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Preface

In assessing the conclusions of any report on a subject as controver-
sial as agricultural biotechnology, I certainly would want to know about
the background of the individuals who wrote the report, and the process
used to write it. So before you delve into the contents of this report I
would like to tell you about our committee and the process that we used
in writing this report. “About the Authors” provides background infor-
mation on each of the 12 committee members who wrote the report. The
committee followed the general National Research Council guidelines for
report writing, with more specific steps in the process determined by the
committee members. This report is a consensus document. Therefore,
every member of the committee had an opportunity to question the con-
tent of each page, and in the end had to determine that he or she could
consent to all of the report findings and recommendations. Had any com-
mittee member written the report alone, the conclusions would have been
different. Some view this as a weakness of the consensus process—too
much compromise. Based on my experience with this specific report, I
strongly disagree with that perspective. What I saw in our consensus
process was that logic and detailed information prevailed. It was easy for
us to come to consensus on some issues but in other cases there were
lengthy debates. In the approximately 15 months from the time of our
first meeting until we finally signed off on the report, members of the
committee had time to present specific arguments on multiple occasions
with the opportunity to collect data to back up their arguments in be-
tween meetings or conference calls. Evidence to me of the success of our
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x PREFACE

specific consensus process is that a report written by a single member of
our committee would have been substantially different before and after
he or she had gone through the study process. We learned a lot from each
other, and the report reflects this enhanced pool of knowledge.

The report clearly was the product of the committee, but there were a
number of other important inputs. A workshop was convened by the
committee to obtain input from scientists working on novel plant traits,
from individuals with special expertise in regulation of transgenic plants,
and from members of public interest groups (Appendix A). We also sent
a letter to nearly 400 selected individuals and groups to solicit input (Ap-
pendix C). The letter specifically probed for unique perspectives on po-
tential environmental impacts of transgenic plants. We received 35 useful,
individual responses to this letter (copies available from NRC). In addi-
tion, members of the committee met with APHIS personnel and represen-
tatives from industry and public interest groups. All of these meetings
were followed up by written communications to ensure that the informa-
tion gathered from these meetings was accurate. The draft of our report
was reviewed in detail by 12 individuals approved by the NRC’s Report
Review Committee in order to provide distinct expertise and perspectives
on the topics covered. The comments from the reviewers were given thor-
ough consideration by the committee, and the Report Review Committee
of the NRC assessed the revised draft before our report was accepted for
publication.

You will read many findings and recommendations in this report. I
would like to highlight a few of them that reflect on the nature of the
issues addressed, and on the study process. During the initial meetings of
our committee it became apparent that there was a need to examine the
environmental risks of transgenic plants within the context of environ-
mental risks posed by the entire modern agricultural enterprise. Our as-
sessment confirmed the general findings of others that many agricultural
practices have substantial negative environmental impacts. Additionally,
we found that the current standards used by the federal government to
assure environmental safety of transgenic plants were higher than the
standards used in assuring safety of other agricultural practices and tech-
nologies. After much discussion of this finding we did not conclude that
the standards for transgenics were too high. We found that over the past
70 years there has been growing concern about the impacts of agriculture
on the environment and that, in general, agricultural technologies intro-
duced many years ago have not been as carefully scrutinized as newer
technologies. Therefore, in the future, it will be important to reconsider
the standards that are being used to examine environmental effects of
older technologies such as conventional plant breeding.
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PREFACE xi

Deliberations among our committee members—most of whom were
biologists—led to a consensus that effective environmental risk analysis
and management must consider both biological and social factors. While
risk of environmental effects can be defined simply as a multiple of haz-
ard and exposure, the measurement of both hazard and exposure in-
volves a complex blend of ecological and social factors. This is in part
because the value of every organism and habitat is based on its ecosys-
tem, economic, and cultural functions. The recent assessment of risks to
monarch butterflies from transgenic corn exemplifies these interactions.
From a purely ecological perspective, decline in monarch butterfly popu-
lations is not, a priori, expected to be more environmentally disruptive
than the decline in a randomly selected species of ground beetle. How-
ever, appropriate risk analyses for these two species should differ because
of the role of the monarch butterfly in American culture. While ecologists
must insist on careful examination of environmental risk to all species,
decision makers cannot ignore other factors.

One general finding of the committee was that a rigorous scientific
risk analysis has two roles: 1) it offers essential technical information to
the agencies charged with making decisions about commercializing a
transgenic plant; 2) it also serves as evidence to the public that the deci-
sion-making agencies are deserving of their trust. This second role is not
fully appreciated in many cases. The more clearly an agency can explain
the rigor of its methods, and the more engaged it becomes in responding
to the public, the more likely it is to gain the public’s confidence.

The report of our committee does not paint a simple black and white
picture of transgenic plant regulation by USDA-APHIS personnel. As
stated in the report, our committee took on the role of searching for prob-
lems, and recommended changes “as a means to help improve a function-
ing system.” I hope that members of the press and other organizations
will not yield to the temptation of focusing only on our finding that envi-
ronmental standards for transgenic plants are higher than those for other
agricultural technologies, or only on our findings that suggest the need
for improvement in environmental regulation of transgenic plants.

I want to thank the entire committee for their diligence and persever-
ance in examining mountains of background documents, and for writing
and rewriting the pieces of this report. I am proud of the committee
members for their willingness to argue forcefully, and for their ability to
listen carefully to the perspectives of others. Without this combination of
traits it would have been impossible to develop this consensus document.
Special thanks go to Drs. Norman Ellstrand, David Andow, Bernd Blossey,
and Paul Thompson for their leadership roles with the major organizing
and writing responsibilities. External reviewers substantially improved
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xii PREFACE

the content of the report, and our technical editor, Barbara Bodling, im-
proved the prose. Karen Imhof and Mike Kisielewski offered valuable
technical and organizational expertise in setting up meetings and in pull-
ing the report together. Heather Christiansen’s research efforts gave us
access to essential information from both the public and private sectors.
The study process and the writing of this report could not have been
accomplished without the hard work, insight, and diplomacy of our study
director, Dr. Kim Waddell.

Fred Gould
Chair
Committee on Environmental Impacts

Associated with Commercialization
of Transgenic Crops
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1

Executive Summary

Before transgenic plants can be grown outside the laboratory, ap-
proval must be obtained from the Animal and Plant Health Inspection
Service (APHIS) of the United States Department of Agriculture (USDA).
APHIS derives its authority for regulating transgenic plants from the Fed-
eral Plant Pest Act (FPPA) and the Federal Plant Quarantine Act (FPQA).
As a participant in the U.S. Coordinated Framework for the Regulation of
Biotechnology, APHIS developed its first formal procedures for assessing
potential environmental effects of transgenic plants in 1987. Currently,
APHIS’s Biotechnology, Biologics, and Environmental Protection unit
(BBEP) reviews approximately 1,000 applications for field testing and
deregulation of transgenic plants each year.

TASK OF THE COMMITTEE

In January 2000 the USDA requested that the National Academy of
Sciences examine the scientific basis for and the operation of APHIS regu-
latory oversight. The specific task set before this committee by the USDA
and the NRC (National Research Council) Committee on Agricultural
Biotechnology, Health, and the Environment (CABHE) was as follows:

“The committee will review the scientific basis that supports the scope
and adequacy of USDA’s oversight of environmental issues related to
current and anticipated transgenic plants and their products. In order to
address these issues, the committee will:

1. Evaluate the scientific premises and assumptions underpinning the
environmental regulation and oversight of transgenic plants. This eval-
uation will include a comparison of the processes and products of genet-
ic engineering with those of conventional plant breeding as they pertain
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2 EXECUTIVE SUMMARY

to environmental risks. This evaluation may result in recommendations
for research relevant to environmental oversight and effects of transgen-
ic plants.

2. Assess the relevant scientific and regulatory literature in order to eval-
uate the scope and adequacy of APHIS’s environmental review regard-
ing the process of notification and determination of non-regulated sta-
tus. The committee will focus on the identification of effects of transgenic
plants on non-target organisms and the Environmental Assessments
(EA) of those effects. The study will also provide guidance on the assess-
ment of non-target effects, appropriate tests for environmental evalua-
tion, and assessment of cumulative effects on agricultural and non-agri-
cultural environments.

3. Evaluate the need for and approaches to environmental monitoring
and validation processes.”

Previous National Research Council (NRC) committees have exam-
ined a number of issues related to the safety of genetically engineered
organisms (NRC 1982, 1989, 2000c) but none specifically examined APHIS
oversight or how commercial use of genetically engineered crops with
non-pesticidal traits could affect agricultural and nonagricultural envi-
ronments.

The task of this committee specifically included provision of guid-
ance for assessment of the cumulative effects of commercialization of
engineered crops on the environment. Therefore, the committee exam-
ined the potential effects on the environment that could result from the
use of engineered crops on large spatial scales over many years. In addi-
tion to evaluating the potential direct environmental impacts of single
engineered traits within existing agricultural systems, the committee also
examined how commercialization of engineered crops with single and
multiple traits could actually change farming and thereby impact agricul-
tural and nonagricultural landscapes of the United States. As part of its
task, the committee conducted a detailed study of the relevant scientific
and regulatory literature and used its findings from this study in develop-
ing what the committee considers an appropriate framework for assess-
ing the environmental effects of transgenic plants. The committee used
this framework to evaluate the scope and adequacy of the APHIS review
process.

COMPARISON OF ENVIRONMENTAL ASSESSMENT OF
TRANSGENIC PLANTS WITH ASSESSMENT OF OTHER

AGRICULTURAL TECHNOLOGIES

Risk assessment literature and history demonstrate that environmen-
tal regulation of agricultural practices and technologies involves an inter-
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EXECUTIVE SUMMARY 3

play of ecological and social factors. Therefore, any analysis of the scope
and adequacy of an environmental assessment program must address
interaction of these two factors. At the outset of the twentieth century
environmental issues were not a dominant public concern, and U.S. farm-
ers were, in general, free to use whatever agricultural practices best suited
their needs. As the twentieth century progressed, the impacts of agricul-
tural practices on human health and the environment became a focus of
public attention. Regulations and incentive programs were developed for
agriculture and now have a major influence on farming, ranging from the
choice of tillage practices to the choice of pest control techniques.

In the era when the scientific foundation of conventional plant breed-
ing was developed and put in practice, potential for non-target effects and
gene flow were not a concern. In contrast, transgenic technology is com-
ing of age during a time when environmental assessments are much more
sophisticated and when a growing segment of the public is voicing con-
cern about environmental degradation and lack of faith in government
agencies to prevent that degradation. Concern over the impact of trans-
genic plants on the environment has led governments in a number of
countries to raise the standards by which they judge what constitutes a
significant negative effect of agriculture on the environment. Environ-
mental standards being developed for transgenic plant varieties consider
impacts that were rarely even measured when novel conventional crop
varieties or synthetic chemicals were introduced in the 1960s and 1970s.
Today, government agencies charged with the regulation of transgenic
plants find themselves in the difficult position of enforcing a higher envi-
ronmental standard for transgenic plants than the standards currently
used to regulate the impacts of other agricultural technologies and prac-
tices. It is possible that the higher standards being developed for trans-
genic plants will, in the future, be applied in some fashion to other agri-
cultural technologies and practices. Because decisions that are now being
made with regard to transgenic plants could set a precedent for evaluat-
ing all agriculture, government agencies and the public must keep this in
mind as regulations for transgenic plants evolve.

ENVIRONMENTAL EFFECTS OF AGRICULTURAL PRACTICES,
NOVEL GENETIC MATERIAL, AND THE PROCESSES USED IN

PLANT IMPROVEMENT

From a scientific perspective, the committee saw a need to place po-
tential impacts of transgenic crops within the context of environmental
effects caused by other agricultural practices and technologies. There is
substantial evidence that ecological effects of farming practices exert sim-
plifying and destabilizing effects on neighboring natural ecosystems.
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4 EXECUTIVE SUMMARY

These effects are of concern because they appear to weaken or destroy
ecosystems’ capacity for resilience—that is, an ecosystem’s ability to re-
turn to its initial state despite disturbance. Potential ecological effects of
transgenic crops, and other crops bearing novel traits, may be heightened
in this destabilized ecological milieu. This argues for a cautious approach
to the release of any crop that bears a novel trait. Equally, it is an argu-
ment for a cautious approach to any extensive change in agricultural
practices.

The two plant pest statutes (Federal Plant Pest Act and the Federal
Plant Quarantine Act), which are used by APHIS to regulate transgenic
plants, were originally developed to regulate the introduction of non-
indigenous plant species. Because the amount of novel genetic informa-
tion added to an ecosystem by the introduction of a new species is much
greater than that added by a single transgene, the use of these plant pest
statutes to regulate transgenic plants has been criticized. On the other
hand, the use of these statutes for regulating transgenic but not conven-
tionally improved plants has been defended because the introduced genes
in transgenic plants can have a much more distant taxonomic origin (for
example, bacterial genes transferred to plants). These arguments are based
on a general assumption that the risks associated with the introduction of
genetic novelty are related to the number of genetic changes and the
origin of the novel genes.

The committee compared empirical evidence of environmental im-
pacts involving small to large amounts of genetic novelty from taxonomi-
cally related and unrelated sources and found no general support for this
assumption. More specifically, it was found that (1) small and large
genetic changes have had substantial environmental consequences; (2)
the consequences of biological novelty depend strongly on the specific
environment, including the genomic, physical, and biological environ-
ments into which they are introduced; (3) the significance of the conse-
quences of biological novelty depend on societal values; (4) introduc-
tion of biological novelty can have unintended and unpredicted effects
on the recipient community and ecosystem; (5) a priori there is no strict
dichotomy between the possibility of environmental hazard associated
with releases of cultivated plants with novel traits and the introduction
of nonindigenous plant species. However, the highly domesticated
characteristics of many cultivated plants decrease the potential of cer-
tain hazards.

The conventional development of semi-dwarf, short-season varieties
of rice and wheat that propelled the Green Revolution of the twentieth
century clearly exemplifies how a small number of genetic changes to a
crop can impact the environment. In the case of rice, a single gene for
short stature made rice much more responsive to fertilizer, while a few
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EXECUTIVE SUMMARY 5

genes for more rapid maturation allowed farmers to grow one or two
extra crops per year. These small genetic changes enabled massive
changes in agricultural practices that increased production. However,
these changes have increased soil salinity, lowered water tables, and al-
tered wetlands in some regions. Thus, there are tradeoffs between the
long-term positive and negative effects of these varieties. The environ-
mental impacts of the genes introduced to Green Revolution varieties and
other crops are often indirect, which makes their assessment more com-
plex but no less important.

In comparing conventional and transgenic approaches to crop im-
provement, the committee is in agreement with a previous NRC report
(2000c) which found that both transgenic and conventional approaches
(for example, hybridization, mutagenesis) for adding genetic variation
to crops can cause changes in the plant genome that result in unin-
tended effects on crop traits. Genetic improvement of crops by both ap-
proaches typically involves the addition of genetic variation to existing
varieties, followed by screening for individuals that have only desirable
traits. The screening component will remove many but not all of the un-
anticipated physical and ecological traits that could adversely affect the
environment.

Based on a detailed evaluation of the intended and unintended traits
produced by the two approaches to crop improvement, the committee
finds that the transgenic process presents no new categories of risk
compared to conventional methods of crop improvement but that spe-
cific traits introduced by both approaches can pose unique risks. There
is currently no formal environmental regulation of most conventionally
improved crops, so it is clear that the standards being set for transgenic
crops are much higher than for their conventional counterparts. The com-
mittee finds that the scientific justification for regulation of transgenic
plants is not dependent on historically set precedents for not regulating
conventionally modified plants. While there is a need to reevaluate the
potential environmental effects of conventionally improved crops, for
practical reasons, the committee does not recommend immediate regu-
lation of conventional crops. A previous NRC report (2000c) also raised
issues related to the lack of rigorous examination of conventionally pro-
duced crop varieties. Transgenic and conventional approaches are in a
period of rapid change. This makes it difficult to assess the potential risks
of specific traits that each approach will be able to alter in the future.

While it is not possible to assess the risks of any genetically modified
plant without empirical examination, the committee finds that it should
be possible to relatively quickly screen modified plants for potential
environmental risk and then conduct detailed tests on only the subset
of plants for which preliminary screening indicates potential risk.
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6 EXECUTIVE SUMMARY

RISK ANALYSIS AND THE REGULATION OF TRANSGENIC
PLANTS: SCIENTIFIC ASSUMPTIONS AND PREMISES

The committee reviewed a number of models for risk analysis, with
special attention to those outlined in two previous reports (NRC 1983,
1996). Risk analysis often involves the use of scientific information to
provide technical guidance to decision makers about the management of
those risks (referred to as the “decision support” role of risk analysis).
This decision support role presumes that the decision maker (an indi-
vidual, a group, or an organization) is well defined and has the legitimate
and uncontested authority to make a decision. Traditionally, officials in
government agencies have viewed risk analyses as decision support for
the exercise of their legislatively mandated authority. However, the as-
sumption that “mandated authority” provides “uncontested authority”
does not hold in all cases. Indeed there are many situations in which
scientifically rigorous risk analysis and involvement of interested and
affected parties in the risk analysis process perform a second, well-recog-
nized role in regulation—that of maintaining the legitimacy of regulatory
agencies to exercise such authority.

The committee discussed a number of points of tension that arise
between the use of risk analysis to create and maintain legitimacy and its
use as a decision support tool. It is clear that democracy is best served
when people affected by regulatory decision making can be significantly
involved in the decision making, and that inclusion of diverse interests in
the risk analysis process can be a powerful force to garner legitimacy of a
decision. This is especially true because the significance of environmental
effects of novel genetic material depends on societal values. However,
especially when the decision options under consideration are not well
defined, broad public involvement in risk analysis can result in risk man-
agement decisions that lack scientific rigor.

In the analysis of risks from transgenic plants, APHIS has concen-
trated on the decision support role of risk analysis. However, it is clear
that risk analysis of transgenic plants has played an important role in
maintaining the legitimacy of regulatory decision making concerning en-
vironmental and food safety in the United States. The committee con-
cludes that risk analysis of transgenic plants must continue to fulfill
two distinct roles: (1) technical support for regulatory decision making
and (2) establishment and maintenance of regulatory legitimacy.

The use of more rigorous methods in decision support are likely to
help risk analysis fulfill its role of establishing and maintaining regula-
tory authority. At least five standards of evidence can be used in a risk
assessment for decision support. The scientifically rigorous methods in-
clude epidemiological, modeling, and experimental methods. Other meth-
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EXECUTIVE SUMMARY 7

ods include the judgments of external scientific panels with specific tech-
nical expertise, and judgment of experienced regulatory personnel. A con-
sensus of multiple external scientific experts is likely to be more rigorous
than regulatory judgments because disagreements among external ex-
perts are likely to lead to more robust risk assessments.

As indicated above, this committee agrees with previous NRC com-
mittees (NRC, 1989, 2000c) that there are no new categories of risk associ-
ated with transgenic plants. The categories of risks from transgenic plants
include those associated with the movement of the transgenes, impacts of
the whole plant through escape, and through impacts on agricultural
practices, non-target organism effects, and resistance evolution. For this
reason, the process of producing new plant varieties should not enter into
the assessment. However, the committee’s analysis indicates that specific
traits introduced by either of the two approaches can pose unique risks.
For example, within the general category of “risks to non-target organ-
isms,” production of Bt toxins in corn pollen could pose a unique airborne
toxin-exposure that was never found in conventional corn varieties. For
purposes of decision support this committee agrees with previous NRC
reports which conclude that risks must be assessed on a case-by-case
basis with consideration for the organism, trait, and environment.

Typically there are a number of comparisons that are appropriate for
assessing the risks of transgenic crops. For example, the environmental
effects of a transgenic crop could be compared to chemically intensive
farming practices and to farming practices developed to be more ecologi-
cally sustainable. Another obvious comparison is that of a crop variety
with a transgenic trait to a similar variety (that is, a near isoline) lacking
that trait. Therefore, the maintenance of such varieties is critical for ap-
propriate testing.

The committee recognizes that in any attempt to mitigate environ-
mental risk there is a need to be mindful of the fact that avoiding one
risk can sometimes inadvertently cause another greater risk. For ex-
ample, a regulation that discouraged research on pest-specific, plant-pro-
duced compounds could in some cases lead to continued use of environ-
mentally disruptive synthetic pesticides.

ANALYSIS OF THE APHIS REGULATORY PROCESS

The major focus of the committee’s work was on analysis of the scope
and adequacy of the APHIS environmental review process for transgenic
crops. There were three phases to the analysis. First, the committee exam-
ined the general statutes and rules used by APHIS to regulate transgenic
plants and the documents that APHIS has developed as guidance for
applicants. Next, APHIS assessments of specific applications for testing
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8 EXECUTIVE SUMMARY

and commercialization were examined in detail (case studies). During
these two phases the committee communicated with APHIS personnel to
avoid missing any crucial unpublished information and to learn more
about the day-to-day operations of the APHIS-BBEP. Finally, the informa-
tion gathered was used to determine how well APHIS oversight is meet-
ing the two general roles of risk assessment, and to develop recommenda-
tions for specific changes in that oversight.

The committee finds that APHIS and other regulatory agencies
charged with assessing the safety of transgenic plants face a daunting
task. This is so in part because environmental risk assessment of trans-
genic plants is new and in part because the social context in which regula-
tory decisions about transgenic organisms must now be made is dramati-
cally different from the one in which these agencies have been accustomed
to work. The committee finds that the APHIS regulatory system has
improved substantially since it was initiated. For example, in two Bt
corn petitions for nonregulated status, one completed in 1994 and one in
1997, the breadth of environmental issues addressed and the degree of
rigor with which they were addressed improved with time. Furthermore,
the development of a notification process that utilizes ecologically-
based performance standards was an important step in effectively
streamlining the field-testing process. The learning process at APHIS
has not come without missteps, but the agency seems to use them as
opportunities for further improvement. In its role of analyzing APHIS
environmental reviews the committee mostly searched for problem areas
as a means to help improve a functioning system.

APHIS has been criticized for regulating transgenic crops with stat-
utes that do not cover all transgenic plants. The committee finds that
APHIS currently has the authority to base regulatory scrutiny on poten-
tial plant pest status, regardless of the process of derivation, and there-
fore can theoretically regulate any transgenic plant. However, the only
practical trigger used by APHIS is the presence of a previously identi-
fied plant pest or genes from a plant pest in the transformed plant.
Other operational triggers are needed for transgenic plants that may
have associated risks but lack the above characteristics.

APHIS jurisdiction and the focus of its Environmental Assessments
are confined to the United States, but some APHIS assessments discuss
potential environmental effects of specific transgenic plants outside the
United States. There is a need to clarify this discrepancy. If APHIS juris-
diction is to remain confined to the United States, Environmental Assess-
ments should clearly state that they do not consider risks beyond United
States borders.

APHIS documents reviewed by the committee also are inconsistent
regarding APHIS authority to deregulate transgenic plants on a limited
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EXECUTIVE SUMMARY 9

geographic basis within the United States. This inconsistency is important
because in one case the perceived inability of APHIS to set geographic
limits led it and the Environmental Protection Agency (EPA) to make
different decisions on the planting range of transgenic cotton in the United
States. There may be future situations where at least temporary geo-
graphic limits would be beneficial.

Current APHIS oversight involves three processes: notification, per-
mitting, and petitioning for nonregulated status. It is possible to commer-
cialize the nonliving products of transgenic plants through each of these
processes, but petitioning for nonregulated status is currently the pre-
dominant mode for commercialization of all transgenic plant products
and is the only process for commercialization of living transgenic plants.
Initially, all field testing of transgenic plants needed to be approved by
the permitting process (see Chapter 3). However, APHIS determined that
for some transgenic plants, safety could be assured through a more
streamlined approach of having the applicant notify the agency in ad-
vance of planting. The notification process was first used for a limited set
of crops, but currently almost all field testing is conducted through the
notification process that requires APHIS to complete its decision making
in less than 30 days. Within this time frame, one APHIS staff member
typically determines if the notification process is sufficient for the particu-
lar transgenic plant. The applicant must follow general guidelines to en-
sure that there are no environmental effects from the planting, but the
process involves no public or external scientific input. Plants that cannot
be grown in the field, based on notification, include those that produce
substances intended for use as pharmaceuticals and those that could af-
fect non-target organisms. Some plant products have been commercial-
ized using the notification process, and there is no limit to the acreage that
can be planted under the notification system. Commercialization of cer-
tain plant products through notification could result in large plantings
and increased risks through scale effects. In the committee’s examination
of specific cases where commercialization involved only oversight
through the notification process, one case was found where it appears
that a transgenic plant with toxic properties (avidin-producing corn) was
grown under the notification process. The committee finds that the noti-
fication process is conceptually appropriate, but there is a need to reex-
amine which transgenic plants should be tested and commercialized
through the notification process.

In comparison with the notification process the permitting process
requires more detail from the applicant, and if APHIS determines that
there is a need for a formal Environmental Assessment of the plant, a
description of the application is published in the Federal Register and is
open to public comment. The permitting process is not commonly used at
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10 EXECUTIVE SUMMARY

present, but as more pharmaceutical-producing plants are developed, it
may be used more frequently.

The dominant path toward commercialization—petitioning for non-
regulated status—is in essence a request for APHIS to determine that
there is no plant pest risk (or as commonly understood, no environmental
risk) associated with the specific transgenic plant. If APHIS makes this
determination, it agrees that the plant no longer needs regulation. As
currently implemented, APHIS deregulation is absolute. Once deregu-
lated, the agency does not assume further oversight of the plant or its
progeny and descendants. As part of the petitioning process APHIS al-
ways conducts a formal Environmental Assessment and publishes this
assessment in the Federal Register, providing the public with a 60-day
comment period. APHIS personnel are required to respond to each com-
ment received.

The committee examined six individual petitions for nonregulated
status conducted over a period of four years. Based on these detailed
assessments as well as an examination of the general process of APHIS
oversight, the committee finds a number of places where APHIS could
improve its technical risk assessments and the manner in which it in-
volves the public in policy development and decision making. In general,
the committee finds that the APHIS process should be made signifi-
cantly more transparent and rigorous by enhanced scientific peer re-
view, solicitation of public input, and development of determination
documents with more explicit presentation of data, methods, analyses,
and interpretations. Such changes are likely to improve the agency’s risk
analyses at both the level of decision support and the level of mainte-
nance of regulatory authority.

To improve the rigor of decision support, the committee recommends
that, whenever changes in regulatory policy are being considered,
APHIS should convene a scientific advisory group. This is a common
practice of the EPA. Before APHIS first introduced the notification proce-
dure, it formally requested input from the then-active USDA Agricultural
Biotechnology Research Advisory Committee (ABRAC). Such formal in-
put has not been sought since that time. The committee recommends that
before making specific, precedent-setting decisions, APHIS should so-
licit broad external scientific review well beyond the use of Federal
Register notices.

Specific attributes of APHIS’s environmental assessments require
comment. The committee recommends that APHIS should not use the
term “no evidence” in its environmental assessments. The term “no
evidence” can mean either that no one has looked for evidence or that the
examination provides contrary evidence. Lack of evidence is not typically
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useful in making regulatory decisions about risk. The committee also
recommends that APHIS not use general weediness characteristics in
its assessments because these characteristics have no predictive value.
APHIS must instead use criteria specific to the regulated article and the
environments to which it could be exposed. Until recently it was difficult
or impossible to determine the full sequence of an inserted gene. There-
fore, APHIS’s past acceptance of partial sequence data was reasonable. At
this time the agency should require reporting of full DNA sequences of
transgenes as they are integrated into the plant genome unless the ap-
plicant can provide scientific justification not to do so. Data on flanking
sequences also would be useful to determine the exact insertion site of the
transgene

APHIS’s environmental assessments of transgenic plants with pesti-
cidal properties include assessment of effects on non-target organisms as
well as assessment of the risk posed by the potential of pests to evolve
resistance to the pesticidal substance. The treatment of these two issues in
APHIS’s Environmental Assessment documents is generally superficial.
The committee recommends that for pesticidal plants APHIS should
either increase the rigor of assessments of resistance risk and non-target
impacts, or it should completely defer to the EPA, which also assesses
these risks.

The committee commends APHIS for developing and making avail-
able guidelines for applicants who are using any of the three APHIS
processes. These guidelines clearly are helpful, especially to small com-
panies and scientists who are generally not familiar with regulatory pro-
cesses. One way in which these guidelines could be improved would be
for APHIS to provide information about what types of evidence it consid-
ers necessary for each of the characteristics listed in the guidelines. With-
out such information it is difficult for applicants to determine the degree
of rigor required by the agency in making its assessments. The committee
recognizes that APHIS staff are open to personal interaction with appli-
cants, but more detailed published guidance still would be useful. All of
these changes would increase the utility of APHIS risk assessments in
decision support. The increased rigor provided by these changes also
could increase public confidence.

There are a number of aspects of APHIS oversight that bear directly
on public confidence. The committee finds that the extent of confiden-
tial business information (CBI) in registrant documents sent to APHIS
hampers external review and transparency of the decision-making pro-
cess. Indeed, the committee often found it difficult to gather the informa-
tion needed to write this report due to inaccessible CBI. It is not clear that
APHIS has the power to decrease the unwarranted use of CBI. However,
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12 EXECUTIVE SUMMARY

regulatory agencies of other countries receive documents with less CBI
than does APHIS. A previous NRC report (NRC 2000c) raised similar
concerns about CBI.

In the committee’s review of public participation in the review pro-
cess it was apparent that the number of comments on Federal Register
notices has declined almost to zero. Committee discussions with repre-
sentatives of public interest groups indicate that this decline in responses
to APHIS-BBEP Federal Register notices is at least in part due to a percep-
tion that APHIS is only superficially responsive to comments. The com-
mittee finds that there is a need for APHIS to actively involve more
groups of interested and affected parties in the risk analysis process
while maintaining a scientific basis for decisions. As indicated above,
there is a tension between use of the risk analysis process for decision
support and maintenance of authority. APHIS could benefit from more
attention to maintaining a balance between these two roles of its risk
analyses.

In examining its day-to-day operations the committee finds that
APHIS-BBEP is understaffed and questions the match between the scien-
tific areas of staff training and their responsibilities. The committee spe-
cifically noted understaffing in the area of ecology. The committee rec-
ommends that APHIS improve the balance between the scientific areas
of staff training and job responsibilities of the unit by increasing staff
and making appropriate hires. In making this recommendation the com-
mittee is aware that APHIS needs help in making its hiring practices and
salary ranges more flexible. Because of the large number of applications
for field testing, more resources are needed in order to maintain a suitable
number of well-trained APHIS officers for field inspection.

As pointed out above, the committee commends APHIS for main-
taining an environment in which the decision-making process can be
adjusted based on knowledge gained from past risk assessments and
regulatory decisions. The committee thinks APHIS would profit from
formalizing its learning process. A fault-tree analysis is one approach to
such a formalized learning process.

POSTCOMMERCIALIZATION TESTING AND MONITORING

Environmental testing of transgenic plants prior to commercializa-
tion can be effective in screening plants for many types of risks, but the
committee finds there are several compelling arguments for validation-
testing and ecological monitoring after commercialization of these
plants.

Because APHIS has considered deregulation absolute, it does not cur-
rently conduct postcommercialization monitoring unless commercializa-
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tion has been conducted through the process of notification (or permit-
ting) and the extent of monitoring for notifications is dependent on APHIS
staffing levels and priorities. The committee finds that APHIS assess-
ments of petitions for deregulation are largely based on environmental
effects considered at small spatial scales. Potential effects from “scale-up”
associated with commercialization are rarely considered. A good example
of this is the use of toxicology-type testing of transgenic plants with pes-
ticidal traits. These toxicology tests on a limited set of organisms are
certainly helpful in preliminary assessment of hazards from effects on
non-target organisms, but these acute toxicity tests might miss potential
chronic effects that occur within field environments or effects that are not
possible with the model organisms tested. The committee recommends
that postcommercialization validation testing be used to assess the ad-
equacy of precommercialization environmental testing. This validation
testing should involve testing specific hypotheses related to the accuracy
and adequacy of precommercialization testing. This testing should be
conducted at spatial scales appropriate for evaluating environmental
changes in both agricultural and adjacent, unmanaged ecosystems. This
validation testing could be funded and managed through programs such
as the USDA Biotechnology Risk Assessment and Risk Management Pro-
gram, which primarily sponsor university researchers. However, to meet
the needs of products being commercialized, these programs will have to
be expanded substantially.

The committee recommends that two different types of general eco-
logical monitoring be used to assess unanticipated or long-term, incre-
mental environmental impacts of transgenic crops. One type of monitor-
ing involves use of a network of trained observers to detect unusual
changes in the biotic and abiotic components of agricultural and nonagri-
cultural ecosystems. The second involves establishment of a long-term
monitoring program that examines the planting patterns of transgenic
plants, and uses a subset of species and abiotic parameters as indicators of
long-term shifts in an ecosystem.

While validation testing can be put in place using the existing public
research infrastructure, it will be much more difficult to institute an effec-
tive system of trained observers, and to develop a long-term program for
monitoring indicators of ecosystem change. The committee finds that
there already are groups of individuals available who could be trained as
observers, but it would be inefficient to have these observers assess only
the effects of transgenic plants.

The committee recognizes that the ability to monitor impacts of large-
scale planting of crops with new traits is hampered by the lack of baseline
data and comparative data on environmental impacts of previous agricul-
tural practices. The committee finds that the United States does not
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have in place a system for environmental monitoring of agricultural
and natural ecosystems that would allow for adequate assessment of
the status and trends of the nation’s biological resources. This problem
encompasses much more than concerns about transgenic crops. The com-
mittee endorses the development of ecological indicators, as proposed by
the NRC (2000a), for both agricultural and nonagricultural environments.
Without systematic monitoring data, it will not be possible to separate
coincidental anecdote from real ecological trends. The same NRC report
recommended development of indicators based on the assumption that
monitoring them is more cost effective and accurate than monitoring
many individual processes or species. This approach also simplifies
communication of findings. Transgenic plants should be one component
of such a monitoring system. One essential monitoring requirement will
be the spatial distribution of transgenic crops.

The committee recommends that a body independent of APHIS be
charged with the development of an indicator-monitoring program. This
monitoring program/database should allow participation by agencies,
independent scientists, industry, and public-interest groups. The data-
base depository should be available to researchers and the interested pub-
lic. A scientifically rigorous design modeled after the National Resources
Inventory, and with cost sharing among agencies should reduce the bur-
den of costs for such a program. More research is needed to identify
organisms and biological processes that are especially sensitive to stresses
and perturbations. Finally, there should be an open and deliberative pro-
cess involving stakeholders for establishing criteria for this environmen-
tal monitoring program.

The committee recommends that a process be developed that al-
lows clear regulatory responses to findings from environmental moni-
toring. Although monitoring may detect some unexpected effects in a
time period that allows action to be taken to prevent or ameliorate those
effects, in other cases, monitoring may detect such effects so late that
environmental damage may be irreversible (e.g., extinction). Therefore,
the committee finds that monitoring cannot substitute for precommer-
cialization regulatory evaluation.

LOOKING TOWARD THE FUTURE

The significance of biotechnology to environmental risk resides pri-
marily in the fact that a much broader array of phenotypic traits can now
potentially be incorporated into plants than was possible two decades
ago. The array of traits is likely to increase dramatically in the next two
decades. As such, our experience with the few herbicide-tolerant and
insect- and disease-resistant varieties that have been commercialized to

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


EXECUTIVE SUMMARY 15

date provides a very limited basis for predicting questions needed to be
asked when plants with very different phenotypic traits are assessed for
environmental risks. For example, the production of non-edible and po-
tentially harmful compounds in crops such as cereals and legumes that
have traditionally been used for food creates serious regulatory issues.
With few exceptions, the environmental risks that will accompany fu-
ture novel plants cannot be predicted. Therefore, they should be evalu-
ated on a case-by-case basis.

In the future many crops can be expected to include multiple trans-
genes. The current APHIS approach for deregulation does not assess the
environmental effects of stacking multiple genes into single-crop variet-
ies. There are at least two levels at which scientists and regulators must
look for interactions between such inserted genes with regard to environ-
mental effects. The first level is interactions of genes and gene products
that affect the individual plant phenotype. The second is the whole-field
or farming systems level. One of the case studies examined by the com-
mittee finds early indications that gene stacking can have environmental
effects at the farming systems level.

The types of new transgenic crops that are developed, as well as the
rate at which they appear, will be affected by the interaction of complex
factors including public funding and private financial support for re-
search, the regulatory environment, public acceptance of the foods and
other products produced from them, and the resolution of debates over
need- versus profit-driven rationales for the development of transgenic
crops.

For future novel products of biotechnology, adequate risk analysis
for decision support and maintenance of authority will depend on a
regulatory culture that reinforces the seriousness with which environ-
mental risks are addressed. Public confidence in biotechnology will re-
quire that socioeconomic impacts are evaluated along with environmen-
tal risks and that people representing diverse values have an opportunity
to participate in judgments about the impact of the technology.

Currently, APHIS environmental assessments focus on the simplest
ecological scales, even though the history of environmental impacts asso-
ciated with conventional breeding points to the importance of large-scale
effects. The committee recommends that in the future APHIS should
include any potential impacts of transgenic plants on regional farming
practices or systems in its deregulation assessments.

APHIS has been constrained in its risk analysis and decision-making
process by the statutes through which it may regulate transgenic plants.
In May 2000, the U.S. Senate and House of Representatives agreed in a
conference report on a new Plant Protection Act (PPA). The new regula-
tions that will be used to enforce the PPA have not yet been developed.
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16 EXECUTIVE SUMMARY

The committee recommends that the regulations to enforce the PPA be
developed in a manner that will increase the flexibility, transparency,
and rigor of APHIS’s environmental assessment process.

APHIS jurisdiction has been restricted to the U.S. borders. However,
in an era of globalization, environmental effects of transgenic crops on the
ecosystems of developing countries will be an important component of
risk analysis. As exemplified by the effects of Green Revolution varieties
of wheat and rice, novel crop genes often have indirect effects on the
environment. These indirect effects can occur because the new crop traits
enable changes in other agricultural practices and technologies that im-
pact the environment. They also can indirectly affect vertical integration
of agriculture and equality of access to food. Society cannot ignore the fact
that people who lack food security often cause major effects on both agri-
cultural and nonagricultural environments, so in a broad context the posi-
tive or negative effects of transgenes on human well-being can be seen as
an environmental effect.

Environmental concerns raised by some of the first transgenic crops
(e.g., gene flow, disruption of the genome, non-target effects) could be
ameliorated by expanding our knowledge base in specific areas of mo-
lecular biology, ecology, and socioeconomics. Furthermore, such an ex-
panded knowledge base could lead to the production of transgenic plants
that would improve the environment. To increase knowledge in rel-
evant areas the committee recommends substantial increases in public-
sector investment in the following research areas: (1) improvement in
precommercialization testing methods; (2) improvement in transgenic
methods that will minimize risks; (3) research to identify transgenic
plant traits that would provide environmental benefits; (4) research to
develop transgenic plants with such traits; (5) research to improve the
environmental risk characterization processes; and (6) research on the
social, economic, and value-based issues affecting environmental im-
pacts of transgenic crops.
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1

Ecological, Genetic, and Social Factors
Affecting Environmental Assessment

of Transgenic Plants

DEVELOPING A TWENTY-FIRST-CENTURY VIEW OF
AGRICULTURE AND THE ENVIRONMENT

At the beginning of the twentieth century U.S. farmers were in gen-
eral free to use whatever agricultural practices best suited their needs.
Although the agricultural extension system (Smith-Lever Act of 1914)
was in place at the time, its role was to provide advice, not to enforce
regulations. As the twentieth century progressed, the impacts of agricul-
tural practices on human health and the environment became a focus of
public attention (e.g., Carson 1962). Regulations and incentive programs
were developed for agriculture and now have a major influence on farm-
ing, ranging from the choice of tillage practices to the choice of pest con-
trol techniques.

Another obvious change in agriculture during the twentieth century
was in productivity. Some U.S. citizens see the last 50 years of the twenti-
eth century as a time when hundreds of years of insecurity over food
availability came to an end. In their eyes, innovative technologies such as
plant breeding, water management, fertilizers, and synthetic pesticides
played a heroic role in this drama. Others look back on the same events
and see an era when for the first time in history human activity threatened
the basic stability of global ecosystems on which all life, including human
society, depends. In their eyes, modern agricultural science and technol-
ogy are inimical to the natural environment.

There also are contrasting perceptions of the agricultural environ-
ment itself. In the United States, environmental protection became under-
stood by most citizens to have two priorities: (1) protecting human popu-
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18 ENVIRONMENTAL EFFECTS OF TRANSGENIC PLANTS

lations from the toxic effects of pollution and (2) protecting natural areas
from human impacts. Both priorities reinforce the view that farms are
separate from the natural environment, which must be protected from
agriculture. In Europe and some other parts of the world, farms are often
seen as an integral part of the natural environment that should be pro-
tected (Frewer et al. 1997, Durant et al. 1998). Environmental protection
can therefore encompass the protection of a partially domesticated coun-
tryside where appropriate farming techniques can foster biodiversity.
There certainly are exceptions to this generalization because many U.S.
citizens are concerned about the effects of agricultural practices on the
flora and fauna of farms, and there are agricultural production regions in
Europe that are as thoroughly industrialized as any in the United States
(Durant and Gaskell, in press). It is nevertheless important to bear in
mind that contrasting cultural values influence the way that different
people understand the relationship between agriculture and environment,
and this in turn influences their judgment of what constitutes a threat to
the environment (Knowles, in press).

The molecular techniques for producing transgenic agricultural crops
that came to fruition in the late 1980s arrived on a scene in which advo-
cates for agricultural technology were already prepared to embrace them.
Biotechnology was greeted by these advocates as a means of increasing
agricultural efficiency, decreasing world hunger, and ameliorating envi-
ronmental damage caused by previous agricultural technologies. But at
the same time, critics of agricultural technology were prepared to view
these new techniques with skepticism. Their skepticism was based both
on their negative assessment of postwar technologies that contributed to
the boom in agricultural productivity and their judgment that the science
which could identify the environmental risks of these new technologies
was not being adequately supported.

As farming enters the twenty-first century it faces a world in which
there is increasing public pressure on governments to more actively pro-
tect the environment and conserve biological diversity. Currently, much
public concern regarding agriculture and the environment is focused on
the potential impacts of transgenic plants. However, it is clear that many
of the environmental effects that could result from this specific technol-
ogy could also occur due to changes in other agricultural technologies
and farming practices (see “Environmental Effects of Agroecosystems”
below). Concern over the impact of transgenic plants on the environment
has led world governments to reassess the standards by which they judge
what constitutes a significant negative effect of agriculture on the envi-
ronment. For example, it is clear that environmental standards being de-
veloped for transgenic plant cultivars consider impacts that were rarely
even measured when novel conventional crop cultivars were introduced
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in the 1960s and 1970s (see Chapter 2). Government agencies charged
with the regulation of transgenic plants find themselves in the difficult
position of enforcing a much higher environmental standard for these
plants than the standards currently used to regulate the impacts of other
agricultural technologies and practices. If, as we move further into the
twenty-first century, stresses on the environment and public concern
about those stresses increase, it is likely that new standards developed for
transgenic plants will be applied in some fashion to other agricultural
technologies and practices. In that sense, decisions now being made with
regard to transgenic plants could set a precedent for evaluating all of
agriculture. Government agencies and the public must, therefore, keep an
eye to the future when working to develop new environmental standards
for transgenic plants.

ROLE OF THIS REPORT

Potential controversy over agricultural biotechnology was anticipated
by the U.S. government in the early 1980s. Before any agricultural prod-
ucts of genetic engineering had been developed, the federal government
began taking steps to develop a regulatory structure that would assure
the safety of potential products. In the mid-1980s the U.S. Coordinated
Framework for the Regulation of Biotechnology was developed. This
framework (OSTP 1986) calls for the Environmental Protection Agency
(EPA), U.S. Department of Agriculture (USDA), and Food and Drug Ad-
ministration (FDA) to work together in assessing the safety of the process
and products of genetic engineering. In its current form, the coordinated
framework gives the USDA the lead role in assessing the potential effects
of nonpesticidal transgenic plants on other plants and animals in both
agricultural and nonagricultural environments. The EPA takes the lead
role in assessing the health and environmental effects of plants engineered
to produce pesticidal substances, and the FDA leads the review of poten-
tial health effects of nonpesticidal transgenic plants.

Over the past 15 years the USDA’s Animal and Plant Health Inspec-
tion Service (APHIS) has developed a system for examining potential
environmental effects of transgenic plants. However, there has been con-
cern that an agency with a mandate to promote U.S. agriculture may not
be able to objectively assess the safety of new products of agricultural
biotechnology. In July 1999, then Secretary of Agriculture, Dan Glickman,
publicly expressed concern over this situation, which later resulted in a
request for the National Academy of Sciences (NAS) to examine the scien-
tific basis for, and the operation of APHIS regulatory oversight, to ensure
that the commercialization of engineered plants is appropriately regu-
lated.
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Previous NAS committees have examined a number of issues related
to the safety of genetically engineered organisms (NRC 1984, 1987, 2000c),
but none specifically examined how the commercial use of all genetically
engineered crops could affect agricultural and nonagricultural environ-
ments. The task set before this committee specifically included provision
of guidance for assessment of the cumulative effects of commercialization
of engineered crops on agricultural and nonagricultural environments.
Therefore, in this report the committee examines potential effects on the
environment that could result from the use of engineered crops on large
spatial scales and over many years. In addition to evaluating the potential
environmental impacts of single engineered traits in existing agricultural
systems, the committee also examines how commercialization of engi-
neered crops with single and multiple traits could actually change farm-
ing and thereby impact agricultural and nonagricultural landscapes of
the United States. In this report the committee uses the current ecological
and risk assessment literature in developing what it finds to be an appro-
priate framework for assessing the environmental effects of genetically
engineered products, and then uses this framework to evaluate APHIS’s
regulatory process.

The remainder of this introductory chapter presents background in-
formation on a set of topics that must be understood before a realistic
environmental risk assessment framework can be developed. First, his-
toric evidence is examined of how changes in agricultural technologies
and practices have affected surrounding habitats so that readers can gain
a sense of the extent of possible interactions. There has been much debate
about the potential for genetic modification of crops to cause environ-
mental impacts of a magnitude similar to that caused by the introduction
of completely new species. Therefore, the next section of this chapter
presents information on the history of environmental effects of conven-
tional crop breeding compared to that of introduced species and also
examines the hypothesis that the degree of environmental risk is related
to the number of genetic changes introduced into an ecosystem. Next, an
in-depth assessment is presented of predictable and unpredictable as-
pects of both conventional and transgenic processes used to add novel
genes to plants. An understanding of the differences and similarities be-
tween these methods should give readers a basis for judging how differ-
ent the side effects of the genetic engineering process can be compared to
the side-effects of traditional processes of crop improvement with which
we now live. The chapter ends with a brief description of the U.S. Coordi-
nated Framework for the Regulation of Biotechnology and the USDA’s
role and authority in regulating transgenic crops.

This introductory chapter leads to six detailed chapters. Chapter 2
uses the general principles of ecology and risk analysis to develop a frame-

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


ECOLOGICAL, GENETIC, AND SOCIAL FACTORS 21

work that addresses many of the concerns of the public and the scientific
community regarding biological risks associated with commercializing
genetically engineered plants. Chapters 3 and 4 provide in-depth reviews
of how the USDA-APHIS regulates genetically engineered plants, and
Chapter 5 assesses how well the USDA-APHIS approach functions and
how well it matches the framework described in Chapter 2. Chapter 5
ends with recommendations for specific improvements in the APHIS
precommercialization process. One general conclusion from Chapters 1
to 5, and from other published studies is that it will be impossible to
assess some types of environmental effects of genetically modified plants
based on the small-scale field testing that can be conducted prior to com-
mercialization. Therefore, Chapter 6 examines the prospects and prob-
lems associated with developing post-commercialization monitoring pro-
grams to detect and measure such effects. The potential environmental
impacts of future products of genetic engineering may differ from those
of the engineered crops that have recently been commercialized. There-
fore, the final chapter of this report (Chapter 7) is devoted to examining
potential future products of genetic engineering and to how sets of novel
traits in crops could alter the use of land, chemicals, and other resources.
This concluding chapter also discusses how the public’s view of agricul-
ture and its regulation may evolve in the future.

ENVIRONMENTAL EFFECTS OF AGROECOSYSTEMS ON
SURROUNDING ECOSYSTEMS

In recent decades agriculture has been intensified by increases in the
use of mechanization, irrigation, high-yielding crops, synthetic fertilizers,
and pesticides. This has led to major changes in the structure, function,
management, and purposes of agroecosystems (Swift and Anderson 1993,
Swift et al. 1995, Matson et al. 1997). Typical structural changes include
large reductions in plant, animal, and microbial biodiversity (Swift and
Anderson 1993, Lacher et al. 1999) and simplified patterns of abiotic re-
source stocks and flows (Swift et al. 1995, Matson et al. 1997, Vitousek et
al. 1997). Intensified agroecosystems are now predominant in developed
countries and in highly capitalized export and commodity production of
developing countries. In these latter countries there has also been expan-
sion of less capitalized, smallholder agriculture onto marginal and eco-
logically sensitive lands, again typically accompanied by reductions in
biodiversity and simplification of resource stocks and flows (Holloway
1991, Swift et al. 1995, Perfecto et al. 1996).

These changes have increased the environmental effects of agroeco-
systems on neighboring ecosystems, relative to those exerted by pre-
intensified agroecosystems. These environmental effects are primarily
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driven by outflows of energy, organisms, and materials from agroeco-
systems. Materials include resources such as nitrogen (Vitousek et al.
1997) and other substances such as pesticides (Carroll 1990, Soule et al.
1990).

Moreover, changes in agricultural land-use patterns appear to have
increased the effects of these outflows on neighboring ecosystems. The
most important landscape effect of agricultural development is great re-
ductions in the area of nonagricultural ecosystems (Pimentel et al. 1992,
Dale et al. 2000). Today, approximately 50 percent of U.S. land is used for
crop and animal production. In agriculture-dominated landscapes, non-
agricultural ecosystems have come to function as more or less isolated
islands in an ocean of agricultural lands. In Western Europe and North
America this habitat loss (and to a lesser degree, habitat fragmentation)
has caused reductions in the diversity of birds, small mammals, and in-
sects (Fahrig 1997, Trzcinski et al. 1999). In addition, the habitats that
serve as a buffer or interface between agroecosystems and other ecosys-
tems have commonly been degraded or eliminated (Carroll 1990, Risser
1995), as is the case when field borders are extended to the edge of streams
or other wetlands. This landscape fragmentation and the degradation of
interfaces facilitate the flow and penetration of energy, materials, and
organisms into ecosystems adjacent to agroecosystems (Risser 1995).

The specific effects of agroecosystems on surrounding ecosystems
have often been considered in isolation from each other (e.g., studies on
changes in water quality or wildlife abundance). Now, a growing body of
evidence suggests a strong need for a more integrative view of these
effects (Carroll 1990, Carpenter and Cottingham 1997, Lacher et al. 1999).
Specifically, there is growing evidence (Vitousek et al. 1997, Tilman 1999,
Mack et al. 2000) that ecological effects of agroecosystems compound to
exert simplifying and destabilizing effects on neighboring ecosystems.
These effects are potentially of concern because they appear to weaken or
destroy the neighboring ecosystem’s capacity for resilience—that is, an
ecosystem’s ability to return to its original ecological structure and func-
tion despite disturbance (Carpenter and Cottingham 1997, Ludwig et al.
1997, Tilman 1999, McCann 2000).

For example, agricultural land-use changes and phosphorus enrich-
ment combine to destabilize temperate lake ecosystems by degrading a
number of negative feedback mechanisms that collectively provide eco-
system resilience to lakes (Carpenter and Cottingham 1997). In healthy
lakes, floating microscopic plants called phytoplankton are generally held
in check by limited nutrients and the microscopic predators (zooplank-
ton) that feed on them. Increased inflows of phosphorus can result from
greater agricultural use, increased soil erosion, and loss of riparian (i.e.,
water-edge) vegetation and wetland interfaces adjoining agroecosystems
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or lakes. The loss of riparian vegetation and wetlands also decreases the
inflow of humic substances that typically limit phytoplankton growth by
effects on light and temperature in the lakes. Populations of large preda-
tory fishes are often reduced by the biotic and physical changes in lakes,
or by overfishing. Reductions in these predators allow zooplankton-feed-
ing fishes to become more abundant. These changes cause reductions in
the zooplankton and consequent increases in phytoplankton species,
which outcompete larger aquatic plants. The lake food web is further
simplified by reductions in crucial habitat provided by large aquatic plants
and trees that fall into the lake from riparian areas. The losses of humic
substances, adjoining wetlands and riparian forests, large predatory
fishes, zooplankton, and large aquatic plants combine to remove a com-
plex of negative feedback factors that act to buffer the lake’s response to
disturbances and environmental change. As a result, the lake’s conditions
and attributes become more variable and less desirable to people, as dense
algal blooms with associated anoxia and algal toxins become more fre-
quent. The lake also becomes more susceptible to additional disturbances,
such as those caused by toxic pollutants or species invasions (Carpenter
and Cottingham 1997).

As this example suggests, loss of resilience capacity can place ecosys-
tems in a “poised” or “at-risk” position, increasing the likelihood of fur-
ther change in ecosystem structure and function (Perry 1995, De Leo and
Levin 1997, Ludwig et al. 1997, Gunderson 2000). In addition to affecting
the aquatic systems discussed above (Nepsted et al. 1999, Gunderson
2000), intensified agriculture has been shown to reduce resilience of neigh-
boring wetlands, rangelands, and even sections of the Amazonian rain-
forest (Nepsted et al. 1999, Gunderson 2000).

The committee cannot presently judge whether extensive commer-
cialization of transgenics—and other crops bearing novel traits—will sig-
nificantly perturb agroecosystems or neighboring ecosystems because of
major gaps in our knowledge of these systems. Below, the committee
reviews some of the evidence of current agroecosystem effects on neigh-
boring ecosystems as a means of conveying the extent and complexity of
potential effects.

Flows of Materials and Organisms from Agroecosystems

Generally, simplified agroecosystems generate greater outflows of
materials and organisms than less intensified systems (Swift et al. 1995).
These agroecosystems feature both ecosystem processes (e.g., nutrient
dynamics, water use) and organism population densities that vary widely
in time because they are driven by temporal synchronization of activities
of a few dominant plant, animal, and microbial species (Carroll 1990,
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Haycock et al. 1993). Peak outflows of materials and organisms are asso-
ciated with extremes of this pattern of wide variation in activities and
abundances. For example, high-yield monocultural cropping systems re-
ceive large inputs of mobile nutrients to meet a single period of intense
nutrient demand by the developing crop (Robertson 1997). At other times,
crop nutrient uptake is modest, and uptake by other plant species is lim-
ited by stringent weed management and the absence of plant cover dur-
ing fallow periods (Swift and Anderson 1993, Robertson 1997). Typically,
a significant fraction of total nutrient inputs is not used by the crop, and
this residual nutrient pool becomes available for outflow to surrounding
systems (Robertson 1997). Outflow commonly occurs by wind or water
vectors, and resources also can be carried by organisms, sometimes re-
sulting in highly focused or long-distance transport of materials. For ex-
ample, in New Mexico, geese feeding on agricultural fields vector large
quantities of nitrogen into their roosting areas, which are managed wet-
lands (Jefferies 2000).

Effects of Outflows of Materials and Organisms on
Neighboring Ecosystems

When agroecosystems discharge large flows of resources into sur-
rounding systems, strong ecosystem effects can result. For example, out-
flows of nitrogen can cause major changes in plant communities, as spe-
cies that were adapted to low nitrogen are replaced by a less diverse
group of species (often mainly composed of exotic invasive species)
adapted to higher nitrogen levels (Jefferies and Maron 1997, Vitousek et
al. 1997). Plant community changes and resultant changes in landscape-
level biodiversity, caused in large part by nitrogen deposition from inten-
sified agriculture, have been particularly dramatic in the Netherlands
(Aerts and Berendse 1988), where nitrogen deposition rates are among
the highest observed rates globally (Vitousek et al. 1997). High levels of
nitrogen deposition have been associated with serious degradation in
forest ecosystems, including high rates of tree mortality and problematic
soil acidification (Draaijers et al. 1989). Such nitrogen-related reductions
in plant diversity appear to reduce ecosystem resilience. In experiments
on temperate North American grasslands, nitrogen enrichment caused
species loss, and grassland plant communities that had lost species were
much less resilient to rainfall and climate variation than more diverse
communities that were not nitrogen-enriched (Tilman and Downing 1994,
Tilman 1996). Nitrogen deposition also reduces soil quality and fertility in
surrounding ecosystems and causes freshwater acidification and coastal
zone eutrophication (Jefferies and Maron 1997, Vitousek et al. 1997).
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Resource outflows from agroecosystems can also affect population
and community dynamics in recipient ecosystems (Polis et al. 1997). One
notable response to resource input is a so-called trophic cascade, which
results in severe reductions in numbers or biomass of organisms that are
positioned in a food web below a consumer of some resource that is
flowing from an agroecosystem. For example, in northeast Europe, cor-
morants have increased greatly in both average abundance and variabil-
ity in abundance due to increased fish populations that have resulted
from nutrient flows from agroecosystems into surface waters. After reach-
ing high levels of abundance, these cormorant populations have greatly
reduced populations of plankton-consuming fish in other lakes (Jefferies
2000). Also, a “paradox of enrichment” (Polis et al. 1997, Jefferies 2000)
has been recognized, in which large inputs of formerly scarce resources
cause local extinction of organisms that formerly coexisted in a food web.
Again, the net effect of these changes often appears to be in the direction
of simplification and reduction in resilience in ecosystems experiencing
inflows of resources originating from agroecosystems (McCann 2000).

Nutrient overenrichment from human activities is one of the major
stresses affecting coastal ecosystems. There is increasing concern that in
many areas of the world an oversupply of nutrients from multiple sources
is having pervasive ecological effects on shallow coastal and estuarine
areas. These effects include reduced light penetration, loss of aquatic habi-
tat, harmful algal blooms, a decrease in dissolved oxygen (or hypoxia),
and impacts on living resources. The largest zone of oxygen-depleted
coastal waters in the United States, and the entire western Atlantic Ocean,
is found in the northern Gulf of Mexico on the Louisiana-Texas continen-
tal shelf. The freshwater discharge and nutrient flux of the Mississippi
River system influence this zone (Rabalais et al. 1999). A series of reports
that provide an integrated assessment of this hypoxia zone in the Gulf of
Mexico document one of the most widespread and substantial outflows
of nitrogen from agricultural sources in the United States (Diaz and Solow
1999, Goolsby et al. 1999, Rabalais et al. 1999).

On average, some 1.6 million metric tons of total nitrogen flow from
the Mississippi-Atchafalaya River basin annually. Of the various nitrogen
sources (atmospheric deposition, groundwater discharge, and soil ero-
sion), agricultural sources of nitrogen such as fertilizers and animal wastes
constitute the majority of the annual flux. Nitrogen input from fertilizers
into the river basin has increased sevenfold since the 1950s (Goolsby et al.
1999). The impact of these increases in nitrogen outflows (similar patterns
are noted with phosphorus) has been linked to the eutrophication of
coastal areas and the seasonal hypoxic zone in the Gulf of Mexico (Diaz
and Solow 1999). Except in areas of natural upwelling, coastal hypoxia is
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not a natural condition. The size of the zone fluctuates annually, but in the
mid to late 1990s the area averaged 16,000 to 18,000 km2 (Rabalais et al.
1999).

There are significant ecosystem impacts that result from hypoxia. Hy-
poxia in the northern Gulf of Mexico has become one of the many factors
that at present control or influence the population dynamics of the re-
gions of many pelagic and benthic species. Hypoxia exerts its control at
two levels: the primary impact is the loss of bottom and near-bottom
habitat through seasonal depletion of oxygen levels. From all indications,
few, if any, mobile organisms stay on bottoms that are hypoxic. This
forced movement could increase population losses due to predation of
species dependent on the seabed for their survival. But when hypoxia
dissipates, mobile organisms return. The second major impact is the alter-
ation of energy flows. During hypoxia, significant amounts of the eco-
system’s energy are shunted to microbial decomposition, which is the
primary biological process that creates and maintains the hypoxia. In the
northern Gulf of Mexico the major sources of this energy seem to be
organic matter produced in the surface waters and benthic biomass
(mostly small worms, snails, and clams; Diaz and Solow 1999). Energy
flows between trophic levels (mediated largely by predator/prey interac-
tions) are also altered, as seen in the population movements of fish
(Azarovitz et al. 1979) and shrimp species (Gazey et al. 1982, Renaud
1986, Zimmerman et al. 1996).

In addition to outflows of abiotic resources, agricultural activities
often support increases in populations of organisms that then enter sur-
rounding ecosystems, where they can exert a wide variety of effects
(Carroll 1990). For example, populations of white (or snow) geese in North
America have increased greatly since the 1950s, apparently driven by the
growth of high-input cropping systems in the United States (Lacher et al.
1999). These large geese populations have altered vegetation on a re-
gional scale in the eastern Canadian arctic by destroying coastal vegeta-
tion near their nesting sites (Kerbes et al. 1990, Jefferies 2000). In this case,
organism flows from an agroecosystem have had an effect over distances
of 3,000 to 5,000 km.

Invasive organisms entering surrounding ecosystems from agroeco-
systems frequently have properties that increase their colonization suc-
cess, creating positive feedbacks that amplify their effects on the ecosys-
tems they enter (Mack et al. 2000). For example, certain invasive weeds
enter tropical forests from pasture and field crop agroecosystems (Carroll
1990). In addition to being highly competitive with tree seedlings, these
species often increase the frequency of fires in forests, entraining a cycle
of increasing fires, reductions in forest biodiversity, increased abundance
of the invasive species, and more fires. This pattern of invasion driven by
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a positive feedback cycle appears to be the basis of the success of a variety
of grasses derived from agroecosystems that have become major invaders
worldwide (D’Antonio and Vitousek 1992).

Landscape-Level Effects of Agriculture

Agricultural land use has always tended to fragment landscapes rela-
tive to their pre-agricultural conditions. This pattern of fragmentation has
increased the importance of edge effects (i.e., effects of one ecosystem on a
second that act directly on only the periphery of the second ecosystem).

Populations of many organisms that are resident in nonagricultural
lands, including predators (Lacher et al. 1999), can be rapidly depleted by
edge effects. For example, populations of migratory forest birds in the
United States have been strongly affected by generalist predators (e.g.,
blue jays, common crows) that are active in peripheral portions of forest
fragments in agricultural landscapes (Wilcove et al. 1986). Very few of
these fragments are extensive enough to create refuges from predation for
these migratory bird populations. These edge-related depletion effects
can be particularly significant when they reduce populations of predatory
organisms, (e.g., on grazing lands in the western United States; Knowlton
et al. 1999). These species are often strong determinants of ecosystem
structure and function; in their absence, herbivorous species can increase
sharply and quickly deplete vegetation, setting off a wave of ecosystem
change.

Fragmentation of nonagricultural lands also affects dispersal and
movement of organisms that reside in these lands. In Northwest Europe,
red squirrels occur in small populations in forest patches in agricultural
landscapes. These small populations are prone to becoming extinct in
individual forest patches. After extinction in a particular patch, successful
recolonization of the patch by squirrels depends on the distance to other
patches and the degree to which patches are interconnected by woody
vegetation along field borders. For these reasons, highly isolated patches
will usually not be occupied by squirrels (Verboom and van Apeldoorn
1990). Similar effects of fragmentation on the biodiversity of birds, mam-
mals, and insects in nonagricultural lands have been observed (Forman
1997).

Finding 1.1: There is substantial evidence that ecological effects of
agroecosystems compound to exert simplifying and destabilizing
effects on neighboring ecosystems. These effects are potentially of
concern because they appear to weaken or destroy the neighboring
ecosystems’ capacity for resilience—that is, an ecosystem’s ability
to maintain a certain state despite disturbance.
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Finding 1.2: Potential ecological effects of transgenic crops—and
other crops bearing novel traits—may be substantially heightened
in the simplified and destabilized ecological milieu that has re-
sulted from agricultural intensification. This prospect is a strong
argument for a cautious approach to the release of any crop that
bears a novel trait into agroecosystems and the less managed sur-
rounding ecosystems. Equally, it is an argument for a cautious ap-
proach to any extensive change in agricultural practices.

Recommendation 1.1: There is a need for a cautious approach when
making any extensive change in agricultural practices, including
changes in the genetics of crops, because of potential ecological
impacts on agricultural and surrounding ecosystems.

ENVIRONMENTAL IMPACTS OF THE DELIBERATE
INTRODUCTION OF BIOLOGICAL NOVELTY:

FROM GENES TO MINICOMMUNITIES

The practice of modern agriculture introduces biological novelty into
the environment for a number of purposes. Conventional plant breeders
introduce novel genes into crops to improve yield, taste, agronomic traits,
and other characteristics. Pest management specialists often import natu-
ral enemies of pest species into the United States from other continents.
And horticulturalists are continually seeking new varieties and species of
plants that could enhance the aesthetic beauty of urban and rural land-
scapes.

The biological novelty introduced to agricultural systems by these
varied activities can result from very small to very large changes in ge-
netic information relative to preexisting organisms. The general degree of
change in genetic information can be measured along two axes: the num-
ber of genetic changes and the taxonomic or phylogenetic distance be-
tween the source and the recipient of the new genetic information.

Biological novelty within a species’ genome can result from a change
in a single DNA base pair to more complex changes affecting the constitu-
tion of one or more chromosomes. The introduction of new individuals to
an ecosystem is another source of biological novelty. Adding an indi-
vidual of a preexisting species to a given environment introduces biologi-
cal novelty if that immigrant is genetically different from those already
established in that population. The genetic difference can be as small as
one novel allele (i.e., one form of a gene) or as large as an individual that
represents a different race or subspecies. The introduction of an indi-
vidual of a new species with preexisting close relatives represents a greater
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addition in genetic information relative to the prior example. That species
may hybridize with those close relatives, and the resulting hybrids repre-
sent another type of biological novelty (Abbott 1992). The most substan-
tial addition of genetic information at the individual level would be the
introduction or immigration of a species with no close relatives. Of course,
an introduced species may arrive bearing other novel organisms in the
form of mutualists, parasites, and other symbionts, effectively represent-
ing the arrival of a minicommunity.

Within the continuum from minor to major alterations in the genetic
information in agroecosystems, the practice of conventional crop breed-
ing has typically been considered to result in minor genetic changes and
is not subject to formal regulatory review. On the other hand, the intro-
duction of new species used for biological control, or as new horticultural
plants, is considered to involve greater changes in genetic information,
and these introductions have been subject to review. Some participants in
the debate over genetically engineered crops compare them to the prod-
ucts of conventional breeding because of the small number of genetic
changes involved and have concluded that the need for oversight is mini-
mal. Others compare genetically engineered crops to the introduction of
new species because the new genetic information often originates from
taxonomically distant species. They call for stringent regulation. Both of
these perspectives make the assumption that there is a relationship be-
tween the nature of biological novelty (number of genetic changes in the
first example and phylogenetic distance in the second) and the risk of
negative environmental impacts.

The remainder of this section examines the literature on the history of
environmental impacts of conventional crop breeding and of species in-
troductions to determine if the extent of genetic change or other general
factors can be used as predictors of risk. While the available studies do
not permit a precise quantitative comparison, they are informative and
suggest that (1) changes at any level of genetic information can have
profound environmental consequences, (2) the consequences of biotic
novelty depend strongly on the specific environment into which they are
released, (3) the significance of the consequences of biotic novelty depend
on societal values, (4) the introduction of any type of biological novelty
can have unintended and unpredicted effects on the recipient community
and ecosystem, (5) it is not possible to qualitatively differentiate the gen-
eral environmental risk associated with the release of conventionally bred
crop cultivars and the introduction of new species.

1. Small or large genetic changes can have profound environmental conse-
quences. The introduction of a single gene for short plant stature in rice
(see BOX 1.1) enabled major changes in agricultural practices that re-
sulted in much higher yields and substantial stresses on agricultural and
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nonagricultural habitats. The introduction of T male-sterile cytoplasm
into U.S. maize crops (a very small genetic change relative to the maize
genome) permitted the rapid spread of Bipolaris maydis, the disease organ-
ism causing Southern corn leaf blight (NRC 1972). A single allelic replace-
ment in rose clover (Trifolium hirtum) appears to account for a tremendous
increase in its colonizing ability (Jain and Martins 1979), and only a few
allelic differences appear to be responsible for weediness in Johnsongrass
(Sorghum halepense), one of the world’s worst weeds (Paterson et al. 1995).
Honeybees with European ancestors in the New World radically ex-
panded their niche in the tropics after human-mediated, but unintended,
introduction of a handful of genetic alleles from an African strain (essen-
tially hybridization between subspecies; Camazine and Morse 1988).
Natural hybridization between the introduced New World cordgrass
Spartina alterniflora and the native S. maritima in Britain gave rise to S.
anglica, an invasive species that rapidly altered the coastal ecosystems of
the British Isles (Gray et al. 1991, Thompson 1991). Finally, some of North
America’s worst exotic invasive plants have close indigenous relatives
(purple loosestrife, Lythrum salicaria) and others do not (garlic mustard,
Alliaria petiolata; kudzu, Pueraria montana). Clearly, there is potential for
small and large changes in genetic information to result in environmental
impacts.

In addition to attempts at explaining risk based on the number of
introduced genes, studies have examined whether there is a relationship
between the taxonomic or phylogenetic distance between the gene donor
and recipient and the level of environmental risk. If level of risk increases
with the phylogenetic distance between organisms exchanging genes, we
might expect to find that documented cases of natural interkingdom hori-
zontal gene transfer (the nonsexual transfer of the genetic material from
one organism into the genome of another) correlating with a dramtic
ecological change in the recipient organism. That does not appear to be
the case (Palmer et al. 2000).

2. The consequences of biotic novelty depend strongly on the specific envi-
ronment, including the genomic environment, physical environment, and biotic
environment. “Experience with exotics shows overwhelmingly that an
organism’s effect and ecological role can change in new environments”
(U.S. Congress, Office of Technology Assessment 1993). And these effects
and roles of a newly introduced genotype can change with time. Differ-
ences in physical environment can make a big difference. Abutilon
theophrasti, native to Asia, is an important weed in much of the temperate
world. In California it is only a weed where available moisture from rain
or irrigation will allow its growth (Holt and Boose 2000).

Responses to the physical environment may vary with relatively small
genetic differences. In Florida the South American tree Schinus terebinthi-
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folius is a noxious invader (U.S. Congress, Office of Technology Assess-
ment 1993). But the closely related Schinus molle is much more invasive in
California’s natural ecosystems than S. terebinthifolius (Hickman 1993).
The differences in invasiveness between the two species in the two loca-
tions appear to depend on differences in their germination and growth
responses in the different physical environments (Nilsen and Muller
1980a, 1980b). While more subtle, the biotic environment may play the
largest role in determining the impact of biological novelty. An obvious
example is that many crops initially benefit by being grown in an appro-
priate abiotic environment that is far from their place of origin. But that
benefit eventually erodes as local pests adapt to the new species or as the
original pests arrive via unintended human-mediated dispersal (e.g.,
Strong 1974, Strong et al. 1977, Andow and Imura 1994).

Interactions among genes can be viewed as an internal environmental
component. For example, no matter how many alleles a mammal pos-
sesses for increased melanin production, the predicted phenotype based
on those loci will not be expressed if that individual is homozygous at
another locus for alleles that cause albinism (Mange and Mange 1990). If a
gene for pest resistance is added to a plant that lacks genes for reproduc-
tion without human intervention, it is unlikely to become weedy.

3. The significance of the consequences of biotic novelty depend on societal
values, whether that novelty represents new genotypes or new species. Orna-
mental mutants of native American wildflowers are the darlings of those
who buy them to grow in their backyards and the bane of restorationists
who find them in their seed mix (Montalvo et al., in press). While Afri-
canized honeybees create concern in the New World when they kill hu-
mans and livestock, prudent management of the bees has resulted in
better honey yields in Brazil compared to the European genotypes of the
same species (e.g., Camazine and Morse 1988). Monterey pine is an en-
dangered species in its native range in California, but in Australia it is
both valued as an important commercial forest tree and despised as an
invader of native eucalypt forests (Burdon and Chilvers 1994). In many
cases the majority of the public can agree qualitatively if not quantita-
tively on the desirability of a specific plant in a specific place, but it is the
variation among the public in such value judgments that has made much
of environmental regulation so contentious.

4. Introduction of biological novelty can have unintended and unpredicted
effects on the recipient community and ecosystem. In the past few decades the
planting of new varieties of maize in Mexico that require the tools of
modern industrial agriculture has rendered such fields inhospitable to
several native taxa, most notably teosinte, the progenitor of maize
(Sánchez and Ruiz Corral 1997, Wilkes 1997). This outcome would be
considered desirable relative to the goal of maximizing yields. Also, natu-
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ral hybridization with cultivated rice has been implicated in the near
extinction of the endemic Taiwanese wild rice, O. rufipogon ssp. formosana
(Kiang et al. 1979). During the twentieth century, the cultivation of do-
mesticated rice steadily increased on the island of Taiwan. During the
same time, collections of O. rufipogon ssp. formosana showed a progressive
shift toward characters of the cultivated species and a coincidental de-
crease in fertility of seed and pollen. By 1979 naturally occurring popula-
tions of this subspecies were on the verge of extinction. Similar substan-
tial effects can occur for successfully established exotic species. The
spectacular roosts of overwintering and migrating monarch butterflies
along California’s coast are on eucalyptus, introduced from Australia in
the last 200 years (prior butterfly roosting sites in California are unknown;
Malcolm and Zalucki 1993). Another example is the introduction and
establishment of European grassland species to California, which have
altered natural fire regimes of its inland valleys, resulting in the conver-
sion of native shrublands to European grasslands (Minnich 1998).

5. There is no strict dichotomy between environmental risk associated with
releases of conventionally bred crop cultivars and introduction of new species.
The majority of introduced cultivars and species do not result in long-
term environmental establishment. Most registered crop varieties fail to
become popular with farmers, and thus do not persist in agroecosystems.
The half-life of accepted varieties is on the order of about five years. In the
same way, on the order of 10% of intentionally introduced species persist
after introduction (Williamson 1993). From this fraction of species that
persist, very roughly 10% become an obvious problem in agricultural or
non-agricultural environments (Williamson 1993). In sum then, only ap-
proximately 1% of species introductions are problematic.

