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Main Points
Genetic exchange takes place in nature all the time. Humans have been employing

biotechnology—using living organisms to solve problems and create products—for
thousands of years in such ways as breeding animals and plants and making bread
and wine. This work went to a molecular level when scientists figured out how to
pluck a gene for specific trait from one living organism and place it into another
organism in a way that transferred that gene’s capabilities to the other organism.

Animals, microbes, and plants can be genetically changed. A genetically modified,
gene-altered, or biotech organism is sometimes called transgenic, which means that
the organism’s genome has been altered by the transfer of a gene or genes from
another species or breed. The gene(s) become part of the sex cell and can be passed
on to future generations.

Broadly speaking, the introduction of genetically modified organisms into agriculture
in the last 10 years has been accompanied by controversies over their potential impact
on human health, the environment, and farming systems. Issues of managing these
powerful new technologies have engaged both advocates and opponents of their use.
Understanding the science and safety assessment framework involved is an important
foundation for deciding how, when, and where to use the technology. 

Careers related to this growing field range far and wide, from safety assessment
to foreign policy to ethics. Think about how your interests can play a part in the wide
world of biotechnology.

The Institute would like especially to thank the Monsanto Fund, Syngenta
Biotechnology, and Dow AgroSciences for providing 
funding for this issue.
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President
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The Biotechnology Institute is an independent, national, nonprofit 
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and educate the public, particularly young people, about biotechnology
and its immense potential for solving human health, food, and environ-
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ou’re holding a magazine made of paper. No duh. Maybe you
don’t know how tough on the environment making paper is—or how
altering aspen trees could help the situation. 

Separating the useful tree fibers—the cellulose—from the stuff
that binds them together, called lignin, requires harsh alkaline chem-
icals and high heat. It’s surprisingly expensive, pollutes the air, takes
enormous amounts of water that reduce fresh water sources for fish
and other organisms, and raises the temperature that they live in to
unsafe levels. 
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Changing for
the Better
What’s up with “genetically 

modified organisms”?

Photo: Dan Burn-Forti/Getty Im
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ut modifying the output (expression) of two genes in
aspen trees can reduce the lignin by about half, produce
more cellulose, and make the trees grow faster. Producing
fast-growing, low-lignin trees as “crops” would also help
conservationists save existing forests. 

This technology is called genetic modification, and 
its products sometimes are called genetically modified
organisms, or GMOs. 

A dazzling variety of organisms have been genetically
modified (GM) and in as many different ways. Plants, ani-
mals, and microbes that have been changed include soy-
beans, corn, tobacco, mice, fruit flies, and Escherichia coli.
Sometimes genes from one species’s genome are inserted
into the genome of another species. Sometimes a gene is
changed to make it produce more, less, or a different 
product than it would naturally.

What do you think about eating foods that have been
bioengineered? It’s been happening for a long time. Because
genetic modification has become so useful in developing
hardy crops, most packaged foods contain the products 
of biotechnology.

Uses of bioengineering include boosting production; 
protecting species from disease (including human illnesses),
pests, or extinction; and protecting the environment. 

B n agriculture, researchers have used bioengineering,
for example, to increase the vitamin A content of rice, 
to allow corn to produce a natural insecticide known as 
Bt toxin, and to make soybeans resistant to weed-killing
chemicals.

In animals, among other things, transgenic mice are
helping scientists as they search for answers to biological
questions. Transgenic sheep and goats can produce human
and other specific proteins in their milk. Biotech chickens
can synthesize human protein in their eggs. A GM bacterium
might serve as an oral contraceptive for feral cats, humanely
solving the problem of animal overpopulation. The possible
applications go on and on.

Controversies surround scientists’ ability to modify 
the organisms’ genomes. Some people worry about food
safety; others predict nightmare scenarios involving
humans. Genetic modifications are heavily regulated by 
the federal government, however. But this technology 
has also been used to save lives, feed expanding popula-
tions, and offer scientists insights into the workings of life.
Changing an organism’s genome is therefore one of the
most important, and one of the most visible, parts of 
modern biotechnology.

—Lois M. Baron

I

GENETIC ENGINEERING
! Produces a totally unique set of genes
! Genes can be swapped across species

Genetic Modification Is Not the Same as Cloning
CLONING
! Produces exact copies
! Genes replicated within the same species
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How are organisms 
genetically modified?

