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Bt maize varieties expressing the insecticidal protein Cry3Bb1 against larvae of the Western corn root-
worm (Diabrotica virgifera virgifera; Coleoptera: Chrysomelidae) may harm non-target beetles due to
the spectrum of activity of the protein. We have conducted studies to assess the prey-mediated effects
of Cry3Bb1-expressing Bt maize (event MON88017) on the ladybird beetle Stethorus punctillum (Coleop-
tera: Coccinellidae). This species specifically consumes spider mites that are known to contain high
amounts of Bt toxin when feeding on Bt maize. The developmental and reproduction life-history param-
eters did not differ for spider mites, Tetranychus urticae (Acari: Tetranychidae), fed Bt maize or non-Bt
maize. Similarly, larval survival and development, adult survival, and adult dry weight did not differ
for S. punctillum fed with spider mites reared on Bt or non-Bt maize for over 2 months. Female beetles that
were fed T. urticae from Bt maize had a shorter pre-oviposition period, increased fecundity, and increased
fertility relative to females fed spider mites from non-Bt maize. The reasons for these effects are unclear
but may be due to unidentified differences in plant characteristics. T. urticae contained 56% of the
Cry3Bb1 concentration in Bt maize leaves. Beetle larvae and adults that had consumed Bt maize-fed spi-
der mites contained toxin concentrations that were six and 20 times lower, respectively, than Cry3Bb1
levels in their spider mite prey. Thus, the toxin was diluted at higher trophic levels. The results indicate
that S. punctillum is not harmed by feeding on spider mites containing Cry3Bb1. Consequently, detrimen-

tal effects on this predator when preying in Cry3Bb1-expressing Bt maize fields are unlikely.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Genetically engineered (GE) maize varieties expressing §-endo-
toxins from Bacillus thuringiensis Berliner (Bt) are the most widely
grown insect-resistant transgenic plants. First commercialized in
1996, Bt maize was grown in 17 countries on a total of 31.6 million
hectares (20% of maize area worldwide) in 2008 (James, 2008).
Most Bt maize varieties are protected against lepidopteran pests
(i.e., the European corn borer and other stemborers), by expression
of Lepidoptera-specific Cry1 proteins. Since 2003, several Bt maize
varieties that express Coleoptera-active Cry proteins (i.e., Cry3Bb1,
Cry34/35Ab1, mCry3A) for the control of corn rootworms, Diabro-
tica spp. (Coleoptera: Chrysomelidae), have become commercially
available in the USA (Hellmich et al., 2008). Corn rootworms are
the most destructive insect pests of maize in the USA (Vaughn
et al., 2005; Ward et al., 2005). Among them, Diabrotica virgifera
virgifera LeConte was accidentally introduced into Europe in the
1980s where it has been rapidly spreading (Meinke et al., 2009).
The most commonly applied traditional control methods for corn
rootworms are crop rotation and insecticide application (Levine
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and Oloumi-Sadeghi, 1991). However, these pests have developed
resistance against both control strategies (Levine and Oloumi-
Sadeghi, 1991; Spencer et al., 2005; Miller et al., 2009). Diabroti-
ca-resistant Bt maize has been reported to be highly effective in
controlling larvae of Diabrotica species and thus provides farmers
with an effective alternative for managing these pests (Rice,
2004; Ward et al., 2005; Hellmich et al., 2008).

Similar to any other plant protection strategy, the adoption of Bt
maize presents potential risks to the environment. One main con-
cern of insect-resistant GE crops is their potential to harm non-tar-
get arthropods (Sanvido et al., 2007; Romeis et al., 2009), including
natural enemies that provide the important ecological function of
regulating herbivores. A reduction in natural enemies would de-
tract from the benefits provided by a GE variety within an inte-
grated pest management context (Kennedy, 2008; Romeis et al.,
2008a). It follows that the assessment of non-target effects is an
important part of the environmental risk assessment conducted
before the commercialization of any novel GE variety (Garcia-Alon-
so et al., 2006; Romeis et al., 2008b).

