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ABSTRACT A dietary exposure bioassay with larvae of the ground beetle, Poecilus chalcites (Say)
(Coleoptera: Carabidae), was developed to assess potential nontarget impacts of corn event MON 863
expressing the Cry3Bb1 protein for control of corn rootworms, Diabrotica spp. (Coleoptera: Chry-
somelidae). The assay involved 28 d of continuous exposure of P. chalcites larvae to an artiÞcial diet
treated with a maximum hazard dose (930 �g/g of diet) of the Cry3Bb1 protein. Results from this study
showed that the Cry3Bb1 protein at a concentration of 930 �g/g of diet had no adverse effect on the
survival, development, and growth (biomass) of P. chalcites larvae. Furthermore, statistical power
analysis indicated that at levels of 80% power and 5% type I error rate, the study design would have
been able to detect a minimum 14 (at day 7) to 19% (at days 14, 21, and 28) reduction in survival and
a 21 (at day 14) to 18% (at day 28) reduction in biomass of test larvae relative to the negative buffer
control groups. Based on the maximum level (93 �g/g) of the Cry3Bb1 protein expressed in MON 863
corn tissues including leaves, roots, and pollen, Þndings from this study indicate that corn hybrids
containing the MON 863 event have a minimum 10 times safety factor for larvae of P. chalcites, and
thus pose little risk to this nontarget beneÞcial insect.
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CORN ROOTWORMS (Diabrotica spp.) are the most de-
structive insect pests of corn in North America and are
frequently the targets of soil insecticides in many
corn-growing regions in the United States (Davis and
Coleman 1997, Kuhar et al. 1997, Pilcher and Rice
1998). A major concern for growers is that corn root-
worms have developed physiological resistance to sev-
eral classes of insecticides and behavioral resistance to
crop rotations (Krysan et al. 1984, Sammons et al. 1997,
OÕNeal et al. 1999). New technologies, such as genet-
ically modiÞed plants expressing insecticidal traits, are
an important source for additional tools on which
growers can rely to manage corn rootworms.

Using molecular techniques, Monsanto Company
recently developed and commercialized a genetically
modiÞed corn event (MON 863), which effectively
controls corn rootworms (Vaughn et al. 2005). MON
863 expresses a gene encoding a variant of the wild-

type Cry3Bb1 protein derived from Bacillus thurin-
giensis (Bt) subspecies kumamotoensis. The variant
Cry3Bb1 protein has insecticidal activity against Co-
leopteran species such as corn rootworms and the
Colorado potato beetle, Leptinotarsa decemlineata
(Say) (Donovan et al. 1992). Recent Þeld trials have
shown that MON 863 is highly efÞcacious against lar-
vae ofDiabrotica species and may provide corn grow-
ers an effective alternative to soil insecticides for man-
aging corn rootworms (Ward et al. 2004, Vaughn et al.
2005). Although MON 863 has been commercially
available since 2003 (U.S. EPA 2003), additional maize
cultivars that produce different coleopteran-active Bt
proteins (e.g., binary delta-endotoxins) are under de-
velopment by other biotechnology companies (e.g.,
Moellenbeck et al. 2001, Ward et al. 2004).

An important step in the commercialization of ge-
netically modiÞed crops is evaluation of the potential
toxicity of plant incorporated protectants (PIPs) to
nontarget organisms in the laboratory under worst-
case exposure scenarios (U.S. EPA 1989, 1994). BtCry
proteins have no contact toxicity and must be ingested
by a susceptible organism to be effective. Thus, dietary
exposure assays are required to assess the toxicity or
hazard of the PIPs against test nontarget organisms.
The potential toxicity of the plant-incorporated
Cry3Bb1 protein has been evaluated for a number of

1 Monsanto CompanyÐEcological Technology Center/V2C, St.
Louis, MO 63167.

2 Corresponding author: Monsanto CompanyÐV2C, 800 North
Lindbergh, St. Louis, MO 63107 (e-mail: jian.j.duan@monsanto.com).

3 Center for Ecological Entomology, Illinois Natural History Sur-
vey, Champaign, IL 61820.

4 Current address: Northern Grains Insect Research Laboratory,
USDAÐARS, Brookings, SD 57006.

5 Current address: Department of Entomology, 319 Agriculture
Building, University of Arkansas, Fayetteville, AR 72701.

0046-225X/06/0135Ð0142$04.00/0 � 2006 Entomological Society of America



nontarget organisms, including honey bees, ladybird
beetles, lacewings, springtails, and parasitic wasps
through laboratory dietary exposure assays (U.S. EPA
2003, Ward et al. 2004), as well as in small-scale Þeld
studies (Al-Deeb and Wilde 2003, Al-Deeb et al.
2004).

