INTRODUCTION

Decaffeinated coffee grown on the vine. Citrus crops resistant to freezing temperatures. Potatoes immune to the dreaded potato beetle. The prospects of creating bigger, stronger, better tasting food through the manipulation of genetic material is on the rise. Transgenic crops have been on the market since ????. In 1996, around 1.2 million hectares of these “transgenic crops”, or crops modified by genetic engineering, were grown in the United States. This area increased to 4 million hectares in 1997. (Nottingham, 1998). Moreover, the produce from transgenic crops has been mixed in with produce from unmodified crops, 

Some say that these newly improved foods could be the answer to world hunger, a promising concept given the increasing world population.  Others refer to these genetically modified products as “Frankenfoods”. What are the consequences of manipulating genetic material for the environment surrounding the area where these plants are grown?  What are the potential risks to the humans that ingest these foods? 

This paper will discuss the process by which foods, generally crop plants, are genetically engineered, the traits conferred to plants through this process and the possible environmental, human health and socio-economic consequences arising from the pervasive genetic engineering of foods.  This paper will also briefly discuss the emerging developments in biotechnology and the use of genetic modification in animals and fish.  The paper will conclude with a discussion of the effectiveness of current regulations governing genetically altered foods.

BIOTECHNOLOGY AND GENETIC ENGINEERING IN PLANTS 

Genetic engineering has been going on for as long as people have been cross breeding plants and animals.  Traditional biotechnology happens .  The difference between “traditional” genetic engineering and the “new” genetic engineering is that Plant genetic engineering began in the early 1980’s, when it became clear that foreign genes could be stably introduced into plant genetic material. 

The goal of genetic engineering, also known as recombinant DNA technology, is to introduce, enhance or delete a particular characteristic of an organism.  This is accomplished by altering the genetic information of the organism, which is contained in the organism’s DNA (deoxyribose nucleic acid). 

Basics of Genetic Engineering

In 1953, James Watson and Francis Crick announced the discovery of the structure of the DNA molecule. The DNA structure is a double helix consisting of two intertwining double strands of alternating sugars and phosphate groups. Along each of these strands are attached a sequence of bases: adenine (A), cytosine (C), guanine (G) and thymine (T), each made up of carbon, hydrogen, nitrogen and oxygen atoms. The arrangement of these bases is what determines the characteristics of a particular organism. The bases form a weak chemical link between the strands, with adenine always pairing with thymine and cytosine always pairing with guanine. The structure of DNA can be best described as a spiral staircase, with the base pairs forming the steps.  

The sequence of bases along the nucleic acid strands forms the genetic code.  The DNA, along with protein, is found in the chromosomes in the nucleus of the cell. DNA is responsible for the structure of the proteins made by the cell, such as enzymes, which regulate all the biochemical processes within an organism.  By modifying the action of the enzymes, genetic engineers can potentially modify any biochemical reaction in an organism to produce a desired change.

DNA synthesizes protein with the help of certain types of ribonucleic acid, known as messenger RNA (mRNA) and transfer RNA (tRNA). mRNA is made in the nucleus when a portion of the DNA double helix unwinds and the bonds between the bases are broken.  When this occurs, the two strands of DNA are separated and exposed. mRNA is synthesized a little at a time, with complementary mRNA bases being transcribed from the DNA bases; for example, a T on the DNA strand will result in an A on the mRNA. Three of the four bases in mRNA are the same as in DNA, i.e. A, C and G. But instead of T, mRNA contains a different base, uracil (U). The DNA double helix rewinds as transcription proceeds.  The resulting mRNA is a complementary or reverse copy of the gene to be expressed. 

The mRNA moves from the nucleus to a ribosome in the cytoplasm of the cell, and awaits a tRNA to carry amino acids, the building blocks of proteins, from the other parts of the cytoplasm to the ribosome. The tRNA carrying the amino acids translates all the genetic code by connecting by a corresponding coding sequence onto the mRNA. The amino acids carried by the tRNA then join together to form a polypeptide chain, which is the basis of enzymes and other proteins.  