Want a plant that fends off
insects as easily as water rolls off 
a waxed car? Need a mouse with
sickle cell anemia so that you can
research treatments? Changing the
genetic structure of plants and ani-
mals to alter their processes is no
longer the stuff of science fiction. It
has become a fairly routine labora-
tory procedure, made possible by
the unique structure of deoxyri-
bonucleic acid, DNA.

You know that DNA is a long
molecule identified by a sequence
of four chemical bases (adenine,
guanine, cytosine, and thymine).
Genes are segments of the DNA 
that tell cells to produce specific
proteins such as enzymes essential
for plant growth and development.
Some of these enzymes jump-start
biochemical reactions essential to
genetic modification. 

DNA has two characteristics that
genetic engineers find useful. First,
its commands to a cell are followed
the same way regardless of what
organism the cell is in, so DNA can
be inserted from one organism to
another. For example, a gene that
produces a protein that kills cater-
pillars can be transferred from a
bacterium to a corn plant and the
corn plant’s cells will still make 
that protein, protecting the plant
from caterpillar damage.

Second, enzymes can be used 
to “cut and paste” pieces of DNA.
Some enzymes can cut DNA at 
specific points, while others can
join the two ends of severed DNA
that match.  

Put all these facts together, and
bingo! you can modify genes. Scien-
tists have developed techniques for
inserting DNA into plants, animals,
and microbes. 

Cell of Interest

Overview of 
Genetic engineering 
techniques 
using plasmids

DNA

target
gene

Bacterium’s
plasmid

RECOMBINANT DNA

1. The plasmid is
extracted from
the bacterium.

2. The DNA from the donor
cell is cleansed. This cell
contains the gene that is

to be cloned.

3. After the restriction enzyme is applied
to the DNA, it “cleaves,” i.e., a fragment
of DNA is cut out. This fragment is then
inserted into the plasmid producing the

recombinant DNA.

4. The plasmid is reinserted into the bacterial cell.
If the procedure is correctly executed, the plasmid

will function normally.

In PLANTS
How do scientists transfer genes

from one organism to another? In
plants, two methods are commonly
used—Agrobacterium and the
“gene gun.”
Agrobacterium Method

Agrobacterium tumefaciens, a
bacterium that naturally lives in the
soil, infects plants through a wound
that causes a tumor to form. This
tumor-producing property enables
A. tumefaciens to transfer part of its
DNA to the plant cell. This DNA
integrates into the plant’s genome,
causing tumors and related changes
in plant metabolism. This unique
trait has made it possible for this
bacterium to be used as a tool in
plant breeding. Any desired genes,

such as insect toxic genes or herbi-
cide-resistant genes, can be engi-
neered into the bacterial DNA and
then placed into the plant genome.
The use of Agrobacterium allows
entirely new (nonplant) genes to 
be engineered into crops.

Most of the genes that cause the
tumor are not on Agrobacterium’s
chromosome, but in a separate ring
of DNA in the cell called the Ti
(Tumor-inducing) plasmid. To 
be more specific, only part of this
plasmid, the T-DNA (Transfer DNA),
enters another cell to cause a tumor.
In plant engineering, selected genes
are put into the T-DNA. The plasmid
transfers the “new DNA” to be
incorporated into the plant genome.
Cells with the new DNA incorporated

The Nitty Gritty of Genetic Modification
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are called transformed and the transformed cells are
called transgenic. The transgenic plant cells are then
placed in a special culture to multiply and develop into
embryos that mature into complete plants.

Recently, scientists have learned how to modify
other types of bacteria, giving them the capacity to
serve as gene vectors. This approach is called the
open-source method. These bacteria will be available,
for free, to anyone who wants to use them, making it
easier for scientists in public institutions all over the
world to develop improved crops using biotechnology. 
Gene Gun Method

Sometimes referred to as biolistics,
this approach uses a gun-like device to 
bombard an organism with DNA. 
Here’s how it works:
! Tiny particles of gold or tungsten

are coated with DNA or RNA and
placed on a plastic plug. The “bullet”
is placed in a device called a gene gun. 

5. The plasmid can now duplicate (or clone) itself.

Human growth
hormone

Tomatoes that stay
ripe longer

Plants that are more
resistant to pests

6. After the cell is copied, either the genes
or proteins can be harvested for many

productive purposes.

