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Binding and competition among CrylAa, CrylAc, and CrylBa toxins were analyzed quantitatively in vitro by
using '*I-labeled activated toxins and brush border membrane vesicles isolated from Chilo suppressalis larval
midguts. The three toxins bound specifically to the midgut brush border membrane vesicles. Direct binding
experiments showed that CrylAa and CrylBa recognized a single class of binding sites with different affinities,
whereas CrylAa recognized two classes of binding sites, one with a high affinity and a low concentration and
the other with a lower affinity but higher concentration. Competition experiments showed that toxins CrylAc
and CrylBa shared a binding site in the C. suppressalis midgut membranes and that this site was also the

low-affinity binding site for CrylAa.

Bacillus thuringiensis, a soil-dwelling bacterium, synthesizes
insecticidal crystal proteins (ICPs), which are also called 8-en-
dotoxins or Cry toxins; these proteins are active against lepi-
dopteran, dipteran, and coleopteran larvae, protozoan patho-
gens, nematodes, and mites (5-7, 9, 12, 20). After ingestion by
insect larvae, the crystalline inclusions first dissolve in the al-
kaline midgut, and the Cry proteins are proteolytically con-
verted into smaller toxic polypeptides (17). These polypeptides
bind to specific binding sites on the apical microvilli of the
insect midgut cells before they express their toxicity (16, 32).
ICP binding sites are involved not only in the specificity of B.
thuringiensis toxins, but also in at least one type of mechanism
of resistance to B. thuringiensis d-endotoxins (10, 33). Conse-
quently, there have been numerous studies in which competi-
tion between ICPs for binding sites has been investigated (8,
24, 32, 34).

The development of transgenic plants that are resistant to
insect pests by using B. thuringiensis -endotoxins as a means of
pest control has great potential. Endotoxin genes are expressed
in transgenic plants mostly from truncated genes that encode
only the toxin moiety of the whole protein, thereby avoiding
the problem of solubilization and activation. The best screen-
ing test for the activity of toxins produced in plants is therefore
the interaction between toxins and binding sites. Specificity,
binding site changes, and competition for binding sites are
important issues for the development and management of
transgenic plants that produce ICPs for crop protection against
insect pests (23).

In this study we characterized the activity and specificity of
some B. thuringiensis d-endotoxins for the rice striped stem
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borer, Chilo suppressalis (Lepidoptera: Pyralidae). This insect
is a major rice pest in southeast Asia and Japan, as well as in
southern Europe, where its causes significant damage in paddy
fields in Spain, Italy, and France. Pollution and environmental
safety concerns make chemical insecticides undesirable, and C.
suppressalis is not very susceptible to surface applications of
biocontrol agents, such as B. thuringiensis, because the insect
spends most of its larval stage inside the plant. The transgenic
approach is therefore the most promising technique for bio-
logical control of the rice striped stem borer. However, recent
studies have demonstrated that interactions between toxins
and binding sites may vary between target species (8). Thus,
development of transgenic rice that is resistant to C. suppres-
salis will require identification of active B. thuringiensis toxins,
as well as information on the interactions of the toxins with C.
suppressalis midgut binding sites.

In this paper we describe the toxicity of several B. thurin-
giensis toxins [CrylAa, CrylAc, and CrylBa, according to the
revised nomenclature (3)] for the striped stem borer. In vitro
binding assays performed with brush border membrane vesi-
cles (BBMVs) from last-instar larvae in which '**I-labeled
toxins were used produced evidence that there is competition
for a low-affinity binding site among these toxins and that a
second binding site is recognized by CrylAa.