One group of nontarget organisms that has been
largely ignored in nontarget testing with PIPs is
ground beetles (Coleoptera: Carabidae) (e.g.,
OÕCallaghan et al. 2005). In particular, the larval stage
of Carabidae has not been tested for potential non-
target impacts of genetically modiÞed plants express-
ing a coleopteran-active insecticidal protein such as
Cry3Bb1, in part because of the difÞculty associated
with maintaining most species of ground beetles in
laboratory cultures (Tomlin 1975, Goulet 1976).
Ground beetles are an abundant and diverse group of
insect predators that consume both insect pests and
weed seeds (Lövei and Sunderland 1996, Kromp 1999,
Tooley and Brust 2002, Lundgren et al. 2005b). In
addition to their role in pest management, ground
beetle communities are useful bio-indicators of farm
and pest management practices (Lövei and Sunder-
land 1996, Kromp 1999, Perner 2003, Lundgren et al.
2005b). Recent advancements in carabid rearing
based on an artiÞcial diet (Lundgren et al. 2005a) have
made it possible to evaluate the potential effects of Bt
Cry proteins through dietary exposure assays.
Poecilus chalcites (Say) is a carnivorous carabid

commonly encountered in crop habitats throughout
North America east of the Rocky Mountains (Bous-
quet and Larochelle 1993). This predator consumes a
number of crop pests, including western corn root-
worm (Diabrotica virgifera virgifera LeCounte; Kirk
1975), corn earworm [Helicoverpa zea (Boddie);
Lesiewicz et al. 1982], black cutworm [Agrotis ipsilon
(Hufnagel); Lund and Turpin 1977], and armyworm
[Pseudaletia unipuncta (Haworth); Clark et al. 1994].
P. chalcites currently is being considered for use as a
surrogate insect predator species in tier-I testing for
plant-incorporated insecticidal proteins that have ac-
tivity against coleopteran pests (such as Cry3Bb1 pro-
tein inBt corn for control of corn rootworms; U.S. EPA
2003). In this study, a dietary exposure assay was
developed to evaluate the potential hazard of the
Cry3Bb1 protein expressed in MON 863 corn to larvae
of the agriculturally important ground beetle, P. chal-
cites.

Materials and Methods

Insects. Larvae of P. chalcites originated from eggs
laid by adults collected between April and September
in agricultural habitats (corn, soybean, and organic
vegetable) in Champaign, IL, 2001Ð2003. On collec-
tion, adults of P. chalcites were identiÞed using mor-
phological features (Lindroth 1966), and voucher
specimens were placed in the arthropod collection of
the Illinois Natural History Survey, Champaign, IL
(accession nos. 44366Ð44370). Field-collected P. chal-
cites adults were cultured in the laboratory according
to procedures described by Lundgren et al. (2005a).

Females oviposited eggs directly into potting soil,
which were incubated in a growth chamber (Percival
ScientiÞc, Boone, IA) at 27 � 1.5�C until larvae
hatched.
DietaryAssay.Larvae ofP. chalciteswere exposed to

a maximum Cry3Bb1 hazard dose of 930 �g/g of diet.
This maximum hazard dose was �10 times greater
than the highest expected environmental concentra-
tion of Cry3Bb1 in MON 863 corn plant tissues, as
reported by Dudin et al. (2001). The concentration of
Cry3Bb1 in MON 863 corn plant tissue was used as a
conservative estimate of the potential environmental
exposure concentration because there is no informa-
tion currently available on the concentration of
Cry3Bb1 in insect prey, the predominant food source
for P. chalcites.

Four agar-based artiÞcial diet (Lundgren et al.
2005a) treatments were used, including (1) test sub-
stance, Cry3Bb1 at 930 �g/g of diet; (2) control sub-
stance, 10 mM sodium carbonate/bicarbonate buffer
(pH 10) at 0.147 ml/g of diet; (3) reference substance,
potassium arsenate at 200 �g/g of diet; and (4) water
assay control, i.e., diet only. The Cry3Bb1 protein was
produced in a heterologous Escherichia coli fermen-
tation system and prepared in 10 mM sodium carbon-
ate/bicarbonate buffer (the control substance) for
storage and dosing. When not in use, the Cry3Bb1
solution was stored in a �80�C freezer or on dry ice.
Potassium arsenate (KH2AsO4) is a known stomach
poison to many insects (Metcalf et al. 1962), including
P. chalcites (J.G.L., unpublished data), and was used as
apositivecontrol toevaluate theefÞcacyof thedietary
exposure system for detecting stomach toxins. Ten to
12 larvae (�3 d old) were tested for each of the diet
treatments, and the experiment was replicated six
times. Larvae within a replicate originated from the
same group of mated females (�60 individuals).

