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Binding Site Concentration Explains the Differential Susceptibility of
Chilo suppressalis and Sesamia inferens to CrylA-Producing Rice
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Chilo suppressalis and Sesamia inferens are two important lepidopteran rice pests that occur concurrently during outbreaks in
paddy fields in the main rice-growing areas of China. Previous and current field tests demonstrate that the transgenic rice line
Huahui 1 (HH1) producing a CrylAb-CrylAc hybrid toxin from the bacterium Bacillus thuringiensis reduces egg and larval den-
sities of C. suppressalis but not of S. inferens. This differential susceptibility to HH1 rice correlates with the reduced susceptibil-

ity to CrylAb and CrylAc toxins in S. inferens larvae compared to C. suppressalis larvae. The goal of this study was to identify
the mechanism responsible for this differential susceptibility. In saturation binding assays, both CrylAb and CrylAc toxins
bound with high affinity and in a saturable manner to midgut brush border membrane vesicles (BBMV) from C. suppressalis
and S. inferens larvae. While binding affinities were similar, a dramatically lower concentration of CrylA toxin binding sites was
detected for S. inferens BBMV than for C. suppressalis BBMV. In contrast, no significant differences between species were de-
tected for Cry1Ca toxin binding to BBMV. Ligand blotting detected BBMYV proteins binding CrylAc or CrylCa toxins, some of
them unique to C. suppressalis or S. inferens. These data support that reduced CrylA binding site concentration is associated
with a lower susceptibility to CrylA toxins and HH1 rice in S. inferens larvae than in C. suppressalis larvae. Moreover, our data
support CrylCa as a candidate for pyramiding efforts with CrylA-producing rice to extend the activity range and durability of

this technology against rice stem borers.

he striped stem borer (SSB) (Chilo suppressalis) and the pink

stem borer (PSB) (Sesamia inferens) are two important lepi-
dopterous pests distributed in the main rice-growing areas of
China (1). Traditionally, intensive chemical control has been the
most common method for control of these pests, which has led to
the evolution of pest resistance (2). Transgenic rice expressing
Bacillus thuringiensis insecticidal proteins (i.e., Bt rice) has been
introduced as an environmentally sound alternative to control the
damage caused by rice pests (3, 4). Especially in China, a number
of transgenic rice lines transformed with genes encoding Bt Cry
insecticidal proteins have been reported to be effective against
lepidopteran rice pest complexes (5-10). In preliminary field tests,
a transgenic rice line producing the CrylAc protein was effective
in controlling C. suppressalis larvae (10) but had lower efficacy
against S. inferens larvae (11). A later report demonstrated that
only S. inferens survived in paddy fields planted with a transgenic
CrylAc-producing rice line (12), suggesting that long-term utility
of CrylA-producing rice would be threatened by S. inferens out-
breaks. The Huahui 1 transgenic rice line (HH1) producing a
CrylAc-CrylAb hybrid protein was issued biosafety certificates in
2009 for its commercial production in Hubei Province (China),
showing good prospects for commercial application. Field tests
with the Huahui 1 rice line demonstrated good control of C. sup-
pressalis but relatively low resistance to S. inferens (13), although
the mechanism responsible for this differential susceptibility is
not known. Knowledge of the mechanism responsible for differ-
ential susceptibility among species in this rice pest complex is
needed to optimize transgenic insecticidal technologies and to
extend their future utility through effective resistance manage-
ment strategies.