The small fraction of exotics that do cause environmental effects can
be tremendously disruptive and have received considerable recent atten-
tion (e.g., Pimentel et al. 2000). It is not clear what fraction of introduced
crop and horticultural species that naturalize also become pests or other-
wise create hardship. Although the fraction is low, it is not zero. Many
plants intentionally introduced for agricultural purposes have become
noxious weeds (e.g., see review by Williams 1980). A good example is
bermudagrass, Cynodon dactylon, which is frequently introduced as a for-
age or as turfgrass but has also become one of the world’s worst weeds
(Holm et al. 1977). Additionally, the natural hybridization of crops with
wild relatives has led to the evolution of both new agricultural weeds and
noxious invaders of natural ecosystems (see examples in Ellstrand et al.
1999, Ellstrand and Schierenbeck 2000). Hybridization with crops has also
increased the risk of extinction of some native plants (as in the case of O.
rufipogon ssp. formosana discussed above; see also examples in Ellstrand et
al. 1999).
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But are there any cases where the introduction of a new agricultural
genotype to a previously extant species has resulted in economic or envi-
ronmental change? The most dramatic recorded example is the develop-
ment of semidwarf varieties of wheat and rice (see BOX 1.1). Other ex-
amples also illustrate that the introduction of a new crop genotype can
have environmental impacts. As noted above, the introduction of modern
maize genotypes in Mexico that have replaced traditional maize varieties
require agronomic techniques that displace teosinte, leading to increased
risk of its extinction. The problems created by new genotypes also can be
agronomic, as illustrated in the case of T cytoplasm in maize mentioned
above.

The introduction of cytoplasmic male sterile (CMS) genotypes of
sugar beet had an indirect consequence that has been economically dis-
ruptive to Europe’s sugar industry. CMS genotypes are used to create
hybrid varieties in this wind-pollinated, outcrossed species (Ford-Lloyd
1995). Natural pollination from wild sea beets growing near the seed
production fields in both southern France and near the Adriatic Coast in
Italy contaminates the seed with hybrids (Boudry et al. 1994, Mücher et al.
2000). The hybrids are annuals that bolt, resulting in a woody root that
yields very little sugar and damages both harvesting and processing ma-
chinery. Before they bolt, the weeds are essentially identical to the crop
and are therefore difficult to control (Longden 1993). If they are not re-
moved before they set seed, their seed contaminates the soil, frustrating
attempts at growing sugar beet for several years. The cumulative cost of
three decades of weed beets is at least on the level of hundreds of millions
of dollars. Presently there are some sugar beet fields in Europe that pro-
duce more weed beets than sugar beets (Mücher et al. 2000).

In summary, the vast majority of crop genotype and species introduc-
tions do not persist in the environment and cause environmental damage.
A minority causes hardship to humans, agronomic ecosystems, and/or
natural systems. The examples reviewed here indicate that general infor-
mation on the amount or origin of genetic material cannot, on its own, be
used to predict the risk associated with a new crop genotype or intro-
duced species. In this regard the committee’s findings support those of
other scientists who have examined this problem of predicting risk and
concluded that risk assessment cannot depend on general characteristics
such as the amount of new genetic information introduced but must focus
on the ecology of the specific introduced organism (or both the donor and
recipient in the case of transgenic organisms) and the characteristics of the
accessible environment into which the organism will be released (e.g.,
NRC 1987, Tiedje et al. 1989, Scientists Working Group on Biosafety 1998).
This does not mean that each introduction requires an equally intensive
assessment. A number of scientific panels have developed outlines and
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BOX 1.1
The Green Revolution

The goal of the Green Revolution was to increase crop yields to feed existing and
growing populations in developing countries (Hanson et al. 1982, Conway 1998). Con-
ventional plant-breeding technologies provided the crucial crop cultivars that allowed this
revolution in agricultural production to begin. Prior to 1950, tropical cultivars of rice and
wheat were about 1.5 to 2.0 times as tall as present-day cultivars. When high rates of
fertilizer were applied to these tall cultivars, yields did not rise substantially and the plants
tended to lodge (fall over). Lodging caused decreased yield, and made harvest difficult. A
few genes were found in temperate zone cultivars of rice and wheat that resulted in what
were called “semidwarf” plants (Hanson et al. 1982, Dalrymple 1986). When high rates of
fertilizer were applied to these plant types, yield increased dramatically. When these semi-
dwarf genes were transferred to tropical rice and wheat, they too showed very positive
responses to fertilization. Thus, these semidwarf genotypes enabled a technology package
to be assembled that led to revolutionary increases in yield in many developing countries.

Most semidwarf tropical rice cultivars derive their short stature from a single gene, sd-
1 (Dalrymple 1986), and therefore all of these cultivars presumably carried many of the
genes that were tightly linked to the sd-1 gene in the donor plant. Some of the early
semidwarf cultivars were more heavily attacked by pathogens than traditional cultivars, so
genes for disease resistance were transferred from traditional cultivars to what became
known as high-yielding varieties or HYVs. With the financial backing of the international
community and governments of some developing countries, rates of farmer adoption of
these semidwarf HYVs were sometimes very rapid. In an extreme case, adoption of HYVs
in the Philippines went from 0 to 50% in five years (Evenson and David 1993).

The semidwarf genes were typically transferred to tropical and subtropical cultivars of
rice and wheat along with other non-linked genes that decreased time to harvest (Khush
1995). One of the impacts of these short-season HYVs was the potential, in some areas, for
growing two or three crops of rice on the same land in a single year (Greenland 1997). In
other areas farmers began to grow one crop of rice and one of wheat in the same year
(Hanson et al. 1982). To extract high yields from these fast-growing HYVs, more fertilizer
and water were needed. In many areas pest problems appeared to increase, possibly due
to the continual availability of the crop in large monocultures (Greenland 1997). These
pest problems were often responded to with application of pesticides (Gallagher et al.
1994, Matteson 2000).

As discussed in the text, runoff of fertilizer into wetlands can have major environmen-
tal impacts. The extent of these impacts in developing countries has not been measured
carefully over time. In many tropical rice ecosystems nitrogen and phosphorus are typical-
ly not expected to cause eutrophication because of absorption of these nutrients to soil
particles or loss through volatilization (Greenland 1997), but impacts on wetlands have
been found (Ghosh and Bhat 1998). Additionally, a study conducted in the Philippines
indicated that nitrate nitrogen had leached through the root zone toward the groundwater
table. The researchers concluded that over time this leaching could contaminate ground-
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water (IRRI 1995). In temperate zone areas of Japan, which have the highest rates of
fertilizer use in rice, impacts on wetlands have often been reported (Mishima 2001).

Although some short-season rice cultivars can be produced with less water than long-
season cultivars, it is difficult to raise yields without more water (Greenland 1997), and
when an additional crop is grown each year, water resources can be stretched thin. In
production areas not adjacent to river deltas, additional water was generally acquired by
increased extraction of subsurface water (Bandara 1977). This has resulted in lowering of
the water table in many areas (Bandara 1977, Greenland 1997). For example, in the Pun-
jab area of India the groundwater table has been receding at a rate of 20 cm per year, and
it has been proposed that rice cultivation in this area be limited (IRRI 1995). In some arid
areas, salinization of water in the rice root zone has become more problematic (Green-
land 1997).

Increased use of pesticides has sometimes been successful in controlling insects, but
often insecticide use has reduced natural enemies of pest species and triggered worse
outbreaks. This resulted in a classical “pesticide treadmill” (Gallagher et al. 1994, Matte-
son 2000). A few studies have documented the impacts of increased pesticide use on rice
agricultural ecosystems (Gallagher et al. 1994, Heong and Schoenly 1998, Matteson 2000)
and the effects of pesticide runoff on nonagricultural systems (Nohara and Iwakuma 1996).

As part of the research agenda accompanying the Green Revolution, long-term yield
experiments were initiated on research stations to determine if double and triple cropping
of rice was sustainable. A 1979 analysis of yields from a triple-cropping experiment begun
in 1963 at the International Rice Research Institute showed a pattern of decreased yield
(Ponnamperuma 1979). Yield continued to decrease at an annual rate of 1.4 to 2.0%
through 1991, when yields were 38 to 58% lower than in the baseline year of 1968
(Cassman et al. 1995). Changes in agricultural practices were able to reverse this yield
decline, but the specific causes for yield decline and its reversal are not well understood
(Dobermann et al. 2000). A more broad-based analysis of 30 long-term experiments in a
diverse set of rice-growing regions found statistically significant yield declines in eight
experiments (Dawe et al. 2000). Similar declines have not been seen in farmers’ fields,
and it is thought that the yield decline may only result when the production system is
pushed to nearly 100% of the yield potential and soils rarely go through a drying period
(Dawe et al. 2000). There are a number of lessons from these soil fertility studies. One is
that these long-term trends could not have been revealed by precommercialization testing
(see Chapter 6). A second lesson is that effects on the environment are typically complex,
and it is often difficult to determine a specific cause of an observed event. A third lesson
is that the monitored environments should closely reflect the diverse environmental con-
ditions in commercial fields.

Because the Green Revolution involved many technical changes, it is sometimes diffi-
cult to establish a direct cause-and-effect relationship between the few genes that started
the Green Revolution, and resulting environmental changes. However, the Green Revolu-
tion clearly demonstrates that commercialization of cultivars with relatively simple genet-
ic changes can have major effects on farming practices that ultimately result in environ-
mental change.
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flowcharts for guiding the direction of risk assessments (e.g., Tiedje et al.
1989, Scientists Working Group on Biosafety 1998). With information on
the ecology of the organism and the environment in hand, it is possible to
quickly rule out some introductions as too risky and to determine that
others are unlikely to pose any risks. More importantly, such information
can be used to flag cases where only further testing will provide suffi-
ciently accurate information on potential risks. Chapter 2 discusses how a
regulatory system can be developed to efficiently utilize this approach.
From the above assessment of impacts of adding biological novelty to
ecosystems the committee has determined the following:

Finding 1.3: A comparison of environmental impacts from adding
biological novelty to ecosystems indicates that:
a) small and large genetic changes have had substantial environ-

mental consequences;
b) the consequences of biological novelty depend strongly on the

specific environment, including the genomic, physical, and bio-
logical environments into which they are introduced;

c) the significance of the consequences of biological novelty de-
pend on societal values;

d) introduction of biological novelty can have unintended and un-
predicted effects on the recipient community and ecosystem;

e) a priori there is no strict dichotomy between the possibility of
environmental hazard being associated with releases of culti-
vated plants with novel traits and the introduction of nonindig-
enous plant species. However, the highly domesticated charac-
teristics of some cultivated plants decrease the potential of
certain hazards.

COMPARING AND CONTRASTING CONVENTIONAL AND
TRANSGENIC APPROACHES TO CROP IMPROVEMENT

In debates regarding the need for formal assessment of environmen-
tal impacts of transgenic plants, concerns about risks that result from the
process of plant transformation and risks associated with the intended
products of transgenically-based crop improvement are often not clearly
differentiated. Crops produced by transgenic approaches could have risk
potential because a novel gene in the transgenic crops makes an intended
product with insecticidal properties that affect non-target organisms. In
contrast, a transgenic crop could have unanticipated environmental ef-
fects if during the transgenesis process some of the normal plant genes
were unintentionally disrupted, leading to a change in the products of
those genes. In the following section, risks from the genetic processes
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involved in traditional and modern conventional crop improvement are
compared and contrasted with those used in transgenic-based approaches.
Other chapters of this report discuss the risks associated with intended
products of conventional and transgenic methods.

Traditional and Conventional Processes of Crop Improvement

Humans have been using genetic modification to improve crop plants
for thousands of years. Their first experiments consisted of identifying
various ecotypes or genetic variants and comparing their ability to pro-
duce a good crop when cultivated. Selections (genotypes) that performed
well were saved and propagated, while inferior ones did not survive or
were simply discarded. These early farmers discovered that crop yields
could be increased by modifying the environment. Consequently, they
developed methods of irrigating and administering soil fertilizers. Over
millennia they learned to modify an important relationship that influ-
ences the productivity of all crop species—the interaction between the
genotype of the plant and the environment in which it is grown
(Simmonds and Smartt 1999).

The types of traits (see BOX 1.2) these early farmers searched for were
similar to what is considered important today: higher yield; uniformity in
germination, growth and development, flowering time, and shattering
(seed dispersal); disease and drought tolerance; resistance to insects and
pathogens; and improved functional characteristics of the products used
for food (i.e., sugar, starch, protein, oil content, etc.). They had to rely on
the genetic diversity that existed in a given ecotype as a consequence of
naturally occurring mutations. No doubt there was some degree of allelic
diversity among the plants grown, but early farmers had no easy way to
identify it nor to deliberately select for the responsible loci. Consequently,
their ability to genetically improve crops was limited to the existing geno-
typic variability and their capacity to discern the consequent phenotypes
and select for them. As knowledge of breeding techniques developed, it
became possible to improve traits in crop varieties through genetic re-
combination, which can bring together favorable mutations, genes, or
blocks of genes and thereby create more useful varieties (Simmonds and
Smartt 1999).

As discussed earlier, the genetic basis for an altered crop trait can
simply involve a single gene or can be complex, involving multiple, po-
tentially interacting genes. Simply inherited traits are generally easy for
plant breeders to manipulate because they usually show dominant or
recessive phenotypes and produce simple ratios of progeny with and
without the trait in segregating crosses. Simply inherited traits are often
controlled by key enzymes in biochemical pathways. A good example is
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starch synthesis, which is partially controlled by the enzyme ADP-glu-
cose pyrophosphorylase. In maize this enzyme is composed of two pro-
tein subunits encoded by genes that have been given the names Shrunken2
and Brittle2 (Hannah 1997). If either of these genes is defective, the result
is a smaller seed with reduced starch content. Traits with more complex
genetic control, often called quantitative traits, are controlled by many
genes that interact with the environment (genotype by environment inter-
action) and with each other (epistasis) in producing a plant trait (pheno-
type). Thus, knowledge of each gene is necessary but not sufficient to
predict the final plant traits in a specific environment (Lewontin 2000).

BOX 1.2
Traits and Characters

In the conventional genetic sense, a character is a feature, such as flower color, while
a trait is a particular form of a character, such as red in the case of a rose. For this example,
the rose would have a red phenotype or appearance, and this color is determined by the
nature of the genes or alleles (forms of a gene at a particular chromosomal locus) that
determine the red trait. The set of genes determining the red color is the genotype of this
trait. Informally, the term trait is often broadly used for many of these terms, and this leads
to confusion. Genes give rise to traits, but they are not the traits themselves.

The alternate states of a character are the traits associated with that character. For
example, an individual plant that is resistant to glyphosate (the herbicide Roundup®) has
the trait or phenotype of glyphosate-resistance. This trait is conferred on an individual by
the gene for 5-enolpyruvyl shikimate-3-phosphate synthase (ESPS), which is of bacterial
origin. The genotype of that individual refers to genes that it has at the location in the
genome where the ESPS gene is found. The character, resistance to glyphosate, is the set
of two traits, glyphosate-resistance and glyphosate-susceptibility.

A character can be narrowly or broadly defined. For example, insect resistance is a
plant character that includes resistance in any plant part (roots, stems, leaves, flowers, etc.)
to any insect species (caterpillars, beetles, etc.). This character could also be narrowly
defined as the resistance to stem-boring Lepidoptera (moths and butterflies), which re-
stricts the range of insect species under consideration. The insect resistance character
could encompass traits such as leaf and stem toughness, production of toxic chemicals
and growth inhibitors, and modifications in leaf and stem morphology, etc. We also could
further narrow the scope of this character to toxin-based resistance in maize, which would
focus it primarily on traits involving DIMBOA (a toxin produced naturally in corn) and
various transgenic traits based on the production of Cry toxins from Bacillus thuringiensis.
We also could define a character as Cry toxin-based resistance in maize to stem borers.
Alternatively we could define a character based on the expression of a protein, so the
character could be Cry toxin production in corn. Even this character could be defined
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Yield is an example of a complex trait. It is easy to imagine that factors
such as photosynthesis, water-use efficiency, disease resistance, flower
development, and others all contribute to the accumulation of biomass
and its deposition in seeds.

For sexually reproducing species, simply inherited or single gene
traits are usually incorporated into existing elite cultivars by the process
of backcrossing. Backcrossing is conducted by crossing the elite cultivar
with a donor (source of the single gene) and is followed by repeated
crossing (backcrossing) to the elite cultivar with the goal of recovering all
of the genome of the elite cultivar plus the gene of interest. Backcrossing

more narrowly: transgenic maize with Cry toxins effective against stem borers includes
four different proteins, Cry1Ab, Cry1Ac, Cry1F, and Cry9C (see also BOX 2.1), each of
which could be defined as a separate character, because they are different proteins and
they affect stem borers in different ways. Indeed, even this character can be defined more
narrowly. Resistance to late generation stem borers in the various Cry1Ab transformation
events is variable. Thus, the character can be defined as full-season Cry1Ab resistance to
stem borers in maize, which would include the transformation events Bt-11 and Mon 810;
another character, partial late season resistance, would include the Event 176 transgene.
A similar range of definitions exists for many other genetically engineered characters,
including herbicide tolerance, delayed ripening, modified oil content, and virus resis-
tance.

A clear definition of character facilitates scientific analysis and communication (see
Chapter 2). For a genetic engineer, a specific transgene may be of interest, so a useful
definition of character could be an immediate product of the transgene, such as RNA or
protein. Use of this narrow definition could facilitate detection and development of prod-
ucts based on the transgene. For a farmer using the transgenic crop, resistance to stem-
boring Lepidoptera may be a broad and sufficient definition of a useful character. Addi-
tional detail may be irrelevant to a farmer, but knowing which pest is controlled would be
quite important.

From the perspective of a risk analyst, a character should be defined in a manner that
enables establishment of scientifically rigorous comparisons (that is reference scenarios
see Chapter 2). For example, using the broad definition—resistance to stem-boring Lepi-
doptera in maize—could result in concluding that environmental risks associated with Bt-
maize are the same as risks associated with DIMBOA (that is, a conclusion of substantial
equivalence, see Chapter 4), when the comparison itself may be indefensible scientifical-
ly. Instead, defining two characters more narrowly, Bt toxin expression, and DIMBOA
expression in maize, would lead to a scientifically more rigorous environmental assess-
ment. Thus the definition of character in a risk assessment should include scientific confir-
mation that the traits included in the definition are similar enough to allow scientifically
valid comparison.
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is most useful when the phenotype of the trait can be unambiguously
scored by visual, biochemical, or molecular methods. Complex or quanti-
tative traits are typically integrated into cultivars by pedigree breeding.
Pedigree breeding is initiated by crossing two lines or cultivars together
that complement one another for the traits of interest. This initial cross is
typically followed by a series of self-pollinating generations, with each
generation evaluated in multiple environments for the traits of interest
(Hallauer 1990).

Existence of genetic variation is critical for the genetic improvement
of any crop. The ultimate source of genetic variation for both simple and
complex traits is mutations. Mutations result from changes in DNA se-
quence, resulting from errors in replication and recombination, insertion
of retrotransposons and unstable genetic elements (transposons)*, gene
silencing, and environmental mutagens such as radiation. In recent years
the molecular bases for some of the mutations used in crop development
and improvement have been characterized. For example, high sugar con-
tent in sweet corn and peas results from mutations in genes encoding
enzymes required for starch synthesis (Hannah 1997). Sticky rice, which
is favored in East Asia, is also caused by a mutation affecting starch
synthesis (Isshiki et al. 1998). One example of flower color variation in
petunias results from a phenomenon called gene silencing, which oc-
curred as a consequence of a duplicated gene sequence (Quideng and
Jorgensen 1998). A large number of mutations, such as one influencing
flower color in morning glories (Clegg and Durbin 2000) and another
causing parthenocarpic fruit formation in apples (Yao et al. 2001), result
from insertion of retrotransposons in genes. Retrotransposons and trans-
posable genetic elements have had a dramatic effect on the size and evo-
lution of plant genomes (Kalendar et al. 2000). A trait for male sterility in
maize that was used for many years to produce hybrid corn resulted from
a bizarre natural mutation in which part of the DNA in the mitochondrial
genome was rearranged to create a novel protein-coding sequence using a

*Transposons are small, mobile DNA sequences that can replicate and insert copies at
random sites in chromosomes. Such movements often cause mutations. Transposons have
nearly identical sequences at each end, oppositely oriented (inverted) repeats, and code for
the enzyme transposase, which catalyzes their insertion. Bacteria have two types of trans-
posons: simple transposons that have only the genes needed for insertion, and complex
transposons that contain genes in addition to those needed for insertion. Eukaryotes con-
tain two classes of mobile genetic elements. The first are like bacterial transposons in that
DNA sequences move directly. The second class (retrotransposons) move by producing
RNA that is transcribed, by reverse transcriptase, into DNA, which is then inserted at a new
site.
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ribosomal RNA gene (Dewey et al. 1986). Normally, ribosomal RNA genes
are not translated into protein.

While the nature of gene mutations can be simple or complex, it is not
necessary for the plant breeder to understand their bases in order to use
them in a breeding program. As long as the mutation creates a stable,
heritable phenotype, it can be incorporated into a crop plant by conven-
tional breeding methods. The challenge of improving a trait in a crop
plant through breeding depends on whether the trait is simple or com-
plex and the ease with which the phenotype can be measured. Many
simple traits can be monitored visually or by measuring biochemical prod-
ucts, such as sugars, proteins, or lipids. For complex traits the end prod-
uct, such as height, yield, or resistance to stress, is measured.

With sexually compatible species, a useful trait is transferred from
one genetic background into a desirable so-called elite genotype by mak-
ing a cross. In this process, not only are genes encoding the trait or traits
of interest transmitted, but so are thousands of other genes, some of which
can lead to inferior or undesirable traits. However, most of these inferior
genes can be eliminated by making a series of recurrent backcrosses (usu-
ally six or more) to the elite parent in the case of simple traits or by
selection of the best phenotypes in the case of complex traits. In this way,
genes encoding the valuable trait are recovered in the nearly homoge-
neous elite genetic background. However, the process of backcrossing or
recurrent selection cannot avoid introducing a large number of genes that
are tightly linked with those encoding the trait or traits of interest. Even
after 20 backcrosses there is a theoretical expectation that genes within 9
centimorgans (units of crossing over) of the selected gene will be carried
in the new plant line (Naveira and Barbadilla 1992). This 9-centimorgan
region could include over 100 genes.

For an empirical example, genes for insect and pathogen resistance
are often transferred to cultivated tomatoes from related species. Young
and Tanksley (1989) examined eight commercial tomato cultivars that
contained the Tm-2 gene for resistance to tobacco mosaic virus. This resis-
tance gene originated from the wild species Lycopersicon peruvianum and
had been transferred to a variety of commercial tomato types (e.g., cherry
tomatoes, large greenhouse tomatoes) by backcrossing for 5 to 20 genera-
tions. Using DNA markers specific to L. peruvianum, Young and Tanksley
(1989) demonstrated that the introgressed DNA from L. peruvianum in the
final cultivars encompasses a chromosomal region ranging from 4 centi-
morgans to over 51 centimorgans. In the extreme case, the cultivar
Craigella-Tm-2 contained an entire arm of chromosome 9 from L.
peruvianum.

The importance of these linked genes depends on how genetically
different the original parents are that were used in the cross. These extra
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genes, so-called genetic drag, may or may not have important phenotypic
consequences for crop production. The plant breeder must, in the end,
compare the overall performance of the backcross progeny with the origi-
nal parent to determine if there has been an improvement in the crop.
Sometimes there is no improvement, and it is generally difficult to predict
how a given gene or set of genes will affect the overall performance of the
elite genotype. Consequently, plant breeders maintain a continuous cycle
of creating and testing various genetic combinations for those that im-
prove phenotypic performance.

In some cases, plant breeders introgress completely new chromo-
somes into a crop from another species or genus, thereby introducing
hundreds or thousands of new genes/genetic loci. For example, there are
over 200 lines of wheat to which a chromosome of another species has
been introduced (Islam and Shepherd 1991). Embryo rescue, which makes
use of tissue culture techniques to propagate incompletely developed
embryos, permits the great genetic distances between these species to be
bridged when the interspecifically produced progeny would not other-
wise survive. For example, oats and corn can be crossed and partial hy-
brids recovered by embryo rescue. A hybrid zygote is formed, but the
corn chromosomes are most often eliminated in the early divisions of the
embryo; however, corn chromosomes are retained along with the haploid
set of oat chromosomes in about a third of the progeny and the resulting
plants are fertile (Riera-Lizarazu et al. 1996). Such crosses between exotic
plants from germplasm collections or wide hybridization, such as be-
tween corn and oats, introduce genes not usually found in the same
nucleus, even though these genes arise in the same or related genus.
These techniques provide the opportunity to introduce novel and some-
times useful genetic traits. Most breeding programs make relatively little
use of such potentially valuable genetic materials. However, as described
below, the development of gene transformation technology greatly in-
creases the ability of the plant breeder to utilize diverse genetic resources
to a much greater extent than was previously possible.

Traditional plant breeding is an effective way to improve the geno-
type of elite varieties, but it is largely done in ignorance of the genes
involved. The process of making sexual crosses, often followed by back-
crossing to a preferred parental line, provides a mechanism to shuffle and
then fix gene combinations that can subsequently be evaluated for trait
performance. Backcrossing is particularly important following radiation
or chemically induced mutagenesis, as a number of defective genes can be
simultaneously created and carried into the progeny. Most of these muta-
tions are not obvious to the breeder. Even without mutagenesis, most
plants carry a number of inferior alleles of genes that reduce performance
when incorporated into an elite genetic background. These mutant genes
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can be stable or unstable, and they can be responsible for traits that are
disadvantageous or even dangerous.

There are many examples of breeding projects that have resulted in
phenotypes that were not expected based on knowledge of the parental
genotypes. In one cross between the cultivated potato, Solanum tuberosum,
and a wild potato, Solanum brevidens, the hybrid offspring produced a
novel steroidal alkaloid, demissine, which was not produced by either
parent. A retrospective analysis revealed a potential biochemical explana-
tion for this occurrence (Laurila et al. 1996), but it was certainly not pre-
dicted. In another case, potatoes bred for insect resistance were found to
be toxic because of high levels of glycoalkaloids and had to be withdrawn
from commercial production (Zitnak and Johnston 1970; see also Hellenas
et al. 1995). A gene used to create corn hybrids was found several years
later to make the plants susceptible to a toxin produced by the fungus
Bipolaris madis, and this led to widespread destruction of the corn crop by
Southern corn leaf blight in 1970 (Dewey et al. 1986; see also “Environ-
mental Impacts of the Deliberate Introduction of Biological Novelty”
above). The backcrossing and selection procedures help eliminate unde-
sirable genetic material that is inadvertently introduced when crosses are
made between genetically distinct parental lines. However, it is not pos-
sible to know the nature of the majority of genes in the genome, so the
outcome of a typical genetic cross cannot be known.

Transgenic Techniques for Crop Improvement

The development of techniques that allow the isolation, sequencing,
and transformation of genes into plants provides a novel mechanism for
creating genetic diversity. Not only is it possible to isolate a gene (or
genes) that control a valuable trait in a sexually compatible species and
introduce it without simultaneously carrying along thousands of other
genes (the so-called genetic drag), it is also possible to introduce genes
from species that are not sexually compatible with the recipient (horizon-
tal gene transfer). Thus, completely novel traits can be introduced into
grain and fruit crops that will improve their yield, their resistance to
biotic and abiotic stresses, their biochemical composition, their shelf life,
and other traits.

Currently, there are two common transgenesis procedures by which
purified genes are routinely introduced into plant cells (Birch 1997). One
makes use of the Ti-plasmid of Agrobacterium tumefaciens to transfer the
gene as part of this plasmid’s DNA (referred to as T-DNA). The Ti-plas-
mid is a natural vector for transforming genes into plant cells, and a great
deal is known about how this occurs (Sheng and Citovsky 1996). Nor-
mally, the T-DNA contains genes encoding enzymes that cause the trans-
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formed cell to become tumorigenic; however, these tumor-causing genes
are removed from the T-DNA vectors used to genetically engineer crop
plants.

The Ti-plasmid of A. tumefaciens is capable of transforming most dicot
plant cells. However, in order to transmit a gene to the progeny, it must
be introduced into a totipotent cell (i.e., one that can be regenerated into a
whole plant). It is common, therefore, to cocultivate plant tissues, such as
very young embryos, which contain totipotent cells with A. tumefaciens
containing genetically engineered T-DNAs (Birch 1997). In the case of
Arabidopsis, a model flowering plant used for basic research, developing
flower buds can simply be soaked in liquid containing the bacteria in
order for germ cells to become transformed with the T-DNA. Typically,
the proportion of totipotent cells that become transformed is small. There-
fore, a gene encoding a selectable marker, such as a gene for antibiotic or
herbicide resistance, is incorporated into the Ti-plasmid to simplify the
detection of transformed cells. This allows screening among the embryo-
genic transformants for those carrying the transgene because only the
transformed cells will grow in media containing the antibiotic or herbi-
cide.

The second method for plant cell transformation involves using a
physical agent (metal particle or fiber) to pierce the cell wall and carry the
cloned DNA into the nucleus. The first application of this technique in-
volved coating tungsten particles with plasmid containing a cloned gene
and using the discharge of a 22-caliber cartridge to accelerate the metal
particles into the target tissue (Sanford et al. 1993). Thus, it is known as
ballistic transformation, and the device used to transfer the DNA into the
tissue is called a gene gun. Subsequently, it was found that a similar result
is possible using silicon fibers, or whiskers, or electroporation (Asano et
al. 1991). Physical insertion does not require any special proteins to trans-
fer the DNA into the nucleus, as occurs with T-DNA-mediated transfor-
mation, so the technique is not restricted to species that can be trans-
formed by A. tumefaciens. Ballistic transformation was the first technique
used to transform monocots, such as cereals, as they appeared to be resis-
tant to A. tumefaciens infection. However, in recent years, procedures for
transforming cereals with A. tumefaceins have been developed, and it is
now possible to transform many agronomically important cereals with T-
DNA (Chan et al. 1992, Ishida et al. 1996). It is commonly thought that T-
DNA-mediated transformation results in fewer, and simpler, transgene
insertions than ballistic transformation; however, ballistic transformation
can also result in single-gene insertions (Kohli et al. 1998).

As with T-DNA transformation, a gene introduced by physical inser-
tion must be in a totipotent cell in order to end up in the germ line. For
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this reason, tissues capable of generating somatic embryos, such the coty-
ledons of young embryos, are also routinely used for ballistic transforma-
tion. As only a few of the transformed cells develop into a plant, a select-
able marker gene is also valuable in this case to identify cells carrying the
transgene.

Ideally, one would target an engineered gene to a specific chromo-
somal locus, thereby replacing an existing allele (called homologous re-
combination). While this is possible with certain fungi and mammals
(Doetschaman et al. 1987, Hynes 1996), it is not yet a routine procedure for
crops. It is possible that directing gene replacement in higher plants is
thwarted by the large amount of repetitive DNA contained in their nuclear
genomes, or the enzymes required for homologous recombination might
not be present in somatic cells. There is only one report of homologous
recombination directing gene replacement in a flowering plant (Kempin
et al. 1977), and this was in Arabidopsis, which contains only a small
amount of repetitive DNA. In this case a very large number of trans-
formants had to be examined before a gene replacement was detected.

While it is not possible to target a specific site for inserting a gene into
a plant, it is possible to determine the exact location of the gene after it has
been inserted. The mechanisms that determine the site of transgene inser-
tion into the DNA of plant cells by either T-DNA or ballistic/physical
transformation are not understood. It is widely believed that the transgene
is targeted to regions of transcriptionally active chromatin, but this has
not been widely investigated (Birch 1997). Since transformation is often
done with cells from somatic embryos, it is possible they are expressing
genes from a variety of regions throughout their genome. In the case of T-
DNA transformation, it is reasonably well documented that insertions
take place throughout most regions of the genome (Azpironz-Leehan and
Feldmann 1997).

It is common for two or more foreign DNA molecules to combine end
to end in the plant cell prior to insertion into the nuclear genome. Many
transformed plants contain multiple copies of a transgene, which occur in
tandem or inverted repeats. In some cases, fragments of host DNA can
become interspersed between the duplicated copies of the transgene, cre-
ating complex loci (Kohli et al. 1998, Pawlowski and Somers 1998). Al-
though the mechanisms that create complex transgenic loci are incom-
pletely understood, some evidence suggests they are related to plant cell
wound responses and DNA repair mechanisms (Sonti et al. 1995).

Multiple transgene insertions and complex insertions at single loci
are highly correlated with transgene silencing (see BOX 1.3), which can
lead to inactivation of the transgene and possibly other genes in the ge-
nome with sequence homology to regions of the transgenic DNA (Birch
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1997). Consequently, in order to avoid transgene silencing it is important
to screen transformation events to identify those consisting of simple in-
sertions at single loci within the genome.

One way to obtain single gene insertions is by replacing one gene
with another. While it is not yet possible to obtain gene replacements by
homologous recombination in higher plants, it is possible to target trans-
gene insertion to preset sites by using the P1 bacteriophage Cre/lox or the
FLP/FRT recombination system of the 2-i plasmid of Saccharomyces
cerevisiae (Gates and Cox 1988, Hoess and Abremski 1990). These tech-
nologies require transformation of one plant with a transgene flanked by
lox or FRT DNA sequences and a second plant transformed with the gene
encoding the Cre or FLP recombinase, respectively. When a sexual cross is
made between such plants, the enzymatic activity of the recombinase will
splice out multimeric transgene insertions, leaving behind single copies
of the transgene DNA flanked by lox or FRT sequences (Srivastava et al.
1999). Although these genetically engineered recombination systems re-
quire additional steps for creating a transgenic trait, they are useful for
removing selectable marker genes that are required to propagate a
transgene in a bacterial and plant host cell. Transgenes can also be tar-
geted to lox or FRT insertion sites, which allows well-characterized trans-

BOX 1.3
Types and Consequences of Transgene Silencing

Two types of transgene silencing have been described: transcriptional and post-
transcriptional (Chandler and Vaucheret 2001). Transcriptional gene silencing is of-
ten associated with the presence of duplicated DNA sequences in the genome corre-
sponding to the transgene. However, it can also occur through transgene insertion
into nonexpressed regions of chromosomes. DNA duplication-directed silencing can
occur as a consequence of multiple or complex insertions of the transgene, or it can
occur due to other genes in the genome with as little as 100 base pairs of DNA
identical with that of the transgene. The consequence can be silencing of the trans-
gene, the endogenous gene, or both. Posttranscriptional gene silencing is associated
with sequence homology in gene-coding regions and appears to involve the forma-
tion of double-stranded (ds) RNA molecules (Mourrain et al. 2000). It can result
either from antisense transcription of a gene, RNA-dependent RNA polymerase copy-
ing of an mRNA, or transcription of an inverted repeat sequence. These dsRNAs
appear to trigger an antiviral response, resulting in ribonuclease-mediated degrada-
tion of homologous RNAs into small 25 base pair dsRNA fragments. These small
dsRNA fragments spread throughout the plant via plasmodesmata and phloem tissue,
leading to systemic destruction of transcripts containing identical sequences.
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genic lines to be reused for multiple types of transgene insertions, includ-
ing introduction of stacked (multiple) transgenes.

Transgene silencing is a phenomenon that can occur with either T-
DNA or biolistic/physical insertion of transgenes into the genome, and it
may not become detectable until several generations beyond the initial
transformation event (see BOX 1.3). Commonly, the goal of inserting for-
eign genes into plants is to obtain expression of that gene. In these cases
gene silencing is a problem. However, there are cases when gene silenc-
ing can be used as a valuable tool to block expression of one or more of the
existing genes in the crop. For example, this is a way to inactivate a key
enzyme in an undesirable metabolic pathway or a means to eliminate
expression of genes responsible for producing food allergens.

Because the phenomenon of gene silencing became apparent in the
early days of plant genetic engineering, simple types of transgene inser-
tions were often selected from hundreds of transformation events before
advancing a few transgenic events for trait evaluation. Typically, these
events were characterized by restriction enzyme mapping to determine
the number and complexity of transgene insertions, and the nucleotide
sequences flanking the transgene may have been sequenced to ensure the
integrity of the transgene itself. Because of improvements in and cost
reduction of DNA-sequencing technologies in recent years, it is now cost
effective, and prudent, to sequence the entire transgene and its site of
insertion, unless the objective is silencing a host gene.

In some crops the ability to transform and regenerate plants is re-
stricted to a few genotypes. Typically, these are not the elite lines that
have been bred for high agronomic performance. Consequently, a geneti-
cally engineered trait is usually transferred by sexual crossing followed
by six or more generations of backcrossing into a more useful genetic
background. This requirement has many of the same advantages and
disadvantages of mutation breeding with conventional crops, as there is a
certain amount of genetic drag associated with any nonelite genetic back-
ground. However, the process of backcrossing provides the plant breeder
with an opportunity to select among a large number of transformation
events for those with the best phenotypic outcome and agronomic perfor-
mance. Through this screening mechanism, complex transgene loci with
the potential for unwanted gene silencing or poor expression and herita-
bility are eliminated. Should the genetically engineered trait prove to be
unstable or lead to an unpredictable phenotype or a plant with poor
agronomic or horticultural performance, it can be culled before being
advanced to evaluation for commercial production. As with traditional
plant breeding, newly created genotypes must be evaluated in a variety of
environmental situations before it is possible to predict their favorable or
unfavorable consequences. Thus, there is extensive selection and field
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testing before a transgenic event becomes propagated to a sufficient de-
gree to allow commercialization of a transgenic crop.

In summary, the above discussion indicates that the genetic processes
used in conventional and transgenic approaches to crop improvement
each have associated risks. In both processes there are two basic steps.
One involves adding novel genetic material to the crop, and the second
involves filtering out any of the added genetic material that is undesir-
able. In conventional approaches there are typically more unwanted genes
that must be eliminated from the hybridized lines. But in both approaches
there is always a possibility that some undesirable traits will remain in the
final product. Furthermore, in both cases there is a possibility that the
desired genes themselves will interact with existing genes in the parent
line and create unexpected effects.

While transformation of genes into crop plants is a new technique for
creating genetic diversity, it fundamentally accomplishes many of the
same goals as genetic recombination and reassortment, or making wide
genetic crosses between geographically isolated or related species. The
key difference is the way in which the genetic variation is created. Once
inserted into the genome, transgenes are subject to the same types of
genetic regulatory mechanisms as conventional genes. As we are learning
from the characterization of plant genomes (Kaul et al. 2000), the nuclear
DNA is naturally in a constant state of flux as a consequence of single
nucleotide changes and DNA rearrangements and insertions. Even though
it is uncommon, horizontal gene transfers are not unprecedented. Even
the human genome appears to contain a surprisingly large number of
insertions of bacterial DNA without ill effect (Lander et al. 2001, Venter et
al. 2001). Thus, the fact that transgenes can originate from another species
is not novel. What makes the transgenic approach particularly new is the
potential to incorporate novel traits into plants. Current and future trans-
genic traits are discussed elsewhere in this report.

The line between conventional crop breeding and the creation of
transgenic crops has never been perfectly clear, but the distinction be-
tween the two approaches is likely to blur even further. The genetic engi-
neering process, per se, presents no new categories of risk compared to
conventional breeding, although this technology could introduce specific
traits or combinations of traits that pose unique risks. However, crop
varieties developed solely by conventional breeding could express traits
that would need to be regulated as stringently as those developed by
transgenic approaches.

Finding 1.4: Genetic improvement of crops typically involves the
addition of genetic variation to existing cultivars, followed by
screening for individuals that have only desirable traits.
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Finding 1.5: Both transgenic and conventional approaches (i.e., hy-
bridization, mutagenesis) for adding genetic variation to crops can
cause changes in the plant genome that result in unintended effects
on crop traits.

Finding 1.6: The transgenic process presents no new categories of
risk compared to conventional methods of crop improvement, but
specific traits introduced by both approaches can pose unique risks.

Finding 1.7: Screening of all crops with added genetic variation
must be conducted over a number of years and locations because
undesirable economic and ecological traits may only be produced
under specific environmental conditions.

OVERVIEW OF CURRENT U.S. REGULATORY FRAMEWORK
FOR TRANSGENIC ORGANISMS

In the early 1980s the U.S. government determined that there was a
need to regulate transgenic organisms, including engineered plants, to
assure health and environmental safety. However, it was decided that
such regulation could be accomplished by using existing federal statutes
instead of developing new ones specifically designed for transgenic or-
ganisms. The U.S. Coordinated Framework for the Regulation of Biotech-
nology (OSTP 1986) was developed to offer guidance for using existing
federal statutes and the expertise of existing regulatory agencies in a man-
ner that would ensure health and environmental safety while maintain-
ing sufficient regulatory flexibility to avoid impeding the growth of the
biotechnology industry. What follows is an abbreviated description of the
coordinated framework, so that readers can understand the regulatory
context of the USDA-APHIS regulation of transgenic organisms. The fed-
eral government, in lieu of creating a new law for transgenic organisms,
asked that the USDA adapt its interpretation of the Federal Plant Pest Act
(FPPA) and the Federal Plant Quarantine Act (FPQA) to ensure environ-
mental safety while not impeding growth of the industry.

Two basic principles were intended to guide regulatory policy. First,
agencies should seek to adopt consistent definitions of those transgenic
organisms subject to review to the extent permitted by their respective
statutory authorities. Second, agencies should use scientific reviews of
comparable rigor. (Both products and research are regulated under this
framework, but the review here will concentrate on “products,” which
are defined as transgenic organisms that are released as commercial prod-
ucts into the environment).
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The 1986 coordinated framework was constructed to be a flexible
policy that would evolve as needed. In 1992 the policy’s scope was clari-
fied. While each agency’s statute clearly specifies the scope of oversight
that each agency can exercise, the diversity of statutes meant that regula-
tory oversight could vary in degree from agency to agency and statute to
statute. This could create a situation where under one statute a transgenic
organism is inadequately regulated while under another it is overregu-
lated. To address this possibility, the Office of Science and Technology
Policy (1992) issued two principles to restrict the scope of oversight. First,
federal agencies were mandated to exercise oversight of transgenic or-
ganisms only when there is evidence of “unreasonable” risk. An unrea-
sonable risk is one in which the value of the reduction in risk obtained by
oversight is greater than the cost of oversight. The evidence of risk must
include information about the transgenic organism, the target environ-
ment, and the type of application. The scope policy is vague as to the
appropriate valuation system that should be used in making regulatory
judgments. Second, federal agencies were required to focus on the charac-
teristics and risks of the biotechnology product, not the process by which
it is created.

Since 1992 there have been a few more changes in the policy, includ-
ing shifts in the responsibilities assumed by each agency. For the purpose
of this discussion, one significant shift has been the assumption of respon-
sibility by EPA for a subgroup of transgenic plants that were designated
as pesticidal transgenic plants, including insect-resistant crops, such as Bt
corn, and virus-resistant plants.

In response to the coordinated framework, the Biotechnology, Bio-
logics, and Environmental Protection unit (BBEP) of the USDA-APHIS
published regulations for the release of transgenic organisms in 1987
(APHIS 1987), under the statutory authority of the FPPA and the FPQA.
While the coordinated framework explicitly provided that federal agen-
cies should focus on the characteristics and risks of the biotechnology
product, not the process by which it is created, APHIS explicitly used the
process of genetic engineering to trigger its oversight. However, in the
1987 Final Rule (APHIS 1987), APHIS argues that it is not treating trans-
genic organisms differently than so-called established plant pests or natu-
rally occurring organisms, which may be plant pests. For example, APHIS
regulates the movement and release of geographically separated popula-
tions of known plant pests because a new geographic population may
have genetic characteristics absent in the recipient geographic popula-
tion, which could increase the plant pest risk in the recipient population.
In all cases a permit must be obtained from APHIS prior to importation
and interstate movement of potential plant pests. For certain transgenic
organisms, APHIS has determined that the release of these organisms
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into the environment is tantamount to the introduction of a new organ-
ism.

The original 1987 APHIS regulations were later to exempt Escherichia
coli strain K-12, sterile strains of Saccharomyces cerevisiae, asporogenic
strains of Bacillus subtilis, and Arabidopsis thaliana from permitting require-
ments for interstate movement under certain specified conditions (APHIS
1988, 1990). Modifications with broader impact were made in 1993. These
provided a more streamlined procedure called “notification” for enabling
the field release of transgenic plants not expected to pose serious risks.
They also provided a more formal process for applicants to petition the
agency for nonregulated status of an engineered plant based on genetic
and ecological knowledge of that plant (APHIS 1993). A detailed analysis
of APHIS oversight of genetically engineered plants is the focus of Chap-
ters 3, 4, and 5. Chapter 2 provides a more conceptual overview of risk
analysis and its application to transgenic plants.
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2

Scientific Assumptions and Premises
Underpinning the Regulation and

Oversight of Environmental Risks of
Transgenic Plants

This chapter concentrates on the theoretical and empirical underpin-
nings of the regulation of environmental risks of transgenic plants and the
use of risk analysis to evaluate and manage those risks. The first section
summarizes the committee’s approach to risk analysis. Two important
roles are identified that risk analysis of transgenic crops must fulfill; it
must support the decision-making process of regulatory agencies, and it
must legitimize the regulatory process, creating public confidence that
human well-being and the environment are protected from unacceptable
risks.

The second section examines in detail the scientific and logical bases
for regulation. In developing an approach that can be applied to both
transgenic and conventional crops, the committee endorses the findings
of three previous National Research Council (NRC) reports. Transgenic
crops do not pose unique categories or kinds of environmental hazards.
The entire set of existing transgenic crops is not so different in kind that
they pose environmental hazards unlike those caused by other human
activities, including conventional crops and other agricultural activities.
The committee finds, however, that specific types of transgenic and con-
ventional crops can pose unique environmental hazards. Also, the com-
mittee finds that there are good arguments for regulating all transgenic
crops. To be effective, such a regulatory system must have an efficient and
accurate method for rapidly evaluating all transgenic plants to separate
those that require additional regulatory oversight from those that do not.

The third section examines several technical issues related to the un-
derlying risk assessment models. The concentration is on these because
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they provide a basis for risk assessment of transgenic crops and will frame
discussion of the case studies in subsequent chapters. Evaluation of the
risks of transgenic crops requires specifying a social and environmental
context for the assessment. Depending on the choice of context, different
risk comparisons may become relevant. Finally, several formalizations
are suggested that could help clarify this dependence on context and
enable a regulatory agency to develop formal procedures to learn from its
experience to improve the regulatory system.

RISK

Risk is both an intuitively easy and a technically difficult concept to
understand. On the one hand, people take risks all the time in daily life,
and whether explicitly or not, people are constantly balancing these per-
ceived risks against their needs and desires. Everyone knows it is risky to
drive a car, have radon leak into the basement, ice skate, play blackjack, or
swim in a lake. But the personal and idiosyncratic ways people have of
dealing with risk in their own lives have only tenuous connections to how
society as a whole should deal with risk. Personal perceptions of risk may
not reflect reality. One person might not care about the risks of eating a
fish bone, but another may care so much that she will not eat any fish.
Because each of us has our own way of dealing with risk, how do we
agree as a society?

Volumes have been written on the technical aspects of risk. In the
catalog of the National Academy Press alone, there are 184 titles related to
risk. Two that are particularly relevant to this report are a 1983 publica-
tion, Risk Assessment in the Federal Government: Managing the Process, and a
1996 report, Understanding Risk: Informing Decisions in a Democratic Society.
The 1983 report outlines a general approach to characterizing hazards,
modeling exposure pathways, and quantifying the probability of injury.
The 1996 approach argues that any attempt to assess risk involves a series
of interpretive judgments and framing assumptions and suggests that
democracy is best served when those affected by regulatory decision mak-
ing can be as fully involved in making those judgments and assumptions
as is practicably possible.

This chapter addresses risk from both perspectives. The 1983 report’s
approach is followed in using science to illuminate technical understand-
ing of the environmental risks of transgenic crops. By following this ap-
proach, however, the committee has made several implicit interpretive
judgments and framing assumptions, which the 1996 report suggests.
Several of these are acknowledged as implicit judgments and assump-
tions, and by doing so, an alternative perspective can be developed for
evaluating risk analysis of transgenic crops. Before developing these par-
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ticular ideas further, some of the broader assumptions made here to un-
derstand risk should be mentioned.

Risk is interpreted primarily as a combination of the probability of
occurrence of some hazard and the harm corresponding to that hazard.
This is both a highly technical and somewhat vague interpretation, in-
volving the related ideas of hazard, occurrence, and some combining
process. A hazard has the potential to produce harm, injury, or some
other undesirable consequence. In saying a slippery road is hazardous, it
is not meant that any harm or a car accident has occurred. It simply means
that the road conditions could potentially cause an accident. In this case
the hazard is a car accident, which may or may not happen. Likewise, if a
transgenic crop has a hazard, it does not mean that any harm has or will
occur. Hazard identification is one of the most subjective and potentially
contentious elements of risk analysis. While this report is limited to a
consideration of environmental risks, there is some ambiguity in deciding
what is and is not an environmental hazard. Does this include or exclude
the potential for adverse impacts on human health that are mediated by
the environment (not directly by food consumption)? Does it include or
exclude the potential for adverse impacts on farming practices and profit-
ability? Is a nonspecific effect on habitats or ecosystems an identifiable
hazard? Is an effect on an ecological process an environmental hazard?
The characterization of hazards in this chapter reflects an answer to each
of these questions.

The occurrence of a hazard is a probability that the hazard would
occur. This typically depends on many factors. The probability that an
accident will occur on a slippery road will depend on how many cars
travel the road, how fast they are going, how much they accelerate and
decelerate, the skill of the drivers, and other factors. Clearly, these prob-
abilities will be highly conditional on the environment and other details
about the situation, and therefore they will be variable both spatially and
temporally. Likewise, the probability that any hazard associated with a
transgenic crop would occur is likely to vary spatially and temporally. In
much of the literature on risk, the probability of occurrence is called an
exposure probability, referring to the probability that people are exposed to
the hazard. In this report the term exposure is frequently used as a short-
hand notation for the probability that a hazard would occur.

The combining of hazard and occurrence probabilities to characterize
risk can be contentious, ranging from simple mathematical formulations
to complex deliberative processes involving many people. The committee
leaves this process deliberately unspecified, so that the range of formula-
tions can be used as needed in the report. In its simplest form, risk can be
understood as a weighted probability in which the probability of occur-
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rence is weighted by the magnitude of the hazard. If you are a driver on
the slippery road, your risk is a combination of the probability that you
will have an accident and the severity of the accident. Presumably (hope-
fully) the probability of an accident rapidly decreases with the severity of
the potential accident, and your risk, which combines across all possible
accidents, will be small. If you were a road engineer, you would also
average over all combinations of drivers to estimate the total risk for
society on that stretch of road. The process of combining hazard and
occurrence can become more complicated if some drivers are considered
more important than others, so that the risks themselves are weighted by
some social criterion reflecting this importance. This can become even
more complicated if the weightings are determined by some social delib-
erative process. Risk characterization is another one of the most subjective
and potentially contentious elements of risk analysis.

Risks can be reduced by people’s actions, and risk management is an
important concept used in this report. By managing risks, people can
reduce them to such an extent that they are considered insignificant. For
example, one can reduce his or her risk of an accident on a slippery road
by slowing down or simply by staying home during inclement weather.
Similarly, planting and harvesting transgenic crops in certain ways can
reduce the risks associated with them. These methods are discussed in
more detail later in this report.

There are a number of aspects of risk that are not explicitly addressed
in this report. The committee does not discuss methods for valuation of
hazardous events in either economic or other terms. Consequently the
committee does not provide a basis for comparative rankings of risks nor
a basis for comparing expectations of cost or loss with expectations of
benefit associated with commercialization of transgenic crops. Moreover,
by emphasizing the possibility and probability of unwanted outcomes,
the approach taken in this chapter excludes an interpretation of risk that
lays stress on the novelty or unfamiliarity of actions taken (such as fear of
the unknown) except insofar as a novelty or unfamiliarity complicates the
estimation of risk. The committee’s concept of risk also does not imply
that some hazards are ones for which agents could be held accountable,
while others would be considered works of nature. Finally, the distribu-
tion of risks among different groups of people is not emphasized. While
we are all concerned with the distributional aspects of risks and benefits,
and they appear to influence the debates about the utility of transgenic
crops, the focus in this report is on issues where this concern has less
influence. Specifically, the committee’s focus here is on the roles that risk
analysis is expected to fulfill in the discussion of transgenic crops and
some of the implications thereof.
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Roles of Risk Analysis

Risk analysis has come to play at least two somewhat distinct roles in
public discourse. It is often conducted by using scientific information to
support decision making in a particular case (referred to as “decision
support”). This decision support role presumes that the decision maker
(an individual, a group, or an organization) is well defined and has the
legitimate and uncontested authority to make a decision. Within this class
of risk problems, there are circumstances where decision making consists
of selecting from among several well-defined options, such as whether to
allow the commercialization of a particular transgenic crop. In these situ-
ations, risk analysis often consists of anticipating unwanted outcomes
associated with each option and measuring their probability should that
option be taken. Much of the present regulatory structure for transgenic
organisms in the United States takes this approach to risk analysis.

In circumstances where the decision options are not clearly defined,
the role of risk analysis is considerably more ambiguous because its role
in helping to inform a decision is not clearly defined. Under such condi-
tions, risk analysis could be used to help inform a decision maker of the
general scope of a risk situation and outline potential opportunities for
decision making. Risk analysis could be conducted to provide a general
survey of hazards and the types of risk management decisions that might
confront a decision maker. For example, the World Health Organization
(WHO) recently conducted a scientific consultation to determine if indi-
rect human health risks were mediated through the environment from
the use of transgenic organisms. This consultation focused on hazard
identification because if such hazards could be established, the WHO
could use its authority on human health concerns (granted by the United
Nations) to justify additional risk analysis.

In addition to its role in decision support, risk analysis can serve to
reinforce and legitimize the authority of a particular decision maker to
exercise control over a given situation (referred to as “creating legiti-
macy”). There are a variety of circumstances where the predictive power
and presumed value neutrality of scientific risk analysis are implicitly
assumed to provide the “best” basis for decision making. A decision
maker’s ability to produce scientific risk analysis in such circumstances
can play an important role in creating legitimacy to set policy or deter-
mine a course of events. For example, member-states of the World Trade
Organization (WTO) can exercise their legal authority to restrict trade in a
good only when they can produce a scientific risk analysis documenting a
need to restrict importation of that good. A case where the risk analysis
was insufficient in restricting importation was observed with Australia
being forced by the WTO to accept frozen Canadian salmon (or pay a
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steep fine) in spite of serious risk of transmission of fish disease, because
Australia was unable to produce a sufficiently quantitative risk assess-
ment (Victor 2000).

Risk analysis can create legitimacy in many extralegal contexts as
well. Highly contentious, politically charged issues can be decided on the
basis of raw power, whether through political power or public influence,
with little regard to the facts. Scientific risk analysis, with its philosophi-
cal commitment to value neutrality, can be used to legitimize a decision-
making process. In some cases, people may agree to support the outcome
of such a risk analysis-based decision process even if it contradicts their
own desired outcome (NRC 1996). Thus, risk analysis can be a powerful
force to garner legitimacy in a decision process from diverse public inter-
ests.

There are many points of tension between the use of risk analysis to
create legitimacy and its use as a decision support tool. A risk analysis
that is expected to help create legitimacy for decision making must meet
different burdens of proof than a risk analysis conducted as a decision
support tool. When used in decision support, the authoritative agent is
already determined and therefore is free to accept, reject, or modify any of
the assumptions or parameters that may have been established in devel-
oping any component of the analysis. For example, a decision maker
could explore the consequences of weighting the effects of a pesticide on
farmers and farm workers less than (greater than) the effects on the gen-
eral public. It is, in part, the flexibility to adjust assumptions and param-
eters that makes risk analysis particularly useful in a decision support
role. This flexibility allows the decision maker to explore the full range of
possibilities before coming to a decision. In contrast, when risk analysis is
used to create legitimacy, the potential decision-making agent may find
that the choice of assumptions and parameters has a profound effect on
the willingness of affected parties to recognize the agent’s authority to
make a final decision. When it is crucial to gain the acceptance of inter-
ested and affected parties, the flexibility to adjust assumptions and pa-
rameters may be dramatically reduced or sacrificed altogether. Affected
parties know that adjustment of such parameters can influence results in
ways that favor one interest over another and may insist on fixing as-
sumptions and parameters in a manner that substantially limits the use-
fulness of risk analysis techniques. Indeed, the role of risk analysis to
create legitimacy becomes particularly perilous when the decision op-
tions under consideration are not well defined.

The role of risk analysis in governmental regulatory agencies has
become increasingly ambiguous. The legal decision-making authority of
such agencies is generally established by specific legislation or adminis-
trative findings. Traditionally, officials in these agencies have viewed risk
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analyses in the role of decision support for the exercise of this legislatively
mandated authority. However, their freedom to adjust assumptions and
analytical parameters in risk analyses may be constrained by the lan-
guage of the authorizing legislation or by successful court challenges from
affected parties. This suggests that to some degree risk analysis has al-
ready become a component in establishing a government agency’s legal
authority to make determinations. A more serious source of ambiguity
flows from the extralegal burdens that regulatory decisions are increas-
ingly expected to meet. The regulatory process is often described as the
basis for public confidence in the safety, reliability, and fairness of the
regulation of transgenic organisms (Carr and Levidow 2000, Ervin et al.
2000). This confidence may be vested in the integrity and judgment of
regulatory officials themselves, but many commentators have expressed
the view that it is or should be based on the risk analyses alone. This way
of describing public confidence implies that risk analyses must be capable
of being seen to embody principles of objectivity, fairness, and rigor by
the general public. This is a burden of proof that goes considerably be-
yond the ability to withstand a legal challenge, and it takes risk analysis
well beyond its traditional role in decision support (Funtowicz and Ravetz
1990, Von Winterfeldt 1992).

If risk analysis is expected to play any significant role in establishing
the public’s confidence in genetically modified crops, it becomes crucial
to examine the procedures and methods for conducting a risk analysis
with two ends in mind.

Finding 2.1: Risk analysis of transgenic crops must fulfill two dis-
tinct roles: (1) technical support for regulatory decision making and
(2) establishment and maintenance of the legitimacy of regulatory
oversight.

Terminology of Risk Analysis

Although there have been many attempts to standardize the termi-
nology for describing the stages of risk analysis, these attempts seldom
gain widespread acceptance. Such stages are only a heuristic device in-
tended to facilitate a collaborative approach to problem solving with re-
spect to risk. Thus, there is no one best set of terminology, and this report
shifts among the various sets as the problem merits or demands. How-
ever, it is impossible to communicate the committee’s ideas clearly with-
out a discussion of the various approaches to describing the stages of risk
analysis.

One of the most influential early studies on risk analysis uses the
terminology of risk determination, risk evaluation, and risk acceptance to char-
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acterize the stages of risk analysis (Rowe 1977). The general idea is that
one must have an initial identification of the problem that the risk analy-
sis is expected to address (i.e., risk determination). With a well-defined
problem, techniques derived from the natural sciences and engineering
are deployed in a process of risk evaluation (measuring and combining
the magnitude of the hazard and the likelihood of its occurrence). Finally
a decision maker makes a decision (i.e., risk acceptance).

When risk analysis is used to support policy or contentious decisions,
the simple three-stage characterization of risk analysis itself becomes con-
troversial. Some have preferred to call the first stage hazard identification,
implying that a hazard does not become a risk until the probability that it
might occur has been measured. Some object to the normative connota-
tions of the word evaluation and substitute the term risk measurement or
risk assessment for the middle stage. Many have noted that risks may not
be simply “accepted,” so the third stage is then relabeled as “risk manage-
ment.” Because risk analysis of transgenic organisms is itself contentious,
the committee chose to adopt the terminology hazard identification, risk
assessment, and risk management when discussing risk in its decision sup-
port role.

Broadly conceived, the techniques of risk assessment are of five gen-
eral kinds:

1. Epidemiological analysis. Events of interest are observed, and the
statistical relations of these events in the sampled populations are ana-
lyzed. This epidemiological approach has been very effective in identify-
ing disease risks among populations such as smokers, industrial workers
exposed to certain substances, and persons with a specific genotype. The
scientific rationale for this method is that empirical correlations provide a
basis for predicting effects and may indicate cause. This method could be
used to associate risks with particular transgenic plants that are inten-
sively planted in large or specific areas.

2. Theoretical models. A theoretical model that mimics or simulates the
causal interaction of elements in a complex system is used to identify
likely sources of system failure. This approach is widely used to study the
risk of failure in engineering contexts such as instrumentation and control
design. It has also been applied in biology to develop strategies for eco-
system management. The scientific rationale for this method is that it
provides the logical consequences of a set of scientific assumptions about
risks. It has played a critical role in analysis of the risk of evolution of
resistance to transgenic insecticidal plants (Alstad and Andow 1995,
Roush 1997, Gould 1998), and could play a role in evaluating community-
level non-target effects of transgenic plants (Andow 1994).

3. Experimental studies. Controlled experiments are conducted to iden-
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tify cause-and-effect relationships. Variations on this approach (often com-
bined with statistical analysis) are used in product testing, including clini-
cal trials for drugs and therapeutic devices. The scientific rationale for this
method is that it establishes the cause or causes of a risk. Laboratory
experiments can be used to establish a potential hazard (Hilbeck et al.
2000), and field experiments can be used to evaluate potential risks (e.g.,
Orr and Landis 1997). With field experiments, however, it is necessary to
guard against false negatives (type II statistical errors), which would lead
to concluding erroneously that there is no risk when, in fact, the experi-
mental design is incapable of detecting any risk except a very large one
(Marvier 2001).

4. Expert judgments. A group of experts use personal knowledge of a
given system to estimate likely system performance under untested con-
ditions. This is a widely used approach in risk analysis and has become
the basis for risk analysis for some invasive species in the United States
(Orr et al. 1993). The group is chosen to represent a range in necessary
expertise with due consideration to potential conflicts of interest. The
scientific rationale for this method is that the consensus of the group of
experts represents a synthesis of the best-available scientific knowledge
on the risk (Jasonoff 1986). The Environmental Protection Agency (EPA)
uses this method frequently to aid in risk assessment of transgenic plants
in its SAP (Scientific Advisory Panel) process, and the U.S. Department of
Agriculture’s Animal and Plant Health Inspection Service Biotechnology,
Biologics, and Environmental Protection unit (USDA-APHIS-BBEP) has
used it to evaluate the initial notification system for transgenic plants
(USDA-APHIS 1993).

5. Expert regulatory judgment. Regulatory personnel use personal
knowledge of a given system to estimate likely system performance un-
der untested conditions. This is the most widely used approach in risk
analysis. The scientific rationale for this method is that regulatory person-
nel have ready access to confidential business information and under-
stand both current scientific knowledge and the process of risk analysis,
so their judgments can be rendered with minimal delays and sufficient
scientific accuracy. This is the method used by USDA-APHIS-BBEP to
evaluate most of the complex, difficult-to-measure potential risks associ-
ated with transgenic plants.

The first three of these approaches are generally accepted as scientifi-
cally rigorous methods of analysis. Expert judgment, whether by external
experts or by regulatory judgments are less rigorous, but often accept-
able. A consensus of multiple external experts is likely to be more rigor-
ous than the expert regulatory judgments because disagreements among
external experts are likely to lead to more robust risk assessments (Jasanoff
1986).
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Finding 2.2: At least five standards of evidence can be used in a risk
assessment for decision support. The scientifically rigorous meth-
ods include epidemiological, theoretical modeling, and experimen-
tal methods. A consensus of multiple external experts is likely to be
more rigorous than the expert regulatory judgments.

Finding 2.3: More rigorous methods used in decision support are
likely to help risk analysis fulfill its other social role of establish-
ing and maintaining regulatory legitimacy.

Chapter 5 evaluates circumstances in which these various methods
should be used to supplement or displace expert regulatory judgment. In
addition, for some questions the committee suggests specific types of data
that should be collected to support epidemiological analysis, the simula-
tion models that should be developed, the experimental studies that need
to be conducted, and when expert panels should be convened. Implemen-
tation of any of these approaches (alone or in combination) requires a
process to clarify the role that each general technique will play in measur-
ing risk.

Risks may spark public outrage, and a fourth stage of risk communica-
tion has been suggested. But in the decision support role of risk analysis,
communicating with the public may actually just be a tool of risk manage-
ment, so the committee treats risk communication as a subset of risk
management when discussing risk analysis in its decision support role.
However, in its role of creating legitimacy, the greatest source of dis-
agreement over risk often concerns the early stages of conceptualizing
and identifying risk. Because some models of risk communication can
become a way to exclude affected parties from this crucial part of the
process, the 1996 NRC report considers risk communication integral to all
stages of risk analysis. While inclusion in all stages blurs the category of
risk communication, it must be integrated with all stages of risk analysis,
and affected parties must be brought into early discussions.

When this is done, the three-staged framework of risk analysis also
becomes less useful. For example, hazard identification is no longer an
exercise in listing potential hazards but becomes a deliberative process
from which potential hazards are characterized. Moreover, even when
science and engineering methods are used to measure the probability that
these potential hazards will materialize into bona fide risks, the risk prob-
lem is substantially sharpened and redefined by deliberative processes,
so it seems appropriate to include this part of risk analysis under the
heading of risk characterization as well. Clearly, the stages of risk analysis
do not, in fact, represent temporally, analytically, or even conceptually
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distinct and discrete elements. These considerations led the 1996 NRC
report to describe risk characterization as:

the outcome of an analytic-deliberative process. Its success depends criti-
cally on systematic analysis that is appropriate to the problem, responds
to the needs of the interested and affected parties, and treats uncertain-
ties of importance of the decision problem in a comprehensible way.
Success also depends on deliberations that formulate the decision prob-
lem, guide analysis to improve the decision participants’ understand-
ing, seek the meaning of analytic findings and uncertainties, and im-
prove the ability of interested and affected parties to participate
effectively in the risk decision process. (158)

In the role of creating legitimacy, deliberation is central in risk charac-
terization. It is important at every step in the process of making risk
decisions, and must be incorporated into each stage of risk analysis. There-
fore, when discussing risk in its role of creating legitimacy, this committee
chooses to adopt the terminology risk characterization, which seamlessly
integrates processes involved in hazard identification, risk assessment,
and risk management. Hence all these processes are better thought of as
integrating subcomponents of risk characterization rather than steps in a
risk analysis process.

Risk Analysis as Decision Support in the Regulation of
Transgenic Plants

Since the use of transgenic crop plants was first discussed, there has
been confusion over the basis for distinguishing between the potential
environmental risks associated with these plants and the risks associated
with conventionally produced plants. As the power of conventional plant
breeding has increased over the past 50 years, there has been a corre-
sponding increase in the kinds and number of traits that can be bred into
a commercial variety. As reviewed in Chapter 1, these changes and con-
comitant changes in agricultural production systems have created oppor-
tunities for novel interactions between agriculture and the surrounding
organisms, habitats, and ecosystems. Transgenic crops are the latest de-
velopment in this trend. Consequently, it is important for regulatory agen-
cies to pay heed to the possibility that transgenic crops will be involved in
novel ecological interactions resulting in novel environmental risks.

A series of scientific studies and reports have consistently found that
the risks associated with a crop variety are independent of the means by
which the crop was created. A 1987 NRC report concluded that the envi-
ronmental risks associated with transgenic organisms are “the same in
kind” as those of the unmodified organisms or organisms modified by
other means. A 1989 NRC report clarified this statement to argue that this
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meant any hazard that could be identified was similar enough to other
known environmental hazards that an existing risk assessment methodol-
ogy could be found to assess the risk. In other words, a new kind of risk
would require a new risk assessment methodology. Below the committee
reviews the kinds of hazards that can be associated with transgenic crop
plants. None of these kinds of hazards is unique to transgenic plants, and
hence no new kinds of hazards are identified. However, with the long-
term trend toward increased capacity to introduce complex novel traits
into plants, the associated potential hazards and risks, while not different
in kind, may nonetheless be novel. For example, widespread planting of
Bt corn generated concerns over a new potential non-target hazard—that
toxic Bt corn pollen could reduce monarch butterfly populations.

The 1989 NRC study also found that transgenic plants should pose
risks no different from those modified by classical genetic methods for
similar traits. Traits that are unfamiliar (i.e., traits for which there has
been little or no prior experience) in a specific plant will require careful
evaluation in small-scale field tests. A 2000 NRC (2000c) report amplifies
these points. It specifically notes that the magnitude of risk varies on a
product-by-product basis and does not depend on the genetic modifica-
tion process. However, the NRC (1989) report points out that information
about the process used to produce a genetically modified organism is
important in understanding the characteristics of the end product (NRC
1989).

Finding 2.4: For purposes of decision support, risks must be as-
sessed according to the organism, trait, and environment.

Finding 2.5: For purposes of decision support, the process of pro-
duction should not enter into the risk assessment.

Finding 2.6: The transgenic process presents no new categories of
risk compared to conventional methods of crop improvement, but
specific traits introduced by either of the approaches can pose unique
risks.

Risk Analysis for Creating Legitimacy

The way Americans think about the relationship between agriculture
and environment has evolved over time. For example, there was a time
when a farmer’s decision to shift from pasture to crop production would
have been thought to be a purely personal economic decision, raising no
public concern over environmental issues. Now people recognize that
pastures provide habitat for native flora and fauna and, when properly
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managed, support more complex agricultural ecosystems than do many
modern monocultures (see Chapter 1). As such, a crop genetically modi-
fied for a trait such as drought tolerance, which might encourage produc-
ers to convert pasture to crops in dryland regions, might today be thought
to have environmental implications, whereas in the past it would not
have been perceived as a problem. There has been a shift in perspective
and values that has led many Americans to take an interest in ecological
impacts. This shift is not based only on science (see Chapter 1), yet it
clearly affects the expectations Americans have for their regulatory agen-
cies.

As such, it will be important for regulatory agencies to maintain some
degree of sensitivity to shifts in cultural values and implicit understand-
ings that frame the public’s expectations. The novelty of recombinant
DNA techniques in the public mind, not to mention the degree of discus-
sion and debate that transgenic crops have received in the mass media,
means that it may be important for regulatory agencies to be especially
sensitive to transgenic crops and their possible impact for the foreseeable
future. Maintaining public confidence in the regulatory system almost
certainly requires a focus on transgenic crops in addition to any need
based solely on scientific grounds.

Finding 2.7: Risk analysis of transgenic crops has played and is
likely to continue to play an important role in maintaining the le-
gitimacy of regulatory decision making concerning environmental
and food safety in the United States.

The Precautionary Principle

The Precautionary Principle has been used in multilateral, interna-
tional agreements to help legitimize a regulatory process based on scien-
tific risk analysis. At its core the precautionary principle is based on the
well-accepted folk wisdom that haste makes waste and one should look
before one leaps. This folk wisdom, however, allows each individual to
decide what is haste and how long and carefully to look. Analogous to the
problem of risk, much of the controversy in applying the precautionary
principle to societal issues relates to setting socially agreed upon stan-
dards for sufficient precaution. In one widely used form, the precaution-
ary principle states that the absence of scientific knowledge about a risk
should not impede actions to reduce that risk to society. In other words,
even in the absence of clear scientific evidence that a risk is likely to occur,
actions should be taken to reduce that potential risk. It is because we do
this all the time in our daily lives that the precautionary principle makes
such intuitive sense. If I think it might rain but do not know for sure, I
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often will bring an umbrella. But for the same reasons that risk itself is
complicated, and our intuitive understanding of risk has only tenuous
connections to scientific risk analysis, the precautionary principle is com-
plicated and our intuitive understanding of it incomplete.

As discussed more thoroughly in Chapter 7, there is no one precau-
tionary principle, and the precautionary principles range from minor pro-
cedural changes in risk analysis to major shifts in the burden of proof. The
principle is featured prominently in two international agreements about
the risks of transgenic organisms—the Biosafety Protocol of the Conven-
tion on Biodiversity (CBD 2000) and Directive 90/220 of the European
Union (EU), modified in March 2001 (European Commission 2001). In
both cases the precautionary principle is specified ambiguously, so its
meaning will evolve and become defined by its use. A close reading of the
U.S. coordinated framework for regulating transgenic organisms shows
that the framework neither excludes the use of a precautionary principle
nor endorses one. Thus, the fate of the precautionary principle will be
determined in future applications and negotiations among interested par-
ties. As clearly stated in the biosafety protocol and the modified Directive
90/220, science will continue to be the basis of risk assessment.

SCIENTIFIC ASSUMPTIONS UNDERPINNING REGULATION
OF TRANSGENIC CROPS

The Categories of Hazards

The initial step in risk analysis and one of the most critical for framing
the entire analysis is hazard identification. A hazard is a potential adverse
effect (potential harm) from a proposed activity (e.g., release of a trans-
genic crop plant). Risk is the combination of a hazard and the likelihood
that the hazard occurs. This implies that many hazards are not risks, and
the existence of a hazard does not imply significant danger from the
activity because the hazard might not happen. The set or scope of identi-
fied hazards determines the technical capacity and level of deliberation
needed to conduct the analysis and therefore is one of the most critical
steps.

Four categories of hazards from the release of transgenic crop plants
can be identified: (1) hazards associated with the movement of the trans-
gene itself with subsequent expression in a different organism or species,
(2) hazards associated directly or indirectly with the transgenic plant as a
whole, (3) non-target hazards associated with the transgene product out-
side the plant, and (4) resistance evolution in the targeted pest popula-
tions. A fifth category of hazard, discussed in the other chapters, is that of
indirect effects on human health that are mediated by the environment.
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Most previous reports have not chosen to classify this as an environmen-
tal hazard.

In addition to these categories, the EU recognizes effects on genetic
diversity as a separate category of environmental hazard in its modified
directive 90/220 (European Commission 2001). The committee has not
recognized this category as an environmental hazard because it is the
effects of altered genetic diversity, such as increased extinction rate, a
compromised genetic resource, inbreeding depression, or increased vul-
nerability to environmental stresses, that are the actual environmental
hazards. These effects are addressed under the effects of movement of
transgenes. The EU recognizes this category of potential hazard as a pre-
cautionary measure, because the effects of movement of the transgenes
are uncertain and are presently incompletely characterized. By recogniz-
ing the more easily measured, intermediate effects on genetic diversity as
a potential hazard, the EU risk analysis will address and manage all of the
effects the committee lists under movement of transgenes without having
to assess them specifically.

