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Biotechnology is defined by the Congressional Office of Tech-
nology Assessment (30) as “any technique that uses living or-
ganisms (or parts of organisms) to make or modify products to
improve plants or animals, or to develop micro-organisms for
specific uses.” With the advent of biotechnology, agricultural
science is gaining manipulative control of the molecular building
blocks of food and fiber production. However, if the use of these
blocks by genetic engineers is to have any practical application,
then they must be shown to provide a benefit at the whole plant,
population, and cropping systems levels. Benefits assessment has
been, and will continue to be, an important component of agri-
cultural research.

Benefits assessment in agriculture necessitates estimates of crop
production gains and losses resulting from the use of a planned
strategy. New disease control strategies involving the use of gen-
etically modified organisms will require proper biological assess-
ment to determine both risks and benefits. Biological assessment
data will also be necessary to facilitate agritechnology transfer;
that is, to integrate and optimize the beneficial impact of new
agricultural biotechnologies on production while at the same time
minimizing ecological risk. This symposium, sponsored by the
American Phytopathological Society Plant Disease Losses Com-
mittee, focuses upon the socioeconomic (8,21), ecological (17),
regulatory (19), and scientific (28) assessment of agricultural
biotechnology products released into the environment. In my
article, I review the question of benefits as it relates to the deploy-
ment of genetically engineered organisms.

BENEFITS ASSESSMENT

Proponents of agricultural biotechnology cite numerous bene-
fits that could be obtained from use of genetically engineered
organisms (11,31). Production increases are ultimately a function
of resource availability and technological advancements (5). Many
of the past improvements in agricultural productivity in the United
States resulted from low-priced capital inputs such as land, water,
fuel, and agrichemicals (14). Since the costs of these inputs are
continuing to escalate and/or are causing harm to the environ-
ment, there is a need to develop new agricultural technologies
that will reduce or eliminate these pitfalls. A proposed technology
must satis{y three basic questions. First, does the proposed tech-
nology satisfy a need? Second, can the proposed technology be
integrated into the current production system without increased
environmental risk? Third, is the proposed technology more profit-
able than the existing technology? Proper biological assessment
is necessary to answer each of these questions.

A critical level of information is required before a new tech-
nology can be developed and subsequently integrated into a crop
production system. Risk management is the process of weighing
alternatives to select the most appropriate strategy or action to
solve a problem (30). Risk assessment involves the use of scientific
data to identify and characterize the magnitudes and probabilities
associated with the potential adverse effects that might arise from
the introduction and use of a new technology. Risk analysis will
require the development and use of sound sampling methods
coupled with state of the art methods to track genes, gene seg-
ments, and products (11,17,22,23).
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The assessment process is said to be “risk driven” (6). Although
risk assessment is an important component of the risk management
process, risk management should also include an assessment of
benefits. The benefits side of the risk management equation is
often overshadowed because of the huge emphasis placed upon
assessment of risk and public perception of that risk (19,30). As
a result, more resources and personnel have been directed toward
risk assessment than toward the assessment of benefits (22). How-
ever, at least one federal agency (the Environmental Protection
Agency) is required by law to “take into account the impact of
new products on both production and the agricultural economy”
(6). Several regulatory agencies may be charged with weighing
the benefits against the risks. Therefore, those who petition to
release genetically engineered organisms into the environment
must be equally prepared to document the benefits as well as
the risks. Demand for benefits data will increase sharply in the
next decade as more and more agricultural biotechnologies are
developed.

PROBLEM DEFINITION AND SOLUTION

Agricultural production worldwide must continue to increase
to meet the ever increasing demand for food and fiber (5,14,26,32).
The gap between food production and consumption can be
measured by the current status of the world’s grain reserves. These
are grain surpluses set aside to guard against future shortfalls.
World grain reserves have dwindled from 101 days in 1986 to
just 54 days at the end of 1988 (32). The world’s population
is expected to be 399 larger in the year 2000 than it was in
1989. This will require an additional 650 million tons of cereal
grains per year (14). Before this global need can be confronted
scientifically, there is a practical need to first identify crop pro-
duction constraints at the national, regional, and farm levels.
As world production falls farther behind global demand, the crop
losses caused by plant diseases will take on greater and greater
importance as constraints to production.

