals, and dyes created an imbalance in the ecosystem and increased risks to human, plants, and animal’s health. Furthermore, the use of chemical fertilisers, pesticides, and sewage releases toxicants into the soil and potable water, where they enter the food chain and endanger food security. Many strategies and practices have been used to prevent harmful effects of these pollutants up to a certain extent. Various physical and chemical methods have been implemented to remove these contaminants, but due to some limitations, it has not been applied successfully. Despite this, appropriate biological methods are currently applied to decrease pollutants’ concentrations from the soil, water, and the environment. The use of biological methods for bioremediation should be cost-effective, eco-friendly, and biodegradable, decreasing the danger to the ecosystem and living beings. Microbe-assisted remediation technology has been developed to degrade xenobiotic compounds through various biosynthetic mechanisms. The objective of this chapter is to discuss different methods of bioremediation, their process, and mechanisms, employing potential plants and microbes in the remediation of pollutants from the environment. In addition, the present chapter highlighted the significance of recent biotechnological methods in improving the capability of microbial remediation methods. These methods successfully degrade pollutants, emphasizing current advances in microbe-assisted remediation along with phytoremediation as well as related challenges, future outlooks, and limitations.
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      1. INTRODUCTION




      The global population has exploded and calls attention towards excess production of grains, fibers, and herbal medicines. This leads to tremendous pressure on the environment in order to feed the ever-increasing population. So, the demand for food exceeded the population on earth. To obtain higher productivity and yields, we are compelled to use man-made chemical fertilizers and protectors, which show damaging effects on the environment and human health. Moreover, agricultural, domestic and industrial processes haphazardly introduced several contaminants into the environment, such as polyaromatic hydrocarbons, heavy metals, polychlorinated biphenyls, chlorinated phenols, radioactive, fertilizers, biocides, dyes, and plastics [1, 2]. Since the past decade, a mixture of contaminants, such as hydrocarbons, greenhouse gases, heavy metals, plastics, micropollutants, etc., have caused a severe threat to the functioning of the earth’s homeostasis globally. These contaminants cause soil, air, and water pollution, ensuing severe infections in life form, or impacting biodiversity completely [3, 4]. In developing countries, agricultural workers/farmers are prone to use a high content of agricultural chemicals, including pesticides, due to a lack of awareness about the application of biofertilizers or biopesticides and related information [5]. These contaminants’ exposure is highly susceptible for farmers, followed by production workers, food processors, and loaders. Besides, environmental contamination leads to a polluted ecosystem entirely, which causes deaths and chronic diseases due to contaminants poisoning concentrations to approximately one million per year globally [6, 7]. These contaminants are recalcitrant, therefore, degrade gradually.




      To eliminate their lethal and toxic effect on living beings, special measures are required to remove these contaminants from the environment. Since ancient times, various physicochemical methods and their combinations have been employed to solve the problem to a certain extent. But these methods have some limitations and are, therefore, not very successful. Conventional waste disposal processes such as landfilling and incineration are highly expensive to clean up polluted areas in various countries [8]. Since ancient times, waste disposal has been done by throwing it into the river directly or burning it in the field and through incineration methods. At present, human beings have applied remediation practices such as bioremediation for removing these contaminants [9].




      Among the biological techniques, bioremediation strategies have evolved as the most promising one because it is cost-effective, fast, efficient, safe, and has a permanent solution to clean up xenobiotic contaminants [10]. Bioremediation is described as the manipulation of biological systems to diminish the toxicity of hazardous wastes from contaminated areas [11]. It is also known as the use of living systems to fetch preferred chemical and physical changes in a limited environment [12]. It is a technology that utilizes biological activity to decrease the concentration of pollutants. It usually applies methods through which microorganisms transform or degrade toxic chemicals in the environment [13]. Bioremediation is a multidisciplinary organic approach to neutralize or remove something detrimental from the atmosphere by the application of biological agents such as microbes and plants [14].




      Bioremediation methods are preferred over other methods because of eco-friendly, risk-free, less expensive, and acceptable methods. The limitation of bioremediation techniques is that it is applied only to biodegradable substances [15]. A variety of factors such as type of organisms, nature, and concentration of contaminants, chemical and geological situation at the polluted place, the end product of the procedure, and the environmental policies affect the completion of bioremediation (Fig. 1) [16].
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Fig. (1))


      Factors affecting the bioremediation process.

    




    

      



      2. Types of Bioremediation




      Bioremediation has been categorized into ex-situ and in situ based on the location of waste materials treatment [17, 18]. In situ bioremediation helps in the treatment of waste material at the site of its origin. Ex-situ bioremediation facilitates the elimination of waste material from the site pursued by its transportation and treatment to some other place. Bioventing, biosparging, phytoremediation, etc., come under in situ bioremediation techniques. This technology is mostly used to clean up BTEX compounds (benzene, toluene, ethylbenzene, and xylene) contaminated sites [18]. Land farming, biopiles, bioreactors, composting, etc., come under ex-situ bioremediation techniques. One more categorization depends on the use of biological agents such as the microbial community and plants. Utilization of the microorganisms for remediation is defined as microbial remediation, whereas phytoremediation is known for the application of plants for remediation purposes [19]. Different remediation techniques have been given in Fig. (2).
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Fig. (2))


      Methods applied for remediation.



      Microorganisms are employed for cleaning the environment due to their ability to degrade and mineralize toxic pollutants. Biodegradation means the use of microorganisms in the decomposition and breakdown of complex toxic substances into simple, and nontoxic compounds with the resulting by-product, usually CO2 and H2O or other non-toxic intermediate molecules [19]. Once the toxic substances are broken down, microorganism inhabitants are reduced without causing any harm to the environment. Therefore, the right ways to treat specific contaminants are mineralization, biodegradation, and biotransformation (co-metabolism). Bioremediation techniques are not only aerobic but also anaerobic, which are also being applied to degrade pollutants in oxygen deficiency sites, which have been discussed later in this chapter [20].




      In the last few years, several techniques, including metabolic engineering, protein engineering, profiling of whole-transcriptome, proteomics, and rhizoremediation, have been employed to facilitate the degradation of recalcitrant contaminants [21]. Further innovation in enzyme technologies, immobilization techniques, and genetic engineering has resulted in the development of enzyme-based remediation of pollutants [22]. The enzyme technology, together with nano-biotechnology, has been applied for the removal of pollutants, and the single enzyme particles responsible for this function are called nanozymes [23]. Fortunately, a study on microbial community structure in soil and plants provided detailed information on bioremediation and the probabilities of engineering it with the biological tool, protecting the biosphere from pollutants for a future generation [24].




      The current chapter aims to provide the scientific perceptive essential to utilize natural practices and develop methods to pace up these methods for the bioremediation of polluted environments. This technology can revitalize polluted environments successfully except for a few limiting factors.


    




    

      



      3. Types of Hydrocarbons (Aliphatic and Aromatic), Including Xenobiotic Compounds




      Hydrocarbons are composed of carbon and hydrogen. Hydrocarbons such as petroleum, diesel, and lubricating oils are the major energy sources (Fig. 3). The pollutants are released into the environment as a result of an accident. About 35 million oil containers are transported across the deep seas, making the aquatic environment susceptible to contamination from oil spills and leakages that disturb the aquatic or sea life every year [25].




