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Preface

ur committee was given the task of examining the evidence regard-

ing potential negative effects and benefits of currently commercial-

ized 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 engi-
neering 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 prob-
ably ignore them. We took all of the comments as constructive challenges.
Our committee embraced the National Academies consensus-study pro-
cess, 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, experi-

X111
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ence, 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 associ-
ated with GE crops and their accompanying technologies. Beyond those
sources of information, our committee carefully examined literature—peer-
reviewed and nonreviewed—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 com-
prehensive 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 impor-
tant 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 profit-
ing 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 (https://www.nationalacademies.org/ge-crops).

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 recom-
mendation. A second interface on the website has a summary list of 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 com-
mittee 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, deci-
sions about how to govern new crops need 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”
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is rare and not necessarily desirable. As a small example, how would sci-
ence 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 the 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 in-
form 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 biotechnology 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 regula-
tory process that ensures thorough review—including complete and open
public involvement.” Trust must be based on more than authority and ap-
pealing 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

ince 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 im-
provement, 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 Bt)—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 plant-
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ing 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. Sustain-
able 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 eat-
ing 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 epidemio-
logical 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 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 under way, but it is too early
to predict its success. The committee recommends a strategic public invest-
ment 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 refine-
ments but are expected to improve efficiency of non-GE and GE crop
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development and could be used to analyze new crop varieties to test for un-
intended 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 prob-
lems. Emerging 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 con-
ventionally bred—Dbe 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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Summary

enetic 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 reli-
ance 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 conven-
tional 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 commer-
cialized 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).! A few other GE

1James, C. 201S. Global Status of Commercialized Biotech/GM Crops: 20135. Ithaca, NY:
International Service for the Acquisition of Agri-biotech Applications.
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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 National Academies to use evidence
accumulated over the last two decades for assessing the purported nega-
tive 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, soy-
bean, 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 com-
mittee 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.

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 prac-
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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, eco-
nomic, 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:

e Examine the history of the development and introduction of GE crops in the
United States and internationally, including GE crops that were not commer-
cialized, 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 ac-
companying 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 accompany-
ing 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 poten-
tial, 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 opportuni-
ties and challenges, examined through the lens of agricultural innovation and
agronomic sustainability.

In presenting its findings, the committee will indicate where there are uncer-
tainties and information gaps about the economic, agronomic, health, safety, or
other impacts of GE crops and food, using comparable information from experi-
ences 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 genetic-
engineering technology.

The committee will produce a report directed at policy-makers that will serve
as the basis for derivative products designed for a lay audience.
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tice, some 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 dif-
ferent 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 agro-
nomic, 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 trait—crop 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 pre-
sented 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
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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 par-
ticipation so that the right questions can be formulated and the best, most
appropriate evidence for addressing them can be acquired.

The National Academies study process requires that, in all 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 report and the National Academies require-
ments 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 nomina-
tions 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 com-
mittee evaluated were related primarily to crops with GE herbicide resis-

2National Research Council. 1996. Understanding Risk: Informing Decisions in a Democratic
Society. Washington, DC: National Academies Press.

3For more information about the National Academies study process, see http://www.
nationalacademies.org/studyprocess/. Accessed July 14, 2015.

4Excerpted from “Excellence in NRC Reports,” a set of guidelines distributed to all com-
mittee members.

SThese presentations were recorded and can be viewed at https://www.nationalacademies.

org/ge-crops

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23395

Genetically Engineered Crops: Experiences and Prospects

SUMMARY 11

tance, 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 (Bt) into a plant genome via genetic engineering re-
sults 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 pro-
teins, 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 Bt. It also assessed surveys of yield on large- and small-scale
farms in a number of countries. It found that B 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 Bt 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 Bf varieties. The differences
could inflate the apparent yield advantage of the Bt varieties if Bf-adopting
farmers on the average have other production advantages over those who
do not adopt the technology.

In areas of the United States and China where adoption of either B
maize or Bt cotton is high, there is statistical evidence that some insect-pest

¢Isolines = individuals that differ genetically from one another by only a small number of
genetic loci.
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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 Bz-resistant European corn borers.

DEFINING FACTORS
CO,

Potential Radiation
Temperature

Crop features

LIMITING FACTORS

Water
Nutrients

Production situation

REDUCING FACTORS
Weeds
Pests
Diseases
Soil toxicity

>

Production level (t/ha)

FIGURE S-2 Factors that determine crop yield.

SOURCE: 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.

NOTE: Potential yield is the theoretical yield that a crop genotype can achieve
without any limitations of water or nutrients and without losses to insect pests,
weeds, 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.
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The evidence showed decreased spraying of synthetic insecticides on Bt
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 Bt plants to contain a high enough dose of B# 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 ref-
uges, in or near the farmer’s field with the Bt 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 B 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.

Herbicide-resistant 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 herbi-
cide. Studies of GE herbicide-resistant crops indicate that herbicide resis-
tance 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 mea-
surement 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. Bf 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
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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 in-
tegrated 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 convention-
ally bred 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 abun-
dance 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 B# 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 de-
creases 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 them-
selves contribute to overall farm yield changes, research should be
conducted that isolates effects of the diverse environmental and
genetic factors that contribute to yield.

e 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 appro-
priate 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 sim-
ply compare total kilograms of herbicide used per hectare per year
because such data can mislead readers.

e To delay evolution of resistance to herbicides in places where GE
crops with more than one herbicide-resistant trait are grown, inte-
grated weed-management approaches beyond simply spraying mix-
tures 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. There-
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fore, 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 there is no evi-
dence 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 internation-
ally accepted animal-testing protocols use small samples with restricted sta-
tistical power, so they might not detect real 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 experi-
mental 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 substan-
tially 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 differ-
ences 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 ap-
proaches 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 transcrip-
tomes, proteomes, and metabolomes in GE and non-GE plants have been
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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. There-
fore, 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 concen-
trations 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 crop 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
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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 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 west-
ern 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 dia-
betes 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 consump-
tion 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—but not intact
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Bt genes—can pass into organs and that these fragments present concerns
no different from those posed by other genes that are in commonly con-
sumed non-GE foods and that pass into organs as fragments. There is no
evidence that Bt 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 20135, the International Agency for Research on Cancer (IARC)
of the World Health Organization issued a monograph in which it classified
glyphosate in 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 carcino-
genic 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 on product labels. The
U.S. Environmental Protection Agency (EPA) found that glyphosate does
not interact with estrogen, androgen, or thyroid systems. Thus, there is dis-
agreement 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 cur-
rently 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 com-
mittee 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.

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.

® A power analysis based on within treatment standard deviations
found in previous tests should be done whenever possible to in-
crease the probability of detecting differences that would be con-
sidered biologically relevant.

e In cases in which early published studies produce equivocal results
regarding health effects of a GE crop, follow-up experimentation

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23395

Genetically Engineered Crops: Experiences and Prospects

20 GENETICALLY ENGINEERED CROPS

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 inde-
pendent 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 engi-
neering 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 indi-
cates 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 commit-
tee found 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 agro-
nomic problem but does not require concomitant purchase of such inputs
as fertilizer or pesticides. 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 in-
creased in farming households in general, including in households that have
adopted GE crops. However, the analysis of the gender implications of GE
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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 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 adventi-
tious 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 prod-
uct approved in one country may inadvertently reach a different country
where it has not been approved. Those two situations are known collec-
tively 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 soci-
ety by preventing harm to public health and the environment and prevent-
ing 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
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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 litera-
ture 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 com-
mercialized 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 produc-
tion and food-security problems because yield can be enhanced and
stabilized by improving germplasm, environmental conditions, man-
agement 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.
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e A robust, consistent, and rigorous methodology should be devel-
oped 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 chal-
lenges to existing intellectual-property protection for GE and con-
ventionally 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, includ-
ing 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 in-
creased 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 breed-
ing 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 be-
tween 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 environ-
mental effects.

The new molecular tools being developed are further blurring the dis-
tinction 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
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molecular tools and would appear to have similar risks and benefits, but the
plants derived from one approach are currently classified as genetically engi-
neered 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 in-
cluded improved tolerance to abiotic stresses, such as drought and thermal
extremes; increased efficiency in plant biological processes, such as photo-
synthesis 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 harvest-
able 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 increas-
ing 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
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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 convention-
ally 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 breed-
ing 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.

It is not surprising to find a diversity of regulatory processes for prod-
ucts of genetic engineering because they mirror the broader social, politi-
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cal, 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 engineer-
ing 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 character-
istics 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 decreas-
ing, but even current costs are low relative to the cost of other components
of regulatory assessments.

Recommendations on Regulations

e 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.

e Regulating authorities should be particularly proactive in com-
municating 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, regu-
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FIGURE S-3 Proposed tiered crop evaluation strategy crops using -omics technologies.

SOURCE: Illustration by R. Amasino.

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.
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lating authorities should bear in mind the importance of transpar-
ency, 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 envi-
ronmental 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, regard-
less 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 pro-
cesses 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

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 National Academies have often been called on to address
questions specifically about the use of the technology in connection with
agricultural crops. In 2014, the National Academies formed the Committee
on Genetically Engineered Crops: Past Experience and Future Prospects to
undertake a broad retrospective examination of the technology and to antici-
pate 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 National Academies reports.

The National Academies of Sciences, Engineering, and Medicine have

THE NATIONAL ACADEMIES AND
GENETIC ENGINEERING IN AGRICULTURE

President Abraham Lincoln established the National Academy of Sci-
ences (NAS) under a congressional charter in 1863. As nongovernmental
organizations, it and its fellow academies, the National Academy of Engi-
neering 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

1Until 20135, the National Academy of Medicine was known as the Institute of Medicine.
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produced at the request of U.S. federal agencies or other sponsoring orga-
nizations. Until 2015, National Academies reports were published under
the authorship of the National Research Council.

The National 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 environ-
ment. 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 recom-
mend 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).2 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 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

2Chapter 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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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 regard-
ing 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 genetically engineered (GE) organisms
(including plants) outside the laboratory increased, the NAS Council® con-
vened 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 organ-
isms 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 National 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 devel-
oped 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. Environ-
mental 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 National 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 ef-
fects and greater social engagement with the public on the topic of GE crops.
For example, the authoring committee of Agricultural Biotechnology: Strate-
gies 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 tech-
nology (NRC, 1987:9). The authoring committee of Environmental Effects

3The NAS Council consists of the NAS president and other NAS members elected by the
Academy.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23395

Genetically Engineered Crops: Experiences and Prospects

32

GENETICALLY ENGINEERED CROPS

TABLE 1-1 National Research Council Consensus Reports on Genetic
Engineering in Agriculture, 1985-20104

Publication
Report Title Year Sponsor Task
New Directions 1985 U.S. Department of Identify how USDA-ARS
for Biosciences Agriculture-Agricultural  could use molecular genetic
Research in Research Service techniques to yield new
Agriculture: (USDA-ARS) insights in basic studies of
High-Reward food animals, crop plants,
Opportunities plant pathogens, and insect
pests
Agricultural 1987 Foundation for Develop strategies for
Biotechnology: Agronomic Research, national competitiveness in
Strategies Richard Lounsbery agricultural biotechnology
for National Foundation, and study public-sector and
Competitiveness USDA-ARS, National private-sector interactions in
Research Council Fund  biotechnology research
Field Testing 1989 Biotechnology Evaluate scientific information
Genetically Science Coordinating pertinent to decision-making
Modified Committee? regarding the introduction of
Organisms: genetically modified plants
Framework for and microorganisms into the
Decisions environment¢
Genetically 2000 National Academy of Investigate the risks and
Modified Sciences (NAS) benefits of genetically
Pest-Protected modified pest-protected plants
Plants: Science and the framework used by
and Regulation the United States to regulate
these plants and revisit the
conclusions of the 1987 NAS
Council white paper
Environmental 2002 USDA Examine the scientific
Effects of basis supporting the scope
Transgenic and adequacy of USDA’s
Plants: The regulatory oversight of
Scope and environmental issues related
Adequacy of to GE crops
Regulation
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Conclusions/Recommendations

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 GE crops with nonpesticidal 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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Publication
Report Title Year Sponsor Task
Safety of 2004 USDA, U.S. Food and Outline science-based
Genetically Drug Administration approaches for assessing or
Engineered (FDA), and U.S. predicting the unintended
Foods: Environmental health effects of GE foods
Approaches Protection Agency and compare the potential
to Assessing (EPA) for unintended effects with
Unintended those of foods derived from
Health Effects other conventional genetic
modification methods
Biological 2004 USDA Evaluate three general
Confinement strategies for those GE
of Genetically organisms that require
Engineered biological confinement:
Organisms reducing the spread or
persistence of GE organisms,
reducing unintended gene
flow from GE organisms to
other organisms, and limiting
expression of transgenes
The Impact 2010 National Academies Review and analyze published
of Genetically literature on impact of GE
Engineered crops on the productivity
Crops on Farm and economics of farms in
Sustainability the United States; examine
in the United evidence for changes in
States agronomic practices and

inputs; evaluate producer
decision-making with regard
to the adoption of GE crops

9In addition to consensus reports, the National Academies have held a number of work-

shops, 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 Biotech-
nology (1997); Designing an Agricultural Genome Program (1998); Ecological Monitoring of
Genetically Modified Crops: A Workshop Summary (2001); Genetically Engineered Organ-
isms, Wildlife, and Habitat: A Workshop Summary (2008); and Global Challenges and
Directions for Agricultural Biotechnology: Workshop Report (2008). All consensus reports
and other National Academies products are available at www.nap.edu.

bMembers 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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Conclusions/Recommendations

Report concluded that all available evidence indicated that unexpected or unintended
changes may occur with all forms of genetic modification—including genetic engineering—
and that compositional changes from any kind of genetic change, whether through genetic
engineering or by other means, did not automatically lead to unintended adverse health
effects. Report noted that no adverse health effects attributed to genetic engineering had
been documented in the human population.

Report found insufficient data or inadequate scientific techniques to assess effective
biological confinement methods. When biological confinement was needed, it would require
safe practices by designers and developers of GE organisms, effective regulatory oversight,
and transparency and public participation when appropriate techniques and approaches
were being developed and implemented.

Found genetic-engineering technology had produced substantial net environmental and
economic benefits to U.S. farmers compared with non-GE crops in conventional agriculture
but that those benefits had not been universal and could change over time and that the
social effects of the technology were largely unexplored. Going forward, the potential

risks and benefits 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.
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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 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

4Every National 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 composi-
tion. 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 appoint-
ments brought the committee’s membership to 20. That is a large committee for the National
Academies, but it ensured that diverse perspectives were represented in committee discussions
and in the final report.

For more information about the National Academies study process, including 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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expertise represented on the committee included plant breeding, agronomy,
ecology, food science, sociology, toxicology, biochemistry, life-sciences com-
munication, molecular biology, economics, law, weed science, and entomol-
ogy. Biographies of the committee members are in Appendix A.

A statement of task guides each National Academies study and deter-
mines 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 knowl-
edge 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 National 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.

SOLICITING BROAD INPUT FROM DIFFERENT
PERSPECTIVES AND EVALUATING INFORMATION

The National Academies study process states that in all National Acad-
emies 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 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.

SFor more information about the National 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 com-
mittee members.
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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, eco-
nomic, 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:

e Examine the history of the development and introduction of GE crops in the
United States and internationally, including GE crops that were not commer-
cialized, 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 ac-
companying 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 accompany-
ing 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 poten-
tial, 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 opportuni-
ties and challenges, examined through the lens of agricultural innovation and
agronomic sustainability.

In presenting its findings, the committee will indicate where there are uncer-
tainties and information gaps about the economic, agronomic, health, safety, or
other impacts of GE crops and food, using comparable information from experi-
ences 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 genetic-
engineering technology.

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

4The 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.
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Information-Gathering Meetings and Webinars

Committees convened by the National 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 a National 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 vari-
ety 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 commit-
tee greatly exceeds that of previous National 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.

7The workshop was supported by the USDA Biotechnology Risk Assessment Grants program.

8The 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 National Academies offered to pay all
relevant travel expenses for all speakers invited to the in-person meetings. When prior com-
mitments 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 via
webinar because of other commitments, who declined the committee’s invitation, or who did
not respond to the committee’s invitation.

9Several members of the committee also attended a National Academies workshop organized
by the Roundtable on Public Interfaces of the Life Sciences. The workshop, When Science
and Citizens Connect: Public Engagement on Genetically Modified Organisms, was held in
January 2015.

10Recordings of the committee’s meetings, webinars, and the workshop are at https:/www.
nationalacademies.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

Webinar 1

Webinar 2

Webinar 3

Webinar 4

Public Meeting 2

Webinar §

Webinar 6

Webinar 7

September 15-16,
2014

October 1, 2014

October 8, 2014

October 22, 2014

November 6, 2014

December 10, 2014

January 27, 2015

February 4, 2015

February 26, 2015

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

Perspectives 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

Perspectives on GE crops from agricultural
extension specialists in different crop-
production regions of the United States

International trade issues related to GE crops

Perspectives on GE crops from agricultural
extension specialists in different crop-
production regions of the United States

GE disease resistance in crops, specifically in
papaya, plum, cassava, and potato

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

The state of plant-breeding research in public
research institutions

Social-science research on GE crop adoption and
acceptance

Synopsis of the 2004 National Research Council
report, Safety of Genetically Engineered
Foods: Approaches to Assessing Unintended
Health Effects
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TABLE 1-2 Continued

Event Date Topics

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

Input from the Public

As with all National 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 rec-
ommendations for invited speakers via the study’s website during the
information-gathering phase of the study.
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Written comments to the committee could be submitted at any point
during the study process. Comments and information could be delivered to
National 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 pronounce-
ment 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 conven-
tional 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 engage-
ment 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 docu-
mentation. It also reviewed statements and articles that were submitted or
referred to by speakers or members of the public, and it thoroughly con-
sulted 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
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TABLE 1-3 Topics Discussed in Public Comments?
Page
Topic number(s)
Agronomic
Effects of genetic engineering on yield 98-116,
127-133,140
Genetic diversity in crop varieties 143-146
Environment
Biodiversity in farms and fields 141-143
Coexistence of genetically engineered (GE) and non-GE crops 296-302
Effects on environment 140-154
Effects on herbicide use 133-135
Effects on insect and weed resistance 122-126,
136-139
Effects on insecticide use 116-121
Effects on landscape biodiversity 146-154
Human Health and Food Safety
Appropriate animal testing 184-198
Regulatory actions by the U.S. Food and Drug Administration 184-207,
466-477
Health effects of herbicides associated with herbicide-resistant crops 212-213,
231-233
Health effects of insect-resistant crops 179-225,
231-233
Health effects of RNA-interference technology 233-235
Sufficiency of health testing 176-207
Economic
Costs of regulation 310-316
Costs of research and development 310-316
Effects on farmers in developed and developing countries 256-302
Effects on global markets 306-310
Socioeconomic effects in developing countries 271-287
Public and Social Goods
Farmer knowledge 288-291
Feeding the growing world population 331-333,
437-442
Seed saving 318-319
Access to Information
Data quality and comprehensiveness 171
Intellectual property 316-331
Regulation of GE crops 456-493
Transparency in data reporting 502-506
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TABLE 1-3 Continued

Page
Topic number(s)
Scientific Progress
Effects of debate about genetic engineering 310-316
Regulation of genome editing 493-500

9All submitted comments and documents were added to the study’s public-comment file,
which was and is available on request from the National Academies’ Public Access Records
Office. Requests can be directed to PARO@nas.edu.

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 ad-
dressed this heterogeneity whenever possible.

REPORT REVIEW PROCESS

The concluding phase of a National Academies report is the review pro-
cess. When a draft report is complete, it is submitted to the National Acad-
emies’ 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 of Reviewers). Reviewers are asked to
assess how well a report addresses a study’s statement of task. The commit-
tee 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 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 envi-
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ronmental boundaries. Conducting a broad investigation of the spatial ef-
fects 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 examina-
tion of the opportunities afforded and the challenges raised by emerging
genetic-engineering technologies.

Chapter 2 provides a framework for the report. It discusses the com-
mittee’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 commit-
tee’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 engi-
neering. It lays out the kinds of crops and traits that have been commercial-
ized 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 the next 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 associ-
ated 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 “pros-
pects.” Chapter 7 summarizes emerging 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 relate 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 appli-
cability of current regulatory systems to emerging genetic-engineering tech-
nologies and offers several general and specific recommendations regarding
the U.S. regulatory system.
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The Framework of the Report

work for its report. In this chapter, the committee explains its ap-

proach 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 (Appendix G).

r I The committee finds it important at the outset to lay some ground-

THOROUGH ASSESSMENT OF AN UNFAMILIAR ISSUE

Analysis of risks and benefits associated with a technology is often
considered to involve the difficult but straightforward scientific task of
reviewing the most relevant and highest-quality scientific papers on the
technology and drawing up a set of statistically supported conclusions and
recommendations. However, in 1996, the National Research Council broke
new ground on risk assessment with the highly regarded report Understand-
ing Risk: Informing Decisions in a Democratic Society, which pointed out
that a purely technical assessment of risk could result in an analysis that
accurately answered the wrong questions and would be of little use to
decision-makers. It outlined an approach that balanced analysis and delib-
eration in a manner that was more likely to address the concerns of inter-
ested and affected parties in ways that earned their trust and confidence.
The process in such an analytic—deliberative approach aims at getting broad

47
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and diverse participation so that the right questions can be formulated and
the best, most appropriate evidence for addressing them can be acquired.
The critical outcome of such a risk characterization is a synthesis of the
evidence relevant to the critical questions, including the state of knowledge
and the state of uncertainty regarding that knowledge (NRC, 1996).

The present report focuses on both benefits and risks, but the perspec-
tives outlined in the 1996 National Research Council report (and later work
in risk assessment, such as NRC, 2009) were relevant to the committee’s ap-
proach to its statement of task. Although the goals set out in Understanding
Risk are theoretically appealing, achieving them is difficult. The committee
worked toward the goal of asking the most relevant questions through early
engagement with people and groups that held opposing views of GE crops
and foods derived from them. Persons who had deep concerns about the
adverse health, environmental, social, and economic effects of GE crops and
persons who were enthusiastic about substantial benefits afforded by GE
crops were invited to speak to the committee starting at its first meeting.'

