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ABSTRACT Laboratory feeding experiments using rice plants containing a synthetic crylAb gene
derived from Bacillus thuringiensis Berliner (Bt) were carried out to study the effects of Bt rice-fed
prey on the predator Propylea japonica (Thunberg). Plants were obtained from two homozygous
transgenic Bi-crylAb expressing rice lines, Kemingdao 1 (KMD1) and Kemingdao 2 (KMD2), and their
untransformed parental variety Xiushui 11 (XS11). The herbivorous prey species tested was the brown
planthopper, Nilaparvata lugens Stél, one of most serious insect pests of rice and not targeted by KMD1
or KMD2. The concentrations of CrylAb toxin expressed in KMD1 and KMD2 plants and that of the
toxin transferred to N. lugens feeding on these plants were determined by enzyme immunosorbent
assay technique. Development parameters of P. japonica reared on KMDI1- or KMD2-fed N. lugens
were assessed in the laboratory. The results showed that the concentration of CrylAb in rice leaves
and stems significantly increased from the booting to grain filling stage and subsequently decreased
as the plants matured. CrylAb could be detected in nymphs and adults of N. lugens feeding on the
Bt rice plants. Development time, pupation, adult eclosion, pupal and adult weight, and male-adult
locomotive activity of P. japonica that had preyed on KMDI1- or KMD2-fed N. lugens nymphs as larvae
were not significantly different from those that preyed on XS11-fed nymphs. In short, our results
indicate that the nontarget insect N. lugens and its predator P. japonica are exposed to CrylAb toxin
from transgenic crylADb rice, but development of this predator was not affected by the toxin through

tritrophic interactions.
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Transgenic Bt plants can express the Bt proteins in
high doses and in most of their tissues throughout the
season (Fearing et al. 1997, Wu et al. 2001), which
provides the plants with season-long protection
against target pests. Toxins from Bt are relatively host
specific within certain insect orders (e.g., Lepidop-
tera), because only such insects that possess specific
gut physiological conditions and receptor sites are
susceptible to the toxins (Knowles 1994). However,
insects outside of target groups also have been re-
ported to be susceptible to the Cry 1Ab toxin from Bt
corn (Event Btl1) expressing the crylAb gene from Bt
subsp. kurstaki (Hilbeck et al. 1998b).

Bt insecticidal toxins may become available to nat-
ural enemies through nonsusceptible or sublethally
affected herbivorous prey feeding on Bt plants
(Schuler et al. 1999, Head et al. 2001, Jiang et al. 2004).
To date, effects of Bt plants on predators have been
studied in at least 11 studies in the context of tritrophic
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interactions among Bt plants, herbivores, and preda-
tors (Romeis et al. 2006). Predators with chewing
mouthparts, such as lady beetles (Coccinellidae), are
expected to ingest the toxin when preying on Bt-fed
arthropods because they ingest the gut where most of
the toxin is located. Previous studies showed that coc-
cinellid predators suffered little risk from the CrylAb
toxins expressed in Bt crops (Pilcher et al. 1997, Daly
and Buntin 2005, Pilcher et al. 2005, Zhang et al. 2006).
However, to clarify the conclusive impact of Bt plants
on predaceous coccinellids, more extensive experi-
ments are needed (Schoenly et al. 2003).
Transgenic Bt rice has the potential of eliminating
yield losses caused by lepidopteran pests, which in
Asia were estimated as 2-10% of the annual rice yield
of 523 million tons (High et al. 2004). In China, the
transgenic crylADb rice lines have proved to be highly
resistant to eight lepidopteran pest species of rice
under field conditions, including the striped stem
borer, Chilo suppressalis (Walker), yellow stem borer
Scirpophaga incertulas (Walker), and several defolia-
tors (Shu et al. 2000, Ye et al. 2001, Wu et al. 2001).
Propylea japonica (Thunberg) (Coleoptera: Coccinel-
lidae) is a common predator in crop systems of China.
Both the larva and adult of this insect are predaceous,
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with the larva being more voracious than the adult. In
rice fields, it can prey on young nymphs of the brown
planthopper, Nilaparvata lugens Stidl (Homoptera:
Delphacidae), which is one of the most serious pests
of rice throughout temperate and subtropical Asia,
often attacking rice in large numbers and causing
hopperburn (Cheng 1996). P. japonica can also feed
on aphids (Guo and Wan 2001) and pollens (Li et al.
1992). Our previous study indicated that development
and reproduction of P. japonica was not negatively
affected when feeding on Bt rice pollen compared
with pollen of genetically untransformed rice (Bai et
al. 2005).