      Aromatic compounds contain one or more aromatic rings, specifically benzene rings. Different aromatic compounds co-exist as complex mixtures in petroleum refinery and distillation sites [26]. Important groups of potential organic pollutants are summarized in (Fig. 3). The diverse groups of aliphatic and aromatic compounds to which these organic pollutants belong are hydrocarbons, organo-halogen compounds, substituted aromatic hydrocarbons, nitrogen compounds, oxygenated compounds, sulfur compounds, and phosphorus compounds [27]. There are three major groups of toxic aromatic hydrocarbons, i.e., PAHs (polycyclic aromatic hydrocarbons), heterocyclic compounds, and substituted aromatics (phenol, 4-chlorophenol, naphthalene, fluorene, phenanthrene, nonylphenol, and 4-tert-octylphenol). PAHs are produced innately during thermal geologic reactions linked with forest fires, fossil fuel, and mineral production [29]. PAHs compounds contain two or more fused aromatic rings in linear, angular, or cluster arrangements. Recalcitrant PAHs are of high molecular weight and cause mutagenicity as well as carcinogenicity [28].




      
[image: ]


Fig. (3))


      Major groups of organic pollutants.



      Xenobiotics (greek xenos = foreign, and bios = life) are the chemicals synthesized by humans that are present in the environment at higher concentrations. The chief organic xenobiotics include alkanes, trichloroethylene (TCE), polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), antibiotics, a variety of solvents, fuels, surfactants, synthetic dyes, paints, and pesticides (Table 1) [30].




      

        Table 1 List of contaminants and their sources and toxicity.




        

          

            

              	Contaminant Types



              	Specific Examples



              	Potential Sources



              	Toxicity



              	Reference

            


          



          

            

              	Heavy metals



              	Arsenic



              	Emission from industry



              	As toxicity caused chronic cough or bronchitis, reduced pulmonary function, lung cancer, black foot disease, liver fibrosis, peripheral neuritis, and gastroenteritis; also, negatively affects the growth and development of plants; after consuming well water, the level of 0.12 mg As/L (for 10 yrs) and 0.6 mg As/L (for 6 months) of arsenic poisoning were reported.



              	[44, 45]

            




            

              	Lead



              	Metallic products,


              Cable lines,


              pipelines


              and paints and pesticides



              	Pb toxicity caused anemia, renal dysfunction, convulsions, lack of coordination, hallucinat-ion, and paralysis.



              	[46]

            




            

              	Mercury



              	Industrial wastes,


              Electric power plants,


              pesticides,


              synthesis of organic compounds



              	Hg has aneurotoxin that affects the


              central nervous system



              	[47]

            




            

              	Cadmium



              	Industrial waste and fertilizer plants



              	Cd toxicity causes kidney, liver, bone, and cardiac tissue damage; renal and prostate cancer; cause Itai-Itai disease;


              It also negatively affect the growth of plants.



              	[48, 49]

            




            

              	Poly Aromatic Hydrocarbons (PAHs)



              	3,4 Benzopyrene, 3,4-Benzofluoranthene,


              1,2,5,6-Dibenzanthracene, Naphthalene, Antraceene, Fluorine, Pyrene, 2,3,4-Chloroaniline



              	The engine works, Landfills,


              Power stations,


              Oil production and storage,


              Coke Plants,


              Tar production and storage,


              Boiler ash dumpsites



              	PAHs are carcinogens and suppresses the immune system



              	[50]

            




            

              	Hazardous chemicals and dyes



              	Malachite green,


              Congo red dye



              	Dry cleaners, chemical manufacture



              	Poisonous for aquatic and terrestrial ecosystems and also lethal to mammalian liver



              	[51]

            




            

              	Xenobiotic compounds



              	Halocarbons, Insecticides, Herbicides, Pesticides, Freons, Polychlorinated biphenyls



              	Manmade chemical compounds, solvents, petrochemical products



              	Cause severe damage to the ecosystem



              	[52]

            




            

              	Halocarbons



              	Vinyl chloride, Atrazine, PCE, found in insecticides, Organochlorine compounds, Pesticides,


              Organobrominecompounds, etc.



              	pesticides, medicines, and solvents



              	Cause greenhouse effect and bio-magnification, which is detrimental to the environment.



              	[53]

            




            

              	Insecticides



              	Organochlorine,


              Diphenyl aliphatics,


              Cyclodienes,


              Organophosphate,


              Organosulphurs,


              Carbamates,


              Formamidines,


              Dinitrophenol



              	Agriculture, Industrial waste, Pesticide’s manufacturing plant



              	Induce hepatotoxicity, renal toxicity, hema-totoxicity, genotoxicity, mutagenicity, neuro-toxicity, and carci-nogenicity in mammals



              	[54]

            




            

              	Fungicides



              	Benzimides, dichlorocarbamates, Pthalimides, organometallics, Tebuconazole, Cyproconazole



              	Agriculture, Industrial waste, Pesticide’s manufacturing plant



              	Cause developmental toxicity and oncogenesis; disrupt the endocrine system and may lead to reproductive and developmental aberration



              	[55]

            




            

              	Herbicide



              	Isoproturon (phenylurea), Terbuthylazine, Metamitron (Triazine)



              	Agriculture, Industrial waste, Pesticide’s manufacturing plant



              	Causes genotoxic, mutagenic, teratogenic, and carcinogenic effects



              	[56]

            




            

              	Pesticides



              	Atrazine, Carbaryl, Carbofuran, Coumphous, Diazinon, Dlycophosphate, Parathion, Propham, 2,4-D



              	Agriculture,


              Timber treatment plants,


              Pesticide manufacture,


              Coumphos Recreational areas,


              Landfills



              	Reproductive, teratogenic, carcinogenic, oncogenic, mutagenic, neurotoxicity, immune-suppression



              	[57]

            




            

              	Polychlorinated biphenyls



              	4-chlorobiphenyl, 2,4-dichlorobiphenyl



              	Electrical manufacturing, power station, Coolants in transformers, and as heat exchange fluids.



              	Cause numerous toxic effects on the


              reproductive system



              	[58]

            




            

              	Aromatic hydrocarbons “BTEX”



              	Benzene,


              Toluene,


              Ethylbenzene,


              Xylene



              	Airports, Railway yards, Chemical manufacture,


              Oil production and storage,


              Gas work sites,


              Paint manufacture


              Port facilities



              	Cause problems to the central nervous system, respiratory system, and long-term exposure affect kidney, liver, and blood system



              	[59]

            




            

              	Radioactive materials



              	Cesium, Cobalt, Iodine, Plutonium, Radium, Radon, Strontium, Thorium, Uranium



              	Nuclear power plants



              	Leads to


              harmful effects on human beings, plants, and animals; osteosarcomas, cancer-causing



              	[60]

            


          

        




        

          A mixture of restricted chemicals such as aldrin, lindane, dieldrin, benzene hexachloride, DDT, etc., is used in food as preservatives or in the form of other ingredients, which results in chronic, long-term neurological effects [61]. The clinical and preclinical data suggest that these pesticides poisoning results in low birth weight, fetal death, physical birth defects, and, neuro-developmental effects. Therefore, limitations should be applied to the exposure of pesticides usage as much as possible [62]. The list of hazardous banned pollutants is given in Table 2.


        




      


    




    

      Table 2 List of hazardous pollutants.




