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Preface

Our committee was given the task of examining the evidence regarding potential negative effects
and benefits of currently commercialized genetically engineered (GE) crops and the potential benefits and
negative effects of future GE crops. In carrying out this study, the committee members and I were well
aware of the controversial nature of genetic engineering in the United States and globally. Before and
during the committee’s first meeting, we received comments from people and groups expressing the view
that the scientific evidence establishing the safety of current GE crops was so solid and well-reviewed that
the only potentially useful task for the committee would be to examine emerging genetic-engineering
technologies. We considered those comments but believed that available analyses were not complete and
up to date and that an examination of the data on diverse biological and societal aspects of both current
and future GE crops would therefore be useful. We received other comments indicating that research
studies that found adverse biological or social effects of GE crops had been ignored, and because of our
committee’s composition, we too would probably ignore them. We took all of the comments as
constructive challenges.

Our committee embraced the Academies consensus-study process, which requires that “efforts
are made to solicit input from individuals who have been directly involved in, or who have special
knowledge of, the problem under consideration” and that a study “report should show that the committee
has considered all credible views on the topics it addresses, whether or not those views agree with the
committee’s final positions. Sources must not be used selectively to justify a preferred outcome.” We
listened to presentations from 80 people who had diverse expertise, experience, and perspectives on GE
crops to augment the diversity represented on the committee; they are listed in Appendixes C and D. We
also received and read more than 700 comments and documents sent to us from individuals and
organizations about specific risks and benefits that could be associated with GE crops and their
accompanying technologies. Beyond those sources of information, our committee carefully examined
literature—peer-reviewed and non-reviewed—relevant to benefits and risks associated with GE crops in
the United States and elsewhere.

Although it is true that articles exist that summarize much of the literature on GE crops, we
committed ourselves to taking a fresh look at the primary literature itself. Our major goal in writing this
report was to make available to the public, to researchers, and to policy-makers a comprehensive review
of the evidence that has been used in the debates about GE crops and information on relevant studies that
are rarely referred to in the debates. Given the immense literature on GE crops, we suspect that we missed
some relevant articles and specific results.

We received a number of broad comments that asked us to examine and make judgments about
the merits of technology-intensive agriculture compared with more agroecological approaches. That
would be an important comparison but was beyond the scope of the specific task given to the committee.

We recognized that some members of the public are skeptical of the literature on GE crops
because of concerns that many experiments and results have been conducted or influenced by the
industries that are profiting from these crops. Therefore, when we referred to articles in the three major
chapters (4, 5, and 6) of the report regarding current GE crops, we identified the affiliations of their
primary authors and, when possible, the specific sources of their funding. That information is available on
our study’s website (http://nas-sites.org/ge-crops/).
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To make the basis of each of our report’s conclusions accessible, we developed a user-friendly
interface on the website that can be queried for each specific finding and recommendation in the report.
The interface takes a user to the text in the report that culminated in each finding or recommendation. A
second interface on the website has a summary list of all the comments and questions that were sent to us
by the public or brought up in formal presentations; this interface enables a user to read how the
committee addressed a specific comment or question.

We worked hard to analyze the existing evidence on GE crops, and we made recommendations
based on our findings; ultimately, however, decisions about how to govern new crops needs to be made
by societies. There is an indisputable case for regulations to be informed by accurate scientific
information, but history makes clear that solely “science-based regulation” is rare and not necessarily
desirable. As a small example, how would science alone decide on how important it is to prevent a
decline in monarch butterfly populations?

We received impassioned requests to give the public a simple, general, authoritative answer about
GE crops. Given the complexity of GE issues, we did not see that as appropriate. However, we hope that
we have given the public and policy-makers abundant evidence and a framework to inform their decisions
about individual agricultural products.

In 1999, Secretary of Agriculture Dan Glickman gave a speech' about biotechnology in which he
stated that “with all that technology has to offer, it is nothing if it’s not accepted. This boils down to a
matter of trust. Trust in the science behind the process, but particularly trust in the regulatory process that
ensures thorough review—including complete and open public involvement.” Trust must be based on
more than authority and appealing arguments for or against genetic engineering. In this regard, while we
recognize that no individual report can be completely balanced, we offer our report as a sincere effort at
thoroughness and openness in examining the evidence related to prevalent claims about GE crops.
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Executive Summary

Since the 1980s, biologists have used genetic engineering of crop plants to express novel traits.
For various reasons, only two traits—insect resistance and herbicide resistance—had been genetically
engineered into a few crop species and were in widespread use in 2015. Many claims of positive and
negative effects of existing genetically engineered (GE) crops have been made. A main task of the
Committee on Genetically Engineered Crops: Past Experience and Future Prospects was to examine the
evidence related to those claims. The committee was also asked to assess emerging genetic-engineering
technologies, how they might contribute to crop improvement, and what technical and regulatory
challenges they may present. The committee delved into the relevant literature, heard from 80 diverse
speakers, and read more than 700 comments from members of the public to broaden its understanding of
issues surrounding GE crops. It concluded that sweeping statements about GE crops are problematic
because issues related to them are multidimensional.

The available evidence indicates that GE soybean, cotton, and maize have generally had
favorable economic outcomes for producers who have adopted these crops, but outcomes have been
heterogeneous depending on pest abundance, farming practices, and agricultural infrastructure. The crops
with the insect-resistant trait—based on genes from a bacterium (Bacillus thuringiensis, or Bf)—generally
decreased yield losses and the use of insecticides on small and large farms in comparison with non-B¢
varieties. In some cases, widespread planting of those crops decreased the abundance of specific pests in
the landscape and thereby contributed to reduced damage even to crops that did not have the Bt trait, and
planting Bt crops has tended to result in higher insect biodiversity on farms than planting similar varieties
without the Bt trait that were treated with synthetic insecticides. However, in locations where resistance-
management strategies were not followed, damaging levels of resistance evolved in some target insects.
Herbicide-resistant (HR) crops sprayed with the herbicide glyphosate often had small increases in yield in
comparison with non-HR counterparts. Farm-level surveys did not find lower plant diversity in fields with
HR crops than in those planted with non-GE counterparts. In areas where planting of HR crops led to
heavy reliance on glyphosate, some weeds evolved resistance and present a major agronomic problem.
Sustainable use of Bt and HR crops will require use of integrated pest-management strategies.

There have been claims that GE crops have had adverse effects on human health. Many reviews
have indicated that foods from GE crops are as safe as foods from non-GE crops, but the committee re-
examined the original studies of this subject. The design and analysis of many animal-feeding studies
were not optimal, but the large number of experimental studies provided reasonable evidence that animals
were not harmed by eating food derived from GE crops. Additionally, long-term data on livestock health
before and after the introduction of GE crops showed no adverse effects associated with GE crops. The
committee also examined epidemiological data on incidence of cancers and other human-health problems
over time and found no substantiated evidence that foods from GE crops were less safe than foods from
non-GE crops.

The social and economic effects of GE crops depend on the fit of the GE trait and the plant
variety to the farm environment and the quality and cost of the GE seeds. GE crops have benefited many
farmers on all scales, but genetic engineering alone cannot address the wide variety of complex
challenges that face farmers, especially smallholders. Given the complexities of agriculture and the need
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for cohesive planning and execution, public and private support is essential if societal benefits are to be
maximized over a long period and in different areas.

Molecular biology has advanced substantially since the introduction of GE crops two decades
ago. Emerging technologies enable more precise and diverse changes in crop plants. Resistance traits
aimed at a broader array of insect pests and diseases in more crops are likely. Research to increase
potential yields and nutrient-use efficiencies is underway, but it is too early to predict its success. The
committee recommends a strategic public investment in emerging genetic-engineering technologies and
other approaches to address food security and other challenges.

-Omics technologies enable an examination of a plant’s DNA sequence, gene expression, and
molecular composition. They require further refinements but are expected to improve efficiency of non-
GE and GE crop development and could be used to analyze new crop varieties to test for unintended
changes caused by genetic engineering or conventional breeding.

National regulatory processes for GE crops vary greatly because they mirror the broader social,
political, legal, and cultural differences among countries. Those differences are likely to continue and to
cause trade problems. Emerging genetic technologies have blurred the distinction between genetic
engineering and conventional plant breeding to the point where regulatory systems based on process are
technically difficult to defend. The committee recommends that new varieties—whether genetically
engineered or conventionally bred—be subjected to safety testing if they have novel intended or
unintended characteristics with potential hazards. It proposes a tiered approach to regulation that is based
in part on new -omics technologies that will be able to compare the molecular profiles of a new variety
and a counterpart already in widespread use. In addition, GE crop governance should be transparent and
participatory.
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Genetic engineering—a process by which humans introduce or change DNA, RNA, or proteins in
an organism to express a new trait or change the expression of an existing trait—was developed in the
1970s. Genetic improvement of crop varieties by the combined use of conventional breeding and genetic
engineering holds advantages over reliance on either approach alone because some genetic traits that
cannot be introduced or altered effectively by conventional breeding are amenable to genetic engineering.
Other traits can be improved more easily with conventional breeding. Since the 1980s, biologists have
used genetic engineering in plants to express many traits, such as longer shelf-life for fruit, higher vitamin
content, and resistance to diseases.

For a variety of scientific, economic, social, and regulatory reasons, most genetically engineered
(GE) traits and crop varieties that have been developed are not in commercial production. The exceptions
are GE traits for herbicide resistance and insect resistance, which have been commercialized and sold in a
few widely grown crops in some countries since the mid-1990s. Available in fewer than 10 crops as of
2015, varieties with GE herbicide resistance, insect resistance, or both were grown on about 12 percent of
the world’s planted cropland that year (Figure S-1). The most commonly grown GE crops in 2015 with
one or both of those traits were soybean (83 percent of land in soybean production), cotton (75 percent of
land in cotton production), maize (29 percent of land in maize production), and canola (24 percent of land
in canola production) (James, 2015). A few other GE traits—such as resistance to specific viruses and
reduction of browning in the flesh of apples and potatoes—had been incorporated into some crops in
commercial production in 2015, but these GE crops were produced on a relatively small number of
hectares worldwide.

The Committee on Genetically Engineered Crops: Past Experience and Future Prospects was
charged by the Academies to use evidence accumulated over the last two decades for assessing the
purported negative effects and purported benefits of GE crops and their accompanying technologies (see
the committee’s statement of task in Box S-1). Given the small number of commercialized traits and the
few crops into which they have been incorporated, the data available to the committee were restricted
mostly to those on herbicide resistance and insect resistance in maize, soybean, and cotton. The data were
also restricted geographically in that only a few countries have been growing these crops for a long period
of time.

Many claims of beneficial and adverse agronomic, environmental, health, social, and economic
effects of GE crops have been made. The committee devoted Chapters 4 through 6 of its report to the
available evidence related to claims of the effects of GE crops in the literature or presented to the
committee by invited speakers and in submitted comments from members of the public. Findings and
recommendations on those effects are summarized below in the section “Experiences with Genetic
Engineering.”

