
At the molecular level, different organisms are quite similar,
writes Cornell University Professor A.M. Shelton. It is this
similarity that allows the transfer of genes of interest to be
moved successfully between organisms, therefore, genetic
engineering is a much more powerful tool than traditional
breeding in improving crop yields and promoting
environmentally friendly production methods.

For the past 10,000 years, humans have used the plants
nature provided and modified them through selective
breeding to have desirable characteristics such as improved
taste, enhanced yield and pest resistance. The result is that
the plants we consume today would be largely
unrecognizable to our ancient ancestors. Scientists consider
the techniques of biotechnology to be an aid in the selective
breeding of plants and to have far more potential for
providing benefits such as enhanced nutritional properties,
more environmentally friendly production methods and
improved yields. Already, the techniques of biotechnology
have produced tremendous benefits in medicine. Virtually
all the insulin used to treat diabetes today is produced
through biotechnology and genetic engineering, and many
of the medicines used to fight cancers and heart problems
are produced through these same methods.

DEVELOPMENT OF PLANT BIOTECHNOLOGY

Corn (maize) originated in Mexico from a grass called
teosinte that has a small reproductive structure bearing
little resemblance to the ear of corn seen in markets
around the world today. Tomatoes and potatoes first
appeared in South America - tomatoes as small fruits the
size of a grape, and potatoes as knobby tubers with high
concentrations of a family of bitter chemicals called
glycoalkaloids, which are toxic to humans.

Through selective breeding by our ancestors, the shape,
color and chemical content of these and hundreds of other
plants consumed today have been modified to suit
consumer preference or to obtain desired characteristics
such as high yield, disease and insect resistance, and
tolerance to drought and other plant stresses. Not only have
these plants changed in appearance and composition, they
also have become distributed worldwide through centuries
of human migration and trade. For example, cabbage,
which originated in Europe, is now grown on every
inhabited continent. When today’s consumers walk into a

market in many parts of the world, they are witnesses to
today’s global food system where foods produced in one
part of the world are daily shipped to local markets.

We now realize our ancient ancestors were modifying the
genetic makeup of plants by transferring genetic material
from one plant to another. However, it wasn’t until
Gregor Mendel, an Austrian monk, conducted
experiments in the 1800s with garden peas that the basic
laws of heredity were first unraveled. Prior to the early
1900s, traditional plant breeding, like that practiced by
Mendel, relied on man-made artificial crosses in which
pollen from one plant species was transferred to another
sexually compatible plant. The goal was to take a
desirable trait from one plant and introduce it into
another plant. However, often desirable characteristics
either were not present in sexually compatible plants or
did not occur in any plant species. This led plant breeders
to seek new ways of transferring desirable genes.

Beginning in the 1930s, plant breeders developed
techniques to allow them to develop plants from two parent
plants that could not normally produce viable offspring. An
example is the technique called “embryo rescue,” in which
the new plant embryo is provided with extra care in the
laboratory to enable it to survive during its early growth.

In the 1950s, plant breeders also developed methods of
creating variation in an organism’s genetic structure
through what is termed “mutation breeding.” Mutations
in the genetic makeup of a plant occur continuously and
randomly in nature through such events as the sun’s
radiation and may lead to the occurrence of new desirable
traits. Mutation breeding uses similar random processes
to cause changes in a plant’s genes. Plants then are
assessed to determine if the genes were changed and
whether the changes provided a beneficial trait such as
disease or insect resistance. If the plant was “improved,”
then it was tested for other changes that may have
occurred. Many of the common food crops we use daily
have been developed through techniques such as embryo
rescue and mutation breeding and virtually all the foods
we consume have genes in them.

It is hard to think of an example of a common food crop
in the developed world that has not been improved by
some form of modern technology, or what can be
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termed “biotechnology.” Simply put, biotechnology is a set
of techniques that utilizes living organisms, or parts of
organisms, to make or modify products, improve plants or
animals, or develop microorganisms for specific purposes.
This definition encompasses all human activities conducted
on living organisms from the earliest development of plant
breeding 10,000 years ago to the present. This is the reason
plant breeders consider the term “genetically modified
organisms” - or GMOs - to be misnomer since all common
food crops of today have been so modified.