James et al (13) have stated that there are two basic and
sequential phases within the context of plant disease control —
the definition phase and the solution phase. Accurate estimates
of both production and loss are paramount in the definition
process since it is “difficult, illogical and inefficient to attempt
to solve a problem that has not been adequately defined™ (13).
Losses incurred by crops due to plant disease have been cited
as the primary reason that plant pathology evolved into its own
science. Yet, in general, agricultural scientists are not able to
provide accurate estimates of direct or indirect crop losses (13,29).
Although sound estimates of global losses are difficult to obtain,
world figures are cited at about 30-35% preharvest and 10-20%
postharvest, as compared to pest-free conditions (26).

Venture capital groups usually demand an analysis of the
definition phase before supplying the capital needed to enter into
the development (solution) phase. More and more often those
involved in crop loss assessment are being called upon to recom-
mend which commodities and which pathosystems within those
commodities should be targeted as potential candidates for bio-
technology research. This question is difficult to answer because,
as stated previously, reliable information concerning crop losses
is not generally available. This is also the reason that the definition
phase is often lacking in agricultural biotechnology proposals.
Research centers involved in planned releases of genetically engi-



neered organisms need to direct part of their resources and per-
sonnel to both the definition and benefits phases of research projects.

Development and integration of agricultural biotechnologies
into pest management programs embodies the solution process.
There are five basic ways (categories) in which agricultural bio-
technology products can have a positive impact on crop pro-
duction. These are: 1) increase the maximum attainable yield of
a crop, 2) increase the extensity (area) of a crop, 3) alleviate
production constraints (reduce crop losses), 4) decrease the cost
of production, and 5) reduce environmental risk.

MAXIMUM ATTAINABLE YIELD

Maximum attainable yield is the yield achieved when the crop
is grown under optimum environmental conditions, along with
the use of available crop protection tactics when needed. Genetic
potential is the primary factor that limits production and not
pests or environment. The inverse of the law of the minimum
(33) is very much applicable to this situation. When most factors
are optimum for crop production, that is, a favorable environment
and the lack of abiotic and biotic stresses, then the factor that
limits production is the genetic yield potential of the crop. Bringing
about an increase in the maximum attainable yield of a crop
usually involves the orchestration of many genes that collectively
interact to affect growth, radiation interception, and conversion
of photosynthate into a harvestable product. The degree to which
agricultural biotechnologies might enhance maximum attainable
yields or improve quality can be determined using evaluation
protocols already in place. Maximum attainable yield trials are
often conducted by agronomists, horticulturalists, and plant
breeders to evaluate and rank genotypes for genetic yield potential
(7,9,34). Similar field trials will be required to document the
benefits of new agricultural biotechnologies on the maximum
attainable yields of crops. Genetic engineering techniques may
better lend themselves to improving the quality of high-yielding
genotypes that already will be accepted by growers and consumers.

INCREASING EXTENSITY OF CROP PRODUCTION

An increase in agricultural production can, to a certain extent,
be achieved by cultivating more land. Genetic engineering tech-
nologies may stabilize production by producing genotypes that
yield well across a range of environments—even to the point where
acrop can now be produced in an area where it was not previously
grown, thus increasing the extensity of crop production. For
example, the insertion of a gene for salt tolerance into wheat
would enable this crop to be grown on saline soils; or, the insertion
of a gene for disease resistance would allow the crop to be grown
in an area where a disease was formerly a limiting factor. The
American chestnut was an important tree economically and eco-
logically before it was annihilated in North America by the fungus
Endothia parasitica. 1f genetic engineering techniques could be
used to eventually produce trees resistant to chestnut blight, then
the American chestnut may reestablish itself over its previous
geographic range.