In the case of Diabrotica-resistant GE maize particular attention
should be paid to non-target species belonging to the order of Cole-
optera, because they are most likely to be affected by the expressed
beetle-active toxin (Raybould, 2006; Raybould et al., 2007; Romeis
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et al., 2008b, 2009). A number of previous studies have revealed no
negative effects of Cry3Bb1-containing Bt maize pollen or purified
Cry3Bb1 on Coleomegilla maculata (DeGeer) and Hippodamia con-
vergens Guérin-Méneville (both Coleoptera: Coccinellidae) (Lund-
gren and Wiedenmann, 2002; Duan et al., 2002; Monsanto, 2004;
Ahmad et al., 2006) and carabid beetles (Ahmad et al., 2006; Mullin
et al,, 2005; Duan et al., 2006). Similarly, Shirai (2006) reported no
effects of Bt maize pollen on two non-target herbivorous beetles,
Epilachna vigintioctopunctata (Fabricius) (Coleoptera: Coccinelli-
dae) and Galerucella vittaticollis Baly (Coleoptera: Chrysomelidae).

We here present a study on the impact of Cry3Bb1-expressing
Bt maize (event MON88017) on the ladybird beetle Stethorus
punctillum (Weise) (Coleoptera: Coccinellidae). This species was
selected because it will be exposed to the Bt toxin at very high lev-
els when compared to other ladybird species. The species occurs in
maize (De la Poza et al., 2005; Obrist et al., 2006a) and is a special-
ist predator of tetranychid mites (Acari: Tetranychidae) (Putman,
1955; Rott and Ponsonby, 2000; Biddinger et al., 2009). Earlier
studies demonstrated that Tetranychus urticae Koch (Acari: Tetr-
anychidae) collected from Bt maize (events Bt176 and
MON88017) contained Cry proteins at levels in the same order of
magnitude as the green maize leaf tissue (Obrist et al., 2006a;
Meissle and Romeis, 2009a). Consequently, larvae of S. punctillum
collected in Bt maize fields contained the highest toxin levels of
all arthropod predators collected in those fields (Obrist et al.,
2006a).

We have conducted worst-case exposure studies in which S.
punctillum were fed T. urticae reared either on Bt maize or the cor-
responding non-Bt maize plants. To add certainty to this hazard
assessment, beetles were exposed to Bt maize-fed spider mites
for a duration exceeding the exposure duration in the field. To dis-
tinguish between potential direct effects of the toxin from indirect,
prey-quality mediated effects (sensu Romeis et al., 2006), comple-
mentary studies determined whether the development or popula-
tion growth of T. urticae are affected when the spider mite feeds on
Bt maize rather than on non-transformed plants. In addition, to
establish the extent to which S. punctillum is potentially exposed
to Cry3Bb1 toxin by consumption of spider mites in Bt maize fields,
enzyme-linked immunosorbent assays (ELISA) were used to verify
and quantify the transfer of toxin from Bt maize to T. urticae, and
subsequently to S. punctillum.

2. Material and methods
2.1. Experimental conditions

Climate chambers were used to grow plants, rear arthropods,
and conduct experiments. In all cases, the conditions were
26 +1°C, 60 + 5% RH, and a 16:8 h light:dark cycle.

2.2. Plant material

Bt maize DKC5143Bt (event MON88017, Monsanto, St. Louis,
MO, USA) and its corresponding non-transformed near isoline
DKC5143 (non-Bt maize) as a control were used for the experi-
ments. MON88017 plants express a synthetically modified cry3Bb1
gene (from wild-type Bacillus thuringiensis ssp. kumamotoensis
EG4691), and expression is driven by the constitutive enhanced
35S cauliflower mosaic virus promoter (P-e35s) (Monsanto,
2004). This Bt maize expresses Cry3Bb1 to control corn rootwormes,
Diabrotica spp. (Vaughn et al., 2005).

The two maize varieties were grown simultaneously in two sep-
arate growth chambers. Two plants were grown together in one
plastic pot (121). Plants were fertilized weekly with 400-800 ml
of a 0.2% aqueous solution of Vegesan standard (80 gN, 70 g P,05

and 80¢g K,O per liter, Hauert HBG Diinger AG, Grossaffoltern,
Switzerland) and were watered as required.

Maize plants were replanted every 3 weeks, and old plants were
removed when they reached anthesis. Plants were used for spider
mite rearing after they had reached the 4-5 leaf stage.