The committee was also tasked with exploring emerging methods in genetic engineering as they
relate to agriculture. Newer approaches to changing an organism’s genome—such as genome editing,
synthetic biology, and RNA interference—were becoming more relevant to agricultural crops at the time
the committee was writing its report. A few crops in which a trait was changed by using at least one of
those approaches, such as the nonbrowning apple, were approved in 2015 for production in the United
States. Those approaches and examples of how they may be used in the future to change traits in
agricultural crops are described in Chapters 7 and 8, and the committee’s findings and conclusions are in
the “Prospects for Genetic Engineering” section of this summary.
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BOX S-1 Statement of Task

Building on and updating the concepts and questions raised in previous National Research Council
reports addressing food safety, environmental, social, economic, regulatory, and other aspects of
genetically engineered (GE) crops, and with crops produced using conventional breeding as a
reference point, an ad hoc committee will conduct a broad review of available information on GE
crops in the context of the contemporary global food and agricultural system. The study will:

o Examine the history of the development and introduction of GE crops in the United States and
internationally, including GE crops that were not commercialized, and the experiences of
developers and producers of GE crops in different countries.

e Assess the evidence for purported negative effects of GE crops and their accompanying
technologies, such as poor yields, deleterious effects on human and animal health, increased
use of pesticides and herbicides, the creation of “super-weeds,” reduced genetic diversity,
fewer seed choices for producers, and negative impacts on farmers in developing countries
and on producers of non-GE crops, and others, as appropriate.

e Assess the evidence for purported benefits of GE crops and their accompanying technologies,
such as reductions in pesticide use, reduced soil loss and better water quality through synergy
with no-till cultivation practices, reduced crop loss from pests and weeds, increased flexibility
and time for producers, reduced spoilage and mycotoxin contamination, better nutritional
value potential, improved resistance to drought and salinity, and others, as appropriate.

e Review the scientific foundation of current environmental and food safety assessments for GE
crops and foods and their accompanying technologies, as well as evidence of the need for and
potential value of additional tests. As appropriate, the study will examine how such
assessments are handled for non-GE crops and foods.

e Explore new developments in GE crop science and technology and the future opportunities
and challenges those technologies may present, including the R&D, regulatory, ownership,
agronomic, international, and other opportunities and challenges, examined through the lens of
agricultural innovation and agronomic sustainability.

In presenting its findings, the committee will indicate where there are uncertainties and
information gaps about the economic, agronomic, health, safety, or other impacts of GE crops and
food, using comparable information from experiences with other types of production practices, crops,
and foods, for perspective where appropriate. The findings of the review should be placed in the
context of the world’s current and projected food and agricultural system. The committee may
recommend research or other measures to fill gaps in safety assessments, increase regulatory clarity,
and improve innovations in and access to GE technology.

The committee will produce a report directed at policymakers that will serve as the basis for
derivative products designed for a lay audience.

The committee conducted its work at a time during which the genetic-engineering approaches
that had been in use when national and regional regulatory systems were first developed were being
replaced with newer approaches that did not fit easily into most regulatory systems or even into some
older definitions of the term genetically engineered. That state of transition made the committee’s charge
to review the scientific foundation of environmental and food-safety assessments both timely and
challenging. In Chapter 9, the committee undertook a thorough review of regulatory systems in the United
States, the European Union, Canada, and Brazil as examples of diverse regulatory approaches. Political
and cultural priorities in a society often influence how regulatory regimes are structured. In practice, some
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regimes place more emphasis on the process used to change the genome than do others. As the
approaches to genetic engineering of crops change, some regulatory regimes may not be equipped to
regulate traits introduced with newer approaches. The committee found that to be the case for the existing
regulatory regime in the United States.

The committee avoided sweeping, generalized statements about the benefits or adverse effects of
GE crops, concluding that, for a number of reasons, such statements are not helpful to the policy
conversation about GE crops. First, genetic engineering has had and continues to have the potential to
introduce many traits into agricultural crops; however, only two traits—insect resistance and herbicide
resistance—have been used widely. Claims about the effects of existing GE crops frequently assume that
the effects of those two traits apply to potential effects of the genetic-engineering process generally;
however, different traits probably have different effects. For instance, a GE trait that alters the nutritional
content of a crop would most likely not have the same environmental or economic effects as GE herbicide
resistance. Second, not all existing GE crops contain both insect resistance and herbicide resistance. For
example, at the time the committee was writing its report, GE soybean in the United States had GE
resistance to a herbicide and no resistance to insects, and GE cotton in India had resistance to insects but
no resistance to herbicides. The agronomic, environmental, and health effects of those two traits are
different, but the distinction is lost if the two are treated as one entity. Third, effects of a single crop-trait
combination can depend on the species of insects or weeds present in the field and their abundance, the
scale of production, a farmer’s access to seeds and credit, the availability of extension services to the
farmer, and government farm policies and regulatory systems.

Finally, sweeping statements are problematic because the formation of policies for GE crops
involves not just technical risk assessment but legal issues, economic incentives, social institutions and
structures, and diverse cultural and personal values. Indeed, many claims about GE crops presented to the
committee were about the appropriateness of legal or social strategies pursued by parties inside and
outside governments to permit or restrict GE crop development and production. The committee carefully
examined the literature and the information presented to it in search of evidence regarding those claims.

THE COMMITTEE’S PROCESS

Assessment of risks and benefits associated with a technology is often considered to involve
analysis of the scientific literature and expert opinion on the technology to underlie a set of statistically
supported conclusions and recommendations. In 1996, however, the National Research Council broke
new ground on risk assessment with the highly regarded report Understanding Risk: Informing Decisions
in a Democratic Society. That report pointed out that a purely technical assessment of risk could result in
an analysis that accurately answered the wrong questions and was of little use to decision makers.” It
outlined an approach that balanced analysis and deliberation in a manner more likely to address the
concerns of interested and affected parties in ways that earned their trust and confidence. Such an
analytic-deliberative approach aims at getting broad and diverse participation so that the right questions
can be formulated and the best, most appropriate evidence for addressing them can be acquired.

The Academies study process requires that, in all Academies studies “efforts are made to solicit
input from individuals who have been directly involved in, or who have special knowledge of, the
problem under consideration™ and that the “report should show that the committee has considered all
credible views on the topics it addresses, whether or not those views agree with the committee’s final
positions. Sources must not be used selectively to justify a preferred outcome.” The finding of the 1996

*National Research Council. 1996. Understanding Risk: Informing Decisions in a Democratic Society.
Washington, DC: National Academies Press.

*For more information about the Academies study process, see
http://www.nationalacademies.org/studyprocess/. Accessed July 14, 2015.

*Excerpted from “Excellence in NRC Reports,” a set of guidelines distributed to all committee members.
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National Research Council report and the Academies requirements were of special importance in dealing
with GE crops and foods, given the diverse claims about the products of the technology.

To develop a report addressing the statement of task, 20 persons in diverse disciplines were
recruited to the committee on the basis of nominations and of the need for a specific mix of expertise. In
the information-gathering phase of the study, the committee heard from 80 presenters who had expertise
in a variety of topics and from persons who had a broad array of perspectives regarding GE crops.’ Input
from the public was also encouraged via open meetings and through a website. Over 700 documents and
comments were received through the website and were read by the committee and staff. The committee
has responded to the comments in this report and has made its responses widely accessible through its
website.

EXPERIENCES WITH GENETIC ENGINEERING

The experiences with genetic engineering in agriculture that the committee evaluated were related
primarily to crops with GE herbicide resistance, insect resistance, or both. The committee’s assessment of
the available evidence on agronomic, environmental, health, social, and economic effects led to the
following findings and recommendations.

Agronomic and Environmental Effects

The committee examined the effects of GE insect resistance on crop yield, insecticide use,
secondary insect-pest populations, and the evolution of resistance to the GE trait in targeted insect
populations. It looked at the effects of GE herbicide resistance on crop yield, herbicide use, weed-species
distribution, and the evolution of resistance to the GE trait in targeted weed species. The committee also
investigated the contributions to yield of genetic engineering versus conventional breeding and reviewed
the effects of GE crops on biodiversity within farms and at the landscape and ecosystem levels.

The incorporation of specific modified genes from the soil bacterium Bacillus thuringiensis (Bf)
into a plant genome via genetic engineering results in production of a Bt protein that, when ingested,
disrupts cells in the target insect’s digestive system, resulting in death. There are many Bt proteins, and
more than one may be incorporated into a crop to target different insect species or to guard against insects
that evolve resistance to a Bt toxin.

The committee examined results of experiments conducted on small plots of land that compared
yields of crop varieties with Bt to yields of similar varieties without Bz. It also assessed surveys of yield
on large- and small-scale farms in a number of countries. It found that Bz in maize and cotton from 1996
to 2015 contributed to a reduction in the gap between actual yield and potential yield (Figure S-2) under
circumstances in which targeted pests caused substantial damage to non-GE varieties and synthetic
chemicals could not provide practical control.

In the experimental plot studies in which the B and non-Bt varieties were not true isolines,’
differences in yield may have been due to differences in insect damage or other characteristics of the
varieties that affect yield, so there could be underestimates and overestimates of the contribution of the Bt
trait itself. In the surveys of farmers’ fields, reported differences in yield between Bt and non-Bt varieties
may be due to differences between the farmers who plant and do not plant the B¢ varieties. The
differences could inflate the apparent yield advantage of the Bt varieties if Bt-adopting farmers on the
average have other production advantages over those who do not adopt the technology.

>These presentations were recorded and can be viewed at http://nas-sites.org/ge-crops/.
%Isolines = individuals that differ genetically from one another by only a small number of genetic loci.
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In areas of the United States and China where adoption of either Bt maize or Bt cotton is high,
there is statistical evidence that some insect-pest populations are reduced regionally and that this benefits
both adopters and nonadopters of Bt crops. In some midwestern states, a once important pest, the
European corn borer, has become so uncommon since the introduction of Bt maize that the current
presence of the Bt toxin for this insect in most of the maize in the Midwest is not economically warranted,
yet its use will continue selection of Bt-resistant European corn borers.

The evidence showed decreased spraying of synthetic insecticides on B¢ maize and cotton, and
the use of Bt crop varieties in some cases has been associated with lower use of insecticides in non-B¢
varieties of the crop and other crops. Some secondary (nontargeted) insect pests have increased in
abundance, but in only a few cases has the increase posed an agronomic problem. Target insects have
been slow to evolve resistance to Bt proteins in the United States when the government-mandated
regulatory strategy required B¢ plants to contain a high enough dose of Bt protein to kill insects that have
partial genetic resistance to the toxin. That regulatory strategy also required the maintenance of non-Bt
varieties of the crop, called refuges, in or near the farmer’s field with the B¢ varieties so that a percentage
of the insect population that is susceptible to the toxin is not exposed to the Bt protein, survives, and
mates with the rare resistant individuals that survived on the Bt variety. The committee found that this
high dose/refuge strategy appeared to be successful in delaying the evolution of resistance to Bt in target
insects; however, resistance to Bt in target insects has occurred on U.S. and non-U.S. farms where high
doses were not used or refuges were not maintained. For example, resistance of pink bollworm to two Bt
toxins expressed in GE cotton is widespread in India.