      

        

          

            	Common contaminants of concern detected at hazardous waste sites in North America and Europe, NRC (1994)



            	Globally banned organic pollutants (The United Nations Environment Program, 1999)

          


        



        

          

            	Arsenic, Barium, Benzene, Chromium, Cadmium, Copper, Chloroform, Dichloromethane, 1,1-dichloroethene, 1,1-dichloroethane, 1,2-dichloroethene, 1,2-dichloroethane, Di (ethylhexyl) phthalate, Ethylbenzene, Lead, Magnesium, Nickel, Phenol, Toluene, Trichloroethylene, Tetrachloroethylene, 1,1,1-trichloroethane, Vinyl chloride, Xylene, Zinc



            	Aldrin, Chlordane, Dichloro diphenyl trichloroethane, Dioxins, Dieldrin, Endrin, Furans, HCB, Heptachlor, Mirex, Polychlorinated biphenyls, Toxaphene

          


        

      




    




    

      



      4. Status and Toxicity of Hydrocarbons and Xenobiotic Compounds




      It is inevitable for humans to stay away from toxic compounds in several ways in their routine life, as they are ubiquitous. Generally, city sewage, industrial waste, and agricultural chemicals accumulate into water reserves like rivers, lakes, groundwater, which are accessed as potable water for consumption by humans, animals, and agriculture [31]. A group of pollutants are also accumulated in living systems through these sources. These pollutants are recalcitrant, carcinogenic, mutagenic, and teratogenic, thus causing damaging effects on human beings. More than 13 million deaths and 24% of world diseases are caused by these environmental pollutants [32]. In the environment, many xenobiotic compounds have been recognized. Some important toxic compounds, including xenobiotics and sources, along with their toxicity, have been recapitulated in Table 1.




      Heavy metals like chromium (Cr), copper (Cu), cadmium (Cd), mercury (Hg), lead (Pb), zinc (Zn), and nickel (Ni) are major inorganic chemical pollutants in soil and the surrounding environment. Heavy metals are relatively high-density toxic elements (at low concentrations), which can be deleterious to human health and their surroundings [33]. The toxicity of heavy metals in an organism worsens when it persists for a long time. The average biological half-life of Pb has been reported up to 10-18 years in the human body [34]. Other elements like As, Cd, Mg, and Pb are extremely toxic to biota at low concentrations [35]. Arsenic contamination has been observed in over 70 countries by the World Health Organization, and the situation has worsened in Bangladesh and the eastern states of India [36].




      Polyaromatic hydrocarbons (PAHs) are generally persistent under natural conditions and have been reported to be present in soil from 1 μg kg-1 to 300 g kg-1 soil, dependent on their sources of contamination, such as combustion of fossil fuel, coal gasification and liquefaction, waste incineration and wood treatment methods [37]. Its long-term impact can create problematic environmental conditions and also cause carcinogenicity [38].




      Besides, a group of xenobiotic compounds like phenols, biphenyls, and phthalates disrupts the endocrine system, whereas organochlorine pesticides like lindane (γ-HCH) have a damaging effect on the liver, kidneys, and nervous system [39]. The most important xenobiotic compounds are pesticides widely used in agriculture. Generally, four kinds of pesticides are exploited globally, i.e., organochlorine, organophosphate, carbamate, and pyrethroids. Random use of these pesticides results in chronic and sometimes acute toxicity in humans. In the world, about 2 million tons of pesticides are consumed yearly, and out of this, 45% is consumed by Europe, 24% by the USA, and 25% by the rest of the world [40]. Currently, the largest producer of pesticides in India in Asian countries and its use is reported about 0.5 kg/ha due to major pest attacks [40]. As a plant protection strategy, India has implemented the eco-friendly integrated pest management (IPM) system for reducing pests and diseases. Pesticides such as aldrin, endosulfan, DDT, chlorogenic compounds, heptachlor have a deleterious effect on human and their surroundings as it tends to accumulate in living systems [41, 42]. Organophosphorus is a common pesticide used in a variety of crops to kill or prevent pests but may be injurious and lethal to other organisms, as well as humans. These pesticides inhibit acetylcholinesterase (AChE) involved in the nervous system [43].


    




    

      



      5. Sources of Contaminations




      Generally, chemical pollutants are spread by two sources; one is natural, and the other is industrial (created from human activity). Natural contaminants may arise from processes like poisonous gases released during a volcanic eruption and toxic substances produced by microbial activities in rocks, soil, and water. Man-made contaminants in the environment are much higher as compared to the natural contaminants, which perturb the environment [63]. Sources of toxic pollutants are summarized in Table 1. One of the important sources of environmental pollution is the production of active pharmaceutical drugs in a certain area [64, 65]. First of all, pharmaceutical products were reported in water treatment plants of about 0.8-2 μg/L in America [66]. Afterward, Canada and the United Kingdom have reported naproxen, ibuprofen, and caloric acid in rivers [67]. This situation has caused detrimental effects on aquatic ecosystems worldwide. The population of Indian vultures and Asian white-backed has been reduced significantly due to the accumulation of diclofenac in northwestern India. Although the concentration of these drugs and toiletries, including insect repellents, and phthalates were low, the effect of continuous exposure can be erratic [65].


    




    

      6. Strategies for Eradication/degradation of Xenobiotic Compounds




      Major strategies to overcome the increasing rate of diverse pollutants (aliphatic and aromatic hydrocarbons, metals/metalloids, xenobiotics, nanoparticles, and other environmental contaminants) have been evolved in the latest decades. To decontaminate the environment from various pollutants, approaches like phytoremediation/bioremediation or microbes assisted remediation have been developed, which is environment-friendly, cost-effective, and sustainable technology [68].




      

        



        6.1. Phyto-remediation




        The use of plant interactions for the clean-up of the environment (generally soil and water) from a variety of pollutants is called phytoremediation. Plants and their associated organisms surmount these environmental pollutants by several mechanisms comprising phyto-degradation, phyto-volatilization, phytoextraction, phyto-stabilization, and rhizome-degradation [69]. About 500 species have been identified belonging to families Asteraceae, Fabaceae, Lamiaceae, Cyperaceae, Amaranthaceae, Poaceae, Brassicaceae, and Euphorbiaceae, which are highly involved in the phytoremediation process [70].


      




      

        



        6.2. Phyto-degradation




        The phyto-degradation process is the utilization of degradative enzymes produced by plant tissue to uptake, metabolize, and degrade various types of organic pollutants. It is useful for the degradation of complex organic pollutants (linear halogenated hydrocarbons, polychlorinated biphenyls (PCBs), nitroaromatics, and polycyclic aromatic compounds), which are capable of translocating inside the plants [71]. Some studies on plants such as Vetiveria zizaniodes (TNT) [72], Nicotiana tabacum (TNT) [73], Populus deltoids (RDX) [74], and Liriodendron tulipifera (Hg) [75] demonstrated that the association of bacteria and mycorrhiza present in plant and soil can degrade planttoxins by releasing enzymes. While sufficient information on the phyto-degradation of these organic pollutants is not available so far.


      




      

        6.3. Phyto-volatilization




        The phyto-volatilization process is the use of plant tissue to capture definite pollutants and subsequently discharge them in a volatile form into the environment. It is useful for the elimination of volatile organic compounds from soil such as trichloroethylene (TCE), methyl tertiary butyl ether (MTBE), and metals like selenium, arsenic, and mercury that can subsist in a volatile state [76]. It has been observed that Hg was eliminated by Brassica juncea [77] and N. tabacum [78].


