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■ Abstract Transgenic plants expressing insecticidal proteins from the bacterium,
Bacillus thuringiensis(Bt), are revolutionizing agriculture. Bt, which had limited use
as a foliar insecticide, has become a major insecticide because genes that produce Bt
toxins have been engineered into major crops grown on 11.4 million ha worldwide in
2000. Based on the data collected to date, generally these crops have shown positive
economic benefits to growers and reduced the use of other insecticides. The potential
ecological and human health consequences of Bt plants, including effects on nontarget
organisms, food safety, and the development of resistant insect populations, are being
compared for Bt plants and alternative insect management strategies. Scientists do not
have full knowledge of the risks and benefits of any insect management strategies. Bt
plants were deployed with the expectation that the risks would be lower than current
or alternative technologies and that the benefits would be greater. Based on the data to
date, these expectations seem valid.
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PERSPECTIVES AND OVERVIEW

A Chinese saying, often regarded as a curse, is “May you live in interesting times,”
and perhaps there are no more interesting times in agriculture than the present.
Biotechnology is allowing agricultural crops, as well as many nonagricultural
products such as medicines, to be altered in ways that were not thought possible
even by those who led the Green Revolution only four decades ago. Agriculture is
going through another revolution, but this time it is part of the larger revolution in
genetics, which has been proclaimed as the third technological revolution follow-
ing the industrial and computer revolutions (3). Technical aspects of agricultural
biotechnology have been rapid, but their deployment and impact have been contro-
versial. Daily news events on the scientific and social implications of agricultural
biotechnology describe an ever-evolving story, one that evokes considerable pas-
sion in public and scientific meetings. In this article we analyze and critique some
of the most important issues surrounding agricultural biotechnology, especially as
related toBacillus thuringiensis(Bt) plants.

The revolution in agriculture has two parts: genomics, which seeks to under-
stand (and modify) the organization of traits within the chromosomes of a species,
and transgenics, in which the traits of an organism are changed by transferring
individual genes from one species to another. It is the latter that has attracted most
of the public controversy. Plants have been genetically modified (GM) through-
out the history of agriculture, but the present technology of moving individual
genes through biotechnology is more appropriately called genetic engineering
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(GE). Plants have been engineered to resist attack from insects and diseases, to be
tolerant to herbicides, or to have longer shelf life. Additionally, plants are being en-
gineered for such novel uses as remediation of metal-contaminated soils, vaccine
production, or nutrient supplements (100). The promises of transgenic crops are
profound: pest resistance, tolerance to other biotic and abiotic stresses, healthier
food, and more environmentally compatible production practices. Although there
have been great strides in the development of new technologies that can be used
in agriculture, the suite of currently available biotechnology products are actually
few. We are in the first generation of such products and most of these have been
used for pest control. Still on a worldwide basis, the adoption rates for transgenic
crops have been unprecedented in agriculture (73).

It is expected that the world market for GE plants will be $8 billion in 2005, and
$25 billion by 2010 (72). The number of countries growing transgenic crops com-
mercially has increased from 1 in 1992 to 13 in 1999. Between 1996 and 2000, the
global area of transgenic crops increased by more than 25-fold, from 1.7 million ha
in 1996 to 44.2 million ha in 2000 (73). Three of the countries (United States,
Canada, and Argentina) grew 98% of the total. The countries with commercial
GE crop production (and percentage of the total global transgenic crops) in 1999
were: United States, 30.3 million ha (68%); Argentina, 10.0 million ha (23%);
Canada, 3.0 million ha (7%); China, 0.5 million (1%); and Australia and South
Africa, each with less than 0.2 million ha (<0.5%) (73). Adoption of this new
technology, like most other technologies, has been fastest in the industrialized
countries, but the proportion of transgenic crops grown in developing countries
has increased consistently from 14% in 1997, to 16% in 1998, to 18% in 1999,
and to 24% in 2000.

Within this overall context of transgenic plants, herbicide tolerance is the most
common trait and constituted 74% of all transgenic crops in 2000 (73). According
to James (73) on a worldwide basis in 2000, Bt corn was grown on 6.8 million
ha (15% of total transgenic crops) with an additional 1.4 million ha (3% of total
transgenic crops) planted to Bt/herbicide-tolerant corn. Bt cotton was grown on
1.5 million ha (3% of total transgenic crops) with an additional 1.7 million ha (3%
of total transgenic crops) grown to Bt/herbicide-resistant cotton. Bt potatoes were
grown on<0.1 million ha (<1% of the total transgenic crops).

In 1995, the U.S. Environmental Protection Agency (EPA) approved the first
registration of Bt corn, potato, and cotton products; now more Bt crops are grown
in the United States than in any other country. The use of Bt corn and Bt cotton
has increased dramatically in the United States (146). The percentage of total area
of Bt corn in the United States was<1% (0.16 million ha) in 1996, but 6%
(1.78 million) in 1997, 18% (5.87 million) in 1998, and approximately 26%
(8 million) in 1999, 2000, and 2001. The area of Bt cotton in the United States in-
creased from 0.73 million ha in 1996 to 0.84 million in 1997 and 1 million in 1998.
In 2000, 1.78 ha of the cotton was Bt cotton (25). The area grown in potatoes has
never exceeded approximately 20,000 ha (<4% of the overall potato production)
and is now in decline (see below).
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Bt CROPS AND THEIR TARGETED INSECTS

Bacillus thuringiensis

Bt is an aerobic, motile, gram-positive, endospore-forming bacillus initially iso-
lated in Japan by Ishiwata and formally described by Berliner in 1915 (129). The
insecticidal activity of Bt used commercially thus far comes from endotoxins in-
cluded in crystals formed during sporulation, although “vegetative insecticidal
proteins” (Vips) from before sporulation (159) are also being developed. The crys-
tals of different strains of most Bts contain varying combinations of insecticidal
crystal proteins (ICPs), and different ICPs are toxic to different groups of insects.
More than 100 Bt toxin genes have been cloned and sequenced, providing an array
of proteins that can be expressed in plants or in foliar applications of Bt products
(54). Insecticidal products containing subspecies of the bacteriumB. thuringiensis
were first commercialized in France in the late 1930s with the product Sporeine.
In 1995, there were 182 Bt products registered by EPA, but even in 1999 the total
sales of Bt products constituted<2% of the total value of all insecticides.

Commercialized Bt Crops

Bt was first introduced into tobacco plants in 1987 (150). However, much more
effective plants that used synthetic genes modeled on those from Bt but designed
to be more compatible with plant expression (26, 79, 111, 112) were introduced a
few years later. Of the $US 8.1 billion spent annually on all insecticides world-
wide, it has been estimated that nearly $2.7 billion could be substituted with Bt
biotechnology products (80). Insects targeted for control by Bt plants are primarily
Lepidoptera through the production of Cry1Ab, Cry1Ac, and Cry9C proteins, al-
though one product has been developed for control of the Colorado potato beetle,
Leptinotarsa decemlineata, using Cry3A.

CORN Monsanto markets Bt corn as MON810 and under different names
(Table 1). MON810 represents>85% of the Bt corn planted worldwide. Syn-
genta Seeds (formerly Novartis Seeds) currently has two Bt corn events known
in the regulatory arena as Event 176 and Bt11. The trade name for Event 176 is
“Knockout® ”, whereas Bt11 is sold as NK-brand Bt corn with YIELDGARD (a
trademark of Monsanto company), both of which contain thecry1Abgene. Event
176 and Bt11 are approved in many countries. Bt11 is another dominant Bt corn
variety, while Event 176 constituted<2% of the total corn grown in the United
States in 1999 (65b).

Aventis marketed StarLink corn, which contains Cry9C protein and is approved
only for animal feed and ethanol production. Its registration was voluntarily can-
celled in the United States in October 2000 because of its inadvertant introduction
into human food supplies.

Within the European Union some individual countries, in defiance of the EU ap-
provals (see below), have enacted bans against imports of specific crops. Examples
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TABLE 1 Bt crops currently registered, by country and date, for production,a as of July
2001

Crop/Company Event Country Year of approval

YieldGard® Corn/Monsanto MON810 Argentina 1998
MON810 Bulgaria 2000
MON810 Canada 1997
MON810 EU 1998
MON810 South Africa 1999
MON810 USA 1996

NK Brand Bt Corn with Bt11 Canada 1996
YieldGard® /Syngenta

Bt11 USA 1996

Knockout® Corn/Syngenta Event 176 Argentina 1998
Event 176 Canada 1996
Event 176 EU 2001
Event 176 USA 1995

Bollgard® Cotton/Monsanto 531 Argentina 1998
531 Australia 1996
531 China, Hebeib 1997
531 Indonesia 2001
531 Mexicoc 1996
531 South Africa 1997
531 USA 1995

Bt Cotton/CAASd GK China 1997

Bt Cotton/CAASd sGK China 1999

New Leaf Potatoe/Monsanto Russet Burbank, USA 1995
Atlantic, Superior

Russet Burbank Canada 1995
Russet Burbank, Romania 1999
Superior

New Leaf Plus/Monsanto Russet Burbank USA 1998
350, 129

New Leaf Y/Monsanto Russet Burbank, USA 1999
Shepody

Russet Burbank, Canada 1999
Shepody

aRegistration means crops can be grown and harvested. These registrations do not necessarily include approval for
import or food production in the country.
bHebei was the first province to approve Bollgard cotton in China; subsequently, there have been approvals in Anhui
and Shandong provinces.
cAnnual approval for scale of production.
dChinese Academy of Agricultural Sciences.
eApproval dates apply to the first varietal approval; additional approved varieties are covered by separate approvals.
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include the ban on Event 176 imposed by Luxembourg and Austria. Austria also
banned MON810. Italy banned all GM corn under the EU novel food regula-
tion, which includes Bt11, MON810, MON809, and T25. There are no domestic
restrictions on the use of grain or fodder from either Event 176 or Bt11.

