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Abstract—Expression of the Bacillus thuringiensis beetle-specific toxin

Cry3Aa, which renders a genetically modified potato cultivar resistant to the

Colorado potato beetle Leptinotarsa decemlineata, exerts a deleterious effect

on the polyphagous moth Spodoptera littoralis. The caterpillars of S. littoralis

feed less and produce smaller pupae on the genetically modified cultivar

(NewLeaf Superior) than on the parental nontransgenic cultivar (Superior).

The conversion efficiencies of total dry matter, combustion heat, carbon, and

nitrogen from leaves to insect biomass are similar on both cultivars. In spite of

similar food utilization and a relatively small difference in the body mass at

pupation, female adults that developed from caterpillars fed on NewLeaf

Superior lay a mean of 309 eggs compared to a mean of 713 eggs deposited

by females that developed from caterpillars fed on Superior. Because of this

difference and a simultaneous reduction in fertility (egg hatchability) from 78

to 48%, a pair of adults that fed as larvae on NewLeaf Superior produces only

148 larvae, whereas a pair of adults that fed as larvae on Superior produces

556 larvae. We suggest that small amounts of Cry3Aa that accumulate in

insect tissue and persist until the adult stage are responsible for the decline in

reproduction.
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INTRODUCTION

The gram-positive soil bacterium Bacillus thuringiensis Berliner (Bt) produces

an array of insecticidal toxins that are denoted with the Greek letters a, b, g, and

d (Heimpel, 1967). The most important d-toxins are known as Cry proteins in

reference to their crystalline nature (Yamamoto, 2001). More than 150 Cry

proteins are produced by different Bt strains (Schnepf et al., 1998), and each of

them acts lethally on a certain range of insect species (Zalunin et al., 2004). For

example, toxins of the Cry1A class are lethal for certain Lepidoptera, whereas

those of the Cry3A and Cry11A classes are lethal for Coleoptera and Diptera,

respectively. Toxin crystals formed during bacterial sporulation are dissolved

when the spores germinate in the insect gut lumen; the toxin is activated fol-

lowing partial hydrolysis by insect digestive enzymes. Activated Cry proteins

bind to receptors in the membrane of midgut cells and affect formation of pores

for uncontrolled ion movement (Whalon and Wingerd, 2003). The pH gradient

between gut lumen and hemolymph is disrupted, and the affected gut cells are

lysed. The insect usually dies of starvation and septicemia rather than as a result

of direct Bt toxicity.

The peptidic nature, high activity on specific target species, and relative

safety to domestic animals and man make Cry toxins ideally suited for genetic

modifications aimed at protecting agricultural crops against insect pests. Potato

plants carrying the gene for the Cry3Aa toxin represented the first transgenic

crop produced for commercial use (Perlak et al., 1993). This BBt potato^ proved

fully resistant to the target pest, the Colorado potato beetle Leptinotarsa de-

cemlineata (Say) (CPB) (Whalon and Wierenga, 1994; Arpaia et al., 2000; Reed

et al., 2001). Field observations revealed that the predators of CPB and other

beneficial insects were not affected (Riddick and Barbosa, 1998; Reed et al.,

2001; Duan et al., 2004). However, laboratory studies with maize expressing

Cry1Ab and fed to caterpillars showed that the toxin considerably enhanced

larval mortality of the lacewing Chrysoperla carnea Stephens (Neuroptera:

Chrysopidae), which had preyed on the caterpillars (Hilbeck et al., 1998a).

Lethality of high toxin doses for C. carnea was confirmed by adding the toxin to

a liquid diet of this predator (Hilbeck et al., 1998b).

The Bt maize cultivar MON810, which was reported to contain 7.9–10.3

ppm Cry1Ab in the leaves (Dutton et al., 2003), has been studied as a food

source for the Egyptian armyworm Spodoptera littoralis (Boisd.) (Lepidoptera:

