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One strategy for delaying evolution of resistance to Bacillus thuringiensis crystal (Cry) endotoxins is the
production of multiple Cry toxins in each transgenic plant (gene stacking). This strategy relies upon the
assumption that simultaneous evolution of resistance to toxins that have different modes of action will be
difficult for insect pests. In B. thuringiensis-transgenic (Bt) cotton, production of both CrylAc and Cry2Ab has
been proposed to delay resistance of Heliothis virescens (tobacco budworm). After previous laboratory selection
with CrylAc, H. virescens strains CXC and KCBhyb developed high levels of cross-resistance not only to toxins
similar to CrylAc but also to Cry2Aa. We studied the role of toxin binding alteration in resistance and
cross-resistance with the CXC and KCBhyb strains. In toxin binding experiments, CrylA and Cry2Aa toxins
bound to brush border membrane vesicles from CXC, but binding of CrylAa was reduced for the KCBhyb
strain compared to susceptible insects. Since CrylAa and Cry2Aa do not share binding proteins in H. virescens,
our results suggest occurrence of at least two mechanisms of resistance in KCBhyb insects, one of them related
to reduction of CrylAa toxin binding. CrylAc bound irreversibly to brush border membrane vesicles (BBMYV)
from YDK, CXC, and KCBhyb larvae, suggesting that CrylAc insertion was unaffected. These results highlight
the genetic potential of H. virescens to become resistant to distinct Cry toxins simultaneously and may question

the effectiveness of gene stacking in delaying evolution of resistance.

Transgenic crops producing insecticidal Cry toxins from the
bacterium Bacillus thuringiensis (Bt crops) have demonstrated
significant advantages over chemical pesticides for insect pest
control in the field (2). B. thuringiensis toxins’ mode of action
includes ingestion by a susceptible insect, solubilization and
proteolytic activation to an active toxin core in the gut juice,
binding to receptors on the brush border membrane of midgut
cells, insertion and oligomerization to form pores, and finally
cell death by osmotic shock (25).

Transgenic Bt plants developed to date produce Cry toxins
constitutively, conferring continuous pest insect resistance
without affecting nontarget insects or vertebrates (2). For ex-
ample, Bt cotton producing CrylAc toxin was commercialized
to control Heliothis virescens (tobacco budworm) in the field,
and this technology proved efficient in target control, chemical
insecticide reduction, and environmental safety (2). One of the
main issues related to use of this technology is the potential for
development of resistance by target insect pests due to intense
selection pressure (6). Although altered toxin binding is the
best-characterized mechanism of resistance, alteration of any
step in the toxin mode of action can result in decreased sus-
ceptibility (8).

Based on the frequency of resistance genes in wild popula-
tions of H. virescens, Gould et al. (15) predicted evolution of
resistance to Bt plants after 10 years of use if the effective
refuge size was consistently 4%. No resistance to Bt plants in
the field has been reported after more than 6 years of less-
intensive usage. However, resistance studies with laboratory-
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selected H. virescens strains (14, 32) have demonstrated that
the genetic potential for resistance exists.

To delay development of resistance against Bt crops, differ-
ent strategies have been proposed (16). One of these strate-
gies, called gene stacking or pyramiding, consists in the simul-
taneous expression of combinations of distinct toxins in
transgenic plants. The success of this approach depends on
heightened evolutionary challenge to an insect selected simul-
taneously for resistance to multiple biologically distinct toxins
in the presence of a refuge (16). To gain the benefits of this
approach, toxins to be used in gene stacking must be selected
based on having different mechanisms of action and metabo-
lism in the insect.

Several Cryl-resistant H. virescens strains have been devel-
oped through laboratory selection with CrylAc (8). CrylAc-
selected H. virescens strains developed cross-resistance to
CrylA and CrylFa toxins (14, 32), a phenomenon explained by
alteration of shared toxin binding sites (20, 21, 27). Therefore,
toxins that do not share binding sites in brush border mem-
brane vesicles (BBMV) from H. virescens should be used in
gene stacking to delay development of resistance due to alter-
ation of toxin binding in this insect. Both CrylA and CrylFa
toxins share binding sites in BBMV from H. virescens (20, 44).
Several binding studies with BBMV from different lepidop-
teran pests have demonstrated that Cry2A toxins do not share
binding sites with CrylA toxins (7, 22, 23, 24). Consequently,
CrylAc and Cry2A are good candidates for gene stacking in Bt
cotton to control H. virescens; since they do not share binding
sites in H. virescens, they share low sequence homology and
have distinct modes of action (7, 35). Furthermore, this com-
bination of toxins broadens the toxicity spectra of the cultivars,
because Cry2A toxins are active against some lepidopteran



VoL. 69, 2003

pests that are unaffected by CrylAc (1, 39, 43). Bt cotton plants
expressing both CrylAc and Cry2Ab toxins will be the first
commercial plants developed based on the gene stacking strat-
egy.

