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Insecticidal activity and receptor binding properties of Bacillus thuringiensis toxins to yellow and striped rice
stem borers (Sciropophaga incertulas and Chilo suppresalis, respectively) were investigated. Yellow stem borer
(YSB) was susceptible to Cry1Aa, Cry1Ac, Cry2A, and Cry1C toxins with similar toxicities. To striped stem
borer (SSB), Cry1Ac, Cry2A, and Cry1C were more toxic than Cry1Aa toxin. Binding assays were performed
with 125I-labeled toxins (Cry1Aa, Cry1Ac, Cry2A, and Cry1C) and brush border membrane vesicles (BBMV)
prepared from YSB and SSB midguts. Both Cry1Aa and Cry1Ac toxins showed saturable, high-affinity binding
to YSB BBMV. Cry2A and Cry1C toxins bound to YSB BBMV with relatively low binding affinity but with high
binding site concentration. To SSB, both Cry1Aa and Cry1Ac exhibited high binding affinity, although these
toxins are less toxic than Cry1C and Cry2A. Cry1C and Cry2A toxins bound to SSB BBMV with relatively low
binding affinity but with high binding site concentration. Heterologous competition binding assays were
performed to investigate the binding site cross-reactivity. The results showed that Cry1Aa and Cry1Ac recog-
nize the same binding site, which is different from the Cry2A or Cry1C binding site in YSB and SSB. These data
suggest that development of multitoxin systems in transgenic rice with toxin combinations which recognize
different binding sites may be useful in implementing deployment strategies that decrease the rate of pest
adaptation to B. thuringiensis toxin-expressing rice varieties.

Bacillus thuringiensis, a gram-positive, spore-forming bacte-
rium, produces insecticidal crystal proteins called d-endotoxins
during sporulation. B. thuringiensis d-endotoxins have been
used as an alternative to chemical pesticides for managing
insect pests. These proteins are toxic to a number of insect
larvae in the orders Lepidoptera, Diptera, and Coleoptera (15,
50). B. thuringiensis toxin genes are currently being transferred
to crop plant genomes to overcome field degradation problems
of conventional B. thuringiensis applications and to improve the
efficiency of B. thuringiensis toxins (2, 8, 10, 32, 45). However,
the potential for insect resistance to B. thuringiensis toxins
raises concern about their long-term effectiveness (27, 39, 41).
Recently, high levels of insect resistance have been observed in
Plutella xylostella from the field selection (1a, 7, 17, 38) and in
Plodia interpunctella, Heliothis virescens, Spodoptera exigua,
Trichoplusia ni, Culex quinquefasciatus, and Leptinotarsa de-
cemlineata from the laboratory selection (6, 13, 20, 23, 25, 26,
28, 30, 33, 47).

Understanding the mechanisms of resistance to B. thurin-
giensis toxins could be helpful for the management of rapid
onset of insect resistance. The mechanism of resistance can be
related to disruption of the steps involved in the mode of B.
thuringiensis toxin action such as solubilization, activation of
protoxins to toxin, binding to the receptors, and pore forma-
tion (14, 15, 19, 37, 48). The resistance is often related to a
change in receptor binding properties on the brush border
membrane vesicles (BBMV) of the insect midgut (3, 7, 30, 42,
47). However, other studies showed no or minor changes in
overall receptor binding properties in the laboratory- and field-
selected resistant strains (13, 23, 24, 28).

Previous studies have found a narrow range of cross-resis-
tance (1a, 6, 7, 40, 42–44). Cry1A type of B. thuringiensis toxins
showed cross-resistance to Cry1F but not to Cry1B, Cry1C, or
Cry1D (7, 40). These studies suggest the possibility that resis-
tance can be managed with the use of toxin mixtures. The
expression of modified cry1C-cry1Ab fusion genes in plants
resulted in protection against lepidopteran insect species, sug-
gesting the potential of broadening the insect resistance of
transgenic plants and employing different gene classes as a
resistance management strategy (46). In vitro competition
binding studies demonstrated that Cry1B and Cry1C toxins
recognized binding sites different from those recognized by
Cry1Ab toxin (7, 47). However, a broad range of cross-resis-
tance among B. thuringiensis toxins has also been observed (13,
28). These studies raise questions about the multiple-toxin
approach to resistance management. Therefore, the specificity
or cross-reactivity of B. thuringiensis toxins and receptors must
be considered cautiously before applying this information in
developing multiple-toxin approaches for managing resistance.

