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Foreword

American agriculture is entering a new technological era that holds great promise.
Biotechnology and advanced computer systems have the potential to increase productivity,
enhance the environment, improve food safety and quality, and bolster U.S. agricultural
competitiveness.

Many of these new technologies will be available in the 1990s. But their introduction will
be under circumstances unlike any met by past technologies. Uncertainties over these new
technologies raise questions of potential impacts on food safety and the environment, and
possible economic and socia costs. Nevertheless, there will be a push for some of these
technologies-biotechnology in particular—to be used commercially, adopted by industry,
and accepted by the public.

Congress requested the Office of Technology Assessment to examine emerging
technologies that may be available to American agriculture in the 1990s, their potential for
industry, and consequent policy issues. This report analyzes the technologies and related
policy issues Congress may need to resolve. The analysis includes an assessment of
adjustments industry must make to capitalize on the new technologies, the scientific and
institutional issues relevant to food safety and environmental risk and benefit, and the
implications for intellectual property rights and science policy.

The report concludes that these technologies have the potential to provide new solutions
to many agricultural problems. The challenge, however, will be whether government,
industry, and the public can strike the proper balance of direction, oversight, and use to alow
these technologies to flourish. Congress will be faced with many issues and choices as
American agriculture moves into this new era.

This OTA report for Congress is the fourth and fina report in a series begun in 1990. The
study was requested by the Senate Committee on Agriculture, Nutrition, and Forestry; the
House Committee on Government Operations; and the House Committee on Agriculture. The
first report issued was Agricultural Research and Technology Transfer Policies for the 1990s,
the second report was U.S. Dairy Industry at a Crossroad: Biotechnology and Policy Choices,
and the third report was Agricultural Commodities as Industrial Raw Materials. Findings from
these reports were relevant to the issues debated for the 1990 Farm Bill.

OTA greatly appreciates contributions of the advisory groups, authors of background
papers, reviewers, and other contributors to this study who were instrumental in defining key
issues and a range of perspectives on them. Their participation does not necessarily represent
endorsement of this report, for which OTA bears sole responsihility.

JOHN H. GIBBONS
‘Director
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Chapter 1
Overview and Summary

Technological innovation has played a significant role
in transforming American agriculture in the past and again
promises major impacts on the U.S. food production and
processing industries. The transition from horsepower to
mechanical power ( 1920- 1950) boosted the productive
capacity of agriculture even as farm labor requirements
decreased dramatically. From 1950 to 1980 agricultural
productivity rose further as chemical fertilizers, feed ad-
ditives, and pesticides increased yields and helped farm-
ers control pests and disease. Biotechnology and advanced
computer systems now are ushering American agriculture
into a new technological era. These technologies have
the potential to increase U.S. agricultural productivity
and competitiveness, enhance the environment, and im-
prove food safety and quality.

Many of the new technologies will be commercialy
viable in the 1990s. However, they will not automatically
be put to use. Today’'s public increasingly questions
whether technological change is always good or needed
and is voicing new concerns about the safety of the food
supply, the environment, and the changing structure of
agriculture. These issues as well as declining public con-
fidence in ingtitutions create an atmosphere in which
agricultural biotechnology may not readily be approved
for commercial use or adopted by industry. Lack of pub-
lic acceptance could prevent some technologies from being
used even if they are approved by regulatory agencies.
To avoid this fate, agricultural biotechnology must meet
rigorous scientific standards of safety and efficacy. And,
institutions regulating these products must satisfy unpre-
cedented demands for accountability.

This report focuses on the new technologies for ag-
riculture and the related issues that policy makers most
likely will face during this decade. Part | identifies ad-
vances being made in agricultural biotechnology for crops,
animals, and food processing, and in computer technol-
ogies to improve agricultural management. Part 11 ana-
lyzes ways in which these technologies might improve
agricultural productivity and discusses certain adjust-
ments that industry will need to make to capitalize on
this potential. Part 111 considers scientific and institu-
tional issues relevant to environmental benefit and risk
assessment of biotechnology. Part 1V focuses on food
safety and quality issues, presenting institutional, sci-
entific, and public perspectives on these issues. Finaly,
Part V anayzes some of the implications of the tech-
nologies for intellectual property rights and science
policy.

ADVANCING TECHNOLOGIES
FOR AGRICULTURE

Biotechnology

Biotechnology, broadly defined, includes any tech-
nigque that uses living organisms or processes to make or
modify products, to improve plants or animals. or to
develop microorganisms for specific uses. It rests on two
powerful molecular genetic tools. recombinant deoxyri-
bonucleic acid (rDNA); and cell fusion technologies. Us-
ing these techniques, scientists can isolate. clone, and
study the structure of an individual gene and explore the
gene's function. Such knowledge and skills allow sci-
entists to exercise new control over biological systems,
leading to significant improvementsin agricultura plants
and animals.

Plant Technologies

Each year in the United States, weeds, insects, and
disease (as well as weather and soil conditions) signifi-
cantly decrease potential crop yields and cost farmers
billions of dollars in lost revenues. New approaches to
control pests include the use of biological agents to man-
age pests and the application of biotechnology to produce
plants with new genetic characteristics.

Biological control of pestsis the use of living natural
enemies to reduce pest populations to levels lower than
would otherwise occur. The classical (searching native
lands for control agents to pests of foreign origin) and
augmentation (periodic release of control agents to in-
crease populations) approaches are the most commonly
used biological control tactics. To date, biological control
has been most successfully used in orchards and vege-
tables; efficacy in field crops has been ‘limited. Insect
and weed control using biological control agents has been
most successful; use of biological agents to control dis-
ease is lagging. Traditional selection and breeding ap-
proaches, as well as new biotechnology approaches are
being used to improve the control and range of biological
control agents. Several biocontrol agents currently are
available or could be in the next 10 years, but the field
is not sufficiently advanced to replace most pesticidesin
that time.

New tissue culturing and genetic engineering tools
combined with traditional agricultural research methods
are alowing scientists to ater plants to have greater dis-
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ease, insect, and weed resistance; to withstand environ-
mental stresses such as cold, drought, and frost; to develop
value-added products from agricultural commodities; and
to improve understanding of plant resistance and of the
interactions of plants, pests, and biological control agents
in the agro-ecosystem.

Genetic Engineering of Plants for Insect Control—
Traditional breeding programs have and will continue to
produce insect-resistant or insect-tolerant varieties of crops.
However, the tools of biotechnology can be used to se-
lectively engineer plants for this trait. Candidate genes
must code for proteins that are stable in the plant cell
and insect midgut; have high activity against target in-
sects; and are safe for non-target invertebrates and ani-
mals. Genes coding for trypsin inhibitors and for bacterial
Bacillus thuringiensis (Bt) toxin are two possible can-
didates. The gene coding for the Bt toxin has been cloned
and inserted into plants; transgenic plants producing Bt
toxins are expected to be commercially available by the
mid to late 1990s.

Genetic Engineering of Plants for Weed Control—
Improved understanding of the mechanisms of action of
herbicides is leading to the improved ability to design
herbicides effective against some plants (target weeds)
but inactive against others (nontarget weeds or crops).
The lack of naturally occurring resistance genes in crops

Photo credit: Richard Nelson, Samual Roberts Noble Foundation

Transgenic tomato plant expressing the coat protein
gene of tobacco mosaic virus (left) and control
plant (right).

limits the ability to use traditional breeding methods to
develop herbicide tolerant crops; however genetic engi-
neering techniques can overcome these constraints. The
first herbicide tolerant crops are expected to be available
commercially by the mid 1990s.

Genetic Engineering of Plants for Disease Control—
Biotechnology is being used to elucidate the mechanisms
by which pathogenic organisms cause disease and to en-
gineer plants with enhanced disease resistance. Genes
coding for virus coat proteins (i. e., the proteins that make
up the shell that surrounds viruses) can be genetically
engineered into plants to elicit resistance to infection by
the source virus, and in some cases to related viruses
having similar coat proteins. Several plant vira coat pro-
teins have been transferred to plants to confer resistance.

Genetically engineered dicotyledonous plants resistant
to certain viruses are expected to be available commer-
cialy by the mid 1990s. But virus resistant monocoty-
ledonous plants will probably not be available until the
late 1990s or early 21st century. Plants resistant to bac-
teria and fungi are not expected to be developed until
the end of the decade and not available commercialy
until after the year 2000.

Animal Technologies

Biotechnology has the potential to improve feed ef-
ficiency, reduce losses from disease, and increase repro-
ductive success in all sectors of the livestock industry.
Advances in growth promotants, reproductive technol-
ogies, and animal health will play a mgjor role in en-
hancing the efficiency of animal agriculture and the quality
of its products.

Growth Promotants-Currently used growth promo-
tants such as anabolic steroids and antimicrobial com-
pounds will continue to be used in the livestock sector.
However, rDNA techniques are being used to produce
new products such as a new class of protein hormones
called somatotropins.

Porcine Somatotropin—Pigs administered porcine so-
matotropin (pST) for a period of 30 to 77 days show
increased average daily weight gains of approximately
10 to 20 percent, improved feed efficiency of 15 to 35
percent, decreased adipose (fat) tissue mass and lipid
formation rates of as much as 50 to 80 percent, and
concurrently increased protein deposition of as much as
50 percent without adversely affecting the quality of the
meat. Prolonged release formulations and daily injection
produced similar growth rates and feed efficiencies. PST
is currently being reviewed by Food and Drug Admin-
istration (FDA) for commercial use.
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Photo credit: Terry Etherton, Pennsylvania State University

Comparison of pork loins that show the effect of pigs treated with porcine somatotropin
(pST). The loin-eye area of the 10iN treated with PST is 8 square inches; the control is 4.5
square inches.

Bovine Somarotropin—Bovine somatotropin (bST) is
currently undergoing FDA review for use in lactating
dairy cowsto increase milk production. While individual
gains rely on the management ability of the producer,
on average, gains of about 12 percent are reasonable.
Bovine somatotropin does not ater the composition of
milk. The fat, glucose, protein, mineral, and vitamin
composition of milk fall within the range of values nor-
mally observed in milk from cows not supplemented with
bST. Bovine somatotropin decreases pregnancy rates
(proportion of cows becoming pregnant), increases days
open (days from parturition to conception), but does not
ater conception rates (services per conception). These
observed effects are similar to those occurring in high-
producing cows that do not receive bST. Implications of
using bST in dairy production are discussed more thor-
oughly in the OTA publication U.S. Dairy Industry at a
Crossroad: Biotechnology and Policy Choices.

Reproduction Technologies—The field of animal re-
production is undergoing a scientific revolution. For ex-
ample, in the cattle industry it has become possible to
induce genetically y superior females to shed large numbers
of eggs (superovulation); and to fertilize these eggs in
vitro with the sperm of genetically superior males. Each
resulting embryo can then be sexed and split to produce
multiple copies of the origina embryo. Each of these
new embryos can then be frozen for later use, or trans-
ferred to a recipient cow whose reproductive cycle has
been synchronized to accept the developing embryo. The
recipient cow carries the embryo to term and gives birth
to a live caf. It may be possible in the near future to
sex the sperm rather than the embryo, and to create more

copies of each embryo than currently is possible. New
techniques being developed will make it easier to insert
new genes into the embryos to produce transgenic ani-
mals. Embryos produced by new reproductive methods
are being marketed, although as yet no transgenic animals
are available.

Transgenic Animals—The combination of new re-
productive technologies with recombinant DNA tech-
nologies (the identification. isolation, and transfer of
selected genes), provides opportunities to produce trans-
genic animals efficiently and cost effectively, and to im-
prove livestock quality more rapidly than could be done
with traditional breeding. Some transgenic livestock may
contain genes that improve growth characteristics or re-
sistance to disease. These new developments also have
human medica implications. It may be feasible to pro-
duce important human pharmaceuticals in livestock.
Transgenic animals can also serve as a powerful research
tool to understand genetic and physiological functions,
and to provide a model system to study human disease.
For example, pigs display striking physiological simi-
larities to humans and because of this, transgenic pigs
are currently being developed to serve as amodel system
to understand and treat gastrointestinal cancers. Com-
mercial availability of transgenic animalsis not expected
before the year 2000.

Animal Health Technologies—improvements in an-
imal health will lead to considerable cost savings to the
animal industry. Biotechnology rapidly is acquiring a
prominent place in veterinary medical research. New vac-
cines include those created by deleting or inactivating



6 . A New Technological Era for American Agriculture

the genes in a pathogen that cause disease. The first gene-
deletion viral vaccine to be approved and released for
commercial use was the pseudorabies virus vaccine for
swine.

Many currently used diagnostics tests are costly, time
consuming, and labor intensive, and some still require
the use of animal assay systems. Monoclina antibodies
and nucleic acid hybridization probes can be used to
produce simpler, easily automated, and highly sensitive
and specific diagnostic procedures. At least 15 different
rapid diagnostic tests based on monoclinal antibodies are
on the market or soon will be.

Food Processing Technologies

Historically, the food processing industry has had to
accept and adapt to heterogeneous raw materials. Bio-
technology can be used to tailor food crops to meet food
processing and consumer needs. For example, new plant
tissue culture techniques can be used to produce food
flavor and coloring ingredients. These methods poten-
tially could replace production and extraction of these
ingredients from plants.

Genetic engineering can also be used to ater food
characteristics. Genes coding for enzymes involved in
starch and lipid biosynthesis are being isolated and cloned,
enhancing the prospects of engineering plants with spe-
cific compositions of starch and oil. And, genetic en-
gineering is being used to eliminate toxins, alergic
compounds, or off-flavor components in plants, and to
delay ripening of tomatoes.

New biotechnology products are being developed for
food manufacturing and monitoring of animal products for
food safety. For example, a genetically engineered version
of the enzyme rennet, which is normally extracted from
the forestomach of calves, has recently been approved by
FDA for use in cheese manufacturing systems. Bacteria
and yeast strains engineered to convert waste products such
as blood, bone, and milk whey into useful products could
decrease the costs associated with their disposal. For ex-
ample, engineered yeast strains are capable of fermenting
the lactose in whey to value-added products, such as vi-
tamin C, biofuels, or pharmaceuticals. Food safety moni-
toring will be enhanced by the development of nucleic acid
probes and monoclinal antibodies; raw materials, ingre-
dients, and finished products can be analyzed for the pres-
ence of pathogenic organisms and chemica and biological
contaminants. Detection kits are also commercialy avail-
able for monitoring several pesticides, antibiotics, and bac-
terial contaminants.

Advanced Computer Technologies

Since the industrial revolution, agricultural systems
have intensified, and agricultural productivity has in-
creased significantly along with farm size. Labor-saving
devices on farms have increased output per worker sev-
eral fold, and advances in understanding and application
of biological principles have boosted agricultural yields
significantly. With increased production, however, farm
management becomes correspondingly more challenging
and complex. In general, methods for making manage-
ment decisions have failed to meet this challenge. As a

Photo credit: Calgene, Inc

Tomatoes with genes that delay ripening (left) and control (right) 3 weeks after harvest.
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result, many decisions are ‘‘uninformed’ and many ag-
ricultural systems poorly managed.

The application of advanced computer technologies to
agricultural management can help remedy this situation.
Improved access to information will alow farmers to
monitor progress more effectively and to determine su-
boptimal performance. For example, close monitoring of
anima performance will alow early detection of diseases
and can help reduce stress in animals.

Overall, advanced computer technologies can provide
managers with the ability to systematically determine the
best decision rather than arrive at decisions in an ad hoc
fashion. Optimal decision making requires a holistic view
of afarm enterprise, factors that affect it, and probable
consequences of management decisions. Thus, a farmer
deciding whether to plant a specific crop on a specific
field should weigh the profitability of the crop as well
as overall farm needs (e. g., nutrition requirements if it
is an animal enterprise). The decision will impact land
sustainability and the need to use certain pest-control
strategies.

By-and-large, computers have had little impact on pro-
duction agriculture to date. Predictions that every farmer
would own a computer by 1990 have not come true. Few
farmers have computers and those that do use them pri-
marily for book keeping and general calculations (e. g.,
ration balancing).

The largest impact of computers in American agri-
culture has been in support industries. Using computer
networks and tracking systems, equipment dealers can
provide faster service, and feed deders are better able
to manage feed inventories. Most of these advances have
come from directly adopting general business software
with little or no input from the agricultural academic
community.

The primary agricultural application of advanced com-
puter technology by the mid - 1990s will be ad hoc expert
systems (i.e., computer programs that use knowledge to
solve well-defined problems). Problem diagnosis expert
systems currently are under development, and farmers
will have a cadre of these systems at their disposal to
diagnose diseases and to evaluate production perfor-
mance. These systems generaly will not be integrated
with one another and each will consider only one aspect
of a problem. Integrated systems that solve production
problems while considering economic consequences will
not become available until the later part of the decade.

The primary use of expert systems within the next 5
years may be by agribusiness which will be able to le-

Photo credit: U.S. Department of Agriculture,
Agricultural Research Service

Farmer and consultant examine data from COMAX
(COtton Management eXpert) computer program.

verage the cost of adopting these technologies across a
number of farms. Using expert systems to increase ser-
vice to farmers may change the role of some profession-
as. For example, expert systems can help veterinarians
take an epidemiological approach to solving problems.
It will also alow some diversification in services pro-
vided. For example, animal nutritionists may be more
likely to become involved in consulting for the crop pro-
gram when aided by an expert system.

Computer-based sensors will be used on a limited basis
to collect real-time data for expert systems. The primary
use of sensors will be for monitoring weather and field
conditions for crop management. Expert systems will
help farmers interpret these data and suggest appropriate
management strategies such as irrigation, fertilization,
or pesticide treatment.

Another technology likely to see application by the
mid- 1990s is full-text retrieval systems. It will be pos-
sible for farmers and Extension personnel to have a CD-
ROM with dl of the latest publications at their fingertips.
Using a full-text retrieval system, they will be able to
retrieve pertinent information that will help them improve
their decisions. For example, when a farm experiences
a corn mycotoxin problem, the owner-operator can access
an information base to find relevant literature.

Robots for highly speciaized, labor-intensive tasks
will begin to be applied to agriculture in the late 1990s.
This would include robot transplanting of seedlings, pork
carcass sectioning, and harvesting of fruits and vegeta-
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Photo credit: Gerald Isaacs, University of Florida

An experimental fruit picking robot uses a machine
sensor and a computer to locate individual fruit for
detachment. Approximately 3 seconds per fruit
‘are required.

bles. Robots for milking cows, however, may reach com-
mercia application by the mid-1990s.

IMPACTS OF THE NEW
TECHNOLOGIES

The new era of biotechnology and advanced computer
technologies will be faster paced than previous techno-
logical eras. A more rapid pace of technological change
will be fostered by mgjor changes in public policy re-
garding technology. One of the most important changes
was the granting of property rights for new plant vari-
eties, new life forms, and computer software. Patent
rights were extended to new plant varieties by the en-
actment of the Plant Variety Protection Act of 1970. This
was followed in 1980 by the U.S. Supreme Court ruling
in Diamond vs. Chakrabarty’ that investors in new mi-
croorganisms, whose inventions otherwise met the legal
requirements for obtaining a patent, could not be denied
a patent solely because the innovation was alive. This
decision opened the door to patent a broad range of po-
tential new products of the biotechnology era. Capping
this series of policy changes was the amendment to the
Copyright Act in 1980 that made explicit provisions for
computer programs as (literary) works of authorship.

In previous technological eras most technologies were
capital intensive and substituted for labor and land. Many
emerging biotechnologies will substitute for conventional
purchased inputs. For example, biopesticides will replace
some chemical pesticides in plant insect control, bio-

technology-improved anima disease vaccines likewise
will replace some existing vaccines. On the other hand,
some biotechnologies will compliment existing technol-
ogies. An example is the genetic transformation of plants
to incorporate desired traits. In this case, conventional
plant breeding will still be required for incorporation of
biotechnology-induced traits into commercia lines, for
continued plant improvement selection, and for seed mul-
tiplication. In addition, for the foreseeable future, chem-
ical fertilizers will remain important in crop production.

As with past technological eras, successful adoption
of specific biotechnology innovations will result in ad-
ditional profits for some, at least the early adopters. As
in the past, increased profits will result mainly from
reductions in real production costs per unit of output.
This, in turn, can increase productivity and the compet-
itive position of U.S. agriculture.

As with past technological innovation, biotechnology
is expected to be supply-increasing in the aggregate. The
implications, however, can be quite different for different
farms. Late adopters of the new technology, for example,
will be faced with lower product prices. This is because
early adopters have already reduced their production costs,
enjoyed increased profits in their period of initial adop-
tion, and are ready to respond to the next wave of tech-
nological innovation. Increased supplies are generally
associated with lower prices. Consequently, nonadopters
often have higher costs while facing lower prices for their
products.

Successful use of technologies of this new era most
likely will regquire changes in the production process and
may require a higher quality of management. This may
mean increased human as well as monetary capital. Less
educated farmers with limited capital resources may find
it difficult to implement the new technology successfully.
Thus, the new technologies may widen the gap between
capital-limited and capital-rich farm operators.

Many advancing technologies are approaching com-
mercidization. In crop agriculture, biotechnology re-
search has advanced at a much faster rate than anticipated
just a few years ago, and transgenic crops are currently
undergoing field trials. in animal agriculture, vaccines
and diagnostics are on the market or will be soon. Growth
promotants are going through the regulatory process. Re-
production technologies are advancing at a rapid pace
and cloned embryos are currently being marketed. Trans-
genics are still in the future but considerable strides are
being made in the use of livestock to produce high value
pharmaceuticals. These technologies and others will im-
pact agriculture in a number of ways.
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Table I|-l—Estimates of Crop Yield and Animal Production Efficiency by 2000
Less new Most likely More new
Actual technology technology technology
1990 2000 2000 2000
Crops
Corn—bulacre . ......... ... .. .. 116.2 113.8 128.5 141.6
Cotton-Ib/acre . .. ........ ... ... .. ... 600.0 NA 708.0 NA
Soybeans—bu/acre .. ... L 324 32.6 33.7 36.4
Wheat—bu/acre .. ................... s 34.8 37.7 42.6 53.8
Beef
Lbs meat/lbfeed . ....................... 0.143 0.146 0.154 0.169
Calves/I00 COWS . . .. oot v vt , - 90.0 93.750 96,221 102.455
Dairy
Lbs milk/lbfeed ... ....... ... ... .. ..... 1.010 1.030 1.050 1.057
Lbs milk/cowlyear .. ..................... 14,200.0 17,247.200 19,191.600 20,498.800
Poultry
Lbs meat/lofeed . ....................... 0.370 0.373 0.389 0.428
Eggs/layer/year . . ......oooveeiiiiinnaa... 250,0 250.500 258.0 273.125
Swine
Lbs meat/lbfeed ... ........... ... .. ..... 0.154 0.174 0.181 0.196
Pigs/sowlyear .. ....... ... .. .. ... ... ..., 13.900 14.420 15.750 17.791

NOTE: OTA expresses its appreciatio nto Yao-chi Lu and Phil Coiling, Agriculture Research Service, U.S. Department of Agriculture, for their assistance

in deriving the estimates for this table,
NA = Not available.
SOURCE: Office of Technology Assessment, 1992,

Table |-2—Projected Annual Rates of Growth
(1990-2000)

Less new Most likely More new
technology technology technology
Corn -0.210/0 1.000% 1.97%
Cotton NA 1.66 NA
Soybeans 0.06 0.39 1.16
Wheat 0.80 2.02 4.36
Beef
Lbs meat/feed ...... 0.21 0.74 1.67
Calves/cow. . . ...... 0.41 0.67 1.30
Dairy
Lbs milk/feed . ...... 0.20 0.39 0.46
Milk/cow/year. ...... 1.94 3.01 3.67
Poultry
Lbs meat/feed ...... 0.08 0.51 1.46
Eggs/laylyear. ...... 0.02 0.32 0.89
Swine
Lbs meat/feed ...... 1.22 1.62 241
Pigs/sowlyear. ...... 0.37 1.25 2.47

NOTE: OTA expresses its appreciation to Yao-chi Lu and Phil Coiling,
Agriculture Research Service, U.S. Department of Agriculture, for their
assistance in deriving the estimates for this table.

NA = Not available.
SOURCE: Office of Technology Assessment, 1992.

Production Measures

The advance of agricultural biotechnology will play
an important role in increasing agricultural productivity
at about the historical rate of the last two decades. (See
tables 1- | and 1-2. ) The most dramatic increase in animal

agriculture is in milk production. Since 1960, the annual
rate of growth has been about 2.0 to 2.5 percent. OTA’s
1985 projection (24,200 pounds of milk per cow by year
2000) was higher than its current one (19,200 pounds of
milk per cow by year 2000). A magjor reason for this
change is the slowness to market of bovine somatotropin.
In 1985, bST was predicted to be commercialy available
in 1987. BST had yet to be approved by the Food and
Drug Administration as of early 1992,

Efficiencies in crop production will about match his-
torical trends or climb dlightly, and for the most part will
exceed OTA’s 1985 projections. This, in part, reflects
the movement of many of the new technologies from the
laboratory to the field at a much quicker pace than thought
possible in the mid- 1980s. Even though rates of growth
may accelerate during the 1990s, the absolute quantity
of yields will, for the most part, be lower than projected
in the mid- 1980s. This is due, in part, to the fact that
many of the early biotechnology inputs will be substitutes
for chemica inputs and, hence, the absolute gain in ef-
ficiency will in many cases be negligible. Yields are
expected to improve in the latter part of the decade as
more is learned about the genetic make up of plants.

Agribusiness, Farm Labor, and Rural
Communities

Historically, the commaodity-oriented agribusiness sec-
tor has been driven by economic forces to produce at
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maximum efficiency and to maintain low costs. This has
resulted in a system that is effective at converting un-
differentiated commodities into low-cost food. Today this
sector is undergoing change inspired, in part, by the
evolution of more demanding and differentiated food
consumers. in response, retaler strategies have emerged
that focus on improving service to the consumer. infor-
mation technology has facilitated the shift of marketing
efforts toward the discovery of consumer preferences.

To respond to a more consumer-oriented environment,
input suppliers may need to explore how information
technology can facilitate the coordination of activities
needed to assure particular attributes. Information tech-
nologies in the future may facilitate new business strat-
egies by providing improved information flows and by
facilitating coordination of production and marketing ac-
tivities.

To date, input suppliers have experienced more con-
sequences of the new technologies than any other part
of the agricultural industry. In anticipation of biotech-
nology-enhanced seed, chemical and seed input indus-
tries have transformed structurally. Multinational chemical
and pharmaceutical companies have acquired amost all
the major seed companies. Concentration of input in-
dustries increases the potential for monopoly power, hence
the potential for exploiting farmers in their purchase of
improved inputs.

The trend toward vertical integration in agriculture and
toward proprietary production processes could result in
a captive market for some bhiotechnology products. For
example, a genetically engineered seed might be pro-
duced by a large, vertically integrated chemical-seed
company with specified inputs such as fertilizer, pesti-
cides, and herbicides produced only by that company.
Where product quality is influenced strongly by biotech-
nologies (i. e., pork by pST); and where highly special-
ized new markets are formed (i. e., for pharmaceuticals),
increased incentives for production-marketing links via
contracting and other forms of vertical integration can
be expected.

The advancing biotechnology and information tech-
nologies generaly will shift labor from farming as has
been true of past technologies. Newly emerging tech-
nologies will displace less farm labor than mechaniza-
tion, but the farm labor force will have to be substantially
more skilled than in the past. For example, a key re-
quirement of the new information technology will be
computer literacy. Programs to support skill upgrading
of the farm labor force will be needed to capture fully
the potential benefits of the new technologies.

Photo credit: Grant Heilman, Inc.

Production of lean meat with porcine somatotropin (pST)
will give meat packers a strong incentive to vertically
integrate or contract with farmers. Economic pressures
will be strong for most swine producers to adopt pST or
exit the industry.

The emergence of biotechnology and computer tech-
nologies will most likely spur on the decline of many
small farms and agriculturally dependent rural commu-
nities. Moreover, increased demand by many farmers for
one-stop shopping centers for farm supplies—including
those involving biotechnologies and information tech-
nologies—may reduce the viability of business enter-
prises in smaller communities. These enterprises will
need to diversify into nonfarm-related economic activi-
ties if they are to remain economically viable.

Management

The new technologies will demand greater attention to
management issues than have technologies in the past.
For crop agriculture, in particular, a systems approach
to the use of genetically engineered plants and biocontrol
technologies will be needed. Concern about pest resis-
tance to technologies that control pestsisreaching ahigh
level. Many chemical technologies are ineffective today
because of pest adaptation caused by poor management
strategies. As products from biotechnology are used to
control pests, management strategies for delaying or pos-
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sibly avoiding pest adaptation need to be identified. Ev-

idence exists aready that insects are quite capable of
adapting to Bt, one of today’s most popular genetically
engineered protein toxins. At present, there is some in-
formation to establish general guidelines about the ju-
dicious use of engineered crops with insect and pathogen
resistance and herbicide tolerance. However, to establish
more detailed guidelines will entail generating a body of
empirical knowledge relevant to these products. And, an
effective educational program designed to bring these
results to the agricultural industry and the public is needed.

For animal agriculture research results clearly show

the extent of response achieved from technology depends
heavily on the management capability of the producer.
Use of somatotropins, for example, may require altering
the animals diets. Administration of somatotropin to
lactating cows may require extending the reproductive
cycle.

As important as these management issues are, a more
pressing issue is that of animal welfare—with or without
biotechnology as a complicating factor. Much of the suc-
cess in increased productivity in agriculture has been the
result of lowered costs through the use of confinement
systems—which some have coined factory farming. The
guestion from an animal welfare perspective is whether
we have gone too far.

The impact of biotechnology on anima well-being is
perhaps the most challenging issue genetic engineering
raises. The technology is most likely impact neutral in
that one could use biotechnology to enhance animal well-
being as well as compromise it. Clearly, biotechnology’s
impact depends on what is done and its effect. If it is
used judiciously to benefit humans and animals, with
foreseeable risks controlled, and the welfare of animals
kept in mind, it is morally defensible and can provide
great benefit.

Food Quality

Information about food quality can be provided through
labeling, brand names, price, and grades. Food grades
are used to classify products according to certain quality
characteristics and are established by the U.S. Depart-
ment of Agriculture (USDA). In particular, they sort a
group of foods with heterogeneous characteristics into
lots of more uniform characteristics. Biotechnology will
challenge the relevance of grades since this new tech-
nology is capable of producing products of uniform high
quality. For example, as discussed above, pST reduces
backfat thickness and increases protein deposition in hogs,

resulting in a final product that is more desirable to a
health conscious society. Current USDA grading criteria
based, in large part, on backfat thickness and degree of
marbling will not be relevant since there will be little. if

any, difference from anima to anima in these charac-
teristics in products produced with the new technology,

For a grading system to be useful, new grading criteria
will be needed. What these new criteria should be and

how they will be measured are open to question. An

argument can be made for providing quality information
via labels to consumers and dispensing with USDA grades
for mogt, if not al, agricultural products.

Intellectual Property Rights

Intellectual property protection is one of the most im-
portant incentives for the commercial development of
biotechnology- and computer-related processes and prod-
ucts. Patents and other forms of intellectual property
(plant breeders' rights, trademarks) provide this protec-
tion. Patents may be issued in the United States for mi-
croorganisms, plants, and nonhuman animals. U.S. patent
law is the most inventor-friendly statute in the world: if
Congress takes no action regarding patentable subject
matter, broad protection for inventions created by bio-
technology will continue. The Patent and Trademark Of-
fice (PTO) issued its first patent on an animal in 1988.
No further patents have been issued since, and the back-
log of applications at PTO now numbers at least 160.
Since the status of patent applications is, by law, con-
fidential, no way exists to determine when or if the patent
office will issue subsequent animal patents; or whether
such patents will have agricultural applications. Con-
gress, through its oversight responsibilities, may require
PTO to explain the present status of any such patent
applications.

Rapid technological advances in computer software is
challenging the intellectual property laws in the United
States and internationally. Copyright law offers straight-
forward remedies for the literal copying of program code,
although enforcement remains a problem. Functional as-
pects of computer programs pose difficult questions for
application of copyright. The protection of software-re-
lated inventions by patent is a fairly recent development
and is controversial. PTO faces considerable challenges
in examining applications for computer-related inven-
tions. An incomplete data base of “prior art” for com-
puter-related inventions makes it difficult for examiners
to judge whether an application describes a “novel”
invention. Improving the database of ‘‘prior art’ is one
important means of improving the quality of the exam-
ination but will be difficult because so much of what
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congtitutes ‘‘prior art’ has been in the form of products,
not literature or issued patents.

MAJOR FINDINGS AND OPTIONS

For any new technology, it is important to weigh the
potential benefits against the risks and possible costs of
its widespread adoption. Biotechnology-related risk as-
sessment focuses on the planned introduction of genet-
ically modified organisms into the environment
(environmental safety) and on the consumption of prod-
ucts derived from biotechnology (food safety).

In many ways this is a difficult time for a new tech-
nology to emerge. Negative experiences with nuclear and
chemical industries have made the American public wary
of new technologies, and confidence in institutions has
eroded. For these reasons, and because the consequences
of environmental introductions of genetically modified
organisms cannot be predicted with certainty, biotech-
nology has been subjected to extensive, apprehensive
scrutiny and regulatory oversight. Many institutions will
choose to “go the extra mile” to ensure public confi-
dence as some policy issues are resolved. In making
policy decisions it remains important, nonetheless, to
distinguish clearly between the technical basis for as-
sessment and regulation of technology-related risks, and
what might or might not be done as an extra step to
maintain public confidence. Balancing safety and insti-
tutional credibility against economic competitiveness will
be a skill much in demand throughout the decade.

Environmental Safety
Findings

Adequacy of a Knowledge Base for Risk Assessment
Analysis-After severa years of experience with planned
introductions, a consensus is growing among scientists
that the risks of planned introductions of genetically mod-
ified organisms into the environment can, for the most
part, be assessed with available analytical capabilities.
Although risk assessment is itself a relatively young field,
the capacity to identify and weigh risks and benefits in
a structured and analytical way has matured rapidly in
recent years. Based on experience with other technolog-
icaly oriented issues such as pollution and its control
and food safety, risk assessment as a field has generated
principles and methodologies that can be adapted for
planned introductions of recombinant-DNA modified or-
ganisms in the environment.

The fields of community ecology, population biology,
population genetics, evolutionary theory, and agricul-

tural sciences as well as others have contributed to our
current understanding of the ecology of planned intro-
ductions. Decades of research in life history dynamics,
competition, characteristics of colonizing species or dis-
turbed habitats, disease resistance, and gene flow have
provided a basis for risk assessment of planned intro-
ductions. Thus, while it is impossible to assess the exact
consequences of any specific planned introduction, the
fact remains that ecological understanding combined with
risk assessment methodologies make it possible to ana-
lyze the potential risk of each introduction before it is
alowed to take place.

Adequacy of a Knowledge Base for Science-Based,
Risk-Based Regulations-Reports of the National Re-
search Council, the Ecological Society of America, and
the Scope document of the Office of Science and Tech-
nology Policy (OSTP) and the Council on Competitive-
ness all advocate science-based and risk-based regulations
of biotechnology applications. The implementation of
such regulations draws on the ability of regulators to
conduct adequate risk assessments, which in turn rests
on the knowledge base and technical capabilities dis-
cussed above.

Regulatory oversight rests with Federal agencies, with
varying degrees of involvement by state regulatory per-
sonnel. USDA’s Anima and Plant Health Inspection Ser-
vice (APHIS) has taken the lead in designing a process
for the evaluation of possible risks and benefits when a
specific planned introduction of a genetically engineered
plant is proposed. Technical information to be provided
by an applicant is clearly defined, so that a thorough,
science-based risk assessment can be performed. Tech-
nical personnel in fields such as genetics and ecology
have joined the staff of APHIS's Biotechnology, Biol-
ogics, and Environment Program (BBEP), to ensure vig-
orous assessments. State regulatory personnel are drawn
into the process so that they can provide additional tech-
nical information specific to local habitats and add an
additional perspective.

The Environmental Protection Agency’s (EPA) Office
of Pesticide Programs (OPP) has extended its review
processes under the Federal Insecticide Fungicide and
Rodenticide Act (FIFRA) to planned introductions of
microbia pesticides; it also cooperates with USDA-APHIS
in reviewing proposals for introduction of pest-resistant
plants. EPA’s Office of Toxic Substances (OTS) has
recently published draft regulations to cover planned in-
troductions of genetically modified microorganisms; sig-
nificant controversy exists as to whether these regulations
are indeed science- and risk-based, or whether they sim-
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ply single out biotechnology for attention because it is
biotechnology. The final status of these regulations, as
well as their implementation processes, is not yet known.
State agencies have yet to be pulled into EPA regulatory
processes to the extent accomplished by USDA.

Extent That Regulations Are Product-Based—Re-
ports of the National Research Council and the Ecological
Society of America stated that the techniques of bio-
technology are not themselves inherently risky or un-
manageable. In line with these findings, the early
Coordinated Framework, the document that established
responsibilities of Federal agencies that regulate bio-
technology derived products, and the principles put forth
by OSTP and the Council on Competitiveness recom-
mend that biotechnology not be regulated as a process.
Rather, a central tenet for biotechnology regulation is
that the various products of biotechnology should be reg-
ulated, just as are products of other technologies.

The product/process distinction has generated a great
deal of controversy in the past. However, as the expe-
rience base with biotechnology has grown, the premise
of judging each product on its own basis rather than
automatically implementing special regulations, has gained
wide acceptance. The extent to which this premise has
been implemented, however, varies among agencies.

Though its focus is on plant pests, USDA-APHIS has
been able to include along with other organisms under
its purview any vector,vector agent, donor organism,
recipient organism,or any other organism or product
produced through genetic engineering if it can be defined
as a pest. This product-selective approach makes it pos-
sible for regulated articles to become exempted from
specia review as evidence indicates their safety.

Under FIFRA, EPA-OPP aso has applied an existing
mandate to products of biotechnology, specifically plants
engineered to produce compounds aiding them in resist-
ing pests. By pulling these ‘‘pesticidal plants under the
rubric of its oversight for pesticides, EPA-OPP seems in
one sense to be focusing on the product rather than the
process by which it was generated. However, a question
exists as to whether or not *‘pesticides is the appropriate
category into which to place these particular products,
especially since naturaly occurring plants produce some
anti-insect compounds (see next section). To assume au-
thority over plants genetically modified to be resistant to
pests, EPA-OPP seems to have chosen to look only at
plants that have gone through a biotechnology process,
leaving naturally-occurring pest-resistant plants aone.

Under the Toxic Substances Control Act (TSCA), EPA-
OTS has promulgated draft regulations for oversight of
microorganisms that do not fall under other authority.
However, under these draft regulations, essentialy all
microorganisms other than those modified through bio-
technology techniques are automatically exempted from
review, whereas those modified through biotechnology
techniques are labeled “new” and therefore subject to
regulation. When the only products subjected to special
review are biotechnology products, a question arises as
to whether or not the regulations are contradicting the
scope principles by focusing on process. The draft reg-
ulations under TSCA have been charged by some with
automatically and unfairly assigning a specia riskiness
to organisms modified through biotechnology, while ex-
empting organisms that are known to be potentialy dan-
gerous but not produced through a biotechnology process.
This discrepancy, and perhaps its final resolution, un-
derscores a central tenet of regulation—that regulation
should be based on scientifically determined risk.

Appropriate Review Authority for Plants Genetically
Modified for Pest Resistance—Under the Coordinated
Framework (figure I-1), which established the respon-
sibilities of Federal agencies with regard to biotechnol-
ogy, EPA-OPP took on authority for plants into which
genes coding for compounds toxic to insects had been
introduced. The premise was that these were special
“pesticidal plants’ that presented risks to the environ-
ment, food, and human health similar to traditional chem-
ical pesticides applied externdly in large volumes to plants.

This premise is questioned for several reasons. Com-
pounds toxic to insects that are part of plant tissue do
not cause pesticide run-off and other such environmental
problems (so long as they are alive); they are distinctly
localized. Furthermore, most of the compounds are not
complex, like many synthetic compounds, and may well
be more readily biodegradable.

Another key argument with the premise of singling
out plants genetically modified for enhanced resistance
to pests is that al plants have natural pest resistance
characteristics. Selection pressures over evolutionary time
have favored the spread of genes in natural populations
that code for characteristics unattractive or harmful to
insects. Making a distinction between genetically mod-
ified plants and natural plants that are pest resistant,
caling the former ‘‘pesticidal plants and the latter sim-
ply ‘‘plants is in fact arbitrary, not science-based. If
the “pesticidal plant” premise is disallowed, an argu-
ment then exists that EPA-OPP is not automatically the
best home for regulatory review of such plants.
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SOURCE: Office of Technology Assessment,1992.
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Finally, EPA-OPP has in the past dealt with chemicals
and, to a small but growing extent, microorganisms.
These are the areas of staff expertise, for the most part,
not plant ecology. The latter is the strength of USDA-
APHIS. In fact, USDA-APHIS currently takes the lead
in assessing applications for field trials of plants genet-
ically modified for enhanced pest resistance. In consul-
tation with EPA-OPP personnel, USDA plant scientists
employ their plant expertise and their established review
system toward this end. Although companies and uni-
versities have moved ahead and conducted tests, the un-
clarified status of OPP's approach to large-scale
commercialization worries these parties as well as State
governments. Treating all crop plants as pesticides would
take an immense toll in State government time and per-
sonnel; yet States cannot plan because they have not as
yet received guidance from EPA as to what is coming.

Appropriateness of TSCA for Biological Commer-
cialization- Can or should a law written for chemicals,
specifically TSCA, be used to cover living organisms' ?
Essentialy, this is happening as the traditional role of
“gap filler” played by TSCA is applied to planned in-
troductions of microorganisms used for purposes other
than as pesticides. Approval for the introduction of mi-
croorganisms rests on determination that they will not
harm human health or the environment. Microorganisms
themselves are not toxic; neither are they likely to be
applied in the volumes typical of chemical applications.
Instead of persisting as do many synthetic chemical com-
pounds, living organisms are eminently biodegradable.
However, because they can potentialy reproduce them-
selves and spread in the environment, their use brings
up concerns different from those aroused by chemicals.

TSCA could be stretched to cover microorganisms.
However, biologically trained staff will have to be given
the authority to develop the procedures and requirements
of the office. Managers will have to acknowledge the
differences between microorganisms and chemicals, and
back up their biologicaly trained staff accordingly, when
different treatments are devised. Paradigmatic shifts in
management policy need to occur if EPA is appropriately
to adapt to living organisms those laws, premises, and
procedures originally designed for chemicals. EPA’ s ability
to evidence such flexihility is questioned.

Managing Risks of Large-Scale Introductions—As
agricultural biotechnology moves toward commerciali-
zation and large-scale planned introductions, the com-
bination of several approaches can maximize benefits and
minimize risk. Technically sound implementation of sci-

ence-based regulations are critical to risk management,
as are technically competent regulatory personnel. In ad-
dition, specific scientific and agronomic methods are
needed to manage risks of particular planned introduc-
tions. Examples are methods to reduce the chances for
horizontal gene transfer or to diminish the surviva po-
tential of any non target recipient of an introduced gene.
Scientists are exploring ways in which the gene of in-
terest, or supplementary genes transferred along with it,
can be designed to constrain the potential for transfer (a
kind of internal, genetic “containment” system).

Agronomic methods can also be used to manage iden-
tified risks. For example, physical or spatial barriers could
be put in place between a field of genetically modified
crop plants and the adjacent field or surrounding natural
vegetation. While this sort of barrier would probably not
be necessary in most cases, in particular cases where
gene flow was of concern (perhaps for canola), this could
be useful. Other mechanisms could be used as well, such
as surrounding afield of genetically modified plants with
barriers of a “trapping” species that attracts any polli-
nators that might otherwise carry genes from one of the
modified crop plants to other plants. The actual need for
such ‘‘separations’ —whether spatial, or temporal—can
be determined by assessing the risk of gene flow or of
establishment of genetically modified organisms.

Photo credit: Grant Heilman, Inc.

A traditional approach to isolation of plants is to spatially
separate desired plants from other plants. Similar
guidelines for spatial separation have been applied to
transgenic plants as well.
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Risks of Genetically Modified Plants or Microorgan-
isms Becoming Pests—Any novel organism potentialy
represents some level of risk to the environment, whether
that organism is naturally occurring or genetically mod-
ified. However, the likelihood of a genetically modified
plant or microorganism actually becoming a pest is rel-
aively low. The long history of agriculture shows that
current crops are not likely to become established as
weeds. Long established mechanisms for containment in
agricultural systems have been highly successful in the
United States. Furthermore, recombinant-DNA modified
organisms, unlike wild, naturally occurring organisms,
are designed to exist only in a specific environmental
regime—the nurturing surroundings of a cultivated field.

Microorganisms modified for agricultural purposes are
constrained somewhat like plants, although they are not
so dependent on cultivation for continued survival. How-
ever, the extensive agricultural experience with micro-
organisms has not resulted in a pest problem. To become
apest, an agricultural plant or microorganism hasto exist
independently of cultivation—outside the planted field.
Several steps are necessary to its success; each one, from
dispersal to the production of viable, competitive off-
spring, is not likely to occur.

Potential for Gene Transfer or Cross-Hybridization
Between Genetically Modified Plants and Wild Plants-
Cross-hybridization, the crossing of two plants of dif-
ferent species to produce fertile offspring, is a rare phe-
nomenon. While gene transfer between individuals of the
same species is straightforward, gene transfer between
different species is not; their genetic compositions are
usually sufficiently different that they do not line up and
match well for the key molecular and cellular events of
reproduction. Even if a transferred gene were involved
in such a cross, it would be cast onto an ‘‘alien’ genetic
background—its expression could be problematic.

Most crop species in the United States do not have
indigenous weedy relatives with which they could cross-
hybridize. Canola is the only mgjor crop for which related
weedy species exist in the United States. The possibility
of cross-hybridization is greater in other countries, where
crop species and related weedy species do coexist. De-
veloping countries, in particular are the centers of origin
for many crop species. As it exports agricultura bio-
technology capabilities, the United States has at least a
moral responsibility to provide advice to developing
countries as to the management of risk from cross-hy-
bridization.

Options

1. The tools of biotechnology offer great potential
to American agriculture; regulatory treatment of ag-
ricultural products derived with such tools will play
a dominant rolein any related gains or losses in eco-
nomic competitiveness. Science-and risk-based reg-
ulation of products can help ensure safety while not
impeding the economy.

. Congress could directFederal regulatory agencies
to make science-based, risk-based regulation of biotech-
nology products (not process) a unifying policy across
agencies.

Thiswould be a clear message to the executive branch
that Congress expects a unified approach across Federal
agencies based on the product not on the process of
biotechnology. Communication through interagency groups
would help to ensure a common approach based on sci-
entifically determined product risk. This approach can
help protect health and environment and, at the same
time, should generate a comprehensive, workable reg-
ulatory apparatus for incorporating the tools of biotech-
nology into American agriculture. However, EPA will
need to address their shortage of technical staff needed
to conduct technical risk-based reviews.

No scientific evidence exists to justify Congress di-
recting agencies to review and regulate biotechnology as
a process, rather than the products produced by it. Never-
theless, EPA-OTS has been accused of regulating the
process of biotechnology, not the products, in its pro-
posed rules. If agencies were to ignore the use of risk
assessment of products and automatically penalize any
efforts made using biotechnology, several impacts would
likely occur. Industries and universities probably would
‘‘agency -shop,’ orienting their efforts toward the agency
with the clearest analytical assessment of science-based
risks—that agency will be the least arbitrary and the most
predictable, an approach certainly favored by industry.
The agency regulating biotechnology as a process sends
out an obvious negative message to industry and perhaps
an equaly important, if more subtle, message to the
public. Regulations based on the assumption that bio-
technology is inherently unpredictable and highly risky
can lead to reverse public reactions and political pressures
that may be detrimental to the economic competitiveness
of American agriculture.

2. Enhanced pest resistance in crops is one of the
most promising applications of new biotechnology tools.
Obstacles to its development could send a negative
message to agribusiness, slowing its incorporation of
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biotechnology as a mechanism fostering increased
economic competitiveness.

. Congress could keep the oversight authority for plants
genetically modified, for enhanced pest resistance under
EPA Office of Pesticide Programs (OPP), but direct
EPA to strengthen OPP.

If oversight of “pesticidal plants” introduced at a large-
scale is to be handled effectively by OPP. several changes
would need to occur. Technical staff with plant expertise
would need to augment current staff; definitions would
have to be clarified, given that some naturally occurring
plants contain more "pesticidal compounds'” than will
the products of biotechnology: communication with State-
level implementors would need to be improved imme-
diately; and a clear approach would have to be articulated
so that the public, industry and academia would know
where the agency stands and how it will implement its
policy.

. Congress could direct USDA-APHISto regulate large -
scale introducation of plants genetically modified for en-
hanced pest resistance.

Since USDA-APHIS-BBEP has taken the lead for field
tests of plants genetically modified for enhanced pest
resistance, APHIS could handle large-scale introduc-
tions. This has the advantages of centralizing plant ov-
ersight and making effective use of an already well
functioning technical staff and organizational unit. The
chief disadvantage would be a disruption in the original
Coordinated Framework, which ascribed authority to EPA-
OPP.

. Congress could direct EPA to work with USDA to
develop a similar model of operation and to report on
progress to Congress within a specified period of time
(e.g. , 6 months).

Despite disadvantages of ‘forcing’ two very different
offices to work closely together, this has the advantage
of alowing USDA to handle any risk concerns related
to planned introductions, while allowing EPA to continue
to handle food-safety concerns related to ‘‘pesticidal’
toxinsin the food supply. USDA has established a strong
track record for taking the lead in field tests of pest-
resistant plants.

3. TSCA isa statute explicitly designed to regulate
activity “for commercial purposes. ” Academic re-
search, therefore, has been exempt from TSCA ov-
ersight. The proposed draft rules for microorganisms,
however, greatly expand the regulatory “net.” One
rationale for including academic research is that
sometimes universities engage in technology transfer

or patent filing, or receive research funds from com-
panies. Obviously, the effects of microorganisms being
placed in the environment by a university scientist are
no different from the effects of those same microor -
ganisms being placed in the environment by an in-
dustry scientist. Concern exists, however, that the
draft rules could have a negative impact on academic
resear ch.

« Congress could allow the proposed rule to stand,
placing the same requirements on academic research as
on industrial research.

Subjecting universities to the requirements placed upon
companies seems contrary to the Congressional intent
behind TSCA. It could have significant negative impacts
on university research. Faced with the added bureaucracy
and high costs entailed by this rule, the majority of uni-
versity researchers might deliberately avoid planned in-
troductions of genetically modified organisms. This would
leave industry in charge of an area of research that could
continue to benefit from broad, objective, openly pub-
lished study. Such a situation would inhibit the produc-
tion of new knowledge for use in future risk assessments.
However, it is an arbitrary decision to exclude univer-
sities automatically from oversight—the release of or-
ganisms that pose a risk should be regulated regardless
of who conducts the release.

. Congress could direct EPA to develope an oversight
mechanism for planned introductions as an alternative
to the proposed TSCA rule.

Universities could make use of their already existing
system of oversight committees and institutional bio-
safety officers to regulate biotechnology field trials *‘in
house'. Just as the Institutional Biosafety Committees
(IBCS) review laboratory research involving recom-
binant DNA, they could review proposals for planned
introductions. It would entail education of laboratory-
oriented personnel as to the ecological considerations
of field release, as well as possible expansion of com-
mittee membership to include appropriate disciplines.
Serving on an IBC is a time-consuming effort for uni-
versity personnel. Many feel that there are aready too
many university committees on which they must serve.
Use of IBCS to provide oversight is a possible trade-
off for the university between being able to conduct
this research or not.

. Congress could direct EPA-OTS to develop special
procedures to minimize or eliminate any unwarranted
regulatory burden on universities, to ensure that public
research continues in this area, and to report to Congress
on the method selected and its results.
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This option would still hold public scientists account-
able but would be aimed at lessening the regulatory bur-
den if the appropriate procedure is used. Several possible
procedures exist. One possibility would be that the agency
funding the research would have the responsibility for
monitoring and reviewing the work. As part of the fund-
ing contract, the principal investigator would agree to
follow EPA guidelines on management and to contact
EPA if the need arose. This makes it possible for the
funding agency to monitor the project and enforce reg-
ulations through the distribution of funds.

Another approach is to streamline the application for
public researchers. For example, an abstract of a grant
proposal could be required to contain specific information
that would be sufficient to trigger important questions
that arise about the project from EPA. Another possibility
would be for EPA to set aside a budget for reimbursement
of costs incurred in filing an application. However, even
if a cost-savings mechanism is developed, a bureaucracy-
minimizing mechanism will aso be necessary if Congress
desires to encourage public researchers and their home
institutions to conduct the objective research that will
contribute further to our knowledge base.

, Congress could amend TSCA to exclude universities

or to provide alternative means to regulate academic
research.

An argument can be made for including academic re-
searchers. Obviously, genetically modified organisms re-
leased into the environment by a public researcher have
the same effect as the same organism placed into the
environment by an industry scientist. On the other hand,
concern exists about the legal precedent that could be set
by extending TSCA’s scope to noncommercial research
and that it could have a negative impact on research. An
application fee for a single field trial costs between
$180,000 and $600,000. Even the lower cost is more
than most universities or research grants are able to cover.
Even though companies have personnel and a budget to
cope with regulatory processes, universities for the most
part do not have regulatory policy offices or the budget
for filing applications. However, if universities and in-
dustry worked together, industry would benefit by not
having universities file applications. Congress could make
its intent for universities clear by stating it in legidative
language through TSCA.

4. As large-scale planned introductions become im-
minent, companies are looking to the regulatory agen-
cies for guidance asto how to proceed. Clear guidance
is critical to commercial development of agricultural
biotechnology.

. Congress could direct EPA-OPP and OTSto clarify
their regulatory approaches to large-scale introductions
and report back to Congress on their approaches within
u specified period of time.

Interagency work groups, as well as the leadership of
EPA, can orient efforts toward assisting EPA staff in
clarifying the regulatory guidelines. A flexible approach
seems appropriate. Clarifying regulatory guidelines would
be particularly helpful to agribusiness working with
“pesticidal  plants’ or microorganisms other than micro-
bial pesticides. USDA-APHIS-BBEP could provide model
mechanisms for clear communication of requirements,
use of input from outside the agency, addition of tech-
nologically-trained personnel, and creation of an effec-
tive structure as well as clarification of direction.

. Congress could direct EPA to continue on its present
course.

Thisis basically a status quo option. It would mean a
continuation of the lack of clarity of regulatory policy
for potential applicants at the large-scale stage. This lack
of predictability could have a negative impact on indus-
try. The absence of applications to EPA-OTS for envi-
ronmental releases under TSCA over the last year illustrates
industries’ response to lack of predictability in the reg-
ulatory arena. It also undermines public confidence in
the ability of regulatory agencies to regulate biotechnol-
ogy.

. Congress could conduct over-sight hearings of EPA

and USDA regarding regulatory policy for large-scale
release.

Oversight hearings could assist the agencies to develop
policy to meet congressional intent for regulating these
products even though the regulatory agencies have stated
that current laws are sufficient for regulation of products
derived from biotechnology. This could help clarify dif-
ferences in laws written primarily for chemicals instead
of genetically modified organisms.

5. Institutions handling new technology must win
public confidence and be responsive to public con-
cerns. A balance between maintaining the public in-
terest and ensuring industry competitiveness must be
achieved.

. Congress could direct EPA and USDA to emphasize:
1) increased input of public participation into their Sys-
tems; 2) an open process, 3) scientifically sound pro-
cedures communicated clearly to other scientists; and 4)
follow-up on appropriate cases.
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Most systems can be made sounder when external in-
put is factored into decisions. External advisory com-
mittees, hearings, and informal workshops are examples
of mechanisms by which Federa agencies can obtain
such input. EPA-OPP for example, cosponsored work-
shops on transgenic plants to gain scientific advice as
they deliberated their approach to “pesticidal plants’
and has used its scientific advisory board in deliberations
over TSCA draft rules. USDA-APHIS has held a variety
of conferences and workshops on planned introductions,
stressing public input and State officials input. In fact,
USDA-APHIS has made State input an integral part of
its review process, EPA could wisely adopt this approach
in OPP and OTS.

By developing scientifically sound procedures for de-
termining data needs and communicating them clearly,
an agency can build an accessible database and contribute
to and benefit from the input of the scientific community.
USDA'’s Agricultural Research Service is complement-
ing the work of APHIS by building a database on field
tests.

Parties concerned about a new technology want to
know that potentially problematic cases are being sub-
jected to close follow up. While USDA and EPA can
and do impose monitoring requirements on field tests,
both agencies could benefit from implementing more ex-
tensive follow upon specific cases that might prove trou-
blesome (perhaps by monitoring indicators identified for
a Possible worst-case scenario). This is, of course, time
consuming. However, if implemented, it should be used
in a rigorous manner, so that undue burdens are not
placed on straightforward cases, yet so the public feels
secure in the knowledge that problematic cases will be
tracked after introduction.

. Congress could require regulatory agencies to de-
velop explicit plans for building public confidence and
report those plans to Congress.

This option would give agencies maximum flexibility.
It would alow for the evolution of regulation based on
the experience of the agency. Moreover, this approach
would alow for a solution to be developed within the
agency as opposed to it being imposed on the agency
from outside. Reporting the plan to Congress would al-
low the public to express its opinion and to exert pressure
on the agency to change those parts of the plan found to
be unacceptable. On the other hand, this process is time
consuming for the agencies and Congress. With the large
demands on Congress, some members probably would
be concerned that it was not the best use of their time.

. If regulatory agencies fail to maintain public con-
fidence, new Law(s) or congressional oversight could be
established to satisfy the public demand for account a-
bility.

This option isrelatively drastic and could have severa
disadvantages. Managing a system from the outside in-
vites logistical and other difficulties. Moreover, the ten-
dency with this approach would be to “freeze” procedures
a a particular moment. This could hamstring the natural
and positive evolution of regulation, such as the gradual
extraction of generic principles from case-by-case re-
views. More generally, this approach would be more in
the nature of imposed management rather than a solution
developed within the agencies, and as such, its own cred-
ibility may be weakened. However, it is an option that
could ensure accountability to the public if regulatory
agencies are incapable of doing so themselves.

Food Safety

Biotechnology is not so different from previous agri-
cultural technologies as to raise novel scientific issues
concerning the safety of foods. What is substantially
different, however, is the climate in which this new class
of technologies is being introduced. Society in general
is more skeptical of the need for new technologies. Sci-
entific illiteracy combined with a lack of knowledge about
agriculture and biology leads some people to misunder-
stand how and why these technologies will be used. So-
ciety is aso skeptical of how new technologies are
developed and regulated. Scandals involving institutions
that develop and regulate these technol ogies have shaken
the public’s confidence in the ability of these ingtitutions
to carry out their activities responsibly. Public confidence
will sink further if the public feels that food safety stan-
dards are too lax, are fraught with scientific uncertainty,
or are not adequately enforced.

In addition, uncertainty exists within industries as to
how new food technologies will be regulated (table 1-
3). FDA policy has been a long time in the making for
biotechnology-derived products. EPA has yet to establish
guidelines on data requirements to establish residue tol-
erances for pesticidal plants, and USDA’s Food Safety
and Inspection Service (FSIS) has not established guide-
lines concerning transgenic animals. Genetically engi-
neered products, plants in particular, are approaching
commerciaization at a faster rate than was anticipated
even 5 years ago. These agencies no longer have the
luxury of long time frames in which to articulate policy.

An end to the uncertainty over how these products will
be regulated is needed. Additionally, general need exists
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Table 1-3—Federal Agencies Primarily Responsible for Food Safety

Agency

Principal statutory authority

Responsibilities

Food and Drug Administration

USDA-Food Safety and Inspection Service

USDA-Agricultural Marketing Service

Environmental Protection Agency

National Marine Fisheries Service and
Food and Drug Administration

Federal Food, Drug, and Cosmetic Act

Federal Meat Inspection Act and the
Federal Poultry Products
Inspection Act

Egg Products Inspection Act

Federal Insecticide, Fungicide,
Rodenticide Act
Federal Food, Drug, and Cosmetic Act

Agricultural Marketing Act

Safety/quality/effectiveness of animal
feeds and drugs, and all foods except
meat and poultry

Safety/wholesomeness/accurate label-
ing of meat and poultry products

Safety/quality of egg products and shell
eggs
Safety of pesticide products

Pesticide residue tolerance in food/
feeds
Voluntary seafood inspection

SOURCE: Office of Technology Assessment,1992.

to regain public confidence in the regulatory agencies
responsible for determining the safety of new biotech-
nology products.

Findings

Establishment of Federal Regulations and Guide-
lines Concerning Biotechnology FoodProducts—in the
first half of the 1980s, it was anticipated that animal
biotechnologies would be developed more quickly than
plant biotechnologies because more was known about
animal physiology than plant physiology. However, sev-
eral scientific breakthroughs have speeded progress to-
ward transgenic plants and some are now in various stages
of field testing. As transgenic plants approach commer-
cialization, scientific guidelines for assessing their safety
will be needed. Further delay in establishing Federal
regulations and guidelines could cause a competitive dis-
advantage to industry, as well as continue to undermine
public confidence in the ability of regulatory agencies to
establish a clear policy concerning biotechnology.

FDA is now wrestling with the question of whether to
classify al, none, or some transgenic plants as food ad-
ditives and to require a food additive petition for these
foods. In May 1992, FDA published a preliminary pro-
posal regarding the regulation of new varieties of ge-
netically modified crops. This policy states that FDA is
concerned with the characteristics of the food product
and not with the method used to produce the product.
Thus, new genetically modified crop varieties will not
automatically be required to obtain a food additive reg-
ulation. New varieties that do not contain new toxicants,
elevated levels of inherent toxicants, altered nutrient
composition or bioavailability, or enhanced allergenic
potential may be regarded as not significantly different
from conventionally produced new varieties that are gen-
eraly regarded as safe. These varieties could be marketed

without premarket oversight by FDA. The adulteration
clauses of the Federa Food, Drug, and Cosmetic Act
could be used to remove these varieties from the market
if FDA disagrees with a firm’'s safety evaluation. Vari-
eties that contain substances (either gene expression prod-
ucts or unintended products) that differ significantly in
structure, function, and composition from substances
currently contained in foods may be required to obtain
a food additive regulation.

The lack of a priori oversight of some new varieties,
however, may till leave considerable uncertaintiesin the
minds of the public, at least for the first generation of
products developed. Public confidence in the process
may till require at least a minimum review of the product
prior to commercia release. Such review may consist of
notifying FDA of the development of a transgenic crop
and provision of a minimum level of data so that FDA
can make a determination as to whether a food additive
petition will be needed. Such a notification process could
be open to the public so that any significant concerns
can be identified. Additionally, public interest groups
have expressed opposition to the policy and have threat-
ened legal action to prevent its implementation. The pol-
icy is currently open to public comment, and could be
subject to revision. Congress may yet be required to
intervene in the development of food biotechnology reg-
ulations if differences cannot be resolved in a timely
fashion. If such action is needed, several options are
available to Congress.