It was clear from that early engagement—and from many presentations
and public comments that the committee received later—that opinions on
GE crops and food derived from them span the spectrum from extremely
risky to overwhelmingly beneficial and that many members of the public
hold extremely negative or extremely positive views of GE crops. However,
public-opinion surveys in the United States reveal that most Americans do
not know much about genetic engineering as it is related to agriculture. The
level of awareness has not changed much over time. Throughout the 1990s,
a number of surveys reported that at least 50 percent of respondents said
that they knew “not much” or “nothing at all” about genetic engineering
involved with crop plants (Shanahan et al., 2001). By 2014, awareness
levels were still low, with only 40 percent of respondents claiming to have
heard or read at least “some[thing]” about genetic engineering despite
widespread adoption by U.S. agricultural producers and the existence of
many food products that contained GE ingredients (Runge et al., 2015);
close to 30 percent of the U.S. public had not read or heard anything on
the topic.

Even if levels of awareness about genetic engineering in agriculture have
stayed low in the United States, it is clear that the proportion of Americans
who believe that foods derived from GE crops pose a serious health hazard
to consumers has steadily increased, from 27 percent in 1999 to 48 percent
in 2013 (Runge et al., 2015). However, 69 percent of Americans indicated in
2014 that they were likely or somewhat likely to buy produce derived from
genetic-engineering techniques if it meant that fewer pesticide applications
were required for food production.

1See Appendix C for the first meeting’s agenda.
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Data from other countries reveal a variety of public reactions to GE
crops. Argentina (one of the major growers of GE crops) has yet to see siz-
able public opposition to the use of the technology in agriculture (Massarani
et al., 2013). In Brazil, however, farmers widely adopted the technology
although strong public opposition was present (Brossard et al., 2013); thus,
magnitude of adoption by farmers does not always represent public opinion
in a specific country. In other countries, GE crops have been blocked on the
basis of public opinion and have never been released. For instance, Swiss
citizens voted in 2005 in favor of a 10-year moratorium on GE plants and
animals in agriculture in spite of robust opposition from the Swiss govern-
ment, industry, and the scientific community (Stafford, 2005). Widespread
resistance to genetic engineering in European countries (Gaskell et al., 2006)
also may be driving resistance in countries that export to Europe.

The extent of knowledge about genetic engineering in general or about
a specific application of the technology does not solely predict public sup-
port or rejection; indeed, the so-called knowledge-deficit model has been
discredited by social-science research (Allum et al., 2008). Instead, indi-
viduals often rely on cognitive (thought-process) shortcuts to make sense of
a complex issue like genetic engineering, and mass-media content—which is
shaped by active stakeholders groups—has often provided these shortcuts
(Scheufele, 2006). Social scientists have pointed out that social psychologi-
cal processes that explain public attitudes toward genetic engineering are
complex and go beyond understanding the science behind the technology;
well-established individual beliefs, such as religious beliefs or deference to
scientific authority, can act as perceptual filters when complex information
is processed and, as a result, two persons may interpret the same mass-
media information differently and reach conflicting conclusions regarding
the technology (Scheufele, 2006; Brossard and Shanahan, 2007). At the
same time, perceptions of the risks related to a technology are society-,
culture-, and context-specific (Slovic, 2000). It is therefore understandable
that public opinions of genetic engineering have included a large spectrum
of attitudes because they depend on local sociopolitical and cultural con-
text, the information climate (including the nature of mass-media coverage),
and a person’s individual characteristics, such as worldview, level of trust in
the systems in place, and other psychological aspects (Nisbet and Scheufele,
2009; Figure 2-1).

Given the context specificity and complexity of public opinions of
genetic engineering, the committee cautions against a straightforward
comparison of public-opinion data on GE crops among countries; often
the methods used to gather the data are dissimilar and survey questions
are phrased or interpreted differently in different languages. In many in-
stances, conclusions lack generalizability because of sampling issues. Reli-
able public-opinion data from Africa have yet to be published and Asian
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FIGURE 2-1 Contextual filters that influence a person’s perception of scientific
innovations.
SOURCE: Work of D. Brossard, cited in NRC (2015b).

data yield conflicting results. What is clear is that public awareness about
genetic engineering as a process and about the potential applications of
genetic engineering has remained low around the globe since the introduc-
tion of commercial GE crops in the mid-1990s. When articulated, support
of or opposition to genetic engineering in different countries has fluctuated
widely, depending on the country, the timeframe, and the cultural and in-
formational context (Brossard, 2012); controversies around GE crops have
unfolded differently around the world.

Keeping in mind the analytic—deliberative process described in Under-
standing Risk, the committee has done its best to consider “alternative sets
of assumptions that may lead to divergent estimates of risk [and benefits];
to address social, economic, ecological, and ethical outcomes as well as
consequences for human health and safety; and to consider outcomes for
particular populations in addition to risks [and benefits] to whole popula-
tions, maximally exposed individuals, or other standard affected groups”
(NRC, 1996:3).2 As set out in Understanding Risk, the purpose of risk
characterization is to “describe the potentially hazardous situation in as
accurate, thorough, and decision-relevant a manner as possible, addressing

2The committee has made the additions in brackets.
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the significant concerns of the interested and affected parties, and to make
this information understandable and accessible to public officials and to the
parties” (NRC, 1996:2). The committee believes that accurate and thorough
characterization applies as much to benefits as it does to risks, and it has
striven to describe the risks and benefits associated with GE crops in a man-
ner that balances detail and makes its analysis accessible to a broad audience.
The committee sought to write a report that would help readers to
evaluate for themselves the dimensions of the debate around the use of
genetic engineering in agriculture that were aired at the committee’s first
meeting and in many submitted public comments (see Table 1-3). Points
of view among people already familiar with GE crops are split on such
topics as the effect of these crops on the environment (Chapter 4) and the
implications of GE crops and their accompanying technologies for human
health (Chapter 5). There is also disagreement about the risks and benefits
for farmers who grow various GE crops and the effects of adoption on
communities in rural areas and developing countries (Chapter 6). Issues of
ownership of and access to technology are also debated (Chapter 6). Ethical
considerations about consumers’ right to know whether their food was de-
rived from GE crops (Chapter 6) and the adequacy of safety assessments of
genetic engineering (Chapters 5 and 9) are also points of dispute. The com-
mittee’s goal has been to examine the evidence that bears on those issues.

GOVERNANCE OF GENETICALLY ENGINEERED CROPS

The terms regulation and governance are sometimes used interchange-
ably, but regulations are only a subset of the factors involved in governance
of technologies (Kuzma et al., 2008). In line with previous National Research
Council reports, the committee understood governance to refer to any insti-
tutional arrangement that attempts to shape an individual’s or organization’s
behavior (NRC, 2005, 2015a). In laying out the framework of its report, the
committee was aware of the multitude of actors that contribute to the gov-
ernance of genetic engineering in agriculture. The committee highlights here
the tradeoffs involved in any structure of governance of GE crops.

Governance Actors

Busch (2011) noted that the food network of the 21st century—of
which GE crops and food are parts—is “governed by a plethora of public
and private standards” in which a wide array of actors? participate. That

3Actor is a social scientific concept used to refer to individuals or collective entities (for ex-
ample, government agencies, firms, retail groups, nonprofit organizations, and citizens) when
their behavior is intentional and interactive.
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is, no single institutional arrangement shapes the governance of food in
general or GE crops in particular. Indeed, the committee identified a number
of institutions that attempt to exert influence over farmers, consumers, and
each other in the realm of GE crops.

Regional,* national, and subnational governments and tribal govern-
ments in the United States shape behavior in many ways, including regula-
tions, incentives, and funding. For example, governments issue permits for
testing new GE crops or traits, which may be accompanied by conditions
regarding confinement and post-trial monitoring. Governments promulgate
laws and regulations that require safety assessments of GE crops. They
may create intellectual-property rules that protect GE crop inventions. To
the extent that private intellectual-property or contractual disputes or tort
actions arise with respect to GE crops, governments are involved through
the court systems that adjudicate those actions. Governments can also be a
source of research funding for GE crops.

Upstream private, for-profit companies—such as ones that develop GE
traits and incorporate them into crop varieties—also fund research. Their
goal is to develop a commercial product, something government-supported
projects may or may not target. Furthermore, the companies develop and
acquire intellectual property and defend it from infringement. They enforce
technology-use agreements (contracts) with farmers of GE crops in which
farmers agree not to use seeds from the harvest of GE crops to plant the
following year’s crop. The companies also recoup a technology-use fee from
farmers for the GE trait in crops.

Downstream companies—those closer to the food consumer, such as
food manufacturers and retailers—exert their influence by setting stan-
dards. That practice has become a strong force of governance in the global
agrifood system in general (Reardon and Farina, 2001; Hatanaka et al.,
2005; Henson and Reardon, 2005; Fulponi, 2006; Bain et al., 2013).
However, private standard-setting is not the domain only of for-profit
companies. Many nongovernmental organizations (NGOs) also set stan-
dards, and private standards developed by manufacturers, retailers, and
NGOs exist alongside the regulatory standards of governments. Although
they are rarely legally binding, private standards have often de facto
become mandatory for suppliers (Henson and Reardon, 2005; Henson,
2008). Examples pertaining to GE crops are a food manufacturer that
does not allow ingredients made from GE crops and an NGO that acts as
a third-party certifier to ascertain that a product is not made with any GE
crops. The effects of private standards may reach far upstream, influenc-
ing whether a GE seed developer decides to introduce a particular trait
into the market.

4The European Union is a regional government.
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Standard-setting can also take place at the international level. For
example, the Organisation for Economic Co-operation and Develop-
ment influenced the environmental assessment of GE crops through the
early development of guidelines (OECD, 1986). No central international
authority governs all facets of food production and consumption (Busch,
2011), but the Codex Alimentarius Commission sets nonlegally-binding
standards for assessing the safety of foods derived from GE crops (CAC,
2003a,b). Many countries make use of the Codex standards in develop-
ing scientific risk assessment of food safety and in shaping their national
regulatory systems.

International trade agreements, such as those overseen by the World
Trade Organization (WTO), also affect policies on GE crops. The WTO’s
Agreement on the Application of Sanitary and Phytosanitary Measures
(SPS Agreement) governs measures to protect human, animal, or plant life
or health, including food safety. While acknowledging the right of govern-
ments to enact such measures, the SPS Agreement recognizes that the mea-
sures can operate as a de facto trade barrier and therefore sets requirements
to minimize trade barriers. Among other things, the SPS Agreement requires
measures to be based on scientific principles and not maintained without
scientific evidence except when scientific information is insufficient. In such
a case, a country may proceed to regulate but must also seek to resolve the
scientific uncertainty.

International agreements are not restricted to the economic issues of
trade; they may also try to influence the effects on the environment of GE
crops. The 2000 Cartagena Protocol on Biosafety (Biosafety Protocol),
developed under the 1992 Convention on Biological Diversity, addresses
potential environmental concerns that might be posed by introducing
“living modified organisms,” such as GE seeds or plants that could propa-
gate, into countries through international trade. The Biosafety Protocol
expressly adopts a precautionary approach that allows countries to deny
the importation of a GE product if they consider that there is not enough
scientific evidence that the product is safe. It also permits countries to con-
sider socioeconomic issues.

Other institutions are also involved. They include foundations that allo-
cate funds for research or advocacy and educational institutions that conduct
basic or applied research in genetic engineering.

More amorphous institutions, such as consumer movements, also have
influence. Social and civic movements that address food and agriculture
are not new, but their diversity and visibility have grown dramatically
since the 1990s (Hinrichs and Eshleman, 2014). A wide array of issues are
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captured by the broad categorization of “agrifood movements,” includ-
ing environmental and organic-food issues, farmers’ markets, food justice,
anti-GE crops, and animal welfare. Scholars have identified many reasons
for agrifood movements to have expanded, including concerns about envi-
ronmental degradation, a lack of trust in the safety of the system, an effort
to regain a sense of power and control by knowing more about who grows
one’s food, a desire to align one’s values with the food one eats, and a grow-
ing moral questioning of mainstream consumption habits (Nestle, 2003;
Morgan et al., 2006; Hinrichs and Eshleman, 2014).

A final element of governance is related to transparency and public par-
ticipation with respect to various aspects of GE crops. Some of the relevant
rules are formal, such as international human-rights laws that require access
to information and public participation in international human-rights insti-
tutions and freedom-of-information laws in national governments. Other
rules are informal, such as corporate practices related to the release of
information.

Clearly, the field of governance of GE crops has many actors. They
interact with and influence each other. For example, some NGOs work to
mobilize consumer opinion, affect the allocation of research funding related
to GE crops, and influence the formulation, implementation, and monitor-
ing of national laws and regulations. Researchers—whether employed by a
national government, a private seed company, or an educational institution—
are affected by government regulations. With the growth of agrifood move-
ments, other actors in the global food system, particularly food retailers, have
taken notice and modified their own policies and practices either in response
to or in anticipation of consumer demands. Studies have shown that private
standards shape government policies and can affect practices at the farm level
(Gruére and Sengupta, 2009; Tallontire et al., 2011).

Thus, the governance of GE crops is complex, multilayered, and multi-
institutional and involves varied binding and nonbinding norms by multiple
actors (Paarlberg and Pray, 2007). In theory, many forms of governance
allow opportunities for increased participation by diverse actors that rep-
resent the state, the market, and civil society. In practice, harmonizing the
various forms of governance is challenging.

Balancing Governance Goals

To create order for the various actors, balance must be struck among
competing governance goals. In the literature on governance (for example,

S Agrifood movements refers to “a broad field of social action that can be seen as challeng-
ing the status quo of the now-prevailing agrifood system” (Friedland, 2010, cited in Hinrichs
and Eshleman, 2014:138).
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Gisselquist, 2012a,b), the committee identified salient governance goals—
such as accuracy, integrity, efficiency, and transparency—that must be bal-
anced or otherwise accommodated with respect to GE crops.®

Similar to the process of assessing risk described earlier in the chapter,
GE crop governance structures should have credible and acceptable means
of determining the accuracy, content, and relative importance of informa-
tion that is used in decision-making and of taking into account all relevant
facts and circumstances. Those goals can be in tension with the goal of
regulatory efficiency, that is, the ability of regulatory agencies to make
decisions within a reasonable time frame. Decision-makers naturally tend
to want all possible relevant information, but providing and obtaining that
information involves cost and time. As a practical matter, regulatory agen-
cies must balance their desire for accurate and complete information with
the need to make decisions in light of the information that is obtainable in
a timely manner and within the resources available to them.

The necessity for transparency and public participation is established
by international human-rights law in general (for example, Article 19 of
the Universal Declaration of Human Rights) and has been recognized
by earlier National Research Council reports, not only in Understand-
ing Risk (NRC, 1996) but specifically regarding GE crops and other GE
organisms (NRC, 2002, 2004). In many instances, “public participation”
as related to governance is a vague concept that encompasses many types
of formal engagement mechanisms (from public-opinion surveys to consen-
sus conferences) that have different degrees of relevant stakeholder input
and effective consensus-building (Rowe and Frewer, 2005). The structure
should operate in a context that allows open and reflexive discussion, that
is, makes it possible for the actors to redefine their interests through an
iterative process to arrive at new perceptions of the problems that they
are seeking to resolve (De Schutter and Deakin, 2005; Irwin et al., 2013).
The process is particularly important for such issues as GE crops because
of their multidimensionality, their complexity, and the opposing views
that engaged stakeholders hold on questions that often transcend the pure
scientific realm. The structures should be designed to make sure that there
is a level playing field so that well-financed stakeholders’ voices do not
drown out the voices of less well-financed ones. Moreover, the goal of full

6Other qualities may also be relevant to governance, depending on the approach taken and
definitions used. The U.S. Environmental Protection Agency’s risk characterization policy, for
example, states that “‘risk characterization should be prepared in a manner that is clear, trans-
parent, reasonable, and consistent with other risk characterizations of similar scope prepared
across programs in the Agency’” (EPA, 2000:14). The committee focused on transparency
and public participation because achieving them provides the best opportunity for an accurate
database for making decisions, is critical for mediating between different values, and leads to
clarity, consistency, and reasonableness.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23395

Genetically Engineered Crops: Experiences and Prospects

56 GENETICALLY ENGINEERED CROPS

participation needs to be considered in light of the need for administrative
efficiency to ensure that decisions are made in a timely manner.

Transparency refers to the decision-making process and to the informa-
tion used to make decisions. With regard to government regulations, for ex-
ample, transparency helps to build trust and confidence when the public can
see the data on which the regulators base their decision. Transparency also
helps to ensure democratic accountability to ensure that regulators make
appropriate decisions that are based on open information. However, rules
regarding transparency should take into account the need to protect legiti-
mately confidential business information and national-security concerns.

With regard to transparency and public participation in relation to
private-sector governance, the evidence suggests that success has been mod-
est (Fuchs et al., 2011; Box 2-1). There is growing concern over developing
and maintaining legitimacy of private governance, which unlike public-sector
regulation does not have legitimacy in the authority of the government.

GE crop governance should be sufficiently flexible to take account
of changes in relevant considerations and the context in which they exist

BOX 2-1
Participation in Private-Sector Governance

Generally, four types of private-sector governance are relevant to food and
agriculture (and therefore to GE crops): individual firms, industry associations,
nongovernmental actors, and multi-stakeholder initiatives (MSIs). Of those, MSls
tend to be the most common, and they can include industry, academic, and non-
governmental participants. Roundtables are a type of MSI active in the agricul-
ture and food sector. For example, the Roundtable on Sustainable Palm Oil, the
Roundtable on Responsible Soy, and the Roundtable on Sustainable Biofuels all
operate to create a standard or set of standards that shape the entire commodity
chain, as opposed to other private standards that simply create niche markets
(Schouten et al., 2012).

MSiIs are seen as more legitimate than other forms of private-sector gover-
nance because of the perception that other mechanisms are biased toward par-
ticular interests, such as a specific company or industry (Hatanaka and Konefal,
2013), but deficiencies have been found in the operation of the MSIs that have
been studied. In a comparative study of food-retail MSls, civil-society organiza-
tions were found to be particularly lacking in representation (Fuchs et al., 2011).
A study of an MSI in the United Kingdom that focused on genetic engineering
found that “efforts to widen the basis of decision-making [had] led to a much
more pronounced exposure of underlying scientific uncertainty, incomplete and
contradictory evidence, and contested value positions” (Walls et al., 2005:656),
which the authors concluded exacerbated the distrust that the initiative sought to
reduce.
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(Kuzma, 2014). For example, the structure of regulations should have
the capability to respond appropriately to changes in genetic-engineering
techniques and capabilities and to change in technologies associated with
genetic engineering, societal risk preferences, environmental and social con-
ditions, and scientific understanding. Governance should be able to adapt
on the basis of experience. At the same time, both the public and regulated
entities need some degree of predictability and stability. In making invest-
ment and development decisions, for example, companies need to have a
reliable estimate of the process and standards under which they will need to
get approval if they are to get a product to market. Similarly, farmers need
to have a reliable sense of what types of products are likely to be available.

Finally, ideally and broadly speaking, governance of GE crops should
facilitate achieving the maximum societal benefits from GE crops at given
levels of acceptable risk. Alternatively, one could speak of a goal of mini-
mizing the governance resources’ necessary to achieve given levels of soci-
etal risks and benefits associated with GE crops. It is necessary to consider
levels of acceptable risk in the plural, rather than just one, because risks
posed by GE crops vary according to the nature, likely use, and intended
location of the GE crop in question. For example, risks related to bio-
diversity, economic conditions in rural areas, and food safety differ among
GE crops, or, more specifically, among GE traits. The same is true with
respect to the benefits to be derived from GE crops or traits. For the same
reasons, the goal of achieving the maximum societal benefits from GE crops
at given levels of acceptable risk cannot be sought in any precise manner;
rather, the goal provides a framework for thinking about governance in the
context of GE crops.

GE crop governance involves a dynamic iterative and interactive pro-
cess between those governing, those being governed, and other elements
of society. That is similar to the analytic—deliberative process outlined in
Understanding Risk for assessing risks and benefits (NRC, 1996). In later
chapters of the present report, the committee attempts to characterize the
risks and benefits related to GE crops and to explain the balances and trade-
offs inherent to the governance of genetic-engineering technology.

TERMINOLOGY AND ITS CHALLENGES

As they embarked on addressing their statement of task, the committee
members needed to agree on the definitions of terms that would be used in
the report. Terms related to genetic engineering are sometimes used in sci-

’Minimizing use of governance resources might involve a variety of approaches, including
changes in the number or type of regulations, enforcement methods, or roles of actors involved
in governance.
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entific and lay literature to mean different things. Therefore, the committee
spent considerable time discussing terminology and definitions.

Terms

The committee started by defining what it meant by crop because the
bounds of the term affected the scope of the study’s statement of task. In
this report, crop refers to vascular plants that are grown for subsistence,
environmental enhancement, or economic profit. Vascular plants contain
water-conducting and nutrient-conducting tissues. Under those constraints,
bacteria, algae, and animals were not considered. Along with food crops,
ornamental and nursery plants were included in the committee’s task, as
were trees, which may be produced for economic returns but may also be
planted and proliferate in unmanaged ecosystems.

In the report, genetic engineering means the introduction of or change
to DNA, RNA, or proteins manipulated by humans to effect a change in an
organism’s genome or epigenome.® Genome refers to the specific sequence
of the DNA of an organism; genomes contain the genes of an organism.
The epigenome consists of the physical factors that affect the expression of
genes without affecting the DNA sequence of the genome. The committee’s
definition of genetic engineering includes Agrobacterium-mediated and gene
gun-mediated gene transfer to plants (described in Chapter 3) as well as
more recently developed technologies such as CRISPR, TALENSs, and ZFNs
(described in Chapter 7). Recombinant DNA is a DNA molecule that is
created by laboratory manipulation and that joins two or more segments
of DNA that would not be found joined in nature.

