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Abstract

Bacillus thuringiensis (Bt) crops, genetically modified to express insecticidal toxins that target key pests of
corn, cotton, rice, potato, and other crops, have been rapidly adopted and have become dominant fixtures in
agroecosystems throughout the world. Due to the constitutive nature of Bt toxin expression, insecticidal pro-
teins may be found in nearly all plant tissues, presenting multiple sources for Bt toxins to enter the environ-
ment, thus creating complex direct and indirect pathways for non-target organisms to be exposed to insecti-
cidal proteins. The environmental impacts of Bt crops have been widely debated, although both benefits and
risks do exist. Benefits of Bt crop adoption include reduced risks to non-target organisms when compared with
conventional spray applications of insecticides, as well as economic savings to growers and increased global
food security. Conversely, impacts on non-target organisms, presence in the human food supply, pleiotropic
effects of genetic transformation, and gene escape to wild plant populations are all considered as viable risks
of Bt technology. To address the potential risks of Bt crop technology, proposed approaches to the environ-
mental management of Bt crops are discussed, including within-plant modifications, reduction in Bt toxin and
transgene escape, and large-scale integration into integrated pest and resistance management programs. Addi-
tionally, continued study of the effects of Bt toxins on non-target organisms at multiple tiers is necessary for
intelligent use of this valuable pest management tool. The global area planted to Bt crops is expanding, and
new Bt products and combinations are in various stages of development. Although Bt technology may offer
an environmentally superior alternative to many insecticide applications, further risk assessment research
addressing the impacts of Bt crops on agroecosystem function are needed to promote environmental safety.

Introduction

Genetically modified organisms have been widely adopted in
many parts of the world, prompting debate about the implica-
tions that this technology may have for environmental health.
Transgenic crops have been genetically engineered to incorpo-
rate genes derived from another species that confer nutritional
and agronomic benefits, such as resistance to insect pests, vi-
ruses, herbicides, or environmental conditions, such as low
water availability. Among insect-resistant transgenic crops,
the most widespread are those that express Bt toxins, coded
for by genes from the naturally occurring soil bacterium Ba-
cillus thuringiensis. Commercialized Bt crops include corn,
cotton, and rice that are protected against Coleoptera and Lep-
idoptera pests. Bt toxins are recognized as having a narrower
range of toxicity than many insecticides, including pyrethroids
and neonicotinoids, and may therefore pose less risk to non-
target organisms; however, potential environmental impacts
of Bt toxins need to be examined and documented. This entry
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will therefore examine the environmental risk assessment of
Bt crops, focusing on sources and fate of Bt toxins in expo-
sure pathways for non-target organisms, impact of Bt crops
on the environment, and approaches to environmental man-
agement of Bt crops.

What Are Bt Crops?

Transgenic Bt crops are genetically engineered to express in-
secticidal proteins that cause mortality of several common ag-
ricultural pests. The genes that code for these proteins, from a
naturally occurring bacterium, Bacillus thuringiensis (Berliner)
(Bacillaceae: Bacillales), are inserted into the genome of the de-
sired crop plant. Genetic transformation is achieved by insertion
of the target gene, its promoter and termination sequences, and
a marker gene into the crop genome using the microprojectile
bombardment method (“gene gun”) or the Agrobacterium tu-
mefaciens (Smith and Townsend) (Rhizobiales: Rhizobiaceae)
bacterium (vector-mediated transformation).
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Bt Toxins

Bacillus thuringiensis bacterial strains can produce a series
of different toxins; however, only a few have been bioengi-
neered into agricultural crops, including crystalline (Cry) and
vegetative insecticidal (VIP) proteins.[l-* These Bt toxins vary
in their range of toxicity to invertebrates, with targeted pests
dominated by larval insects in the orders Lepidoptera (moths)
and Coleoptera (beetles). The insecticidal mode of action oc-
curs when the Bt toxins bind to receptors on the midgut lin-
ing of susceptible insects, causing lysis of epithelial cells on
the gut wall and perforations in the midgut lining. This dam-
age to the insect’s digestive tract induces cessation of feeding
and death by septicemia. An important component of the in-
secticidal mechanism is its specificity, which is greater than
that of many currently used insecticides. Additionally, Bt tox-
ins degrade rapidly in the digestive tract of vertebrates,*] con-
tributing to their selective nature.

Bt Crops and their Targeted Pests

Many crop plants have been genetically engineered to express
Bt toxins, including field and sweet corn, cotton, potato, rice,
eggplant, oilseed rape (canola), tomato, broccoli, collards,
chickpea, spinach, soybean, tobacco, and cauliflower. However,
only corn and cotton have seen widespread commercialization.
Bt potatoes were grown commercially in the United States start-
ing in 1995, but were withdrawn from the market in 2001 fol-
lowing pressure from anti-biotechnology groups and the deci-
sion of the global fast-food chain McDonalds to ban the use
of genetically modified potatoes in their products.l*] This crop
may see a resurgence in planting in Russia and eastern Europe
in the near future,®! as small-scale and subsistence farmers in
these regions seek alternatives to expensive insecticide appli-
cations.[* Bt rice has also been approved in certain regions of
China,l! thereby facilitating increased production worldwide.