After laboratory selection with CrylAc, the CP73-3 and
KCB strains of H. virescens developed cross-resistance to
Cry2A (13; F. Gould, unpublished data). Adults from these
strains were crossed to susceptible moths, and the resulting
strains (CXC from CP73-3 and KCBhyb from KCB) were
further selected with Cry2Aa (26). The mechanism of resis-
tance in the CP73-3, CXC, KCB, and KCBhyb strains has been
previously studied (9, 10, 13, 33). CrylAb and CrylAc toxin
binding was not affected in the CP73-3 strain compared to the
case with susceptible insects (13). Different patterns of midgut
proteases were described for larvae from susceptible, CP73-3,
CXC, and KCB strains, although no direct correlation between
midgut protease pattern and resistance could be established (9,
10). Additionally, it was proposed that insects from the CP73-3
and KCB strains displayed enhanced epithelium recovery after
challenge with sublethal doses of CrylAc (10, 33).

In the present study we investigated the characteristics of
binding of CrylA, Cry2Aa, and CrylFa toxins to BBMV from
CXC and KCBhyb larvae. The goal was to examine any po-
tential resistance mechanism related to alteration of toxin
binding in these insects. Our results are evidence that alter-
ation of CrylAa binding is a resistance mechanism in the
KCBhyb strain of H. virescens that may explain resistance to
CrylAc and other Cryl toxins. We hypothesize that resistance
to Cry2Aa in larvae from both KCBhyb and CXC strains is due
to an additional resistance mechanism related to alteration of
toxin processing in the larval midgut. Our results imply the
existence of at least two mechanisms of resistance in KCBhyb
insects developed after selection with a single toxin that result
in resistance to both CrylAc and Cry2Aa toxins. These results
demonstrate the wide array of mechanisms that can evolve
simultaneously in susceptible H. virescens to result in cross-
resistance to very different Cry toxins.

MATERIALS AND METHODS

Insect strains and bioassays. Both strains CXC and KCBhyb were generated
by backcrossing adults of parental resistant strains to susceptible insects to
increase the gene pool of the colonies. The resistant H. virescens strain CXC was
founded by mating the CrylAc-resistant strain CP73-3 to susceptible insects (10).
The parental strain CP73-3 was mainly resistant to CrylAc (50-fold), CrylAb
(12-fold), and Cry2Aa (52-fold), although low levels of resistance to CrylAa,
Cry1B, and Cryl1C were also detected (13). Strain CXC was further selected with
Cry2Aa in the laboratory for more than 24 generations to increase resistance
against this toxin (26).

Strain KCBhyb was developed by crossing adults of the resistant strain KCB
with susceptible moths followed by selection with Cry2Aa. The parental strain,
KCB, was resistant to CrylAc and cross-resistant to Cry2A (10), among other
toxins (F. Gould, unpublished observations).

Derivation of strains YDK and YHD2 and bioassay protocols with CrylAc and
Cry2Aa toxins are described by Gould et al. (14). Briefly, the YDK strain is a
susceptible population of insects that served as a base strain for selecting resis-
tant YHD?2 larvae. The YHD2 strain was selected with CrylAc and became
cross-resistant to CrylA and CrylFa toxins and only slightly cross-resistant to
Cry2A (14). The YHD2 strain was further selected with the MVP formulation of
CrylAc.

Preparation of BBMV. Midguts were dissected from fifth-instar H. virescens
CXC, KCBhyb, YDK, and YHD2 larvae, washed in ice-cold MET buffer (250
mM mannitol, 17 mM Tris [pH 7.5], 5 mM EGTA), and kept at —80°C until
used. BBMV were prepared from isolated midguts of all the strains by differen-
tial centrifugation according to the method of Wolfersberger et al. (45) with
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minor modifications (21). Briefly, midguts were homogenized in SET buffer (250
mM sucrose, 17 mM Tris [pH 7.5], 5 mM EGTA) containing protease inhibitors
(complete tablets; Roche), mixed with one volume of 24 mM MgCl,, 250 mM
sucrose, and BBMV purified by differential centrifugation. Final purified BBMV
pellets were suspended in ice-cold PBS buffer (135 mM NaCl, 2 mM KCI, 10 mM
Na,HPO,, 1.7 mM KH,PO, [pH 7.5]) with protease inhibitors (complete tablets;
Roche). BBMV protein concentration was determined by the method of Brad-
ford (3) using bovine serum albumin (BSA) as a standard, and aminopeptidase
activity was used as a marker of enrichment for brush border membranes, using
leucine-p-nitroanilide as substrate. Typical activity enrichment in the BBMV
preparations was five to seven times the activity measured in the initial midgut
homogenates. BBMV were kept at —80°C until used.