      




      

        6.4. Phyto-extraction




        Phyto-extraction is the process that involves the reduction or removal of metal from the soil by plants. Plants sequester metals by accumulating and translocating into their above-ground/harvested part. These plant materials can be used for ash, cardboard, and wood or phytomining process [71]. This process is also recognized as phyto sequestration. This method helps in the removal of metals like nickel, zinc, and copper. The advantages of this method include that it permanently removes pollutants from the soil and is inexpensive over the conventional methods [79]. Plants having deeper root growth and higher biomass can assimilate a high level of heavy metals [80]. Baker and Brooks established the threshold limits for metals highly accumulated in plants as 10,000 ppm Zn, Mn, 1000 ppm Ni, Cu, Co, Pb, and 100 ppm Cd on a dry weight basis [81]. Plants like Alternanthera bettzickiana [82], Boehmeria nivea [83], Sedum alfredii [84] can reduce Cu level; Pennisetum purpureum [85], Atriplex nummularia [86], A. lentiformis [87], Sesuvium portulacastrum [88], Sedum alfredii [89] and Quercus robur [90] can reduce Cd level; Tamarixs myrnensis [91], and Pelargonium hortorum [92] can reduce Pb concentration, while S. portulacastrum [93] and Halimione portulacoides [94] can reduce Ni and Zn, respectively through the process of phytoextraction. The threshold value is set for different metals/metalloids to define plants as hyperaccumulators. In reports, plants tissue had normal accumulation (average range) like, As (<0.01–4 mg/kg DW), Cu (2–20 mg/kg DW), Co (0.01–3 mg/kg DW), Cd (0.03–0.5 mg/kg DW), Mn (1–700 mg/kg DW), Ni (0.4–4 mg/kg DW), Pb (0.1–5 mg/kg DW), Se (0.01–0.2 mg/kg DW), TI (0.1–1.5 mg/kg DW), Zn (15–150 mg/kg DW) [95-99]. The threshold limits of some metals, which act as a higher accumulator in plant species, are given in Table 3.




        

          Table 3 Hyperaccumulator species and its threshold for higher accumulators.




          

            

              

                	Element



                	Threshold for Higher Accumulators (μg/g)



                	Plants



                	Plant Tissue



                	References

              




              

                	Arsenic (As)



                	> 1000



                	Pterisvittata



                	Root and frond



                	[100]

              




              

                	Copper (Cu)



                	> 300



                	Aeolanthusbiformifolius



                	Root, stem and


                corns



                	[101]

              




              

                	Cobalt (Co)



                	> 300



                	Haumaniastrumrobertii



                	Shoot



                	[102]

              




              

                	Cadmium (Cd)



                	> 100



                	Arabidopsis halleri



                	Leaves



                	[103]

              




              

                	Manganese (Mn)



                	> 10 000



                	Virotianeurophylla



                	Leaves



                	[104]

              




              

                	Nickel (Ni)



                	> 1000



                	Berkheyacoddii



                	Leaves



                	[105]

              




              

                	Lead (Pb)



                	> 1000



                	Noccaearotondifolia subsp. cepaeifolia



                	Shoot



                	[106]

              




              

                	Selenium (Se)



                	> 100



                	Astragalusbisulcatus



                	Root and leaves



                	[107]

              




              

                	Thallium (Tl)



                	> 100



                	Biscutellalaevigata



                	Shoot



                	[108]

              




              

                	Zinc (Zn)



                	> 3000



                	Noccaeacaerulescens



                	Shoot



                	[109]

              




              

                	Mercury (Hg)



                	> 0.13



                	
Axonopus


                Compressus




                	Root, stem and


                leaves



                	[110]

              




              

                	> 0.05



                	Erato polymnioides



                	Root, stem and


                leaves

              




              

                	> 0.13



                	Miconiazamorensis



                	Root, stem and


                leaves

              


            

          




        


      




      

        



        6.5. Phytostabilization




        The phytostabilisation process is the reduction in the bioavailability and mobility of pollutants in the atmosphere through the prevention of erosion, leaching, or runoff of pollutants by the plant roots [71]. In this method, certain plant species are utilized to immobilize contaminants in the groundwater and soil by process of absorption, precipitation, and accumulation through roots or root zone of plants, i.e., rhizosphere. This method decreases the migration of the contaminant to the groundwater, which minimizes the mobility of metal into the food chain. This method can also be employed for the restoration of flora at highly metal-contaminated sites due to which natural flora fails to survive. Plant species possessing high metal tolerance properties are used to restore flora at contaminated sites, thus, reducing the large mobility of pollutants to groundwater and soil. Phyto-stabilization is useful in the reduction of metals like arsenic (As), lead (Pb), copper (Cu), cadmium (Cd), chromium (Cr), and zinc (Zn) [111]. The plants that can stabilize heavy metals into the soil are Sorghum bicolor and Carthamus tinctorius [112], Atriplex halimus [113], Erica australis [114], Helichrysum microphyllum [115], Stigmatocarpum criniflorum and Pelargonium hortorum [92], Quercus robur [116] and Salix alba [117].


      




      

        



        6.6. Rhizoremediation




        Rhizoremediation is referred to the degradation of organic pollutants in the root zone of the plant by triggering the catalytic activities of microorganisms present in the rhizosphere region of the plants. It is an effective method to degrade the petroleum hydrocarbons that cannot be removed by plants, however, which can be degraded by microbes [71, 118]. Rhizoremediation of some pollutants such as 2,4-D, pyrene, PAHs, parathion, cadmium, and 1,4-dioxane has been observed in the rhizosphere region of barley, alfalfa, prairie grasses, Astragalus sinicus, and Populus deltoidsnigra, respectively using microbes [119].


      




      

        



        6.7. Rhizofilteration or Phytofilteration




        Rhizofilteration or phytofilteration is the process of metals removal from the water bodies such as groundwater or wastewater through adsorption or precipitation on the root surface or inside the roots. This process is slightly tedious and time taking because before planting in situ, it is necessary to acclimate plants to the pollutant first. Some plants such as spinach, Indian mustard, sunflower, corn, rye, and tobacco can eliminate lead from water [120]. This method is useful for the reduction of many toxic metals like Pb, Cd, Cu, Ni, Zn, and Cr by using aquatic and terrestrial plants for either in situ or ex-situ applications [121]. Some important plant species that play a significant role in the removal of pollutants using rhizofiltration techniques are Typha latifolia [122], Phaseolus vulgaris [123], Arundo donax [124], Eichhornia crassipes, Salvinia molesta, and Pistia stratiotes [125].


      




      

        



        6.8. Hydraulic Control




        In this process, certain plant canopies are used to control the water table in the soil. Phreatophytic trees or deep-rooted plants that can obtain a significant portion of water and also transpire water in large amounts are used. The increased transpiration reduces the amount of groundwater, thus, decreasing contaminant migration from the affected site in groundwater. Hydraulic control can consequently be used to deal with a wide variety of contaminants in soil, sediment, or groundwater [126].


      




      

        



        6.9. Plant Species Used for Phytoremediation




        Plant species that can accumulate metals in their biomass are fast-growing and easily harvestable, therefore, they are preferred for the remediation of pollutants [127]. Some examples of plants having metal tolerance and accumulation abilities are as follows: Brassica juncea (L.), Salix species, Populus deltoids W. Bartram ex Marshall, Sorghastrum nutans (L.) Nash, Helianthus annuus L., Liriodendron tulipifera L., Nicotiana glaucum Graham, Leersiaoryzoides(L.) Sw., Scirpuslittoralis Flüggé ex Rchb., Triticum aestivum L., Alternanthera phyloxeroides(Mart.) Griseb, Sanvitalia procumbens Lam., Pteris vittata L., Oryza sativa L., etc. [127, 128]. Moreover, phytoremediation is generally not recommended by certified professionals because it is assumed to be ineffective, and the duration of the process is undetermined as it depends on environmental conditions, types of contaminants, microbial community, and soil nature [129, 130].