ArtiÞcial diet was prepared by adapting the recipe
(Table 1) from Lundgren et al. (2005a). Appropriate
amounts of the test, control, and reference substances

Table 1. Recipe for meridic diet used for rearing P. chalcites
larvae in dietary assays (adapted from Lundgren et al. 2005a)

Ingredientsa blended for 3 min Amount

Cat food (IamÕs adult maintenance formula) 46.6 g
Distilled water (soak the cat food in this

water until soft)b
93 ml

Raw chicken egg (one) 53 g
Vitamin solutionc 1.5 ml
Sorbic acid 1 g
Tetracycline 0.5 g
Ingredients blend for an additional 1 min
Agar 3 g
Boiling waterb 70 ml

a This recipe makes �300 ml of diet.
b The amount of water may be adjusted to compensate for the

amount of dosing solution needed to achieve the target concn of the
test substance.
c Vitamin solution was a mixture of the following ingredients: dis-

tilled water (100 ml), niacinimide hydrochloride (100 mg), calcium
pantothenate (100 mg), riboßavin (50 mg), thiamine hydrochloride
(25 mg), pyridoxine hydrochloride (25 mg), folic acid (25 mg), biotin
(2 mg), and vitamin B12 (0.2 mg).
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were incorporated into the diet suspension with a
blender (Waring Commercial Blender, New Hartford,
CT) to reach the target concentrations. The diet sus-
pension for each treatment was allowed to solidify in
petri dishes or cells of bioassay trays (C-D Interna-
tional, Pitman, NJ) at room temperature. Aliquots of
each batch of diet for each treatment were sealed and
stored at �20�C for a maximum of 28 d until use.

For testing, individual larvae were placed into 32-ml
plastic cups, each Þlled with �15 ml of soil (unster-
ilized Fer-Til soil; Green-Gro Products, Jackson, WI).
Foreach treatmentgroup,�0.2gof the respectivediet
was provided to each larva every 48Ð72 h. The larvae
were allowed to feed ad libitum in the test arena. The
soil served as critical microhabitat for the test larvae
(Lundgren et al. 2005) and was replaced on a weekly
basis.

Test larvae were monitored weekly for survival and
developmental stage (individual larval instar, pupae,
and adults), and once every 2 wk for biomass
(weight). Tests were terminated after 28 d of contin-
uous dietary exposure. This 28-d testing period was
sufÞciently long to encompass all developmental
stages of P. chalcites. The numbers of larvae that
reached the pupal and adult stages were recorded.
Cry3Bb1 Protein Analysis. For each batch (repli-

cate) of the test and control diet, �2-ml subsamples
were taken from the top, middle, and bottom of the
diet container (150-ml blender cup). One set of the
subsamples was immediately frozen at �80�C to con-
Þrm the Cry3Bb1 dietary concentration and for ho-
mogeneity analysis (i.e., day 0 samples). Another set
was immediately placed in a �20�C freezer for 28 d to
analyze the stability of the Cry3Bb1 protein over the
duration of the assay. Levels of Cry3Bb1 in 0- and
28-d-old diet samples were estimated using immuno-
diagnostics (Western blot) analyses.

For the immunodiagnostic analysis, Cry3Bb1 was
Þrst extracted from diet samples using Tris-borate
buffer (pH 7.8) containing 100 mM Tris-base, 100 mM
Na2B4O7�10 H2O, 10 mM MgCl2, and 0.05% (vol:vol)
Tween-20. The extracts were separated by sodium
dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using the Bio-Rad Criterion protein sep-
aration system (Hercules, CA). After electrophoresis,
separated proteins were transferred to a 0.2-�m ni-
trocellulose membrane at 300 mA for 50 min and
blocked overnight using 10% (wt:vol) nonfat dry milk
(NFDM) in 10 mM Tris-base, 150 mM NaCl, and 0.05%
(vol:vol) Tween-20 (TBST). The membrane was
probed for the presence of the Cry3Bb1 protein using
a 1:2,500 dilution of puriÞed goat anti-Cry3Bb1 anti-
bodies in TBST with 1% (wt:vol) NFDM for 1 h.
Unbound antibodies were removed with three TBST
washes (5 min each). Bound antibodies were probed
with a 1:5,000 dilution of rabbit anti-goat IgG antibod-
ies conjugated to horseradish peroxidase (Sigma, St.
Louis, MO) in TBST with 1% (wt:vol) NFDM for 1 h.
Unbound secondary antibodies were rinsed away as
previously described. The membrane was incubated
in an enhanced chemiluminescence substrate (Am-
ersham, Piscataway, NJ) and exposed to Kodak X-

OMAT AR Þlm at varying lengths of time to record an
image of the immunoreactive bands. The Western blot
Þlms were scanned using a Bio-Rad model GS-800
calibrated imaging densitometer and the immunore-
active bands were reduced using Quantity One Soft-
ware (Version 4.4.0; Bio-Rad). The Cry3Bb1 protein
concentration in the carabid diet samples was extrap-
olated using densitometric analysis from a Cry3Bb1
protein standard curve run on each blot.