Hazards Associated with Movement of the Genes

The movement of transgenes does not, in itself, constitute a hazard
but can serve as an opportunity for unintentional spread of transgenes in
the environment (Nickson 2001). If a specific hazard is associated with
that spread, the movement of transgenes constitutes the “exposure” com-
ponent of a risk. One of three mechanisms—seed dispersal, horizontal
transfer, or pollen dispersal—may move transgenes beyond the point of
intentional release into environments and organisms other than those
intended.

Seed dispersal can be accomplished by (1) unintentional seed spillage
during processes that either bring the seed to the field to be planted or
involve taking harvested seed from a transgenic crop from the field to
market (e.g., in the United Kingdom, some roadside feral oilseed rape
populations [Brassica napus] appear to be constantly replenished by seed
spilling from vehicles on their way to a major oilseed crushing plant;
Crawley and Brown 1995) or (2) dispersal of seeds directly from the
transgenic crops into the surrounding environment. The hazard usually
associated with seed dispersal is the evolution of increased weediness of
the transgenic crop itself. (See “Hazards Associated with the Whole Plant”
below.)

Horizontal transfer is the nonsexual transfer of genetic material from
one organism into the genome of another. For example, it is becoming
clear that plants appear to occasionally acquire genes from other king-
doms of organisms, such as fungi (e.g., Adams et al. 1998). The specific

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


SCIENTIFIC ASSUMPTIONS AND PREMISES 67

mechanisms for such transfer are poorly understood. The rate of such
acquisition is extremely low relative to within-species gene transfer but is
surprisingly high over evolutionary timescales. For example, flowering
plants appear to have acquired a certain mitochondrial gene by hundreds
of independent horizontal transfer events over the past 10 million years
(Palmer et al. 2000). In essence, horizontal transfer is natural genetic engi-
neering. Specific hazards associated with horizontal transfer are rarely
posed, and its significance is largely discussed as a source of unantici-
pated effects. Presently there are no data to suggest that the extremely
low rate of natural horizontal transfer should change for transgenic or-
ganisms. As Rissler and Mellon (1996) state, “Although currently no
evidence exists that genes move horizontally from plants to any other
organism, the phenomenon is so recently described that it is too early to
conclude that transfers from plants never occur…New discoveries in this
area could change the assessment and significance of risk.”

Pollen dispersal provides an opportunity for the sexual transfer of
transgenes to relatives of the crop, including other varieties of that crop,
related crops, and wild relatives. The specific vectors for pollen dispersal
vary with the crop. Wind and insects are the most frequent agents that
carry pollen from plant to plant. Almost all crops are expected to disperse
some pollen. Although many crops are self-fertilizing (Frankel and Galun
1977), even crops with very high selfing rates are capable of mating with
plants many meters away (e.g., Wagner and Allard 1991). Furthermore,
although certain crops are typically harvested before flowering (e.g., sugar
beets), occasional plants flower prematurely (e.g., “bolters”; Longden
1993) or are missed by harvesting equipment. Very few crops are appar-
ently 100% male sterile (e.g., certain potato clones, certain ornamental
varieties).

One hazard associated with pollen dispersal that has received consid-
erable attention is that of sexual transfer of crop alleles to wild relatives,
resulting in the evolution of increased weediness (e.g., Goodman and
Newell 1985, Ellstrand 1988, Snow and Moran-Palma 1997). When wild
relatives are nearby, natural hybridization with them is apparently a com-
mon feature of most cultivated plants (Ellstrand et al. 1999). The prece-
dent has been set with traditional crops. Spontaneous hybridization be-
tween crops and their wild relatives has already led to the evolution of
difficult weeds, such as weed beets in Europe (Boudry et al. 1993, Mücher
et al. 2000) and weed rye in California (Suneson et al. 1969, Sun and Corke
1992). One could imagine that certain crop transgenes might also contrib-
ute to the evolution of increased weediness.

Another hazard associated with pollen dispersal is that locally com-
mon species can overwhelm those that are locally rare with their pollen,
increasing the risk of extinction by hybridization (see Chapter 1). Extinc-
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tion may occur in one of two not necessarily exclusive ways (Ellstrand
and Elam 1993). The rare population may produce so many hybrids that it
becomes genetically absorbed into the common species (genetic assimila-
tion). Additionally, hybrids may have reduced fitness (outbreeding de-
pression), and therefore the rarer of the species may be unable to maintain
itself. The problem of extinction by hybridization has long been recog-
nized as a conservation problem for animals (e.g., Rhymer and Simberloff
1996) but in plants has only recently received attention (e.g., Levin et al.
1996, Huxel 1999, Wolf et al. 2001). Nonetheless, theoretical models have
demonstrated that extinction by hybridization can proceed rapidly, re-
sulting in local extinction of a population in as few as a handful of genera-
tions (which, for some plants, could be less than a decade). For example,
spontaneous hybridization between crops and their wild relatives has
been implicated in increased extinction risk to wild species, ranging from
the disappearance of wild coconuts (Harries 1995) to the contamination of
California’s wild walnut populations with genes from the cultivated spe-
cies (Skinner and Pavlik 1994). There is no reason to imagine that this
hazard should be any different for transgenic crops.

Hazards associated with the movement of transgenes within a crop,
from one variety to another, has rarely been discussed. However, crop-to-
crop hybridization may lead to the unanticipated natural “stacking” of
transgenes, as in the case of the evolution of triple herbicide resistance in
oilseed rape in Canada (Hall et al. 2000). Likewise, it is possible that crops
transformed to produce pharmaceutical or other industrial compounds
might mate with plantations grown for human consumption, with the
unanticipated result of novel chemicals in the human food supply
(Ellstrand 2001). While experience with traditional crops appears to offer
no precedents for the latter hazards, it seems that if hybridization occurs
so readily between crops and their wild relatives, it should occur even
more easily between adjacent crops of the same species.

Hazards Associated with the Whole Plant

The transgenic plant itself may become an environmental hazard be-
cause the traits it receives may improve its fitness and ecological perfor-
mance. Many crop plants may pose little hazard, insofar as they are un-
able to survive without human assistance. Frequently, traits that make
them useful to humans also reduce their ability to establish feral popula-
tions in either agroecosystems or nonagricultural habitats. For example,
lack of seed shattering and seed dormancy greatly reduces the ability of
an annual crop to persist without human intervention. Without major
changes in its phenotype, corn is unlikely to survive for multiple genera-
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tions outside agricultural fields no matter what transgene is added to it
(see discussion of epistatic effect in Chapter 1).

However, it is generally the case that most crops have weedy and/or
wild populations in close association with cultivated forms in some part
of their global distribution (De Wet and Harlan 1975). For example, sugar
beets establish wild populations in the United Kingdom (Longden 1993).
Depending on the location, certain crops (e.g., tomatoes) evolve to a wild-
type phenotype very quickly and could become viable wild populations
by the F2 generation. The existence of these populations demonstrates
that transgenes that confer adaptation to significant limiting factors can
create significant whole-plant hazards, particularly if the ecological ef-
fects of transgenic crops are evaluated on global basis. The frequency of
feral crop populations also reveals the difficulty of distinguishing gene
flow and whole-plant hazards. Gene flow between feral crop populations
and transgenic crops may create weeds that bear adaptations derived
from the feral plants—such as seed dormancy—that suffice to produce
new invasive-plant hazards in an agroecosystem or beyond.

From a U.S. perspective, whole-plant hazards are limited by the fact
that many crops are highly unlikely to establish self-reproducing popula-
tions in the United States. Potatoes can establish wild populations in South
America, but they are not known to establish wild populations in this
country. Wheat is established in wild populations in the Middle East but
not here. Many tropical plants cannot overwinter in most of the United
States, and certain polyploid crops cannot produce viable seed. The fac-
tors that limit establishment of many crop species can be subtle and are
not well understood.

For example, an annual crop could produce large quantities of viable
seed with good seed dormancy characteristics. If, in addition, seedlings
establish at high rates and produce viable F1 and F2 populations but ger-
minate at the wrong time relative to weed control measures or herbivory,
no viable population may be established. Thus, the mere presence of a
transgene should not be taken as prima facie evidence that the weediness
of a crop has been altered. Many crops are unlikely to be made more
weedy by the addition of a single trait (Keeler 1989).

Some crops are capable of establishing wild populations in the United
States. These particularly include crops that are only slightly modified
from wild progenitors and that are adapted to U.S. conditions. This class
includes many forage grasses, poplars, alfalfa, sunflowers, wild rice, and
many horticultural species. Some domesticated species are important
weeds of natural plant communities, including birds foot trefoil (Lotus
corniculatis) and Bermuda grass (Cynodon dactylon). In these crop species
the addition of a single transgene that improves some ecological charac-
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teristic could increase the weediness or invasiveness of the species, and
these risks merit evaluation.

Non-target Hazards

Non-target organisms are any species that is not the direct target of
the transgenic crop. To date, the vast majority of the published studies
that examine non-target hazards have focused on Bt crops. For example,
Bt corn is presently targeted to control the key pests, European corn borer
(Ostrinia nubilalis) and southwestern corn borer (Diatraea grandiosella)
(Ostlie et al. 1997) and Bt rice is targeted against striped stem borer (Chilo
suppressalis) and yellow stem borer (Scirpophaga incertulas) (Cohen et al.
1996). Any other species affected by Bt corn or Bt rice is a non-target
species; consequently, the list of potential non-target species is very long.
These organisms can be grouped conveniently into five categories that are
not mutually exclusive: (1) beneficial species, including natural enemies
of pests (lacewings, ladybird beetles, parasitic wasps, and microbial para-
sites) and pollinators (bees, flies, beetles, butterflies and moths, birds and
bats); (2) non-target pests; (3) soil organisms, which usually are difficult
to study and identify to species; (4) species of conservation concern, in-
cluding endangered species and popular, charismatic species (monarch
butterfly); and (5) biodiversity, which may include the species richness in
an area.

Transgenic pesticidal crops present a challenge because in some re-
spects they are similar to chemical pesticides that are routinely regulated
and in other respects they are similar to conventional breeding and other
agricultural technologies that are not regulated at all. Scientific progress
has been an awkward accommodation between these perspectives that
has yet to reach scientific consensus. This issue is examined in detail later
in this chapter.

Hazards can be difficult to demonstrate scientifically because it can
be tricky to reproduce experimentally the route by which organisms are
exposed. The present status of knowledge indicates the following pos-
sible hazards:

Beneficial Species. In well-controlled laboratory studies, Bt toxin similar
to that in Bt corn increased mortality in green lacewing larvae (a predator
of insect pests; Hilbeck et al. 1998a, 1998b). Both direct consumption of the
Bt toxin and indirect consumption by eating caterpillars that had them-
selves consumed Bt toxin resulted in higher lacewing mortality. Field
evaluations of this effect have been inconclusive (e.g., Orr and Landis
1997), although none of the published studies have documented an effect.
Herbicide-tolerant crops might cause indirect reductions on beneficial
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species that rely on food resources associated with the weeds killed by the
herbicides.

Non-target Pests. Most transgenic crops have effects on non-target pests.
Although these effects are expected to sometimes be positive and some-
times negative, studies documenting only reductions in non-target pest
populations have been published. For example, with Bt rice, it will be
very important to confirm that it does not increase attack by rice
planthoppers, the most important insect pests of rice (K. Sogawa, per-
sonal communication, Chinese National Rice Research Institute, 2000).

Soil Organisms. No effects on soil organisms have been documented in
either the laboratory or the field. Surprisingly, however, Bt toxin leaks out
of corn roots to detectable levels in the soil and may persist adsorbed to
soil particles longer than nine months (Saxena and Stotzky 2000). The
consequences of this unusual exposure route are not fully understood,
although a number of Bt toxins have been found to be toxic to bacteria-
eating soil nematodes (see BOX 4.2). Because there are so many species of
soil organisms and their ecology is poorly understood, it is difficult to
conduct comprehensive tests of many soil organisms. A different ap-
proach to non-target effects that might be considered would be to evalu-
ate the effects of transgenic plants on targeted soil function, such as soil
respiration, organic decomposition rates, and emissions of greenhouse
and ozone-depleting gases. This has been done using nonisogenic com-
parisons (Donagan et al. 1995, 1996), but such evaluations probably would
require the use of isogenic controls to the transgenic crops so that the
effect of the transgene could be clearly evaluated (see discussion below on
the need for isogenic varieties). Changes in these soil functions would
indicate that some non-target species were being affected in ways that
could have significant effects on the environment. Research is needed to
evaluate the utility of such an approach.

Species of Conservation Concern. The effect of Bt corn on monarch butter-
flies (Losey et al. 1999, Jesse and Obrycki 2000) has captured widespread
attention in part because it is a species dear to many people. Such charis-
matic non-target species gain great importance because of their symbolic
significance to humans. The scientific data on this issue are still emerging
(see BOX 2.1). Because some Bt corn events have higher toxin concentra-
tions in pollen than others, the detrimental effect of some types of Bt
pollen on monarchs is less likely for other types of Bt corn. In the upper
Midwest, herbicide-tolerant soybeans might cause indirect reductions of
monarch populations because their milkweed host plants are killed by the
herbicides.
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BOX 2.1
Effect of Bt Corn on Monarch Butterflies

Several types of transgenic Bt corn that are toxic to Lepidoptera have been commer-
cialized in the United States. All have been deregulated by APHIS, but none have received
permanent registration from EPA at the time of this writing.

APHIS Initial EPA
Transformation Deregulation Conditional Trade Name
Event Decision Registration Toxin and Company

Event 176 5/17/1995 1995, expired Cry1Ab, Maximizer,
4/1/2001 truncated, Syngenta

activated

Mon 80100 8/22/95 5/29/1996, Cry1Ab, YieldGard, Not
voluntarily truncated commercialized,
cancelled Monsanto
5/8/1998

Bt-11 1/18/1996 1996 Cry1Ab, YieldGard,
truncated Syngenta

Mon 810 3/15/1996 7/16/1996, Cry1Ab, YieldGard,
Mon 809 Mon 810 truncated Monsanto

DBT 418 3/28/1997 1997, expired Cry1Ac, Bt-Xtra, DeKalb
4/1/2001 truncated,

activated

Mon 802 5/27/1997 Not registered Cry1Ab, Not
truncated commercialized,

Monsanto

CBH-351 5/8/1998 5/1998, Cry9c, StarLink,
voluntarily not truncated, Aventis
cancelled activated
10/12/2000

TC 1507 6/14/2001 7/2001 Cry1Fa2, Herculex, Dow
truncated, and Pioneer
activated

APHIS regulatory authority for evaluating risks to monarch butterflies and other non-
target insects is indirect (see Chapter 3). These non-target species may feed on agricultural
weeds, so reducing their populations could indirectly harm crop plants, causing an “indi-
rect plant pest” risk. This differs substantially from EPA regulatory authority, which is
directly aimed at protecting non-target species from the effects of a pesticide. In other
words, it is possible for APHIS to find that monarch populations are harmed but that there
is no increased plant pest risk and therefore no need to manage the risk. This could occur
if milkweed abundance were not regulated by monarch density and, even if it were, milk-
weed might not be competitive enough against other plants to alter plant community
composition. Hence, even if monarchs were to disappear, there might be no change in
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plant pest risk. This argument, however, has not been used by APHIS in its risk assess-
ments of Bt crops.

APHIS evaluations of non-target effects on Bt corn have concentrated on the potential
effects on beneficial organisms, such as insect natural enemies and pollinators (honey-
bees) and threatened or endangered species (see Chapter 4). APHIS did not request infor-
mation on broader non-target effects, but most petitioners submitted data on potential
effects on earthworms, other moths and butterflies, Daphnia, and other species. APHIS
concluded that Bt corn could detrimentally affect only a specific group of Lepidoptera, but
such effects would cause no additional plant pest risk. Threatened and endangered spe-
cies were considered not at risk because none of these species feed on corn plants. But the
potential toxic effects of Bt corn pollen were not assessed, and effects on monarchs were
not considered explicitly in any of the APHIS risk assessments for deregulation up through
1998.

EPA granted a conditional registration to all of these Bt crops some time after the
APHIS deregulation decision. The main reason for the conditional registration rather than
a permanent registration was to enable the registrants to develop and implement scientif-
ically based resistance management strategies prior to permanent registration. The effect
of the conditional registration, however, was to maintain all of the Bt crops under active
regulatory oversight, so that if any unexpected potential risks were identified, EPA could
act to manage those risks. This has given EPA both the authority and the practical ability
to make additional risk assessments of Bt corn long after APHIS had decided that it pre-
sented no plant pest risk.

At the time of its conditional registration of Event 176 (EPA 1995), EPA noted that corn
pollen containing Cry1Ab toxin can drift out of cornfields, but the agency considered the
amount of such pollen that would drift onto food plants of susceptible endangered species
to be very small. Therefore, EPA did not expect that any endangered or threatened species
would be adversely affected by Bt pollen-containing Cry1Ab toxin. Significantly, both the
EPA and the APHIS evaluations concentrated on only endangered and threatened species.
Monarch butterflies are neither endangered nor threatened, so the risk to this species was
not considered in risk analyses conducted by either EPA or APHIS.

By the end of 1998 APHIS had deregulated five transformation events of Bt corn,
finding that none of them created additional plant pest risk, and EPA had granted four of
them conditional registration.

In May 1999, Nature published a brief communication by Losey et al (1999) that
showed that Bt corn pollen was a potential hazard to monarch butterflies. The authors
applied large amounts of Bt pollen from Bt corn to milkweed leaves and showed that
larval mortality was higher, development was slower, and size was smaller in monarch
larvae fed the leaves with Bt pollen compared to leaves with non-Bt pollen or no pollen.
The authors suggested that Bt pollen could dust the leaves of milkweed and monarchs
could eat it and suffer reduced fitness. The fact that the Bt toxins were harmful to mon-
archs was not the significant element of the paper. This effect could be anticipated be-
cause the toxins were known to be harmful to a specific group of Lepidoptera, of which
monarchs were likely to be a member. The significance of the paper was to suggest that
the movement of pollen onto other plants could create hazards for the insects feeding on
those plants. Previous risk assessments had not given this exposure pathway thorough
consideration.

This paper stimulated a number of responses during 1999. EPA initiated an internal
evaluation of its Bt corn risk assessments to determine what, if anything, it should do in

continues
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BOX 2.1 continued

response to the information. USDA directed the corn insects research group in Ames,
Iowa, to conduct research to estimate the risks to monarchs, increasing the laboratory’s
budget. At this time, several agricultural biotechnology industries were cooperating infor-
mally in a Bt working group. This group initiated a series of studies by selecting and
funding several public sector scientists to conduct studies to estimate the risks to mon-
archs. All of this research was planned and implemented rapidly during the early part of
the growing season. During the fall of 1999, EPA issued a data call-in for evaluating the
risks of Bt corn to monarchs. This is an infrequently used formal mechanism to require
sufficient data from registrants and other interested parties so that EPA can make a science-
based risk assessment.

A major assumption of the 1999 research was that monarchs do not occur in sufficient
numbers in cornfields to merit investigation. The 1999 assumption meant that the re-
searchers focused on estimating the risk that monarchs are killed near Bt corn. These
unpublished research results from 1999 were used by the Agricultural Biotechnology
Stewardship Technology Committee (ABSTC) to construct an initial evaluation of the risks
of Bt corn to monarchs. The essence of the argument was that so few monarch caterpillars
encounter Bt pollen near cornfields that monarch populations are not at risk (EPA 2000b).
Careful observations at a cornfield in Iowa, coupled with results from two other fields,
suggested that Bt corn pollen did not move in quantities sufficient to affect monarch larvae
much more than a few meters from a cornfield. Spatial and temporal variations in pollen
movement and retention on milkweed leaves were not characterized.

The industry group reorganized formally into the ABSTC in January 2000 to provide a
mechanism for cooperation among companies to address common interests related to
risks of agricultural biotechnology without risking lawsuits on collusion or other monop-
oly practices (members are Monsanto, Syngenta, Aventis, Dow, and DuPont). Prior to the
2000 field season, the ABSTC and the USDA organized to fund jointly research for the
2000 field season. After considerable negotiation, USDA agreed to match the money con-
tributed by ABSTC (about $200,000) under the condition that a multi-stakeholder advisory
panel established by ABSTC would advise the USDA on how the money should be allo-
cated. This advisory panel was comprised of Eric Sachs (Monsanto), Margaret Mellon
(Union of Concerned Scientists), J. Mark Scriber (Michigan State University), Adrianna
Hewings (USDA), Eldon Ortman (Purdue University), and Richard Hellmich (USDA Agri-
cultural Research Service). One of the major features of the proposed research for 2000
was to challenge the assumption that monarchs did not occur in significant numbers in
cornfields. The research also focused on obtaining more accurate toxicity data for the
various Bt corn events under both laboratory and field conditions, and further estimation
of pollen deposition rates in the field.

Early in the summer of 2000, Jesse and Obrycki (2000) published their paper on Bt
corn and monarchs in Oecologia. This paper confirmed the finding of Losey et al. (1999)—
pollen from Bt corn was toxic to monarchs. Jesse and Obrycki (2000) collected milkweed
leaves in and around cornfields and tested the toxicity of these leaves on monarchs in
laboratory trials. The new finding was that the level of natural deposition of Bt pollen on
milkweed leaves in cornfields was sufficient to kill monarch larvae. The authors also re-
ported that pollen deposition was too low to kill monarchs at distances greater than 5m
from a field edge. In addition, preshadowing results to come from the ABSTC/USDA coop-
erative research, the authors reported variable results from Mon 810 and Bt-11 Bt corn
varieties.

Also during early summer 2000, Wraight et al. (2000) published a study showing that
Bt corn pollen from Mon 810 had little effect on Papilio polyxenes, black swallowtail
butterfly caterpillars. In laboratory bioassays, they found that Event 176 pollen, but not
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Mon 810 pollen caused significant caterpillar mortality. These results indicate that the
different events have different pollen toxicity to swallowtail caterpillars.

The results of the ABSTC/USDA funded research was published in September of 2001
in the Proceedings of the National Academy of Sciences (Hellmich et al. 2001, Oberhaus-
er et al. 2001, Pleasants et al. 2001, Sears et al. 2001, Stanley-Horn et al. 2001). A number
of significant results were found. Oberhauser et al. (2001) found that monarchs do use
cornfields as oviposition sites. In fact, throughout the northern corn belt, more monarchs
emerge from cornfields than any other habitat. Cornfields are not the most productive
habitat per area, but because they occupy such an extensive area in the monarch’s breed-
ing range, they produce more monarchs. Moreover, monarchs use these cornfields when
corn is shedding pollen in the northern part of their breeding range. Thus monarchs are
more likely to be at risk inside Bt corn than near it. Hellmich et al. (2001) showed that
Event 176 pollen is indeed quite toxic to monarch larvae, but Mon 810 pollen and Bt-11
pollen were not acutely toxic at average pollen densities that were observed in the field
(Pleasants et al. 2001). Finally, Stanley-Horn et al. (2001) found that in the field, monarchs
protected from natural enemies and exposed to pollen naturally deposited from Event 176
Bt corn had reduced survival and slower growth than monarchs exposed to non-Bt corn
pollen, while pollen from Bt-11 and Mon 810 had no detectable effects. Thus, the re-
searchers concluded (Sears et al. 2001) that the risk to the monarch is negligible for the
two types of Bt pollen that comprised over 90% of the Bt corn area in the United States in
2001 (Sears et al. 2001).

In an independently developed study comparing field survival of monarchs and black
swallowtails exposed to naturally deposited pollen, Zangerl et al. (2001) found that Event
176 pollen significantly reduced growth of black swallowtail, but had no detectable effect
on monarchs. Mon 810 pollen had no significant effect on either species in the field. This
lack of a significant effect of Event 176 pollen on monarchs contrasts with the significant
effect observed by Stanley-Horn et al. (2001). Zangerl et al. (2001) did not protect mon-
arch or swallowtail larvae from natural enemies, while Stanley-Horn et al. (2001) did. This
raises the speculative possibility that in monarchs, in contrast to black swallowtails, den-
sity-dependent mortality from natural enemies compensates for any effects caused by
Event 176 pollen.

Although the recent articles certainly establish a lack of significant risk of acute toxicity
to monarchs, there are a number of questions that should be addressed in follow-up re-
search. While the recent work was able to test for large sublethal effects in early larval
development, it would be useful to determine if there are any sublethal effects of Bt corn
pollen on monarch caterpillars that result in reduced female fecundity, reduced probabil-
ity of overwintering survival, or reduced male mating ability. It would also be useful to
determine if plant parts other than pollen land on milkweed leaves in cornfields and are
eaten by monarch larvae (see Hellmich et al. 2001) because other floral parts have a high
concentration of Cry1Ab toxin even in Mon810 and Bt-11 varieties.

Event 176 had a sizable share of the Bt corn market when it was first introduced. By the
2001 field season, Ciba Seeds (Novartis) did not even make an effort to sell it. The out-
come for monarchs would have been substantially different had Event 176 become the
dominant transgenic Bt event in corn given that pollen from Event 176 is over an order of
magnitude more toxic to monarchs than that of Mon 810 or Bt-11. There is no reason to
expect that a Bt corn using the 35S promoter must necessarily produce a better corn
variety than Event 176, which uses other promoters. Indeed, had the toxin content of grain
been a significant market force during 1996–1999 and had Event 176 been used in some
of the best corn germplasm in the corn belt, it might have become the most popular variety
of Bt corn grown because unlike Mon 810 and Bt-11, event 176 does not produce the Bt
protein in it kernels.
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Biodiversity is elusive because it embraces many dimensions, including
the number of species, their relative abundances, the way they interact,
and whether they are indigenous or exotic. From a conservation perspec-
tive, preservation of native species is a priority. Relatively little is known
about the potential effects of transgenic crops on biodiversity from this
perspective. However, herbicide-tolerant crops might reduce biodiversity
by eliminating weeds that harbor many species. Such a reduction in
biodiversity might then reduce the population densities of birds that rely
on this biodiversity for food. Although this topic has been discussed spe-
cifically for genetically engineered herbicide-tolerant crops, it is, in fact, a
potential impact of all herbicide-tolerant crops, regardless of their origins.

The state of knowledge about non-target effects of transgenic plants is
improving slowly, but controversy surrounds each published study. The
biggest gap in the research is in establishing scientifically rigorous assess-
ment protocols that take into account the unusual exposure routes of
transgene products. Consequently, considerable scientific work remains
to be done before evaluation of non-target effects is standardized.

Hazard of Resistance Evolution

Resistance evolution can occur in pests that are targeted for control by
or associated with a transgenic crop. This is a potential environmental
hazard because if the pest becomes resistant to control, alternative, more
environmentally damaging controls may be used. In addition, new con-
trol tactics may be rushed into use before their environmental risks are
completely assessed. Insects, weeds, and microbial pathogens all have the
potential to overcome most control tactics used against them (Barrett 1983,
Georghiou 1986, Georghiou and Lagunes 1988, Green et al. 1990, NRC
2000c). Insect resistance to Bt crops is considered inevitable, and efforts
are being made by the EPA to manage resistance evolution to these trans-
genic crops. Virus-resistant transgenic crops have not been used exten-
sively, but many viruses have evolved resistance to conventional virus-
resistant crops (Fraser 1990). Fungal and bacterial resistance is not yet
commercially available in transgenic crops, but both groups of organisms
have evolved resistance to conventional crop resistance, sometimes within
five years (Delp 1988). Evolution of herbicide-tolerant weeds is an indi-
rect environmental risk. Herbicide-tolerant transgenic crops are designed
such that specific herbicides can be used to control weeds, usually after
the crop has emerged. These postemergence weed controls might allow
herbicides to be used only as needed, reducing herbicide applications to
crops. In some crops these postemergence herbicides might replace ones
that are more damaging to the environment. As weeds evolve resistance,
though, these potential environmental benefits could be lost.
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Finding 2.8: There are potential direct environmental hazards asso-
ciated with the environmental release of transgenic crops. The kinds
of direct hazards (or categories of hazards) are those associated with
the movement of the transgenes, escape of the whole plant, non-
target effects, and resistance evolution.

Indirect Hazards

Transgenic crops can have indirect environmental hazards, especially
when scaled up for commercial production. Although analysis of these
indirect hazards is complex, they may in some cases be as important or
more important than direct hazards. Some of these indirect hazards are
discussed in other chapters.

Environmental Risks of Transgenic Crops and
Conventionally Bred Crops

Despite nearly 20 years of scientific discussion, scientific debate con-
tinues about whether the risks associated with transgenic crops are simi-
lar to or different from those associated with conventional crops. The
source of scientific disagreement is that in some ways transgenic crops are
just like conventionally bred crops, but in other ways they are quite un-
like conventionally bred crops. Clarifying the ways that they are similar
and dissimilar can sharpen the scientific dimensions of this issue. This
issue is of more than academic interest. Its clarification can provide a
scientific justification for the present U.S. regulatory system.

Conventional crop breeding can be broadly understood to consist of
two relatively distinct processes. The first is a set of activities to create
genetic novelty in the plant population. In the vast majority of cases this is
done by crossing several elite varieties together to create a mixed popula-
tion (see Chapter 1). The second set consists of activities that select out of
that genetic novelty genotypes that are useful new crop varieties. These
methods include a number of techniques, including recurrent selection,
mass selection, marker-assisted selection, and “selfing selection.” Crop
breeding must be understood as the integration of these two sets of pro-
cesses.

Transgenic methodology is a new process for introducing genetic
novelty into a crop plant. It is not a process of selection. Transgenic meth-
ods as they are applied to crop variety production are only a part of the
crop-breeding process. Indeed, it is because transgenic methods provide
new ways of introducing genetic novelty into a crop that they are not
similar to conventional plant breeding. As pointed out in Chapter 1, new
techniques such as wide hybridization, embryo rescue, and functional
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genomics that are categorized under the umbrella of conventional breed-
ing are also novel approaches for introducing new qualities into crops.

Transgenic crops bear many similarities to conventionally bred crop
varieties because they are both selected by the same conventional meth-
ods; crop varieties therefore bear some similarities. It is this confounding
of parts of the breeding process with the whole breeding process that has
created some of the scientific confusion.

At a deeper level, however, the general comparison of environmental
risk of transgenic and conventional crop varieties probably cannot be
resolved scientifically at the present. The unresolved scientific challenge
is to determine if the range of genetically engineered crop varieties has a
similar degree of environmental risk as the range of conventionally pro-
duced crop varieties. Theoretically, the most quantitatively robust esti-
mate of environmental risk for transgenic crops would compare the prob-
ability of environmental damage associated with transgenic crops to the
probability of environmental damage for all crops. This would allow the
risk from commercialization of transgenic crops to be expressed as a con-
ditional probability given the presence of transgenes. Such comparison is
impossible. There has never been a systematic attempt to measure the
probability that a randomly selected agricultural crop will cause environ-
mental damage; hence, the baseline data that would be needed to derive a
conditional probability estimate simply do not exist. In addition, because
the range of possibilities attainable by both conventional and transgenic
methods is expanding rapidly, any scientific determination would be pro-
visional and rapidly outdated. As argued in Chapter 1, while our long
experience with some conventional crop breeding techniques indicates
that for the most part it has been safe for humans and the environment,
there are cases where it has led to environmental harm.

Most inquiries into this issue have focused on one of two narrow
questions. First, does a commercial transgenic crop variety with a particu-
lar trait have similar ecological risk as an isogenic commercial variety
with the same functional trait produced by a conventional method?
APHIS expands this argument to assert that the risk of the transgene is
not greater than the risk of a comparable conventional variety that is
neither isogenic nor possessing the same trait (see Chapter 4). There are
no published scientific studies that demonstrate the similarity of risk at
either of these levels of comparison (see BOX 1.2).

Second, does a commercial transgenic crop variety with a particular
trait have similar ecological risk as an isogenic conventional commercial
variety without the trait? Crawley et al. (2001) provide some evidence to
this point, although it is not clear if the comparisons were isogenic ones.
For the several crop-trait-environment combinations that were tested, no
difference in weediness was found within the pairs. Crawley et al. (2001)
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warn not to generalize from these cases because in none of the cases
would the investigators have hypothesized that the added trait could
have increased weediness of the crops tested. Moreover, they evaluated
only one hazard within the large class of potential hazards associated
with transgenic crops. Similarly, claims that the lack of effects from the
tens of millions of hectares of transgenic crops that have been planted in
the United States during the past three years are nonscientific. There has
been no environmental monitoring of these transgenic crops, so any ef-
fects that might have occurred could not have been detected. The absence
of evidence of an effect is not evidence of absence of an effect.

The Trigger for Risk Analysis

Although it is generally agreed that the risks associated with any
transgenic organisms should be evaluated on the basis of the trait, organ-
ism, and environment without reference to the process of transformation,
there is considerable disagreement about the scientific basis for triggering
regulation of transgenic crops. At one extreme, some might argue that the
regulatory trigger should also be based on some ex ante risk evaluation
based on the trait, organism, and environment, but at present there is no
scientific basis on which to build such an ex ante system. In the absence of
such a system, the committee argues below that transformation is both a
useful and logically justifiable regulatory trigger. Transgenic organisms
have potential environmental risks, but the committee expects that most
of them will not produce significant actual environmental risks. Conse-
quently, the committee also suggests that for environmental risk regula-
tory oversight should be designed to winnow the potentially riskier trans-
genic crops from the less risky ones before a substantial regulatory burden
is imposed on the less risky ones.

This report makes a number of comments about the properties of
transgenic and conventionally bred crops that seem, at least superficially,
to be in conflict. One of the committee’s key findings (2.6) is that “the
transgenic process presents no new categories of risk compared to con-
ventional methods of crop improvement, but specific traits introduced by
either of the approaches can pose unique risks.” Chapter 1 points out that
any addition of genetic novelty can have ecological impacts and that there
is no predictive relationship between the number of new genes and the
degree of impact. It also finds that there is no relationship between the
taxonomic distance between the donor and recipient of a gene and the
environmental risk. In addition, another committee finding (2.4) is that
regulation should be based on the trait, organism, and environment. Thus,
a transgenic stress-tolerant trait in canola and a conventionally produced
allelic trait in canola should receive equal regulatory scrutiny. However,
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APHIS would not examine the conventionally bred, stress-tolerant canola
because of the process used to breed it. Therefore, it might appear that the
APHIS trigger is not justifiable.

Before discussing the scientific details of the issue related to transgenic
crops, the committee addresses two related issues. First the Office of Sci-
ence and Technology Policy (OSTP) scope statement (1992) concerning
the regulatory trigger is reviewed. The guidance is found to be ambigu-
ous. Second, another regulatory trigger used by APHIS under the same
statutory authority that it regulates transgenic crop plants is reviewed.
The committee finds that APHIS has adopted a different process-based
trigger to meet these other regulatory responsibilities.

OSTP Scope

The entire coordinated framework (OSTP 1986) is premised on regu-
lating transgenic organisms (i.e., using the process of transformation to
trigger the entire regulatory apparatus it describes). Hence, from its very
inception, use of a process-based trigger to regulate transgenic organisms
has existed. The coordinated framework did not fully address how over-
sight should be exercised by federal agencies under the various statutes,
so in 1992 OSTP issued a statement on the scope of oversight so that
common principles would govern decisions on how to regulate transgenic
organisms.

The Final Statement of Scope (Section III) states that:

federal agencies shall exercise oversight of planned introductions of bio-
technology products into the environment only upon evidence that the
risk posed by the introduction is unreasonable. A risk is unreasonable
[when] the full value of the reduction in risk obtained by oversight ex-
ceeds the full cost of the oversight measure. (6,756)

Any regulatory trigger that adheres to this principle is consistent with the
OSTP scope statement. This statement is silent on the use of the transfor-
mation process as a trigger for regulatory oversight. While the final state-
ment supersedes all previous discussion on scope, it is nevertheless in-
structive to examine some of the principles in the 1992 document that the
final statement supercedes.

In Section II.A (6,756), three fundamental scope principles are articu-
lated:

1. A determination to exercise oversight within the scope of discretion
afforded by statute should not turn on the fact that an organism has
been modified by a particular process or technique, because such fact is
not alone a sufficient indication of risk.

2. A determination to exercise oversight in the scope of discretion af-
forded by statute should be based on evidence that the risk presented by
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introduction of an organism in a particular environment used for a par-
ticular type of application is unreasonable.

3. Organisms with new phenotypic trait(s) conferring no greater risk to
the target environment than the parental organisms should be subject to
a level of oversight no greater than that associated with the unmodified
organism.

The first principle is the only one that directly relates to the issue of using
a process-based trigger, and it clearly proscribes the use of one if it turns
on the fact that an organism is transgenic. The principle does allow the
fact that an organism is transgenic to be a part of the basis of a trigger; it
simply proscribes its use as the primary basis for a regulatory trigger.
More significantly, principle 2 is adopted as the core of the relevant part
of the Final Statement on Scope, and principle 3 is mentioned promi-
nently in the implementation of the document, as discussed below. Only
principle 1 fails to appear in any form in either the final statement or the
implementation. Consequently, principle 1 is fully superseded by the fi-
nal statement, and a fully process-based trigger is consistent with the 1992
OSTP scope document.

The scope document provides several paragraphs of guidance on
implementation (Section IV) of the Final Statement on Scope. Section IV.A
(Exercising Discretion Within the Scope of Statutory Authority) clarifies
that the final statement governs all federal oversight of transgenic organ-
isms. This section is otherwise silent on the issue of using a process-based
trigger. Section IV.B (Evaluating Risks) clearly embraces principle 3
(above) as a core principle (paragraph 4). Section IV.D (Use of Categories
of Exclusion/Inclusion) is the only section to mention process-based trig-
gers explicitly. The document notes that:

several commenters suggested that the [previously proposed categories
of] exclusions were inconsistent with a risk-based approach because they
were “process-based.” . . . Because this Final Statement is to be a guid-
ance document to the agencies, it is not meant to provide the risk ration-
ales for these examples [the exclusions]. Any agency that wishes to use
any of these categories in the context of a specific statute would provide
a rationale based on risk. (6,758)

Thus, it is clear that the Final Statement on Scope allows an agency to use
a trigger that is process-based as long as it provides a rationale based on
risk.

Federal Plant Pest Act and APHIS Regulation

Invasiveness, which is the alteration of community or ecosystem
structure or function, is the main environmental risk of nonindigenous
species. Invasiveness is a function of both the organism phenotype and
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the environment. As discussed in Chapter 1, only a small minority of
nonindigenous species is invasive (see Figure 2.1), but at present we are
unable to predict ex ante which species will be invasive and which will
not. Consequently, it is impossible to construct a scientifically justified
regulatory trigger based on the actual risk of invasiveness.

APHIS asserts its regulatory authority over the importation of non-
indigenous species under the Federal Plant Pest Act (FPPA). The vast
majority of nonindigenous organisms introduced into the United States
arrive inadvertently in commercial shipping or deliberately through the
trade of living organisms (aquarium fish, pets, horticultural plants). There
is also a small but significant possibility that nonindigenous species are
brought into the country by people arriving in airplanes and ships. For
these passengers, APHIS uses two triggers for additional oversight. If a
passenger is carrying animal or plant products, including fruits, meats,
and living plants and animals, APHIS inspectors may confiscate or quar-
antine such products. If a passenger has visited a farm, APHIS inspectors
may confiscate or quarantine clothing. While these triggers have a risk-
related basis, they are also process-based triggers. Merely visiting a farm
does not imply that a passenger is carrying an invasive nonindigenous
species. However, as long as there is information indicating that, on aver-
age, passengers that have visited farms have a higher probability of carry-
ing such a species, the process of visiting a farm is a useful risk-based
trigger. These processes can be logical, operational ways to identify a
subset of potentially risk-inducing activities, that will trigger oversight at
U.S. borders.

Finding 2.9: A logical scientific argument can be made without ref-
erence to conventional crops that all transgenic crops should enter
into regulatory oversight.

Nonindigenous
Species

Invasive
Species

FIGURE 2.1 Venn diagram illustrating that invasive species are a small subset
of all possible nonindigenous species.
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Justification: Chapter 1 argues that, although most introduced genes
will have no significant adverse environmental effects, any change in
genetic composition can cause ecological impacts. (This is especially true
for traits that are specifically introduced to change the ecological perfor-
mance of a plant.) Because we cannot judge, ex ante, which genetic
changes will have detrimental effects, it is important to take a case-by-
case approach to the review of potential impacts. Most genetic changes
are expected to have low risk, so they should be reviewed quickly and
determined to have low risk. A smaller fraction will need closer scrutiny
and can be judged to have potential for undesirable impacts. Therefore,
there is a scientific basis to examining all genetically engineered crops, at
least briefly, and then to examine some more carefully when concerns are
raised during the quick examination.

Finding 2.10: Even if the risks of all conventionally bred crops are
considered to be “acceptable,” there is still a logical scientific justi-
fication for genetically engineered crops to enter into regulatory
oversight.

Justification: In the 1980s when the United States began to develop its
system for regulatory oversight of genetically engineered crops, an as-
sumption was made that, even though conventionally bred crops were
not considered to be completely risk free, the risks associated with the
entire class of crops could be considered “acceptable” to society (see Fig-
ure 2.2). This assumption that any trait produced in a crop by conven-
tional means was acceptable gave a clear baseline for judging traits added
by other means. Anytime it could be shown that a trait added to a crop by
genetic engineering was substantially equivalent to a trait added by con-
ventional breeding, the genetically engineered trait could be judged to
have acceptable risk. Because some transgenic traits that have and could
in the future be added to crops that do not have conventional equivalents,
some will need to be assessed. It is not possible for a regulatory agency to
judge ex ante whether a transgenic crop is similar to a conventional crop
variety and therefore has acceptable risks, so some regulatory evaluation
must be done. Moreover, because this assessment should be done on a
case-by-case basis, all transgenic crops should be reviewed through regu-
latory oversight. Again, most genetic changes would be expected to have
low environmental risk, so all transgenic crops should be reviewed
quickly to identify the smaller fraction that will need closer scrutiny.
Unlike the risk assessment called for in the argument accompanying Find-
ing 2.9, the initial determination called for here would be an assessment
of whether there is a conventional analog to the transgenic plant. There-
fore, there is a logical basis to examining all genetically engineered crops
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to determine if they are similar to some conventionally produced variety.
If they are dissimilar, a more detailed risk assessment would be called for.

The assumption that all conventional crops have acceptable risk, how-
ever, leads to a logical contradiction. If a conventional method, such as
mutational breeding, had been used to develop a sulfonyl urea-resistant
canola cultivar, then as long as the cultivar produced by genetic engineer-
ing could be shown to be similar to the conventional cultivar, the risks of
the engineered cultivar would be considered acceptable. If, by chance, no
sulfonyl urea-resistant cultivar had been produced by mutational breed-
ing or any other conventional method, the engineered cultivar would not
be considered, a priori, to have an acceptable risk but would need greater
oversight. In other words, the level of oversight does not depend on the
characteristics of the transgenic plant—namely, the trait, plant, and envi-
ronment—but on the existence of another conventional plant with similar
characteristics. This logic also holds if the conventional herbicide resis-
tance was to an environmentally damaging compound, such as atrazine.
This could lead to the ludicrous conclusion that a transgenic atrazine-
resistant plant would be considered safe for the environment while a
transgenic sulfonyl urea-resistant plant would need to undergo consider-
able regulatory scrutiny.

All Transgenic
Crop Plants

Transgenic Crop Plants
with Environmental Risks

All Conventional
Crop Plants

Conventional Crop Plants
with Environmental Risks

A.

B.

FIGURE 2.2 A. Set of all conventional crop plants and those with unacceptable
environmental risk (assumed to be none). B. Similar diagram for transgenic crop
plants. Arrow points to the subset of plants with risks.
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Finding 2.11: The risks associated with crop cultivars that have been
or could be developed through conventional breeding should not
be assumed to be acceptable.

Justification: Chapter 1 provides examples of conventionally bred cul-
tivars that have had negative environmental impacts that would have
been considered serious enough to question the deregulation of a geneti-
cally engineered crop or the introduction of an exotic species. There are
also examples of traits such as tolerance to a particular herbicide and
drought tolerance in conventional crops that would have been carefully
assessed for environmental impacts had they been introduced by genetic
engineering. The committee’s finding in Chapter 1 that specific traits de-
veloped by both conventional and transgenic methods could have unique
risks underscores the fact that the assumption that all conventionally bred
crops always have “acceptable risks” is not scientifically justified (see
Figure 2.3).

A.

B.

All Conventional
Crop Plants

Conventional Crop Plants
with Environmental Risks

All Transgenic
Crop Plants

Transgenic Crop Plants
with Environmental Risks

FIGURE 2.3 A. Set of all conventional crop plants with the small subset that
have environmental risks, which is the actual situation. B. Similar diagram for all
transgenic crop plants. Arrow points to plants with risks.
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Finding 2.12: If we reject the assumption that all risks associated
with conventionally bred crops are acceptable risks, there is still
scientific justification for regulatory oversight of genetically engi-
neered crops. However, substantial equivalence to conventionally
bred crops cannot always be used as a reference baseline.

Justification: If we accept the fact that some conventionally bred crops
can have significant risks, we cannot automatically conclude that a trans-
genic crop with a similar trait needs no regulation. For example, just
because a sulfonyl urea-tolerant conventionally bred canola exists does
not mean that the potential environmental effects of engineered canola
with this trait should not be carefully reviewed.

Finding 2.13: The exclusion of all conventionally bred crops from
regulatory oversight cannot be justified on a scientific basis. While
it would be imprudent to immediately capture all conventionally
bred crops under regulatory oversight, there is a need to reexamine
the potential environmental impacts of products from traditional
and emerging crop improvement technologies that fall under the
general category of conventional breeding.

Justification: Because at least some crop varieties produced by conven-
tional breeding can have substantial negative environmental impacts, it is
impossible to come to a scientific conclusion that no conventionally bred
crops should enter into regulatory oversight. It is nevertheless important
to reexamine the safety of conventionally bred cultivars, especially be-
cause a number of novel plant-breeding techniques that fall under the
broad category of conventional breeding have recently expanded our abil-
ity to transfer and accumulate new genetic traits into crop cultivars. The
considerable experience and evidence associated with most convention-
ally produced crop varieties will probably be useful in developing a sound
scientific approach to such oversight. Specifically, new conventional vari-
eties of many of the dominant crops in the United States are quite unlikely
to cause detrimental environmental effects, so the proportion of risky
conventional varieties may be small (see Figure 2.3). As discussed in Chap-
ter 1, there has been an evolution in our concepts of agriculture and the
environment over the past 40 years, from a situation where the environ-
mental effects of agriculture were largely ignored to the present recogni-
tion that what happens on the farm can affect the health of other ecologi-
cal systems. In a world with this changed perspective, it is reasonable to
reexamine the conventional techniques developed in previous eras. How-
ever, a change in regulations that resulted in the environmental assess-
ment of a substantial fraction of conventionally bred crops could have
negative effects on conventional plant breeding, so such oversight would
need to be developed carefully.
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Because transgenic crops are new genotypes introduced into the envi-
ronment, they fall under the legal and regulatory authority of the Federal
Plant Quarantine Act (FPQA) and the FPPA. Clearly, this authority could
be extended to regulate any aspect of conventional crop variety produc-
tion. Because there are no general scientific principles for identifying safe
transgenic plants and there is a scientific expectation that most transgenic
plants will have little environmental effect, the entire category of trans-
genic crops has been brought in for regulatory review under the FPQA
and FPPA. As outlined above, when this is done, there should be a rapid
initial evaluation to separate transgenic crops needing additional regula-
tory review from those that do not. At first, APHIS had no rapid sieve to
separate transgenic crops. Consistent with the scientific and logical ratio-
nale discussed above, the agency constructed an early rapid sieve empiri-
cally, based on the results of its actual risk assessments. Empirical con-
struction avoids the difficulties and pitfalls of ex ante prediction inherent
in many of the scientific arguments about the safety of transgenic crops.
However, if it is constructed on an overly broad generalization, the sieve
can be faulty. The APHIS notification system is the early rapid sieve.
While the committee agrees that the general scientific and logical prin-
ciples underlying this approach are sound, Chapter 5 evaluates the imple-
mentation of these principles.

REFERENCE SCENARIOS—
THE COMPARATIVE RISK APPROACH

Reference scenarios or reference values are those situations to which
the focal risk is compared to contextualize understanding of the risk situ-
ation. This will depend on the risk characterization process. For example,
if the context is understanding whether the transgenic crop is likely to
increase or decrease risks in the area of introduction, the risks of transgenic
crops could be compared to the dominant agricultural practice in the area
of adoption or to the best agricultural alternative in the area. Thus, Bt
cotton is compared typically to conventional cotton grown with high rates
of insecticide application, while Bt corn is typically compared to conven-
tional corn without any insecticides applied. In a broader context, trans-
genic crops could be compared to alternative technologies or technologi-
cal systems for reaching similar production and environmental goals. For
example, the risk characterization might evaluate the policy issue of which
technologies or technological systems have lower environmental risks
and should be encouraged for future development. Under this context,
transgenic crops could be compared with sustainable agriculture and or-
ganic production methods.

The context could be considered even more widely in a developing
country where a transgenic crop might replace local varieties and cause
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concentration in the seed distribution system so that relatively few people
control it. In some of these countries, one instructive reference scenario
might be a different agricultural input that changed from being created
on farms with relatively little external supplementation to being pur-
chased from a limited number of suppliers. In some parts of the world,
soil fertility had been created on farms as animal manure but is now
purchased as chemical fertilizers. The kinds of hazards associated with
concentration of the seed industry might be paralleled by the hazards that
occurred during concentration of the fertilizer industry. A second instruc-
tive reference scenario might be a strengthened on-farm seed production
system. This would address the policy concern of which systems should
be supported for future development. Clearly the reference scenario de-
termines the context for comparison. Thus, there is no one “best” refer-
ence scenario because the risk characterizations may need to meet various
contexts.

Several key implications of this perspective about reference scenarios
for the characterization of risks associated with transgenic crop plants are
discussed in the following sections. While some of these implications are
relevant to conventionally produced crop varieties, the following discus-
sion concentrates on their application to transgenic crop varieties. The
first is that for the evaluation of risks of transgenic crops several reference
scenarios can be found, which imply that risk comparisons to conven-
tional breeding are sometime irrelevant, as illustrated by some of the
examples described above. Thus, general statements about the relative
risk of particular transgenic crops to their conventional counterparts will
not be the only basis for risk characterization. Indeed, it is the specifics of
the trait, plant, and environment that have the greatest utility in risk
characterization, not the specific comparison to conventional crops. The
second issue relates to how to characterize the transgenic organism in a
way that it can be compared to appropriate reference scenarios. No one
method is used worldwide, and two different conceptual approaches are
compared here. A third issue concerns a technical component of risk
analysis. By introducing some of these more technical methodologies,
new questions and issues can be addressed. Specifically, a fault-tree analy-
sis could be helpful for developing a regulatory system that self-corrects
itself by learning from its past activities. Finally, the need for closer, more
scientifically rigorous experimentation is discussed.

Appropriate Reference Scenarios

Depending on the potential exposure pathway and the potential haz-
ard, various reference scenarios could be chosen. For example, the poten-
tial risks from activated Cry toxin in the soil can be evaluated by compari-
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sons to the effects of other synthetic pesticides in the soil, of formulated Bt
insecticides, or by experimentation using traditional soil toxicology meth-
ods. Non-target risks from activated Cry toxin might be evaluated using
standard species and methods for non-target testing for insecticides, but
these methods may use inappropriate test species and inappropriate ex-
posure methodologies. Typical high-dose toxicology testing is designed
to make qualitative assessments of whether a compound has toxicity to an
organism, and to measure small quantitative effects. As discussed more
fully in Chapter 3, short-term laboratory toxicology testing may be useful
in assessing acute effects of a toxin, but when a toxin has more than one
mode of action, chronic effects on non-target species fitness may be
missed. Furthermore, pesticide toxicology testing was developed for
chemicals that had broad effects on the nervous systems of invertebrates
and vertebrates. The model organism approach may have been more rel-
evant for these chemicals than for proteinaceous toxins with specific
physiological effects on a narrower range of species that are common in
transgenic plants.

The potential hazard that antibiotic resistance genes could be trans-
ferred from transgenic crops (such as Bt corn with the nptII gene) to soil
bacteria is unique to transgenic crops. However, even this unique hazard
can be evaluated using appropriate reference models for comparison. A
laboratory model optimized so that the bacteria are readily transformed
by naked DNA in the culture environment provides a worst-case scenario
(Nielsen et al. 2000). The rate of occurrence in the natural environment is
assumed to be less than that in the permissive experimental environment.
The experimental transformation rate was low, which suggests that gene
transfer via transformation in natural environments is correspondingly
rare. Another informative comparison is the number of nptII genes in the
transgenic crop plant compared to the number in the soil. In several agri-
cultural soils, the nptII gene is already present at 105/g soil (Smalla et al.
1993), a very high rate of occurrence. This high rate of occurrence may be
characteristic of only this antibiotic resistance gene, but this comparison
suggests that a transgenic crop may not be a significant source for this
resistance gene in nature.

It should be clear from these examples that appropriate reference
comparisons depend on the nature of the risk. Conventional plant breed-
ing is not always an appropriate reference comparison and for the cases
presented here, it was not used as an appropriate reference. Second, there
are unique risks associated with certain transgenic crops. The categories
that these risks correspond to, however, have been previously identified,
and many methods exist to evaluate them. In this sense, transgenic crops
present no new types of risks, although specific risks can be unique to
specific transgenic crops.
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Finding 2.14: There are typically multiple reference scenarios that
are appropriate in assessing the risks of transgenic crops.

Characterizing the Transgenic Organism

There are several approaches to characterizing the transgenic or-
ganism for comparing risks. In the United States, APHIS divides the
transgenic organism into two parts—the unmodified organism and the
transgene and its products. The hazards associated with these parts are
identified, and the likelihood that the hazard will occur is assessed using
a simplified fault-tree analysis (Lewis 1980, Haimes 1998). One alternative
to this two-part model is a whole-organism analysis. And in addition to
the fault-tree approach, an event-tree analysis also is considered. These
appear at first to be very subtle distinctions, but they lead to a different
structure in the risk analysis.

Two-Part Model

In the two-part model the transgenic plant is conceptually divided
into (1) the unmodified crop and (2) the transgene and its product. The
risk assessment then evaluates the risk of the unmodified crop separate
from the risks associated with the transgene and its products. For ex-
ample, a herbicide-tolerant soybean would be evaluated as an untrans-
formed soybean plant for which no environmental risks have been found
and as the appropriate herbicide resistance gene and its transcribed prod-
uct or products (see other examples in Chapter 4). The theoretical ratio-
nale for this approach is that the transgene is a small genetic change that
is likely to have only a small phenotypic effect. Therefore, the untrans-
formed soybean is unlikely to be changed very much and provides a good
baseline comparison for understanding the risk of a transgenic plant. The
transgene itself is considered an incremental change in the soybean, and
its risks are assumed to be able to be assessed independent of the soybean.

After these assessments are completed, the whole transgenic organ-
ism is assessed to determine if there are any additional hazards that would
require assessment. If so, appropriate reference comparisons are devel-
oped. Conceptually, this reductionist methodology attempts to identify
and assess most of the risks in the initial step. The final step is to pick up
any residual effects stemming from any interactions between the trait and
the untransformed organism that require additional assessment.

The two-part model makes a procedural commitment to making the
untransformed crop plant the central reference scenario for contextualiz-
ing the risks of a transgenic crop. As discussed below, to evaluate the
effect of the transgene, the most scientifically revealing comparison is the
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transgenic variety and its near-isogenic non-transformed parent. How-
ever, near-isogenic lines are not always available to allow the best scien-
tific comparisons to be made. In addition, the two-part model has not
used some alternative reference scenarios, such as a range of cropping
systems or alternative approaches to accomplishing similar production or
environmental goals as the transgenic crop. Finally, the two-part model
assumes that single gene changes have small ecological effects. As dis-
cussed in Chapter 1, this is not always the case.

Whole-Organism Model

In a whole-organism model, the reference comparisons to the whole
transgenic organism are developed at the beginning of the risk analysis.
This opens up the scope of reference comparisons to include some that
might not be considered under the first model. This model does not re-
quire that all risks are assessed using a whole organism; this is a concep-
tual model that provides an approach for identifying appropriate hazards
and reference scenarios.

For example, under the two-part model, Bt corn was assessed by
considering first the unmodified corn plant and the Cry toxin. Because
corn was considered to pose insignificant environmental risks, it has been
dismissed routinely as a risk. Cry toxins were evaluated for their insecti-
cidal properties during the registration of B. thuringiensis as an insecti-
cide, and these evaluations were used to assess the risks of the toxin. The
appropriateness of this comparison can and has been challenged, in that
where APHIS found no hazards in its initial assessments (see Chapter 4),
EPA identified the evolution of resistance in the target pests to the toxin
as a hazard. In posing the question of whether there are any additional
hazards arising from the interaction of the transgene and the plant, rela-
tively few hazards have been identified, perhaps in part because the meth-
odology has not been firmly established. In general, as shown in Chapter
4, APHIS relies on an analysis that is based on comparing the transgenic
crop to a conventional crop with a similar phenotype. If a similar pheno-
type can be identified, APHIS contends that because the conventional
crop phenotype has a record of safe use, the transgenic crop plant is
expected to be safe too. In the case of Bt corn, APHIS compared the
transgenic crop to other insect-resistant corn varieties because no conven-
tional Bt variety exists. While the validity of such comparisons can be
challenged (see Chapter 5), the method is consistent with the two-part
model. A whole-organism model would initially focus on identifying the
potential hazards associated with the transgenic crop variety. The appro-
priate reference scenario for hazard identification may include the un-
transformed crop and conventionally produced crops with comparable
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phenotypes, which are used in the two-part model, but risk comparisons
are not restricted to these two scenarios. For example, the transgenic crop
will be expected to replace other agricultural production systems and
possibly some nonagricultural native or natural habitat, and it may affect
neighboring agricultural and nonagricultural habitats. Hence, the risks
associated with a Bt corn might be compared to corn sprayed with insec-
ticides in the irrigated regions of northeast Nebraska because it might be
expected to replace this production system at that locality. In Minnesota,
Iowa, Illinois, and the rest of Nebraska, Bt corn might be logically com-
pared to an unsprayed conventional crop. In a similar way, Bt poplar
might be compared to conventional poplar plantations sprayed or not
sprayed with insecticide, but because it might lead to an increase in area
planted to plantation poplar, it could also be compared to the risks asso-
ciated with second-growth forest, which it might replace. In addition,
because Bt corn might affect neighboring organic farmers through con-
tamination via cross-pollination, and Bt poplar might affect the ecological
functioning of neighboring forest and savanna ecosystems, these ecosys-
tems might also be appropriate reference scenarios. The theoretical ratio-
nale supporting the whole-organism model is that the risks and hazards
associated with a transgenic crop plant occur as a result of the trait in the
crop plant in a particular environment. The risks and hazards do not
occur from the trait separated from the crop plant separated from the
environment.

Comparison of the Two-Part and Whole-Organism Models

In principle, the two approaches should end up with the same charac-
terizations of risk, but in practice they probably will not. The two-part
model addresses whole-plant concerns in its second step and should there-
fore capture all hazards and risks at this stage. The methodology used in
the second step of the two-part model, however, must be different from
the whole-organism model because if it were the same, the first step would
not be necessary. It is in this difference that the models probably diverge.
There are potential biases in the two-part model, which may underesti-
mate or overestimate risk. The initial step of dividing the organism and
evaluating the risk of the parts may lead to an underestimation of risk
when the parts are found to have no significant risk and, vice versa, may
lead to an overestimation of risk when the parts are considered risky. This
is because these initial findings are likely to influence subsequent investi-
gations used in the second step. If no significant hazards or risks are
characterized in the initial step, it may be difficult operationally to justify
and sustain a lengthy second step risk analysis. Conversely, an initial
finding of risk may unleash a cascade of additional investigations, per-
haps leading to an overestimation of risk.
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Risk Assessment Models

Risks can be assessed in numerous ways, with various assumptions
and biases. Transgenic crops have been assessed in the United States by
APHIS utilizing a rigid risk analysis framework that lacks a formal ap-
proach for detecting potential for mistakes. Certainly the system is de-
signed to limit mistakes, but mistakes do occur, and their significance is
unknown. Two different analytical frameworks are discussed below that
could be used to supplement present risk assessment practices—a fault-
tree analysis and an event-tree analysis (Lewis 1980, Haimes 1998). Fault-
tree analysis can be used to investigate potential risk. For example, one
can hypothesize that Bt corn adversely affects some non-target organism.
A fault tree could lead the analyst to investigate thoroughly all potential
causal pathways.

Fault-Tree Analysis

Fault-tree analysis logically evaluates risk by tracing backwards in
time or backwards through a suspected causal chain the many different
ways that a particular risk could happen (Lewis 1980, Haimes 1998). The
analysis is conditioned on a given hazard, that is, the analyst must have a
particular hazard in mind before the analysis can be conducted. This is
both its strength and its weakness. It is a strength because the analysis
focuses on the ways that risks occur and does not waste time evaluating
the ways that risks do not occur. By concentrating on the known hazards,
the analysis provides a comprehensive and efficient methodology for as-
sessing risk. It is a weakness because unknown or unanticipated hazards
cannot be evaluated simply because they have not been identified. Be-
cause the hazards associated with complex systems cannot all be unam-
biguously identified ex ante, this is its most serious weakness.

Figure 2.4 is a simplified fictitious example of a fault-tree analysis of
the risk of Bt corn to a non-target insect species. The total risk is a weighted
“or” gate of the risks in cornfields, near cornfields, and far from corn-
fields, where the weight is the relative proportion of the insect population
in each habitat area (in the example in Figure 2.4 these weights are equal).
In an “or” gate the risk would occur if any one of the inputs occurs, and in
an “and” gate the risk would occur only if all of the inputs occur. This risk
calculation is detailed for risks to the species inside cornfields, which is an
“or” gate of the risks associated with each of the three most common
transformation events in Bt corn. This risk, in turn, is an “and” gate of the
probability that monarchs are in Bt corn of the specific event and the
probability that they will be killed by pollen from the event. This box is
further detailed for Event 176, in which mortality is related via an “and”
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Species X killed
by Bt corn in Bt  corn

Species X killed
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Species X killed
by Bt  corn far from B- corn

Species X larvae
present at the time of

pollen shedding of
    V1 Bt corn

Toxicity of
  V1 Bt corn pollen
     to species X
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       by V1 Bt
corn in Bt  corn
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    by V2 Bt corn

in Bt  corn

Species X killed
  by V3 Bt corn in

Bt  corn

p = .2
p = .5

p = .1
p = .02

p = .01
p = .01

p = .002p = .002

Species X
     in

V1 Bt corn

Species X
killed in

      V1
Bt corn

p = .002

p = .2

Species X
    in V3 Bt
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Species X
killed in V3
   Bt corn

p = .2

Species X
     in  V2

Bt corn

Species X
killed in
    V2
Bt  corn

p = .006 p = .003 p = .0001

p = .009

 

FIGURE 2.4 Simplified fictitious fault-tree analysis of the risk that individuals
of species X are killed by the sum of three varieties of Bt corn (V1,V2,V3). This
fault-tree traces backwards through the causal chain. In this example the logical
structure of the model is Boolean algebra, which consists of “gates” that indicate
how the faults lower in the tree should be combined to estimate the probability of
occurrence of the higher levels in the tree. The upper levels of the tree consist of
“or” gates (the pointed arrowheads). An “or” gate signifies that if any of the
input statements are true, the output statement is true and therefore the inverse
of the product of the inverse of the input probabilities can be used to compute the
output probability, assuming the input statements are independent. The lowest
level consists of “and” gates (the half-rounded symbols). An “and” gate signifies
that all input statements must be true before the output statement is true, and
therefore the product of the input probabilities can be used to compute the out-
put probability. p values in the figure are entirely fictitious and are provided for
illustrative purposes.
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gate to the probability that the species is exposed to the Bt pollen and the
toxicity of Event 176 pollen.

Fault-tree analysis is often used to assess the risk involved in poten-
tial failures of the safety system itself. This tradition is well developed in
the aeronautics industry, where airplane safety and safety systems are
subjected to rigorous fault-tree analyses (Lloyd and Tye 1982). A simpli-
fied fault-tree model for the safety system associated with APHIS regula-
tion of transgenic crop plants is illustrated in Figure 2.5. This emphasizes
one potential adverse effect that could occur through failure in the present
oversight system. Although conducting such an analysis would require
too much effort for this committee to complete, the elements of such an
analysis are discussed in Chapter 5. Clearly, conducting such an analysis

Environmentally mediated 
contamination of food corn with a 

particular  transgene  product 
hazardous to human health 

Failure of performance 
standards to confine  transgene 

and/or  transgene  product 
(notification procedure) 

Failure of deregulatory 
decision process to identify 

hazardous product (petition for 
nonregulated status) 

Failure to contain  transgene 
and/or  transgene  product 

under permit (small-scale field 
tests) 

Failure of performance 
standards (isolation 
distance) to confine 

transgene  sufficiently 

Failure of notification holder 
to properly execute 

performance standards 

FIGURE 2.5 Simplified fault-tree model of the risk that a commercialized haz-
ardous transgene product enters the human food chain via the environment. The
logic is Boolean logic as in Figure 2.4, except that in this tree all the gates are “or”
gates. This fault tree focuses on the possibility that the risk occurs because of
failures in the safety network. Most industries with safety systems to manage
risks analyze the potential failure of the safety system itself. This kind of analysis
has led to the development and implementation of “fail-safe” systems, such as in
the aeronautics industry.

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


96 ENVIRONMENTAL EFFECTS OF TRANSGENIC PLANTS

would provide a regulatory agency with considerable information to im-
prove its regulatory procedures and could contribute to a more formal
methodology for a learning system in an agency. The cost of such an
analysis is unknown.

Event-Tree Analysis

In contrast to fault-tree analysis, event-tree analysis logically works
forward in time or forward through a causal chain to model risk (Lewis
1980, Haimes 1998). Event-tree analysis is not conditioned on the exist-
ence of a known hazard. Starting with an initiating event, the next steps in
a logical chain of events can be assessed until the risk probability associ-
ated with a hazard can be calculated from the probabilities associated
with the chain of events. Interestingly, event-tree analysis does not have
to be aimed at estimating the risk associated with a particular hazard.
Event-tree analysis can be initiated to investigate an entire category of
hazards, during which the risk associated with particular hazards is as-
sessed. If the processes in a complex system are understood well enough,
event-tree analysis can identify hazards by following the complex se-
quence of events to their logical conclusions.

For example, an event chain analysis of the potential non-target risks
associated with a transgenic crop producing a toxin could begin quite
generally, because we know the toxin that would cause any of the non-
target risks that could occur (see Figure 2.6). Consequently, an event-tree
analysis of non-target effects can be initiated through a toxin fate and
transport analysis, tracking where and when a toxin goes until it is de-
graded into nontoxic forms. If there is enough information, such a fate
and transport analysis could reveal when apparently independent path-
ways converge to allow toxin to concentrate in some part of the ecosys-
tem.

For Bt corn, the first step in the event-tree analysis requires under-
standing what toxin is expressed in the plant, where and when it is ex-
pressed, and how that toxin might reach the environment. All Bt corn
varieties produced a truncated Cry toxin, which is significantly smaller
than the protoxin produced by the bacterium. It is hypothesized that
truncation may alter the host specificity spectrum, creating novel non-
target risks dissimilar from Bt insecticides (Jepson et al. 1994, Hilbeck
2001, but see MacIntosh et al. 1990). The toxin is expressed in all of the
plant tissues when the plant is actively growing, with variation among
the transformation events. The toxin moves in the pollen and remains in
the dead plant tissue after senescence. In Bt corn, truncated Cry toxin can
enter the soil via root exudates (Saxena et al. 1999), exposing soil organ-
isms. The activated toxin readily binds to montmorillic clay particles and
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can retain insecticidal activity for more than nine months (Saxena et al.
2000). The untruncated protoxin in Bt insecticides does not readily bind to
clay and is degraded rapidly in soil (Venkateswerlu and Stotzky 1992).
Consequently, Cry toxin from Bt corn has several unique exposure path-
ways not characteristic of either corn or the toxin from bacteria. Each of
the potential pathways can then be assessed to determine if there is a
potential hazard associated with them; if so, the risk can be characterized
by choosing an appropriate reference comparison for that exposure path-
way and potential hazard. Event-tree analysis may become particularly
useful when risks associated with transgenic crops with many traits are
characterized.

Finding 2.15: The two-part model may bias a risk assessment either
toward a finding of no significant risk or a finding of significant
risk. As presently implemented, the former bias may predominate.

Finding 2.16. Additional research is needed to evaluate the utility
of the whole-organism model and a more formal use of fault-tree
and event-tree analysis.

Experimental Comparisons

Plant breeders and geneticists make a variety of comparisons using
appropriate statistical designs and analyses. New varieties of crops are
not generally released for large-scale use until a variety review committee
reviews the data. In the case of transgenics a single gene is introduced
into cells growing in tissue culture, and the regenerated plant displaying
the trait is backcrossed several generations to an elite line. A reasonable
genetic comparison for risk assessment is the untransformed elite line.
For example, six backcrosses should produce progeny that are genetically
over 99% identical to the elite line used as the recurrent parent. This value
of 99%, however, is an average or expectation and is not always reached.

The ideal comparison of a transgenic following backcrossing is to its
near-isogenic line derived by self-pollination of plants heterozygous (hem-
izygous) for the transgene in the most advanced backcross generation.
This will give plants homozygous for the transgene as well as plants
without the transgene; all unlinked regions of the genome will segregate
independently of the transgene locus and should not influence compari-
son of the two homozygous lines derived from the homozygous plants.
This comparison is not absolutely perfect because the transgene chromo-
some likely will carry a genomic region on each side of the transgene from
the transgenic parent. However, this comparison is theoretically the best
available.
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If near isogenic lines are not available the only possible comparisons
are among unrelated plant lines. In such comparisons it will always be
difficult or impossible to determine if an observed difference between the
plant lines was caused by the insertion of the transgene or was simply due
to another genetic difference between the two plant lines. Conversely, if
no difference is observed, it will always be difficult, or impossible to
determine if the transgene had no effect or if other genetic differences
masked the effect of the transgene.

The committee recommends that near-isogenic lines with and with-
out the transgene be developed and evaluated as part of the process of
risk analysis. In addition, a way should be found to make such near-
isogenic lines available for study by public scientists. The availability of
such genetic materials would substantially strengthen comparisons, save
time and money, and provide much more legitimate comparisons. The
potential to mislead the public—positively or negatively—is too great
unless the best-available genetic materials are used. Clonally propagated
crops can be readily compared to transgenic versions. Self-pollinated
crops raise most of the same concerns expressed above for cases where
backcrossing is involved. If backcrossing is not the breeding scheme, the
process of advancing the materials must be considered to determine the
most appropriate comparisons.

Finding 2.17: For certain questions, the availability of near-isogenic
lines can allow scientifically legitimate comparisons and facilitate
the assessment of risk.

CONCLUSION

This chapter has reviewed general approaches and roles of risk analy-
sis, the scientific, social, and logical bases for regulation of transgenic
plants, and some technical issues related to the risk assessment process
itself. It explains that risk analysis typically must fill two roles: providing
technical information to decision makers, and creating confidence among
stakeholders in the risk analysis process. The specific importance of the
second role in the risk analysis of transgenic plants is discussed. The use
of the most rigorous scientific approaches in conducting risk analyses is
critical for both roles of risk analysis.

Because there is no way to evaluate the risks of transgenic plants
without empirical examination, there is a scientific reason to examine the
characteristics of transgenic plants on a case-by-case basis. Although there
has been a general assumption that the products of conventional plant
breeding are safe, while products of transgenic processes could pose envi-
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ronmental risks, this chapter and others in the report find no logical or
scientific support for this assumption.

Environmental assessment of transgenic crops relies on risks associ-
ated with the transgenic variety being compared with multiple appropri-
ate reference scenarios (ways to accomplish the same goal). For example,
the risks associated with a transgenic herbicide-tolerant variety could be
compared with risks of chemical weed management used on nontrans-
genic varieties, cultivation practices, crop rotations, and other approaches
for weed management. This chapter ends by pointing out that there are a
number of general approaches for formally examining a risk analysis to
determine where errors could occur. These formal examinations could be
helpful in assuring the rigor of the current system used for transgenic
plants.
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3

APHIS Regulatory Policy for
Transgenic Organisms

OVERVIEW

This chapter reviews the regulations and procedures currently used
to guide the Animal and Plant Health Inspection Service (APHIS) in
overseeing the environmental safety of testing and commercialization of
transgenic plants. It also describes the historical development of these
regulations and procedures. The broad overview provided here leads into
Chapter 4, which presents case studies of APHIS oversight of specific
transgenic crops.

Chapter 1 described the U.S. Coordinated Framework for the Regula-
tion of Biotechnology created in 1986 for the regulation of development
and commercialization of transgenic organisms in the United States and
Chapter 2 described the scope and regulatory triggers that can be used as
clarified in 1992 (OSTP 1992). Except for pesticidal plants, USDA-APHIS-
BBEP (Biotechnology, Biologics, and Environmental Protection) has pri-
mary regulatory authority for environmental assessment of all transgenic
plants. This chapter specifically examines the oversight of transgenic
plants by APHIS under the Federal Plant Pest Act (FPPA) and the Federal
Plant Quarantine Act (FPQA). The final chapter of this report considers
how that oversight might change under the Federal Plant Protection Act
of 2000.

The scope of APHIS’s review includes, under the FPQA, importation
of regulated articles and interstate movement of regulated articles and,
under the FPPA, environmental release of regulated articles. “Regulated
article” is defined below. “Environmental release” is defined as “the use
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of a regulated article outside the constraints of physical containment that
are found in a laboratory, contained greenhouse, or a fermenter or other
contained structure” (APHIS 1987). For example, growing regulated ar-
ticles in a controlled greenhouse would not constitute a release, but grow-
ing them in a standard greenhouse would.

When a regulated article is determined to have “nonregulated sta-
tus,” it no longer is subject to APHIS oversight, but the agency has the
option of taking action on any plant that it believes to present a plant pest
risk as long as they have not determined it to have nonregulated status. In
this case the article has been evaluated, and determined with a reasonable
degree of certainty not to present risk as a plant pest, and APHIS cannot
regulate it under FPPA or FPQA.

In 1987 APHIS published regulations for the release of transgenic
organisms into the environment (APHIS 1987). These were modified in
1988 and 1990 to exempt Escherichia coli strain K-12, sterile strains of Sac-
charomyces cerevisiae, asporogenic strains of Bacillus subtilis, and Arabidopsis
thaliana from permitting requirements for interstate movement under
specified conditions (APHIS 1988, 1990) and again in 1993 and 1997 to
provide a notification procedure and a process to petition for nonregu-
lated status (APHIS 1993, 1997a).