      




      

        



        6.10. Microbe Assisted Phytoremediation of Pollutants




        Rhizodegradation is a natural complex interaction that involves roots, root exudates, rhizosphere soil, and microbes, resulting in the remediation of the various types of organic contaminants, such as pesticides, petroleum hydrocarbons, polychlorinated biphenyls, and surfactants. These hydrocarbons are hydrophobic and not easily biodegradable. Plant roots excrete exudates in the rhizosphere which is used as a nutrient for microflora [71]. It has been reported that microflora populations and their activities are enhanced in the rhizosphere than in bulk soil [71]. Scientific evidence supported that rhizospheric root exudates are the mediators of hydrocarbon rhizo-remediation [131]. Extensive branched root systems of plants with microflora population penetrate soil micropores result in the exposure of the contaminant to enhanced microflora activities [132]. Plants also produce biosurfactants that solubilize polycyclic aromatic hydrocarbons. The solubilization rate of polycyclic aromatic hydrocarbons showed a three- to six-fold increase than synthetic non-ionic surfactants [133]. Plant roots exudates also contain phenolic compounds such as fomorin, caffeic acid, and protocatechuic acid, which act as hydrocarbon analogs such as benzo[a]pyrene, tricyclic and tetracyclic PAHs in the rhizosphere [134]. Also, phenolic compounds promote the growth of microflora and are utilized as primary substrates for the degradation of petroleum hydrocarbons [135]. Other plant activities, such as stimulation of enzymes such as dehalogenases, nitroreductases, peroxidases, lactases, and nitrilases present in root zones [135], play a specific function in the degradation of contaminants and also define the survival capability of rhizospheric microbes. It determines the sustainability of these rhizospheric microbes in sufficient numbers as well as colonization in growing roots [136].




        Meta-transcriptomic studies of rhizospheric soil highlighted the abundance of several taxa that belongs to Alpha-proteobacteria, Beta-proteobacteria, Gamma-proteobacteria, and Acidobacteria [137]. Also, the functional genes involved in PAH degradation were detected in the members of Pseudomonadales, Actinobacteria, Caulobacterales, Rhizobiales, and Xanthomonadales [138]. Similarly, the expression of rhizospheric bacterial PAH-ring hydroxylating dioxygenase genes such as nidA3, pdoA, nahAc, and phnAc are found in the rye grass rhizosphere region [139, 140]. Apart from rhizospheric microbial study, root endophytes of Lotus corniculatus and Oenothera biennis belonging to genera Rhizobium, Pseudomonas, Stenotrophomonas, and Rhodococcus express gene encoding CYP153 alkane hydroxylases enzyme, which degrades n-hexadecane [141]. Plant growth-promoting endophyte Pseudomonas putida PD1 increases the degradation rate of phenanthrene by 25-40% over non-treated controls [142]. According to scientific evidence, arbuscular mycorrhizal fungi (AMF) were also found to be able to improve rhizo-remediation by modifying rhizospheric microbial communities, providing protection against the pathogen, and increasing plant growth [143-145]. In a pot experiment study, Glomus mosseae improved rhizoremediation of chrysene and dibenzo (a, h) anthracene [146]. Nadeem et al. [147] reported the combination of AMF and PGPR strategies could synergistically improve crop production and the rhizoremediation process.




        Besides selecting microorganisms, choosing the right plant is a crucial factor for rhizoremediation. Plants that have tolerance to the contaminant, extended root morphology, and root exudates profile are best for rhizo-remediation. Various Poaceae species have dense secondary root systems that allow rich microbial populations to easily anchor them, and they are frequently employed for rhizo-remediation [148, 149]. Different plants such as Medicago sativa (alfalfa), Festuca arundinacea (tall fescue), Echinacea purpurea (purple coneflower) [150], and various legume tree species, including Albizia lebbeck (lebbeck), Cassia siamea (cassod tree), Dalbergia sissoo (North Indian rosewood) and Delonix regia (flame tree)] [151] have been used for rhizoremediation.


      


    




    

      



      7. Microbial Remediation of Pollutants




      Microbial remediation of pollutants is associated with the growth and metabolism of microbes. The mechanisms of microbial remediation depend on the solubility, mobility, bioavailability, and degradability of contaminants. Many microorganisms use aliphatic and aromatic hydrocarbons as the only source of carbon and energy [152]. Various aerobic and anaerobic microorganisms are involved in the degradation of a particular component of the highly diverse aliphatic and aromatic compounds. Members of the aliphatic and aromatic compounds completely degraded aerobically, in the presence of oxygen or anaerobically, with nitrate, sulfate, ferric iron, or other electron acceptors [153]. However, the activation mechanisms of diverse hydrocarbon compounds are different in aerobic and anaerobic microorganisms’ remediation [154, 155].




      

        



        7.1. Microbial Degradation of Hydrocarbons in Aerobic Condition




        

          



          7.1.1. Aerobic Degradation of Aliphatic Hydrocarbons




          In the aerobic degradation pathway, n-alkanes are oxidized by substrate-specific monooxygenase/hydroxylase to synthesize alcohol and further oxidized to the corresponding aldehyde, which eventually changed into a fatty acid conjugated with CoA, to generate acetyl- CoA by β–oxidation [156, 157]. Methanotrophic bacteria [158] such as Methylomonas, Methylosinus, Methylococcus utilize methane as a source of carbon and energy and grow on short-chain gaseous alkanes. Methanotrophs are not grown on higher chain alkanes. Methane is used for bacterial growth. Initial oxidation of methane is catalyzed by methane monooxygenase to form methanol [159, 160]. Further, methanol can be oxidized to formaldehyde either used in an assimilatory way to make cell material or further oxidized to CO2 for energy generation. The formaldehyde is the key molecule to assimilate either via the ribulose monophosphate cycle (type I methanotrophs such as Methylomonas, Methylococcus, Methylobacter) or the serine pathway (type II methanotrophs such as Methylosinus, Methylocystis). Propane utilizing microorganisms such as Rhodococcus, Brevibacterium, and Arthrobacter [161, 162] are well known and oxidized by monooxygenase, which is further metabolized in the methyl malonate pathway [163]. N-alkanes of C5-C9 are mostly lethal to many microorganisms. N-alkanes of the C10–C22 range are readily degradable in the environment, while high molecular weight alkanes are not readily biodegradable [164]. In some cases, most microorganisms like Pseudomonas spp., Nocardia sp., Mycobacterium sp., and certain yeasts such as Candida sp. and molds enzymatically attack the n-alkanes chain by monooxygenase. In the case of sub-terminal oxidation of alkanes, Aspergillus, Fusarium, and Bacillus are involved in forming secondary alcohol as well as lower quantities of substituted compounds produced [165]. The alcohol is further oxidized into corresponding aldehyde and fatty acids, which metabolize into a simpler form by β-oxidation. Highly branched compounds like β-branched and quaternary are more recalcitrant than straight-chain compounds [166, 167]. Degradation of highly branched alkanes such as 2,6,10,14-tetramethylpentadecane (pristane) has been studied by Brevibacteriumsp., Corynebacteriumsp., and Rhodococcus sp [168, 169]. While Rhodococcus sp. is used in the degradation of complex branched-chain alkanes such as 2,6,10,14-tetramethyl hexadecane, 2,6,10-trimethylpentadecane, and 2,6,10-trimethyldocedane [168, 169]. In other cases, Achromobacter sp. is involved in the degradation of extremely resistant quaternary compounds due to steric hindrance, which is easily attacked on the unhindered terminus of the branched alkanes [170].