In this study, development of immature stages and
locomotive activity of adults were observed in this
predator after being supplied as larvae with N. lugens
feeding on Birice. The objective was to determine the
prey-mediated effect of toxins in Bt rice on this pred-
ator.

Materials and Methods

Plant. The transgenic Bt lines Kemingdao 1
(KMD1) and Kemingdao 2 (KMD2) were derived
from a Chinese commercial japonica rice variety
Xiushui 11 (XS11), transformed by Agrobacterium in-
fection. Both KMDI and KMD2 were homozygous
containing a synthetic crylAb gene derived from B.
thuringiensis under the control of a maize ubiquitin
promoter (Shu et al. 1998). They were highly resistant
to eight lepidopteran pest species of rice under lab-
oratory and field conditions (Cheng et al. 1998, Shu et
al. 2000, Ye et al. 2001, Ye et al. 2003). Thirty-day-old
plants of KMDI and KMD2, and their parent non-
transgenic XS11, were transplanted in a greenhouse
on the Huajiachi campus of Zhejiang University in
mid-June 2003. Plants at booting stage were trans-
ferred to the laboratory and served as hosts of N. lugens
as described below.

Insect. Propylea japonica adults were collected from
rice plants at flowering stage on the experimental farm
of Zhejiang University during August 2003. Pairs were
placed in glass tubes (1.4 cm diameter, 10 cm long)
containing nymphs and adults of the green peach
aphid, Myzus persicae (Sulzer), and maintained in a
climatically controlled chamber at 28 = 1°C and 60—
80% RH with a photoperiod of 16:8 (1.:D) h. M. persicae
were supplied daily to the tubes. As egg deposition
began, the female was transferred to clear glass tubes,
and the tubes bearing eggs were maintained in the
chamber until completion of hatch. A water-saturated
cotton ball was placed in each glass tube to provide
moisture. Egg hatch was checked daily, and newly
hatched larvae were placed individually into tubes
with a cotton stopper for subsequent use. The M.
persicae used were previously reared on white cab-
bage Brassica oleracea L. variety capitata in the cham-
ber.

Nilaparvata lugens adults were collected from in-
secticide-free rice fields located on farms of Zhejiang
University. In the laboratory, adults were released in
drum cages (20 cm diameter, 75 cm long) containing
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booting plants of KMDI, KMD2, or nontransgenic
XS11, and maintained in the chamber as described
above. After 15d (when nymphs of the first generation
had been produced and each instar could be found),
N. lugens nymphs and adults were randomly sampled
from each cage to determine their CrylAb concen-
tration. As the second generation began, second- to
third-instar nymphs were sampled from each cage and
used as food for P. japonica in the experiments de-
scribed below.

Treatments and Rearing of P. japonica. One newly
hatched P. japonica larva and second- to third-instar
nymphs of N. lugens were placed into glass tubes (1.4
cm diameter, 10 cm long) that contained one stem (~5
cm long) of KMDI1, KMD2, or nontransgenic XS11
plants. The stems for N. lugens nymph feeding were
obtained by cutting plants near the ground at booting
stage in the greenhouse and further cutting their stems
into short pieces in the laboratory. The tubes were
plugged with nonabsorbent cotton, and a piece of
filter paper (4-5 cm long) was provided that had been
moistened with distilled water containing 100 ppm
benzimidazole to prevent fungal contamination of
plant stems. A water-saturated cotton ball was placed
in tubes to provide water for P. japonica. There were
40 such tubes for each of the three rice lines (KMD1,
KMD2, and XS11), with each tube representing a
replicate.

