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ABSTRACT

Genetic engineering offers many opportunities for improving agriculture
and public health. This technology is a major step beyond classical plant and
animal breeding and permits the rapid transfer of genetic traits between
entirely different organisms. Potential benefits include higher crop and
livestock yields and reductions in pesticide and fertilizer use. However,
some releases of genetically engineered organisms offer significant threats to
the environment, economy, and society.

Already there have been several cases of mismanagement of releases of
genetically engineered organisms and one of these releases appears to have had
negative public health effects. Because many ecological niches are not filled
in natural communities, there is little chance that some invasions of released
organisms will not become established.

Once a genetically engineered organism is released and it becomes a pest,
the chance of exterminating it is extremely rare. For example, in the United
States the only pests that have been exterminated have been the medfly and
citrus canker. Of course, both have re-invaded the United States again.

Based on past experience, predicting the ecological effects of releasing
genetically engineered organisms depends on the specific organisms, the type
of genetic information introduced, and the particular ecosystem into which it
is released. No currently devised protocols can be 100% effective in
preventing environmental disasters. However, more and better regulations
would help reduce the environmental risks of releasing genetically engineered
organisms.

INTRODUCTION
Genetic engineering, recombinant DNA (R-DNA) technology improves the

opportunities to produce better crop plants and livestock for agriculture.



Thus far, the technology has had Tittle or no impact on increasing the
productivity of agriculture, but there is hope that the technology will make
important contributions in the future.

Potential benefits of genetic engineering include higher crop and
livestock yields and enhanced nutritional value from crops and livestock,
reduced pesticide and fertilizer use, and improved control of soil and water
pollutants. Nevertheless, dangers exist with the use of genetic engineering.
The new genetically engineered organisms may be harmful, by either being
"aggressive" and replacing existing organisms and/or becoming pests
themselves. Also, genes may "escape" into cultivated or wild species with
potential detrimental effects.

Without genetic engineering, humans have by selective breeding, improved
and greatly altered crop plants and livestock for agricultural purposes. Some
of those species used in agriculture today bear little resemblance to their
original wild ancestors. This has been accomplished in some cases with Tittle
and other cases with major impact on the ecosystem (Pimentel et al., 1989).

Some crops and animals introduced for agricultural purposes have become
serious pests (Pimentel et al., 1989). 1In general, the greater the alteration
of the crops and livestock for agriculture, the less the chance for
persistence in the new ecosystem and the organism becoming a pest. However,
there are exceptions to this (Pimentel et al., 1989).

In this paper, we assess the potential benefits of genetic engineering
and risks of deliberately releasing genetically engineered organisms into the
environment. Also, we suggest some approaches and protocols that might be
used to minimize the ecological risks associated with the use of
genetically-engineered organisms in agriculture.

ENGINEERING CROPS FOR RESISTANCE



Crop resistance to pests. Engineering crop resistance to insect and plant

pathogen pests offers advantages to reduce the use of insecticides and fungi-
cides in crop production. This will generally reduce problems from pesticides
(NAS, 1988) and improve the economics of pest control (Pimentel, 1986a).
Although crop resistance to pests generally offers environmental benefits,
care must be exercised to avoid breeding toxic chemicals Tike alkaloids into
the crop or reducing the nutrient makeup of the crop (Pimentel et al., 1984).

Herbicide resistance in crops. Genetically engineering herbicide- resistant

crops has the advantage of expanding the array of herbicide types for weed
control (NAS, 1987b). In some instances, herbicide resistance may make the
use of a more effective herbicide possible, thus reducing the number of
herbicide applications. However, engineering resistance to the newer
"low-dosage" herbicides will not necessarily reduce environmental hazards
(Pimentel, 1971; House et al., 1987; NAS, 1987c). Also, there is a danger
that increasing the number of herbicide-resistant crops will encourage wider

herbicide use and will contribute to environmental problems.

ECOLOGICAL ISSUES

Potential Changes and Movement

Genetic transfer. Bacteria are capable of transferring novel DNA sequences to

bacteria of other species and genera (Stotzky and Babich, 1984, 1986; Marx,
1987). Although these transfers are rare in nature (Slater, 1984; Schofield
et al., 1987; Selander et al., 1987a; Trevors et al., 1987), the potential for
transfer from engineered organisms designed for persistence in the environment
is disconcerting (Stotzky and Babich, 1984, 1986; Strauss et al., 1986). For

example, transconjugant bacteria that received "well-characterized" plasmids



have demonstrated "unexpected alterations" in chemical makeup, virulence, and
antibiotic resistance (Stotzky and Babich, 1984).