Public Confidence in the Decision making Process—
One method of enhancing public confidence in the reg-
ulatory process is to make that process open and acces-
sible and to increase public participation in the process.
Opponents of increased public input in regulatory deci-
sionmaking processes argue that citizens lack the training
needed to understand complicated scientific and technical
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issues, and as such their participation only delays the
agency’s decisionmaking without offering any offsetting
benefits. Critics also fear that public representatives may
act in emotional and irrational ways and make unrea-
sonable demands. Those who support increased public
input argue that such input is invaluable in establishing
the legitimacy of regulatory decisions. Indications also
exist that public participation can increase the compre-
hensiveness of agency decisions by encouraging the
agencies to focus on a wider range of issues and values
than they normally would. Lastly, it is hard to justify no
public participation in regulatory processes in a demo-
cratic society.

The public will not make the regulatory decisions—
that isthe responsibility of the State and Federal agencies
whose statutory authority requires them to ensure a safe
and wholesome food supply. However, public confi-
dence that these agencies are fulfilling their responsibil-
ities will be enhanced if there are mechanisms available
for public questions and concerns to be heard and ad-
dressed prior to decisionmaking by the regulatory agency.
At present, public input into the regulatory process con-
sists of notification and comment procedures and partic-
ipation on advisory committees.

Recent revelations that companies have withheld neg-
ative research results from regulating agencies have also
undermined public confidence and raised serious ques-
tions about the process used in making safety assess-
ments. Currently, manufacturers of technology submitted
to the regulating agency for approval aso perform the
safety assessment following guidelines established by the
agency. This situation creates potential conflicts of in-
terest. Most companies are honest, but given the current
climate of public skepticism, the appearance of impro-
priety may be sufficient to prevent consumer acceptance
of a new technology. Given the lack of public under-
standing about biotechnology, doubts about the validity
of the safety data used to make regulatory decisions for
this new class of products could be substantial. There
may be merit in considering a safety assessment process
that includes independent testing of products.

Tradeoffs Between | ndustry Competitiveness and So-
ciety's Right to be Informed About Health and Safety
issues—Public interest groups argue that industry claims
too much scientific data as confidential business infor-
mation (CBI) when submitting a new technology for agency
approval, thereby limiting the amount of health and safety
data available to the public. On the other hand, industry
feels that there is too little protection of proprietary data
by Federa regulatory agencies. Achieving the proper

balance between protecting proprietary rights and dis-
closing health and safety data to the public is a delicate
undertaking.

Disclosure practices are regulated by the Trade Secrets
Act and the Freedom of Information Act. The Trade
Secrets Act of 1982 subjects government employees to
criminal penalties for the disclosure of proprietary data
unless authorized by law. The Freedom of Information
Act (FOIA) of 1982 permits agencies to protect trade
secrets and commercial and financial information that is
confidential. Both laws seek to protect information that
would be of commercia value to a firm’'s competitor.
However, a congressional order mandates that EPA and
FDA release some types of scientific data in certain cir-
cumstances.

The FDA has restrictive CBI policies. Although Con-
gress has mandated that health and safety testing data for
new drugs can be released after another manufacturer
becomes eligible to sell the drug unless extraordinary
circumstances are shown, little data are actually released.
This is in part because FDA defines extraordinary cir-
cumstances to include any claim that the data are CBI,
such as a claim that it could be used by competitors in
foreign countries.

While FDA usually does not release safety data, it did
in the case of bovine somatotropin (bST). For the first
time in FDA history, FDA published an article in a peer
reviewed scientific journal detailing how FDA reached
its conclusion that bST was safe for human consumption.
Specific safety data were presented. Additionaly, the
National Institutes of Health (NIH) and FDA hosted a
scientific meeting with public participation to discuss
food safety concerns of bST. FDA has also published an
article explaining why FDA granted GRAS status to the
genetically engineered enzyme chymosin. Thus, FDA
has shown that it is possible to release such information
when it is in the public interest.

FIFRA protects CBI, but alows release of health and
safety testing data for registered pesticides. Also, data
concerning production, distribution, sale, or inventories
of a pesticide maybe released in connection with a public
proceeding if disclosure is in the public interest. Thus,
FIFRA permits the release of health and safety data after
the decision is made but not during the process.

After notification of a food additive or pesticide reg-
istration petition has been published, under FOIA, re-
guests for safety data can be made. However, sometimes
it is not possible for agencies to determine whether or
not information is CBI in the time allotted to them to
make a regulatory decision. Attempts to mitigate these
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problems include requesting that companies restrict their
CBI claims and that they justify their claims of confi-
dentiality at the time they submit a petition.

Decisions to disclose CBI focus on whether or not
such disclosure will be harmful to the company. No at-
tempt is made to weigh this harm against the public’s
right to be informed about health and safety issues that
might affect them. Other countries, most notably Canada,
have taken the approach that disclosure of health datais
authorized if it is in the public interest as it relates to
public hedlth, public safety, or protection of the envi-
ronment and if it clearly outweighs in importance the
financial loss to the competitive position of a company
or person.

Enforcement of Regulations-Research indicates that
a significant factor in public lack of confidence in reg-
ulatory agencies is concern that regulations are not ad-
equately enforced. For example, although Federal law
bars sale of produce with pesticide residues above Federal
tolerances, recent studies show that consumers are will-
ing to pay for labels assuring them that these tolerances
are in fact not exceeded. If the public is to regain trust
in regulatory agencies, enforcement of regulations will
need to be improved.

Thiswill be difficult as biotechnology becomes a new
focus of public concern and a new arena of regulatory
responsibility. The regulatory agencies do not have the
resources to increase enforcement activities significantly.
A recent General Accounting Office study found that the
regulatory agencies involved in food safety had fewer
staff, less funding and a larger workload in 1989 than in
1980. Available resources aready are being stretched,
and must be spread even thinner to develop new multi-
residue assay procedures and sampling methodologies for
tracking genetically modified organisms. A new ap-
proach to food safety assessment must be developed as
well. Traditional approaches to safety assessments of
food additives are inappropriate for the assessment of
whole foods because large enough quantities of the food
cannot be fed to test animals without invalidating the
results of the test. New assay and testing methods ap-
plicable to genetically modified foods will thus be needed,
and this will require additional agency resources.

Labeling—Many consumers have expressed a desire
that food products developed with biotechnology be so
labeled. However, while consumers express a desire to
have accurate and verifiable labels, many of them are
not willing to pay much for those labels. For example,
approximately one-third of consumers do not seem will-

o
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Chemist evaluates a screening assay for residues. New
analytical methodology will need to be developed for
biotechnology-derived foods.

ing to pay anything for labels; another 5 to 10 percent
of consumers seem willing to pay as much as 50 percent
higher food prices for labels. Most consumers seem will-
ing to pay 5 to 10 percent more for labels. Clearly a
labeling proposal that is expensive will not be popular
with most consumers.

FDA has stated in its preliminary policy that generic
labeling of biotechnology food products will not be re-
quired but selected products may require labeling. Such
products include those for which nutritional composition
has been altered or potential allergens introduced.

International Coordination—The United States an-
nually imports billions of dollars worth of food products,
many from countries that also use biotechnology in their
food industries. If U.S. food safety regulations concern-
ing biotechnology substantially differ from other coun-
tries’ regulations, difficulties could arise. U.S. producers
will likely beat a competitive disadvantage if U.S. policy
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is substantially stricter than that of other countries. En-
forcement will be difficult—no generic methods exist to
detect genetic modification. Reliance on the word of
other countries that their products contain no biotech-
nology-derived constituents may or may not be accept-
able. If U.S. regulations are substantially less stringent
than those of other countries, then the U.S. agricultural
export market could suffer. Agricultural commodities are
a magjor export of the United States. Thus, international
coordination will be paramount. Preliminary FDA policy
is consistent with international organizations' working
papers and reports on food safety assessment procedures
for genetically modified organisms.

Options

1. FDA and EPA no longer can delay the devel-
opment of final regulations and guidelines because
transgenic plants are approaching commercialization.
FDA has the choice of requiring a food additive pe-
tition for all, some, or no transgenic plants.

. Congress could monitor the development of regu-
lations and conduct oversight hearings of FDA and EPA
to determine why final regulations and guidelines do not
exist and to have them report back to Congress with
recommendations in these areas within a specfied period
of time.

This would be a strong signal to the executive branch
that Congress is concerned about the delay in providing
guidance to the private sector for these new technologies.
An oversight hearing would provide the agencies with
an opportunity to explain their rationale and concernsin
establishing regulations for these new products and allow
Congress the opportunity to provide guidance and direc-
tion to the agencies.

Congress and the Executive Branch through EPA,
FDA, and USDA have a number of options for reg-
ulating transgenic organisms. The following part of
Section 1 illustrates options available.

. Congress or FDA could establish categorical exclu-
sions to the requirement of a food additive regulation for
certain transgenic organisms and require a case-by-case
approach for the remaining products.

Essentialy, this is the policy chosen by FDA. Trans-
genic organisms that involve gene products that are widely
present in the current food supply, and do not introduce
new toxicants, elevate levels of existing toxicants, alter
the composition or bioavailability of nutrients, or transfer
alergenic components, and that use safe marker and pro-
moter sequences can be excluded from the need for a

food additive regulation. These products do not introduce
new food compounds into the food supply and they have
no unintended effects. Therefore, FDA states that they
can be classified as GRAS because they are equivalent
to traditional new varieties that historically have been
given GRAS status. Only products that contain compo-
nents that are significantly different in structure, func-
tion, and composition may be required to obtain a food
additive regulation on a case-by-case basis. This option
is arisk based option that requires extensive safety testing
for products that are not normally found in the food
supply, and less testing for products that contain sub-
stances already widely consumed. It places responsibility
for the initial food safety assessment with industry. Lack
of FDA oversight, especialy for the first generation of
biotechnology-derived food products, may raise public
concerns. A number of public interest groups have in-
dicated their opposition to this policy.

. Option: Congress or FDA could establish a policy

similar to the preliminary policy articulated by FDA,
and include a formal natification procedure.

Such a policy would require the establishment of a
system for notifying FDA when a new transgenic crop
is marketed. As currently outlined, FDA policy alows
firms to determine if a new variety contains components
that are already widely consumed. Thus, firms can make
a determination about the GRAS status of new biotech-
nology products without consulting FDA. In the begin-
ning, it is quite likely that most firms will consult FDA
prior to marketing a new biotechnology-derived variety,
but they are not required to do so. This situation is likely
to create considerable apprehension among the public.
Thus, a forma system of notification may be desirable.

The notification process could include safety data
the company used to determine that the product was
GRAS. Such data includes the identity of the host and
donor organisms, information on the genetic construct,
and information on the physiology of the gene product.
Additional information required could include com-
positional data. A comparison of nutrient and toxic
component levels in transgenic and counterpart tradi-
tional crops could be included, as well as data on al-
lergens. This type of information will be available in
the development of transgenic organisms and is re-
quired for a company to make its determination of the
regulatory status of the product. Thus, requiring this
information to be on record with FDA should not pres-
ent undue burdens on industry. However, requiring
FDA to review and act on this information for all trans-
genic crops will place a strain on the agency’s re-
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sources. Most likely FDA will need additional resources
to implement this policy.

The notification process could be open to the public
so that they can raise concerns and issues regarding trans-
genic organisms. It may also be useful for FDA to use
an advisory committee to comment on the data presented.
If an advisory committee is used, representatives from
the public could be included along with technical rep-
resentatives.

Such a policy might be effective for the safety as-
sessment of the first biotechnology food products de-
veloped. It would alow FDA to provide at least minimal
oversight over all biotechnology food products, assure
the public that scientific information is available, and
thus, might alleviate some public concern. In the short
run, such a policy may appear to result in unnecessary
regulation of these products. However, it may be the
price industry must pay to have their products accepted
by the public, at least in the initial stages of commer-
cializing biotechnology food products.

. Congress or FDA could require a food additive
petition for all transgenic crops.

This policy would force al transgenic food products
to undergo a premarket safety approval process. It would
only be based on a risk assumed to be inherent in the
process of genetic engineering, an assumption not sup-
ported by scientific data. This policy would likely delay
commercialization of transgenic crops already being de-
veloped and possibly could inhibit the development of
additional transgenic crops. On the other hand, this pol-
icy would not be inconsistent with a broad interpretation
of the food additive definition. And it probably would
soothe some consumer fears and uncertainties about these
products.

. Congress or FDA could establish some categorical
exclusions of transgenic food products from the require-
ment of a food additive petition, and could require all
other biotechnology products to meet the requirements
of a food additive petition.

Once again categorical exclusions might include trans-
genic crops that do not contain components that are sig-
nificantly different from those currently present in the
food supply and for which unsafe, unintended compo-
nents have not been introduced. This policy would be
more risk based than requiring all transgenic organisms
to meet the rigors of a food-additive petition, because
transgenic organisms that are essentially the same as
products that have historically been viewed as safe would
not be required to undergo premarket approval. This pol-

icy would ease some of the burden on industry. There
may still be public apprehension with respect to those
products that have been excluded.

Z Congressor FDA could establish a policy in which
the gene expression product is classified as a food ad-
ditive if the same traditionally processed product would
have been classified as such. It could exclude from the
food additive definition gene products that would not
have been classified as a food additive if produced by
traditional means.

Gene products that might be excluded as food additives
are those that would code for agronomic functions such
as drought resistance. This policy is based more on the
intended use of the gene product rather than any safety
risk that the gene product may pose, but would be con-
sistent with how FDA has historically interpreted the food
additive amendment. It would, however, be difficult to
justify on scientific grounds.

. Congress or FDA could establish a policy that the
requirement for a food additive petition for transgenic
organisms be determined on u case-by-case basis for
each transgenic organism.

Such a policy would allow FDA to provide oversight
of al biotechnology products. This would provide the
public with an assurance that al transgenic organisms
would be reviewed by FDA. However, continuation of
this type of policy indefinitely could overwhelm FDA,
since the number of products that could be developed is
large. At some point, FDA will likely need to categorize
some products as GRAS, just as it does with chemical
additives.

. Congress or EPA could establish guidelines for the
safety evaluation required to establish pesticide toler-
ances for whole plants.

Currently, EPA does have guidelines for transgenic
pesticidal microorganisms, but has yet to establish such
guidelines for whole plants. Transgenic plants producing
pesticidal compounds, such as Bt producing plants, are
completing small-scale field trials. Guidance from EPA
for dealing with such plants no longer can be delayed.
Establishment of safety guidelines will require a new
assessment paradigm (discussed later). Additionally. be-
cause States, FDA, and USDA enforce pesticide toler-
ances, EPA needs to work closely with appropriate agencies
in establishing tolerances. EPA’s work with States needs
improvement in this area. Only recently has EPA even
begun to compile alist of contact persons in State agen-
cies. This ignoring of States could easily lead to State
laws that are incompatible with Federal regulations, or
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to gaps in State authority or expertise to carry out Federal
regulations. Congressional hearings and oversight may
be necessary if EPA does not improve this situation.

. Congress or USDA -FS S could establish guidelines
concerning transgenic animals.

USDA-FSIS plans to release guidelinesin the near future
concerning the slaughter of experimental animals in which
gene transfer attempts failed. Guidelines concerning the
slaughter of transgenic livestock are still in early draft form.
Of particular interest will be guidelines concerning the
slaughter and potential food use of transgenic animals that
produce pharmaceuticals. FSIS and FDA have established
ajoint committee to deal with issues that jointly affect the
two agencies. Careful monitoring of how successful this
committee is may be required.

2. Public confidence in theregulatory process needs
to be enhanced. Making the regulatory process open
and accessible to the public and above reproach is a
key factor in providing trust and confidence in the
decisionmaking process.

. Congress could direct agencies (FDA, USDA) to
establish mechanisms to allow for increased public par-
ticipation and to report their results to Congress within
1year.

This option sends a clear message to the agencies that
Congress is concerned about the public's view of regu-
latory agencies and that the public should be more in-
volved in the decisionmaking process. It gives maximum
flexibility to the agencies to determine the method of
incorporating the public’s input.

A number of mechanisms are available. For example,
Federal agencies could establish criteria by which local
agencies can be notified any time significant risk or unique
guestions arise that are pertinent to them. Agencies may
wish to adopt a procedure similar to that used by FIFRA,
i.e., notification of petitions received, and if public in-
terest warrants, an informal hearing. Increasing public
participation will require increased resources and risk
politicizing decisions, but could also enhance public con-
fidence in the regulatory process. It might cost less in
the long run.

. Congress could direct the agencies to crease the
use of advisory committees for decisions involving bio-
technology and to change the composition of their mem-
bership to increase the number of nontechnical public
representatives.

For FDA, advisory committees could help establish
GRAS and the minimum information needed for food
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additive applications of genetically engineered whole foods.
These committees could be used as a first screening
mechanism to see if a food additive petition is actualy
needed. Public meetings help assure the scientific validity
of the process. EPA might also use advisory committees
to establish tolerances for genetically engineered plants
with pesticidal properties. This might be helpful since
in-house expertise to handle this responsibility seems to
be lacking. Advisory committees might also prove useful
to USDA in establishing a policy on transgenic animals.
The credibility of any advisory committee will be en-
hanced if it includes public representatives.

FDA may need to consider granting current nonvoting
members of its advisory committees the right of full
voting membership. And they may need to expand the
list of technical fields beyond MDs from which experts
are drawn.

Use of advisory committees presents some logistical
problems and requires additional resources, but provides
expertise that currently may be missing. Additionally,
the possibility that non-technical representatives will pur-
sue political agendas and unnecessarily delay committee
decisions exists. However, used properly, such repre-
sentatives can focus the attention of the committee on
issues that might otherwise be overlooked and provide
legitimacy to committee decisions.

« Congress could direct the agencies (EPA, FDA,
USDA) to change the notification procedures for advisory
committee meetings.

The standard method of notification for advisory com-
mittee meetings involves publication in the Federal Reg-
ister. Few members of the public know what the Federal
Register is, much less read it regularly. Also, notices
published are written by and for those individuals knowl-
edgeable in the field and, thus, the general public might
not be clear as to what the issue is. Additionally, most
meetings are held in Washington, DC. Agencies could
have committees convene in different cities and publish
announcements, other then the Federal Register, that are
more likely to be noticed by a wider public. Such activ-
ities are likely to be more expensive than current ones,
however, but make the decision-making process more
accessible to the public.

. Congress may wish to appoint a task force to study
the role of independent safety testing of biotechnology
products.

Independent testing is unlikely to be popular with in-
dustry, however, a growing perception exists that com-
panies are withholding negative data and that the safety
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review conducted by regulatory agencies is made without
accurate and complete data. Enhanced authority to sub-
poena data by regulatory agencies, most notably FDA,
could be useful. Additionally, it may be worthwhile to
consider establishing independent testing of products.
FDA, for example, rather than companies could choose
outside investigators to perform selected safety assess-
ments, and these contractors could report results directly
to FDA rather than the companies. A study to consider
the broad range of implications of such a change would
be warranted before implementation.

3. Publicinterest groups argue that industry claims
too much scientific data as confidential business in-
formation (CBI), and that this restricts the amount
of health and safety data available to the public. In-
dustry arguesthat thereistoo little protection of pro-
prietary data and that this situation adversely affects
their competitive position. Achieving the proper bal-
ance between protecting proprietary rights and dis-
closing health and safety data to the public is a delicate
endeavor.

« congress could encourage FDA to publish more
scientific review articles and hold public meetings in
cases that generate public interest.

Clearly it is possible for FDA to release considerable
health and safety information to the public as it has done
for bST. The public controversy surrounding this product
apparently outweighed any competitive disadvantage
presented to the firms producing bST. Such a policy
might prove useful in responding to public concerns about
other biotechnology products and potentialy could en-
hance the accountability and credibility of FDA deci-
sions.

. Congress could conduct oversight to provide in-
creased guidance to regulatory agencies attempting to
encourage firms to reduce CM voluntarily.

Congress could monitor whether health and safety data
are being made available as products approach commer-
cialization or if firms withdraw their voluntary cooper-
ation and claim more data as CBI. If firms increase CBI
claims, Congress could direct Federal agenciesto require
firms to justify CBI claims when a petition is submitted
rather than waiting until a FOIA request is made. Cur-
rently, firms realize that it takes regulators longer to
determine the validity of CBI claims than the time allotted
to make regulatory decisions. This could encourage some
firms to make CBI claims of data that in fact are not
confidential.

Congress could also direct agencies to facilitate re-
consideration of a decision if CBI data are released after
aregulatory decision is made and causes public concern.
Currently, firms can avoid public disclosure of data dur-
ing the regulatory process simply by claiming confiden-
tiality and know that the regulatory decision will not be
reconsidered. If the decision is allowed to be reconsi-
dered, firms may reduce their CBI claims.

Industry will oppose increased disclosure of safety data
because it will erode their competitive position, On the
other hand, with the current climate of public skepticism
of new technologies and regulatory agencies, increased
industry accountability and public disclosure of safety
data may be required of business.

. Congress could liberalize the CBI policy.

Congress could direct FDA to release data it is cur-
rently authorized to release but generally does not. Con-
gress could consider adopting a regulatory policy similar
to that used in Canada which would weigh any harm to
the company against the public’s right to be informed
about safety concerns. Current policy considers only the
harm to firms. As alast resort, Congress could force the
disclosure of health and safety data. Once again the po-
tential harm to the competitive position of companies
must be weighed against the public's right to be aware
of potential safety risks and to regain public confidence
in the regulatory process. Industry probably will object
to an easing of CBI policy. Public support, on the other
hand, may be equally strong for disclosure.

4. Genetically modified foods will require a new
paradigm for food safety evaluations. Changes in data
needs, assay procedures, and sampling methodologies
will be required.

. Congress could fund the development of new ana-
Iytical methodologies and assay procedures through the
National Institutes of Health (NIH).

New analytical methods for whole food assessments
must be developed if FDA is to determine the safety of
genetically modified crops, and to monitor foods once
they are marketed commercially. NIH, in coordination
with FDA, could provide funding to develop food ana-
Iytical technologies, These new technologies and as-
sessment procedures would be useful in determining the
safety of genetically engineered foods and could also
enhance research programs such as the designer foods
project (a component of cancer research) and nutritional
programs.
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. Congress could provide funds to NIH for the de-
velopment of databases detailing the normal range of
nutritional and toxic components of food.

Major nutrients and toxic substances in food have been
identified, but additional information is needed to assess
these food components, such as the quantities at which
they normally are present in foods and their chronic im-
pacts on humans. Assessment of such information will
be needed to determine whether genetically modified foods
present greater safety risks than do foods currently con-
sumed.

. Congress could direct FDA and EPA to request that
assay procedures developed by firms to detect additives
be readily adaptable for use under field conditions.

Currently, when firms submit a food additive petition
or a pesticide registration, they are required to provide
an assay method to detect residues or additives in food.
Generaly, the method provided applies to a single res-
idue and requires sophisticated instrumentation for iden-
tification and quantification. Agencies might require
multiresidue assay methods that are more readily usable
under field conditions than they are today. The residues
would have to have some similar characteristics for a
multiresidue technology to work. Development of such
assay methods may create technical difficulties and are
likely to create added costs for industry. However, they
would improve monitoring and enforcement activities of
regulatory agencies, an issue of particular importance to
the public.

5. Surveys clearly show that consumers desire ad-
ditional information about the foods they consume.
Labeling is a method to provide this information, es-
pecially for those concerned about foods produced
from biotechnology.

. Congress could mandate that all food products con-
taining constituents derived from biotechnology be so
labeled.

This would satisfy the desire of the public to be able
to identify foods derived using biotechnology. But it
probably would be expensive to provide labels and dif-
ficult to verify label information. No generic means exists
today to identify whether a food constituent, such as a
kernel of corn that will be ground into meal, has been
genetically engineered or not, and it is unlikely that such
a method can be developed. Consequently, genetically
modified products would have to be kept segregated
throughout the market to be able to assure the public as
to whether their food contains such products or not. This
is not now the case for many bulk commodities, such as

grains, and entirely new marketing structures would need
to be developed. Increased vertical integration of agri-
cultural industries would likely occur. And, significant
government resources would be needed to enforce man-
datory labeling and the added expense would be passed
along to consumers. Thus, guaranteeing that a product
does not contain any products derived from biotechnol-
ogy could become expensive. Based on current research,
it is not clear that consumers would be willing to pay
that added expense.

. Congress, through research and extension agencies,
could encourage niche markets to be established to sat-
isfy the concerns of those willing to pay higher prices
for labeled food signifying that it does not contain ge-
netically engineered food.

An dternative to passing the high cost of verification
aong to al consumers is to establish a higher priced
niche market for biotechnology-free foods that would
satisfy needs of some consumers. Such a market would
be similar to the current organically produced food mar-
ket. Organic produce is higher priced than traditionally
grown produce but provides an alternative product to
consumers who are willing and able to pay higher food
prices. Recent legislation has been enacted to help re-
solve some problems involved with organic produce such
as a lack of a standard definition, grower certification
and oversight procedures. Such a policy might also work
for biotechnology-free food products, and would have
the advantage of passing the extra costs along only to
consumers willing to bear them.

Public Sector Research

It is becoming increasingly difficult for the land-grant
system to carry out its historic mission. In addition to
the increasingly specialized nature of the research con-
ducted, pressures from outside the system are building.
Changing political support, resource base, and institu-
tional frameworks combined with the development of
revolutionary new technologies will put pressure on the
land-grant system to change dramatically.

Historically, political support for the agricultura re-
search system has come from the farm and rural popu-
lation. For this reason, agricultura research has focused
heavily on increasing the productivity of agriculture.
However, this traditional base of support has been steadily
eroding, and urban groups have put pressure on the sys-
tem to shift research priorities to such areas as water
quality, human nutrition, food safety, and sustainable
agriculture.
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The development of biotechnology and advanced com-
puter technologies has the potential to revolutionize the
way in which agricultura research is conducted, and to
provide powerful tools to help address socia problems.
The scientists who conduct research using these tech-
nologies will need a thorough grounding in the basic
disciplines that underlie them. Today only a small pro-
portion of academic agricultural scientists have this back-
ground. Moreover, for advanced computer technology
research to reach its potential, it will need to be identified
as a research priority and universities must be encouraged
to develop a promotion and tenure system that recognizes
more than a publication record for research accomplish-
ments. In addition, multidisciplinary teams involving basic
computer sciences, systems design, and traditional ag-
ricultural sciences need to be encouraged. To this end,
development of nationally recognized centers of excel-
lence, similar to those developed for biotechnology, need
to be considered.

In general, agricultural research is underfunded. Es-
timates of the socia rate of return to public-sector ag-
ricultural research investments range from 35 to 145
percent, indicating a significant underinvestment in this
type of activity by the public sector.

There has also been a dlight, but potentially significant
shift in the source of funding for agricultural research at
land-grant universities (table 1-4). The States, which pro-
vide the mgjority of the funding for research at these
universities, have been constrained in spending by the
recession of the early 1990s. Few States have increased
funds for research and many have cut funding in this
area. USDA funding, the second largest single contrib-

utor to agricultural research, has remained basically stag-
nant, barely keeping up with inflation.

Funding from the private sector for university research,
on the other hand, has been increasing in the form of
industry-supported research, and from the sale of prod-
ucts by universities. Currently, these sources of income
represent about 13 percent of the total funding for ag-
ricultural research, but have increased by 60 percent since
1982. The product sales category is a potentialy lucrative
source of funding for universities. Legal and institutional
changes have made it easier for universities to capitalize
on their research, since now they can retain title to any
federally funded technology the university develops. In-
centives to privatize the benefits of university innovation
could shift the university further toward private funds,
especialy if public funds do not keep pace with increased
needs.

Changing clientele, funding bases, technologies, and
institutional structures will create new demands on the
land-grant system. Decisions need to be made on how
land-grant universities can best serve society in this new
era

Findings

The Uniqueness of Land-Grant Universities—Land-
grant universities differ from other universities in their
legislated mission to address research on the problems
of society. Some argue that the land-grant system has,
in part, aready abandoned its mission, as agricultura
researchers increasingly work for disciplinary laurels rather
than society’s benefit. Others argue that the system de-

Table 1-4—Total Research Funding for State Agricultural Experiment Stations, Selected Years®
(in millions of dollars)

USDA Other Product

Year USDA® competitive Federal’ State® Industry sales Other' Total

1982 . ... 161.3 5.5 77.8 522.2 57.0 58.5 70.0 952.3
1984 . ..., ..., 174.9 6.1 81.7 591.4 64.1 61.3 79.8 1,059.3
1986................. 174.4 11.9 110.8 704.3 78.1 62.9 89.8 1,232.1
1987 . ... 175.6 16.8 114.9 732.5 87.4 68.4 104.2 1,299.8
1988 . ... ... 187.0 19.3 115.0 770.0 91.2 77.8 114.1 1,374.2
1989 ..., 194.0 21.9 130.4 827.6 101.2 82.4 132.1 1,489.6
1990 . . ... 203.6 20.0 143.9 877.9 113.8 91.6 145.7 1,596.5

“Funding is for the State Agricultural Experiment Stations only and does not include the 189Quniversities, the Schools of Veterinary Medicine, or the

Forestry Schools. Funding is in current dollars.

"USDA includes Hatch, Mclntyre-Stennis, Special Grants, Evans-Allen, Animal Health, and miscellaneous other funds administered by the Cooperative

State Research Service.
°USDA competitive is the USDA competitive grants program.

‘other Federal includes funding from Federal agencies excluding USDA and includes funding from NIH, NSF, AID, DOD, DOE, NASA, TVA, HHS, PHS,

etc.
‘State is state appropriations.

‘Other includes funding from nonprofit organizations, and contracts and cooperative agreements administered by USDA.
SOURCE: Inventory of Agricultural Research, Cooperative State Research Service, U.S. Department of Agriculture, Washington, DC, various years.
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fines society’ s problems too narrowly, placing too much
emphasis on increasing agricultural productivity and too
little on nutrition, environmental, and rural problems
among others. Some also argue that too much attention
has been given to production agriculture and not enough
to postharvest technologies, value-added products, con-
sumer preferences, and agribusiness problems.

NoO easy answers exist as to what types of research
should be conducted with public funds. What is clear,
however, is that as the traditional clientele (i.e., farmers)
continues to shrink. greater demands will be placed on
the system to address the needs of other groups. To be
able to do so may require some difficult choices con-
cerning research mix, with some traditional research pro-
grams being eliminated and some new programs initiated.

Research Funding Based on Mission Functions—In
recent years the land-grant system almost exclusively has
embarked on a program to increase public funds through
competitive grants. Relatively little attention has been
given to securing other types of funding such as Hatch
formulafunds. This strategy is questionable for the land-
grant system in the long run. Research conducted in
conjunction with this study suggests that the most ap-
propriate funding policy is a healthy mixture of formula
funds and competitive grants. The results indicate that
different funding mechanisms may be more appropriate
for the different functions or goals of land-grant univer-
sities. For example, if the goal is to increase cutting-
edge basic research, increased funding for competitive
grants might be the best approach. If the primary goal
is to enhance research applicable to problem solving or
to train future researchers, the more stable and locally
controlled Hatch formula funds may be the more appro-
priate mechanism. The appropriate allocation of these
two types of grants depend on the relative priorities given
to the three missions of land-grant universities.

Potential Privatization of Research at Land-Grant
Universities—Two new sources of research funds are
private sector investment and product sales. Constrained
and basically stagnant research budgets provide many
incentives for universities to increase funding via these
mechanisms, but the development has raised many con-
cerns. For example, incentives to privatize university
innovations for the benefit of the university rather than
society could conflict with the mandated mission of the
university. Using public resources to reap private gains
raises many ethical questions. Allowing individual re-
searchers to share in the profits of their publicly funded
work and encouraging universities to produce consumer

products opens the door to potential abuses. Certainly,
potential exists for conflicts of interest. There may be
financial conflicts if individua researchers are alowed
to capture the returns of their innovations. To some ex-
tent, this situation already exists in that researchers use
public funds to generate new knowledge that can be sold
to the private sector in the form of consulting fees. But
there is a distinction between providing expertise to po-
tentially multiple clients and having a vested interest in
the development of one or several products by compa-
nies. Universities also may face conflicts of interest. The
credibility of the university may suffer if it is viewed as
being too cozy with industry. If public universities are
viewed as being more concerned with their own private
good than with the public welfare, then the public may
not maintain its support for the university.

One underlying principal of scientific research is the
free exchange of research results. Concern arises that
with increased potential to earn income from research,
the results of research will become more proprietary.
Moreover, research results may not be freely or readily
exchanged if a researcher, university, or industrial spon-
sor attempts to patent the results or seek additional pri-
vate-sector funding.

Given the level of underinvestment in agricultural re-
search and the stagnation of public-sector funding for
this activity, the extra revenue earned from product sales
could provide great benefits for the university and for
society. Whether those benefits will be attained will de-
pend on how the revenue generated from commercialized
activities is used. The extra revenue could be used to
fund socialy underfunded research or to enhance the
teaching capacity of the university. The new arrange-
ments may enable universities to contribute to economic
development in ways not previously possible. Whether
or not the funds are used for such purposes will depend
on how well university administrators are able to main-
tain a sense of priority for the overall research and teach-
ing program, and whether they have the administrative
skills to keep scarce resources alocated to the proper
ends.

Policy Options

1. The new partnership between the public and
private sectors potentially can revitalize agricultural
research, but could also bias the overall research en-
deavor and damage the credibility of universities. Re-
search and close monitoring will be needed to
understand the changes occurring within the land-
grant system and to ensure that they are not under-
mining the system as a whole.
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. Congress could require the U.S. Department of Ag-
riculture to monitor the increased private-sector, funding
of agricultural research and to prepare an annual report
for Congress containing the data.

Currently, little is known about the extent of private-
sector funding at land-grant universities and the nature
of the relationship between the universities and the pri-
vate sector. Congress could conduct oversight hearings
periodically on this issue. Furthermore, Congress could
direct USDA to collect data from the land-grant univer-
sities on the extent of public-private collaboration, to
prepare an annual report for Congress containing the
data, and to provide guidelines on the appropriateness of
various public-private sector research collaborations.

. Congress could direct USDA to require land-grant
universities to establish an explicit policy with regard to
research sponsored by the private sector and report that
policy to Congress.

The USDA would require each university using pri-
vate-sector research funds for agriculture to establish a
specific policy as to how those funds are used based on
a broad policy established by the land-grant system. Es-
tablishing an advisory board that includes members of
the public in setting priorities for research funded from
the private sector might be an effective mechanism. This
would help to increase public confidence that the uni-
versity is using funds to solve problems that confront
society.

2. High rates of return to public-sector investments
have been reported by numerous studies, including
past OTA reports. This indicates that public sector-
research funding is below optimum rates.

. Congress could increase public-sector support of
agricultural research.

Increasing public-sector support of agricultural re-
search might help to lessen the pressure on land-grant
universities to obtain funds from the private sector. Given
the high rate of return on public-sector funding of agri-
cultural research, funding increases probably would prove
beneficial.

. Congress could maintain or decrease public-sector
funding for agricultural research.

Federal funding for agricultural research has been rel-
aively flat for the last 30 years. As a consequence, States
have picked up the increased costs of conducting agri-
cultural research. It is difficult for States today to take
on an ever increasing share of public supported research.
If the Federal Government continues to reduce its con-

tribution to research funding, land-grant universities must
look for alternative sources of funding. Private-sector
funding from specific industries or individual firms or
product sales from technologies developed by the uni-
versity are the most likely sources of additional research
funds. The impact of this shift in support is not known
but needs further analysis.

3. Recent research indicates that public-sector
funding mechanisms should be goal oriented.

. Congress could appropriate funds for agricultural
research through funding mechanisms bused on well-
defined agricultural research goals.

The land-grant system provides teaching, extension,
and research functions. Preliminary research suggests that
Hatch formula funds are more suited to teaching and
extension activities and competitive grants more suited
to basic research. By appropriating funds according to
goals to be achieved, Congress could improve the effec-
tive use of public funds.

Congress could maintain the current emphasis of
increased funds for competitive grants and level or de-
creased funding of formula and intramural funds.

Implicitly, this would indicate that Congress places
greater emphasis on basic research than on adaptive re-
search, extension, and teaching activities. Evidence does
not exist that the lack of basic research is the primary
constraint to the ability of land-grant universities to fulfill
their historic mission of addressing research aimed at
solving societal problems.

. Congress could extend competitive grants to exten-
sion and teaching curricula development.

A strong case can be made for formula funding of
agricultural research. However, if the only acceptable
political form of increased funds is competitive grants,
then expanding these grants to include adaptive research,
extension and teaching could be considered. Balanced
funding of basic research, adaptive research, teaching,
and extension would significantly strengthen the land-
grant universities and help them meet their multiple mis-
sions more effectively.

. Congress could award certain competitive grants to

basic research that clearly shows ties to adaptive re-
search.

This would be a clear signal that Congress considers
the original mission of land-grant universities to be ap-
propriate today. Currently, most grants for basic research
are not tied directly to adaptive research. Thus, it is
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difficult to differentiate between funding provided by the
National Science Foundation (the mgjor funding agency
for basic research) and the U.S. Department Agriculture.

4. The public is increasingly losing confidence in
land-grant universities credibility, and credibility
needs to berestored. Development of a more mission-
oriented system with increased public input could help
to restore confidence in the system.

The OTA report Agricultural Research and Technol-
ogy Transfer Policies for the 1990s addresses this issue
in some detail and provides specific options that suggest
changes in the system to make it more mission oriented.
Those options are incorporated here by reference. Some
of the options were incorporated into the 1990 Food,

Agriculture, Conservation, and Trade Act of 1990( 1990
Farm Bill).

SUMMARY

Newly emerging biotechnologies and information
technologies hold great promise for American agriculture
and can provide solutions to many problems. In the de-
cade of the 90s, however, public concerns about the
environment, food safety, industry structure, and insti-
tutions will focus on these emerging technologies. Whether
these technologies will be accepted and flourish, or stag-
nate, will depend in large measure on how U.S. public
ingtitutions resolve the complex problems of regulatory
oversight and on whether scientists and policy makers can
alay public concerns about biotechnology in particular.
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Each year in the United States weeds, insects, diseases,
and poor weather conditions significantly lower crop yields.
On average, major crop production in the United States
achieves only about 22 percent of the yield theoretically
possible under ideal conditions, based on genetic potential.
Approximately 69 percent of thislossis due either to un-
favorable climate and production using inappropriate farm
management practices or poor soils. However, weeds, in-
sects, and disease result in an annual average lossin total
yield of 2.6, 2.6, and 4.1 percent respectively (6, 7, 8,
39). Seventy-one percent of crop insurance payments paid
in the United States (from 1939 to 1978) were for crop
losses caused by drought, excessive water, and cold (6, 8).
The financial value of these losses is staggering.

Diseases in fruits, vegetables, grains, and oilseeds re-
sult in annual average losses in value of 17, 13, 11 and
13 percent respectively. For some highly perishable fruits,
such as raspberries, blackberries, and cherries, losses
from disease are estimated to be 38, 34, and 24 percent
respectively of their total value. Annual losses in the
United States due to viral diseases alone are estimated
to be $1.5 to $2.0 hillion dollars (5). A recent study
estimated that crop diseases resulted in lost revenues
equal to approximately 15 percent of the total crop in
North Carolina. This value, if extrapolated to the United
States as a whole, would result in losses of approximately
$12.6 billion per year (8, 28). Loss in value due to weeds
has been estimated at 10 to 20 percent of the total crop
value;, nearly $16 billion per year. Approximately $5
billion is spent annually to control weeds on farms and
in rangelands, forests, and waterways ( 10, 26).

Traditional approaches to managing these problems
have included the use of traditional breeding techniques
to develop new crop varieties resistant to pests and better
adapted to geoclimatic conditions. cultural practices, and
the application of chemicals. Pest management is com-
plicated by the fact that plant pests continuously adapt
to new management techniques.

The need to develop new approaches to control plant
pests is paramount. New pest management methods being

developed focus on biologica approaches, including the
use of biotechnology to alter the plant genome and the
use of biological control agents.

Approaches that focus on improving the plant’s ability
to withstand adversity in general involve geneticaly
modifying the plant to have new characteristics. Scien-
tists genetically modify organisms by altering or adding
to an organism’s genetic information with the intent to
improve the physical characteristics of the organism. The
genetic material of living organisms is composed of de-
oxyribonucleic acid (DNA)." The universal nature of ge-
netic material enables scientists to transfer genetic material
between species that are normally not sexually compat-
ible, and can be used to modify microorganisms (e. g.,
bacteria, viruses, and fungi), animals, insects, and plants.

The genetic modification of plants can be accom-
plished using three different types of techniques: clas-
sical, cellular, and molecular (29). The classica methods
of genetic modification include those associated with tra-
ditional plant breeding. Such methods include:

e fertilization of sexually compatible plants coupled
with the preferential selection of those plants con-
taining the desired characteristics,

® the use of chemicals or radiation to mutate the ge-
netic material such that the mutated organism pos-
sesses preferred characteristics, and

e traditional cell culturing of plant sex cells such as
anthers (the plant organelle that contains pollen)
ovules, and embryos.

Cédlular techniques involve regenerating a whole plant
using culturing techniques, but unlike classical methods,
the cellular techniques use tissue cells other than sex
cells. Techniques include:

. cell fusion, in which two sexually incompatible plants
are hybridized, and

. somaclonal variation,*which involves selecting plants
that have been regenerated from undifferentiated plant
cells—such plants often differ significantly from the
parent plants.

'The exception to this statement are the viruses whose genetic material is composed of ribonucleic acid (RNA), rather than DNA.

’ Plants arising from the culturing of undifferentiated cells often differ strikingly from each other and from the parent plant from which the culture
was derived. In some unknown way, the process of culturing cells releases a pool of genetic diversity. Possible explanations of this phenomena
include chromosome breakage and reunion, DNA rearrangement. and point mutations. The amountof variation that occurs is affected by some
factors that can be controlled, such as the length of time the cells are cultured, the genotype of the tissue, the medium, and the culture conditions

( 15. 30).
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The molecular techniques include those most com-
monly associated with biotechnology. Selected genes are
isolated and transferred to a host organism using vectors
(a piece of DNA that helps to incorporate a new gene
into a host organism) or direct transfer techniques such
as microinjection, electroporation, or particle guns. Mo-
lecular techniques alow for the transfer of selected genes
between sexually incompatible species of the same type
of organism, or between different types of organisms
such as between plants and bacteria.

This chapter will focus on advances made in the use
of biological methods to enhance crop production. Em-
phasis will be given to the use of molecular techniques
and the use of biological control agents to enhance both
pest resistance and the ability to improve crop production
in less-than-ideal conditions.’

TOOLSAND TECHNIQUES
OF BIOTECHNOLOGY

Biotechnology can be broadly defined as the use of
living organisms to alter other organisms. In a practical
sense, biotechnology is a set of tools that allow research-
ers to manipulate genetic material. These tools allow
researchers to develop products that could not have been
previously produced, and to explore new research ques-
tions that significantly expand our scientific knowledge.
This section will describe some of the most important
tools of biotechnology.

Biotechnology Techniques Used To Create
Transgenic Plants

Transgenic crops are those crops whose hereditary DNA
has been augmented by the addition of DNA from a
source other than parental germplasm, using recombinant
DNA techniques. The primary goals of transgenic crop
research is to produce crops with improved ability to
resist pests (i. e., disease, weeds, and insects); improved
ability to grow under less-than-ideal soil and climate
conditions; and to improve the quality characteristics of
crops (e. g., by changing the oil composition of oilseed
crops).

Many advances have been made that improve scien-
tists’ ability to create transgenic plants, and several major
crops grown in the United States have been successfully
transformed (table 2-1). Production of transgenic crops

with improved characteristics, however, is constrained
by insufficient knowledge of the appropriate genes for
transfer; the knowledge base in plant biochemistry and
physiology has not kept up with the development of mo-
lecular biology and transformation technologies.

To create a transgenic plant, scientists must:

1. isolate and purify the gene to be transferred,

2. find appropriate mechanisms (i.e., vectors or non-
vector mechanisms) to transfer the gene into plant
cells,

3. attach appropriate regulatory sequences to ensure
proper expression of the new gene in the plant,

4. insert proper genetic markersto identify those cells
that have been transformed, and

5. regenerate the transgenic cell or tissue into a com-
plete plant.

Advances and methods used to accomplish each step will
be described below.

Gene ldentification, Isolation, and Purification

Isolating a single gene is complicated by the fact that
a DNA sample obtained from a plant usually contains
many genes. Researchers must be able to separate the
one gene of interest from all of the other genes. Once
isolated, the gene of interest is multiplied (cloned) to
produce enough genetic material for subsequent uses.
The process used to isolate and multiple the gene of
interest is generally referred to as shotgun cloning be-
cause the process alows for the replication (cloning) of
the entire genome (the sum of al genetic information
contained in the chromosomes) of the organism.

A sample of DNA isfirst cut into small pieces, some
of which may contain the desired gene. Specia enzymes
(restriction endonucleases) are used to cut the DNA at
specific sites such that each piece has the same types of
ends (figure 2-1 ). Pieces of DNA that have been cut with
the same enzyme can be glued together regardless of the
source of the DNA. This feature alows, for example,
pieces of DNA from plants to be pasted together with
DNA pieces from bacteria. It also alows scientists to
paste DNA fragments into molecular vectors, pieces of
DNA capable of inserting foreign genetic material into a
cell. Scientists use vectors to help isolate and purify
specific genes. Commonly used vectors include bacterial
plasmids (circular pieces of DNA that can be easily in-

‘ Because of the large quantity of research on these technologies. this chapter will cite mainly OTA commissioned background papers and other

review articles.
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Table 2-1—Transgenic Crops Produced

Grains and
oilseeds® Fruits and vegetables Other
Cotton Tomato Alfalfa
Rice Sugar beet White clover
Sunflower Potato Poplar
Soybean Peas Lotus
Rapeseed Lettuce Arabidopsis
Corn Cucumber Petunia
Cabbage Tobacco
Asparagus Walnut
Carrot
Pear
Celery

‘Wheat and barley have not yet been successfully transformed, but it is
anticipated that these cropswill also be amenable to genetic engineering
by the mid-1990s.

SOURCE: Office of Technology Assessment, 1992.

serted into bacterial cells where they can replicate) and
bacteriophages (viruses that infect bacteria).’

To isolate a gene from an organism, the DNA sample
of the organism is cut into many pieces, and al of these
pieces are inserted into vectors (e.g., bacterial, plasmid,
or bacteriophage). The vectors are then inserted into bac-
terial cells. As the bacteria reproduce, the vectors con-
taining the pieces of the organism's DNA are aso
reproduced. This process results in the production of
multiple copies of the organism’s DNA, which is con-
tained in the vectors. Now scientists have enough copies
of genetic material to begin isolating the vectors that
contain only the genes of interest. Isolation of the ap-
propriate vectors is accomplished using a probe, a se-
guence of genetic material that recognizes the desired
gene. The probe is used to identify the vectors containing
the desired gene. These selected vectors can then be
reintroduced into bacteria, where they are replicated many
times to produce millions of copies of the desired genes.
The desired gene can then be removed from the vector
in quantities sufficient to perform subsequent genetic
modifications (41 ).

The above procedure can be easily applied to organ-
isms that possess small genomes, such as bacteria, but
is more difficult to apply to more complex organisms
such as plants, whose genome size is huge. Additionally,
difficulties occur as a result of the lack of knowledge

concerning the functions of many plant genes, which
precludes the development of probes. Because of these
difficulties, additional methods are being developed to
improve the isolation of plant genes.

Restriction Fragment Length Polymorphism (RFLP)
mapping is used to identify and clone plant genes and to
further our understanding of the function of plant genes.
RFLP maps take advantage of the fact that corresponding
sites in the DNA of individua plants may differ as a
result of mutations (referred to as polymorphisms). These
polymorphisms can be identified and correlated with known
markers (i. e., genes whose function have been identi-
fied), which helps to identify the general location of an
unidentified gene (2 1). This procedure identifies the ap-
proximate location of a specific gene within the plant
genome, which limits the amount of plant DNA that must
be searched to isolate that specific gene. Once the genera
location of a specific gene is located, isolating the spe-
cific location of the gene depends on other methods still
under developments RFLP maps are being made for
corn, potato, tomato, rice, bean, pine, soybean, wheat,
barley, sorghum, alfalfa, and Arabadopsis (27).

Mechanisms To Transfer Purified Genes
Into Plant Cells

Once a gene has been isolated and purified, it can be
transferred to create a transgenic plant. For many dico-
tyledonous plants (i. e., plants having two seed leaves
(cotyledons) and net-veined leaves, such as soybeans),
the Ti plasmid of certain strains of the soil bacterium
Agrobacterium tumefaciens is commonly used as a vector
to insert foreign genes into the plant. Unfortunately, Ti
plasmids cannot be used to transform monocotyledonous
plants (i.e., plants having a single cotyledon and parallel-
veined leaves), which includes most of the major cereal
crops (e. g., corn, rice, wheat) (27).

V ectorless methods have been developed to transform
cereal crops. For example, chemicals (e. g., polyethylene
glycol or calcium phosphate) and physical methods (e.g.,
electrical stimulation) are used to make plant cells leaky
so that genetic material can flow in. These approaches
have been used successfully to transfer foreign genes into
rice and corn (27).

4 Plasmids are commonly used to construct cDNA libraries (see ch.3) and bacteriophages are used to construct genomic libraries.

$ Methods being developed include chromosome walking in which successively smaller overlapping portions of the RFLP fragment are isolated
until one **walks' to the desired gene. This method is constrained by the fact that RFLP fragments may still be too large to clone by the conventional
methods described above (27). Another method is called gene tagging, which uses a transposon (a piece of DNA capable of moving around in the
genome) to activate the gene of interest. The gene can be located by locating the transposon. Use of this method is inhibited by the size of the
plant genome, the lack of transposons for many crops, and the fact that the transposon is often naturally present in multiple copies in crops (27).
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Figure 2-1 —Identification and Isolation of Desired Gene
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Figure 2-2—Gene Transfers With Bioblaster
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The bolistic method is an alternative vectorless method
of gene transfer. This method uses a particle gun to shoot
high-velocity microprojectiles coated with DNA into a
plant (figure 2-2). It has been used to transfer genes to
tobacco, soybean, and corn (27) and can be used to
transfer genes to the plant cell nucleus (where the chro-
mosomes are located) and potentially to other cell or-
ganelles that contain genetic material, such as the
chloroplast (e. g., genes involved in photosynthesis) and
the mitochondria (e. g., cytoplasmic male sterility genes
used in the development of some hybrid crop varieties).

Currently, there is little control over where the foreign
gene is inserted into the host plant. New methods are
being developed to target the insertion site, but the fre-
guency of success is low.

Use of Selectable Markers To ldentify
Transformed Plants

Célls that have foreign genes inserted need to be dif-
ferentiated from those that have not been transformed.
Scientists use markers to identify the transformed cells.
The most commonly used marker is the kanamycin re-
sistance gene. Cells containing this gene are resistant to
the antibiotic kanamycin and will grow on a culture me-
dium containing high levels of that antibiotic. Untrans-
formed cells not containing the kanamycin resistance gene
will not grow on this medium. Genes coding for herbicide
tolerance can also be used as a selectable marker to dif-

ferentiate transformed plants from those that have not
been transformed.

Use of Promotors To Control the Expression of
the Foreign Gene

Once a foreign gene has been incorporated into the
genetic material of aplant, it must still function properly.
Scientists use promotors (regulatory genes) to control
when and where in the organism the gene is turned on.
To date, most transgenic plants contain constitutive pro-
motors, which means that the foreign gene is expressed
equally in all tissues and at all development stages. Sci-
entists are trying to isolate promotors that turn the in-
serted genes on only in specific tissues at certain
development stages of the plant, and at a specific time.
For example, it is desirable to direct the expression of
insect tolerance genes only to the tissues eaten by the
insect, such as leaves. The most commonly used plant
promotor to date is derived from the cauliflower mosaic
virus and is mostly constitutive. However, promotors that
respond to light, heat, wounds, and oxygen deficiency,
and that show tissue specificity for seeds, pollen, root
nodules, and tubers are being identified (27). Under-
standing the molecular basis of promoter-mediated reg-
ulation of gene expression as well as isolation of promoters
with varying specificities of expression is critical for the
development of new generations of plant-based biotech-
nology products.

Use of Tissue Culture To Regenerate
Transformed Plants

Once a plant cell or tissue has been genetically trans-
formed, it must be regenerated into a complete plant.
Advances in plant tissue culturing techniques have now
made it possible to regenerate many of the most important
crops (figure 2-3).

Early genetic modification research used protoplasm
culturing to regenerate the transformed plant cells. Pro-
toplasts are formed by enzymatically removing the outer
wall of plant cells. These protoplasts are genetically
transformed using the tools of biotechnology, then coaxed
into forming a cell wall and eventually growing into a
complete plant. However, such regeneration is difficult
to achieve with many plant cells, which has lead to the
development of callus culturing and cell-suspension
methods.

Cdllus tissue cultures originate from tiny pieces of
tissue snipped from seedling shoots or other appropriate
plant parts. The tissue is placed in a petri dish containing
plant hormones and other plant nutrients. The cells grow
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Figure 2-3—Plant Tissue Culture Technology
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and divide, forming a mound of undifferentiated cells
called a callus. When transferred to a regeneration me-
dium, the cells in the calus differentiate into roots and
shoots, which then grow into plants. Thousands of plants
can be regenerated from one piece of tissue, but the
process is labor intensive and expensive.

Methods for the growth of cell suspensions allow for
the regeneration of plants from single cells rather than
clumps of tissue. Tissues can be agitated in a flask con-
taining a liquid medium, causing the cells to separate.
In the appropriate medium, these cells will form somatic
embryos that differentiate into entire plants. Embryo sus-
pensions have been used to regenerate wheat, sorghum,
and corn (27).

Callus culturing and cell-suspension methods allow for
the use of a variety of plant tissues (e. g., leaves, stems,
shoot tips, or cotyledons) from many plant species to be
used to regenerate new plants. And, Agrobacterium par-

ticle gun technologies or other direct methods can be
used to transform these tissues. Thus, most major crops
can now be genetically engineered and regenerated to
complete plants.

Other Biotechnology Techniques

Biotechnology is most closely identified with the use
of recombinant DNA technologies to produce transgenic
crops as described above. However, other technologies,
some of which also involve the use of recombinant DNA,
will also play a significant role in the development of
new plant technologies. Some of these technologies are
described below.

Antisense Technology

Antisense technology is a powerful research tool that
enables scientists to study the physiology and develop-
ment of organisms. It is also useful in the production of
transgenic crops that have new characteristics (37). For
example, this technology is being used to prevent soft-
ening in tomatoes (see Biotechnology in Food Process-
ing). The power of the technique lies in its ability to
eliminate or reduce the expression of a gene in an or-
ganism.

An analogy that might help to explain how this tech-
nology works is to view the expression of a gene as being
similar to reading a sentence. For the sentence to make
sense, it must be read in a certain direction; sentences
that are read backwards, for instance, don’t make sense.
Gene expression is similar, A gene must be read in a
certain direction to produce a gene product that makes
sense to the organism (i. e, itisafunctional compound).

The antisense technology consists of incorporating into
an organism a synthetic gene that reads backwards (i. e.,
a product is made that doesn’t make sense to the organ-
ism). The expression product of this backward-reading
gene is a mirror image of the expression product of the
same gene when it is read forward. When the expression
products of the forward and backward genes meet,’they
stick together, thus inactivating the product of the for-
ward-reading gene (figure 2-4). Thus, the antisense tech-
nology can be used to inactivate selected genes in the
plant. Use of the technique, however, is constrained by
the need to know the precise nucleic acid sequence of at

®Technically, when a gene is expressed, it is first copied and modified to a second compound called messenger ribonucleic acid (MRNA). The
mRNA then serves as the template for the subsequent production of proteins. It isthe mRNA, rather than the protein, that meets and causes the

inactivation.
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Photo credit: U.S. Department of Agriculture,
Agricultural Research Service.

Molecular biologist at UC/USDA Plant Gene Expression
Center successfully transferred new genes into cells of
corn using a gene gun.

least a portion of the gene that codes for the expression
product to be inhibited.

Polymerase Chain Reaction

The Polymerase Chain Reaction (PCR) technology en-
ables scientists to rapidly generate large amounts of ge-
netic material from a trace amount, which would otherwise
be too small to analyze. PCR is an enzymatic process
carried out in repeated cycles, each of which doubles the
amount of DNA present. Small flanking sequences of
DNA are identified on each end of the DNA sequence
that is amplified. These flanking sequences are then used
to create complementary strands of DNA that serve as
primers. These primers are then annealed to the flanking
sequences, and when appropriate enzymes and nucleic
acids are added under the proper conditions, anew DNA
strand is formed beginning at the primer and extending
across the sequence of DNA to be replicated, such that
a copy of this sequence is made. This methodology is
rapid, sensitive, and relatively easy to carry out; about
25 cycles can be carried out in an hour. PCR reduces the
difficulty of isolating and manipulating specific DNA

Figure 2-4—Antisense Technology
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sequences, and makes it possible to study biological
problems related to very small amounts of genetic ma-
terial (2).

Monoclonal Antibodies

Monoclonal antibodies are identical antibodies that
recognize a single, specific antigen (substance that elicits
an immune response) and are produced by a clone of

iali Indo tha datact: ~F
specialized cells. Their uses include the detection of res-

idues and toxins in food, and as animal vaccines.

Monoclonal antibodies are produced by immunizing a
donor animal (usually a mouse) with a target substance
(figure 2-5). The animal’s spleen is removed and dis-
sociated into single-cell suspensions. These cells, some
of which produce antibodies to the target substance. are
removed to a nutrient medium. Spleen cells can survive
only a few days in this medium, so to increase their life
expectancy, the spleen cells are physically fused to a
tumor cell, which can live indefinitely in tissue culture
medium.” This fusion produces a hybrid cell containing
the combined genetic information of both parental cells,
which is capable of secreting the antibody produced by
parental spleen cell and, like the parent tumor cell, can
live indefinitely in culture medium.

This hybrid cell (called a hybridoma) can be isolated,
cloned to ensure purity, and grown in mass culture where
the secreted antibody accumulates in the culture me-
dium.® The antibody (called a monoclonal antibody) that
accumulates consists of a single antibody type rather than
a mixture of antibody types (as occurs with traditional

"The spleen cells are fused in the presence of an agent. such a polyethylene glycol. to myeloma cells—tumors of B lymphocyte origin. _
* Alternatively the hybrid cells can be grown as tumors in the peritoneal cavities of mice where very high levels of antibody accumulate in the

ascites fluid surrounding the tumor.
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Figure 2-5—Preparation of Monoclinal Antibodies
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antibody production methods). It is this purity that makes
monoclinal antibodies so useful.

Application of Biotechnology Techniques
To Create Transgenic Plants

The tools of biotechnology are alowing researchers to
explore new means to control plant diseases, insect pests,
and weeds. Tissue culturing and genetic engineering,
combined with traditional agricultural research methods,

and the resulting cells
are screened for anti-
body production. Those
few cells that produce
the antibodies being
sought are grown in
large quantities for
production of mono-
clonal antibodies.

are alowing scientists to ater plants or biological control
agents to achieve enhanced efficacy and host range in
controlling plant pests. Biotechnology is also being used
to improve a plant’s ability to withstand environmental
stresses, such as cold, drought, and frost, improve the
shelf-life of fruits and vegetables and is being used to
develop value-added products from agricultural com-
modities (e. g., increased carbohydrates. modified oails,
and proteins that contain essential amino acids). In ad-
dition to developing new products, the tools of biotech-
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Plant molecular biologist examines successful results of

the cloning of a gene necessary for plants to synthesize

ethylene, the ripening hormone. More recently, scientists
have blocked this gene, producing genetically
engineered tomatoes that ripen on demand.

nology are expanding the knowledge base of plant
resistance and the interactions of plants, pests, and bi-
ological control agents with the rest of the ecosystem.

Genetic Engineering of Plants
for Insect Control

Traditional breeding programs have successfully pro-
duced varieties of afalfa, cotton, corn, rice, sorghum,
soybean, and wheat that have been resistant to, or tolerant
of, key pests and will continue to play an important role
in developing insect resistant plants for some time in the
future. However, the tools of biotechnology have created
the possibility of selectively engineering plants for insect
resistance. Biotechnology will permit the transfer of re-
sistance genes into plant species for which the resistance
gene is not inherent. Biotechnology is also being used
to improve the understanding of mechanisms by which
plants are resistant to insects.

Few genes known to produce insecticidal proteins have
been identified. Candidate genes must code for proteins
that are stable in the plant cell, are not rapidly digested
when consumed by insects, have high activity against
feeding target insects, and are safe for nontarget inver-
tebrates and animals. Insecticidal proteins produced by
the spore-forming bacteria Bacillus thuringiensis (Bt) are
among the few known to meet these criteria,

The Bt bacteria produces crystals that contain com-
pounds toxic to insects. Insects feeding on plants con-
taminated with Bt bacteria ingest the crystals, which are
dissolved in the insect midgut, releasing the protein tox-

Photo credit: Monsanto Co.

Tomato plants that show one stripped by caterpillars and
one not. The plant not stripped contains the Bacillus
thuringiensis toxin gene.

ins. Different strains of the Bt bacteria produce insecti-
cidal toxins specific to Lepidoptera (butterflies and moths)
only, to Diptera (flies and mosquitoes) only, to Coleop-
tera (beetles) only, and to both Lepidoptera and Diptera.

Genetic engineering is being used to improve the de-
livery of the Bt toxin to insect pests by incorporating the
insecticidal gene into other vectors (see Biological Con-
trol of Anthropoids. Pathogens) or by transferring the
insecticidal gene directly to plants. Genes coding for the
Bt insecticidal protein have been cloned and inserted into
tobacco, tomato, and cotton plants among others ( 1).
Transgenic plants producing Bt insecticide are expected
to be commercially available by the mid to late 1990s.

Genes for some insect trypsin inhibitors have aso been
cloned. Trypsin inhibitors are compounds that, when
present in large amounts, may reduce the ability of an
insect to digest plant material. Some plants, such as the
seeds of cowpeas and beans, contain large quantities of
trypsin inhibitors (i.e., 1 to 2 percent of the total protein),
and the levels in plant leaves may be increased in re-
sponse to mechanical damage or insect feeding. Trypsin
inhibitor genes derived from tomatoes have successfully
controlled the growth of insect larvae when transferred
to tobacco plants. Transgenic plants genetically engi-
neered to produce trypsin inhibitors may be available by
the end of the decade ( 1).

Genes that code for lectins and for arcelin are also
potential candidates to confer insect resistance to trans-
genic crops. Lectins are sugar-binding proteins found in
the seeds of peas and common beans. They are effective
against bean weevils and cabbage weevils. Arcdin is
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produced in the seeds of wild beans and is toxic to bean
bruchid pests (1).

Genes coding for insecticidal proteins other than Bt
toxins and trypsin inhibitors must be identified. RFLP
maps are being used in tomatoes, for example, to dis-
cover the location of insect resistance genes in plants.
The development of tissue-specific promotor sequences
and promotors that respond to selected environmental
stimuli are needed to improve the efficacy of insect con-
trol.

