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    The idea of decontamination of environments using green plants is not new. Almost 300 years ago, plants were proposed to be used in the treatment of wastewater. At the end of the 19th century, Thlaspi caerulescens and Viola calaminaria were the first plant species documented to accumulate high levels of metals in leaves. At present, there are about 420 species belonging to about 45 plant families which have been reported as hyperaccumulators of heavy metals.




    Nowadays, we know much more about the mechanism of plant tolerance towards heavy metal removal and plant efficiency in uptake, translocation, and further sequestration of heavy metals in specialized tissues (in trichomes and organelles such as vacuoles). It is clear enough that uptake of metals depends on their bioavailability, and also plants have evolved mechanisms to make micronutrients bioavailable; in some cases plants have developed resistance to high metal concentrations, basically by two mechanisms, avoidance and tolerance. In avoidance mechanism, exclusion of metals outside the roots is achieved, and in tolerance mechanism the main undertaking consists basically of complexing the metals to prevent protein and enzyme inactivation. One of the major consequences of heavy metal (HM) accumulation in the cell could be the enhanced generation of reactive oxygen species (ROS) which usually damage the cellular components such as membranes, nucleic acids, chloroplast pigments and alteration in enzymatic and non-enzymatic antioxidants. Interestingly, a new family of molecules designated a reactive nitrogen species (RNS) starts to be new elements involved in the mechanism of response against HM where molecules such as nitric oxide (NO), peroxynitrite (ONOO-) and S-nitrosoglutathione (GSNO) can mediate protein function by specific post-translational modifications.




    Given the nature and extent of contamination worldwide and the costs involved in remediation, scientists made a drive towards alternative cost effective technologies for the remediation of polluted sites. In this regard, bioremediation, typically referring to microbe-based clean-up, and phytoremediation, or plant-based clean-up, have generated much interest as effective low-cost and environmentally-friendly technologies for the clean-up of a broad spectrum of hazardous organic and inorganic pollutants.




    Plant-based environmental remediation has been widely pursued by scientists as a favorable low-cost clean-up technology applicable in both developed and developing nations in recent years. Physiological, biochemical, and molecular approaches are continually being applied to identify the underlying mechanisms of metal tolerance and hyperaccumulation. The drive to find genes underlying these unique biological properties is partly fueled by interest in using transgenic plants in phytoremediation. Interestingly, as transgenics are being tested in the field and the associated risks assessed, their use appears to be more accepted and less regulated than has been the case for transgenic crops.




    In last two and half decades, phytoremediation work got so much attention from the scientists and researchers throughout the globe. It is a really promising method to clean our polluted environment. I personally owe debt of gratitude to Dr. David W.M. Leung, who did an excellent job in compiling this eBook with recent advancement in this field and also thankful to the authors who contributed their time and knowledge in making this eBook in a nice shape. Overall the information compiled in this eBook will bring together uesful knowledge and advancement of phytoremediation technologies in recent years.
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    A global environmental and public health issue is heavy or toxic metal pollution. Use of green plants to clean up heavy metal pollution is an environmentally friendly as well as a low-cost approach to the problem. This plant-based biotechnology to help to better manage this global public health concern is commonly known as phytoremediation. Presently, there is no wide-spread application of this technology because useful plants with enhanced resistance/tolerance to metal toxicity are still needed to assist remediation of toxic metal-contaminated environments. A key to improved phytoremediation of heavy metal pollution lies in research seeking for a better understanding of the mechanism(s) of heavy metal resistance/tolerance in plants.




    This eBook is divided into two parts. In the first part, an introduction and an overview of the broad applications of phytoremediation were provided (Chapter 1), particularly useful for senior undergraduate, postgraduate students and nonplant discipline-based researchers interested in environmental biotechnology. This was followed by a closer examination of those research foci evaluating chemicals directly or indirectly (those released by microorganisms) for promoting phytoremediation potential of plants that are not commonly considered as model experimental plants systems (Chapters 1 to 3). In the second part, recent insights, largely at the molecular and genetic level, gained from the use of each of the several model experimental plants in relation to the general theme of improving phytoremediation potential of plants were reviewed in Chapters 4 to 7. The unique arrangement and treatment of the topics have never been brought together comprehensively in a single advanced resource book.