In addition, separate sensitive insect bioassays of L.
decemlineata larvae indicated that Cry3Bb1 protein
incorporated into the artiÞcial diet remained biolog-
ically active for aminimumof5dunderenvironmental
conditions similar to those used in this study (J.J.D.
and M. S. Paradise, unpublished data). Thus, the fre-
quent diet changes (every 48Ð72 h) in this study
ensured minimal degradation of Cry3Bb1 protein in
the diet during testing.
Data Analysis. For analysis of the percent survival

and developmental stage of larvae at different obser-
vation times, the following log linear model was used:

log (mij) � � � �i
Rep � �j

Treat [1]

where mij is the expected number of survivors or the
instar under a given treatment in a given replicate, �
is the overall mean of all treatments and replicates,
�i

Rep is the replicate effect, and �j
Treat is the treatment

effect.
The analysis of the percent survival and develop-

mental stage with the above model was conducted
separately for each of the four observation times using
the SAS procedure PROC FREQ (SAS Institute 1999Ð
2001).

To compare the larval weights among treatments,
data were Þrst transformed with the logarithm func-
tion and then analyzed with the following linear mixed
model:

yijkl � � � �i � �j � �k � (� � �)jk � �ijk � �ijkl [2]

where yijkl is the logarithm of the observed larval
weight, � is the overall mean of treatments and rep-
licates, �i is the replicate effect, �j is the treatment
effect, �k is the effect of the observation day, (� � �)jk is
the interaction between treatment and observation
day, �ijk is the experimental residual variation, and �ijkl

is the sampling variation.
SAS procedure PROC MIXED was used for the

analysis with the above model; the observation day
was treated as the repeated measurement in the anal-
ysis. This was because the same group of individuals
was observed at two different (14 and 28) days for
each treatment and each replicate. The ESTIMATE
option, with the above model without the effect of
observation day and the interaction, was used to com-
pare different treatments on each observation day.

In addition to the above statistical analyses for treat-
ment effects, a power analysis was performed to es-
timate the minimum differences in percent survival
and larval weight that can be statistically detected for
each observation day at an 80% level of power and a
preset type I error rate of 0.05. The SAS procedure
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POWER was used for this power analysis (SAS Insti-
tute 1999Ð2001).

Analysis of variance (ANOVA) was used to deter-
mine if there were any signiÞcant differences in the
estimated Cry3Bb1 concentrations among different
diet samples collected from the top, middle, and bot-
tom parts of the test diet prepared at the beginning of
the study (day 0). A two-sample t-test (SAS procedure
PROC GLM) was used to evaluate if there was any
signiÞcant difference in the estimated Cry3Bb1 con-
centration between diet samples prepared at day 0 and
those stored at �20�C for 28 d.

Results

Dietary Assay. There were no signiÞcant differ-
ences in the percent survival of P. chalcites larvae
among Cry3Bb1 treatment, buffer control, and assay
control groups at any of the four observation days
(days 7, 14, 21, and 28). The mean percentages of
survival of P. chalcites larvae at 7 and 28 d were �98
and 89% for the Cry3Bb1 treatment, 98 and 94% for the
buffer control, 99 and 94% for the assay control (diet-
only), and 86 and 64% for the positive control (arsen-
ate) treatment (Table 2). �2 tests detected signiÞcant
differences in the mean percent survival at each of the
4 observation d between the positive arsenate control
group and CryBb1 treatment, buffer control, or assay
control groups.

There were no signiÞcant differences in the mean
biomass of the larvae surviving 14 and 28 d among the
Cry3Bb1, buffer control, and assay control groups; the
mean biomass of the larvae ranged from 26.0 to 27.4 mg
after 14 d and from 39.2 to 40.1 mg after 28 d (Table
3). However, mean biomass of the larvae surviving in
the positive control group after 14 and 28 d was sig-
niÞcantly lower than for the Cry3Bb1 treatment,
buffer, or assay control groups (Table 3).

The developmental stages of P. chalcites after 7, 14,
21, and 28 d of dietary exposure are presented in Fig.

1 for each of the dietary treatments. For each of the
observation days, P. chalcites larvae exposed to the
Cry3Bb1 treatment, buffer control, and assay control
were developmentally more advanced (second or
higher instar) than those in the potassium arsenate
treatment. At the termination of the assay (day 28),
�42, 48, and 52% of the larvae in the Cry3Bb1 treat-
ment, buffer control, and assay control groups, re-
spectively, had pupated or eclosed to adults, whereas
no larvae in the arsenate treatment advanced beyond
the larval stage (Fig. 1).