MATERIALS AND METHODS

Insects and bioassays. Several thousand larvae of various instars of C. sup-
pressalis were collected from rice fields in the Camargue (France) in January
1994 and were used for mass rearing under controlled conditions on an artificial
diet (15) in a growth chamber at 25°C by using a relative humidity of 70% and
a photoperiod consisting of 16 h of light and 8 h of darkness. The population was
reared for three generations (5 months) in the laboratory before insects were
used for bioassays. The bioassays were repeated by using insects from different
generations. We collected 10-day-old larvae (second-instar larvae), and average-
size larvae were selected (smaller and larger larvae were rejected), starved for 5
h, and used for bioassays in petri dishes (diameter, 35 mm) filled with the
artificial diet. Solubilized and activated ICPs (see below) were diluted in sodium
phosphate-buffered saline (PBS). Five or six different concentrations plus a
control were each tested with 50 larvae (10 larvae per dish). Portions (100 wl) of
various dilutions of sample (or PBS for controls) were evenly applied onto the
diet and allowed to dry. Each test was repeated with three or four different
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batches of larvae from different generations. Levels of mortality were recorded
7 days after treatment. A Probit analysis was performed with SAS/Stat software
(29). The Probit model was used to estimate 50% lethal doses unless a Pearson
chi-square test showed a significant lack of fit at P = 0.05, in which case the
normal distribution for susceptibility was replaced by a Gompertz distribution
(13). Natural mortality was accounted for by using a maximum-likelihood esti-
mate. The homogeneity of the results obtained with different batches of larvae
was checked by performing a likelihood ratio test (18).

Purification and activation of B. thuringiensis toxins. CrylAa was obtained
either from B. thuringiensis serovar dendrolimus strain HD37 (17) or from B.
thuringiensis serovar thuringiensis recombinant strain 407(pHT408) bearing the
crylAa gene from HD37 (a kind gift from M.-M. Lecadet, Institut Pasteur, Paris,
France). B. thuringiensis serovar kurstaki strain HD73 was used to obtain crystals
containing the CrylAc toxin (1). CrylBa was obtained from B. thuringiensis
serovar thuringiensis strain 4412 (17).

Bacteria were grown as described by Mahillon and Delcour (21). Autolyzed
cultures were centrifuged and washed in 100 mM sodium phosphate buffer (pH
7.4) containing 100 mM NaCl and 0.01% Triton X-100. Crystals were purified by
using 30 to 70% Renografin gradients. Bands containing pure crystals were
collected, extensively washed, resuspended in distilled water containing 0.1 mM
phenylmethylsulfonyl fluoride, and stored in aliquots at —20°C. Crystal proteins
were dissolved by incubating them for 1 h at 37°C in a solution containing 50 mM
Na,HCO3;, 10 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride (pH
10). The pH of the solution was then lowered by extensive dialysis against 20 mM
Tris (pH 8.6), and the crystal proteins were activated by treatment with a bovine
pancreatic trypsin (type I; catalog no. T-8003; Sigma) for 2 h by using 1 g of
trypsin per 20 g of protein. The trypsin was then inactivated by adding soybean
trypsin inhibitor (type I-S; catalog no. T-9003; Sigma), and the solution was
concentrated by ultrafiltration with a Centricon 30 membrane filter (Amicon).
The purity of protein samples was checked by performing sodium dodecyl sul-
fate-10% polyacrylamide gel electrophoresis (18), and the concentration was
determined by the method of Bradford (2) by using bovine serum albumin (BSA)
as the standard.

Iodination of B. thuringiensis toxins. The toxins were iodinated by the chlora-
mine-T method with Iodo-beads (Pierce) by using the procedure of Markwell
(22). A 50-pg portion of activated toxin was mixed with 0.5 mCi of Na'*°I (IMS
30; Amersham) in 100 pl of carbonate-buffered saline (50 mM Na,CO3, 150 mM
NaCl, 0.02% sodium azide; pH 10) and two Iodo-beads, and the resulting prep-
aration was incubated at room temperature for 5 min with occasional gentle
shaking. The solution was transferred to another tube, and the beads were rinsed
twice with 200 pl of carbonate-buffered saline (pH 10). The free iodine was
removed by gel filtration on GF-5 columns (Pierce). A sample of each chroma-
tography fraction was subjected to sodium dodecyl sulfate-10 to 15% polyacryl-
amide gel electrophoresis (Phast System; Pharmacia), and the gel was autora-
diographed at —80°C by using Hyperfilm-MP (Amersham) to evaluate the
quality of the labeled toxin preparation. The fractions containing pure '*°I-
labeled toxins were pooled and stored at 4°C. The specific activities typically were
between 80,000 and 110,000 cpm/pmol of toxin.

