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Abstract. The active-toxin form of Cry1Ac (65 kDa) or Cry2Ab was fed to a non-susceptible insect,
Lygus hesperus, in an artificial diet. Biochemical and immunocytochemical methods were used to
determine the distribution of ingested toxin. The toxins did not elicit a feeding deterrent response.
Cry1Ac and Cry2Ab were ingested; small amounts were absorbed into the hemolymph as holoproteins,
but most was excreted. SDS-PAGE analysis of Cry1Ac and Cry2Ab incubations with salivary gland
homogenate showed a small decrease in the molecular weight of the active toxins. Proteolytic processing
of the toxins also occurred in vivo, within the digestive system of L. hesperus. Excreted Cry1Ac and
Cry2Ab retained activity toward lepidopteran larvae. Immunocytochemical in vivo localization studies
showed negligible association of Cry1Ac with L. hesperus tissues. In contrast, strong extracellular
association of Cry2Ab was observed with L. hesperus midgut brush border microvilli and basement
membrane, as well as with cellular outlines within the hemolymph and fat body.

The soil bacterium Bacillus thuringiensis (Bt) produces
various crystalline inclusions composed of insecticidal
crystal proteins (ICPs) or �-endotoxins. These ICPs have
highly specific entomocidal activity against several or-
ders of insects [26], increasing their attractiveness for use
as biopesticides. Genetically engineered Bt plants have
been commercially available for corn, cotton, and potato,
with world-wide use increasing each year [24]. Conse-
quently, information about the distribution and interac-
tions of these toxins on target and non-target hosts is of
value to the scientific community.

B. thuringiensis ICPs are classified into different
groups, Cry and Cyt, based on amino acid sequence rela-
tionships [6, 7, 26, http://www.biols.susx.ac.uk/Home/
Neil_Crickmore/Bt]. Cry1Ac, produced as a 130-kDa pro-

toxin, is solubilized and processed in the alkaline midgut of
lepidopteran insects to create a 65-kDa activated toxin [17,
26]. Cry2Ab is produced as an estimated 71-kDa protein.
The exact processing of this protoxin for insecticidal activ-
ity remains unknown [3, 10]. The model for Bt intoxication
is similar for all Cry proteins, consisting of a series of
events involving solubilization, activation, binding, and
pore formation that eventually leads to the destruction of the
midgut and death of the insect [13, 21–23]. The level of
toxicity and insect specificity can be affected at each of
these steps. The current study bypassed the solubilization
and activation steps by feeding trypsin-activated Cry1Ac
and solubilized Cry2Ab (lepidopteran active-toxin forms).
This report focuses on the fate of these two Bt �-endotoxins
as they pass through the digestive system of a non-suscep-
tible host, Lygus hesperus Knight (Heteroptera; Miridae).

The western tarnished plant bug, L. hesperus, is a
phytophagous piercing-sucking insect that is reported to
feed on 117 non-crop plants and over 25 cultivated plants
[27], but is primarily known as a pest of cotton and seed
alfalfa [18, 29]. Resistance to commonly used insecti-
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cides is an increasing problem [9], and other means of
controlling this pest are needed. The objectives of this
study were to determine 1) whether L. hesperus ingested
Bt �-endotoxins when administered through diet, 2)
whether any proteolytic processing of the active toxin
occurred after ingestion by the insect, 3) the distribution
of the toxins within the insect, and 4) the association of
the toxins with insect tissues.

Materials and Methods

Toxin preparation. Purified and preparative (prep) forms of Cry1Ac
and Cry2Ab were obtained from Monsanto Co. (Chesterfield, MO). For
Cry1Ac, crystal proteins from recombinant Bt strain EG11771 were
solubilized in 100 mM sodium carbonate, 10 mM DTT, pH 10.75,
clarified (8000 g), treated with bovine pancreatic trypsin (Sigma-
Aldrich, St. Louis, MO) after pH adjustment to 8.5, and dialyzed
against 50 mM sodium chloride and 50 mM sodium carbonate, pH 10.5.
This procedure yielded the Cry1Ac prep form. The Cry1Ac purified
form was prepared by further purification of the prep form using
anion-exchange chromatography (Sigma Q-Sepharose).