Moreover, genetic exchange may occur between closely related plants as
well as in microorganisms. For example, important weed species have origi-
nated through the hybridization of two intrageneric species, such as the

crosses of Raphanus raphanistrum x sativus (radish) and Sorghum halepense

(Johnson grass) x bicolor Sorghum corn (Colwell et al., 1986).

Potential evolutionary changes in released organisms. An engineered organism

may be genetically unstable (Lindow, 1983a; Halvorson et al., 1985). Also,
the additional genetic "baggage" may put the engineered organism at a competi-
tive disadvantage to the unaltered organism in its native habitat (Alexander,
1985; Hartl, 1985). In most cases, genetic and/or ecological instability are
likely to result in the exclusion of the engineered organism, but there is
always a possibility that the added genes will be favored by natural
selection, allowing the organism to become a pest (Alexander, 1985). Such
genetic and ecological changes have occurred in native as well as accidentally
introduced species like the European corn borer (Brindley and Dicke, 1963;
Brindley et al., 1975).

Single gene changes and pathogenicity. Most single gene changes may not

adversely affect the pathogenicity and virulence of an organism in the
environment (NAS, 1987a). Some gene changes, however, may have detrimental
consequences. Certain genetic alterations in animal and plant pathogens, for
example, have led to enhanced virulence and increased resistance to pesticides
and antibiotics (Alexander, 1985). Genetic change has transformed a microbe
from being commensal with its plant or animal host to one being pathogenic
(Javier et al., 1986; Leonard, 1987; Selander et al., 1987b). For instance,

two avirulent herpes simplex viruses were found to be lethal recombinants



(Javier et al., 1986). In addition, a limited host range pathogen of grape
was converted to a wide host range strain when gene 4 was transferred to it
(Kerr, 1987). Also, some oat rust microorganisms, initially nonpest genotypes
for the oat host, became serious pest genotypes after a single gene change
allowed the rust to overcome resistance in the oat variety (Van der Plank,
1968; Browning, 1974). This phenomenon has led plant pathologists to develop
the "gene-for-gene" principle of parasite-host relationships, where a single
mutation in a parasite overcomes single-gene resistance in the host (Person,
1959; Sidhu, 1975; Burdon, 1987; Christ et al., 1987).

Support for the principle that small genetic differences can he ecologi-
cally important was provided by Brenner's (1984) conclusion that Escherichia
coli, the generally commensal species found in human digestive tracts, and all
described species of Shigella could be considered one species on the basis of
DNA similarity. Shigella, however, is invariably pathogenic, and Shigella
dysenteriae was responsible for an epidemic of dysentery in Mexico and Central
America in which 500,000 cases were reported with a fatality rate as high as
35% (Sharples, 1983).

Furthermore, numerous instances have been documented in which insects,
through a single gene change, have overcome resistance in plant hosts or have
evolved resistance to toxic insecticides (Gallun, 1977; Roush and McKenzie,
1987). At least 447 species of arthropods have developed resistance to
pesticides (Roush and McKenzie, 1987).

Dangers from modified native organisms

Lindow (1983b) reported that there is 1ittle or no danger from the

ice-minus strain of Pseudomonas syringae, because Ps is a native organism that

produces related phenotypes in nature. Just because an organism is a native

species, however, does not make it safe for genetic modification and release



into the environment. For example, about 60% of the major insect pests of
U.S. crops were once harmless native organisms (Pimentel, 1987). Many of
these moved from benign feeding on natural vegetation to destructive feeding
on introduced crops. The Colorado potato beetle moved from feeding on wild
sandbur to feeding on the introduced potato (Casagrande, 1987). This beetle
has become a serious pest, and has subsequently encouraged the heavy use of
insecticides.

Similarly, nearly half of the major weed species in U.S. agriculture are
native plants that have invaded crop habitats (Pimentel, 1987). About 30% of
the plant pathogens on U.S. crops are native microorganisms that are also
parasitic on native vegetation (Pimentel, 1987). Therefore, because some
native organisms have the ability to alter their interactions within an
ecosystem, native organisms are not necessarily harmless to agriculture.