Isolation of BBMVs. Fourth-instar and early-fifth-instar C. suppressalis larvae
were chilled on ice, and the extremities of the abdomen segments were cut off.
The gut was gently pulled out of each body and rinsed in an ice-cold dissection
buffer (300 mM mannitol, 5 mM ethyleneglycol-bis-B-aminoethylether-N,N,
N',N'-tetraacetic acid, 20 mM Tris; pH 7.4). Freshly isolated midguts were
pooled in groups of 50 in 1 ml of dissection buffer and quickly frozen in liquid
nitrogen.

The BBMVs were freshly prepared before each series of experiments by using
the method of Wolfersberger et al. (35) as modified by Nielsen-LeRoux and
Charles (26). The protein contents of the BBMV preparations were determined
by the method of Bradford (2) by using BSA as the standard. Each BBMV
preparation was checked for leucine aminopeptidase activity (31). The enrich-
ment in leucine aminopeptidase activity between the initial homogenate and the
BBMVs was around 6 to 7 U/U of protein.

Binding experiments. (i) Direct binding experiments. Binding assays were
performed under standard conditions, as described by Nielsen-LeRoux and
Charles (26). Portions of BBMVs (30 pg per polyethylene Microfuge tube) were
incubated with the following concentrations of *I-labeled CrylAa, CrylAc, and
Cry1Ba toxins in Tris-BSA buffer (20 mM Tris HCI, 150 mM NaCl, 0.1% BSA;
pH 8.5), as follows: 0.1 to 10 nM Cry1Aa, 0.1 to 20 nM CrylAc, and 0.5 to 30 nM
CrylBa. Nonspecific binding was determined in parallel experiments in the
presence of a 100:1 mixture of unlabeled and radiolabeled toxins. After incuba-
tion for 90 min at room temperature, the samples were centrifuged at 14,000 X
g for 10 min at 4°C. The pellets were washed twice in 200 .l of ice-cold Tris-BSA
buffer and then resuspended in 150 pl of the same buffer. The experiments were
performed in duplicate. Each experimental point was double-counted with a
model 1209 liquid scintillation counter (Pharmacia) in microvials containing 3 ml
of HiSafe scintillation cocktail (Pharmacia). The binding data were analyzed by
using the LIGAND computer program (25) (Biosoft/Elsevier).

(ii) Competition binding experiments. Direct binding experiments were con-
ducted as described previously by using 30 pg of BBM Vs in a total volume of 100
wl and incubation at room temperature for 90 min. ICs,s (the concentrations of
unlabeled toxin that inhibited 50% specific binding of radiolabeled ICP) were
calculated from at least two independent experiments performed in duplicate.
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TABLE 1. Toxicities of soluble, activated B. thuringiensis Cryl
proteins to C. suppressalis second-instar larvae,
as determined by the Gompertz model”

Lack of fit test

Cryl No. of LCs Slope
protein  larvae® (pg/em?) (mean = SE) 2 df P> 2
CrylAa 1,400 1.69 (1.35;2.03)° 2.61 £0.19 836 4 0.08
CrylAc 1,200 224 (1.95;2.54) 186=*+0.12 7.05 7 042
CrylBa 1,050 2.70 (2.23;3.21) 148=0.14 335 3 038

“ See text for a description of the Gompertz model.

® Total number of larvae analyzed, including controls.

¢ The data in parentheses are the 95% fiducial limits.