2.3. Arthropod material

Two-spotted spider mites, T. urticae, were reared on Bt maize or
the corresponding non-Bt maize plants in the growth chambers
where the plants were grown. After a minimum of two generations
on the respective maize plants, the spider mites were used in the
experiments. A colony of the ladybird beetle, S. punctillum, was
established from a shipment from Applied Bionomics (Victoria,
BC, Canada). The beetles were kept in a transparent plastic con-
tainer (50 x 30 x 30 cm). Each day, spider mites together with leaf
pieces from the non-Bt maize plants were added to the container.

2.4. Effects of Bt maize on T. urticae

2.4.1. Immature development

To ensure that spider mites placed on maize leaf pieces re-
mained on those pieces, a sandwich rearing cage was developed.
First, a flat layer of moisturized cotton wool was laid in a Petri dish
(5.2 cm diameter, 1.3 cm height) and covered with filter paper
(5 cm diameter). Then, a square section of maize leaf tissue
(approximately 1.5 x 1.5 cm) was positioned in the center of the
filter paper. Finally, the filter paper with the leaf tissue was cov-
ered with another filter paper containing a square hole, leaving ex-
posed a1 x 1 cm piece of the leaf tissue for spider mite feeding. All
cages were sealed with lids containing a mesh (0.2 mm) window
(0.5 cm diameter) for ventilation. Water was added each day as
needed to keep the leaf tissue fresh and to keep the top filter paper
wet. When the top filter paper was wet, mites could not escape
from the square leaf tissue.

Two or three female spider mites collected from Bt or non-Bt
maize were confined to a corresponding maize leaf tissue in the
rearing cage. The leaf pieces were obtained from the 6th or 7th
leaves of plants at the 8 to 10 leaf stage. The females were allowed
to lay eggs for up to 12 h; then, the adults and all eggs except one
were removed. A total of 60 cages were set up for each treatment.
The spider mites were observed twice per day at 0800 and 1800 h.
Leaf pieces were replaced every 3-4 days to ensure a constant
exposure to Cry3Bb1. Previous studies have confirmed a stable tox-
in concentration in leave pieces from the same Bt maize variety for
a minimum of 3 days (Meissle & Romeis, unpublished; Zurbriigg
and Nentwig, 2009). The hatching rate of eggs and the develop-
mental time and survival of each life stage were recorded until
the adult stage. Individuals that died because of handling or
drowning were excluded from further analyses.

2.4.2. Adult survival and reproduction

Once the mites reached the adult stage, they were sexed and
males were discarded. Individual females were placed in a cage to-
gether with two males to ensure mating. Males were randomly se-
lected from the corresponding Bt or non-Bt maize rearing colony.
Pieces of maize leaves were provided as described above. The cages
were checked daily until the death of the female. Eggs were
counted and removed. To investigate the sex ratio of the progeny,
169 and 234 eggs randomly collected from the spider mite colonies
on Bt and non-Bt maize plants, respectively, were incubated, and
hatched larvae were fed with the corresponding Bt and non-Bt
maize leaves. Their sex was determined when they developed to
adulthood. The intrinsic rate of natural increase, r,, (i.e., the innate
capacity to increase for an idealized population in an ideal
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environment), was estimated according to the equation estab-
lished by Birch (1948).

2.5. Prey-mediated effects of Bt maize on S. punctillum

2.5.1. Immature development

Neonate larvae of S. punctillum were individually confined in
small plastic dishes (5 cm diameter x 1.3 cm height) covered with
lids containing a mesh (0.2 mm) window (0.5 cm diameter) for
ventilation. A moist filter paper (5 cm diameter) was laid on the
bottom of each dish, and a square piece of maize leaf tissue
(approximately 3 x 3 cm) was placed upside down on the filter pa-
per. The leaf piece was cut from a Bt or non-Bt maize plant infested
with mixed stages of spider mites. Leaf pieces were replaced every
1 or 2 days to ensure that spider mites were available ad libitum.
The experiment started with a total of 77 and 78 beetle larvae in
the Bt and non-Bt treatment, respectively. The beetle larvae were
observed twice per day at 0800 and 1800 h until emergence of
adults. Larval survival and developmental time (duration of each
instar, time to pupation, and time to adult emergence) were
recorded.