Making sexual crosses of plants that have different genomes, selecting
desirable plants to serve as parent lines, and changing (mutagenizing) the
genome with chemical methods or irradiation are considered conventional
plant breeding, which does not include genetic engineering. Marker-assisted
selection (MAS) is included in conventional breeding. MAS involves the
use of in vitro-manipulated nucleic acids on samples of extracted DNA to
determine which plants or other organisms have particular versions of exist-
ing genes. The markers do not become part of the plant’s genome.

The committee defines biotechnology to mean methods other than
selective breeding and sexually crossing of plants to endow organisms with
new characteristics. Thus, biotechnology as used in this report includes

8The term genetically modified is often used synonymously with genetically engineered.
However, the committee kept its terminology consistent with previous National Research
Council reports (NRC, 2004, 2010); genetically modified is more general and refers to the
full array of methods that are used to alter the genetic composition of an organism, including
conventional plant breeding.
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some types of conventional breeding, such as the use of mutagenesis to
alter a genome and the use of in vitro—culture techniques to enable embryos
derived from wide crossing to be viable.

A transgene is any gene transferred into an organism by genetic engi-
neering. In this report, however, a transgenic organism’® is specifically an
organism that has had genes that contain sequences from another species or
synthetic sequences introduced into its genome by genetic engineering; this
definition distinguishes a transgenic organism from a cisgenic or intragenic
organism (described below), all of which contain transgenes. A transgenic
event is a unique insertion of a transgene into a genome. When a plant
transformation experiment is performed, many independent transgenic
events are selected from tissue culture. The transgenic event is the subject
of regulatory approval in most systems.

Cisgenesis involves genetically engineering a recipient plant with an
endogenous gene from a sexually compatible plant, that is, a transfer that
could be accomplished by conventional breeding. In cisgenesis, an entire
endogenous gene is cloned intact from a plant that is sexually compat-
ible and is inserted into the crop’s genome. In intragenesis, various plant
DNAs, all of which come from varieties of the crop or sexually compatible
relatives, are combined into a gene delivery cassette and then inserted.'®
Cisgenic and intragenic organisms thus may have transgenes, but they are
not transgenic.

Challenges in Defining Terms

A major challenge in defining terms is that nature does not exist in
neat boxes. For example, the commonly used definition of cisgenesis noted
above is based on whether a genetically engineered recipient plant receives
a gene from a sexually compatible plant. However, the criterion of sexual
compatibility does not necessarily indicate the precise relatedness of two
plants. In many cases, a version (allele) of a single gene creates sexual in-
compatibility in plants (Bomblies, 2010; Rieseberg and Blackman, 2010).
In principle, plants that are not sexually compatible could have identical
genomes except for one version of one gene. Furthermore, there often is no
clear demarcation point that indicates when a genome becomes sufficiently
different from another genome to indicate that a separate species designa-
tion is warranted. Thus, although moving genes from one species to another

9The term transgenic is sometimes used to include an organism in which genetic material
from another species has transferred naturally, that is, by events not manipulated by humans.
The committee decided not to include such natural transfers in the definition of transgenic in
this report because of its focus on genetic engineering, which involves human manipulation.
10Cisgenesis and intragenesis are discussed more in Chapter 7.
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has been raised as a general concern about GE crops, it is not always clear
whether related organisms are different species.

It is important to note that genomes often contain DNA that has been
introduced from distantly related organisms during the process of evolu-
tion. Such cases of natural gene transfer (that is, not from human manipu-
lation) are known as horizontal gene transfer. For example, sweet potato
(Ipomoea batatas) naturally contains genetic material from the bacterium
Agrobacterium rhizogenes (Kyndt et al., 2015) and some sea slugs contain
DNA from algae (Rumpho et al., 2008).

Another challenge is posed by the fact that human ingenuity also is
not confined to neat boxes, and technological developments have enabled
multiple routes to a similar end with respect to plant genetic modification.
For example, a process known as TILLING (targeting induced local lesions
in genomes, described in Chapter 7) is an alternative to genetic engineering
for creating plants that have specific changes in specific genes (Henikoff et
al., 2004). TILLING does not involve genetic engineering according to the
definition above (or the definition used by most regulatory agencies), but it
may create changes throughout a genome that would not occur if the same
changes in a gene were created by genetic engineering.

CONCLUSIONS

The rapid technological development of new methods to modify
genomes, such as CRISPRs, will continue to present both definitional and
analytic challenges. The purpose of this chapter has been to introduce the
complexity of the landscape in which GE crops exist and genetic engineer-
ing occurs. Many stakeholders who have diverse opinions act at local,
national, regional, and international levels. They often struggle to commu-
nicate with one another about a scientific process that is evolving and that
has social, environmental, economic, and possibly health effects. The com-
mittee’s statement of task charges it to address food-safety, environmental,
social, economic, regulatory, and other aspects of GE crops, and it does so.
However, as is evident in this report’s later chapters, the technologies, traits,
and contexts of deployment of specific GE crop varieties are so diverse that
generalizations about GE crops as a single defined entity are not possible.
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Genetically Engineered
Crops Through 2015

sessment, introduced the major actors operating in the sphere of

governance of genetically engineered (GE) crops, and defined the
terms commonly used in its report, the committee turns in this chapter to
its first charge in the statement of task: an examination of the history of the
development and introduction of GE crops, both in and outside the United
States. The examination includes not only GE crops that were available in
2015 but GE crops that were developed but not commercialized, GE crops
that entered the market but were withdrawn or discontinued, and crops
with GE traits that were developed and near market release as of 20135. It
also gives an introduction of the government processes that have emerged
to regulate GE crops.

l l aving laid the groundwork for its approach to risk and benefit as-

THE DEVELOPMENT OF GENETIC
ENGINEERING IN AGRICULTURE

People have been domesticating plants for at least 10,000 years. Early
plant domestication involved selecting individual plants, fruits, seeds, in-
florescences, or other propagules for characteristics of interest. Selected
characteristics (traits) included higher yields, reduced toxicity, improved
flavor or morphology of seeds or fruits, and seed heads (in grains) or pods
(in legumes) that did not shatter and were therefore easier to harvest. Selec-
tion permitted people to domesticate numerous wild plants into crops, such
as wheat (Triticum aestivum), rice (Oryza sativa), maize (Zea mays), potato
(Solanum tuberosum), and tomato (Solanum lycopersicum).

65
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One of the most vivid examples of domestication is maize (corn).
Beginning some 6,000-10,000 years ago, ancient Meso-American farmers
drastically changed teosinte (Zea mays subsp. parviglumis) through selec-
tion (Figure 3-1). Teosinte is a grass species that has numerous lateral
branches and cobs with 5-12 individually encapsulated kernels that drop
to the ground when ripe. Through human selections based on very rare,
desirable attributes caused by naturally occurring mutations, a plant was
derived with no lateral branching (that is, a single stalk) and a cob with
dozens or even hundreds of large seeds (kernels) that were encased in husk
leaves; this resulted in the maize that is grown today (Doebley, 2004; Flint-
Garcia, 2013; Wang et al., 2015).

FIGURE 3-1 Effects of human selection and domestication of teosinte (left) that
yielded maize (right).

SOURCE: Based on Fuller (2005).

NOTE: The U.S. quarter coin is included for scale (about 2 centimeters in diameter).
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Domestication of wild Solanum species native to the American conti-
nents through the selection of altered fruit size, fruit shape, seed size, and
taste led to the tomato (Bai and Lindhout, 2007); wild tomatoes are gener-
ally neither large nor tasty. The progenitors of carrot (Daucus carota subsp.
sativus) were woody, gnarly, and white, rather than tasty, uniformly shaped,
and orange. Developed first in France and later in the United States, today’s
strawberries (Fragaria x ananassa) descend from hybrids of two species, one
of which was prized for its flavor (originally found in what is now the U.S.
state of Virginia) and the other for its size (grown off the coast of Chile).

The modern era of genetics and plant breeding can be traced to Darwin’s
theory of evolution and natural selection and to Mendel’s elucidation of the
basic principles of heredity in the mid-1800s. The application of the basic
principles of heredity to use the genetic variation (biodiversity) available in a
species is a cornerstone of plant breeding. Genetic variation arises naturally
in a crop from mutation (changes in the DNA sequence of an individual), re-
combination of the alleles (variants of a gene) in an individual through sexual
reproduction, and introgression of new genes or alleles from a donor species.

Research in the late 19th and early 20th centuries led to a better
understanding of genetics, and plant breeders applied this knowledge with
increasing precision. They deliberately changed the expression of traits in
plants by crossing specific parent plants to produce offspring that had the
desired traits. They also discovered methods to accelerate the generation
and detection of genetic variation, and this led to targeted and more ef-
ficient breeding of improved varieties (for review, see Mba, 2013). DNA
mutation is relatively rare in nature (Ossowski et al., 2010), but scientists
found that they could use chemicals or radiation to induce mutations in
DNA at a much greater frequency (Roychowdhury and Tah, 2013) and
thereby increase the genetic variation in the species.! Natural and human-
made mutations are random (in that they can affect any gene), so breeders
must evaluate the progeny so that they can discard individuals that have
undesirable or even harmful traits and select individuals that have improved
characteristics to develop further.

Nearly a century after the discoveries by Darwin and Mendel, Watson
and Crick were awarded the 1962 Nobel prize in medicine for discover-
ing the double-helix structure of DNA (Figure 3-2). Holley, Khorana, and
Nirenberg received the 1968 Nobel prize in physiology or medicine for de-
ciphering the genetic code related to protein synthesis. Three-base sequences
in DNA specify amino acids. These sequences, or “words,” form templates

Honizing radiation was used to produce several varieties of rice, wheat, barley (Hordeum
vulgare), and maize (Roychowdhury and Tah, 2013) and the red-fruited Ruby Sweet and
Rio Star grapefruits (Citrus paradisi) (see http://www.texasweet.com/texas-grapefruits-and-
oranges/texas-grapefruit-history/. Accessed September 18, 2015).
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'
Adenine Thymine
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FIGURE 3-2 Structure of DNA.

SOURCE: Based on illustration by the U.S. National Library of Medicine.

NOTE: DNA is a molecule that consists of a chain of nucleotides, which are com-
posed of sugar, phosphate, and one of four bases per nucleotide: adenine, guanine,
thymine, and cytosine (A, G, T, and C). The backbone of the molecule is a string of
sugar and phosphate. A base—either an A, a G, a T, or a C—sticks out from each of
the sugars. The two strands are held together by weak bonds between the bases: A
binds with T, and G binds with C. Thus, each strand is complementary to the other.

that align amino acids into specific proteins; genes are long “sentences”
of those three-letter “words” (Figure 3-3). In 1973, when Cohen and
colleagues described recombinant-DNA (rDNA) techniques that allowed
scientists to cut gene sequences from the DNA of one organism and splice
them into the DNA of another organism (Cohen et al., 1973), the path was
paved for a new approach to increase genetic diversity for use in breeding
organisms, including crops: genetic engineering.
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The development of GE plants was the product of convergence of sev-
eral discoveries and technological developments. In addition to the develop-
ment of rDNA technologies in the early 1970s, genetic engineering in plants
required the ability to manipulate plant cells via tissue culture effectively
and a fundamental understanding of crown gall disease biology to enable
Agrobacterium-mediated gene transfer to plants.

Tissue culture is a way to maintain, grow, and manipulate cells, tissues,
and organs in vitro. Its use in plants dates at least to 1902 with Haberlandt’s
research in Germany (Haberlandt, 1902). Plant tissue culture was devel-
oped further in numerous laboratories in the first half of the 20th century,
and Murashige and Skoog (1962) published the recipe for what has be-
come the most used tissue-culture medium in plant biotechnology. Even
though the MS (Murashige and Skoog) medium was developed for tobacco
(Nicotiana tabacum), it proved effective for many plant taxa. By the time of
the rDNA revolution in the 1970s, plant biologists were able to manipulate
single cells and tissues of tobacco and other species in culture routinely to
produce whole plants. Those developments led to the possibility of selecting
and regenerating GE plants from GE cells.

Plants regenerated in tissue culture sometimes vary widely in phenotype
(appearance) from the source plant and from each other, and the term so-
maclonal variation was established to refer collectively to such phenotypic
variation (Larkin and Scowcroft, 1981). Early explanations of somaclonal
variation included several types of genetic changes (mutations), but later
evidence also pointed to multiple types of epigenetic changes (Neelakandan
and Wang, 2012). When mutation occurs, it reduces the efficiency of ob-
taining useful GE plants.? Plant biotechnologists manage that situation by
producing a large number of GE parent lines or clones and selecting ones
in which gene expression and phenotype are desirable. In cases in which a
desirable GE line has unwanted mutations, elite germplasm is not amenable
to genetic transformation, or the GE trait is desired in an array of differ-
ent germplasms, the initial GE plant is crossed into plants with the desired
genetic background and the backcrossing process is continued with selec-
tion for the introduced DNA until most or all genetic mutations, epigenetic
changes, or undesired traits have been removed.

The crown gall story also begins in the early 1900s, when a type of plant
tumor was determined to be caused by a specific bacterium, Agrobacterium
tumefaciens. In the 1940s, the discovery that tumor cells retained tumorous
properties in the absence of Agrobacterium led to the idea that the bacterium
could cause a permanent genetic change in plant cells. The mechanism of the
genetic change was elucidated in the 1970s. Agrobacterium transfers DNA

2The rates of mutagenicity vary greatly among plant species and conditions (Jiang et al.,
2011; Stroud et al., 2013).
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from a portion of a large tumor-inducing (Ti) plasmid into plant cells.? The
portion of the Ti plasmid that is transferred is known as the transfer DNA
(T-DNA), and it contains genes that—when expressed in plant cells—cause
tumorous growth. It also contains genes that subvert plant metabolism to
benefit the bacteria. By the late 1970s, pioneering scientists found that they
could remove the genes normally transferred by Agrobacterium that cause
crown gall disease and replace them with genes that they wished to insert
into plants cells, thus establishing the bacterium as a useful vector for plant
genetic engineering. Soon they were genetically engineering plants using
Agrobacterium-mediated transformation of genes cloned into the T-DNA
of the Ti plasmid.

In the early 1980s, it was clear that genetic engineering could have
a considerable impact on plant agriculture. A reader perusing the ex-
pert scientific commentary and review papers of that time, typified by
Barton and Brill (1983) and NRC (1984), would probably conclude that
researchers had an extensive list of traits that might be endowed in crops
by genetic engineering and were optimistic that crop improvements would
ensue rapidly. Barton and Brill predicted that improvements could be made
via genetic engineering to address insect control (with the use of Bacillus
thuringiensis |Bt] genes), herbicide resistance for weed control, and resis-
tance to drought and other stresses. The final sentence in their article sums
up the optimism of the era: “The future of plant genetic engineering will
be exciting, as much because of the applications we cannot yet predict as
because of those already expected.”

Throughout the 1980s, academic laboratories and companies set out
to produce plants that could be released as commercial products. The
United States approved the first GE crops for release into the environ-
ment in 1985.% By 1988, the company Calgene had received approval
from the U.S. government to field test what would eventually be known
as the FLAVR SAVR™ tomato, a GE tomato that had a trait for delayed
ripening. That tomato would later be the first GE crop grown for com-
mercial sale after the 1994 growing season. In 1989, Monsanto Company
received permits to field test soybean (Glycine max) that was resistant to
the herbicide glyphosate and that was first sold commercially in the United
States in 1996.°

3A plasmid is a genetic structure in a bacterial cell that is physically separated from chro-
mosomal DNA and can replicate independently.

#The first release-into-the-environment permit (found in the U.S. Department of Agriculture
database hosted at www.isb.vt.edu) was granted to the company Agracetus and included GE
maize, cotton, potato, soybean, tobacco, and tomato for a trait that was undisclosed because
of confidential business information.

SGlyphosate is sold by Monsanto under the trademarked name Roundup. Soybean with
the GE glyphosate-resistant trait sold by Monsanto is known as Roundup Ready soybean.
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GE crop development from the 1980s to 2015 relied predominantly
on the three key technologies discussed above: recombinant DNA, tissue
culture, and Agrobacterium-mediated cell transformation. Another impor-
tant tool, microprojectile bombardment, emerged in the latter half of the
1980s. Also known as biolistics or the gene-gun method, it was developed
at least in part to increase the number of plant taxa that could be geneti-
cally engineered (Klein et al., 1987). The gene gun was invented by Sanford
and colleagues at Cornell University. Various devices were engineered to
accelerate micrometer-sized gold or tungsten particles, which were coated
with DNA, to pierce plant cells for transformation. The biolistics device
that was commercialized for plant transformation uses helium pressure to
accelerate microprojectiles through a vacuum chamber to bombard plant
tissue in Petri plates. Particle bombardment serves as a second reliable
tool for genetic engineering, but many economically important crops that
were thought to be nontransformable by Agrobacterium—such as maize—
were later transformed routinely by using this bacterium (Gelvin, 2003).
Almost all plant taxa (including ferns) have been shown to be amenable to
Agrobacterium-mediated transformation (Muthukumar et al., 2013), al-
though in some species only a few genotypes can be transformed efficiently.

GENETICALLY ENGINEERED CROPS IN
THE EARLY 21ST CENTURY

Genetic engineering is a rapidly evolving technology. In 2015,
Agrobacterium-mediated transformation described in the section above was
being overtaken by new approaches (discussed in Chapter 7). This section
reviews the crops and traits that had been developed and identifies where
they were grown (if they were in commercial production) at the time this
report was written.

Global Distribution of Genetically Engineered Crops

About 12 percent (179.7 million of 1.5 billion hectares) of global crop-
land produced GE crops in 2015 (FAO, 2015; James, 2015). Data for 2015
show that GE varieties were commercially available for nine food crops,
three nonfood crops, and two types of flowers. GE maize and soybean were
the most widely grown GE crops.

Production of GE maize has increased substantially since its first com-
mercial release in 1996, when fewer than 300,000 hectares were planted
(James, 1997). By 2006, 25.2 million hectares were in production world-
wide, and the area more than doubled to 53.7 million hectares by 2015,
representing one-third of all land planted to maize worldwide that year
(James, 2006, 20135).
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GE varieties dominated the soybean market in 2015; they were grown
on about 80 percent of the 118 million hectares of soybean harvested in
that year (James, 2015; USDA, 2016). As with maize, adoption of GE
soybean varieties increased quickly after they were introduced in 1996. In
2001, 33 million hectares were grown globally (James, 2002); by 2015,
over 92 million hectares were planted with GE varieties (James, 2015).

The seven other food crops of which GE varieties were grown in 2015
were apple (Malus domestica), canola (Brassica napus), sugar beet (Beta
vulgaris), papaya (Carica papaya), potato, squash (Cucurbita pepo), and
eggplant (Solanum melongena) (James, 2015). The contribution of GE
varieties to the production of those crops was small, except for canola;
GE varieties of canola constituted 24 percent of the 36 million hectares
planted in 2015 (James, 2015).

With regard to crops that are mostly or entirely grown for nonfood uses,
GE varieties of alfalfa (Medicago sativa), cotton (Gossypium hirsutum), and
poplar (Populus spp.) were grown in 2015. Genetic engineering had also
been used to change the color of carnations (Dianthus caryophyllus) and
roses (Rosa spp.) that were sold commercially (S. Chandler, RMIT Univer-
sity, personal communication, December 7, 2015).

Production of GE crops in 2015 was distributed unevenly around the
world (Figure 3-4). The United States produced 10 crops with GE vari-
eties, followed by Canada with four. GE maize, soybean, and cotton were
grown in many countries, whereas GE varieties of alfalfa, apple, poplar,
potato, squash, and eggplant were grown in just one country each. Over
70 million of the 179.7 million hectares producing GE crops were in the
United States.® GE crops produced in Brazil, Argentina, India, and Canada
accounted for another 91.3 million hectares. The remaining 17.5 million
hectares were spread among 23 countries.

In 2015, an alfalfa variety with reduced lignin was also being readied
for the U.S. market, and Brazil had approved GE common bean (Phaseolus
vulgaris) and GE eucalyptus (Eucalyptus spp.) for commercialization.
GE varieties of rice, wheat, sorghum (Sorghum bicolor), and cassava
(Manihot esculenta) were in various stages of development; the same was
true for banana (Musa spp.), camelina (Camelina sativa), citrus (Citrus
spp.), chickpea (Cicer arietinum), cowpea (Vigna unguiculata), groundnut
(Arachis hypogaea), mustard (Brassica spp.), pigeon pea (Cajanus cajan),
and safflower (Carthamus tinctorius) (James, 2014). A blight-resistant
American chestnut (Castanea dentata) was also in progress. Many of those
crops and traits are further discussed in Chapter 8.

6Seventy million hectares is roughly half of all U.S. cropland. Thus, about 50 percent of
cropland in the United States was producing GE crops when the committee was writing its
report (Fernandez-Cornejo et al., 2014).
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Genetically Engineered Traits in Commercially Produced Crops

As shown in Figure 3-4, 14 GE crops were in commercial production
in 2015. However, GE crops can have one or more GE traits. For example,
some varieties of soybean in the United States have been engineered to with-
stand one or more herbicides, whereas other varieties have been altered to
produce more oleic oil (Table 3-1). GE maize varieties in the United States
may be engineered to resist one or more herbicides and also contain several
insecticidal proteins targeted at different species of insect pests (Box 3-1).
Some maize varieties include a trait to enhance drought tolerance. Some
crops are engineered to resist viruses, and others to delay ripening. Thus,
describing a crop as “GE” is not informative about the purpose of the
genetic alteration to the plant. This section reviews the commercialized GE
traits in crops produced in 20135.