9 Data for the 0.325-pg/cm? dose were discarded (see text), which reduced the
number of larvae analyzed to 900.

The BBMVs were incubated with fixed concentrations of '>*I-labeled toxins (0.2
nM CrylAa, 0.5 nM CrylAc, and 3 nM CrylBa) in the presence of a series of
concentrations (0.1- to 300-fold excesses) of unlabeled toxins in Tris-BSA buffer.
The value for nonspecific binding (the binding still remaining after the 300-fold
excess of unlabeled toxin was added) was around 10 to 20% of the total binding
value; this value was subtracted from the total binding value to yield the specific
binding value. Soluble activated binary toxin from Bacillus sphaericus (26) was
used as a negative control.

RESULTS

Toxicity of B. thuringiensis toxins to C. suppressalis larvae.
The activities of three activated B. thuringiensis toxins were
tested with second-instar C. suppressalis larvae, and 50% lethal
concentrations (LCs,), fiducial limits, and slopes were esti-
mated (Table 1). Significant discrepancies were found for
CrylAc when the Probit model was used, so a Gompertz tol-
erance distribution for levels of susceptibility was used. Neither
the normal distribution nor the Gompertz distribution fit all of
the CrylBa data, because the level of mortality for the lowest
dose was too low; this dose was therefore discarded when we
estimated the LCs,, and the slopes. Both the Probit model and
the Gompertz distribution fit the remaining data reasonably
well, as well as the CrylAa mortality values. To compare LCj,
estimated with the same model, the Gompertz distribution was
used for all of the toxins. CrylAa was significantly more toxic
than Cry1Ba, but not significantly more toxic than CrylAc; the
CrylBa and CrylAc LC,, were not significantly different from
each other (Table 1). Homogeneity checks revealed no differ-
ences between different generations of larvae.

Direct binding experiments. In direct binding experiments
(in which saturation curves were determined), '*I-labeled
CrylAa, CrylAc, and CrylBa each bound specifically and satu-
rably to BBMVs from C. suppressalis midguts. Thus, each of
these toxins had at least one specific binding site.

A Scatchard representation of the data (Fig. 1A, inset) sug-
gested that CrylAa has two different populations of binding
sites, one with a high affinity but a low concentration and the
other with a much lower affinity but a higher concentration
(Table 2). Only one class of binding site was found for the
other two toxins (Fig. 1B and C; Table 2). The binding char-
acteristics of the CrylAc site were similar to those of the
CrylAa high-affinity binding site, whereas the dissociation con-
stant for CrylBa was in a range that corresponded to a lower
affinity than the affinity for the CrylAa and CrylAc toxins.

Competition experiments. We also performed homologous
competition experiments (between a labeled toxin and its un-
labeled analog), as well as heterologous competition experi-
ments (between a labeled toxin and different unlabeled toxins)
(Fig. 2). IC5,s were expressed as the molecular ratio of unla-
beled competitors to labeled toxins (Table 3).

(i) Homologous competition between ICPs. For toxins
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FIG. 1. Results of direct binding experiments performed with '*°I-labeled B.
thuringiensis Cryl toxins and C. suppressalis BBMVs, shown in Scatchard coor-
dinates. Portions (30 ng) of membranes were incubated for 90 min at room
temperature with different amounts of '*’I-labeled CrylAa (A), '*I-labeled
CrylAc (B), and '*I-labeled CrylBa (C). The levels of radioactivity bound to
BBMVs were then determined after centrifugation; each value is the mean of the
values obtained with duplicate samples. Levels of nonspecific binding were de-
termined with parallel assay mixtures containing excesses of unlabeled toxin.
Specific binding was calculated by determining the difference between the total
binding value (data not shown) and the nonspecific binding value.

CrylAa, CrylAc, and CrylBa, unlabeled homologous toxin
was able to displace the binding of '**I-labeled toxin (Fig. 2).
Under the conditions used, the levels of nonspecific binding
were 23, 16, and 19% for CrylAa, CrylAc, and CrylBa, re-
spectively. The IC5,s were about three times the K, values
obtained for each of the labeled toxins, which corresponded to
molecular ratios of unlabeled competitor to labeled toxin rang-
ing from 5.5 to 7.6 (Table 3). Thus, the labeled toxins exhibited
affinity for the binding sites on the same order of magnitude as
the order of magnitude of the corresponding unlabeled toxins.
The calculated binding characteristics obtained from these ho-
mologous competition experiments (data not shown) were very
similar to the characteristics obtained from the direct binding
assays and suggested that there are two classes of binding sites
for CrylAa and only one class of binding site for CrylAc and
CrylBa.