Natural mutations occur when there are changes in genetic material of an organism.  A genetic mutation can be in the form of a substitution of a single base in the DNA, or a deletion or insertion of a base. The change in base affects at least one, if not more, amino acids in the polypeptide chain. Mutations can also occur at the chromosome level.  

Mutations occur naturally at low rates, and are usually harmful and thus quickly eliminated by natural selection.  However, occasionally an advantageous mutation occurs.  In this case, the mutated genes are added to the gene pool. The mutation rate can be artificially increased by the use of radiation or mutagenic chemicals.


Recombinant DNA technology

Rather than relying on mutation, which is largely uncontrollable, techniques have been developed to isolate and manipulate specific DNA fragments to selectively alter the genetic make-up of an organism. The production of DNA by joining together fragments from different organisms is called recombinant DNA. (Greenberg and Glick, 1993). Through recombinant DNA technology, one can confer traits to a crop plant that will improve it in some way. (Greenberg and Glick, 1993).

The first foreign gene was introduced successfully into a plant in 1983, only 29 years after the discovery of the structure of DNA. (Nottingham, 1998).

The genetic engineer uses enzymes, many of which are derived from bacteria, as the tools to manipulate DNA. Enzymes are proteins that catalyse specific chemical reactions.  Cells use enzymes to maintain and copy DNA. Different enzymes perform different functions: unzipping double strands of DNA, cutting DNA at specific points, copying DNA, and pasting sections of DNA into a genome. (Nottingham, 1998).

Restriction enzymes cut DNA at certain short sequence. These enzymes are mobilized naturally by bacteria to restrict the grown the invading viruses.  They were first isolated and identified in 1970.  Each restriction enzyme recognizes a specific coding sequence and cuts between particular bases within the sequence. The cuts can be staggered leaving several bases exposed and “sticky”, i.e. under certain conditions each can pair to complementary bases of DNA from a different source.  This pairing forms the same weak bond that normally holds two DNA strands together. A stronger bond can be produced using ligase enzymes, which are used to repair DNA.  This whole process is generally called “splicing.” (Davis, 1991). Once a DNA has been isolated, it is cloned to make unlimited quantities of the gene.

METHODS OF TRANSFERING GENETIC MATERIAL

Genes are transferred into other organisms in several different ways. Because plant cells are able to regenerate into a whole plant, there are many methods of porducing transgenic plants, whereas the production of transgenic animals is quite limited.

Vectors


Genes with the desired trait can be introduced into another organism within vehicles called vectors.  This involves infecting the species to be genetically engineered with the vector so that a desired piece of genetic material passes from the vector to the genetically engineered species.  The vector is usually derived from the small circular DNA structures in bacteria called plasmids.  Restriction enzymes are used to cut the vector, allowing foreign genes to be inserted, and ligase to rejoin the vector.  


The first transgenic plants produced – tobacco, petunia and cotton, were modified using Agrobacterium as a vector. Agrobacterium tumefaciens and Agrobacterium rhizogenes are bacteria found in soil that naturally attacks certain plants, causing a disease called crown gall disease. It infects wounds and causes the development of the swellings or tumors.  In 1977, it was discovered that the tumors were caused by the bacterium inserting part of one of its own plasmids into the host DNA.  This plasmids are of two types, known as the Ti (tumor induction) plasmid and the RI (root inducing) plasmids .  


Natural infection occurs when the agrobacterium in the soil becomes attracted to certain chemicals released by a wounded plant.  The bacteria bind to the plants wounded region where a small part of the plasmid, known as T-DNA (Transferred DNA) is transferred to the plant.  Genes in the T-DNA cause the synthesis of hormones that promote growth of cells in the crown gall.  The transfer the T-DNA is directed by another part of the plasmid, called the virulence region.  Thus, the T-DNA can be removed to disarm the pathogenic nature, without affecting the transfer process.  This feature is exploited by genetic engineers, who mimic the natural infection cycle in the laboratory using modified T-DNA regions containing foreign genes.