2.5.2. Adult survival and reproduction

Emerging adults were sexed and weighed within 12 h after
eclosion and paired within 48 h. Each pair was confined to a plastic
container (13 x 10.5 x 5cm) with a mesh (0.2 mm) window
(6 x 4 cm) in the lid. Bt or non-Bt maize leaf pieces infested with
spider mites were provided daily as described above. In total, 26
pairs derived from the Bt treatment and 25 pairs from the non-Bt
treatment were tested. Insects were checked once per day, and
the following parameters were recorded: survival, pre-oviposition
period, daily and total fecundity, and egg fertility. A minimum of
20 eggs were collected from each female in the period of 4 to
8 days after the first oviposition to assess fertility. The eggs were
placed in a separate container, and hatched larvae were counted
after 7 days. The experiment lasted for 8 weeks. After that, all
adults were frozen at —80 °C for Cry3Bb1 measurement; five adults
of the same sex were pooled as one sample, and a total of three
samples were obtained for each sex.

2.6. Transfer of Cry3Bb1 toxin through the food chain

When maize plants had reached the 9-leaf stage, samples of
maize leaves and spider mites were collected from Bt and non-Bt
plants. Spider mites were collected in a tray kept underneath the
7th leaf of a maize plant by shaking the leaf with a stick. For leaf
samples, approximately 2 g of leaf material was cut from the mid-
dle of the same leaf with a scissor. Maize leaf material and spider
mites [6-10 mg fresh weight (FW)] collected from one plant were
separately put into 1.5-ml microreaction tubes. A total of five leaf
and spider mite samples were collected from five different maize
plants per treatment. All samples were frozen at —80°C for
Cry3Bb1 measurement.

Transfer of Cry3Bb1 toxin from Bt maize-reared spider mites to
S. punctillum larvae, pupae and adults was investigated. Newly
hatched larvae of S. punctillum were placed on Bt maize or non-Bt
maize (8-10 leaf stage), which had been colonized by spider mites
for at least 1 week. Subsequently, larvae (3 and 6 days old for Bt
maize but only 6 days old for non-Bt maize), pupae, and newly
emerged adults were collected from the plants. Five S. punctillum
of each life stage were pooled into a 1.5-ml microreaction tube
as one sample, and a total of five samples per treatment were ob-
tained for each life stage. All samples were kept at —80 °C for
Cry3Bb1 measurement.

An additional experiment was conducted to test whether
Cry3Bb1 toxin accumulates in adults of S. punctillum when contin-

uously ingesting Bt maize-reared spider mites. Pupae of S. punctil-
lum were collected from non-Bt maize and kept in a plastic
container (5.2 cm diameter, 1.4 cm height) on a wet filter paper.
After emergence, the adults were placed individually in plastic
containers (33 x 22.5 x 5 cm) with a mesh window (12 x 20 cm).
Pieces of Bt maize leaves covered with spider mites were provided
daily. After 0, 5, 10, and 15 days, samples of females and males
were separately collected and stored at —80 °C for Cry3Bb1 mea-
surement. Five beetles were pooled as one sample, and a total of
four to five samples of females and males were obtained at each
sampling date.

Cry3Bb1 protein levels in maize leaves, spider mites, and bee-
tles were measured using a double-antibody sandwich enzyme-
linked-immunosorbent assay (DAS-ELISA) from Agdia (Elkhard,
IN, USA). To extract Cry3Bb1 protein, phosphate-buffered saline
with Tween 20 (PBST, provided in the kit) was added to the sam-
ples in 1.5-ml microreaction tubes; a 5-mm tungsten carbide bead
was added, and the samples were macerated for 3 min at 30 Hz in a
mixer mill MM300 (Retsch, Haan, Germany) fitted with 24 tube
adapters (Quiagen, Hombrechtikon, Switzerland). After centrifuga-
tion and appropriate dilution of the supernatants, ELISA was per-
formed according to the manufacturer’s instructions. The
measured OD values were calibrated using a range Cry3Bb1 stan-
dards made from purified toxin solutions provided by Monsanto
(see Li et al., 2008).