COTTON Monsanto markets Cry1Ac cotton, Event 531, under different trade
names in several countries (Table 1). There were three Bt cotton Events in 1999 in
China, one from Monsanto and two developed in China. Event “GK” has a modified
cry1Agene (62), and “sGK” has two insecticidal genes,cry1AandCpTI (cowpea
trypsin inhibitor) (63). Other stackedcry1Acandcry2AbBt products for insect
control in cotton are being developed (61) because models have shown advantages
of such pyramided varieties for insecticide-resistance management (118).

POTATO A Monsanto-affiliated company, NatureMark, marketed Cry3A potatoes
in the United States, Romania, and Canada under variations of the trade name,
NewLeaf. However, in 2001 the company stopped marketing Bt potatoes.

Bt Crops under Development

Rice is grown on>145 million ha and provides 20% of the per capita energy
and 15% of the per capita protein for humans worldwide. More than 90% of
the area planted to rice lies in Asia (116). Among the primary pests of rice are
Lepidoptera, particularly the yellow stem borer,Scirpophaga incertulas; the striped
stem borer,Chilo suppressalis; and leaffolders such asCnaphalocrocis medinalis.
Breeders have not produced rice with high levels of resistance to these pests through
conventional means, so the development of Bt rice creates options for control.
Several laboratories around the world have transformed rice with Bt genes and
evaluated them in greenhouse and field trials (140, 157), but no Bt rice varieties
have been released to farmers (34).

Efforts are under way to commercialize corn with acry3Bbgene or a binary
toxin genetic system for control of the corn rootworm (Diabrotica) complex (60).
TheDiabrotica complex occurs primarily in North America and is a major target
of insecticides in the United States with losses and control costs estimated at
$1 billion annually (87). At least one company (Monsanto) hopes to sell Bt corn
for rootworm control in the United States in 2002. Genes expressing toxins for
European corn borer (ECB) and the corn rootworm complex are expected to be
stacked in plants. Resistance management strategies, developed through models,
are being evaluated to help guide EPA policies.

Other Bt crops under development are canola/rapeseed, tobacco, tomato (80),
apples, soybeans, and peanuts. Broccoli and cabbage have been transformed to ex-
press Bt ICPs for control of the diamondback moth (DBM),Plutella xylostella, but
these crops have been used primarily to evaluate resistance management strategies
(125), although companies are evaluating the potential for commercialization.
Great care must be taken to develop such plants because DBMs have already
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developed high levels of resistance in some areas to foliar applications of Bt
products containing Cry1A and Cry1C toxins (125, 136). Potatoes have also been
successfully transformed to express Cry1Ab and Cry5 toxins for control of the
potato tuber moth,Phthorimaea operculella(39, 74, 89).

INFLUENCE OF Bt PLANTS ON INSECTICIDES USED
AND THE ECONOMICS OF PRODUCTION

Cotton

On a worldwide basis, cotton is grown on>32 million ha with approximately 71%
of the production in developing countries (50). The major production countries (and
their percentages of the total production) are India (28%), United States (16%),
and China (10%). Cotton receives the most insecticide use of any crop worldwide.

Cotton is attacked by a complex of insects including plant bugs, aphids, white-
flies, and the boll weevil; however, on a worldwide basis, the main pests are the
diverse set of Lepidoptera that feed on the cotton buds or bolls (84) and against
which most of the insecticides are targeted. In the United States, the primary target
pests in cotton are the tobacco budwormHeliothis virescensand cotton bollworm
Helicoverpa zea(84). Insecticides against the lepidopteran complex are used on
at least 75% of the cotton acreage (25). The pink bollworm,Pectinophora gossyp-
iella, is found throughout much of the cotton-producing areas of the world but is
restricted to Texas westward in the United States (27). Throughout the Americas,
H. zeaandH. virescensmust be controlled annually on much of the cotton areas,
but there are difficulties with control becauseH. virescensis resistant to many
organophosphate and pyrethroid insecticides and damage even in the presence of
insecticides can be significant (84). Throughout the rest of the world,Helicoverpa
armigerais a primary pest (84) with resistance levels and crop losses comparable
to H. virescens(158).

In the United States there are two surveys conducted annually on pesticides
used in cotton. The USDA National Agricultural Statistics Service (NASS) re-
ports on area treated and amount of insecticide used per state. The second survey,
coordinated through the Cotton Foundation and published in the Beltwide Cotton
Conference Proceedings, relies on information provided by the public and private
sectors involved in cotton production in producing states. Using these sources, the
National Center for Food and Agricultural Policy (NCFAP) conducted an analy-
sis of the influence of Bt cotton on insecticide-use patterns (25, 57). The authors
noted the difficulty in conducting their analysis because different pest complexes
occurred across the cotton-producing regions, the severity of infestation varied
across regions, suitable cotton varieties with Bt were not available for all regions,
levels of resistance to foliar insecticides varied across regions, and the effective-
ness of Bt varied according to the individual pest species. With these caveats,
insecticide use was compared for 1995, the year before Bt cotton varieties were
introduced, and for 1998 and 1999, with adjustments for differences in area planted
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for these two years. Using data from six states, the results indicate that there was
an overall reduction in use of insecticides for the bollworm/budworm complex and
pink bollworm of>2 million lbs in 1998 and 2.7 million lbs in 1999. The number
of insecticide applications also declined by 8.7 million in 1998 and 15 million in
1999, or 13% and 22% of the total number of insecticide applications in 1995.
The authors noted that some of this reduction may have been due to other factors,
such as the simultaneous boll weevil eradication programs that allowed beneficial
insects to increase and control the Lepidoptera. On the other hand, they also noted
that because Bt controls only Lepidoptera, secondary pests such as tarnished plant
bugs and stink bugs may have increased and insecticides may have been targeted
against them in Bt cotton fields.

The U.S. EPA has also compiled its own analysis of the effect of Bt cotton on
insecticide-use patterns (146). Using data from NASS, the EPA noted reductions
in insecticide use are highest in the Deep South, in states such as Alabama where
it is predicted that “two to eight or more insecticide applications targeted for
bollworms and budworms” may be replaced by Bt cotton. Using data from NASS,
EPA conducted an analysis of “high-adopter states” (>60% of cotton planted to Bt
cotton) (Arizona, Louisiana, and Mississippi) and “low-adopter states” (<20% of
cotton planted to Bt cotton) (Arkansas, Texas, and California), and their analysis
indicates a “significant reduction in treatments per acre” in the high-adopter states.
They estimate the reduction to be from 3 to 1.5 treatments per acre for control of
Lepidoptera but noted the increased need to control secondary pests drops the
overall insecticide reduction to 1.2 treatments per acre. In the low-adopter states,
a use-reduction estimate could not be calculated. Based on the 1.2 spray savings
figure, EPA (146) estimates that in 1999 there was a 7.5-million-acre treatment
reduction when the figure is applied to the 13.3 million acres planted in 1999.

Both NCFAP and EPA used the same insecticide data (NASS) and calculated
active-ingredient acre treatments (an application acre is the number of different
active ingredients applied per acre times the number of repeat applications). Al-
though both calculated large reductions in insecticide use due to Bt cotton, their
estimates are different for 1999 data and are owing to EPA’s use of data from three
high-adopting states to obtain their figure of an overall reduction of 1.2 treatments
per acre and then using that figure across the other high-adopter states. NCFAP
observed changes in total application across six states.

An analysis by Williams (151) of insecticide use in six states for control of the
lepidopteran complex also indicates substantial reductions owing to the use of Bt
cotton. In 1995, prior to the introduction of Bt cotton, the number of insecticide
treatments ranged from 2.9 (Arizona) to 6.7 (Alabama) and averaged 4.8. By 1998,
the range varied from 3.5 (Louisiana) to 0.4 (Arizona) and averaged 1.9, an overall
reduction of 60%. The use of Bt cotton in Arizona for pink bollworm in 1997
eliminated 5.4 insecticide applications and saved growers $80 per acre (27).

Economic analyses using several different methods show a consistent positive
economic return to U.S. growers when they use Bt cotton (146). These economic
benefits to growers on a national level vary from year to year and from model to
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model, but range from 16.3 to $161.3 million. Carpenter & Gianessi (25) stated
that Bt cotton farmers in 5 studies in 7 states had a 9% yield increase with Bt
cotton and that these yield and revenue impacts, if realized over all 4.6 million
acres of Bt cotton in 1999, would result in a $99 million increase in revenue.
Frisvold et al. (53) provided a more regional-based analysis and estimated that
benefits to Bt adopters grew from $57 million in 1996 to $97 million in 1998. In
an economic analysis of the distribution of the economic benefits of Bt cotton,
Falck-Zepeda et al. (45) calculated that the introduction of Bt cotton created an
additional wealth of $240.3 million for 1996. Of this total, the largest share (59%)
went to U.S. farmers. Monsanto, the developer of the technology, received the
next-largest share (21%), followed by U.S. consumers (9%), the rest of the world
(6%), and the seed companies (5%).