Herbicide Resistance

A herbicide-resistant (HR) trait allows a GE crop to survive application
of a herbicide that would otherwise damage or kill a susceptible plant. In
2015, HR traits had been developed for nine different herbicides: eight HR
traits for soybeans, six for cotton, five for maize, two for canola, two for
sugar beet, and one for alfalfa (Table 3-1), but not all trait—crop combina-
tions were in commercial production. For example, glufosinate-resistant
sugar beet had been developed but was not commercially produced when
the committee was writing its report. Some crop varieties that had stacked
traits for resistance to two herbicides (for example, glyphosate and 2,4-D
or glyphosate and dicamba) were in commercial development in 2015.
However, in 1996-2015, most HR crops were engineered for resistance to
only one herbicide, and the most common herbicide-HR crop combination
used during that time was glyphosate with a glyphosate-resistant crop. First
introduced in soybean in 1996, glyphosate resistance was also available in
alfalfa, canola, cotton, maize, and sugar beet by 2015.

Insect Resistance

An insect-resistant (IR) trait incorporates insecticidal properties into a
plant itself. A major example of GE insect resistance is the transfer of a gene
coding for a crystalline (Cry) protein from the soil bacterium Bt to the plant
(these Cry proteins are also called Bt toxins). The transferred protein is
toxic to the target insect when the insect feeds on the plant. There are many
kinds of Cry proteins that control various insect pests—primarily moths,
beetles, and flies (Hofte and Whiteley, 1989)—and the different kinds can
be stacked to protect a plant from more than one insect pest. At the time
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TABLE 3-1 Genetically Engineered Traits Deregulated and Approved for

Field Release in the United States as of 2015

Crop Scientific Year
Crop Name Trait Approved  Developer
Alfalfa Medicago sativa Glyphosate HR#? 2005 Monsanto &
Forage Genetics
Reduced Lignin 2014 Monsanto &
Forage Genetics
Apple Malus domestica Nonbrowning 2015 Okanagan Specialty
Fruits
Canola Brassica napus/ Qil Profile Altered® 1994 Calgene
Brassica rapa Glufosinate HR 1998 AgrEvo
Glyphosate HR 1999 Monsanto
Cichory Cichorium Male Sterility® 1997 Bejo
intybus
Cotton Gossypium Bromoxynil HR¢ 1994 Calgene
hirsutum Bt IR4 1995 Monsanto
Glyphosate HR 1995 Monsanto
Sulfonylurea HR 1996 DuPont
Glufosinate HR 2003 Aventis
Dicamba HR 2015 Monsanto
2,4-D HR 2015 Dow
Flax Linum Tolerant to Soil 1999 University of
usitatissimum Residues of Saskatchewan
Sulfonylurea
Herbicide®
Maize Zea mays Glufosinate HR 1995 AgrEvo
Bt IR 1995 Ciba Seeds
Male Sterility® 1996 Plant Genetic
Systems
Glyphosate HR 1997 Monsanto
Increased Lysine® 2006 Monsanto
Imidazolinone HR¢ 2009 Pioneer
Alpha-Amylase 2011 Syngenta
Drought Tolerance 2011 Monsanto
ACCase® HR 2014 Dow
2,4-D HR 2014 Dow
Increased Ear 2015 Monsanto
Biomass
Papaya Carica papaya Ring Spot Virus VR/ 1996 Cornell University,

University of
Hawaii, USDA
Agricultural
Research Service

continued
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TABLE 3-1 Continued

GENETICALLY ENGINEERED CROPS

Crop

Crop Scientific
Name

Trait

Year

Approved Developer

Plum

Potato

Rice

Rose

Squash

Soybean

Sugar beet

Tobacco

Prunus domestica

Solanum
tuberosum

Oryza sativa

Rosa spp.

Cucurbita pepo

Glycine max

Beta vulgaris

Nicotiana
tabacum

Plum Pox VR¢

Bt IR¢

Potato Leafroll VR¢
Potato Virus Y VR¢
Low Acrylamide

Nonbrowning

Resistance to Late
Blight Pathogen

Glufosinate HR

Altered Flower
Color

Zucchini Yellow VR

Watermelon Mosaic
VR

Cucumber Mosaic
VR

Glyphosate HR
Glufosinate HR
High Oleic Oil
Acetolactate
Synthase HR¢
Bt IR¢
Improved Fatty Acid
Profilec
Stearidonic Acid
Produced®
Isoxaflutole HR¢

Increased Yield®
Imidazolinone HR
2,4-D HR

HPPD#$ HR¢
Dicamba HR

Glufosinate HR¢
Glyphosate HR

Reduced nicotine®

2007

1995
1998
1999
2014

2014

2015

1999
2011

1994
1994

1996

1994
1996
1997
2008

2011
2011

2012

2013

2013
2014
2014
2014
2015

1998
1998

2002

USDA Agricultural
Research Service

Monsanto
Monsanto
Monsanto
Simplot Plant
Sciences
Simplot Plant
Sciences
Simplot Plant
Sciences

AgrEvo

Florigene

Upjohn
Upjohn

Asgrow

Monsanto
AgrEvo
DuPont
Pioneer

Monsanto
Monsanto

Monsanto

Bayer and M.S.
Technologies

Monsanto

BASF

Dow

Bayer/Syngenta

Monsanto

AgrEvo
Novartis &
Monsanto

Vector
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TABLE 3-1 Continued

Crop Scientific Year
Crop Name Trait Approved Developer
Tomato Solanum Fruit Ripening 1992 Calgene
lycopersicum Altered®
Fruit 1995 Zeneca & Petoseed
Polygalacturonase
Level Decreased®
Bt IR¢ 1998 Monsanto

NOTE: The table identifies the first time a trait was deregulated for a specific crop in the
United States. Some deregulated trait—crop combinations have never been used in commercial
production.

9HR = herbicide resistance.

b Returned to regulated status in 2007; returned to deregulated status in 2011.

¢ Trait—crop combination not in production in 2015.

41R = insect resistance (different Bacillus thuringienis Cry genes inserted to encode proteins
that kill specific species).

¢ Acetyl CoA Carboxylase inhibitor herbicide.

f'VR = virus resistance.

¢ 4-Hydroxyphenylpyruvate dioxygenase inhibitor herbicide.
DATA SOURCE: USDA-APHIS Petitions for Determination of Nonregulated Status. Available
at http://www.aphis.usda.gov/biotechnology/petitions_table_pending.shtml. Accessed Decem-
ber 20, 2015.

BOX 3-1
Stacked Traits

An organism can contain more than one GE trait. Introducing more than one
GE trait is called stacking. The genetic material introduced comes from different
sources or the GE traits differ or both. The GE traits can be in the same site in
the genome or in different sites. Trait stacking does not include situations in which
one of only two GE insertions into a plant consists of a selectable marker gene
unless the marker gene affects the properties of the plant. Stacking of GE traits
can be achieved either through genetic engineering or by conventional crossing
of two plants, each of which has at least one GE trait.
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of writing this report, Bt toxins were the only form of GE insect resistance
that had been commercialized. In 20135, IR varieties of cotton, eggplant,
maize, poplar, and soybean were in commercial production.

Virus Resistance

Virus resistance prevents a plant from being susceptible to specific viral
diseases. In the virus-resistant (VR) crops engineered as of 20135, the coat-
protein gene from the targeted virus (or viruses if protection from more
than one is sought) is transferred into the crop. The transgene prevents the
virus from replicating successfully in the host plant. Commercially grown
VR varieties of papaya were developed by Cornell University, the University
of Hawaii, and the Agricultural Research Service of the U.S. Department
of Agriculture and were first introduced in the state of Hawaii in 1998.
VR squash production began in the United States in the late 1990s. China
approved commercial production of VR sweet pepper (Capsicum annuum)
in 1998, but there was no commercial production of the crop at the time
this report was written.

Other Traits in Commercial Production

HR, IR, and VR traits have been in continuous production since the
late 1990s. Most of the GE crops in production in 2015 had resistance to
one herbicide, contain one or more IR traits, or had both HR and IR traits.
However, more GE traits are being introduced each year, and many are
unrelated to prevention of damage from insects or to reducing competition
with weeds.

In soybean, efforts have been made to increase oxidative stability of
the oil to avoid trans-fats generated through the hydrogenation process
and to enhance omega-3 fatty acid content of the oil for use in both food
and feed. Oils with a high percentage of oleic acid (around 80 percent)
require less processing and offer a route to decreasing the concentrations
of trans-fats in food products. Genetic engineering has been used to cre-
ate high-oleic acid soybean through gene silencing (Buhr et al., 2002).
In 2015, high-oleic acid soybean was commercially available in North
America and was produced on a small number of hectares in the United
States for specialty-product contracts (C. Hazel, DuPont Pioneer, personal
communication, December 14, 2015).

In maize, GE traits have been developed for drought tolerance and
increased alpha-amylase content. The drought-tolerant maize variety
developed by Monsanto, DroughtGard™, expresses a gene that encodes
cold-shock protein B (cspB) from Bacillus subtilis; under some drought con-
ditions, cspB expression results in higher yield than that of non-GE controls

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23395

Genetically Engineered Crops: Experiences and Prospects

GENETICALLY ENGINEERED CROPS THROUGH 2015 81

(Castiglioni et al., 2008). By introducing the alpha-amylase enzyme into
the maize endosperm through genetic engineering, the company Syngenta
created a maize variety in which the grain is better suited as a feedstock for
ethanol production than varieties that lack the enzyme.

In 2015, nonbrowning varieties of apple and potato were sold commer-
cially. Genetic engineering was used to silence the expression of enzymes in
the polyphenol oxidase family that cause browning of the crops’ flesh after
cuts or bruises. The nonbrowning trait was expected to reduce waste in
apples and potatoes and to reduce the use of chemical antibrowning agents
on cut apples. Six hectares of nonbrowning apple were planted in 2015,
with an expected harvest date of September 2016 (N. Carter, Okanagan
Specialty Fruits, personal communication, April 13, 2016).

In the GE nonbrowning potato, the gene that controls asparagine
synthase production was also silenced to reduce the production of aspar-
agine because, when potatoes are fried or baked at high temperature,
asparagine breakdown results in the production of acrylamide, a potential
carcinogen (Zyzak et al., 2003). Nine hundred thirty hectares of potato
with GE traits for nonbrowning and low acrylamide were commercially
grown in the United States in 2015 (C. Richael, Simplot Plant Sciences,
personal communication, April 13, 2016).

Florigene, an Australian company, used genetic engineering to produce
blue carnations and roses. The carnations are grown in Colombia, Ecuador,
and Australia and shipped as cut flowers to Canada, the United States, the
European Union, Japan, Australia, Russia, and the United Arab Emirates.
GE roses have been grown and commercially sold in Japan (S. Chandler,
RMIT University, personal communication, December 7, 2015).”

China has commercialized tomato with a GE trait for delayed ripen-
ing. However, that crop was not being produced when the committee was
writing its report.

Genetically Engineered Traits Nearing Market Release

At the time of the report’s writing, several GE traits aimed at crop
quality were ready to begin commercial production. GE pest-resistant vari-
eties for some crops that had not previously had GE traits were also in
development.

Simplot Plant Sciences, the company that developed the potato with
GE traits for nonbrowning and low acrylamide, was in the process of com-
mercializing a second GE potato variety as this report was being written.
The second variety was engineered to resist the pathogen responsible for

7See also Florigene Flowers: Products. Available at http://www.florigene.com/product/.
Accessed December 15, 2015.
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late blight—the disease best known as a proximate cause of the Irish potato
famine of the 1840s—in addition to the nonbrowning and low-asparagine
traits.®

Brazil approved a variety of eucalyptus that was genetically engineered
for higher yields in 2015. The yield enhancement was gained through
the introduction of an endoglucanase gene from the small annual plant
Arabidopsis thaliana (FuturaGene, 2015). Eucalyptus is grown primarily
as a source of cellulose for such products as paper, and expression of the
endoglucanase gene causes more cellulose to be deposited in cell walls.

Alfalfa engineered to contain lower concentrations of lignin in second-
ary cell walls, a trait that makes the alfalfa easier for cows to digest, was
also near commercialization in late 2015. The reduction was achieved
through the partial silencing of the gene that encodes an enzyme involved
in the synthesis of the monolignol building blocks of lignin. The new GE
trait will be available alone or as a stack with glyphosate resistance.

Pest resistance has been engineered into common bean and plum vari-
eties. Brazil’s government-owned research corporation, EMBRAPA, devel-
oped a GE virus-resistant bean (Faria et al., 2014) that attained approval
for commercial production in 2014. Over the course of 24 years, a working
group of European and U.S. scientists developed a plum (Prunus domestica)
that was resistant to the plum pox virus (PPV), a serious pathogen that
threatens stone fruits including plums, peaches (Prunus persica), and apri-
cots (Prunus armeniaca) worldwide. Resistance to PPV uses co-suppression
and RNA silencing (discussed more in Chapter 7). In 2015, PPV was not
present in the United States, but the researchers had gained U.S. approval
for the commercial production of GE plums, so they can be grown if the
virus becomes a threat. Resistance had also been hybridized into many plum
varieties grown in the United States to prevent plum production from being
devastated if PPV emerges. VR plum has been field tested in Europe since
the late 1990s. Scorza (2014) reported that European researchers were in-
terested in submitting a request to the European Food Safety Authority for
approval of GE plum because PPV is a major problem in Europe.

Genetically Engineered Traits or Crops That Have Been
Discontinued or Were Never Commercialized

Many GE traits have been developed and never commercialized; others
have been inserted into crops whose GE lines were never commercialized or
were withdrawn from production after an initial period of commercializa-
tion. It is impossible to list every GE trait that has been developed because
the traits become known only when a research entity brings a crop with a

8More details on gene silencing and the GE potato are presented in Chapter 8.
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GE trait to government regulatory authorities for approval. In this section,
the committee reviews examples of GE traits and crops that were close to
commercialization but were never sold or that were withdrawn from the
market. Reasons have included business decisions based on nonprofitability
or market failure, consumer nonpreference or social perceptions, and failure
to comply with regulatory procedures.

The first commercial GE crop, the FLAVR SAVR tomato, which had
delayed ripening that resulted in a longer shelf life, was originally intended
for processing; however, having initially expressed interest, Campbell Soup
Company decided not to use the GE tomato in its products after some
members of the public expressed opposition (Vogt and Parish, 2001). The
FLAVR SAVR tomato was instead planted for fresh market in 1994-1997
before being withdrawn from the market as unprofitable because it did not
taste better and was more expensive than other tomatoes in the same market
space (Bruening and Lyons, 2000; Martineau, 2001; Vogt and Parish, 2001).

Also in the mid-1990s, the company Zeneca marketed a GE tomato
that had lower water content for use as tomato paste. The product was
labeled as genetically modified. In 1996, the Safeway and Sainsbury grocery
chains sold GE tomato paste under their labels in the United Kingdom.
However, it was removed from the market in 1999 after sales declined
following news-media reports of “biological effects . . . attributed to the
process of genetic engineering” (Bruening and Lyons, 2000).

GE potatoes with IR and VR traits constitute an example of a GE crop
that was withdrawn from commercial production because of governance
decisions made by food retailers in the private sector and competition from
other pest-control products. In 1995, Monsanto received U.S. government
approval for a potato with the Cry3A (Bt) gene for the control of Colorado
potato beetle (Leptinotarsa decemlineata), and 600 hectares of the IR pota-
toes were planted. GE potato resistant to potato leaf roll virus (Polerovirus
spp.) was approved in 1998, and a variety resistant to potato virus Y was
approved in 1999. The Bt trait was stacked with either the potato leaf roll
virus trait or the potato virus Y trait. The area of GE potato production
increased from 1995 to 1998 to about 20,000 hectares, or 3.5 percent of
U.S. potato hectares (Hagedorn, 1999). However, the area planted declined
sharply in 2000; the decline has been attributed to lack of acceptance by
some consumers (Guenthner, 2002). In 2000, a large fast-food chain an-
nounced it would no longer purchase GE potatoes. The potato industry
was not capable of segregating and testing to provide non-GE potatoes to
customers (Thornton, 2003), and growers were concerned about growing
a crop that their buyers would not purchase. In addition, many farmers
adopted a newly introduced insecticide that controlled Colorado potato
beetle and other pests rather than plant the GE variety (Nesbitt, 2005). In
2001, Monsanto closed its potato division.
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Monsanto developed wheat that was resistant to glyphosate in the
mid-1990s and had plans to commercialize it. However, because of lack
of support from the wheat industry, the company did not take the GE
wheat variety through the approval process necessary for commercializa-
tion (Stokstad, 2004). Some growers were concerned that GE wheat would
be rejected by foreign markets.

The company ProdiGene was interested in using genetic engineering
to produce pharmaceutical or industrial products in GE plant systems.
However, it failed to comply with U.S. regulatory procedures. Not only
did its product never come to market, but the company was fined for its
violations (Box 3-2).

BOX 3-2
The ProdiGene Incident:
Noncompliance with Regulatory Processes

The production of plant-based pharmaceutical or industrial proteins has two
main components: the GE crop and the bioprocess to achieve the final product.
ProdiGene was a private biotechnology company based in College Station, Texas,
that focused on the use of GE plants to produce proteins, enzymes, and molecules
for pharmaceutical and industrial applications. In 1997, ProdiGene began field trials
for GE maize plants in Nebraska, Texas, and lowa. The company’s largest trial was
conducted in 2001 to produce a combination of proteins in about 22 hectares of
maize.?

In mid-2002, the company entered into an agreement with Sigma-Aldrich
Fine Chemicals to manufacture recombinant trypsin using ProdiGene’s GE plant
system. The GE maize expressed trypsin genes from domestic cow in the grain
(USDA-APHIS, 2004). The process promised to be scalable and profitable for
both sides because of a high demand for animal-free products; traditional com-
mercial production of trypsin involves animal systems (Wood, 2002). However,
during field trials of commercial production of recombinant proteins in GE maize,
the company was faced with a series of noncompliance events that led to punitive
action.

In September 2002, inspectors from the U.S. Department of Agriculture
(USDA) found volunteer? maize growing in an lowa soybean field that had been
a field-test site for ProdiGene’s GE maize during the previous growing season.
ProdiGene failed to notify USDA, in accordance with permit conditions, about
volunteer maize plants with tassels within 24 hours of their discovery. After the
discovery by the inspectors, ProdiGene destroyed some 61 hectares of maize
seed and plant material within 400 meters of the previous year’s test plot under
the inspectors’ supervision.

In October 2002, USDA inspectors again found volunteer GE maize with tas-
sels from the previous year’s Nebraska test sites growing in a soybean field. The
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Lysine is the limiting essential amino acid in most cereal-based diets, so
high lysine in maize is a trait of interest. Maize-based diets are particularly
deficient in lysine because the storage protein in maize, zein, is very low
in lysine. Expression of a bacterial feedback-insensitive enzyme (dihydro-
dipicolinate synthase) that increases lysine synthesis was used to make a
GE high-lysine maize (Lucas et al., 2007), but Monsanto decided not to
commercialize the product.

The evolving story of Bf eggplant in India, Bangladesh, and the
Philippines illustrates complex interplays of social and legal aspects that
could lead to different outcomes among these countries, all of which had
previously agreed that Bt eggplant was a high-priority product for them

company was ordered to remove all the volunteer maize to prevent its harvesting
with the soybeans. However, the company failed to remove the volunteer maize,
and about 500 bushels of soybean were harvested and sent to a grain elevator,
where they were mixed with another 500,000 bushels of soybean. At that point,
all soybean movement at the elevator was stopped, and USDA destroyed all the
soybeans.

After an investigation by USDA’s Investigative and Enforcement Services and
a formal administrative proceeding, ProdiGene was issued a $250,000 penalty. In
an additional consent decision, ProdiGene agreed to reimburse USDA for the cost
of buying, moving, and incinerating the soybeans and to post a $1 million bond to
demonstrate financial responsibility for any future violations. USDA provided an
interest-free loan to ProdiGene for the full $3.75 million penalty and clean-up cost.
When International Oilseed Distributors, Inc. bought ProdiGene in August 2003, it
assumed the unpaid portions of the USDA loan.

In 2004, a USDA inspector found volunteer maize in baled oats that had been
grown in the fallow zone alongside a ProdiGene test field that contained a maize
variety engineered to produce pharmaceutical or industrial compounds. The baled
oats were to be used as on-farm animal feed. The inspector found volunteer maize
growing and flowering in the fallow zone surrounding the test field and in a nearby
sorghum (Sorghum bicolor) field planted within a 1.6-km isolation distance. As part
of its remedial action, ProdiGene destroyed all volunteer maize in the isolation
zone and plowed under the sorghum field under USDA supervision; all suspect
oat bales were quarantined and later destroyed.

In a July 26, 2007, settlement with USDA, ProdiGene, Inc. paid a $3,500 civil
penalty and agreed that neither it nor “its successors in interest” would ever again
apply to USDA for a natification or permit to introduce GE products.

4Information Systems for Biotechnology. Available at http://www.isb.vt.edu/search-release-
data.aspx. Accessed September 25, 2015.

bA volunteer is a plant that was planted in the previous season but that sprouts and grows
in the next season. It is particularly noticeable when the field has changed crops between
seasons, such as from maize to soybean.
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(Box 3-3). The case of glyphosate-resistant alfalfa, which was on the market
in 2015, demonstrates the influence of legal actions on the commercial status
of GE crops in the United States (Box 3-4).