Dispersal and movement. The natural dispersal of a pest organism in the

environment depends on many factors (Andow, 1986). For example, the westward
movement of Dutch elm fungus from the east coast of the United States has been
relatively slow due to prevailing westerly winds. These winds have impeded
the movement of both the European and American bark beetles, carriers of the
Dutch elm disease fungus (Sinclair and Campana, 1978). Conversely, wind aids
the potato leafhopper and the true armyworm dispersions each spring from the
southern United States to crops in the Northeast and Midwest (a distance of
about 2,500 km) (Metcalf et al., 1962; McNeil, 1985).

Microorganisms, including plant pathogens, are also dispersed by wind.
For instance, a population of Bacillus has been carried by wind from points of
the Black Sea to Sweden (1,800 km) (Andow, 1986), and wheat stem rust is
transported approximately 2,500 km northward each year in the United States

(Roelfs, 1985).



Once a modified organism is released, therefore, its dispersal will be
difficult to monitor effectively and to control. In fact, only two micro-
organisms have been controlled after introduction: the human disease
organism, smallpox, and plant pathogen, citrus canker (reintroduced in 1984)
(Civerolo, 1988). The only macroorganism that has been exterminated from the
U.S. after introduction has been the Mediterranean fruit fly (Hagen et al.,
1981). The "medfly" has been exterminated five times from Florida, once from
Texas, and once from California.

Chances for Environmental Hazards

Probability of environmental risks. The probability of an environmental

problem occurring after a single release of any engineered organism cannot be
accurately predicted at this time. Some ecologists and genetic engineers
suggest the risk is low (Alexander, 1985; NAS, 1987a; OTA, 1988). Successful
early releases may lead to public confidence that R-DNA organisms are risk-
free. Nevertheless, as the number of releases grows, the probability of a
problem occurring will increase if public confidence leads to relaxation of
the protocols. Also, widespread releases in diverse habitats of genetically
engineered organisms will very likely increase the chances of a problem
occurring. Commercialization and large-scale use will also increase the
probability of encountering problems.

One might also expect the potential environmental problems caused by the
release of genetically engineered organisms to vary widely in severity.
Experience has shown that exotic organisms have a wide range of impacts on
native ecosystems. Consider, for example, the difference between (i) the
displacement of the native Hawaiian talitrid sandhoppers by an exotic amphipod

sandhopper species, Talitroides topitotum (Howarth, 1985), and (ii) the

devastating impact on trees and shrubs and in the eastern United States from

the introduced European gypsy moth (Cameron, 1986).



Although the public appears willing to accept a risk of 1 chance in 1000
for the occurrence of an environmental problem (OTA, 1987), one release could
result in an environmental disaster that could rapidly change the public's
attitude towards genetic engineering (Halvorson et al., 1985; Panem, 1985).

In spite of the rigorous U.S. Government Plant and Animal Quarantine
program and the low survival rate of introduced foreign organisms, some pest
organisms have become established here (Pimentel, 1987). Recent examples are
the reintroductions of the Mediterranean fruit fly into California during the
summers of 1987 and 1988 (Holmes, 1987). The last medfly eradication effort
in California required applying massive amounts of insecticides, costing the
government and farmers a total of $174 million (Jackson and Lee, 1985). Major
pests also cost the United States $64 billion annually in crop and livestock
destruction, despite the annual application of approximately 500,000 tonnes of
pesticides (Pimentel, 1986b).

The potential costs of damage resulting from a new pest introduced via
genetic engineering, or other causes, can be estimated from data on some
current U.S. pests. For example, corn rootworms cost the United States about
$2 billion annually (calculated from Schwartz and Klassen, 1980; Pimentel and
Levitan, 1986; USDA, 1986). Similarly, the European gypsy moth causes an
estimated $100 million in damage to ornamental trees and shrubs, and commer-
cial forests, and costs the United States an additional $10 million in control
each year (Pimentel, unpublished).

Intentional introduction of crop plants and animals. Some proponents of R-DNA

technology suggest that the intentional introduction of foreign plants and
animals into the United States is a good model for predicting potential
problems from genetic engineering (NAS, 1987a). If so, there is reason for
concern since some serious problems have resulted from the intentional intro-

duction of what were believed to have been beneficial organisms. Moreover,
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the genetic similarities between many crops and weeds are evident from the
fact that 11 of the 18 most serious weeds of the world are crops in other
regions of the globe (Colwell et al., 1985). In the United States, for
example, 125 species of agricultural and ornamental crop plants have become
pest weeds out of a total of 5,800 introduced crops (Tables 1 and 2).