The yellow stem borer (YSB), Sciropophaga incertulas, and
striped stem borer (SSB), Chilo suppresalis, are major pests of
rice in Asia and Europe (31). Only moderate levels of stem
borer resistance have been achieved by conventional plant
breeding, and B. thuringiensis sprays are not effective for stem
borer control because larvae bore into the plant shortly after
hatching. Consequently, there has been much interest in the
genetic engineering of rice with B. thuringiensis toxin genes (10,
16, 54). In this study, we examined the toxicity of four B.
thuringiensis toxins (Cry1Aa, Cry1Ac, Cry2A, and Cry1C)
against YSB and SSB and investigated the receptor binding
properties of these toxins to the BBMV from YSB and SSB
midguts and the relationship between binding sites of each
toxin. Understanding the receptor binding properties of differ-
ent d-endotoxins can guide the development of rice plants
which produce combinations of toxins that bind to different
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receptors. Such plants can be an important component of re-
sistance management strategies for B. thuringiensis-transgenic
rice.

MATERIALS AND METHODS

Purification and activation of recombinant B. thuringiensis d-endotoxins. The
B. thuringiensis d-endotoxin genes cry1Aa and cry1Ac from strains HD-1 and
HD-244, respectively, were subcloned into pKK 223-3. The cry2A gene cloned
into pTZ 18R was supplied by T. Yamamoto (Sandoz). These proteins were
purified from Escherichia coli as described by Lee et al. (19). Purified Cry1C toxin
was a gift from Roger Frutos (BIOTROP-IGEPAM, CIRAD, Montpellier,
France). The crystal protein was solubilized in solubilization buffer, i.e., 50 mM
sodium carbonate buffer (pH 9.5) containing 10 mM dithiothreitol, at 378C for
2 h. The solubilized protoxins were dialyzed against 50 mM sodium carbonate
buffer (pH 9.5) to remove dithiothreitol and digested with trypsin at a trypsin/
protoxin ratio of 1:20 (by mass) at 378C for 2 h. Trypsin-activated Cry1Aa,
Cry1Ac, Cry1C, and Cry2A toxins were used for bioassays and binding assays.
Concentrations of the proteins were measured with Coomassie protein assay
reagent (Pierce). Protoxins and activated toxins were examined on a sodium
dodecyl sulfate–12% polyacrylamide gel electrophoresis gel (18).

Insect bioassays. YSB and SSB adults were collected from rice fields in the
vicinity of the International Rice Research Institute (Laguna Province, Philip-
pines) and brought to a greenhouse to oviposit on rice plants. The egg masses
were surface sterilized and placed in scintillation vials containing artificial diet.
The preparation of the YSB diet was described in detail by Aguda et al. (1). The
modified southwestern corn borer diet (4) was used for SSB. Approximately 24 h
after egg hatch, larvae were collected and introduced into vials with artificial diet
containing toxin. The trypsin-activated Cry1Aa, Cry1Ac, Cry1C, and Cry2A
toxins were mixed into the liquid insect diet at a temperature below 608C. Six
YSB larvae or 10 SSB larvae were used per vial. Larval mortality was recorded
after 4 days of incubation at 278C. Nine toxin concentrations were used for each
toxin. For each toxin concentration, eight replicate vials of YSB or five replicate
vials of SSB were prepared, resulting in 432 YSB or 450 SSB larvae assayed per
toxin. An additional 24 vials of YSB or 10 vials of SSB were set up as controls,
containing no toxin. The entire bioassay procedure was repeated on 6 days for
YSB and 7 days for SSB, during June and July 1996. All four toxins were tested
on each bioassay day. A different field collection of insects was used for each
bioassay; thus, the larvae tested were always the progeny of field-collected adults.
Egg masses were obtained from 100 to 200 females on each bioassay day. The
effect of day was significant for SSB (F 5 4.91, df 5 4, P 5 0.004) but not for YSB
(F 5 2.11, df 5 4, P 5 0.106). The high variability in 50% lethal concentrations
(LC50) among days may be attributable to high genetic variability in the insects
collected from the field for the bioassays.