2.7. Statistical analyses

For the spider mite bioassay, developmental time of the differ-
ent T. urticae life stages and the lengths of the pre-oviposition and
oviposition periods as affected by Bt and non-Bt maize were ana-
lyzed using Mann-Whitney U-tests because the data did not satisfy
the assumptions for parametric analysis. Female longevity and to-
tal fecundity were analyzed by Student’s t-test because the data
were normally distributed and variances were homogenous. Fre-
quency data were subjected to y>-tests. Daily fecundity was ana-
lyzed using repeated-measures (RM) ANOVA. The intrinsic rate of
natural increase (r,,,) was calculated using the software r,,, 2.0 (Tab-
erner et al., 1993). This software provides an estimate of the vari-
ance by means of a bootstrap resampling method. The number of
replicates used for the calculation was set at 500, as recommended
by Meyer et al. (1986).

In the ladybird beetle study, the frequencies of preimaginal sur-
vival, pupation, and eclosion rates were analyzed using y>-tests.
Preimaginal developmental time, mean pre-oviposition, and egg
hatching rate were compared using Mann-Whitney U-tests be-
cause the assumptions for parametric analyses were not met. Adult
weight and total fecundity were subjected to Student’s t-tests. RM-
ANOVA was conducted for daily fecundity, and pairwise Cox’s F-
test was used to compare the survival of males or females between
the two treatments. The concentrations of Cry3Bb1 protein in fe-
males or males of S. punctillum after 5, 10, or 15 days of feeding
on Bt maize-reared spider mites were compared using one-way
ANOVA.

All analyses, except r,, calculations, were conducted with
STATISTICA (Version 7, StatSoft, Inc., Tulsa, OK, USA). Retrospec-
tive power analyses were conducted on non-significant
(P> 0.05) results using PASS (Version 2005, NCCS, Kaysville, UT,
USA) to avoid committing type II errors. Based on the observed
control means and standard deviations and the true sample sizes,
the detectable differences (percentage difference of detectable
treatment means relative to control means) were calculated for
o =0.05 and a power of 80% (Thomas, 1997). Detectable differ-
ences for means were based on t-tests and those for frequencies
were based on y?-tests.
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3. Results
3.1. Effects of Bt maize on T. urticae

None of the developmental or reproductive parameters or the
intrinsic rate of natural increase (r,,) differed between mites reared
on Bt or non-Bt maize (Table 1). With the given means, standard
deviations, and percentages of the control data, the difference
detectable with a statistical power of 80% at « = 0.05 ranged from
4% to 28% for the different parameters (Table 1). Daily fecundity
of T. urticae was also similar on Bt and non-Bt maize (RM-ANOVA:
F134=0.90, P=0.35) (Fig. 1).

3.2. Prey-mediated effects of Bt maize on S. punctillum

None of the developmental parameters of S. punctillum differed
for beetles fed with spider mites reared on Bt maize vs. non-Bt
maize (Table 2). The fresh weights of emerging adult beetles (fe-
males and males) also did not differ between the two treatments.
The mean pre-oviposition period of females was significantly
shorter in the Bt treatment than in the non-Bt treatment (Table 2).
Moreover, females had a significantly higher daily fecundity if they
were fed with spider mites reared on Bt maize rather than on non-
Bt maize (RM-ANOVA; F;49=4.30, P=0.043), with day x treat-
ment interactions being non-significant (Fs3 3597 = 4.30, P=0.736)
(Fig. 2). Similarly, the total number of eggs laid by each female dur-
ing the 56 days of the feeding experiment was higher in the Bt
maize treatment, even though the difference was marginally not
significant (P=0.06) (Table 2). In addition, the egg hatching rate
was significantly higher in the Bt treatment than in the non-Bt
treatment (Table 2). With exception of the total fecundity, the
detectable difference with a power of 80% at « = 0.05 ranged from
4% to 21% (Table 2).

Males of S. punctillum had a higher survival rate than females in
both Bt (Cox’s F-test; Fj224=2.07, P=0.06) and non-Bt
(F12:30 = 2.87, P= 0.008) treatments (Fig. 3). Pair-wise survival anal-
yses did not detect significant differences in the survivorship of
either males (Fj514=1.08, P=0.44) or females (Fy430=1.62,
P=0.11) between Bt and non-Bt treatments (Fig. 3).