DEFINING FACTORS
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FIGURE S-2 Factors that determine crop yield.” NOTE: Potential yield is the theoretical yield that a crop genotype
can achieve without any limitations of water or nutrients and without losses to pests and disease, given a specified
carbon-dioxide concentration, temperature, and incident photosynthetically active radiation. Limitations of natural
nutrient and water availability cause gaps between the potential yield and actual yield if nutrient supplementation
and water supplementation are not possible. Actual yield may be further curtailed by “reducing factors”: insect pests
and diseases, which physically damage crops; weeds, which reduce crop growth by competition for water, light, and
nutrients; and toxicity caused by waterlogging, soil acidity, or soil contamination.

"Based on van Ittersum, M.K., K.G. Cassman, P. Grassini, J. Wolf, P. Tittonell, and Z. Hochman. 2013. Yield
gap analysis with local to global relevance—a review. Field Crops Research 143:4—17.
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Herbicide-resistance traits allow a crop to survive the application of a herbicide that would
otherwise kill it. The herbicide is applied to a field with a herbicide-resistant crop to control weeds
susceptible to that herbicide. Studies of GE herbicide-resistant crops indicate that herbicide resistance
contributes to higher yield where weed control is improved because of the effectiveness of the specific
herbicide used in conjunction with the herbicide-resistant crop. With regard to changes in the amount of
herbicide used since the commercialization of GE crops, the committee found that there were decreases in
total kilograms of herbicide applied per hectare of crop per year when herbicide-resistant crops were first
adopted, but the decreases have not generally been sustained. Although total kilograms of herbicide
applied per hectare is often referred to in assessments of changes in risks to the environment or to human
health due to GE crops, this measurement is uninformative because the environmental and health hazards
of different herbicides vary, so the relationship between kilograms of herbicide applied per hectare and
risk is poor.

Strategies to delay the evolution of pest resistance differ between herbicide-resistant and insect-
resistant crops. Bt is always present in an insect-resistant crop, whereas the herbicide-resistant trait selects
for weed resistance only if the corresponding herbicide is applied to the field. Weeds exposed repeatedly
to the same herbicide are likely to evolve resistance to it. Therefore, delaying the evolution of resistance
in weeds in fields of herbicide-resistant crops requires diverse weed-management strategies. The
committee found that in many locations some weeds had evolved resistance to glyphosate, the herbicide
to which most GE crops were engineered to be resistant. Resistance evolution in weeds could be delayed
by the use of integrated weed-management approaches, especially in cropping systems and regions where
weeds have not yet been exposed to continuous glyphosate applications. However, the committee
recommended further research to determine better approaches for management of resistance in weeds.

Some weeds are more susceptible to particular herbicides than others. In locations where
glyphosate is used extensively, weed species that are naturally less susceptible to it may populate a field.
The committee found evidence of such shifts in weed species but little evidence that agronomic harm had
resulted from the change.

There is disagreement among researchers about how much GE traits can increase yields
compared with conventional breeding. In addition to assessing detailed surveys and experiments
comparing GE with non-GE crop yields, the committee examined changes over time in overall yield per
hectare of maize, soybean, and cotton reported by the U.S. Department of Agriculture (USDA) before,
during, and after the switch from conventional to GE varieties of these crops. No significant change in the
rate at which crop yields increase could be discerned from the data. Although the sum of experimental
evidence indicates that GE traits are contributing to actual yield increases, there is no evidence from
USDA data that they have substantially increased the rate at which U.S. agriculture is increasing yields.

The committee examined studies that tested for changes in the abundance and diversity of insects
and weeds in GE cropping systems and in the diversity of types of crops planted and the genetic diversity
within each crop species. On the basis of the available data, the committee found that planting of Bt crops
has tended to result in higher insect biodiversity on farms than planting similar varieties without the Bt
trait that were treated with synthetic insecticides. At least in the United States, farmers’ fields with
herbicide-resistant GE maize and soybean sprayed with glyphosate have weed biodiversity similar to that
in fields with non-GE crop varieties, although there were differences in abundance of some specific weed
species.

Since 1987, there has been a decrease in diversity of crops grown in the United States—
particularly in the Midwest—and a decrease in frequency of rotation of crops. However, the committee
could not find studies that tested for a cause-and-effect relationship between the use of GE crops and this
pattern. The committee noted that maize could be more easily grown without rotation in some areas if it
expressed a Bt toxin targeted for corn rootworm. Changes in commodity prices might also be responsible
for decreases in rotation. The data do not indicate that genetic diversity among major crop varieties has
declined since 1996 after the widespread adoption of GE crops in some countries. That does not mean that
declines in diversity among crop varieties and associated organisms will not occur in the future.
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Overall, the committee found no conclusive evidence of cause-and-effect relationships between
GE crops and environmental problems. However, the complex nature of assessing long-term
environmental changes often made it difficult to reach definitive conclusions. That is illustrated by the
case of the decline in overwintering monarch butterfly populations. Studies and analyses of monarch
dynamics reported as of March 2016 have not shown that suppression of milkweed by glyphosate is the
cause of monarch decline. However, there is as yet no consensus among researchers that increased
glyphosate use is not at all associated with decreased monarch populations. Overwintering monarch
populations have increased moderately in the last 2 years. Continued monitoring will be useful.

Recommendations on Agronomic and Environmental Effects:

e To assess whether and how much current and future GE traits themselves contribute to overall
farm yield changes, research should be conducted that isolates effects of the diverse
environmental and genetic factors that contribute to yield.

o In future experimental survey studies that compare crop varieties with Bt traits and those varieties
without the traits, it is important to assess how much of the difference in yield is due to decreased
insect damage and how much may be due to other biological or social factors.

e Given the theoretical and empirical evidence supporting the use of the high dose/refuge strategy
for Bt crops to delay the evolution of resistance, development of crop varieties without a high
dose of one or more toxins should be discouraged and planting of appropriate refuges should be
incentivized.

e Seed producers should be encouraged to provide farmers with high-yielding crop varieties that
have only the pest-resistance traits that are appropriate for their region and farming situation.

e Because of the difference in toxicity in the various chemicals used, researchers should be
discouraged from publishing data that simply compare total kilograms of herbicide used per
hectare per year because such data can mislead readers.

o To delay evolution of resistance to herbicides in places where GE crops with more than one
herbicide-resistance trait are grown, integrated weed-management approaches beyond simply
spraying mixtures of herbicides are needed. That will require effective extension programs and
incentives for farmers.

e Although multiple strategies can be used to delay weed resistance, there is insufficient empirical
evidence to determine which strategy is expected to be most effective in a given cropping system.
Therefore, research at the laboratory and farm level should be funded to improve strategies for
management of resistance in weeds.

Human Health Effects

The committee heard presenters and received public comments voicing concern about the safety
of foods derived from GE crops. It also received and reviewed several peer-reviewed reports that
concluded that there is no evidence of health risks. To assess the presented claims, the committee first
examined the testing procedures used to evaluate the safety of GE crops. It then looked for evidence
supporting or refuting claims related to specific health effects. The committee makes clear in its report
that there are limits to what can be known about the health effects of any food, whether it is produced
through conventional breeding alone or in conjunction with genetic engineering. Acute effects are more
straightforward to assess than long-term chronic effects.

Testing of GE crops and food derived from GE crops falls into three categories: animal testing,
compositional analysis, and allergenicity testing and prediction. Animal testing typically involves rodents
that are divided into treatment groups fed either GE or non-GE food. Current internationally accepted
animal-testing protocols use small samples with restricted statistical power, so they might not detect real
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differences between treatments or might result in statistically significant results that are not biologically
relevant. Although the design and analysis of many animal-feeding studies were not optimal, the
committee’s examination of the large group of experimental studies available provided sufficient
evidence that animals were not harmed by eating food derived from GE crops. In addition to experimental
data, analysis of long-term data on the health and feed-conversion efficiency of livestock spanning a
period of time before and after the introduction of GE crops found no adverse effects on these measures
associated with the feeding of GE crops to livestock.

As part of the regulatory process to establish that GE crops are substantially equivalent to non-GE
crops, GE crop developers submit comparative data on the nutrient and chemical composition of their GE
plant compared with a similar (isoline) variety of the crop. Statistically significant differences in nutrient
and chemical composition have been found between GE and non-GE plants by using traditional methods
of compositional analysis, but the differences have been considered to fall within the range of naturally
occurring variation found in currently available non-GE crops. Newer approaches that involve
transcriptomics, proteomics, and metabolomics are beginning to be used by researchers to assess
compositional differences. In most cases examined, the differences found in comparisons of
transcriptomes, proteomes, and metabolomes in GE and non-GE plants have been small relative to the
naturally occurring variation found in non-GE crop varieties that is due to genetics and environment. If an
unexpected change in composition beyond the natural range of variation in conventionally bred crop
varieties were present in a GE crop, -omics technologies would be more likely than current methods to
find the difference, but differences in composition found by using -omics methods do not, on their own,
indicate a safety problem.

Assessment of potential allergenicity of a food or food product from a GE crop is a special case
of food toxicity testing and is based on two scenarios: transfer of any protein from a plant known to have
food-allergy properties and transfer of any protein that could be a de novo allergen. No animal model
exists for predicting sensitization to food allergens. Therefore, researchers have relied on multiple indirect
methods for predicting whether an allergic response could be caused by a protein that either is
intentionally added to a food by genetic engineering or appears in a food as an unintended effect of
genetic engineering. Endogenous protein concentrations with known allergic properties also have to be
monitored because it is possible that their concentration could change as a result of genetic engineering.

To identify the transfer of a potential allergen, a standardized testing approach is recommended
that determines whether the newly expressed protein is similar to a protein already known to be an
allergen. If it is, the expressed protein becomes suspect and should be tested in people with an allergy to
the related protein. If it is not similar to a known allergen but is not digested by simulated gut fluids, it
could be a novel food allergen; this conclusion comes from research demonstrating that proteins already
known to be food allergens are resistant to digestion by gut fluids. The committee noted that a substantial
proportion of people do not have highly acidic gut fluids, and the simulated gut-fluid test may not be
efficient for such people. For endogenous allergens in a crop, it is helpful to know the range of allergen
concentrations in a broad set of varieties grown in a variety of environments, but it is most important to
know whether adding the GE crop to the food supply will change the general exposure of humans to the
allergen. Testing for allergenicity before commercialization could miss allergens to which the population
had not previously been exposed, so post-commercialization allergen testing would be useful in ensuring
that consumers are not exposed to allergens, but the committee recognizes that such testing would be
difficult to conduct.