The data were analyzed by probit analysis (35) using POLO-PC (21a). Data
from days on which one or more toxins did not fit the probit model (x2 . 14.07,
df 5 7) were discarded, leaving a total of five bioassay days for each species. LC50
were log-transformed (because variances were proportional to means) and sub-
jected to analysis of variance by use of the SAS package (36).

Preparation of BBMV. Midguts were dissected from last-instar larvae and kept
on liquid nitrogen until use. BBMV were prepared by the differential magnesium
precipitation method of Wolfersberger et al. (52). The BBMV were resuspended
in the buffer (8 mM NaHPO4, 2 mM KH2PO4, 150 mM NaCl [pH 7.4]), and the
concentration of total protein concentration was measured by Coomassie protein
assay reagent (Pierce).

Iodination of toxins. The activated toxins were iodinated with IODO-BEAD
as described in the manufacturer’s instructions (Pierce). One millicurie of Na125I
(Amersham) solution, diluted in 50 mM sodium carbonate buffer (pH 9.5), was
added to a vial which contained one IODO-BEAD (Pierce), and the vial was
incubated for 5 min at room temperature. Twenty-five micrograms of toxin in
sodium carbonate buffer was added to the reaction vial. After a 15-min incuba-
tion, the reaction was stopped by removing the labeled toxin solution from the
IODO-BEAD. The reaction mixture was applied to a 2-ml Excellulose column
(Pierce) which was equilibrated with 10 ml of sodium carbonate buffer to remove

free iodine and possible degradation products. Specific activities of toxins were
measured by trichloroacetic acid precipitation. The specific activities of Cry1Aa,
Cry1Ac, Cry2A, and Cry1C were 0.74, 0.83, 0.73, and 0.46 mCi/mg, respectively.
The stability and purity of labeled toxins were examined by sodium dodecyl
sulfate–12% polyacrylamide gel electrophoresis and autoradiography.

Binding assays. BBMV were incubated with 125I-labeled toxins in 100 ml of
binding buffer (8 mM NaHPO4, 2 mM KH2PO4, 150 mM NaCl [pH 7.4])
containing 0.1% bovine serum albumin. After 1 h of incubation at room tem-
perature, the sample was centrifuged in a Fisher microcentrifuge for 10 min at
13,500 3 g to separate bound from free toxin. The pellet containing the bound
toxin was washed three times with binding buffer, and radioactivity in the result-
ing pellet was counted in a gamma counter (Beckman). For homologous and
heterologous competition experiments, a fixed concentration of the labeled li-
gand (1 nM) was incubated with BBMV (50 mg/ml) in the presence of unlabeled
competitors (from 0.5 to 1000 nM). Binding data were analyzed by use of the
LIGAND computer program (29), which is a nonlinear and curve-fitting pro-
gram. This computer program calculates the bound concentration of ligand as a
function of the total concentration of ligand and give initial estimates of the
affinity (Kd) and the binding site concentration (Bmax). The computer adjusts the
values (Kd and Bmax) and nonspecific binding by an iteration process. Binding
affinity (Kcom) and binding site concentration (Bmax) were calculated from the
homologous competition assays. Each value was the mean of three independent
experiments. Kcom represents binding affinity (Kd) calculated from homologous
competition assays. Kcom is calculated by the same equation as that for Kd in
earlier competition studies (14, 19, 48, 49).

