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“Development of effective and cost-efficient bioremediation processes is the goal for environmental biotechnology.” (Menn, ~1999)
Relatively recent technology has enabled scientists to alter the genomes of different plants and animals to increase their usefulness to society.  Some of these genetically modified organisms, or GMOs, have already been integrated into the market.  Scientists have found many ways to improve the benefits of an organism through genetic modification.  Bacillus thuringiensis (Bt) is a bacteria found in soil that produces insecticidal crystal proteins (Chien, UNK).  These proteins have been successfully inserted into the genomes of many crop plants to give them an internal insecticide.  Bt corn has already been approved by the FDA and is currently grown in several states across the country.  Tomatoes, as well as several other plants, have been modified to be salt-tolerant.  An active copy of a gene, that is normally inactive in most plants, was inserted into the tomato plants, which allowed them to live in soils with high concentrations of sodium chloride (Travis, 2001).  This development is very valuable since an estimated 33% of irrigated agricultural land is no longer viable due to the salt build-up (Travis, 2001).  Monsanto, the company that gave us Roundup®, has now developed Roundup Ready® crops that are resistant to the herbicide.  This is helpful to farmers because it enables them to spray their fields with Roundup® and kill all the plants (i.e. weeds) except for their crops (Monsanto, 2004).  Another big advancement in plants has been the ability to increase the nutritional value of the crop.  Plants have been developed to contain more omega-3 fatty acids to produce healthier oils, rice has been modified to contain beta-carotene, and there are many others.  Plants are not the only organisms being modified.  Fish have also been successfully engineered genetically.  Salmon have been engineered to develop faster while requiring less food.  Several fish, such as the Zebra Danio (Brachydanio rerio) has been modified to glow for scientific research as well as to be a household pet.  There are also currently many medical uses in the process of being researched.  Edible vaccines are being produced so that a fruit or vegetable, such as a banana, contains the desired vaccination.  Many other medical topics of research include producing antibodies, donor organs, supplements, and hormones.  Bioremedial microbes and plants (i.e. phytoremediation) have been altered genetically to be more effective.  The focus of this paper is to explain genetic modification and bioremediation, how it was developed, how it works, its advantages and disadvantages, as well as current research. 

Bioremediation, also referred to as biodegradation, is the use of organisms to degrade waste materials into less toxic or non-toxic material in the environment.  Detoxification is when the waste is made less toxic.  Mineralization is when the waste material is converted into inorganic compounds (CO2, H2O, CH3) (Martello, 1991).  Microbes and other organisms use organic substances for nutrients and energy.  Bioremediation is simply these organisms using “waste products” as a nutrient source.  This is not a new concept.  Composting is a form of bioremediation where scraps from the kitchen or garden are left outside to be broken down so the remaining nutrients can be returned to the soil.  Genetic modifications are not necessary for an organism to be a bioremediator.  There are numerous applications of naturally occurring plants and animals for bioremediation.  Natural bioremediation (i.e. non-GM) can be used for cleaning up oil spills and removing metals, salts, and other chemicals from the soil and water table.  

Natural bioremediation has been successful when treating acid mine drainage.  A result of mining, acid mine drainage is caused by the oxidation of metal sulfides and greatly affects aquatic ecosystems (Frank, Unk.).  Toxic metals are released into the water and the pH drops (Gray, 1998).  In a study at UC Berkeley, bioremediation was used to attempt to detoxify an aquatic environment that was heavily contaminated by drainage from an abandoned mine.  They found that bacterial reactions caused copper and zinc reductions of 100%, and increase in pH of 2 (See Figure 1), and a 100% decrease in toxicity (Frank, Unk.).
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Figure 1 pH in batch reactors. Carbonate produced by bacterial metabolism acts as a buffer which neutralizes acid generated by chemical processes within the mine.




                                    Source: (Frank, Unk.)

In 1989, bioremediation with naturally occurring microbes was used to aid in the cleanup of a massive oil spill in Alaska.  The Exxon Valdez oil tanker spilled approximately 11 million gallons of crude oil that contaminated over 1,000 miles of shoreline (Princeton, ~1990).  To encourage the oil-degrading bacteria, nitrogen and phosphorous were sprayed over the beaches for an extended period of time.  Several months later, Exxon and the EPA had treated 70 million miles of coastline (Princeton, ~1990).  In a recent study by the National Marine Fisheries Service, not only did they find oil from the spill still present on some of the beaches, but also that it was enough to still be harmful to the native wildlife (Rosen, 2003).  These data disprove the presumed successful outcome of the bioremediation efforts of the Exxon Valdez spill.