    The different chapters were written by researchers who have recently contributed original research papers in the field of phytoremediation. Their contributed chapters in this eBook are, however, written at the levels intended to be useful to students (senior undergraduate and postgraduate), and researchers in plant physiology and biotechnology. In addition, soil scientists, environmental science students and researchers in environmental and contemporary natural resource engineering departments should also find this as a helpful resource.
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    This eBook project was initiated, brutally suspended, restarted progressively and finally completed in Christchurch located within 10 to 20 kilometers from the epicenters of more than 10,000 earthquakes and aftershocks including the killer one in which over 180 people tragically lost their lives in 2011. Much of the Christchurch city needs to be re-built or remediated. Through these all, my wife Irene and my son Joshua, gave me the strength to work on this eBook project among other personal and professional commitments. I would gratefully dedicate this completed eBook to them to mark this unique period of our lives.


  




  




  




  

    

      LIST OF CONTRIBUTORS


    


  




  

    

      

        	David W.M. Leung



        	University of Canterbury, New Zealand



      


    




    

      

        	Asha Juwarkar



        	Eco-Restoration Division, National Environmental Engineering Research Institute, Nehru Marg, Nagpur ‑ 440020, India



      




      

        	Bijaya K. Sarangi



        	Environmental Biotechnology Division, CSIR-National Environmental Engineering Research Institute, Nehru Marg, Nagpur– 440020, India



      




      

        	Brett Robinson



        	Department of Soil Science, Lincoln University, PO Box 7647, Lincoln, New Zealand



      




      

        	David W.M. Leung



        	School of Biological Sciences, University of Canterbury, Private Bag 4800, Christchurch 8140, New Zealand



      




      

        	Katarina Vogel-Mikuš



        	Dept. of Biology, Biotechnical faculty, Večna pot 111, Ljubljana, 1000, Solvenia



      




      

        	Lingjuan Zheng



        	Department of Organismic Biology, University of Salzburg, Hellbrunnerstraße 34, Salzburg, 5020, Austria



      




      

        	Pulavarty Anusha



        	Environmental Biotechnology Division, CSIR-National Environmental Engineering Research Institute, Nehru Marg, Nagpur, 440020, India



      




      

        	Radha Rani



        	Eco-Restoration Division, National Environmental Engineering Research Institute, Nehru Marg, Nagpur, 440020, India



      




      

        	Ram Awatar Pandey



        	Environmental Biotechnology Division, CSIR-National Environmental Engineering Research Institute, Nehru Marg, Nagpur, 440020, India



      




      

        	Sarita Tiwari



        	Environmental Biotechnology Division, CSIR-National Environmental Engineering Research Institute, Nehru Marg, Nagpur, 440020, India



      




      

        	Thomas Peer



        	Department of Organismic Biology, University of Salzburg, Hellbrunnerstraße 34, 5020 Salzburg, Austria



      




      

        	Ursula Lütz-Meindl



        	Department of Cell Biology, University of Salzburg, Hellbrunnerstraße 34, 5020 Salzburg, Austria



      


    


  




  




  




  

    Part 1




    


    


    


    


    


  




  

    STUDIES ON INFLUENCE OF SOIL MICROBES AND EXOGENOUS CHEMICALS


  




  




  




  

    Interactions Between Plant Growth Promoting Microbes and Plants: Implications for Microbe-Assisted Phytoremediation of Metal-Contaminated Soil




    


    Radha Rani*, Asha Juwarkar




    

      Eco-Restoration Division, National Environmental Engineering Research Institute, Nehru Marg, Nagpur-440020, India


    






    

      Abstract




      This chapter first gave a broad overview of the application of phytoremediation technologies for the management of metal-contaminated sites. Then the interactions between plants and the microorganisms in the rhizosphere are reviewed as these could influence the potential accomplishment of these phytotechnologies. Plant-microbe interactions can be enhanced or modulated by modifying microbial population (rhizoengineering) for the remediation of pollutants present in the soils. Rhizoengineering is an innovative approach towards phytoremediation.
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      General introduction