Cry2Ab was isolated from recombinant Bt strain EG7699 crystal
proteins. For the prep form, proteins were purified by sucrose gradient
separation (79%/70%/55% sucrose), solubilized in 100 mM sodium
carbonate, 10 mM DTT, and 0.05 mM PMSF, pH 11.5, clarified (13,800
g), and dialyzed against 50 mM sodium carbonate, pH 10.5. For the
Cry2Ab purified form, proteins were solubilized in 100 mM sodium
carbonate, 10 mM DTT, and 0.05 mM PMSF, pH 11.5, clarified (13,800
g), dialyzed against 50 mM sodium carbonate, pH 10.5, and further
purified by anion-exchange chromatography (Q-Sepharose).

Protein concentrations were determined by densitometry with
bovine serum albumin as a standard. The in vitro studies were con-
ducted with the purified form of the toxins. However, because more
Cry protein was required in the diet delivery experiments, the in vivo
studies were conducted with the prep form of the toxins.

Insect rearing and dissections. A stock colony of western tarnished
plant bug was reared continuously on an artificial diet (L. hesperus diet,
Bioserv, Frenchtown, NJ) under 16L:8D photoperiod, 27°C, and 70%
relative humidity [14]. Adult female L. hesperus that had been starved
for 8 h were used in this study. Insects were dissected in HEPES wash
buffer (HWB, 70 mM sodium chloride, 30 mM HEPES, 2 mM calcium
chloride, pH 7.4). Hemolymph (containing some fat body and cellular
material), salivary gland, and alimentary canal (hereafter referred to as
gut) were isolated as described previously [15].

In vitro study of toxin susceptibility to insect proteolytic degrada-
tion. Insect tissues were pooled and homogenized; 0.5 insect equivalent
(eq.) of each tissue was combined with 1.08 �g of the Cry1Ac purified
form or 1.19 �g of the Cry2Ab purified form in 0.5 mL siliconized
Eppendorf tubes and incubated at 37°C for 0 or 24 h. Samples were
centrifuged at 12,000 g for 10 min, and the supernatants were imme-
diately analyzed. Incubations of the tissue homogenates with FTC-
casein were performed by using a protease assay kit (Calbiochem, San
Diego, CA), following the manufacturer’s directions.

In vivo study of toxin susceptibility to insect proteolytic degrada-
tion. For experimental purposes, diet and treatment substances were
delivered in a sachet system [15] containing 40 �L of artificial diet
(control) or 40 �L of artificial diet with 0.1% (1000 ppm) Cry1Ac or
0.05% (500 ppm) Cry2Ab (treatment) encapsulated between stretched
Parafilm and Mylar sheets that were heat-sealed. Four insects were
placed in a small petri dish containing two control or two treatment

sachets. The insects were removed after 12 h and transferred to fresh
control sachets for another 12 h, at which time the tissues were
dissected. Tissues from four insects were pooled. Three groups of four
insects were analyzed per study, with each study replicated a minimum
of two times. Tissue samples were stored at �80°C. Sachets from the
first 12-h period were weighed before and after feeding to determine
the amount of diet that was ingested by each group of insects. Fecal
material was extracted from each petri dish with 200 �L of purified
water. Statistics were performed with SAS system software (1989–
1996) [25]. The Shapiro-Wilk test ensured the normality of data.

Bioassay of L. hesperus fecal material. The biological activity of the
Cry proteins in L. hesperus fecal material was evaluated by using a
feeding bioassay with a susceptible host, the budworm, Heliothis
virescens. Two or 20 �L of a 1:100 dilution of fecal material from
treated insects (representing 1 or 10 ppm, respectively, of the Cry
protein as estimated from Western blot densitometric analysis of the
fecal material) or an identical dilution of fecal material from control
insects was brought to a final volume of 50 �L and inoculated onto the
surface of a 200-�L diet within each well of a 96-well assay tray. Eight
to 12 budworm neonates were then placed on the diet and allowed to
feed for 5–6 days, after which weights were recorded. A minimum of
three replicates per treatment was performed.