3.3. Transfer of Cry3Bb1 through the food chain

Cry3Bb1 concentration (mean+SE) in Bt maize leaves was
37.6 +4.30 pg/g fresh weight (FW) (Fig. 4). The concentration of

Table 1

14 4

—&— Bf maize

12 4 —6— Non-Bt maize

Number of eggs (+SE)

5 10 15 20
Days after emergence

Fig. 1. Daily fecundity (eggs per female per day, mean * SE) of Tetranychus urticae
fed either Cry3Bb1-expressing Bt maize (MON88017) or the corresponding non-Bt
maize. N = 16-20.

toxin in spider mites that fed on Bt maize was 55.9% of the concen-
tration in the leaves. The concentration of toxin in larvae of S.
punctillum that were exclusively fed with Bt maize-reared spider
mites for 3 or 6 days was 10.6% or 7.5%, respectively, of the concen-
tration in leaves. No Cry3Bb1 was detected in pupae or in newly
emerged adult beetles, i.e., adults that had not fed (Fig. 4). No
Cry3Bb1 toxin was detected in any control (non-Bt) sample of plant
or arthropod material.

Cry3Bb1 concentrations were measured after adult beetles had
consumed Bt maize-fed mites for 5, 10, or 15 days to clarify
whether the toxin can accumulate in adults as a consequence of
continuous ingestion. No measurable Cry3Bb1 toxin was present
in the adults at the start of the experiment (day 0). In the adults
that had received Bt-maize-fed spider mites for 5, 10, or 15 days,
Cry3Bb1 concentrations ranged from 0.92+0.260 to
1.06 £0.099 pg/g FW in females and from 0.08 +0.044 to
0.12 £ 0.076 pg/g FW in males. Differences among the three sam-
pling dates were not significant for females (one-way ANOVA;
F>10=0.11, P=0.90) or males (F,c=0.43, P=0.67). Similar
Cry3Bb1 concentrations were detected in S. punctillum from the
long-term feeding study in which adults were fed with Bt-fed spi-
der mites for 56 days (females: 0.92 +0.136 pg/g FW; males:
0.17 £ 0.024 ng/g FW).

Life-history parameters (means) of Tetranychus urticae fed Cry3Bb1-expressing Bt maize (MON88017) or the corresponding non-Bt maize.

Parameters Bt maize Non-Bt maize Statistics Detectable difference (%)*
n mean n mean
Egg hatching rate (%) 57 91.2 57 94.7 ¥*=0.54, P=0.46 20
Developmental time (days * SE)
Egg 52 4.0+0.03 54 3.9+0.04 U=1246.0, P=0.32 4
Larva 51 1.7 £0.05 53 1.8 +0.06 U=1322.0, P=0.85 13
Protonymph 48 1.8 £0.05 45 1.7 £0.06 U=9745, P=0.42 13
Deutonymph 40 1.9£0.05 41 2.0+£0.04 U=664.5,P=0.14 9
Total immature stages 40 9.2 £0.07 41 9.2 £0.08 U=1792.0, P=0.79 4
Survival to adult stage (%) 57 70.2 57 71.9 %*=0.04, P=0.84 27
Sex ratio (% females * SE) 169 62.8+0.01 234 62.0 £ 0.007 ¥%*=0.02, P=0.88 15
Pre-oviposition period (days * SE) 19 1.1+£0.05 25 1.1 +£0.06 U=206.0, P=0.46 24
Oviposition period (days + SE) 16 14.8 £1.02 20 14.5 £0.90 U=194.0, P=0091 28
Female longevity (days * SE) 16 17.3+£1.07 20 16.8 +1.05 t=0.30, P=0.77 26
Total fecundity (+SE) 16 122.4+8.38 20 111.4+6.35 t=1.00, P=0.32 26
m (95% CI) 16 0.26 (0.25-0.27) 20 0.25 (0.25-0.26) -

¢ Retrospective power analyses were conducted to calculate the detectable difference as percentage difference of detectable treatment means relative to control means

(o =0.05, power = 80%).
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Table 2
Life-history parameters (means) of Stethorus punctillum fed Tetranychus urticae that were reared on Cry3Bb1-expressing Bt maize (MON88017) or on the corresponding non-Bt
maize.

