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Abstract

The binding properties of Bacillus thuringiensis toxins to brush border membrane vesicles of Dipel-resistant and -susceptible
Ostrinia nubilalis larvae were compared using ligand-toxin immunoblot analysis, surface plasmon resonance (SPR), and radiolabeled
toxin binding assays. In ligand-toxin immunoblot analysis, the number of CrylAb or CrylAc toxin binding proteins and the relative
toxin binding intensity were similar in vesicles from resistant and susceptible larvae. Surface plasmon resonance with immobilized
activated CrylAb toxin indicated that there were no significant differences in binding with fluid-phase vesicles from resistant and
susceptible larvae. Homologous competition assays with radiolabeled CrylAb and CrylAc toxin and vesicles from resistant and
susceptible larvae resulted in similar toxin dissociation constants and binding site concentrations. Heterologous competition binding
assays indicated that CrylAb and CrylAc completely competed for binding, thus they share binding sites in the epithelium of the
larval midguts of O. nubilalis. Overall, the binding analyses indicate that resistance to CrylAb and CrylAc in this Bt-resistant strain
of O. nubilalis is not associated with a loss of toxin binding.
© 2004 Elsevier Inc. All rights reserved.
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Economically important crop pests have been con-
trolled effectively with Bacillus thuringiensis (Bt) trans-
genic technology. The success of Bt crops will be
impacted if Bt-resistant pests are selected under the high
doses of plant-produced Bt. Research has characterized
two major types of Bt resistance mechanisms in insects
[1]. In most cases, high-level resistance to Bt toxins has
been attributed to altered toxin binding to receptors in

* Corresponding author: Fax: +1 785 537 5584.
E-mail address: bso@ksu.edu (B. Oppert).
! Both the authors contributed equally to the publication.

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2004.08.054

the brush border membrane of insect midguts [2-8].
Resistance to Bt also has been associated with altered
gut proteinases, including decreased activation of Bt
protoxin by reduced activities of gut proteinases [9—
11], increased degradation of active toxin prior to or
post-membrane binding [12], or increased rate of cell re-
pair or replacement in the brush border membrane [13].

Our previous studies in Ostrinia nubilalis larvae dem-
onstrated that the activity of soluble trypsin-like pro-
teinases was significantly reduced in Dipel-resistant
larvae relative to susceptible larvae, which resulted in
reduced protoxin activation [14]. These results were
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similar to those in an entomocidus-resistant strain of
Plodia interpunctella that lacked a major trypsin-like
proteinase associated with Bt-resistance [9,10]. A reduc-
tion of CrylAb binding also was reported in the entom-
ocidus-resistant P. interpunctella strain, but this
reduction only partially contributed to resistance [15].
In addition to reduced proteinase activity and toxin
binding, other factors associated with enhanced oxida-
tive metabolism were involved [16].

Although reduced protoxin activation has been pro-
posed as a potential resistance factor in Bt-resistant
O. nubilalis [14], the binding of Cry toxins to brush bor-
der membrane vesicles (BBMVs) from the resistant
strain has not been studied. Therefore, multiple ap-
proaches were used to evaluate the binding properties
of Cry toxins to brush border membranes of the resis-
tant and susceptible strains of O. nubilalis. Results from
ligand-toxin immunoblot analysis, surface plasmon
resonance (SPR), and radiolabeled toxin binding assays
using BBMVs from Bt-resistant and -susceptible
O. nubilalis indicated that resistance is not associated
with a loss of toxin binding.

Materials and methods

Insect strains. A susceptible strain of O. nubilalis was established
from egg masses collected from cornfields near St. John, Kansas
during 1995 and has been reared on artificial diet for over 45 genera-
tions [17]. A Bt-resistant strain (KS-SC) was selected from this sus-
ceptible strain for more than 41 generations by exposing neonates to a
diet containing B. thuringiensis subsp. kurstaki HD-1 (Dipel, Abbott
Laboratories, Chicago, IL) using doses that induced 80-95% mortality.
A susceptible strain of P. interpunctella (688s), which was collected
from grain storage on a farm in Riley County, Kansas [18], and con-
tinuously reared on untreated cracked-wheat diet in the laboratory for
more than 15 years, was also used in this study to compare the binding
specificity of CrylCa.