SDS-PAGE analysis and Western blotting. Samples from both in
vivo and in vitro studies were analyzed under denaturing conditions
with 8% acrylamide sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) by using the mini-Protean 3 electrophoresis
system (Bio-Rad, Hercules, CA). Samples were mixed with loading
buffer (0.042 M Tris pH 6.8, 4.2% glycerol, 4.2% 2-mercaptoethanol,
2% SDS, 0.002% bromophenol blue) and incubated at 100°C for 10
min. Sample volumes loaded were in vitro studies, 1–4 �L; Cry1Ac in
vivo study, 0.7 eq. of hemolymph or gut homogenate, 1.3 eq. of
salivary gland homogenate, or 25 �L fecal material; Cry2Ab in vivo
study, 0.3 eq. of hemolymph or salivary gland homogenate, 0.07 eq. of
gut homogenate, or 3 �L fecal material. Samples from control insects
were prepared identically to the treatment samples. Samples were run
at 120 volts for 1.5 h. For staining of the separated proteins, the gel was
incubated for 10 min in staining solution [0.05% Coomassie Brilliant
Blue R250 (Biorad), 50% methanol, 10% acetic acid] followed by
overnight incubation in destaining solution (7% methanol, 5% acetic
acid).

For Western blot analysis, proteins were transferred from the gel
to a nitrocellulose membrane (Optitran BA-S83, Schleicher & Schuell,
Keene, NH) by a semi-dry technique using the Trans-Blot SD semi-dry
transfer cell (Bio-Rad). The membranes were blocked with 1% bovine
serum albumin (Sigma Chemical Co., St. Louis MO) in Tris-buffered
saline, probed with the appropriate rabbit polyclonal antisera (obtained
from Monsanto Co.), diluted 1:1000 in PBST [phosphate buffered
saline with 1% Tween 20 (Bio-Rad)], followed by an incubation with
secondary antibodies: alkaline phosphatase-conjugated anti-rabbit im-
munoglobulin (Sigma) diluted 1:1000 in PBST for the Cry1Ac studies,
or horseradish peroxidase-conjugated anti-rabbit immunoglobulin
(Pierce, Rockford, IL) diluted 1:20,000 in PBST for the Cry2Ab
studies. The membranes were visualized colorimetrically with 5-bro-
mo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (BCIP/NBT) as
a substrate for the Cry1Ac studies, or by chemiluminescence with a
luminol-based substrate (SuperSignal, Pierce) and 1- to 10-s exposure
to X-OMAT AR film (Eastman Kodak Co., Rochester, NY) for the
Cry2Ab studies. Image and densitometric analyses of the Western blots
and stained gels were performed with the Fluor-S MultiImager system
with Quantity One software (Bio-Rad).

Immunocytochemical in vivo localization studies. Insects were fed
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0.1% (1000 ppm) Cry1Ab for 16 h or 0.05% (500 ppm) Cry2Ab for
12 h, and whole insects were immediately fixed, embedded, and sec-
tioned as described previously [15]. In addition, insects were fed 0.05%
Cry2Ab for 2 h and then moved to control diet sachets. Insects were
prepared immediately and at 2, 6, and 14 h after placement on control
diet. The 10-�m sections were placed on saline-coated slides and
incubated with 3% bovine serum albumin (BSA, Bio-Rad) and 1%
non-fat dry milk (Bio-Rad) in HWB (Cry1Ac sections) or 1% donkey
sera (Sigma), 3% BSA and 0.2% TritonX-100 (Sigma) in HWB
(Cry2Ab sections). Sections were then incubated with polyclonal anti-
Cry1Ac diluted 1:300 in HWB or with polyclonal anti-Cry2Ab diluted
1:600 in HWB, followed by incubation with donkey anti-rabbit immu-
noglobulin labeled with pentamethine cyanine dye, Cy™5 (Jackson
ImmunoResearch Laboratories, West Grove, PA), diluted 1:300 in
HWB. The slides were viewed on a confocal laser scanning microscope
(Bio-Rad) with images captured using Laser Sharp 2000 software
(Bio-Rad). The specificity of the signal was confirmed by incubating
tissue sections from control and toxin-fed insects with a series of
immunocytochemical labeling steps, in which each of the various steps
of the regular labeling process was omitted, each of which resulted in
the absence of signal.