The rules and their revisions are promulgated under the statutory
authority of the FPPA and FPQA, which grant APHIS broad powers to
regulate potential plant pest risks. APHIS must grant a permit for the
introduction of any regulated article. Although there are several fine dis-
tinctions in its definition (see BOX 3.1), a regulated article is a genetically
engineered organism that is or contains genetic material from one of many
taxa listed in 7 CFR 340.2 or that meets the definition of a potential plant
pest. The definition of “plant pest” is discussed in more detail below.
Anyone wishing to “introduce” such an organism must request a permit
from APHIS. APHIS has streamlined the permitting process for most
transgenic plant species under specified conditions; for these, formal no-
tification of APHIS in advance of a release is often sufficient for obtaining
permission to introduce the transgenic plant. In addition, APHIS has de-
veloped a process whereby an applicant can petition the agency to deter-
mine that a transgenic organism does not pose a plant pest risk and is
therefore no longer a regulated article subject to APHIS regulatory over-
sight.

The coordinated framework explicitly provides that federal agencies
should focus on the characteristics of risks posed by a biotechnology prod-
uct, not on the process by which it is created, but APHIS uses the process
of genetic engineering to trigger oversight. As discussed in Chapter 2,
APHIS has argued that it was not treating genetically engineered organ-
isms differently from so-called established plant pests or naturally occur-
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BOX 3.1
Key Definitions Used by APHIS

Introduce or introduction (APHIS 1997b) “To move into or through the United
States, to release into the environment, to move interstate, or any attempt thereat.”

Plant (APHIS 1987) “Any living stage or form of any member of the plant kingdom
including, but not limited to, eukayotic algae, mosses, club mosses, ferns, angio-
sperms, gymnosperms, and lichens (which contain algae) including any parts (e.g.,
pollen, seeds, cells, tubers, stems) thereof, and any cellular components (e.g., plas-
mids, ribosomes, etc.) thereof.”

Plant pest (APHIS 1987) “Any living stage (including active and dormant forms) of
insects, mites, nematodes, slugs, snails, protozoa, or other invertebrate animals, bac-
teria, fungi, other parasitic plants or reproductive parts thereof; viruses; or any organ-
isms similar to or allied with any of the foregoing; or any infectious agents or sub-
stances, which can directly or indirectly injure or cause disease or damage in or to
any plants or parts thereof, or any processed, manufactured, or other products of
plants.”

Regulated article (APHIS 1987) “Any organism which has been altered or pro-
duced through genetic engineering, if the donor organism, recipient organism, or
vector or vector agent belongs to any genus or taxon designated in a list (7 CFR
340.2) of taxa known to have plant pests, and meets the definition of plant pest, or is
an unclassified organism and/or an organism whose classification is unknown, or
any product which contains such an organism, or any other organism or product
altered or produced through genetic engineering which the Director, BBEP (Biotech-
nology, Biologics, and Environmental Protection division of APHIS), determines is a
plant pest or has reason to believe is a plant pest. Excluded are recipient microorgan-
isms which are not plant pests and which have resulted from the addition of genetic
material from a donor organism where the material is well characterized and con-
tains only non-coding regulatory regions.”

Release into the environment (Federal Register 52:22908–9) “The use of a regu-
lated article outside the constraints of physical containment that are found in a lab-
oratory, contained greenhouse, or a fermenter or other contained structure.”

Well-characterized and contains only noncoding regulatory regions (APHIS
1987; e.g., operators, promoters, origins of replication, terminators, and ribosome
binding regions) “The genetic material added to a microorganism in which the fol-
lowing can be documented about such genetic material: (a) The exact nucleotide
base sequence of the regulatory regions and any inserted flanking nucleotides; (b)
The regulatory regions and any inserted flanking nucleotides do not code for protein
or peptide; and (c) The regulatory region solely controls the activity of other sequenc-
es that code for protein or peptide molecules or act as recognition sites for the initi-
ation of nucleic acid or protein synthesis.”

ring organisms, which might be plant pests. For example, APHIS regu-
lates the movement and release of geographically separated populations
of known plant pests because the source population can have characteris-
tics that are absent in the recipient geographic population, which could
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increase the plant pest risk in the recipient population. In all cases a
permit must be obtained from APHIS before importation and interstate
movement of potential plant pests. For some transgenic organisms, APHIS
has determined that release into the environment is tantamount to intro-
duction of a new organism; therefore, it requires that a permit be obtained
beforehand. In other words, APHIS considers that transgenic organisms
are new organisms because they potentially have new ecological charac-
teristics that could make them plant pests. That is consistent with the
principle that transgenic organisms might have new characteristics that
require oversight and that the genetic engineering process might trigger
oversight, even if it is not considered in the evaluation of risks, as dis-
cussed in detail in Chapter 2.

In 1993 APHIS proposed a simplification of the regulatory procedure
in order to:

• create a simplified notification procedure for transgenic plants that
meet eligibility criteria and are tested using performance standards that
minimize risks;

• allow under notification corn, cotton, potato, soybean, tobacco, to-
mato, or any additional plant that BBEP has determined may be safely
introduced;

• extend notification procedures to include a number of virus resis-
tance modifications;

• provide a petition process allowing for a determination that cer-
tain plants are no longer regulated articles; and

• allow permissions for determination for nonregulated status to be
extended to closely related articles (an “extension” process).

APHIS received 84 comments ranging from complete opposition to
enthusiastic support for even greater reduction in regulation. According
to the Federal Register notice (APHIS 1993), the majority of commenters
expressed general or qualified support for the suggested changes. Prior to
this proposed change, however, APHIS consulted with a scientific sub-
committee of the USDA’s Agricultural Biotechnology Research Advisory
Committee (ABRAC) in a public forum about the scientific basis for the
proposed reduction in regulation. APHIS argued that the six specified
crops had no weedy relatives, that only cotton had wild populations (in
Florida), and that only cotton and potato had wild relatives in the United
States. It also argued that the confinement criteria in the performance
standards should protect against gene flow to these wild relatives and
populations, and the subcommittee generally concurred. (ABRAC held its
last meeting in January 1996.)
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In 1995 APHIS proposed a further simplification of the regulatory
procedure to:

• allow environmental release under the notification system of any
plant not considered a noxious weed as long as the plant is not considered
a weed in the intended area of release;

• extend the notification procedures to include a number of genetic
modifications resulting in virus resistance;

• discontinue the requirements for each relevant state to concur with
interstate movement;

• simplify reporting requirements for field trials conducted under
notification or permit; and

• allow permissions for determination of nonregulated status to be
extended to closely related articles (an “extension” process).

These proposed changes also proved to be controversial. A total of 50
comments were received from industry, universities, state departments of
agriculture, science policy organizations, environmental groups, industry
organizations, professional societies, consumer organizations, individu-
als, and a university cooperative extension office. The majority (over 60%)
supported the proposed amendments. Those expressing opposition were
concerned with the potential for increased risk posed by particular trans-
genic plants, especially those with wild or weedy relatives. Some oppo-
nents were concerned that regulatory oversight would be decreased in
the shift from a permitting to a greater emphasis on the notification sys-
tem and that notification was harder to enforce and therefore compliance
might be compromised.

Part of the APHIS response to the expressed public concerns was
publication of a revised user’s guide (APHIS 1997b), which provided ex-
amples of how applicants might meet the performance standards and
other information to help applicants design their field trials for specific
organisms. Although not a formal regulatory document, the user’s guide
provides information to applicants on how to comply with the regula-
tions. The guide gives specific examples and describes approaches to com-
pliance on such matters as shipping and maintenance of regulated ar-
ticles, how to avoid admixtures, devitalizing treatments, elimination of
viable vectors, and minimizing dispersal and persistence in the environ-
ment. The guide emphasizes that these are examples only, that following
the examples exactly does not necessarily ensure acceptability, and that
alternative approaches might be equally acceptable. APHIS also argued
that field inspections of trials conducted under the notification system (as
well as those under permit) achieved a high degree of compliance.
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The controversial changes proposed in 1995 that went into effect in
1997 were created by APHIS internally, and the scientific response of
APHIS also was internal. This subcommittee recognizes that the proposed
changes of 1995 were precedent setting (e.g., extending the notification
procedure from six crops to all nonweed plants) and created without
external scientific input beyond those respondents to the Federal Register
notice. It is certainly possible that APHIS may continue to propose and
make important policy changes without external scientific input.

Recommendation 3.1: For changes in regulatory policy, APHIS
should convene an external scientific advisory group and hold at
least one meeting to solicit public scientific input to review pro-
posed changes.

SCOPE AND REGULATORY PROCEDURES USED BY APHIS

APHIS currently regulates transgenic plants under 7 CFR part 340,
“Genetically Engineered Organisms and Products: Simplification of Re-
quirements and Procedures for Genetically Engineered Organisms,”
which was published in 1997.

Anyone introducing (importing, transporting interstate, or releasing
into the environment) a regulated article must have authorization through
either a notification or a permit and must comply with other restrictions
as described in 7 CFR part 340. The regulations provide APHIS with the
authority to regulate such introductions for certain transgenic organisms.
The regulatory objective of 7 CFR 340 is to allow the evaluation of trans-
genic organisms with sufficient scrutiny to identify any plant pest risks at
an early enough stage to allow remedial action prior to the occurrence of
any real damage.

The basis for regulation is the broadly defined plant pest. Part 340.1
provides definitions for the terms used (see BOX 3.1). Plant pest is defined
as “any living stage (including active and dormant forms) of insects, mites,
nematodes, slugs, snails, protozoa, or other invertebrate animals, bacte-
ria, fungi, other parasitic plants or reproductive parts thereof; viruses, or
any organisms similar to or allied with any of the foregoing; or any infec-
tious agents or substances, which can directly or indirectly injure or cause
damage in or to any plants or parts thereof, or any processed, manufac-
tured or other products of plants.” Under this definition, almost all organ-
isms (and their derivatives) can be potential plant pests, including, for
example, herbivorous invertebrate animals (anything that eats a plant can
be considered a plant pest). A transgenic organism is considered a regu-
lated article if it is a plant pest or if it or a gene donor or vector used in its
construction are plant pests according to a long list of taxa listed in 7 CFR
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340.2 (this list can be amended as outlined in part 340.5). In addition, a
transgenic organism can be considered a regulated article if APHIS has
reason to believe it presents a plant pest risk.

The definition of plant pest is in many ways extremely broad but in
other ways surprisingly restricted. The breadth of the definition is pro-
vided by the inclusion of indirect injury or disease. Indirect injury occurs
when a plant pest has an effect on another species that eventually leads to
a detrimental effect on a plant. Thus, any species that interacts ecologi-
cally with a species that directly injures a plant (e.g., by feeding on it) can
be considered a potential plant pest. Indeed, species that interact with
species that interact with direct plant pests can be considered indirect
plant pests, and this leads to the potential inclusion of nearly every spe-
cies. In contrast, the taxonomic list restricts the definition of plant pest in
an important way. According to the definitions, no vertebrate can be
considered a plant pest, despite considerable evidence to the contrary.
(This situation might change under the new Plant Protection Act of 2000;
see Chapter 7.) For example, feral pigs and goats have had serious effects
on native plants in Hawaii and other oceanic islands (Allen 2000). The
exclusion also means that genetically engineered fish cannot be regulated
as potential plant pests. There is some uncertainty about the status of
algae as plants that could be affected by potential plant pests. Modern
classification excludes most algae from the Kingdom Plantae (Campbell
et al. 1997). Thus, many algae are not members of Plantae, as required by
the definition of plant, but they are listed as a group under the definition.
That is an important distinction because shellfish, which consume uni-
cellular algae and are invertebrates, could be regulated under the APHIS
rules if unicellular algae were considered members of the Kingdom
Plantae.

Note that if a transgenic plant was created from a nonweedy species
without the insertion of genes from a plant pest and it was transformed
without the intervention of a plant pest (as would be the case with the use
of particle bombardment or electroporation), it would not necessarily be
considered a regulated article. In such cases, the creators of transgenic
plants to be field released apparently have always sent a “courtesy” noti-
fication or permit application to APHIS, but the possibility remains that
field release of certain transgenic plants could escape APHIS oversight.

Notification System for Introduction of
Certain Regulated Articles (7 CFR 340.3)

Most transgenic plants are field tested under a notification system. In
recent years “nearly 99% of all field tests, importations, and interstate
movements of engineered plants [have been] performed under this sys-

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


108 ENVIRONMENTAL EFFECTS OF TRANSGENIC PLANTS

tem” (OSTP/CEQ 2001). Notification for the movement, importation, and
field testing of transgenic plants follows a rigid but streamlined format
that allows an expeditious review. For a specified list of plants and char-
acteristics, an applicant may simply notify APHIS of its intent to release a
regulated article. Upon receipt of such a notification application, the docu-
ment is logged into the APHIS database and reviewed by one of the
scientific staff for qualification and completeness, and then a recommen-
dation is sent to appropriate state officials for concurrence. The entire
process must be completed within 30 days (10 days for interstate move-
ment). Scientific evaluation of a notification application by APHIS per-
sonnel is typically completed within a few days. Acknowledgment by
APHIS that an article meets the notification requirements means that a
permit is not required for field testing within one year of the date of
introduction. Renewal can be accomplished by submitting an additional
notification to APHIS.

The assessment of notifications is not subject to external scientific
review or any other public input. A few transgenic plants are now grown
to produce commercial products under notification.

To meet APHIS criteria for notification:

• The plant must not be listed as a noxious weed under the Federal
Noxious Weed Act or be considered to be a weed in the area of release
into the environment.

• The inserted DNA must be stably integrated into the host genome.
According to the user’s guide (APHIS 1997bs), this means that the trait is
inherited in a Mendelian fashion for at least two generations.

• The function of the inserted DNA is known, and its expression
does not result in plant disease. Function is not precisely defined in the
user’s guide, but the intent of this criterion is that expression does not
result in plant disease.

• The inserted DNA does not
—cause production of an infectious entity;
—encode substances that are known or likely to be toxic to non-

target species known or likely to feed on the plant (According to the
user’s guide, toxicity to non-target species is restricted only to those non-
target species that feed on the plant, not dispersed plant parts, such as
seeds, pollen, or plant residue.);

—encode products intended for pharmaceutical use. (According to
the user’s guide, “intention” becomes clear for regulatory purposes only
when clinical testing of the product is proposed to the Food and Drug
Administration. Until such time, a product is not considered to be in-
tended for pharmaceutical use.)
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• Any virus-derived sequences must be known noncoding regula-
tory sequences or otherwise unlikely to facilitate virus virulence and
spread in plants.

• The inserted sequence must not be derived from human or animal
viral pathogens or other potential human or animal disease-causing
agents.

In addition to meeting these criteria, introductions under the notifica-
tion system must meet specified performance standards designed to en-
sure such confinement that the transgenic plant or its progeny will not
unintentionally persist in the environment.

The standards state general concerns but leave applicants the flexibil-
ity to meet them according to their own circumstances:

The transgenic plant must be transported and stored in a way that
minimizes the escape of viable plant parts into the environment. Accord-
ing to the APHIS user’s guide, this performance standard refers to seeds,
cuttings, buds, and other plant parts that would be planted to grow the
crop but not the movement of pollen.

For environmental release, inadvertent mixing of the transgenic plant
with nonregulated plant material must be avoided. According to the
APHIS user’s guide, this performance standard refers to seeds, cuttings,
buds, and other plant parts that would be planted to grow the crop but
not the movement of pollen.

The identity of the transgenic plants and their parts must be main-
tained; plants and their parts must be contained or devitalized after use.
According to the APHIS user’s guide, this performance standard does not
cover the movement of pollen.

There must be no pathogenic vector associated with the plant.
Field trials must be conducted in a manner that precludes persistence

of the plant and its progeny.
Management practices to prevent persistence of the plant or its prog-

eny in the environment must be applied.
APHIS provides detailed guidance for notification applications in its

user’s guide including sample notification letters and guidance on how to
meet performance standards. The notification application consists of the
name and identity of the responsible person (applicant) and a description
of the regulated article. The description must include the identity of the
transformed plant species, the method of gene transfer, and a full descrip-
tion of the inserted sequences, including the functions, encoded proteins,
and source donor organisms for each segment. In addition, the notifica-
tion application must include, for field releases, the geographic details,
size, and duration of field trials and, if appropriate, information about
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intended transport. Finally, the applicant must sign a statement affirming
that the article meets the eligibility requirements and that any actions
taken will meet the mandated performance standards listed above.

Any applicants whose notification application is denied may apply,
without prejudice, for a permit for the same regulated article.

Permits for Introduction of a Regulated Article (CFR 340.4)

Permits are required for the movement, importation, and field testing
of transgenic plants that do not qualify for notification (such as pharma-
ceutical-producing plants) and for plants denied notification. Under the
permitting process described in CFR 340.4, APHIS presumes that the regu-
lated article is a potential plant pest and requires anyone who wants to
introduce it into the environment to obtain a permit. The permitting pro-
cess allows APHIS to evaluate the potential plant pest risk and prescribe
prevention measures to reduce it (e.g., through confinement procedures,
or limiting the spatial, temporal, and numerical scales of the release). At
least one regulated article is now grown to produce a commercial product
under permit.

It is anticipated that commercial production of pharmaceutical prod-
ucts will occur under the permitting process. The process provides APHIS
with the authority to request further information from applicants, but it
does not give the agency the authority to require the requested informa-
tion. Although applicants are not legally required to provide additional
requested information, so far all have complied, presumably to maintain
their desired cooperative relationship with APHIS.

The application for a permit for release into the environment is more
detailed than the notification application. The primary emphasis for field
release under permit is information regarding confinement. That is, the
confinement imposed should effectively eliminate the potential for sig-
nificant environmental impact. An application for a permit must provide
data so that a decision can be made to ensure that (a) the transgenic plant
is adequately characterized; (b) no transgenic plant material will persist
in the environment; (c) that unintentional or unanticipated effects, if any,
can be restricted to the receiving facility or the confined field site; and (d)
in the case of field testing, plants must be managed in such a way that
there are no environmental risks after the confined field release is termi-
nated. APHIS must receive field trial results within six months of trial
completion. The applicant must allow APHIS and state inspectors access
to the trial and must notify the agency of any unusual occurrences.

APHIS provides detailed guidance for permit applications in its user’s
guide including sample applications. In the permit application the appli-
cant lists the regulated article; the donor organism; vector or vector agent;
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date of importation, movement, or release; and port of importation or site
of release. Additionally, detailed information is required, as appropriate,
on the:

• anticipated or actual expression of the altered genetic material in
the regulated article and how it differs from the nonmodified parent or-
ganism;

• molecular biology of the system;
• locality where the donor, recipient, and vector were collected and

produced;
• experimental design at the release site;
• facilities at the destination;
• measures to ensure confinement; and
• final disposition of the regulated article.

The permit application should be submitted to APHIS at least 120
days prior to intended release into the environment. APHIS conducts an
initial review of the dossier (within 30 days) to determine if all necessary
information is supplied. If not, the 120-day “clock” stops until the appli-
cant provides the missing information. The permitting process allows
APHIS to request monitoring and reporting of the results of small-scale
releases.

Petition for Determination of Nonregulated Status (CFR 340.6)

APHIS has a procedure whereby an applicant can request that the
agency determine that a particular transgenic plant is not a regulated
article—that is, that it does not fall under the definition of a plant pest
(BOX 3.1). This procedure is the sole route for commercialization of trans-
genic plants (e.g., sale of transgenic soybean seed) and the primary but
not sole route to commercialization of transgenic plant products (e.g.,
when the plants are never sold but a product such as an industrial protein
extracted from the plant is sold).

Once APHIS decides that a transgenic plant is not a regulated article,
it cannot exercise any additional oversight on the plant or its descendants.
Those descendants include all plants of the same species that receive the
transgene through sexual reproduction. Therefore, separate deregulated
lines can be mated with one another via conventional crossbreeding to
bring together different transgenes in the same plant, and such plants are
not subject to regulatory evaluation (see discussion of methods to create
multitransgenic plants in Chapter 4).

Descendants may also include distantly related members of the same
crop species. For example, after deregulation, a breeder could use cross-
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ing to move a transgene not only from one flax variety to another flax
variety, or from one cabbage to another, but also from flax to linseed and
from cabbage to broccoli. Although it is difficult to move genes among
more distant relatives through crossing, it is not impossible. For example,
crosses among different species have been used to create modern culti-
vars of sugarcane and raspberry (Smartt and Simmonds 1995; see also
Chapter 1). Finally, intended or unintended crosses may result in descen-
dants that are wild species, when those species receive the transgenes
from introgression from the crop. Also, APHIS cannot require monitoring
of any deregulated article.

Finding 3.1: Currently, APHIS deregulation is absolute, completely
removing the article from the agency’s regulatory authority.

Finding 3.2: Presently, APHIS deregulation includes all progeny
and descendants of a deregulated item.

Decisions to deregulate articles are evaluated on a case-by-case basis;
the procedural requirements are specified in the Federal Register (APHIS
1993). APHIS has made decisions to deregulate dozens of genetically
modified crops. The current list of deregulated crops (and notification
and permit applications) can be obtained at a website maintained by In-
formation Systems for Biotechnology (www.nbiap.vt.edu/).

Anyone can petition, with supporting evidence, that a specified trans-
genic plant be determined a nonregulated article. Essentially, the appli-
cant must show that the regulated article is free from any risk under 7
CFR 340. Petitions for determination of nonregulated status are compre-
hensive data packages to APHIS for scientific review. Assessment of peti-
tions by APHIS scientists relies on data supplied primarily or exclusively
by the applicant, but APHIS may seek additional information (the case
study on squash in Chapter 4 is an example). The accumulated informa-
tion is used to determine whether the regulated article displays no plant
pathogenic characteristics; is not more likely to become a weed than its
nontransformed parent; is unlikely to increase the weediness of culti-
vated, feral, or wild-related plants; does not damage processed agricul-
tural commodities; and is unlikely to cause unintended significant harm
in other organisms. Because reviews are conducted on a case-by-case ba-
sis, the information needed may vary with plant species, the specific type
of modification(s), and end use of the transgenic plant. The following is a
summary of the required data and information in the Federal Register
(APHIS 1987).

1. a description of the biology and taxonomic identification of the
nonmodified recipient plant;
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2. relevant experimental data and publications;
3. a detailed description of the genotypic differences between the

regulated article and the nonmodified recipient organism;
4. a detailed description of the regulated article’s phenotype, espe-

cially regarding known and potential differences from the nonmodified
recipient organism that would indicate whether or not the regulated ar-
ticle poses a greater plant pest risk; and

5. field test reports for trials involving the regulated article conducted
under permit or notification.

To provide guidance for petitions, the APHIS user’s guide has a
sample application for determination of nonregulatory status represent-
ing a suggested format for submission. APHIS has inserted in the left-
hand margin of the sample application comments and issues that may
need to be addressed by the applicant. The guidance detailed under each
heading is directly quoted below from the user’s guide:

I. Rationale for Development of the Product

II. Relevant Biology of the Plant

Description of the biology of the nonmodified recipient organism
should include taxonomy, genetics, pollination, evidence of reported
weediness (e.g., noting whether the crop or sexually compatible species is
listed in the relevant publications of the Weed Society of America), dis-
cussion of sexual compatibility with wild and weedy free-living relatives
in natural crosses or crosses with human intervention. The applicant
should provide source of recipient (cultivar name or accession number)
and the weed status of its sexually compatible relatives.

The applicant should explicitly identify the lines that are to be consid-
ered in the petition and the cultivars from which they are derived. If there
are multiple lines, each line must be given a unique identifier that must be
listed in the application.

For virus-resistant plants, applicants should provide in an additional
section the following information on the nature of the virus that provided
the sequences encoding the resistance phenotype:

i) the taxonomic name of the virus including family, genus, and
strain designation including any synonyms;

ii) the type of nucleic acid contained in the virus;
iii) whether the infection is systemic or tissue specific;
iv) whether the virus is associated with any satellite or helper vi-

ruses;
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v) the natural host range of the virus;
vi) how the virus is transmitted;
vii) if transmitted by a vector, the identity of the vector including

mode of transmission (e.g., persistent or non-persistent);
viii) whether any synergistic or transcapsidation interactions with

other viruses under field situations have been reported in the literature;
and

ix) the location and the name of the host plant the virus was origi-
nally isolated from.

The above information can be provided in a table format. This infor-
mation can be supplemented by listing references that report the host
range, insect vectors, etc., for the virus.

III. Description of the Transformation System

For Agrobacterium-based transformation protocol, the applicant must
indicate how Ti plasmid-based vector was disarmed (i.e., all tumorigenic
DNA was removed). Applicants can provide citations that describe the
transformation procedure. However, any significant modifications of
transformation, strain designation, etc., should be described.

For other methods of transformation, the applicant can describe the
sources of various components of the plasmid (or other DNA including
possible carrier DNA) and method of transformation by citation. How-
ever, any significant modifications of transformation, strain designation,
etc., should be described.

The applicant must provide a detailed restriction map of the plasmid
that is sufficient to be used in the analysis of Southern data. Description of
added restriction sites is helpful in the interpretation of Southern data
and should be provided.

Indicate the functions of the gene(s), promoters, leader sequences,
enhancers, introns, and any other sequences that are used for gene ex-
pression in the plant and a reference describing from where the sequences
were obtained. Discussion should include whether the inserted sequences
are responsible for disease or injury to plants or other organisms. The
nucleotide sequence(s) of the plant-expressed gene(s) should be provided
by citation and not submitted in the application. If there has been a sig-
nificant modification to sequences and the modified sequence has not
been published, they should provide the complete sequence highlighting
the modifications. If there have been minor modifications to the sequence
of the plant-expressed gene, they should be provided. For example, if in a
chemically synthesized Bt gene amino acid 23 was changed from me-
thionine to alanine, it should be stated without providing the complete
sequence.
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IV. Donor Genes and Regulatory Sequences

V. Genetic Analysis and Agronomic Performance

In general, it always is prudent to analyze data statistically when such
analysis is possible. When unpublished information or an opinion has
been supplied by a scientific expert, a letter communicating the informa-
tion should be included in the petition. If the unpublished information
provided is data resulting from scientific research then these data can be
provided as a personal communication either in a letter from the re-
searcher or in the text of the petition. In either case the materials and
methods, data analysis, and discussion of the data analysis should be
provided in detail. Unsupported assertions about the results of the ex-
periment are not acceptable.

Applicants must report any differences noted between transgenic and
nontransgenic plants that are not directly attributed to the expected phe-
notype. Differences observed could include changes in leaf morphology,
pollen viability, seed germination rates, changes in overwintering capa-
bilities, insect susceptibilities, disease resistance, yield, agronomic perfor-
mance, etc. Applicants must also note the types of characteristics that
were compared between transgenic and nontransgenic plants and found
to be unchanged.

The applicant should describe whether data submitted are from in-
bred or hybrid plants; if hybrid plants, state which generation.

The applicant should state whether data with respect to plant perfor-
mance were generated in a greenhouse or field environment, and if from
the field, indicate how many sites, states and number of years the data
represents.

Seed germination, seed dormancy, seed production, growth rate, and
other data relating to the plant’s performance will be required when the
nature of the gene and the biology of the plant (including sexually-com-
patible relatives) warrant such data. This type of data will usually not be
required for plants that have some of the following attributes: highly
domesticated (e.g., corn), exclusively self-pollinating (e.g., soybean), male
sterile, and have high seed germination rates (>90%), and whose pheno-
types are unlikely to affect performance with respect to weediness or
fitness (e.g., delayed ripening or oil seed modification). Phenotypes that
might require performance data (depending on the plant) include but are
not limited to the following: cold tolerance, salt tolerance and tolerance or
resistance to other biotic or abiotic stresses.

Southern analysis should include DNA isolated from nonmodified
recipient, all or selected transformed lines, and the vector. Parental plas-
mid DNA (e.g., PUC 18) not containing intended donor genes may be
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labeled and hybridized to Southern blots to demonstrate that only the
intended sequences have been incorporated in the genome of the trans-
genic plant. Restriction enzymes to be used might include enzymes that
do not cut within the transforming plasmid but will cut the “entire insert”
into one fragment from the DNA of the transgenic plant.

In the case of an Agrobacterium-based transformation system, the
applicant should determine if genes that reside outside the LB/RB are
inserted in the genome of the regulated cultivar. If a complete copy of any
of these genes is present, the applicant should determine whether it is
expressed in the plant. For direct transformation systems, applicants
should determine which sequences are inserted in transgenic plants and
whether they are expressed. PCR analysis may be used to prove that only
the targeted DNA has been incorporated. Sequencing of the transgene in
plant and adjacent sequences is not required. Determination of the num-
ber of copies of integrated transgenes is not required, but the number of
insertions may be used to support analysis of inheritance data.

If the inserted DNA sequence order is complex, as is often the case for
plants engineered via direct transformation systems (e.g., electroporation,
polyethylene glycol transformation of protoplasts, or particle bombard-
ment techniques), the applicants should summarize the data by provid-
ing the following information for all the genes (whether under the direc-
tion of plant or bacterial promoters). Is there a complete copy of the gene
present in the regulated article? Is the protein expressed in the plant? If
multiple complete copies of a gene are present, applicants do not have to
determine if each copy of the gene is expressed. Applicants should pro-
vide a table, like the one shown below [the user’s guide provides a table
with hypothetical data], that summarizes the results and indicates where
specific data is to be found.

Mendelian inheritance data and Chi square analysis for at least 2
generations are appropriate to demonstrate whether the transgene is sta-
bly inserted and inherited in Mendelian fashion. Such data are generally
not necessary for infertile vegetatively propagated crops such as male-
sterile potatoes.

RNA—Northern analysis is generally not required except for virus-
resistant plants. However, such analysis may be necessary for ribozyme,
truncated sense, or antisense constructs, when protein levels cannot be
provided.

PROTEINS—Expression levels of gene(s) of interest and marker genes
in various tissues, developmental stages of plant, and experimental con-
ditions (induced or noninduced) are required. Assays can be of enzyme
activity. Serology, ELISA, and Western blots may also be used. Describing
the source of the immunogen is critical for serological analysis.

For virus resistant plants, the amount of viral transgene RNA pro-
duced should be determined and compared to the amount of the RNA
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produced by the viral gene in an infected nontransgenic plant. Applicants
should address whether the transgene RNA (or protein) is present in the
same tissues as are infected during natural infections. From transgenic
plants singly infected with each of the widely prevalent viruses in the U.S.
that normally infect the recipient plant (contact APHIS for the list of these
viruses) determine the amount of both coat proteins (i.e., from both the
transgene and the naturally infecting virus). For comparison, provide the
amount of both coat proteins produced in the nonengineered plant in
mixed infections of the virus from which the coat protein gene was de-
rived and the same widely prevalent viruses used in the single infection
study. Provide description of symptoms of infected plants in all cases.

For all diseases and pathogens surveyed, names of the diseases and
the scientific names of the pathogens should be provided. Data from field
tests in foreign countries are acceptable. If the data on diseases and pests
were obtained in the foreign country, the applicant should submit infor-
mation about the distribution of those pests, disease or pathogens in the
U.S. Disease and pathogen susceptibility on wild type and transgenic
plants should be determined preferably from natural infestations. How-
ever, if the applicant must use direct inoculations, i.e., with virus resistant
transgenic plants, the source and taxonomic classification of the virus
should be provided.

Certain plants have minute quantities of known toxicants which may
adversely impact nontarget organisms and beneficial insects; e.g., toma-
tine in tomatoes, cucurbitin in cucurbits (APHIS identified cucurbitin as a
known toxicant while they probably meant curcurbitacin. Cucurbitin is
an amino acid that to the subcommittee’s knowledge is not highly likely
to affect nontarget species, whereas cucurbitacins are highly toxic “bitter
principles” long known to have effects against both herbivores and preda-
tors (which may attack cucurbitacin-sequestering herbivores), gossypol
in cotton, etc. If such plants are recipients of transgenes, the applicant
should provide information as to whether the level of toxicants is altered.
If the plant produces no known toxicant, the applicant should state so and
provide the reference to support the claim. Plant toxins can be assessed by
the tests and criteria that plant breeders traditionally use in the crop. In
some instances, this may be done qualitatively, e.g., taste testing of cucur-
bits.

VI. Environmental Consequences of Introduction of the Transformed
Cultivar

VII. Adverse Consequences of Introduction

Assuming that the levels of known toxicants in the regulated article
reported in Section V are in acceptable range; that there were no notable
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differences reported in Section V between transgenic and nontransgenic
plant; and that the gene(s) engineered into the recipient plant have no
known reported toxic properties; then, toxicological data on effects of the
plant on nontarget organisms and threatened and endangered species
will usually not be required.

A separate petition should be submitted for each category/pheno-
type combination. For example, a petition for coleopteran insect resistant
potatoes or PVY resistant potatoes should be submitted separately. How-
ever, when a single plant contains more than one phenotype modifica-
tion, submit only one petition. For example, one petition should be sub-
mitted for potatoes that are both PVY and PVX resistant.

Upon receiving a petition for nonregulated status, APHIS assigns a
petition number and publishes a notice in the Federal Register to solicit
comments from the public. Comments submitted within the 60-day com-
ment period become part of the file. Within a 180-day period, the admin-
istrator responds in writing to the petitioner, either approving (in whole
or in part) the petition or denying it. If the administrator denies a petition,
the reasons are provided in writing to the applicant. The unsuccessful
applicant may appeal the decision within 10 days of receipt of the written
notification of denial.

Requests for Extension of Determination of Nonregulated Status to
Additional Regulated Articles

APHIS may extend a determination of nonregulated status to addi-
tional regulated articles if it finds that such articles do not pose a potential
for plant pest risk. Extension requests are handled somewhat like peti-
tions. Under the extension provisions, the administrator may determine
that a regulated article is substantially similar to another nonregulated
article and does not pose a plant pest risk. Any person may request con-
sideration under this argument to other regulated articles, based on sub-
mitted evidence of similarity to equivalent nonregulated articles.

The finding is based on an evaluation of the similarity of the addi-
tional regulated articles to an organism that has already been the subject
of a determination of nonregulated status by APHIS and is used as a
reference (antecedent) for comparison to the regulated article under con-
sideration.

In its user’s guide, APHIS provides examples that illustrate molecular
manipulations that create organisms the agency believes are unlikely to
pose new risks beyond those that would have already been considered in
the initial determination of nonregulated status:

• “Modifications in which the amino acid sequence of any encoded
proteins is unchanged with respect to the corresponding sequence in
the antecedent organism (i.e., synonymous codon changes).”
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• “Production of new transformants of the same cultivar as the ante-
cedent organism, or new cultivars of the same plant species or vari-
ety that do not differ significantly from the antecedent cultivar in
reproductive fitness, obtained via transformation using the same
transforming nucleic acid as was used in producing the antecedent
organism.”

• “Production of new transformants of the same cultivar as the ante-
cedent organism, using a transformation vector that differs from that
used to produce the antecedent organism only: in noncoding regula-
tory sequences used to control expression of any of the introduced
genes; or in other vector DNA sequences that were not incorporated
into the recipient plant cells, unless the new regulatory sequences
cause the expression of any introduced genes in plant tissues in which
the introduced genes were not expressed in the antecedent organ-
ism.”

• “Production of new transformants of the same cultivar as the antec-
dent organism, in which the genetic material transferred into the re-
cipient plant to produce the antecedent organism is identical to that
in the regulated article in question, but in which said material was
introduced into the recipient plant using a different transformation
vector or technique.”

• “Modifications in which the antecedent organism and the regulated
article in question contain different donor genes, but the donor gene
used in producing the antecedent organism and the donor gene used
in producing the regulated article in question encode enzymes cata-
lyzing the same biochemical reaction (i.e., molecules that have the
same substrates and products) or encode other proteins performing
the same molecular function (i.e., molecules that bind to the same
target molecule in vitro and either inhibit its function via the same
mechanism, or cause the same biochemical change in the target mole-
cule).”

• “Modifications in which the antecedent organism and the regulated
article in question differ only in [the] marker genes they contain,
which were used in their identification or selection, provided that the
new marker genes in the organism in question do not raise any new
risk issues, i.e., do not encode substances toxic to plants; do not en-
code substances with pesticidal properties; do not confer resistance
to any antibiotic of significant importance for veterinary or human
use; and do not confer resistance to any different herbicide than was
conferred by the marker genes in the antecedent organism.”

To provide guidance for extension requests, the APHIS user’s guide pro-
vides a sample request, which suggests that certain information be pro-
vided by the applicant. Essentially, the request is a streamlined petition
that focuses on differences between the regulated article and the anteced-
ent organism. In particular, APHIS focuses first on a “precise description
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of the genetic modifications in the regulated articles under consideration
and detailed comparison of the modifications in those regulated articles
with those in the antecedent organism.” For organisms not covered in the
APHIS examples above, the applicant may address why the particular
organisms in question do not raise any issues different from those consid-
ered in the determination for the antecedent organism, thereby meriting
separate consideration under a new petition.

Also, the requesters should provide information on the phenotypic
expression of the genetic modifications in the regulated articles, indicat-
ing any expected or unexpected differences in phenotype between the
regulated articles and their antecedent organism. Data from at least one
field trial should be included, and all data reports from completed field
trials with a regulated article should be submitted with the extension
request.

CONCLUSION

APHIS regulation of transgenic organisms has evolved over the past
two decades. To meet the growing number of field tests an expeditious
notification system has evolved, assuring rapid turnover of field test ap-
plications. The permitting process, originally used for all field tests, is
now used to deal with field testing situations that require substantial
scrutiny (such as products intended for pharmaceutical use). Both the
notification and permit processes require that transgenic organisms be
grown and handled in such a way as to prevent their escape into the
ambient environment. Petitions of the determination of nonregulated sta-
tus (and a similar extension system) represent what has been the primary
pathway to commercial plantation of transgenic plants. However, com-
mercial products have also been created from regulated transgenic organ-
isms that have been grown under notification and permit. It is not clear
which of these regulatory pathways will become the option of choice for
future field-based commercial plantations of transgenic plants.
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4

Case Studies of APHIS Assessments

Chapter 3 provided an overview of the regulations and general pro-
cedures used by the Animal and Plant Health Inspection Service (APHIS)
to review the large number of transgenic plants coming through the re-
search and development pipeline each year. This chapter examines in
detail the specific procedures and judgments made by APHIS in its as-
sessment of a set of cases that have moved through the notification, per-
mitting, and deregulation pathways. The specific set of cases examined
was chosen in order to cover a broad array of products, procedures, and
potential risks. For each case the types of risks considered by APHIS are
noted, and the information and processes used by APHIS in making judg-
ments about these risks are assessed. Risks not considered by APHIS also
are pointed out. For all of the case studies, the degree of public and exter-
nal scientist involvement in the decision-making process also is assessed.

First presented is a case study for a transgenic plant that was field
tested through the notification process and one that went through the
permitting process. Then four types of transgenic plants that have been
deregulated by APHIS are examined. Chapter 5 develops a more general
assessment of APHIS oversight and makes recommendations for specific
changes.

NOTIFICATION PROCESS CASE STUDY

Notification for Salt- and Drought-Tolerant Bermudagrass

Bermudagrass (Cynodon dactylon and a few related species) is an im-
portant grass of lawns and pastures in the United States and elsewhere
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(Simpson and Ogorzaly 1995, Taliaferro 1995). Consequently, strategies
have been sought to improve the performance of this plant under a vari-
ety of environmental stresses (Cisar et al. 2000).

Cynodon dactylon is also considered one of the world’s worst weeds
(Holm et al. 1977), especially in the tropics and subtropics but also in
warmer parts of temperate zones. It is an especially important weed of
sugarcane, cotton, and corn. It is a troublesome weed in some parts of the
United States; for example, in the West it has been described as “posing a
serious threat to crop production and turf management” (Ball et al. 2000).
The species is wind pollinated and reproduces by seed but more fre-
quently by vegetative spread of plant parts (stolons and rhizomes).

Since 1999 APHIS has received and acknowledged the eligibility of
five notifications from Rutgers University for New Jersey field tests of
salt- and drought-tolerant bermudagrass. One of the notifications (99-
308-10n) is discussed here.

The notification application names the transformed organism as a
bermudagrass hybrid, Cynodon dactylon × C. transvaalensis. The applica-
tion also describes the mode of transformation (in this case, particle bom-
bardment). The added genes also are detailed. The gene inserted to confer
possible drought and salt tolerance was betaine aldehyde dehydrogenase
from Atriplex hortensis, a plant species that shows considerable drought
and salt tolerance. The promoter for that gene was maize ubiquitin. The
terminator was nopaline synthase polyadenylation sequence from Agro-
bacterium tumefaciens. The plants also are transgenic for a selectable
marker, hygromycin B phosphotransferase from the bacterium Streptomy-
ces hygroscopicus with a rice actin promoter and a 35s polyadenylation
sequence from cauliflower mosaic virus (CaMV) for a terminator. The
specific planned introduction was a field test at Rutgers University Horti-
culture Farm II. The applicant certified that the regulated article “will be
introduced in accordance with the eligibility criteria and performance
standards set forth in 7 CFR 340.3.”

Because the primary concern for the notification process is contain-
ment, adherence to performance standards is important. And because the
transformed organism is closely related to an important weed and con-
tains transgenes that might confer an advantage to that weed, that con-
tainment is not just an academic exercise. Indeed, the applicant took con-
tainment very seriously when reporting his containment procedures to
APHIS in a letter dated March 26, 2001. The transformed organism is the
variety “TifEagle” (Hanna and Elsner 1999), used primarily as a turfgrass
for putting greens in golf courses. The variety is a triploid bermudagrass
that is both male and female sterile. Thus, dispersal by pollen and seed
does not occur. The field test involved a comparison of the performance
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of the transgenic grass to nontransgenic strains in an area considerably
less than an acre. Twice weekly mowing maintained the grass at a height
of 5/32 inches. The borders of the field test were maintained by applica-
tion of an herbicide treatment every two weeks. The applicant also states
that TifEagle cannot withstand central New Jersey’s cold winters but that
the plots would be monitored to see if the transgenic plants had devel-
oped winterhardiness. The applicant does not describe other methods for
preventing accidental spread by fragments of the grass that may attach to
equipment or shoes. But the ultradwarf, dense-growing nature of this
particular variety probably makes such fragmentation extremely un-
likely—especially compared to the easily broken, rambling runners of the
wild type.

Environmental Risks Considered by APHIS

APHIS does not conduct environmental assessments on notifications,
which are assumed to be safe based on meeting the notification criteria
and based on using plant-specific performance standards that minimize
any chance of plant or gene escape beyond the confines of the field plot.

Involvement of Potential Participant Groups

There is no public or external scientific involvement for this or any
other plant that goes through the notification process.

THE PERMITTING PROCESS

Permitting of Maize-Expressing Proteins with
Pharmaceutical Applications

Background

This case is a permit application (00-073-01r, dated March 8, 2000) in
which the applicant (ProdiGene) requested permission to grow maize
transformed with one or more transgene-expressing proteins with phar-
maceutical properties (with the date of intended release 60 days later).
The specific phenotype is listed as “antibody production in seed.” A de-
scription of the transgenic plant was not available because it is confiden-
tial business information (CBI). The purpose of the permit was to grow
the transformed maize for seed increase and genetic improvement. The
test plots, totaling no more than 2 acres, were to be grown in Nebraska.
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Environmental Risks Considered by APHIS

Although APHIS decided that this application did not require an
environmental assessment, the permit application itself provides infor-
mation that addresses a number of environmental issues (see Chapter 3).
The following information was gleaned from the permit application and
from APHIS’s letter giving notice of its review to the state of Nebraska.

Environmental Impact Related to Donor. Maize was transformed with
four genes, one or more of which encode a protein or proteins (one or
more antibodies) with pharmaceutical properties. The identities of the
genes, their enhancers, their products, and their sources were marked CBI
and therefore are not available to the public. The plants were also trans-
formed with the selectable marker, the gene coding for maize-optimized
phosphinothricin acetyl transferase (moPAT) derived from the bacterium
Streptomyces viridochromogenes, a nonpathogenic soil bacterium. The se-
lectable marker results in tolerance to the herbicide glufosinate. That pro-
motor and terminator for that gene were from CaMV. APHIS concluded
that none of these genes contained any inherent plant pest characteristics.
APHIS also concluded that the promoter and terminator from CaMV can-
not cause plant disease by themselves or in conjunction with any of the
genes introduced into the maize plants.

Environmental Impact Related to the Vector and Vector Agent. Transfor-
mation was facilitated with Agrobacterium tumefaciens. This is a well-char-
acterized transformation system resulting in stably integrated and inher-
ited transgenes. APHIS found no inherent environmental impact.

Quarantine of Organism and Final Disposition. The focus of the permit-
ting process is to ensure that the transgene escape does not occur by the
dispersal of seed, pollen, or plants and that transgenic plants do not per-
sist after the experiment ends. The applicants stated that an isolation
distance of 1,320 feet would be used to minimize transgene flow by pollen
(this is double the 660-foot isolation distance recommended in the APHIS
1997 user’s guide). The applicants stated that all seed would be harvested
and that the plants would be plowed into the soil. The field would then be
monitored for volunteers, which would be destroyed by hand or with an
appropriate herbicide. APHIS concluded that these measures were ad-
equate to confine the transgene and the transgenic organism. Supplemen-
tal permit conditions included monitoring by the appropriate officials,
the reporting of field data to APHIS within six months of the termination
of the field test, monitoring the field for one year after the test for volun-
teers, and notification of any changes in protocols.
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An issue taken at face value is the isolation distance requirement for
corn, a highly outcrossing, wind-pollinated species. Although corn has no
weedy or wild relatives in North America with which it can freely cross,
isolation between the transgenic corn and other corn crops remains an
issue. Isolation distances are set to prevent some minimum level of con-
tamination but were not set up to provide for zero levels of contamina-
tion. And zero levels are what would be needed to absolutely prevent
escape of the transgene into the environment. For example, the APHIS-
recommended isolation distance of 660 feet for corn is presumably de-
rived from that required by the U.S. Department of Agriculture (USDA
1994a) for producing foundation seed (used for seed increase); the maxi-
mum proportion of contamination is 0.1%. There is no reason to assume
that absolute isolation should be attained at twice that distance. It is likely
there would be some very low level of contamination of any corn grown
at or near the 1,320-foot isolation distance from the test plots. If adjacent
corn were grown for a purpose such that its seeds were not replanted,
there would be no permanent escape into the environment. However, as
outlined in Chapter 2, some consider that the risk of these genes entering
the food supply should be considered an environmental risk.

If contaminated corn were grown such that its seeds were to be re-
planted, it is possible that the transgenes (for antibody production and
glufosinate tolerance) could end up in the genetic stocks. One possible
example is adjacent plots of other experimental corn varieties grown for
seed increase prior to commercial use. Another example could be nearby
plantations of open-pollinated corn grown by a farmer who keeps the
seed from year to year. Either of these scenarios could result in perpetua-
tion of the transgenes indefinitely unless they were lost from the breeding
stock by random drift. Whether the transgenes for antibody production in
seed have an impact in a different corn crop depends on a variety of
factors, including the specific pharmaceutical compound created through
expression of the transgene; the levels at which that compound is created
and stored in tissues that might be consumed by humans, farm animals,
or non-target organisms; and the level at which contamination has oc-
curred, and the threshold effects of that compound if used for animal or
human food. In this case, because identity of the pharmaceutical com-
pound is not given in the application because it is CBI, it is not possible to
judge that impact.

Whether the transgene for glufosinate production has an impact in
corn-breeding stocks contaminated by pollen would depend on whether
the contaminated stocks would find themselves under selection by that
herbicide. The environmental impact of glufosinate tolerance in corn is
discussed at length in the Bt corn case study below.
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Involvement of Potential Participant Groups in Decision Making

Because APHIS did not see a need for conducting an environmental
assessment before approving this introduction, there was no opportunity
for public or external scientific involvement in this permit decision.

PETITIONS FOR DEREGULATED STATUS:
FOUR CASE STUDIES INVOLVING SIX PETITIONS

Two Virus-Resistant Squash Petitions

Background

Virus-based diseases can sometimes pose important problems for crop
production (Hadidi et al. 1998). Virus resistance may be transferred into a
crop via conventional breeding methods but only if that resistance al-
ready exists in the crop or in a sexually compatible relative. Transgenic
virus resistance provides an opportunity for disease resistance in crops
whose close relatives are not resistant to the virus in question. Transgenic
virus resistance can be obtained by introduction of part of the disease
viral genome into the susceptible plant genome; in particular, expression
of the viral coat protein (CP) often confers resistance (Powell-Abel et al.
1986, Grumet 1995).

Field trials of dozens of crop species with transgenic-based virus re-
sistance have been conducted (see “Field Test Releases in the U.S.,” Infor-
mation Systems for Biotechnology online database: www.nbiap.vt.edu). As
of April 2001, APHIS had approved six petitions for the deregulation of
transgenic crops with virus resistance (see “Current Status of Petitions,”
APHIS website: www.aphis.usda.gov/biotech/petday.html). The deregulated
crops transformed are papaya, potato, and squash. The case of deregula-
tion of Upjohn/Asgrow’s virus-resistant crookneck squash varieties (ap-
plication numbers 92-204-01p and 95-352-01p) exemplifies how APHIS
evaluated a number of different issues associated with the biosafety of a
transgenic product.

Viral diseases are periodically an important problem for growers of
squashes and other cucurbit crops (Desbiez and Lecoq 1997). These dis-
eases include those caused by zucchini yellow mosaic virus (ZYMV), wa-
termelon mosaic virus 2 (WMV2), and cucumber mosaic virus (CMV).
Aphids act as the vectors of all three viruses.

Interestingly, squash varieties with genetically based virus resistance
to WMV2 and ZYMV were developed almost simultaneously by both
transgenic and conventional methods. In the same year, 1994, Harris
Moran released a conventionally bred virus-resistant zucchini (Tigress)
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and Asgrow’s transgenic virus-resistant yellow crookneck squash (ZW-
20)—whose resistance was based on expression of viral CP genes—was
deregulated (USDA 1994b, Schultheis and Walters 1998). Subsequently,
Asgrow’s second transgenic yellow crookneck squash (CZW-3)—contain-
ing viral CP genes to confer resistance to WMV2, ZYMV, and CMV—was
deregulated in 1996 (USDA 1996). Conventionally created CMV-resistant
marrow squash is commercially available from Thompson and Morgan
(USDA 1996). As of January 2001, APHIS had received 66 notifications
and permit applications for squash varieties with transgenic resistance for
as many as five viruses (see “Field Test Releases in the U.S.,” Information
Systems for Biotechnology online database: www.nbiap.vt.edu).

APHIS’s action on the Upjohn/Asgrow petition for ZW-20 squash
received considerable comment from the public, both pro and con. By the
time APHIS made its final decision, the agency had published three Fed-
eral Register announcements and conducted a number of public meetings.
Feedback on the petition is detailed below under “Involvement of Poten-
tial Participant Groups.” APHIS provided a detailed response to com-
menters who disagreed with its ruling in Response to the Upjohn Company/
Asgrow Seed Company Petititon 92-204-01 for Determination of Nonregulated
Status for ZW-20 Squash (USDA 1994b).

The petition for CZW-3 did not generate controversy. APHIS received
only a few comments, all favorable to the petition, in response to a single
Federal Register announcement. Nonetheless, APHIS detailed its findings
by covering much of the same ground as that for ZW-20 in Response to the
Asgrow Seed Company Petition 95-352-01 for Determination of Nonregulated
Status for CZW-3 Squash (USDA 1996).

Both APHIS response documents on the transgenic virus-resistant
squashes considered a number of potential risks in some detail. Below is a
highly abstracted overview of APHIS’s arguments for finding “no signifi-
cant impact.”

Environmental Risks Considered by APHIS

Disease in the Transgenic Crop and its Progeny Directly Resulting from
the Transgenes, Their Products, or Added Regulatory Sequences. Some of
the DNA sequences used in transforming these squashes were derived
from Agrobacterium tumefaciens (the agent of crown gall disease), but the
disease-causing genes were removed. Likewise, the viral CP transgenes
and additional viral regulatory sequences to control their expression were
all derived from disease-causing organisms, but they and their products
do not cause disease. CZW-3 also has a selectable marker for kanamycin
resistance; APHIS did not consider whether that transgene and its prod-

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


128 ENVIRONMENTAL EFFECTS OF TRANSGENIC PLANTS

ucts will cause disease CZW-3, presumably because the source of this
gene is not a pathogenic organism. Thus, APHIS concluded that the trans-
genes, their products, or added regulatory sequences do not result in
plant pathogenic properties (USDA 1994b, 1996).

Evolution of New Plant Viruses. For both ZW-20 and CZW-3, APHIS
addressed the risks that other viruses would appear with altered host
specificities (via transcapsidation, when one virus bears the coat protein
of another; also known as “heteroencapsidation,” “genomic masking,” or
“masked viruses”) or evolve increased virulence (from recombination
with virus-derived transgenes; Matthews 1991).

With regard to the first issue, APHIS pointed out that mixed infec-
tions by plant viruses are not uncommon, that these viruses are common
viruses of squash, and that transcapsidation is already occurring in in-
fected plants. Given that the amount of coat protein in the transgenic
squashes is considerably less than that in naturally infected plants, the
chances of transcapsidation are lower in transgenic plants than infected
ones. Furthermore, APHIS pointed out that even if masked viruses (i.e.,
viral nucleic acids enrobed with a coat protein of a different virus pro-
duced by the transgenes of the plant) were produced, they would have
biological properties identical to those produced in naturally infected
plants (USDA 1994b, 1996).

With regard to evolution of virulence via recombination, APHIS con-
cluded that:

because the viral transgene is derived from virus that naturally infects
the squash host, is synthesized in the same tissues as in the naturally-
infected plants, is produced in less concentration than during natural
infections, and if a recombinant was formed would have to be competi-
tive with other squash-infecting viruses. APHIS believes that even if a
recombinant virus did occur that [sic] this virus could be managed just
like the numerous new viruses that are detected every year in the Unit-
ed States. (USDA 1996; cf. 1994b)

APHIS addressed two additional issues for its assessment of CZW-3:
the release of subliminally infecting viruses (those unable to move from
the initial site of infection) and synergy (the increased severity of symp-
toms from multiple infections; Matthews 1991). The agency addressed the
concern that infection from a different virus may release subliminally
infecting viruses. In the case of plants expressing CP genes, the worry is
that those genes might facilitate movement out of the transgenic plants.
But “since the CP transgenes in CZW-3 are all from viral strains that
routinely infect the curcubit family, it is not expected [that] subliminally
infecting viruses will present a problem any more serious than can occur
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in naturally infected squash plants” (USDA 1996). Synergy was not con-
sidered an environmental risk but rather an agronomic problem. “Asgrow
inoculated CZW-3 with several common squash-infecting viruses. No syn-
ergistic symptoms were seen in infected plants” (USDA 1996).

In both response documents, APHIS concluded that the transgenic
squashes should pose no greater risk of evolution of new viruses than
naturally infected plants. In the second document, that conclusion was
extended to cover the case of wild relatives that pick up the transgenic
traits through introgression.

Increased Weediness in the Transgenic Squash Relative to Convention-
ally Bred Squash. For both ZW-20 and CZW-3, APHIS addressed the risk
that the virus resistance genes would increase the weediness of yellow
crookneck squash. Yellow crookneck squash is not listed as a common or
troublesome weed anywhere in the United States; for example, it is not on
the Weed Science Society of America’s “Composite List of Weeds” (avail-
able online at http://ext.agn.uiuc.edu/wssa/). Squash volunteers occur adja-
cent to squash production fields and, if necessary, are controlled me-
chanically or with herbicides. They do not readily establish as feral or
free-living populations (USDA 1994b, 1996).

For ZW-20, Upjohn/Asgrow supplied APHIS with data comparing
the transgenic squashes with their nontransgenic counterparts, showing
“no major changes in seed germination, cucurbitin levels, seed set viabil-
ity, susceptibility or resistance to pathogens or insects (except ZYMV and
WMV2), and there are no differences in overwintering survivability”
(USDA 1994b). For CZW-3 the APHIS response document stated that
“Asgrow has reported that there are no major changes in CZW-3 perfor-
mance characteristics (except for resistance to CMV, ZYMV, and WMV2)”
(USDA 1996). Given that the transgenic squashes would be expected to be
grown in the same regions as squash is typically grown, APHIS con-
cluded that “there is no evidence to support the conclusion that introduc-
tion of virus resistance genes into squash could increase its weediness
potential. Many pathogen and insect resistance genes have been intro-
duced into commercial varieties of squash by conventional means in the
past without any reports of increased weediness” and noted that conven-
tionally improved cultivars having resistance genes to viruses had al-
ready been developed. In both response documents, APHIS concluded
that the virus resistance transgenes are unlikely to increase the weediness
of yellow crookneck squash (USDA 1994b, 1996).

Impact on Non-target Organisms Other Than Wild Relatives. APHIS
pointed out that both ZW-20 and CZW-3 transgenic squash plants have
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no direct pathogenic properties. The protein products of the transgenes
are already present in high concentration in naturally infected plants, and
the levels of cucurbitin—a naturally occurring plant defensive com-
pound—are likely to be unchanged. Therefore, APHIS concluded that
“there is no reason to believe deleterious effects on beneficial organisms
could result specifically from the cultivation of” the new transgenic
squashes. APHIS noted Upjohn/Asgrow taste tests for cucurbitin levels,
but otherwise its conclusions were based on the fact that the coat proteins
present in the transgenic squashes are already present in the environment
in virus-infected plants. In the second determination, APHIS briefly ex-
amined the issue of whether insecticide usage might be reduced by the
introduction of the CZW-3 but did not reach a conclusion.

Impacts on Free-Living Relatives of Squash Arising from Interbreeding.
Most of the APHIS discussion in the response documents, particularly the
1994 one focuses on whether wild relatives could benefit from virus-
resistance alleles, leading to the evolution of increased weediness. The
effort was, in part, in response to several negative comments received
after the three APHIS Federal Register announcements associated with ZW-
20. Many of the comments questioning the decision did so because it
marked an important APHIS precedent. As noted in Chapter 2, the sexual
transfer of beneficial alleles from a transgenic crop to a wild relative might
result in the evolution of a more difficult weed. This issue is perhaps the
most widely discussed risk associated with transgenic crops (e.g., Colwell
et al. 1985, Goodman and Newell 1985, Snow and Moran-Palma 1997,
Hails 2000).

This case study has all three elements that could create such a risk—
transgenes of a type that could confer a fitness boost in the wild, a sexu-
ally compatible wild relative, and the fact that the wild relative has been
classified as a weed. If the crop mates with the wild relatives introducing
virus resistance into wild populations and if the primary factor limiting
the aggressiveness of wild populations is disease caused by the same
viruses, introgression of the transgenes could result in increased weedi-
ness of the wild relatives. To obtain more information on the relevant
biology of the wild relative, APHIS commissioned a report on the risks
that might be posed by crop to wild gene flow by Hugh Wilson, an expert
on cucurbit taxonomy and ecology. Wilson (1993) concluded that free-
living Cucurbita pepo (FLCP) is a significant weed that might benefit from
protection from ZYMV and WMV2. Key information on squash and its
weedy North American relatives is summarized below with APHIS’s con-
clusions and the committee’s evaluation of those conclusions.
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Yellow crookneck squash belongs to the species Cucurbita pepo. As
discussed above, the squash itself is not a weed. However, squash freely
crosses with wild weedy plants known as Texas gourd (originally classi-
fied as C. texana but now considered a subspecies of C. pepo) and as FLCP.
An experiment by Kirkpatrick and Wilson (1988) demonstrated that
squash and FLCP naturally hybridize freely; the crop sired 5% of the seed
set by FLCP, growing 1,300m from cultivated squash. Hybrids between
the crop and FLCP are fully fertile (Whitaker and Bemis 1964). Clearly, if
the crop and FLCP grow in the same region, natural hybridization will
occur, and crop alleles will readily enter the natural populations. Indeed,
cultivated squash and FLCP co-occur in many regions of Texas, Louisi-
ana, Alabama, Mississippi, Missouri, and Arkansas (Wilson 1993). APHIS
concludes that natural hybridization will move the virus resistance genes
from the transgenic crop to the wild populations (USDA 1994b, 1996).

FLCP is an agricultural weed in cotton and soybean fields. At one
time it was one of the 10 most important weeds in Arkansas (McCormick
1977). APHIS contacted three weed experts for their opinions on the cur-
rent status of FLCP as a weed. The three experts noted that FLCP plants
appeared to be “less a problem” in 1994 than during the 1980s because of
new herbicides not available in the 1980s and suggested that new herbi-
cide-tolerant crops would “further expand the tools for effective control
of FLCP plants” (USDA 1994b). APHIS concluded that “FLCP plants are
not a serious weed in unmanaged or agricultural ecosystems [because]
“the registration of new herbicides now allows effective management of
these plants” (USDA 1994b). However, two of the three weed experts
reported that FLCP is less of a problem; it is not clear how serious a weed
they still consider it to be.

The key issue raised by the foregoing data is whether virus resistance
genes will provide enough of a benefit that FLCP becomes a more diffi-
cult weed. Wild and cultivated C. pepo are susceptible to the same viruses
(e.g., Provvidenti et al. 1978). To determine whether viruses limit the
population size and number of FLCP, Asgrow conducted a survey in
1993. Fourteen FLCP populations (two in Arkansas, four in Louisiana,
and eight in Mississippi—a severe drought precluded sampling in Texas)
in nine locations were visited once (when plants were at maturity); no
visual symptoms of viral infection were noted. Some of these sites were
within a mile of cultivated squash. But it was not reported whether the
nearby cultivated plants were infected with virus; that information would
have shown whether viruses were present that year. A single plant was
sampled from each population. Each plant was subjected to multiple
analyses to check for asymptomatic viral infection, and all were found to
be virus free. On the basis of these data and qualitative anecdotal reports
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from weed experts, APHIS concluded that “there is no scientific or anec-
dotal evidence to suggest that these viruses routinely infect FLCP plants”
(USDA 1996) and that because “FLCP plants are not under significant
environmental stress from viral infection, the selective pressure to main-
tain the virus resistance genes in natural populations of FLCP plants
should be minimal” (USDA 1994b).

These conclusions warrant some discussion. One issue is the adequacy
of the survey. The committee questions whether a single visit and the
small sample of plants are adequate to determine whether a disease is
among the important factors that limit population size, number, and niche.
The APHIS documents reveal that these viral diseases vary tremendously
in the crop from place to place and year to year. Should they be expected
to do any differently in closely related plants? Is a single-year survey
sufficient? Likewise, is a single visit per site sufficient? APHIS defends
the survey as “an appropriate, adequate, and proven means for determin-
ing whether a plant is a significant natural host for a particular virus.”
The committee questions the phrase “appropriate, adequate, and proven.”
Standard sampling procedures of plant epidemiology include sampling
several plants per site, repeated visits over time, and a statistically de-
rived basis for determining sample size (e.g., Campbell and Madden 1990).
The committee does not see those standards in the survey defended by
APHIS. In fact, the timing of the survey might have been important. The
committee notes that Provvidenti et al. (1978) found that virus-infected
wild plants die prematurely. If wild plants are especially vulnerable to
the disease at an early age, by the time the survey was conducted it is
possible that the viruses could have wiped out whole populations or that
the only plants remaining in populations were those that, for whatever
reason, escaped viral infection. The committee also notes that the drop in
FLCP frequency reported by the weed experts interviewed by APHIS (see
above) is coincident with the arrival and spread of ZYMV in the United
States reported by APHIS (USDA 1994b).

Another issue is that of alternative methods for identifying whether
virus resistance might provide a fitness boost for FLCP. Some comments
suggested experimental approaches for measuring whether virus resis-
tance would confer a fitness benefit to the wild plants. Two types of
experiments were proposed:

1. Inoculating greenhouse-grown plants with ZYMV and comparing
the response to infection of the following plants: FLCP, ZW-20, nontrans-
genic yellow crookneck squash, and F1 and F2 hybrids of FLCP with ZW-
20 and nontransgenic yellow crookneck squash. The rationale is that a
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change in the weediness potential should be apparent by comparison of
plant fitness.

2. Experiments to exclude the virus from an array of genotypes to
determine whether the virus impacts the fitness of FLCP. The rationale is
that if the virus is a significant natural enemy, excluding it should result
in a fitness boost in FLCP. The comments did not give details of the
experiment in the reports to APHIS.

APHIS rejected the “experimental approaches suggested by com-
menters to determine the impact of movement of virus resistance gene to
FLCP plants” as “flawed” (USDA 1994b). APHIS described the limita-
tions of the proposed experiments at length. The first approach was criti-
cized because the greenhouse is an artificial environment. “It is not un-
common for crop plants to be susceptible under controlled conditions to a
widely prevalent virus yet [be] rarely infected by that virus under natural
conditions.” APHIS concluded that the survey “will provide more reli-
able information than a greenhouse experimentation based one.” APHIS
interpreted the second proposed experiment as one that would involve
placing insect-proof cages over plants growing in natural conditions.
APHIS criticized that presumed approach as not feasible as well as artifi-
cial because cages would exclude all insect pests of FLCP and all insect-
borne viruses, not just the two in question.

It is notable that Asgrow itself conducted experiments similar to the
type APHIS rejected. Regrettably, the sample sizes in those experiments
were too small to draw any conclusions. APHIS also referred to another
Asgrow experiment which showed that “FLCP × ZW20 hybrids do not
appear to be strong competitors when growing in fields that have not
been tilled to remove competing wild plants based on survival and seed
set (data report 93-041-01)” (USDA 1994b). APHIS did not state to what
the hybrids were compared. The committee does not necessarily support
the proposed experimental methods but does question why APHIS is so
critical of those methods to measure potential weediness while accepting,
apparently without criticism, experimental data of the same general type
from Asgrow.

The third issue is whether transgenes will be maintained in natural
populations. The APHIS statement above that “the selective pressure to
maintain the virus resistance genes” and others in the documents belies
an assumption that crop alleles are maintained in natural populations
only when they are beneficial. Population genetics theory has demon-
strated that even very low levels of gene flow (two successful pollinations
per generation) are sufficient to maintain a neutral crop allele at substan-
tial frequencies in a natural population (Wright 1969). Given the hybrid-
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ization rate of 5% that Kirkpatrick and Wilson (1988) observed, the com-
mittee predicts that neutral and beneficial crop alleles would persist in
the FLCP populations. Indeed, at this rate of hybridization even some-
what deleterious alleles are expected to persist in wild populations (Slatkin
1987); that is, a 5% migration rate would maintain alleles that cause a 5%
fitness drop. The maintenance of crop alleles in natural populations does
not necessarily pose a risk; indeed, the flow of neutral, beneficial, and
deleterious squash alleles into natural FLCP populations must have oc-
curred in the past and may still be occurring. However, the APHIS ex-
pectation that only beneficial alleles will be maintained in natural pop-
ulations under gene flow from crops reflects inadequate expertise in
population genetics at the time the squash documents were prepared.

APHIS may well be correct that virus resistance would not result in
increased weediness of FLCP. But its defense of the Asgrow survey, the
“double-standard” for experimental data, and the flawed population ge-
netics arguments are scientifically inadequate to support that conclusion.

Finally, APHIS makes a “substantial equivalence” argument in com-
paring the product produced by a transgenic method to one produced by
conventional, sexual crosses. APHIS notes that because some nontrans-
genic virus-resistant squashes (see “Background” above) were available
at about the same time, it argues that the risks of gene flow of virus
resistance alleles from those conventional varieties should be equivalent
to the transgenic products in their potential impact on FLCP (USDA 1994b,
1996).

APHIS does not have a mandate to consider the environmental im-
pacts of transgenic plants outside the United States. Because of a negative
comment suggesting that ZW-20 would find its way into Mexico, the
APHIS response document associated with that regulated article states
that “many crucial scientific facts explained in this determination for the
United States also apply in Mexico” (USDA 1994b).

Environmental Risks Not Considered by APHIS

As noted in Chapter 2, crop to wild gene flow, transgenic or other-
wise, may present an extinction risk to wild crop relatives. Preexisting
nontransgenic squashes may already pose that risk to their wild relatives
in the United States and Latin America. APHIS did not directly consider
whether transgenic squash would have a negative impact on its wild
relatives in the United States or Latin America, either in terms of posing
an impact that might lead to their extinction (for example, Curcubita
okeechobeensis is a federally listed endangered species) or in terms of
changes in their genetic diversity. Relative to nontransgenic crops, a
transgenic crop could pose an greater extinction risk to a wild relative or,
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more likely, alter its genetic diversity if it permits the crop to be grown in
closer proximity to the wild plants, thereby increasing interpopulation
hybridization rates and detrimental gene flow.

Involvement of Potential Participant Groups

On September 4, 1992, APHIS announced its intent to issue an inter-
pretive ruling on the Upjohn/Asgrow petition that ZW-20 squash did not
present a plant pest risk and would no longer be considered a regulated
article in the Federal Register (57:40632). During the 45-day comment pe-
riod, APHIS received 17 comments regarding its proposed ruling; seven
were generally supportive of APHIS’s proposed action, and 10 were not.

On March 22, 1993, APHIS published a second Federal Register notice
(58:15323) requesting additional information on eight issues raised by
commenters to the first notice. At the same time, APHIS commissioned
Hugh Wilson of Texas A&M University, a cucurbit taxonomist and ecolo-
gist, to prepare a report (see above) related to issues raised in comments
to the first Federal Register notice. There were 12 comments to the second
notice; 10 were generally supportive of APHIS’s action and two expressed
serious reservations. After the close of the official comment period, APHIS
received two additional letters urging the agency not to approve the peti-
tion.

On May 23, 1994, APHIS published a third notice in the Federal Regis-
ter (59:266l9–26620) announcing an environmental assessment (EA) and
preliminary finding of no significant impact (FONSI) for comment at a
public meeting and for written comment during a 45-day comment pe-
riod. Two individuals, one in favor of the EA and FONSI and one against,
spoke and provided written comments at the meeting. During the rest of
the comment period, APHIS received 52 additional written comments.
Twenty-nine comment letters disagreed with APHIS’s proposal to ap-
prove the subject petition; 23 comments supported APHIS’s findings in
the EA and FONSI. The affiliations of the final set of commenters were as
follows: private individuals (18), universities (12), agricultural experiment
stations (11), public policy and public-interest groups (6), industry (2),
associations (1), cooperative extension service (1), and federal research
laboratory (1). About a third of the final set of comments were detailed
and substantial. The affiliations of prior commenters were not published
by APHIS.

The second petition for CZW-3 was not nearly as controversial. On
February 2, 1996, APHIS published a Federal Register notice (61:3899–3900)
announcing that the Asgrow petition was available for public review.
APHIS received a total of four comments, all of which were favorable to
the petition.
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Soybean with Altered Oil Profile

Background

Introduced to North America from China, soybean (Glycine max) pro-
duces almost half the world’s vegetable oil. The United States grows al-
most half the world’s soybean crop (Singh and Hymowitz 1999). Soy is a
highly versatile crop, grown for human food, animal feed, and industrial
components. It is considered the world’s foremost provider of vegetable
oil and protein. Its major product, soybean oil, is used in the production
of a wide range of food products, from margarine to salad oil and as an
additive in hundreds of processed foods. The seed meal remaining after
oil extraction is a nutritious (but incomplete) protein source. In addition,
soy is made into tofu, soy sauce, meat substitutes (e.g., “veggie burgers”)
and industrial products such as soaps, diesel fuel, and oil-based carriers
for other chemicals (Smith and Huyser 1987, Fehr 1989).

Like all vegetable oils, soybean oil is composed of a mixture of several
fatty acids. The composition of fatty acids gives the various oils their
properties. In developing seeds, fatty acids are synthesized in a known
biochemical cascade. Starting with common nutrient building blocks, spe-
cific enzymes act to create simple fatty acids, such as the saturated lauric
(C12:0) and palmitic (C16:0) acids. Other enzymes can then act on these
fatty acids to result in more complex fatty acids, such as stearic acid
(C18:0) and the monounsaturated oleic (C18:1) acid, the major constituent
of olive oil. Each plant species produces enzymes to act on the fatty acids
to synthesize a mixture of fatty acids characteristic of the seed oil for that
species. Over half the soybean oil (~54%) consists of the polyunsaturated
fats linoleic acid (C18:2) and alpha-linolenic acid (C18:3; ~8%). About a
quarter (~23%) of the oil is the monounsaturated fatty acid oleic acid
(C18:1). The remainder, about 15%, is saturated fatty acid.

The fatty acid composition of various oil crops has been subject to
conventional breeding to create desirable or enhanced properties. Because
the incidence of coronary heart disease correlates more strongly with the
amount of saturated fat in the diet than with total fat intake (Zyriax and
Windler 2000), oils that are low in saturated fatty acids are considered
healthier. One example is the oil from linseed flax. Linseed oil is used
primarily as an industrial drying oil in paints and varnishes but is also
considered a “health food” because of the high proportion (over 60%) of
omega-3 polyunsaturated fatty acid (linolenic acid, C18:3). Linolenic acid
oxidizes rapidly, which is a good characteristic for paint but not for food
because oxidation makes it rancid and unpalatable. Thus, too much lino-
lenic acid causes oil to spoil easily. Using ethylmethane sulfonate-induced
mutagenesis, plant breeders in Australia produced linseed flax strains
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with substantially reduced linolenic acid (Green 1986). Oil from this mu-
tant is virtually identical to high-quality oils from safflower or sunflower.
The mutant linseed varieties are now in commercial production in several
countries.

Plant breeders were not as successful developing altered oil-quality
soybean genotypes using mutagenesis, although mutant soybean oil vari-
eties do exist (Brossman and Wilcox 1984, Kinney 1994). The exact mecha-
nisms or genotypes of most mutations are unknown. In mutation breed-
ing, plant material is exposed to a mutagenic agent, such as ionizing
radiation, in the hope of obtaining a mutation with a desirable phenotype.
Mutagenic agents alter the DNA of the subject organism, causing destruc-
tion or duplication of a gene or parts of genes. Plant breeders select ge-
netically based phenotypes and rarely characterize mutants at a molecu-
lar genetic level. It is almost certain that any mutation resulting in a
desired phenotype will also contain mutations at other less obvious genes.
These conceivably could affect ecological fitness, nutritional or antinutri-
tional composition, or other important characteristics. In practice, how-
ever, such accessory or pleiotropic effects are identified during the breed-
ing evaluation process prior to commercial release.