RESULTS

All four toxins exhibited high toxicity to YSB, with LC50 of
less than 5.45 ng/ml of diet (Table 1). The mean LC50 of these
toxins did not differ significantly (least significant difference
test, P . 0.05). SSB larvae were less susceptible to these toxins
than YSB, with LC50 ranging from 67 to 1,422 ng/ml of diet.
Cry1Ac, Cry2A, and Cry1C were more toxic than Cry1Aa to
SSB (P , 0.05). There are large standard errors in estimates of
the LC50. Because SSB and YSB are difficult to maintain in
culture, we used a new collection of insects from the field for
each bioassay day. Analysis of variance indicated that the effect
of day was significant for SSB (F 5 3.98, df 5 4, P 5 0.028) but
not for YSB (F 5 2.61, df 5 4, P 5 0.089). It is likely that
genetic variation in the field-collected insects explains in part
the high variability in LC50 estimates. Probit analysis using
POLO-PC indicated that the data fit a probit model and that
the slopes, although low (0.3 to 0.6), were significant. The
mortality for control larvae was consistently low (,10%).

We performed homologous competition assays with 125I-
labeled Cry1Aa, Cry1Ac, Cry2A, and Cry1C toxins in both
YSB and SSB BBMV. From homologous competition experi-
ments, the binding affinity (Kcom) and binding site concentra-
tion (Bmax) were calculated by use of the LIGAND computer
program (Table 1) (29). Recently, it has been shown that the
use of the term Kd as a binding constant for binding assays with
B. thuringiensis toxins and BBMV is not appropriate since
binding of the toxins to the receptors on BBMV includes both
reversible and irreversible binding steps (22). Therefore, in this
report, we use Kcom to differentiate the Kd from the reversible
kinetic studies as suggested by Wu and Dean (53). Cry1Aa and

TABLE 1. Insect toxicity and BBMV binding of toxins

Toxin
YSB SSB

LC50
a Kcom

b Bmax
c LC50 Kcom Bmax

Cry1Aa 1.32 6 1.19 0.75 6 0.07 1.10 6 0.09 1,422.40 6 621.53 0.26 6 0.02 0.70 6 0.09
Cry1Ac 0.33 6 0.18 0.53 6 0.06 3.97 6 0.47 237.81 6 165.57 0.46 6 0.05 4.04 6 0.53
Cry2A 5.45 6 3.50 19.90 6 2.4 7.75 6 1.1 67.21 6 40.04 50.60 6 5.4 24.63 6 3.3
Cry1C 0.85 6 0.38 43.3 6 5.4 20.69 6 2.4 74.26 6 43.18 35.0 6 4.1 20.34 6 2.7

a LC50 are expressed in nanograms per milliliter of diet (means 6 standard errors).
b Kcom values represent binding affinity calculated from the homologous competition assays and are expressed in nanomolar concentrations.
c Bmax values represent binding site concentrations and are expressed in picomoles per milligram of BBMV protein. Values are the means of at least three

experiments.
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Cry1Ac toxins demonstrated specific, high binding affinities,
with Kcom values of 0.75 and 0.53 nM, respectively, for YSB
BBMV (Fig. 1A and B; Table 1). These toxins also bound to
SSB BBMV with high binding affinities (Kcom) of 0.26 and 0.46
nM, respectively, although Cry1Aa and Cry1Ac showed much
less toxicity to SSB than to YSB (Fig. 2A and B; Table 1). The
binding site concentration (Bmax) of Cry1Ac is about four times
higher than that of Cry1Aa on both YSB and SSB BBMV.
Cry2A also bound to YSB and SSB BBMV specifically but with
relatively low binding affinities of 19.9 and 50.6 nM, respec-
tively (Fig. 1C and 2C; Table 1). Cry1C protein bound to both
YSB and SSB BBMV with relatively lower binding affinities,
43.3 and 35 nM, respectively (Fig. 1D and 2D; Table 1), than

those of Cry1A type toxins. However, the binding site concen-
trations of Cry2A and Cry1C were higher than those of Cry1Aa
and Cry1Ac in both YSB and SSB (Table 1).