Bacterial toxin production, purification, and labeling. B. thuringiensis strains
HD-37 and HD-73, producing CrylAa and CrylAc, respectively, were obtained
from the Bacillus Genetic Stock Collection (Columbus, Ohio). A B. thuringiensis
strain producing CrylFa was obtained from Ecogen Inc. (Langhorne, Pa.). An
Escherichia coli strain carrying the B. thuringiensis NRD-12 crylAb toxin gene was
kindly provided by Luke Masson (National Research Council of Canada, Mon-
treal, Canada). Inclusion bodies produced in Pseudomonas fluorescens bacteria
containing Cry2Aa toxin were obtained from Dow Agrosciences (Indianapolis,
Ind.).

Methods for Cryl toxin production, activation with trypsin, and purification
were as described in Luo et al. (31). Cry2Aa was extracted from P. fluorescens
inclusion bodies and solubilized in 12 mM KOH (pH 12) for 5 h at 37°C.
Nonsolubilized debris was eliminated by centrifugation, and the solubilized toxin
samples were adjusted to pH 10 before storage at —80°C. Cry2Aa toxin was used
without trypsin activation, as previously reported (7, 24). Purity of Cryl and Cry2
toxins was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (data not shown), and the toxin concentration was determined by
the method of Bradford (3) with BSA as a standard. Purified toxins were kept at
—80°C until used.

CrylA and Cry2A toxins (10 or 1 p.g) were radiolabeled with 0.5 wCi of '*°I
using the chloramine T method of Garczynski et al. (12) or Iodobeads (Pierce)
following instructions from the manufacturer. Specific activities of the radio-
iodinated toxins were 13 to 27 pCi/ug based on input toxin. To measure the
fraction of labeled toxin able to bind specifically to BBMV proteins, we per-
formed toxin bindability assays as described in the work of Schumacher and Von
Tscharner (38). Briefly, 1 nM labeled CrylA or Cry2A toxins were saturated with
increasing amounts of BBMV proteins, and the maximum amount of labeled
toxin able to bind specifically was obtained by plotting the reciprocal of the
amount of ligand bound against the reciprocal of BBMV protein concentration.
Bindable fractions were used to calculate specific activities to obtain binding
affinity constants and concentration of receptors from the binding saturation
results.

CrylAc and Cry1Fa toxins (0.5 mg) were biotinylated (1:30 molar ratio) with
EZ-Link sulfo-NHS-LC-Biotin (Pierce) as described by Jurat-Fuentes and
Adang (20). Biotinylated toxins were quantified as described above for purified
toxins and stored at —80°C until used.

Toxin binding to BBMV. For '>’I-Cry toxin binding saturation assays, increas-
ing concentrations of labeled Cryl1A or Cry2Aa toxins in binding buffer (PBS [pH
7.51-0.1% BSA) were incubated with BBMV proteins (100 wg/ml) for 1 h at
room temperature. Binding reactions were stopped by centrifugation, and pellets
containing BBMV and bound toxins were washed once with 1 ml of ice-cold
binding buffer. Radioactivity of the final pellets was measured in a Beckman
model 4000 gamma detector. No differences in pellet activity were observed
when the pellets were washed once, two, or three times (data not shown). Specific
binding was calculated as total '*’I-Cry1A toxin bound minus nonspecific bind-
ing, determined by including 1,000 nM unlabeled homologous competitor in the
reaction.

Methods for '**I-CrylA toxin binding competition experiments were as de-
scribed by Jurat-Fuentes and Adang (20). Briefly, 10 pg (for CrylAa and
CrylAb) or 5 pg (for CrylAc) of BBMV proteins were incubated with 0.1 nM
labeled toxins for an hour at room temperature. Increasing amounts of unlabeled
homologous competitors were used to compete binding. Competition reactions
were stopped by centrifugation, and the pellets washed twice with ice-cold bind-
ing buffer.

From the results of both toxin binding saturation and competition experi-
ments, a value of the dissociation constant (K,,,) and concentration of receptors
(Bmay) for each toxin in BBMV from each of the strains was calculated using the
KELL software package (BIOSOFT, Cambridge, United Kingdom).

Trreversible binding of '**I-CrylAc to BBMV from CXC, KCBhyb, and YDK
insects was measured as the amount of toxin dissociated from BBMV through
time after addition of an excess unlabeled competitor as described by Luo et al.
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TABLE 1. Toxicity and resistance ratio against CrylAc and Cry2Aa toxins in susceptible (YDK) and resistant (CXC and KCBhyb)
H. virescens strains

Toxin
Strain CrylAc Cry2Aa
Slope LCsy" (95% fiducial limits) RR® Slope LCs (95% fiducial limits) RR
YDK 0.93 0.73 (0.33-1.39) NA® 3.31 4.30 (2.33-6.36) NA
CXC 1.46 211.20 (104.40-343.60) 289.31 NA No mortality at 1,000 pg/ml >250
KCBhyb 2.00 137.00 (84.89-200.00) 187.67 NA No mortality at 1,000 pg/ml >250

“ LCsq values are expressed in micrograms of toxin per milliliter of diet.
b Resistance ratio (LCs, for resistant strain/LCs, for YDK).
¢ NA, not applicable.