! The DNA-coated particles are 
propelled out of the gun, and while
the bullet is stopped short of the 
target tissue, the momentum of 
the traveling DNA sends it into the 
target plant cells. The DNA enters the
cells’ cytoplasm and makes its way to
the nucleus, where it becomes part of
the DNA there. 
This method is also being studied as a way 

to target diseases, such as cancer in humans.

In Animals
Just as ways to insert genes into plants had to be developed, so

did techniques for animals. Like plants, before a gene can be inserted
into an animal cell, it has to become part of a transgene, a section
of genetic material containing the desired gene plus some extra DNA
that allows the gene to be expressed correctly and at the right time.
Three methods for introducing the transgene are microinjection
(inserting the new DNA directly into fertilized eggs), embryonic 
stem cell transfer, and retroviral vectors. 

All methods have the same first step—combining DNA in the 
laboratory, creating the specific gene desired. In microinjection, the
new gene is inserted directly into a fertilized egg and then implanted
into a female animal’s uterus. In method two, however, embryonic
stem cells are grown in the laboratory, mixed with the new gene,
inserted into a fertilized egg, and then implanted into a female. With
retroviral vectors, certain viruses can be used to carry the selected
gene into embryonic cells. The gene is still inserted randomly into
the genome as with microinjection. As the technology continues to
be refined, much more is possible. —Marilyn Fenichel

Stanley N. Cohen and Herbert W. Boyer pioneered recombinant DNA techniques
that led to scientists being able to transfer one gene from one organism to
another. Genetic engineering debuted in 1973, 
the same year the CD was invented.

A stem cell can carry
new DNA into animals.
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Back in the days when the U.S. Patent and Trademark Office would not allow living things to be patented,
Ananda Chakrabarty, an Indian researcher working for General Electric, tried to patent a genetically
engineered bacterium that could break down crude oil into a form that wouldn’t pollute. He was
refused, but on an appeal, in 1980, the Supreme Court ruled his bacterium could be patented
because it constituted a “manufacture” or “composition of matter.” 

This decision made it worthwhile for other researchers to invest in developing innova-
tions using genetic engineering. If you get a patent on a new technology of value, you
can charge other people for 17 years to use it.

The bacterium trial was about patent law. The Supreme Court didn’t decide any-
thing about safety or whether modifying genomes is “right.” Since then, plenty of
other people have voiced their opinions about these issues!

From the beginning of molecular biotechnology, some people have argued that
it is wrong to fiddle with, own, and make money from living organisms in this
way. Others have worried that swapping genes around will have unexpected,
unhappy consequences. On the other hand, people point out that humans have
been doing genetic engineering for thousands of years when they were breed-
ing new varieties of corn or rice or animals for farming. The crops we eat
today bear little resemblance to their wild predecessors.

Divided Opinions
The first biotech-derived product on the market was insulin. So far,

more than 250 biotech drugs are available to people, and overall people
have approved of medical research.

The response to agricultural biotech has been much more mixed. In
the United States, farmers have rapidly adopted biotech crops since their
introduction in the 1990s. According to a survey by the Pew Institute of
Food and Agriculture, Americans feel pretty comfortable with the situa-
tion—about half of those polled didn’t know that groceries carry food with
biotech-derived components. If a food has got soy or corn (including high
fructose corn syrup) in it, odds are, it’s biotech-derived.

In the United States, people have generally trusted federal agencies and regu-
lations to make sure that what they can buy is safe. Many studies by the govern-
ment and scientific organizations over the last 10 years have said that biotech crops
are as safe as those developed by traditional methods (see box, below). The National
Academy in 2004 did issue a precaution to keep some industrial and pharmaceutical-pro-
ducing GM crops separate from conventional and GM food crops. 

Across the Atlantic Ocean, though, very vocal European opponents of genetic engineering have
dug in their heels against transgenic plants and animals. They are concerned about unknown, possible
hazards to the environment and human health.

Going Forward Cautiously How do we d

Safe? Says Who?
Organizations that have declared biotech foods and crops to be as safe 

as non-biotech counterparts: U.S. Food and Drug Administration, American
Medical Association, U.S. National Academy of Sciences, Food and Agriculture
Organization of the United Nations, World Health Organization, International
Council or Science, French Food Agency, and the British Medical Association. The
European Food Safety Authority has also said several biotech varieties are safe 
for humans and animals to eat. Plus, more than 3,000 individual scientists 
(see www.agbioworld.org/).
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Find Out …
Why Science Can’t Prove Who Is Right
http://agbiosafety.unl.edu/science.shtml
How to Assess Risk
http://agbiosafety.unl.edu/paradigm.shtml



Who Benefits?
One criticism lobbed at agricultural biotechnology is that it benefits

huge corporations in industrialized countries. North American companies
have concentrated on crops with big markets, like corn and soybeans.