Global Prevalence

The planting of Bt crops has increased dramatically since the
mid-1990s, becoming a prevalent component of agroecosys-
tems worldwide!>1% (Table 1). For example, Bt cotton and corn
in the United States comprised just 1% of total area planted in
1996, their first year of commercial release; however, planting
rates have increased rapidly, with areas of Bt cotton and corn in
2010 comprising 73% and 63% of total U.S. production, respec-
tively.[''] Genetically modified crops are grown on 134 million
hectares of land in 25 countries by 14.0 million farmersl®!; ap-
proximately 40% of that area is planted to corn and cotton ex-
pressing Bt insecticidal toxins.!?]

Sources and Fate of Bt Toxins in the Environment

Toxin distribution and expression levels within a transgenic
plant vary depending on the type of Bt protein, transforma-
tion event, gene promoter used, crop phenology, and environ-
mental and geographical effects.['3-171 Most Bt crops employ
a constitutive promoter, such as the cauliflower mosaic virus
(CaMV 35%), that expresses insecticidal proteins throughout
the life of the plant in nearly all tissues, which may include fo-
liage, roots and root exudates, phloem, nectar, and pollen, cre-
ating the potential for a multitude of sources for environmental
exposure. These pathways to exposure of non-target organisms
include, but are not limited to, direct consumption of Bt toxins
via ingestion of live or detrital plant material, as well as indi-
rect consumption of Bt toxins via soil contamination from root
exudates and persistence in the soil, or consumption of Bt-con-
taining prey in tritrophic interactions (Figure 1). These path-
ways allow for multiple routes to exposure, even potentially
within a given taxonomic group, such as ground beetles (Co-
leoptera: Carabidae), which have been documented to take up
Bt toxins in the field.l'8] Certain agronomic practices may also
create unexpected routes to exposure. For example, following
harvest in China, cottonseed hulls may be used as substrate for
growing edible oyster mushrooms before being incorporated
into cattle feed.l'] Other cotton gin by-products from trans-
genic plants are used in a variety of ways, including as catfish
feed,?”Y mulch, and fuel for wood-burning stoves.[>'1 Although
transfer of Bt toxins from cottonseed hulls into mushrooms or
cattle feed was not detected,/*?! investigation of these complex
and non-conventional pathways for Bt toxin movement is crit-
ically important.

Direct Consumption of Bt Toxins
Consumption of Live Plant Tissue

Ingestion of plant material, including foliage, roots, phloem,
nectar, or pollen may be the most obvious pathway to Bt toxin
exposure for targeted pests species, as well as non-target herbi-
vores and natural enemies. Uptake of Bt toxins by herbivores
feeding on transgenic plants is well documented (e.g., Dutton
et al.,[231Harwood et al.[2 Meissle et al.,[25] Obrist et al.,[2°) and
Obrist?l). However, ingestion of Bt crop tissue may not always
result in exposure to toxins. For example, phloem-feeding in-
sects and their honeydew have tested positive for Bt toxins in
some transgenic agroecosystems, including certain rice, oilseed
rape, and corn events,!?$ 3 while failing to take up toxins from
selected Bt corn events.[*!l Exposure pathways of Bt toxins to
herbivorous arthropods in transgenic agroecosystems are vari-
able and may therefore be difficult to predict.
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Table 1. Commercialized Bt crops, years marketed, Bt toxins most commonly expressed in commercial lines, their targeted pests, and
countries that have adopted this technology.

Crop Marketed Bt toxins expressed Targeted pest/s Countries

Corn 1996-present Cry1Ab, Cry1A.105, European corn borer Ostrinia nubilalis United States, Brazil, Argentina, Canada,
Cry1F, Cry2Ab2, Cry9C Hubner, southwestern corn borer Di- South Africa, Uruguay, Philippines, Spain,
(withdrawn in 2000), atraea grandiosella Dyar (Lepidop- Chile, Honduras, Czech Republic, Portugal,
VIP3A tera: Pyralidae), corn earworm Heli- Romania, Poland, Egypt, Slovakia

coverpa zea (Boddie), fall armyworm
Spodoptera frugiperda Smith (Lepi-
doptera: Noctuidae)