Noctuidae) (EAW). No deviations from the controls were observed in the per-

formance of EAW on the Bt maize (Hilbeck et al., 1998a), and in experiments

with a semiartificial diet, the intoxication of EAW caterpillars was obtained

only with a high concentration (100 ppm) of Cry1Ab (Hilbeck et al., 1999). An

equally high concentration was needed to affect C. carnea when the toxin was

administered to the artificial diet of this predator (Hilbeck et al., 1998b). These
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data suggest that the lethality to C. carnea from prey fed on Bt maize is hardly a

result of a massive accumulation of toxin. If this were the case, then the prey

itself would be intoxicated. It is more likely that low toxin doses, which the

caterpillars receive with their plant food, cause some subtle changes that are not

manifested in an increased death rate of the caterpillars, but rather render these

larvae less suitable as lacewing prey. A number of other studies have indicated

that the interactions between Bt toxins and the nontarget insect species are

complex and insufficiently understood (Scriber, 2004). In the present paper, we

show that a low expression level of the beetle-specific toxin Cry3Aa in potato

affects the physiology of EAW developing on the leaves. The effect is small and

not easy to detect, but may alter long-term population dynamics of EAW.

METHODS AND MATERIALS

Potato Cultivation. Minitubers of the transgenic cultivar NewLeaf Supe-

rior, which carries a Cry3Aa Bt-toxin gene construct, and its parental, non-

transgenic cultivar Superior, were obtained from Monsanto Co. (St. Louis, MO,

USA). Subsequent potato generations were propagated as plant explants in agar

cultures. Rooted explants were transferred to soil in 100-ml pots and later re-

planted to 10-l containers. Plants were grown in a greenhouse at 20-C and

natural light from May to August; artificial illumination (16 hr/d) was used

during the winter months.

Insect Handling. The stock culture of the EAW was derived from an

Egyptian field population and maintained in the laboratory at 20–23-C and

16:8 hr (light/dark) photoperiod for 10–15 generations. The diet was Manduca–

Heliothis Premix (Stonefly Industries Inc., Bryan, TX, USA), which is a mixture

of wheat germ and agar. The four experiments described in this paper were

conducted in July–August and October–November 2003, and in March–May

and September–October 2004. Groups of five newly ecdysed caterpillars of the

penultimate instar were transferred to potato leaves cut from nonflowering

plants that were at least 20 cm tall. Each group received leaves (one per day) cut

from the base to the top of a single plant. Unless stated otherwise, each exper-

iment consisted of six groups of larvae. Food consumption, frass production,

and insect body weight were measured daily. Newly emerged adults were col-

lected, and groups of two to three males and two females were kept until death

in paper cylinders (20 cm high, 10-cm diam) closed on both sides with a Petri

dish. The adults were provided with tubes filled with water and diluted honey.

Egg masses laid on the paper cylinder were cut out, and the numbers of hatched

and unhatched eggs were counted.

Cry3Aa Quantification. The amounts of toxin in the potato leaves, the insect

bodies, and the insect frass were measured with Bt-Cry3A ELISA PathoScreen
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kit (Agdia Inc., Elkhart, IN, USA). One-gram aliquots of leaves and frass and

290- to 980-mg samples of pupae and adults were crushed in a mortar in 9 ml of

extraction buffer provided with the kit. The homogenates were centrifuged at

15,000 � g for 10 min, and 100-ml aliquots of the supernatants were taken for

enzyme-linked immunosorbent assay (ELISA), which was performed according

to the manufacturer’s instructions.

Food Conversion Analysis. In one experiment containing six groups of five

insects on each potato cultivar, samples of the potato leaves, the insects, and

their frass were dried, and the powdered dry matter was used for carbon and

nitrogen quantification and for combustion calorimetry. Carbon and nitrogen

were quantified with the elemental analyzer NC 2100 Soil Analyzer (Thermo-

Quest, Milan, Italy). Energy content was measured by burning the samples in

oxygen at 30 bars in an IKAC 700T calorimeter (IKA Werke, Janke & Kunkel,

Stauffen, Germany). The efficiency of food utilization was evaluated and de-

scribed according to Slansky and Scriber (1985) based on dry matter analysis

from two experiments. The index M, called the metabolic loss (M = I j F j B,

I = ingested food; F = frass; B = biomass), indicates how much of the digested

food was not used for biomass accumulation. Approximate digestibility is the

ratio on a percentage basis of digested to ingested food, i.e., AD = [(I j F)/I ] �
100%. Gross growth efficiency or efficiency of ingested food conversion to

biomass (ECI) indicates the ratio of body mass increase to the amount of

ingested food, i.e., ECI = (B/I) � 100%. Net growth efficiency of the conversion

of digested food to biomass represents the ratio of body mass increment to

digested food, i.e., ECD = [B/(I j F)] � 100%.