      With intense industrial and agricultural activities worldwide, contamination of soil with heavy metals has been on a continuous rise, leading to significant health problems and toxic effects on plant and microbial biodiversity. Generally, metals are not degraded biologically or chemically but persist in the environment indefinitely. Consequently, once accumulated these toxic metals render the soil unsuitable for vegetation. Remediation of metal-contaminated soils thus becomes




      important. Traditional methods for heavy metal decontamination include excavation, landfill dumping, thermal treatment, acid leaching, and electro-reclamation. However, because of the high cost, low efficiency, and large destruction of soil structure and fertility, these methods are either ineffective or not ecologically sustainable. In order to eliminate or control hazardous chemicals, biological processes are being investigated as alternative approaches. Recently, phytoremediation has emerged as a cost-effective, environment-friendly cleanup alternative that employs the use of higher plants for the cleanup of contaminated environments. Selected plant species possess the genetic potential to remove, degrade, metabolize, or immobilize a wide range of contaminants. The success of phytoremediation depends on the extent of soil contamination, bioavailability of the metal, and the ability of the plant to absorb and accumulate metals in shoots. Plants with exceptionally high metal accumulating capacity often have a slow growth rate and produce limited amounts of biomass when the concentration of metal in the contaminated soil is very high and toxic. To maximize the chance of success for phytoremediation, beneficial microorganisms like plant growth promoting rhizobacteria (PGPR) and arbuscular mycorrhizal fungi (AMF) that inhabit the rhizosphere, are utilized in the nutrient poor soils. They increase heavy metal sequestration capacity of plants by recycling nutrients, maintaining soil structure, detoxifying chemicals, and controlling pests while decreasing toxicity of metals by changing their bioavailability. In return, plants provide the microorganisms with root exudates such as free amino acids, proteins, carbohydrates, alcohols, vitamins or hormones, which are important sources of nutrients for these microorganisms in the rhizosphere. The microorganisms in the rhizopshere interact with each other and with plants and these interactions can greatly influence the success of phytoremediation. To sum up, it is beneficial to exploit the competence of plants and microbes to adapt in the metal-polluted environment and to detoxify toxic metals symbiotically for the successful application of phytoremediation. Therefore, this chapter not only reviews the application of phytoremediation technologies for the management of metal- contaminated sites but also on the interactions between plants and the microorganisms in the rhizosphere as these could influence the potential accomplishment of these phytotechnologies.


    




    

      Sources of toxic metals in soil and water




      ‘Heavy metal’ though used widely in the non-technical and scienetific literature is not an appropriate term as it includes transition metals, metalloids, lanthanides and actinides. However, elements included in the ‘heavy metal’ category are generally of high atomic number and pose toxic effects to the biota. Thus, an alternative term ‘toxic metal’ for which no consensus of its exact definition exists, may also be employed. Toxic metals that have been identified in the polluted environment include As, Cu, Cd, Pb, Cr, Ni, Hg and Zn.




      Contamination of terrestrial and aquatic ecosystems by toxic metals is a worldwide issue. All countries have been affected, though the area and severity of pollution vary enormously. In Western Europe, over 300,000 fields were contaminated, and the estimated total number in Europe could be much larger, as pollution problems has increasingly occurred in Central and Eastern European countries [1]. In USA, there are 600,000 brown fields which are contaminated with metals and need reclamation [2]. More than 100,000 ha of cropland, 55 000 ha of pasture and 50,000 ha of forest have been lost. The problem of land pollution is also a great challenge in China, where one-sixth of total arable land has been polluted by toxic metals, and more than 40% has been degraded to varying degree due to erosion and desertification. Soil and water pollution is also severe in India, Pakistan and Bangladesh, where small industrial units are pouring their untreated effluents in the surface drains spreading over near agricultural fields. High levels of toxic metals were detected in Yamuna river sediments from Delhi and Agra urban cities, in a study [3].




      Sources of toxic metals in soil include both natural and anthropogenic activities. Many of these metals are present in earth’s crust naturally, and long range pollution is caused due to volcanic eruptions, forest fire and dust storms. Anthropogenic activities are associated with industrialization and agriculture like waste disposal, atmospheric deposition, waste incineration, industrial effluent, vehicle exhaust and fertilizer and pesticide application. Unlike organic pollutants, metals are not subjected to degradation and hence remain in the environment for a long period of time. During the course of time they have a tendency to bioaccumulate and biomagnify and get entry to the food chain and hence whole biota and cause hazards to living organisms. Some of the common sources of various toxic metals are listed in Table 1.




      

        Table 1 Sources of toxic metals in the environment




        

          

            

              	Metal



              	Sources

            


          



          

            

              	Cu



              	Electroplating industry, smelting and refining, mining, biosolids.

            




            

              	Ni



              	Volcanic eruptions, land fill, forest fire, bubble bursting and gas exchange in ocean, weathering of soils and geological materials, vehicle exhaust.

