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Allocation of private research and development spending, 1960 and 1995
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Background

Scientific/Regulatory
1866—Mendel postulates rules to
explain inheritance of biological 
characteristics
1908—First hybrid corn produced
1918—Economically feasible hybrid
corn developed at the Connecticut
Agricultural Experiment Station
1930’s—Rapid diffusion of hybrid
corn in Corn Belt
1952—First hybrid sorghum produced
1953—Watson and Crick discover 
double-helix structure of DNA
1960—Genetic code deciphered
1960’s—Entire U.S. corn area planted
to hybrid corn
1960’s—Hybrid wheat developed, but
not economically feasible
1973—First gene cloned (for insulin)
1974—Article in Science magazine on
potential risks of genetic engineering
research
1976—Founding of Genentech, Inc.,
first biotech company
1981—First transgenic animal (mouse)
developed
1982—First transgenic plant produced
1986—Coordinated framework for
regulation of biotechnology-derived
products
1986—First transgenic livestock 
animals (pigs) developed at USDA’s
Agricultural Research Service (ARS)
1987—First U.S. field trials of 
transgenic plants (insect-resistant
tomatoes) and microorganisms
1989—First recombinant DNA
vaccine developed
1990—Food and Drug Administration
(FDA) approves chymosin produced in
genetically engineered (GE) bacteria
for production of hard cheeses
1990—Human Genome Project 
initiated to map all genes in the human
body

1991—USDA’s Animal and Plant
Health Inspection Service (APHIS)
publishes guidelines for field trials of
GE crops
1992—FDA announces policy on food
derived from new plant varieties,
including GE crops
1993—USDA/APHIS introduces 
simplified notification procedure for
field trials of some GE plants
1993—FDA approves rBST for 
commercial use
1994—First deregulation of a GE
plant (FlavrSavr tomato)
1994—Environmental Protection
Agency proposes rules regulating plant
pesticides. The rule was signed in
2000, although additional issues
remain. The rule changes the name of
these pesticides to plant-incorporated
protectants (PIPS)
1996—First wide-scale planting of GE
crops, including Bt corn, Bt cotton,
and Roundup Ready soybeans
1997—First release of crop with
stacked traits (Bt/Roundup Ready 
cotton)
1997—First animal cloned from adult
cell (Dolly the sheep)
1997—USDA/APHIS expands 
simplified notification procedures 
for release of genetically modified
organisms (GMO’s) meeting certain
criteria
1998—European Union requires 
labeling of GMO’s 
1998—USDA/APHIS introduces pilot
program for comprehensive permitting
for field tests of GMO crops
1999—FDA approves first nutra-
ceuticals Take Charge and Benecol
margarines

Intellectual Property
1790—U.S. Patent Act
1930—Plant Patent Act allows patenting
of asexually reproduced plants
1970—Plant Variety Protection Act
(PVPA) is an intellectual property
rights system that protects only com-
plete single varieties of plants. The
PVPA is not a patenting system and
does not protect genetic traits or plant
transformation methods
1980—Patent granted on basic recom-
binant DNA technology to Cohen and
Boyer, Stanford University
1980—U.S. Supreme Court rules that
GE microorganisms can be patented
under existing law
1985—U.S. Patent and Trademark Office
rules that plants, including GMO’s, can
be patented under U.S. utility patent law
1980—Patent and Trademark Amend-
ments passed that allow federally fund-
ed researchers to obtain patents (Bayh-
Dole Act; Stevenson-Wydler Act)
1986—Federal Technology Transfer Act
established Cooperative Research and
Development Agreements (CRADA’s)
to facilitate technology transfer of 
publicly funded technologies
1988—First patent granted for a trans-
genic mammal (Harvard “onco-mouse,”
engineered for increased susceptibility
to cancer)
1990—Patent granted for microprojec-
tile accelerator (“gene gun”) for deliv-
ery of DNA into plant cells
1993—Agracetus granted patent cover-
ing all transgenic cotton; canceled by
U.S. Patent and Trademark Office on
December 7, 1994; currently in appeal
1994—PVPA amended to protect breed-
ers from cosmetic infringements, restrict
farmers’ rights to sell seed, and extend
varietal protection from 17 to 20 years
1998—USDA/ARS and Delta and
Pine Land patent “Technology
Protection System” for production of
plants with nonviable seeds