In China, Bt cotton plants have provided a 60–80% decrease in the use of foliar
insecticides (156). The economic benefits of Bt cotton to growers in Liangshan
county of Shandong province were $930/ha in 1998, and the estimated average
benefits were about $250/ha in 1998–2000 (75). In a larger survey of 283 cotton
farmers in Northern China in 1999, Pray et al. (114) reported the cost of cotton
production for small farmers was reduced by “20 to 33 percent depending on the
variety and location” by using Bt cotton, and “the net income and returns to labor of
all the Bt varieties are superior to the non-Bt varieties.” This study also estimated
a reduction of 15,000 tons of pesticide. In Australia from 1996 to 2000, Bt cotton
has reduced insecticide use for bollworms by 4.1 to 5.4 sprays (43–57%) per year,
with an overall reduction of all sprays from 37 to 52% (32, 33, 81, 82). Due to the
technology fee for the seed, Australian growers are saving little on costs but are
keen to adopt Bt cotton for the improved certainty of yields and to reduce con-
cerns about environmental contamination with insecticides (52). The reductions
in China and Australia (32) may be lower than in the United States becauseHeli-
coverpaspecies, which are the main pests there, are at least tenfold less sensitive
to Cry1A thanH. virescens(134), the key pest in the United States. In Mexico the
use of Bt cotton allowed growers to save 55,090 liters of foliar insecticides and
4613 pesos/ha (90).

Corn (Maize)

Hybrid field corn, open-pollinated flint corn, popcorn, and sweet corn are grown on
every populated continent. In 2000 corn was grown on>138 million ha, with the
majority grown as field corn (50). Developing countries (according to World Bank
classifications) grow approximately 70% of the world’s corn. Global maize pro-
duction totaled 579 metric tons in 1996, with 67% going for animal feed (31, 50).
The major foliar pests of corn worldwide are the ECB,Ostrinia nubilalis; Asiatic
corn borer (ACB),Ostrinia funicalis; southwestern corn borer (SWCB),Diatraea
grandilosella; corn earworm (CEW),H. zea; fall armyworm (FAW),Spodoptera
frugiperda; and black cutworm (BCW),Agrotis ipsilon. ECB, considered the major
pest of corn worldwide, damages corn by tunneling into stalks causing lodging
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and reduced flow of nutrients, resulting in overall yield reductions. Infestations by
Lepidoptera in the ear may result in increased production of mycotoxins associated
with a variety of adverse health effects in livestock and are suspected of causing
cancer (91, 137). In the United States and Canada, ECB is the most damaging
lepidopteran insect and losses resulting from its damage and control costs exceed
$1 billion yearly. In a four-year study in Iowa, the combined losses due to first-
and second-generation borers were 25 bushels per acre (108).

ECB populations vary considerably by region and by year, and management
practices are tailored accordingly (86). However, on a national scale “more farmers
ignored ECB than treat it with insecticides” despite many studies indicating that
well-timed sprays can produce high levels of control and significantly increase
yield (25). NCFAP reports that approximately 1.5 million lbs of active ingredient
were used to control ECB in 1996, nearly 60% of which was the organophosphate
insecticide chloropyrifos (57). In 1997, 7.1% (5.9 million acres) of the total corn
planting in the United States was treated with insecticides for ECB; in the south-
ern west region (Arkansas, Louisiana, Mississippi, Texas, and Oklahoma) nearly
25.2% of the corn area was treated.

Because most growers do not presently use insecticides to control ECB but
accept the losses it causes, it is difficult to assess the impact of Bt corn. However,
30% of the growers who planted Bt corn in 1997 indicated they did so to eliminate
the use of foliar insecticides for control of ECB (25). Growers’ buying habits seem
to validate these statements because the percentage of Bt corn in the total crop has
grown from<1% in 1996 to 26% in 2001. Because some growers used insecticides
to control ECB prior to the introduction of Bt corn, there has been a decrease in use
due to Bt corn. Comparing 1995, the year before Bt corn was introduced, to 1999,
the use of five recommended insecticides for control of ECB declined. Carpenter
& Gianessi (25) concluded that a 1.5% decline in their use was due to Bt corn,
amounting to approximately 1 million acres not sprayed for ECB control. A survey
of Bt corn producers (n= 7265) from six states (Illinois, Iowa, Kansas, Minnesota,
Nebraska, and Pennsylvania) after each of the first three growing seasons when Bt
corn was available for commercial production documents that insecticide use for
ECB is declining. The percentage of Bt corn producers that used less insecticide
for this pest nearly doubled from 13.2 to 26.0% during the 3-year period (65a).
The SWCB occurs in several central states of the United States where it can cause
“devastating losses” of more than 70 bu per acre (149), but it has effectively been
controlled by Bt11 and MON810 (20).

EPA also did an analysis of the impact of Bt corn in six states for which annual
insecticide use on corn were available for 1991–1999. The states were divided into
high adopters (>25% of corn is Bt) (Iowa, Illinois, Nebraska, Missouri) and low
adopters (<10% of corn is Bt) (Indiana and Wisconsin). In the high-adoption states,
there was a “reduction from 6.0 million to slightly over 4 million acre treatments
in 1999, a reduction of about one-third” (146). No such decline was observed for
low-adopter states.

The EPA (146) noted that through extensive research and modeling studies, the
overall conclusion was that “ECBs cause significant yield loss but infestation levels
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and resulting loss are inconsistent from year to year, and therefore, it is difficult to
predict whether control is needed. The premium paid for Bt-corn seed will likely
only be returned in years when corn borer infestations are moderate to heavy (and)
declining corn prices to sub-$2.00/bushel levels since 1998 along with low pest
pressure have reduced the (economic) benefits of Bt-corn.” The NCFAP study (25)
estimates an average net benefit to growers of $18 per acre in 1997 (a year of high
infestation) to a loss of $1.81 per acre in 1998 (a year of low infestation and corn
prices). The EPA estimates, using another model, indicate a net benefit of $3.31 per
acre on 19.7 million acres of Bt corn planted in 1999, or a national benefit of
$65.4 million (146). Carpenter & Gianessi (25) estimate that in “10 of the 13 years
between 1986 and 1998, ECB infestations were such that corn growers would have
realized a gain from planting Bt corn.”

Sweet corn has also been modified to express Cry1Ab toxins from the Bt11
event, and EPA approved the registration of Novartis’ product in 1998. The major
market for sweet corn worldwide is the United States, where>700,000 acres
are grown (141). The main insects attacking sweet corn include ECB as well
as CEW and FAW, but the main species and its abundance change according to
region. Conventional control tactics vary not only according to the pest species and
region, but also according to the market requirements (fresh versus processing).
Nationally nearly 3.2 million acre treatments are applied annually for control of
insects affecting sweet corn (141), for an average of 4.3 treatments for processed
corn and 8.6 for fresh market. In Florida, foliar applications of insecticides may
be applied up to 16.9 times per crop (141, 146). Because of the higher expression
of Bt proteins in sweet corn compared with field corn, good control of CEW and
FAW occurs in sweet corn even though there is considerable survival of the same
pests on field corn. EPA estimates that there were 30,000 acres of Bt sweet corn
planted in 1999. With a savings of 4.3 treatments per crop, EPA estimates the
total-use reduction was 127,000 acre treatments in 1999 (146). EPA’s simulation
model for sweet corn (146) indicates “an average net benefit per acre of $3.55 for
processing corn and $5.75 for fresh corn” in 1999.

Potatoes

Worldwide, potatoes were grown on>18.7 million ha. in 2000 (50). Unlike
cotton and corn, the majority of potato area (56%) is in developed countries.
However, China has the largest area under potato production (20%), followed
by Russia (17%). The Colorado potato beetle is the most destructive chewing-
insect pest of potatoes on a worldwide basis and occurs in most parts of the
United States and has spread to Asia and Europe. This beetle is noted for its abi-
lity to evolve resistance to insecticides (28). Currently in the United States, only
Monsanto’s New Leaf varieties, which express Cry3A, are registered after being
approved in 1995. Limited production of Bt potatoes has occurred because of
market concerns for GE foods and because a foliar insecticide, imidacloprid, was
introduced as an effective alternative to Bt potatoes. Carpenter & Gianessi (25)
indicate that 34% of the potato acreage was treated with imidacloprid in 1999. The
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total U.S. area planted to Bt potatoes has never exceeded 50,000 acres, or 4% of the
market.

In the United States 34% of the total insecticide use on potatoes is for control
of CPB (25). About 80% of the current insecticide use on potatoes comes from
organophosphates and pyrethroids. According to a survey of growers in 1998 (25),
those who used Bt potatoes applied 1.35 fewer insecticide applications and the Bt
potatoes required 0.48 lbs less active ingredients of insecticides. Based on the esti-
mated 4% of the market share for Bt potatoes, EPA (146) estimates that the benefit
to growers is $9.30 per acre or $500,000 nationally and results in 89,000 fewer
acre treatments.