Data Presentation and Analyses. Data are presented as mean T standard

error. Comparisons of the growth and food utilization parameters on the Bt and

non-Bt potatoes were performed with a t-test (a = 0.05). Female fecundity and

fertility were examined in three independent experiments and were analyzed by

two-way analysis of variance (ANOVA); correlation of these parameters with

the pupal body weight was examined with two-way analysis of covariance

(ANCOVA). These analyses were conducted using Statistica 6 (StatSoft Inc.,

Tulsa, OK; http://www.statsoft.com).

RESULTS

Larval Growth Rate and Cry3Aa Turnover. Transfer of EAW caterpillars

from the Premix diet to potato leaves caused a reduction of their growth rate.

The insects retained on Premix reached a maximal larval body weight around

700 mg (data not shown), whereas those transferred to the potato leaves of

either cultivar reached a weight of about 500 mg (Figure 1). The total duration

of the penultimate and last larval instars was 11 d on both cultivars. Larval
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mortality averaged 1.4% on both cultivars, whereas pupal mortality was 2.2%

on the Superior and 4.4% on NewLeaf Superior. The growth of larvae varied

among the four experiments, but invariably they grew bigger on Superior than

on NewLeaf Superior. In one experiment (Figure 1), the insects feeding on

Superior reached a pupal weight of 227 T 4.9 mg, and those grown on NewLeaf

Superior reached a pupal weight of 205 T 6.5 mg. These two values are

significantly different (P = 0.02).

The uptake of Cry3Aa was examined in another experiment in which the

insects reached a mean pupal weight of 282 T 9.8 mg on the Superior and 258 T
8.2 mg on the NewLeaf Superior leaves (P = 0.015). In this experiment, the

larvae consumed 3856 T 97 mg Superior and 3307 T 94 mg NewLeaf Superior

leaves per specimen (P = 0.01). Given a mean Cry3Aa leaf content of 1.43 ng/g,

each caterpillar reared on NewLeaf Superior ingested nearly 5 mg of the toxin

(Table 1). About 1.5 mg was discarded with the feces, and most of the remainder

was apparently degraded to the extent that it could not be detected with our

ELISA. However, between 10 and 60 ng detectable Cry3Aa was retained in

each female pupa, and approximately 1% of this amount remained in female

adults analyzed in the middle of their ovipositional period. No toxin was

detected in male pupae. The leaves of Superior contained no Cry3Aa, and the

insects feeding on this cultivar were, therefore, not analyzed for the toxin.

Leaf Matter Conversion to Insect Biomass. EAW development on New-

Leaf Superior was associated with slightly lower food consumption than it was

FIG. 1. Growth of Spodoptera littoralis from the beginning of the penultimate larval

instar (day 1) until pupal ecdysis (day 11) on leaves of the potato cultivars Superior and

NewLeaf Superior, respectively. Six groups of five larvae were followed on each potato

cultivar (i.e., N = 6). Vertical lines represent standard errors. Arrows indicate appro-

ximate times (T 6 hr) of ecdyses to the fifth larval instar (L5), sixth (last) larval instar

(L6), and pupa (P).
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on Superior (Table 1), but it was not clear if this alone was responsible for the

lower pupal weights attained by larvae grown on the NewLeaf Superior cultivar.

Analysis of the conversion efficiency of food dry matter confirmed that

caterpillars reared on the Superior cultivar consumed more leaf material (P <

0.001) and grew larger (P = 0.007) than those feeding on the NewLeaf Superior

cultivar (Table 2). The mass of Superior leaves was assimilated more (AD = 54)

than that of NewLeaf Superior (AD = 48), and this difference was marginally

significant (P = 0.051). Surprisingly, most of the extra matter ingested by larvae

from the Superior leaves dissipated as metabolic losses (cf. M values in

Table 2). Higher metabolic costs on the nontransgenic potato might have been

caused by the intake of a larger amount of food and possibly also by more

efficient degradation of allelochemicals from this cultivar. The efficiencies of

ingested (ECI) and digested (ECD) food to biomass were not significantly

different between the two cultivars, suggesting that the difference in the amount

of food consumed was the primary cause of the different growth rates.