Milestones in Molecular Biology and U.S. Agricultural Biotechnology
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Trends and Contributing Factors

Farm-Level Effects of Adopting
Genetically Engineered Crops

Preliminary Evidence from the U.S. Experience
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ARMS Survey Results—Effects of GE Crop Use 
on Yields, Pesticide Use, and Net Returns
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Table 1—Adoption of genetically engineered U.S.
field crops, 1996-98

Estimated planted
Year of acreage

Field crop introduction 1996 1997 19981

Percent of planted acreage

Cotton:
Bt 1995 14.6 15.0 16.8
Herbicide-resistant 1996 i.d. 10.5 26.2

Corn:
Bt 1996 1.4 7.6 19.1
Herbicide-resistant2 1996 3.0 4.3 18.4

Soybeans:
Herbicide-resistant 1996 7.4 17.0 44.2

i.d. = Insufficient data for a reliable estimate.
1Includes stacked varieties (with Bt and herbicide-tolerant genes).
2Includes seeds obtained by traditional breeding but developed

using biotechnology techniques that helped to identify the 
herbicide-tolerant genes.

Source: Calculated from USDA’s ARMS data for 1996, 1997, and
1998.

Table 2—Top five reasons U.S. farmers gave for adopting herbicide-tolerant soybeans/cotton 
and Bt cotton, 1997

Share of acreage among adopters
Herbicide-tolerant:

Reason Soybeans Cotton Bt Cotton

Percent

1. Increase yields through improved pest control 65.2 76.3 54.4
2. Decrease pesticide input costs 19.6 18.9 42.2
3. Increased planting flexibility (for example, easier to rotate

crops, reduce carryover, use reduced tillage or no-till systems, etc.) 6.4 1.8 2.2
4. Adopt more environmentally friendly practices 2.0 .9 0
5. Some other reason(s) 6.8 2.3 1.2
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Table 3—Effects of herbicide-tolerant and insect-resistant field crops on economic returns, crop yields,
and pesticide use, 1997

Effect with respect to change in the adoption of:1

Herbicide-tolerant: Bt cotton
Item Soybeans Cotton (Southeast)

Change in yields Small increase2 Increase3 Increase3

Change in net returns 04 Increase3 Increase3

Change in pesticide use:4

Herbicides—
Acetamide herbicides 05

Triazine herbicides 05

Other synthetic herbicides Decrease3 05

Glyphosate Increase3 05

Insecticides—
Organophosphate insecticides 05

Pyrethroid insecticides 05

Other insecticides Decrease3

1Based on Fernandez-Cornejo, Klotz-Ingram, and Jans.
2Small increases or decreases are less than 1 percent for a 10-percent change in adoption.
3Increases or decreases are more than 1 percent but less than 5 percent change for a 10-percent change in adoption.
4Percentage change in acre-treatments.
5Underlying coefficients are not statistically different from zero.
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Enhanced Output Traits and
Market Coordination
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Figure 3
Strategic options for vertical coordination

�

Note: The diagonal line represents the mix of open-market and managed coordination characteristics found in each of the five alternative 
strategies for vertical coordination. The area above the diagonal indicates the relative level of invisible-hand characteristics, and the area below 
the diagonal indicates the relative level of managed characteristics.
Source: Peterson and Wysocki.
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Genetically Engineered Products

Transgenic Agricultural Products Approved for
Unregulated Release as of May 1999
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Genetically Engineered Products

Examples of Transgenic Products “in the Pipeline”
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Trends and Contributing Factors
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Genetically Engineered Fruits,
Vegetables, and Livestock
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Trends and Contributing Factors

Implications of Testing and
Segregating Nonbiotech Crops for

Grain Grades and Standards
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Table 4—Survey results on consumer attitudes toward biotechnology in agriculture

Country Year Question/issue Response

United States 1988/89 Plant GE (asked to assume not harmful to humans 54 percent said desirable, 
or environment) (Hoban, Woodrum, and Czaja) 23percent neutral, 

23 percent undesirable

Australia 1993 Would you eat genetically modified foods? (Kelley) 56-66 percent said yes, 
depending on the food

United States 1999 Biotechnology used in agriculture and food 51 percent strongly supported or 
production (Gallup) moderately supported

United States 1999 Would they be more or less likely to buy a food 
because it was genetically modified? (The Economist) 57 percent said less likely