          In microorganisms, both terminal and sub-terminal oxidation enzymes coexist for the degradation of compounds. A different class of monooxygenase has also been used for terminal hydroxylation of n-alkane in microorganisms such as (a) propane monooxygenase (C3), (b) different classes of butane monooxygenase (C2-C9), (c) CYP153 monooxygenases (C5-C12), (d) AlkB-related non-heme iron monooxygenase (C3-C10 or C10-C20), (e) flavin-binding monooxigenaseAlmA (C20-C36), (f) flavin-dependent monooxygenase LadA (C10-C30), (g) copper flavin-dependent dioxygenase (C10-C30) [171]. Among all monooxygenase enzymes, AlkB-related non-heme iron monooxygenase is well studied. AlkB gene is widely characterized, and used as a functional biomarker of (C5-C11) and long (>C12)-length alkanes degrading microorganisms [172, 173]. P. putida GPo1 (formerly identified as P. oleovorans GPo1) was the first microorganism in which the degradation pathway of the alk system was described briefly [173]. Alk is found in OCT plasmid, which contains two types of operons: alk BFGHJKL and alk ST [173]. In the first operon, two main enzymes, non-heme integral membrane alkane monooxygenase (AlkB) and the soluble protein rubredoxin (AlkG), are involved. The second operon encodes rubredoxin reductase (AlkT and AlkS), which regulates the expression of the alk BFGHJKL operon [173, 174]. In many studies, alkB genes act as a functional biomarker of alkane-degrading bacterial communities, and its homologous have been found in Gram-positive bacteria (Actinobacteria) and alkane-degrading Proteobacteria [175].


        




        

          



          7.1.2. Aerobic Degradation of Aromatic Hydrocarbons




          Aerobic degradation of aromatic hydrocarbons by prokaryotic and eukaryotic organisms is different. Eukaryotic organisms like non-ligninolytic fungi can oxidize aromatic hydrocarbons by using cytochrome P-450 monooxygenase enzyme. One atom of the oxygen molecule is involved in the aromatic hydrocarbons, while the other oxygen atom is reduced to water and forms arene oxide. Arene oxide further enzymatically hydrated resultant to formed dihydrodiol with a trans-configuration merization to form phenol and further conjugated with glucose, sulphate, glucuronic acid. Cunninghamella elegans, a non-ligninolytic fungus, can metabolize phenanthrene, pyrene, acenaphthene, anthracene, fluoranthene, benzo[a]pyrene, benzo[a]anthracene, and naphthalene [176].




          Some researchers reported degradation of the polyaromatic structure of both lignin and polycyclic aromatic hydrocarbons (PAHs) to a simpler form by Phanerochaete chrysosporium [177]. The presence and absence of the peroxidase enzyme of P. chrysosporium are involved in the degradation of a variety of PAHs under ligninolytic (N-limited conditions) as well as non-ligninolytic conditions (non-N-limited) [178, 179]. Other white-rot fungi such as Trametes versicolor, Bjerkandera sp., and Pleurotus ostreatus work efficiently than P. chrysosporium to transform PAHs to CO2 [180]. Crinipellis stipitaria and P. ostreatus have been reported to metabolize pyrene and anthracene [181, 182].




          The aerobic bacterial degradation of aromatic compounds involves the activation of substrates into a common intermediate, which is further processed by the central metabolic pathway of the cell. Many bacterial strains, predominantly from the Proteobacteria and Actinobacteria phyla, are involved in the degradation of aromatic hydrocarbons [183]. These bacterial strains degrade aromatic compounds by involving one of the three superfamilies: soluble diiron multicomponent monooxygenases (SDM), Rieske non-heme iron oxygenases (RNHO), and flavoprotein monooxygenases (FPM). Further processing is achieved through di- or trihydroxylated aromatic intermediates, which are activated by CoA ligases and finally subjected to hydroxylation [184, 185]. In another case, hydrophobic compounds such as benzene, toluene, naphthalene, biphenyl, or polycyclic aromatics, the degradation reactions are initiated by RNHO enzymes, which activate the aromatic ring through oxygenation, while toluene is degraded through SDM enzymes [183]. However, intermediate compounds are used as the substrate for intradiol and extradiol dioxygenases, which represent two classes of phylogenetically unrelated proteins [185].


        


      




      

        



        7.2. Microbial Degradation of Hydrocarbons in Anaerobic Condition




        

          



          7.2.1. Anaerobic Degradation of Aliphatic Hydrocarbons




          Detailed studies of anaerobic degradation on aliphatic hydrocarbons have not been well studied for aromatic compounds. Anaerobic growth of microorganisms with n-alkanes is slower than that of aliphatically attached aromatic compounds (alkylbenzenes). It is also reported that long-chain aliphatic compounds are less soluble in the medium, which prevents the growth of microorganisms [186]. The two main mechanisms are involved in the anaerobic degradation of aliphatic hydrocarbons. In the first mechanism, the addition of fumarate at subterminal carbon of n-alkane is involved for activation. According to studies, fumarate binds to the double bond of alkanes which is found mostly in oil alkanes. However, alkyl succinate has also been detected in oil reservoirs fluids, which are originated from C3 to C11 alkanes as well as alkenes or alicyclic alkanes [187, 188]. Anaerobic functioning glycyl radical enzyme has also been known as alkyl succinate synthase or (1-methyl-alkyl) succinate synthase involved in the formation of alkyl succinates. Encoding enzymes have been reported in Proteobacterium phylum, such as alkane degrading sulfidogenic bacteria D. alkenivoras (AK-01) [189], and Desulfoglaeba alkanedexens (ALDCT) [190], as well as in nitrate-reducing strains (HxN1 and OcN1) [191, 192]. The second mechanism is carboxylation which is detected in sulfate-reducing bacteria, Desulfococcus oleovorans [193]. This bacterium has special characteristics to convert C-even alkanes into C-odd cellular fatty acids, whereas the process differs when grown on C-odd alkanes converted into C-even cellular fatty acids [186, 193].


        




        

          



          7.2.2. Anaerobic Degradation of Aromatic Hydrocarbons




          In contrast to aerobic degradation, microorganisms use different metabolic pathways to reduce aromatic rings under anaerobic conditions. In recent studies, some bacterial strains were sequenced and identified as denitrifying beta-proteobacteria (Azoarcus sp. EbN1 and Thauera aromatica), alpha-proteobacteria (the denitrifying Magnetospirillum magneticum strain AMB-1 and the phototroph Rhodopseudomonas palustris strain CGA009), and obligate anaerobic delta proteobacteria (the fermenter Syntrophus aciditrophicus strain SB and the iron reducer Geobacillus metallireducens GS-15) [180]. These bacteria use different electron acceptors (nitrate, ferric ion, sulfate, or carbonate) for the anaerobic degradation of aromatic compounds. For the activation of reaction, aromatic compounds are converted into reactive intermediates such as benzoyl-CoA, resorcinol, phloroglucinol, and possibly others. These central reactive compounds are reduced, which result in the formation of an intermediate with a 1, 3-dioxo structure. This non-aromatic intermediate allows a nucleophilic attack on a ring carbonyl group that produces three acetyl moieties, which further oxidized to CO2 [188].