EVOLUTION OF REGULATORY POLICIES FOR
GENETICALLY ENGINEERED CROPS AND FOODS

The section “Governance of Genetically Engineered Crops” in Chap-
ter 2 and the section above contain many references to regulatory oversight

BOX 3-3
The Unfolding Story of Bt Eggplant in
Bangladesh, India, and the Philippines

Eggplant is an economically and nutritionally important crop in South Asia
and Southeast Asia, where it is widely cultivated and consumed. Eggplant is
susceptible to the eggplant fruit and shoot borer (Leucinodes orbonalis; EFSB). A
priority-setting exercise conducted in India, Bangladesh, and the Philippines with
local stakeholders in the public and private sectors identified Bt eggplant with re-
sistance to EFSB as a high-priority product (Gregory et al., 2008). Varieties of Bt
eggplant were later produced through a public—private partnership that included
several different entities and were submitted for regulatory approval in the three
countries. At the time of writing this report, commercial release had taken place in
Bangladesh but not in India or the Philippines. Approval of Bt eggplant was pend-
ing in India in 2009 but was halted in early 2010 when the minister of environ-
ment and forests responded to allegations by some members of the public that
there was insulfficient data to confirm that the crop was safe to eat. The minister
declared a moratorium on the commercial release of Bt eggplant (Jayaraman,
2010). Field trials were reinitiated in 2014 under the impetus of a new Indian
government, but according to local media reporting, Greenpeace and others
filed a plea to the Indian Supreme Court for the trials to be banned (Chauhan,
2014). Bt eggplant trials were going on in the Philippines in September 2013,
when a Philippine court ordered that they be stopped because of concerns that
GE crops posed risks to human health and the environment after a campaign
led by Greenpeace (Laursen, 2013). In April 2014, a group of farmers asked the
Philippine Supreme Court to reverse the ruling; in September 2014, the Supreme
Court allowed the Biotechnology Coalition of the Philippines to become involved
in the case. The Supreme Court affirmed the lower court’s ruling to permanently
ban field trials for Bt eggplant on December 8, 2015 (InterAksyon.com, 2015). In
October 2013, after 7 years of field and greenhouse trials, Bangladesh approved
the release of Bt eggplant for seed production and commercialization; planting
started in early 2014 (the wet season) (Choudhary et al., 2014). In the wet and
dry seasons of 2014, 12 hectares total of Bt eggplant were planted in Bangladesh
(James, 2014). In 2015, 25 hectares were planted (James, 2015).
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BOX 3-4
The On, Off, and On Again Case of
Genetically Engineered Alfalfa

The experience of glyphosate-resistant alfalfa in the United States is an inter-
esting example of the capacity for fluidity in the commercial status of GE crops.
Glyphosate-resistant alfalfa was planted commercially in June 2005 after USDA
completed an environmental assessment (EA) with a finding of no significant
impact on the environment (USDA-APHIS, 2005). In 2006, a lawsuit was filed by
the Center for Food Safety and others in the U.S. district court for the northern
district of California on the basis that USDA had not completed an environmental
impact statement (EIS). The plaintiffs claimed that there would be adverse effects
on farmers who wished to grow non-GE alfalfa due to gene flow (and thus loss
of seed purity), increased evolution of glyphosate-resistant weeds, and increased
glyphosate use. In February 2007, the judge ruled that the EA was inadequate
and ordered USDA to prepare an EIS (Geertson Farms v. Johanns, 2007). The
80,000 hectares of glyphosate-resistant alfalfa already planted along with fields
planted by March 30, 2007, were allowed to remain in production. The crop could
be harvested and sold, but the court ordered that stewardship plans be followed
to ensure that cross-contamination with non-GE alfalfa would be minimized. How-
ever, no seed of glyphosate-resistant alfalfa could be sold after March 12, 2007.
On March 23, 2007, USDA published a notice of the return of glyphosate-resistant
alfalfa to regulated status (USDA-APHIS, 2007). USDA completed the EIS in
2010 and returned glyphosate-resistant alfalfa to deregulated status in January
2011; this meant that it could again be sold commercially (USDA-APHIS, 2011).

or approval granted by governments for GE crops and food derived from GE
crops. Why did governments decide to regulate these products and how are
regulations structured? In the section below, the committee provides a brief
history of why government regulations emerged for GE crops and the dif-
ferent ways in which governments have approached regulation of GE crops.

Policy Responses Due to Scientific and Public Concerns

As alluded to in Chapter 1, concerns about potential biosafety risks
posed by genetic engineering surfaced in the scientific community almost
immediately after the publication of the Cohen et al. (1973) article that
described rDNA technology. Scientists attending the Gordon Conference
on Nucleic Acids in 1973 called for the National Academy of Sciences to
convene a study panel to develop guidelines for safe research on recom-
binant molecules (Singer and Soll, 1973). The 1974 report issued by the
Committee on Recombinant DNA Molecules recommended that scientists
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voluntarily defer conducting higher-risk research in view of the uncertain-
ties about potential biosafety risks, pending the development of biosafety
guidelines (Berg et al., 1974). That committee was concerned particularly
about the potential for rDNA-modified Escherichia coli bacteria to be acci-
dentally disseminated to laboratory workers or the broader human, animal,
plant, and bacterial populations with “unpredictable effects.” The report
also recommended that the National Institutes of Health (NIH) establish an
advisory committee on biosafety guidelines for rDNA research and called
for an international scientific conference to address the “appropriate ways
to deal with the potential biohazards of recombinant DNA molecules”
(Berg et al., 1974). The International Conference on Recombinant DNA
Molecules was convened in February 1975 at the Asilomar Conference
Center in California. The attendees developed biosafety principles that
provided guidance for safe research practices with rDNA molecules in light
of risks posed by the research and that allowed for the end of the voluntary
research moratorium (Berg et al., 1975).

NIH was also responsive to the earlier recommendations and estab-
lished the Recombinant DNA Molecular Advisory Committee (later re-
named the Recombinant DNA Advisory Committee) in October 1974.
Immediately after the Asilomar conference, the NIH advisory committee
met to develop research guidelines, which were issued in June 1976 as
Guidelines for Research Involving Recombinant DNA Molecules (NIH,
1976). The early NIH guidelines succeeded in allowing laboratory research
on rDNA molecules to proceed safely. The guidelines have been modified
numerous times but remain in effect as of May 2016 and focus on physical
and biological containment for research based on the perceived biosafety
or environmental risks of the research.

However, as research continued in the 1970s and 1980s, a number of
scientists and civil society groups concerned about the potential biosafety
risks associated with rDNA and about broader social and ethical issues re-
garding the application of the technology began to publicize their criticisms
and organize opposition in the United States. As chronicled by Schurman
and Munro (2010), concerns initially gained traction in a loose network of
critics, including consumer, environmental, and social-justice organizations
as well as groups involved in international development projects and large-
scale industrialized agriculture.

Several events in the 1980s led to broader and more organized opposi-
tion. In 1980, the U.S. Supreme Court decided the case of Diamond v.
Chakrabarty, upholding the patentability of living, human-made organisms.
The ruling fueled concerns about the ethical implications of patenting life
and the privatization of germplasm in seeds that had been traditionally
viewed as a “commons” shared by all (Jasanoff, 2005). In 1983, NIH
approved the first environmental release of a GE bacterium, which had
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been engineered to increase the resistance of crops to frost. The decision
sparked opposition from environmental and other citizen groups and gen-
erated news-media attention. Concerned groups successfully challenged
NIH’s approval (Foundation on Economic Trends v. Heckler, 1985). In the
mid-1980s, the development of a synthetic version of bovine somatotropin
derived from GE bacteria, to be administered to cows to increase milk
production, also generated opposition from a diverse coalition, including
small dairy farmers and animal-welfare groups.

As time went by, European civil society groups—including farmer
organizations and groups concerned with food safety, animal welfare, and
the environment—amplified concerns about genetic engineering in agricul-
ture (Schurman and Munro, 2010). Public concerns about the safety of the
food supply were heightened in Europe by a series of food scares in the
mid-1990s, including a major outbreak of mad cow disease.

In response to the uncertainty about how this new technology would
function in the environment and to public concerns, some governments devel-
oped regulatory approaches to GE crops and to food derived from GE crops.
Governments adopted different regulatory responses that depended in part on
public opinion and on support and opposition by important constituencies.

Different Policy Approaches to Genetically Engineered Crops and Food

The differences in regulatory approaches among countries are discussed
in Chapter 9. This section notes some salient points to provide context for
later chapters.

Governmental regulatory approaches of GE crops vary in several
key dimensions, including the scope of products subject to the regula-
tory schemes. Countries have differing statutory frameworks for making
decisions that reflect the cultural traditions and risk tolerances of their
citizens. Decision-makers consider input from diverse groups, which may
include environmental and food-safety organizations, organic-crop farmers,
large-scale farmers, animal producers, consumers, multinational agricul-
tural companies, and many entities that are involved in the complex global
food-production and food-distribution chain. As a result, it is not surprising
that countries’ regulatory policy choices reflect different policy tradeoffs.
(Chapter 9 provides a more detailed comparison of the regulatory systems
of the United States, Canada, Brazil and the European Union.)

The scope of regulations differs among countries. Some decide the regu-
latory status of each product based on the process used to develop the prod-
uct, that is, the regulations apply to crops made with genetic-engineering
techniques but not to crops bred or produced by conventional breeding.
Others focus on the potential risks associated with final products, not the
process by which they are made.
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Regulatory schemes also differ among countries in how the respon-
sibilities for risk assessment and risk management are allocated. In some
countries, the same agency is responsible both for conducting the risk as-
sessment of a regulated product and for making the final approval decision
on the basis of meeting a safety standard. The U.S. regulatory system is
organized along those lines (Box 3-5). Other governments have separated
risk assessment, which is the task of a scientific or technical body, from the
final approval decision, which is given to a different government agency
that can consider issues that go beyond safety concerns.

BOX 3-5
U.S. Regulatory Framework for Genetically Engineered Crops

The Coordinated Framework for the Regulation of Biotechnology was estab-
lished in 1986 and describes the U.S. regulatory policy for ensuring the safety
of biotechnology products, including field trials and cultivation of GE crops and
safety reviews of foods derived from them (OSTP, 1986). Three regulatory agen-
cies have jurisdiction over different aspects of GE crops (Figure 3-5):

e USDA’s Animal and Plant Health Inspection Service (APHIS) regulates GE
plants to control and prevent the spread of plant pests that could damage
crops, plants, or trees.

e The U.S. Environmental Protection Agency (EPA) regulates the safety of pes-
ticides and “plant-incorporated protectants” for the environment and human
health.

e The U.S. Food and Drug Administration (FDA) oversees the safety of food and
feed, including the review of data used to compare GE food with its conven-
tional counterpart (FDA, 1992).

The Coordinated Framework has been regularly updated since 1986, and a
revision was initiated in July 2015 to modernize the regulatory system, including
to “promote public confidence in the oversight of the products of biotechnology
through clear and transparent public engagement” (OSTP, 2015).
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Regulatory approaches can affect how quickly GE crops are adopted
by growers in different countries. Some countries adopted regulatory poli-
cies that allowed relatively quick approval of new GE crop varieties; others
adopted a more cautious regulatory stance and approved relatively few
new GE foods and crops. Some countries adopted regulatory systems fairly
quickly; others still have not, which effectively has resulted in a ban on the
import or cultivation of GE foods and crops. One author categorized first-
generation regulatory systems for GE crops into four models according to
their overall orientation to biotechnology (Paarlberg, 2000). Frameworks

U.S. Department of .
Agriculture—Animal and 2?;%’:;;2
Plant Health Inspection Service

: ; = (
Plants with potential % ¢

plant-pest risks [ 4

USDA, FDA T

U.S. Environmental U.S. Food and Drug
Protection Agency Administration
f Pesticides or Crops used for
‘ \v ‘\ biopesticides food and feed
o)
ol /
Bt Maize Resistant USDA, EPA, and FDA Virus-Resistant
to European Corn Borer Papaya

FIGURE 3-5 U.S. regulatory agencies that have responsibility for genetically
engineered (GE) crops.

SOURCE: Based on Turner (2014).

NOTE: Depending on the GE trait in question, evaluation by one or all three of the
agencies within the Coordinated Framework may be required before commercial
release of a GE crop. For example, GE virus-resistant papaya went through the
regulatory process of all three agencies. The use of Agrobacterium tumefaciens
to transfer virus resistance was classified as use of a plant pest by APHIS, EPA
classified virus resistance as conferring pesticidal quality, and consultation was
completed with FDA because the papaya was intended for human consumption.
In contrast, GE nonbrowning apple required evaluation by only two agencies
because A. tumefaciens was used (APHIS) and food-safety assessments were re-
quired (FDA). Evaluation by EPA was not required because the gene responsible
for the nonbrowning trait was not classified as a plant-incorporated protectant.
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that encouraged the development of GE crops were deemed promotional,
policies that were neutral—neither encouraging nor discouraging GE
crops—were termed permissive; precautionary policies tended to slow the
adoption of GE crops and foods; and preventive policies were intended to
block the technology. Precautionary policies are discussed further in Chap-
ter 9 (see Box 9-2).

CONCLUSIONS

The introgression of GE traits into crops was preceded by millennia of
trait introductions into domesticated crops through selection and by rapid
advances in plant breeding in the 20th century. The deciphering of the ge-
netic code in the mid-20th century, plant-breeding tools (including tissue
culture), and the discovery of the properties of Agrobacterium tumefaciens
made recombinant-DNA technology in plants possible. GE traits were pres-
ent in 14 crops in 2015. GE varieties dominated the planted area of soybean
and cotton and were planted on one-third of maize hectares and one-fourth
of canola hectares in the world in 2015. However, GE varieties had not
been developed for most crops, and GE crops were grown on 12 percent
of the world’s cropland.

Several GE traits had been developed, but few of these were available
in commercial crop varieties in 2015. Most commercially available traits in
the first 20 years of GE crops were aimed at providing herbicide resistance
to the crop or protecting the crop from insect damage. A few crops that had
been genetically engineered to be resistant to viruses or to not turn brown
when cut were also commercially available. Other types of traits, such as
those conferring improved nutritional qualities or better composition for
ethanol feedstock, were in commercial production, and a wider variety of
traits were being readied for market release.

Approval by regulatory agencies clearly is instrumental in a GE crop’s
ability to enter the marketplace. The regulatory systems of some govern-
ments are more encouraging to GE-crop commercialization than others.
Regulatory systems reflect different cultural traditions, histories, and risk
tolerances in the constituencies of each country.
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Agronomic and Environmental Effects
of Genetically Engineered Crops

his chapter examines the evidence on agronomic and environmen-
tal effects of currently commercialized genetically engineered (GE)
crops. The analysis in this chapter is retrospective, looking at the
effects that have occurred between the 1990s, when GE crops were first
commercialized, and 2015. Although this chapter mentions general eco-
nomic effects in a few places, full discussion of this topic is in Chapter 6.
As stated in Chapter 3, the United States was the first country to commer-
cialize GE crops. Roughly half of U.S. land in crop production in 2014 was
planted with GE crops—primarily maize (Zea mays), soybean (Glycine max),
and cotton (Gossypium hirsutum)—and this area made up 40 percent of
the world’s production of GE crops (Fernandez-Cornejo et al., 2014; James,
2015). Given its market share, it is not surprising that much of the research
on agronomic and environmental effects of genetic engineering in agriculture
has been conducted in the United States. The committee relied primarily on
that literature for much of its analysis, but it also drew on studies available
from other countries that produce GE crops. Chapter 3 noted that most GE
crops in production from the 1990s to 2015 were engineered with resistance
to herbicides, resistance to insects, or a combination of the two; this review
of agronomic and environmental effects therefore is focused on these traits.!

1The committee recognizes that there are other approaches to managing crop pests besides
GE crops; many of these, including the implementation of production systems the use agro-
ecological principles to reduce the need for pesticides, were addressed in the 2010 National
Research Council report Toward Sustainable Agricultural Systems in the 21st Century (NRC,
2010b). The present committee is aware of the central role that agroecology plays in fostering
resilience in agriculture, but its report focuses specifically on the role and effects of GE crops.
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The chapter begins with an analysis of the interaction between genetic-
engineering technology and crop yield. That is followed by an examina-
tion of the agronomic effects of insect-resistant (IR) crops, specifically in
terms of crop yield, insecticide use, secondary insect-pest populations, and
the evolution of resistance to the GE trait in targeted insect populations.
A similar review is conducted for the effects related to herbicide-resistant
(HR) crops. There is discussion of the effects on crop yield of herbicide and
insect resistance used together. Then the chapter turns to the environmental
effects of IR and HR crops on the farm and beyond, including effects on
biodiversity in plant and animal communities and diversity of crop species
and varieties? planted on farms and potential effects of GE crops on land-
scapes and ecosystems. A GE variety’s characteristics are due to a combina-
tion of the GE trait and the background germplasm into which the trait is
placed. Therefore, the committee has endeavored to be specific about the
effect of the trait itself on the crop’s performance and environmental effects.
Unless otherwise noted, whenever a difference is noted in this chapter it is
statistically significant.

EFFECTS OF GENETIC ENGINEERING ON CROP YIELDS

Over the course of the study, the committee heard from speakers and
received public comments that indicated that GE crops and their accom-
panying technologies were not substantially increasing crop yields; other
comments and speakers endorsed genetic engineering as a contributor to
yield increase, yield stabilization, or both.? Before examining the evidence
available on the effects on crop yields, it is useful to understand the factors
that influence crop yield in general.

Potential versus Actual Yield

The distinction between potential yield and actual yield has been dis-
cussed in an earlier National Research Council report (NRC, 2010a)* and
other studies and reports (Sinclair, 1994; van Ittersum and Rabbinge, 1997;
Gurian-Sherman, 2009; Lobell et al., 2009). Potential yield is the theoreti-
cal yield a crop genotype can achieve without any limitations of water or

2The term wvariety is used throughout this chapter in its most general sense to encompass
varieties, cultivars, and hybrids.

3Some of the comments expressing these views can be found in Appendix F.

4In the 2010 National Research Council report, potential yield was defined as “the yield
that would be realized in the absence of damage caused by pests (i.e., weeds, insects)” (NRC,
2010a:138). That report acknowledged that such weather conditions as wind, rain, drought,
and frost could affect yield. In the present report, the definition of potential yield includes
more detail to capture those limiting factors.
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nutrients and without losses to pests and disease (van Ittersum et al., 2013),
given a specified carbon-dioxide concentration, temperature, and incident
photosynthetically active radiation (Figure 4-1). Limitations of natural
nutrient and water availability cause gaps between the potential yield and
actual yield if nutrient and water supplementation are not possible. Actual
yield may be further curtailed by “reducing factors,” which can be orga-
nized into three main groups:

e Insect pest and diseases, which physically damage crops.

e Weeds, which reduce crop growth by competition for water, light,
and nutrients.

e Toxicities caused by waterlogging, soil acidity, or soil contamination.

Genetic improvement of crops can close the gap between actual yield and
potential yield or it can increase the overall potential yield. Such change
can be accomplished in three ways. First, the potential yield can be in-
creased; for example, the canopy architecture of the plant can be improved

DEFINING FACTORS
CO,

Potential Radiation
Temperature

Crop features

LIMITING FACTORS

Water
Nutrients

Production situation

REDUCING FACTORS
Weeds
Pests
Diseases
Soil toxicity

>

Production level (t/ha)

FIGURE 4-1 Factors that determine crop yield.
SOURCE: Based on van Ittersum et al. (2013).
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to increase the conversion of photosynthetically active radiation through
photosynthesis. Second, limitations of water and nutrient availability can
be ameliorated by enhancing the efficiency with which water and nutrients
are captured and used for crop growth. Third, factors that reduce yield can
be mitigated by protecting the crop from pests, including weeds, insects,
and disease.

In general, all three kinds of improvement can be accomplished through
conventional plant breeding (described in Chapters 2 and 3), genetic engi-
neering, or a combination of the two. For example, conventional plant
breeding in the 1960s and 1970s led to the development of semi-dwarf
wheat (Triticum aestivum) and rice (Oryza sativa), which had greater
potential yields than earlier varieties. Selection and mutagenesis, both
conventional plant-breeding techniques, were used to develop varieties
of maize, canola (Brassica napus), rice, wheat, and sunflower (Helianthus
annuus) that were resistant to imidazolinone herbicides (Tan et al., 2005),
thereby reducing competition between crops and weeds for water, light, and
nutrients when the herbicide was applied.

As of 2015, most GE crops contained traits that were intended to re-
duce crop competition with weeds, prevent damage from insects, or both.
A few commercialized crops were engineered for protection against viruses
and others for environmental (abiotic) stress resistance, but little informa-
tion was available on the effects of these GE traits on yield (Box 4-1). A
2010 National Research Council report on the impacts of GE crops, which
focused on the United States, concluded that “GE traits for pest manage-
ment have an indirect effect on yield by reducing or facilitating the reduction
of crop losses” (NRC, 2010a:138). That is, GE traits for herbicide, insect,
and virus resistance have the potential to close yield gaps, but they do not
increase the potential yield of a crop. That report found that the yields of
HR crops had not increased because of the HR trait and that the yields of IR
crops had increased in areas that suffered substantial damage from insects
that were susceptible to Bt toxins. That report also concluded that effects
of GE crops change with time.

Few crops that target the yield-limiting factors of nutrient and water
availability have been commercialized. A variety of maize with drought
tolerance was commercially available when the committee was writing
its report. Chang et al. (2014) evaluated the potential for eight drought-
tolerant GE maize hybrids to increase grain production in high-water-deficit
environments in South Dakota in 2009 and 2010. They found that the trait
did not significantly affect yield components, distribution of above-ground
to below-ground biomass, or grain yield. Drought-tolerant maize is dis-
cussed further in Chapter 8.

The committee could only find one example of yield enhancement,
that is, an increase in potential yield through genetic engineering. It in-
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BOX 4-1
Yield Effects in Virus-Resistant Crops

Only a few crops have genetically engineered virus-resistant (VR) traits, and
they are not planted on many hectares or widely studied. However, VR papaya
and VR squash are grown commercially, and the committee reviewed the avail-
able literature to assess the effects of the VR trait on crop yield. In theory, if the
resistance trait is successful, it should protect yield when the crop is exposed to
the relevant pathogen.

Papaya ringspot virus arrived in Hawaii’s main papaya production region in 1992
(Manshardt, 2012). In 1992, papaya production in the state was 33,065 kilograms/
hectare (HASS, 1993); in 1998, it was 21,072 kilograms/hectare (HASS, 2000).
Ferreira et al. (2002) reported that fruit production in field trials of VR papaya
planted in 1995 was 3 times greater than the average production in 1988—1992,
before the papaya ringspot virus affected Hawaiian papaya production. VR papaya
was introduced in 1998; as of 2009, it accounted for over 75 percent of papaya
hectares in Hawaii (USDA-NASS, 2009).