After these preparations, the tubes were maintained
in the chamber described above. Rice stems and N.
lugens nymphs in tubes were refreshed twice daily. As
P. japonica grew, the number of N. lugens nymphs
supplied in tubes was adjusted, with 5, 10, 30, and 50
nymphs supplied per day during the first, second,
third, and fourth instar of P. japonica, respectively.

Observations on P. japonica Development. After
rearing began, P. japonica larvae were checked every
3-4 h for cast skins and dead larvae to determine the
developmental time of each instar. The developmental
time of prepupae and pupae also was observed. Pupae
and adults were weighed on an electronic balance to
the nearest 0.001 g within 12 h after pupation and 6 h
after emergence, respectively. Larvae in each treat-
ment were divided randomly into three groups, with
the percentages of larvae that pupated and pupae that
eclosed being observed in each group and then aver-
aged within the treatment.

Flip time has been used successfully as an indicator
of fitness in adult coccinellids (Smith and Krischik
1999, Lundgren and Wiedenmann 2002, Lundgren and
Wiedenmann 2005). In this study, to obtain adequate
male adults of P. japonica for flip-time tests, another
three groups of this insect were reared in tubes con-
taining N. lugens nymphs and plant stems, using the
methods described above. At 6 h after emergence, an
individual male was placed on its dorsum on a piece of
filter paper (90 mm diameter), and the time taken by
the beetle to right itself was measured with a stop-
watch to the nearest 0.01 s. Measurement was termi-
nated at 60 s for beetles that did not flip within this
time.
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Fig. 1. Concentrations (mean = SEM) of CrylAb toxin in leaves and stems of transgenic Bt rice KMD1 and KMD2 at

different growth stages. Columns with lowercase and capital letters within a tissue are significantly different at P < 0.05 and

0.01, respectively. Tukey HSD test.

Determination of CrylAb Concentration in Plant
Tissues and Insects. At 65, 105, and 120 d after trans-
planting, when plants were at booting, grain filling,
and mature stages, respectively, stems and leaf blades
of KMDI1 and KMD2 were sampled. After the field-
collected N. lugens had been feeding on KMDI or
KMD2 plants for 15 d, adults and nymphs of first,
second to third, and fourth to fifth instars were sam-
pled and killed immediately by freezing. These plant
tissue and insect samples were stored in a deep freezer
(—80°C) before CrylAb concentration was deter-
mined.

The CrylAb concentration in samples was deter-
mined using a commercially available enzyme-linked
immunosorbent assay (ELISA) kit (EnviroLogix,
Portland, ME) (Xie and Shu 2001). Before the assay,
the frozen plant tissue (0.1-0.01 g) and insect samples
(6-20 individual N. lugens) were thawed, weighed in
a 1.5-ml centrifuge tube, added to milk extraction
buffer (PBS/0.55% Tween-20/0.4% nonfat dry milk),
and mixed. The samples were homogenized for ~10 s
at 3,000 rpm with a Wheaton overhead stirrer. The
homogenized buffer solution was centrifuged at
10,000 X g for 1 min, and the supernatant was analyzed
using the quantitative CrylAb ELISA kit. A 96-well
solid microplate (EnviroLogix) was coated with a
CrylAb antibody. A three-point linear standard curve
of 0.5, 2.5, and 5.0 ppb CrylAb calibrator (Envi-
roLogix) was added to the plate, along with CrylAb
negative control (NC). Absorbance was measured at
450 nm with a MQX200 plate reader (Bio-Tek Instru-
ments, Winooski, VT). Concentrations of CrylAb
were determined in each sample by finding its optical
density (OD,5,) value and the corresponding con-
centration level on the graph of the standard linear
curve of Cryl Ab. Dilution factors were calculated, and
CrylAb results were reported as parts per billion fresh
weight (FW).