Quantitative Analysis of the Dry Matter. Similar conversions of leaf dry

matter to body biomass did not exclude differences in the availability and utili-

zation of specific food components. This possibility was examined by analyzing

TABLE 1. GROWTH PARAMETERS AND ACCUMULATION OF Cry3Aa IN TWO POTATO

CULTIVARS AND IN Spodoptera littoralis a

Parameters

Fed on

StatisticsSuperior

NewLeaf

Superior

Initial larval weight (mg) [15] 44.3 T 0.1 43.6 T 0.1 t = 1.12; P = 0.289

Cry3Aa content in leaves (ng/g) [6] n.d. 1.03–1.65 –

Ingested food per larva (mg) [15] 3856 T 61 3307 T 59 t = 6.21; P < 0.001

Calculated Cry3Aa uptake (ng/specimen) – 4729 –

Frass produced per larva (mg) [15] 1735 T 49 1521 T 34 t = 6.65; P < 0.001

Cry3Aa content in frass (ng/g) [6] – 0.87–1.11 –

Calculated Cry3Aa excreted

(ng/specimen)

– 1520 –

Fresh pupal weight (mg) [15] 282 T 6 258 T 5 t = 3.07; P = 0.012

Cry3Aa content in 9 pupae (ng/g) [5] – 0.03–0.2 –

Calculated Cry3Aa content (ng/9 pupa) – 29 –

Cry3Aa content in 9 adults (ng/g) [5] – 0.002–0.003 –

Calculated Cry3Aa content (ng/9 adult) – 0.38 –

aSample size (N ) is given in brackets (a group of five insects was used for each growth parameter
measured, and 1 g of plant or insect material was used for each Cry3Aa measurement). Results are
presented as means T standard errors. Because six attempts to detect Cry3Aa in the leaves of the
Superior cultivar were all negative (n.d. = not detected), insects grown on this cultivar were not
analyzed for the presence of Cry3Aa. No Cry3Aa was found in male pupae and adults. When
appropriate, means from each cultivar were compared with a t-test (a = 0.05).
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the carbon and nitrogen content and the combustion energy in larvae, leaves,

frass, and pupae (Table 3). The penultimate instar larvae were analyzed for all

parameters after feeding on the Premix diet and not comparatively against the

two cultivars. The carbon content in leaf dry matter ranged from 36.5 to 40.2%

in both cultivars; the means were not significantly different. The nitrogen con-

tent of leaves ranged from 5.21 to 5.97% in both cultivars; the means were not

significantly different. The mean combustion heat values (energy content) in the

leaves of each cultivar were also not significantly different. The variation in all

three parameters was probably because, in large part, of the leaf age and the

physiological status of the plant. Thus, the nutritional value of the Superior and

the NewLeaf Superior potato leaves is virtually identical.

In the frass, the carbon content, nitrogen content, and combustion heat

were not significantly different when compared across the two cultivars

(Table 3). The carbon content of the frass was lower than that of the leaves,

whereas the nitrogen content of the frass was about the same as that of the

leaves. This suggests that the insects assimilated plant compounds containing

nitrogen somewhat less efficiently than the non-nitrogenous organic materials.

The combustion heat of the frass was only 85% of that of the leaves, ir-

respective of the cultivar.

As was the case with leaves and frass, the mean measures of carbon,

nitrogen, and energy content from pupal dry matter were not significantly dif-

ferent between the two cultivars (Table 3). However, the carbon content was

TABLE 2. EFFICIENCY OF CONVERSION OF BIOMASS FROM TWO POTATO CULTIVARS TO

BIOMASS IN Spodoptera littoralis PUPAE
a

Parameters

Fed on

StatisticsSuperior NewLeaf

Penultimate instar dry matter (mg) 4.8 T 0.16 4.6 T 0.10 t = 3.07; P = 0.012

Newly ecdysed pupa dry matter (mg) 62.3 T 6.0 52.3 T 4.6 t = 3.57; P = 0.005

B, Dry biomass increment (mg) 57.5 T 6.0 47.7 T 4.5 t = 3.31; P = 0.008

I, Ingested food dry matter (mg) 426 T 23 355 T 35 t = 6.21; P = 0.001

F, Frass dry matter (mg) 196 T 22 184 T 29 t = 3.06; P = 0.012

M = I j B j F 173 T 28 123 T 39 t = 5.71; P = 0.014

AD = (I j F)/I (�100%) 54 T 8 48 T 16 t = 0.94; P = 0.051

ECI = B/I (�100%) 13.5 T 2.4 13.4 T 0.19 t = 0.95; P = 0.783

ECD = B/(I j F) (�100%) 25 T 0.28 28 T 0.22 t = 0.89; P = 0.393

aSix groups of insects (N) were analyzed for all parameters. Each group included five insects, but the
data (means T standard errors) are expressed per specimen.