Overall Conclusions

EPA’s analysis of economic return and insecticide reductions for registered Bt
crops in the United States in 1999 (146) are estimates derived from the percent of
the total area of a specific crop that is planted with a Bt variety. Results indicate
an overall economic benefit to growers of $65.4 million (field corn), $45.9 million
(cotton), $0.2 million (sweet corn), and $0.5 million (potatoes), for a total economic
benefit of $111.9 million. EPA’s analysis also indicates a reduction of 7.5 million
fewer acre treatments (cotton), 0.127 million (sweet corn), and 0.089 million (pota-
toes), but it did not calculate a figure for field corn because of variable insect
pressure. Other studies have documented declines in insecticide use in field corn
(25, 65a).

In contrast to the figures reported by EPA and NCFAP, Wolfenbarger & Phifer
(152) provided an overview of GE crops and pesticide-use patterns. Although
their report did not break out insecticide-use patterns in as much detail as EPA
or NCFAP, they questioned some of the assumptions used by NCFAP in the corn
insecticide analysis, yet did not provide an alternative. Subsequently, in a letter to
the editor, Carpenter (24) stated that Wolfenbarger & Phifer’s article did not cite
analyses of changing insecticide-use patterns on cotton, which Carpenter indicates
as “the crop for which the most dramatic reductions in pesticide use have been
observed.” In reply, Wolfenbarger & Phifer (153) questioned whether substituting
one insecticide (Bt) for another (a broad-spectrum foliar insecticide) is really a
reduction. Clearly, the authors have different perspectives on how to measure
insecticide reductions and their ecological impacts.

INFLUENCE OF Bt PLANTS ON THE ENVIRONMENT,
NONTARGET ORGANISMS, AND OTHER CROPS

Reductions in the use of broad-spectrum insecticides would likely result in conser-
vation of natural enemies and nontarget organisms, decreased potential of soil and
water contamination, and benefits to farmworkers and others likely to come into
contact with these insecticides (94). In a survey of 283 cotton farmers in China,
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Pray et al. (114) reported that farmers “using Bt cotton reported less pesticide
poisonings than those using conventional cotton.” A more complete assessment
of the environmental impact of Bt plants would include the fate of Bt proteins
in the environment, their direct and indirect impact on natural enemies and non-
target organisms, the frequency with which pollen from Bt plants fertilizes other
plants, and horizontal gene transfer in which the plant genes may move into other
organisms. EPA, as the agency charged with regulating the use of Bt plants in the
United States, has served as the clearinghouse for studies examining these vari-
ous aspects. Additional synthesis studies have been published by Snow & Palma
(131), Traynor & Westwood (139), and Wolfenbarger & Phifer (152). The Na-
tional Research Council’s Standing Committee on Biotechnology, Food and Fiber
Production and the Environment sponsored a workshop in July 2000 on ecological
monitoring of GE plants to discuss what is known and what needs to be done (95).

Outcrossing

In the case of those plants registered in the United States (corn, cotton, and pota-
toes), EPA reviewed the potential for gene capture and expression of Bt endotoxins
by wild or weedy relatives of these three crops and concluded that there is “not a
reasonable possibility” of passing their traits to wild relatives because of differ-
ences in chromosome number, phenology, and habitat (146). The only exception is
cotton in Florida and Hawaii, where feral populations exist of relatedGossypium
species, and EPA has prohibited or restricted the use of cotton in these areas. The
situation in areas in the centers of origin is far more complex. For example, in
Mexico there are several subspecies of teosinte, the wild relative of maize. Gene
flow from teosinte to maize is well established (105), and it is also possible for
genes to flow from maize to teosinte (38). In fact, the generally higher amount of
pollen in commercial crops indicates a higher likelihood of pollen moving from a
commercial maize crop into teosinte. Similar concerns about growing transgenic
plants within an area containing wild relatives need to be addressed for other crops,
and efforts are being made to engineer plants to reduce the likelihood of outcross-
ing. Because transgenic seeds may be moved by man and other organisms much
more readily than in the past, regulations should be enforced to insure that seeds
from transgenic plants are not grown in areas where they may develop into plants
that can outcross with wild or weedy relatives.

Bt Plants Becoming Weeds

Crawley and coworkers (37) reported results of a 10-year study carried out in three
locations in Britain that investigated whether GE crops, including Bt plants, could
become weeds of agriculture or invasive to natural habitats. They evaluated rape,
corn, and sugar beet resistant to herbicides and potato expressing Bt. These GE
plants were planted in plots mixed with versions of the same species but bred
through traditional breeding methods. They concluded that, “In no case were the
GM plants found to be more invasive or more persistent than their conventional
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counterparts.” Although these results do not demonstrate that all GE plants are safe
in all circumstances, they do indicate that, at least for the crops tested, including
Bt potatoes, the ability of a GE crop to become dominant-invasive plants in the
wild is limited. However, larger-scale studies are needed to expand the database.

Horizontal Transfer

Becausecry genes originate from soil bacteria, it is important to evaluate the
potential for gene transfer from GE plants to other organisms, primarily bacteria,
as well as soil organisms (see below). Crop residue, pollen, or root exudates may
be potential sources of DNA in the soil. Available data indicate the half-life of Cry
proteins incorporated into the soil in corn plants, the most extensively studied, is
1.6–22 days but can be as long as 46 days, although the amounts will be small
(146). These numbers vary considerably based on soil characteristics. DNA from
crop plants can remain in the soil from several months to several years (56, 109) if
protected from soil nucleases, but the amounts are small (146). Additionally, even
with much higher concentrations of DNA, “transformation of bacteria with plant
transgenes has only been accomplished at low frequencies and under optimum
conditions,” and therefore “DNA transfer occurs rarely if at all from plants to
bacteria” (146). Others (104) noted that other nonhomologous transgenes could,
in theory, be transferred using the homology of bacterial sequences in transgenic
plants but this would be rare, if it occurred at all.

Soil Organisms

Exposure to soil microorganisms and invertebrates can result from crop residues
as well as from the roots themselves during and after the growing season. Whereas
most of the concern of Bt plants has focused on crop residues, actively growing
plants can increase the level of Cry1Ab in the soil. Stotsky and coworkers (120)
found Cry1Ab protein in the exudates of 13 Bt corn hybrids, representing three
transformation events (Bt11, MON810, and 176). They note that the toxin could
accumulate in the soil during plant growth as well as crop residues. To assess the
effects of Cry1Ab toxin released in the root and from biomass on soil organisms,
they introduced earthworms into soil grown to Bt and non-Bt corn or amended with
biomass of Bt or non-Bt corn. Although the protein was present in the casts and guts
of worms in the Bt treatments, there were no significant differences in mortality or
weight of the earthworms, nor in the “total numbers of nematodes and culturable
protozoa, bacteria (including actinomycetes), and fungi between rhizosphere soil
of Bt and non-Bt corn or between soils amended with Bt or non-Bt biomass”
(121).

In another report (44), foliage of Cry1Ab corn was compared with foliage of
the corresponding nontransgenic maize variety in laboratory feeding experiments
to study the effects of the Bt protein on the decomposerPorcellio scaberand on
leaf litter–colonizing microorganisms. Overall, the authors concluded they could
not detect significant differences in populations of this single decomposer.
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EPA (146) concluded the findings to date indicate that Bt soils “show no effect
of total biomass, bacteria, actinomyces, fungi, protozoa or nematodes. . . (and) the
C/N ratio is not changed. . . .” Their analysis also indicates the same persistence of
Bt proteins in the soil from repeated Bt sprays as when Bt crops are grown. The EPA
report concluded by noting that “sufficient data exist to suggest that adverse effects
of currently commercialized Bt Cry1Ab and Cry1Ac proteins in the soil are not
likely, although the levels of expression in the root, where not currently available,
should be determined to assure that unexpectedly high levels of root expression
are not found.” They also noted that the levels of root expression of Cry9C are
below those used in toxicity tests that have shown no adverse effects, but EPA does
suggest further testing of Cry3A.

Although the data to date do not indicate striking problems with Bt proteins
in the soil, they point out the difficulty in working in a complex soil system.
Studies often focus on single organisms under specific environmental conditions
and over an often short period of time. Under these conditions the power to test
for differences is relatively low, and longer-term and more complex studies are
needed to ensure the integrity of important soil organisms.