2003-present Cry3Bb1, Cry34Ab1, Corn rootworm Diabrotica spp. (Cole-
Cry35Ab1, Cry3Aa optera: Chrysomelidae)
Cotton 1996-present Cry1Ac, Cry1F, Cry2Ab,  Bollworm complex: Heliothis, Helicov- United States, Brazil, Argentina, India, China,
VIP3A erpa (Lepidoptera: Noctuidae), and South Africa, Australia, Burkina Faso, Mex-
Pectinophora (Lepidoptera: Gelechiidae) ico, Colombia, Costa Rica
Potato 1995-2000 Cry3Aa Colorado potato beetle Leptino- United States, Canada, Romania

tarsa decemlineata Say (Coleoptera:
Chrysomelidae)

Source: Data from James!® and Duan et al.[4¢]

Many natural enemies are facultatively phytophagous dur- including ground beetles (Coleoptera: Carabidae), damsel bugs
ing some or all of their life stages, consuming plant material (Hemiptera: Nabidae), stink bugs (Hemiptera: Pentatomidae),
or feeding on plant liquids to meet their nutritional and mois- and ladybird beetles (Coleoptera: Coccinellidae) will also in-
ture requirements (reviewed in Lundgren).l32] Despite an abun- gest plant leaf tissue, nectar, or phloem to supplement a prey-

dant supply of moisture and prey items, many predatory insects,  based diet.[3’!

|. Growth Il. Anthesis Ill.Post-Harvest

d) Consumption of
pollen: direct and
via wind dispersal

b) Tritrophic

/V movement via prey

a) Consumption
of live plant

e) Consumption
of detrital plant
tissue

T

"‘H
<
Ti

e

¢) Soil exposure

via root exudates f) Introduction of crop

residue into soil and
aquatic environments

Figure 1. Sources for Bt toxin movement in a transgenic corn agroecosystem over the course of a growing season, including (I) growth,
(Il) anthesis, and (lll) post-harvest time periods.
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Pollen Feeding

Another potential route of Bt toxin flow in the environment is
through direct pollen feeding or consumption of pollen-con-
taminated material. Pollen is a component of the diets of many
organisms, including springtails (Collembola)3*35I and West-
ern corn rootworms Diabrotica virgifera virgifera LeConte
(Coleoptera: Chrysomelidae),’%] as well as natural enemies,
including ladybird beetles (Coleoptera: Coccinellidae),3”]
ground beetles (Coleoptera: Carabidae),3®! green and brown
lacewings (Neuroptera: Chrysopidae, Hemerobiidae),[**) hov-
erflies (Diptera: Syrphidae),/*%! and spiders (Araneae).[*!#2 In
wind-pollinated Bt crops, such as corn, pollen is an abundant
resource during anthesis and is deposited in large quantities
(up to 1400 grains/cm? on plant surfaces3!and more than 250
grains/cm? in ground-based spider webs[*4)). Some pollen-feed-
ing omnivores, such as Orius insidiosus (Say) (Hemiptera: An-
thocoridae), may also maximize their exposure to Bt toxins by
aggregating at corn silks and leaf axils, where pollen grains ac-
cumulate during anthesis.[*34¢] Pollen consumption can there-
fore represent a significant direct and indirect (through con-
sumption of pollen-feeding prey) route of exposure for both
predators and prey in transgenic agroecosystems, particularly
during periods of crop anthesis.

Consumption of Detritus

Bt toxins can persist in plant detritus beyond a single growing
season!*7*8] thereby exposing detritivores, such as earthworms,
slugs, nematodes, protozoa, bacteria, and fungi, to Bt toxins
through the consumption of such litter.L °='1 Crop detritus may
also enter aquatic environments; for example, in agricultural
systems where crop detritus is left in the field to prevent ero-
sion, plant residues may account for up to 40% of non-woody
vegetation entering streams.[?] Bt-containing crop tissue may
then be consumed by aquatic detritivores, such as larval cad-
disflies (Trichoptera), crane flies (Diptera: Tipulidae), midges
(Diptera: Chironomidae), and isopods. However, the bioactiv-
ity of Bt toxins in senesced plant material may be relatively
short; lepidopteran-specific toxins were absent after 2 weeks
in aquatic systems, while coleopteran-specific toxins decayed
in as few as 6 days.[>*] The harsh environmental conditions and
constant physical abrasion experienced by plant tissue in flow-
ing water were suggested as mechanisms stimulating such rapid
breakdown.’* Thus, while detritus provides a potential route
of exposure, the functional consequence of Bt toxins in detri-
tivore food webs remains unclear. However, what is evident is
the persistence of Bt toxins in the environment following har-
vest and the possibility for long-term exposure of non-target or-
ganisms to this material.