The committee received a number of comments from people concerned that GE food
consumption may lead to higher incidence of specific health problems including cancer, obesity,
gastrointestinal tract illnesses, kidney disease, and such disorders as autism spectrum and allergies. There
have been similar hypotheses about long-term relationships between those health problems and changes
in many aspects of the environment and diets, but it has been difficult to generate unequivocal data to test
these hypotheses. To address those hypotheses with specific regard to GE foods in the absence of long-
term, case-controlled studies, the committee examined epidemiological time-series datasets from the
United States and Canada, where GE food has been consumed since the mid-1990s, and similar datasets
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from the United Kingdom and western Europe, where GE food is not widely consumed. The
epidemiological data on some specific health problems are generally robust over time (for example,
cancers) but are less reliable for others. The committee acknowledges that the available epidemiological
data include a number of sources of bias.

The committee found no evidence of differences between the data from the United Kingdom and
western Europe and the data from the United States and Canada in the long-term pattern of increase or
decrease in specific health problems after the introduction of GE foods in the 1990s. More specifically,
the incidences of a variety of cancer types in the United States and Canada have changed over time, but
the data do not show an association of the changes with the switch to consumption of GE foods.
Furthermore, patterns of change in cancer incidence in the United States and Canada are generally similar
to those in the United Kingdom and western Europe, where diets contain much lower amounts of food
derived from GE crops. Similarly, available data do not support the hypothesis that the consumption of
GE foods has caused higher rates of obesity or type II diabetes or greater prevalence of chronic kidney
disease in the United States. Celiac-disease detection began increasing in the United States before the
introduction of GE crops and the associated increased use of glyphosate; the disease appears to have
increased similarly in the United Kingdom, where GE foods are not typically consumed and glyphosate
use did not increase. The similarity in patterns of increase in autism spectrum disorder in children in the
United States and the United Kingdom does not support the hypothesis of a link between eating GE foods
and the prevalence of the disorder. The committee also did not find a relationship between consumption
of GE foods and the increase in prevalence of food allergies.

With regard to the gastrointestinal tract, the committee determined, on the basis of available
evidence, that the small perturbations sometimes found in the gut microbiota of animals fed foods derived
from GE crops are not expected to cause health problems. Understanding of this subject is likely to
improve as the methods for identifying and quantifying gut microorganisms mature. On the basis of its
understanding of the process required for horizontal gene transfer from plants to animals and data on GE
organisms, the committee concludes that horizontal gene transfer from GE crops or non-GE crops to
humans is highly unlikely and does not pose a health risk. Experiments have found that Bt gene
fragments—Dbut not intact Br genes—can pass into organs and that these fragments present concerns no
different from those posed by other genes that are in commonly consumed non-GE foods and that pass
into organs as fragments. There is no evidence that Bf transgenes or proteins are found in the milk of
ruminants. Therefore, the committee finds that consuming dairy products should not lead to exposure to
Bt transgenes or proteins.

There is ongoing debate about potential carcinogenicity of glyphosate in humans. In 2015, the
International Agency for Research on Cancer (IARC) of the World Health Organization (WHO) issued a
monograph in which it changed its classification of glyphosate from Group 2B (possibly carcinogenic to
humans) to Group 2A (probably carcinogenic to humans). However, the European Food Safety Authority
evaluated glyphosate after the IARC report was released and concluded that glyphosate is unlikely to pose
a carcinogenic risk to humans. Canada’s health agency found that current food and dermal exposure to
glyphosate, even in those who work directly with it, is not a health concern as long as it is used as
directed in product labels. The U.S. Environmental Protection Agency (EPA) found that glyphosate does
not interact with estrogen, androgen, or thyroid systems. Thus, there is disagreement among expert
committees on the potential health harm that could be caused by the use of glyphosate on GE crops and in
other applications. Analyses to determine the health risk posed by glyphosate and formulations that
include it must take marginal exposure into account.

On the basis of its detailed examination of comparisons between currently commercialized GE
and non-GE foods in compositional analysis, acute and chronic animal toxicity tests, long-term data on
health of livestock fed GE foods, and epidemiological data, the committee concluded that no differences
have been found that implicate a higher risk to human health safety from these GE foods than from their
non-GE counterparts. The committee states this finding very carefully, acknowledging that any new
food—GE or non-GE—may have some subtle favorable or adverse health effects that are not detected
even with careful scrutiny and that health effects can develop over time.
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Recommendations on Human Health Effects:

e Before an animal test is conducted, it is important to justify the size of a difference between
treatments in each measurement that will be considered biologically relevant.

e A power analysis based on within treatment standard deviations found in previous tests should be
done whenever possible to increase the probability of detecting differences that would be
considered biologically relevant.

e In cases in which early published studies produce equivocal results regarding health effects of a
GE crop, follow-up experimentation using trusted research protocols, personnel, and publication
outlets should be used to decrease uncertainty and increase the legitimacy of regulatory decisions.

e Public funding in the United States should be provided for independent follow-up studies when
equivocal results are found in reasonably designed initial or preliminary experimental tests.

e There is an urgent need for publicly funded research on novel molecular approaches for testing
future products of genetic engineering so that accurate testing methods will be available when the
new products are ready for commercialization.

Social and Economic Effects

The committee examined evidence on claims associated with social and economic effects
occurring at or near the farm level and those related to consumers, international trade, regulatory
requirements, intellectual property, and food security. At the farm level, the available evidence indicates
that soybean, cotton, and maize varieties with GE herbicide-resistant or insect-resistant traits (or both)
have generally had favorable economic outcomes for producers who have adopted these crops, but there
is high heterogeneity in outcomes. The utility of a GE variety depends on the fit of the GE trait and the
genetics of the variety to the farm environment and the quality and cost of the GE seeds. In some
situations in which farmers have adopted GE crops without identifiable economic benefits, the committee
finds that increases in management flexibility and other considerations are driving adoption of GE crops,
especially those with herbicide resistance.

Although GE crops have provided economic benefits to many small-scale farmers in the early
years of adoption, enduring and widespread gains will depend on institutional support, such as access to
credit, affordable inputs, extension services, and access to profitable local and global markets for the
crops. Virus-resistant papaya is an example of a GE crop that is conducive to adoption by small-scale
farmers because it addresses an agronomic problem but does not require concomitant purchase of such
inputs as fertilizer or insecticides. GE plants with insect, virus, and fungus resistance and with drought
tolerance were in development and could be useful to small-scale farmers if they are deployed in
appropriate crops and varieties.

Evidence shows that GE crops with insect resistance and herbicide resistance differentially affect
men and women, depending on the gendered division of labor for a specific crop and for particular
localities. There is a small body of work demonstrating women’s involvement in decision-making about
planting new crop varieties and soil conservation has increased in farming households in general,
including in households that have adopted GE crops. However, the analysis of the gender implications of
GE crops remains inadequate. Subjects that need more study include differential access to information
and resources and differential effects on time and labor use within farm households.

For the United States and Brazil, it is clear that where GE varieties have been widely adopted by
farmers, the supply of non-GE varieties has declined, although they have not disappeared. There is
uncertainty about the rate of progression of that trend in the United States, Brazil, and other countries.
More research is needed to monitor and understand changes in variety diversity and availability.

For resource-poor smallholders who want to grow GE crops, the cost of GE seed may limit
adoption. In most situations, differential cost of GE and non-GE seed is a small fraction of total costs of
production, although it may constitute a financial constraint because of limited access to credit. In
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addition, small-scale farmers may face a financial risk when purchasing a GE seed upfront because the
crop might fail; this may be an important consideration for small-scale farmers.

In the case of GE crops, adventitious presence is the unintended and accidental presence of low
levels of GE traits in seeds, grains, or foods. Preventing adventitious presence is valuable for societal
reasons because farmers want the freedom to decide what crops to grow on the basis of their skills,
resources, and market opportunities and for economic reasons because markets are differentiated and
organic and nonorganic, non-GE crops command a price premium. Questions about who is economically
responsible for adventitious presence between farms remain unresolved in the United States. Strict private
standards create an additional layer of complexity because producers may meet government guidelines for
adventitious presence but fail to meet contract requirements set by private entities.

National governments make regulatory decisions about GE crops. That is appropriate, but as a
consequence a GE crop may be approved for production in one country but not yet for importation into
another. Alternatively, a GE crop-trait developer may not seek regulatory approval in importing
jurisdictions, and this would raise the possibility that a product approved in one country may
inadvertently reach a different country where it has not been approved. Those two situations are known
collectively as asynchronous approval. Trade disruptions related to asynchronous approvals of GE crops
and violations of an importing country’s tolerance threshold have occurred and are likely to continue and
to be expensive for exporting and importing countries.

The main purpose of any regulatory-approval system is to benefit society by preventing harm to
public health and the environment and preventing economic harm caused by unsafe or ineffective
products. There is a need to acknowledge that regulations also address more than those concerns and
include a broad array of social, cultural, economic, and political factors that influence the distribution of
risks and benefits, such as the intellectual-property and legal frameworks that assign liability. Regulations
of GE crops inherently involve tradeoffs. They are necessary for biosafety and consumer confidence in
the food supply, but they also have economic and social costs that can potentially slow innovation and
deployment of beneficial products. The available evidence examined by the committee showcases the
need to use a robust, consistent, and rigorous methodology to estimate the costs of regulations and the
effects of regulation on innovation.

With regard to intellectual property, there is disagreement in the literature as to whether patents
facilitate or hinder university-industry knowledge sharing, innovation, and the commercialization of
useful goods. Whether a patent is applied to a non-GE or a GE crop, institutions with substantial legal and
financial resources are capable of securing patent protections that limit access by small farmers,
marketers, and plant breeders who lack resources to pay licensing fees or to mount legal challenges.

The committee heard diverse opinions on the ability of GE crops to affect food security in the
future. GE crops that have already been commercialized have the potential to protect yields in places
where they have been introduced, but they do not have greater potential yield than non-GE counterparts.
GE crops, like other technological advances in agriculture, are not able by themselves to address fully the
wide variety of complex challenges that face smallholders. Such issues as soil fertility, integrated pest
management, market development, storage, and extension services will all need to be addressed to
improve crop productivity, decrease post-harvest losses, and increase food security. More important, it is
critical to understand that even if a GE crop may improve productivity or nutritional quality, its ability to
benefit intended stakeholders will depend on the social and economic contexts in which the technology is
developed and diffused.