Likelihood ratio �2 tests detected a signiÞcant dif-
ference in development of P. chalcites larvae exposed
to Cry3Bb1, buffer control, and assay control at day 14
of the dietary exposure. No signiÞcant differences
were detected among these three treatments at days
7, 21, and 28. Pairwise comparisons of the treatment
effect at day 14 indicated that there was no signiÞcant
difference in larval development between the
Cry3Bb1 and buffer control groups, whereas the assay
control differed signiÞcantly from the Cry3Bb1 and
buffer control treatments.

The power analysis (Table 4) indicated that, at
levels of 80% power and 5% type I error rate, the study
design with 66 individuals ofP. chalcites larvae for each
treatment would have been able to detect a minimum
�14 (at day 7) to �19% (at days 14, 21, and 28)
reduction in survival rate of the test larvae relative to
the buffer control group. At levels of 80% power and
5% type I error rate, the study design with 60 insects
surviving at each treatment would have been able to
detect a minimum �21% reduction or �27% increase
in biomass measured at day 14 of the dietary exposure
and an �18% reduction or �22% increase in biomass
at 28 d.
Cry3Bb1 Protein Analysis.Mean levels of Cry3Bb1

in the diet samples taken from different positions
within the diet containers (i.e., day 0 samples) ranged
from 832 to 958 �g/g of diet (Table 5). The differences
of the Cry3Bb1 concentrations in all the test diet

Table 2. Mean percent survival � SE of P. chalcites larvae exposed to diets treated with test, control, and reference substances

Dietary treatment Number of replicatesa Day 7b Day 14 Day 21 Day 28

Cry3Bb1 protein 6 98.3 � 1.7a 93.6 � 4.9a 92.2 � 5.2a 89.2 � 5.5a
Buffer control(assay control) 6 98.3 � 1.7a 93.6 � 4.9a 93.6 � 4.9a 93.6 � 4.9a
Assay control (diet only) 6 98.6 � 1.4a 96.8 � 2.1a 95.4 � 2.1a 94.0 � 2.9a
Positive control (arsenate) 6 86.1 � 5.3b 77.2 � 7.7b 69.7 � 6.3b 63.6 � 7.8b

a Ten to 12 larvae were tested for each replicate of the treatment.
bMeans followed by the same letter in a column are not signiÞcantly different at the 0.05 error level according to likelihood ratio �2 tests.

Table 3. Mean biomass of P. chalcites larvae exposed to diets treated with test, control, and reference substances

Dietary treatment
Day 14 Day 28

No. insects weighed Mean � SE (mg)a No. insects weighed Mean � SE (mg)a

Cry3Bb1 protein 61 26.9 � 1.2a 58 40.1 � 1.6a
Buffer control (assay control) 62 26.0 � 0.9a 61 39.9 � 1.1a
Assay control (diet only) 63 27.4 � 0.8a 61 39.2 � 1.3a
Positive control (arsenate) 51 5.9 � 0.4b 42 12.7 � 0.7b

aMeans followed by the same letter in a column are not signiÞcantly different at the 0.05 error level according to mixed linear model with
repeated measures for the two different times of observation.
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samples are within 10.5% of the target concentration
(930 �g/g of diet). Thus, the presumed concentration
of930 �gCry3Bb1proteinpergramofdiet in the study
was considered to be accurate. Statistical analyses of
the data showed signiÞcant differences in levels of
Cry3Bb1 in diet samples collected from different con-
tainer positions (P � 0.0202) and no signiÞcant dif-

ferences at different storage times (P � 0.2249). Al-
though there was a statistically signiÞcant difference
in levels of the Cry3Bb1 concentration among the top,
middle, and bottom of the diet preparation, the mean
Cry3Bb1 concentration in all the test diet samples
differed within �11% of the target concentration. This
range of differences in Cry3Bb1 protein concentration

Fig. 1. Developmental stages ofP. chalcites reached at 7, 14, 21, and 28 d after larvae were exposed continuously to different
diet treatments. Bars followed by the same letter at each observation day within each Þgure are not signiÞcantly different
at the 0.05 error level according to likelihood ratio �2 tests. A total of 60Ð66 larvae were tested for each of the diet treatments.