But according to the International Service for the Acquisition of 
Agri-Biotech Applications, biotech crops were grown by approximately 

8.5 million farmers in 21 countries last year. In 2005, approximately 
7.7 million poor subsistence farmers benefited from biotech crops. 

Looking for Trouble
Opponents of GMOs often lump together the potential risks of experimental

GMOs with approved GMOs that have successfully passed a safety assessment.
They focus only on the risks as if products available for sale to the public were

not examined for safety before they are allowed on the market. 
By law, U.S. regulators must decide that all potential risks have been examined and

are very small or manageable before a product can go on the market. Products don’t
pass if regulators are not satisfied on this score and are uncertain what long-term effect

releasing a transgenic organism into the wild may have. In fact, that’s why the crude-oil-eating
bacterium that Dr. Chakrabarty made has never been used. 

As new applications for genetic transfer become possible, industry and government will continue to 
proceed with caution. —Elise LeQuire

decide whether changes in the genome
are 

appropriate
or not?
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In discussions of biotech safety, people often mention 
the precautionary principle, which is a complicated variation of
“look before you leap.” Many definitions have been offered, 
and much has been written on it. To learn more, visit 
www.cid.harvard.edu/cidbiotech/comments/,
http://en.wikipedia.org/wiki/Precautionary_principle, and
www.unep.org/Documents.multilingual/Default.asp?Documen-
tID=78&ArticleID=1163. 

To Think About
Should biotech foods be labeled?
In Europe, GMOs must be labeled, and caution prevails.
The consumer makes the choice. In Canada and the 
United States, labeling is optional. If a biotech-derived 
crop is essentially equivalent to a conventional food, 
as government reports have said, why label it?



STRENGTH IN DIVERSITY
For 10,000 years, humans have been

deliberately, and sometimes unconscious-
ly, modifying crops and breeding animals
for selected beneficial traits. From the
coasts of Britain to the interior of Africa,
many of these have adapted to very
specific environmental conditions.
Efforts to improve these breeds by
importing semen from superior ani-
mals sometimes backfire, resulting in
cross breeds less resistant to internal
parasites native to a particular region,
or unable to withstand the onslaught
of pests such as blood-sucking
insects. Genetic uniformity in live-
stock also reduces the natural vari-
ability that allows animals to adapt to
changing environments. Fortunately,
technology is allowing researchers to
begin stockpiling these precious genetic
resources by conserving the germplasm
of species.

—Elise LeQuire
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develop stronger strains of organisms. They
are as eager as conservationists to set up and
maintain germplasm banks full of genetic
information from all kinds of species to enable
discovery and development of improved
plants and animals. 

Biotech projects can sound so cool:
Trees that can leach nuclear contaminants
from the ground. Salmon that grow faster to
supply people’s rising appetite for fish.
Sheep that produce a substance in their milk
that body armor can be made of. Cotton
plants that can figuratively shrug their shoul-
ders and say “bug off!” to the insects that
normally can ruin a crop. It’s easy to forget
that all (and many, many more biotech prod-
ucts) have to fit into the big, wide world. 

Before biotech microbes, animals, and
plants can be let out of the lab, we want to
know exactly what they will affect. The gov-
ernment regulates these products very
closely to make sure they don’t become like
the plants and animals imported into other
ecosystems (sometimes accidentally) that
have had unwanted effects.

Humans are the biggest threat to biolog-
ical diversity. We disturb land where plants,
animals, and microbes live. We clear forests

Biodiversity and Biotech:

Ever heard the saying “Don’t put
all your eggs in one basket”? If every-

thing is together, one piece of bad luck
would wipe your supply out.

Nature does not put all its eggs in one
basket. High and low, far and wide, you find

a mind-blowing assortment of biological
diversity in all forms, levels, and combinations

of life. Biodiversity includes ecosystem diversi-
ty, species diversity, and genetic diversity. 

Biological diversity is about more than
plants, animals, and microorganisms and their
ecosystems—it is also about people and our
need for food security, medicines, fresh air and
water, shelter, and a clean and healthy environ-
ment in which to live.