Furthermore, 9 out of a total of 20 introduced domestic animal species in
the United States have displaced or destroyed native species and, in general,
have become serious environmental pests (Tables 2 and 3). Similarly, a total
of 5 introduced fish species have become pests (Tables 2 and 3). Of an
estimated 2,000 fish species that have been introduced and cultured (McCann,
1984), 104 species have been detected in streams and lakes in the continental
United States and 41 species have become established, 16 of which have expand-
ing populations (Courtenay et al., 1984). Although many of these established
species have not been declared "pests," there is evidence that many are
displacing native species (Table 3). Ten other introduced mammal species,
including the mongoose, wild boar, as well as four birds, have also become
serious pests (Table 3). It is important to note, however, that while a few
biocontrol agents became pests in the early 1800s and 1900s, greater ecologi-
cal knowledge and established regulations have minimized the environmental
impact of the more recent introductions (Pimentel et al., 1984).

This history suggests that the introduction of foreign organisms in the
environment could have a major negative impact on many of the 200,000 bene-
ficial plant and animal species in the United States (Pimentel et al., 1980).

Predicting ecological effects. An important step in identifying the environ-

mental problems associated with R-DNA technology is predicting the potential
ecological effects of releasing an engineered organism on a case-by-case basis
(Andow et al., 1987). Ecologists can predict with a high degree of accuracy

the survival rate and interrelationships among some species populations in
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some environments. For example, insects introduced from the humid tropics
have 1 chance in 10 of surviving in most ecosystems of temperate Europe and
North America (Williamson and Brown, 1986). Ecologists can also predict with
nearly 100% certainty that a pest insect introduced from Europe will become a
pest in the United States if the crop it feeds on in Europe is also widely
grown here (Metcalf et al., 1962). However, ecologists cannot presently
predict with the same degree of accuracy the ecological impacts of all
released organisms. For example, of the 212 introduced insects that have
become major pests in the United States, 65% were nonpests in their native
ecosystems (Calkins, 1983). In these cases, predictions based on the ecology
of the insects in their natural habitat would have been inaccurate.

Many scientists suggest that each engineered organism be evaluated
individually, prior to release, focusing on the ecology of the unaltered
organism and on the proposed release environment (Stotzky and Babich, 1984,
1986; Simberloff, 1985; NAS, 1987a). Clearly, as more information becomes
available on the environment and on the biology of each species, greater
accuracy in ecological predictions will become possible.

Ecological niches. An estimated 1,500 exotic insects have become established

in the United States with a few (17%) becoming pests or having an impact on
native species (Sailer, 1978) (Figure 1). This demonstrates that few of the
niches in natural ecosystems are filled (Simberloff, 1981; Walker and
Valentine, 1984; Colwell et al., 1985; Herbold and Moyle, 1986), and there is
ample opportunity, therefore, for many new species to become established in
the United States. Thus, although the argument that engineered organisms will
not become established due to competition with native species may apply in

some cases, it is not always valid (Halvorson et al., 1985).
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Preservation of Biological Diversity

Economic value of biological diversity. There are many economically valuable

species of plants, animals, and microorganisms. Uncultivated wild plants, for
example, contribute raw materials for drugs, medicinals, and other items worth
$40 billion per year in the world pharmaceutical market (Myers, 1983). The
crop germplasm used by plant breeders in improving crop varieties has been
estimated to result in an increase in the value of U.S. crops by about $1
biTllion annually (Duvick, 1984). Naturally occurring microbes with unexpected
abilities to degrade man-made chemical pollutants have also recently been
identified (Omenn and Hollaender, 1984; Roberts, 1987). Furthermore, intro-
duced predatory and parasitic insects save California agriculture alone nearly
$1 billion per year (van den Bosch et al., 1982).

Due to worldwide habitat destruction, however, biological diversity is
rapidly decreasing, with species extinctions occurring at a rate of approxi-
mately 1 per day (Myers, 1983). The advent of R-DNA technology offers some
hope for the preservation of biological diversity since the ability to extract
genetic information from virtually any organism enhances the economic value of
diversity (Brill, 1979). However, patents on some genetically engineered
organisms will inhibit the use of some germplasm for development of other
varieties, thus tending to restrict genetic diversity (Sorrells, 1988). In
addition, the possible displacement of native species by released genetically
engineered organisms may reduce biological diversity in the ecosystem.