Bacillus thuringiensis toxins. For ligand-toxin immunoblot and
SPR analyses, CrylAb, CrylAc, and CrylCa protoxins were produced
from recombinant Escherichia coli ECE54, ECE53, and ECE125,
which harbor crylAb, crylAc, and crylCa genes, respectively. Re-
combinant E. coli strains were provided by Bacillus Genetic Stock
Center, Ohio State University, and partially purified as previously
described [19]. For radioligand binding assays, CrylAb and CrylAc
protoxins were obtained from recombinant B. thuringiensis EG7077
and EG11070 strains, respectively (Ecogen, Langhorn, PA). Each B.
thuringiensis strain was grown at 29 °C for 48 h in CCY medium [20]
supplemented with 10 pg/ml tetracycline for the EG7077 strain and
3 pg/ml chloramphenicol for the EG11070 strain. Spores and crystals
were collected by centrifugation at 9700g at 4 °C for 10 min. Pellets
were washed four times with 1 M NaCl, 10 mM EDTA, and resus-
pended in 10 mM KCI. For all binding experiments in this study,
CrylAb, CrylAc, and CrylCa protein inclusions were suspended in
50 mM sodium carbonate buffer, pH 10.5, containing 10 mM dithio-
threitol. Protoxins were trypsin-activated (trypsin type XI: from bo-
vine pancreas, Sigma Chemical, St. Louis, MO) at 37°C, 2h (1 mg
trypsin per 10 mg protoxin). Activated toxins were purified by anion-
exchange chromatography [7].

BBMYV preparation. Brush border membrane vesicles (BBMVs)
were prepared from midguts obtained from fifth instars [21]. The
BBMYV pellet was resuspended in Hepes-buffered saline (HBS) (10 mM

Hepes, pH 7.4, 150 mM NacCl, and 3.4 mM EDTA), frozen in aliquots
in liquid nitrogen, and stored at —80 °C. BBM Vs were used directly in
ligand-toxin immunoblot assays, or for SPR, BBMVs were sonicated
to create uniform vesicles of less than 0.5 pm [22]. Sonication was
performed on ice at 100 W and 20 kHz three times, each for 30 s.
Leucine aminopeptidase activities of crude homogenate and BBMV
preparation were determined as previously described [14]. To prepare
BBMVs for radioligand binding analysis, fifth-instar larvae were col-
lected, frozen in liquid nitrogen, preserved in dry ice, and sent to the
University of Valencia, Spain. Upon arrival, larvae were dissected and
BBMVs were prepared as above.

Protein concentration in the preparations of Bt toxins and BBMVs
was measured by the method of Bradford [23] using the Coomassie
plus protein assay (Pierce, Rockford, IL), with bovine serum albumin
(BSA) as a protein standard.

Ligand blotting. Ligand blot analysis was performed with Bt toxins
and BBM Vs from Bt-resistant and -susceptible larvae of O. nubilalis, to
compare the number and relative molecular mass of binding proteins
as well as the relative toxin binding intensity. Briefly, 20 ug of BBMV
protein from resistant or susceptible larvae was separated in a 7% Tris—
acetate gel (Invitrogen, San Diego, CA) under denaturing conditions
and transferred to a polyvinylidene difluoride Q membrane (PVDF)
(Millipore, 0.45 pm, Fisher Scientific, Pittsburgh, PA) in Nupage
transfer buffer (Invitrogen). The PVDF membrane was cut into strips
and blocked with 3% (w/v) BSA in phosphate-buffered saline (PBS)
buffer, pH 7.4 [24], at room temperature with agitation for 2 h.
Membrane strips were incubated with 16.7 nM of trypsin-activated
CrylAb, CrylAc, or CrylCa toxins in PBS buffer containing 0.1%
BSA (w/v) and 0.3% (v/v) Tween 20 at room temperature with agita-
tion for 2 h. Western blot analysis was performed using rat polyclonal
antiserum against CrylAc (1:5000), cross-reactive to CrylAb and
CrylCa, and goat anti-rat IRDye 800 (LI-COR, Lincoln, NE) (1:5000)
to visualize bound Cry toxins. BBMVs prepared from a Bt-susceptible
strain (688s) of P. interpunctella larvae and CrylCa were included as a
control for specific binding.