How does biodiversity figure in with discus-
sions on biotech-derived organisms?
! Some people worry that GM plants and ani-
mals will overrun habitats.
! Current biotech crops are helping to pre-
serve the environment: 
" Higher yielding crops means less land has
to be cleared for farming and grazing.
" GM plants, animals, and microbes can
clean and preserve the land, air, and water.

! Scientists can draw from the biodiver-
sity present in the wide genetic pool to



MORE SPECIES THAN WE KNEW
Scientists are always searching for new

organisms. Some have traits that can be
used for specific applications in agricul-
ture, material science, and medicine.
While exploring a remote area of the
Foja Mountains in Indonesia early this
year, scientists from the United States,
Australia, and Indonesia found what
they believe are never-before-seen
species of more than 20 frogs; four
butterflies; five palms; a bird; and pos-
sibly the largest-flowered rhododen-
dron on record. Biotechnology scien-
tists find it helpful to map the genomes
of as many species as they can. The
information can help protect species
and might offer genes useful to other

organisms. http://www.msnbc.msn.com
/id/11114156/
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to farm. We plunk down subdivisions in
deserts. And on and on. Genetic modifica-
tion offers two ways to use the environ-
ment more wisely.

One way is to clean up an environment
that has been polluted. The Dehalococ-
coides ethenogenes microbe is already
helping to clean chlorinated solvents, pre-
viously considered safe, from contaminat-
ed soils. By sequencing the genome of the
D. ethenogenes bacterium, scientists are
closer to understanding how it works and
developing a genetically modified version
to clean other toxic residues.

Another way to preserve the earth is to
harvest more from the crops we plant.
Biotechnology can change plants’
genomes to increase their yield per acre. 

Peter Raven, director of the Missouri
Botanical Gardens, has written that “noth-
ing is more destructive to biodiversity than
widespread, low-yield traditional methods
of agriculture, and it is highly misleading to
romanticize [it] as if all were in harmony
before there were so many of us that agri-
culture was intensified.” 

He goes on: “The development of GM
crops, with precisely determined character-

Is biotechnology good or bad for biodiversi

ty?

Entwined for Life
istics that make them survive well in
the extremely diverse places that they
are grown promises major increases in
productivity and a greatly enhanced ability
to improve biodiversity” (agbioworld.org).

Many of the soybean products, corn
products, and papayas we eat come from
plants that have been engineered to fight off
insects, disease, or viruses (often using the
same ingredient that organic farmers use, a
naturally occurring virus called Bt that wards
off pests).

Biologists think that in nature, plants, animals,
and microbes are often strengthened by the inte-
gration of genes from related organisms.
Biotechnologists know it is vital to maintain a
pool of “wild” genes to draw from when it comes
to improving organisms.

Researchers are mapping many organisms’
genomes and setting up gene banks of plant
and animal life so that the genetic information
will be preserved.

Whether through working with the genes
of plants, animals, and microbes or deci-
phering the links among a habitat’s organ-
isms, the fields of biotechnology and bio-
diversity will remain entwined.

—Joene Hendry
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BUGS
Building

Better

How useful can transgenic insects be?
Swarming on the horizon is the next arena of transgenic

organisms: insects.
Biotechnologists have several motives for genetically

changing bugs. Bugs can be modified to cut down on the
transmission of human and animal diseases. Genetic con-
trol can be strengthened by engineering insects that are
sterile or that produce only females. Bees could be made
more disease resistant. Silkworms could produce novel
materials for various industrial uses.

Transgenic insects are like other transgenic products 
discussed in this magazine—genes are physically inserted
into the DNA in their chromosomes. Another kind of insect
is also being created, called paratransgenic. These are made
by placing a section of altered DNA into the microbes that
live in the insects’ alimentary canal. In this way, the
microbe cells are made to express proteins that change
the host insect.