Preservation of genetic diversity in agriculture. Traditional plant breeding

techniques have dramatically reduced genetic diversity in most crops (NAS,
1972). Unfortunately, this genetic uniformity has increased crop vulnera-
bility to insect pests, diseases, and climatic fluctuations (NAS, 1972).
Genetic engineering, however, may potentially increase the diversity of crop

plants through improved gene transfer, and through germplasm screening and
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selection techniques (Barton and Brill, 1983; Hansen et al., 1986). Although
most projects at this time involve single gene transfers into crop plants, the
feasibility of multiple gene transfers is expected to improve (Barton and
Brill, 1983). Yet, some scientists suggest that genetic diversity in crops
may not be achieved, and that long-term sustainability in agriculture will be
reduced (Hansen et al., 1986). One of the reasons for this is that every
farmer desires to culture the highest-yielding new crop variety.

The difficult ethical choices facing the research establishment are

illustrated by the work on transferring the Bacillus thuringiensis (Bt)

endotoxin into a number of crop plants to kill caterpillar pests (Vaeck et
al., 1987). If the current plans for the use of Bt in crops are implemented,
pest insects will be exposed to continuous high Tevels of the toxin over
several crops, causing strong selection for resistant genotypes (Gould, 1988).
This resistance could be avoided, however, by producing crops that express the
Bt toxin "only at times and in places where it is required" (Gould, 1988).
Linking the gene for the endotoxin with tissue-specific promoter sequences,
for example, would be one way to protect the valuable parts of the crop plant,
while leaving a susceptible "refugia" within the crop (Gould, 1988). These
procedures, however, would be technically more challenging and perhaps more

costly to implement.

PUBLIC POLICY ISSUES
Risks of Mismanagement
In order to realize the potential benefits of R-DNA technology, efforts
must be made to prevent mismanagement. The 1987 NAS report ("Introduction of
Recombinant DNA-Engineered Organisms into the Environment: Key Issues") has
been criticized for including misleading summary statements (Colwell, 1988)

and has been said to be "particularly lacking in ecological perspective"
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(Mellon et al., 1987). If the new technology is not carefully managed,
however, substantial setbacks for the entire industry will occur. For
example, after the Three-Mile Island disaster, the entire nuclear industry
lost credibility because of mismanagement at one Pennsylvania facility
(Bignell and Fortune, 1984). This accident resulted in the adoption of
stricter regulations and the return to more expensive energy sources.
Disasters (e.g., Bhopal, Challenger, and Chernobyl) in any heavily techno-
Togical field can result in hostile public perceptions of advanced tech-
noltogies (Slovic, 1987). Unfortunately, several cases of mismanagement have
also been recently associated with genetic engineering.

Mismanagement of a Tive vaccine developed for swine. A furor arose in 1986

when the USDA approved the use of a genetically engineered, live-virus pseudo-
rabies vaccine without following its own established approval procedures
(Volkmer, 1986). First, the developer did not receive permission to field
test the vaccine as required by the National Institutes of Health Recombinant
DNA Committee. Second, the USDA neglected to classify the vaccine as a
"recombinant organism"; finally, the USDA did not follow its own Ticensing
procedures.

Although tests of this particular Tive-vaccine have subsequently
indicated that it is safe for swine and other mammals, some live vaccines for
livestock may present environmental and public health problems. Microbes used
in vaccine production, for example, can cause injury or death to humans and
domestic animals (Krugman and Giles, 1971; Meyer et al., 1971). This has been
demonstrated with both the live-vaccine polio virus and the rabies virus used
in humans (Fenje, 1971; Melnick, 1971; Bijok et al., 1985). Thorough tests
and meticulous care in following regulations, therefore, are necessary to
prevent genetically engineered, live-microbe vaccines from causing the very

diseases they are supposed to prevent.
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Failure to obtain Argentine qovernment approval. A rabies vaccine developed

by the Wistar Institute of Philadelphia was tested in cattle in July 1986 by
the sponsor, the Pan American Health Organization (PAHO) (Science, 16 January
1987, p. 276). However, PAHO failed to obtain Argentinian government approval
for the trial, and the experiment was halted in November 1986. Some public
health effects appear to have resulted from this release and these are being
investigated (Goldstein, 1988).

I1leqal testing of the ice-minus bacterium. During the spring of 1986,

Advanced Genetic Sciences tested an ice-minus strain of Pseudomonas syringae

(Ps) in trees outside before receiving approval from the Environmental Protec-
tion Agency (EPA) (Rogers et al., 1986; Crawford, 1987). Ps is an important
plant pathogen infecting 17 crops in California (Lindow, 1982) and more than
100 species of wild plants (Lindow et al., 1978). <Clearly, under these
circumstances, tests in contained environments would be advisable to demon-
strate that the modified strain was nonpathogenic to both crop and wild plants
(Pimentel, 1987).