(ii) Heterologous competition for binding sites on C. sup-
pressalis. The nonspecific binding values obtained from the
homologous competition experiments were used as the base-
line values for nonspecific binding in the heterologous compe-
tition experiments.

CrylAc was able to compete with CrylAa (Fig. 2A; Table 3)
with a lower efficiency than the homologous toxin. CrylBa also
competed with CrylAa, but at a much lower efficiency.

Labeled CrylAc was displaced better by CrylBa than by
CrylAa, but with a lower efficiency than the homologous toxin
(Fig. 2B; Table 3). In this case the corresponding ICs, for
CrylAa was very much higher than the ICs, for unlabeled
Cryl1Ba.

In contrast, the best competitor for CrylBa was CrylAc
(Fig. 2C; Table 3), which was an even better competitor than
the homologous unlabeled toxin. CrylAa also inhibited the
binding of labeled Cry1Ba, but with a much lower efficiency.

The mosquito larvicidal binary toxin from B. sphaericus (Fig.
2B) did not compete with labeled CrylBa.

DISCUSSION

We investigated the activities of B. thuringiensis 3-endotoxins
by performing bioassays with second-instar larvae of C. sup-
pressalis. The previously reported activities of CrylAa and
CrylAc (1a, 11, 19) were confirmed. We found that Cry1Ba,

TABLE 2. Binding characteristics of radiolabeled B. thuringiensis
ICPs on C. suppressalis BBMVs as determined by
direct binding experiments®

Radiolabeled

ICP or site Kq (nM) R, (pmol/mg)
CrylAa site 1 0.2 0.2
CrylAa site 2 28.0 4.6
CrylAc 0.9 2.6
CrylBa 49 7.6

“See Fig. 1.
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FIG. 2. Competition experiments performed with '?*I-labeled B. thuringien-
sis Cryl toxins and unlabeled B. thuringiensis Cryl or B. sphaericus binary toxin
competitors. Membranes were incubated for 90 min at room temperature with a
fixed concentration of CrylAa (A), CrylAc (B), or CrylBa (C) that previously
had been mixed with unlabeled homologous or heterologous competitor. The
levels of radioactivity bound to BBMVs were determined after centrifugation.
Each value is the mean of the values obtained with duplicate samples. The
displacement curves show the percentages of specific binding of labeled toxin,
where 100% corresponds to the level of binding without competitor and 0%
corresponds to the level of binding following the addition of a 300-fold excess of
unlabeled homologous toxin.

which had not been tested against the striped stem borer pre-
viously, was also active.

In vitro investigations of the binding of radiolabeled toxins
to stem borer BBMVs have shown that CrylAa and CrylAc
are competitors and thus share a binding site, as suggested by
D. H. Dean (3a). We found that CrylBa also competes for
binding sites with these two toxins. In addition, there is evi-
dence that CrylAa recognizes two different binding sites in C.
suppressalis. One site has a high affinity and is present at a low
concentration, and the other site has a low affinity but is
present at a high concentration. In heterologous competition
experiments performed with CrylAa and unlabeled CrylAc
and Cry1Ba, 20 and 40%, respectively, of the specific binding
remained at the highest competitor concentration used (Fig.
1A). This suggests that there is competition between the toxins
only for the CrylAa low-affinity binding site. The CrylAa low-
affinity binding site may indeed be identical to the binding site
for CrylAc and CrylBa. Thus, the three toxins appear to share
the same binding site, but they have different affinities for this
site.