United Kingdom 1998 GM products (Greenberg) 51 percent said unacceptable

Germany 1999 Would they be more or less likely to buy a food 
because it was genetically modified? (The Economist) 95 percent said less likely

Table 5—Survey results on consumer attitudes toward biotechnology to improve foods

Country Year Question/issue Response

Japan 1995 Biotechnology used to develop improved 10 percent strongly supported, 
crop varieties (Hoban, 1996) 72 percent supported

United States 1992, Biotechnology used in agriculture and food production 2/3 support
1994, to improve foods (Hoban, 1998)
1997,

United States 1995 Biotechnology used to make foods taste better, 75 percent support
stay fresh longer, prevent disease (Hoban, 1996)

United States 1997, How likely to buy produce modified by biotechnology 55 percent likely/somewhat likely, 
2/99, to taste better or fresher? (IFIC, 10/99, 5/00) 62 percent,
10/99, 51 percent,
5/00, 54 percent

Europe 1996 Genetic modification to change food characteristics 53 percent said useful, 
(Eurobarometer 46.1) 47 percent said risky, 40 percent 

said morally acceptable

Australia 1993 Genetic modification to change food characteristics 64-82 percent said “good idea,”
(Kelley) depending on the food
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Table 7—Survey results on consumer attitudes toward biotechnology in animal production

Country Year Question/issue Response

United States 1992 GE used to make larger sport fish (Hoban, 1993) 35 percent said acceptable

United States 1988/89 Animal GE (asked to assume not harmful to humans 26 percent said desirable,
or environment) (Hoban, Woodrum, and Czaja) 21 percent neutral, 

53 percent undesirable

Table 8—Survey results on consumer attitudes toward biotechnology in agriculture as a health hazard

Country Year Question/issue Response

Australia 1993 GE food plants might be a danger to human health 71 percent said a big worry
over time (Kelley)

Europe 1995 Genetically modified crops as health hazards 33-50 percent in each country 
said health hazard

United States 1999 Does food produced using biotechnology pose a 27 percent said yes, 
health hazard to consumers? (Gallup) 53 percent said no

Table 6—Survey results on consumer attitudes toward biotechnology to make plants resistant 
to pests or herbicides

Country Year Question/issue Response

United States 1992 GE used to make cotton plants resistant to herbicide 70 percent said acceptable
(Hoban, 1993)

United States 1999 Do you favor the use of biotechnology to grow 78 percent favor/somewhat favor
pest-resistant crops that require fewer farm chemicals? 
(Environics, The Washington Post)

United States 1997, How likely to buy produce modified by biotechnology 77 percent very/somewhat likely,
2/99, to be protected from insect damage and require fewer 77 percent,
10/99, pesticides (IFIC, 10/99, 5/00) 67 percent,
5/00 69 percent

Europe 1996 Genetic modification to make crops disease resistant 68 percent said useful, 53 percent 
(Eurobarometer 46.1) said risky, 63 percent said 

morally acceptable

France 1999 Do you favor the use of biotechnology to grow 52 percent favor/somewhat favor
pest-resistant crops that require fewer farm chemicals? 
(Environics, The Washington Post)
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Table 9—Regulation of agricultural biotechnology by agency

Item United States EU

Release into environment for Regulated by USDA’s Animal and Regulated by member state governments, with 
commercial production, Plant Health Inspection Service input, if members disagree, from Scientific 
field tests Committee, European Commission, and possibly 

the Council, under Regulation 90/220

Food safety Regulated by FDA Regulated by member state governments, with 
input, if members disagree, from Scientific 
Committee, European Commission, and possibly 
the Council, under Regulation 258/97, the Novel 
Foods Act

Pesticidal or herbicidal varieties Regulated by EPA Subsumed under one of the processes above
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Labeling Policies
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Effects of Approval Regulations on Trade
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Effects of Consumer Preferences on Trade
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Table 10—U.S. corn seed market shares

Share of seed sales by
Year leading four companies

Percent
1950’s @ÿ50
1973 60
1980 60
1991 @ÿ65
1997 69

Sources: Duvick (1998); Hayenga; Butler and Marion.