(31). Toxin binding reactions were conducted for 1 h prior to the addition of the
competitor. Reactions were stopped by centrifugation, and pellets were washed
twice with binding buffer before their activity was measured.

Western blotting. Binding of biotinylated CrylFa and CrylAc toxins to BBMV
from KCBhyb, YDK, and YHD?2 larvae was analyzed using Western blot analysis
as in the work of Jurat-Fuentes et al. (21). BBMV proteins (20 ng) were
incubated with 12 nM biotinylated CrylAc or CrylFa in 0.1 ml of binding buffer
(PBS [pH 7.5] containing 0.1% BSA) at room temperature for 1 h. Binding was
stopped by centrifugation, and pellets were washed twice with 0.5 ml of ice-cold
binding buffer. Final BBMV pellets were solubilized and electrophoresed in
SDS-10% PAGE and transferred to polyvinylidene difluoride Q membrane
filters (Millipore) in transfer buffer (48 mM Tris, 390 mM glycine, 0.1% [wt/vol]
SDS, 20% methanol [pH 8.3]). After blocking for 1 h in PBS plus 0.1% Tween
20 containing 3% BSA, membranes were incubated with streptavidin-peroxidase
conjugate (Sigma) in PBS plus 0.1% Tween 20 plus 0.1% BSA for 1 h. After
washing, biotinylated toxins were visualized using ECL (Amersham-Pharmacia)
reagents following the manufacturer’s instructions.

RESULTS

CrylAc and Cry2Aa activity against H. virescens strains.
Both CrylAc and Cry2Aa toxins were highly active against
YDK larvae (Table 1). The 50% lethal concentrations (LCss)
obtained for both toxins were similar to those in previous
reports (14, 26).

Levels of resistance to CrylAc observed for the CXC and
KCBhyb larvae were statistically the same. Resistance ratios
for CXC and KCBhyb larvae were about 289- and 187-fold,
respectively. Compared to results in previous reports (13, 10,
26), the resistance ratio for CrylAc in CXC larvae is high,
suggesting that after selection with Cry2Aa resistance to both
CrylAc and Cry2Aa toxins was increased. In the case of
KCBhyb larvae, compared to the resistance ratio of its parental
strain (KCB) (10), resistance to CrylAc appears to have de-
creased after selection with Cry2Aa. However, because resis-
tance ratios can vary over time due to laboratory conditions,
the differences between the present results and the previous
bioassays must be interpreted cautiously.

Both the CXC and KCBhyb strains were highly resistant to
Cry2Aa compared to larvae from YDK. Since no mortality was
observed at the highest Cry2Aa toxin concentration used, we
were unable to obtain accurate LCsys for this toxin for CXC
and KCBhyb larvae.

Although other Cryl toxins were not tested in our bioassays,
larvae from the CXC and KCBhyb strains are cross-resistant to
CrylAa, CrylAb, and CrylFa (F. Gould, unpublished obser-
vation).

Saturation of toxin binding to BBMV. To investigate the
specificity of '*I-CrylA and '*’I-Cry2Aa toxin binding to

BBMYV from the CXC, KCBhyb, and YDK strains, we per-
formed binding saturation assays (Fig. 1). All '**I-Cry1A toxins
bound specifically and in a saturable manner to BBMV from
YDK and CXC larvae. Toxin binding affinities and concentra-
tions of receptors for all the toxins were similar between these
strains (Table 2).

In the case of BBMV from KCBhyb larvae, binding of '*I-
CrylAa was altered from that of YDK and CXC (Fig. 1A). At
all the '*I-CrylAa concentrations tested, vesicles from KCB-
hyb bound less '**I-CrylAa than BBMV from YDK or CXC,
evidencing a reduction of high-affinity CrylAa binding sites in
BBMYV from KCBhyb larvae. According to the calculated toxin
binding affinities, CrylAa had about 68-fold less affinity for
BBMYV from KCBhyb than for CXC or YDK vesicles. Neither
1251_Cry1Ab nor '**I-Cry1Ac binding was altered in the BBMV
from KCBhyb larvae compared to YDK and CXC binding
(Table 2).

As previously described for other insect BBMYV preparations
(7, 22, 23, 24), binding of Cry2Aa was nonsaturable in the
range of ligand concentrations tested. Nevertheless, Cry2Aa
binding was not reduced in any of the resistant strains from
that for YDK vesicles (Fig. 1D). The nonsaturability of Cry2Aa
binding limited our ability to accurately calculate binding af-
finities for this toxin.

Taken together, these results are evidence that only CrylAa
binding was affected in BBMV from KCBhyb larvae, while no
alteration of CrylA toxin binding was detected in CXC vesi-
cles. Binding of Cry2Aa toxin was unaffected in BBMV from
CXC and KCBhyb compared to results for YDK vesicles, sug-
gesting that resistance to Cry2Aa is not related to altered toxin
binding.