Through genetic engineering, scientists believe they can increase the effectiveness of bioremediation.  Genetic engineering is the process of modifying the genome of a living organism.  This can either be done by adding a new gene (or genes) to an organism, or by removing a gene or multiple genes.  When adding foreign genes, the first step is to determine what gene to add.  Initially, one must decide what modifications or changes in the subject plant or animal are desired before he or she can find the gene.  The gene does not have to be from the same species or even the same kingdom.  Genes from fish have been inserted into strawberries for cold tolerance.  To find the correct gene, often scientists compile a genetic library from the organism suspected to contain the gene.  Then tests are run on the individual genes, usually searching with an applicable probe, to determine their function (Heaf, 2000).  Once the gene is found, the scientist can isolate that gene from the animal (or plant) and insert it into the subject organism.  There are several methods to insert a gene, such as ballistics and bacterial vectors.  Ballistics is the term for the usage of an instrument called a gene gun.  Gene guns shoot tiny gold particles, coated with the desired gene, into the cells of an organism.  If the gold particle enters the nucleus of the cell, the DNA on the particle can then be incorporated into the DNA of the cell.

The gene is usually inserted along with an antibiotic resistance gene or a radioactive label.  By doing this, the scientist can test whether or no the gene was successfully inserted by running tests.  For example, if the organism is a bacterium, it can be grown in a plate containing the antibiotic complimentary to the antibiotic resistance gene inserted with the desired gene, if it grows, the genes were inserted successfully.  By attaching a radioactive label to the gene, a southern blot can be done to determine if the gene was inserted.  There are many other tests as well.  

With biotechnology, bioremediation has great potential.  Microbes can be modified to be able to survive and degrade toxins and pollutants that would normally be fatal or impossible to break down.  With the new technology of the day, many new products and chemicals are being produced that cannot be broken down in the environment.  For example, polychlorinated biphenyls (PCBs) are not broken down naturally in the environment and are toxic to microorganisms (Ramos, et al., 1993).  PCBs are mixtures of chemicals used as coolants or lubricants in electrical equipment.  The production of PCBs was outlawed in the United States in 1977 when they were determined to accumulate in the environment (ATSDR, 2001).  PCBs can still be found in the environment at toxic levels (Ramos, et al., 1993).  What scientists needed was a microorganism that degraded PCBs and lived in the soil.  Unfortunately, an organism fitting these criteria was not found.  Pseudomonas sp. LB400 in a well known PCB degrader, but it does not live in soil.  Scientists were able to use Pseudomonas sp. LB400 as a model and isolate the PCB degradation pathway.  Once this was accomplished, the catabolic bph genes (degradation pathway) were inserted into the chromosome of an indigenous species of bacteria.  These new modified bacteria were then tested to assess their ability to break down PCBs (Ramos, et al., 1993).  This is a common method pathway construction and regulation when designing new organisms for bioremediation.  There are three other principle methods to develop GM organisms for bioremediation, including: (1) modification of enzyme specificity and affinity, (2) bioprocess development, monitoring, and control, and (3) bioaffinity bioreporter sensor applications for chemical sensing, toxicity reduction, and end point analysis (Menn, et al., 1999).  The catabolic pathways of bacteria can be modified to degrade toxins or even to break down the toxins at a more rapid rate.
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Figure 2 Rhodococcus species.  These bacteria are used for bioremediation of PCBs (Figure courtesy of Umberger, 2000).


As encountered above, there are many bacteria that can break down different wastes.  However, much of the problem remains in the bacteria not being able to survive in the environment where the waste is located.  Aquatic bacteria may not be able to live in soil, soil dwelling bacteria may not be able to live in the water, warmer climate bacteria may not be able to flourish enough in cold environments to break down waste.  All these are obstacles that may be eluded by genetic engineering.  