THE SCIENCE OF MODERN
GENETIC ENGINEERING

Genetic engineering is one form of biotechnology and
usually refers to copying a gene from one living organism
— plant, animal or microbe — and adding it to another
organism. In genetic engineering, a small piece of genetic
material (DNA) is inserted into another organism to
produce a desired effect. This is in contrast to traditional
plant breeding in which all the genes desirable and
undesirable contained in the male plant — pollen — are
combined with all the genes of the female plant. The
progeny resulting from this cross may contain the gene
for the desirable character, but it will also contain many
of the undesirable genes from both parents.

Genetic engineering has the advantage of being able to
transfer only the gene of interest and greatly accelerate
plant breeding. But genetic engineering also is more
powerful than traditional breeding since it can move genes
not only between similar plant species but also from distant
relatives, including non-plant species. It is possible to move
genes between such seemingly unrelated organisms because
all living organisms share the same code for DNA and the
synthesis of proteins and other basic life functions. What
might seem on the surface to be very different organisms
are, in fact, very similar, at least at the molecular level. All
living things are more alike than different, and this is one
of the reasons that genes can be moved so successfully
between such seemingly different organisms as plants and
bacteria. Genes are not unique to the organisms from
which they came, so there really aren’t “tomato genes” or
“bacterial genes.” It’s the collection of all genes in a tomato
or a bacterium that makes it a tomato or bacterium, not a
single gene. As we learn more about the genetic makeup of
all organisms, we see that most plant species differ by only
a small percentage of their genes and that even such
seemingly different organisms as tomatoes and bacteria
have many common genes. These findings suggest that in
the long-term evolutionary process even tomatoes and
bacteria had some common ancestor.

From the discovery 50 years ago of the structure of DNA,
scientists soon came to realize they could take segments of
DNA that carried information for specific traits — genes —
and move them into another organism. In 1972, the
collaboration of Hubert Boyer and Stanley Cohen resulted
in the first isolation and transfer of a gene from one
organism to a single-celled bacterium where it would express
the gene and manufacture a protein. Their discoveries led to
the first direct use of biotechnology — the production of
synthetic insulin to treat people with diabetes — and the
start of what is often called modern biotechnology.

Plants were first transformed through genetic engineering
in the late 1970s. Mary-Dell Chilton and colleagues used a
common soil-dwelling bacterium, Agrobacterium
tumefaciens, that attaches itself to plants and transfers
some of its DNA into the plant. Chilton and her
colleagues added a gene to this bacterium, which in turn
transferred the gene into a plant where it became part of
the plant’s DNA. This bacterium is still commonly used in
genetic engineering along with another technique that uses
a high-velocity mechanism to inject DNA into plant cells.
The result from either technique is the same — the plant
cells take up the gene and begin to express it as their own.

BENEFITS AND RISKS

Plants developed through genetic engineering were first
grown on 1.7 million hectares in 1996 in the United States,
but by 2002 they were grown on 58.7 million hectares in
16 countries. By far the major use of the present plants is to
manage pests — weeds, insects and diseases. Weed
management with genetically engineered plants is
accomplished because the plants have a modified enzyme (a
protein) that allows them to survive an application of a
specific herbicide that normally acts on that enzyme.
Growers can plant the herbicide-tolerant seeds, allow the
plants to emerge along with any weeds in the field and then
treat the field with an herbicide. The result is that the
weeds, but not the crops, die. The advantage to growers is
that they spend less time on weed management, have
enhanced weed control, use safer herbicides, and in many
cases use less herbicides. Additionally, this technology
allows growers to use soil conservation practices such as
reduced or no-tillage, thus helping to retain soil structure
and moisture and reduce erosion. Herbicide tolerant crops
(soybean, canola, cotton and maize) were grown on 48.6
million hectares in 2002.