        


      


    




    

      



      8. CHALLENGES AND RECENT APPROACHES FOR THE MANAGEMENT OF BIOREMEDIATION




      

        



        8.1. Challenges In Bioremediation


      




      

        



        8.1.1. Nature of Chemical Compound




        Bioremediation depends on hydrocarbons complexity or molecular structure of xenobiotics. Microorganism transforms the toxic hydrocarbons or xenobiotics into less toxic molecules or degrades them into water, carbon dioxide, and other inorganic compounds. Alkanes are the prominent components of petroleum hydrocarbons, and they are generally easily degraded mainly into lower hydrophobic molecules that have shorter straight alkanes (C10-C24). But the degradation of long-chain carbon alkanes (C30-C40) decreases with an increase in the number of carbon chain-length [194]. Monocyclic aromatic hydrocarbon (MAH) molecules like benzene, toluene, ethylbenzene, and xylenes (BTEX) are another threat, which are diffusible up to groundwater, leading to the contamination of the drinking water and the subsurface of water bodies [195]. These hydrocarbons act as a carbon source for microorganisms and are degraded into a simple molecule in different environmental conditions [196]. Benzene is converted into less toxic catechol by several steps of oxidation through hydroxylation and dehydrogenation reactions. Catechol is further converted into less toxic semi-aldehyde or muconic acid by oxidation at meta-cleavage or the ortho-cleavage, respectively. Toluene degradation is comparatively easier concerning other compounds like BTEX under aerobic conditions. The degradation manner of toluene depends on the types of microorganisms that may lead to oxidation into benzoic acid or methyl group of toluene [197].




        Xylene degradation is also followed similarly to toluene, i.e., xylenes oxidized into toluic acid, tolualdehydes, methyl benzyl- alcohols, and methyl catechols. Phenol is benzene containing one of the major pollutants that are present in industrial oil wastewater, which release into the environment. Several bacteria utilize the phenol and degrade into simple constituents; then, it can be discharged into the environment or river. Recently, Arthrobacter chlorophenolicus A6 has been recognized as 4-chlorophenol degrading Gram-positive bacteria and developed a formulation for exploration [198]. Sphingobium chlorophenolicum ATCC 39732 is a well-known bacterium that rapidly degrades pentachlorophenol (PCP) in soil [199]. The pulp and paper industry uses chlorinated hydrocarbons like dichloroethylene (DCE) and trichloroethylene (TCE). Li and coworkers [200] isolated the rod-shaped, Gram-negative bacteria, which degraded these chlorinated hydrocarbons. Even though polychlorinated biphenyls (PCBs) are reported from a different region of the world and biotransformed into basic components.




        Polycyclic aromatic hydrocarbons (PAH) are divided into two groups, (a) low molecular weight compounds like naphthalene, phenanthrene, anthracene, and fluorine that contains 2-3 rings, and (b) high molecular weight compounds such as fluoranthene, pyrene, benzo[a]pyrene, and benzo[a]anthracene that contain four or more rings. PAH degradation is initially oxidized into dihydrodiol by the action of a multi-enzyme system in multi-steps. Intermediate dihydroxylated compound cleaved at ortho or meta position, and form catechols, which further converts into another intermediate compound that can serve as the precursor for tricarboxylic acid cycle [201]. Naphthalene is a simple polycyclic aromatic hydrocarbon and it is very easily converted into a simple compound through oxidation by microorganisms. Oxidation starts with the addition of oxygen molecules to the aromatic ring and converts them into cis- 1,2-dihydroxy-1,2-dihydronapthalene. It is further oxidized into 1,2-dihydroxy naphthalene intermediate, and finally, this compound is degraded into salicylaldehyde and pyruvate. These intermediates are changed into salicylate compounds and ultimately to catechol via oxidation reaction [202].




        Lower molecular weight polycyclic aromatic hydrocarbons are persistent due to lower solubility in water and its resonance energy [203]. Cerniglia and Heitcamp [204] reported that the biodegradation potential of PAHs is decreased with an increasing number of fused benzene rings. Moreover, three-ring containing compound, phenanthrene, and five-ring-containing compound, benzo-pyrene, may persist in the environment from 16-126 days, and 299-1400 days, respectively [205]. Fluranthrene is a high molecular weight PAH that can be biodegraded in several steps by the action of multi-enzymes. Mueller et al. [206] prepared a consortium of seven microorganisms and proved that fluoranthene was utilized as the sole carbon source for their survival. Therefore, by using microorganisms to co-metabolize high molecular weight PAHs, they can be reduced into simple molecules.




        

          



          8.1.2. Selection of Microbial Strain




          The diversity, complexity, and geographical distribution of hydrocarbon compounds are the key factors that decide their fate. Each microorganism has its particular substrate and specific degradation pattern to convert the hydrocarbons at optimum environmental conditions. Most of the species belong to the genus; Acaligenes, Arthrobacter, Acinetobacter, Actinobacteria, Berijerinckia, Bacillus, Flavobacterium, Micrococcus, Methylosinus, Mycobacterium, Nocardia, Nitrosomonas, Phanerochaete, Penicillium, Pseudomonas, Serratia, Rhizoctonia, Xanthobacter, and Trametes [52]. The individual microorganism cannot completely degrade the major class of hydrocarbon/xenobiotic compounds. So, complete mineralization of hydrocarbon/xenobiotic need a sequential degradation, therefore, consortia of potential microorganisms work synergistically to complete the mineralization [206].




          Alkanes are used as a source of energy for many bacterial and fungal species. Some of Pseudomonas sp. and Acinetobacter sp. have been known for the oxidation of terminal methyl group into alcohol group [207]. Further, this alcohol group is dehydrogenated into carboxylic acid via aldehyde intermediate. Carboxylated alkanes are further metabolized in the normal β-oxidation pathway within the cell. Some Rhodococcus species oxidize the terminal or subterminal end of n-alkanes into fatty acid [208]. Bajpai et al. [209] reported that A. calcoaceticus S19 converts the octadecane to octadecanoic acid via octadecanol intermediate. Most crude oil is extracted from the western coast of the Arabian Gulf and Kuwaiti desert; therefore, leakage of oil causes maximum soil pollution. Total 368 species of Bacillus have been isolated from these regions, however, among them, B. stearothermophilus was prominent.




          Some thermophilic bacteria Geobacillus stearothermophilus, G. thermoleovorans, and G. thermodenitrificans are recognized for the degradation of petroleum compounds at above 50 oC [210]. Other strains of Geobacillus such as G. thermoleovorans strain 27, G. caldoxylosilyticus 17, G. pallidus 2, G. toebii 1, and Geobacillus sp. 3 are reported from contaminated soil and able to degrade n-hexadecane. Two thermophilic bacteria, G. stearothermophilus, and Thermus ruber are capable of growing at 60 °C in the presence of petroleum wax, i.e., paraffin [211]. Tourova and his group reported three strains, G. toebii B-1024, Geobacillus sp. 1017, and Aeribacillus pallidus 8m3, which were able to degrade the C10–C30 n-alkanes [212].