Results

Toxin electrophoretic analysis. A prominent band at ca.
65 kDa (arrow) is observed in the Cry1Ac purified form
in the Western blot analysis and Coomassie-stained gel
(Fig. 1, left panel, lane 8; right panel, lane 2). Cry1Ac
prep form has the band at ca. 65 kDa as a minor com-

ponent, with several other bands at higher molecular
weights (ca. 65–70 kDa) (Fig. 1, left panel, lane 9; right
panel, lane 3). In the case of Cry2Ab, a band at ca. 65
kDa is more prominent in both forms with Coomassie
staining. In the Western blot analysis, the band at ca. 71
kDa is more prominent than the band at ca. 65 kDa in the
purified form (Fig. 2, arrow; left panel, lane 7), and the
band at ca. 65 kDa is more prominent than the band at 71
kDa in the prep form of the Cry2Ab samples (Fig. 2, left
panel, lane 8). Several bands of high molecular weights
(ca. 150 and �250 kDa), thought to be oligomers of the
protoxin, are also present in both forms.

In vitro studies of toxin susceptibility to insect pro-
teolytic degradation. Degradation of FTC-casein over
the 24-h incubation period confirmed the presence of
endogenous protease activity within tissue homogenates
(data not shown). Western blot analysis of the protein
banding pattern of Cry1Ac purified form incubated with
gut homogenate or hemolymph appears unchanged after
24 h (Fig. 1, left panel, lanes 2–5). Cry1Ac purified form
incubated with salivary gland homogenate for 24 h
showed a doublet banding pattern, with the presence of
an additional band at ca. 62 kDa, not seen in the purified
form at 0 h (Fig. 1, left panel, lanes 6 and 7). Western
blot analysis of the protein banding pattern of Cry2Ab

Fig. 1. Left panel: Western blot analysis under denaturing conditions of purified Cry1Ac incubated with L. hesperus tissues for 0 or 24 h. Lane 1,
precision pre-stained molecular weight markers (Bio-Rad) with size indicated in the left margin. Lanes 2 and 3, gut homogenate. Lanes 4 and 5,
hemolymph. Lanes 6 and 7, salivary gland homogenate. Lane 8, purified form of Cry1Ac. Lane 9, prep form of Cry1Ac. Lane 10, incubation buffer.
The arrow indicates the region of the active form of the toxin at ca. 65 kDa. Right panel: Coomassie-stained SDS-PAGE analysis of Cry1Ac. Lane
1, Precision pre-stained molecular weight markers (Bio-Rad) with size indicated in the left margin. Lane 2, 2.5 �g of the purified form of Cry1Ac.
Lane 3, 2.5 �g of the prep form of Cry1Ac. The arrow indicates the region of the active form of the toxin at ca. 65 kDa.
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purified form incubated with gut homogenate or hemo-
lymph appears unchanged from the 0 h to 24 h time
points (Fig. 2, left panel, lanes 1–4). However, compar-
ison of the 0 h salivary gland homogenate with the 24-h
time point showed a band of slightly lower molecular
weight than the original band at ca. 71 kDa, and the
disappearance of the band at ca. 65 kDa after a 24 h
incubation (Fig. 2, left panel, lanes 5 and 6).

Diet consumption. Over a 12-h period, each group of
four insects consumed an average of 24.66 mg of control
diet versus 28.4 mg of Cry1Ac diet or 27.2 mg of
Cry2Ab diet (Table 1). This corresponds to an average of
28.4 �g Cry1Ac or 13.6 �g Cry2Ab ingested per group
of four insects over a 12-h period.

In vivo studies of toxin susceptibility to insect proteo-
lytic degradation. No death was observed when insects
were continuously fed 0.1% Cry1Ac or 0.05% Cry1Ac
for 3 days (data not shown). Western blot analysis of
tissues dissected from Cry1Ac-fed insects (Fig. 3)
showed uniform and low background signal in the con-
trol tissues (lanes 2–5). Very little signal was detected

above 65 kDa in the insect samples (Fig. 3, lanes 6, 7, 9,
and 10). A band at ca. 65 kDa (arrow) and several bands
in the 50–65 kDa range were seen in the gut (Fig. 3, lane
6). Two less intense bands at ca. 65 and ca. 60 kDa were
seen in the hemolymph (Fig. 3, lane 7). No signal was
visible in the 50–65 kDa region in the salivary gland

Table 1. Diet ingestion (mg/group of four insects)