We hypothesized that differential susceptibilities to CrylA tox-
ins between C. suppressalis and S. inferens larvae result from dif-
ferences in the intoxication process. The most accepted model for
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Cry intoxication includes processing in the insect midgut fluids to
yield a CrylA toxin core that binds to receptors on the brush
border membrane of the gut epithelium and inserts on the entero-
cyte membrane to create a pore leading to osmotic cell death (14).
Studies of resistance mechanisms against Cry1 toxins expressed in
Bt crops suggest that high levels of resistance are almost exclu-
sively associated with alterations in toxin binding to midgut re-
ceptors (15). These high levels of resistance are expected in cases of
field-evolved practical resistance to Bt crops (16). In the case of C.
suppressalis, binding competition studies in larval brush border
membrane vesicles (BBMV) revealed that CrylA toxins share
binding sites with Cry1Ba toxin (17) but they are not recognized
by Cry2A, Cry9C, or CrylC toxins (18, 19). Diverse studies have
suggested aminopeptidase-N and cadherin-like proteins as CrylA
binding sites in C. suppressalis BBMV (20, 21). In contrast, no Cry
toxin binding data are available for S. inferens.

In the present study, we aimed at comparing the efficacy of the
transgenic rice line Huahui 1 with that of nontransgenic rice
against C. suppressalis and S. inferens populations under field con-
ditions and determining if toxin binding differences help explain
differential susceptibilities to CrylA toxins in these insects.
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MATERIALS AND METHODS

Insects and rice lines. Laboratory colonies of C. suppressalis and S. infer-
ens used in this study were originally initiated from larvae collected from
paddy fields in Shucheng (32°28'N, 116°55'E), Anhui Province, China, in
2010. Insects were reared on an artificial diet as previously described (22)
without exposure to any Bt toxin for 5 generations before testing. All
cultures were kept under constant conditions of a temperature of 27 =
1°C, 70 to 80% relative humidity (RH), and a photoperiod of 16:8 h
(light:dark) [16:8 h (L:D)].

The transgenic rice line Huahui 1 (HH1) and the corresponding non-
transgenic isoline Minghui63 (MH63) were used in field tests. The HH1
line contains a crylAb-crylAc fusion gene consisting of 1,344 bp encoding
the N terminus of cry1Ab and 486 bp encoding the C terminus of crylAc,
with its expression under the control of the rice actinl promoter (6). All
rice seeds used in this study were provided by Huazhong Agricultural
University, Wuhan, China.

Insecticidal proteins. Recombinant Escherichia coli strains were used
to produce CrylAb, CrylAc, and CrylCa toxins, which were activated
with trypsin, purified, and provided as lyophilized powder by Marianne
Pusztai-Carey (Case Western Reserve University, Cleveland, OH, USA).
Recombinant E. coli and B. thuringiensis strains kindly provided by the
Biotechnology Laboratory of the Institute of Plant Protection (Chinese
Academy of Agricultural Sciences, Beijing, China) were used to produce
Cry2Aa and CrylAh toxins, respectively, which were activated and puri-
fied as previously described (23). Cultures of B. thuringiensis strain HD-73
were used for production of CrylAc protoxin, which was activated and
purified as described previously (24) and used in binding and ligand blot-
ting experiments.

Field tests. Field tests in this study were conducted in Shucheng
(32°28' N, 116°55" E), Anhui Province, China, during the summers of
2009 and 2010. Treatments included the transgenic HH1 rice line and its
nontransgenic isoline MH63. The field experimental design was a ran-
domized complete block, with three replications for each treatment. A
1-m buffer area was left between plots to reduce the possibility of larval
movement among treatments. There were six plots in total, and each plot
was ca. 120 m”. The rice seeds were sown in a seedling bed on 20 May 2009
and 10 May 2010. Transplantation of seedlings at the four-leaf stage in
each plot began on 20 June 20 2009 and 10 June 10 2010 at the rate of two
seedlings per hill, with a plant-to-plant distance of 20 cm. The design and
all agronomic practices were the same for all plots. In each plot, 20 sites
with a total of 100 hills of rice plants were sampled once at random in a
parallel line pattern. Investigations of egg density and natural larval infes-
tation were conducted from mid-July to mid-September, and samples
were taken once every 10 days in both 2009 and 2010, weather permitting.
A thorough whole-plant survey was conducted, and the numbers of eggs
and larvae were counted for each sampled plant (n = 100). Egg and larval
densities for C. suppressalis and S. inferens were computed for each treat-
ment according to the rule for investigation and forecast of rice stem borer
(National Standard of the People’s Republic of China GB/T 15792-1995).
Prior to statistical analyses, the number of eggs or larvae collected was
transformed to a standardized unit of eggs or larvae per hundred plants.
All the data were tested for normality (Kolmogorov-Smirnov test) and
homogeneity of variance (Bartlett’s test), with square root transforma-
tions used when data did not pass normality and homogeneity tests. Egg
or larval densities were subjected to two-way analysis of variance
(ANOVA) with a repeated measure on two factors (sampling data and
pest species or rice types) within each year. The data analysis was gener-
ated using JMP software v.4 of SAS (SAS Institute Inc., Cary, NC, USA).