To avoid some of the problems and uncertainties with mutation
breeding, DuPont used transgenic technology to improve the soy oil qual-
ity by increasing the proportion of oleic acid from approximately one-
quarter to over one-half of the fatty acids. This change was accomplished
by inserting another copy of a soybean gene to interfere with the enzyme
responsible for converting oleic acid to polyunsaturated fatty acids. Some-
times, introducing an extra copy of a gene results in a phenomenon called
cosuppression, the simultaneous silencing of the activity of both the en-
dogenous and the inserted copies of the gene. This enzyme is encoded by
a gene called Gm fad 2-1, which catalyses the biochemical reaction con-
verting oleic acid to linoleic acid. DuPont’s strategy was to develop trans-
genic soybean lines in which the inserted soybean gene interferes with the
normal activity of that enzyme through cosuppression, resulting in a
buildup of oleic acid and a reduction in linoleic and other polyunsatu-
rated fatty acids. DuPont inserted DNA, including the Gm fad 2-1 gene,
into soybean (cultivar Asgrow A2396) using the particle gun delivery
method, regenerated transgenic soybean plants, and analyzed them for
activity of the Gm fad 2-1 gene.

In the DNA plasmid containing Gm fad 2-1, the gene was linked to the
soybean seed-specific promoter of the beta-conglycinin gene and the tran-
scription terminator region from the phaseolin gene of Phaseolus vulgaris
(common bean). This plasmid included two additional genes from E. coli:
the ampicillin resistance beta-lactamase gene (bla) with a bacterial pro-
moter, which was used in selecting the initial DNA constructs in bacteria
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and the beta-glucuronidase gene (uid-A) with the CaMV 35S promoter,
which served as a reporter gene in the initial selection of transformed
soybean cells. Neither of these E. coli marker genes is active (i.e., they do
not generate functional proteins) in the transgenic soybean plants under
review. However, the nonfunctional DNA is present in every soybean
cell.

A second piece of DNA, a plasmid carrying the dihydrodipicolinic
acid synthase (dapA) gene from Cornybacterium glutanicum, also was in-
cluded in the initial soybean transformation. When active, the dapA gene
can increase free lysine content, another potential quality trait in soybean.
However, in the soybean transformation event under review, two inser-
tions occurred: one, locus A, consists of the Gm fad 2-1 plasmid and the
second, locus B, on a different chromosome, carries both the Gm fad 2-1
plasmid and the dapA plasmid. Subsequent analysis showed the activity
of the Gm fad 2-1 transgene at locus A suppressed the endogenous Gm fad
2-1 gene, resulting in accumulation of oleic acid to over 80% of the seed
oil. But the activity of the Gm fad 2-1 at locus B caused accumulation of the
active enzyme, resulting in the reduction of oleic acid to less than 4% of
seed oil. Because reduced oleic acid content was undesirable, conven-
tional plant-breeding methods were used to eliminate the chromosome-
carrying locus B (consisting of both the active Gm fad 2-1 transgene and
the dapA-containing plasmid). Then, three soybean lines carrying only
locus A were selected and designated G94-1, G94-19, and G168. The soy-
bean lines under review therefore lack the dapA gene (as well as the sec-
ond Gm fad 2-1-containing plasmid). They accumulate oleic acid and do
not accumulate additional lysine.

Besides the effects on oleic acid accumulation, DuPont noted changes
in the phenotypes of these soybean lines. In addition to a substantial
elevation of oleic acid (C18:1) and a reduction of linoleic (C18:2) acid,
linolenic acid (C18:3) and palmitic (C16:0) acid, a saturated fatty acid, are
significantly reduced. Trace amounts of a linoleic acid isomer also were
detected in the oil. In the meal, beta-conglycinin a and a' subunits of the
storage protein were replaced by glycinin subunits. DuPont suggested
that this change occurred because the recombinant gene in locus A, con-
sisting of the beta-conglycinin promoter fused to the Gm fad 2-1 gene,
interfered with both the Gm fad 2-1 gene and the endogenous beta-
conglycinin genes. In its petition, DuPont argued, citing Kitamura (1995),
that this protein subunit substitution is nutritionally advantageous.

DuPont conducted about 25 confined field trials with the transgenic
soybean lines under APHIS notifications in the mid-1990s and an addi-
tional trial in Chile over the winter of 1995–1996. DuPont submitted a
petition for an APHIS determination of nonregulated status for the soy-
bean lines G94-1, G94-19, and G168, and APHIS approved it. In May 1997,
APHIS issued an EA and FONSI on the environment from agricultural
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cultivation and use of the DuPont soybean lines (USDA 1997a). Much of
the salient discussion and justification for this determination appear in
APHIS’s appendix to the USDA (1997a) document.

Environmental Risks Considered by APHIS

APHIS considered the genotypic and phenotypic characteristics of
the transgenic soybean lines and how they might pose an environmental
hazard in unconfined release. The primary issues include the following:

Potential for the Transgenes, Their Products, or the Added Regulatory
Sequences to Present a Plant Pest Risk. APHIS concluded that “neither
the introduced genes, their products, nor [the] regulatory sequences con-
trolling their expression presents a plant pest risk in the soybean sub-
lines” (USDA 1997a). Subsequent discussion outlines the basis for this
assertion, detailing the composition of the plasmids, the origin and func-
tion of each gene segment, the method of insertion (particle bombard-
ment), and the mechanism leading to observed elevated oleic acid content
in the seeds. This part also describes the genetic status of the initial
transformant, carrying two inserts (loci A and B) as determined by South-
ern blot analysis, and how DuPont used ordinary plant-breeding meth-
ods to select progeny homozygous for locus A but lacking locus B.

DuPont’s analysis of Southern blots over four generations (R1 to R4)
led APHIS to conclude there are two copies of the Gm fad 2-1 gene (one
endogenous, one inserted) and that they are transmitted to progeny in a
normal Mendelian manner. Unspecified evidence was provided that the
dapA gene (from the second plasmid and inserted into locus B) is absent.

APHIS concluded that introduction of the vector DNA does not pre-
sent a plant pest risk in the subject soybean lines because there are no
pathogenic DNA sequences present, plus the likelihood of nonsexual
transmission of DNA to other organisms is exceedingly small and, even
in that eventuality, would not constitute a plant pest hazard. Finally, even
though the DNA constructs did use portions derived from known plant
pathogens (Agrobacterium tumefaciens and CaMV), those segments were
not derived from pathogenic sequences in the respective pathogens.
DuPont provided unspecified evidence that no symptoms of either Agro-
bacterium or CaMV infections were noted during greenhouse and field
trial monitoring of the soybeans. Furthermore, DuPont reported no dif-
ference in disease and insect susceptibility between the transgenic lines
and the parental soybean.

Potential for Increased Weediness of the Subject Soybeans over Conven-
tional Soybeans. APHIS concluded that the high oleic soybean lines had
no significant potential to become weeds. APHIS compared weed charac-
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teristics (Baker 1965) to the crop itself, noting that “soybean does not
possess characteristics of plants that are notably successful weeds” (USDA
1997a). (See discussion of Baker’s list of weed characters in the next case
study.) Citing evidence provided by DuPont, APHIS said the applicant
had not observed any significant changes in such characteristics as seed
production, germination, standability, overwintering capacity, or patho-
gen susceptibility that might affect their potential to become successful
weeds.

Potential for Outcrossing to Wild Relatives. APHIS noted that there are
no free-living close relatives of cultivated soybean in the continental
United States but that there are some wild perennial Glycine species in the
Pacific territories. However, soybean cannot naturally hybridize with
those species. APHIS acknowledged that soybean naturally hybridizes
with G. soja, a weed of northeast Asia (including Japan) but not found in
the United States (Kwon et al. 1972, Holm et al. 1979). APHIS also noted
that soybean is almost exclusively self-pollinating, so hybrids due to natu-
ral outcrossing between the subject lines and wild plants is very rare.
Even if outcrossing were to occur, they argue, there would be no signifi-
cant impact because the high oleic trait confers no selective advantage as
it does not appear to contribute to enhanced ecological fitness or weedi-
ness characteristic to wild populations.

Potential Impact on Non-target Organisms. APHIS considered the possi-
bility that the modified soybeans might have some deleterious effect on
other organisms, including beneficial insects and rare or endangered spe-
cies. APHIS determined that there would be no significant deleterious
impact, citing the nontoxic nature of oleic acid and also that the genes and
enzymes responsible for the modified phenotype are naturally present in
soybeans. The higher concentration of oleic acid is not known to have
toxic properties. Oleic acid is a very common food component (and the
primary ingredient of olive oil), so there is substantial history of con-
sumption and literature on nutritional and toxicological aspects.

Observations from field trials revealed no negative effects on non-
target organisms, although specific parameters measured were not pro-
vided. APHIS also stated that, since there are no novel proteins in the
transgenic soybeans, there is no potential for exposing other organisms to
new, potentially harmful proteins. The expressed enzyme is common and
well characterized in nature, suggesting no potential for harm to benefi-
cial organisms, and the product, oleic acid, should not result in any harm
beyond that caused by a high monounsaturated fat diet. No other poten-
tial mechanisms for harm to beneficial organisms were identified.

APHIS discussed the indirect metabolic alterations in the transgenic
soybeans, including the presence of a linolenic acid isomer, reduction in

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


CASE STUDIES OF APHIS ASSESSMENTS 141

beta-conglycinin subunits, and corresponding increase in glycinin sub-
units. The agency determined that the linoleic acid isomer, present in
trace quantities (<1%) in the oil, and the alteration in the seed storage
protein subunits should have no adverse effects. The glycinin subunits
are common components of soybean and so are unlikely to cause harm.
The linoleic acid isomer is also found in other common foods, including
partially hydrogenated vegetable oils and human breast milk, so it is
unlikely to be harmful in the transgenic soybeans.

Soybean naturally produces antinutritional components, notably tryp-
sin inhibitors, phytic acid, and oligosaccharides. APHIS noted that the
presence of antinutritional factors in the transgenic lines were similar to
those in conventional soybeans. They also said the presence of DNA from
the uidA and bla genes should not have any adverse effects, as they are not
expressed in the plant and do not encode infectious agents. APHIS con-
cluded that none of these indirect effects should have any negative impact
on non-target organisms.

Potential Impact on Agricultural Commodities. Citing its authority to
investigate the potential for plant pest effects, APHIS determined that the
subject soybean lines, their components, and their processing characteris-
tics have no indirect plant pest effect on any processed plant commodity.

Based on unspecified evidence provided by DuPont, APHIS con-
cluded that the high oleic soy lines present no threat to raw or processed
agricultural commodities. APHIS noted that DuPont consulted with the
Food and Drug Administration concerning the safety of consumption of
both the oil and meal of these lines by humans and other animals.

Potential Environmental Impacts from Growing the Modified Soybeans
outside the United States. Executive Order 12114 (January 4, 1979) allows
APHIS to consider the possible environmental impacts of cultivation of
regulated articles in other countries. APHIS concluded that the subject
soybeans will not have an adverse environmental impact when grown
anywhere in the world because there are no significant differences from
the parent line for any investigated parameter, except for the higher levels
of oleic acid, the glycinin protein substitution, and the linoleic acid iso-
mer. APHIS also noted that “all national and international regulatory
authorities and phytosanitary regimes that apply to introductions of new
soybean varieties internationally apply equally to those covered by this
determination” (USDA 1997a).

Environmental Risks Not Considered by APHIS

APHIS considered the information provided by DuPont and others in
reaching its determination, but there is little experimental data in the

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


142 ENVIRONMENTAL EFFECTS OF TRANSGENIC PLANTS

decision document or even the appendix to allow an independent cri-
tique. One recommendation of another National Research Council study
was that “the quality, quantity, and public accessibility of information on
the regulation of transgenic pest-protected plant products should be ex-
panded” (NRC 2000c). This recommendation should be expanded to in-
clude all new plant products and should be implemented as soon as pos-
sible.

Some environmental questions remain. For example, temperate plant
species (like soybean) tend to have a higher proportion of polyunsatu-
rated fatty acids in the seed oil than do more tropical or subtropical spe-
cies (like olive, where monounsaturated fatty acids predominate). Recent
studies investigated the effects of fatty acid profile changes on the degree
of cold tolerance in plants. Kodama et al. (1994, 1995) transformed tobacco
to produce higher amounts of polyunsaturated fatty acids and noted an
alleviation of cold-induced growth suppression. If polyunsaturated fatty
acids help the seed survive cold winters, perhaps the transgenic soy-
beans, with such a deficit of polyunsaturates, would have reduced winter
survival capacity. The data required to address this question might have
been considered and investigated but were not included in the report.
APHIS reported that DuPont provided evidence on overwintering but
did not elaborate. Possibly, the transgenic soybeans suffered more win-
terkill than the nontransformed soybeans, but since this segment of the
report dealt with the increased weediness potential, that fact might not
have been considered important. Also, this question might have been
considered irrelevant; that is, reduced overwintering potential of the
transgenic soybeans would represent a reduced ecological fitness and
hence no increased threat. It is unlikely that the modified-oil soybean
changed overwintering capacity because the seed oil was modified, not
the plasma membrane lipids, which are more relevant for cold tolerance.
APHIS might have been aware of this fact and therefore did not think it
necessary to mention it. But by not mentioning the possibility, APHIS
leaves itself open to the charge that the agency overlooked it.

An interesting aspect of this case study is the prior presence in the
market of nontransgenic soybean varieties with similar (high oleic acid
content) attributes. The plant pest risk potential and differences between
conventional soybeans and the transgenic varieties are uncertain, not be-
cause of incomplete information and regulatory scrutiny of the transgenic
lines but because of almost complete lack of information on the conven-
tional ones. The functional assumption is that conventional breeding
methods, including irradiation, chemical mutagenesis, somaclonal varia-
tion, and other mechanisms of dramatic genetic disruption are safe and
environmentally benign.

DuPont provided information on the molecular structure, though not
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the nucleotide sequence of the genetic modifications, of the transgenic
soybeans. The difference between these soybean lines and regular soy-
beans is clear; the transgenic soybeans carry a tiny additional piece of
DNA, an addition of less than one one-hundredth of 1% of the total DNA
in the soybean.

Conventional mutant soybeans (Kinney 1994) manifest an unstable
increase in oleic acid in the seed oil. The genetic mechanism by which this
trait is achieved is unknown, but it must be the result of genetic modifica-
tions in the soy genome. Mutagenesis may have altered the amount of
DNA, either by destroying portions of the genome or by causing a dupli-
cation (perfect or imperfect) of portions of the genome. In any case, it is
likely that several genes were altered, not just those regulating oleic acid
content. Any number of genes relating to environmental fitness, produc-
tion of antinutritional compounds, or other undesirable consequences also
may have been altered. But APHIS does not assess these new crop culti-
vars because, as noted above, the current trigger for regulatory review
limits oversight to plants altered using rDNA breeding methods. This is
not to suggest that new crop varieties developed solely by conventional
breeding should be regulated as stringently as transgenic varieties cur-
rently are. Despite the genetic uncertainties and unknown consequences
of conventional breeding, as noted in Chapter 1, real damage to the envi-
ronment from new crop varieties is rare. Nevertheless, the additional
knowledge of the genetic changes in transgenic varieties allows, in this
particular case study, more confident and reliable predictions of environ-
mental (as well as health and nutritional) effects than conventional variet-
ies. There is no indication that the risks associated with these transgenic
soybean lines differ in any material way from those of the same species
with similar but non-transgenic based attributes. High oleic acid oil soy-
bean varieties, regardless of how the varieties were derived, appear to
present similar degrees of hazard.

Also, APHIS did not consider the effect of large-scale commingling of
the high-oleic soybeans with regular soybeans, as that might adversely
affect the quality of the processed commodity (soybean oil) but not the
plant pest characteristics. The transgenic lines will be grown in a segre-
gated identity-preserved manner to avoid commingling with regular soy-
beans. Any significant inadvertent mixing of the transgenic soybeans and
conventional ones could be problematic because the resulting oil would
be a blend of high and low oleic acids, the exact proportions depending
on the ratio of the blend. The uncertainty of the final oil composition
could adversely affect the value of the commodity oil product. While not
an environmental risk, it is a potential impact on other agricultural com-
modities that are part of APHIS’s charge to review. This is true of all
identity-preserved crops being grown.

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


144 ENVIRONMENTAL EFFECTS OF TRANSGENIC PLANTS

Involvement of Potential Participant Groups

The designated public comment period on the petition ended, with
no submissions, on April 29, 1997. There was no indication from the docu-
ments of any other public involvement.

Two Bt Corn Petitions

Background

Insect pests of corn (Zea mays L.) comprise members of many different
orders, including seed maggots, rootworms, wireworms, grasshoppers,
flea beetles, aphids, and leafhoppers, which feed on kernels, roots, leaves,
silks and vascular tissue (Hill 1983, 1987; Davidson and Lyon 1987; Straub
and Emmett 1992; Steffey et al. 1999). Some leafhoppers and aphids are
vectors for plant pathogens. The main Lepidopteran pests of field corn in
the United States are borers (European corn borer, ECB, Ostrinia nubilalis
(Hübner); southwestern corn borer, SWCB, Diatraea grandiosella, and corn
earworm, CEW, Helicoverpa zea (Boddie) and defoliators (e.g., army-
worms). Some of these pests are a chronic problem; others periodically
account for severe yield losses (e.g., Ostlie and Hutchison 1997, Missis-
sippi State University Extension Service 1999).

According to various extension service fact sheets for corn growers
(Mississippi State University Extension Service 1999, Swanson 2000, Uni-
versity of Illinois 2001), management options for pest control include (1)
early planting; (2) crop rotation; (3) resistant varieties; (4) varieties that
attract natural enemies of target pests; (5) soil quality management; (6)
noncrop management to reduce alternate hosts for pests, e.g., barnyard
grass for armyworms, and to enhance naturally occurring predators and
parasitoids; (7) conservation of natural enemies through intercropping or
insectary plantings of noncrop vegetation; (8) augmentation (field re-
leases) of natural enemies (e.g., Trichogramma spp. egg parasitoids); (9)
destruction of corn stalks after harvest; and (10) insecticide treatments.
Organically managed corn in the Midwest relies primarily on crop rota-
tion for pest control (Swanson 2000). Price premiums compensate for
lower yields under organic management. A relatively small proportion of
the total U.S. field corn acreage is treated with insecticides, in part be-
cause sprays are often not a reliable or cost-effective means of controlling
some of the major pests. For example, less than 5% of U.S. field corn
acreage was sprayed for ECB before adoption of Bt corn (Gianessi and
Carpenter 1999).

Genetically based pest resistance in corn was developed through the
use of conventional breeding methods utilizing mechanical, chemical-
repellent, or antibiotic properties of the corn plant. Commercial varieties
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with Lepidopteran resistance traits have been available since at least 1902
when Burpee Seeds released “Golden Bantam.” Varieties with antibiotic
properties have been developed by selecting for high levels of the toxin
2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) and related
hydroxamic acids, which vary widely in concentration in different corn
plant tissues (Houseman et al. 1992). Structural traits such as highly ligni-
fied stalks have also been selected to serve for increased pest resistance.
However, many of these varieties are variably or moderately resistant
and may have relatively lower yields than susceptible corn lines. For
example, DIMBOA levels in initially resistant varieties tend to decrease
with plant age (Barry et al. 1994, Frey et al. 1997). Thus, some convention-
ally bred varieties resistant to ECB have been replaced by higher-yielding
varieties with increased total yields despite heavier losses from ECB
(Gianessi and Carpenter 1999).

Transgenic insect pest resistance can be obtained by transferring part
of a bacterial genome (from various strains of Bacillus thuringiensis) into a
plant genome. The genetic sequence encodes production of a toxic protein
so that plant tissues become lethal to target caterpillar pests feeding on
those tissues. At least three major opportunities are afforded by transgenic
insect resistance traits in crops: (1) pest resistance in crops whose close
relatives are not resistant to the target pests, (2) more effective pest con-
trol than pesticides and/or conventionally available resistance, and (3)
the trait can be transferred into varieties showing excellent agronomic
performance (e.g., Wiebold et al. 2000), thus avoiding the yield drag that
sometimes accompanies conventional breeding efforts. For caterpillar
pests of corn, all of these factors can be important. Therefore, starting in
the 1980s, transgenic Bt corn lines were developed and field-tested for
efficacy against target Lepidopteran pests, including ECB, SWCB, and,
when toxins are expressed sufficiently in the corn ears, CEW.

Other crops have shown promise for Bt-based insect resistance. By
October 2000, 25 petitions for nonregulated status (from Monsanto,
Northrup-King, Ciba-Geigy, DeKalb, AgroEvo, and Calgene) had been
submitted to APHIS for Bt crops (corn, potato, tomato, and cotton). Six-
teen were approved for deregulation of transgenic crops with Bt-based
insect pest resistance, seven petitions were withdrawn, and two were
pending a decision. Field trials of dozens of other transgenic Bt-based
insect-resistant plant varieties (including cotton, potato, rapeseed, poplar,
broccoli) have been conducted (see “Field Test Releases in the U.S.,” In-
formation Systems for Biotechnology online database: www.nbiap.vt.edu).

For comparison, one of the earliest Bt corn petitions for deregulation
by APHIS and one of the most recent are included in this case study (see
“Current Status of Petitions,” www.aphis.usda.gov/biotech/petday.html).
Transformation Event 176 corn (Maximizer), with marker genes for resis-
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tance to the antibiotic kanamycin and tolerance to glufosinate, was the
first Bt corn to be deregulated (USDA 1999). The petition for Bt corn
Transformation Event CBH-351 (StarLink) was approved in 1998 (USDA
1998). These two events expressed different kinds of plant-produced toxic
proteins. The kind of toxin expressed by Event 176 has been commercially
available in formulations of bacterial insecticides, but Event CBH-351 ex-
presses a Cry toxin that has not been available commercially in insecti-
cides. Below are highly abstracted overviews and comparisons of the
assessments by USDA-APHIS for its findings of “no significant impact.”
To the extent possible without access to the original research designs and
test data submitted by the petitioning companies, this summary illus-
trates how APHIS evaluated a number of different issues associated with
the biosafety of these transgenic products.

Environmental Risks Considered by APHIS

Disease Resulting Directly from the Transgenes, Their Products or Added
Regulatory Sequences. For Event 176, two promoter sequences were used
to allow high levels of Cry1Ab protein expression in both green tissue and
pollen, which in combination were expected to be most effective in con-
trolling ECB. Some of the DNA sequences used in transforming these
plants were derived from cauliflower mosaic virus (CaMV), but the dis-
ease-causing genes of this virus were not involved. The marker gene bar
from the soil bacterium Streptomyces hygroscopicus, which encodes for an
enzyme resulting in glufosinate tolerance, was used as a selective marker.
Plasmid pUC19 also harbors ampicillin resistance but is expressed only in
a bacterium, not in plant cells.

Event CBH-351 was developed with two pUC19-based plasmids,
which contained the modified cry gene and the bar gene, respectively. As
in Event 176, the bar gene was cloned from S. hygroscopicus, and its expres-
sion results in whole-plant glufosinate tolerance. Event CBH-351 ex-
presses modified Cry9c proteins, using sequences from Bacillus thuringi-
ensis subsp. tolworthi (isolated from grain dust in the Philippines). Event
CBH-351 uses regulatory regions from petunia and two plant pathogens,
CaMV and Agrobacterium tumefaciens. In both cases, APHIS concluded
that although pathogenic organisms were used in their development, the
transgenes, their products, or added regulatory sequences do not result in
plant pathogenic properties (USDA 1995, 1998). In the CBH-351 determi-
nation document, a discussion follows this conclusion, providing some
information on the genetic constructs, including the number of insertion
sites, the copy number and expression level of the transgenes, and evi-
dence of stable inheritance of the transgenes in crosses of CBH-351 into
several different genetic backgrounds. Unpredicted, unexplained effects
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are also mentioned, such as leaf striping on transgenic plants as compared
to nontransgenic plants in Puerto Rican field trials and more predictable
but secondary effects, such as reduction of stalk rot in transgenic plants.

In contrast to the document for CBH-351, the APHIS determination
for Event 176 did not mention or evaluate descriptions of the event re-
garding pleiotropic effects or other unpredictable consequences of the
random insertion of these genetic sequences, the number of copies, and
stability of the transgenes. The determination for CBH-351 was more de-
tailed than was the earlier determination, suggesting either that APHIS
received more information, adjusted its evaluation procedures, reported
more details in its summary, or some combination of the three.

Weediness of the Crop Plant Resulting from the Transgene and Associ-
ated Gene Sequences. For both Event 176 and Event CBH-351, APHIS
addressed the risk that expression of the insect control protein might
provide a selective advantage to the plant, sufficient to make it a plant
pest. For Event 176, APHIS first compared the characteristics of non-
transgenic cultivated corn with a list of ideal characteristics of weeds
published by Baker (1965) and found little overlap. Though noting that
some ecologists have criticized this list, APHIS relied on it anyway be-
cause no more broadly accepted suite of characteristics was available.
Second, APHIS assessed the weed status of corn, consulting several weed
compendia and found that corn was not listed in most of them. Third,
APHIS considered the trait itself—insect resistance. APHIS concluded
that since insect resistance was not among the weedy characteristics listed
by Baker, that trait would not likely contribute to weediness in transgenic
Bt corn. The herbicide tolerance trait of Event 176 was not perceived as
one that could reverse the plant’s nonweed status, primarily because
glufosinate had not yet been registered for use in corn. Finally, “APHIS
evaluated field data submitted by Ciba Seeds which specifically demon-
strates that Event 176 corn is no more weedy than the non-modified re-
cipient.” These field data were not available to this committee, so it can-
not comment on the adequacy of the study in supporting that conclusion.

APHIS used the same arguments for the later determination (USDA
1998) for Event CBH-351, citing Baker (1965), and noting that insect resis-
tance was not listed as a characteristic of weeds. APHIS also found no
differences between CBH-351 and its nontransgenic counterpart or a non-
transgenic standard line in field tests conducted from 1995 to 1997 in 17
states and territories of the United States in Bt corn’s ability to compete or
persist as a weed. The CBH-351 determination pointed out that other corn
genotypes with resistance to certain Lepidopteran pests, including ECB,
have been in use for decades and have not been reported to cause in-
creased weediness. Given these data and observations, APHIS concluded
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that the introduced genetic constructs and new traits, Lepidopteran insect
resistance and tolerance to glufosinate, are not expected to release Bt corn
volunteers from any constraint that would result in increased weediness.
APHIS added that CBH-351 corn is still susceptible to other non-Lepi-
dopteran pests and diseases of corn.

Although the committee believes that APHIS has come to a reason-
able conclusion for this case, APHIS’s analysis lacked scientific rigor, bal-
ance, and transparency. First, APHIS’s statement that most weed lists did
not include corn surprised the committee because corn was on the first list
consulted. Corn is listed as a common or troublesome weed in the United
States according to the Weed Science Society of America’s “Composite
List of Weeds” (available online at http://ext.agn.uiuc.edu/wssa/). Although
the accompanying APHIS environmental assessment listed some of the
authorities used to determine that corn is not a weed, the committee
suggests that APHIS cite all sources it consults. The environmental as-
sessment should then explain the reasoning for adhering to some but not
other authorities.

Second, the herbicide tolerance trait in Event 176 corn was considered
not to pose a hazard in terms of “weedier” free-living relatives because
glufosinate had not yet been registered for use in corn and exerts no
selection pressure for this trait in nature (USDA 1995). There was no
discussion about herbicide-tolerant Event 176 corn volunteers persisting
where glufosinate is applied, such as adjacent habitats or rotational crops.
By the time CBH-351 was evaluated, however, glufosinate was registered
for use on corn. The subsequent determination provided a more thorough
discussion of the movement of this trait via gene flow and listed possible
changes in agronomic practices needed to control resulting corn volun-
teers, including alternative herbicides or mechanical control measures
(USDA 1998). Such herbicide-tolerant volunteers, however, were not con-
sidered weedier, even though they would require additional control mea-
sures. Later in the determination, however, APHIS implies that if a herbi-
cide tolerance trait were to introgress into teosinte, the descendents would
become weedier in the presence of glufosinate herbicide selection. Differ-
ent conclusions for corn and teosinte descendants could be considered
contradictory.

Third, APHIS relies extensively on Baker’s list of weed characteristics
in both determinations. Although an excellent heuristic tool for under-
standing weed ecology, Baker’s list, in itself, is not an effective predictive
tool. APHIS mentioned that some ecologists question the effectiveness of
using the list for that purpose. If APHIS uses that list, the committee
suggests that the agency include more discussion of such studies as
Williamson (1994) and Perrins et al. (1992), which demonstrate that known
weeds cannot be separated from nonweeds based on that list.
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Another argument (used by APHIS in these determinations) is that
the “lack of reported incidences” is evidence that something has not hap-
pened. For example, the determination for CBH-351 mentioned that in-
creased weediness of corn due to an insect resistance trait has not been
reported, as far as APHIS is aware. The committee agrees that if a phe-
nomenon is dramatic and occurs over a short time period, it is likely to be
noticed and even reported. That is, a lack of reporting of obvious phe-
nomena may be a strong indicator that such phenomena have not oc-
curred. However, a slight increase in fitness due to insect resistance is an
invisible phenomenon, and any increase in weediness of corn due to that
trait would likely be slow and subtle, especially since the conventionally
bred traits were only moderately effective in conferring resistance.

To demonstrate that corn volunteers are more common as a result of
conventionally bred ECB resistance, one would need a detailed compari-
son between, for example, the incidence of volunteer corn in the 1940s
and the 1990s, including a way to isolate the resistance mechanism from
other changes in corn production and management. Such an approach
could be used to test for environmental effects of pest resistance factors.
However, because a “lack of evidence” is used to conclude that there are
no effects, there is no encouragement for such testing in the APHIS deter-
minations. In general, use of the term “lack of evidence” can mean any-
thing from “detailed, replicated, long-term experimental studies found
no evidence” to “there are reasons to expect a problem but no one has
tested this so there is a lack of evidence.”

Finally, the committee found the argument that insect resistance can-
not release a plant from ecological constraints to be both weak and incon-
sistent. Indeed, APHIS is the federal agency that evaluates and approves
biological control applications for the importation of insects (including
Lepidoptera) specifically to increase herbivore pressure and thereby re-
duce the incidence of certain weeds. The embedded assumption in the
biological control of weeds is that the presence or absence of herbivory,
by even one species, can determine whether a plant species behaves as a
weed. Biological control was not mentioned in either environmental as-
sessment. A stronger argument for why Lepidopteran resistance would
not release corn volunteers would have included an explanation of why
corn and its Lepidopteran herbivores are different from those plant-herbi-
vore pairs that result in biological control of weeds. (APHIS cited Gould
[1968] as saying that corn is incapable of sustained reproduction in feral
populations.)

Impacts on Free-Living Relatives of Corn Arising from Interbreeding.
APHIS considered the potential for gene flow from Event 176 transgenic
corn and, should it occur, two of its possible consequences. Those conse-
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quences were increased weediness in wild relatives and population
changes that would lead to reduced genetic diversity. Glufosinate resis-
tance was not considered to pose a hazard in either regard, first because
selective pressure for this trait would not occur either in natural habitats
or cornfields, where glufosinate was not registered for use (USDA 1994a),
and later because alternative management techniques for glufosinate-tol-
erant corn exist (USDA 1998).

First, however, APHIS discussed the possibility for introgression from
transgenic corn into other corn cultivars via wind pollination. Gene flow
would be reduced, according to USDA (1995), by low survival rates of
corn pollen after 30 minutes. Some controversy exists now, however,
about corn pollen lifetimes; the EPA (2000b) claims corn pollen is viable
for several hours in good conditions. APHIS pointed out that maintaining
an isolation distance between cultivars also reduces gene flow, but no
particular separation distance is suggested. Additionally, APHIS noted
that the primary use of corn kernels is food or feed rather than seed; thus,
any hybrid seed resulting from cross-pollination with Bt corn would more
likely be eaten than sown. APHIS did not discuss any indirect effects of
cross-pollination on the food quality of recipient non-Bt corn. This even-
tually became a concern for the CBH-351 (StarLink) Event. As discussed
in Chapter 2, there is disagreement about when gene flow to other non-
propagating plants should be considered an environmental risk.

The analysis of Event 176 for impacts on corn relatives was not con-
ceptually different from the analysis of corn’s weediness. No other wild
relatives, in the United States or abroad, were mentioned in this section of
the determination despite the fact that sexual transfer of beneficial alleles
from a transgenic crop to a wild relative that might result in a more
difficult weed had been a widely discussed risk associated with transgenic
crops prior to that time (e.g., Colwell et al. 1985, Goodman and Newell
1985, Darmency 1994, Kareiva et al. 1994). The environmental assessment
for deregulation of Event 176 noted that hybrids between corn and
Tripsacum weeds are sterile. For wild Zea (teosintes), which are native to
Mesoamerica, the environmental assessment states that “in the wild, in-
trogressive hybridization does not occur because of differences in flower-
ing time, geographic separation, block inheritance, developmental mor-
phology and timing of the reproductive structures, dissemination, and
dormancy (Galinat 1988).”

The environmental assessment for CBH-351 discussed the possible
avenues for transgene introgression into populations of corn’s wild rela-
tives to a greater extent. It mentioned that corn’s wild relative, Eastern
gamagrass, Tripsacum dactyloides, which is native to the United States, is
grown as a new crop in the Midwest. The strong statement against the
occurrence of introgressive intrageneric hybridization for Event 176 was
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altered for CBH-351 with less absolute language (e.g., “does not occur”
was replaced with “is limited, in part, by several factors” citing Doebley
[1990] as well as Galinat [1988]). The statement in the environmental as-
sessment for Event 176 regarding the sterility of Zea × Tripsacum hybrids
was revised for Event CBH-351 to the effect that resulting hybrids are
often sterile or have greatly reduced fecundity. The latter information
suggests that hybrids with some fertility might occur at a very low fre-
quency if Tripsacum and field corn are grown in close proximity, such as
in the Midwest. For both Event 176 and Event CBH-351, APHIS con-
cluded that environmental impacts anywhere in the world should not be
significantly different from those arising from the cultivation of any other
variety of insect- and herbicide-tolerant corn.

The key questions posed by APHIS in the foregoing two analyses are:
(1) Is it likely that the Bt endotoxin trait would introgress into at least one
population of a wild relative of corn? (2) Can pest resistance genes against
certain Lepidopterans provide sufficient benefit to result in making corn
or its hybrids a more difficult weed? (3) Are Bt varieties similar enough in
conventionally bred varieties to use the latter as a model for the former?
Whereas the absence of selection pressure by herbicides was mentioned
for the herbicide tolerance trait and weediness, no clear analysis of release
mechanisms for wild relatives was provided by APHIS with respect to
herbivore selection pressure.

APHIS’s view of whether introgression of the transgene into wild
relatives could occur seems to have changed from impossible for the first
Bt corn determination to being unlikely in the United States and likely in
Mesoamerica for the most recent determination. This shift in interpreta-
tion shows that APHIS adapts its arguments to take into account addi-
tional or overlooked scientific information as it becomes available. Cer-
tainly, compared to a crop like Sorghum bicolor, which has an abundant
cross-compatible wild relative in the United States, corn has fewer av-
enues for gene exchange with wild relatives in this country. But it appar-
ently has a slight chance given that populations of Zea and Tripsacum
species are reported by APHIS (USDA 1998) to occur in the United States.

Morphologically intermediate plants between teosinte and corn ap-
pear to be spontaneous hybrids in Mesoamerica (Wilkes 1997), but they
could also be crop mimics; actual hybridization and introgression rates
are unknown (Ellstrand et al. 1999). Should there be crop-to-wild relative
gene flow, in either the United States or Mesoamerica, introgression and
maintenance of the transgene can occur even if hybridization rates are
low. Despite APHIS arguments that a positive selection pressure must
exist to maintain a transgene in a wild population, under modest gene
flow pressure, Bt-based resistance could, in fact, be maintained at reas-
onably high frequencies in populations of wild corn relatives (see ar-

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


152 ENVIRONMENTAL EFFECTS OF TRANSGENIC PLANTS

guments above for virus-resistant squash) even if it were a neutral or
deleterious allele. That is, relatively rare gene flow events provide an
opportunity for persistence, perhaps leading to changes in the genetic
diversity of natural populations (Ellstrand et al. 1999). Thus, the conse-
quences of persistence of the transgene in natural populations are worthy
of a serious assessment.

When considering whether transfer of a Lepidopteran resistance trait
could allow an ecological release (i.e., an increase in population size, den-
sity, or range) of any wild relatives of corn, two further questions arise.
Which Lepidopteran species frequently use wild and cultivated Zea and
Tripsacum as host plants? Which of those species are susceptible to the Bt
toxins? APHIS does not provide specific information on these questions.
With respect to the range of Lepidopterans that feed on corn and/or its
wild relatives, two contradictory statements and an extrapolation from a
conference discussion comment are provided. In the determination docu-
ment for CBH-351, APHIS stated that Cry9C protein has insecticidal ac-
tivity against ECB and members of the families Pyralidae, Plutellidae,
Sphingidae, and Noctuidae. Another statement in the same document
states: “CBH-351 corn plants were generally indistinguishable from con-
trol corn plants for disease susceptibility and insect susceptibility except
for tolerance to European corn borer, where a clear advantage was noted
for CBH-351 corn” (USDA 1998). Perhaps these statements seem contra-
dictory because in one case the plants were challenged with various Lepi-
dopteran pests and in the other case plants were exposed to natural levels
of pests; however, no such explanation is given in the APHIS documents.

APHIS cited Sánchez González and Ruiz Corral (1997) to suggest that
teosinte is susceptible to most of the same pests and diseases (including
Lepidopterans) that feed on Zea mays. The statement is actually less clear;
in the conference discussion following the paper by Ruiz and Sánchez,
Bruce Benz is quoted as saying, “In the case of insects, certain Coleoptera
(Macrodactylus murinus) infest both Zea mays ssp. diploperennis and maize,
although the impact seems to be different, while in the case of Homoptera
and Lepidoptera, even though both species of plants may be infested, it
seems that the damage tolerance of teosinte is lower than that of maize.”
Lepidopterans feeding on corn’s wild relatives may indeed be primarily
those that feed on corn; if so, they may be the very species that limit the
ranges and aggressiveness of such wild grasses. However, few records
are available in the most comprehensive Lepidopteran host plant data-
base (Robinson 1999, Robinson et al. 2000). Thus, it is premature to make
a conclusion or to suggest which species feed on which wild relatives.

Letourneau et al. (2001) list 376 Lepidopteran species recorded as
feeding on Zea mays, two feeding on Z. mexicana (Schrad.;=Z. mays ssp.
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mexicana), and no records for Lepidopterans feeding on other teosintes
(e.g., Z. diploperennis). Of the 376 Lepidopteran species feeding on Z. mays,
fewer than 15 are listed as having been tested for commercial Bt toxin
susceptibility in the most comprehensive database (van Frankenhuyzen
and Nystrom 1999). Most testing has been carried out on target pests;
thus, little is known about which nonpest Lepidopterans are susceptible
to any or all Bt-based proteins. Even less is known about whether these
herbivores limit the population size of corn’s wild relatives. Nevertheless,
APHIS found it unlikely that potential introgression of Lepidopteran re-
sistance will cause teosinte to become weedier (USDA 1998).

Whether or not conventionally bred insect resistance traits in corn
and the Bt-based resistance trait inserted in CBH-351 corn are similar
enough to make conclusions about the selective pressure of the Bt traits
on feral progeny or hybrids with wild relatives is unknown. The genetic
novelty of Bt toxins and herbicide resistance is likely to be outside the
range of natural variation found in populations of wild relatives, whereas
some of the traits responsible for causing Lepidopteran resistance in con-
ventional corn hybrids may correspond to traits already present in popu-
lations of corn’s wild relatives (e.g., tough stalks, low protein content,
high DIMBOA content). Appropriate measures of environmental effects
of conventionally bred resistant varieties are not provided by APHIS,
though some may be available; at least some discussion of the kinds of
resistance mechanisms present in conventional varieties and their rela-
tionship to the range of naturally occurring levels of resistance in wild
relatives should be included in this discussion. This would aid in deter-
mining if the Bt proteins constitute fundamentally different mechanisms
of resistance.

While APHIS might be correct that introgression of the Bt-resistance
and glufosinate tolerance traits into feral corn and wild corn relatives is
unlikely and that Lepidopteran resistance and herbicide tolerance would
not result in increased weediness of these plants, APHIS’s data on Lepi-
dopteran pressure in natural populations, their population genetic argu-
ments, definitions of weediness, and model of conventionally bred resis-
tant corn varieties are inadequate to support such a strong conclusion.

Impacts on the Components, Quality, and Processing Characteristics of
Corn Raising from the Event of Inserting Btk Insecticidal Protein Gene.
APHIS concluded from extensive field tests that the Event 176 and Event
CBH-351 corn plants had agronomic characteristics typical of nontrans-
genic corn such that, except for the desired effect of insect resistance, the
introduced sequences did not confer any disease-specific property of the
donor organism or any other plant pest characteristics.
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Potential to Harm Organisms Beneficial to Agroecosystems. The Btk pro-
tein (Cry1Ab) expressed in Event 176 was tested by Ciba Seeds for toxic-
ity to non-target organisms, as either an extracted leaf protein powder,
intact pollen grains, or a bacterial cell paste, as well as in a comparative
field trial. No information is given on the experimental design of any of
these tests, except that the appropriate form of Btk protein described above
was used for different non-target organisms, including earthworms,
aquatic invertebrate Daphnia magna, and bobwhite quail. The field test
focused on predators and parasites in three insect orders and included at
least ladybird beetle larvae, a fly, and honeybee larvae. In the section on
threatened or endangered species, APHIS summarized results of tests
and observations on quail, the aquatic and soil-inhabiting invertebrates, a
moth, and a number of butterflies. Bobwhite quail showed no adverse
effects on feed consumption, body weight, or mortality when fed corn
protein powder from Bt or isogenic non-Bt hybrids. Indirect effects of Bt
corn on quail through its changes in its food supply were considered by
APHIS to be negligible if the effect of Bt corn is restricted to the European
corn borer (however, it is known that Btk affects many Lepidoptera). No
data were mentioned on the toxicity of Btk proteins on endangered Lepi-
dopterans, presumably because exposure to the toxins in nature was
deemed unlikely. From these data, and data in the literature APHIS con-
cluded that only a specific group of Lepidopterans should be affected and
that the majority of quail’s prey species should remain unaffected by
Event 176 corn.

APHIS concluded that, because the specific receptors for Bt toxin in
the midgut of target insects were not expected to occur in other inverte-
brates or any vertebrates, Event CBH-351, although not derived from a
type of Bt available as a commercial formulation, should not adversely
affect non-target taxa, including humans. Tests for effects on non-target
organisms for Event CBH-351 (Cry9c) by AgroEvo (formerly Plant Ge-
netic Systems, now Aventis) differed somewhat from tests on non-target
toxicity for Event 176. Specifically, test organisms included adult honey-
bees, ladybeetles, earthworms, Folsomia candida springtails, bobwhite
quail, and mice. Details on experimental design are not given, so a scien-
tifically based review of APHIS evaluation of the data is not possible.

The fact that the committee cannot review the actual methodology
and data summaries of any of the Bt corn testing is unfortunate for two
reasons: (1) the committee’s evaluation will be superficial, as if it were
asked to review a scientific report but were given only the introduction
and discussion sections without the methods or results, and (2) the com-
mittee’s questions may be misguided because of incomplete information
provided in the APHIS descriptions of tests and results. Nevertheless, the
committee has several questions about what seem to be the methods used
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by the petitioners to test for environmental effects of the proteins ex-
pressed in Event 176 and Event CBH-351. It is curious that adult honey-
bees were tested, since adults both ingest pollen and feed it to their brood.
APHIS justified the use of adult honeybees by noting that corn is not a
nectar-producing plant, and so honeybees would visit it infrequently com-
pared to other plants; thus relatively low concentrations of Bt pollen
would be expected in adult pollen loads; the committee remains un-
convinced that larval tests are unnecessary. Specific criticisms about the
adequacy of Bt tests for lethal and nonlethal effects on natural enemies
were discussed by Hilbeck et al. (1998a, 1998b). They noted, for example,
that aphids were not an appropriate test prey for determining indirect
effects of Bt proteins on natural enemies since the aphids may not ingest
Bt proteins. Indeed, thorough testing for non-target impacts of Bt pollen
might also include larvae of Lepidopteran species that might encounter
corn pollen and feed on it more frequently in nature (Losey et al. 1999,
2001, Wraight et al. 2000).

The committee also questions the ability to detect community-level
differences in the comparisons described. Field tests seem to have been
conducted using a factorial design, with three replicated split plots of Bt
corn and non-Bt isolines with or without pyrethroid insecticide applica-
tion. Arthropod predator comparisons were based on 5 five-minute vi-
sual observations (biweekly) and seven weekly sticky trap samples per
split plot. On three of seven dates, trapped predators were significantly
more abundant in unsprayed non-Bt corn than on unsprayed Bt corn; no
effect of Bt corn was found on the other four dates. Nor were differences
found between plants that were and were not sprayed with pesticide.
Information to decipher whether the trap samples showing higher levels
of predators in non-Bt corn plots reflected predator colonization rates or
resident predators emerging as adults from the corn (thus reflecting per-
formance). Visual observations showed no difference in predator abun-
dance between plots with and without Bt corn. Similar to the findings for
Ciba Seeds field comparisons, the diversity of predators in experimental
plots did not differ between Bt and nontransgenic lines. It is not clear
what measure of diversity was used or at which taxonomic level. APHIS
mentioned possible problems with the reliability of the field test due to
small plot sizes (10 rows by 20 feet). Another problem might be the statis-
tical power of the test to detect differences in predator diversity, espe-
cially if many of the arthropods were identified taxonomically at levels
higher than species (genus or family).

Hoy et al. (1998) have pointed out that there could be complex indi-
rect effects in crop fields that could cause shifts in the relative abundance
of natural enemies. Also, indirect impacts of Bt corn on pests might occur.
For example, a reduction in pyrethroid use for corn borers on Bt corn
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might minimize outbreaks of spider mites by allowing their natural en-
emies to survive. In contrast, minor pests may become more predominant
as ECB is controlled and if foliar insecticides are reduced (Ostlie and
Hutchison 1997). Community-level tests were restricted to above-ground
species; given the persistence of Bt proteins in the soil from root exudates
or after incorporation of plant material (Stotzky 2000, 2001), any evidence
for no significant effect on communities of soil organisms should also be
discussed.

Potential for an Adverse Impact on Threatened or Endangered Species.
APHIS consulted the list of threatened and endangered species (50 CFR
17.11). None of these species feed on corn, so APHIS concluded that Bt
corn would not affect these species. No mention of toxic effects of corn
pollen on any sensitive Lepidopteran species was made for either Event
176 or CBH-351. Nor was there mention of any possible effects to non-
target susceptible Lepidopterans that may be dependent on Zea host
plants. The latter, though beyond the scope required, may be a proactive
consideration for assessing possible environmental consequences should
transgenes escape and affect population levels of non-target moths and
butterflies, which are also plant pollinators (Letourneau et al. 2001). The
possibility that threatened or endangered plants could rely on Bt-suscep-
tible Lepidopteran pollinators was not mentioned. While this possibility
may not be high, it is best to be thorough in these assessments.

Potential for an Adverse Impact on the Ability to Control Non-target
Insect Pests. In the CBH-351 determination, APHIS briefly examined the
issue of whether insecticide usage might be reduced by the introduction
of Bt corn Event CBH-351 but did not reach a conclusion (USDA 1995,
1998). Perhaps because the APHIS assessments expected no adverse ef-
fects on natural enemies and possibly positive effects due to the curtailed
usage of broad-spectrum pesticides, the notion of secondary pests is not
discussed directly. If, in response to low levels of target pests, non-target
insect pests increased and became secondary pests in Bt corn, those spe-
cies would need to be controlled by alternative measures.

Effects of the Cultivation of Bt Corn on the Ability to Control Insects and
Weeds in Corn and Other Crops. APHIS considered evolution of pest
resistance to Cry proteins for Event 176. These proteins are similar to
those used for ECB control in commercially available crystalline powder
formations. Based partly on experimental demonstrations of resistance
evolution in Lepidoptera to Cry toxins, APHIS predicted that resistant
insects would probably evolve in response to Bt corn. However, a resis-
tance management strategy was outside the scope of the determination.
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APHIS summarized statements from CIBA Seeds—that Bt corn be used
within the scope of an integrated pest management (IPM) strategy, that
populations of ECB be monitored for resistance, that high-dose expres-
sion coupled with non-Bt corn refugia and development and use of new
insect control proteins would delay the evolution of pest resistance, and
that farmers be educated about resistance management strategies. APHIS
suggested that, should these measures fail, resistant ECB populations
might be controlled by agronomic practices such as rotation and alternate
insecticides. The determination document concluded that evolution of
resistance to Bt-based insecticides is a potential risk associated with Event
176 but that this risk was no greater than that posed by applying insecti-
cides themselves. For Event CBH-351, which expresses a protein different
from those in commercial formulations of bacterial sprays, similar argu-
ments were tendered. Cross-resistance was considered unlikely due to
separate receptors in some species, so the Cry9C protein was suggested as
a useful alternative when resistance evolves to other Bt toxins (such as
that in Event 176). APHIS concluded that CBH-351 should pose no greater
effects in resistance evolution than the use of ECB-tolerant corn cultivars,
chemical insecticides, or biological insecticides (USDA 1998). The pos-
sible consequences of herbicide tolerance in affecting weed control, ad-
dressed only for Event CBH-351, were predicted to be positive, allowing
more choice among postemergent herbicides and no-till options.

Although APHIS makes some comments about resistance, the agency
has apparently relied on the Environmental Protection Agency (EPA) to
formalize and/or enforce resistance management plans, encouraging its
consideration. The committee suggests that APHIS either indicate that
resistance management is beyond its scope and not discuss it or provide
detailed analysis of the practical issues of resistance management efforts
in field corn. Otherwise, the outcome can be perceived as different levels
of scrutiny between the EPA and APHIS.

Environmental Risks Not Considered by APHIS

APHIS did not directly consider whether transgenic corn would have
a negative impact on corn’s wild relatives in the United States or else-
where, either in terms of changes in their genetic diversity or in terms of
posing an impact that might lead to their extinction. This is likely due to
the conclusions that hybrids with Zea or Tripsacum would rarely occur,
especially in the United States. Mortality of non-target Lepidoptera should
susceptible species ingest toxin-containing pollen on their host plants is
not discussed. Although threatened or endangered Lepidoptera were con-
sidered, the link between threatened or endangered plants and Bt-suscep-
tible Lepidopteran pollinators was not explored.
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Public Involvement

The determination documents describe comments received on each
of the two petitions (Event 176 and Event CBH-351) during the desig-
nated 60-day period after posting in the Federal Register. Most (2,271 of
2,309) were form letters (source not specified), and 2,307 either favored
deregulation or endorsed the concept of an ECB-resistant corn variety.
One letter pointed out that CBH-351 controls third- and fourth-stage ECB
larvae. The two commenters expressing reservations were concerned
about resistance management and the establishment of refugia of non-
transgenic corn where the 176 Event would be grown. There was no indi-
cation from the documents of any other public involvement in APHIS’s
decision-making process.

Herbicide-Tolerant and Insect-Resistant Cotton

Background

Cotton production has historically relied on heavy use of both insec-
ticides and herbicides. On a per-acre basis during the 1990s, the number
of pounds of insecticide used in cotton was three to eight times more than
in corn and about 100 times higher than in soybean (NRC 2000b). A num-
ber of key insect pests of cotton such as the tobacco budworm have
evolved resistance to many insecticides. In the mid-1990s insecticide re-
sistance threatened the economic viability of cotton farming in a number
of areas of the United States (e.g., Luttrell et al. 1994).

Herbicide use in conventional cotton has been high and on par with
that for other row crops such as soybean and corn. However, the available
herbicides have been difficult for farmers to work with because of the
limited time period for high efficacy and the limited spectrum of weeds
killed by each herbicide. As a result, cotton farmers have often had to use
multiple herbicides to control weeds. Any technology that increases the
efficiency of weed control is of interest to farmers.

As discussed in the prior case study, transgenic cultivars expressing
insecticidal proteins derived from the soil bacterium Bacillus thuringiensis
(Bt) have been successful in limiting damage by a number of Lepidopteran
insect pests (e.g., European corn borer, pink bollworm, tobacco budworm,
cotton bollworm; Gould 1998). It was therefore not surprising that many
cotton farmers whose livelihood was threatened by insecticide resistance
embraced transgenic Bt-cotton, which caused nearly 100% mortality of
the tobacco budworm.

Transgenic cultivars with herbicide tolerance and/or insect resistance
were planted on over 40 million hectares in 2000 (James 2000), making
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these two crop traits the most widely used products of agricultural bio-
technology in the world. Commercial sale of insect-resistant transgenic
cotton began in 1996, and the sale of herbicide-tolerant cotton began in
1997 (USDA 1999; see also Biotech Basics 2001). Increasingly, cotton culti-
vars are being produced that have both herbicide tolerance and insect
resistance. In 2000, one-third of all transgenic cotton in the United States
had both traits (USDA-NASS 2001).

There are two approaches for gaining regulatory approval of a cotton
cultivar that is both herbicide tolerant and insecticidal. The most common
approach since 1996 has been to obtain regulatory approval for each trait
individually. For example, a herbicide-tolerant cotton genotype is devel-
oped and a petition is sent to APHIS asking for deregulated status. A Bt-
producing cotton genotype is developed separately and goes through the
EPA regulatory process as well as a petition for deregulated status with
APHIS. Once the herbicide-tolerant cotton and Bt-producing cotton are
granted nonregulated status, APHIS has no authority over those plants.
Because the herbicide-tolerant cotton is not in itself a pesticide, EPA has
no authority to govern its sale (EPA does regulate the sale of all herbi-
cides). Therefore, anyone with legal access to the deregulated insecticidal
cotton germplasm and to the deregulated herbicide-tolerant cotton germ-
plasm can cross the two types of cotton and produce a new cultivar with
both traits by this conventional breeding technique. This multitrait (gen-
erally referred to as “stacked trait”) cotton can then be commercialized
without further regulatory oversight.

In the case study examined here (petition 97-013-01p for determina-
tion of nonregulated status for Event 31807 and Event 31808), Calgene
took a different approach to developing a cotton plant with herbicide
tolerance and insect resistance. Although not clearly stated in the APHIS
environmental assessment (USDA 1997b), it appears that Calgene devel-
oped a single construct for insertion into the cotton genome that con-
tained both a gene for bromoxynil tolerance and the Bt gene, Cry1Ac, for
insecticidal activity. The breeding advantage for using a single construct
with both genes tightly linked is that the probability of segregation of the
two genes during backcrossing to other cotton cultivars is extremely low.
Because the two genes are essentially inherited as a unit, Calgene had
both traits reviewed simultaneously by APHIS. The committee selected
this environmental assessment as a case study of multiple genes because
it is a case in which APHIS examined a petition for a plant with two
genes, each governing a different agriculturally important trait. Many
petitions for deregulation involve plants with multiple transgenes. In most
cases one gene produces the phenotype of commercial interest and a
second gene acts as a selectable marker. In the case of virus-resistant
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squash, multiple genes are present for resistance to a number of viruses.
This cotton case stands out because both genes have distinct commercial
uses.

The environmental assessment and determination documents for this
petition were relatively short. The assessment formally considered only
two alternative actions: “no action,” which would mean refusal to grant
nonregulated status, or a determination of a “finding of no significant
impact,” which would result in complete deregulation. These alternatives
contrast with other recent environmental assessments. For example, in
the environmental assessment of a Bt corn petition that was also reviewed
in 1997 (96-317-01p), three alternative actions are stated. The additional
action listed is to “approve the petition with geographical limitation.” No
explanation was given in this case study’s assessment about why only
two options were considered.

Environmental Risks Considered by APHIS in Its Environmental
Assessments and Determination Documents

Disease in the Transgenic Crop and Its Progeny Resulting from the Trans-
genes. Because the herbicide tolerance and Bt genes were inserted using
Agrobacterium tumefaciens, and because a cauliflower mosaic virus 35S
promotor and a chimeric 35S promotor were part of the inserted DNA,
APHIS examined the potential for risk from these sequences that came
from plant pest species. The potential for these sequences to result in risks
was dismissed because the disease-causing genes were not present.

Potential Environmental Impacts. APHIS recognized the potential for
transgenic cotton to cross with wild cottons in some parts of the continen-
tal United States but concluded that “none of the relatives of cotton in the
United States show any definite weedy tendencies” (USDA 1997b).
(APHIS acknowledged that judgment of weediness based on the 12 traits
listed by Baker (1965) or subsequent modifications are “imperfect guides
to weediness.” (The utility of Baker’s list as a regulatory guide is dis-
cussed at length in the previous case study and is not repeated here.)
Furthermore, APHIS stated that gene flow to wild relatives would not be
a problem because (1) “any potential effects of the trait would not signifi-
cantly alter the weediness of the wild cotton; and (2) wild cotton popula-
tions have not been actively protected, but have in fact been, in some
locations such as Florida, subject in the past to Federal eradication cam-
paigns because they serve as potential hosts for the boll weevil” (USDA
1997b). The EPA, which has also reviewed transgenic Bt cotton, came to a
different conclusion. EPA allowed the planting of cotton in all areas of the
continental United States except southern Florida because of the presence
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of feral populations of Gossypium hirsutum that can cross with commercial
cultivars. However, the EPA stated that commercial cotton is not pres-
ently grown in that area of Florida. The agency also found a risk of
transgenic cotton crossing with wild cotton in Hawaii. In this case the
agency was specifically concerned with the risk that hybridization of the
transgenic cotton with wild G. tomentosum could threaten that species’
biodiversity and put restrictions on all but isolated breeding nurseries.
The EPA noted that nontransgenic cotton would pose a similar threat but
is not regulated (EPA 2000a).

Potential Impacts on Non-target Organisms. APHIS concluded there is
no reason to believe that transgenic cotton lines would have deleterious
effects on non-target species, based in part on EPA’s finding that “foliar
microbial pesticides indicated no unreasonable adverse effects on non-
target insects, birds, and mammals” (EPA 1995). Also, APHIS argued that
“invertebrates such as earthworms, and all vertebrate organisms, includ-
ing non-target birds, mammals and humans, are not expected to be af-
fected by the Btk insect control protein because they would not be ex-
pected to contain the receptor protein found in the midgut of target
insects” (USDA 1997b; see also BOX 4.1).

The comparison of Bt cotton with Btk-sprayed pesticides is not appro-
priate in this case because the Btk pesticides degrade very rapidly in the
field, due in large part to ultraviolet light exposure, while the Bt toxin in
cotton is expressed constitutively and is tilled into the soil. Furthermore,
no information is given to indicate whether the Cry1Ac toxin produced
by the plant is a protoxin, as in the pesticide, or if it is an activated toxin
that could have different ecological impacts (see discussion in Chapter 2).

Potential Impacts on the Development of Insect Resistance to the Btk
Insect Control Protein. APHIS considered the issue of insect pests evolv-
ing resistance to the Bt toxin. The environmental assessment indicated
that the EPA’s active resistance management program should delay the
onset of resistance. APHIS also concluded that if resistance to Bt does
evolve in insect pests, the ability to control the insects will not be reduced
because conventional insecticides will still be available.

At the time this assessment was written, the tobacco budworm had
become highly resistant to pyrethroid insecticides in major cotton-grow-
ing areas, and the cost of chemically novel replacement pesticides was
about triple the cost of pyrethroids. APHIS did not discuss the fact that
one of the major pests affected by Bt cotton is the corn earworm (H. zea).
That species feeds on many vegetable crops and is treated with Bt sprays
by organic farmers. One of the factors that led to developing resistance
management programs for Bt crops was concern that in the absence of Bt
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BOX 4.1
The Mysterious Ecological Role of Bt Toxins

Over 500 scientific journal articles have been published on Bacillus thuringiensis
since 1999 (www.WebofScience.com). Of these, only a handful discuss topics relat-
ed to the natural ecology of this bacterium. An examination of the older literature
reveals a similar trend. Most ecological studies tend to examine persistence of the
bacterium in the soil (e.g., Addison 1993) or competition between B. thuringiensis
and related species (e,g,, Yara et al. 1997). Most of the toxicological testing of B.
thuringiensis isolates have pragmatically focused on pest insects (see Schnepf et al.
1998). Some papers examined toxicity to non-target organisms, including collembo-
la, honeybees, and daphnia, as part of the process for regulatory approval (e.g.,
Sims). Most of these tests indicate that the common B. thuringiensis toxins are specif-
ic to small taxonomic groups of insects, and there is therefore a tendency to con-
clude that insects and B. thuringiensis have coevolved with each other (see Yara et al.
1997).

Indeed, there is no basis for such a conclusion. As a case in point, many of the
commercialized B. thuringiensis toxins are considered specific to Lepidopteran lar-
vae (Schnepf et al. 1998). However, general knowledge of the ecology of these lar-
vae and this bacterium indicates that they rarely come in contact. B. thuringiensis is
considered a soil bacterium and is rapidly killed when exposed to ultraviolet from
direct sunlight. In order to be toxic, B. thuringiensis must be ingested. Most Lepi-
dopteran larvae feed on leaves, fruits, flowers and plant stems. The few that feed on
plant roots only ingest soil, and the bacteria in it, as a contaminant of their diet. Many
Lepidopteran larvae pupate in the soil, but the prepupal stages in the soil do not feed.
Furthermore, epizootic of B. thuringiensis in Lepidopteran populations are rare. The
only habitat where these larvae and bacteria could commonly come in contact is in
grain bins where a small number of Lepidopteran species live.

If Lepidopterans are an unlikely natural host for B. thuringiensis, is there some
other more likely host? It certainly seems unlikely that this bacterium would use over
10% of its protein to make a toxic crystal of protein unless it had some function. One
candidate for a host that has received minimal attention is the bacteriophagous nem-
atode. As the name implies, these nematodes eat bacteria, including B. thuringiensis.
It has been known for over 10 years that some B. thuringiensis isolates are toxic to C.
elegans (Feitelson et al. 1992) but only recently have studies begun to look at other
nematodes (Marroquin et al. 2000, Griffitts et al. 2001). Given that bacteriophagous
nematodes are one of the most diverse groups of soil invertebrates, there is at least a
reasonable expectation that B. thuringiensis has evolved in interaction with these
organisms. Of course, until more studies are done on the ecological interactions of B.
thuringiensis and soil-dwelling organisms, it will not be known what is the most
common host or food of B. thuringiensis.

Without this knowledge, our ability to develop tests to examine non-target effects
of B. thuringiensis toxins will at least be inefficient and at most totally misguided. In
order for APHIS to develop more rigorous environmental assessments, it would be
helpful to accumulate knowledge about the natural ecology of B. thuringiensis.
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organic farmers would have no means to control this insect. The environ-
mental assessment does not comment on whether the return to the use of
conventional insecticides would cause environmental problems. As indi-
cated in the previous case study on Bt corn, it would seem best for APHIS
to consider this issue in more depth or to completely defer to EPA author-
ity.

Environmental Risks Not Considered by APHIS in its Environmental
Assessments and Determination Documents

Potential Impacts on Non-target Organisms. Bacillus thuringiensis is a
soil-dwelling organism that would rarely seem to come in contact with
foliage- and fruit-feeding insects. Bt protoxin created by this bacteria must
be ingested before its insecticidal properties can be activated. Many Lepi-
doptera pupate in the soil, but Lepidoptera with soil-dwelling feeding
phases are very rare. Based on the lack of interaction between the bacteria
and Lepidopteran-feeding stages, there is no obvious ecological or evolu-
tionary explanation for B. thuringiensis producing a Lepidopteran-specific
toxin. Presumably, the bacteria produce endotoxins for another purpose,
but this purpose has not been determined (see BOX 4.1). APHIS presented
no data on tests that the applicants might have conducted on impacts of
the truncated Bt toxin on organisms in the soil, including microbes and
nematodes that could interact ecologically with the Bt bacterium and its
toxin.

Potential to Cross with Wild Species in Some Geographic Areas in the
United States. As stated in the “Background” to this case study section,
the environmental assessment presents only two alternative responses to
the petition for a finding of nonregulated status. APHIS did not mention
the option of approving the petition with geographical limitations, even
though this option was presented in other APHIS environmental assess-
ments. In the current assessment, APHIS makes the decision to grant
complete approval of the petition. The transgenic cotton lines under
consideration were deregulated throughout the United States.

Impacts of Commercialization of Transgenic Cotton on Environments
Outside the United States. Other APHIS environmental assessments dis-
cuss concerns about the impact of a transgenic crop approved for use in
the United States being planted in other countries. One example is the
squash case study. The environmental assessment of Calgene’s transgenic
cotton mentioned the existence of wild cotton in Mexico but does not
really assess potential impacts on those species. Furthermore, this envi-
ronmental assessment did not consider the fact that the specific Bt toxin
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gene under review might be useful for resistance management in the
United States but might also facilitate resistance in pests that occur be-
yond U.S. borders. At least one cotton pest, H. zea, is known to move
between Mexico and the United States each year (Raulston et al. 1986, Pair
et al. 1987). Therefore, inappropriate planting of Bt cotton in Mexico could
select for resistant pest individuals that would then migrate to the United
States.

Interactions among Multiple Transgenic Traits. APHIS treated herbicide
tolerance and production of the Bt insecticide as two separate traits. It did
not consider that there might be interactions between the two traits that
could have a detrimental effect.

Integrated pest management (IPM) emerged in the late 1950s as an
effort to put pesticide use on a more ecological footing. One of the tenets
of IPM is that natural processes can be manipulated to increase their
effectiveness, and chemical controls should be used only when and where
natural processes of control fail to keep pests below economic-injury lev-
els (NRC 1996). Even with crops that have only Bt toxin genes, it is diffi-
cult to follow IPM guidelines because seed must be purchased in the
spring before pest abundance can be predicted (Gould 1988). When two
traits are combined in a single cultivar and it is impossible to purchase
cultivars with only one of the two traits, farmers are forced to buy a
cultivar with both traits even if they need only one for their farming
operation. In the case of the stacking of herbicide tolerance and Bt toxin
production, a farmer who needs herbicide tolerance may end up planting
cotton with the Bt trait, even if the densities of the Bt target pests on the
farm do not warrant control with the Bt trait. While it is difficult to deter-
mine how many farmers have specifically begun to use cotton with the Bt
trait based on their desire to use herbicide-tolerant cotton, interviews
with North Carolina farmers indicate that it may be over 20% (Bacheler
2000, North Carolina State University Extension, personal communica-
tion). This approach to the use of a pest control tool is clearly not an
appropriate way to achieve the goals of IPM.

In addition to negating progress in adopting IPM farming methods
(NRC 2000b), overuse of pesticidal crops due to a lack of seed choice
could lead to more intense selection for Bt-resistant pest strains. The EPA
has developed regulations to delay the evolution of Bt-resistant pest popu-
lations. In 1998 the EPA’s Scientific Advisory Panel recommended that
resistance management for Bt crops must include the following two com-
ponents: (1) the transgenic plants must produce a high enough dose of
toxin to kill partially resistant individuals (this dose was set at 25 times
the dose needed to kill susceptible individuals) and (2) enough non-
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transgenic hosts must be planted on each farm to produce 500 susceptible
pest individuals for each resistant individual produced in the Bt crop.

In the case of cotton, EPA-registered transgenic plants do not produce
a high dose of Bt toxin for the cotton bollworm, so a large proportion of
partially resistant individuals could survive on the Bt cotton. This regis-
tration was not appropriate according to the EPA Scientific Advisory
Panel, and current requirements for on-farm, non-Bt acreage are not ex-
pected to produce the desired 500:1 ratio. Only a substantial increase in
the refuge acreage could ameliorate this problem. While the EPA may not
increase the on-farm refuge requirements, concern over resistance evolu-
tion in H. zea due to an inadequate resistance management program was
reemphasized by the most recent EPA Scientific Advisory Panel (EPA
2000b). If the stacked trait cottons such as the one approved by the envi-
ronmental assessment discussed here are commercially successful, they
could increase regionwide adoption of Bt cotton, further accentuating the
risk of rapid evolution of Bt resistance in H. zea.

This case study identifies only two negative environmental effects
that could be caused by the interaction of two transgenic traits. If out-
crossing to weedy relatives was more of a problem with cotton, the inter-
action between herbicide tolerance genes and Bt genes could exacerbate
an additional risk—the transfer of the Bt trait to noncrop plants. A Bt gene
inserted into a crop along with a herbicide tolerance gene could be trans-
ferred to wild relative populations much faster than in cases where the Bt
gene was inherited separately from herbicide tolerance. A potential sce-
nario is as follows: Pollen for the stacked trait cultivar crosses with a
weedy relative in a cotton field. The next year progeny from the cross as
well as other individuals of the weed species germinate in the cotton field.
The farmer sprays bromoxynil. This kills most of the weeds without the
herbicide tolerance gene, but those with the gene increase in frequency.
Although the Bt gene confers no direct advantage with regard to survival
against herbicide spray, there is a major increase in the frequency of weeds
with the Bt gene because it is linked to the herbicide tolerance gene. This
results in a large fraction of weeds that are now protected from insect
feeding. If APHIS reviews transgenic plants with weedy cross-compatible
relatives in the United States, such as canola, with stacked herbicide toler-
ance and insecticidal genes, it would definitely need to consider this inter-
action.

Public Involvement

The APHIS environmental assessment indicated that the agency re-
ceived no responses to its Federal Register announcement of this petition
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for deregulation. The committee is unaware of any other attempt to in-
volve the public in this specific assessment.

CONCLUSION

This chapter has reviewed case studies of the three primary APHIS
regulatory pathways for field release of transgenic organisms as well as a
representative sampling of the vast array of transgenic species, pheno-
types, and molecular mechanisms designed to obtain those phenotypes.
In many cases the committee simply reports, without much comment,
how and with what information APHIS made a specific decision. The
committee has little to add in those cases. In certain cases, it has pointed
out situations in which APHIS might have improved its assessments. The
committee has supplied substantial supporting text to explain how those
improvements might have been made. While it is recognized that a few of
those suggestions benefit from hindsight, most of the suggestions are
based on scientific information available, but not utilized, at the time of
assessment. The opportunities for improvement of assessment provide a
context for the committee’s recommendations in the next chapter.

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


167

5

Analysis of APHIS Assessments

As indicated in Chapter 1, regulatory agencies charged with assess-
ing the safety of transgenic plants face a daunting task. This is partly
because environmental risk assessment for transgenic plants is new and
partly because the social context in which regulatory decisions about
transgenic organisms must now be made is dramatically different from
the social context in which these agencies are accustomed to working.

The Animal and Plant Health Inspection Service (APHIS) began its
involvement in the regulation of transgenic organisms in the mid-1980s.
APHIS’s regulatory system has improved substantially since that time.
As pointed out in the case study of two Bt corn petitions for nonregulated
status (see Chapter 4), the scope of environmental issues addressed and
the degree of rigor with which they were addressed both increased be-
tween 1994 and 1997. Furthermore, development of a notification process
that focuses on plant ecology was an important step in effectively stream-
lining the field-testing process. The learning process at APHIS has not
come without missteps, but the agency seems to use those missteps as
opportunities for further improvement. The present analysis is designed
to facilitate additional improvements in the APHIS system, which will be
necessary to meet future challenges of assessing potential environmental
risks of a large number of diverse and novel transgenic products. In ana-
lyzing the APHIS regulatory process, the committee searched for problem
areas. The committee’s criticisms here are not meant to be an indictment
of the system but rather a means to help improve an already functioning
system. It is hoped that APHIS personnel will find this analysis useful in
the spirit it is intended.
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APHIS’s regulatory process has never led to the release of a transgenic
plant that clearly caused environmental damage. However, without sys-
tematic monitoring, the lack of evidence of damage is not necessarily lack
of damage. Furthermore, based on the questions raised in Chapter 4 re-
garding the need for a stronger scientific basis of APHIS analysis, the
committee recommends that the APHIS decision-making process could
be made significantly more transparent, thorough, accurate, and scientifi-
cally robust by enhanced scientific peer review, active solicitation of pub-
lic input, and development of determination documents with more ex-
plicit presentation of data, methods, analyses, and interpretations.

As discussed in Chapter 2, there are two roles for risk assessment—
technical decision support and creation of legitimacy in the regulatory
process. The analysis here is divided into two main sections that relate to
these two roles. First, the committee analyzes how APHIS has involved
the public in the development of its risk assessment process and its spe-
cific rulings. Then, the technical approaches taken by APHIS to support
its decisions are analyzed.

ANALYSIS OF PUBLIC INVOLVEMENT

The issue of public involvement in APHIS’s decision making is com-
plex and must be accorded a somewhat summary, even ancillary, role in
the present analysis. A thorough analysis would require a book of its
own! This issue is an important one because public involvement in the
regulatory decision-making process is desired on at least three counts
(NRC 1996):

• Public involvement in government rule making is required by basic
principles of democracy. Government authority ultimately rests on
the consent of the governed, and it is desirable for public agencies to
find appropriate ways to ensure that decisions are consistent with
this principle.

• Opportunities for public involvement can broaden the basis of infor-
mation on which regulatory decisions are made, improving the qual-
ity of decision making.

• Research on environmental risk indicates that public confidence in
environmental policy making is particularly sensitive to the opportu-
nity for concerned citizens to be involved in the decision-making pro-
cess.

Currently, APHIS policies for public involvement conform to a fairly nar-
row interpretation of those required by the Federal Administrative Proce-
dures Act. It is useful to summarize involvement at two distinct levels:

• First, who is involved or has input into decision making in the notifi-
cation, permit, and petition processes?

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


ANALYSIS OF APHIS ASSESSMENTS 169

• Second, who is involved or has input when policy for review of these
decisions in being established?

With regard to both questions, APHIS may choose to solicit advice from
sources deemed useful by agency staff (although the short turnaround
required for notifications may limit the time to obtain that advice). Also,
the widest level of public input presently solicited by APHIS is achieved
through publication in the Federal Register of intent to deregulate, issue
permits, or alter internal APHIS procedures. APHIS generally receives
comments on these Federal Register notices for a limited period and is
required to issue responses to all comments that express disagreement
with intended action.