Insect-resistant crops developed through genetic
engineering utilize the common soil bacterium, Bacillus
thuringiensis (Bt), which has been commercially used
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for more than 50 years, as an insecticide spray. Although
safe to humans and the environment, when a susceptible
insect ingests Bt, the Bt protein binds to specific molecular
receptors in the gut and creates pores causing the insect to
starve to death.

Insecticidal products containing Bt were first
commercialized in France in the late 1930s, but even in
1999 the total sales of Bt products constituted less than 2
percent of the total value of all insecticides. Bt, which had
limited use as a foliar insecticide, became a major
insecticide only when genes that produce Bt toxins were
engineered into major crops. The Bt crops available at
present are maize and cotton. These were grown on a
total of 14.5 million hectares in 2002. Virus-resistant
crops were created by inserting a non-infective part of a
plant virus into a plant, essentially “vaccinating” the plant
to protect it from the virus. This technique is called
“pathogen-derived resistance.” Squash and papaya have
been engineered to resist infection by some common
viruses and are approved for sale in the United States.
There are fewer than 1 million hectares of these crops.

The bioengineered plants available at present provide
growers with better tools to manage pest problems. As
with any technology, there are risks and benefits to
currently available genetically engineered plants, but the
present body of information indicates their use has
enhanced pest management, substantially reduced the
amounts of pesticides used in some crops, enabled growers
to use safer pesticides, and contributed to enhanced safety
for humans and the environment. The regulatory process
for managing these plants and their effects on the
environment and humans has evolved with the technology
and the scientific community’s knowledge of these tools.

Many of the more controversial issues surrounding genetic
engineering of plants — such as pesticide resistance, gene
flow and intellectual property issues — are not unique to
this new technology but pertain to all types of agriculture.
Some species of insects have developed resistance to sprays
of Bt, indicating the potential for some species to become
resistant to Bt plants. However, despite Bt plants being
grown on more than 62 million hectares worldwide from
1996 to 2002, there have been no documented cases of
resistance development. The reasons for this lack of
resistance appear to involve not only biological factors of
the insects and the Bt plant, but also the fact that the
regulatory agency (the Environmental Protection Agency)
in the United States requires a resistance management plan
for growing Bt plants. No other insecticide has such strict
regulations. Still, growers, companies and federal

regulatory agencies must be vigilant about resistance
developing for biotech crops used to manage insects,
weeds and viruses as they also must with non-biotech pest
management tactics.

It will be important to consider the accrued environmental
and health benefits of these biotech crops prior to the
development of any resistance and how resistance can be
managed if and where it occurs. In addition to pesticide
resistance, gene flow from biotech to non-biotech crops
may also be a concern. However, the risk of gene flow varies
with each crop and each gene. Pollen flow in soybeans is
very limited so the risk of a biotech soybean crop crossing
with a non-biotech soybean is minimal, but this may be
different for another crop. Likewise, if the gene in the
biotech crop that provided a pest management trait, such as
insect resistance, moved into a non-biotech plant, such as a
weed, any selective advantage of the insect-protected weed
in the ecosystem should be assessed. These same questions
should also be answered with non-biotech crops, but these
have not received the same level of attention as biotech
crops because of the latter’s higher profile.

WHAT’S ON THE HORIZON?

In the future, the potential uses of plant biotechnology are
far more wide-ranging than the pest-management biotech
crops of today. Plants are being developed that serve as
production “factories” for medically important drugs,
sources of alternative energy, tools for cleaning toxic waste
sites, and biomaterials including dyes, inks, detergents,
adhesives, lubricants, plastics and the like. Consumers may
see these products as more directly enhancing their quality
of life than the pest-management biotech crops of today.

Perhaps an even more dramatic advantage to consumers
will be seen when plants are genetically engineered to
have enhanced health benefits such as disease-fighting
chemicals or increased amounts of essential vitamins and
minerals. A healthy and well-informed discussion of the
risks and benefits involved in agricultural biotechnology
is needed to ensure a proper role for this new technology
in our future food and health systems. No one should
believe that any technology, including biotechnology, will
completely solve the world’s agricultural problems. Many
people familiar with biotechnology, however, believe it to
be an important component of the solution. ❏
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