Cry toxin bioassays. Diet incorporation bioassays were used for dose-
response testing to estimate 50% lethal concentrations (LCsys) for
CrylAb, CrylAc, CrylAh, CrylCa, and Cry2Aa toxins in C. suppressalis
and S. inferens larvae. Preliminary tests were conducted to determine the
proper range of toxin concentrations to use. Stock solutions were pre-
pared by dissolving lyophilized toxin powder in 50 mM Na,CO; (pH 9.5)
buffer, and then different toxin concentration solutions were obtained by
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serial dilution of the stock using phosphate-buffered saline (PBS) buffer
(135 mM NaCl, 2 mM KCl, 10 mM Na,PO,, 1.7 mM KH,PO,, pH 7.4).
Toxin solutions were thoroughly incorporated into the artificial diet, with
an equal volume of PBS buffer used as the control. All assays included ca.
5 to 8 concentrations for each toxin and insect tested. A diet disc (1.6-cm
diameter, about 0.5 g) containing Cry toxin was put into each well of a
24-well plate, and a neonate was placed on each well, with ca. 40 to 50
neonates used in each replicate, and the bioassay was replicated four times
for each treatment. Neonate mortalities were determined after 6 days at
27 = 1°C, 16: 8 h (L:D), and 60 to 80% RH. Mortalities were corrected for
natural death (mortality in controls) using Abbott’s formula (25). The
POLO-PC software package (26) was used for probit analysis to estimate
LC,,s and for testing goodness of fit. Responses were considered signifi-
cantly different when 95% fiducial limits for the LCs,s did not overlap.
Relative susceptibility ratios were calculated as the LC,, ratios between S.
inferens and C. suppressalis for a toxin.

BBMYV preparation. Fourth-instar C. suppressalis and S. inferens lar-
vae were anesthetized on ice and their midguts dissected and kept at
—80°C until used to prepare BBMV using a differential centrifugation
method (27) with minor modifications (41). Isolated BBMV proteins
were quantified in a fluorometer (Qubit, Invitrogen) and then kept at
—80°C until used (less than 2 months). Specific activity of aminopepti-
dase-N (APN) using leucine-p-nitroanilide as the substrate was used as a
marker for brush border enzyme enrichment in the BBMV preparations
as described elsewhere (28). APN activities in the final BBMV prepara-
tions were enriched 5- to 7-fold compared to the APN activities in the
initial midgut homogenates.

Cry toxin radiolabeling. Activated CrylAb, CrylAc, and Cry1Ca tox-
ins (10 pg) were radioiodinated with 0.5 mCi Na'*’I (PerkinElmer, Bos-
ton, MA) using chloramine T as previously described (29). Labeled toxins
were purified from free iodine using a PD-10 desalting column (GE
Healthcare Life Sciences) equilibrated in column buffer (20 mM Tris-
HCl, 150 mM NaCl, 0.1% bovine serum albumin [BSA], pH 8.65). The
presence and purity of the radiolabeled toxins in the eluted fractions were
established by measuring radioactivity in a Wizard’ gamma counter
(PerkinElmer) and by SDS-8% PAGE, followed by autoradiography of
the dried gel at —80°C (data not shown). The specific activities of labeled
toxins were 0.46 wCi/pg for CrylAb, 1.54 wCi/ug for CrylAc, and 0.36
wCi/pg for CrylCa.