External Input into the Decision-Making Process

Table 5.1 summarizes the current range of external participation in
APHIS’s deliberative process for characterizing and evaluating risks asso-

TABLE 5.1 APHIS Involvement of Potential Participant Groups in the
Process of Commercializing a Transgenic Plant or Its Products

External
Applicants Experts Critics Consumers Users

Petition for Non-
regulated status

Hazard identification I I N N N
Risk measurement I I-N N N N
Making a decisiona F F F F F
Risk management I-N N N N N

Permit for release
Hazard identification I N N N N
Risk measurement I N N N N
Making a decisionb I I I I I
Risk management I N N N N

Notification
Hazard identification I N N N N
Risk measurement I N N N N
Making a decision I N N N N
Risk management I N N N N

The process for involving interested or affected parties is designated as F, formal process; I,
informal process; N, no process available.
aNotification of an impending decision must be published in the Federal Register, requesting
comments from interested parties.
bIssuance of a permit is under the authority of the Secretary of Agriculture and does not
require publication in the Federal Register. When permits are announced interested or af-
fected parties can request the related decision documents.
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ciated with regulated transgenic plants. There are three possible paths to
commercialization in which external input could be considered:

• An applicant can petition for nonregulated status, which means the
transgenic plant can be released without regulatory oversight. (See
Chapter 3 for details of the petitioning process.) At present this ave-
nue is the most common pathway to commercialization. As of the
end of 2000, APHIS had received a total of 73 petitions for deregula-
tion. Of these, 52 petitions had been approved, 19 had been with-
drawn, two were incomplete, and none had been denied. APHIS
works with applicants to clarify the standards for approval. As a
consequence, petitions are improved, sometimes substantially, prior
to an APHIS decision. The lack of denials could be related to this
clarification process, which among other functions serves to inform
applicants of the likelihood of approval of petitions.

• An applicant can commercialize the products of a regulated article
(but not the live plant itself) under the permitting system. (See Chap-
ter 3 for details of the permitting process.) The permitting system is
also used to accumulate data needed for commercialization through
the first path. However, based on the relatively small number of field
tests conducted under permit, this approach is rarely used. In the
year 2000, only 36 field tests were performed under permit.

• A final path for developing commercial products from a regulated
article is through use of the notification system. One drawback to this
approach is that APHIS may, at any time, require permits for appli-
cants who are growing a regulated article under notification. (See
Chapter 3 for details of the notification process.) Notification is also
currently the primary route for field testing to gather information
needed for commercialization through the first path. In the year 2000,
almost 900 field tests were conducted under notification, and several
products have been commercialized.

APHIS publishes its intent to deregulate or permit (if it conducts an
environmental assessment for the latter) in the Federal Register. Comment
periods are summarized in Chapter 3. In the case of notifications, the
agency does not publish each notification separately or in a published list.
Instead, it maintains an updated list of all submitted notifications (Federal
Register 1992). APHIS periodically publishes a Federal Register notice an-
nouncing the list’s availability (but apparently has not done so for several
years). On request, the agency provides the list directly to interested par-
ties. APHIS has made arrangements with the National Biological Impact
Assessment Program to make the notification list available online (see
“Field Test Releases in the U.S.,” Information Systems for Biotechnology
database: www.nbiap.vt.edu). Note that there is essentially no opportunity
for either general public comment or external scientific review on notifi-
cation decisions prior to a decision being made.
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Finding 5.1: The notification process involves no public input.

Beyond publication in the Federal Register, the legislative authority
under which APHIS regulates transgenic plants does not stipulate formal
mechanisms for involving external participants. However, the agency has
developed guidelines for petitioning for nonregulated status and for sub-
mitting notifications. These guidelines provide for deliberative interac-
tions between APHIS and the parties seeking to commercialize the prod-
uct (see Chapter 3 for details). APHIS sometimes uses informal processes
to contact outside experts to solicit information (see Chapter 4, squash
case study), but it also has the authority to convene such groups formally
to provide external advice.

External Input into the Establishment of Policy

Table 5.2 summarizes previous involvement of potential participant
groups in APHIS policy-making processes, including developing risk
analysis procedures and procedures for commercializing a transgenic
plant or its products. Three of the primary processes are listed.

As discussed in Chapter 3, APHIS once used a subcommittee of the
U.S. Department of Agriculture’s Agricultural Biotechnology Research
Advisory Committee (USDA-ABRAC) to provide advice for initiating the
notification process. The agency has also held a number of national and
regional meetings to discuss its policies with stakeholders.

The rationale for APHIS risk management activities is determined
largely by statutory authority. Because the U.S. Coordinated Framework
for the Regulation of Biotechnology was developed under statutes put in
place before the advent of transgenics, no public debate or congressional
testimony specifically relating to the environmental risks or public confi-
dence issues associated with transgenic plants occurred in connection
with the creation of APHIS statutory authority.

Effectiveness of Efforts to Solicit External Input

The processes summarized in Tables 5.1 and 5.2 are somewhat effec-
tive in ensuring democratic decision making and improving the quality of
APHIS’s decisions, as noted earlier. Certainly, publication in the Federal
Register in compliance with the Federal Administrative Procedures Act is
intended to provide at least some degree of democratic legitimization of
the general rule-making process. Although theorists of democracy and
governmental procedure continue to debate the adequacy of this approach
to public participation, debate transcends APHIS policies and the appro-
priate focus of this report. In addition, APHIS has been somewhat suc-
cessful at using public input to improve the quality of its decisions, as
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noted earlier in the virus-resistant squash case and the involvement of the
ABRAC. However, the third desired outcome of public involvement—
improving public confidence in the decision-making process—has not
received sufficient attention.

Effectiveness of External Input on Specific Decisions

APHIS’s informal procedures for consulting with outside scientific
experts and the record of Federal Register notices, public comments, and
APHIS responses to comments suggest that the agency’s approach has
been useful in some specific cases for assembling technical information
needed to exercise its regulatory authority regarding permits and peti-

TABLE 5.2 Public Involvement in Policy Making for Risk Assessment
and Management

External
Applicants Experts Critics Consumers Users

Permit for release (1987)
Hazard identification N N N N N
Risk measurement N N N N N
Making the decision to establish

systema F F F F F

Notification system and petition
for nonregulated status (1993)

Hazard identificationb I I I I I
Risk measurement I I I I I
Making the decision to establish

systemc F F F F F

Expansion of notification system
(1997)

Hazard identification N N N N N
Risk measurement N N N N N
Making the decision to establish

systemd F F F F F

The process for involving interested or affected parties is designated as F, formal process; I,
informal process; N, no process available.
aProposal was published in the Federal Register, where anyone could make comments.
bDuring the 1993 proposal, APHIS co-convened an expert panel to review the proposal.
APHIS also presented the proposal at several public meetings during which interested or
affected parties could comment. These procedures were not repeated during the 1997 pro-
posal.
cProposal was published in the Federal Register where anyone could make comments.
dProposal was published in the Federal Register where anyone could make comments.
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tions. Comments on a number of permits have elicited detailed technical
responses from APHIS staff and on several occasions have resulted in
requests for additional data or additional studies on the likely risks posed
by issuance of a permit (see deregulation case study of virus-resistant
squash in Chapter 4). The effectiveness of the public comment period for
this purpose depends on an informal network of people and organiza-
tions that monitor the Federal Register and generate or recruit comments
from people having relevant expertise.

The committee notes that external input through the Federal Register
publications, whether from scientists or the public at large, has dwindled
over the years. In information provided by APHIS, the committee found
that they received a total of 378 comments for the first 10 petitions they
considered (from 92-196-01p to 94-319-01p); the greatest number was for
the second petition involving virus-resistant squash (92-204-01p, see
Chapter 4). In contrast, for the 10 most recently approved petitions (from
97-287-01p to 99-173-01p), APHIS received a total of 11 comments for 3 of
them, and no comments for the others. It is possible that the decline in
comments is due to improved APHIS decision making, or a decrease in
interest on the part of external scientists and the public. In the case of
decreasing numbers of negative comments, another possibility is that frus-
tration with the process may have resulted in declining public involve-
ment in this specific process. Indeed, information provided by members
of the public interest community confirmed that their perceived lack of
responsiveness of APHIS to the comments they provided during delib-
erations over the transgenic squash petition (92-204-01p) marked a “wa-
tershed” for them in which they felt their efforts proved a “waste of time”
and that in the future their efforts were better spent on activities other
than writing comments to APHIS. No matter what the actual cause, APHIS
may be losing potentially valuable public input. The lack of input from
outside scientists in precedent-setting decisions is especially problematic.
In contrast, the Environmental Protection Agency (EPA) often convenes
formal scientific advisory panels to provide information that will help
improve the technical rigor of its decisions.

The Federal Register comment process has several weaknesses for the
purpose of eliciting public involvement. First, Federal Register notices are
often quite technical and not written in a manner that is accessible to the
lay public. Second, when public comments have been issued regarding
questions about confidence in the regulatory process for biotechnology,
APHIS’s responses have largely been perfunctory. For example, early in
the history of permits a number of comments were submitted expressing
the view that the U.S. regulatory approach was incomplete or had gaps.
The APHIS response was either to simply note disagreement with these
opinions or to reply that they were not relevant to the particular decision
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at hand. These responses are adequate within a narrow interpretation of
administrative procedures, but APHIS could have sought alternative
methods of involving the public. As noted above, the agency has held
public meetings to inform the public about its policies, but such meetings
reach a very small audience.

Recommendation 5.1: For precedent-setting decisions involving
permits and petitions, APHIS should actively solicit external scien-
tific review.

External Input into the Establishment of Policy

As reviewed in Chapter 3, the present regulatory system used by
APHIS was established in a series of policy-setting decisions. Starting in
1987 with establishment of the permit system, with its risk-based process
regulatory trigger, several subsequent decisions excluded certain trans-
genic organisms from regulation. Two significant policy-setting decisions
were the 1993 decision to establish a notification system and a process to
petition for nonregulated status (the deregulation decision) and the 1997
decision to expand the notification system. APHIS did not use any formal
processes (i.e., processes that are part of APHIS written policy) beyond
the use of the Federal Register to announce 60-day public comment periods
for involving the public in these decisions. For the 1993 decision, the
agency used informal mechanisms to solicit public input, which included
several public workshops and a scientific review by a subcommittee of
ABRAC to evaluate the scientific merits of the 1993 proposal for a notifi-
cation system. Increased utilization of a system of external scientific re-
view of important policy decisions could help in securing greater public
confidence in the regulatory process.

Recommendation 5.2: For changes in regulatory policy, APHIS
should convene a scientific advisory group to review proposed
changes.

Input of the general public in the process of policy development has
been limited to the same mechanisms used in soliciting input on specific
regulatory decisions. Actively broadening the basis for public involve-
ment in environmental decision making is a difficult and potentially ex-
pensive proposition. Among the strategies that have been used by other
agencies are advisory committees with representation from a number of
self-identified advocacy groups, and public hearings. Outside the United
States other approaches for distributing information and eliciting re-
sponses from the interested public have included consensus councils, blue
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ribbon committees, standing committees, external contracts, and public
jury approaches. Some European countries use standing committees of
public-sector scientists or mixtures of public- and private-sector scientists
to provide wider deliberations on critical issues. Others contract with
public-sector scientists to provide detailed critiques of materials entering
into the decision process. The 2001 revision of European Union’s Direc-
tive 90/220 specifies that applicants perform the risk assessment (unlike
in the United States, where a government agency performs the risk as-
sessment). This allows the European regulatory community to solicit
evaluations of these assessments using external scientists in ways that
would be unwieldy for APHIS.

None of these efforts at involving the public can be undertaken with-
out considerable cost in terms of both money to actually carry out the
exercises and staff time and potentially needless delays in the regulatory
process. Arguably, the effect of efforts undertaken outside the United
States to involve greater segments of the public has been to considerably
broaden the basis of decision making beyond that of the scientific disci-
plines deemed relevant to the interpretation and measurement of envi-
ronmental risk by APHIS staff. Whether this other approach to decision
making reflects greater sensitivity to alternative perspectives, including
consumer and citizen desires, or an intrusion of inappropriate nonscien-
tific viewpoints regarding what should be a science-based regulatory pro-
cess is the subject of continuing debate.

Finding 5.2: There is a need to actively involve more groups of
interested or affected parties in the risk analysis process while
maintaining a scientific basis for decisions.

TECHNICAL ANALYSIS OF APHIS OVERSIGHT

There is no question that the APHIS regulatory processes that have
evolved to handle transgenic plants have resulted in a system that allows
for thousands of field tests and dozens of deregulations of transgenic
plants while at the same time allowing for scientific scrutiny of the regu-
lated articles. Nonetheless, there are opportunities for improvement of
this system.

This section starts with general comments relevant to all APHIS deci-
sion-making processes—notification, permit, and petition. It then focuses
on each process separately. The most important APHIS decisions regard-
ing transgenic plants are those made during the notification and deregu-
lation processes, because of the hundreds of field releases of transgenic
plants under notification that occur every year and the fact that deregula-
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tion removes a transgenic plant from any further APHIS oversight. Be-
cause of the major differences between the notification and the petition
for deregulation processes, each of these processes is considered indi-
vidually after making a few general comments about the overall APHIS
regulatory process. Comments also are provided on the third, now rela-
tively rare, permitting process. That commentary is placed between noti-
fication and petition because the permitting process shares certain fea-
tures with both. It is noted that the permitting process may become more
common as it is the only route to commercialization of products from
plants intentionally grown to produce pharmaceutical compounds.

General Comments and Concerns

Geopolitical Scale

The scope of APHIS oversight is limited to whether and how
transgenic plants are moved and released in the United States. Although
APHIS determinations sometimes include consideration of environmen-
tal impacts of deregulated genetically modified organisms outside the
confines of the United States (see the case studies in Chapter 4), the agency
is under no obligation to do so. Indeed, relevant scientific data may be
unavailable for many countries that are centers of diversity for wild rela-
tives of a transgenic crop. Yet these locations might be the very places
where environmental impacts might occur due to transgene flow into
those populations. Also, once a transgenic plant is deregulated, descen-
dants of that plant may find themselves intentionally or unintentionally
transported far beyond the borders of the United States, to radically dif-
ferent environments. A transgenic crop variety developed to fit into U.S.
systems of agriculture may cause changes in the agricultural systems of
other countries that would cause environmental degradation.

One can imagine an argument being made by certain stakeholders,
that if the U.S. government found a plant to be safe, that judgment should
be good enough for a country without the resources to conduct its own
environmental analysis. That would be wrong. Just because APHIS finds
a transgenic plant to have no significant impact in the United States is not
a guarantee that it will not have an impact elsewhere. To its credit, APHIS
has held biosafety meetings in a number of developing countries to in-
form policymakers of the potential environmental effects of transgenic
plants.

Finding 5.3: APHIS’s environmental assessments should be inter-
preted as being confined to the evaluation of effects occurring in
the United States.
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CBI in APHIS Decision Documents

Many people, including those generally supportive of biotechnology,
decry the apparently large amount of data and information in submis-
sions marked “CBI” (confidential business information). Under this CBI
stamp, all manner of data are hidden from public view and even from
independent scientific scrutiny. This form of business information protec-
tion is not unique to the biotechnology industry and those who monitor
the applications for approval of new pesticides by the agrochemical in-
dustry are faced with similar challenges. This committee sometimes found
that it could not provide an independent scientific assessment of APHIS
rulings because of the broad use of CBI. Clearly, businesses have the right
and the need to protect sensitive information from their competitors. But
APHIS does not have a mechanism to distinguish what is truly competi-
tive information (and worthy of confidence) from less sensitive informa-
tion that might be of value in the public discourse and open to scientific
analysis. The lack of such a mechanism may be related to issues much
wider than the APHIS regulatory system. However, its absence creates
several contradictions. Without a transparent mechanism to evaluate and
judge confidential data from applicants, APHIS appears to accept without
question an applicant’s assertion of what is CBI. Public credibility is
eroded when the same information marked CBI in APHIS documents is
not considered CBI and is open to public inspection in other jurisdictions,
such as Canada or Europe. It must be understood that U.S. standards for
what constitutes CBI are very broad. A company can claim that certain
information is CBI as long as it can show there is any possibility that
disclosure of the information could directly or indirectly harm its busi-
ness. In this legal sense APHIS may have little power to limit CBI. An-
other interpretation of the degree of CBI in documents sent to APHIS by
applicants is that the agency is not working to provide as much informa-
tion as possible to the public. Regardless of the accuracy of either of these
interpretations, the extent of CBI in these documents makes public assess-
ment of APHIS decisions extremely difficult.

Finding 5.4: The extent of CBI in registrant documents sent to
APHIS hampers external review and transparency of the decision-
making process.

Resistance Risk and Non-target Effects

For pesticidal plants, both APHIS and EPA examine risks of non-
target effects and the potential for pests to evolve resistance to the pesti-
cidal component of the plant. The committee examined APHIS’s approach
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to assessing these risks in case studies described in Chapter 4 and by
examination of the general guidelines to applicants (Chapter 3). In these
chapters the committee notes that there is sometimes a lack of rigor in
these guidelines and assessments. Often APHIS documentation refers to
documents written by the EPA on these risks. If both EPA and APHIS
conducted detailed, independent analyses of these risks, this could serve
as a system of checks and balances. However, this does not seem to be the
case. In some assessments it is clear that the EPA examinations are more
comprehensive than those of APHIS. Therefore, it is not clear that any-
thing is gained by having applicants submit information on non-target
effects and resistance risk analysis to both agencies.

Recommendation 5.3: For pesticidal plants APHIS should either
increase the rigor of assessments of resistance risk and non-target
impacts, or it should completely defer to the EPA, which also as-
sesses these risks.

Technical Analysis of the Notification Process

The total number of notification decisions is now several thousand,
and as detailed in other parts of this report and in the Office of Science
and Technology Policy (OSTP) case studies (OSTP/CEQ 2001) it is a
highly streamlined process that occurs without external input from either
scientists or stakeholders. Furthermore, information available to the pub-
lic from acknowledged notifications is limited because of CBI.

The information provided by the notification applicant generally ap-
pears to be sufficient for APHIS to make sure that the regulated article
does not activate any of the triggers that would require the applicant to
apply for a permit. (However, an example given below indicates this may
not always be the case.) If a transgenic plant is eligible for oversight
through the notification process and the applicant complies with the per-
formance standards, environmental impacts should be minimal (espe-
cially if the notification is for a small-scale planting; see below). Of course,
this implies that the applicant understands the performance standards
and that APHIS personnel have sufficient time to carefully examine the
notification application.

A plant under notification must not be a noxious weed, according to
a federal weed list, but plants that are on the weed lists of states, regions
of the United States, or other countries are allowed to be grown under
notification, provided they are not recognized as a weed in the location of
the field site. Relying on only a single weed list to determine whether a
plant is a weed or invasive might not capture all species that are consid-
ered weeds or invasives, especially if they are important problems in a
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restricted locale or ecosystem. For example, in the case study of Bt corn
(see Chapter 4) APHIS indicated that it did not find corn listed as a weed,
while the first weed list the committee used indicated that corn is a weed.
Reliance of APHIS on either its weed list or the committee’s could result
in an inappropriate decision. There is excellent scientific evidence show-
ing that the Baker criteria are inadequate ex ante predictors of weediness.
Yet APHIS continues to use these criteria in decision making.

There are no acreage limits for a crop grown under notification or
permitting. While the typical acreage is small and the largest plantings
are far less than 1,000 acres, the fact that plants under notification and
permitting can be grown for commercial purposes may, in the future,
motivate considerably large-scale plantings. There is nothing to prohibit a
single planting of 1000 acres or more under notification. Alternately, one
could imagine an applicant filing 20 different notifications in a single year
for separate plantings of the same transgenic genotype in different or
contiguous fields of 50 acres each, resulting in a total of 1,000 acres. Be-
cause many ecological effects are scale dependent and more likely to
occur at larger spatial scales, these considerations raise concerns about
acreage limitations.

Finding 5.5: There is no acreage limit for transgenic plants grown
under notification or permit.

As the scale of release increases, so does the challenge for confine-
ment of the transgene. For example, larger plantings of a species broad-
cast pollen farther and at higher rates than smaller stands (Handel 1983
and references therein). Also, as the scale of release increases, it is more
difficult to check for compliance to the performance standards mandated
for plants grown under notification. Unlike plantings under permit, which
are visited annually, only a subset of field sites under notification are
inspected annually.

Finding 5.6: The combination of no limit to scale of planting under
notification and permit and the opportunity for commercialization
of products under notification and permit may motivate large-scale
plantings that may erode compliance to performance standards.

Transgenic plants that are toxic to non-target species cannot be tested
under notification. Such plants are considered toxic to non-target species
if the plant or its seeds are toxic to non-target species in the field and must
be field tested using the more stringent oversight of the permitting pro-
cess. If the toxic compound were intended for use as a pesticidal sub-
stance, it would be regulated by EPA no matter how small the acreage
planted. If the toxic compound were intended for use as a pharmaceuti-
cal, it could not be regulated under notification, and may require over-
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sight by the Food and Drug Administration. Intent is determined by the
applicant with a declaration of intent or no such declaration. Although an
applicant does not now intend either pesticidal or pharmaceutical use, in
the future an applicant may declare such intent. Criteria based on intent
have little effective regulatory scope and have the additional disadvan-
tage of possibly misleading the public into believing that some types of
transgenic plants are being closely regulated when in fact they may not
be. Thus, a transgenic plant producing a toxic compound with pesticidal
or pharmaceutical properties may be regulated under APHIS notification
if the plant or its seeds do not harm non-target species in the field. Toxins
that harm non-targets in storage or toxins in plant parts that harm non-

BOX 5.1
Avidin

Transgenic maize that produces the glycoprotein, avidin, has been grown commercial-
ly under the APHIS notification procedure since 1997 (Hood et al. 1997). The avidin is
extracted from the corn and is used commercially for a number of purposes, including
medical diagnostic procedures. Concern has been raised about the appropriateness of
having avidin-producing corn included among transgenic crops that merit a low level of
oversight through the APHIS notification system.

The avidin molecule binds to the coenzyme biotin with high affinity and results in
biotin inactivation. Because biotin is involved in the basic metabolism of all organisms,
avidin can act as a general toxicant (Hood et al. 1997, Kramer et al. 2000). However, if
excess biotin is provided to an organism, the effects of avidin can be ameliorated in at
least some cases (Kramer et al. 2000). Avidin is produced in chicken eggs (Livnah et al.
1993) and has never been implicated as a cause of any human illnesses (Kramer et al.
2000) or allergies (Langeland 1983). Short-term toxicity tests with mice were negative
(Kramer et al. 2000). However, long-term biotin deficiency can be harmful to hamsters
(Watanabe 1993) and mice (Baez-Saldana et al. 1998). Furthermore, while not shown to
cause human allergies, avidin and a related protein, streptavidin, do elicit immune re-
sponse in humans (Subramanian and Adiga 1997, Meyer et al. 2001).

Avidin has been known to have “antivitamin” effects on insects since Levinson and
Bergmann (1959) did their early research for the Israeli Army Medical Corps. The more
recent literature indicates that at least 26 insect species have been shown to be killed or
chronically impaired by low doses of avidin (Levinson et al. 1967; Bruins et al. 1991,
1992; Morgan et al. 1993; Kramer et al. 2000;  Markwick et al. 2000; Sedlacek et al.
2001).

Because ProdiGene, the company involved in production of corn-based avidin, is not
growing avidin-producing corn for the pesticidal effects of the molecule, the EPA does not
regulate the product or any field testing. APHIS regulations indicate that a transgenic plant
is not appropriate for testing or commercialization under the notification system if the
transgenes “encode substances that are known or likely to be toxic to non-target species
known or likely to feed on the plant.” However, according to the user’s guide (APHIS
1997b), the definition of “toxicity to non-target species” is restricted to only those non-
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target species can be regulated by notification. For example, toxins in
pollen that harm non-target species could be regulated by notification.

As indicated above, it is often difficult to ascertain many details about
a tested plant from the published notifications. The committee did, how-
ever, find one case where enough information was available to result in
questioning the rigor with which the restrictions on the notification pro-
cess are enforced. This case is presented in BOX 5.1 as an example, with
the caveat that the committee did not have access to all of the information
available to APHIS. The committee concluded that the plant tested had
the potential for toxicity to a broad array of organisms both in the field
and after the plant was harvested. Based on this information, the commit-

target species that feed on the plant, not dispersed plant parts, such as seeds, pollen, or
plant residue. Even using this restricted definition, it is difficult to understand how the
avidin-producing corn could qualify for commercialization under notification because the
corn kernels are toxic to many diverse insect species (Kramer et al. 2000). Allergenicity is
not one of the characteristics considered in accepting a notification package. While avidin
has no history of causing allergies (Langeland 1983), the notification procedure used by
APHIS does not require any reporting about potential allergenicity, and any such risks
would not be considered as a part of a notification package. In other words, even if avidin
were allergenic, the applicant could grow and commercialize the product under the APH-
IS notification system without any additional oversight.

Based on conversations with John Howard of ProdiGene and APHIS personnel, avidin
corn appears to be well contained in current commercial plantings. All of the avidin corn
is planted by a single contractor on less than 5 acres of land. Furthermore, biological
containment of the avidin transgene is reinforced by its toxicity to specific corn tissues.
Avidin-producing plants that express high levels of avidin are male sterile, presumably
due to the toxicity of the avidin to pollen-producing tissues of the corn plant.

These containment methods are more stringent than required under the APHIS notifi-
cation procedure. Under the notification system, an applicant only has to show that prog-
eny from any gene flow to other crop plants will not survive in the environment. Process-
ing corn for animal feed or human food is one way suggested by APHIS to ensure that
these crop plants will not survive in the environment. Such procedures clearly will not
ensure that risky transgene products will not enter human foods if the transgenic crop is
commercialized under the APHIS notification system. It is worth noting that the first field
tests of avidin-producing corn were carried out in 1993 based on an APHIS permit that
had been applied for in 1992, before the notification system was established.

While there do not seem to be any unacceptable environmental risks in the current
production of avidin corn, this case points to a lack of rigor in the notification process that
could lead to problems with future transgenic plants. For example, it would be possible,
under notification, to grow thousands of acres of a transgenic crop that produced a sub-
stance that was allergenic or toxic to livestock or humans after seed was harvested. There
is a clear need for APHIS to reassess its notification process given the novel products likely
to be produced by transgenic crops in the future.
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tee does not understand why APHIS has repeatedly allowed field testing
of this transgenic plant under the notification system. The fact that the
substance coded for by the transgene has the potential to be an allergen
was of special interest. Examination of APHIS guidelines revealed that
plants with allergenic properties can be grown under notification. The
committee questions the wisdom of allowing such plants to be grown
under the streamlined notification system. Regulation of novel com-
pounds under notification raises the more general question of how APHIS
determines that a compound is not toxic to non-target species in the field,
given the limited information that must be provided by applicants. The
committee’s comments on the APHIS procedures are not meant to imply
that there is any risk in this specific case where the applicant seems to
have taken extra steps to ensure human and environmental safety.

Finding 5.7: It appears that a transgenic plant with toxic properties
to non-targets was grown to create a commercial product under the
notification process.

APHIS personnel must process the notification applications very rap-
idly (see Chapter 3). The total number of APHIS personnel available to
process notifications, permits, and petitions appears to be insufficient.
Currently there are about 10 permanent APHIS biotechnology evalua-
tions staff. From the time the committee began its study in July 2000 until
July 2001, APHIS always had staff vacancies, and staff turnover rates
appear to be high. This situation results in a heavy per-person workload.
The heavy workload coupled with no public feedback may detrimentally
affect the rigor of the determinations.

The number of APHIS personnel who conduct field visits to sites
under notification and permit is also small. This includes the permanent
APHIS Biotechnology, Biologics, and Environmental Protection (BBEP)
staff plus APHIS field personnel who are not all trained to understand the
implications of the evaluations they are making. (To the credit of APHIS,
it is clear that these field personnel are, on average, better trained today
than they were five years ago. Turnover in field personnel makes main-
taining adequate training levels difficult.) To maintain compliance with
performance standards, sufficient numbers of appropriately trained per-
sonnel must be allocated to visit field sites. Only a subset of notification
sites receives an inspection visit. In field seasons such as 2001, when
APHIS field inspectors have an emergency priority (of inspecting for foot
and mouth disease), few may be available to visit notification sites.

Recommendation 5.4: Because of the large number of field tests
conducted, resources for compliance monitoring are necessary to
maintain a suitable number of well-trained APHIS field inspectors.
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Technical Analysis of the Permitting Process

As noted earlier, the permitting process is currently a relatively rare
APHIS decision-making process for transgenic plants, with only a few
dozen such decisions per year. Prior to introduction of the notification
process, the permitting process was the only regulatory mechanism for
conducting field trials, so the total number of permit decisions associated
with field tests numbers over a thousand.

Similar to the petition process, permit applications contain more than
the simple list required for notification—that is, they provide some scien-
tific information and analysis. The information provided by the applicant
is primarily for the purpose of assuring appropriate confinement and
disposal of the transgenic plants.

Most permit applications, like all notification applications, are not
listed in the Federal Register during the process of APHIS assessment un-
less they include an Environmental Assessment as required under the
National Environmental Protection Act. From 1996 to the present, APHIS
appears to have conducted environmental assessments for about 6% of
the permit applications processed. If APHIS does not issue an environ-
mental assessment reporting on its environmental risk assessment, there
is no potential for feedback from stakeholders except the applicant. And
even when an assessment is issued, feedback from interested and affected
parties could be frustrated by information that is limited because of CBI.

Plants grown under permit share certain characteristics with plants
grown under notification. There are no restrictions to the acreage under
which they may be grown, and they may be grown to produce nonliving
commercial products. As noted elsewhere in this report, it is anticipated
that transgenic plants intentionally grown to produce commercial phar-
maceutical products will be grown under permit. Thus, problems associ-
ated with the scale of the plantation discussed for notification may also
apply to plants grown under permit. However, while APHIS personnel
visit only a subset of notification field sites, all permit sites are visited.

The committee’s findings and recommendations under the section
on notifications generally apply to the permit process as well.

Technical Analysis of the Petition Process

If APHIS approves a petition for deregulated status, deregulation is
absolute. APHIS generally indicates that it cannot “conditionally,” “tem-
porarily,” or “partially” deregulate. For example, APHIS cannot deregu-
late an article but require monitoring of it. Similarly, APHIS deregulates a
regulated article and all of its descendants. As noted in Chapter 3, trans-
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genes can be intentionally moved by crossbreeding into other varieties of
the same species or even other species. Because the plants are fully de-
regulated, one can imagine that the transgenes could be used for pur-
poses other than originally intended. For example, without any further
APHIS consideration, a selectable marker transgene that confers herbi-
cide tolerance in a deregulated article could be transferred to another
variety or another species to create a new variety to be sold as a herbicide-
tolerant product. As a hypothetical example, if a male-sterile poplar tree
with a Bt gene were deregulated, it would be possible to cross the Bt gene
into a male-fertile poplar without further regulation.

Although APHIS generally indicates that it cannot “partially” de-
regulate an article, there is some inconsistency in the agency’s documents.
For example, in the case of the 1997 Bt herbicide-tolerant cotton petition
discussed in Chapter 4, the APHIS assessment formally considered only
two alternative actions: “no action,” which would mean refusal to grant
nonregulated status or a determination of a “finding of no significant
impact” which would result in complete deregulation. APHIS found no
significant impact in this case and deregulated this article in the entire
United States. This resulted in a ruling that differed with one by the EPA
that restricted the growing of cotton in some areas of Florida and in
Hawaii. This is a problematic outcome because the U.S. Coordinated
Framework for the Regulation of Biotechnology indicates that all regula-
tory agencies should regulate transgenic plants with similar scrutiny.

Finding 5.8: APHIS and EPA made different decisions on the plant-
ing range of Bt cotton in the United States.

The use of two alternatives in the APHIS assessment of this cotton
petition contrasts with an APHIS environmental assessment of a Bt corn
petition that was also reviewed in 1997 (96-317-01p). In the corn assess-
ment, APHIS presents three alternative actions. In addition to the two
actions listed in the cotton case, the additional action listed is to “approve
the petition with geographical limitation.” If APHIS had used this ap-
proach with cotton, it could have provided a ruling more similar to that of
EPA.

Finding 5.9: APHIS appears to be inconsistent in reporting its au-
thority to deregulate on a geographic basis in the United States.

The need for a case-by-case assessment of the environmental effects
of transgenic plants has been emphasized repeatedly (NRC 1987, 1989,
2000c) because even the same transgenic trait in two different plants may
pose different concerns. Because each plant/trait/environment combina-
tion is different (see Chapter 2) and because our understanding of genet-
ics and ecology is still developing, it is important for APHIS to resist a
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rigid “checklist” approach suggesting specific data needed for petitions.
While such data requirements might be convenient from the regulator’s
viewpoint, this approach could be perceived as onerous busywork from
the applicant’s perspective, and as an indication of bureaucratic rubber
stamping from the activist communities’ perspective.

Beyond simple identification information, the only information pro-
vided to APHIS should be useful in identifying and determining risk. The
data required of APHIS should be associated with the product (pheno-
type), not the process. Details of the molecular biology of the transgenic
organism are helpful only when they define the phenotype of that organ-
ism in the context of exploring a potential risk. For example, it is impor-
tant that APHIS be provided with the complete sequence of expressed
transgenes in order to provide assurance that only the coding sequences
of interest will be expressed in the transgenic plant. Evidence to date
indicates that molecular gene transfer techniques often give complicated
insertions of the transgene into the genome. Transgenics can be selected,
however, that give Mendelian ratios and behave genetically in a normal
single-gene fashion. Nevertheless, instead of a straightforward insertion
of an unmodified DNA sequence, the transgene may be inserted in a
rearranged manner, as multiple copies, or both. Recent studies have
shown that host DNA of unknown origin may separate transgenes or
parts thereof (Takano et al. 1997; Kohli et al. 1998, 1999; Pawlowski and
Somers 1998; Jackson et al. 2001). An open reading frame (ORF) can be
created (Somers, 2001, University of Minnesota, personal communica-
tion) at some point in the process of transfer or insertion.

The possibility exists that an ORF could lead to expression, although
the likelihood is remote that such an RNA or subsequent protein product,
if produced, could have any negative consequences. As cloning technolo-
gies improve, however, the ideal would be to clone all transgene compo-
nents and be certain that no unexpected gene products would be pro-
duced. At present, cloning the complex insertion(s) is not a trivial matter.
However, it would seem prudent to encourage the sequencing of inserts
whenever possible and to include such information for review by the
appropriate regulatory agency. Striving for a gene transfer technology
that provides simpler inserts is important for the future. Agrobacterium-
mediated gene transfer may provide simpler insertions than particle bom-
bardment, and new ideas on how to further reduce disruptive events in
the transformation process are emerging (Koprek et al. 2001). Gene re-
placement technologies may become common in the future and perhaps
alleviate the concern of producing new ORFs. Of course, spontaneous
gene mutation happens at a low frequency, so any sequence can occasion-
ally be modified to produce a new ORF. How often this happens in
nontransgenics is not known.
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This committee recommends that as much transgene sequence infor-
mation as is reasonably feasible be reported as part of an application.
Because the transgene region might be quite complicated, a protein prod-
uct may or may not be produced, and the product may be inconsequen-
tial, any recommendation to require sequencing must remain flexible un-
til much easier DNA sequencing and other technologies are available. For
these reasons, the committee recommends that APHIS should require
reporting of full DNA sequences of transgenes as they are integrated in
the plant genome unless the applicant can provide scientific or techno-
logical justification not to do so.

Recommendation 5.5: APHIS should require reporting of full DNA
sequences of transgenes as they are integrated in the plant genome
unless the applicant can provide scientific or technological justifi-
cation not to do so.

APHIS’s guidelines for applications for determination of nonregula-
tory status provide a suggested format for applicants to follow. Some of
the features of this format are described in Chapter 3. While APHIS does
not exactly give the applicant a checklist, it does come close to that in
some places. In reading the guidelines this committee was often unsure of
why some kinds of information were requested at all and was also unsure
about what kind of evidence would be needed to respond to some of the
questions asked. For example, the document states that:

Applicants must report any differences noted between transgenic and
nontransgenic plants that are not directly attributed to the expected phe-
notype. Differences observed could include changes in leaf morphology,
pollen viability, seed germination rates, changes in overwintering capa-
bilities, insect susceptibilities, diseases resistance, yield, agronomic per-
formance, etc. Applicants must also note the types of characteristics that
were compared between transgenic and nontransgenic plants and found
to be unchanged.

While this paragraph offers some general guidance, what is missing is
information on the standards of evidence. Does an assessment of over-
wintering capability mean performing quantitative tests in a dozen dis-
tinct habitats for three years, or does it simply mean not noticing any
major change in overwintering while conducting yield trials? While leaf
morphology could be measured in the process of typical agronomic trials,
measuring disease resistance could require special testing with a set of
disease organisms under the environmental conditions best suited for a
disease outbreak of each organism. The applicant could use common sense
in determining what to do or could consult with APHIS personnel. The
problem is that the answer to the question may depend on the APHIS
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scientists’ own value system and on their knowledge of the phenotype in
question. Of course, the importance and likelihood of unexpected changes
in disease resistance will depend on the plant being examined.

A similar concern about evidential standards is raised in the case
study of virus-resistant squash presented in Chapter 4. Here the question
was how to determine if gene flow of the virus resistance-conferring gene
from the transgenic variety to weedy relatives of squash could change
their level of weediness. In this case it was clear that regulatory personnel
and external experts differed in what they considered sufficient evidence.

The four case studies present in Chapter 4 also indicate that the evi-
dence considered to be sufficient differs among petitions. As indicated
above, some variation is explained by the case-specific nature of the risk
assessments and the APHIS learning process from 1994 through 1997.
However, some of the variation in rigor is hard to explain scientifically.

Finding 5.10: From the committee’s assessment of APHIS guide-
lines and case studies, it appears that the agency does not provide a
sufficient guide for evidential standards to applicants preparing
petitions for deregulation.

It also is not clear from the committee’s analysis that APHIS person-
nel have a system for matching evidential standards to the potential level
of hazard and risk. Development of such evidential standards is not an
easy task and may be best accomplished by multiple external experts in
specific areas. As indicated in Chapter 2, a consensus of multiple external
experts is likely to be more rigorous than the expert judgment of regula-
tory personnel because disagreements among external experts typically
lead to more robust risk assessments. Furthermore, no single person or
small groups of people is likely to have expertise in all of the areas needed
to assess the risks of transgenic plants.

The heavy workload of APHIS personnel was discussed earlier. Re-
garding expertise among APHIS-BBEP personnel, the committee’s assess-
ment of their professional backgrounds indicates an appropriate number
of the personnel with training in molecular biology and related fields, but
too few with any formal training in ecology or population genetics.
Greater diversity in areas of expertise could be helpful to this group.

Finding 5.11: APHIS is understaffed, and the committee questions
the match between the scientific areas of staff training and staff
members’ responsibilities.

Recommendation 5.6: APHIS needs to improve the balance between
the scientific areas of staff training and the job responsibilities of
the BBEP unit by increasing staff and making appropriate hires.
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Even if the APHIS staff were larger and more balanced in expertise,
an external scientific peer review process would still likely raise and ad-
dress issues that would be missed by the staff. Peer review could help
assess whether the data presented by an applicant were adequate to ad-
dress specific risks or whether more data were necessary. This would be
especially important when novel traits were being assessed.

A bona fide analytical-deliberative process should involve risk identi-
fication and data evaluation by the applicant, regulators, and interested
and affected parties. In many ways the squash case study exemplifies the
best analytical-deliberative approach of the case studies presented. The
risks are identified by the applicant and addressed. APHIS’s multiple
Federal Register announcements and requests for external expert advice
created an iterative process of analysis and deliberation. The fact that the
process was controversial is, in part, a product of public involvement. The
committee has identified more unanswered questions for the corn and
cotton case studies discussed earlier, even though they are more recent
than the squash case study because, in part, they were not as controversial
and were processed without public or external scientist involvement. Ap-
parently, with more stakeholder involvement and external expert infor-
mation, fewer questions are left unanswered.

The information necessary to determine whether a transgenic plant
poses an environmental risk is like a moving target. Experience and infor-
mation accumulated with time have changed our collective judgments of
environmental impacts. For example, seven years ago when the first Bt
corn petition was reviewed, APHIS did not consider adequately the po-
tential effects of pollen from Bt corn to harm non-target Lepidoptera (see
Chapter 4). Publication of a paper showing that Bt pollen was a hazard to
monarch butterfly larvae aroused great public concern (Losey et al. 1999).
Recent studies now show that, although Bt pollen is hazardous to mon-
arch butterfly larvae, the risk is likely to be low but more research is still
needed (BOX 2.1).

Changes in both scientific information and social values affect the
amount of attention given to specific risks. As discussed in Chapter 1,
society’s view of the interaction between agricultural and nonagricultural
systems has been changing, and more attention is now focused on these
interactions. One issue that has recently been getting more attention is the
effects of large-scale planting of transgenic crops. There is concern that
some environmental effects would not necessarily be detected in small-
scale field tests. Indeed, there is a general problem of implicitly extrapo-
lating from the results of small-scale field trials on the order of tens of
acres to potential effects of large-scale commercial “grow outs” on the
order of millions of acres. The committee did not encounter questions
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about such changes in scale in APHIS assessments, but large-scale changes
are the very kind of environmental changes that make up the primary
impacts of modern agriculture (see Chapter 1).

Finding 5.12: APHIS assessments of petitions for deregulation are
largely based on environmental effects considered at small spatial
scales. Potential effects from scale-up associated with commercial-
ization are rarely considered.

The focus on small-scale field and laboratory tests is evident in the
types of tests typically conducted to assess impacts on non-target organ-
isms. For crops that produce Bt toxins, the general types of tests used to
assess non-target effects are laboratory toxicology tests similar to those
used to assess conventional insecticides. The organism being tested is
exposed to the toxin itself (or a closely related toxin) at concentrations 10
to 10,000 times higher than the organism will experience in the field. If the
right organism is tested using an appropriate method of exposure (but see
Hilbeck et al. 2000, NRC 2000c, Marvier 2001), such testing can be valu-
able. However, these elevated-dose, acute toxicity tests can miss the ef-
fects of a chemical on biological processes other than the one that causes
the acute toxicity. For example, testing of many conventional pesticides at
maximum tolerated doses did not reveal their estrogenic activity, which
can be seen at much lower doses.

Finding 5.13: The “toxicology-type” risk assessments used by peti-
tioners are useful but not sufficient to assess the non-target risks of
pesticidal crops.

In addition to laboratory testing, there have been some short-term,
small-scale field tests that have examined the effects of transgenic crops
on invertebrate biodiversity. It would be possible for applicants to con-
duct more comprehensive field evaluations of transgenic plants for envi-
ronmental effects prior to petitioning for nonregulated status than is cur-
rently done. A number of the case studies in Chapter 4 point out specific
ways that these studies could be improved. However, even more compre-
hensive and relevant precommercialization field testing would still be
limited to detecting effects on organism abundances and field characteris-
tics that occur on small-time and spatial scales.

Therefore, there is a need for a system of testing and monitoring after
commercialization, when large-scale plantings begin. Development of
such postcommercialization assessments is important, complex, and likely
to be quite expensive. The next chapter is devoted to examining the con-
ceptual and practical aspects of developing such postcommercialization
assessments.
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Changes in APHIS Oversight over Time

As emphasized repeatedly throughout this report, the regulation of
transgenic organisms is relatively new, and APHIS should be commended
for being the first regulatory agency in the world to develop a regulatory
framework for the oversight of transgenic organisms. Being first, how-
ever, also has its disadvantages because there were no prior regulatory
models specific to transgenic crops from which to adapt the system of
oversight. Consequently, APHIS-BBEP has had to adapt its procedures at
the same time it was creating them—a challenging and sometimes unset-
tling process.

For example, during 1987, the first year of operation under the newly
approved regulatory system, only a handful of permits were received,
and each could receive considerable attention from the staff. By 1991,
APHIS-BBEP was receiving literally hundreds of permit applications,
which greatly stressed the agency’s technical capacity, and the number of
petitions was anticipated to increase in the future. Moreover, APHIS-
BBEP found that the majority of the applications concentrated on corn,
soybean, cotton, potato, tomato, and tobacco. In addition, it was found
that confinement procedures required for each of these crops had many
similarities. Consequently, in 1992 APHIS-BBEP proposed the develop-
ment of a notification system so that these common applications, which
had already undergone an environmental review under permitting, could
receive less oversight. This system was implemented in 1993 and is the
cornerstone of the APHIS regulatory process. In 1997 they expanded this
notification system, which allows many transgenic plants to be planted
without any environmental review. The committee discussed some of the
scientific concerns and inconsistencies associated with this expanded pro-
cess. This notification system provides great regulatory flexibility for
APHIS and in principle has considerable scientific validity. The 1993 sys-
tem, in particular, is an outstanding example of how a regulatory agency
can learn from experience and adapt its regulatory procedures.

As discussed in Chapter 2, transgenic crops have been assessed in the
United States by APHIS assuming a static non-adaptive risk analysis
framework, without systematic regard to the potential for mistakes, in
either management or risk assessment. Certainly the system is designed
to limit mistakes, but they do occur, and their significance is unknown
outside the specific context in which they occurred.

The committee discussed later in Chapter 2 several models that could
be used to formally supplement the management framework in APHIS’s
risk assessment practices. One such model—the fault tree-analysis—could
be used to assess risks that could occur through failure of the current
oversight system. Conducting such an analysis would provide APHIS
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with considerable information to improve its regulatory procedures and
could contribute to a more formal methodology for a learning system.
One caveat regarding these models is that the cost of such an analysis is
unknown, but might be high.

Recommendation 5.7: APHIS needs to formalize its learning pro-
cess.

CONCLUSION

The best regulatory decision making depends on using the best infor-
mation available. The committee has identified two interweaving factors
that could increase the amount of information available for the regulation
of transgenic plants. First, it has identified that the flow of information to
and from external scientists during the APHIS decision-making process
could be improved if external input were more actively sought by the
agency and if the impediments to flow of data by “confidential business
information” were reduced. Second, the committee perceives that the
small APHIS staff and their high workload precludes the opportunity to
develop the flexibility and breadth necessary to deal with the complex,
diverse, and evolving challenges of a growing workload, new products,
new environmental questions, and increase in the spatial scale of com-
mercial production.
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6

Postcommercialization Testing and
Monitoring for Environmental Effects of

Transgenic Plants

INTRODUCTION

As indicated in Chapters 2 and 5, short-term experiments and general
characterization of plant traits may not pick up all environmental effects
of transgenic crop plants. It is therefore important to conduct postcommer-
cialization testing to determine if the precommercialization testing proto-
cols adequately assessed risks (i.e., validation of precommercialization
decisions). It also is important to set up long-term, postcommercialization
monitoring programs to record trends in predicted effects, and to detect
effects that were not predicted by precommercialization testing. Taken to
an extreme, postcommercialization testing and monitoring could be pro-
hibitively expensive, and if not carefully conceived, could lead to col-
lection of uninterpretable data. This chapter explains the logic behind
validation and monitoring programs, describes the status of current envi-
ronmental monitoring programs, and makes suggestions for the general
structuring of validation and monitoring programs. It is beyond the scope
of the committee to offer suggestions for development of specific pro-
grams for postcommercialization testing and monitoring.

Postcommercialization testing or validation programs are an essen-
tial part of any quality control program. Whether it be an automobile part
or a new hotel service, the producer does testing after commercialization
to make sure that the precommercialization quality control program was
effective. Precommercialization testing for environmental effects of new
crop varieties is a new endeavor, so follow-up validation testing seems
essential.
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Monitoring of past and present status or trends in quantity and qual-
ity of a resource has often proven essential in making decisions regarding
the management of that resource. As a very familiar example, a store-
owner makes ordering decisions based on monitoring of inventory, and
on factors such as past experience with consumer behavior, upcoming
holidays, and time for the delivery of goods. Management abilities and
predictive power for anticipating future needs improve with experience
(or as data accumulate). Over time, changes in consumer preferences, and
changes associated with technological advances in the delivery systems
affect how storeowners manage their inventories. Models used to forecast
climate, weather, or performance of stocks, are based on the sophisticated
use of data on key parameters accumulated over time. Models improve as
data series become longer, however the intrinsic degrees of uncertainty in
these systems will never allow perfect predictions so monitoring will
always be needed. In the economic world, productivity of workers, un-
employment rates, stock indices, mortgage rates, and other variables are
monitored and this information is used to predict and manage the local,
regional, national and international economy. In contrast, we do not have
reliable statistics or long-term monitoring indicators for most of the na-
tions’ biological resources (NRC 2000a).

The charge to this committee as it pertains to environmental monitor-
ing is to (1) evaluate the need for and approaches to environmental moni-
toring and validation processes and, if deemed necessary, to include rec-
ommendations for postcommercialization monitoring of transgenic plants
and (2) provide guidance on the assessment of non-target effects, appro-
priate tests for environmental evaluation, and assessments of cumulative
effects on agricultural and nonagricultural environments for transgenic
plants.

THEORETICAL JUSTIFICATION FOR MONITORING
AND VALIDATION AFTER COMMERCIALIZATION

OF TRANSGENIC CROPS

Precommercial risk analysis has several inherent weaknesses. In gen-
eral, small-scale precommercialization field experiments are not sensitive
enough to detect anything but large effects. For any such experiment
there will be some limit to what can be detected, and this limit will be
rather high because the natural variability from one experimental replica-
tion to another is large. For example, in estimating the yield of a corn
variety—a commercially important agronomic trait—it is necessary to
run several hundred-yield trials to detect significant increases in yield. In
the U.S. Corn Belt, corn yields may be greater than 150 bushels per acre. A
variety that yields five additional bushels per acre is a significantly more
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productive one, which at today’s depressed corn price of about $2 per
bushel on a 500-acre corn farm would provide an extra $5,000 in gross
income. This is only a 3% increase over previous varieties and yet requires
hundreds of trials to demonstrate conclusively.

There is no environmental risk of any agricultural technology that
will be tested in hundreds of experimental field trials prior to commer-
cialization. Small-scale field trials will readily detect order-of-magnitude
differences in an ecological effect, but smaller differences will be difficult
to document. To illustrate this problem, a prospective power analysis
(Oehlert 2000) can be conducted on published insect density data to model
detection of potential non-target effects of transgenic crops. The popula-
tion density of a pest insect—the European corn borer—was measured in
three environments replicated four times each (Andow and Ostlie 1990).
To detect statistically a 10% difference in population density among the
experimental environments given the observed variation in density
among replicates, it would be necessary to examine 134 replicates of the
experiment. Thus, unless the effect of the transgenic crop were consider-
ably larger (a twofold difference in population density could be detected
with 10 replications), a small-scale field experiment is unlikely to detect
10% population reductions in non-target species. Yet ecological effects of
10% can be significant. For an endangered species, a 10% difference in
survival (note that the committee is speaking of “survival”—not “den-
sity”) could mean the difference between recovery and extinction. Thus, a
small experimental effect does not imply a small ecological effect, and the
magnitude of a significant ecological effect may be no different from that
of a significant commercial effect.

Postcommercialization testing is a typical component of most quality
control programs and is appropriate for determining whether the pre-
commercialization tests of transgenic plants were effective. Precommer-
cialization testing of transgenic plants has involved the adoption of test-
ing protocols used for other types of products such as synthetic pesticides.
Because it is not clear that these protocols are completely appropriate for
transgenic plants, postcommercialization validation testing is especially
important. If evidence is collected over time that confirms the accuracy of
precommercialization testing protocols, the need for validation testing
would decrease, but due to the uniqueness of new products its utility is
unlikely to disappear.

Even if the precommercialization risk analysis process is validated so
it effectively identified and mitigated all order-of-magnitude ecological
effects, low-probability events and low-magnitude effects would likely
escape detection and management. As the transgenic crop is commercial-
ized to larger spatial and temporal scales, it may become possible to ob-
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serve smaller and less frequent ecological risks as long as there is a system
of monitoring to look for them.

One type of potential adverse ecological effects of transgenic crops
that may be difficult to detect is their potential for invasion of neighbor-
ing ecosystems. Short-term, spatially limited field trials are poor predic-
tors of environmental impacts of invasions (Kareiva et al. 1996). Small-
scale field trials conducted as part of a permit or petition for deregulation
of a transgenic crop will ultimately have little predictive power regarding
potential ecosystem effects or potential for invasiveness. In an exercise to
explore the predictive power of a large dataset comparing potential inva-
siveness of transgenic and nontransgenic canola over three years in the
United Kingdom (Crawley et al. 1993), Kareiva et al. (1996) found that
results varied depending on how many sites and years were incorporated
into the analyses. Years were more important than sites, but the magni-
tude of errors often exceeded 100%, making use of long-term data im-
perative to increase predictive power. Kareiva et al. (1996) conclude, “we
have so little faith in models and short-term experiments regarding pre-
dictions about invasions, that we advocate extensive monitoring of any
introduced [transgenic crop] with any ecologically relevant traits (such as
disease resistance, herbivore tolerance, and so forth).”

A second reason that ecological monitoring is needed after commer-
cialization is that ecosystems are complex. As noted above, this complex-
ity stems from interannual variations and indirect effects. Because labora-
tory and small-scale field experiments do not adequately replicate all the
interactions that occur in an ecosystem, the only way to observe the full
range of ecological effects of a transgenic crop is to observe it in actual
ecosystems. Some of these effects cannot be predicted beforehand, so eco-
logical monitoring will be necessary to detect any adverse ecological ef-
fects.

Social science provides an additional rationale for postcommercializa-
tion monitoring. From a social-psychological perspective, a compelling
reason to monitor is that the public wants it. Rigorous monitoring assures
the public that their concerns are being addressed seriously and reassures
the public that scientists are being careful to keep the risks low. While it
would be irresponsible to develop a large monitoring program for the
sole purpose of reassuring the public, ignoring public concerns is also
irresponsible.

Finding 6.1: There are several compelling theoretical arguments for
the need for ecological monitoring and validation after commercial-
ization of genetically modified organisms. These needs range from
ecological to social and from the specific to the general. It is likely
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that different kinds of monitoring will be needed to meet these
various needs.

POSTCOMMERCIALIZATION VALIDATION TESTING

As indicated above, postcommercialization testing should be used to
determine the effectiveness of the precommercialization risk assessments.
Each of the four major categories of risk associated with transgenic plants
that are examined before commercialization can be reexamined after com-
mercialization (these are risks associated with movement of transgenes,
impacts of the whole plant through escape and through impacts on agri-
cultural practices, non-target effects, and resistance evolution). The spe-
cific approaches for validation will depend on the risk examined, and the
intensity of testing may depend on the extent of the potential risk. Valida-
tion testing must always be based on testing specific hypotheses related
to the accuracy and adequacy of precommercialization testing.

In some past cases, precommercialization tests have identified poten-
tial risks and restrictions that have been imposed on commercialization to
limit these risks. One example is the risk of insect evolving resistance to
Bt-producing transgenic crops. In this case precommercialization testing
demonstrated that pest species had the genetic capacity to evolve resis-
tance to Bt toxins (Tabashnik 1994), and in some cases the frequency of
specific resistance genes was estimated (for example, Bt; Bentur et al.
2000). During the precommercialization period a number of biological
attributes of target pests were estimated, and these estimates were used to
develop simulation models that projected the dynamics of resistance evo-
lution in the pest (Alstad and Andow 1995). Results from the simulation
models and other sources were then used to determine conditions for
commercialization that would limit the risks of resistance evolution (EPA
1995). At the time of commercialization there were still uncertainties re-
garding some of the key parameters used in the simulation models, and
incorrect parameter estimates could result in inappropriately strict or lax
restrictions on commercialization. Two types of postcommercialization
testing could improve the match between risks and restrictions. First,
further research to better estimate biological parameters of the system
could increase the rigor of model predictions, and second, monitoring of
changes in the frequency of resistance genes in the pest could be used to
determine if evolution was proceeding at an acceptably slow rate. If infor-
mation from parameter estimates or monitoring indicated that the pre-
commercialization decisions about restrictions were inappropriate, ad-
justments to the conditions could be made.

In the case of risks due to non-target effects, there are limits to pre-
commercialization tests because they are restricted to testing a small set of
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organisms over a short time period, on a small spatial scale (Chapter 5).
Once the transgenic crop is marketed there is an opportunity for large-
scale, multi-year testing to determine the adequacy of the precommer-
cialization testing. Comparisons of the population dynamics of non-tar-
get organisms in large (about 100 acre) paired fields (transgenic versus
near isolines) and surrounding natural habitats in a number of locations
would be one approach to such validation testing. If such paired fields
were repeatedly planted to the same crop variety for a number of years it
would be possible to examine population trends in non-target organisms
that would be impossible to examine at a smaller spatial and temporal
scale. The committee recognizes that even the 100-acre scale would be
insufficient for examining organisms that move long distances. For such
organisms it would be necessary to utilize epidemiological approaches
that examined relationships between the intensity of planting of a specific
crop variety in a locality, and the population dynamics of these non-target
organisms. At this level, a gray area develops between what might be
considered a postcommercialization validation test and a monitoring pro-
gram. While this committee treats validation testing and monitoring sepa-
rately in this report because of the distinct and complex type of infrastruc-
ture needed for monitoring, it is important to recognize that these two
approaches are used to accomplish broadly similar goals.

Recommendation 6.1: Postcommercialization validation testing
should be used to assess the adequacy of precommercialization en-
vironmental testing. This validation testing must always involve
testing specific hypotheses related to the accuracy and adequacy of
precommercialization testing.

Recommendation 6.2: Postcommercialization validation testing
should be conducted at spatial scales appropriate to evaluate envi-
ronmental changes in both agricultural and more natural ecosys-
tems.

A funding mechanism for postcommercialization testing will need to
be established. It would be preferable to have such testing involve public
sector scientists to help alleviate real or perceived conflicts of interest.
Although validation testing is costly, the recent postcommercialization
testing for impacts of Bt corn on monarch butterflies (Chapter 2) demon-
strates that such testing is feasible.

The USDA Biotechnology Risk Assessment Research Grants Program
is small ($1.9 million for fiscal year 2000) (USDA 2001a) and is directed
primarily toward small-scale hazard identification. The objectives of this
program expanded recently to include risk issues associated with com-
mercialization. The USDA’s Initiative for Future Agriculture and Food
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Systems (IFAFS) program has established a section concentrating on Bio-
technology Risk Management ($3.4 million for fiscal year 2000, of which
approximately $2.75 million is dedicated to Ecological Risk Management;
USDA 2001b), but this may not be a recurring grant program within
USDA. The budgets for these programs are small and the needs are so
diverse, that many deserving issues are not funded. Validation testing
grant proposals could fall between the main objectives of both of these
programs.

Present public research programs, such as the Biotechnology Risk
Assessment and Risk Management Programs will need to be expanded
substantially to meet this need for postcommercialization testing. These
grants may need to last longer than the average grant since many effects
may not be seen until the crop has been grown for several years at the
commercialized scale. In addition, these programs need to identify,
clearly, program objectives that encourage research related to long-term
monitoring. Such postcommercialization validation testing with well-
crafted controls can provide solid experimental research data to form the
scientific basis for decisions. The peer review process associated with
such grants plays an important role in ensuring proper design of experi-
ments. Some validation testing requires that the same location be exam-
ined for a long period of time and this may require specific targeting.

Recommendation 6.3: Present public research programs, such as in
Biotechnology Risk Assessment and Risk Management, will need
to be expanded substantially.

STATUS OF LONG-TERM ENVIRONMENTAL MONITORING
IN THE UNITED STATES

A multitude of individuals and private, local, state, and federal agen-
cies manage the country’s abiotic (soil, water, air, nutrients, etc.) and
biotic (organismal diversity) resources. Effective resource management
relies on accurate and timely information on the extent, condition, and
productivity of these resources and how they respond to management.
Although historic calls for monitoring in natural areas such as in the
national park system were made as early as the 1930s (Wright et al. 1933,
Wright and Thompson 1935), it took until 1990 before the National Park
Service initiated a natural resource inventory and monitoring program in
select parks to aid in fulfilling its mission (Woodward et al. 1999). Many
individuals and agencies are involved in long-term monitoring and re-
search. Many formal censuses of animal species are regional in scale and
short term in duration. Annual waterfowl surveys conducted to set hunt-
ing seasons and bag limits are a notable exception. Waterfowl popula-
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tions were declining rapidly at the end of the nineteenth century and for
their protection the Migratory Bird Treaty Act became law in 1918 (Ander-
son and Henny 1972). Over time the methods used to estimate annual
production and harvest became more sophisticated and now include
aerial surveys of breeding and wintering grounds, banding of individu-
als, reporting of harvests, and use of computer modeling (Shaeffer and
Malecki 1996, Shaeffer 1998). Data collected in the summer are immedi-
ately used to develop harvest regulations for the fall, and this approach
has proven extremely successful for managing waterfowl.

Most state natural resource, natural heritage, and fish and game de-
partments conduct censuses of game species (fish, birds, and mammals).
All officially endangered species are periodically censused. Other ex-
amples of long-term datasets include the Christmas Bird Count, the North
American Breeding Bird Survey, and the Annual 4th of July Butterfly
Count. However, a review of long-term programs (Woodward et al. 1999)
found that vague objectives, a piecemeal selection of indicators, and poor
linkages between monitoring projects and the decision-making process
plague such programs. In addition, lack of consistent standards for data
collection across agencies makes it difficult to increase statistical power
by combining data.

Monitoring programs associated with agriculture have a more exten-
sive history. One of the oldest programs is the National Agricultural Sta-
tistics Service (NASS), which has collected agricultural statistics for over
160 years. NASS’s charge has evolved over time, and today it collects a
substantial and diverse set of agricultural data including crop acreage,
farm expenditures, harvest yields, livestock inventories, and environmen-
tal data such as land usage and chemical use on those lands.

The Dust Bowl of the 1930s and loss of valuable land to erosion trig-
gered the beginning of coordinated data-gathering efforts on the status of
agricultural lands in the United States by the U.S. Department of Agri-
culture’s Soil Conservation Service (now the Natural Resources Conser-
vation Service, NRCS). Over time the inventory has expanded from the
original purpose of monitoring soil erosion in the 1930s to include moni-
toring of clean water, prime farmland, wetlands, wildlife habitat, and
environmental effects of agriculture. At present the NRCS, (through the
Rural Development Act of 1972, the Soil and Water Resources Conserva-
tion Act of 1977, and other supporting legislation) is charged with assess-
ing the status, condition, and trends of soils, water, and related resources
on nonfederal lands in intervals not to exceed five years (Nusser and
Goebel 1997). These data now form part of the National Resources Inven-
tory (NRI) program. A constant feature of the sample surveys is the use of
numerous measures and the reliance on detection over time through re-
peated visits to the same points. The longitudinal survey encompasses a
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BOX 6.1
Information Currently Contained in the NRI

• Soil characteristics and interpretations (such as slope, depth, land capability class/
subclass, prime farmland, salinity or acidity, flooding frequency)

• Earth cover (such as trees, shrubs, grass)
• Land cover and use (such as crop type, grazing, recreation)
• Erosion (such as sheet and rill, wind)
• Vegetative conditions (such as range condition and species, wetlands)
• Conservation treatment needs (such as erosion control, irrigation management,

forage)
• Potential for cropland conversion
• Extent of urban land
• Habitat diversity
• Cover maintained under the Conservation Reserve Program (where applicable)

network of 800,000 sampling points in primary sampling units (PSUs)
across the United States. Each PSU is a 64.75 ha (160 acres) in area, and 0.8
km (0.5 miles) at each side (some PSU sizes vary; see Nusser and Goebel
1997 for details). Within each PSU, three sampling points are selected
according to a restricted randomization procedure. For the comprehen-
sive five-year NRI survey, sampling rates across the country generally
range from 2 to 6% of the land area, but sampling rates increase for special
studies. Statistical techniques and data collection protocols have evolved
as inventory goals have become broader and more sophisticated. In re-
cent years the NRI has conducted special studies to investigate such top-
ics as changes in wetlands, erosion rates, and changes in field practices.
Multidisciplinary teams using remote sensing techniques, and geographic
information systems are now used for data collection.

Long-term monitoring activities of the NRI, however, have not been
able to provide sufficient or relevant data for effective natural resource
and environmental assessments or management (Goebel 1998). NRI data
do not provide information about the presence or abundance of any plant
or animal species (other than crop species) and thus fall short of a compre-
hensive assessment of natural resources (see BOX 6.1).

Despite the information available from the NRI and NASS, there are
substantial gaps in current monitoring data from agricultural systems in
the United States (The Heinz Center 1999). These gaps are particularly
evident with regard to many of the ecological interactions that are impor-
tant for assessing the long-term productivity and sustainability of agricul-
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tural practices. For example, there are no consistent or comprehensive
data available on crop losses to pests and disease or on pesticide resis-
tance. There are little if any consistent or comprehensive data on soil
qualities such as salinity, organic matter, and compaction. The same can
be said about the status and trends of unmanaged pollinator populations
that are vital to many crops. These gaps and many others will need to be
addressed if monitoring of new agricultural practices and their impacts,
such as the introduction and use of genetically modified crop varieties,
are to be seriously considered. To study associations between the inten-
sity of use of a transgenic plant and changes in biological indicators,
monitoring will need to be conducted at a county or township level in
order to gather statistically useful data.

Finding 6.2: Our ability to assess the impacts of large-scale planting
of transgenic crops is hampered in part by the lack of baseline or
comparative data on the environmental impacts of agriculture.

Finding 6.3: The data provided through the NRI or the NASS are
not sufficiently detailed to allow an independent assessment of the
environmental effects of transgenic plants. Data need to be avail-
able on at least the county or township level to become meaningful.
More detailed information is preferable to be able to make infer-
ences about trends in areas with or without commercialization of
transgenic plants.

Long-term monitoring programs of federal agencies were often estab-
lished in response to legislative mandates (Endangered Species Act, Clean
Water Act, Biomonitoring of Environmental Status and Trends Program,
and the Environmental Monitoring and Assessment Program), yet infor-
mation about biological diversity or individual species is patchy at best.
For example, in its latest strategic plan, the U.S. Forest Service (USDA
2000) has identified species inventory and monitoring as key components
to its decision-making processes for natural resource management plans.
The improvement and integration of information systems, data struc-
tures, and information management as well as the development of indica-
tors and monitoring protocols are expected to lead to improved steward-
ship. A milestone for fiscal year 2006 is the establishment of measurable
objectives and monitoring programs for populations, habitats, and/or
ecological conditions for threatened and endangered species, other spe-
cies for which there are viability concerns, and other management indica-
tor species/focal species. Of the 19 species explicitly mentioned to be
included in monitoring programs are eight bird, five fish, three mammal,
two plant, and one frog species or subspecies. The strategic plan recog-
nizes that it may take many years before trends resulting from manage-
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ment strategies can be separated from population fluctuations caused by
other influences.

Two informative examples of the power and usefulness of monitor-
ing come from the need for sustainable management of fisheries and
waterfowl species, which has resulted in the design of standardized long-
term monitoring programs. The National Marine Fisheries Service spent
some $28.8 million on ship time to collect fisheries data (excluding per-
sonnel and analyses costs), $3.9 million for recreational monitoring, $9.2
million on observer programs (with another $10 million subsidy from
private industry), and $2.8 million on a vessel monitoring system pro-
gram in 1999 alone. The overall data collection expenditures approximate
$45 million annually, while the total (commercial and recreational) value
of fisheries’ harvests, including economic effects, are estimated at $45.7
billion annually (NRC 2000a).

The other example is that of the U.S. Fish and Wildlife Service’s Office
of Migratory Bird Management, which has developed a continental moni-
toring program to provide information for sustainable harvest of water-
fowl. As indicated earlier, each year management decisions such as sea-
son dates and harvest limits are set based on models incorporating
information on breeding pairs, weather, and the age structure of popula-
tions (Shaeffer and Malecki 1996, Shaeffer 1998). Hunters (via their pur-
chase of duck stamps) pay for many of these monitoring programs, and
spend about $1 billion for hunting and related activities. These two pro-
grams illustrate that monitoring with specific goals to (1) provide infor-
mation to set harvest limits and (2) provide information about the re-
sponse of the resource to management actions can be a powerful tool to
manage resources. In particular, the waterfowl monitoring efforts illus-
trate the use of conceptual models for evaluating factors regulating wa-
terfowl populations (such as snowfall for Canadian geese on breeding
grounds or population structure and precipitation for mallards; Shaeffer
and Malecki 1996, Shaeffer 1998).

Long-term monitoring provides the necessary data to develop indica-
tors and to model annual recruitment that are then easily measured and
used in management decisions. Long-term monitoring data also provide
baseline information necessary to evaluate whether changes in manage-
ment or other environmental variables result in population changes. How-
ever, for most biological resources such long-term data do not exist.

Finding 6.4: The United States does not have in place an adequate
environmental monitoring program for agricultural and natural eco-
systems that would permit assessment of the status and trends of
the nation’s biological resources.
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Selection of Appropriate Variables to Monitor

The real challenge in developing a long-term monitoring program is
in determining what are the most important variables to monitor and
how to monitor them in a cost-efficient manner. The natural world is itself
variable and populations of organisms fluctuate widely in abundance
and distribution even in relatively short time spans. Examples of such
fluctuations are the cycles of many forest pests such as tent caterpillars or
the lemming cycle. The ability to identify and separate ecological effects
attributable to chemical, physical, or biological perturbations from inher-
ent variability is central to characterizing effects and estimating risks in
ecological systems. The frequency and amplitude of such oscillations
make the development of sampling designs to detect population trends
due to other factors challenging. “Choosing from the myriad of potential
parameters to monitor is truly a daunting task for managers and biolo-
gists. Literally, any biotic or abiotic feature of an ecosystem can be moni-
tored. Moreover, changes in natural resources can manifest at spatial
scales from the individual to the landscape, biologic scales from genetic to
community, or temporal scales from a few milliseconds to millennia”
(Woodward et al. 1999).

Arguing with confidence that environmental conditions are better,
worse, or just different owing to changes in crop varieties or cultivation
practices is impossible unless natural oscillations (due, for example, to
fluctuations in climate) can be separated from changes in the abundance
of species and ecosystem function caused by chemical, physical, or bio-
logical stressors. The identification of natural fluctuations is complicated
because information is lacking about causes and consequences of popula-
tion oscillations for most organisms. Recent evidence on large population
fluctuations caused by the North Atlantic Oscillation and the El Niño
Southern Oscillation in birds, insects, and mammals (Sillett et al. 2000,
Mysterud et al. 2001) demonstrate the importance of climate variability
and long-term data collection. Historical information about diversity or
disturbance can also be valuable in explaining the response of different
communities to the same perturbation—that is, the invasion of a species,
a drought or flood, and so forth. The sequence in which disturbances
occur may lead systems to very different succession trajectories (Fukami
2001), again highlighting the need for long-term data collections.

Another challenge in determining what to monitor comes from the
potential for strong indirect effects in ecosystems. Ecosystems can be
viewed as aggregates of populations functioning together—however, eco-
systems also have unique features (spatial structure, diversity, etc.) and
function (nutrient cycling, food web relationships, etc.) that must be con-
sidered when assessing changes associated with the commercialization of
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transgenic plants. Outcomes of perturbations are difficult to predict due
to the high degree of indeterminacy in the strength and direction of eco-
logical interactions (Attayde and Hansson 2001). A broad message from
community ecology in recent decades is that indirect interactions among
species are pervasive in natural communities (Holt and Hochberg 2001).
Such interactions are often quantitatively as important as direct trophic or
interference interactions. It is therefore possible that a transgenic plant
that is toxic to a single soil insect species could affect the diversity of soil
microbe species. Addition or removal of individual species have both
been found to cause dramatic changes in communities, and recent evi-
dence suggests that even species with “weak” interactions (as opposed to
keystone species) may play a significant role in stabilizing communities
(Berlow 1999). Indirect interactions arise because most species live in a
complex web of interactions, and in principle this makes it difficult to
predict the response of even well-understood systems to environmental
change (Yodzis 1988, Polis and Strong 1996). The prevalence of indirect
effects in natural communities limits the accuracy of even the most basic
predictions (e.g., the addition of a predator will reduce the population of
prey; Attayde and Hansson 2001).

A central goal for postcommercialization monitoring is to understand
(and potentially predict) the outcome of species interactions in agricul-
tural and natural communities. However, understanding and predicting
the outcomes of species interactions require knowledge about which spe-
cies are dynamically coupled, either indirectly or through intermediate
species (Attayde and Hansson 2001).

DEVELOPMENT OF MONITORING PROGRAMS
FOR TRANSGENIC CROPS

The effects of commercialization of transgenic crops can range from a
change in the state or dynamics of an organism, a population, or an eco-
logical system. These effects can be characterized as either direct or indi-
rect. Direct effects involve interactions of the transgenic plant with an-
other organism (e.g., direct killing of an insect pest feeding on a Bt crop).
Indirect effects are interactions that result from direct effects. For example,
herbicide treatment of resistant crop varieties is intended to reduce weed
infestation (a direct effect), but reductions in weeds may reduce popula-
tions of species feeding on the weeds (an indirect effect).

Many different types of metrics can be used to assess the impacts of
transgenic plants or invasive species on populations and ecosystems
(Parker et al. 1999). This committee recommends that a two-part approach
be used to assess potential environmental impacts of transgenic crops.
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The first element of this approach involves trained-observer monitoring in-
volving technical personnel in agricultural and natural areas manage-
ment. Trained observers are frequently in the field and could be impor-
tant in detecting environmental effects. Their observations would enter
into a nonmonitoring process of validation. Laboratory and field testing
would be conducted to validate scientifically the observations made by
the observers. If the effect is validated and shown to be possible to occur
in the field, it will be possible to generate scientific hypotheses for how
the effect would be observed in the field. The second leg of the monitoring
system would be long-term monitoring programs using bioindicators.

Recommendation 6.4: The committee recommends a two-part ap-
proach to postcommercialization monitoring of transgenic crops:
(1) trained-observer monitoring involving technical personnel in
agricultural and natural areas management, and (2) long-term moni-
toring programs using appropriate indicators (see below).

TRAINED-OBSERVER MONITORING

Need

Although some environmental effects of specific transgenic crops
might be predicted, many effects (intermittent, low-magnitude, or cumu-
lative effects) may remain undetected during precommercial field trials,
and it might be possible to detect them only after scale-up to commercial
plantings. A system of monitoring based on trained observers can be used
to help detect such effects. Monitoring for novel or acute ecological ef-
fects, such as detection of a new nonindigenous invasive species, has
relied on such a system for several decades (Kim 1983). Detecting new
effects of transgenic plants, such as a pathogen of herbicide-tolerant soy-
bean or a decline in bird populations in areas planted with certain trans-
genic crops, would also require a network of trained observers who have
an incentive for detecting such unexpected effects.