The committee could not find recent research on VR squash. The most current
source of information available was Fuchs and Gonsalves (2008), which reported
that VR squash accounted for 12 percent of U.S. squash production and was
grown in New Jersey, Florida, Georgia, South Carolina, and Tennessee.

volved a single-gene approach; a reported 20-percent increase in biomass
yield of eucalyptus (Eucalyptus spp.) trees resulted from the expression of
an endoglucanase gene from the small annual plant Arabidopsis thaliana
(FuturaGene, 2015). Eucalyptus is grown primarily as a source of cellulose
for such products as paper, and expression of the endoglucanase gene causes
more cellulose to be deposited in cell walls of the transgenic plants. Trans-
genic eucalyptus that expresses endoglucanase was approved for cultivation
on tree plantations in Brazil in 2015.

Effects of Genetically Engineered Traits versus
Conventional Plant Breeding on Yield

The committee heard concerns from the public and from researchers
that GE crops commercialized up to 2015 had not contributed to an increase
in yield as much or as effectively as conventional plant breeding had (Cotter,
2014; Goodman, 2014; Gurian-Sherman, 2014; Dever, 2015). It has often
been difficult to separate the effects of GE traits and conventional breeding
on yield over the last two decades because genetic engineering and conven-
tional breeding have been used together in bringing GE traits into commer-
cialization. If more effort is given to the conventional breeding of varieties
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with specific GE traits than of those without them, the greater yield of the
GE varieties could be due largely to the conventional-breeding component.

The committee examined data on farm yields of the major crops in the
United States that have been engineered since the 1990s in a general attempt
to determine whether there is an obvious signature of the genetic-engineering
era. In Figure 4-2, Duke (2015) showed the changes in yield of soybean,
maize, and cotton in the United States from 1980 to 2011 on the basis of data
from National Agricultural Statistics Service (NASS) of the U.S. Department
of Agriculture (USDA) and provided a best-fit linear-regression line through
the data points. Yield of all three crops has increased dramatically since 1980.
If there was a change in the slope of increase in yield since the commercializa-
tion of GE varieties (marked by the dashed line), it could be taken as circum-
stantial evidence but not proof that genetic engineering caused a more rapid
increase in yields. However, there is no obvious change in the slope for cotton
and maize, which have the Bt and HR traits, or for soybean, which has only
the HR trait. One could move beyond the rules of parsimony and hypothesize
that, without the introduction of GE traits, the rate of yield increase would
have declined. Mechanisms that could support such a hypothesis include a
recent decline in conventional-breeding effort, diminution in genetic varia-
tion available to conventional breeders, and adverse effects of global climate
change. The committee found no evidence of such mechanisms.

From the same data on maize yield used by Duke (2015), Leibman et
al. (2014) argued that the slope of increase in yield has increased since com-
mercialization of GE traits (Figure 4-3), although no statistical-significance
value is provided for this change in slope. Leibman et al. speculated on
how the more rapid change in yield improvement could change yields in
the future. If such a change is significant, it will be important to determine
whether it is the result of farming practices, GE traits, increased efforts in
conventional breeding or emerging genetic-engineering technologies (see
Chapter 7), or some combination thereof. Whatever the causes, yields have
been increasing since the commercialization of GE traits, and there is no
obvious sign of an increase in the relative variance in yield among years.

FINDING: The nation-wide data on maize, cotton, or soybean in the
United States do not show a significant signature of genetic-engineering
technology on the rate of yield increase. This does not mean that such
increases will not be realized in the future or that current GE traits are
not beneficial to farmers.

RECOMMENDATION: 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 envi-
ronmental and genetic factors that contribute to yield.
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FIGURE 4-2 Yields of maize, cotton, and soybean in the United States, 1980-2011.
SOURCE: Duke (2015).

NOTE: Dashed line indicates when genetically engineered varieties of these crops
were first introduced in the United States.
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FIGURE 4-3 Historical and projected maize grain yields in the United States.
SOURCE: Leibman et al. (2014).

NOTE: Blue solid line indicates trends proposed by Duvick (2005) for historical
annual increases in grain yield of 0.10 tonne/ha-year. Purple line indicates trend of
larger average annual increases (0.13 tonne/ha-year) in grain yield since adoption of
GE maize in 1996. Dotted blue line indicates a return to previous historical average
annual increases (0.10 tonne/ha-year) in grain yield in the future. Red, orange, and
light green lines represent forecasts of improved yield trends of 0.06-0.31 tonne/
ha-year over and above historical average of 0.10 tonne/ha-year.

EFFECTS RELATED TO THE USE OF Bt CROPS

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.

Yield Effects of Genetically Engineered Insect Resistance

As of 2015, IR traits had been incorporated into maize, cotton, egg-
plant, and poplar. This section relies in part on past reviews of the literature,
but these reviews typically do not provide the reader with an understanding
of technical caveats associated with the reviewed studies. There is continu-
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ing controversy over claims about yield effects of GE insect-resistant crops,
and the committee received a number of public comments related to this.
Therefore, in addition to relying on review articles, the committee also ex-
amined a substantial number of original research articles to carefully assess
the quality of data that has been used to support various claims.

Bt Maize

Meta-analyses and summary reports that included an examination of
Bt maize production in different parts of the world were reviewed. Areal et
al. (2013) compared yields of Bt maize with those of the non-Bt counter-
parts. On the basis of data collected from the Philippines, South Africa, the
United States, Spain, Canada, and the Czech Republic, Areal and colleagues
found that Bt maize yielded 0.55 tonne/hectare more than maize without
Bt. Areal et al. (2013:27) were careful to point out that “although it cannot
be discerned whether the advantages of cultivating [genetically modified]
GM crops were due to the technology itself or to farmers’ managerial skills
(GM adopter effect), the GM adopter effect is expected to diminish as the
technology advances” because early adopters are typically farmers with
better managerial skills (and resources), and over time farmers with a mix
of managerial skills will use the technology.

A review by Fernandez-Cornejo et al. (2014) found a yield advantage
of Bt maize over non-Bt maize in all the surveys (four) and experiments
(five) that they examined that were conducted in 1997-2003 in the United
States. However, a different analysis that used yield data from South Africa,
Germany, and Spain collected from 2002 to 2007° did not identify a dif-
ference between the yields of Bt and non-Bt maize overall or in each of the
three countries separately (Finger et al., 2011). Neither the Bt trait used nor
the insect pest targeted was specified in the studies because they looked at
findings from a number of locations.

Gurian-Sherman (2009) reviewed results of studies conducted in
the United States and Canada on effects of GE traits on maize and soy-
bean yield. With regards to maize, he reviewed six studies published in
1997-2004 and concluded that the Bt traits to resist European corn borer
(Ostrinia nubilalis) closed the yield gap by 7—12 percent in locations where
infestation by the insect was high.® On the basis of review of three addi-
tional studies in Iowa published in 2005-2008, he concluded that the Bz
trait targeting corn rootworm (Diabrotica spp.) substantially decreased
the yield gap in situations where insect-pest pressure was high and water

SYield data from Spain in 1997 were also included.
6Gurian-Sherman (2009) estimated that high levels of European corn borer infestation
occurred on 12-25 percent of U.S. maize acres, on the basis of Rice and Ostlie (1997).
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availability was low. In situations without those constraints, the Bf traits
for either pest did not have an effect on yield. Gurian-Sherman (2009) esti-
mated that Bf maize production in general brought U.S. maize 3—4 percent
closer to its potential yield. Klimper and Qaim (2014) conducted a large
meta-analysis on the effects of GE crops, including those with Bt traits.
They did not segregate their results by crop, but in aggregate they found
that yields of maize and cotton were 22 percent greater when a Bt trait was
present (n=353).

The reviews and meta-analyses cited above make clear that benefits
associated with crops with Bt traits vary substantially and depend on
insect-pest abundance in the area of the survey or experiment. It is not
clear from the broad literature surveys whether differences in yields are
due solely to the Bt traits’ reducing of insect-pest damage or to differ-
ences among the farmers who use the varieties and other agronomic dif-
ferences among the varieties (see also Box 6-1). Therefore, the committee
looked carefully at studies of maize with and without Bt traits that were
conducted since initial commercialization because these studies allow one to
assess the role of insect-pest abundance and the genetic background of the
crop varieties tested. The committee includes here a set of specific studies
that it found to be most informative regarding the factors that influence if
and how much the Bt trait decreases yield gaps.

Bowen et al. (2014) compared seven pairs of Bt maize hybrids and their
non-Bf counterparts at several sites in Alabama. They also included a com-
parison between a maize hybrid with one Bt trait and its isogenic’ counter-
part with two Bt traits. The study was conducted from 2010 to 2012. In
southern parts of the United States, the insect targets of Bt hybrids are
primarily corn earworm (Helicoverpa zea) and fall armyworm (Spodoptera
frugiperda). Infestations of corn earworm and fall armyworm were variable
over that time. Bowen and colleagues found that yields were greater in B#
maize than in non-Bf maize in 2 of the 3 years. However, there was not a
clear relationship between the amount of insect-pest damage and the yield
improvements due to Bt because the year with the greatest pest damage
(2010) had intermediate yield improvements.

Reay-Jones and Reisig (2014) conducted field studies in which corn
earworm was the target pest. At two sites, one in North Carolina and one
in South Carolina, they planted near isolines of non-Bt maize and maize
with one to three Bt traits in 2012 and 2013. They did not find differences
in yields between near isolines with and without B# traits. They noted

7An isogenic line has closely related genotypes of a crop that differ by one or a few genes
and are therefore expected to perform similarly on farms. Near isogenic lines (or near isolines)
are more vaguely defined and can have multiple genes differing between them and thus may
have differences in performance under some farm conditions.
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that similar results were found in the southeastern United States in maize
planted at recommended times (Buntin et al., 2001, 2004; Allen and Pitre,
2006; Reay-Jones et al., 2009; Reay-Jones and Wiatrak, 2011). Because the
targeted insect did not cause much damage in the region, they concluded
that Bt traits aimed at corn earworm may not close the gap between actual
yield and potential yield.

In experiments conducted soon after Bf maize commercialization in
Canada and in the Midwest and Northeast growing areas of the United
States where European corn borer populations typically caused yield losses
in non-Bt maize, increased Bt maize yields were shown to be clearly asso-
ciated with decreased insect-pest damage. Baute et al. (2002) concluded
that in the Canadian Midwest, European corn borer infestations resulted in
6- and 2.4-percent reductions in yield for 1996 and 1997. In experiments
in four to six locations per year in Pennsylvania and Maryland in 2000,
2001, and 2002, Dillehay et al. (2004) found that the average yields of B¢
maize varieties and their non-Bt isolines were 9.1 and 8.6 tons/hectare, re-
spectively (a 5.8-percent difference). Yield per plant in the non-Bt isolines
was reduced by 2.37 percent per corn borer tunnel in the plant.

Between the 1996 introduction of Bt maize and 2009, European corn
borer populations and the damage that they cause decreased dramatically,
as documented by Hutchison et al. (2010). The decline appears to have
continued to a point where the European corn borer adults can be difficult
to find in the Midwest (Box 4-2). In a study throughout Pennsylvania in
2010, 2011, and 2012, at 16, 10 and 3 farm sites, respectively, Bohnenblust
et al. (2014) planted Bt and non-B# varieties. The populations of European
corn borer was low throughout the area studied; in only three of the sites
were insect densities great enough to cause a 3-percent yield loss in non-B#
hybrids. Overall, yield of the Bt varieties was 1.9 percent greater than that
of the non-Bt varieties. Some of the small difference could be explained by
insect pest pressure, but some of the difference could also have been due to
differences in other characteristics of the varieties. As with the experiments
in Pennsylvania, most current differences in yield between Bt and non-Bi#
varieties in the Midwest are unlikely to be caused by this once important
insect pest.

Field experiments in Nebraska in 2008, 2009, and 2010 compared
glyphosate-resistant maize hybrids that also had Bt traits targeting European
corn borer and corn rootworm with genetically similar hybrids without
the Bt traits “in environments with no detectable infestation [of European
corn borer or corn rootworm| based upon visual observations in-season
and during harvest” (Novacek et al., 2014:94). Therefore, any differences
in yield could not be attributed to effects of the B# toxins. The density of
maize plants in the different test plots was 49,300-111,100 plants/hectare.
The hybrids with Bt traits yielded about 5 percent more than their counter-
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BOX 4-2
Regional Suppression of Pests Through
Widespread Adoption of Bt Varieties

In areas of the United States where adoption of either Bt maize or Bt cotton
is high, there is statistical evidence that insect pest populations are reduced—
a benefit to both adopters and nonadopters of Bt crops. Carriére et al. (2003)
demonstrated that in areas of Arizona where over 65 percent of the cotton had a
Bt trait in 1999—2001 there was a decline in the population density of pink boll-
worm (Pectinophora gossypiella) compared with population density in 1992—-1995,
before Bt cotton was commercialized. In 2006, the combined use of Bt cotton,
release of sterile bollworm, and early stalk destruction resulted in the elimination
of pink bollworm from Arizona (Liesner, 2015). Adamczyk and Hubbard (2006)
found over a 90-percent decline in tobacco budworm (Heliothis virescens) popula-
tions in the Mississippi Delta associated with the planting of Bt cotton; Micinski et
al. (2008) found similar reductions in Louisiana.

Wu et al. (2008) demonstrated similar suppression of cotton bollworm
(Helicoverpa armigera) in China and attributed it to the adoption of Bt cotton
beginning in 1997. The suppression due to Bt cotton decreased damage not only
in cotton but in other crops.

Hutchison et al. (2010) demonstrated a dramatic area-wide suppression of
European corn borer in a five-state area (lowa, lllinois, Minnesota, Nebraska,
and Wisconsin) where Bt maize was planted widely. They concluded that farmers
who planted non-Bt maize were profiting more than those who planted Bt maize
because of the decline in the regional population of corn borers. The decline in the
European corn borer in those states and in the mid-Atlantic region (Bohnenblust et
al., 2014) has continued to a point where the insect is rarely a pest in many coun-
ties. In 2014, a survey in Wisconsin found that 193 of 229 maize fields showed
no evidence of corn borer infestation; on the average, only 3 percent of stalks
were infested, and the average expected yield loss was less than 0.09 percent
(WI Department of Agriculture, 2014).

parts in 2008, but no difference in yield was observed in 2009 or 2010. The
increased yield in 2008 was not explained by damage to the non-Bt hybrids
caused by the target insect pests to the non-Bt hybrids.

In Illinois, Haegele and Below (2013) compared two sets of locally
adapted maize hybrids with the same general genetic backgrounds in the
growing seasons of 2008 and 2009. In each set, one hybrid had GE resis-
tance to glyphosate and the other had the GE trait for glyphosate resistance
and Bt traits for resistance to European corn borer and corn rootworm.
Each hybrid was grown with several rates of nitrogen fertilization. Root
damage was measured in 2008 and inferred in 2009. The authors stated
that “based on these low levels of apparent root injury, few differences
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in grain yield or agronomic performance between non-Bt and Bf hybrids
might be expected” (Haegele and Below, 2013:588). Nevertheless, averaged
over all rates of nitrogen fertilization, yields were greater in the Bt hybrids
than in the comparable non-Bt hybrids: about a 7-percent difference in one
set and an 18-percent difference in the other.

Another study in Tllinois examined insect resistance as one of five fac-
tors that might contribute to yield of maize (Ruffo et al., 2015). Maize
with only glyphosate resistance was compared with its near isoline that
contained Bt targeting European corn borer and corn rootworm. The other
four factors tested were density of maize plants per unit area, strobilurin-
containing fungicide, application of a combined phosphorus-sulfur-zinc
fertilizer, and application of nitrogen fertilizer. In field trials on two sites
during the 2009-2010 growing season, they compared effects of near iso-
lines with and without the Bt toxins. When all other factors were maximal
for increased yield, the Bz hybrids had 8.7 percent greater yield. When none
of the other factors was optimized for yield the Bt hybrids had 4.5 percent
greater yield. The authors hypothesized that adult corn rootworm feeding
on silks may have influenced kernel formation and affected yield, but insect
data were not presented, so it was difficult to determine whether corn root-
worm had any effect. European corn borer numbers in Illinois were very
small in 2009 and 2010 (Hutchison et al., 2010; Box 4-1).

Nolan and Santos (2012) compiled results of maize hybrid trials con-
ducted by land-grant universities in the 10 leading maize-producing U.S.
states from 1997 to 2009. For hybrids that had herbicide resistance, they
found yield increases for maize with Bt resistance to European corn borer
and for maize with Bt targeting corn rootworm compared with non-GE
hybrids. Maize with Bt targeting European corn borer yielded 6 percent
more than non-GE hybrids on the basis of data from 1999-2009 (fixed-
effects model); maize with Bt targeting corn rootworm yielded 7.4 percent
more on the basis of data from 2005-2008. The yield difference was
7.1 percent when the two traits were present in the same variety on the
basis of data from 2005-2009. No data were presented on rate of insect-
pest infestation, although the authors stated that infestations of European
corn borer were decreasing, which is consistent with surveys in the region.

Shi et al. (2013) used a time-series analysis of experimental data on
small plots in Wisconsin (1990-2010) to assess changes in yield and vari-
ability of yield. They found that the average yield in all years for maize
with a Bt trait targeting European corn borer was greater (410 kilograms/
hectare) than for non-GE maize. However, the average yield was less
(765 kilograms/hectare) for Bt maize with resistance to corn rootworm.
The Bt trait for European corn borer reduced yield in the early years of the
survey but increased yield in later years even though the population of
the pest had declined. Shi et al. (2013) concluded that for some traits there
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is yield drag initially, but with continued breeding the effect is decreased or
reversed. A reversal could explain results of other experiments described
above in which a hybrid with a Bt trait outperformed a non-Bt hybrid even
without insect-pest pressure. Although yield was adversely affected by the
Bt trait for rootworms during the period through 2010 examined by Shi et
al. (2013), this may no longer be the case.

In the Brazilian state of Santa Catarina, Ozelame and Andreatta (2013)
found a maize hybrid with Bf targeted at corn earworm and several other
pests to yield 6.89 percent better than the non-Bt near isoline, but no sta-
tistical analysis was conducted. The study was conducted in the harvest of
2010-2011. A study in the Philippines in the wet season of 2010 reported
that yields in the Isabela province did not differ statistically between B
and non-Bt maize (Afidchao et al., 2014). Gonzales et al. (2009) conducted
surveys of Bt and non-Bt maize in the Philippines and conclude that Bt
maize had yield increases of 4-33 percent. Because no statistical analysis
was provided, it was not possible to quantitatively assess the results.

One of the claims regarding Bt crops is that they would stabilize
yield or, more accurately, would limit the risk of a farmer having dra-
matic yield loss (crop failure). Given that the Bt trait increases yield more
when there is high insect pressure, it seems intuitive that it would diminish
crop failure under severe insect-pest pressure. The committee was able to
find only three peer-reviewed studies specifically focused on quantifying B¢
crop contributions to avoiding crop loss. Crost and Shankar (2008) exam-
ined variation in farm yields of Bf and non-Bt cotton. In India they found a
clear decrease in variance, but in South Africa no difference was shown. Shi
et al. (2013) examined maize yields in research plots in Wisconsin, where
mean yield was 11,650 kilograms/hectare. They found that varieties with Bz
toxins for European corn borer and western corn rootworm had decreased
“cost of risk” of 106.5 kilograms/hectare. Working with cotton farmers in
India, Krishna et al. (2016) found that lower variance in Bt cotton yield,
especially on the low end, increased average yield by 2.5 percent.

In 2008, USDA’s Risk Management Agency concluded that the
“Monsanto Company, as a co-submitter of the pilot BYE, has demonstrated
that its specific triple-stack genetic traits, when used in combination, pro-
vide lower yield risk as compared to non-traited hybrids.”® The BYE (Bio-
technology Yield Endorsement) program provided farmers with discounted
crop insurance if they planted maize with Bt traits that targeted Lepidoptera
and corn rootworm along with the GE trait for glyphosate resistance. The
discount was based on the expectation that there was a lower risk of crop
failure with these varieties. The program ended in 2011.

8RMA approves BYE for 2008 implementation. January 3, 2008. Available at http:/www.
rma.usda.gov/news/2008/01/102bye.html. Accessed March 17, 2016.
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Bt Cotton

The meta-analysis conducted by Areal et al. (2013) found that on the
average cotton containing Bt yielded 0.30 tonne/hectare more than cotton
without Bt. Their finding was based on data collected from India, China,
South Africa, Argentina, Mexico, and Australia in 1996-2007. They con-
cluded that there is a greater advantage to Bt cotton in developing than in
developed countries. The analysis conducted by Finger et al. (2011) used
data from the United States, China, Australia, India, and South Africa.
Yield data were reported for 1995-2007 from 237 studies that included
Bt cotton and 195 studies that included non-Bt cotton. Areal et al. (2013)
provided a list of the studies used, but Finger et al. (2011) did not, so it is
not possible to know whether they used the same studies. When the studies
in Finger et al. (2011) are separated by country, the yield advantage for B¢
cotton is different for India, where the yield was 50.8 percent greater. The
authors concluded that the reason that India’s yield advantage was much
larger than that of the others (particularly the United States and Australia)
was that when Bt cotton was commercialized in India in 2002, it introduced
insect control to production areas that had had little or none. The authors
cautioned that yield advantages within India may depend on the specific
location.