Statistical Analysis. One-way analysis of variance
(ANOVA) was used to analyze the relation of CrylAb
concentration in leaves and stems to plant growth
stage and the relation of P. japonica development to
rice lines. Percentage data were arcsine square root
transformed before being subjected to ANOVA. The

Tukey honestly significant difference (HSD) test was
used to compare means among treatments at the P =
0.05 level. The x* test was used to compare the pro-
portions of P. japonica adults falling in different flip-
time periods among rice-line treatments at the P =
0.05 level. All statistical analyses were performed with
SPSS Statistical Software (SPSS 2002).

Results

ANOVA showed that, in both leaves and stems of
each Bt rice line, the concentration of CrylAb was
significantly related to plant growth stage (leaves of
KMDI: F, = 12,58, P < 0.01; stems of KMDI: F, ; =
7.12, P = 0.03; leaves of KMD2: F, ; = 10.21, P = 0.01;
stems of KMD2: F, ; = 22.19, P < 0.01). The CrylAb
concentration increased significantly (P < 0.05) from
booting to the grain-filling stage in both leaves and
stems of each line (Fig. 1). The concentration de-
creased as plants developed from grain filling to the
mature stage, but the change was significant only in
the stems of KMD2 (Fig. 1).

CrylAb in first- to fifth-instar N. lugens nymphs
feeding on plants of the Bt lines KMD1 or KMD2 was
detectable using ELISA, but only as a trace (<0.025 or
<0.05 ng/nymph). In adults of the insect, the CrylAb
concentration was much higher, with 0.11-0.12 ng
CrylAb detected per adult (Table 1). Thus, the
CrylAb protein in both Bt lines can be transferred to
N. lugens during its feeding on such plants.

The food supplied to P. japonica (i.e., N. lugens
reared on KMDI1, KMD2, or XS11) had no significant
effects on the development time of first-, third-, and
fourth-instar larvae, prepupae, and pupae, the per-
centage of larvae that pupated and pupae that eclosed,
or the pupal and adult weight (P > 0.05; Table 2).
Development time of second instars was significantly
shorter on KMD-fed N. lugens than on XSl1-fed N.
lugens.

At 6 h after emergence, =80% of male adults from
each source flipped within 12 s, with alarge proportion
(40-54%) flipping between 4 and 6 s (Fig. 2). The
distribution of flip-time was not significantly different
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Table 1.
the control rice line XS11
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Concentrations of CrylAb toxin at different developmental stages of N. lugens feeding on Bt rice lines KMD1, KMD2, and

Testing unit CrylAb value

Rice line Developmental stage of N. lugens (no. individuals) (nié):; ildsll\éﬁt)lal,
KMD1 First-instar nymph 20 <0.025
Second- to third-instar nymph 10 <0.05
Fourth- to fifth-instar nymph 10 <0.05
Adult 6 0.11 = 0.02
KMD2 First-instar nymph 20 <0.025
Second- to third-instar nymph 10 <0.05
Fourth- to fifth-instar nymph 10 <0.05
Adult 8 0.12 = 0.05
XS11 Adult 10 0

The trace concentrations (<0.025 or <0.05 ng/nymph) of CrylAb meant that the optical density (OD,5,) of corresponding samples was
higher than that of the negative control but was lower than that of the low calibrator 0.5 ppb CrylAb determined by ELISA.

among the adult sources (x> = 8.090, df = 16, P =

0.946).

Discussion

Our results from this study show that CrylAb in Bt
rice can be transferred to the phytophagous insect N.
lugens and thus to its predator P. japonica. That is, this
predator can be exposed to CrylAb toxin when it
preys on the N. lugens nymphs fed on Bt rice. Similarly,
Chen et al. (2005) found that Cryl1Ab toxin in Bt plants
could be passed to the wolf spider, Pirata subpiraticus
(Boesenberg et Strand) (Araneae: Lycosidae)
through tritrophic interactions. However, it is not
clear if the CrylAb protein is bioaccumulated in N,
lugens or its predators. Bernal et al. (2002) detected
CrylAb toxin in honeydew from N. lugens that fed on
transgenic rice lines and concluded that N. lugens and
its predator Cyrtorhinus lividipennis Reuter
(Hemiptera: Miridae) could be exposed to Bt toxins
from transgenic rice.