Indirect Consumption of Bt Toxins
Soil Contamination via Root Exudates

One potential pathway of indirect exposure to Bt toxins is
through contamination of the soil and therefore to soil-dwelling
arthropods via root exudates. Bt corn, potato, and rice all release
transgenic proteins from their roots during plant growth.5>-%¢]
The soil-dwelling fauna, including beneficial non-target organ-
isms, may therefore be exposed to Bt toxins via their secretion
in plant root exudates. Bt toxin exposure to epigeal predators,
ground beetle larvae and adults, and certain spiders [e.g., wolf
spiders (Araneae: Lycosidae)] may also occur because of their
feeding habits. Several studies have quantified the persistence
of Bt toxins in the so0il,[477-5% with results indicating persis-
tence of these insecticidal proteins ranging from 2 to 32 weeks
after introduction into the soil. This wide discrepancy may par-
tially reflect differences in microbial activity of soils,l37:60-61]
which is in turn affected by pH and mineral content.l*1 Bt tox-
ins may bind to humic acids, organic supplements, or soil par-
ticles, protecting the toxins from degradation by microbes and
extending the persistence of insecticidal activity in the soil.?!
Thus, the persistence of Bt toxins may vary significantly due to
their differential rate of decay based on microbial activity, soils,
and environmental factors.

Consumption of Prey Containing Bt Toxins

The movement of Bt toxins from plant tissue into herbivores
and subsequently into their natural enemies has been well doc-
umented. Concentrations of Bt toxins typically decrease as they
move through a food chain, indicating little evidence for bioac-
cumulation effects as seen in other insecticidal compounds!®?l;
however, two-spotted spider mites, Tetranychus urticae Koch
(Acari: Tetranychidae), show evidence for the bioaccumulation
of Bt toxins.[%3] Although in a more typical example, CrylAc
proteins expressed in transgenic cotton are ingested by beet ar-
myworm caterpillars Spodoptera exigua (Hubner) (Lepidop-
tera: Noctuidae) and are also detectible, but at lower concen-
trations, in predatory stink bugs Podisus maculiventris (Say)
(Hemiptera: Pentatomidae) when these prey are consumed.[’!]
However, not all tritrophic pathways facilitate the uptake of Bt
toxins; Cry1Ab toxins are present in the marsh slug Deroceras
laeve ( Muller) (Pulmonata: Agriolimacidae) following con-
sumption of Bt corn tissue, but are not taken up by the preda-
tory ground beetle Scarites subterraneus (F.) (Coleoptera: Ca-
rabidae) in laboratory studies®¥]; accordingly, field-collected
specimens of this species did not test positive for Bt toxins.!'8]
Additionally, the concentration of Bt toxins transferred via tro-
phic connections may vary based on the identity of the prey. In
a laboratory experiment, two prey species of the wolf spider
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Pirata subpiraticus (Bosenberg and Strand) (Araneae: Lycosi-
dae), the striped stem borer Chilo suppressalis (Walker) (Lep-
idoptera: Crambidac), and the Chinese brushbrown caterpillar
Mycalesis gotama Moore (Lepidoptera: Nymphalidae) were al-
lowed to feed on transgenic rice expressing Cryl Ab Bt toxins.
These prey were subsequently fed to the wolf spider, and assays
of each trophic level indicated that Bt toxins were transferred
up the food chain; Cryl Ab concentration diminished with each
additional trophic step, and the two prey species transferred
CrylAb with significantly different efficiencies, having approxi-
mately 60 times the CrylAb concentration in brushbrown cater-
pillar-fed spiders compared with striped stem borer-fed spiders.
[65] Adult ladybird beetles (Coleoptera: Coccinellidae) showed
greatest uptake of Bt toxins in a corn agroecosystem post-anthe-
sis, indicating that tritrophic movement of toxins was a greater
pathway for toxin uptake than direct pollen consumption.[°0] It
is therefore clear that consumption of Bt- containing prey could
be a major source of Bt toxin flow in non-target food webs, al-
though the extent of toxin uptake and its concentration will de-
pend on the strength of specific trophic pathways that occur
within a given food web in the field.

Impacts of Bt Crops on the Environment

Bt crops have become a dominant fixture in selected agroeco-
systems worldwide. Their planting on cultivated lands globally
allows for large potential impacts of this technology on the en-
vironment. These impacts include both benefits and potential
risks, the consequences to the environment of using Bt technol-
ogy are intensely debated.