To transfer the genetic instructions into the insect, 
scientists can place that DNA into a “jumping gene.” A
jumping gene (transposon or mobile genetic element) is 
a segment of DNA that can be integrated at many different
sites along a chromosome. The gene is placed into cells
that produce eggs or sperm so the modification can be
passed on to the transgenic insect’s offspring.
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Great to Be Green?
One insect of particular interest is the mosquito

that transmits malaria. Malaria infects 300 million to
500 million people and kills over 1 million annually,
according to the World Health Organization. It has
proven increasingly difficult to control. The creation
of mosquitoes with green fluorescent gonads is a
breakthrough in fighting the disease. Based on
the glowing gonads, a laser machine can sort
180,000 larvae by sex in 10 hours. Once sepa-
rated from the females, the males can be ster-
ilized and released to mate with wild females.
Female mosquitoes mate only once in their two-week
life, so if they mate with a sterilized male they will pro-
duce no offspring. If a large enough population of sterilized
males is released into the wild, the mosquito population
should be controlled quickly. 

A Certain GLOW
A fluorescent green pig? A glow-
in-the-dark fish for your aquarium?
There’s a serious side to what seems silly. By
taking a gene from a jellyfish that glows green and
placing it into another organism, anyone can tell at
a glance whether a gene can be expressed by that
organism’s body. In this way, the green fluorescent
protein acts as a reporter gene.

Looking before Leaping
Because insects have been modified with a jumping gene and can’t be isolated like plants

or animals, researchers worry that a modified gene could show up in other bacteria or
insects and cause problems in the ecosystem.

Labwork shows that the transgenic insects produced so far, such as the glowing mosquitoes,
are not hardy enough to hold their own against the wild type mosquito for long. They stay alive
long enough to cut down on pests, but die out after a few weeks. This can happen when all the
insects come from the same insect that has been modified then cloned. Such a monogenetic
strain—whether made by nature or a person—can be weak (see biodiversity article, p. 10).
Researchers are seeing what happens when they cross lab insects with wild type ones. 

Governments want to make sure that existing regulations can deal with transgenic insects.
The insects will be difficult, perhaps impossible, to monitor when they’re released into the
natural environment. For that reason, scientific trials are going slowly.

Between the scientific and regulatory barriers that scientists have to deal with, it may be
10 years or so before these insects get to be out on their own. But the potential of insects in
our biotech toolkit is something to buzz about.  —Lois M. Baron

Making mosquito
larva gonads glow 

might light the way
to less malaria.
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Norman Borlaug, Ph.D.
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Some people 
say that Norman
Borlaug has saved
more lives than any-
one else in history
has. Borlaug’s not 

so sure. “I don’t know how you’d measure that,” he says.
What is certain is that his agricultural innovations—espe-
cially the high-yield wheats he developed—have saved
millions from starvation. 

A farm-boy from Iowa, Borlaug headed to the University
of Minnesota during the Great Depression. What he found
in the city—“hungry people with their hands out, asking
for a nickel to buy bread”—shocked him and helped
shape his future career. 

Borlaug had his own financial troubles during those
hard times. Although he originally wanted to be a high
school science teacher and coach, he shifted to forestry
when he started working in a forestry professor’s lab as
part of a government program that paid 15 cents an hour
toward students’ tuition. Working two additional jobs,
Borlaug went on to earn a bachelor’s degree in forestry in
1937. He earned a master’s in plant pathology in 1940 and
a Ph.D. in plant pathology two years later. 

In 1944, Borlaug got an opportunity that would become
his life’s work: He joined a pioneering Rockefeller Founda-
tion-funded project with the Mexican government to help
Mexican farmers boost food production. Thanks to a 
crop-destroying epidemic of a fungus called rust, Borlaug
remembers, “farmers had lost any faith in science.” 
And with no knowledge of Spanish or Mexican customs,
Borlaug at first thought he’d made “a dreadful mistake.” 

But Borlaug restored farmers’ confidence. He bred 
rust-resistant, high-yield strains of dwarf wheat that put
their energy into producing grain rather than growing tall.
The resulting harvests were spectacular. In the 1960s, 
the dwarf wheat helped famine-stricken India and 
Pakistan disprove experts who predicted those countries
would never be able to feed their ever-growing populations.
Borlaug’s accomplishment, known as the “Green Revolu-
tion,” earned him the Nobel Prize in 1970. 

Now Borlaug believes the Green Revolution must
merge with the “Gene Revolution.” Biotechnology, he
says, represents a new weapon in the ongoing fight
against hunger. He responds to critics of genetically 
modified food the same way he responded to critics of
the inorganic fertilizers, pesticides, and herbicides need-
ed for high-yield agriculture: “It’s fine to sit in comfort in
affluent nations and philosophize,” he says, “but these
people have never been close to hunger.” 