Parameters Bt maize Non-Bt maize Statistics Detectable difference (%)

n mean n mean

Preimaginal survival (%)* 77 76.6 78 76.9 %*=0.00, P=0.99 21

Pupation rate (%) 74 93.2 75 93.3 %2 =0.00, P=1.00 16

Eclosion rate (%)° 69 85.5 70 85.7 %*=0.00, P=0.99 21

Preimaginal developmental time (days * SE) 59 10.7 £0.10 60 10.8 £0.10 U=1582.5,P=0.32 4

Female fresh weight (mg + SE) 32 0.51+0.011 31 0.49 £0.017 t=0.28, P=0.78 13

Male fresh weight (mg + SE) 27 0.45+0.014 29 0.47 £0.012 =-0.69, P=0.49 10

Pre-oviposition period (days * SE) 26 2.9+0.21 25 3.3+£0.17 U=212.0, P=0.033 -

Total fecundity (+ SE) 26 383.8 £36.09 25 281.8 £39.5 t=191, P=0.06 56

Egg hatching rate (% + SE) 26 95.5+0.60 24 94.8 £ 0.60 U=250.0, P=0.038 -

Number of pupae/number of first instars x 100.
Number of pupae/number of last instars x 100.
Number of emerged adults/number of pupae x 100.

relative to control means (o = 0.05, power = 80%).

15 9

12

Number of eggs (+SE)

—&— Bt maize

Retrospective power analyses were conducted for non-significant results to calculate the detectable difference as percentage difference of detectable treatment means

—&— Non-Bf maize
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Days after emergence

Fig. 2. Daily fecundity (eggs per female per day, mean * SE) of Stethorus punctillum fed Tetranychus urticae that were reared on Cry3Bb1-expressing Bt maize (MON88017) or

on the corresponding non-Bt maize for 8 weeks. N =25-26.
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©
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Fig. 3. Survival of Stethorus punctillum females and males fed Tetranychus urticae
that were reared on Cry3Bbl-expressing Bt maize (MON88017) or on the
corresponding non-Bt maize for 8 weeks. N = 25-26.
4. Discussion

4.1. Effects of Bt maize on T. urticae

Spider mites kept on Bt or non-Bt maize did not differ in any of
the developmental or reproductive life-history parameters as-

sessed. Because the study started with eggs collected from colonies
that had been kept on Bt or non-Bt maize for several generations,
our study also indicates that there are no long-term, multi-gener-
ational effects on this non-target herbivore. ELISA measurements
revealed that spider mites feeding on Bt maize had ingested con-
siderable amounts of the toxin. The data thus confirm that T. urti-
cae is not affected by Bt maize and is not susceptible to Cry3Bb1.
Consequently, indirect effects of Cry3Bb1-expressing maize (ef-
fects mediated by prey quality) on S. punctillum or other mite pre-
dators are not expected (Romeis et al., 2006). Similar to our results,
previous studies with Cry1Ab-expressing Lepidoptera-protected
maize varieties revealed no effect of the Cry protein on T. urticae
(Dutton et al., 2002).

4.2. Prey-mediated effects of Bt maize on S. punctillum

No detrimental effect was found on the development and repro-
duction of S. punctillum when fed with Bt maize-reared spider
mites vs. non-Bt maize-reared spider mites. Interestingly, however,
female beetles had a shorter pre-oviposition period, an increased
daily fecundity, and a higher fertility in the Bt treatment. The rea-
sons for this are not clear but might be due to some unidentified
differences in plant characteristics. Whether these apparently posi-
tive effects of Bt maize on S. punctillum have any relevance in the
field is unclear.

S. punctillum larvae and adults were continuously exposed to Bt
maize-fed prey during the whole larval development and 8 weeks
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of the adult stage. This represents a worst-case exposure scenario
because this species generally enters maize fields late in the season
(after anthesis), when the mites are most abundant, and remains in
these fields for only 1 month or so (Obrist et al., 2006a; Ramon
Albajes, personal communication).