Recommendations on Social and Economic Effects:

e Investments in GE crop research and development may be one of a number of potential
approaches for solving agricultural production and food security problems because yield can be
enhanced and stabilized by improving germplasm, environmental conditions, management
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practices, and socioeconomic and physical infrastructure. Policy-makers should determine the
most cost-effective ways to distribute resources among those categories to improve production.

e More research to ascertain how farmer knowledge can help to improve existing regulations
should be conducted. Research is also needed to determine whether genetic engineering in
general or specific GE traits contribute to farmer deskilling and, if so, to what degree.

e A robust, consistent, and rigorous methodology should be developed to estimate the costs
associated with taking a GE crop through the regulatory process.

e  More research should be done to document benefits of and challenges to existing intellectual-
property protection for GE and conventionally bred crops.

e More research should be conducted to determine whether seed market concentration is affecting
GE seed prices and, if so, whether the effects are beneficial or detrimental for farmers.

e Research should be done on whether trait stacking (that is, including more than one GE trait in a
variety) is leading to the sale of more expensive seeds than farmers need.

e Investment in basic research and investment in crops that do not offer strong market returns for
private firms should be increased. However, there is evidence that the portfolio of public
institutions has shifted to mirror that of private firms more closely.

PROSPECTS FOR GENETIC ENGINEERING

Plant-breeding approaches in the 21st century will be enhanced by increased knowledge of the
genetic basis of agronomic traits and by advances in the tools available for deciphering the genomes and
metabolic makeup of thousands of plants. That is true for conventional breeding and for breeding that
includes genetic engineering. The rapid progress of genome-editing tools, such as CRISPR/Cas9, should
be able to complement and extend contemporary methods of genetic improvement by increasing the
precision with which GE changes are made in the plant genome.

Emerging -omics technologies are being used to assess differences between GE plants and their
non-GE counterparts in their genomes, the genes expressed in their cells, and the proteins and other
molecules produced by their cells. Some of the technologies require further refinement before they can be
of value to regulatory agencies for assessing health and environmental effects.

The new molecular tools being developed are further blurring the distinction between genetic
changes made with conventional breeding and with genetic engineering. For example, CRISPR/Cas9
could be used to make a directed change in the DNA of a crop plant that would alter a couple of amino
acids of a protein and lead to increased resistance to a herbicide. Alternatively, the new tools for
deciphering the DNA sequences of full genomes can be used after genome-wide chemical-induced or
radiation-induced mutagenesis in thousands of individual plants to isolate the one or few plants that have
only the mutations resulting in the amino acids that confer resistance to the same herbicide. Both traits are
developed with new molecular tools and would appear to have similar risks and benefits, but the plants
derived from one approach are currently classified as genetically engineered and those derived from the
other are considered conventionally bred.

In many cases, both genetic engineering and modern conventional breeding could be used to
enhance a crop trait, such as insect resistance or drought tolerance. However, in some cases, a new trait
can be conferred on a crop only through genetic engineering because the required genetic variation cannot
be accessed through sexual crosses. In other cases, at least in the foreseeable future, when dozens or
hundreds of genes contribute to an enhanced trait, conventional breeding is the only viable approach for
achieving the desired outcome. More progress in crop improvement could be made by using conventional
breeding and genetic engineering jointly rather than in isolation.

The emerging technologies are expected to result in increased precision, complexity, and
diversity in GE crop development. Because they have been applied to plants only recently, it is difficult to
predict the scope of their potential uses for crop improvement in the coming decades. However, traits that
were being explored when the committee was writing its report included improved tolerance to abiotic
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stresses, such as drought and thermal extremes; increased efficiency in plant biological processes, such as
photosynthesis and nitrogen use; and improved nutrient content. Expansion of traits that respond to biotic
stresses—such as fungal and bacterial diseases, insects, and viruses—is likely.

One of the critical questions about the new traits that may be produced with emerging genetic-
engineering technologies is the extent to which these traits will contribute to feeding the world in the
future. Some crop traits, such as insect and disease resistance, are likely to be introduced into more crop
species and the number of pests targeted will also likely increase. If deployed appropriately, those traits
will almost certainly increase harvestable yields and decrease the probability of losing crop plantings to
major insect or disease outbreaks. However, there is great uncertainty regarding whether traits developed
with emerging genetic-engineering technologies will increase crop potential yield by improving
photosynthesis and increasing nutrient use. Including such GE traits in policy planning as major
contributors to feeding the world must be accompanied by strong caveats.

Another major question posed by researchers and members of the public is whether GE crops will
increase yields per hectare without adverse environmental effects. Experience with GE insect-resistant
crops leads to an expectation that such traits will not have adverse environmental effects as long as the
traits affect only a narrow spectrum of insects. For other traits, such as drought tolerance, appropriate use
could be ecologically benign, but if short-term profit goals lead to the expansion of crops into previously
unmanaged habitats or to the unsustainable use of agricultural lands, that could result in decreased global
biodiversity and undesirable variation in crop yields. Certainly, deployment of new crops in ways that
increase the long-term economic sustainability of resource-poor farmers could result in improvement in
environmental sustainability.

Recommendations on Prospects for Genetic Engineering:

e To realize the potential of -omics technologies to assess intended and unintended effects of new
crop varieties on human health and the environment and to improve the production and quality of
crop plants, a more comprehensive knowledge base of plant biology at the systems level (DNA,
RNA, protein, and metabolites) should be constructed for the range of variation inherent in both
conventionally bred and genetically engineered crop species.

e Balanced public investment in these emerging genetic-engineering technologies and in a variety
of other approaches should be made because it will be critical for decreasing the risk of global
and local food shortages.

REGULATION OF CURRENT AND FUTURE GENETICALLY ENGINEERED CROPS

Risk analyses and assessments of GE crops offer technical support for regulatory decision-
making but also establish and maintain the legitimacy of government regulatory authorities. The
committee examined the systems used by the United States, the European Union, Canada, and Brazil to
regulate GE plants. All the systems have evolved over time and have unique characteristics. The
European Union and Brazil have chosen to regulate genetic engineering specifically, excluding
conventional and other breeding methods. Canada has chosen to regulate foods and plants on the basis of
novelty and potential for harm, regardless of the breeding technique used. The United States has relied on
existing laws to regulate GE crops. In theory, the U.S. policy is a “product”-based policy, but USDA and
EPA determine which plants to regulate at least partially on the basis of how they were developed. All
four regulatory systems use guidelines set out by the Codex Alimentarius Commission and other
international bodies, and all start with comparison of the GE or novel crop variety with a known,
conventionally bred counterpart. They differ in stringency of testing, in what they consider to be relevant
differences, in the types of agencies that conduct the risk analysis and risk assessment, and in how the
public is involved.
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It is not surprising to find a diversity of regulatory processes for products of genetic engineering
because they mirror the broader social, political, legal and cultural differences among countries. Not all
issues can be answered by technical assessments alone. Indeed, conclusions about GE crops often depend
on how stakeholders and decision-makers set priorities for and weigh different considerations and values.
Disagreements among countries about regulatory models and resulting trade disagreements are expected
to continue to be part of the international landscape.

Emerging genetic-engineering technologies challenge most existing regulatory systems by
blurring the distinction between genetic engineering and conventional plant breeding while enabling
increasingly profound alterations of plant metabolism, composition, and ecology. As pointed out in
previous National Research Council reports, it is the product, not the process, that should be regulated. It
must be emphasized that the size and extent of a genetic change itself, whether the change is produced by
genetic engineering or by conventional breeding, have relatively little relevance to the extent of change in
a plant and consequently to the risk that it poses to the environment or food safety. It is the change in the
actual characteristics of the plant, intended and unintended, that should be assessed for risks. Recent
developments in -omics technologies have made thorough assessments of those characteristics of plants
attainable in the near future. Even in their current state of development, the technologies could enable a
tiered approach to regulatory testing in which any new variety shown to have no new intended traits with
health or environmental concerns and no unintended alterations of concern in its composition would be
exempted from further testing (Figure S-3). The costs of -omics methods are decreasing, but even current
costs are low relative to the cost of other components of regulatory assessments.

Current N\
varieties g g

\ New
N~ variety

%
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//\

Tler 1 Tler 4
Tier 2 Tier 3
No d|fferences leferences that cannot
be interpreted
Understood differences Understood differences
with no expected with potential for
health or environmental health or environmental
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\/ J l \/
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FIGURE S-3 Proposed tiered crop evaluation strategy crops using -omics technologies.® NOTE: A tiered set of
paths can be taken, depending on the outcome of the various -omics technologies. In Tier 1, there are no differences
between the variety under consideration and a set of conventionally bred varieties that represent the range of genetic
and phenotypic diversity in the species. In Tier 2, differences that are well understood to have no expected adverse
health effects are detected. In Tiers 3 and 4, differences that may have potential health or environmental effects are
detected and thus require further safety testing.

*Ilustration by R. Amasino.
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Recommendations on Regulations:

In addition to issues of product safety, socioeconomic issues that go beyond product safety are
technology-governance issues that should be addressed by policy-makers, the private sector, and
the public in a way that considers competing interests of various stakeholders and inherent
tradeoffs.

Regulating authorities should be particularly proactive in communicating information to the
public about how emerging genetic-engineering technologies (including genome editing and
synthetic biology) or their products might be regulated and about how new regulatory
methodologies (such as the use of -omics technologies) might be used. They should also be
proactive in seeking input from the public on these issues.

In deciding what information to exclude from public disclosure as confidential business
information or on other legal grounds, regulating authorities should bear in mind the importance
of transparency, access to information, and public participation and should ensure that
exemptions are as narrow as possible.

Regulatory agencies responsible for environmental risk should have the authority to impose
continuing requirements and require environmental monitoring for unexpected effects after a GE
crop has been approved for commercial release.

In determining whether a new plant variety should be subject to premarket government approval
for safety, regulators should focus on the extent to which the novel characteristics of the plant
variety (both intended and unintended) are likely to pose a risk to human health or the
environment, the extent of uncertainty regarding the severity of potential harm, and the potential
for exposure, regardless of the process by which the novel plant variety was bred.

The committee offers that final recommendation because the process-based approach has become

less and less technically defensible as the old approaches to genetic engineering become less novel and
the emerging processes fail to fit old categories of genetic engineering. Moreover, because the emerging
technologies have the potential to make both incremental changes that lack substantial risk and major
changes that could be problematic, the committee recommends that a tiered approach to regulation should
be developed that uses trait novelty, potential hazard, and exposure as criteria. -Omics technologies will
be critical for such an approach. The committee is aware that those technologies are new and that not all
developers of new varieties will have access to them; therefore, public investment will be needed.
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The Study of Genetically Engineered Crops by the National
Academies of Sciences, Engineering, and Medicine

The National Academies of Sciences, Engineering, and Medicine have been involved in assessing
and recommending science policy related to genetic engineering since the advent of the technology in the
1970s. Over the years, the Academies have often been called on to address questions specifically about
the use of the technology in connection with agricultural crops. In 2014, the Academies formed the
Committee on Genetically Engineered Crops: Past Experience and Future Prospects to undertake a broad
retrospective examination of the technology and to anticipate what evolving scientific techniques in
genetic engineering hold for the future of agriculture. The committee’s present report builds on and
updates concepts and questions raised in previous Academies reports.