Competition of '*’I-CrylA binding to BBMV. To confirm
the differences detected in the saturation binding assays, we
performed homologous competition binding experiments. '*°1-
CrylA toxins were incubated with BBMV in the presence of
increasing concentrations of homologous unlabeled toxin.
Binding parameters were calculated for each of the **°I-CrylA
toxins in BBMV from YDK, CXC, and KCBhyb strains and
are presented in Table 3.

In agreement with the results of toxin binding saturation
experiments, binding of '*I-CrylAa was highly reduced in
BBMYV from KCBhyb (Fig. 2A). We were not able to detect
CrylAa toxin binding competition at the competitor concen-
trations tested, suggesting that most of the binding of CrylAa
to BBMV from KCBhyb was nonspecific. Unlabeled CrylAa
totally competed '*’I-CrylAa binding to BBMV from the
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FIG. 1. Specific binding saturation of '*I-CrylAa (A), '*I-Cryl1Ab (B), '*I-CrylAc (C), and '*I-Cry2Aa (D) to BBMV proteins from YDK
(@), CXC (V) or KCBhyb (m) larvae. BBMV proteins (10 pg) were incubated with increasing amounts of labeled toxins for 1 h. Nonspecific
binding was calculated in the presence of 1,000 nM of the respective unlabeled homologous toxin and was subtracted from total binding to obtain
specific binding. Binding reactions were stopped by centrifugation. Bound labeled toxin (nanomolar concentration) was calculated using the
RADLIG software. Each data point is a mean based on at least two experiments done in quadruplicate. Error bars depict standard deviation of

the mean values.

YDK and CXC strains (Fig. 2A), and this is reflected in the
CrylAa binding affinity being the same for both strains.

As observed in binding saturation assays, no differences in
binding of either CrylAb or CrylAc were observed between
BBMYV from YDK, CXC, and KCBhyb, suggesting that bind-
ing of these toxins is not affected in the resistant strains. Toxin
binding affinities as well as concentration of binding sites for
CrylAb and CrylAc toxins for YDK were in agreement with
previous reports (27) and were alike for CXC and KCBhyb
vesicles.

These results demonstrate that at the time these assays were
conducted, the BBMV from KCBhyb larvae could be differ-
entiated from YDK and CXC vesicles by '**I-CrylAa toxin-
binding assays. CrylAa binding sites in KCBhyb were modified
to reduce toxin-binding affinity. Since CrylAb and CrylAc
bind to the CrylAa binding site (20), reduced CrylAa binding
together with decreased susceptibility to CrylAb and CrylAc
suggests that resistance to CrylAb and CrylAc is probably
linked to the modification of the CrylAa binding site. Unex-
pectedly, quantitative binding parameters for CrylAb and

TABLE 2. Dissociation constants (K.,,) and concentrations of receptors (B, calculated from '**I-CrylA toxin binding saturation assays
with BBMV from YDK, CXC, and KCBhyb H. virescens strains

Result for strains®

Toxin YDK CXC KCBhyb
Keom” B Keom Binax Keom Binax
CrylAa 0.39 = 0.19 0.90 = 0.30 0.83 = 0.29 2.70 = 0.70 26.67 = 18.39 7.20 = 4.30
CrylAb 0.30 = 0.16 1.90 = 0.60 0.14 = 0.08 1.90 = 0.50 0.63 = 0.21 4.30 = 0.80
CrylAc 0.42 = 0.15 5.00 = 0.60 0.40 = 0.31 5.80 = 3.10 0.86 = 0.43 8.60 = 1.30

“ Expressed in nanomolar units.
b Expressed in picomoles per milligram of BBMV protein.
¢ Expressed as value * standard error.
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TABLE 3. Dissociation constants (K,,,,) and concentrations of receptors (B,,,) calculated from homologous '*’I-CrylA toxin binding
competition assays with BBMV from H. virescens strains YDK, CXC, and KCBhyb

Result for strain?

Toxin YDK CXC KCBhyb
Keom” B Keom Binax Keom Binax
CrylAa 1.25 £0.51 1.20 = 0.30 1.47 = 0.71 0.90 = 0.30 NA° NA
CrylAb 226 = 0.15 7.60 = 0.40 3.97 £0.78 8.70 = 1.60 231 +0.42 6.50 = 1.10
CrylAc 0.15 = 0.09 0.50 = 0.10 0.26 = 0.06 0.40 = 0.10 0.04 £ 0.01 0.50 = 0.10

“ Expressed in nanomolar units.

b Expressed in picomoles per milligram of BBMV protein.
¢ NA, not applicable.

@ Expressed as value * standard error.

CrylAc were the same for BBMV from KCBhyb-resistant and
YDK-susceptible larvae. This observation may be explained by
the binding assays not being sensitive enough to detect reduced
binding of CrylAb and CrylAc to the shared CrylA binding site.