Release without approval. More recently, a professor at Montana State Uni-

versity claimed to have released a genetically altered strain of Pseudomonas
syringae for control of Dutch elm disease without receiving prior approval
from EPA (Holdren, 1987). Although the strain was later determined not to be
an R-DNA strain, the professor's procedure introduced Dutch elm disease (in
violation of the law) to Bozeman, Montana, a region previ&us]y free of this
disease. While such irresponsible behavior is certainly not common in the
scientific community, this incident demonstrates the need for clear and

enforceable regulations (see Regulations section).
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Socioeconomic Benefits and Costs

Socioeconomic benefits. Genetic engineering is capable of significantly

improving yields and enhancing the efficiency of crop and livestock production
in the coming decades (NAS, 1987b). These can be accomplished by increasing
the proportion of a crop that can be harvested, and by enhancing a crop's

tolerance to various stresses. For example, modified Pseudomonas syringae may

reduce the susceptibility of certain crops to frost and, therefore, allow
early planting. Similarly, nitrogen availability, a 1imiting factor in crop
production, could be enhanced through R-DNA technology. Crops like corn and
wheat might eventually be modified to "fix" their own nitrogen directly from
the atmosphere, potentially saving the nation about $4 billion annually 1in
fertilizer costs (Pimentel, 1987).

In addition, organisms engineered to control pest insects, weeds, and
plant pathogens could aid in reducing the more than $64 billion, or about 37%,
Toss of United States crop production due to pests (Pimentel, 1986a). These
modified organisms may potentially reduce a portion of the $3 billion spent on
pesticide applications that not only destroy beneficial natural enemies, but
cause other environmental, public health, and social problems (Pimentel,
1987).

Socioeconomic costs. In contrast to the benefits of genetic engineering,

significant social costs may be incurred (Nader, 1986; Krimsky, 1987). For
example, higher crop yields will benefit consumers by providing lower food
prices, yet farmers' profit margins will generally decline. On average, for
most crop and livestock products, a 1% increase in yield results in a 4.5%
decrease in market price received by farmers (Sisler, 1988). This relation-
ship can be illustrated with the case of bovine growth hormone (BGH).
Genetically engineered BGH has the potential to increase milk production

in dairy cattle by as much as 40% (field estimates are closer to 10-25%)
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(Rauch, 1987). This hormone is currently under consideration for approval by
the U.S. Department of Agriculture (USDA) and the Food and Drug Administration
(FDA). If put into use, BGH will dramatically increase milk production in the
United States at a time when government purchases of surplus milk are up to
12.3 billion pounds per year (Rauch, 1987). The expected 10% to 15% decrease
in milk prices will probably further reduce the number of U.S. dairy farmers
(Kalter and Milligan, 1988). A1l evidence suggests, therefore, that the use
of BGH will accelerate the trend toward fewer and larger farms in the United
States (Buttel, 1988; DuPuis and Geisler, 1988) and contribute further to the
loss of cultural diversity in an increasingly urban society (Coen et al.,
1987).

The potential effects of genetic engineering on rural land use have yet
to be assessed. This rapidly advancing technology is, however, clearly
capable of causing major ecological, economic, and social changes. Small
farmers in developing countries, for example, may experience severe negative
effects. Using microbes to produce synthetically cocoa, coffee, and tea
extracts from relatively simple carbohydrates may eventually lead to the
elimination of these industries in developing countries (Buttel and Barker,
1985). For countries like Ghana, where more than 20% of the workforce is
employed in cocoa production, this new technology could create major economic
and social problems, in addition to stimulating potentially unprecedented and
environmentally destructive land use change (Christian, 1985). Due to the
increasing significance importance of international trade, financial crises in
developing countries can affect the economies of the developed world. This
was clearly demonstrated in 1973-74 when increases in oil prices caused U.S.

grain exports to decline 50% (USBC, 1987).
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Ethical issues. A highly competitive and secretive climate currently

surrounds most genetic engineering research in the United States (Buttel et
al., 1985). The financial rewards for successful research are enormous.
However, these incentives are unlikely to encourage innovation aimed at
providing the greatest humanitarian good (Buttel et al., 1985). For this
reason, a stronger public role in defining and supporting key research objec-
tives, and in formulating standards to regulate the industry, is needed to
temper the substantial influence of private enterprise on the development of
R-DNA technology. If germplasm, including genes such as those coding for Bt
endotoxins, could be considered a natural resource (NAS, 1978), government
involvement would be justified to protect these resources (Gould, 1988).