          For aromatic hydrocarbons bioremediation, several Pseudomonas strains have been reported to biodegrade a broad range of aromatic compounds such as phenols, aniline, lindane, benzothiazole, and other hydrocarbons [213]. Arthrobacter chlorophenolicus A6 degraded 4-chlorophenol at a wide range of temperatures and developed a formulation for exploitation at a large scale [199]. Thermophilic Thermus aquaticus and Thermus sp. are known to degrade BTEX compounds into non-toxic compounds or simple molecules at above 37 oC. Other microorganisms such as Mycobacterium, Rhodococcus, Acinetobacter, and Azoarcus are recognized for toluene degradation. P. putida mt-2, P. aeruginosa, and P. mendocina are recognized to remove a broad range of phenolic compounds under aerobic conditions, neutral pH, and a wide range (1-35°C) of temperatures [214]. Naphthalene is degraded by Bacillus thermoleovorans in multiple steps and form 2, 3-dihydroxy naphthalene, 2-carboxynnamic acid, benzoic acid, and phthalic acid as an intermediate compound. Sphingomonas and Pseudomonas species utilized PAHs (naphthalene, phenanthrene, and fluorine) and BTEX as carbon and energy source. The consortia of two or more potential microorganisms are the new trend for bioremediation. Co-culture of Sphingomonas sp. strain RW16 and P. moorei strain RW10 are suitable to degrade the mixture of 2- or 3-chlorodibenzofuran and 4-fluoro- or 4-chlorocatechol components [215].


        




        

          



          8.1.3. Environmental Conditions




          Condition like high salinity, acidic or basic pH, wide temperature range and high pressure are environmental conditions that decide the rate of bioremediation [216]. Temperature is a very important factor in controlling nature and the hydrocarbon metabolism potential by microbial [194]. Bioavailability and solubility of aliphatic hydrocarbon, monocyclic or polyaromatic hydrocarbons are dependent on environmental temperature, i.e., high temperature decreases the viscosity that is affected on the degree of distribution and increases the diffusion rates of hydrocarbons. Both G. stearothermophilus and Thermus ruber are thermophilic bacteria that degrade n-alkane at 60 °C temperature. Some other thermophilic bacteria like G. stearothermophilus, G. thermoleovorans and G. thermodenitrificans, which grow at 65 oC, also degrade C15–C36 carbon n-alkane compounds [174]. Phenol degrading Geobacillus sp. A2 strain has been reported from Iceland, which was optimally growing at 70°C. Aeribacillus pallidus VP3, a salt-resistant thermophilic bacteria, leads to the degradation of numerous monoaromatic compounds like benzoic, p-hydroxybenzoic, protocatechuic, gallic, p-coumaric, ferulic, and caffeic acids [217]. Bacillus firmus, B. pallidus, Anoxybacillus sp., Paenibacillus sp., and Saccharococcus sp. are thermophilic bacteria and have the potential to degrade polyaromatics hydrocarbon like benzothiophene, dibenzothiophene dibenzofuran and carbazole at 60oC [218]. Cold-adapted or psychrophilic bacteria can grow very nicely at below 15°C temperature. P. putida, a psychrophilic bacterium, removes numerous phenolic hydrocarbons under the aerobic condition at neutral pH and wide temperature (1-35°C) range [219].




          Anaerobic and aerobic conditions play a major role in the degradation of hydrocarbons; mostly bioremediations occur aerobically, but anaerobic bioremediations are also reported for the degradation of hydrocarbons [220]. Several anaerobic bacteria have been reported, like Candidatus, Methylomirabilis oxyfera, gamma proteobacteria strain HdN1, and Pseudomonas chloritidismutans, recognized for the biological transformation of hydrocarbons in the oxygen deficit condition [221]. Bacteria Aromatoleum sp. strain HxN1 degrades n-hexane in anaerobic conditions. Chen and Taylor (1997) reported consortia of two anaerobic coccus bacteria, which degraded the BTEX compounds in oxygen deficit conditions as a source of energy [222]. Another compound, i.e., toluene, is easily degraded in the presence of oxygen by Pseudomonas sp. as compared to BTEX compounds [223]. The biodegradation of hydrocarbons decreases with increasing the complexity of molecular in order like n-alkanes> branched-chain alkanes > branched alkenes > low molecular-weight n-alkyl aromatics > mono aromatics > cyclic alkanes > PAHs > asphaltenes. Therefore, several microorganisms are present in the ecosystem to degrade the broad range of hydrocarbons.


        


      




      

        



        8.2. Recent Approaches For Bioremediation




        

          8.2.1. Application of Enzyme-Based Methods for Bioremediation




          Enzyme-based technologies are a better option than microorganisms, albeit they need specific requirements for stability and efficient removal of target pollutants. Of course, the application of enzymes for in situ bioremediation is a great challenge. Because of this, the conventional enzyme experiments have been performed in buffer solutions at favorable conditions, whereas the soil condition is drastically different than lab [224]. Eibes et al. [225] mentioned the several enzymes for the degradation of several hydrophobic organic compounds such as 2,4,6-trinitrotoluene (TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), BTEX, PAHs, azo dyes, pesticides, and so on. The following important enzymes are involved in bioremediation, such as oxidoreductases (including oxygenases, dioxygenases, and monooxygenases), laccases, peroxidases, hydrolytic enzymes, and cellulases [226]. Phenolic compounds like 2,4-dichlorophenol, methyl phenol, phenol, o-cresol, and naphthol, are biodegraded by horseradish peroxidase and laccase enzymes [227]. Stolzenburg and Duner (1999) developed a method for the removal of PAHs from the soil of a gas production plant by the application of Pseudomonas sp. multienzyme complex [228]. Kadri et al. (2016) have mentioned the numerous fungal enzymes to degrade the broad range of PAHs [229]. Even a batch reactor was developed for the remediation of soil polluted with perfluoroalkyl compounds by enzyme-mediated immobilization using laccases and peroxidases [230]. Rubilar et al. (2008) reported several fungal species that were appropriate for the elimination of chlorinated phenolic compounds from the contaminated environments [231]. Therefore, both bacteria and fungi secrete complex extracellular enzymes to biodegrade the broad range of hydrocarbons.


        




        

          



          8.2.2. Application of Genetically Modified Microorganisms




          In the present scenario, scientists are looking for efficient prominent microorganisms via using recombinant DNA technology [232]. The first genetically engineered microorganism (GEM) Pseudomonas fluorescens strain HK44GEM was released for trial in a contaminated soil site by the University of Tennessee in collaboration with Oak Ridge National Laboratory [233]. This strain was transformed with naphthalene catabolic plasmid pUTK21 with bioluminescent reporter gene [234]. So, recombinant DNA technology promotes the evolution of an organism to degrade hydrocarbons/xenobiotic compounds by finding biodegradative genes and incorporating them into appropriate hosts. The genetically engineered microorganisms have been showing higher biodegradative capacity, which is developed by the scientist through the incorporation of plasmid-containing genes for octane degradation [235], naphthalene degradation [236], and camphor degradation [237]. UV-irradiated microorganisms such as Pseudomonas aeruginosa TDJ2M and Pseudomonas putida TDJ6M showed higher enzyme activity for degradation as compared to respective wild type [213]. Another microorganism, Pseudomonas mallei TDJ4M, also showed higher monooxygenase enzyme activity. Burkholderiacepacia is used in bioreactors for industrial water treatment to remove diesel oil contamination. However, researchers are still experimenting to release genetically modified microorganisms that can play a very important role in a better and clean environment.
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