B, body mass increment between penultimate instar larva and newly ecdysed pupa; I, mass of food
consumed during the experiment; F, discarded frass and exuviae; M, metabolic loss; AD, ap-
proximate digestibility, i.e., ratio of digested to ingested food; ECI, conversion efficiency of ingested
food to biomass, i.e., ratio of body mass increment to ingested food; ECD, conversion efficiency of
digested food to biomass, i.e., ratio of body mass increment to digested food.
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higher, and the nitrogen content was lower in pupae when compared to newly

ecdysed penultimate instar larvae. The combustion heat of pupae fell short of

the value found in larvae at the beginning of the penultimate instar.

Mortality and Reproduction of EAW Grown on Potato Leaves. Caterpillars

that fed continuously on the Premix diet perished only exceptionally and pro-

duced adults yielding 1077 T 91 viable eggs per female. However, when the

newly ecdysed penultimate instars were transferred from Premix to the potato

leaves, 3.6% of insects reared on Superior and 5.8% of those reared on NewLeaf

Superior perished prior to adult eclosion. Because the mortality varied greatly

and the difference was relatively small, it was disregarded in our investigation

of the fertility of emerged adults. The fecundity and fertility were measured in

three experiments performed several months apart with different generations of

EAW and their food plants. Evaluation of the results by two-way ANOVA

revealed differences between the three experiments and significant dependence

of the level of oviposition (fecundity) and the number of hatched eggs (fertility)

on the type of cultivar (Table 4). Interaction between the two factors, cultivar

and experiment, was not significant for fecundity but was significant (F = 6.7,

df = 2.23, P = 0.005) for fertility. Addition of pupal weight as a continuous

predictor in two-way ANCOVA calculations confirmed differences between

the experiments and the dependence of female fecundity and fertility on the

TABLE 3. CARBON, NITROGEN, AND COMBUSTION HEAT IN LEAVES OF TWO POTATO

CULTIVARS AND IN LARVAE, FRASS, AND PUPAE OF Spodoptera littoralis a

Type of

dry matter

Parameter

analyzed

Fed on

StatisticsSuperior

NewLeaf

Superior

Larval body Carbon (%) 44.7 T 0.2 (8) (start of the penultimate instar)

Leaves 37.7 T 0.5 (4) 37.5 T 0.4 (4) t = 0.30; P = 0.776

Frass 34.2 T 0.5 (4) 35.6 T 0.6 (4) t = 1.86; P = 0.115

Pupal body 51.5 T 0.8 (9) 52.4 T 0.1 (9) t = 2.44; P = 0.095

Larval body Nitrogen (%) 9.14 T 0.09 (8) (start of the penultimate instar)

Leaves 5.67 T 0.09 (5) 5.74 T 0.06 (5) t = 0.50; P = 0.634

Frass 5.67 T 0.22 (5) 5.41 T 0.14 (5) t = 0.88; P = 0.414

Pupal body 8.94 T 0.18 (9) 8.98 T 0.11 (9) t = 0.33; P = 0.745

Larval body Combustion

heat (J/g)

30,414 T 76 (6) (start of the penultimate instar)

Leaves 15,781 T 165 (6) 15,897 T 248 (6) t = 0.39; P = 0.704

Frass 13,500 T 318 (9) 13,517 T 195 (8) t = 0.05; P = 0.965

Pupal body 25,105 T 286 (9) 24,768 T 184 (11) t = 1.06; P = 0.302

a Table entries are means T standard errors (N in parentheses). Newly ecdysed penultimate instar
larvae were assayed just prior to their transfer from the semiartificial diet to either of the potato
cultivars; pupae were assayed just subsequent to ecdysis from last instar larvae. The carbon and
nitrogen contents are given in dry matter percentage; the combustion heat in J/g dry matter.
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potato cultivar. The effect of pupal weight on the reproductive potential was not

significant.

Mean female fecundity calculated for all experiments combined was 713 T
13 eggs on the Superior and 309 T 8 eggs on the NewLeaf Superior cultivars.