Genetic Engineering of Plants
for Weed Control

The presence of weeds in crops decreases productivity
and crop quality. To control weeds, farmers commonly
apply herbicides. Most herbicides act by inhibiting key
enzymes in photosynthesis or other essential plant bio-
synthetic pathways. Plant species respond differently to
herbicides depending on the sensitivity of plant enzymes
to the herbicide or the ability of the plant to metabolically
inactivate the herbicide. These abilities explain why her-
bicides are often effective against either grassy or broad-
leaf plants, but not both (26).

Herbicide manufacturers would like to develop broad-
spectrum herbicides active against all economically im-
portant weeds, but their efforts have be constrained be-
cause broad-spectrum herbicides not only kill weeds, but
they injure crops as well. Two approaches have been
taken to minimize crop damage when using broad-spectrum
herbicides. One approach is to use herbicide antidotes,
compounds that enhance the metabolic inactivation of
herbicides in plants (19, 20). Few such antidotes have
been discovered, however, and it is unlikely that this
approach will yield significant success in the near future.
The alternative approach is to develop crop varieties that
are resistant to the herbicide used.

Traditional methods have been used successfully to
develop herbicide-tolerant crops. Tissue culture and plant
regeneration techniques have produced tobacco and soy-
bean varieties tolerant to sulfonylurea herbicides and corn
varieties tolerant of imidazolinone. Attempts to develop
herbicide-tolerant crops using tissue-culture techniques
are most successful when the herbicide affects only one
compound in a plant biosynthetic pathway (i. e., it has a
single target site) and a mutation in that compound con-
fers herbicide tolerance without affecting the growth of
the plant, or when the mutation of a single plant gene
increases the ability of the plant to inactive the herbicide
or to absorb less of the herbicide. Use of these methods

is constrained by the lack of naturally occurring herbicide
tolerance genes in crops (26).

Genetic engineering techniques overcome the lack of
naturally occurring herbicide resistance genes in plants
by allowing for the transfer of these genes between crop
species. Thus, crops tolerant to a specific herbicide (but
not all herbicides) can be developed. Three different ap-
proaches have been taken to engineer crops successfully
for herbicide tolerance, the first of which are expected
to be commercialy available by the mid 1990s (table 2-
2). One approach relies on making the crop produce
excess quantities of the enzyme normally affected by the
herbicide. By producing an excess quantity of the en-
zyme, a sufficient quantity is till available to catalyze
important plant biosynthetic pathways even though some
of the enzyme has been inactivated by the herbicide.
Excess production can be achieved by inserting several
copies of the gene coding for the enzyme into the plant,
or by using promotor sequences that cause excessive
expression of the genes coding for the enzyme, This
method has been used successfully to produce crops tol-
erant to glyphosate and phosphinothricin (26).

The most commonly used approach to produce crops
tolerant to herbicides is to alter the gene coding for the
enzyme affected by the herbicide in such a way that the
resulting altered enzyme is till effective in the plant, but
is not inactivated by the herbicide. This altered gene is
then inserted into the plant where it produces an altered
enzyme that confers herbicide tolerance. This approach
has been used to produce crops tolerant to glyphosate,
sulfonylureas, phosphinorthricin, atrazine, and imida-
zolinone.

The third approach is to transfer to plants those genes
that code for enzymes that inactivate herbicides. This
approach has been taken to confer plant tolerance to
bromoxynil, 2,4-D, and phophinothricin.

An alternative approach to weed control is to develop
crops that produce their own herbicides. These plant-
produced herbicides, called allelochemicals, can be ei-
ther volatile organic compounds released into the air or
soil where they can be absorbed by the weed or non-
volatile organic compounds released as root exudates or
leachates of other organs, such as seeds. Most volatile
alelochemicals are terpenoids whose secretion increases
with rising temperatures, while most nonvolatile allelo-
chemicals are aromatic chemicals (26). Significant re-
search is till needed before crops can be engineered to
produce alelochemicals. Alternatively, it may be pos-
sible to identify and use plants known to naturally pro-
duce alelochemicals as cover crops or in low tillage
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Table 2-2—Current Targets for Crop Modification for Herbicide Tolerance

Research Commercial Weed/crop
Herbicide institution introduction targets
Atrazine Ciba Geigy, Inc Not expected to be NA
commercialized
Bromoxynil Calgene, Rhone-Poulenc Mid 1990s Broadleaf/dicots
Betanal Schering Late 1990s Broadleaf/sugar beet
2,4-D Max Planck Not a commercial target NA
Dicamba Sandoz Late 1990s Broadleaf/NA
Glyphosate Monanto, Calgene Mid 1990s Broad spectrum
soybean, rape
cotton, corn
Imazapyr American Cyanamid Early to mid 1990s Broad spectrum/corn
Molecular Genetics
Metribuzin Mobay Late 1990s Broad spectrum/
soybean
Basta Hoechst Mid 1990s Broad spectrum/
rape, beet, potato,
soybean, corn
Sulfonyl ureas DuPont Mid 1990s Broad spectrum/

soybean, rape

NA = Not applicable.
SOURCE: Off Ice of Technology Assessment, 1992

situations to control weeds. For example, it has been
shown that certain cucumber strains produce compounds
toxic to the weeds proso millet and barnyard grass under
field conditions. The possibility of using alleochemical-
producing plants is also being explored in fruit production
(33).

Understanding the nature of allelochemicals in addi-
tion to the advances that have been made in elucidating
the mechanisms of herbicide action is expected to en-
hance the design of future herbicides.

Genetic Engineering of Plants
for Disease Control

Bacteria, fungi, parasitic seed plants, nematodes, in-
sects, and viruses, among other organisms, can destruc-
tively alter the structure or physiological processes of
plants, resulting in disease. However, plants possess the
ability to resist the invasion of pathogenic organisms.
All of the plants of a species can be resistant to a path-
ogen, or certain varieties of a plant species can be re-
sistant to a subspecies of the pathogen (i. e., cultivar
specificity). The interaction of bacterial and fungal path-
ogens with plants is helping to elucidate the mechanisms
by which plants resist pathogenic organisms (27).

The ability of plants to resist pathogenic organisms
involves the complex interaction of genes in both the
plant and the pathogen. The interaction of compounds
produced by plant resistance genes and genes in the path-
ogen (i. e., avirulence genes) triggers a hypersensitive

response. Plant cells initially infected by the pathogen
die, preventing the spread of the pathogen to the rest of
the plant. Thus, the pathogenic effects remain localized
a the site of initial infection, and disease is prevented
from spreading throughout the plant.

The mechanisms by which pathogens infect plants are
also being elucidated. Pathogenic microorganisms con-
tain pathogenicity genes that produce compounds toxic
to the plant and/or allow the pathogen to attach to the
plant, penetrate the cuticle and degrade the walls of plant
cells, and degrade chemicals produced by the plant in its
own defense. These pathogenicity genes can be activated
by signals from the plant itself. For example, the presence
of cell wall degradation products in plants can trigger
the production of enzymes in some pathogenic fungi that
degrade the cell wall. In a similar manner, compounds
produced by pathogens trigger a response by the plant
to the pathogen. Plant defense genes are stimulated to
produce compounds that may be toxic to pathogens, rein-
force the cell wall, and/or inhibit enzymes produced by
the pathogen (27).

Efforts are underway to clone and characterize path-
ogen and plant genes involved with resistance. To date,
no plant resistance genes have been cloned, however,
avirulence genes from bacteria and viruses but not fungi,
have been. Additionally, few plant defense genes have
been identified and cloned. Only the gene coding for
chitinase, a compound that is toxic to fungi, has been
shown to confer disease resistance when transferred to
tobacco. Also a compound derived from moths, when
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Photo credit: Richard Nelson,
Samual Roberts Noble Foundation.

Transgenic tomato plant expressing the coat protein
gene of tobacco mosaic virus (left) and control
plant (right).

transferred to tobacco, decreased the severity of an in-
fection by the bacteria Pseudomonas solanacearum. Given
the state of the art, it is highly unlikely that plants re-
sistant to bacteria and fungi will be developed before the
year 2000 (27).

Greater success has been achieved in developing plants
resistant to viruses. Plants have long been known to dis-
play cross protection, a phenomena that occurs when
plants infected with a mild strain of a virus do not develop
severe symptoms when challenged with a stronger strain
of the same virus. Cross protection is comparable to
immunity in animals, athough plants do not have im-
mune systems and the mechanism of protection differs.
Although cross protection has been achieved in plants
by inoculating individual plants with a mild virus strain,
this process is very labor intensive and carries a small
risk that the virus strain used will become more virulent
and act in a synergistic fashion with other viruses (27).

Genetic engineering has been used to avoid these prob-
lems. Genes coding for virus coat proteins (i.e., the pro-
teins that make up the shell that surrounds viruses), other

Table 2-3—Virus Coat Proteins Engineered
Into Plants

Alfalfa mosaic virus
Cucumber mosaic virus
Potato viruses S, Y, and X
Potato leaf roll virus
Tobacco mosaic virus
Tomato mosaic virus
Tobacco rattle virus
Tobacco streak virus
Soybean mosaic virus
Papaya ringspot virus
Tomato spotted wilt virus

SOURCE: Office of Technology Assessment, 1992.

virus proteins, and virus RNA sequences can be intro-
duced into plants to elicit a resistance response (3, 4).
Plants engineered with coat protein genes from a specific
virus have resisted subsequent infection by the same vi-
rus, and in some cases to related viruses having similar
coat proteins. Currently, many viral coat protein genes
from different plant viruses have been transferred to plants
to confer resistance (table 2-3) (4). The mechanism by
which protection occurs is not fully understood. Most
evidence suggests that the accumulation of viral coat
proteins in plant cells interferes with the release of viral
RNA needed to initiate infection (4).

In addition to viral coat proteins, other viral genes
have been transferred to plants. Those having potential
for virus control include: genes for virus replication, an-
tisense RNA, satellite RNA, and ribozymes. The antis-
ense technology has also been used to inhibit viruses in
plants. Other approaches include transferring satellite RNA
sequences (small RNA sequences that depend on helper
viruses to replicate and package new virus particles) to
plants where they have protected the plant from devel-
oping symptoms in response to an infection by the hel per
virus. Genes coding for RNA sequences that act like
enzymes (i.e., ribozymes) have also been transferred to
plants where they have cleaved invading viruses (27).

Genetically engineered dicotyledonous plants resistant
to certain viruses are expected to be commercialy avail-
able by the mid 1990s. Monocotyledonous plants resis-
tant to viruses will probably not be available until the
late 1990s or early the next century. Currently, only a
few genes with potential for controlling fungi and bac-
teria have been identified, cloned, and introduced into
plants (see table 2-4).

Genetic Engineering of Plants for Thermal
and Water Stress Tolerance

Progress in improving the tolerance of plants to water
and thermal stress will depend, in part, on better ways
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Table 2-4—Disease Resistance Genes Introduced

Into Plants
Disease pathogen Gene/plant
Fungal.................. Chitinase/tobacco
Bacteria. .. .............. Antibacterial protein from moth/

tobacco, potato
Enzyme to detoxify bacterial toxin
Vibal ..o Viral coat protein
Other virus genes
Satellite RNA
RNA enzyme (ribozyme)
Antisense RNA

SOURCE: Office of Technology Assessment, 1992

of defining and quantifying these stresses as well as non-
stress states. Defining these stresses is further compli-
cated by the fact that water stress and temperature stress
are not easily separated, particularly at high tempera-
tures. New tools, such as remote and contact sensing,’
are being developed to detect plant stress (9).

The lack of detailed knowledge of the physiology of
water and temperature stress tolerance also constrains
progress in this field. The root system of the plant exerts
major control over water uptake. Little research has been
conducted to measure root response to water and thermal
stress. Most measurement techniques used to date are
disruptive if not destructive to root systems. New tech-
niques are needed to determine factors that affect the
distribution of roots in the soil and the ability of the roots
to absorb water and transport that water through the vas-
cular tissues of the plant (9).

Plant-cell culturing, combined with selection for en-
hanced ability to adjust the salt and water concentration
of plant cells (osmotic pressure), has been shown to be
effective in improving drought tolerance. However, while
improved sensitivity to osmotic pressure has increased
the survival of the plant, it does so at the expense of
plant growth and yields (34).

Some plants contain genes that code for proteins con-
ferring tolerance to extremes of temperature or drought;
these genes are possible candidates for isolation and transfer
to other plants through genetic engineering techniques.
For example, tobacco cells that are exposed to gradually
higher levels of salt synthesize several novel proteins.
One such protein is osmotin, whose synthesis is regulated
by several mechanisms, including exposure to low water
environments or changes in endogenous levels of the

hormone abscisic acid (ABA). ABA is known to lower
the rate of transpiration from leaves and prevent water
loss. The role of osmotin in cellular osmoregulation is
now under investigation (9).

Some plants, when challenged by elevated tempera-
tures, produce heat shock proteins. Genes coding for
several of these proteins have been sequenced and their
promoter regions identified. However, the metabolic
functions of most of these proteins are not understood,
and this constrains their use in biotechnology to improve
plant tolerance to elevated temperatures (9).

In general, the fundamental research needed to un-
derstand the mechanisms of tolerance to thermal and
water stress simply has not kept pace with the devel-
opment of biotechnology tools, and thus, scientists do
not currently know what genes to transfer into plants to
improve tolerance for these stresses. Thus, genetically
engineered plants tolerant to elevated thermal or water
stress are unlikely to be developed within this decade.
However, antifreeze proteins have been transferred to
plants and production of plants with improved cold tol-
erance may become available within 10 to 15 years.
Plants transgenic for antifreeze proteins have the potential
to improve cold hardiness by lowering the temperature
at which leaves freeze ( 12, 17). Antifreeze proteins from
fish are aso being used to improve the post-harvest freez-
ing and thawing qualities of fruits and vegetables by
inhibiting ice recrystallization in tissues (22).

Biotechnology in the Food Processing
Industry

Historically, the food processing industry has had to
accept and adapt to heterogeneous raw materials. Bio-
technology can be used to better tailor food crops to meet
food processing and consumer needs. Tissue-culture
techniques are being used to select or construct crop
varieties with improved functional, processing, or nutri-
tional characteristics (table 2-5).

Plant tissue-culture techniques can be used to produce
food flavor and coloring ingredients. These methods could
potentialy replace production and extraction of these
ingredients from plants ( 15, 18). For example, a private
company recently has succeeded in using tissue culture
techniques to produce vanilla( 14).

‘Contact sensing requires contact with plant tissues and may require destruction of at least part of the plant. It involves the direct determination
of the state of a physical, biological, or chemical quantity. Remote sensing quantitates parameters measured by using a sensor to detect electromagnetic

waves emitted or reflected by plants.
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Photo credit: U.S. Department of Agriculture,
Agricultural Research Service.

Framed by drought-dried cornstalks, drought-resistant
lima beans stand tall and lush in test plot. Scientists
hope that genetic engineering researchers can isolate
the genes that give the lima bean such a high degree of
drought tolerance.

Table 2-5—Use of Tissue Culture To Improve Food
Characteristics

Crop Characteristic
Tomato................. Increased solids

Increased shelf life
Carrots . .......... ... Increased sweetness, crunchiness
Celery ......... ... ... Decreased stringiness
Com. ..o Improved amino acid composition
Rapeseed. ............. Decreased saturated fatty acids

SOURCE: Office of Technology Assessment, 1992.

Genetic engineering is also a means of altering food
characteristics. Genes coding for enzymes involved in
starch and lipid biosynthesis are being isolated and cloned,
enhancing the prospects of engineering plants with spe-
cific composition of starch and oil. Genes coding for
floral pigment pathways are also being isolated. Plants
potentially can be engineered to produce pharmaceuticals
such as blood clotting factors and growth hormones. For
example, oilseed rapeseed has been genetically engi-

Photo credit: DNA Plant Technologies, Inc.

Vegi Snax is an example of successful application of
plant tissue culture for selection of crop varieties with
improved functional, processing, and nutritional
characteristics.

neered to produce enkephalins (40). In addition, antis-
ense technology is being used to eliminate toxins alergenic
compounds, or off-flavor components in plants, and to
delay ripening of tomatoes ( 15).

Biotechnology is also being used to improve micro-
organisms used as vegetable starter cultures and in brew-
ing and baking (i.e., organisms used in making sauerkraut,
pickles, olives, soysauce, wine, beer, and bread) such
that these organisms tolerate different temperature and
pH ranges. Similar work is being conducted with micro-
organisms used to produce food ingredients such as acetic
acid, citric acid, niasin, vitamin B 12, xantham gum, and
monosodium glutamate. In addition, geneticaly engi-
neered enzymes are being developed to treat food pro-
cessing wastes ( 18).

Finaly, biotechnology is being used to develop methods
to assay levels of pathogens, toxins, and chemical contam-
inants in raw ingredients and final products. DNA probes
and poly and monoclinal antibody kits are beginning to
replace traditional bioassay methods. For example, many
of the assay procedures used to detect pesticide residues in
food are monoclinal antibody kits ( 18).

THE TOOLS AND TECHNIQUES
OF BIOLOGICAL CONTROL

Approaches Used in Biological Control

Biological control of pests relies on using living natural
enemies (e. g., parasites, predators, and pathogens) to re-
duce pest populations to levels lower than would otherwise
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Photo credit: Calgene, Inc.

Antisense tomatoes (left) and control (right) 3 weeks after harvest.

occur ( 13). Parasitic organisms are those whose develop-
ment takes place in or on a single host organism; predator
organisms are those that consume other organisms as a
food source; and pathogenic organisms are those that cause
disease in other organisms. Many organisms, including
insects and other arthropods (e. g., spiders and mites), bac-
teria (and related organisms such as rickettsiae and my-
copiasmas), viruses, fungi, protozoa, and nematodes are
being used as biological control agents to manage weeds,
insects, and other arthropod pests, as well as disease or-
ganisms in economically important plant species. Biolog-
ical control methods have been used in the United States
on alimited basis for at least 100 years. Approaches used
can be classified into three common types-the classical
approach, augmentation, and conservation (25).

Biological control agents used to control nonindigen-
ous pests, particularly those introduced from other coun-
tries, is caled the classical approach. When a non-native
pest is introduced into a new environment, often there
are no natural enemies to control that pest. The classical
approach searches the area of origin of the pest and iden-
tifies natural enemies. These natural enemies are then
introduced into the new environment to control the pest
(25). Attempts are made to establish the introduced nat-
ural enemies as part of the ecosystem so that pest suppres-
sion will be permanent.

The augmentation approach focuses on increasing the
existing population of indigenous pest enemies. Small num-
bers of natural enemies can be released periodicaly, as
needed, to increase the indigenous population to levels
sufficient to control pest numbers at levels below those that

cause serious economic problems. The newly released nat-
ural enemies are expected to become part of the ecosystem,
and to help suppress more than one generation of pests
(25). This approach is similar to administering a booster
shot to augment indigenous-pest enemy populations.

Alternatively, large numbers of natural enemies can
be released at one time with the intent of quickly sup-
pressing the pest population by creating an epidemic-like
situation. The control agent (i. e., natural enemy) is not
expected to become a permanent part of the ecosystem
and the natural enemy is not expected to control more
than one generation of the pest. The natural organisms
used with this approach are usually microorganisms, such
as bacteria and fungi. They are manufactured, formu-
lated, standardized, packaged, registered as pesticides,
and applied to pests using methods and tools similar to
those used for chemical pesticides. Because of these sim-
ilarities to chemical pesticides, this strategy is often re-
ferred to as the microbial pesticide or inundative approach
to augmentation. This approach generally requires reg-
ular application because the control agents do not survive
between crop seasons. or survive in insufficient number
to be effective the next season, or are prevented by other
factors from causing significant disease in the pest pop-
ulation ( 10, 16).

Conservation practices can be used to protect and
maintain natural enemy populations by manipulating the
environment. such as altering cropping patterns and farm
management practices to enhance the indigenous popu-
lation, maintaining refuges and providing feeding and
nesting sites for natural enemies, and by applying pes-
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ticides only when pest populations exceed specified lev-
els ( 16, 25, 35).

In generdl, the classical method of biological control
has been the approach most frequently and successfully
used to control weeds, insects, and other arthropods in
the United States. This is perhaps not surprising given
the large number of pests that are of foreign origin. For
example, an estimated 39 percent of the 600 most im-
portant arthropod pests in the United States are of foreign
origin and more than 630 additional foreign arthropods
are on the list of lesser pests (36). Based on past history,
it is predicted that exotic arthropod species will continue
to be added at a rate of about 11 species per year and
that approximately 7 of those species will become sig-
nificant pests. Clearly the classical approach will con-
tinue to be a major biological control methodology.

Biological control approaches have had limited success
against pestsin grain and row crops. Biological control
has been most successful against naturalized permanent
pests in areas of low disturbance (such as rangeland,
pastures, forests, and some aquatic habitats) where the
targeted pest is the dominant species, and where the end
god is a stable plant community. The poor record of
success in grain and row crops is often attributed to the
fact that grain crops only persist for short periods of time,
during which the natural enemy must discover the crop
and become established, must find and attack its host
pest, and must increase its population to numbers suf-
ficient to reduce the pest population significantly. The
abrupt end of the crop season precludes the establishment
of stable interactions between pests and natural enemies
in grain crops ( 13, 16, 25).

It is perhaps for these reasons that the microbial pes-
ticide approach using fast-acting pathogens has received
more research attention than any other biological control
approach to pest suppression in grain and row crops. The
bacterium Bacillus thuringiensis, which produces com-
pounds that are quickly toxic to some insects, can be
used effectively in this manner. The microbial pesticide
approach is also being taken to develop fungi that control
weeds ( 10, 16).

The conservation approach has received the least re-
search attention. Little incentive exists for the private
sector to develop these technologies because the product
that is developed is management information. Successful
development of this approach will most likely fal to

public sector researchers. Methods to control commu-
nities of organisms in a systemic fashion rather than a
single control agent are needed (11 ).

Research Needs

Extensive research in many disciplines will be required
if biological control is to become more widely used. A
better fundamental understanding of pest-natural enemy
interactions, ecology, and population biology is needed,
as well as attention to more applied problems of mass
rearing, formulation, and delivery required to make these
control agents commercialy viable. Successful devel-
opment will require a multidisciplinary approach and will
draw from expertise in many fields, including: system-
aic (taxonomy), ecology, behaviora science, physiol-
ogy, genetics, chemistry, and epizootiology (the study
of population disease at the population level), among
others ( 10, 16, 25, 38).

Taxonomic, biochemical. and genetic comparisons of
pests from the same or similar species taken from geo-
graphic areas of suspected evolutionary origin also are needed.
These studies can help identify pests and their natural ene-
mies, improve understanding of the relationship between
pest and enemy, and determine the geographic distribution
of each. Use of classical biological control methods will
be enhanced if techniques can be devel oped to detect and
eliminate parasites and pathogens from the imported natural
enemy cultures ( 10, 16, 25, 38).

An improved understanding of the natural enemy-pest
dynamics and factors that enhance the effectiveness of
control is needed. Elucidation of the structure and roles
of insect hormones and compounds that attract or repel
pests is heeded. Additional research is needed to under-
stand the natural enemy population (i. e., infectivity, vir-
ulence, specificity of host; biological fithess including
survival, persistence, and dispersal; the role of population
density, etc.), the pest population (i.e., susceptibility,
development of resistance, mechanisms of immunity,
population density impacts, and distribution), the effects
of the abiotic and biotic environment (i. e., weather, soils,
host plants, biotic transport agents, sunlight, cropping
patterns, etc.), and the environmental impacts of releas-
ing predators, parasites, and pathogens to control pests
(10, 16, 25, 38).

A major constraint to using the augmentation approach
to biological control is the inability to cost-effectively

10 Recent work With baculoviruses to controlinsects has been promising and this biological control agent may prove to be an exceptionto this

statement ( 16).



Chapter 2—Emerging Plant Technologies . 53

raise large numbers of parasites, predators, and patho-
gens. The life cycles of many natural enemies are com-
plex and raising these organisms in an artificial setting
is difficult. New mass rearing techniques need to be
developed for many biological control agents.

For natural enemies that are parasitic insects, labora-
tory rearing requires maintaining not only the host insect,
but the food source of the host insect as well, which may
include plants that are themselves difficult to grow. Thus,
mass rearing of a parasitic insect requires maintaining
both an appropriate plant population and host insect pop-
ulation, a costly arrangement that points to the need to
develop artificia diets ( 10, 25).

Viruses can aso be difficult to mass produce. Viruses
are obligate cellular parasites and must be produced within
living cells. For viruses that are pathogenic to insects,
this can be accomplished either by infecting whole insects
or by infecting cultures of continuous cell lines derived
from the host insect. Recent advances in insect cell cul-
ture is improving the prospects of virus pesticide pro-
duction. Significantly, most of these advances are being
made in the biomedical field rather than the agricultural
field, because biomedical industries are using certain
classes of viruses (such as baculoviruses) as vectors to
express foreign genes for high-level production of bio-
logical and pharmaceutical products ( 16).

Mass production techniques for fungal spores are also
needed. The application of automated systems and robotics
to mass production could potentially significantly reduce
the cost. Other problems encountered while mass rearing
natural enemies include the loss of genetic variability and
the loss of effectiveness of species that have been raised
for several generations in the laboratory ( 16, 25).

The performance of biopesticides in the field has often
been highly variable due to environmental factors, in-
teractions with other organisms, and poor delivery to
target organism among other problems. Formulation of
biopesticides (mixing of the cultured microbial prepa-
ration with inert agents to achieve proper dilution, dep-
osition, moisture holding capacity, protection from
ultraviolet rays, shelf life, slow release, etc. ) must be
improved to increase efficacy in the field. Long-range
needs include identifying new control agents, increasing
the toxicity of agents against susceptible pests, and ex-
panding the range of hosts of the control agent (10, 16).

Delivery systems also need to be improved. Tech-
niques must be designed to promote maximum efficacy
and ease of application. New sprayer technologies, ap-

plication of biopesticides by irrigation methods, and ti-
med release formulations are needed.

Finally, ageneral need exists to assess the efficacy and
impacts of control agents after release. Studies using bio-
logical control agents have rarely adequately documented
efficacy, reliability, and economic feasibility. Population
establishment and buildup, degree and timing of feeding
damage, plant population density and productivity, plant
stress, and nontarget side effects need to be assessed. Any
changes in the fitness of the naturalized bioagent need to
be ascertained to ensure efficacy and environmental safety.
While these questions are pertinent to all biological control
agents, they will be critical to regulatory approval of ge-
netically engineered control agents ( 10, 16, 25, 38).

Use of Biotechnology in Biocontrol Research

Traditional technologies, such as chemical- or ultra-
violet-generated mutations followed by selection for de-
sired phenotypic traits, and sexual mating will continue
to play arole in producing and identifying natural ene-
mies via improved control capability or host range. Ad-
ditionally, traditional culture techniques can be used to
induce increased secretion of certain toxins and enzymes
involved in pathogenesis. However, new biotechnology
tools, such as protoplasm fusion and gene transfer, will
also be used to improve virulence, sporulation, fitness
for survival, infectivity under suboptimal conditions, and
production of pesticidal metabolizes; and to expand host
range and the tolerance of control agents to certain chem-
ical pesticides ( 10, 16, 25, 38).

Biotechnology to improve biological control agents,
such as insects and other arthropods, nematodes, pro-
tozoans, and fungi, is technologically more complex than
biotechnology involving viral and bacterial control agents.
Use of genetic engineering in predator and parasitic in-
sects is constrained by the lack of universal vectors or
other techniques to transfer foreign genes into the insect,
and the lack of useful insect genes that have been cloned.
Recombinant DNA techniques are being used to turn
slow acting viruses into quick acting viruses, and to in-
crease virus virulence. Genetic engineering is being used
to improve the delivery of Bacillus thuringiensis toxin
to the pest. Methods include incorporating the toxin gene
into bacteria that inhabit seed coatings, roots, or surface
films where target insects feed. Genetic engineering in
fungi is being used to improve germination, penetration
of the insect cuticle, and increase toxicity. Little bio-
technology research has been conducted using protozoans
and nematodes (10, 16, 25, 38). In addition to enhancing
the field efficacy of biological control agents, biotech-
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nology provides powerful research tools to further our
basic understanding of the physiology and biology of
these control agents and their environment.

Institutions Involved in Biological Control
Resear ch

Biological control research has been conducted pri-
marily by public sector institutions, such as the U.S.
Department of Agriculture (i.e., the Agricultural Re-
search Service, the Office of International Cooperation
and Development, the International Research Division,
and the Forest Service), the Land Grant University Sys-
tem, and other public and private universities. Other Fed-
erd agencies that have supported biological control research
include the U.S. Army Corps of Engineers (primarily for
aquatic weeds), the Department of Interior (mainly the
Park Service), the Department of Energy (through the
national laboratory system), and the Tennessee Valley
Authority. Selected State Natural Resources or Agricul-
tural departments (notably those of California and Flor-
ida) also have supported biological control development.
The U.S. Environmental Protection Agency is involved
in registering biological control agents as pesticides. The
U.S. Department of Agriculture Animal and Plant Health
Inspection Service regulates the importation of natural
enemies and the environmental release of biological con-
trol agents. The State Department aso is involved in
obtaining permission to search foreign countries for nat-
ural enemies of pests imported to the United States, and
with negotiating release conditions of natural enemies
with Canada and Mexico (10, 16, 25, 38).

Private industry interest has been focused primarily on
organisms that can be used in microbial pesticide appli-
cations, such as Bacillus thuringiensis to control insects,
and a few selected fungi (i. e., CASST, COLLEGO, and
DeVine) to control weeds. A limited level of private-
industry support exists for the use of predators and par-
asites to control arthropods. A few small, private firms
mass rear parasites and predators for release, but conduct
little or no research (10, 16, 25, 38).

Use of Biological Control Agents To Control
Pests in the United States

Biological Control of Arthropods. Parasites
and Predators

Arthropod (e.g., insects, spiders, mites) damage is a
major contributor to crop losses and decreased quality of
agricultural products. A wide array of biological control
agents can be used to control arthropods, bacteria, vi-
ruses, fungi, protozoa, and nematodes. In the United

Table 2-6—Use of Parasite or Predator Insects
To Control Insect Pests in the United States

Pest insect Host plant
Classical method
Rhodesgrassscale. . ..................... Grasses
Citrusblackfly . . ........ . ... ... . Citrus
Walnutaphid. .. ......... ... ... ... ... Walnuts
Cottony cushionscale. . .................. Citrus
Olivescale. . ......... ... Olives
Spotted alfalfaaphid . . ................... Alfalfa
Alfalfaweevil. ........... ... ... .. .. ..... Alfalfa
Californiaredscale ... ................... Citrus
Californiapurplescale. . .................. Citrus
Californiayellowscale. . .................. Citrus
Browntailmoth .. ........................ Forests
Satinmoth, ,,,,............ i Forests
Orientalmoth. . ......... ... .. ... .. .....| Forests
Elmleafbeetle................ ... ... ... Forests
European pinesawfly . ................... Forests
European spruce sawfly . . ................ Forests
Larch casebearer........................ Forests
Larchsawfly . ....... ... ... ... ... .. ... Forests
Augmentation method
Mexican beanbeetle . .................... Soybeans
Mealybugs. .. ....... ... .. . i California
citrus
Californiaredscale . ..................... Citrus
Spidermites .. . ......... . Almonds
Two spotted spidermite , . ................ Strawberries
Conservation method
Europeanredmite .. .............. .. ..... Apples

SOURCE: Office of Technology Assessment, 1992.

States, these agents have been used to control several
arthropod species (table 2-6). The classical method of
control is the approach used most often, and the greatest
success has occurred in more stable habitats such as for-
ests and orchards, rather than row crops.

Traditiona selection methodol ogies have been used to
identify parasites or predators with improved control ca-
pability or host range. For example, such techniques were
used to identify strains of a parasitic mite resistant to
selected pesticides, which were subsequently released
into California ailmond orchards to control spider mites.
Increased pesticide resistance alows this parasitic mite
to be used in conjunction with Integrated Pest Manage-
ment programs that use pesticides to control navel or-
angeworms above a threshold level. The ability to use
this predatory mite in conjunction with other insect con-
trol programs increased the acceptance of this parasite
for spider mite control (25).

Use of genetic engineering in predator and parasitic
arthropods is constrained by the lack of universal vectors
or other techniques to transfer foreign genes into the
arthropod. Current research is focusing on the use of
transposons to transfer genes, but transposons may be
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Photo credit: U.S. Department of Agriculture,
Agricultural Research Service.

The parasitic wasp Microplitis croceipes lays her eggs
in the tobacco budworm. By putting this natural predator
to work, scientists hope to control members of the genus

Heliothis, which cause major damage to cotton, corn,
soybeans, and other crops.

specific to certain species of insects, and thus cannot be
used as a universal mechanism to transfer genes to all
insect species. Another major constraint is the lack of
useful arthropod genes that have been cloned (25).

Further development of predator and parasitic arthro-
pods to control pest arthropods is being constrained by
severa factors. Selection standards for classical control
approaches are needed. The economic importance of the
target pest is frequently the only factor considered when
selecting possible subjects for biological control. Char-
acteristics of the natural enemy itself, such as its suita-
bility of mass rearing at reasonable cost, additional host
requirements, impact on beneficial or endangered spe-
cies, or dispersal characteristics may not be considered
(25).

Use of augmentation techniques to control pest ar-
thropods with other parasitic and predator arthropods is
limited by the lack of artificial diets and subsequent high
cost of mass rearing, incomplete information on release
methods, lack of rapid and effective monitoring methods,
and lack of ability to stockpile or store natural enemies
or maintain gene banks. Quality control standards for
private firms that mass rear predatory or parasitic ar-
thropods are lacking. Mixed colonies or even colonies
of the wrong species have sometimes been provided; in
some cases, firms have produced parasitic arthropods
unable to fly. Arthropods can be sold without guidelines
as to number to release, optimal timing of release, or
how to monitor efficacy of release. Professional quality
standards and appropriate management information are

Table 2-7—Pathogens Used To Control Insects
in the United States

Pest insect Host plant
Viruses
Europeanpinesawfly . ................. Trees
Douglas fir tussock moth . . . ............ Trees
Soybeanlooper............ ... ... ... .. Soybeans
Velvetbean caterpillar moth . . ........... Soybeans
Gypsymoth. ............. ... ... ... Trees
Bacteria
Japanese beetle. . .............. .. ..., Turf grass
Mosquito larvae . ............. ... . ... NA
Greaterwaxmoth. ..................... Beehives
Fungi
Browntailmoth ..., .................... Trees
Plantbug............. ... ... ... ... ..., Apples
Aphids. . ... Potatoes
Spotted alfalfaaphid . .................. Alfalfa
Mosquito larvae . .. ........... ... . ... NA
SanJosescale................ ... ... Trees
Whiteflies . .......... ... Trees
Protozoa
Grasshoppers . . ..vvvv i Rangeland
Europeancornborer................... Corn
Nematodes
Butterflies, beetles . .. .................. Cranberry, Citrus
Facefly. ....... ... i Cattle
Mosquito larvae ., ... .......... ... ... NA

NA = Not applicable,
SOURCE: Office of Technology Assessment, 1992.

needed (25). Conservation methods to maintain predator
or parasitic arthropods are constrained by gaps in the
knowledge of the role of natural enemiesin crop systems
and how best to modify management practices to main-
tain natural populations.

Biological Control of Arthropods: Pathogens

In addition to parasitic and predatory arthropods, path-
ogens can be used to control pest arthropods. Pathogens
that have been used to at least partially control arthropods
(almost exclusively insects) in the United States include
bacteria, particularly different strains in the Bacillus ge-
nus, viruses, particularly members of the baculovirus
group; fungi; protozoans; and nematodes (table 2-7). Ba-
cillus thuringienses (Bt), discussed earlier, is the path-
ogenic bacteria most frequently used to control insects.

Thetools of biotechnology can be used to improve the
delivery of the Bt toxin to insect pests. The gene that
codes for the toxin can be incorporated into bacteria other
than Bacillus thuringiensis; these bacteria may inhabit
seed coatings, roots, or surface films where target insects
feed. Genes coding for Bt toxins have incorporated in
strains of Pseudomonas, a soil bacteria that colonize corn
roots, and into Clavibacter xyli, a plant-associated (en-
dophytic) bacterium that grows in the vascular tissues of
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Photo credit: U.S. Department of Agriculture,
Agricultural Research Service.

Entomologist compares an insect ravaged cotton leaf
from a control variety with one that has been genetically
engineered with a protective gene from Bacillus
thuringiensus.

plants. The Monsanto and Mycogen Corp. are incorpo-
rating Bt toxin genesinto Pseudomonas, while Crop Ge-
netic International is working with Clavibacter (1, 16).

Genetic engineering techniques are also being used to
modify Bt toxin genes to be toxic to a broader range of
pests and to be more potent. Traditional selection and
screening procedures applied to natural isolates are being
used as well, to identify strains of Bacillus bacteria that
are either more efficacious or that have different host
specificity. These methods will potentially extend Bt use
to include control of cotton bollworm, European corn
borer, and corn rootworms. Genetically engineered and
new, naturally selected strains of Bt are expected to be
commercially available by 1995 (1, 16).

Viruses are also being used to control insects. Many
types of viruses infect insects, but only a few cause
pathogenic epizootic diseases that are sufficiently fast-
acting and widespread to be considered useful for pest
control. The first virus to be registered by EPA and
produced commercialy as a pesticide was a type of bac-
ulovirus that forms large polyhedral occlusions within
the nucleus of infected cells. It was marketed in the mid
1970s by the Sandoz Corp. under the name Elcar, and
was used to control cotton bollworm. Its market was
displaced by the new pyrethroid pesticides. It has not
been remarketed, although increasing resistance to pyr-

ethroids may lead to renewed commercial interest. Three
other baculoviruses have been used by the U.S. Forest
Service to control the Douglas fir tussock moth, the gypsy
moth, and the European pine sawfly ( 16).

Baculoviruses are used to control lepidopterans (but-
terflies and moths) because they cause widespread |ethal
epizootic diseases, lead to morbidity within a week of
infection, are compatible with other agrichemicals, can
be applied by conventional spraying techniques, and are
stable on the shelf for extended periods of time (years).
Further, the baculoviruses replicate only in arthropods.
Each is specific to a host or group of closely related
hosts, and must enter and replicate within a specific type
of host cell. This specificity is attractive from an envi-
ronmental control perspective ( 1).

Two other viruses of potential usefulness for biological
control of insects are the Autograph californica virus
and the codling moth granulosis virus. A. californica has
a relatively wide range of hosts and could be used to
control afafa looper, cabbage looper, fally armyworm,
beet armyworm, and wax moth. The codling moth gran-
ulosis virus could be used to control insects that affect
pome fruits and walnuts ( 16).

Genetic engineering is being used to make vira pes-
ticides faster acting. Neurotoxin genes that paralyze the
pest insect and quickly halt insect feeding are being in-
troduced into baculovirus. Alternatively, insecticidal
hormones can be incorporated into the baculovirus to
disturb insect development or behavior. The genes that
code for an enzyme that regulates juvenile hormone lev-
els in insects; a protein that regulates the release of a
major molting hormone; and a protein hormone that elic-
its several behavioral characteristics during molting all
recently have been isolated ( 1).

The lack of suitable cloned neurotoxins and insect
hormone genes is delaying further progress in improving
viral control agents. Promotors that can be recognized
by selected host cells of pest insects (i.e., cells of the
midgut, for example) are being used to extend baculo-
virus ranges. The recent discovery that baculoviruses
normally contain a gene regulating insect molting hor-
mone activity is leading to the development of baculo-
virus strains in which this gene has been deleted. These
gene-deleted strains have been shown to reduce insect
feeding during infection, and to hasten the onset of insect
morbidity ( 1).

Baculoviruses genetically modified to delete the insect
molting hormone regulatory gene are expected to be
available before 1995. Baculoviruses engineered to carry
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Table 2-8—Control of Weeds by Insect and
Microbial Agents in the United States

Weed Habitat/crop affected
Alligator weed Aguatic

Lantana Rangeland, forest, crops
Musk thistle Rangeland

Northern jointvetch Rice and soybeans
Persimmon Rangeland

Prickly pear cactus Rangeland

Puncture vine Pasture, annual crops
Skeletonweed Rangeland

St. Johnswort Range and arable lands
Stranglervine Citrus
Water hyacinth Aquatic

SOURCE: Office of Technology Assessment, 1992.

insecticidal genes such as insect hormones and neuro-
toxins could be available in the late 1990s.

The only fungus registered and commercially produced
for insect control in the United States was Hirsutella
thompsonii. This fungus was used to control citrus rust
mites, but was not commercially successful primarily
because it did not survive storage or transportation. Fur-
ther, environmental factors, including insufficient mois-
ture, adversely affected its efficacy. Genetic engineering
of fungi is now being used to improve germination, im-
prove penetration of the insect cuticle, and increase tox-
icity ( 16).

A magjor limitation to using protozoans is that they kill
insects very slowly, if at al. Generally they affect ar-
thropods by causing chronic disease with sublethal ef-
fects, reducing the ability of the arthropod to survive the
winter. Nosema locustae, used to control grasshoppers
on rangeland, is the only protozoan to be registered and
commercialy available in the United States ( 16).

Research involving nematodes has been increasing.
Seinernema carpocapsae has been used in the United
States to control some lepidoptera species. It is not ef-
fective if applied to vegetation surfaces or other situations
where it can dry out, but it can be effective in the soil
or in burrows in plant tissues. Dedalenus siricidicola has
been used to control woodwasps, even though its action
isto sterilize its host rather than kill it. Very little genetic
engineering is being used with nematodes.

Biological Control of Weeds. Microorganisms
and Arthropods

Historically, biological control of weeds most com-
monly has been mediated by microorganisms (mainly
bacteria and fungi, see table 2-8) and insects. Worldwide,
89 species of weeds have been controlled using 192 spe-
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cies of introduced organisms (the classical approach);
an additional 25 weed species have been controlled
using 33 species of native organisms (the bioherbicide
approach) ( 10).

Pathogenic microorganisms kill or severely debilitate
their host plants by causing disease. Pathogenic and non-
pathogenic microbes also produce metabolizes that are
toxic to plants, and these phytotoxins can also be used
as herbicides. For example, the fungus Gliocladium vi-
rens, when prepared and applied properly, can release
enough of the toxin viridiol in the soil to control pigweed
without harming cotton seedlings.

The private sector has shown interest in developing
microbial herbicides. Two microbia herbicides (COL-
LEGO and DeVine) are commercially available and four
others are undergoing trials for registration as herbicides
(table 2-9). Other microbial herbicide candidates are un-
dergoing experimental development. About 107 fungi
and 1 bacterium are being evaluated worldwide as bioh-
erbicides ( 10). Additionally, a parasitic nematode, Or-
rina phyllobia, has been shown to be a practical means
to control silverleaf nightshade.

Development of amicrobial herbicide can take severa
years. For example, it is estimated that the development
of COLLEGO"took 11 years of effort from the time of
discovery to commercial availability at a cost of about
$1 to $1.5 million. In comparison, a typical chemica
herbicide takes 7 to 10 years to develop and costs ap-
proximately $80 million. Early research on microbial
herbicides is subsidized by public funds, but the expense
of large-scale fermentation, toxicology testing, formu-
lation, and registration are borne by industry. In some
cases, these costs could prove to be quite high ( 10).
Further development of microbial herbicides will require
improved mass production, formulation, and delivery
systems. Some native pathogens, such as the rusts and
certain smut fungi, cannot be artificially grown. Methods
to obtain sufficient quantities of these pathogens from
infected plants must be developed.

Weed pathogens are being genetically manipulated to
improve virulence, sporulation, fitness for survival and
infection under suboptimal conditions, and production of
herbicidal metabolizes; to expand host-range; and to in-
crease tolerance to certain chemical pesticides. For ex-
ample, it has been discovered that atering a single enzyme
(pisatin demethylase) can cause a fungal pathogen, but
not a nonpathogenic fungi, to become virulent on new
host plants. Genetic engineering techniques are also being
used to increase virulence by transferring genes encoding
herbicidal phytotoxins to pathogenic microorganisms (10).
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Table 2-9—Microbial Herbicides Commercially Available or in Development in the United States

Herbicide Pest Crop/habitat effected
COLLEGO" Northern jointvetch Rice

DeVine® Stranglervine Citrus

CASST™ Sicklepod Soybean and peanut
BioMal™ Round-leaf mallow Annual crops
Cercospora rodmanii’ Waterhyacinth Aguatic
Mycoleptodiscus terrestris Eurasian watermilfoil Agquatic

‘Undergoing trials
SOURCE: Office of Technology Assessment, 1992.

Table 2-10—Use of Insects To Control Weeds in the
United States

Weed Crop/habitat affected
Classical approach
St.Johnswort . . .............. Range and arable lands
Lantana..................... Rangelands, forests, and
plantation crops
Alligatorweed. . .............. Aquatic
Prickly pear cactus. . ......... Rangeland
Puncturevine .. .............. Pastures and annual
crops
Tansyragwort . .............. Rangeland
Hydrilla..................... Aquatic
Purple loosestrife . . .......... Range and arable lands
Leafyspurge .. .............. Rangeland

Diffuse, spotted

and Russian knapweeds. . .. Rangeland
Yellow starthistle. . ........... Rangeland
Saltcedar................... Rangeland and forests
Field bindweed . ............. Various crops
Waterlettuce. . . .............. Aquatic
Broom snakeweed . .......... Rangeland
Baccharis neglecta. . . ........ Range and arable lands

Augmentation approach

Waterlettuce. .. .............. Tried and discontinued
Purple nutsedge . . ........... Tried and discontinued

SOURCE: Office of Technology Assessment, 1992.

Traditiona techniques are also used to alter pathogen
characteristics. These include chemical- or ultraviolet-
generated mutations followed by selection for desired
phenotypic traits, breeding, and nonsexua transfer of
hereditary properties. Cultura techniques also are being
improved to increase secretion of certain toxins and en-
zymes involved in pathogenesis.

In addition to microbia pathogens, insects and other
arthropods also can be used as biological control agents
for weed control (table 2-10). The relationship between
insects and weeds is complex. Some weeds (e. g., St.
Johnswort) can be controlled with just one insect. Others
may require more than one insect for control. For ex-
ample, control of tansy ragwort, a poi sonous weed found

in the Pacific Northwest, is mediated by a moth that
defoliates it and a second insect that feeds on its root as
a larva and on the resprouting growth as an adult. This
relationship between each co-evolved arthropod and its
weed host makes each study unique and raises the ques-
tion of whether scientific expertise will ever be adequate
to fully assess the potentia for weed control by arthro-
pods (10).

Arthropod adults and immature larva and nymphs feed
and complete at least a part of their life cycles on certain
weeds. In this process, they damage the plants, weak-
ening and reducing their productivity and competitive-
ness. In general, the feeding activity of immature
arthropods is more damaging than that of adult arthro-
pods. The extent of the damage caused by arthropod
feeding depends on the particular weed tissues destroyed,
the timing of the damage as it relates to the plant’s growth
cycle, and the extent of other plant stresses present. For
example, sucking insects and grasshoppers defoliate plants
late in the plant’s life cycle and do not cause as much
damage as insects that defoliate plants early in their life
cycles. Arthropods that attack the seeds of weeds that
cannot reproduce vegetatively are likely to have the great-
est impact on weed control. In addition to feeding dam-
age, some arthropods weaken plants by introducing toxins
causing cell proliferation and gall formation ( 10).

Of the more than 250 naturalized plant species con-
sidered to be major weeds, only a few dozen have been
considered for classical biocontrol by arthropods. None-
theless, this approach has been the most common and
successfully used method of biological weed control. It
is estimated that the control of St. Johnswort by insects
has yielded benefits worth approximately $2 million per
year. It takes 1 to 4 years to find and clear each insect
or other arthropod biocontrol candidate and devel opment
costs are estimated at $1 to 2 million. However, the
estimated return on research is about $30 for every $1
invested ( 10). Few attempts to control weeds with ar-
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Tiny (1/8th inch long) flea beetle, Apthona flava, on leafy

spurge is one of several biological control agents tested

to combat a costly weed that infests 2% million acres of
rangeland in the Great Plains.

thropods using the augmentation approach have been tried,
and generally they have been discontinued.

Traditional selection methods are used to select cold-
tolerant strains of weed-damaging insects and strains whose
larva have higher surviva rates in hot weather, and whose
prediapause behavior has been atered. Genetic engi-
neering is not currently used to improve arthropods as
biological control agents ( 10).

Biological Control of Disease

Biological control of plant diseases is achieved by
decreasing pathogen populations or by preventing the
occurrence of infections. Approaches taken include ma-
nipulating resident microbial communities to decrease
disease (conservation approach) or applying to the plant
organisms antagonistic to pathogens (augmentation). Only
three plant disease biocontrol agents are commercialy
available (table 2-11) (38).

Table 2-1 [—Biological Control Agents Commercially
Available To Control Plant Disease
in the United States

Agent Disease controlled
Bacteria

Agrobacteriurn radiobacter . . . . ... ... Crown gall in dicots

(strain  K84)
Pseudomonas fluorescent. . . ... ... .. Damping off and root
rot in cotton

Fungi )

Peniophoragigantea. . . ............ Root and butt rot in

conifers

SOURCE: Office of Technology Assessment, 1992,

Use of Agrobacterium radiobacter to control crown
gal in dicots costs an estimated 1 to 5 cents per plant
treated, and less if the seeds are treated. Peniophora
giganted applied to freshly cut conifer stumps preempts
colonization by the pathogen responsible for root and
butt rot, diseases resulting in annual losses of nearly $1
billion. Pseudomonas j 7uore.seen.s, sold under the name
of Dagger G by Ecogen, controls diseases in cotton. In
1989, it was used on approximately 75,000 acres of cot-
ton in the Mississippi Delta region (38).

Diseases that potentially could be controlled in the next
decade include take-all disease in wheat, and damping-
off and root rot in crops other than cotton. Yeasts to
suppress Penicilliurm and other postharvest pathogensin
citrus and other fruit; the bacterium Bacillus subtilis to
control brown rot in peaches; and compost amended pot-
ting mediato control Rhizoctonia and Pythiumin nursery
stocks are other potential control agents (38).

The use of microbial disease control agents has been
plagued by inconsistent efficacy in the field. In some
cases, agents that have worked in one field have failed
to be effective in immediately adjacent fields. The bio-
control agent and pathogen interact in the midst of avast
array of other microorganisms that sometimes decrease
the efficacy of the control agent (23, 24). A better un-
derstanding of the community dynamics, population and
community ecology, population genetics of plant-asso-
ciated microorganisms and of the mechanisms that reg-
ulate the community structure and dynamics of plant-
associated microorganisms is needed.

Much of the research in the area of biocontrol of plant
diseases has focused on improving the understanding of
the mechanisms by which biocontrol agents prevent dis-
ease. One mechanism of action called interference com-
petition or antibiosis refers to the inhibition of one organism
by a metabolic product of another. The use of the bac-
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terium Agrobacterium radiobacter strain K84 to control
crown gall tumors caused by Agrobacteriurm tumefaciens
is an example of this type of mechanism. A. radiobacter
produces an antibiotic to A. tumefaciens. Control of take-
all disease in wheat by Pseudomonas fluorescens strain
2-79 is another example of antibiosis (38).

Peniophora gigantea controls root rot in pine caused
by the fungus Heterobasidion annosum, on the other
hand, by competing with the fungus for nutrients and
space, a process referred to as exploitation competition.
A third mechanism, hyperparasitism, occurs when fungal
pathogens destructively parasitize another organism. Fungi
of the Trichoderma and Gliocladium family, for exam-
ple, parasitize soil-born plant pathogens such as Rhizoc-
tonia solani and Pythium species. A fourth mechanism
of disease prevention by biological agents is hypovirul-
ence. For example, some strains of the chestnut blight
fungal pathogen Cryphonectria parasitic (those with
reduced virulence) can impart protection to chestnut trees
from more virulent strains of this pathogen.

Traditional screening techniques are being used to de-
velop fungicide-resistant strains of the fungus Trichod-
erma, which allows this disease control agent to be used
with fungicides so that fewer chemicals need be applied.
Strains of the bacteria Pseudomonas syringae pv. tomato,
which controls bacterial speck in tomatoes, have been
made resistant to copper. The copper resistance allows
P. syringae to be used in the presence of copper bacter-
icide. Combinations of P. syringae and copper bacter-
icide gives greater control over bacterial disease than
occurs with the biocontrol agent or bactericide treatment
aone (31, 32).

Pathogenic organisms can become resistant to biolog-
ical control agents. For example, A. radiobacter controls
the plant pathogen A. tumefaciens by producing a com-
pound called agrocin. The gene producing agrocin is
carried on a plasmid, which can be naturally transferred
to A. tumefaciens. Thus, A. fumefaciens is becoming
resistant to A. radiobacter. Genetic engineering is being
used to construct mutant strains of A. radiobacter that
no longer have the ability to transfer the agrocin plasmid,
thus decreasing the potential of A. tumefaciens to develop
resistance to this natural pesticide. Protoplasm fusion tech-
niques are also being used to construct strains of Tri-
choderma harzianum that are more effective than parental
strains in controlling Pythium ultimum (38).

Biological Control of Frost Damage

The temperature at which frost injury occursin a num-
ber of crops is determined by the population density of

ice-nucleation-active bacteria on plant leaves. By de-
creasing the numbers of these bacteria, some protection
against frost damage can be achieved. The application
of non-ice-nucleating bacteria prior to colonization of
ice-nucleating bacteria can effectively prevent the estab-
lishment of the ice-nucleating bacteria by limiting the
resources (i.e., space and/or nutrients) available to the
ice-nucleating bacteria. Ice-minus deletion mutants of the
bacteria Pseudomonas syringae have been constructed to
control frost. The first planned introductions of geneti-
caly engineered bacteria into the environment in the
United States involved the field-testing of these ice-minus
bacteria

SUMMARY

Pest control is a mgjor concern of crop producers in
the United States. Each year, pest damage results in
billions of dollars of lost revenue to farmers. Poor weather
conditions add to those losses. To control pest damage,
farmers have traditionally used chemica approaches.
Biotechnology is now providing opportunities to use bi-
ological approaches such as transgenic plants resistant to
pests and better adapted to geoclimatic conditions, and
the use of biological control agents.

The ability to create transgenic plants with useful ag-
ronomic characteristics is constrained by the lack of
knowledge concerning plant physiology. Our under-
standing of plant metabolism has not kept up with the
development of biotechnology methods. However, plants
resistant to certain insects are approaching commercial-
ization. Most of these plants have a Bacillus thuringiensis
toxin gene insert, but some research aso is being con-
ducted using insect trypsin inhibitors that disrupt the
digestion of feeding insects. Several transgenic Bt plants
are undergoing field trials, and it is expected that several
companies will begin petitioning EPA for approval for
commercia release soon.

Plants tolerant of herbicides are being developed to
aid the management of weeds. Development of broad-
spectrum herbicides has been constrained because they
not only kill most weeds, but also cause significant dam-
age to crops. Crops tolerant to specific herbicides alow
the use of these herbicides in conditions where they pre-
viously could not be used, and may alow for the re-
placement of some environmentally damaging herbicides.
Some of these crops are nearing commercialization stages.

Transgenic plants are being developed that are resistant
to disease. Scientific understanding of the complex in-
teractions between fungi or bacteria and host plants is
limited, so much of the early successes have been in



Chapter 2—Emerging Plant Technologies . 61

developing plants resistant to certain viral diseases. Sev-
eral virus-resistant plants are under development.

Development of transgenic plants tolerant to geocli-
matic conditionsisin the early stages. Research is being
conducted to understand the mechanisms of heat and
drought tolerance, and to enhance the ability of plants
to withstand cold temperatures. However, the successful
commercialization of these plants is unlikely to occur
before the end of the decade.

In addition to engineering crops themselves, there is
increased interest in developing biological control agents
to manage pests. The use of biological control in the
United States, to date, is relatively limited and most
successes have involved controlling pests in forests, or-
chards, grasslands and aquatic environments. Use of bi-
ological control in grain and row crops is very limited.
However, there is more emphasis placed on developing
such products to control weeds, insects, and disease in
the major food crops, and improved strains of Bacillus
thuringiensis to control insects and a few fungal strains
to control weeds are approaching commercialization. More
research till is needed to successfully develop other
products.

The food processing industry will aso be affected by
biotechnology. Plants are modified for new quality and
processing characteristics. For instance, tomatoes with
delayed softening characteristics are nearing commer-
cialization. Research is aso underway to alter the starch,
oil, and protein content of selected crops to more closely
reflect consumer preferences and to enhance their pro-
cessing characteristics for specific end uses. Diagnostic
kits are in various stages of development to detect the
presence of microorganisms, chemicals, and other con-
taminants in food products.

The development of transgenic plants and biological
control organisms offer new approaches to controlling
pests and to improving food processing characteristics.
However, many issues have been raised concering the
development of these products. Some groups are worried
about the effects these products will have on smal farms,
and on food safety and the environment. Additionally,
many of these products will require extensive farm man-
agement capabilities for effective use. These issues will
be discussed in subsequent chapters.
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Chapter 3

Emerging Animal Technologies

The U.S. livestock industry is immense, and the costs
of running it are correspondingly large. Feed and health
care costs for the Nation’s nearly 100 million head of
cattle (beef and dairy), 55 million pigs, 10 million sheep,
and 600 million chickens and turkeys amount to billions
of dollars annually. Disease and reproductive |osses also
significantly erode industry profits.

Like any industry, livestock producers strive to reduce
costs and losses, and to maximize profits. Feed consti-
tutes almost 70 percent of the cost of producing pigs for
pork. Improvements in feed efficiency (i.e, a lower
quantity of feed consumed per unit of weight gained)
and faster weight gain could potentialy lower production
costs in this and other sectors of the livestock industry.
Animal diseases cost the livestock industry hillions of
dollars each year. For example, anaplasmosis in cows
costs an estimated $300 million a year in losses and
disease control. The bacterium Staphylococcus aureus,
which causes 55 percent of madtitis, costs U.S. dairy
producers some $250 million annually. New vaccines
and diagnostic kits can help decrease disease in livestock.
Other economic losses in the livestock industry result
from low conception rates and embryo mortality. Such
losses can be minimized by a greater understanding of
reproduction as well as by emerging technologies for
improving reproductive success.

Biotechnology has the potential to improve feed ef-
ficiency, reduce losses from disease, and increase repro-
ductive success in al sectors of the livestock industry,
in part by furthering our understanding of animal phys-
iology, and in part through the development and com-
mercidization of new techniques and products.

The term biotechnology refers to awide array of tech-
niques that use “living organisms (or parts of organisms)
to make or modify products, to improve plants or ani-
mals, or to develop microorganisms for specific uses
(45). Under this broad definition, biotechnology includes
many long-practiced technologies, such as animal breed-
ing and cheese, wine, and beer making. Generally, how-
ever, the term biotechnology is used in reference to such
new technologies as recombinant DNA techniques (also
called genetic engineering), cell culture, and monoclinal
antibody (hybridoma) methods. The application of these

new methods to the livestock industry has already gen-
erated a number of products for improving production,
animal health, and food processing, and will continue to
do so.

Biotechnology is specifically used to produce products
that will promote growth and increase feed efficiency
and carcass leanness in growing animals, and signifi-
cantly increase milk production in lactating animals. New
reproductive technologies are providing means to rapidly
upgrade herd quality. Transgenic animals are being pro-
duced to grow faster, have greater disease resistance, and
to produce high-value pharmaceutical products. New
vaccines and diagnostic kits are being developed to im-
prove livestock health. Biotechnology is also being used
to process meat and dairy products and to detect food
contaminants that might be present in those products.
This chapter presents some new livestock biotechnolo-
gies currently under development. *

COMPOUNDS THAT PROMOTE
GROWTH, ENHANCE FEED
EFFICIENCY, AND REDUCE

CARCASS FAT

Compounds currently used in the livestock sector to
promote growth and increase feed efficiency, such as
anabolic steroids and antimicrobial compounds, will con-
tinue to be used. However, new products are also being
developed, including protein hormones called somato-
tropins and catecholamine compounds called beta-adren-
ergic agents. These compounds increase growth rates in
young animals, improve the efficiency with which food
is converted to muscle, and significantly reduce carcass
fat so that meat products are leaner. Somatotropins also
increase milk production in lactating dairy cows. Cur-
rently, recombinantly-derived bovine and porcine so-
matotropins are undergoing Food and Drug Administration
(FDA) review for use in lactating dairy cows and pigs,
respectively, and one beta-adrenergic agent is undergoing
testing for approval in pigs.

' Because of the large quantity of research on these technologies, this chapter will mainly cite OTA commissioned background papers and other

review articles.
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Somatotropin

A hormone is a chemical that is produced by one organ
or cell and transported to another to cause a biological
effect (i. e, it is a chemical messenger between different
cells and organs of the body). Hormones can be steroids,
proteins, peptides, or modified amino or fatty acids. About
70 percent of the hormones in blood are protein hor-
mones. Somatotropin is a protein hormone produced by
the pituitary gland, a small gland located at the base of
the brain. All vertebrates (i.e.,, animals that have back-
bones) produce somatotropin. In addition, evidence ex-
ists that some nonvertebrate animals, such as shellfish
(i.e., oysters, clams, etc.), aso produce somatotropin.

All magjor livestock species produce somatotropins
unique to each species. Naturally produced bovine so-
matotropin (bST) contains 190 or 191 amino acids, and
each polypeptide can contain either the amino acid valine
or leucine at position 126, which gives rise to 4 variants
of bST. Pigs produce porcine somatotropin (pST) con-
sisting of 191 amino acids. The amino acid sequence of
pST, however, differs from bST at 18 positions. In con-
trast, bST and ovine (sheep) somatotropin (0ST) differ
by only one amino acid position (3, 16, 40).

Differences in the amino acid sequence of proteins
lead to species specificity. The amino acid sequence de-
termines the unique three-dimensional shape character-
istic of a specific protein. Only proteins of the appropriate
shape bhind to a receptor, and thus elicit a biological
response. Proteins from one species that differ by many
amino acids from the equivalent protein in another spe-
cies generally do not elicit a biological response in the
other species. Conversely, bST and oST that differ only
by one amino acid are active in either sheep or cattle.
However, human somatotropin differs from pST by 59
amino acids and from bST by 68 amino acids (a 35
percent difference). Bovine, porcine, and ovine soma-
totropin are not biologically active in humans (20, 23,
49).

Mechanism of Action

Somatotropins affect growth rate, feed efficiency, milk
yield, and the proportion of fat and protein in the carcass.
These effects occur in response to the coordination of
numerous metabolic pathways by somatotropin. These
metabolic effects are both direct and indirect. The direct
effects include nutrient partitioning among tissues, most

specifically liver and adipose (fat) tissue (table 3-1). in-
direct effects include those mediated by insulin-like growth
factor-1 (IGF-1), whose secretion is stimulated by so-
matotropin.