Benefits of Bt Technology
Reduced Risk Compared with Conventional Insecticides

The insecticidal toxins produced by transgenic Bt crops are
considered to have fewer non-target effects than many insec-
ticides due to their narrow range of toxicity and, therefore,
to be advantageous to traditional methods of control. For ex-
ample, populations of many natural enemies responded neg-
atively to foliar applications of broad-spectrum pyrethroids
compared with more selective insecticides, such as Bt toxins,
indoxacarb, and spinosad, used to combat lepidopteran pests
in sweet corn agroecosystems.[%”] Field studies comparing Bt
crops with their non-transgenic isolines that have been treated
with broad-spectrum insecticides almost always reveal higher
populations of beneficial arthropods in the Bt crops. A meta-
analysis of these studies found that total non-target invertebrate
abundance was higher in lepidopteran-targeting corn and cotton
compared with non-transgenic crops managed with insecticides;

however, no differences for coleopteran-targeting corn were
reported.[®8] Non-transgenic control plots treated with insecti-
cides had lower predator and herbivore abundance compared
with unsprayed Bt fields; this result was particularly strong for
predator populations in non-transgenic plots treated with py-
rethroids, such as lambda-cyhalothrin, cyfluthrin, and bifen-
thrin.[%] Similarly, spiders were more abundant in Bt corn, cot-
ton, and potato when compared with conventionally managed
crops employing a range of insecticides, including foliar pyre-
throid sprays, systemic neonicotinoid seed treatments, and or-
ganophosphate soil applications at planting.I’’l Due to their se-
lectivity, Bt crops are therefore safer for non-target organisms
when compared with many insecticides, particularly those with
broad-spectrum action.

Economic Savings

A reduction in the quantity and frequency of insecticide ap-
plications are economically beneficial, in addition to reduced
exposure to chemical insecticides for farm workers and the
environment. Bt cotton has significantly reduced insecticide
inputs in numerous regions of the world, including the United
States,[”!7?] China,["* and South Africa.’¥ The adoption of Bt
corn in the midwestern United States has provided an estimated
$6.9 billion in benefits to growers of both Bt and non-Bt corn
in the past 14 years, due to area-wide suppression of European
corn borer Ostrinia nubilalis (Hubner) (Lepidoptera: Pyralidae),
a key pest of this crop.!”>) With more than 53 million hectares of
Bt crops now planted worldwide, there are significant economic
considerations, and it is evident that Bt-based production sys-
tems are not only more sustainable in the context of pest man-
agement but also have the capacity to enhance agricultural di-
versity through reduced chemical inputs.

Global Food Security

The human population is projected to reach 10 billion by 2050,
and concomitant to this is the need for augmented global food
security and production.l’l The employment of Bt crop tech-
nology may aid in this goal by increasing quantity and con-
sistency of crop yields; for example, corn yields are increased
or protected because of season-long control of European corn
borer.l”! Additionally, stored corn grain is protected against lep-
idopteran pests!’” and mycotoxin levels, which pose a threat to
the health of humans and livestock if introduced into the food
supply,[®8 are lower because of reduced feeding activity of Eu-
ropean corn borer, which are associated with the fungal causal
agents.l”171 Bt crops may therefore confer significant benefi-
cial effects for the global drive to increase agricultural produc-
tivity and safety.
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Potential Risks of Bt Crops
Impacts on Non-Target Organisms

Despite the specificity of Bt toxins toward target pests, ques-
tions have been raised concerning their effects on abundance,
diversity, or fecundity of some components of the non-target
food web, including beneficial species such as pollinators, nat-
ural enemies, and/or detritivores. Given the important ecosys-
tem services provided by the above-mentioned non-target or-
ganisms, the risk assessment of these groups is essential in the
context of understanding environmental health. Lundgren et
al.l'lidentified four main approaches that risk assessment re-
searchers have used to study the impact of Bt crops on non-tar-
get invertebrates: direct toxicity, tritrophic interactions, com-
munity level studies, and meta-analyses of data.

Direct toxicity. Feeding non-target organisms a diet that con-
tains Bt toxins and measuring resulting parameters of develop-
ment, fitness, and fecundity are done to examine the potential
for directly toxic effects of Bt crops. The literature (reviewed
in Lundgren et al.l'7Tand Lovei and Arpail®) provides con-
trasting evidence of non-target effects, ranging from no dis-
cernable effects of consumption of transgenic crops (e.g., Har-
wood et al.,lI Pilcher et al.,[#'] Al-Deeb et al.,[#?] Lundgren and
Wiedenmann,[®3land Anderson et al.1¥) to reports of a variety
of negative effects (e.g., increased mortality, delay in devel-
opment, reduction in weight gain, or changes in behavior) on
beneficial organisms, such as pollinators,!®>! predators, ¥ par-
asitoids,”1and other non-target arthropods.>%88-91 Differing
results of studies of direct toxicity of Bt toxins to non-target
organisms exist for many groups; for example, in caddisflies
(closely related to the target order Lepidoptera), studies have
been published that report both sublethal negative effectsl®!land
the absence of negative impacts of Bt toxins.>* Such labora-
tory toxicity studies may be extrapolated to the field, although
toxicity studies should address all ecologically relevant routes
to exposure for non-target organisms.!?!