Table 11—U.S. soybean area market shares

Share of area planted
Public- Private- Leading
sector sector four private

Year Unknown varieties varieties companies

Percent

1980 22 70 8 7
1997 

estimated1 n.a. 10-30 70-90 37-47

n.a. = Not available.
1Smaller figure for public sector (and larger figure for private sec-

tor) assumes planted areas are roughly proportional to seed sales.
Larger figure for public sector (and smaller figure for private sector)
assumes most farmer-saved seed is from public-sector varieties.
About 25 percent of soybean seed in 1997 was estimated to be
farmer-saved.

Sources: Hayenga; Butler and Marion.

Table 12—U.S. cotton seed market shares

Share of seed sales
Public- Small Leading
sector private private

Year varieties companies company

Percent

1970-74 29 42 29
1975-79 37 25 38
1980-84 28 25 47
1985-89 18 20 62
1990-94 12 6 821

1997 @ÿ7 @ÿ21 721

1998 @ÿ7 @ÿ22 711

1Many earlier estimates for 1997 and 1998 assumed Monsanto
was the owner of Delta & Pineland, Stoneville, and several smaller
cotton seed companies. Monsanto did own Stoneville, but never
completed the purchase of Delta & Pineland, which was called off at
the end of 1999. Furthermore, Monsanto has divested itself of
Stoneville. The 1997 and 1998 figures now give the market share of
Delta & Pineland alone. It is also likely that the 1990-94 figure
should be reduced somewhat, but the raw data allowing disaggrega-
tion are less readily accessible.

Sources: USDA, Agricultural Marketing Service, as reported by
Traxler (personal communication); Hayenga.
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Table 13—U.S. wheat area market shares

Share of area planted
Public- Private- Leading

Variety/ sector sector four private
year Unknown varieties varieties companies

Percent

Hard Red 
Winter Wheat:
1981 36 58 6 n.a.
1997 n.a 85 15 n.a.

Hard Red 
Spring Wheat:
1981 37 57 7 n.a.
1997 n.a. 85 15 n.a.

Soft Red 
Winter Wheat:
1981 37 63 0 n.a.
1997 n.a. 35 65 n.a.

n.a. = Not available.
Sources: Sears; Butler and Marion.
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Apomixis in plant breeding

Parental
inbred
lines

Hybrid plant

Sexual 
reproduction

Apomixis

High-yielding
crop

Apomixis

Hybrid plants are more vigorous and produce higher yields than their parents. Sexual
reproduction creates variability among the progeny, resulting in lower crop yields. Apomixis
will allow the fixation of hybrid vigor and the immediate production of a cultivar starting with
any exceptional individual plant. (Courtesy of S. Lolle, Harvard University)

Seed Technology

Apomixis
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Regulator

Elements of TPS (activated)

Technology Protection System

One basic element of the TPS is a gene that codes for a toxin (several different plant-produced 
toxins are possible), which works in combination with a LEA (Late Embryo Active) promoter. The 
promoter is separated from the toxin gene by a DNA spacer; as long as the spacer is present, the 
toxin gene will not produce the toxin protein. A second element is a site-specific recombinase gene, 
which, when activated, will code for a recombinase enzyme that will cut the DNA spacer and allow 
the LEA promoter to cause the toxin gene to work.  A third element is a recombinase repressor 
gene, which is sensitive to a regulator molecule. When the recombinase repressor gene is active, it 
will not allow the recombinase gene to activate. When the regulator (in the TPS patent, this is an 
antibiotic) is introduced, the recombinase repressor gene will become inactive; the site-specific 
recombinase gene will code for the recombinase enzyme, which will, in turn, cut the DNA spacer; 
and the LEA promoter will be activated. Since the promoter is a "late" promoter, it will be active only 
at seed maturity, at which time it will produce the toxin that will kill the embryo in the seed, which as 
a result will not be able to germinate (Jefferson et al.; Crouch).

LEA promoter
(active at seed maturity) Toxin gene

Site-specific
recombinase gene

Recombinase repressor
gene (sensitive to

regulator molecule)

LEA promoter
(active at seed maturity) DNA spacer

Toxin gene

Site-specific
recombinase gene

Recombinase repressor
gene (sensitive to

regulator molecule)

Elements of TPS (dormant)

Seed Technology

The Technology Protection System (“Terminator”)
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Sources: U.S. Bureau of the Census; IFPRI (Rosegrant, 
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Source: CIMMYT; Morris and Heisey; Heisey, Lantican, and Dubin; Pingali and Smale.

Figure 4

Share of cereals area in developing countries planted to improved varieties
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