Binding assays with '**I-labeled Cry toxins. Binding saturation as-
says were performed using BBMV proteins at a constant concentration
(20 ng) as binding sites and increasing amounts of '*’I-CrylAb, '*’I-
CrylAc or '*’I-CrylCa as ligands. Final reaction volumes were 0.1 ml in
binding buffer (PBS [pH 7.4], 0.1% BSA). Reaction mixtures were incu-
bated at room temperature for 1 h, and reactions were stopped by centrif-
ugation (14,500 X g for 10 min), after which pellets were washed with 0.5
ml of ice-cold binding buffer twice. The radioactivity in the final pellets
was measured in a Wizard” gamma counter (PerkinElmer). Specific bind-
ing was obtained by subtracting nonspecific binding, obtained by includ-
ing an excess (300-fold the highest ligand concentration used) of unla-
beled homologous toxin in binding mixtures, from total binding obtained
in the absence of competitor. The relative percentages of nonspecific
binding differed between labeled toxins, insect BBMV, and ligand input,
but it did not surpass 12% of total CrylAb binding, 30% of total CrylCa
binding, and 30% of total CrylAc binding at the highest ligand concen-
tration tested for the insect with the highest detected total binding (C.
suppressalis). Data from at least two replicated experiments performed in
duplicate for each toxin were pooled and analyzed using SigmaPlot v.12.0
software (Systat Software, San Jose, CA) to obtain the apparent dissocia-
tion constant (K;) and concentration of binding sites (B,,,)-

Ligand blot assays. BBMV proteins (20 g) from C. suppressalisand S.
inferens were separated by SDS—8% PAGE and then transferred to poly-
vinylidene difluoride (PVDF) filters as described elsewhere (30). After
electrotransfer, the filters were blocked in blocking buffer (PBS buffer [pH
7.4] with 3% BSA and 0.1% Tween 20) and then probed with 1.0 nM
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TABLE 1 Mean numbers of eggs and larvae of C. suppressalis and S.
inferens per 100 plants of transgenic (HH1) and nontransgenic (MH63)
rice lines®

No. of eggs/100 plants
(mean * SE)

No. of larvae/100 plants
(mean = SE)

Rice
Yr line  C. suppressalis S. inferens C. suppressalis S. inferens
2009 MH63 147.8 £ 48.6 A 150.4 = 44.1A 32.1 = 122A 246 +83A
HH1 139.7 £37.7A 1583 =493 A 9.7+ 47B 313 £92A
2010 MH63 76.6 =23.4A 678+ 187A 228 *£88A 17.0xX57A
HH1 594 *144A 652*184A 6.7*31B 163 =63 A

“ Different letters within a row indicate significant differences as determined using a
repeated measure two-way ANOVA (P < 0.05). SE, standard error of the mean.

'2°T_CrylAc or '*’I-CrylCa in blocking buffer for 1 h at room tempera-
ture with constant slow orbital shaking. Filters were then washed with
washing buffer (PBS buffer [pH 7.4] with 0.1% BSA and 0.1% Tween 20)
on a rotary shaker for three washes of 10 min each, air dried, and used in
autoradiography at —80°C.

RESULTS

Field tests. Egg and larva density dynamics for both C. suppressalis
and S. inferens differed among rice lines and growing seasons, with
populations in 2009 being distinctly higher than in 2010 (Table 1).
Repeated-measures ANOVA tests revealed that mean egg densi-
ties did not differ significantly between C. suppressalis and S. infe-
rens either on MH63 or HHI1 rice lines in 2009 (F, , = 0.07, P =
0.801, for MH63; F, , = 3.63, P = 0.130, for HH1) or 2010 (F, , =
1.15, P = 0.345, for MH63; F, , = 0.62, P = 0.476, for HH1)
(Table 1).