Stone (2011) critiqued studies that showed yield increased in India
directly after Bt cotton was approved in 2002 and that did not control
for the bias whereby early adopters of new technology usually have more
assets than later adopters or nonadopters (for more on the assets of early
adopters, see section “Income Effect of Early Adoption” in Chapter 6).
However, studies performed in years after Bt cotton was introduced and
widely adopted’ found yield advantages. In the Indian state of Madhya
Pradesh, Forster et al. (2013) compared cotton production over two sea-
sons (2007-2008 and 2009-2010) in four farming systems: B¢, non-Bt,
organic, and biodynamic.'® In the 2007-2008 season, the system with
Bt had 16-percent higher yield than the isogenic non-B# system; in the
2009-2010 season, the system with Bt had 13.6-percent higher yield. In
this experimental study, the Bt cotton had about 8-percent higher total

°In 2006, Bt cotton was grown on 3.8 million hectares of land in India, which was 42 per-
cent of its land in cotton production that year (James, 2006). In 2008, those numbers had
grown to 7.6 million hectares, or 82 percent of cotton production (James, 2008); by 2010,
Bt cotton was grown on 9.4 million hectares, or 86 percent of the land in cotton production
(James, 2010).

0Forster et al. (2013) described biodynamic farming systems this way: “Preparations made
from manure, minerals and herbs are used in very small quantities to activate and harmonize
soil processes, to strengthen plant health and to stimulate processes of organic matter decom-
position. Most biodynamic farms encompass ecological, social and economic sustainability
and many of them work in cooperatives.”
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nitrogen fertilizer input but was harvested earlier, in accord with gov-
ernment recommendations for higher inputs for Bt cotton. Forster et al.
(2013) commented that the differences might have been more modest in
their experiment than in surveys because the insect-pest problems in non-
GE cotton were managed better in their experiment than in typical farms.

Kathage and Qaim (2012) surveyed cotton farmers in the Indian states
of Maharashtra, Karnataka, Andhra Pradesh, and Tamil Nadu in 2002,
2004, 2006, and 2008. Controlling for all other factors, they found B
cotton that controlled cotton bollworm (Helicoverpa armigera) had a yield
advantage of 51 kilograms/hectare, a 24-percent increase over non-GE
cotton yields during the period of the study. Their analysis led them to con-
clude that per-hectare yield benefits probably increased from 2002-2004 to
2006-2008. They hypothesized that the growth in yield advantage could
be attributed to the increase in the availability of varieties with B# starting
in 2006 and the introduction of new Bt traits to the market around the
same time.

A meta-analysis of 19 studies conducted in India with data from 2002 to
2008 reported that Bt cotton had a 33-percent yield advantage per hectare
over non-Bt cotton (Witjaksono et al., 2014).'" Stone (2011) found an aver-
age yield increase of 18 percent from 2003, when no Bt cotton was planted
by the farmers sampled in four villages, to 2007, when farmers in the same
villages planted Bt cotton almost exclusively. However, he noted that yields
in Andhra Pradesh, the state where the villages were, did not so much in-
crease as return to the peak that was achieved in 1994. Romeu-Dalmau et
al. (2015) also raised the issue of whether the type of cotton grown could
play a part in yield outcomes. They compared Bt cotton G. hirsutum L. with
non-Bt cotton G. arboretum, a variety commonly grown in India before a
U.S. variety of G. hirsutum was introduced in the 1980s. The authors inter-
viewed 36 farmers who operated less than 5 hectares of land. Under rain-fed
conditions in Maharashtra, India, yields for Bt G. hirsutum were not greater.

In a survey of cotton farmers in Punjab, Pakistan—248 of whom grew
Bt cotton and 104 non-Bt cotton—Abedullah et al. (2015) reported a yield
advantage of 26 percent for farmers of Bt cotton. The study was conducted
from December 2010 to February 2011, the first cotton-growing season
after Pakistan approved commercial planting of Bt cotton. As part of the
study, they examined farmer assets. Their findings were consistent with
Stone’s (2011) point that early adopters have more assets. Bt adopters were
different in several ways: they had more education, more land, and more
access to credit. They also were more likely to own a tractor and to have
been aware of Bt cotton before nonadopters.

"Data collected by Kathage and Qaim (2012) and Stone (2011) were included in this
meta-analysis.
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A meta-analysis of 17 studies conducted in China with data from
1999 to 2005 reported that Bt cotton had an 18.4-percent yield advantage
(480 kilograms/hectare) over non-Bt cotton (Witjaksono et al., 2014).
Surveys of 500 farmers conducted by the Center for Chinese Agricultural
Policy in two cotton-growing regions in 2004, 2006, and 2007 reported
that mean yields of Bt cotton were at least 500 kilograms/hectare greater
than non-Bt cotton yields (Pray et al., 2011). In 2006, however, only 14
farmers reported growing non-Bt cotton, and the number had shrunk to
four in 2007, so the reported differences were not robust. Qiao (2015)
looked at the yield effect of Bt cotton throughout China since its introduc-
tion and found that it had a positive effect on yield that was stable from
the adoption of Bt cotton in 1997 through the end of the study in 2012.

Cotton is a major cash crop for Burkina Faso. Although its produc-
tion is much smaller than that of the world’s largest producers (China and
India), Burkina Faso was the 10th-largest producer of cotton in 2013. B#
cotton was introduced there commercially in 2008. In an experiment con-
ducted before commercialization on two sites in 2003, 2004, and 20035,
Héma et al. (2009) compared a U.S.-developed B# cotton containing the
endotoxins CrylAc and Cry2Ab with three other treatments: a non-Bt local
variety with standard insecticide applications, a non-Bt local variety with-
out insecticide application, and a U.S. non-Bt variety without insecticide
application. The Bt toxins in the GE variety targeted cotton bollworm and
cotton leafroller (Syllepte derogate). Yields varied in space and time. At
one site, the Bt variety had greater yields of seed cotton than the other tests
in 2003. In 2004, there was no difference among the four varieties. The
authors posited that differences were lacking in that year because insect-
pest pressure was low. In 20035, yields from the Bt and insecticide-treated
local varieties were statistically equivalent and yielded significantly more
than the other two varieties. At the other site, the yields of the Bz variety
and treated local variety were equivalent and were greater than the yields
of other two varieties in all 3 years.

A survey of 160 rural households in 10 villages in the three cotton-
growing regions of Burkina Faso was conducted in 2009, when roughly
30 percent of cotton hectares were planted with Bt cotton. Vitale et al.
(2010) reported that there was an average yield advantage of 18.2 percent
for Bt cotton over non-B# cotton in all three regions. There was statistical
interaction between the yield advantage and the specific region; the greatest
advantage was 36.6 percent and the least was 14.3 percent. The authors
hypothesized that the range in yield effect was due to differences in insect-
pest populations among the regions. By 2012, Bt varieties were planted on
51 percent of cotton hectares in Burkina Faso (James, 2012).

Fernandez-Cornejo et al. (2014) reviewed three experiments and six
surveys of Bt cotton production in the United States published in 1997-
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2007. Greater yield of Bt than non-Bt varieties was reported in two of
three experiments and in all surveys. The authors offered a caveat about
survey results because “Bt use is not random. Surveyed farmers are not
randomly assigned to a treatment group (adopters) and a control group
(nonadopters). Consequently, adopters and nonadopters may be system-
atically different from one another (for example, in terms of management
ability).”

Luttrell and Jackson (2012) compiled data on U.S. cotton crop loss to
insects in 2000-2007. The estimated average of the percentage of crop loss
to all insects (targets and nontargets of Bf) was lower for Bt cotton than
for non-GE cotton (4.13 percent versus 6.46 percent), but no difference
in yield between Bt and non-GE cotton was identified. Kerns et al. (2015)
evaluated yields of one non-Bt# variety and four Bt varieties of cotton in
field plot tests in Arkansas, Louisiana, Mississippi, and Tennessee in 2014.
When all varieties were sprayed for caterpillars, the B# varieties still had a
yield advantage of 9-52 percent, depending on location.

Bt Eggplant

As of 2015, Bt eggplant (Solanum melongena) was grown commer-
cially only in Bangladesh. It was engineered for resistance to fruit and
shoot borer (Leucinodes orbonalis) and first commercialized in spring
2014, when 20 farmers in four regions planted one of the four Bt varieties
of eggplant (locally known as brinjal) on a total of 2 hectares (Choudhary
et al., 2014). Krishna and Qaim (2008) summarized data provided to
them from research-managed field trials conducted by MAHYCO, a seed
company, but none of the data was published. In several Indian states
during the mid-2000s, they found yield of uninfected fruit to be 117 per-
cent greater in Bt eggplant hybrids than in insecticide-treated isogenic
non-Bt hybrids. When the Bt hybrids were compared by the company
with popular open-pollinated varieties of eggplant, the yield benefit grew
to 179 percent. Krishna and Qaim predicted that under field conditions
the yield advantage of Bt eggplant hybrids over non-B# hybrids would be
40 percent and over open-pollinated varieties 60 percent. Results of large-
scale field trials conducted by the Indian Institute of Vegetable Research
during 2007-2008 and 2008-2009 were similar. Seven Bt eggplant hy-
brids were planted in eight locations alongside non-Bt hybrids. When Bz
hybrids were compared with the non-Bt varieties into which the Bt trait
had been introgressed, the yield of the Bt hybrids was 37.3 percent more
than that of the non-B# hybrids, but no statistics were presented. The yield
increased to 54.9 percent when the comparison was with other popular
hybrids, but again no statistics were presented (Kumar et al., 2010). The
yield gains in both studies were due to the reduced damage from fruit and
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shoot borer. Andow (2010) argued that losses in non-Bt eggplant for sub-
sistence farmers were not as high as other studies had estimated because
these farmers have outlets for selling or consuming damaged fruit, whereas
large-scale commercial farmers do not.

Bt Poplar Trees

Poplar trees with Bt have been planted in China since field testing
began in 1994, but they were not approved for commercialization until
2005. Populus nigra has been genetically engineered with Bt toxins targeted
at poplar looper (Apochima cinerarius) and clouded drab moth (Orthosia
incerta Hufnagel) (Hu et al., 2001). Although poplar can be grown for
fuel, fiber, and forest products, poplar plantations in China have been used
primarily to provide environmental protection and afforestation in northern
China (Hu et al., 2001; Sedjo, 2005). Therefore, yield effects have not been
an outcome of interest in the study of Bt poplar in China.

Field trials elsewhere have found some effect on yield of Bt traits in
poplar in which Bt genes were inserted into specific clonal lines. In a screen-
ing trial of four paired clonal lines of poplar (one Populus deltoides x
Populus nigra hybrid and three Populus trichocarpa x Populus deltoides
crosses) in the Pacific Northwest of the United States, plant growth in three
of the clonal lines with Bt gene insertion (expressing Cry3Aa) was not sub-
stantially different from that in their paired non-Bt line (Klocko et al., 2014).
The average volume growth of one of the Bt Populus trichocarpa x Populus
deltoides crosses was greater than its control based on measurements in
year-1 and year-2. After the screening trial, the Populus deltoides x Populus
nigra hybrid was used in a large-scale trial. From season 1 to season 2, net
volume growth in Bt trees was an average of 8 percent greater than that in the
controls (Klocko et al., 2014). Hjiltén et al. (2012) compared aspen (Populus
tremula x Populus tremuloides) clones expressing Bt toxins with isogenic
non-Bt clones. The trees were planted in pots in a greenhouse. The authors
found that the Bt trees were shorter than the non-Bt clones in the absence of
the targeted insect, brassy willow-leaf beetle (Phratora vitellinae). However,
the Bt trees were taller when beetle populations were great enough to cause
substantial defoliation. Thus, there is evidence that GE insect resistance ad-
dresses yield-reducing factors in trees.

FINDING: Although results are variable, Bt traits available in commer-
cial crops from introduction in 1996 to 2015 have in many locations
contributed to a statistically significant reduction in the gap between
actual yield and potential yield when targeted insect pests caused sub-
stantial damage to non-GE varieties and synthetic chemicals did not
provide practical control.
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FINDING: In areas of the United States where adoption of B¢ maize or
Bt cotton is high, there is statistical evidence that insect-pest popula-
tions are reduced regionally, and the reductions benefit both adopters
and nonadopters of Bt crops.

FINDING: In surveys of farmers’ fields, differences in yield between
Bt and non-Bt varieties may be due to differences between the farmers
who do and who do not plant the B# varieties. These differences could
inflate the apparent yield advantage of the Bt varieties if Bt-adopting
farmers on the average have other production advantages over non-
Bt-adopting farmers.

FINDING: In experimental plots, the difference in yield between Bt and
non-Bt¢ varieties is sometimes demonstrated to be due to decreased in-
sect damage to the Bt variety, but in cases in which comparisons are not
between true isolines, differences may be due to other characteristics
of the Bt varieties or to a combination of crop variety and decreased
insect-pest damage. These differences could confound the estimation of
the apparent yield advantage of the Bt varieties.

RECOMMENDATION: In future experimental and survey studies
that compare crop varieties with IR traits with those 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
factors.

Changes in Insecticide Use Due to Insect-Resistant Crops

There have been numerous studies of changes in insecticide use on
large-scale and small-scale farms as a result of the adoption of crops that
produce Bt toxins. There is no question of whether GE crops have changed
the amounts of insecticides used by adopting farmers. The debate is over
the magnitude and direction of the changes. The meta-analysis by Klimper
and Qaim (2014), for example, documented a 39-percent reduction of
insecticide quantity from the adoption of Bt cotton and maize (n=108).
The 2010 National Research Council report on impacts of GE crops in
the United States reviewed data from USDA on insecticide use in cotton
and maize from 1996 through 2007 and found a clear pattern of decline in
both crops in pounds of active insecticidal ingredient (a.i.) applied per acre
(NRC, 2010a).!2 Fernandez-Cornejo et al. (2014) extended the assessment

12For example, pounds of a.i. applied per acre dropped from 0.23 in 1996 to 0.05 in 2007
for maize and from 1.6 in 1996 to 0.7 in 2007 for cotton.
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of USDA data through 2010 as illustrated in Figure 4-4. They also found
that the reduction was apparent for both adopters and nonadopters of Bt
maize (Figure 4-5). The decrease for nonadopters could be due to the re-
gional decline in European corn borer populations (see Box 4-2).

A survey of farmers in the Philippines (Sanglestsawai et al., 2014)
found that the amount of insecticide used on Bt maize was one-third and
one-fourth of the amount used on non-Bt maize in the two growing seasons
analyzed (2003-2004 and 2007-2008).

The committee did not find studies on the effects of Bt maize on insec-
ticide use on small farm situations, presumably because insecticides are not
typically used on the non-GE maize on these farms.

In Australia, the adoption of Bt cotton was slower than in the United
States because, in efforts to slow the evolution of insect pests resistant to
Bt, the Australians limited farms to planting 30 percent of their area in B¢
cotton until 2003, when the single Bt toxin variety INGARD® was replaced
with a two-toxin variety Bollgard® II. As can be seen in Figure 4-6, there
has been a dramatic decline in insecticide use in Australia both in Bt cotton
and in non-Bt cotton (Wilson et al., 2013).

Adoption of Bt cotton in China was rapid: The percentage of farmland
planted to Bt cotton rose to more than 95 percent by 2011 (Lu et al., 2012).
The increase in use of Bt cotton resulted in reduced density of the target
pest, Helicoverpa armigera, and to a decrease in overall use of insecticide
on cotton (Figure 4-7).
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FIGURE 4-4 Rates of insecticide application for maize and cotton in the United
States from 1995 to 2010.
SOURCE: Fernandez-Cornejo et al. (2014).
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FIGURE 4-5 Rates of insecticide application by adopters and nonadopters of Bt
maize in the United States from 2001 to 2010.
SOURCE: Fernandez-Cornejo et al. (2014).
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FIGURE 4-6 Insecticide use on non-Bt, Ingard®, and Bollgard II® Bt cotton in
Australia.

SOURCE: Wilson et al. (2013).

NOTE: No data were collected in 2007-2008 because the cotton area was small
owing to drought.
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FIGURE 4-7 Number of sprays of insecticide on cotton per season in China.
SOURCE: Lu et al. (2012).

NOTE: Blue dots are total insecticide; green dots are insecticide spray aimed at cotton
bollworms. Red arrow indicates the year when Bt cotton was first commercialized.

The changes in insecticide applications resulting from the adoption of
Bt cotton in India have been the subject of numerous studies, beginning
around 2000 when availability of Bt seeds became widespread. Qaim and
Zilberman (2003) analyzed data from field trials in 2001 and found that the
amount of insecticide applied by B adopters was 69 percent less than by
nonadopters (1.74 and 5.56 kilograms/hectare, respectively). Those results
were extended by Sadashivappa and Qaim (2009), who found that aver-
age insecticide application on Bt cotton was 41 percent of that on non-B#
cotton, and by Kouser and Qaim (2011), who documented a 64-percent
difference. Kouser and Qaim also showed that aggregate insecticide appli-
cation declined for nonadopters of Bt cotton during the same period (they
did not delineate pesticide categories—insecticides versus other pesticides).
Similar results were reported by Stone (2011); the number of insecticide
sprays applied by cotton growers in the Warangal District of Andhra
Pradesh, India, fell by a statistically significant amount—more than half
(54.7 percent)—from 2003 to 2007, with the largest reductions in areas
with the greatest insecticide use.

Shankar et al. (2008) studied the relationship between insecticide use
and Bt cotton in South Africa and found that farms using Bf cotton ap-
plied insecticide at 1.6 liters/hectare, and those with non-Bt cotton applied
2.4 liters/hectare.
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Even though overall use of insecticides on maize and cotton in the
United States has decreased, since 2003 there has been a substantial in-
crease in treatment of maize, cotton, and soybean seed with neonicotinoid
insecticides (Thelin and Stone, 2013). The committee received comments
from the public that suggested that the increase could have been due to or
associated with the increase in use of Bt crops. Douglas and Tooker (2015)
provided a detailed assessment of U.S. data on the increase in use of neo-
nicotinoids from the 1990s until 2011. It is clear that the increase was as
dramatic in soybean as in maize. As of 2015, commercial soybean in the
United States had not been engineered to produce Bt toxins, so the increase
in neonicotinoid use in this crop clearly was not associated with the use of
Bt varieties. Increases in use of neonicotinoids have also been seen in veg-
etables and fruits that are not genetically engineered. In the case of maize,
the rates of use of neonicotinoids on seeds are too low to affect rootworms,
and the Bt toxin in maize roots seems to affect only rootworms, so Bt and
neonicotinoid insecticides act mostly as complementary pest-management
tools (Petzold-Maxwell et al., 2013; Douglas and Tooker, 2015). However,
another study suggested that a seed treatment could affect rootworm sur-
vival and might interact with Bt maize (Frank et al., 2015), so the potential
for synergy between the two kinds of compounds in causing rootworm
mortality should be further investigated. That overall insecticide use in maize
and cotton has decreased even with the increase in use of neonicotinoid seed
treatments is due in part to the fact that only about 0.001 kilogram of active
ingredient of neonicotinoid is used per hectare'? and data on kilograms of
seed-treatment chemicals do not seem to be reported in insecticide surveys
conducted by USDA-NASS (Douglas and Tooker, 2015). One commonal-
ity between the use of Bf crops and the use of neonicotinoids is that the
farmer’s decision to use either of them must be made before the beginning of
the season, so use is prophylactic. Furthermore, farmer choice is sometimes
constrained because most maize and cotton seed that is available is likely to
produce at least one Bt toxin and be treated with a neonicotinoid insecticide.

Although there is an overall reduction in the amount of synthetic in-
secticides used as a result of planting of Bt crops, Benbrook (2012) pointed
out that a hectare of maize planted with a variety that has multiple Bt traits
can produce 4.19 kilograms of Bf toxin per hectare. Data in the section of
this chapter on environmental effects of GE crops indicates that Bt toxins
are not having adverse environmental effects compared to non-Bt crop
varieties. Bt toxins are proteins that are insect-specific, and they are rapidly
destroyed by microbial action when the remains of GE crops decompose.

13Managing Insect Pests in Organically Certified Field Corn. North Carolina State Uni-
versity Department of Entomology. Available at http://www.ces.ncsu.edu/plymouth/ent/
neonicotinoidseedcoat.html. Accessed April 5, 2016.
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Andow’s (2010) critique of Bt eggplant disagreed with the projection
that Bt eggplant would reduce insecticide use for small-scale farmers. He
hypothesized that the Bt variety would not be used by smallholders and
therefore there would not be a decrease in insecticide use. At the time the
committee was writing its report, Bt eggplant has been adopted by almost
150 farmers in Bangladesh. Its effect on insecticide use remained to be seen.

FINDING: In all cases examined, use of Bt crop varieties reduced
application of synthetic insecticides in those fields. In some cases, the
use of Bt crop varieties has also been associated with reduced use of
insecticides in fields with non-Bt varieties of the crop and other crops.

Changes in Secondary Insect Pests Due to Bt Crops

The control of targeted species by Bt toxins sometimes provides an
opportunity for populations of “secondary” insect species to increase. The
secondary insect-pest populations increase because they are not susceptible
to or have reduced susceptibility to the specific Bt trait in the crop. The in-
sects would have been controlled by broad-spectrum insecticides that were
used before the introduction of the Bt crop.

Bt cotton and maize are the most widely grown IR crops. The particu-
lar Bz proteins and their specific targets vary. Some are specific to some
beetle species, others to the caterpillars of some moth species. One of the
best examples of a secondary pest outbreak is in Bt cotton in China. In
a 10-year study conducted from 1997 (when Bt cotton was introduced)
through 2008, populations of a mirid bug (Heteroptera: Miridae), which
is not affected by the Bt toxin in the cotton, steadily increased (Lu et
al., 2010). The authors concluded that the increase was due to the mirid
bugs’ preference for cotton, and they were controlled with insecticide
applications before the introduction of Bt cotton. Furthermore, mirid bug
populations increased in other host crops, and these increases correlated
with the extent of Bt cotton planting in cotton-growing regions in China.
Over the 10 years of the study, there was increased damage to cotton and
the other host crops, and the number of insecticide applications for mirid
bug control also increased even though overall insecticide use declined. A
summary assessment of the effects of secondary pests on Bt cotton in China
(Qiao, 2015) concluded that the effects were minor in comparison with the
decreases in major insect pests and insecticide use.