THE ACADEMIES AND GENETIC ENGINEERING IN AGRICULTURE

President Abraham Lincoln established the National Academy of Sciences (NAS) under a
congressional charter in 1863. As nongovernmental organizations, it and its fellow academies, the
National Academy of Engineering and the National Academy of Medicine,' provide independent
scientific advice to the U.S. federal government. Known together as the National Academies of Sciences,
Engineering, and Medicine, they convene ad hoc committees to write expert reports on matters involving
science, engineering, technology, and health. The independent reports are often produced at the request of
U.S. federal agencies or other sponsoring organizations. Until 2015, Academies reports were published
under the authorship of the National Research Council.

The Academies first convened such a committee on the topic of genetic engineering in 1974.
Recombinant-DNA technology made possible the introduction of genetic material from an organism into
an unrelated organism, and it held great potential for furthering the study of genetics. However, there was
concern that introducing genetic material, for example, from bacteria into an animal virus, could have
unforeseen and perhaps deleterious consequences for human and animal health and for the environment.
Therefore, scientists attending the Gordon Research Conference on Nucleic Acids in 1973 urged the
president of NAS to form the Committee on Recombinant DNA Molecules to “consider this problem and
to recommend specific actions or guidelines” (Singer and Soll, 1973).

In its 1974 report, the Committee on Recombinant DNA Molecules recognized that there was
“serious concern that some of these artificial recombinant-DNA molecules could prove biologically
hazardous” (Berg et al., 1974).? The committee suggested that NAS convene an international meeting to
“review scientific progress in this area and to further discuss appropriate ways to deal with the potential
biohazards of recombinant DNA molecules” (Berg et al., 1974).

In the subsequent decade, NAS organized three large meetings on genetic engineering. The first
was the 1975 International Conference on Recombinant DNA Molecules at the Asilomar Conference

'Until 2015, the National Academy of Medicine was known as the Institute of Medicine.

Chapter 3 of the present report provides more detail on the nature of the concerns and the recommendations
provided by the Committee on Recombinant DNA Molecules. See the section “Policy Responses to Scientific and
Public Concerns”.
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Center in California, the direct result of the recommendation by the Committee on Recombinant DNA
Molecules. Participants assessed the potential risks posed by different types of recombinant-DNA
experiments. The conference informed an advisory committee of the U.S. National Institutes of Health
that was tasked with issuing guidelines on recombinant-DNA research. The second was a 1977 forum on
research with recombinant DNA, “initiated by the National Academy of Sciences to make a contribution
to national policy in areas at the interface of science and society” (NAS, 1977:1). The forum not only
discussed the current and future state of the technology but was a venue for airing and debating the moral
and ethical implications of and disagreements about its use. The third was a convocation organized
specifically around the topic of genetic engineering in agriculture. By the early 1980s, the technology had
advanced from basic work in cells to more complex organisms, including plants. Plant scientists were
using genetic engineering to gain a better understanding of plant biology and to identify agriculturally
important genes. The convocation of scientists and policy-makers in the U.S. government, universities,
and private companies in 1983 focused on agricultural research opportunities and policy concerns
regarding genetic engineering in plants, which the participants anticipated would be ready for commercial
application within the next 10 years (NRC, 1984).

As the plausibility of taking GE organisms (including plants) outside the laboratory increased, the
NAS Council® convened a committee of biologists to write a white paper on the introduction of
recombinant-DNA—engineered organisms into the environment. The council took this self-initiated step in
response to the needs that it perceived to “distinguish between real and hypothetical problems” and to
“assess in a rational manner concerns about possible adverse environmental effects” (NAS, 1987:5). The
white paper, issued in 1987, concluded that “the risks associated with the introduction of R[ecombinant]-
DNA-engineered organisms are the same as those associated with the introduction of unmodified
organisms and organisms modified by other methods” (NAS, 1987:6) and that such organisms posed no
unique environmental hazards.

Since the mid-1980s, the Academies have provided expert advice as the science of genetic
engineering in agriculture has advanced, starting before the commercialization of GE crops and
continuing more than two decades after the first GE crop was sold. The advice has been issued in the form
of National Research Council consensus reports developed by ad hoc committees with relevant expertise
(Table 1-1). Many of these reports were sponsored by the U.S. government agencies charged with
regulating GE crops: the Animal and Plant Health Inspection Service (APHIS) of the U.S. Department of
Agriculture (USDA), the U.S. Environmental Protection Agency, and the U.S. Food and Drug
Administration.

Genetic-engineering techniques have advanced considerably since the first National Research
Council report on this topic was published. As is evident from Table 1-1, the Academies have often been
called on to evaluate the potential effects on human and animal health and on the environment as genetic
engineering has evolved. In addition to examining the natural science related to genetic engineering in
agriculture, many National Research Council reports have pointed out the need for social-science research
on societal effects and greater social engagement with the public on the topic of GE crops. For example,
the authoring committee of Agricultural Biotechnology: Strategies for National Competitiveness urged
the education of the public about biotechnology to “adequately inform regulators and the public about
both the benefits and possible risks involved” in future applications of the technology (NRC, 1987:9). The
authoring committee of Environmental Effects of Transgenic Plants: The Scope and Adequacy of
Regulation recommended that APHIS work to involve interested groups and affected parties more in its
risk-analysis process while maintaining a scientific basis for decisions because “public confidence in
biotechnology will require that socioeconomic impacts are evaluated along with

*The NAS Council consists of the NAS president and other NAS members elected by the Academy.
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TABLE 1-1 National Research Council Consensus Reports on Genetic Engineering in Agriculture, 1985-2010°

Report Title

Publication Year

Sponsor

Task

Conclusions/Recommendations

New Directions for
Biosciences Research in
Agriculture: High-Reward
Opportunities

Agricultural Biotechnology:
Strategies for National
Competitiveness

Field Testing Genetically
Modified Organisms:
Framework for Decisions

Genetically Modified
Pest-Protected Plants:
Science and Regulation

Environmental Effects of

1985

1987

1989

2000

2002

Transgenic Plant: The Scope

and Adequacy of Regulation

U.S. Department of
Agriculture—Agricultural
Research Service
(USDA-ARS)

Foundation for Agronomic
Research, Richard
Lounsbery Foundation,
USDA-ARS, National
Research Council Fund

Biotechnology Science
Coordinating Committee”

National Academy
of Sciences

USDA

Identify how USDA-ARS could use
molecular genetic techniques to yield new
insights in basic studies of food animals,
crop plants, plant pathogens, and insect
pests

Develop strategies for national
competitiveness in agricultural
biotechnology and study public-sector and
private-sector interactions in biotechnology
research

Evaluate scientific information pertinent to
decision-making regarding the introduction
of genetically modified plants and
microorganisms into the environment®

Investigate the risks and benefits of
genetically modified pest-protected plants
and the framework used by the United
States to regulate these plants and revisit
the conclusions of the 1987 NAS Council
white paper

Examine the scientific basis supporting the

scope and adequacy of USDA’s regulatory

oversight of environmental issues related to
GE crops
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Report identified areas in which new molecular genetic techniques
could be most useful in basic studies of food

animals, crop plants, plant pathogens, and insect pests and

steps USDA—ARS could take to create an optimal climate for
productive research.

Report recommended an increased emphasis on basic research,
greater efforts to apply techniques of biotechnology to problems in
agricultural sciences, and increased attention to developing a body
of knowledge about the ecological aspects of biotechnology in
agriculture. It outlined the roles federal and state governments and
private sector could play in funding research and in product
development.

Report stated that plants modified by conventional breeding
methods were safe and that crops modified by molecular and
cellular methods should not pose different risks. The likelihood of
enhanced weediness from genetically modified, highly
domesticated crops was low.

Report found no evidence that foods derived from genetically
engineered (GE) crops were unsafe to eat. It concluded that the
U.S. regulatory framework was effective but made suggestions for
improving it on the assumption that more types of GE crops would
be introduced and called for research to determine whether long-
term animal-feeding trials were needed for transgenic pest-
protected plants. It found that the conclusions of the 1987 white
paper were valid for the products commercially available at the
time and observed that plants produced with new recombinant-
DNA methods not involving plant-pest genes might not fall under
the regulatory jurisdiction of USDA

Report found that the transgenic process presented no new
categories of risk compared to conventional methods of crop
improvement. It concluded that USDA had improved and
continued to improve its regulatory system as it learned from
new challenges. It recommended the process be made more
transparent and rigorous and include post-commercialization
monitoring and suggested that USDA include in its deregulation
assessments potential effects of GE crops on regional farming
practices or systems. Report was the first to examine how
commercial use of genetically engineered crops with non-
pesticidal traits could affect agricultural and nonagricultural
environments and the first to provide guidance for assessing

the potential cumulative environmental effects of commercialized
GE crops on large spatial scales over many years.

(Continued)
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TABLE 1-1 Continued
Report Title Publication Year Sponsor Task Conclusions/Recommendations
Safety of Genetically 2004 USDA, U.S. Food and Outline science-based approaches for Report concluded that all available evidence indicated that
Engineered Foods: Drug Administration assessing or predicting the unintended unexpected or unintended changes may occur with all forms
Approaches to Assessing (FDA), and U.S. health effects of genetically engineered of genetic modification—including genetic engineering—and
Unintended Health Effects Environmental Protection foods and compare the potential for that compositional changes from any kind of genetic change,
Agency (EPA) unintended effects with those of foods whether through genetic engineering or by other means, did not
derived from other conventional genetic automatically lead to unintended adverse health effects. Report
modification methods noted that no adverse health effects attributed to genetic
engineering had been documented in the human population.
Biological Confinement of 2004 USDA Evaluate three general strategies for those Report found insufficient data or adequate scientific techniques to
Genetically Engineered genetically engineered organisms that assess effective biological confinement methods. When biological
Organisms require biological confinement: reducing confinement was needed, it would require safe practices by
the spread or persistence of GE organisms,  designers and developers of GE organisms,
reducing unintended gene flow from GE effective regulatory oversight, and transparency and public
organisms to other organisms, and limiting  participation when appropriate techniques and approaches
expression of transgenes were being developed and implemented.
The Impact of Genetically 2010 National Academies Review and analyzed published literature Found genetic-engineering technology had produced substantial
Engineered Crops on Farm on impact of GE crops on the productivity net environmental and economic benefits to U.S. farmers
Sustainability in the United and economics of farms in the United compared with non-GE crops in conventional agriculture but
States States; examine evidence for changes in that those benefits had not been universal and could change
agronomic practices and inputs; evaluate over time and that the social effects of the technology were largely
producer decision-making with regard to unexplored. Going forward, the potential risks and benefits
the adoption of GE crops. associated with GE crops were likely to be more numerous
because the technology would probably be applied
to a greater variety of crops in the future
“In addition to consensus reports, the Academies have held a number of workshops, symposia, and forums on various aspects of genetic engineering in agriculture. See
Biotechnology and the Food Supply: Proceedings of a Symposium (1988); Plant Biotechnology Research for Developing Countries (1990); Intellectual Property Rights and Plant
Biotechnology (1997); Designing an Agricultural Genome Program (1998); Ecological Monitoring of Genetically Modified Crops: A Workshop Summary (2001); Genetically
Engineered Organisms, Wildlife, and Habitat: A Workshop Summary (2008); and Global Challenges and Directions for Agricultural Biotechnology: Workshop Report (2008). All
consensus reports and other Academies products are available at www.nap.edu.
’Members of the Biotechnology Science Coordinating Committee were drawn from USDA, EPA, FDA, the National Institutes of Health, and the National Science Foundation.
“The statement of task for Field Testing Genetically Modified Organisms: Framework for Decisions pertained to ecological risks posed by small-scale field tests. It did not include
potential human health risks or issues that could arise from large-scale commercial planting of GE crops.
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environmental risks and that people representing diverse values have an opportunity to participate in
judgments about the impacts of the technology” (NRC, 2002:15). The Committee on Genetically
Engineered Crops: Past Experience and Future Prospects—which was tasked with examining both the
benefits and the direct or indirect adverse effects on human and animal health, the environment, and
society—followed this advice by taking many steps to involve interested groups during the process of
writing its report while it consulted, reviewed, and built on the findings and recommendations of many
preceding National Research Council reports (see section below “Soliciting Broad Input from Different
Perspectives and Evaluating Information™).