Comparison of larval densities for C. suppressalis between HH1
and MH63 rice (Table 1) detected significantly reduced larval den-
sities on the HH1 rice line in both years (F, , = 425.65, P < 0.05,
in 2009; F, , = 72.05, P < 0.05, in 2010), while no significant
differences were detected for S. inferens larval densities between
the rice lines (F, , = 5.86, P = 0.073, in 2009; F, , = 0.08, P =
0.787, in 2010). Moreover, significantly more S. inferens larvae
than C. suppressalis larvae survived on HH1 rice for both years
(F,4 = 913.51, P < 0.05, in 2009; F, , = 37.25, P < 0.05, in 2010).
In contrast, no significant differences in larval densities between

C. suppressalis and S. inferens were detected on the control
(MH63) rice line (F, , = 6.67, P = 0.061, in 2009; F, , = 5.17,P =
0.085, in 2010) (Table 1).

Cry toxin bioassays. Laboratory bioassays with purified acti-
vated Cry toxins showed that CrylAb and CrylAc toxicity against
S. inferens larvae was drastically lower than that against C. suppres-
salis larvae (Table 2). Large LCs, differences were detected be-
tween the two species for CrylAb (39-fold) and CrylAc (20-fold).
In comparison, a modest difference was detected for CrylAh (3-
fold), while CrylCa and Cry2Aa were similarly active, with
CrylCa being the only Cry toxin highly active against both species
(Table 2).

Specific binding of '*’I-labeled Cry toxins to C. suppressalis
and S. inferens BBMVs. In saturation binding experiments, bind-
ing of '*°I-labeled Cry1Ab, CrylAc, or CrylCa to BBMV proteins
from both C. suppressalis and S. inferens larvae was specific and
saturable (Fig. 1). Maximum specific CrylAb and CrylAc binding
to BBMV proteins from C. suppressalis and S. inferens was ob-
served at a 3.0 nM ligand concentration (Fig. 1A and B), while
CrylCa binding to BBMV proteins from both species seems to
saturate at 4.0 nM and 5.5 nM ligand concentrations, respectively
(Fig. 1C). Analysis of binding data using nonlinear regression
demonstrated that the binding data were best described by a
model considering a single population of binding sites (correla-
tion coefficient [R], >0.97) for all BBMV proteins and each of the
three toxins tested. This model would support the existence of a
single type of binding protein or a population of diverse binding
proteins with similar binding affinities for the toxin in the BBMV.
Calculated apparent dissociation constant (K,) values (Table 3)
indicated high-affinity binding of all three toxins, with no signif-
icant differences detected (¢ test, P < 0.05) in K, estimates between
C. suppressalisand S. inferens BBMV proteins for the same toxin or
between toxins. In contrast, drastic differences were observed
when comparing estimates of binding site concentration (B,,,,,)
for CrylAb and CrylAc toxins in BBMV proteins from S. inferens
and C. suppressalis larvae (Table 3). While the biggest difference
(about 8-fold) was detected for CrylAb, statistical significance (¢
test, P < 0.05) was detected only for the difference in B,,,,, values
for CrylAc between S. inferens and C. suppressalis BBMV proteins
(>6-fold). In contrast, a small (~2-fold) not significant difference

TABLE 2 Susceptibility of C. suppressalis (SSB) and S. inferens (PSB) to five different Bt toxins in diet incorporation bioassays”