Spider mites fed on Bt maize in this study contained a high con-
centration of Cry3Bb1 toxin (approximately half of that in maize
leaves). Sensitive insect bioassays with the Colorado potato beetle,
Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae), have
confirmed that the Cry3Bb1 contained in T. urticae has retained
its full biological activity (Meissle and Romeis, 2009a). Previous
studies on CrylAb-expressing Bt maize revealed similarly high
Cry protein concentrations (Dutton et al., 2002) and also confirmed
that the ingested protein retained its biological activity (Obrist
et al., 2006b). We can therefore assume that S. punctillum was ex-
posed to high levels of biologically active Cry3Bb1 protein through-
out the duration of the feeding assay. The absence of any
detrimental effect thus indicates a lack of toxicity of Cry3Bb1 to
S. punctillum larvae and adults.

In agreement with our results, a number of studies have revealed
no negative effect of purified Cry3Bb1 or Cry3Bb1-containing Bt
maize pollen on ladybird beetles (Lundgren and Wiedenmann,
2002; Duan et al., 2002; Monsanto, 2004; Ahmad et al., 2006), cara-
bids (Ahmad et al., 2006; Mullin et al., 2005; Duan et al., 2006) and
non-Coleopteran arthropods (Duan et al., 2008; Li et al., 2008; Meis-
sle and Romeis, 2009b). In addition, field studies consistently failed
to detect population changes of above- or below-ground non-target
arthropods in Cry3Bb1-transgenic maize fields when compared to
non-transformed control maize (Al-Deeb and Wilde, 2003; Bhatti
et al., 2005a,b; Bitzer et al., 2005; McManus et al., 2005; Ahmad
etal., 2005, 2006; Honemann et al., 2008). One study reported direct
toxic effects of purified Cry3Bb on first instar Adalia bipunctata (Lin-
naeus) (Coleoptera: Coccinellidae) (Schmidt et al., 2009). The results
of this study were however questioned based on methodological
limitations that create doubt about whether the increased mortality
was caused by the ingestion of the toxin (Rauschen, in press; Ricroch
etal,, in press). Unfortunately, Schmidt et al. (2009) did not quantify
the amount of Cry3Bb protein that was ingested by the ladybird lar-
vae, making a comparison with our present study difficult.

4.3. Transfer of Cry3Bb1 through the food chain

Compared to relatively high concentrations of Cry3Bb1 in spider
mite prey, the protein was substantially diluted in the next trophic

level and did not accumulate in the beetles during exposure for up
to 56 days. Concentrations in spider mites were six times higher
than in S. punctillum larvae and 20 times higher than in adults.
These laboratory results are in accordance with results from a re-
cent field study in which the concentration of Cry1Ab (as total sol-
uble protein) was more than seven times greater in T. urticae than
in adult S. punctillum (Alvarez-Alfageme et al., 2008). One factor
that might explain the low Cry3Bb1 concentrations measured in
the predators is excretion, as previously reported for snowdrop lec-
tin (Galanthus nivalis agglutinin) and larvae of two ladybird beetles
(Hogervorst et al., 2006).

4.4, Implications for risk assessment

The non-target risk assessment for insect-resistant GE crops
generally follows a tiered approach (Romeis et al., 2008b) starting
with hazard (toxicity) studies in the laboratory where test species
are exposed to high doses of purified toxin. More realistic and com-
plex extended laboratory or semi-field tests are only conducted
when potential hazards have been detected or when uncertainties
about the risk remain. If higher tier studies are required, we believe
that S. punctillum would be a suitable test organism, because it
feeds exclusively on spider mites, which are known to contain high
levels of biologically active Cry toxins when feeding on Bt maize.

In our present study, no adverse effect of Cry3Bb1-expressing Bt
maize on the spider mite, T. urticae, or S. punctillum was detected in
a set of laboratory studies where the test organisms were continu-
ously exposed to high amounts of biologically active Cry3Bb1 pro-
tein. Because Cry3Bb1 expression levels of the glasshouse-grown
Bt maize plants used in the studies were comparable to those re-
ported from the field (Monsanto, 2004; Nguyen and Jehle, 2009),
the conclusions drawn from our studies are transferrable to the
field situation. Moreover, that S. punctillum larvae and adults were
exposed to Bt maize-fed T. urticae for longer periods than would
typically occur in the field increases the confidence in the rele-
vance of the data. We therefore conclude that S. punctillum is unli-
kely to be harmed by the growing of Cry3Bb1-expressing Bt maize.
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