Somatotropin affects glucose metabolism. Glucose is
a carbohydrate used as an energy source by many tissues,
or as araw materia for the synthesis of other molecules
(as in the production of milk lactose). Administration of
somatotropin increases blood glucose levels by stimu-
lating glucose production by the liver, and may possibly
reduce glucose use for energy by other body tissues.’
Thus, additional glucose is available for uses such as
increased growth or milk production while normal body
functions are still maintained. The changes in glucose
use by body tissues and glucose production by the liver
appear to be caused by somatotropin altering the response
of these tissues to acute signals, such as to insulin and
other hormones that affect glucose metabolism (3. 16).

Somatotropin also adjusts lipid (fat) metabolism. In
growing pigs, for example, somatotropin redirects nu-
trients (primarily glucose) away from fat synthesis to
providing energy for lean tissue accretion. The adjust-
ments in tissue lipid metabolism depends on the nutri-
tional status of the animal. If an animal’s energy (food)
intake is greater than its requirements, somatotropin al-
lows for the reallocation of nutrients to support increased
lean tissue accretion (growth) or milk production (lac-
tation) instead of storing excess nutrients as body fat. If
the anima’s nutrient intake is equal to or less than its
reguirements, somatotropin directs adipose tissue to mo-
bilize deposits of body fat so that these energy reserves
can be used to support the increased |ean tissue accretion
(growth) or milk production (lactation). The former sit-
uation is more likely to be the case for young growing
animals and the latter situation would be typical of lac-
tating cows in early lactation. Like glucose metabolism,
adjustments in lipid metabolism result from changes in
the way adipose tissue responds to acute signals, such
as to insulin and other hormones (3, 16, 40).

In addition to the direct metabolic effects that soma-
totropin coordinates, it stimulates the release of other
compounds with metabolic effects, most notably insulin-
like growth factor | (IGF-I). IGF-I probably mediates the
effects of somatotropin on animals such that the cellular
rate of milk synthesis is increased and the rate at which
mammary cells die is decreased, thus causing higher
daily milk yields for a longer period of time during the

2 Evidence i |actating 98iry cows suggests that glucose use by tissues other than the mammary glandis decreased when somatatropin is
administered. It is still not clear whether glucose use by skeletal muscle is decreased in growing pigs (3, 16).
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Table 3-I—Effect of bST on Specific Tissues and
Physiological Processes in Lactating Cows®

Process affected during first few days and

Tissue weeks of supplement

Mammary T secretory activity and maintenance of mammary
glands
T blood flow and nutrient uptake
synthesis of milk with normal composition

Liver T production of glucose
0 response to acute signals (e.g., insulin) that allow
for greater glucose production

Adipose T mobilization of fat stores to meet needs for
increased milk production if nutrient intake is
inadequate

- use of nutrients for fat storage so that they can be
used for increased milk production if nutrient intake
is adequate

0 response to acute signals (e.g., insulin and other
hormones that affect lipid metabolism) that allows
for synthesis and breakdown of body fat reserves to
be coordinated with changes in use and availability
of nutrients

—

Muscle L uptake of glucose

Pancreas 0 insulin and glucagon secretion reponse to changing
glucose levels

Kidney®

Intestine® T absorption of Ca, P and other minerals required for
milk
T ability of 1,25 vitamin Dto stimulate calcium binding
protein
T calcium binding protein

T production of 1,25 vitamin D,

Whole d use of glucose by some organs so more can be used
body for milk synthesis

T use of fat stores for energy if nutrient supply is
Inadequate

1 use of nutrients to make body fat if nutrient supply is
adequate

@ insulin and glucagon clearance rates

@ energy expenditure for maintenance
energy expenditure consistent with Increase In milk
yield (i.e., heat per unit of milk not changed)
(cardiac output consistent with increases in milk yield
productive effidency (milk per unit of energy intake)

"Changes (T=increased, l=decreased, @=no change, o=change) that
occur in initial period of bST supplement when metabolic adjustments
occur to match the increased use of nutrients for milk. With longer term
treatment voluntary intake Inceases to match nutrient requirements.
demonstrated in nonlactating animals and consistent with observed
performance in lactating cows.

SOURCE: D.E. Bauman, ‘Bovine Somatotropin: Review of an Emerging
Animal Technology,” commissioned background paper for the
Office of Technology Assessment, Washington, DC, 1991.

lactation cycle (3). In growing animals, IGF-I stimulates
cell proliferation in a variety of tissues (bone, muscle,
connective, and adipose tissue) and increases protein syn-
thesis in muscle ( 16, 40).

Poultry Somatotropin

Research using somatotropin to enhance growth and
carcass composition in poultry (i. e., chickens, turkeys,
and ducks raised for meat and egg production) is limited.
Earliest research involved chickens that had their pitui-
tary glands removed. Administration of chicken soma-
totropin (cST) was shown partially to restore growth.
Chicken somatotropin also has been shown to increase
circulating levels of 1GF-I (40).

Administration of ¢ST to broiler chickens'(i .e., chick-
ens marketed at 6 to 7 weeks) has not been shown to
influence growth, feed efficiency, or carcass composi-
tion. In young (post-hatched) chicks, the binding of so-
matotropin to its receptors in the liver is very low, whereas
in adult chickens high somatotropin binding has been
observed. There appear to be low somatotropin receptor
numbers and/or receptor affinity for somatotropin during
the early stages of chicken growth, potentially up to the
time when broiler chickens are marketed. This might
provide an explanation as to why cST has little or no
effect in young broiler chickens. The basis for this low
binding is not known, but some evidence exists that so-
matotropin itself regulates the number of somatotropin
receptors (40).

While most studies have reported no enhanced growth
in young chickens given cST, one study using daily in-
jections of intermediate doses of native cST did elicit
improved growth in 4-week-old broiler chickens. This
raises the possibility that diet, frequency of cST admin-
istration, molecular form of cST, or dose may be nec-
essary conditions to achieve a growth response in broiler
chickens. Thus, it cannot be ruled out that optimal con-
ditions have not been employed in most studies. Based
on the evidence to date, however, cST administration
appears not to be an effective means of promoting growth
or productive efficiency in growing broiler chickens (40).

Administration of cST to roaster chickens (i.e., chick-
ens more than 8 weeks old) has been shown to stimulate
growth and feed efficiency while reducing carcass fat.
The effects of cST on breast meat weight varied de-
pending on the method of cST administration. For ex-
ample, the weight of the breast meat was reduced when
cST was administered in a pulsatile (rhythmic dripping)
fashion, but increased when administration was by con-
tinuous infusion or daily injection. The extent of growth
and of fat tissue accumulation also varied with method
of administration and age of the chicken. These results
suggest that cST can be used to improve roaster-age

‘Chicken somatotropin derived from chicken pituitary glands and from recombinant DNA procedures were tried
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chickens, but that the mode of administration and dose,
and potentialy diet, need to be optimized to achieve
consistent results (40).

Turkeys that have had their pituitary glands removed
have been treated with bST and cST; neither influenced
growth. Administration of chicken or turkey somatotro-
pin to intact turkeys has not been adequately explored.

Some evidence exists that bST or pST injections into
the egg increase the growth and feed efficiency of mae
chickens after hatching, and reduce abdominal fat in both
male and female chickens.

In summary, it has not been definitively demonstrated
that somatotropin can be used to improve growth, feed
efficiency, or carcass composition of poultry. More re-
search is needed to determine if this is in fact the case,
to optimize conditions needed to achieve growth, and to
improve the mode of administration. There is a general
lack of research on poultry biology and much basic re-
search is needed to understand growth mechanisms in
poultry. There is also a need to characterize fully the
structure and control of the receptor(s) for chicken so-
matotropin, to identify the specific amino acid sequence
of somatotropin that binds to the receptors, to understand
the signal system used for somatotropin to elicit its bi-
ological response, and to identify hormones that may
counteract the effects of somatotropin in poultry. Given
the state of the art, it isunlikely that cST will be available
for poultry production before the later part of the 1990s
(40).

Porcine Somatotropin

Pigs administered porcine somatotropin (pST) for a
period of 30 to 77 days have been shown to increase
average daily weight gains by approximately 10 to 20
percent; improve feed efficiency by 15 to 35 percent;
decrease adipose (fat) tissue mass and lipid formation
rates by as much as 50 to 80 percent; and concurrently
increase protein deposition by as much as 50 percent,
without adversely affecting qualities such as taste and
texture of meat. Prolonged release formulations and daily
injections produced similar growth rates and feed effi-
ciencies. In addition, similar growth rate increases were
observed in both barrows (castrated male pigs) and grow-
ing gilts (immature female pigs) ( 16).

Daily administration of pST to gilts weighing between
110 and 220 pounds did not affect the age at which
puberty occurred, the proportion of gilts reaching puberty
prior to 240 days, or the pregnancy rate. One study did
indicate that with pST administration, ovarian function
was impaired in prepubertal gilts, and that the onset of
puberty was delayed. Withdrawal of pST restored normal
reproductive function ( 16).

The minimally effective dose of pST needed to in-
crease growth performance is approximately 20 micro-
grams of pST per kilogram of body weight per day. In
the commercia setting, pigs will likely be treated with
pST for about 60 days during the growing-finishing pe-
riod ( 16).

Photo credit: Terry Etherton, Pennsylvania State University.

Comparison of pork loins that show the effect of pigs treated with porcine somatotropin (PST). The
loin-eye area of the loin treated with PST is 8 square inches; the control is 4.5 square inches.
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For effective use of pST, prolonged release formula-
tions lasting at least 30 days need to be developed. Op-
timal nutrient requirements need to be determined. Initial
data indicate that the diet should contain about 1.2 per-
cent lysine (6). Current corn-soybean meal formulations
containing about 16 percent crude protein may need to
be supplemented with additional lysine, and perhaps other
amino acids. Total feed intake will likely increase by 10
to 15 percent with pST administration. The nutritional
requirements of pST-treated pigsis currently being stud-
ied by the National Research Council.

One study found that porcine somatotropin increased
milk production between days 12 and 29 of lactation and
the nursing piglets have a greater weight gain which
matched the increased milk yield ( 16). However, this
increase in milk yield and piglet weight gain has not been
consistently observed (2, 8, 9, 10, 11, 42, 43, 44). Also,
in some cases, adverse health effects were noted in pST
treated sows ( 10, 42). Porcine somatotropin is currently
being reviewed by FDA for commercial use. (For ad-
ditional information on pST and its effects on carcass
grades, see ch. 14.)

Bovine Somatotropin

Bovine somatotropin (bST) is currently undergoing
FDA review for use in lactating dairy cows to increase
milk production (figure 3-1 ). While individual milk yields
depend on the management ability of the producer, on
average, gains of about 12 percent can be expected with
bST administration. However, response varies with the
stage of lactation. Administration of bST early in lac-
tation (i.e., immediately following parturition and prior

Figure 3-I—Bovine Somatotropin (bST)
Production Process
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SOURCE: Elanco, a division of Eli Lily

to peak milk yield) evokes a small or negligible response
(3). Administration after peak milk yields evokes a high
response due to an immediate increase in milk yield, and
areduction in the normal decline in yields that occurs as
lactation progresses. Maximum milk response is achieved
with a daily bST dose of about 30 to 40 mg/day. BST
does not ater the gross composition of the milk. The
fat, glucose, protein, mineral, and vitamin composition
of the milk al fall within the range of vaues normally
observed in milk from cows not given bST (3).

The relative ratio of nutrient requirements of cows
administered bST do not change, but the cow will eat
more feed to accommodate the increased milk produc-
tion. The magnitude of the increase in feed intake de-
pends on how much milk production increases and on
the energy density of the diet.

BST decreases preghancy rates (proportion of cows
becoming pregnant) and increases days open (days from
parturition to conception). Conception rates (services per
conception) are not altered. The effects observed are
similar to those occurring in high milk producing cows
that do not receive bST (3). The implications of using,
bST in dairy production are discussed more thoroughly
in OTA’s 1991 publication U.S. Dairy industry at a
Crossroad: Biotechnology and Public Choices (47).

A small number of studies using somatotropin to in-
crease growth in growing cattle has been conducted, but
research in this area is increasing. Results to date are
highly variable due to the fact that studies differ signif-
icantly with respect to source and type of somatotropin
used; dose and potency of somatotropin; route and fre-
guency of administration; number, sex, type, and age of
animals; duration of treatment; level and type of nutrition;
and methodology used to determine characteristics mea-
sured. Thus, comparisons are tenuous, but on average,
administration of somatotropin to growing cattle in-
creases average daily weight gain by” 12 percent, im-
proves feed conversion efficiency by 9 percent, increases
carcass lean content by 5 percent, and decreases carcass
fat content by 15 percent ( 15). Additiona long-term stud-
ies are needed. Optimal dose, nutritional needs, duration,
and withdrawal period before slaughter need to be de-
termined.

Ovine Somatotropin

A small number of studies has examined ovine so-
matotropin (0ST) or bST for use as a growth promotant
in sheep. Because 0ST and bST are similar on amino
acid sequence they both are effective. Like the studies
with growing cattle, investigations with sheep vary sig-
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nificantly in design and methodology. These studies sug-
gest that on average, administration of somatotropin to
sheep will increase the average daily weight gain by 18
percent, improve the feed conversion efficiency by 14
percent, increase the carcass lean content by 10 percent,
and decrease carcass fat content by 15 percent.

Ruminants present some special challenges with regard
to supply of amino acids to support high rates of protein
accretion. Recent studies with growing cattle and lambs
demonstrate that nutritional constraints imposed by ru-
men fermentation may limit amino acid supply and ul-
timately the biological response to somatotropin (4, 2 1).
Long-term studies are needed, and optimal conditions of
somatotropin administration and nutrient requirements
must be determined ( 15).

Fish Somatotropin

Recombinant trout somatotropin injected into yearling
rainbow trout increased growth rates by 100 percent as
compared to control fish. Body length increased, and the
chemical composition of the muscle tissues was indis-
tinguishable from that of the controls (34). However,
injection into individual fish is inefficient and different
modes of administration are needed. Other studies have
tried dipping and incubating test fish in an appropriately
balanced salt solution containing fish somatotropin. Re-
sults have been encouraging; within 5 weeks, body weight
had increased by 1.6 times over that of controls (34).

Evidence exists that invertebrates also produce so-
matotropins. Somatotropin from abalone has been iso-
lated and shown to enhance growth in juvenile abalone.
Recombinant trout somatotropin has been shown to in-
crease the size of oysters (34).

Somatotropin also can be used to increase growth in
finfish and shellfish. Research is needed to determine
the most effective and practical means of administration.
Large-scale production and purification of recombinant
fish somatotropin is paramount. Optimum dose, nutrient
requirements, and other related conditions must be es-
tablished for each target species. Most studies to date
have been short-term studies. Long-term studies to un-
derstand the effects of somatotropin on fish must be con-
ducted. Given the work that is still needed, it is unlikely
that somatotropin will be used commercialy in the fish
industry before the second half of the 1990s.

Somatotropin Related Technologies

Recognition of the role that somatotropin playsin growth
and milk production has led researchers to search for

means to increase endogenous levels of somatotropin in
livestock as an dternative to administration of exogenous
somatotropin.

The production and secretion of somatotropin by the
pituitary gland is controlled by another protein hormone
called growth hormone releasing factor (GRF). Early
studies in pigs involved daily injections of 30 micrograms
of GRF. Neither growth rate nor feed efficiency was
significantly improved. There was a significant improve-
ment in carcass composition (less fat), although the
improvement was not as great as with exogenous ad-
ministration of porcine somatotropin. Using synthetic an-
alogs of GRF that are resistant to degradation by protease
enzymes elicits a greater reaction; daily weight gain and
feed efficiency increased, and carcass composition changed
in amanner similar to that which occurs with exogenous
administration of porcine somatotropin (16). There is
some evidence that GRF does €elicit some effects that are
different than those of somatotropin. For example, a small
improvement in the digestibility of dietary dry matter has
been observed in GRF-treated cattle and this has not been
routinely observed with bST-treatment (3, 16). GRF it-
self can be produced in bacteria, but some of the synthetic
analogs cannot, and alternative methods will be required
to produce sufficient quantities for commercial use. It is
not expected that GRF will be commercialy available
before the later half of the 1990s.

An aternative way to increase endogenous somatotro-
pin levelsis to block compounds that prevent the secre-
tion of somatotropin. Release of somatotropin from the
pituitary gland is blocked by a compound called soma-
tostatin. Deactivating somatostatin will increase the lev-
els of somatotropin in the animal. Somatostatin is
deactivated by stimulating the animal to produce anti-
bodies to this compound. The process involves coupling
somatostatin with another compound that stimulates the
immune system in animals. Administration of this cou-
pled compound to an animal causes the animal to produce
antibodies that bind to somatostatin and desctivate it,
thereby preventing it from inhibiting the release of so-
matotropin from the pituitary. When used in pigs, this
process doubled the concentration of porcine somatotro-
pin and increased growth rates dlightly, but it is likely
that higher somatotropin levels will be needed to increase
growth in pigs significantly. In cattle, use of this method
increased growth rates by 10 to 17 percent and improved
feed efficiency by 13 percent (16).

A third possible way of increasing the effectiveness
of somatotropin is to couple somatotropin with a mon-
oclinal antibody specific for somatotropin. In dwarf mice
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that have deficient pituitary glands, a somatotropin-mon-
oclonal antibody complex increased weight gains 400 to
600 percent more than administration of somatotropin
aone ( 16). In lactating sheep, a somatotropin-mono-
clonal antibody complex increased milk production more
than somatotropin aone ( 16). The mode of action is not
known with certainty. It is speculated that the complex
is selectively recognized by different target tissues and
receptors in preference to somatotropin alone. It is pos-
sible that the monoclinal antibody inhibits the receptor
from internalizing the somatotropin, which allows the
somatotropin to be active for a longer period of time.
The use of monoclinal antibodies from species other than
the animal being treated, however, may cause an immune
response by the animal.

Beta-Agonists

Beta-agonists (also caled beta-adrenergic agonists) are
compounds similar to adrenaline. They are generally of
two types, the beta- 1 agonists that stimulate cardiovas-
cular functions and the beta-2 agonists that regulate smooth
muscle function. Beta-agonists are currently used in hu-
mans to control bronchial asthma and to relax premature
uterine contractions.

Beta-agonists can also act as repartitioning agents. They
redirect nutrients away from the formation of adipose
tissue (fat deposits) and towards muscle growth (48).
Almost al cells have beta-adrenergic receptors. inter-
action of beta-agonists with the cell membrane receptors
initiates intercellular responses that affect fat and protein
metabolism and accretion.

Beta-agonists are not currently approved for use as
livestock growth promotants in the United States. At least
three companies have tested beta-agonists to promote
growth and enhance carcass leanness in meat-producing
animals. Beta-agonists tested include clenbuterol and
cimaterol in lambs, beef, swine, and broilers (American
Cyanamid); salbutamol in swine (Glaxo Animal Health,
United Kingdom) and ractopamine hydrochloride in fin-
ishing swine, beef and turkeys (Eli Lily and Co.). Results
of early studies with clenbuterol, cimaterol, and salbu-
tamol were variable and available evidence suggests that

none of these compounds are under development as growth
promotants for livestock application (48).

Eli Lilly and Company is developing ractopamine hy-
drochloride to enhance carcass leanness and promote
growth in meat-producing animals. In finishing swine
(i.e., pigs weighing 100 to 250 pounds), ractopamine is
administered as a feed additive, at doses of 5 to 20 parts
per million (ppm), usually for a period of 42 to 49 days.
Ractopamine is registered under the trade name Paylean,
and is currently undergoing FDA review (48).

Trials involving finishing pigs were conducted in the
United States, Canada, and several other countries world-
wide. Ractopamine increases the rate of daily weight gain
(maximum of 8.9 percent), decreases feed consumption
(average of 3.9 percent), and improves feed conversion
(up to 12.3 percent over untreated controls). *Addition-
aly, two measures of carcass leanness—Iloin eye lean-
ness and the 10th rib fat thickness—improved by a 14.9
percent increase and 13.6 percent decrease, respectively.
Total lean content of the carcass increased from 50.9
percent to 56.9 percent as determined by total carcass
dissection. Swine with superior genetics for leanness show
a greater response to ractopamine than those with low
lean-gain potential. Visual and taste panel evaluations of
meat palatability characteristics from the ractopamine-
treated pigs appear to be unchanged (48).

While total feed consumption decreases dlightly, use
of ractopamine requires crude protein levels greater than
current National Research Council recommendations for
finishing swine. Rations containing 16 to 20 percent crude
protein or lysine equivaent appear to optimize the growth
performance response to ractopamine. However, carcass
leanness effects are seen at lower crude protein levels.
Addition of fat to the diet, a common practice in swine,
did not affect carcass leanness, daily weight gain, or feed
conversion responses to ractopamine (438).

Some reports have indicated that beta-agonists cause
hoof lesions in swine. No such effects were observed in
another study with ractopamine given in amounts up to
25 times the highest intended level of use (550 ppm).
Similarly, at three times the intended use level (60 ppm)
during the finishing phase, there were no observed effects
on the subsequent percent of gilts in heat, the percent

“Clenbuterol is currently marketed in Europe, Mexico, Canada, South America, and Asia as a veterinary prescription drug to treat bronchial
and smooth muscle disorders in animals (primarily race horses and sheep). It has not been approved for use in the United States. Salbutamol is

marketed as an anti-asthmatic in humans ( 17, 48).

‘Twelve trials involving 1278 barrows and gilts were fed rations of 16 percent crude protein and administered ractopamine as a feed additive

in quantities up to 20 parts per million.
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farrowing rate, the number of live or dead newborn pigs,
the 21-day pig weaning weight, or gilt weights at the
end of the nursing period (48).

Antimicrobial Agents

Biotechnology is being used to produce new com-
pounds that can enhance livestock production, but tra-
ditional means will continue to be used for the same
purpose. One such traditional method is the addition of
antimicrobial agents to livestock feed. Antimicrobial agents
are compounds that, when administered in low concen-
trations, suppress or inhibit the growth of microorgan-
isms. Antimicrobial agents include antibiotics (naturally
occurring substances produced by yeasts, molds, and
other microorganisms) and chemotherapeutic (sub-
stances that are chemically synthesized). Copper aso has
antibacterial properties when present in relatively high
concentrations.

Antimicrobial have been widely used as feed additives
for swine, poultry, beef cattle, and dairy calves since the
early 1950s and numerous trials have been conducted
during that time to document the efficacy of antibiotic
use. Approximately half of the 4.65 million kilograms
of antibiotics and chemotherapeutic sold in the United
States in 1988 were for nonmedicinal use (12). In the
early 1980s, it was estimated that approximately 75 per-
cent of pig feeds, 80 percent of poultry feeds, 60 percent
of feedlot cattle feeds, and 75 percent of dairy calf feeds
contained antimicrobial agents (12). An estimated 90
percent of al feedlot cattle are administered antibiotics
(12). Today, approximately 88 percent of the antibiotics
used in livestock are given at subtherapeutic levels to
promote growth, improve feed utilization, reduce mor-
tality, reduce liver abscesses, and improve reproductive
efficiency. Currently, 14 antibiotics and 6 chemothera-
peutic have been cleared by the FDA for use as livestock
feed additives (table 3-2).

The exact mechanism by which antimicrobial stim-
ulate growth is not known with certainty. Three mech-
anisms have been proposed: a metabolic effect, a nutritional
effect, and a disease control effect. Various antimicro-
bia have been shown to affect water and nitrogen ex-
cretion, to inhibit oxidation reactions that require
magnesium ions, and to increase protein synthesis in
muscle cells. However, none of these metabolic effects
is significant enough to account for the observed in-
creases in growth (12).

The nutritional effect is based on the premise that
certain intestinal microbes synthesize vitamins and amino
acids essentia to animals, while others compete with the

Table 3-2—Antimicrobial Agents Approved as
Growth Promotants for Swine, Poultry, and Cattle in
the United States®

Antibiotics

Bacitracin zinc (S,P,C)
Bacitracin methylene
disalicylate (S,P)

Roxarsone (S,P)
Bambermycins (S,P)
Chlortetracycline (S,P,C)
Erythomycin (P)
Lasalocid (C)°
Monensin (C)
Oxytetracyline (S,P,C)
Penicillin (S,P)
Streptomycin (S,P)
Tiamulin (S)

Tylosin (S)°
Virginiamycin (S,P)

Chemotherapeutics

Arsanilic acid (S,P)
Carbadox (S)

Sodium arsanilate (S,P)
Sulfamethazine (S,C)
Sulfathiazole (S)
Lincomycin (S,P)

‘The letters in parenthesis refer to the species for which the drug is ap-
proved; S = swine, P = poultry, and C =cattle.

*Bacitracin methylene disalicylate and tylosin are also approved in cattle
to reduce liver abscesses.

‘Lasalocid and Monensin are approved for use in poultry to control coc-
cidiosis.

SOURCE: Office of Technology Assessment, 1992.

host animal for these nutrients. Shifts in the intestina
population of bacteria associated with the use of anti-
biotics could result in greater availability of nutrients for
the host animal. Some antibiotics have been shown to
stimulate yeast growth and bacteria that produce vitamins
while reducing population levels of lactobacilli, bacteria
that require amino acids in the same proportions as pigs
and chicks.

Increased intestinal wall thickness and total gut mass,
thought to be caused by bacterial invasion or toxins, are
reduced by antibiotics. This decreased mass possibly leads
to greater nutrient absorption and increases diversion of
energy and nutrients away from heat production by the
gut to body growth.

Evidence exists to support the hypothesis that the di-
etary protein requirements of animals administered an-
tibiotics are lower than those of control animals. The
most striking evidence in support of the nutritional effect
is seen with the ionophore class of antibiotics, which
causes an increase in propionic acid and a decrease in
acetic acid in the rumen. Biosynthetic pathways using
propionic acid are energetically more efficient than those
using acetic acid, which could account for the marked
reduction in feed requirements per unit of gain for ani-
mals administered the ionophores.

The most widely accepted theory as to how antimi-
crobials promote growth is the disease-control effect.
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Antibiotics control subclinical disease, thereby allowing
animals to more closely approach their genetic growth
potential. The fact that antibiotics stimulate growth more
in young animals than older animals provides some sup-
port for this theory because young animals have lower
immunological competency and are more susceptible to
disease. Also, the degree of the growth response is strongly
influenced by the cleanliness of the living environment
and the disease load of the animals involved.

Most of the research concerning antimicrobial is con-
ducted at the pharmaceutical firms that develop these
products. Research at universities evaluates the efficacy
of aready approved antimicrobial agents under different
housing, management, and feeding programs. Some clin-
ical studies of compounds in development are also con-
ducted at universities.

Current research is focusing on the development of
new antimicrobial, new techniques for screening and
evaluating the safety of antimicrobial, detection of res-
idues in meat, and the possible spread of antimicrobial
resistance. Genetic engineering techniques can be used
to alter the production of antibiotics by bacteria and to
develop nucleic acid probes for use in safety evaluation.

Other research is focusing on ways to improve the
efficiency of nutrient utilization and microbial fermen-
tation in the gastrointestinal (Gl) tract. Techniques that
modify membrane function in bacteria can increase the
transport of ions and substrates into bacterial cells, which
could enhance digestion in ruminants. Alternatively, the
use of live antagonistic microorganisms in feed can be
used to maintain the optimal microflora.

More efficient methods of delivering antimicrobial,
including intraruminal delivery devices, boluses, and ro-
tation of two or more agents, are being developed. The
compatibility and synergism of antimicrobial combina-
tions and the effect of the diet are also being explored
(12).

Antimicrobial Use in Poultry

Antimicrobial use in chickens up to 4 weeks old in-
creases growth rate and feed efficiency by approximately
7 and 4 percent, respectively. Older chickens also show
improvement, although not as high. Y oung turkeys have
shown improved growth rates and feed efficiency of ap-
proximately 13 and 7 percent, respectively. When anti-
microbia are used in laying hens, egg production im-
proved by up to 4 percent, the feed required per dozen
eggs was reduced up to 5 percent, and matchability im-

proved about 3 percent. Similar results were obtained in
turkeys. Antimicrobial use also appears to reduce mor-
tality (12).

Antimicrobial Use in Swine

In pigs, antimicrobia have been shown to increase
growth rates, reduce feed requirements per unit of weight
gain, and reduce mortality and morbidity. Smaller (young-
er) pigs respond more to antibiotics than heavier pigs.
Antibiotics have been found to improve growth rate of
pigs weighing between 7 and 25 kg by 16 percent and
to reduce the amount of feed required per unit of gain
by 7 percent. In dlightly heavier pigs (from 7 to 49 kg),
the improvements in weight gain and feed efficiency were
11 and 5 percent, respectively. Over the entire growing-
finishing period, antibiotics improved weight gain by 4
percent and feed efficiency by 2 percent. Improvements
in growth rates, feed efficiency, and mortality rates from
antibiotic use are greater under farm conditions than in
highly controlled test conditions at universities and re-
search stations. In addition, the effectiveness of anti-
biotics has not diminished over 40 years of use ( 12).

Copper gives growth rate and feed-efficiency utiliza-
tion rates similar to those of antimicrobial, and in young
pigs a combination of copper and antimicrobial appears
to have an additive effect.

Antimicrobial are not usualy continuously adminis-
tered to breeding animals, but during certain critical stages
of the reproductive cycle, such as at the time of breeding,
administration of antimicrobial can improve conception
rates (by about 7 percent) and increase litter size (by
about a half a pig). Use of antimicrobial at farrowing
reduces the incidence of uterine infections. Data also
indicate a slight improvement in the survival and weight
gain of nursing pigs that have been given antimicrobial
in prefarrowing and lactation diets. Evidence also exists
that the withdrawal of antibiotics from animals that have
been administered antibiotics for a long time is associated
with areduction in reproductive performance ( 12).

In the last 5 years, two new antibiotics were cleared
for use in swine. Three more antibiotics are currently
under development (12).

Antimicrobial Use in cattle

In beef, growth rates have increased up to 5 percent,
and feed efficiency gain has increased up to 7 percent
with antimicrobial use. Antimicrobial are aso com-
monly used to reduce, by nearly half, the incidence of
liver abscesses. Animals with abscessed livers gained
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weight more slowly than those without abscessed liv-
ers—about 1/3 pound per day less. Antimicrobia can
be used to improve weight gain in dairy calves. but no
general beneficia response has been noted in lactating
cows (12).

Anabolic Steroids

Steroids are a class of lipid compounds composed of
four interconnected rings of carbon atoms linked with
various functional groups. Some steroids act as vitamins
while others act as hormones. The anabolic steroids used
to promote growth are estrogens and progesterone (fe-
male sex hormones) and androgens (male sex hormones).
Steroids have been demonstrated to promote growth, in-
crease feed efficiency, increase lean meat production,
and reduce carcass fat. These hormones have been dem-
onstrated to have growth-promoting properties in beef,
sheep, swine, poultry, and fish. Such effects are greatest
in ruminants.

Anabolic steroids were first approved for use in live-
stock in 1954. Currently they are approved for use as
growth promotants in the United States only for beef and
sheep. It is estimated that 10 percent of heifers and 60
percent of steers are treated with anabolic steroids as
calves, 70 percent of stocker cattle; and 90 percent of
feedlot cattle are administered anabolic steroids (35).
Anabolic steroids reduce the cost of producing beef by
an estimated $17 per head, and a complete ban on an-
abolic steroids in the United States would result in an
estimated net-return loss of $2.4 to $4.1 billion in beef
and sheep products (35).

Anabolic steroids are used in the United States either
singly or in combination, with the most common method
of administration being a prolonged release implant in-
serted at the base of the ear (see table 3-3). A combination
estradiol-trenbolone acetate implant is currently under
FDA review.

The mechanisms by which steroids act in livestock are
gtill not known with certainty, despite the fact that these
compounds have been used for nearly 40 years. It has
generaly been postulated that estrogens stimulate the
production and release of somatotropin from the pituitary
gland, and that the increased sornatotropin, in concert
with insulin, increases the uptake of amino acids and the
synthesis of muscle protein (35).

New studies indicate, however, that estrogens and so-
matotropins are additive, and act independently, and
therefore it is unlikely that the action of estrogens occurs
via elevated levels of endogenous somatotropin. This
evidence has led to the proposal of aternative hypoth-
eses. One such proposal postulates that because there are
estrogen receptors in bovine skeletal muscle, estrogens
could directly bind to these receptors and stimulate pro-
tein synthesis (35).

Alternatively, estrogens may stimulate the somatotro-
pin receptor sites in the liver; greater binding and receptor
capacity has been observed following estradiol admin-
istration. However, estrogens do not elicit an anabolic
response in rats despite the fact that they stimulate so-
matotropin release and there are estrogen receptors pres-
ent in rat skeletal muscles. This evidence suggests that
the mode of action of estrogens may in fact be different
than any of those hypothesized (35).

Table 3-3—Anabolic Steroids Commercially Available in the United States

Commercial Method of
Anabolic steroid name use
Estrogens
Beta-estradiol Compudose Implant
Zeranol® Ralgro Implant
Androgens
Trenbolone acetate Implant
Progesterone
Melengesterol acetate Feed additive
Combination
Beta-estradiol/testosterone Synovex-H Implant
Heifer-oid Implant
Beta-estradiol/progesterone Synovex-S Implant
Synovex-C Implant
Steer-oid Implant

Zeranol is technically not an estrogen (it's produced by a fungus) but has estrogenic properties.

SOURCE: Office of Technology Assessment, 1992
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Most androgens have not consistently shown anabolic
activity in ruminants, although trenbolone acetate (TBA)
used alone, and especialy when combined with estro-
gens. gives good response. TBA significantly elevates
plasma estradiol levels, which may explain at least part
of its activity. Androgens are thought to work by blocking
muscle receptors for another class of hormones, the cor-
ticoid hormones. This decreases muscle protein degra-
dation and turnover, rather than increasing protein synthesis
(35).

The pharmaceutical industry conducts most anabolic
steroid research. Universities conduct some research con-
cerning the mechanism of action of steroids and work in
conjunction with the pharmaceutical industry to conduct
clinical trials. Current research is focusing on using com-
binations of steroids and on methods to improve timed-
release implants so that they release lower levels im-
mediately following implantation and continue to release
for a longer period thereafter. Researchers are also ex-
ploring the possibility of administering androgens to
pregnant ewes and cows in the hope of increasing growth
potentia in the offspring (a process known as imprint-
ing). Imprinting has been shown to improve growth. feed
efficiency, and carcass leanness in female offspring, but
leads to no observed changes in castrated male offspring
(35).

A clearer understanding of the mechanism of action
of anabolic steroids is needed. Research is also needed
to determine the optimum dose of steroids required to
maximize anabolic response. Current dosage rates are 14
to 36 mg for estrogens, 200 mg for progesterone, 200
mg for testosterone, and 140 to 200 mg for trenbolone
acetate, administered by implants lasting for 90 to 120
days. These doses are probably lower than those that
would yield maximum growth; however, to change dos-
age would require FDA approval (35). Determining op-
timal dosage for maximum anabolic effects might also
help determine the mode of action of these steroids and
whether steroids are additive in effect with other hor-
MOnes.

Further research is needed to determine the nutrient
requirements for maximum response and to determine
the effects of steroids on meat marbling. Anabolic ste-

roids do not appear to affect the texture, flavor, juiciness.
or cooking loss of meat, but some controversy remains
concerning the effect of steroids on carcass quality, mar-
bling, and carcass grade, particularly with respect to TBA/
estradiol combination (35).

REPRODUCTION
TECHNOLOGIES

The field of animal reproduction is undergoing a sci-
entific revolution. For example, it is currently possible
to induce genetically superior cows to shed large numbers
of eggs (superovulation). It is also possible to fertilize
these eggs in vitro with the sperm of genetically superior
bulls. Each resulting embryo can then be sexed and split
to produce multiple copies of the original embryo, frozen
for later use, or transferred to recipient *‘ surrogate’ cows
whose reproductive cycle has been synchronized to ac-
cept the developing embryo. In the near future, it may
be possible to sex the sperm rather than the embryo and
to create greater numbers of copies of each embryo than
is currently possible. Embryos produced by new repro-
ductive methods are currently being marketed. Tech-
niques now being developed will make it easier to insert
new genes into the embryos to produce transgenic’an-
imals. Although as yet no transgenic farm animals are
commercially available, these new technologies are being
used to improve the quality of livestock herds more rap-
idly than could be achieved with traditional breeding.
Currently, however, many of these technologies are still
relatively inefficient.

Estrous Cycle Regulation

Research has shed new light on the basic mechanisms
controlling egg growth and maturation, and corpus luteum’
function. This new knowledge is aiding the development
of precise methods to regulate the estrous cycle, induce
superovulation, and reduce the heavy losses due to early
embryo deaths that occur in al domestic animals.

Perhaps the most important development in ovarian
physiology in recent yearsis the discovery of the ovarian
hormone inhibin, which decreases the ovulation rate. °
Some breeds of animals with exceptionally high ovula-

‘Animals whose hereditary DNA has been augmented by the addition of DNA from a source other than parental germplasm, using recombinant
DNA techniques (46). Transgenic animals can be created that possess traits of economic importance including improved disease resistance, growth,

lactation, or reproduction.

"The corpus luteum is a temporary endocrine organ that is produced at the site of ovulation during each estrous cycle. It produces hormones

needed to maintain pregnancy.

#Inhibin decreases ovulation rates by suppressing the secretion of follicle stimulating hormone (FSH). ahormone produced by the pituitary

gland.
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Photo credit: U.S. Department of Agriculture,
Agricultural Research Service.

Animal physiologist prepares an embryo for microscopic
examination before implanting it into an animal.

tion rates, such as the Booroola strain of Merino sheep
in Australia, are known to have low levels of circulating
inhibin. Cattle immunized against inhibin have lower
circulating levelsin their blood and show increased ovu-
lation rates, The genes controlling inhibin production
have been cloned, and the potential exists for producing
transgenic animals in which these genes are repressed or
deleted (18).

Progress has aso been made in understanding the con-
trol mechanisms that regulate corpus Iuteum function and
its production of progesterone, a hormone that regulates
the length of the estrous cycle and helps maintain preg-
nancy. Regulation of the estrous cycle is needed to ready
surrogate mothers to receive embryos, and also to initiate
superovulation. Estrous cycle regulation is reasonably
well understood and developed in cattle and sheep. Con-
ception rates in treated cows are similar to those obtained
with animals bred at naturally occurring estrus. The es-
trous cycle of pigs appears to be more complex than that
of ruminants and the process of controlling the cycle is
not as efficient. Currently, superovulation treatments for
cattle use highly purified hormones produced by recom-
binant DNA technology. About 10 viable eggs are pro-
duced, on average, per treatment (compared to the 1 egg

a cow normally produces per ovulation) ( 18). As new
knowledge of the factors controlling egg development
and corpus luteum function is applied, the number of
viable embryos produced by each superovulation treat-
ment is expected to increase.

Once eggs are collected, they are matured and fertil-
ized in vitro. In vitro fertilization occurs only when a
capacitated sperm (i. e., a sperm specialy prepared to
penetrate the egg cell membrane) encounters an egg that
isin an optimal maturation state. Great progress has been
made in understanding the factors involved in egg ma-
turation and sperm capacitating in livestock. As a result,
in vitro fertilization rates as high as 70 to 80 percent are
produced in cattle, swine, sheep, and goats, and offspring
are successfully produced. Conception rates with super-
ovulated and artificially inseminated eggs in cattle are
the same as those obtained by artificial insemination of
control animals bred at naturally occurring estrus. Em-
bryos produced with these techniques are currently being
marketed. It is estimated that about 100,000 calves are
born annualy in the United States as the result of embryo
transfer techniques. Many more embryos are being ex-
ported (41).

Early detection of pregnancy can enhance a livestock
producer’s ability to identify and rebreed animals that
have not become pregnant. Traditionally, pregnancy has
been detected by rectal palpation. This procedure can be
conducted at 40 days post breeding, but at this early date
the possibility exists of damage to the fetus. In practice,
rectal palpation is usually carried out at 60 days or later
in cattle. An alternative method is to measure proges-
terone concentration in milk. Concentration can be mea-
sured at 20 days after breeding. However, the process is
expensive and results in about 15-percent false positives.
A new method under development involves using a ra-
dioimmunoassay procedure to detect protein B, a gly -
coprotein produced by cells of the ruminant placenta
(18).

High embryo mortality is a mgjor cause of reproductive
loss in al livestock. Embryos of al species must signal
their mothers in some way to prevent regression of the
corpus luteum, so that the progesterone secretion needed
to maintain pregnancy can continue. Early pregnancy
recognition signaling systems are complex and appar-
ently differ from species to species. In ruminants, com-
pounds similar to apha interferon may be early signals
of pregnancy. Administration of interferon early in preg-
nancy is being tested as a possible means of reducing

9Sperm capacitation involves the uptake of calcium ions which changes the pH of the sperm.
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embryo loss. In mice and humans. platelet activating
factor is known to be an early pregnancy reccognition
signal. Preliminary data exist to suggest that it may play
arolein early pregnancy in sheep and cattle (18).

Embryo Cloning

Multiple copies of a mammalian embryo were first
produced by physically splitting an early embryo into
halves. giving risetoidentical twins (18). If the embryo)
is dividemore than twice, however, few offsprings sur-
vive. Thus, no more than four indentical animals can be
produced by splitting, and generally only two empryos
are produced by this method. This procedure is aready
used in the cattle empryo transfer industry nearly dou-
bling the number of offspring produced.

A more efficient and promising method of producing
multiple copies of an embryo is a technique called nuclear
transplantation. Basically, the procudure involves the
transfer of a nucleus from a donor embryo into an im-
mature egg whose own nucleus has been removed. The
recipient egg cell is activated by exposuure to an electric
pulse, allowed to develop into a multicelled embryo, and
then used as a donor in subsequent nuclei.ir transplanta-
tions to generate multiple clones. This procedure (out-
lined in figure 3-2) has been used successfully with cattle,
sheep, and swine. This technique has aready produced
hundreds of embryos that have been successfully carried
to term in cattle. and recloning has resulted in as many
as eight calves from one embryo (29).

The value of this technique is enhanced by the ability
to transfer nuclel successfully from frozen embryos into
eggs whose nuclei have been removed. Conception rates
obtained after transfer of embryos produced by neculear
transplantation are varible, but rates us high as 50 per-
cent have been obtained. However, embryo losses after
transfer are higher than normal, resulting in actual preg-
nancy rates ranging from 15 to 33 percent (18). Com-
bining the techniques of in vitro fertilization. embryo
cloning, and artificial estrous cycle regulation can result
in major changes in livestock breeding and in the rates
of genetic improvement.

Embryo and Sperm Sexing

The availability of a technique to preselect the sex of
the progeny holds great economic potential for the live-

stock industry. In the diary industry, females are the
major income producers. while in the beef industry, males
areaeconomically more valuable.  Until recently, no meth-
ods existed that provided the degree of separation needed
for commercial use. However, recent advances in the
seperation of the X and Y sperm, and sexing of the
embryo have been made.

It has long been a goal of mammalian phsiologists
to develop a method to effectively separte X and Y
chromosome-bearing sperm to control the sex of the off-
spring. Most sperm seperation techniques are based on
potential differenccs in the size and density of the two
sperm types. * These methods, however have met with
little success (41).

Development of cell-sorting techniques based on the
differences in sperm size and Fluorescence of sperm DNA
(flow cytometric measurements) has provied the first
effective mehod to sort the sperm cellls. Johnsson et al.
(22) recenently reported successful serperation of intact vi-
able X and Y chromosome-bearing sperm using this
method. Although the differece in DNA contents of the
X and Y chromosome-bearing sperm in rabbits amounts
to only about 3 percent. 94 percent of the rabbits (does)
inseminated with X-bearing sorted sperm produced fe-
males and 81 percent of the does inseminated with Y-
bearing sorted sperm produced males. This method has
been used to separate X and Y bearing intact sperm of
cattle. swine, and sheep with greater than 80-percent
accuracy (2 ). Commercial use of this process is limited.
a present. by the number of sperm that can be sorted
per hour and by increased embryo mortality observed in
the embryos produced after insemination with the sorted
sperm. Neither of these factors is thought to represent
an insurmountable difficulty.

The most accurate method of sexing embryos is to
create a picture of the number, size, and shape of’ the
chromosomes contained in the embryonic cells, a process
caled karyotyping. However. this method requires re-
moval of about half of the cells of early stage embryos,
which decreases embryo viability and limits the number
of embryos that can be transferred. Another method uses
antibodies™to defect proteins (antigens) unique to male
embryos. This method is not damaging to the embryos
and encouraging results have been obtained in one lab-
oratory; however, the technique yields variable results
and has not been widely adopted ( 18).

" Methods used are differential sedimentation techniques including differential velocity sedimentation. free-tflow clectrophoresis, and convection

counter-stream ing galvanization.

""The antibodies are attached ( labeled) to a flourescent compound to alow for detection.
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Figure 3-2—Nuclear Transplantation

An embryo is nonsurgically removed
from a donor cow or is produced by
in vitro fertilization.

Individual embryo cells
are removed.

Each embryo cell is injected into
a specially prepared egg cell that
has had its nucleus removed. An
electric pulse is administered to
cause fusion.

Each egg cell is grown to a
multicell embryo at which point
the cloning procedure can be repeated

or

the embryo can be transplanted to
a cow that eventually gives birth.

SOURCE: Office of Technology Assessment adapted from R S Prather and N L First. Cloning Embryos by Nuclear Transfer, Genetic Engomeeromg of
Animals, W Hansel and B J Weir (eds.), Journal of Reproduction and Fertility Ltd . Cambridge, UK, 1990, pp 125-134
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Photo credit: U.S. Department of Agriculture,
Agricultural Research Service,

Animal physiologist checks swine sperm cells on video
monitor to evaluate their motility, a procedure that
precedes laser X-Y sperm separation.

More recently, the sex of bovine and porcine embryos
has been determined by untempting to match fragments
of DNA that are contained only on Y (male) chromo-
somes with the same DNA fragmentsin the embryo. Due
to its chemical structure, a fragment of DNA will com-
bine with a second DNA fragment that has a correspond-
ing nucleic acid sequence. Therefore, a fragment of DNA
that is specific to males can be used as a probe to identify
male DNA fragments in the embryo. Combined with
technologies that produce multiple copies of the DNA
fragments, this method determines the sex of the embryo
using only a few cells. It is rapid (about 6 hrs) and
extremely accurate (up to 95 percent). but may be ov-
ertaken by the rapidly developing capability to separate
X and Y chromosome-bearing sperm ( 18).

TRANSGENIC ANIMALS

The new reproductive technologies of superovulation,
in vitro egg maturation and fertilization, nuclear trans-
plantation. and embryo sexing can, and are being used
to upgrade livestock herds. When these technologies are
combined with recombinant DNA technologies (the iden-
tification, isolation, and transfer of selected genes), it
becomes possible to produce animals containing foreign
DNA in their germ lines (transgenic animals). (See figure
33.)

The tools of biotechnology provide the opportunity to
develop transgenic livestock that contain genes coding
for improved growth charticteristics, lactational perfor-
mance, and resistance to disease and stress. Transgenic

animals have human medical implications as well. It may
be feasible to produce important pharmaceuticalsin live-
stock. Only certain human drugs can be chemically syn-
thesized or produced by bacteria, because some compounds
undergo modifications after the protein has been pro-
duced (referred to as post-trandational modifications).
Animals are capable of performing these modifications.
but bacteria are not. Transgenic animals can also serve
as powerful research tools to understand genetic and
physiological functions, and provide a model system with
which to study human disease.

The production of transgenic animals is inextricably
linked to the new reproductive technologics discussed in
the previous section. Indeed, it is impossible to produce
animals containing foreign DNA in their germlines with-
out first manipulating the embryo and transferring it to
a recipient animal.

Process of Creating Transgenic Animals

The process of making a transgenic organism is similar
for plants and animals, and many of the tools and meth-
odologies used are the same. As in plants, to create
transgenic animals. the gene being transferred must first
be identified and purified. Appropriate mechanisms (vec-
tor or nonvector) must then be found to transfer the gene
into the animal cell, and appropriate regulatory sequences
must be included to ensure proper expression of the gene.
Unlike plant cells that are regenerated into whole plants
by tissue culturing techniques, animal embryos (with the
exception of fish) must be transferred to surrogate moth-
ers for development and birth.

Gene ldentification and Purification

The methods used to isolate and purify animal genes
for transfer are the same as those used in plants, and
have been described in detail in chapter 2. The method
described in chapter 2 is the creation and screening of
genomic libraries, libraries of DNA fragments that con-
tain all of the genetic material of the chromosomes. An
aternative approach is to create what is called a com-
plementary DNA (cDNA) library. This method can also
be used in plants, and it is frequently used in animals.

Genes are composed of DNA, and they code for pro-
teins. But, before the protein is constructed, severa in-
termediate steps occur. The DNA of the gene is first
transcribed and processed into another compound called
messenger ribonucleic acid ( mRNA). It is the mRNA
that serves as the actual template for the production of
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Figure 3-3—Reproductive Technologies Used To Produce Transgenic Animals
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proteins. Messenger RNA is not identical to the genomic
DNA. Thisis because there are sequences of DNA con-
tained within the gene that do not code for protein. After
the DNA of the gene is transcribed to mRNA, these
noncoding regions are snipped out and thrown away.
Thus, the mRNA contains the coding regions, but not
the noncoding regions of the genomic DNA.

Special enzymes exist that can use the mRNA as a
template to create DNA that has a complementary se-
guence to the mRNA. This new DNA is called comple-
mentary DNA (cDNA). It isidentical to the sequence of
the genomic DNA with the exception that, like the mRNA
from which it was derived, it contains the protein coding
regions, but not the noncoding regions of the genomic
DNA (see figure 3-4). Thus. a library of cDNA sequences
can be constructed from mRNA rather than the chro-
mosomal DNA used to construct genomic libraries.

The mRNA that serves as the protein template for the
desired gene can be obtained from tissues that express
high levels of the protein. For example. if one wanted
to find the gene that produces insulin, a reasonable ap-
proach would be to extract the mRNA from the pancreas,
which produces very high levels of insulin. This high
level of insulin production means that there is a signif-
icant amount of mMRNA for insulin. Also, because the
pancreas is speciaized for insulin production, mRNA for
other proteins, say for example, somatotropin, may not
be present in large quantities. Thus, the use of cDNA
libraries decreases the amount of genetic material that
must be searched to identify the gene of interest. The
process of looking for a particular gene is tantamount to
looking for a needle in a haystack. Use of a cDNA li-
brary, as opposed to a genomic library, provides a smaller
haystack that must be searched.

It might seem at first glance that the best method to
use would be to construct cDNA libraries rather than
genomic libraries. However, limits exist to the use of
cDNA libraries. To construct both cDNA and genomic
libraries, it is important to know the structure, sequence,
and function of the protein for which one is trying to
isolate the gene that codes for it. The lack of knowledge
concerning the sequence and function of important pro-
teins is the major constraint to the isolation and purifi-
cation of the genes coding for those proteins.

Additionally, construction of acDNA library is easiest
when tissues exist in the organism that specialize in the
high-level production of the protein coded for by the gene
that is being isolated. This method does not offer sig-
nificant advantages when the protein is produced in low
guantities by nearly every cell in the organism.

Figure 3-4—Construction of a cDNA Library

In the plant or animal cell
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strand is called complementary
DNA (cDNA). This cDNA can
be multiplied using cloning
techniques and can be
transferred to plants and
animals to create transgenic
organisms.

SOURCE: Office of Technology Assessment, 1992

Also, evidence exists that genes that do not contain
the noncoding regions do not function as well as genes
that contain the noncoding sequences (5, 7, 33). While
the functions of the noncoding sequences are not known
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with certainty, they may play some role in the regulation
and expression of the gene itself. Therefore, incorporat-
ing cDNA genes that do not contain the noncoding re-
gions into transgenic animals results in the genes not
being expressed as well as a genomic gene. Unfortu-
nately, many of the animal genes that have been isolated
and purified are cDNA genes rather than genomic genes.
Thus, the tradeoff is that it may be easier to isolate and
purify cDNA genes than genomic genes, but they don’t
work as well when used to create a transgenic organism
(5, 7, 33).

Gene Transfer

Once an anima gene has been purified, it must be
transferred to the host animal cell. Genes can be trans-
ferred using direct transfer methods (e.g., microinjec-
tion, electroporation, chemical) or vectors (i.e., viruses).
The first transgenic animals created were mice in 1980
(37). Since then, transgenic cattle, sheep, swine, poultry,
and fish have been produced.

The most common method used to produce transgenic
animals is microinjection. This method involves directly
injecting cloned DNA into a fertilized egg. “The cyto-
plasm of cow and pig embryos is opaque, and the em-
bryos must first be centrifuged to locate the nucleus;
otherwise the procedure for cows and pigs is similar to
that used in mice, rabbits, and sheep (36). Fish embryos
are surrounded by a tough membrane called a chorion,
and this membrane first must be removed before DNA
can be injected. Even with the removal of the chorion,
the nuclel are not visible and so the DNA isinjected into
the cytoplasm. Injection into the cytoplasm rather than
the nucleus requires greater amounts of DNA (34).

Other direct transfer methods attempted include the
use of short electrical pulses (electroporation), or chem-
icals to make cell membranes permeable to the passage
of large molecules such as DNA. These approaches have
been used with sperm as well as eggs. The possibility of
using sperm as a method to incorporate new genes into
aspeciesis an exciting prospect. One research group has
reported using this method successfully to create trans-
genic mice that passed the new gene on to their offspring
(27). Other researchers, however, have not yet been able
to duplicate this result.

The use of electroporation methods in fish have re-
sulted in up to 40 percent of the embryos becoming
transgenic and this approach may be far more useful in

fish than microinjection. Another approach being at-
tempted in fish is the use of liposomes, vesicles contained
in the phospholipid layer of cell membranes, as a means
to encapsulate foreign DNA for entry into the cell. This
method has not yet yielded any successes (34).

Poultry reproduction is significantly different from that
of other livestock species. By the time the fertilized egg
is layed, the developing embryo may aready contain as
many as 60,000 cells. This precludes using the microin-
jection technique because the number of cells that might
incorporate the injected DNA could be small. Addition-
aly, only some of the cells that incorporate the foreign
DNA will express it. Attempts have been made to inject
DNA directly into unfertilized eggs still in the ovary, but
this method did not yield any transgenic offspring (24).

As aresult of the deficiencies of direct gene transfer
methods in poultry, a vector system has been devel oped.
The most commonly used vector is a retrovirus. The gene
that is to be transferred can be incorporated into the
retrovirus. The host animal cell can then be infected with
the retrovirus incorporating the new gene. Retroviruses
are attractive vectors because only a single copy of the
virus is integrated into a chromosomal site. Retroviruses
also tend to be either species specific or to infect only a
few closely related species.

Two types of retroviral vectors have been devel oped.
Replication-competent retroviruses are those that are ca-
pable of self-replicating. These viruses have been suc-
cessfully used in chickens. One-day-old embryos were
infected with the retrovirus and transgenic chickens were
hatched. Furthermore, the virus successfully infected germ
line (sex) cells, and the new gene was passed on to the
transgenic animals offspring (24).

Replication-defective viruses lack the genes necessary
for self-replication. These viruses cannot reproduce with-
out the presence of a helper vector. The retrovirus is
engineered in such a way that it contains al of the normal
viral genes except those needed to package its own ge-
netic material. The helper vector (also engineered) pos-
sesses the genes needed for packing retroviral genetic
material, but does not include the other viral genes (i. e.,
genes that enable it to infect cells and cause virulence).
Introduction of the retrovirus and the helper vector into
host cells provides al of the elements needed to enable
the retrovirus carrying the desired gene to infect and
incorporate that gene into the host chromosomes. This
method is considered safer than using replication-com-

12 Specifically, the DNA isinjected into the male pronucleus of the fertilized egg. The pronucleii are the egg and sperm nucleii present after the

sperm penetrates the egg membrane.
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petent ectroviruscs because the replictition-detective ec-
trovirus can only be infective and spread to other cells
if the helper vector is present. However, there is a small
possibility that the helper vector nd replicaton-defective
retrovirus might recombine to form a replication-com-
petent retrovirus. Additionally the DNA sequences carried
by replication-defective retoviruses are not incorproated
in the germ Ines of hickens. hence they are not passed
to the offspring. Improved replication-defective retro-
virus vectors are needed (2-1).

A number of transgenic cattle, pigs, sheep, chickens.
and fish have been produced using direct transfer meth-
ods (almost exclusively microinjection) and viral vector
methods. However, these techniques have severd limi -
tations. Microinjection techniques are expensive to use
and the efficiency of transgenic animal production is very
low. For atransgenic animal to be created. embryos must
survive the physical manipulation and inflection of’ DNA.
must incorporate the DNA into their chromosomes, and
must express the gene product. The percentage of mi-
croinjected embryos that actually results in transgenic
animals is low, ranging, for example. from (). | to 4.45
percent in sheep and from 0.3 to 1.73 percent in swine
(36. 38). The low rate of efficiency limits the study of
transgenic livestock because of the high number of donor
and recipient females that must be maintained tot- ex-
perimentation. Efficiency rates are much higher in fish,
ranging from 35 to 80 percent, because fish undergo
external fertilization and do not require in vitro culturing
of the embryos and transfer to surrogate mothers.

Microinjection techniques are not only inefficient
methods of creating transgenic animals. but they aiso do
not provide any control over where the new gene isin-
corporated into the gernome (26). The site of gene in-
corporation is random. which also occurs with retroviruses.
Because the site of incorporation influences gene expres-
sion, random insertion causes reduced control over the
ability of researchers to control expression levels.

Because of these deficiencies. alternatives to viral vec-
tors and microinjection are being sought. A promising
new method for gcnerating transgenic animals has re-
cently been developed in mice and may be applicable to
other mammals. This new technique uses stern cells de-
rived from an embryo. Stem cells are normally undif-
ferentiated, that is. they do not become specialized tissue

cells such as muscle, brain, liver cells, ect. Howe\ er.
stem cells retain their ability to become specitilized cells
under the proper stimuli ( i.e., they are pluripotent ). *
Stem cells can be used as vectors to introduce selected
genes into a host embryo. This method hits several sig-
nificant advantages over microinjection methods. the most
profound of which isthat it is possible to insert DNA at
specific, predetermined sites within the genomc of the
stern cells (18). Targeted insertion is possible bccause
stern cells have an intrinsic ability to recombine similar
(homologous) DNA sequences. which results in the re-
placement of an endogenous gene with the desired gene.
Stem cells can also be tested in vitro to ensure that in-
tegration of the new gene has occurred before these ceis
are transferred to a developing embryo.

To isolate stem cells (see figure 3-5), an early stage
embryo is cultured on a monolayer of specially prepared
cells. The proliferating embryo cells are recultured until
individual sterns cells can be isolated. These individual
stem cells can then be cultured indefinitely. At this stage.
DNA sequences containing desired genes can be inserted
into the stem cells.* A geneticallly transformed stem cell
is then microinjected into an immature embryo to produce
a chimera, an organism that contains cells from more
than one source. It the stem cells are incorporated into
the germ lines of these chimeric animals, then these an-
imals can be interbred to obtain offspring homozygous
for the desired trait (18).

Use of the stem cell method will make it possible to
produce a broad range of transgenic animals that could
not be produced economically using direct microinjection
or vira vectors. Targeted gene insertion also has the
significant advantage of allowing host animal genes to
be inactivated or removed and replaced with modified
forms of the genes, such as ones that are expresses at a
higher level, have new patterns of tissue-specific expres-
sion, or have a modified biological activity.

A host organism’s endogenous genes can be inacti-
vated by targeting an insertion into an essentia region
of the gene. This fact is of particular interest to the
livestock industry, because inactivation of genes that have
inhibitory physiological effects is likely to result in im-
provement in a number of productive traits. For example,
bovine somatostatin is a hormone that inhibits bovine
somatotropin production; inactivation of this gene would

" Pluripotency help make stem cells attractive vectors of DNA transfer. While in tissue culture. DNA can casily be inserted into stem cells.
When stem cells are injected into an carly stage embryo. the conditions for tissue specialization are present.and stem cells undergo the normal

tissue development that occurs as the embryo develops during pregnancy. Thus. using stem cells provides an efficient means to transfer DNA.
4 Methods used include y iral infection and use of an electric pulse to make cell membranes leaky (clectroporation ).
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Figure 3-5—Gene Transfer Using Embryo Stem Cell Culture

A mouse embryo (blastocyst)
is donated.

The embryo is cultured
onto a thin layer of
specially prepared
(feeder) cells.

The embryo attaches to
the cell layer, and the
inner cells of the embryo
begin to proliferate.

Groups of these differentiating
embryo cells are separated,
recultured and single colonies
of embryonic stem cells are
identified and transferred.

Single cells are reseeded
onto the feeder cells. Foreign
DNA can be transferred to the

stem cells at this stage. s N
= )

A second mouse embryo is donated
and is injected with a cultured
embryonic stem cell. This embryo
is transplanted into a surrogate
mouse, which gives birth to a
chimera (a mouse with cells from
both parent embryos). Mating two
chimeras gives rise to offspring
with the desired traits.

SOURCE: M.R. Capecchi, “The New Mouse Genetics: Altering the Genome by Gene Targeting,” Trends in Genetics 5:70-76, 1989
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result in increased endogenous somatotropin secretion
and, presumably, increased milk production and more
efficient growth. If successful, this technology could be
used in lieu of administering bST exogenously to increase
milk production. The genes controlling the production
of inhibin, the ovarian hormone that reduces ovulation
rate, provide another example of potentia tin-gets for
deactivation. The ability to inactivate genes aso provides
a powerful research tool for the study of the function of
genes in vivo.

Stem cells have been isolated in mice and hamsters
and possibly rabbits. There are reports that stem cells
have also been isolated for swine ( 18). Progressis being
made in isolating stem cells in sheep, and much research
is being conducted to isolate bokvine stem cells, but to
date, this has not been accomplished. There has been no
documentation of embryonic stem cells being isolated
from poulty ”. However. in a similar type of procedure.
1-day-old embryonic cells from chickens have been iso-
lated and introduced into immtaure embryos of other
chickens. About | | percent of the resulting embryos were
chimeric, and one embryo developed to hatching (24).
Stern cells have not been isolated in fish (34).

Promotors and Gene Expression

The expression of new genes in transgenic animals is
poorly regulated. Apprprate levels of gene expression
are important. because overexpression can lead to im-
paired health in the transgenic animal. Better understand-
ing is needed of how to turn genes on and off when
desired; of how to regulate the level of gene expression:
and of how to direct the expression of the gene to specific
tissues at different stages of development. At the present
time the factors that cause genes to have tissue and de-
velopmental specificity are not well understood.

Currently, fewer than 10 promotors or regulatory se-
fquences have been used to direct gene expression in
transgenic live stock. Most of these promotors are derived
from mice or viruses. The most commonly used promotor
is the mouse metallothionein promoter, which is respon-
sive to dietary stimulation by heavy metals such as zinc.
Three promotors are being examined for their abilite to
direct gene expression in mammary glands. A fourth
promotor directs expression primarily to the liver.

It may be desirable to use promotors derved from the
same species that is receiving the new gene. Evidencc

euggests, for example, that using a mouse promotor se-
quence in pigs results in somewhat different gene expres-
sion than use of the same promotor in a mouse (18. 36).