Irreversibility of "**I-CrylAc binding to BBMYV. Cry1 toxins
undergo a reversible binding phase before toxin insertion in
the membrane (28). To study the possibility that BBMV from
YDK, CXC, and KCBhyb differed in irreversibility of '*°I-
CrylAc binding, we performed dissociation binding assays for
CrylAc. In these experiments, reversibly bound '**I-CrylAc
was competed with an excess of unlabeled CrylAc after reach-
ing binding equilibrium. As shown in Fig. 3, Binding of '*°I-
CrylAc to BBMV from YDK, CXC, and KCBhyb larvae was
not competed by an excess of unlabeled CrylAc, demonstrat-
ing that most of the '*’I-CrylAc toxin was irreversibly bound
to the BBMV. These results suggest that resistance to CrylAc
in CXC and KCBhyb larvae is not related to altered toxin
insertion on the BBMV.

Binding of biotinylated CrylFa to BBMYV. Larvae from the
KCBhyb and CXC strains were cross-resistant to CrylFa (F.
Gould, unpublished observation). CrylAa shares its only bind-
ing site in H. virescens BBMV with CrylAb, CrylAc, and
Cry1Fa toxins (20). Since binding of CrylAa was decreased in
the BBMV from the KCBhyb strain, we studied the potential
role of altered toxin binding in cross-resistance to CrylFa in
this strain. Because iodination inactivates CrylFa, binding of
this toxin was studied using biotinylated CrylFa and Western
blotting as previously described (21). BBMV from the YHD2-
resistant strain were included in the analysis as a control, since
these vesicles have decreased CrylFa binding (21). As an in-
ternal control, we also studied binding of biotinylated CrylAc
to BBMV from YDK, KCBhyb, and YHD?2 insects.

As expected from the radiolabeled toxin binding experi-
ments, biotinylated CrylAc bound BBMV from YDK and
KCBhyb strains, but binding to BBMV from the YHD2 strain
was highly reduced (Fig. 4A), as previously shown (21). Bio-
tinylated Cry1Fa bound similarly to YDK and KCBhyb but not
to YHD?2 vesicles (Fig. 4B). Although these results need to be
taken with caution due to the toxin detection limits of Western
blotting, they suggest that cross-resistance to CrylFa in the
KCBhyb strain is not related to alteration of toxin binding.

DISCUSSION

Cry2A toxins show low sequence homology with Cryl toxins
(41), have distinct receptor binding epitopes (35), and do not

share binding sites with CrylA toxins in BBMV from lepidop-
teran larvae (20, 22, 23, 24). Consequently, Cryl-selected
strains of H. virescens, Plutella xylostella, and Pectinophora gos-
sypiella developed low cross-resistance or no cross-resistance to
Cry2A toxins (14, 41, 42, 48). These features make Cry2A
toxins ideal candidates for use in combination with CrylAc in
a gene stacking approach for delaying the onset of H. virescens
resistance in the field.

In this work, we have studied the resistance mechanisms in
two independently selected laboratory strains of H. virescens:
CXC and KCBhyb. The most relevant feature of both resistant
strains was that after selection with CrylAc, both developed
cross-resistance to Cry2Aa, among other toxins. After becom-
ing resistant due to selection with CrylAc, both strains were
backcrossed to susceptible individuals and further selected
with Cry2Aa. Our bioassays with larvae from the CXC strain
suggest that resistance against both CrylAc and Cry2Aa had
increased after further selection with Cry2Aa compared to
results previously reported (10, 26). This observation indicates
that the mechanism conferring resistance to Cry2Aa may also
be involved in resistance to CrylAc. On the other hand, com-
parison of our bioassay data with KCBhyb insects to results of
bioassays with larvae from its parental strain, KCB (10), sug-
gested that selection with Cry2Aa had not increased resistance
to CrylAc in this case. Although this observation has to be
taken with caution as indicated above, it suggests the existence
of at least two mechanisms of resistance in KCBhyb larvae.

Resistance to CrylA toxins in several strains of H. virescens
has been associated with altered toxin binding (21, 27, 32). In
both toxin binding saturation and competition assays, BBMV
from the CXC larvae were similar to those of YDK larvae in
binding of '*I-CrylA and '*’I-Cry2Aa toxins. These results
demonstrate that resistance in CXC larvae was not related to
an alteration of toxin binding. Changes affecting a common
step in the mode of action of both CrylA and Cry2A toxins
previous to toxin binding are probably responsible for resis-
tance in this strain.