Heterologous competition binding experiments were per-
formed with labeled and unlabeled Cry1Aa, Cry1Ac, Cry2A,
and Cry1C toxins. Unlabeled Cry1Ac competed for the binding
sites of labeled Cry1Aa with about the same affinity as that of
Cry1Aa on YSB (Fig. 1A). In SSB, Cry1Ac competed for the
binding of labeled Cry1Aa with somewhat lower efficiency than
that of unlabeled Cry1Aa (Fig. 2A). Unlabeled Cry1Aa also
competed for the binding sites of labeled Cry1Ac in both
insects but with low efficiency (Fig. 1B and 2B). These exper-
iments demonstrated that Cry1Aa and Cry1Ac toxins recog-

FIG. 1. Competition binding of labeled and unlabeled B. thuringiensis toxins to YSB BBMV. Vesicles (50 mg/ml) were incubated with labeled toxin in the presence
of increasing concentrations of unlabeled Cry1Aa (E), Cry1Ac (F), Cry2A (h), and Cry1C (■) toxins. Competition binding of labeled Cry1Aa (A), Cry1Ac (B), Cry2A
(C), and Cry1C (D) toxins and unlabeled competitor toxins was measured. Binding is expressed as the percentage of the amount bound upon incubation with labeled
toxin alone. On YSB BBMV, these amounts were 1,528, 2,992, 3,678, and 2,318 cpm for labeled Cry1Aa, Cry1Ac, Cry2A, and Cry1C, respectively. Data were analyzed
with the LIGAND computer program. Each data point is the mean of three experiments.
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nize at least some of the same binding sites. These results are
in good agreement with those of a recent study (9). Cry2A
showed marginal competition for the binding of labeled
Cry1Aa only at high concentrations of unlabeled Cry2A in
both YSB and SSB BBMV (Fig. 1A and 2A). Similar compe-
tition binding results were observed with labeled Cry1Ac and
unlabeled Cry2A (Fig. 1B and 2B). Cry1Aa did not compete
for the binding of labeled Cry2A protein in the BBMV of
either insect. Cry1Ac showed partial competition for the bind-
ing of labeled Cry2A only at high concentrations of competitor
in both insect species (Fig. 1C and 2C). Cry1C did not show
significant competition for the binding of either labeled
Cry1Aa or labeled Cry1Ac in both YSB and SSB midguts (Fig.
1A, 1B, 2A, and 2B). Also, Cry1Aa and Cry1Ac showed a very

limited degree of competition for the binding sites of labeled
Cry1C in both insects, and this competition was apparent only
at high concentrations of competitor (Fig. 1D and 2D). Cry1C
competed for the binding of labeled Cry2A protein at high
competitor concentrations (Fig. 1C and 2C). Cry2A showed
marginal competition for the binding of labeled Cry1C in both
insects (Fig. 1D and 2D).

DISCUSSION

Extensive research efforts are currently being directed to-
ward the development of commercially useful transgenic rice.
One class of genes being introduced into the rice plant for
insect control are B. thuringiensis toxin genes. Several rice lines