There is often a significant genotype X environment interaction
for the phenotype yield (7,25). One genotype may produce the
highest yield when grown in one environment but may rank well
below other genotypes when grown in a different environment.
Extending the extensity of production may expose new problems
not previously encountered in existing production areas. New
crop environments may differ greatly in climate, soil type, and
disease populations. New environments can affect pathogen popu-
lations directly by providing moisture and temperature conditions
more conducive for disease development or indirectly by pre-
disposing the crop to disease attack. Croxall and Smith (5) warn
that if a popular new introduction (genetically engineered or other-
wise) has a hidden defect that is not revealed before introduction,
such as susceptibility to a new pathogen or race, then a large
number of producers may suffer a drastic loss in production.

Genetic uniformity in a crop has often been a major contributor
to the occurrence of devastating disease epidemics (15). Increased

virulence or aggressiveness in the pathogen population coupled
with a favorable environment are important factors that contribute
to the development of plant disease epidemics. The potato late
blight epidemic in 1845 and the coffee rust epidemic in Ceylon
in 1870 (and, more recently, in the Americas in 1970) are prime
examples of this risk. In 1970, 85% of the corn crop contained
Tems (Texas cytoplasmic male sterility). This germ plasm, coupled
with an abundant amount of inoculum of Helminthosporium
maydis race T inoculum and weather conditions favoring disease
development, resulted in approximately 15% of the United States
corn crop being destroyed. This represented a loss of 20 million
metric tons of corn worth about 1 billion dollars (15).

Most of the new agricultural biotechnologies concern the trans-
fer of the equivalent of single gene traits, for example, herbicide
resistance or resistance to specific crop pests and diseases. Tend-
ency of producers to use the most profitable germ plasm is
understandable, but it also follows that the genetic base becomes
dangerously narrow. Beachy et al (2) have developed transgenic
tobacco plants that express the coat protein gene of tobacco
mosaic virus (TMV). Plants that expressed the coat protein gene
either developed disease symptoms significantly later than control
plants or did not develop symptoms. Symptomless plants were
found to have a low or undetectable amount of virus. Epi-
demiological effects of transgenic tobacco plants on TMV
epidemics in the field is not known. Since transgenic tobacco
plants expressing the coat protein gene can become infected and
some virus replication does occur, there may be a danger of TMV-
resistant strains developing. Level of coat protein expression in
transgenic tobacco plants to alfalfa mosaic virus was found to
be dependent upon leaf age (18). The greatest concentration of
coat protein was found in young expanding leaves, whereas coat
protein was often not detected in older leaves located more than
10 nodes from the apical meristem. Several epidemiological
questions remain unanswered, such as what proportion of tobacco
leaves in a field must express coat protein to effectively prevent
plant disease epidemics and what level of coat protein expression
is needed to obtain a delay in the time to reach a critical level
of disease incidence? Disease control and yield benefits of
genetically engineered plant populations need to be determined,
as well as the risks associated with genetic uniformity. Benefits
assessment in contained facilities at the whole plant level may
not provide an accurate measure of the effects of genetically
engineered organisms interacting with other organisms at the
population level in the field. Field testing over a range of
environments can provide important information concerning the
performance and stability of bioengineered plants and organisms
at the population level (7,25). Properly designed field tests can
help us to better understand treatment (genetically engineered
organisms) by environment interactions to facilitate the transfer
of new agritechnologies to farm environments, where they will
be most effective (25).

ALLEVIATE PRODUCTION CONSTRAINTS

Although agricultural production may be increased genetically
by raising the maximum attainable yield or by increasing the
geographic area where a crop can be produced, in many instances
agricultural pests continue to be a limiting factor to raising the
yield obtained by farmers. Plant pathologists will continue to
have a major role in alleviating production constraints; therefore,
information concerning the prevalence of plant pathogens and
the losses they cause is needed to identify and prioritize crop
production conditions.