Toxin binding saturation experiments demonstrated a 68-
fold decrease in '**I-CrylAa binding affinity for BBMV from
the KCBhyb strain, together with a slight increase in the con-
centration of binding sites, compared to results with YDK
vesicles. The use of toxin binding saturation curves allowed us
to confirm toxin-binding saturability and to obtain a ratio of
CrylAa binding reduction for BBMV from KCBhyb compared
to YDK and CXC vesicles. The toxin binding differences ob-
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FIG. 2. Homologous binding competition of '*I-CrylAa (A), '*I-
CrylAb (B), and '*I-CrylAc (C) to BBMV proteins from YDK (@),
CXC (V), or KCBhyb (m) larvae. BBMV proteins (10 pg) were incubated
with labeled toxins (0.1 nM) in the presence of increasing concentrations
of homologous unlabeled competitor for 1 h. Binding reactions were
stopped by centrifugation. Binding was expressed as a percentage of the
amount of toxin bound in the absence of competitor. Each data point is a
mean based on at least two independent trials done in duplicate. Error
bars depict standard deviation of the mean values.

served in saturation assays were confirmed in toxin binding
competition assays, in which no homologous competition of
CrylAa binding to BBMV from KCBhyb larvae was detected.
The small amounts of BBMV used in competition assays ex-
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FIG. 3. Irreversible binding of *’I-CrylAc toxin to BBMV from
YDK (@), CXC (V), or KCBhyb (m) larvae. Binding reactions were
started by mixing BBMV proteins (10 pg) with 0.1 nM '>I-CrylAc.
One hour after initiation of the binding reaction, 1,000 nM unlabeled
CrylAc was added to the mixture. The time on the x axis represents
postincubation time after addition of the unlabeled competitor. Bind-
ing was expressed as a percentage of the amount of toxin bound before
addition of competitor. Each data point is a mean based on data from
two independent trials done in dupliacte. Error bars depict standard
deviation of the mean values.

plain the absence of CrylAa binding competition for KCBhyb
vesicles, since similar vesicle amounts in saturation assays re-
sulted in low levels of CrylAa toxin binding. Decreased toxin
binding affinity has been previously reported for other resistant
H. virescens strains (27, 32). In H. virescens BBMV, the CrylAa
population of receptors (receptor A) also binds CrylAb and
CrylAc (20). We did not detect any significant difference in the
binding of '*’I-Cry1Ab, '*’I-CrylAc, or '**I-Cry2Aa toxins to
BBMYV from KCBhyb compared to YDK vesicles. These re-
sults suggested that alteration of binding is not involved in
resistance to these toxins. An alternative explanation for these
results would be that the binding assays performed may not
have been sensitive enough to detect elimination of a fraction
of the available CrylAb and CrylAc toxin binding sites (re-
ceptor A) due to the high affinity of the additional CrylAb and
CrylAc binding sites present in BBMV.

Since CrylFa also binds to receptor A (20), and a H. vire-
scens strain cross-resistant to CrylFa showed reduced CrylFa
toxin binding (21), we studied the possibility that alteration of
CrylAa binding had an effect on binding of CrylFa to KCBhyb
vesicles. Western blotting results showed that binding of
CrylFa was not reduced in BBMV from KCBhyb compared to
the case with YDK vesicles. Even though results from Western
blotting experiments need to be taken carefully due to detec-
tion limits of this technique, they indicate that cross-resistance
to CrylFa is not related to alteration of CrylAa binding.

Interestingly, BBMV from YDK, CXC, and KCBhyb larvae
bound more than 90% of the '**I-CrylAc toxin irreversibly,
evidencing toxin insertion on the membrane of BBMV from all
three strains. Lee et al. (27) made a similar observation after
comparing irreversible binding of CrylAc to BBMV from
YDK and the H. virescens resistant strain YHD2. These au-
thors also reported for BBMV from YHD?2 larvae the same
pattern of reduced CrylAa but not CrylAb or CrylAc toxin
binding that we have observed for BBMV from KCBhyb. To
explain toxin binding not leading to toxicity, Lee et al. (27)
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FIG. 4. Binding of biotinylated CrylAc (A) and CrylFa (B) toxins to BBMV from YDK, YHD2, and KCBhyb larvae. Toxins (12 nM) were
incubated with BBMV proteins (20 pg) for 1 h. Binding reactions were stopped by centrifugation, and washed pellets were separated by SDS-10%
PAGE and transferred to polyvinylidene difluoride filters. Biotinylated toxins were detected with streptavidin-peroxidase conjugate and enhanced

chemiluminescence.

proposed the existence of “null receptors” in the YHD2 strain
that would allow irreversible binding of the toxins but not
toxicity. In this respect, CrylAc has been shown to bind spe-
cifically to BBMV from Spodoptera frugiperda and Lymantria
dispar without conferring susceptibility (12, 46).

From previous results with YHD?2 (27) and our results with
KCBhyb BBMYV, alteration of CrylAa binding sites seems
critical for resistance in H. virescens. Absence of a cadherin-
like protein (HevCaLP) that may function as a toxin-binding
site was proposed as a resistance mechanism (11) to explain
the results obtained by Lee et al. (27) with YHD?2 vesicles. Our
laboratory is currently addressing the potential existence of
this mechanism in KCBhyb larvae. Although altered glycosyl-
ation of specific BBMV proteins has also been proposed as
mechanism of resistance for the YHD?2 strain (21), this mech-
anism resulted in a lack of CrylAb, CrylAc, and CrylFa toxin
binding to BBMV from YHD?2, a phenomenon not observed
for BBMV from KCBhyb larvae.