Levels of gene expression do not aways correlate with
the number of gene copies incorporated into the chro-
mosome of a transgenic animal. This suggests that the
site of the incorporate ion of the new gene in the host
chromosome also affects gene expression. Given that
embryonic stem cell procedures still require considerable
development before directed insertion can occur. some
researchers are examining methods to control gene
expression independently of the site of integration. Re-
search is focusing on regulatory elements that allow the
new genes to provide their own environment for expres-
sion. *

Transgenic Poultry

Research emphasis has been given to improving growth
and disease resistance. Bovine somatotropin has been
transferred to chickens and increased the mass of the
chicken. The envelope gene of avian leukemia virus has
also been transferred to chickens and the cellss that ex-
pressed this gene have been shown to be resistant to
subsequent infection with the same strain of vrirus (24).

Research is being conducted by USDA Agricultural
Research Service and universities in the United States.
as well as by a limited number of private firms. It is
interesting to note that most of’ the funding for transgenic
poultry research conducted in the United States is being
supplied by other countries (mainly Canada and France).
Commercia availability will take 7 to 12 years after the
production of an adequate number of transgenic fonder
male chickens.

Transgenic Swine

Several genes have been successfully transferred into
pigs, including those for somatotropin. human growth
hormone releasing factor (hGRF). human insulin-like
growth factor--I (hIGF-1 ), mouse MX ( toinvestigate re-
sistance to respiratory discuses), mouse whey acidic pro-
tein (WAP) (to investigate mammary- specific expression,
and light and heavy beta chains for antibodies to produce
specific immunoglobulns (36). With swine. as with other
livestock species. researchers are focusing on improving
growth. increasing disease resistance. and producing high-
value pharmaceutical products.

"“Such clements would function in @ manner similar to that of dominant regulatory elements (DRE). When the injected DNA contains DREs,
gene expression levels independent of the tissue and numbers of copies of the gene that was incorporated, were obtained. The " A-clement.”” which
seems to be a chromatin binding site. may permit genes to be expressed independently of the local environment into which they integrate (37).
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Photo credit: U.S. Department of Agrculture,
Agricultural Research Service.

Rooster on left was injected with genes of avian leukosis
virus when it was a 1-day-old embryo. Roosters in
center and on right are of two succeeding generations
which directly inherited those virus genes.

Somatotropin transferred to pigs has been shown to
increase feed efficiency, enhance meat quality, reduce
carcass fat, and increase the rate of gain. When fed a
high-protein diet, transgenic pigs containing somatotro-
pin genes gained weight nearly 17 percent taster than
controls. and showed up to 18 percent greater feed ef-
ficiency. Backfat was significantly reduced and meat was
leaner (36). Transgenic pigs that expressed the somato-
tropin gene passed that expression on to their offspring.
Offspring that contain the somatotropin and who were
fathered by boars that expressed the gene also expressed
the sornatotropin gene. The offspring containing soma-
totropin genes who were sired by boars that did not ex-
press the somatotropin gene, also did not express the
gene. This suggests that the stability and functioning of
the gene are the same in the parent and offspring (36).

Pigs that continuously expressed high levels of so-
matotropin experienced significant health problems in-
cluding lameness, susceptibility to stress. peptic ulcers,
and reproductive problems. Animals that incorporated
the somatotropin gene but did not express it, or that
expressed it at low levels did not display these hedlth
problems (36).

Researchers are interested in improving disease resis-
tance. Genes that confer resistance have not been iso-
lated. Attempts to transfer genes that code for antibodies

Photo credit: Mark Lyons

Transgenic pig at DNX research facility born with the
capability to make human hemoglobin.

to compounds contained on the surface of selected bac-
teriaand internal parasites are being made (28.51 ). Also,
genes of the Class 1 Mgjor Histocompatibility Complex *
have been cloned. It may also be possible to induce
immunity to specific viral diseases by transferring genes
from the virus to the pig. This method has been used
successfully in chickens and may also be applicable 1O
other livestock species (36).

Attempts are being made to produce rare. medically
important proteinsin pigs. A U.S. firm ( DNX ) has an-
nounced that it has successfully produced human he-
moglobin in pigs. Transgenic swine research is bei ng
conducted by the Agricultura Research Service, a few
universities, and the private sector. The American Red
Crossis aso interested in the production of blood proteins
in livestock. Commercia availability of transgenic pigs
is not expected before the year 2000, and it is likely that
the first transgenic pigs marketed will be used to produce
pharmaceutical products. Additionally, pigs have a strik-
ingly human-like physiology, and because of this, trans-
genic pigs are currently being developed to serve as a
model system to understand and treat gastrointestinal
cancers.

Transgenic Ruminants

The first transgenic ruminant to be successfully pro-
duced was a lamb, followed by goats and cattle. In cre-

16The major

histocompatibility complex is 3 chromosomal region that contains several genes involved In regulating immune response.
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ating transgenic ruminants. greatest research emphasis
has been to improve growth characteristics (i. e., rate of
weight gain, feed efficiency. and carcass composition).
to produce valuable pharmaceutical products, and to en-
hance disease resistance.

Genes coding for somatotropin and somatotropin re-
leasing factor (GRF) have been purified and transferred
to sheep. While the genes have been successfully trans-
ferred and expressed. control of the level and timing of’
expression has not been achieved. Sormtotropin levels
in sheep have varied from a low of 40 nanograms (ng)/
milliliter (ml ) to over | ().000 rig/ml (31, 37). Extreme
overexpression of somatotropin can lead to serious health
problems in sheep. such as diabetes (39). In the future,
researchers would like to ater the composition of milk
and meat for improved processing characteristics, for
higher nutrition. for less fat. and to ater the types of fat
contained.

Another major research area involves transferring genes
that code for the production of valuable pharmaceuticals.
Production of blood clotting factors ( factors VIII and 1X ),
tissue plasminogen activator (TPA. used to dissolve blood
clots that cause heart attacks), erythropoietin (used to
treat bone marrow side effects resulting from AIDS treat-
ment). and o-l-antitrypsin (AAT. used to treat emphy-
sema are being investagated. A U.S. firm (Genzyme).
in conjunction with Tufts University. has successfully
produced TPA in goats (13.14). A Scottish firm (Phar-
maceutical Prteins. Inc) has produced AAT in sheep.
and is conducting research to produce Factors VII and
IX and crythropoietin (30. 52). Transgenic cows pro-
ducing high levels of pharmaceuticals in their milk have
not yet been reported, but these animals are under de-
velopment in a number of public and private laboratories.
For example. ajoint U.S. and Dutch group (GenPharm
International. Gene Pharming Europe BV, and two Dutch
Universities) has successfully produced tramsgenic cattle
incorporating the human lactoferrin (which has antibiotic
propertics) gene in the genome (25).

Attempts tire being made to identify promotors that
espress gene products only in milk. Research is being
conducted on whey acid protein. a protein only found in
milk. to identify the promotor that directs the synthesis
of’ this protein. The goat (3-cascin promotor is also being
used (14). Once appropriate promotors are found. the
high levels of U.S. milk production coupled with the
ease of milk collection may make this production method
more cost effectove than the cell culture systems currently
used in the production of certain pharmaceutical proteins.

Enhanced disease resistance is another focus of re-
search. Diseases that may be potentialy controlled by
the production of transgenic organisms include progres-
sive pneumonia in sheep. and caprine arthritis-enceph-
aditis in goats. The introduction of preformed antibodies
have been shown to provide resistance to specific infec-
tions in mice and the antibody gene antiphosphoryrlcho-
line has been inserted in sheep (28). Researchers are also
attempting to insert viral envelope genes that could pos-
sibly lead to enhanced resistance to viral infections.

Researchers in Australia are attempting to increase
wool production in sheep. Currently, wool production is
limited by the amount of cysteine contained in and ab-
sorbed from the diet. Researchers are transferring bac-
terial genes that code for enzymes that produce cysteinc
from sulfur in the diet (37).

Research to produce transgenic ruminants is limited
due to the high cost of’ the research. Research is con-
ducted primarily in the United States by the Agricultural
Research Service. a handful of universities. and a few
private sector firms. and in Austrulia, Great Britain, and
the Netherlands. It is not expected that transgenic rum-
inants will be commercially available before the turn of
the century.

Transgenic Fish

Several species of transgenic fish have been produced.
including rainbow trout, salmon, common carp. loach.
catfish, tilapia, goldfish, zebrafish. and medaka. Several
genes have been transferred to fish. including human.
bovine, and trout somatotropin; genes that confer anti-
biotic resistance; and fish antifreeze protein genes (34).

Transgenic fish containing the trout somatotropin gene
grew 22 percent more than controls. and transmitted this
increased growth rate to their offspring (34). Some spe-
cies of fish produce a novel set of proteins that allow
them to withstand extremely cold water without freezing.
These antifreeze proteins are produced year round by fish
living in polar regions, and during the winter in fish living
in temperate regions. The antifreeze genes in severa
species have been purified. Antifreeze protein genes from
winter flounder have been transferred to salmon. Expres-
sion levels of the gene were low. however. and protection
against freezing was not achicved (34).

Research Needs

While significant advances in transgenic animal pro-
duction have been made, it is unlikely that transgenic
animals will be commercialy available before the end
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Photo credit: Thomas Chen, University of Maryland

Resultant transgenic carp with trout somatotropin
incorporated into some but not all of their cells. The PI
(middle) and F1 (top) transgenic carp are on average,

22 percent larger than their nontransgenic
siblings (bottom).

of the 1990s at the earliest. The ability to produce trans-
genic livestock possessing traits of economic value is
currently limited by the absence of embryo stem cell
technology, the lack of appropriate gene expression pro-
motors, and the lack of knowledge about the physiolog-
ical consequences of specific gene expressions. While
the techniques for isolating and sequencing animal genes
are relatively well developed, understanding of the func-
tions of the genes has lagged. Analysis of gene function
is complicated by the fact that many traits are controlled
by multiple genes. Thus, manipulation of such traits will
require detailed understanding of these genes and of their
interactions. Ultimately, identification and understanding
the physiology of the major genes controlling growth and
lactation, reproduction, and disease and stress resistance
in animals is needed. An active genome mapping pro-
gram could enhance these developments.

ANIMAL HEALTH
TECHNOLOGIES

Improvements in anima health will provide consid-
erable cost savings to the livestock industry. Biotech-
nology is rapidly acquiring a prominent place in veterinary
medical research. New vaccines and diagnostic kits are
being developed to detect and prevent a variety of major
livestock diseases.

Vaccines

Vaccines are agents that stimulate an effective immune
response without causing disease. Traditional methods
of vaccine development have involved killing or modi-
fying pathogenic organisms to reduce the potential for
disease while preserving that pathogens’ ability to induce
an immune response. Biotechnology is being used to
create new vaccines. Approaches used include deleting
or inactivating the genes in a pathogen that cause disease,
and inserting into a vector genes that cause an immune
response to a pathogen. Synthetic peptides are also being
produced that stimulate the immune response.

Gene Deletion Vaccines

Gene deletion techniques have been used to develop
both viral and bacterial vaccines. The first gene deletion
viral vaccine to be approved and released for commercial
use was the pseudorabies virus vaccine for swine. ini-
tialy, the removal of a single gene reduced the virulence
of the virus. Since then, other genes have been deleted
with a continuing reduction of virulence. Chickens that
have been inoculated with recombinant avian leukosis
virus (ALV) developed antibodies to the virus without
developing the disease. Methods to decrease the virulity
of live viruses lead to more effective vaccines because
live virus vaccines stimulate the immune response more
effectively than do killed virus vaccines (32).

Bacterial vaccines have aso been produced. Esche-
richia coli that lack certain genes. for example, have
been shown to provide protection against gram-negative
bacterial infections in cattle and swine. Live Salmonella
modified to prevent reproduction in vivo have also proven
to be an effective vaccine for cattle (32).

Most gene deletion viral vaccines will not be available
before 1995 with the exception of the pseudorabies vac-
cine, which is already available, and possibly the rabies
and rinderpest vaccines, which are currently undergoing
field tridls.
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Agricultral Research Service

Molecular biologists analyze DNA sequence reactions of
a gene detection vaccine made from a modified
bacterium.

Vectored Vaccines

New vaccines are also being created using vectors.
Development involves deleting disease-causing genes from
the vector if it is a pathogenic organism, or using a
nonpathogenic vector. Genes that code for protective an-
tigens produced by pathogens can be inserted into a vec-
tor. Inoculation of the animal with the recombinant vector
stimulates an immune response to the inserted genes and
confers protection against the pathogen. Pathogen surface
protein genes are most commonly inserted into the vec-
tor. Inoculation of the animal stimulates production of
antibodies to these surface proteins. When an animal is
infected with the pathogen, it already recognizes that
pathogen and produces antibodies against it. As an ex-
ample, recombinant vaccines have been developed against
the coat protein of a bacterial pathogen of the genus
Vibrio, in fish.

The most commonly used vector is the Vaccinia virus.
Vaccinia viruses are used because they are easy and rel-

atively cheap to manufacture, large enough to accom-
modate the insertion of many new genes (1). and stable
without refrigeration. A single inoculation can induce
immunity, and the recipient produces the bulk of the
vaccine, eliminating the need for large vaccine factories.
Vaccinia viruses also stimulate more than one type of
immune response (i. e, they stimulate both B and T lym-
phocytes). However, there are disadvantages to using
vaccinia virises: they have a wide host range (including
humans), and could infect species other than target spe-
cies, it is possible that they can revert to a virulent form;
they cannot be administered orally; and they may pose
a risk to immunosuppressed recipients. Vaccinia hosts
have been used to produce vaccines against rinderpest
(cattle), rift valley fever (sheep), Venezuelan equine en-
cephalitis, bovine leukemia, rabies (cattle). vesicular sto-
matitis (cattle), avian influenza, avian infectious bronchitis,
and respiratory syncytia disease ( 1, 32).

Fowlpox virus is aso being used as a vaccine vector.
This virus cannot replicate in humans and is being used
as acarrier for genes of pathogens that cause the poultry
diseases of Newcastle disease, Marek’s disease, bursa
disease, coccidiosis, avian influenza, and avian infec-
tious bronchitis. Raccoon poxvirus is being developed
as a carrier for rabies. In fish, vaccines to control infec-
tious haematopoietic necrosis virus (IHNV), a devastat-
ing viral disease of trout and salmon, are being developed
by inserting coat protein genes into vectors. Other ge-
netically engineered virus vectors that are in the early
stages of development include avirulent adenoviruses,
herpesviruses, murine and avian retroviruses, and bovine
papillomavirus (1, 32).

Bacterial vectors are also being developed. Esche-
richia coli and Bacillus subtilis are being used to produce
antigenic proteins. They can be used to produce anti-
bodies to Theileria annulata (a tick-borne parasite of
cattle and sheep), coccidia in poultry, anaplasma (a par-
asite of cattle), and cysticercosis (a tapeworm in rumi-
nants and swine). Pili genes from Bacteroides nodosus,
the cause of foot rot in sheep, have been cloned into
Pseudomonas aeruginosa, and have been shown to be
an effective vaccine for foot rot (1, 32).

Natural and Synthetic Peptides

A number of animal species are known to produce
small peptides associated with white blood cells and that
are effective in destroying bacteria, fungi, and envel oped
viruses. Such peptides, referred to as antimicrobia pep-
tides, include defensins in mammals, bovine nubopep-
tides in cattle, magainins from frogs, and cecropins from
moths. Some of the smaller peptides have been synthe-



90 . A New Technological Era for American Agriculture

sized and appear to have biologic activity similar to that
of the natural peptides, and could be used in a manner
similar to antibiotics. The genetically engineered protein
lysostaphin, which kills Staphylococcus aureus, has re-
portedly achieved cure rates as high as 80 percent for
mastitis in some clinical trias (1). Commercia devel-
opment will take 5 to 10 years.

Synthetic peptides can be constructed to stimulate an
immune response in animals. Small fragments of proteins
that are homologous to proteins coded for by the foot
and mouth disease virus have been used to stimulate an
immune response to that disease in cattle and pigs. Syn-
thetic peptides have been used to inhibit critical functions
of lentiviruses in sheep. Administration of a vira surface
protein elicited production of an antibody and provided
protection in fish. Commercial availability is not likely
until the end of the decade.

Monoclinal Antibodies To Confer
Passive Immunity

Monoclinal antibodies can be used to provide passive
immunity to disease-causing microorganisms. They gen-
erally act not by stimulating the immune response of the
animal itself, but rather by providing exogenous anti-
bodies to the pathogen. Because monoclinal antibodies
are specific to one antigen, they may provide only weak
immunity to pathogens that have more than one immu-
nogenic region of their surfaces.

Certain strains of the bacteria Escherichia coli cause
diarrhea in newborn calves. For diarrhea to occur, the
bacteria must attach to the walls of the intestines. At-
tachments occur viacilia-like projections, called pili, that
cover the surface of the bacteria. Monoclinal antibodies
specific to the attachment proteins on the pili prevent
attachment of the bacteria to the intestinal wall and pre-
vent calves from getting diarrhea. A product currently
on the market for diarrhea prevention in calves is Ge-
necol-99 (50). Monaoclinal antibodies specific for blue-
tongue also have been shown to protect sheep from this
virus in trials.

In addition to monoclonal antibodies, antisense agents
can also provide passive immunity. Antisense agents can
be synthesized and used as drugs, or used to block viral
genes. They are very sensitive, but are susceptible to
enzymatic degradation A delivery is a problem ( 1).

I mmunomodulators

Immunomodulators are hormone-like molecules that
play arole in coordinating immune defenses to infectious
agents, cancer, and autoimmune diseases. They act to

boost or accentuate the immune response. Some of these
molecules, the lymphokines, for example, are produced
by white blood cells. Other immunomodulators, the cy-
tokines, for example, are produced by other body cells.
Two classes of lymphokines, the interleukins and the
interferon, have been the focus of research attention.

Interleukins are compounds that transmit signals be-
tween white blood cells. These signals help to stimulate
the proliferation of disease-fighting white blood cells and
the production of antibodies. Interferon induce the
expression of class 11 histocompatibility antigens (define)
and enhance their activity.

Several interleukins and interferon have been iden-
tified in mammals, and the genes encoding some of these
compounds have been isolated and cloned into bacteria
(e.g., bovine apha, beta and gamma interferon, bovine
interleukin-2) (32). Lymphokines are being tested as ad-
juvants to boost immune responses to poorly immuno-
genic vaccines. For example, interleukin genes and genes
for compounds that cause immune responses in animals
(antigens) are being inserted together into viral or bac-
terial vaccines. This combination may enhance the im-
mune response of the animal and lead to increased
protection against the antigen.

Recombinant interleukins produced in bacteria or other
expression vectors may also be used therapeutically to
assist in overcoming certain infections. For example,
recombinantly produced interleukin-2 is being tested as
a control for shipping fever and mastitis in cows. Mech-
anisms by which these regulatory proteins modulate im-
mune response are now being investigated in domestic
animals. Biotechnology is being used to identify and
repilicate these compounds so that their function can be
investigated.

Diagnostics

Safe, accurate, rapid, inexpensive, and easy-to-use di-
agnostic procedures are critical to the livestock industry
at virtually al points in the production process. Examples
of diagnostic tests include pregnancy tests and assays for
pathogenic organisms. Many currently used diagnostic
tests are costly, time consuming. and labor intensive,
and some still require the use of aninml assay systems.
Monoclinal antibodies and nucleic acid hybridization
probes can be used to produce simpler, easily automated.
and highly sensitive and specific diagnostic procedures.

Antibodies are proteins produced by the body in re-
sponse to foreign chemical substances. Monoclonal an-
tibodies are produced by a cell line expressing only a
single antibody type. They are the primary tools for bio-
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technol ogy-based diagnostics. At least 15 different rapid
diagnostic tests based on monoclinal antibodies are on
the market or will be soon (table 3-4). These tests are
highly specific and most lend themselves to automation,
potentially allowing their application in mass screening
systems for disease surveillance and control. Some of
the tests have been adapted to field use and can be used
by veterinarians or producers. The rapid commerciali-
zation of these products is having a significant impact
on animal health management and disease control.

Monoclinal antibodies are also being used in enzyme-
linked-immunoabsorbent-assay (ELISA) systems to pro-
vide sensitive, quantitative blood assays of toxins, hor-
mones, chemicals (e. g., pesticide and antibiotic residues),
and a variety of antigens including microbia agents.
Many of these tests are commercialy available. In some
instances monoclinal antibody diagnostics have been used
to replace bioassays such as mouse inoculation tests.

The high specificity of monoclinal antibodies has gen-
erally been felt to make them less useful than polyclonal
antibodies in initia screenings for diseases that have many
serotypes. However, an ELISA kit containing just two
monoclinal antibodies was able to detect 800 different
Salmonella strains, so it may be possible that diagnostic
kits containing just a few monoclina antibodies could
be useful for initial screening of pathogens ( 1).

Nucleic acid hybridization can aso be used to diagnose
the presence of microbes and parasites (table 3-5). Such
assays rely on the bonding of a specific DNA or RNA
segments (the probe) to complementary RNA or DNA
fragments in a test sample. The probe is attached to
(labeled by) a radioactive compound or to a color com-
pound to allow for detection. DNA probes are most com-

Table 3-4—Diagnostic Monoclinal Antibody Kits

Avian leukosis

Avian reovirus

Bluetongue

Bovine virus diarrhea

Canine parvovirus

Coccidiosis

Episotic hemorrhagic disease
Equine infectious anemia
Feline infectious peritonitis
Feline leukemia®

Feline T-lymphotropic lentivirus
Feline T-lymphotropic lentivirus ‘Feline leukemia
Mastitis

Pseudorabies®

Rotavirus gastroenteritis
Trichinosis

*More than one company has a kit on the market
SOURCE: Office of Technology Assessment, 1992.

men. The development of RNA probes is very recent,
and they are used to detect RNA viruses.

The major limitation of nucleic acid hybridization is
inadequate signal strength. The amount of target nucleic
acid present in some samples may be too small to emit
a signal the probe can detect. The polymerase chain re-
action technique (PCR) (see ch. 2) can be used to amplify
the amount of target DNA present and improve the ability
of the probe to detect its presence. Similarly, bacterio-
phage replicase systems can be used to amplify the RNA
present in a sample.

Currently, the most reliable probes are those that are
radioactively labeled. Use of these probes requires ex-
pensive equipment and trained technicians. thus pre-
cluding their use in the field. Alternative calorimetric
techniques currently in development will replace the ra-
dioactively labeled probes and make the use of this tech-
nology more commercialy attractive (32).

The advantage that nucleic acid probes have over tra-
ditiona diagnostic techniques is speed. Conventional tests
for anaplasmosis and Johne's disease (an intestinal dis-
ease in ruminants), for example, require about 6 and 14

Table 3-5—Pathogens for Which Diagnostic Kits
Using Nucleic Acid Probes Are Available

Viruses
Bluetongue
Bovine coronavirus
Bovine leukosls
Bovine virus diarrhea
Equine encephalosis
Foot and mouth disease
Infectious bovine rhinotracheitis
Porcine coronavirus
Porcine parvovirus
Rabies
Rotavirus

Bacteria
Anaplasma marginale
Campy lobacter
Enterotoxigenic Escherichia coli
Leptospira
Mycobacterium
Mycoplasma
Salmonella
Shigella

Parasites
Babesia bovis
Eimeria tenella
Eperythrozoon suis
Hammondia hammondi
Theileria parva
Toxoplasma gondii
Tritrichomonas foetus
Trypanosoma brucei brucei
Trypanosoma congolense

SOURCE: Office of Technology Assessment, 1992.
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weeks, respectively, to confirm the presence of the path-
ogen. This much time alows for interim spread of dis-
ease. With DNA probes the presence of these pathogens
can be confirmed within a few hours.

Restriction Fragment Length Polymorphism maps
(RFLPs) can also be used for diagnostic purposes. This
procedure has been used to distinguish different strains
of African swine fever virus and has shown that equine
herpesvirus- 1 can infect and cause abortion in cows under
natural conditions.

Research to develop diagnostic kits using biotechnol-
ogy is being conducted in both the private and public
sector. Currently, several diagnostics kits are commer-
cidly available. Development time to bring new diag-
nostic kits to market ranges from 2 to 5 years. Generally,
less time is required to develop monoclinal antibody kits
than nucleic acid probes.

FOOD PROCESSING
APPLICATIONS

The processing of animal products into foods also will
be affected by biotechnology developments. Americans
consume many meat and dairy products that are fer-
mented; genetically engineered fermentation starter cul-
tures are being developed for these products.

Starter cultures are living microorganisms used to pro-
duce fermented products such as cheese, yogurt, butter,
buttermilk, sour cream, salami, and sausages. Culture
organisms have been safely consumed by humans for
centuries and serve as ideal hosts for the production of
these natural foods. The metabolic properties of these
organisms directly affect the properties of the food prod-
uct, including flavor and nutritional content. In order to
improve various properties of food products, food mi-
crobiologists attempt to manipulate the traits of the mi-
croorganisms, primarily through mutation and selection.
The cloning and gene transfer systems developed in the
1980s are being used to construct strains with improved
metabolic properties more rapidly and precisely than is
possible with traditional methods. The development in
this decade of new strains with precise biochemical traits
will have an impact on several aspects of fermentation,
including production economics, shelf-life, safety, nu-
tritional content, consumer acceptance, and waste man-
agement (19).

Although much of the current work to develop new
strains of microorganisms has focused on the use of E.
coli and other nonfood microorganisms, there are distinct
advantages to engineering starter cultures for producing

high-value foods. For example, construction of cultures
resistant to attack by viral infection will impact process-
ing costs by eliminating waste. Cloning of the genes
responsible for ripening of aged cheeses can decrease
storage costs by accelerating ripening. Production of nat-
ural preservatives, such as nisin (effective in inhibiting
foodborne pathogens and spoilage organisms), will help
ensure the safety and extend the shelf life of fermented
meat and dairy products. Starter strains engineered to
mimic the function of nitrates could reduce the use of
these compounds in cured meats.

Cloning of the gene(s) responsible for enzymatic re-
duction of cholesterol or modification of the degree of
saturation of meat and milk fat will improve the nutri-
tional quality of fermented products. The ability to en-
gineer strains capable of producing enhanced flavors or
natural stabilizers will influence consumer acceptance of
fermented dairy foods. Enzymes, which are added to the
curd to accelerate ripening, or to produce dairy products
acceptable for digestion by lactose-intolerant individuals,
will also be produced more economically by engineered
microorganisms (19).

A genetically engineered version of the enzyme prep-
aration rennet, which is normally extracted from the fore-
stomach of calves, has recently been approved by FDA
for use in cheese manufacturing (See ch. 10).

Processing of animal products generates many wastes
such as blood, bone, collagen, shells, fish parts, and
milk whey. Bacteria and yeast strains engineered to con-
vert these waste products into useful products could de-
crease the cost and problems associated with their disposal.
For example, engineered yeast strains are capable of fer-
menting the lactose in whey to value-added products,
such as vitamin C, biofuels such as ethanol and methanal,
or pharmaceuticals. Whey protein could potentially be
used to produce specialty chemicals with biotechnology.

Biotechnology products can be used to monitor animal
products for food safety. DNA probes and monaoclinal
antibodies can be used to analyze raw materials, ingre-
dients, and finished products for pathogenic organisms,
bacterial or fungal toxins, chemical contaminants (i.e.,
pesticides, heavy metas), and biological contaminants
(i.e., hormones, enzymes) (figure 3-6). Detection Kits
are commercialy available. For example, kits are avail-
able to monitor severa pesticides and antibiotics. Kits
are also available to detect Salmonella. Animal cell cul-
tures may partially replace whole animal systems to test
for acute toxicity. Biosensors may be used to monitor
food processing, packaging, transportation, and storage
(19).
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Figure 3-6—Basic Steps in a DNA-Probe
Hybridization Assay

Isolate organism

Disrupt organism to
obtain dsDNA
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Convert dsDNA to ssDNA -
and bind to solid support
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and target

S &

Add labeled probe
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Wash and detect signal

Organisms present in a food product are trapped on filters and
disrupted to obtain double-stranded DNA. Following denaturation
of the DNA to single strands, the labeled probe is allowed to
hybridize with target DNA. Hybridization can be detected by a
number of methods.

SOURCE: Journal of Food Protection 54(4):387-401, 1991

SUMMARY

Biotechnology will offer many new opportunities to
ater the manner in which livestock is produced in the
United States. New products are being developed to en-
hance feed efficiency, improve livestock reproductive
performance, and enhance herd health management. Pro-
ducers, food processors, and consumers al potentially
may benefit from these new products.

Several new products are under development to en-
hance the feed efficiency and growth of meat-producing
animals, and to increase milk yields in lactating animals.
Increased feed efficiency could significantly decrease the

cost of producing livestock. New growth promotants re-
sult in meat that is far leaner than that which is produced
naturally, a benefit to consumers who desire less fat in
their diets. Three new products (bST, pST, and beta-
agonists) currently are undergoing FDA review for use
in livestock production. Additionaly, traditional growth
promotants, such as steroids and antimicrobial agents,
continue to be improved.

New reproductive technologies offer producers the op-
portunity to rapidly upgrade herd quality by selecting and
incorporating desired traits at a faster rate than could be
accomplished with traditional breeding. It is now possible
to induce superior females to shed large numbers of eggs,
and then to fertilize those eggs in vitro with the sperm
of superior males. The embryos may be implanted into
surrogate mothers whose estrus cycle has been synchro-
nized to accept the embryo. Cloned embryos are currently
marketed, and more efficient methods of embryo pro-
duction are being developed. Advances in embryo and
sperm sexing will alow livestock producers to choose
the sex of the progeny and to breed for animals of highest
value (e. g., femalesin dairy, males in beef production).

Eventually, transgenic livestock will be commercially
available. Efforts are under way to produce transgenic
livestock with improved production characteristics such
as enhanced disease resistance, leaner carcasses. and faster
growth. However, the first transgenic livestock will most
likely be animals that produce high-value pharmaceu-
ticals in their milk. Severa firms have successfully
produced such transgenic animals; however, commer-
cialization is not likely to occur before the end of this
decade.

New vaccines, therapeutics, and diagnostic kits will
improve the ability of livestock producers to manage herd
health. Several vaccines and diagnostic kits are com-
mercialy available, and more are under development.

The food processing industry will also be affected.
New enzymes and starter cultures for cheese and dairy
manufacturing, and meat processing are being produced
with biotechnology. One genetically modified enzyme
preparation, chymosin. has been approved as generally
regarded as safe (GRAS) by FDA for usein cheese mak-
ing. Biotechnology can be used to improve the safety of
food products through the development of nucleic acid
probes and monaoclina antibodies to detect the presence
of microorganisms, chemicals, heavy metals, and other
contaminants in food products. Additionally, new meth-
ods to manage processing waste products. such as whey,
are under development.
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Despite the potential opportunities offered by biotech-
nology, these technologies are not without controversy.
Concerns have been raised about the effects of these
technologies on farm survival and structure, food safety,
animal welfare, and the environment. Additionally, many
of these technologies will place a premium on farm man-
agement skills, and thus may not be appropriate for all
farmers. These issues are discussed in more detail in the
following chapters.
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Advanced Computer Technologies

INTRODUCTION

Since the industrial revolution, agricultural systems
have intensified, and agricultural productivity has sig-
nificantly increased along with farm size. Labor-saving
devices on farms have increased output per worker
several-fold. and advances in understanding and appli-
cation of biological principles have significantly boosted
agricultural yields. With greater production per acre and
animal, however, farm management becomes corre-
spondingly more challenging and complex. In general,
methods for making management decisions have failed
to meet this chalenge. As a result, many decisions are
““ uninformed” and many agricultural systems poorly
managed.

The application of advanced computer technologies to
agricultural management can help remedy this situation.
improved access to information will allow farmers to
more effectively monitor progress toward optimal per-
formance. Computer technologies of potential use to ag-
ricultural managers are advancing at a tremendous rate.
The performance of computers has increased severa-fold
with each new generation of computer chip (figures 4-1
and 4-2). In the last decade. microcomputers have evolved
from 64-kilobyte machines with a 320-kilobyte floppy
drive to machines with several megabytes of memory
and several hundred megabytes of permanent storage;
such machines approach the performance of mainframe
computers (25, 54) and can store massive amounts of
information.

Advances are also occurring in software technologies,
allowing improved utilization of stored information. De-
cision support systems, for example, provide enterprise-
specific, expert recommendations to decisionmakers.
Several other types of information technologies allow for
rapid access to the latest information.

These advances will provide the tools to improve farm
management. For example. close monitoring of” animal
performance will alow early detection of diseases and
can help reduce stress in animals. Overall, advanced
computer technologies can provide managers with the
ability to systematically determine the best decision rather
than arrive at decisions in an ad hoc fashion. Optimal
decisionmaking requires a holistic view of a farm enter-
prise, factors that affect it, and the probable conse-
quences of management decisions. Thus, a farmer deciding
whether to plant a specific crop on a specific field should
weigh the profitability of the crop as well as overall farm

needs (i. ., nutrition requirements if it is an anima en-
terprise). The decision will impact land sustainability and
the need to use certain pesticides and herbicides or other
pest-control methodologies. Computer technologies, by
providing the capability of taking these multiple factors
into account, can help producers arrive at the best pos-
sible decisions and management strategies.

The quality of management, in turn, will influence
productivity as well as the future impact of some bio-
technologies. For example, the response of milk cows to
bST is directly related to management. Poorly managed
dairy herds have a lower response to bST than well-
managed herds (figure 4-3).

SPECIFIC COMPUTER
TECHNOLOGIES

Computer technology is changing at an unprecedented
rate on three different fronts, causing a "three-dimen-
siona" information revolution. Rapid advancements in
traditional database and computational programs: in sym-
bolic computing and artificial intelligence: and in systems
that improve access to information constitute the three
dimensions of the information revolution.

Knowledge-Based Systems

Traditiona database and computational programs, which
are largely numeric and follow established algorithms.
are invaluable resources, but they cannot easily deal with
symbolic data or mimic an expert’s reasoning process.
The so-called knowledge-based systems in the category
of symbolic computing and artificial intelligence have
these capabilities. American agriculture is just now be-
ginning to capitalize on these resources.

Essentially, knowledge-based systems present expert
knowledge in a form that can be used to solve problems.
In addition to expert knowledge, such systems require
situation-specific databases. For systems that operate in
real-time, sensors may play an important part in col-
lecting data for knowledge-based systems (40). General
uses Of knowledge-based systems include:

1. recommending solutions for problems (e. g., di-
agnosis),

2. monitoring the status of a system to determine sig-
nificant deviations (i. e.. management-by-excep-
tion). and
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Figure 4-I—Trends in Semiconductor RAM Density
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Figure 4-2—Trends in Microprocessor and
‘Mainframe CPU Performance Growth
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3. forecasting the behavior of a system (i. e.. simu-
lation).

Expert Systems

Expert systems are the most popular knowledge-based
technology in agriculture. The main benefit of expert
systems is that they emphasize knowledge acquisition.
not programming.

Figure 4-3—Effect of Quality of Management on Milk
Response of Dairy Cows Receiving bST
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SOURCE: D.E. Bauman, “Bovine Somatotropin: The Cornell Experience.”
Proceedings of the National Invitational Workshop on Bovine
Somatotropin, USDA Extension Service, Washington, DC, pp.
46-56.

Figure 4-4—Structure of an Expert System
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Expert systems are distinguished by a unique structure
that separates **What to do’ from **How to do it’ (figure
4-4). The knowledge base tells the program what to do.
It contains the expertise for solving the problem without
the control structure found in traditional programs. The
second component of an expert system is an *‘inference
engine' that, in effect, shows the program how to do
the task at hand. The inference engine contains the con-
trol strategy that determines how to combine domain
knowledge to solve the problem.

Domain knowledge can be represented in the knowl-
edge base in severa different forms, the most common
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of which isrules (e. g., “If the leaves are brown, then
apply insecticide X’ see box 4-A). Rules correspond
closely to the natural reasoning of experts, are modular,
and are easy to maintain. As a result. expert systems are
easy to develop and to support. The knowledge in an
expert system tends to be symbolic instead of numeric.
This feature alows rules to be “heuristic” in nature,
akinto "rules-of-thumb.” When exact algorithms do not
exist, the rules represent the expert’s best guess (94).

Another interesting feature of expert systems is their
capability of incorporating uncertainty into rules. For
example, the rule "If the leaves are brown, then apply
insecticide X; 0.3' means that there is a 30-percent cer-
tainty or confidence in the conclusion. Strategies have
been devel oped for combining the uncertainty of rulesto
give a confidence value for each recommendation (7,
76). Therefore, the expert system is able to make rec-
ommendations even when the circumstances of the prob-
lem are uncertain. This ability mimics the reasoning of
an expert. Expert systems have the added capability of
explaining the reasoning used to derive a solution (see

Box 4-A—An Example Rule for an Expert
System
IF
e you are Willing tO speculate for higher prices AND
e the price trend is up AND
o the basis trend is weakening AND
« the basis trend is not expected to reverse soon
AND
o the timing is harvest AND
. the type Of available storage is farm OR
« the type of available storage is commercial AND
o you need dOWNSIde price insurance AND
. Storage revenues are greater than storage costs,
THEN
. forward contract your grain and buy call options.

SOURCE: R.H. Thieme et al., “Expert System Tech-
niques Applied to Grain Marketing Analysis,” Computers
and Electronics in Agriculture 1:299, 1987.

box 4-B), much as an expert might. The explanation is
a map of the rules chained together by the inference
engine ( 102).

Because expert systems separate the inference engine
and knowledge base, it is easy to remove the knowledge
from the expert system. leaving a shell that can be reused
in other applications. The shell contains the inference
engine, user interface. and other domain-independent
modules. The first expert system shell was EMYCIN,
which resulted when the knowledge base was removed
from MYCIN, an expert system that diagnosed human
blood diseases (89). Expert system shells have become
saleable products, and several are commercially available
for usein agriculture ( 14).

There are numerous examples of expert system appli-
cations in agriculture. These systems have tended to be
diagnostic systems for addressing relatively narrow prob-
lems. Large-scale, broad-based expert systems have not
been developed in agriculture. The following overview
of agricultural expert systems includes systems devel-
oped for business decisions. animal production, and crop
production.

Farm and Area-Wide Management—effective de-
cisions regarding the planning, organization, and control
of afarm enterprise are essential to agriculture. The leg-
isative, economic, and environmental demands placed
on farmers and government agencies that implement ag-
ricultural policy create a need for tools that help make
sound farm-level and regional policy decisions in agri-
culture. Tools that help with agricultural problems at a
watershed or farm will become increasingly important in
the future. This will involve integration of expert systems
with geographic information systems, area-wide moni-
toring systems (78 ), and remote sensing.

The financial difficulties of the 1980s vividly docu-
ment the cost of poor decisionmaking in the business
sector. However, a major obstacle impedes the adoption
of expert systems in making business decisions. Business
decisions. unlike production decisions, are generally in-

Box 4-B—An Example of an Explanation Provided by an Expert System
I conclude that the patient has dreaded lurgy caused by bug-eyed germs with a certainty factor of .76.

WHY:

I concluded that the patient’s dreaded lurgy was caused by bug-eyed germs because tight abdomen (E3) and acid
saliva (E4) indicate swelling of the spleen (E), which taken together with yellowish skin cast (D) provide evidence
(CF = .76) that bug-eyed germs are the cause of the dreaded lurgy.

SOURCE: M. Van Horn, Understanding Expert Systems, Bantam Books. New York, NY, 1986.
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fluenced by values, goals, and risk attitudes. Thus, two
experts with the same knowledge and expertise may se-
lect different courses of actions (91).

Only a small number of expert system applications is
available for farm decisionmaking. Most existing expert
systems in this area relate to design, planning, and con-
trol. Unfortunately, such functions are considered rela-
tively unimportant by farm managers. Expert systems
dealing with data acquisition and interpretation, predic-
tion, and monitoring have not been developed. This may
indicate that expert system development efforts are fo-
cusing on applications not in the area of greatest need
for farm managers (91),

Farm-level planning and financial analysis are active
areas of expert system development. Severa prototype
systems are under development. One effort at farm-level
planning directed at farmers' needs is the Crop Rotation
Planning System (CROPS) developed at Virginia Tech
(6). This system uses a map-based interface to let farmers
enter data about their land (soil type, topography, land-
use, and field sizes) and their farming enterprise. Based
on these data, CROPS provides farm-level or field-level
environmental risk evaluations for soil erosion, and nu-
trient and pesticide leaching and runoff. It then uses Al
planning and scheduling techniques to generate a whole-
farm production plan so that the overall farming operation
can meet user-defined yield and/or acreage targets, eco-
nomic return goals, while also reducing potential envi-
ronmental risks to acceptable levels. The system runs on
Apple Macintosh 11 systems and is adapted for use by
the Soil Conservation Service and the Virginia Depart-
ment of Conservation and Recreation in their farm plan-
ning activities.

The best known farm financial system is the Agricul-
tural Financial Analysis Expert System (AFAES) from
Texas A&M University (63). AFAES consists of a
spreadsheet to prepare operating-year and multiyear fi-
nancial statements; a program that calculates financial
ratios and trends from the spreadsheet; and two expert
systems that develop a performance operating-year anal-
ysis and multiyear analysis, respectively. This expert
system operates on an IBM-compatible microcomputer
and is marketed through the Texas Agricultural Experi-
ment Station at a variety of prices based on the type of
user making the purchase.

Other agricultural expert systems have been developed
for specific business decisions. One exampleisthe Grain
Market program developed at Purdue University (98).
This system provides advice for marketing storable com-
modities (e. g., crops). An example rule from this expert

system is shown in Box 4-A. The machinery selection
process is aided by the Farm-level intelligent Decision
Support system (FINDS) (49). This system integrates a
linear program (REPFARM), a database management
system, and an expert system. The expert system is used
to form the link between the linear program and the user
and to interpret the output of the linear model. The linear
program component operates on a minicomputer, but the
other components operate on a microcomputer. A deci-
sion support system for planning of land use and forage
supply for a dairy farm has been developed in Denmark
(34). The main components of the system are a knowl-
edge base, a linear programming model, and a PASCAL
program connecting the knowledge base, model, and in-
terface. The model integrates the varied business activ-
ities of a dairy farm, such as crop production, storing
feeds, milk production, and utilization of manure. In-
teractions between feeding and production of milk and
meat are established by use of knowledge sets. The user
interface allows for consequent analysis and can function
as a tool for calculation and optimization planning.

In addition to agriculture-specific expert systems for
business decisions, nonfarm business systems will impact
agriculture (91 ). For example, Dologite (24) developed
the Strategic Planning Advisor to provide strategic plan-
ning advice. This system provides recommendations such
as.

¢ Get out of a business.

» Hold current position.

* Focus on one market niche.
o Invest selectively.

* Invest aggressively.

Animal Production—Expert systems for animal pro-
duction deal with the management of farm animals and
generally focus on disease diagnosis and suboptimum
performance identification based on technical expertise.

Most expert system activity in the area of animal pro-
duction focuses on the dairy industry. There are at least
two reasons for this. First, the dairy industry has a na-
tional data recording system (i. e., Dairy Herd Improve-
ment, DHI), that provides centralized databases from
which expert systems can be built (99). A second reason
is that dairy animals are generally housed in confinement,
and they produce a product (i.e., milk) that can be rou-
tinely monitored on an individual animal basis. This is
conducive to intensive management. Spahr et al., (92)
outlined severa potential applications of expert systems
for dairy herd management.
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Some of the earliest dairy expert systems were devel-
oped by Extension Specialists at the University of Min-
nesota. Their first system (DMGTSCOR) ranks dairy-
herd management strengths and best opportunities for
improvement using DHI management measures ( 16).
Management action is suggested for the three best op-
portunities for improvement. A second system,
SCCXPERT, was developed to diagnose herd mastitis
problems using DHI somatic cell data and to recommend
corrective actions. Another system, BLKTNKCL, pro-
vides interpretation and information about bulk tank cul-
ture data for primary mastitis causing organisms. A fourth
system, MLKSYS, provides expertise to troubleshoot
operational and design problems with a milking system
( 15). Two other systems have recently been developed
to assist in manure management and to provide an overal
anaysis of the production and financial status of a dairy
farm. All of these systems were developed in the Level
5 expert system shell; as a result an effort is underway
to integrate them into a single system to allow data shar-
ing among the programs. These expert systems are dis-
tributed by the Dairy Extension office at the University
of Minnesota freely to extension personnel and com-
mercially for $75 ( 17).

Tomaszewski and others at Texas A&M University have
developed a Dairy Herd Lactation Expert System (DHLES)
to analyzes DHI milk production data and to provide rec-
ommendations for improving milk production ( 106). DHLES
contains a separate module (LacCurv) to graphicaly display
lactation curves. This system was developed in PROLOG
and operates on an IBM—compatible computer. It is mar-
keted through Texas Dairy Herd Improvement Association
for $99 ( 100).

Several expert system projects are under development
for the dairy industry. Kalter and coworkers (45) are
developing a comprehensive expert system (Dairy Pert)
to evaluate dairy-herd management. The impetus behind
this effort is the possible future adoption of bovine so-
matotropin (bST), but the system has general applica-
bility. This system currently contains over 320 rules in
the Nexpert expert system shell, a spreadsheet-based nu-
trition model, and entry and advice routines based on
Fox’s database management software. DairyPert does not
utilize DHI data because of inconsistencies among the
nine national Dairy Record Processing Centers. DairyPert
is funded by and will be distributed to the private sector
through a large pharmaceutical company. Cornell Uni-
versity will distribute the system to public agencies and
ingtitutions. Oltenacu et al. (73) are developing a repro-
duction expert system that will analyze DHI reproductive
records and determine weaknesses in the reproductive

program. This system utilizes LISP on an IBM worksta-
tion. Allore and Jones (42) are developing an expert
system to evaluate DHI somatic cell counts that will
identify areas of management that predispose cows to
mastitis. This system is being developed in CLIPS and
will operate on an IBM-compatible microcomputer.

Oltjen et a. (74) have developed a prototype expert
system that recommends whether to keep or cull com-
mercial beef cows. The rules contain knowledge relating
to the cow’s age, body condition score, caving diffi-
culty, structural correctness, health, and previous repro-
ductive performance. The expert system was integrated
with a simulation model to calculate net present value
for each animal. This expert system was developed in
the CALEX expert system shell.

An expert system to assist in the management of a
sheep enterprise has been developed in Scotland ( 104).
This system was developed without the aid of an expert
system shell. Once a working prototype that could be
delivered to an agricultural unit was developed, this pro-
ject was halted as a research project. Expert systems for
the management of sheep flocks are also under devel-
opment in Australia.

CHESS is a Dutch decision-support system designed
to analyze individual swine breeding herds within an
economic framework (22). It determines strengths and
weaknesses in the management of a pig enterprise. CHESS
consists of a decision-support system and three expert
systems. The decision-support system identifies and as-
sesses the importance of relevant deviations between per-
formance and standards. The expert systems combine
and evaluate deviations to identify management strengths
and weaknesses.

XLAYER (84) is a management expert system for the
poultry industry and is one of the most comprehensive
expert systems in animal production. XLAYER is de-
signed to diagnose and estimate economic and associated
losses as well as recommend remedial management ac-
tions for over 80 individual production management
problems significantly affecting a flock’s profitability.
An example output is shown in box 4-C. This system
contains over 400 production rules and was developed
in the M1 expert system shell.

Crop Production—AlIl commercia crop production
systems are potential candidates for expert system ap-
plications. In particular, expert systems should be con-
sidered for integrated crop management decisions that
would encompass irrigation, nutrition, fertilization, weed
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water.

Box 4-C—An Example Recommendation From XLAYER
You are experiencing an economic loss of about $725 per week because of a sudden change in the grain portion
of your layer ration. Reformulate the ration and phase in new grains gradually, even if the cost per pound is higher.

Production losses amounting to some $500 per week are being experienced because temperature in your
layer house is exceeding 29.4 degrees Celsius. Use artificial cooling systems in regions where hot weather is
expected to continue. If layer barn has no cooling system, construct a partial budget to evaluate alternative pooling
systems such as evaporative cooling pads, roof sprinklers, high pressure misting and other forms of cooling,

Water intake is very low. Check watering systems to make sure that birds are getting adequate fresh, clean

Equipment repair costs are running $100 per week higher than normal. Check management practices related
to the routine servicing of mechanical equipment. If repair and maintenance costs are consistently high, construct
a partial budget to evaluate the replacement of old or poor functioning equipment.

SOURCE: E. Schmisseur and J. Pankratz, “XLAY ER: An Expert System for Layer Management,” Poultry Science 88:1047, 1989.

control-cultivation, herbicide application, insect control,
and insecticide and/or nematicide application (64).

The first expert systems developed in agriculture were
PLANT/ds (65), a program developed at the University
of Illinois that identified diseases of soybeansin Illinois.
and POMME(81 ), developed at Virginia Tech to identify
diseases of apple orchards. Both were written by com-
puter scientists who were using agriculture as a novel
domain. Michalski, for example, was primarily inter-
ested in machine learning.

Of the major crops, cotton has received the most at-
tention to date, with at least three expert systems and
one simulation-based management model now available
to the public (94). COMAX (COtton MAnagement
eXpert), the expert system component of GOSSYM/
COMAX was developed by the U.S. Department of Ag-
riculture, Agricultural Research Service (USDA/ARS) in
Mississippi (56)."Users of this system purchase a weather
station linked to a personal computer running the pro-
gram. The GOSSYM component is a simulation model
of cotton production that uses weather data collected from
the weather station. The COMAX expert system uses the
model to project when to irrigate and fertilize to achieve
optimal agronomic goals. The entire GOSSY M/COMAX
system including the weather station and computer costs
several thousand dollars. Despite the high price tag, it
is used by as many as 500 cotton farms in 15 States.

COTFLEX is an integrated expert system and database
package developed at Texas A&M and released to the
public through the Cooperative Extension Service (93).
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Photo credit: U.S. Department of Agriculture,
Agricultural Research Service,

Farmer and consultant examine data from COMAX
(Cotton MAnagement eXpert) computer program.

The overal system will eventually include a whole-farm
economic analysis module that lets farmers evaluate
whether or not to participate in Federal farm programs
or to purchase Federal crop insurance. The component
released to the public, however, is devoted to insect pest
management of the three major insect pests of cotton in
Texas.

CALEX/Cotton is another integrated cotton expert sys-
tem and database management tool (79). CALEX was
developed as an expert system shell, and cotton was the

'GOSSYMisa hybrid term formed by combining Gossypium. the scientific name for cotton and the word simulation.
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Photo credit U.S. Depatment of Agriculture,
Agricultural Research Service.

Farmer and engineer check automated weather station
that feeds daily weather information into the COMAX
system to update its prediction for cotton yield and
harvest dates.

first application area. The system was supported through
Cdifornid s statewide integrated pest management pro-
gram and delivered to farmers for testing and use. It is
one of the best-documented attempts at delivering expert
systems to farmers for use in crop production (31). Be-
cause the program was developed with State support, no
revenue has been collected from its users and the project
continues to depend on State support.

Pennsylvania State University supports a laboratory
devoted to the development of expert systems and their
delivery through the Cooperative Extension Service. The
University has developed several expert systems using

an expert system shell (PENN-Shell) developed in-house.
One of these expert systems, GRAPES, recommends pest
control options for insects and diseases in vineyards (83).
Penn State's expert systems al run on Apple Macintosh
computers, and the University supports a statewide com-
puter network for these machines.

USDA-ARS researchers (28) developed a knowledge-
based system for management of insect pests in stored
wheat. The system determines whether insects will be-
come a problem and helps select the most appropriate
prophylactic or remedia actions. Simulation models of
al five magjor insect pests in wheat have been devel oped;
the model’s output feeds the expert system.

Evans and coworkers (26) at the University of Man-
itoba have developed an expert system to serve as a
Fertilization Selection Adviser. The current system con-
siders only one type of crop (wheat), four different mois-
ture regimes (arid, dry, moist, and irrigation), one soil
nutrient (nitrogen), and four different fertilizer com-
pounds (urea, ammonium nitrate, urea ammonium ni-
trate, and ammonia). It provides return on investment
information; a risk analysis module is under develop-
ment. This system was developed in the LISP program-
ming language for the Macintosh: however, work has
aready begun to develop a similar system using the C
programming language cm an IBM-compatible micro-
computer.

In general, one can find expert system applications for
crop production for virtually all the magjor crops in this
country and in many countries around the world. Insect
pest management, weed control, and disease identifica-
tion are the most common domains. Other systems that
have received wide recognition in crop systems include:

» EasyMacs, an expert system and database program
developed at Cornell University for recommending
pest management strategies for apple production;

* SOYBUG, an expert system developed in Florida
that helps farmers with insect pest control in soy-
beans (2);

* SIRATAC, an expert system and simulation model
developed in Australia for helping cotton farmers
with pest management decisions that has since been
marketed internationally (36);

* TOM, an expert system for diagnosing tomato dis-
eases developed in France (5); and

« WHAM, a wheat modeling expert system developed
a the University of Melbourne, Australia (3).

Research Needs— Development of commercia expert
system shells is being driven by forces outside agriculture
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and is proceeding at a relatively rapid rate. However,
agriculture applications generally will require expert sys-
tem shells to operate in a microcomputer environment
whereas industrial applications often reside on worksta-
tions or minicomputers. Since this is a domain-independent
problem, it may be best addressed by computer scientists
outside of the agricultural sector.

The main limitation to development of expert systems
is adoption of computer technology. To promote this area
will require more trained personnel and incentives to
develop and deliver computer systems.

Object-Oriented Simulation Systems

In addition to expert systems, another type of knowl-
edge-based system that is useful for planning is object—
oriented simulation. Traditional simulation systems model
the behavior of a system by explicitly simulating indi-
vidual processes. The structure of the real system usually
isimplicit in the model. Object-oriented simulation mod-
els have an inverse structure; they explicitly model the

structure of the real system, and the behavior of the
system is implicit in that structure.

Each component of the real-world system is repre-
sented in the simulation as an object. Objects are units
that consist of self-descriptive data and procedures for
manipulating that data. Objects can be represented in a
hierarchy such that they inherit properties from more
general categories (i.e., their parents). For example, an
object-oriented simulation of a farm (figure 4-5) would
contain a general FIELD parent object that describes the
genera features of al fields (e.g., a method to calculate
the area of the field). Individua fields (e.g., field 23)
would be represented as unit objects that inherit the prop-
erties of the parent FIELD object and may aso contain
some information specific to themselves (e. g., current
crop planted in the field). Objects in object-oriented sys-
tems communicate by exchanging messages. For ex-
ample, if field 23 is to be harvested, a HARVEST message
is sent to the field 23 object. The field 23 object handles
the details (internally resetting its own values) and returns
the amount of crop harvested. This return message can

Figure 4-5—System Structure for an Object-Oriented Simulation System

Field (a parent object)

PROCEDURE area - length x width/43,560
PROCEDURE harvest - yield x area
reset yield to zero

message: area

Fleld 22

crop: com crop: com
width: 4,300 ft width: 4,300 ft
length: 1,000 ft length: 2,000 ft

yield: 120 bu/acre yleld: 115 bu/acre

|
|
|
\ 4

response: 22,704 bu

response: 98.7 acres

SOURCE: Office of Technology Assessment, 1992.

Silo (a parent object)

PROCEDURE harvest
volume = voiume + harvest

message: harvest.22,704 bu

I
l
\4

Bunker silo
volume: 115,345 bu

volume:138,049 bu
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be sent to a particular silo object which knows how to
add the crop to its inventory. Once the object-oriented
system is developed, the simulation sends messages to
appropriate objects in afashion similar to farm managers
giving orders to their employees.

There are two main advantages to this type of simu-
lation. First, the model closely corresponds in structure
to a read system. This facilitates maintaining and ex-
panding the model. Second. procedures in an object can
be represented in a symbolic fashion similar to expert
systems. Thus, object—oriented simulation can be used
to model processes that may not be quantitatively well
defined.

Object-oriented simulations have been under devel-
opment since the early 1980s. An early object-oriented
simulation language (ROSS) was developed in the LISP
programming language by the Rand Corp. for the Air
Force (62). This language has been used in military ap-
plications. Two early examples are SWIRL, an object-
oriented air battle simulator, (47) and TWIRL, an object-
oriented simulation for modeling ground combat between
two opposing tactical forces (48).

Object-oriented simulations are powerful tools for
modeling the behavior of biologica systemsthat are oth-
erwise difficult to describe mathematically. Output from
these systems can be used in planning and to determine
impacts of changing management procedures. However,
most existing object-oriented simulation models cannot
easily be transferred to production agriculture.

Several object-oriented simulation projects have been
developed specificaly for agriculture. Researchers at Texas
A&M University developed an object-oriented model to
simulate animal/habitat interactions (82). The simulation
was specifically used to study the damage caused by
moose migrating through forest plantations. This system
was developed on a Symbolics workstation using LISP.
Another agricultural simulation was developed by USDA-
ARS to model insect disease dynamics in a rangeland
ecosystem (9). This model is primarily a research tool
for studying the relationship between grasshoppers and
their pathogens to assist in integrated pest management
programs. This system was also developed on a Sym-
bolics workstation using the FLAV ORS object—oriented
programming language. Another L1SP-based system was
the host-parasite model developed by Makela et al. (58)
to study the interaction between the tobacco budworm
and one of its parasites in cotton fields. More recently,
Crosby and Clapham ( 18) used the Smalltalk language
to simulate nitrogen dynamics in plants; Stone (95) used
an object-oriented model of a mite predator-prey system

to show that chaotic dynamics rather than stable or pre-
dictable cycles, might be the norm in agricultural sys-
tems; and Sequeira et al. (87) developed an object-oriented
cotton plant model for use in studying the interaction
between localized pest feeding and cotton lint yield and
quality. Another object-oriented simulation project is un-
der development by Chang and Jones at Cornell Uni-
versity for use in agriculture ( 10). This project uses a
LISP-based, object-oriented programming language (B-
object, Kesder, University of Utah) to model the oper-
ation of a milking parlor. When completed, this model
will be useful to dairy—farm managers and their consul-
tants for parlor configurations and for identifying changes
in performance when changes in parlor operation are
made.

Research Needs—The general paradigm of object-
oriented programming is being incorporated into several
traditional programming languages (e. g., C, PASCAL),
but few inexpensive commercial shells exist in which to
develop object-oriented simulations. Smalltalk is a good
example. It is a language and a development environment
in one, and it generally comes complete with many pre-
define object classes developed specifically for simu-
lation. Other expert system shells like KEE, Goldworks,
NExpert-Object, and Level-V Object include the object-
oriented paradigm and can be used for simulation. LI1SP
offers many advantages for prototype systems such as
the parlor project. However, LISP is not a language in
which final products should be delivered, since it requires
too much memory and is too slow for agricultural ap-
plications. More research is needed to determine the po-
tential value of object-oriented simulation for agriculture.

Knowledge-Acquisition

Knowledge-based systems are powerful computer tools
because they contain and apply a significant amount of
expert knowledge to problem-solving; however, this aso
constrains systems development. Knowledge acquisition
isaslow and tedious process, and problem-solving rules
and procedures are often hard to articulate.

Artificial intelligence can help automate one type of
knowledge acquisition (21, 66), that of rule formation.
Machine learning, for example, is an artificia intelli-
gence technique for automatically generating rules from
a set of examples. This is sometimes called “learning
from examples. ” It can be used to assist experts to de-
velop rules or fill in where experts do not exist. For
instance, rules for a crop disease diagnostic expert system
can be generated using a machine learning system with
a database of plant descriptions and associated diseases.
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Michalski and others (65) compared rules derived by
experts and those generated by a machine learning al-
gorithm (AQ11 ) when developing an expert system for
soybean disease diagnosis (PLANT/ds). The database
consisted of 630 examples based on 35 plant and envi-
ronmental descriptors for 15 soybean diseases. One rule
was generated for each disease. When tested in an expert
system, the machine-generated rules outperformed those
generated by experts. The machine rules properly diag-
nosed 98 percent of the test cases while the expert derived
rules diagnosed 72 percent correctly.

A microcomputer-based machine learning system has
been developed for agricultural problems (27). This sys-
tem was first used to generate rules for a grass identi-
fication system (WEEDER). Other generic machine-
learning algorithms are available as commercial products
(e. 9., Classification and Regression Trees, California
Statistical Software, Inc, Lafayette, CA; ID3, Knowl-
edge Garden, Naussau, NY).

Due to the nature of rules generated from machine
learning (i.e., the rules indicate which variables are im-
portant for describing certain results), machine learning
can aso be used as a data analysis tool. Liepins et al.
(57) investigated the use of three machine learning al-
gorithms for analyzing natural resource data. They stud-
ied the effect of storm damage on lake acidification using
a data set generated after a magjor storm stuck the Adi-
rondack Park in upstate New York. Application of ma-
chine learning to these data provided no new information
but reinforced many of the discoveries made using tra-
ditional statistics. Dill (23) also used a machine-learning
algorithm to analyze the sale price of cattle sold at public
auction. The data set contained all information available
to abuyer on sale day and the price for which the animal
was sold. Using machine learning. Dill was able to de-
termine which variables influence the buyer’s decision
and now will be able to generate an automated appraisal
system from these results.

Research Needs—There are several problems asso-
ciated with machine learning. One concerns data that
contain random errors (i. e.,, ‘‘noisy’ data). Some ma-
chine-learning algorithms are unable to handle this type
of data while others perform poorly (57). Much of the
data in agriculture is noisy. Another problem is that many
of the machine-learning algorithms require discrete data
(e.g., classification-based) while agricultural data is mainly
continuous (e. g.. numeric). A third problem is that ma-
chine learning requires a complete database with asso-
ciated outcomes from which to operate. Few of these
databases exist in agriculture.

Despite these limitations, machine learning can be a
very valuable knowledge acquisition tool in certain sit-
uations. With continued development, these limitations
will likely be overcome.

Knowledge-Based Report Generation

One of the initial goals in artificial intelligence was to
develop systems capable of translating documents from
one computer language to another (I 1 ). An integral com-
ponent of machine translation is developing a knowledge
representation of the original document such that text can
be generated in another language. Though machine trans-
lation will not have a major impact on American agri-
culture, systems that are able to generate knowledge-
based reports from a database will.

Farmers receive large volumes of production data with
little or no interpretation; hence, they may be unable to
convert these data into useful information. Knowledge-
based report generation is an emerging technology that
can provide them with interpretive reports to better sup-
port management decisions.

In many respects, programs for knowledge-based re-
port generation are similar to expert systems. Report
generation programs contain four components:

1. adomain-independent knowledge base of linguistic
and grammear rules,

2. a domain database from which the report is to be
generated,

3. a domain knowledge base for interpreting the data
structure, and

4. the text planning component for deciding what to
say and how to say it (69).

Once a system is complete, the domain knowledge can
be removed to create a shell that can be used in another
domain. Report generation is still largely in the research
stages and commercial shells have not been made available.

CoGenTex, Inc. has developed a proprietary linguistic
shell for knowledge-based report generation. This shell
has been used to generate weather forecasts in both Eng-
lish and French for the Canadian Government. A USDA
Small Business Innovation Research proposal has been
submitted to study the suitability of this approach for
generating knowledge-based reports that interpret DHIA
records for dairy farmers (46).