Tritrophic interactions. These studies test for effects of
Bt crops on natural enemies via consumption of Bt-contain-
ing prey; any observed effects may be due to ingestion of tox-
ins or through prey-quality-mediated effects. Several studies
have reported no tritrophic effects of Bt crops on natural ene-
mies!®393-93]; however, negative effects have been observed in
other cases,[°®?7] although these results are often attributed to
prey-mediated effects whereas prey quality is lower when fed
Bt crop tissue. Meta-analyses of tritrophic studies revealed that
using prey items that were totally or partially susceptible to Bt
toxins (and therefore were likely to be of lesser quality) had a
negative effect on the performance of natural enemies, while
using nonsusceptible prey (whose quality should be unaffected
by consuming Bt toxins) had no effect on the performance of

the natural enemies that consumed it.[93:99]

Community level. To study the effect of Bt crops on non-
target organisms at the community level, arthropods are sam-
pled from Bt and conventional crops to observe any differ-
ences in abundance, diversity, or community structure. Such
studies have examined a variety of nontarget organism pop-
ulations, including soil microarthropods, nematodes, decom-
posers, pollinators, and natural enemies.[3110-1101 Resuylts of
such studies often report no significant differences between
populations of non-target organisms in Bt and non-Bt crops;
however, a lack of taxonomic resolution in some studies can
weaken these results.[0]

Meta-analysis data. This quantitative method addresses ef-
fects of Bt crops across multiple published studies and has
been widely used to infer the consequence of Bt crops on
a series of different parameters. For example, a meta-anal-
ysis of 42 field experiments revealed that the overall mean
abundance of non-target invertebrates was significantly lower
in lepidopteran-targeting Bt corn fields compared with non-
transgenic fields when neither is treated with insecticides;
no differences were found between coleopteran-targeting Bt
and non-transgenic corn.[%8 Unsurprisingly, the abundance of
non-target arthropods was significantly higher in transgenic
corn versus non-transgenic corn that had been treated with
insecticides.[°®] Additional meta-analyses have reported the
effects of Bt crops on functional guilds of non-target organ-
isms, [ honey bees,!'!!1 and spiders, 7! generally finding no
differences in non-target arthropod populations between Bt
and non-Bt crops. When examined at further taxonomic res-
olution, such analyses may reveal differential responses of
functionally distinct taxa to Bt crops, as is the case with spider
families. Meta-analysis revealed positive effects of Bt crops
on the abundance of certain groups (Clubionidae, Linyphiidae,
Thomisidae), no effect on others (Lycosidae, Oxyopidae, Ara-
neidae), and negative effects on several families (Anyphaeni-
dae, Philodromidae) relative to non-transgenic crops untreated
with insecticides.[7]

Presence in Human Food Supply

Concerns about the presence of Bt toxins in the human food
supply do not stem from any direct toxic effects, as vertebrates
lack the midgut receptors for binding of Bt toxins, but from the
possibility that a portion of the population will exhibit an al-
lergic reaction to ingestion of Bt proteins.!''?) Most Bt toxins
will readily break down in the acidic environment of a verte-
brate digestive tract.’] Bt corn expressing Cry9C proteins, mar-
keted under the commercial name StarLink™, was planted in
the United States from 1998 to 2000, but approved only for ani-
mal feed and ethanol production due to the persistence of Cry9C
in the vertebrate gut.[''3] When traces of Cry9C proteins were
found in cornmeal destined for human consumption, several
food items were recalled, including Taco Bell® taco shells, and
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StarLink was voluntarily removed from the market.!''* How-
ever, no confirmed allergenic reactions due to Cry9C contami-
nation were reported. Despite the lack of evidence for any true
risk to humans based on consumption of Bt food products, sen-
timent against transgenic agricultural products destined for hu-
man consumption exists, especially in Europe, and has influ-
enced the commercial acceptance of some products such as Bt
potatoes.[* Therefore, despite these limited effects on the human
(and vertebrate) population, safeguards need to be in place to
prevent the presence of unapproved genetically modified prod-
ucts entering the human food chain.

Pleiotropic Effects of Genetic Transformation

Insertion of a Bt gene complex into a crop plant may result in
unpredicted and unintended pleiotropic effects that change the
plant from its non-transgenic counterpart in ways beyond just
the expression of Bt toxins.[*%!13-117] For example, a reported
pleiotropic effect in Bt corn is an increase in the lignin content
in transgenic plant tissue,[*"] a trait that could lead to reduced
decomposition rates in the soil.l''8! However, other studies have
contested this conclusion and shown no differences in rate of
decomposition.!''I An additional pleiotropic effect of transfor-
mation in CrylF corn may be an increase in attractiveness as an
oviposition site for corn leathoppers Dalbulus maidis (DeLong
and Wolcott) (Hemiptera: Cicadellidae), a pest that is not tar-
geted by Bt toxins, possibly due to altered plant traits that influ-
ence oviposition, such as leaf vein characteristics, foliar pubes-
cence, or plant chemistry.l'2%I There is a lack of understanding
of how these pleiotropic effects will affect ecosystem processes,
although the potential consequences merit further examination
in the context of their environmental impacts.