Time
fed (h)

Control
dieta

(n�20)

Treatment
Cry1Acb

(n�10)

Treatment
Cry2Abb

(n�19)

12 24.66 � 0.96A 28.40 � 1.36A
[0.0284]c

27.20 � 0.99A
[0.0136]c

a Lygus diet diluted 2:1 with 50 mM sodium bicarbonate buffer, pH
10.2, to achieve a concentration similar to treatment diet.
b Cry1Ac and Cry2Ab prep forms were formulated in the diet at
1000 and 500 ppm, respectively.
c [mg Cry protein ingested] was calculated from the value of
ingested diet. Means followed by the same letter are not significantly
different at P � 0.05 and are reported as mean � SD with
significance determined by ANOVA analysis.

Fig. 2. Left panel: Western blot analysis under denaturing conditions of purified Cry2Ab incubated with L. hesperus tissues for 0 or 24 h. The
location of molecular weight markers is indicated in the left margin. Lanes 1 and 2, gut homogenate. Lanes 3 and 4, hemolymph. Lanes 5 and 6,
salivary gland homogenate. Lane 7, purified form of Cry2Ab. Lane 8, prep form of Cry2Ab. Lane 9, incubation buffer. The arrow indicates the
region of the protoxin at ca. 71 kDa. Right panel: Coomassie-stained SDS-PAGE analysis of Cry2Ab. Lane 1, Precision pre-stained molecular
weight markers (BioRad) with size indicated in the left margin. Lane 2, 2.5 �g of the purified form of Cry2Ab. Lane 3, 2.5 �g of the prep form
of Cry2Ab.
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(Fig. 3, lane 8). A band at ca. 65 kDa and several intense
bands in the range of 50–65 kDa were seen in the 0–12
h and 12–24 h fecal material (Fig. 3, lanes 9 and 10).
Western blot analysis of tissues dissected from Cry2Ab-

fed insects (Fig. 4) showed low background signal in the
control tissues and fecal material (lanes 1–3). Negligible
signal was found in the salivary gland (Fig. 4, lane 6),
similar to what was observed for the control salivary

Fig. 3. Western blot analysis under denaturing conditions of the Cry1Ac in vivo study. Lane 1, precision pre-stained molecular weight markers with
size indicated at the left margin. Lanes 2–5, tissues from control insects. Lanes 6–10, tissues from insects fed 0.1% Cry1Ac for 12 h and dissected
after an additional 12 h. Lane 11, purified form of Cry1Ac. Lane 12, prep form of Cry1Ac. Arrow indicates the region at ca. 65 kDa.

Fig. 4. Western blot analysis under de-
naturing conditions of the Cry2Ab in
vivo study. The location of molecular
weight markers is indicated in the left
margin. Lanes 1–3, tissues from control
insects. Lanes 4–8, tissues from insects
fed 0.05% Cry2Ab for 12 h and dis-
sected after an additional 12 h. Lane 9,
purified form of Cry2Ab. Lane 10, prep
form of Cry2Ab. Arrow indicates the
region of ca. 71 kDa.
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gland (data not shown). Signal was observed at ca. 250,
140, 80, and just below ca. 71 kDa in the gut, hemo-
lymph, and fecal material (Fig. 4, lanes 4, 5, 7, and 8,
respectively).

Bioassay of L. hesperus fecal material. In the Cry1Ac
study (Table 2A), insects fed control fecal material at-
tained a mass of ca. 5.6–7.2 mg at 5 days. However,
reduced weights of ca. 0.3 and ca. 0.13 mg were ob-
served at 5 days for insects fed 1 or 10 ppm, respectively,
of fecal material from Cry1Ac-fed L. hesperus. In the
Cry2Ab study (Table 2B), insects fed control fecal ma-
terial attained a mass of ca. 22.3–30.6 mg at 6 days. No
change was observed in the weight of insects fed 1 ppm
of fecal material from Cry2Ab-fed L. hesperus. In con-
trast, at the 10 ppm dose, a reduced weight of ca. 4.32 mg
at 6 days was observed.