Requlation of R-DNA Technology

Government requlatory agencies. In June 1986, the federal government

established guidelines for regulating the genetic engineering industry, in
addition to creating an interagency system known as the Coordinated Framework
for Regulation of Biotechnology (Federal Register, 1986). Responsibility for
controlling the safety of new products is now divided among five federal
agencies: (1) the USDA is responsible for engineered organisms used with crop
plants and animals; (2) the FDA is responsible for genetically engineered
organisms or their products in processed foods and drugs; (3) the National
Institutes of Health (NIH) is responsible for engineered organisms that could
affect public health; (4) the Occupational Safety and Health Administration
(OSHA) is responsible for engineered organisms that may affect the workplace;
and (5) the EPA is responsible for engineered organisms released into the
environment for pest and pollution control and related activities (Committee
on Science and Technology, 1986).

Divergent views exist regarding the merits of industry regulation. Some

believe these divisions of authority are cumbersome (Young and Miller, 1987;
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Fox, 1988), and others propose the abolishment of all the regulations
(Szybalski, 1985). Yet, some argue that regulation actually assists the
development of biotechnology (Gibbs and Greenhalgh, 1983).

Agencies such as the USDA, which both promote and regulate this new
technology, may be faced with a conflict of interest. The same combination of
promotion and regulation did not work when the USDA was responsible for
regulating the use of pesticides, and eventually control was transferred to
the EPA (GAO, 1986). NIH has provided sound guidelines for laboratory re-
search dealing with genetic engineering, but it is not a regulatory agency
and, therefore, its only means of control is to seek EPA's help in regulation.
EPA, however, is attempting to regulate genetically engineered organisms under
the Toxic Substances Control Act, but TSCA has serious deficiencies
(Schiffbauer, 1985). It is extremely important, however, that fairness and
effectiveness be achieved in regulatory policy (Nourish, 1983; Coulson and
Soper, 1984; Committee on Energy and Commerce, 1985; Committee on Science and
Technology, 1986).

Socioeconomic evaluation. The benefits and costs of R-DNA technology to

society should be rigorously assessed. An attempt should be made to balance
potential short-term benefits (private and public) with possible long-term
costs. Given this technology's potential social, economic, and environmental
impacts, a prudent approach in minimizing these risks is needed. Public
policies must cautiously yet fairly regulate R-DNA technology research and
development.

Testing protocols. When establishing testing protocols, it is important to

remember that the biotic and chemical interactions in nature are much more
complex than those produced in laboratory tests. At this time, the safest
approach is to include tests at progressively more complex Tevels of ecosystem

structure (OECD, 1988). We propose the following steps: (1) conduct labora-
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tory microcosm tests to improve the understanding of the engineered organism;
(2) carry out small plastic-enclosed ecosystem field tests; and (3) conduct
small-scale field tests.

Monitoring. Developing the means for tracking genetically engineered micro-
organisms is essential if the fate of these organisms in nature is to be
determined. The monitoring methods must be specific, convenient, reliable,
and sensitive (Omenn, 1986). Currently, the six major monitoring methods
include: (1) selective media; (2) resistance to particular antibiotics; (3)
immunofiuorescence techniques; (4) DNA genetic probes; and (5) R-DNA finger
printing (Mallory et al., 1982; Omenn, 1986; Levin et al., 1987; Marx, 1987);
and (6) serological tests. To date none of these is completely reliable or
sufficiently sensitive; however, if more than one were employed some of the
deficiencies might be reduced.

Control of problem releases. Various procedures are suggested to control

problems that might develop if engineered organisms are released into the
environment. Some engineered organisms, 1ike plants in pots, can be collected
and destroyed relatively easily; however, others are more difficult to con-
tain. Some microbes and macroorganisms, for example, disperse rapidly (Andow,
1986). Others, like pox viruses, are extremely difficult to control by any
technique (Goldstein, 1988). Past experience demonstrates that effectively
controlling a released organism is extremely difficult. Furthermore, the
record worldwide is poor for exterminating introduced pests after introduction

(DeVos et al., 1956; Elton, 1958; Laycock, 1966; Joenje, 1987).
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CONCLUSIONS

Genetic engineering is expected to have many benefits in agriculture and
public health. As with many new technologies, however, there are socio-
economic and environmental problems associated with R-DNA technology. Never
before have we had the opportunity to transfer genetic traits between totally
different microbes, plants, and animals. This ability presents unique risks
to the environment, not unlike the problems created by introduction of exotic
species. With only six field releases to date, we have little information or
experience concerning potential environmental risks. As is common when there
are insufficient data, wide-ranging speculations and many misconceptions
exist.
Based on our analyses, we conclude that:

(1) Developing crops resistant to pests has minimal risks and should help
reduce pesticide use.