With mean egg hatchability of 78 and 48%, respectively, the insects grown on

Superior produced 556 and those on NewLeaf Superior only 148 viable progeny

per female.

DISCUSSION

The results presented in this report demonstrate that the potato cultivar

NewLeaf Superior, which contains the Cry3Aa transgene, is a less suitable host

TABLE 4. PUPAL WEIGHT AND ADULT FECUNDITY AND FERTILITY OF Spodoptera

littoralis GROWN ON LEAVES OF TWO POTATO CULTIVARS a

Experiment Potato cultivar Pupal weight

Fecundity

(eggs/female)

Fertility

(hatched/female)

I Superior (5) 286 T 25 784 T 92 595 T 85

NewLeaf

Superior (5)

251 T 14 344 T 5 182 T 5

II Superior (6) 236 T 16 624 T 11 424 T 27

NewLeaf

Superior (4)

233 T 48 245 T 3 73 T 7

III Superior (5) 231 T 12 750 T 34 672 T 26

NewLeaf

Superior (4)

211 T 7 330 T 45 182 T 35

ANOVA cultivar

(Superior/NewLeaf)

F = 6.6; df = 1, 23;

P = 0.017

F = 584; df = 1, 23;

P < 0.001

F = 730; df = 1,

23; P < 0.001

ANOVA experiment

(I/II/III)

F = 11.8; df = 2, 23;

P < 0.001

F = 19; df = 2, 23;

P < 0.001

F = 49; df = 2,

23; P < 0.001

ANCOVA cultivar

(Superior/NewLeaf)

– F = 431; df = 1, 23;

P < 0.001

F = 565; df = 1,

23; P < 0.001

ANCOVA experiment

(I/II/III)

– F = 17; df = 2, 23;

P < 0.001

F = 48; df = 2,

23; P < 0.001

ANCOVA correlation

with pupal weight

– F < 0.1; df = 1, 23;

P = 0.85

F = 0.4; df = 1,

23; P = 0.54

a EAW larvae of different generations (experiments I, II, and III, respectively) were transferred from
the semiartificial diet to the potato leaves at the start of the penultimate instar. Emerged adults were
grouped by two females and three males, and their reproduction was recorded until death (N per
experiment is given in parentheses). Two-way ANOVA was used to evaluate the effect of potato
cultivar and experiment on the pupal weight, fecundity, and fertility. Correlation between pupal
weight and female reproductive characteristics was analyzed with ANCOVA.
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plant for EAW than the nontransgenic parental cultivar Superior. Insects feed-

ing on the transgenic cultivar ingest less food, reach a smaller pupal weight, and

yield fewer progeny than those on the nontransgenic cultivar. Lower food con-

sumption accounts for reduced body mass increment, but our statistical analysis

showed that smaller body size is not the cause of a nearly 74% reduction of the

reproductive potential. The decrease in female fecundity and fertility is highly

correlated with the potato cultivar and probably due to an unknown effect of

Cry3Aa sequestered in the females. The insects assimilate part of Cry3Aa pres-

ent in the potato leaves at 1.5 ng/g and accumulate up to 0.2 ng/g Cry3Aa in

newly ecdysed female pupae. The major impact of dietary Cry3Aa on EAW,

i.e., the fertility reduction, is manifested about 10 d after the termination of

feeding when the body content of Cry3Aa is nearly undetectable. We have no

explanation for the sex difference in Cry3Aa sequestration.

The reduction of energy content and the low nitrogen assimilation during

food passage through the digestive tract indicate that the larvae preferentially

utilize carbohydrates, and that some of the nitrogenous compounds present in

potatoes are not digestible. The relative differences in carbon and nitrogen

content between penultimate instar larvae and pupae are probably caused by the

accumulation of fat and other reserves and possibly also by the secretion of

thick cuticle in the pupae. The relatively lower combustion heat measured in the

pupae might be explained by the accumulation of oxygen-rich sugars, including

chitin, in the pupae.

The impact of Cry3Aa on EAW resembles the suppression of fertility

caused in CPB by Cry3B expressed in potatoes (Arpaia et al., 2000). The

beetles readily consumed the genetically modified plants, but laid virtually no

eggs. Their sterility was traced to a low vitellogenin level in the hemolymph,

but no explanation could be provided for this effect. The low mortality of CPB

consuming Cry3B indicated that lethal disruption of the midgut wall, which is

typical for the action of Cry toxins (Whalon and Wingerd, 2003), did not occur.