The gene encoding the desired trait is first cloned within a cloning vector in a suitable bacterial host, usually E. coli. The vector is then incorporated into an Agrobacterium Ti or Ri plasmid for the transfer into plant tissue.  The plasmid is disabled by deleting genes that normally lead to tumor or gall production. Then the Agrobacterium is inserted into the plant tissue by wounding the stem tissue and injecting the agrobacterium or painting it onto the cut surface.  If the integration occurs as intended, seeds of the transformed plants should grow into plants with the engineered trait, which can then be used in conventional breeding programs.


A disadvantage of this method of using Agrobacterius as a vector is that monocots, including cereal crops such as rice, wheat, maize and onions are not naturally infected by this bacteria. (Greenberg & Glick, 1993). This method is only useful for dicots, such as potato, tomato, soybean and sugar beets.  (Nottingham, 1998). 


Vectorless Transmission

In the 1980s, methods of gene transfer were developed that did not require the use of bacteria and could be used with equal ease on monocots and dicots. These methods of delivering DNA to plant tissue use is ballistic projection, more commonly known as “gene guns”.  In this method, DNA is mixed with tiny metal particles, usually made of tungsten.  These are then simply fired at high speeds into the organism or a tissue culture of cells of the organism.  It is a much simpler method and is thus widely used in research.  However, a disadvantage is that the firing process could be damaging to the DNA.

Another method of transferring DNA to a new organism is by injecting it directly into the nucleus.  This approach is widely used in the genetic engineering of animals. A fertilized egg is taken from an animal and is injected with the foreign DNA using a small syringe.  The injected DNA integrated itself randomly into the chromosomes.  This method has been used to produce transgenic plants as well, but is more difficult because of tough cell walls.  

A third method without the use of a vector is known as electroporation.  Cells to be genetically engineered are placed in a solution of the foreign DNA.  The electric field affects the membrane that surrounds each cell and leads to the DNA being taken up by the cells.

Gene Silencing

Another method of gene manipulation involved silencing an organism’s own genes to prevent them from being expressed.  This method involved the suppression of genes using certain gene constructs to block protein synthesis. (Grierson 1996).  This is accomplished either by preventing mRNA from being formed or disabling it before it can arrive at the ribosome, the site of protein synthesis.  Gene silencing technology was first commercially used in agriculture to create tomatoes with a higher solid content and longer shelf-life by preventing the synthesis of an enzyme involved in the ripening process. Other slow-ripening fruit and vegetables are being developed using this technology.  It is also being researched as a possible method of suppressing the critical protein synthesis in the development of cancers, AIDS, leukemia and other harmful human gene activity. (Nottingham, 1998).

Marker Genes

The genetic engineering process generally has low success rates for transformation due to the relatively haphazard insertion methods currently available making the transformations unstable. The unsuccessfully transformed plants must be weeded out in favor of the useful transgenic plants.  This is accomplished through the use of a marker gene transferred with the genes coding for the desired character.  

An early marker gene used was the enzyme luciferase, obtained form the tails of fireflies.  When exposed to luciferin, this enzyme produces a light-emitting reaction, used by fireflies to signal to their mates.  Tobacco, transformed with the luciferase gene, were fed a luciferin substrate.  Plants that were successfully transformed glowed faintly, whereas those plants that had not successfully integrated the gene did not glow.

More recently, marker genes used are those that make the organism immune to an antibiotic. To determine whether the transfer has worked, an antibiotic is applied to the tissue culture, and if the material is killed, the transfer was unsuccessful.  Because different crops have different natural resistance to antibiotics, a range of these antibiotic resistance marker genes has been developed for use in the production of transgenic crops.  But marker genes are also used to distinguish successful genetic engineering of bacteria, fungi, animals and fish.

TYPES OF GENETICALLY ALTERED FOODS

Crop plants are the predominant group of transgenic food to date. Tobacco was the first transgenic plant, but by 1995, over sixty plant species had been genetically altered and nearly three thousand field tests had been performed worldwide However, transgenic bacteria, fungi, animals and fish are also being developed for food production.