            




            

              	Pb



              	Mining and smelting of metalliferous ores, burning of leaded gasoline, municipal sewage, industrial wastes enriched in Pb, paints, tire wear, lubricating oil and grease.

            




            

              	Hg



              	Volcano eruptions, forest fire, emissions from industries producing caustic soda, coal, peat and wood burning.

            




            

              	Se



              	Coal mining, oil refining, combustion of fossil fuels, glass manufacturing industry, chemical synthesis (e.g., varnish, pigment formulation).

            




            

              	Zn



              	Electroplating industry, smelting and refining, mining, biosolids.

            




            

              	Cd



              	Geogenic sources, anthropogenic activities, metal smelting and refining, fossil fuel burning, application of phosphate fertilizers, sewage sludge,

            




            

              	As



              	Semiconductors, petroleum refining, wood preservatives,


              animal feed additives, coal power, plants, herbicides, volcanoes, mining and smelting.

            




            

              	Cr



              	Electroplating industry, sludge, solid waste, tanneries, air conditioning coolants, engine parts, brake emissions.

            


          

        




      


    




    

      Eco-toxicity of metals




      Some of the metals like iron, cobalt, copper, manganese, molybdenum and zinc which are required by humans and other life forms for proper functioning are known as essential metals. However, at high concentrations they may have deleterious effects. Other non-essential metals like mercury, plutonium and lead are toxic metals and have no vital roles in living beings and can accumulate in the organisms over time, causing serious health hazards. Contamination of soil with heavy metals may also cause changes in the composition of soil microbial community, adversely affecting soil characteristics [4]. At high concentrations both essential and non-essential metals can damage cell membranes, alter enzyme specificity, disrupt cellular functions and damage the structure of DNA.




      High concentrations of heavy metals in soil can negatively affect crop growth, as these metals interfere with metabolic functions in plants, including physiological and biochemical processes, inhibition of photosynthesis, and respiration and degeneration of main cell organelles, even leading to death of plants [5]. In humans and other higher animals they are known to affect the central nervous system (Mn, Hg, Pb, and As). Some of them are carcinogenic and some like mercury, lead, cadmium and copper have toxic effects on the kidneys or liver and nickel, cadmium, copper and chromium are known to affect skin, bones, or teeth.


    




    

      Technologies for remediation of metal-contaminated sites




      Most of the conventional technologies for remediation of metal-contaminated sites like thermal extraction, electrokinetics, land filling etc. are expensive and labour intensive. Many contaminated sites across the world are left as it is without any remediation implication plan because of their economic unfeasibility. Therefore, there is an urgent need to develop innovative, eco-friendly and cost-effective technologies such as bioremediation for efficient remediation of metal- contaminated sites. Some of the technologies employed for remediation of metal-contaminated sites are listed in Table 2.




      

        Table 2 Technologies for remediation of metal contaminated soils




        

          

            

              	Technology



              	Description



              	Waste Contaminant



              	Media

            


          



          

            

              	Vitrification



              	Immobilization



              	Metals



              	Soil and sediment

            




            

              	Thermal extraction or thermal desorption



              	Volatilization at high temperature



              	Mercury, arsenic, cadmium



              	Soil and sediment

            




            

              	Electrokinetics



              	Electrical current is supplied between two electrodes, ions of contaminant will be attracted to one of the electrodes



              	Metals, cyanide, nitrates, and radionuclides such as uranium and strontium



              	Soil and sediment

            




            

              	Solidification/


              stabilization



              	Immobilization of metals



              	Metals



              	Soil and sediment

            




            

              	
In Situ Ground Water Remediation Using Colloid Technology



              	
In situ colloid immobilization of contaminants



              	Metals absorbed on clay and silica



              	Ground water

            




            

              	Chemical oxidation



              	Reduction of heavy metals to lowest valence state and form stable organometallic complexes



              	Metals



              	Soil and sediment

            




            

              	Washing



              	Washing with water or surfactant or other chelators



              	Metals



              	Soil and sediment

            




            

              	Containment



              	Retention in a confined area



              	Metal



              	Soil and sediment

            




            

              	Bioremediation



              	Uses bacteria to transform heavy metal ions to an insoluble, less toxic form



              	Metals and radionuclides



              	Ground water, surface water, aqueous streams,


              Soil and sediments

            




            

              	Phytoremediation



              	Stabilization, extraction or volatilization of metals by plants



              	Metals and radionuclides



              	Soil and sediments, surface water

            


          

        




      


    




    

      Bioremediation and phytoremediation technologies




      Bioremediation and phytoremediation technologies offer an eco-friendly and cost-effective approach for the remediation of metal-contaminated sites.