One concern that emerges from lessons learned from introduction of
the ornamental plant known as kudzu (Pueraria montana) into the United
States is that widespread planting may increase the likelihood of inva-
siveness. Ironically the initial spread of this species was linked to the
commercial seed trade—plants were grown as ornamentals as well as
forage crop (Winberry and Jones 1974, Mack 1996) in addition to its use
for erosion control. Good surveillance and monitoring are essential for
detecting early invasive tendencies and for allowing early eradication or
control measures should they become necessary.
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Logistics

Such a network of trained people would be prohibitively expensive to
maintain for the sole purpose of detecting the effects of commercializa-
tion of transgenic plants. However, trained professional and volunteer
networks already exist in agricultural and natural areas, and it would be
useful to determine how to integrate monitoring with preexisting net-
works.

In the United States, the Agricultural Extension Service and the Ani-
mal and Plant Health Inspection Service (APHIS) have provided a de-
tection network for invasive species. In addition, crop consultants and
farmers themselves may notice environmental changes associated with
transgenic crops. Building and maintaining the capacity to detect new
acute ecological effects is paramount to an effective monitoring system. In
natural areas, resource professionals in federal and state agencies (e.g.,
Fish and Wildlife Service, state departments of natural resources, natural
heritage programs, National Park Service, Bureau of Land Management,
Department of Defense) already assess and inventory or observe native
species and ecosystems. The same is done in civil society organizations
(such as the Nature Conservancy stewards, Ducks Unlimited, Trout Un-
limited, land trusts) and by professional and volunteer naturalists (hikers,
birders, entomologists, botanists organized to form exotic pest plant coun-
cils, for example, native plant societies, etc.). Any deviations or unusual
occurrences can be reported and then verified.

A critical need for assessing whether such reports are associated with
the commercialization of transgenic crops will be access to detailed infor-
mation (at the township level at least) on the spatial and temporal pat-
terns of planting of specific transgenic varieties (see below). Systematic
monitoring in areas planted with the same variety is needed to gather
data used to build an understanding of processes and changes in the field
and surrounding natural areas. Ecological effects with a low frequency of
occurrence will probably occur in a spatially heterogeneous pattern. Moni-
toring for these effects can be improved by taking this spatial heterogene-
ity into account. For example, because the probability of a change being
detected is likely to correlate spatially with the amount of transgenic crop
planted in an area, spatial maps of planting density can lead monitoring
personnel to the optimal monitoring locations.

Needed Training

Many of these networks of people are already stretched thin by their
present responsibilities, so it is important that any additional activities
associated with detecting potential environmental effects of transgenic
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crops be integrated into their ongoing activities. For example, the Agricul-
tural Extension Service maintains offices in many counties. These exten-
sion service personnel have many responsibilities and spend considerable
time observing agriculture. They have little spare time, and it would be
ineffective to mandate that they spend additional time specifically look-
ing for environmental effects of transgenic crops. But because they are
trained observers of agriculture, it is possible that while they are conduct-
ing their normal activities they could be on the watch for potential envi-
ronmental effects of transgenic crops. This may be facilitated by a short
half-day or one-day workshop on the potential environmental hazards of
transgenic crops, so that these extension service personnel can under-
stand better the types of effects that might occur. Crop consultants are
another group of trained observers in agriculture. It may be possible to
add a training module to the short courses they routinely take that would
prepare them to observe environmental effects of transgenic crops.

LONG-TERM MONITORING AND THE USE OF BIOINDICATORS

Need

The release of transgenic plants is often compared to the introduction
of nonindigenous species (Kareiva et al. 1996, Marvier and Kareiva 1999).
Lessons from invasion biology and management of nonindigenous plants
suggest that the reasons for differences in invasiveness among species are
poorly understood (Williamson 1996), and that invasiveness may evolve
or be delayed (Blossey and Nötzold 1995, Ellstrand and Schierenbeck
2000), often in the form of a “lag” phase between initial introduction and
explosive spread (Williamson 1996). Ultimately, we have little power to
predict which species will be a successful invader, which ecosystem may
be particularly vulnerable to invasion (Williamson 1996, Williamson and
Fitter 1996, Lonsdale 1999), or what the impact of invasions will be (Hen-
geveld 1999). In fact, for some of the most well-known invasive bird spe-
cies, such as European starlings and the House sparrow, multiple intro-
duction events were necessary before populations became established
(Williamson 1996). Lag times in invasive species may be explained by (1)
inherent factors associated with population growth and range expansion,
(2) changes in environmental conditions favoring the introduced species,
and (3) genetic factors (Crooks and Soulé 1999). Moreover, time-lagged
effects are particularly evident after establishment of exotic perennial
plants compared to annuals, and in association with range expansion of
the invaders (Williamson 1996). Overall, short-term experiments (even if
conducted over multiple years or a decade) cannot substitute for long-
term time series observations because of the potential for lag times and
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the general unpredictable outcomes of altered ecosystem interactions.
Long-term monitoring to assess potential changes associated with com-
mercialization of transgenic crops is essential. The inherent difficulty in
predicting indirect interactions and cumulative or synergistic effects
makes the use of long-term monitoring essential in assessments of the
environmental effects of new technologies.

Monitoring Transgenic Crops

Systematic monitoring of the spatial and temporal patterns of an area
planted with different transgenic varieties will provide a basis for all
other monitoring efforts. Ecological effects with a low frequency of occur-
rence will probably occur in a spatially heterogeneous pattern, and the
probability of occurrence will be predicted to be proportional to the area
of the transgenic crop planted. Information on the planting pattern will
permit use of epidemiological methods (Waggoner and Aylor 2000) to
evaluate reports received from the trained-observer monitoring system.
Without this systematic monitoring data, it will not be possible to sepa-
rate coincidental anecdotes from real ecological trends. The information
should also be used to plan long-term monitoring sampling plans to opti-
mize effort allocation. Moreover, in any analyses of long-term monitor-
ing, indicator data need to be linked to the spatiotemporal planting pat-
tern.

Annual reporting of this planting pattern is essential. The spatial pat-
tern should be reported at as fine a spatial scale as possible because envi-
ronmental effects are likely to be localized and aggregation of spatial data
may eliminate the correlation between the occurrence of the crop variety
and the environmental effect or may induce artificial correlations. The
committee suggests that spatial resolution of planting patterns to a 6 × 6
mile grid may be sufficient, but spatial statisticians should develop the
appropriate sampling scenario. Because different transformation events
associated with the same trait can have different environmental effects
(e.g., transgenic corn varieties Event 176 vs. Bt-11/Mon 810), planting
patterns should be reported separately for the various transformation
events, instead of aggregated across the type of trait within a crop.

Recommendation 6.5: The committee recommends that any post-
commercialization monitoring program that is adopted should in-
clude monitoring of the spatial distribution of transgenic crops.

Monitoring Using Biological Indicators

The committee recognizes the difficulty in providing sufficient finan-
cial and taxonomic expertise to monitor more than a fraction of the biota
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occurring in agroecosystems and natural areas. Indeed, for transgenic
crops, the role of monitoring in relation to the specific indicators and our
capacity to monitor requires additional deliberation (BOX 6.3). The com-
mittee endorses the development of ecological indicators as proposed by
the National Research Council (NRC 2000a) for both agricultural and
nonagricultural environments. The development of indicators is based on
the assumption that monitoring an indicator is more cost effective and
accurate than monitoring individual processes or species. Using indica-
tors will simplify what is communicated from such programs.

The NRC (2000a) has developed several criteria for evaluating eco-
logical indicators. The criteria recognize that some ecological indicators
have been less useful than anticipated because they have not been clearly
linked to underlying ecological processes or because the data require-
ments are overly complex and extensive. The criteria provide a frame-
work for evaluating indicators to assess the potential importance of a
proposed indicator, its properties, its domain of applicability, and its limi-
tations:

1. General importance. Does the indicator provide information about
changes in important ecological processes?

2. Conceptual basis. Is the indicator based on a well-understood and
generally accepted conceptual model of the ecosystem to which it is ap-
plied?

3. Reliability. What is the evidence that the indicator is reliable?
4. Temporal and spatial scales. Does the indicator inform us about na-

tional, regional, or local ecological changes? Are the changes measured
likely to be short-term or long-term? Can the indicator detect changes at
the appropriate spatial and temporal scales without being overwhelmed
by variability?

5. Statistical properties. Are the statistical properties of the indicator
(accuracy, sensitivity, precision, robustness) sufficiently understood that
changes in its values will have clear and unambiguous meaning?

6. Data requirements. How many and what kinds of data are needed to
estimate the indicator and to detect trends in the indicator?

7. Skills required. What technical and conceptual skills must the collec-
tors of data for an indicator possess?

8. Data quality. Will sampling and analytical methods be documented
sufficiently that future researchers will be able to understand how the
indicator was estimated?

9. Data archiving. Data, physical samples necessary to recalibrate the
entire dataset, and analytical models should be archived so that inter-
ested parties have access to the information.

10. Robustness. In an ecological sense, is the indicator relatively insen-
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sitive to expected sources of interference, such as external ecological per-
turbations, and technological change in monitoring capacity?

11. Internal compatibility. Is the indicator compatible with any other
indicator being developed or used by other nations or international
groups?

12. Costs, benefits, and cost effectiveness. What is the cost to develop,
implement, and refine the indicator? Benefits are more difficult to esti-
mate, but what are the expected ones? Is there another method that can
provide similar information at lower cost?

Details for the justification and rationale for each indicator are con-
tained in the earlier NRC report (2000a) and the arguments will not be
repeated here. For some of the recommended indicators, data are already
being collected through the NRI; others, particularly the monitoring of
biological diversity, will need further elaboration. This committee is not
charged with and will not provide detailed guidance on organismal
groups/taxa for monitoring. However, the committee encourages further
research into the potential use of indicator or umbrella species to assess
ecosystem health or changes associated with the commercialization of
transgenic plants (see BOX 6.2). The USDA and many other federal and
state agencies are committed to increasing the monitoring of biological
and natural resources. A scientifically rigorous design modeled after the
NRI and with cost sharing among agencies should reduce overall costs for
such a program. More research is needed to identify organisms and bio-

BOX 6.2
Indicators of the Nation’s Ecological Capital

The Committee to Evaluate Indicators for Monitoring Aquatic and Terrestrial Envi-
ronments (NRC 2000a) chose the following as indicators of the nation’s ecological
capital:

• Total species diversity
• Native species diversity
• Nutrient runoff
• Soil organic matter

The committee chose as indicators of ecological functioning or performance:
• Carbon storage
• Production capacity
• Net primary productivity

The committee chose as indicators for agricultural ecosystems in particular:
• Nutrient use efficiency
• Nutrient balance
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logical processes that are especially sensitive to stresses and perturba-
tions. Future research may suggest better indicators, but their perfor-
mance and reliability need to be carefully evaluated before implementing
them nationally.

The committee suggests that the development of indicators used as
“common currency” should be an open democratic process involving
agencies, industry, and other stakeholders. Only if there is agreement of
what to monitor will the results be accepted.

Recommendation 6.6: There should be an open and deliberative
process involving stakeholders to establish criteria for environmen-
tal monitoring programs.

The committee follows the arguments for a common currency devel-
oped by the indicators committee (NRC 2000a):

Indicators are more likely to be useful if they are understandable,
quantifiable, and broadly applicable. They are likely to command atten-
tion if they capture changes of significance to many people in many
places. Although indicators of local effects are not without value, they
must be aggregated into some composite indicator if they are to serve
broad policy purposes. Indicators are most policy-relevant if they are
easily interpreted in terms of environmental trends or progress toward
clearly articulated policy goals, and if their relevance is made clear (Lan-
dres 1992). In other words, indicators that convey information meaning-
ful to decision makers and in a form these decision makers and the
public can understand are more likely to be observed and acted on.
Indicators are also more likely to be influential if they are few in num-
bers and capture key features of environmental systems in a highly con-
densed but understandable way. The manner in which data are aggre-
gated to yield a small number of general indicators should be clear,
especially to those who wish to understand how the indicators were
developed. The reason for choosing indicators, and the selection criteria,
should also be clear (Landres 1992).

Any objective ecological indicators should be expressed numerically,
so that results can be compared with those of indicators in other places
and times. For the indicators to command attention and be used, the
data and calculations they are based on must be credible. The choice of
what indicators to use and how to define them is necessarily somewhat
subjective, but the procedures for measurement and calculations associ-
ated with a particular indicator, once defined, must be clearly specified,
repeatable, and as free of subjective judgments as possible. Where they
are unavoidable, the sources of subjectivity should be defined and iden-
tified (Landres 1992, Susskind and Dunlap 1981). For example, the Con-
sumer Price Index and the percent of people unemployed are calculated
by well-defined rules that have been agreed on, regardless of a person’s
view about the value of full employment or low inflation or even the
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validity of these indices. Debates about these numbers do not involve
who calculated them. Similarly, ecological indicators need to be based
on calculations that are well defined and agreed on.

In addition to being based on credible measurements and calcula-
tions, the choice, motivation, and interpretation of indicators should be
publicly trusted for them to be of greatest use. That means that the peo-
ple and organizations who produce the indicators should be generally
trusted (Greenwalt 1992). The committee cannot specify the best meth-
ods for achieving this goal, but notes that in at least some cases separat-
ing the responsibility for preparing indicators from responsibility for
carrying out policies based on them seems to enhance trust in the indica-
tors. For example, the Bureau of Census has no policy-making responsi-
bility; so, despite recent political arguments about the validity of sam-
pling as opposed to counting everyone, the population estimates
produced by the Bureau are usually trusted. Similarly, the National
Weather Service has no responsibility for environmental policies, and
so, beyond some scientific questions about the nature and placement of
its instruments, its statistics are generally widely respected and trusted.
The importance of public trust in the indicators is even more critical if
ecological indicators are to be used as input for a national assessment of
the state of the nation’s ecosystems.

Crucially important in the data collection process is that the data
satisfy standards of timeliness, level of detail, accuracy, accessibility to
users, coverage or completeness, and credibility of the data collection and
management processes using the data. Because data collections and use
will be at various spatial scales, data system designers must allow for
demands among users at these various scales. Any system must be able to
deal with the needs of users to work at different spatial resolutions and
different degrees of timeliness. For the National Marine Fisheries Service,
credibility is a major concern. Many stakeholders mistrust data that are
collected and analyzed by the same agency that makes policy recommen-
dations, conducts stock assessments, and enforces fishery regulations.
These multiple responsibilities create mistrust about the collection and
use of fisheries data (NRC 2000d).

Recommendation 6.7: The committee recommends that an indepen-
dent body separate from APHIS be charged with the development
of a monitoring program. This monitoring program/database should
allow participation by agencies, independent scientists, industry,
and public-interest groups. The database depository should be
available to researchers and the interested public.

Establishment of a database depository would build stronger confi-
dence and allow access to more data if collection techniques were stan-
dardized. Major advances in monitoring could be achieved by establish-
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ing new computing and communications capabilities and by increasing
integration and standardization of data management on local, regional
and national bases.

Expertise for developing statistically reliable designs is available
within the federal government or at universities. For example, the Re-
sources Inventory Division of NRCS develops policy, procedures, and
standards and provides guidance for natural resource data collection ef-
forts by NRCS. The division also ensures that NRCS’s data collection
efforts are coordinated with other federal, state, and local, government
agencies. The Federal Geographic Data Committee (FDGC) coordinates
the development of the National Spatial Data Infrastructure (NSDI). The
NSDI encompasses policies, standards, and procedures for organizations
to cooperatively produce and share geographic data. The 17 federal agen-
cies that make up the FGDC are developing the NSDI in cooperation with
organizations from state, local, and tribal governments; the academic com-
munity; and the private sector in an effort to improve the quality of the
collected information while minimizing the burden for individual agen-
cies through the use of information technologies.

Recommendation 6.8: The establishment of long-term monitoring
efforts is recommended to permit assessment of potential environ-
mental changes associated with the commercialization of transgenic
plants.

RESPONSES TO MONITORING

Need

The purpose of monitoring (using bioindicators, general surveys by
trained personnel, and long-term assessments) is to allow timely and in-
formed responses to changes in agricultural and natural ecosystems (posi-
tive or negative) associated with the commercialization of transgenic
plants. Without long-term monitoring, informed management decisions
are impossible to make because of uncertainties about the causes of shifts
in abundance of individual species or of ecosystem function. The longer
the data series from a monitoring program, the easier it is to distinguish
true ecological relationships from fluctuations due to natural variability.
A tradeoff between accuracy and utility develops because the longer we
wait for accurate assessments, the less likely it is that responses can be
developed to “restore” ecosystem function or rebuild species populations.
When there is a considerable lag time before impacts become detectable,
the problem of timeliness of response is exacerbated (Byers and
Goldwasser 2001). Examples of such delayed impacts are extinction
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BOX 6.3
Role of Monitoring

The question of what to monitor depends on the larger purposes that monitoring is
intended to serve. With respect to the environmental effects of commercialization of trans-
genic crops, it is important to bear in mind certain points discussed in previous chapters.
First, as discussed in Chapter 2, the focus should be on the environmental effects of trans-
genic crops rather than the transgenes themselves. These effects depend on the phenotyp-
ic characteristics of the crop rather than the fact that transgenes have been moved into the
crop through rDNA techniques. Furthermore, even if transgenes move into other crops
and wild relatives, such movement may or may not have further effects on such factors as
crop performance, food quality, and non-target organisms. As such, the key questions that
must be addressed in discussing the need and potential for monitoring have to do with our
ability to detect such effects should they occur.

Social science research suggests that some members of the public may regard an unin-
tended movement of the transgene itself as an environmental effect (Gaskell et al. in press).
This is especially the case for focus groups conducted outside the United States, where
participants are likely to interpret effects on farming practices in environmental terms.
Thus, events that complicate production of crops that meet organic marketing standards
are likely to be interpreted by some as environmental effects, even if they do not involve
detectable effects on non-target organisms or ecosystem functioning. Others will regard
the unintended presence of transgenes in a commodity as a direct economic or social
effect, rather than an environmental effect, in that they affect the value of farmers’ conven-
tional and organic crops and possibly consumers’ ability to find products that satisfy their
preferences.

A system to test crops for the presence of transgenes, either in the field or at various
points in shipment, is technically feasible. One could thus monitor nontransgenic crops
for the movement of transgenes. The question is whether this is an objective that is consis-
tent with the goals of environmental monitoring. There are both scientific and social value
judgments that bear on this question. Given a clear set of criteria for the ecological health
of conventional or organic agroecosystems, it might be possible to evaluate whether the
presence of specific transgenes in particular farming systems is likely to have detrimental
effects. There also may be specific cases, such as organic growers’ use of Bt toxin, where
monitoring for specific outcomes, such as increased resistance to Bt among crop pests,
might prove beneficial to producers. In general, however, there are no scientifically agreed
upon parameters for evaluating the ecological health of agroecosystems (Peck et al. 1998).
Thus, the argument for undertaking such a system of monitoring involves an appeal to
economic and social values or an interpretation of environmental effects that is broad
enough to encompass many impacts that most Americans would characterize in social or
economic terms.

While technically feasible, detecting low levels of gene flow into crops or noncrops
may be challenging. Gene flow by pollen varies with a tremendous number of parameters,
including pollen vector behavior, compatibility of the populations involved, and relative
sizes of the source and sink populations (e.g., Levin 1981; Ellstrand et al. 1999). Likewise,
seed dispersal can depend on many factors. Typically, the dispersal of pollen and seed
follows a leptokurtic curve (Levin and Kerster 1974), such that the great majority of the
propagules disperse a very short distance (on the order of meters), but the curve has a long
tail (on the order of hundreds or thousands of meters). Of course, the sites to be sampled
will be in that tail region of dispersal. The events in the tail are rare enough that they will
not be uniformly distributed and are especially subject to idiosyncratic factors (e.g., wind
direction) that will increase their patchiness in space. For monitoring to be effective, sam-
ples must be large enough to detect rare and patchy events (Marvier et al. 1999). Although
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flow into noncrop species may be reasonably interpreted as a necessary (but not sufficient)
threshold for certain environmental effects to occur, monitoring gene flow may be of
considerably less value for detecting environmental effects than direct monitoring of non-
target species or ecosystems themselves.

Scientific considerations alone do not provide a sufficient basis for general monitoring
programs that would attempt to keep track of transgenes that may move either to conven-
tional and organic crops or to noncrop plants. One should not rule out the possibility of
future transgenic crops that would warrant such an approach on scientific grounds. Some
of the scientific, social, and economic factors that could be considered in evaluating
whether the movement of transgenes beyond the cultivars in which they are commercial-
ized should be monitored are summarized below.

SHOULD FEDERAL AGENCIES MONITOR FOR
THE MOVEMENT OF TRANSGENES?

Pro
• The identification of no transgenes in a sample might be economically beneficial to

growers who seek to sell their “transgene-free” products to consumers who demand
them.

• The spatial distribution of transgenes in nontransgenic crops would provide baseline
information on the incidence of transgene movement in the environment.

• The incidence of transgenic plants “out of place” could test whether current cultural
and genetic mechanisms for containing transgenes—motivated by concerns for pro-
tecting the environment and intellectual property—are effective.

• The monitoring activity would expand the universe of values reflected in monitoring
activities and might be particularly satisfying to those who interpret movement of the
transgene as itself an environmental effect.

• Monitoring could identify the loss of security of intellectual property.
• Monitoring for the unintended presence of transgenes or their products could be useful

in avoiding or redressing any associated economic, legal, or public health effects.
Con

• Even an extensive monitoring system occasionally might miss transgenes and give false
negatives.

• Unless bulk samples are processed or screening costs decrease, the costs of screening
could be very high relative to the benefits of the monitoring program. Presently, that
ratio is unknown and hard to estimate.

• Because the movement of transgenes, in itself, is not an environmental hazard, moni-
toring for the sake of measuring this parameter might create public confusion.

• Screening will likely depend on PCR technology. This technology is very sensitive to
tiny amounts of DNA. Thus, if materials used for screening are inadequately cleaned or
if the appropriate controls are not used, tiny amounts of contamination may yield false
positives.

• Good intentions with screening can go wrong. A good example is that of efforts in the
last century to screen African American schoolchildren for the hemoglobin S allele,
which, in homozygotes, results in sickle cell anemia. This compulsory program, with-
out appropriate public education, led to a number of ethical, social, and legal prob-
lems (NRC 1994). Therefore, screening for transgenes could stigmatize both transgenic
and conventional crop production.

• Additionally, the costs of any required monitoring might prove so expensive for small
growers that it might put them out of business.

• The identification of transgenes in fields where they were not intentionally grown
would open up the possibility of lawsuits for protection of intellectual property.
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“debts” due to habitat fragmentation or invasion of nonindigenous spe-
cies, global climate change, and groundwater contamination with nitrate
and pesticides (Holden et al. 1992, Phillips et al. 2000). Although monitor-
ing may detect some unexpected effects so that action may be taken to
prevent or ameliorate those effects, in other cases monitoring may detect
those effects so late that environmental damage may be irreversible (e.g.,
extinction).

Finding 6.5: Monitoring cannot substitute for rigorous precommer-
cialization regulatory risk assessments.

Long-term monitoring programs are expensive and labor intensive,
and require standardization of monitoring units and verification of data
collected. Society will benefit only if timely responses become part of the
framework for evaluating the environmental impacts of transgenic plants.
One category of responses to a finding of environmental hazard from a
monitoring program would be the option to reassess the environmental
risks associated with a specific transgenic plant implicated in the finding.
Another category of responses could be the adaptive integration of knowl-
edge gained from monitoring one transgenic cultivar in developing more
appropriate evaluation protocols prior to commercialization and post-
commercialization monitoring systems for future cultivars.

In general, risk analysis can improve safety using a combination of
prerelease assessment and management and postrelease monitoring and
mitigation. At present, APHIS has no formal process for responding to
data gathered through environmental monitoring. However, some of the
responses described below have already occurred to some extent (e.g.,
research to assess the potential risk of Bt corn pollen on monarch butterfly
larvae) and have influenced the activities and regulatory processes of
APHIS. A summary follows of the types of responses to monitoring that
are essential to the objectives underlying the different types of monitoring
approaches described and recommended above.

Currently there are no provisions for an APHIS regulatory response
to the detection of environmental hazards after deregulation of a crop
(but see Chapter 7). One of the underlying assumptions in recommending
postcommercialization monitoring is that a feedback system in the regu-
latory process will be implemented, to respond to data accumulated dur-
ing long-term monitoring. These responses may be informational or regu-
latory.

Examples of Responses

Validation testing could have a direct effect on regulation if, for ex-
ample, testing revealed a substantial increase in the frequency of a Bt
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toxin resistance gene and a federal agency implemented a change in the
recommended resistance management plan. Validation testing could be
used more broadly to test for causal relationships between the distribu-
tion of transgenic crops and their hypothesized environmental effects
after commercialization. For verification of precommercialization risk as-
sessment testing, this type of testing would provide feedback on effects at
larger spatial scales that would either confirm the validity of current risk
assessment procedures or suggest that they should be modified. In the
latter case, a formal response to the results of validation testing would be
a change in the type or extent of precommercialization testing that an
applicant would need to conduct before a permit would be issued or a
petition approved.

Long-term monitoring of as many appropriate indicators as is reason-
able (including the exact location and acreage of transgenic crops planted
each year) might provide critical information on the spatial association
between the intensity of use of a transgenic plant and specific environ-
mental effects. Indicator monitoring, coupled with the potential detection
of an unexpected effect through a network of observers, will allow the
detection and interpretation of spatial relationships between the distribu-
tion of specific events and environmental change. Accounting for event
location then allows “epidemiological”-style research methods to detect
and associate specific environmental effects with specific transgenic crops.
Another type of feedback or response to data resulting from indicator
monitoring would simply be the provision of spatial distribution data to
design additional, more focused monitoring efforts. By using spatial data
we can detect quickly which changes are occurring near the use of trans-
genic crops and so may be resulting from these introductions. Finally, the
historical placement of the various events will provide baseline data and
trends against which change is assessed as part of the follow-up from
potential detection of unexpected effects by observers. Of course, any
regulatory response, such as disallowing the continued use of a specific
transgenic crop associated with detrimental environmental consequences,
would be aided by data about the status of bioindicators at the location of
those events.

Any adverse effects detected through monitoring by trained observ-
ers would likely be correlational or anecdotal; it must be verified with
experiments, tested in field environments to demonstrate that it could
happen in such environments, and/or stimulate additional, more focused
monitoring to establish the cause of these effects and their potential con-
nection to planting of transgenic crops. Several examples are provided
above in the discussion of the trained-observer monitoring system.

Thus, the typical appropriate response to effects reported by trained
observers would be a formal verification process to ensure that the results
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of observer monitoring activities are acted upon. Of course, in some cases
the observed effect may be so dramatic that it would justify immediate
action, which would later be followed by a verification process. In addi-
tion to the various feedback functions described above, there should be
serious consideration given for a process that allows clear regulatory re-
sponses to findings from environmental monitoring. For example, one of
the possible responses should be to disallow continued planting of the
transgenic crop. Such a response could consist of a two-step process. First,
the problem should be identified, described, and a probationary warning
issued that specifies an observation period during which, if the problem
continues, planting will be disallowed. Second, during that observation
period, mitigation efforts could be attempted and evaluated. At this time,
the burden of proof should shift, so that one must prove that mitigation is
successful or planting will be disallowed. Such a response to environmen-
tal disruption would require regulatory decision making to match differ-
ent levels of risk or types of hazards to the timing of the response, mitiga-
tion and evaluation periods, the mitigation goal required, and the degree
of evidence required. Under the present USDA regulatory system, such
matching of a measured regulatory response to the degree of identified
risk is not possible.

Recommendation 6.9: The committee recommends that a process
be developed that allows clear regulatory responses to findings
from environmental monitoring.

CONCLUSIONS

Sustaining the quality of the nation’s ecological and natural resources
requires effective management of those resources (Grumbine 1994, Olsen
et al. 1999). Effective resource management relies on accurate, timely, and
complete information on the extent, condition, and productivity of those
resources. To obtain this information, federal, state, and local agencies
have established ecological and natural resource monitoring programs
(Olsen et al. 1999). Monitoring is also used in the identification and defini-
tion of environmental problems yet to be recognized or that may emerge
in the future.

Major monitoring programs such as the NRI and the NASS provide
valuable long-term datasets relevant to agriculture, but they are not suffi-
ciently detailed or focused to allow an independent assessment of the
environmental effects of transgenic plants. Currently the environmental
monitoring of agricultural and natural ecosystems in place in the United
States is inadequate for assessing the potential impacts of commercialized
transgenic crops.
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To be able to do so, the committee recommends that a two-part ap-
proach be used to assess the potential environmental impacts of transgenic
crops after commercialization: (1) Trained-observer monitoring would in-
volve technical personnel in agricultural and natural areas management
making and recording observations; and (2) long-term monitoring would
help identify and distinguish patterns of biotic and abiotic variation in
natural and agricultural ecosystems from impact events due to transgenic
crops. In order for the findings of such monitoring efforts to be useful, a
clear and coordinated regulatory response must be in place.
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7

The Future of
Agricultural Biotechnology

The application of biological sciences in agriculture has become in-
creasingly prominent in the past decade. Genes were first inserted into
corn using molecular techniques in 1989, and by the late 1990s farmers
were growing millions of acres of transgenic corn. Clearly, the science of
biotechnology for agriculture is in its infancy, yet it shows an influence
beyond its years.

The previous chapters review what is known about the environmen-
tal impact of commercialized transgenic crops and approaches for moni-
toring that might be adapted to screen for their unanticipated effects. One
key finding is that particular phenotypic characteristics of a given trans-
genic plant determine its likely environmental interactions; the fact that
recombinant DNA methods were used in its development only indirectly
affects these interactions by influencing the phenotypic characteristics of
the transgenic plant. Indeed, the significance of biotechnology for envi-
ronmental risk resides primarily in the fact that a much broader array of
phenotypic traits can be incorporated into crop plants than was possible
about a decade ago. As such, our experience with the few herbicide-
tolerant and insect- and disease-resistant varieties that have been com-
mercialized to date provides a very limited basis for predicting questions
needed to be asked when future plants with very different phenotypic
traits are assessed for environmental risks.

This chapter is divided into three major sections. The first includes an
overview discussion of some new kinds of transgenic crops and a selec-
tive discussion of some environmental risk issues that may be associated
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with the next generation of transgenic crops. The second section focuses
on policy, beginning with a general discussion of the context in which
environmental risk from transgenic crops should be framed and then
moving on to specific topics that may arise as policies for the next genera-
tion of transgenic crops evolve. The final section is a discussion of some
research needs to address future issues.

THE NEXT TRANSGENIC CROPS

This section describes anticipated future transgenic crops, including
some expected to be commercialized in the next couple of years, others
that may reach commercial status on a midterm horizon sometime during
the next decade, and others that are mere twinkles of ideas for transgenic
crops that will require research breakthroughs before they can reach frui-
tion. As discussed in Chapter 2, it is not possible to characterize the envi-
ronmental hazards that may be associated with all such crops in advance
of knowledge about their phenotypic characteristics and the agricultural
ecology of the settings in which they will be grown. However, the second
part of this section offers a preliminary discussion of some representative
environmental risk issues that may be associated with these new trans-
genic crops.

An Inventory of New Transgenic Crops

The first commercially produced transgenic crops were based on
single-gene traits. Among these was the “Flavr-Savr” tomato, which used
gene silencing to inhibit the expression of an enzyme involved in fruit
ripening (Kramer and Redenbaugh 1994). The Flavr-Savr tomato was not
a commercial success, but the technology was effective because the fruit
not only had a slow rate of ripening but also was less susceptible to
pathogen infection. Other early transgenic products were based on traits
influencing agronomic performance (i.e., pathogen, insect, and herbicide
resistance). The rapid and broad use by the American farmer of glyph-
osate-resistant soybeans and Bt-expressing cotton and corn attests to the
commercial success of these transgenic crops (James 1998, USDA-NASS
2001).

Based on the successes of these initial transgenic crops, research labo-
ratories throughout the world are now studying a wide variety of traits/
genes that could greatly expand the spectrum of products from such
plants. As was true of the first genetically engineered crops, the rate at
which new transgenic traits can be expected to appear in the future de-
pends largely on the number of genes encoding them. So traits controlled
by single genes, or traits that can be reduced or eliminated by the loss of
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expression through gene silencing of a single gene or group of related
genes, are likely to become the first available. The next logical step for
expansion is the integration of single-gene traits. Crops with a set of single
genes for a number of distinct traits already are in use. We can only
speculate about the number of genes controlling the development and
architecture of plants and the various physiological processes impacting
yield. It seems safe to assume, though, that genetically complex traits will
require additional years of research to understand, let alone express and
regulate in a genetically engineered crop species. Nevertheless, complex
traits, including those controlling adaptation to abiotic stresses, such as
drought and salinity, flowering and reproduction, and hybrid vigor, are
being actively investigated, and it would not be surprising if some of
these could be regulated in crop plants by genetic engineering within the
next 5 to 10 years.

These products have the potential to not only improve agronomic
performance but also increase the nutritional value of grains consumed
by humans and livestock, eliminate allergens and antinutritional factors,
improve the shelf life of fruits and vegetables, and increase the concentra-
tion of vitamins and micronutrients found in seeds, creating healthier
foods (Abelson and Hines 1999). While there are many different kinds of
transgenic crops under development, most aim to address one of four
broad social needs: improved agricultural characteristics, greater adapta-
tion to postharvest processing practices, improved food quality and other
uses of value for humans, and better mitigation of environmental pollu-
tion. Indeed, so many traits currently under investigation could become
incorporated into transgenic plants that space limits consideration here to
only a few.

Improved Agricultural Characteristics

Among the transgenic traits near commercial release are new Bt genes
that provide protection against additional types of insect pests. One of
these is a gene that protects corn against corn rootworm damage (Kishore
and Shewmaker 1999). It is estimated that damage to corn roots by this
pest result in losses approaching $1 billion annually. By reducing the
impact of this pest, it is expected that not only will there be better corn
yields but also better drought tolerance and fertilizer utilization due to
the healthier root system. Research is also being done to genetically engi-
neer tree crops to make them resistant to insects and herbicides and to
increase their rate of growth. For example, a Bt gene has been inserted
into hybrid poplars to protect them against defoliation by a leaf beetle.
Acreage of hybrid poplars has increased because of their good wood pulp
characteristics, but they have been susceptible to insect attack, which has

Copyright © National Academy of Sciences. All rights reserved.

Environmental Effects of Transgenic Plants:  The Scope and Adequacy of Regulation
http://www.nap.edu/catalog/10258.html

http://www.nap.edu/catalog/10258.html


THE FUTURE OF AGRICULTURAL BIOTECHNOLOGY 223

prompted applications of insecticides. Many of these new traits for im-
proving agricultural production on farm are ones that could have envi-
ronmental impacts that are similar in kind to the present generation of
transgenic crops. Their value accrues directly to the farmer and the seed
company and only indirectly to other sectors of society. Their potential
risks, however, are borne by a wider segment of society. Thus, risk analy-
sis of this next generation of traits is likely to resemble present discussions
and debates about biotechnology. The evaluation of these risks is likely to
become more complicated and difficult as the range of transgenic crops
expands from the major grain crops to the more wild and perennial plants,
such as pines and poplar.

Over the long term, new knowledge regarding the physiology and
development of plants and their interaction with microorganisms could
eventually provide the foundation to modify plant structure and repro-
duction. It may become possible to genetically engineer crop plants that
are more tolerant to drought, salinity, and other abiotic stresses (see be-
low); that are able to grow more efficiently in the acidic, aluminum-con-
taining soils found in tropical areas (Herrera-Estrella 1999); that can com-
pete more effectively with weeds; that can reproduce in a shorter time;
and that can potentially fix their own nitrogen.

Improved Postharvest Processing

Transgenic technology is also being applied to several commercially
important tree species, including poplar, eucalyptus, aspen, sweet gum,
white spruce, walnut, and apple (Kais 2001). The global demand for wood
and wood products is growing along with the human population. To
reduce pressure on existing forests, forest plantations that grow transgenic
trees are expected to play an increasingly important role in meeting the
demand for tree products (Tzfira et al. 1998). As mentioned above, the
first traits being genetically engineered into trees are herbicide tolerance
and insect resistance, which are useful for establishing and maintaining
young trees. Several traits are under development to better adapt trees to
postharvest processing, and these may become commercially available in
the near future. For example, there is research under way to modify the
lignin content of certain tree species, in order to improve pulping, the
process by which wood fibers are separated to make paper. Reduced
lignin may improve the efficiency of paper production and may reduce
environmental pollution from the paper production process.

To restrict the transfer of transgenic traits to wild forest and orchard
tree populations, it is generally considered essential to simultaneously
genetically engineer reproductive sterility. Methods currently exist to do
this in crop plants (Mariani et al. 1992, Williams 1995), so this technology
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is available. Besides restricting gene flow, sterility is expected to cause the
trees to grow faster and produce more wood, since energy would not be
wasted producing flowers or fruit. It is likely that this issue will be inves-
tigated by a future National Research Council (NRC) committee.

There is also interest in using genetic engineering technology to turn
annual crop plants into factories that produce valuable chemicals (for a
recent review, see Somerville and Bonetta 2001) and antibodies (Daniell et
al. 2001). Plants have the capacity to synthesize a variety of complex
molecules, given the simple inputs of a few minerals, carbon dioxide,
water, and sunshine. It is widely thought that plants could provide a
“green” renewable source of chemicals to replace those currently obtained
from petroleum. This could also be a mechanism to create new markets
for plant products as well as utilize excess production of agricultural
commodities. The feasibility of producing a plastic precursor, polyhy-
droxybutyrate, in plants, was demonstrated several years ago (Poirier et
al. 1992), but this was not found to be an economically viable process.
Nevertheless, there is excellent potential for mass producing a variety of
fatty acids in plants that serve as precursors for valuable polymers, such
as nylon. The properties of plastics that incorporate starch could also be
significantly improved as more knowledge is learned about the biochem-
istry of starch synthesis.

Research is also directed toward reducing pollution in postharvest
production. For example, there is ongoing research to reduce the content
of phytic acid in corn. Phytic acid stores phosphorus in the developing
seed (Raboy 1997). Much of this mineral complex is not digested by live-
stock, so it ends up in the waste stream. Ultimately, it is released into
ponds and lakes, where the phosphorus can create algal blooms (Tilman
1999b). Several molecular approaches, including genetic engineering, are
being applied to reduce the phytate content of corn.

Some of these new plant products raise several risk issues that the
first generation of products did not. If any of these applications displace
crops for food and feed production, what are the marginal and aggregate
effects on national and global food and feed supplies? If some applica-
tions lead to a more vertically integrated farm-to-product production sys-
tem, what are the environmental impacts? These and other research ques-
tions may be important in the near future.

Improved Food Quality and Novel Products for Human Use

Corn and soybeans are two of the most important food and feed
commodities in the United States and worldwide. Most (65 to 70%) of the
9 billion to 10 billion bushels of corn produced annually in this country
are used for livestock feed; about 25% is exported, and the remaining 10%
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is processed into food ingredients, nonfood coatings and adhesives, and
ethanol (Corn Refiners Association 1999). In addition, approximately 20%
of the dietary calories (of people) in the United States come from lipids
obtained from plant seeds, with soybean oil accounting for about one-
third of the total (www.soygrowers.wegov2.com/file_depot/0-10000000/0-
10000/735/folder/4944/2000SoyStats.pdf). By altering the lipid, protein, and
carbohydrate composition of these seeds, it may be possible to create
more nutritious food and obtain byproducts with improved functional
characteristics. Several of the transgenic products discussed below are in
field trials or will soon be available for production.

Corn seed has a high caloric density because of its high starch and oil
content, but the protein it contains is deficient in several amino acids
(lysine, methionine, tryptophan) essential for swine, poultry, and human
nutrition. Transgenic corn lines that contain higher than normal levels of
these amino acids and/or that produce proteins with higher contents of
these acids have been created, although they are not yet in commercial
production. Varieties of high-oil corn have been developed through non-
transgenic technology, but transgenic technology is also being used to
increase the quantity and quality of corn oil. As is also true of soybean oil
(see below), the stability and nutritional value of corn oil could be im-
proved by increasing the proportion of monounsaturated fatty acid, and
there are efforts under way to do so by genetic engineering.

Natural soybean oil contains a significant proportion of di- and tri-
unsaturated fatty acids (linoleic and linolenic), and although these unsat-
urated fatty acids are generally considered healthier to eat than the satu-
rated fatty acids found mainly in animal fat, they have a tendency to
oxidize and become rancid. These unsaturated fatty acids are also liquid
at room temperature, which limits their functional properties for making
certain types of foods, such as margarine. The stability of soybean oil and
its functional properties are improved by hydrogenating the oil. This re-
duces the double bonds in the unsaturated fatty acids, yielding mono-
unsaturated trans-fatty acids. Although trans-unsaturated fatty acids have
been consumed for many years, there is increasing evidence that they are
unhealthy (Taubes 2001). To address this problem, soybean was geneti-
cally engineered to produce an oil that contains predominantly a cis-
monounsaturated fatty acid (oleic acid; Mazur et al. 1999). This was
achieved through genetic engineering by silencing the genes that produce
linoleic and linolenic acid from oleic acid by a desaturation reaction. The
new product is soybean oil with approximately 85% monounsaturated
fatty acid, which has good stability, and reduced off-flavor and is healthier
to consume.

The meal recovered after soybean oil has been extracted is rich in
proteins that have excellent functional characteristics for creating a vari-
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ety of foods. However, several of the most abundant soy proteins are
deficient in sulfur-containing amino acids (methionine and cysteine),
which are essential amino acids for humans and certain livestock. Other
soy proteins are antinutritional factors, and one is a common food aller-
gen (Ogawa et al. 1993). Thus, transgenic research has been done to re-
move the anti-nutritional factors and allergenic proteins from soybeans
and to improve its protein quality (Mazur et al. 1999).

The deficiency in the sulfur-containing essential amino acids in soy
protein cannot be addressed through conventional breeding because bet-
ter genes simply do not exist in the natural gene pool. However, the
problem can be approached through genetic engineering by altering the
activity of the enzymes that synthesize methionine and cysteine or by
overproducing a protein that contains them. A complementary approach
is to block expression of the major soy proteins that lack methionine and
cysteine, thereby increasing the percentage of these amino acids in the
remaining proteins. Both of these strategies are being explored. The feasi-
bility of producing a methionine-rich protein in transgenic soybeans and
other pulse seeds has been demonstrated (Altenbach et al. 1989, Nordlee
et al. 1996), but the trait has not been commercialized. Gene silencing has
been shown to be an effective way to eliminate the major soybean allergen
(Jung, 2001, personal communication), and other anti-nutritional proteins
have been removed by mutagenesis (Mazur et al. 1999). The promoter
used to silence the fatty acid desaturase genes in the high oleic acid
transgeneic soybean effectively eliminates expression of one of the major
classes of soy proteins that does not contain methionine and cysteine.
Consequently, the transgenic seed that was modified for high oleic acid
content also has an improved protein quality.

In addition to the macronutrients, starch, protein, and oil, plant foods
provide many of the micronutrients essential in human diets. There are 17
minerals and 13 vitamins required at minimum levels to prevent nutri-
tional disorders (DellaPenna 1999), and all of these have attracted bio-
technology research. Clinical and epidemiological studies show an im-
portant role in health maintenance for several minerals (iron, calcium,
selenium, and iodine) and vitamins (A, B6, E, and folate), but these are
typically not present in sufficient quantities in many diets throughout the
world. Common reliance on rice, wheat, maize, and soybean for macro-
nutrients limits the diets of many people to the micronutrients these seeds
contain. In particular, these foods are deficient in iron, zinc, selenium,
copper, riboflavin, and vitamins A and C.

More than two billion people face serious dietary problems due to
inadequate quantities of micronutrients. For example, iron deficiency
leads to anemia in 40% of all women and 50% of pregnant women and is
thought to cause up to 40% of the half-million deaths at childbirth each
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year (Welch et al. 1997). Inadequate iron in children’s diets impairs men-
tal development. Vitamin A deficiency is considered a global epidemic
(Ye et al. 2000). Annually, 250 million children suffer from vitamin A
deficiency, which contributes to illness and death for some 10 million
people annually. Vitamin A deficiency causes blindness in up to half a
million children each year, half of whom die after losing their sight. Be-
sides impairing vision, vitamin A deficiency can lead to protein malnutri-
tion and poor immune system function. Folic acid deficiency increases the
risk of birth defects, heart disease, and stroke.

Much remains to be learned about the uptake and accumulation of
minerals and the synthesis of vitamins in plants, but significant progress
is being made in some areas of research, such that transgenic plants pro-
ducing increased levels of several micronutrients have been created. For
example, mulled rice grains contain no beta-carotene, but it has been
genetically engineered by the introduction of three genes, one from daffo-
dil and two from bacteria, to produce significant levels of beta-carotene,
which is made into vitamin A (Ye et al. 2000). Additional genetic engi-
neering may be necessary to raise the beta-carotene level in transgenic
rice such that a daily serving provides the recommended daily allowance
(RDA) of vitamin A. The efficacy of this approach to reducing vitamin A
deficiencies remains controversial (Nestle 2001).

Similar genetic approaches were used to increase the level of toco-
pherol, the lipid-soluble antioxidant known as vitamin E, in plant oils.
The RDA for vitamin E is 10 to 13.4 international units (equal to about 7 to
9 mg of α-tocopherol), which is generally accessible through consump-
tion of plant-derived dietary components, including soybean oil. How-
ever, an excess intake of vitamin E (100 to 1,000 IU/day) has been found
to be associated with a reduced risk of cardiovascular disease and some
cancers, improved immune function, and reduced progression of several
human degenerative conditions (Traber and Sies 1996). Thus, there could
be health benefits from increasing the level of vitamin E in commonly
consumed foods, such as soybean (DellaPenna 1999). By overexpressing
the gene responsible for the last step in vitamin E synthesis in the model
plant Arabidopsis thaliana, the effective vitamin E level was increased
nearly 10-fold (Shintani and DellaPenna 1998). A similar approach is now
being used to create transgenic soybean and canola plants with enhanced
levels of vitamin E.

Plants contribute a number of other health-promoting chemicals to
our diet (DellaPenna 1999). The glucosinolates found in broccoli and re-
lated cruciferous vegetables are thought to help detoxify cancer-inducing
carcinogens (Talalay and Zhang 1996). The isoflavones found in soybeans
are phytoestrogens, and they appear to reduce the incidence of breast,
prostate, and colon cancers; osteoporosis; and cardiovascular disease
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(Kurzer and Xu 1997). Carotenoids, the red, orange, and yellow pigments
in tomatoes and green leafy vegetables, appear to reduce the risk of cer-
tain cancers, cardiovascular disease, and blindness caused by macular
degeneration (Charleux 1996). The genetic and metabolic factors influenc-
ing levels of glucosinolates, isoflavones, and carotenoids from various
plant sources are poorly understood, as is the appropriate level at which
they should be consumed for maximum health benefits. Western diets
typically contain limited amounts of these chemicals, and there is grow-
ing interest in finding ways to increase their content in food and to deter-
mine their appropriate health-promoting levels.

Plant foods could also be used as edible vaccines (Langridge 2000,
Walmsley and Arntzen 2000). Many seeds contain proteins that are aller-
genic in certain people. When these allergenic proteins are digested, small
fragments derived from them are absorbed into patches of cells on the
small intestine that are part of the immune system. Antibodies are pro-
duced against these proteins, and this leads to an immune response in the
individual, with potentially severe consequences after subsequent expo-
sure to the allergenic proteins. This same process can be used to create
immunity against common viral and bacterial pathogens by producing
antigenic proteins derived from them in edible plant parts. Of particular
interest are a group of pathogens—Norwalk virus, Vibrio cholerae (the
cause of cholera), and enterotoxigenic Escherichia coli (a source of “travel-
er’s diarrhea”)—that cause the deaths of several million children each
year, mainly in developing countries. Preliminary studies indicate that
uncooked plant foods, such as potatoes or bananas, can be used to pro-
duce pathogen-derived proteins (such as virus coat proteins). These foods
might then be used to inoculate children and adults against a variety of
common diseases. Although a great deal of research remains to be done to
demonstrate the efficacy and economic viability of this approach, results
from preliminary experiments are promising.

There is also interest in using plants to produce human monoclonal
antibodies. Preliminary research has demonstrated that several types of
plant tissues, including seeds and leaves, have the capacity to express
genes encoding the protein subunits of monoclonal antibodies and as-
semble them into functional complexes (Daniell et al. 2001). It remains to
be seen whether plants can produce these antibodies in sufficient quanti-
ties to meet therapeutic requirements. However, if it proves possible, the
technology has tremendous potential because of the expense of produc-
ing monoclonal antibodies in mammalian tissue cultures. It would be
essential to grow these plants in restricted locations, but the value of the
products would easily be sufficient to offset the cost of growing the crop
in isolation.
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These various modifications to foods raise a number of issues, many
that are beyond the scope of this study. One class of modifications ad-
dresses nutritional deficiencies by increasing the concentration of the de-
ficient nutrient or precursor in the plant. As an analysis of vitamin A
deficiencies suggests (Nestle 2001), alleviating such deficiencies may re-
quire more than merely increasing the nutrient in a food. A careful, con-
sidered approach to using biotechnology to address nutrient deficiencies
might start by considering all alternatives and developing a systemic ap-
proach to alleviating the deficiency in the identified population. A second
class of modifications aims to optimize food quality by incremental im-
provements. Again, it may be difficult to know that an anticipated im-
provement in food quality will actually lead to an improvement, such as
changing the content of “health-producing” compounds in plants, rather
than a decline in human well-being. Clearly there are many questions that
other scientists, including nutritionists and public health specialists, need
to engage to ensure that biotechnology will lead to improved human
health.

All of these future products raise parallel questions related to envi-
ronmental impact. There might be indirect human health risks mediated
through the environment that would require new expert analysis. Non-
target risks associated with these plants with altered nutritional charac-
teristics (both macronutrients and micronutrients), increased concentra-
tions of “health-producing” compounds, or edible vaccines may be
considerably more subtle than the direct mortality risks associated with
plants producing insecticidal toxins, which are being evaluated presently.

Mitigation of Environmental Pollution

In the future, transgenic plants may be grown for reasons other than
commercialization. For example, it has been proposed that transgenic
plants could contribute to removing or detoxifying heavy metal pollut-
ants in contaminated soils (“phytoremediation”). A particular problem in
some locations is mercury. Plants have already been created that can
accumulate mercury. Thus, growing such plants is a potential solution for
cleaning up mercury pollution at despoiled sites (Pilon-Smits and Pilon
2000). This example is discussed in detail below.

Finding 7.1: For predicting environmental risks of future plant vari-
eties and their novel traits, currently commercialized transgenic
crops offer only limited experience and understanding.

Finding 7.2: The production of nonedible and potentially harmful
compounds in crops such as cereals and legumes that have tradi-
tionally been used for food creates serious regulatory issues.
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Finding 7.3: With few exceptions, the environmental risks that
might accompany future novel plants cannot be predicted. There-
fore, they should be evaluated on a case-by-case basis.

Finding 7.4: In the future many crops can be expected to include
multiple transgenes.

Potential Environmental Impacts of Novel Traits

The Animal and Plant Health Inspection Service (APHIS) appropri-
ately refrains from speculation on environmental risks associated with
crops that may or may not reach the stage of commercialization. Full and
fair discussion of such risks presupposes information that cannot be
known until a functional phenotype has been developed and grown in
limited field trials. However, a brief discussion of the general issues asso-
ciated with some new crops currently being developed will help frame
the context in which environmental risks from commercialization of the
next generation of transgenic crops may be discussed.

Tolerance to Abiotic Stresses

Abiotic stresses significantly limit crop production worldwide. Cu-
mulatively, these factors are estimated to be responsible for an average
70% reduction in agricultural production (Bresson 1999). Drought stress
not only causes a reduction in the average yield for crops but also causes
yield instability through high interannual variation in yield. Globally,
about 35% of arable land can be classified as arid or semiarid. Of the
remainder, approximately 25% consists of drought-sensitive soils. Even
in nonarid regions where soils are nutrient-rich, drought stress occurs
regularly for a short period or at moderate levels. Furthermore, it has
been predicted that in the coming years rainfall patterns will shift and
become more variable due to increased global temperatures. Thus, im-
proved stress tolerance may improve agricultural production.

Research to create crop plants that are transformed to tolerate abiotic
stresses, such as heat, drought, cold, salinity, and aluminum toxicity, is
ongoing. Current research efforts in drought tolerance include the isola-
tion of crop plant mutants to understand the molecular basis for salt
responses (Borsani et al. 2001), studies on the transduction network for
signaling guard cell responses and their subsequent control of carbon
dioxide intake and water loss (Schroeder et al. 2001), and genetic activa-
tion and suppression screens that influence interrelationships among
multiple signaling systems that control stress-adaptive responses in plants
(Hasegawa et al. 2000). The actual development and field testing of novel
crop plant varieties is likely to be 5 to 10 years in the future owing to the
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complex genetic mechanisms and multigene systems involved in abiotic
stress tolerance in plants. Accurate assessments of the environmental risks
posed by any of these stress-tolerant plants will not be possible until they
are actually created because the genetic mechanism of stress tolerance
will greatly determine the scope of potential risks.

Despite this uncertainty regarding the nature of stress-tolerant trans-
genic plants, they have raised concerns about environmental risks. Abi-
otic conditions, such as soil nutrient levels, water, cold, heat, salt, and
metal toxicity, combined with their seasonal variations have strong deter-
mining effects on plant community structure worldwide, and the geo-
graphic distribution of many plant species is influenced strongly by these
factors (Whittaker 1975). Thus, when plants are transformed to better
tolerate these abiotic conditions, it raises risk questions about the possibil-
ity of impacts on plant community structure and expansion of the geo-
graphic range of a plant species. While these issues have been considered
in discussions of the present generation of transgenic crops (see Chapter
4), most of these traits have not been expected to alter the invasiveness or
weediness of the transformed plants (Crawley et al. 2001). The environ-
mental risks associated with such stress-tolerant crops are both compli-
cated and subtle. To clarify their analysis, the committee focuses here on
drought-tolerant crops. Drought-tolerant phenotypes could be based on
higher water use efficiency (WUE), which leads to greater biomass pro-
duction per unit of water, or an increased ability to extract water from the
soil. Obviously the environmental effects of these mechanisms will differ.
Plants with improved water extraction will still require the same amount
of water to grow, so potential environmental effects may often be related
to competition for sunlight or nutrients in the soil due to the plant’s meta-
bolic needs associated with greater biomass. In contrast, ecological theory
suggests that a plant with a higher WUE would be predicted to be a better
competitor for water than a nontransformed plant. This hypothesized
improved competitive ability is the source of some concerns about the
environmental risks of drought-tolerant transgenic plants, whether it is
the crop or a wild relative that might receive the transgenes by horizontal
gene flow.

But increased competitive ability for water is not necessarily suffi-
cient to cause a plant to expand its geographic range. A lupine plant in the
oak savanna with better WUE may grow more luxuriantly than its con-
specifics but might not expand into surrounding habitats because there is
too much shade, water, or soil nitrogen, which might neutralize its advan-
tage in the savanna. A maize variety with higher WUE may grow better in
the dryland production systems of parts of Nebraska and Kansas but may
still not displace spring wheat in the neighboring counties because it still
needs water over a longer growing season than wheat. It is also possible
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that a farmer might clear droughty land and plant such a maize variety,
leading to marginal increases in the area planted to maize and marginal
decreases in the area in xeric prairie remnants. It is unlikely that maize
can be transformed into a plant that could grow in arid or semiarid envi-
ronments without irrigation. Thus, while there is clear potential for plants
transformed to tolerate drought to expand their geographic range, there is
also a limit to this potential due to the inherent characteristics of the plant,
and seasonal limitations of other abiotic and biotic factors that restrict it
from expanding. Assessment of these risks will require attention to the
plant, trait, and environment. In a similar way, impacts on plant commu-
nity structure and non-target species and interactions among traits (dis-
cussed below) might occur, but their assessment will be case specific. For
example, certain transgenic salt-tolerant plants can also tolerate other
stresses including chilling, freezing, heat, and drought (Zhu 2001).

Phytoremediation

In the future, transgenic plants may be grown to remove or detoxify
pollutants from soils (“phytoremediation”). One persistent pollution
problem is mercury contamination of soils. Plants have already been trans-
formed that can mitigate this problem in various ways. One approach to
pollution mitigation is to convert the highly toxic organic mercury in soil
into less toxic elemental mercury, which is volatile (Pilon-Smits and Pilon
2000). Another approach is to accumulate mercury in plant tissues (Raskin
1996), where it can be harvested, extracted, or disposed of more safely.
These “phytoextraction” plants are already capable of accumulating more
than 1% of their biomass as mercury, and crop improvement techniques,
including genetic engineering, may be able to increase that fraction.

The environmental impacts of these mitigation strategies are prob-
ably scale dependent. While phytoremediation by volatilization could
have local benefits, the large-scale consequences are less clear. If the total
amount of volatile mercury created is relatively small, it will probably be
of little environmental consequence. Thus, small-scale use of the volatil-
ization strategy could be beneficial for the environment. However, if the
scale of volatilization is large, so that large amounts of mercury are vola-
tilized, levels of atmospheric mercury may rise at regional or larger spa-
tial scales. Atmospheric mercury is returned to terrestrial, aquatic, and
marine ecosystems in precipitation as rain or snow. Once deposited, it is
converted into more biologically toxic forms. The deposition of atmo-
spheric mercury released by fossil fuel burning, garbage burning, and
medical waste incineration has been identified as a potentially serious
environmental problem (e.g., Jackson 1997, Macdonald et al. 2000). Thus,
large-scale phytoremediation based on volatilization may exacerbate what
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is already a serious concern. Phytoremediation based on “phytoextrac-
tion” would not release elemental mercury into the environment. The
environmental risks associated with this strategy may be less scale depen-
dent and have the additional benefit of potential harvest for extraction of
their heavy metal content.

Combinations of Transgenic Traits

Risk assessments of transgenic crops have focused on the impacts of
single traits (e.g., herbicide tolerance) on the environment and human
health. Already transgenic crops expressing multiple traits have been
commercialized, such as cotton and corn, that have both pesticidal prop-
erties and herbicide tolerance. Many more cultivars with “stacked” genes
(multiple transgenic traits) are expected to be commercialized soon, so it
is important to assess if the environmental and health effects of multiple
genes are simply the sum of the effects of each of the single genes or if
interactions among the introduced genes quantitatively or qualitatively
alter the impacts of these cultivars.

Focusing on environmental effects, there are several levels at which
we can look for interactions between inserted genes. In this discussion the
focus is on two levels—that of the individual plant phenotype and that of
the whole-field or farming system level.

At the individual plant level, an answer to the following question is
needed: If expression of each of the single genes engineered into a plant
does not have unintended and/or unacceptable effects on the plant phe-
notype, could the interaction of these genes have such effects? A few
illustrative examples may help in exploring this issue. Suppose an agency
determines that adding a single gene for tolerance to herbicide A does not
confer weedy characteristics to a plant and that adding a single gene for
tolerance to herbicide B also does not confer weedy characteristics to a
plant. Is it scientifically reasonable to assume that a plant with both genes
will not have weedy characteristics? In APHIS’s assessment of petitions
for nonregulated status, one “weediness” management strategy hinges
on whether “volunteer” plants with the herbicide tolerance gene can be
controlled by alternative herbicides. While the answer to this may be yes
for each of the single-gene insertions, the answer may be no for plants
with multiple herbicide resistance gene insertions, if plants with the two
genes are tolerant to the entire array of registered herbicides for the crop.
Under current regulatory policies, APHIS does not regulate the plant
with combined herbicide tolerance if it has already deregulated each of
the traits separately.

In addition, suppose a plant has both a gene for drought tolerance
and a gene for insect resistance (such as Bt toxin expression). The Envi-
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ronmental Protection Agency (EPA) requires most plants expressing Bt to
produce a sufficiently high dose to enable effective resistance manage-
ment. Is it scientifically reasonable to assume that the gene for drought
tolerance, which alters plant physiology, will not also alter expression of
the Bt gene? Under the statutory authority of Federal Insecticide, Fungi-
cide and Rodenticide Act, the EPA can and may even be required to
evaluate Bt toxin expression in such a drought-tolerant variety. Under the
Federal Plant Pest Act and the Federal Plant Quarantine Act, however,
APHIS may not be able to make such an evaluation.

At the field or farming systems level, interaction of traits in transgenic
plants could involve complex indirect causal pathways. One example is
how, in some cases, stacked transgenic traits might interfere with the
practice of integrated pest management (IPM) and insecticide resistance
management. One tenet of IPM is that pest suppression tools are only
used when the level of the pest has increased above an economic thresh-
old. The fact that Bt genes are typically expressed constitutively in itself
raises concerns about their impacts on IPM.

A more serious concern was raised during the 2000 field season, when
there was a shortage of transgenic cottonseed with only the single trait for
herbicide tolerance to glyphosate (Roundup). The demand for glyphosate-
tolerant cotton was much higher than the supply, so farmers in a number
of southeastern states had to plant either a conventional nonherbicide-
resistant cultivar or a transgenic cultivar with stacked Bt and herbicide
tolerance genes. In 1999 approximately 22% of the cotton acreage in North
Carolina was planted to Bt-expressing cultivars; in 2000, it was 54%. Cot-
ton entomologists (Bradley, 2001, personal communication) have deter-
mined that about two-thirds of the increase was caused by farmers who
wanted to use glyphosate-tolerant cotton and therefore needed to pur-
chase a cultivar that contained the Bt gene. Similar increases in acreage
planted to Bt cotton occurred in some areas of Texas and elsewhere. Such
artificial increases in the area of Bt cotton can jeopardize resistance man-
agement in all target pests by creating geographic pockets where resis-
tance could evolve rapidly. In addition, one important cotton pest,
Helicoverpa zea, the cotton bollworm, is at high risk of evolving resistance,
and unnecessarily high use of Bt cotton increases this risk. Stacking Bt
and herbicide tolerance genes has actually caused an increase in the risk
of resistance evolution.

Within the next three years, industry intends to commercialize corn
cultivars with Bt genes that control corn rootworms. It is likely that these
rootworm Bt genes will be stacked with the currently commercialized Bt
genes that control the European corn borer in some of the new varieties.
In 2000, approximately 20% of corn grown in the United States contained
Bt genes that control the European corn borer (USDA-NASS 2000). The
primary reason for the large proportion of nontransgenic corn is that
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losses caused by the European corn borer in many areas are not high
enough to cover the additional costs associated with the Bt-expressing
cultivars. There are geographic (micro and macro) regions where there
will be positive economic incentives to plant corn cultivars with the new
corn rootworm-active Bt toxins but where there is no need for European
corn borer control. There will also be geographic regions and farm-spe-
cific situations where there will be a use for Bt toxins to suppress Euro-
pean corn borer but not corn rootworm. With the proliferation of traits, it
will become increasingly difficult for all but the largest seed companies to
maintain full inventories of all combinations of the transgenic traits and
agronomic characteristics. If this results in situations where farmers must
purchase corn cultivars with both rootworm and corn borer Bt toxins or
cultivars without either toxin, we may see a repeat of the cotton situation.
To date, neither the USDA nor the EPA have publicly addressed this
issue.

In the future there is expected to be a proliferation of novel transgenic
traits engineered into crop cultivars involving multiple genes. The engi-
neered traits could be as diverse as salinity tolerance and fruit flavor. It is
difficult to anticipate the nature of environmental interactions that may
be associated with combinations of three or more transgenic traits. Based
on past experience, such interactions must be examined on a case-by-case
basis. Chapter 3 includes a review of the environmental risk determina-
tions made in connection with the U.S. Department of Agriculture/APHIS
petition (97-013-01p) for determination of nonregulated status 31807 and
31808 cotton, which illustrates the kind of issues that can arise with
stacked genes (that is, multiple transgenic traits in one crop variety). As
noted, APHIS’s review did not consider the possibility of interaction with
stacked genes, nor did it consider the impact on farming systems.

Finding 7.5: The current APHIS approach for deregulation does not
assess the environmental effects of stacked genes for nonadditive
or synergistic effects on the expression of individual genes, nor
does it assess stacked genes for cumulative environmental effects at
the field level.

Finding 7.6: There are at least two levels at which scientists and
regulators must look for interactions between inserted genes with
regard to environmental effects: (1) the individual plant phenotype
and (2) the whole-field or farming system level.

Industrial Feedstocks and Agronomic Traits

There is significant potential to modify the biochemistry of plants to
enable them to produce a number of novel biological chemicals and pro-
teins that can be used in other industrial processes. This technology raises
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several risk issues. These transgenes may code for enzymes leading to
nonedible products or potential mammalian toxins. There is a clear po-
tential risk involved in environmentally mediated movement of these
transgenes so that transgene products enter the human food system (see
BOX 5.1). Segregation, isolation, or sterilization methods may be essential
to manage these risks, but several uncertainties remain about the cost and
efficacy of these methods (see Letourneau et al. 2001, 56–57).

FUTURE POLICY ISSUES

The policy questions raised in the future by new transgenic crops and
the many other factors that influence shifts in policy perspectives world-
wide will differ from those addressed in detail for the first generation of
transgenic crops. Just as it is not possible to predict future environmental
risk issues, it is also not possible to predict what the future policy issues
will be. This section will identify and discuss several policy issues that the
committee believes will become increasingly more prominent in the fu-
ture as transgenic crops expand globally and new transgenic crops be-
come commercialized. The committee concentrates on four issues, which
should be interpreted as a selective slice of the many policy issues that
will arise in the future. The committee does not necessarily believe that all
of these issues will be crucial ones in the future, but it does believe that
they will be prominent and important.

First, the committee discusses how agricultural biotechnology is in-
fluencing agricultural structure in the United States and the policy and
environmental risk issues that this may raise. Next, the global context for
the commercialization of transgenic crops from a societal perspective is
considered, and how transgenic crops may or may not address issues
related to global food supply is examined. Third, the need for involving
the public to democratize decision making and the increasing role that
communicating environmental risk will likely play in the future develop-
ment of biotechnology are discussed. Finally, the focus is shifted back to
regulatory policy issues, with a comment on the precautionary principle
and drawing particular attention to some of the opportunities that the
2000 Plant Protection Act provides APHIS.

Finding 7.7: The types of new transgenic crops that are developed,
as well as the rate at which they appear, will be affected by the
interplay of complex factors, including public funding and private
financial support for research, the regulatory environment, public
acceptance of the foods and other products produced from them,
and the resolution of debates over need- versus profit-driven ra-
tionales for the development of transgenic crops.
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Agricultural Structure

Issues related to changing agricultural structure might have indirect
environmental consequences. The socioeconomic considerations for eval-
uating transgenic crops have proven to be more volatile than was pre-
dicted only a few years ago. The desire of some consumers, both foreign
and domestic, to avoid consumption of foods containing transgenes has
led to the segmentation of markets for “genetically modified” (“GM”)
and “GM-free” crops. In the United States the creation of marketing stan-
dards for certified organic crops that do not contain transgenes or trans-
gene products has established a market niche for producers. These forms
of market segmentation create an opportunity for U.S. farmers to capture
a price premium for nontransgenic crops. At the same time, the existence
of a market for nontransgenic crops creates a new kind of environmental
risk from transgenics: If they cannot be environmentally isolated, pollen
and residues from transgenic crops can affect/influence the economic
value of nontransgenic crop production. The development of market stan-
dards and international trade rules for nontransgenic crops will have
economic implications for U.S. agriculture. In the worst-case scenario,
U.S. producers may effectively be excluded from these emerging world
markets, but economic incentives will be affected under any scenario.
Changes in producer incentives generally lead to changes in agronomic
practice, with attendant environmental effects.

Such changes may have already had both economic and environmen-
tal impacts. For example, widespread use of herbicide-tolerant crops has
changed patterns of herbicide use, resulting in new types of damage
claims from herbicide drift, forcing farmers to adjust their farming prac-
tices accordingly. Farmers may incur legal liability for technology fees as
a consequence of neighboring fields inadvertently pollinating a crop, lead-
ing to transgenic seed production. This, in turn, may create new forms of
environmental nuisance lawsuits, as farmers attempt to protect them-
selves from complaints lodged by the owners of transgenic technology.
These issues need to be evaluated and should be given careful consider-
ation by future study groups.

Biotechnology, World Food Supply, and Environmental Risk

Any attempt to mitigate environmental risk must be mindful of the
fact that avoiding one risk can inadvertently cause another greater risk
(Graham and Wiener 1995). This might occur if attempts to avoid risks
from commercialization of transgenic crops resulted in the adoption or
continuation of commercial agricultural practices with greater negative
environmental impact. While at present this is a speculative issue, it is a
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key element in debates on the efficacy of biotechnology to address global
food shortages. If, for example, a lower-yielding nontransgenic crop is
chosen in lieu of a higher-yielding transgenic alternative, the result could
be that fragile lands would need to be planted in order produce needed
amounts of food. If, for example, a chemically intensive farming system is
chosen over a reduced-chemical transgenic alternative, the result could be
the continuation of an unnecessarily harmful chemical load on a local
environment.

Unwanted environmental outcomes could also occur if regulatory
oversight itself has unintended consequences. There may be some envi-
ronmentally beneficial applications of recombinant DNA gene transfer
that will never be attempted simply because the costs of obtaining regula-
tory approval exceed the profit potential. Because environmental benefits
can display characteristics of public goods, private industry or individual
farmers may derive little monetary benefit from environmentally benefi-
cial farming practices. As such, transgenic crops with environmental ben-
efit may be particularly vulnerable to real or perceived disincentives
brought about by costly regulatory procedures. Again, this possibility is
speculative, and only case-by-case evaluation of proposed transgenic tech-
nologies can tell whether the environmental costs of regulatory proce-
dures outweigh their environmental benefits.

While these examples are speculative, the general point they illustrate
is true. Avoiding one risk may inadvertently cause another greater risk.
But its truth is more complex than it would appear initially.

The largest and most complex factor in making comparative judg-
ments of agricultural technology is that the main goals of this technology
are to provide more and better food for public consumption and to reduce
the cost of production for growers. In circumstances where food supplies
are inadequate, people may become more willing to accept perceived
tradeoffs between environmental quality and food supply. Furthermore,
changes in food production that lower prices are especially beneficial to
the poor because, even in times of plenty, poor people spend a propor-
tionally larger share of their income on food (Lipton and Longhurst 1989).
The Nuffield Council on Bioethics report (1999) on ethical issues associ-
ated with biotechnology notes that there is an apparently persuasive ar-
gument for accepting environmental risks in order to increase the avail-
ability and reduce the cost of food for hungry people and poor farmers.
However, this need-based argument itself must be evaluated in light of
economic analyses suggesting that insufficient availability of food is sel-
dom the cause of famine (Sen 1982) and that sweeping changes in agricul-
tural production can have devastating effects on the poor (Dahlberg 1979).
In other words, the perceived tradeoff between environmental quality
and food supply may be illusory.
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On the one hand, inadequate amounts of food and malnutrition have
plagued humans from the beginning of civilization, environmental deg-
radation is a widespread concern, and both arable land and water are
limited. Indeed, as recently as the 1960s, there was starvation in China,
resulting in millions of deaths (Brown 1995). The world’s population has
doubled in the past 40 years, and it is expected to continue to grow,
reaching a maximum of 8 billion by 2020 and perhaps 10 to 11 billion by
2050 (Vasil 1998). The reasons for hunger and limits to food security in
different places and at different times are clearly complex and dynamic.
However, such population projections create cause for global concern.
There would be less arable land to grow crops because cities would con-
tinue to expand and erosion would carry away valuable topsoil (Kishore
and Shewmaker 1999, Tilman 1999b). It is also well documented that sup-
plies of fresh water are declining worldwide (Johnson et al. 2001), and this
will severely tax our ability to grow crops. Currently, 17% of the world’s
croplands are irrigated, and this area produces 40% of the world’s food. It
is projected that the requirement for food in the most rapidly growing
areas of the world—Southeast Asia, South America, and Africa—might
double by 2025 and nearly triple by 2050 (Vasil 1998). At the same time,
improved economic conditions in Asia have been increasing demand for
costlier food products, such as meat and poultry, which can only be ob-
tained by producing larger amounts of feed grains (Vasil 1998, Kishore
and Shewmaker 1999). Dramatic increases in population growth are not
expected in many industrialized regions such as the United States and
Europe, but per-capita consumption in industrialized nations is high and
sustains a disproportionately high demand for diverse agricultural prod-
ucts. The increasing nutritional and economic demands of the less devel-
oped regions of the world are expected to impact the more economically
secure countries. Some people believe that such problems will require
increases in productivity that far exceed what agricultural technology has
achieved in the past and that these increases cannot be achieved without
the use of transgenic crop plants (McGloughlin 1999, Borlaug 2000).

Opinions regarding the severity of the problems resulting from pro-
jected rapid increases in human population and the requirements to feed
and clothe the world’s population differ (Alexandratos 1999, Johnson
1999, Borlaug 2000), but these issues and those of land and capital distri-
bution are likely to impact agriculture worldwide. Finding ways to in-
crease food and fiber production during the next 50 years would then
become a major concern for societies around the world. Also, there is
increasing evidence that food quality plays an important role in human
health. According to the USDA, medical expenses and lost productivity
resulting from chronic illnesses cost U.S. society some $250 billion annu-
ally, and $100 billion is related to poor nutrition (Welch et al. 1997). On
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the other hand, highly aggregated statistics on food production, popula-
tion, and nutritional needs can present a misleading picture of the pros-
pects for addressing these problems through agricultural production tech-
nologies, whether through transgenic crops or by other means. A wide
array of national, regional and international policies have tremendous
effects on incentives for food production and consumer exchange. Yield
or nutrition-enhancing technological changes have variable and some-
times negative effects in a given policy context (Drèze and Sen 1989).
Hence, the use of biotechnology to address growing needs for increased
food production must, at a minimum, be accompanied by a call for re-
search on economic and sociological impacts, and appropriate policy ad-
justments. One group of researchers has expressed concern that a concen-
tration of economic power and intellectual property rights will skew the
development of novel crops away from those that would be of most use to
the neediest people (Bunders and Radder 1995, Buttel 1995). Still other
researchers refute claims that research and development of novel crop
traits through biotechnology are appropriate responses to present and
future problems of hunger, even for less developed countries (Busch et al.
1990, Krimsky and Wrubel 1996, Altieri and Rosset 1999). They suggest
instead that promotion and support of new rural development approaches
and low-input technologies spearheaded by farmers and nongovernmen-
tal organizations will make a greater contribution to food security at the
household, national, and regional levels in Africa, Asia, and Latin America
(Pretty 1995).