Now 92, Borlaug spends every fall teaching the next
generation of agricultural scientists at Texas A&M Univer-
sity. Most of his time, however, is spent at a research sta-
tion in Mexico that’s an outgrowth of the original Rocke-
feller program. 

His top priority? Combating his old enemy rust, which
has reappeared for the first time in 50 years. Using test
plots in Ethiopia and Kenya, Borlaug is searching for
wheat varieties that can resist this East African outbreak.
He’s also hoping biotechnologists can uncover the gene
that makes rice rust-resistant and introduce it into wheat.
A solution must come quickly, he says, before the wind 
or travelers carry the fungus’ spores to major wheat-
producing areas. 

Says Borlaug, “It’s an emergency.” 
—Rebecca A. Clay 
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LAB
Little Ms. Muffet Biotech 
CHEESE-MAKING WITH BIOENGINEERED ENZYMES

Students will use chymosin, derived from a bioengi-
neered organism, to make cheese. Students will design
experiments to determine the effects of manipulating
variables, such as pH, temperature, and milk fat content,
on cheese production with the bioengineered chymosin.

MATERIALS:
100 mL cultured milk
0.2 mL Chy-Max™
4 15x15-cm cheesecloth squares
1 0.95-L resealable, plastic sandwich bag
1 weigh boat
5 highly absorbent paper towels
1 10x10-cm square of plastic wrap

For the instructor-led protocol, supply the 
following for each group of 4 students in 
a class of 24 students:

EQUIPMENT:
1 thermometer (˚C)
1 hot plate
1 50-mL graduated cylinder
1 150-mL flask or beaker
1 clock or timer
1 1-mL pipette
1 bulb or pump
1 stirring rod
1 #2 plastic coffee-filter holder or funnel
1 500-mL beaker or 1-quart saucepan
1 100-mL beaker
1 weighing spatula or plastic spoon
1 permanent marker, such as 

a Sharpie® or laundry marker
1 pair of scissors
1 balance

Protocol 
1. Prepare a 37˚C water bath by filling a 500-mL beaker or 1-quart saucepan

half full of water. Place it on a hot plate.
2. Place 50 mL Stock Milk Culture into a 125-mL flask or beaker.
3. Warm the cultured milk product to 37˚C on the hot plate.
4. Remove milk from heat and note the time.
5. Add 0.20 mL Chy-Max™ enzyme. Swirl to mix.
6. Place in the 37˚C hot-water bath for 5 minutes.
7. Record how long it takes for the milk to curdle.
8. Use a balance to determine the mass of 4 cheesecloth layers.
9. Line a plastic filter holder or funnel with the cheesecloth.

10. Pour the warmed milk with enzyme through the cheesecloth into 
a 100-mL beaker to separate the curds from whey.

11. Gently squeeze the cheesecloth to remove as much of the whey as possible.
12. Place the curd on the cheesecloth on 5 layers of heavy paper towel to stand

overnight. Cover it lightly with plastic wrap. This should remove much of
the moisture in the cheesecloth that can be attributed to the whey.

13. The next day, mass the curd and cheesecloth. Subtract the mass of the 
4 layers of cheesecloth to determine the mass of the curds.

14. Remove the whey from the cheesecloth and place it in a resealable, 
plastic sandwich bag.

15. Label the bag.
16. Save the curd in the refrigerator to age into cheese. Check on the curd 

periodically over a 3-month time frame.

Adapted with permission from Shoestring Biotechnology NABT 2002

Hypothesis Generation
Have students design an experimental method to increase the yield

of cheese from a sample of milk. Variables that they could manip-
ulate include the following: percentage of enzyme used, types of
milk used, starter culture—buttermilk or an overnight culture
of Lactobacillus. You might want to establish the protocol
above as the positive control and explain that the 
purpose of a positive control is to have a standard
to compare against. A negative control should
be used as well and would consist of the
same protocol without the addition of
enzyme. It is helpful for students to
frame their hypothesis statements
using an “if … then” statement;
for example, “If we add 10
percent more enzyme,
then the yield of cheese 
will increase.”