Other Nontarget Organisms

Prior to the registration of the first Bt crop in 1995 (Event 176 corn), EPA evaluated
studies of potential effects of Bt endotoxins on a series of nontarget organisms
including birds, fish, honey bees, ladybugs, parasitic wasps, lacewings, springtails,
aquatic invertebrates, and earthworms (142). Organisms were chosen as indicators
of potential adverse effects when these crops are used in the field. These studies
consisted of published reports as well as company reports. An extensive collection
of reports can be seen electronically (6). The focus of these studies was primarily
on toxicity to the species tested because, unlike some synthetic insecticides that
bioaccumulate, there are no data to suggest that Bt proteins do so. From their review
of existing data, EPA concluded there were “no unreasonable adverse effects to
humans, nontarget organisms, or to the environment. . . .” (142). At that time, EPA
and scientists working in this area knew that endotoxins fromBtk (kurstaki) were
toxic to many Lepidoptera, both target and nontarget. Exposure to Bt proteins by
lepidopterous larvae was considered primarily owing to ingestion of leaf tissue
of Bt corn plants, and insects feeding on these plants would be considered pests.
Another method of exposure to lepidopterous larvae would be through pollen
deposits. Prior to registration of Bt corn, the amount of protein expressed in leaves,
roots, and pollen was documented (142). Corn pollen is one of the heaviest wind-
dispersed pollen grains, and a previous report (115) stated that corn pollen tends
to have limited movement out of the field, a fact later confirmed by Wraight et al.
(155). In its opinion in the section on endangered species, EPA stated, “Although
corn pollen containing CryIA(b)δ-endotoxin can drift out of corn fields, such
pollen, at relatively high dosages, was not toxic to the test species representative
of organisms likely to be exposed to such pollen when corn plants containing
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thecryIA(b) gene are grown.” Based on this reasoning the EPA granted the first
registration of Bt corn in 1995.

Since registration, at least two reports of effects on nontarget organisms have
received considerable attention. Reports indicating that consumption of corn pollen
affects the development and mortality of lacewing larvae has created discussion
focusing on the compatibility of Bt plants and biological control (66–68). Hilbeck
et al. (66) reported increased mortality and prolonged development when lacewing
larvae were reared on either ECB orSpodoptera littoralisthat had ingested corn
leaves expressing Cry1Ab. As noted by EPA (146), the “experimental design did
not permit a distinction between a direct effect due to the Bt protein on the predator
versus an indirect effect of consuming a sub-optimal diet consisting of sick or dying
prey that had succumbed to the Bt protein.” Hilbeck et al. (66) noted that ECB
will be unlikely hosts for lacewing larvae in Bt fields because ECB “will almost
completely be eradicated” by the Bt plants. Although Hilbeck et al. (66) state that
“no conclusions can be drawn at this point as to how results from our laboratory
trials might translate in the field,” they recommend that such tritrophic effects be
studied but concluded that Bt transgenic plants “are still more environmentally
friendly than most if not all chemical insecticides.” In the second study (67),
the authors found that high concentrations of Cry1Ab (100µg of Cry1Ab/ml
of artificial diet) fed directly to lacewing larvae were toxic. Concern about the
methods used was expressed by EPA (146) because the dose “is at least 30 times
that found in most corn tissues in the field” and in the “field setting the lacewing
larvae have a choice of other insects or eggs to feed on (so) field exposure will
be intermittent, rather than continuous” as in the methods used. Furthermore, they
note that ECB first instars “die soon after they start eating Bt corn tissue” and
that any surviving larvae “would normally be within the corn plant most of their
larval life and not be available for consumption by chrysopids.” These studies
show the difficulty in conducting laboratory studies on tritrophic interactions that
have relevance in the field. Interactions in the laboratory, although dramatic, may
not be realistic in the field. Likewise, testing only a single factor in the laboratory
may not produce the subtle effects that may arise in the field.

A second case concerns the monarch butterfly,Danus plexippus. In a scientific
correspondence, Losey et al. (83) reported that Bt corn pollen may be a hazard
to monarch butterfly larvae. Their study consisted of depositing an unspecified
amount of corn pollen from N4640 (a Bt hybrid producing Cry1Ab protein) onto
milkweed leaves and placing three-day-old larvae on the plants, recording leaf
consumption, larval survival, and final larval weight over a four-day period. The
authors found lower survival of larvae feeding on leaves dusted with Bt pollen
compared with leaves dusted with untransformed pollen or on control leaves with
no pollen. They also found reduced consumption of leaves dusted with Bt or
untransformed pollen compared with control leaves with no pollen. From these
laboratory data, the authors developed a scenario in which they hypothesized that
there could be “potentially profound implications for the conservation of monarch
butterflies” (83) with the widespread use of Bt corn. Although this report was
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criticized for its inappropriate design, methodology, and interpretation (69), it had
worldwide repercussions (124), and in December 1999, EPA issued a data call in
notice to registrants of Bt corn. At the same time, a monarch working group was
organized and conducted extensive field and laboratory research in 1999 and 2000
(65b). Although it had been previously reported that Event 176 (representing<2%
of the total corn area in the United States) does express the Cry1Ab toxin at higher
levels owing to a pollen-specific promoter (79), levels of this toxin in Bt11 (the
event used by Losey et al.) are essentially nontoxic to monarch larvae. It is unclear
why such mortality was seen, unless the high dose caused nonspecific toxicity or
was the result of contaminated pollen (see below).

Hansen & Obrycki (64) found mortality of monarch larvae from Bt corn pollen,
but the authors acknowledged large discrepancies between the toxin levels in pollen
that they measured and those from replicated measurements accepted by EPA
(146). This discrepancy is the result of them using pollen samples containing 43%
plant debris. These debris caused significant mortality and reduced weight gain by
>80% (126). These debris (mostly anther parts) are an artifact of the collection
method and are unrelated to the Bt corn pollen that may fall on milkweed plants,
the natural host of monarchs. Thus, the two published studies on monarchs had
methodological problems that skewed their results and interpretation. However,
these two reports have had tremendous implications about how science is conducted
(78) and communicated (126).

In another study, Wraight et al. (155) did not find Bt corn pollen toxic to the
black swallowtail butterfly under field conditions. As this Annual Review chapter
is going to press, a series of detailed studies on the effects of Bt corn pollen on
monarch butterfly populations in the field are being submitted for publication.
According to M.K. Sears, one of the coordinators of this two-year international
study, the reports indicate that the risk to monarchs under present field conditions
is “negligible.”

Summary

Toxicological studies on key pests, their natural enemies, and nontarget organisms,
as required by EPA, provide important information that can be used in longer-term
community studies to assess the potentially more subtle impact of Bt technology.
However, it is important to keep in mind that, regardless of whether one uses Bt
plants, a biological control agent, a resistant plant, an insecticide, a cultivation
technique, or any other method to control a pest, if the pest population is reduced
there will be some impact on the overall biological community.

Most studies on environmental impact of Bt plants have been conducted on a
small scale and over a relatively short period of time. Such studies provide some
ecologically relevant information (131) but do have limitations because they have
not been the long-term studies suggested by some. Such efforts are limited by
funding as well as the interest in moving products into the market. The USDA
is reported to spend 1% of its funds on risk assessment to biotechnology (131),
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although this amount has increased considerably in recent years. In addition to
long-term research studies, it is also important to have consistent approaches to
field studies and ones that have a high power of statistical certainty. An EPA Sci-
entific Advisory Panel (SAP) met in December 1999 and recommended that “The
Agency (EPA) should consider how the data will be used and establish acceptable
level of statistical power. Based on these decisions, appropriate tests and sample
sizes can be determined” (145). As noted by Marvier (85), the lack of power in
ecological studies may cause misinterpretation of a hazard. The National Academy
of Sciences in the United States is currently undertaking a more comprehensive
study entitled, “Environmental Impacts Associated with Commercialization of
Transgenic Plants: Issues and Approaches to Monitoring” (97).

RESISTANCE MANAGEMENT CONSIDERATIONS

Resistance management for Bt plants (58, 119) remains a serious concern. The
evolution of resistance to the toxins produced by Bt plants depends on the genetic
basis of resistance, the initial frequency of resistance alleles in the population, the
competitiveness of resistant individuals in the field, and a resistance management
strategy. In order to have an effective resistance management strategy using the
high dose/refuge strategy (the only strategy currently available), the frequency of
resistant alleles and the survival of individuals heterozygous for resistance must
both be low (10, 71).

A key to resistance management in Bt plants is the use of a refuge to conserve
susceptible alleles within the population, and the debate has focused on the size
of the refuge needed or indeed whether refuges that are large enough can be eco-
nomically acceptable to the users or sellers of Bt crops (125, 144, 146). The maxi-
mum benefits to crop production, farm profitability, and reduction of pesticide use
may come from larger proportions of transgenic crops, but long-term enjoyment
of these benefits may be feasible only by limiting the percentage of the crops that
are transgenic. U.S. growers of Bt cotton must chose one of three structural refuge
options for the 2001 growing season: 95:5 external-structured unsprayed refuge,
80:20 external-sprayed refuge, or 95:5 embedded refuge (147). Modeling studies
(107), a greenhouse study (136), and a field study (125) have indicated that sepa-
rate refuges are superior to seed mixtures for delaying resistance for insects that
can move between plants in the larval stage. Care must be taken in managing the
insect population within the refuge to insure that sufficient susceptible alleles will
exist (125).

The frequency of resistance alleles prior to the introduction of the crop is one of
the most important factors determining the long-term effectiveness of the specific
protein in the crop, and there has been considerable variation in these estimates.
Gould et al. (59), using single-pair matings to a known resistant strain, estimated the
frequency of the major Bt resistance genes inH. virescenscollected from four states
in 1993 (prior to the widespread introduction of Bt cotton) to be 1.5× 10−3. More
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recently, Tabashnik et al. (135) have noted a resistance-allele frequency of as high
as 0.13 for the pink bollworm. In contrast, Ahmad (4) could not find major genes
for resistance at frequencies of 10−3 in eitherP. xylostellaor H. armigerausing
single-family lines in an F2 screen (see below). Despite the studies that estimate
higher Bt-resistance-allele frequencies than anticipated, their effects in the field are
unclear. For example, resistance-allele frequencies in pink bollworm populations
in Arizona have not correlated with product performance and have not translated
into increased frequency of resistant individuals in subsequent generations despite
increased usage of Bt cotton.