 Herb-Resistant Crops 

Weeds compete with crops for moisture, nutrients and light.  Uncontrolled weed growth can result in large yield losses and decrease in crop quality. Broad-spectrum herbicides are effective against a wide range of weed species, but unfortunately, can also kill or injure crops. This risk constrains the application of herbicides. Conventional plant breeding has had limited success in making crops more resistant to herbicides. However, research has found that resistance is usually due to a single mutation and is therefore, an optimum target for genetic engineering.  As a result, herbicide resistance is the characteristic most commonly engineered into transgenic crop varieties grown in field trials.

Most herbicides are broken down naturally by soil bacteria.  This has been exploited by genetic engineers, who transfer genes for detoxifying enzymes into transgenic crops. The foreign genes can achieve resistance to herbicides in several ways.  They can express protiens that degrade the herbicide, or they can alter the sensitivity or quantity of the enzymes that the herbicide acts upon to kill the plant. 

Glyphosate is an organophosphorous compound which acts as a broad-spectrum herbicide.  It can therefore be used to control most of the major weed species found in crops.  Glyphosate sprayed on plants acts by inhibiting and enzyme called EPSPS, blocking amino acid biosyntheseis and resulting in the cessation of growth and eventual plant death.  Tolerance to glyphosate can be engineered into crops using genes from bacteria or plants.  For instance, glyphosate tolerant tobacco was engineered by incorporating a gene from the bacterium Salmonella typhimurium, which expressed a version of EPSPS that was not susceptible to glyphosate.  

Monsanto produces the glyphosate herbicide RoundupTM, the world’s biggest selling herbicide.  Monsanto recently has developed transgenic Roundup ReadyTM soybeans. This is accomplished by using mutant genes from certain bacterial strains that express EPSPS, leading to an overproduction of the enzyme in the plant.  Because there is more of the enzyme, the suppression of EPSPS by the glyphosate is counteracted.  Monsanto has subsequently introduced these patented Roundup-tolerant genes into other crops, including maize, canola, oilseed rape, sugar bees, tobacco and cotton.

Pest-Resistant Crops


Around one-third of the potential crop production worldwide is lost to pests. A rice pest, known as the gall midge, caused worldwide losses in rice yields equivalent to approximately $550 million at 1994 prices. (Rice and Straughan, 1996). Genetically engineering plants to be intrinsically tolerant of insect predators would save enormous amounts of money in loss of yield. Also, because they would eliminate the necessity to spray these crops with costly and hazardous chemical pesticides.  Moreover, because biological insecticides are usually insect-specific, they are theoretically not hazardous to the intended consumers of the food.  (Greenberg and Glick, 1993).  



To develop insect resistant plants, one very successful strategy has been the use of genes from Bacillus thuringiensis (B.t.), a soil bacterium that naturally generates particular protein that is toxic to insects.  In the natural environment of the soil, the Bt cells transform themselves into spores to survive environmental conditions, the toxin proteins accumulate and are stored in the bacterial spore, until an insect larvae ingests the spore.  The spore is then dissolved in the gut of the insect, the toxin binds to the membrane of the gut walls and paralyses the gut and prevents nutrient uptake.  The insects stop feeding and then die.


B.t. toxins are biodegradable and safe for humans and non-target ornganisms, and are therefore a safe means of protecting plants. They have been used in commercial pesticides since 1958, with spray formulations generated by fermenting the spores. Genes expressing B.t. toxins were first engineered into the crop plant tobacco in 1987 by a Belgian-based company called Plant Genetic Systems. The leaves of the transformed tobacco were highly toxic to the tobacco hornworm. More importantly, the progeny grown from the seeds of the transformed tobacco were also resistant. 