Toxin labeling and radioligand binding assays. Trypsin-activated
CrylAb and CrylAc were labeled with '2°I by the method of chlor-
amine T [25]. The specific radioactivity of '>’I-CrylAb and CrylAc
was 3.38 and 2.39 mCi/mg, respectively. To determine specific binding
and specify a suitable concentration of BBM Vs for competition assays,
a series of concentrations (0-0.5 pg/ul) of BBMV protein from resis-
tant or susceptible larvae of O. nubilalis were incubated with either
0.56 nM '?°I-CrylAb or 0.20 nM '*I-Cryl Ac, respectively, in 100 pl
PBS buffer supplemented with 0.1% BSA at room temperature for
60 min. Toxin bound to BBMVs was separated from free toxins in the
suspension by centrifugation at 16,100g at 4 °C for 10 min. The pellet
was washed twice with 500 pl ice-cold PBS buffer containing 0.1%
BSA. The radioactivity remaining in the pellet was measured with a
1282 Compugamma CS Universal gamma counter (LKB-Wallac
Pharmacia, Turku, Finland) and considered total binding. An
approximately 1000-fold excess of unlabeled toxin was used to deter-
mine non-specific binding. Specific binding was estimated by sub-
tracting the non-specific binding from total binding.

For CrylAb homologous competition assays, increasing amounts
of unlabeled CrylAb toxin were added into the binding reaction sus-
pensions (100 pl) containing the labeled CrylAb toxin and an appro-
priate concentration of BBMVs from the resistant or susceptible
larvae, as determined in previous experiments. The reaction mixtures
were incubated at room temperature for 60 min, and the proportion of
bound labeled ligand was determined for each reaction. CrylAc
homologous competition assays were also performed in the same way.
For reciprocal heterologous competition assays, increasing amounts of
unlabeled CrylAb (or CrylAc) toxin were added into the binding
reactions containing the labeled CrylAc (or CrylAb) toxin and an
appropriate concentration of BBMVs from the susceptible larvae, and
the proportion of bound labeled ligand was determined for each
reaction. The concentration of BBMV protein was 0.05 pg/ul from the
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resistant larvae or 0.02 pg/ul from the susceptible larvae in the com-
petition assays for labeled CrylAc, and 0.05 pg/ul from both resistant
and susceptible larvae for labeled CrylAb. Radioligand binding
experiments were independently performed at least twice.

The estimation of dissociation constants (K4) and binding site
concentrations (R,) were performed with the LIGAND software [26].
Statistical tests (¢ test) and charts were performed using GraphPad
Prism version 3.02 for Windows (GraphPad Software, San Diego, CA,
www.graphpad.com). According to the heterologous competition
experiments, Cryl Ab and CrylAc share all binding sites in the midgut
of O. nubilalis. Based on this result, the R, values were estimated for
each strain from the analysis of the combined data from the homol-
ogous competition experiments with '*>I-CrylAb and '*’I-CrylAc.

Surface plasmon resonance assays. SPR methods were adapted from
Masson et al. [22], using a BIAcore 3000 and carboxymethylated
dextran (CMY) sensor chips (BIAcore, Uppsala, Sweden). Carboxyl
groups of the CM-dextran chains of the sensor chip surface were
activated by exposure to a mixture of 0.1 M NHS (N-hydroxysuccin-
imide) and 0.1 M EDC (N-ethyl-N'-[3-dimethyl-aminopropyl]carbo-
diimide hydrochloride) (1:1, v/v). The reactive succinimidyl ester
groups were covalently attached to the free amino group of the N
terminal residue and the solvent-facing lysine or arginine residues of
immobilized proteins. Immobilized CrylAb, CrylCa, and BSA mea-
sured approximately 3000 resonance units (RU), equivalent to
approximately 3 ng protein. HBS buffer (BIAcore) was used as running
and diluting buffers for all vesicle experiments. After each injection of
BBM Vs, surface regeneration was performed by injecting two separate
1 min pulses of 5 pul of regeneration buffer (1% Zwittergent 3—-14) per
minute, followed with one injection of 0.5% sodium dodecyl sulfate
solution.

BBMVs were diluted to 0.3 pg/ul with HBS buffer containing
0.1 pg/ul of BSA, and injected over immobilized Cry or BSA protein
surfaces at a flow rate of 10 pl/min for 120 s. Twenty microliters of
diluted BBMVs prepared from susceptible larvae of O. nubilalis was
injected over the surfaces of CrylAb, CrylCa, and BSA to determine
specific binding responses. Twenty microliters of diluted BBMVs from
resistant and susceptible larvae was sequentially injected over immo-
bilized CrylAb to compare binding of BBM Vs to the Cry protein. The
injections of BBMVs from the susceptible strain were repeated twice
over the chip containing CrylAb, CrylCa, and BSA. Comparison
injections of BBMVs from resistant and susceptible strains were re-
peated three times over a chip containing CrylAb. The binding re-
sponses of vesicle proteins to the immobilized protein surfaces were

automatically recorded in real time. These data were used to analyze
the binding nature (specific or non-specific binding) and relative
binding levels of BBMVs to immobilized proteins.