Gene Escape

The transfer of genes from populations of domesticated crops
into wild plants has been documented for many years.!'?!l The
“escape” of Bt transgenes into wild plants could have undesir-
able effects by reducing genetic diversity and fecundity in wild
populations or increasing fecundity and creating an invasive
weed through reduction or elimination of herbivory. The pres-
ence of transgenic material from the CaMV 35S promoter used
in Bt crops was reported in native maize landraces grown in
remote areas of Oaxaca, Mexico, in 2001.[122l However, these
results have been highly debated[!>3-123] and additional studies
are conflicting, reporting both the presencel!?%] and absencel!?”]
of transgenic DNA in traditional maize lines in Mexico. Addi-
tionally, transgene escape into weedy rice may increase the fe-
cundity of this plant, as well as its ecological interactions with
surrounding organisms.!'?8] The implications of transgene es-
cape are yet to be fully understood, particularly in the context
of ecological risk assessment.

Approaches to Environmental Management of Bt
Crops

To safely incorporate Bt crop technology into agroecosystems,
approaches to environmental management should address the
issue at multiple scales. These include engineering at the level
of the individual plant genome, field- and farm-level modifi-
cations to reduce exposure of Bt toxins and escape of trans-
genes, and large-scale incorporation of Bt technology into in-
tegrated pest and resistance management programs. Finally,
continued research concentrating on the non-target impacts
of Bt crops should be conducted at multiple tiers across crop
and toxin types, geographic regions, non-target organism taxa,
and temporal and spatial scales, studying non-target organ-
isms at the greatest taxonomic resolution possible. Regulation
of transgenic crops in the effort to mitigate risk is complex;
further recommendations and discussion of this topic can be
found elsewhere.!12°]

Within-Plant Modifications
Selection of Low-Risk Promoters

As the gene promoter used in a transgenic event can have a
strong impact on the eventual concentration and distribution
of Bt toxins within the plant, the choice of promoter should be
made within the context of environmental safety. Certain pro-
moters have been identified as having greater non-target risks
than others; for example, harmful effects of Bt corn event 176
on non-target Lepidoptera larvae [monarchs Danaus plexippus
(L.) (Nymphalidae) and black swallowtails Papilio polyxenes F.
(Papilionidae)] have been reported, while other events express-
ing the same Cry toxin (e.g., Bt11 and MONS§10) had no effect.
%01 Event 176 has increased expression of Bt proteins in the pol-
len compared with the other events!'3% and therefore poses a
greater risk to non-target organisms.

Tissue- and Time-Specific Expression

The use of gene promoters that are tissue- or time-specific to
express toxins only in plant tissues when they are susceptible to
feeding has been introduced.['3!] This technique has been em-
ployed in the transgenic expression of snowdrop lectin, a plant-
derived protein with insecticidal properties, in rice. To target
phloem-feeding pests such as brown planthoppers, lectins are
selectively expressed in the vascular tissue.!'3%1331 Such selec-
tive expression of Bt toxins in tissue and time to target suscep-
tible pests and reduce exposure to non-target beneficial arthro-
pods could potentially increase environmental safety, thereby
reducing the pathways for Bt toxin movement through non-tar-
get food webs.
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Reduction in Bt Toxin and Transgene Escape

At the field or farm level, management practices may be im-
plemented that reduce the movement of Bt toxins or transgenes
from their source (Bt plants) into surrounding habitats. Current
practices may depend on the crop and agronomic aims of the
grower; for example, large quantities of crop residue may be in-
corporated into the soil during the harvesting process, although
this is not the practice when crop material is removed for etha-
nol production or under reduced-tillage practices.['34! Although
Bt toxins may degrade quickly following the incorporation of
Bt crop plant detritus into aquatic systems, this potential path-
way for transgenic protein movement may be avoided through
the employment of practices that prevent movement of trans-
genic crop tissue beyond field borders. The establishment of
riparian buffer zones and filter strips may reduce the quantity
of crop detritus and other compounds originating in cropland
(e.g., fertilizers, insecticides) that enter nearby streams and wa-
terways.['33] Similarly, reducing exposure pathways for gene
flow into wild plant populations via physical methods, such as
isolation of crops or plant destruction, may delay transgene es-
cape. However, controlling gene flow via pollen and seeds in
the environment can be very difficult; a physical separation of
200 m between transgenic corn still yields contamination levels
of 0.1% between plant populations due to cross-pollination.[!3¢]
Seeds are additionally difficult to control owing to their persis-
tence in the soil seed bank, as well as ability to sometimes ger-
minate and persist outside of cultivated fields.['*”] Management
of the movement of Bt toxins and genetic material from cul-
tivated fields into the surrounding environments warrants ad-
ditional research. Interestingly, technology that could have re-
duced the spread of transgenes, called the “terminator gene,”
was abandoned in 1999 because of the criticism that the gene
prevents farmers from harvesting viable seed and thereby ex-
clusively benefits the seed companies.[!38]