Detecting shifts in the frequency of resistance genes should utilize an aggressive
monitoring method to detect the onset of resistance before widespread crop failure
occurs. In general, resistance monitoring plans should include a detailed strategy
for all pests susceptible to the expressed Bt proteins regardless of whether the
insects are listed on the label. Detailed programs have been developed for cotton
in Arizona (27) and Australia (R.T. Roush, unpublished information). Considerable
care needs to be taken to define the spatial scale of monitoring (19). Using stochastic
and spatially explicit simulation models, Peck et al. (110) examined the spread of
resistance on a regional basis for Bt cotton. Their model included the age structure
of adults and larvae, plant-to-plant movement of larvae within a field, migration
of adults among fields, plant type-genotype–specific selection, and developmental
time of generations. Their findings indicated that spatial scale and temporal pattern
of refuges had a strong effect on the development of resistance inH. virescens. The
authors recommend that resistance management be conducted on a regional level
and must include strong grower cooperation. We believe that grower compliance
to a resistance management strategy is essential to delaying the development of
resistance.

The F2 screen (9) has great potential to detect rare recessive alleles at low
frequencies (<10−3), a key point in managing resistance. However, to detect a
resistance-conferring allele at low frequencies, a large number of family lines
must be collected and reared. At least 750 family lines must be screened to have
a 95% probability of detecting a resistance allele at a frequency of 10−3 (8, 122).
Although several trials of the F2 screen have been completed, including three on
ECB, one on DBM, and one onH. armigera, resistance-conferring alleles have
not been found using this method (4, 8, 10, 11). There is a need to evaluate the
precision and accuracy of the F2 screen by using colonies with known frequencies
of resistance alleles. One such study (J.-Z. Zhao & A.M. Shelton, unpublished
data) used the F2 screen with well-characterized strains of DBM. Results indicate
that the F2 screen can document low allele frequencies, but using the Bt plant
as the screening method on the F2 generation may underestimate the frequency
of resistance alleles. Thus, procedures used in the F2 screen must be more fully
examined before its widespread use.

Diagnostic-dose methods are insufficiently sensitive to allele frequencies in
the most important range (10−6–10−2), and the F2 screen and infield are insuffi-
ciently tested to understand (a) if they accurately detect resistance alleles at the
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sensitivity needed, (b) the scale of effort and cost involved in large-scale monitor-
ing, and (c) if procedural changes can be implemented to improve efficiency of
the screens. Caprio et al. (22) discussed other methods such as monitoring using
larval-growth-inhibition assays, larval-feeding-disruption assays, and field moni-
toring using transgenic events with lower expression levels. The genetic basis of
resistance should drive the selection of the most efficient monitoring strategy. As
Caprio et al. (22) noted, when resistance is recessive, the diagnostic-dose assay
will be inefficient at detecting low frequencies of resistant alleles, but if func-
tionally dominant or at high frequencies, it may be appropriate. However, even
then problems may arise if more than one locus governs resistance. Clearly, more
work needs to be done on overall resistance monitoring. Perhaps the most accurate
method will be to devise genomic or proteomic methods for detecting resistance
genes, but even here caution must be exercised because resistance to a particular
toxin may arise in multiple ways.

A remedial action plan should be in place if control failures occur. Control
failures could be determined by either increases in the frequency of resistant alleles
or by damage to the plant. Education of the grower and crop consultants to look for
changes in the level of control is most important because they are probably going to
be the first to note any suspected problems. As part of the remedial action plan, it is
important to understand why resistance occurred, including better documentation
of compliance efforts that growers undertook prior to the failure.

Overall Conclusion

As resistance management strategies are defined for the currently available Bt
crops, it is imperative that other strategies for managing overall resistance to Bt
be developed and implemented in the near future. Theoretical models suggest that
pyramiding two dissimilar toxin genes in the same plant has the potential to delay
the onset of resistance much more effectively than single-toxin plants released
spatially or temporally and may require smaller refuges (118). The efficacy of a
two-gene cotton cultivar was significantly higher than thecry1Aone-gene cotton
(61, 162). Results have shown that transgenic tobacco plants with two insectici-
dal genes (cry1AandCpTI) could significantly delay resistance development of
H. armigeracompared with one-gene (cry1A) plants (160). Other non-Bt genes
will also aid in managing resistance to Bt crops.

REGULATORY AGENCIES FOR Bt PLANTS

United States

In 1986, the Office of Science and Technology Policy published its “Coordinated
Framework Notice,” which declared the USDA as the lead agency for plants
grown for feed, while food and feed is regulated by the Food and Drug Admin-
istration (FDA). The EPA regulates pesticides, including microbials and, in 1992
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amendments to the Coordinated Framework, the EPA was given jurisdiction over
pesticidal plants (96).

The National Academy of Sciences’ National Research Council suggested that
regulations of GE plants should be determined by “the product and not the process”
(93, 98). This important concept has essentially allowed ICPs, which had been
used as foliar sprays, to become registered when produced by plants. In May
1992, the FDA stated that GE plants, including Bt plants, generally fall under the
GRAS (Generally Regarded As Safe) policy, which meant that foods containing
transgenic genes and their products were not generally considered as food additives
(51). The exception to this rule was when the introduced gene or its product is a
known allergen.

This concept of “substantial equivalence” has been widely debated. Although
the use of substantial equivalence has allowed companies to move their products
more rapidly to market and regulatory agencies to reassure the public, some reports
have been critical of the science behind this concept. As argued by Millstone et al.
(88), this concept has never been properly defined, and the degree of acceptable
difference between the two types of food products should be more clearly articu-
lated. They noted that the Food and Agricultural Organization (FAO) and the World
Health Organization (WHO) committee recommends that “GM foods should be
treated by analogy with their non-GM antecedents, and evaluated primarily by
comparing their compositional data with those from their natural antecedents, so
that they could be presumed to be similarly acceptable. Only if there were glaring
and important compositional differences might it be appropriate to require further
tests, to be decided on a case-by-case basis.” However, this argument suffers from
the same vagueness because it is not clear what the phrase “glaring and important
compositional differences” really means.

In January 2001, EPA issued a final rule formalizing EPA’s existing process
for regulating biotech crops and plants that produce their own pesticides or plant-
incorporated protectants (PIPs) (148). According to the issued statement, “if the
agency determines that a PIP poses little or no health or environmental risk, they
will be exempted from certain regulatory requirements. As proposed in 1994, the
rules will exempt from tolerance requirements the genetic material DNA involved
in the production of the pesticidal substance in the plant.”

China

Bt plants and other agricultural biotechnology products were primarily regulated
by the Ministry of Agriculture in China from 1996 to 2001 (30). The Safety Com-
mittee for Agricultural Biological Genetic Engineering was developed to handle
the safety evaluation of greenhouse experiments, environmental release, and com-
mercial production of agricultural biotechnology products. A new Safety Admin-
istration Regulation on Agricultural Transgenic Organisms signed by the Premier
of the State Council of the People’s Republic of China became effective on June 7,
2001 (132). According to this regulation, labeling is required for import and sale
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of agricultural transgenic organisms in China. The production and business ad-
ministration of seeds of Bt crops are also implemented in accordance with relevant
seed regulations of province and state. An official variety name for a Bt crop is
required for commercial use. Bt cotton was the first Bt crop commercialized in
China in 1998, and it is the only one in the foreseeable future. Resistance man-
agement is not mandatory for the commercialization of Bt cotton in China accord-
ing to the current regulatory authority, but a research program on the monitoring
and management of Bt resistance was involved in the development of Bt cotton
(162).

Australia

Bt cotton is the only Bt crop in the foreseeable future in Australia, although there
is interest in field peas protected by an alpha-amylase inhibitor for control of pea
weevils (Bruchus pisorum) (123). Bt cotton was reviewed by the Genetic Manip-
ulation Advisory Committee and registered in 1996 by the National Registration
Authority (14), which serves a role similar to the U.S. EPA. During 2001, the vol-
untary advisory system will be replaced by a Gene Technology Regulator, which
will have enforcement authority. The safety of foodstuffs from transgenic crops is
assessed by the Australia New Zealand Food Authority (15).

RISK ANALYSIS

As with any pesticide, it is important to understand the various and diverse effects
(risks and benefits) of deployment of Bt plants on human health, pest management,
the environment, and food systems and to compare these with other practices. In
the United States the White House Council on Competitiveness, along with the
Office of Science and Technology Policy, has articulated “a risk-based approach
to regulation” (23).