We found that the developmental time of preimagi-
nal stages and male-adult locomotive activity of P.
japonica were not negatively affected by CrylAb
toxin, which was passed from Bt rice plants through N.

Table 2.
the control rice line XS11

lugens. Tt is possible that CrylAb is not toxic to P.
japonica or that this predator was not exposed to suf-
ficient concentrations to have a toxic effect. However,
other studies involving lepidopteran-specific Bt cotton
have shown that this predator can be significantly
affected through trophic interactions. For example,
larvae of the cotton bollworm, Helicoverpa armigera
(Hiibner) (Lepidoptera: Noctuidae), feeding on
leaves of CrylAb-expressing Bt cotton had a signifi-
cantly smaller body weight comparing to those feed-
ing on leaves of nontransgenic cotton, and thus greater
numbers were consumed by P. japonica (but it was not
examined whether the mean total mass of prey con-
sumed differed significantly between the two treat-
ments) (Cui and Xia 1999). In addition, Zhang et al.
(2006) found that CrylAb expressed in Bt cotton can
be transmitted to P. japonica through a nontarget pest
insect, the cotton aphid Aphis gossypii Glover (Ho-
moptera: Aphididae), and alter the biology and be-
havior of this predator.

To date, there have been a number of studies in-
volving effects of Bt rice, Bt corn, and Bt cotton on
predators through herbivore prey. Bernal et al. (2002)
reported that fitness of C. lividipennis, an important
predator of N. lugens, was not negatively affected by

Developmental parameters of P. japonica stages feeding on N. lugens reared on Bt rice lines KMD1 and KMD2, and on

Food of P. japonica ANOVA
Fitness parameters N. lugens reared N. lugens reared N. lugens reared F P df
with KMD1 with KMD2 with XSI11

Developmental time (d)
First-instar larva (n) 2.50 + 0.10a (38) 2.57 + 0.12a (38) 2.46 + 0.10a (35) 0.25 0.78 2,108
Second-instar larva (n) 1.19 * 0.07b (37) 1.07 + 0.06b (36) 1.52 * 0.08a (35) 9.86 <0.01 2,105
Third-instar larva (n) 1.38 = 0.08a (37) 1.35 = 0.07a (36) 1.51 = 0.09a (35) 111 0.33 2,105
Fourth-instar larva (n) 2.56 + 0.11a (37) 2.74 + 0.14a (36) 2.49 + 0.14a (35) 0.97 0.38 2,105
Whole larval stage (n) 7.57 = 0.16a (37) 7.69 = 0.18a (36) 7.90 = 0.20a (35) 091 0.41 2,105
Prepupa (n) 0.59 = 0.03a (35) 0.66 = 0.03a (35) 0.59 = 0.03a (34) 2.10 0.13 2,101
Pupa (n) 2.60 + 0.07a (31) 2,53 + 0.05a (31) 2.65 + 0.05a (34) 1.62 021 2,93
Percent larvae that pupated (n) 77.10 = 5.78a (40) 78.10 = 5.00a (40) 84.01 + 4.67a (40) 0.76 0.51 2,6
Percent pupae that eclosed (n) 100.0 = 0.0 (31) 100.0 = 0.0 (31) 100.0 = 0.0 (34)
Pupal wt (mg) (n) 4.53 + 0.23a (25) 491 + 0.22a (25) 4.89 + 0.21a (24) 0.79 0.46 2,71
Adult wt (mg) (n) 3.72 = 0.20a (25) 3.87 + 0.14a (25) 3.92 + 0.14a (24) 0.40 0.67 2,71