Immunocytochemical in vivo localization studies. Im-
munofluorescent light micrographs of Cry2Ab insect
sections detected evenly distributed signals associated
with the brush border microvilli of the midgut epithelial
cells (EC) and basement membrane (BM) (Fig. 5, panel
C), as well as with cellular outlines within the hemo-
lymph (Fig. 5, panel F). The observed signals were
similar for all time points for Cry2Ab-fed insects (data
not shown). Negligible signals were detected in the im-

munofluorescent light micrographs of the control sec-
tions (Fig. 5, panels B and E). Immunofluorescent light
micrographs of hemolymph and cross sections of gut
from Cry1Ac-fed insects, probed with polyclonal anti-
Cry1Ac, did not have signal above that of the sections
from control insects (data not shown).

Discussion

The active forms of Cry1Ac and Cry2Ab were ingested
by L. hesperus when administered through an artificial
diet. No reduction or cessation in feeding was observed,
in contrast to what has been found when Cry toxins are
fed to sensitive lepidopteran and coleopteran hosts [5,
10]. The toxins were found within the gut 12 h after the
insects were removed from the treatment diet. In this
time frame, inert FITC-dextran has been shown to move
completely through the digestive system of L. hesperus
[15], implying that in our studies some digestive system
association or an inhibition of gut motility resulted in a
delayed passage. Some of each ingested toxin was ab-
sorbed as a holoprotein into the hemolymph, similar to
the results observed for GFP and FITC-casein ingested
by L. hesperus [15]. Densitometric analysis of the West-
ern blot of the Cry1Ac in vivo study showed that within
the region of ca. 65 kDa, less than 10% of the ingested
Cry1Ac prep form was found in the hemolymph. Most of
the ingested toxin was excreted. In the case of Cry1Ac,
the active 65-kDa protein and degradation products were
found in the fecal material. Fecal material from Cry2Ab-
fed insects contained a protein slightly smaller than the
71-kDa protoxin.

Some proteolytic processing of the toxins occurred
within the digestive system of L. hesperus, although
trypsinized Cry1Ac has been found to be resistant to
further proteolytic cleavage [21]. The in vitro study of
insect tissues incubated with Cry1Ac showed a decrease
of ca. 3 kDa in the molecular weight, but only in the
salivary gland homogenate. A similar small decrease in
the molecular weight of Cry1Ac with protease K incu-
bation has been reported [2]. The differences in the
proteolytic processing observed in the in vitro and in
vivo Cry1Ac studies could be explained by the possibil-
ity that the salivary gland proteolytic activity is neces-
sary before the gut enzymes can further degrade Cry1Ac.
In any event, at the 1000-ppm dose tested, in vivo
degradation was not sufficient to eliminate toxin activity
against lepidopteran larvae.

Cry2Ab in vitro incubations with insect tissues
showed a very slight reduction in molecular weight of
the 71-kDa protein and total degradation of the 65-kDa
protein, occurring only in the salivary gland homogenate.
In a related in vitro study, the 63-kDa Cry2Aa1 protoxin

Table 2. Response of neonate budworm fed fecal material (FM)
collected from control and Cry1Ac-fed (A) or Cry2Ab-fed (B) Lygus
hesperus

A. Five-day feeding study of Cry1Ac activity

Treatmenta Weightb (mg)

Untreated 5.97 � 1.03A
Control FM (Ed 1)c 7.23 � 0.74A
Control FM (Ed 10)c 5.60 � 0.39A
Cry1Ac-fed FM 1 ppm 0.30 � 0.09B
Cry1Ac-fed FM 10 ppm 0.13 � 0.04B

B. Six-day feeding study of Cry2Ab activity

Treatmenta Weightb (mg)

Untreated 22.41 � 4.93A
Control FM (Ed 1)c 22.34 � 8.49A
Control FM (Ed 10)c 30.63 � 8.92A
Cry2Ab-fed FM 1 ppm 19.93 � 1.84A
Cry2Ab-fed FM 10 ppm 4.32 � 1.24B