Only one binding site was identified for CrylAc and CrylBa
in direct binding assays. Thus, the failure of cold CrylAa to
displace completely labeled CrylAc and CrylBa (60 and 30%
of the remaining binding, respectively) (Fig. 2B and C) con-
firms the lower affinity of CrylAa for this putative common
low-affinity binding site. The remaining binding of labeled
Cry1Ba in the presence of an excess of unlabeled CrylAa was
higher than the binding of labeled CrylAc. This may have been
due to the initial difference in toxin concentrations (0.2 nM
labeled CrylAc and 3.0 nM labeled CrylBa) rather than to a
difference in affinity.

There was a good correlation between the IC,,s determined
in the homologous competition experiments and the affinity
values determined in the direct saturation binding assays. The
homologous ICs,s for the three toxins were between 5 and 8
(Table 3), which is consistent with the results reported by

TABLE 3. ICs,s from competition experiments between
radiolabeled ICP and unlabeled toxins for binding to
C. suppressalis BBMVs®

ICsqs with the following radiolabeled ICPs’:

Unlabe.led

competitor CrylAa CrylAc CrylBa
CrylAa 5.5 199.2 23.6
CrylAc 16.0 7.6 1.1
CrylBa 74.5 27.0 6.9
B. sphaericus ND¢ ND N¢!

“ See Fig. 2.

b ICsps are expressed as the molecular ratio of unlabeled competitor to radio-
labeled ICP.

¢ ND, not determined.

4 NC, no competition.



1548 FIUZA ET AL.

Sanchis et al. (28) for the binding of CrylCa to BBMVs from
Bombyx mori (Bombycidae) and Spodoptera littoralis (Noctuidae).

The presence of common binding sites recognized by the
toxins which we studied has implications for questions con-
cerning the complexity of the relationship between affinity and
in vivo activity and the variability in binding site responses to
similar toxins from one species to another. The affinities of
CrylA toxins vary greatly between target insect midgut binding
sites, despite very high levels of amino acid sequence identity.
CrylAb and CrylAc share the same binding site in Trichoplu-
sia ni, whereas CrylAa specifically binds a different binding site
(8). Similarly, CrylAa shares a binding site with CrylAb and
CrylAc in Manduca sexta (16, 32) and with CrylAc in Lyman-
tria dispar (35), but not in Ostrinia nubilalis, in which only
CrylAb and CrylAc compete for binding sites (4). CrylBa,
which recognizes the same binding site as CrylAc and CrylAa
in C. suppressalis, recognizes a binding site that is different
from the CrylAc binding site in O. nubilalis (4). These obser-
vations suggest that the nature of the binding site or molecule
recognized by a particular toxin varies from one species to
another and that the relationships between toxins with respect
to their binding sites in one species may not be the same in
another species. This insect species-related variability has a
direct impact on the development of strategies for the use of
insect-resistant transgenic plants.

B. thuringiensis genes that encode toxins which are active
against the striped stem borer (i.e., crylAa, crylAc, and crylBa)
are good candidates for the transformation of rice for insect
resistance. In addition to being active against C. suppressalis,
CrylAc is also active against the yellow stem borer, Scirpo-
phaga incertulas, the main rice pest in southeast Asia (19), and
therefore affords protection against another species. The main
problem to be addressed remains the management of insect
resistance when such transgenic plants are used. Several strat-
egies have been proposed. Some workers have proposed that
toxin combinations should be used, whereas other workers
have recommended that toxins should be rotated (14, 23, 27,
30). In the case of C. suppressalis, a combination of CrylAa
plus CrylAc or CrylAa plus CrylBa may be valuable since
these toxins compete for one low-affinity binding site. How-
ever, there may be a risk associated with the simultaneous use
of CrylAc and CrylBa as these toxins share the same binding
site. These arguments are based on the hypothesis that resis-
tance is associated with modifications of the binding site (33),
but other mechanisms of resistance are suspected and broad-
spectrum resistance has already been demonstrated (14). Fur-
ther investigations of resistance in particular are therefore
needed to determine the best strategy.
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