To help clarify disease control objectives, several terms con-
cerning different levels of yield potential need to be defined (35)
or redefined. Attainable yield is the yield obtained at a specific
location when all available crop protection tactics are used to
alleviate biotic stress. Production systems that optimize attainable
yields may not be the most desirable systems economically or
environmentally. Cost of deploying all available control tactics
to achieve attainable yield may be higher than the return expected
from the sale of the crop and may result in greater harm to
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the environment due to excessive inputs. In contrast, economic
yield is the achievable yield that provides the highest net return
on expenditure. If the cost of utilizing genetically engineered
organisms for plant disease control exceeds the expected return,
the technology is not likely to be adopted. Actual yield is the
production level achieved when producers utilize the disease
control measures currently recommended for a crop or cropping
system, yet several weeds, diseases, and insects still limit yield.
Primitive yield is the yield obtained without deploying any disease
control tactics.

Agricultural biotechnologies may have their greatest impact
on increasing agricultural production by closing the gap between
actual yield and attainable yield; i.e. by reducing crop losses.
The difference between actual and attainable yield is the method
used by FAO to report actual losses (35). This loss estimate
corresponds to the unavoidable losses caused by plant pests and
pathogens, which, if alleviated, would allow plant genotypes to
realize yields closer to attainable yield. The difference between
attainable and actual yield may actually increase when the maxi-
mum attainable yield is increased, since the demand for photo-
synthate will be increased (10).

The difference between actual yield and attainable yield is the
figure that researchers should use as their justification (definition
phase) for undertaking new agricultural biotechnology projects.
All too often researchers cite the difference between primitive
and actual yield or the difference between primitive and attainable
yield as the figure representing the loss for a given crop. Such
figures are misleading since the difference between primitive yield
and actual yield already represents the benefits obtained from
currently used pest control programs. Likewise, reporting yield
losses as the difference between primitive yield and attainable
yield ignores past disease control achievements resulting in an
overestimation of the loss actually incurred by farmers. When
yield losses are overestimated, then the benefits to be derived
from the deployment of any new disease control tactic (including
biotechnology-based products) will also be overestimated.

Although information on crop loss is an essential part of the
definition process, there is an important question concerning agri-
technology transfer that surfaces after the solution phase is
completed: “Is the use of the proposed technology more profitable
than the existing technology?” The ability of agricultural scientists
to accurately and precisely measure yield increases brought about
by the proposed release of genetically engineered organisms is
often taken for granted. As stated earlier, the lion’s share of
attention has been centered upon the assessment of risks while
the scientific community that is available to document “benefits”
has received considerably less attention and support. There is,
and will continue to be, a pressing need to obtain accurate and
credible scientific information to document the benefits realized
from the use of agricultural biotechnologies. Benefits of new
technologies must be measured in terms of efficacy of control
and improvements in yield and/or quality over the currently used
technology. With regard to the use of agricultural biotechnologies
in plant pathology, this requires accurate and precise methods
of disease assessment and quantitative information concerning
the relationship between disease intensity and yield (29).

Disease intensity-yield loss models. Models are often used to
quantify the relationship between disease intensity and yield
(13,29,37). Once this relationship is quantified, economic
thresholds based on disease intensity can be developed and used
as a means to project yield and profit gains from a proposed
biotechnology. Often these same models can also be employed
to evaluate these technologies once they reach the field testing
stage. In general, three types of models can be used as tools
to quantify the effect of new biotechnologies on disease intensity
and yield (3,29,37). These are critical (single) point, multiple point,
and area under the disease progress curve (AUDPC) models. The
critical point model involves assessing disease intensity at a growth
stage found to have the best relationship to yield loss. Critical
point models use a single independent variable to estimate loss.
For long season crops, yield may be significantly reduced when
plants are attacked at several growth stages during the season.
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Multiple point models, in which disease intensity is assessed several
times during the cropping season, can account for the effects
of disease on yield for long season epidemics. The AUDPC model
involves plotting disease intensity with respect to time and deter-
mining the area under the resultant curve. Several computer
programs have been developed to calculate AUDPC values (3).
An advantage of the AUDPC model is that this model can be
used to quantify epidemics that are not continuous in nature.