Research Needs— To date, there have been no appli-
cations of knowledge-based report generation in agri-
culture. Research should be directed at investigating the
potential benefit of this technology to American agri-
culture. Once the preliminary investigations are com-
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pleted, a better understanding of heeds and benefits will
be established.

Interfacing Technologies

Farmers have been slow to adopt personal computers.
Recent surveys indicate that only 15 to 27 percent of
farm managers utilize computers in management (1, 55).
Two factors that may have contributed to this slow adop-
tion rate are the lack of high quality management software
(71 ) and a computer phobia on the part of some farm
managers. Farm managers have available to them only
alimited selection of computer programs. most of which
perform similar functions. The computer phobia is caused
by a lack of exposure to computers but is exacerbated
by the type of user interfaces (both hardware and soft-
ware) employed by most agricultural computer programs.

Hardware |ssues

Currently, most microcomputer systems use a key-
board as the mgjor input device. Keyboard entry is clumsy
for agricultura software as many farm managers are slow
typists. Even for programs that require little input. a
* “hunt and peck’ typing ability can frustrate the user to
the point of not using the system. Another problem with
keyboard entry is impaired dexterity from excessive
physical labor or injury that severely impairs the farm
manager’ s ability to type. Consequently, software should
be developed alowing the use of aternative input devices.

Two relatively common input devices are the mouse
and the light pen. However, neither of these capture the
user’s natural pointing instincts (77 ). A more intuitive
input device is the touch-sensitive screen. Another al-
ternative input device is speech.

Touch-sensitive screens are computer displays in which
portions of the display may be used as an input device.
This technology has been available since the mid-1960s
(41). Touch-sensitive screens are easy to learn, very du-
rable, and require no additional work space. At the same
time they have the disadvantage of increased cogt, in-
creased development complexity, lack of software to take
advantage of touch-sensitive screens, arm fatigue. and
screen smudging. A major complaint of touch-sensitive
screen users is the lack of precision; however. high-
precision screens have recently been developed (86). Due
to their durability and user-friendliness, touch-sensitive
screens have been used in specialized applications such
as kiosk information systems in shopping malls and air-
ports and for order processing in restaurants. Both of
these applications have been developed to allow control
of a computer systems by nontechnical users.

A second area of research aimed at improving the
physical link between the computer and user is speech
recognition. This research has been glamorized by sci-
ence fiction movies such as 200 I: A Space Odyssey, in
which computers carry on a dialogue with the user. Though
this is the goa of research efforts, it is not the current
state-of-the-art (52). A prominent researcher has pre-
dicted that totally spontaneous, unrestricted speech rec-
ognition is still as much as 30 years from fruition ( 105).
However, speech recognition appears to be suitable for
applications with restricted discourses. Agricultureis one
such application.

Speech recognition is based on the ability to distin-
guish between words and on natural-language processing
whereby natural language input is transformed into a
form that the computer can utilize. In a common method
for speech recognition, template matching, each spoken
word is matched against a predetermined lexicon. The
lexicon must be trained to recognize a user’s voice. thereby
resulting in a user-specific system (52). High-perfor-
mance, speaker-independent, continuous-speech recog-
nition systems use another approach. that of statistical
modeling. Commercial speech recognition systems range
from speaker-dependent, single-word recognition (64-word
vocabulary units) to speaker-independent, continuous-
word recognition (40.000-word vocabulary units) (75).

Speech recognition is not a perfect function. Most
literature values for recognition accuracy range from 95
to 99 percent (97); some articles report 8 to 12 percent
error rates (61 ). Severd factors affect the error rate; these
include presence of background noise. phonetic similar-
ity of words, and mood of the user as he/she alters voice
quality (52). Furthermore, lack of a one-to-one corre-
spondence of sounds to words distinguishes speech from
other inputs. For instance, when a key is pressed on the
keyboard, the output is unambiguous. With speech rec-
ognition, the output is the most likely output which cor-
responds to the input. Consequently, the performance of
current systems degrades (in both time and accuracy) as
the vocabulary increases. When speech input was com-
pared to traditiona input methods, it was found to require
the same amount of time as mouse input, 80 percent as
much time as a single key stroke and 48 percent as much
time as full-word typed commands (61).

A commercial speech recognition system recently was
added to a medical diagnostic system for clinical data
entry (88). The system was an isolated-word, speaker-
dependent system capable of recognizing eight contin-
uous syllables. Utterances required a half a second to
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take effect and 90 percent of all utterances were recog-
nized correctly. For this application, speech recognition
proved an effective interface for improving the accep-
tance of the diagnostic system.

Advances in hardware input devices to improve the
usability of computers are being driven by multiple non-
agricultural sources. For example, speech recognition is
agoa of the Department of Defense ( 105) and of research
aimed at providing more environmental control to the
physically disabled (20). Since this technology is domain
independent, advances in other domains should also greatly
facilitate the use of speech recognition in agriculture dur-
ing the next decade.

Software |ssues

The software design of the user interface is the main
factor determining the effort required both to learn and
to use a computer program. The most important function
of the user interface is to match the needs of the user.
Novice users need interfaces that are easy to learn while
advanced users prefer interfaces that are easy to use. Most
easy to learn systems are not convenient to use. Thus,
no one interface will meet the needs of all computer users
(33).

In general, agricultural software has not been distin-
guished by sophisticated user interface designs. This partly
reflects the fact that most agricultural software is written
by people who understand agriculture. yet have little or
no training in user interface design.

Currently. there are nearly a dozen different interface
designs that can be used with computer programs. These
range from command languages to natural language.

Two common user interface designs in agriculture are
command and question/answer systems. A command-
driven user interface is similar to the DOS system where
a series of commands and arguments have to be known
by the user. For example. in the Cornell Remote Man-
agement System, which is used to ascess DHI data. a
command such as AIM 1-S1-DH1M 0094 is used to run
areport. Thistype of user interstice is easy for an expert
to use, but because it is not intuitive. it is difficult to
learn. Another type of command-driven user interface
can be designed by mapping commands to special keys.
Thisinterface is used by WordPerfect ( WordPerfect Corp..
Orem. UT) which uses multiple combinations of the
SHIFT. ALT. and CTRL keys with function keys for-
specific commands. Question/answer systems require the
user to enter a response. If the type of response is un-
ambiguous, this design can be easy to use but also te-

dious. This type of user interface should be limited to
responses which are Yes-No (e. g.. Y/N) or numeric.

A type of computer interface that is more intuitive to
use than command and question/answer systems is nat-
ural language. With this type of interface, commands are
given in normal spoken or written language instead of a
forma command language. An example of a natural—
language user interface is one that converts natural-lan-
guage commands to DOS commands. For example, the
natural-language command *‘show me the files on drive
b:” is converted to the command “dir b:*.*” (53). An-
other example of a natural-language interface is one that
was developed for signal processing (68). This system
allows users who are knowledgeable about signal pro-
cessing but ignorant of any programming languages to
manipulate wave forms using English commands ori-
ented toward mathematical operations. However. the most
common use of natural-language interface has been in
database querying systems.

Natural language is attractive to the casua user and
to the user who is unwilling to learn a formal command
structure. However, natural-language user interfaces re-
quire more typing than command-language interfaces.
As discussed previoudly, typing requirements are an im-
portant consideration for agricultural software. There-
fore, natural-language is probably not a desirable user
interface for systems that can be driven with a limited
set of commands (e. g.. DOS).

Another popular user interface design is the menu sys-
tem. In the simplest form. a menu is a list of choices.
The user selects one choice by entering a number or letter.
Another version includes a light bar that can be positioned
over the menu using the keyboard. A more sophisticated
menu design, known as the graphic user interface (GUI),
is the icon and mouse system. This type of system rep-
resents menu selections using a picture that is ‘"clicked-
on’ with a mouse. The icon system was first developed
for the Xerox ‘ Star’ workstation (90) to reduce the learn-
ing time of the user interface. The user is expected im-
mediately to know which icon is appropriate. Thus. the
icon must be unambiguous and realistic. Distinguishable
and meaningful icons may be difficult to develop for
several similar items (96). Accompanying text is often
added to clarify the meaning of possibly ambiguous icons.

Another magjor factor of the user interface is data entry.
For this factor. interfaces caled “form-filling” designs
have been developed. The user is presented with a series
of fields in which data are entered. The display relates
to a written form and allows the user to see al of the
fields together. Often. form-filling interfaces have data



Chapter 4—Advanced Computer Technologies . 111

validation and editing capabilities. For more complex
data entry needs, multiple forms arranged as overlaid
windows can be used. As data are entered into a field,
it actuates the next form which displays with the appro-
priate related fields. This type of user interface is rapid,
easy to use, and easy to learn (96).

Design of sophisticated user interfaces has advanced
to a point where they should now be considered for all
agricultural software. Proper attention to user interface
design issues can result in agricultural software that is
more acceptable to use. For example, adaptive interfaces
are aimed at satisfying the differing needs of both novice
users and experienced users. An adaptive user interface
determines the skills of the user and changes the interface
to meet those skills. In general, novice users are provided
with menus and question-answer systems, while ad-
vanced users are given the option to use command lan-
guages and special key strokes. A prototype adaptive
interface has recently been developed (SAUCI); (101)
for processing UNIX commands. Using the adaptive in-
terface, users made about half as many errors and re-
quired less time to perform tasks. Research in adaptive
interfaces should result in systems that are more intuitive
to use and easier to learn.

Information Retrieval Systems

Information retrieval systems are a set of advanced
computer technologies for accessing stored information.
These technologies differ from decision support systems
in that they offer no recommendations. Three technol-
ogies are emerging that may have a role in American
agriculture in the next decade. These are natural-language
interfaces, full-text retrieval systems, and hypertext
systems.

Natural-Language Inter-aces—Maintaining a com-
plete set of production records is a critical component of
farm management. More important is the ability to rap-
idly and flexibly access information for management de-
cisions. The best method of accessing production records
has been through database management systems; how-
ever, these systems generally have inflexible retrieval
facilities based on menus that present options of data to
retrieve or predefine reports to run. Traditional systems
require the user to learn the hierarchical structure of the
menu system and limit the type of reports available. A
natural-language interface for querying a database can
offer a more flexible retrieval system (43).

The current generation of natural-language interfaces
was made possible by a set of linguistic theories devel-

oped by Chomsky ( 12). These theories were first imple-
mented in an efficient algorithm in a natural-language
interface for retrieving information about lunar rock brought
back from the Apollo space missions (LUNAR) (107).

LUNAR is based on a three-compartment model of
data retrieval. The first compartment is syntax analysis,
which determines the grammatical structure of the sen-
tence. The second compartment of LUNAR is the se-
mantic module, which is responsible for determining the
meaning of the syntactic structures. The meaning is trans-
lated to a forma query language in this module. The
third module of LUNAR isthe retrieval component. This
module executes the formal query language, based on
the semantic analysis, to retrieve data from the appro-
priate database. When LUNAR was tested, it answered
78 percent of the questions presented to it ( 107).

The purpose of developing LUNAR was to assist sci-
entists in retrieving data on lunar rocks. Its users were
primarily interested in specific data as that data related
to other scientific information that had been collected.
However, this style of data retrieval is not appropriate
for production agriculture where management decisions
need to be made. A natural-language interface for re-
trieval of data for decisionmaking should put the data in
the proper context so that an informed decision can be
made. Consequently, a knowledge-based, natural-lan-
guage interface was developed to formulate more com-
plete, intelligent answers to users questions from an
agricultural database (IDEA) (44).

IDEA is based on the LUNAR three-compartment model
but utilizes a new approach for semantic representation.
Unlike the formal query language used in LUNAR, IDEA
represents the query through a set of domain concepts,
which contain ‘‘expert’ information. IDEA has the ca-
pability of responding to a query and offering additional
pertinent information. An example of a query and answer
is shown in box 4-D.

IDEA was developed for a dairy database to assist
farm managers in decisionmaking. It is capable of re-
sponding to several different types of queries. The sim-
plest query is about a single cow (e.g., “When is 5000
due to calve'?’ or, simply, “Is 5000 pregnant’ ?’). More
complicated questions can be asked about subgroups of
cows (e.g., “Which daughters of Thor are bred to Bell’?’):
averages (e. g., “What is the average calving interval for
cows in the north barn’?); and counts (e. g., ‘*“How many
heifers are due to calve in June' ?’). Replies are designed
to contain important information that the user may not
have known was in the database or may not have even
asked for.
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Just as generic, domain-independent shells have given
expert systems widespread use; for natural-language in-
terfaces to be successfully used in agriculture, a generic
natural-language shell capable of being transported to
other databases is needed. However, unlike expert sys-
tems, development of a generic shell for natura-language
interfaces has proven difficult. Hendrix and Walter (37)
point out that full synchronization is needed between the
database management system and the natural-language
interface. This is difficult to achieve when the natural-
language interface is added as an afterthought. For ex-
ample, in the dairy database that IDEA accesses, the
reproductive status of a cow is given as a numeric value
(e. 9., Omeans ‘‘not bred’ ‘). To access multiple data-
bases, the natural-language interface must be able to
trandate al their representations.

TEAM is a natural-language interface developed at
SRI and designed to be transportable between databases
(32). However, a database expert till is needed to adapt
the system to each new database. The expert supplies
information describing the database and domain-specific

words, a process that TEAM has automated through a
series of questions. Another source of difficulty in mak-
ing a natural-language interface transportable is associ-
ating meaning to phrases. For example, consider the
phrases “bred to Bell” and “bred in May. ” The first
refers to the ‘‘service sire’ while the second refers to
the “breeding date. ” Most natural-language interfaces
cannot handle these kinds of subtleties. Thus, for a nat-
ural-language interface to be successfully transported to
anew database, a database expert and a linguistic expert
are needed ( 19).

Because of the problems in developing generic shells,
natural language commercialy lags behind many other
artificia intelligence technologies (70). One of the few
generic natural-language interfaces available commer-
cidly is the “Intelligent Assistant” interface for Q&A
(Symantic Corp., Cupertino. CA), which was introduced
in 1985. This system differs from most transportable
natural-language interfaces in that it has its own database
system. Users build their application directly in Q&A.
This system also uses synonyms for acquiring new words.

Box 4-D—An Example Query and Answer to a Natural-Language Interface

>> which cows are due to calve next week?

4897 was bred to STARMAN on 12/15/1987
and is due to calve on 09/18/1988
Projected calving interval: 347 days

>> when did 5281 calve?

5281 calved on 05/26/1988 with a heifer calf - #5535

The calf was in good condition
Gestation length = 278 days
5281 had a retained placenta

>> js 5239 pregnant?

YES

5239 was bred to TOPBRASS on 03/20/1988
and is due to calve on 12/19/1988

Projected calving interval: 466 days

>> js 5449 pregnant?
NO

5449 calved on 12/1 1/1987 with a heifer calf - #5478

The calf was in good condition
Gestation length = 283 days

5449 is 282 days in milk

5449 was bred to LEVI on 02/21/1988

5449 was pregnancy checked on 03/30/1988 and was open
SOURCE: L.R. Jones and S.L. Spahr, “IDEA: Intelligent Data Retrieval in English for Agriculture,” A/ Applications in Natural

Resource Management 5(1)56, 1991.
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An attractive feature of this system for agriculture is that
it operates on standard IBM-compatible microcomputers.
Another commercia natural-language interface is Nat-
ural Language (Natural Language, Inc., Berkeley, CA).
This system interfaces with any database that supports
Structured Query Language (i.e.. SQL).

Full-Text Retrieval Systems—A relatively new area
of human-computer interfaces that holds great promise
in making information more accessible is full-text re-
trieval. The god of afull-text retrieval system is to search
a collection of documents to find relevant information
for the user (4). These systems can be particularly useful
for accessing a collection of documents that are authored
by severa different people who potentially use different
words to express the same thing. Such a collection of
documents, including most Agricultural Extension pub-
lications, is unedited and generally not indexed.

Blair and Maron (4) evaluated the effectiveness of
STAIRS (STorage And Information Retrieval System). a
full-text retrieval system developed by IBM. They found
it to retrieve less than 20 percent of documents relevant
to a particular search when the database contained roughly
350,000 pages of text. They identified severa pitfals
that need to be considered in developing full-text retrieval
systems. STAIRS was efficient at retrieving documents
that exactly matched the wording of the request, but it
performed poorly in retrieving documents that contained
misspelled words, and words that were synonymous with
those in the request. For example, the word *‘ gauge’
was spelled *guage’ in an original document, preventing
its retrieval. Full-text retrieval systems must be able to
account for such situations and retrieve relevant docu-
ments whose text may not match the exact wording of
the request. A simple key-word search or an indexing
scheme thus does not meet the needs for full-text re-
trieval.

A full-text retrieval system developed by Gauch and
Smith (30) contains an expert system and a thesaurus.
The thesaurus contains domain-specific information for
words, alist of synonyms for each word. its parent word(s),
and a list of children words. This structure alows a
particular search to be generalized or narrowed. Deci-
sions as to the search pattern are made by the expert
system. If the recal is low, it will broaden the search.
If the precision is low (i.e., too many irrelevant passages
are retrieved) the expert system will use a more specific
search. The query is formed by the user and then passed
to a full-text retrieval system that has immediate access
to any passage in the text. The retrieval system requires
that the text undergo two stages of preprocessing. In the

first stage, the text is formatted for enhanced display.
Formatting includes insertion of format marks (line. tab.
italics, line, label ) and context information (section. par-
agraph, sentence. item). In the second stage of prepro-
cessing. the file is converted to fixed-length records tot-
fast access. Consequently. the system does not operate
on the original documents. Thisis an undesirable feature
as it precludes searching subsets of documents and re-
quires additional storage.

A full-text retrieval system now commercialy avail-
able (Metamorph; Thunderstone, Chesterland. OH) should
have wide application in agriculture. Metamorph oper-
ates on standard ASCII files using natural-language quer-
ies to search and find relevant passages in documents.
The natural-language input undergoes morphological
analysis to normalize each word. The normalization pro-
cess converts words to morphemes—the smallest mean-
ingful unit of aword. A set of morphemes that are related
to, but not necessarily synonymous with. the original
morpheme is generated. Metamorph then correlates these
equivalence sets to textual passages to determine pas-
sages that relate to the natural-language query. At the
first level of search, an equivalence must be present in
the passage for its retrieval. If thisis unsuccessful, Me-
tamorph will broaden the search. Another important fea-
ture of the correlation procedure is that it utilizes an
approximate match to account for minor discrepanciesin
spelling. These features fulfill the conditions Blair and
Maron (4) identified as necessary for a full-text retrieval
system.

Numerous applications of full-text retrieval are pos-
sible. A recent project used a commercia full-text re-
trieval system to assist users in querying a specific DHI
computer manual (29). Additionally, with the advent of
mass storage systems for microcomputers (e. g., CD-
ROM), full-text retrieval systems can play a significant
role in providing expert information (e. g., extension bul-
letins) to county extension offices and directly to farm
managers. An effort is underway to develop a national
dairy database (39) consisting of full-text documents cov-
ering major dairy-management areas. This full-text da-
tabase is expected to be delivered on a CD-ROM and
accessed using a full-text retrieval system.

Hypertext-Hypertext is a method of connecting re-
lated passages of text, graphics, animation, or computer
programs in a multidimensional {i. e., hypercube) fashion
such that they can be accessed in a nonlinear fashion.
Each node can be connected to any number of other nodes
that provide additional related information. Hypertext
systems are analogous to footnotes or references in a
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document. For example, a footnote contains additional
information related to the text. The reader determines
when or if the footnote is to be read. Computerized hy-
pertext systems are based on the same principle.

Hypertext systems are relatively easy to implement but
are difficult to build. They require the locations of the
related text to be stored with the location of the original
text. Thisis essentially a database management problem.
The difficult part of a hypertext system is to establish
the appropriate links between and among nodes. This
usually requires a domain expert, but the process can be
automated through full-text retrieval tools.

As Extension documents begin to be disseminated in
electronic form, hypertext should be considered as a method
of increasing access to related subject matter. For ex-
ample, an extension bulletin that describes the use of
lactation curves for herd management should be linked
to other bulletins describing the use of butterfat and pro-
tein curves. To demonstrate the benefits of hypertext in
an agricultural setting, Rauscher and Johnson (80) de-
livered the six feature papers contained in an issue of Al
Applications. Natural Resources, Agriculture, and En-
vironmental Sciences in hypertext form.

Integrated Systems

Management of an agricultural enterprise requires a
variety of decisions and, hence, a variety of decision-
support tools. Long-range research in the area of human-
computer interface will be directed at integrating various
decision—support programs into a single system. Current
research is aimed at integrating autonomous systems,
developing intelligent user-interface managers, and in-
tegrating systems through a common representation shared
by an intelligent dialogue manager.

An overal controlling software system that allows the
user to access different decision-support tools yet main-
tains operational independence of tools themselves rep-
resents the lowest level of systems integration. The genera
operating system of a computer is an example in that it
alows the user to access multiple programs in the same
environment. More advanced integrated systems assist
the user in choosing the decision-support tool and provide
logical links between tools. This type of integration can
also be used to develop multimedia applications such as
full-color, full-screen graphics; full-color, full-screen video;
aural delivery of speech or music; and animation (50).

An example of an advanced multimedia system for
integrating several different decision-support toolsis the
Whole Earth Decision Support System (WEDS; reference
(51. The WEDS project combines textual databases,

expert systems, simulation models, traditional programs
and laser-video images within the agricultural domain
into a single integrated system. Each module is developed
independently and inserted into WEDS. For example, an
expert system for lactation curve analysis developed in-
dependently from WEDS can be incorporated and linked
with other components dealing with lactation curves (e. g.,
documents in the textual database). In this system, the
user moves between the different modules guided by
logical connections. Systems such as WEDS should be
able to provide a complete information resource to ex-
tension agents, agri-service personnel, and farm man-
agers for solving problems and formulating management
decisions. The multimedia approach utilized in the WEDS
project should be encouraged for systems developed in
the 1990s since people remember more if they combine
seeing, hearing, and doing during the learning process
(60).

A moretightly coupled method of integrating software
isto link different systems through a user-interface man-
ager. The user-interface manager controls all user-inter-
face functions for a set of application software (96) and
validates al inputs for the application software. Screen
displays, including error messages and on-line help, are
also controlled by the user-interface manager. There are
two major advantages to integrating software in this fash-
ion. First, a system does not need to be redeveloped for
each piece of application software. Second, the user is
always presented with a consistent interface; thus, as the
user moves from one application to another, the user
interface remains the same. This is important for ac-
ceptability of software by laymen. Development of a
generic user-interface manager awaits further research;
however, several fourth-generation languages include fa-
cilities that can assist in development of generic user
interfaces (%).

A more advanced method of integrating software is
through an intelligent user interface; such an interface
alows problems to be formulated and appropriate ap-
plication software selected using natural language. A pro-
totype system for integrating crop production decision-
support systems is under development (see figure 4-6);
(59). It uses an intelligent dialogue manager (IDM) with
unrestricted natural-language communication to develop
a problem description. The IDM parses input into a se-
mantic representation using knowledge of the types of
gueries that can be asked and the lexical entities that can
be discussed. The IDM aso utilizes amodel for inferring
the goal of the user’s input and relating it to the context
of the overal dialogue. The semantic representation is
passed from the IDM to an expertise module dispatcher
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(EMD), which selects the application to respond to the
query and formulates the appropriate control structure for
the application software. The EMD is an expert system
with knowledge of the problem-solving abilities of each
application software module. This system can provide
the user with a variety of problem-solving tools. Fur-
thermore, the user does not need to know the nature of
the software, the details for using it, or the situations for
which it is appropriate.

Other Computer Technologies

Three other emerging computer-oriented technologies
will impact American agriculture in the 1990s. The first
involves dispersal of information to those who need it in
different geographic localities. The second. robotics, will
impact the labor problems associated with agriculture.
The third area is sensor technology.

Networ ks and Telecommunications

American agriculture is decentralized and widely dis-
tributed, making information dissemination problematic.
However, electronics can be used to provide mass dis-
tribution of information. Electronic information can be
transmitted essential y at the speed of light and duplicated
a minimal cost. Two electronic forms of information
delivery will dominate in the 1990s. a satellite-based
system and a wide-area computer network.

Satellite transmission of data has become a common-
day occurrence for telephone and other communications.

A geosynchronous satellite receives a transmission from
Earth and rebroadcasts that message back to Earth over
awide area. Different frequencies are used to send mul-
tiple simultaneous messages. Two common modes of
transmission are the Ku and C bands.

Interest in delivering agricultural information via sat-
ellite is growing. Severa distance-learning programs have
been developed at the University of Utah for delivery in
Ecuador ( 13). Their developers are aso preparing an
undergraduate animal breeding and genetics class to be
delivered over the national AG*SAT satellite instruc-
tional network, which routinely carries Extension pro-
grams. An Extension series of interactive dairy programs
has been developed and delivered by the University of
Washington (8) as well as by the University of Wisconsin
(35). The American Farm Bureau also maintains a sat-
ellite link to 46 States and 573 of their county offices
(72). This satellite link is used to transmit data as well
as instructional programs.

Satellites not only make possible mass distribution of
information, they do so in a way that makes this infor-
mation easily accessible to end users. They only need a
satellite reception disk and a television. However, de-
velopment of satellite-based instruction programs can be
expensive. Poor planning may also reduce attendance.
Other problems include limited audience interaction and
low motivation on the part of the end user to view the
program. The importance of in-person interactions with
the live speaker should not be underestimated. However,

Figure 4-6—Functional Components of the Crop Production Expert Advisor System
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SOURCE: L.R. Maran, “CPEAS: The Crop Production Expert Advisor System,” Knowledge Based Systems Research Laboratory, Department of Agronomy,
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if funds for education continue to dwindle, this may
remain the only feasible means to conduct an Extension
program.

Another method of rapidly delivering information is
through a wide-area computer network. Much of the west-
ern world currently is criss-crossed with multiple computer
networks. Two of the origina computer networks are
BITNET (figure 4-7) and ARPANET. BITNET was ini-
tiated at the City [University of New York and was used to
connect mgjor educational institutions. ARPANET was ini-
tiated by the Department of Defense. Today there are na-
tional computer networks for the government. commercial
companies, and educational institutions. A number of re-
gional networks have also been developed. These include
networks such as Clemson University Forestry and Agri-
cultural Network, CNET (Cornell University). and PEN-
pages (Pennsylvania State University). Most of-these networks
interface through the national Internet system so that mes-
sages can be sent from one network to another. Internet is
funded by several government agencies and numerous com-
panies (50).

The main benefit of wide-area computer networks is
the ability to rapidly share information and expertise. for
instance, an industry situation report can be posted on
the network and broadcast to all interested readers with
access to the network. County Extension agents on the
network can send and receive files in electronic format.
In this way. interdisciplinary work can be conducted over
long distances. Varner and Cady (103) have established
a bulletin-board type system, called DAIRY-L, through
which dairy professionals can regquest and receive infor-
mation. DA IRY-L is only one of hundreds of bulletin-
board systems, but a pioneer in the use of networking
for Extension education.

DAIRY-L, which resides on the University of Mary-
land mainframe computer. was initiated early in 1990.
Since that time subscription has grown to 150 subscribers
from 37 states and 20 foreign countries (figure 4-8).
Message traffic also has increased, approaching an av-
erage of 15 messages per month (figure 4-9). Messages
are submitted to a ‘‘list server’ which in turn transmits
them to all participants of DAIRY-L; therefore. all sub-

Figure 4-7—Topology of BITNET Connections in the United States

SOURCE: J.R. Lambert, ‘(Networks, Telecommunications and Multimedia Information Bases for Agricultural Decision Support, ” commissioned background
paper prepared for the Office of Technology Assessment, Washington, DC, 1990.
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scribers see all messages. Messages take the form of
questions. notices, statements. and responses to previous
mail. The list server also allows remote retrieval of files
(figurc 4-10).
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SOURCE Mark Varner, University of Maryland (M.A. Varner and R A Cady. Dairy-L" A New Concept in Technology Transfer for Extension, Journal of

DA IRY-L has proven extremely useful to extension
specialists needing knowledge in areas outside their in-
stitution’s expertise. Because all members see all mes-
sages, DA IRY-L isalso a powerful ediucationa tool.

Information exchange through wide-area computer
networks makes efficient use of personnel and resources.
Therefore. a high priority should be given to maintaining
and enhancing the backbone systems (i. e.. satellites and
wide-area computer networks ) that provide rapid dissem-
ination of information. Since these systems are national
in scope, this initiative should occur at the Federal level
with USDA-ES providing the leadership in agriculture.

Robotics

Robotics are machines that can be programmed to per-
form a variety of labor intensive tasks in agriculture.
Since 1968, when strew Dutch companies proposed
mechanisms similar to robotics for harvesting citrus, re-
searchers have proceeded though the poposal stage and
currently are testing Laboratory and field prototypes for
fruit harvesting. transplanting, tissue culture propaga-
tion. and machine guidance (67) (table 4- 1 ).
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Figure 4-10—Volume of DAIRY-L Requests for Remote Retrieval of Text Files and Software
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Most robotic applications under development are for-
eign-based. The United States is noticeably lacking in
development efforts. Japan and Europe have much stronger
programs and are likely to capitalize on this technology
much sooner.

Agricultural robotics research is proceeding in two di-
rections. One involves sensor technology (see following
section) and machine vision. Thisis because, unlike pro-
duction line robots, agricultural robots will operate in en-
vironments where interferences will be encountered. For
example, a fruit-harvesting robot must be able to locate
irregularly shaped fruit despite the obscuring effect of leaves
and stems. A second research concern is robot end-effecters
(i.e., grippers). These are the mechanisms through which
robots conduct their work. Again, unlike industrial oper-
ations, agricultural robots will generally be working with
fragile products (e.g., bedding plants and fruit). Touch and
force feedback are necessary to avoid bruising or damaging
plants, fruits, or anima products.

Three other areas of research are important for robot
development but are not specific to agriculture. Manip-
ulators are the physical linkages that move the end-ef-
fectors. Breakthroughs in speed and cost of manipulators
are necessary. Agricultural robots will likely require less
precision than industrial robots and will not require cur-
vilinear motion, thus reducing the cost, Easily adopted
robot components from nonagricultural applications would
reduce the engineering costs of agricultural robots. A

second research area is the development of computer
algorithms for robot control. Significant advances in the
miniaturization and integration of control hardware are
needed. Integral feedback of the robot’s position is es-
sential. More powerful integrated circuit chips to inter-
face sensors and to control the manipulators are also
needed. New artificia intelligence approaches to task
selection will be important facets of robot control re-
search. A final area of research, systems simulation,
alows evaluation of alternative robot configurations
through animated computer simulations. Advances in
computer simulation would reduce the development cost
and time required in engineering a robot.

One major use of robots in agriculture will be for labor-
intensive tasks. For example, there are two Dutch com-
panies developing robots to milk dairy cows; one pro-
totype is operating at the University of Maryland. Labor-
saving robots will enable American farmers to remain
competitive in world markets despite higher labor costs
and a shortage of part-time, seasonal labor. They will
aso help to stem the flow of young, struggling industries
such as ornamental horticulture, bedding plants, and plant
tissue cultures to countries with low-priced labor. If ro-
botics can help these industries survive, they will create
or maintain jobs which would otherwise be lost.

Another major use of robots will be to micromanage
crops. For example, a robot with an image sensor to
detect weeds could be used to spot-spray herbicides. This
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Table 4-I—A Partial Catalog of Research Applications of Robots in Agriculture

Application

Location

Notes

Fruit harvesting

Apple harvesting
Citrus fruit harvesting

Tomato harvesting
Cucumbers harvesting

Muskmelon harvesting

France
University of Florida

Kyoto University
Japan

Purdue University
Volcani Institute, Israel

Able to harvest 500/. of fruit

1 fruit every 3 seconds, able to harvest
a fruit on 750/0 of its attempts

20 seconds per fruit

In a laboratory study, the hand
successfully completed the
harvesting motion for 42 of 53
cucumbers.

5 seconds per fruit

Plant material sensing and handling

Transplanting

« pepper plants

. marigolds and tomatoes

« move plugs from one flat to another
Automated tissue propagation

Louisiana State University
Purdue University
Rutgers University
University of Georgia,
University of Florida,
University of lllinois,

New Zealand, Europe,
Israel, Japan, Switzerland

Transplanting rates as low as 1 plant
every 3 seconds have been achieved
with a 95°/0 success rate.

Operations include retrieving the
cuttings from a conveyor, trimming to
size, stripping selected petioles,
applying rooting hormones, and
sticking the finished product into a
plug flat cell.

Mushroom harvester England Uses a vision system to locate and size
mushrooms and guide a selective
robot harvester.

Forest thinning Performs automatically selective felling
within the tree ranks, bunching the
harvested trees and carrying them to
a process zone.

Animal

Robot milkers Netherlands

Sheep shearing Australia

Egg handling
Pork protein sensing

Pork carcass sectioning
Oyster shucking

University of California.
Davis
Purdue University

Sweden
University of Maryland

Facilitated candle inspection,

Robot moves an electro-magnetic
scanner over a carcass.

Machine vision application to locate
oyster hinges.

Machine guidance

Automated guided vehicles

Plowing robot
Rice combine

Direct spot spraying

Corn detasseling

Michigan State University
Texas A&M University
France

Japan

Purdue University

Purdue University

Based on machine vision sensing.

Used edge-following to guide the
machine around a rectangular field.
Machine vision application to recognize

plants.
Machine vision application to recognize
plants

SOURCE Office of Technology Assessment. 1992

would encourage farmers to adopt conservation tillage
and post-emergence spray programs.

Sensor Technology

Electronic systems use sensors to monitor their envi-
ronment. Sensors will be used in data acquisition for
computer systems such as expert systems and to assist

robots to perform their tasks. Reliable sensors coupled
with knowledge-basccl decision support systems will pro-
vide important managenment tools.

All data is collected through some kind ot sensor. The
human body has five (e.g.. the sense of sight. touch.
smell. hearing. and taste). However. there are substances
that we are not able to directly sense (e.g.. methane gas)
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This research prototype automated milking system, developed in the Netherlands, allows scientists to g¢ydy
system automation and robotics that can benefit dairy farms.
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or that require more vigorous sensing than we can pro-
vide. Sensor technology provides information the human
senses cannot access.

There generally are six classes of sensors. The newest
ismachine vision which processes images (e. g., camera
input ) to detect patterns. Nuclear magnetic resonance
(NMR) is a noninvasive technique of resonating high-
frequency electromagnetic radiation in the presence of
hydrogen nuclei. This technology is widely used for di-
agnosis in the medical field, but it is costly and difficult
to apply in field situations. Neur-infrared (N/R) spec-
troscopy is another noninvasive technique that measures
the reflectance of NIR radiation by a substance. Because

organic compounds absorb and reflect NIR radiation dif-

ferently this is a quantitative sensor. Acoustical mea-

surements provide another class of sensors for measuring
the density of substances. Biosensors are sensors that
incorporate a biologicaly sensitive materia (e. g.. im-
mobilized enzyme). Electrical sensors can monitor the
electrical properties (e. g., conductance) of a substance.

Considerable work has been done in environmental
sensing (i. e., crops, weather), somewhat less in animal
sensing (i. e., estrus detection) (40). A partia list of re-
search efforts in sensor technology is presented in table
4-2. Animal sensors are difficult to engineer due to bio-
compatability problems and animal welfare constraints.

Photo credit: U.S. Department of Agriculture, Agricultural Research Service.

Drawing of pig (left) shows where cross section was made by magnetic resonance (MR) imaging. Spine, loin muscles, and
kidneys are visible in upper part of MR image (right). Scientists can measure fat development under the skin
quickly without injury to the pig.

Table 4-2—A Partial Catalog of Research Applications of Sensors in Agriculture

Application

Type of sensor

Electronic navigation system
Automated plowing system
Tractor guidance

Monitor organic matter in soil
Application of spray material
Monitor gaseous ammonia
Moisture sensors for irrigation
Plant stress

Crop growth

Weed identification

Identification of plant embryo shapes
Animal digestive system

Estrus detection

Sex determination of baby chicks

Used the Global Position Satellite System
Photodetectors sensed the furrow edge
Computer vision

Light and NIR reflectance

Electronic surface grid

NIR spectroscopy

Electrical resistance

Infrared leaf temperature sensor
Spectral reflectance

Machine vision

Machine vision

Radionuclide imaging

Electrical conductivity

Machine vision

SOURCE: Off Ice of Technology Assessment, 1992



122 . A New Technological Era for American Agriculture

Research on sensors for usein crop production generally
focuses on the following objectives:

¢ Improving operations in crop production by ma-
chine guidance systems.

¢ Applying pesticide and fertilizer chemicals.

* Improving the management of irrigation water to
conserve the resource and reduce production costs.

» Developing methods of monitoring crop growth to
incorporate with computer models for improving
day-to-day crop management and strategic plan-
ning.

» Developing sensors for assessing crop maturity and
fruit location as basis for mechanical harvesting.

There remain numerous agricultural areas where sen-
sors need to be developed (40). Doing so will require a
multidisciplinary approach with input from professionals
who understand the biology of the system in question as
well as professionals who understand sensor technology
(e. g., engineers and physical scientists). Some of the
areas that need to be addressed include:

» Accurate three-dimensional fruit location sensor for
crop canopies. This will facilitate robotic fruit har-
vesting.

* High-resolution navigation for field machines. Abil-
ity to program machine locations within inches, not
severa feet, is needed.

* A chemical drift sensor to monitor fertilizer and
pesticide application and production of air polluting
gases from animal units.

* |rrigation demand sensors that are not affected by
soil properties and climatic factors.

Photo credit: Gerald Isaacs, University of Florida

An experimental fruit picking robot uses a machine

vision sensor and a computer to locate individual

fruit for detachment. Approximately 3 seconds per
fruit are required.

e Animal stress sensors that can remotely detect early
animal health problems.

» A fruit-ripeness sensor that can determine optimum
harvest times and detect early stages of fruit and
vegetable deterioration.

» Microbia sensors that can detect early development
of spoilage or bacterial contamination in fresh meats,
including poultry and seafood.

Photo credit: U.S. Department of Agriculture,
Agricultural Research Service.

Animal physiologists test a sensor that will detect when
this cow is ready to give birth.

An important component of the use of sensorsin an-
imal agriculture is telemetric data transfer and electronic
identification of animals. For sensors that are to be im-
planted (e.g., tissue conductivity for estrus detection),
telemetric data transfer must be accomplished within the
size constraints which make implantation feasible. This
remains a research issue. Implantable electronic identi-
fication systems have been developed and are currently
under review by the Food and Drug Administration. Con-
cern centers on the possibility that implantable sensors
or identification units can enter the food chain.

The development of sensors will facilitate more forms
of automatic control over various aspects of agricultural
production. The development of robots is closely tied to
success in the area of sensor technologies. A broader
implication of sensor technology may be to provide a
data acquisition system and a database from which de-
cision support systems can operate. This should result in
tighter controls for management and higher profitability
for the enterprise. Another important impact of sensor
technology will be in the food safety arena. Sensors to
detect food spoilage or contamination will greatly in-
crease the safety of the American food supply.
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SUMMARY/PROGNOSIS

Computer technologies change at such a rapid pace
that it is difficult to foresee their application in the next
decade accurately. Irrespective of agricultura policics.
computer technologies will continue to advance to sup-
port the needs of other industries. Meanwhile. a number
of impendiments exist that are likely to slow adoption of
these technologies in agriculture. These impediments can
be removed through changes in policy. Most projections
of agricultural application of computer technologies have
been overly optimistic. For example, Holts futuristic
view of the application of computer technoolgies for farm
management (38 ) is still 20 years from fruition.

OTA has developed a scenario for the application of
computer technologies in agriculture assuming that new
technologies have a 5-year development phase. That is
to say that once a research project beginsit takes 5 years
before that technology is applied. It was also assumed
that incentives to bring new computer technologies out
of the research laboratory and into production agriculture
would exist. There are amost no incentives to do so
today . Thus. American agriculture will not be affected
by these technologies in a major way for at least10 years.

The Current State

By and large. computers have had little impact on
production agriculture to date. Predictions that every farmer
would own a computer by 1990 have not come true. Few
farmers have computers and those who do use them pri-
marily for bookkeeping and routine calculations (e. g..
ration balancing ).

Computers have had somewhat more impact on agri-
culture support industries. Using computer networks and
tracking systems. equipment dealers are better able to
provide faster service and feed dealers are better able to
manage feed inventories. Most of these advances have
come from directly adopting general business software
with little or no input from the agricultural academic
community.

Another technology that currently is being adopted by
farmersis fax machines. This allows for rapid exchange
of printed material. An example of the use of this tech-
nology is in ration balancing. A nutritionist can receive
the results of a feed analysis by fax from the laboratory.
formulate a ration. and fax that to the farmer all with-in
a few minutes. There is limited use of networks for ex-
change of information among Extension personnel (i .e,
Dairy-L) and among protoype full-text databases (i. €.,
National Diary Database).

Mid-1990s

Within the next few years. many technologies cur-
rently under development should find their way into ap-
plication. By the mid 1990s, the performance of
microcomputers will likely double, eroding some of the
current constraints to farmer adoption of computer tech
nology. However. it still is unlikely that a high proportion
of farmers will own a personal computer by that time.

The primary application of advanced computer tech-
nology in the mid-1990s will be in the form of ad hoc
expert systems to solve well-defined problems. These
will be primarily problem diagnosis expert systems that
are currently under development. Farmers will have a
cadre of expert systems at their disposal to diagnose
diseases and to evaluate animal and crop performance.
These systems will generally not be integrated with each
other and each will condisider one aspect of a problem.
Integrated systems that solve producton problems while
considering economic consequences will not become
available until later in the decade.

The primary use of expert systems within the next 5
years may be by agribusiness personnel, as they will be
able to leverage the cost of’ adopting these technologies
across more farms. Using expert systems to provide ad-
ditional service to farmers may cause a shift in the role
of some professionals. For example. expert systems
help veterinarians take an epidemiological approach to
solving problems (85 ). It will also cause some diversi-
fication in services provided. For example. nutritionists
may be more likely to become involved in consulting for
the crop program when armed with an expertsystem.

Sensors will see limited application for collecting real-
time data for expert systems. The primary use of sensors
will be for monitoring weather and field conditions for
crop management. Expert systems will help farmers to
interpret these data and suggest appropriate management
strategies such as irrigation, fertilization, or pesticide
treatment.

Another technology likely to see application within the
next 5 years is full-text retrieval systems. It will be pos-
sible for farmers and Extension personnel to have a CD-
ROM with al of the latest publications at their fingertips.
Using a full-text retrieval system they will be able to
retrieve pertinent information that will help them make
better decisions. For example. when a farm experiences
a corn mycotoxin problem, the manager can access an
information base to find relevant literature. Large infor-
mation bases, such as the national dairy database, will
likey be developed and delivered by 1995.
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Robots for highly specialized, labor-intensive tasks
will begin to be applied to agriculture in the late 1990s.
This would include robot transplanting of seedlings and
pork carcass sectioning. Robots for milking cows could
reach application by the mid- 1990s.

2000

The turn of the century should bring with it significant
new applications of computer technologies in American
agriculture. Ten years will provide sufficient time for the
acceptance by farmers of computer technologies as a
valid management tool and for the development of in-
tegrated management programs. It will aso alow time
for universities to become comfortable with these tech-
nologies and for personnel to be properly trained in de-
veloping these technologies.

By 2000, whole-farm advisors, or integrated “man-
agement workstations, should be developed. A man-
agement workstation will consist of integrated decision
support tools with a multimedia presentation of infor-
mation. The workstation can thus serve as a diagnostic
tool, an information source, an advisor, and a planning
system. The expert systems will consider the holistic
view of an enterprise when making recommendations.
The systems will aso share data so that information used
in one system will be available to other systems. This
generation of expert systems should operate as monitors
that can aert producers to potential problems, as opposed
to current expert systems which are situation-driven: that
is, the producer must perceive a problem and decide to
execute the system. The management workstation will
also contain an advanced user interface consisting of
speech recognition and touch-sensitive screens.

The future dairy management workstation might con-
tain decision support systems that monitor the financial
records, the herd production records and the crop pro-
duction records. Cropping decisions would be integrated
with the dairy needs, the financia situation, and the land
resources available. Currently, these decisions are al
made independently. When the farmer is alerted to a
problem (e. g., pest infestation). he or she can use the
multimedia features of the workstation to retrieve video
segments to learn how to identify the pest and the proper
techniques for applying a pesticide.

Robots for harvesting fruits and vegetables and for
automatically guided vehicles should become available
by 2000. Their application will depend on the cost as-
sociated with using human labor for the same job.
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Chapter 5

Productivity Implications of New Technologies

Technologies discussed in the preceding chapters have
the potential to increase American agricultural produc-
tivity, enhance the environment, improve food safety and
food quality, and help increase U.S. agricultural com-
petitiveness. Many of these technologies are fast ap-
proaching commercialization. Research in crop agriculture
has advanced at a much faster pace than anticipated just
a few years ago. Much of the research is aimed at im-
proving Crop resistance to weeds, insects and diseases:
geoclimatic adaptation; and quality characteristics. In an-
imal agriculture, new vaccines and diagnostics are on
the market or soon will be. Growth promotants are going
through the regulatory process. Reproduction technolo-
gies are advancing at a rapid pace and cloned embryos
are currently being marketed. Transgenics are till in the
future, but considerable strides are being made in the use
of livestock to produce high-value pharmaceuticals.

The advance of agricultural biotechnology and com-
puter technologies will play an important role in increas-
ing agricultural productivity and accelerating structural
change in agriculture. These technologies, however, are
not magic—a high degree of management skill will be
needed to capitalize fully on their potential benefits. It
will be important to develop management systems that
make the most effective use of these technologies. This
chapter and chapter 6 address these issues. In this chapter
the technologies' impacts on productivity are analyzed
and implications for the agricultural industry are dis-
cussed. In the next chapter management issues will be
examined.

TECHNOLOGY ADOPTION AND
PRODUCTIVITY IMPACTS: NEW
PROJECTIONS

OTA conducted two workshops—one for animal ag-
riculture and the other for crop agriculture—in part to
assess the impacts of these emerging technologies on
agricultural productivity. Workshop participants, care-
fully selected to include those with expertise in different
stages of technological innovation, included physical and
biological scientists. engineers, economists, extension

specidists, commodity specialists. representatives from
agribusiness and public interest groups, and experienced
farmers.

The workshop participants were provided state-of-the-
art papers on each technology prepared by leading sci-
entists in the respective areas. These papers provided
data on: 1) timing of commercial introduction for each
technology area; 2) net yield increases (by commaodity),
expected from the technologies; and 3) number of years
needed to reach various adoption rates (by commodity).
The Delphi technique’ was used to obtain collective judg-
ments from each workshop participant on the develop-
ment and adoption of the technologies.

Timing of Commercial Introduction

Workshop participants were asked to estimate the
probable year of commercia introduction of each tech-
nology under three aternative scenarios/environments
assumed to extend to the year 2000:

1. Most likely scenario—a) a rea rate of growth in
research and extension expenditures of 2 percent
per year, and b) continuation of al other forces
that have shaped past adoption of new technology.

2. More new technology scenario (relative to the most
likely scenario)—a) a real rate of growth in re-
search and extension expenditures of 4 percent an-
nually, and b) all other factors more favorable to
new technology adoption than those of the most
likely scenario.

3. Less new technology scenario (relative to the most
likely scenario) -a) no rea rate of growth in re-
search and extension expenditures, and b) all other
factors less favorable to new technology adoption
than those of the most likely scenario.

Table 5-1 shows in more detail the sets of assumptions
made under the alternative scenarios. Table 5-2 shows
workshop participants’ estimates of the probable years
of commercial introduction of animal technologies, and
table 5-3 shows the same for crop technologies under the
three alternative scenarios.

""The Delphi technique is a systematic procedure for eliciting and collating informed judgments from a panel of experts. It has distinctive feedback
characteristics. During the Delphi process, responses are collated and made available to the experts for review. Each expert reevaluates his or her
original answer after examining the group’s response. The iterative process of evaluation, feedback, and reevaluation continues until a consensus
is reached. Since this is not a random sampling. the results obtained through the Delphi process depend heavily on the experts selected.

-133-
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Table 5-I—Alternative Technology Scenarios

More new Most likely Less new

Factors technology technology technology
Population growth rate

US 1.0% 0.7% 0.5%

World . ... 1.8% 1.6% 1.3%
GNP growth rate

US . 4% 3.4% 3.0%

World . .. ... 5% 3.5% 2.0%
Trade policy . ... Less protectionist, more Continuation of present More protectionist, less fa-

favorable terms of trade policy vorable terms of trade

Taxpolicy . ... More favorable toward Continuation of present Less favorable toward

technology development policy

Rate of growth of export demand

Grain .. ..o 1.8%

Oilseeds . . ... 2.3%

Redmeat.............. ..ot 2.0%
Energy price growth rate (constant dollars) . . . 5%
Growth rate of research and extension expen-

ditures (constant dollars) . .. ........... 4%
Inflation rate . . . ... ... .. ... . ... 8%

Regulatory environment . . ..................

Consumer acceptance of new technology . ...  High

Less regulation, more fa-
vorable climate for tech-  policy
nology development

technology development

1.4% 8%
1.8% 1.2%
1.0% 0.0%
3% 1%
2% 0010
5% 30/0

Continuation of present More regulation, less fa-
vorable climate for tech-

nology development
Moderate Low

SOURCE: Oftice of Technology Assessment 1992

These estimates range from the very near term for
genetically engineered growth promotants and animal
health technologies to 2000 and beyond for transgenic
animals and certain crops. Participants thought that many
of the advancing technologies may be available by the
mid- 1990s. Of the 41 potentially available animal tech-
nologies, 21 were estimated to be available by 1995 under
the most likely scenario. In crop agriculture, 19 of the
30 technol ogies examined were projected to be available
for commercial introduction by 1995,

Primary I mpacts

When technologies are adopted on farm their imme-
diate technical impact on crop agriculture is usualy in-
creased yields, a changed product characteristic, and/or
increased percentage of planted acreage harvested. For
animal agriculture the impact is on feed efficiency for
al animals, reproductive efficiency for beef cattle and
swine, milk production for dairy cows, and the number
of eggs per layer (producing hen) for poultry.

To estimate the net impact of emerging technologies
on agricultural production, workshop participants, using
information provided about the new technologies at the
meeting, projected net increases in crop yields, animal
feed efficiencies, and other performance measures that

could be expected if the technologies were commercialy
available and fully adopted by farmers ( i.e.. adopted by
al farmers). Since in practice most technologies would
be used in combination with other technologies (includ-
ing existing technologies), the individua technologies
were grouped by the workshop participants according to
their probable impacts on particular commodities under
different scenarios. The commodities included corn. cot-
ton, soybeans, wheat, beef cattle, dairy cattle, poultry,
and swine. Through a Delphi process. OTA obtained
estimates for each package of technologies on each of
the commodities under the three alternative scenarios.

Adoption Profiles

When a new technology is introduced into the mar-
ketplace, only a small number of farms, mostly the large
and innovative ones, will adopt the technology initially.
This is because the possible payoff of the new technology
iS uncertain and because potential adopters need time to
learn how to use the new technology and evauate its
worth. As early adopters benefit from using a new tech-
nology. more and more farmers are attracted to it, in-
creasing the speed of adoption exponentialy. Eventualy.
as most farmers who will adopt a new technology do so,
the adoption rate will level off. Thus, the adoption profile
follows an S-shaped curve (2).
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Table 5-2—Timing of Commercial Introduction of Advancing Animal Technologies

Technology scenarios

More new Most likely Less new
Technology technology technology technology
Somatotropins
Bovine:
DAY . e 1991 1991 1991
Beel . oo 1995 1997 2000
Pork:
DS L. ettt 1991 1992 1995
GRF . e 1994 1995 1998
Poultry:
BrOIErS . . .o oo 1998 2000 >2000
TUTKEYS © v e ettt e e e e e 1998 2000 >2000
Beta-agONISTS . . . v\ttt 1991 1992 1995
Reproduction and embryo transfer
Control of ovarian functions . ............. ..o 1993 1995 1995
Separation of X&Y bearingsperm........... ... .. ... . ..., 1992 1995 1995
Invitro fertilization . ........ ... . 1990 1990 1990
EmMbBryo Sexing .. ...t 1998 2000 >2000
Cloning and nuclear transfer . . ........ ... ... 1993 1995 1995
GeNe traANS e . . o 2000 >2000 >2000
Animal health
IDNA technology . ... 1991 1993 1995
Genedeletion . ... o 1991 1995 1995
Monoclinal antibodies . ........... ... . .. . 1991 1995 1995
PePtideS . .. 1994 1996 >2000
Immunomodulators .. ...t 1994 1996 >2000
Antibiotic growth promotants . ................. ... ... ....... 1990 1990 1990
Steroid-like growth promotants
Estrogen/androgen combinations . .......... .. ... ... . L 1990 1990 1990
Controlled/sustained release . .. ..., 1990 1990 1990
Transgenic
Ruminants:
Hormonally enhanced growth .. ........................... 2000 >2000 >2000
Pharmaceutical production . ..............c.ovuiirieneenn... 2000 >2000 >2000
Enhanced disease resistanCe .. ........o.ouueeuineeneni.. 2000 2000 >2000
POURTY . . .o e e e >2000 >2000 >2000
Swine:
Improved ProductiVity . . ... ...ttt 2000 >2000 >2000
DISEASE FESISLANCE . .+« v v ettt e ettt 2000 >2000 >2000
DiSEase iMMUNILY . . . . ..ot e et 2000 >2000 >2000
Fish:
RAPIA GrOWEN... . e e 1995 2000 >2000
DIiSEASE reSISTANT . .« o v v oot et e e e 1995 >2000 >2000
EXPErt SYSEEMS . . oottt e e 1992 1995 2000
Human-computer interactions
Add-0Nn SYStEMS . . ..o 1992 1995 2000
Integrated SYStEMS . . ...\ttt et 1995 2000 >2000
Sensor technology/robotics
Reproduction . ............ . 1992 1995 1998
Health, . .o 1995 2000 >2000
SHIESS v v v v 1998 >2000 >2000
Carcass evaluation . .. .....ouo e 1992 1995 1998
MilKING SYSTEM . .\ttt 1994 1995 1998
Environment and animal behavior
Optimizing environmental stimuli .. .......................... 1992 1995 >2000
Stress and immunity .. ... 1993 1995 2000
COGNItIVE PrOCESSES . . . oottt e et e et e e 1995 2000 >2000
Facilities and eqUIPMeNt . .. ... ...t 1992 1994 1996

SOURCE Office of Technology Assessment 1992
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Table 5-3-Timing of Commercial Introduction of Advancing Crop Technologies

Technology scenarios

More new Most likely Less new
Technology/problem area technology technology technology
Pest control
Pathogens for insect control:
rDNA - microbial insecticides . . . .......................... 1993 1995 >2000
Introduction and colonization/f/DNA . . .. ..o 1998 >2000 >2000
Use of parasites/predators . . ............ouuiiiunennnnn... 1998 >2000 >2000
Genetic modification for resistance to insects:
BaCLEMIA . « o v v e e e e 1992 1995 >2000
VITUSES . v e e e e e e 1993 1995 >2000
PlANES v ot 1995 1998 >2000
Insect and mite Management . . .......oouvuneeeennnnnn. 1990 1990 1990
Weed control
Biocontrol for weeds:
Host specific pathOgens . ... ..ottt 1995 1998 >2000
BioherbiCIdes . . oo oo e 1991 1995 >2000
ANthIOPOIAS . ..ottt 1997 2000 >2000
Genetic modification for weed control
Herbicide tolerance . .. ...t 1993 1995 2000
AllGlOPatNY . oo >2000 >2000 >2000
Disease control
Microbial biocontrol of plant diseases:
Manipulation of resident microbial communities ............ 1993 1997 >2000
ANtagonistic OrganismMSs . ... . ..vver et 1993 1997 >2000
Genetic modification for disease resistance . .................. 1995 2000 >2000
Disease management:
Crop 0SS @SSESSMENT . . .o\t e ettt et 1991 1995 2000
Cropping system/agroecosystem interaction . ............... 1990 1990 1990
Plant stress
Temperature and water stress:
Biochemicallphysiological indicators . ...................... 1995 2000 >2000
Genetic Modification . ... ... 2000 2000 >2000
ROOL rESPONSES 10 SIIESS . . . v\t v ettt e e 2000 2000 >2000
Detection Of STIESS . . oo ottt oo 1991 1995 2000
Information technology
Knowledge-based systems for crops:
Farm-level planning systems .. ......... ... ... i i 1991 1993 1998
Information networks . .......... . 1993 1995 2000
Expert systems for business decisionmaking . ................. 1990 1990 1990
Networks/telecommunications:
Commercializing public databases .. ....................... 1992 1995 2000
Private databases . ... ..o 1992 1995 2000
Commercializing public software . . ......................... 1992 1995 2000
Private SOFtWArE . . . oo v oot e e 1992 1995 2000
Robotics:
Plant materials sensing/handling ........................ 1993 1995 1998
Machine guidance .. ... 1994 1997 >2000

SOURCE: Office of Technology Assessment, 1992.

Many factors go into the decision to adopt a new tech-
nology. A factor of growing importance is the ratio of
consumer acceptance to rejection of a new technology.
For example, it is likely that a portion of the population
will prefer to purchase products that have been produced
without the use of growth hormones. The size of this

market segment is difficult to estimate, but it will prob-
ably support some producers who do not adopt hormones.

Other biotechnology products, suchas improved dis-
ease vaccines. most likely can be implemented effec-
tively by most producers and will have fewer new
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Figure 5-I—Logistic Adoption Curves for Corn,
Package A

90

80

Percentage of adoption
5

30
20 -
10
Y T 1 LI I T T T 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Years from introduction date
— More-new-technology — -- Less-new-technology

soenario Soenario

— — Most likely soenario

SOURCE” Off Ice of Technology Assessment

management requirements than recombinant somatotro-
pins. The extent to which such innovations are com-
mercialized and adopted will depend on their profitability
and effectiveness compared to that of other available
technologies.

To derive an adoption profile for each package of
technologies under different scenarios, workshop partic-
ipants were divided by expertise into commodity groups.
There were four groups in the animal technology work-
shop (beef, dairy, poultry, and swine) and four in the
crop technology workshop (corn, cotton, soybeans, and
wheat). The participants were then asked the question,
*'If a specific package of technologies was introduced in
the market today, how long would it take for farmers to
adopt it'? Based on their answers, a logistic curve de-
picting the rate of adoption was fitted for each package
of technologies applied to the eight commodities under
different scenarios (see example in figure 5-1).

Projection of Animal and Crop Production
Efficiencies
Based on information obtained from the workshops
on: | ) years to commercial introduction, 2) primary im-

pacts by technology package, and 3) adoption profile,
OTA computed ‘‘performance measurements’ for the

eight commodity areas by the year 2000 under aternative
scenarios. The results are presented in tables Table 5-4
and 5-5.

Under the most likely scenario, feed efficiency in live-
stock production will increase at an annual rate of from
0.39 percent for dairy to 1.62 percent for swine. In ad-
dition. reproduction efficiency will aso increase, at an
annual rate ranging from 0.67 percent for beef cattle. to
1.25 percent for swine. Milk production per cow per year
will increase at 3.01 percent per year. from 14,200 pounds
to 19,200 pounds per cow, in the period 1990-2000.

During the same period, major crop yields are esti-
mated to increase at rates ranging from 0.39 percent per
year for soybeans to 2.02 percent for wheat. Wheat yield,
for example, is projected to increase from 34.8 bushels
per acre to more than 42 bushels per acre in 2000 under
the most likely scenario.

How do these rates of increase compare with historical
trends and with OTA’s last projections (8)? The most
dramatic productivity increase isin milk production with
a 3-percent annual rate of growth. Since 1960. the annual
rate of growth has been about 2.5 percent. However,
OTA’s 1985 projection (24,200 pounds of milk per cow
by 2000) was higher than its current one ( 19.200 pounds
of milk per cow by 2000). A major reason for this dis-
crepancy is the delay in marketing of bovine somatotro-
pin. In 1985 it was predicted to be commercialy available
in 1987. As of early 1992 it has yet to be approved. In
addition, the high milk yields projected in 1985 were
revised downward in 1990 as more knowledge about the
bST technology became available through additional re-
search.

Further increases in feed efficiency in livestock will
lag behind historical trends in some cases and surpass
these trends in others. Poultry feed efficiency has been
increasing at about 1.2 percent per year for the past
decade. This has resulted in making the chicken an ex-
tremely efficient converter of feed to meat. Further in-
creases in feed efficiency will be difficult. Feed efficiency
will continue to increase at 0.5 percent per year to 2000
under the most likely scenario. Feed efficiencies for beef
and swine, on the other hand, have been static for the
last decade. New technologies will increase feed effi-
ciencies. Under the most likely scenario. feed efficiency
for beef is projected to increase at an annual rate of 0.74
percent, reaching 0.154 pounds of beef per pound of feed
in 2000; feed efficiency for swine will increase at the

rate of 1.62 percent per year, reaching O. 18 pounds of
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Table 5-4—Estimates of Crop Yield and Animal Production Efficiency by 2000

Less new Most likely More new
Actual technology technology technology
1990 2000 2000 2000
Crops
Corn—bu/acre . ... 116,2 113.8 128.5 141.6
Cotton-lb/acre . ........ ... .. i 600.0 NA 708.0 NA
Soybeans—bu/acre . ......... . . 32.4 32.6 33.7 36.4
Wheat—bu/acre . .......... ... .. 34.8 37.7 42.6 53.8
Beef
Lbsmeat/lbfeed .................. ... ... ..... 0.143 0.146 0.154 0.169
Calves/100 COWS . . v vt vt e e e 90.0 93.750 96.221 102.455
Dairy
Lbs milk/ibfeed ......... ... .. ... ... 1.010 1.030 1.050 1.057
Lbs.milk/cowlyear . ............. ... . ... 14,200.0 17,247.200 19,191.600 20,498.800
Poultry
Lbsmeat/lbfeed .........c.couiiinen. .. 0.370 0.373 0.389 0.428
Eggs/layerfyar. . .. ... 250.0 250.500 258.0 273.125
Swine
Lbsmeat/lbfeed ............. ... ... ... .. ... 0.154 0.174 0.181 0.196
Pigs/sSOW/year . . ... 13.900 14.420 15.750 17.791

NOTE” OTA expresses its appreciation to Yao-chi Lu and Phil Calling, Agriculture Research Service, U.S. Department of Agriculture for their assistance

in deriving the estimates for this table.
NA = Not available.
SOURCE: Office of Technology Assessment, 1992.

Table 5-5—Projected Annual Rates of Growth
(1990-2000)

Less new Most likely More new
technology  technology  technology
Corn -0.21% 1.00% 1.97%
Cotton NA 1,66 NA
Soybeans 0.06 0.39 1,16
Wheat 0.80 2.02 4,36
Beef
Lbs meat/feed . . . 0.21 0.74 1.67
Calves/cow . .. .. 0.41 0.67 1.30
Dairy
Lbs milk/feed . . .. 0.20 0.39 0.46
Milk/cowlyear . . . 194 3.01 3.67
Poultry
Lbs meat/feed.. . 0.08 0.51 1.46
Eggs/laylyear . . . 0.02 0.32 0.89
Swine
Lbs meat/feed.. . 1.22 1.62 241
Pigs/sowlyear . . . 0.37 1.25 2.47

NOTE: OTA expresses its appreciation to Yao-chi Lu and Phil Coiling,
Agriculture Research Service, U.S. Department of Agriculture, for their
assistance in deriving the estimates for twistable.