(2) Although engineering herbicide resistance in crops may increase herbicide
efficiency in some instances, this approach will potentially encourage
the use of a wider array of herbicides on a variety of crops -- thus
intensifying ecological problems associated with these pesticides.

(3) While genetically engineered microbes released to attack specific
chemical pollutants have the potential to improve the environment, these
microbes must be compound-specific and produce harmless by-products; if
not, they may pose environmental hazards.

(4) When unique genetic characters are released into the environment via
microbes and other organisms, a few of these novel DNA sequences may be
transferred to other microbes and other organisms.

(5) Some single gene changes may convert a benign organism into a serious

plant or animal pathogen.



(6)

(7)

(8)

(9)

(10)

(11)

22

Because most pest species are of native origin, the use of native
organisms to genetically engineer new organisms is not necessarily
without risk.

Few ecological niches in the ecosystem are completely filled; therefore,
natural communities are unlikely to resist invasion by foreign organisms,
including genetically engineered organisms.

Based on past experience, the chance of an intentional foreign plant or
animal introduction becoming a pest in the llnited States ranges from 1 in
10 to 1 in 100.

R-DNA technology has the potential to increase genetic diversity in
agriculture and forestry; however, due to numerous factors in development
and use of crop and forest varieties, genetic diversity in these systems
is expected to decline.

Accuracy in predicting the ecological effecis of releasing a genetically
engineered organism depends on the specific organism, the type of genetic
information introduced, the particular environment into which it is
released, and the availability of detailed ecological information.
Insufficient data exist to forecast environmental problems and pest
outbreaks resulting from the release of genetically engineered organisms.
Based on the data presented, we expect some environmental problems to
occur because: (i) none of the test protocols will allow us to predict
with 100% accuracy the impact of altered organisms on the environment;
(ii) in the past, we have been unable to distinguish with total accuracy
beneficial organisms from potential pests; (iii) a large number of
releases into the environment increases the probability of a hazardous
introduction; and (iv) the dangers caused by human error can never be

eliminated.
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(12) Several incidents have already demonstrated mismanagement of genetic
engineering technology. A clear need exists, therefore, for more effec-
tive regulation and management of this technology.

(13) To achieve efficient, effective regulation, genetic engineering should be
requlated only by EPA and OSHA; however, EPA should not attempt to carry
out regulation under TSCA.

(14) The socioeconomic costs and benefits of genetic engineering technology
must be assessed to determine beforehand who the gainers and losers will
be.

Genetic engineering offers many opportunities for improving agriculture
and public health. However, we believe the risks of this new technology must
be recognized and effectively managed. Failure to exercise caution could lead
to serious environmental, economic and social problems in the United States
and in all other nations. Although momentum is building for immediate
results, the impact of potential problems on public confidence in the tech-
nology could delay, or jeopardize, the realization of the potential benefits

from genetic engineering.
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Table 2. Agricultural and ornamental plant introductions and agyicu]tura1,

sport, and pet animal introductions that became pests=" in the
United States.
No. of species for No. of species

Introductions intentional introductions that became pests
Agr. & Ornamental
Plants 5,800 2/ 125
Domestic Mammals & Birds 20 3/ 10
Sport Mammals & Birds 20 4/ 9
Biological Control Vertebrates 5 5
Aquarium & Sport Fish 2,000 >/ 5

l/A pest can be narrowly defined as an organism with direct impacts on human

welfare, or more broadly defined to include negative impacts on indigenous
organisms and habitats. Many of the authors cited used the narrow defini-
tion.

g-/Kr'esovich (1987).

Q/Estimated number of introduced mammals and birds.

&/Estimated; however, this value does not include 51 exotic species introduced
into Texas for game purposes -- none of which to date have been classed as a

problem (Armstrong and Wardroup, 1980).
§/Estimated (McCann, 1984).
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Figure 1. Number of species of insects and mites introduced into the 48

contiguous states from 1640 to 1980 (after Sailer 1983).