      

        Bioremediation




        Bioremediation is a technology that uses microorganisms and their enzymes for detoxification of pollutants. Different microbial processes can cause transformation, immobilization or solubilization of metals thereby reducing their toxic effects. Some of the bioremediation technologies involved in remediation of metal-contaminated sites include: biosorption (sequestration of metal ions on bacterial surfaces); bioaccumulation (retention and concentration of a substance by an organism); biotransformation (transformation of metals to less or non-toxic forms); and biostimulation (increase in the number and / or activity of naturally occurring microorganisms available for bioremediation by adding additional nutrients).


      




      

        Phytoremediation




        A subset of bioremediation which utilizes plants for the cleaning up contaminated sites is phytoremediation. This technology offers the advantages of being eco-friendly, ecologically non-disruptive, sustainable, economic, and aesthetically-pleasing as compared to other alternative technologies. Phytoremediation technologies also offer the advantage of having a wide scope and applicability; they can be applied for both organic and inorganic contaminants present in solid (soil and sludge), liquid substrates (liquid substrate) and air [6, 7]. A general overview of various phytotechnologies has been presented in Fig. 1. In Table 3, a summary of the mechanisms, application media, process goals, types of contaminants, plants used, and present status of various phytoremediation technologies is provided.
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Figure 1)




        Different types of phytoremediation technologies used for cleaning contaminated sites.




        

          Table 3 Summary of application of various phytoremediation technologies (adapted from [8])




          

            

              

                	Mechanism



                	Process Goal



                	Media



                	Contaminants



                	Plants



                	Status

              


            



            

              

                	Phytoextraction



                	Contaminant extraction


                and capture



                	Soil, sediment,


                sludges



                	Metals: Ag, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Zn; Radionuclides: 90Sr, 137Cs,



                	Indian mustard,pennycress, alyssum, sunflowers, hybrid poplars



                	Laboratory, pilot, and field applications

              




              

                	



                	



                	



                	239Pu, 238,234U



                	



                	

              




              

                	Rhizofiltration



                	Contaminant extraction


                And capture



                	Groundwater,


                surface water



                	Metals, radionuclides



                	Sunflowers, Indian mustard, water hyacinth



                	Laboratory and pilot scale

              




              

                	Phytostabilization



                	Contaminant containment



                	Soil, sediment,


                Sludges



                	As, Cd, Cr, Cu, Hs, Pb,Zn



                	Indian mustard, hybrid poplars, poplars, grasses



                	Field application

              




              

                	Rhizodegradation



                	Contaminant destruction



                	Soil, sediment,


                sludges, ground water



                	Organic compounds (TPH, PAHs, pesticides chlorinated solvents, PCBs)



                	Red mulberry, grasses, hybrid poplar, cattail, rice



                	Field application

              




              

                	Phytodegradation



                	Contaminant destruction



                	Soil, sediment,


                sludges, groundwater


                surface water



                	Organic compounds, chlorinated solvents, phenols, herbicides, munitions



                	Algae, stonewort, hybrid poplar, black willow, bald cypress



                	Field demonstration

              




              

                	Phytovolatilization



                	Contaminant extraction from media and release to air



                	Groundwater, soil, sediment, sludges



                	Chlorinated solvents, some inorganics (Se, Hg, and As)



                	Poplars, alfalfa black locust,


                Indian mustard



                	Laboratory and field


                application

              




              

                	Hydraulic control


                (plume control)



                	Contaminant degradation or containment



                	Groundwater, surface water



                	Water-soluble organics and inorganics



                	Hybrid poplar, cottonwood, willow



                	Field application

              




              

                	Vegetative cover


                (evapotranspiration


                cover)



                	Containment, erosion control



                	Soil, sludge,


                sediments



                	Organic and inorganic compounds



                	Poplars, grasses



                	Field application

              




              

                	Riparian corridors


                (non-point source


                control)



                	Contaminant destruction



                	Surface water,


                groundwater



                	Water-soluble organics



                	Poplars



                	Field demonstration
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