NA = Not available.
SOURCE: Office of Technology Assessment, 1992.

pork per pound of feed in 2000. OTA made the same
projection in 1985.

Efficiencies in crop production will about match his-
torical trends or climb dlightly, and for the most part will
exceed OTA’s 1985 projections. This, in part, reflects
the movement of many of the new technologies from the
laboratory to the field at a much quicker pace than thought
possible in the mid-80s. For example, in 1985 OTA
projected wheat yields to increase at an annua rate of
1.2 percent under the most likely scenario. In the early
1990s they are projected to increase at arate of 2 percent
to the year 2000. Cotton was expected to increase at an
annual rate of 0.7 percent in the mid-80s, but now is
projected to increase at arate of 1.66 percent to the year
2000. Soybeans are the exception. They were projected
to increase at a rate of 1.2 percent in the mid-80s but
now are projected to increase at the more modest rate of
0.39 percent, in part because biotechnology products are
projected to become available to the soybean industry
more slowly than previously thought. Note that corn is
expected to decline from actual 1990 yield under the less-
new technology scenario. This is due, in part, to the
anticipated loss of existing chemical technologies and a
very slow rate of new biological technologies to replace
them.

Even though annual rates of growth in many agricul-
tural products may accelerate during the 90s. the absolute
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quantity of yields will, for the most part, be lower than
projected in the mid-80s. Thisis due, in part. to the fact
that many of the early biotechnology inputs will be sub-
stitutes for chemical inputs and, hence, the absolute gain
in productive efficiency will in many cases be negligible.
This is expected to improve in the latter part of the decade
as more is learncd about the genetic makeup of plants.

IMPACTS OF NEW
TECHNOLOGIESON THE
STRUCTURE OF CROP
AGRICULTURE

Production agricultural commodities generally fit into
two categories. large-acreage volume crops. such as wheat,
corn. and soybeans. and less volume small-acreage spe-
cidty crops, such as tomatoes, potatoes, and onions.
There are several important distinctions between the two
categories.

First. there is less verticul integration of input, pro-
duction, and marketing stages for large-acreage volume
crops than for some small-acreage specialty crops. Sec-
ond. the potential market for new technologies is much
greater for large acreage crops than for specialty crops.
This is an important driving force in terms of techno-
igical innovations. Third, biotechnology processes are
aready available to alter the harvestable component of
some speciaty crops such as tomatoes. This is due. in
large part. to the fact that many specialty crops are easier
to manipulate genetically than food and feed grain crops.
Such developments are for the most part further away
for the major food and feed grain crops (5).

Large-Acreage Volume Crops

As discussed in chapter 2, biotechnology i.implications
such as herbicide resistant plants and biopesticides should
be available in the near future. Unlike previous mechan-
ical technologies. most biotechnologies will not, in them-
selves. generate significant economies of size. Also. there
appears to be Ittlc incentive for firms supplying seed
and chemical inputs to expand vertically into crop pro-
duction. Biotechnololgies that increase yield will have
supply-increasing, price-dampening effects. These will
adversely affect the survival of high-cost producers. which
for the most part are small to moderate-size farm oper-
ations.

Small-Acreage Specialty Crops

As indicated in chapter 2, biotechnology already has
the capability to modify the harvestable product for some
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Advancing technologies will have supply-increasing,
price-dampening effects on large-acreage volume crops
such as wheat. This will adversely affect high-cost
farming operations.

specidty crops. This capability will increase the extent
to which processes specify product quality. It will also
provide an incentive for vertical coordination between
production inputs and the production and processing stages
for a number of specialty crops. Thus, even though there
are no obvious economies of size to be captured with
biotechnology innovations, these innovations will facil-
itate vertical coordination in some cases. Small producers
will be a a competitive disadvantage in specialty crops
markets unless they have a particular market niche (5).

For fruits and vegetables, biotechnologies will be im-
portant where product quality, shelf life, and taste are
important characteristics. Technologies that alow for
greater selectivity in specifying performance character-
istics of different crop varieties will allow more rapid
development of desirable cultivars and much more rapid
propagation of plant stocks. Markets for tomatoes, let-
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tuce, and carrots are large and relatively focused on a
few specific varieties. Improvements in these crops have
the potential for rapid and widespread adoption to the
benefit of growers, plant stock breeders, and consumers.
There will be significant price differentials connected to
biotechnology-based improvements and consumers can
expect to pay higher prices for products more tailored to
specific segments of the market.

New Crops and New Uses of Existing Crops

Biotechnology offers great potential for developing
new crops and/or modifying existing crops for food, feed,
and industrial uses. Examples include the modification
of seed composition of corn and soybeans.

Industrial use of corn for glucose, dextrose, starch,
and alcohol has expanded rapidly, and biotechnology
offers the capability to modify the protein, starch, and
oil content of grain. Currently in the United States, ap-
proximately 3 percent of corn acreage is planted to spe-
cial-use hybrids such as white corn for corn mea and
grits, waxy corn for use as thickeners in the food industry,
and hard yellow corn for snack chips. The other 97 per-
cent is sold under the broad market classification of No.

2 yellow corn, without measurement of protein, starch,
or other quality characteristics (6).

For it to be economically feasible for farmers to grow
products such as special-use corn hybrids, they must be
able to capture price-premium incentives for these prod-
ucts. The current marketing system cannot easily accom-
modate new market channels for special varieties. It is
expected that direct contracting between processors and
growers will play an important role in the market de-
velopment and growth of special-use products.

The above example for corn hybrids suggests the likely
pattern for marketing of other special-use crops. Where
specialty market niches are small, incentives for a high
degree of vertical integration in production and marketing
will be substantial. This will limit the production op-
portunities for most independent producers (5).

IMPACTS OF NEW
TECHNOLOGIESON THE
STRUCTURE OF ANIMAL

AGRICULTURE

The U.S. livestock industry is divided into two com-
ponents. One is increasingly space-concentrated, higher
technology, and intensively managed. This component
includes specialized cattle feedlots, broiler and swine
production under confinement, and some large, highly
speciaized dry-lot dairy operations. A second component
isthe range livestock sector, which includes alarge num-
ber of beef cow-calf operations along with a variety of
small, lower technology livestock farms, many of which
are operated by part-time farmers.

A number of biotechnology applications is expected
to have rather high adoption rates within the higher tech-
nology component of the livestock sector, compared to
the lower technology, spatialy dispersed sector. This is
due, in large part, to the fact that increased manageria
expertise is needed to use these new technologies effec-
tively; such expertise tends to be associated with con-
finement systems.

Growth promotants will be the first major biotech-
nology productsto be made available to U.S. agriculture.
The dairy and pork sectors will be the first to make use
of these technologies.

Case Studies
Dairy Sector

The dairy industry will most likely be the first to adopt
technologies from the biotechnology era of the 1990s,
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In the dairy industry the trend toward fewer and larger farms has been on-going for decades. The trend will accelerate as a
result of new cost-reducing technologies and a more market-oriented dairy policy.

and also will feel the first profound impacts of the emerg-
ing technologies. Biotechnology advances in reproduc-
tive technologies. animal health technologies, and growth
promotants will make major contributions to the sector.
In particular, bovine somatotropin (bST), a growth prom-
otant, will significantly increase milk production. Bovine
somatotropin is a naturally occurring hormone that in-
creases milk yield in the dairy cow. Its effect has been
known for decades but until it could be produced by
rDNA procedures, it was not economically viable. This
technology will increase milk yield per cow in 1 year to
what it would take 10 to 20 years to achieve with current
reproductive technologies (7).

The economic effects of these emerging technologies
can be visualized by analyzing the impacts on different
sized farms in different regions. Representative farms
used in the analysis are briefly described in table 5-6.
Once bST becomes available, strong incentives will exist
to adopt the technology. Payoffs from bST adoption are
substantial, regardless of region (see table 5-7). Nona-
dopters of bST will have more problems surviving and
will be more likely to exit the industry.

Regional shifts in milk production patterns are ex-
pected for several reasons (tables 5-8 and 5-9). Upper
Midwest farms have problems realizing sufficient earn-

ings to achieve a reasonable return on equity, compete.
and survive. While Northeast farms fare better, they too
were found to be at a disadvantage relative to Pacific
and Southeast farms. In al regions, adoption of bST
increases the potential to survive, especially for larger
farms.

Concern that bST will force many dairy farms out
of the industry, especiadly in the traditional milk-pro-
ducing region of the Upper Midwest and Northeast,
has helped make this new technology the center of
controversy. BST aone, however, will not force these
traditional farms out of existence. The trend toward
fewer total cows and larger farms has been underway
for many decades. This trend is the result of a com-
bination of emerging technology. economies of size,
and policy. The trend will no doubt accelerate in the
1990s as the result of a combination of bST and other
cost-reducing technologies, and a more market-ori-
ented dairy policy. Such changes inherently put in-
creased pressure on smaller traditional dairy farms.
These pressures are accentuated by technological change
but they are not new. For a more extensive discussion
and analyses of these trends see the OTA report entitled
U.S Dairy Industry at a Crossroad: Biotechnology
and Policy Choices.
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Table 5-6—Summary Characteristics of Representative Moderate-Size and Large Dairy Farms, by Region

Upper Midwest Northeast Southwest* Southeast
Characteristic Moderate Large Moderate Large Moderate Large Moderate Large
Cownumbers.............. 52 125 52 200 350 1,500 200 1,500
Output/cow (pounds) .. ... ... 16,850 16,850 17,940 17,830 18,590 19,690 15,340 15,310
Total asset value ($000) . . . . . 470 940 608 1,395 1,097 3,858 1,569 7,723
Land value ($000) . ......... 133 295 274 640 118 492 813 4,591
Percent of feed raised . . . . . .. 63 60 50 46 0 0 25 2

‘Includes farms from both the Pacific and Mountain USDA production regions

SOURCE: Office of Technology Assessment, 1992.

Table 5-7—Comparison of Average Annual
Economic Payoffs From bST Adoption for Eight
Representative Dairy Farms Under Three Alternative
Dairy Policies, 1989-98°
(thousand $)

Policyscenarios

feeder hogs has been known for many years, it was
not used commercially because of lack of availability.
The ability to produce recombinant pST has heightened
interest in using the product on commercial hog farms.
Porcine somatotropin research has shown that it in-
creases feed efficiency by as much as 40 percent, re-
duces fat by as much as 30 percent, and increases

Trigger® Fixed’
Region size price support Quota’ growth rate by as much as 33 percent. (See ch. 3.)
RS 39 i 24 The economic benefits of pST can be discussed by
Large . ..ovvvveninnn. 10.3 10.9 7.0 analyzing representative hog producers in the Midwest
Northeast: who adopt pST, and the costs to producers who do not
Moderate . ............ 34 3.6 10 adopt pST. An economic model was used to simulate
Large ..o 158 166 88 the economic viability of two Missouri grain-hog farms
Southwest 6.5 6.6 183 (75 and 225 sows) and two Indiana grain-hog farms (150
large ... ............ 905 91.7 61.2 and 600 sows) before and after the introduction of pST.
Southeast: The Missouri and Indiana hog farms represent two dif-
Moderate ............. 21.9 22.8 17.2 ferent types of Midwest hog farms. The Missouri farms
Large ................ 166.4 166.3 132.0

‘Economlic payoffs from bST are the average annual change in net cash
farm income between a nonadopter and a bST adopter over the 1989 to
1998 planning horizon. The payoff is net of the cost of bST, the added
transportation costs for milk, and the additional feed.

"This option triggers a price support reduction each time the level of gov-
ernment purchases of milk products exceeds 5.0 billion pounds annually.
‘This option fixes the price support level at $10.60 per cwt. for all years.
‘The quota policy is designed to maintain government purchases at or
near a minimum government use target. This is accomplished by reducing
the number of cows in a herd through a two-tiered pricing system or some
other mechanism that provides disincentives for producing over quota lev-
els.

SOURCE: Office of Technology Assessment, 1992

Swine Sector

As with the dairy industry, the swine sector will
benefit from biotechnology improvements in the areas
of reproduction, health, and growth promotants. Por-
cine somatotropin (pST), a growth promotant, will be
one of the first technologies from the biotechnology
era for the swine industry. Porcine somatotropin is a
naturally occurring hormone in swine that accelerates
the rate of growth, increases feed efficiency, and pro-
duces leaner hogs. Although the effects of pST on

raise fewer pigs per sow, in part. because their operations
are not total confinement operations like those represen-
tative of Indiana (table 5- 10). All the farms represent
high-level management by progressive. full-time farmers
intent on producing hogs efficiently with the best re-
sources at their disposal. The farms were assumed to
adopt pST on itsintroduction ( 1992) or not adopt it over
the 6-year planning horizon (3).

Two pST/feed response scenarios were evaluated. The
first represented the average gains from pST, i.e., 25.1-
percent improvement in feed efficiency and a 12.7-per-
cent increase in average daily gain. The second scenario
assumed a more optimistic pST/feed response, a 34.8-
percent improvement in feed efficiency and a 33.3 per-
cent increase in average daily gain. In recognition of the
reduced fat to lean reported for pST-treated hogs, a 5-
percent price premium for market hogs was analyzed.
This 5-percent carcass merit premium is within the range
suggested in the literature.

Results of the analysis indicate that farms that do not
adopt pST will experience lower annua net cash farm
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Table 5-8—Impacts of bST Adoption on the Economic Viability of Moderate-Size Representative Farms, by
Region, 1989-98 (in percent)®

52-cow 52-cow 350-COW 200-COW
Upper Midwest Northeast Southwest Southeast
Measure Non- bST Non- bST Non- bST Non- bST
of impact adopter adopter adopter adopter adopter adopter adopter adopter
Probability of survival’. . . 580/0 740/0 100"/0 100"/0 95% 97% 100"/0 1 000/0
Probability of earning 5-
percent return on
equity . .......... ... 58 74 100 100 95 97 100 100
Probability of increasing
equity’. . ............ 0 0 3 3 60 79 13 24
Present value of ending
net worth as percent of
beginning net worth’. . 16 29 72 7 109 128 76 89

‘The analysis used a trigger-price dairy policy.

"Chance that the individual farm will remain solvent through 1998, i.e., maintain more than a 10-percent equity in the farm
‘Chance that the individual farm Will increase its net worth m real 1989 dollars through 1998.
‘Present value of ending net worth divided by initial net worth indicates whether the farm increased (decreased) net worth in real dollars

SOURCE: Off Ice of Technology Assessment, 1992.

Table 5-9—impacts of bST Adoption on the Economic Viability of Large Representative Farms, by Region,
1989-98°(in percent)

125-cow 200-COW 1,500-COW 1,500-COW
Upper Midwest Northeast Southwest Southeast
Non- bST Non- bST Non- bST Non- bST
Measure of impact adopter adopter adopter adopter adopter adopter adopter adopter
Probability of survival’. . . 95°/0 99% 100"/0 100"/0 100"/0 100°/0 100°/0 100"/0
Probability of earning 5-
percent return on
equity . .. ... 90 95 99 100 100 100 100 100
Probability of increasing
equity’. ............. 8 12 43 53 100 100 88 99
Present value of ending
net worth as percent of
beginning net worth'. 57 69 92 102 195 214 129 147

‘The analysis used a trigger-pnce dairy policy

"Chance that the individual farm will remain solvent through 1998, ie , maaintain more than a 10-percent equity in the farm.
‘Chance that the farm Will increase its net worth in real 1989 dollars through 1998.
‘Present value of ending net worth divided by initial net worth indicates whether the farm increased (decreased) net worth in real dollars.

SOURCE: Office of Technology Assessment, 1992

incomes (ranging from $13 to $33 per sow) due to lower
hog prices (table 5-1 1). (The lower hog prices are due
to the increased supply of meat caused by the availability
of pST. ) This range of lost income is about the same
across the four farms analyzed because it is a direct result
of lower hog prices. For pST adopters this loss is more
than offset by a 5-percent carcass merit premium for a
leaner carcass. Increases range from $110 to $134 per
sow (table 5-11).

Increasing the feed efficiency and average daily gain
from pST to the more optimistic feed response scenario
more than doubles the economic payoffs to adoption.
Without the carcass merit premium, the economic pay-
offs for pST average $265 per sow per year, more than
double the $100 spent for pST.’If the producers can
garner a 5-percent carcass merit premium, the per sow
returns to pST adoption to atotal of about $370 per sow
per year.

>The pST figure assumes that pST costs $6 per pig and is administered w cekly for 6 weeks. The balance of the cost1s added labor and feed

COStS.
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Production of lean meat with porcine somatotropin (pST)
will give meat packers a strong incentive to vertically
integrate or contract with farmers. Economic pressures
will be strong for most swine producers to either adopt
pST or to exit the industry.

The economic payoffs of pST adoption are about the
same regardless of farm size. For example, the moderate-
size Missouri farm’s per-sow payoff is within 10 percent
of that for the larger Indiana farm. And, the difference
in payoffs between the 150-SOW Indiana farm and the
600-sow Indiana farm are within $18 per sow. These
results suggest that pST could be scale neutral.

Nevertheless, pST could accelerate the concentration
of the U.S. swine industry. PST adoption increases the
total income of large-scale farms more than that of smaller
scale farms due to the sheer volume of hogs produced
on the large farms. For example, pST increases average
annual net cash income $232,000 for the large Indiana
farm and only $57.000 for the moderate-size Indiana
farm. Thus, the large farm gains an internal source of
capital for future growth far in excess of what the smaller
farm gains. In addition, the smaller farms may experience
lower average pST/feed response due to lower manage-

ment skills while the larger farm experiences a higher
than average pST/feed response and a 5-percent carcass
merit premium. This results in the moderate farm's av-
erage annual returns to pST in the $3,300 to $18,500
per-year range while the large farm receives $232,000
or more per year.

PST may therefore contribute to a significant restruc-
turing of the swine production sector. The production of
more lean meat will give meat packers a strong incentive
to vertically integrate or contract with producers and pos-
sibly pST suppliers. The economic pressures will be strong
for most swine producers to either adopt this new tech-
nology once it becomes available or to exit the industry.

New Animal Products

Biotechnology methods capable of producing trans-
genic animals may alter the use of these animals from
food to pharmaceuticals. Attempts are “being made to
produce rare, medically important proteins in pigs. Pro-
duction of blood-clotting factors and tissue plasminogen
activator (used to dissolve blood clots that cause heart
attacks) are being investigated. A private firm has an-
nounced that it has successfully produced human he-
moglobin in pigs. A blood-clotting agent has been
transferred to and expressed in sheep. Transgenic cows
producing pharmaceuticals have not yet been reported,
but these animals are under development in a number of
public and private laboratories. If successful, the pro-
duction of pharmaceuticals will open new markets for
livestock. Incentives will be in place for pharmaceutical
companies to vertically integrate or contract with farmers
for the production of pharmaceuticals from livestock.
Capital costs for breeding stock is most likely to be quite
high indicating that successful, large farms are most likely
to meet this new market demand.

IMPACT OF NEW
TECHNOLOGIESON
AGRIBUSINESS, LABOR, AND
RURAL COMMUNITIES

Agribusiness

Advancing products of biotechnology and information
technology will have major impacts on agribusiness (in-
put suppliers, processors, wholesaers, etc. ). Histori-
caly. the commodity-oriented agribusiness sector has
been driven by economic forces to produce at maximum
efficiency and maintain low costs. This has resulted in
a system that is remarkably effective at converting un-
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Table 5-10—Characteristics of Representative Moderate and Large Grain-Hog Farms in Missouri and Indiana

Missouri Indiana
Moderate* Large Moderate Large
Hog Enterprise
SOWS o ottt 75 225 150 600
Boars. ... 6 10 10 30
Gilts(repl.) .. ..o 32 100 90 245
Pigs raised/sowlyear . ................ 15.68 15.68 17.00 18.00
Giltssold/year .. ..................... 556 ,664 1,185 5,155
Borrows sold/year . .................. 588 , 764 1,275 5,400
Saleweight......................... 240 240 240 250
Lbs. feed/lb.gain.................... 3.875 3.787 3.763 3.299
Assets ($1,000)
Land . ... 232.0 520.0 630.0 2,475.0
Buildings . ......... ... .. ...l 70.0 175,0 120.0 500.0
Machinery ....... ... .. i 86.5 289.1 280.2 834.3
Livestock .. ......... ... . 34.4 65.7 49.9 158.6
OtherAssets . ..., 0 0 0 0
Total ... 422.9 1,049.8 1,080.1 3,967.9
Liabilities ($1,000)
Realestate......................... 30.2 69.5 75.0 297.5
Intermediate Assets .. ................ 24.2 70.9 66.0 198.6
Other...... ..o 20.8 54.8 70.6 40.6
Total . ... 75.2 195.2 211.6 536.7
Net Worth ($,000) . ................. 347.7 854.3 868.5 3,431.2
Acreage
OWNEd . ..o 220 520 280 1,125
Leased .......... ... i, 110 500 520 1,125
Total ... 330 1,020 800 2,250
Crops produced (acres)*
COM .o 144 300 540 1,800
Soybeans . .......... ... L 80 333 175 400
Wheat............ ... i, 76 316 24 50

*The moderate size Missouri hog farm also has 25 cows on 100 acres of pasture.
*Liabilites are reported assuming the farm has 10-percent debt on real estate assets and 20-percent debt on machinery and livestock.
‘Acreage of crops represents actual planted acreage in 1990 after accounting for set aside. All farms except the large Indiana farm participated in the farm

program
SOURCE: Office of Technology Assessment 1992

differentiated commodities into relatively low cost food.
Today this sector is undergoing change inspired in part
by the evolution of a more demanding and differentiated
food consumer. In response, retailer strategies have
emerged which focus on improving service to the end
consumer. Information technology has facilitated the
shifting of marketing efforts toward the discovery of con-
sumer preferences. Information technology along with
legal disclosure requirements have made it easier for the
consumer to see a wider range of product attributes.
Where buying decisions were once made on such aspects
as variety, convenience, price stability, and value, now
consumers can also evaluate additional characteristics
that were previously experienced only indirectly, such
as product quality, nutrition, food safety, and environ-
mental aspects (4).

To respond to a more consumer-oriented environment,
input suppliers may need to explore how information tech-

nology can facilitate the coordination activities needed to
assure particular attributes. In the future information tech-
nologies may facilitate new business strategies by providing
improved information flows and by facilitating coordination
of production and marketing activities. For example, Pi-
oneer’s Better Life Grainsand Frito-Lay’s Frito Corn Chips
are two companies using information technology to assure
product quality. Pioneer seeks suppliers who use a specific
technology to tailor-make a seed that grows product specific
attributes. Producers are required to provide specific pro-
duction assurances that allow the processor to label the
product for a specific set of nutritional attributes. Pioneer
stands behind the attributes and accepts the implicit role as
the enforcer, and information technology provides the link-
ages. Likewise, Frito-Lay contracts with producers for spe-
cific types of corn. The processed commodity is tracked
through the market channel on a bag-by-bag basis to assure
product quality (4).
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Table 5-n—Average Annual Net Cash Farm Income Due to PST Adoption for Representative Missouri and
Indiana Hog Farms Under Alternative PST/Feed Response and Carcass Merit Premium Assumptions

Do Do adopt Do adopt
not average pST/feed response optmistic pST/feed response
Representative adopt .
farms DST No CMP 5 percent CMP No CMP 5 percent CMP
(thousand $)
Missouri
Moderate . . ........... 56.73 57.70 64.98 75.59 83.19
Large ................ 149.16 153.93 175.66 209.15 231.85
Indiana
Moderate . . ........... 214.22 217.53 232.66 255.48 271.70
Large ................ 818.17 838.18 898.78 979.24 1,050.98
$/sow
Missouri
Moderate . . ........... 756 769 866 1,008 1,109
Large................. 663 684 781 930 1,030
Indiana
Moderate . . ........... 1,428 1,850 1,551 1,703 1,811
Large ................ 1,364 1,397 1,498 1,632 1,752

‘CMP refers to carcass merit premium.
SOURCE: Office of Technology Assessment, 1992.

Input suppliers have experienced more consegquences
of the biotechnology era than any other part of the ag-
riculture industry to date. In anticipation of biotechnol-
ogy-enhanced seed for large-acreage volume crops, seed
and chemical input industries already have transformed
structuraly, just as the hybrid seed-corn industry devel-
oped to become a billion-dollar business after hybrid corn
became a redlity 50 years ago. With the expected future
gains from biotechnology, multinational chemica and
pharmaceutical companies have acquired almost all of
the major seed companies. Only Pioneer Hi-Bred inter-
national and DeKab remain independent firms (6).

Concentration of input industries increases the poten-
tial for monopoly power, hence the potential for exploit-
ing farmers in their purchase of improved inputs.
Overdependence on a narrow set of genetic material also
raises the problem of ecological vulnerability.

Economies of size in process technologies also can
foster concentration in the input sector. For example, a
7 million dose-per-day bST plant can supply two-thirds
of the Nation's dairy herd. To the extent that efficient
biotechnology manufacturing requires large plant sizes,
there will be economic pressures to concentrate industry
structure to a small number of firms. Moreover, in some
cases, there may be incentives for manufacturing firms
to integrate the manufacturing and retailing of inputs.

As discussed earlier. the trend toward vertical inte-
gration in agriculture and toward proprietary production

processes could result in a captive market for some bio-
technology products. For example, a genetically engi-
neered seed might be produced by a large, verticaly
integrated chemical-seed company with specified inputs
such as fertilizer, pesticides, and herbicides produced
only by that company.

The potential for transgenic farm animals to produce
pharmaceuticals will also provide incentives for verti-
cally integrated companies. Firms already involved in
pharmaceutical research can easily move into animal ag-
ricultural biotechnologies.

The increased importance of proprietary products and
processes in the input-supply sector and the increased
economic incentives for further industry concentration
imply a challenge for small-scale firms. The survival of
such firms may depend on public research in technologies
that they can effectively use in their production systems;
market access to these technologies; and easily acquired
information on use and management of available tech-
nologies (5).

Farm Labor

As has been true for most past technologies, the emerg-
ing biological and information technologies will gener-
aly shift labor from farming. At the same time, new
employment opportunities will be provided in the agri-
business sector supplying these new technologies. Today
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Newly emerging technologies will displace less farm
labor than mechinazation, but labor will have to be
substantially more skilled than in the past.

only about 2 percent of the U.S. population is living on
farms, about 55 percent of nonmetropolitan jobs in the
food and fiber system are located off-the-farm in farm
input, marketing, and other service sectors.

Newly emerging technologies will displace less farm
labor than mechanization, but the farm labor force will
have to be substantially more skilled than in the past.
This will be particularly true for workers in animal ag-
riculture. Demand for unskilled agricultural workers will
fall off. Hired field workers will be limited to specialty
crop ( mainly fruit and vegetable) farms.

One message seems clear: implementation of the new
technologies will require a broad range of specialized
Skills. For example, a key requirement of the new in-
formation technology will be computer literacy. En-
hanced management skills will be needed generaly to
succeed within a system characterized by increased
technical and economic compltexity. Programs to sup-
port skill upgrading of the farm labor force will be
needed to capture fully the potential benefits of new
technologies (see ch. 6 for a more thorough discussion
of these requirements. )

Rural Communities

The number of farms and farm population continued
to decline in the 1970s and 1980s. The impacts of de-
clining farm numbers are difficult to ascertain. In gen-
eral, land is bought by other farmers and continues to
remain in production so that total agricultural output does
not significantly decline. However, declining farm num-
bers negatively affect rural community employment lev-
els. In farming-dependent communities, for every one
farmer that exits the industry, up to one additional job
may be lost to the community.

While in most urban areas the 1980s were years of
economic recovery and prosperity. this has not been the
case for rural areas. The rural economic crisis was due
in part to depressed conditions in export-dependent in-
dustries such as agriculture. forestry, and mining. How-
ever, even when these industries began t o recover in the
mid- 1980s, the rural-urban gap widened. Thiswas due,
in part, to the fact that rural problems run much deeper
than those of agriculture alone. extending to inadequate
infrastructure, poor schools. lack of access to quality
medical services, and lack of leadership to solve prob-
lems that exist. While rural communities may have once
been dependent on agriculture, only 23 percent of the
3,106 counties in (his country can now be described as
agriculture-dependent, nonetheless, more than 75 percent
of the Nations counties are nonmetropolitan. Rural com-
munities and agriculture are no longer synonymous (1).

Much of the once agriculturally dependent popultition
has moved to larger trade-center communities ( many in
nonmetropolitan counties), which have therefore grown
in population and business volume. Growing commu-
nities in rural areas are often preferred locations for con-
solidated public schools, medical facilities. and other
public services. Those communities left behind are suf-
fering the consequences, and some are particularly vul-
nerable to the structure of agriculture.

The emergence of biotechnology and computer tech-
nologies will most likely spur on the decline of many
small farms and agriculturaly dependent rural commu-
nities. And, where product quality is influenced strongly
by biotechnologies, such as pST in pork. and where highly
specialized new markets are formed, such as pharma-
ceuticals, increased incentives for production-market-
ing links via contracting and other forms of vertical in-
tegration also can be expected. At the same time, in-
creased demand by many farmers for one-stop shopping
centers for farm supplies and technical services— in-
cluding those involving biotechnologies and computer
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Advancing technologies will most likely spur on the

decline of agriculturally dependent rural communities.

These business communities will need to substitute

additional nonfarm economic activities if they are to
remain viable.

technologies—may reduce the viability of business en-
terprises in smaller rural communities. These business
communities will need to substitute additional nonfarm
economic activities if they are to remain economically
viable (5).

In the near term, biotechnology’s effects on rural com-
munities likely will be most significant in regions of
concentrated livestock production. The ability of rural
communities in these regions to absorb adverse changes
in agricultural employment will be closely related to the
availability of off-farm employment.

Because rural communities have diversified their eco-
nomic base and are no longer dependent on agriculture,
most rural community residents have little or no personal
contact with farming, except as passive observers of en-
vironmental changes. The environmental impacts of pro-
duction practices can, however, become a community
issue when such externalities as water quality, chemical
residues, worker safety, etc., become sources of concern.
Local sensitivities about the implications of novel sub-
stances employed in animal and crop production aready
are significant. Perceptions of risk to health, safety, and/
or environmental diversity associated with transgenic or-
ganisms may become a further source of community con-
flict and controversy.

To ameliorate such conflict and controversy, com-
munities should facilitate:

1. open public discussion of biotechnology research
priorities;

2. enlightened policies and procedures regarding ap-
proval, patenting and regulation of biotechnology
innovations; and

3. insistence on high-quality and timely information
about biotechnology for public and private deci-
sionmakers.

POLICY ISSUES °

A number of policy issues surround the introduction
of technological innovationsin U.S. agriculture and their
impacts on the industry. Many are already on the policy
agenda in one form or another. Severa are discussed
below.

Moratoriums on Agricultural Research or
on the Implementation of New Agricultural
Technology

Moratoriums have aready been placed on the use of
bovine somatotropin in Minnesota and Wisconsin. The
dairy case study discussed earlier clearly showed that
regardless of farm size or region, there will be strong
incentives to adopt bST. The farms in Minnesota and
Wisconsin, even if they do adopt this new technology,
still will have problems redlizing sufficient earnings to
achieve a reasonable return on equity, compete, and sur-
vive. For farms not adopting the new technology the
dilemma will be even more severe. The agricultural in-
dustry of these States will be at a great disadvantage
relative to those States where a moratorium does not exist
if bST is approved by FDA for commercial use.

In the process of economic development a maturation
process occurs such that fewer human resources are re-
quired in primary industries (farming and mining) and
proportionately more workers are employed in the knowl-
edge and service industries. American agriculture has
achieved its preeminence in the world by substituting
knowledge for resources. This knowledge, embodied in
more productive biological, chemical, and mechanical
technologies and in the manageria skills of farm oper-
ators, has given the United States a world-class agricul-
tural industry at a time when many other sectors of our
economy are losing their preeminent position. For U.S.
agriculture to retain its status it is necessary to enhance
public and private-sector capacity for scientific research
and technology development. The costs, to consumers
and producers, of failure to maintain and enhance our
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efficiency in production would greatly exceed the ad-
justment costs resulting from overabundance.

Impacts of Emerging Technologies on Farm
Size and Managerial Skill Requirements

The post World War 11 era of farm mechanization made
it virtually impossible for small unmechanized production
units to compete and survive with farming as the sole source
of family income. Some past chemical and biological tech-
nologies such as insecticides and hybrid seed, on the other
hand, have been rather scale neutral except for price dis-
counts afforded producers who were able to purchase them
in large volume. The emerging biotechnology and infor-
mation industries appear to have the potentia for being
relatively scale neutral in their application on those farms
already large enough to support mechanization technology.
But two qualifying considerations are important. First, the
implementation of these emerging technologies will gen-
eraly reguire increased management skills and, for some,
computer literacy. Second, at least some of these technol-
ogies will be effective and profitable only if they are in-
tegrated into rather technically complex production systems
a the farm level. Some of these systems in animal agri-
culture may involve environmentally controlled housing
and scientifically based feeding and management proce-
dures. Thus, increased manageria skills, and, in some cases,
additional capital in the form of specialized buildings and
equipment will be important components of successful
farming in the future. This will most likely mean increased
concentration of farm production among larger units with
more sophisticated technology and management capabilities.

A number of persons who have moved out of farming
in the past four decades did have adequate skill levels
but had an inadequate resource base of land or operating
capital to succeed under a highly mechanical farming
regime. Future adjustments in farming will be dictated
less by large capital requirements than by the educational
and manageria skill requirements for farmers. This is
not to suggest that the future capital requirements in
farming will not be high. They will. In fact, the capita
reguirements per worker in farming are very high com-
pared to most other types of employment. But recent
major deflation in agricultural capital assets, particularly
farm real estate, together with creative procedures by
farmers for acquiring access to land and capita resources,
may result in educational and managerial skill levels be-
coming a more limited resource than capital. One clear-
cut conclusion emerges. Persons who want to compete
successfully in farming will need to upgrade their man-
agerial skills. A critical role for Extension is to develop

programs and opportunities for farmers to enhance their
management capabilities.

Displaced Farm Operators and Workers

More workers have left farming since 1940 than now
remain on U.S. farms. Displacement of farmers and farm
workers will continue, though at a slower pace than in
the past half century.

Adjustment to alternative employment is most easily
accomplished by young people who are just graduating
from high schools, vocational schools, and colleges or
universities. Thus. strong educational programs and vo-
cational counseling for youth in farming communities are
of vital importance. Selected public policies should aim
a ensuring the provision of such educational support
services. Other displaced farm workers will seek nonfarm
employment either with or without retraining for such
employment. A number of special training programs are
aready in place for such individuals. These retraining
programs. however, need to be geographically and fi-
nancially accessible and have appropriate entrance re-
quirements for those displaced from farming. Moreover.
they need to target employment training to those skill
areas for which jobs are available.

A number of older farm operators and other family
members without new training may have to adjust to
whatever full- or part-time employment opportunities ex-
ist in the local community. The availability of such em-
ployment opportunities and the general quality of life in
many rural farm-dependent communities will be heavily
dependent on the local farm economy. And, in some
cases businesses based on newly emerging technologies,
particularly those supplying farm inputs, will provide
new local employment opportunities.

Adjusting to Change

Policies to help farmers adjust to technological change
on the farm or to off-farm employment are lacking. The
Food, Agriculture, Conservation, and Trade Act of 1990
and related farm policies are aimed amost exclusively
at reducing the use of farm inputs (mainly land) to curtail
farm output; providing a price (and income) floor for pro-
ducers of selected commaodities; and enhancing the position
of U.S. farm commaodities in world trade. A unique ex-
ception was the dairy herd buyout program in the late
1980s, which provided some dairy farmers with an op-
portunity to “cash out” their dairy herds at more attractive
prices than those afforded by the free market. New or
expanded public policies are needed for upgrading the man-
ageria skill levels of some farmers to cope with technical



150 . A New Technological Era for American Agriculture

change and for providing retraining opportunities for others
to enable them to exit from farming. Strong educational
programs are also needed for al rural young people whether
or not they have opportunities in future ‘‘high-tech’
farming. Expanded Federal and State assistance will be
required for effective educational programming in those
rural areas with an eroding local tax base.

At the ingtitutional level, public ingtitutions need to
aim policies and programs at two somewhat different
types of participants—those who will adjust by staying
in farming, and those who will seek alternative em-
ployment. Both groups need to be serviced by effective
public technology transfer and training programs and
supporting financial services. A reorganized and re-
vitalized public extension service could play a major
role in technology transfer while public credit agencies
need to focus program delivery on the special needs
of the two target groups. At the farmer levd, it is
crucia that individuas redigtically assess their op-
portunities in and out of agriculture. Most should make
deliberate career choices and follow up with the ac-
quisition of the manageria skills to succeed in high-
tech farming or the retraining required for employment
off-the-farm. Future farm commodity programs are not
likely to provide an umbrella of income protection ad-
equate for any but those farm managers who can adjust
effectively and quickly to technological change.
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Chapter 6

Management Implications of New Technologies

Biotechnology holds great promise for American ag-
riculture, but this promise may not be realized if the
technologies are poorly managed. The new technologies
will demand considerable management skills and a hol-
istic or systems approach to management. Pest resistance
to technologies that control pests exemplifies manage-
ment problems in the past. Many chemical pesticides are
ineffective today because of pest adaptation. Evidence
suggests that pest adaptation could have been delayed
and, in some cases, avoided if proper management strat-
egies had been implemented. As products from the bio-
technology era are used to control pests, management
strategies for delaying or possibly avoiding pest adap-
tation need to be identified.

Good management will be of paramount importance
for the effective use of new biotechnologies in animal
agriculture. The new technologies are not magic bullets,
and will not improve anima productivity without effec-
tive management. With or without biotechnology, a
growing management issue in this decade is farm animal
well-being. Little scientific evidence is available on farm
animal well-being in the United States, much more is
available in Europe. It is important that the American
animal agricultura industries begin to focus more atten-
tion and resources on this growing issue and on the impact
of new technologies on farm animal well-being.

This chapter focuses on these critical management issues.
First, pest adaptation to various control technologies is ex-
plored for crop agriculture. Various management strategies
for delaying pest adaptation are identified for the new tech-
nologies developed through biotechnology. Second, the im-
portance of the farm anima well-being is discussed, areas
of research are identified, and biotechnology’s potential
impacts on farm anima well-being are explored.

INTEGRATED PEST
MANAGEMENT STRATEGIES
FOR CROP AGRICULTURE
Pest infestation is a serious problem for agriculture

and effective methods to control pests are needed. Of all
crop pests, weeds boast the longest recorded history of

adapting to agricultural practices. It is a history dotted
with examples of one of nature’s most interesting adap-
tive strategies: mimicry (35). By mimicing crop seed,
weed seeds can lie hidden among crop seed stored for
the next season’s planting.

Successful mimicry of agricultural crops requires that
weeds possess a number of important characteristics. Weed
seeds must ripen by harvest time; remain on their stems
during harvesting; and have a shape and density similar
to that of the crop seed (35).

A surprising number of weeds have evolved al the
characteristics required to become crop-seed mimics. An
example comes from the mimicry of lentil seeds, Lens
culinuaris, by the common vetch, Vicia sativa. The lentil
seed has a convex shape. Normal seeds of the common
vetch are much more rounded than lentil seeds (figure
6-1 ). Another example is one of rice’'s most serious ri-
vals, barnyard grass. Barrett ( 1) discovered in weedy
forms of barnyard grass so many rice-like traits that they
found it more difficult to differentiate barnyard grass
from rice than to distinguish two variants of barnyard
grass from each other (figure 6-2).

In the mechanized farming systems dominant in the United
States, hand weeding may be a thing of the past, but the
battle between farmers and weeds continues. Chemical her-
bicides used to control weeds do not discriminate on the
basis of appearance. The nature of the game has switched
to biochemical mimicry. Agricultural chemical companies
spend millions of dollars each year inventing chemical agents
that kill weeds in cultivated fields without harming crops.
This has put enormous selection pressure on weeds to hio-
chemically mimic crops. It is estimated that there are at
least 84 cases of weeds with resistance to at least one
chemical herbicide (figure 6-3).

Like weed resistance to herbicides, the resistance of
plant-pathogenic fungi to synthetic fungicides is a sig-
nificant problem. By the mid- 1980s, more than 100 spe-
cies were known to be resistant to at least one fungicide
(figure 6-3). '

The real experts at resistance to synthetic chemical
agents are insects. Resistance to DDT, detected shortly
after its introduction as one of the first insecticides, is

"Onthe other hand, some pesticides have remained eftective over the long term. For example. glyphosate has been used to control weeds for
more that 17 years without any documented examples of resistance. Likewise there is no evidence of codling moths (pests of apples) developing
resistance to organophosphates even though these pesticides wereusedintensely for 20 years to control the moth (34).

297-937 0 - 92 - 6 QL 3
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frequently cited as a textbook case of rapid adaptation.
Since DDT, insects have been most successful at adapt-
ing to amost al insecticides. More than 500 cases of
insect adaptation to insecticides have been documented
(figure 6-3).

Besides the growing problem of pest resistance to
chemicals, there is much criticism of chemical pesticides
because of their adverse environmental side effects (95).
“Natural” control methods are often touted as safe and
effective alternatives to chemical pesticides, but there is
no guarantee that pests will not adapt to these methods
as well. Indeed, numerous examples abound of pests
overcoming a wide variety of control methods. Pests have
adapted to cultivation methods as illustrated by wild vetch
in lentils and barnyard grass in rice (34). Pests also have
adapted to crops bred to be pest-resistant. For example,
arandom sample of 63 plants bred for resistance to viral
pests indicated that pests had adapted in 28 cases. Only
five cases showed no evidence of viral adaptation, and
the rest were inconclusive (20). Insects al so have adapted
to crops bred for insect resistance. Hessian fliesin wheat,
green bugs in grain crops. and leafhoppers and plant-
hoppersin rice are examples (22, 33). Other insects have
adapted to biological control agents. For example, alfalfa
weevils and the forest pest Pristophora erichsonii have
adapted to parasitic enemies, and silkworms have adapted

to fungal control methods (34). Some strains of insects,
the diamond back moth, for example, have developed
resistance to biological control with Bacillus thuringien-
sis (56, 80, 91), a bacterium that is toxic to many insect
pests.

These examples lead to three basic conclusions:

1. pests have demonstrated tremendous ability to adapt
to almost any control mechanism,

2. unilateral pest suppression tactics rapidly can be
rendered ineffective due to evolutionary change in
pests, and

3. the assumption that natural pest control tactics are
superior to synthetic methods, at least in terms of
limiting pest adaptation, is false.

Control of pests requires the use of many approaches,
rather than reliance on one single method. A holistic
program that considers all causes of plant stress—path-
ogens, weeds, insects and other arthropods, water and
nutrient excesses and deficiencies, soil pH, salinity etc.,
is needed. However. developing such an integrated ap-
proach will require an enormous amount of information
and an understanding of the interactions among different
stress-reduction strategies. Much effort will also be needed
to educate farmers in taking such a multifaceted approach
to pest and other stress control.

Figure 6-I—Successful Seed Mimicry by Common Vetch Weed of Lentil

g

Photo credit: Virge Kask

Success at seed mimicry has given the common vetch the ability to contaminate lentil fields. At left is the typical seed shape of the
common vetch, Vicia sativa. In a lentil field near Albion, Washington, plant pathologists recently found vetch seeds that had a distinctly
different shape (center) that is quite similar to the flatter shape of the lentil, Lesculinaris (right).

SOURCE: Richard M. Hannon, U.S. Department of Agriculture, Agricultural Research Service
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Figure 6-2-Successful Mimicry of Barnyard-Grass
Seedling for Cultivated-Rice Seedling

P

Survival in a hand-weeded field is easier for a weed that looks
like a crop plant. A barnyard-grass seedling, a serious nuisance
in rice fields, is easily mistaken for a cultivated-rice seedling. Left
to right, the plants shown are cultivated rice, the oryzicola variety
of barnyard grass, and another barnyard grass seedling.

SOURCE: Spencer C H Barrett, University of Toronto

Photo credit: Beverly Benner

Integrated Pest Management (1PM) represents an at-
tempt at such an approach. 1PM strategies seek to create
a crop management system that combines compatible
production techniques and methods in a manner that
maintains pest populations at levels below those causing
economic crop injury. The 1PM approach is based on

Figure 6-3—Number of Crop-Pest Species Resistant
to Synthetic Chemical Pesticides.
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SOURCE: N.G Green, H.M. Lebaron, and WK. Moberg, Managing Re-
sistance to Agrochemicals: From Fundamental Research to
Practical Strategies (Washington, DC: American Chemical So-
ciety, 1990).

ecological principles and requires a solid understanding
of the ecological system to be managed. Development
and deployment of integrated strategies requires basic
knowledge about target pest species and their interactions
with other pest and beneficial species, as well as with
the crops to be protected and other host plants (70).
Knowledge of the direct and indirect effects of other crop
production and protection inputs on nontarget pests and
beneficial species is also essential. Because crop/pest
interactions display tremendous geographical variation
for the same crop and pest, pest management systems
must be adapted to local conditions. The complexity of,
and lack of adequate knowledge about, pest populations
and agroecosystem dynamics make 1PM an unredlistic
goa at this time.

Limited 1PM strategies have been used in cotton and
apples to control insects, rather than weeds or disease
(21). Presently, 1PM efforts focus on integrating cultural
controls (sanitation, crop rotation, appropriate selection
of planting dates, irrigation regimes, planting densities,
varietal selection); naturally occurring biological control;
and the application of chemical controls when pest pop-
ulations or damage to the crop reaches a threatening level.
These action thresholds are based on the complex and
dynamic relationship between crops and pests throughout
agrowing season (72).

Combinations of pest-control methods ideally should
act synergistically to control pests; at least they should
not counteract each other. Research shows that synergism
exists between some moderately resistant plants and bi-
ological control agents; in other cases, such plants ad-
versely affect the activities of naturally occurring biological
control agents (32).

Compatibility with biological control agents must be
a significant consideration when biotechnology is used
to create resistant crop varieties and to extend the range
of biological control agents. Some preliminary research
involving tobacco that has been genetically engineered
to produce low levels of Bacillus thuringiensis (Bt), in-
dicates that Bt does not negatively affect natural enemies
of tobacco budworm. It is possible that Bt enhances the
effectiveness of the natural enemy by slowing budworm
growth (34).

Crops that have low to moderate levels of pest resis-
tance, generally have responded well to chemical con-
trols. Several cases have been documented where pest
suppression has improved following insecticide use on
resistant crop varieties (48, 93). However, there are also
examples of antagonistic interactions (53, 55).
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Crop rotation has been employed effectively to de-
crease pest infestation. However, continuous cropping
has aso lead to a decline in incidence and severity of
pest infestation by providing a more stable environment
for the establishment of naturally occurring antagonistic
agents. For example, the severity of take-all disease in
wheat has naturally declined in fields that have been
continuously planted to wheat for years. The decline is
due to the establishment of a bacterium that controls the
disease (97). Little is known about the compatibility of
genetically engineered crops and cultural practices. Cur-
rently the use of congtitutive genes (i. e., genes that are
expressed in al tissues at al times in the plant) leave
little room for temporal flexibility.

In the above examples, the compatibility of only two
control mechanisms for one pest is considered. However,
many other plants, animals, and microbes, some of which
are beneficial and some harmful to crops, are also part
of the agroecosystem. Most of these components are
studied in isolation; in a truly integrated system, all con-
trol mechanisms used to control al pests should be com-
patible. For example, mite management of almonds cannot
be discussed without considering how simultaneously to
manage codling moth, navel orangeworm, and weeds
(49, 101, 102). The information needed to do this cur-
rently is unavailable.

As practiced currently, 1PM strategies do not eliminate
but strive to decrease chemical use by improving the
timing of pesticide application to achieve pest suppres-
sion with minimal nontarget effects. Improved pesticide
application technologies to minimize off-target drift could
also decrease amounts of pesticides used. Pesticide de-
livery equipment designed to directly mix pesticides at
the proper rate, eliminating the need for tank mixing,
could increase the efficiency of pesticide application (78,
95).

Development of pest management technologies and
programs does not automatically lead to their adoption.
Many obstacles stand in the way of farmer acceptance
of these programs. The complexity of the programs re-
quires high levels of management skill and thisis a sig-
nificant deterrent to many farmers. Information and
programs tailored to meet the local needs, perceptions,
resources, constraints, and objectives of farmers is im-
perative. Many farmers will need considerable training
to use these technologies. The lack of coordination among
organizations, personnel. and disciplinesinvolved in pest
management at the local and regional levels inhibits ed-
ucational efforts. Development of expert systems and

other information technologies may help in training and
in coordinating these efforts (see ch. 4) (34).

The failure of growers to perceive the long-term cost
advantage of integrated pest management strategies is a
significant deterrent to adoption. There is a general need
to demonstrate how these management strategies might
reduce production costs. For example, almond producers
were generally skeptical of adopting an integrated mite
management program, until it was shown that this pro-
gram could be effective, was compatible with pest control
tactics already being used, and could result in decreased
production costs of $24 to $44 per acre (47). Developers
of pest management technologies generally lack the so-
cial science training needed to demonstrate cost-effec-
tiveness to farmers. Input from socia scientists is needed
to successfully develop and implement any new methods.

Management of pests will continue to be a mgjor con-
cern of agricultural producers. Successful development
and adoption of more comprehensive pest management
strategies will require extensive scientific research, as
well as improved methods of providing readily usable
information to agricultural producers. A better under-
standing of the interactions between crops and pests and
of mechanisms of resistance development is needed.
Changes in farm management practices also may be
needed. The ongoing battle to stay one step ahead of
pests, given their ability to adapt, will require the de-
velopment of new biological control agents, improved
chemical pesticides and wholly new technologies such
as genetically engineered plants.

Biotechnology holds great promise for providing new
ways to control plant diseases, insects, and weeds. The
tools of biotechnology have created the possibility of
selectively engineering plants for insect, disease, and
weed resistance. In addition, these new tools are ex-
panding the knowledge base of plant resistance and the
interaction of plants and pests with the rest of the eco-
system. In particular, biotechnology will be very useful
in detecting resistance by pests at a much earlier time
than traditional technologies and in developing strategies
to slow or aleviate pest resistance.

Molecular Genetics as a Tool for Detecting
Resistance and Tracing its Origins

Until recently, pesticide resistance could be detected
only after it became a problem in the field or through
laboratory bioassays in which samples from a pest pop-
ulation are treated with predetermined doses of the pes-
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ticide in question. The number of samples that can be
processed in this fashion is low, especialy with insects
and some weeds.

If an enzyme that leads to resistance has been iden-
tified. another approach to detecting resistance is devel-
opment of monaoclina or polyclona antibodies to that
enzyme (see ch. 3 for explanation of how they work).
Although there are certain drawbacks to this approach,
there is a potential with this system to detect resistance
a very low levels using kits that can be applied directly
in the field.

With many pests, resistance develops in a humber of
localized geographic areas. It often is not clear whether
these localized resistant populations arise independently
or whether one population becomes resistant and rare
migrants invade new areas and become the dominant
form in the newly invaded area. It is important to know
which of these two scenarios reflects the dynamics of
resistance in order to limit further progression of the
resistance problem.

If the resistance developed in one location and spread
to another via migration, then the mutation(s) leading to
resistance are probably rare. It may be advisable to at-
tempt to quarantine the areas of resistance and to erad-
icate pests within these areas. On the other hand, if
resistance arises independently in each area. then the
mutation frequency is probably high and the above strat-
egy would be useless. If the biological mechanisms of
resistance in two areas are clearly different. it is safe to
assume that resistance arose independently. However,
when the mechanisms of resistance are similar it is pos-
sible that resistance had one origin.

Advances in molecular genetics have allowed scien-
tists to clone the genes responsible for some kinds of
pesticide resistance. By determining the point at which
amutation in the gene occurred in a number of different
populations it will be possible to more precisely deter-
mine the number of origins of resistance. Work in this
field is only beginning but progress in at least one case
has been astonishing. A French molecular biology group
working with a Culex mosquito species was able to dem-
onstrate that a single, initial, mutation in an esterase locus
(an enzyme that accelerates the synthesis of esters) is
responsible for most of the organophosphate resistance
in this species worldwide (76). Their molecular analysis
demonstrated that the DNA sequences adjacent to the
coding region of the gene were identical in all resistant
populations.

The Influence of Genetically Engineered
Crops on Pest Resistance

Two primary questions arise about pesticide resistant
crops (and about herbicide tolerance in particular): whether
the level and pattern of pesticide use will be atered by
such crops; and/or whether crop production patterns will
be changed. Impacts that might occur as aresult of these
changing patterns also need to be evauated. Impacts
include environmental and food and water safety issues
and continuing or increased problems with resistance.
No definitive data exists on these issues, only reasonable
speculation on changing patterns (but not levels) of her-
bicide use that might occur. There is also reasonable
speculation about changing crop patterns and pesticide
use that might result from insect and disease resistance.
However, more data is needed to assess environmental
and food safety issues. Speculations about changing crop
patterns combined with knowledge of how pest resistance
develops does lead to some conclusions about the type
of resistance problems that might arise. It also suggests
some farm and industry management strategies that might
be pursued to minimize resistance. These issues are dis-
cussed below (34).

Herbicide-Tolerant Crops and Weed
Resistance to Herbicides

Today agriculture depends to a great extent on her-
bicides to control weeds. Herbicide use patterns (and
related pest-resistance problems) are affected by many
factors, including price, the spectrum of weeds con-
trolled. residue effects, flexibility or timing of pre or
postemergence treatments, marketing strategies, and ease
of use. While biotechnology may contribute to pest re-
sistance risks in some cropping situations, it is only one
of the factors involved, and its application to American
agriculture must be considered holistically.

Biotechnology-agrichernical companies. and seed
companies as well as public universities and laboratories
are using genetic engineering to develop crops resistant
to herbicides. With herbicide-tolerant crops greater quan-
tities of particular herbicides can be used to control weeds.
As the name implies, herbicide-tolerant plants can grow
in the presence of herbicides that harm or kill a nontol-
erant plant. Some plants naturally tolerate particular her-
bicides. Grasses, for example, naturally tolerate certain
herbicides that kill broad-leaved plants. Despite this, use
of herbicides to control agricultural weeds is often limited
by the sensitivity of a cultivated crop to a herbicide or
by the sensitivity of other crops that subsequently will
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be planted in the same field. Herbicide-tolerant crops
remove this limitation. They are designed to tolerate higher
levels or more potent doses of herbicides than non-tol-
erant crops. A concern is that herbicide-resistance weeds
may be created by the transfer of herbicide-tolerance
genes to weedy relatives of crop plants or by the change
in patterns or levels of herbicide use. Herbicide-tolerant
crops could lead to increased problems with weed resis-
tance or diminish these problems depending on the types
of herbicide-tolerant crops developed and the manner in
which they are deployed (27, 28). We must proceed with
caution in developing and deploying herbicide tolerant
crops.

Resistance of weeds to herbicides is a recent problem
that is predicted to worsen during the next decade. As
herbicide use increases (a possible consequence of her-
bicide-tolerant crops) so does selection pressure for re-
sistant weeds. Furthermore, gene mutation leading to
resistance to some of the newer herbicides occurs at a
reasonably high rate, leaving these herbicides in a vul-
nerable position.

Research has shown that a number of the new herbi-
cides (e. g., sulfonylureas, imidazilinones, and triazolo-
pyrimidines) have the same target site in the plant, the
ALS enzyme (acetolactate synthase), which is essentia
for plant growth. These herbicides bind to a nonactive
site of the ALS enzyme, change its confirmation, and
thereby inactivate it. Resistance to herbicides that inhibit
the ALS enzymes has been found in eight weed species,
and primarily arises through a change in the nonactive
site of the enzyme (57). The mutation rate for this change
is quite high ( 1 in 1 million) and companies are well
aware that this presents a problem. Adaptation of aweed
to one herbicide moreover can render the weed resistant
to a number of other herbicides, a phenomenon called
cross resistance (75). Overuse of asingle ALS inhibiting
herbicide or a group of ALS inhibitors in one area thus
could be problematic.

For example, continuous use of ALS inhibitors in soy-
beans and corn maybe ill advised in that it may accelerate
development of resistance in target weeds. In 1991, two
new herbicidal products, both ALS inhibitors, were la-
beled for use in corn. If these are used on a substantial
crop area and other ALS inhibitors are also used on
soybeans in the same area, risk of weed resistance will
be significantly increased. Because the spectrum of weeds
that a given herbicidal product can control is limited, a
single product is rarely used everywhere or al the time.
The higher the diversity of ALS inhibiting compounds,

the greater the acreage that is likely to be treated with
an ALS inhibitor.

Herbicide Use in Corn/Soybean Rotations—Many
herbicides fall into two groups based on their spectrum
of activity: broad-leaf herbicides, and grass herbicides.
This dichotomy presents a short-term agricultural prob-
lem. Broad-leaf herbicides can be used in corn (which
is a grass), but could be a problem in soybeans since it
isadicot (i. e, broad-leafed plant). Conversely, a number
of herbicides that can be used in soybeans could be dam-
aging to corn (e. g., Scepter).

Until this year, imidazilinone and sulfonyl urea her-
bicides were used only in the soybean component of corn/
soybean rotations. Care had to be taken so that residues
would not carry over to and damage the next year’s corn
crop.

Recently, collaborative work between American Cy-
anamid and Pioneer has lead to development of corn with
tolerance of the imidazilinone products, Scepter and Pur-
suit, both ALS inhibitors. Scepter is currently used in
southern areas on the soybean component of soybean/
corn rotations and Pursuit is used similarly in more north-
ernly areas. If corn cultivars with imidazilinone resis-
tance were introduced to areas with corn/soybean rotations,
the door would be opened for the use of more ALS
inhibitors in these areas. Pioneer is currently planning to
release imidazilinone-resistant corn cultivars in the early
1990s in areas that do not generally use soybean/corn
rotations ( 17). Since these areas grow continuous corn
this could mean continuous use of these ALS inhibitors.
Such an introduction must therefore be considered care-
fully. If tolerant corn cultivars were also released in areas
with soybean/corn rotations, more land would receive
continuous control with ALS inhibitors.

Biotechnology could, on the other hand, be used to
diminish risks of herbicide resistance in weeds. The ALS
inhibitors are being relied on increasingly as they replace
older herbicides with known environmental problems or
high costs. Other types of herbicides are available that
affect different target sites in weeds (e. g., glyphosate,
glufosinate). Some of these compounds are limited in
use because specific crops lack tolerance to them. If, for
example, corn cultivars were developed with glufosinate
or glyphosate tolerance, it might allow farmers to alter-
nate use of ALS inhibitors and compounds with a dif-
ferent mode of action.

Monsanto is currently trying to develop soybeans with
tolerance to glyphosate based herbicides (e.g., Roundup).
If they are successful and such soybeans were introduced
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Research is ongoing to develop soybeans with tolerance
to glyphosate based herbicides. if successful, the cycle of
continuous use of ALS inhibitors could be broken, thus
slowing the development of resistance to target weeds.

into corn/soybean rotations, the cycle of continuous use
of ALS inhibitors could be broken.

Herbicide Use in Cotton—Although cotton is some-
times rotated with other crops such as soybeans and corn,
in major cotton producing areas of Louisiana. Missis-
sippi, and Arkansas 75 to 80 percent of the cotton lands
are planted to cotton for 5 or more years in a row (6).
While soybean and cotton may be grown on the same
farms, the land with the highest yield potential generally
is reserved for cotton. Only about 5 percent of the land
in these areas is rotated between cotton and soybean.

Currently, mid-south cotton generally receives three
herbicide applications, one pre-emergence and two post-
emergence. The most commonly used post-emergence
treatments involve mixtures of Monosodium Methane
Arsenate (MSMA) and fluometuron (a substituted urea)
for the first post-emergence treatment, and Disodium
Methane Arsenate (DM SA) plus cyanazine or prometryn
(triazine compounds) as the second treatment. To date,
none of these has caused significant resistance in weeds
or environmental problems (7), athough DSMA- and
MSMA-resistant cocklebur has been found in North and
South Carolina (58). Some of the major weeds requiring
control are the morningglories, cocklebur, prickly sida,

and sicklepod, but the weed complex varies geographi-
cally, and from farm to farm.

At least two companies have been working on devel-
oping transgenic cotton with herbicide tolerance. Calgene
has had success in engineering cotton with tolerance of
bromoxynil (a benzonitrile compound), which controls
broadleaf weeds (87). Bromoxynil is especially effective
against lambsquarters and young morningglories but is
less effective on some other weeds.

Monsanto has been attempting to develop cotton with
tolerance to glyphosate. The company seems to have had
some success but has altered its strategy because the
original approach was not leading to sufficient tolerance
levels. Monsanto has isolated what it considers promising
genes to insert into cotton but has not yet tested them in
any plants.

Even if a high-yielding cultivar of bromoxynil-tolerant
cotton were readily available, it is not clear how much
acreage would be treated. Bromoxynil has a limited spec-
trum of activity and it will probably be heavily used only
when lambsquarters or morningglory is the dominant prob-
lem. Where lambsguarters is the major problem, bromox-
ynil could be used twice a year. Where morningglory is
the problem, bromoxynil will probably only be used once,
in a post-emergence spray since other compounds can be
used more effectively later in the season.

Adding bromoxynil to the cotton system could result
in use of more diverse classes of herbicides (and mech-
anisms of weed toxicity) than are currently used in that
system. Little concern exists that bromoxynil will de-
crease this diversity (7). Thus, transgenic cotton with
Bromoxynil resistance is unlikely to present a problem
in terms of fostering weed resistance.

If Monsanto succeeds in producing cotton with gly-
phosate tolerance, a very different situation may arise in
cotton. Glyphosate is an effective broad-spectrum herbicide
that can kill broad leaf weeds as well as grasses. If cotton
were tolerant of glyphosate, this compound could replace
the current post-emergence herbicides in a large portion of
the cotton growing areas. While current post-emergence
herbicides are generally effective, they could not match
glyphosate for effectiveness nor for ease of use. Monsanto
feels that two applications of glyphosate could replace cur-
rent post-emergence combinations ( 14). Monsanto plans to
lower the price of glyphosate to make it competitive with
current practices ( 14). The U.S. use patent on glyphosate
has been extended until the year 2000, but outside the
United States this patent will expire soon if it has not already
(26). A company in Canada is aready gearing up to man-
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Scientists have had success in engineering cotton with

tolerance to bromoxynil which controls broadleaf weeds.

Adding bromoxynil to the cotton system could result in

use of more diverse classes of herbicides and thus it is
not likely to foster weed resistance.

ufacture a glyphosate-based herbicide. These changes offer
incentives to reduce the price of the compound to gain
market share. This price reduction would tend to make the
compound appealing to farmers.

The potential, thus, exists for glyphosate to be used
over alarge area, two or more times each season. If this
happens will there be a high risk of weed resistance
developing’ ? Given the information we have to date there
is no simple answer to this question. Box 6-A contains
a review of some points made by scientists involved in
the ongoing debate about this issue.