FIG. 2. Competition binding of labeled and unlabeled B. thuringiensis toxins to SSB BBMV. (A) Vesicles (50 mg/ml) were incubated with labeled toxin in the
presence of increasing concentrations of unlabeled Cry1Aa (E), Cry1Ac (F), Cry2A (h), and Cry1C (■) toxins. Competition binding of labeled Cry1Aa (A), Cry1Ac
(B), Cry2A (C), and Cry1C (D) toxins and unlabeled competitor toxins was measured. Binding is expressed as the percentage of the amount bound upon incubation
with labeled toxin alone. On SSB BBMV, these amounts were 1,662, 2,879, 3,496, and 2,154 cpm for labeled Cry1Aa, Cry1Ac, Cry2A, and Cry1C, respectively. Data
were analyzed with the LIGAND computer program. Each data point is the mean of three experiments.
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have now been transformed with single B. thuringiensis toxin
genes (10, 16, 54). While these plants have been shown to be
effective against YSB, SSB, and the leaffolder (Cnaphalocrosis
medinalis), combining multiple B. thuringiensis toxins in rice
will probably provide more sustainable control of these pests.
Understanding the biochemical mechanisms of B. thuringiensis
toxin activity can help to guide the selection of effective toxin
combinations. This report assessed the role of receptors on
midgut epithelial cell membranes of YSB and SSB as deter-
minants of the insecticidal specificity of a variety of B. thurin-
giensis toxins (Cry1Aa, Cry1Ac, Cry2A, and Cry1C). The cross-
reactivity in receptor binding between different toxins was
examined as a means of selecting B. thuringiensis toxins that
would be less likely to have cross-resistance in the field. Bind-
ing assays with resistant strains demonstrated the correlation
between the lack of cross-resistance and the lack of change in
binding properties (7, 42, 47).

It should be emphasized that the LC50 (Table 1) have large
standard errors, despite the great care that we took to optimize
our bioassay procedures. We used the progeny of field-col-
lected moths in our bioassays, which probably contributed to
the low slopes and high LC50 variability that we observed. To
compensate for the presumed variability of the insects, we used
large sample sizes and repeated the bioassays on 5 days. These
and other measures aimed at reducing the variability of our
bioassay results with stem borers have met with only limited
success. Laboratories in other countries (e.g., Pakistan, Thai-
land, and China) have encountered similar problems with
these insects. Binding studies were also conducted on BBMV
prepared from field-collected insect larvae obtained over sev-
eral days from rice fields in the vicinity of the International
Rice Research Institute.

Our competition binding assays sometimes demonstrated a
positive correlation between binding and toxicity, but this was
not always observed. Some of the toxin binding assays require
special comments. Cry2A and Cry1C proteins, which are al-
most as toxic to YSB as Cry1Aa and Cry1Ac are, have lower
binding affinity than that of Cry1Aa and Cry1Ac. Also,
Cry1Aa, which is less toxic than Cry2A and Cry1C to SSB,
showed higher binding affinity than that of Cry2A and Cry1C.
The binding affinities of Cry1Aa and Cry1Ac toxins to SSB
were comparable to those to YSB, although these toxins were
less active against SSB (Table 1). This discrepancy could be
explained as follows. First, even though binding affinities of
Cry2A and Cry1C proteins are lower than those of Cry1Aa and
Cry1Ac toxins, the binding site concentrations are higher than
those of Cry1Aa and Cry1Ac. Presumably, a higher binding site
concentration may compensate for the lower binding affinity.
Second, the mechanism of pore formation by B. thuringiensis
toxin is considered to be a two-step process: initial binding of
B. thuringiensis toxin to specific receptors is followed by irre-
versible binding by integration of toxin into the membrane.

A recent study demonstrated that the irreversible binding
step was a determinant for toxicity of B. thuringiensis toxin to
Lymantria dispar larvae (22). Furthermore, it has been ob-
served that some mutant B. thuringiensis toxins do not alter
initial binding (i.e., no changes in Kd) but do alter irreversible
binding phenomena, causing significant loss of toxicity to
Manduca sexta larvae (34). Therefore, it is possible that late
binding events such as integration of toxins into the membrane,
efficiency of oligomerization, and pore formation may be im-
portant determinants of insecticidal activity. Presumably, ini-
tial high-affinity binding of Cry1Aa to SSB BBMV could fail to
cause high toxicity because of the low efficiency of later steps in
pore formation. Wolfersberger (51) suggested that the inverse
relationship between toxicity and binding affinity in Lymantria

dispar may be due to differences in the efficiency of late binding
events. While the information described above may account
for low toxicity of toxins with high binding affinity, this infor-
mation does not explain the similar and high toxicities of
Cry2A and Cry1C to YSB and SSB, given their low binding
affinities. Even though the binding affinities of Cry2A and
Cry1C are comparatively lower than those of Cry1Aa and
Cry1Ac, these binding affinities could presumably be strong
enough to result in tight binding to the membrane receptor,
integration into the membrane, and formation of a pore with
the same or higher efficiency as that of Cry1A types of protein.
Several reports also demonstrated high binding affinity of spe-
cific toxins to nonsusceptible insects and low binding affinity to
susceptible insects (7, 11, 51).