In the Southeast of the United States, decreased insecticide use in Bt
cotton has been associated with an increase in cotton yield loss due to the
stink bugs Nezara viridula and Euschistus servus (Zeilinger et al., 2011);
in the Midwest of the United States, the western bean cutworm (Striacosta
albicosta) became a pest after introduction of Bt maize. Indirect evidence
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indicates that the western bean cutworm became more common because it
was not as affected by Bt toxins as the major caterpillar pests of maize, so
it had an open ecological niche when the major insect pests were removed
(Dorhout and Rice, 2010).

Although some secondary insect pests have increased in abundance
as Bt crops have replaced broad-spectrum insecticides, Naranjo et al.
(2008:163, 167), in a review of studies in and outside the United States
on the effects of secondary insect pests, concluded that a “relatively large
number of pest species that are not susceptible to the Bt toxins expressed
in transgenic cottons affect cotton production worldwide. In general, most
of these species exhibit the same pest status and continue to be managed
identically in Bt and [non-Bt] cotton systems.” Catarino et al. (2015) re-
viewed some other cases in which indirect evidence suggests an increase in
secondary insect pests in Bt cotton and Bt maize. They concluded that the
secondary insect pests “may not be serious enough to undermine the use
of the technology, but do require further exploration so that practical and
economically viable advice can be given to farmers and so that regulators
are aware of potential issues and risks during a crop’s approval phase.”

Resistance Evolution and Resistance Management in B¢ Crops

The evolution of target insects with resistance to Bf toxins has resulted
in substantial economic losses for farmers of Bt crops. The committee heard
from members of the public, researchers, and farmers that such resistance
is an indication that genetic-engineering technology is not sustainable, and
it reviewed evidence of the problem.

In 1996, the U.S. Environmental Protection Agency (EPA) Pesticide
Program Dialogue Committee proposed that, with respect to Bacillus
thuringensis and other environment-friendly formulations, “development
of resistance would cause the potential loss of a pesticide that was in the
‘public good’ ” (EPA, 1997). Although the EPA committee used the term
public good, it was not clear about how to assess the term quantitatively
and requested public comments (EPA, 1997). The comments submitted
to EPA varied from supportive of the approach to strongly negative. In
2001, EPA clarified that it “considers protection of insect (pest) suscepti-
bility of Bt to be in the ‘public good’” because it “determined that devel-
opment of resistant insects would constitute an adverse environmental
effect” (EPA, 2001). The EPA statements reinforced the agency’s early
actions that required that applicants for registration of Bt crops develop
and implement approaches for deploying the crops in ways that would
delay evolution of resistance. External EPA science advisory panels en-
dorsed the appropriate use of resistance-management strategies (EPA,
1998, 2002, 2011, 2014Db).
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Reports by the National Research Council in 2000 and 2010 described
the scientific basis of resistance-management strategies for situations in
which the pesticidal substance is produced by a plant (NRC, 2000, 2010a).
Of the diverse potential strategies (Gould, 1998), the one most favored
by EPA and industry is referred to as the high dose/refuge strategy. Only
a short summary is provided here because details of this approach have
been discussed in previous National Research Council reports. The high
dose/refuge approach assumes that most alleles of genes that can confer
high levels of resistance to a toxin must be homozygous (both gene copies
have the resistance allele) to be able to overcome a high titer of the toxin
and that such alleles are rare in an insect-pest population before use of the
toxin. Furthermore, the approach requires that there be a “refuge” where
insects lacking resistance can survive and preserve susceptibility alleles in
the population. The refuge could be a planting of the crop itself that does
not produce the toxin or of another crop or wild plant species that the
insect pest feeds on but that does not contain the toxin.

The initial EPA mandates that crops have a high dose of toxin relative
to insect-pest tolerances was fulfilled by Bt crops targeting some insect
pests—for example, Colorado potato beetle (Leptinotarsa decemlineata),
pink bollworm, and tobacco budworm (Heliothis virescens)—but not
others—for example, cotton bollworm, fall armyworm, and western corn
rootworm. For cases in which a high dose was lacking, theory clearly in-
dicated that a much larger refuge was required to delay resistance (EPA,
2002). There is now empirical evidence that resistance has occurred less
often when a high dose has been used, and there are no reported cases
of resistance when a high dose and an appropriate refuge have been used
together. Huang et al. (2011) pointed out that as of 2009 the three cases of
field failures due to resistance were cases in which a Bf variety with a high
dose for the target insect was not available or was not deployed. Tabashnik
et al. (2013) found that in six of nine cases in which Bt plants met the high-
dose standard there was either no decrease in target-insect susceptibility or
fewer than 1 percent of individuals were resistant; however, in the 10 cases
in which there was not a high dose, more than 1 percent of individuals were
resistant and sometimes the toxin lost efficacy.

One problem with the industry resistance-management plans accepted
by EPA is the lack of compliance with the mandated refuges by farmers
(Goldberger et al., 2005; CSPI, 2009; Reisig, 2014). When refuges are
planted, they are sometimes sprayed more than needed and this decreases
the utility of the refuge. Other countries have also legislated refuge plans,
but few have enforced them (for example, Kruger et al., 2012). Australia is
an exception: There was strict maintenance of refuges for Bt cotton (Wilson
et al., 2013).

The 2010 National Research Council report on the impacts of GE
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crops in the United States (NRC, 2010a) documented a few cases of resis-
tance (defined as a genetically based change in susceptibility to a toxin) but
only one in which insect-pest damage in the field increased substantially.
Since then, in the United States, there have been more cases of resistance
defined broadly (Tabashnik et al., 2013) and one more case of field losses
in the United States due to resistance of western corn rootworm (Gassmann
et al., 2014; Wangila et al., 2015). Damaging levels of resistance have also
evolved in pests in other countries, for example, pink bollworm in India
(Bagla, 2010; Kranthi, 2015; Kasabe, 2016), African maize stem borer
(Busseola fusca) in South Africa (Kruger et al., 2011), and fall armyworm
in Brazil (Farias et al., 2014). In all of these cases there was lack of a high
dose relative to the pest’s tolerance of the Bf toxin, a lack of a refuge for
the pest, or both.

The case of pink bollworm resistance to B# cotton is instructive. The
first commercial cotton hybrids with one Bt toxin (Cry1Ac) were released
in India in 2002. By 2005 in central and southern India about 93 percent
of the cotton contained the Bt gene, and in 2008 a survey indicated 99-per-
cent adoption, which meant that refuges were not planted (Kathage and
Qaim, 2012). In 2009, Monsanto researchers confirmed field failures due
to resistance in pink bollworm (Mohan et al., 2016). Cotton hybrids with
two Bt toxins (CrylAc and Cry2Ab) were commercialized and replaced
most single-toxin hybrids. By 2015, pink bollworm had evolved resistance
to the dual-toxin cotton in the state of Gujarat and some parts of the states
of Andhra Pradesh, Telangana, and Maharashtra and that caused esti-
mated losses of 7-8 percent (Kranthi, 2015; Kasabe, 2016). Fortunately, the
other cotton bollworm species (Helicoverpa armigera) has not evolved high
enough levels of resistance to cause excess damage to the Bt cotton variety.

In addition to developing varieties with multiple B¢ genes aimed at a
single target insect pest, companies have also stacked Bt genes aimed at
different pests. For example, Monsanto’s SmartStax® maize variety has two
Bt genes targeted at the European corn borer and other Lepidoptera and
two other Bt genes aimed at the western corn rootworm. Those stacked
varieties can make resistance-management approaches complicated. For
example, there are two general approaches for planting a refuge: having
non-Bt seeds planted in fields next to the Bt crop or having Bt and non-B#
seeds mixed in the bags of maize seed. For the European corn borer, the
best approach for refuge design is having a particular percentage of fields
(or blocks of rows) planted in non-Bt seed to serve as refuges. For Euro-
pean corn borer, seed mixtures could be problematic because the insect
larvae could move between Bt and non-Bt plants in the seed mixture and
receive an intermediate dose of the toxin (Mallet and Porter, 1992; Gould,
1998). For corn earworm, a problem sometimes attributed to the use of
seed mixtures is that the non-Bt plants can be pollinated by the Bt maize
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in the mixture. For corn rootworm, a seed mixture or a block-to-block
mixture should have similar effects. The result of that is that one-half or
more of the kernels in the ears have Bt toxin, so when the corn earworm
feeds on the ears of the “refuge” maize, it is exposed to Bt toxin, negat-
ing the utility of the refuge (Yang et al., 2014). It is important to note that
with corn earworm, the Bt toxin levels do not result in a high dose, so the
small refuges are never expected to be effective unless the resistance trait
is genetically recessive (Gould, 1998; Brévault et al., 2015). It is assumed
that for western corn rootworm a seed mixture of Bt and non-Bt seed is
reasonable because the soil-dwelling larvae do not typically move between
plants. In that case, the varieties available in 2015 did not produce a high
dose, so the utility of the small current refuge would be limited with or
without movement of larvae unless, again, the resistance trait was reces-
sive. In an article (Andow et al., 2016), a group of 10 entomologists and
economists who work on maize production concluded that “farmers should
be encouraged to move away from a mentality of ‘what trait do I use’ to a
multifaceted pest management approach. This integrated approach should
start as soon as a new technology is commercialized, so that it can be more
effectively stewarded by reducing the rate of resistance evolution, especially
for traits with less than a high-dose.” The committee agrees that this would
be an appropriate approach but that implementation would require care-
fully constructed, long-term incentives for farmers; farmers currently have
little choice but to look for the next trait to come along. A publication by
Badran et al. (2016) demonstrated a new technology that might be able to
more quickly generate new Bt toxins and thus provide that next hoped-for
new trait; however, at the time the committee was writing its report, it was
only a proof of concept.

As described in Box 4-2, Bt crops have caused the European corn
borer population to decline to the point where they are well below eco-
nomic thresholds, so it often is not economically favorable for farmers to
grow maize with the Bt toxins that are aimed primarily at the corn borers
(Hutchison et al., 2010; Bohnenblust et al., 2014). The field-to-field (or
blocks of rows) planting of Bt and non-Bt maize appears to have miti-
gated resistance evolution in the European corn borer, but a seed mix may
compromise the refuge (NRC, 2010a; Carriére et al., 2016). This situation
is suboptimal because, even though there are fewer corn borers and little
damage, the same percentage of corn borers are being exposed to the Bt
toxins no matter what their density, and unless total numbers of the pests
in a region are below a million, it is the percentage exposure and not the
number exposed that is expected to have the greatest effect on the rate at
which resistance genes increase in frequency. For European corn borer, even
in Wisconsin where, only about 3 percent of all maize plants are infested,
the population of these insects is estimated at over 3 billion. It is not now
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possible to purchase maize with Bf toxins aimed at western corn rootworm
but without those aimed at European corn borer.

As trait stacking becomes more common and involves both insect pests
and pathogens, providing optimal combinations of traits and refuges will
become more important. It is difficult for seed providers to maintain inven-
tories of multiple varieties that provide farmers with the ability to match
traits with their specific needs, but that is an issue that should be addressed
in order to slow the evolution of resistance.

As noted above, many countries do not enforce refuge guidelines.
Another problem for developing countries is that the Bt toxins incorpo-
rated into crops as of 2015 have been designed mostly for insect pests of
the United States. The major insect pests in developing counties are often
different from those in the United States, and the B# toxins in the crops
might be only marginally useful for pests in those countries and more likely
to cause evolution of resistance. The cases of the African maize stem borer
(Kruger et al., 2011) and some armyworm species in Brazil (Bernardi et al.,
2014) are examples of how Br toxins developed for U.S. insect pests have
suboptimal effects on pests in developing countries and resulted in evolu-
tion of resistance.

FINDING: The high dose/refuge strategy for delaying evolution of re-
sistance to Bt toxins appears to have been successful, but deployment
of crops with intermediate levels of Bt toxins and small refuges has
sometimes resulted in the evolution of resistance in insect pests that
erodes the benefits of the Bt crops.

FINDING: The widespread deployment of crops with Bt toxins has
decreased some insect-pest populations to the point where it is eco-
nomically realistic to increase plantings of crop varieties without a B
toxin that targets these pests. Planting varieties without Bt under those
circumstances would delay evolution of resistance further.

RECOMMENDATION: Given the theoretical and empirical evidence
supporting the use of the high dose/refuge strategy to delay the evolu-
tion 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.

RECOMMENDATION: Seed producers should be encouraged to pro-
vide farmers with high-yielding crop varieties that only have the pest
resistance traits that are economically and evolutionarily appropriate
for their region and farming situation.
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EFFECTS RELATED TO THE USE OF
HERBICIDE-RESISTANT CROPS

The committee looked at the effects of GE herbicide resistance on crop
yield, herbicide use, weed species distribution, and the evolution of resis-
tance to the GE trait in targeted weed species. As in the section on Bt crops,
it relied in part on previous reviews but went beyond that in examining
specific studies in order to provide the reader with the strengths and weak-
nesses of studies used to support specific claims about HR crops.

Yield Effects of Genetically Engineered Herbicide Resistance

As of 2015, GE herbicide resistance had been incorporated into
soybean, maize, cotton, canola, sugar beet (Beta vulgaris), and alfalfa
(Medicago sativa). With the exception of alfalfa, for which GE varieties
are resistant only to glyphosate, varieties of those crops with GE resistance
to other herbicides in addition to glyphosate had been developed (see
Table 3-1), but not all were commercially available. In the first 20 years
of GE crop production, glyphosate resistance was the predominant GE
herbicide-resistant trait used by farmers.

Herbicide-Resistant Soybean

Areal et al. (2013) found no difference in yield between HR soybean
and non-GE soybean on the basis of a meta-analysis of data collected in the
United States, Canada, Argentina, and Romania in 1996-2003. Fernandez-
Cornejo et al. (2014) found mixed results in their summary of studies on
HR soybean in the United States published in 1995-2004. Three studies
reported an increase in yield, one reported a small increase, one reported a
small decrease, and four reported no difference.

In a field experiment in Brazil in the three crops seasons of 2007-2010,
Biarwald Bohm et al. (2014) found that glyphosate-resistant soybean treated
twice with glyphosate, 28 and 56 days after planting, yielded the same as
the same glyphosate-resistant variety that was treated only once or that
was hand-weeded instead of being sprayed with glyphosate. These yields
also did not differ from those on a plot of non-HR isogenic soybean that
was hand-weeded.

Another experiment in Brazil examined yield of glyphosate-resistant
soybean at six locations in the growing seasons of 2003-2004, 2004-
2005, and 2005-2006 (Hungria et al., 2014). Glyphosate-resistant soy-
bean treated with glyphosate was compared with four other scenarios: the
same HR variety treated with other herbicides typically used with non-HR
soybean, the non-HR parent line of the HR soybean treated with other
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herbicides typically used with non-HR soybean, the HR soybean with
hand-weeding, and the non-HR parent line of the HR soybean with hand-
weeding. No difference in yield was found between the plots with HR
soybean (treated with glyphosate, treated with other herbicides, and hand-
weeded) and those with non-HR soybean in five of the six locations.'*
When the plots with HR soybean treated with glyphosate were compared
with the plots with the HR soybean treated with other herbicides, yields
for the HR soybean treated with glyphosate in four of the locations were
greater. When HR soybean treated with glyphosate was compared with the
non-HR parent line of the HR soybean treated with other herbicides,
the yields for the HR soybean were greater in three of the locations.

In field experiments in ITowa conducted in 2007 and 2008, Owen
et al. (2010) found that HR varieties (three resistant to glyphosate and
three resistant to the herbicide glufosinate) had greater yields than three
non-HR varieties. The result was the same when none of the varieties was
treated with post-emergence herbicides or when the glyphosate-resistant
varieties were treated with glyphosate, the glufosinate-resistant varieties
were treated with glufosinate, and the non-HR varieties were treated with
post-emergence herbicides. No differences in yield were observed among the
HR varieties over the 2 years or in the experiments’ three sites. In a different
experiment in Iowa in 2010 there were no differences in the mean yield be-
tween three populations of glyphosate-resistant soybean and three non-HR
counterpart populations planted at four locations, with one exception: at
one location, one of the glyphosate-resistant populations had a mean yield
1.6 percent greater than its counterpart (De Vries and Fehr, 2011).

Field experiments in two locations in Missouri during the summers of
2009 and 2010 compared different combinations of pre-emergence and
post-emergence herbicide programs in non-GE soybean, glyphosate-resistant
soybean, and glufosinate-resistant soybean (Rosenbaum et al., 2013). Aver-
aged among locations and treatments, glufosinate-resistant soybean had the
greatest yields (2,688 kilograms/hectare), followed by glyphosate-resistant
soybean (2,550 kilograms/hectare) and non-GE soybean (2,013 kilograms/
hectare). In control plots, to which no herbicides were applied, yields were
similar in all three varieties; this indicated that glufosinate and glyphosate
herbicide programs with GE soybean provided better control of competing
weeds than did herbicide programs with non-GE soybean.

Soybean with GE resistance to the imidazolinone class of herbicides was
first approved for commercial production in 2010 in Brazil. In 2007-2008,
Hungria and colleagues tested GE imidazolinone-resistant soybean against
a non-HR isoline. HR soybean treated with an imidazolinone herbicide

14The sixth location experienced drought, and yield data were collected only for one grow-
ing season.
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was compared with HR soybean treated with other post-emergence herbi-
cides and with the non-HR isoline treated with other post-emergence her-
bicides. No differences in yield were observed among the three treatments
or over time (Hungria et al., 2015).

Gurian-Sherman (2009) also reported little or no effect on yield in a
review of studies of HR soybean conducted in 1999-2006 in the United
States. He raised the issue of yield drag, which was also discussed in
the 2010 National Research Council report on GE crops, and yield lag
(NRC, 2010a)."> Gurian-Sherman and the National Research Council re-
port looked at the same studies from the early 2000s'® and found evidence
of yield drag and yield lag. However, more recent studies, such as those
reviewed above, demonstrate that yield drag and yield lag appear to have
been overcome in HR soybean because the yields of HR soybean are the
same as or more than the yields of non-HR soybean. As with some of
the results described for Bt crops, Owen et al. (2010) hypothesized that the
lower yield observed in a non-GE soybean (not treated with post-emergence
herbicides) than in glyphosate-resistant soybean and glufosinate-resistant
soybean (also not treated after emergence with their counterpart herbicides)
in a 2007-2008 experiment could be due to yield lag in the genetic potential
of the non-GE variety.

Herbicide-Resistant Maize

Thelen and Penner (2007) compared the yields of glyphosate-resistant
maize treated with glyphosate and glyphosate-resistant maize treated with
other herbicides. Three field sites in different counties in Michigan were
monitored for 5 years (2002-2006). At two of the sites, there was no differ-
ence in the 5-year average yield between fields treated with glyphosate and
fields treated with other herbicides. At the third site, the glyphosate-treated

15¢Yield lag is a reduction in yield resulting from the development time of cultivars with novel
traits (in this case, glyphosate resistance and Bt). Because of the delay between the beginning
of the development of a cultivar with a novel trait and its commercialization, the germplasm
that is used has lower yield potential than the newer germplasm used in cultivars and hybrids
developed in the interim. Consequently, the cultivars with novel traits have a tendency to
initially yield lower than new elite cultivars without the novel traits. Over time, the yield lag
usually disappears.

“Yield drag is a reduction in yield potential owing to the insertion or positional effect of a
gene (along with cluster genes or promoters). This has been a common occurrence throughout
the history of plant breeding when inserting different traits (e.g., quality, pest resistance, and
quality characteristics). Frequently, the yield drag is eliminated over time as further cultivar
development with the trait occurs.” (NRC, 2010a:142)

16The National Research Council report (2010a) reviewed the same two reports reviewed
in Gurian-Sherman (2009) and several others.
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maize, averaged over 5 years, had a yield advantage over glyphosate-
resistant maize treated with other herbicides.

Field studies in Illinois in 1999 and 2000 compared four kinds of maize
hybrids suited to the growing region (Nolte and Young, 2002). One hybrid
was non-GE, one was not genetically engineered but was resistant to the
imidazolinone class of herbicides, one was genetically engineered with resis-
tance to glyphosate, and one was genetically engineered with resistance to
glufosinate. There was no difference in yield among the non-GE hybrid, the
non-GE imidazolinone-resistant hybrid, and the GE glufosinate-resistant
hybrid. In the first year, yield for the GE glyphosate-resistant hybrid was
lower; in the second vyear, its yield was greater than that of the other
hybrids. The authors hypothesized that the glyphosate-resistant hybrid
was more sensitive to temperature and moisture stress and that its yield
responded more to stressful growing conditions in the first year and more
to ideal growing conditions in the second year.

Almost all the data on yield effects of HR maize come from North
America. However, Gonzales et al. (2009) collected data from six provinces
in the Philippines and found that three provinces reported a yield advan-
tage (but with no statistical information) from HR maize when compared
with average yield of non-GE hybrids in the wet season of 2007-2008.
Three other provinces reported a yield disadvantage. In the dry season of
2007-2008, five provinces reported a yield advantage; the average yield in
two other provinces was nearly equivalent between HR and non-GE maize.
Two years later, in the wet season of 2010, Afidchao et al. (2014) reported
that HR maize yielded the same as non-GE maize in the Isabela province
of the Philippines.

Herbicide-Resistant Cotton

Most cotton varieties produced since 2005 in the United States have
HR and IR traits. India, China, and Pakistan—the other large producers
of cotton—grow Bt varieties. The wide adoption of Bt-HR varieties and
Bt-only varieties means that little recent research has been devoted to com-
paring the yields of HR and non-HR cotton.

Herbicide-Resistant Canola

GE canola with resistance to glyphosate or glufosinate is in commer-
cial production. In a study conducted over 3 years in Great Britain, GE
glufosinate-resistant canola (oilseed rape) was found to be less invasive and
persistent than the non-GE comparators (Crawley et al., 1993). Stringam
et al. (2003) reviewed the introduction of GE varieties in Canada, using
data from variety trials that compared GE and non-GE varieties and yield
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estimates from producers. The data did include statistical comparisons.
They found yield increases of as much as 39 percent for GE varieties, b