Most of the crops that have been targeted for herbicide
tolerance research are large-herbicide-use crops (i.e., the
money makers). Perhaps a more important need is for
herbicide tolerance in limited acreage crops for which
there are few herbicides available. Herbicide tolerance
could open the door for use of safer herbicides in these
crops. Additionally, with limited acreage crops the risk
of weeds evolving herbicide resistance is probably lower
than with magjor crops.

Crop-to-Weed GeneTransfer— Before the biotech-
nology era, resistance of weeds to herbicides evolved
through mutations in the weed plant’s own genetic ma-

terial. The possibility that herbicide tolerance genes, en-
gineered into crops, could find their way into weedy
relatives of the crop has recently received considerable
attention (e.g., Bioscience, June 1990).

What will be the fate of such transferred genes, and
will they increase the risk of herbicide tolerance evolving
in weeds? There is no answer to these questions yet but
some general statements can be made. First, it is gen-
erally assumed that natural rates of mutation leading to
resistant traitsin weeds are onein amillion or less. Thus,
any introgression (the entry of a gene from one gene
complex to another) between the crop and an important
weed that increases this rate without lowering the fithess
of the weed could be of importance.

If genes that reduce the fitness in the hybrid are tightly
linked to the herbicide tolerant gene(s), the latter might
not remain in the weed population long enough to cause
a problem. Only empirical studies will determine the
likelihood that a herbicide tolerance gene would free
itself from fitness-reducing, or ‘‘encumbering’ genes
and become a problem.

There are at least three things that could be done by
genetic engineers to lower the risk of herbicide tolerance
genes finding their way from crops to weeds, and leading
to resistant weed strains. First, when developing trans-
genic crops containing the herbicide tolerance gene, mo-
lecular geneticists could determine if certain inserts map
closely with specific crop traits that would tend to lower
fitness of a weed. Second, when developing the initia
constructs, a second gene could be inserted that would
serve as asuicide gene if expressed in aweed seed (i. e.,
it would kill the whole weed).

A final strategy would involve engineering herbicide
tolerance into plants that required two genes to be ef-
fective. If the two genes were placed on separate chro-
mosomes the chance that both genes would segregate
when they were at low frequency in the weed population
would be minuscule in an outcrossing hybrid. This could
dramatically slow the rate of increase in frequency of the
tolerance trait. A similar result could be achieved if the
tolerance trait was controlled by a single recessive gene.

Crops With Resistance to Pathogens

The only breakthroughs in genetic engineering that are
likely to affect pathogen control practices in the near
future involve virus resistance. Work on engineering plants
to express vira coat protein genes and antisense genes
has resulted in plants with significant protection against
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Box 6-A—Glyphosate: A Risk to Weed Resistance?

History

Glyphosate hadbeen in widespread use for at least 17 years and no cases of resistance have been documented
that could be directly traced to its use. However, due to its broad spectrum of activity, glyphosate has not been
used on crop fields except in cases where weeds need to be controlled in fallow rotations. Most of the weeds that
it has been used to control are perennials, and these weeds are less likely than annuals to evolve rapidly resistance.
In at least one situation, however, glyphosphate has been used to control annual grasses in fallow rotations every
other year for a long period of time with no sign of resistance. it has also been used on orchards (14).

Chemistry

Although glyphosate rapidly is degraded by some soil bacteria, plants apparently lack enzymes that can degrade
this compound. in screening for resistance to glyphosate, Monsanto scientists have never found a plant enzyme
that could degrade glyphosate. This further suggests that weeds are unlikely to mutate such that they become
resistant to glyphosate (35).

Mode of Action

Unlike the sulfonyl ureas and imidazilinone herbicides that bind to an inactive site of a critical plant enzyme,
glyphosate binds to the active site of an essential enzyme for synthesis of certain amino acids. Crop tolerance could
be engineered by interfering with glyphosphate binding to this site. Any alteration in the active site that would inhibit
glyphosate binding, however, potentially could also impair the binding of the enzyme to its target molecule and diminish
the fitness of the plant. Monsanto’s experience indicates that this is indeed the case. This has apparently been one of
the factors that has made it difficult for them to engineer crops with glyphosate tolerance. While overproduction of a
less efficient form of the enzyme is possible, it still could lead to decreased growth efficiency.

Lack of Persistence

One important characteristic of glyphosate is that it does not persist in the environment. Therefore, weed control
exerted by this compound is restricted to those weeds that are actually sprayed.

Concision

Certainly the question of potential of weeds to adapt to glyphosate is not yet resolved.However, it seems clear
that glyphosate poses less risk than some of the ALS inhibitors. The information to date would suggest proceeding

with caution in developing and deploying glyphosate-tolerant cotton.

SOURCE: Office of Technology Assessment, 1992.

a number of viruses (2). Such plants could be used widely
in developed and developing countries. They certainly
have the potential to raise yields. The question is whether
this increase of yield will be stable.

For 28 of 63 traditionally bred virus resistant crops
examined, virus strains have been positively identified
that could overcome the resistance (20). In only four
cases was there good evidence that there had been no
adaptation. Results were equivocal for the remaining cases.
It is not clear whether or not we should expect the same
track record from crops with genetically engineered re-
Sistance.

Only one short-term experiment attempted to look for
genetic adaptation to engineered resistance. This exper-

iment was reported on in an anecdotal fashion (2). He
indicated that he had propagated a TMV virus to high
levels in an attempt to induce systemic infection of re-
sistant plants. He passed the virus through the resistant
plant seven times, after which it was collected and tested
for rate of disease development. This rate was un-
changed.

This experiment was obviously a good first step in
evaluating the potential of a virus to adapt to engineered
resistance. Studies using a broader base of viral isolates
and conducted over a longer period of time would be
advisable and very useful before any engineered germ-
plasm is relied on to increase yields in developing coun-
tries.
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Engineered Plants With Insect Resistance

Background—There has been a great deal of interest
on the part of industry in developing plants with resis-
tance to insects. Although most of the traditionally-bred,
resistant crop cultivars owe their resistance to secondary
plant compounds (e.g., akaloids, phenolics, terpenes)
and changes in physical characteristics (e.g., spines, waxy
leaves, solid stems) these traits are generally controlled
by many genes and are not amenable to straightforward
engineering approaches.

Molecular geneticists have instead taken the approach
of 1) finding a protein from a bacterium, plant, or an
animal that is toxic to insects (e. g., venoms, bacterial
toxins), 2) finding the gene that codes directly for the
protein, and 3) inserting that gene into a plant. Some-
times this approach works well as with the crystal protein
toxins from Bacillus thuringiensis (Bt) (59). In other
cases, this approach isonly partially successful, probably
because the proteins are digested in the insect gut before
they reach their site of action. If it were simple to design
toxic proteins that could withstand the gut enzymes, plants
would probably do so themselves. Another successful
approach to engineering insect resistance involves the
proteinase inhibitors, whose site of action is the insect
gut itself. Unfortunately, high levels of the proteinase
inhibitors are usually needed to inhibit insect growth.

Of al the potential approaches to engineering insect
resistant crops, those involving the Bt crystal proteins
are farthest along. Crops that have been successfully
engineered to produce insect-toxic proteins include to-
bacco, tomato, cotton, and potato. Other crops targeted
for Bt crystal protein production include but are not lim-
ited to corn, rice, soybean, cucumber, and eggplant.

The mother bacteria for the Bt toxin has been used for
many years as a hiological insecticide by organic farmers
and to a limited extent by others. Recently, there has
been an increase in the use of these bacteria in conven-
tional, production agriculture. Thisis in part due to in-
creased pest resistance to conventional pesticides. For
example, few insecticides are still effective against dia-
mondback moth and the Colorado potato beetle (23).
Other reasons for increased use of Bacillus thuringiensis
include better formulations and increased toxicity. Both
conventional breeding and genetic engineering have been
used to improve the potency of the bacterium. The My-

cogen company in California has taken the gene from a
crystal protein and placed it in another bacterium. They
have reported field results indicating that their product
has slower decay in the field than normal Bt strains and
therefore is more useful for the farmer (23). Ecogen, a
company in Pennsylvania, has ‘‘bred’ a strain of Bt that
produces two crystal proteins, one effective against lep-
idoptera (caterpillars), the other effective against beetle
larvae. This product offers useful control of the Colorado
potato beetle and the European corn borer when they
infest potato.

There appear to be some good markets for Bt products,
whether engineered in plants or used as biological in-
secticides. One very good thing about using Bt is that it
is not likely to disrupt natural enemies of pests or hy-
menopteran pollinators found in the crop, because most
natural enemies and bees are immune to the effects of
Bt. This property should make the use of Bt or Bt genes
compatible with biological control.

Again, the mgjor question is whether or not Bt will
offer long-term solutions to pest problems or whether
pest insects will adapt to Bts and nullify their utility.
There has been much concern over thisissue. In the mid
1980s, there was a feeling among some workers that
insects would not adapt to Bt (8). Many early attempts
to select for resistance failed or produced very low levels
of tolerance (24). In 1985, however, McGaughey (65)
found that Indian meal moths selected in the laboratory
for Bt resistance became over 100-fold resistant.” Further
work by McGaughey and his colleague led to a level of
resistance in excess of 250 fold. McGaughey and Johnson
(66) also found cross-resistance to a number of other Bt
strains. This was considered by some scientists to be an
exception, but in 1989 Monsanto scientists published
work (89) indicating 20 fold resistance to a Bt toxin in
one member of the cotton bollworm complex, a magjor
target for Bt toxin production. Further work by the Mon-
santo group found up to 70 fold resistance of cotton
bollworms to this toxin (60). Ongoing research has found
resistance in this insect to a number of Bt toxins, to plants
expressing the toxin, and to mixtures of Bt spores and
crystals (36).

However, all of the above work was done in the lab-
oratory, and field results do not always match laboratory
findings. Nonetheless, in 1988 there was areport of field
failure of Bt sprays in the Philippines due to resistance

*The meaning of this term involves a ratio. For example, if it takes 200 micrograms to kill a resistant pest compared to 2 micrograms to Kill a

susceptible pest, the pesthas a 100-fold resistance(200 divided by?2).
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The large boll of cotton on the left is the product of a
transgenic plant with Bt genes. The boll on the right was
grown in the same field but comes from an unprotected,

nontransgenic plant. However, resistance to Bt by
bollworms is a very real possibility.

of the diamondback moth (56). in 1990 resistance was
carefully documented in a crop field in Hawaii (9 1). The
level of resistance in Hawaii was about 30 fold. Recent
evidence of Bt resistance in Florida, Southeast Asia and
Japan indicate levels as high as 400 fold in the dia-
mondback moth (85 ). There is no longer any doubt that
a least some insects are very capable of adapting to Bt
and Bt toxins.

Recent work on the biochemistry of resistant Indian
meal moths indicates that the difference between sus-
ceptible and resistant individuals involves a change in a
receptor binding site in the midgut of the caterpillars.
Interestingly, a change in the receptor that leads to re-
sistance to one Bt toxin does not necessarily lead to
resistance to other Bt toxins (96). For some insects (e. g.,
diamondback moth. cabbage worms), scientists have found
two or more distinct groups of toxins with high activity.
For species like the cotton bollworm. only one group of
toxins offers high activity.

There is high risk of resistance to Bt in some cropping
situations. If a crop or a set of crops is engineered to
produce a Bt toxin and is planted widely, the potential
for resistance must be considered.

Cotton—One of the first major crops in which Bt
genes may be commercialized is cotton. Monsanto claims
to have Bt toxin expression high enough to kill 100 per-
cent of the insects placed on a cotton sample in the
laboratory. Close to that level of success was achieved
in the field. Monsanto intends to commercialize Bt-pro-
ducing cotton in the early-to-mid 1990s.

In some areas of cotton production, cotton and soybeans
are grown on the same farms although not rotated on the
same field. This could be helpful in limiting selection pres-
sure on bollworms to adapt to Bt-producing cotton because
some of the insects (a refuge sub-population) will feed on
soybeans. The effects of insects in refuges has been de-
scribed earlier and can be quite important, especialy if
adaptive genes are recessive. Unfortunately, large tracts of
cotton acreage are planted in solid blocks. Potential for
resistance in these areas will be quite high. As long as the
size of the bollworm populations is large there is likely to
be sufficient genetic variation to lead to resistance. While
it isimpossible to say for sure that the bollworms will be
able to adapt to Bt in the field, laboratory results certainly
support this possibility.

Potato—Two types of Bt-toxin genes have been en-
gineered into potato. Plant Genetic Systems in Belgium
has engineered a Bt toxin into potato that is active against
the potato tuberworm. Monsanto has engineered a beetle-
specific Bt toxin into potato and reports to have achieved
high levels of Colorado potato beetle mortality.

The Colorado potato beetle (CPB) is notorious for
adapting to pesticides. One reason for this is that there
are few refuges for this beetle. When potatoes have been
heavily sprayed with insecticides. it has very few alter-
native plants on which to feed.

However, there is only one report of CPB resistance
to Bt. which comes from a laboratory study in Michigan
(68). Results of this study were only briefly described
but seem to indicate approximately 30-fold resistance.
No field resistance has been reported. It is difficult to
assess the meaning of this since Bt sprays capable of
controlling CPB have only recently come to market and
have not been used widely.

If potato plants with Bt expression are introduced and
used widely, the selection pressure for potato beetle ad-
aptation is likely to be as strong as that exerted by in-
secticides.

Corn—Success with transgenic corn is very recent.
Therefore, it is too early to know just what levels of Bt
toxin expression will be obtainable in this crop. There
is no doubt, however, that one of the goals of molecular

geneticists in industry is development of corn with Bt
toxin levels high enough to control European cornborer.

The European cornborer currently causes over 10 per-
cent yield reduction in certain areas of the United States
(54) but is rarely the target of chemical control measures.
In general, chemica control is not economically profit-
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Molecular geneticists have had recent success in
developing transgenic corn with Bt levels sufficiently
high to control the European cornborer. In the corn belt,
there would be few alternatives for cornborers so Bt
resistance could be strong, especially if corn is planted
in  monoculture.

able because of the low value of the crop (on an acreage
basis) and the difficulty of controlling this insect because
of its habit of feeding in crevices and within plant tissue.
Bt expression in corn would be a very desirable trait from
the perspective of yield. If some farmers start to use it
early on, they will have at least a temporary yield ad-
vantage over their neighbors. Certain areas of the United
States where cornborers cause more yield loss than in
other areas would gain an advantage. This would occur
because their yield increase would be greater than in other
areas (54).

It is possible that corn seed with Bt genes would be
adopted widely if it were priced low enough. In the corn
belt there would be few refuges for the cornborers, so
selection pressure for Bt resistant strains would be strong.
In other areas of the country where corn is not planted
in huge monoculture and cornborers feed on other crops
(e.g., potato, beans, cotton, peppers, etc. ), selection
pressure would not be as intense.

Strategies for Delaying Pest Adaptation

Need for a Comprehensive Approach—From the
farmer’'s perspective, the history of pest control is the
saga of a long struggle to stay a step ahead of pest ad-

aptation. Some of the techniques used to combat pests
have proved relatively resistance-proof, but these suc-
cesses have been limited (34). The experience with
synthetic chemical pesticides has been particularly dis-

appointing.

There is growing recognition among scientists that they
need to maintain an arsena of pest-control tools in an-
ticipation of pests' evolutionary responses. That arsenal
contains some potentially powerful weapons, among them
the novel approaches of biotechnology.

Much of the discussion of resistance management for
a least the past decade has centered on ways to reduce
the rate at which pests adapt to conventional pesticides.
Yet pests adapt not only to pesticides but also to other
agricultural pressures, and they interact with other parts
of the environment in important ways.

Thus, management strategies must take into account
the entire spectrum of pest adaptation. As discussed above,
insect adaptation to Bt toxin genes is a problem today.
The following discussion of management strategies to
delay insect adaptation to Bt is an example of a com-
prehensive approach that needs to be implemented ge-
nerically for pest resistance in general.

Case Example—Adaptation to Bt—There exist six
basic strategies for delaying insect adaptation to plants ex-
pressing Bt toxin genes (31), each of which is appropriate
in a different crop/pest system. The basic strategies are:

1. high expression of a Bt toxin gene with no refuges,

2. high expression of a Bt toxin gene with refuges,

3. high expression of two or more unrelated toxin
genes with refuges,

4. low expression of atoxin gene to slow the growth
and vigor of the pest to complement natural ene-
mies of the pest,

5. expression of toxin genes only at times and in plant
parts where protection from pest damage is re-
quired, and

6. restricting Bt use to minor crops.

These strategies for delaying adaptation to Bt are based
on the same general principles of population genetics that
apply to resistance to conventional pesticides. The im-
portant differences between strategies for delaying resis-
tance to Bt toxins produced by plants, and to mechanically
applied pesticides derive from inherent differences in
these two toxin delivery systems.

The mechanical delivery systems for insecticides usu-
aly have considerable temporal flexibility. When a scout
determines that the number of insect pests in a crop is
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reaching an economic threshold, the information can be
relayed to the farmer or crop consultant who can make
the decision to spray the field with the appropriate in-
secticide. The farmer or consultant may have a number
of insecticides on hand to choose from or can purchase
them quickly. The insecticide can be applied to the field
within hours if weather is not a problem and equipment
and labor are available. Even in problematic cases, the
insecticide can generaly be applied within a few days.
While there is some spatial flexibility in mechanical ap-
plication procedures, it is generally not feasible only, for
example, to spray plants that have two or more insects
cm them.

Mechanical application also permits flexibility in dos-
age applied. Dosage can easily be adjusted to field con-
ditions and to the species and developmental stage of
pest requiring control. The only lack of flexibility isin
cost: the more you apply, the more it costs. Given in-
secticide decay rates in the field. doses will decrease
after application and must be renewed at a cost. if needed.

When the plant’s genetic system is used as the delivery
system the situation is different. The genomes of plants
and other organisms are set up to turn genes on and off
as they are needed to produce specific proteins. It would
not be useful for a plant to turn on a gene in a root cell
if that gene was involved in producing the red pigment
for flower petals. A lot of work has been conducted by
molecular biologists' to learn how genes are turned on
and off. An important component of these switches re-
sides in DNA sequences that flank the sequences that
actually code for protein production.

Some flanking sequences cause a gene to be expressed
everywhere continuously; others turn the gene on only
in certain plant parts; still others activate the gene only
when the plant experiences a specific type of stress such
as drought or attack by insects. Comments from industry
(37) indicate that the first set of engineered plants to be
commercialized will express Bt toxins by relying on
“congtitutive”  promotors, that is, flanking sequences
that activate genes under almost all conditions. This means
that there will be little temporal flexibility regarding when
and where a toxin is produced.

In contrast to traditional pesticides, which can be ap-
plied as soon as reports of insect abundance warrant,
seeds with the Bt genes must be purchased weeks or
months before planting. Thus, a farmer has to assess how
intense pest problems will be before a crop is even in
the ground. If there is even a small chance of a pest
problem and Bt seed is not too expensive, the choice will
not be too hard unless the farmer has an individual con-

cern about resistant pests. Use of Bt plants thus is gen-
erally referred to as prophylactic pest control as opposed
to responsive pest control where toxins are only delivered
when a problem is detected.

Another difference between transgenic plants and con-
ventional insecticide-based control programs is that the
dose of a conventional pesticide can be adjusted based
on need; with engineered plants the "dose" of Bt deliv-
ered is predetermined. Once the seed isin the field there
is no flexibility.

However, there is room for spatia flexibility in the
use of engineered Bt plants. One option that a farmer
has with cultivars that produce Bt continuously is to mix
seed from the Bt cultivar with that of a closely related
cultivar that is not resistant to pests (Strategy 1 and 2).
Under certain conditions such a mixture would inhibit a
pest outbreak without producing strong selection for Bt
resistance. A number of models have been developed to
look at this resistance management strategy, and results
indicate that resistance does develop more slowly, es-
pecidly if the Bt genes are recessive (29, 30).

As indicated above, a number of forms of Bt toxins
affect different insects. In cases where two or more dis-
tinct types of Bt toxin are available for use on one pest
it is possible to have both expressed in the transgenic
plant (Strategy 3). Theoretical models indicate that plant-
ing seed with two or more dissimilar toxins along with
20 to 50 percent seed that was entirely susceptible to the
insect pest could preserve crop resistance 20 times longer
than use of the single toxin strategy in some crop/pest
systems (29, 30).

There has been a good deal of work done on how
“partia” plant resistance to insect pests could “work
with’ natural enemies of the insect pest to deter an out-
break (Strategy 4) (38). Scientists have conducted field
tests with engineered tobacco that produces a low level
of Bt toxin that causes about 15 percent mortality of
larvae and slows the growth of survivors. The Bt was
found to have no negative effect on the natural enemies
of the budworm and may indeed lead to more natural
enemy-induced mortality of young budworms than would
otherwise be the case. This may be the result of larvae
growing slower or being more restless on the plant.

This low dose strategy may be a good one in some
cases but not in others. Two problems that can arise are
1) natural enemies that cause indirect selection for ad-
aptation to the Bt, and 2) pest genes that mediate ad-
aptation to mild (not high) Bt stress. This later problem
is considered important in the medical field where it is
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sometimes advised that if antibiotics are used they should
be used at high levels (9, 44, 73). Rigorous testing of
the basis for this advice seems to be lacking.

As indicated earlier, some genes in plants are only
activated in certain plant parts at certain times (Strategy
5). Molecular geneticists have been able to move the
gene activity promotors from one organism to another
and basically get the same pattern of gene activation. For
example a promotor region from soybeans that turns on
a gene only if it is in the developing seed’s cells was
moved to tobacco and only turned on the gene in the
tobacco’ s developing seed (3). Promotor sequences from
tomato that only turn on adjacent genes when there is
pathogen or insect stress have also been moved to tobacco
and operate just as they did in the tomato (82).

In some crops only certain plant parts need protection
from insect damage. For example, the buds of the tobacco
plant must be protected against the tobacco budworm but
this insect also feeds on leaves. If the buds were pro-
tected, the budworm might switch to feeding more on
mature leaves. Studies indicate that the budworm is ex-
pected to develop Bt resistance more slowly if only some
plant parts express the Bt genes (36).

In some crops the plants only need to be protected at
certain times of the season (e. g., cotton). If Bt toxin
genes were only turned on at specific timesin the plants
developmenta cycle, the insect would experience selec-
tion pressure in one instead of three generations a year.
This aso should slow the development of Bt resistance.

Since some plant genes are turned on only when there
iStissue damage, it may be possible to find promotors
that would operate like an automatic pest scout and turn
on Bt genes only when a threshold of damage had oc-
curred. Such a system would turn engineered plants from
a prophylactic pest control tool into a responsive pest
management tool. Such a change could significantly re-
duce selection for Bt resistance, especially with pests
that only reach outbreak numbers once every few years.

As with engineering crops for herbicide tolerance, much
of the work to develop insect-resistant transgenic plants
has focused on the major cash crops. This makes sense
because potential industry profits are higher from work-
ing with these crops than with minor crops. If profit were
not the major concern, other issues might dominate the
decisions about which crops to engineer. For example,
pesticides protect many small-acreage vegetable crops
from insect pests up to harvest. Pesticide residues in fruits
are a concern. If Bt is indeed harmless to mammals it
would be useful to replace the chemical pesticides with

Bt. In many cases only a small percentage of an insect
pest population feeds on these minor crops, so selection
for resistance to Bt would be much lower than it is in
cotton or corn. If use of Bt was restricted to such crops,
it would be possible to achieve long-term environmen-
tally sound pest control (Strategy 6).

Weediness of Crops With Pest Resistance

Most traditional crops such as corn and tobacco are
unlikely to start reproducing like weeds (i. e., uncon-
trollably) solely because they have pest resistance. How-
ever, semi-domesticated crops are another matter. Poplars,
pine trees, and many pasture grasses and legumes can
aready compete well in natural habitats. Pests help main-
tain a balance among plant speciesin a pasture or forest.
In mixed hardwood/pine forests, insects and pathogens
are important sources of tree mortality. If a gene for
insect or pathogen resistance were placed in a stand of
cultured pine trees, and pollen from these trees were to
reach native pines there could be a problem. Or if pine
trees became resistant to their insect or microbial pests
but the hardwoods did not, it is reasonable to expect a
significant shift in the balance of hardwoods to pines in
forest. The practical and aesthetic impact of such a change
in forests must be considered.

POLICY IMPLICATIONS
REGARDING
THE DEVELOPMENT
AND DEPLOYMENT OF
ENGINEERED CROPS

If we maintain a laissez-faire policy regarding pest
contral, it is likely that developed products will be those
expected to sell best. For example. farmers who have
not been specifically educated about Bt-producing plants
are unlikely to buy seed that produces moderately resis-
tant plants (with hopes that natural enemies can control
the rest ) if seed selling on the same shelf for an equivalent
or lower price produce highly resistant plants.

Only if companies exert restraint in marketing their
seed will there be any potential for a multifaceted ap-
proach to resistance management. For example, if only
one company has a product (such as Bt in cotton) priced
such that only 50 percent of the farmersin an area decide
to use it, other approaches will be adopted. When two
companies have the product thisis less likely to happen.
Even when one company controls the market, economic
analyses may dictate going for the highest volume of
saes.
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In that Bt is a naturaly occurring organism that has
been used by organic farmers for many years, there may
be potential for regulating the use of Bt products based
on resistance risk, even though synthetic chemicals have
not been regulated on that basis. If it can be shown that
the traditional uses of Bt would not lead to evolution of
resistance as rapidly as new biotechnology approaches
using Bt toxins, there may be grounds for some regulation
of use. This issue is not yet resolved and the Environ-
mental Protection Agency (EPA) does not seem to be
pursuing the issue.

Weed resistance problems may be somewhat different
than insect resistance problems. In the case of most in-
sects, resistance is an area-wide phenomenon—what one
farmer does affects other farmers in the region. The stage
is set for atragedy of the commons with no farmer willing
to comply with practices that would help others who may
be cheating. Weed seed and pollen do not move as far
as most insects, so resistance can become a single-farm
or even a single-field phenomenon. If one farmer over-
uses a herbicide and winds up with aresistance problem,
other farmers who hear about it may be cautious about
using that herbicide too frequently, even if it is inex-
pensive. If glyphosate use leads to resistance in one area
of the mid-south, farmers in other areas may respond by
becoming more cautious in decisions to use the product.
Educationa programs to point out risks to farmers would
be very appropriate, and could be very effective in this
case, but much research is needed to bolster the infor-
mation content of such educational programs.

Overall, we aready have enough information to for-
mulate general policies that prescribe judicious use of
engineered crops with insect and pathogen resistance and
herbicide tolerance. However, if we are to make detailed
rulings about the development and use of specific prod-
ucts of biotechnology, we will need to generate a body
of empirical knowledge relevant to these products. And,
we will need an educational program designed to bring
these results to the farmer and the public.

A NEW ISSUE IN ANIMAL
AGRICULTURE MANAGEMENT

The use of new animal technologies will place a pre-
mium on the management capabilities of livestock pro-
ducers. Research results clearly show the extent of response
achieved depends heavily on the management capability
of the producer. Use of somatotropins, for example, may
require altering the animals' diets. Growing pigs receiv-
ing somatotropin will require diets high in protein, and

with adequate levels of the necessary amino acid, lysine.
Administration of somatotropin to lactating cows may
require extending the reproductive cycle to 14 months
instead of using the current 12-month cycle. The avail-
ability of many different types of growth promotants may
result in the use of more than one at the same time.
Compatibility of these promotants will be an important
management issue. Thus, producer management skills
are critical to the optimal use of these technologies.

As important as these management issues are, a more
pressing management issue is that of anima welfare—
with or without biotechnology as a complicating factor.
Society has focused on many of the resulting impacts of
technologies such as environmental quality, food safety,
and decline of the small farm and rural communities.
Farm animal well-being is the most recent concern to
receive attention. Much of the success in increased pro-
ductivity in agriculture has been the result of lowered
costs through the use of confinement systems—which
some have coined factory farming. The question from
an animal welfare perspective is whether we have gone
too far.

Farm Animal Well-Being

In the decade of the nineties, the advance of new
anima technologies will coincide with increasing interest
in farm animal well-being. This interest is not new. It
nucleated in England at the turn of the 19th Century with
the formation of the Royal Society for the Prevention of
Cruelty to Animals. Thisin turn led to the organizing of
more radical groups. In America, the American Society
for the Prevention of Cruelty to Animals was formed in
the 1860s by a Specia Act of the New York State Leg-
islature. However, it was not until the late 1970s and
early 1980s that the majority of anima welfare/rights
organizations were formed. Although no specific records
are kept, estimates indicate that today there are a tota
of 7,000 animal welfare/rights groups in the United States
with a combined total budget of $50 million (81).

Widespread public concern for farm animals began to
develop in 1963 with the publication of Animal Ma-
chines. This book by Ruth Harrison (46) chronicled the
problems in farm animal well-being in the United King-
dom that led to the Brambell commission and its report
enunciating the famous ‘‘Five Freedoms' ‘—to lie down.
stand up, turn around, stretch, and groom.

Concern built steadily in Europe, and in 1979 the first
European meeting on farm animal welfare was held. Eu-
ropean governments have allocated significant public funds
to research on alternative farm systems and the European
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Community (EC) has supported numerous symposia on
the well-being of various farm animals. Legal protection
for farm animals includes far-reaching laws in Sweden
and Switzerland.

In the United States the level of concern has grown
more slowly. However, in the past few years the pressure
on farmers and animal scientists to address the issue of
farm animal welfare has increased steadily. The issue of
farm animal welfare has provided important impetus to
a movement that may eventually be considered as sig-
nificant by policy makers as that for environmental and
food safety concerns. Today, the issues of animal wel-
farefrights foster well-entrenched polar positions. The
polarity between the agricultural establishment and ani-
mal well-being advocates has highlighted the extremes
of each group’s position. Economics, values, and insti-
tutions determine care and treatment of farm animals.
These factors divide into two animal welfare paradigms:
the traditional and the alternative. Which paradigm will
dominate future public policy for animal welfare remains
to be seen (94).

The Traditional Paradigm

Those who hold the traditional paradigm of animal
welfare draw on the market model of free enterprise, and
on Judeo-Christian ethics.

The Market Model—Advocates of the market model
argue that farm animals subject to cruelty and neglect
give fewer eggs and less milk, meat, or wool than well-
treated and properly cared for animals. Why not, they
ask, depend on profits to ensure farm animal welfare?

Quantifiable variables such as feeding efficiency, rate
of growth or productivity, morbidity, and mortality rates
can provide proxy measures of animal welfare. Favorable
values for those objective measures of humane treatment
for the most part are consistent with good management
and high profits.

Advocates of the market model further argue that con-
finement systems improve some dimensions of animal
welfare. Temperature, disease, and pest control are im-
proved. Predators are kept away. Nutrition is enhanced.
Modern farming systems have lowered costs and ex-
panded utilization, allowing more animals to exist.

The Judeo-Christian Ethic—Advocates of the tradi-
tional paradigm hold the Judeo-Christian ethic that God
created man in his own image, that man is unique in
having a soul, that man has dominion over animals, and
that man as husbandman and steward of God’s kingdom

is not to practice cruelty to or neglect animals (77, 86).
Many advocates of this position hold that no element of
society has more compassion for poultry and livestock
than does the farmer (45). Other than laws protecting
animals from cruelty and neglect, advocates of this view
consider laws, rules, and regulation on care and treatment
of farm animals to be unwarranted infringement on free
enterprise. This creed holds that 1 ) proprietors deserve
the right to prescribe rules under which they operate; and
2) a prime function of government is to prevent anyone,
including the government, from infringing on the man-
ageria freedom of proprietors (5).

Some traditionalists will admit that, despite market
incentives, cruelty-neglect laws, and producers with the
Judeo-Christian ethic, animal welfare falls short of the
ideal. But they contend that ‘‘Big Brother’ intrusions of
an expensive and often incompetent bureaucracy into
managerial prerogatives of farmers would entail more
socia cost than the abuses government is attempting to
correct. They favor minimal policy intervention consis-
tent with the traditional paradigm as the lesser of two
evils.

Alternative Paradigm

An increasing number of people reject the Judeo-Chris-
tian ethic and market paradigm in favor of an aternative
paradigm emphasizing animal rights or much enhanced
animal welfare. As with the traditional paradigm, the
alternative has economic and ethical dimensions.

Market Failure—Animal welfare has public goods
properties, implying that the market alone will not bring
the proper level of anima welfare. Externalities are ap-
parent: al the public benefits from seeing livestock freely
grazing in a meadow. Animal rights activists contend
that the market results in confinement cages allowing too
little space per animal for laying hens, sows, and vea
calves. The drive to reduce costs and cater to consumer
demand has kept vea calves isolated, in the dark, and
on low iron diets; has disfigured animals, by encouraging
practices such as trimming chickens' combs and beaks
and pigs and lambs' tails. According to activists, ani-
mals are not allowed their “natures’ ‘—socialization, sex,
exercise, nest building, nurturing of offspring, the out-
doors, and a full life.

However. the role of markets in shaping the way farm
animals are raised cannot be denied. Market forces have
raised real prices of land and labor, and reduced the
relative price of capital. Rising labor and land prices have
placed a premium on labor-saving and land-saving meth-
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ods of production. Gainsin income and population along
with changes in production technologies, including dis-
ease control, have interacted with prices to create econ-
omies of size and to make confinement systems feasible.
Small may be beautiful but it is frequently not compet-
itive. The small-scale poultry operator is nearly extinct;
the small Wisconsin dairy has difficulty competing with
the large industria-type California dairy farm; and the
family hog farm in lowa has difficulty competing with
the large confinement operations in Arkansas. Animal
welfare enthusiasts view these outcomes of market forces
as a disaster to farm livestock and to traditional farmers,
rather than as a means toward cheaper food. more land
for urban use, and higher income for the Nation.

Ethics—The alternative paradigm views man as an
evolutionary product of a holistic Nature. Man is one
with nature and must live in harmony with plants and
animals. If he has primacy, it is to be used to ensure the
rights of the rest of nature.

Philosopher Jeremy Bentham'’s (4) much-quoted com-
ment summarizes the basis for the ethical treatment of
animals under the alternative paradigm: ‘‘ The question
is not Can they reason’? nor, Can they talk’? but, Can
they suffer’?

Animals that are sentient (can experience pleasure or
pain) are to be afforded rights given to people. Killing
an animal is murder and eating its flesh is cannibalism.
Hard-core animal rights adherents have little alternative
to vegetarianism. Other advocates do not go that far but
insist on improving animal welfare through provision for
each species’ nature.

Animal suffering and pain is probably the most pow-
erful rationale for the public’s concern over farm animal
welfare. This concern must be addressed by objective
research.

Research Needed

To understand and fulfill agricultural animals’ needs,
more must be learned about their fundamental psycho-
logical and behavioral processes. Researchers must be
able to elucidate farm animals cognitive and motiva-
tional processes before it is possible to begin to answer
such rudimentary and obvious questions about their well-
being such as. How does this animal feel in one envi-
ronment versus another? Is the animal suffering—and if
s0. how much? For example, when the animal’s farm
environment is devoid of a particular feature that would
characterize its natural environment, does the animal suf-
fer—and if so, how much (11, 12)?

The scientific community generaly has been slow to
accept the notion of animal awareness and only recently
has such recognition been forthcoming. Many in agri-
culture now acknowledge that animals are aware of them-
selves and their surroundings, and thus scientists are
beginning to give attention to animals’ conscious sen-
sations of well-being. Only recently have factors that
affect conscious well-being been considered logical cri-
teria for the design of anima accommodations. However,
there exists little hard data on which to base such a design

strategy.

How an animal feels, some assume, depends largely
on how it expects to feel. How it expects to feel in turn
depends on how it thinks, remembers, and imagines.
How an animal feels also depends on factors such as the
predictability and controllability of its environment ( 100).

Feeling, thinking, remembering, and imagining are
cognitive processes. To the extent that feeling and thus,
thinking, remembering, and imagining affect an animal’s
overall well-being, and therefore its health and produc-
tivity, these cognitive processes are factors to be con-
sidered in the economic and humane production of
agricultural animals.

There is reason to believe that when an animal ex-
periences a feeling of malaise, its productivity is reduced,
if only dlightly. However, such decrements are cumu-
lative; and together they can reduce productivity signif-
icantly. In the chicken, for example, there is recent evidence
that as many as six stressors—ammonia, beak trimming,
coccidiosis, electric shock, heat, and noise—can com-
bine in additive fashion to affect feed intake, growth,
and several important physiological and pathological traits
(64). In addition, stressors and combinations of stressors
occurring in various sequences affect productive perfor-
mance of chickens in predictable, repeatable ways (52).
This linear additivity of stressor effects on such avariety
of traits suggests that some single phenomenon is gov-
erning the animals’ overall response. This could be psy-
chological stress. The following discussion depicts some
of the production practices that animals encounter and
areas of research that are needed ( 12).

Thermal Comfort— Little is known about the percep-
tion of thermal comfort by farm animals ( 10). Animals
do respond to changing conditions in their thermal en-
vironment with different thermoregulatory behaviors. But
the degree to which animals suffer when experiencing
heat stress or cold stress is not known. One experiment
to find the answer to cold stress of farm animals is cur-
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An example of a thermal comfort experiment involving
pigs operating a heat switch. The sitting pig—
presumably because it felt the environment was too
cool—has just operated the switch in the panel to
engage the heater.

rently underway involving pigs operating a heat switch
when they feel cold.

Another thermoregulatory behavior response is wal-
lowing by swine under heat stress. Wallowing in mud
compensates for the pig's absence of thermal sweating.
Research has shown that sows wallow only when envi-
ronmental temperature exceeds some threshold (e.g., 12 “C
for sows in one experiment) (83). This limited research
suggests that swine wallow only to achieve thermal com-
fort, not because they need to wallow or enjoy wallowing
as play. If the thermal environment is maintained below
12 “C dll the time, sows never take advantage of a mud
wallow even if it is provided.

Quality of Space-The richness of an environment is
somehow perceived by animals because it affects how
they behave and function. The behavior repertory of swine
in natural settingsislarger thanitisin typica production
environments (88).

When contemporary production environments are fur-
nished with enriching features, pigs readily make use of
these features and thereby expand their behavior reper-
tories. Nehring (71) built a maze in a pig pen. McGlone
and Curtis (67) provided pigs hiding places for their heads
alowing them to submit to and subsequently avoid an
aggressive pen mate. Fraser provided pigs a mezzanine
for use in getting away from group mates ( 19, 74). Gran-
din (40) enriched pig environments with suspended man-
ipulanda (pig toys). Pigs reared in enriched environments

proved easier to be moved about than pigs in traditional
production environments (43). Pigs residing in pens
equipped with suspended manipulanda fouled their feeder
markedly less often than did those in a relatively barren
environment (92).

From the above, it might be inferred that animals in
richer natural or artificial environments behave differ-
ently and experience an enhanced sense of well-being
compared to those in more barren surroundings. But this
has not been determined scientifically to be the case, and
many questions persist. For example, do pigs enjoy a
higher sense of well-being when able to use enriched
features ? Are they starved for stimulation in less rich
environments' ? If so, does thislead to acraving for stim-
ulation’?

Commercia gilts and sows often reside during preg-
nancy in rectangular crates that prevent them from turn-
ing around. When living in a crate shaped so as to permit
her to turn around, a pregnant gilt will turn around ap-
proximately 13 times daily in a crate 61 cm wide, but
only 9 times daily in a 56 cm wide crate (in which it is
more difficult for the gilt to turn around) (63). Little is
known about what motivates a gilt to turn around. Does
she need to turn around’ ? Does this need affect her pro-
ductive performance' ?

How an animal perceives its living space may be cru-
cia to its sense of well-being. Sometimes space can be
modified physically or rearranged so as to make it more
accommodating to the animal. For example, animals in
pens have a propensity to keep their heads at or to lie
around the perimeter of a pen instead of in the middle
(39, 90). A triangle has 28 percent more perimeter and
a square 13 percent more than a circle of equal area.
Thus, of the three, triangular pens maximize the ratio of
perimeter to area. Should animal facilities be built with
triangular pens and cages instead of rectangular ones to
enhance the animals' comfort’? Is it necessary to have
more space in a rectangular pen to engender the same
feeling of well-being that an animal would experience in
a square pen of equivaent perimeter’ ?

Learned Helplessness— Animals often encounter
frustrating situations and presumably these may decrease
their well-being. For example, when anything getsin the
way of an anima on its way to the feeder to eat, that
animal becomes frustrated. Frustration is one of the pre-
pathological states indicative of stress (69). Frustrating
situations generally are stressful, as indicated by various
physiological indicators ( 13).



Chapter 6—Management Implications of New Technologies . 171

Farm animals may be frustrated when engaged in any
strongly motivated behavior pattern, whether eating,
nesting, and engaging in sexua activities, among others.
Depending on the circumstances, for example, frustrated
hens may show displacement behavior—behavior pat-
terns that occur out of context with preceding and suc-
ceeding behavior ( 16).

In other settings, an animal may find that it can neither
control its environment nor predict what its environment
will be, and the anima may learn to act in a helpless
manner. In a state of learned helplessness, an animal
stops initiating behavior aimed at controlling or making
use of environmental features because it has learned to
expect that these features are uncontrollable and that these
attempts would be futile (84).

Animals residing in certain intensive production sys-
tems might well learn to expect that they have little or
no control over their surroundings. It is possible that
agricultural animals living in certain housing systems
may develop learned helplessness ( 14, 61. 62). Learned
hel plessness would be another of the prepathological states
indicative of stress (69).

Nestbuilding—Females of all domestic avian species
build nests in which they lay their eggs. The domestic
hen will engage in nest-building every day, even when
a previous nest exists. It seems that the performance of
nest-building is itself positively reinforcing to the hen
(50).

Most sows attempt to construct a farrowing nest be-
ginning 12 to 16 hours prior to delivering the first pig,
regardiess of where they are (51). In many modern far-
rowing environments, there is neither the space in which
to conduct nest-building behavior nor the material with
which to build a nest. Sows nevertheless direct substan-
tial amounts of time toward small amounts of material
even though a nest may not result. This suggests that for
the sow, as for the hen, nest-building behavior in itself
is rewarding (99). Research is needed to answer such
questions as: Do hens and sows need to build nests ? How
much frustration do they experience when they either
cannot move enough material to nest-build or cannot find
nesting material? How do they feel when they cannot
build a nest? Does this feeling in sows result in hormonal
changes that are an anathema to oxytocin’s actions in
birth and lactation’?

Electro-Immobilization— Animal may find certain
procedures routinely performed in agricultural produc-
tion to be uncomfortable or even painful. When an animal
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The sow—in anticipation of delivering a litter of piglets
within a few hours—is building a maternal nest to
protect the piglets from cold and predators.

actively avoids a procedure it is presumably revealing
negative feelings about the procedure. Ewes having ex-
perienced restraint by electro-immobilization and by a
squeeze-tilt table, when given the choice between the
two in a'Y-maze avoid-avoid test, chose the squeeze-tilt
table 79 percent of the time, and the electro-immobilizer
13 percent (42). Questions that need answers include:
What was the ewe thinking as she hesitated at the decision
point, indicating by her head movements that she is vac-
illating? Was she actualy imagining the feeling she ex-
perienced during electro-immobilization earlier’? Based
on the ewe's reactions, when should the electro-immo-
bilizer not be used? What behavior indicators identify
the point beyond which it would be inhumane to continue
subjecting the ewe to the procedure?

Chicken-Harvesting Machine—  Animals can adapt in
a matter of seconds to machines with which they are
forced to interact, provided that the machines are de-
signed with the animal’s nature in mind. Take, for ex-
ample, the chicken harvesting machine developed in the
United Kingdom. The harvesting of birds from growing
houses is a monumental task. Moreover, considerable
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losses are incurred in the process of harvesting and trans-
portation, especialy in the hand-catching and hand-crating
processes (25).

A prototype chicken-harvesting machine has been
evauated in terms of the stressfulness of the harvesting
process ( 15). By means of electrocardiograms and im-
mobility tests, it has been found that the stress from
harvesting could be reduced by catching and picking up
broiler chickens with a carefully designed machine, rather
than by hand. Heart rate dropped back to norma more
quickly and duration of tonic immobility (a phenomenon
that increases with fear) was much shorter in machine-
harvested birds than in those caught by hand. Research
guestions include: What is a chicken thinking when it is
manually caught by one leg and carried upside down to
the crate in which it will be transported to the processing
plant’? How does this contrast to what it is experiencing
when it is caught by the long rubber fingers of a chicken-
harvesting machine, moving it onto a moderately inclined
conveyer belt, which it rides to the gathering stage’ ?

Double-Rail Restrainer Conveyor System—Means Of
rapidly moving large numbers of animals of al kinds are
needed in the production and processing industries. The
V-restrainer, in which animals are moved aong and wedged
between two v-angled conveyor belts, with their legs
dangling, is a vast improvement over driving animals
through a chute, but it gives rise to additional problems.

A prototype of this system was developed in the late
1970s, and it caused little premortem stress in animals
when used in a processing plant (98). The system was
further developed for applications ranging from veal,
lamb, and swine daughter lines to feedlot cattle pro-
cessing. When designed specifically for the species and
size range to be handled, the animals apparently find the
conveyer belt comfortable to ride. Adjustable sides pre-
vent the animal from leaning sideways which is important
because tilting sideways seems to frighten the animal.

As the above discussion illustrates, there are many
guestions to be answered regarding animal welfare. Of
particular importance is the effect of anima well-being
on the animal’s performance. Some research seems to
indicate that the amount of psychologica stress an animal
experiences determines how the pituitary-adrenal axis
responds. In other words, psychological stress may be
reducing the anima’s performance as well as the anima’s
well-being. Much more research is needed to understand
such relationships. To date, little research has been done
in the United States on animal well-being.

Biotechnology and Farm Animal Well-Being

In the past few years, animal protection groups have
begun to voice concerns about biotechnology. Their con-
cerns are rather diffuse and it is difficult to determine
precisely what could be done to address those concerns.
The new techniques for manipulating genetic material
strike at some deep-seated fears amongst animal protec-
tion groups. While there are few concise papers explain-
ing animal protection concerns, a reading of the relevant
literature leads to the identification of the following is-
Sues:

. reinforcing notions of animals as mere property to

be manipulated at the whim of human owners, and
. anima well-being issues (81).

Manipulation of Property

Genetic engineering conjures up images by some in the
anima protection movement of animal machines being re-
constructed by ingenious scientists to meet human needs.
The push to be alowed to patent animals (discussed in
ch. 15) merely reinforces the idea of animals as patentable
machines. At a time when the animal movement is pushing
to increase the moral status of animals to, at the very least,
something between persons and property, the biotechnol-
ogy era and patenting seem to be a major step backwards.
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Animal Well-Being |ssues

The impact of biotechnology on animal well-being is
probably the most challenging issue genetic engineering
raises. The technology is most likely impact-neutral in
that one could use biotechnology to improve animal well-
being (e.g., engineer disease resistance, eliminate detri-
mental genes from a population) as well as compromise it.
The clearest example of compromised well-being is the
"Beltsville pig” (discussed in ch. 3). This pig isthe result
of research at the U.S. Department of Agriculture (USDA)
in Beltsville that involved the insertion of extra growth
hormone genes. When the extra genes were expressed, the
animal grew fast but, asit gained weight, it became lame
and lethargic and suffered from degenerative joint disease
and a variety of other disorders (41 ). There is little doubt
that the animal was under stress as a result of the genetic
manipulation. Questions also have been raised about the
quality of life for the “oncomouse’ and some of the other
mice that have been developed to shorten the time of stan-
dard carcinogen and mutagen tests.

It is also possible, however, that some genetically en-
gineered animals might reduce the need for research an-
imals and hence qualify as alternatives. Among farm
animals, moreover. it may be possible to use genetic
engineering to eliminate the horn gene in cattle, thereby
removing the welfare problems associated with dehorn-
ing (4 1). While some object strongly to the proposal that
farmers should create breeds of microcephalic (small
brained) farm animals that are quite content in close
confinement (41 ), others say that as long as the animal
isin astate of positive well-being, such a creation would
not be morally objectionable though there may be some
esthetic problems with such creatures (79). To date, there
has been little discussion or debate of these questions.
and about the most that can be concluded at this stage
is that careful monitoring of transgenic animals to de-
termine their state of well-being is essential. As more
experience and research with transgenic animals takes
place, it will be possible to develop more sensible guide-
lines and conclusions.

Biotechnology is a priori neither good nor bad for
animals. Its impact depends on what is done and its
effect. If it is used judiciously to benefit humans and
animals, with foreseeable risks controlled, and the wel-
fare of the animalsis kept in mind, it is morally defensible
and can provide great benefits.
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INTRODUCTION

Preface

Many biotechnology products, especially agricultural
products, are intended for use in the environment. Ex-
amples are transgenic cows in feed lots, insect resistant
crop plants in fields, microbia pesticides applied to crop-
land, and transgenic fish reared in outdoor aquiculture
ponds. Virtually anything introduced into the environ-
ment will have an impact, whether it be concrete sabs
used to construct a highway or a chemical pesticide used
to control insects on cotton. The task of environmental
protection legislation is to determine what types of prod-
ucts to be used or activities to be carried out in the
environment would have adverse effects significant enough
to warrant regulation. Ideally, Federal environmental
protection laws and regulations would be based on com-
plete information on al the environmental risks associ-
ated with products and activities as well as their benefits,
so that decisionmakers could weigh one against the other
objectively. In redlity, complete information is rarely
available, particularly for new products: thus, the bal-
ancing of risks and benefitsis difficult and open to bias.

Biotechnology has appeared on the scene during a time
of intense environmental and political scrutiny of new
technologies. Oversight of biotechnology thus is signif-
icantly different from that of emerging technologies in
the past and may foreshadow the reception of new tech-
nologies in the future. For example, planned introduc-
tions of recombinant DNA-modified organisms will occur
in a regulatory climate vastly different from that which
existed as dramaticaly new crop varieties were intro-
duced in the past. Key policy documents to be discussed
later (e. g., 1986 Coordinated Framework statement of
Federal agencies’ philosophy on biotechnology, and the
Council on Competitiveness report on Administrative
philosophy) stress the need to regulate biotechnology
only on the basis of the risk of its products. not simply
because it entails the new process of recombinant DNA
technology. Tension exists, however, between this phi-
losophy and operational development of oversight treat-
ment. This tension often seems to be triggered by the
technology itself, and has led to controversy over reg-
ulation of field tests. Specia regulatory attention to a
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new agricultural technology could have implications for
environmental safety and for the successful adoption of
that technology and thus for U.S. economic competi-
tiveness.

Most agricultural biotechnology products intended for
use in the environment are or will be regulated according
to legislation enacted prior to the advent of modern bio-
technology, including laws intended to protect agricul-
ture and the environment from chemical contamination,
plant pests, pathogens, and so on. Despite the unusual
level of scrutiny focused on biotechnology, its oversight
is meant to arise naturally from the responsibilities tra-
ditionally held by different offices or services within the
Environmental Protection Agency (EPA) and the U.S.
Department of Agriculture (USDA). Given the panoply
of laws applicable to biotechnology. this chapter provides
a road map through the confusing territory of oversight
responsibilities.

Figure 7-1 is the reference point used throughout the
chapter. It gives a capsule overview of roles and rela
tionships of policymaking bodies, key documents relat-
ing to designation of authority over environmental uses
of biotechnology products, agencies with regulatory au-
thority, the specific services or offices involved in reg-
ulation of biotechnology, and statutes that pertain to the
use of biotechnology products in the environment. Fol-
lowing an introductory description of why and how reg-
ulation and oversight for biotechnology products has
evolved, this chapter describes USDA’s and EPA’s role
in these activities. The complementary roles of the Food
and Drug Administration (FDA), Nationa Institutes of
Health (NIH), and State and local governments, as well
as the international regulatory climate also are covered.
Finally, policy issues are discussed here, among them
issues of jurisdiction and coordination among agencies,
scope of coverage, potential impacts of regulation on
research and on agribusiness, and public participation.
(See also OTA, 1988 New Developments in Biotechnol-
ogg 3, Field Testing Engineered Organisms.” Genetic and
Ecologic Issues (102) and 1991 Biotechnology in a Global
Econony) ( 103). This chapter lays the foundation for
ensuing discussion (ch. 8) of risk assessment and risk
management issues related to impending large scale,
commercial uses of agricultural biotechnology and bio-
control products.



Figure 7-l—Jurisdiction and Coordination of Environmental Policy for Biotechnology-Derived Agricultural Products®
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SOURCE: Office of Technology Assessment, 1992.
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Agriculture, Field Trials, and Deliberate
Release of Genetically Engineered
Organisms

Progress in agriculture traditionally has depended on
selection of the best of new varieties based on field testing
of cultivars. The seed industry views cultivar field testing
as an essentia part of cultivar development programs.
The main purpose of field testing is

... to determine the regional environmental adaptability
and market fit of the new cultivars or hybrids to know
whether the items to be tested have the required disease
resistance for the areas, whether they meet the needs of
the industry as far as type or quality is concerned. and
whether they will perform well under the environment of
the region (98).

Field tests aso can provide evidence that the appli-
cation of currently available scientific principles and
information can ensure safe commercialization of new
products.

Genetically modified organisms, like any other or-
ganisms, must be field tested in the environment in
which they would be cultivated. For example, whether
the engineered trait is expressed effectively must be
evaluated in condition-s representative of those the cul-
tivated crop will encounter. Characteristics intended
to confer drought tolerance to a plant. for instance,
must appear and function effectively within the plant
as it copes with representative drought-stressed envi-
ronments. Greenhouse experiments, conducted in fa-
cilities designed to meet containment specifications,
can provide only an initial screening; the field tria is
an essential evaluative step.

Brief Overview of Concerns

As necessary and rational as field testing is, concerns
have arisen over any release of genetically engineered
organisms. Living creatures reproduce themselves; they
may increase in numbers; and they may even exchange
genes with other wild organisms. Many are worried in
particular about the uncertain possible impacts that an
organism with a new trait might have on other species
in the local habitat.

Evolution of Regulation and Oversight

These concerns and uncertainties have stimulated ef-
forts to articulate regulatory oversight; the spelling out
of jurisdiction in the Coordinated Framework for the
Regulation of Biotechnology [51 Federal Register (FR

2302-23393] (77) was a significant step in the orga-

nization of regulatory oversight. This fundamental doc-
ument outlining the roles, responsibilities, and policies
of the Federal agencies involved in biotechnology first
actually appeared in the Federal Register in 1984, when
the Domestic Policy Council of the White House an-
nounced the ‘*Coordinated Framework for the Regulation
of Biotechnology” (49 FR 50856-50907). The frame-
work set forth certain premises, which have guided sub-
sequent policy:

o previously existing knowledge was regarded as per-
tinent,

* existing laws were for the most part regarded as
adequate for biotechnology oversight, and

« different biotechnology products were regarded as
falling under the mandate of different agencies
(table 7-1).

Other key points of the framework include the follow-
ing:

« the products of biotechnology, not the process itself,
would be regulated; and

» biotechnologically atered organisms are not fun-
damentally different from nonmodified organisms
(although the introduction to the framework rec-
ognized that certain microbia products would re-
quire the establishment of additional regulatory
requirements).

The framework included a compilation of existing laws,
regulations, and guidelines that are potentially applicable
to biotechnology, policy statements from the regulatory
agencies on how they intend to apply their existing reg-
ulatory authority to biotechnology, and proposed criteria
for determining what should be subject to oversight.

In abasic sense, agencies draw their authority to eval-
uate ramifications of the new technology based on their
own mandates, and from the National Environmental
Policy Act (NEPA). (See box 7-A. ) Since the framework
was introduced, agencies have accumulated experience
with deliberate releases; based on this experience, they
are continuing to refine their regulatory roles. As of Sep-
tember 1991, USDA-APHIS (Animal and Plant Health
Inspection Service), which oversees most plant-related
work and animal biologics, has issued some 181 permits
for field testing of genetically engineered plants or mi-
croorganisms (not including veterinary biologic). At least
half of these have been issued since the beginning of
1990. (See table 7-2.)

USDA permits issued for transgenic plants with pes-
ticidal properties have been informally reviewed by the
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Table 7-I—Jurisdiction for Review of Planned Introductions in Research

Proposed research

Responsible agencies

Contained research, no release in environment
Federally funded . . .. ...
Nonfederally funded . . . . ... .

Foods and food additives, human drugs, medical devices, biologics,

animal drugs
Federally funded . . .. ... oo
Nonfederally funded . . ............. ... ... ... ... e

Plants, animals and animal biologics
Federally funded . . ... ... o
Nonfederally funded . . . . ... ..

Pesticide microorganisms

Genetically engineered
12T 1= T o P
Pathogenic intrageneric . . ... ...
Intrageneric NoONPathogeN . . .. . .ot

Nonengineered
Nonindigenous pathogens . . . ...t t
INdIgeENOoUS PathOgENS . . . . . oot
Nonindigenous NONPatNOgeN . . ... .ottt

Other uses (microorganisms) released in the environment
Genetically engineered
Intergeneric organisms
Federally funded . . .. ...
Commercially funded. . . ... .
Intrageneric organisms
Pathogenic source organisms
Federally funded . . ... ..
Commercially funded. . ...
Intrageneric combination
Nonpathogenic SOUICE OrganiSIMS . . . .. v vttt e e e et e e
NONENGINEEIEU . . . . ot e

Funding agency,’
NIH or S&E voluntary review, APHIS®

FDA,’NIH guidelines and review
FDA.°NIH voluntary review

Funding agency,’APHIS®
APHIS,”S&E voluntary review

EPA,"APHIS,"S&E voluntary review
EPA,"APHIS,"S&E voluntary review
EPA,’S&E voluntary review

EPA,"APHIS
EPA’APHIS
EPA’

Funding agency,”APHIS,"EPA’
EPA, APHIS, S&E voluntary review

Funding agency,”APHIS,"EPA®
APHIS,"EPA‘(if nonagricultural use)

EPA Report
EPA Report,’APHIS®

‘Rewiew and approval of research protocols conducted by NIH, S&E, or NSF.
"EPA jurisdiction for research on a plot greater than 10 acres.

°APHIS issues permits for the importation and domestic shipment of certain plants and animals, plant pests and animal pathogens, and for the shipment

or release in the environment of regulated articles.
‘EPA reviews federally funded environmental research only when it is for commercial purposes,
‘Designates lead agency where jurisdictions may overlap.

KEY:NIH - National institutes of Health; S&E = U.S. Department of Agriculture Science and Education; APHIS = Animal and Plant Health Inspection

Service; EPA = Environmental Protection Agency; NSF = National Science Foundation
SOURCE: 51 Fed. Reg. 23305 (Office of Technology Assessment, 1988).

EPA Office of Pesticide Programs under an interagency
agreement. EPA has reviewed a total of 94 notices for
field tests of microorganisms since the framework was
published in 1986, 74 of which were for microbia pes-
ticides. Under an interagency agreement, EPA has in
addition provided comments on approximately 100 per-
mits submitted to USDA-APHIS for transgenic plants

USDA

Authority for Plants

Statutory Authority

with pesticidal properties. (See table 7-3.)

These field tests provide the foundation of information
and regulatory experience for decisions regarding full-
scale agricultural use of transgenic organisms. This report
comes at a critical point in the evolution of agricultural
biotechnology, as it moves from the laboratory toward
large-scale commercialization and use.

The Animal and Plant Health Inspection Service,
APHIS, was established in 1972 as a regulatory agency
within USDA with responsibilities for protection of the
environment. APHIS unites the programs within USDA
designed to protect American agriculture from destruc-
tive pests and diseases. APHIS' activities include the
development of exclusion procedures to keep pests and
diseases out of the United States; and monitoring, de-
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Box 117-A-The National Evironmental Policy Act (NEPA)

The National Environmental Policy Act (NEPA) is the sole Federal law that is broadly applicable to all agencies
and departments involved in the research or regulation of biotechnology products intended for use in the environment.
Enacted in 1970, NEPA is a reflection of increasing concern about environmental quality and calls for a “balance
between population and resource use which will permit high standards of living and a wide sharing of life’s amenities”
[section 101(b)(5)]. NEPA requires that any agency decision on a major Federal action significantly affecting the
quality of the human environment include consideration of the environmental impact of the proposed action and
alternatives to the proposed action. NEPA does not, strictly speaking, restrict or prohibit any activity that may
adversely impact the environment but rather outlines procedural requirements by which Federal agencies must
become aware of and consider the environmental consequences before making a decision on a proposal.

The Council on Environmental Quality (CEQ) is responsible for the implementation of NEPA (CEQ Final
Regulations for Implementing NEPA, 43 Fed Reg 59978, 1978), but the specific method used for compliance by
individual agencies is broadly discretionary. Because EPA’s mission is to consider and protect the environment
through its regulatory activities, most EPA actions are considered the functional equivalent of NEPA compliance.
[Warren County v. North Carolina, 528 f. Supp. 276,286 (eDNC 1981)]. Most other Federal agencies have issued
their own regulations to implement NEPA.

Although agencies are given broad discretion in how they evaluate and balance environmental impacts in
making decisions, NEPA does open agency actions to public and judicial scrutiny. The establishment and protection
of certain environmental values by NEPA gives public interest groups and private individuals standing to bring suit
to ensure compliance even though they are not directly affected by an agency action. In short, NEPA has had two
principal impacts on the Federal decisionmaking process: ensuring evaluation of environmental issues by Federal

agencies and increasing public participation.
SOURCE: Office of Technology Assessment, 1992.

tection, eradication, and control programs to control the
movement of pests and the spread of disease. APHIS
operates under a myriad of legislative authorities, some
dating back to 1884.

Under the Coordinated Framework, APHIS is desig-
nated the lead agency responsible for the regulation of
plant and animal biotechnology products. The assump-
tion underlying this jurisdictional determination was that

Agriculture and forestry products developed by bio-
technology will not differ fundamentally from conven-
tional products and that the existing regulatory framework
is adequate to regulate biotechnology ( 51 Fed. Reg. 3123,
p. 23302).

The primary regulatory authorities available to USDA
that are most applicable to biotechnology (and the en-

vironment) are the Federal Plant Pest Act, the Plant Quar-
antine Act, the Noxious Weed Act. the Virus-Serum-
Toxin Act. the Organic Act, the Federal Seed Act, the
Federal Meat Inspection Act. and the Poultry Products
Inspection Act. Of these statutes, two are used as the
basis for the regulation of the environmental release of
genetically modified organisms: the Federal Plant Pest

Act, and the Plant Quarantine Act (7 CFR 340). Like
the Noxious Weed®Act, these two acts are exclusionary
statutes intended to prevent the entry into or dissemi-
nation within the United States of living organisms con-
sidered dangerous to American agriculture. These three
legidative authorities traditionally have been used as the
basis for inspection, quarantine, and pest eradication pro-
grams of the Division of Plant Protection and Quarantine.
With the exception of the Noxious Weed Act, they now
also are used by the Division of Biotechnology, Biol-

A Plant Pestis defined as any living stage of: any insects, M ites. nematodes, slugs, snails, protozoa. or other invertebrate animals. bacteria.
fungi. other parasitic plants or reproductive parts thereof. viruss anyorganisms similar to or allied w ith any of the foregoing. or a