THE COMMITTEE AND ITS CHARGE

In 2014, committee members for the study “Genetically Engineered Crops: Past Experience and
Future Prospects” were approved by the NAS president from among several hundred persons nominated
during the committee-formation phase of the study. Committee members are chosen for their individual
expertise, not their affiliation to any institution, and they volunteer their time to serve on a study. The
present committee was comprised of experts with backgrounds in diverse disciplines.* Fields of expertise
represented on the committee included plant breeding, agronomy, ecology, food science, sociology,
toxicology, biochemistry, life-sciences communication, molecular biology, economics, law, weed science,
and entomology. Biographies of the committee members are in Appendix A.

A statement of task guides each Academies study and determines what kinds of expertise are
needed on a committee. A committee writes a report to answer as rigorously as possible the questions
posed in the statement of task. The committee members for the present study were therefore selected
because of the relevance of their experience and knowledge to the study’s specific statement of task (Box
1-1).

The sponsors of the study were the Burroughs Wellcome Fund, the Gordon and Betty Moore
Foundation, the New Venture Fund, and USDA. The study also received funding from the National
Academy of Sciences itself. Sponsors and the Academies often negotiate the questions contained in a
study’s statement of task, including the task for this study, before a study begins. Sponsors may also
nominate persons to serve on a committee, but they do not have a role in selecting who is appointed and
do not have access to the committee during its deliberations or to its report before the report is approved
for public release.

*Every Academies committee is provisional until the appointed members have had an opportunity to discuss as
a group their points of view and any potential conflicts of interest related to the statement of task. They also
determine whether the committee is missing expertise that may be necessary to answer questions in the statement of
task. As part of their discussion, committee members consider comments submitted by the public about the
committee’s composition. The discussion takes place in the first in-person meeting of the committee. The committee
is no longer provisional when it has determined that no one with an avoidable conflict of interest is serving on the
committee and that its membership has the necessary expertise to address the statement of task.

The Committee on Genetically Engineered Crops: Past Experience and Future Prospects did not identify any
conflicts of interest among its members. However, in light of comments received from the public before its first
meeting and because of two resignations around the time of the first meeting, one new member with experience in
molecular biology and two new members with international experience and expertise in sociology were added to the
committee. Those appointments brought the committee’s membership to 20. That is a large committee for the
Academies, but it ensured that diverse perspectives were represented in committee discussions and in the final
report.

For more information about the Academies study process, including its definitions and procedures related to
points of view and conflicts of interest, visit http://www.nationalacademies.org/studyprocess/. Accessed July 14,
2015.
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BOX 1-1 Statement of Task”

Building on and updating the concepts and questions raised in previous National Research Council
reports addressing food safety, environmental, social, economic, regulatory, and other aspects of
genetically engineered (GE) crops, and with crops produced using conventional breeding as a
reference point, an ad hoc committee will conduct a broad review of available information on GE
crops in the context of the contemporary global food and agricultural system. The study will:

o Examine the history of the development and introduction of GE crops in the United States and
internationally, including GE crops that were not commercialized, and the experiences of
developers and producers of GE crops in different countries.

o Assess the evidence for purported negative effects of GE crops and their accompanying
technologies, such as poor yields, deleterious effects on human and animal health, increased
use of pesticides and herbicides, the creation of “super-weeds,” reduced genetic diversity, fewer
seed choices for producers, and negative impacts on farmers in developing countries and on
producers of non-GE crops, and others, as appropriate.

o Assess the evidence for purported benefits of GE crops and their accompanying technologies,
such as reductions in pesticide use, reduced soil loss and better water quality through synergy
with no-till cultivation practices, reduced crop loss from pests and weeds, increased flexibility
and time for producers, reduced spoilage and mycotoxin contamination, better nutritional value
potential, improved resistance to drought and salinity, and others, as appropriate.

e Review the scientific foundation of current environmental and food safety assessments for GE
crops and foods and their accompanying technologies, as well as evidence of the need for and
potential value of additional tests. As appropriate, the study will examine how such assessments
are handled for non-GE crops and foods.

e Explore new developments in GE crop science and technology and the future opportunities and
challenges those technologies may present, including the R&D, regulatory, ownership,
agronomic, international, and other opportunities and challenges, examined through the lens of
agricultural innovation and agronomic sustainability.

In presenting its findings, the committee will indicate where there are uncertainties and
information gaps about the economic, agronomic, health, safety, or other impacts of GE crops and
food, using comparable information from experiences with other types of production practices, crops,
and foods, for perspective where appropriate. The findings of the review should be placed in the
context of the world’s current and projected food and agricultural system. The committee may
recommend research or other measures to fill gaps in safety assessments, increase regulatory clarity,
and improve innovations in and access to GE technology.

The committee will produce a report directed at policymakers that will serve as the basis for
derivative products designed for a lay audience.

“The committee reviewed the statement of task during its first meeting. It then adjusted the language in the
statement of task to ensure that its goals were clearly presented. Appendix B shows the changes in the statement
of task.

SOLICITING BROAD INPUT FROM DIFFERENT
PERSPECTIVES AND EVALUATING INFORMATION

The Academies study process states that in all Academies studies “efforts are made to solicit
input from individuals who have been directly involved in, or who have special knowledge of, the
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problem under consideration” and that the “report should show that the committee has considered all
credible views on the topics it addresses, whether or not those views agree with the committee’s final
positions. Sources must not be used selectively to justify a preferred outcome.”® The committee began to
address the issues in the statement of task in the information-gathering phase of its study, during which it
made a concerted effort to hear from many presenters on a variety of topics and to listen to a broad array
of positions regarding GE crops.

Information-Gathering Meetings and Webinars

Committees convened by the Academies invite speakers to make presentations during the course
of their studies. Speakers are invited to provide a committee with information about specific topics
relevant to a study’s statement of task. Whenever an Academies committee holds a meeting with invited
presenters, the meeting is open to the public.

The committee held three public meetings and 15 webinars on a variety of topics (Table 1-2) in
the period September 2014—May 2015. In all, the committee heard 80 invited presentations. Many
committee members also attended a 1-day workshop that compared the environmental effects of pest-
management practices among cropping systems, which featured 12 additional speakers.” The number of
presentations made to the committee greatly exceeds that of previous Academies committees that were
convened to examine GE crops.® Over the course of the study, the committee heard from speakers not
only from the United States but also France, the United Kingdom, Germany, Canada, and Australia as
well as representatives from the African Union, the World Trade Organization, and the European Food
Safety Authority.’

Members of the public were also encouraged to attend the meetings, and the committee made a
concerted effort to use technologies that enabled people to view the meetings if they could not be present.
All in-person, public meetings were webcast live, members of the public could listen to webinars, and
recordings of the presentations at the meetings and webinars were archived on the study’s website. The
workshop on comparative pest management was also open to the public, webcast live, and recorded and
archived.' Over the course of the information-gathering phase of the study, more than 500 people
attended or remotely joined at least one meeting, webinar, or workshop held by the committee.

’For more information about the Academies study process, see
http://www.nationalacademies.org/studyprocess/. Accessed July 14, 2015.

SExcerpted from “Excellence in NRC Reports,” a set of guidelines distributed to all committee members.

"The workshop was supported by the USDA Biotechnology Risk Assessment Grants program.

$The names of all speakers and the agendas for the in-person meetings and webinars are in Appendix C. The
speaker names and agenda for the workshop are in Appendix D. No speakers were compensated for their
presentations; however, the Academies offered to pay all relevant travel expenses for all speakers invited to the in-
person meetings. When prior commitments prevented an invited speaker from attending an in-person meeting,
accommodations were made to connect the speaker to the meeting via the Internet. Appendix E contains a list of
invited speakers who were unable to present to the committee at public meetings or webinar because of other
commitments, who declined the committee’s invitation, or who did not respond to the committee’s invitation.

’Several members of the committee also attended an Academies workshop organized by the Roundtable on
Public Interfaces on the Life Sciences. The workshop, When Science and Citizens Connect: Public Engagement on
Genetically Modified Organisms, was held in January 2015.

""Recordings of the committee’s meetings, webinars, and the workshop are at http://nas-sites.org/ge-crops/.
Accessed November 23, 2015.
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TABLE 1-2 Topics Presented at the Committee’s Public Meetings and Webinars

Event

Date

Topics

Public Meeting 1

September 15-16, 2014

Research on public perceptions and understanding of genetic-engineering
technology

Perspectives on the U.S. regulatory system for genetically engineered (GE)
crops, in terms of both unnecessary restrictions and lax oversight

Consolidation of corporate ownership in the U.S. seed sector

Perspective on corporate influence on agricultural research at public
institutions

Critiques of genetic engineering in agriculture with regard to its usefulness in
meeting world food demands and distributing benefits equitably to resource-
poor farmers and low-income consumers

Health and environmental risks related to GE crops and foods

Webinar 1 October 1, 2014 Perspectives on GE crops from agricultural extension specialists in different
crop-production regions of the United States

Webinar 2 October 8, 2014 International trade issues related to GE crops

Webinar 3 October 22, 2014 Perspectives on GE crops from agricultural extension specialists in different
crop-production regions of the United States

Webinar 4 November 6, 2014 GE disease resistance in crops, specifically in papaya, plum, cassava, and
potato

Public Meeting 2 December 10, 2014 Emerging technologies and synthetic-biology approaches to GE crops
U.S. regulatory system for GE crops
Perspectives on genetic engineering in agriculture from representatives of
large GE seed-producing companies

Webinar 5 January 27, 2015 The state of plant-breeding research in public research institutions

Webinar 6 February 4, 2015 Social-science research on GE crop adoption and acceptance

Webinar 7 February 26, 2015 Synopsis of the 2004 National Research Council report, Safety of Genetically
Engineered Foods: Approaches to Assessing Unintended Health Effect

Public Meeting 3 March 5, 2015 U.S. regulatory system for GE crops with regards to assessment of the safety
of GE foods
Responsibilities and operating process of the European Food Safety Authority
Methods for evaluating the risk of allergy from GE foods
State of knowledge about potential perturbations of the gastrointestinal tract
mucosa by GE foods
State of knowledge about metabolomic analysis to confirm the effects of
transgenesis in plants

Webinar 8 March 19, 2015 Socioeconomic issues related to GE crops in developed countries

Webinar 9 March 27, 2015 GE trees

Webinar 10 April 6, 2015 State of knowledge about the interaction between GE crops and the human gut
microbiome

Webinar 11 April 21, 2015 GE quality traits, specifically in apple, potato, and alfalfa

Webinar 12 April 30,2015 Practices and priorities of donor organizations involved in agricultural
development with respect to GE crops

Webinar 13 May 6, 2015 Intellectual-property rights issues related to GE crops

Webinar 14 May 7, 2015 Prospects for, risks posed by, and benefits of the use of RNA interference in
crop production

Webinar 15 May 13, 2015 Socioeconomic issues related to GE crops in developing countries
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Input from the Public

As with all Academies committees, members of the public were invited to provide oral or written
statements and information to the committee. The in-person meetings held in Washington, DC, in
September 2014, December 2014, and March 2015 included time for members of the public to provide
comments to the committee. Persons who chose to speak could do so in person or via teleconference.
Recordings of the public-comment sessions were archived on the study’s website.