Risk assessment involves four steps: hazard identification, dose-response evalu-
ation, exposure assessment, and risk characterization. Hazard relates to a particular
item causing a documented effect. Dose-response evaluation involves determining
the relationship between the magnitude of exposure and probability of the ad-
verse effect. Exposure assessment can be defined as the set of circumstances that
influence the extent of exposure. Risk characterization can be viewed as a “quanti-
tative measurement of the probability of adverse effects under defined conditions
of exposure” (96). Such straightforward definitions may be useful guidelines for
determining the risk of Bt plants compared with other management tactics, but
the devil is in the details. Although scientists may assert that such risk assessments,
despite problems of variability and extrapolation, are needed for science-based de-
cisions, the science of risk assessment is not easily explained to the general public.
Although no agricultural management practice is without risk, the public’s atten-
tion to risk has been focused more on the risks of biotechnology than on the risks
to the alternatives to biotechnology.
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There are two distinct philosophies concerning the assessment and regulation of
potentially harmful substances: (a) risk assessment, favored in the United States,
which tries to balance risk with public health and benefits; and (b) the precaution-
ary principle, used in some international treaties and increasingly in Europe, which
provides more emphasis on avoiding any potential risk and less emphasis on assess-
ing any potential benefits (43). A conference at Harvard University (77) focused
on “exploring the policy and practical implications of the use of the precautionary
principle in the field of biotechnology.” Researchers and policymakers from sev-
eral countries debated the meaning and consequences of this principle as it relates
to biotechnology. Depending on one’s viewpoint, the precautionary principle can
be seen as unscientific and having vague and arbitrary guidelines that stifle trade
and limit innovation, or it can be seen as a restraint on a fast-paced technology that
may have negative consequences across many social and biological fronts. Thus,
some proponents of the precautionary principle demand that governments ban the
planting of Bt plants until questions about their safety are more fully answered.
Already the precautionary principle regulates policy decisions in Germany and
Switzerland and “may soon guide the policy of all of Europe” (12). The principle
has been mentioned in the United Nations Biosafety Protocol regulating trade in
GE products.

How much do we need to know to implement a new strategy? In the 1970s and
1980s, entomology embraced a systems-science approach in determining optimal
management of agroecosystems. Systems science was seen as an aid in dealing with
complexity by providing techniques to integrate information on diverse systems,
but the larger problem is the sheer number of possible interactions in agroecosys-
tems and the time, effort, and expense required to gather and comprehend the
information on them all. Hence, as usual, scientists are left with the question of
how much do we need to know in order to implement? As with any technology, Bt
plants were deployed without full knowledge of their effects but with a conviction
that the risks would be fewer than current technology and that the benefits of GE
crops would be greater.

The essential debate about the use of biotechnology, including the use of Bt
plants, should focus on comparing the technology with existing or developing
technologies in at least the following areas: food safety and human health, en-
vironmental compatibility (including the effects on nontarget organisms, water
supplies), benefits and risks to the producer and consumer, effects on food sys-
tems, and issues of social justice (a complex series of often important but hard-
to-quantify issues). Additionally, one should examine each on a crop-by-crop
basis.

FOOD SAFETY

An article inConsumer Reports(36) heightened the awareness in the United States
of how food products from GE plants move into supermarkets. Although the article
stated “there’s no evidence such (genetically engineered) foods aren’t safe to eat,”
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the implication was that there was no evidence stating they were safe to eat. The
principal food safety concerns for Bt plants are potential toxicity and allergenicity
of the newly introduced proteins, changes in nutrient composition of the plants,
and the safety of antibiotic resistance-marker-encoded proteins included in the
transgenes. A review of these issues is presented in a joint FAO/WHO publica-
tion (154). As noted by EPA (146), “several types of data are required for the Bt
plant-pesticides to provide a reasonable certainty that no harm will result from the
aggregate exposure of these proteins. The information is intended to show that the
Bt protein behaves as would be expected of a dietary protein, is not structurally
related to any known food allergen or protein toxin, and does not display any oral
toxicity when administered at high doses.” EPA does not conduct long-term studies
because it believes that the instability of the protein in digestive fluids eliminates
this need, in line with their policy of substantial equivalence. The in vitro–digestion
assays used simply attempt to confirm that the Bt protein is degraded into small
peptides or amino acids in solutions that mimic digestive fluids, but the assays are
not intended to provide information on the toxicity of the protein itself. Acute oral
toxicity is assessed through feeding studies with mice using a pure preparation
of the plant-pesticide protein at doses of>5000 mg/kg bodyweight. None of
the Bt proteins registered as plant pesticides in the United States has shown
any significant effect (18, 146, 154). The potential allergenicity of a Bt protein
can be examined through the in vitro–digestion assays, but further assessment is
done by examining amino acid homology against a database of known allergens
(154).

Comparisons for allergenicity have also been made between foliar Bt products
and Bt proteins expressed in plants. A commercial Bt product, Javelin, has been
separated into water-soluble components, Bt spores, and Bt endotoxin protein, and
farmworkers were subjected to skin prick tests (17), which are routinely used to
test for allergic reactions to foods or other substances. Only the Javelin extracts
representing the water-soluble portions and the spores gave positive reactions.
Based on these tests, Felsot (48) concluded “results of this investigation should
partially allay recent concerns about the occurrence of possible adverse health ef-
fects in consumers after exposure to transgenic foods.” Furthermore, “it is unlikely
that consumers would develop allergic sensitivity after oral exposure to transgenic
foods (e.g., tomatoes, potatoes) that currently contain the gene encoding this [the
Bt] protein.”

Because of the StarLink situation (registration of this Cry9C product only for
animal feed, although it became commingled with products for human consump-
tion), the EPA (143, 149) addressed more fully the allergenicity concerns with
Cry9C during its Scientific Advisory Panel report issued on December 5, 2000.
This report expressed “the consensus of the Panel that while Cry9C has a ‘medium
likelihood’ to be an allergen, the combination of the expression level of the pro-
tein and the amount of corn found to be commingled poses a ‘low probability’ of
sensitizing individuals to Cry9C.” Heat studies are also conducted because many
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of these Bt plant products are processed into foods. A key issue is that not all
foodstuffs prepared from GE crops are GE. Both protein and DNA are destroyed
during the processing of highly refined foodstuffs such as oils and sugars. This is
especially true for cottonseed oil, which must be heavily refined to remove toxic
secondary plant compounds. Not only is there no DNA or protein in cottonseed
oil, there is no consistent difference between GE and non-GE cottonseed oil in
compositional analyses (15). Cry1Ab and Cry1Ac became inactive in processed
corn and cottonseed meal (146), but Cry9C was stable when exposed to simulated
gastric digestion and to temperatures at 90◦C (143) and was therefore not permit-
ted for human consumption, although it was allowed for animal consumption, a
decision that led to the StarLink situation. Chassy (29) notes that the concentra-
tion of Cry proteins in transgenic plants is usually well below 0.1% of the plant’s
total protein, and none of the Cry proteins have been demonstrated to be toxic to
humans nor have they been implicated to be allergens. Furthermore, they do not
contain sequences resembling relevant allergen epitopes. However, he also notes
that it is impossible to provide consumers assurance of absolute-zero risk, largely
owing to the inadequacy of methods to screen for novel and previously unreported
toxicity or allergenicity; (but that) the zero-risk standard that is applied to this new
technology far exceeds the standard used for novel crops produced by conventional
methods.

In contrast to concerns about toxicity and allergens from GE, there is clear
evidence for health benefits from Bt corn. Fusarium ear rot is a common ear rot
disease in the Corn Belt and the primary importance of this disease is its association
with mycotoxins, particularly the fumonisins, a group of mycotoxins that can be
fatal to horses and pigs and are probable human carcinogens (91). Field studies have
demonstrated that hybrids containing the MON810 and Bt11 Bt events experience
significantly lower incidence and severity of Fusarium ear rot and yield corn with
lower fumonisin concentrations than their non-Bt counterparts (5, 92).

Because the majority of corn worldwide is fed to livestock, questions arise about
its suitability as animal feeds. In a study using Bt corn silage on the performance
of dairy cows, the authors found no significant differences between Bt and non-Bt
corn hybrids in lactational performance or ruminal fermentation (49). A summary
of studies on Bt crops fed to chicken-broilers, chicken-layers, catfish, swine, sheep,
lactating dairy cattle, and beef cattle was compiled by the Federation of Animal
Societies (47). In a review using these studies, Faust (46) concludes that there are
“no detrimental effects for growth, performance, observed health, composition of
meal, milk, and eggs, etc.”

In a review of the safety issues associated with DNA in animal feed derived
from GE crops, Beever & Kemp (16) examined the range of issues from protein
safety to the uptake and integration of foreign DNA to the potential for antibi-
otic resistance-marker DNA and concluded “consumption of milk, meat and eggs
produced from animals fed GM crops should be considered as safe as traditional
practices.” Reports issued by the Institute of Food Technologists (70) have similar
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conclusions and state that “biotechnology processes tend to reduce risks because
they are more precise and predictable than conventional techniques.”

THE SOCIAL ISSUES

Consolidation of Agriculture

Agriculture has changed dramatically both in how and where food is produced.
Since the mid-1950s, agriculture has become bigger and more specialized and
is now one of the world’s largest industries, employing 1.3 billion people and
producing $1.3 trillion worth of goods each year (40). No longer is the world’s
$20 billion commercial seed market as diversified as it once was. Life science
companies with capabilities in biotechnology that were involved in agriculture
have bought seed companies in order to increase the value of the seed itself by
making pest–protected crops like Bt plants. Ironically, as pressure is being applied
to restrict the use of pesticidal plants, many of the companies producing the seeds
also produce pesticides and are “making more money by selling herbicides and
insecticides now” (103).