Results

Ligand blotting

CrylAb and CrylAc bound to BBMYV proteins from
O. nubilalis (Figs. 1A and B). Binding of CrylAb and
CrylAc was mostly to a BBMV protein of ~145 kDa.
CrylAb and CrylAc also bound to proteins with molec-
ular masses of ~126, 220, and >300 kDa. In addition,
CrylAc bound to a protein with a molecular mass of
~185 kDa, but for CrylAb, the binding signal to the
protein was weak (not marked). There were no signifi-
cant differences in the binding patterns or intensity of
either CrylAb or CrylAc to BBMVs from Bt-resistant
or -susceptible larvae of O. nubilalis. CrylCa did not
bind to BBMVs from either the Dipel-resistant or -sus-
ceptible strains of O. nubilalis, but it bound to two dif-
ferent proteins in BBMVs from a CrylCa-susceptible
strain (688s) of P. interpunctella (Figs. 1C and D).

Binding of radiolabeled toxins

BBMYVs from both resistant and susceptible larvae of
O. nubilalis demonstrated specific binding with either
125I.CrylAb or 'PI-CrylAc toxin. Specific binding of
both toxins was obtained with increasing concentrations
of BBMYV proteins (Fig. 2). The maximum specific bind-
ing of '*I-CrylAb to BBMVs from resistant and sus-
ceptible larvae was 16.7% and 21.4% of the total input
radioactivity, respectively. Similarly, maximum specific
binding of '*’I-CrylAc to BBMVs from the resistant
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Fig. 1. Binding of activated forms of CrylAb (A), CrylAc (B), and CrylCa (C) to BBMVs from Bt-resistant (R) and -susceptible (S) strains of
O. nubilalis, and of CrylCa to BBMVs from Bt-susceptible P. interpunctella larvae (D). Arrows indicate toxin-binding proteins. Lane CrylCa (C) was
purified trypsin-activated CrylCa used as a positive control for activated CrylCa. Molecular mass markers are indicated at the left in kDa.
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Fig. 2. Specific binding of '*’I-CrylAb (A) and '*’I-CrylAc (B) as a
function of BBMV protein concentration in susceptible (@) and
resistant larvae (M) of O. nubilalis.

and susceptible larvae was 61.9% and 64.5%,
respectively.

Homologous competition experiments showed simi-
lar binding curves of either '*I-CrylAb or '*I-CrylAc
to BBMVs from the resistant and susceptible larvae
(Fig. 3). The estimated dissociation constants (Ky) of
CrylAb were 7.9 £ 2.9 nM for the resistant larvae, and
6.0 £ 1.4 nM for the susceptible larvae (Table 1). The
Ky values of CrylAc were 3.3£0.9 and 2.3+ 0.9nM
for the resistant and susceptible strains, respectively.
There were no significant differences (P > 0.05) in the
K4 values of either toxin for BBMVs from resistant
and susceptible larvae. The R, value for the resistant
strain was 13.1 £ 7.2 pmol/mg of vesicle protein, and
42.6 * 24.3 pmol/mg for the susceptible strain (Table 1).
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Fig. 3. Binding of '*’I-CrylAb (A) and '*’I-CrylAc (B) to BBMVs
from susceptible (@, solid line) and resistant (M, dashed line) larvae of
O. nubilalis at different concentrations of non-labeled homologous
competitor.

Table 1
Binding parameters of B. thuringiensis toxins with BBMVs from
susceptible and resistant larvae of O. nubilalis

Insects Toxin K4 £ SD (nM)* R+ SD (pmol/mg)b
Susceptible CrylAb 6014 42.6+243

CrylAc 23%£09
Resistant CrylAb 79+£29 13.1£7.2

CrylAc 33209

* Values obtained from homologous competition.
® R, is expressed as pmol of binding sites per milligram of total
vesicle protein.
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Fig. 4. Binding of '*I-CrylAb (A) and '*I-CrylAc (B) to BBMVs
from susceptible larvae of O. nubilalis at different concentrations of
non-labeled competitor. CrylAb (@), CrylAc (A). For comparison,
each chart includes homologous competitor data.