The paired plot technique is a method that has often been
used by plant pathologists to determine the efficacy of a new
disease control tactic. Such experiments normally consist of a
nontreated control plot that is planted adjacent to a plot receiving
the new disease control technology. Although such studies often
provide useful information concerning the disease control poten-
tial of the new technology in terms of adoption by growers, there
are several drawbacks associated with this technique. First, there
is the hazard of interplot interference (37), and second, the differ-
ence in yield between treated and nontreated plots is often
analogous to the difference between attainable and primitive yield,
which ignores the yield improvements made from disease control
tactics currently used by growers. To measure the true economic
benefit associated with the use of a new technology, a measure
of attainable yield must be included. This may require the inclusion
of one or more treatments. Third, in paired plot studies, the
pathogen is often introduced to both treated and nontreated plots,
which may greatly overestimate the benefits that a grower would
realize from using the same technology. For example, in several
test protocols involving virus resistant transgenic vs. nontrans-
genic (susceptible) plants, all plants are inoculated at one point
in time and the incidence of infection and yield are then deter-
mined. Rarely in nature would an epidemic result in all plants
being infected at the same point in time. Noninfected plants and
plants infected later in the growing season often compensate for
plants infected early in the season. This form of yield compensation
at the population level, which helps to narrow the gap between
attainable and primitive yield, is left unaccounted for when entire
populations are inoculated at one point in time. Spatial patterns
of disease on yield compensation should also be considered (12).

Simulation approaches. Once the relationship between disease
intensity and yield loss has been sufficiently quantified, estimates
of benefits as a result of employing a new agricultural biotech-
nology can be made for several scales of extensity (county, state,
region, commodity, etc.). Climatic data bases can be used to
identify geographic areas favorable for disease development (4,36).
This information, coupled with data on the geographic
distribution of pathogens and pests (pathogen zoning), may allow
estimation of the potential economic benefits to be derived from
the use of new agricultural biotechnologies (27). Unfortunately,
pathogen zoning data bases are rarely available or accessible to
allow epidemiologists to make impact estimates using simulation
and modeling approaches. The best example to date of how useful
these approaches can be is a study conducted by Andow et al
(1) to estimate the potential benefits from using non-ice-nucleating
bacteria to reduce frost damage to potato in the United States.
Frequency distributions of first frosts in spring and fall were
determined for four production sites and coupled with a model
simulating potato growth. Potential damage from frost was
determined at these sites using three simulated planting dates,
and cost-benefit ratios were determined.

Another approach to estimating benefits would be to establish
acrop loss assessment information and retrieval network whereby
data bases concerning crop losses caused by particular pests could
be stored and categorized (20) to generate crop loss maps. Zadoks
and Rijsdijk (36) generated crop loss maps for cereal diseases
and pests of Europe using climatic and pest occurrence data col-
lected over a 10-yr period. Where sufficient data were available,
“isodams,” which are isolines drawn for a particular level of crop
loss (expressed as a percentage of attainable yield), were included.
For example, isodam lines for losses in wheat caused by powdery
mildew (Erysiphe graminis) indicated 10-209% loss of attainable
yield for most areas in continental Europe, although there were
some areas identified where losses were as high as 60%. Isodam



maps, coupled with simulation models, could be used as a means
to estimate the potential benefits of new agricultural biotech-
nologies.