In the current study, heterologous competition assays were
performed to investigate the cross-reactivity of toxins and re-
ceptors in YSB and SSB. The binding data showed that for
both YSB and SSB, Cry1Ac protein competed for the binding
of labeled Cry1Aa protein with high affinity (Fig. 1A and 2A).
Also, Cry1Aa protein competed for the binding of labeled
Cry1Ac protein with high affinity in both YSB and SSB (Fig.
1B and 2B). These heterologous binding data demonstrated
that Cry1Aa and Cry1Ac recognize at least some of the same
binding sites on YSB and SSB midgut epithelial membranes.
Another possibility is that Cry1Aa and Cry1Ac toxins recog-
nize different receptors which are in juxtaposition and, there-
fore, the binding of one toxin might structurally hinder binding
of another toxin. A recent report has demonstrated that de-
termination of the receptor binding site relationship by either
heterologous competition or ligand blotting alone is not con-
sistent and may not be conclusive (21). Incomplete inhibition
between Cry2A and Cry1A toxins demonstrated that Cry2A
has one or more binding sites in YSB and SSB BBMV which
cannot be efficiently recognized by Cry1Aa and Cry1Ac. Het-
erologous competition between Cry1C and Cry1A toxins in
both insects demonstrated that Cry1Aa and Cry1Ac do not
efficiently recognize one or more binding sites of the Cry1C
protein. Cry1C demonstrated competition for the binding of
labeled Cry2A in both YSB and SSB only at a high concentra-
tion of competitor (Fig. 1C and 2C). Cry2A did not seem to
compete for the binding of labeled Cry1C toxin in either insect
(Fig. 1D and 2D).

The Cry2A binding assay results require special comment.
An earlier study on the mode of action of Cry2A in Helicoverpa
zea indicated that Cry2A does not show saturable binding to
BBMV and does not inhibit subsequent binding of labeled
Cry1Ac. In contrast, Cry1Ac inhibited the nonsaturable bind-
ing of labeled Cry2A (5). However, in this study, Cry2A
showed specific binding to rice stem borer BBMV and Cry1Ac
did not show competition with Cry2A (Fig. 1C). Additionally,
it was demonstrated that Cry2A formed voltage-dependent
and not highly cation selective channels in planar lipid bilayers,
unlike Cry1Ac toxin (5). These results suggest the unique
mode of action of Cry2A toxin.

Several strategies such as rotation of toxins and use of mul-
tiple toxins for the management of insect resistance to B.
thuringiensis toxins have been proposed. The B. thuringiensis
toxin genes used in this study, cry1Aa, cry1Ac, cry2A, and cry1C,
might be incorporated into transgenic rice because of their
high potency to YSB and SSB. For the multiple-toxin ap-
proach, Cry1Aa and Cry1Ac together do not appear to be good
choices as a dual set of toxins for controlling rice stem borers
in transgenic plants because they compete for the same binding
site and are likely to result in cross-adaptation. Cry1C might be
used in combination with the Cry1A type of toxins due to their
lack of cross-reactivity in receptor binding. Cry2A protein has
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very different amino acid sequence and a possibly different
mode of action from that of Cry1A toxins and could be used in
combination with Cry1A proteins. Although our results sug-
gest that Cry1Aa or Cry1Ac be combined with Cry2A and
Cry1C in a multitoxin transgenic rice, we recognize that broad-
based resistance to these toxins is possible (13). Furthermore,
theoretical genetic studies have demonstrated that if multi-
toxin high-expression crops are planted without a refuge of
non-B. thuringiensis-expressing hosts of the target pests, then
the pests are likely to rapidly evolve separate adaptations to
each toxin (12).
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