There were also no significant differences (P > 0.05) in
the R; values between the resistant and susceptible
strains. These data suggest that the resistant and suscep-
tible strains of O. nubilalis have a similar binding affinity
and binding capacity for either CrylAb or CrylAc. Re-
ciprocal heterologous competition experiments demon-
strated that CrylAb and CrylAc toxins were able to
completely compete for binding to BBMVs from the
susceptible larvae (Fig. 4).

Surface plasmon resonance

SPR demonstrated significant differences in the bind-
ing responses of fluid-phase BBMVs from susceptible
larvae of O. nubilalis to immobilized CrylAb, CrylCa,
and BSA (Fig. 5A). For CrylCa and BSA surfaces,
there was a small amount of non-specific binding of
44 + 27 and 52 * 38 (mean £ SD) RU, respectively. In
contrast, susceptible O. nubilalis BBMV injected over
the CrylAb surface showed a slow and continuous in-
crease in signal, indicating a specific binding event. At
the end of injection, the signal stabilized at a signifi-
cantly higher level (257 = 38 RU) relative to CrylCa
and BSA. This interaction was specific and stable for
binding of BBMVs to immobilized CrylAb.

The same amounts of BBMVs from Bt-resistant and
-susceptible larvae of O. nubilalis were sequentially
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Fig. 5. Real-time binding responses (raw data) of BBMVs from
O. nubilalis larvae to immobilized trypsin-activated Bt toxins. BBMV
preparations from susceptible larvae were injected over the chip
surface containing CrylAb, CrylCa, and BSA (negative control) (A).
BBMYV preparations from resistant (R) and susceptible (S) larvae were
injected over a CrylAb surface (B).
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injected over the same CrylAb surface (Fig. 5B). The
binding response patterns were similar and there was no
significant difference (P > 0.05) in the final stabilized signal
levels, i.e., 264 £ 35 RU for BBM Vs from resistant larvae,
and 260 £ 51 RU for BBMVs from susceptible larvae.

Discussion

Bt toxin binding to BBMVs from Bt-resistant and
-susceptible O. nubilalis larvae was compared by three
different methods. Results from assays using ligand-tox-
in immunoassays, SPR, and radiolabeled toxins indi-
cated that CrylAb and CrylAc toxin binding was
similar in BBMVs from both strains. In ligand-toxin
immunoblot and SPR assays, CrylCa did not bind to
BBMYVs from either resistant or susceptible O. nubilalis,
yet CrylCa did interact with two proteins in BBMVs
from a Bt-susceptible strain (688s) of P. interpunctella.
These binding patterns correlate with the observations
that CrylCa is not toxic to O. nubilalis (Li et al., unpub-
lished) but is toxic to P. interpunctella [27]. The basic
patterns of CrylAb and CrylAc binding proteins in
the BBMVs of O. nubilalis larvae in this study were sim-
ilar to those detected by Hua et al. [24], although there
were some differences in the molecular masses of binding
proteins in the two studies. These differences may be due
to different gel systems and protein markers or protein
degradation during vesicle preparation.

The Bt-resistant strain of O. nubilalis in the present
study has relatively high levels of resistance to CrylAa,
CrylAb, CrylAc, and Cry2Aa toxins that are present in
Dipel, the commercial formulation used for the selection
(Li et al., unpublished). It has been proposed that
Cry2Aa has a different mode of action from the CrylA
toxins, and there are very few instances of shared bind-
ing sites of Cry2Aa and CrylA toxins in BBMVs [28,29].
The resistance and cross-resistance patterns in Dipel-re-
sistant O. nubilalis suggest a mechanism of resistance
other than binding site alteration, and reduced soluble
trypsin-like proteinase activity has been associated with
reduced Cryl Ab protoxin activation in these insects [14].

The broad-spectrum resistance found in this Bt-resis-
tant O. nubilalis strain is similar to that reported in
entomocidus-resistant P. interpunctella, resistant to
entomocidus component toxins CrylAa, CrylAb, and
CrylC, but also cross-resistant to CrylAc, CrylB, and
Cry2A [27]. Resistance to Bt in these insects is supported
by multi-factoral resistance mechanisms [9,10,15,16]. As
well, Heliothis virescens selected with CrylAc were
cross-resistant to CrylAa, CrylAb, Cry2Aa, CrylB,
and CrylC [30]. No differences were found in the
binding of CrylAb or CrylAc toxin in CrylAc-resistant
H. virescens, but differences in proteinase activities have
been associated with resistance in several Bt-resistant H.
virescens strains [11,13].