SAFETY PROCEDURES:
Wear goggles, gloves, and protective aprons or lab coats.
Wash hands before and after the lab activity.
Exercise caution when using chymosin. Proteases such 
as chymosin can digest soft, moist sections of the body.
Enzymes as a class of chemicals are not considered to be
toxic, poisonous, or dangerous. An exception is proteases
that catalyze the breakdown of proteins.
Do not eat any material produced during this lab.
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Resources Links to Learn More
Animals and Agriculture
Transgenic animals.

http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/T/
TransgenicAnimals.html

Biotech-derived crops approved for food or feed. 
www.agbios.com/dbase.php?action=ShowForm

Transgenic papaya in Hawaii.  
www.apsnet.org/education/feature/papaya/Top.htm
www.apsnet.org/online/feature/BioTechnology/Engineer
ing.html

Blue carnations and blue roses. 
www.the-scientist.com/news/20030213/06/
pda.physorg.com/lofi-news-gene-rose-rnai_3581.html

Pros and cons of herbicide-tolerant and Bt crops.
www.agresearch.co.nz/scied/search/biotech/gene_gmo-
pros.htm

BIO Food and Agriculture.
www.bio.org/foodag/

PEW Ag Biotech. 
pewagbiotech.org/

A World Connected – Ag Biotech Facts vs. Fears.
www.aworldconnected.org/article.php/1006.html

Biodiversity
MSNBC. “‘Lost World’ of Wildlife Found in Indonesia.” 

February 7, 2006. www.msnbc.msn.com/id/11114156/ 
Conservation genetics. 

gslc.genetics.utah.edu/units/basics/conservation/ 
Sustainable Agriculture
USDA. Resources for teachers, K-12.

www.nal.usda.gov/afsic/AFSIC_pubs/k-12.htm 
GM crops with sustainable agriculture.

www.scidev.net/dossiers/index.cfm?fuseaction=dossierrea
ditem&dossier=6&type=3&itemid=468&language=1

Sustainable Agriculture
When experts talk about “sustainable agriculture,” they mean farming in a way that 
protects the environment and our future ability to grow food. Some crops have been 
modified to survive insects or disease so farmers don’t have to spray insecticide or 
weed killer as often. After a few years, though, some weeds survived despite the genetic
enhancements to the crops, and farmers have had to turn to a different kind of herbicide 
to deal with those. A second generation of engineered crops includes turning on, in adult
plants, fungus-resisting genes that are normally active only in seeds. Keep in mind that
GMOs are only one part of sustainable agriculture. A comprehensive “gene revolution”
takes into account technology, ecology, and the way companies and countries operate.

This list, with the exception of the last four organisms, was drawn from the 
Union of Concerned Scientists’ Web site. It provides only a few examples of 

genetically engineered organisms and reasons for modification.

PRODUCT USE ENGINEERED TRAIT(S) SOURCE OF NEW GENES
Canola Cooking oil, lip balms, Resists herbicide Bacteria, virus

sunscreens, insect repellents
Chicory (radicchio) Coffee replacement, salads Makes male sterile To facilitate  

hybridization bacteria
Corn Animal feed Expresses Bt toxin Bacteria

to control insect pests
Cotton Clothing, cottonseed oil Resists herbicide Tobacco, bacteria
Flax Linen, flax seed oil, flax fiber for Resists herbicide Arabidopsis, bacteria

insulation and cigarette paper
Papaya Vegetable, salad garnish Resist papaya ringspot virus Bacteria, virus
Potato Vegetable, flour, potato chips Expresses Bt toxin to control Bacteria, virus

insect pests
Soybean Flour, soybean meal, animal Alters oil to increase stability and Soybean, bean, 

fodder, soybean oil reduces polyunsaturated fatty acids bacteria, virus
Squash Vegetable Resists viruses Bacteria, virus
Sugarbeet Sweetener Resists viruses Bacteria, virus
Tomato Vegetable, ketchup Alters ripening to enhance Bacteria, virus

fresh market value
TSG-p53® Model to test for cancer Deletion of the gene Developed by Donehower 
Targeted Mutation that produces p53 tumor and Bradley, the Baylor
“knockout” Mouse supressor protein College of Medicine
Transgenic Model to study the development Added mitfa-tissue-restricted Developed by E. Elizabeth 
zebrafish of moles, often a precursor in promoter to drive expression Patton, et al., Howard

human skin cancer of human BRAF Hughes Medical Institute
Human insulin Supplies diabetics whose Gene for human insulin Escherichia coli

bodies can’t make insulin
Oil-eating bacteria Cleans up pollution Incorporation of three plasmids Pseudomonas 

from other organisms

Engineered Organisms
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