No. of LCso Relative
Bt toxin Species larvae Slope = SE* (mg/liter) 95% FL X’ df Pt ratio”
CrylAc SSB 1,120 2.25*0.15 38.69 29.17-48.22 5.15 5 0.40 20.21
PSB 900 2.23 £ 0.25 782.11 651.11-900.35 4.19 3 0.24
CrylAb SSB 1,120 1.95 £0.13 1.84 1.47-2.21 8.86 5 0.11 39.13
PSB 1,056 2.08 = 0.17 71.99 62.56-83.91 5.27 4 0.26
CrylAh SSB 960 2.33 £ 0.14 20.70 18.12-23.53 5.32 3 0.15 3.53
PSB 1,056 1.74 £ 0.14 73.12 62.70-85.04 4.22 4 0.38
Cry2Aa SSB 960 1.93 £0.16 152.88 131.79-179.45 3.51 3 0.32 1.85
PSB 1,056 2.06 = 0.17 282.48 244.83-332.17 3.67 4 0.45
SSB 1120 1.49 £0.12 4.17 2.95-5.42 1.27 5 0.87 1.58
PSB 900 1.85 £ 0.20 6.57 5.54-8.14 4.68 3 0.20

“ SE, standard error of the mean; FL, fiducial limit.

b A P value of =0.05 indicates a significant fit between the observed and expected regression lines in a probit analysis.

¢ Relative ratio = PSB LC5,/SSB LCsy,.
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FIG 1 Saturation binding experiments with BBMV proteins from C. suppressalis
(striped stem borer [SSB]) and S. inferens (pink stem borer [PSB]) and increasing
amounts of '**I-Cry proteins. Specific binding of '*’I-Cry1Ab (A), '*I-CrylAc
(B), or '"*’I-Cry1Ca (C) was calculated by subtracting nonspecific from total bind-
ing in the absence of unlabeled competitor. Data shown are the means and stan-
dard errors from at least two independent experiments performed in duplicate for
each concentration of radiolabeled Cry toxin. The curves shown are derived from
fitting the binding data to a model that considers a single population of binding
sites as the best-fitting model.
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TABLE 3 Apparent dissociation constant (K;) and concentration of
binding sites (B,,,,,) calculated from Cryl toxin saturation binding assay
using C. suppressalis and S. inferens BBMV proteins®

C. suppressalis S. inferens

K, +SE By, K, * SE Boas
Toxin  (nM) (pmol/mg BBMV) (nM) (pmol/mg BBMV)
CrylAb 5.02 *3.99 129.28 * 67.25 4.40 £ 3.00 15.19 = 6.54
CrylAc 2.82 = 1.65 3.93 *£1.25 1.67 = 0.44 0.61 = 0.07
CrylCa 3.95* 1.72 26.29 = 6.45 18.90 £ 9.95 58.28 * 24.62

@ SE, standard error of the mean.

(t test, P < 0.05) was detected for CrylC B, values in BBMV
proteins from C. suppressalis and S. inferens (Table 3).

Ligand blotting. Considering the detected differences in bind-
ing site concentrations, we performed ligand blot assays with ra-
diolabeled CrylAc and CrylC toxins to detect BBMV proteins
binding these toxins. A higher intensity of CrylAc binding signal
was detected for C. suppressalis BBMV proteins than for S. inferens
BBMV proteins. In C. suppressalis BBMV, CrylAc mostly recog-
nized proteins of approximately 15, 75, 115, and 200 kDa in size,
whilein S. inferens BBMYV, this toxin bound to proteins of approx-
imately 15, 42, 100, and 140 kDa (Fig. 2A). In contrast, CrylCa
mostly recognized at least four proteins of less than 27 kDa in size
in C. suppressalis BBMV and proteins of approximately 30 and 100
kDa in S. inferens BBMV (Fig. 2B). Weaker CrylCa binding to
BBMYV proteins of 33 and 40 kDa was also detected in both C.
suppressalis and S. inferens.

DISCUSSION

Transgenic HH1 rice producing a CrylAb-CrylAc hybrid toxin is
expected to dramatically impact rice farming in China by provid-
ing efficient control of the main lepidopteran rice pests (31). As
with alternative Bt crops, productivity and maintained efficacy of
Bt rice is threatened by the development of resistance in targeted
pests and by an increase in nontarget pest populations resulting
from reduced pesticide application (32, 33). In the case of pest
complexes with diverse susceptibility to Bt crops, increased toler-
ance has been observed for species with low susceptibility, as ex-
emplified in the budworm/bollworm complex in Bt cotton (34).