Different CrylA toxins appear to share common
binding sites in the midgut epithelium of larval lepidop-
teran insects [6,15,31-33]. Similarly, our results demon-
strate that CrylAb and CrylAc compete for the same
binding sites in O. nubilalis and are in agreement with
other previously published studies with this insect
[24,34]. There are examples where the alteration of a
common binding site is sufficient to confer resistance
(or cross-resistance) to all toxins sharing the altered
binding site [4,7,35]. It is for this reason that this type
of information is valuable for resistance management
purposes, although mechanisms of resistance other than
altered binding may present non-predictable cross-resis-
tance patterns.

While reduced proteinase activity confers resistance to
CrylAb and Cryl Ac in this Bt-resistant strain of O. nubil-
alis, other resistance factors may also be involved. There-
fore, other studies are needed on resistance factors in
Dipel-resistant O. nubilalis, such as physiological com-
parisons in the pore formation and the rate of repair or
replacement of impaired brush border membrane cells,
as well as genomic and proteomic approaches to compare
multiple alterations that may affect toxin mode of action.

Acknowledgments

We thank Luke Masson, Catherine Parrish, Yu
Cheng Zhu, and Patricia Tamez-Guerra for critical re-
views of the manuscript; Michele Zuercher, and Jeff
Fabrick for technical support; Donald R. Zeigler, Bacil-
lus Genetic Stock Center, Ohio State University, for re-
combinant E. coli strains; and Agricultural Research
Service (USDA), Kansas State University Research
and Extension, and the European Union (Project
QLRT-2001-01969) for providing financial support.
Mention of trade names or commercial products in this
publication is solely for the purpose of providing specific
information and does not imply recommendation or
endorsement by the US Department of Agriculture. This
paper is contribution No. 04-214-]J from the Kansas
Agricultural Experiment Station. The European corn
borer voucher specimens (voucher No. 079) are located
in the Kansas State University Museum of Entomolog-
ical and Prairie Arthropod Research, Department of
Entomology, Manhattan, Kansas.

References

[1] J. Ferré, J. Van Rie, Biochemistry and genetics of insect resistance
to Bacillus thuringiensis, Annu. Rev. Entomol. 47 (2002) 501-533.

[2] J. Van Rie, W.H. McGaughey, D.E. Johnson, B.D. Barnett, H.
Van Mellaert, Mechanism of insect resistance to the microbial
insecticide Bacillus thuringiensis, Science 247 (1990) 72-74.

[3] J. Ferré, M.D. Real, J. Van Rie, S. Jansens, M. Peferoen, Resistance
to the Bacillus thuringiensis bioinsecticide in a field population of



H. Li et al. | Biochemical and Biophysical Research Communications 323 (2004) 52-57 57

Plutella xylostellais due to a change in a midgut membrane receptor,
Proc. Natl. Acad. Sci. USA 88 (1991) 5119-5123.

[4] M.K. Lee, F. Rajamohan, F. Gould, D.H. Dean, Resistance to
Bacillus thuringiensis CrylA delta-endotoxins in a laboratory-
selected Heliothis virescens strain is related to receptor alteration,
Appl. Environ. Microbiol. 61 (1995) 3836-3842.

[5] D.J. Wright, M. Igbal, F. Granero, J. Ferré, A change in a single
midgut receptor in the diamondback moth (Plutella xylostella) is
only in part responsible for field resistance to Bacillus thuringiensis
subsp. kurstaki and B. thuringiensis subsp. aizawai, Appl. Environ.
Microbiol. 63 (1997) 1814-1819.

[6] V. Ballester, F. Granero, B.E. Tabashnik, T. Malvar, J. Ferré,
Integrative model for binding of Bacillus thuringiensis toxins in
susceptible and resistant larvae of the diamondback moth
(Plutella xylostella), Appl. Environ. Microbiol. 65 (1999) 1413—
1419.

[71 A.H. Sayyed, R. Haward, S. Herrero, J. Ferré, D.J. Wright,
Genetic and biochemical approach for characterization of resis-
tance to Bacillus thuringiensis toxin CrylAc in a field population
of the diamondback moth, Plutella xylostella, Appl. Environ.
Microbiol. 66 (2000) 1509-1516.