Experiments were conducted using a photoperiod of 16:8 (1:D) h and temperature of 28 = 1°C. Within arow, values (mean = SEM) followed
by the same letter are not significantly different from each other (P > 0.05; Tukey HSD test). n, the no. of individuals measured.
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Fig. 2. The percentages of P. japonica male adults (6 h
old) that flipped within different periods of time. The insects
were supplied at the larval stage with nymphs of N. lugens
(brown planthopper) that fed on transgenic Bt rice KMDI or
KMD2, or nontransgenic rice XS11. The value in parentheses
indicates the number of adults observed.

preying on N. lugens fed on Bt rice containing CrylAb
toxin. In the predator Chrysoperla carnea (Stephens)
(Neuroptera: Chrysopidae) larvae, some studies re-
ported that transgenic Bt corn expressing the crylAb
gene caused negative effects on this predator (Hilbeck
etal. 1998a, b, 1999, Dutton et al. 2002), whereas others
did not find such an effect (Romeis et al. 2004). The
effects of Bt corn on C. carnea larvae were prey quali-
ty-mediated rather than being caused by direct effects
of the CrylAb toxin, and predator larvae were unlikely
to detect CrylAb when feeding on herbivore prey
containing the toxin (Dutton et al. 2003a, b). The
midgut of C. carnea larvae lacks specific receptors for
CrylAb or CrylAc; therefore, the Cry toxins from
transgenic crops have no detrimental effect on this
predator when ingested either directly or through the
prey (Rodrigo-Simén et al. 2006). The mortality of
Orius majusculus (Reuter) (Heteroptera: Anthocori-
dae) from hatch to adult eclosion was not significantly
different when nymphs were reared on Bi-fed or Bt-
free prey, Anaphothrips obscurus (Miiller) (Thysan-
optera: Thripidae), a pest of corn without sensitivity
to CrylAb toxin (Zwahlen et al. 2000). Al-Deeb et al.
(2001) found no effect in the predator Orius insidiosus
(Say) when preying on Bt corn-fed Ostrina nubilalis
(Hiibner) (Lepidoptera: Pyralidae). Ponsard et al.
(2002) found that, when supplied with Spodoptera
exigua (Hiibner) (Lepidoptera: Noctuidae) that were
reared on Bt cotton, the heteropteran predators Orius
tristicolor (White) and Geocoris punctipes (Say) had
significantly decreased longevity, whereas such an ef-
fect did not occur in two other heteropteran preda-
tors, Zelus renardii (Kolenati) and Nabis sp.

A number of field studies showed that transgenic Bt
corn did not have adverse effects on populations of
nontarget predaceous arthropods in the corn system
(Daly and Buntin 2005, Pilcher et al. 2005) and that
transgenic Bt corn is less toxic to the most abundant
predators [ Coleomegilla maculate (DeGeer), Harmo-
nia axyridis (Pallas), and O. insidiosus]| in corn fields
than the pyrethroid, lambda cyhalothrin (Musser and
Shelton 2003). Pilcher et al. (1997) reported no det-
rimental effects in the abundance of Ostrinia nubilalis
(Hiibner) predators (coccinellids, anthocorids, chry-
sopids) in transgenic crylAb corn compared with non-
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transgenic corn during 2 yr of field evaluations. How-
ever, Gullu et al. (2004) found that the predator C.
carnea was significantly more abundant in Bt corn
plots than in non-Bt hybrids. In cotton, Naranjo (2005)
reported recently that Bt cotton essentially had no
effects on the function of natural enemies and that the
minor reductions in densities of several predator taxa
in Bt cotton might have little ecological meaning rel-
ative to the natural enemy impact on key pests. In the
rice system, Bt rice has no significant effects on the
population dynamics of dominant spider species or the
community of arthropod predators (Liu et al. 2002,
2003). However, according to Schoenly et al. (2003),
planting Bt rice seemed to alter species richness of
predators.

In conclusion, our results indicate that the nontar-
get insect N. lugens and its predator P. japonica are
exposed to CrylAb toxin from transgenic crylAb rice,
but development of this predator is not affected by the
toxin through tritrophic interactions.
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