The potential for commercially grown transgenic crops to increase
total world food supplies and to reduce the need for utilizing marginal
lands for food production is thus an appropriate but highly contested
dimension of the context in which environmental risks for the next gen-
eration of crops will be debated (Kalaitzandonakes 1999). One driving
factor in the debate is the suspicion that need-based arguments promot-
ing transgenic crops are only a ruse for profit-seeking activities by the
biotechnology industry. The argument for yield-enhancing agricultural
research throughout the twentieth century stressed the economic viability
of farmers (Rosenberg 1961, Danbom 1979). Yet analysis of the “technol-
ogy treadmill” in agriculture has established that consumers and agricul-
tural input companies are the primary economic beneficiaries of such
technology (Cochrane 1979). Several early studies of biotechnology in
agriculture placed a great deal of emphasis on this phenomenon while
also noting that late adopters of biotechnology may experience economic
losses (see Kalter 1985, Kenney 1986, Kloppenburg 1988). The result is
that some farmers and farm groups take a jaundiced view of the claim
that biotechnology responds to on-farm needs for greater efficiency while
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nonetheless moving quickly to adopt the first generation of transgenic
crops (see Rundle 2000).

Thus, an argument that begins by noting that growing global food
needs will create environmental stresses on soil and water resources be-
comes entangled with domestic social issues that have no obvious con-
nection to the environmental risks of transgenic crops. While environ-
mental risks and social impacts are logically distinct, they may have
common causes that reside in what biotechnology firms do to make an
adequate return on their research investments. Restricting the scope of an
analysis of transgenic crops to environmental impact may seem justified
in light of the way disciplinary scientific expertise tends to dissociate the
causal factors that contribute to environmental impact from those that
affect profitability and economic access to food. Such disciplinary divi-
sions are also reflected in the organization of regulatory authority. Even
well-meaning restrictions on the scope of an evaluation of transgenic crops
may be perceived as strategically motivated attempts to limit debate on
transgenic crops to topics on which they will be evaluated relatively fa-
vorably (Thompson 1997a, 2000).

The context for evaluation of environmental risks must take account
of the need-based argument for expanding food capacity and production.
Both human and environmental dimensions of the need for increased
food production are critical to any balanced evaluation of the risks from
transgenic crops. As the debate moves to consider the next generation of
transgenic crops, it may be possible to formulate a way of framing the
need for increased amounts of food in a manner that is more sensitive to
the socioeconomic complexities of hunger and deprivation (see Conway
2000). It will be increasingly important for decision makers at all points in
the global food system to be well versed in both sides of this debate.

As nonfood crops are added to the product mix of agricultural bio-
technology, additional and more jarring points of tension, if not outright
contradiction, will emerge. Some industrial products, such as pharmaceu-
ticals, may be produced on such a limited spatial scale that they would
have a negligible impact on total food production, but that is not neces-
sarily the case for all transgenic crops aimed at producing industrial prod-
ucts. For example, interest in alternative energy sources has predictably
been revived in the United States with recent news of diminishing domes-
tic petroleum-based energy sources and the concomitant price increases.
One commonly cited alternative is the production of gasohol from grain,
especially corn. Corn and other grains are plentiful, renewable, and inex-
pensive; can be grown domestically; and might reduce U.S. dependence
on foreign petroleum production (Woolsey 2000). Technically, generating
gasohol from grains is feasible, but there are other factors to consider. To
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many the ethical implications of diverting substantial portions of
foodstocks to produce an industrial chemical are themselves substantial.
There may be arguments that only excess grains are used industrially and
that the United States produces too much food anyway. Furthermore,
gasohol could be made from the residual straw or chaff after the food
grain is removed. Nevertheless, it is not difficult to see why the public
might discern a contradictory message. On the one hand they are told that
risks are offset because biotechnology is needed to meet increasing global
food requirements. On the other hand they are told biotechnology is
needed in order to allow farmers to grow something other than food.

Finding 7.8: In an era of globalization, applications of transgenic
crops in developing countries will be an important component of
the context in which environmental impacts from transgenic crops
are evaluated.

Involving the Public and Communicating Environmental Risk

Members of the public express an interest in the environmental
impacts of agriculture and a desire to be informed about the relative
environmental risks and benefits of different production methods. The
general public needs to know more about the environmental risks of
transgenic crops in order to form opinions about whether to consume
these products or to be concerned about the activities of those who pro-
mote and those who oppose biotechnology. One of the principal reasons
for public concern about transgenic crops is the belief that environmental
issues are not taken seriously by agricultural scientists, biotechnology
companies, and farmers who utilize high-tech farming methods. The roots
of this belief are not easy to trace but almost certainly include past experi-
ences when agricultural chemicals were promoted as safe and without
environmental impact, only to be regulated and withdrawn in subse-
quent years (Dunlap 1981, Perkins 1982). These issues linger. Some argue
that the risks of chemicals have been overstated, and that scientific risk
evaluations of past farming practices were neglected when chemicals were
withdrawn (Fumento 1993). Others believe that substantive risks of agri-
cultural chemicals continue to be neglected and alternatives continue to
be ignored (Pimentel 1987). In either case, there is a need to do a better job
of involving and informing the public about what is done to mitigate and
manage environmental risks in agriculture. Issues arising in connection
with the commercialization of transgenic crops are only one dimension of
this general problem.

A 1996 NRC report, Understanding Risk, notes that the initial charac-
terization of risk requires “an appropriately diverse participation or rep-
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resentation of interested and affected parties, of decision makers, and of
specialists in risk analysis.” The way that participants are identified and
involved is critical to the success of any attempt to measure, manage, or
mitigate risks associated with transgenic crops. There are different disci-
plinary and practical perspectives that have the potential to contribute
information that will improve the modeling and measurement of haz-
ards, exposure pathways, and the relative probability of unwanted out-
comes. Also, because biotechnology is controversial, participant involve-
ment is becoming increasingly critical to the role of risk analysis in
forming the basis for authority, believability, and public confidence in
regulatory decision making and in the subsequent commercialization and
widespread adoption of transgenic crops.

As noted in Chapter 2, risk analysis should play at least two roles in
the regulation of transgenic plants. In the past, the USDA emphasized the
role of decision support and has limited participation in its environmen-
tal risk assessment procedures to those who, in the judgment of decision
makers, could provide information pertinent to the anticipation and mea-
surement of environmental hazards. However, as biotechnology has be-
come controversial, the fact that risk assessments have been done has
been cited to justify U.S. agriculture’s rapid adoption of Bt and herbicide-
tolerant crops. Such justifying citations involve a shift toward using risk
assessment as the basis for claiming that the USDA has faithfully exer-
cised its decision-making authority or that the public should have confi-
dence in recombinant DNA technologies. However, USDA officials should
not presume that risk analyses done purely to support internal decision
making can bear the additional weight of supporting the public’s confi-
dence in technology or government.

Communicating the idea that risks are being taken seriously is a key
element. One of the surest ways to do this is to ensure that the entire
process of characterizing and measuring risk is open to an array of par-
ticipants representing perspectives that reflect the various sectors of the
public taking an interest in agriculture and the food system. Efforts to
minimize the seriousness of risks may seem warranted in virtue of the
improbability of an unwanted impact or in virtue of the relative risks
posed by a transgenic technology when compared to its chemically based
alternative. However, when risks are denigrated by industry, regulators,
or their representatives, and people who were not present when key in-
terpretive judgments were made are told that the risks are “not serious,”
the inadvertent message is that responsibilities are not being taken seri-
ously. This situation is aggravated when citizens who express concern
through intermediary organizations think they are being excluded from
key processes of risk evaluation and management. The result can be a
situation in which the belief of being at risk is amplified by the very
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activities that were intended to put the public’s mind at ease (Sandman et
al. 1987, Kasperson 1992).

The practice of sending messages that persistently minimize the sig-
nificance of risks can also have the unintended effect of making those who
should in fact be attentive to environmental impacts overconfident. In
some cases the individuals needed to mitigate an environmental hazard
may be farmers or nonscientific employees of agricultural companies.
Such individuals need to be advised about environmental risks and the
methods to contain them in unvarnished language (Otway 1992). Al-
though there were no enduring food or environmental safety issues asso-
ciated with the contamination of corn stocks with unapproved Cry9c pro-
tein in the autumn of 2000, one lesson is that, when key individuals—in
this case farmers and grain handlers—are persistently told that risks are
minimal, a general culture of laxity may come to prevail. Adequate risk
management for the coming products of biotechnology depends on a
culture that reinforces the seriousness with which environmental risks
must be addressed.

A more inclusive approach is especially important in environmental
risk assessment, as compared to human health risk assessments, because
classifying (or failing to classify) a possible event as a hazard involves
value judgments that are more likely to be controversial. Describing some
possible event or set of events in terms of risk always implies that these
events are regarded as adverse. Although we talk about the risk of dying
or losing money, we do think of our chances of recovering from disease or
winning the lottery as forms of risk. The tendency to overlook the value
judgments made in risk assessments that emphasize adverse effects on
human health arises simply because these value judgments are not con-
troversial. In comparison to human health, the adversity of events in the
environmental arena may not be at all obvious, especially to individuals
lacking key background knowledge of agriculture and ecology. In addi-
tion, conflicting values and attitudes about which nature is wild, which
needs protecting, and about the relative value of wild and agricultural
land use will affect the way in which environmental risks from agricul-
tural production are defined (Cranor 1997, Thompson 1997b).

The question of whether genetically engineered crops involve envi-
ronmental risks is thus not wholly a scientific one. An answer depends
partially on how one understands for classifying events associated with
crop production as adverse. One interpretation of adversity might stress
the impact on such factors as insect or disease resistance, soil fertility, and
prevalence of pollinators or noxious weeds. Such factors affect the chances
of successful farming. Other effects related to successful farming are indi-
rect: herbicide-tolerant crops affect patterns of herbicide use and with
that comes sources of risk associated with spray drift, for example, and
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pollen from transgenic crops can substantially damage the value of crops
grown for organic markets. Such events might be regarded as adverse
from one farmer’s perspective but not from another. An altogether differ-
ent interpretation of environmental risk might stress the impact on habi-
tats for nonagricultural plants and animals or on genetic and species di-
versity.

Some of the parameters for interpreting what counts as adverse have
been reasonably well articulated in the statutes on which the USDA exer-
cises its regulatory authority. However, it is not likely that risk assess-
ment will succeed in building the public’s confidence in biotechnology
unless there is a more systematic and more public effort to acknowledge
the diverse values that influence judgments on adversity. Each of the
actors in the agri-food system must find ways to involve a broader array
of value perspectives throughout all phases of research planning, product
development, and regulatory oversight.

Finding 7.9: Adequate risk management for future biotechnology
products will depend on a regulatory culture that reinforces the
seriousness with which environmental risks are addressed.

Finding 7.10: Public confidence in biotechnology will require that
socioeconomic impacts are evaluated along with environmental
risks and that people representing diverse values have an opportu-
nity to participate in judgments about the impact of the technology.

Regulatory Issues

The preceding discussion presents the general context in which the
risks of coming generations of transgenic plants should be evaluated. The
types of crops developed in the second generation and the rate at which
new transgenic crops become available will depend in part on specific
regulatory policies, on how need-based versus profit-based technology
debates play out, on continued public and private financial support for
the research needed to create new transgenic crops, and finally on public
acceptance of the foods and other products produced from them. Al-
though these factors can be conceptually and logically distinguished from
one another, they impact one another in complex ways. Regulatory poli-
cies affect financing and profitability of research ventures. A lack of pub-
lic acceptance shapes markets for transgenic crops and creates political
pressure for regulatory responses that may not be strictly justifiable based
on scientific measures of health and environmental risk.

The probability of environmental damage from the next generation of
transgenic crops will be determined by the specific phenotypic traits of
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each crop as well as by agronomic practices and land uses specific to each
particular crop that is commercialized. Throughout this report, discus-
sion of risk characterization and risk management has focused on proce-
dures that can and should be used to measure the likelihood and extent of
such damage and to mitigate environmental risks. It is appropriate that
regulators focus intently on such specifics when evaluating any particular
transgenic crop. In looking toward the future, however, it is also impor-
tant to ensure that the details of risk analysis do not obscure the larger
context in which discussions about agriculture and the environment are
situated. In this section, the discussion is focused on three related regula-
tory concerns from this larger perspective. The committee considers how
the future of commercialized transgenic crops may challenge both U.S.
and global capacity for environmental risk analysis and the ambiguities
surrounding the precautionary principle and the development of its use
worldwide. Then, the committee turns to the changing domestic stan-
dards for environmental regulation and some implications for regulation
of any agricultural practice.

U.S. and Global Capacity for Environmental Regulation

The overall adequacy of the U.S. Coordinated Framework for the
Regulation of Biotechnology has been a frequent subject of discussion
throughout the brief history of transgenic crops. Krimsky (2000) finds the
coordinated framework to have failed to adequately manage environ-
mental risk, while Malinowski (2000) finds it to have been remarkably
successful. It is beyond the scope of this report to evaluate the entire
framework, and so instead several points are provided for consideration
that may challenge the regulatory system in the near future.

As noted above, some of the coming applications of biotechnology
may involve the use of plants to produce pharmaceutical products, bio-
logics, fuels, and other substances not intended for human food use. The
introduction of such transgenes poses the potential for environmentally
associated risks of a wholly different order than those associated with
existing transgenic crops. If such a transgene moves into food crops, ei-
ther through pollen transfer or physical contamination, there could be
serious human safety risks. If such a transgene moves into a wild relative,
there could be widespread environmental dissemination of the pharma-
ceutical substance or other nonfood substances that could have impacts
on wildlife as well as microbial populations.

Provisions for regulation of such environmental risks are identified
under the existing coordinated framework. Environmental risks associ-
ated with pharmaceutical-producing plants, for example, could be regu-
lated by the Food and Drug Administration under the authority it cur-
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rently exercises to regulate drug production. It is not too soon to raise
questions about the interagency technical capacity to review and manage
such risks, the potential for duplicative regulation and new regulatory
gaps, and the need to plan research to understand and adequately assess
such risks. In addition, there may be a need for changes or modifications
in the current regulatory approach to commercialization of transgenic
plants.

A broader issue associated with global regulatory capacity relates to a
potential unintended consequence of U.S. regulatory decision making.
The United States has conducted environmental reviews of more trans-
genic crops than any other country. Many countries lack sufficient regula-
tory oversight of environmental impacts, especially the scientific capacity
to conduct environmental risk analyses and the administrative capacity to
enforce environmental decisions that are made. In these conditions there
becomes a tendency to rely on previous regulatory reviews conducted in
other countries, whether indirectly when an applicant submits the identi-
cal data package for risk analysis or overtly when regulatory personnel
parrot the previous review. As discussed in Chapter 3, while APHIS notes
some non-U.S. environmental risks of transgenic crops in some of its
reviews, it does not and cannot do so in every case. Even when some
global environmental impacts are noted, U.S. environmental reviews are
keyed to environmental conditions and farming practices prevalent in the
United States. Transgenic crop varieties that may be environmentally be-
nign in this country might have a high risk of ecological disruption were
they to be grown in some developing countries. For example, corn grown
in southern Mexico and Guatemala and potatoes grown in the highlands
of Peru will cross readily with wild relatives, which could lead to envi-
ronmental risks. The global scientific capacity to conduct locally relevant
environmental risk analyses is sorely deficient, and this needs immediate
attention. The relationships among nationally-based environmental risk
assessment and regulation, multinational agreements, and global envi-
ronmental hazards must also be included in the broader context for future
discussions of environmental risk from transgenic crops.

The Precautionary Principle

At the same time that new products and applications of gene transfer
are being applied in crop production, there has been discussion of new
regulatory approaches. One important component of this discussion has
been the “precautionary principle.” A review of this discussion, however,
reveals that there are actually several principles being proposed rather
than only one. Language endorsing a precautionary principle and taking
a precautionary approach in regulatory decision making is in the Euro-
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pean Union’s (EU) Directive 90/220 on biotechnology and its revision in
2001, the Cartagena Protocol on Biosafety, which was finalized in
Montreal during 2000, under the Convention on Biological Diversity
(CBD). The CBD has been ratified by many countries but not the United
States. It is an international agreement to conserve and use sustainably
biological diversity for the benefit of present and future generations.

The Rio Declaration of 1992, which is a part of the CBD, includes the
following language in Principle 15:

In order to protect the environment, the precautionary approach shall be
widely applied by States according to their capabilities. Where there are
threats of serious or irreversible damage, lack of full scientific certainty
shall not be used as a reason for postponing cost-effective measures to
prevent environmental degradation.

On January 20, 2000, the Cartagena Protocol on Biosafety (Biosafety Pro-
tocol) was adopted by consensus of the parties. It applies to transgenic
organisms that will be intentionally introduced into the environment.
Food and feed commodities, which might lead to accidental introduc-
tions, are excluded. The protocol reaffirms Principle 15 and expands it in
its Articles 10.7 and 11.8.

Lack of scientific certainty due to insufficient relevant scientific informa-
tion and knowledge regarding the extent of potential adverse effects of a
living modified organism [some transgenic organisms] on the conserva-
tion and sustainable use of biological diversity in the Party of import,
taking also into account risks to human health, shall not prevent that
Party from taking a decision, as appropriate, with regard to the import
of the living modified organisms in question in order to avoid or mini-
mize such potential adverse effects.

This statement of the precautionary principle enables regulatory deci-
sions to err on the side of precaution when there is scientific uncertainty.
Most of the details on implementation are left to the discretion of the
parties, and it is within these details that the scope of the precautionary
principle will be established. Consequently, unless there are additional
negotiations, the regulatory impact of the precautionary principle will be
determined by practice and only after its use will it be possible to articu-
late what it actually is.

The European discussion of the precautionary principle has occurred
in the context of attempts to harmonize grades, standards, and regulatory
approaches among member states. These discussions have occurred dur-
ing a spate of food scares and failings in government oversight, most
notably associated with transmissible bovine spongiform encephalopathy
(Mad Cow Disease), that have rocked public confidence in government
regulation of the food system. Although debate over the food safety and
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environmental risks of transgenic crops has figured prominently in Eu-
rope, European pronouncements on the precautionary principle neither
offer a specific evaluation of transgenic crops nor provide language that
would give regulators specific instructions on how to take a precaution-
ary approach with respect to transgenic crops. The March 12, 2001, revi-
sion to EU Directive 90/220 states that the requirements of the Biosafety
Protocol, including the precautionary principle, should be respected. The
2001 directive indicates that the precautionary principle was taken into
account in the drafting of the directive and must be taken into account
when implementing it. Consequently, the directive does not provide a
statement of the precautionary principle but identifies regulatory pro-
cesses that are precautionary. It is beyond the scope of this report to
provide a detailed analysis of this new directive, but suffice it to say that
the precautionary principle has been incorporated into at least the label-
ing and traceability standards, the monitoring standards, and the EU ap-
proval process. Much the same as in the Biosafety Protocol, the precau-
tionary principle will be defined in Europe through its application to
specific cases.

U.S. discussion of the precautionary principle has been sparked by
both these European developments and the publication of papers from a
1998 working group conference on the meaning and applicability of the
precautionary principle in a number of legal and public health settings
(Raffensperger and Tickner 1998). This collection of essays on the precau-
tionary principle includes a number of interpretations and applications,
all of which should be regarded as supportive of the precautionary prin-
ciple and the precautionary approach. There is considerable variation
even among contributors to Raffensperger’s and Tickner’s book advocat-
ing implementation of the precautionary principle. Cranor (1998) focuses
on the need to emphasize the minimization of type II statistical errors in
science intended for regulatory application. Ozonoff (1998) argues that
the precautionary principle should be interpreted as a screening device to
apply “scientific evaluations to situations where the proportion of cases
that are hazards is high and/or use methods with high specificity, that is,
that correctly identify ‘no-hazard’ situations” (104). Arguably, these ap-
proaches simply reflect the current regulatory philosophy in place for
transgenic plants under the coordinated framework. However, other con-
tributors explicitly advocate the use of nonscientific criteria, such as po-
litical solidarity or respect for life, to evaluate the possibility and potential
for environmental hazards (Bernstein 1998, M’Gonigle 1998).

In summary, a number of different formulations are given for the
precautionary principle. Advocacy of a precautionary approach can be
interpreted to convey a need to reconsider and possibly strengthen regu-
latory oversight of technology. One key is the advocacy of statistical and
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scientific evidentiary decision standards that err on the side of preventing
serious and irreversible health and environmental effects, even in the
absence of definitive demonstration of harm to humans or non-target
organisms. Given the ambiguity in its various formulations as well as
opportunities to interpret the seriousness of environmental hazards in
different ways, the precautionary principle does not provide a single al-
ternative to existing regulatory policies for the U.S. government. Indeed,
some interpretations of the precautionary principle would be consistent
with current approaches. Nor does the principle provide unambiguous
guidance for the evaluation of transgenic crops. While both advocates
and critics of the precautionary approach appear to have assumed that
this would result in an adverse evaluation of transgenic crops (Carr and
Levidow 2000, Miller and Conko 2001), it is not necessary that such a
result would follow. A more definitive evaluation of the precautionary
principle must await more specific criteria for its application in agricul-
ture (Soule 2000). For the meantime, the “precautionary principle” should
be regarded as a number of potential regulatory approaches pertaining to
the use of science to formulate public health and environmental policy,
rather than a specific proposal for change. However, as it is applied in
Europe and under the Biosafety Protocol, its meaning will become clear.
As it gains clarity, there may be significant implications of its use with
respect to U.S. regulatory policy.

Finding 7.11: The precautionary principle forms an important but
imprecise context for the regulation of future transgenic organisms.

Raising the Regulatory Bar

It will soon become necessary to reconsider the general philosophy of
regulation for environmental impact that has been applied to all forms of
agricultural technology since World War II. Plant scientists have devel-
oped an array of techniques for introducing genetic novelty into crop
varieties through conventional breeding methods such as mutagenesis,
wide crosses, and embryo rescue. These techniques have the potential to
introduce genes and genetic variations into crops that in some cases equal
the novelty associated with recombinant DNA techniques. It is entirely
possible that crops developed with either of these techniques could pos-
sess phenotypic traits associated with elevated levels of environmental
risk.

As BOX 1.1 notes, Green Revolution varieties that increased commer-
cial crop capacity to utilize nitrogen fertilizer shifted land-use patterns
and sparked a worldwide increase in the adoption of chemical inputs. A
comparison of the environmental risks from Green Revolution varieties
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with those of the first, second, or third generations of transgenic crops
would be a highly speculative enterprise. Yet in retrospect it is difficult to
argue that Green Revolution impacts on the environment were automati-
cally safe, benign, or even acceptable simply because they were devel-
oped using conventional breeding. With the potential for introducing
additional novel traits through nontransgenic methods, it becomes in-
creasingly difficult to defend the idea that conventional crops should
automatically be excluded from scrutiny for environmental impact.

As noted earlier, NRC reports have consistently found that use of
recombinant DNA technology in the development of an agricultural crop
does not in itself create a new class of risks. As with conventionally bred
crops, it is the phenotypic characteristics of the plant that are the source of
environmental risks. This report and the 2000 NRC report (2000c) on pest-
protected plants cite a number of environmental risks that should be
accounted for in the regulation of both current and future crop varieties.
When these observations are combined, the possibility that nontransgenic
crops may also pose environmental risks requiring a regulatory response
becomes logically inescapable. Yet new crop varieties posing potential
hazard fail to require regulatory scrutiny under APHIS while potentially
benign transgenic crops do because APHIS oversight excludes conven-
tional crops. Those plants produced via recombinant DNA are regulated,
and those produced by other methods are exempt, even if the final prod-
uct has an identical phenotype and therefore presents similar potential
risks.

Moving beyond the realm of crop modification, it is also clear that the
bar has been raised substantially for acceptable environmental effects for
novel pesticides and new agricultural practices (e.g., changes in crop rota-
tions and changes in cultivation practices). As our perspective on the
ecological interactions and interchange between agricultural and nonag-
ricultural lands evolves (see Chapter 1), the environmental standard be-
ing set for transgenic plants may be a better overall environmental effects
model for agriculture than the model developed in the early 1900s for
assessing the acceptability of conventional crop varieties and agricultural
practices.

Although government regulation of conventionally modified plants
has been virtually nonexistent, the agricultural research establishment
has not ignored the potential of genetic modification of crops to result in
environmental change. Indeed, some of the work begun in the 1960s to
assess the long-term impacts of Green Revolution cultivars and cropping
practices demonstrated insight into the needs for examining environmen-
tal effects on long and large scales. As discussed in Chapter 1, it was only
because of long-term 30-year experiments on the impact of cropping in-
tensification that researchers were able to clearly document the effects of
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the new cropping practices on soil characteristics. These long-term ex-
periments were sponsored by nonprofit groups and local governments.
Today, most efforts at examining environmental impacts of transgenic
crops emphasize short-term laboratory and field plot experiments. While
such experiments are useful, there is a need to examine effects that cannot
be seen at such small scales. For example, short-term and small-scale
experiments would not have predicted the effects of Green Revolution
practices on lowering the water table in semiarid regions of India or the
rise in water tables in other areas that has been accompanied by saliniza-
tion of the soils in the root zones of crops.

Finding 7.12: The environmental impacts of transgenic plants and
other new agricultural practices can be studied at a number of eco-
logical scales ranging from the specific toxicological effects of a
newly produced compound to the large-scale and long-term spatial
and temporal effects of changes in agricultural practices induced by
the introduction of a novel crop variety.

Finding 7.13: Currently APHIS environmental assessments focus
on the simplest ecological scales, even though the history of envi-
ronmental impacts associated with conventional breeding points to
the importance of large-scale effects, as seen in the impacts of Green
Revolution cultivars.

Recommendation 7.1: APHIS should include any impact on regional
farming practices or systems in its deregulation assessments.

Society demands that commercial products are deemed safe for health
and the environment. The public trusts government regulators to assess
risks adequately, to exclude from commerce products posing unaccept-
able risks, and to impose appropriate risk management strategies to re-
duce risks. Some people want regulators to test “everything for every-
thing” prior to commercial release. All regulatory agencies, including
APHIS, must work with limited financial, temporal, and human resources,
so testing everything is not feasible. Instead, prudence and fiscal reality
dictate that regulators identify those products most likely to be hazardous
and concentrate scrutiny on them, applying a science-based approach to
risk assessment.

Currently, one of the risk-based triggers for assessment of a crop by
APHIS is that it is a transgenic crop variety (see Chapter 2). This trigger
captures all products of genetic engineering but excludes potentially haz-
ardous products derived from conventional methods. This regulatory trig-
ger is imperfect because it does not provide regulatory scrutiny for cer-
tain conventional crop plants that may have environmental risks. As
discussed more thoroughly in Chapter 2, it fails to capture potentially
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hazardous conventional products, such as stress-tolerant canola. At the
same time, it brings under regulatory scrutiny some transgenic crop plants
that it later determines to have no significant environmental risks. In-
deed, an intraspecific recombinant DNA variety would be regulated even
if the gene were removed and replaced back in its original location with
no extraneous DNA. Thus, there are reasons for considering other or
additional potential triggers for the regulation of crop varieties.

APHIS has the authority to regulate all plants that pose a plant pest
risk under its present statutory authority. On May 25, 2000, the U.S. Sen-
ate and House of Representatives agreed on a conference report on a new
Plant Protection Act (PPA), which was developed to improve the govern-
ment’s ability to prevent and mitigate the effects of organisms that might
harm agriculture and the environment. This act, signed by President
Clinton, on June 20, 2000, includes products of genetic engineering but is
not limited to them. The PPA offers an opportunity for APHIS to refocus
regulation on those plant products that pose risk, regardless of the method
of derivation. As developed in more detail in Chapter 2, however, scien-
tifically defensible ex ante risk assessment is not yet possible, so it will not
be possible to develop a science-based trigger based solely on predictions
of the risks associated with particular crop varieties. In addition, it would
be imprudent to bring all conventional crop varieties under regulatory
oversight. Thus, careful scientific thought must be applied to this prob-
lem to avoid extraneous regulation.

Finding 7.14: The committee finds that the Plant Protection Act of
2000 can be viewed as an opportunity to clearly define the types of
novel plants, regardless of method of breeding, that trigger regula-
tory scrutiny.

As explained in previous chapters, APHIS regulates transgenic plants
under the authority of the Federal Plant Pest Act (FPPA) and the Federal
Plant Quarantine Act (FPQA). While the scope of these acts is quite broad,
there are some taxonomic and functional limits that make regulation of
some potentially hazardous organisms problematic. For example, the
FPPA does not recognize vertebrates as pests. Furthermore, transgenic
plants that have been modified using Agrobacterium DNA or the DNA
from certain viral species fall clearly within the regulatory authority of
the FPPA because these organisms are plant pests. Although APHIS can
regulate plants that have been genetically transformed without the use of
DNA from a plant pest, determining which plants will be regulated is not
simple. As identified early in this report, the regulatory options available
to APHIS through the FPPA are limited. For example, once a plant is
deregulated, APHIS has no authority to restrict its use or to even
monitor it.
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The broad language of the new Plant Protection Act defines “plant
pest” as including all vertebrate and invertebrate animals except humans.
The PPA repeals the FPPA and the FPQA, however, it provides for regu-
lations issued under the repealed acts to be enforced until new regula-
tions are developed. The PPA also provides the potential for developing
new procedures for regulating plant products that pose risk. For example,
regulations could presumably be written giving directives to APHIS on
how to involve the public and external scientific experts in its review
process. In addition, regulations under the PPA could be used to provide
the flexibility lacking in present regulations. For example, it would be
useful to allow APHIS to recall or rescind deregulated plants under ap-
propriate circumstances. Current federal policymakers will determine to
what extent the new PPA will be used as a vehicle for change.

Recommendation 7.2: The committee recommends that the Plant
Protection Act of 2000 be viewed as an opportunity to increase the
flexibility, transparency, and rigor of the APHIS decision-making
process.

Finding 7.15: Nontransgenic crop breeding techniques have the po-
tential to introduce genes and genetic variation into crops that equal
or surpass the novelty associated with recombinant DNA tech-
niques.

It is entirely possible that crops developed using these techniques
could possess phenotypic traits associated with elevated levels of en-
vironmental risk. When evaluating transgenic crops for deregulation, it
becomes increasingly difficult to defend the idea that these new nontrans-
genic crops should automatically be excluded from scrutiny for environ-
mental impact.

THE NEED FOR STRATEGIC PUBLIC INVESTMENT
IN RESEARCH

Perhaps more than anything else, the experience with commercializa-
tion of transgenic crops has revealed gaps in the knowledge base for
understanding and measuring the environmental risks of crop produc-
tion, irrespective of whether recombinant DNA technologies have been
applied. Crops developed through nontransgenic methods can and have
resulted in avoidable environmental damage. Managing the risks of crop
production in the future will depend on improving basic scientific knowl-
edge and research capacity with respect to five key areas discussed be-
low.
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Improved Risk Analysis Methodologies and Protocols

Formal research support in the United States for the study of environ-
mental impacts of transgenic plants has been sparse. The longest continu-
ous funding, now almost a decade, has come from the USDA’s Biotech-
nology Risk Assessment Research Grants Program (BRARGP) to assist
federal regulatory agencies in making science-based decisions about the
safety of introducing genetically modified organisms into the environ-
ment. The program accomplishes its purpose by funding scientific re-
search in priority areas determined in part by the input of the regulatory
agencies. Research proposals submitted to this competitive grants pro-
gram must address risk assessment, not risk management, and are evalu-
ated by a peer panel of scientists. The program has allocated no more than
a few million dollars for research each year. Recently, the USDA’s Initia-
tive for Future Agriculture and Food Systems (IFAFS) program has in-
cluded a competition for funding research, education, and extension on
the management of environmental risks of agricultural biotechnology.
Both funding programs have substantial limitations—BRARGP because
its focus is only on assessment and because the total amount of funding is
so low; IFAFS because the focus is only for risk management and the
funding program itself is anticipated to have a short life. Neither program
funds monitoring or research related to monitoring.

Research on the environmental impacts of transgenic plants can be
accomplished through other funding sources if the research questions
asked have general significance. For example, issues directly associated
with the impacts of transgenic plants may often be associated with criti-
cal, but largely unanswered, questions in other fields. For example,
whether or not the introgression of pest resistance transgenes into wild
populations will result in the evolution of weediness or invasiveness is
directly associated with important questions in population biology re-
garding the genetic and ecological causes and correlates of invasiveness
(Traynor and Westwood 1999).

There are several critical areas of research related to risk analysis that
would benefit from increased funding.

(1) In the area of hazard identification and risk assessment, there is a
need for improved, scientifically sound protocols to detect effects of
transgenes and transgene products on non-target organisms. Present
protocols are better adapted for screening for effects of toxic chemi-
cals with broad ecological effects, rather than biologically released
materials with more targeted specificity. This includes better under-
standing of effects on pollinators, natural enemies, species of conser-
vation concern and soil organisms. There is also a need for improv-
ing understanding of the environmental effects of transgene
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movement. Present research has concentrated on determining the
conditions under which transgene movement would likely occur. It
will be essential to develop a deeper theoretical and empirical un-
derstanding of the kinds of environmental effects that could result
from transgene movement and the conditions under which such ef-
fects are likely to occur. This needs to be understood for transgene
movement associated with pollen, viruses, and bacteria. In addition,
there is a need to develop assessment protocols that can identify the
circumstances under which a plant is likely to become invasive. Be-
cause deliberate introduction of plants is the most common route of
establishment of invasive plants, it will be critical to understand how
genetic modification affects invasiveness.

(2) Research on the effectiveness and efficiency of present regulatory
systems is needed to develop approaches to enable the regulatory
systems to improve based on scientific principles and data as they
acquire information and experience. This includes analysis of alter-
native methodologies as discussed in Chapter 2.

(3) Research is needed to evaluate the environmental risks associated
with conventionally produced crop plant varieties. This will involve
understanding the kinds of risk and the circumstances under which
these risks might occur. Because conventional crop breeding meth-
ods are constantly changing, this evaluation should include a dy-
namic assessment.

(4) Because many novel transgenic organisms are likely to be developed
in the future, it will be useful to fund research to identify and inves-
tigate possible environmental hazards associated with these new
types of transgenic organisms. These efforts might best be initiated
several years before any of these plants become likely to be commer-
cialized. This research effort could be coordinated with research on
transgenic methods to minimize risk, as discussed below.

Postcommercialization Validation and Monitoring

As discussed in Chapter 6, there is a need for formal postcommer-
cialization validation testing to determine if the results of small-scale pre-
commercialization tests are relevant at larger spatial and temporal scales.
The infrastructure for such testing exists but resources must be targeted to
carry out such testing in a rigorous manner. Development of long-term
monitoring systems, and development and coordination of trained ob-
server monitoring will require a major commitment to building infra-
structure.

Long-term monitoring is based on the use of ecological indicators
(NRC 2000a), which are intended to provide valid, reliable, and cost-
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effective information about the status of important ecological systems.
Repeated observations of these indicators can enable the identification of
associations between changes in indicator values and the use of transgenic
crops. To improve long-term monitoring of transgenic crops, research is
needed to fill knowledge gaps related to ecological indicators. Important
research areas include temporal behavior of ecological indicators, and the
need for improvements in mechanistic understanding of the links be-
tween ecological dynamics at population and other levels and the ecosys-
tem process measures frequently used as indicators. The latter area is
particularly important to ensure that ecological indicators will be able to
resolve the ecological effects of transgenics from the effects of other fac-
tors that may be associated with the use of transgenic crops. There also
are important research questions about the structure and organization of
scientific efforts to accomplish long-term monitoring. For example, how
should feedback loops be established between validation efforts and long-
term monitoring efforts so as to clarify the adequacy of available ecologi-
cal indicators for monitoring of ecological effects of transgenic crops?
Finally, research is needed on processes for establishing long-term moni-
toring indicators in relation to transgenic crops as well as research to
evaluate the efficacy and effectiveness of potential long-term indicators.

Trained observer monitoring attempts to detect effects the transgenic
crops that are so poorly understood—or simply unforeseen—that they
cannot yet be the target of more specific monitoring efforts. The goal is to
develop a network of trained observers that could detect effects of this
sort. The outstanding research needs related to this kind of monitoring
concern questions about what sort of practical approaches could serve
this purpose, as well as the broader challenge of “posting” observers that
can monitor environmental effects of technological change in agriculture
generally, since it is unlikely that monitoring aimed solely at transgenic
effects will be cost effective.

Specific research needs include improving understanding of the orga-
nization and facilitation of observer activities that are or could be per-
formed by existing organizations that have a current or potential interest
in performing relevant ecological monitoring (e.g., the Christmas Bird
Count of the National Audubon Society). Another important issue is the
structure and functioning that would provide integration, organization,
and development for the trained observer network. Many questions re-
main about how such a network would perform its functions—for ex-
ample, proactively conducting two-way communication about monitor-
ing issues with interested parties in organizations that do monitoring,
developing curricula for training sessions for observers, providing a clear-
inghouse for reports of notable observations from field monitoring ef-
forts, and developing quality assurance standards.
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Improved Transgenic Methods to Reduce Risks and
Improve Benefits to the Environment

Some of the concerns raised about early biotechnology-derived crop
varieties can be avoided in the future with our expanding knowledge
base. For example, pollen flow issues could be reduced if there are ad-
vances in plastid transformation, if sterility systems are engineered into
the varieties, or if gametophytic factors (i.e., genes expressed in the pollen
or egg) can be used to restrict fertilization of the egg. As nontissue culture
methods are developed for gene transfer, such as cocultivation of devel-
oping flowers with A. tumefaciens (see Chapter 1), gene transformation in
a number of plant species might become much less genotype dependent,
perhaps even to the point of using an elite cultivar for the initial transfor-
mation event, thus avoiding linkage drag as the result of subsequent
breeding procedures. In addition, tissue culture itself often introduces
unwanted and unpredictable genetic and epigenetic variation to trans-
genic plants that such methods may avoid.

Alternatively, different promoters could allow greater control of
where in the plant the gene product is produced; tissue-specific promot-
ers could preclude expression of pesticidal proteins, for example, in pol-
len and other tissues. Temporal and spatial regulation of gene expression
also can be controlled sometimes via an exogenous inducer. The ability to
identify and transfer genes from elite germplasm collections of the same
species could dramatically improve as a result of knowledge gained from
genomics and proteomics research. Antisense technology will improve
our ability to knock out the function of expressed genes. Targeted recom-
bination and gene replacement technologies can be expected to improve,
which will allow greater precision in gene insertion following transfor-
mation. Our ability to produce primary transformation events with se-
lectable markers that can be removed through genetic crosses or that
make use of benign (more acceptable) selectable markers will be enhanced.
Improvements in DNA sequencing already allow the full sequence analy-
sis of primary transformation events, such that optimal ones with simple
single-gene insertions are selected early in the process of engineering
transgenic traits.

Value-Oriented Research

When new technologies are involved in large-scale social changes,
public debate and opinion formation on value-based issues can be facili-
tated by research that articulates and analyzes ethical, legal, and cultural
traditions as they might bear on novel questions, as well as more tradi-
tional economic research on costs, benefits, and likely effects on the prices
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and availability of food. Such research helps both scientists and the public
understand what is at stake and how the issues might be viewed from
differing perspectives. The potential for economic and sociological re-
search has been well established in agriculture, and there is clearly a need
for more studies that focus on biotechnology. The potential for philo-
sophical, legal, and culturally-oriented research on issues in involving
genetics has been demonstrated by the Ethical, Legal, and Social Issues
(ELSI) program associated with the Human Genome Initiative. This pro-
gram has produced both scholarly studies and educational materials that
help people go beyond initial reactions of enthusiasm or repugnance. The
USDA has funded little research of this kind, and few U.S. colleges of
agriculture offer training or coursework to prepare professionals for ethi-
cal decision making—coursework that is now routinely offered in medi-
cal schools. The possibility cannot be dismissed that at least some of the
controversy and turmoil that have greeted genetic engineering in agricul-
ture is due to this omission. The USDA should encourage the develop-
ment of a systematic program of research and teaching on ethical, legal,
and cultural dimensions of agriculture and food issues, especially as they
involve genetic techniques.

Recommendation 7.3: Significant public-sector investment is called
for in the following research areas: improvement in risk analysis
methodologies and protocols; improvement in transgenic methods
that will reduce risks and improve benefits to the environment;
research to develop and improve monitoring for effects in the envi-
ronment; and research on the social, economic, and value-based
issues affecting environmental impacts of transgenic crops.
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Workshop to Assess the Regulatory
Oversight of GM Crops and

the Next Generation of Genetic
Modifications for Crop Plants

Friday, October 13th

National Research Council
2001 Wisconsin Avenue, NW

(Room 130 of the Cecil and Ida Green Building)

Agenda

I. Regulatory Oversight

Time Topic

8:45 Welcome and Introduction
Fred Gould, North Carolina State University, Chair, Com-
mittee on Environmental Impacts Associated with Com-
mercialization of Transgenic Crops: Issues and Ap-
proaches to Monitoring

9:00 Overview and the Current Reassessment of the Coordinated
Framework

Sharon Friedman, National Science and Technology
Council Representative, Office of Science and Technology
Policy

9:20 Comprehensive and Commensurate Requirements
Terry Medley, Director of Regulatory and External Af-
fairs, Dupont Agricultural Enterprise
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9:40 USDA’s Legal Authority and Perspectives on Assessment of
Environmental Effect

Stan Abramson, Chair—Environmental Practice Group,
and Partner, Arent, Fox, Kintner, Plotkin, & Kahn

10:00 BREAK
10:20 Forward-Looking Regulation of Agricultural Biotechnology

David Adelman, Staff Attorney, International and Nuclear
Programs, Natural Resources Defense Council

10:40 Panel Discussion
11:00 Committee and Audience Questions and Discussion
12:00 LUNCH

II. Next Generation of Transgenic Crops

1:15 Introduction
Brian Larkins, University of Arizona, member of Commit-
tee on Environmental Effects Associated with Commercial-
ization of Transgenic Crops

1:25 Nutritional Enhancement
Dean DellaPenna, Professor, Department of Biochemistry
and Molecular Biology, Michigan State University

1:50 The Next Decade of Plant Biotechnology Products
Ganesh Kishore (formerly with Monsanto Company)

2:15 Stress Tolerance
Michael Thomashow, Professor, Crop and Soil Sciences,
Michigan State University

2:40 Prospects for Hypoallegenic Transgenic Soybeans
Herman M. Eliot, Acting Research Leader, Climate Stress
Laboratory, USDA, ARS, Beltsville, Maryland

3:00 BREAK
3:15 Discussion and questions

III. Public Comments

3:45 Introduction
Kim Waddell, National Research Council

3:50 Selected Letter Responses
Faith Campbell, American Lands Alliance
Maureen K. Hinkle, National Audubon Society (retired)

4:10 Other Comments
5:30 Workshop adjourns
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B

Workshop Presenters/Panelists

Friday, October 13th

National Research Council
2001 Wisconsin Avenue, NW

(Room 130 of the Cecil and Ida Green Building)

Committee on Environmental Impacts Associated with
Commercialization of Transgenic Crops

WORKSHOP PRESENTERS/PANELISTS

Stanley Abramson, Partner
Arent, Fox, Kintner, Plotkin, & Kahn
1050 Connecticut Ave., NW
Washington, DC 20036-5339
PH: (202) 857-8935
Fax: (202) 857-6395
Email: abramsos@arentfox.com

David E. Adelman, Attorney
International and Nuclear Programs
Natural Resources Defense Council
1200 New York Avenue, NW—Suite 400
Washington, DC 20005
PH: (202) 289-2371
Fax: (202) 289-1060
Email: dadelman@nrdc.org
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Faith Campbell
American Lands Alliance
726 7th Street, SE
Washington, DC 20003
PH: (202) 547-9120
Email: phytodoer@aol.com

Dean DellaPenna, Professor
Department of Biochemistry and Molecular Biology
Michigan State University
Biochemistry Bld. Room 215
East Lansing, MI 48824-1319
PH: (517) 432-9284
Fax: (517) 353-9334
Email: dellapen@mus.edu

Sharon Friedman, Agency Representative
Office of Science and Technology Policy
Executive Office of the President
1600 Pennsylvania Avenue, NW
Washington, DC 20502
PH: (202) 395-7347
Fax: (202) 456-2497
Email: sfriedma@ostp.eop.gov

Eliot Herman, Acting Research Leader
Climate Stress Laboratory
USDA / ARS
10300 Baltimore Avenue
Bldg. 006 Room 203
Beltsville, MD 20705
PH: (301) 504-5258
Fax: (301) 504-6626
Email: herman3@ba.ars.usda.gov

Maureen K. Hinkle
National Audubon Society (retired)
5511 Northfield Road
Bethesda, MD 20817
Email: mhinkle2@aol.com
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Ganesh Kishore
(formerly with Monsanto)
Email: gkishore@aol.com

Terry L. Medley
Director of Regulatory and External Affairs
Dupont Agricultural Enterprise
Dupont Nutrition and Health
Route 141 & 48
Barley Mill Plaza (P38-1280)
Wilmington, DE 19805-0038
PH: (302) 992-4097
Fax: (302) 992-6098.
Email: terry.l.medley@USA.dupont.com

Michael F. Thomashow
Professor
Crop and Soil Sciences
Michigan State University
A291 Plant & Soil Science
East Lansing, MI 48824
PH: (517) 355-2299
Fax: (51) 353-5174
Email: thomash6@pilot.msu.edu

WORKSHOP ATTENDEES

Faith Campbell
American Lands Alliance Societies
PH: (202) 547-9120
phytodoer@aol.com

Thomas Cors
Dynamics Technology
PH: (703) 841-0990
FAX: (703) 841-8395
tcobs@dynamic.com

Maureen Hinkle
National Audubon Society (retired)
mhinkle2@aol.com
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Shirley Ingebritsen
USDA/APHIS

Warren Leon
Northeast Sustainable Energy Association
PH: (413) 774-6051 x 17
FAX: (413) 774-6053
wleon@ultranet.com

Deborah Olster
National Science Foundation
PH: (703) 292-7318
FAX: (703) 292-9078
dolster@nsf.gov

Craig Roseland
Biotechnology Unit
Permits and Risk Assessment
USDA/APHIS
PH: (301) 734-7935
FAX: craig.r.roseland@usda.gov

Joan Rothenerg
Institute of Food Technoloy
PH: (202) 466-5980
FAX: (202) 466-5988

Allison Snow
Ohio State University, and
Member, NRC Standing Committee on Agricultural Biotechnology,

Health, and the Environment
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C

“Dear Colleague” Letter

The National Research Council Committee on Environmental Effects
Associated with Commercialization of Transgenic Plants is seeking your
input on identifying specific environmental issues associated with plant
biotechnology. Please read the following letter from the chair of the com-
mittee explaining how you can contribute to this study by providing the
committee with your perspective on this topic.

The letter is also attached as a file in several formats for your use as
needed.

Karen L. Imhof
Project Assistant
Board on Agriculture and Natural Resources
Ph: (202) 334-3062
Fax: (202) 334-1978
Email: kimhof@nas.edu
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THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine

National Academy of Sciences
National Academy of Engineering
Institute of Medicine
National Research Council

Board on Agriculture and Natural Resources

August 18, 2000
Dear Colleague,

The National Research Council recently established a committee to
examine “Environmental Effects Associated with Commercialization of
Transgenic Plants”. Our committee held its first meeting on July 15th and
16th, 2000, during which we clarified our goals and approaches to meeting
this charge. Our committee is now in the phase of gathering information.
The final product from our deliberations will be a detailed report.

Our committee has broad expertise in environmental sciences, agri-
culture and other relevant areas. However, we think it is essential for us
to seek input from individuals with diverse perspectives on environmen-
tal issues, so that we don’t miss important insights. We are contacting you
based on your previous interest in issues related to plant biotechnology.

The goals of our committee are as follows:

We will review the scientific basis that supports the scope and adequacy
of USDA’s oversight of environmental issues related to current and an-
ticipated transgenic plants and their products.

In order to address these issues, the committee will:

Evaluate the scientific premises and assumptions underpinning the en-
vironmental regulation and oversight of transgenic plants. This evalua-
tion will include comparison of the processes and products of genetic
engineering with those of conventional plant breeding as they pertain to
environmental risks. This evaluation may result in recommendations for
research relevant to environmental oversight and effects of transgenic
plants.

Assess the relevant scientific and regulatory literature in order to evalu-
ate the scope and adequacy of APHIS’ environmental review regarding
the process of notification and determination of non-regulated status.
The committee will focus on the identification of effects of transgenic
plants on non-target organisms and the environmental assessment (EA)
of those effects. The study will also provide guidance on the assessment
of non-target effects, appropriate tests for environmental evaluation, and
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assessment of cumulative effects on agricultural and non-agricultural
environments.

Evaluate the need for and approaches to environmental monitoring and
validation processes.

We would appreciate it if you would help us meet this charge. We are
committed to getting sufficiently broad input to ensure that all important
perspectives and information are considered. Please send us a concise
letter describing what you see as specific environmental issues associated
with plant biotechnology that need attention. We would be particularly
appreciative if you would emphasize potential positive and/or negative
impacts that you think are underrepresented in most discussions of plant
biotechnology. Please send your letter via e-mail to kwaddell@nas.edu.
Your letter may also be faxed to him at 202–334–1978.

It would be very helpful to us if you could return your letter by
September 5th. We are planning to have a second meeting in October and
will need some time to assess outside information such as that in your
letter. If we have follow-up questions regarding your letter, we may con-
tact you by phone or e-mail, or we may request that you present more
details directly to our committee in October.

If you have a colleague or friend who is likely to have a novel per-
spective on these issues, we would appreciate your forwarding this letter
to that person. While we are not trying to assess the weight of public
opinion, we are trying to identify the diversity of perspectives in relation
to our charge.

Attached you will find a committee membership list. You may also
want to visit the National Academies’ Current Projects website at http://
www4.nas.edu/cp.nsf for further information* about our committee, and
the Academy’s standing committee on Biotechnology, Food and Fiber
Production, and the Environment, which is examining a broader range of
biotechnology related issues.

Please call Kim Waddell or Karen Imhof at 202–334–3062 if you need
further information, or assistance with transmitting your letter. Your ef-
forts will be appreciated.

On Behalf of the Committee,

Fred Gould
Committee Chair

* Search for committee information by entering title of project in the Current Projects
website.
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“Dear Colleague Letter” Recipients

“Dear Colleague Letter”—August 2000: Recipients

1. Benbrook, Charles Northwest Science and Environmental
Policy Center

2. Belding, John and Susan Old Stage Farm (Organic growers)
3. Burrows, Beth The Edmonds Institute
4. Campbell, Faith American Lands Alliance
5. Chrispeels, Martin University of CA (Biology)
6. Conko, Gregory Competitive Enterprise Institute
7. Cummins, Joseph E. University of Western Ontario

(Genetics)
8. Duke, Steve USDA, ARS, NPURU

(University of MS)
9. Federici, Brian University of CA

10. Fomous, Cathy Council for Responsible Nutrition
11. Gordon, Milton University of Washington

(Biochemistry)
12. Gray, Chris Computer Professionals for Social

Responsibility (computer and cultural
studies)

13. Gressel, Jonathan Weizmann Institute of Sciences
14. Head, Graham Monsanto
15. Hardy, Ralph National Agricultural Biotechnology

Council
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16. Hinkle, Maureen National Audubon Society
Kuwamo (Retired)

17. Jenkins, Peter Center for Science in the Public Interest
18. Levin, Simon Princeton University
19. McAfee, Kathleen University of CA (Environmental

Studies)
20. McClung, Gwendolyn US EPA—Office of Pollution Prevention

and Toxics
21. Moar, William Auburn University (Entomology)
22. Nielson, Patrick Dole
23. Pimentel, David Cornell University (Entomology)
24. Riddle, Jim Organic Independents/Organicworks!
25. Roseland, Craig USDA-APHIS
26. Schuh, Edward G. Hubert Humphrey Institute
27. Shaner, Dale American Cyanamid
28. Sommerville, Chris Carnegie Institution
29. Stabinsky, Doreen Greenpeace
30. Steward, Robert Technology Sciences Group
31. Stewart, Neal University of North Carolina (Biology)
32. Sweet, Jeremy National Institute of Agricultural

Biotechnology
33. Walbot, Virginia Stanford University

(Biological Sciences)
34. Vargas, Ronald Corbana (Costa Rica—National Banana

Corporation)
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Fred L. Gould, Chair, is William Neal Reynolds professor of entomology
at North Carolina State University. He has researched the ecological ge-
netics of pest adaptation to chemical, biological, and cultural control tac-
tics. His major emphasis in recent years has been on developing method-
ologies for delaying pest adaptation to transgenic crops that produce
insecticidal proteins derived from the bacterium Bacillus thuringiensis. Dr.
Gould participated in the National Research Council Workshop on Pesti-
cide Resistance: Strategies and Tactics for Management (1986) and was a
committee member for several NRC reports. He received his Ph.D. in
ecology and evolution from the State University of New York at Stony
Brook in 1977.

David A. Andow is professor of insect ecology at the University of Min-
nesota’s Department of Entomology. His research interests include the
ecology of beneficial insects for use in biological control in sweet corn,
vegetational diversity and conservation of natural enemies, biotechnol-
ogy science policy, ecology of insect species invasions, host plant re-
sistance in corn, and resistance management of transgenic plants. He is
currently a member of the National Research Council’s Committee on
Agricultural Biotechnology, Health, and the Environment and has also
served on the National Science Foundation’s Graduate Panel on Biologi-
cal Sciences. Dr. Andow also is editor-in-chief of Environmental Biosafety
Research and editor of Ecological Applications. He received his B.S. in biol-
ogy from Brown University in 1977 and his Ph.D. in ecology from Cornell
University in 1982.

About the Authors
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Bernd Blossey is an assistant professor and director of the Biological
Control of Non-Indigenous Plant Species Program of the Department of
Natural Resources at Cornell University. His work involves the theoreti-
cal and practical aspects of biological weed control, including insect-plant
interactions, factors underlying successful invasion by nonindigenous
plants, and the development of field- and lab-rearing techniques for mass
production of biocontrol agents. His primary efforts have centered on the
well-known invasive plant, purple loosestrife. He also has recently initi-
ated new biocontrol programs targeting Phragmites austalis and Alliaria
petiolata. Dr. Blossey received his Ph.D. in zoology/ecology from the Uni-
versity of Kiel.

Ignacio Chapela is assistant professor in the College of Natural Resources,
University of California, Berkeley. His current research includes the sym-
biosis between leaf-cutter ants and their cultivated fungi, the role of fungi
in the balance between forest health and disease, and the role of fungi in
sustainable management of the diverse and delicate environments of lo-
cal communities in Southern Mexico. He recently served as faculty chair
and vice-chair for the College of Natural Resources at UC Berkeley. He is
founder and scientific director of the Mycological Facility in Oaxaca,
Mexico. Dr. Chapela received his B.Sc. in biology from the Universidad
Nacional Autónoma de México in 1984 and his Ph.D. in fungal ecology
from the University of Wales in 1987.

Norman C. Ellstrand is professor of genetics in the Department of Botany
and Plant Sciences at the University of California, Riverside. His research
focuses on applied plant population genetics with current emphasis on
the consequences of gene flow from domesticated plants to their wild
relatives. Dr. Ellstrand has participated in a number of government and
National Research Council meetings concerning genetically modified or-
ganisms including the NRC planning meeting on technology and intellec-
tual property challenges associated with genetically modified seeds. He
received his Ph.D. from the University of Texas, Austin, in 1978.

Nicholas Jordan is an associate professor in the Department of Agronomy
and Plant Genetics at the University of Minnesota. His current studies
explore weed competitive cultivars, ecology and evolution of herbicide-
resistant weeds, and integrated weed management approaches focusing
on interactions between weeds and soil biota. He is noted for his efforts in
developing new working relationships between scientists and farmers,
crop consultants, and other agriculturalists to increase the human re-
sources available to develop more durable, effective, and more environ-
mentally sound weed management methods. Dr. Jordan received his B.A.
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in biology from Harvard College in 1979 and his Ph.D. in botany and
genetics from Duke University in 1986.

Kendall R. Lamkey is a research geneticist with the U.S. Department of
Agriculture’s Agricultural Research Service and a professor of agronomy
in the Department of Agronomy at Iowa State University. His research
focuses specifically on the origin, maintenance, and utilization of genetic
variation for important agronomic and grain quality traits in maize. Cur-
rently, he is technical editor for the journal Crop Science and associate
editor for the Journal of Heredity. Dr. Lamkey received his B.S. in agronomy
in 1980 and his M.S. in plant breeding in 1982, both from the University of
Illinois, and his Ph.D. in plant breeding from Iowa State University in
1985.

Brian A. Larkins is the Porterfield professor of plant sciences, and profes-
sor of molecular and cellular biology in the plant sciences and molecular
and cellular biology departments at the University of Arizona, Tucson.
He has spent over 20 years researching the regulation of seed develop-
ment and the synthesis of seed storage proteins. He has particularly fo-
cused on identifying the storage proteins that contribute the majority of
essential amino acids and on developing genetic strategies to increase
their content. In addition to being elected a member of the National Acad-
emy of Sciences in 1996, Dr. Larkins has received numerous awards, hon-
ors, and scholarships from several universities and the American Society
of Plant Physiologists. He received his B.S. in biology in 1969 and his
Ph.D. in botany in 1974 from the University of Nebraska.

Deborah K. Letourneau is professor of environmental studies at the Uni-
versity of California, Santa Cruz. She studies tritrophic interactions in a
variety of contexts and communities, including tropical rain forests in
Costa Rica and Papua New Guinea, subsistence farmers’ fields in Africa,
and tomato agroecosystems in California. Her most recent publications
include issues examining the ecological and human health effects of ge-
netically modified organisms and top-down and bottom-up forces in
tropical forest communities. Prior to joining the University of California
faculty in 1987, Dr. Letourneau was a member of the resource faculty and
co-coordinator of the Organization for Tropical Studies at Duke Univer-
sity. She received her B.S. in zoology in 1976 and her M.S. in biology in
1978 from the University of Michigan and her Ph.D. in entomology from
the University of California, Berkeley in 1983.

Alan McHughen is professor and senior research scientist in the Crop
Development Centre, College of Agriculture, University of Saskatchewan.
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He has helped develop Canada’s regulations covering the environmental
release of plants with novel traits. He has first-hand experience devel-
oping internationally approved commercial crop varieties using both con-
ventional breeding and genetic engineering techniques. He also is an
educator and consumer advocate, helping nonscientists understand the
environmental and health impacts of both modern and traditional meth-
ods of food production. Currently, McHughen is chair of the International
Advisory Committee for the International Symposia on the Biosafety of
Genetically Modified Organisms. He received his B.Sc. from Dalhousie
University in 1976 and his D.Phil. from Oxford University in 1979.

Ronald L. Phillips is regent’s professor and McKnight presidential chair
in genomics at the University of Minnesota. Throughout this career Dr.
Phillips has coupled the techniques of classical cytogenetics with research
advances in tissue culture and molecular biology to enhance understand-
ing of basic biology of cereal crops and to improve these species by inno-
vative methods. His research program at the University of Minnesota was
one of the early programs in modern plant biotechnology related to agri-
culture. He is a founding member and former director of the Plant Mo-
lecular Genetics Institute of the University of Minnesota. Dr. Phillips
served as chief scientist of the U.S. Department of Agriculture (1996–1998)
in charge of the National Research Initiative Competitive Grants Pro-
gram. In 1991 he was elected a member of the National Academy of
Sciences. He also served as both a member and chair of the National
Research Council’s Scientific Council to the Plant Gene Expression Center
from 1985 to 1993. Dr. Phillips currently serves as president of the Crop
Science Society of America. He earned his B.S. and M.S. degrees from
Purdue University and his Ph.D. from the University of Minnesota.

Paul B. Thompson is the Joyce and Edward E. Brewer distinguished
professor of philosophy and director of the Center for Food Animal Pro-
ductivity and Well-Being at Purdue University. He has published exten-
sively on the ethics, policies, perceptions, and impact of agriculture and
biotechnology for both the agricultural communities and the American
public. Dr. Thompson received his B.A. in philosophy from Emory Uni-
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methodology; Risk analysis

Mexico, 32, 33, 163-164
Migratory Bird Treaty Act, 198-199
Minerals, dietary, 224, 226-227
Minicommunities, 29-36
Models and modeling

see also Theoretical perspectives
exposure pathways, 53, 66, 98
resistance evolution, 196
risk analysis, 52-53, 59, 61, 93-99

event-tree analysis, 90, 96-98
fault-tree analysis, 12, 88, 89, 93-96,

190-191
standards for, 6-7, 53-56, 58-62, 255
two-part model, 90-91, 98
whole organism, 91-92

Monarch butterflies, Bt effects on, 71-75,
197, 216

Monitoring and validation processes, 2,
168, 182

see also Postcommercialization testing
and monitoring

Multiple transgenes, 15
Mutagenesis, 5, 47, 185

backcrossing, 41-42, 43, 47, 98
conventionally improved crops, 37, 40-

43
radiation-induced, 42
soybean, 137, 142

N

National Agricultural Statistics Service,
199, 200-201, 218

National Biological Impact Assessment
Program, 170
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National Environmental Protection Act, 183
National Marine Fisheries Service, 202
National Resources Inventory, 14, 199-201,

210, 218
National Spatial Data Infrastructure, 213
Natural enemies of insects, 28, 35, 70, 73,

75, 133, 144, 155-156, 255, 301
Natural Resources Conservation Service,

199, 213
Netherlands, 24
Nitrogen, 22, 24, 25-26, 34
Nonindigenous species, see Invasive

species
Non-target species, 2, 3, 7, 35, 36, 117, 125,

162, 180-181, 255
see also Wild relatives
APHIS deregulation petitions, 129-130,

140-141, 154-156, 157, 161, 163,
188, 189

APHIS regulation, other, 177-178, 179,
180-182, 296

endangered and threatened species
event-tree analysis, 96
hazard identification, 65, 70-76
insects, 71-76, 154-156, 157, 163, 197,

216, 244, 255
postcommercialization testing and

monitoring, 196, 197, 214, 216
Northern analysis, 116
Notification requirements, 2, 9, 10, 13, 51,

87, 104, 105, 107-110, 112, 121-
123, 167-181 (passim), 190, 296

O

Office of Science and Technology Policy,
50, 80-81, 178

Outcrossing, 33, 125, 140

P

Pathogen resistance, see Disease resistance
Pedigree breeding, 40
Peer review, 10, 168, 188, 198
Pesticides, 7, 22, 28, 35, 36, 144-145, 180

avidin, 9, 180-181
Cry toxin, 38-39, 73, 88-89; see also

Bacillus thuringiensis
natural enemies, 28, 35, 70, 73, 75, 133,

144, 155-156, 255

reference scenarios, 88-89
resistance to, 7, 65, 76-77, 196, 301; see

also Resistance evolution
Pharmaceuticals, 246-247

antibiotic resistance, 44, 89, 119, 125,
145-146

antibiotics, other, 144, 145, 228
APHIS notification process, 9, 108, 180
APHIS permits, 9-10, 110, 123-126
hybridization, 68
vaccines, 228, 229

Philippines, 34-35
Phosphorus, 22-22, 34
Phytoremediation, 229, 232-233
Plant Protection Act (proposed), 15-16, 101,

236, 253-254
Pollen, 32, 33, 39, 40, 67-68, 99, 113, 214,

244, 246, 256, 258
APHIS deregulation process, 150, 156, 165
APHIS notification process, 132-133, 181
APHIS permitting process, 124-125, 188
Bt, 7, 96, 150, 156, 165
insect vectors, 67, 156, 158, 214, 244, 255

Poplars, Bt, 69, 92, 145, 184, 222-223
Postcommercialization testing and

monitoring, 12-14, 21, 168, 182,
189, 192-219, 256-257

APHIS, 12-14, 192-219
theoretical issues, 193-196

cost-effectiveness, 206, 209, 210, 257
DNA, 185, 214, 215
ecological indicators, general, 206, 208-

213, 217-218
funding, 13, 14, 197-198, 202
invasive species, 195, 203, 205, 207, 216
non-target species, 196, 197, 214, 216
resistance evolution, 196
social factors, 195
spatial factors, 13, 14, 194-195, 197, 203,

206, 208, 209, 214-215, 217, 256
standards, 14, 209-213, 216
time factors, 193, 194-197, 206, 207-213,

217, 219, 256-257
trained-observer monitoring, 13, 205-

207, 217-218, 219, 257
Potatoes, 43, 69, 118
Precautionary principle, 64-65, 66, 247-250
Precipitation, 24, 30
Public input, 9-10, 12, 104, 105, 118, 127,

135, 165-166, 168-175, 182, 188,
191, 212, 242-245, 290
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see also Confidential business
information; Federal Register

Public opinion, 3, 15, 17, 18-19, 21, 212, 214,
237, 245

risk analysis, 58, 61, 64, 83, 195, 242, 252

 R

Radiation-induced mutagenesis, 42
Rainfall, see Precipitation
Reference scenarios/comparative risk

approach, 39, 87-99, 100, 122-123
Regulatory issues, 15-16, 21, 229, 245-254

see also Animal and Plant Health
Inspection Service; Coordinated
Framework for the Regulation of
Biotechnology; Environmental
Protection Agency; Food and
Drug Administration;
Legislation; Postcom-
mercialization testing and
monitoring; Risk analysis;
Standards

committee mission, 1-2
committee workshop agenda, 289-290
conventionally improved crops, 5, 20,

29, 62, 63, 79, 82, 83-86, 142, 143
extra-territorial regulation, 16, 56-57
historical perspectives, 3, 17-18, 19, 49-

51, 57-58, 83
Office of Science and Technology

Policy, 50, 80-81, 178
precautionary principle, 64-65, 66, 247-

250
public input, 9-10, 12, 104, 105, 118, 127,

135, 165-166, 168-175, 182, 188,
191, 212, 242-245, 290

Reproductive sterility, 30, 33, 40, 52, 67,
102, 115, 116, 122, 150, 151, 181,
184, 223-224, 236, 258

Research methodology, 10
see also Case studies; Epidemiology;

Experimental methods; Models
and modeling; Risk analysis

committee study at hand, 1-2, 7-8, 19-
20, 295-299

Resistance
see also Disease resistance; Herbicide

resistance
antibiotic resistance, 44, 89, 119, 125,

145-146

insects, resistance by, 7, 65, 76-77, 91; see
also Resistance evolution

insects, resistance to, by conventionally
improved crops, 37, 38, 39, 41,
43, 129, 144-145, 153, 201, 220,
244; see also Bacillus thuringiensis

viral, 104, 113, 116-117, 118, 126-135,
152, 159-160

Resistance evolution, 7
hazard identification, 65, 76-77
postcommercialization testing and

monitoring, 196
weeds, 6, 65, 76-77, 100

Rice, 4-5, 32, 33, 226, 227
Bt, 70, 71
Green Revolution, 34-35

Risk analysis, 6-7, 12, 16, 49, 51, 52-100, 233,
242-243, 255-256

see also Experimental methods; Field
testing; Postcommercialization
testing and monitoring

APHIS role, general, 6, 60, 81-87, 172,
252-254

committee conclusions and
recommendations, 5, 6, 58, 61, 63,
64, 77, 82, 83, 85, 86, 90, 98, 99-
100

committee mission, 1-2, 20
definitional issues, 53-56, 58-62, 65-77
epidemiology, 6, 59, 132, 217
European Union directive, 65, 66, 247-248
event-tree analysis, 90, 96-98
exposure pathways, 53, 66
fault-tree analysis, 12, 88, 89, 93-96, 190-

191
hazard identification, 54-55, 59, 61, 63,

65-77, 169, 172, 218, 243, 255
historical perspectives, 2-3, 29-33, 36, 53,

71-76, 83
international perspectives, 56-57, 117

European Union directive, 65, 66,
247-248

precautionary principle, 64-65, 66,
247-250

litigation, 58, 74
Office of Science and Technology

Policy, 50, 80-81
precautionary principle, 64-65, 66, 247-

250
public input, 9-10, 12, 104, 105, 118, 127,

135, 165-166, 168-175, 182, 188,
191, 212, 242-245, 290
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standards, 6-7, 59-61, 255
definitional issues, 53-56, 58-62
reference scenarios/comparative

risk approach, 39, 87-99, 100, 122-
123

theoretical issues, 59, 61, 68, 98
definitional issues, 53-56, 58-62
two-part model, 90

two-part model, 90-92, 98
whole organism, 65, 68-70, 91-92, 98, 196

Risk Assessment in the Federal Government:
Managing the Process, 53

RNA, 41, 46, 116-117, 185
Rural Development Act, 199

S

Salinity, 35, 230
bermudagrass, salt-resistant, 120-123
soil, 5, 120-123, 222, 223

Secrets, see Confidential business
information

Seed dispersal, 37, 66, 69
Smith-Lever Act, 17
Social factors, 2-3, 4, 16, 29, 188, 223, 237,

252, 258-259
see also Public input; Public opinion
international perspectives, 18
postcommercialization testing and

monitoring, 195
risk analysis, 6, 8, 58, 61, 64, 83, 99

Soil and Water Resources Conservation
Act, 199

Soil characteristics, 35, 144, 210, 244, 302
see also Fertilizer
acid deposition, 24, 223
National Resources Inventory, 200
non-target organisms, 71, 73, 163, 204,

255
phytoremediation, 229, 232-233
reference scenarios, 88-89, 96-98
salinity, 5, 120-123, 222, 223
soil contamination, 33, 229

Soil Conservation Service, see Natural
Resources Conservation Service,
199

Southern analysis, 114, 115-116
Soybean, 72, 90, 136-144, 224, 225-226, 290
Spatial factors, 252

see also Landscape effects

APHIS permitting process, 124-125, 131,
179, 188-189

APHIS regulation, general, 8-9, 13, 103-
104, 150, 176, 179, 184, 191

committee mission, 20
edge effects, 22, 27
isolated or related species, 48, 124-125
long-term effects, 2, 208; see also

“postcommercialization...” infra
minicommunities, 28-36
National Resources Inventory, 14, 199-

200
notification process, 9, 109
postcommercialization testing and

monitoring, 13, 14, 194-195, 197,
203, 206, 208, 209, 214-215, 217,
256

regional farming practices/systems, 15
Squash, 126-135, 160, 187
Standards, 3

APHIS evidential standards, 187
APHIS notification process, 109, 122
conventionally vs genetically improved

crops, 5
ecological indicators, 14, 209-213
epidemiology, 6, 217
historical perspectives, 19
postcommercialization monitoring, 14,

209-213, 216
risk analysis, 6-7, 59-61, 255

definitional issues, 53-56, 58-62
reference scenarios/comparative

risk approach, 39, 87-99, 100, 122-
123

risk minimization, 104
Sterility, see Reproductive sterility
Sugar beet, 33, 67, 69
Synergistic effects, 114, 128, 130, 208, 235

T

Taiwan, 32
Taxonomic factors, 30, 79, 112, 155, 208-209
Temporal factors, see Time factors
Theoretical perspectives, 256, 302

APHIS postcommercialization
monitoring, 193-196

extinction by hybridization, 68
risk analysis, 59, 61, 68, 98

definitional issues, 53-56, 58-62
two-part model, 90
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Threatened species, see Endangered and
threatened species

Time factors, 252
abiotic stress resistance, 230-231
APHIS notification and field testing, 9,

51, 108, 169, 173, 174
APHIS permitting, 111, 132
APHIS regulation, other, 102, 118-120,

135, 169
horizontal gene transfer, 67
long-term effects, 2, 14-15
National Resources Inventory, 14, 199-

200
outflows from agroecosystems, 23-24
phenotypic trait array, 14-15
postcommercialization monitoring, 193,

194-197, 206, 207-213, 217, 219,
256-257

public response to assessment, 10
Tolerance, see Resistance; Resistance

evolution
Toxicology, 13, 23, 38-39, 117, 189, 252

see also Bacillus thuringiensis; Pesticides
avidin, 9, 180-181
historical perspectives, 17-18
insect resistance, 38

Trade secrets, see Confidential business
information

Training, see Education and training
Transcapsidation, 114, 128
Transcription (DNA), 40-41, 45, 46
Two-part model, 90-92, 98

U

Understanding Risk: Informing Decisions in a
Democratic Society, 53, 242-243

V

Vaccines, 228, 229
Viruses, 106, 256

APHIS regulation, 104, 106, 109, 113-
114, 116-117, 118, 126-135, 152,
159-160, 187

resistance, 104, 113, 116-117, 118, 126-
135, 152, 159-160

vaccines, 228
Vitamins, 226, 227, 229
Volunteer monitoring organizations, 206

W

Water quality, 22-23, 34-35, 107
see also Coastal zones; Fish and fish

habitat; Irrigation; Salinity;
Wetlands

acid deposition, 24, 223
nitrogen deposition, 22, 24, 25-26, 34
nutrient runoff, general, 23-26 (passim),

210
Waterfowl, see Birds
Weather

see also Climate; Precipitation
pollen dispersal by wind, 67

Weed Science Society of America, 113, 129,
148

Weediness, 30, 67, 69, 69-70, 79, 244
see also Herbicide resistance;

Hybridization; Wild relatives
APHIS assessments, 11, 104, 105, 113,

122, 130-133, 139-140, 142, 147-
150, 160, 165, 178-179

sugar beet, 33
Weeds and weed management, 24, 26, 33,

69, 223, 302
APHIS regulation, 104, 105, 113, 122,

156-157
resistance evolution, 6, 65, 76-77, 100,

129; see also Herbicide resistance
species feeding on, 204

Western blots, 116
Wetlands, 22-23

coastal zones, nitrogen deposition, 24,
25-26

outflows from agroecosystems, 24, 34
Wheat, 4, 33, 226

Green Revolution, 34
Whole-plant hazards, 65, 68-70, 91-92, 98

corn, 68-69
postcommercialization testing and

monitoring, 196
Wild relatives, 32, 33, 41, 43, 67, 68, 69, 104,

105, 112, 113, 117, 123, 125, 247
see also Non-target species; Weediness
APHIS deregulation process, 129-135

(passim), 149-153, 157, 160, 163
EPA regulation, 160-161
outcrossing, 33, 125, 140

World Health Organization, 56
World Trade Organization, 56-57
World Wide Web, see Internet
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Y

Yield factors, 21, 29-30, 72, 144, 145, 186,
193-194, 240

as complex trait, 39, 41, 43
conventional breeding, 28, 37

Green Revolution, 34-35
honey, 31
monocultural systems, 24
sugar beet, 33
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