[8] J. Gonzalez-Cabrera, B. Escriche, B.E. Tabashnik, J. Ferr¢,
Binding of Bacillus thuringiensis toxins in resistant and susceptible
strains of pink bollworm (Pectinophora gossypiella), Insect
Biochem. Mol. Biol. 33 (2003) 929-935.

[9] B. Oppert, K.J. Kramer, D.E. Johnson, S.C. MacIntosh, W.H.
McGaughey, Altered protoxin activation by midgut enzymes from
a Bacillus thuringiensis resistant strain of Plodia interpunctella,
Biochem. Biophys. Res. Commun. 198 (1994) 940-947.

[10] B. Oppert, K.J. Kramer, D.E. Johnson, S.J. Upton, W.H.
McGaughey, Luminal proteinases from Plodia interpunctella and
the hydrolysis of Bacillus thuringiensis CrylAc protoxin, Insect
Biochem. Mol. Biol. 26 (1996) 571-583.

[11] C. Forcada, E. Alcacer, M.D. Garcera, R. Martinez, Differences
in the midgut proteolytic activity of two Heliothis virescens strains,
one susceptible and one resistant to Bacillus thuringiensis, Arch.
Insect Biochem. Physiol. 31 (1996) 257-272.

[12] M. Keller, B. Sneh, N. Strizhov, E. Prudovsky, A. Regev, C.
Koncz, J. Schell, A. Zilberstein, Digestion of 3-endotoxin by gut
proteases may explain reduced sensitivity of advanced instar
larvae of Spodoptera littoralis to CrylC, Insect Biochem. Mol.
Biol. 26 (1996) 365-373.

[13] A.C. Martinez-Raniirez, F. Gould, J. Ferré, Histopathological
effects and growth reduction in a susceptible and a resistant strain
of Heliothis virescens (Lepidoptera: Noctuidae) caused by suble-
thal doses of pure CrylA crystal proteins from Bacillus thurin-
giensis, Biocontrol Sci. Technol. 9 (1999) 239-246.

[14] H. Li, B. Oppert, R.A. Higgins, F. Huang, K.Y. Zhu, L.L.
Buschman, Comparative analysis of proteinase activities of
Bacillus thuringiensis-resistant and -susceptible Ostrinia nubilalis
(Lepidoptera: Crambidae), Insect Biochem. Mol. Biol. 34 (2004)
753-762.

[15] S. Herrero, B. Oppert, J. Ferré, Different mechanisms of resistance
to Bacillus thuringiensis toxins in the Indianmeal moth, Appl.
Environ. Microbiol. 67 (2001) 1085-1089.

[16] M. Candas, O. Loseva, B. Oppert, P. Kosaraju, L.A. Bulla Jr.,
Insect resistance to Bacillus thuringiensis: alterations in the
Indianmeal moth larval gut proteome, Mol. Cell Proteomics. 2
(2003) 19-28.

[17] F. Huang, R.A. Higgins, L.L. Buschman, Baseline susceptibility
and changes in susceptibility to Bacillus thuringiensis subsp.
kurstaki under selection pressure in European corn borer, Ostrinia
nubilalis Hiibner (Lepidoptera: Pyralidae), J. Econ. Entomol. 90
(1997) 1137-1143.

[18] W.H. McGaughey, R.W. Beeman, Resistance to Bacillus thurin-
giensis in colonies of Indianmeal moth and almond moth
(Lepidoptera: Pyralidae), J. Econ. Entomol. 81 (1988) 28-33.

[19] A.Z. Ge, M.P. Robert, H.D. Donald, Hyperexpression of a
Bacillus thuringiensis delta-endotoxin-encoding gene in Esche-
richia coli: properties of the product, Gene 93 (1990) 49-54.

[20] G.S.A.B. Stewart, K. Johnstone, E. Hagelberg, D.J. Ellar,
Commitment of bacterial spores to germinate, Biochem. J. 198
(1981) 101-106.

[21] M.G. Wolfersberger, P. Luethy, P. Maurer, P. Parenti, V.F.
Sacchi, B. Giordana, G.M. Hanozet, Preparation and partial
characterization of amino acid transporting brush border mem-
brane vesicles from the larval midgut of the cabbage butterfly
(Pieris brassicae), Comp. Biochem. Physiol. A 86 (1987) 301-308.