Table 4. Power analyses on detectable differences in percent of survival and mean biomass of P. chalcites larvae between negative
(buffer) control and the other treatments with 80% power and 5% type I error rate

Endpoints
Observation
time (day)

Number of insects
observed for each

treatment (n)

Observed means
(Om) from negative

(buffer) control

Treatment means
(Tm) to be detected

with 80% power

Percent differences of
detectable treatment means
relative to control meansa

Survival (%) 7 66 98.3 �85.0 �13.5%
14 66 93.6 �76.0 �18.8%
21 66 93.6 �76.0 �18.8%
28 66 93.6 �76.0 �18.8%

Biomass (mg) 14 60 25.1 �19.8 or �31.8 �21.1% or �26.8%
28 60 39.1 �32.0 or �47.9 �18.2% or �22.3%

aCalculated as [(	Tm � Om	)/Om] 
 100%.
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among different test diet samples is generally accept-
able for these kinds of regulatory toxicity studies.
Western blot analyses showed that two of the six
buffer control diet samples analyzed were contami-
nated with small amounts of Cry3Bb1 protein (mean
concentration from the two samples � 0.25 �g/g diet,
or �0.03% of the target test substance concentration).

Discussion

Results from this study show that the Cry3Bb1 pro-
tein at 10 times the maximum concentration expressed
in MON 863 corn tissues (930 �g/g of diet) had no
apparent adverse effects on the survival, growth, and
development of larvae of P. chalcites, and thus is ex-
pected to pose no risk to this nontarget beneÞcial
insect. The robustness of these Þndings is supported
by the extended period (28 d) of continuous exposure,
thehighdietaryCry3Bb1concentration that remained
at the original level (930 �g/g diet) throughout the
assay, and the sensitivity of the assay design as shown
by the statistical power analyses.

Tier-I toxicity testing has been used in regulatory
risk assessment for analyzing the potential hazard of
insecticidal products under worst-case scenarios. Data
generated through tier-I testing often help scientists
decide whether higher-tier Þeld studies are warranted
for speciÞc natural enemy communities. Under the
current EPA regulatory risk framework for PIPs (e.g.,
Cry proteins produced in Bt plants), if no adverse
effects are detected under worst-case conditions of
the tier-I toxicity tests, minimal risks are assumed, and
no further data are required. Because testing all taxa
in an exposed ecosystem or environment is impossible,
appropriate surrogate species are selected and tested
in tier-I laboratory studies to serve as indicators of risk
to other nontarget arthropods. Because of its high
abundance and role in biological control in the Mid-
western corn belt, P. chalcites may be an appropriate
surrogate species for predatory guilds of Carabidae
that have similar ecological and biological character-
istics for assessing potential risk of genetically modi-
Þed corn expressing coleopteran-active PIPs (such as
Cry3Bb1 protein).

Diet-incorporated assays are an important early
step in assessing the risk of PIPs to nontarget organ-
isms, but they are only one aspect of the risk-analysis

framework. The dietary-exposure assay reported in
this study did not involve study into exposure of P.
chalcites through its prey feeding on the transgenic
plants or artiÞcial diet containing Cry3Bb1 proteins.
However, recent studies have shown that the magni-
tude of secondary exposure of plant-produced Bt Cry
proteins through prey-mediated trophic interactions
is much less than the primary (direct) exposure (e.g.,
Head et al. 2001, Raps et al. 2001, Dutton et al. 2002,
Brandt et al. 2004). This is largely because the maxi-
mum amount of plant-produced Bt Cry proteins that
an insect herbivore (prey) can carry is limited by the
total volume of its alimentary canal, the rate of intake
of the Bt plant tissues, and its susceptibility to the
insecticidal proteins. Studies by Head et al. (2001) and
Raps et al. (2001) also suggest that some sap-feeding
insect herbivores (e.g., aphids) may not ingest plant-
produced Bt Cry proteins if those proteins are not
present in phloem tissue. In nature, larvae of P. chal-
cites likely do not feed on plant tissues, but instead
prey on insect herbivores that may have fed on the
plant tissues containing the insecticidal protein. In the
direct, dietary-exposure assay reported here, the con-
centration of Cry3Bb1 in the test diet was 10 times
greater than the maximum level of the Cry3Bb1 pro-
tein expressed in MON863 corn plant tissue, and thus
ensures a highly conservative margin of safety in con-
cluding there are no adverse effects on P. chalcites
larvae even when a reasonable level of season long
exposure is assumed.

Dutton et al. (2002) suggested that direct toxicity
fromBtcrops through prey to predators is minimal and
that the adverse effects of Bt Cry proteins on certain
predators previously reported in the literature (e.g.,
Hilbeck et al. 1998a, b, 1999) were likely the result of
reductions in prey quality (e.g., Romeis et al. 2004).
Although reductions in prey quality may have impor-
tant implications for the Þtness of specialist predators
that rely only on Bt-crop impacted prey, this type of
prey-mediated trophic effect on generalist predators
such as P. chalcites is likely to be minimal. Recent Þeld
studies revealed no signiÞcant differences in popula-
tions of P. chalcites in MON 863 versus nontransgenic
Þelds (Bhatti et al. 2005, J.J.D., unpublished data).
Taken together, these data support the conclusion that
MON 863 corn will not adversely affect populations of
the nontarget species P. chalcites.