A

PSB SSB

AAAA

\
MAL A

A

A

FIG 2 Ligand blot analysis of '*’I-CrylAc (A) and '*’I-CrylCa (B) toxin
binding to BBMV proteins from C. suppressalis (SSB) and S. inferens (PSB).
Proteins (20 wg) were separated by SDS—8% PAGE, transferred to a PVDF
filter, and then probed with '*’I-CrylAc or '*’I-CrylCa toxins. Bound toxin
was detected by autoradiography at —80°C. Arrows indicate main BBMV pro-
teins recognized by each toxin in each BBMV sample.
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In this example, the susceptible pest species (Heliothis virescens) is
efficiently controlled by Bt cotton, while the pest with low suscep-
tibility (Helicoverpa zea) is able to evolve increased tolerance and
resistance (34). In the case of the Bt rice line HHI and the C.
suppressalis-S. inferens stem borer complex, data from this study
and previous reports (13) support that HHI rice is effective
against C. suppressalis infestations but lacks effective control of S.
inferens. Accordingly, these data predict that S. inferens may
change its ecological status in transgenic rice fields to become the
dominant pest species. Understanding the mechanism responsi-
ble for differential susceptibility to HHI rice in the C. suppressa-
lis-S. inferens complex is crucial to develop improved rice lines and
insect resistance management strategies to secure sustainability of
Bt rice.

The lower susceptibility to HH1 rice of S. inferens than of C.
suppressalis is explained by the lower susceptibility to purified
CrylA toxins in S. inferens, which was previously observed (35).
Lower susceptibility to Cryl toxins in older larval instars of Lepi-
doptera is sometimes associated with reduced toxin binding to
midgut receptors as a crucial step in the Cry intoxication process
(36). Furthermore, high levels of resistance to Cry1A toxins and Bt
pesticides are associated with reduced toxin binding due to alter-
ations in midgut binding sites (15). Consequently, we hypothe-
sized that the lower susceptibility to HH1 rice and CrylA toxins in
S. inferens than in C. suppressalis was related to differences in bind-
ing of the toxins to midgut sites. While we were unable to use the
CrylAb-CrylAchybrid toxin produced by HHI1 rice in our assays,
a direct correlation between susceptibility to purified CrylA tox-
ins and HH1 rice validated the use of purified CrylA toxins to
compare binding in S. inferens and C. suppressalis. Based on the
toxin regions included in the CrylAb-CrylAc hybrid produced by
HHI1 rice (37), the binding specificity of this hybrid toxin is dic-
tated by domain II of Cryl1Ab and domain III of CrylAc. In agree-
ment with previous reports (18, 19), we detected high-affinity
binding of both CrylAb and CrylAc toxins to BBMV proteins
from C. suppressalis. While similar high-affinity CrylAb and
CrylAc binding was detected for S. inferens BBMV proteins, we
detected a drastic reduction in the concentration of binding sites
for the two toxins in S. inferens BBMV compared to that in C.
suppressalis BBMV. We propose that these differences in CrylA
binding site concentration and the resulting reduced level of
bound CrylA toxins explain the lower relative susceptibility to
these toxins and HH1 rice in S. inferens than in C. suppressalis
larvae. According to current models of Cry intoxication (38),
smaller amounts of CrylA toxin bound to the midgut may result
in reduced toxin oligomerization and subsequent pore formation,
explaining the reduced susceptibility. In support of the relevance
of binding site concentration for susceptibility, positive associa-
tions have been reported for CrylAc and Cry1Ba during develop-
ment of Manduca sexta larvae (36), for CrylA and Cry2A toxins in
Marasmia patnalis (39), and for Cry2Ae in H. zea and H. virescens
(29).