Large-Scale Integrated Pest and Resistance
Management

Although Bt crops allow reductions in the application of cer-
tain insecticides compared with conventionally managed crops
(while other insecticidal practices persist, such as neonicoti-
noid seed treatments on cornt'3%), it should not be assumed
that this technology will readily fit into integrated pest man-
agement practices.['”] Considerations of compatibility with bi-
ological control and delaying resistance in pest populations are
also necessary.

Compatibility with biological control

Integrated pest management practices attempt to incorporate
mechanical, physical, chemical, and cultural controls; host

resistance (including transgenic crops); and autocidal, biochem-
ical, and biological controls in a synergistic manner. Increased
attention has focused on conservation biological control: the
modification of the environment or existing practices to pro-
tect and enhance specific natural enemies or other organisms
to reduce effects of pests (e.g., Landis et al.['# and Eilenberg
et al.'*!)), Natural enemies can be abundant in agricultural sys-
tems and often play an essential role in pest suppression. Main-
tenance of relevant natural enemy populations via conserva-
tion biological control is a practical and sustainable option for
high-acreage field crops, such as corn and cotton,['4?] which are
dominated by Bt varieties. Any negative effects of Bt toxins on
natural enemies could reduce their effectiveness as biological
control agents and therefore limit natural pest suppression in
agroecosystems. Understanding the potential impacts of trans-
genic crops on non-target arthropods is essential in order to pro-
vide a framework for integrating natural enemies into sustain-
able methods of pest control in the agricultural environment.

Resistance Management Techniques

The development of resistance to Bt toxins by pest populations
is a major concern. Integrated resistance management programs
must continue to be developed and followed to promote the
sustainable use of Bt crops. This is of critical importance given
that resistance to Bt sprays has occurred in multiple popula-
tions of the pestiferous diamond back moth Plutella xylostella
(L.) (Lepidoptera: Plutellidae)l'*3! and three instances of field-
evolved resistance to transgenic Bt crops have been reported in
moth larvae: Spodoptera frugiperda (Smith) (Lepidoptera: Noc-
tuidae) to Cry1F corn in Puerto Rico, Busseola fusca (Fuller)
(Lepidoptera: Noctuidae) to Cryl Ab corn in South Africa, and
Pectinophora gossypiella (Saunders) (Lepidoptera: Gelechi-
idae) to CrylAc in the southwestern United States.!'**] Current
resistance management employs structured refuges and high-
dose toxin crops, as well as monitoring for resistance develop-
ment in the field and monitoring for compliance of growers to
refuge protocol. Additional attempts to delay resistance include
creating transgenic plants that express more than one type of Bt
toxin that targets the same pest, called gene pyramiding.['3!
proved resistance management would include increased educa-
tion for growers and the public about the importance of resis-
tance management and refuge compliance, as well as continued
monitoring of field populations for the development of resis-
tance. Future strategies to passively achieve resistance compli-
ance include mixed seed refuges, in which transgenic and non-
transgenic seeds are sold in combination within the bag.['4]

] Im-

Conclusions

The sources and fate of Bt toxins in the environment can be
complex and variable depending on crop, transgenic event,
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geography, and other environmental variables. The effects of
Bt crops and their toxins on the environment have been widely
debated, particularly the potential implications associated with
ecological impacts such as gene escape and non-target risks.
Approaches to the environmental management of Bt crops and
their integration into integrated pest and resistance management
systems warrant further study. Despite the concerns associated
with Bt crops, significant reductions in chemical input are ev-
ident and this technology is environmentally safer when com-
pared with many approaches to pest suppression, particularly
those using broad-spectrum insecticides.

Future of Bt Technology

The focus of current transgenic technology has been on stack-
ing and pyramiding of events. Stacking incorporates multiple
transgenic traits into the crop genome in order to express more
than one type of insecticidal toxin, therefore targeting multiple
pest species. Pyramiding of transgenes allows for the crop to ex-
press multiple types of Bt toxins that target the same pest. Addi-
tionally, several other Bt crops are expected to be approved for
commercial availability by 2015, including potatoes for plant-
ing in eastern Europe and eggplant in India.l>) The global adop-
tion of biotechnology in agriculture is projected to continue
with estimates that genetically modified crops will reach 200
million hectares, grown by 20 million farmers in 40 countries
by 2015.55)
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