The committee also invited members of the public to provide recommendations for invited
speakers via the study’s website during the information-gathering phase of the study.

Written comments to the committee could be submitted at any point during the study process.
Comments and information could be delivered to Academies staff at committee meetings and via email.
Members of the public could also submit comments or upload relevant documents to the study’s website.
More than 700 comments and documents were submitted to the committee, and the committee read all of
them.

The report discusses many topics that were not specifically raised in the public comments, but the
committee was tasked to assess the evidence of purported benefits and adverse effects, so it made a
concerted effort to address any issues brought up by the public on which it could find evidence. The
submitted public comments contained a wide variety of concerns about and hopes for GE crops. Table 1-3
summarizes topics raised in the public comments and shows where they are discussed in the report.

Some commenters told the committee in written statements or at its public meetings that the
committee should make a decisive pronouncement endorsing GE crops as categorically beneficial. Others
encouraged the committee to denounce the development and use of GE crops strongly. However, an
evaluation of GE crops is full of nuance. GE crops encompass many types of GE traits, are grown in
countries with differently structured farm sectors and regulatory systems, and, more and more, are created
by using one or several genetic-engineering technologies along with conventional plant-breeding
approaches. Social and scientific challenges are likely to depend on which crop is being considered or
where the crop in question is grown. Given the diversity of issues contained in its task, the committee
concluded that sweeping statements would be inappropriate. Instead, it engaged with each issue presented
to it and explored the available evidence. The committee urges the reader to undertake a similar process
of engagement with the text on any issue listed in Table 1-3 (and more extensively in Appendix F) that
may be of personal or professional importance.

Assessing the Quality of the Evidence

To evaluate the evidence on purported benefits of and risks posed by GE crops, the committee
drew on information presented during public meetings, webinars, and the workshop. After presentations,
the committee commonly made requests to invited speakers for additional data or documentation. It also
reviewed statements and articles that were submitted or referred to by speakers or members of the public,
and it thoroughly consulted relevant peer-reviewed scientific literature.

In its effort to be a trustworthy source of information for all parties interested in GE crops, the
committee made a concerted effort to access and evaluate all evidence on each topic covered in its report.
On some purported effects of GE crops, there was a great deal of clear evidence from diverse sources; on
others, evidence to assess a purported effect was lacking or inconclusive. The committee attempted to
assess the degree of uncertainty surrounding evidence regarding effects covered in its report. The
committee was also cognizant of the fact that the effect of a GE crop or accompanying technology
depends on the specific social, environmental, and economic context into which it is introduced, and the
committee addressed this heterogeneity whenever possible.
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TABLE 1-3 Topics Discussed in Public Comments”

Topic Page number
Agronomic

Effects on genetic engineering on yield 62
Genetic diversity in crop varieties 93
Environment

Biodiversity in farms and fields 92
Coexistence of GE and non-GE crops 197
Effects on environment 91
Effects on herbicide use 86
Effects on insect and weed resistance 78, 88
Effects on insecticide use 74
Effects on landscape biodiversity 95
Human Health and Food Safety

Appropriate animal testing 122
FDA regulatory actions 121
Health effects of herbicides associated with herbicide-resistant crops 138
Health effects of insect-resistant crops 153
Health effects of RNAI technology 155
Sufficiency of health testing 118
Economic

Costs of regulation 207
Costs of research and development 208
Effects on farmers in developed and developing countries 172
Effects on global markets 204
Socioeconomic effects in developing countries 181
Public and Social Goods

Farmer knowledge 192
Feeding the growing world population 220,292
Seed saving 212
Access to Information

Data quality and comprehensiveness 121
Intellectual property 211
Regulation of GE crops 304
Transparency in data reporting 334
Scientific Progress

Effects of debate about genetic engineering 207
Regulation of gene editing 329

“All submitted comments and documents were added to the study’s public-comment file, which was and is available
on request from the Academies’ Public Access Records Office. Requests can be directed to PARO@nas.edu.

REPORT REVIEW PROCESS

The concluding phase of an Academies report is the review process. When a draft report is
complete, it is submitted to the Academies’ Report Review Committee. The Report Review Committee
recruits a diverse and critical group of reviewers who have expertise complementary to that of the
committee to ensure that critical gaps and misinformation are identified. The reviewers are anonymous to
the committee during the review process, and their comments remain anonymous after the report is
published (see Acknowledgments). Reviewers are asked to assess how well a report addresses a study’s
statement of task. The committee must respond to each of the comments received and submit a point-by-
point explanation of its reasoning to the Report Review Committee. When the Report Review Committee
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decides that the committee has adequately and appropriately addressed the reviewers’ comments, the
report is ready to be released to the public and to the sponsors.

ORGANIZATION OF THE REPORT

Examining the purported benefits of and risks posed by GE crops—past and future—in the linear
structure of a report is challenging because many effects change over time with the evolution of genetic
engineering and the manner in which it is used. Effects also overlap social, economic, and environmental
boundaries. Conducting a broad investigation of the spatial effects of GE crops is an additional challenge
in that the scale and degree of mechanization of farms and the kinds of crops produced vary greatly
around the world. Nevertheless, the committee strove to be comprehensive in its review of the purported
benefits and risks and looked at their effects inside and outside the United States. It also sought to be
thorough in its examination of the opportunities afforded and the challenges raised by emerging genetic-
engineering technologies.

Chapter 2 provides a framework for the report. It discusses the committee’s approach to the
assessment of risks and benefits, reviews what is known about public attitudes about GE crops, introduces
the concepts and actors involved in the governance of genetic engineering in agriculture, and defines
some of the terms used in the report.

The next four chapters address the “experience” task of the committee’s charge. Chapter 3
reviews the development and introduction of GE crops, including a brief primer on the mechanism of
recombinant-DNA technology and how plants were initially transformed through genetic engineering. It
lays out the kinds of crops and traits that have been commercialized and where they were grown in 2015,
and it provides a synopsis about GE crops that were not commercialized or that have been withdrawn
from the market. It concludes with a brief introduction of regulatory approaches to GE crops. The
economic, environmental, and social effects of GE crops are discussed in three chapters. Chapter 4
addresses the agronomic and environmental effects. Chapter 5 examines mechanisms for testing the safety
of GE crops and foods derived from GE crops in the United States and other countries. It also discusses
the purported risks and benefits associated with GE crops and foods related to human health, such as
nutritional effects, insecticide and herbicide use, allergens, gastrointestinal tract issues, disease, and
chronic illnesses. Chapter 6 deals with the complex issues of social and economic benefits and risks.

Chapters 7 and 8 respond to the committee’s tasks related to “prospects.” Chapter 7 summarizes
new genetic-engineering approaches, a few of which are already being used to develop crops for
commercial production, and assesses the utility (as of 2015) of “-omics” technology to detect alterations
in plant genomes. Chapter 8 describes a number of new traits that were in development for GE crops in
2015 and discusses how they related to sustainability and food security in the future.

Chapter 9 describes the existing international governance frameworks and compares the regulatory
systems in place for GE crops in the United States, the European Union, Canada, and Brazil. It also
evaluates the applicability of current regulatory systems to emerging genetic-engineering technologies and
offers several general and specific recommendations regarding the U.S. regulatory system.

REFERENCES

Berg, P., D. Baltimore, H.W. Boyer, S.N. Cohen, R.W. Davis, D.S. Hogness, D. Nathans, R. Roblin, J.D.
Watson, S. Weissman, and N.D. Zinder. 1974. Potential biohazards of recombinant DNA
molecules. Science 185:303.

NAS (National Academy of Sciences). 1977. Research with Recombinant DNA: An Academy Forum.
Washington, DC: National Academy of Sciences.

NAS (National Academy of Sciences). 1987. Introduction of Recombinant DNA-Engineered Organisms
into the Environment: Key Issues. Washington, DC: National Academy Press.

Prepublication Copy 27

Copyright © National Academy of Sciences. All rights reserved.



Genetically Engineered Crops: Experiences and Prospects

Genetically Engineered Crops: Experiences and Prospects

NRC (National Research Council). 1984. Genetic Engineering of Plants: Agricultural Research
Opportunities and Policy Concerns. Washington, DC: National Academy Press.

NRC (National Research Council). 1987. Agricultural Biotechnology: Strategies for National
Competitiveness. Washington, DC: National Academy Press.

NRC (National Research Council). 2002. Environmental Effects of Transgenic Plants: The Scope and
Adequacy of Regulation. Washington, DC: National Academy Press.

Singer, M. and D. Soll. 1973. Guidelines for DNA hybrid molecules. Science 181:1114.

28 Prepublication Copy

Copyright © National Academy of Sciences. All rights reserved.



Genetically Engineered Crops: Experiences and Prospects

2

The Framework of the Report

The committee finds it important at the outset to lay some groundwork for its report. In this
chapter, the committee explains its approach to risk and benefit assessment in light of previous National
Research Council work in the field and in the context of the general public’s familiarity with genetically
engineered (GE) crops, describes the concepts and actors involved in the governance of genetic-
engineering technology in agriculture and how their diverse goals can be balanced or otherwise
accommodated, and discusses some of the terms that are commonly used in the report. Additional terms
are in the report’s glossary.

THOROUGH ASSESSMENT OF AN UNFAMILIAR ISSUE

Analysis of risks and benefits associated with a technology is often considered to involve the
difficult but straightforward s