Table 5. Levels of Cry3Bb1 proteins estimated with Western blot analysis in diet samples used in P. chalcites feeding assays

Dietary
treatment

Storage duration
(d) (�20�C)

Sampling
location

Number of diet
samples analyzed

Estimated mean
concn of Cry3Bb1
(�g/g of diet) by

Western blot analysisa

Percent difference
relative to nominal

concentration
(930 �g/g)b

Cry3Bb1 protein 0 Top 6 889 �4.4%
0 Middle 6 832 �10.5%
0 Bottom 6 958 �3.0%

28 Middle 6 1007 �8.3%
Buffer control 0 Middle 4 �LOQ NA

0 Middle 2 0.250 NA

a Limit of quantiÞcation (LOQ) � 0.0625 ng.
bCalculated as [(estimated mean concentration � nominal concentration)/nominal concentration] 
 100%.
NA, not applicable.
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One component of this study that is seldom in-
cluded in published records of diet-incorporated tox-
icity assays is substantiation that the toxin is stable in
the test diet and administered at the same level
throughout theentireexperiment.Proteinases that are
present in artiÞcial diets that contain animal or plant
tissues may degrade the Cry proteins over time. In this
study, Western blot analyses showed that the Cry3Bb1
protein was intact in all the diet samples used in the
study and that the levels were fairly consistent in all
test diet samples throughout the experiment.

Marvier (2001) criticized some nontarget organism
studies designed with small sample sizes (n � 4 or
less), pointing out that inadequate sample sizes could
hinder statistical detection of small treatment differ-
ences when the amount of variability is large among
replicates. In this study, the statistical power analysis
(Table 4) indicates that, at levels of 80% power and
5% type I error rate, the study design with 66 or 60
P. chalcites larvae per treatment is able to detect a
14Ð19% reduction in survival and an 18Ð21% reduction
or 22Ð27% increase in larval biomass, respectively.
Although there are no stringent rules about how much
power is sufÞcient for a study of this nature, power of
80% used in this study is generally recognized to be
adequate for detecting the speciÞed magnitude of
treatment effect (i.e., 20% reduction in insect survival
from an insecticide treatment relative to control) (Co-
hen 1988, Murphy and Myors 1998, CandolÞ et al.
2000). The ability of this study design to detect the
small differences in survival and larval biomass further
indicates that the effect of MON 863 corn expressing
the Cry3Bb1 protein on P. chalcites, if any, would be
minimal, and practically undetectable.

Acknowledgments

We thank A. Huber and T. McCusker for help with col-
lecting P. chalcites eggs, J. Herbert for conducting the West-
ern blot analysis of test diet samples, D. Ward, G. Head, and
M. McKee for reviewing the study protocol, and J. Huesing,
S. Levine, T. E. Nickson, R. Fuchs, B. Heydens, T. K. Ball,
T. McCleary, J. Purcell, S. Schuette, S. Starter, E. Riddick, and
W. French for reviewing the manuscript.

References Cited

Al-Deeb, M. A., and G. E. Wilde. 2003. Effect of Bt corn
expressing the Cry3Bb1 toxin for corn rootworm control
on above ground nontarget arthropods. Environ. Ento-
mol. 32: 1164Ð1170.

Al-Deeb,M. A., G. E.Wilde, J.M. Blair, J.M., andT.C. Todd.
2004. Effect of Bt corn rootworm on non-target soil mi-
croarthropods and nematodes. Environ. Entomol. 32:
859Ð865.

Bhatti, M., J. J. Duan, G. Head, C-J. Jiang, M. J. McKee,
T. E. Nickson, C. L. Pilcher, and C. D. Pilcher. 2005.
Field evaluation of the impact of transgenic Bt corn re-
sistant to corn rootworm (Coleoptera: Chrysomelidae)
on ground-dwelling invertebrates. Environ. Entomol. 35:
1325Ð1335.

Bousquet, Y., and A. Larochelle. 1993. Catalogue of the
Geadephaga (Coleoptera: Trachypachidae, Rhysodidae,

Carabidae including Cicindelini) of America north of
Mexico. Mem. Entomol. Soc. Can. 167: 1Ð397.

Brandt, S. L., T. A. Coudron, J. Habibi, G. R. Brown,
O. M. Ilagan, R. M. Wagner, M. K. Wright, E. A. Backus,
and J. E. Huesing. 2004. Interaction of two Bacillus thu-
ringiensis delta-endotoxins with the digestive system of
Lygus Hesperus. Curr. Microbiol. 48: 1Ð9.