In contrast to the variability detected in CrylA binding, we did
not detect significant differences in susceptibility or binding pa-
rameters for CrylCain S. inferens or C. suppressalis. This observa-
tion supports CrylCa as a candidate for pyramiding efforts with
CrylA toxins in next-generation Bt rice to expand the range of
controlled rice stem borers (35). While discrepancies in toxin
binding affinity were detected when comparing our data with pre-
vious reports of CrylCa and CrylAc binding to C. suppressalis,
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one notable coincidence is the relatively higher levels of CrylCa
binding sites than of CrylAc binding sites (18, 19). The higher
concentrations of CrylCa binding sites than of CrylAc binding
sites are associated with the higher toxicity of CrylCa than of
CrylAc in C. suppressalis, suggesting that binding site abundance
may be important for susceptibility in this insect. In agreement
with this observation, the highest binding site concentration in C.
suppressalis was detected for CrylAb, the most active toxin against
this insect. However, the large difference in B, values between
CrylAb and CrylCa did not result in largely different susceptibil-
ities in C. suppressalis larvae, suggesting that additional variables
may affect the susceptibility to each toxin. In contrast to our data,
previous reports found similar binding site concentrations for
CrylAb and CrylAc toxins in BBMV from C. suppressalis (19).
These discrepancies in toxin binding parameters may result from
the quality of the BBMV preparations, toxin labeling method
(iodobeads versus chloramine T in our study), and/or purity of
the labeled toxins.

Given the significant differences in CrylAc binding site con-
centration between S. inferens and C. suppressalis BBMV, we used
ligand blotting to provide a preliminary comparison of BBMV
proteins binding CrylAc to identify binding sites relevant to high
susceptibility. Despite the denaturing conditions used in this tech-
nique, differences in the pattern of BBMV proteins recognized by
CrylAc could help identify effective CrylAc binding sites in C.
suppressalis that are absent in S. inferens. The pattern of CrylAc
binding proteins on ligand blots with BBMV proteins from C.
suppressalis in this study are similar to that in previous reports (40)
and support the existence of multiple CrylAc binding sites in
these BBMV. Proteomic studies identified APN isoforms (approx-
imately 130 and 150 kDa) and an EH domain-containing protein
1 (approximately 80 kDa) as CrylAc binding proteins in C. sup-
pressalis BBMV (21). In comparison, a 119-kDa APN and a 197-
kDa cadherin were reported to bind CrylAb on ligand blots of C.
suppressalis BBMV (20). Considering that CrylAb and CrylAc
toxins share all binding sites in BBMV of C. suppressalis (19), we
speculate that the 115- and 200-kDa proteins detected in our
CrylAcligand blots may represent the 119-kDa APN and 197-kDa
cadherin, respectively, reported to bind CrylAb. Interestingly,
both of these protein bands were absent from CrylAc ligand blots
with S. inferens BBMV, a finding that may identify binding to these
proteins as critical for high susceptibility to CrylA toxins. In li-
gand blots with CrylCa toxin, we detected BBMV proteins that
were smaller in size than CrylA binding proteins. A protein of
about 100 kDa was unique to S. inferens BBMV, but the lack of
differences in susceptibility or CrylCa binding between C. sup-
pressalis and S. inferens suggests that common proteins may be
more relevant to the susceptibility to this toxin. Further work is
necessary to identify functional CrylA and Cry1C toxin receptors
and their comparative expression levels in C. suppressalis and S.
inferens.

Differences in susceptibility to HH1 rice will favor increased
tolerance and potential outbreaks of S. inferens compared to C.
suppressalis. Pyramiding of toxin genes with diverse modes of ac-
tion (i.e., recognizing diverse binding site populations) in next-
generation transgenic rice can broaden the insecticidal spectrum
and delay the development of resistance. According to our data,
the CrylAb-CrylAc hybrid toxin produced by HHI1 rice has a
limited activity range. This and previous studies (35) support pyr-
amiding of cryIA and crylCa genes in Bt rice as an optimal strategy
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to increase the control of S. inferens and reduce the risk of resis-
tance evolution.
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