Bacterial species are even being modified to degrade radioactive waste.  Deinococcus radiodurans is a species that was successfully modified to perform this task by inserting operons from Escherichia coli (E. coli) and Pseudomonas (Brim, et al. 2003).  An operon is a group of specific genes linked closely together that act as a unit to regulate the response of other genes to changes in the environment (Hartwell, et al., 2004).  The operon from E. coli, known as the mer operon, encodes for Mercury (II) resistance and reduction.  The operon todC1C2BA from Pseudomonas encodes for degradation of toluene (Brim, et al. 2003).  Both Hg(II) and toluene are highly toxic chemicals.  The scientists encountered a problem; D. radiodurans cannot survive temperatures above 39ºC.  The site that the bacteria was being designed for in Washington State was high in radioactivity and at very high temperatures.  They would need to find a different species of bacteria.  Deinococcus geothermalis is a bacterium in the same family and is found in hot springs.  These thermophilic bacteria are also very resistant to ionizing radiation, which made it an ideal candidate for this bioremediation effort.  The operons from D. radiodurans was isolated and inserted into D. geothermalis.  The resultant recombinant bacteria were able to multiply and grow while degrading radioactive waste at high temperatures (Brim, et al. 2003).
Pseudomonas species are easy organisms to modify to be used as bioremediators.  Below in Table 1, different species of microorganisms are listed with the type of modification that was performed to enable them to degrade the desired contaminants.
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Source: (Menn, ~1999)

In Table 1, “C.” stands for Comamonas, is a bacterium very similar to Pseudomonas.  “Pathway” is similar to the modification explained above in reference to the PCB bioremediation.  As you can see, the majority of microorganisms in Table 1 are Pseudomonas.
So now we know how to successfully modify many different organisms for microbial bioremediation, but does this really benefit society?  Is there a demand for this type of technology?  In a word, Yes.  Humans are constantly producing more waste.  Even though it may not be PCBs, which are still present in the environment, there is a great deal of pollutants that we produce.  According to the U.S. Environmental Protection Agency, there are thousands of sites contaminated with radionuclides in the United States alone (EPA, 2004).  At the Savannah River Site (SRS), a radioactive dumping site, there are 34 million gallons of deadly atomic waste stored underground.  The estimated cost to clean up this site is $6.8 billion.  The site contains cesium, which gives off enough radiation to kill a person within minutes of contact (Nesbitt, 2003).  This produces a problem if the barrels of waste need to be transported.   
When heavy metals build up in the soil, they can be toxic to plants.  Traditional methods of cleanup for these metals, including removal and solidification, are very expensive and not environmentally safe (Grimski, et al., 1994).  Removal is simply removing the contaminated soil from the site and discarding it in a designated contaminated site.  Solidification, which is more commonly uses, involves stabilizing the contaminated substrate.  This way the metals are bound to the matrix, but they are not destroyed (Alloway, et al., 1990).  Using traditional methods, the metals persist in the soil indefinitely.  Using bioremediation techniques, the metals can be broken down into non-toxic components through mineralization or detoxification.  
There is a great deal of benefits to bioremediation.  The bioremediators used can be modified to have higher metabolisms, and therefore detoxify the site faster than naturally occurring organisms could.  The cost of development and implication is far less than traditional techniques.  The contaminants are broken down into harmless components, so the pollution is eliminated, making the treatment permanent.  In many traditional methods of cleanup the toxins are simply removed from the site, which cause a great deal of disturbance to the environment (Martello, 1991; Heaf, 2000).
There are, however, several negative aspects to GM bioremediation.  As with all GMOs, gene flow is a concern.  Antibiotic resistance is a particularly common tag to identify the insertion of a gene when modifying a microorganism.  Antibiotic resistance is not a gene humans can afford to have spreading to wild bacteria since they already do a good job of negating our medicinal antibiotics.  Another negative aspect of bioremediation is that it has to be tailored to each site since different toxins require different bioremediators, and different sites are made up of different geological components (soil, water, rock, etc.) (Princeton, ~1990).

One very successful method of controlling many of these negative components of GM bioremediation is the development of ‘suicide genes.’  These are genes that cause the bacteria to die after the toxin is entirely degraded.  To accomplish this, scientists link what is called a suicide gene, also known as a killing gene, to the toxin regulatory system of the organism. When the toxin is absent, meaning the organism completely eliminated it, the killing gene is expressed and the organism dies.  These genes allow us to create organisms that are very predictable (Ramos, 1993).  

GM bioremediation is still in the experimental stage, and has not yet been approved for use in the environment.  This is for fear of the negative aspects listed above coming true.  Once more studies have been done, and we have a better understanding of how these organisms will behave in the environment, bioremediation may prove be our best alternative.  Future possibilities are endless; problems concerning radioactive waste disposal may be obsolete, land that has been rendered unviable could be restored, and lakes, streams, and rivers could be completely decontaminated.  There is a lot of potential for a safer, healthier, cleaner environment through GM bioremediation.  
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