Clark, M. S., J. M. Luna, N. D. Stone, and R. R. Youngman.
1994. Generalist predator consumption of armyworm
(Lepidoptera: Noctuidae) and effect of predator removal
on damage in no-till corn. Environ. Entomol. 23: 617Ð622.

Candolfi, M. P., S. Blumel, R. Forster, F. M. Bakker,
G. Grimm, S. A. Hassan, U. Heimbach, M. A. Mead-
Briggs, E. Rebber, R. Schmuck, and H. Vogt. 2000.
Guidelines to evaluate side effects of plant protection
products to non-target arthropods. International Organi-
zation for Biological and Integrated Control of Noxious
Animals and Plants, Reinheim, Germany.

Cohen, J. 1988. Statistical power analysis for the behavioral
sciences. Lawrence Elbaum Associates, Hillsdale, NJ.

Davis, P. M., and S. Coleman, 1997. Managing corn root-
worms (Coleoptera: Chrysomelidae) on dairy farms: the
need for a soil insecticide. J. Econ. Entomol. 79: 303–310.

Donovan, W. P., M. J. Rupar, A. C. Slaney, T. Malvar,
M. C. Gawron-Burke, and T. B. Johnson. 1992. Charac-
terization of two genes encoding Bacillus thuringiensis
insecticidal crystal proteins toxic to Coleoptera species.
Appl Environ. Microbiol. 58: 3921Ð3927.

Dudin, Y. A., B-P. Tonnu,L.D.Abee, andR. P. Lirette. 2001.
BtCry3Bb1.11098 and NPTII protein levels in samples of
tissue collected from corn event MON 863 grown in 1999
Þeld trials. Monsanto Company, St. Louis, MO.

Dutton, A., H. Klein, J. Romeis, and F. Bigler. 2002. Uptake
of Bt-toxin by herbivores on transgenic maize and con-
sequences for the predator Chrysoperla carnea. Ecol.
Entomol. 27: 441Ð447.

Goulet, H. 1976. A method for rearing ground beetles
(Coleoptera: Carabidae). Coleopt. Bull. 30: 33Ð36.

Head, G. P., C. R. Brown, M. E. Groth, and J. J. Duan. 2001.
Cry1Ac protein levels in phytophagous insects feeding on
transgenic corn: implications for secondary exposure risk
assessment. Entomol. Exp. Appl. 99: 37Ð45.

Hilbeck, A., W. J. Moar, M. Pusztai-Carey, A. Filippini, and
F. Bigler. 1998a. Toxicity of Bacillus thuringiensis
Cry1Ab toxin to the predator Chrysoperla carnea (Neu-
roptera: Chrysopidae). Environ. Entomol. 27: 1255Ð1263.

Hilbeck, A., M. Baumgartner, P. M. Fried, and F. Bigler.
1998b. Effects of transgenic Bacillus thuringiensis corn-
fed prey on mortality and development time of immature
Chrysoperla carnea (Neuroptera: Chrysopidae). Environ.
Entomol. 27: 480Ð487.

Hilbeck, A., W. J. Moar, M. Pusztai-Carey, A. Filippini, and
F. Bigler. 1999. Prey-mediated effects of Cry1Ab toxin
and protoxin and Cry2A protoxin on the predator Chry-
soperla carnea. Entomol. Exp. Appl. 91: 305Ð316.

Kirk, V. M. 1975. Biology of Pterostichus chalcites, and
ground beetles of cropland. Ann. Entomol. Soc. Am. 68:
855Ð858.

Kromp, B. 1999. Carabid beetles in sustainable agriculture:
a review on pest control efÞcacy, cultivation impacts and
enhancement. Agric. Ecosys. Environ. 74: 187Ð228.

Krysan, J. L., J. J. Jackson, and A. C. Lew. 1984. Field ter-
mination of egg diapause inDiabroticawith new evidence
of extended diapause in D. barberi (Coleoptera: Chry-
somelidae). Environ. Entomol. 13: 1237Ð1240.

Kuhar, T. P., R. R. Youngman, and C. A. Laub. 1997. Risk of
western corn rootworm (Coleoptera: Chrysomelidae)

February 2006 DUAN ET AL: ASSESSING NONTARGET IMPACTS OF Bt CORN 141



damage to continuous corn in Virginia. J. Entomol. Sci. 32:
281 Ð289.

Lesiewicz, D. S., J. L. Lesiewicz, J. R. Bradley, Jr., and
J. W. Van Duyn. 1982. Serological determination of
carabid (Coleoptera: Adephaga) predation of corn ear-
worm (Lepidoptera: Noctuidae) in Þeld corn. Environ.
Entomol. 11: 1183Ð1186.

Lindroth, C. H. 1966. The ground beetles (Carabidae, excl.
Cicindelinae) of Canada and Alaska. Part 5. Opuscula
Entomol. Suppl. 33: 649Ð944.
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