The percentage of people working in agriculture has also declined. Even in
France and Germany, the number of farmers has dwindled by 50% since 1978, and
in the Organization for Economic Cooperation and Development as a whole, the
number of farms has declined by 1.5% per year, and farmers now make up only
8% of the labor force (40). Hand in hand with the consolidation of the production
sector is the consolidation of the retail market sector, and the consolidation of the
market sector also allows it to hold influence over its suppliers. In the United States,
consolidation of the market sector lags behind Europe; in Germany, for example,
five supermarkets control nearly two thirds of the market (40). Depending on one’s
viewpoint, changes in agricultural production have what can be considered benefits
(e.g., lower food prices) or liabilities (e.g., consolidation of the food system). It is
important to recognize that the process of market consolidation began long before
GE crops. Certainly, some of the concern about agricultural biotechnology can be
traced back to concern about multinationals (41) and who controls the technology,
who has access to the technology, and whether there is freedom of choice to use
or avoid the technology.

Corporate relationships with universities (99, 113) and control of a public re-
source such as a bacterium that produces insecticidal properties may make some
uncomfortable, but this may be the only practical means to make sure the tech-
nology is deployed and pest management and environmental and health benefits
accrue. We agree with Marvier (85): “Despite recent studies that highlight pos-
sible risks, plants engineered to express Bt toxin are almost certainly safer than
most chemical pesticides, which generate well-established dangers for nontarget
arthropods.” The use of foliar sprays of Bt has been limited because of its lack of
persistence, coverage, cost, and proper dose (117). It is only when the genes of Bt
have been incorporated into plants that this once-minor insecticide has become a
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major tool in pest management. The Entomology Society of America has concluded
that GE crops “could facilitate a shift away from reliance on broad-spectrum insec-
ticides toward more biointensive pest management” and “may reduce insecticide
use” but that such “evaluations should be done on a case-by-case analysis of the
risks and benefits” (42).

Trade Issues and the Global Food Supply

While farmers in the United States were rapidly adopting Bt crops, opponents were
mobilizing and putting pressure on processors and retailers to avoid their use (43),
and this led to some unusual situations. Novartis, a producer of Bt corn that also
owns Gerber Baby Foods and some other health foods, announced that it would
eliminate GE ingredients from all its food products, although admitting that this
was not based on any doubt about the safety of the food but rather on consumers
being “wary of them” (43). On the other hand, at least for the time being, some large
companies continue to accept biotech crops, and some companies such Lumen
Foods, the largest soybean processor in the United States, have taken a proactive
stance for biotechnology (7).

On an international level, resistance shown by consumers in Europe and other
countries to foods containing GE products created problems for both the private
and public sectors. In the international debate, there are three main sets of questions
about GE crops. The first involves identifying the economic, social, and ethical
benefits and costs associated with specific GE products; the second involves ade-
quate regulations; and the third set involves the legal and effective ownership of
the genetic material (102). Such complex questions have been put on the table, but
discussion of them will be influenced by diverse cultures (European, American,
or other developed or developing countries) (128) and will likely influence trade
policies for biotechnology in the future (76).

Trade issues in the form of domestic and international scales were seen with
StarLink, the variety of GE corn not approved for human consumption. Although
StarLink only represented 1% of the total corn harvested in the United States in
2000, it was detected in food products such as taco shells. Registration of StarLink
was voluntarily pulled from the market and a number of lawsuits are pending. In
January 2001, Aventis agreed to pay millions in compensation to farmers across
the United States, and the estimated cost ranged from $100 million to $1 billion
(13). The USDA also announced on March 8, 2001, that it will buy back between
300,000 and 400,000 bags of corn seeds that contain traces of Cry9C. This may
cost the government between $15 and 20 million, but it was done to ensure a
stable and predictable market. On March 9, 2001, the EPA announced it would no
longer provide split registrations for animal and human feed. On a more localized
level, organic farmers are concerned their crops may become contaminated by
neighbors producing GE crops. Issues of liability in such situations are not clear
but are important for both parties because each can claim that his right to farm is
being questioned. Difficult legal and ethical issues are raised by this technology.
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Labeling

Considerable discussion on labeling occurs worldwide. Such discussions include
not only whether GE foods are safe to eat but also their environmental and eco-
nomic impacts compared with other production methods, whether GE foods can
be segregated in a complex food system, and who will pay the costs for ensuring
the integrity of labeling. An important question is whether labeling will help con-
sumers make an informed choice. In the EU, foods must be labeled as containing
GE products if they contain>1% GE products, and such labeled products may
provoke a strong negative reaction in the market. Consequently Europe is mov-
ing to “traceability” or “process labeling” by which producers must declare they
did not use GE in their production, and this will likely discourage the use of GE
crops. This approach has tremendous challenges in monitoring and enforcing such
a policy, as well as implications within the World Trade Organization. Further-
more, it is unclear what the costs of such a system will be and who will bear the
costs.

On January 17, 2001, FDA issued a proposed rule and a guideline that supple-
ment existing regulations of foods derived from biotechnology crops (101). The
proposed rule would require food developers of new biotech products to notify
the agency at least 120 days in advance of their intent to market a food or animal
feed developed through biotechnology and to provide appropriate information to
demonstrate that the product is as safe as the conventional counterpart. FDA also
announced that this information would be made public to increase the transparency
of the agency’s review process for such products. These proposed rules were sup-
ported by the food industry, which viewed them as a means to increase consumer
confidence in biotechnology. As of this writing, the debate about whether GE prod-
ucts will be labeled in the United States is unresolved. Whether labeling items as
containing GE products will improve public confidence in biotechnology or lead
to a decline in its use remains to be seen. Some products are now being labeled
as free of genetic engineering, although they have proved otherwise (21). It will
be difficult, if not impossible, to have assurance that a food item containing mul-
tiple ingredients (e.g., pizza) does not contain a biotechnology product or that an
animal product did not result from an animal fed some GE feed or medicine (29).
Tracking the origins of all ingredients used in a food supply or reliably detecting
GE products in a food will present unprecedented challenges.

Ethics

An area of study that is often not explicitly stated but influences the acceptability
of biotechnology may be called ethics. The term ethics is often meant to be a set of
principles of conduct governing an individual or a set of moral principles or values.
The Nuffield Council (106) examined some of the ethical issues raised by the de-
velopment and application of agricultural biotechnology in world agriculture and
food security. It guided its discussion on agricultural biotechnology by considering
three main ethical principles: the principle of general human welfare, the mainte-
nance of people’s rights, and the principle of justice. The delegates found broad
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differences in the ways these issues needed to be dissected—from the purely tech-
nical aspects to the more complex issues such as whether moving genes between
organisms was unnatural. The conference occurred at the time of demands for the
banning of GE foods and moratoria on plantings, but the delegates did not believe
that there is enough evidence of actual or potential harm to justify a moratorium
on either GE crop research, field trials, or limited release into the environment
at this stage. Most importantly, the panel members urged the development of “a
powerful public policy framework to guide and regulate the way GM technology
is applied in the UK” to ensure that public concerns are addressed, and they urged
that “that an over-arching, independent biotechnology advisory committee is es-
tablished to consider within a broad remit, the scientific and ethical issues together
with the public values associated with GM crops.” In the United States, the debate
on the ethics of agricultural biotechnology has been led by Thompson (138) and
Comstock (35), the latter whose earlier writings were decidedly against biotech-
nology but who is now a cautious proponent of GE technology.

THE FUTURE

No technology, new or old, is without risks and controversy. For biotechnology,
touted as the third-greatest revolution in technology (3), it is appropriate that not
only the technical but also the social issues surrounding the dialogue be discussed.
Scientists need to be heard in this present dialogue. The reporting of biotech issues
has changed markedly since 1997 and “moved from being a scientific issue to being
a social issue” (1). Biotechnology is now a major topic in the public media. In late
1999, theNew York Timeswas running “almost one article per day on this (biotech)
topic” (1). On the other hand, university scientists are being used less and less as
sources for stories, and by September 2000 only 12% of the news stories quoted
university scientists, whereas environmental activist groups such as Greenpeace,
the Environmental Defense Fund, and the Union of Concerned Scientists were
used increasingly as sources of news (2). Additionally, Abbott (2) notes that even
major newspapers such as theNew York Timesand theThe Times(London) are
more than twice as likely to use a quote from one of these sources than from
university scientists. Scientists have the obligation to conduct their work carefully
and present their findings in a nonsensational fashion (126). In addition to the
responsibility of the scientific community, there is also a responsibility for society
to help educate itself on biotechnology. This is an increasingly difficult challenge
because of the public’s level of scientific illiteracy, which has led to a growing
distrust of science and technology (55).

Stewart & Wheaton (133) state that “there is no evidence that current products
of GM crops produced in the US are harmful to the environment or human health”
but suggest that we need more solidly designed ecological experiments to not
only satisfy regulatory requirements but to also show “what parameters need to
be followed in post-commercialization monitoring.” The authors state that “if
combined agronomic and ecological studies had occurred more frequently in the
past, current public perception of GM might be quite different, and the paranoia
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arising from a sense of being uninformed might be diminished.” These thoughts
should be kept in mind as we discover the possibilities and liabilities of insect
control through plants expressing Bt proteins.
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