Interestingly, cross-resistance to Cry2Aa in the YHD?2 strain
was low (14). Since the YHD2 larvae lacking HevCaLP had
little cross-resistance to Cry2Aa, HevCaLP is probably not a
binding site for this toxin, and the absence of HevCadLP would
not explain resistance to Cry2Aa for the KCBhyb strain. Based
on this information, we hypothesize the existence of at least
two resistance mechanisms in KCBhyb insects. One mecha-
nism would be responsible for resistance to CrylAc and cross-
resistance to CrylAa, CrylAb, and CrylFa, while a second
mechanism would mainly result in resistance to Cry2Aa, al-
though we cannot deny potential involvement of the second
mechanism in resistance to CrylA toxins. Based on the simi-
larities between YHD2 and KCBhyb toxin binding features, we
hypothesize that the first mechanism of resistance in KCBhyb
is similar to the HevCaLP alteration observed in YHD?2 larvae.

The second mechanism of resistance in KCBhyb larvae
would be similar to the one observed for CXC insects. This
resistance mechanism is not related to altered toxin binding
but must involve a modification of a step in toxin action shared
by both CrylA and Cry2A toxins. Although these toxins have
different modes of action at the membrane level, they both
undergo the same initial steps of solubilization and activation
in the insect midgut juice. Defects in toxin activation have been
proposed as mechanisms of resistance for Plodia interpunctella
(4, 36), Plutella xylostella (37), and Leptinotarsa decemlineata

(30). Differential midgut protease activity was proposed as a
mechanism of resistance for the CXC strain and the parental
strains of CXC (CP73-3) and KCBhyb (KCB) (9, 10). How-
ever, a correlation between expression of specific proteases
and resistance could not be established for any of the strains
(10). The potential role of altered proteolytic activity in resis-
tance for both CXC and KCBhyb insects is currently being
addressed by another group (B. Oppert, personal communica-
tion).

Furthermore, enhanced midgut epithelium regeneration af-
ter Cry toxin challenge was also proposed as a potential mech-
anism of resistance for the CXC and KCB strains (10). Faster
rates of midgut epithelium renewal have been associated with
resistance against B. thuringiensis in Corcyra cephalonica (5)
and baculovirus infection (19) in H. virescens. Furthermore,
challenge of H. virescens midgut cell cultures with sublethal
doses of CrylAc induced an increase in the number of stem
and differentiating cells compared to results for controls (29).
The potential role of this mechanism in H. virescens resistance
needs further study.

Resistance to Cry toxins due to a combination of resistance
genes in the same insect strain has been previously reported for
H. virescens (17), P. xylostella (47), and P. interpunctella (18).
More specifically, in a CrylAb-resistant strain of P. interpunc-
tella, reduced toxin binding and a protease-mediated mecha-
nism were observed (18).

Our results are evidence for the existence of at least two
resistance mechanisms in the KCBhyb strain of H. virescens.
This highlights the broad variety of potential resistance mech-
anisms that H. virescens may develop to cope with very different
Cry toxins. Dual resistance to CrylAc and Cry2Aa in the CXC
and KCBhyb laboratory strains may raise questions as to how
H. virescens in the field will respond to transgenic cotton pro-
ducing CrylAc and Cry2Ab proteins. In this regard, it is im-
portant to notice that the original cross-resistant strains that
gave rise to the CXC and KCBhyb strains were generated by
selection with a single toxin. Evolution of resistance to a high
dose/refuge strategy with Bt cotton that produces two toxins is
expected to be difficult, especially if cross-resistance between
the toxins is an unlikely event as it has been in the case of
CrylAc and Cry2A toxins (14, 42). Strains of P. xylostella and
P. interpunctella selected with a commercial mixture of CrylA
and Cry2A toxins developed high levels of resistance to CrylA
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toxins, while resistance to Cry2A toxins was much lower, prob-
ably due to smaller amounts of Cry2Aa present in the mixtures
(34, 40). Cotton plants expressing Cry2Ab alone or in combi-
nation with CrylAc resulted in efficient control of CrylAc-
resistant strains of P. gossypiella (43) as well as YHD2 and
CXC larvae (26). These observations suggest the difficulty of
H. virescens simultaneously developing high levels of resistance
to both CrylA and Cry2A toxins after exposure to Bt plants
producing both toxins.

Our results demonstrate the possibility of cross-resistance
development between CrylAc and Cry2A by co-occurrence of
different mechanisms of resistance. This information is ex-
tremely important when designing and implementing strategies
aimed at delaying resistance and cross-resistance to insecti-
cides based on these toxins and Bt crops.
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