[22] L. Masson, A. Mazza, R. Brousseau, B. Tabashnik, Kinetics of
Bacillus thuringiensis toxin binding with brush border membrane
vesicles from susceptible and resistant larvae of Plutella xylostella,
J. Biol. Chem. 270 (1995) 11887-11896.

[23] M.M. Bradford, A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein—dye binding, Anal. Biochem. 72 (1976) 248-254.

[24] G. Hua, L. Masson, J.L. Jurat-Fuentes, G. Schwab, M.J. Adang,
Binding analyses of Bacillus thuringiensis Cry §-endotoxins using
brush border membrane vesicles of Ostrinia nubilalis, Appl.
Environ. Microbiol. 67 (2001) 872-879.

[25] W.M. Hunter, F.C. Greenwood, Preparation of iodine-131
labeled human growth hormone of high specific activity, Nature
(London) 194 (1962) 495-496.

[26] P. Munson, D. Rodbard, LIGAND: a versatile computerized
approach for characterization of ligand-binding systems, Anal.
Biochem. 107 (1980) 220-239.

[27] W.H. McGaughey, B. Oppert, Mechanisms of insect resistance to
Bacillus thuringiensis toxins, Israel J. Entomol. 32 (1998) 1-14.

[28] L. English, H.L. Robbins, M.A. Von Tersch, C.A. Kulesza, D.
Ave, D. Coyle, C.S. Jany, S.L. Slatin, Mode of action of CrylIIA:
a Bacillus thuringiensis delta-endotoxin, Insect Biochem. Mol.
Biol. 24 (1994) 1025-1035.

[29] L.-M. Fiuza, C. Nielsen-LeRoux, E. Gozé, R. Frutos, J.F.
Charles, Binding of Bacillus thuringiensis Cryl toxins to the
midgut brush border membrane vesicles of Chilo suppressalis
(Lepidoptera: Pyralidae): evidence of shared binding sites, Appl.
Environ. Microbiol. 62 (1996) 1544-1549.

[30] F. Gould, A. Martinez-Ranirez, A. Anderson, J. Ferré, F.J.
Silva, W.J. Moar, Broad-spectrum resistance to Bacillus thurin-
glensis toxins in Heliothis virescens, Proc. Natl. Acad. Sci. USA 89
(1992) 7986-7990.

[31] U. Estada, J. Ferré, Binding of insecticidal crystal proteins of
Bacillus thuringiensis to the midgut brush border of the cabbage
looper, Trichoplusia ni (Hiibner) (Lepidoptera: Noctuidae), and
selection for resistance to one of the crystal proteins, Appl.
Environ. Microbiol. 60 (1994) 3840-3846.

[32] B. Escriche, J. Ferré, F.J. Silva, Occurrence of a common binding
site in Mamestra brassicae, Phthorimaea operculella, and Spodop-
tera exigua for the insecticidal crystal proteins CrylA from
Bacillus thuringiensis, Insect Biochem. Mol. Biol. 27 (1997) 651—
656.

[33] S. Herrero, M. Borja, J. Ferré, Extent of variation of the Bacillus
thuringiensis toxin reservoir: the case of the geranium bronze,
Cacyreus marshalli Butler (Lepidoptera: Lycaenidae), Appl.
Environ. Microbiol. 68 (2002) 4090-4094.

[34] P. Denolf, S. Jansens, M. Peferoen, D. Degheele, J. Van Rie, Two
different Bacillus thuringiensis Delta-endotoxin receptors in the
midgut brush border membrane of the European corn borer,
Ostrinia nubilalis (Hubner) (Lepidoptera: Pyralidae), Appl. Envi-
ron. Microbiol. 59 (1993) 1828-1837.

[35] B.E. Tabashnik, Y.B. Liu, T. Malvar, D.G. Heckel, L. Masson,
V. Ballester, F. Granero, J.L. Ménsua, J. Ferré, Global variation
in the genetic and biochemical basis of diamondback moth
resistance to Bacillus thuringiensis, Proc. Natl. Acad. Sci. USA 94
(1997) 12780-12785.



	Binding analyses of Cry1Ab and Cry1Ac with membrane vesicles from Bacillus thuringiensis-resistant and -susceptible Ostrinia nubilalis
	Materials and methods
	Results
	Ligand blotting
	Binding of radiolabeled toxins
	Surface plasmon resonance

	Acknowledgments
	References