DECREASE COST OF PRODUCTION

Application of genetic engineering techniques initially devel-
oped with model biological systems most likely will find applica-
tion in agricultural production systems where there is a profit
motive to develop them. Agricultural production systems in which
losses caused by diseases are well documented may be among
the first to receive research funding for agritechnology transfer.
The total cost of plant diseases is the amount of crop loss occurring
despite the use of disease control tactics, plus the total cost for
employing these control tactics. The permissible degree of risk
varies with the extent and price of the crop. If the potential returns
are high, then greater risks may be acceptable. Some plant diseases
can be controlled almost entirely by one or more methods, and
therefore, the only financial losses are those associated with the
cost of control, This is the situation with late leaf spot of peanut,
caused by Cercosporidium personatum. On the average, 7-8
fungicide applications are applied to the peanut crop each season
in Georgia to control this disease. This costs Georgia producers
more than 30 million dollars in fungicide costs alone each season
(24). Agricultural biotechnology products will first be developed
for pathosystems, where the profit motive is high and there is
high probability that the desired technology can be achieved.
Although the profit motive is high enough to justify an attempt
to develop leafspot resistant varieties via genetic engineering
technology, little is known about the peanut genome compared
to other crops such as corn, wheat, and tobacco. Although resist-
ance has been found in some wild species of peanut, transforma-
tion and regeneration techniques for peanuts have not been de-
veloped. Therefore, even when the profit motive is high, the current
level of knowledge may be insufficient to immediately apply
genetic engineering techniques to other production systems. Con-
versely, Klopperburg (16) points out that there may be a number
of opportunities for the production of socially and ecologically
valuable agricultural biotechnology products that may never be
pursued because they would not prove to be profitable. Deter-
mining the reduction or increase in the cost of production
associated with the use of agricultural biotechnology products
will be an important component of benefits assessment. While
new technologies may initially offer a means of reducing costs,
net profits of farm producers often wither as more producers
adopt a new technology (16,27,31).

REDUCED ENVIRONMENTAL RISK

Agricultural biotechnologies are expected to result in less
reliance on pesticides for plant protection. Genetically engineered
plants (resistance) and microorganisms (biocontrol agents) should
reduce the risk of pesticide contamination of crops, soils, and
water. Benefits derived from the use of biotechnologies that reduce
the amount of pesticide released into the environment can be
documented by obtaining baseline measurements of pesticide
residues in crops, soils, and water and comparing these with
pesticide levels measured after the introduction of the new tech-
nology. Through surveys and pesticide sales records, the reduction
in the amount of pesticide being introduced into farm environ-
ments can also be determined. Indirect evidence for reduced
environmental risks may be obtained from ongoing wildlife biol-
ogy studies and from geographic and temporal data bases supplied
by the Center for Disease Control in Atlanta. For example, docu-
mented increases in the populations of several predatory bird
species have been associated with the banning of DDT.

Tools of genetic engineering not only allow for the transfer
of new sources of resistance to diseases and pests, but multiple
copies of genes can now be introduced to greatly increase the
amount of gene product. A new question is now being raised:
Is there a risk of ingesting virus coat protein from the fruit of
transgenic plants or increased levels of BT (Bacillus thuringiensis)

toxin to control insects? Zehr (38) expressed concern that the
inherent safety of these compounds, which are meant to replace
pesticides, is largely undetermined.

CONCLUSION

The socioeconomic and ecological benefits derived from the
use of new agricultural biotechnologies need to be identified and
weighed against the benefits obtained from the agricultural tech-
nologies they are meant to replace. Field testing has several im-
portant advantages over testing only in controlled environments.
First, it can help us avoid the adoption of biotechnologies that
perform extremely well in controlled environments but perform
poorly when employed in real farm situations. Second, field testing
may help researchers to avoid rejecting biotechnologies that may
be effective in environments other than those tested under con-
trolled conditions. Biological assessment systems used to evaluate
pesticides, breeding lines, and disease control tactics are already
in place and can be used as model systems to develop appropriate
methods to assess the benefits achieved through the planned
releases of genetically engineered organisms. There remains, how-
ever, a lack of reliable crop loss assessment information, which
is needed in the definition, solution, and postsolution phases
of agricultural research. Federal, state, and industry programs
should not opt to support agricultural biotechnology programs
in the short term at the expense of quantitative biological
assessment programs that will eventually be needed in the long
term to assess benefits and risks and to efficiently integrate new
agricultural biotechnologies into crop production systems.
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