In 1995, the U.S. Environmental Protection Agency (EPA) approved the first commercial crops genetically engineered with the gene expressing B.t. toxins. These included a genetically modified Russet Burbank potato resistant to the Colorado potato beetle, which was known as the New LeafTM potato and produced by Monsanto. Today, all of the major agrochemical and biotechnology companies are developing transgenic crop plants, including tomato, tobacco, potato, corn and cotton, into which B.t. toxins have been introduced and selectively expressed.


Limitations to the use of B.t. toxin do exist.  First particular B.t. toxins are specific only against certain groups of insects. There has also been problems obtaining high enough levels of B.t. toxin gene expression in transgenic plants.  In one study, ultraviolet rays from the sun were determined to inactivate the production of a toxin by an introduced B.t. gene. (Nottingham, 1998). Other means of genetic engineering insect tolerance in plants have also been developed. Genes expressing protease inhibitors, molecules that are widely distributed in the plant kingdom, have been introduced to confer tolerance to a wide range of insect pests.  Another method of pest control has been the introduction of genes expressing baculoviruses, organisms that cause disease in the larval stage of certain species of insects.  This method has been more controversial because of its perceived danger in infecting non-target species.


Designer Food

Since the mid-1980s there has been a race among several companies trying to manufacture a tastier version of the tomato.  In May 1994, the U.S. Food and Drug Administration (FDA) approved the Flavr SavrTM tomatoes for sale, which were produced by a company called Calgene, based in Davis, California.  These tomatoes, now marketed under the McGregor grand name and sold in over 3000 stores throughtout the U.S., became the first fresh genetically modified fruit or vegetable to reach the market.  They were approved for sale in Mexico and Canada in 1995. 

Tomatoes are picked before they are ripe for the purposes of transporting them from where they are grown to where they are sold before they turn soft, so that they will be less likely to be damaged in transit.  However, because the tomato flavor correlates with the amount of time it spends on the vine, this process results in a less flavorful tomato.  Another problem with picking the tomatoes before they are fully ripe is that they must be injected with ethylene to ripen the tomatoes before they are sold.  


There have been two approaches to genetically alter tomatoes to achieve the desired characteristics. The first method uses a technology resulting in “anti-sense RNA” and is use to silence the gene that makes the tomato go soft after the ripening process. This gene expresses an enzyme called polygalacturonase (PG), which breaks down pectin, a major component of cell walls, resulting in the conversion of solid plant tissue into softer tissue during ripening. An “anti-sense” or complementary gene to the one responsible for PG synthesis is inserted into the tomato DNA. This anti-sense DNA results in mRNA complementary to the mRNA made by the PG gene.  The two messenger RNAs fit together, preventing both from creating a protein, and thereby inactivating the gene expressing the PG enzyme.  This prevents the breakdown of the cell walls but did not affect other changes associated with ripening, such as color and flavor.


The second approach involves a different “gene silencing” mechanism. This approach is based on the insertion of a gene from the bacterium called Pseudomonas which prevents the synthesis of ethylene. As mentioned, ethylene promotes the ripening process. This approach, therefore, produces a slower ripening tomato, allowing the tomatoes to be picked when red because they would remain firmer for a longer time. 


Ethylene is produced naturally in many fruits, such as bananas, apples, pears, mangos, and melons. Research groups are now looking at using anti-sense DNA to produce slower-ripening versions of these so-called climatic fruit crops as well, in an effort to reduce waste due to spoilage.  The application of genetic engineering promises great benefits for the reduction of spoilage of perishable crops during post-harvest storage.  However, as food ages, it has been determined that it loses nutritional value, prompting concerns for the consumer.


Transgenic foods have also been engineered to take on other desired traits as well.  Various fruits are being engineered with built-in sweetness, other crops are being fortified with genes producing higher levels of protein for vegetarians, and many plants are being genetically altered to fix nitrogen faster to promote quicker growth.  Research is being performed to create foods resistant to almost all environmental concerns: viruses, fungi, poor soil conditions, frost, and drought. Moreover, companies are using genetically altered crops to expand beyond food production and into other areas; Monsanto is developing cotton plants containing foreign genes that express blue pigment, for the blue jean market. 
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