It seems more likely that the toxin somehow penetrated into the hemolymph and

deranged functions of the body organs involved in vitellogenin production.

The deleterious effect of Cry3Aa on EAW is surprising because the toxin is

regarded as specific for Coleoptera (Knowles, 1994). Deml et al. (1999) ob-

served that the presence of more than 10 ppm of a Cry3A preparation in the diet

of several caterpillar species caused mortality, affected food utilization, and

reduced larval growth considerably. Validity of these data, however, is under-

mined by the fact that CPB resisted this Cry3A preparation, indicating that it

might have actually been a Cry version active primarily on Lepidoptera. Sub-

lethal effects of various Bt treatments on the nontarget species have been de-

scribed in several reports (reviewed by Scriber, 2004), but our study is the first

in which expression of a presumably inactive toxin in a transgenic food plant is

correlated with its sequestration in the affected insect herbivore.
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Lepidopteran larvae presumably do not possess specific midgut receptors

for Cry3Aa, but this does not fully exclude toxin interaction with the EAW

cells. Several a-helices that form the first of the three domains of the Cry pro-

teins are conserved between the moth- and the beetle-specific toxins (Li et al.,

1991; Grochulski et al., 1995). Helix 5 from Cry3Aa was shown to insert readily

in diverse planar lipid bilayers, to bind to the surface of midgut cells in the fall

armyworm Spodoptera frugiperda (J.E. Smith), and to kill a cell line derived

from the latter species (Gazit et al., 1994). Hence, a plausible explanation for

the inhibitory Cry3Aa action on EAW is that the toxin binds to and hampers the

digestive functions of midgut cells, thereby reducing food intake and larval

body growth. The small toxin amounts that are sequestered may also interfere

with some of the cells (trophocytes, follicle cells, fat body cells) intimately

involved in the process of egg production. The interference probably occurs

during the EAW pupal stage when much of the egg formation takes place.

We cannot exclude the hypothesis that Bt potatoes curb the growth and

reproduction of EAW by a mechanism that is indirectly related to Cry3Aa

expression. For example, transgene insertion could have modified the expres-

sion pattern of various endogenous genes and thereby altered the production of

defensive substances such as proteinase inhibitors, alkaloids, etc. A deliberate

suppression of the production of proteinase inhibitors in potatoes by means of

molecular engineering enhanced the weight gain of the beet armyworm

Spodoptera exigua (Hübner) by 52–63% and the fecundity by 73% (Ortego

et al., 2001). A reverse, i.e., an elevated level of the inhibitors, would probably

curb the development of EAW. However, it is unlikely that investment into the

production of Cry3Aa in the genetically modified potato would be associated

with increased output of other defense compounds. We conclude that Cry3Aa

itself causes deterioration of the EAW performance on the NewLeaf Superior

cultivar (Hussein et al., 2005). It remains to be examined if an interaction of

Cry3Aa with other defense mechanisms contributes to this effect. Simultaneous

administration of sublethal doses of a Cry toxin with a neem tree extract

exhibited synergism (Trisyono and Whalon, 1999), and this might also occur

between Cry3Aa and the solanine alkaloids present in the potato plants.

Whatever the mechanism of reduced EAW performance on the NewLeaf

Superior potato, it appears that Cry toxins may exert subtle but potentially

cumulative side effects on nontarget insects. The widespread adoption of Bt

sprays and the rapidly expanding cultivation of Bt crops require refined eco-

system monitoring before their possible environmental impacts can be fully

reconciled. Any pest management program bears a risk of negative environ-

mental impacts that must be weighed against the benefits and compared with the

alternative programs (Scriber, 2004). The effects of Bt sprays and of Cry ex-

pression in genetically modified plants on target pest species are not identical.

For example, CPB adults resist topically applied Bt (i.e., foliar formulations)
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containing Cry3Aa (Zehnder and Gelernter, 1989), but are readily eliminated on

the transgenic potatoes expressing Cry3Aa (Perlak et al., 1993; Whalon and

Wierenga, 1994). Thus, the results of the present study can be extrapolated to Bt

sprays only with utmost caution. In fact, they accentuate the need for compar-

ative environmental impact studies of diverse pest treatments.
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