a Treatment inoculated onto the surface of diet.
b Weights followed by the same letter within each table are not
significantly different with Levene’s test and Dunnett’s method with
significance level 0.05 and are reported as mean � SD.
c Control fecal material was applied at 1 or 10 Equivalent dilution
(Ed) to equal the treatment fecal material 1 ppm or 10 ppm,
respectively, dilution.
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was cleaved by the “midgut juice” of Lymantria dispar
larvae into a 58-kDa toxic fragment and a 49-kDa non-
toxic fragment [3]. Our in vivo Cry2Ab studies, which
detected a protein slightly smaller than the original 71
kDa protein and the absence of the 65 kDa protein in the
gut, hemolymph, and fecal material, were in agreement
with the degradation observed in our in vitro salivary
gland incubations. Furthermore, while the prep form of
Cry2Ab fed to L. hesperus consisted primarily of the 65-
kDa protein, a protein slightly smaller than ca. 71 kDa was
the major component of Cry2Ab found in the gut, hemo-
lymph, and fecal material samples from the in vivo study. It
is possible that some of the high-molecular-weight proteins
(ca. 150 and �250 kDa) observed in the Cry2Ab prep form
and in the in vivo gut, hemolymph, and fecal material
samples were degraded in the digestive system of L. hes-
perus to a protein slightly less than 71 kDa. However,
similar to the results for ingested Cry1Ac, the degradation
of Cry2Ab in vivo was not sufficient to eliminate toxin
activity toward lepidopteran larvae.

Cry1Ac and Cry2Ab associated differently with L.
hesperus tissues. Immunocytochemical localization stud-

ies of Cry1Ac-fed insects showed no detectable associ-
ation of Cry1Ac with the insect tissues, indicating a lack
of specific midgut binding receptors for the trypsinized
form of Cry1Ac. Similar analysis of Cry2Ab-fed insects
showed extensive, evenly distributed signals associated
with the brush border microvilli and basement membrane
of midgut epithelial cells, as well as outlining cellular
structures within the hemolymph and fat body. A review
of the recent literature found no documentation of the
movement of an ingested Cry protein into the hemo-
lymph of any other insects. Nevertheless, this association
did not lead to toxicity.

The insect specificity of the Cry toxins is thought to
be related to the binding of the toxins to specific midgut
receptors [16, 26, 28]. Indeed, an in vivo immunocyto-
chemical localization study of Bt ICPs fed to Manduca
sexta, Plutella xylostella, and Leptinotarsa decemlineata
larva by Bravo et al. [4] found that only toxic ICPs bound
to the apical microvilli of the midgut epithelial cells.
English et al. [10] found that Cry2Aa bound non-satura-
bly to Helicoverpa zea midgut brush border, producing
channels with variable ionic selectivity in planar lipid

Fig. 5. Transmitted and immunofluorescent light micrographs of 10-�m cross sections from control and Cry2Ab-fed insects. Cross sections of
midgut (top panels) and sections of hemolymph (bottom panels) were probed with polyclonal anti-Cry2Ab and Cy™5-conjugated secondary
antibody, with visualization by confocal microscopy under 60X magnification, 2.5 iris, and 20% laser. Control sections were visualized with
transmitted light (A and D) or immunofluorescence (B and E) of the identical field. Cross-sections from insects fed 0.05% Cry2Ab for 12 h were
visualized by immunofluorescence (C and F). Scale bar � 40 �m. L � midgut lumen. EC � epithelial cell. BM � basement membrane.
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bilayers, and suggested that Cry2Aa might bind to an
unlimited number of relatively low affinity sites—“a
unique mode of action among the �-endotoxins.”

Although in most cases toxicity is correlated with
receptor binding, some reports have demonstrated bind-
ing in non-susceptible or resistant insects. High-affinity
binding with low toxicity of Cry1Ac has been docu-
mented for Lymantria dispar and Spodoptera frugiperda
using isolated brush border membrane vesicles [12, 30].
In addition, Aranda et al. [1] found that ICPs interact
with the microvilli of epithelial cells of S. frugiperda in
two different ways. Highly toxic proteins were found to
have saturable and specific interactions, while nontoxic
proteins interacted nonspecifically. Other studies with
mutated toxins suggest that specific binding involves two
steps, one that is reversible and the other irreversible,
with toxicity correlated with the irreversible binding step
[8, 11, 19, 20, 23].

This study adds further evidence that binding alone
may not be sufficient for toxicity, and that the mode of
action of Bt �-endotoxins is complex. Additional
Cry2Ab studies are needed to further delineate the mid-
gut binding affinity and specificity, as well as to deter-
mine whether membrane channel formation occurs.
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